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General Introduction

In the fields of host-guest chemistry and supramolecular catalysis, hemicryptophanes are molecular cages that have attracted an increasing attention over the last years. This organic capsules combine a cyclotriveratrylene (CTV) group and another C3 symmetrical unit, that could be, for example, a ligand for metal-ions complexation. In this line, hemicryptophane-based complexes have been recently reported as more selective and efficient catalysts compared to they parent models devoid of cavity. This is why we are focusing on the developement of new hemicryptophane-based catalysts.

The main goal of this thesis was to design, prepare and apply new hemicryptophane cages as supramolecular ligand for metal coordination in confined space. In particular, this work aimed at developping new methods to obtain (i) enantiopure complexes with controlled helicity, and (ii) new confined catalyst with enhanced efficiency and selectivity.

First par of the Chapter I of the thesis consist in an overview of the recent progresses in the synthesis of hemicryptophanes. This chapter also consists in a comprehensive literature review about (i) history of the development of such cage compounds, as well as their applications in recognition and catalysis in confined space; and (ii) recent examples of control and transfer of chirality within tripodal cages.

The second Chapter describes the study of a novel small molecular hemicryptophane (1), which is directly composed of one CTV part and one tris(2-pyridylmethyl)amine (TPA) ligand, connected by three methylene -CH2bridges. We explain how chirality transfer in this new hemicryptophane can control the propeller arrangement of the TPA ligand and its corresponding copper-complex. Besides, related computational simulations have been used to study, understand, and explain this transfer of chirality.

In Chapter III we have proposed the design and synthesis of two new hemicryptophane cages built from the TBTA ligand, which is a common ligand for copper-catalyzed azide alkyne cycloaddition (CuAAC) reaction. We have studied these new TBTA-based hemicryptophane cages as new ligands for CuAAC reactions in confined space aiming at improving the stability and selectivity of the catalyst.

In Chapter IV, new hemicryptophane cages displaying two metal binding-sites in a single cavity have been developed aiming at reproducing the key structure of methane monooxygenases enzymes. This new cage has been studied as ligand for the coordination of Cu II and Zn II metal ions.

Finally, we have designed and synthesized three novel CTV derivatives, which have the potential to form new supramolecular metalla-cages through self-assembly processes (chapter V). Such CTV ligands, substituted by pyridine derivatives, have been sent to the group of Prof. M. Hardie (University of Leeds, UK), to engage the first self-assembly tests. We indeed believe that such CTV-based ligands might be used to build novel self-assembled capsules.

I.1: Synthesis and applications of hemicryptophane organic cages

I.1.1 Introduction

Molecular cages holding a three-dimensional cavity are attracting considerable attention in modern supramolecular chemistry due to their potential applications in molecular recognition, catalysis, drug delivery, biosensing, separation, and storage.

[1-5] Among these different cages, hemicryptophanes, which are combining a cyclotriveratrylene (CTV) unit with another different C3-symmetrical moiety, have recently received a growing interest. The chemistry of hemicryptophane has been developed quite slowly before 2005. [6] In 1982, Lehn and Collet described the first two members of a new type of molecular cages called speleands (Figure 1.1a), which associated a CTV and a crown ether unit, showing potential recognition properties toward methylammonium cations. [7] However, it was not before 2005 that the first synthesis of an enantiopure hemicryptophane was described by Crassous and Dutasta (Figure 1.1b) [8] After 2005, hemicryptophanes have received a growing interest leading to a blossoming field of research, particularly for molecular recognition. A series of sophisticated enantiopure hemicryptophanes has been synthesized benefiting from the inherent chirality of the CTV unit. These receptors could be interestingly used for stereoselective recognition of chiral guest molecules. [9] An important aspect of hemicryptophanes is indeed their inherent chirality arising from the CTV unit (M or P configuration), whereas their southern part commonly aims at introducing inner functionalities.

Due to the growing demand for artificial hosts, the preparation of hemicryptophanes could be considered as a significant breakthrough for applications in recognition or catalysis. On this basis, the first part of this chapter will first focus on the different strategies that has been developed to prepare, purify and characterize this emergent class of molecular capsules. We will then turn to the recent examples of their applications in recognition and catalysis in confined space.

I.1.2 Synthesis of hemicryptophanes

There are two main routes for designing and synthesizing hemicryptophanes: (i) by connecting the CTV and the other unit with covalent bonds (organic cages) or (ii) through a self-assembly process involving metal-ligand linkage (metalla-cage).

Altrough self-assembled hemicryptophane capsules are currently attracting some attention due to the developments of self-assembling strategies [10], this section will only focus on the first strategy (covalent cages), as it is the approach developed in the team of A. Martinez. The preparation of covalent hemicryptophanes usually needs multistep synthesis, and often the main drawback of these syntheses is a low to modest overall yield. Covalent hemicryptophanes could be obtained following two main methods: (i) by intramolecular macrocyclization reaction (template approach, The first way to prepare hemicryptophanes consists in the building the CTV unit at the end of the synthesis by using the "template method" previously reported for the synthesis of cryptophanes. [11] Indeed, the Friedel-Crafts alkylation is a common approach for the synthesis of CTV and therefore cryptophanes and hemicryptophanes. This acid-catalyzed cyclization reaction usually needs Bronsted (HCOOH) or Lewis acid (Sc(OTf)3) catalysts. This intramolecular cyclodehydration closes the hemicryptophane by three final Friedel-Crafts alkylations to generate the CTV at the last step (Figure 1.3I). [12] Yields and difficulty in purification usually depend on the structures of the hemicryptophane precursors.

The second way ([1+1] coupling) is very effective in many cases and is particularly well suited for the preparation of enantiopure hemicryptophanes (starting from enantiopure CTV precursors, Figure 1.3 II). [13] It should be noted that another feasible way to introduce the southern unit to the functionalized CTV scaffold exists.

In this way hemicryptophanes are formed by an intramolecular cyclization that generate the southern part . [14] This approach has been seldom used compared to strategies based on the cage closure reaction at the north part or the [1 + 1] coupling presented above. 

I.1.3 Enantiopure hemicryptophanes obtained by means of chiral HPLC resolution

Enantiopure compounds are very important in chemical sciences, especially in the fields of molecular recognition and host-guest systems. Furthermore, chiral molecular receptors are the basis of many biorecognition processes and have important implications for biochemistry or pharmacology. The design, preparation and purification of synthetic chiral hosts, such as molecular cages, is however a very difficult task. In order to separate two enantiomers of one chiral cage, the chiral semipreparative high-performance liquid chromatography (HPLC) technique plays an important role for the resolution of racemic mixtures. Using this purification method, enantiopure hemicryptophane cages can be obtained by (i) resolution of CTV-based precursors first, or (ii) resolution of the final hemicryptophane racemate. In 2010, the first example of the resolution of a racemic mixture of hemicryptophane molecular cages using the chiral semipreparative HPLC purification technique was reported by Martinez, Dutasta and co-workers. [15] Through injections (8.0 mg/mL solutions in CDCl3) of the racemic mixture on a (S,S) Whelk-O1 chiral column, they successfully separated the two enantiomers of the following cage (M-8 and P-8 in Figure 1.4). The excellent enantiomeric excess values obtained for the M-and P-enantiomers of 8 (up to 96% and 99%) demonstrate the efficiency of the separation. However, this resolution of hemicryptophane enantiomers only stayed at the hundred of milligram scale, and the efficiency of the chiral HPLC separation is highly sensitive to the structure of the desired capsules. The efficiency of the chiral HPLC-separation could be significantly improved by the initial resolution of a CTV-based precursor racemate followed by its functionalization to form the enantiopure cage. In 2016, Martinez and co-workers have successfully separated 2 grams of each M-and P-enantiomers of the precursor CTV(CH2CH2Br)3 (M-11 and P-11 in Figure 1.4) with an enantiomeric excess >99.5%. 

I.1.4 Host-guest chemistry

Host-guest chemistry is one of the defining concepts of supramolecular chemistry that describes the formation of unique complexes between two or more molecules, via non-covalent interactions. A host molecule has an internal space (the so-called The hemicryptophanes can work as excellent receptors due to some advantages : (i) their rigid CTV scaffolds can provide cavities of variable shape and size, (ii) different kind of southern groups that offer special recognition capabilities can be incorporated, and (iii) the chirality of the CTV itself. For examples, hemicryptophanes have shown good complexation properties with ammoniums, ion pairs, [16][17][18][19][20][21] and fullerenes [22]. Among the possible non-covalent interactions between one hemicryptophane host and a guest, most of them are hydrogen bonds or interactions with charged species (ammonium, ion pairs, zwitterions). For instance, the first hemicryptophane, (1 in Figure 1.1) can interact strongly with ammonium ions through cation-π interactions with its CTV unit [7]. Hemicryptophanes can also encapsulate ion-pairs. The hostguest interactions between Me4N + Cl and cage 8 have been studied using a DFT approach (Figure 1.6a). [23] In 2008, another heteroditopic hemicryptophane cage was reported by Jabin et al.. This host interacts with the anion (chloride ion) and the cation (ammonium ion) simultaneously. [21] Interestingly, hemicryptophanes could also perform partial encapsulations. Makita and cowokers indeed reported in 2016 the partial encapsulation of acetylcholine within a hemicryptophane host : the X-ray structure indicates that the ammonium unit of the acethylcholine (Ach + ) is inside the cavity (due to the cation-π interactions), while the acetyl unit and chloride counterions are outside the cavity (Figure 1.6b). [24] Finally, in 2011, Zhanting Li's group developed a new (CTV)-based capsule that can strongly encapsulate C60 and C70 fullerenes by combining hydrogen bonding [22]. 

I.1.5 Catalysis in confined space

Catalysis plays an important role in the development of the chemical industry and society. A large number of materials and chemical intermediates are synthesized directly and indirectly with catalysts. In nature, many chemical reaction processes require enzymatic catalysis, usually with the advantages of high efficiency and high selectivity. However, the enzymes are not so easy to mimic, because the structure of enzymes is complicated, and some reactions are performed in specific confined spaces displaying multiple functionalities.

Advances in transition state theory and computer technology have made possible the simulation and understanding of the enzyme's active-sites [25]. In order to mimic the efficient chemistry found in enzymes, the catalysis in confined space aims at reproducing the second coordination sphere of enzymes. In the past decades, metalorganic cages, metal-organic frameworks, organic hosts, and nanoreactors have therefore attracted a growing interest. [26] In the following, some related research examples of homogeneous catalysis in confined spaces, will illustrate the effect of constrained mediums on catalytic selectivity and efficiency. Among the various examples of supramolecular catalysis, we will particularly focus on the examples where catalysis takes place inside the cavity of hemicryptophanes cages.

Inspired by enzymes, chemists have tried to mimic their confined environment through the development of organic architectures, such as cyclodextrins or calixarenes, [27] which contain well-defined cavities. Similarly, the hemicryptophanes show potential to work as ligand for complexing metal ion. Because the hemicryptophane cavity can be modified and adapted to different substrates, selective transformations could be envisioned. In 2009, Martinez and co-workers have shown, for the first time, that hemicryptophane-based transition metal complexes are efficient supramolecular catalysts (Figure 1.7). [28] The diastereomeric hemicryptophane-oxidovanadium(V) complexe 12 successfully oxidized the sulfide substrates to sulfoxide with 10 mol% catalyst and cumene hydroperoxide (CHP) as oxygen source. It was found to be an efficient supramolecular catalyst in the oxidation of thioanisol with yields up to 95%. Comparing with its parent model ligand, devoid of cavity, the hemicryptophane catalyst show higher yield due to the role of hemicryptophane hydrophobic cavity (protect the metal-active site). In addition, the group of Martinez reported a new functionalized cage in 2018, which contains a Verkade's superbase motif and can be used as a tool to create frustrated Lewis pairs. [30] They tested the reaction between p-chlorobenzaldehyde and cyclopentenone with the cage 14 and the model Verkade's superbase 15 lacking cavity (Figure 1.9). Performances are improved with the cage system. The cage 14 was more efficient due to confinement of the Verkade's superbase in the cavity of the hemicryptophane host. The key role of the cavity has been highlighted: the acid-base reaction with the Lewis acidic partner (TiCl4) cannot take place due to the confinement of the Verkade's superbase in the cavity of the hemicryptophane host, thus providing an effective system for the reaction. and selectivity in the mono-oxidized methanol product (multiplied by a factor 2). This improvement results from several factors: (i) the hemicryptophane acts as an efficient receptors for CH4, (ii) the confined iron catalyst is more stable and therefore more efficient, and (iii) the over-oxidation of the polar CH3OH product is limited due to its ejection from the cage's cavity . with the presence of the bowl 17

I.1.6 Conclusions

In this part, the synthesis of hemicryptophane organic cages has been described. In terms of molecular recognition and restricted-space catalysis, hemicryptophanes have great potential, because their CTV part can bring unique chirality and help structuring the three-dimensional cavity of the cage. Furthermore hemicryptophanes have been reported as particularly useful scaffold for homogeneous catalysis in confined space often yielding to stable, efficient, and more selective catalysts. By comparing with some model catalysts, it has been proved that the catalytic process occurred inside the hemicryptophane cavity. Importantly, no inhibition of the catalysis by the product has been observed by using this kind of capsules. These results therefore demonstrate that hemicryptophanes are flexible structures that allow for the ejection of the products that is not blocked inside the cage. 

I.2 Chirality transfer in tripodal supramolecular cages

This part consist in a mini review article that has been submitted to the journal "Frontiers in Chemistry", in August 2020, for publication in an article collection on Supramolecular Chirogenesis in Chemical and Related Sciences. 

Control and transfer of chirality within well-defined tripodal cages

I.2.2 Introduction

Stereoselective bindings are essential events for biochemical functions such as enzymatic catalysis and recognition of natural metabolites. In order to reproduce the efficiency of the stereoselective receptors found in the biological world, the synthesis of chiral artificial hosts has attracted considerable attention over the past few decades.

In this context, the development of new strategies for preparation of chiral receptors as well as the discovery of the factors that govern both chirality genesis and selective binding events are of particular interest. In this context, the supramolecular approach appears as particularly promising as it allows for the construction of tridimensional hosts that could, for example, mimic enzymes cavities. [1] Among supramolecular hosts, organic or self-assembled cages built from chiral building blocks are of particular interest due to their ability to bind guests within their interior. A variety of chiral organic, [2] or metallo-cages [3,4] have been constructed over the past years, via covalent bond or coordination driven assembly processes respectively.

However, being able to induce, control, and transfer chirality within supramolecular cages (and their related host-guest complexes), remains a highly challenging task. In this line, C3 symmetrical cages have recently emerged as particularly interesting scaffolds because of their tendency to form triple-stranded helix or propeller-like structures. Aiming at providing a general view about recent progress in the preparation of chiral tripodal cages displaying control and/or transfer of chirality, this mini-review summarizes current knowledge on how the chiral information can (i)

propagate along tridimensional architectures, and (ii) can be controlled upon chiral sorting, or guest binding.

The first part of the review will be devoted to examples of propagation of the stereochemical information from one chiral unit to another part of the C3 symmetrical architectures. Its second part will described how chiral-sorting events could lead to the preferential formation of enantiopure tripodal hosts. Finally, the last part will focus on the highly challenging on-demand control of the host-chirality dictated by binding of external guests.

I.2.3 Propagation of the chirality in tripodal cages

A straightforward strategy to generate chiral hosts consists in the covalent substitution of a chiral precursor, aiming at creating an inner cavity. In particular, chiral C3 symmetrical cages have been obtained by connecting one chiral moiety with another tripodal unit, by three linkers. The presence of three identical linkers connected to one chiral component represents an interesting structural motif as it allows for the formation of a triple-stranded helical structure with controlled orientation. It has been indeed observed that the stereochemical information of the chiral unit could propagate along the structure to (i) induce a controlled propeller-like arrangement of the linkers and (ii) turn another linked achiral part into a chiral structure. Chirality transfer events within tripodal hosts were firstly evidenced between the chiral unit and its nearest linkers, resulting in a remote control of their helical arrangement (Figure 1.12). For example, Badjić et al. reported the preparation and characterization of the gated stereoisomeric basket (20). [5] Such C3 symmetrical cavitand was built from a basket unit owning a P-or M-twisted structure, decorated by three aminopyridines gates at its rim. The authors demonstrated, through a combination of 1 H/ 13 C-NMR analysis and computational results, that the aminopyridine substituents display a right-or left-handed propeller like arrangement maintained by an intramolecular N-H … N hydrogen-bond network. Interestingly, the unidirectional orientation of the gates folding is dictated by the chirality (P-or M-) of the southern twisted chiral basket. By mean of computational studies, the authors indeed suggests that the P-basket framework imposes an anti-clockwise orientation while a clockwise orientation of the gate is predicted for the M-basket.

