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Since several years, many efforts have been focused on the synthesis and modification of multi-responsive molecular systems due to their large involvement in numerous applications fields as molecular logic gates or high-density optical memories. [1] In fact, the use of one switchable unit on a chemical compound can lead to two different states upon exposure to stimuli. Moreover, the use of multi-component molecular systems (two or more switches) can enhance the number of metastable states.

The common strategy for developing such systems consists in connecting different type of molecular (electro, photo or acido) switches through covalent links. However, two challenging issues have been identified as (i) synthesis difficulties to achieve these systems in order to obtain a synergetic effect between constitutive units and (ii) the difficulty to address selectively and in a controlled way the individual units, especially when the stimulus is light.

Complementary to this first approach, the use of a unique multimodal switchable unit that can be interconverted from one state to another by using indifferently several kinds of stimulations can participate to circumvent some of these difficulties. Within context, indolinooxazolidine moieties (generally referenced as BOX) represent a recent and still confidential class of promising switches. Indeed, those units appear acido, photo and, as more recently demonstrated, electro-stimulables when associated to a pi-conjugated system. Moreover, in addition to their interest as multimodal molecular switches, the structural changes, upon stimulation of BOX derivatives, also allow NLO-phores properties potentially interesting for various applications such as optical communication, biomedical applications and material science to name a few. [2] Unfortunately, most of the molecular systems based on BOX unit can present only two different levels due to the opening/closure of the oxazolidine ring. Following the classical approach, in order to increase the number of metastable states, the unit have already been connected with other photochromics such a DTE. Following this strategy, even if up to 13 different states have been characterized, the difficulty to obtain an efficient and selective addressability of all constitutive units has been underlined.

In this context, the objective of this thesis is to design multi-responsive molecular systems incorporating at least two BOX units and to study the possibility to address selectively one of these switchable units upon stimulation by light, acid or electron. Thus, this research work consists in assembling, by covalent linkage or coordination chemistry around a central platform, several identical BOX units in order to obtain a multi-level molecular system allowing to modulate a molecular property over more than two discrete levels. Besides an easier synthetic access to the molecular systems (first issue), the "all-in" and "step-wise" commutation modes will be obtained by playing on the nature of the stimulation (second issue).

As a consequence, this thesis manuscript is organized as follow.

After an introduction dealing with the general principle of molecular switches, the first chapter is dedicated to an overview of the reported multiadressable molecular systems especially these based on BOX unit. The two following chapters report our efforts in the design, elaboration and switching abilities of BOX multimer beared by a common organic platform in order to increase the number of metastable states. These research works were organized following two main strategies.

The first one concerns the elaboration of pure organic systems incorporating only two BOX units connected by a linear aromatic spacer, such as bithiophene and EDOT-Thiophene-EDOT systems. The work done to study the commutation ability of the systems upon stimulation, and the influence of the nature of the aromatic linker are reported. In addition, the modulations of their nonlinear optical (NLO) properties upon stimulation are reported as well in chapter 2.

General introduction

Considering these BOX-dimers as a proof of concept, this idea has been extended to more elaborated systems bearing three BOX units. These compounds use as central organic cores phenyl, triphenylamine and tris (4-(thiophen-2-yl) phenyl) amine as C3v symmetry systems. In addition, as a first try to promote the opening of each BOX system in a controlled way, a triphenylamine node has been connected to three BOX through 3 different conjugated systems. All syntheses and characterizations are presented in chapter 3.

Beside this pure organic approach, the connection of several BOX units using a central metal ion thanks to coordination chemistry has been explored. As consequence, the fourth chapter relies on the synthesis and characterization of several nitrogen ligands such as classical pyridine, bipyridine, phenanthroline and imino pyridine moieties functionalized by at least one BOX unit.

Finally, chapter five is dedicated to the syntheses and preliminary characterizations of various complexes involving zinc and ruthenium metals and ligands synthesized in chapter 4.

Noteworthy, the chapter ends with the luminescent measurements of one ruthenium complex what paves the way to possible new experiments.

For better clarity, the organization of the studies undergone during this thesis and reported in this manuscript can be resumed by the following figure.

Chapter 1: Introduction to multilevel and multi-modal molecular switches I). Molecular switches: Generalities and application fields

Molecular switches are compounds that are able to convert between one distinguishable form and another one on exposure to an external stimulations such as: light, [1,2,3] electricity, [4] pH, [5] temperature, [6] electrochemical stimulation [7] to name a few. Such kind of switching molecules, in which each meta stable state displays different physico-chemical properties, have gained a lot of interest. [8] In particular, they have generated a large degree of interest in material science due to their potential applications in the field of optical memory devices, photoswitches and future use in molecular electronics and nanomachinery (highlighted by the 2016 Nobel Prize in Chemistry awarded to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Ben L.

Feringa). [9] The working principle of such a simple switch is illustrated in figure 1, where "A"

and "B" represent the two different states of a bistable system. Among this context, a lot of molecules were designed and studied. In particular, the evolution of their optical, [10] photophysical [11] or redox behaviors [12] were studied upon reversible stimulation between the A and B states. Moreover, molecular switches offer a very advantageous avenue for a wide-range of interconnected fields. Faster data processing and high-density data storage technologies are in development. In fact, these switching systems are analogous to the bits of information which are currently used for data storage, the isomers ground states "on" and "off" can be often interpreted in terms of 1's and 0's. Indeed, as classical technologies read bits of information in UV-Visible light as a non-destructive readout method. Then, the processing of "reading" the data occurs via evaluation of spectral changes near the absorption bands corresponding to the two isomer states.

Depending on the nature of the stimulation generating optical changes, corresponding molecules/materials are considered as: thermochromic, [13] heliochromic, [14] tribochromic, [15] piezochromic, [16] acidochromic, [17] photochromic, electrochromic [18] (…) systems. In our concern, we have mainly focused our interest on acido-, photo and electrochromic systems in which the reversible transformation of a chemical species between A and B state is induces through an acidic treatment, a light irradiation and an electrochemical stimulation respectively (Figure 2). Chemical structures of 4'-hydroxyflavylium ion, [19] , diarylethenes (DAE) [20] and viologens [21] acting respectively as examples of acidochromic, photochromic and electrochromic systems respectively.

As an uncountable number of structures capable of operating as molecular switches are identified, the next sections provide a rough summary of the most well spread acidochromic, electrochromic and photochromic units.

Chapter 1: Introduction to multi-level and multi-modal molecular switches 13 A. Acidochromic molecular switches.

Acidochromism characterizes the propensity of a compound to change color during a pH variation. This modification in the position and intensity of the UV-Vis absorption band is due to a structural change upon acid/base stimulation. Among that, a lot of species can be considered as acidochromic molecular switches. As examples, pH-indicators, which color change depending on the pH, due to proton catching/release, are probably amongst the older and most known switches. Phthalides (subdivided in the two different types, such as phthaleins and sulfophthaleins in scheme 1) can certainly be considered as the main chemical class of technically important pH-sensitive dyes with the triarylmethines and fluoranes. [22] Nevertheless, several other major chromophores can undergo useful color changes on protonation such as neutral examples azo and styryl dyes. [23] Scheme 1. Two types of Phthalides dyes used as pH-indicator.

However, phenolphthalein is a typical organic pH indicator that can be found in different states as shown in scheme 2. More specifically, in highly acidic solutions (pH < 0), phenolphthalein is present as a red carbocation. In a pH range from 0 to 8.2, Phenolphthalein transforms to a colorless lactone. By adding a base, the lactone ring opens, a water molecule splits and a quinone ring is formed inducing an enhancement of the size of the pi-conjugated system. Due to a bathochromic shift, the generated compound appears then pink. For this state two mesomeric isomers describe the bonding situation. Finally, in high alkaline media

Chapter 1: Introduction to multi-level and multi-modal molecular switches 14 phenolphthalein forms a colorless trianion. This special case where the protonated form and the conjugated base present different colors is called acidochromism [24] . Moreover, as shown in scheme 2, the commutation among the different states are almost quantitative and reversible.

These barely decompositions of the compound during the processes have participate to the its commonly uses as indicator in laboratories during acid-base titrations until it was classified as a carcinogenic substance. [25] Scheme 2. Different states of phenolphthalein.

Following acidochromic systems, a lot of other molecules can be considered as photochromic switches due to the mechanism involved in the commutation process.

B. Photochromic molecular switches.

Molecular switches that interconvert between metastable states A and B under the influence of light are said to be photochromic. These systems, in solution or even in condensed phase, undergo rapid and reversible transformations or generate differentiated isomers when irradiated with light of a suitable wavelength. [20,26] Chapter 1: Introduction to multi-level and multi-modal molecular switches 15 If photochromic materials are known since antiquity (one say that Alexander the great armies coordinate their troops with photochromic bracelets), [27] the scientific story of molecular photo-switches only starts on the nineteenth century. In fact in 1867, Fritzsche has reported the bleaching of an orange solution of tetracene under sunlight and the regeneration of its initial color in the dark. [28] A few time later, in 1876, [29] Ter Meer observed a change of color of potassium salt of dinitroethane in the solid state from yellow in dark to red in daylight.

Following this, other examples were investigated by Phipson and Markwald, [30,31] as the first daylight/night depending observations of the change of color from white to black of a gate post painted with a zinc pigment (mixture of ZnS and BaSO4). Also interested, as others, by these phenomena, Hishberg suggested in 1950 the term of "photochromism" which comes from the Greek words: Phos (light) and chroma (color) to describe his observations. [32,33,34] Among all kinds of stimulation, light is also particularly effective in its ability to spatially and temporally induce structural and functional changes in molecules and materials while at the same time having the potential to be non-destructive. [35] Photochromism, as mentioned before, denotes the light activated reversible transformation between two chemical species, which can display absorption spectra that are not only different but also readily distinguishable (Figure 3). [36,37] Thus, the molecular structure and function of these molecules changes upon irradiation and, if incorporated into functional systems such as polymers, can cause drastic changes in the bulk properties of the compound by responding almost instantaneously to external stimuli at a molecular level. [26] Chapter 1: Introduction to multi-level and multi-modal molecular switches In general, photochromism can take place in both inorganic and organic compounds, as well as in biological systems. [38] Among that, many inorganic compounds can be cited, as metal oxides, alkaline earth sulfides, metal halides and some transition metal compounds known to exhibit photochromic properties. [39] As example, we can cite the silver halides which represent a well-known photo-responsive inorganic family used for the fabrication of photochromic lenses. [38,40] Furthermore, some natural minerals exhibit photochromic properties such as hackmanite as shown in figure 4. Photochromic behavior of hackmanite mineral. [38] This kind of mineral is a well-known variety of sodalite (Na8Al6Si6O24Cl2) that undergoes a quick fade away initially from violet to colorless upon exposure to visible light.

The original color can then be regenerated by two different ways, slowly in dark or quickly upon exposure to ultraviolet light. [38] Chapter 1: Introduction to multi-level and multi-modal molecular switches 17 In this context of this thesis, these inorganic systems are out of the scope of this manuscript. For this reason, we have focused this general presentation of photochromic system on organic switches which represent the most part of the reported studies. Indeed, impressive number of various organic systems was reported in numerous application fields.

Due to this, several classifications have been proposed based on the mechanism involved during their photo-commutation.

In first one, two categories were defined depending on the thermal stability of the photogenerated meta-stable state. When the reversible back reaction can be thermally induced, one speaks about T-type photochromic compound. Alternatively, if the meta-stable state appears thermally stable and the back reaction can only be photo-chemically induced, the derivative is considered as a P-type photochromic compound.

Beside this later, a second classification based on the nature of the involved photochemical process is generally adopted. Following that, several photochromic unit families were listed such as cis-trans isomerization, photocyclization, heteroleptic bond cleavage and cycloaddition to name few. [41] If countless structures were reported, it can be noticed that the large majority of the studies are focused on azobenzenes, [42] diarylethenes [43] and spiropyrans [44, 45] which are detailed below.

