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Supramolecular chemistry has become a central topic in chemistry. This type of chemistry is based on harnessing intermolecular forces, or non-covalent bonds, which were found to play a fundamental role in biological processes, like DNA replication, protein folding, neural communication, molecular recognition and membrane and cell formation. Organic chemists can take inspiration from Nature to develop artificial biomimetic systems which are based on the same intermolecular interactions.

Over the years, supramolecular architectures have become more and more sophisticated and efficient synthetic tools are required. For this reason the construction of mechanically interlocked molecules is closely related to "click chemistry". This topic was conceptually introduce for the first time by Sharpless in 2002 and refers to a field of organic synthesis which has as main goal the study and the development of straightforward and efficient chemical reactions, that generally have to be high yielding and highly selective and the reaction conditions have to be as mild as possible in order to be performed in the presence of a wide range of functional groups. Different reactions have those requirements and belong to this family, like thiol-ene reaction, Diels-Alder reaction, [4+1] cycloaddition between isonitriles and tetrazines, nucleophilic substitution of small rings and 1,3dipolar azide-alkyne Huisgen cycloaddition. The last reaction is the most famous member of this class of reactions and its copper(I)-catalyzed version is ubiquitous in chemistry.

In the past three decades, development of supramolecular architectures and mechanically interlocked molecules have continuously raised a huge interest inside the scientific community. The 1987 Nobel Prize in Chemistry was awarded for the development of artificial biomimetic receptors and the topic of 2016 Nobel Prize in Chemistry was the development of artificial molecular machines. These structures include ring-on-thread rotaxane structures, formed by a rod-like molecule (the thread) which is threaded through a macrocyclic molecule. The unthreading of the two components is prevented by the presence of bulky groups at the ends of the thread that are larger than the cavity of the ring. The rupture of a covalent bond is required to dissociate the thread from the ring.

Over the years, lot of different rotaxane-based architectures have been developed but only a little percentage of them comprises functional groups. Photoactive mechanically interlocked molecules are present in literature but only few classes of UV-vis chromophore have been exploited and most of them showed low photostability. Near-infrared (NIR) chromophores are a class of chromophores which are photoactive in the near infrared region (from 650 to 1350 nm). The interest about the NIR chromophore raised in the last years, especially for their biological and medical application, in fact, in this region of the electromagnetic spectrum, biological tissue are transparent and no damages to biological processes occur upon irradiation.

Moreover, thanks to their extreme photostability and their easy functionalization, azadipyrromethene BF 2 -chelates have been also applied in the development of photoactive chemosensors, polymers and materials, but have not yet been exploited as novel NIR chromophorebearing building blocks in order to develop photoactive mechanically-interlocked molecules.

The goal of this thesis is the design, the synthesis and the characterization of electroactive and photoactive components for the development of novel functional mechanically interlocked molecules.

Chapter 1 gives a general introduction to supramolecular chemistry, in particular on the mechanical bond and mechanically-interlocked molecular architectures. Basic introductions about non-covalent interactions and their application in supramolecular systems and click chemistry are also given.

Chapter 2 provides a brief overview of several hydrogen bonding-based supramolecular systems, alongside concise introductions to triarylamine-based systems and ferrocene. The main topic of this chapter is the design and development of different macrocyclic structures, which have both a bis (2,6-diamidopyridine) motif for barbiturate motif and an electroactive moiety. X-ray crystal structures of electroactive macrocycles are also shown.

Chapter 3 concerns near-infrared (NIR) chromophores, in particular BF 2 -chelate of tetraaryl azadipyrromethene derivate and synthesis of multi-functional NIR building blocks for future incorporation in mechanically-interlocked molecules are reported. Improved synthesis of tritylbased stoppers and their alkyne and azide derivatives are also described.

Chapter 4 provides an introduction to the main synthetic approaches for the synthesis of rotaxanes and reports the synthesis and the full characterization of the functional [2]rotaxanes which were obtained with the components described in the other chapters. X-ray crystal structures of [2]rotaxanes are also shown.

Chapter 5 gives a general conclusion of the thesis and perspectives, while chapter 6 reports the detailed experimental procedures of the new compounds discussed in the previous chapters, alongside the modified and improved procedures of known compounds that have been adapted from the literature. Chemical structures, purification details, reaction yields and characterizations ( 1 H-, 13 C-NMR and mass spectrometry data) are also reported.

Introduction 1.Supramolecular chemistry

Supramolecular chemistry is a wide and multidisciplinary domain of chemistry, which studies chemical systems formed by a discrete number of assembled molecules or subcomponents.

According to Nobel laureate J.-M. Lehn, supramolecular chemistry is the "chemistry beyond the molecule", which means that it cannot be related to the classical concept of covalent chemical bonds, but rather it focuses on weak and reversible non-covalent interactions between molecules, such as hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, π-π interactions and electrostatic effect. 1 In the past three decades, supramolecular chemistry played a key role for the development of concepts like molecular self-assembly, folding, molecular recognition, host-guest chemistry, mechanically-interlocked molecular architectures and dynamic covalent chemistry. Moreover, supramolecular chemistry and biological systems have a long and symbiotic relationship: on one hand, since their discovery, the study of non-covalent interactions has been crucial for the understanding of many biological process, on the other hand the Nature is an endless source of inspiration for the supramolecular chemists. 1 a) H.-J. Schneider, Angew. Chem. Int. Ed. 2009, 48, 3924. b) J.-M. Lehn, Supramolecular Chemistry -Scope and Perspective Molecules, Supramolecules and Molecular Devices, Angew. Chem. Int. Ed. 1988, 27, 89. c) F. Biedermann and H.-J. Schneider, Chem. Rev., 2016, 116 , 5216.

Brief history of supramolecular chemistry

The first main contribution to the conceptual development of the supramolecular chemistry came in 1894, when Nobel laureate Herman Emil Fischer suggested that enzyme-substrate interactions are similar to a "lock and key" system, which is the fundamental principle of molecular recognition.

In 1953, J. Watson and F. Crick published one of the most important scientific discoveries of the past century: the structure of DNA was found to be a double helix composed by two separate strands of nucleotides held together with complementary hydrogen bonds (Figure 1.1). [START_REF]rotaxane IV-17 is formed (Figure 4.7). 217 Figure 4.7 -Rotaxane formation by double aminolysis approach[END_REF] The role of reversible and non-covalent interactions is essential for life because replication can occur only if the two strands are allowed to be separated and used to template new double stranded DNA. In the 1960s, even if the concept of intermolecular interactions was widely known in biology and many biological processes were understood and studied, there were not yet examples of a pure synthetic supramolecular system. The breakthrough arrived in 1967, thanks to the pioneering work of C. J. Pedersen, an industrial chemist working for DuPont. During his attempt to synthetize a multidentate ligand for copper and vanadium, the bis [2-(o-hydroxy-phenoxy)ethyl]ether I-4, Pedersen accidentally synthetized the first example of a new class of compounds that can be considered as the beginning of purely synthetic supramolecular chemistry: the crown-ethers, having a crown-like shape (Figure 1.2).3 The strong interest for this young discipline lies in the possibility of implementing new functionalities and building artificial molecular biomimetic machines, as well as understanding natural architectures with, for example, kinesin and ATP Synthase.

Molecular machines are ubiquitous in nature, that abounds in biological processes induced by natural machines. Those assemblies have been sources of inspiration for chemists, which imitated the natural machines by transposing their functions into artificial supramolecular machines and to be able to generate a specific movement in artificial systems. Unidirectional movement within molecular machines, for example, has given rise to artificial molecular motors. The importance of this area was reflected in the conceptual breadth of which it has made and continues to show for many years.

Over the years, sophisticated supramolecular architectures have been designed and synthetized, especially in the field of mechanically interlocked molecules and molecular machines. The main contributors of this new branch of supramolecular chemistry have been J. F. Stoddart, J.-P. Sauvage and B.L. Feringa, which, in 2016, jointly won the Nobel Prize "for the design and synthesis of molecular machines".4 

Intermolecular Forces

Supramolecular chemistry can be considered as the "chemistry of non-covalent interactions": a noncovalent interaction does not involve the sharing of electrons but involves more dispersed variations of electromagnetic interactions between molecules. For this reason, they are often indicated as intermolecular forces (Table 1.1). [START_REF]1H-pyrrol-2-yl]-[5-(4-hydroxyphenyl)-3-phenylpyrrol-2ylidene]amine III-26 Ammonium acetate (61.5 g, 800 mmol) and 1-(4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one III-25 (5.7 g, 20 mmol) were suspended in n-butanol (200 mL). The mixture was stirred at reflux for 48h, then cooled at room temperature, concentrated under reduced pressure and kept in the fridge overnight. The mixture was filtered and the solid washed with cold EtOH (50 mL) and n-pentane (200 mL). III-26 was obtained as dark blue powder (2.3 g[END_REF] Generally, the bond energy of a typical covalent bond is around 350 kJmol -1 , rising up to 942 kJmol -1 for the triple bond in molecular nitrogen; the strengths of many non-covalent interactions are generally much weaker, ranging from 2 kJmol -1 , through to 20 kJmol -1 for a hydrogen bond to 250 kJmol -1 for an ion-ion interaction. The synergic use of geometric complementarity and combination of different intermolecular interactions has allowed to synthetize an extremely wide variety of artificial supramolecular architectures, like anion, cation or neutral receptors, chemosensors, self-assembly systems, biomimetic catalysts (Figure 1.3). 7 Electrostatic interactions are based on the Coulombic attraction between species that show formal or partial opposite charges and they include ion-ion, ion-dipole (50-200 kJmol -1 ) and dipole-dipole interactions (5-50 kJmol -1 ).

In 1986, Cram studied different crown ether, half-spherand and spherand based systems and first introduced the principle of "preorganization", which states that "the more highly hosts and guests are organized for binding and low solvation prior to their complexation, the more stable will be their complexes" (Figure 1.4). 8 The pioneering work in supramolecular chemistry and molecular recognition of Lehn, Cram and Pedersen was recognized in 1987, when they were jointly awarded with the Nobel Prize for "their development and use of molecules with structure-specific interactions of high selectivity". 9

In 1981 Manabe and coworkers developed a photoresponsive molecular tweezer I-10, comprising two 15-crown-5-ether moieties connected by an azobenzene bridge, which was able to perform a "butterfly-like" movement (Figure 1.5).

In the "trans" state, the tweezer showed high affinity towards sodium cations, while the "cis" state, obtained by photoisomerization upon irradiation at UV light, showed high affinity for larger ions, like potassium, cesium or rubidium cations. Moreover, they noticed that the rate of thermal isomerization (from cis to trans) was drastically slowed upon addition of alkali metal cations and the order of inhibitory effect was Rb + >Cs + >K + >Na + .

This system was applied as efficient and highly selective photo-regulated extractor of alkali metal cations. 10 10 a) S. Shinkai, T. Nakaji, T. Ogawa, K. Shigematsu and O. Manabe J. Am. Chem. Soc., 1981, 103, 11. b) S. Shinkai, T. Nakaji, Y. Nishida, T. Ogawa and Osamu Manabe, J. Am. Chem. Soc., 1980, 102, 5860. In 1993 de Silva and coworkers developed photoionic AND logic gate I-11 in which the fluorescence was quenched, unless complexation of a sodium cation by the 15-crown-5-ether moiety and protonation of morpholine unit occurred (Figure 1.6). 11 Am. Chem. Soc., 1997, 119, 7891. 12 A. Ikeda, T. Tsudera and S. Shinkai, J. Org. Chem., 1997, 62, 568. Crown ether-based macrocycles are widely used in mechanically interlocked molecules, so straightforward methods to obtain them are required.

In 2015, Gibson and coworkers reported an efficient and high yielding synthetic route which allowed synthesis of dibenzo-30-crown-10-ether (DB30C10) I-13 and dibenzo-24-crown-8-ether (DB24C8) I-14 in three steps, on gram-scale with yields higher than 80% (Figure 1.8). The efficiency of this methodology relied on the use of potassium hexafluorophosphate as a templating agent in the macrocyclization step. 13,14 Figure 1.8 -Chemical structures of dibenzo-30-crown-10-ether (DB30C10) I-13 and dibenzo-24crown-8-ether (DB24C8) I-14. 13 a) P.R. Gibson, Chem. Rev., 2009, 109, 6024. 14 H.R. Wessels and H.W. Gibson, Tetrahedron, 2016, 72, 396. Hydrogen bonding interactions (4-120 kJmol -1 ) may be considered as a specific type of dipoledipole interaction or, more precisely, it is "an attractive interaction between a hydrogen atom from a molecule or a molecular fragment X-H in which X is more electronegative than H, and an atom or a group of atoms in the same or a different molecule, in which there is evidence of bond formation". 15 Being characterized by a high level of directionality and the absence of a formal charge, hydrogen bonding interactions (or H-bonding) and their modulation have been extensively studied and exploited to develop a wide range of supramolecular systems. 16 In 2012, Ungaro and coworkers reported the synthesis of an artificial tetraguanidinocalix [4]arenebased phosphodiesterase I-15: the hydrogen bonds had the key role to bind and activate the substrate (Figure 1.9). 17 Carbohydrate recognition by artificial receptors is one of the most fascinating and challenging goals of molecular recognition, as proved by the large amount of literature about this topic, and hydrogen bonding interactions are a key aspect of these biomimetic supramolecular systems. 18 Fucose is a rare naturally occurring saccharide characterized by the lack of an hydroxyl group in 6position and its L-configuration. Recently, many studies highlighted the importance of fucose and fucose-containing oligosaccharides in anticancer therapies and antibodies-related biological processes. 19,20,21 In 2018, Roelens and coworkers developed a carbazole-based hydrogen-bonding biomimetic artificial receptor I-16 for fucose (Figure 1.10). Halogen bonding interaction (4 -60 kJmol -1 ) is a "net attractive interaction between an electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular entity". 23 The halogen bond has been widely studied and applied in of assembly of supramolecular systems, crystal engineering, conductive materials and medicinal chemistry. 24 This interaction has a prominent role in supramolecular chemistry and, in 2017, it was visualize for ππ stacking (0 -50 kJmol -1 ) is an attractive, non-covalent interaction between aromatic rings, since they contain π -bonds. The benzene dimer was used as model to study this type of interaction and the bond has been found to have an experimental energy of 8 -12 kJmol -1 .26 π -systems are very important for biological macromolecules, like in nucleobase stacking in DNA, and are widely incorporated in artificial supramolecular assemblies because of their versatility and the wide range of functionalization of the aromatic rings. 27 In 2018 Colquhoun and coworkers reported the synthesis and the X-ray crystal structure of the supramolecular 1:1 complex, which was based on the mutual complexation between a π-electron rich pyrene-based molecular tweezer I-18 and π-electron deficient bisdiimide-bearing molecular tweezer I-19. They observed an association constant of 1200 ± 90 M -1 (Figure 1.12).28 Figure 1.12 -"Tweezer -tweezer" complex I-18:I-19.

Olmstead and coworkers exploited the strength of this interaction to design a molecular tweezer, which was able to bind a fullerene (C 60 ) molecule. 29 Cation -π interactions ) arise between an electron-rich π -system and an electronpoor moiety (cations or positively charged molecule). These interactions play a fundamental role in nature, as in the nicotinic acetylcholine receptor, as well as in synthetic systems. 30 Dougherty and coworkers reported several studies about this type of interaction and, in 1992 they developed cyclophane macrocycles I-20 and I-21which were able to catalyse the quaternarization of quinolone structures (Figure 1.13). 31, 32 The catalytic ability of macrocyclic receptors were based on the stabilization of the positive charge of the product by cation -π interactions. Hydrophobic effect is not a non-covalent interaction, it can be defined as the "tendency of hydrocarbons (or of lipophilic hydrocarbon-like groups in solutes) to form intermolecular aggregates in an aqueous medium, and analogous intramolecular interactions". 33,[START_REF] Tanford | The hydrophobic effect: formation of micelles and biological membranes[END_REF] This interaction is fundamental for life, being the key of phenomena like cell membrane formation, protein folding and protein-small molecules association. [START_REF] Kauzmann | [END_REF]36,37,38 In 1980, Koga and coworkers reported the first X-ray crystal structure of the inclusion complex between 1,2,4,5-tetramethylbenzene (durene) and a synthetic water-soluble paracyclophane receptor I-22 in acidic aqueous environment: this was the first time the hydrophobic effect was observed directly (Figure 1.14). 39 In 1990, Schneider and coworkers synthetized several paracyclophanes with different size to study the correlation between size cavity and selectivity. 40

Mechanically Interlocked Molecules

Definition

The term mechanically interlocked molecules (or MIM) indicates a class of supramolecular assemblies composed by molecular subunits, which are electronically independent of each other, and the breaking of a covalent bond is a necessary condition for the disassembly of those architectures.

This type of structure is closely related to the concept of molecular topology, a topic which has raised a great interest in supramolecular chemistry in the past thirty years and concerns the study of molecules with a non-trivial topology, which means molecules that cannot be represented in two dimensions without an intersection. [START_REF] Sauvage | Molecular Catenanes, Rotaxanes and Knots : A journey through the World of Molecular Topology[END_REF][START_REF] Breault | [END_REF] Catenanes, rotaxanes, molecular knots and molecular Borromean rings are the most famous examples of mechanically interlocked molecular architectures. 43

Catenanes

A catenane (from latin catena, chain) is a structure composed by two or more interlocked rings that cannot be separated without breaking a covalent bond. 44 The systematic nomenclature is [n]catenane, where n ≥ 2 indicates the number of subunits that form the complete structure: as shown in Figure 1.15, [2]catenane is the simplest member of this class of mechanically interlocked molecular architectures. The first artificial [2]catenane was obtained by Wasserman and coworkers in 1960, but the first directed synthesis was developed by Schill and coworkers in 1964 using a statistical approach, that consisted in the synthesis of two macrocycles connected by a covalent bond and rupture of this bond in the final steps. 46, 47 44 IUPAC Compendium of Chemical Terminology 1995, 67, 1327. 45 B. Hudson and J. Vinograd, Nature, 1967, 216, 647. 46 H.L. Frisch and E. Wasserman, J. Am. Chem. Soc., 1961, 83, 3789. 47 G. Schill andA. Lüttringhaus, Angew. Chem. Int. Ed. 1964, 3, 546. The breakthrough in the synthesis of catenanes was made by Sauvage and coworkers in 1983 when a copper(I)-template assisted method allowed to synthetize the [2]catenane I-23 in one step synthesis in 27% yield (Figure 1.16). 48 A strong example of the huge efficacy of the template effect provided by copper(I) was the synthesis of a handcuff-shaped [2]catenane I-24 , achieved by Sauvage and coworkers in 2005 (Figure 1.17). 49

Figure 1.17-Handcuff-shaped [2]catenane I-24.

48 C.O. Dietrich-Buchecker, J.P. Sauvage and J.P. Kintzinger, Tetrahedron Lett., 1983, 24, 5095. 49 J. Frey, T. Kraus, V. Heitz and J.-P. Sauvage, Chem. Commun., 2005, 42, 5310. In 1989, Stoddart and coworkers synthetized a [2]catenane I-26 exploiting the strong interactions between an π-electron rich bisparaphenylene-34-crown-10 and an positively charged electron-poor pyridinium unit I-25 (Figure 1.18). 50 The strong interactions between rings allowed development of a straightforward methodology, which allowed to obtain several catenane-based supramolecular assemblies. 51,52 In the past two decades, Sanders and coworkers contributed enormously to this field, developing a huge number of catenane-based supramolecular architectures. The first rotaxane I-28 was obtained in 6% yield after 70 "threading" treatments (Figure 1.20 During the past three decades, the synthetic methods to obtain [2]rotaxanes have been hugely

improved and four main synthetic strategies have been developed:

-Capping approach -Slipping approach -Clipping approach -Active metal-template approach

The details of each approach will be discussed in Chapter 4.

