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Figure 5. Représentation schématique d'une bibliothèque multi composants pour la formation d'hétéro-oligomères Dyn[n]arenes à partir de briques moléculaires de type 1,4-dithiophénol-2,5-difonctionalisées

Résumé

En conclusion, cette nouvelle famille de récepteurs, synthétisés avec de très bons rendements sans purification HPLC via la CCD, a montré des propriétés originales pour la reconnaissance moléculaire notamment grâce à sa flexibilité ayant permis de discriminer des peptides portant des MPT. De plus la sélectivité du récepteur A 4 pour la Lysine située en position N-terminale apporte des perspectives prometteuses pour l'utilisation de ce récepteur vis-à-vis de protéines portant une étiquette Lysine à la fois pour la chromatographie d'affinité et l'électrophorèse capillaire. Les premiers résultats de greffages du récepteur B 4 sur phase solide semblent indiquer sa faisabilité. Enfin, nous avons pu obtenir de nouvelles briques moléculaires optimisées pour la reconnaissance des résidus Asp, Glu et MetO qui devraient permettre d'identifier de nouveaux récepteurs sur-mesure pour les anticorps thérapeutiques.

technologies will be presented, such as capillary electrophoresis and affinity chromatography through the selective recognition of a N-terminal amino acid on peptides and proteins backbones. (i.e. Lysine)

Finally, in the Chapter 4 we will introduce the synthesis of new molecular buildings blocks for the recognition of sulfoxide and carboxylates to be implemented in Dynamic Combinatorial Chemistry. The chemical derivatization of the receptors obtained in the Chapter 2 will be also presented with two objectives: adding binding motifs on the side chains of the receptors for the recognition of PTM and introducing PEGylated side chains to make them hydrosoluble. Lastly, the exploration of their solid-phase grafting will be presented to go toward affinity chromatography.

COMPOSANTES ET DEPARTEMENTS DE SCIENCES ET TECHNOLOGIE

Résumé

Récepteurs auto-assemblés sur mesure pour les protéines thérapeutiques La chimie supramoléculaire est un des domaines les plus fertiles de la recherche chimique. Plus particulièrement, l'étude et la compréhension de phénomènes d'interactions non covalentes "récepteur/ligand" présente un intérêt majeur car ils sont à la base de tout processus biologique. La reconnaissance sélective de biomolécules dans des mélanges complexes est donc un challenge pour de nombreux domaines de la recherche. Une large variété de récepteurs macrocycliques de synthèse a été ainsi développé, notamment des objets hydrosolubles permettant la reconnaissance de molécules d'intérêt biologique avec de hautes affinités : cucurbiturils [1] , cyclodextrines [2] , calix[n]arènes [3] et pillar[n]arènes [4] fonctionnalisés.

C'est dans ce contexte que nous avons récemment décrit une nouvelle famille de p-cyclophanes aux propriétés originales et pouvant être obtenus à l'échelle du gramme: les Dyn[n]arènes (Figure1). [5] Ces oligomères cycliques sont composés d'unités 1,4-dithiophenols bis(ortho) ou tétra fonctionnalisées et auto-assemblées sous contrôle thermodynamique par oxydation des thiols en ponts disulfure. Parmi la gamme des réactions covalentes réversibles nous avons fait le choix de travailler sur l'échange de ponts disulfures qui est notamment utilisé par la Nature pour sélectionner les structures optimales de protéines qui leur confèrent leurs fonctions biologiques. De plus ils se forment spontanément en milieu aqueux à un pH compris entre 7 et 9, et leur formation est compatible avec la présence de nombreuses fonctions chimiques sur les chaînes latérales. [6] Cette stratégie d'auto-assemblage en conditions douces nous permet d'envisager la synthèse de briques moléculaires portant une large gamme de fonctions chimiques dédiées à la reconnaissance de diverses molécules : anions, cations, acides aminés et peptides. [4]arène portant des fonctions R Pour obtenir ces objets, des chimiothèques combinatoires dynamiques [7] ont été réalisées à partir de briques 1,4-dithiophénols portant des fonctions de natures différentes, nous permettant ainsi de décrire le rôle crucial de leur nature dans le processus d'auto-assemblage (Figure 2). Ces objets ont pu être obtenus à l'échelle du gramme et sans chromatographie préparative. [5]

Les dyn [4]arènes ainsi obtenus ont montré des propriétés de reconnaissance vis-à-vis d'anions, de cations ainsi que de zwitterions. Les sélectivités observées résultent d'une complémentarité à la fois structurale et électronique entre le récepteur et le ligand. Cette complémentarité s'explique également par la flexibilité des récepteurs qui leur permet de s'ajuster autour du ligand. Cet avantage majeur fait qu'ils se démarquent des générations précédentes de cyclophanes qui sont pourvues de structures moins flexibles.

Nous avons par la suite développé des briques di-thiophenols ortho-fonctionnalisées par des chaînes latérales dédiées à la reconnaissance de fonctions peptidiques. Cette étude a été cofinancée par la société belge UCB Pharma au sein du consortium LEGOMEDIC qui vise à développer des procédés industriels en continu pour la purification de protéines thérapeutiques. C'est dans le contexte de l'émergence de nouvelles substances thérapeutiques que s'est inscrit ce projet. En effet, depuis une vingtaine d'années, le développement d'anticorps thérapeutiques [8] a soulevé de nouvelles problématiques en termes de contrôle qualité de ces nouvelles substances pharmaceutiques délivrées aux patients. Ces protéines thérapeutiques pouvant subir des modifications posttraductionnelles (MPT), l'objectif a été de développer des récepteurs auto-assemblés sur mesure par Chimie Combinatoire Dynamique pour la reconnaissance sélective de telles modifications au sein d'un mélange complexe (Figure 3). [9] Leur greffage sur phase solide permettrait alors l'analyse en ligne de ces bio-médicaments par chromatographie d'affinité pour le contrôle qualité. déprotoné en milieux aqueux à pH physiologique) et donneur-accepteur de liaisons hydrogènes a montré une complémentarité dans la reconnaissance de cibles cationiques (i.e. polyamines linéaires [10] ) pour le récepteur octacarboxylate et dans la reconnaissance de motifs accepteurs de liaisons hydrogènes (i.e. carbonyles, sulfoxides) pour le récepteur octaaminé. (Figure 4) Une étude sur les propriétés de reconnaissance du récepteur A 4 envers les acides aminés présentant une charge positive dans les conditions de l'étude et leurs dérivés a été menée et a montré que le récepteur est sélectif de la Lysine amide (K a =5.5.10 6 M -1 ) par rapport à d'autres dérivés de la Lysine et différents acides aminés. L'étude de la reconnaissance de dipeptides portant une lysine a ensuite montré l'influence de la position de celle-ci sur le dipeptide avec une sélectivité pour la Lysine en position N-terminale. Nous avons également noté l'influence de l'acide aminé voisin qui module la force de l'affinité pour le récepteur. Une dizaine de dipeptides relatifs aux MPT visées ont ainsi pu être discriminés à l'aide du récepteur A 4 , à partir des constantes d'affinités extraites de titrations calorimétriques et grâce à la formation de complexes chiraux étudiés en dichroïsme circulaire. En effet, la flexibilité du récepteur apportée par la gamme possible des angles dièdres formés par les ponts disulfures lui permet de s'ajuster de manière intime avec la molécule invitée chirale et ainsi induire un transfert de chiralité qui peut être mesuré précisément et induit un signal unique en dichroïsme circulaire. Dans un second temps, la possibilité d'utiliser une étiquette lysine en position N-terminale pour reconnaitre sélectivement un peptide ou une protéine a été explorée à la fois sur un octa-peptide et sur la Green Fluorescent Protein. Des résultats encourageant ont été obtenus, montrant notamment qu'une étiquette N-Met-Lys semble être aussi efficace que l'étiquette N-Lys qui est non orthogonale vis-à-vis des protéines car elle peut induire une réduction du temps de demivie de la protéine in vivo. Ce système pourrait trouver des applications en chromatographie d'affinité Résumé mais également en électrophorèse capillaire. En effet, la présence de 8 charges négatives sur le récepteur pourrait induire un changement suffisant du point isoélectrique de la protéine lors de la reconnaissance de l'étiquette pour provoquer une déviation électrophorétique.

Les propriétés de reconnaissance de récepteurs vis-à-vis d'anticorps thérapeutiques ont finalement été explorées. Un candidat médicament développé par UCB Pharma, le CDP-791, produit par le Dr. Michael Delmarcelle au Centre d'Ingénierie des Protéines de Liège a été dégradé en conditions hydrolytiques de manière à obtenir des sites déamidés à la surface de la protéine. Le récepteur A 4 a montré une sélectivité pour le CDP-791 déamidé (pH=9, 37°C, 1 mois) par rapport au CDP-791 natif. L'analyse des sites déamidés a montré la proximité de Lysines qui ont pu être exposées à la surface de l'anticorps lors de sa dégradation libérant ainsi des sites de reconnaissance pour le récepteur A 4 .

L'affinité du récepteur B 4 pour des acides aminés à chaînes latérales neutres (Gln, Asn, MetO), acides (Glu, Asp) et hydrophobes (Met) a également été explorée. Une sélectivité pour la glutamine a été observée (K a =1,1x10 6 M -1 ), néanmoins le récepteur présente une affinité notable pour la méthionine oxydée (K a =1,16x10 5 M -1 ). Le récepteur B 4 n'étant soluble que dans le DMSO, les tests de reconnaissances vis-à-vis de peptides et protéines n'ont pu être conduits. Sa post-fonctionnalisation a alors été étudiée, d'une part en phase homogène pour le rendre hydrosoluble par l'introduction de chaînes PEG et d'autre part en phase hétérogène pour le greffer sur support solide afin de valider la robustesse des ponts disulfure pour la chromatographie d'affinité.

Enfin la synthèse de nouvelles briques moléculaires 1,4-dithiophénols portant en ortho des groupements dédiés à la reconnaissance de motifs carboxylate et sulfoxyde a été explorée. La conception d'une bibliothèque multi-composants avec une grande variété de fonctions devrait permettre d'identifier des hétéro-oligomères optimisés en terme de taille et de séquence à travers leur amplification induite par l'ajout d'un composé template épitope. (Figure 5) L'objectif est ainsi d'identifier le récepteur optimal en prenant pour modèle le motif peptidique d'intérêt. Considérant les chaînes latérales utilisées dans la nature pour reconnaitre les sulfoxides et les carboxylates sur des cibles protéiques, nous avons synthétisé des briques portant des motifs de type guanidines (Arg), amines aliphatiques (Lys), dérivés de phénol (Tyr) et d'imidazoles (His).

General Introduction

Molecular interactions are the basis of the formation of supramolecular assemblies and complexes. In nature, molecular interactions are responsible for the highly specific recognition involved in protein binding, protein-protein interactions, enzymatic reactions, antigen-antibody association, cellular recognition and translation and transcription of the genetic code, among other relevant examples. [1] The study and understanding of interactions "receptor / ligand" is of major interest because they are the basis of all biological processes. Particularly the molecular recognition of biomolecules in water appeared to represent a challenge, on one hand due to the complexity of the target and on the other hand due to the weakness of non-covalent interactions in water. [2] The design of pre-organized synthetic molecular receptors have been widely described in the literature but rarely succeeds to provide compounds able to compete with the binding affinities obtained in natural systems. [3] Recently a promising approach has been developed for the tailored formation of efficient molecular receptors: the Dynamic Combinatorial Chemistry. The power of this strategy relies in the utilization of relevant building blocks able to spontaneously interconnect upon the addition of a biomolecule template which directs the self-assembling toward its optimal receptor. By this approach several molecular receptors have been identified for the multivalent recognition of biomolecules. [4] This work is part of an industrial context aiming to develop for UCB Pharma a new analytical tool in order to detect post-translational modifications on therapeutic proteins. One of the main obstacles for the emergence of bio-medicines relies on the difficulty to detect these chemical alterations. Accordingly, the quality control before administration to the patient became a major issue. A strong industrial demand has grown for the development of new analytical methods for the online analysis of therapeutic proteins. To answer this problematic we propose to use the Dynamic Combinatorial Chemistry to obtain on-demand new molecular receptors for the selective recognition of methoxidated and deamidated residues (MetO, Glu and Asp) on therapeutic proteins.

In the first Chapter will be presented the industrial context of the study along with a bibliographic analysis of the features required to afford a selective binding of punctual amino acids on a protein backbone. Particularly we will introduce the molecular interactions and structural environment essential to achieve the recognition of the binding motifs we aim to detect (i.e. sulfoxide and carboxylates).

In the second chapter we will introduce a new family of p-cyclophanes the Dyn[n]arenes based on 1,4-dithiophenol ortho-functionalized building blocks and obtained by quantitative self-assembling in Dynamic Combinatorial Chemistry. We will explore the driving forces of these self-assembling which seems to result directly from the functions borne by the building blocks. This new synthetic route thermodynamically controlled appears to be a key strategy for the custom development of pcyclophanes receptors for therapeutic proteins.

In the third chapter will be presented the binding properties of the octacarboxylate Dyn [4]arene toward cations, amino acids, peptides and proteins. A binding mechanism model for the recognition of α,ω-diamines and derivatives based on the thermodynamic parameters obtained by calorimetric titration will be proposed. Moreover, the exploration of the use of this receptor in several 

Introduction

Protein demand for therapeutic applications has increased drastically during the last decades and is expected to increase in the future because these proteins provide, in industrialized countries, innovative solutions to chronic diseases such as cancer, rheumatoid arthritis, pathologies of the central nervous system and immunological diseases. A current issue concerns the quality control before administration of these bio-drugs for which the purification is often long and difficult. Particularly, Post-Translational Modifications (PTMs) may occur during the production and purification steps. The activity and structure of the resulting proteins may be affected by the presence of PTMs, thus highlighting the need of a quality control before injection of the drug to the patient. The emergence of this therapeutic class has slowed down during the last years, due to the difficulty to detect and purify therapeutic antibodies. In this context, a consortium coordinated by the firm UCB Pharma proposed to develop new analytical techniques for the characterization of the purity of therapeutic antibodies. Some of these analytical techniques may rely on the use of tailored synthetic receptors capable of selective recognition of the PTMs. In this study, we focused on two key PTM (deamidation and methoxidation) and on a self-assembling strategy to obtain the synthetic receptors.

In the first part of this chapter, we will define the challenges and objectives associated with the detection of PTM on therapeutic proteins. We will introduce the strategy that we proposed for the selective recognition of a therapeutic antibody candidate: the CDP-791. In the second part of this chapter, we will report the strategies used by nature to bind specific native and modified aminoacids (aromatic, basic, acid, neutral and alkylated) on peptide scaffold along with the synthetic counterparts reported in the literature. The analysis of the underpinning binding mechanisms will lead to the identification of the functional groups and structural features which are crucial for the recognition of the modified residues we targeted in this study.

I. An industrial context: Therapeutic Antibodies

I.1. Biomedicine, a new class of drug

A biodrug presents the particularity of being produced by genetic engineering from living organism or their cellular components. Different types of biomedicine have been described including vaccines and therapeutic proteins. Therapeutic proteins have been widely developed thanks to recombinant proteins based on cells in which DNA has been modified by genetic recombination. Monoclonal antibodies are a type of therapeutic proteins, they are obtained from a single cell forming a clone line and are able to recognize the same epitope on a given antigen. Thanks to genetic engineering, it becomes possible to produce humanized and human monoclonal antibodies, which allows to recognize a wide range of therapeutic targets. [1] The biomedicine affords a therapeutic response to the needs which were until now unsatisfied by classical therapeutic compounds. The response of each organism to a disease is different. In this context, biomedicines are considered as a tailored treatment, a « personalized medicine » thus affording a particular cure for each patient. [2] Accordingly, the emergence of biomedicine in industrialized countries can be explained by the offer of innovative solutions to chronic diseases such as cancer, rheumatoid arthritis and immunological diseases.

In 2013, 173 biomedicines were commercialized in France while they were only 3 in 1984. After an exponential increase of the biomedicine market, the number of substances authorized by the FDA is decreasing since 2010. (Figure 1) Between 2010 and 2013, the quotas of biomedicine have decreased from 30% to 5%. This trend can be explained by the difficulties encountered by new compounds to be authorized for dissemination, which are related to the issues of reliable produce and control. Yet, monoclonal antibodies are the exception which has grown to became the predominant class of biomedicine on the market. [3] Figure 1. Biomedicines versus chemical compounds among medicinal molecules approved by the FDA (Food and Drug Administration) between 1993 and 2013. Figure from ref [1] Chemical compounds Bio-medicines Biomedicines quotas (%)

Number

A current issue concerns the quality control before administration of these biodrugs, for which the purification is often long and difficult. This need for reliable tools of control not only affects the production chain but extends also to bioequivalent, which could pose a threat to this emerging therapeutic class.

I.2. Post-translational modifications I.2.i. Generalities

Post-translational modifications (PTMs) are chemical or biochemical alterations which can occur during or after the protein bio-production, on aminoacids side chains or on the N-or C-terminal. More than 100 PTMs are currently known, they can affect proteins tertiary and quaternary structures and regulate their activities and functions. [4] Accordingly, proteome expansion is achieved by the formation of these PTMs. This phenomenon, as indicated by his name, occurs after the sequence of DNA transcription into RNA and its translation into proteins. [5] PTMs can be separated into two categories (Figure 2): the first consist in the modification of the side chain of an aminoacids (a) while the second consist in the cleavage of the protein main chain by a protease or less frequently by autocatalytic cleavage (b). The common PTMs involving side chain modifications on aminoacids have been summarized in Table 1. The most recurrent modifications involve Phosphorylation, Glycosylation, Acetylation, Acylation, Ribosylation, Methylation, Ubiquitinylation (for proteins to be degraded) and Oxidation reactions. [5] Only a few PTMs can be encountered in therapeutic proteins. Indeed, modifications such as Phosphorylation, Ribosylation or Acetylation regulate various intracellular processes and are rarely associated to therapeutic proteins, which are mainly extracellular modified forms of native proteins. In particularly, two chemical modifications are critical during the production and purification processes of therapeutic antibodies: sulfoxidation and deamidation. Table 1. Common PTMs encountered at the side chain of aminoacids [5] 

I.2.ii. Sulfoxidation

Methionine oxidation is a post-translational modification which is still poorly understood. It results from an oxidative stress and negatively impacts protein functions. [6] (Figure 3) The molecular mechanisms involved in the formation of the sulfoxide have not been fully elucidated. However, it has been showed that methionine oxidation regulates the activity of certain proteins and protects the remaining aminoacids from oxidation by removing the free radicals and by regulating the redox environment in methionine rich domains. [7] Although the formation of the sulfoxide is a common PTM, oxidation into a sulfone is rarer. From an electronic point of view, methionine oxidation induces crucial modifications on the aminoacid side chain which is initially non polar and flexible and becomes polar and more rigid. Moreover, the presence of a sulfoxyde decreases the hydrophobicity of the residue. [8] Until recently, methionine sulfoxide was accused to disrupt favorable sulfur-π interactions with aromatic aminoacids side chains (Phe, Tyr and Trp), but a recent study by Sachs and coworkers [9] showed otherwise. Introducing a sulfoxide increases the strength of the interaction with aromatic rings through the formation of a dipole-quadrupole interaction (0.5-1.5 kcal/mol). Moreover, the authors showed that this interaction is more favorable than a hydrogen bond between the MetO and the NH of Trp or the OH of Tyr in an aqueous media. In this study, they demonstrated that MetOaromatic interactions influence both the protein structure and functions, thus proving the first molecular basis for the role of methionine oxidation in proteins.

In terms of regulation, methionine can be regenerated by enzymes: the sulfoxide reduction can indeed be catalyzed by Methionine Sulfoxide Reductases (Msr). [10] I. 2

.iii. Deamidation

Deamidation is a common post-translational modification which can proceed in physiological conditions. Occurring on Gln or Asn residues, the hydrolysis reaction can lead to the formation of the corresponding carboxylic acid (i.e. Glu, Asp or isoAsp). (Figure 4) Deamidation reactions may be biocatalyzed by enzyme partners (intermolecularly), and can be also biocatalyzed by neighboring residues (intramolecularly). Moreover, the detection of this modification is even more difficult because the aminoacids formed, Glu and Asp are natural aminoacids. Asparagine and Glutamine deamidations play a key role in the protein structure and function and they were reported to influence the regulation of protein folding, breakdown and aging. [11] Figure 4. Deamidation reaction of Asp (n=1) and Gln (n=2) on a peptide scaffold As proposed by Wright [11] , acids and bases are able to catalyze this hydrolytic reaction. (Figure 5) The rate of the deamidation is function of the pH, optimal around 6 for a maximum of stability for Asn and Gln. The analysis of the residues next to Gln and Asn in the peptide sequences suggests that the nucleophilic species are Asp, Glu and His at neutral pH. As for the oxanion intermediate, it may be stabilized by protonated Arg and Lys.

Figure 5. General mechanism for the deamidation reaction proposed by Wright. [11] (HA=General acid, A -conjugated base) n= 1 or 2

Chapter 1: Recognition of post-translational modifications on protein surface

The particularity of the deamidation reaction of asparagine is that it implies the formation of a succinimidyl intermediate via an intramolecular cyclisation mechanism. (Figure 6) Two alternative products can be obtained, through the hydrolysis of the intermediate. Usually, iso-aspartic acid is observed as major product, compared to aspartic acid. [12] Figure 6. Spontaneous formation of a succinimidyl intermediate and formation of the corresponding hydrolyzed products: Aspartic acid and isoAspartic acid

[13]
The studies conducted on deamidation revealed a second difference between glutamine and asparagine substrates: the reaction on Gln is generally much slower than on Asn. The nature of the buffer (especially anionic buffers), pH and temperature are crucial to the rate of the deamidation reaction. [14] Moreover, the neighboring aminoacids next to Gln and Asn residues have strong influence on the deamidation. It has been shown that the secondary, tertiary and quaternary structure of the protein may have effects on the deamidation reactions, as interfering H-bonds may slow the deamidation rate. [15] Investigations on the role of the neighboring aminoacids showed that the presence of residues with low steric hindrance accelerates deamidation. [16] Other aspects about sequence-dependent deamidation have been described: the rate of deamidation is increased by the presence of polar residues such as Ser and Thr next to Asn and Gln, probably due to intramolecular catalysis. [11] I.3. The issue: detection of PTMs on therapeutic antibodies I. 3

.i. Common methods for the detection of methoxidation

Several methods for the detection of methoxidation have been reported in the literature and are described herein.

I.3.i.a. Mass analysis

Tandem mass spectrometry coupled to chromatographic separation (LC-MS) is a powerful method to characterize proteins and identify MetO residues through the increase of the molecular mass by increments of 16 Da, thereby allowing the quantification of the macroscopic methoxidation rate. Rosen et al. [17] , particularly demonstrated that neutrophils can convert methionine residues to Aspartic acid isoAspartic acid Asparagine methionine sulfoxide in high yield on Escherichia Coli using an oxidative enzyme: the myeloperoxidase. For its characterization, the bacteria was fractionated and the samples digested with trypsin and analyzed by LC-ESI-MS/MS. The resulting MetO residues were detected as (Met +16) in the MS/MS spectra. The main drawback of this method is that the mass analysis did not distinguish the MetO, which are originally present on the protein and those formed during the ionization process in the analyzer.

I.3.i.b. Chemical modification

Shechter et al. [18] reported a chemical method to quantify the amount of MetO residues on proteins. Unoxidized methionine residues can be selectively convert into homoserines using cyanogen bromide, while oxidized methionines remained intact. Then the reduction of MetO into Met residues can be performed and then the resulting mixture analyzed: the final quantity of homoserine corresponds to the initial quantity of methionines, while the final quantity of methionine corresponds to the initial quantity of oxidized methionines. (Figure 7) The protein digestion and analysis by an automated-sequencer allow to quantify these residues and to determine their location. This method is limited by the high toxicity of CNBr. Biochemical detection systems for oxidized methionines on protein surfaces have been described, using polyclonal antibodies. [19] Oien and co-workers [20] reported a novel anti-MetO antibody which is able to bind MetO-proteins in pure proteins and in biological extracts. Separation of the proteins can be achieved by western blot using electrophoresis on polyacrylamide gel. The proteins are revealed using specific antibody (anti-MetO-DZS18 antibodies, polyclonal antibodies raised against an oxidized methionine-rich protein: MetO-DZS18) which are capable of recognizing the oxidized form of methionine with a high specificity.

I.3.i.d. Methionine sulfoxide reductase based sensor

A recent strategy for the identification of MetO rich proteins relies on a fluorescent assay based on the recognition of methoxidation by specific enzymes: Methionine Sulfoxide Reductases (Msr). [21] Homoserine Methionine

Methionine Oxidized Methionine

Chapter 1: Recognition of post-translational modifications on protein surface Two enzymes are known to selectively recognize and reduce the diastereoisomers (S)-MetO and (R)-MetO: respectively MsrA and MsrB. (cf. Chapter 1, II) Taking advantage of this reactivity, the authors genetically encoded fluorescent sensors specific for each diastereomer of MetO. They linked both ends of a circularly permuted fluorescent protein, the first to the enzyme MsrA (or MsrB) and the second to their specific Thioredoxins (Trx) to obtain a three-protein fusion detector. (Figure 8) Thioredoxins are specific enzymes able to reduce the disulfide bridge formed on the Msr catalytic site after reduction of the MetO. (cf Chapter 1, II) Using this sensor, the changes in fluorescence emission can be monitored and allowed to selectively probe the presence of S-MetO and R-MetO in vitro and within cells. The main advantage of this strategy is the high specificity of the detection. 

I.3.ii. Common methods for the detection of deamidation

As previously mentioned, the detection of Glu and Asp residues is an arduous task. Particularly, isoAsp can be obtained from the isomerization of Asp or by deamidation. To address this issue, Robinson and coworkers [22] have developed a method for the quantitative estimation of deamidation on asparaginyl (Asn) residues in proteins. The method relies on calculations correlation both on the three dimensional environment of each Asn residue and on the primary aminoacid sequence with the rate of deamidation.

Experimental methods for the detection of deamidation processes have been reported, particularly by quantifying the increase in negative charges with respect to the native protein. A fingerprinting method using a polyacrylamide gel electrophoretic separation have been implemented and was followed by a complete aminoacid sequencing by LC/MS/MS after digestion of the purified protein by trypsin. [23] Nevertheless, the precision of this method can be questioned, as the difference in mass between a deamidated and non-deamidated residue is only of +1 Da.

Although methods to detect deamidation and methoxidation allow detecting and quantifying them to a limited extent, their main drawback is that they are destructive. Furthermore, no simple purification strategy has ever been described, this issue commonly requiring long and multiple chromatographic steps.

I.3.iii. Proposed strategy for the detection of deamidation and methoxidation

In the context of quality control of biodrugs, the specific detection of PTMs has become a crucial issue for the pharmaceutical industries. New supramolecular receptors devoted to PTMs detection would stand as a key milestone for both medicinal and analytical chemistry. To answer this problematic, we proposed a strategy based on the selective recognition of altered versus unaltered antibodies by synthetic receptors, in order to develop an analytical tool for the quality control of therapeutic antibodies. (Figure 9) Figure 9. Schematic representation of the proposed strategy for the selective recognition of altered antibodies (Fab') vs unaltered (Fab) using disulfides p-cyclophanes molecular receptors self-assembled around an epitope target by DCC. This schematic representation of the strategy will be reused in the manuscript to recall the context.

The complexity of the targets to be specifically recognized implies that the conception of the host(s) for each individual guest must be custom-made. We proposed to use Dynamic Combinatorial Chemistry as a strategy to obtain optimized receptors using an epitope template directing the selfassembling. (Figure 9i,ii) The isolated receptors may be then directly used to selectively recognize in solution an antibody bearing this epitope (Figure 9iii) or can be further grafted on solid phase to perform affinity chromatography. (Figure 9iv) The implementation of an online analysis system can be envisaged for the quality control of therapeutic antibodies as well as for their purification. (Figure 9v) This new analytical system should lead to the simplification and optimization of samples analyses by eliminating long and complex pre-processing steps. Furthermore, analytical results obtained with these new molecular receptors should be specific, sensitive and display an increased reliability compared to existing methods. Finally, because its simplicity, such an analysis should be timeeffective, leading to reduced analytical costs.

I.3.iv. The case of CDP791

A therapeutic antibody, known to suffer deamidation, developed by UCB Pharma (CDP-791) was chosen as a model in order to develop the proposed strategy. This antibody, prepared by Dr. Michael Delmarcelle (CIP, Liège), is made of two pegylated fragments F a and F b . Acting as an anti-cancer drug, the CDP-791 was abandoned in phase II because of the difficulties encountered for its purification after production, which was not industrially viable.

II. Recognition of punctual aminoacids on peptide sequences and protein surfaces

Proteins represent the major class of drug target while antibodies, a protein subclass, are considered as the drugs of the future. [3] Therefore, efficient and selective binding of a given protein in vivo and/or ex vivo is the prerequisite for reliable diagnosis (detecting a given protein), sensing (quantification of the level of expression of a protein), drug design (modulating the activity of a protein), purification (affinity chromatography) and quality control of biodrugs among other potential fields of applications. Herein, we aim to provide an overview of the strategies used by nature to selectively recognize specific aminoacids moieties on peptide scaffold and how chemists mimicked some of these strategies to design synthetic receptors.

II.1. Strategies used by nature for the recognition of punctual aminoacids on protein and peptide backbones

The main motivation of this bibliographic work was to understand how nature detects PTMs on proteins structure, focusing particularly on the patterns we aim to detect (i.e. Asp/Asn, Glu/Gln and Met/MetO). In order to embrace the various strategies developed to specifically bind one monomer on a complex and folded heteropolymer, we extended our bibliographic studies to the various classes of native and modified aminoacids.

II.1.i. Recognition of aromatic aminoacids

The human cytosolic enzyme, phenylalanyl-tRNA synthetase (hcPheRS) is known to bind in its active site Phenylalanine residues. This enzyme is responsible for the fixation of phenylalanine on its transfer RNA, to form the corresponding aminoacyl-tRNA (RNAtPhe). The enzyme is characterized by a cluster of four heterotetrameric hcPheRS molecules. Each hcPheRS molecule is a heterotetramer built from αβ heterodimers. The α and β subunits of hcPheRS respectively contain 508 and 589 aminoacids. The active site of hcPheRS formed by the catalytic residues of the α subunits is a deep binding pocket. (Figure 10) The binding site is composed by polar H-bond donating aminoacids such as Thr328, Ser332, Gln372, Glu374 on the right side and Asn410, Thr413 and Asn434 on the left side. Particularly, Asn410 and Asn434 rigidifies the cavity by the formation of two hydrogen bonds between them. The Phe phenyl ring is involved in edge-to-face interactions with the aromatic rings of Tyr412 and Phe438 with respective distances between the aromatics of 5.5Å and 5.9Å (Figure 10). Moreover, the binding mechanism presumably implies interactions between the ammonium of the main chain of Phe and the neighboring Glu374 and Thr329. [24] Specific recognition of Phe is achieved by hcPheRS with a 3 μM dissociation constant while the binding of a meta-Tyrosine (oxidized damaged form of Phe) is 50 times weaker (150 μM). The selectivity seems to arise from the formation of an aromatic triad between Tyr412, Phe438 and the phenylalanine substrate with the right orientation while the presence of a hydroxyl group arranges the meta-Tyrosine substrate in a less favorable orientation. 

II.1.ii. Recognition of basic aminoacids

The structural and functional features of an Arginine binding protein (ArgBP) from Thermotoga maritima has been reviewed by Ausili et al. [25] . Thermotoga maritima (TmArgBP) belongs to the periplasmic binding proteins family and possesses a typical two-domain structure. This protein is known to bind arginine with high specificity (compare to Lys or Orn) even at high temperatures and plays an important role in the regulation of intracellular arginine concentration. SPR (Surface Plasmon Resonance) experiment was used to determine the affinity of TmArgBP for arginine, a 20 μM dissociation constant was obtained while the affinity for glutamine is 8 times weaker (K d = 160 μM). The binding cleft of TmArgBP was characterized by X-Ray crystallography and its structure represented in Figure 11 in the presence of arginine. The guanidinium moiety interacts with hydrogen bonds acceptors from residues Glu42, Ser35, Ser93 and Gln142. Hydrogen bonding also take place between the -amine and Asp183. Moreover, the residues Thr147, Thr146 and Arg101 interact with the acid group of the main chain of arginine. Finally, Phe38, Phe76 and Thr96 contribute to shield the active site from the outer solution, favoring the polar interactions and a hydrophobic effect on the aliphatic carbon chain of the guest. The interactions are highlighted in dashed lines. Figure adapted from ref [25] The lysine-arginine-ornithine protein (LAO) from Salmonella typhimurium has also been described for its ability to bind these three residues respectively with 14, 15 and 29 nM dissociation constants. [26] In particular, the crystal structure of the lysine binding complex was reported and revealed hydrophobic contacts between Tyr, Phe and Leu residues and the aliphatic side chain of lysine. Moreover, all the potential H-bond donor/acceptor of the lysine main and side main chains are paired with the residues of the binding site, the lysine is thus completely buried within the protein and the solvent accessibility dramatically reduced. [27] II.1.iii. Recognition of acidic aminoacids A periplasmic protein (DEBP) from Shigella flexneri was described to bind L-glutamate and Laspartate residues while it does not bind L-glutamine and L-asparagine. Two similar folded domains separated by the ligand binding region compose the DEBP protein. The crystal structure of the DEBP complex with a L-glutamate was reported (Figure 12) and revealed that the recognition is achieved through hydrogen bonds and salt bridges. [28] Unexpectedly, the overall electrostatic polarity of the DEBP binding cleft appears to be anionic with six negatively charged aminoacids (Glu25, Glu73, Glu96, Asp163, Asp182, Glu209) moderately distant from each other and three positively charged residues (Arg24, Arg75, Arg97) close to each other. Accordingly, the glutamate guest is positioned in a way that the carboxylates are located in the positively charged region and the amino group in the negative region. A total of 13 H-bonds are involved on the binding event. Arg24, Ser72, Arg75, Ser90, His164 are implicated in 6H-bonds with the carboxylate of the side chain of the glutamate. Salt bridges are also involved on the residues Arg75 and Arg97 with the two deprotonated carboxylates of Glu. The -carboxylate of the guest is also paired by H-bonds with the amide junction of two threonine residues (Thr92, Thr140). The α-ammonium group of Glu interacts with Asp182 through a salt bridge and Ser90 through a H-bond. Finally, the both methylenes of Glu appear to be stabilized by hydrophobic residues (Met181 and Leu185) within this Glu tailored pocket. The numerous H-bonds anchoring the guest to the host considerably rigidify the binding site in the complexed state. However, the interaction with the carboxylate on the side chain of Glu only involves the side chains of the binder residues, thus providing more flexibility. It has been shown that these electronic conformational features provide selectivity for the glutamate and aspartate. Fluorescence titrations revealed that the binding is 3.25 times more favorable for L-glutamate (K d = 1.6 μM) than for L-aspartate (K d = 5.2 μM), thus confirming that the glutamate possesses the optimal chain length and accessible conformation. Fluorescence titrations were also conducted with Gln and Asn, no binding constant could be measured. It seems that the H-bonded salt bridges involved in glutamate recognition are the driving force of the binding into the solvent shielded pocket.

Accordingly, the analysis of the strategy used by a protein to bind a carboxylate selectively on an aminoacid involves a rigid solvent shielded binding area locally positively charged with a maximum number of H-bonds and salt-bridges.

II.1.i.Detection of PTM

II.1.i.a. Sulfoxide recognition

Methionine Sulfoxide Reductases (Msrs) are known to catalyze the reduction of sulfoxide groups on methionine oxide (MetO) residues. [29] The catalytic mechanism of this reduction was investigated and decomposed in three steps (Figure 13): (IA) formation of the Michaelis complex followed by the attack of an activated cysteine (IB) from the Msr on the sulfoxide substrate and release of the reduced product after formation of a sulfenic acid on the Msr, (II) formation of an intramolecular disulfide bridge between two cysteines residues on the Msr and (III) final reduction of the disulfide bridge by a thioredoxin (Trx) moiety located on the N-termini of the enzyme, thereby restoring the initial cysteines residues of the catalyst. [30] Ranaivoson and coworkers [30] have characterized the active sites of MsrA (S-MetO) and MsrB (R-MetO) in Neisseria mengitidis in the presence of Ac-Met-SO-NHMe substrates. In Neisseria mengitidis, MsrA and MsrB are not unique proteins but are respectively the central and the Cterminal consitutents of the PilB protein. PilB is a periplasmic protein involved in the defense system toward reactive oxygen species. The N-terminal domain of these proteins contains a Thioredoxin moiety which in vitro displayed the ability to reduce the oxidized MsrA and MsrB. Even if the catalytic mechanism is the same for MsrA and MsrB, the active sites contain different residues.

The active site of nmMsrA (Neisseria mengitidis MsrA) [30a] is somehow amphiphilic with one side displaying a hydrophobic area formed from Phe52 and Trp53 residues while the opposite side is strongly hydrophilic due to residues Tyr82, Glu94 and Tyr134. (Figure 14) Accordingly the substrate is bound to the active site through hydrogen bonding between the oxygen of the sulfoxide and the donor residues Tyr82, Glu94 (2.5 Å between SO and O, suggesting that Glu is protonated) and Tyr134 while the C ε methyl and the C γ methylene groups are located in the hydrophobic area made of Phe52 and Trp53. The analysis of the active site of nmMsrB [30b] showed, as for nmMsrA, two opposite regions, a hydrophobic zone formed by Trp65 and a hydrophilic H-bond donating area composed of His103 and a water molecule stabilized by His100, Asn119 and Thr26. The crystal structure of the active site complexing Ac-Met-R-SO-NHMe revealed the presence of two hydrogen bonds involving His103, the water molecule and the sulfoxide group. Moreover, the aliphatic groups (Cε and Cγ) of the MetO side chain are stabilized by the indole of Trp65. (Figure 15) The affinity of MsrA for MetO was determined by fluorescence titration on calmodulin (CaM) as a Met(O) containing substrate (fully oxidized). It has been showed that MsrA reduction of methionine sulfoxide to methionine on CaM restored its native secondary structure and functions. A complex with two MsrA on CaM was reported with a nanomolar dissociation constant (K d = 70 nM) while a single Michaelis complex displays a weaker affinity by 3 order of magnitude (K d = 68 μM). Accordingly, the cooperativity of the complexation induces a high affinity for the calmodulin. [31] In conclusion, the analysis of the strategies used by the nature to bind a sulfoxide group indicates the necessary presence of hydrogen donor group to interact with the sulfoxide along with a hydrophobic area to stabilize the aliphatic domain of MetO. So far no synthetic receptors have been described for the selective recognition of sulfoxide groups on methionine-bearing substrates.

II.1.i.b. Recognition of the post-translational methylation of basic aminoacids

Among the PTMs, alkylation of Lysine and Arginine has been widely studied on Histone proteins due to their implication in several diseases and in particular in cancers. The understanding of the recognition events between methylated Lys and Arg and their natural receptors is of great importance to develop probes, inhibitors or therapeutics for the related diseases. Herein, based on recent reviews, we aim at introducing the features of selective recognition of methylated Lysine over the non-methylated residue by first providing a physico-chemical analysis of the target patterns. Three intermediate state of methylation can be obtained (KMe, KMe2 and KMe3) from Lysine to reach at maximum three methyl groups on the terminal -nitrogen. The introduction of methyl groups does not change the overall charge of the residue at physiological pH, but it significantly increases its hydrophobicity. Indeed, Lysine is strongly solvated in aqueous media and protonated in physiological conditions (pK a = 10.5). (Figure 16) Moreover, the addition of methyl groups gradually decreases the hydrogen bond capacity by successive removal of the three protons.

The natural binders of PTMs, called "reader proteins", are known for their ability to decipher the code encrypted through different modifications. [32] In particular, the chromodomain of the HP1 family of proteins is known to bind methylated Lys residues in histone proteins through an aromatic pocket. [33] This recognition event takes place in small pockets including 2-4 aromatic residues able to interact with the cationic methylated Lys through cation-π interactions, in which desolvation plays a role although it should cannot be called a true hydrophobic effect. [34] Figure 16. Successive methylation states of Lysine with the corresponding electrostatic potentials. Representation of the decreasing hydrogen bond capacity and increasing hydrophobicity. Figure adapted from ref [35] Figure 17. Representation of the recognition event of the trimethyllysine in the aromatic cage of a HP1 domain. (a) KMe3 in the aromatic cage of HP1 and a neutral t-Bu isostere. [36] (b) The aromatic cage of BPTF binds KMe3 and became selective of KMe2 when Tyr is replaced by Glu. [37] Figure adapted from ref [34] Waters et al., investigated the selectivity of the aromatic cage of the HP1 chromodomain toward KMe3 (K d = 10 μM for H3K9Me3) compare to a neutral t-Bu isostere (K d = 310 μM for H3tBuN9) and showed a 30 fold weaker interaction with the neutral side chain. (Figure 17a) Accordingly, hydrophobicity, dispersion forces and shape complementarity do not seem to be the driving force behind the high selectivity toward KMe3, which is imputed to cation-π interactions. [36] Moreover, HP1 chromodomain appears to be highly selective for the trimethyllysine (KMe3) compared to the unmethylated (K d >1mM for H3) state with a 100 fold increase in affinity, thus confirming the crucial role of the cation-π interaction in the binding event along with solvation, indeed Lys residue is strongly solvated and rejected from the aromatic cage. [34] Selective recognition of intermediate methylated states can be achieved by proteins when carboxylated residues are present on the binding site. Indeed, it has been reported that a BPTF reader protein initially selective for KMe3 (K d = 3 μM for H3K4Me3 and K d = 6 μM for H3K4Me2) became selective for dimethyllysine (K d = 7 μM for H3K4Me2 and K d = 15 μM for H3K4Me3) by replacing a tyrosine by a glutamate in the aromatic cage. This engineered mutant of BPTF achieved this selectivity toward dimethyllysine thanks to the formation of a salt bridge with the glutamate. [38] (Figure 17b) Specific reader proteins for the recognition of methylated arginine, called Tudor domains, have also been described and display dissociation constants ranging from 5 to 200 μM toward mono-and di-methyl Arg containing peptides. [39] Usually, the binding sites of Tudor domains are composed by three or four aromatic residues (Tyr, Phe, Trp), thus forming an aromatic cage. The binding mechanism is generally achieved through a large number of interactions: CH-π interactions with the N-CH 3 groups, cation-π interactions, π-π stacking of the guanidinium with two aromatic rings, and hydrogen bonds. H-bonds are mainly encountered between the Tyr -OH and the guanidinium -NH. [35] 

II.2. Ab initio design of optimized binders

The first strategy followed consisted into designing receptors mimicking proteins' natural binders (mostly other proteins). Biochemists progressively gave up this strategy to adopt a simpler one: identifying the key moieties involved in recognition and graft them on simpler synthetic platforms than the peptide scaffold. Various synthetic receptors have been reported for the recognition of protein surfaces and have extensively been reviewed. [40] Herein, we will provide an overview of selected examples of synthetic receptors able to complex a specific aminoacid on a protein surface or a peptide.

II.2.i. Recognition of aromatic aminoacids by macrocyclic receptors

Recognition of aromatic aminoacids has proved to work particularly well with cucurbiturils. These barrel-shaped molecules display a nonpolar interior allowing to encapsulate bulky guests and two carbonyl-lined rims. The water soluble cucurbit [7]uril (CB [7]) was indeed described to bind single aminoacids such phenylalanine (K d = 0.58 μM), histidine (K d = 2.51 mM) and tryptophan (K d = 2.69 μM). [41] Among the phenomena involved in the recognition mechanism, the expulsion of water molecules out from the cavity is particularly favorable. Moreover, the binding is achieved through size and shape complementarity. In 2011, Urbach et al. [42] reported the use of cucurbit [7]uril to bind insulin via a single binding site (1:1) and a dissociation constant of 0.66 μM (Figure 18). The human Insulin protein is a dimer composed of two chain (A and B) linked by disulfide bonds and terminated by a N-Phe on its B chain (position B1). They demonstrated that a single aromatic aminoacid, the N-Term Phe is reponsible for the μmolar affinity. In addition to the N-term Phe, insulin possesses two Phe and four Tyr in its surface and a Trp in B27 position. Accordingly, the CB [7] selectivity for the N-terminal Phe in insulin has been investigated by the authors with an insulin variant carrying in B1 and B27 positions glutamic acids, in order to determine if non-terminal aromatic aminoacids are involved in the binding. Calorimetric titration showed that the insulin variant is not bound by CB[7] (C=0.15mM). Moreover, further binding tests conducted with tripeptides: Phe-Gly-Gly, Gly-Phe-Gly and Gly-Tyr-Gly yielded a binding for the N-term Phe tripeptide (K d = 0.36 μM) with a similar association constant compared to insulin while Gly-Phe-Gly (K d = 45 μM) and Gly-Tyr-Gly (K d = 370 μM) provided weaker binding constants. These binding investigations strongly suggest that the recognition event occurs between the CB [7] and the Phe in N-term position exclusively. Even if Phe and Tyr are possible binding sites in the protein surface, they should be much less available on the full protein than on a short peptide model. The combination of calorimetric data and the crystal structure of the complex afforded further information on the binding model (Figure 18). This model relies on the inclusion of the hydrophobic side chain of the Phenylalanine within the cavity and the favorable interaction of the Nterminal ammonium group of Phe and the oxygen portal of CB [7]. Fluorescence titrations were then conducted in order to validate the selectivity of CB [7] for insulin compared to other blood proteins lacking terminal aromatic aminoacids: bovine serum albumin (BSA), human immunoglobulin G (IgG) and bovine carbonic anhydrase (BCA). At least 50-100 fold increase in affinity were obtained for insulin compared to the other blood proteins, thus showing that the recognition of a punctual aminoacid can induce a relatively high binding and selectivity. [42] Cyclodextrins, water-soluble cyclic oligosaccharides, are well-known to form inclusion complexes with hydrophobic guest upon hydrophobic effect. [43] In particular, β-cyclodextrines have been studied for their ability to encapsulate aromatic aminoacids and peptides thanks to their large cavities. [44] The disruption of protein-protein interactions (PPIs) using β-cyclodextrines dimers has been studied by Breslow et al. [45] on several enzymes and particularly on citrate synthase (CS), which is known to be active as a dimer and on L-lactate dehydrogenase (LDH) whose active form is a tetramer. PPIs often involve hydrophobic patches, indeed homomeric protein complexes are usually maintained mainly by hydrophobic interactions. The crystal structure confirmed the presence of Tyr42, Trp284, Trp306 and Trp371 at the surface of the monomeric CS and the presence of Phe72, Tyr175, Tyr250 and Trp253 at the LDH surface. (Figure 19) β-cyclodextrins was reported for the recognition of Phe, Tyr and Trp with millimolar affinities. (L-Phe: K d =11.7mM; L-Tyr: K d =24.3mM; L-Trp: K d =2.23mM) [46] Particularly, various β-cyclodextrin dimers carrying different linkers were synthetized and their inhibitory activity tested toward homomeric enzymes. Two enzymes were inhibited, the lactate dehydrogenase and the citrate synthase by two β-cyclodextrin dimers bearing similar linkers. A pyridylester linker (CD2) appeared optimal for the inhibition of lactate dehydrogenase (LDH) with an IC 50 of 30 μmolar and while citrate synthase displayed an IC 50 value of 140 μmolar. The pyridyldiamide (CD1) with a similar length and geometry appeared to be as effective for the inhibition of CS and three times less effective for the inhibition of LDH. The analysis of the regions involved in the protein-protein interactions on crystal structures of CS (left) and LDH (right) revealed possible binding sites separated by a distance exactly corresponding to the distance between the β-cyclodextrin units in the dimers involving CD1 and CD2 spacers. (Figure 19) Even if the inhibition phenomenon is not fully understood to date, it is assumed that the binding is driven by hydrophobic interactions, thus highlighting the efficiency of simple, yet multivalent inclusion complexes to compete with natural partners. 

Lysine recognition

Another approach for the recognition of punctual aminoacids was reported by Schrader and coworkers [47] using U-shaped molecules called molecular tweezers. These molecular tweezers are
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alternate monomers of fused norbornadiene and benzene units in an all-syn configuration. The strategy behind the design relies on the formation of an electronic-rich belt combined with two functionalized side chains on the central hydroquinone core conferring to this concave scaffold the aptitude to interact with guests within a well-defined yet opened cavity. In particular, molecular tweezers bearing anionic side chains have been described to bind Lys and Arg on peptides in the micromolar range with a higher affinity for Lys (K d = 20 μM) compared to Arg (K d = 60 μM) which is itself preferred to His. Aromatic, neutral and anionic aminoacids are not bound at all (C=0.1mM). The authors could show that these anionic molecular tweezers formed inclusion complexes with Lys and Arg thanks to both favorable coulombic interactions between the side chains and a central hydrophobic effect. Schrader, Ottmann and co-workers [48] used the phosphonate molecular tweezer to bind a 14-3-3 protein and modulate its activity with protein partners. The 14-3-3 proteins are small proteins (25-30kDa) expressed in all eukaryotic cells and which are known to bind other proteins and altered their functions. The authors showed that this tweezer is able to inhibit the binding between the 14-3-3 protein and two protein partners: a phosphorylated Kinase (C-Raf) and a nonphosphorylated exoenzyme S (ExoS) protein. X-ray crystallography showed that the tweezer binds Lys214 with the concave aromatic scaffold oriented perpendicularly to the alkyl chain. One phosphate binds the N ammonium of the lysine while the other points away from the Lys substrate.