B.1. Azobenzene photochromic unit.

The first azo-dye was synthesized by Martius in 1863. Only one year later, Griess described the coupling reaction of diazonium compounds. [46] This important discovery opened the way to the azo-dyes development, the most important and versatile group of colored organic compounds used as dyes and pigments [47] . Generally referenced as azobenzene, the general structure of these compounds can be resumed to two phenyl units (or aryl substituents) linked by N=N double bond. Considered as structural analogs of stilbenes, [48,49] these compounds differ by their photophysical behaviors (scheme 3).

Scheme 3. Photoswitching of azobenzene (top) and of stilbene (bottom).

At the opposite to stilbenes, the observation of the Trans/Cis, or E/Z, photoconversion on azobenzene firstly reported by Hartley in 1937, [50] doesn't require the presence of some substituent on the phenyl ring in order to avoid undesired subsequent 6 π electrocyclization. [51] Indeed, the stilbene irradiation, leads to dihydrophenanthrene which, in presence of oxygen or some oxidant, is irreversibly and quickly transformed in phenanthrene (scheme 3).

Generally carried out by a UV light irradiation (340-380 nm), [52] the reversible E-Z isomerization of azobenzene induces a large change in spatial geometry (3A ̊) and dipole moment. [53] It represents one of the simplest ways of converting photon-energy into mechanical motion. [54] Concerning the back conversion from Z to E-isomer, it can be carried out by irradiation using visible light (scheme 3) or by a thermal isomerization process. Within this context, the thermal stability of the Z-isomer of azobenzene switches can be regarded as both a disadvantage and an advantage depending on the chosen application.

The switching characteristics such as irradiation wavelength, quantum yield and thermal stability can be controlled through the substituents grafted on the azobenzene [39,55,56,57] . As example the introduction of fluorine atoms on the ortho positions allows to strongly displace Chapter 1: Introduction to multi-level and multi-modal molecular switches 19 irradiation wavelength to visible range (λ > 500 nm) and increases the thermal stability of the Z isomer. With a half-life of ca. 700 days at 25 °C, this system can be now considered as a P type photochromic system where the back conversion (Z→E) is induced by light irradiation at 410 nm. [58] More generally, the introduction of electron withdrawing groups (EWGs) at the para-position such as an ester function results in an enhancement of the ratio in photostationary states (PSS (E →Z) 90% with λ > 500 nm and PSS (Z→ E) 97% at 410 nm). [58] These differences of switching characteristics are related to the variation in terms of energy of the n→π * bands for isomer. Indeed, Hecht and coworkers have demonstrated that the introduction of EWGs on the ortho and para positions decreases repulsive interactions between nitrogen lone pairs in Zisomer and, as consequence, increases its thermal stability. [58] As mentioned above, the photo-isomerization leads to important geometrical changes such as length, angle, volume and polarity. As a consequence, both isomers of azobenzene exhibit very distinct physico-chemical properties. [59] This large modulation of its molecular properties associated with its easy tunable and high fatigue resistance [56] make azobenzene a candidate of primer choice for the development of photo-responsive molecular materials and devices. As consequence, numerous reviews were dedicated to the chemistry of azobenzene derivatives and to their various application fields. [60,61,62,63,64,65,66,67] B.2. Diarylethenes.

Among the numerous photochromic units reported so far, diarylethene (DAE) represents another well-studied family in which the first example of a reversible photochromic reaction was described by Irie and Mohri in 1988. [51] The design of this system was inspired by the photo-reactivity of the cis-isomer of stilbene leading to the phenanthrene (see scheme 3). By substituting positions 2 and 6 of each aryl substituent, the non-reversible elimination step is avoided and the photoinduced 6π electrocyclization becomes reversible even in presence of connected through a C=C bond. More important, to avoid the competition between C=C cistrans isomerization and the 6π cyclization process, the cis isomer is maintained by incorporating the double bond into a cycle such as: perfluorocyclopentene (A), maleic anhydride (B) or cyclopentene(C) (scheme 4). At the opposite to azobenzene derivatives, the geometrical changes between both metastable states are quite limited here, allowing observing the photocyclization even in the solid state. [68] In general, all diarylethenes exhibit in their open form a 1,3,5-hexatriene chain.

According to the Woodward-Hoffman rules [36] based on the symmetry of π orbitals, the electrocyclization reaction is conrotatory if photoinduced. Upon irradiation with UV-light, [43] the colorless open structure undergoes a cyclisation leading to a corresponding 1,3cyclohexadiene generally referenced as closed form. Due to the increase of the conjugation of the π system over the molecule, this cyclization leads to an impressive bathochromic shift of the maximum absorption wavelength. Indeed, as the structure of the open form appears nonplanar (steric hindrances between the aryl groups and free rotation between ethylene bridge and Chapter 1: Introduction to multi-level and multi-modal molecular switches 21 aryl terminations), which leads to two isolated conjugated systems on each side of the ethylene bridge. On the other hand, the closed state resulting from the photo-cyclization leads to a planar central diarylethene moiety via the formation of a central carbon carbon bond which allows the formation of a π conjugated system that covers the entire system. Furthermore, the closed form is usually thermally stable and can be converted back to the open one by irradiation with visible light (scheme 5). Irie and co-workers proposed that the thermal stability is dependent on aromatic stabilization in the ring open form. [69] Noteworthy, compared to stilbene systems, which contain phenyl rings, most DAE switches, which exhibit two thiophene rings, present spectroscopic signatures generally red shifted. Beside the electronic effects mentioned above, it is important to notice that the efficiency of the photocyclisation is also strongly influenced by the geometrical organization of the open form. Indeed, absorption spectroscopy studies [70] and NMR analyses [71] have shown that two different conformers have to be considered for DAE under their open form. In fact, the latter can present a parallel (scheme 6, left) or an anti-parallel conformation (scheme 6, right). Nevertheless, only this second conformer can undergoes in photo-cyclization process due geometrical restrictions (scheme 6). As DAE derivatives present high optical contrasts between their opened and closed forms whether in solution and in the solid state, associated, in most cases, with thermal stability, a lot of systems valorizing also the variation of physico-chemical properties of this motif have been designed and studied. Indeed, DAE have been used to sense photo-chemically the pKa, [72] to elaborate photo-commutable super hydrophobic surface, [73] as biological probe [74] or as molecular mechanical machine. [75] On the other hand, as DAE, some other molecules (switches) can be subject to bond change upon exposure to light as those described below.

B.3. Spiropyrans.

The spiropyrans family also represents a prominent class of photochromic switches which undergo a heteroleptic bond cleavage upon exposure to light stimulation.

The first spiropyran derivative was reported by Decker et al. [76] at the beginning of the last century and its thermochromic properties were discovered in 1926. [77,78] The photochromic properties of spiropyrans were first demonstrated by Fischer and Hirshberg in 1952. [START_REF] Fischer | Formation of coloured forms of spirans by low-temperature irradiation[END_REF] Spiropyran system, as shown by its name, presents a spiro character due to the common sp 3 carbon atom which links its two heterocyclic units: an indoline and a 2H-benzopyran moieties.

Upon UV-light irradiation, the colorless non-planar closed form of spiropyran switches to the planar open metastable state generally referenced as merocyanine (MC) form. More precisely, the photoisomerization of the spiropyran family involves an heteroleptic cleavage of the C-O Chapter 1: Introduction to multi-level and multi-modal molecular switches 23 bond between the pyran-oxygen and the spiro-carbon. [START_REF] Hirshberg | [END_REF] Consequently, the carbon hybridization is changing from sp 3 to sp 2 , and the conjugation is extended to the whole molecule. This extension of the pi-conjugated system under MC form leads to a strong bathochromic shift that changes the absorption wavelength from the UV to the visible region. [41] Generally, the introduction of a strong withdrawing group (such as NO2) on the benzene ring increases the photoreactivity by providing a stabilization of the open merocyanine form since it enhances the delocalization of the negative charge on the oxygen. If the photo-generated zwitterionic MC form can exist in either one or both of two conformations (cis or trans), only trans isomer (4) is generally observed due to an higher stability (less steric hindrance than in cis isomer). [81] Noteworthly, this merocyanine form can be also described by two mesomeric forms: a zwitterionic form and a quinoidal one. Interestingly, Rafal et al have demonstrated/proposed that only this last one was involved in the thermal back-conversion from MC to SP state through a 6 π electro-cyclisation process (Scheme 7). showing the zwitterionic and quinoid forms. [82] Generally, spiropyrans have a moderate to large quantum yield for the coloration process (Фcol). As example, the nitro substituted spiropyrans, exhibit an Фcol oscillating between 0.40 to 0.85 in methylcyclohexane. [83] The switching of spiropyrans is, however solvent dependent. Increasing polarity results in a lower Фcol and higher activation barriers to the reverse process.

As observed with azobenzene derivatives, the photo-commutation of the spiropyran leads to important geometrical changes such as length, angle, volume, but in their cases it induces a much more important variation of the polarity due to the formation of a zwitterionic form and an impressive variation of their absorption spectrum. If the observed bathochromic Anyway, spiropyrans are largely used for the development of photo-sensitive materials and continue to rise interest as demonstrated by the numerous reviews dedicated to this photochromic family and its applications. [84] Among those, one can find the classical ones such as filters, sensors, biomolecules activity regulations and lenses. [44] However, the specificity of spiropyran resides on its ability to photogenerate a high polar and hydrophilic zwitterionic MC form [85] from an SP hydrophobic "closed" isomer. As consequence, spiropyrans appear as candidates of choice for the development of specific application fields especially in the surface wettability modulation. [86] As mentioned above, light is particularly effective in its ability to spatially and temporally induce structural and functional changes in molecules and materials. However, other kinds of stimulations have attracted a large interest in order to induce a modulation of molecular properties. After the stimulation by chemical and ligth, the application of an electrochemical potential is certainly the stimulus which has raised the most of interest especially in molecular electronics due to fast response time. As consequence, we cannot finish this quick overview of molecular switches without presenting some details about the electrochromic units.

C. Electrochromic molecular switches.

The term electrochromism was first assigned in 1961 by Platt in analogy to thermochromism and photochromism. [87] Furthermore, the first electrochemical change of color dates back to 1930, when Kobosew and Nekrassow observed the electrochemical reduction of a bulk tungsten oxide. [START_REF] Monk | Electrochromism and electrochromic devices[END_REF] In general, electrochromic molecular switches are molecules that undergo a change in oxidation state, which may be accompanied by a change in their molecular structure. [START_REF] Browne | [END_REF] Chapter 1: Introduction to multi-level and multi-modal molecular switches

In fact, there are vast amount of organic materials, commercially available, and also many that can be synthesized in laboratory, with relative efficiency. As, obviously, all these derivatives are redox active, their various oxidized/reduced states also present different electronic absorption spectra. [90] As consequence, most of the redox active organic compounds that exhibit electronic transitions within the visible wavelength region are candidates for electrochromic materials. However, most of them are strongly limited by the poor stability of generated oxidized/reduced species which is the major drawback of this kind of molecular switch. If we can cite ferrocene/ferrocinium derivatives, [91] or poly-and oligo-thiophenes [START_REF] Blanchard | Handbook of Thiophene-Based Materials[END_REF] we would detail the viologen as example since it constitutes one of the most widely studied class of organic electrochromic compounds.

Bipyridylium species, and particularly "viologen" systems, represent a major group of organic electrochromes. [START_REF] Monk | [END_REF] These systems were discovered by Michaelis who observed that 1,1ʹ-dimethyl-4,4ʹ-bipyridilium, [START_REF] Michaelis | [END_REF] upon reduction, turns to violet and who named it "methyl viologen" (MV).