These strategies allowed the synthesis of a wide range of rotaxanes and rotaxane-based supramolecular assemblies, namely Janus [2]rotaxane, multi-threaded rotaxanes, quasi [1]rotaxane, polyrotaxanes (Figure 1.21). 56 

Characteristics and effect

The presence of a mechanical bond influences the chemistry of the components that form the mechanically interlocked molecular architecture. 57 In the first place, the mechanical bond increases the strength of the non-covalent interaction on which the supramolecular architecture is based: in 1985 Sauvage and coworkers noticed that harsher conditions were required to remove the copper(I) ion from a [2]catenane if compared to the usual demetalation conditions for the copper(I):1,10-phenantroline complex. Even if the structural motif was the same, the presence of mechanical bond reduced the degree of freedom of the components, leading to an increase of the interaction. This effect was called "catenand effect". 58 In 2006, Takata and coworkes noticed a similar feature in secondary ammonium:crown ether-based supramolecular architectures: in this case, the pK a of the mechanically bonded ammonium component was higher than the free component. 59 In 2011, Goldup and coworkers studied the correlation between the loss of degree of freedom of the components in a mechanically interlocked molecule and the increase of the non-covalent interaction strength: by 1 H-NMR studies, they noticed that the strength of the hydrogen bond between the triazole proton on the thread and the nitrogen of a bipyridine unit on the ring increased if smaller macrocycles were involved. The same correlation was observed when smaller threads were used as well. 60 A second important consequence of the presence of a mechanical bond on the chemistry of the component is the alteration of the chemical reactivity: in mechanically interlocked molecules, the components are close one to another, which means a dramatic increase of the steric hindrance.

In 1999 Vögtle and coworkers observed a strong resistance of the alkene moiety of fumaramidecontaining [2]rotaxane I-29 towards hydrogenation: only 6% yield of hydrogenated rotaxane was obtained after 18 hours under hydrogenation conditions (H 2 in presence of Pd/C), while 91% yield was obtained for the free thread. The presence of mechanical bond was the cause of this decrease of reactivity (Figure 1.22). 61 A similar feature was also observed by Leigh and coworkers in 2004: during the study of reversible covalent chemistry-induced molecular shuttling, a decrease in reactivity of a fumaramide unit towards Diels-Alder cycloaddition with cyclopentadiene was observed. They ascribed this phenomenon to the presence of the macrocycle around the fumaramide moiety. Damping the chemical reactivity is not always something to avoid, especially in the case of elusive or highly reactive molecules.

In 2003, Takata and coworkers were able to synthetize and fully characterize a reactive thiophosphonium salt in a "rotaxanated form" I-30. All the attempts to synthetize the free thiophosphonium thread were unsuccessful. The presence of the macrocycle was necessary to stabilize the reactive salt and the hexamethylphosphonium group was bulky enough to prevent the dethreading. X-ray crystallography proved the interlocked nature of the assembly (Figure 1.23). 63 In 2013, Goldup and coworkers reported the synthesis of an air-and moisture-stable copper(I)triazolide rotaxane. Copper(I)-carbon is an organometallic bond known to be highly reactive and most of the organocopper compounds are air-and moisture-sensitive, but the mechanical bond allowed to synthetize in aqueous condition an air-stable complex in high yield, which was stable enough to be characterized by X-ray crystallography. 64, 65

Applications

The alteration of chemical reactivity of the components, due to presence of mechanical bond, has been exploited and applied in different ways.

In 2005, Smith and coworkers showed how the rotaxane-based architecture was able to enhance the chemical stability of a squaraine-containing thread and avoid aggregation between the dyes (Figure 1.24). 66 In mechanically interlocked molecules, the components can move one respect to the other. If the movement is induced and/or controlled in some manner, the supramolecular assembly can be considered as a molecular machine. To be classify as machine, "a molecular assembly should produce mechanical motion (output) like macroscopic machines, in response to some appropriate external stimulus (input)". 69 A wide variety of molecular machines have been synthetize and, even if some of them are based on single molecules, most of them are mechanically interlocked molecular architectures, namely molecular shuttle, molecular switches, molecular assemblers. 70 From literature, different types of energy have been used to induce motion in mechanically interlocked molecular assemblies:

chemical energy 71 electrochemical energy 72 -photochemical energy 73 other type of energy like entropy change or solvent change 74,75 In 2004, Leigh and coworkers reported the synthesis of the first pH-dependent [2]rotaxane-based molecular shuttle I-32, comprising a NH•••anion hydrogen bonding interaction between ring and succinamide station (Figure 1.25). 76 76 C. M. Keaveney and D.A. Leigh, Angew. Chem. Int. Ed., 2004, 43, 1222. In 1994, Sauvage and coworkers developed an electrochemical-controlled [2]catenane-based heterocircuit I-33 (Figure 1.26). The movement was induced by the change of oxidation state of the copper ion and consequent change of the geometry in the coordination sphere: copper(I) ion coordinates the two 1,10-phenanthroline moieties of the rings in a tetrahedral arrangement. Upon oxidation, copper (I) is converted in copper(II), which is preferentially bonded by a tert-pyridine moiety and a 1,0-phenanthroline moiety in a 5-coordinated geometry. molecular shuttle I-34 (Figure 1.27). Upon irradiation at 312 nm, the double bond of fumaramide was photoisomerized and the ring was shuttled from the so-formed maleamide station to the peptide station: the pyridinium-containing macrocycle was close enough to quench the fluorescence. 79 

I-35.

In nonpolar solvents, like DCM, macrocycle and peptide station were bonded by hydrogenbonding interactions, while in polar solvents, like DMSO, the hydrogen bonds were broken by the competing solvent and the macrocycle shuttled to the alkyl chain (Figure 1.28). 80 

Click chemistry

The structural complexity of molecular interlocked molecules is reflected by the multi-step and difficult syntheses which are required to obtain them, moreover the presence of a wide number of different functional groups limit the type of reactions that can be involved.

For all these reasons, straightforward, highly selective and high yield reactions are necessary and the "click" reactions are one of the most appealing class of reactions for the construction of supramolecular architectures.

The "click chemistry" concept was introduced by Sharpless and coworkes in 2001 and, since its discovery, this topic has been ubiquitous in scientific literature. 81,82,83 To be defined as "click", a reaction has to have some requirements:

-high yields -high tolerance towards other functional groups -high selectivity -high stereospecificity -high thermodynamic driving force (>kJmol -1 )

-equimolarity

In addition, also reaction conditions and purification step should satisfy some conditions:

-no chromatographic techniques, preferably recrystallization, precipitation or distillation -involvement of readily accessible starting materials -elevated mildness in reaction condition -high atomic economy 81 H.C. Kolb, M.G. Finn and K.B. Sharpless, Angew. Chem. Int. Ed., 2001, 40, 2004. 82 J.E. Moses andA.D. Moorhouse, Chem. Soc. Rev., 2007, 36, 1249. 83 V.V. Rostovtsev, L.G. Green, V.V. Fokin and B.K. Sharpless, Angew. Chem., Int. Ed., 2002, 41, 2596. Even if the requirements narrow the number of possible candidates, some reactions have found to be defined as "click" reactions:

thiol-ene reaction 84,85 -Diels-Alder reactions 86, 87 -[4+1] cycloaddition between isocyanides and tetrazines 88 -nucleophilic substitution on small strained rings 89 The most famous member of the "click" reactions is the 1,3-dipolar azide-alkyne Huisgen cycloaddition, named after Huisgen who first developed and reported this reaction in 1963. 90,91 This reaction can be catalyzed by metals like silver or ruthenium, but the most popular version in the copper(I)-catalyzed 1,3-dipolar azide-alkyne cycloaddition, or CuAAC. 92,93,94 The reaction is usually performed using commercially available sources of copper(I), like copper(I) bromide, copper(I) iodide, tetrakisacetonitrile copper(I) hexafluorophosphate, but better results

were obtained using a mixture of a copper(II) salt, like copper(II) sulfate or copper acetate, and a reducing agent, sodium ascorbate or copper powder, to produce the copper (I) species in situ. Due to the instability of copper (I) compounds towards air and moisture, stabilizing ligands have been developed and synthetize in order to improve the reaction outcome. [START_REF] Spruell | Ferrocene derivates have also been used in materials chemistry, in particular for the synthesis of iron nanoparticles and electroactive polymers. 131, 132 Ferrocene-containing Hamilton receptor structural analogues have also been developed: in 2001 Tucker and coworkers synthetized a barbiturate receptor where the isophthalamide linkage has been replaced by 1,3-ferrocenedicarboxylic acid[END_REF] species (Figure 1.29). This reaction has been largely used for the construction of mechanically interlocked molecules, but it also found applications in materials chemistry, surface science and biochemistry. 99 Copper-catalyzed alkyne-azide cycloaddition was proved to be also an efficient polymerization I-42 and I-43. All the mechanically interlocked molecules were based on secondary alkylammonium salts and dibenzo-24-crown-8-ether I-14 and they were obtained by a capping approach on the self-assembled [2]-and [3]pseudorotaxanes using an uncatalyzed thermal Huisgen 1,3-cycloaddition between azide-containig thread and di-tert-butyl acetylenedicarboxylate (Figure 1.31). 101 In 2010, Takata and coworkers reported the synthesis of several alkylammonium-crown etherbased [2]rotaxanes via a capping approach, exploiting a new class of "click" reactions: the C-C bond forming 1,3-dipolar cycloaddition between N-nitrile oxide and unsaturated bonds (Figure 1.32). 102 The reaction was proved to be a new and interesting tool for the construction of mechanically interlocked molecules, in fact all the reactions led to stable heteroaromatic linkages, proceeded fast in extremely mild catalyst-free conditions (DCM at room temperature for 2 hours) and high yields were obtained, especially when allylic-and propargylic-bearing threads were involved (98% yield in both the cases).

Takata's group reported several other works about the synthesis of mechanically interlocked molecules, including polyrotaxanes, in which this new click reaction has been exploited. 

Electroactive macrocycles 2.1 Introduction

The assembly of supramolecular architectures is intimately related to the concepts of spatial organization and non-covalent intermolecular interactions. Among them, hydrogen bonding (Hbonding) interactions occupy a prominent place in supramolecular chemistry due to their directionality and specificity: thanks to these properties, this interaction has been deeply exploited in the domain of molecular recognition. 104,105,106 Moreover, the rational combination of H-bond acceptor (A) and donor (D) groups in a functional unit can dramatically enhance the specificity of hydrogen bonding interactions, leading to a huge increase in the association constant between components. In 2011, Leigh and Hunter developed an quadruple hydrogen-bond complex with a AAAA-DDDD + pattern. The complex presented only attractive interactions, both primary and secondary, which led to an exceptional complex stability, having an association constant higher than 10 12 M -1 (Figure 2.1). 107 The macrocyclic receptor was obtained in a two steps synthesis from commercially available starting materials in a 9% overall yield. In the work, Hamilton's group reported an association constant with barbital higher than 10 6 M -1 in non-protic solvents: the reason of this extremely strong interaction relies on six complementary donor (D) -acceptor (A) hydrogen bond interactions, according to the pattern ADAADA and DADDAD for barbiturate and receptor, respectively.

108 S. K. Chang and A.D. Hamilton, J. Am. Chem. Soc., 1988Soc., , 110, 1318. 109 . 109 S.-K.Chang, D.Van Engen, E. Fan and A.D. Hamilton, J. Am. Chem. Soc., 1991, 113, 7640. steric hindrance on the binding affinity between different Hamilton-type receptors II-3, II-5 and II-6 as hosts and barbital II-4 or 3-methyl-7-propylxanthine II-7 as guests. 110 They synthetized a series of Hamilton-type receptors with different linkage units between the 2,6-diamidopyridine moieties in order to have different levels of flexibility in the binding site (Figure 2.3). In 2004, Branda and coworkes developed a bipyridine-containing Hamilton receptor II-10 in which the affinity between the receptor and the barbiturate can be modulated by an allosteric effect. 115 Allosteric effects are positive when the induced conformational changes increase the binding efficacy and negative when there is a decrease in the binding efficacy. 116,117 The affinity between the barbital and the bipyridine containing receptor has been measured by 

Development of ferrocene-containing macrocycles

Introduction

Ferrocene was first prepared unintentionally in 1951. Pauson and Kealy reported the reaction of cyclopentadienyl magnesium bromide and ferric chloride in an attempt to prepare fulvalene by oxidative coupling. Instead, they obtained a light orange powder of "remarkable stability". 119 The stability of the new organometallic compound was related to the aromatic character of the negatively charged cyclopentadienyls, but the η 5 (pentahapto) sandwich structure II-17 was recognized by Woodward and Wilkinson, which deduced the structure based on its reactivity In 1952 Fischer supposed a "sandwich" structure for the ferrocene and started to synthetize similar compounds, obtaining nickelocene and cobaltocene. 121 The sandwich structure for the ferrocene was proved by NMR and X-ray crystallography studies and Wilkinson "for their pioneering work performed independently on the chemistry of the organometallic, so called sandwich compounds".

(Figure 2.7). 120
Ferrocene undergoes many characteristic reactions of aromatic compounds, enabling the preparation of substituted derivatives. 124 One of the most useful and exploited reactions is the lithiation of ferrocene: 1,1'-dilithioferrocene.

This versatile nucleophile can be obtained by treating ferrocene with n-butyllithium, while tertbutyllithum produces monolithioferrocene in almost quantitative yields. 125 Ferrocene compounds are well-known for their substituent-dependent electrochemical properties: in 2016 Seppelt and coworkers reported that decamethylferrocene is much more easily oxidised than ferrocene and can even be oxidised to the corresponding dication, finding applications as an internal standard in non-aqueous electrochemistry. 126 Ferrocene has also been used as building block in the synthesis of chiral ligands in transition metalcatalyzed reactions or in the development on novel drugs, like 1N-ferrocenylmethyl thymine II-18, an anticancer, and ferroquine II-19, and antimalarial (Figure 2.8). 127,128,129,130 Figure 

Synthesis

In order to obtain functional mechanically interlocked molecules, an electroactive Hamilton-type macrocycle has been designed. The requirements we needed were an electroactive group, a bis( 2 

Characterization

NMR studies

Ferrocene Hamilton-type macrocycles II-28 and II-29 were fully characterized by 1 H -, 13 C-NMR and mass spectrometry. Both macrocycles showed poor solubility in most of the common deuterated solvents, with the exception of deuterated DMSO and AcOH. The last one was the solvent of choice because fast degradation of samples occurred when dimethylsulfoxide was used, while deuterated acetic acid solutions of samples showed a very good stability. High quality NMR spectra were recorded for both macrocycles with no sign of degradation even a few days after the preparation of the samples (Figure 2.12 and 2.13). In Figure 2.12, peaks at δ 2.52 (t, J = 7.5 Hz, 4H) and δ 1.76 (m, 4H) are the methylene groups of alkyl chain in α-and β-position to the carbonyl groups, respectively. The 1:1 ratio of those peaks with the peaks of the ferrocene core, which are at δ 5.17 (s, 4H) and δ 4.69 (s, 4H), proved the formation of the macrocyclic receptor II-28. In Figure 2.13, same observations can be done, which are consistent with the formation of macrocyclic receptor II-29.

Binding study with macrocyclic hosts

The interactions between the cyclic ferrocene Hamilton-type receptor II-28 and II-29 with barbital II-4 as guest were studied by electronic absorption and 1 H-NMR spectroscopies. ( The titrations monitored by electronic absorption spectroscopy showed a small bathochromic shift of some nanometers in the pyridine absorption band upon addition of barbital. The analysis of data provided 1:1 association constants (K ass ) with barbital of 727 ± 1 M -1 for II-28 and 1032 ± 1 M -1

for II-29 in dichloromethane (Figure 2.15). The macrocycle II-29 proved to be a better receptor for barbital than macrocycle II-28, probably due to the bigger cavity for the guest. 

Red squares = N-H A protons; blue diamonds = N-H B protons

Thus binding constants of the ferrocene-containing macrocycles with barbital II-4 determined by both UV-visible and NMR monitoring proved to be consistent.

Electrochemistry

Cyclic ferrocene-containing Hamilton-type receptor II-29 was studied by cyclic voltammetry (CV) using a three electrode cell, with a glassy carbon working electrode, silver wire counter electrode and silver/silver chloride reference electrode (Figure 2.17).

The samples was dissolved in dry tetrahydrofuran at a concentration of 1 mg/mL, degassed for 5 minutes then diluted in the same solvent, tetrabutylammonium hexafluorophosphate (TBAPF 6 ) was used as supporting electrolyte and decamethylferrocene (DCMF) as an internal reference. From electrochemical experiments, macrocycle II-29 was seen to undergo a redox transition (Fc/Fc + ) at E 1/2 = 1 (±0.005) V vs. decamethyl ferrocene as internal standard, where

E 1/2 = (E p a + E p c ) / 2.

Single crystal X-ray diffraction structure determination

Single crystals of suitable quality for X-ray diffraction structural determination were obtained for II-29 (Figure 2.19).

Crystals were grown by vapor diffusion of diethyl ether into a concentrated acetic acid solution of II-29 at room temperature. A not-defined binding site for barbiturates inside the cavity of the macrocycle made the receptor II-29 unable to provide mechanically interlocked molecules. 

Introduction

A new electroactive hydrogen-bonded macrocyclic receptor was designed for having a defined cavity and a binding site which was coplanar with the macrocycle. An isopthalic linkage was proven to be necessary in order to ensure the rigidity of the binding site, moreover the electroactive group was put on periphery so as not to influence the binding site (Figure 2.21). Triphenylamine II-30 also possesses a strong electron-donating capability, with an ionization potential of 6.80 eV, is lower than many inorganic and organic materials: this property allows to adjust optical and electronic properties of a material. 139 Due to these properties, in the past decade triarylamines and related materials have been widely applied in the development of new generation solar cells, such as organic solar cells (OSCs), 140 dye-sensitized solar cells (DSSCs) 141 and perovskite solar cells (PSCs). 142 Organic solar cells (OSCs) possess some advantages, such as lightweight, low cost fabrication and flexibility. 143,144,145 The two main architectures of OSCs are bilayer heterojunction and bulk heterojunction, whose mechanism is the following: 1) incident light forms excitons, 2) which diffuse to the interface, 3) at this point excitons dissociate into holes and electrons and 4) then they migrate to the corresponding counter electrode to generate current.

Roncali and coworkers pioneered the application of triarylamine-based materials in the development of organic solar cells.

In Since the pioneering work of Grätzel and O'Regan, dye-sensitized solar cells (DSSCs) have raised a wide interest due to their simple fabrication and high performance. 147,148,149 Compared with other solar cells, DSSCs possess a peculiar aspect in that the light absorption and the charge transport are separated, which allows optimization of each process separately.

In 2013, Han and coworkers developed a triarylamine-containing dye II-32, which present the classical donor -π-spacer -acceptor structure in a unique [1]rotaxane-based topology (Figure 2.25). The simplest triarylamine, the triphenylamine (TPA) II-30, was first synthesized by Merz and Weith in 1873 with aniline or diphenylamine, metallic potassium, and bromobenzene. 154 In 1907, Goldberg and Nimerovsky synthetized triphenylamine II-30 by an Ullmann-type coppercatalyzed aromatic amination reaction between diphenylamine and iodobenzene to obtain TPA in a nearly quantitative yield. 155 During the last century, the rising interest in organic electronics, like electroluminescent devices, integrated polymeric electro-optic switches and modulator, demanded ever more straightforward and efficient ways to obtain functionalized triarylamines. 156 New efficient reactions have been discovered and published and they can be divided in two main categories. In 1998 Goodbrand and Hu reported modified versions of Ullmann and Goldberg reactions, which involves copper(I)-catalyzed reactions, having the robustness and the easyavailability of cheap catalysts as advantages (Figure 2.27). In the same study, they also noticed the dependence of the reaction rate from the nature of the ligand and the fact that copper(II) acetate could be used as alternative of the corrosive copper(I) chloride without any loss of efficiency. One of the most important breakthrough in the C-N bond forming reaction occurred in 1995 with the works of Buchwald and Hartwig. The main advantage of this novel palladium catalyzed C-N bond forming methodology was the mildness of the reaction conditions: as long harsh conditions, like Goldberg reaction of aromatic nucleophilic substitution, were no longer required, the facile synthesis of aryl amines was possible and this new methodology was applied in the synthesis of natural products and industrial scale preparation of pharmaceuticals. 158,159,160 In 1997, Buchwald and coworkers proved the efficiency and the mildness of this new synthetic methodology, synthetizing the amine II-38 in 72% yield with no racemization or removal of protecting group (Figure 2.28). 161 

Synthesis

The first step to obtain the rigid electroactive macrocycle was the synthesis of a dimethyl 5-[bis(4methoxyphenyl)amino]-isophthalate II-43. Being a keystone molecule of the entire synthesis, a solid, straightforward and easy-reproducible procedure that can provide the electroactive diester in gram-scale and in high yield was necessary.