(Figure 20a) This latter phosphate appeared to be interacting with neighboring H-bond donating aminoacids, Asn221 and Arg224. Moreover, in the complex formed, the binding site appeared to be surrounded by neighboring non-polar residues (Tyr213, Thr217 and Leu218) which stabilize the complex by hydrophobic contacts. The thorough analysis of the crystal structure indicated that this binding region is unique on the protein substrate, thus explaining the selectivity for this very Lys residue (with micromolar affinity). Indeed, other exposed Lysines are apparently not bind mainly for steric reasons. The inhibition of the protein-protein interactions between the protein 14-3-3 and Craf or ExoS is achieved by the molecular tweezer due to a double proximity between the central binding channel of the proteins and two classes of neighbors (H-bond donors and aromatics) of the central Lys214 residues.

Figure 20.

Crystal structure of the complexes between synthetic binders and proteins: molecular tweezer-14-3-3 protein (left) and p-sulfonatocalix [4]arene-cytochrome c (right). (a) Optimized structure of the molecular tweezer-lysine complex obtained by computer calculation (QM/MM). (b) Crystal structure of the p-sulfonatocalix [4]arene-lysine complex.

Figure adapted from ref [49] .

Water soluble anionic calixarenes have also been reported to successfully encapsulate basic aminoacids and peptides, the driving force being the very same combination of electrostatic interactions and hydrophobic effect. [50] In particular, the p-sulfonatocalix [4]arene was described to bind Lys with a millimolar affinity (1.35 mM). Crowley et al. [51] investigated the use of this psulfonatocalix [4]arene for the recognition of lysine-rich protein surfaces. Cytochrome c (cyt C) was chosen for this study for its surface features akin to histones and counting up to 19 exposed Lys residues. NMR titrations between the receptor and cyt C showed at least two binding events with individual millimolar affinities. X-Ray crystallography showed that three p-sulfonatocalix [4]arene encapsulate Lys residues (Lys-89, Lys-4 and Lys-22) on the Cytochrome c surface by inclusion of the Lys side chain. (Figure 20b) The formation of this inclusion complex is favored by the ejection of water molecules from the cavity of the receptor while mainly driven as mentioned previously by the formation of salt bridges and hydrogen bonds between the sulfonate rim and the ε-ammonium of Lys side chains. The structural features of the p-sulfonatocalix [4]arene-cyt C complex are very similar to those of the aromatic cages found in reader proteins to bind methylated Lysines. Accordingly, it can be suspected that this receptor may display a higher affinity for methylated Lys residues. [52] 

14-3-3 protein Cytochrome c

As a contrast to tweezers, the affinity of p-sulfonatocalix [4]arene for Lys appeared to be independent of the backbone bearing the Lysine residue. Indeed, millimolar affinities were obtained for both the free aminoacid and non-terminal lysines located on a protein surface.

II.2.ii.b. Arginine recognition

Li et al. [53] described a synthetic molecular receptor for the selective recognition of basic aminoacids and particularly arginine. This hydrosoluble p-cyclophane which bears ten carboxylate groups possesses a π-rich cavity surrounded with two anionic portals. (Figure 21) This carboxylatopillar [5]arene (CP5A) forms inclusion complexes with cationic molecules. The binding measurements with aminoacids such Ala, Met, Ser, Leu, Phe, Gly, Lys, His and Arg by NMR titration showed significant chemical shift changes only for the three cationic aminoacids. The inclusion complexes are formed with sub-millimolar affinities and a selectivity in favor of Arg (170 μM) with a selectivity factor of 3.9 over His (666 μM) and a 3.3 over Lys (555 μM). The preference for aliphatic guests can be explained by the formation of hydrophobic contacts between the alkyl chains and the phenyl cavity accompanied by CH-π interactions. The preference for guanidinium seems to rely on the formation of a higher number of hydrogen bonds with CP5A. Binding investigations on tripeptides have showed that the selectivity for Arg is maintained on a small peptide scaffold. The affinities obtained for Ala-Arg-Ala and Ala-Lys-Ala are respectively of 238 μM and 1.3 mM, showing a 5.6 selectivity factor in favor of the arginine containing peptide. The NMR titration showed a strong shielding for the Arg protons but no significant changes of chemical shift of Ala protons thus implying that only the Arg residue is located within the cavity of the receptor. This receptor showed both the ability to selectively recognize the arginine free aminoacid and arginine within a peptide sequence with similar affinities and may find application for the recognition of arginine rich proteins. [53] 

II.2.i.Recognition of acidic aminoacids

Among the macrocyclic receptors available in the literature to achieve molecular recognition, calixarenes have been widely described for protein recognition. [54] Among the most promising candidates stands the tetraguanidiniomethyl calix [4]arene developed by Mendoza and co-workers [55] and tested for the recognition of the p53-R337H mutant of the p53 protein. The p53 protein, also called "genome guardian", is a homotetrameric protein, known to be anion rich in its surface. When DNA is damaged, it acts as a transcription factor which induces cells arrest. The integrity of this protein relies on its tetrameric structure, which is destabilized in the case of p53-R337H mutant. In Chapter 1: Recognition of post-translational modifications on protein surface fact, the tetrameric structure results from the association of two dimers and it has been showed that for the mutant the destabilization is due to the loss of an ion pair (Arg337-Asp-352) between two monomers. The conical tetraguanidiniomethyl calix [4]arene is able to bind the p53-R337H mutant protein by formation of a 2:1 complex with two receptors (130 and 65 μmolar affinities). (Figure 22) Recognition is achieved through the binding of glutamates E336 and E339 residues through Hbonded ion-pairs. Moreover, the hydrophobic region on the lower rim of each calixarene is located just above a hydrophobic pocket which stabilizes the 2:1 complex. STD (Saturation Transfer Difference) NMR experiments confirmed that the lower rim of the calixarene is "inserted" within the protein, while the upper rim remains outside. Moreover, the methylene bridges between the upper rim and the guanidiniums allow adjusting the orientation of the polar groups and providing a tight binding of the glutamates. By calorimetric experiments, the authors showed that the complex formed with the receptors strongly enhances the thermal stability of p53-R337H by restoring the tetrameric form as in the native protein. 

II.2.ii. Recognition of permethylated basic aminoacids

As described previously, reader proteins are able to selectively recognize methylated lysine thanks to pre-organized aromatic binding pockets which can interact with the quaternary ammonium via cation-π interactions. The binding mode is however quite different for the recognition of unmodified Lysine by natural receptors. Indeed, it is achieved mainly by H-bonded ion-pairs involving the -NH 3 + . Quite expectedly, the p-sulfonatocalix [4]arene previously described efficiently binds Lys through its upper rims while the recognition of LysMe3 by the same receptor involves to a higher extent the cavity as it results from a combination of cation-π interactions and salt bridges. [52] A simplistic strategy to design a selective receptor for methylated lysine is to start from a Lys binder and replace anionic groups by supplementary aromatic moieties. Following this idea, Hof and coworkers [56] expanded the binding scope of anionic calixarenes by synthesizing such analogs. (Figure 23a) Hosts bearing deeper aromatic cavities have been obtained by the introduction of p-substituted aryls on the upper rim of the previously described psulfonatocalix [4]arene. The addition of a toluene moiety (CX1) compared to the psulfonatocalix [4]arene increased slightly the association constant toward KMe3 by providing a supplementary hydrophobic contact with the aliphatic chain of the guest (1 order of magnitude). (Figure 23b) The receptor CX1 displayed a sub-micromolar affinity toward the histone peptide H3K27Me3 and a 8 factor of selectivity compared to the unmethylated peptide. The addition of an amide group (CX2) decreased the affinity for H3K27Me3 by more than one order of magnitude. Although this group does not strongly perturb the electron density of the aromatic ring, it is strongly hydrated thus requiring a strong penalty upon binding. Interestingly, these receptors (CX 1-2) disrupt the protein-protein interactions of H3 K27Me3 with their natural reader proteins, the chromobox homolog 7 (CBX7), with IC 50 ranging between 230 and 590 μM.

Cucurbit [7]uril (CB [7]) receptor was also reported for the selective recognition of alkylated Lysines and Arginines. [57] Binding to KMe3 (0.53 μM), aRMe2 (500 μM) and sRMe2 (160 μM) within the cavity is driven by hydrophobic and Van der Waals interactions and assisted by ion-dipole interactions with the carbonyl rims. Selectivity factors of 3500, 56 and 32 were observed respectively for KMe3 over unmethylated lysine, for RMe2 vs RMe and vs Arg. These differences are mainly due to differential desolvation penalties between unsubstituted and methylated ammoniums.

II.3. Evolutives strategies to generate optimized binders

Although the design of pre-organized molecular receptors has proved to be efficient for the recognition of punctual aminoacids on proteins, a new strategy has emerged in the last decades for the identification of tailored binders for biomolecules [58] : Dynamic Combinatorial Chemistry. Because of the extraordinary complexity of biological interactions, this dynamic strategy represents a real breakthrough for the development of compounds able to effectively and selectively interact with biomolecules. Because of the structural and functional complexity of biological molecules, designing synthetic binders capable of competing with natural partners is an extremely difficult task. Dynamic combinatorial chemistry appears to be a powerful approach for identifying such systems. A screening strategy can indeed be used in order to identify the structural elements necessary to achieve efficient molecular recognition of a target molecule. The approach is particularly pertinent when multiple interactions are involved in the formation of the complex and when it results of an adjustment mechanism. A dynamic combinatorial library (DCL) is defined by a mixture of compounds, which are interconverting under thermodynamic equilibrium through reversible scrambling of covalent or non-covalent bonds. [59] The addition of a target protein in a DCL may induce a reequilibration of the library giving a new compound repartition and generally an amplification of the best binder. (Figure 24) Depending on the nature of the building blocks used, several binding modes can occur: it can lead to the identification of optimized ligands binding the protein active site by casting [60] (very often with monovalent building blocks Figure 24a) it can lead to the selection of optimized macrocyclic receptors targeting a specific motif at the protein surface by molding (using divalent building blocks, Figure 24b) it can lead to the identification of optimized polymeric partners [61] binding extended protein surfaces by molding [62] (using a multivalent polymeric scaffold and monovalent building blocks, Figure 24c) Herein, we will describe how templated dynamic combinatorial libraries can lead to the identification of macrocyclic receptors able to selectively recognize specific motifs on protein surfaces [63] and to compete with their natural binders.

II.3.i.Dynamic Combinatorial

II.3.ii. Toward selective receptors for PTM detection

Waters and coworkers [35] have used dynamic combinatorial chemistry for the identification of optimized receptors for Post-Translational methylation on Histone-derived peptides. These macrocyclic compounds were obtained from dithiol building blocks initially designed by Sanders and Otto. [64] The self-assembling (Figure 25a) led to the identification of cyclophanes, some of which already described as powerful receptors for various quaternary ammonium. [64][65] (Figure 25b) These disulfidebased aromatic macrocycles are indeed similar to the aromatic cages within the natural binders of trimethyllysines. Moreover, they are decorated with hydrophilic groups at the external face which renders them water soluble. Replacing a building block by an analog allows tuning the size and shape of the resulting aromatic pocket. By this approach, receptors binding different methylated states of Lys and Arg on peptide scaffold were described: A 2 B, A 2 D and A 2 N [35] . (Figure 25b) A 2 B (both rac-and meso-) which binds the various methylated states of Lysine on a histone peptide (Ac-WGGG-QTAR-KMe n -STG-NH 2 with n=0-3) with micromolar affinities and a maximal factor of selectivity of 8.5 between KMe3 and the non-methylated Lys. The selectivities obtained for KMe3 compare to KMe and KMe2 are respectively of 5.3 and 2.4 and thus underline the impact of the desolvation cost on the binding constants. A 2 B exhibited binding affinities comparable to the HP1 chromodomain. A second receptor was described, A 2 N (meso 2 -), affording a sub-micromolar affinity for KMe3 and micromolar affinities for KMe2, KMe and K, i.e a factor of selectivity of 35 for H3 K9Me3 over H3 K. [67] In terms of host, the difference in affinity between rac-A 2 B and meso 2 -A 2 N for H3 K9Me3 is imputed to the presence of an additional aromatic ring for meso 2 -A 2 N, which enhances cation-π interactions, resulting in a more favorable enthalpy of binding. A more favorable entropy was also obtained for meso 2 -A 2 N and may be due to a stronger hydrophobic effect thanks to a larger cavity.(Figure 25c) [66] Receptor A 2 C was designed to investigate the influence of a carboxylate group orientated toward the cavity. Shifting the carboxylate from meta to ortho position increases the affinity for KMe2 (K d =2.8μM) while the binding constants for the other methylated and unmethylated states remain unchanged. This selectivity results from the formation of an hydrogen bond between the monoprotonated dimethyllysine and the carboxylate group similarly to what is observed in the binding pockets of reader proteins. [35] Waters and co-workers [68] also reported the self-assembling of a mercaptophane selective for the dimethylarginine over other methylated states on Arg: A 2 D. (Figure 25b) Similarly to methylation of Lys, Arg methylation induces a decrease in H-bond capacity and in the solvation of the polar head accompanied by an increase of hydrophobicity. (Figure 26) Measurements of the binding constants with H3 R8Me n (Ac-YGG-QTA(RMe n )KSTG-NH 2 with n=0-2) confirmed that A 2 D displays a high affinity for aArgMe2 with a dissociation constant at the micromolar range and a factor of selectivity of 12 over the non-methylated state. Moreover, A 2 D is also selective for aRMe2 with a factor of selectivity of 7.5 over sRMe2. NMR experiment indicated a weaker chemical shift of the methyl groups on sRMe2 compared to aRMe2, thus suggesting that only one methyl group is located within the cavity in the case of sRMe2. This looser fit results from the a) b) bulky and symmetrical character of the guanidinium group on dimethylarginine. In the cavity, one CH 3 -π interaction replaced by one NH-π interaction induces a higher desolvation penalty. Accordingly, the weaker affinity for RMe over sRMe2 can be explained by fewer interactions and a higher cost of desolvation. [68] Affinities and binding scenario are similar to what is observed with Tudor domains (specific reader proteins for Arg) for methylated arginine recognition (ranging from 5 to 200 μM). [39] Unlike the Tudor domains, the receptor not displays selectivity for dimethylarginine over trimethyllysine. Indeed, the binding affinities measured are comparable for both H3 K9Me3 (K d = 3.9 μM) and H3 aR8Me2 (K d = 5.1 μM). In Tudor, domains the selectivity is achieved by steric hindrance in the binding site which allows to sort the guests out by size. [69] In conclusion, this strategy succeeded in producing receptors able to compete with the natural partners of methylated arginine and lysine. Yet, they are not selective enough to discriminate KMe3 and aRMe2. Nevertheless, it has been showed that making subtle changes in the nature of the template or in the structure of the building blocks allows to finely tuning the receptors. It is worth noting that for the recognition of aRMe2, the dynamic strategy allowed to obtain higher affinities compared to static pre-designed receptors.

II.3.i.Comparative analysis

As reported in Table 2, synthetic receptors have succeeded into competing with the natural partners of Phe, LysMe3 and ArgMe2. The receptors obtained by DCC interestingly provided optimized binders for LysMe3 and aArgMe2 also able to compete with their natural binders, the reader proteins. These successes rely on the mimicry of the strategies used by the natural binders, these features are the basis for both the synthesis of pre-organized macrocyclic compounds and the synthesis of adequate molecular building blocks to be implemented in DCC. Although DCC appears as a promising strategy, so far, it has not been further used for the recognition of other punctual aminoacids. Whatever the strategy used, there is currently a lack of receptors for the recognition of MetO. 

Natural partners

Ab initio design DCC 70 nM [31] (CaMox and MsrA) a --3 μM [24] (HcPheRS and Phe) a 50 Factor of selectivity over meta-Tyrosine 0.66 μM [42] (CB [7] and N-term Phe on insulin) c 4.6 Factor of selectivity over Trp -1.6 μM [28] (DEBP and Glu) a Do not bind Gln 130 and 65 μM [55] (Two glutamate residues on p53-R337H protein and a calix[4]arene guanidinium) b -10 μM [36] (HP1 chromodomain and H3K9Me3) a 100 Factor of selectivity over H3K9 0.34 μM [56] (CX1 and H3K27Me3) a 8 Factor of selectivity over K 0.30 μM [66] (A 2 N and H3K9Me3) c 35 Factor of selectivity over K

15 nM [26] (LAO protein and Lysine) 2 Factor of selectivity over Orn 2.7 μM [56] (CX1 and H3K27) a ranging from 5 to 200 μM [39] (Tudor domains and aR8Me2*) *aminoacid only and on proteins 500 μM [57] (CB [7] and aRMe2) b 32 Factor of selectivity over R 5.1 μM [68] (A 2 D and H3 aR8Me2) c 12 Factor of selectivity over R 20 μM [25] (TmArgBP and Arg) d 8 Factor of selectivity over Gln 238 μM [53] (CP5A and Ala-Arg-Ala) b 5.6 Factor of selectivity over Ala-Lys-Ala

Conclusion

While the need for new medicinal substances increases each year, biomedicines have emerged as a new class based to the tailored treatment they offer. Therapeutic antibodies have been particularly developed thanks to the progress achieved in genetic engineering, which successively allowed producing humanized and human monoclonal versions. However, the expansion of these therapeutic antibodies has been slowed by the issue of quality control. Indeed, PTMs can be formed during the phases of antibodies production and purification; mainly through deamidation (Glu/Asp) and sulfoxidation (MetO). The current methods for their detection and separation are complex and cannot be implemented at the industrial level. In order to provide a universal method for the detection of PTMs, we firstly investigated how nature and chemists have succeeded in binding of specific motifs in proteins surfaces. Designing a selective receptor for a specific aminoacid motif appears to be an arduous task which relies on a careful analysis of the strategies implemented by the natural partners to bind these motifs. Several synthetic receptors able to recognize specific aminoacids on protein surfaces and to compete with their natural partners have been described in the literature, particularly by disrupting PPIs. A new strategy appeared during the last decades allowing to recognize complex molecules as proteins: Dynamic Combinatorial Chemistry. This targetdriven one-pot screening approach has proven to be efficient for the identification of receptors for products of post-translational methylations on Histones peptides. Although DCC appears to be a powerful tool for the selection of optimized binders, it relies on the right design of building blocks which may gather the key functions, shape and size for a selective and efficient recognition and on their connecting mode. In this work, we will propose a strategy based on DCC to identify tailored molecular receptors to detect PTMs (i.e. Glu/Gln, Asp/Asn and MetO/Met). For this purpose, molecular building blocks will be designed based on the key aminoacids used by the Msr to bind sulfoxides (i.e. Tyr, Glu, Trp) and by the DEBP to bind glutamate and aspartate (i.e. Arg). They will then be self-assembled with epitope templates to provide optimized receptors. Our main goal is to selectively detect altered versus unaltered antibodies. Finally, we will propose and try to graft the receptors on solid support in order to implement them in affinity chromatography and, at the end of the day, develop an analytical tool for the online detection of PTMs.

Chapter 2: Dyn[n]arenes: a new family of pcyclophanes

Objectives: In this chapter, our objective was to develop synthetic routes to access 1,4dithiophenol building blocks bearing simple functional groups (CH 2 OH, COOH, F, I, COOEt, CHO, NH 2 ). We aimed to study the self-assembling behavior of these building blocks in DCC and to describe a new family of disulfide p-cyclophanes: the Dyn[n]arenes.

Achievements:

We have described the synthesis of several 1,4-dithiophenols orthofunctionalized. The self-assembling of the building blocks tetrafluoro, diamino and dicarboxylate has led to the formation of homo-tetramers. The driving forces involved have been elucidated and correspond respectively to folding, stacking and templating. The three Dyn [4]arenes complementary in term of functions and electrostatic potentials have been isolated and their binding properties toward anionic, zwitterionic and cationic guests have been characterized. Finally, hetero Dyn[n]arenes have been identified by mixing the building blocks fluorated, aminated and carboxylated. 

Introduction

Supramolecular chemistry is one of the most active and fast-growing fields of chemical research. Driven by the challenge of tailored molecular recognition, a large interest has grown for the design and synthesis of functionalized macrocyclic receptors. The development of these structures has been motivated by the goal of provide well defined 3D architectures. [1] Pre-organized macrocyclic receptors devoted to molecular recognition were first described by Pedersen in 1967. [2] He showed that crown ethers were able to bind cations selectively through iondipole interactions. Moreover, he reported that non covalent interactions can act as the driving force of the self-assembling. For decades, chemists have produced supramolecular receptors based on Ab initio design. The task has consisted in the conception of cavities adopting the right shape or size and bearing complementary binding sites for the target molecule to provide an optimized binding. However, this strategy implies a clear picture of the recognition scenario and might be difficult to implement on complex targets such as proteins.

Synthetic supramolecular receptors devoted to protein recognition have been widely described (cf Chapter 1) in the literature. In particular, macrocyclic structures like cyclophanes appeared to be efficient architectures equipped with an accessible hydrophobic cavity and highly functionalized rims. The objective of this thesis was to develop some macrocyclic receptors displaying a selective affinity for altered vs unaltered therapeutic antibodies. For this purpose, we have described a new family of self-assembled supramolecular receptors by Dynamic Combinatorial Chemistry based on disulfide linkages. (Figure 1) In the course of this work, disulfide based DCC was validated by Marcey L. Waters and coworkers to obtain macrocyclic receptors for methylated Lysine and Arginine on proteins. [3] In this chapter we will introduce the development of new p-cyclophanes displaying tailored affinities for various guests, through the self-assembling of functionalized building blocks. Our final objective is to extend the scope of this family to provide on demand probes for PTM on proteins. 

Molecular receptors: introduction

The success of the design of new macrocycles devoted to molecular recognition is conditioned by the possibility to implement a large scope of functional groups and to produce the objects at a reduced cost in large amount. Various generic scaffolds have been described in the last decades among which cyclodextrins (CDs) [4] and cucurbit[n]urils (CBs) [5] proved to form inclusion complexes with small molecules in aqueous media. Herein, we will discuss the features of such macrocyclic receptors compared to cyclophanes.

According to IUPAC naming a cyclophane is, "the term originally applied to compounds having two p-phenylene groups held face to face by -[CH 2 ]n-bridges. It now designates compounds having (i) mancude-ring systems, or assemblies of mancude-ring systems, and (ii) atoms and/or saturated or unsaturated chains as alternate components of a large ring." (Figure 2) Among the cyclophanes, Calix[n]arenes [6] and Pillar[n]arenes [7] are widely described for their recognition properties. Calix [4]arene and (d) Pillar [5]arene Cyclodextrins (CDs) are a class of cyclic oligosaccharides synthesized with good yields from starch via a simple enzymatic conversion. They are made of α-D glucose units hence fully biocompatible and display an inner cavity diameter of 4.4, 5.8 and 7.4 Å for α-CD (6 units), β-CD (7 units) and γ-CD (8 units) respectively. [8] Moreover, the cavities of CDs are chiral which potentially allows enantioselective binding of chiral guests. [9] They are commercially available, however one limitation is the non-trivial procedure required to introduce various groups on its architecture.

Cucurbit[n]urils (CBs) are also rigid macrocyclic hosts, prepared by condensation of glycoluril with formaldehyde in acidic medium. This procedure leads to a mixture of macrocycles of different sizes (5 to 10 units). Size-selective synthesis has never been achieved so far and a purification step is necessary to isolate the desired compounds. The macrocyclization delivers objects with low yields: around 55 % for CB [6] and less than 10% for the smaller and larger homologues. The diameter cavity of the CB [7] is 7.3 Å, which is comparable to the size of the cavity of the β-CD. [10] Calixarenes are particularly well-known cyclic oligomers made from p-alkylphenols linked by methylene bridges on meta positions. Different ring sizes (from 4 to 8 phenols units) can be selectively obtained by template effect using the proper alkali hydroxides, (yields=50-60%). [11] Due to the methylene bridges, these macrocycles are relatively flexible (diameter 3 Å for calix [4]arene), leading to different possible conformations (4 conformations for the calix [4]arene, cone, partial cone, 1,2 alternate, 1,3 alternate). Despite the straightforward, cost-effective and scalable synthesis of calixarenes, the harsh conditions of macrocyclization (NaOH 3M in refluxing diphenyl ether) is incompatible with most functional groups on the phenol units. As a consequence, functionalization of calixarenes is performed after macrocyclization and selective routes targeting the upper rim or /and the lower rim have been successfully developed. [12] Finally, Pillararenes are the youngest family. These objects are p-cyclophanes made of hydroquinone units linked by methylene bridges in para position. They can incorporate 5, 6 or 7 units to provide different sizes of funnel shape compounds (diameter cavities of respectively 4.7 Å, 6.7 Å and 8.7 Å). [13] Pillar [5]arene can be obtained with highest yields (80%) in this series by a BF 3 OEt 2 template directed synthesis under thermodynamic control. [7] Another synthesis scheme led to similar yields; it consists in using dichloroethane as solvent and a strong acid TFA as catalyst. [14] Postfunctionalization of pillar[n]arene is generally achieved on the free hydroxyl group after ether cleavage.

A molecular receptor is characterized by several features: (1) its shape, (2) its synthetic accessibility, (3) its solubility in organic and aqueous media, (4) the scope of functional groups it can bear on its rim and (5) its host-guest properties. [7] (Table 1) Table 1. Comparative table of the features of macrocyclic receptors: cyclophanes and non-cyclophanes. Table adapted from [7] The first difference between saturated carbocyclic macrocycles and cyclophanes is the rigidity of the cavity of the former while the methylene bridges render the latter conformationally flexible, flexibility which will depend of the functional group grafted on the core.

Calix[n]arenes and Pillar

[n]arenes are intrinsically-insoluble in aqueous media and need to be functionalized by hydrosoluble side chains. Cucurbit [7]uril displays a high solubility water (2.10 -2 mol/L) which is similar to α-cyclodextrin (1.6 10 -2 mol/L). [16] However, the others CBs are much less soluble in water. In terms of symmetry, CDs and Calix[n]arene are unsymmetrical while CBs and pillar[n]arenes are highly symmetrical with pillararenes displaying planar chirality. All these scaffolds display a hydrophobic cavity combined with a rim of varying polarity. These hydrophobic more or less

Cyclodextrins

Cucurbit 

Host-Guest properties in water

Encapsulation of hydrophobic compounds in water

Very High association constant with diamantane diammonium [15] (10. 17 M -1 )

Encapsulation of cationic molecules

Encapsulation of cationic and neutral molecules well defined cavities modulate the host-guest properties, especially the encapsulation of small molecules or ions. [7] CDs are industrially used for their ability to encapsulate both hydrophobic and hydrophilic compounds in water. Even if -CD has a lower solubility in water, it is the most used mainly due to its well compatible cavity size. [17] Concerning cucurbiturils, the heptamer (CB [7]) was recently reported to encapsulate diamantine diammonium with a 10 17 M -1 association constant, exceeding the binding constant of the avidin-biotin pair (K a ̴ 10 15 M -1 ). [15] Investigation of the binding mechanism revealed the formation of an inclusion complex with both polar ammoniums moieties pointing out of the cavity. Cao et al. identified the reason of this extremely high affinity. It comes from the addition of: 1) Ion-dipole interactions between the carbonyl portals and the ammonium, 2) structural complementarity between the host and the guest (van der Waals surface contours of the diamantine core and the cavity of CB [7], linearity of the C7-axis of CB [7] with the N+•••N+ line of diamantine diammonium) and 3) desolvation of the ureidyl carbonyl portals induce favorable interactions. This example provides the principle of preorganization in biomolecular recognition as described by Cram. [18] They thus demonstrated that picomolar and even femtomolar binding regimes are not the exclusive terrain of biomolecules.

I.2. Synthesis of hydrosoluble p-cyclophanes

Among the molecular receptors available in the literature, cyclophanes stand out thanks to their aromatic well-defined structure, whereas the aliphatic units form bridges between the aromatic rings and provide flexibility to the overall structure. The possibility to functionalize the preformed macrocycles with water solubilizing groups, allows pretending to recognize a wide range of guests molecules in aqueous media.

Hydrosoluble calixarenes have been reported through the introduction side chains such as ammonium, carboxylate, phosphonate and sulfonate. [19] The resulting water soluble calixarenes were reported to complex aminoacids, peptides, proteins and pharmacologically active compounds. They also possess various biological activities : antiviral, antifungal, anti-bacterial and antithrombotic. [20] As we particularly studied carboxylate-bearing cyclophanes, we focused herein in the synthesis of the pillararene and calixarene analogues. The synthesis of a tetra-carboxylic acid p-t-butyl-calix [4]arene was reported by Ungaro et al. [21] in two steps through functionalization of the hydroxyl groups on p-tbutyl-calix [4]arene. (Figure 3) After a first step of alkylation, the p-t-butyl-calix [4]arene tetra-ester (2) is obtained with a 70% yield after flash chromatography on silica. A basic hydrolysis affords quantitatively the p-t-butyl-calix [4]arene tetra-carboxylic acid (3). 

p-t-butyl-Calix[4]arene p-t-butyl-calix[4]arene 2 p-t-butyl-calix[4]arene 3

Phosphonate, carboxylate [22] and ammonium groups [23] -bearing hydrosoluble Pillararenes were reported to date through coupling reactions on free hydroxyl groups of their rims. As described for the tetra-carboxylic acid p-t-butyl-calix [4]arene (3), the same sequence can be applied to synthesize the penta-carboxylic acid pillar [5]arene, with respectively 10% and 72% yields. I.3. Self-assembling of disulfide cyclic oligomers I.3.i. A reversible bond: the disulfide bridge Among the various reversible covalent bonds, the disulfide linkage was selected as one of the most appropriate for DCL as it readily exchanges in mild conditions. (Figure 4) Thiol groups can be easily oxidized in solution in presence of oxygen to form disulfide bridges. The thiol interchange reaction can take place in aqueous media at physiological pH (slightly higher than the pKa of the most acidic thiol used) and results from the nucleophilic attack of thiolate anions along the S-S axis. This SN 2 type reaction is allowed by the presence of a catalytic amount of thiolate and can be slowed down by lowering the pH of the solution. The interchange is facilitated by both the good nucleophilic and leaving group character of the thiolate ion. The disulfide exchange involves the cleavage of fragile bond (60 kcal.mol -1 ) and the average values (second order rate constants) of its formation in aqueous media at pH=7 are comprise between 0.1 and 10 M -1 .s -1 , can be consider as relatively slow. [24] The rate of disulfide exchange is solvent-dependent and is faster in polar aprotic solvents like DMSO or DMF by a factor of 10 3 . [25] Otto and Sanders were among the first to revisit disulfide chemistry in the context of DCC, to generate cyclic oligomers. [26] In particular, they investigated the self-assembling in water at pH 8 to 9 of three aromatic building blocks II-C, II-D and II-E. (Figure 5) These components are analogues of those used by Dougherty and coworkers to build static cyclophanes involving ether junctions. [27] Dougherty's receptors were reported to bind hydrophobic cationic guests through cation-π interactions in water. Using similar building blocks bearing thiols groups Otto and Sanders enlarged the scope of potential receptors for ammonium guests beyond what was tested by Dougherty.

A DCL involving II-C, II-D and II-E was generated by thiol oxidation with the oxygen from air and the library composition was analyzed by mass spectrometry at equilibrium revealing the formation of 45 different macrocyclic oligomers. HPLC analysis indicates that two major species constitute the library: II-CDE and II-DE. The library was then exposed to ammonium guest molecules, 2methylisoquinolinium iodide (II-3) and N-methylated morphine (II-4). It respectively leads to the identification of two different amplified macrocyclic receptors: II-C 2 D and II-C 3 . This example established the DCC as a powerful and practical method: from the same library, two distinct receptors can be provided. with and without template reported by Otto and Sanders [26] The first objective when using a library is to identify among a large collection, the building blocks which are determinant to generate an optimized receptor. Accordingly, a second generation of DCLs termed "biased libraries" and containing in appropriate ratio, the building blocks previously shown to provide the best molecular receptors were set. By this approach, the receptors can be amplified almost quantitatively and isolated in reasonable amounts by preparative HPLC. This dynamic strategy appears to be a powerful tool for the discovery of artificial tailored receptors and their production in preparative scale, whereas Dougherty's static cyclophanes are more arduous to obtain with low to modest macrocyclization yields (18-51%) and are difficult to produce as enantiomerically pure hosts. [27b] More recently, Marcey L. Waters investigated the ability of these very libraries to yield receptors for peptides bearing methylated lysine [3b] and arginine [3c] residues. (cf. Chapter 1, II) The purification is the main drawback of this method. Indeed, all the molecular receptors are isolated after purification by preparative HPLC. An easy purification by classic work up or precipitation could be a real advantage.

I.3.ii. Disulfides oligomers based on 1,4-dithiophenols

Disulfides cyclo-oligomers obtained from the 1,4-dithiophenols can be consider as the dynamic analogues of pillararenes, the methylene bridges between the benzene units being replaced by disulfide bridges in para positions. A first example of the controlled oxidation of a 1,4-dithiolphenol to form a disulfide-p-cyclophane was reported by Wong and Marvel [28] . (Figure 6) They described the
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self-assembling of the 1,4-dithiophenol (II-5) building block by thiol oxidation in the presence of iodine leading to the trimer (II-6) as the major product in a high diluted organic media.

Figure 6. Synthesis of the trimeric compound II-6 from the building block 1,4-dithiophenol in oxidative conditions [28] Few years later, the first functionalized macrocyclic tetramer obtained from a 1,4-dithiophenol building block in organic media was reported by Raasch and co-workers. [29] They described the cyclisation of the tetrafluoro-1,4-benzenedithiol (II-F) upon oxidation in DMSO, the product (II-F 4 ) being isolated after spontaneous precipitation in the reaction medium. (Figure 7) Interestingly in the same conditions (1.2M) 1,4-benzenedithiol, 2,5-dimethoxy-1,4-benzenedithiol and tetramethyl-1,4benzenedithiol yielded polymers, which suggest that the driving force leading to the cyclic oligomer of the tetrafluoro-1,4-benzenedithiol is singular. [29] In 2006, Vial and coworkers investigated a dynamic combinatorial selection approach for the identification of receptors displaying high affinity toward a natural polyamine: spermine. [30] The challenge consisted in finding a host which could compete with spermine's natural partner, double stranded-DNA. They successfully reported the self-assembling of the octacarboxylic tetramer (II-A 4 ) in aqueous media upon the addition of spermine in a library of 2,5-dimercaptoterephtalic acid (II-A). (Figure 8) The receptor (II-A 4 ) was isolated by preparative HPLC and the binding features with spermine were investigated by NMR. A 22 nM dissociation constant was measured by calorimetric titrations and UV-Vis/ECD experiments revealed that the selected host (II-A 4 ) is able to remove spermine from its natural host in aqueous media. The performance is noticeable considering the high dissociation constant in water, thereby illustrating that DCC can be an efficient approach leading to optimized receptors for biomolecules in aqueous media.
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Figure 8. Templated synthesis of a disulfide linked p-cyclophane: octacarboxylic tetramer II-A 4 with a 90% conversion within the library [30] More recently, Dehaen and coworkers described the synthesis of two tetramers starting from 1,4-dialkoxybenzenes (methyl and ethyl respectively: II-7 and II-8) precursors with average yield around 80%. (Figure 9) The intermediates cyclic bistetrasulfides (CTB) were obtained after the reaction of the 1,4-dialkoxybenzenes with sulfur monochloride in the presence of aluminium trichloride catalyst (Step 1). [31] Then the tetrasulfides were reduce with sodium borohydride (Step 2) and oxidized in presence of a base to give the corresponding tetramers II-9 and II-10 with 80% yields (Step 3). These harsh synthetic conditions did not allow envisaging a broad range of functional groups in ortho position. The successful synthesis of disulfide tetramers has been reported both in aqueous and organic media with functional groups in ortho position: F, OMe, OEt and COOH. The feasibility of the direct self-assembling of a tailored receptor by template effect has been validated. Indeed, the main advantage of generating objects through a dynamic strategy is to obtain via template effect an optimized receptor in term of size, sequence and configuration. Although guest-driven synthesis have been described for static objects such as Calix[n]arenes, the harsh conditions of cyclization are not compatible with a wide range of functional groups. Nevertheless, the purification step can be arduous when using a dynamic strategy, indeed a vast number of the objects described herein could only be obtained as pure compound upon preparative high performance chromatography.
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II. Ortho-functionalized 1,4-dithiophenol building blocks

II.1. Choice of the building block

The analysis of the interactions involved in the binding site of a Methionine Sulfoxide Reductase (Msr) in order to bind an oxidized methionine (MetO) on a protein substrate revealed key information about the pattern used by nature. The recognition process involves dipole-quadrupole interactions between a sulfoxide group and an aromatic ring, located in a binding pocket composed by aromatic walls, moreover the presence of H-bond donor groups allows to efficiently interacting with the oxygen of the sulfoxide group. [32] II.1.i. p-dithiophenol monomeric units Stimulated by the recent successful use of pillararenes for guest binding, we choose develop ortho-functionalized 1,4-diphenols units equipped with hydrophilic groups hydrogen bonds donor for the recognition of the target PTMs. (Figure 10) The aromatic cavity provided by the phenyl units appeared as a potential useful feature for the recognition of MetO, as previously described in Chapter 1. The first description of the introduction of a thiol group on a phenyl ring was reported in 1889 by Rudolph Leuckart. [33] (Figure 11) The first step of the synthesis consists in an aromatic nucleophilic substitution between the benzene diazonium salt (II-11) and a potassium alkyl xanthate to give an aryl xanthate (II-12) through a S N 1 mechanism. In the next step, the cleavage of the aryl xanthate (II-12) upon basic hydrolysis gives the desired thiophenol II-13. However, this synthetic route does not tolerate a large range of substituents. The Leuckart reaction has been reported for the synthesis of m-toluenethiol with yields ranging from 63 to 75% in two steps after purification by distillation. [34] A second route was reported in the literature to obtain substituted thiophenols from aryl iodides sulfur powder though CuI catalyzed coupling and involving. [35] (Figure 12) This method allows the synthesis of a wide range of aryl thiols bearing in particular methoxy, hydroxyl, carboxylate, amido and keto groups in ortho, meta and para positions with good to high yields (53-92%). However this synthetic approach is so far limited to monothiophenols so far. A milestone: the Newman-Kwart rearrangement

The Newman-Kwart rearrangement appears to be the most suited approach to obtain orthofunctionalized aryl thiols (Figure 13) and has been widely described to be orthogonal with various substituents as alkyl, aryl, ester, aldehyde, nitro and alkoxy groups. [36] Moreover, this transposition has been successfully reported on 2,5-disubstituted 1,4-diphenols. The rearrangement involves the conversion of an O-arylthiocarbamate in a S-arylthiocarbamate generally in a highly polar solvent such as DMA, NMP or diphenyl ether, thereby affording the formation of a S-C ar bond. The Othiocarbamate can be obtained from the corresponding phenol using a strong base, and a N,Ndialkylthiocarbamoyl chloride. The main advantage of this approach is to yield the Sarylthiocarbamate protected intermediate which can be further functionalized before the deprotection. Thiocarbamates can be cleaved in basic conditions, commonly with metal hydroxides. 
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The O-to-S migration generally takes place at high temperature, which can lead to the decomposition of the substrate. A proposed mechanism for the Newman-Kwart rearrangement was reported in the literature and consists in an intramolecular nucleophilic aromatic substitution (S N 1) by the sulfur on the ipso carbon thereby creating a negative charge on the aromatic ring. (Figure 14) The investigations on the mechanism suggest that the presence of electron withdrawing groups in ortho or para positions can have an activating effect by lowering the electron density on the aromatic ring and consequently stabilize the Messenheimer salt. The driving force of this transposition appears to be the thermodynamically favorable conversion of a C=S bond into a C=O bond (enthalpy gain of 13 kcal/mol). [37] The reaction can be performed at high temperature with a microwave reactor, affording a homogeneous temperature within the reaction mixture rather than a microwave effect. Considering that electron withdrawing groups in ortho position lead to a better activation of the Newman-Kwart transposition, we have chosen to investigate synthetic routes from diphenols bearing ester, aldehyde and iodide groups in ortho position and obtain the corresponding S-thiocarbamates in good yields. The synthesis of building blocks bearing carboxylic acid, aldehyde and iodide groups will be presented in this section as starting point toward functional hydrophilic chains. Our objectives was to develop a collection of 1,4-dithiophenol precursors through a divergent approach. (Figure 15)

II.2. Synthesis of a dithiophenol toolbox

II.2.i. The ester route:

The first synthetic route is the synthesis of the 2,5-dimercaptoterephtalic acid (II-A) previously described in 2006. [30] In two steps the compound II-16 can be obtained from the commercially available diethyl 2,5-dihydroxyterephtalate (II-14). (Figure 16) This compound can be then saponified to afford building block II-A with a 95% yield. [30] Alternatively the protecting group can be selectively cleaved using a sodium ethoxide solution to provide the building block II-G with a 71% yield. The synthesis of this new building block II-G, developed in collaboration with Yoann Pascal during his master internship, is of interest as a mutant of building block II-A. We later extended our investigation to the synthesis of the 2,5-dimercaptoterephtalaldehyde (II-H) which is a key compound toward further functionalization or to be used in DCC involving hydrazone formation/exchange. The same synthetic route was followed from 2,5-dialdehyde-1,4dihydroxybenzene (II-19). Following a reported procedure, two steps (in one pot) from the 1,4dimethoxybenzene (an ortho-lithiation followed by a formylation [38] ) are required to afford the 2,5dialdehyde 1,4-dimethoxybenzene (II-18) with a 70% yield. Cleavage of the methoxy groups with boron tribromide [39] provides the desired substrate II-19 with a high yield. (Figure 17) 

II-
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Using the conditions previously described, the thiocarbamatation of the diphenol II-19 can be performed, affording the O-thiocarbamate II-20 with an almost-quantitative yield. The Newman-Kwart transposition was then investigated using microwave activation and the best reaction conditions corresponded to 9 min at 210°C in NMP, leading to the protected 2,5dimercaptoterephtalaldehyde derivative (II-21) with a 70% yield. (Figure 18) The final step consists in the cleavage of the S-thiocarbamate group to afford the free dithiophenol. As for any thiocarbamate, saponification was conducted in strictly anaerobic conditions with sodium hydroxide and isopropanol to preclude any thiolate oxidation. The mixture was heated at 60°C for 1 hour and 2,5-dimercaptoterephtalaldehyde (II-H) was obtained with a 95% yield upon acidification. (Figure 19) From this dialdehyde dithiol building block (II-H) DCLs involving two types dynamics linkages can be envisaged, the first being the disulfides exchange reaction and the second being CH=N bond exchange. The simultaneous exchange of disulfides and imines has been already investigated and both processes appeared to be mutually compatible and orthogonal on the fragments studied so far, none of the exchange reaction interfering with the other. [40] The imine exchange has been widely used in DCC and was first reported by Lehn and Huc, [41] which showed that DCC could be conducted in the presence of biomacromolecular template in physiological conditions to provide an inhibitor. Particularly, the combination of a disulfide and hydrazone based library is a promising approach to generate tailored receptors for biomolecular targets in physiological conditions.
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II.2.ii.b. Aldehyde derivatization

Straightforward transformations on the aldehyde moiety were envisaged in order to rapidly produce new hydrophilic 1,4-dithiophenol building blocks. We first investigated the reduction of the aldehyde II-21 leading to the corresponding diol II-22. The reaction was performed with sodium borohydride and affords the desired product with a 75% yield. (Figure 20) The deprotection reaction leading to 2,5-dimercapto-1,4-phenylenedimethanol (II-I) was conducted in an isopropanol / aqueous sodium hydroxide mixture [42] at 60°C during 1 hour. A complex mixture in which we were able to identify a tricyclic product in mass spectrometry was obtained. (Figure 21) This tricyclic side product was apparently obtained though the nucleophilic attack of the alkoxide moiety on the carbonyl group of the thiocarbamate, suggesting that the deprotection conditions are not compatible with the presence of a benzylic alcohol group on the same backbone in ortho position. As the presence of a benzylic alcohol group in ortho position induces a side reaction during the deprotection of the thiocarbamate moiety, we decided to perform the reduction of the dialdehyde directly on the deprotected 2,5-dimercaptoterephtalaldehyde (II-H). (Figure 22) In the same conditions as previously described, the reduction with sodium borohydride leads to 2,5-dimercapto-1,4-phenylenedimethanol building block (II-I) with a 80% yield. The reactivity of this dialdehyde toward hydrazides leading to various dihydrazones building blocks was studied. Unlike imines, hydrazine linkage is robust and the exchange take place in moderately acidic medium (3<pH<7). In theory, the disulfide exchange and the hydrazone exchange can be turned on and off independently by shifting the pH to slightly acidic or basic values. [43] Building block (II-H) was first reacted with acethydrazide in isopropanol in refluxing conditions due to the low solubility of II-H in most of organic solvents. (Figure 23) The precipitate obtained was collected and washed to afford a crude product which appeared to be insoluble in all organic solvents and in water. However a diluted sample could be prepared in DMF and the corresponding mass spectrum obtained indicated the presence of the desired species II-J as a major product thus confirming the feasibility of the conversion of II-H into hydrazides. Thiocarbamatation was performed in classical conditions with DABCO and DMTCC in DMF to afford the O-thiocarbamate derivative II-25 with a 85% yield. However the Newman-Kwart rearrangement suffered from quite a low yield, elevated temperature and long reaction times were required to fully convert the O-thiocarbamate. This synthetic step presumably requires a thorough optimization which was not conducted to date.
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III. On-demand cyclophanes: substituents directed self-assembling, folding and binding

In a recent publication we reported the study of the self-assembling of 1,4-dithiophenols building blocks: II-A, II-B and II-F. [44] Interestingly the driving forces of these self-assembling are directly determined by the nature of the function borne by the aromatic rings affording p-cyclophanes hosts II-A 4 , II-B 4 and II-F 4 with complementary binding properties. (See publication N°1)

IV. Toward hetero Dyn[n]arenes

After having reported the self-assembling of II-A 4 , II-B 4 and II-F 4 from DCLs obtained with singlebuilding blocks and described the driving forces which allowed us to obtain these objects with high yield and without any chromatographic purification, we studied libraries based on two or three different building blocks.

IV.1.

Targeted strategy for protein recognition

Our objective is to develop tailored macrocyclic receptors to detect PTM on proteins. For this purpose, our strategy consisted in preparing a toolbox of 1,4-dithiophenols with hydrogen bond donating groups to target sulfoxides (oxidized methionines) and carboxylates (on deamidate glutamines and asparagines). DCLs involving such building blocks are supposed to yield hetero Dyn[n]arenes bearing functions dedicated to molecular recognition. More specifically, a template epitope which mimics the targeted PTM to be bound is expected to lead to the selection of oligomers of a given size and sequence as a potential PTM binder on proteins following the lock and key principle. (Figure 25) The usual experimental setup to generate new molecular receptors by DCC can be decomposed into three distinct steps [45] :

1. DCLs preparation and comparative analysis in the presence and absence of template 2. Isolation of the selected/amplified species from biased libraries, preferentially using selective precipitation procedures 3. Investigation of their binding properties from an energetic (ITC) and structural (NMR, ECD) point of view

IV.2.

Toward the first Hetero Dyn[n]arenes

In this section, we will report preliminary results concerning the preparation and analysis of dynamic combinatorial libraries involving two and three different building blocks realized conjointly with Emeric Jeamet (Ongoing PhD thesis). The 1,4-dithiophenols building blocks chosen (Figure 26) (2,5-dimercaptoterephtalic acid, 2,5-diaminobenzene-1,4-dithiol and tetrafluorobenzene-1,4-dithiol) are not relevant for PTMs binding. Yet, the physico-chemical properties of the corresponding homooligomers were studied in depth and they therefore stand as the best candidates for a proof of feasibility. 

Previous work

The first studies on libraries involving two 1,4-dithiophenol building blocks were conducted during the PhD of Pierre-Thomas Skowron. [46] The main difficulty in the preparation of such libraries comes from the solubilities of the building blocks. Indeed, it is particularly important that all library
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members remain soluble until the thiol to disulfide conversion is complete, to avoid the kinetic trapping of an unwanted intermediate species. Ideally, if guest induced amplification is sought, the system should stay fully soluble from beginning to end of the formation and exchange processes. [45] The preparation of libraries involving II-A and II-B appeared difficult to implement due to the poor solubility of the objects formed in aqueous media. Therefore, DMSO was used as co-solvent for its ability to accelerate the disulfide exchange. [47] A DCL was set in a (1:1) mixture of DMSO and Tris buffer at pH=7.4 with the building blocks II-A and II-B in equimolar proportions and analyzed by LC-MS. (Figure 27) Objects from three to six units were obtained, incorporating both carboxylate and aniline building blocks. Only few traces of II-B 4 were detected, accordingly operating in homogeneous aqueous solution favored the formation of soluble and hydrophilic objects.