Generally, their synthesis is resumed as the diquaternization reaction of 4,4ʹ-bipyridine by various substituents yielding corresponding 1,1ʹ-disubstituted-4,4ʹ-bipyridylium salts. In the continuity of the seminal observation of Michaelis, many of these derivatives hold trivial non-IUPAC names often based on the "viologen" root. Noteworthy, viologen derivatives are also developed by Imperial Chemical Industries (ICI) for herbicidal use. [95] Viologen (V) exhibits three well defined redox states: A dication (V 2+ ), a radical cation (V •+ ) and a di-reduced neutral form (V 0 ), as shown in scheme 8. The dication salt is the most stable one and is colorless in its pure form. Reductive electron transfer to the dication produces a radical cation (V •+ ) which is intensely colored and highly stable among organic radicals. The strong color in V •+ is owing to the intramolecular optical charge transfer process. Indeed, most of the viologen compounds exhibit electrochromism due to their ability to form a highly colored radical cation. As discussed before, such coloration is arising from the delocalization of positive charge in the radical cation accompanied by an optical charge transfer process. Hence, the origin of the color is perhaps better viewed as an intramolecular photoeffected electronic excitation. [START_REF] Monk | Electrochromism and electrochromic devices[END_REF] Desired color can be tuned by choosing suitable nitrogen substituents, thereby attaining the appropriate molecular orbital energy levels. Simple, alkyl groups offer a blue violet coloration to the radicals. [START_REF] Mortimer | Electrochromic materials and devices[END_REF] As the chain length increases, color transforms into crimson due to the increased dimerization, as the dimer is generally red colored.

On the other hand, aryl groups such as 4-cyanophenyl usually imparts a green hue to the viologen radical cation. [START_REF] Mortimer | Electrochromic materials and devices[END_REF] Finally, the color properties of the radical cation is also strongly dependent on nature of the counter ion and the solvent used. [START_REF] Monk | Electrochromism and electrochromic devices[END_REF] Unfortunately, the viologen radical cation is very sensitive to oxidizing agents or molecular oxygen. [START_REF] Monk | [END_REF] The stability of the radical cation is governed by the delocalization of the radical electron along the π-framework of the bipyridyl nucleus, part of the charge being weakly carried by the 1 and 1ʹ substituents. [START_REF] Mortimer | [END_REF] Further reduction of V •+ gives neutral di-reduced viologens (V 0 ), decaying the intense color of radicals. The neutral form of viologen is extremely reactive, hence often termed as bi-radical. [START_REF] Monk | Electrochromism and electrochromic devices[END_REF] Studies have shown that bi-radicals are diamagnetic in the solid state and that the spins are paired. V 0 is often weakly colored as there is no optically assisted charge transfer or any accessible internal transition corresponding to the visible wavelength. [18] Chapter 1: Introduction to multi-level and multi-modal molecular switches 28 The major advantage of viologen electrochromes lies in their ease in molecular design, relatively high charge efficiency, and quick response time. Unlike inorganic materials, viologen absorption spectrum is sharp and can be located anywhere in the visible wavelength region.

Poor consistency and unexpected side reactions leading to further degradation represent the major problems of the viologen electrochromic system. Besides all the mentioned liabilities, viologens are by far the most intensively studied organic electrochromes for research and commercialization purposes. [START_REF] Monk | Electrochromism and electrochromic devices[END_REF] Concerning what we have presented before and what we have seen, we conclude that using only one switch on a chemical compound can lead at least to two different states upon exposure to a single stimulus. In order to obtain more complex systems, an obvious solution consists in combining several bistable switches in the same molecular system. Designed as multichromophoric systems, several examples reported in the literature are presented below.

II). Improvement of metastable state number (multichromophoric system)

To enhance the number of metastable states, numerous attempts to combine several switchable units in the same molecular system have been generally undertaken. Indeed, such strategy may allow synergetic effects between the properties of each constitutive unit and, as consequence, lead to increase the functionality of the resulting molecular architecture. As straightforward examples, a multi-chromophoric system which is elaborated by the combination of n switches, is potentially able to exhibit up to 2 n different states (figure 5). This strong enhancement of the metastable states number brings new perspectives to the design of molecular-scale high-density optical memory or multinary logic devices. [98,99] Chapter 1: Introduction to multi-level and multi-modal molecular switches A first approach for obtaining a multi-chromophoric system consists in connecting two or more acido-, electro-or photochromic units through covalent links. [100] A second approach consisting to merge several kind of switches could appear at first sight more promising due to a predictable better addressability of motifs by using orthogonal stimulations. However, corresponding syntheses are more challenging. Thus, even if their selective addressability poses more question, due to synthetic purposes, biphotochromic systems exhibiting two identical switches have been intensively studied. In this context, several systems based on various photochromic unit were reported such as example DHP-DHP [101,102] and bisnaphthopyrans, [103] etc… but the dimers and, by extension, the multimers of DAE unit are undoubtly the most abundant. [104,105,106,107,108] Concerning these later, it may be assumed that the photochromic state of one photochromic unit would influence the reactivity of the other when a conjugated pathway is used to link two DAE units. The closing of the second unit will be more difficult than the first one. As example, Figure 6 sums up the multichromophoric properties of the system developed by Masahiro Irie in which two diarylethene moieties are associated through a phenyl spacer. [109] irradiation at 313 nm (bottom right) [109] .

Starting from the o-o form, irradiation at 313nm allows observing the typical spectroscopic signatures of c-o (596nm, ε=13,500 M -1 cm -1 ) and c-c forms (588nm, ε=25,000 M -1 cm -1 ). Quantification of the relative quantities by HPLC/UV-vis technique (figure 6) shows that the o-o isomer completely disappeared but PSS analysis characterizes only the partial formation of c-c one. This study represents a nice example where a through bond interaction involving π-conjugation between several DTE units leads to a partial annihilation of photochromic conversion and the difficulty to obtain the full commutation of the molecular system.

In contrary, two diarylethene photochromic units behave independently when they are connected by a non-conjugated bridge. As a result, the full ring-closing commutation can be reached. [110] As example, two diarylethene photochromic units combined through a linker (fluorene derivative) logically behave independently (scheme 9). In this case, stimulation leads to the full conversion of the system and at the photostationary state, the ratio of (o-o), (o-c), and (c-c) was 0.1:3.5:96.4 respectively. [110] Scheme 9. Diarylethene dimer linked by a fluorene unit. [110] Due to the difficulty of addressing selectively one of the two identical switchable units, several examples of multi-chromophoric switching systems, incorporating two different photochromic units, have been described in the literature.

Among various examples, Michel Frigoli and Georg H. Mehl have described in 2005 a biphotochromic system based on the combination of naphthopyrans and photochemically bistable and very fatigue resistant diarylethene groups. [111] The photochromic properties of isolated naphthopyrans can be described as follow: upon irradiation (UV light) the closed colorless form in which the phenyl groups at the 3,3'-positions are linked to the photochromic core by a C-sp 3 , transforms in two isomeric open colored forms, transoid-trans (TT) which is the most stable isomer and transoid-cis (TC) the most abundant isomer [112,113,114] . As a reminder, as mentioned before, the photochemical interconversion of diarylethene takes place between two different states the open colorless form and closed colored one (scheme 10). In this context, the association of naphthopyran and diarylethene leads to a compound allowing four photochromic states (presented in figure 7) [111] where OD/CD and ON/CN refers to the open/closed status of the DTE unit and naphthopyran moiety respectively. As expected, each of four metastable states of this system presents a unique and specific UV-visible signature. Indeed, the colorless solution of OD-CN form can be converted successively to orange, pink and brown solutions upon irradiation with a wavelength suitable to induce the commutation of each photochromic unit (366 or 313 nm).

Figure 7. UV/Vis absorption spectra of the four photochromic states based on the association of naphthopyran and diarylethene followed by the colors obtained at each stationary state. [111] Chapter 1: Introduction to multi-level and multi-modal molecular switches 33 The irradiation at 366 nm induces selectively the opening of the naphthopyran allowing the commutation from OD-CN to OD-ON form translated by an orange coloration of the solution. At the opposite, the irradiation at 313nm does not induce selectively the DTE unit commutation. In fact, such UV light irradiation triggers both the ring-opening reaction of the naphthopyran but also the ring-closing of DTE which conducts to a mixture of OD-ON and CD-CN forms. The rapid thermal back conversion from OD-ON to OD-CN states should conduct to an enrichment of CD-CN in the mixture under prolonged irradiation time.

Unfortunately, the photo-induced opening of naphthopyran unit of CD-CN is also effective at this wavelength. As consequence, OD-CN state is directly converted to CD-ON under prolonged irradiation time at 313 nm (20 min) and the intermediate CD-CN can be only isolated after a subsequent thermal bleaching of the fully commutated system. As demonstrated by this example, the association of several different photochromic units can be reached out by overcoming synthesis difficulties. If a large variety of all-photon mode multichromic systems are reported, effective multi-addressable and multi-active compounds remain a minority. [100] Indeed, most of the photochromic units are addressed under UV light irradiation but they are not exhibiting sufficient absorption properties differences in this range to assure their selective photo-addressability.

This problem of selectivity between similar switchable units have drawn the research toward the elaboration of multi-responsive systems. In place of one unique mode of stimulation as for previous examples, these systems can be fully addressed by using a combination of orthogonal stimuli (photon, electron and proton). Some nice examples of this strategy are detailed below.
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III). Different types of multi-addressable units

The construction of functional molecular devices requires access to molecular components with physical properties that can be reversibly modified by applying one or more external stimuli. In this context, multi-addressable organic materials are currently an active area of research. Able to respond to several kind of stimulation, these systems will appear useful in optical computing as logic gates. [98] Among the multi-addressable molecular systems reported so far, two different kinds can be defined (Figure 8). The first category (figure 8 right) gathers multi-responsive molecular systems in which each different kind of stimulation leads to its own and distinct metastable state. Each of these states exhibiting specific physico-chemical properties, these compounds are referenced as multi-state systems and exhibit as much metastable states as stimulations.

The second category of multi-addressable systems (figure 8 left) is generally referenced as multi-mode molecular systems. Exhibiting only two different metastable states, the intercommutation between states can be carried out by using indifferently at least two different stimuli.

Multi-level molecular systems are generally elaborated by connecting different types of molecular switches through covalent links [100] or by mixing them within supramolecular Chapter 1: Introduction to multi-level and multi-modal molecular switches assemblies [115] to obtain multi-responsiveness through the combination of various stimulations (i.e., photon, electron, proton, magnetic field, etc…). As mentioned above, due to synthesis difficulties, their preparation continue to be a challenging task. [100] As example of this approach, we can cite nice examples reported by Xiao et al. in 2006 which are based on the association of diarylethene, a photochromic unit, and two imidazo [4,5-f] [1,10] phenanthroline as acidochromic ones. [116] A. Multi-level system based on diarylethene and imidazo [4,5-f] [1,10] phenanthroline.

Xiao et al. in 2006 [116] described two multi-state systems composed on a dithienylethene linked to two imidazo [4,5-f] [1,10] phenanthroline units directly through the thiophene groups.

Clearly, imidazo-phenanthrolines are not photochromic molecules: their physico-chemical properties change according to the pH of the solution. Incorporating three switchable units, these systems should lead to 2 3 different metastable states but the 8 possible states are reduced to 4 due to symmetry considerations and the impossibility to stimulate selectively only one of both acidochromic units (vide infra). All observed metastable states are presented in Figure 9. . [116] Obviously, the system exhibits a sensitivity to light and pH changes. The photoreactivity of the DTE is not affected by the presence of the phenanthroline units, and the irradiation of the Chapter 1: Introduction to multi-level and multi-modal molecular switches initial state A at 320 nm causes its photocyclisation which leads to the coloration of the solution.

Due to the good thermal stability of the photogenerated form B, the reverse reaction is carried out by irradiation with visible light (620 nm). Sensitive to pH changes, the imidazo [4,5-f] [1,10] phenanthroline can be addressed by addition of base aliquots. From that, the addition of two equivalents of sodium hydroxide from the initial state A and photo-generated B state causes the deprotonation of NH leading to state C and D respectively. With the help of 1 H NMR studies, it is possible to observe that the deprotonation is not occurring in a stepwise manner.