A metal-catalyzed carbon-nitrogen bond forming reaction between an aryl iodide and commercially available 4,4'-dimethoxydiphenylamine II-42 was the approach of choice.

The required iodide substrate was the dimethyl 5-iodoisophthalate II-41, which was obtained in one-step synthesis from dimethyl 5-aminosophthalate II-40 in 88% yield (Figure 2.29). We supposed that the main causes of these moderate yields were the heterogeneous nature of the reaction mixture, that hamper the reaction, and the formation of a thick emulsion during the workup, that prevent the total recover of the product.

Based on this hypothesis, we sought to use a biphasic solvent system. The modified procedure we adopted 163 is the following: the dimethyl 5-aminosophthalate II-40 was suspended in 6M hydrochloric acid solution and cooled to 0 °C in an ice bath. Subsequently an aqueous solution of sodium nitrite was added dropwise at the same temperature, the dissolution of the suspension and the appearance of a yellow coloration confirmed the formation of the diazonium salt. After stirring for 15 minutes at 0 °C, an aqueous solution of potassium iodide was added, causing an immediate 163 W. Boomgaarden, F. Vögtle, M. Nieger and Heike Hupfer, Chem. Eur. J., 1999, 5, 345.

diluted with an equal volume of toluene and then the biphasic solution was vigorously stirred first for 12 hours at room temperature and then at reflux for 2 hours. The presence of an organic solvent in the reaction mixture and the subsequent heating allowed us to obtain the desired product in very good yield for the following reasons:

-the presence of a high boiling point organic solvent in the reaction mixture allows the dissolution of the product as soon it forms, preventing the formation of a foam that hinders stirring the refluxing of the biphasic mixture allows the "breaking" of the emulsion before the workup, providing two well-defined and easy-separable layers.

The desired product was obtained as pale yellow microcrystalline powder after recrystallization in hot methanol.

Once the desired iodide substrate II-41 was obtained, different conditions for the C-N bond forming reaction were tested. A screening of different reaction conditions was performed, varying solvent, base, presence of additive and nature of catalyst. (Figure 2.30 and Unfortunately, no significant improvements were observed. Based on these data, it was surmised that the causes of those failures were the easy oxidation of the metal catalysts, especially when palladium complexes were used, the hydrolysis of the ester groups in presence of the base and the thermal degradation of the solvent, especially in the case of dimethylformamide.

The desired triarylamine isophthalate II-43 was obtained in good yield by a Goldberg-like reaction using tetraethyl orthosilicate as solvent (Figure 2.32). The reaction conditions are quite mild and degradation products were not observed.

It was thought that the use of TEOS (tetraethyl orthosilicate) as solvent was the key to the success of this coupling reaction for two main reasons:

-being a desiccant, TEOS reacts with water, removing it from the reaction mixture and preventing the basic hydrolysis of the ester groups.

-the boiling point is higher than the reaction temperature, this avoids the degradation of the solvent and the formation of by-product which are difficult to remove, as in the case of DMF.

The work-up is straightforward: firstly the reaction mixture was cooled and treated with an aqueous ammonium fluoride solution in order to hydrolyse the solvent into silicon dioxide and ethanol, then the crude is recovered by addition of ethyl acetate and filtration. Finally the product was isolated by column chromatography on silica gel (Pentane/AcOEt 9:1, v/v or pure chloroform) followed by recrystallization in EtOH. Another significant aspect of this reaction is the fact that it involves cheap and commercially available reactants and it can be easily performed on the gram-scale.

Once the triarylamine-bearing isophthalate was obtained, the synthesis of the macrocycle was straightforward.

The triarylamine diester II-43 was hydrolysed by refluxing overnight in a 1:1 methanol/2M sodium hydroxide aqueous solution and then the triarylamine-bearing isophthalic acid was recovered by acidification, filtration and subsequent recrystallization in EtOH. From data analysis, macrocycle II-50 was seen to undergo a redox transition at

E 1/2 = 1.001 V,
where 

E 1/2 = (E p a + E p c ) / 2.

Conclusion and Perspectives

Three new macrocyclic versions of a Hamilton-like receptor incorporating a central ferrocene (II-28

and II-29) and a triarylamine (II-50) have been successfully synthetized and fully characterized.

High resolution crystal structures have been also obtained which were fundamental for the elucidation of the structures and a better comprehension of their roles in the future construction of interpenetrating molecular architectures.

- They were first synthetized in 1968 by German chemists Treibs and Kreuzer and they have been widely applied in solar cells, bio-labelling, fluorescent probes and selective and sensitive chemosensors. 165,166,167,168,169,170,171 BODIPY core modification affects the optical properties of the molecule: the addition of the bulky phenyl groups enhances the rigidity of the molecule and increases the electron density, consequently causing a 60 nm red shift in the absorption wavelength. 172 Moreover, the substitution of a carbon atom with a more electron-donating nitrogen causes a 83 nm red shift in absorption wavelength: these new generation fluorophores are called azadipyrromethene boron difluoride (Figure 3.2). 173 λ abs = 505 nm λ abs = 564 nm λ abs = 647 nm λ emiss = 516 nm λ emiss = 593 nm λ emiss = 682 nm Despite the aforementioned useful optical properties, the limited wavelength range of absorption restricts their application in cell imaging and in photodynamic therapy (PDT) as a photosensitizer.

Φ Fl = 0.8 Φ Fl = 1 Φ Fl = 0.3 ε = 83200 M -1 cm -1 ε = 78000 M -1 cm -1 ε = 85000 M -1 cm -1
However, the absorption of the aza-dipyrromethene fluorophores can be shifted above 740 nm by core or side group modification, which offers the possibility of working in the NIR region and so the possibility to apply this class of chromophores in biology and medicine. The synthesis of BF 2 -chelate of the 1,3,5,7-tetraphenyl-8-aza-dipyrromethene was first reported in 1990s as a laser dye by Govindarao and coworkers: the molecule was obtained by the complexation of the boron trifluoride with the tetraphenyl substituted ligand in 12% yield (Figure 3.4).

The reported optical properties were the following: λ abs = 650 nm, λ em = 680 nm and Φ F = 0.77 in oxylene.177,178 The most important contribution of O'Shea's group to this field was the significant improvement of the aza-dipyrromethene ligands synthesis conditions: the ligand skeletons are still prepared from nitromethane adducts to the corresponding substituted 1,3-diphenylbutan-1-one (or chalcone), but ammonium acetate, instead of the corresponding formate, as ammonia source in refluxing butanol, rather than methanol or solvent-free conditions, was the best system to obtain the ligand. The photodynamic therapy, but chemosensors have also been developed from these compounds.

In 2007, Akkaya and coworkers developed a BF 2 -azadipyrromethene-based sensor, which is highly selective for mercuric ions that can be chelated between the pyridyl groups.

Mercuric ion complexation red-shifts both the absorption and fluorescence emission maxima. The dissociation constant was determined to be 5.4  10 -6 M, with a 1:1 binding stoichiometry (Figure 3.9). 187 λ abs = 655 nm λ abs = 696 nm λ emiss = 682 nm λ emiss = 719 nm MeCN, Φ Fl = 0.19 MeCN, Φ Fl = 0.17 chemosensor featuring BF 2 -azadipyrromethene chromophore; it is used as visible sensor (λ abs = 650 nm and λ emiss = 680 nm) for the paralytic shellfish toxin Saxitoxin. This toxin contains guanidine groups, and it is these functional groups that interact with the crown ether moiety of the sensor. In the absence of Saxitoxin, PET from the crown ether to the fluorophore quenches the fluorescence.

Upon complexation of the toxin, PET can no longer take place and fluorescence is turned on.

At 1:1 toxin/crown stoichiometry, the fluorescence enhancement was over 100% and the average binding constant, 6.2  10 5 M -1 , was among the highest observed for any chemosensor of that toxin (Figure 3.10). 188 

Design of methoxypropargyloxy BF 2 -chelate azadipyrromethene

Synthesis

The synthesis of both non-symmetrical NIR components was based on the previously mentioned procedure of dihydroxy-azadipyrromethene BF 2 -chelate III-27. 190 As shown in Figure 3-12, commercially available 4'hydroxyacetophenone III-23 was first reacted with an equimolar amount of benzaldehyde in ethanol in presence of an aqueous solution of sodium hydroxide. We noticed that the product does not precipitate during the reaction, as mentioned in literature, but it is soluble in the basic medium. The detailed work-up we used for the isolation of the crude product is the following: the reaction mixture was first diluted in 10-fold distilled water then the solution was acidified with concentrated hydrochloric acid until pH=0, where precipitation of a pale fluffy solid was observed. The heterogeneous mixture was stirred for 1 hour to assure the complete precipitation of the product III-24, which was recovered by filtration on a fritted funnel, washed with distilled water and the purified by recrystallization in ethanol. The presence of only Eisomer was confirmed by 1 H NMR.

The 4'-hydroxychalcone III-24 was then reacted with 5 equivalents of diethylamine and 10 equivalents of nitromethane. We note in passing that an easier separation, which leads to a higher yield, is possible if the reaction mixture is carefully concentrated under reduced pressure in order to remove the ethanol before the quenching by addition of an acidic aqueous solution: in this way an orange oil is obtained, which is fully soluble even in a small amount of ethyl acetate, instead a sticky solid that is partially soluble in the aqueous phase due to the presence of ethanol.

The crude product was a thick oil that can be purified by stirring it at 0 °C in a 9:1, v/v cyclohexane/diethyl ether mixture for 1h, providing a white powder. Some batches showed darker colorations, from beige to pale brown: the reason was the presence of unreacted chalcone, which never affected the yields in the following steps, being these impurities negligible as showed by proton NMR.

The dipyrromethene ligand was obtained reacting the Michael addition product III-25 with a 35fold excess of ammonium acetate in ethanol at reflux for 2 days. The formation of the ligand can be easily visualized by the dramatic color change of the reaction mixture, from orange to dark blue.

The product III-26 crystallized in shiny gold powder directly in the flask if the reaction mixture is allowed to cool slowly at room temperature over 1 day, then the product is isolated by simple filtration and washing with cold distilled water. It is noteworthy that the purity of the ligand is strongly dependent on the state of the ammonium acetate: if highly hydrated ammonium acetate is used, the product is obtained as a pasty blue solid and a remarkable quantity of ammonium acetate is included in the solid. We observed that the presence of this salt decreases significantly the yield of the complexation reaction.

The complexation reaction is performed by treating the ligand III-26 with an excess of boron trifluoride -diethyl ether complex in presence of diisopropylethylamine in dry dichloromethane.

Also in this case, we noticed that the removal of the reaction solvent before the quenching leads to an easier work-up because the product is not very soluble in dichloromethane and adding ethyl acetate without removing the halogenated solvent can compromise the phase separation during the extraction. The product III-27 was obtained as a red metallic solid in good yields after purification by column chromatography.

The monopropargylation of the dihydroxy azadipyrromethene BF 2 -chelate III-27 was not trivial and most of the procedures found in the literature leads to low yields in our hands.

Being a key intermediate for the development of clickable NIR components, a straightforward and highly reproducible protocol for the monopropargylation step was sought. Different procedures from the literature were adapted, but that reported by O'Shea and coworkers proved most efficient, alkylating agent: the monoalkylated product was obtained in 75% yield. 191 We adapted this procedure and were able to obtain the desired monopropargylated azadipyrromethene BF 2 -chelate III-28 in 85% yield. After only 30 minutes the TLC showed the full conversion of the starting material into the desired product, alongside traces of dipropargylated side-product. The dryness of both solvent and base is a key factor for the success of this reaction.

Also the purification was straightforward: the small amount of dipropargylated product was eluted first with pure DCM, then the monopropargylated product III-28 was isolated by eluting the column with a 9:1, v/v DCM/ethyl acetate mixture (Figure 3.12). The methoxypropargyloxy BF 2 -azadipyrromethene III-29 was obtained in the last step by treating the hydroxypropargyloxy precursor III-28 with a 20-fold excess of methyl iodide in presence of potassium carbonate in refluxing acetone. The product was isolated by column chromatography using pure DCM as eluent and obtained as a red metallic solid in good yield (Figure 3.13). It is noteworthy that the success of the alkylation reaction is strongly dependent on the state of the potassium carbonate: if hydrated potassium carbonate is used, the product is obtained in yield lower than 40%, even if the reaction is stirred at reflux for more than 72 hours.

Moreover the use of hydrate potassium carbonate can lead to the displacement of BF 2 center: we think that this can be explained by the formation of hydroxide anions in the reaction mixture.

Characterization

Methoxypropargyloxy BF 2 -chelate azadipyrromethene III-29 was characterized by 1 H-and 13 C-NMR and mass spectrometry. The chromophore showed a very high solubility in common deuterated halogenated solvents (Figure 3.14). Peak at δ 2.60 (t, J = 2.3 Hz, 1H) is the terminal proton of the alkyne chain: even if the integral value is less than 1, the coupling constant and the multiplicity confirmed the fact that it belongs to the propargyl chain.

Design of tertBu-carboxypropargyloxy BF 2 -chelate azadipyrromethene

Synthesis

The tert-butyl-carboxypropargyloxy BF 2 -azadipyrromethene III-30 was obtained by alkylation with tert-butylbromoacetate of the hydroxypropargyloxy precursor III-28 in the presence of potassium carbonate as base in refluxing acetone. The product was isolated by column chromatography using pure DCM as eluent and obtained as a red metallic solid in 70% yield (Figure 3.15). It is noteworthy that the success of the alkylation reaction is strongly dependent on the state of the potassium carbonate: if hydrated potassium carbonate is used, the product is obtained in yield lower than 40%, even if the reaction is stirred at reflux for more than 72 hours.

Moreover the use of hydrate potassium carbonate can lead to the displacement of BF 2 center: this may be explained by the formation of hydroxide anions in the reaction mixture.

Characterization

tert-Butyl-carboxypropargyloxy BF 2 -azadipyrromethene III-30 was fully characterized by 1 H-, 13 C-NMR and mass spectrometry. The chromophore showed a very good solubility in common deuterated halogenated solvents (Figure 3.16). 

Synthesis

The carboxyl-methyl silicon rhodamine III-34 was first synthetized by Johnsson's group in 2013 (Figure 3.18).195 The published procedure proved practically not straightforward in our hands, especially in the reported purification steps, so we adapted some reactions from a paper of Klan,196 and the detailed convergent procedure we used to synthetize the carboxyl-methyl silicon rhodamine is described below.

Commercially available 3-bromo-N,N-dimethylaniline III-35 was first reacted under Friedel-Crafts conditions using a 5-fold excess of 37% formaldehyde aqueous solution in acetic acid for 1 hour at 90 °C. The crude product was isolated upon quenching with saturated sodium bicarbonate solution and purified by column chromatography using a 19:1, v/v n-hexane/ethyl acetate mixture in order to remove the by-products then the polarity was increased (9:1 v/v n-hexane/ethyl acetate) in order to recover the desired product III-36, which was obtained as a pale pink crystalline powder in 88% yield.

The 4,4'-methylenebis(3-bromo-N,N-dimethylaniline) III-36 was then treated with 2.6 equivalent of sec-BuLi at -80 °C in tetrahydrofuran in strictly anhydrous conditions. The reaction mixture was left stirring for 15 minutes at the same temperature to assure the complete conversion of the starting material in the dilithiated analogue. Dichlorodimethylsilane was then added to the organolithium reagent and the reaction mixture was stirred overnight, allowing it to warm at room temperature.

We note in passing that shorter reaction time for the formation of the organolithium reagent and longer reaction time for the formation of two Si-C bonds increase dramatically the overall yield, from traces to 50% over two steps.

After 12 hours, no starting material is present on the TLC and an intense red spot can be detected at λ = 365 nm. The reaction was quenched upon addition of dilute hydrochloric acid solution and the deep blue oil obtained has to be used immediately in the next step without further purification, due to its extreme sensitivity to oxygen.

The crude 2,7-bis(dimethylamino)-9,10-dihydro-9,9-dimethyl-9-silaanthracene III-37 was dissolved in degassed acetone and converted into the corresponding air-stable ketone by oxidation with an excess of potassium permanganate. Purification by column chromatography on silica using 3:1, v/v petroleum ether/ethyl acetate, followed by reprecipitation in n-hexane afforded the pure 2,7-bis(dimethylamino)-9,9-dimethyl-9-silaanthracen-10(9H)-one III-38 as a yellow crystalline powder (Figure 3.19). Its synthesis was first reported by Stoddart and coworkers in 1992, then in 1993, due to the rising interest in the mechanically interlocked molecules, Bheda and coworkes published a detailed and improved synthesis of a series of triarylmethyl derivates. 197,198 From these structures, a huge number of derivatives have been synthetized in the last three decades making this structural motif ubiquitous in the field of molecular machines. 199,200,201 Following the literature procedures, the synthesis proceeded readily and the bulky phenol was synthetized in multigram-scale, high purity intermediate and high yielding reaction steps.

Synthesis

Commercially available 4-tert-butylbromobenzene III-43 was first converted into the corresponding Grignard reagent, treating it with freshly cut magnesium in presence of a catalytic amount of crystalline iodine in dry tetrahydrofuran under gentle heating. The color change of the reaction mixture (from deep purple to colorless) indicates the formation of the organomagnesium reagent.

The mixture is stirred for a further 1 hour, then diethyl carbonate was added and the reaction stirred overnight at reflux. The reaction is then quenched upon addition of a saturated solution of ammonium chloride in the way to hydrolyze the magnesium salt and removing the excess of metallic magnesium. According to the literature, the purification of crude tris(4-(tertbutyl)phenyl)methanol III-44 can be performed in a different way but, in the present work, the recrystallization in n-hexane gave the best result in terms of yield and purity.

The desired bulky phenol can be prepared in two different way, by a one step reaction in which the bulky carbinol is reacted directly with an excess of phenol in presence of a catalytic amount of hydrochloric acid at elevated temperature in solvent-free conditions or by a two step reaction which consists first in the conversion of the hindered methanol in the corresponding chloride and then the condensation of the chloride with an equimolar quantity of phenol at elevated temperature in solvent-free conditions.

We note in passing that simple boiling in n-hexane of the crude bulky phenol is sufficient to obtain the desired product in high purity when freshly recrystallized phenol is used, while column chromatography is necessary when commercial phenol is used, moreover the second way, which involves the chloride intermediate, gives higher purity products, due to the possibility to recrystallize and isolate the chloride, that can be stored at room temperature for weeks, without any loss of purity and/or reactivity.

Treatment of tris(4-(tert-butyl)phenyl)methanol III-44 with an excess of acetyl chloride in refluxing dry toluene (benzene was used in the original procedure but less toxic toluene can be used as In order to study the gliding of the ring along the thread and understand the role of the pyridinetriazole hydrogen bonding interaction in the translation motion, a 

Design of barbiturate-containing BF 2 -chelate azadipyrromethene thread

Synthesis

A barbiturate-containing BF 2 -chelate azadipyrromethene thread III-52 has been designed and synthetized in order to test the possibility to build functional mechanically interlocked molecules via a slipping approach (Figure 3.28). The starting point of the synthesis is the barbiturate bearing short azide-terminated arms II-12, which was synthetized following the procedure previously reported in literature (Figure 3.34). 204 Commercially available diethyl malonate III-53 was first reacted with 3 equivalents of sodium hydride in dry tetrahydrofuran. Azidoidopropane III-49 was then added and the reaction was stirred at reflux overnight. The crude product was isolated upon quenching with saturated ammonium chloride solution and purified by column chromatography using a 4:1 petroleum ether/ethyl acetate, v/v mixture in order to recover the desired product III-54, which was obtained as a colorless oil in 85% yield.

The diethyl 5,5-dialkylated malonate III-54 was then reacted with 5 equivalent of urea and 10 equivalent of sodium hydride in dry dimethyl sulfoxide. The reaction mixture was stirred at room temperature for 5 hours before cooling and quenching by slow addition of saturated ammonium chloride solution. Purification by column chromatography using 1:1, v/v petroleum ether/ethyl acetate, followed by reprecipitation in n-hexane afforded the pure azide-bearing barbiturate II-12 as white crystalline powder in 50% yield (Figure 3.29). 