By replacing aminopyridine by quinolone gates, the same team reported, one year later, the enantiopure basket (21), that displays a solvent dependent transfer of the stereochemical information of the basket to the rim. [6] By comparison with 20, 21 exhibits π-stacked gates instead of hydrogen-bonded ones. 2D 1 H-NMR characterizations, exciton-coupled circular dichroism (ECD) analysis, and computational modeling, reveal that the clockwise and/or anticlockwise orientations of the quinolone gates exist in acetonitrile, while the three substituents remains randomly oriented in the non-polar dichloromethane solvent.

In the same vein, hemicryptophanes are organic cages built from a northern bowlshaped, and C3 symmetrical cyclotriveratrylene (CTV) unit, connected to another tripodal moiety by three spacers. [7] Due to the inherent chirality of the CTV unit, hemicryptophanes are chiral cages with M or P configuration. Enantiopure versions of this kind of hosts are commonly obtained following two main strategies: (i) the chiral HPLC resolution of a racemic mixture of P and M structures and (ii) the addition of another chiral moiety and separation of the resulting diastereoisomers. [8] A hemicryptophane (22), which connects a CTV unit and a phophotrihydrazone moiety, through three butylene (-C4H8-) linkers, was reported in 2016 as ligand for Ga III and Fe III octahedral metal ions. [9] The authors observed, trough XRD analysis, that the butylene linkers of 22 displayed a clockwise/anticlockwise helical orientation (α or β helicity): interestingly, for both 22 and its corresponding metal complexes Ga III (22) and Fe III (22), such solid state helical arrangement of the linkers (α or β) was imposed by the configuration of the CTV unit. Indeed only (M-)CTV-(β-)helix and (P-)CTV-(α-)helix pairs of enantiomiers were observed. In 2018, the group of Martinez reported a new example of a hemicryptophane cage displaying a remote control of the linkers helical arrangement, dictated by the CTV unit. [10] The hemicryptophane (23), which displays linkers constituted of both amine and amide groups, was prepared.

Analysis of its X-ray molecular structure reveals H-bond interactions between the amide and the amine functions of each arm resulting in a triple-stranded helical arrangement of the linkers (Figure 1.12, D). Interestingly, the chirality of such triple helices was dictated by the chirality of the CTV unit (P-or M-). The hemicryptophane (P)-23, indeed displayed a Δ propeller-like arrangement of the linkers while the (M)-23 revealed a Δ orientation. Moreover, careful 1 H-NMR analyses allow the authors to suggest that the controlled arrangement observed in the solid state, may be retained in solution. This example highlights the remarkable flexibility of the whole organic structure that is strongly twisted and displays a propagation of the CTV's chirality over nine bonds.

Based on theses interesting examples of chirality transfer between chiral unit and linkers, the supramolecular chemists asked themselves: could this phenomenon be extended in order to control the helical arrangement of another achiral C3 symmetrical unit? The remote control of the helical arrangement by some tripodal units is indeed of particular interest, as it might allow to turn an achiral artificial ligand into an enantiomerically-pure binding site. For example, the control of the helicity of the C3 symmetrical tris(2-pyridylmehyl)amine (TPA) ligand has attracted considerable attention due to its versatile applications, ranging from bio-inspired models, [11] catalysts, [12] to chiral sensors. [13] This ligand could display a propeller-like arrangement of its pyridine units that rapidly interconvert between clockwise and anticlockwise enantiomeric conformations. Therefore, by controlling the sense of its pyridines twist, the achiral TPA could be switched into a highly desirable chiral coordinating structures. In 2019, the X-ray structure of the TPA-based hemicryptophane 24 was reported during the study of this cage-ligand for selective metal-based methane oxidation. [14] This solid-state structure reveals a CTV-dictated triple-stranded helical arrangement of the phenyl linkers of 24, but no orientation of the southern TPA part was observed. On this basis, Colomban, Martinez and cowokers have designed the structurally contracted cage 1 [15] where the phenyl linkers are replaced by single methylene -CH2-(Figure 1.12, F). The authors resonated that a closer proximity between the chiral northern CTV cap and the southern TPA ligand would result on the propagation of the chirality of the CTV to the TPA ligand allowing for a predictable control of its helicity. These expectations turn out to be accurate since the organic cage 1, which represents the smallest hemicryptophane ever reported, remarkably displayed a controlled clockwise / anticlockwise propeller arrangement of the TPA unit dictated by the chirality of the CTV unit (M-or P-). The covalent capping with a M-CTV unit indeed results in a left-handed propeller arrangement of the TPA (while P-CTV lead to a right-handed propeller arrangement).

It should be noted that enantiopure version of (M)-1 and (P)-1 were obtained in an highly efficient purification step based on the chiral-HPLC resolution of the racemic mixture (+/-)1 (ee values >99.5%). Importantly, this strong chirality transfer is maintained upon metallation of the TPA moiety with Cu(I) metal ion. The resulting complex Cu I (1)(Cl), (Figure 1.12, F) display a rare T-shaped coordination geometry along with a controlled helicity of the TPA unit that is maintained in both the solution and the solid state (XRD, 1 H-NMR, ECD analysis). To the best of our knowledge this approach was the first, and to date unique, example of a predictable and robust control of the TPA helicity, achieved through its covalent substitution with a chiral C3 symmetrical unit. Furthermore, in sharp contrast with other chiral TPA-based cages found in the literature, which often display structural studies of the helicity based on computational methods, the chirality transfer in 1 and Cu I (1)(Cl) were unambiguously evidenced through XRD analysis. Finally the design of the cageligand 1, that allows the authors to report an unprecedented Cu(I) complex with a controlled helicity of the TPA-Cu(I) core, highlight the promises of the approach for the preparation of novel optically pure metal-based catalysts and receptors.

This strategy, combining chiral CTV cap and short spacers to control the chirality of another C3 symmetrical unit, has been further exemplified by Martinez and his team through the preparation of the hemicryptophane 25. [16] Due to its ability to engage strong hydrogen-bonds, the benzene-1,3,5-tricarboxamide (BTA) unit has been widely reported as a useful building block for the preparation of supramolecular assemblies. [17,18] Therefore, methods able to tune and control its structural properties are of particular interest. With such considerations in mind, the nanosized cage 25 was built aiming at controlling the sense of rotation of the three amides of the BTA unit. Hemicryptophane 25, consists in a southern BTA covalently linked to a chiral CTV cap by three ethylene -C2H4linkers (Figure 1.12, G). Interestingly, the close proximity between CTV and BTA units in this cage, allows for a remote control of the Λ/Δ orientation of the three amides of the south part dictated by the chirality of the CTV cap. It was indeed demonstrated, though XRD analysis of single crystal of the racemic mixture of (+/-)25, that the BTA unit capped with a M-CTV displays a Λ orientation of their amides, while the cage built from a P cap result in an Δ arrangement of the chiral conformation. It was shown that the enantiopure cages (M-Λ)-25 and (P-Δ)-25 could be easily obtained, with excellent ee values (ee >97.5 %,)

through straightforward chiral-HPLC resolution of the racemic mixture followed by ECD-based assignment of the absolute configurations. Finally, the authors proposed, based on 1 H-NMR observations, that the chirality transfer observed in the solid states might be retained in solution.

Another remarkable strategy to achieve a predictable control of the chirality of a tripodal ligand consists in its non-covalent capping with a chiral concave open-cage structure, through intermolecular ionic contacts. This so-called "Russian nesting doll" approach have been reported in 2016 by Badjic and coworkers, which used the chiral molecular baskets developed by this team to create and control a propeller-like arrangement of a TPA-based Zinc complex. [19] The self-assembled architecture Zn-TPA core. Interestingly, this study allows the authors to demonstrate, for the first time, that a predictable control of the helical arrangement of TPA-based complexes, could be achieve by an ionic contract-based transfer of chirality within tripodal cages.

In 2017, the same group further exemplified the approach by studying the capture of several metallated and non-metallated TPA derivatives by both anionic and cationic molecular baskets. [20] Molecular dynamic computational simulations and 1 H NMR / ITC experimental analysis were performed to better understand the formation of the nesting complexes, which was found to be driven by hydrophobic effects and assisted by ionic host/guest contracts. 

I.2.4 Chiral-sorting in tripodal cages

This second part of the mini-review aims at describing how the chirality of one that the self-assembly is dictated by an homo-chiral self-sorting event. Such remarkable behavior, where homo-chiral cages emerges from a mixture of achiral building blocks, was found to be dictated by (i) the through-space interactions between the alkyl substituants of both cofacial units and (ii) the tilt value of the ruthenium-based wall.

To summarize, these examples highlight the fact that chiral tripodal cages, constructed from dynamic covalent bonds or metal-ligand linkages, could be effectively obtained following a chiral-sorting approach. This strategy, that could involve two different chiral coupling partners, [21] two enantiomers of the same building blocks, [24] or two identical achiral ligands, [27] displays crucial benefits regarding the desired straightforward preparation of enantiopures hosts avoiding tremendous purifications steps. 

I.2.5 Control of the host chirality through guest binding

The on-demand control of the chirality of an artificial receptor is a particularly challenging goal for chemists aiming at reproducing the allosteric recognition processes found in the biological world. Therefore, the discovery of systems that allow for a switch of chirality dictated by an external stimulus is of particular interest. [28,29]. On this basis, tripodal cages displaying helical arrangements and able to encapsulate guests within their inner space, appear as promising systems since a guest-dictated control of the host chirality might arise from specific binding events.

As highlighted in the first part of this mini-review, the control of the propeller arrangement of Zn II and Cu II complexes made from the TPA derivatives is of particular interest for the development of chiral molecular sensors with characteristic CD absorption features. [30] With such considerations in mind, the team of Zonta has series. Upon increasing the molecular length of the guest, a gradual negative to positive switch of the ECD signal, accompanied with a red shift of the maximum of absorbance, was indeed reported (in the case of cage 37a, that display di-aryl linkers).

The authors ruled out the hypothesis that the observed inversion of ECD spectra might result from modifications in the guests chiroptical properties or binding behaviors as (i) the alkyl-based guests do not absorb in this region and (ii) the observed ECD absorption were founded to be concentration independent. Based on these observation, it was postulated that the changes in the chiroptical properties of the host-guest system (ECD spectra), upon changes of the length of the guest, arouse from structural modification of the tripodal host that displays two stereodynamic TPA ligands and six stereogenic centers. As previously shown for this kind of host, the cavity size in 37a (Zn-Zn distance) is indeed dictated by the size of the entrapped guest. [32] This assumption was supported by calculated CD spectra, which confirmed that changes in the helicity of the TPA units induce an inversion of the CDs. Although no XRD structures of the hosts were reported, the mechanism of the guest lenghtdependent ECD changes was further elucidate by mean of DFT calculations of the cage conformation for each host-guest complexes. The guest-dependent breathing ability of the host arises from an increase or decrease of the dihedral angle between the vicinal amine that results in a switch in the helicity of the TPA ligand.

Another interesting example of guest-dependent control of the TPA's dynamic chirality has been reported, the same year, by Badjic and coworkers. [33] The organic (respectively involving the benzene ring of the basket and the -CH2-of the TPA), slow-down the interconversion of the TPA unit, and favor the counterclockwise propeller-like orientation. Therefore, this work interestingly demonstrates that dynamic chirality of a host and stereoselective encapsulation processes might be closely related be mean of weak supramolecular contacts.

I.2.6 Conclusion and discussion

To summarize, this mini-review highlights recent advances related to the induction, control, and transfer of chirality within tripodal supramolecular cages (and their related host-guest complexes). Various cages of C3 symmetrical type, displaying a predictable and robust control of the chirality, have been recently prepared. These enantiopure cages are usually obtained following three main synthetical approaches.

Firstly, the tendency of C3 symmetrical cages to form triple-stranded helix or propeller-like structures has been exploited to prepared architectures displaying a transfer of the stereogenic information from one chiral unit to i) its nearest linkers or ii) another C3 symmetrical unit. This predictable control on the chirality of other linked units, was found to arise from noncovalent interactions such as hydrogen bonding or steric repulsion. Interestingly, this approach have been used to turn achiral ligand into highly valuable coordinating structures leading to metal complexes with controlled helicity, advancing the field of asymmetric transformations and enantioselective sensing.

A second way to obtain enantiopure tripodal cages is based on chiral-sorting event occurring during the final formation step. Following this approach, both organic and metal-based chiral cages have been obtained through [1+1] coupling reactions between i) one chiral unit and a racemic mixture of another achiral moiety, or ii) two chiral coupling partners. The different factors that govern the observed preferential formations of one stereoisomers, social dimeric structures, or narcissistic assemblies, have been identified. The selective formation of such thermodynamically favored products was indeed found to result from difference of solubility between the possible chiral assemblies, or through-space interactions between bulky substituents of the coupling partners. 

Chapter II: New small tris(2-pyridylmethyl)amine-based hemicryptophane for predictable control of the ligand's helicity by chirality transfer

This second chapter will describe the study of a novel small molecular cage (1), which is directly composed of one CTV part and one tris(2-pyridylmethyl)amine (TPA) ligand, connected by three methylene -CH2bridges. At the beginning, we designed this small cage for the oxidation of methane. Indeed, previous works of our group, have demonstrated that hemicryptophane ligands can improve the catalytic efficiency and selectivity of the methane oxidation to methanol catalyzed by iron complexes (See chapter I). We therefore hoped that a structurally contracted cage, displaying a small cavity, might increase the capture of the methane molecule. But we found that the cage's cavity was too small to encapsulate the methane molecule (because of the self-encapsulation of one of the three methylene -CH2N of the TPA unit). Interestingly, the crystal structure of 1 reveals that the inherent chirality of the CTV cap was transmitted to the TPA part (helical arrangement). Due to the coordination ability of the pyridines and the tertiary amine of the TPA ligand, we also tried to prepare new metal complexes with controlled helicity. The corresponding results will be presented in the following section under the form of an article that has been published in 2019 in the journal Chemical Communications. In order to facilitate the reading of the article, the corresponding experimental characterizations (Supplementary informations) have been incorporated in the annex n°1, which follows the article.

The second section of this chapter will present the preliminary catalytic tests that have been preformed in order to evaluate if this new enantiopure cage-ligand could bring positive effect on copper-catalyzed enantioselective transformations. Finally, we will present DFT (density functional theory) calculations of the molecular cage configuration in the last section of this chapter, which can help to rationalize the peculiar structural properties of 1, further explaining the chirality transfer from its CTV to its bottom part (the formation of propeller arrangement).

II.1 Chirality Transfer in a Cage Controls the Clockwise / Anticlockwise Propeller-like Arrangement of the tris(2 pyridylmethyl)amine Ligand

A predictable control of the propeller arrangement of the tris(2-pyridyl-methyl)amine (TPA) ligand was achieved through the preparation of the smallest hemicryptophane 1. This novel designed cage displays a chirality transfer from its northern unit to the TPA ligand. 1 can coordinate Cu(I), yielding in a rare Tshaped complex with controlled helicity of the TPA-Cu(I) core.

The tris(2-pyridylmethyl)amine (TPA) ligand has been widely reported as a convenient and efficient scaffold for the development of metal-based complexes, catalysts and sensors. In particular, structural and functional models of Iron(II), [1][2][3] and Copper(I), [4][5][6] monooxygenases based on the TPA unit have been developed. TPA derivatives have also been involved in the preparation of stereodynamic metal complexes applied in chiral sensing and enantiomeric excess determination. [7][8][9][10][11] Furthermore, this tripodal ligand has recently aroused a growing interest in the field of supramolecular architectures. It has been indeed successfully incorporated into supramolecular cages, aiming at developing switchable dynamic architectures, [12] or at providing new scaffold for coordination, and host-guest chemistry in confined spaces. [13,14] Due to its broad interest, its versatility, and its conformational dynamic nature, the control of the chirality of this C3 symmetrical ligand is highly desirable. Because of the propellerlike arrangement of its pyridine units, the TPA ligand rapidly interconvert between two enantiomeric conformations. Controlling the sense of the pyridines twist is therefore key to access new organic chiral architectures with potential application in sensing of biological molecules, enantioselective catalysis, or preparation of optically pure materials.

The control of the dynamic of the propeller arrangement of the TPA ligand (left-or righthanded) has been initially achieved through synthetic modification of the TPA core such as incorporation of an alkyl group at one of the benzylic position. [15] Such modified ligands result in a shift of the equilibrium toward one of the two (right or left-handed) stereoisomers. More recently, Badjić and coworkers reported an elegant strategy based on the supramolecular functionalization of a cationic TPA derivative with an anionic C3 symmetrical concave basket. [16] The static chirality of the basket results in the exclusive formation of left-handed Zn-TPA supramolecular complex via intermolecular ionic contact. Very lately, Zonta and coworkers observed a length-dependent inversion of the TPA helicity upon guest-binding in a supramolecular cage. [17] We present herein a new approach to build TPA-based architectures displaying predictable and controlled arrangement of the propeller-like arrangement of the pyridines through its capping with a chiral C3 symmetrical unit. coupling" strategy used for the synthesis of 1.