In fact, a quick proton exchange occurs between protonated and unprotonated substituents of the DTE.

On the other hand, the absorption spectra of the closed forms of dithienylene (B and D), appear analogous whatever the protonated and deprotonated status of imidazo-phenanthrolines moieties, which translates that the increase of the electron density of the deprotonated imidazole has no influence on the closed dithienylethenes.

If the absorption properties of the closed DTE are not strongly influenced by the status of phenanthroline, the interest of this system lies in the photochemical and chemical control of the fluorescence of the four different states. Indeed; the initial state A is the most fluorescent one. Upon the addition of base to give the C state or by irradiation at 320 nm to form the B state, the luminescence properties decrease by half. Similarly, the interconversion of the B state to D by adding sodium hydroxide leads to a further decrease in the intensity of the fluorescence.

Finally, such kind of system displays four different states where each state can be distinguished by a unique stimulation and differentiated by proton NMR. Furthermore, the phenanthroline units on this molecular system can also act as a suitable ligand to coordinate and form metal complexes with various metal ions.

Beside this classical approach consisting in the association of several kind of simple switchable units, the elaboration of multi-level molecular system can be also obtained in a more B. Multi-mode molecular switches based on Spiropyrans.

As mentioned before, spiropyran is a photochromic motif but, as introduced by Raymo and co-workers in 2001, [117] they present also acidochromic properties. Indeed, the treatment of spiropyran in acidic conditions undergoes through the protonation of the spiro-oxygen the cycle opening and geneses of the corresponding protonated MC motif (MCH + ) that can be detected by a change in the absorption spectrum: protonated MC (MCH + ) typically absorbs around 400-450 nm while MC isomer absorbs around 500-600 nm. The process is then accompanied by a variation in color. When the MC binds protons, the solution turns yellow. [START_REF] Fischer | Formation of coloured forms of spirans by low-temperature irradiation[END_REF]117,118,119,120] Addition of base to the yellowish solution of protonated MC leads to the formation of MC isomer (Figure 10). Moreover, the transformation of MC form to SP form can only be done under visible light exposure. In addition to these interesting properties, spiropyran derivatives exhibit also electrochromic property only scantly studied. Campredon et al., in 1993, [121] first described the Scheme 11. Structure of the spiropyran derivatives studied by Campredon et al. [121] In 1995, Zhi et al have suggested the possibility to induce the reversible ring opening of nitrospiropyran through a reduction pathway. [122] Indeed, upon reduction, the nitrospiropyran leads to a radical anion which shows, as demonstrated by spectroelectrochemistry, an absorption band centered at 455 nm and probably mainly localized on the pyrene moiety. More interestingly, its subsequent oxidation suggests the formation of merocyanine (MC)

characterized by an absorption band at 556 nm. From that, authors concluded that this new redox reversible process indicates that closed/open ring isomerization can be induced through an electrochemical process. In addition, the initial ring-closed form is regenerated by irradiation with visible light (scheme 12). Thus, the photo-and electro-commutatibilities of this system could find applications in multifunctional electro-optical devices. [122] Chapter 1: Introduction to multi-level and multi-modal molecular switches 39 Scheme 12. Suggested mechanism of the generation of merocyanine under the influence of electrochemistry. [122] Later new electrochemistry studies on spiropyran were performed by Preigh et al. they have explored the mechanism of oxidative process of hydroxyspiropyran and of indoline and chromene model compounds. [123] From bulk electrolysis, cyclic voltammetry and NMR spectroscopy of the oxidation product, the authors concluded that the oxidation of hydroxyspiropyran involves the transfer of two electrons to produce a radical cation (centered on the indoline moiety of the SP), which rapidly undergoes ring-opening and disproportionates to hydroquinone and quinone. In addition, the potential of the second oxidation wave at 1.05V was explained by the two-electron oxidation of the protonated compound which leads to the quinone form. This quinone undergoes a slow, water-mediated dimerization (C-O-C) as shown in scheme 13.

Chapter 1: Introduction to multi-level and multi-modal molecular switches 40 Scheme 13. Suggested mechanism of the oxidation of hydroxyspiropyran and the resulting dimerization obtained. [123] In recent studies, it has been demonstrated that the oxidation of nitrospiropyran (one electron electrochemical oxidation) can lead to oxidative C-C coupling at the para position of the indoline moieties to form the SP-SP dimer (figure 11). More precisely, in cyclic voltammetry, a non-reversible oxidation of nitrospiropyran at 1.05 V vs. SCE is attributed to fast ring-opening of the formed radical cation. [124] During the second cycle of the cyclic voltammetry two new reversible oxidation waves, attributable to the dimer generated by C-C coupling, are observed at lower potentials, namely at 0.65 and 0.83 V vs. SCE. Moreover, Feringa et al, have observed that the substitution of the position 5 by methyl group blocks the dimerization and leads to a reversible oxidation process (no opening). [125] Figure 11. Cyclic voltammetry of nitrospiropyran at a glassy carbon (GC) electrode in 1,2-dichloroethane (0.1 M TBAPF6) with the corresponding mechanism of dimerization process. [125] As we can see, a single switchable unit can present multi-responsiveness. In the case of spiropyran and spiroxazine, their stimulation by different stimuli (photon, electron and proton) leads to different metastable states and paves the ways for the elaboration of simple multi-level molecular systems.

At the opposite, the elaboration of multi-mode systems requires some switchable unit which can undergo the same commutation between two forms by applying different stimulations. Among all photochromic families, few systems are known to exhibit such switching ability. To the best of our knowledge only DTE and indolino-oxazolidine units are able to commute between two identical forms by using indifferently at least two different kinds of stimulations such as example light or electrochemical potential. As consequence, these multimodal switchable units are presented in the next section.

IV). The DAE as a multimode switchable units

The DTE derivative represents a very well-known switchable unit recognized to exhibit very interesting photochromic performances (see section I.B.2). Moreover, the opening/closure of the DTE can be also induced by the application of an electrochemical potential. Less studied than their photophysical properties, their electrochromic behavior is summarized here in order to highlight their multimodal switching abilities.

In addition to their photochromic properties and as mentioned before (vide supra), diarylethene derivatives exhibit also electrochromic properties. Within this context, the redox switching of dithienylethene was first described by Kawai [126] in 1995 and later by Branda and co-workers. [127] According to literature and early studies, the nature (opening or closure) of the electrochemical switching of dithienylethene appears highly dependent on both substituents on the thienyl rings and on the nature of the central alkene. Following this idea, Feringa and

Browne have written a series of publications reporting the influence of the nature of the bridge as well as the effect of thienyl substituents. [128,129,130] Indeed, cyclic voltammetry of symmetrical dithienylethene connected by different cyclopentene units (perhydrocyclopentene (1o) and perfluorocyclopentene (2o)) reveals "opposite" electrochromic behaviors. More precisely, in the case of the perhydro DTE (1o), when cycling towards positive potentials, an irreversible two-electron oxidation wave is observed at 1.2 V vs SCE (figure 12). On the return sweep two well resolved reductions are observed at 0.7 and 0.4 V. These two new and reversible redox processes were assigned to the two oxidation states of the closed form leading to 1c + radical cation and 1c 2+ dicationic species.

As consequence, the authors conclude that oxidation of the open form 1o leads immediately to the ring closing of the DTE (from 1o to 1c) which undergoes at this potential two successive oxidation processes to form corresponding dicationic closing form 1c 2+ . However, the authors mentioned that the formation of 1c state can reasonably follow two different mechanisms through a monocationic state or via a dicationic state (scheme 14) depending on the experimental conditions. dichloromethane at a scan rate of 0.1 V. s -1 at glassy carbon electrode (GCE). [128] In contrary, using perfluorocyclopentene (an electron withdrawing group) as linker, results in loss of the electro-induced (by reduction) ring closure process translated on a CV by the absence of new signal at lower potential (figure 12). To restore it, donor or electroactive substituent have to be introduced on the thienyl position 5 such as example chloro, methoxyphenyl, [128,129] N-methyl-pyridinium [131] to name few.

On the other hand, the substitution of perhydro-by perfluorocyclopentene bridge can also change the direction of the electrochemical switching. As mentioned above, the oxidation of 1o will lead to the closure of the DTE. At the opposite, the oxidation of 2c leads to the ring opening and leads after immediate reduction to 2o due to the higher oxidation potential of this later.

Thus, at the opposite to their almost universal photochromic behavior, the electrochemical switching of the DTE is strongly affected by the nature of the central core and by the thienyl substituent. However, the possibility to induce the opening and/or the closure of the DTE under electrochemical stimulation stays up to now less explored than their photochemical switching. Nevertheless, the versatility of DTE as multi-modal switchable unit shows considerable promise for the development of future applications such as novel modified electrode surfaces in which both light and electrochemical potential can be used as triggers.

Compared with DTE, indolino[2,1-b]oxazolidine derivatives are a relatively confidential sub-class of multi-modal addressable units known to display photo-, acido-and electrochromic performances. [132,133,134,135] 

V). Introduction to Indolinooxazolidine (BOX) as a nice multimode switch

Among the huge number of molecular switches, indolinooxazolidine is a recent and still confidential class of promising switches which have been firstly reported in a patent in the based on styryl compounds. [136] Structurally, indolinooxazolidine (referenced as BOX) is

characterized by the fusion of a 2,3,3'-trimethylindoline group with an oxazolidine heterocycle (scheme 15). In fact, the success of such kind of molecular switch doesn't lie only on its easy synthetic accessibility, but is also due to its interconversion from one state to another under the influence of different stimulations. conjugation is now extended to the whole molecule. As consequence, a bathochromic shift of the absorption band is observed especially when the associated pi-conjugated system bears a donor group. In this case, the open form of the system behaves as a classical push-pull system characterized by a large and intense charge transfer absorption band in the visible range. These chromogenic properties of the open form were first noticed by Hayami and Torikoshi in 1976, [137] who have patented 83 members of functionalized indolino-oxazolidine.

The acidochromic properties of indolinooxazolidine derivatives are known for a long time and are certainly their most known properties. Photochromic ones have been described in the late 90's by Petkov and collaborators [135] as electrochromic behavior of BOX derivatives 

Scheme16. Synthesis of the first indolinooxazolidine derivative.

Used generally to prepare spiropyran with pendant alcohol function, [START_REF] Zaitseva | Preparation of N-methacryloylhydroxyethyl derivatives of indoline spiropyrans[END_REF] this synthon is still the corner stone of all described BOX syntheses. It can be prepared at multigram scale in two successive steps by alkylation of the corresponding indoline derivative with 2-iodo or 2bromoethanol and subsequent treatment of the resulting indoleninium salt by a base. The functionalization of the BOX derivative in position 5 and 7 requires then to prepare corresponding substituted synthon which can be carried out easily (Scheme 17) thanks to the Fischer indole synthesis [139] and the commercial availability of numerous substituted phenylhydrazines.

Scheme 17. Synthesis of indolinooxazolidine derivatives.

As mentioned above, all BOX derivatives are prepared from 2,3,3trimethylindolino[2,1-b]oxazolidine derivatives due to their efficient condensation on a large variety of aromatic aldehyde and nitroso derivatives. However, this latter is not considered as the reactive species. In place, the proposed mechanism [41] refers to the nucleophilic attack of aldehyde and nitroso by the corresponding Fisher's base arising from successive tautomeric equilibria as resumed below (scheme 18).