Characterization

The barbiturate-containing BF 2 -chelate azadipyrromethene thread III-52 was by 1 H-NMR.

High quality spectra for III-52 cannot be obtained, due to the low solubility in every common Using deuterated dichloromethane and adding few drops of deuterated methanol, a good 1 H NMR spectrum was obtained (Figure 3.33).

Triazole peaks at δ 7.74 (s, 2H), alongside barbiturate alkyl chain peaks at δ 4.31 (t, J = 6.3 Hz, 4H) and δ 1.89 (m, 8H), proved the formation of thread III-52.

Conclusion and perspectives

Two unsymmetrical BF 2 -chelate azadipyrromethenes III-29 and III-30 have been successfully synthetized and fully characterized, moreover improved synthetic procedures have been achieved

for the classical stoppers, for the Si-Rhodamine and for the monoalkylation of the di-hydroxy azadipyrromethene BF 2 -chelate.

It is noteworthy the key role of cesium fluoride as base in the monoalkylation step, although high purity of this reagent is required in order to obtain very high yields.

Improved procedures have been described for the silicon-rhodamine III-34 and for the trityl stoppers III-50 and II-14, leading to higher yields and higher purity molecules.

For the silicon-rhodamine longer reaction times were required, especially for the synthesis of the substituted benzophenone: the bulkiness of the substrate for the one-pot formation of two Si-C bonds and the low solubility of potassium permanganate in acetone are the probable reasons of the slowness of these reactions.

A deuterated version of the classical alkyne stopper III-51 was synthetized in excellent yield and fully characterized by 1 H NMR, 13 C NMR and HRMS. This stopper is a promising tool that will be involved in the construction of 2 D-labeled molecular machines and in detailed dynamic NMR studies to better understand the hydrogen bonding interaction between the proton present on the triazole, which is a recurrent motif in mechanically interlocked molecules, and the pyridine moieties present on the cyclic Hamilton receptors.

A barbiturate-containing BF 2 -chelate azadipyrromethene thread III-52 has been also synthetized and partially characterized. This thread comprises both a barbiturate motif, which is complementary to the Hamilton receptor present on the tryarylamine-bearing macrocycle II-50, and two BF 2chelate azadipyrromethenes that act like stoppers and give optic properties to the structure.

This photoactive structure is a building block that will be involved in the construction of functional mechanically interlocked molecules via a slipping approach. The azide-bearing bulky stopper units IV-6 were covalently bonded to the pseudorotaxane IV-5:IV-4 by a copper(I)-catalyzed azide-alkyne cycloaddition.209 

Clipping approach

The clipping method consists in the macrocyclization of acyclic precursors around the template site of a thread which already has the stoppers.

In 2014 Berna and coworkers synthetized a [2]rotaxane IV-7 via a five-component clipping approach using a preformed di(acylamino)pyridine-bearing thread IV-8 as templating site and p- 

Slipping approach

The slippage method consists in the self-assembly of a preformed macrocycle and a dumbbellshaped preformed thread: the two components are mixed and heated in order to overcome the energy barrier related to the slipping-on of the macrocycle over the stoppers of the thread.

This method was first reported by Stoddart in 1993: a [2]rotaxane IV-11 was obtained exploiting the complementarity between an electron-poor thread IV-12 and an electron-rich macrocycle IV-13 211 P.R. Ashton, M. Bělohradský, D. Philp and J.F. Stoddart, J. Chem. Soc., Chem. Commun., 1993, 0, 1269. In 2004 Asakawa and coworkers reported the synthesis of [2]rotaxane IV-18, which was obtained by a new method they developed, the threading-followed-by-shrinking approach (Figure 4.8). [2]rotaxane by an active metal-template approach

(

Development of functional

Synthesis

A triarylamine-containing [2]rotaxane IV-21 was designed and synthetized by a Glaser-type coupling in an active metal-template approach.

In 1869 Glaser reported the first oxidative homocoupling of terminal alkynes: the coupling was performed on phenylacetylene in order to form the corresponding 1,3-diphenyldiyne. This reaction was based on copper(I) salts, like copper(I) chloride or copper(I) bromide, aqueous ammonia was used as base and oxygen was used as oxidant. 220 Coupling of terminal alkynes is a well-known reaction in the synthesis of mechanically interlocked molecules. 221 Commercially available copper(I) iodide and triarylamine macrocycle II-50 were dissolved in a dry dichloromethane/acetonitrile mixture, 1:1 v/v, and stirred at room temperature for 1 hour.

Two equivalents of alkyne-bearing trityl stoppers II-14, iodine and anhydrous potassium carbonate were then added. The reaction mixture was stirred at 60 °C for 72 hours, then quenched upon addition of dilute aqueous potassium cyanide solution. Purification by column chromatography afforded the pure mechanically interlocked molecule IV-21 in 36% yield (Figure 4.9).

The yield of rotaxane IV-21 (36%) is considerably higher compared to the yield of its structural analogue (9%), previously reported in literature: this fact can be explained by the presence of the triarylamine unit which significantly enhances the solubility of the ring in chloroform, leading to a more homogeneous reaction mixture. 

Characterization

Triarylamine-containing Glaser [2]rotaxane IV-21 was fully characterized by 1 H-, 13 C-NMR and mass spectrometry. The [2]rotaxane IV-21 is fully soluble in common deuterated chlorinated solvents. High quality NMR spectra were recorded for [2]rotaxane IV-21 with no sign of degradation even a few days after the preparation of the sample (Figure 4.10). In figure 4.10, peaks at δ 4.75 (s, 4H) and δ 3.81 (s, 6H) are the methylene groups of the dyinecontaining thread and methoxy groups of the triarylamine-containing ring, respectively. The 2:3 ration between those peaks proved the formation [2]rotaxane IV-21. Taking this observation in conjunction with all the other peaks, it could be assumed that the target rotaxane was obtained.

Development of functional [2]rotaxanes by a clipping approach

Two benzylic amide-based [2]rotaxanes IV-22 and IV-23 were synthetized by a five-component clipping reaction by using a dumbbell-shaped tetrabutylsuccinamide thread IV-24 as template and p-xylylenediamine IV-9 and 5-functonalized isophthaloyl chlorides II-48 and IV-25 as precursor of the benzylic amide macrocycles.

Synthesis

The succinamide thread IV-24 was prepared according to a reported literature procedure. 223 Commercially available succinyl chloride IV-26 and 4 equivalents of dibutylamine in dry dichloromethane were stirred at room temperature. The reaction mixture was stirred overnight then it was quenched upon sequential addition of sodium hydroxide solution, dilute hydrochloric acid solution and water. The product was obtained in quantitative yield and no purification step was required.

We note in passing that the reaction can also be performed in gram-scale without any loss of purity and yield (Figure 4.11). The same clipping approach was also used to develop a ferrocene-containing [2]rotaxane IV-23.

5-Ferrocenylisophthaloyl chloride IV-25 was prepared in three steps following a previously reported literature procedure. 224 Dimethyl 5-aminoisophthalate II-40 was first treated with sodium nitrite in 6M HCl at 0 °C, it was stirred for 30 minutes at the same temperature and then freshly prepared ferrocenium sulfate, obtained by treating ferrocene with concentrated sulfuric acid, and copper powder were added and the reaction was stirred overnight. Ascorbic acid was added in order to quench the reaction and the mixture was extracted with dichloromethane. Dimethyl 5-ferrocenylisophthalate IV-27 was purified by column chromatography followed by recrystallization in ethanol and obtained as orange cottonlike needles in 19% yield. The ferrocene-containing isopthalate then was hydrolysed by stirring at room temperature overnight in a 1:1 ethanol/6M potassium hydroxide aqueous solution and then the 5-ferrocenylisophthalic acid IV-28 was recovered by acidification with citric acid, filtration and subsequent recrystallization in EtOH. The product was obtained in quantitative yield as cotton-like crystals.

The 5-ferrocenylisophthalic acid IV-28 was then treated with oxalyl chloride and a catalytic amount of dimethylformamide in dry dichloromethane.

The 5-ferrocenylisophthaloyl chloride IV-25 was obtained in quantitative yield as blood red oil and used in the next step without further purification (Figure 4.13). 

Characterization

NMR studies and mass spectrometry

The two benzylic amide-based clipped [2]rotaxanes, IV-22 and IV-23, was fully characterized by 1 H-, 13 C-NMR and mass spectrometry.

The triarylamine-containing benzylic amide-based clipped [2]rotaxane IV-22 is fully soluble in most common deuterated solvents. High quality NMR spectra were recorded for [2]rotaxane IV-22

with no sign of degradation even a few days after the preparation of the sample (Figure 4.15 and 4.16).

The ferrocene-containing benzylic amide-based clipped [2]rotaxane IV-23 is fully soluble in common deuterated chlorinated solvents, while fast degradation of the sample occurred when deuterated dimethylsulfoxide was used. In figure 4.16, peaks at δ 8.66 (s, 2H) and δ 8.46 (m, 4H) are the aromatic proton of the isophthalic core. Their ratio with the peaks of the thread (40H in total) proved the formation of the ferrocenecontaining clipped [2]rotaxane IV-23. Those observation are consistent with all the other data (13C-NMR, HRMS and X-ray crystal structures).

Electrochemistry studies

Ferrocene-containing clipped [2]rotaxane IV-23 was studied by cyclic voltammetry (CV) using a three electrode cell, with a glassy carbon working electrode, silver wire counter electrode and silver/silver chloride reference electrode.

The sample was dissolved in the minimal amount of dry dichloromethane, sonicated for 5 minutes then diluted in acetonitrile, tetrabutylammonium hexafluorophosphate (TBAPF 6 ) was used as supporting electrolyte (Figure 4.17). From data analysis, ferrocene-containing clipped [2]rotaxane IV-23 was seen to undergo a redox transition at E 1/2 = 0.51 V, where

E 1/2 = (E p a + E p c ) / 2.

X-ray structural determination

Single crystals of suitable quality for X-ray structural determination were obtained for both triarylamine-and ferrocene-containing clipped [2]rotaxanes IV-22 and IV-23. 

Crystals of

Conclusion and perspectives

Three novel 2rotaxanes IV-21, IV-22 and IV-23 have been successfully synthetized and fully characterized by 1 H-, 13 C-NMR and mass spectrometry.

An active metal-template reaction Glaser coupling reaction was employed for the synthesis of triarylamine-bearing 2rotaxane IV-21, while triarylamine-bearing 2rotaxane IV-22 and ferrocene-bearing 2rotaxane IV-23 were obtained by a second complementary "clipping"-type approach to rotaxane formation.

In this methodology, the electroactive rings, one integrating two ferrocene units while the other comprised two triarylamine units, were directly formed encircling the tetrabutylsuccinamide-based thread via a template-assisted five-component clipping reaction.

From electrochemistry studies, ferrocene-containing benzyl amide-based clipped [2]-rotaxane IV-23 was seen to undergo a redox transition.

X-ray crystal structures which were obtained for both benzyl amide-based 2rotaxanes IV-22 and IV-23, proved the interlocked nature of the assemblies.

Having straightforward and reproducible synthetic procedures is fundamental for the development of solid methodologies for the construction of mechanically interlocked molecules. This thesis reported the synthesis of electroactive macrocycles, NIR components and [2]rotaxanes, along with several improved procedures for the synthesis of versatile building blocks.

In chapter 2, the synthesis of three novel hydrogen-bonding 31-and 35-member Hamilton-type cyclic receptors (II-28, II-29 and II-50), all comprising a bis(2,6-diamidopyridine) motif and an electroactive group, namely ferrocene or triarylamine, has been described and characterized by 1 Hand 13 C-NMR spectroscopy and mass spectrometry. The dimethyl 5-[bis(4-methoxyphenyl)amino]isophthalate II-43 was a key intermediate for the synthesis of macrocycle II-50 and it was achieved by a copper-catalyzed Goldberg-like reaction between 4-iodoanisole and dimethyl 5aminoisophthalate using tetraethyl orthosilicate (TEOS) as solvent. This particular reaction conditions allowed to obtain the desired intermediate II-43 in good yield, while other palladium-or copper-catalyzed coupling reactions were unsuccessful, mainly leading to complex mixture of degradation products. The main advantages of the use of TEOS as solvent are the dehydrating nature of this compound, which avoids the hydrolysis of ester groups during the reaction, and the extremely easy workup of the mixture: the solvent itself is fully converted in silicon dioxide upon addition of aqueous ammonium fluoride and the crude is recovered by addition of ethyl acetate and filtration. Moreover the reaction involves cheap and commercially available reactants and it can be easily performed on the gram-scale.

Host-guest interactions between macrocycle II-50 and a complementary 5,5'-diethylbarbituric acid II-4 as model guest were also studied by electronic absorption and 1 H-NMR spectroscopic titrations: the experimental binding constant (K ass = 70000 M -1 in deuterated dichloromethane) is much higher than the structural analogue where a central tert-butyl phenyl is present instead of the triarylamine moiety (K ass = 23500 M -1 in deuterated chloroform). Host-guest interactions with the same model guest II-4 were also studied for both the ferrocene-containing Hamilton-type macrocycle II-28 and II-29: the determined binding constants (K ass = 742 M -1 for 31-member ring II-28 and K ass = 1011 M -1 for 35-member ring II-29 in deuterated chloroform, respectively) were found to be higher than the previously reported acyclic version II-25 (K ass = 575 M -1 in deuterated chloroform). This feature can be explained by the macrocyclic nature of the receptors II-28 and II-29: the presence of the alkyl chains reduces the degrees of freedom of the molecules and the loss of entropy leads to an higher rigidity of the structures with a consequent enhancement of the binding constants. Macrocycles II-28, II-29 and II-50 were also studied by cyclic voltammetry and reversible oxidations have been observed for all of them. Crystallographic structural analysis of macrocycles II-29 and II-50 have been fundamental for the elucidation of the structures: II-29 showed a crescent-shaped structure and twisting of H-bonding groups out of the plane of the binding cavity, damping its use in the construction of interpenetrating molecular architectures, while macrocycle II-50 showed a very well-defined cavity with all the H-bonding groups in the plane of the binding cavity. The presence of the isophthalic linkage between the 2,6diamidopyridines was found to be fundamental for the construction of a rigid and efficient receptor for barbiturate motifs, making the macrocycle II-50 a very promising candidate for the construction of mechanically interlocked molecules.

In chapter 3, a detailed synthetic procedure for the synthesis of BF 2 -chelate of monopropargylated tetraaryl azadipyrromethene has been reported III-28, which is an important intermediate for the development of NIR chromophore-bearing building blocks of novel photoactive biocompatible mechanically interlocked molecules. Adapting a previously reported procedure, the di-hydroxy tetraaryl azadipyrromethene BF 2 -chelate III-27 has been successfully monofunctionalized using propargyl bromide as alkylating agent in presence of cesium fluoride as base in dry DMSO. This protocol allowed the full conversion of the starting material III-27 only after 30 minutes, affording the desired product III-28 in very good yield (90 %) and only traces of the di-alkylated product.

This straightforward synthetic methodology allowed the synthesis of two unsymmetrical BF 2chelate tetraaryl azadipyrromethenes III-29 and III-30, comprising a methoxy-and a tertbutylcarboxy-group, respectively, and a propargyloxy group, which were characterized by 1 H-and 13 C-NMR spectroscopy and mass spectrometry. A novel barbiturate-containing BF 2 -chelate azadipyrromethene thread III-52 has been synthetized in order to test the possibility to assemble [2]rotaxanes by a slipping approach. Improved synthesis for trityl stopper precursor III-42, azide stopper III-50 and alkyne stopper II-14 have been reported, showing that higher yield and higher purity for the precursor III-42 can be obtained adopting the synthetic route that passes through the chloride intermediate III-41. A deuterium-labeled alkyne trityl stopper III-51 has also been designed and synthetized: it was obtained in quantitative yield from alkyne stopper II-14, treating it with sodium hydride and quenching the reaction with deuterated methanol. The deuterium-bearing alkyne stopper III-51 will be a useful tool for the development of deuterium-labeled mechanically interlocked molecules in the perspective to study the gliding of the ring along the thread in rotaxane-based supramolecular assemblies by dynamic NMR techniques.

In chapter 4, three new [2]rotaxanes IV-21, IV-22 and IV-23, comprising electroactive groups, namely ferrocene or triarylamine, have been synthetized and fully characterized by 1 H-and 13 C-NMR spectroscopy and mass spectrometry. The [2]rotaxane IV-21 was obtained via an active metal-template approach by a copper-catalyzed Glaser reaction: copper ion was coordinated by the pyridine groups of macrocycle II-50 and the coupling reaction between two alkyne trityl stoppers II-14 took place inside the cavity of the ring, affording the diyne-bearing thread and the consequent mechanically interlocked molecule. An important aspect is that the [2]rotaxane IV-21 was obtained in 36% yield, which is 4-fold higher than the structural analogue where a central tert-butyl phenyl is present in the place of the triarylamine moiety (9% yield): this increase in the yield can be explained by the fact that the triarylamine group enhance the solubility of the macrocycle in the organic solvents.

The [2]rotaxanes IV-22 and IV-23 were obtained via a five component template-assisted clipping reactions. Dumbbell-shaped tetrabutylsuccinamide thread IV-24 was synthetize in one step from commercially available succinyl chloride dibutylamine and employed as templating agent. Both the respectively, in presence of the thread and triethylamine as base under high dilution conditions.

The synthesis was particularly efficient for the ferrocene-containing [2]rotaxane IV-23, which was obtained in 41% yield, higher than other [2]rotaxanes obtained with the same thread, without using an excess of macrocycle precursors. A reversible oxidation was observed for [2]rotaxane IV-23 by cyclic voltammetry and X-ray crystal structures for both the [2]rotaxanes IV-22 and IV-23 were obtained, proving the interlocked nature of the supramolecular assemblies.

In summary, the goal of this thesis was the synthesis and characterization of electroactive macrocycles and multifunctional NIR building blocks, and the application of those components in the construction of functional [2]rotaxanes has been shown. Improvement on the synthesis of versatile building blocks, alongside with electroactive macrocyclic molecules and NIR "clickable" components has also been reported. This thesis intends to be a solid starting point that can lead towards the construction of photoactive and electroactive mechanically interlocked molecules.

Solvents

Solvents of technical grade were distilled and dried prior to utilization. All manipulations were performed under a nitrogen atmosphere using standard techniques. Toluene was distilled over sodium, acetonitrile and dichloromethane were distilled over calcium hydride, THF was distilled over sodium/benzophenone and chloroform ExtraDry 99.9%, dimethylformamide ExtraDry 99.8%

(DMF), dimethylsulfoxide ExtraDry 99.8% (DMSO), tetraethyl orthosilicate ExtraDry 99.9%, absolute ethanol (99.8%), anhydrous methanol (99.8%) were purchased from Sigma Aldrich and stored over molecular sieves. Deuterated solvents for NMR analysis were bought from Sigma-Aldrich. Deionized water was obtained by purification over an ion exchange column and a membrane filter of 0.45 μm (Micron separation, Inc.).

Thin layer chromatography and column chromatography

Thin layer chromatography was performed on silica gel 60 F254 sheets on aluminum produced by Merck. Spots on the TLC plate were observed under UV lamp (254 nm / 365 nm), while an appropriate staining agent, KMnO 4 solution, was employed for non-absorbing compounds.

Column chromatography for the separation of organic compounds was performed using silica gel from Merck with a particle size of 40 -63 μm (230 -400 mesh).

Nuclear magnetic resonance spectroscopy (NMR)

1 H and triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of doublets and m = multiplet. The coupling constants (J) are reported in Hertz (Hz). spectra were recorded on a TOF mass spectrometer using an FD emitter with an emitter voltage of 10 kV. One to two microliters solution of the compound is deposited on a 13 μm emitter wire.

Mass spectrometry

Electrochemistry

The glassy carbon working electrodes was polished in a figure of eight fashion using 1, 0.3 and 0.05 gamma alumina on a microcloth pad (Buehler, UK) (for 3,3 and 5 mins respectively). The electrodes were then sonicated in 1:1 ethanol/water for 5 mins before being finally washed in stream of dry tetrahydrofuran for 1 min.