IV.2.i.b. Libraries preparation

DCLs involving two building blocks were prepared in various solvent in order to identify the medium in which the libraries stayed soluble until equilibration. The preparation of libraries in aqueous media was investigated using a 200 mM Tris buffer at pH 7.4 or 8.3, to ensure the presence of a catalytic amount of thiolate necessary to perform disulfide exchange. The use of organic solvents and co-solvents was also investigated in the presence of a catalytic amount of base. The concentration of the building blocks is also a crucial factor in the library design, indeed it can influence the solubility of the library members, the rate of the disulfide exchange and the concentration of the resulting components. As we aim to produce cyclic oligomers we must promote 1 st order reactions of cyclisation over 2 nd order reactions which consist in the side chain expansion.

The chain extension can indeed be avoided by working at low concentrations. Furthermore, it has been shown by Mandolini et al. that the building block concentration can influence the composition of a library of cyclophanes at equilibrium. In fact, a high dilution factor can favor the formation of small cycles at the expense of larger rings. [48] Accordingly, a concentration of 4 mM of was chosen for the DCLs in order to provide a total equilibration of the library upon 48 hours.

A first preliminary campaign was conducted in different solvent mixtures to determine the solubility of the libraries from clear stock solutions of each building block. Starting from homogeneous, after equilibration, some libraries yielded insoluble adducts. (Table 2) In particular, libraries set in buffered water lead to heterogeneous mixtures. For almost all homogeneous libraries obtained, a co-solvent was required except for the DCL involving II-B and II-F in DMSO. As previously mentioned, the DMSO is sufficiently oxidizing to form the disulfide bridge and catalyze the disulfide exchange reaction making it a prime candidate for libraries preparation. Nevertheless aromatic disulfides are not stable over days in this medium, DMSO can over-oxidized the disulfides into sulfoxides.

The soluble fractions were analyzed both by HPLC and HPLC-MS to identify the hetero-oligomers formed. 

DCLs analysis

The precipitate obtained for library II-A/II-B in Tris Buffer pH=7.4 was isolated and analyzed by reverse phase HPLC and surprisingly we obtained a unique product (RT=4.770mn). This product was characterized by a m/z value of 797 (MH + ) in electrospray mass spectrometry give which corresponds to II-A 2 B 2 . A proton NMR spectrum revealed the presence of two aromatic singlets which agrees with an alternate ABAB sequence. No further characterization was conducted so far, this is the first example of straightforward formation of a heterodyn [4]arene.

The libraries involving building blocks II-A and II-F in DMSO/Tris pH=7.4, DMSO/Tris pH=8.3 and THF/Tris pH=7.4 provided homogeneous mixtures. Again the analysis of the proportions of the objects within the equilibrated library conducted by integration of HPLC chromatograms indicates that the majority of the library members are heterooligomers. (Figure 28) However, a significant amount of II-F 4 was obtained in each library while II-A 3 and II-A 4 could not been observed.

Interestingly the library of II-A/II-F in a mixture CHCl 3 /Tris buffer pH=7.4 (biphasic conditions with a vigorous stirring) provided homogeneous solutions whose content was analyzed by HPLC. We could observe that the organic layer exclusively contained the oligomer II-F 4 while the aqueous layer was composed of a substantial amount of II-F 4 , a small amount of II-A 4 and almost 65% of heterooligomeric compounds. (Figure 28) This result must be discussed at the light of the investigation conducted by Emeric Jeamet (Ongoing PhD thesis) who screened libraries based on II-F 4 involving various electron-rich templates and the perfluoromonothiophenol. Remarkably, the cyclic tetramer was systematically obtained, which illustrates its strong intrinsic stability in solution. It is therefore worth to note that mixed with II-A, building block II-F can lead to heterooligomers of increased stability, presumably involving strong intramolecular donor-acceptor interactions.

The analyses on the solids obtained from the libraries in Tris buffer mostly reveal the presence of the water insoluble perfluorotetramer (II-F 4 )

Figure 28. Proportion of the cyclic oligomers in the libraries mixing the building blocks II-A and II-F

Regarding the libraries involving the building blocks II-B and II-F, only the library in DMSO afforded an homogeneous mixture after equilibration. (Figure 29a) We observed the formation of multiple hetero-oligomers with different sequences, however only tetramers have been obtained involving all possible combinations in terms of sequence. (Figure 29b) Except for II-B 4 not present in the library, and which is known to be produced upon aggregation. The major species obtain with 45% conversion is the heterooligomer II-B 2 F 2 . However, we were not able to determine its exact sequence. It is worth to note that it seems that the formation of cyclic oligomers other than tetramers did not provide stable strucutures as no trimers or pentamers could be detected. Moreover, it is worth mentioning that such libraries succeeded into diverting from stable homooligomers II-B 4 and II-F 4 thus pointing out the particular affinity between the electron-rich phenylenediamine building block and the elctron-poor perfluoro counterpart. This affinity may again result from donor-acceptor interactions and will be further studied in the group. 3) After 48 hours the equilibrium was reached and the homogeneous libraries was analyzed by HPLC. Again the presence of a co-solvent appeared essential to ensure the solubility of the DCLs. The disulfide-based libraries described in this section allowed us to obtain a new polyfunctional cyclophane, based on 1,4-dithiophenols without long synthetic routes. Different convergent selfassembling processes were observed depending on the nature of the building blocks used and the nature of the solvent. Recently, Sanders et al. described in a review, the crucial role of supramolecular interactions on the equilibrium of a disulfide DCL by influencing the structural, functional and constitutional features of the library members. [49] Despite quantitative amplification by precipitation, the receptors were not isolated and studied in depth so far. However these preliminary results allow envisaging off setting biased and/or scale-up libraries. As we could show for homo-oligomers that self-amplified species can be efficient binders it is clearly worth exploring the binding features of new objects such as II-A 2 B 2 , II-B 2 F 2 and II-ABF 2 . 0,00 

Conclusion

In this chapter the chromatography-free preparation of a new family of p-cyclophanes named Dynarenes, obtained by self-assembling of 1,4-dithiophenols building blocks in disulfide based DCLs has been described. Unlike the synthesis of traditional architectures, this strategy of thermodynamically controlled macrocyclization allows the production of large amounts of final product in very mild conditions. Moreover, the chemo-selectivity of the ring formation process allows envisaging a broad spectrum of functional groups devoted to molecular recognition. These functions have been shown to play a crucial role in the driving forces of the dynamic covalent chemical process in the absence or presence of a template. The supramolecular interactions have proven to be decisive in the selection event through folding, aggregation and guest-directed amplification which are responsible for the quantitative self-assembling of II-A 4 , II-B 4 and II-F 4 . While the potential configurational and conformational landscape of this p-cyclophane family is vast, it has been shown that these objects adopt well defined structures in solution: tetrahedral, flattened and cylindrical. This versatile approach allowed us to produce on-demand receptors for anions, cations and zwitterions displaying millimolar to sub-micromolar affinities toward electronically and structurally complementary guests. Further investigations have been conducted in order to obtain hetero-oligomers from 1,4-dithiophenols ortho-functionalized building blocks and lead to DCLs composed of objects displaying different size and sequences therefore providing multivalency and multi-functionality.

In the next chapter, further investigations will be carried out to study the behavior of the II-A building block in DCLs upon the addition of polyamines templates and to study the binding properties of the carboxylate-bearing dyn [4]arene (II-A 4 ) toward biologically active targets. We will also describe the development of ortho-functionalized 1,4-dithiophenols building blocks with side chains targeting peptides sequences involved PTM.

Experimental section

I. General information

I.1. Reagents and solvents

Commercially available reagents were obtained from Sigma-Aldrich, TCI Chemicals and ACROS Organics. The solvents were obtained from Sigma-Aldrich, Carlo-Erba and VWR. Dry solvents (DCM, THF, DMF, Et 2 O and toluene) were obtained from a PureSolv solvent purification system from Innovative Technology. Analytical Thin Layer Chromatography (TLC) was carried out on Macherey-Nagel silica gel 60 F254 and revealed with a UV lamp at 254nm and a potassium permanganate solution. Flash chromatography was conducted with a Sigma-Aldrich silica gel 60Å (230-400 mesh). An automatic system of purification from Serlabo was also used for flash chromatography, CombiFlash RF200i. A Microwave Monowave 300 from Anton Paar was used to performed NKR transpositions.

I.2. Nuclear Magnetic Resonance (NMR)

1 H and 13 C were conducted on Bruker spectrophotometers: AV400, DRX300 and AV500 at 298 K in the CCRMN of the University of Lyon. The chemical shifts are indicated in ppm (parts per million) in reference to the TMS (trimethylsilyl). Coupling constants (J) are indicated in Hz (Hertz). The abbreviations used for the multiplicity are: s (singlet), br (broad), d (doublet), t (triplet), q (quadruplet) and m (multiplet).

I.3. High Resolution Mass Spectroscopy (HRMS)

High Resolution Mass Spectroscopy were performed on a QToF -MicrOTOF QII (50-20000 m/z) from Bruker. Low Resolution Mass Spectroscopy were performed on a linear quadrupole ion trap LCQ Advantage (50-2000 m/z) from Thermofinnigan. Electrospray ionization was used in both cases.

I.4. Melting points

Melting points were determined with a Buchï Melting B-540.

I.5. High Performance Liquid Chromatography (HPLC)

An Agilent 1260 Infinity system equipped with a quaternary pump, an auto-sampler, a heated column compartment (35°C), a diode array detector and a fraction collector unit was used to record the chromatograms. An Agilent Eclipse Plus C8 column (3.5 μm, 4.6x150 mm) was used along with a pre-column with a flow rate of 1.2 mL/mn. The chromatograms were recorded at 250 and 350 nm.

II. Building block synthesis

2,5-Bis(dimethylthiocarbamoyloxy)terephthalic acid diethyl ester II-15

To a solution of 2,5-dihydroxyterephthalic acid diethyl ester II-14 (10 g, 39 mmol) in 150mL of DMF previously cooled at 0°C with an ice bath was added neat DABCO (17.6 g, 156 mmol, 4eq) and after a few minutes the dimethylthiocarbamoyl chloride (19.4 g, 156 mmol, 4eq). The suspension was allowed to warm to room temperature and was stirred for 24 hrs. The reaction mixture was poured on a large amount of water and the resulting precipitate was filtered off, washed with water (3x200 mL) and was then dried under vacuum to give a white powder. (16g, 38 mmol, 97%) 1 H NMR (300 MHz, CDCl 3 ): δ = 7.72 (s, 2H, Ar-H), 4.30 (q, J = 7.1 Hz, 4H, CH 2 -CH 3 ), 3.45 (s, 6H, N-(CH 3 ) 2 ), 3.39 (s, 6H, N-(CH 3 ) 2 ) and 1.33 (t, J = 7.1 Hz, 6H, CH 2 -CH 3 ). 

II-15

II-16

2,5-bis(dimethylthiocarbamoyloxy)terephthalic acid diethyl ester II-15 (1g , 2.35 mmol) was heated under inert atmosphere at 230 °C for 1 h. The mixture was then cooled to room temperature, and the product was recrystallized in absolute EtOH to form pale brown crystals. The crystals were filtered off, yielding 2,5-Bis(dimethylthiocarbamoylsulfanyl)terephthalic acid diethyl ester (900 mg, 2.12 mmol, 90%). A solution of sodium ethoxide at 0.75 M (12eq) freshly prepared with 7.4 mL of dry ethanol and sodium (224 mg; 5.604 mmol) was degassed under inert atmosphere and added to the flask. The mixture was heated at reflux for 1h30 and then cooled at 0°C with an ice bath. A solution of 1 M HCl was then added drop by drop to reach pH=1 and afford a precipitate product which was then filtered off and washed with water (3x30 mL) to give a yellow product. (95 mg; 71 %) Hexane/ethyl acetate (4:6) Rf=0.9 1 H NMR (300 MHz, MeOD): δ = 8.02 (s, 2H, Ar-H), 4.40 (q, 4H, J = 7.1Hz, CH 2 -CH 3 ) and 1.41 (t, 6H, J = 7.1Hz, CH 2 -CH 3 ). 

II-G II-A

To 20mL of a 1.3 M solution of potassium hydroxide in EtOH/H 2 O (1:1) degassed solution, was added the S-thiocarbamate II-16 (650 mg, 1.51 mmol). The mixture was purge with argon for 15 minutes and was then refluxed overnight. The reaction mixture was allowed to cool to room temperature and concentrated HCl was added until pH=2 to afford a yellow precipitate. The precipitate was filtered, washed with degassed water and dried under vacuum to give a pure pale yellow solid (310 mg, 1.32 mmol, 88%). To an argon inerted solution of degassed 1,4-dimethoxybenzene II-17 (5g , 36.2 mmol) in 120 mL of diethyl ether was added 16.23 mL of tetramethylethylenediamine (108.6mmol) . The reaction mixture was allowed to cool down at 0°C and 43.44 mL of a 2.5 M solution of n-BuLi was added dropwise during 15 minutes. The reaction mixture was allowed to warm up at room temperature and was then refluxed for 10 h. The mixture was cooled again to 0°C and 8.42 mL of DMF (108.6 mmol) was added. The reaction mixture was allowed to warm up to room temperature and was stirred for one more hour. 130 mL of distilled water and 25 mL of a 3M aqueous solution of HCl were added for quenching the reaction. The aqueous layer was extracted with chloroform and the combined organics phases were dried over Na 2 SO 4. After filtration, the filtrate was evaporated to dryness under vacuum to give a solid, which was crystallized with chloroform to give a bright yellow powder. To as solution of 2,5-dimethoxybenzene-1,4-dicarboxaldehyde II-18 (500 mg, 2.57 mmol) in 12 mL of DCM was added under inert atmosphere 10.28 mL of a 1 M solution of BBr 3 in DCM. The reaction mixture was stirred at room temperature for 4 hours then 22 mL of distilled water were added into the reaction mixture and the reaction stirred overnight. Chloroform was added to the solution and the aqueous layer was extracted with 3x200mL of this organic solvent. The organics phases were combined and washed with 2x200 mL of a solution of potassium sodium tartrate. The organic phase was dried and evaporated under vacuum to give a crude yellow-product, which was crystallized in a mixture of chloroform/hexane The precipitated product was collected by filtration, washed repeatedly with water and dry under vacuum to afford a pearly white solid pure product. ( In a microwave tube was poured a suspension of 2,5-di(dimethylthiocarbamoyloxy)-1,4dibenzaldehyde II-20 (0.1 g ; 0.3 mmol) in a previously degassed dry NMP (2.5mL).

The rearrangement was performed by microwaving at 210°C during 9mn. Then the mixture was placed in the refrigerator and the product crystallization was observed. The pure compound was filtered off and washed with cold ethanol to afford salmon color crystals (0.060g, 0.18 mmol, 60%). In a round bottom flask was poured the 1,4-di-S-thiocarbamate-N-dimethyl-2,5-di-benzaldehyde II-21 (0.500 g; 1.47 mmol) dissolved in dry methanol (20 mL) under inert atmosphere and cooled to 0°C with an ice bath. Then sodium borohydride (0.200 g; 5.30 mmol) was added carefully by portions and the reaction stirred at room temperature for 2 hours. The reaction was monitored by TLC chromatography and the pH was adjusted to 3 with a 1M HCl solution. Methanol was evaporated and chloroform was added to the crude product. The organic layer was washed with Rochelle salt (3x20mL) and water (3x20mL), then dried over magnesium sulfate and evaporated to give a semicrystalline white powder. (0. 2,5-dimercaptoterephtalaldehyde II-H (0.202 g; 1 mmol) was placed in a round bottom flask under inert atmosphere. Then 20 mL of degassed methanol were added and the mixture was cooled to 0°C with an ice bath, sodium borohydride was then added by portions (0.115 g; 3.027 mmol) and the reaction mixture was stirred at room temperature during 3h.

The reaction mixture was hydrolyzed by degassed HCl 1 M to give a product precipitated. Which was filtered and washed with distilled water and then dry under vacuum afforded a beige solid.

The crude solid was dissolved in chloroform and the organic layer washed with a potassium sodium tartrate solution. Evaporation gives a pearly white solid. (161.8 mg, 0.8 mmol, 80%) In a round bottom flask was poured a solution of the 2,5-dimercaptoterephtalaldehyde II-H (50 mg, 0.25 mmol) in 10 mL of dry isopropanol previously degassed under inter atmosphere and the acethydrazide (37mg , 0.50 mmol) was added and the mixture refluxed overnight under stirring. The reaction was monitored by HPLC reverse phase, gradient water + 0.05 % TFA and ACN + 0.05 % TFA, following II-H disappearance.

The precipitate formed was filtered off and washed with isopropanol (3x10mL) and dichloromethane (3x10mL). The crude product was then dried under vacuum to afford a yellow powder, insoluble in all organic solvents. The solubility in DMF was sufficient to performed a mass spectrum but not for a NMR. 

MS (ESI) m/z calculated for

II-J II-24

To a solution of 1,4-diiodo-2,5-dimethoxybenzene II-23 (2.5 g, 6.41 mmol) in 30 mL of DCM was added dropwise under inert atmosphere 25.6 mL (25.6 mmol, 4 eq) of a BBr 3 molar solution in DCM. The reaction mixture was stirred overnight at room temperature and monitored by TLC. Then 50 mL of distilled water was added into the reaction mixture. The resulting white precipitate was filtered off, washed with large amount of water and dried under vacuum pressure to give a white solid, which was crystallized in chloroform to afford a white powder. ( 

O,O'-(2,5-diiodo-1,4-phenylene) bis(dimethylcarbamothioate) II-25
The 2,5-Diiodobenzene-1,4-diol starting material II-24 (400 mg, 1.11 mmol) was dissolved in 8 mL of anhydrous DMF under inert atmosphere. A solution of DABCO (497 mg, 4.43 mmol, 4eq) was added dropwise at 0°C to the previous solution, and after five minutes, a solution of dimethylthiocarbamoyl chloride (547 mg, 4.43 mmol, 4eq) in 2 mL of DMF was added to the resulting mixture. The suspension was allowed to warm up to room temperature and stirred overnight. The reaction mixture was poured on ice, filtered and the residue was washed extensively with water. The resulting solid was then dried under vacuum pressure to give a white solid, which was crystallized in a mixture chloroform/DMF to give a white powder. (500 mg, mmol, 85%) Hexane/Ethyl acetate (7:3) Rf=0. 

II-25

In a microwave tube was dissolved the O-thiocarbamate II-25 (400 mg, 0.74 mmol) in 10 mL of degassed diphenyl ether. The rearrangement was performed by microwave at 240°C during 30 min. The reaction mixture was allowed to cool down to room temperature and was poured on petroleum ether. The resulting precipitate was filtered off, washed with petroleum ether and dried under vacuum to give of a white solid, which was crystallized in acetone to afford a cottony white solid. (120mg, 0. 

IV. Hetero Dyn[n]arenes

IV.1.

Libraries preparation IV.1.i. In aqueous media

The building blocks were individually dissolved in Tris buffer (200mM) at pH=7.4 or pH=8.3 to obtain building block stock solutions at 4 mM. The stock solution are freshly prepared and quickly engaged in the DCLs:

-DCLs at two building blocks: in 1.5 mL vials equipped with a turbulent were placed 500 μL of the building block 1 and 500 μL of building block 2 solution stocks. The vials were left open to the air and stirred at room temperature for 48 hours.

-DCLs at two building blocks: in 1.5 mL vials equipped with a turbulent were placed 330 μL of the building block 1, 330 μL of the building block 2 and 330 μL of building block 3 solution stocks. The vials were left open to the air and stirred at room temperature for 48 hours. 

ii. In organic media

The stock solutions of building blocks have been prepared at 4 mM: -In the case of libraries in DMSO, no base is necessary to perform the thiols oxidation, the building blocks are simply dissolved in DMSO or in a mixture DMSO/CHCl 3 (1:1).

-In the case of libraries in chloroform, the building blocks are dissolved in mixture chloroform/ triethylamine (10%), the base is essential in order to initiate the thiol oxidation.

The DCLs are then prepared as the previous procedures.

IV.2.

Libraries analysis

The resulting libraries were then analyzed directly by HPLC and mass spectrometry in the case of homogeneous libraries. For the heterogeneous libraries, the precipitates were filtered off and both filtrate and solid were analyzed by HPLC and mass spectrometry. (Figure S1 

From self-assembling to information transfer; the case of octacarboxylic Dyn[4]arene

Objectives: In this chapter, we aim at characterizing the binding mechanism of the octacarboxylic acid Dyn [4]arene (II-A 4 ) toward ammoniums guests in aqueous media. The study of the affinity toward such guests will be conducted following two approaches: on one hand, the selfassembling of the 2,5-dimercaptoterephtalic acid building block (II-A) upon the addition of various ammonium templates in DCC and on the other hand, the investigation of the binding mechanism of II-A 4 toward α,ω-diamines and derivatives.

Achievements:

The study of the self-assembling process of II-A led to the identification of analytical anomalies observed from the HPLC analyses of the DCLs. Accordingly, an alternative analytical method for the libraries was proposed. A binding scenario for the recognition of linear polyamines and derivatives in water by the octacarboxylate Dyn [4]arene was proposed. This receptor, thanks to its original properties, succeeded into discriminating aminoacids and dipeptides carrying PTMs. Selectivity for N-terminal lysine bearing peptides was identified and studied for the recognition of N-terminal Lysine-Tags on peptide and protein scaffolds. Finally, the selective recognition of an altered antibody (hydrolyzed CDP791) vs an unaltered antibody (CDP791) was reported.

Introduction

Ammonium recognition by synthetic receptors has been widely described in the literature both in organic and aqueous media, due to the biologically relevance of the amino group which is protonated at physiological pH. [1] The host generally displaying high affinities for such guests involves three types of interactions: H-bonds, ion-pairs and cation-π interactions. In water, the energies corresponding to such interactions are respectively: -[2-20] kJ/mol, - [5-8] kJ/mol and -[1-5.5] kJ/mol. [2] Although these interactions are strong in the gas phase or in organic media, they are much less efficient in water. Nevertheless, various water soluble receptors have been described for the effective recognition of ammoniums in aqueous media. As we could see in Chapter 2, an attomolar dissociation constant was obtained between diamantane diammonium and cucurbit [7]uril. [3] It was shown that a complementarity of size, shape and interactions is crucial to achieve an effective recognition, which is often accompanied by a favorable solvent effect in aqueous media. [1] Among the various ammonium guests of biological relevance, recognition of spermine by synthetic receptors has been widely investigated. Particularly, a cucurbit [6]uril has been described for the binding of spermine (K a = 4.07x10 5 M -1 ) and spermidine (K a = 6.60x10 5 M -1 ) with association enthalpies of respectively -19.4 kJ/mol and -20.4 kJ/mol. [4] These comparable values result from a similar binding mechanism, which implies the recognition of the butylenediamine moiety by inclusion in the cavity through ion-dipole interactions, shape complementarity and hydrophobic effect. As a consequence, in the case of spermine both terminal ammonium groups are located outside the cavity. A comparative study was carried out with the α-cyclodextrin host. The association constant with spermine (363 M -1 ) is much lower than for cucurbit [6]uril in the same conditions. [5] In order to investigate the binding mechanism, the ammonium groups of the guest were successively replaced by carboxylic acids without interfering with the affinity for the α-cyclodextrin. Accordingly, no Coulombic interaction (unless compensation effect may take place) seems to occur during the formation of the Host/Guest complex. A tetrasulfonato (on the upper rim) and tetracarboxylate (on the lower rim) calix [4]arene was also described for the recognition of spermine both in solution and in the solid state. Crystal structures of 1:1 and 1:2 complexes (spermine: calixarene) could be obtained. The binding of spermine results from its partial encapsulation in the cavity of calixarene and is mostly driven by electrostatic interactions with the sulfonate and carboxylate rims. [6] The binding mode of the octacarboxylic acid Dyn [4]arene for ammoniums in water was initially studied with spermine and revealed the formation of a pseudo-rotaxane. The computational modeling of the II-A 4 -spm complex (Figure 1) conducted by Vial and co-workers indicated that three methylene units emerge from the cavity on each side of the receptor, suggesting that α,ω-diamines should provide the core moiety to form inclusion complexes with II-A 4 . In this preliminary study, the driving force was attributed to the formation of hydrogen bonded salt bridges. [7] However, this hypothesis was formulated without any data about the protonation state of the receptor. Few years later, we reinvestigated the binding features between II-A 4 and spermine (K a =1.58x10 8 M -1 ), spermidine (K a =1.26x10 8 M -1 ) and butane diamine (K a =1.26x10 7 M -1 ). Inclusion complexes were systematically obtained, while the charge borne by the guest decreased by one and two units. [8] In various reports, Schneider et al. [9] studied in depth the association between polyelectrolytes of opposed polarity which are expected to be driven by ion-pairs. In pseudo-rotaxane topography, these authors described the use of a tetra-phenolate cyclophane for the recognition of Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 96 tetralkylammoniums (R 4 N + ; R= Me, Et, n-propyl, n-butyl) in water. A correlation between the length of the alkyl group, which affects the cation-anion distance, and the binding energy was observed, which agrees with a purely electrostatic model. [2a] In this part, we will address the issue of the driving force of the binding and determine whether it is purely electrostatic, by studying the binding features of II-A 4 with various α,ω-diamines.

Figure 1. Representation of the MM minimized complex obtained by computer modeling for the pseudo-rotaxane complex II-A 4 -spm [7] In the first part of this chapter, we will describe DCLs formed from the 2,5-dimercaptoterephtalic acid building block in the presence of various ammonium templates in order to correlate the structural features of the template and the amplification factor of octacarboxylic Dyn [4]arene, which is very frequently used to estimate the binding constants. [10] More precisely, we proposed to study the self-assembling process of the tetramer around templates chosen by deconvoluting the backbone of spermine: from linear polyamines to linear diamines and mono-amines. The limitation of this strategy will be presented along with a new approach for the analytical studies of DCLs.

In the second part, the binding properties of the octacarboxylic acid Dyn [4]arene toward biomolecules will be discussed along with the structural features of the receptor. A comprehensive study of the recognition mechanism will be proposed based on thermodynamic parameters extracted from calorimetric titrations.
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PART A: Template directed DCLs from the 2,5dimercaptoterephtalic acid building block

In this section, templated DCL were prepared with various polyamines templates playing the role of subs-constituents of spermine in order to study the driving force behind the self-assembling of II-A 4 . As described by Otto, amplification factors (AF) can be used to quantify the amplification of any oligomer within libraries according to the formula: AF = [A] T /[A] 0 with [A] T being the concentration of the oligomer in the templated library and [A] 0 the concentration of the oligomer in the nontemplated library. [11] It is worth noting that the same authors have introduced a method to determine association constants from the concentration of each species in the templated libraries. These concentrations are generally extracted from HPLC chromatograms by quantification of the oligomers using a UV-visible detector. [10,12] 

I. Study of the effect of the template structure on the library equilibrium

All the DCL studied were prepared in Tris Buffer pH=7.4 at 200 mM with 4 mM of building block II-A and a sub-stoichiometric amount of template (1 mM). After equilibration (48h at this concentration), libraries were analyzed by reverse-phase HPLC and amplification factors were calculated with regard to the untemplated library through integrations of two series of signals at two separate wavelengths: 250 and 360nm. (Figure 2) Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 98 As previously described, the untemplated library affords a mixture of three cyclic oligomers: 23% of II-A 3 , 74% of II-A 4 and 3% of III-A 5 . From this quantification, it appears that the tetrameric receptor is the most stable object in such conditions. A similar study was recently conducted in Otto's and reported in a PhD manuscript. [11] The untemplated library of II-A at 2 mM in 50 mM borate buffer pH=8-8.5 was similarly analyzed and provided a different repartition of species. Indeed, the major cyclic oligomer formed corresponds to the trimer, thus suggesting an influence of the buffer/working concentration on the composition of the library. As the protonation state of these various oligomers is unknown and may vary from one size to another, one may anticipate a complex system wherein the various protonated states of the buffer molecule may develop preferential affinities with hosts of various symmetries and H-bond accepting/donating number of sites.

I.1. Structure deconvolution from spermine

Previous work from Pierre-Thomas Skowron's thesis [13] in the laboratory consisted in the identification of optimal diamine chain length which allows to maximize the interactions with II-A 4 . Triamines and tetramines have led to the systematic quasi-quantitative amplification of the tetramer (II-A 4 ) with a maximum of 99.8% (AF=1.35) for the spermine (T1). (See Experimental Section for the template structures) Libraries involving α,ω-diamines from 2 to 10 carbons were also studied and led to the amplification of the tetramer II-A 4 .The higher amplification factor (AF=1.33; 98.4%) obtained for the hexanediamine suggests that this diamine displays the optimal chain length while the pentanediamine (which is the basis of lysine backbone) is slightly less efficient (AF=1.24, 91.5%). We subsequently studied the influence of monoamines to complete the series and noticeable amplifications of the tetramer were also obtained. Particularly, n-butylamine (T3) afforded the formation of 96.6% of tetramer (AF=1.30). Surprisingly, a library of II-A conducted in ammonium acetate (T4) at 200mM pH=7.4, led to the formation of 97% of tetramer (AF=1.31). and is comparable to the amplification by spermine. This second set was extended to hydrophilic Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 99 cationic and neutral aminoacids (Orn, Gln, Glu, Arg, Arg-NH 2 , His and Met, the only hydrophobic of the series). However no significant amplification was observed for these templates. With Lys-NH 2 (T5) being the best aminoacid template, we finally studied the template effect of dipeptides carrying a N-terminal lysine. Amplification of II-A 4 was observed with a range of 87.2%-96.5% (1.18 < AF < 1.30) on a Lys-X series with X= Glu, Lys, Arg, Met, Phe.

While such conditions and methods of analysis are strictly standard and reported in the literature to investigate amplification and extract binding constants and despite the high amplification factors obtained with most of these templates, we observed significant losses of overall intensities and areas on HPLC chromatograms compared to the library involving spermine as a template (T1), which suggests that UV-Vis quantification from the mobile phase provides an incomplete picture of the full libraries.

I.2. Analytical issues

Libraries involving species T1-T5 yielded more than 90% of II-A 4 from the total amount of species detected by UV-Vis spectrometry on the mobile phase. (Figure 4a) Still the total area quantified in arbitrary units (Au) of the libraries varies from 6000 mAu for spermine to 1000 mAu for nbutylamine. (Figure 4b) In order to explain this analytical anomaly, libraries were scaled up, templates were separated from the library by precipitation and the species obtained studied by NMR spectroscopy. Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 100

II. Comprehensive study of selection of ammonium templated libraries

II.1. Scale-up protocol

DCL on a hundred milligrams scale were prepared from building block II-A and templates T1-T5 in the conditions previously described (1eq II-A for 0.25eq template). The biased libraries afforded, as expected, more than 90% of II-A 4 (monitored by HPLC) after 24 hours of equilibration and showed no evolution beyond. Acidification to pH=1 with TFA then afforded the precipitation of the oligomers by protonation of the carboxylates, while the templates remain soluble. After filtration, washing, drying and redissolution, HPLC analyses confirmed that only the tetramer was present in the libraries. (See Experimental Section) However, mass spectra indicated the presence II-A 4 and II-A 3 (it could be proved that the latter was not formed by fragmentation of the former) while III-A 5 was not observed. Moreover, UV-visible spectra of the isolated mixture in neutral aqueous solution showed subtle differences in terms of intensities between 200 and 400nm. (See Experimental Section)

II.2.

Compositional analysis by NMR 1 H NMR spectrum was recorded in water at neutral pH and revealed seven signals corresponding to aromatic protons in various proportions for the five libraries. (Figure 5) At least three distinct hydrodynamic radii could also be unambiguously observed in DOSY (differences in radii larger than the intervals of confidence, see Experimental Section). The product obtained through spermine (T1) templating following either the precipitation procedure or a purification by preparative HPLC had been previously analyzed by 1 H NMR: it corresponds to the singlet at 7.98 ppm and was assigned to the homochiral (pR) 4 /(pS) 4 species. [8] This peak is indeed present in each 1 H NMR spectrum of these five libraries and referenced as proton d (letters were assigned from low field to high field). The homochiral Dyn [3]arene (II-A 3 ) was isolated and analyzed by 1 H NMR in the same conditions by Dr. Marion Donnier-Maréchal (ATER in the group) and displayed a single sharp peak which corresponds to proton c. (See Experimental Section) Surprisingly, once isolated the homochiral Dyn [3]arene delivers a flat HPLC chromatograms in standard eluting conditions whatever the wavelength used for detection. Unlike the homochiral tetramer, it is suspected to form microscopic aggregates in acidic aqueous conditions (the HPLC mobile phase), which partly explains the missing fraction of the library observed on chromatograms depending on the template. In fact, it could be demonstrated that the loss of signal in the HPLC chromatograms is proportional to the amount of II-A 3 in the libraries. It also indirectly proves that the trimer usually detected in standard HPLC analyses is the heterotrimer. The analysis of the repartition of each species in the templated libraries (Figure 8), suggests that depending on the template it is possible to favor one size (which was known for long) but also one or several configuration. One stereoisomer is missing, the meso (pRpS) 2 species. This is imputed to the unfavorable repulsive interactions between the carboxylates on all adjacent units (8 contacts while only 2 can be found in (pR) 2 (pS) 2 and (pR)(pS) 3 /(pS)(pR) 3 and none in (pR) 4 /(pS) 4 ). The heterochiral tetrameric species represent a reduced fraction of the library (between 12%-30%), thus suggesting that again the "head-to-head" positioning is disfavored by the repulsive coulombic interactions. A repartition which is closer to the statistics was observed for the library in ammonium acetate thereby suggesting that the interaction between carboxylates may be shielded by bridging the ammonium groups, allowing the formation of (pR) 2 (pS) 2 and (pR)(pS) 3 /(pS)(pR) 3 .

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4] The proportion of the protons c and d respectively attributed to homochirals II-A 3 and II-A 4 is varying strongly depending on the template structure. Spermine, which forms a pseudo-rotaxane complex induces the quasi quantitative amplification (90%) of the homochiral (pR) 4 /(pS) 4 II-A 4 whereas, the α,ω-diamine T2 only yield 75% of this species. While involving an additional primary amide as a supplementary interacting site, LysNH 2 (T5) only affords 65% of the homochiral tetramer. With a single ammonium group such as in n-butylamine (T3) the trimer becomes the dominant species (65%) and the evolution with the progressive deletion of ammonium groups as monitored by NMR appears to be more coherent with the electrostatic model than the trends delivered by HPLC analyses.

II.3.

Binding properties of the different oligomers 1 H NMR titrations were conducted on the mixture of oligomers II-A/T4 in order to investigate the binding properties of each species. (Figure 9) The first binding event corresponds to the formation of the pseudo-rotaxane complex between the homochiral II-A 4 (30 %) with the first 0.3 equivalents of pentane diamine added. This binding event is in slow exchange at the NMR time scale and displays a single CH aromatic peak for the complex (8.15ppm, Δδ=0.16ppm) concomitantly with the disappearance of proton d. Then c and f, g, h appeared to be in fast exchange with the corresponding complexed receptors affording a progressive shift (Δδc=0.14ppm and Δδf=0.11ppm/ Δδg=0.16ppm/Δδh=0.15ppm) in 1 H NMR. Surprisingly, a proton with the same integration and behavior as f/g/h, noted e was detected upon variation of c, indicating that the initial singlet at 8.01 ppm was resulting from two signal e and c. Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 105 In terms of stoichiometry, (pR) 3 /(pS) 3 afforded a 1:1 complex with pentanediamine (T2) while a 2:1 complex was obtained with (pR) 3 (pS)/(pR)(pS) 3 . (Figure 10) 1 H DOSY and ROESY NMR experiments on the mixture of hosts II-A/T4 in the presence of 0.65 equivalents of pentanediamine confirmed the inclusion of the guest inside the cavity for (pR) 4 /(pS) 4 and while it lies outside the aromatic shielding area for (pR) 3 /(pS) 3 and (pR) 3 (pS)/(pR)(pS) 3 . (Figure 11) Molecular modelling conducted by Emeric Jeamet in the group confirmed a preferential complexation on the rim of these receptors, which results in a weaker affinity (dissociation constants in the millimolar range) compared to the homochiral tetramer. Besides, the titration did not displayed any shift for the (pR) 2 (pS) 2 proton signals (a, b), thus suggesting that this diastereoisomer does not display any affinity for pentanediamine in the concentration used. The NMR titration also indicates that some binding events occur simultaneously and competitively. II-A 4 (pR) 4 /(pS) 4 is the first receptor to be complexed in agreement with its higher affinity for T2 compared to its homologues. After saturation of this species, (pR) 3 /(pS) 3 and (pR) 3 (pS)/(pR)(pS) 3 bind pentanediamine simultaneously and competitively.

The investigation on the binding properties of the homochiral II-A 3 and the different diastereoisomers of II-A 4 have led to the identification of contrasted individual behaviors. Although it is clear that the cavity of the trimer is too narrow to accommodate a linear guest, it is not obvious to explain the difference in binding mode displayed by stereoisomers of same size. Nevertheless in agreement with the varying number of carboxylate contacts depending on the configurations, the Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 106 pkas of each diastereoisomer may be radically different and the states of charge at neutral pH may also be different, thereby affecting significantly the interactions with cationic guests.

Molecular modelling confirms that, in agreement with the flexibility of the disulfide bridges, all receptors are flattened in the absence of guest, with no water molecule in the hydrophobic cavity. The analysis of the dissociation constants obtained for (pR) 3 (pS)/(pR)(pS) 3 are in agreement with this picture with a slight cooperative behavior in the 2:1 binding event (K d1 is lower than K d2 , thus suggesting that the first binding event displays a higher cost than the second). The first pentanediamine binding to the first rim may unfold the receptor thereby facilitating the binding on the second rim. 1 H DOSY analysis (Figure 7b) showed that (pR) 3 (pS)/(pR)(pS) 3 and (pR) 2 (pS) 2 display hydrodynamic radius (R H ) around 10-11 Å while (pR) 3 /(pS) 3 is slightly smaller with R H = 9 Å and (pR) 4 /(pS) 4 is even smaller with R H = 6-7 Å. This latter value does not unrule the model or indicate that the homochiral species has a cavity exposed to the solvent, as protonation/ionization states may indeed modulate the hydrodynamic radius.

As a quantitative technique, Isothermal Titration Calorimetry (ITC) can determines the binding affinities (K a ), the enthalpy changes (ΔH) and the binding stoichiometry (n) of a complex formation. ITC titrations were conducted on mixtures II-A/T1-T5 with spermine (T1), pentane diamine (T2), nbutylamine (T3) and Lys-NH 2 (T5). They showed that the only binding event releasing enough heat to be detected is the formation of the pseudo-rotaxane complex. Indeed, the binding stoichiometry for each library mixture coincides with the amount of the homochiral tetramer in the library. (Figure 12 As observed for the precedent titration, the first binding event corresponds to the formation of the inclusion complex (II-A 4 homochiral) and affords a singlet (8.13ppm, above proton a) upon the addition of 0.2 equivalents of n-butylamine (T3). Then protons e/f/g/h and c slightly shift simultaneously to afford weak dissociation constants (K d1 = 3.7 mM/K d2 = 88.5 mM) between T3 and (pR) 3 (pS)/(pR)(pS) 3 and 21.6 mM for (pR) 3 /(pS) 3 . (Figure 14) Contrary to the precedent titration, we obtained a non-cooperative binding with (pR) 3 (pS)/(pR)(pS) 3 (K d1 >K d2 ). The binding affinities obtained for (pR) 3 (pS)/(pR)(pS) 3 and (pR) 3 /(pS) 3 with n-butylamine (T3) are slightly lower than for pentane diamine (T2) but remained in the same order of magnitude. Accordingly, an additional ammonium on the guest structure does not seem to provide a significant increase in affinity when the binding occurs outside the cavity. It is worth noting that homochiral II-A 3 displays a lower dissociation constant than homochiral II-A 4 for n-butylamine with 3 orders of magnitude, thus showing the strong impact of the cavity size on the binding mechanism. The library of II-A templated by spermine (T1) was already described to afford a single and highly dominant peak in NMR corresponding to (pR) 4 /(pS) 4 [8] , however it is still important to note that (pR) 3 /(pS) 3 , (pR) 3 (pS)/(pR)(pS) 3 and (pR) 2 (pS) 2 can be observed in small amount, respectively with average values of 5%, 2.5% and 2.5%. Accordingly, the amount of homochiral tetramer is estimated around 90% (±5%). 1 H NMR analyses with one equivalent of pentane diamine (T2) and Lys-NH 2 (T5) indicates that the aliphatic protons suffered a strong upfield shift, thus suggesting that the protons are located inside the cavity. (See Experimental Section) Moreover, according to the extent of the shielding effect on the Lysine-NH 2 , (T5) we can propose a model for the complex with (pR) 4 /(pS) 4 . Indeed, the protons α and β appeared to be located at the edge of the cavity while the aliphatic side chain is located inside the aromatic shielding area.

An extended study of the binding properties of the homochiral tetramer obtained by template effect with spermine will be described in the next section (cf Chapter 3, PART B), focusing on the elucidation of the binding mechanism.

II.4. Limitations of the libraries analyses by HPLC

The thorough study of libraries of II-A after separation from the various ammonium templates (T1-T5) used, led to the detection of two analytical anomalies: the stoichiometry of the binding measured by ITC being inferior to 1 and the total intensities of the UV-Vis chromatograms in HPLC being much weaker than expected from reference isolated library members of identical concentration. The quantification of species by NMR on the mixtures obtained from libraries disagrees with HPLC chromatograms thus challenging this widespread method of analysis. Regarding the trimers, it could be proved that the heterochiral species can be quantified through the UV-Vis chromatogram while the homochiral could not. The remaining issue concerns tetramers: are the heterochiral species visible or not? To address it, we plotted the fraction of building blocks undetected in the UV-Vis chromatogram and the amount of monomers corresponding to the homotrimer, estimated by NMR integration. (Figure 15) A linear correlation revealed that the proportion of the non-visible signal is function of the quantity of homotrimer, nevertheless the slope not equal to one (1.59) suggests that the homotrimer is not the only species which contributes to the loss of intensity in the HPLC chromatograms. Indeed, the plot of the fraction of building blocks undetected in the UV-Vis chromatograms minus the quantity of homotrimer estimated by NMR integration and the quantity of heterotetramers (obtained by NMR) suggests that the remaining non-Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 109 visible signal is imputed to the heterotetramers species as a slope almost equal to 1 was obtained. (Figure 16) Moreover, the linear correlation between the visible signal in the HPLC chromatograms and the quantity of homotetramer estimated by NMR integration (Figure 17) displays a slope equal to 1 thus confirming that the signal obtained is imputable only to the homochiral II-A 4 .

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4] In conclusion, HPLC as only analytical method to analyze DCL's can induces a loss of information through the difficulty to separate stereoisomers and to identify compounds prone to aggregation. Moreover, the libraries preparation at the milligram scale allows their analysis by NMR thus providing a more accurate overview of the libraries composition. In order to confirm the viability of our hypothesis, we represented the quantity estimated experimentally in percentage of monomer for each potential object in the libraries. (Figure 18) The final percentages obtained are around 100% (± 5%, order of the experimental error) thus confirming that we have identified all the objects present in the libraries. Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 111

PART B: Binding properties of the "homochiral" octacarboxylic Dyn[4]arene

The binding properties of the homochiral octacarboxylic Dyn [4]arene with biologically relevant targets was investigated in aqueous media. The host was obtained from a library templated with 0.25 equivalent of spermine and the precipitation-redissolution procedure previously detailed (See Experimental Section) with a 90% (±5%) purity and a 66% yield, without any chromatographic purification. The protonation state of the receptor was determined using potentiometric titration and performed by Dr. J.-P. Francoia at the University of Montpellier. We obtained at pH=7.4, a proportion of protonated groups of 0.09% thus indicating that the receptor is fully deprotonated in these conditions. (See Experimental Section)

I. Binding properties toward cationic guests

The binding studies were conducted by Isothermal Titration Calorimetry in Tris Buffer (pH=7.4, 200 mM).

I.1. Preliminary study : affinity for metal cations

According to the HSAB theory, the alkaline earth metals are hard cations, which can be involved in favored hard-hard interactions with hard anions such as carboxylates through salt bridges. Particularly, crown-ethers were reported for the complexation of metallic cations in aqueous media. The [18]crown-6 displays a K a = 6x10 3 M -1 affinity for Ba 2+ , through cation-dipole interactions involving hard-hard interaction between the metal and the oxygen atoms. [14] The binding properties of homochiral II-A 4 toward such metal have been investigated using calcium, magnesium and barium chloride in Tris buffer 200 mM pH=7.4. The counter ion chloride which is present in large amount in the buffer is a weak competitor in the binding. We obtained association constants of K a (Mg 2+ )=6.50x10 4 M -1 , K a (Ca 2+ )=7.37x10 5 M -1 , and K a (Ba 2+ )=9.56x10 4 M -1 with a 1:1 stoichiometry. Considering the weak cation-π affinity with cationic metals [2a] the interaction presumably take place with the carboxylate rim, not inside the cavity.

The thermodynamic parameters extracted from ITC thermogram reveal that the complexation is entropically driven. (Figure 19) It can be explained by the entropic gain and enthalpic penalty corresponding to desolvation of the guest and the rim of the host. The higher affinity for calcium corresponds to both a higher entropic gain/enthalpic penalty compared to barium and magnesium. Indeed, at first order, we can assume that the desolvation of the host rim does not vary from one guest to another in the series. In fact the desolvation penalty is likely imputed to the guest. Alkaline earth metals are known to be strongly solvated in water, indeed, coordination of Mg 2+ and Ca 2+ may involve respectively 6 and 8 water molecules while it can reach 9 for Ba 2+ . The cations size is directly related to the number of water molecules which are coordinated. The ionic diameters are coherent with a higher number of water molecules in the coordination sphere of Ba 2+ : Ca=1.98Å, Mg=1.30Å and Ba=2.70Å. [15] Moreover, water molecules can formed a shell around the cations by hydrogen bonds network and the dissociation energy for the loss of a water molecule is estimated between 88-98 kJ/mol. [16] Figure 19. Thermodynamic parameters extracted from ITC titrations of homochiral II-A 4 by metallic cations Byrn and Terakita [17] reported a crystallographic study on the calcium benzoate trihydrate structure and showed that calcium is coordinated with a total of 8 oxygen atoms. Several water molecules are also associated to the complex which clearly shows the formation of interactions between calcium and the carboxyl oxygen atoms. Accordingly, the affinity of II-A 4 for Ca 2+ can be explained by the formation of ion-pair and cation-dipole interactions with the carbonyl oxygens.

I.2. Exploring the driving force of ammonium guests binding

As previously introduced, the first investigations on the binding properties of homochiral II-A 4 in water was reported by Vial and coworkers [7] in 2006 and further explored by our group in 2016. [8] Several features of the binding could be highlighted. The butane diamine core of spermine and spermidine appeared to be the central moiety equipped with secondary binding sites, allowing the formation of the pseudo-rotaxane and reinforcing the association. (Figure 20) The mutation of one of the NH proton of butanediamine into an aminopropyl secondary binding group (spermidine) increased by one order of magnitude the affinity. Regarding the thermodynamic parameters this increase in affinity appeared to be entropically driven and imputed to desolvation and increase in host-guest relative mobility. In fact, the evolution in enthalpy revealed that the desolvation penalty overcomes the benefits of supplementary binding sites, in agreement with a looser binding. However, a chelate effect can be observed when comparing spermidine to spermine, thus providing a tighter binding through a more favorable binding enthalpy upon the addition of a supplementary desolvated binding site. From these preliminary results, when mutation where virtually operated on the polar heads of the hosts, we decided to virtually mutate the hydrocarbon core and explore the impact of the chain length of α,ω-diamines on the binding of homochiral II-A 4 in order to develop an interpretive model. (Figure 21) The dissociation constants measured by ITC titrations between homochiral II-A 4 and α,ωdiamines correspond to a 1:1 stoichiometry and submillimolar values (6.37x10 7 M -1 >K a > 1.34x10 7 M -1 ) with the exception of propanediamine (K a =5.88x10 4 M -1 ) for which the association constant is three orders of magnitude lower. Molecular modelling revealed that this chain length is too small for the ammoniums groups to bridge the receptor's rims. In agreement with the amplifications factors obtained in the templated DCLs (cf Chapter 3, PART A), the optimal chain length for the formation of the pseudo-rotaxane appeared to be n=6 (n=number of carbon atoms between the amines). We have also studied the binding properties toward mono-amines, such as n-butylamine (K a =1.31x10 5 M - Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 114 1 ) and dibutylamine (K a =9.63x10 4 M -1 ). Weaker affinity constants have been obtained compared with the α,ω-diamines with respectively 2 and 3 orders of magnitude. The suppression of one ammonium group highly impacts the efficiency of binding. Indeed, by comparison of the association constants for a series of guest carrying the same skeleton, i.e. spermine, spermidine, butanediamine and nbutylamine (Figure 22), we shown that the association constant is directly related to the number of ammonium groups (z=number of charges). A plateau is reached for z=4, imputed to an optimal complementarity of structure and interactions. According to Schneider, the driving force of polyelectrolytes association such as ammoniums ions, carboxylates and phosphates is purely electrostatic. [2a] In this study we will investigate whether our system is only govern by electrostatic interactions. These features will be developed herein for α,ω-diamines according to the thermodynamic parameters extracted from ITC titrations. The α,ω-diamines have been chosen for their ability to enter the cavity. According to Otto and coworkers, the Host-Guest binding affinities and the Host amplification in DCL are correlated. [18] However our study did not showed any correlation. Indeed, the plot of the log K for the series of α,ω-diamines and derivatives of spermine (Figure 23) in function of the amplification factors obtain for II-A 4 in DCLs showed a random distribution. This therefore reveals the importance of NMR quantification due to the loss of information recorded in HPLC to analyze DCLs.
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I.2.i. Binding energetics results

As a pre-requisite to the development of a molecular binding scenario, it was checked that the α,ω-diamines involved in our study are diprotonated along the whole series (n=3-8). [19] The thermodynamic parameters extracted from the ITC titrations with homochiral II-A 4 toward α,ω-diamines are represented Figure 24 and revealed a minimal free energy for hexanediamine. 