If the reaction is identical, different set of experimental conditions are reported (protic and aprotic solvents, acid or basic catalysis). However, most examples report the use of boiling alcoholic solvents without any additives and give satisfactory yields. [START_REF] Sevez | Conception, synthèse et étude de nouveaux switches multimodulables[END_REF] Recently, a more efficient procedure was reported in our group at MOLTECH-Anjou. Performing the reaction in solvent-free conditions in the presence of commercial silica gel, allowed reducing drastically the reaction time from several days in classical conditions (boiling ethanol) to only 10-15 minutes. [141] Obviously, this new synthetic procedure allowed the quick preparation of large panel of BOX derivatives, but more important, the later permits the preparation of some BOX derivatives unreachable with other routes by an enhancement of the reactivity of both reactants.

Chapter 1: Introduction to multi-level and multi-modal molecular switches 50 For example, ferrocenecarboxaldehyde does not react in solution with trimethylindolinooxazolidine, and no trace of the compound issue from their condensation is observed after several days even under more forcing conditions (100°C, tert-butanol, sealed tube). At the opposite, the silica mediated synthesis provides the targeted dyad in 57% isolated yield after 10 minutes (scheme 20). Concerning what we have seen, indolinooxazolidine (BOX) can be easily prepared in four steps without the need of any additives (inert atmosphere and distilled solvents) from commercially available phenyl hydrazine. Moreover, a lot of structural modifications can be envisioned by playing on the substitution of the BOX and of the aromatic part. After this overview concerning the limitation and outlook on BOX synthesis, their interesting commutation properties will be described in the following part.

VI). Commutation behavior of Indolinooxazolidine (BOX)

As mentioned earlier, the opening/closure of the oxazolidine ring of BOX derivatives can be induced under stimulation of the system by using indifferently protons, photons and even presents a high dipolar moment and as a consequence will be more stabilized by strong solvation, especially in polar solvents compared to the closed form (CF), which is destabilized in such solvents.

In 1976, [137] Hayami and coworkers reported the strong solvatochromism of a BOX derivative incorporating in position 2 a phenyl group substituted by a dimethylamino termination. Noteworthy, its maximum wavelength is not varying continuously between 298 and 550 nm depending on the nature of the solvent as clarified and shown in figure 13. This Concerning the BOX acidochromic properties, they have been reported at the end of the last century. Indeed, the possibility to displace the equilibrium between the colored and colorless forms by modification of the environment acidity (pH) was reported by Bartnik et al. in 1990. [START_REF] Bartnik | [END_REF] Among that, the addition of acid from the initial colorless or weakly colored closed form leads to the protonated and colored open form. Unlike the zwitterionic form (OP form), the cationic (POF form) is thermally stable and can be kept for several days without significant degradation. On the other hand, the discoloration of the solution and return to the original form are ensured by the addition of base (scheme 21). Zhang et al. [144] have described in 2013 a new multi-responsive system based on the association of an indolino-oxazolidine motif as switchable unit with a tetraphenylethylene (TPE) moiety known to display remarkable aggregation-induced emission (AIE) effect. [145] Depending on the open/close status of the BOX, this system shows a tunable multi-emission in both solution and solid state. In this context, the reversible interconvertion (CF vs POF) of this system was controlled under the use of acid and base. As a consequence, the addition of hydrochloric acid on the CF form leads to the decrease of its absorption peak at 323 nm and to the generation of a new internal charge transfer (ICT between TPE and indoleninium units)

absorption band centered at 453 nm corresponding to the open protonated form (POF). Strictly, the reverse back process was realized by treating the system with a sodium hydroxide solution (figure 14). . [144] B. Photochromic properties of Indolinooxazolidine.

Few years later after the demonstration of their acidochromic properties, Petkov et al.

were the firsts, in 1998, to highlight the photochromic properties of two BOX derivatives (A and B (figure 15). [135] In both cases, the irradiation at 254 nm of corresponding closed forms in solution leads to coloration translating the formation of the zwitterionic form due to the oxazolidine ring opening. UV-vis absorbance spectra of compounds A and B after photo irradiation. [135] Unfortunately, the closure of the system could only be promoted by visible light in the case of compound B. Otherwise the closed form can be restored by the treatment of basic media or heating of the irradiated sample in all cases. [146] Unfortunately, they also report that a

photodegradation of the open form was observed after a long time of irradiation that prevents the full reversibility of the system.

More important, the efficiency of the photoinduced oxazolidine ring opening is strongly affected by the nature of the solvent employed and can be greatly improved by the presence of photosensitisizer. Indeed, this study demonstrated that the opening through the C-O heterolytic bond cleavage of the close form occurs more efficiently in ethanol (stabilization by hydrogen bonding) and in chlorobenzene (used as photosensitizer) than in acetonitrile.

C. Electrochromic properties of Indolinooxazolidine.

Recently, in 2015, a detailed study, focused on the electrochemical behavior of indolinooxazolidine units, has been published by Alévêque and coworkers. [134] By studying a small library of 2,3,3-trimethyindolino-oxazolidine derivatives differently substituted, they have highlighted the strong influence of the nature of the substituent in position 5 on their electrochemical behavior. Properly, as in all cases a monoelectronic oxidation process was observed, standard potentials (a 600mV shift is observed from R=CHO to R=OMe) and stabilities of the corresponding radical cations were strongly affected by the nature of substituent. In fact, radical cation bearing a MeO or F are stable while substituted ones by Me or CHO undergo an irreversible oxidation process (figure 16). [134] The authors demonstrated that the instability of the generated radical cation is related to the oxazolidine ring opening which leads after a H-atom transfer from the media to the corresponding indoleninium form.

Nevertheless, no clear trend of the inductive or mesomeric effects of substituents in position 5

on the kinetic constant of this chemical process was observed.

Surprisingly, the electrochemical behaviors of naked compound or one bearing a Br atom differ strongly from others. If their cyclic voltammogram reveals also a non-reversible oxidation peak, on the return sweep a new quasi-reversible wave is observed at 0.39V. The emergence of this new redox system is explained by the involvement of the radical cation in a C-C oxidative coupling in place of oxazolidine ring opening process (figure 16).

To summarize, the radical cation generated upon the oxidation of the 2,3,3- Chapter 1: Introduction to multi-level and multi-modal molecular switches 56 The direct oxidation of the indolino-oxazolidines bearing suitable substituent in position 5 to avoid the dimerization process is not the only manner to electro-induce the oxazolidine ring opening. Indeed, it can be also achieved through an electromediated process when the BOX is functionalized in position 2 by an electroactive unit exhibiting a lower oxidation potential.

The first example of such system was developed in the laboratory MOLTECH-Anjou by the association between a BOX unit and a bithiophene moiety. [147] Not conjugated under its closed form (vide infra), BOX and bithiophene units act independently. Exhibiting a lower oxidation potential, the oxidation is then mainly localized on the bithiophene and leads to the generation of the corresponding radical cation. The delocalization of this later in the close vicinity of the indoline then induces the oxazolidine ring opening followed by an H-atom transfer from the media to lead to the open form of the system (scheme 22).

Scheme 22. Electrochemical mechanism of BOX bithiophene dyad.

In these conditions, as oxidized form appears stabilized by the conjugated pendant system, the dimerization process is not observed whatever the nature of the substituent in position 5 of the indoline heterocycle. The opening of the oxazolidine ring and as consequence the generation of the indoleninium part induce a shift of the oxidation potential to more positive value. [147] More important, it also conducts surprisingly to the emergence of a new non reversible reduction wave at -0.9V. If the nature of the process stays for the moment unclear, 

VII). Multichromophoric systems related to indolinooxazolidine

As shown before in part II, the association of several switches on the same system enhances the number of metastable states and as a consequence the possible data storage capacity. [98] Nevertheless, the selective, efficient and sequential addressability of switches represent a challenging task. As mentioned above, the association of several switchable units sensitive to different stimulations is a manner to circumvent these issues. Within this context, some indolino[2,1-b]oxazolidine moieties which act as multi-modal switch (pH, oxidation and irradiation), were combined with other photochromic units. Obviously, famous DAE unit comes first in mind (vide supra).

However, it is important to consider that the possible photo-isomerization (Z to E) of ethylenic junction generated during the functionalization of simple pi-conjugated system by a BOX unit. As consequence, the system can present up 2 2 different metastable states. Indeed, Delbaere et al. have recently studied the switching abilities of one of the simplest multiaddressable systems constituted by the association of a BOX unit with a simple thiophene moiety bearing different substituents. [148] They have demonstrated that the system can be selectively commutated between the four possible states regarding the status open/closed (O/C) of the BOX and the Z/E (or cis/trans named c and t below) isomerization of the ethylenic bridge. Thanks to their acidochromic properties, the selective opening/closing of BOX moiety in these systems is easily and efficiently obtained by addition of TFA and Et3N respectively. At the opposite, a loss of selectivity was observed when light is used as stimulation. Indeed, the irradiation of a solution of Ct in chloroform at 254 nm leads to mixture of both Ot and Cc forms. Nevertheless, the authors described two possibilities to obtain the selective photoaddressability of the ethylenic bridge. First, changing the nature of solvent from chloroform to acetonitrile induces a destabilization of the open form and as consequence reduces the photochromic properties of the BOX. The second solution consists surprisingly in shifting the irradiation wavelength to visible range (436nm) to convert Ct to Cc while no absorption was detected. In agreement with the work of Zhang and collaborators, [START_REF] Zhang | Li in Reusable water writing paper, preparation method thereof, and inkless printing device used for same[END_REF] the authors refer to the equilibrium between zwitterionic open and closed forms to explain this unexpected behavior.

In fact, irradiation at 436nm seems to induce a displacement of the equilibrium from Ct to Ot form by its subsequent isomerization to Oc which is itself in equilibrium with Cc (scheme 23).

As mentioned earlier, the number of metastable states and then the complexity of the system can be enhanced by adding an additional photochromic unit. In this context, the association between BOX and DAE units linked together by an ethylenic junction has attracted Chapter 1: Introduction to multi-level and multi-modal molecular switches 59 a lot of attention. Firstly reported in 2010, [150] the functionalization of DAE by one indolinooxazolidine was considered at this time as a biphotochromic system allowing four different states. Once again, the BOX acidochromic properties represent an efficient and convenient manner to assure their selective addressability in all cases. [151] When stimulated by light, the switching abilities of the system are, once again, strongly dependent of the environment. Using some chlorobenzene, a BOX photosensitisizer, as solvent allows enhancing drastically their photochromic properties. As consequence changing the irradiation wavelength between 254 and 313nm has allowed the author to observe selectively the addressability of the BOX or the DAE moiety respectively. Few years after, the same system was investigated in more details by NMR spectroscopy. [151] In this study, the system reveals the impressive possibility to commute between 8 different states. In such purpose, the study was carried out in pure acetonitrile to annihilate the photochromic properties of the BOX and promote the Cis/Trans photoisomerization of the ethylenic bridge. In place, acidochromic properties were used to induce the oxazolidine ring opening /closing.

Scheme 24. Photo and acidochromic transformation of compound A. [151] In addition to this interesting result, DTE bearing a BOX on one side and a phenyl group substituted by a donating termination on other one allowed modifying the photochemical and electrochemical behaviors of the system. [152] With regard to this, the DTE photocyclization efficiency is greatly influenced by the state of the BOX and the substitution pattern. The authors One year after, in 2017, a new system, based on the covalent association of two BOX units to DTE moiety, was designed and studied. [153] Such kind of system has the ability to enhance the number of potential metastable states from 8 to 18 (due to symmetrical consideration) (figure 17). Unfortunately, subsequent oxidation of the system leads to the opening of the central DTE.

Scheme 25. Electrochromic transformations of compound BOX-DAE-BOX.

Concerning what we have seen, the selective addressability is still quite challenging when several switching units are present. In this case, each change of state is controlled by different stimulations (photon, electron, acid) in order to achieve the selectivity. The work presented in this manuscript deals with the design, elaboration and study of multi-level molecular systems. Built by covalent or coordination chemistry association of several BOX subunits, they are expected to allow the modulation of a molecular property over more than two discrete levels. It implies that constitutive switchable subunits can be addressed in global fashion, referenced as the "all-in" mode, but also selectively, referenced as the "stepwise" mode, on demand. From the examples of the literature described previously, we have developed a new family of multi-level molecular systems composed of, at least, two identical indolinooxazolidine units through a π-conjugated system and by synthesizing some ligands possessing indolinooxazolidine in order to perform some complexes by using zinc and ruthenium metals.