Our group has recently incorporated a TPA ligand into an optically pure hemicryptophane organic cage Hm-Ph-TPA (Figure 2.1a). [18] Hm-Ph-TPA displays a chiral C3 symmetrical cyclotriveratrylene (CTV) unit covalently linked to a TPA moiety through phenyl spacers. The corresponding iron(II) complex has been reported has an efficient bio-inspired catalyst for the oxidation of methane in confined space. [19] A careful look at its XRD structure indicates the formation of a triple-stranded helical arrangement of the phenyl linkers dictated by the chirality of the CTV unit (P-or M-configuration).

However, no orientation of the three southern pyridines could be observed (See annex page 25, Figure S12 andS13). Clearly, in Hm-Ph-TPA, the chiral CTV is situated too far from the southern TPA unit to induce any chirality transfer. On this basis, we envisioned that the building of hemicryptophane displaying shorter linkers might result in an efficient chirality transfer from the CTV to the TPA unit. We therefore design the new hemicryptohane 1, which displays a CTV unit linked to a TPA moiety by simple methylene -CH2-linkers, representing the smallest hemicryptophane ever reported. [20,21] 1 was obtained in a 66% yield via the direct coupling of the CTV intermediate CTV(OH)3 and the TPA-trichloride precursor TPACl3 (Figure 2.1b). Compared to Hm-Ph-TPA, which was obtained following a "template approach", [20] the one step synthesis of 1 represents an alternative and more straightforward access to TPA-based capsules. Due to the chiral nature of its northern CTV unit, 1 is obtained as a racemate (±)-1 that could be optically resolved using chiral HPLC (see annex page13). Enantiopure revealing their diastereotopic character. It should be noted that the highly symmetrical 1 H-NMR spectrum observed for 1 in solution, at 298K, contrasts with the C1 symmetrical structure observed in the solid-state. This is easily explained by a fast conformational exchange between the inward and outward orientations of the -CH2-N methylene groups at 298K in solution. Interestingly, 2D-NMR NOESY experiment reveals through-space correlations between methylene proton Ha,a' and aromatic protons Hf,g belonging to the northern CTV unit as well as between signal corresponding to the protons Hb, Hc of the pyridines and the one corresponding to the -OCH3 of the CTV, Hh (Figure S3, annex page 4). The latter imply a close proximity between the "southern" pyridines and the CTV unit that confirm that the C1 symmetrical form of 1 (observed in solid state) is also adopted in solution (but with a dynamic exchange between the inner and the outer -CH2-N) (Figure S4, annex page 4). Variable temperature (VT) 1 On this basis, we then explore the possibility of performing metal-complexation at the propeller-shaped TPA unit of 1. Such coordination might indeed results in (i) the breaking of the propeller-like arrangement of the pyridines or, more interestingly, (ii) to the formation of a new kind of enantiopure metal complex with a controlled chirality at the TPA coordination unit. To demonstrate the ability of 1 to form metallo-complexes, we studied its complexation properties toward copper(I) chloride salt. Various CuCl complexes of TPA derivatives have been reported over the past decade as structural model for copper containing oxygenase enzyme, [24,25] or atom transfert catalyst. [26,27] Although dissociation of one pyridyl moiety have been reported for Cu I (TPA)(Cl) in solution, the corresponding solid state structures always displayed a pentacoordinated copper in an achiral trigonal-bipyramidal (TBP) coordination geometry. [27] The Finally, the enantiopure (M)-Cu I (1)(Cl) complex, prepared form the optically resolved (M)-1 ligand, was analysed by ECD spectroscopy. Compared to (M)-1, the metallated (M)-Cu I (1)(Cl) displayed a positive ECD couplet at 260 nm characteristic for the electronic π-π* transition of the TPA-metal chromophore. [16,29] Along with XRD and 1 H-NMR studies, the ECD analysis therefore confirms that a transfer of chirality from the CTV unit to the (TPA)Cu I (Cl) core occurs in both solid state and solution.

In conclusion, a novel variation on the TPA ligand is described incorporating a chiral CTV unit that imposes and controls the propeller arrangement of the pyridine moeties.

Such remote control of the TPA helicity was unambiguously demonstrated (through XRD analysis), in hemicryptophane 1 as well as in its protonated [1.H]-Cl and metallated

Cu I (1)(Cl) forms. Importantly, the predictable chiral arrangement of the TPA ligand was maintained upon metallation of the hemicryptophane ligand, leading to novel chiral metal centre with highly unusual coordination mode in both solid state and solution. We envisioned that this new approach should find applications in the field of asymmetric catalysis and enantioselective recognition. Future work will indeed be devoted to the use of such metal-complexes as asymmetric catalysts and molecular receptors.

Chemical and instrumentation

All reagents were commercial reagent grade and were used without further purification. TPACl3, [S1] and CTV(OH)3, [S2] (were obtained according to reported protocols.

Instrumentation 1 H NMR and 13 C NMR were recorded on a Bruker Avance III HD 300 MHz and 500MHz spectrometers. 1 H NMR and 13 C NMR chemical shifts δ are reported in ppm referenced to the protonated residual solvent signal. ESI-HRMS were performed on a SYNAPT G2 HDMS (Waters) mass spectrometer with API and spectra were obtained with TOF analysis. Measurements were realized with two internal standards. Electronic Circular Dichroism. ECD and UV spectra were measured on a JASCO J-815 spectrometer equipped with a JASCO Peltier cell holder PTC-423 to maintain the temperature at 25.0 ± 0.2°C. A CD quartz cell of 1 mm of optical pathlength was used. The CD spectrometer was purged with nitrogen before recording each spectrum, which was baseline subtracted.The baseline was always measured for the same solvent and in the same cell as the samples.The spectra are presented without smoothing and further data processing

Experimental procedure and characterisation

Synthetic procedure for 1

To a solution of CTV(OH)3 (408 mg, 1 mmol) and TPA(Cl)3 (440mg, 1.03 eq) in DMF(350 mL), Cs2CO3 (500 mg) was added in one portion. Then the solution was stirred overnight at 90°C under argon. The mixture was then allowed to return to room temperature, evaporated and water was added (200 mL). The aqueous mixture was extracted with CH2Cl2 (3x 100 mL). The combined organic phases were washed with 1M aqueous NaOH (100 mL), washed with brine (100 mL), dried over Na2SO4, filtered and evaporated to dryness. The residue was purified purified by column chromatography on silica (eluent : CH2Cl2 / CH3OH; 12:1) to afford a white solid. Yield: 66%. 
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Synthetic procedure for [1.H]-Cl

Protonation of the tertiary amine of 1 was achieved through its treatment with concentrated HCl in a CH2Cl2/CH3OH solvent mixture, resulting in the formation of the protonated racemate [1.H]-Cl. Purity of the resulting adduct was further confirmed through 1 H-NMR and X-Ray diffraction studies. The 1 H-NMR spectrum of [1.H]-Cl (298K, CDCl3) display, on average, a C3 symmetrical structure with the characteristic signal of the quaternary H-N+ resonating at 12.00 ppm (Spectra S5).

Compared to 1, [1.H]-Cl display downfield shifted signal for the proton belonging to the pyridine (Hb, Hc, Hd) and the methylene HN+-CH2 (Ha,a'). Proton belonging to the CTV unit (Hh, Hg, Hf, Hi,i') were less affected, confirming that the protonation takes place at the southern part of the molecule. Interestingly, the methylene protons (-CH2-) at the alpha position of the quaternary amine of TPA (Ha/a' resonating at 4.11 and 3.21 ppm) remain diastereotopic with a gap of 0.9 ppm. Single crystals of [1.H]-Cl, suitable for X-ray diffraction, were obtained by slow diffusion of Et2O to a solution of cage in CH2Cl2 / MeOH. It display an asymmetric unit containing two of each M-and P-enantiomers of [1.H]-Cl (Fig. S9). For both enantiomers identical distances between the quaternary ammonium proton N+-H and the chlorine atom are observed (DN-H--Cl= 2.104 Å, ΘN-H-Cl = 153.29°), indicating for H-bonding interactions. It should be noted that, in both cases, the chlorine anion is engaged in a second hydrogen bond with an exogeneous molecule of methanol (DO-H--Cl = 2.440 Å, ΘO-H-Cl = 159.47°, see Figure S9).

Spectra S7. 1 H-NMR spectra (CDCl3, 300 MHz) of [1.H]-Cl, at 298K O O O O O O H N N N N Cl a" b,b'" c" e" f" d" h" a" b" c" j" g,h" e" f" i" j,"j'" d" g" CHCl 3" J'+"b'" i"
Synthetic procedure for Cu I (1)(Cl)

CuCl (1.35 mg, 0,0136 mol, 1.0 equiv.) was added, at room temperature to a stirred solution of 1 (10 mg, 0.0136 mmol, 1.0 equiv.) in THF (2 mL). The metallation occurred immediately and a pale yellow solid precipitated within minutes. The resulting pale yellow solid was isolated by filtration, washed with THF and dried in vacuo to give Cu I (1)(Cl) in a 88% yield. 

855.1985

Single crystal X-ray Diffraction Data

-1 (CCDC 1951499) Single crystals of C45H42N4O6 (1) were crystallized by slow diffusion of Et2O in a CH2Cl2 solution of the compound. A suitable crystal was selected and mounted on a SuperNova, Dual, Cu at home/near, AtlasS2 diffractometer. The crystal was kept at 253.00 (10) K during data collection. Using Olex2, [S3] the structure was solved with the ShelXT, [S4] structure solution program using Intrinsic Phasing and refined with the ShelXL, [S5] [S3] the structure was solved with the ShelXT, [S4] structure solution program using Intrinsic Phasing and refined with the ShelXL, [S5] refinement package using Least Squares minimisation. 

Empirical formula

Chiral HPLC resolution of (±)-1

• The sample is dissolved in chloroform, injected on the chiral column, and detected with an UV detector at 254 nm and circular dichroism detector at 254 nm. The flowrate is 1 mL/min. 

Column

Supplementary figures

Figure S1. ECD (top) and UV (bottom) spectra of (-)-1 and (+)-1. First eluted enantiomer (-)-1 : green solid line (0.132 mM in CH3CN). Second eluted enantiomer (+)-1 : red dotted line, (0.148 mM in CH3CN). Acquisition parameters: 0.1 nm as intervals, scanning speed 50 nm/min, band width 2 nm, and 3 accumulations per sample.

Absolute configuration assignement:

The spectra of the first eluted enantiomer exhibit a characteristic positive-negative bisignate curve from 230 to 250 nm corresponding to the M-configuration. [S6] A mirrored ECD signal is observed for the second eluted enantiomer attesting for its Pconfiguration. Indeed, according to Collet et al. the sign of the 1 La bands around 240nm can be used to assign the absolute configuration of the CTV unit because of its low sensitivity to the nature of substituents linked to the CTV part. [S6] The universal character of this assignment was confirmed by comparison with previsously reported M or P stereodescriptor of hemicryptophane analogues.[ S7 ] Finally, the comparison between experimental and simulated ECD spectra of (M)-1 (Figure S14 andS15) confirm this assignement. Therefore, according to both literature and ECD spectra calculations, the first eluted enantiomer on Chiralpak ID with [a]D 25 (CH2Cl2, c = 0.17) = -168, is the (M)-enantiomer. 
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Calculations

DFT and TD-DFT calculations were performed using Gaussian 16 package, [S9] with the default parameters for solvent used in SMD. Spectra were plotted with Specdis v. 1.71 [S9] as sum of Gaussians with σ as half the bandwidth at 1/e peak height. Calculations were done on the geometry obtained by X-ray analysis. The (M)-enantiomer was calculated. 

II.3 Preliminar catalytic tests on copper-catalyzed asymmetric transformations using enantiopure 1-Cu I (Cl) catalyst

The enantiopure complexes (M)Cu I (1)(Cl) and (P)Cu I (1)(Cl) have been prepared according to the procedure described in the previous section. With these new catalysts in hand, we first tried to perform selective conjugate addition of diethylzinc to unsaturated ketene. Indeed, this reaction has been previously achieved using copper-based catalysts owning enantiopure ligand with ee values of 96%. [30] The reaction 1 (Figure 2.5) was carried out by mixing the substrate 41 with 1.1 equivalents of diethylzinc in the presence of 1.0 mol % of CuCl and 1.2 mol % of the enantiopure cage (M)1 in diethyl ether at 0 °C. After two hours, a reaction yield of 80% was observed but after chiral-HPLC analysis, it was found that both enantiomers of 42 were equally formed with no enantiomeric excess. Besides, this complex was also examined in an other potentially enantioselective reaction (Henry's reaction) by using benzaldehyde 43 as the substrate (reaction 2 in Figure 2.5). [31] The reaction 2 was performed by mixing with 1.4 equivalents of pyridine in the presence of 5.0 mol % of CuCl and 5.5 mol % of the (P)1 ligand in EtOH at room temperature. After one night, the benzaldehyde was converted to the desired product in a 50% yield, but chiral-HPLC analysis of the product reveal that both R ans S product were formed with no enantiomeric excess. These preliminary catalytic tests therefore indicate that our new enantiopure copper-based cageligand cannot induce enantioselectivy when applied to two classical reactions from the literature.

However, the two transformations that have been tested are usually performed by copper center displaying ligands that strongly differ from the TPA structure (for example chiral phosphines).

Furthermore, considering that i) an enantioselective transformation controlled by a chirality transfert in a cage will represent a totally unprecedented report, and ii) the geometry at the copper center in Cu I (1)(Cl) is also unprecedented for TPA-based ligands (and therefore not documented, which preclude any comparison with parent models devoid of the CTV cap), it is particularly difficult to find a good model reaction. We therefore believe that enantioselective transformation catalyzed by our complex need to be further study in depth. In previous reports, other enantiopure hemicryptophane-based metal complexes have rarely been used as chiral catalysts. Such catalysts therefore need to be optimized for a good application.

II.4 Computational calculations: explanation of the chirality transfer and molecular dynamic of cage 1

A computational treatment was performed to rationalize the experimental observations relative to the chirality transfer in 1. This work aims to focus on the following aspects:

understanding why i) the PM (corresponding to P-CTV and left-handed propeller orientation of the TPA), or MP (M-CTV and right-handed propeller arrangement of the TPA), structures are not obtained experimentally; and ii) why the 1 H-NMR experience suggests a C3 symmetrical structure in solution for the neutral cage that does not correspond to the XRD structure, where a bottom CH2 differs from the two others, as it is inside the cage. The question here is whether there is a possible mechanism that allows for fast conformation changes and that the 1 H-NMR signals are due to an averaging of the possible structures. 

II.4.1 Computational details:

The computational treatment combines two approaches: molecular dynamics runs were performed to explore the potential energy surface of the neutral cage; Density Functional Theory calculations were performed to explore the potential energy surface of the neutral cage. Several minima and transition states, which are significant for the conformational analysis of the cage, were located and fully characterized. The functional PBE0 was used, in combination with the D3 dispersion empirical corrections (PBE0-D3). [32][33][34][START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF][START_REF] Perdew | Rationale for mixing exact exchange with density functional approximations[END_REF][START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF] Preliminary calculations were performed by employing the def2-SV(P) basis set, results were further checked by employing the def2-TZVP basis set. [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy[END_REF] The RI-J technique was employed to reduce the computational time. [START_REF] Eichkorn | Auxiliary basis sets for main row atoms and transition metals and their use to approximate Coulomb potentials[END_REF] The 

II.4.2 Chirality transfer (issue 1):

The structure of the isomer PP(corresponding to P-CTV and right-handed propeller orientation of the TPA), optimized from the XRD data, is shown in The first structure I, is built by assuming a C3 symmetrical arrangement of the cage (even if the optimization was conducted without imposing the symmetry constraint). This conformation is the all-arm-outside, with an evident PM pattern. The aromatic rings of the CTV are almost eclipsed with the pyridines of the bottom of the cage, whereas in the PP cage they are clearly alternating, without superposition. This aspect contributes to the higher energy of I with respect to the PP isomer.

These results therefore suggest that the preferential formation of PP (or MM) diastereomers compared to the PM (or MP) structures arises from the less stable eclipsed structure observed in the latter case.

II.4.3 Dynamic Aspects (issue 2) :

Cage 1 is formed by three arms, each connecting the bottom nitrogen to two top CH2 units of the CTV. These arms are not equivalent: in All over, the barriers are small: the highest transition states are located at 60-62 kJ/mol above the computed energy of the crystal structure. This implies that there exist paths for fast conversions among A, B and C and that the NMR signal is averaged on these structures. The computed pathways do not differ significantly from an energetic point of view and possibly they all coexist. The AC path appears slightly preferred in terms of enthalpy, however differences are tiny.

We notice here that the D intermediate is lower in energy than 1, even if the two structures share a similar conformation of the bottom part of the cage (all-arm-outside conformation). The optimized structures of 1 and D are compared in Figure 2.9; it is indeed instructive to visualize some geometrical features that contribute to their relative stability, as this points out general structural parameters that might contribute to stabilize conformations. Differently than in A, the CH2 links connected to the bottom Nsp3 have almost eclipsed conformations in 1 and D.