I.2.ii. Formal decomposition of the thermodynamic parameters

The driving force of a binding event is embodied by its free energy (ΔG) which decomposes into its enthalpy (ΔH) and entropy (ΔS). These contributions can be individually studied in order to identify the key factors influencing the affinity and selectivity. However enthalpy and entropy changes are not trivial to rationalize due to the significant variations they may undergo upon really Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 116 small changes applied to the system (structural modifications of the objects). [20] As a general rule enthalpy and entropic contributions to a binding process can be decomposed as follow:

Bringing two molecules together to form a complex have a cost on the restriction of the relative molecular motions -> ΔS unfavorable Forming of coulombic interactions -> ΔH favorable Desolvating (partially or totally) both reactive partners upon binding event -> ΔH unfavorable, ΔS favorable(including hydrophobic effect) Desolvation and Solvophobic effect I.2.ii.a.

The desolvation energetics results from the competitive interactions in solution between solutesolute, solvent-solute and solvent-solvent. (Figure 25) To apprehend this contribution, the binding event can artificially be decomposed into the following succession of elementary steps each characterized by individual thermodynamic parameters (ΔX): the desolvation of Host (ρ), the desolvation of Guest (σ), the binding in the gas phase (g) and the solvation of the resulting Host-Guest complex (ρσ). ( 1)

(1) As the binding event occurs through the formation of an inclusion complex, the desolvationresolvation process results from the difference between the solvent accessible surface in the bound state versus the free state(2), which is extremely different for the guest compared to the host:.

(

) 2 
With the hypothesis that the host is fully solvated both in the bound and free state (and ignoring the cost of folding/unfolding of the host), equation (2) becomes: -for n 6, the diamine exposes exclusively its polar ammonium head groups to the solvent, to an increasing extent -from n≥ 6, the diamine starts to expose the methylene groups to the solvent, also to an increasing extent These two regimes can be visualized by plotting the solvent accessible surface of the various complexes with increasing chain length (Figure 27). A linear fit can be proposed for each regime, which a change in slope for n = 6.

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4] Ammonium-carboxylate salt bridges have been described to display ΔΔG values (binding free energy) around 5 kJ/mol while fully exposed in water. The ion-pair contribution to the enthalpy can be calculated with the Debye-Hückel-Onsager equation ( 6) to obtain the resulting Coulomb energies (E coul ). [21] And, if this effect is strongly dominating, which is widely reported to be the case for the binding of polyelectrolytes even in water, the corresponding log K value is then a linear function of the host and guest charge product. [2a] (Figure 28)

(6) (7) 
In this equation, z h and z g represent the charges of the host and the guest, r is the interchange distance, ε r (78.5) is the relative dielectric constant of water and the Debye length (λ D ), can be calculated according the equation (2) with I being the ionic strength.

The resulting calculated E coul between homochiral II-A 4 (z h =8) and the α,ω-diamines (z g =2) (3<n<8) indicates that the electrostatic contribution is constant regardless of the chain length and around -(65±3) kJ/mol, agrees with the individual value of the salt bridge enthalpy in water but it also highlights the significant contribution of the desolvation to the resulting binding enthalpy (the Recent molecular modeling (DM & QM in water) performed by Emeric Jeamet (Ongoing PhD Thesis) confirmed that the desolvation cost is roughly as high as the electrostatic contribution for the α,ω-diamines and in fine, that the selectivity observed is govern exclusively by the desolvation of the guest (as the electrostatic contribution and the desolvation-resolvation of the hosts are constant within the precision of the method, along the series)

I.2.iii. Preliminary conclusion and the binding model

Regarding the various contribution to the thermodynamic parameters and the energy estimation performed as a preliminary step to thorough calculation, we can propose a binding scenario (Figure 29) Three regimes can be observed Figure 24. For n=3-4, the polar ammoniums are not fully-exposed to the solvent. This implies a subsequent desolvation penalty in terms of enthalpy and a favorable binding entropy (which results from a highly favorable desolvation entropy for the polar groups and a weak hydrophobic effect). (Case 1) When the chain is moderately long (n=5-6), the polar ammonium heads are almost fully exposed. Consequently the enthalpic desolvation cost of the polar heads is minimal and the binding entropy less favorable (no desolvation benefit and a medium hydrophobic gain). (Case 2) Finally with longer chain length (n=7-8), both polar heads and alkyl chains are partially exposed to the solvent, the enthalpic desolvation cost is maximal and the high hydrophobic effect compensated by the loss of internal degrees of freedom. (Case 3) While hydrogen bonded salt bridges have frequently been claimed as the driving force for the binding of polyelectrolytes in water into complexes of various topologies, experimental thermodynamic measurement and preliminary calculation seem to point out that the selectivity observed is governed by guest desolvation exclusively. This trend was indeed recently confirmed by reliable calculations at the DFT level in the group.

The validity of the qualitative model exposed herein was then tested and confronted to the thermodynamic measurements conducted on a series of derivatives of pentane diamine, in collaboration with Dr. Marion Donnier-Marechal in the group. The idea was to study the impact of subtle modifications/mutation on the host into the thermodynamic parameters and see if the trends observed are in agreement with the model. As a prerequisite, we checked that each of these guests was yielding an inclusion complex (by 1 H NMR). (Figure 30) The thermodynamic contributions to the Gibb's free energy extracted from ITC data, indicated that oxo-pentylamine bearing a central oxygen instead of a methylene in pentanediamine, undergoes comparatively a strong enthalpy penalty due to desolvation of this moiety. The binding hence becomes entropically driven, which is also the case for diethylenetriamine. Aminopentanol bearing a primary alcohol and an ammonium is characterized by a modest enthalpic penalty due to the loss of one global salt bridge (one positive charge interacting with four negative carboxylate) compensated by a reduced desolvation cost of the polar head group (only +8 kJ/mol compared to pentane diamine) which agrees with the reduced binding entropy. The trend is even more marked for-6aminohexanoic acid whose carboxylate group cancels out the coulombic interaction with the rim and thereby allows to exclusively apprehend desolvation effects such as the hydrophobic effect. The key role of guest desolvation in the binding can also be viewed for pentylamine, which displays almost similar values than pentanediamine. The loss of half the coulombic interactions is almost totally compensated by the reduction in desolvation enthalpic penalty (+3 kJ/mol) while the modest favorable entropic desolvation effect pays the cost for restricting internal molecular motion. The thermodynamic parameters of Lysine derivatives binding to the homochiral host were also studied to determine whether the model could be relevant on biologically relevant guests of increasing molecular complexity. Lys-NH 2 with a potential supplementary H-bond donating group displays an increased binding enthalpy (-2 kJ/mol compare to pentane diamine). However, this secondary interaction seems to be compensated by a subsequent entropy penalty. This phenomenon results from a loss in rotational degrees of the host, also observed in the case of Lys-OMe. Finally, Lys-OH compared to Lys-OMe confirms the model, desolvation effect clearly dominating host-guest electrostatic interactions.

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene I.3. Binding affinity for an extended series of aminoacids I. 3

.i. Experimental binding energetics

As the scope of guests was extended to other lysine derivatives and other aminoacid, we noticed by NMR that although inclusion complexes were not formed, significant affinity could be observed. In such conditions, the qualitative model exposed in the previous section can no longer be applied. To first come back to Lysine derivatives, (Figure 32) it is worth noting the high selectivity for Lys-NH 2 with a 160 factor compare to Lys-OH. As we previously showed in PART A, 1 H NMR experiment of II-A 4 with 1 equivalent Lys-NH 2 (see Experimental Section) showed the formation of an inclusion complex. However, the α-proton is not located in the shielding cone of the cavity, suggesting that the amide/carboxylate group is just above the receptor's rim and confirming the formation of supplementary interactions.

Binding of Lys-NH 2 and Arg-NH 2 have been described by Dougherty using polycarboxylatepolyether cyclophanes. [22] In particular, an octacarboxylate host (Figure 31) was shown to display modest association constants for both of these amino acids in water (respectively K a =0.91x10 3 M -1 and K a =5.1x10 3 M -1 ). The selectivity was explained by the presence of three hydrogen-bonding and one salt-bridge site in the side chain of Arginine-NH 2 in comparison to Lysine-NH 2 , which only possess one of the former category. Extended investigations on the binding mode suggested that both guests are located within the cavity. However, Arginine-NH 2 appeared to be involved in additional cation-π interaction while Lysine-NH 2 was not. In our case, the scenario is different and Arg-NH 2 displays a lower association constant compared to Lys-NH 2 with 3 orders of magnitude. NMR binding experiments indicate that the Arg-NH 2 is not located inside the cavity of the receptor. (lower shielding of the protons, see Experimental Section) Moreover, the α-proton is almost not affected by the binding thus suggesting that the sole binding moiety must be the guanidinium group. This observation is consistent with the comparable association constants obtained for Arg-OH and Arg-NH 2 . The guanidinium moiety is apparently to bulky to enter the cavity.

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4] By investigating small structural modifications on the lysine backbone, we could highlight the features responsible for the high selectivity toward Lys-NH 2 . Firstly, the inclusions complexes characterized in 1 H NMR for 1 equivalent of LysOMe and 1 equivalent of Ac-Lys-NH 2 with II-A 4 showed, according to the binding behavior observed for Lys-NH 2 , that the proton in α of the carbonyl is located at the periphery of the cavity. We thus obtained association constants in the same order of magnitude as with Lys-OH (weaker than with LysNH 2 ) due to the loss of favorable interactions resulting from the mutation of one -NH 2 group. The same observation was made for ε-acetyl-Lysine. Indeed, the loss of two -NH 2 groups provide a weaker association constant by one order of magnitude compared to LysOH.

Other amino acids related to lysine were studied, such as Ornithine. With a side chain one carbon shorter, it afforded a weaker association constant by one order of magnitude. It is believed that the spatial proximity between the carboxylate groups of the host and the guest induce a stronger repulsive interaction. No binding event was observed with Glutamic acid, indeed the presence of two carboxylate groups overcomes any desolvation benefit. Surprisingly, Glutamine did not provide any association either, probably due to the combination of repulsive interactions and a chain length insufficiently long and hydrophobic.

According to these investigations on the binding features underpinning the high selectivity of II-A 4 for Lys-NH 2 , we showed that the three favorable binding sites combined with the proper chain length result in tight binding. As previously showed, an abnormally high entropic penalty was obtained when binding a guest bearing a -CONH 2 group on a asymmetric carbon compared to the naked pentanediamine. As mentioned, this penalty corresponds to an exceptional restriction of molecular motion in the host. Given the chiral enantiopure nature of the guest, it was investigated by Electronical Circular Dichroism (ECD).
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I.3.ii. ECD analyses of the binding event

As expected, the ECD spectrum of homochiral II-A 4 did not displayed any cotton effect, confirming that the racemic nature of the object both in terms of configuration (pR) 4 /(pS) 4 and conformation (M/P for disulfide bridges). Upon addition of L-LysNH 2 , the ECD spectrum displays a negative Cotton effect at 318nm while the addition of D-LysNH 2 displays a strictly opposite signal. (Figure 33) Titration experiment with L-LysNH 2 showed that the CD intensity is correlated to the amount of chiral guest, thus suggesting a guest induced asymmetric distortion of the host. The binding isotherm showed that the CD intensity has reached its maximum for 1 equivalent of Guest. Accordingly, the Host-Guest complexation appears to be the driving force of this transfer of chirality where the tight binding between II-A 4 and Lys-NH 2 plays a crucial role. This chirality rises from the disulfide bridges, which unlike the blocked phenyl configurations can be modulated in solution. Upon the addition of the chiral guest, the cavity can adjusts its geometry in solution to provide a chiral supramolecular complex. (Figure 34) From this conformational distortion results the entropic penalty previously reported.

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4] The sign of the Cotton effect indicates the preferably global conformation of the dihedral angles. L-Lys-NH 2 preferably favors P conformation while D-Lys-NH 2 preferably affords M conformation. [23] Upon the guest release the chirality is unfortunately not preserved, but it nevertheless represents a milestone in chirality sensing by host-guest transfer which has never been reported in water so far.

II. Toward a Lys TAG

The ability of II-A 4 to selectively recognize Lysine in N-terminal position was explored on peptides of increasing chain length, starting from dipeptides. It leads us to envisage the development of a N-Lys tag on peptides and proteins. Such a system may find application in the context of protein purification and will be discussed herein.

II.1.

Investigation of the selectivity for N-terminal lysine on peptides

II.1.i. Study of the recognition of dipeptides carrying a Lysine

The ability of II-A 4 to bind dipeptide sequences including basic amino acids such as lysine and arginine was explored by ITC. (Figure 35) By varying the C-terminal aminoacid on N-terminal lysinebased dipeptides, we obtained affinities ranging from 1.34x10 5 M -1 to 4.26x10 3 M -1 , with a maximum for Lys-Gly. It is notable that the best affinity was obtained when Lysine is followed by a noninteracting aminoacid. However the presence of a Glycine next to the Lysine decreases the affinity by one order of magnitude compared to Lys-NH 2 (5.5x10 6 M -1 ) probably due to electronic effects. Quite expectedly, high affinities were obtained for dipeptides carrying cationic aminoacids such as Lysine and Arginine. Such amino acids have been previously described to favorably interact with the Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 126 receptor even when not included within the cavity. The lowest affinities were obtained for hindered (Pro), aromatic (Phe) and carboxylate bearing (Asp, Glu) amino acids. As regard to PTM detection, a 6 fold increase of affinity was observed for Lys-Gln compared to Lys-Glu and a 1.3 fold increase observed for Lys-Asn compared to Lys-Asp. The preference for the non-deamidated peptides is imputed to be driven by the suppression of repulsive carboxylate-carboxylate interactions and by the addition of a supplementary H-bond donor group. Concerning Methoxidation, a 1.6 fold increase of selectivity was obtained for Lys-MetO (K a =9.95x10 4 M -1 ) compared to Lys-Met (K a =6.38x10 4 M -1 ). This selectivity for the oxidized product can be explained by the formation of favorable sulfoxide-aromatic interactions as recently reported. [24] Nevertheless a NMR study of this complex should be conducted in order to confirm the presence of such preliminary hypothesis. An anionic p-sulfonato-calix [4]arene was previously reported for the recognition of Lysine and Arginine containing peptides. [25] While the binding constant were more modest, the thermodynamic parameters extracted from ITC titrations for Lys-Lys (K a =3.8x10 3 M -1 ), Lys-Arg (K a =3.7x10 3 M -1 ) and Arg-Lys (K a =4.3x10 3 M -1 ) showed similar behaviors: ΔG=-[20.4-20.8] kJ/mol, ΔH= -[29.0-31.0] kJ/mol and TΔS= [-8.6-9.7] kJ/mol. The binding event is driven by the enthalpy through the formation of favorable hydrogen bonds and ion-pairs and associated with a moderate desolvation cost. Structural analyses of the complexes formed indicated that the dipeptides are located in the cavity under a folded form.

In our case, similar trends in terms of thermodynamics were obtained for Lys-Arg and Arg-Lys. However, the binding event appeared to be driven by both enthalpy and entropy, presumably as a result of interactions both occurring with the encapsulated and non-encapsulated parts of the guest. (Figure 36) Selectivity is particularly difficult to interpret as it seems to result from unbalanced Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 127 entropy-enthalpy compensation effects. CD measurements of II-A 4 with Lys-Arg and Arg-Lys have confirmed that there is a recurrent entropic penalty coming from the adjustment of the receptor's structure to the guest, leading to the formation of a chiral complex. Interestingly, the extend of this asymmetric induced fit is strongly guest-dependent: a strong Cotton effect is observed for Arg-Lys while it is considerably weaker for Lys-Arg. (See Experimental Section) When considering a series of dipeptide pairs of inverted sequences, ITC data reveal that switching Lysine from the N-to the Cterminus generally induces a enthalpic penalty and an entropic benefit (with the exception of LysArg and ArgLys). This phenomenon is coherent with a different binding mode, through a inclusion complex for the former and on the surface for the latter. This hypothesis should be confirmed by NMR analyses in the near future. The stoichiometries of complexation obtained for these titrations are coherent with a 1:1 binding involving the Lysine residue, with the exception of Lys-Gln and Lys-Asn (1:1.5) suggesting that the association of 3 guests with 2 hosts. Again, this unexpected stoichiometry will be investigated with NMR experiments. 4 showed submillimolar affinities for Lysine bearing peptides with a marked preference for Nlysine terminated architectures and an interesting modulation in affinity regarding the nature of the C-Terminal amino acids. These binding properties have been further explored for peptide discrimination and particularly PTM detection.

II-A

II.1.ii. Sequence selective binding and folding

Circular Dichroism experiments were performed to provide supplementary information about the supramolecular complexes formed between II-A 4 and Lysine derivatives and dipeptides. As we previously detailed it, the receptor displays a flexible structure resulting from the possible inversion of the dihedral angles of the disulfides bonds upon guest addition. Initially, under racemic mixture, the chromophores of the receptor do not display any Cotton effect. However, the addition of a chiral Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 128 non-chromophoric guest (except for Lys-Phe) induces a CD signal corresponding to the supramolecular complex formed, wherein the Host has adjusted its flexible cavity to the chiral guest. The optical output measured, the maximal Cotton effect (θmax) reflects the extent of the conformational deformation upon the guest addition. [26] The induced CD responses (See Experimental Section) obtained for the previously studied Lysine derivatives and dipeptides were plotted against the binding constants extracted from ITC measurements to afford a two dimension representation of the binding features. (Figure 37) Different responses were obtained for the various mutations on the termini of the lysine moiety as well as for lysine's nearest neighbor on dipeptide structures. This two dimensional representation allows to discriminate structurally similar guests, thanks to the highly flexible and adaptive cavity of II-A 4 . By only two measurements in ITC and ECD, we could show that this simple receptor is able to discriminate biologically-relevant model compounds in water with a high selectivity based on both binding and folding.

In the context of this study, the discrimination of deamidated vs non-deamidated on lysinecarrying dipeptides represents an encouraging result. Indeed, the Lys-Glu and Lys-Gln outputs are well differentiated and so are Lys-Asp and Lys-Asn. Even if the binding site is located on the Lysine neighbor, the outputs obtained in CD and ITC with II-A 4 are sequence selective and allow starting hoping for sequence and/or structure discrimination. Often presented as a drawback for receptors, this conformational lability appears to be a very useful feature for the discrimination of PTM in aqueous media. Nevertheless, the methoxidation is more difficult to detect due to closer outputs obtained between Lys-Met and Lys-MetO.

It is worth noting that the binding constants were not extracted from CD titrations. II-A 4 is initially present as a racemic mixture of (pR) 4 and (pS) 4 enantiomers. Each of these enantiomers is conformationally labile and affords diastereoisomeric inclusion complexes with enantiopure L-Lys-NH 2 . Accordingly, the host deformation for each complex will lead to an individual optical response, thus preventing the extraction of the binding constants. This phenomenon has been already reported in the literature for the characterization of β-cyclodextrin/ketoprofen complexes. [27] II.1.iii. Chirality Sensing and Discrimination of Lysine Derivatives in water with a Dyn [4]arene

We recently reported how the output obtained by the deformation of the octacarboxylic acid Dyn [4]arene upon binding of various chiral guests, i.e. Lysine derivatives and dipeptides carrying a Lysine residues, can be used to determine the guest's enantiomeric excesses and to classify them by linear discriminant analysis. This conformational lability appeared to be a peculiar feature of this Dyn[n]arene family. (See publication N°2)

II.2. Case of Bradykinin

Before conducting affinities studies on full antibodies, binding experiments were performed on octa-, nona-and decapeptides. Bradykinin, an octapeptide inflammatory mediator whose secretion induces a decrease in blood pressure, was chosen as a generic backbone bearing N-and C-terminal arginines. (Figure 38) As previously introduced, II-A 4 displays a high selectivity for peptides carrying a Lysine in Nterminal position compared to Arginine. Accordingly, adding a Lys tag in N-terminal position of a peptide should provide a reinforced binding. ITC experiments were conducted with Bradykinin (K a =1.84x10 4 M -1 ), N-Lys-tagged Bradykinin (K a =1.18x10 5 M -1 ) and N-Met-Lys tagged Bradykinin (K a =1.21x10 5 M -1 ). We could show that adding a N-Lys tag on the Bradykinin increased the affinity by almost a factor 10 which is barely attenuated by the presence of an extra N-terminal methionine. The binding stoichiometries obtained, above 1 (respectively 1.25, 1.39 and 1.12) are slightly high and reflect the affinity of the host for basic aminoacids such as arginine. NMR experiments should be conducted in order to elucidate properly the localization and stoichiometry of the binding event. The exploration of such a protein-tag could be useful for protein purification as an alternative to the metal-(His) n tag, [28] which is highly efficient (micromolar affinity toward nickel) but strongly immunogenic.
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The interaction between II-A 4 and Lys-Bradykinin is thought to occur through the formation of an inclusion complex around the side chain of the Lysine (Figure 39). Initially, the Lys-Bradykinin displays an electron poor electrostatic potential surface which becomes electron rich upon the addition of II-A 4 . The receptor, bearing 8 negative charges is able to significantly switch the global electrostatic potential of the nona-peptide. This feature is currently under investigation within the LEGOMEDIC consortium in collaboration with the CIP at the University of Liège (Dr. Michael Delmarcelle and P. Stephanic). We aim to use this property to switch on demand the isoelectric point of proteins such as therapeutic antibodies and induce the deviation of the resulting complex in capillary electrophoresis. 

II.3. Lys-tagged Green Fluorescent Protein

In order to investigate the use of homochiral II-A 4 for the binding and extraction of Lys-tagged proteins, GFP was chosen for its ease of use and high stability. (Figure 40) In this perspective, two GFP mutants were designed: MKQ-GFP-His 6 : A first mutant incorporating in N-terminal position a Lysine preceded by a Methionine was chosen due to the high susceptibility of N-terminal lysine bearing protein to induce protein degradation. [29] Indeed, the presence of a N-terminal lysyl highly decreases the half-life of the protein in vivo. Accordingly, a Methionine residue was chosen to mask the terminal Lysine, as we could show on Bradykinin that it moderately affects the binding affinity. Moreover, the Lys-Gln sequence was validated in the previous round of measurements to be strongly bound by the receptor and should display an efficient binding moiety. MAA-GFP-His 6 : A second mutant, acting as a negative control was designed, incorporating a Methionine and two Alanines thereby providing a TAG which should not interact with the receptor.

II-A 4

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4] Comparative binding experiments were conducted by ITC titrations (concentration of proteins: 0.27 mM). Although, binding seem to occur in both cases, the thermograms obtained are nonconventional. (Figure 41) A sigmoid profile was obtained for MKQ-GFP while only few points could be fitted for MAA-GFP. The enthalpy value extracted from a 1:1 binding model for MKQ-GFP is twice as high as for MAA-GFP thereby providing a first encouraging trend toward the preferential binding of a N-Met-Lys tag. The apparent binding constants obtained are nevertheless quite high with K a (MKQ-GFP)=3.07x10 5 M -1 and K a (MAA-GFP)=3.94x10 4 M -1 . In agreement with the variation in enthalpy, the increase of the affinity is one order of magnitude higher with the N-Met-Lys tag. Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 132 CD spectrum of MKQ-GFP and MAA-GFP were recorded with successively 1 equivalent and 10 equivalents of homochiral II-A 4 . The resulting spectrums did not display any differences (Figure 42), thus suggesting that the binding event does not induces dramatic changes in the protein structure. [30] The complexation of the N-terminal Methionine-Lysine sequence is coherent with this observation, as it should not interfere with the protein structure. Yet, no cotton effect resulting from the folding of the cyclophane is observed. Although duration of acquisition, has been extent to allow folding and unfolding of the protein upon binding. [30] From these very preliminary and incomplete ITC measurements, it appears that the presence of a N-Met-Lys tag may induce a preferred binding of MKQ-GFP, however a significant affinity was also obtained in the case of MAA-GFP. As the Methionine-Alanine sequence should not provide any affinity, it may come from the rest of the protein and in particular from the C-terminal Histidines. This His tag was chosen for purification issues but may be non-orthogonal toward II-A 4 . This feature will be investigated in upcoming tests. Binding measurement by ITC revealed no affinity between II-A 4 and HisNH 2 but it should be extended to a poly(His) guest to provide a clear answer. We should also investigate the binding for similar N-tagged GFP with non-interacting amino acids in C-terminal position (i.e. Ala or Gly).
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III. Toward the selective detection of altered therapeutic antibodies

As we aimed to selectively recognize altered therapeutic antibodies (Fab') versus native antibodies (Fab) (Figure 43), we extended our investigation about the binding properties of II-A 4 to a therapeutic antibody candidate from UCB: CDP791, a Pegylated Fab architecture. In this last part, we explored by ITC the affinity between II-A 4 and CDP791 vs two mutated forms of this antibody. Native CDP791 was submitted to hydrolytic stress during 1 month by treatment at pH=9, 37°C in Tris Buffer 100 mM at the CIP (Liège) in order to provide a deamidated mutant. After preliminary dialysis, binding experiments were conducting toward the native CDP791 and the hydrolyzed CDP791 in Tris Buffer 100 mM pH=7.5 (antibodies dialysate). (Figure 44) No binding affinity was observed for the native CDP791 with II-A 4 (See Experiment Section) while two transitions could be identified from the thermogram for the hydrolyzed CDP791. Accordingly, two association constants could be extracted: K 1 =7.86x10 4 M -1 and K 2 =2.50x10 5 M -1 . Nevertheless, the concentration of the protein seems too low to provide a clear binding transition. In this case, the limiting factor seems to be the protein concentration which cannot be increased for solubility reasons. The fitting was implemented for the two successive transitions, highlighted in blue. (Figure 44) Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 134 Peptide digestion and mapping were conducted by UCB Pharma in Slough, UK (See Experimental Section) and provided useful information for the interpretation of the ITC measurements. Indeed, these analyses provided the levels of deamidation resulting from the hydrolytic stress and their localization on the sequences. Multiple deamidation sites were in particular identified on three peptide fragments HCT008 (6.9%), HCT013 (12.3%) and LCT016 (6.2%). The careful analysis of these peptide sequence showed that none of them directly contains a Lysine binding site adjacent to a deamidation site. Nevertheless, HCT013 which contains the higher level of deamidation displays Lysine binding sites separated from deamidation sites by a single aminoacid. (Table 1) Furthermore, examination of the full sequence of CDP791 (See experimental section) revealed that one Lysine binding site is present next to a potential deamidation site on the LCT003 peptide fragment and, on several peptide fragments, there is at least one Lysine binding site in close proximity to a deamidation site (separated by one aminoacid). (Figure 45) Several of these binding sites can be exposed on the antibody surface, thus explaining two successive association constants extracted from the calorimetric titrations. Affinities in the micromolar range were unexpected for the hydrolyzed antibody characterized by high level of deamidation and the potential exposure of numerous resulting carboxylate groups which may appear to be strongly unfavorable to the binding with II-A 4 . Our hypothesis is that deamidation may induces unfolding and exposure of high affinity binding sites which were buried in the case of the native CDP791, by alteration of the secondary and tertiary structures of the antibody. 

III.2. Oxidized CDP791

A native CDP791 sample was submitted to oxidative stress by treatment with 0.2% H 2 O 2 during 24 hours to afford methoxidized sites. (CIP, Liège) After preliminary dialysis, binding experiments were conducting with II-A 4 toward both the native CDP791 and the oxidized CDP791 in Tris Buffer 100 mM pH=7.5 (antibodies dialysate). No binding affinity was observed for the oxidized CDP791. (See Experimental Section) However the level of methoxidation has not been evaluated to date and should be determinated first in order to draw any conclusions.

ECD spectrums of the native CDP791, the hydrolyzed and the oxidized CDP791 were recorded but did not display any difference.
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Conclusion

In this chapter we could demonstrate that a rudimental building blocks (II-A) can lead quantitatively to a receptor with tunable binding properties (II-A 4 ) in aqueous media. The special affinity of II-A 4 for linear polyamines, previously described in the literature, was studied in order to elucidate the underpinning driving forces which are also responsible for the self-assembling process. Although systematically used by the community in the very same conditions, this study has highlighted the limits of oligomer detection and quantification by HPLC. Further binding investigations could be carried out from isolated homochiral tetramer relying on a gram scale precipitation-redissolution procedure (chromatography free).

Several unexpected features could be highlighted. First, the ability of the receptor to form inclusion complexes with linear polyamines. This binding event was shown to be driven by desolvation of the guest mainly. Indeed, the electronical interactions between ammoniums and carboxylates are competing with the solvent effect along the whole series. The study of the thermodynamic parameters obtained from the titration of II-A 4 by Lysine amide showed an enthalpy gain due to a supplementary H-bond (-CONH 2 ) donor group associated to an abnormal entropic penalty. The further analysis of this penalty allowed us to describe by ECD, the conformational induced fit of the receptor thanks to the flexibility of the disulfide bonds. The tight inclusion complex with Lysine and its derivatives has been characterized both by induced electronic circular dichroism and calorimetric titrations. Sequence selectivity upon binding and folding was reported for dipeptide sequences carrying a Lysine residue. Accordingly, the binding is achieved by Lysine recognition and the selectivity is directed by the neighboring amino acid. Further investigations were conducted on more complex peptide architectures and led to encouraging results toward the selective recognition of N-Lys tag and N-Met-Lys tag respectively on nona-/deca-peptides and GFP.

Finally the study conducted on CDP791, hydrolyzed CDP791 and oxidized CDP791 mutants provided the encouraging results toward the selective molecular recognition of altered versus unaltered antibodies (bio-drug candidate from UCB Pharma) using the octacarboxylic Dyn [4]arene. We showed in this study, how crucial the selective recognition of a particular binding motif which can be either the PTM itself or a binding site exposed upon antibody unfolding may be.

A simple octacarboxylic cyclophane receptor has thereby proved is efficiency for the recognition of biologically relevant targets, thus offering promising perspectives for more sophisticated pre-or post-functionalized Dyn[n]arenes, as we will be exposed in the next chapter.

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene I.6. High Performance Liquid Chromatography (HPLC)

An Agilent 1260 Infinity system equipped with a quaternary pump, an auto-sampler, a heated column compartment (35°C), a diode array detector and a fraction collector unit was used to record the chromatograms. An Agilent Eclipse Plus C8 column (3.5 μm, 4.6x150 mm) was used with a flow rate of 1.2 mL/mn. The chromatograms were recorded at 250 and 350 nm.

I.7. Isothermal Titration Calorimetry (ITC)

Isothermal Titration Calorimetry (ITC) experiments were performed at 298 K using a Malvern ITC200 instrument. In a standard experiment, the host solution in Tris buffer pH 7.4 (200mM) was placed into the calorimeter cell (200 μl) and 20 successive aliquots (2 μl) of guest solution (10 times more concentrated) were added via a computer-automated injector at 2 min intervals. Heat changes were recorded after each addition.

I.8. Electronic Circular Dichroism (ECD)

A standard ECD experiment was conducted on a Chirascan spectrometer (Applied Photophysics) at 23°C. Each measurement was recorded within five minutes after the preparation of the corresponding sample in a 1 mm pathlength quartz cuvette filed with maximum 400μL of sample.

II. Synthesis

Lys-Met(Ox)

In a round bottom flask was poured the H-Lys-Met-OH (0.100g; 0.36mmol), followed by formic acid (3mL). The mixture was then cooled to 0°C with an ice bath and oxygenated water at 30%w in water (41mg; 0.363mmol; 36μL) was added. The reaction mixture was allowed to warm at room temperature and stirred for 30mn.

The reaction was monitored by TLC chromatography and the solvent was evaporated. The crude product was then purified by C18 flash chromatography using a gradient of water/ methanol to give a colorless solid. (0.093g; 90%) 

Met(Ox)-Lys

In a round bottom flask was poured the H-Met-Lys-OH (0.100g; 0.36mmol), followed by formic acid (3mL). The mixture was then cooled to 0°C with an ice bath and oxygenated water at 30%w in water (41mg; 0.363mmol; 36μL) was added. The reaction mixture was allowed to warm at room temperature and stirred for 30mn.

The reaction was monitored by TLC chromatography and the solvent was evaporated. The crude product was then purified by C18 flash chromatography using a gradient of water/methanol to give a colorless solid. (0.094g; 90%)

Ethyl acetate/Hexane + 1% TFA (7:3): Rf=0.8 

III. DCL's preparation an analysis

III.1. DCL's preparation

Preliminary dynamic combinatorial screening was conducted as following: 10 mM stock solution of building block II-A, were prepared by dissolution in 200 mM TRIS buffer pH =7.4 in milliQ water. In a 2 mL HPLC vial equipped with a stirrer bar, 400 μL of each of these solutions was mixed with either 400 μL of a 10 mM template solution in the same buffer and 200 μL of buffer solution.

Except for the library II-A/T4 library which was conducted in a 200 mM solution of ammonium acetate at pH=7.4, by dissolution of the building block II-A in the ammonium acetate solution (4mM) in a 2 mL HPLC vial equipped with a stirrer bar.

III.2. DCL's analysis

Libraries made from building block II-A were analyzed after 48h. Identification and quantification of the oligomers and potential side products were conducted by HPLC on an Agilent analytical HPLC 1260 system equipped with a quaternary pump, autosampler, heated column compartment (35°C), diode array detector and a fraction collector unit. Mass spectra (ESI-) were acquired after fraction collection. Chromatograms were conducted on at 1.2 mL/min on an Agilent Eclipse XDB C8, 4.6x150mm, 3μm column (T = 35°C) using the following method: 

IV. Comprehensive analysis of II-A libraries templated with ammonium acetate, n-butylamine, pentanediamine, Lys-NH2 and spm

IV.1.

Libraries preparation in large amount

IV.1.i. Library preparation with T4

In a 250 mL Erlenmeyer flask were placed 92 mg (0.4 mmol) of monomer II-A, then 100 mL of a 200 mM ammonium acetate (T4) solution (pH=7.4) were added to reach a concentration of 4 mM. The reaction mixture was stirred open to the air during 24 hours. Then few milliliters of TFA were Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene added and a yellow fine precipitate appears. The resulting solid was filtered off then taken up in a pH=9 borate buffer then TFA was added up to pH=1. The precipitate was filtered off, and washed with milliQ water, then collected and dried under vacuum overnight to give a yellow powder.

IV.1.ii. Libraries preparation with T3, T2, T5 and T1, general procedure In a 250 mL Erlenmeyer flask were placed 230 mg (1 mmol) of monomer II-A. 0.25 eq of nbutylamine T2 (0.25mmol) were added to 100 mL of a 200 mM tris buffer (pH=7.4) solution and then added to the monomer to reach a concentration of 10 mM. The reaction mixture was stirred open to the air during 24 hours. Then few milliliters of TFA were added and a yellow fine precipitate appears. The resulting solid was filtered off then taken up in a pH=9 borate buffer then TFA was added up to pH=1. The precipitate was filtered off, and washed with milliQ water, then collected and dried under vacuum overnight to give a yellow powder.

IV.1.iii.

Templates structure Table S6. Integration values extracted from the fitted spectrum for protons a-h

IV.3.ii. DOSY 1 H experiments

DOSY experiments were driven on a 500MHz NMR Bruker Advance III spectrometer with BBFO or BBI probes with standard 50G/cm Z gradient.

To avoid convection due to inhomogeneous temperature in the sample, the height of liquid where limited to approximatively 37mm. Pulses where calibrated prior acquisition. The standard ledbpgp1s where generally used, except when convection were suspected we used the standard dstegp3s sequence.

The gradient pulses δ and the delay Δ were adjusted to reach an attenuation of approximatively 95% at maximum gradient. Processing used the Topspin package and Dynamics center.

Stoichiometric amounts of internal references were introduced for each macrocycle. Stokes-Einstein equation ( 1) was used to evaluate hydrodynamic radii in the solvent of analysis from diffusion coefficients: Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 151 For each analysis, either the reported values of the viscosity η of the medium in the same experimental conditions (temperature, concentration), following reported DOSY analyses or reported hydrodynamic radii values of the reference in the same experimental conditions (solvent, concentration and temperature) was used through equation ( 2) derived from (1) : 

IV.4.ii. UV-vis

UV-visible spectrums were performed on a SHIMADZU UV-2401PC spectrophotometer using a quartz cell of 1cm at 298K in phosphate buffer (100mM) pH 7.4. Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene IV.5.

Binding experiments

Isothermal Titration Calorimetry (ITC) experiments were performed at 298 K using a Malvern ITC200 instrument. The host solution in Tris buffer pH 7.4 (200mM) was placed into the calorimeter cell (200 μl) and 20 successive aliquots (2 μl) of guest solution (10 times more concentrated) were added via a computer-automated injector at 2 min intervals. Heat changes were recorded after each addition. Heats of dilution were subtracted from the titration data prior to curve fitting. The first injection was discarded from each dataset to remove the effect of guest diffusion across the syringe tip during the equilibration process. Titrations curves were fitted with the one binding site model using Origin v.5.0 software supplied by MicroCal.

Binding constant measurement by NMR titration was ruled out for the libraries of II-A with T4 and T3. Aliquots of guests (0.05eq) were sequentially added, the tube shaken and the resulting spectrum recorded.

-Pentane diamine at 123 mM in D 2 O: 10x2.5μL (10x0.05eq -> 1 eq) followed by 25 μL at 123 mM (0.5eq -> 1.5 eq), 2.5 μL at 1.23 M (0.5 eq -> 2eq), 15 μL at 1.23 M (3 eq -> 5eq) and 25 μL at 1.23 M (5 eq -> 10 eq).

-n-Butylamine at 93 mM in D 2 O: 10x2.5μL (10x0.05eq -> 1 eq) followed by 5 μL at 0.93 mM (1 eq -> 2 eq), 15 μL at 0.93 M (3 eq -> 5 eq), 25 μL at 0.93 M (5 eq -> 10 eq) and 50 μL at 0.93 M (10 eq -> 20 eq).

Binding constants were obtained by curve-fitting of the isotherms (Δδ=f([Guest])) obtained by NMR titrations using Origin software. Herein we describe the methodology followed for the curvefitting [31] to obtain the association constants of host/guest complexes developed by Dr. Jean Septavaux. (Post-Doc in the group) 1:1 host/guest equilibrium 1:1 equilibrium between a host (H) and a guest (G) are described through the association constant K a defined as:

Where

, and are the concentrations of the host, the guest and the host-guest adduct respectively. Moreover, overall mass-balance applied to both host and guest related species give:

Where and are the known total concentrations in host and guest respectively. Hence, rearranging aforementioned equations, could be expressed as:

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 158 During the titration, calibrated additions of guest into a solution of host result in a deviation of NMR chemical shifts for 1 H attributed to the host, assuming that the host / host-guest complex exchange rate is slow. The chemical shift could be expressed as a linear combination of the influences of the species, weighted by their concentration.

The variation of chemical shift induced by the addition of guest is therefore:

Subsequently, if reaches a plateau at high guest/host ratio, it would imply that is either null or negligible. Therefore, injecting the mass-balance in host-related species, we obtain: Finally, is calculated from the value of the plateau, where :

The curve is fitted, using Origin 2015 academic version, with the resulting equation:

The built-in fitting algorithm minimises the least square function between experimental and calculated curves and returns the optimal value, the coefficient of determination R 2 and the 95% confidence interval .

1:2 host/guest equilibrium 1:2 host/guest equilibriums are treated similarly. Association constants and are defined as:

The overall mass-balances become:

Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 159 In this situation, the model is calculated from a system of two equations.

On one hand, rearrangement of these equations gives the following cubic equation in guest concentration, which will not be analytically resolved:

On the other hand, the variation in chemical shift is expressed as:

As previously, is related to :

In addition, as HG complex is a prerequisite to the formation of the HG 2 complex, it could be assumed that the initial addition of guest leads only to the formation of HG. Therefore resulting in: Hence, the second equation of the system is:

Both equations are integrated in Origin and fitted with experimental data to retrieve both association constants with the corresponding confidence intervals and the related R 2 .

Fitting of concomitant adsorptions

Multiple species of the host mixture exhibit association constants of the same order of magnitude. Consequently, added guests are concomitantly depleted by several species displaying different association constant and concentrations. Hence, considering each species as isolated shall mislead the quantification of the association constant. In this work, two receptors (trimer and tetramer) were in fact competing for the guest adsorption: II-A 4 (pR)(pS) 3 /(pS)(pR) 3 and II-A 3 homochiral. To address this issue, two approaches have been exploited and are detailed in the following sections.

-Two host species of similar concentrations

When concentrations of the two isomers were similar, every two, three or four association constants (depending on the stoichiometries) were determined by simultaneous fitting. The presence Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 160 of competing host species intervenes in the overall mass balance of the guest and leads to the following equation system:

Where (1,2) exponents refers to species 1 and 2. Equations for competitive 1:1 / 1:2 or 1:1 / 1:1 systems can be obtained by setting as zero. The equation system is fitted on the experimental data and as input and the association constants are retrieved.

-Two host species in different concentrations

Conversely, when the concentration of one host species was more than 5 times higher, the association constants were determined sequentially. The constants associated with the association equilibrium related to the more concentrated isomer were first determined, assuming the influence of the low concentrated species to be negligible. Then, the association constants of the later were estimated, considering the competitive depletion of guest due to the presence of the major isomer, using the previously determined constants.

Thereby, the association constants of the high concentration species are determine with the procedure describe in sections [1:1] or [1:2]. Subsequently, the following equations are fitted to the experimental chemical shift displacement of the isomer present in lesser quantities:

Where are the association constants previously determined for the main host isomer equilibrium.

The interest of this sequential procedure lies on a lower number of degrees of freedom for each fitting, leading to more reliable results. Anyway, each fitting methods should be tested to identify the procedure giving the more accurate constants values. 

IV.5.ii. NMR study of complexes between the species in the library II-A/T4 and T2

Host-guest titration of the library II-A/T4 IV.5.ii.a. Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 182

V. Protonation state

An automatic titration was conducted by Dr. J-P Francoia with II-A 4 homochiral pure at 95% (11.06mg in 5mL of pure water) following the experimental and datas treatment procedures described in a PhD thesis presented in 2004 by D. Cakara. [32] The titration was conducted with a degassed solution of sodium hydroxide (45.59mM) and hydrochloric acid (90.7mM). The stability of the receptor solution at basic pH was controlled after the titration by HPLC, we do not observed any degradation. The protonation percentage (theta) obtained at pH=7.4 is 0.09%. At pH=10 we obtained theta = -3.1%, acceptable within experimental error.

The titration was conducted 2 times, thus confirming the protonation state of II-A 4 homochiral at pH=7.4, the receptor is fully deprotonated.

VI. Isothermal Titration Calorimetry

Isothermal Titration Calorimetry (ITC) experiments were performed as previously introduced. The II-A 4 homochiral was prepared following the procedure described previously in Tris Buffer 200 mM pH=7.4 with 0.25 equivalents of spermine. Several batches were used to perform the titrations, with purities of 90% (±5%). Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene 

VI.1. Metals

VI.7. CDP791 and TAG-GFP

In the next experiments a different process has been set up. The calorimeter cell (200 μl) was filled with the protein in Tris buffer and host solution in the same buffer (protein dialysate) was placed into the syringe and 20 successive aliquots (2 μl) of host solution (10 times more concentrated) were added via a computer-automated injector at 2 min intervals. Heat changes were recorded after each addition. Heats of dilution of host (syringe), in a calorimeter cell filled with Tris buffer 7.5 (100mM) were subtracted from the titration data prior to curve fitting. The first injection was discarded from each dataset to remove the effect of guest diffusion across the syringe tip during the equilibration process.

Dr. Michael Delmarcelle at the Center for Protein Engineering (CIP) in Liege has recently prepared by chemical degradation (oxidative stress) two versions of the CDP791: CDP791deam (1 month pH=9) and CDP791ox (H 2 O 2 0.2%, 24h). These proteins have been conditioned in Tris buffer 100 mM pH=7.5. Have been also prepared, two tagged GFP mutants: MKQ-GFP and MAA-GFP and conditioned after dialysis in Tris Buffer pH=7.5, 20 mM. 

VII.1.ii. ECD Titrations with homochiral II-A4

The general procedure for CD titrations consists in the preparation of a stock solution of II-A 4 at 1mM and Guest solutions at 5mM. 100μL of II-A 4 was then added into a quartz cuvette of 1 mm followed by x μL of Guest to reach 5eq and complete with 300μL of buffer (II-A 4 at 0.25mM). All the experiments were carried out at 293 K in Tris Buffer pH=7.4 200 mM.
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Chapter 4:

Toward functionalized Dyn[n]arenes for the recognition of post-translational modifications

Objectives: Our aim was to synthesize new 1,4-dithiophenol ortho-functionalized building blocks with hydrophilic side chains, to be implemented in DCC for PTMs recognition. The postfunctionalization of the octacarboxylic acid and octaamino Dyn [4]arenes was also envisage by side chains grafting, in order to improve their binding properties and solubility. In this chapter, we also aimed to bring the proof of concept of the solid phase grafting of the octacarboxylic acid and octaamino Dyn [4]arenes on hydrophilic resin for their utilization in affinity chromatography.

Achievements: This chapter will present the synthesis of S-protected compounds bearing functionalized side chains dedicated to MetO and Glu/Asp recognition. Hydrosoluble octaamino Dyn [4]arenes functionalized with PEGylated side chains were obtained in crude mixtures. Moreover, peptide coupling reactivity was validated for the post-functionalization of the octacarboxylic acid Dyn [4]arene. Finally, grafting experiments were conducted on PEGA resin and led to encouraging results for the grafting of the octaamino Dyn [4]arene on solid phase.

Introduction

The analysis of the binding site of Methionine Sulfoxide Reductases (Msr) on the Michaelis complex formed with substrates bearing an oxidized methionine (Met-O) revealed the features used by Nature to bind this moiety. [1] A generic binding site can be pictured as a hydrophobic pocket made of aromatic walls devoted to π-stacking interactions combined with a hydrophilic area involving Hbond donors to either bind Met-O sulfoxide, glutamate or aspartate substrates. (cf Chapter 1) With their flexible hydrophobic cavity and functionalized rims, Dyn[n]arenes appeared to be potential candidates for PTM recognition. In fact, II-A 4 was proved to display affinity and selectivity for basic aminoacids and particularly for N-terminal Lysine (cf Chapter 3) while II-B 4 displays an encouraging affinity for acidic aminoacids, as it will be described herein. As glutamate and aspartate, produced by deamidation of asparagine and glutamine, are also natural constituents of proteins, effective and selective binding deamidated areas on peptides requires to selectively bind to a molecular surface that exceeds a single side chains and presumably involves neighboring aminoacids. In this perspective, two strategies were explored to generate dyn[n]arenes, which may achieve PTM recognition: the pre-functionalization of molecular building blocks before the self-assembling process and the post-functionalization of the octaamino and octacarboxylic Dyn [4]arenes (II-B 4 and II-A 4 ). We herein aim at valorizing the receptors previously obtained, as their electronic and H-bonding features, which are complementarity, allows to bind complementary classes of guests. (Figure 1) In this chapter, the design and synthesis of new molecular building blocks with H-bond donating side chains dedicated to specific PTM recognition will be presented. Our objective was to use such building blocks in mixed DCLs in the presence of a template epitope which may bear a PTM leading, on-demand, to the potential selection of the best receptor. In the last section of this chapter, the chemical routes tested for the post-functionalization of Dyn [4]arenes will be described. Finally, we will present the investigations about solid phase grafting of receptor II-B 4 , in the perspective of developing a new analytical tool based on affinity chromatography. [2] 

I. Specific affinity of II-B4 for zwitterions

The binding properties of the amino Dyn [4]arene (II-B 4 ) toward aminoacids involved in PTMs (Gln/Glu, Asn/Asp and Met/Met-O) was investigated by UV-visible titrations in a 0.1 M DMSO/AcONH 4 mixture (95:5). (Figure 2) Binding constant measured in the micromolar range confirm the affinity of II-B 4 for zwitterion guests. This feature was previously exemplified with GABA and β-Alanine [3] (cf Chapter 2), as NMR analyses indicate that II-B 4 adopts a 1,3-alternate flattened conformation, due to an intramolecular H-bond hence displaying an H-bond donating and a bond accepting area separated by approximately 6 Å. As no induced fit was detected upon guest binding, we hypothesized that the host remains in the folded conformation, glycine being too small to bridge both sites, while GABA and β-Alanine are long enough. According to the binding model introduced, the zwitterions guests are bind within an electron rich and an electron poor area on the receptor's rim. (Figure 1b) Affinities toward PTMs relative aminoacids revealed an increase in affinity compare to β-Ala and GABA. Using the same binding mode, the aminoacids display supplementary H-bonds donor and acceptor groups thus enhancing the binding affinity toward the octaamino Dyn [4]arene by the formation of additional hydrogen bonds. A selectivity factor of 3.7 was obtained for Glutamine (Gln) with respect to Glutamic acid (Glu) which points out the impact of the side chain (primary amide vs carboxylate) on the binding. (Table 1) Moreover, the association constant obtained for Asn is one order of magnitude weaker than for Gln, thus revealing the chain length impact on the binding affinity. Interestingly, even if the binding does not take place in the cavity, the phenomenon is sufficiently sensitive to detect subtle changes in the aminoacids structure to be selective. Indeed, a 6.75 fold increase of selectivity was observed for Gln compare to Asn. Nevertheless, the affinities obtained for Met and MetO are quite similar, accordingly the addition of a sulfoxide did not seem to affect the binding. 