The counter electrode was a silver wire which was cleaned by annealing with a Bunsen burner before quenching with dry tetrahydrofuran and was then used immediately. A Ag|AgCl reference electrode, stored in 3M KCl, and washed thoroughly in a stream of dry tetrahydrofuran water for 1 min before use was used initially before changing to a Ag wire pseudo reference electrode, heat annealed with a Bunsen burner and quenched with dry DCM. Both were used immediately after washing.

The supporting electrolytes were a solution of 0.1M TBAPF 6 or TBABF 4 and 1mM ferrocene (to act as an internal reference) dissolved in dry tetrahydrofuran and degassed with argon for 15 mins.

All the macrocycles were dissolved in a 1mg/mL solution. This solution was subsequently sonicated for 10 mins.

Titrations

Titrations monitored by UV-visible: A solution (2.5 mL) of host ( 2 1.2 ns FWHM) on a Fluorolog-3 spectrofluorometer.

Single X-ray crystallographic information

Crystals of compound II-28, II-29, II-50, IV-22 and IV-23 were mounted on a short glass fibre attached to a tapered copper pin. A full hemisphere of data were collected on a Brüker Nonius Kappa diffractometer fitted with a CCD based detector using CuK α radiation. The structures were solved by direct methods, completed by subsequent Fourier syntheses and refined with full-matrix least-squares methods against |F 2 | data. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were treated as idealized contributions.

Synthesis

Ferrocene, acetyl chloride, aluminum chloride, sodium hypochlorite, oxalyl chloride, 

1,1'-Diacetyl ferrocene II-22

A solution of ferrocene II-17 (5.58 g, 30 mmol) in DCM (30 mmol) was added dropwise to a solution of acetyl chloride (6.42 mL, 90 mmol) and aluminum chloride (12 g, 90 mmol) in dry DCM (30 mL). The mixture was stirred at room temperature for 3 hours, then it was carefully poured into ice water (150 mL), filtered through neutral alumina and washed with chloroform until the red coloration disappeared. The biphasic mixture was extracted with chloroform (2  100 mL).

The organic layer was washed with brine (150 mL), dried over Na 2 SO 4 and the solvent was removed under vacuum. Purification by recrystallization (cyclohexane, 600 mL) afforded the II-22 as red crystals (5.9 g, 73% yield).

1,1' -Ferrocenedicarboxyl chloride II-24

1,1'-Ferrocenedicarboxylic acid II-23 (3.5 g, 12.8 mmol) was suspended in chloroform (13 mL), then pyridine (0.05 mL, 0.091 mmol) and oxalyl chloride (3.9 mL, 5.82 mmol) were added. The mixture was stirred at room temperature overnight, then the solvent and the volatiles were removed under vacuum. Purification by recrystallization (n-heptane, 100 mL) afforded II-24 as dark red crystals (3.78 g, 95% yield).

1 H NMR (300 MHz, CDCl 3 ) δ 5.05 (s, 4H), 4.77 (s, 4H).

Analysis is in agreement with literature data (Organometallics, 2013, 32, 5899).

Ferrocene-containing Hamilton-type acyclic receptor II-25

A solution of 1,1'-bis(chlorocarbonyl)ferrocene II-24 (400 mg, 1.17 mmol) in dry DCM (30 mL)

was added dropwise to a solution of Analysis is in agreement with literature data (Inorg. Chem., 1997, 36, 2112).

1,16-Hexadecanedioyl dichloride II-26

1,16-Hexanedioic acid (286 mg, 1 mmol) was suspended in DCM (10 mL), then oxalyl chloride (0.89 mL, 10.4 mmol) and DMF (2 drops) were added and stirred at room temperature overnight.

The mixture was concentrated under reduced pressure to afford II-26 as beige oil, which was used in the next step without further purification (323 mg, quantitative yield).

1,20-Eicosanedioyl dichloride II-27

1,20-Eicosanedioic acid (342 mg, 1 mmol) was suspended in DCM (10 mL), then oxalyl chloride (0.89 mL, 10.4 mmol) and DMF (2 drops) were added and stirred at room temperature overnight.

The mixture was concentrated under reduced pressure to afford II-27 as beige oil, which was used in the next step without further purification (379 mg, quantitative yield).

A solution of 1,1 '-Bis[((6-aminopyridyl) 1 H NMR (600 MHz, Acetic Acid -d 4 ): δ 7. 96 -7.66 (m, 6H), 5.19 -5.16 (m, 4H), 4.70 -4.68 (m, 4H), 2.52 (t, J = 7.5 Hz, 4H), 1.83 -1.68 (m, 4H), 1.52 -1.34 (m, 20H).

13 C NMR (600 MHz, Acetic Acid -d 4 ): δ 174. 1, 169.2, 148.6, 148.2, 142.6, 109.9, 76.1, 73.3, 70.5, 36.6, 28.4, 28.3, 28.2, 28, 27.7, 27.5, 24.6. 1 H NMR (600 MHz, Acetic Acid -d 4 ): δ 7. 84 -7.68 (m, 6H), 5.17 (s, 4H), 4.69 (s, 4H), 2.52 (t, J = 6.8 Hz, 4H), 1.80 -1.70 (m, 4H), 1.48 -1.33 (m, 28H).

HRMS (ESI

13 C NMR (600 MHz, Acetic Acidd 4 ): δ 174. 1, 169.1, 148.5, 148.2, 142.6, 109.8, 76.2, 73.1, 70.6, 36.7, 28.8, 28.7, 28.5, 28.3, 28.1, 27.8, 27.7, 24.8. Purification by recrystallization (methanol, 200 mL) afforded II-45 as white cotton-like crystals (10.5 g, quantitative yield).

HRMS

1 H NMR (300 MHz, acetoned 6 ) δ 7.94 (s, 1H), 7.56 (m, 2H), 3.86 (s, 6H).

Analysis is in agreement with literature data (J. Am. Chem. Soc., 2017, 139, 335).

Dimethyl 5-[(trifluoromethylsulfonyl)oxy]isophthalate II-46

Dimethyl 5-hydroxyisophthalate II-45 (2.1 g, 10 mmol) was suspended in dry DCM (10 mL) and cooled to 0° C. Pyridine was added (1.2 mL, 15 mmol), then triflic anhydride (2.5 mL, 15 mmol) was added dropwise at 0° C. The reaction mixture was stirred at room temperature overnight, then the organic layer was separated, washed with H 2 O (2  200 mL) and brine (100 mL). The organic phase was dried over Na 2 SO 4 and the solvent was removed. Purification by recrystallization (hexane, 5 mL) afforded II-46 as colorless crystals (3.3 g, 95% yield).

1 H NMR (300 MHz, CDCl 3 ) δ 8.27 (s, 1H), 8.25 (m, 2H), 3.89 (s, 6H).

Analysis is in agreement with literature data (Tetrahedron Lett., 2001, 42, 547).

5-(N,N-Bis(4-methoxyphenyl)amino)isophthalic acid II-47

Dimethyl 5-( Analysis is in agreement with literature data (J. Org. Chem., 2007, 72, 4974). and brine (100 mL). The organic phase was dried over Na 2 SO 4 and the solvent was removed.

Purification by column chromatography (SiO 2 , DCM:MeOH, 99:1, v/v) afforded II-50 as a yellow solid (170 mg, 46% yield). 80, 165.10, 157.02, 150.71, 149.72, 149.40, 140.85, 138.99, 135.39, 127.44, 121.24, 115.21, 112.10, 109.93, 109.62, 55.44, 37.84, 28.68, 25.32. 45, 161.10, 160.07, 159.04, 146.93, 146.59, 144.92, 144.43, 133.91, 133.80, 133.09, 132.88, 130.69, 130.66, 130.59, 129.95, 126.46, 125.42, 120.23, 119.92, 116.41, 115.68, 79.44, 77.43, 57.25, 56.83. 54, 160.21, 159.84, 158.20, 158.10, 145.42, 143.43, 143.38, 132.44, 131.64, 131.62, 131.59, 129.32, 128.59, 124.96, 118.73, 115.06, 114.85, 82.75, 78.04, 76.10, 65.67, 55.89, 28.08. Analysis is in agreement with literature data (Nat. Chem., 2013, 5, 132).

HRMS

HRMS

HRMS

Carboxyl-methyl silicon rhodamine III-34

Ester III-40 (542 mg, 2 mmol) was dissolved in dry THF (10 ml) and cooled at -80 °C. tert-BuLi

(1.9 M in pentane, 2 mL, 3.8 mmol) was slowly added dropwise and the solution was stirred at the same temperature for 15 min. Ketone III-38 (162 mg, 0.5 mmol) in dry THF (10 ml) was then added dropwise at -80 °C and the solution was let warming to room temperature overnight. 0.1 M aqueous hydrochloric acid was added to the reaction mixture and the resulting intense blue solution was poured into saturated aqueous sodium bicarbonate solution and extracted with DCM (3  100 mL). The organic layer was dried over MgSO 4 , filtered and the solvent removed.

Crude III-41 was dissolved in MeCN (15 ml), then 6M aqueous hydrochloric acid (50 ml) was added and stirred at 50 °C for 3 hours. After cooling to room temperature, the solution was poured into 0.1 M aqueous sodium hydroxide solution (200 mL) and extracted with DCM (4  100 mL).

The organic layer was dried over MgSO 4 , filtered and the solvent removed. Purification by column chromatography (DCM/MeOH 9:1, v/v) afforded III-34 as a blue solid (177 g, 80% yield over two steps). 

Deuterated alkyne trityl stopper III-51

Alkyne trityl stopper II-14 (542 mg, 1 mmol) was dissolved in dry THF (10 mL), then sodium hydride (24 mg, 1 mmol) was added and the reaction mixture was stirred at room temperature for 1 hour. Deuterated methanol (1.5 mL) was added dropwise and the reaction mixture was stirred at room temperature overnight. The solvent was removed, the crude was redissolved in DCM (10 mL) and the organic layer was washed with water (10 mL) and brine (10 mL), dried over MgSO 4 , filtered and the solvent was removed. Deuterated alkyne trityl stopper III-51 was obtained as beige solid (543 mg, quantitative yield).

1 H NMR (600 MHz, CDCl 3 ) δ 7.28 -7.21 (m, 6H), 7.17 -7.06 (m, 8H), 6.90 -6.83 (m, 2H), 4.69 (s, 2H), 1.33 (s, 27H).

13 C NMR (151 MHz, CDCl 3 ) δ 155. 3, 148.8, 144.6, 140, 129.2, 127.8, 125.5, 114.8, 83.3, 74, 64.1, 56.9, 34.2, 31.3.

HRMS (ESI) calcd for C 40 H 45 DONa [M+Na]

+ m/z =566.3508, found m/z = 566.3504.

5,5-Di(1-azido-propanyl) barbituric acid II-12

Sodium hydride (1.92 g, 80 mmol) was suspended in DMSO (50 mL) at room temperature, then urea (12 g, 200 mmol) was slowly added. The mixture was stirred at the same temperature for 1 hour, then a solution of III-54 (6.52 g, 20 mmol) in DMSO (10 mL) was added dropwise and the resulting mixture was stirred at room temperature for 5 hours. The reaction mixture was quenched upon addition of saturated NH 4 Cl solution (600 mL), stirred for 30 min and extracted with ethyl acetate (5  100 mL). The organic layer was washed with brine (200 mL), dried over Na 2 SO 4 and the solvent was removed under reduced pressure. Purification by column chromatography (SiO 2 , petroleum ether/ethyl acetate 1:1), followed by reprecipitation (n-hexane) afforded the desired product II-12 as white crystalline solid (2.9 g, 50% yield). 1.73 (m, 8H).

Triarylamine-containing Glaser [2]rotaxane IV-21

Macrocycle II-50 (82.6 mg, 0.1 mmol) and copper (I) iodide (19 mg, 0.1 mmol) were dissolved in 1:1, v/v dichloromethane/acetonitrile mixture (1 mL) and stirred at room temperature for 1 hour.

Iodine (253 mg, 1 mmol), potassium carbonate (138 mg, 1 mmol) and alkyne stopper II-14 (109 mg, 0.2 mmol) were added and the reaction mixture was stirred at 60 °C for 72 hours. Then the reaction mixture was cooled to room temperature and the solvent was removed. The crude was redissolved in DCM (5 mL) and the organic layer was washed with 1M aqueous solution of potassium cyanide (5 mL), water (5 mL) and brine (5 mL). The solution was dried over MgSO 4 , filtered and the solvent removed. Purification by column chromatography (SiO 2 , petroleum ether/ethyl acetate, 9:1, v/v) afforded IV-21 as yellow solid (68 mg, 36% yield).

(d, J = 1.2 Hz, 2H), 7.67 (t, J = 8.1 Hz, 2H), 7.51 (s, 1H), 7.31 (s, 2H), 7.22 -7.18 (m, 8H), 7.16 -7.13 (m, 3H), 7.03 -6.99 (m, 8H), 6.88 -6.85 (m, 4H), 6.84 -6.80 (m, 4H), 4.75 (s, 3H), 3.81 (s, 6H), 2.15 -1.83 (m, 4H), 1.31 -1.26 (m, 72H).

13 C NMR (151 MHz, CDCl 3 ) δ 171. 53, 164.59, 156.89, 155.31, 150.73, 149.51, 149.43, 148.54, 143.69, 141.39, 140.74, 139.29, 135.36, 132.49, 130.71, 130.60, 127.35, 124.14, 124.04, 121.88, 115.21, 113.05, 109.57, 109.46, 75.22, 71.19, 63.05, 56.30, 55.46, 37.58, 34.29, 31.94, 31.38, 31.35, 29.71, 28.53, 28.45, 28.39, 28.37, 28.15, 25.01. Un nouveau fil d'azadipyrrométhène-chélate de BF 2 25 contenant des barbiturates a été synthétisé afin de tester la possibilité d'assembler des [2]rotaxanes par une approche glissante (Figure R7). Le bouchon en alcyne 31, porteur de deutérium, sera un outil utile pour le développement de molécules inter-verrouillées marquées au deutérium dans la perspective d'étudier le glissement de l'anneau le long du fil dans des assemblages supramoléculaires à base de rotaxane par des techniques de RMN dynamique.

HRMS

Au chapitre 4, trois nouveaux [2]rotaxanes 32, 35 et 37, comprenant des groupes électroactifs, à savoir le ferrocène ou la triarylamine, ont été synthétisés et entièrement caractérisés par spectroscopie RMN 1 H et 13 C et spectrométrie de masse.

Le [2]rotaxane 32 a été obtenu via une approche métal-matrice active par une réaction de Glaser catalysée par du cuivre: l'ion du cuivre a été coordonné par les groupes pyridine du macrocycle 15 et la réaction de couplage entre deux bloqueurs de trityle en alcyne 30 a eu lieu à l'intérieur de la cavité de l'anneau, donnant le filetage portant la diyne et la molécule consécutive à verrouillage mécanique (Figure R9).

Figure R9

-Schéma de synthèse de [2]rotaxane 32 obtenu via une approche métal-matrice active.

Les [2] 
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 12 Figure 1.2 -Synthetic procedure of the intended product, bis[2-(o-hydroxy-phenoxy)ethyl]ether I-
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 13 Figure 1.3-Artificial amino acid receptor I-6.
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 14 Figure 1.4 -Chemical structures of crown ether I-7, half-spherand I-8 and spherand I-9.
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 15 Figure 1.5 -Photoisomerization of crown ether-based molecular tweezer I-10.
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 16 Figure 1.6 -Crown ether-containing logic gate I-11.
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 17 Figure 1.7 -Molecular syringe I-12.
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 19 Figure 1.9 -Artificial calix[4]arene -based phosphodiesterase I-15.

  the first time at atomic level by Rissanen and coworkers that reported the X-ray crystal structure of the dimeric halogen-bonded supramolecular cage I-17 in which three [N•••I + •••N] halogen bond interactions were present (Figure1.11).25 
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 1 Figure 1.11 -Dimeric halogen-bonded supramolecular cage I-17.
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 113 Figure 1.13 -Biomimetic cyclophane-based catalysts I-20 and I-21.
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 114 Figure 1.14-Water soluble paracyclophane-based durene receptor I-22.
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 1 Figure 1.15 -Representation of a [2]catenane.
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 1 Figure 1.16-1,10-phenanthroline-based [2]catenane I-23.
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 1 Figure 1.18 -π-π Stacking-based synthesis of [2]catenane I-26.

AFigure 1 .

 1 Figure 1.19 -Cartoon representation of a [2]rotaxane.
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 1 Figure1.20 -Synthetic scheme of first[2]rotaxane I-28.
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 1 Figure 1.21 -Rotaxane-based supramolecular assemblies.
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 1 Figure 1.22 -Fumaramide-containing rotaxane I-29.
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 123 Figure 1.23 -Thiophosphonium salt-bearing [2]rotaxane I-30.
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 1 Figure 1.24 -Squaraine-based [2]rotaxane I-31.
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 1 Figure 1.25 -pH-dependent molecular shuttle I-32.
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 1 Figure 1.27 -Light-dependent molecular shuttle I-34.
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 1 Figure 1.28 -Solvent-dependent molecular shuttle I-35.
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 1 Figure 1.31-Triazole-containing [2]-and [3]rotaxanes I-42 and I-43.
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 1 Figure 1.32 -[2]Rotaxane I-44 by N-nitrile oxide cycloaddition-based capping approach.
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 2122 Figure 2.1 -AAAA-DDDD + quadruple hydrogen-bond array.
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 2324 Figure 2.3 -Hamilton-type receptors II-3, II-5 and II-6, barbital II-4 and 3-methyl-7-

1 H

 1 NMR in CD 2 Cl 2 /CD 3 CN 9:1, v/v and the resulting binding constant was 2.8  10 3 M -1 . Upon addition of zinc triflate, the bipyridines bind the Zn 2+ and negative allosteric effects induce conformational change which results in the ejection of the barbital II-4 (Figure2.5).
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 25 Figure 2.5 -Hamilton receptor -based allosteric ditopic host:guest system sensitive to barbiturate and Zn 2+ .
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 26 Figure 2.6 -Hydrogen-bonded barbiturate [2]-rotaxane.
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 2 Figure 2.7 -Pauson-Kealy's incorrect structure of ferrocene II-16 and Woodward-Wilkinson's

  ,6diamidopyridine) moiety as binding site for barbiturates and a long chain in order to have a ringshaped structure (Figure 2.10).
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 2 Figure 2.10 -Schematic representation for the design of an electroactive hydrogen-bonded
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 2 Figure 2.11 -Synthetic scheme of cyclic ferrocene Hamilton-type receptors II-28 and II-29.
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 2 Figure 2.12 -1 H -NMR of ferrocene Hamilton-type macrocycle II-28 (600 MHz in AcOH-d 4 ).
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 2 Figure 2.13 -1 H -NMR of ferrocene Hamilton-type macrocycle II-29 (600 MHz in AcOH-d 4 ).

Figure 2 Figure 2 .

 22 Figure 2.14 -Structural formulae of macrocyclic receptors II-28 and II-29 and barbital. H a and H b
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 2 Figure 2.15 -Titration of II-28 in the presence of barbital II-4 monitored by electronic absorption
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 2 Figure 2.16 -Titration of ferrocene-containing macrocycle II-28 in the presence of barbital II-4 monitored by 1 H NMR using the chemical shifts of the host amide protons (1 mM in d-chloroform).

Figure 2 .

 2 Figure 2.17 -Cyclic voltammogram of 1:1 DCMF and macrocycle II-29, in a solution of 10 -1 M

Figure 2 .

 2 Figure 2.19 -Crystal structure of ferrocene Hamilton-type macrocycle II-29, front view (left) and

Figure 2 .

 2 Figure 2.20 -Crystal structure of ferrocene-containing Hamilton-type macrocycle II-29, front view (left) and side view (centre), and Hamilton-type macrocycle II-11. 136
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 2 Figure 2.21 -Schematic representation for the design of an electroactive hydrogen-bonded
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 2 Figure 2.22 -Chemical structure of triphenylamine (TPA).
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 223 Figure 2.23 -Molecular model of triphenylamine II-30.
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 2 Figure 2.25 -Triarylamine-containing [1]rotaxane dye II-32.
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 2 Figure 2.26 -Four-armed carbazole-based hole transporting material II-33.
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 2 Figure 2.27 -Copper-catalyzed synthesis of functionalized triarylamine II-35.