Interestingly, D is significantly lower in energy than 1. The differences between 1 and D are related to the positions of the -CH2O-links connecting the pyridines to the top CTV (O(4), O(51)

and O( 2)). In D, all these links are optimally oriented, as the relative positions of the oxygen atoms with respect to the nitrogen atoms allow for reducing the repulsion due to their lone pairs. This is not the case for O(4) and O(51) in 1; moreover, even if the O(2) atom is properly oriented with respect to the nitrogen atom, one hydrogen atom is eclipsed with the pyridine ring. The PP (or MM) one-arm-inside structures (A, B and C) are the more stable among the computed ones as they possess optimal conformations, minimizing eclipsed bonds and showing a favorable orientation of the heteroatom lone pairs (nitrogen and oxygen atoms). Several conformations could be optimized and some pathways could be proposed for the conversion of one structure into the another, suggesting that equilibria are possible among A, B and C. As a consequence, the NMR signal is averaged on all the possible structures. The MP (or PM) isomers are less stable, however there exist some structures, as II, where the P or M descriptors are no more applicable for the bottom unit and that are only slightly higher in enthalpy than A.

II.5 Conclusions

We have demonstrated in this chapter that structurally contracted hemicryptophane cages (short linkers) could be used to induce and control the helical arrangement of a southern C3 symmetrical ligand. This strategy has been employed to generate a new kind of copper(I) complexes with controlled helicity of the Cu-TPA core. We have then used the resulting enantiopure M-or P-Cu I (1)(Cl) catalyst to try some initial test on asymmetric catalysis.

However this new catalyst did not show good enantioselectivity when applied to classical copper-catalyzed reactions and additional studies are required to find more suitable model reactions. Finally, we have performed DFT calculations on the cage molecules to simulate its structural configuration and dynamic behavior, which, in particular, explained the reason why the chirality of the CTV part control the propeller arrangement of the TPA unit.

III.1 Introduction

In this chapter, the design, preparation and initial application tests of two novel tristriazole based hemicryptophanes were described. These cages were conceived to act as ligands to perform catalytic reactions in a confined space, upon coordination to a transition metal center. Our attention was directed to azide-alkyne cycloaddition reactions. The cycloaddition reaction between azides and alkynes to give triazoles [1] is one of the most important way to synthesize five-membered rings. However, the desired triazole-forming cycloaddition may require elevated temperatures and usually results in a mixture of the 1,4 and 1,5 regioisomers (Figure 3.

1). [2]

Figure 3.1 Cycloaddition between azides and alkynes

In the reaction depicted in Figure 3.2 azide 46 reacts neatly with alkyne 45 to afford the triazole products as a mixture of the 1,4-adduct (47) and 1,5-adduct (48) at 98 °C in 18 hours without catalysts. These two isomers exist in a 1: 1 ratio. gives comparable amounts of the two triazole regioisomers.

However, the control of the selectivity in non-metal-catalyzed cycloadditions, has been achieve by performing the reactions in a self-assembled capsule.[3] J. Rebek and coworkers reported a synthetic chamber that accelerates the 1,3-dipolar cycloaddition.

In this cylindrical cavity, the orientations of the two different aromatic substrates are constrained in such a way that only their peripheral substituents make contact, resulting in the 1,4-isomer.

Since its discovery in 2002, the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction, which regiospecifically combines azides and terminal acetylenes to give the 1,4-disubstituted 1,2,3-triazoles, has received a great deal of use in diverse fields such as chemical biology, materials science, medicinal chemistry, and polymers. [4,5] Unlike the well-established thermal Huisgen cycloaddition reaction, the CuAAC reaction (i) allows for controlling the 1,4-stereoselectivity, (ii) is not limited to highly activated alkynes, and (iii) proceeds efficiently even in aqueous media. Although a number of copper(I) sources can be used directly, the catalyst is usually prepared from Cu(II) salts in combination with sodium ascorbate as the reductant, which are less costly and often more pure than Cu(I) salts. Moreover, due to the thermodynamic instability of Cu(I), which is easily oxidized to Cu(II) in the presence of O2, the catalytic efficiency of Cu(I) salt alone is limited and the use of stabilizing ligand is often needed. The most commonly used accelerating ligand is the tris(benzyltriazolylmethyl)amine (TBTA). This C3-symmetric ligand, was discovered by the Sharpless laboratory in 2004 (Figure 3.3). [7] TBTA was found to be a powerful stabilizing ligand for copper(I), leading to a more reliable click cycloaddition reaction by reducing the oxidation of catalytic Cu(I) by dissolved oxygen, while enhancing its catalytic activity. Usually, in this reaction, the Cu(II) salt is pre-complexed with TBTA to form a blue complex. The resulting catalyst is then mixed with the alkyne and the azide substrates and a subsequent addition of the sodium ascorbate reductant initiate the CuAAC reaction (reduction of the Cu(II) into Cu(I)). The ligand promotes the stabilization of the copper(I) oxidation state, while allowing for the catalytic cycle of the CuAAC reaction to proceed (Figure 3.4).

Although the reported structural analysis (XRD) of the Cu II (TBTA)(BF4)2 complex reveals a binuclear structure (Figure 3.5), it was found that the CuAAC reaction catalyzed by the Cu I (TBTA) complex proceeds with a first order dependence on copper(I) concentration [8]. Such behavior contrasts with the postulated mechanism for ligand free CuAAC reactions that usually involves two copper centers (Folkin's mechanism, Figure Over the last several years, there has been a huge increase in the development of new efficient organocatalysts for enantioselective pericyclic reactions. Among many processes of cycloaddition reactions (such as the [3+2]; [3+3]; [4+2]; vinylogous [4+2] and 1,3-dipolar cycloadditions), the enantioselective CuAAC reaction has attracted considerable attentions. Since Sharpless and colleagues proposed the concept of "click chemistry" in 2001, [12] the enantioselective catalytic Huisgen [3 + 2] cycloaddition reaction has been studied by many groups. For instance, new chiral catalysts (as shown in Figure 3.8) used in copper-catalyzed azide-alkyne cycloaddition reactions have been reported. [13] The PYBOX ligand give chiral Cu(I) catalyst that affors the product 56 in 77% yield with 90% ee. This kind of chiral ligand therefore provides a powerful strategy for highly enantioselective intermolecular desymmetrization reactions. In 2015, the group of Liwen Xu has developed a new type of chiral phosphine ligand (59 in Figure 3.9) for catalytic asymmetric Huisgen [3+2] cycloaddition between azides and bis-alkynes substrate. [14] This new catalyst has shown high yield (up to 80%), and excellent enantioselectivity (ee up to 99%) on the desymmetrization of bis-alkynes. Some of their preliminary studies indicate that the ligand plays a crutial role in the formation of active binuclear or polynuclear catalysts in this asymmetric CuAAC, in which the phosphine center and the diol moiety are both important for achieving high yields and enantioselectivity. 

III.1.2 Construction of rotaxane and cages by mean of CuAAC reaction

The copper-catalyzed click cycloaddition reaction has recently found an interesting application for the preparation of supramolecular object such as rotaxanes or catenanes. These molecules, in which some of the components are connected mechanically rather than by covalent bonds, could potentially find applications for their peculiar physical and chemical properties. The use of hydrogen bonding, metal coordination, hydrophobic force, covalent bonding, or Coulomb interaction could be used to prepare interlocked structures. Leigh and colleagues have found an easy way to obtain rotaxanes, in which metal atoms catalyze the formation of covalent bonds and, at the same time, work as templates for assembling mechanically interlocked structures. [15] Because rotaxanes are mechanically combined, the size of the macrocycle is very important. Goldup's group uses the CuAAC active template reaction as a model to explore the effect of macrocycle size in the synthesis of rotaxanes.(Figure 3.10) [16] They found although sizes matters, larger macrocycles are not always better. In addition, they confirmed that the formation of rotaxane is promoted by: (i) a ratio of macrocycle to metal (Cu I ) is close to unity; (ii) noncoordinating solvent; (iii) higher reaction temperature. [17] They also designed a mechanically planar chiral rotaxane ligand, which can direct enantioselective catalysis for the Au I -catalyzed Ohe-Uemura cyclopropanation of benzoate esters. This is the first time that a rotaxane ligand (62 in Figure 3 This receptor has been used for the liquid-liquid extractions of chloride from water into the non polar dichloromethane solvents). [20] Besides, another triazole-based cage, able to selectively recognize the Cl -anion in water, was very recently synthesized via CuAAC. [21] However, to the best of our knowledge, no example of CuACC reaction performed in the confined space of molecular cages could be found in the literature. With the aim of running the CuAAC reaction in confined spaces, we wanted to introduce the (tris)triazole unit into an hemicryptophane cage. This kind of organic capsule has never been used before as ligand for CuAAC reaction. Hence, these new kind of hemicryptophane could be obtain through the covalent capping of the C3 symmetrical (tris)triazole moiety by a CTV unit. Herein, we report two new (tris)-triazole-based hemicryptophane cages called cage 2 and cage 3 (Figure 3.11).

This part will be devoted to the synthesis, characterization, and use of these new cageligands for copper-catalyzed CuAAC reaction in confined space, as well as a first attempt to prepare hemicryptophane-based rotaxane. that the transfer of chirality from the CTV unit to a southern ligand still occurs with slightly longer linkers. Like in cage 1, one CH2-N of the southern part resides inside the cavity of the cage in the solid-state structure. However, from the 1 H-NMR we can see that cage 2 has a C3-symmetrical structure in solution, this may be due to the rapid exchange between the three -CH2-N of the cage like in the case of cage 1 (see chapter II, calculations). and cage 3. We observed that after one hour, the reaction with TBTA was almost 2 times faster (47 % yield), than with cage 3 that displays a yield of 18 %. Furthermore, we observed that the reaction was faster with cage 2 than with cage 3 but still slower than in the case of TBTA with 30% yield (Figure 3.20). The TBTA ligand performs more efficiently, maybe due to its open structure, which allows for an easier access to both alkyne and azide substrates. According to i) the XRD structure of cage 2, and ii)

the characterization of the Cu(I) complex of cage 1 (see chapter II), it is reasonable to propose that the binding of one copper center to cage 2 will occur outside of the cage.

Therefore the CuAAC reaction probably occurs outside of the cage 2, explaining the fact that the reaction is more efficient with cage 2 than with cage 3 (easyier access to both substrates).

Because we wanted to compare the classical CuAAC reaction with the click reaction performed within the hemicryptophane cavity, we then chose to focus our attention on the comparison between cage 3 and TBTA. In order to determine if the reaction really takes place inside the cavity of the hemicryptophane, identical reactions were performed using TBTA and cage 3, in the presence of tetramethyl ammonium picrate (N(Me)4 + Pic -). It is indeed reported that the amonium cation of N(Me)4 + Pic -is effectively stabilized by the CTV unit of hemicryptophanes (inside the cavity) while the picrate anion (Pic -) is too big to enter the hemicryptophane cavity. [22] picrate anion acts as an axial ligand to the Cu(II) center preventing the CuACC reaction. Interestingly, in the case of the cage 3, the picrate anion, which is too big to enter the cavity, do not reduce the catalytic efficiency. In order to confirm this hypothesis we then choose to turn our attention to CuACC reactions performed in organic solvent using Cu(I) sources. From table 1 we can see that after adding the K + Pic -, the efficiency of the CuAAC reaction with TBTA is decreased by almost a factor 2 (from 35% to 17%) after 2 hours. However, even after adding the K + Pic -, the reaction with cage 3 shows almost identical catalytic efficiency. From these results, we infer that because the picrate group is relatively large, it cannot enter the molecular cage, In order to take adavantage of the cage-structure of our hemicryptophane ligand, future work will focus on selective CuAAC using substrates of different size. The idea is to estimate if the cage-ligand could be used to discriminate between large and small substrates, aiming at achieving CuAAC reactions with original selectivity. We therefore intend to test more substrates, and will study the competitive reaction of different substrates in the presence of the cage as ligand. 

III.3 Conclusions

In summary, we have designed and synthesized two new molecular cages, for the catalysis of copper-catalyzed cycloaddition reactions in a confined environment.

Interestingly, we have demonstrated that the CuAAC reaction takes place inside the cavity of cage 3 and that this cage-ligand could be used to prevent the inhibition of the CuAAC reaction resulting from a binding of large ligands (like the picrate annion)

to the copper center. In the future, we will also test a series of competiton reactions between substrates of different size, using our molecular cage as a ligand, in order to achieve size-selective CuAAC reactions. Meanwhile, we also expect to construct a new rotaxane by improving the size and shape of the alkyne and azide substrates (such as increasing the length of the side chain and size of the stoppers).

IV.1 Introduction

The selective oxidation of unactivated C-H bonds is still a challenge in modern chemistry. The inert nature of this bond requires the use of highly reactive species, which poses major issues in terms of chemo-, regio-and stereoselectivity. It is therefore a major task to design a unique catalyst that can promote high reactivity, but at the same time act as a highly selective oxidant, which selectively mediates C-H oxidation reactions. For instance, in the case of the oxidation of methane CH4, high temperature and pressure are often required to initiate the reaction, and the selective oxidation of CH4 to CH3OH is therefore difficult to control. Because the C-H bonds in the methane molecule are very strong (the highest C-H bond dissociation energies of about 104 kcal mol -1 ), its oxidation requires a very strong oxidant or very harsh conditions, that often lead to overoxidation of the methanol into formic acid or even carbon dioxide. [1] The efficient and selective conversion of methane into methanol under mild conditions has always been desired because methanol, which is liquid under ambient conditions, has advantages in transportation, storage, and safety.

However, in nature, the enzymes called soluble and particulate methane monooxygenases (MMOs and MMOp respectively), can selectively hydroxylate methane into methanol under mild conditions. [2][3][4] Although the exact nature of the MMOp and MMOs active sites are still under debate, it is admitted that the activation of O2 at the particulate methane monooxygenase involves a dinuclear copper active site, which is reported to play a crucial role in CH4 hydroxylation. [5,6] Such hypothesis has been supported by bioinspired studies using zeolite-supported dicopper active center with [Cu2O] 2+ cores. [7,8] The far superior efficiency of dinuclear copper complexes built from the TPA ligand, compared to the mononuclear counterpart have also been recently reported for the challenging water oxidation reaction. [9] Moreover, through the use of density functional theory (DFT) calculations, it was confirmed that some dicopper complexes have the catalytic performance to perform the hydroxylation of methane to methanol. [5] On the other side, it has been proposed that the soluble methane monooxygenase catalyses the selective oxidation of methane through the formation of highly reactive non-heme diiron oxo species (presumably O=Fe IV -O-Fe IV -OH) [10]. In order to mimic the reactivity of the MMOs, bio-inspired dinuclear iron catalysts have been developed. In 2009, the group of Lawrence Que have generated a novel diiron(IV) complex, and demonstrated that this catalyst can cleave strong C-H bonds with higher efficiency compared to the corresponding mononuclear Fe IV =O complexes. [11] Another remarkable example have been reported in 2012 by Sorokin et al. with a binuclear heme complex displaying two iron active centers (N-bridged diiron porphyrin catalysts) that has been proved to oxidize methane with an unprecedented efficiency by an N-bridged high-valent diiron oxo-active species (L)Fe IV =N-Fe IV (L +. )=O (L= heme ligand). [12] Altogether theses examples highlight the importance of dinuclear copper or iron active centers to reach an efficient oxidation of CH4 under mild conditions. In the previous work of our research group, hemicryptophanes have been used for the oxidation of methane into methanol, and the catalytic activity, selectivity and stability of the encaged complexes have been compared to those of the non-cage model ligands.

The Fe(II)@hemicryptophane catalyst, bearing a TPA moiety as coordinating site,

shows enhanced reactivity and selectivity compared to the model (Figure 4.1, Hm-Ph-TPA is the structure of the cage ligand used in this study). [13] However, the catalytic activity of this catalyst, that owns only one iron active site, remains low with turnover number below 10. In order to improve the reactivity and obtain both selective and efficient catalysts, one strategy might be to create cages that could incorporate two metal sites. Therefore, through the following works, our goal was to introduce two metallic active centers into one hemicryptophane. This chapter will describe the design, synthesis, and characterization of a new type of hemicryptophane cage displaying two potential metal-binding sites, as well as some preliminary results

regarding the coordination of Zn(II) and Cu(II) metal ions.

IV.2 Result and discussion

We chose to design a new cage displaying one TPA ligand (first binding-site) that is surmounted by a tris-triazole crown (second binding site). The hemicryptophane Cage 4 (also named Hm-TriA-TPA), is indeed build from a northern CTV unit connected to the tris(2-pyridylmethyl)amine (TPA) ligand, by three triazole spacers. So we tried another synthetic method, where the last step was to synthesize the CTV unit by an intramolecular macrocyclization reaction. As shown in Figure 4.4, firstly, we use the THP group to protect the benzyl alcohol group of the starting precursor 77.