Ligands K a M -1 ( ΔK a )
Glycine [3] no binding β-Alanine [3] 6.66x10 4 (6.66x10 3 )

ϒ-Aminobutyric acid [3] 7.21x10 4 (7. Despite these encouraging affinities and selectivities for substrates and products of deamidation, the low solubility of the amino Dyn [4]arene in aqueous media remains an issue which should be resolved prior to any use on peptides guests. This macrocycle is only soluble in DMSO, which is coherent with its affinity for strong hydrogen bond acceptors and molecular dipoles. To improve the solubility of II-B 4 in aqueous media, PEGylation of the macrocyclic rims while preserving the H-bond donating/accepting moieties was investigated. The resulting adducts may be envisaged as extractants for counter current chromatography between PEG-rich and salt-rich immiscible aqueous phases, a technology developed by Dr. Luc Marchal at Nantes University at the GEPEA laboratory for the LEGOMEDIC consortium. [4] Based on our previous investigation on the synthesis of 1,4-dithiophenols ortho-difunctionalized, (cf Chapter 2) we explored the synthesis of such building block equipped with side chains dedicated to the recognition of PTM and use them to generate multi-component DCLs. (Figure 3) Considering the side chains used by nature to bind sulfoxide and carboxylate within protein clefts, we decided to synthesize building blocks bearing guanidine (Arg), aliphatic amines (Lys), phenol derivatives (Tyr) and imidazoles (His) as bioinspired moieties.

II. Pre-functionalization: synthesis of new molecular building blocks bearing H-bond donating side chains

These syntheses were conducted from two classes of starting fragments: II-A and II-B or their synthetic precursors. In fact, carboxylate and aniline moieties are entries to side chains bearing Hbond donating groups such as amide, imine and urea.

II.1. Introduction of side chains via peptide coupling reactions

Two synthetic routes, involving alternative thiol protecting groups can be envisaged from terephthalic substrates. The first consist in the oxidation of 2,5-S-dithiocarbamate-1,4dibenzaldehyde whose synthesis was described in Chapter 2. The second strategy relies on the Sprotected compounds of block II-A, whose synthetic route was also previously described. [5] (Figure 4) In order to avoid unwanted S-acylation reactions, amide coupling was only performed on S-protected (using thiocarbamates, trityl and cyanoethyl) substrates. [6] The first synthetic route explored, consisted in the oxidation of the N,N-dimethyl-2,5-Sdithiocarbamate-1,4-dibenzaldehyde II-21, performed with a potassium permanganate solution which afforded the desired product (IV-1) with a 94% yield. (Figure 5) Carboxylate activation was then conducted by forming the corresponding acyl chloride for a subsequent coupling with a primary amine. Unexpectedly, reaction of IV-1 with oxalyl chloride and a catalytic amount of DMF [7] in DCM, following conditions reported by Otto on 3,5-Bis(dimethylcarbamoylsulfanyl)benzoic acid [8] , lead to the formation of the 2,5-dimercapto-tetramethylterephtalamide (IV-A) with a 50% yield. To understand the formation of this unexpected product, the same procedure was conducted with deuterated DMF. It is well established that the reaction between DMF and oxalyl chloride affords an iminium intermediate which is highly reactive toward nucleophiles. [9] Deuterated DMF was used to determine whether if the N,N-dimethyl amine residue was transferred from DMF or from the

II-A

IV-1 II-21

IV-A protecting group. As no deuterated product could be detected, the process is obviously intramolecular. In order to determine whether this reactivity is specific to dimethyl residues, the diethyl 2,5-dimercaptoterephtalate analogue (II-16) was placed in the same conditions (IV-1) with oxalyl chloride and DMF following the same experimental procedure. After 16 hours of stirring at ambient temperature, the reaction mixture was analyzed and the starting material was intact, thus confirming the orthogonality of the diethylthiocarbamate protecting group toward the acylation conditions involving oxalyl chloride/DMF. According to these observations a mechanism was proposed for the formation of IV-A and is depicted in Figure 6. Beyond the discovery of a new reaction, it appears that the N,N-dimethylthiocarbamate protecting group is not robust enough to tolerate the presence of strongly activated carbonyl groups in ortho position. Moreover, considering the deprotection issues previously encountered, (cf Chapter 2) we therefore decided to pursue our synthetic investigation on peptide coupling using substrates bearing a diethylthiocarbamate protecting group.

II.1.i.b. N,N-diethylthiocarbamate protecting group

Starting from 1,4-dihydroxy-2,5-dibenzaldehyde (II-19), the N,N-2,5-diethyl-S-thiocarbamate-1,4dibenzaldehyde (IV-3) was obtained upon O-thiocarbamatation (IV-2) with N,N diethylthiocarbamoyl chloride (DETCC) and DABCO in DMA. Newman-Kwart rearrangement in NMP using a microwave reactor delivered the corresponding S-thiocarbamate with a 50% yield for the two-steps sequence. (Figure 7) Aldehyde oxidation with a potassium permanganate solution afforded the S-protected 2,5dimercaptoterephtalic acid derivative (IV-4) with good yield (80%). IV-4 can be obtained in 3 steps

IV-1 IV-A

from a commercially available starting material II-19 with an overall yield of 28%. The diethyl thiocarbamate group can then be cleaved in basic conditions. [10] To perform the peptide coupling, we investigated the performances of traditional couplings agents such hydroxybenzotriazole (HOBt) and ethyl-carbodiimide (EDC) [7] which should provide a less activated intermediate than the acid chloride and should be inert toward the protecting group. S-protected 2,5-dimercaptoteraphtalic acid derivative IV-4 was coupled with good yields (80-60%) to four different primary amines bearing various functional groups, thereby validating the functional compatibility of this synthetic pathways (Figure 8). In more details, reaction with 2.6 equivalents of n-butylamine in DCM delivered the desired product IV-5 with a 70% yield without any chromatographic purification. The same conditions were applied to N,N-dimethylethylenediamine to obtain compound IV-6 with a 80% yield, after chromatographic purification. The 2-(2-aminoethyl)-1,3-di-Boc-guanidine afforded the amide IV-7 with a 60% yield after flash chromatography. Finally, histamine was converted into compound IV-8 with a 65% yield after reverse phase flash chromatography. Although n-butylamine was useful to validate the peptide coupling conditions, the corresponding hydrophobic building block was not further used for molecular recognition issues. The N,N-dimethylethylenediamine (LysMe 2 ), guanidine (Arg) and imidazole (His) moiety therefore provide building blocks which are inspired from naturally occurring aminoacids. As detailed in Chapter 1, the guanidinium moiety is a relevant binding unit as a tetraguanidiniomethylcalix [4]arene was previously described to interact efficiently with two glutamates residues on a mutant (p53-R337H) protein through salt bridges and hydrogen bonding. [11] Figure 8. Peptide coupling of the 2,5-di(diethylthiocarbamoylsulfanyl)terephtalic acid IV-4 with four primary amines

IV-4 IV-3 IV-2 II-19 IV-4 R 1 =IV-5 R 2 =IV-6 R 3 =IV-7 R 4 =IV-8
Cleavage of the N,N-diethylthiocarbamate moiety was investigated in order to obtain final building block IV-10. (Figure 9) Unexpectedly, the reaction with sodium ethoxide in refluxing ethanol provided after one hour an unexpected tricyclic product IV-9 with a 50% yield. Interestingly, several derivatives of this benzothiazine compound (IV-9) have been described to show stimulant and antidepressant activity. [12] Figure 9. Deprotection reaction of IV-6 with sodium ethoxide The expected product was not observed, and the 1 H NMR spectrum of the complex mixture revealed the presence of several different aromatic signals. The formation of the IV-9 compound presumably results from the nucleophilic attack of the nitrogen center of the amide on the carbonyl group of the thiocarbamate through an intramolecular reaction. (Figure 10) To perform the deprotection, a weaker base was tested (KOH) but yielded the same product suggesting that a weaker and more nucleophilic base should be found to cleanly cleave this protecting group. A 1 M solution of hydrazine monohydrate in methanol was tested at ambient temperature as described in the "Green Protecting Groups" book, [13] but no reaction was observed. While the coupling reactions on the 2,5-di(diethylthiocarbamoylsulfanyl)terephtalic acid (IV-4) proved to be efficient, the difficulties encountered during the deprotection step led us to envisage alternative protection of the thiol moieties. II.1.ii. From 2,5-dimercaptoterephtalic acid A second approach toward 2,5-dimercaptoterephtalic diamides was explored starting from building block II-A. Two interns have participated to these syntheses: Marie Victor (Bsc ENS Lyon) and Yoann Pascal (Msc CPE Lyon). Two protecting groups were chosen for their orthogonality toward peptide coupling reactions: cyanoethyl and trityl. The first one can be introduced though SN 2 reaction on 3-bromopropionitrile [13] affording IV-11 in 88% yield and can further be cleaved in basic conditions. As for the trityl group [14] , it can be introduced on building block II-A using triphenylmethyl chloride to afford the compound IV-12 with a 65% yield and can be further cleaved in acidic conditions thus minimizing the risk of concomitant disulfides bridge formation. [14] (Figure 11) Figure 11. Two synthetic routes for the S-protection of 2,5-dimercaptoterephtalic acid II-A Protected 2,5-dimercaptoterephtalic acid derivatives IV-11 and IV-12 were obtained from the 2,5-dihydroxyterephtalic diethyl ester (II-14) in four step (Figure 11) respectively with an overall yield of 66% and 50%. As a comparison, 2,5-di(diethylthiocarbamoylsulfanyl)terephtalic acid (IV-4) was obtained in 3 steps with an overall yield of 28% (Figure 7) which renders the use of these latter protecting groups more cost effective. II.1.ii.a.

Coupling on cyanoethyl protected substrates Contrary to the diethylthiocarbamated substrate (IV-4), the 2,5-bis((2-cyanoethyl)thio)terephtalic acid (IV-11) does not react with good yields. Indeed, compound IV-13 was obtained with a 30% yield from n-butylamine while N,N-dimethylethylene diamine afforded compound IV-14 with a 35% yield. (Figure 12) These low values can be imputed to a significant loss of product during the purification steps; it appears that the product partly remains on the stationary phase (silica).

II-14 II-A

IV-11

IV-12

Figure 12. Peptide coupling of n-butylamine and N,N-dimethylethylene diamine with the 2,5-bis((2cyanoethyl)thio)terephtalic acid

Cyanoethyl deprotection was conducted following a reported procedure, [15] in a mixture of THF/methanol (1:1) with an excess of cesium hydroxide. Although, the expected product (IV-15) could not be isolated, it was observed in mass spectrometry along with over-oxidized species (sulfoxides and disulfide-products). (Figure 13) It is encouraging to note that no side product resulting of a cross reactivity between the thiol and the carbonyl moieties was observed. This synthetic route has been successfully used by Yoann Pascal (ongoing PhD thesis) for the production of 1,4-dithiophenols ortho-functionalized building blocks with amidotriethyleneglycol monosaccharides side chains (mannose, galactose, glucose, fucose) and their oligomerization in DCLs. Coupling on trityl S-protected substrates

The 2,5-di((trityl)thio)terephtalic acid substrate (IV-12) was chosen for the improved solubility of its activated ester and amide products in organic media compared to the cyanoethyl and thiocarbamate analogues. Coupling reactions were performed following the same procedure as described for analogous substrates with two primary amines, the aspartic acid di-tert-butyl ester (ongoing PhD thesis of Benjamin Ourri) and N,N-dimethylethylene diamine (developed by Marie Victor). (Figure 14) Low yields were also obtained, 65% for IV-16 and only 23% for IV-17. However, it seems to be the most promising strategy as deprotection of the trityl moiety proceeds cleanly with no side reaction. In fact, a PhD thesis recently published from Sijbren Otto's group reported the synthesis of a dithiophenol ortho-functionalized with valine. [16] (Figure 15) The coupling reaction proceeded with C-protected valine with 75% yield and deprotection could be achieved with a 60% yield using a TFA-ethanethiol mixture and Et 3 SiH as a scavenger. [17] Figure 15. Synthetic route to obtain an ortho-functionalized dithiophenol building block reported by Sijbren Otto's research group [16] Optimization of the experimental procedure is ongoing (Thesis B. Ourri) and should provide final products with acceptable yields.

Although the synthesis of 1,4-dithiophenol ortho-functionalized protected derivatives has been successfully described with various side chains and protecting groups, the deprotection reaction has proved more difficult.

IV-12 R 1 = IV-16 R 2 = IV-17 IV-12
II.2. Functionalization of 2,5-diaminobenzene-1,4-dithiol While S-protected 2,5-dimercaptoterephtalic acid derivatives require to synthesize precursor II-A, 2,5-diaminobenzene-1,4-dithiol di-hydrochloride (II-B) is commercially available or can be obtained in three step from the p-phenylenediamine with an overall yield of 44%. [18] In order to functionalize the aniline moiety, the thiol group was first protected with 3-bromopropionitrile in aqueous alkaline solution with a phase transfer catalyst (cetyltrimethylammonium chloride (CTAB)) affording the protected 2,5-bis[(cyanoethyl)thio]-1,4-phenylenediamine (IV-18) with a relatively good yield. [19] (Figure 16) Although S-N migration of acyl groups is well documented and widely used in peptide native ligation [20] , we preferred to protect the thiol group to avoid generating complex mixtures which may be tedious to analyze and process. The imines products have been isolated before the reduction step. The reduction was performed in dioxane with sodium borohydride to afford the corresponding secondary amines with 70% and a 90% yield for IV-21 and IV-22 respectively. Metal hydroxides were then used for the cleavage of the cyanoethyl protecting group (CsOH and NaOH) [15] , in a THF/Methanol mixture for compound IV-22. Unfortunately, the expecting deprotected product was not observed by mass spectrometry, due to the systematic cleavage of the benzyl cation (for C 8 H 9 O 2 + found m/z(+): 137 deprotection with CsOH vs calculated m/z: 137; for C 8 H 8 NaO 2 + found m/z(+): 159 deprotection with NaOH vs calculated m/z: 159) which may be formed in situ or in the mass spectrometer and complex mixtures were obtained in NMR.

II.2.ii. Peptide coupling

Peptide coupling was also envisaged for the functionalization of building block IV-18. To counterbalance the low nucleophilicity of the aniline, the coupling reaction was conducted with a highly reactive acyl chloride. According to a reported procedure, the N,N'-(2,5-bis((2cyanoethyl)thio)-1,4-phenylene)dibenzamide (IV-23) was obtained with a 95% yield from 2,5bis((cyanoethyl)thio)-1,4-phenylenediamine (IV-18) with benzoyl chloride in NMP at 0°C. [19] (Figure 19) In order to optimize the cyanoethyl deprotection reaction, the monotopic N-(2-((2-cyanoethyl) thio)phenyl)benzamide (IV-25) was synthesized from 3-((2-aminophenyl)thio)propionitrile (IV-24) following the same procedure with a 96% yield. Deprotection was then conducted with cesium hydroxide in a THF/methanol mixture yielding a bicyclic adducts, 2-phenylbenzothiazole IV-26, as the major product. (Figure 20) The dimer of the expected product IV-28 was also obtained as a minor species (30 % yield). Intramolecular nucleophilic attack of the thiol on the carbonyl of the side chain leads to the highly favored five membered ring intermediate which further undergoes dehydration. (Figure 21) A similar reactivity has been described by Patel and co-workers, [21] who attempted to chemoselectively acylate the aniline moiety of the 2-aminothiophenol and obtained as a major product 2-methylbenzothiazole with a 40% isolated yield. (Figure 22) The formation of this product results from the nucleophilic attack of the thiol on the amide as previously mentioned. (Figure 21)
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The N-(2-mer-capto-phenyl)acetamide and S- [2-(acetylamino)-phenyl] thioacetic acid ester were also obtained respectively with a 26% and 5% yield. Considering the strong reactivity of the thiol toward electrophilic centers borne in ortho position, we decided to abandon this synthetic route.

II.2.iii. Coupling with isocyanates into ureas

Conversion of 2,5-bis((cyanoethyl)thio)-1,4-phenylenediamine (IV-18), into bis-urea using an isocyanate electrophile was studied by Samuel Arnaud during his internship in the group. Nucleophilic addition of the aniline on the 1-isocyanato-2-methoxyethane in toluene at 80°C delivered the expected product IV-29 with a quantitative yield. (Figure 23) The deprotection was conducted using the same procedure (cesium hydroxide in a THF/methanol mixture) as previously described. The bicyclic adduct (IV-30) could again be clearly identified in mass spectrometry (ESI, positive, m/z: 300.8) within a complex mixture of side products. (Figure 24) Although, ureas are less electrophilic and reactive toward nucleophiles, the intramolecular pathway directed by an ortho effect seems to forbid the co-existence of a thiol and a carbonyl group [22] and therefore we decided not to further pursue the deprotection study.

IV-18

IV-29 Although side reactions were encountered during the deprotection step, acylation could be conducted with satisfying yields. These observations encouraged us to envisage this reaction with adducts on which the nucleophilicity of the sulfur is attenuated, i.e. on macrocyclic disulfide. The disulfide bridge should be sufficiently robust to survive derivatization on the aniline groups. Acylation reaction have indeed been previously described to work efficiently on a 2,2'-dithiodianiline. [23] Such coupling reactions on amino Dyn [4]arene (II-B 4 ) will be presented and discussed in the next section.
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III. Post-functionalization of Dyn[4]arenes

Post -functionalization of the Dyn [4]arenes II-A 4 and II-B 4 was conducted to evaluate the affinity and selectivity of the resulting products for peptide guests. It also allowed to determine whether dynarenes can potentially be implemented into separative devices, i.e. be assigned to a specific phase within a set-up (ex. a PEG phase in liquid-liquid extraction; a stationary phase in affinity chromatography). Functionalization of the macrocyclic rims implies that the disulfide bonds remain inert during the coupling reaction. As regard to the literature, cysteine coupling with various aminoacids into tri-peptide was successfully achieved [24] with high yields, which validates the use of the disulfide bridge as a potential thiol protecting group. Particularly, Waters and coworkers [25] have successfully reported coupling reactions on mercaptophanes, without interfering with the disulfides. Two classes of reactants were considered for the post-functionalization of the octacarboxylic acid Dyn [4]arenes (II-A 4 ) and amino Dyn [4]arenes (II-B 4 ). (Figure 25) The first class are molecular or macromolecular structures that present side chains improving their affinity toward altered antibodies and/or their solubility in aqueous medium. Post-modification was extensively used for the functionalization of cyclophanes such as calixarenes whose macrocyclization conditions are incompatible with most functional groups. The second class of reactants are solid supports used to immobilize macrocycles and subsequently test the feasibility of affinity chromatography involving disulfides oligomers as selectors. (Figure 26) Figure 26. Schematic representation of the affinity chromatography principle [26] and immobilized structures targeted Coupling of soluble side chains III.1.i. Post-functionalization of octaamino Dyn [4]arene

As shown in the previous section, aniline can efficiently be converted into ureas with isocyanates. Accordingly, we first investigated the reactivity of the amino Dyn [4]arene II-B 4 toward 1-isocyanato-2-methoxyethane (Figure 27) in DMSO. To favor the mono-functionalization of the rim, one equivalent of 1-isocyanato-2-methoxyethane was added to II-B 4 . After 16 hours at 50°C, an aliquot of the reaction mixture was analyzed mass spectrometry. The mono-functionalized product (m/z 781.9) could indeed be observed together with residual II-B 4 , with some trimer (IV-B 3 ), pentamer (IV-B 5 ) and the mono-functionalized trimer and pentamer. When 8 equivalents of isocyanate were used, the mass spectrometry analysis indicated the presence of tetrameric adducts bearing 5, 6 and 7 ureas mainly. However, a complex mixture was observed by mass spectrometry, including multi-functionalized trimers and the pentamers as well as the di-functionalized II-B building block. As they bear side chains, the compounds observed by mass spectrometry corresponding to smaller or larger oligomers were presumably formed during the reaction, not in the analyzer. Although, we did not isolate the different compounds, the reactivity of the anilines borne by the macrocycle toward isocyanates was validated.

The reactivity of the amino Dyn [4]arene (II-B 4 ) toward polymeric isocyanate was investigated from this validated reactivity. 4 equivalents of a PEGylated isocyanate (MW 5000) were added to a solution of II-B 4 in DMSO. (Figure 27) The reaction was monitored by HPLC in order to follow the disappearance of the starting material (II-B 4 ). Within 16 hours the amino Dyn [4]arene was completely consumed and a complex mixture was obtained. Water-soluble adducts were isolated and analyzed by mass spectrometry (Low resolution MALDI) revealing a mixture of the macrocycle bearing 1 PEG (5334 g/mol), 2 PEG (10345 g/mol), 3 PEG (15645 g/mol), 4 PEG (20801 g/mol), 5 PEG (26096 g/mol) and 6 PEG (31111 g/mol). (Figure 28) It is worth to note that the mass spectrometry analyze of the commercial PEG indicates a repartition centered around 4700-4800 g/mol. Size Exclusion Chromatography (SEC) was also performed on the sample, confirming that a mixture of products had been obtained. (Figure 29 Considering the large distributions of functionalized objects obtained, it appeared, as expected, that the environment of the aniline groups on the macrocyclic rim does not orient the reactivity toward a strongly preferred number of side chains. This observation, at least from the few conditions tested, contrasts with calixarenes which can be functionalized selectively on their upper rim. [27] M(II-B 4 )= 680 g.mol A second route of post-functionalization was tested, using succinimidyl carbamate on the same macrocyclic substrate. (Figure 30) The reaction was performed in DMSO with 10 equivalents of N-succinimidyl N-methylcarbamate and monitored by reverse phase HPLC. This reagent allowed to generate every possible product bearing 1 to 8 ureas as detected by mass spectrometry (ESI, positive), thereby confirming that proximity effect may not orient the reactivity toward a single or major product.

At least two synthetic routes were validated for the post-functionalization of II-B 4 in homogeneous conditions, leading to water soluble, H-bond donating objects. These preliminary yet incomplete results are promising as regard to the objective of grafting the Dynarenes on solid support. These preliminary procedures were used as starting point to explore the possible immobilization of octaamino Dyn [4]arene on polymer resins.

III.1.ii. Post-functionalization of octacarboxylic Dyn[4]arene

The post-functionalization of the octacarboxylic Dyn [4]arene (II-A 4 ) was envisage at the light of the successful peptide coupling reactions conducted on the corresponding monomeric unit (2,5dimercaptoterephtalic acid building block II-A). During our study, M. L. Waters and co-workers reported the post-functionalization of disulfide-based polycarboxylic macrocycles obtained by DCC. [25] Using coupling conditions such as NHS (N-hydroxysuccinimide) and DIC (N,N'-diisopropyl carbodiimide), they reported the isolation of mono-functionalized mercaptophanes with a Biotin-PEG x -NH 2 arm (x=2 or 11). (Figure 31) The mono post-functionalization was achieved with good moderate to good yields (13-60%) and the receptors A 2 B-PEG n -Biotin, A 2 D-PEG n -Biotin and A 2 G-PEG n -Biotin were isolated after reverse phase preparative chromatography. The selective derivatization of the monomers B, D and G is enable thanks to the reduce reactivity of the monomer A using standard amide coupling reagents.

II-B 4

IV-33 Using the same procedure (NHS and DIC in DMF), the coupling reaction was first performed with one equivalent of N,N-dimethylethylenediamine on II-A 4 . (Figure 32) The reaction was monitored by HPLC, which indicated that II-A 4 had completely reacted after 48 hours. However, product formation could not be followed, as it appeared that the products obtained precipitated within the elution conditions of the HPLC on reverse phase (Water/ACN mixture with acid). A crude product was obtained upon solvent evaporation and analysis by mass spectrometry (ESI) revealing the presence of macrocycles bearing one and two amide side chains along with activated species resulting from the reaction between II-A 4 and the coupling reagents. (IV-34) In order to favor the monofunctionalization, the reaction should be conduct with sub-stoichiometric amounts of amine. In a second step, we studied the coupling reaction between one equivalent of a PEG-NH 2 (MW 2000) and II-A 4 in the presence of NHS and DIC in DMF (Figure 32). After 16 hours HLPC chromatograms indicated a total conversion of the octacarboxylic acid Dyn [4]arene, but again, the products formed cannot be observed in the elution conditions. Upon solvent evaporation resuspension in water, a heterogeneous mixture was obtained. The filtrate (Figure 33a) and the precipitate (Figure 33b The PEG chain was chosen to direct II-A 4 toward a PEG-rich aqueous phase in a perspective of implementation into counter-current extraction technology (CPC [28] ), developed by the LEGOMEDIC consortium, a potential new tool for protein purification. (UCB Pharma)

The preliminary study of the post-functionalization of II-A 4 confirmed that side chain can be introduced using amide junctions using a reported procedure involving NHS and DIC. However, a purification step prior to analysis has to be found and conducted in order to isolate the potential products.

III.2.

Solid phase grafting

As encouraging results were obtained for the post-functionalization of the octacarboxylic (II-A 4 ) and octaamino Dyn [4]arene (II-B 4 ) in homogeneous conditions, we investigated the feasibility of solid phase grafting using similar coupling conditions and agents. Grafting experiments have only been conducted with II-B 4 so far.

III.2.i. Grafting on sulfonyl chloride polystyrene resin

We first studied the grafting on a sulfonyl chloride polystyrene resin which is strongly electrophilic and was reported to react with modest nucleophiles such as anilines. [29] The sulfonyl chloride polystyrene resin was soaked with a mixture of DMSO/pyridine [30] In order to confirm this yield and check that the macrocycle was covalently immobilized on the solid support without being degraded, cleavage experiments with hydrobromic acid were conducted. However, no trace of II-B 4 or of its monomer could be detected in solution by UV and mass spectrometry, probably due to its sequestering by the resin. Although, it may not indicate a successful immobilization, investigation were not pushed further as this resin is hydrophobic by nature and may not be appropriate to interact with proteins in physiological medium.

III.2.ii. Grafting on a pegylated resin

The feasibility of the grafting on a hydrophilic resin was studied on PEGA resin. PEGA stands for poly(acryloyl-bis(aminopropyl)polyethylene glycol. It combines a hydrophilic core and polyethyleneglycol end groups, therefore behaves as a gel in aqueous solution and is widely used to interact with peptides and proteins. [31] (Figure 35) The PEGA-NH 2 resin was first reacted with a diisocyanates (1,4-phenylene di-isocyanate and 1,4diisocyanatobutane) in order to provide an activated electrophilic PEGA-isocycanate resin. (Figure 36) The second step consisted in the grafting of the amino Dyn [4]arene on the pre-functionalized PEGA by the formation of a second urea linkage. (Figure 37) The pre-functionalization of PEGA was conducted at room temperature and the resin soaked with acetonitrile in the presence of an excess of 1,4-phenylene diisocyanate (10 eq.). The reactant/resin stoichiometry was maintained to high levels to minimize crosslinking reactions within the resin. After 48 hours, the resin was filtered and a Kaiser test (quantification of primary amines by Ninhydrin colorimetric test) was conducted, indicating that the conversion was almost complete. This was confirmed in the (ATG-FTIR) spectrum which revealed a band characteristic of vibration modes of the isocyanate group (2277 cm -1 ). Moreover 1 H solid-state NMR analysis indicated the presence of aromatic protons suggesting that the 1,4-phenylene di-isocyanate had successfully been grafted on the resin. (IV-37)

Coupling with the aliphatic diisocyanate was conducted in the same conditions, the PEGA being soaked with acetonitrile and the 1,4-diisocyanatobutane was added neat. The heterogeneous mixture was stirred for 48 hours at room temperature and the resin filtered. Again, the Kaiser test indicated an almost complete conversion while the infrared spectrum showed the isocyanate characteristic band of vibration (2350 cm -1 ). (IV-38) The grafting of the macrocycle was similarly conducted by soaking resin IV-37 with DMSO and adding an excess of II-B 4 to the reaction mixture, which was further stirred at room temperature for 48 hours. The isolated resin (IV-39) was then analyzed by ATR-FTIR spectroscopy and no residual isocyanate was observed. However, no further difference between the IR spectra of IV-37 and IV-39 could be observed. 13 C Solid state NMR spectra were recorded (Figure 38) for both resins and similarly the absence of noticeable differences between them do not allow drawing any solid conclusion. Following the encouraging results obtained functionalization of II-B 4 in for homogeneous conditions, we explored the functionalization of the PEGA solid support with a N-succinimidyl carbonate moiety as successfully described in the literature by Leclaire and Canaan [31] with a 25% grafting yield to generate an activated succinimidyl carbamate PEGA resin. In order to prefunctionalized the PEGA, di-(N-succinimidyl)carbonate was used. (Figure 40) This preliminary step was conducted by soaking the resin with a dioxane/ACN mixture followed by addition of 10 equivalents of DMAP and di-(N-succinimidyl)carbonate. After 16 hours at room temperature the resin (IV-41) was isolated and a Kaiser test indicated a complete conversion. The first results obtained for the grafting of Dyn [4]arenes on solid phase are encouraging despite difficulties in characterizing the solids obtained.

Conclusion

In this chapter we have explored three alternative routes toward the functionalization of Dyn [4]arenes. The first focused on the direct conversion of 1,4-dithiophenols building blocks. Despite successful coupling procedures, the route suffered in most cases from side reactions during deprotection, as thiophenol displayed unexpected reactivities when bearing electrophilic substituents in ortho position. The most promising procedure should involve the protection of the thiol groups on the dicarboxylic building block by trityl or cyanoethyl groups. The second route of functionalization consisted in the derivatization of the preformed Dyn [4]arenes with hydrophilic side chains. Although the corresponding adducts were not isolated, it could be shown that the tetradisulfide backbone survives the coupling reactions and stands as a reliable protecting group. Interestingly, no product was observed to be favored by proximity effects on these scaffolds. Finally the last derivatizing route was devoted to grafting the amino Dyn [4]arene (II-B 4 ) on solid supports. Even if the corresponding matrices are not fully characterized to date, preliminary observation seems to agree on the feasibility of the process.

In conclusion, preliminary and encouraging steps have been achieved toward the implementation of dynarenes in the different technologies targeted in the LEGOMEDIC project for protein purification:

-The divergent synthesis of 1,4-dithiophenol ortho-functionalized building blocks to obtain a toolbox for on-demand self-assembling by Dynamic Combinatorial Chemistry.

-The post-functionalization of preformed Dyn [4]arenes for their use in counter current extraction.

-The solid phase grafting of II-B 4 for affinity chromatography. This work is currently continued (PhD thesis of Benjamin Ourri) toward the deprotection of the functionalized building blocks, the peptide coupling of new side chains of interest on the carboxylic acid S-protected (trityl group) compound and the self-assembling of such building blocks by DCC.

Experimental section

I. General information

I.1. Reagents and solvents

Commercially available reagents were obtained from Sigma-Aldrich, TCI Chemicals and ACROS Organics. The solvents were obtained from Sigma-Aldrich, Carlo-Erba and VWR. Dry solvents (DCM, THF, DMF, Et 2 O and toluene) were obtained from a PureSolv solvent purification system from Innovative technology. Analytical Thin Layer Chromatography (TLC) was carried out on Macherey-Nagel silica gel 60 F254 and revealed with a UV lamp at 254nm and a potassium permanganate solution. Flash chromatography was conducted with a Sigma-Aldrich silica gel 60Å (230-400 mesh). An automatic system of purification from Serlabo was also used for flash chromatography, CombiFlash RF200i. A Microwave Monowave 300 from Anton Paar was used to performed NKR transpositions.

I.2. Nuclear Magnetic Resonance (NMR)

1 H and 13 C were conducted on Bruker spectrophotometers: AV400, DRX300 and AV500 at 298 K in the CCRMN of the University of Lyon. The chemical shifts are indicated in ppm (parts per million) in reference to the TMS (trimethylsilyl). Coupling constants (J) are indicated in Hz (Hertz). The abbreviations used for the multiplicity are: s (singlet), br (broad), d (doublet), t (triplet), q (quadruplet) and m (multiplet).

I.3. Mass Spectroscopy (MS)

High Resolution Mass Spectroscopy were performed on a QToF -MicrOTOF QII (50-20000 m/z) from Bruker. Low Resolution Mass Spectroscopy were performed on a linear quadrupole ion trap LCQ Advantage (50-2000 m/z) from Thermofinnigan. Electrospray ionization was used in both cases.

A VOYAGER De Pro (Applied Biosystems) was also used with a MALDI ionization technique and a TOF analyzer.

I.4. Melting points

Melting points were determined with a Buchï Melting B-540. The MALDI experiments were conducted in a Ultraflextreme appariement from Bruker. Two matrix were used for the MALDI experiments: alpha-Cyano-4-hydroxycinnamic acid (HCCA Matrix 1) and 2,5-dihydroxybenzoic acid substance (sDHB Matrix 2).

The Size-Exclusion Chromatography was performed on a Alliance HPLC (Waters) with a TSKgel Super SW mAb High resolution column (4μm, 250A). Load mass: de 200μg ; UV detector : 280 nm.

I.8. High Performance Liquid Chromatography (HPLC)

An Agilent 1260 Infinity system equipped with a quaternary pump, an auto-sampler, a heated column compartment (35°C), a diode array detector and a fraction collector unit was used to record the chromatograms. An Agilent Eclipse Plus C8 column (3.5 μm, 4.6x150 mm) was used along with a pre-column with a flow rate of 1.2 mL/mn. The chromatograms were recorded at 250 and 350 nm.

II. Building block synthesis

2,5-di(dimethylthiocarbamoylsulfanyl)terephtalic acid IV-1

In a round bottom flask was poured the 2,5-di(dimethylthiocarbamoylsulfanyl)-1,4dibenzaldehyde II-21 (0.430 g, 1.26 mmol) and a 5:3 mixture (20 mL) of dioxane and water. Then, potassium permanganate (1.58 g, 10 mmol) was added by portions and the mixture stirred during 5 hours. The reaction was monitored by TLC (Ethyl acetate/Petroleum spirit +0.1% TFA). After 5 hours, the pH was adjusted to 3 with a 10% HCl solution. Then, oxalic acid (2.25 g, 25 mmol) was added by portions under vigorous stirring and the mixture was stirred overnight at room temperature. The precipitate was then collected by filtration and washed with water (3x30mL). The solid was dried under vacuum and dissolved in methanol (50mL). The residual salts were filtrate off and the filtrate evaporated under vacuum to give a light yellow solid (0.368 g, 0.98 mmol, 80%).

Ethyl acetate/Petroleum spirit/TFA (7:3:0.1) Rf=0. was extracted with degassed chloroform (3x20 mL). The organic layers were combined, dried over magnesium sulfate and evaporated to afford a beige solid. ( 2,5-di(diethylthiocarbamoyloxy)-1,4-dibenzaldehyde IV-2 2,5-dihydroxyterephtalaldehyde II-19 (0.345g ; 2.08mmol) and DABCO (0.700g ; 6.24mmol) were dissolved in dry DMA (20mL) under inert atmosphere and cooled to 0°C with an ice bath. Then diethylthiocarbamoyl chloride (0.946g; 6.24mmol) dissolved in dry DMA (10mL) was added dropwise to the previous solution. The ice bath can be removed and the reaction mixture was stirred 24h at room temperature. The precipitate was collected by filtration and water (200mL) was added to the filtrate. Then the filtrate was placed in the refrigerator during one hour and the precipitated crude product was collected by filtration, washed repeatedly with water (3x30mL) and dry under vacuum afforded a dark yellow solid.

The crude product was then purified by flash chromatography using a 8:2 mixture of dichloromethane: cyclohexane to give a bright yellow solid. (0.600g, 70%) Crystals can be obtained by recrystallization in acetone. In a microwave tube a suspension of 2,5-di(diethylthiocarbamoyloxy)-1,4-dibenzaldehyde IV-2 (0.1g ; 0.25mmol) in degassed dry NMP (2.5mL) was poured.

The rearrangement was performed by microwave heating at 220°C during 3mn. Then the mixture was poured into 100mL of ethyl acetate and 100mL water was added. The organic layer was washed with 3x100mL of water in order to eliminate the NMP and then evaporated to dryness to give a crude solid. Cold ethanol was then added, the solid was triturated and placed in the refrigerator during 2 hours. The pure compound is filtered off and washed with cold ethanol to afford beige needles (0.065g, 65%). In a round bottom flask was poured the 2,5-(diethylthiocarbamoylsulfanyl)terephtalic acid IV-4 (0.200g; 0.47mmol), followed by hydroxybenzotriazole hydrate (0.165g; 1.22mmol). The solids were dissolved in dry DCM (20mL)* under inert atmosphere and cooled to 0°C with an ice bath to give an heterogeneous mixture. Then 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.189g; 1.22mmol; 0.215mL) was added and the ice bath removed. The reaction mixture was stirred 1H at room temperature to give an homogeneous solution. Whereupon anhydrous n-butylamine (89mg; 1.22mmol; 0.120mL) was added at 0°C, previously dissolved in anhydrous DCM (10mL) and followed by diisopropylethylene diamine (0.158g; 1.22mmol; 0.213mL). Then the ice bath was removed and the reaction mixture was stirred overnight at room temperature.

The organic layer was then washed with a 10% solution of aqueous HCl (3x10mL) and water (3x10mL), dried over magnesium sulfate and concentrated to give a beige powder pure product. C NMR (CDCl 3 , 75MHz): (ppm) = 167. 22, 166.55, 145.11, 138.23, 127.23, 43.25, 42.67, 39.83, 31.62, 20.32, 13.94 In a round bottom flask was poured the 2,5-(diethylthiocarbamoylsulfanyl)terephtalic acid IV-4 (0.200g; 0.47mmol), followed by hydroxybenzotriazole hydrate (0.165g; 1.22mmol). The solids were dissolved in dry DCM (20mL)* under inert atmosphere and cooled to 0°C with an ice bath to give an heterogeneous mixture. Then 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.189g; 1.22mmol; 0.215mL) was added and the ice bath removed. The reaction mixture was stirred 1H at room temperature to give an homogeneous solution. Whereupon N,N-dimethylethylenediamine (0.107g; 1.22mmol; 0.133mL) was added, previously dissolved in anhydrous DCM (10mL)* and followed by diisopropylethylene diamine (0.158g; 1.22mmol; 0.213mL) at 0°C. Then the ice bath was removed and the reaction mixture was stirred overnight at room temperature.

The reaction was monitored by TLC chromatography and the DCM was evaporated. The crude product was then purified by flash chromatography using a mixture of chloroform and 20% of methanol to give a white solid. (0.216g, 80%) *DCM must be distillated freshly and stabilized over amylene Chloroform + 20% Methanol: Rf=0.2 In a round bottom flask was poured the 2,5-di(diethylthiocarbamoylsulfanyl)terephtalic acid IV-4 (0.100g; 0.23mmol), followed by hydroxybenzotriazole hydrate (0.081g; 0.6mmol). The solids were dissolved in dry DCM (10mL)* under inert atmosphere and cooled to 0°C with an ice bath to give an heterogeneous mixture. Then 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.093g; 0.6mmol; 0.106mL) was added and the ice bath removed. The reaction mixture was stirred 1H at room temperature to give an homogeneous solution. Whereupon 2-(2-Aminoethyl)-1,3-di-Boc-guanidine (0.181g; 0.6mmol) was added, previously dissolved in anhydrous DCM (10mL)* and followed by diisopropylethylene diamine (0.077g; 0.6mmol; 0.104mL) at 0°C. Then the ice bath was removed and the reaction mixture was stirred overnight at room temperature.

The reaction was monitored by TLC chromatography and the DCM was evaporated. The residue obtained was then dissolved in chloroform (40mL) and the organic layer washed with sodium hydrogenocarbonate (3x20mL). Then the organic layer was dried over magnesium sulfate and evaporated to give a crude product.

The crude product was then purified by flash chromatography (silica first neutralized with Et 3 N and washed with eluant in order to eliminate residual tri-ethylamine) using a mixture of chloroform and 20% of methanol to give a white solid. (0.140g, 60%) *DCM must be distillated freshly and stabilized over amylene 55, 156.58, 153.07, 144.27, 137.84, 127.65, 83.26, 79.39, 43.23, 42.75, 40.38, 39.38, 28.39, 28.20, 13.98 In a round bottom flask was poured the 2.5-(diethylthiocarbamoylsulfanyl)terephtalic acid IV-4 (0,200g; 0,47mmol), followed by hydroxybenzotriazole hydrate (0,165g; 1,22mmol). The solids were dissolved in dry DCM (20mL)* under inert atmosphere and cooled to 0°C with an ice bath to give an heterogeneous mixture. Then 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0,189g; 1,22mmol; 0,215mL) was added and the ice bath removed. The reaction mixture was stirred 1H at room temperature to give a homogeneous solution. Whereupon histamine (0,208g; 1,88mmol) was added, previously dissolved in anhydrous DCM (10mL)* and followed by diisopropylethylene diamine (0,158g; 1,22mmol; 0,213mL) at 0°C. Then the ice bath was removed and the reaction mixture was stirred overnight at room temperature.

The reaction was monitored by TLC chromatography and the DCM was evaporated. The residue obtained was then dissolved in chloroform (40mL) and the organic layer washed with sodium hydrogenocarbonate (3x20mL). Then the organic layer was dried over magnesium sulfate and evaporated to give a crude product.

The crude product was then purified by flash chromatography C18 using a mixture of water and methanol to give a white solid. (0.132g, 65%) (gradient 100% water to 100% methanol) *DCM must be distillated freshly and stabilized over amylene 

Chloroform

IV-8

Side product IV-9

In a round bottom flask previously under inert atmosphere was poured the 2,5(diethylthiocarbamoylsulfanyl)terephtalamide IV-6 (50mg; 0.088mmol), then was added a sodium ethanolate solution at 0.5M (1.4mL; 4eq; 0.704mmol) previously degassed to avoid thiols oxidation. The reaction mixture was stirred at reflux during 1 hour. The reaction was monitored by TCL chromatography to observe the starting material disappearance (CHCl 3 /MeOH 90:10). The mixture was allowed to cool at ambient temperature and then to 0°C with an ice bath. A previously degassed solution of hydrochloric acid at 10% in water was then added to reach pH=2. Solvents were removed under vacuum and water added to finally lyophilized the crude mixture. The crude product was then purified by flash chromatography C18 using a mixture of water + 0.1% of TFA and ACN + 0.1% of TFA to give a pure beige solid. (18.6mg; 0.044mmol; 50%) The 2,5-dimercaptoterephthalic acid II-A (500mg, 2.17mmol) was dissolved in 15 mL of dry and degassed THF. This solution was added in a round bottom flask under nitrogen which contained NaH 60% in mineral oil (1.736g, 43.4mmol, 20eq) previously washed from its oil with degassed hexane. The addition was performed dropwise at 0°C, then the ice bath was removed and the solution was stirred for 1 hour at room temperature. Then the 3-bromopropionitrile (1.79mL, 21.7mmol, 10eq) was added dropwise and the mixture was heated at reflux overnight. The reaction was monitored by TLC and HPLC and 3-bromopropionitrile was added until complete conversion Beige solid M=422.11g.mol - 

IV-11

THF was evaporated and the product was suspended in pentane, triturated and filtered to remove the residual oil. Then water (40 mL) and HCl 3 M (20mL) were added to reach pH=1, the precipitate was filtered off and washed with water and dried over vacuum. This afforded a yellow powder (647 mg, 88%).

Ethyl acetate/cyclohexane (7:3) + 0.1% TFA: Rf=0. In a round bottom flask was poured the 2,5-di((2-cyanoethyl)thio)terephthalic acid IV-11 (0.158g; 0,47mmol), followed by hydroxybenzotriazole hydrate (0.165g; 1.22mmol). The solids were dissolved in dry DCM (20mL)* under inert atmosphere and cooled to 0°C with an ice bath to give an heterogeneous mixture. Then 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.189g; 1.22mmol; 0.215mL) was added and the reaction mixture was stirred 2 hours at room temperature to give an homogeneous solution. Whereupon freshly distillated n-butylamine (0.089g; 1.22mmol; 0.120mL) was added, previously dissolved in anhydrous DCM (10mL)* and followed by diisopropylethylene diamine (0.158g; 1.22mmol; 0.213mL). The reaction mixture was stirred overnight at room temperature.

The reaction was monitored by TLC chromatography and the DCM was evaporated. The residue obtained was then dissolved in chloroform (40mL) and the organic layer washed with a solution of 10% HCl (3x15mL) and with water (3x15mL). Then the organic layer was dried over magnesium sulfate and evaporated to give a crude product.

The crude product was then purified by flash chromatography using a mixture of Ethyl acetate/Hexane + 0.1% TFA to give a pale yellow solid. (0.062g; 30%) *DCM must be distillated freshly and stabilized over amylene Ethyl acetate/Hexane + 0.1% TFA (7:3): Rf=0. In a round bottom flask was poured the 2,5-di((2-cyanoethyl)thio)terephthalic acid IV-11 (0.158g; 0.47mmol), followed by hydroxybenzotriazole hydrate (0.165g; 1.22mmol). The solids were dissolved in dry DCM (20mL)* under inert atmosphere and cooled to 0°C with an ice bath to give an heterogeneous mixture. Then 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.189g; 1.22mmol; 0.215mL) was added and the ice bath removed. The reaction mixture was stirred 1H at room temperature to give an homogeneous solution. Whereupon N,N-dimethylethylenediamine (0.107g; 1.22mmol; 0.133mL) was added, previously dissolved in anhydrous DCM (10mL)* and followed by diisopropylethylene diamine (0.158g; 1.22mmol; 0.213mL) at 0°C. Then the ice bath was removed and the reaction mixture was stirred overnight at room temperature.

Then the DCM was evaporated and the crude product purified by C18 chromatography using a methanol/water gradient to give a light yellow solid. *DCM must be distillated freshly and stabilized over amylene 

IV-14

N 1 ,N 4 -dibutyl-2,5-dimercaptoterephtalamide IV-15

Mono-hydrated cesium hydroxide (188 mg; 1.12 mmol; 5 eq) was introduced in a round bottom flask and placed under nitrogen atmosphere. A previously degassed THF/methanol (1:1) solution (8 mL) was then added, followed by a solution of 2,5-di((2-cyanoethyl)thio)terephthalamide IV-13 (100 mg; 0.224 mmol; 1eq) in 7 mL of a previously degassed THF/methanol (1:1) mixture. The mixture was stirred at room temperature for 3 hours and the reaction was monitored by TLC.

A degassed 5% solution of hydrochloric acid was then added to reach a pH of 2 and the precipitated product was filtered off and washed with degassed distillated water. The crude product was then dried and analyzed by mass spectroscopy. In a round bottom flask was poured the 2,5-dimercaptoterephthalic acid II-A (0.500 g; 2.1 mmol), followed by the triphenylmethyl chloride (3.64 g; 13 mmol; 6eq). The solids were dissolved in dry DMF (8mL) previously degassed, under inert atmosphere. The reaction mixture was stirred 48 hours at room temperature to give a heterogeneous solution.

The precipitate was filtered off and washed with 2x20mL of distilled water, 2x20mL of chloroform and 2x20mL of cyclohexane to give a pure product. ( In a round bottom flask was poured the 2,5-di((trityl)thio)terephthalic acid IV-12 (0.200 g; 0.28 mmol), followed by HOBt (0.110 g; 0.73 mmol; 2.6eq). The solids were dissolved in dry DCM (20mL) under inert atmosphere. EDC (130 μL; 0.73 mmol; 2.6eq) was then added at room temperature and the mixture stirred for 1 hour. Then a solution of aspartic acid di-tert-butyl ester hydrochloride (0.206 mg; 0.73 mmol; 2.6eq) and DIPEA (0.374 mL; 2.20 mmol) in 10 mL of dry DCM was added and the reaction mixture was stirred overnight.

The organic layer was washed with 2x50mL of an hydrochloric acid solution at 1 M, with 2x50mL of a saturated solution of sodium hydrogenocarbonate and with 2x50mL of a saturated sodium chloride solution. The organic layer was dried on magnesium sulfate and evaporated to give a crude product. A pure white solid was obtained after a silica flash chromatography with chloroform. (0.210 g; 0. 

IV-16

2,5-di((trityl)thio)terephthalamide IV-17

In a round bottom flask was poured the 2,5-di((trityl)thio)terephthalic acid IV-12 (0.200 g; 0.28 mmol), followed by HOBt (0.110 g; 0.73 mmol; 2.6eq). The solids were dissolved in dry DCM (20mL) under inert atmosphere. EDC (130 μL; 0.73 mmol; 2.6eq) was then added at room temperature and the mixture stirred for 1 hour. Then a solution of N,N-dimethylethylene diamine (79.5 μL; 0.78 mmol; 2.6eq) and DIPEA (0.374 μL; 2.20 mmol) in 10 mL of dry DCM was added and the reaction mixture was stirred overnight.