Figure 2 .

 2 Figure 2.28 -Bidentate ligand-assisted Buchwald-Hartwig amination.

Figure 2 .

 2 Figure 2.29 -Synthetic scheme of dimethyl 5-iodoisophthalate II-9.

Figure 2 .

 2 Figure 2.31 -Synthetic scheme of dimethyl 5-[(trifluoromethylsulfonyl)oxy]isophthalate II-46.

Figure 2 .

 2 Figure 2.32 -Synthetic scheme of dimethyl 5-[bis(4-methoxyphenyl)amino]-isophthalate II-43.

  equivalents of oxalyl chloride and a catalytic amount of DMF. The full conversion of the substrate into the corresponding dichloride II-48 was obtained after 2 hours when a bright clear red solution was obtained. This intermediate was recovered by solvent removal, redissolved in a minimal amount of dry tetrahydrofuran and added dropwise to a stirring tetrahydrofuran solution of three equivalents of 2,6-diaminopyridine in presence of an excess of triethylamine. The reaction was allowed to stir overnight at room temperature and then the acyclic triarylamine-bearing Hamilton receptor II-49 was isolated by column chromatography on silica gel (Pentane/AcOEt 4:1). The macrocyclic triarylamine-bearing Hamilton receptor II-50 was obtained in the last step in moderate yields through a one-pot double condensation between both terminal -NH 2 groups of the acyclic receptor with the freshly prepared 1,16-hexadecanedioyl dichloride II-26, which were simultaneously added dropwise during 4 hours to a stirring solution of an excess of trimethylamine in dry tetrahydrofuran under high dilution conditions at room temperature overnight (Figure 2.33).
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 233 Figure 2.33 -Synthetic scheme of macrocyclic triarylamine-bearing receptor II-50.
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 2 Figure 2.35 -1 H NMR of cyclic triarylamine Hamilton-type receptor II-50 (600 MHz in CDCl 3 ).
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 237 Figure 2.37 -Titration of II-50 in the presence of barbital II-4 monitored by electronic absorption
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 238 Figure 2.38 -Job plot for the change of absorption of macrocycle II-50 at 304 nm in

  Cyclic triarylamine Hamilton-type receptor II-50 was studied by cyclic voltammetry (CV) using a three electrode cell, with a glassy carbon working electrode, silver wire counter electrode and silver/silver chloride reference electrode (Figure2.39).The samples was dissolved in the minimal amount of dry tetrahydrofuran, degassed for 5 minutes then diluted in the same solvent, tetrabutylammonium hexafluorophosphate (TBAPF 6 ) was used as supporting electrolyte.
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 239 Figure 2.39 -Cyclic voltammogram of II-50, in a solution of 10 -2 M TBAPF 6 in dry degassed tetrahydrofuran at scan rate = 100 mVs -1 .

Figure 2 . 40 -

 240 Figure 2.40 -Crystal structure of cyclic triarylamine Hamilton-type receptor II-50.

  Ferrocene -bearing macrocycles: Crystallographic structural analysis of II-29 showed a crescent-shaped structure and twisting of H-bonding groups out of the plane of the binding cavity, making the receptor site ill-adapted to accommodate a barbiturate guest through six strong H-bonds, thereby off-setting the advantage imparted by the macrocyclic nature of the receptor. The determined binding constants (K ass = 742 M -1 for II-28 and K ass = 1011 M -1 for II-29 in d-chloroform, respectively) were found to be higher than the previously reported acyclic version (K ass = 575 M -1 in d-chloroform).-Triarylamine -bearing macrocycle: a very well-defined cavity was observed with all the H-bonding groups in the plane of the binding cavity, the determined binding constant (K ass = 70000 M -1 d 2 -dichloromethane) is much higher than the structural analogue where a central tert-butyl phenyl is surrogate for the triarylamine moiety (K ass = 23500 M -1 in d-chloroform) and a reversible oxidation was observed by cyclic voltammetry. All those properties make the cyclic triarylamine Hamilton-type receptor II-50 an excellent candidate for the construction of interpenetrating molecular architectures. difluoro-4-bora-3a,4a-diaza-s-indacene (boron dipyrromethene or BODIPY) dyes are a class of fluorophores that are formed by BF 2 complexation of dipyrromethene ligand (Figure3.1).164 They are characterized by intense absorption, high fluorescence quantum yields and substituent tuneable emission in the visible/NIR, alongside an excellent thermal and photochemical stability.
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 31 Figure 3.1 -Molecular structure of BODIPY core III-1.
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 32 Figure 3.2 -Molecular structure and optical properties of BF 2 -chelates of dipyrromethenes and aza-
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 3435 Figure 3.4 -Synthesis of BF 2 -chelate of the 1,3,5,7-tetraphenyl-8-aza-dipyrromethene III-10.
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 336 Figure 3.6 -Molecular structures and optical properties of differently substituted BF 2 -chelates of

Figure 3 . 7 - 3 Figure 3 . 8 -

 37338 Figure 3.7 -Molecular structures of fluorescein isocyanate, brominated and non-brominated BF 2 -
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 39 Figure 3.9 -Chemical structures and optical properties of BF 2 -azadipyrromethene chemosensor III-19 and its 1:1 mercuric ion complex III-19:Hg 2+ .
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 33 Figure 3.10 -Chemical structures of BF 2 -azadipyrromethene-based chemosensors III-20 and
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 312 Figure 3.12 -Synthetic scheme of hydroxypropargyloxy BF 2 -azadipyrromethene III-28.
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 313 Figure 3.13 -Synthetic scheme of methoxypropargyloxy BF 2 -azadipyrromethene III-29.
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 3 Figure 3.14 -1 H NMR of methoxypropargyloxy BF 2 -azadipyrromethene III-29 (600 MHz in
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 315 Figure 3.15 -Synthetic scheme of tert-butyl-carboxypropargyloxy BF 2 -azadipyrromethene III-30.
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 3 Figure 3.16 -1 H NMR of tert-butyl-carboxypropargyloxy BF 2 -azadipyrromethene III-30 (600
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 3 Figure 3.18 -Molecular structure of carboxyl-methyl silicon rhodamine III-34.

Figure 3 .Figure 3 .

 33 Figure 3.19 -Synthetic scheme of 2,7-bis(dimethylamino)-9,9-dimethyl-9-silaanthracen-10(9H)-

Figure 3 .

 3 Figure 3.21 -Final steps of carboxyl-methyl silicon rhodamine III-34 synthesis.
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 3 Figure 3.22 -Molecular structure of 4-(tris(4-(tert-butyl)phenyl)methyl)phenol III-42.

Figure 3 .

 3 Figure 3.24 -Synthetic schemes of azide-containing alkylating agent III-49 and azide trityl stopper
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 325 Figure 3.25 -Synthetic scheme of alkyne trityl stopper II-14.
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 3 Figure 3.28 -Molecular structure of barbiturate-containing BF 2 -chelate azadipyrromethene thread

Figure 3 .

 3 Figure 3.29 -Synthetic scheme of azide-bearing barbiturate II-12.

Figure 3 .

 3 Figure 3.30 -Synthetic scheme of barbiturate-containing BF 2 -chelate azadipyrromethene thread

  deuterated solvents (chloroform-d, DMSO-d 6 , acetone-d 6 , THF-d 8 , DMF-d 7 , toluene-d 8 , benzene-d 6 and acetonitrile-d 3 ).

Figure 3 .

 3 Figure 3.33 -1 H NMR of barbiturate-containing BF 2 -chelate azadipyrromethene thread III-52 (300

  Synthetic methodologies for the preparation of interlocked molecules, and in particular rotaxanes, has been fully developed in recent years. This provides a toolbox of methods that chemists can use build a wide range of structures with tailored properties. In particular, [n]rotaxanes can be assembled adopting 4 main strategies, as mentioned in the Introduction (Figure4.1).
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 41 Figure 4.1 -Schematic representation of [n]rotaxane synthetic approaches.
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 43 Figure 4.3 -Rotaxane formation via capping approach.

xylylenediamine IV- 9

 9 and isophthaloyl chloride IV-10 as benzyl amide-based macrocycle precursors (Figure 4.4). 210
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 44 Figure 4.4 -Rotaxane formation via clipping approach.
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 45 Figure 4.5 -Rotaxane formation by slipping approach.
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 48 Figure 4.8 -Rotaxane synthesis by threading-followed-by-shrinking approach.
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 49 Figure 4.9 -Synthetic scheme of triarylamine-containing Glaser[2]rotaxane IV-21.
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 4 Figure 4.10 -1 H-NMR of triarylamine-containing Glaser [2]rotaxane IV-21 (600 MHz in CDCl 3 ).

Figure 4 .

 4 Figure 4.11 -Synthetic scheme of tetrabutylsuccinamide thread IV-24.

Figure 4 .

 4 Figure 4.12 -Synthetic scheme of triarylamine-clipped [2]rotaxane IV-22.

  224 N.H. Evans, H. Rahman, A.V. Leontiev, N.D. Greenham, G.A. Orlowski, Q. Zeng, R.M.J. Jacobs, C.J. Serpell, N.L. Kilah, J.J.Davis and P.D. Beer, Chem. Sci., 2012, 3, 1080. 
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 413 Figure 4.13 -Synthetic scheme of 5-ferrocenylisophthaloyl chloride IV-25.
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 4 Figure 4.14 -Synthetic scheme of ferrocene-containing clipped [2]rotaxane IV-23.
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 4 Figure 4.15 -1 H-NMR of triarylamine-containing clipped [2]rotaxane IV-22 (600 MHz in CDCl 3 ).

Figure 4 .

 4 Figure 4.16 -1 H-NMR of ferrocene-containing clipped [2]rotaxane IV-23 (600 MHz in CDCl 3 ).

Figure 4 .

 4 Figure 4.17 -Cyclic voltammogram of IV-23, in a solution of 10 -2 M TBAPF 6 in dry degassed acetonitrile at scan rate = 200 mVs -1 .

  IV-22 were grown by slow diffusion of pentane in a concentrated solution of sample in chloroform, while crystals of IV-23 were grown by slow evaporation of a solution of sample in dichloromethane.

Figure 4 .

 4 Figure 4.18 -Crystal structure of ferrocene-containing benzylic amide-based clipped [2]rotaxane

[ 2 ]

 2 rotaxanes IV-22 and IV-23 were synthetized reacting p-xylylenediamine with 5-[bis(4methoxyphenyl)amino]-isophthaloyl chloride II-48 and 5-ferrocenylisophthaloyl chloride IV-25,

  Mass spectrometry was performed by the "Centre d'Etude Structurale et d'Analyse des Molecules Organique" (CESAMO) at the University of Bordeaux, on a QStar Elite mass spectrometer (Applied Biosystems). ESI-QTOF mass spectra (including all HRMS) were performed on an instrument equipped with an ESI source and spectra were recorded in the positive mode. The electrospray needle was maintained at 5000 V and operated at room temperature. Samples were introduced by injection through a 20 μL sample loop into a 4500 μL/min flow of methanol from the LC pump. ESI-MS experiments were performed on an ion trap spectrometer equipped with an electrospray ion source (ESI) and spectra were recorded in the positive mode. Field desorption (FD)

  .5  10 -5 M, DCM) was introduced in a quartz cuvette at 20°C. Increasing aliquots (20 µL) of guest stock solution (5 mM, DCM) were successively added until the final total volume reached 2.8 ml at maximum. The titration data (absorbance versus guest concentration) were fitted using the nonlinear curve-fitting procedure with a (1:1) binding equation usingLetagrop program. 225 Titrations monitored by 1 H-NMR: A solution (100 µL) of host (5 mM, CDCl 3 ) was introduced in each NMR tube(12-13 experiments). Increasing aliquots of guest stock solution (0.2 M, CDCl 3 ) were added and the total volume (500 µL) was adjusted with CDCl 3 . The titration data (chemical shift versus guest equivalents) were fitted using the nonlinear curve-fitting procedure with a (1were measured on a Varian UV-Vis-NIR spectrophotometer Cary 5000 or Cary 100. The wavelengths observed ranged from 200 -800 nm. Sample solutions were measured in matched quartz cells with a pathlength of 10 mm. Before each measurement a baseline of pure solvent was recorded, which was subtracted from the measured spectra. Fluorescence emission spectra were measured on a HORIBA Jobin-Yvon Fluorolog-3 equipped with a xenon lamp (450 W), with Hamamatsu R2658P and R928P photomultiplier (PMT) detection. Quartz cells of 10 mm length were employed for study of optically dilute samples with fluorescence emission being measured at a right angle with respect to the excitation beam. Time-correlated single photon counting was performed with a monochromatic pulsed light source (nanoLED 370 nm and 456 nm;

  amino)carbonyl]ferrocene II-25 (456 mg, 1 mmol) and triethylamine (280 µL, 2 mmol) in dry THF (100 mL) and a solution of 1,16-hexadecanedioyl dichloride II-26 (323 mg, 1 mmol) in dry THF (100 mL) were added dropwise simultaneously to dry THF (50 mL) over 3 h. The mixture was stirred at room temperature for 4 days, then the solvent and the volatiles were removed under vacuum. The crude product was dissolved in chloroform (250 mL) and washed with a saturated solution of Na 2 CO 3 (2  200 mL) and brine (200 mL). The organic phase was dried over MgSO 4 and the solvent was removed. Purification by column chromatography (SiO 2 , MeOH:DCM, 1:49, v/v) afforded II-28 as an orange solid (179 mg, yield: 25%).

  ) calcd for C 38 H 46 N 6 O 4 NaFe [M+Na] + m/z = 729.2822, found m/z = 729.2836. A solution of 1,1'-Bis[((6-aminopyridyl)amino)carbonyl]ferrocene II-25 (456 mg, 1 mmol) and triethylamine (280 µL, 2 mmol) in dry THF (100 mL) and a solution of 1,20-eicosanedioyl dichloride II-27 (379 mg, 1 mmol) in dry THF (100 mL) were added dropwise simultaneously to dry THF (50 mL) over 3 h. The mixture was stirred at room temperature for 4 days, then the solvent and the volatiles were removed under vacuum. The crude product was dissolved in chloroform (250 mL) and washed with a saturated solution of Na 2 CO 3 (2  200 mL) and brine (200 mL). The organic phase was dried over MgSO 4 and the solvent was removed. Purification by column chromatography (SiO 2 , DCM:MeOH, 49:1, v/v) afforded II-29 as an orange solid (225 mg, 29% yield).

  (4-methoxyphenyl)amino)isophthalic acid II-47 (680 mg, 1.73 mmol) was suspended in DCM (10 mL), then oxalyl chloride (0.89 mL, 10.4 mmol) and a catalytic amount of DMF(2 drops) were added and stirred at room temperature overnight. The mixture was concentrated under reduced pressure to afford II-48 as red oil, which was used in the next step without further purification (744 mg, quantitative yield).Triarylamine-containing Hamilton-type macrocycle II-50A solution of dichloride II-26 (86.2 mg, 0.44 mmol) in dry THF (40 mL) and a solution of acyclic receptor II-49 (255 mg, 0.44 mmol) and dry Et 3 N (0.14 mL, 0.97 mmol) in dry THF(40 mL) were added simultaneously to dry THF (30 mL) over 48 hours. The mixture was stirred at room temperature for 2 days, then the solvent and the volatiles were removed under vacuum. The crude was dissolved in DCM (100 mL) and washed with a saturated solution of NaHCO 3(2  100 mL) 

  ESI) calcd for C 48 H 55 N 7 O 6 Na [M+Na] + m/z = 848.4106, found m/z = 848.4112. phenylpyrrol-2-ylidene]amine III-27 [5-(4-Hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-hydroxyphenyl)-3-phenylpyrrol-2ylidene]amine III-26 (1.5 g, 3.1 mmol) and N,N-diisopropylethylamine (5.4 mL, 31 mmol) were dissolved in DCM (150 mL), then boron trifluoride etherate complex (5.5 mL, 43.5 mmol) was added. The solution was stirred at room temperature overnight, then the mixture was diluted with AcOEt (300 mL) and washed with brine (300 mL). The organic phase was dried over Na 2 SO 4 and the solvent was removed. Purification by column chromatography (SiO 2 , DCM/AcOEt 4:1 v/v) afforded III-27 as a red metallic solid (1.58 g, 90% yield).

  )-3-phenyl-1H-pyrrol-2-yl]-[5-(4-hydroxyphenyl)-

  (FD) calcd for C 128 H 145 N 7 O 8[M] + m/z = 1908.1154, found m/z = 1908.1185.Triarylamine-containing benzylic amide-based [2]rotaxane IV-22A solution of diamine IV-9 (136 mg, 1 mmol) in chloroform (5 mL) and a solution of 5-substituted isophthaloyl II-48 (430 mg, 1 mmol) in chloroform (5 mL) were simultaneously added during 5 hours to a solution of tetrabutylsuccinamide thread IV-24 (42.5 mg, 0.125 mmol) and dry triethylamine (2 mL, 15 mmol) in chloroform (20 mL). The solution was stirred at room temperature overnight. The reaction mixture was filtered through Celite and the filtrate was washed with 1M hydrochloric acid solution (10 mL), saturated sodium bicarbonate solution (10 ML), water (10 mL) and brine (10 mL). The organic layer was dried over MgSO 4 , filtered and the solvent removed. Purification by column chromatography (SiO 2 , DCM/MeOH, 99:1, v/v) afforded IV-22 as beige solid(6.4 mg, 4% yield).

1 H

 1 NMR (600 MHz, CDCl 3 ) δ 8.25 (s, 2H), 7.87 (s, 4H), 7.66(t, J = 5.8 Hz, 4H), 7.13 -7.02 (m, 16H), 6.88 (dd, J = 7.2, 5.1 Hz, 8H), 3.83 (s, 12H) 3.31 -3.20 (m, 4H), 2.81 -2.70 (m, 4H), 1.59 -Ferrocene-containing benzylic amide-based [2]rotaxane IV-23A solution of diamine IV-9 (272 mg, 2 mmol) in chloroform (15 mL) and a solution of 5ferrocenylisophthaloyl chloride IV-25 (402 mg, 1 mmol) in chloroform (15 mL) were simultaneously added during 5 hours to a solution of tetrabutylsuccinamide thread IV-24 (85 mg, 0.25 mmol) and dry triethylamine (0.84 mL, 6 mmol) in chloroform (50 mL). The solution was stirred at room temperature overnight. The reaction mixture was filtered through Celite and the filtrate was washed with 1M hydrochloric acid solution (10 mL), saturated sodium bicarbonate solution (10 mL), water (10 mL) and brine (10 mL). The organic layer was dried over MgSO 4 , filtered and the solvent removed. Purification by column chromatography (SiO 2 , DCM/ethyl acetate, 9:1, v/v) afforded IV-22 as beige solid (129 mg, 41% yield).
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 171 Figure 7.1 -13 C-NMR of ferrocene Hamilton-type macrocycle II-28 (600 MHz in AcOH-d 4 ).
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 72 Figure 7.2 -Mass spectrum (ESI) of ferrocene Hamilton-type macrocycle II-28.
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 73 Figure 7.3 -13 C -NMR of ferrocene Hamilton-type macrocycle II-29 (600 MHz in AcOH-d 4 ).
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 74 Figure 7.4 -Mass spectrum (ESI) of ferrocene Hamilton-type macrocycle II-29.
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 75 Figure 7.5 -13 C-NMR of acyclic triarylamine Hamilton-type receptor II-49 (600 MHz in CDCl 3 ).
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 76 Figure 7.6 -Mass spectrum (ESI) of acyclic triarylamine Hamilton-type receptor II-49.
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 7 Figure 7.7 -13 C NMR of cyclic triarylamine Hamilton-type receptor II-50 (101 MHz in CDCl 3 ).
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 78 Figure 7.8 -Mass spectrum (ESI) of cyclic triarylamine Hamilton-type receptor II-50.
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 7 Figure 7.9 -13 C-NMR of BF 2 -azadipyrromethene III-29 (600 MHz in CDCl 3 ).
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 710 Figure 7.10 -Mass spectrum (ESI) of BF 2 -azadipyrromethene III-29.
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 7 Figure 7.11 -13 C-NMR of BF 2 -azadipyrromethene III-30 (600 MHz in CDCl 3 ).
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 712 Figure 7.12 -Mass spectrum (ESI) of BF 2 -azadipyrromethene III-30.
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 7 Figure 7.13 -13 C-NMR of triarylamine-containing Glaser [2]rotaxane IV-21 (600 MHz in CDCl 3 ).
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 7 Figure 7.14 -Mass spectrum (FD) of triarylamine-containing Glaser [2]rotaxane IV-21.
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 7 Figure 7.15 -13 C-NMR of triarylamine-containing clipped [2]rotaxane IV-22 (600 MHz in CDCl 3 ).