Then we synthesized 85 (for the desired TPA part, the bottom part of the cage molecule), and we connected the two precursors 81 and 85 by the formation of a triazole link (CuAAC reaction) to achieve 86. Then the TPA part was synthesized by using ammonia gas as the nitrogen source. Finally, the CTV part was synthesized using Sc(OTf)3 as catalyst. This synthetic route looks longer than pathway 1, but the reaction of most steps were easy to perform, and all the yields were high, especially the yield of cage formation in the last step reached nearly 30%. 

IV.2.2 Preparation and 1 H-NMR characterisation of the corresponding diamagnetic Zinc complex.

In order to evaluate the coordination properties of the cage cage 4, we first studied the ability of the cage-ligand to form metallo-complexes through Zn II coordination at its TPA and tris-triazole units. The binding of the air stable zinc triflate salt Zn II (OTf)2 was investigated by 1 H-NMR. The mono-nuclear complex Zn II (cage 4)(OTf)2 was prepared by reacting cage 4 with one equivalent of Zn II (OTf)2 in acetonitrile. The metalation occured imediatly and the resulting complex was precipitated with diethyl ether, isolated, and characterized by 1 H-NMR (Figure 4.9). The 1 H NMR spectrum of complex Zn II (cage 4)(OTf)2 shows that it still contains an average C3 symmetric structure. The preferential formation of metallo-complexes in a 1 :1 stoichiometry, using hemicryptophane cage 4, could be explained by a combinaison of two factors (i) electrostatic repulsion between the two positively charged metals and (ii) the coordination of one of the triazole linkers to the metal center, avoiding the

IV.2.3. Solid states studies

While no good quality crystals of Zn II (cage 4)(OTf)2 were obtained, its Cu II analogous Cu II (cage 4)(OTf)2 afforded single crystals suitable for X-ray diffraction (Figure 4.11). The structure reveals one encaged copper center in a trigonal bipyramidal geometry, where the trigonal plane comprises the three nitrogen atoms of the TPA's pyridine (N2, N3 and N4). The axial positions are occupied by the tertiary amine nitrogen (N1) and, more interestingly, by the nitrogen of one of the three triazole linkers (N5). Such result therefore confirms our hypothesis that the axial binding of the metal center by one of the triazole linker prevents the complexation of a second metal. It should be further noted that a well-defined cavity, described by the CTV unit and the triazole rim, could be observed just above the Cu II center. This cavity is occupied by one guest molecule of solvent (CH3CN), highlighting the benefits of this cage-ligand (and its related complexes), for potential applications in recognition or supramolecular catalysis. 

IV.2.4 Study of the interaction of Cu II (cage 4)(OTf)2 with N3.

We have seen that the axial binding of one of the triazole unit to the TPA-Cu II center of Cu II (cage 4)(OTf)2 prevents the use of the tris-triazole core as coordinating unit or hydrogen-bond donor. On this basis we ask themselves: could this triazole ligand be removed upon addition of an exogeneous axial ligand to the copper center ?

On this basis, the azide ligand (N3 -) is particularly interesting as it is well-known as axial ligand for TPA-based Cu II complexes. Furthermore, its way to bind to Cu II complexes have been reported as a good electronic and structural model of cupricsuperoxide centers (Cu II (O2 .-)] + ) that arise from O2 activation at the Cu(I) centers of mono-oxygenases. [14] Therefore, the comprehension of the binding of N3 -to a Cu II complex is a convenient way to evaluate its potential application in the challenging activation of O2 to form highly oxidizing Cu-superoxo active species [Cu II (O2 .-)] + .

Interestingly, the addition of an excess of sodium azide NaN3 (solid) to a 5 mM 

V.1 Introduction

Supramolecular chemistry focuses on weak and reversible non-covalent interactions between molecules. [1] These forces include hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, π-π interactions, and electrostatic effects.

[2] In particular, self-assembly driven by metal coordination is currently one of the most effective tool that could be used to build functional architectures based on noncovalent interactions. [3,4] The strategy of self-assembly has been used to prepare capsules of various shapes and sizes that can recognize many different guests. Such self-assembled metal-organic cages have been interestingly applied in many ways, including molecular recognition, [5,6], on-demand encapsulation/release of guest [7,8], chiral sensing, [9] and catalysis. [10,11] By selecting specific building blocks, three-dimentional structures with predictable geometries can be constructed. In particular, aniline and pyridine-based tripodal building blocks have been efficiently used by the group of Nietschke to build tetrahedral cages that have found various applications such as selective anions recognition and extraction via hydrogen bonding and electrostatic interactions. [8,12].

In this context, the C3 symmetrical cyclotriveratrylene (CTV) appear as an interesting building block for self-assembly as its bowl-shaped structure could create molecular cavities in which guest molecules can be non-covalently bonded. [13] Using the metalcoordinated supramolecular assembly strategy, self-assembled cages structure based on the CTV structure have been constructed. The first example of self-assembled cryptophane was reported by Shinkai and colleagues, by connecting two equivalent of a pyridine-based CTV by its cis-coordination to a Pd(II) bridging complex (to form triangular double-cone capsules). [14] If the chiral resolution of the CTV precursor was performed in advance, then only the enantiopure cage was formed. In addition, by using the CTV-type of ligands, larger M4L4 and M6L8 metal supramolecular assemblies have been formed. Such assemblies have been reported by the group of Hardie, through the coordination of silver ions by the pyridine units linked to the CTV.

[15] By changing the different functional groups attached to the CTV, different types of M4L4 assemblies can be achived. [16] Moreover, small changes to the system might result in completely different self-assembled products. For example, a different CTV derivative (from quinoline group to pyridine group) does not result in formation of a M3L2 metallo-cryptophane but rather a M2L2 species. [15] The different shapes and binding modes formed by CTV-based ligands make them excellent ligands for the construction of metal-based supramolecules, and the internal binding sites of such structures can be used in nanoreactor applications.

Hence, this chapter focus on the preparation of three new pyridine-based tripodal CTVs and their use as ligand for the construction of original CTV-functionalized

Fe II 4L4 tetrahedrons. This work is part of a collaborative project between our team (conception, synthesis and characterization of the CTV ligands) and the team of Professor Michaele Hardie (University of Leeds) which is a specialist of the preparation of self-assembled cages and catenanes based on the CTV moiety. [17,18] V.2 Result and discussion

V.2.1 Synthesis and characterization of pyridine-based CTV ligands

We designed these two pyridine-based CTV ligands. The CTV-CHO ligand 92, contains aldehyde groups attached to pyridine, after reacting with another 3 equivalent of imines and complexing metals, it can form supramolecular metalla-cages through self-assembly. Similarly, the CTV-NH2 ligand 95 can also work with another 3 equivalents of aldehydes.

The ligand 92, displaying a CTV unit equiped with three pyridine carboxaldehyde units, was prepared following a 3 steps synthesis starting from compound CTV(OH)3 (Figure 5.1), which has been described in the second chapter of this manuscript. The ligand 95, wich display CTV unit connected to a pyridine moiety substituted with a methyl amine group as prepared in a 3 steps synthesis starting from compound 91 which was prepared by the same method as described above. Then hydroxyl is replaced by chlorine under the conditions of SOCl2, which work both as reactant and solvent. After four hours of reaction, compound 93 can be obtained. This compound is unstable at room temperature (usually stored at -18 degrees). The chlorine atom is then replaced by an azide group to afford compound 94. Finally, the targeted product 95 was obtained by using triphenylphosphine to reduce compound 94. Since this reaction will produce a large amount of triphenylphosphine oxide, its purification through chromatography column becomes difficult. However, after adding a certain amount of ether, the product precipitated due to its poor solubility in ether, but the triphenylphosphine oxide were still dissolved in ether. By this strategy, the pure product was then obtained after recrystallization in about 30 % yield. The 1 H NMR spectrum of 95 (Figure 5.4) shows that the structure has an average C3 symmetry in solution. It shows the general characteristics of the CTV unit structure(Hh,h'), the singlet for the CTV's OCH3 group (Hf). Finally, the CTV ligand 96 that consist of a CTV unit surmounted by three bispyridines methyl amine groupments, was prepared following a known procedure with modification. [19] The unstable compound 93 reacted with three equivalents of [(Methylamino)methyl]pyridine in the presence of potassium carbonate and DIPEA to obtain the product 96 in the yield of 47%. 

V.2.2 First self-assembly results (group of M. Hardie)

The CTV ligands 92, 95 and 96 have been send to the group of Prof. M. Hardie to engage the first self-assembly tests. We indeed believe that such CTV units might be used to build novel CTV-based self-assembled structures and that it could be a good opportunity to develop collaboration between our two research groups. A combination between 92 (CTV(Py-CHO)3) or 95 (CTV(Py-NH2)3), iron(II) salt, and aniline or carboxaldehyde derivatives, might respectively result in new CTV-functionalized "Nitschke-like" self-assembled tetrahedrons (Figure 5.7 top and middle). Furthermore, if it works, the use of substituted anilines or carboxaldehydes might result in the formation of various capsules decorated with different functional groups. We also

V.3 Conclusions

We have designed and synthesized three novel CTV derivatives, which have the potential to form supramolecular metalla-cages through self-assembly. These CTV ligands have been send to the group of Prof. M. Hardie (University of Leeds) to engage the first self-assembly tests. And now we are waiting for the initial results. upon metallation of the hemicryptophane ligand. Chirality transfers in both the empty cage and the copper complex have been unambiguously demonstrated by XRD structures. In the future we will continue to study such kind of enantiopure metalcomplexes as asymmetric catalysts. Besides, we will extend the length of the alkyl linker between the CTV and the TPA (from -CH2 to -C2H4 or -C3H6) to see if the chirality will continue to be successfully transferred to the TPA part when slightly longer spacers are used.

The works in Chapter III mainly focus on the catalysis in confined space (in the cavity of hemicryptophanes). In this chapter, we have presented the design and synthesis of the two first examples of hemicryptophanes based on a tris-triazole coordinating unit (TBTA ligand). Such derivatives of the TBTA ligand (which is a very common ligand for copper-catalyzed cycloadditions reactions), have been applied for CuAAC reaction in a confined environment. Interestingly, we have demonstrated that the reaction occurs inside the cavity and that the hemicryptophane structure protects the active copper center against its deactivation by the complexation of an external ligands like picrate. In the future, we will also test a series of competiton reactions between substrates of different size, using our molecular cage as a ligand, in order to achieve size-selective CuAAC reaction. Meanwhile, we also expect to construct a new rotaxane by improving the size and shape of the alkyne and azide substrates.

As described in Chapter IV, the first hemicryptophane cage displaying two metal binding-sites in a single cavity have been designed and prepared aiming at reproducing the key structure of some methane monooxygenases enzymes.

Unfortunately, this new hemicryptophane do not allow for the simultaneous binding of two Zn II or Cu II metals within its cavity. In the future, we will continue to look to the generation of a bimetallic complex by using two Cu I . Compared to the Cu II , two equivalents of Cu I centers might be indeed more easy to coordinate to our cage due to (i) less repulsion between the metal ions and ii) the preferential formation of tetracoordinated Cu I complexes. Besides, we will try to take advantages of the C-H bond from the tris-triazole crown to increase the stability of Cu-oxygen adducts.

In Chapter V, we have presented the design and synthesis of three novel CTV derivatives, which have potential to form supramolecular metalla-cages through selfassembly. These CTV ligands have been send to the group of Prof. M. Hardie (University of Leeds) to engage the first self-assembly tests. Now we are still waiting the initial results from them.

In summary, we have designed and synthesized some new hemicryptophanes, displaying various coordinating units that have been used to prepare confined metalcomplexes (Cu and Zn). In particular these supramolecular cage-ligands have been (and will be) used to (i) induce and control chirality at the metal core and (ii) obtain more stable, selective, and efficient catalysts. Although a lot of work remains to be completed, we believe that this work will bring a lot of new concepts into the fields of supramolecular catalysis and metal-coordination in confined spaces. mL of water were added and stirred for 3 hours. The mixture was filtered and was washed by EtOAc (100 mL) and water (100 mL) for 3 times. Then the organic layer was dried over by anhydrous Na2SO4. filtered, and concentrated under vacuum to give crude product, which was purified by recrystallization (dichloromethane and petroleum ether) to give theproduct 66 (77%). 1 H NMR (300 MHz, CDCl3) δ 6.94 (s, 1H), 6.91 -6.83 (m, 2H), 4.61 (s, 2H), 4.31 (t, J = 6.7 Hz, 2H), 3.87 (s, 3H), 3.64 (t, J = 6.7 Hz, 2H); Cyclotriveratrylene (CTV) 4. To a flame-dried 250 mL round-bottom flask was added 66 (10.0 g), Sc(OTf)3 (800 mg) and CH3CN (100 mL), the reaction mixture was refluxed at 90 °C overnight. The solvent was evaporated, then it was added H2O (100 mL), and extracted by CH2Cl2 (2 × 100 mL), The organic phase was dried over anhydrous Na2SO4, filtered, and concentrated under vacuum to give crude product, which was purified on silica gel by flash chromatography (pure CH2Cl2) to give the title compound 4 as a white solid (3.8 g, 39 %). 1 H NMR (300 MHz, CDCl3) δ 6.93 (s, 3H), 6.85 (s, 3H), 4.73 (d, J = 13.7 Hz, 3H), 4.29 (t, J = 6.7 Hz, 6H), 3.85 (s, 9H), 
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ABSTRACT

The main goal of this thesis was to design, prepare and applied new hemicryptophane cages as supramolecular ligand for metal coordination in confined space. In particular, this work aimed at developping new method for the obtention of (i) enantiopures complexes with controlled helicity and (ii) new confined catalyst with enhanced efficiency and selectivity. The first part consist in a comprehensive literrature review about (i) history of the development of such cage compounds, as well as their applications in recognition and catalysis and (ii) recent examples of control and transfer of chirality within tripodal cages. Then, results about how chirality transfer in a new hemicryptophane can controls the propeller arrangement of the tris(2pyridylmethyl)amine ligand and its corresponding copper-complex will be discussed.

We then studied new TBTA-based hemicryptophane cages as new ligands for coppercatalyzed alkyne-azide cycloaddition (CuAAC) in confined space. Finally, new hemicryptophane cages displaying two metal binding-sites in a single cavity have been developed aiming at reproducing the key structure of methane monooxygenases enzymes.
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 11 Figure 1.1 (a) Representation of the racemic mixture of the first hemicryptophane 5 reported in 1982; (b) representation of the first enantiopure hemicryptophane 6 reported in 2005.
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 1 Figure 1.2a) and (ii) by connecting directly the CTV part and the southern part ([1+1] coupling strategy (Figure 1.2b).

Figure 1 . 2

 12 Figure 1.2 Representation of the two different strategies usually used for the synthesis of hemicryptophane hosts: (a) formation of the CTV unit as the final step; (b) [1 + 1] coupling of two parts.

Figure 1 . 3

 13 Figure 1.3 (I) formation of the CTV by HCOOH-catalyzed macrocyclization as the last step. (II) [1 + 1] coupling between one aldehyde based CTV part and the tris(2aminoethyl)amine unit.