The mixture was evaporated to give a crude product. A pure pale yellow solid was obtained after a silica flash chromatography with chloroform/methanol mixture (8:2). ( 0 

IV-18

The 2,5-diamino-1,4-benzedithiol dihydrochloride II-B (1 g; 4.08 mmol) was dissolved in a 1.8 M aqueous solution of sodium hydroxide (10 mL) under inert atmosphere. The solution was cooled at 5°C with an ice bath and the 3-bromopropionitrile (1.20 g; 8.976 mmol; 0.75 mL) was added drop by drop under vigorous stirring. The cetyltrimethylammonium bromide (0.037g; 0.102 mmol) was then added and the mixture stirred for an additional hour at 5°C. Then the reaction mixture was allowed to warm at ambient temperature and stirred for 5 hours. The reaction was monitored by TLC.

The yellow precipitate formed during the reaction was then filtered off and washed with 3x30mL of distilled water to afford a light green powder dried under vacuum. The product was then recrystallized in DCM and dried under vacuum to give green needles pure crystals. (0. 2,5-di((2-cyanoethyl)thio)-1,4-benzenediamine IV-18 (0.6g; 2.15mmol) and 1-methyl-imidazole-2-carboxaldehyde (0.478g; 4.343mmol) were dissolved in dry toluene (50mL) under inert atmosphere. The reaction mixture was refluxed with a Dean-Stark apparatus during 48H.

The disappearance of starting materials was monitored by TLC chromatography. Then the precipitate product was filtered off and washed with diethyl ether. The product was dried over vacuum to give an ocher yellow powder. (0.9g; 

IV-21

was added by solid portions. The reaction mixture was allowed to warm at room temperature and stirred during 48H.

Then the precipitate wax filtered off and the filtrate evaporated. Then the crude solid was dissolved in water and a solution of sodium hydroxide at 10% in water was added to reach a pH of 9. The precipitated product was then filtered off and washed with diethyl ether to give a beige solid. (0.255g; 0.56 mmol; 70%) IV-20 (0.500g; 0.91mmol) was poured into a round bottom flask under inert atmosphere and dissolved in dry dioxane (40mL). The solution was then cool to 0°C and sodium borohydride (0.136g; 3.64mmol) was added by solid portions. The reaction mixture was allowed to warm at room temperature and stirred during 48H.

The reaction was monitored by TLC chromatography. Then the precipitate wax filtered off and the filtrate evaporated. Then the crude solid was dissolved in water and a solution of sodium hydroxide at 10% in water was added to reach a pH of 9. The precipitated product was then filtered off and washed with diethyl ether to give a pale green solid. (0.460g; 0.83 mmol; 91%) Chloroform: Rf=0.5 

IV-22

2,5-((2-cyanoethyl)thio)-1,4-phenylene-dibenzamide IV-23

To a solution of the 2,5-bis[(cyanoethyl)thio]-1,4-phenylenediamine IV-18 (0.100 g; 0.36 mmol) in NMP (1mL) was added benzoyl chloride (0.103 g; 0.73 mmol; 0.1 mL) under inert atmosphere at 0°C. The reaction mixture was stirred for 4 hours at 0°C then 50mL of water were added and the precipitate formed was filtered off and washed with 3x10mL of water. The crude product was recrystallized in THF to give white needles crystals. (0.165 g; 0.34 mmol; 95%) 

3-((2-aminophenyl)thio)propanenitrile IV-24

The 2-aminothiophenol (1 g; 8 mmol) was dissolved in a 1.8 M aqueous solution of sodium hydroxide (10 mL) under inert atmosphere. The solution was cooled at 5°C with an ice bath and the 3-bromopropionitrile (1.18 g; 8.8 mmol; 0.73 mL) was added drop by drop under vigorous stirring. The cetyltrimethylammonium bromide (0.073g; 0.2 mmol) was then added and the mixture stirred for an additional hour at 5°C. Then the reaction mixture was allowed to warm at ambient temperature and stirred for 5 hours. The reaction was monitored by TLC.

Then 30mL of chloroform and 20mL of distilled water were added, the organic layer was separated and washed with 3x20mL of brine. The organic layer was then dried over magnesium sulfate and evaporated to give a crude product. 

IV-24

The product was then purified by flash chromatography on a silica gel with a mixture of ethyl acetate/hexane (8:2) and dried under vacuum to give a pure product, white solid. (1.113 To a solution of the 3-((2-aminophenyl)thio)propanenitrile IV-24 (0.500 g; 2.8 mmol) in NMP (7mL) was added benzoyl chloride (0.396 g; 2.82 mmol; 0.33 mL) under inert atmosphere at 0°C. The reaction mixture was stirred for 4 hours at 0°C and monitored by TLC. Then 50mL of water were added and the precipitate formed was filtered off and washed with 3x10mL of water. The crude product was recrystallized in THF to give a crystalline white powder. (0.767 g; 2.7 mmol; 96%) 

2-phenylbenzothiazole IV-26

To a solution of the N-(2-((2-cyanoethyl)thio)phenyl)benzamide IV-25 (0.200 g; 0.7 mmol) in a mixture of THF/methanol (3:1) (20mL) previously degassed was added a solution of cesium hydroxide (0.235 g; 1.4 mmol) in 5mL of a degassed THF/methanol mixture (3:1) under inert atmosphere. The reaction mixture was stirred for 16 hours at ambient temperature and the reaction was monitored by Crystalline white powder M=282.36g.mol -1 C 16 H 14 N 2 OS

IV-25

Semi-crystalline white powder M=211.28.mol -1 C 13 H 9 NS

IV-26

TLC. Then a 4M hydrochloric acid solution was added (10mL) and the THF and methanol evaporated. We observed the precipitation of the product in acidic water. The precipitate was filtered off and washed with distilled water to give a semi-crystalline white powder. (0.105 g; 0. The 2,5-bis[(cyanoethyl)thio]-1,4-phenylenediamine IV-18 (100 mg; 0.36 mmol) was poured in a round bottom flask with the 1-isocyanato-2-methoxyethane (0.75mL ; 3.6 mmol) and dissolved in dry toluene (15 mL) under inert atmosphere. The mixture was stirred at 80°C overnight and monitored by TLC. The mixture was then evaporated to give a crude product purified by silica flash chromatography with a chloroform/methanol mixture (9:1) to give a yellow powder. (168 mg; 0.34 mmol; 95%) Chloroform/methanol (9:1): Rf=0.5 

III. UV-Vis titration

We investigated the complexation properties of amino Dyn [4]arene by UV-Vis titrations. All spectra were carried out in quartz UV cuvettes.

A solution of Host (H) ([B4]=5.10 -5 M in 95% DMSO/ 5% AcONH 4 at 0.1M) was placed in a cuvette equipped with a stirrer and the spectrum was measured at ambient temperature. Then the guest was added in aliquots (10x10μL followed by 3-5x100μL) and the spectrum was measured after stirring. In each case, the addition of guest led to a progressive decrease of absorption. All titrations were repeated at least three times to provide reproducible results.

After data correction by the dilution factor, binding constants were obtained by curve-fitting of the corrected titration data at λ max using a specific binding site model (1:1) with Origin software. The equation implemented in Origin is similar to the one used in the Chapter 3 for a binding 1:1.

II.1. Gln/Glu

All spectra were carried out in 0.5cm quartz UV cuvettes. To a solution of II-B 4 (50mg; 0.073mmol) in 5mL of dry DMSO was added by solid portions the Nsuccinimidyl N-methylcarbamate (10eq) under inert atmosphere. The solution was stirred at room temperature during 24h protected from light and was monitored by HPLC reverse phase. Then an aliquot was taken and send to mass spectrometry analysis. We observed the formation of multi functionalized species and residual II-B 4 (m/z: 681.0). To a solution of II-B 4 (50mg; 0.073mmol) in 5mL of dry DMSO was added drop by drop over 30mn a solution of 2-methoxyethyl isocyanate (1eq) in 10mL of dry DMSO under inert atmosphere. The solution was stirred at 50°C overnight protected from light. Then an aliquot was taken and send to mass spectrometry analysis. We observed among a complex mixture the formation of the monourea. To a solution of II-B 4 (50mg; 0.073mmol) in 5mL of dry DMSO was added the 2-methoxyethyl isocyanate (60mg; 0.58mmol; 62μL) under inert atmosphere. The solution was stirred at 50°C overnight, protected from light and the amino Dyn [4]arene disappearance monitored by HPLC reverse phase using the method mentioned above (Table S1). Then an aliquot was taken and send to mass spectrometry analysis. We observed the formation of three II-B 4 adducts with 5, 6 and 7 ureas among a complex mixture. To a solution of II-B 4 (8.5mg; 0.025mmol) in 5mL of dry DMSO was added the PEG-isocyanate (500mg; 0.100mmol; MW 5000) under inert atmosphere. The solution was stirred at 30°C overnight, protected from light and the amino Dyn [4]arene disappearance monitored by HPLC reverse phase using the method mentioned above (Table S1). Then the solution was poured into 500mL of water, the residual precipitate was filtered off and the filtrate lyophilized. This step was repeated until no precipitate appears when water is added. After the last lyophilization we finally obtained a light green powder water-soluble.

MS (ESI

MS (ESI

MS (ESI

IR ( max , cm -1 ): 2882, 1466, 1341, 1100, 961 and 841. 

Carboxylic acid Dyn[4]arene

The post-functionalization of II-A 4 can be monitored by reverse phase HPLC: In a round bottom flask was poured II-A 4 (0.100g; 0.099mmol), followed by 10mL of dry DMF and placed under inert atmosphere. Then were added drop by drop the N,N'-diisopropylcarbodiimide (0.012g; 0.099mmol; 15.3μL), the N-hydroxysuccinimide (0.011g; 0.099mmol) previously dissolved in dry DMF (5mL). The reaction mixture was stirred 48h at room temperature.

II-A 4

The reaction was monitored by reverse phase HPLC following the method described above (Table S2) affording the retention times of the activated species. HPLC: RT of activated species: 7.57mn, 8.07mn and 8.26 mn. In a round bottom flask was poured II-A 4 (0.100g; 0.099mmol), followed by 10mL of dry DMF and placed under inert atmosphere. Then were added drop by drop the N,N'-diisopropylcarbodiimide (0.012g; 0.099mmol; 15.3μL), the N-hydroxysuccinimide (0.011g; 0.099mmol) and the N,Ndimethylethylenediamine (8.73mg; 0.099mmol; 10.8μL) previously dissolved in dry DMF (5mL). The reaction mixture was stirred 48h at room temperature to give an heterogeneous solution.

The reaction was monitored by reverse phase HPLC and the starting material disappearance was observed giving a complex mixture.

The DMF was then co-evaporated with heptane and the crude product was analyzed by mass spectrometry to give two coupling products (1 amide and 2 amides). In a round bottom flask was poured II-A 4 (0.100g; 0.099mmol), followed by 20mL of dry DMF and placed under inert atmosphere. Then were added drop by drop the N,N'-diisopropylcarbodiimide (0.012g; 0.099mmol; 15.3μL), the N-hydroxysuccinimide (0.011g; 0.099mmol) and the CH 3 O-PEG-NH 2 (200mg; 0.099mmol; MW 2000) previously dissolved in dry DMF (10mL). The reaction mixture was stirred overnight at 60°C. The reaction was monitored by reverse phase HPLC the starting material disappearance was observed after 16 hours.

The DMF was diluted in a big amount of water (500 mL) and lyophilized. The crude product was then analyzed by NMR 1 H to reveal the presence of a complex mixture. Then the crude product was poured in water (30 mL) and a precipitate was formed. The solid was filtered off and dried under vacuum and the filtrate lyophilized. Both solids from filtrate and precipitate were then analyzed by mass spectrometry. The previous beads IV-37 (100mg) were placed into a dry round bottom flask flushed with nitrogen and dry DMSO was added (5mL) followed by II-B 4 by solid portions (200 mg; 0.29 mmol; 7eq). Then the mixture was stirred at room temperature during 2 days protected from light.

MS (ESI

The resin was then filtered off and washed with dry DMSO (4x10mL) and acetonitrile (2x10mL). The green beads obtained were dried over vacuum. PEGA-NH 2 resin (0.4mmol/g) was dried under vacuum at 200°C in order to eliminate the residual water. The glassware was also dried on the oven and the round bottom flask flushed with nitrogen. 100mg (0.04mmol) of resin were introduced into the flask and soaked with dry acetonitrile (2mL). Then the 1,4-diisocyanatobutane (10eq; 0.4mmol; 56mg; 51μL) was diluted in 1mL of dry acetonitrile and added to the resin. The mixture was stirred at room temperature during 3 days.

IR ( max , cm

The resin was then filtered off and washed successively with dry acetonitrile (3x10mL), tetrahydrofurane (3x10mL) and dichloromethane (3x10mL). The light beige beads obtained were dried over vacuum. The previous beads IV- 38 (100mg) were placed into a dry round bottom flask flushed with nitrogen. And dry DMSO was added (5mL) followed by an excess of II-B 4 by solid portions (200mg; 0.29 mmol; 7eq). Then the mixture was stirred at room temperature during 2 days protected from light.

Then the resin was filtered off and washed with dry DMSO (4x10mL) and acetonitrile (2x10mL). The beads obtained were dried over vacuum. Then the solvents were evaporated and the residual solid triturated with dry diethyl ether. Then the product was filtered off and washed with dry acetonitrile (3x20mL). The beige beads obtained were dried over vacuum.

IR ( max , cm

A Kaiser test was performed to give a negative result and the absorbance was measured to give the absence of the blue colored complex, giving a total conversion of the amine on the resin surface.

IR ( max , cm -1 ): 3521, 2859, 1739, 1647 and 1080 The previous beads IV-41 (100mg) were placed into a dry round bottom flask flushed with nitrogen. And dry dioxane was added (2mL) followed by an excess of II-B 4 (200mg; 0.27 mmol; 7eq) previously dissolved in dry DMSO (25mL). Then the mixture was stirred at room temperature during 2 days protected from light.

Then the resin was filtered off and washed with dry DMSO (6x10mL), dioxane (2x10mL) and acetone (2x20mL). The translucent red beads obtained were dried over vacuum. IR ( max , cm -1 ): 3520, 2860, 1734, 1649, 1072, 1033 and 954.

IV-41 II-B 4 IV-42

■ INTRODUCTION Pedersen's seminal discovery of crown ethers simultaneously brought two cornerstones to the emerging edifice of supramolecular chemistry. 1 These macrocyclic entities were the first nanocontainers with well-defined cavities dedicated to molecular recognition. It also revealed how noncovalent interactions can act as powerful driving forces during covalent self-assembly processes. Since then, supramolecular chemists have learned to produce various cavitands such as calixarenes, 2 pillarenes, 3 cyclodextrins, 4 or cucurbiturils. 5 While these architectures can be obtained at relatively large scale from accessible starting material, a few numbers of templates and functional groups are unfortunately compatible with the generally harsh oligomerization conditions, yielding mixtures that often require tedious chromatographic purifications and postsynthetic functionalization steps, respectively. During the past 20 years, dynamic combinatorial chemistry (DCC) has emerged as an interesting alternative to produce robust covalent macrocyclic architectures in mild conditions. 6 By operating under thermodynamic control, DCC relies on noncovalent interactions as tunable driving forces to displace equilibrium mixtures in the absence or presence of a molecular partner toward discrete molecular objects in solution or within a condensed phase. Among the available reversible reactions, the disulfide bond exchange, used by Nature to select the optimal structures of proteins for a biological function, is probably one of the most popular given its wide functional group tolerance. 7,8 The disulfide bond exchange reaction occurs spontaneously in aqueous solution at pH values between 7 and 9 and may be quenched by simply lowering the pH. Sanders and colleagues pioneered its use in DCC to produce in aqueous media topologically complex architectures, receptors, and catalysts. [9][10][11] Yet, such an approach comes with two major drawbacks. First, while expanding the constitutional diversity of the system increases the probability of identification of a hit, it simultaneously hampers the isolation and purification processes. Even from biased libraries, high performance chromatographic tools are required and only modest quantities of the hit can be accessed. The second drawback is inherent to the equilibrium displacement concept: library members of high intrinsic stability combining strong affinity for the target will behave as "false negative" during the dynamic screening process. 12 By exploring the DCC of 1,4-bisthiophenols, we report herein the easy preparation of a family of p-cyclophanes that incorporate dynamic disulfide linkages and various functional groups through quantitative self-assembly. These so-called dyn [4]arenes could be obtained in a gram scale by a straightforward procedure that takes profit of intra-or intermolecular noncovalent driving forces. These forces dramatically depend on the chemical functions borne by the monomers and further determine the structural and binding features of the resulting macrocycles.

■ RESULTS AND DISCUSSION

Syntheses. A conventional dynamic combinatorial approach was first followed to screen for the best receptors for ionic templates of different polarities from libraries of cyclic homo-oligomers. We investigated the disulfide-based selfassembly of three distinct bis-or tetrafunctionalized 1,4bisthiophenols 1-3 in the absence and in the presence of potential ionic partners 4-13 (Figure 1). Substituents were chosen to provide electronically contrasted donor/acceptor sites on monomers 1, 2, and 3 to generate dynamic libraries of oligomers that display π-acidic, π-basic combined with H-bond donating/accepting, and π-basic combined with H-bond accepting properties, from which anionic (4-7), zwitterionic (8-10), and cationic (11-13) guests could potentially amplify their optimal receptor, respectively. 13 Libraries generated from 1 in chloroform invariably and quantitatively yielded a single oligomeric product, which was identical to the adduct obtained by Raasch who hypothesized a cyclic tetrameric structure 1 4 from mass spectrometry data (Figure 1). 14 Interestingly, 1 4 could also be isolated from a neutral aqueous medium (200 mM Tris buffer, pH 7.4) by simultaneous self-assembly and precipitation (71% yield). A crystal structure was obtained for the first time for this compound, confirming its identity and conformation in the solid state (see Supporting Information for details).

Libraries generated from 2 in the presence or absence of template in Tris buffer (200 mM, pH 7.4) delivered an alternative example of convergence, yielding quantitatively 2 4 as a single insoluble species (Figure 1). The identity and purity of the macrocycle was confirmed by HPLC coupled to mass spectrometry, NMR, and elemental analysis.

Libraries generated from 3 surprisingly revealed that fragment polyamines 12 and 13 have almost the same templating effect as the parent spermine 11 previously reported for its quantitative amplification of 3 4 (Figure 1). 15 This qualitative deconvolution suggested that the shorter 1,4diammonium motif already displays all the necessary recognition features that are required to efficiently bind 3 4 (vide infra). Unlike the previous macrocycles, 3 4 remained soluble in a neutral aqueous medium (200 mM Tris buffer, pH 7.4). Its isolation was simply achieved by precipitation upon neutralization of its anionic charges with trifluoroacetic acid (66% yield). The identity and purity of the oligomer was again confirmed by HPLC coupled to mass spectrometry and elemental analysis.

Whereas high performance chromatography has been systematically conducted so far for hit isolation from disulfide-based libraries, highly dominant species can clearly be accessed by simpler and more straightforward procedures. Dyn [4]arenes 1 4 , 2 4 , and 3 4 can be prepared in a gram scale with good yields (66-96%) and excellent purities and without any chromatographic step. We therefore decided to explore the structural features of these macrocycles to elucidate the driving forces underpinning the remarkably efficient self-assembly processes.

Conformational Analyses in Solution. Due to their reduced synthetic accessibility 16,17 and/or low solubility, 18,19 disulfide-based cyclophanes have barely been characterized in solution from a structural point of view. Attention has been drawn to their binding properties, while often considering these objects as members of a structurally and conformationally homogeneous population. Yet, the synthesis of homologous pillar[n]arenes is known to yield stereoisomers because the rotation of each of the [n] phenyl units along the 1-4 axis leads to structures displaying [n] planes of chirality with two opposite pR/pS configurations (Figure 2A). 20 For dyn[n]arenes, a second level of structural diversity arises from the chirality of each of the [n] disulfide linkages, which can individually adopt two stabilized enantiomeric P/M conformations (Figure 2B). We decided to explore the conformational landscape of dyn [4]arenes 1 4 -3 4 in solution by NMR spectroscopy and DFT calculations.

While the octamethoxydyn [4]arene was described to adopt in the solid state a homochiral PPPP/MMMM conformation with phenyl groups perpendicular to the average plane of the polydisulfide ring, 20 its perfluoro analogue 1 4 crystallizes in a much more flattened conformation. Interestingly, this structural feature survives the dissolution in an organic medium, which indicates that it originates from intramolecular interactions. Indeed, three tetrameric species could be identified on the 19 The two most abundant (87% and 11%) conformers each displayed two sets of signals corresponding to internal (shielded) and external (deshielded) fluorine nuclei in relatively slow mutual exchange (60 kJ mol -1 ). The exchange is faster for the third minor species (2%), resulting in a single signal in 19 F NMR. DFT calculations in solution at the Møller-Plesset second-order perturbation theory level (MP2) are in fair agreement with the experimental data, allowing us to assign these three species to the folded meso MPMP, meso MMPP, and homochiral PPPP/MMM conformers, respectively. Although the flattened shape of 1 4 could be intuitively attributed to C-F/pi interactions, calculations also revealed that it mostly originates from dispersive forces (see section S4.1).

2 4 , which is amplified by self-aggregation, also exemplifies the dramatic impact of the functional groups borne by the monomeric units on the conformational features of the resulting dyn [4]arene. Three types of aromatic protons (Figure 4, H a , H b , and H c ) were observed in 1 H NMR and appeared to belong to a unique species (see section S3.1.2 for the full multidimensional NMR analysis). Conformational analysis in solution by DFT calculations (at the wB97XD/6-31G(d,p) level, see section S4.2) exclusively yielded species involving an internal N ••• H-N hydrogen bond between two nonadjacent aromatic units. This internal interaction has two major structural consequences: (i) the monomeric units engaged in this bond are bent into the cavity with amino groups facing each other, and (ii) the homochiral pRpRpSpR/MMMM and pSpSpRpS/PPPP enantiomeric dynarenes are the only stable conformers. This internal bond is extremely robust, and coalescence could not be observed upon heating (up to 100 Tetramer 3 4 , which bears anionic monomeric units, was characterized by a single sharp peak in 1 H NMR (see section S3.1.3). Our previous modeling study suggested that it corresponds to the cylindrical-shaped homochiral (pS) 4 /(pR) 4 species, which minimizes the repulsive Coulombic interactions between nearest carboxylate neighbors. This homochiral configuration of the dicarboxyphenyl units in turns directs the disulfide bridges into a homochiral conformation. This analysis agrees with the experimental detection of a unique C-H signal (the kinetic barrier for the inversions of the disulfide bridge's dihedral angle was estimated to be around 75 kJ mol -1 , a value that should lead to signal splitting at the NMR time scale if several conformers coexist).

Interestingly, the supramolecular forces that dictate the selfassembly of tetramers 1 4 , 2 4 , and 3 4 , intramolecular stabilization, intermolecular self-stabilization, and templating, respectively, have left a significant conformational imprint on the resulting architectures. These contrasted conformational features, which are dictated by the nature of substituents on the monomeric units, should also substantially affect the binding properties of dynarenes.

Binding Properties in Solution. As initially intended during the preliminary dynamic combinatorial screening, the homo-oligomers combining a π-acidic cavity surrounded by hydrogen accepting sites (1 4 ), a π-basic cavity surrounded by neutral hydrogen bond donating/accepting sites (2 4 ), and πbasic cavities surrounded by anionic hydrogen bond accepting sites (3 4 ) were respectively probed as receptors for anions, zwitterions, and cations. In good agreement with DOSY experiments, molecular modeling revealed that the three dyn [4]arenes have similar diameters and hosting capacities with a maximal cavity diameter of 5.3-6.0 Å (Figure 5), which is comparable to pillar [5]arene, while being much less floppy than their static homologues in terms of phenylene rotation (see Supporting Information section S4.4 and references herein for details). Still, their respective folding states, hence the morphology and accessibility of their potential binding sites, are radically different within the series. Binding properties of dyn [4]arenes in solution were investigated by UV-vis titration in organic media for 1 4 and 2 4 and by ITC in neutral aqueous media for 3 4 .

According to its cavity size and π-acidic character, 1 4 displayed millimolar affinity for iodide, yielding a 1:1 complex in chloroform accompanied by charge-transfer features (see section S6.2.1). No binding could be detected with the smaller bromide, chloride, and fluoride ions (Figure 5). No modification of the 19 F NMR spectrum of 1 4 was observed upon iodide addition, which is in agreement with previous reports on anion-pi interactions [21][22][23][24] and suggests that the conformational landscape of the host remains unchanged upon guest binding (absence of induced fit). Despite the modest πacidic character of 1, a macrocyclic effect, 25 partly relying on the preorganization of 1 4 , is suggested to explain the selective and efficient binding of iodine in the halogen series through anionpi interactions. 
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Article While 1 4 adopts upon self-assembly a tetrahedral shape that leads to a binding site for spherical anions, the cavity of 2 4 is entirely occupied by bent hydrogen-bonded monomeric units. As a consequence, the dyn [4]arene displays an electron-poor cleft and an electron-rich area, both sites lying 6 Å away from each other (Figure 5). UV-titrations with substituted α,ωamino acids in a DMSO/aqueous ammonium acetate mixture revealed that glycine (8) is too short to bridge this gap through noncovalent interactions, while both β-alanine (9) and γaminobutyric acid (GABA, 10) form 1:1 complexes with submillimolar affinities. No binding was observed with monoanions such as carboxylates or primary ammoniums of various chain lengths in the same conditions. The absence of significant alteration in both the host and guest NMR spectrum upon binding confirms that (i) this binding event follows a lock-and-key scenario, without any induced-fit phenomenon, and (ii) the methylene spacers of the guest remain exposed to the outer solution in the complexes. Because the unfolding of 2 4 represents a prohibitive energetic cost, it narrows the spectrum of potential guests to zwitterions that display an appropriate distance between their end groups.

The new synthetic procedure described herein, which provides a straightforward access to substantial amounts of 3 4 , opens the ways to comprehensive analyses of the complexing features of this type of architecture in aqueous solution for various cationic guests. Butanediamine 13, spermidine 12, and spermidine 11 were chosen as models to provide a preliminary insight into the issues that can be addressed through ITC titration and 1 H NMR analyses. This modest series formally consists of the successive mutation of one binding N-H proton into an aminopropyl secondary binding group on one or both nitrogens of the butanediamine core. This core remains the main binding site on which the pseudorotaxane structure of the complex is centered as indicated by the almost identical and systematic strong shielding of the corresponding C-H protons in 1 H NMR. Whereas substitution on the butanediamine ends only slightly decreases the electrostatic potential of each of these main binding sites (by less than 5% each, data not shown) it could be expected to reinforce the association by providing additional intramolecular cationic binding sites from which some chelate effect may arise. Yet, if the binding is indeed reinforced by 1 order of magnitude, ITC reveals that this increase is entropically driven (Figure 6). This phenomenon can only be imputed to desolvation and confirms that the supplementary binding sites are desolvated upon binding hence involved in complex formation. The evolution in enthalpy reveals that the accompanying desolvation penalty overcomes the benefits of supplementary binding site(s) but that a chelate effect can indeed be observed when comparing spermidine to spermine. Analysis of the 1 H NMR spectrum of the complexes (see section S5.2 for details) indicate that enantiotopic methylene protons of the butanediamine thread become clearly diastereotopic upon complexation, confirming the homochiral (pS) 4 / (pR) 4 configuration of the host 3 4 . 14 Yet, fast exchange between two diastereoisomeric complexes occurs in the case of spermidine (Figure 6b), which result in an average spectrum displaying broad signals for the butanediamine moiety. The loose nature of this complex agrees reasonably well with its increased entropy and reduced enthalpy of formation with respect to parent guests 11 and 13.

■ CONCLUSION

The functional group-directed self-assembly of 1,4-bisthiophenol building blocks has led to the gram scale and chromatography-free preparation of a family of p-cyclophanes named dynarenes. Beyond the exciting perspectives offered by this new class of highly accessible objects, this preliminary report illustrates the power of the molecular programs contained in simple building blocks. Indeed, the nature of the functionalities borne by the precursors determines the selection event (folding-, aggregation-, or guest-directed) that is responsible for self-assembly. While the conformational landscape of this family is potentially vast, well-structured architectures in solution (tetrahedral, flattened, or cylindrical) result from these function-dependent driving forces. Finally, these structural imprints also dramatically govern the guest binding abilities of dyn [4]arenes by preferentially orienting the association events toward a lock-and-key mode, hence tuning the spectrum of selectivities toward electronically and structurally complementary guests. In the present case, receptors with milli-to submicromolar affinities and selectivities for anions, zwitterions, and cations were obtained. We are currently working toward the expansion of this new family of macrocycles in terms of ring sizes and functionalities for future exciting applications.

■ EXPERIMENTAL SECTION

Synthesis of the Building Blocks. Building block 1 tetrafluorobenzene-1,4-dithiol): 14 Tetrafluorohydroquinone (4.3 g, 23.63 mmol) was dissolved in 45 mL of anhydrous DMF under argon. At 0 °C, 4 equiv of DABCO (10.62 g, 94.51 mmol) was added, and after 5 min, 4 equiv of dimethylthiocarbamoyl chloride (11.70 g, 94.51 mmol) was added portionwise to the reaction mixture. The suspension was allowed to warm to room temperature and stirred for 1 day. The reaction mixture was poured on ice and filtered, and the residue was washed extensively with water dried under vacuum to give O,O′-(perfluoro-1,4-phenylene) bis(dimethylcarbamothioate) as a white solid, which was crystallized in acetone to give 8.22 g (yield = 98%) of a white powder. 1 H NMR (300 MHz, CDCl 3 ): δ = 3.46 (s, 6H), 3.38 (s, 6H); 13 O,O′-(Perfluoro-1,4-phenylene) bis(dimethylcarbamothioate) (900 mg, 2.53 mmol) was suspended in 3 mL of diphenyl ether under argon atmosphere and heated on a sand bath to 200-210 °C for 1 h 30 min. The reaction mixture was allowed to slowly cool to room temperature. The reaction mixture was poured on 200 mL of petroleum ether under strong stirring. The resulting precipitate was then filtered, extensively 
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Article washed with large amount of petroleum ether, and then dried under vacuum to give 850 mg (yield = 94%) of S,S′-(perfluoro-1,4phenylene) bis(dimethylcarbamothioate). 1 H NMR (300 MHz, CDCl 3 ): δ = 3.15 (s, 6H), 3.03 (s, 6H); 13 O (5/1). The mixture was then refluxed for 1 h 30 min. The reaction mixture was allowed to cool to room temperature, and degassed water (13 mL) was added to the solution followed by HCl (10%, 5 mL) to afford a white precipitate. The precipitate was filtered, washed with degassed water, and dried under vacuum to give tetrafluorobenzene-1,4-dithiol as a white solid (233 mg, 71% yield). 1 H NMR (500 MHz, CDCl 3 ): δ = 3.66 (s, 2H); 13 Building block 2 (2,5-diaminobenzene-1,4-dithiol di-(hydrotrifluoroacetate)): 26 Potassium hydroxide (14.87 g; 265.07 mmol) was dissolved in water (18 mL) and degassed under inert atmosphere and cooled to 0 °C with an ice bath. Then 2•2HCl (5g; 20.39 mmol) was added by portions to the previous solution. The ice bath can be removed, and the reaction mixture was stirred 2 h at room temperature. The precipitated product was collected by filtration, affording a highly air sensitive white solid which was immediately transfer to the next step. To a round-bottom flask was poured water (100 mL) followed by trifluoroacetic acid (23.25g, 203.9 mmol, 15.6 mL), and the solution was cooled at 0 °C. Then the dibasic potassium salt of 2 was dissolved in degassed water (15 mL) and added carefully to the previous solution. The reaction mixture was stirred at room temperature for 2 h. And the water was removed by evaporation. Then the air-sensitive crude solid was dispersed in degassed methanol and rapidly filtered and dried under vacuum to afford compound 2•2TFA. (7.8 g; yield = 96%) Building block 3 (2,5-dimercaptoterephthalic acid): 15 To a solution of 2,5-dihydroxyterephthalic acid diethyl ester (10 g, 39 mmol) in 150 mL of DMF was added 4 equiv of neat DABCO (17.6 g, 156 mmol), and after a few minutes 4 equiv of dimethylthiocarbamoyl chloride (19.4 g, 156 mmol) was added. The suspension was allowed to warm to room temperature and was stirred for 24 h. The reaction mixture was poured on a large amount of water, and the resulting 2,5bis(dimethylthiocarbamoyloxy)terephthalic acid diethyl ester was filtered off and then dried under vacuum to give 16.0 g (yield = 97%) of a white powder. 1 H NMR (300 MHz, CDCl 3 ): δ = 7.72 (s, 2H), 4.30 (q, J = 7.1 Hz, 4H), 3.45 (s, 6H), 3.39 (s, 6H), 1.33 (t, J = 7.1 Hz, 6H); 13 C NMR (75 MHz, CDCl 3 ): δ = 187. 1, 163.1, 150.6, 128.6, 127.8, 61.7, 43.4, 39.1, 14.2; Mp: 211 °C.

The 2,5-bis(dimethylthiocarbamoyloxy)terephthalic acid diethyl ester (1g, 2.35 mmol) was heated under nitrogen at 230 °C for 1 h. The mixture was then cooled to room temperature, and the product was recrystallized in absolute EtOH to form pale brown crystals. The crystals were filtered off, yielding 2,5-bis(dimethylthiocarbamoylsulfanyl)terephthalic acid diethyl ester (900 mg, 90%). 1 H NMR (300 MHz, CDCl 3 ): δ = 8.09 (s, 2H), 4.33 (q, J = 7.1 Hz, 4H), 3.14 (s, 6H), 3.04 (s, 6H), 1.35 (t, J = 7.1 Hz, 6H); 13 C NMR (75 MHz, CDCl 3 ): δ = 165. 4, 165.3, 138.8, 137.3, 131.0, 61.7, 37.1, 14.2; mp: 140 °C To 20 mL of a 1.3 M solution of KOH in H 2 O/EtOH (1/1) degassed solution was added the 2,5-bis(dimethylthiocarbamoylsulfanyl)terephthalic acid diethyl ester (650 mg, 1.51 mmol). The mixture was purged with argon for 15 min and then heated to reflux overnight. The reaction mixture was allowed to cool to room temperature, and concentrated HCl was added to afford a yellow precipitate. The precipitate was filtered, washed with degassed water, and dried under vacuum to give the pure 2,5-dimercaptoterephthalic acid 3 as a yellow solid (310 mg, 88% yield). 1 Library Preparation and Analyses. Preliminary dynamic combinatorial screening was conducted as follows: 10 mM stock solution of building block (1, 2•2HCl, or 3) were prepared by dissolution in 200 mM Tris buffer pH = 7.4 in Milli-Q water. In a 2 mL HPLC vial equipped with a stir bar, 400 μL of each of these solutions was mixed with either 400 μL of a 10 mM template solution in the same buffer and 200 μL of buffer solution or 600 μL of buffer solution. Precipitation occurs for libraries involving building block 2 after several hours and 1 after 48 h. After filtration and washing with water and methanol, libraries [1] and [2] are redissolved in CDCl 3 and DMSO-d 6 respectively. Both libraries are analyzed by HPLC-MS and NMR. Templated and untemplated libraries prepared from 1 and 2 lead to HPLC chromatograms and NMR spectra corresponding to pure 1 4 and 2 4 in each case. For building block 1, additional libraries were set in CDCl 3 (4 mM, 0.2 mM Et 3 N) in the absence and presence of 0.25 equiv of template and lead to identical 19 F spectra corresponding to pure tetramer 1 4 . Additional libraries made from building block 2•HCl in DMSO (4 mM, 4.2 mM Et 3 N) led to side products involving overoxidized sulfur atoms. Libraries [3] were analyzed by HPLC-MS.

Oligomer Identification/Quantification. Identification and quantification of the oligomers and potential side products were conducted by HPLC with a heated column compartment (35 °C), and a triple quadrupole mass spectrometer. Mass spectra (ESI-/ESI+) were acquired in ultrascan mode by using a drying temperature of 400 °C, a drying gas flow of 11 L/min, and a capillary voltage of 3000 V (ESI+) or 2000 V (ESI-). Elution was conducted at 1.2 mL/min on a C8 column, 4.6 × 150 mm, 3 μm column (T = 35 °C).

Synthesis of the Macrocycles. Dyn [4]arene 1 4 . A 932 mg amount of 1 was dissolved into 900 mL in 200 mM Tris buffer pH = 7.4. The reaction mixture was stirred for 72 h. The resulting precipitate was then filtered, washed with degassed methanol, and dried under vacuum to give a pale yellow solid (656 mg, 71% yield). Crystal suitable for X-ray analyses were obtained upon recrystallization in chloroform-methanol. 19 Dyn [4]arene 2 4 . A 980 mg (3.84 mmol) amount of 2•2HCl was dissolved into 1 L of a 200 mM Tris buffer solution adjusted to pH = 8. The reaction mixture stirred for 72 h. The resulting solid was filtered off and then dried under vacuum. A Soxhlet extractor was used overnight to wash the solid with warm methanol. The solid was then dried under vacuum to give 630 mg (yield = 96%) of a dark red powder. The same result was obtained from the bis-(hydrotrifluoroacetate) salt 2•2TFA, confirming that the anion is not involved in the self-assembling process. 1 H NMR (400 MHz, DMSOd 6 ): δ = 6.73 (sl, 4H, Ha), 6.83 (s, 2H, Hb), 6.84 (s, 2H, Hc); 13 Dyn [4]arene 3 4 . A 920 mg (4 mmol) amount of monomer 3 was dissolved into 400 mL of a 200 mM Tris buffer pH = 7.4 in the presence of spermine (910 mg, 4 mmol). The reaction mixture was stirred open to the air. After 48 h, a few milliliters of TFA was added and a fine yellow precipitate appeared. The resulting solid was filtered off and taken up in a pH = 9 borate buffer, and then TFA was added. The precipitate was collected by centrifugation, suspended in Milli-Q water, collected by centrifugation again, and then dried under vacuum overnight to give 600 mg (0.66 mmol; 66%) of a yellow powder. 1 H NMR (500 MHz, DMSO): δ = 8.29 (s, 1H); 13 or KD 2 PO 4 -NaOD on spectrometers operating at 300, 400, and 500 MHz. Solvent residual signals were used as internal standard (when necessary, water suppression by presaturation was used). The temperature was set to 22°C unless otherwise specified. A 2s relaxation time allowed proton full relaxation. 13 C spectra were recorded using a 30°tilt angle and 2s relaxation time. ROESY experiments were run using the 2D off-resonance version, with adiabatic trapezoidal 200 ms shape pulse, at 10 kHz field strength. A total of 256 increments of 8 scans were collected giving 1 h 30 min experiment time. Solid-state NMR spectra were recorded on a 9.4 T spectrometer.

Computational Details. Geometry optimizations were conducted at the MP2 level of theory with the DEF2-SVP basis set. Solvent corrections (dichloromethane) were included through the COSMO model. Weak interactions in the system were investigated by means of Non Covalent Interactions (NCI) analysis on the basis of the theoretically optimized geometry.

Dyn [4]arene 1 4 . The structures of the four conformers of 1 4 (namely PPPP, PPPM, MMPP, and MPMP) were optimized with solvent corrections. The most stable structure was found to correspond to the MPMP conformer. The MMPP and PPPP structures are slightly less stable, with energies higher by 1.0 and 1.8 kcal•mol -1 , respectively. The less stable conformer is the PPPM structure, whose energy is 4.6 kcal•mol -1 higher than for the MPMP. This scheme is consistent with the abundance found by NMR analysis, with one major compound (around 85%) and two minor species (15% total). The compact structure observed in the crystalline state was retrieved from the calculation in solution. NCI analysis was performed to understand the origin of such folded structure on the four conformers (Figure S46). A network of interaction favoring the compact structures can be clearly observed. They are of two main types. Fluorine atoms of different phenyl moieties clearly interact with each other through weak dispersive forces. An electrostatic interaction can be observed between one fluorine atom and the carbon of the opposite phenyl ring: one C-F fragment can thereby interact with another F-C of the opposite monomer. This interaction accounts for the lower stability of the PPPM structure, as this network is partially broken in such a conformation, as it can be seen in Figure S46.

Dyn [4]arene 2 4 . The conformational study of 2 4 was performed using a stochastic exploration of the potential energy surface (PES) using simulated annealing with AM1 semiempirical level. A set of 100 geometries of conformations were generated using four simulated annealings, each performed with a different geometry or parametrized with a different initial temperature. All annealings were performed with a geometry optimized with WB97XD/6-31G(d,p) as the starting structure. Only the dihedral angles of the initial structure were allowed to relax during the annealing; the bonds lengths and the valences angles were kept constant. Then the conformations with energy down to 2.5 kcal mol -1 , compared to the lower energy conformation, were kept and fully optimized. The geometry optimizations, vibrational frequencies, and IR absorption intensities were calculated with Density Functional Theory (DFT) using WB97XD functional combined with 6-31G(d,p) basis set.

Dyn [4]arene 3 4 . Previous modeling conducted by us revealed that the most stable conformation of 3 4 corresponds to the cylindricalshaped homochiral (pS) 4 /(pR) 4 species, which allows minimization of the repulsive Coulombic interactions between nearest carboxylate neighbors. 15 Host-Guest Binding. Isothermal titration calorimetry (ITC) experiments were performed at 298 K. In a standard experiment, the host solution (∼0.01 mM) in Tris buffer pH 7.4 (200 mM) was placed into the calorimeter cell (200 μL) and 20 successive aliquots (2 μL) of guest solution (10 times more concentrated) were added via a computer-automated injector at 2 min intervals. Heat changes were recorded after each addition. Heats of dilution were subtracted from the titration data prior to curve fitting. The first injection was discarded from each data set to remove the effect of guest diffusion across the syringe tip during the equilibration process.

UV/vis titration experiments were performed at 298 K. All measurements have been run at least in triplicate. All spectra were carried out in quartz UV cuvettes (l = 1 cm). Spectroscopic grade solvents (chloroform, DMSO, Milli-Q water) and analytical grade salts (AcONH 4 , nBu 4 NPF 6 ). AcONH 4 was used to buffer the aqueous DMSO solution and ensure a constant ionic strength protonation state of the amino acid guests used. Similarly, anion-pi interactions between 1 4 and anionic guests were probed both in the presence and absence of nBu 4 NPF 6 to rule out any solvatochromic effect. The asymmetric deformation of a dyn [4]arene upon the binding of various lysine derivatives leads to distinct induced circular dichroism outputs in buffered water, which can be exploited not only for the determination of their enantiomeric excesses, but also for their classification by linear discriminant analysis.

Induced circular dichroism (ICD) is a fast, sensitive, and accurate method for the stereochemical analysis of UV-silent molecules. 1 Such a method relies on the conformational rearrangement of a chromogenic probe upon its interaction with a chiral analyte. This chirality transfer generally occurs through covalent linkages such as imine bonds or metal complexes, 2 or more rarely through noncovalent interactions. 3 Despite the success achieved so far with a large variety of analytes in organic media, the sensing of biomolecules in water remains one of the main challenges in this field to date.

We recently reported that dyn [4]arene 1 could be prepared as a racemic homochiral species in a gram scale, and without any chromatographic step (Fig. 1). 4 This macrocycle was demonstrated to bind -through electrostatic and hydrophobic interactions -biogenic polyamines with dissociation constants in the nanomolar range in buffered water. Because of a computed kinetic barrier for the inversion of each disulfide bridge's dihedral angle that was around 74 kJ mol À1 , dyn [4]arene 1 was conformationally labile at room temperature. 5 We therefore envisioned that the binding of chiral cationic guest molecules to receptor 1 may preferentially stabilize one (or more) conformer(s), leading to an increase in its (their) concentration(s) in solution and, eventually, to an ICD output.

To validate this hypothesis, we selected the lysine derivative 2, a chiral analogue of the biogenic polyamine cadaverine, which was identified as a guest molecule for macrocycle 1 (Fig. 2A). When a stoichiometric amount of enantiopure (D)-2 was added to dyn [4]arene 1 in an aqueous solution containing 200 mM Tris and buffered to pH 7.4, we observed an exciton-coupled ICD signal with a strong positive Cotton effect at 318 nm and a weaker negative Cotton effect at 346 nm (Fig. 2B). 6,7 The sign of on these new functions. The successful -or unsuccessfulreassignment of every data point is then converted into a score in percent. LDAs had reached a jack-knife score of 100% and 73.3% for the amino acids and the dipeptides, respectively. We obtained a perfect assignment for each point in the first case, and the successful assignment of three points out of four for the dipeptides clearly was an acceptable score for such a subsequent set of similar analytes.

In conclusion, it was demonstrated that the conformational lability of a dyn [4]arene, which may be perceived as a drawback for a cyclophane receptor, could yield induced circular dichroism outputs with chiral guests in buffered water. Lysine derivatives were chiral guests that each displayed a unique optical readout that was exploited not only to determine the enantiomeric purity of a guest with great accuracy, but also to discriminate many guests from only two spectroscopic measurements per guest. We are currently exploring the ability of other dynarenes to behave as stereodynamic receptors.
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Récepteurs auto-assemblés sur mesure pour les protéines thérapeutiques

La chimie supramoléculaire est l'un des domaines les plus fertiles de la recherche chimique. Motivé par le défi que représente la reconnaissance moléculaire sur mesure d'édifices complexes, un grand intérêt est apparu pour la conception et la synthèse de récepteurs macrocycliques polyfonctionnalisés. Nous avons récemment décrit une nouvelle classe de récepteurs moléculaires accessibles et polyvalents: les Dyn[n]arenes. Cette nouvelle classe est obtenue à partir de briques moléculaires 1,4-dithiophénols fonctionnalisés en position ortho assemblées par des liaisons disulfures. Cette stratégie de macrocyclisation contrôlée thermodynamiquement permet de produire de grandes quantités de produit final avec un moindre coût synthétique. Des récepteurs sur-mesure pour la reconnaissance d'anions, de cations et de zwitterions ont été obtenus par cette approche polyvalente. En particulier, le Dyn [4]arene octacarboxylate a montré la capacité de reconnaître sélectivement des dérivés de la lysine par ajustement induit asymétrique du récepteur lors de l'association. L'utilisation de ce récepteur pour reconnaître des peptides et protéines portant en position N-terminale une lysine a été étudiée. Enfin, la post-fonctionnalisation de ces Dyn [4]arenes a été explorée afin d'améliorer leur solubilité et leur propriétés de reconnaissance vis-à-vis de cibles biologiquement actives, ainsi que pour étudier la possibilité de leur greffage sur phase solide et leur utilisation en chromatographie d'affinité. 

Mots-clefs

On-demand self-assembled receptors for therapeutic proteins

Supramolecular chemistry is one of the most active and fast-growing fields of chemical research. Driven by the challenge that tailored molecular recognition of complex molecules represents, a large interest has grown for the design and synthesis of multi-functionalized macrocyclic receptors. We recently described a new class of accessible and versatile molecular receptors: Dyn[n]arenes. This new class is obtained from 1,4-dithiophenols units functionalized in ortho position and assembled by disulfide linkages. This strategy of thermodynamically controlled macrocyclization allows producing large amounts of final product with a low synthetic cost. On demand receptors for anions, cations and zwitterions were obtained by this versatile approach. Particularly, the octacarboxylate-bearing Dyn [4]arene showed the ability to selectively recognize Lysine derivatives via an asymmetric induced adjustment of the receptor upon the complexation. The use of this receptor to recognize N-terminal Lysine tagged peptides and proteins have been investigated. Finally, post-functionalization of Dyn [4]arenes have been explored to improve their solubility and recognition properties toward biologically active target and to investigate their solid phase grafting to be implemented in affinity chromatography. Key-words: Dynamic combinatorial chemistry, post-translational modification, 1,4-dithiophenol-2,5difunctionalized building blocks, Dyn[n]arene, information transfer, molecular recognition, solid phase grafting.
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Figure 1 .

 1 Figure 1. Représentation générique d'un Dyn[4]arène portant des fonctions R

Figure 2 .

 2 Figure 2. Représentation du rôle des fonctions chimiques portées par les briques moléculaire 1,4-dithiophenol dans leurs propriétés d'auto-assemblage : (1) par repliement, (2) par empilement et (3) par effet template. Représentation de la complémentarité électronique récepteur/ligand.

Figure 3 .

 3 Figure 3. Représentation schématique du projet cofinancé par UCB Pharma (LEGOMEDIC) visant à détecter sélectivement les MPT au sein de mélanges complexes d'anticorps thérapeutiques pour le contrôle qualité de ces bio-médicaments.

  post-traductionnelles (MPT) visées étant la déamidation des résidus Glutamine et Asparagine ainsi que l'oxydation des résidus Méthionine, nous cherchons à reconnaître spécifiquement des motifs carboxylates (Glu, Asp) et sulfoxyde (MetO). L'étude de deux récepteurs A 4 et B 4 portant des fonctions respectivement accepteur de liaison hydrogènes (i.e. A 4 totalement

Figure 4 .