I). Introduction

As previously mentioned, the elaboration of multi-level molecular switches still represents a challenging task. If introducing two different switches in the same molecular system seems logical, this approach presents synthetic and control difficulties. In contrary, if using a unique switching unit may allow simplified syntheses, it could lead to some difficulties to address selectively one of them. In order to circumvent issues, the use of multi-modal switching molecules that can be interconverted from one state to another by using indifferently several kinds of stimulation (i.e., light, redox potential, pH) represents a promising approach.

As consequence, this chapter describes the syntheses, properties and optimizations of simple models based on a linear conjugated system linking two indolinooxazolidine moieties (BOX).

Indeed, such structures connecting two identical BOX units through a pi-conjugated system -May allow upon direct stimulation of BOX units (by photon or proton) a global commutation,

-As an electro-mediated stimulation may allow a stepwise conversion (Figure 1). Chapter 2: BiBOX dimer through a linear aromatic platform 72 As a consequence, we have firstly, due to its well-known redox behavior and easy synthetic access, selected bithiophene as pi-conjugated system to connect two BOX units. First results then prompt us to extend the study to linear conjugated systems exhibiting lower oxidation potential. Thus, the bithiophene unit was replaced by an EDOT-Thiophene-EDOT as spacer (Figure 2). After a description of their straightforward synthesis, their commutation abilities were investigated by different suitable measurements such as: UV-Vis absorption spectroscopy, NMR spectroscopy and electrochemistry as reported below.

II). Association of BiBOX to bithiophene pi-conjugated system

A. Synthesis and characterization of BiBOX-bithiophene molecular systems under their closed-closed forms.

As shown on scheme 1, three different systems differentiated by the substituent nature in the position 5 (H, Me, F) of the indoline heterocycle were envisioned. These modifications may indeed, in different ways, facilitate the investigations of the commutation properties.

Firstly, the comparison of their electrochemical behavior could lead to determine the localization of the first oxidation process. As explained in chapter 1, when the oxidation is mainly localized on the BOX units, different electrochemical processes are observed as function Chapter 2: BiBOX dimer through a linear aromatic platform 73 of the substituent in position 5. Nude derivative (R=H) is known to undergo dimerization, whereas a methyl group avoids it and promotes the oxazolidine ring opening, while, at the opposite, a fluorine atom stabilizes the corresponding radical cation. [1] As consequence, an identical electrochemical behavior whatever the nature of the substituent would represent an indirect manner to demonstrate that the oxidation is occurring on the associated pi-conjugated system and not directly on the BOX. If the UV-visible spectroscopy is certainly the simplest characterization technique to monitor the commutation of various molecular switches under various stimuli, NMR spectroscopy is generally used to structurally characterize the various metastable states. Nevertheless, the partial commutation of a molecular system including several identical switchable units could lead to some difficulties in the peaks assignment and the quantification of the different metastable states. In this context, the presence of a fluorine atom on the indoline heterocycle is an elegant manner to circumvent these difficulties thanks to 19 F NMR spectroscopy (vide infra).

To prepare the targeted molecules, a convergent synthesis strategy, relying on condensation between an aromatic aldehyde and the corresponding trimethylindolinooxazolidine derivative as final step (Scheme 1), was adopted.

Scheme 1. Retrosynthesis of the designed BiBOX bithiophene system.

More important, the preparations of target derivatives appear straightforward and do not require a lot of synthetic efforts. Indeed, the syntheses of both precursors were already reported in the literature (scheme 2). Thus, the three BOX precursors are prepared in two steps from corresponding substituted phenylhydrazines (R=H, Me, F). After indole preparation by Fisher synthesis, a quaternization step using 2-iodoethanol [2,3] leads to opened BOX which are closed in basic conditions. According to reported procedure, [4] the preparation of 2,2'-bithiophene-5,5'-dicarboxaldehyde is also conducted in two steps from 2-bromothiophene. After a 2,2'bithiophene synthesis by Kumada coupling, a Vilsmeier-Haack reaction leads to the target in an overall 62% yield. Generally the functionalization of pi-conjugated core by several switchable units requires a lot of synthetic efforts and drastic experimental conditions such as classical palladiated cross coupling used for the elaboration of numerous DTE multimer. [5,6] In this context, the trimethylindolino-oxazolidine unit presents certainly an incommensurable advantage as its grafting to aromatic aldehydes can be resumed to a simple condensation. The latter, well documented in the literature is, most of the time, carried out in boiling ethanol what can require extended reaction time sometimes as long as several days.

Recently, our group at MOLTECH-Anjou has reported an original synthesis methodology in solvent-free conditions with the help of commercial silica as support. [3] Allowing to reduce drastically the reaction time from several days to few minutes, these new experimental conditions can also assure good selectivity when several aldehyde functions are If an influence of the nature of the substituent in position 5 of the BOX can be suspected in order to explain this variation of yield, the proton NMR characterization of the crude materials reveals in all three cases a complete consumption and conversion of the bisaldehyde starting material. As consequence, the difference of isolated yield between compounds 20, 21

and 22 is certainly due to some issues in the purification steps especially for 21 which presents the lowest solubility (vide supra).

In order to confirm the isomery of both ethylenic junctions between the BOX and the bithiophene, the structure of all the compounds was confirmed by NMR spectroscopy (proton and carbon). The 1 H NMR spectra of compounds 20, 21 and 22 are shown in Figure 3. The simplicity and symmetry of molecules allow a facile assignment of spectra (figure 3). For example, the doublets distinguishable at 6.11, 6.10 and 6.08 ppm for compounds 20, 21

and 22 respectively all exhibit vicinal coupling of 16 Hz characterizing a C=C linkage (9 and 9') in trans-trans isomery of all the three derivatives under their closed form. Interestingly, no trace of corresponding cis-isomers were detected by NMR analysis.

Both aromatic, thienyl and phenyl protons appear at different chemical shifts in 1 H NMR spectra, and so are readily distinguishable in the spectrum especially by paying attention of their vicinal coupling constant smaller for the bithiophene unit (3.8 Hz) than for the indoline heterocycle (7.7 Hz). The general characteristics of closed BOX unit are also well observed on the spectra such as the two singlets at 1.17 and 1.4 ppm assigned to both germinal methyl groups Chapter 2: BiBOX dimer through a linear aromatic platform 77 on the indoline part (referenced as 7 and 8) and series of multiplets centered at 3.6ppm (5 and 6) corresponding to the methylene groups adjacent to the nitrogen and oxygen atoms due to some geometrical constraint.

Under their closed form, each of these three molecular systems exhibit two asymmetric carbons which raise the question of the presence of only one diasteroisomer or a mixture of them. Knowing that the existence of a rapid equilibrium between close and open forms can be still considered at the NMR time scale, [7] leading to ponderated signals. In this context, crystal X-ray diffraction measurements appear as the most suitable technique to rise this assumption.

Despite many attempts and efforts, only compound 22 (R=F) allowed formation of single crystals good enough for X-Ray diffraction (from a concentrated dimethylsulfoxide solution).

Its crystal structure is represented in figure 4. Compound 22 crystallizes in the orthorhombic space group Pbam and the recorded data clearly corroborate the proposed structure in particular the trans conformational ethylenic junction between BOX and bithiophene units. In addition, it is important to note that the vinylbithiophene central core appears planar with the two thiophene rings in anti-conformation.

Noteworthy, the presence of the two asymmetric carbons (sp³-hybridized, R or S) in both sides of the molecule is characterized by the disorder observed on the indolinooxazolidine units. Finally, it is worth to note that the two main parts (indolinooxazolidine and bithiophene)

of the molecule are located in two planes presenting an angle of 75.2° between them (figure 5),

and can be then considered as non-conjugated. For better illustration, crystallographic data are listed in the crystallographic part.

In order to rationalize experimental observations made so far on the system, a full theoretical study, based on Density Functional Theory (DFT) and its time dependent extension (TD-DFT), has been performed. Acetonitrile was employed as solvent in the calculation. As energetic considerations are discussed later, it can here be pointed out that geometric optimizations of all compounds (20, 21 and 22) (figure 6) appear in accordance with X-ray observations for compound 22:

-vinyl-bithiophene central core appears almost planar -bithiophene moiety is in an anti-conformation -indolinooxazolidine and bithiophene motifs are in two different plans and not conjugated (vide supra).

Chapter 2: BiBOX dimer through a linear aromatic platform 79 The symmetry and analogy of geometries demonstrate the lack of influence of the terminal substituent on the molecular geometry in accordance with 1H NMR results. As other molecular systems incorporating two identical switchable units, two commutation modes can be envisioned: an "all-in" and a "step-wise" commutation depending on the ability to selectively address one of both BOX units (Figure 7). As the stimulation of the BOX involves very different processes depending on the nature of the external stimulation (photon, electron, proton), the preferential commutation mode should be strongly influenced by this later. As consequence, the commutation of the three different synthesized molecular systems, under acidic, photochemical and electrochemical stimulation, were investigated in details.

B.1. Acidochromic properties.

Under their closed forms, all compounds present almost identical UV-visible spectra with a maximum absorption wavelength of 378-379 nm showing only a slight effect of the substituent on the epsilon value (figure 8).

Chapter 2: BiBOX dimer through a linear aromatic platform Associated to the slight peak structuration, this maximal absorption band is assigned to the central bithiophene moiety in agreement with the reported optical properties of various 5,5'disubstitued-2,2-bithiophene derivatives. [8] Moreover, the sp 3 Furthermore, the calculated UV-visible absorption spectra for all compounds confirm the assignation of main absorption band to a -* transition centered on the central bithiophene core as an HOMO-LUMO transition (table 1). The calculated wavelengths are found to be 36 Based on previous studies on BOX derivatives, [9] such behavior can be easily explained by the commutation of BOX units. Indeed, such pH changes lead at the end to the opening of both oxazolidine rings. This opening results in the generation of an indoleninium terminal motif which acts as strong withdrawing group and allow extension of the pi-conjugation on the whole molecule what explains the strong bathochromic shift of the absorption wavelength experimentally observed.

If the presence of two switching units lets presume the possibility to progressively generate 3 different states under acidic stimulation, as previously mentioned, a such stepwise commutation was, up to now, to our knowledge, not reported. In fact, only one system incorporating several BOX units was described. Constituted by two identical BOX separated by a DAE moiety, this complex molecular system did not allow addressing selectively each BOX unit under acidic stimulation whatever the open/closed status of the DAE. [10] wavelength (nm) 1.8 Eq.

1.9 Eq.

Eq.

In contrary, in the case of compounds 20, 21 and 22, the observation of an irregular evolution of the UV-Visible spectra along the titration with acid aliquots could translate a stepwise opening of the BOX units. Such as presented in Figure 9 for compound 20 as example, up to one equivalent, the UV spectra reveal the appearance of a unique band centered at 529 nm as well as a strong decrease of the band intensity at 378 nm. More important, below one equivalent the presence of two isosbestic points at 321 and 417 nm indicates that only two species are in equilibrium, then deduced to be CC and OC. To induce the ring-opening in the second BOX unit, the added quantity of HCl is pushed further than one equivalent. It leads to an enhancement of the solution coloration with the complete disappearance of the band at 378 nm. In addition, a bathochromic shift of the main absorption band from 529 nm to 546 nm is observed with the concomitant appearance of two small higher energy absorption bands at 311 and 431 nm respectively. More important, this increment of the acid quantity did not allow maintaining the observation of the previous isosbestic points at 321 and 417 nm which are replaced by a unique one at 326 nm possibly associated to equilibrium between OC and OO forms. As consequence, this experiment suggests the commutation of the connected BOX units in a stepwise manner (scheme 4). Chapter 2: BiBOX dimer through a linear aromatic platform 85 As previously mentioned, calculations indicate that the HOMO and LUMO levels of the CC form are mainly localized on the central core of the system and that the main band corresponds to a π-π* transition between these levels. Upon opening one BOX, the compound loses its symmetry and the resulting OC state presents a LUMO level delocalized on the generated electron-withdrawing indoleninium motif and the bithiophene system (as shown for 20 on table 2 as example). In contrary, the OC HOMO level appears localized on the conjugated central skeleton as well as on the opposite closed BOX.