Figure 1 . 4

 14 Figure 1.4 Structrures of the enantiopure hemicryptophanes M-8 and P-8 (left) and CTVs M-11 and P-11 (right), obtained by chiral HPLC-resolution.
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  cavity') in which another molecule, the guest molecule, can be incorporated. Since Pedersen, Lehn and Cram proposed the concept of host-guest chemistry, it has opened the way to the construction of supramolecular (inclusion) complexes. Several types of host molecules have been reported, including crown ethers, cryptands, spherands, carcerands and cyclodextrins (Figure 1.5). The guest molecule can be incorporated in the cavity of host molecule.
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 15 Figure 1.5 Structures of some host molecules.
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 16 Figure 1.6. Examples of hemicryptophane-based host-guest complexes (a) DFToptimized structure of Me4N + Cl@8; (b)X-ray crystal structure of Me4N + Cl@10

Figure 1 . 7

 17 Figure 1.7 Structures of the P-(a) and M-(b) enantiomers of the hemicryptophaneoxidovanadium(V) complexe 12.
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 18 Figure 1.8 Structure of (a) Hemicryptophane-copper(Cu) complexes 13, and (b) the open model catalyst. (c) GC-monitored oxidation of cyclohexane catalyzed by hemicryptophane-copper(Cu) complexes, the model catalyst, and Cu(ClO4)2(H2O)6.
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 19 Figure 1.9 The Morita Baylis Hillman reaction catalyzed by 14 and model superbase 15

Figure 1 . 10

 110 Figure 1.10 The result of oxidation of CH4 by H2O2 using Fe II (TPA) and Fe II (Hm-TPA). Structure of the hemicryptophane catalysts Fe II (Hm-TPA) and its corresponding model Fe II (TPA) (top left). Comparison of the turnover numbers (TON) and selectivity in methanol observed during the oxidation of CH4 by H2O2 catalyzed by Fe II (TPA) (blue) and Fe II (Hm-TPA) (purple).
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 1 Figure 1.11 Diels-Alder reaction between 9-hydroxymethylanthrancene and Ncyclohexylphthalimide, in the presence of the self-assembled hosts 16 and 17, leading to unusual regioisomer 18 within the cavity of cage 16, and the normal product 19

Zn II ( 27 )

 27 (Cl) is based on supramolecular ionic interactions between a zinc complex substituted with three positively charged ammonium groups Zn II (TPA NH3 )Cl, and the chiral molecular nest 26 (displaying three negatively charged carboxylates at its rim). Formation of the entrapped Zn complex Zn II (27)(Cl) in its nesting form, without appearance of intermolecular aggregates, was evidenced by 1 H-NMR titration, ESI-MS analysis, and computational simulations. The preferential formation of the Russian nesting dolls conformation of Zn II (27)(Cl) was explained by both hydrophobic effect and nonpolar interactions between the two hydrophobic shell of 26 and Zn II (TPA NH3 ). It was interestingly observed that the chirality of the anionic basket 26, which display (S)-alanine amino acids groups at its rim, is efficiently transferred to the cationic Zn II (TPA NH3 )Cl moiety, resulting in a controlled propellerlike arrangement of the TPA's pyridines. It was indeed proven through careful analysis of computed structures and circular dichroism (CD) spectrum, that the supramolecular interactions between the three carboxylates of 26 and the ammoniums of Zn II (TPA NH3 )Cl were responsibles for the exclusive formation of a left-handed (M)

Figure 1 . 12

 112 Figure 1.12 Examples of tripodal cages displaying a transfer of chirality between a chiral unit and its side arms. Schematic representation and computed structures of open cages 20 (A) and 21 (B) together with the schematic representation and XRD structures of hemicryptophanes 22 (C), 23 (D) and 24 (E) (the XRD structure of 22 and 24 displays an entrapped molecule of toluene and CH2Cl2 respectively). (II.)

32 .[ 24 ]

 3224 coupling partner could influence the chirality of a second precursor during the formation of chiral tripodal cages. Could the thermodynamic resolution of a racemic mixture of precursors by its coupling with another enantiopure unit, result in the exclusive formation of optically pure C3 symmetrical cage ? To answer this question Martinez and coworkers studied in 2015 the [1+1] coupling reaction between a racemic mixture of an aldehyde-based CTV derivative (+/-)28 (M-and P-) and a chiral TREN unit (S,S,S)-29.[21] Thanks to this novel chiral-sorting based strategy, the synthesis of the enantiopure cage M-(S,S,S)30 was successfully reported. Enantiopure (S,S,S)-TREN precursors displaying methyl, isopropyl, and phenyl substituent were tested and, in all cases, the reductive amination results in the exclusive formation of a single diastereomer M-(S,S,S) of the tripodal cage 30 in a 15% average yield. The high diastereoselectivity of the cage formation was indeed evidenced through 1 H-NMR, XRD diffraction, and ECD analysis in both solid-state and solution. It was clearly demonstrated that the reaction between the chiral TREN unit and the two enantiomers of the CTV unit provides two different products: while the condensation with M-CTV gives a well defined cage M-(S,S,S)30, the reaction involving P-CTV results in the formation of insoluble polymeric species. As highlighted by the authors, such thermodynamic resolution could be seen as a transfer of the stereochemical information of the CTV unit through a remarkable ten-bonds distance (10 Å).As part of chiral discriminations, the self-sorting phenomenon, in which a racemic mixture of cage-precursor is spontaneously sorted in narcissistic or social assemblies, is particularly challenging since homo-and heterochiral structures only differ from the spatial orientations of the enantiomers. Interesting examples of chiral self-sorting events have been reported during the formation of supramolecular architectures.[22,23] This strategy has been recently applied to access enantiomerically pure C3-symmetric cages built from two identical cofacial chiral units. Within the few examples of chiral self sorting achieved through dynamic covalent chemistry (DCC), Mastalerz and coworkers reported, in 2017, the preparation of an enantiopure tripodal cage build from two cofacial triaminotribenzotriquinacene chiral units 31 assembled by three bis(salicyaldehyde) linkers The reaction between a racemic mixture of 31 (M and P) and the linkers leads to the preferential formation of the narcissic self-sorted products (M/M)-33 and (P/P)-33 rather that the social one (M/P)-33. Therefore, a remarkable control of the chirality of the two partners, resulting in to the selective formation of chiral salicyimine based-cages was achieved, no matter the nature of the organic solvent.Based on experimental observations, the authors were able to explain such preferential self-sorting event by the rather low solubility of the social self-sorting product (M/P)-33, both product formations being in thermodynamic equilibrium during the condensation process. A combination of semi-empirical calculations and variable temperature (VT)1 H NMR analysis allow the authors to conclude that enthalpy favors the social self-sorting product (M/P)-33 (by 6.5 +/-3.4 kJmol -1 ) while entropy favors the formation of the narcissic self-sorting product (M/M or P/P)-33 (by 38 +/-11JK -1 mol -1 ). This work demonstrates that a selective preparation of chiral covalent tripodal cage could be achieved following a chiral self-sorting strategy taking advantage from (i) the favorable entropy of homochiral architecture and (ii) the difference in solubility between homo-and heterochiral compounds.In the same line, enantiopure self-assembled metallacages have been constructed through the spontaneous chiral self-sorting of racemic mixtures of ligands, upon metal coordination.[25,26]. Although several reports of chiral metal-based assemblies, obtained by chiral self-sorting events, can be found in the literature, examples of C3 symmetrical self-assembled cages, constructed from two cofacial tripodal ligand, are more rare. Goeb, Sallé and co-workers very recently reported the preparation of a tripodal self-assembled metallacage 36 constituted of two cofacial truxene units 34 assembled by the diruthenium bridging complexes 35.[27] The truxene building block 34, which includes three pyridines binding sites, was obtained by the two steps derivatisation of the hexabutyl truxene. The achiral 34 is described as a face-rotating ligand meaning that it displays two different faces with opposite directionalities. The rotation of the methylene bridges of 34 indeed results in one clockwise (C) and one anti-clockwise (A) face (Figure 1.13). As consequence, cages resulting from the cofacial assembly of 34 could either lead to hetero-chiral assembly (C/A)-36 or homochiral stereoisomers (C/C)-36 or (A/A)-36. The self-assembled cage 36 was prepared by reacting the truxene building block 34 (1 equiv.) with 1.5 equivalent of diruthenium complexe 35 Napth , which act as the three wall of the C3-symmetrical cages. Interestingly, the self-assembly leads in the exclusive formation of a mixture of [M6L2] chiral cages (C/C)-36 and (A/A)-36. 1 H NMR, 2D COSY and DOSY NMR analysis, and XRD solid-state characterizations indeed allow the authors to conclude

Figure 1 . 13

 113 Figure 1.13 Examples of tripodal chiral cages obtained by chiral sorting. (A) Preparation of the enantiopure hemicryptophane 30. (B) Chiral sorting of the homo-chiral covalent cage 33 together with the XRD structure of (M,M)-15 displaying two encapsulated molecules of THF. (C) Sorting of the homochiral metallacage 36 and XRD structure of (A-A)36. (II) Examples of guest-dictated control of the chirality in tripodal cages. (D) Schematic representation of the preparation of TPAcages 37a-c. (E) Schematic representation of the capsule (M)-39 along with XRD structures of (M)39(-) (contain a disordered CH2Cl2 molecule, not represented) and (M)39(+)(C2H4Cl4).

  explored the possibility of constructing flexible TPA-based cages able to switch between a clockwise (P) or anticlockwise (M) orientation of the pyridine's propeller arrangement, depending on the nature of the encapsulated guest. Their indeed report, in 2019, the preparation and characterizations of the chiral tripodal cages 37 based on two cofacial TPA coordinating units connected through chiral diamines linkers (38a, 38b and 38c).[31] The host-guest adducts were formed in situ through the addition of 5 equivalents of the diamine linkers 38a-c to a mixture of the Zn II (TPAPhCHO ) complex (2 equiv.) and dicarboxylate guest Cn (1 equiv.), (Figure1.13). This template approach allows for the complete formation of cage with entrapped dicarboxylate guests ranging from C4 to C8 (while uncomplete cage formation are reported for the longer C9 and C10 guests). The authors characterized the resulting supramolecular architectures in solution by mean of 1 H-NMR, 2D-NMR and MS techniques and determined their chiroptical properties through electronic circular dichroism (ECD) analysis. It was observed that an unexpected change in the ECD spectra of the Zn II (TPA)-based cage 37a, occureed upon moving along the C4-8 guest

cage 39 ,

 39 constituted of a TPA-based ligand (TPA NH2 ) covalently linked to a chiral molecular basket 40 (M-or P-), derived from a previous work on switchable chiral host for the on-demand accommodation and release of small guests upon protonation/deprotonation of the TPA unit.[34] As an extension of this work, the authors reported, in 2019, a detailed structural study demonstrating that the rapid interconversion of the arrangement of the cage's TPA (between clockwise(+) and anticlockwise(-) orientations) could be frozen upon encapsulation of haloalkane guests. The structural modifications of the tripodal host (M)-39, upon encapsulation of chlorinated or brominated guests, have been experimentally evidenced in both solution (NMR spectroscopy) and solid-state (XRD) (Figure1.13). Furthermore the relative stability, upon guest binding, of the two diastereomeric forms of the capsule displaying clockwise (M)-39(+) or anticlockwise (M)-39(-) arrangements of the TPA, was computationally determined (DFT). While the encapsulation of the small CH2Cl2 did not influence the (+) or (-) orientation of the pyridines, these results remarkably demonstrate that the accommodation of larger guests such as CCl4, C2H4Cl4, or CBr4 leads to the formation of a (M)-39(-) / (M)-39(+) mixture with a 3:1 ratio. In other world, upon guest binding, both CX … π halogen-bonding and CX … HC hydrogenbonding interactions between the haloalkane guests (X= Cl or Br) and 39

Figure 2 . 1

 21 Figure 2.1 (a) Previously reported synthesis of Hemicryptophane Hm-Ph-TPA. (b) "1+1

(

  -)-(M)-1 and (+)-(P)-1 hosts have been indeed efficiently separated with ee values > 99.5% and their absolute configuration determined through electronic circular dichroism (ECD) analysis (Figure2.2a).[22, 23] 

Figure 2 . 2

 22 Figure 2.2 (a) ECD spectra of (-)-(M)-1 (green) and (+)-(P)-1 (red), in CH3CN at 298K. Diagram of the X-ray crystal structure of (±)-1 : (b) (M)-1 and (c) (P)-1. Green arrow: orientation of the arrangement of the pyridine moiety. Twist of the pyridines, reflected by the O-C-C-N torsion  ( = (1 + 2 + 3) /3), have been estimated from these structures: = -68.6° for (M)-1 and = +68.6° for (P)-1 ((M)-1 : 1 = -8,5° 2 = -106,4° 3 = -90,75°, and (P)-1 : 1 = +8,5° 2 = +106,4° 3 = +90,75°).

  H-NMR analysis of 1, indicates a particularly fast motion as broadening but no complete decoalescence of the signals was observed in the 298-220K temperature range (Figure S5, annex page 5).

Figure 2 . 3 1 (

 231 Figure 2.3 (a) Partial 1 H NMR spectra (500 MHz, CDCl3, 298 K) of 1 (top) and [1• H]-Cl (bottom). (b) Side (left) and south (right) views of the X-ray crystal structure of the protonated capsule [(M)-1• H]-Cl. Only the hydrogen atom belonging to the protonated tertiary amine has been included for clarity.

Cu I ( 1 )

 1 (Cl) complex, prepared by reacting 1 with 1 equivalent of copper(I) chloride in THF (See annex page 7), affords single crystals suitable for X-ray diffraction (Figure 2.4a). Interestingly, while XRD structures of hemicryptophanes 1 and [1.H]-Cl displayed racemic crystals of co-crystallized M-and P-enantiomers, Cu I (1)(Cl) affords an enantiopure crystal which solely displayed the M-enantiomer in its asymmetric unit. The latter suggests an unusual narcissistic conglomerate of Cu I (1)(Cl) in the crystalline-state. Remarkably, the left-handed (M-) propeller-like configuration of the TPA, imposed by the M-CTV cap, remains unchanged upon binding of CuCl. Cu I (1)(Cl) therefore displays an helical asymmetry dictated by the chirality of the northern CTV unit. The copper center in Cu I (1)(Cl), displays a highly unusual trigonal planar T-shaped coordination mode. A tri-coordinated mononuclear copper(I) centre, in a distorted trigonal plane that comprises the tertiary amine, one pyridine, and chlorine ion in trans to the pyridine ligand, is indeed observed (Figure 2.4a). Cu-N bond lengths of 2.543 Å and 1.939 Å were respectively found for the tertiary amine and the pyridine ligands, along with a 2.123 Å long Cu-Cl bond. Angles of 76°, 112° and 158° were respectively found for N-Cu-Pyridine, N-Cu-Cl and Pyridine-Cu-Cl, attesting for a distorted T-shaped coordination mode. Importantly 1 H-NMR analysis confirms that such C1 symmetrical structure is retained in solution (Figure S10, annex page 23). Indeed, compared to the C3 symmetrical (on average) spectra of 1, all signals of Cu I (1)(Cl) split, indicating a loss of the cage symmetry. For instance, the signal belonging to the O-CH3 protons (Hh), resonating as a single singlet in 1 (at 3.72 ppm), are resonating as three distinct singlets in the case of Cu I (1)(Cl) (at 3.93, 3.78 and 3.55 ppm, Figure 2.4b). To the best of your knowledge, the latter represents a totally unprecedented geometry for TPA-based copper(I) complexes. Such coordination-mode interestingly resembles the one of some enzymatic active sites which display Cu(I) center in a T-Shaped geometry such as lytic polysaccharidemonooxygenases LPMOs (displaying Cu(I)-N(His) bond lengths of 1.9 Å).[28] 
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 241 Figure 2.4 (a) Side (left) and south (right) views of the X-ray crystal structure of the copper(I) complex (M)-Cu I (1)(Cl) displaying a M-CTV unit that imposes a M-propeller like arrangement of the TPA ligand. (b) Comparison of the partial 1 H NMR spectra (500MHz, 260 K, CDCl3) of 1 and Cu I (1)(Cl). Comparison of the ECD spectra of the enantiopure (M)-1 ligand (0.57 mM, red) and its corresponding CuCl complex (M)-Cu I (1)Cl (0.51 mM, green), in CH2Cl2 at 298 K.
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 S3 710 715 720 725 730 735 740 745 750 755 760 765 770 775 780 785 790 795 800 805 810 815 820 825 830 835 m2D COSY-NMR spectra (CDCl3, 300MHz) of 1 in CDCl3, at 298K Spectra S4. 13 C-NMR spectra (CDCl3, 101 MHz) of 1 in CDCl3, at 298K.

Spectra S9 .

 S9 2D COSY-NMR spectra (CDCl3, 300MHz) of Cu I (1)(Cl) in CDCl3, at 260K. Spectra S10. ESI-HRMS spectra of Cu I (1)(Cl) in CH2Cl2 / MeOH. The istopic pattern at m/z = 855.1985 can be attributed to Cu I (1)(Cl).Na+ (m/z calculated = 855.1981). exp121_MEX5 19 (0.477) AM2 (Ar,18000.0,0.00,0.00); Cm (1:20) 1: TOF MS ES+ 5.46e4

Figure S2 .Figure S3 .

 S2S3 Figure S2. (Top) Crystal packing of 1 showing the presence of the two enantiomers (M)-1 and (P)-1. (Bottom) Diagram of the XRD structure of (M)-1, highlighting the rotation of the pyridines away from the closest CTV's -OMe group; resulting in they anti-clockwise orientation. The putative structure in which a clockwise arrangement of the pyridines is placed in the M-CTV environment (rotation of the pyridine toward -OMe group) can not be observed, probably because it will cause additional strain.

Figure S4 .

 S4 Figure S4. Side (top) and south views (bottom) of the XRD structure of P-1. Distances between Hc proton (Å) of the pyridines and the closest -OCH3 proton of CTV unit are depicted in green.

Figure S5 .Figure S6 .

 S5S6 Figure S5. Temperature dependence of the 1 H-NMR spectra (500 MHz, CDCl3) of 1 from 298 to 220K.

O

  

Figure S7 .

 S7 Figure S7. Temperature dependence of the 1 H-NMR spectra (500 MHz, CDCl3) of [1.H]-Cl from 210 to 298K.

Figure S8 .

 S8 Figure S8. Comparison of the 1 H-NMR spectra (CDCl3, 500 MHz) of [1.H]-Cl at 298K and 220K (top). Zoom on the region 6.6-8.2 ppm and 5.80-6.5 ppm showing the appearance of signal corresponding to the C1 symmetrical form of 1 at lower temperature.

Figure S9 .Figure S10 .Figure S11 .