 4 Figure 4. Potentiels électrostatiques des récepteurs A 4 and B 4 et représentation de la complémentarité récepteur/ligand (A 4 /spermine et B 4 /sulfoxyde et carboxylate)
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Figure 2 .

 2 Figure 2. Chemical modifications respectively on the aminoacid side chain and on the peptide backbone leading to the formation of PTMs: (a) covalent modification of the side chain and (b) cleavage on the main chain [5]

Figure 3 .

 3 Figure 3. Methionine oxidation on a peptide scaffold

Figure 7 .

 7 Figure 7. (a) Conversion of a methionine into an homoserine using cyanogen bromide and (b) reduction of oxidized methionine to methionine on a peptide scaffold

Figure 8 .

 8 Figure 8. Schematic representation of the fluorescent protein based sensor mechanism for MetO detection

Figure 10 .

 10 Figure 10. Crystal structure of the active site of hcPheRS binding a Phe residue (blue). Distance between the residues are given in Å. Figure adapted from ref[24] 

Figure 11 .

 11 Figure 11. Crystal structure of the Arginine (CPK representation) in the binding site of TmArgBP (stick representation). The interactions are highlighted in dashed lines. Figure adapted from ref

Figure 12 .

 12 Figure 12. Stereoscopic view (ball and stick) of the DEBP binding site with glutamate and a water molecule (w). The interactions are highlighted in dashed lines. Figure adapted from ref [28]

Figure 13 .

 13 Figure 13. Proposed three step mechanism of MetO reduction by a Methionine sulfoxide reductase. Figure from ref [30b]

Figure 14 .

 14 Figure 14. Stereoscopic view of the complex between the active site of the MsrA domain of the PilB protein from Neisseria meningitidis and Ac-Met-S-SO-NHMe. The interactions are highlighted in dashed lines. Figure adapted from ref [30a]

Figure 15 .

 15 Figure 15. Crystals structure of the complex between the active site of the MsrB domain of the PilB protein from Neisseria meningitidis and Ac-Met-R-SO-NHMe. The interactions are highlighted in dashed lines. Figure adapted from ref [30b]

Figure 18 .

 18 Figure 18. Representation of a cucurbit[7]uril (left) and crystal structure of a CB[7] binding the N-term Phe of the insulin (right). Figure adapted from ref[42] 

Figure 19 .

 19 Figure 19. Crystal structures of CS (left) and LDH (right). Only a monomeric unit is shown but the geometry corresponds to the dimer for CS and the tetramer for LDH. A computer model of CD1 is represented in the region of the protein-protein interfaces were the potential aromatic binding sites are highlighted. Figure adapted from ref[45] 

Figure 21 .

 21 Figure 21. Structure of the carboxylatopillar[5]arene (CP5A)

Figure 22 .

 22 Figure 22. Structure of the tetraguanidinium calix[4]arene (left) and crystal structure showing the interaction between the glutamates E336 and E339 on the p53-R337H protein and the guanidiniums of the calix[4]arene upper rim (right).Figure adapted from ref

Figure

  Figure 22. Structure of the tetraguanidinium calix[4]arene (left) and crystal structure showing the interaction between the glutamates E336 and E339 on the p53-R337H protein and the guanidiniums of the calix[4]arene upper rim (right).Figure adapted from ref[55] 

Figure 23 .

 23 Figure 23. Representation of Host 1-2 (a) and computational modeling of KMe3 binding Host 2 (b).Figure adaptedfrom ref[56] 

  Chemistry: a powerful tool to obtain tailored receptors a) b)

Figure 24 .

 24 Figure 24. Schematic representation of the concept of protein-templated DCC: selection of the best inhibitor by casting (a), selection of the best receptor by molding (b) and selection of the best polymeric partner by molding (c). The protein is represented in grey.

Figure 25 .

 25 Figure 25. Dithiol building blocks (a) used in DCC for the self-assembling of mercaptophanes selective for methylated lysine and arginine (b). Computational modelling of KMe3 in the cavity of the receptors A 2 B and A 2 N (c). The modified monomers are highlighted in orange (B) and in blue (N) to visualize the deeper aromatic pocket[66]

Figure 26 .

 26 Figure 26. Successive methylation states of Arginine: monomethyl Arg: RMe; symmetric dimethylarginine: sRMe2 and disymetric dimethylarginine: aRMe2 (a) with their corresponding electrostatic potentials (b). Representation of the decreasing hydrogen bond capacity and increasing hydrophobicity.Figure adapted from ref

Figure

  Figure 26. Successive methylation states of Arginine: monomethyl Arg: RMe; symmetric dimethylarginine: sRMe2 and disymetric dimethylarginine: aRMe2 (a) with their corresponding electrostatic potentials (b). Representation of the decreasing hydrogen bond capacity and increasing hydrophobicity. Figure adapted from ref[35] 

Figure 1 .Chapter 2 :

 12 Figure 1. Schematic representation of the controlled self-assembling of Dyn[4]arene II-A 4 , II-B 4 and II-F 4

Figure 2 .

 2 Figure 2. Representation of the traditional cyclophanes used in molecular recognition: (a) β-CD, (b) CB[7], (c) Calix[4]arene and (d) Pillar[5]arene

Figure 3 .

 3 Figure 3. Synthesis of the hydrosoluble tetra-carboxylic acid p-t-butyl-calix[4]arene(3) 

Figure 4 .

 4 Figure 4. Schematic representation of the a disulfide formation and exchange in aqueous media

Figure 5 .

 5 Figure 5. Representation of the disulfide based cyclophanes obtained by mixing the building blocks II-C, II-D and II-E with and without template reported by Otto and Sanders

Figure 7 .

 7 Figure 7. Controlled synthesis of a disulfide linked p-cyclophane: tetrafluoro-tetramer

Figure 9 .

 9 Figure 9. Controlled synthesis of disulfides linked p-cyclophanes: octaalkoxy tetramers[31] 

Figure 10 .

 10 Figure 10. General representation of the self-assembling of 1,4-dithiophenols ortho-functionalized building blocks providing cyclic oligomers

Figure 11 .

 11 Figure 11. General representation of the Leuckart thiophenols reaction from the benzene diazonium salt

Figure 12 .

 12 Figure 12. Synthesis of substituted thiophenols from aryl iodides

Figure 13 .

 13 Figure 13. Synthetic route to obtain ortho-substituted thiophenols using the Newman-Kwart rearrangement

Figure 14 .

 14 Figure 14. Proposed mechanism for the Newman-Kwart rearrangement

Figure 15 .

 15 Figure 15. Schematic representation of the 1,4-ditihiophenols toolbox to generate DCLs

Figure 16 .

 16 Figure 16. Synthetic route leading to 2,5-dimercaptoterephtalic acid (II-A) and diethyl 2,5-dimercaptoterephtalate (II-G) starting from diethyl 2,5-dihydroxyterephtalate

Figure 17 .

 17 Figure 17. Synthesis of the 2,5-dihydroxyterephtalaldehyde II-19 starting from the 1,4-dimethoxybenzene

Figure 18 .

 18 Figure 18. Synthesis of the 2,5-di(dimethylthiocarbamoylsulfanyl)-1,4-dibenzaldehyde II-21 via thiocarbamation and NKR rearrangement

Figure 19 .

 19 Figure 19. Deprotection of 2,5-di(dimethylthiocarbamoylsulfanyl)-1,4-dibenzaldehyde

Figure 20 .

 20 Figure 20. Derivatization of the aldehyde protected building block by reduction reaction

Figure 21 .

 21 Figure 21. Deprotection reaction of II-22 leads to the formation of a tri-cyclic compound

Figure 22 .

 22 Figure 22. Derivatization of the aldehyde building block II-H by reduction reaction

Figure 23 .

 23 Figure 23. Derivatization of the building block II-H by hydrazone formation

Figure 24 .

 24 Figure 24. Synthesis of the protected derivative of the 2,5-diiodobenzene-1,4-dithiol via NKR rearrangement

Figure 25 .

 25 Figure 25. Schematic representation of the envisage strategy for the tailored self-assembling of cyclic oligomer around an epitope template

Figure 26 .

 26 Figure 26. Representation of the building blocks studied in hetero building block DCC: II-A, II-B and II-C

Figure 27 .

 27 Figure 27. HPLC Chromatogram of the library obtained for 2,5-dimercaptoterephtalic acid and 2,5-diaminobenzene-1,4-dithiol (1:1) the building blocks without any template in a DMSO/Tris buffer pH=7.4 mixture (1:1) [46]

Figure 29 .

 29 Figure 29. (a) Chromatogram of the library of II-B and II-F without template in DMSO. (b) Representation of the library members obtained after equilibration in the DCL.

Figure 30 .Figure 31 .

 3031 Figure 30. Proportion of the cyclic oligomers in the libraries mixing the building blocks II-A, II-B and II-F

1 H

 1 NMR (300 MHz, CDCl 3 ): δ = 8.09 (s, 2H, Ar-H), 4.33 (q, J = 7.1 Hz, 4H, CH 2 -CH 3 ), 3.14 (s, 6H, N-(CH 3 ) 2 ), 3.04 (s, 6H, N-(CH 3 ) 2 ) and 1.35 (t, J = 7.1 Hz, 6H, CH 2 -CH 3 ).

13 C

 13 NMR (75 MHz, CDCl 3 ): δ = 165.39, 165.34, 138.77, 137.25, 130.99, 61.69, 37.13 and 14.22. mp=140°C Diethyl 2,5-dimercaptoterephtalate II-G )terephthalic acid diethyl ester II-16 (200 mg; 0.467 mmol).

1 H

 1 NMR (300 MHz, DMSO-d 6 ): δ = 8.06 (s, 2H, Ar-H).

13 C

 13 NMR (75 MHz, DMSO-d 6 ): δ = 166.66, 133.15 and 130.03. mp: Degradation > 387°C 2,5-Dimethoxybenzene-1,4-dicarboxaldehyde II-18

  , CDCl 3 ): δ = 10.49 (s, 2H, CHO), 7.45 (s, 2H, Ar-H) and 3.94 (s, 6H, O-CH 3 ).

13 C 4 II- 18 2, 5 -

 134185 NMR (75 MHz, CDCl 3 ): δ = 189.35, 155.89, 129.31, 111.07 and 56.37. mp=207°C Bright Yellow powder M=194.18 g.mol -1 C 10 H 10 O Dihydroxybenzene-1,4-dicarboxaldehyde II-19

  (3:1) to give orange crystals. (384 mg, 2.32 mmol, 90 %) , DMSO-d 6 ): δ = 10.29 (s, 2H, CHO), 10.26 (s, 2H, OH) and 7.21 (s, 2H, Ar-H).

13 C

 13 NMR (75 MHz, DMSO-d 6 ): δ = 190.31, 152.83, 127.68 and 115.22. mp=262°C 2,5-di(dimethylthiocarbamoyloxy)-1,4-dibenzaldehyde II-20 2,5-dihydroxyterephtalaldehyde II-19 (0.972g ; 5.85mmol) and DABCO (2.64g ; 23.52mmol) were dissolved in dry DMA (26 mL) under inert atmosphere and cooled to 0°C with an ice bath. Then the dimethylthiocarbamoyl chloride (2.91 g ; 23.52 mmol) first dissolved in dry DMA (8mL) was added dropwise to the previous solution. The ice bath can be removed and the reaction mixture was stirred overnight at room temperature.

Hexane/ethyl acetate ( 7 : 3 ) Rf=0. 6 1H

 736 NMR (CDCl 3 , 300MHz): (ppm)= 10.25 (s, 2H, CHO), 8.18 (s, 2H, Ar-H), 3.17 (s, 6H, N-(CH 3 ) 2 ) and 3.03 (s, 6H, N-(CH 3 ) 2 ).

13 C

 13 NMR (CDCl 3 , 75MHz): (ppm)= 189.

1 H 13 C

 113 NMR (CDCl 3 , 300MHz): (ppm)= 6.10 (s, 2H, Ar-H) and 4.17 (s, 4H, CH 2 -OH) NMR (CDCl 3 , 75MHz): (ppm) = 139.45, 130.93, 127.81 and 62.97. HRMS (infusion) m/z calculated for C 8 H 19 O 2 S 2 : 201.0049, measured: 201.0050 mp=245°C 2,5-Dimercapto-1,4-phenylene di-acetohydrazid II-J

4 1H

 4 NMR (300 MHz, CDCl 3 ): δ = 7.52 (s, 2H, Ar-H), 3.46 (s, 6H, N-(CH 3 ) 2 ) and 3.39 (s, 6H, N-(CH 3 ) 2 ).

13 C

 13 NMR (75 MHz, CDCl 3 ): δ = 185.

  Organic and aqueous mixed solutions (1:1) have been prepared following the same procedure. Different mixtures used: DMSO/Tris pH=7.4, DMSO/Tris pH=8.3, THF/Tris pH=7.4, THF/Tris pH=8.3 and CHCl 3 /Tris pH=7.4. Cottony white solid M=536.19 g.mol -1 C 12 H 14 I 2 N 2 O 2 S 2 II-26 IV.1.

Figure S1 .Figure S2 .

 S1S2 Figure S1. HPLC method for the UV-vis monitoring (250 and 350nm) of the DCLs

Figure S8 .

 S8 Figure S8. HPLC chromatogram of the library of II-A/II-F in a mixture DMSO/Tris pH=8.3 (1:1) at250nm

II-F 4 II-F 4 II-F 4 II-F 4 Figure S12 .

 4444S12 Figure S12. HPLC chromatogram of the library of II-B/II-F in DMSO at 250nm

Figure S16 .

 S16 Figure S16. LC-MS method for the analysis of the II-B/II-F library in DMSO

Figure 2 .

 2 Figure 2. HPLC Chromatogram of library II-A without template at 4 mM in Tris Buffer pH=7.4 (See method in Experimental Section) II-A 3 : 23%; II-A 4 : 74% and III-A 5 : 3% Method: Water/ACN + 0.05% TFA, 1.2 mL/mn; Column: Agilent C8 Eclipse Plus XDB 4.6 x 150 mm, 3 μL

Figure 3 .

 3 Figure 3. Schematic representation of selected corresponding to fragments of the spermine backbone

Figure 4 .

 4 Figure 4. (a) Proportion of cyclic oligomer obtained by integration of the HPLC chromatogram at from DCLs based II-A in Tris Buffer pH=7.4 200 mM (except for T4 cf I.1.ii) with selected ammonium templates (T3: n-butlyamine, T4: AcONH 4 , T5: LysNH 2 , T2: pentane diamine and T1: spm); (b) Evolution of the total area in mAu obtained from total integration of the HPLC chromatograms lambda = for the previous libraries at 1 mM in Tris Buffer 200 mM pH=7.4

Chapter 3 :

 3 From self-assembling to information transfer; the case of octacarboxylic Dyn[4]arene 101

Figure 5 . 1 H

 51 Figure 5. 1 H NMR spectra of the isolated libraries mixtures from II-A respectively with (up to down) spm (T1), Lys-NH 2 (T5), pentanediamine (T2), n-butylamine (T3) and ammonium acetate (T4) in D 2 O pH=7.4 adjusted with NaOD at 8 mM As we previously described, different stereoisomers can be obtained upon virtual (this rotation is blocked in liquid water) rotation of phenyl units along the 1-4 axis affording two opposite configurations: pR/pS. Moreover, different conformations arise from the chirality of each disulfide bridge which can adopt two enantiomeric conformations: P/M. At the NMR time scale, the different conformations cannot be distinguished, while the different configurations can of course be observed. The singlet obtained for II-A 3 and II-A 4 are consistent with the symmetry of these homochiral species. (Figure 6)

Figure 6 .

 6 Figure 6. Dyn[3]arene and Dyn[4]arene configurational landscape Further investigations were conducted in order to identify the remaining 1 H signals: a, b, f, g and h of similar relative intensities in each isolated mixture of macrocycles.

Figure 7 . 1 H

 71 Figure 7. (a) Attribution of 1 H NMR signals for the compounds of the library II-A in ammonium acetate (T4) 200 mM (b)

Figure 8 . 1 H

 81 Figure 8. Representation of the oligomers repartition obtained from integration of the 1 H NMR signals in the II-A libraries templated with T2-T5 (See Experimental Section for the spectrum deconvolution)

Figure 9 . 1 HFigure 10 .constants from 1 H

 91101 Figure 9. 1 H NMR titration of the mixture II-A/T4 (9.18mM) with pentanediamine T2 [8.3ppm-7.5ppm] at 293K in D 2 O pH=7.4 adjusted with NaOD (+1eq TMSP-d4) *appearance proton e (Bottom 0eq->1eq: addition of 0.05eq aliquots and up to 10eq)

Figure 11 . 1 H

 111 Figure 11. 1 H NMR DOSY experiment of the library II-A/T4 (9.35mM) with 0.65eq of pentane diamine T2 at 275 K (+ 1eq TMSP-d4) and attribution of the protons of the complexes in the aromatic area (8.1-7.5ppm) and in the aliphatic area (2.5-1.5ppm)

)

  Average dissociation constants for spermine (T1) (K d =7nm), pentane diamine (T2) (K d =29nm), nbutylamine (T3) (K d =9μm) and Lys-NH 2 (T5) (K d =140nm) obtained in buffered water (Tris Buffer 200 mM pH=7.4, see Experimental section).

Figure 12 . 1 HFigure 13 . 1 H

 121131 Figure 12. Correlation between the integration in 1 H NMR of proton d (quantity of homochiral II-A 4 in the library in %) and stoichiometries obtained in ITC titrations with T1, T2, T3 and T5A second 1 H NMR titration was conducted on the II-A/T3 mixture with n-butylamine (T3) (Figure13) to confirm the binding behavior of each object. The analysis of the binding isotherms confirms the non-complexation of (pR) 2 (pS) 2 (a, b), the formation of a pseudo-rotaxane complex with (pR) 4 /(pS) 4 (d), a 2:1 binding for (pR) 3 (pS)/(pR)(pS) 3 (e/f/g/h) and a 1:1 for (pR) 3 /(pS) 3 (c) on the receptors rims. (See Experimental Part)

Chapter 3 :Figure 14 .

 314 Figure 14. Structure-binding relationship of II-A 4 and II-A 3 diastereisomers toward n-butylamine, a Dissociation constant from ITC titration, b Dissociation constants from NMR titrations.

Figure 15 .Figure 16 . 1 H

 15161 Figure 15. Correlation between the percentage of monomer in II-A 3 (pR) 3 /(pS) 3 obtained in 1 H NMR and the percentage of non-visible monomer in HPLC (UV-vis detector 250nm)

Figure 17 .

 17 Figure 17. Correlation between the percentage of monomer in II-A 4 (pR) 4 /(pS) 4 obtained in 1 H NMR and the percentage of visible monomer in HPLC (UV-vis detector 250nm)

Figure 18 .

 18 Figure 18. Representation of the quantity of monomer for each objects obtained experimentally (HPLC or 1 H NMR integrations) in the libraries: T1: spm/ T2: pentanediamine/ T3: n-butylamine/ T4: AcONH4/ T5: LysNH 2 .

Figure 20 .

 20 Figure 20. Schematic representation of the binding model between II-A 4 and butane diamine/spermidine/spm.Enthalpy and entropy are respectively given in Kcal/mol and cal/mol/K. Figure from ref[8] 

Figure 21 .

 21 Figure 21. Association constants (Ka) obtained by ITC titrations for the binding between homochiral II-A 4 and α,ωdiamines in Tris Buffer 200 mM pH=7.4. (The measurement for heptanediamine was performed by Dr. Marion Donnier-Maréchal)

Figure 22 .

 22 Figure 22. Association constants (Ka) obtained by ITC titrations for the binding between homochiral II-A 4 and spermine (z=4), spermidine (z=3), butanediamine (z=2) and n-butylamine (z=1) in Tris Buffer 200 mM pH=7.4 with z=charge of Guest

Figure 23 .

 23 Figure 23. Representation of the LogK obtained by ITC titrations for the series of α,ω-diamines (a) and the series derived from spm (b) in function of the amplification factors obtained from the HPLC chromatograms in the DCLs.

Figure 24 .

 24 Figure 24. Thermodynamic parameters extracted from ITC titrations of homochiral II-A 4 by α,ω-diamines (n= number of carbon atoms between the two primary amines)

Figure 25 .

 25 Figure 25. Schematic representation of the desolvation/solvation process during Host-Guest complex formation: Guest (σ), binding in the gas phase (g), Host (ρ) and Host-Guest (ρσ). Courtesy of Prof. J. K. M. Sanders.

Chapter 3 :

 3 From self-assembling to information transfer; the case of octacarboxylic Dyn[of freedom degrees of both host and guest upon binding is the net desolvation resolvation entropy of the guest are the host-guests interactions in the gas phase (electrostatics mainly) is the net desolvation resolvation enthalpy of the guest Preliminary modelling of the different architectures (semi-empirical AM1 calculations in the gas phase) reveals two regimes in terms of solvent accessible surfaces (Figure26):

Figure 26 .

 26 Figure 26. Structures from molecular modeling of homochiral II-A 4 (n=0) and complexes with α,ω-diamines n=3,6 and 8 (semi empirical)

Figure 27 .

 27 Figure 27. Evolution of the solvent accessible surface of the homochiral II-A 4 -α,ω-diamines complexes

Chapter 3 :Figure 28 .

 328 Figure 28. Representation of the calculated (from geometries obtained by semi-empirical AM1 model) Coulombic Energy (Ecoul) along with the experimental thermodynamic parameters obtained by ITC titration of II-A 4 by α,ω-diamines (n= number of methylene groups between the two primary amines)

Figure 29 .

 29 Figure 29. Representative scenario of the model proposed for the binding mechanism of homochiral II-A 4 and α,ωdiamines (n=3-8)

Figure 30 .

 30 Figure 30. Thermodynamic energetic contributions extracted from ITC titrations of homochiral II-A 4 with pentane diamine and homologues in Tris Buffer 200 mM pH=7.4. *represents the singular entropic penalty for LysNH 2

Figure 31 .

 31 Figure 31. Representation of the polycarboxylatepolyether developed by Dougherty.

Figure 32 .

 32 Figure 32. Association constants (Ka) obtained from ITC titrations of homochiral II-A 4 by amino acids and derivatives. *guests located in the cavity *guests not in the cavity (Tris buffer 200 mM pH=7.4)

Figure 33 .

 33 Figure 33. CD spectrums of homochiral II-A 4 titration by L-LysNH 2 (negative at 318nm, up to 1eq) and with 1 eq of D-LysNH 2 (positive at 318nm) in tris buffer 200 mM pH=7.4 (280-450nm)

Figure 34 .

 34 Figure 34. Schematic representation of the chirality transfer upon Lys-NH 2 complexation achieved by conformational lability (COOH have been omitted for clarity)

Figure 35 .

 35 Figure 35. Association constants obtained by ITC titration between homochiral II-A 4 and dipeptides carrying a Lysine in Tris Buffer pH=7.4 200 mM

Figure 36 .

 36 Figure 36. Thermodynamic parameters extracted from ITC titrations of II-A 4 with dipeptides carrying a Lysine residue

Figure 37 .

 37 Figure 37. Discrimination in two dimensions of various amino acids and peptides carrying a Lysine by plotting the ECD response (θ max at 318 nm with 5 eq of guest) and the binding constants determined by ITC titration (logK) with homochiral II-A 4 . Lysine derivatives and peptides related to PTMs are highlighted.

Figure 38 .

 38 Figure 38. Representation of the Bradykinin structure

Figure 39 .

 39 Figure 39. Schematic representation of the evolution of the electrostatic potential surface of Lys-Bradykinin upon binding with homochiral II-A 4

Figure 40 .

 40 Figure 40. Ternary structure of Aequorea Victoria Green Fluorescent Protein

Figure 41 .

 41 Figure 41. ITC titrations in Tris Buffer 20 mM pH=7.5 between homochiral II-A 4 at 2.73x10 -3 M with MKQ-GFP at 2.78x10 -4 M (left) and MAA-GFP at 2.73x10 -4 M(right). The fitted transitions are highlighted in blue.

Figure 42 .

 42 Figure 42. ECD spectra of MKQ-GFP upon successive addition of 1eq and 10eq of homochiral II-A 4 in 20 mM Tris Buffer pH=7.5

Figure 43 .

 43 Figure 43. Schematic representation of the selective recognition of an altered antibody vs an unaltered by a Dyn[4]arene

Figure 44 . 3 M

 443 Figure 44. ITC isotherms for the binding of homochiral II-A 4 (3.08.10 -3 M) with hydrolyzed CDP791 (3.08.10 -4 M): fit K 1 (left), fit K 2 (right) and initial thermogram (center). The fitted transitions are highlighted in blue.

Table 1 .Figure 45 .

 145 Figure 45. Stick representation of the structure of the Hydrolyzed CDP791 and CPK representation of Lysine (blue), deamidated sites next to a Lysine (red) and other deamidated sites (yellow) on CDP791.

Figure S1 .Figure S2 .Chapter 3 :Figure S4 . 4 IV. 2 .Chapter 3 :

 S1S23S4423 Figure S1. Structures of the templates used in DCL with II-A (triamines, tetramines, linear diamines and mono-amines)

Figure S8. 1 HChapter 3 :Figure S9 .Chapter 3 :Figure S11 .Figure S13 .

 13S93S11S13 Figure S8. 1 H NMR of the library II-A/T4 (8mM) in D 2 O pH=7.4 adjusted with NaOD at 293K (+ 1eq TMSP-d4)

Chapter 3 :Figure S15 .Chapter 3 :

 3S153 Figure S15. Fit of the 1 H NMR spectrum of the library II-A/T5 in D 2 O pH=7.4 ajusted with NaOD at 293K

Equation 2 :

 2 Where R H (ref) and D(ref) are reported values of the reference's hydrodynamic radius and D(ref) the value of the diffusion coefficient obtained experimentally in this study.

Figure S18. DOSY 1 H 4 Chapter 3 : 1 HFigure S19 . 1 HChapter 3 :Figure S20. DOSY 1 H 1 H 1 HFigure

 1431S1913111 Figure S18. DOSY 1 H NMR of the library of II-A with AcONH 4 T4 (6.65mM) in phosphate buffer 100mM pH=7.4

Figure S25 .Figure S26. 1 H

 S251 Figure S25. UV-vis spectrum of the libraries of II-A templated with ammonium acetate T4, n-butylamine T3, pentane diamine T2, Lys-NH 2 T5 and spm T1 at 0.8.10 -5 M in phosphate buffer 100mM

Chapter 3 :

 3 From self-assembling to information transfer; the case of octacarboxylic Dyn[4]arene 161 IV.5.i. ITC measurements of libraries II-A/T1-T5 with templates T1, T2, T3 and T5 Host-guest titration with the library II-A/T4 IV.5.i.a.

Figure S27 . 3 M 3 M

 S2733 Figure S27. ITC binding isotherm of the library II-A/T4 (1.10 -3 M) with n-butylamine T3 (3.10 -3 M). K d =10.7μM (±0.71μM) and n=0.279.

Figure S28 . 4 M

 S284 Figure S28. ITC binding isotherm of the library II-A/T4 (1.10 -4 M) with Lys-NH 2 T5 (3.10 -4 M). K d =138nM (±9.6nM) and n=0.250.

Chapter 3 :Figure S29 . 4 M 4 M

 3S2944 Figure S29. ITC binding isotherm of the library II-A/T4 (1.10 -4 M) with pentanediamine T2 (3.10 -4 M). K d =36.6nM (±8.05nM) and n=0.231.

Figure S30 . 4 M

 S304 Figure S30. ITC binding isotherm of the library II-A/T4 (1.10 -4 M) with spermine T1 (3.10 -4 M). K d =11.66 nM (±3.22nM) and n=0.261.

Figure S33 . 4 M 4 M 4 M

 S33444 Figure S33. ITC binding isotherm of the library II-A/T3 (1.10 -4 M) with pentanediamine T2 (2.5.10 -4 M). K d =32.7nM (±4.5nM) and n=0.153

Figure S37 . 5 M 5 M

 S3755 Figure S37. ITC binding isotherm of the library II-A/T5 (1.10 -5 M) with pentanediamine T2 (6.10 -5 M). K d =18.5nM (±2.6nM) and n=0.529.

Figure S38 . 5 M

 S385 Figure S38. ITC binding isotherm of the library II-A/T5 (1.10 -5 M) with spermine T1 (6.10 -5 M). K d =2.9nM (±0.89nM) and n=0.457.

Figure S41 . 5 M 5 M

 S4155 Figure S41. ITC binding isotherm of the library II-A/T2 (1.10 -5 M) with pentanediamine T2 (8.10 -5 M). K d =20.0nM (±2.2nM) and n=0.691.

Fig. S 1 5 M

 15 Fig. S 1 ITC binding isotherm of the library II-A/T2 (1.10 -5 M) with spermine T1 (8.10 -5 M). K d =9.2nM (±1.7nM) and n=0.750.

Figure S44 . 5 M 4 M

 S4454 Figure S44. ITC binding isotherm of the library II-A/T1 (1.10 -5 M) with pentanediamine T2 (1.10 -4 M). K d =35.8nM (±5.7nM) and n=0.744.

Figure S45 . 5 M

 S455 Figure S45. ITC binding isotherm of the library II-A/T1 (1.10 -5 M) with spermine T1 (1.10 -4 M). K d =6.4nM (±2.0nM) and n=0.992.

Figure S46. 1 HFigure S48. DOSY 1 HFigure S49. 1 HFigure S51 .Chapter 3 :

 111S513 Figure S46. 1 H NMR of II-A/T4 (9.18mM) titration with pentanediamine T2 [3.2ppm-(-1.4ppm)] at 293K (+1eq TMSP-d4) in D 2 O pH=7.4 adjusted with NaOD (bottom 0eq->1eq addition of 0.5eq aliquots and 1.5eq, 2eq, 5eq and up to 10eq)

Figure S53 . 2 =0. 9913 Figure S55 . 2 =0. 9941 Figure S56 .

 S5329913S5529941S56 Figure S53. Curve fitting with a 1:1 binding model of Δ =f([Guest]) for proton c. K d =5.39mM (±0.17mM) and R

Figure S58. 1 H

 1 Figure S58. 1 H NMR of the library II-A/T3 (7.75mM) titration with n-butylamine T3 [3.4ppm-(-1.8ppm)] at 293K (+1eq TMSP-d4) in D 2 O pH=7.4 adjusted with NaOD (Bottom 0eq->1eq addition of 0.5eq aliquots and 2eq, 5eq, 10eq and up to 20eq)

Figure S60 .Chapter 3 :Figure S61 . 2 =0. 9957 Figure S62 . 2 =0. 9949 Figure S63 .Figure S64 .

 S603S6129957S6229949S63S64 Figure S60. Curve fitting with a 1:1 binding model of Δ =f([Guest]) for proton c. K d =21.6mM (±0.57mM) and R 2 =0.9887

Figure S65. 1 HFigure S66. 1 HFigure S67. 1 H

 111 Figure S65. 1 H NMR of L-Lys-NH2 (T5) in D 2 O phosphate buffer 100mM pH=7.4 at 6 mM (293.16K)

Figure S68. 1 HFigure S69. 1 H

 11 Figure S68. 1 H NMR of pentanediamine (T2) in D 2 O phosphate buffer 100mM pH=7.4 at 6 mM (293.16K)

Figure S70 .

 S70 Figure S70. Titration of II-A 4 homochiral and determination of the protonation percentage (theta) at pH=7.4

Figure S71 .Chapter 3 :

 S713 Figure S71. Carboxylic acid Dyn[4]arene (homochiral II-A 4 )

Figure S72 . 4 (Figure S73 . 4 M

 S724S734 Figure S72. ITC binding isotherm of homochiral II-A 4 (1.10 -4 M) with CaCl 2 (1.10 -3 M)
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Chapter 3 : 3 M 4 M) Chapter 3 :Figure S117 .Figure S118 . 3 M 4 ( 2 Chapter 3 :Figure S120 .Chapter 3 :Figure S121. 1 H

 3343S117S1183423S12031 Figure S115. ITC binding isotherm of homochiral II-A 4 (3.16.10 -3 M) with CDP791native (3.16.10 -4 M)

  Figure S122.

1 H 4 Figure S123. 1 H 4 Figure S124. 1 H 4 Chapter 3 :Figure S125. 1 H

 14141431 Figure S123. 1 H NMR of Lys-OMe in D 2 O phosphate buffer 100mM pH=7.4

1 H

 1 NMR of homochiral II-A 4 (4mM) and 1 equivalent of Arg-NH 2 in D 2 O phosphate buffer 100mM pH=7.4

Figure 1 .

 1 Figure 1. Representation of the inclusion complexes of II-A 4 /spm and II-B 4 /carboxylate or sulfoxyde with the electronical complementarity Host/Guest (a). Electrostatic potential surface of II-A 4 and II-B 4 (b)

Figure 2 .

 2 Figure 2. Association constants extracted from UV-vis titration of II-B 4 with Gly, β-Alanine, GABA and PTMs relative aminoacids in 0.1M DMSO/AcONH 4 (95/5)

Figure 3 .

 3 Figure 3. Schematic representation of a multi-component DCL involving building blocks derived from 2,5-diaminobenzene-1,4-dithiol (II-B) and 2,5-dimercaptoterephtalic acid (II-A)

Figure 4 .

 4 Figure 4. Synthetic routes envisaged to obtain di-thiolated terephtalic acids protected on the thiol groups (thiocarbamates, cyanoethyl, trityl) and their derivatization by peptide coupling reaction.

Figure 5 .

 5 Figure 5. Synthesis of the 2,5-dimercapto-tetramethylterephtalamide IV-A building block

Figure 6 .

 6 Figure 6. Proposed mechanism for the formation of the building block IV-A

Figure 7 .

 7 Figure 7. Synthesis of the protected 2,5-dimercaptoterephtalic acid derivative IV-4 in three steps starting with II-19

Figure 10 . 9 IV

 109 Figure 10. Proposed mechanism for the formation of the compound IV-9

Figure 13 .

 13 Figure 13. Cyanoethyl deprotection on the compound IV-13 with cesium hydroxide yielding the N 1 ,N 4 -dibutyl-2,5dimercaptoterephtalamide IV-15

Figure 14 .

 14 Figure 14. Coupling of the 2,5-di((trityl)thio)terephtalic acid IV-12 with Boc-protected aspartate and N,Ndimethylethylendiamine

Figure 16 .Figure 17 .Figure 18 .

 161718 Figure 16. Protection of 2,5-diaminobenzene-1,4-dithiol di-hydrochloride II-B with 3-bromopropionitrile

Figure 19 .

 19 Figure 19. Synthesis of N,N'-(2,5-bis((2-cyanoethyl)thio)-1,4-phenylene)dibenzamide IV-23 by acylation of 2,5bis((cyanoethyl)thio)-1,4-phenylenediamine IV-18

Figure 20 . 25 Figure 21 .

 202521 Figure 20. Deprotection of the cyanoethyl on the mono-functional N-(2-((2-cyanoethyl)thio)phenyl)benzamide IV-25

Figure 22 .

 22 Figure 22. Acylation of 2-aminothiophenol: predominant formation of the benzothiazole [21]

Figure 23 .

 23 Figure 23. Synthesis of 2,5-((2-cyanoethyl)thio)-1,4-phenylene(bis(3-(2-methoxyethyl)urea)) IV-29 using the 1isocyanato-2-methoxyethane

Figure 24 .

 24 Figure 24. Cyanoethyl deprotection of IV-29 with cesium hydroxide

Figure 25 .

 25 Figure 25. Schematic representation of the post-functionalization principle.

Figure 27 .

 27 Figure 27. Post-functionalization of the amino Dyn[4]arene II-B 4 with ethyleneglycol chains

Figure 28 .Figure 29 .

 2829 Figure 28. MALDI Matrix 1: Functionalization of II-B 4 with a PEG-isocyanate MW 5000

- 1 M

 1 (CH 3 O-PEG-NCO) 5000g.mol -1 ̴

Figure 30 .

 30 Figure 30. Post-functionalization of II-B 4 with the N-succinimidyl N-methylcarbamate

Figure 31 .

 31 Figure 31. Mono-functionalization of the receptors A 2 B, A 2 D and A 2 G with Biotin-PEG-NH 2 develop by Waters and coworkers. The yields are estimated from peak area of crude HPLC chromatograms. Figure adapted from ref.

Figure 32 .

 32 Figure 32. Post-functionalization of II-A 4 by peptide coupling with a PEGylated chain and the N,N-dimethylethylene diamine

35 II-A 4 IV- 34 Chapter 4 :

 354344 ) were individually analyzed by mass spectrometry (MALDI) but unfortunately no product IV-35 could be clearly identified by this technique. The mass distribution appears to be IV-Toward functionalized Dyn[n]arenes for the recognition of post-translational modifications 241 center on the mean PEG molar mass, around m/z 2000. However, we could observe a signal m/z 2228, which may corresponds to the product between II-A (m/z 230) and a PEG-NH 2 (m/z 2000). The signal at 2228 m/z is not present on the mass analysis of the commercial PEG-NH 2 . Still it is unclear whether this product is obtained in the mass analyzer by the degradation of IV-35 or if it corresponds to a reaction product.

Figure 33 .

 33 Figure 33. (a) Mass spectrum (MALDI, mode negative) of the filtrate IV-35 (Matrix DCTB); (b) Mass spectrum (MALDI, mode positive) of the precipitate IV-35 (Matrix DCTB)

  (8:2) and 2 equivalents of II-B 4 per reactive function of resin were added. (Figure 34) The heterogeneous mixture was sonicated for 1 hour and the amount of II-B 4 remaining in the supernatant was quantified by UV-vis Spectrometry (425 nm, ε= 38055 L/mol/cm). According to the calibration curve in UV-visible, 30% of starting material had reacted after 1 hour.

Figure 34 .

 34 Figure 34. II-B 4 grafting on sulfonyl chloride polystyrene resin

Figure 35 .

 35 Figure 35. Schematic representation of the PEGA resin

Figure 36 .

 36 Figure 36. Pre-functionalization of the PEGA resin with di-isocyanates (aliphatic and aromatic)

Figure 37 . 38 R

 3738 Figure 37. Grafting of II-B 4 on the pre-functionalized PEGA resin IV-37 and IV-38

Figure 38 .Figure 39 .

 3839 Figure 38. Solid state 13 C NMR of IV-37 and IV-39

Figure 40 .

 40 Figure 40. Pre-functionalization of the PEGA resin with a di-succinimidyl carbonate

Figure 41 .Figure 42 ) 13 C

 414213 Figure 41. Grafting of II-B 4 on the pre-functionalized PEGA resin IV-41

Chapter 4 :

 4 Toward functionalized Dyn[n]arenes for the recognition of post-translational modifications I.5. UV-Vis Spectrophotometer Binding constants were determined by UV-visible titrations with Shimadzu spectrometer UV-2401PC using quartz cuvettes at ambient temperature.I.6. Infrared SpectrophotometerInfrared were measured on a Shimadzu spectrometer IR Affinity-1 (Fourier transform infrared spectrophotometer) at ambient temperature on solid samples.I.7. MALDI and Size-Exclusion Chromatography (SEC)MALDI and Size-Exclusion Chromatography were performed at the UCB Pharma analytical service in Braine l'Alleud. (Belgium)

2 1H

 2 NMR (MeOD, 300MHz): (ppm) = 8.08 (s, 2H, Ar-H), 3.14 (s, 6H, N-(CH 3 ) 2 ) and 3.02 (s, 6H, N-(CH 3 ) 2 ).

13 C 1 C

 131 NMR (MeOD, 75MHz): (ppm) = 168.42, 167.43, 139.63, 139.33, 131.92 and 37.34. HRMS (ESI) m/z calculated for C 14 H 16 N 2 NaO 6 S 2 : 395.0342, measured: 395.0351 mp=151°C2,5-dimercapto-tetramethylterephtalamide IV-AIn a round bottom flask 2,5-di(dimethylthiocarbamoylsulfanyl)terephtalic acid IV-1 (0.27 mmol, 0.100 g) was dissolved in 15 mL of dry DCM under inert atmosphere and cooled at 0°C with an ice bath. Oxalyl chloride (2.7 mmol, 0.343 g) was added drop by drop over 10 min, then DMF was added (2 drops) and the ice bath removed. The mixture was stirred for 6 hours and a degassed 10% HCl solution in water was then added until pH=3. DCM was removed by evaporation and the product Beige solid M=284.40 g.mol -

Dichloromethane/Cyclohexane ( 8 : 2 ) Rf=0. 5 1H 13 C

 82513 NMR (CDCl 3 , 300MHz): (ppm) =10.04 (s, 2H, CHO), 7.64 (s, 2H, Ar-H), 3.88 (q, J=7.1Hz, 4H, N-(CH 2 -CH 3 ) 2 ), 3.77 (q, J=7.1Hz, 4H, N-(CH 2 -CH 3 ) 2 ))and 1.35 (dt, J=14.1 and 7.1Hz, 12H, N-(CH 2 -CH 3 ) 2 )) NMR (CDCl 3 , 75MHz): (ppm) = 186.51, 185.99, 152.89, 134.00, 124.34, 48.96, 44.84, 13.84 and 11.77 HRMS (ESI) m/z calculated for C 18 H 24 N 2 NaO 4 S 2 : 419.1070, measured: di(diethylthiocarbamoylsulfanyl)-1,4-dibenzaldehyde IV-3

Dichloromethane/Cyclohexane ( 8 : 2 ) Rf=0. 5 1H 13 CChapter 4 : 1 H 13 C

 825134113 NMR (CDCl 3 , 300MHz): (ppm) = 10.23 (s, 2H, CHO), 8.19 (s, 2H, Ar-H), 3.46 (dd, J=26.1 and 6.6Hz, 8H, N-(CH 2 -CH 3 ) 2 )) and 1.24 (dt, J=55.8 and 6.2Hz, 12H, N-(CH 2 -CH 3 ) 2 )) NMR (CDCl 3 , 75MHz): (ppm) = 189.79, 163.21, 140.74, 137.07, 134.45, 43.09, 14.16 and 13.22. HRMS (ESI) m/z calculated for C 18 H 24 N 2 NaO 4 S 2 : 419.1070, measured: 419.1064 mp=137°C 2,5-di(diethylthiocarbamoylsulfanyl)terephtalic acid IV-4In a round bottom flask was poured the 2,5-di(diethylthiocarbamoylsulfanyl)-1,4-dibenzaldehyde IV-3 (0.430g; 1.08mmol) and a 5:3 mixture (20mL) of dioxane and water. Then permanganate potassium (1,58g; 10mmol) was added by portions and the mixture stirred during 5H. The reaction was monitored by TLC chromatography and the pH was adjusted to 3 with a 10% HCl solution. Then oxalic acid (2.25g; 25mmol) was added dropwise by portions under vigorous stirring and the mixture was stirred overnight at room temperature. The precipitate was then collected by filtration and Toward functionalized Dyn[n]arenes for the recognition of post-translational modifications washed with water. The solid was dried under vacuum and dissolved in methanol. The residual salts were filtrate off and the filtrate was evaporated under vacuum to give a white powder (0.368g; 0.78mmol; 80%).Ethyl acetate/Petroleum spirit/TFA (7:3:0.1) Rf=0.3 NMR (MeOD, 300MHz): (ppm) = 7.57 (s, 2H, Ar-H), 3.51-3.45 (br, 8H, N-(CH 2 -CH 3 ) 2 ), 1.31 (br, 6H, N-(CH 2 -CH 3 ) 2 ) and 1.16 (br, 6H, N-(CH 2 -CH 3 ) 2 ) NMR (MeOD, 75MHz): (ppm) = 175.34, 167.94, 147.78, 136.81, 127.47, 43.96, 43.66, 14.13 and 13.48. HRMS (ESI) m/z calculated for C 18 H 24 N 2 NaO 6 S 2 : 451.0968, measured: 451.0964 mp=175°C 2,5(diethylthiocarbamoylsulfanyl)terephtalamide IV-5

  3 , 300MHz): (ppm)= 7.75 (s, 2H, Ar-H), 7.12 (t, J=5.5Hz, 2H, NH), 3.43 (m, 8H, N-(CH 2 -CH 3 ) 2 ), 3.35 (q, 4H, J=8.2Hz, CONH-CH 2 -CH 2 ), 1.50 (m, 4H, CONH-CH 2 -CH 2 ), 1.37 (m, 4H, CH 2 -CH 3 ), 1.28 (t, J=7Hz, 6H, N-(CH 2 -CH 3 ) 2 ), 1.15 (t, J=7Hz, 6H, N-(CH 2 -CH 3 ) 2 ) and 0.91 (t, J=7.3Hz, 6H, CH 2 -CH 3 ).

13

 13 

Chloroform/Methanol ( 8 : 2 ) 1 H

 821 (Beforehand: Neutralized silica with Et 3 N): Rf=0.9 NMR (CDCl 3 , 300MHz): (ppm) = 11.54 (s, 2H, NH-Boc); 8.54 (s, 2H, NH-Boc); 7.77 (s, 2H, Ar-H) ; 7.41 (t, J=5.1Hz, 2H, CONH); 3.61 (m, 4H, NH-CH 2 -CH 2 -N=); 3.57 (m, 4H, NH-CH 2 -CH 2 -N=); 3.42 (m, 8H, N-(CH 2 -CH 3 ) 2 ); 1.48 (s, 36H, CH 3 ); 1.28 (br, 6H, N-(CH 2 -CH 3 ) 2 ) and 1.15 (br, 6H, N-(CH 2 -CH 3 ) 2 ).

13 C

 13 NMR (CDCl 3 , 75MHz): (ppm) = 167.75, 165.85, 163.

1 H

 1 NMR (D 2 O, 500MHz): (ppm) = 8.47 (s, 2H, Ar-H), 4.54 (t, 4H, J=6.3Hz, N-CH 2 -CH 2 -N-(CH 3 ) 2 ), 3.50 (t, 4H, J=6.3Hz, N-CH 2 -CH 2 -N-(CH 3 ) 2 ) and 3.00 (s, 12H, N-(CH 3 ) 2 ).

13 C

 13 NMR (D 2 O, 100MHz): (ppm) = 166.78, 163.35, 130.42, 127.93, 126.38, 54.94, 43.31 and 37.72. MS (ESI) m/z calculated for C 18 H 23 N 4 O 4 S 2 : 423.10, measured: 423.10 mp=190-192°C 2,5-di((2-cyanoethyl)thio)terephthalic acid IV-11

  ) m/z calculated for C 16 H 23 N 2 O 2 S 2 : 339.1206, measured: 339.1198 HRMS (ESI): observation of oxidized species 2,5-di((trityl)thio)terephthalic acid IV-12

13 C

 13 NMR (CDCl 3 , 75MHz): (ppm) = 141.0, 122.5, 118.7, 118.1, 29.6 and 18.5 mp=130°C 2,5-di((2-cyanoethyl)thio)phenylene-1,4-diamine((1-methyl-imidazol-2-yl)methylene) IV-19

13 C

 13 NMR (CDCl 3 , 75MHz): (ppm) = 165.7, 135.5, 133.8, 131.6, 129.8, 128.5, 127,8, 127.6, 119.0, 28.6 and 17.1. mp=238°C

Figure S1 .

 S1 Figure S1. Aminoacids guests: L-Gln and L-Glu

Figure S2 .

 S2 Figure S2. Decrease in corrected absorbance (λ= 423 nm) during the titration of II-B 4 by Gln and curve fitting with a 1:1 binding model (K a =1.10.10 6 M -1 ±5.9.10 5 M -1; R 2 = 0.97527).

Figure S3 .Figure S4 .

 S3S4 Figure S3. Job plot between II-B 4 and Gln at (λ = 423 nm) ([II-B 4 + Gln] = 5.10 -5 M) in aqueous solution AcO -NH 4 + (1.10 -

Figure S5 .Figure S8 .Figure S9 .Figure S10 .II. 3 .

 S5S8S9S103 Figure S5. Job plot between II-B 4 and Glu at (λ = 423 nm) ([II-B 4 + Glu] = 5.10 -5 M) in aqueous solution AcO -NH 4 + (1.10 -

Figure S11 .Figure S12 .

 S11S12 Figure S11. Aminoacids guests: L-Met and L-Met(O)

Figure S13 .Figure S14 .

 S13S14 Figure S13. Job plot between II-B 4 and Met at (λ = 423 nm) ([II-B 4 + Met] = 5.10 -5 M) in aqueous solution AcO -NH 4 + (1.10 -

Figure S15 .

 S15 Figure S15. Job plot between II-B 4 and Met(O) at (λ = 423 nm) ([II-B 4 + MetO] = 5.10 -5 M) in aqueous solution AcO -

9 IV 4 Figure S18 .

 94S18 Figure S18. Multi-functionalization of II-B 4 with the 2-methoxyethyl isocyanate

1 H 32 II-B 4 Figure

 1324 Figure S21. MALDI Matrix 2: Multi-functionalization of II-B 4 with a PEG-isocyanate MW 5000

Figure S23 .

 S23 Figure S23. Peptide coupling of II-A 4 and the N,N-dimethylethylene diamine

Figure S24 . 4 Chapter 4 :

 S2444 Figure S24. Peptide coupling reaction on II-A 4 with a CH 3 O-PEG-NH 2 (MW 2000)

  Figure S25. Schematic representation of the Sulfonyl chloride polystyrene resin

Figure S28 .

 S28 Figure S28. Grafting of the 1,4-phenylene diisocyanate on PEGA resin

Figure S29. 1 HFigure S30 .