Considering the Open-Open form (OO), the two carbons joining the two indoline and vinyl-bithiophene display now a sp 2 hybridization, leading to a flat fully conjugated structure.

Thus, the HOMO orbitals appear delocalized on the whole molecule while the LUMO orbitals present dominant localization on the central core including the vinylic bridge as well as a characteristic quinodimethanic structure. Data presented in Table 3 show that TD-DFT calculations reproduce well the experimental main absorption bands variation of the three different forms (CC, OC and OO)

for the three compounds. Thus, a first large bathochromic shift is observed when passing from CC to OC systems as a less important one characterizes the passage from the OC to the OO form. The differences of absorption wavelength are extremely thin between the CC forms of 20, 21 and 22. Thus, the agreement of experimental and theoretical measurements is not so significant. Moreover, the relative impacts of these terminations on the spectroscopic behavior of OC and CC form are not so clear.

Compound

If the UV-Visible spectroscopy represents certainly the most convenient technique to monitor the commutation of elaborated systems under stimulation, it doesn't allow the clear structural identification of the different forms. For this reason, a monitoring of the commutation by NMR spectroscopy offers an unambiguous identification of the various structural organizations formed upon the stimulation of a molecular system but also allow their quantification. As consequence, it is a technique of choice to confirm the stepwise commutation of our systems under acidic stimulation.

For this reason, the evolution, presented below (figure 10), of the proton NMR spectrum of a solution of compound 22 under its CC form was recorded upon the addition of aliquots of hydrochloric acid. More important, one can easily notice that the variation of the NMR spectrum is not linear upon the addition of acid. Below one equivalent, the generation of both triplets is accompanied by the appearance of at least two doublets at higher chemical shifts (6.3 and 8.4

ppm respectively) exhibiting a vicinal coupling constant of 15.9 Hz. Characteristic of ethylenic proton in trans isomery, they can be explained by a loss of the symmetry due to the commutation of one of the two BOX units. When the addition of acid is pursued, these both doublets are replaced by a new doublet exhibiting similar vicinal coupling constant slightly more deshielded (8.42ppm) and new signals characteristic of an indoleninium formation are observed around 4.65ppm. This behavior can be explained by the opening of the second BOX, and then the regeneration of the molecular symmetry of the whole system. The observation of the OO state formation only after the generation of the OC isomer confirms the stepwise commutation of the system under acidic stimulation.

In addition, it is good to note that the isomery of the ethylenic junctions is never affected by the acidic stimulation as assigned doublets exhibit similar vicinal coupling constant (16Hz) whatever the state of the system (CC, OC and OO).

While the identification of each metastable states (CC, OC and OO forms) was obtained by 1 H NMR (see Figure 10), the introduction of the fluorine atom in position 5 (compound 22)

facilitates their quantification. Indeed, the signals assigned to ethylenic proton 10, useful for the quantification of the OO state, are overlapped with one of the OC form avoiding its specific integration. At the opposite, the evolution of 19 F NMR spectrum of a solution of compound 22 under its CC form upon the addition of HCl aliquots is clearer than proton ones as shown below. As expected, the 19 Knowing the multi-modal commutation properties of the BOX, the other kind of stimuli were explored. Indeed, depending on the stimulus, the addressability selectivity between both connected BOX units could differ. [11,12,13,14] B.2. Photochromic properties.

Among the different stimuli able to induce the BOX oxazolidine ring opening reported so far, light irradiation stays one of the most used due to its promising potential applications. [14] Based on our previous works on simple dyad bithiophene-BOX, [15] the compounds 20, 21 and Below 2 min of irradiation duration, the appearance of an absorption band centered at 529 nm is concomitant with the reduction of the absorption at 378 nm. The presence of two Chapter 2: BiBOX dimer through a linear aromatic platform 91 isosbestic points at 321 and 417 nm are also observed. Upon longer irradiation time, the visible absorption band continues to increase but is also bathochromically shifted and associated with the generation of two weak bands at higher energy. By comparison with acidochromic properties (vide supra), we can here also suggest a stepwise commutation of the system under light stimulation, the second BOX unit opening requiring a longer irradiation time. More important, the overlapping of the UV-visible spectra obtained by either irradiation or acidic titration is noticed, and the addition of base to irradiated solution allows quantitatively the restoration of the initial state of the system. Both observations suggest then some multi-modal switching abilities of these molecular systems. In order to confirm the stepwise commutation and exclude other photochemical process than BOX opening such as the cis/trans isomerization of one ethylenic junction, [7] or a photooxidation process, [16] 1 H NMR has been used. In collaboration with Pr S. Delbaere and Dr J. Berthet (LASIR, Lille university), the photoconversion of the compound 22 was monitored by 1 H NMR in the same conditions of solvent (ACN-d 3 + 10% of chlorobenzene-d 5 ) and irradiation (254 nm) (Figure 13).

Chapter 2: BiBOX dimer through a linear aromatic platform Chapter 2: BiBOX dimer through a linear aromatic platform 93 Consequently, this experiment allows us to assume that UV light irradiation of our system leads also to the stepwise commutation of our system but with a relatively low efficiency and selectivity. Indeed, after 10 minutes of illumination, only 20% of OC is detected. Increasing the illumination time up to 40 minutes allows to produce 50% of OC but with also 10% of OO.

Finally, the total conversion of CC and subsequently OC into OO is obtained after 97 minutes of irradiation.

As observed with acidic stimulation, the photostimulation leads also to an unsuitable coexistence of the three different forms over a large period of stimulation incompatible with a sharp modulation of molecular properties over three discrete levels. BOX derivatives presenting also interesting electrochromic properties, their electrochemical behavior has been also studied.

B.3. Electrochromic properties.

As early mentioned, the oxazolidine ring opening can be also electro-induced and can result from two different processes depending (i) on the substitution pattern of the BOX and (ii) on the nature of the pi-conjugated system associated in position 2 (see chapter 1). Indeed, both systems acting independently under the closed form, the first oxidation of the system could then occur either on the BOX moiety (direct electrostimulation) or on the associated aromatic system (mediated electrostimulation) depending on the relative position of their oxidation potentials.

Theoretical calculations performed on our three molecular systems under their CC and OC forms (vide infra) suggest that the electromediated ring opening process should be promoted. Indeed, for all three compounds, the HOMO is centered on the bithiophene moiety which should logically undergo the first oxidation. [15] Based on previous studies on similar BOX-bithiophene dyad, the generation of the corresponding radical during this first oxidation is expected to lead to only one oxazolidine ring opening and to the selective formation of the OC state. This commutation conducting to functionalization of the bithiophene by an This difference of oxidation potential between CC and OC should conduct to a better discrimination between OC and OO states formation under electrochemical stimulation than with acid or light. This assumption is well supported by the evolution of HOMO energy level in function of the status of both BOX units. As example, this energy level decreases from successively -5.44, -5.85, to -6.24 eV for the compound 22 under its CC, OC and OO form respectively (figure 14).

In this context, the electrochemical behaviors of all molecular systems have been As soon as the potential reaches 0.69V, we can notice the appearance of an intense absorption band in the 500-600 nm range. The perfect overlapping of absorption maxima observed under electrochemical stimulation with these recorded under other kind of stimulation (proton and photon) confirms as expected the opening of the two oxazolidine rings at this potential and the perfect commutation of the molecular system between CC and OO state. In addition, a complete bleaching is observed when -0.9V is applied restoring the initial state of the solution and demonstrating the possibility to induce a back conversion from OO to CC state under an electrochemical stimulation.

Except a slight bathochromic shift of the maximum absorption wavelength observed during the oxidation process, no evidence of a stepwise commutation and by consequence the intermediate formation of OC form, was detected during these experiments. Moreover, the observation of only one oxidation wave on the CV suggests that the oxidation occurred directly on both BOX units at the same time (direct electrostimulation) leading to an "all-in" commutation mode. However, this hypothesis is not in agreement with the poor effect of substituents in position 5 on the electrochemical behavior. Indeed, the direct oxidation of a BOX substituted by a bromine or an hydrogen (like in compound 20) atom in position 5 is known to conduct to its dimerization by C-C oxidative coupling characterized on the CV by the emergence of a new redox system at lower potential (c.a 0.39V). [1,10] At the opposite, the presence of a methyl group or a fluorine atom promotes the evolution of the generated radical cation toward the opening of the oxazolidine ring or assure its stability respectively. [1] Here, a non-reversible oxidation process without detection of dimerization product is observed for all three compounds whatever the nature of the substituent in position 5, and the variation of the For some reasons, this potential variation appears surprisingly limited here and only a broadening of the oxidation wave in place of two distinct peaks is observed on CV.

Nevertheless, the position of the anodic peak potential is known to be strongly influenced by the chemical kinetic rate constant when a chemical reaction is coupled to an electron transfer.

As consequence, a kinetic difference between the first and the second BOX opening can be also envisioned in order to explain the merging of both processes on the CV. To verify this assumption, cyclic voltammetry experiments were carried out in thin layer conditions, TLCV.

H-atom transfer H-atom transfer

Chapter 2: BiBOX dimer through a linear aromatic platform To confirm this point, the commutation of the system was investigated by using an oxidizing reagent such as NOSbF6 (0.87 V vs Fc/Fc + ) [17] which is largely used to evidence mixed valence in electroactive species by UV-Visible-NIR spectroscopy [18,19] or generating oxidation of organic donors. [20] Figure 19. UV-Visible spectrum changes of a solution of BOX-H 20 in ACN (0.086mM) upon addition of NOSbF6.

As showed on figure 19 for compound 20, a drastic change of the UV-Visible absorption properties upon addition of NOSbF6 aliquots is observed. At the end, we can notice that this addition of oxidizing reagent leads to an identical spectrum as the one obtained after stimulation with an excess of acid (see figure 9). In addition, initial spectrum can be recovered after As expected, the addition of chemical oxidant aliquots leads to almost identical peaks emergence as observed when the stimulation of the system was performed with HCl. Indeed, as soon as the addition starts, two new peaks, assigned to the OC form, are observed at -124.60 and -112.22 ppm. When the addition is pushed further, these latter are replaced by a unique signal at -111.49 ppm corresponding to the symmetric OO form. However, subtle differences are noticed between the acidic and oxidative stimulations.

First of all, the large formation of OO form by chemical oxidation doesn't lead to its precipitation in acetonitrile as previously observed with acid allowing to fully convert the system between CC and OO form. This can be easily explained by the change of counter ion Chapter 2: BiBOX dimer through a linear aromatic platform 101 from a simple chloride to a hexafluoroantimonate anion which is considered as a weakly coordinating anion and leads generally to more lipophilic salt as generally reported for ionic liquid. [21,22] This hypothesis is also in agreement with the slight variation of the chemical shift values observed between both stimulations, especially for the peak assigned As mentioned previously, the integration of the different peaks is an easy and convenient manner to determine the relative proportion of the three different states of compound 22 along its stimulation. If the evolution of their proportions upon the addition of NOSbF6 demonstrate unambiguously the stepwise commutation of the system under an electrochemical stimulation, the recorded results differ strongly form those obtained under acidic stimulation (figure 21). As example, the OC is the predominant form as soon as the amount of NOSbF6 exceeds 0.5 equivalent while 0.8 equivalent was required with a stimulation by the acid. More generally, we can notice that the CC and OC forms are totally converted by electrochemical stimulation after 1 and 2 eq. respectively while they are still persistent with acid in the same conditions. As consequence, the narrowed coexistence region between the different CC, OC and OO species Chapter 2: BiBOX dimer through a linear aromatic platform 102 highlights the higher selectivity and efficiency of the redox addressability compared with other kinds of stimulation. Noteworthy, the full conversion from CC to OC cannot be reached even through the oxidation process. Indeed, the addition of 1 equivalent of NOSbF6 led only to the generation of 72% of OC form, which is completed by almost an identical quantity of OO and CC forms (13 and 15% respectively).