 S9S10S11 Figure S9. Top : Side and south views of the X-ray crystal structure of the protonated capsule [1.H]-Cl displaying [M-1.H]-Cl (a) and [P-1.H]-Cl (b) enantiomers. Only hydrogen atom belonging to the protonated tertiary amine has been included for clarity.

1 )Figure S12 .Figure S13 .

 1S12S13 Figure S12. Representation of the XRD structure of Hm(Ph)TPA (top),[S8] same structure with omitted southern TPA unit for clarity (bottom). Structures of the (M-) and (P-) enantiomers of Hm(Ph)TPA are represented. A triple-stranded helical arrangement of the phenyl linkers is observed. No propeller orientation of the TPA moiety could be observed

1 )

 1 TD-DFT calculations at SMD(CH3CN)/LC-ωhPBE/Def2SVPP level : 120 excited stated were computed.

Figure S14 .

 S14 Figure S14. Comparison of UV (top) and ECD (bottom) experimental spectra in acetonitrile for the first eluted enantiomer on Chiralpak ID and TD-DFT calculated spectra (σ = 0.30 eV, shifted by 24 nm). Vertical bars are oscillator and rotational strengths calculated for the two conformers with arbitrary unit.

Figure S15 .

 S15 Figure S15. Comparison of UV (top) and ECD (bottom) experimental spectra in acetonitrile for the first eluted enantiomer on Chiralpak ID and TD-DFT calculated spectra (σ = 0.30 eV, shifted by 10 nm). Vertical bars are oscillator and rotational strengths calculated for the two conformers with arbitrary unit.

Figure 2 . 5 ( 1 )

 251 Figure 2.5 (1) Cu I (M-1)(Cl)-catalyzed asymmetric conjugate addition of diethylzinc to chalcone, (2)Enantioselctive Henry reaction catalyzed by Cu I (P-1)(Cl).

Figure 2 . 6

 26 Figure 2.6 Structure of cage 1, isomer PP. By observing the bottom part, we notice that the C(68)H2 connected to the nitrogen atom Nsp3 has its hydrogen atoms pointing inside the cage (one-arm-inside conformation).

Figure 2 . 6 .Figure 2 . 7 ,

 2627 Figure 2.7, where the structures are depicted from a top view, to underline the position of the aromatic rings. The optimized structure for the PP cage is also reported for comparison.

Figure 2 . 7

 27 Figure 2.7 Optimized structures for hypothetical PM isomers of cage 1 (I) together with the structure of cage 1 where the TPA ligand does not show a propeller arrangement of its pyridine (II). The optimized structure for the PP cage is also reported for comparison (A). Blue spheres represent the nitrogen atoms. Enthalpy differences are indicated (kJ/mol).

Figure 2 .

 2 8 three isoenergetic isomers are depicted, where the inside arm contains respectively C(68) (A, red arm inside), C(88) (B, green arm inside), and C(78) (C, cyan arm inside).

Figure 2 . 8

 28 Figure 2.8 Interconversion pathways between isoenergetic structures of cage 1: A (red arm inside), B (green arm inside), C (cyan arm inside). The atoms involved in the conformational changes (excluded the -OMe rotations) with respect to the depicted previous intermediate are indicated. The blue spheres represent the N atoms. The reaction enthalpy profiles are shown.
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 29 Figure 2.9 Optimized structures of 1 and D.

Figure 3 . 2

 32 Figure 3.2 The cycloaddition reaction between the acetylene 45 and the azide 46

[ 6 ]Figure 3 . 3

 633 Figure 3.3 Structure of the TBTA (left ) and TBIA (right) ligands that are able to coordinate and stabilize Cu(I), resulting in efficient catalyst for CuAAC reactions.

Figure 3 . 4

 34 Figure 3.4 Fokin's mechanism of the CuAAC reaction

Figure 3 . 5 Figure 3 . 6 1 . 1 Figure 3 . 7

 35361137 Figure 3.5 Representation of the XRD structure of the binuclear complex formed between two Cu II (TBTA)(BF4)2 complexes [8]

Figure 3 . 8

 38 Figure 3.8 Example of one chiral ligand (right) used for asymetric CuAAC reaction on a bis-alkyne substrate (left).

Figure 3 . 9

 39 Figure 3.9 Catalytic asymmetric azide-bis-alkyne click cycloaddition (left), catalyzed by Cu I complexes based on the chiral ligand 59 (right).

Figure 3 . 10

 310 Figure 3.10 Structure of the rotaxane 60, 61 and 62 developped by Goldup and

Figure 3 . 11

 311 Figure 3.11 Structures of reported triazole-based cages 63 and 64 (top), and hemicryptophane cages targeted in this study (cage 2 and cage 3, bottom).

Figure 3 .

 3 Figure 3.13 1 H-NMR (400 MHz, CDCl3, 298 K) of cage 2.

Figure 3 .

 3 Figure 3.14 2D COSY-NMR spectra (400 MHz, CDCl3, 298 K) of cage 2 .

The 1 H

 1 NMR spectrum of cage 2 (Figure 3.13) shows that the structure has an average C3 symmetry in solution. It shows the general characteristics of the CTV unit structure (Hf,f', and He,e'), one singlet from the triazole C-H bond (Hb), and one singlet for the CTV's OCH3 group (Hg). The attribution of the diastereotopic proton on the -CH2N-of the (tris)triazole part, was confirmed by 2D COSY-NMR analysis (Figure 3.14).

Figure 3 . 15

 315 Figure 3.15 Representation of the X-ray structure of cage 2. Green arrow: orientation of the arrangement of the triazole depending on the nature of the CTV cap (M-or P-)

Figure 3 . 16 3 The cage 3

 31633 Figure 3.16 Synthetic route of the preparation of cage 3

Figure 3 . 17

 317 Figure 3.171 H-NMR (400 MHz, CDCl3, 298 K) of cage 3 in CDCl3

Figure 3 .

 3 Figure 3.171 H-NMR (400 MHz, CDCl3, 298 K) of cage 3 in CDCl3

Figure 3 . 19

 319 Figure 3.19 Representation of the CuAAC reaction studied together with the analysis of reaction at room temperature using ligands TBTA (top), cage 2 (middle) and cage 3 (bottom), after overnight.

b)

  Catalytic tests using Cu(I) salt in organic solvent. The initial CuAAC results obtained combining the Cu(I)(PF6) salt and ligand (TBTA or cage 3) in an organic solvent mixture (CH2Cl2:MeOH=10:1 ) and in the presence or absence of potatium picrate K + Pic -(7 equivalents compared to the copper) are shown in the following table.

  but it can be coordinated to the copper center in the case of the open model ligand TBTA, leading to a reduction in the reaction efficiency. Importantly, this confirms that the reaction takes place inside the cavity of cage 3. Finally, these results strongly suggest that our cage-ligand could be use to avoid the inhibition of the CuAAC reactions observed in the case of open Cu-complexes in the presence of large ligands able to bind to the Cu-center (like the picrate anion).

Figure 3 .

 3 Figure 3.21 Competition CuAAC reaction with two alkynes (top) and representation of the different alkyne substrates will be tested in the future (bottom)

Figure 4 . 1 1 and

 411 Figure 4.1 Schematic representation of the TPA-based hemicryptophanes displaying -CH2-(left), phenyl (middle) and triazole (right, target of this chapter) linkers.

Figure 4 . 2

 42 Figure 4.2 Representation of the two potential functionalities (coordinating structure or hydrogen-bond donor) of the triazole linkers of cage 4 for (a) coordination of two metal centers, (b) stabilization of highly reactive metal-oxygen species and (c) recognition of anions

Figure 4 . 4

 44 Figure 4.4 The second synthetic route that has been followed for the preparation of cage 4 (pathway 2).

Figure 4 .5 1 H 4 Figure 4 . 6

 41446 Figure 4.5 1 H NMR spectrum (CDCl3, 300 MHz, 298K) of cage 4

Figure 4 . 7

 47 Figure 4.7 NOESY spectrum (CDCl3, 300 MHz, 298K) of cage 4. The NOE crosspeaks between the -CH2 proton Hg and aromatic C-H bond on the CTV Hh (green circle in Figure 4.5) and between -CH2 proton He and the pyridine-Hd (red circle in

Figure 4 . 5 )

 45 Figure 4.5) have been observed.

Figure 4 . 8

 48 Figure 4.8 Diagram of the X-ray crystal structure of cage 4.

Figure 4 .

 4 Figure 4.9 1 H-NMR spectra (CD3CN, 300 MHz, 298 K) of Zn II (cage 4)(OTf)2 together with its protons assignement.

Figure 4 . 11

 411 Figure 4.11 Diagram of the X-Ray crystal structure of Cu II (cage 4)(OTf)2. Triflate counterions have been omitted for clarity.

  Cu II (cage 4)(OTf)2 have also been characterized in the gas phase through ESI-HRMS analysis (Calcd for C54H51CuN13O6 1040.3381, found 1040.3396). Importantly, identical isotopic patterns, corresponding to the mononuclear Cu II (cage 4)(OTf)2 (m/z = 520.7; 2+) was observed upon additions of two equivalents of Cu II (OTf)2 to a solution of cage 4 in CH3CN, confirming that the hemicryptophane ligand is not able to simultaneously bind two Cu II centers, like in the case of the Zn II metal.

  solution of Cu II (cage 4)(OTf)2 in acetone results, within a few minutes, in a clear color change from a deep blue to a bright green solution (Figure 4.12a). The ability of Cu II (Cage 4)(OTf)2 to bind N3 -was further investigated by the time-dependent UVvis monitoring of the addition of NaN3 (3.2 equiv.) to an acetone solution of the complex (Figure 4.12b). The UV-vis results reveal the appearance of a new absorbance band at 420 nm characteristic of the formation of the [Cu II N3 -] +coordinating structure with TPA-based copper complexes[15]. Until now all the attempts to obtain single crystals of the resulting Cu II (cage 4)(OTf)(N3) have not been successful.

Figure 4 .Figure 4 .IV. 3

 443 Figure 4.12 a) Schematic representation of the binding of N3 -at the TPA-metal core of Cu II (cage 4)(OTf)2, along with pictures highlighting the change of color observed upon addition of an excess of NaN3 to an acetone solution of the copper complex (turn bright green). b) Time-dependent changes of the UV-Vis spectra of Cu II (cage 4)(OTf)2 in acetone (0,2 mM, brown line) upon addition of 3.2 equivlents of NaN3 (green line), and after 3, 5, 7 and 17 minutes stirring. The final UV-vis spectra (red line) display a band at 420nm characteristic of the formation of the binding of the azide ligand ([Cu II N3 -] + ).

Figure 4 . 14 .

 414 Figure 4.14. Schematic representation of the activation of O2 at the Cu I center of Cu I (cage 4). The H-bond donating properties of the triazole C-H bond is expected to stabilized the putative cupric-superoxo active species [Cu(O2 .-)] +

Figure 4 .

 4 Figure 4.15 a) Schematic representation of the expected binding of F -within the Zn II (cage 4) cage. b) Partial 1 H-NMR spectra (300 MHz, CD3CN) of the Zn II (cage 4) complex (top) upon addition of 2 equivalent of the TBAF guest (bottom).

  Under basic conditions (Cs2CO3), the Methyl-6-(bromomethyl)-2-pyridinecarboxylate was connected to the CTV to obtain compound 90. Then 90 was reduced by sodium borohydride, to yield the hydroxyl compound 91. The final step was to oxidize the hydroxy compound with manganese dioxide to obtain the targeted aldehyde-based compound 92. It is important to point out here that manganese dioxide must be activated. The 1 H NMR spectrum of 92 (Figure 5.2) shows that the structure has an average C3 symmetry in solution. It shows the general characteristics of the CTV unit structure, one singlet from the group of -CHO (Ha), and one singlet for the CTV's OCH3 group (Hd).

Figure 5 . 1

 51 Figure 5.1 Synthetic route of the CTV-CHO ligand 92.

Figure 5 .

 5 Figure 5.2 1 H NMR spectra (400 MHz, CDCl3, 298 K) of the CTV-CHO ligand 92.

Figure 5 . 3

 53 Figure 5.3 Synthetic route for the CTV-NH2 ligand 95.

Figure 5 .

 5 Figure 5.4 1 H NMR spectra (400 MHz, CDCl3, 298 K) of the CTV-NH2 ligand 95.

Figure 5 . 5 96 Figure 5 .6 1 H

 559651 Figure 5.5 Synthesis of hemicryptophane -Py-N-Py 96

  

  

  

  

  

  

  More new hemicryptophane cages need to be designed for host-guest chemistry or for enantioselective catalysis. Such hemicryptophane cages can be tested and applied in various catalytic reactions that are presently under consideration in our laboratory. It is also very interesting to study if the chirality of the CTV could be transferred to the bottom part to prepare new chiral cage-ligands with controlled chirality.[32] 
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	Spectra S5. 1 H-13 C HSQC-NMR spectra (CDCl3, 300MHz) of 1 in CDCl3, at 298K
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	Spectra S6. 1 H-13 C HMBC-NMR spectra (CDCl3, 300MHz) of 1 in CDCl3, at 298K

  refinement package using Least Squares minimisation.

	Empirical formula	C45H42N4O6
	Formula weight	734.82
	Temperature/K	253.00(10)
	Crystal system	monoclinic
	Space group	P21/c
	a/Å	10.02810(10)
	b/Å	18.2669(2)
	c/Å	20.2604(2)
	β/°	98.4730(10)
	Volume/Å3	3670.84(7)
	Z	4
	ρcalcg/cm3	1.330
	μ/mm-1	0.718
	F(000)	1552.0
	Crystal size/mm3	0.14 × 0.12 × 0.06
	Radiation	CuKα (λ = 1.54184)
	2Θ range for data collection/°	6.548 to 142.092
	Index ranges	-12 ≤ h ≤ 11, -22 ≤ k ≤ 21, -24 ≤ l ≤ 23
	Reflections collected	34483
	Independent reflections	7044 [Rint = 0.0231, Rsigma = 0.0159]
	Data/restraints/parameters	7044/0/499
	Goodness-of-fit on F2	1.041
	Final R indexes [I>=2σ (I)]	R1 = 0.0468, wR2 = 0.1246
	Final R indexes [all data]	R1 = 0.0530, wR2 = 0.1302
	Largest diff. peak/hole / e Å-3	0.41/-0.29
	-[1.H]-Cl (CCDC 1951501)	
	Single crystals of C46H47ClN4O7 ([1.H]-Cl) were crystallized by slow diffusion of Et2O
	in a CH2Cl2 / MeOH solution of the compound. A suitable crystal was selected and
	mounted on a SuperNova, Dual, Cu at home/near, AtlasS2 diffractometer. The
	crystal was kept at 295 K during data collection. Using Olex2,

RT [min] Area Area% Capacity Factor Enantioselectivity Resolution (USP)

  • First fraction: 13 mg of the first eluted with ee > 99.5 %

		Chiralpak ID			
	Heptane / ethanol+tea /			
	dichloromethane			
		Mobile Phase (30/30/40)		t1	k1	t2	k2 a	Rs
		Heptane / ethanol and		
	Chiralpak ID	triethylamine /		5.36 (-) 0.82 6.76 (+) 1.29 1.58 4.40
	dichloromethane (30/30/40)		
			RT [min]	Area	Area%	
			5.39	2785	100.00	
			Sum	2785	100.00	
	Chiralpak ID			
	Heptane / ethanol+tea /			
	dichloromethane (30/30/40)			
		Chiralpak ID			
	Heptane / ethanol+tea /			
	dichloromethane (30/30/40)		
			RT [min]	Area	Area%	
			6.76	3605	100.00	
			Sum	3605	100.00	
	5.36 Optical rotations 4183		50.08	0.82		
	6.76 Sum Optical rotations were measured on a Jasco P-2000 polarimeter with a halogen lamp 4169 49.92 1.29 1.58 4.40 8352 100.00 (589, 578, 546, 436, 405 and 365 nm), in a 10 cm cell, thermostated at 25°C with a
	Peltier controlled cell holder.			
	Preparative separation for 1 : 1 • Sample preparation: About 38 mg of 1 are dissolved in 2 mL of dichloromethane. 1 l (nm) first eluted on Chiralpak ID second eluted on Chiralpak ID • Chromatographic conditions: Chiralpak ID (250 x 10 mm), hexane / ethanol and triethylamine / dichloromethane (30/30/40) as mobile phase, flow-rate = 5 mL/min, [a]l 25 (CH2Cl2, c = 0.170) [a]l 25 (CH2Cl2, c = 0.171)
	UV detection at 254 nm. 589	-168				+ 168
	• Injections (stacked): 4 times 500 μL, every 7.2 minutes. 578 -176		+ 176
	546		-205				+ 205
	436		-364				+ 363
	405		-455				+ 456
	365		-657				+ 656

• Second fraction: 13 mg of the second eluted with ee > 99.5%

  TURBOMOLE program package was user throughout. (TURBOMOLE V7.2 2017, a development of University of Karlsruhe and Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH, since 2007; available from http://www.turbomole.com.)