Figure 7 .

 7 Figure 7.16 -Mass spectrum (ESI) of triarylamine-containing clipped [2]rotaxane IV-22.
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 7 Figure 7.17 -13 C-NMR of ferrocene-containing clipped [2]rotaxane IV-23 (600 MHz in CDCl 3 ).

Figure 7 .

 7 Figure 7.18 -Mass spectrum (FD) of ferrocene-containing clipped [2]rotaxane IV-23.
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 R2 Figure R2 -Schéma de synthèse des récepteurs cycliques de type Hamilton comprenant un motif
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 R3 Figure R3 -Voltamogramme cycliques de DCMF 1:1 et de macrocycle 7, enregistré à différentes vitesses de balayage, dans une solution de 10 -1 M TBAPF 6 dans du DCM sec (gauche) et voltamogramme cyclique de macrocycle 15 dans une solution de 10 -2 M TBAPF 6 dans du THF dégazé et sec à une vitesse de balayage = 100 mVs -1 (droite).
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 R4 Figure R4 -Structures cristallines aux rayons X des macrocycles 7 et 15.
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 5 Figure 5 -Schéma de synthèse du tétraarylazadipyrrométhène monopropargylé BF 2 -chélate 21.
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 R6 Figure R6 -Schéma de synthèse des deux tétraarylazadipyrrométhène BF 2 -chélates asymétriques

Figure R7 -

 R7 Figure R7 -Schéma de synthèse de fil d'azadipyrrométhène-chélate de BF 2 25.

Figure R8 -

 R8 Figure R8 -Schéma de synthèse de alkyne trityl stopper marqué au deutérium 31.

  rotaxanes 35 et 37 ont été obtenus via une réaction d'écrêtage à cinq composants assistée par matrice. Le tétrabutylsuccinamide 33 a été synthétisé en une étape à partir de succinyl chlorure et dibutylamine, disponible dans le commerce, et a été utilisé comme fil. Les [2]rotaxanes 35 et 37 ont été synthétisés en faisant réagir la p-xylylènediamine 34 avec le chlorure de 5-[bis(4méthoxyphényl)amino]-isophtaloyle 13 et le chlorure de 5-ferrocénylisophtaloyle 36,
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1 -Strength of intermolecular interactions.
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77 Figure 1.26 -Electrochemical-controlled [2]catenane I-33.

  

	Several [2]catenane-based electrochemically switched molecular homo-and heterocircuit have been
	developed. 78
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96, 97 Figure 1.29 -Chemical structures of polytriazole-based ligands I-36, I-37 and I-38.

  

	Lot of different solvents have been used to perform this reaction, alongside mixtures of water with a
	variety of partially miscible organic solvents including alcohols, dimethyl sulfoxide,
	dimethylformamide, tetrahydrofuran and acetone. The reaction can be performed also in biphasic
	systems. 98
	96 T.R. Chan, R. Hilgraf, K.B. Sharpless and V.V. Fokin, Org. Lett., 2004, 6, 2853.
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Figure 1.30 -Synthetic scheme of fluorene-based "click" polymer I-41.
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Table 2 .

 2 1 -Crystal data of II-29.

	Compound	II-29
	Empirical formula	C 42 H 54 FeN 6 O 4
	Formula weight	762.26
	Temperature/K	293(2)
	Radiation type	CuK\a
	Crystal system	Monoclinic
	Space group	P2 1 /c
	a/Å	40.430(11)
	b/Å	8.605(3)
	c/Å	10.8201(12)
	α/deg	90
	β/deg	91.440(15)
	γ/deg	90
	V/Å 3	3762.9(16)
	Z	4
	Abs. coeff. (mm -1 )	3.621
	F(000)	1624
	Resolution (Å)	0.811
	Index ranges	-34 ≤ h ≤ 36, -7 ≤ k ≤ 7,
		-9 ≤ l ≤ 8
	No. of collected reflections	7356
	Data/restraints/parameters	2932/479/0

Development of a triarylamine containing macrocycle
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Table 2

 2 

	.2)

Table 2 .

 2 2 -Reaction conditions screening for the formation of triarylamine isophthalate II-43

	Entry	Solvent	Base	Catalyst	Additive	Yield of II-43
			(3 equiv.)	(10% mol)	(20% mol)	
	1	PhMe	Cs 2 CO 3	CuI	-	-
	2	PhMe	Cs 2 CO 3	CuI	Phenanthroline	-
	3	PhMe	Cs 2 CO 3	Cu powder	-	-
	4	PhMe	KOtBu	Pd(OAc) 2	P(tBu) 3	-
	5	PhMe	KOtBu	Pd(PPh 3 ) 4	-	-
	6	oDCB	Cs 2 CO 3	CuI	-	-
	7	oDCB	Cs 2 CO 3	CuI	Phenanthroline	-
	8	oDCB	Cs 2 CO 3	Cu powder	-	-
	9	oDCB	KOtBu	Pd(OAc) 2	P(tBu) 3	-
	10	oDCB	KOtBu	Pd(PPh 3 ) 4	-	
	11	1,4-dioxane	Cs 2 CO 3	CuI	-	-
	12	1,4-dioxane	Cs 2 CO 3	CuI	Phenanthroline	-
	13	1,4-dioxane	Cs 2 CO 3	Cu powder	-	-
	14	1,4-dioxane	KOtBu	Pd(OAc) 2	P(tBu) 3	-
	15	1,4-dioxane	KOtBu	Pd(PPh 3 ) 4	-	-
	16	DMF	Cs 2 CO 3	CuI	-	-
	17	DMF	Cs 2 CO 3	CuI	Phenanthroline	-
	18	DMF	Cs 2 CO 3	Cu powder	-	-
	19	DMF	KOtBu	Pd(OAc) 2	P(tBu) 3	-
	20	DMF	KOtBu	Pd(PPh 3 ) 4	-	-

synthesis starting from commercially available 5-hydroxyisophthalic acid II-44 (Figure

2

.31).

Table 2 .

 2 3 -Crystal data of cyclic triarylamine Hamilton-type receptor II-50

	Compound	II-50
	Empirical formula	C 96 H 114 N 14 O 12
	Formula weight	1656.01
	Temperature/K	293(2)
	Radiation type	CuK\a
	Crystal system	Monoclinic
	Space group	P2 1 /c
	a/Å	25.694(5)
	b/Å	9.9780(15)
	c/Å	17.466(3)
	α/deg	90
	β/deg	105.721(6)
	γ/deg	90
	V/Å 3	4310.3(13)
	Abs. coeff. (mm -1 )	0.686
	F(000)	1768
	Resolution (Å)	0.811
	Index ranges	-28 ≤ h ≤ 29, -11 ≤ k ≤ 10,
		-19 ≤ l ≤ 18
	No. of collected reflections	26289
	Data/restraints/parameters	6474/553/42
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Table 4 .

 4 1 -Crystal data of ferrocene-containing benzylic amide-based clipped[2]rotaxanes IV-23.

	Compound	IV-23
	Empirical formula	C 30 H 30 FeN 4 O 6
	Formula weight	598.43
	Temperature/K	293(2)
	Radiation type	CuK\a
	Crystal system	Triclinic
	Space group	P-1
	a/Å	9.5366(5)
	b/Å	11.6279(7)
	c/Å	14.9396(9)
	α/deg	99.002(5)
	β/deg	108.001(5)
	γ/deg	90.007(4)
	V/Å 3	1554.09(16)
	Abs. coeff. (mm -1 )	4.277
	F(000)	624
	Resolution (Å)	0.811
	Index ranges	-10≤ h ≤ 9, -12 ≤ k ≤ 12,
		-15 ≤ l ≤ 15
	No. of collected reflections	14633
	Data/restraints/parameters	3928/0/391

Table 4 .

 4 2 -Crystal data of triarylamine-containing benzylic amide-based clipped[2]-rotaxanes IV-

	22.	
	Compound	IV-22
	Empirical formula	C 40 H 47 N 4 O 5
	Formula weight	663.81
	Temperature/K	293(2)
	Radiation type	CuK\a
	Crystal system	Triclinic
	Space group	P-1
	a/Å	9.9368(4)
	b/Å	12.4037(5)
	c/Å	15.9957(6)
	α/deg	78.603(3)
	β/deg	76.799(3)
	γ/deg	74.097(3)
	V/Å 3	1826.66(13)
	Abs. coeff. (mm -1 )	0.639
	F(000)	710
	Resolution (Å)	0.811
	Index ranges	-11 ≤ h ≤ 12, -14 ≤ k ≤ 15,
		-19 ≤ l ≤ 19
	No. of collected reflections	25358
	Data/restraints/parameters	6836/27/484

  13 C-NMR spectra were recorded at 600, 400, and 300 MHz at 295 K on a Bruker Avance 160 300 ( 1 H: 300 MHz,13 C: 75 MHz), Avance II 400 ( 1 H: 400 MHz,13 C: 100 MHz), and an Avance III 600 ( 1 H: 600 MHz,13 C: 150 MHz) spectrometer. Chemical shifts are reported in ppm (δ) and are referenced to the NMR solvent residual peaks (CD 2 Cl 2 , CDCl 3 , Tetrahydrofuran-d 8 , CD 3 OD, CD 3 CN, (CD 3 ) 2 SO) residual peak. Abbreviations used are s = singlet, d = doublet, t =

  2,6-diaminopyridine (840 mg, 7.7 mmol) and triethylamine (0.39 mL, 2.77 mmol) in THF (30 mL) over 1h. The mixture was stirred at room temperature overnight, then the solution was washed with H 2 O (2  100 mL) and brine (100 mL). The organic phase was dried over Na 2 SO 4 and the solvent was removed. Purification by column chromatography (SiO 2 , DCM:MeOH, 4:1, v/v) afforded II-25 as orange solid (518 mg, 52% yield).

	1 H NMR (300 MHz, CDCl 3 ) δ 8.15 (s, 2H), 7.56 (d, 2H), 7.41 (m, 2H), 6.22 (d, 2H), 4.83 (s, 4H),
	4.48 (s, 4H).

  (ESI) calcd for C 42 H 54 N 6 O 4 NaFe [M+Na] + m/z = 785.3448, found m/z = 785.3459.

	Dimethyl 5-hydroxyisophthalate II-45
	5-Hydroxyisophthalic acid (9.11 g, 50 mmol) was suspended in methanol (300 mL) at room
	temperature, then sulfuric acid (0.2 mL) was added and stirred at reflux overnight. After cooling to
	room temperature, the pale yellow solution was poured into ice H 2 O (900 mL) and stirred
	vigorously for 1 hour. The white precipitate was filtered and washed with H 2 O (500 mL).

  N,N-Bis(4-methoxyphenyl)amino)isophthalate II-43(2.34 g, 5.21 mmol) and sodium hydroxide (834 mg, 20.8 mmol) were suspended in a solution of methanol/water 9:1 (60 mL) and stirred at reflux overnight. The reaction mixture was cooled at room temperature, the organic solvent removed and the residue diluted with H 2 O (50 mL). The clear yellow solution was acidified with conc.HCl until a yellow precipitate was obtained. The crude product was filtered and washed

	with H 2 O (100 mL). Purification by recrystallization (EtOH, 10 mL) II-47 as yellow crystals (1.78
	g, 87% yield).
	1 H NMR (300 MHz, DMSO-d 6 ) δ 8.11 (s, 1H), 7.16 (d, 4H, J=8.8 Hz), 7.69 (s, 2H), 6.97 (d, 2H, J=
	8.8 Hz), 3.81 (s, 6H).

  ESI) calcd for C 36 H 26 BN 3 O 2 F 2 Na [M+Na]

	1 H NMR (600 MHz, CDCl 3 ) δ 8.17 -8.04 (m, 8H), 7.52 -7.39 (m, 6H), 7.11 (d, J = 8.9 Hz, 4H),
	7.06 (s, 2H), 7.03 (d, J = 8.9 Hz, 4H), 4.79 (d, J = 2.3 Hz, 2H), 4.62 (s, 2H), 2.60 (t, J = 2.3 Hz,
	1H), 1.53 (s, 9H).

+ m/z = 604.1978, found m/z = 604.1963

.

phenylpyrrol-2-ylidene]amine III-30

BF 2 Chelate of 4-{4-phenyl-5-[3-phenyl-5-(4-prop-2-ynyloxyphenyl)-pyrrol-2-ylideneamino]-1H-

pyrrol-2-yl}phenol III-28 (113 mg, 0.2 mmol) and potassium carbonate (138 mg, 1 mmol) were dissolved in acetone (10 mL), then tert-butylbromoacetate (0.05 mL, 0.3 mmol). The solution was stirred at reflux overnight, then the mixture was cooled, the solvent was removed and the crude was redissolved in DCM

(25 mL)

. The organic layer was washed with water (50 mL) and brine (50 mL), dried over Na 2 SO 4 , filtered the solvent removed. Purification by column chromatography (SiO 2 , DCM) afforded III-30 as a red metallic solid (95 mg, 70% yield). 13 C NMR (151 MHz, CDCl 3 ) δ 167.

  ESI) calcd for C 41 H 34 BN 3 O 4 F 2 Na [M+Na] + m/z = 704.2502, found m/z = 704.2492.

	4,4'-methylenebis(3-bromo-N,N-dimethylaniline) III-36
	3-Bromo-N,N-dimethylaniline III-35 (6 g, 30 mmol) was dissolved in acetic acid (60 ml), then 37%
	aqueous formaldehyde solution (11.1 ml, 150 mmol) was added and the reaction mixture was stirred
	at 90 °C for 1 hour. After cooling, acetic acid was evaporated, then saturated aqueous sodium
	bicarbonate solution (100 mL) was added carefully. The aqueous layer was extracted with AcOEt
	(3  100 mL), and the combined organic phase was washed with water (100 mL) and brine (100
	mL), dried over Na 2 SO 1 H NMR (300 MHz, CDCl 3 ): δ 6.94 (d, 2H, J = 2.7 Hz), 6.85 (d, 2H, J = 8.6 Hz), 6.59 (dd, 2H, J =
	8.6, 2.6 Hz), 4.00 (s, 2H), 2.92 (s, 12H).

4 

, filtered and the solvent removed. Purification by column chromatography (SiO 2 , n-hexane/AcOEt 19:1 to 9:1, v/v) afforded III-36 as a pink crystalline solid (5.4 g, 88% yield).

  After the solution was allowed to cool down to ambient temperature, n-hexane (200 mL) was added and the flask was left at 4 °C overnight. The resulting precipitate was filtered and The reaction mixture was stirred at 80 °C overnight, then it was cooled and then extracted with AcOEt (5  100 mL). The combined organic layers were washed with brine (500 mL), and dried with MgSO 4 . Solvent removal afforded the desired product III-47 as a slightly yellow oil (20.2 g, quantitative yield). The white suspension was filtered, washed with acetone (50 mL) and the solvent was removed. The crude was redissolved in diethyl ether (100 mL) was added and the organic layer was washed with water (3  100 mL). The organic layer was dried with MgSO 4 and the solvent was

	Tri-(4-tert-butylphenyl)methanol III-44 1-Bromo-4-tert-butylbenzene III-43 (62 mL, 330 mmol) in THF (200 mL) was added dropwise to a suspension of magnesium turnings (9.7 g, 400 mmol) and iodine (few crystals) in THF (200 mL). Tri-(4-tert-butylphenyl)methyl chloride III-45 Tri-(4-tert-butylphenyl)methanol III-44 (42.8 g, 100 mmol) was dissolved in dry toluene (100 mL), then acetyl chloride (17.8 mL, 250 mmol) was added. The reaction mixture was heated under reflux 3-Bromopropan-1-ol III-46 (27.8 mL, 200 mmol) was suspended in water (400 mL), then sodium azide (19.5 g, 300 mmol) was added. 3-Azidopropyl-4-methylbenzenesulfonate III-48 3-Azidopropanol III-47 (10.1 g, 100 mmol) and Et 3 N (27.8 mL, 200 mmol) were dissolved in DCM (200 mL), then tosyl chloride (20.9 g, 110 mmol) was added. The reaction mixture was stirred at room temperature overnight, the crude was isolated upon quenched with water (200 mL), 1-Azido-3-iodopropane III-49 3-Azidopropyl-4-methylbenzenesulfonate III-48 (5.1 g, 20 mmol) was dissolved in acetone (100 mL), then sodium iodide (3.3 g, 22 mmol) was added. The reaction mixture was stirred at reflux overnight. Azide trityl stopper III-50 4-[tris-(4-tert-butyl-phenyl)-methyl]phenol III-42 (5 g, 10 mmol) was dissolved in acetone (50 mL), then anhydrous potassium carbonate (2.76 g, 20 mmol) and 1-azido-3-iodopropane III-49 (2.5 g, 12 for 30 min. 3-Azidopropan-1-ol III-47 followed by extraction with DCM (4  100 mL). The organic layer was separated and dried over mmol) were added. The suspension was stirred at reflux overnight, then the solvent was removed,
	MgSO 4 . Purification by column chromatography (SiO 2 , petroleum ether/DCM 9:1, v/v) afforded 3-
	1 H NMR (300 MHz, CDCl 3 ): δ 7.82 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.3 Hz, 2H), 4.12 (t, J = 5.9
	Hz, 2H), 3.46 (t, J = 6.5 Hz, 2H), 2.48 (s, 3H), 1.98 -1.79 (m, 2H).
	Analysis is in agreement with literature data (Org. Lett., 2014, 16, 1358). 1 H NMR (300 MHz CDCl 3 ): δ 7.30 (d, J = 8.6 Hz, 6H); 7.09 (d, J = 8.9 Hz, 2H); 7.07 (d, J = 8.6
	Hz, 6H); 6.76 (d, J = 8.9 Hz, 2H); 4.02 (d, J = 6.0 Hz, 2H); 3.51 (d, J = 6.7 Hz, 2H); 2.05 (m, 2H);
	1.30 (s, 27H).
	1 H NMR (300 MHz, MeOD-d 4 ) δ 8.12 (d, J = 7.3 Hz, 1H), 7.77 (s, 1H), 7.49 (d, J = 7.6 Hz, 1H),
	7.39 (s, 2H), 7.07 (d, J = 9.5 Hz, 2H), 6.78 (d, J = 9.6 Hz, 2H), 3.37 (s, 12H), 2.10 (s, 3H), 0.65 (s,
	3H), 0.63 (s, 3H).

Analysis is in agreement with literature data

(Nat. Chem., 2013, 5, 132)

.

The mixture was stirred at reflux for 1 h. Then diethyl carbonate (12.1 mL, 100 mmol) in THF (50 mL) was added dropwise to the mixture over 1 hour. The mixture was stirred at reflux overnight, then a saturated aqueous ammonium chloride solution (500 mL) was added and the reaction mixture was extracted with diethyl ether

(2  200 mL)

. The organic layer was washed with brine (500 mL), dried over Na 2 SO 4 , filtered and the solvent was removed. Purification by recrystallization (nhexane, 500 mL) afforded tri-(4-tert-butylphenyl)methanol III-44 as a white crystalline powder

(36.4 g, 85% yield

).

1 H NMR (300 MHz, CDCl 3 ) δ 7.31

(d, J = 8.5 Hz, 6H), 7.19 (d, J = 8.5 

Hz, 6H),

1.31 (s, 27H)

.

Analysis is in agreement with literature data (Angew. Chem.

Int. Ed., 2014, 53, 9860)

.

washed with pentane (500 mL). Tri-(4-tert-butylphenyl)methyl chloride III-45 was obtained as a white crystalline powder (44.7 g, quantitative yield). 1 H NMR (300 MHz, CDCl 3 ) δ 7.31 (d, J = 8.5 Hz, 6H), 7.19 (d, J = 8.5 Hz, 6H), 1.31 (s, 27H).

Analysis is in agreement with literature data (Angew. Chem.