 1S30 Figure S29. 1 H NMR: Functionalization of PEGA-NH 2 with 1,4-phenylene diisocyanate

- 1 )Figure S31 .

 1S31 Figure S31. Grafting of the 1,4-diisocyanatobutane on PEGA resin

38 A

 38 Kaiser test was performed to give a positive result, weaker blue color, attesting the presence of residual amine. IR ( max , cm -1 ): 3317, 2939, 2862, 2350, 1610, 1556, 1271 and 1079.

Figure S32 .

 S32 Figure S32. Grafting of II-B 4 on the functionalized PEGA resin IV-38

- 1 )

 1 Figure S33. Grafting of the di(N-succinimidyl carbonate) on PEGA resin

Figure S34 .

 S34 Figure S34. Grafting of II-B 4 on the functionalized PEGA resin IV-41

Figure 1 .

 1 Figure 1. Dynamic combinatorial libraries from bisthiophenols 1-3 and templates 4-13, and subsequent isolation of dyn[4]arenes 1 4 -3 4 . Electronic features: red = electron-rich, blue = electron-poor. See Supporting Information for full details.

  F NMR time scale (Figure 3 and section S3.1).

Figure 2 .

 2 Figure 2. Dyn[4]arene virtual conformational landscape from the rotation of phenyl units (A), and the inversion of the dihedral angle of disulfide bonds (B).

Figure 3 .

 3 Figure 3. Conformer structure and distribution in solution for dyn[4]arene 1 4 from 19 F NMR studies in CDCl 3 and from DFT calculations. See Supporting Information for full details.

Figure 4 .

 4 Figure 4. Conformer structure and distribution in solution for dyn[4]arene 2 4 from 1 H NMR studies in DMSO-d 6 and from DFT calculations. See Supporting Information for full details.

Figure 5 .

 5 Figure 5. Structure-binding relationships for dyn[4]arenes 1 4 -3 4 : hydrodynamic radii from DOSY experiments in CDCl 3 (a) and DMSO-d 6 (b); cavity diameters, external diameter, and electrostatic potential surfaces from DFT calculations, and thermodynamic parameters for the binding events with 4-13 from UV and ITC titrations in CHCl 3 (c), 95% DMSO/5% aq AcONH 4 (d), and 40 mM Tris buffer pH 7.4. See Supporting Information for full details.

Figure 6 .

 6 Figure 6. Binding models between 3 4 and guest 11-13 and associated enthalpy and entropy. ΔH°and ΔS°are expressed in kcal•mol -1 and cal•mol -1 •K -1 , respectively. See Supporting Information for full details.

  C NMR (126 MHz, CDCl 3 ): δ = 143.65, 143.61, 108.43, 108.41; 19 F NMR (471 MHz, CDCl 3 ): δ = -136.95; mp: 65-67 °C.

  H NMR (300 MHz, DMSO-d 6 ): δ = 8.06 (s, 2H); 13 C NMR (75 MHz, DMSO-d 6 ): δ = 166.7, 133.2, 130.0; mp: degradation over 387 °C.

  F NMR (471 MHz, CDCl 3 ): δ = 128.1 (s, MPMP), -129.1 (s, MMPP), -129.3 (s, MMMM + PPPP), -132.2 (MPMP), -133.0 (s, MMPP); 13 C NMR (126 MHz, CDCl 3 ): 119.0, 147; HRMS (ESI-): m/z: calcd for C 24 F 16 S 8 = 882.7204 [M + Cl] -, found = 882.7238; mp: 248-251 °C (decomp); IR (ATR, cm -1 ) = 538 (S-S) ; 1250 (C-F) 1464 (CC), 1618 (CC).

  C NMR (126 MHz, DMSO-d 6 ): δ = 119.3, 121.7, 140.1; HRMS (MALDI): m/z: calcd for C 24 H 24 N 8 S 8 + = 679.9884 [M +• ], found = 679.9896; Elemental analysis: calcd for C 24 H 24 N 8 S 8 ,H 2 O = C: 41.23, H: 3.75, N: 16.03, S: 37.70; found = C: 41.02, H: 3.42, N: 15.61, S: 37.22; mp: ≈ 200 °C (decomp); IR (ATR, cm -1 ): 3373 (NH), 1587 (CC), 1217 (C-N), 875 (CH).

  Cite this: Chem. Commun., 2016, 52, 14219 Chirality sensing and discrimination of lysine derivatives in water with a dyn[4]arene † Laurent Vial,* a Melissa Dumartin, b Marion Donnier-Mare ´chal, b Florent Perret, b Jean-Patrick Francoia a and Julien Leclaire* b

Fig. 1

 1 Fig.1Dyn[4]arene 1 and its virtual conformational landscape from the inversion of the dihedral angle of the disulfide bonds.

Fig. 2

 2 Fig. 2 The two enantiomers of analyte 2 (A), and the corresponding ICD responses (B), ICD amplitude at 318 nm versus ee (C), and quantitative sensing results (D) in the presence of dyn[4]arene 1. Conditions: 200 mM Tris buffer, pH = 7.4, 25 1C, [1] = 250 mM, [2] = 250 mM. All experiments were performed in triplicate.

  : Chimie Combinatoire Dynamique, modifications post-traductionnelles, briques 1,4dithiophénol-2,5-difonctionalisés, Dyn[n]arene, transfert d'information, reconnaissance moléculaire, greffage sur phase solide.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Comparative table with dissociation constants obtained in water for the recognition of MetO, Phe, Glu, Lysme3, Lys, Arg and aRme2 by natural binders and synthetic receptors (ab initio design and DCC) and indication on the selectivities obtained (in red). (-) means: does not exist in the current state of the art. Dissociation constants obtained by:

	a Fluorescence

d SPR

INTRODUCTION ....................................................................................................................... I. Cyclophanes, promising objects for molecular recognition ............................................................ I

  .1. Molecular receptors: introduction .................................................................................................. I.2. Synthesis of hydrosoluble p-cyclophanes ....................................................................................... I.3. Self-assembling of disulfide cyclic oligomers ..................................................................................

	I.3.i.	A reversible bond: the disulfide bridge ..................................................................................
	I.3.ii.	Disulfides oligomers based on 1,4-dithiophenols ..................................................................

II. Ortho-functionalized 1,4-dithiophenol building blocks .................................................................. II

  .1. Choice of the building block ............................................................................................................ II.1.i. p-dithiophenol monomeric units ............................................................................................ 55 II.1.ii. State of the synthetic art ........................................................................................................ II.1.ii.a. Sulfur introduction on aromatic scaffolds: S N Ar ............................................................... II.1.ii.b. A milestone: the Newman-Kwart rearrangement ............................................................ II.2. Synthesis of a dithiophenol toolbox ................................................................................................ II.2.i. The ester route: ...................................................................................................................... II.2.ii. Aldehyde synthetic route ....................................................................................................... II.2.ii.a. Synthesis of 2,5-dimercaptoterephthalaldehyde ............................................................. II.2.ii.b. Aldehyde derivatization .................................................................................................... II.2.iii. Iodo synthetic route: ..............................................................................................................

III. On-demand cyclophanes: substituents directed self-assembling, folding and binding .................. IV. Toward hetero Dyn[n]arenes ........................................................................................................ IV

  .1. Targeted strategy for protein recognition ...................................................................................... IV.2. Toward the first Hetero Dyn[n]arenes ............................................................................................ IV.2.i. DCLs involving two different 1,4-dithiophenols ..................................................................... IV.2.i.a. Previous work ................................................................................................................... IV.2.i.b. Libraries preparation ........................................................................................................ IV.2.i.c. DCLs analysis ..................................................................................................................... IV.2.ii. DCLs involving three building blocks ...................................................................................... IV.2.ii.a. Library preparation .......................................................................................................... IV.2.ii.b. DCLs analysis ...................................................................................................................

CONCLUSION ............................................................................................................................. EXPERIMENTAL SECTION ..................................................................................................... REFERENCES .............................................................................................................................

  

	Chapter 2: Dyn[n]arenes: a new family of p-cyclophanes

[n]urils Calix[n]arenes Pillar[n]arenes Shape/number of units

  

		Bucket/6-8	Pumpkin/5-11	Calix/4-8	Pillar/5-7
	Accessibility	Commercial	Organic synthesis	Commercial	Organic synthesis
	Solubility in water	High	Low	Depending on R side chains	Depending on R side chains
	Functionalization	Limited	Poor	High	High

Table 2 .

 2 Table of the two building-blocks DCL preparation with solvent conditions and observations after equilibration

	Tris buffer pH=7.4	
	DMSO/Tris buffer pH=7.4 CHCl 3 /DMSO	Formation of a precipitate
	CHCl3, Et 3 N 10%	
	IV.2.i.c.	

Building blocks (1:1) Conditions Observations II-A + II-B Tris buffer pH=7.4 Formation of a precipitate II-A + II-F Tris buffer pH=7.4 DMSO Formation of a precipitate II-A + II-F DMSO/Tris buffer pH=7.4 DMSO/Tris buffer pH=8.3 CHCl 3 /Tris buffer pH=7.4 THF/Tris buffer pH=7.4 Homogeneous libraries II-F + II-B DMSO Homogeneous library II-F + II-B

Table 3 .

 3 Table of the three building-blocks DCL preparation with solvent conditions and observations after equilibration.

13 C NMR (75 MHz, CDCl 3 ): δ

  = 187.1, 163.07, 150.56, 128.64, 127.82, 61.65, 43.43, 39.06 and 14.19. mp=211°C 2,5-Bis(dimethylthiocarbamoylsulfanyl)terephthalic acid diethyl ester II-16

	White powder
	M=428.52g.mol -1
	C 18 H 24 N 2 O 6 S 2
	Pale brown crystals
	M=428.52g.mol -1
	C 18 H 24 N 2 O 6 S 2

13 C NMR (75 MHz, MeOD): δ

  = 166.75, 134.65, 134.31, 130.94, 62.91 and 14.

53 HRMS (ESI, positive): m/z calculated for C 12 H 14 NaO 4 S 2 : 309.0226, measured: 309.0228 mp=132°C

  

	Yellow powder
	M=286.37g.mol -1
	C 12 H 14 O 4 S 2
	2,5-dimercaptobenzoic acid II-A
	Pale yellow solid
	M=230.26g.mol -1
	C 8 H 6 O 4 S 2

II-20 1 H NMR (CDCl 3 , 300MHz): (

  1.94 g, 5.70 mmol, 97%) ppm)= 10.06 (s, 2H, CHO), 7.66 (s, 2H, Ar-H), 3.48 (s, 6H, N-(CH 3 ) 2 ) and 3.44 (s, 6H, N-(CH 3 ) 2 ).

	Orange crystals
	M=166.13g.mol -1
	C 8 H 6 O 4
	II-19
	Pearly white solid
	M=340.42g.mol -1
	C 14 H 16 N 2 O 4 S 2
	Hexane/ethyl acetate (7:3) Rf=0.7

13 C

NMR (CDCl 3 , 75MHz): (

  ppm) = 186.90, 186.64, 152.95, 133.80, 124.84, 43.77 and 39.21. HRMS

(ESI, positive): m/z calculated for C 14 H 17 N 2 O 4 S 2 :341.0624, measured: 341

  

	.0623
	mp: Degradation>221°C
	2,5-di(dimethylthiocarbamoylsulfanyl)-1,4-dibenzaldehyde II-21

HRMS (ESI) m/z calculated for C 14 H 17 N 2 O 4 S 2 :341.0624, measured: 341.0625 mp=221°C

  56, 164.21, 140.60, 137.03, 134.33, 37.48 and 37.30. round bottom flask under inert atmosphere. Then 20 mL of a degassed mixture of sodium hydroxide (1 M, 0.164 g; 4.1 mmol) in water (20%) and isopropanol (80%) were added and the reaction mixture was stirred at 60°C during 1 hour. The reaction mixture was hydrolyzed with a degassed aqueous solution of 1 M HCl to give a precipitated product which was filtered, washed with distilled water and then dried under vacuum affording a yellow pale solid. The crude solid was washed with DCM and then dried under vacuum to give a yellow pale pure solid. (222 mg, 1.12 mmol; 95%)

	2,5-dimercaptoterephtalaldehyde 2,5-di(dimethylthiocarbamoylsulfanyl)-1,4-dibenzaldehyde II-21 (0.400 g; 1.17 mmol) was needles M=340,42 g.mol -1 C 14 H 16 N 2 O 4 S 2 II-21 Pale yellow powder M=198.26 g.mol -1 C 8 H 6 O 2 S 2 placed in a Salmon color II-H

1 H

NMR (NaOH+D 2 O, 300MHz): (

  ppm)= 10.48 (br, 2H, CHO) and 7.58 (s, 2H, Ar-H).

	13 C NMR (NaOH+D 2 O, 75MHz): (ppm) = 193.11, 145.77, 139.62 and 134.98.
	HRMS (ESI) m/z calculated for C 8 H 5 O 2 S 2 : 196.9736, measured: 196.9746
	mp: degradation>315°C
	2,5-di(dimethylthiocarbamoylsulfanyl)phenylene-1,4-dimethanol II-22

Chloroform + 10% Methanol Rf=0,3 1 H NMR (DMSO, 300MHz): (

  ppm) = 7.59 (s, 2H, Ar-H), 5.32 (t, 2H, J = 5.6Hz, OH), 4.53 (d, 4H, J = 5.5Hz, CH 2 -OH), 3.08 (s, 6H, N-(CH 3 ) 2 ) and 2.93 (s, 6H, N-(CH 3 ) 2 ).

	380 g; 1.1 mmol; 75%)
	13 C NMR (DMSO, 75MHz): (ppm) = 164.10, 144.76, 134.84, 127.37, 60.50 and 36.60.
	HRMS (

infusion) m/z calculated for C 14 H 20 N 2 NaO 4 S 2 : 367

  

		White powder
		M=344.45g.mol -1
		C 14 H 20 N 2 O 4 S 2
	II-22	
	.0757, measured: 367.0749
	mp: 210°C	
	2,5-dimercapto-1,4-phenylenedimethanol II-I	
		Pale yellow powder
		M=202.29g.mol -1
	II-I	C 8 H 10 O 2 S 2

C 12 H 13 N 4 O 2 S 2 : 309

  

	M=310.40g.mol -1
	C 12 H 14 N 4 O 2 S 2
	.1, measured: 309.1
	2,5-Diiodobenzene-1,4-diol II-24
	White powder
	M=361.90 g.mol -1
	C 6 H 4 I 2 O 2

negative) m/z calculated for C 6 H 3 I 2 O 2 : 360

  .8228, measured: 360.8242 mp=204°C

	2.3 g, 5.8 mmol, 90%)
	Hexane/Ethyl acetate (7:3) Rf=0.5
	1 H NMR (300 MHz, CDCl 3 ): δ = 7.29 (s, 2H, Ar-H) and 4.94 (s, 2H, OH).
	13 C NMR (75 MHz, CDCl 3 ): δ = 149.84, 123.19 and 86.13.
	HRMS (ESI,

(ESI, positive) m/z calculated for C 12 H 15 I 2 N 2 O 2 S 2 : 536

  53, 151.89, 133.78, 90.83 and 39.15. HRMS

	White powder
	M=536.19 g.mol -1
	C 12 H 14 I 2 N 2 O 2 S 2
	.8659, measured: 536.8650
	mp=245°C
	S,S'-(2,5-diiodo-1,4-phenylene) bis(dimethylcarbamothioate) II-26

Hexane/Ethyl acetate (7:3) Rf=0.2 1 H NMR (300 MHz, CDCl 3 ): δ

  22 mmol, 30%) = 8.17 (s, 2H, Ar-H), 3.09 (s, 6H, N-(CH 3 ) 2 ) and 3.06 (s, 6H, N-(CH 3 ) 2 ).

13 C NMR (

75 MHz, CDCl 3 ): δ

  = 164.43, 146.42, 137.65, 107.50 and 37.21. HRMS

(ESI, positive) m/z calculated for C 12 H 15 I 2 N 2 O 2 S 2

  

: 536.8659, measured: 536.8659 mp=233°C

Ethyl acetate/Hexane + 1% TFA (7:3): Rf=0.8

  (ppm) = 4.35 (m, 1H, CH-CH 2 -CH 2 -S(O)-CH 3 ), 4.05 (m, 1H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 -CH), 3.07 (m, 2H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 ), 3.01 (t, J=7.5Hz, 2H, CH 2 -CH 2 -S(O)-CH 3 ), 2.93 (m, 2H, CH 2 -CH 2 -S(O)-CH 3 ), 2.71 (s, 3H, S(O)-CH 3 ), 1.95 (m, 2H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 ), 1.70 (m, 2H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 ) and 1.49 (m, 2H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 ). MS

	Chapter 3: From self-assembling to information transfer; the case of octacarboxylic
	Dyn[4]arene
	1 H NMR (D 2 O, 300MHz):
	Colorless solid
	M=293.38g.mol -1
	C 11 H 23 N 3 O 4 S

(ESI) m/z calculated for C 11 H 24 N 3 O 3 S: 294

  .38, measured: 294.20 MS

(ESI) m/z calculated for C 11 H 23 N 3 O 3 SNa: 316

  .38, measured: 316.20 

1 H NMR (D 2 O, 300MHz): (

  ppm) = 4.19 (m, 1H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 -CH), 3.12 (m, 1H, CH-CH 2 -CH 2 -S(O)-CH 3 ), 3.07 (m, 2H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 ), 3.00 (t, J=7.6Hz, 2H, CH 2 -CH 2 -S(O)-CH 3 ), 2.74 (s, 3H, S(O)-CH 3 ), 2.39 (m, 2H, CH 2 -CH 2 -S(O)-CH 3 ), 1.82 (m, 2H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 ), 1.68 (m, 2H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 ) and 1.43 (m, 2H, NH 2 -CH 2 -CH 2 -CH 2 -CH 2 ). MS

(ESI) m/z calculated for C 11 H 24 N 3 O 3 S: 294

  .38, measured: 294.20 MS

(ESI) m/z calculated for C 11 H 23 N 3 O 3 SNa: 316

  .38, measured: 316.20 

	Chapter 3: From self-assembling to information transfer; the case of octacarboxylic
	Dyn[4]arene
	Colorless solid,
	M=293.38g.mol -1
	C 11 H 23 N 3 O 4 S

Table S1 .

 S1 HPLC gradient used for the analysis of library from II-A, UV/Vis monitoring: 250 and 350 nm; Library volume injected: 5μL

	Time (min)	Water + 0,05% TFA	Acetonitrile + 0,05% TFA
	0	80%	20%
	5	60%	40%
	8	0%	100%
	20	0%	100%
	25	80%	20%

Table S4 .

 S4 Integration

	%	a	b	c+e	d	f	g	h
	II-A/T2	2.3	1.53	15.5	72.7	2.3	2.1	2.8
								293K (+
				1eq TMSP-d4)			

values extracted from the fitted spectrum for protons a-h Figure S14. 1 H NMR of the library II-A/T5 (8mM) in D 2 O pH=7.4 adjusted with NaOD at

Table 1 .

 1 Binding constant average values of compound II-B 4 toward PTM relatives aminoacids Guests, beta-alanine and GABA extracted from UV-Vis titration in aqueous solution AcO

	-NH 4	+ (1.10	-1 M)/DMSO (5:95)

NMR (CDCl 3 , 400MHz): (

  38 mg, 0.135 mmol, 50%) ppm) = 7.19 (s, 2H, Ar-H), 3.69 (s, 2H, SH), 3.12 (s, 6H, N-(CH 3 ) 2 ) and 2.88 (s, 6H, N-(CH 3 ) 2 ).

	13 C NMR (CDCl 3 , 100MHz): (ppm) = 168.73, 137.79, 129.17, 126.43, 38.45 and 34.81.
	HRMS (ESI

1 H

) m/z calculated for C 12 H 17 N 2 O 2 S 2 : 285

  

	.0726, measured: 285.0718
	mp=203-206°C

(ESI) m/z calculated for C 26 H 42 N 4 O 4 S 2 Na: 561

  and 13.29. HRMS .2540, measured: 561.2526

	2,5(diethylthiocarbamoylsulfanyl)terephtalamide IV-6
	White powder
	M=538.77g.mol -1
	C 26 H 42 N 4 O 4 S 2
	IV-5

1 H NMR (CDCl 3 , 300MHz): (

  ppm)= 7.75 (s, 2H, Ar-H); 7.24 (br t, 2H, NH); 3.47 (m, 12H, N-(CH 2 -CH 3 ) 2 and NH-CH 2 -CH 2 -NMe 2 ); 2.46 (t, J=6.6Hz, 4H, NH-CH 2 -CH 2 -NMe 2 ); 2.24 (s, 12H, N-(CH 3 ) 2 ); 1.27 (br, 6H, N-(CH 2 -CH 3 ) 2 ) and 1.15 (br, 6H, N-(CH 2 -CH 3 ) 2 ).

	13

C NMR (CDCl 3 , 75MHz): (

  ppm) = 167.24, 165.69, 144.21, 137.90, 127.56, 58.01, 45.48, 43.13, 42.66, 37.91, 14.08 and 13.36.

HRMS (ESI) m/z calculated for C 26 H 45 N 6 O 4 S 2 : 569

  .2938, measured: 569.2929 mp=136°C

	2,5(diethylthiocarbamoylsulfanyl)terephtalamide IV-7
	Beige powder
	M=568.80g.mol -1
	C 26 H 44 N 6 O 4 S 2
	IV-6

(ESI) m/z calculated for C 44 H 74 N 10 O 12 S 2 : 499

  and 13.32. HRMS

	2,5(diethylthiocarbamoylsulfanyl)terephtalamide IV-8
	IV-7
	White powder
	M=997.23g.mol -1 C 44 H 72 N 10 O 12 S 2
	.2459, measured: 499.2466
	mp=109-112°C

/Methanol (8:2) (Beforehand: Neutralized silica with Et 3 N): Rf=0.3 1 H NMR (CD 3 OD, 300MHz): (

  ppm) = 7.63 (s, 2H, Ar-H); 7.61 (d, J=1.1Hz, 2H, N=CH-NH); 6.92 (br, 2H, -C=CH-NH); 3.60 (t, J=7.2Hz, 4H, CONH-CH 2 -CH 2 ); 3.47 (br, 8H, N-(CH 2 -CH 3 ) 2 ); 2.89 (t, J=7.2Hz, 4H, CONH-CH 2 -CH 2 ); 1.31 (br, 6H, N-(CH 2 -CH 3 ) 2 ) and 1.17 (br, 6H, N-(CH 2 -CH 3 ) 2 ).

	13 C NMR (CD 3 OD, 75MHz): (ppm) = 169.60, 166.26, 144.26, 137.59, 136.14, 129.56, 118.65, 112.49,
	44.09, 43.88, 40.89, 14.13 and 13.37.
	HRMS (ESI

) m/z calculated for C 28 H 39 N 8 O 4 S 2 : 615

  

	Beige powder
	M=426.52g.mol -1 C 28 H 38 N 8 O 4 S 2
	.2530, measured: 615.2534
	mp=189-192°C

  1 C 18 H 22 N 4 O 4 S 2

	IV-9
	Yellow powder
	M=336.39g.mol -1 C 14 H 12 N 2 O 4 S 2

) m/z calculated for C 14 H 12 N 2 NaO 4 S 2

  

	3
	1 H NMR (DMSO, 300MHz): (ppm)= 13.63 (s, 2H, COOH), 7.81 (s, 2H, Ar-H), 3.26 (t, J=6.6 Hz, 4H, S-
	CH 2 -CH 2 -CN), 2.87 (t, J=6.6Hz, 4H, S-CH 2 -CH 2 -CN)
	13 C NMR (DMSO, 75MHz): (ppm) = 166.79, 134.16, 132.92, 128.53, 119.23, 27.14 and 16.59.
	HRMS (ESI: 359.0131, measured: 359.0130
	mp: degradation>220°C
	2,5-di((2-cyanoethyl)thio)terephthalamide IV-13

3

  Pale yellow powder M=446.63g.mol -1 C 22 H 30 N 4 O 2 S 2

IV-13 1 H NMR (CDCl 3 , 300MHz): (

  ppm)= 7.70 (s, 2H, Ar-H), 6.45 (t, 2H, CONH), 3.47 (q, 4H, CONH-CH 2 -CH 2 -CH 2 -CH 3 ), 3.18 (t, 4H, J=7Hz, S-CH 2 -CH 2 -CN), 2.68 (t, 4H, J=7Hz, S-CH 2 -CH 2 -CN), 1.42 (q, 4H, J=8Hz, CONH-CH 2 -CH 2 -CH 2 -CH 3 ), 1.25 (m, 4H, CONH-CH 2 -CH 2 -CH 2 -CH 3 ) and 0.97 (t, 6H, J=7.3Hz, CONH-CH 2 -CH 2 -CH 2 -CH 3 ).

	13 C NMR (CDCl 3 , 75MHz): (ppm) = 166.74, 140.41, 132.22, 131.54, 118.15, 40.15, 31.51, 30.23,
	20.34, 18.59 and 13.91.
	HRMS (ESI

) m/z calculated for C 22 H 31 N 4 O 2 S 2 : 447

  

	.1883, measured: 447.1866
	mp=172°C
	2,5-di((2-cyanoethyl)thio)terephthalamide IV-14

1 H NMR (CDCl 3 , 400MHz): (

  ppm)= 7.63 (s, 2H, Ar-H), 7.05 (br, 2H, CONH), 3.52 (q, J=11.2Hz, 4H, CONH-CH 2 -CH 2 -N-(CH 3 ) 2 ), 3.16 (t, J=7.0Hz, 4H, S-CH 2 -CH 2 -CN), 2.65 (t, J=7.0Hz, 4H, S-CH 2 -CH 2 -CN), 2.53 (t, J=5.9Hz, 4H, CONH-CH 2 -CH 2 -N-(CH 3 ) 2 ) and 2.26 (s, 12H, N-(CH 3 ) 2 ).

	13 C NMR (CDCl 3 , 100MHz): (ppm) = 166.65, 140.47, 132.08, 131.73, 117.97, 57.50, 45.22, 37.57,
	30.43 and 18.31.
	HRMS (ESI

) m/z calculated for C 22 H 33 N 6 O 2 S 2: 477

  

	Yellow powder
	M=476.66g.mol -1 C 22 H 32 N 6 O 2 S 2
	.2101, measured: 477.2105

(ESI) m/z calculated for C 46 H 33 O 4 S 2

  (ppm) = 162.4, 143.2, 129.6, 127.8, 127.6, 127.5, 127.2 and 114.7 MS

	1 H NMR (DMSO, 300MHz): (ppm)= 7.30-7.20 (m, 30H, Ar-H trityl), 7.02 (s, 2H, Ar-H)
	13 C NMR (DMSO, 75MHz): : 713.19, measured: 713.00
	mp: degradation>410°C
	2,5-di((trityl)thio)terephthalamide IV-16
	IV-15
	M=340.13g.mol -1 C 16 H 24 N 2 O 2 S 2
	IV-12
	Yellow powder
	M=714.19g.mol -1 C 46 H 34 O 4 S 2
	1 g; 1.4 mmol; 65%)

) m/z calculated for C 70 H 77 N 2 O 10 S 2 : 1169

  CONH), 4.63-4.57 (m, 2H, CONH-CH), 2.74-2.50 (m, 4H, CH-CH 2 ) and 1.41 (s, 36H, CH 3 ). .49, measured: 1169.10

	18 H NMR (CDCl 3 , 300MHz): (ppm)= 7.30-7.17 (m, 30H, Ar-H trityl), 6.80 (s, 2H, Ar-H), 6.25 (d, 2H, mmol; 65%) Chloroform/methanol (8:2): Rf=0.8 1 J=8.2Hz, 13 C NMR (CDCl 3 , 100MHz): (ppm) = 170.16, 169.25, 166.47, 143.79, 138.06, 132.85, 130.92, 130.20, 127.93, 127.02, 82.07, 81.22, 71.53, 49.49, 37.54 and 28.17 MS (ESIWhite solid M=1168.49g.mol -1 C 70 H 76 N 2 O 10 S 2

13 C NMR (CDCl 3 , 100MHz): (

  ppm) = 167.18, 143.99, 138.21, 132.77, 130.73, 130.30, 127.95, 127.06, 71.27, 57.67, 45.04 and 37.

	.060 g; 0.07 mmol; 23%)
	Chloroform/methanol (8:2)
	1 H NMR (CDCl 3 , 400MHz): (ppm)= 7.33-7.19 (m, 30H, Ar-H Trityl), 6.74 (s, 2H, Ar-H), 5.62 (t, 2H,
	J=4.8Hz, CONH), 3.25 (q, 4H, J=11.1Hz, CONH-CH 2 ), 2.29 (t, 4H, J=5.9Hz, CH 2 -N-(CH 3 ) 2 ) and 2.11 (s,
	12H, N-(CH 3 ) 2 )

14 MS (ESI) m/z calculated for C 54 H 55 N 4 O 2 S 2: 855.37, measured: 855.21 mp=186°C

  

	IV-17
	Pale yellow solid
	M=854.37g.mol -1 C 54 H 54 N 4 O 2 S 2
	2,5-bis[(cyanoethyl)thio]-1,4-phenylenediamine IV-18
	Green needles
	M=278.40g.mol -1
	C 12 H 14 N 4 S 2

8:2): Rf=0.8 1 H NMR (CDCl 3 , 300MHz): (

  ppm)= 6.88 (s, 2H, Ar-H), 3.95 (br, 4H, NH 2 ), 2.97 (t, 4H, J=6.9Hz, S-CH 2 -CH 2 -CN) and 2.56 (t, 4H, J=6.9Hz, S-CH 2 -CH 2 -CN)

	7 g; 2.5 mmol;
	61%)
	Chloroform/Methanol (

(ESI) m/z calculated for C 22 H 23 N 8 S 2 : 463

  (ppm) = 150.94, 146.67, 142.88, 129.99, 129.70, 126.96, 119.48, 115.34, 35.59, 25.99 and 17.42. HRMS The reaction mixture was refluxed with a Dean-Stark apparatus during 48H.The disappearance of starting materials was monitored by TLC chromatography. Then the precipitate product was filtered off and washed with diethyl ether. The product was dried over vacuum to give a blood orange powder. (1.040g; 1.90 mmol; 88%)

	2,5-di((2-cyanoethyl)thio)phenylene-1,4-diamine(2-hydroxy-4-methoxybenzilidene) IV-20
	2,5-di((2-cyanoethyl)thio)-1,4-benzenediamine IV-18 (0.6g; 2.15mmol) and 2-hydroxy-4-
	methoxybenzaldehyde (0.66; 4.34mmol) were dissolved in dry toluene (50mL) under inert
	atmosphere.
	IV-19
	Ocher Yellow powder
	M=462.59g.mol-1 C 22 H 22 N 8 S 2
	1.95 mmol; 90%)
	Ethyl acetate: Rf(amine)=0.8 and Rf(aldehyde)=0.6
	1 H NMR (DMSO, 300MHz): (ppm)= 8.63 (s, 2H, CH=N-Ar), 7.48 (s, 2H, Ar-H), 7.29 (s. 2H, N(CH 3 )-CH),
	7.20 (s, 2H, =N-CH=CH), 4.13 (s, 6H, CH 3 ), 3.34 (t, 4H, J=7Hz, S-CH 2 -CH 2 -CN) et 2.88 (t, 4H, J=7Hz, S-
	CH 2 -CH 2 -CN).
	.1482 measured: 463.1478
	mp: degradation >220°C

13

C NMR (DMSO, 75MHz):

Ethyl acetate/Hexane (7:3): Rf(amine)=0.3 and Rf(aldehyde)=0.9 1 H NMR (DMSO, 300MHz): (

  ppm)= 13.37 (s, 2H, OH), 8.94 (s, 2H, N=CH), 7.54 (d, 2H, J=8.2Hz, Ar CH=CH-C(OMe)), 7.47 (s, 2H, Ar-H), 6.60 (d, 2H, J=8.8Hz, Ar CH=CH-C(OMe)), 6.52 (d, 2H, J=2.6Hz, Ar C(OH)-CH=C(OMe)), 3.83 (s, 6H, OCH 3 ), 3.34 (t, 4H, J=7Hz, S-CH 2 -CH 2 -CN) and 2.90 (t, 4H, J=7Hz, S-CH 2 -CH 2 -CN).

	13 C NMR (DMSO, 75MHz): (ppm) = 163.96, 162.85, 162.60, 144.50, 134.37, 129.09, 119.35, 116.69,
	113.11, 107.04, 100.92, 55.59, 26.52 and 17.41.
	HRMS (ESI

) m/z calculated for C 28 H 26 N 4 NaO 4 S 2 : 569

  

	IV-20	
	Blood Orange powder	
	M=546.66g.mol -1 C 28 H 26 N 4 O 4 S 2	
	.1288 measured: 569.1274	
	mp: degradation>250°C	
	2,5-((2-cyanoethyl)thio)phenylene-1,4-diamine((1-methyl-imidazol-2-yl)methyl) IV-21	
	Beige powder	
	M=466.63g.mol -1 C 22 H 26 N 8 S 2	
	2,5-((2-cyanoethyl)thio)phenylene-1,4-diamine((1-methyl-imidazol-2-yl)methylene)	IV-19
	(0.360g; 0.78mmol) was poured into a round bottom flask under inert atmosphere and dissolved in
	dry dioxane (40mL). The solution was then cool to 0°C and sodium borohydride (0.118g; 3.12mmol)

  4H, S-CH 2 -CH 2 -CN) and 2.57 (t, J=6.9Hz, 4H, S-CH 2 -CH 2 -CN).

	1 H NMR (DMSO, 400MHz): (ppm) = 7.26 (d, J=1.6Hz, 2H, N(CH 3 )-CH), 6.98 (d, J=1.6Hz, 2H, =N-
	CH=CH), 6.76 (s, 2H, Ar-H), 5.40 (t, J=6Hz,2H, CONH), 4.60 (d, J=6Hz, 4H, NH-CH 2 ), 3.34 (s, 6H, CH 3 ),
	3.03 (t, J=6.9Hz, 13 C NMR (DMSO, 100MHz): (ppm) = 143.92, 139.58, 125.80, 122.01, 119.13, 118.69, 116.80, 37.63,
	34.27, 28.93 and 17.49.
	HRMS (ESI) m/z calculated for C 22 H 27 N 8 S 2 : 467.1795, measured: 467.1783
	mp=134°C
	2,5-di((2-cyanoethyl)thio)phenylene-1,4-diamine(2-hydroxy-4-methoxybenzyl) IV-22
	2,5-di((2-cyanoethyl)thio)phenylene-1,4-diamine(2-hydroxy-4-methoxybenzilidene)

) m/z calculated for C 28 H 31 N 4 O 4 S 2

  4H, S-CH 2 -CH 2 -CN) and 4.16 (t, J=7.1Hz, 4H, S-CH 2 -CH 2 -CN). : 551.1781, measured: 551.1774 mp=136°C

	1 H NMR (CDCl 3 , 400MHz): (ppm) = 8.80 (d, J=8.3Hz, 2H, Ar CH=CH-C(OMe)), 8.54 (s, 2H, Ar-H), 8.08 (s, 2H, Ar CH=CH-C(OMe)), 8.02 (d, J=5.9Hz, 2H, Ar C(OH)-CH=C(OMe)), 5.95 (s, 4H, NH-CH 2 ), 5.35 (s, 6H, OCH 3 ), 4.62 (t, J=7.1Hz, 13 C NMR (CDCl 3 , 100MHz): (ppm) = 161.07, 157.41, 141.90, 130.84, 120.29, 120.01, 119.34, 118.48, 105.50, 102.53, 55.44, 44.75 et 18.51. HRMS (ESIPale green powder M=550.69g.mol -1 C 28 H 30 N 4 O 4 S 2

1 H NMR (DMSO, 300MHz): (

  ppm) = 8.03-7.54 (m, 12H, Ar-H), 3.19 (t, 4H, J=6.8Hz, S-CH 2 -CH 2 -CN) and 2.79 (t, 4H, J=6.8Hz, S-CH 2 -CH 2 -CN).

Ethyl acetate/Hexane (3:7): Rf=0.5 1 H NMR (CDCl 3 , 300MHz):

  

	(ppm) = 9.31 (br, 1H, Ar-H), 8.61 (d, 1H, J=8.3Hz, Ar-H), 7.98 (d, 2H,
	J=7.9Hz, Ar-H), 7.61-7.44 (m, 5H, Ar-H), 7.13 (t, 1H, J=7.6Hz, Ar-H), 3.00 (t, 2H, J=6.8Hz, S-CH 2 -CH 2 -CN)
	and 2.53 (t, 2H, J=6.8Hz, S-CH 2 -CH 2 -CN).

  The post-functionalization of II-B 4 can be monitored by reverse phase HPLC:

	III. Dyn[4]arenes derivatization		
	III.1.	Amino Dyn[4]arene		
		Time(mn)	H 2 O, 0.05% TFA (%)	ACN, 0.05% TFA (%) Flow (mL/mn)
			0	80		20	1.2
			5	60		40	1.2
			8	0		100	1.2
			20	0		100	1.2
			Column: Agilent Eclipse Plus C8, 3.5μm, 4.6x150mm and pre-column.
				Volume injected: 5μL. Flow: 1.2mL/mn
	Table S1. HPLC method for the UV-vis monitoring (250 and 350nm) of amino Dyn[4]arene functionalization RT(II-
				B 4 )=4.08mn	
	III.1.i. N-succinimidyl N-methylcarbamate	
			7,00E-06			
			6,00E-06			
			5,00E-06			
		ΔAx[H]	3,00E-06 4,00E-06			
			2,00E-06			
			1,00E-06			
			0	0,2	0,4	0,6	0,8	1
					Molar ratio

Figure S16. Multi-functionalization of II-B 4 with the N-succinimidyl N-methylcarbamate

Table S2 .

 S2 HPLC method for the UV-vis monitoring (250 and 350nm) of II-A 4 functionalization RT(II-A 4 )=6.50mn

	Figure S22. Control experiment for the monitoring of the peptide coupling reaction with II-A 4 . RT of activated species:
	7.57mn, 8.07mn and 8.26 mn.

  C NMR (75 MHz, CDCl 3 ): δ = 184.8, 140.1, 140.0, 139.8, 44.2, 39.2; 19 F NMR (282 MHz, CDCl 3 ): δ = -153.79; HRMS (ESI +): m/z: calcd for C 12 H 12 N 2 O 2 S 2 F 4 Ag + : 462.9322 [M + Ag] + ; found: 462.9323; mp: 194 °C.

  C NMR (75 MHz, CDCl 3 ): δ = 161.9, 145.8, 145.7, 145. 6, 37.4; 19 F NMR (282 MHz, CDCl 3 ): δ = -131.10; HRMS (ESI+): m/z: calcd for C 12 H 13 N 2 O 2 S 2 F 4 + : 357.0349 [M + H] + ; found: 357.0350; mp: 237 °C. S,S′-(Perfluoro-1,4-phenylene) bis(dimethylcarbamothioate) was suspended under argon in 3 mL of a 4.2 M degassed solution of KOH in MeOH/H 2

  C NMR (126 MHz, DMSO): δ = 166.95, 137.18, 132.41, 128.93; HRMS (ESI-): m/z: calcd for C 32 H 15 O 16 S 8 -= 910.8131 [M -H] -, found = 910.8166; Elemental analysis: calcd for C 32 H 15 O 16 S 8 •5H 2 O = C: 38.3 H: 2.61 O: 33.5; S: 25.6; found = C: 36.8; H: 2.67; O: 34.8; S: 25.8; mp: 350 °C The Journal of Organic Chemistry Article (decomp); IR (ATR, cm -1 ) = 2887 (OH), 1678 (CO), 1583 (C C), 1213 (C-O), 779 (CH). NMR Studies. Liquid-state NMR spectra were recorded in CDCl 3 , DMSO-d 6 , methanol-d 4 , and heavy water buffered with CD 3 CO 2 ND 4

=0.9929

=0.9849

=0.9934

Notes:

DOI: 10.1021/acs.joc.5b02605 J. Org. Chem. 2016, 81, 654-661
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Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene

Experimental section

I. General information

I.1. Reagents and solvents

Commercially available reagents were obtained from Sigma-Aldrich, TCI Chemicals and ACROS Organics. HPLC grade solvents (water and acetonitrile) were obtained from were obtained from Sigma-Aldrich, Carlo-Erba and VWR. Analytical Thin Layer Chromatography (TLC) was carried out on Macherey-Nagel silica gel 60 F254 and revealed with a UV lamp at 254nm and a potassium permanganate solution. Flash chromatography was conducted with an automatic system of purification from Serlabo, CombiFlash RF200i with C18 columns.

I.2. Nuclear Magnetic Resonance (NMR)

1 H, 13 C, DOSY, COSY, ROESY were conducted on Bruker spectrophotometers: AV400, DRX300 and AV500 at 298 K in the CCRMN of the University of Lyon. Some experiments have also been conducted at the high field center (CRMN) at the Analytical Science Institute (ISA, Lyon) on the 1 GHz Bruker Spectrometer. The chemical shifts are indicated in ppm (parts per million) in reference to the TMS (trimethylsilyl). Coupling constants (J) are indicated in Hz (Hertz). The abbreviations used for the multiplicity are: s (singlet), br (broad), d (doublet), t (triplet), q (quadruplet) and m (multiplet).

I.3. High Resolution Mass Spectroscopy (HRMS)

High Resolution Mass Spectroscopy was performed on a QToF -MicrOTOF QII (50-20000 m/z) from Bruker. Low Resolution Mass Spectroscopy was performed on a linear quadrupole ion trap LCQ Advantage (50-2000 m/z) from Thermofinnigan. Electrospray ionization was used in both cases.

I.4. Melting points

Melting points were determined with a Buchï Melting B-540.

I.5. UV-Vis Spectrophotometer

The molar attenuation coefficients (ε) were determined with UV-visible calibration curves with a Shimadzu spectrophotometer UV-2401PC. Chapter 3: From self-assembling to information transfer; the case of octacarboxylic Dyn [4]arene

II.2. Asn/Asp

All spectra were carried out in 0.5cm quartz UV cuvettes. We used a poly(acryloyl-bis(aminopropyl)polyethylene glycol) (PEGA) resin with a grafting rate of 0.4 mmol/g with a particle size between 150-300 μm. The resin is highly hygroscopic and must be dried before use. Accordingly the PEGA resin was stored in a round bottom flask anhydrous and dried under vacuum at high temperature (300°C).

IV.2.

Resin analyses by UV-visible IV.2.i. Quantification of free amines

In order to determine the grafting rate, the residual quantity of free amine on the PEGA matrix can be obtained with a Kaiser test. Ninhydrin widely exploited for the detection of free terminal amino groups in the solid phase synthesis of peptides [32] was used to react with the primary amines giving a purple-blue solution. The absorbance of the complex formed during the Kaiser test can be measured at 570nm. 3 solutions were prepared and stored protected from light: [33] (A) 10 mM KCN aqueous solution in pyridine (2%, v/v) (B) phenol in solution in ethanol (80%, p/p) (C) ninhydrin solution in ethanol (5% p/v) In a round bottom flask was introduced 10 mg of resin followed by 180 μL of solution A, 20 μL of solution B and 50 μL of solution C. The heterogeneous mixture was heated at 100°C during 5mn and then diluted in a solution of ethanol and water (60/40). A blue solution indicates the presence of residual free amines.

Figur

A second strategy was used for the quantification of the grafting on a sulfonyl chloride polystyrene resin: a reverse dosage. By exploiting the absorption of the amino Dyn [4]arene (II-B 4 ) at 425 nm (ε= 38055 L/mol/cm) we can follow by UV-visible the decreasing signal of absorbance of the macrocycle which corresponds to the amount grafted. The calibration curve was performed in a DMSO/pyridine mixture (80/20) to mimic the reaction conditions. Aromatic isocyanates

IV.3.

Sulfonyl chloride polystyrene resin

IV-36 II-B 4

General conclusion

The new p-cyclophane family developed and described in this work has shown original selfassembling properties directly related to the functions borne by the 1,4-dithiophenols building blocks. The receptors bearing amino, carboxylate and fluorinated groups obtained within a quantitative selfassembling in DCC were isolated without preparative chromatography and featured the ability to recognize zwitterions, cations and anions.

Encouraging results were obtained for the selective recognition of a deamidated CDP-791 over the native antibody of pharmaceutical interest, using the octacarboxylate Dyn [4]arene. Consequently, several industrial applications of this new family of Dyn[n]arenes for protein purification are envisaged: affinity chromatography (through solid phase grafting), capillary electrophoresis (by association with N-Lys Tag) and counter current extraction (through PEG grafting).

During this work, a "toolbox" of novel ortho-functionalized 1,4-dithiophenols designed for PTM recognition was assembled, gathering three generations of synthesized building blocks. (Figure 1) The first generation (1.0) regroups the building blocks obtained with a low synthetic investment, but nevertheless optimized for molecular recognition. The second generation (2.0) was designed for the recognition of MetOx and DeAm with functional groups inspired by the motifs used by nature to recognize sulfoxides and carboxylates. These side chains have been introduced by chemical synthesis implying a higher synthetic cost. Finally, the third generation (3.0) involves a building block which can provide double-level orthogonal DCLs, by disulfide exchange and by imine or hydrazone exchange on the aldehyde function. This dual dynamism endows the system with a greater versatility thus allowing it to select suitable sizes, sequences and side chains and consequently providing optimized binders. Upon the addition of a peptide carrying a PTM site, side chains with MetOx or DeAm affinity should be selected by * S Supporting Information ABSTRACT: A family of p-cyclophanes based on bis-or tetrafunctionalized 1,4-bisthiophenol units linked by disulfide bridges was obtained by self-assembly on a gram scale and without any chromatographic purification. The nature of the functionalities borne by these so-called dyn [4]arenes plays a crucial role on their structural features as well as their molecular recognition abilities. Tuning these functions on demand yields tailored receptors for cations, anions, or zwitterions in organic or aqueous media.
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This journal is © The Royal Society of Chemistry 2016 these Cotton effects suggested the displacement of the average disulfide bonds' dihedral angle of 1 towards a preferred (M) conformation. 8 The ICD spectrum was completely inverted when the (L)-Lys-NH 2 enantiomer 2 was used as the guest molecule. When mixtures of (D)-Lys-NH 2 and (L)-Lys-NH 2 replaced the optically pure analyte, the amplitude of the CD spectrum taken at 318 nm turned out to be linearly proportional (coefficient of determination R 2 > 0.99) to the enantiomeric excess (ee) of the guest mixture (Fig. 2C). From this calibration curve, it was possible to determine the ee of samples of 2 of unknown optical purity with an average absolute error of 3.9% (Fig. 2D).

Structural insights into the binding event were gained using 1 H NMR spectroscopy, which demonstrated that (i) the side chain of the amino acid is located within the cavity of the macrocycle, and (ii) the guest molecule binds both enantiomers of the receptor with a similar affinity (see the ESI †). 9 With this proof of concept in hand, we decided to explore the ICD output of various (L)-lysine derivatives, including dipeptides. 10 From titration experiments with receptor 1, it was clear that each guest molecule displayed a distinct behavior regarding binding affinity, complexing stoichiometry and asymmetric host induced fit upon binding (Fig. 3). We therefore envisioned that, using a discrimination strategy based on a variable guest/receptor stoichiometry, each analyte could generate a specific ICD pattern.

Indeed, differentiated responses could be obtained for eight derivatives of basic amino acids with only two measurements of the ICD amplitude at 318 nm at [guest]/[host 1] ratio of 1 and 5, respectively. Differentiation was demonstrated and validated by linear discriminant analysis (LDA), which consists of a supervised procedure allowing the classification of data (Fig. 4). 11,12 Various mutations around the (L)-lysine moiety, affecting the length of the side chain (Lys vs. Orn), the nature of the basic site (Lys-NH 2 vs. His-NH 2 vs. Arg-NH 2 ), the C-terminus (Lys-NH 2 vs. Lys-OH vs. Lys-OMe, or Ac-Lys-NH 2 vs. Ac-Lys-NHMe), or the N-terminus (Lys-NH 2 vs. Ac-Lys-NH 2 ), systematically led to discrete clusters by LDA. It certainly revealed the exquisite selectivity of dyn [4]arene 1 towards similar cationic guests. Thus, we further investigated the capabilities of our sensing approach to identify chemical mutations in dipeptides incorporating a (L)-lysine residue. 10 Fig. 5 depicts the LDA scores plotted for 10 dipeptides and clearly shows that the nature of the neighboring amino acid plays a major role in the selectivity of the binding event. Various neutral, cationic, or anionic amino acid neighbors could be unambiguously identified. In addition, the position of the lysine residue within the dipeptide sequence could clearly be discriminated (Asp-Lys vs. Lys-Asp, or Lys-Met vs. Met-Lys). As for the basic amino acids tested previously, subtle mutations such as the length of a side chain (Lys-Asn vs. Lys-Gln) or the nature of a basic site (Lys-Lys vs. Lys-Arg) also led to distinct classes by LDA. It should to be noted that -in few cases -some of the tested dipeptides could not be differentiated from others (Glu-Lys vs. Asp-Lys, or Lys-Glu vs. Met-Lys, data not shown).

The predictive power of each LDA was evaluated using a jack-knife analysis, which consists of a leave-one-out approach. 12 To put it simply, each data point is successively removed from the dataset, a new set of discriminant functions being created in its absence, and the point is finally reassigned to a group based