Table 3 . 1

 31 Catalytic efficiency (yield in desired triazole product) of the CuAAC reaction between phenylacetylene and benyl azide under different reaction conditions.

	Conditions	Yield after 0.5h	Yield after 2h
	TBTA+ Cu(I)(PF6)	12%	35%
	TBTA+ Cu(I)(PF6)+K + Pic -	6%	17%
	cage 3 + Cu(I)(PF6)	6.5%	17%
	cage 3 + Cu(I)(PF6)+ K + Pic -	7%	18.5%
	Reaction conditions: Phenylacetylene (0.25 mmol), Benzyl azide (0.25 mmol), 1%
	mol Cu(I)(PF6), 1 mol% catalyst, 2 mL DCM, then 0.2 mL MeOH under argon for 2
	hours. (7 equivalents of potatium picrate K + Pic -compared to the copper)

Table 4 . 1

 41 Screening of different reaction conditions for the final step of the synthesis of the targeted cage by pathway 1 (in every case only trace of cage could be detected).

	Catalyst	Base or	Solvent	Temperature	Time	yield
		reducing agent				
	CuI	DIPEA	CHCl 3 /CH 3 CN	rt	3 days	0
	CuI	DIPEA	CHCl 3 /CH 3 CN	reflux	overnight	0
	Cu(CH3CN) 4 [PF 6 ]	No	CH 3 CN	reflux	overnight	trace
	Cu(CH3CN) 4 [PF 6 ]	2,6-lutidine	CH 3 CN	reflux	overnight	trace
	CuSO 4 .5H 2 O	Ascorbic Acid H 2 O/ t BuOH,1:1	rt	3 days	0
	CuSO 4 .5H 2 O	L-Ascorbic Acid Sodium	CH 3 CN	reflux	3 days	trace
		Salt				

  13 C NMR (75 MHz, CDCl3) δ 150.09, 146.99, 135.29, 119.40, 115.07, 111.39, 69.50, 65.12, 56.03, 28.90.

  3.62 -3.50 (m, 9H); 13 C NMR (75 MHz, CDCl3) δ 149.04, 145.98, 133.86, 131.83, 117.95, 113.99, 69.97, 56.25, 36.40, 29.19. These data are consistent with literature.[1] 1. Raytchev, P.D., et al., A New Class of C3-Symmetrical Hemicryptophane Hosts: Triamide-and Tren-hemicryptophanes. The Journal of Organic Chemistry, 2010. 75(6): p. 2099-2102. RESUME Ces travaux de thè se ont consisté en la conception, la préparation et l'utilisation de nouvelles cages hé micyptophanes en tant que ligands supramolé culaires pour la coordination de mé taux en milieu confiné . En particulier, nous nous sommes inté ressé s au dé veloppement de nouvelles méthodes pour l'obtention (i) de complexes é nantiopures pré sentant une hé licité controllé e et (ii) de nouveaux catalyseurs confiné s plus efficaces et sé lectifs. La premiè re partie de ce travail consiste en une é tude bibliographique sur (i) la synthè se et les applications des hé micryptophanes en reconnaissance et catalyse et (ii) les examples ré cents de transfert de chiralité au sein de cages tripodes. Ensuite nos résultats sur le transfert de chiralité au sein d'un nouvel hé micryptophane permettant de contrôler l'hélicité du ligand TPA (et des complexes de cuivre correspondant), seront dé crits. Nous avons ensuite é tudié un nouvel hé micryptophane basé sur le ligand TBTA pour la catalyse de ré actions de cycloadditions catalysé e au cuivre, en milieu confiné . Enfin, nous avons pré paré une nouvelle cage présentant deux sites de coordination au sein d'une cavité unique dans le but de mimer la structure du site actif des enzymes methane monooxygenases.
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The cage 2 was prepared following a 4 steps synthesis in an overall yield of 10 %.

The synthesis started with the reaction between vanillyl alcohol and 1,2dibromoethane to yield 66 (77% yield). The CTV derivative 4 was then obtained by the macrocyclisation reaction of 66 in CH3CN, catalyzed by the Lewis-acid Sc(OTf3).

The bromine substituents of 4 were then replaced by N3 to generate the azide-based CTV 67. Finally, the cage 2 was obtained in 36% yield by a final cage-closure reaction involving three CuAAC reactions between 67 and the tripodal tripropargylamine unit, catalyzed by the Cu I (TBTA) complex.

Like cage 2, the 1 H NMR spectrum of cage 3 (Figure 3.17), reveal a C3 symmetry in solution on average. Beside, the general characteristics of the CTV unit aromatics (Hi,i', Hh,h') and OCH3 group (Hg), and the singlet from the triazole's C-H (Hb), it is interesting to see that the signal of proton Ha (CH2-N) are diastereotopic like in the case of cage 2.

III.2.2 CuAAC in confined space : first catalytic tests

We initially tried using the cage 2 and cage 3 as ligands for a common CuAAC reaction, and compared them with the TBTA ligand. Here we will discuss some preliminary data that have been obtained.

a) Catalytic tests using Cu(II) salt in an aqueous solvent mixture.

At the beginning, we first tried to use the copper(II) salt CuSO4• 5H2O as the source of copper, and the sodium ascorbate salt as the reducing agent to carry out the reaction in an aqueous solvent system (THF/H2O/ t BuOH solvent mixture) following a catalytic protocol reported by Sharpless et al. [6] CuAAC reactions between the two common substrates phenylacetylene and benzyl azide were monitored by 1 H-NMR using 2,4-dibromomesitylene as internal standard (Figure 3.19). In order to access the possibility of constructing the first rotaxane based on a hemicryptophane cage we have tried to performed the CuAAC reaction between substrates 74 and 75 (in Figure 3.22) owning a large substituent that could act as stoppers to block the resulting triazole product within the cavity of cage 3. We performed this reaction with Cu(I) (0.9 eq) and cage 3 (0.95 eq). We observed the formation of the product by 1 H-NMR and ESI-MS but we could not detect the presence of signal of the product inside the cage (no changes in the signal of the cage which remains C3-symmetrical), maybe the reaction occurs in only one of the three windows of cage, then the product is ejected. Therefore, this result indicates that the construction of hemicryptophane-based rotaxanes by locking a triazole product displaying large stopper, is not an easy task. Probably the high flexibility of the hemicryptophane cages allows for an easy ejection of the CuAAC product.

Chapter IV: Design and preparation of a novel hemicryptophane cage with two different metal binding-site IV.2.1 Synthesis and characterization of cage 4

In the first chapter we introduced the two main synthetic methods for the preparation of hemicryptophanes ("[1 + 1] coupling" and "template method"). At first, for the synthesis of the new cage 4, we adopted the first method aiming at connecting the CTV and the other unit with covalent bonds. As shown in Figure 4.3, we first synthesized the CTV compound 78 owning three alkynyl groups. Then we synthesized the precursor 79 (TPA-Cl) in the same way as it was done for the preparation of cage 1 (chapter II), and we obtained compound 80 after replacing the chlorine group with azide. The 1+1 coupling reaction between 78 and 80, by a CuAAC reaction, was then investigated (table 4.1). However, the results of many attempts through this route were not satisfactory. Indeed, after the reaction, only traces of the cage were detected by ESI-MS, and mostly polymers and oligomers were formed. coordination of a second metal at the triazole rim. It should be noted that the 1 H-NMR spectra of Zn II (cage 4)(OTf)2 at 298K (Figure 4.9) reveal a C3 symmetrical structure on average. Therefore, if an axial coordination of the Zn II by one of the triazole unit occurs (hypothesis ii), this NMR results implies that a fast exchange between the three triazoles might occur in solution at 298K. In order to confirmed this hypothesis, we then turned our attention to the elucidation of the solid state structure of (cage 4)based metal complexes. 

General conclusions and perspectives

The objectives of this thesis were multiple:

1) Induce and control a helical arrangement in the tris(2-pyridylmethyl)amine (TPA) ligand by its covalent capping with a CTV unit: synthesis and applications of a small TPA-based hemicryptophane for chirality transfer.

2) Preparation of the two first tris-triazole-based hemicryptophanes and their application as supramolecular ligands for copper-catalyzed azide alkyne cycloaddition (CuAAC) reaction in confined space.

3) Pave the way to the preparation of systems where two metals could be coordinated in a single cavity by the design and preparation of a novel hemicryptophane cage displaying two different binding-site. In this thesis, we have first of all introduced the a brief history about the development of the hemicryptophanes organic cages. The synthetic methods for the preparation of hemicryptophanes have described, and some of their recent applications have been highlighted (host-guest chemistry, catalysis in confined space). Furthermore, the currents examples of control and transfer of chirality within tripodal cages have been described in a mini-review.

In Chapter II, we have decribed the synthesis of a new TPA-based hemicryptophane displaying short linkers, in which the chirality of the CTV unit is transferred to the southern unit yielding to a propeller-like arrangement of the TPA with an orientation (clockwise or anticlockwise) that is dictated by the nature (M-or P-) of the CTV).

Interestingly, the predictable chiral arrangement of the TPA ligand was maintained

Experimental section

General information

All commercial reagents and starting materials were used directly as received without further purification, unless otherwise noted. All dry solvents were purified prior to use through standard procedures or obtained from a solvent drying system (MB-SPS-800).

All the reactions were carried out under an atmosphere of argon, unless otherwise noted. Flash column chromatography was performed using silica gel 60 (230-400 mesh). Thin-layer chromatography was per-formed on aluminum-coated plates with silica gel 60 F254 and was visualized with a UV lamp or by staining with potassium permanganate. 1 H NMR spectra were recorded at either 300 or 400 MHz on BRUKER Avance III nanobay spectrometers. 13 C NMR spectra were recorded at either 101 or 126 MHz and reported in ppm relative to CDCl3 (δ = 77.4 ppm), unless otherwise noted. Chemical shifts were referenced to tetramethyl silane, whose resonance was set to 0 ppm. High-resolution mass spectra (HRMS) were performed at Spectropole Analysis Service of Aix Marseille University.

Synthesis and characterization

Procedure for preparation of cage 2

Synthetic route for preparation of cage 2 (4-(2-bromoethoxy)-3-methoxyphenyl)methanol (66) was prepared according to a known procedure. [1] To a 500 mL round-bottomed flask was added vanillyl alcohol (23.5 g), 1,2-dibromoethane (50.0 mL), potassium (24.0 g) and ethanol (200 mL) as solvent. The mixture was stirred and refluxed over night. The solution was cooled to room temperature, and the solvent was evaporated, then 200 mL of EtOAc and 150 Compound 67. A solution of 4 (1.23 g, 1.70 mmol) and NaN3 (1 g, 16.0 mmol) in DMF (40 mL) was stirred at rt for 12 h and then concentrated. The resulting residue was extracted with CH2Cl2 (30 mL). The organic phase was washed with water (2 x 50 mL) and brine (30 mL), then dried over MgSO4. After concentrated under vacuum, the crude product was recrystallized from EtOAc to yield 67 as a yellow solid (1.08 g, 88 %). Cage 2. In a 500 ml round-bottom flask, 67 (615 mg, 1 mmol) and tripropargylamine (131 mg, 1 mmol) were suspended in a mixture of MeCN (300 ml) and tert-butyl alcohol (50 mL). Sodium ascorbate (0.2 mmol, 40 mg) was added, followed by CuSO4• 5H2O (12.5 mg, 0.05 mmol, in 30 mL of water) and TBTA (26.5 mg, 0.05 mol). The reaction was stirred at 70 o C for 24h. Then after concentration under reduced pressure, the residue was triturated with CHCl3 (300 mL) and the solution was washed with water ( 2 x100 mL) and brine (50 mL), then dried over Na2SO4.

Upon removal of the solvent, the crude product was purified by column Compound 69 was was prepared following a known procedure with modification.

Sodium azide (325 mg, 5 mmol) was added to a stirred solution of the appropriate a, a'-dibromoxylene(1.12 g, 5 mmol) in 50 mL anhydrous DMF under N2, and the reaction was stirred at room temperature overnight. The reaction mixture was diluted with ethyl acetate (100 mL) and the organic layer washed with saturated brine (2 x 50 mL), dried with MgSO4 and concentrated. The crude products were then used without further purification. Compound 70. To a solution of CTV(OH)3 (408 mg, 1 mmol) and 69 (230 mg, 1.03 mmol) in DMF(50 mL), Cs2CO3 (500 mg) was added in one portion. Then the solution was stirred overnight at 90°C under argon. The mixture was then allowed to return to room temperature, evaporated and water was added (200 mL). The aqueous mixture was extracted with CH2Cl2 (3x 100 mL). The combined organic phases were washed with 1M aqueous NaOH (100 mL), washed with brine (100 mL), dried over Na2SO4, filtered and evaporated to dryness. The residue was purified purified by column chromatography on silica (eluent : CH2Cl2 / EtOAc; 2:1) to afford a white solid. Yield: 92%. The suspension was heated at 80°C for 18 h under an atmosphere of nitrogen. After cooling, the solution was concentrated under reduced pressure then diluted with water (30 mL) and extracted with EtOAc (3 x 20 mL). The resulting yellow solid was recrystallized from 5% CHCl3 in CH3CN to give the expected alkyne as a colorless solid. (1.6 g, yield = 95%). was added in one portion to a stirred solution of 66 (6.9 g, 0.026 mol) and DHP (3.22 g, 0.038 mol) in THF (100 mL) at room temperature. The solution was stirred overnight at room temperature. The solvent was then evaporated under reduced pressure, and the residue was extracted with diethyl ether. The organic layer was washed twice with brine and then dried over sodium sulfate. The solvent was evaporated under reduced pressure to leave a residue, which was purified by chromatography (Et2O/pentane: 50/50). Evaporation of the solvent gave white crystals of compound 77 (7.74 g, 84%): Compound 87. NaBH4 (360 mg, 9.52 mmol) was added to a suspension of 86 (230 mg, 0.495 mmol) in anhydrous EtOH(8 mL) at 0 o C. The reaction mixture was refluxed for 2 h and the solvent was removed under reduced pressure. The resulting crude residue was dissolved in CH2Cl2 (10 mL), washed with brine (2X10 mL), and with an aqueous saturated Na2CO3 solution (2 mL). The organic layer was dried with Na2SO4 and concentrated. Recrystallization from CH2Cl2/Et2O (1:1) yielded pure 87 (154 mg, 82%) as a white solid. was added slowly at 0 o C to a stirred solution of 87 (850 mg, 2 mmol) and Et3N 3 ml in CH2Cl2 (100 mL). The solution was stirred overnight at room temperature. The solvent was then evaporated under reduced pressure, and the residue was extracted with DCM. The organic layer was washed twice with brine and then dried over sodium sulfate. The solvent was evaporated under reduced pressure to leave a residue, which was purified by chromatography (Et2O/pentane: 50/50). CH2Cl2 and 200 mL H2O were added. After thoroughly mixing, the organic layer was separated, and the aqueous phase was extracted with CH2Cl2 (2×100 mL). The combined organic layers were dried over Na2SO4, and the organic solvent was removed under vacuum. The crude product was purified by column chromatography on silica gel with a 5:1 mixture of CH2Cl2:EtOAc as eluent to give 90 as a white solid.(71%). 

The synthetic route of 95

Compound 93. SOCl2 (22.0 mL, 302 mmol) was added dropwise to compound 91 (2.3 g, 3 mmol) at 0 o C. The resulting suspension was stirred for 5.5 h at room temperature and the excess of SOCl2 was removed under reduced pressure. The residue was dissolved in CH2Cl2 (200 mL) and an aqueous solution of NaOH (1M) was added slowly at 0 o C until the mixture became basic (pH > 12). The organic layer was separated and the aqueous layer was extracted with CH2Cl2 (2X200 mL). The combined organic layers were washed with water (3X100 mL), dried over Na2SO4, and evaporated to dryness. Compound 93 was obtained as a pure colorless solid without other proccesing (2.77 g, 76%).

Compound 94. Starting from the compound 93 (827 mg, 1 mmol), that was disolved in DMF 30 ml. Then 1.3 equivalent NaN3 was added slowly. The reaction was stirred at room temperature over night. Then the solution was washed twice with brine and then dried over sodium sulfate. The solvent was evaporated under reduced pressure to leave a residue, which was purified by recrystallation.(DCM:EtO2=1:10) (760 mg, 91 %) Compound 95. In a 50 mL round-bottom flask, 94 (673 mg, 0.796 mmol), PPh3 (3.75 g, 14.3 mmol), H2O (0.5 mL), and THF (15 mL) were mixed and stirred at rt under argon overnight. The solvents were removed under vacuum. CH2CL2 (200 mL) and H2O (100 mL) were then added. After thoroughly mixing, the organic layer was separated, and the aqueous phase was extracted with CH2Cl2 (2 × 100 mL). The combined organic layers were dried over Na2SO4, and the organic solvent was removed under vacuum. The crude product was added 100 ml Et2O, and the solution