Int. Ed., 2014, 53, 9860)

.

1 H NMR (300 MHz, CDCl 3 ): δ 3.69 (t, J = 6.3 Hz, 2H), 3.41 (t, J = 6.6 Hz, 2H), 1.79 (qu, J = 6.6 Hz, 2H).

Analysis is in agreement with literature data

(Org. Lett., 2014, 16, 1358)

. azidopropyl-4-methylbenzenesulfonate III-48 as a slightly yellow oil

(23 g, 90% yield)

.

removed. The 1-azido-3-iodopropane III-49 was obtained as slightly yellow oil (4.2 g, quantitative yield) and used immediately in the next step due to its instability.

1 H NMR (300 MHz, CDCl 3 ): δ 3.46 (t, J = 6.3 Hz, 2H), 3.27 (t, J = 6.6 Hz, 2H), 2.06 (m, 2H).

Analysis is in agreement with literature data

(Org. Lett., 2014, 16, 1358)

.

water (100 mL) was added and extracted with DCM (4  50 mL). The organic phase was dried over Na 2 SO 4 and the solvent was removed. Purification by column chromatography (SiO 2 , petroleum ether/DCM 7:3 v/v) afforded the azide trityl stopper III-50 as a white solid (5.8 g, quantitative yield).

Analysis is in agreement with literature data. (J. Am.

Chem. Soc. 2006, 128, 2186.) 

  ) were dissolved in a dry degassed 1:1, v/v, chloroform/methanol mixture (2 mL) and stirred at room temperature for 1 hour. Tetrakis(acetonitrile)copper(I) hexafluorophosphate (82 mg, 0.22 mmol) and DIPEA (0.07 mL, 0.44 mmol) were then added and the reaction mixture was stirred at 50 °C for 1 week. The crude was isolated upon addition of 1M aqueous potassium cyanide solution (2 mL) and extraction with ethyl acetate (5  1 mL). The organic layer was dried over MgSO 4 , filtered and the solvent was removed. Purification by column chromatography (SiO 2 , DCM/MeOH, 95:5, v/v) afforded III-52 as a dark green solid (85 mg, 60% yield).

	Tetrakis(acetonitrile)copper(I) hexafluorophosphate Barbiturate-containing BF 2 -chelate azadipyrromethene thread III-52
	Hexafluorophosphoric acid (60% in water, 10 mL, 113 mmol) was added dropwise to a suspension
	of copper(I) oxide (4 g, 28 mmol) in acetonitrile (80 mL) at room temperature. The solution was
	stirred for 5 minutes at room temperature, then filtered hot (the reaction is strongly exothermic)
	through Celite and the filtrate was cooled at -20 °C overnight. The white precipitate was filtered,
	1 H NMR (CDCl 3 , 300 MHz): δ 8.41 (s, 2H), 3.28 (t, J = 6.0 Hz, 4H), 2.07 (m, 4H), 1.53 (m, 4H). Analysis is in agreement with literature data (Org. Lett., 2014, 16, 1358). Barbiturate II-12 (29.4 mg, 0.1 mmol) and BF 2 -chelate monopropargylated azadipyrromethene III-washed with Et Elem. analysis calcd for C 8 H 12 N 4 PF 6 Cu: C, 25.78; H, 3.25; Cu, 17.05; F, 30.58; N, 15.03; P, 8.31, found: C, 25.8; H, 3.3; Cu, 16.8; F, 31.1; N, 15.1; P, 8.1 Analysis is in agreement with literature data (Inorganic Syntheses, 1979, 19, 90). 28 (124 mg, 0.22 mmol1 H NMR (300 MHz, CD 2 Cl 2 ) δ 8.14 -7.98 (m, 16H), 7.74 (s, 2H), 7.52 -7.36 (m, 12H), 7.13 (d, J

2 O (100 mL) and redissolved in MeCN (100 mL). The pale blue solution was refluxed for 5 minutes, cooled at room temperature then Et 2 O (100 mL) was added and the resulting mixture was cooled at -20 °C overnight. The pure tetrakis(acetonitrile)copper(I) hexafluorophosphate was recovered by filtration as white crystalline powder (10 g, 96% yield). = 8.2 Hz, 4H), 7.07

(d, J = 8.5 Hz, 4H), 6.96 (d, J = 8.8 Hz, 4H), 4.31 (t, J = 6.3 Hz, 4H)

.
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H NMR (300 MHz, CDCl 3 ) δ 4.72 (s, 4H), 4.52 (s, 4H),

2.37 (s, 6H).Analysis is in agreement with literature data(Organometallics, 2013, 32, 5899).

H NMR (600 MHz, CDCl 3 ) δ 8.55 (s,

2H), 8.01 (d, J = 8.1 Hz, 2H), 7.95(d, J = 8.1 Hz, 2H), 7.76 

forme de tige (le fil) qui est enfilée dans une molécule macrocyclique. Le désenroulement des deux composants est empêché par la présence de groupes volumineux aux extrémités du fil qui sont plus larges que la cavité de la bague. La rupture d'une liaison covalente est nécessaire pour dissocier le filetage de la bague. Au fil des années, de nombreuses architectures à base de rotaxane ont été développées, mais seul un faible pourcentage d'entre elles comprend des groupes fonctionnels. Des molécules photoactives à verrouillage mécanique sont présentes dans la littérature, mais seules quelques classes de chromophore UV-vis ont été exploitées et la plupart d'entre elles ont montré une faible photostabilité. Les chromophores proche infrarouge (NIR) sont une classe de chromophores photoactifs dans la région proche infrarouge (de 650 à 1350 nm). L'intérêt suscité par le chromophore NIR au cours des dernières années, en particulier pour son application biologique et médicale, en fait, dans cette région du spectre électromagnétique, les tissus biologiques sont transparents et aucun dommage aux processus biologiques ne se produit lors de l'irradiation. En outre, grâce à leur extrême photostabilité et à leur facilité de fonctionnalisation, les chélates d'azadipyrrométhène BF 2 ont également été utilisés dans le développement de chimiosenseurs, de polymères et de matériaux photoactifs, mais n'ont pas encore été exploités en tant que nouveaux blocs de construction chromophore NIR afin de développer des systèmes photoactifs molécules mécaniquement imbriquées. Le but de cette thèse est la conception, la synthèse et la caractérisation de composants électroactifs et photoactifs pour le développement de nouvelles molécules fonctionnelles imbriquées mécaniquement. Au chapitre 2, la synthèse de trois nouveaux récepteurs cycliques de type Hamilton à 31 et 35 chaînons liés par des liaisons hydrogène, comprenant tous un motif bis (2,6-diamidopyridine) et un groupe électroactif, à savoir le ferrocène ou la triarylamine, a été décrit et caractérisé par spectroscopie RMN 1 H et 13 C et spectrométrie de masse (Figure R1 et R2).
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The interactions between the cyclic ferrocene Hamilton-type receptor II-29 with barbital II-4 as guest were also studied (Figure 2.18). The titrations monitored by cyclic voltammetry showed no significant changes in the electrochemical properties of the cyclic ferrocene Hamilton-type receptor II-29 upon complexation with barbital II-4.

NMR studies

The cyclic triarylamine Hamilton receptor II-50 and his acyclic precursor II-49 were fully characterized by 1 H -, 13 C -NMR and mass spectrometry (Figure 2. 34 and 2.35).

Both of them show high solubility in most of the common deuterated solvents. High quality NMR spectra can be recorded even after few days from the preparation of the samples. In Figure 2.33, peaks at δ 6.92 (m, 4H) and δ 6. 73 (m, 4H) are the aromatic proton of the triarylamine core. The 2:1 ratio of those peaks with the aromatic peaks of the pyridine core, which are at δ 7.54 (d, 2H), δ 7.35 (t, 2H) and δ 6.15 (d, 4H), proved the formation of the acyclic receptor II-49.

The formation of the complex between the cyclic triarylamine Hamilton-type receptor II-50 and barbital II-4 was studied by UV-vis spectroscopic titration (Figure 2.36). tetrahydrofuran, the reaction mixture was stirred for 1 hour then deuterated methanol was added.

The product III-51 was obtained in quantitative yield (Figure 3.26). 

Capping approach

The capping, or threading-followed-by-stoppering, method is based upon a thermodynamically driven template effect between macrocycle and unstoppered thread. Upon formation of covalent bonds with bulky stoppering units, the supramolecular complex is converted in the corresponding mechanically interlocked molecule: the rotaxane. 206 Secondary alkyl-ammonium ions and dibenzo-24-crown-8-ether are among the most applied structural motifs for the construction of pseudorotaxanes (Figure 4.2). 207 The triarylamine-containing benzylic amide-based macrocycle adopts a chair-like conformation with both isophthalamide groups forming bifurcated hydrogen bonds (2.192 and 2.533 Å for each interaction couples) with the thread carbonyls. The triarylamine core presents C-N bonds length of 1.399, 1.438 and 1.446 Å and C-N-C angles of 113.55°, 118.71° and 120.72° (Figure 4.19).

Dimethyl 5-iodoisophthalate II-41

Dimethyl 5-aminoisophthalate II-40 (26.15 g, 125 mmol) was suspended in conc. HCl (50 mL) and H2O (50 mL), and cooled to 0° C. A solution of sodium nitrite (9 g, 125 mmol) in H 2 O (150 mL) was then added dropwise at 0° C, then the reaction was stirred at the same temperature for 15 minutes. Toluene (200 mL) and a solution of potassium iodide (42 g, 250 mmol) in H 2 O (100 mL) slowly added to the suspension. Following the addition, the suspension was stirred overnight at room temperature and afterwards heated for 1 h under reflux. The reaction mixture was cooled at room temperature, then the organic layer was separated, washed with H2O (2  200 mL) and brine (100 mL). The organic phase was dried over Na 2 SO 4 and the solvent was removed. Purification by recrystallization (methanol, 500 mL) afforded II-41 as pale yellow crystals (35 g, 88% yield).

1 H NMR (300 MHz, acetoned 6 ) δ 8.75 (s, 1H), 8.26 (s, 2H), 3.85 (s, 6H).

Analysis is in agreement with literature data (Chem. Eur. J., 1999, 5, 345).

Dimethyl 5-(N,N-Bis(4-methoxyphenyl)amino)isophthalate II-43

Dimethyl 5-aminoisophthalate II-40 (4.18 g, 20 mmol), 4-iodoanisole (14.04 g, 60 mmol), cesium carbonate (13.04 g, 40 mmol) and copper(I) iodide (760 mg, 4 mmol) were suspended in dry degassed tetraethyl orthosilicate (100 mL) and stirred at 150 °C for 48 hours. The reaction mixture was cooled and diluite with AcOEt (100 mL) and EtOH (200 mL). NH 4 F on silica gel (100 g) was added and the resulting slurry was stirred at room temperature for 5 hours. The mixture was filtered and the solvent was removed under reduced pressure. Purification by column chromatography (SiO 2 , Pet.Ether/AcOEt 9:1 v/v), followed by recrystallization (EtOH, 5 mL) afforded the desired product II-43 as yellow crystals (5.4 g, 65% yield).

1 H NMR (300 MHz, CDCl 3 ) δ 8.11 (s, 1H), 7.16 (d, , J = 8.8 Hz, 4H), 7.69 (s, 2H), 6.97 (d, J = 8.8 Hz, 4H), 3.89 (s, 6H), 3.81 (s, 6H).

Analysis is in agreement with literature data (J. Org. Chem. 2007, 72, 4974). Analysis is in agreement with literature data (Nat. Chem., 2013, 5, 132).

Diethyl 2,2-di-(1-azidopropyl)-malonate III-54

Sodium hydride (720 mg, 30 mmol) was suspended in dry THF (100 mL) and stirred for 10 min.

The mixture was cooled at 0 °C, then diethyl malonate III-53 (1.6 g, 10 mmol) was added and the reaction mixture was stirred at reflux for 1 hour. 1-Azido-3-iodopropane III-49 (5.27 g, 25 mmol) was added and the reaction mixture was stirred at reflux overnight. The reaction was quenched by addition of saturated aqueous ammonium chloride solution (100 mL) and the crude was extracted with diethyl ether (4  50 mL). The organic layer was dried over MgSO 4 , filtered and the solvent removed. Purification by column chromatography (SiO 2 , petroleum ether/ethyl acetate, 9:1, v/v) afforded the desired product III-54 as a colourless oil (2.8 g, 85% yield).

1 H NMR (CDCl 3 , 300 MHz): δ 4.18 (q, J = 7.2 Hz, 4H), 3.28 (t, J = 6.6 Hz, 4H), 1.94 (m, 4H), 1.50 (m, 4H), 1.26 (t, J = 6.9 Hz, 6H).

Analysis is in agreement with literature data (Org. Lett., 2014, 16, 1358).

Tetrabutylsuccinamide thread IV-24

Succinyl chloride IV-26 (1.55 g, 10 mmol) was dissolved in DCM (100 mL), then dibutylamine (5.2 g, 40 mmol) was added. The reaction mixture was stirred overnight then it was quenched upon sequential addition of 1M sodium hydroxide solution (100 mL), 1M hydrochloric acid solution (100 mL), water (100 mL) and brine (100 mL). The organic layer was dried over MgSO 4 , filtered and the solvent removed. The tetrabutylsuccinamide thread IV-24 was obtained as yellow oil (3.4 g, quantitative yield).

1 H NMR (CDCl 3 , 300 MHz): δ 3. 25-3.18 (m, 8H), 2.61 (s, 4H), 1.58-1.42 (m, 8H), 1.33-1.117 (m, 8H), 0.88 (t, J = 7.2 Hz, 6H), 0.84 (t, J = 7.2 Hz, 6H).

Analysis is in agreement with literature data (J. Org. Chem., 2015, 80, 10049).

Dimethyl 5-ferrocenylisophthalate IV-27

Ferrocene II-17 (10 g, 54 mmol) was dissolved in conc. H 2 SO 4 (150 mL), and stirred for 6 h.

Meanwhile, dimethyl 5-aminoisophthalate II-40 (3.7 g, 17.5 mmol) was suspended in conc. HCl (50 mL) and H 2 O (50 mL), and cooled to 0°C. A solution of NaNO 2 (5 g, 72.5 mmol) in H 2 O (10 mL) was then added dropwise at 0°C. This solution was then stirred at 0°C for 1 h, and then used immediately. The ferrocenium sulfate solution was added to ice H 2 O (600 mL) and allowed to warm to room temperature. Copper powder (5 g, 78.5 mmol) was then added. This mixture was poured onto the diazonium ion solution, with the reaction mixture being stirred at 0°C for 30 min, then allowed to warm to room temperature and stirred for 24 hours. Excess ascorbic acid (30 g) was then added, followed by DCM (1 L). This mixture was filtered through Celite and washed thoroughly with DCM. The organic layer was washed with brine (5  100 mL), dried over MgSO 4 and the solvent removed. Purification by column chromatography (SiO 2 , pentane/ethyl acetate 9:1, v/v) followed by recrystallization (EtOH, 5 mL) afforded IV-27 as orange cotton-like needles (1.25 g, 19% yield).

1 H NMR (300 MHz, CDCl 3 ) δ 8.46 (t, J = 1.6 Hz, 1H), 8.27 (d, J = 1.6 Hz, 2H), 4.77 (t, J = 1.8 Hz, 2H), 4.40 (t, J = 1.9 Hz, 2H), 4.06 (s, 5H), 3.98 (s, 6H).

Analysis is in agreement with literature data (Chem. Sci., 2012, 3, 1080).

5-Ferrocenylisophthalic acid IV-28

Dimethyl 5-ferrocenylisophthalate IV-27 (980 mg, 2.6 mmol) was suspended in EtOH (100 mL), then potassium hydroxide (728 mg, 13 mmol) and water (10 mL) were added. The reaction mixture was stirred at reflux overnight, then cooled and the solvent removed. The crude was redissolved in water (100 mL) and 10% aqueous citric acid was added until precipitation occurred. The resulting orange precipitate was collected by filtration and washed with water (50 mL). Purification by recrystallization (EtOH, 10 mL) afforded IV-28 as cotton-like crystals (949 mg, quantitative yield). Analysis is in agreement with literature data (Chem. Sci., 2012, 3, 1080). respectivement, en présence du fil 33 et de la triéthylamine comme base dans des conditions de forte dilution (Figure R10). En résumé, l'objectif de cette thèse était la synthèse et la caractérisation de macrocycles électroactifs et de blocs de construction NIR multifonctionnels, et l'application de ces composants à la construction de [2]rotaxanes fonctionnels a été montrée. Des améliorations de la synthèse de blocs de construction polyvalents, parallèlement aux molécules macrocycliques électroactives et aux composants «cliquables» NIR ont également été rapportées. Cette thèse se veut un point de départ solide pouvant mener à la construction de molécules photoactives et électroactives à verrouillage mécanique.

Titre : Synthèse de macrocycles et rotaxanes électroactifs Résumé : Le développement d'architectures moléculaires enchevêtrées (rotaxanes) est un sujet d'actualité en chimie supramoléculaire. Cette thèse examine la synthèse multi-étape de sous-unités de rotaxanes, notamment de composants macrocycliques électroactifs, et leur assemblage dans des structures moléculaires imbriquées. De nouveaux cycles à 31 et 35 chaînons à liaison hydrogène comprenant un motif récepteur bis (2,6-diamidopyridine) et une unité électroactive, à savoir du ferrocène ou de la triphénylamine, ont été synthétisés. Ces macrocycles ont été analysés par voltampérométrie cyclique, analyse par diffraction des rayons X sur cristal unique, ainsi que par spectroscopie RMN et spectrométrie de masse. Les interactions hôte-invité avec un acide complémentaire 5,5'-diéthylbarbiturique (Barbital) en tant qu'invité modèle ont également été étudiées par titrage spectroscopique par absorption électronique et RMN 1 H. Les affinités de liaison étaient corrélées à la structure moléculaire. Des approches pour former des [2]rotaxanes, notamment en utilisant une réaction de matrice métallique active, où l'ion métallique joue le double rôle de matrice et de catalyseur, sont décrites. En particulier, les réactions de couplage de Huisgen ainsi que de Glaser catalysées au cuivre(I) ont été utilisées avec des bouchons de volumes variés. Dans une deuxième approche complémentaire de type "attache" de la formation de rotaxane, l'anneau électroactif a été formé directement entourant le composant de filetage servant de modèle. Cette méthodologie a permis d'obtenir deux [2] rotaxanes inédits via une réaction de "clipping" à cinq composants assistée par matrice, l'un des rotaxanes intégrant deux unités de ferrocène, tandis que l'autre comprenait deux unités de type triphénylamine. Les études de diffraction des rayons X sur cristal unique ont confirmé le caractère imbriqué des assemblages.

Mots clés : Synthèse organique, récepteurs de type Hamilton, macrocycles, ferrocène, chimie supramoléculaire.

Title: Synthesis of electroactive macrocycles and rotaxanes

Abstract : Development of interlocked molecular ring-on-thread architectures (rotaxanes) represents a central current topic in supramolecular chemistry. This thesis considers the multi-step synthesis of rotaxane subcomponents, notably electroactive macrocyclic components, and their assembly into interlocked molecular structures. Novel hydrogen-bonding 31-and 35-member rings comprising a bis (2,6-diamidopyridine) receptor motif and an electroactive unit, namely ferrocene or triphenylamine, were synthesized. These macrocycles were analyzed by cyclic voltammetry, single crystal X-ray diffraction analysis, as well as NMR spectroscopy and mass spectrometry. Host-guest interactions with a complementary 5,5'-diethylbarbituric acid (Barbital) as model guest were also studied by electronic absorption and 1 H-NMR spectroscopic titrations. Binding affinities were correlated to molecular structure. Approaches to form 2rotaxanes, notably by employing an active metal template reaction, where the metal ion plays the dual role of template and catalyst, are described. In particular, the copper(I)-catalyzed Huisgen as well as Glaser coupling reactions were employed with a variety of bulky stopper groups. In a second complementary "clipping"-type approach to rotaxane formation, the electroactive ring was directly formed encircling the templating thread component. This methodology yielded two further novel [2]rotaxanes via a template-assisted five-component clipping reaction, one rotaxane integrating two ferrocene units while the other comprised two triphenylamine-like units. Single crystal X-ray diffraction studies confirmed the interlocked nature of the assemblies.