To explain such behavior, we can suggest a possible disproportionation reaction where two molecules under their OC states lead to the formation of one molecule of each state CC and OO. Based on the Nernst law, the equilibrium constant of the reaction is directly correlated to the oxidation potential difference (E) between OC and CC by the following relation ( 1):

∆ = ( / ) -( / ) = ln ( [ ][ ] [ ] ) = . (1) 
With R the molar gas constant, T the temperature, F the Faraday constant and the number of electrons transferred in each redox process. In this context, it was possible to estimate the oxidation potential difference between OC and CC, noted ΔE around 0.08V by relation (1).

This low value is in full agreement with the observation of only one broad oxidation wave in cyclic voltammetry and the slight splitting noticed when thin layer conditions are used.

In summary, we have elaborated three multi-modal molecular switches by the functionalization of a bithiophene unit used as a simple pi-conjugated system between two identical BOX moieties. As expected, all three systems exhibit multimodal switching ability under acid-, photo-and electrochemical stimulation. However, the efficiency and the selectivity of the commutation are strongly affected by the nature of the stimulation. Among the different possibilities, electrochemical stimulation exhibits the best results. Indeed, the addition of one and two equivalents of chemical oxidant to CC allows its full and selective conversion to OC and OO form respectively. Unfortunately, the OC species seems undergo a disproportionation Chapter 2: BiBOX dimer through a linear aromatic platform 103 reaction due to a poor E between CC and OC redox processes. This later avoids getting pure OC but leads to a mixture with minor quantities of two others forms.

Nevertheless, we have demonstrated that the connection of two identical BOX units by a pi-conjugated bridge is a simple and convenient manner to elaborate a multi-level molecular system. Easily prepared through a condensation reaction, the system is able to commute between three metastable states exhibiting different physico-chemical properties. Indeed, the theoretical calculations have highlighted an important variation of the HOMO and LUMO energy levels with the successive opening of the oxazolidine rings. Unfortunately, these variations are only translated by an important bathochromic shift (150-160nm) of the absorption wavelength during the first BOX opening. The second opening conducts only to a thin color variation (14-28 nm) which does not allow clearly distinguishing both states. In this context, our first objective to elaborate a molecular system able to modulate a physico-chemical property over three distinct levels is then not perfectly fulfilled. However, the absorption properties are not the only ones which can be modulated by the opening/closure of the oxazolidine ring.

Indeed, most of the recent researches on BOX derivatives deal with the modulation of the nonlinear optical (NLO) properties especially the first hyperpolarisability (see chapter I). [14] Concerning these systems, the successive BOX units commutation may lead to a strong structural variation transforming an almost apolar system when both BOX are closed, to a classical push-pull dipolar system (A-D) with the first opening, and finally, a quadrupolar structure (A-D-A) with the second one. Knowing that each of this kind of structures are known to present very distinct NLO properties, the first hyperpolarisabilties of these systems were investigated with the help of colleagues from Bordeaux university (team of Pr V. Rodriguez from Institut des Sciences Moléculaires).

Chapter 2: BiBOX dimer through a linear aromatic platform 104 C. BiBOX-bithiophene as multilevel molecular system to modulate the first hyperpolarizability.

C.1. NLO and molecular switches.

As suggested by its name, the field of the nonlinear optics deals with all phenomena resulting from the non-linear response of a material to an electromagnetic wave. In classical optic, the induced polarization in the media is proportional to the applied electric field of the light. When the intensity of the applied field is large, the induced dipole moment can be expressed as a Taylor series in the electric field strength: [23,24] µi = µi 0 +αijEj + ½!βijkEjEk +1/3!γijklEjEkEl +…… in which μ is the dipole moment, µi 0 refers to the permanent electric dipole moment of the molecule in the Cartesian direction i, Ej the optical field applied in direction j, and αij the corresponding component of the linear electric polarizability tensor, βijk and γijkl are the secondand third-order nonlinear polarizabilities, also referred as the first and second hyperpolarizabilities. In a similar manner to the linear response, the vectorial property of the electric field implies that the first-and second-order hyperpolarizabilities are third-rank and fourth-rank tensors, respectively. [25] With the expansion of laser light uses, numerous nonlinear phenomena were reported and several of those led to interesting applications. Reporting a complete list of those is out of the scope of this manuscript as they concern optical signal processing (parametric amplification, modulators), transmission of optical signals (optical solitons, cross-phase modulation, fourwave mixing, phase conjugation, Raman scattering), sensing (temperature sensors, spectroscopy and imaging), lasers (pulse compression, and generation of super continuum)

fields. [26] Nevertheless, the second harmonic generation (SHG) is certainly one of the most wellknown of these phenomena. Reported by Franken and his collaborators in the study of a quartz Chapter 2: BiBOX dimer through a linear aromatic platform 105 crystal, [27] one year after the invention of the laser in 1960, [28] it may be simply described as the doubling of the laboratory laser frequency (Figure 22). At the beginning, SHG signal was only observed with inorganic materials due to geometrical considerations. Indeed, it is essential to avoid an antiparallel dipole-dipole orientation: a noncentrosymmetrical material must be reached. [29] It was expanded later, in 1964, to organic materials with the case of benzopyrene [30] and hexamethylene tetraamine monocrystals. [31] At the molecular level, the SHG efficiency is driven by the first hyperpolarizability of the molecule. The latter should then exhibit a strong polarizability associated with a good delocalization of electrons. As consequence, push-pull systems, constituted on an electron donor (D, EDG) and an electron acceptor (A, EWG), separated by a π-conjugated spacer (Figure 23), represent an important class of organic molecules capable of generating a second harmonic.

Indeed, the latter allows intramolecular charge transfer from the donor to the acceptor propitious to high β values. Any examples can be provided to clarify more such as simple paranitroaniline [32] which acts as a typical push-pull molecule and is largely used as standard with a β value 28.8 × 10 -30 esu in DMSO. [33] Chapter 2: BiBOX dimer through a linear aromatic platform As mentioned before in the previous chapter, molecular switches are compounds, which upon stimulation (as pH, electrical current and light …), shift between structures presenting different chemical and physical properties. Naturally, this ability was also investigated in NLO field in order to modulate a nonlinear optical phenomenon under an external stimulation.

Generally referenced as NLO switches, numerous molecular switches exhibiting a strong variation of their first hyperpolarizability upon triggering were reported. [34,35,36,37,38,39,40,41] In this context, B. Coe has proposed a classifications of the different NLO switches in 1999. [42] Three different classes were defined based on the identification of the dipolar system constituent which is affected during the commutation process, leading to Type I, II and III NLO switches where the donor, acceptor and conjugated bridge ability are respectively modified upon triggering as resumed on figure 24. Disperse red one (DR1) [43] is certainly one of the first example of NLO switches which comes in mind due to its well-spread uses in NLO (Figure 25). As in other azo derivative

Chapter 2: BiBOX dimer through a linear aromatic platform 107 switches, a trans to cis photo-isomerization can be induced by light irradiation at 488 nm.

Unfortunately, the cis isomer exhibits a poor thermal stability and the back isomerization occurs quickly at room temperature when the irradiation is stopped. As a type III NLO switch, this trans to cis photo-isomerization leads to a moderate reduction of DR1 first hyperpolarizability by a factor 5. Among molecular systems exhibiting multi-responsiveness, indolinooxazolidine based derivatives are known to display very large differences in their second-order NLO responses between closed colorless form and open π-conjugated colored one (figure 26). [44,45,46,47] Indeed, the opening of the oxazolidine ring by indifferently light irradiation, electrochemical stimulation or pH variation leads to an indoleninium moiety acting as a strong electron withdrawing group. As consequence, their association to a pi-conjugated system Chapter 2: BiBOX dimer through a linear aromatic platform 108 bearing a donor group conducts to very efficient Type II NLO multi-modal switches [47] exhibiting strong β contrasts. Such kind of system has been broadly studied through a multidisciplinary approach aiming at optimizing the contrasts between both forms.

As example, we can cite the elaboration of a tri-modal switch based on the association of one BOX unit to a bithiophene moiety as a redox center. [15] This system exhibits photo-, elecro-and acidochromic properties in which the same interconversion could be performed by the different stimulations In addition to these properties, upon stimulation, a modulation of the NLO properties of these systems of about a factor of 40-45 is observed what represents one the best contrast recorded so far (figure 27). [48] Figure 27. Difference of β between opened and closed form of BOX associated to bithiophene. [48] Noteworthy To the best of our knowledge, only two experimental techniques allow to investigate directly the first hyperpolarizability: the electric field induced second harmonic generation (EFISHG) and the Hyper-Rayleigh scattering (HRS). Both techniques consist in measuring the scattering light emitted at double frequency by a molecular system placed in solution under a strong laser light illumination. Nevertheless, the EFISH technic uses a static electric field to orient the dipolar molecules in solution in order to generate the necessary macroscopic noncentrosymmetry. As consequence, octupolar and ionic molecules cannot be measured by EFISH since orientation in an electric field is not possible for these systems. At the opposite, HRS method implies pulsed lasers and tight focusing in order to observe nonlinear optical effects coming from the fluctuations, locally in time and space, away from centrosymmetric isotropic solution. As consequence, HRS is commonly considered as an almost universal experimental technique for molecular second-order nonlinear optics allowing determining molecular nonlinearities for a large variety of molecular or supramolecular assemblies. [25] Indeed, only non-centrosymmetric systems (dipolar or octupolar molecule) will give a response as an incoherent scattered light at optical frequency 2ω on incidence of an intense laser pulse at ω. [49] From a practical point of view, the intensity of the scattered light is proportional to the square of the incident intensity, the mean value of the β tensor components, and naturally the chromophore concentration.

Thanks to our collaborators (Pr V. Rodriguez's team from Institut des Sciences Moléculaires) at Bordeaux University, we have carried out the measurements of the first hyperpolarisability of derivative 20 using the experimental set-up schematized in Figure 28. In this set-up, new OPG picosecond laser source (signal: 720-1000 nm, idler: 1150-2200 nm) at ISM (Bordeaux), it is possible to circumvent this issue by adjusting the incident energy (w) to tune the SHS (2w). The block power (P) is constituted on a half-wave plate and a polarizer, which provide linear vertical polarization. The fundamental relative intensity is precisely determined via the measurement of the scattered light intensity by the half-wave plate routed through an optical fiber (F) to a photodiode (D) connected at an oscilloscope. More important, the polarization of the incident beam can be continuously controlled (P, S, left/right circular polarization and all intermediate elliptic polarizations) thanks to the juxtaposition of a half-wave plate and a rotatable quarter-wave plate. This tunable of the incident beam polarization allows to probe different beta tensor components. [50] By using this set up, the first hyperpolarizability of the closed-closed (CC), open-closed (OC) and open-open (OO) forms of compound 20 were investigated in solution by using the solvent (acetonitrile) as an internal reference. [51] The figure 29, gathers all results and shows the variations of the incoherent scattered light at optical frequency 2ω as function of the concentration of chromophore but also of the incident power (figure 29). Commonly admitted, the variation of the scattered light as function of the concentration and the incident power follows expression (2):
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is the unknown to determine, Cvv is the average of the terms of the beta tensor expressed in the laboratory referential. 4.

Table 4. Data from HRS (in atomic unit) measurements on compound 20 at 1300 nm in Acetonitrile using pH and NOSbF6 .

As expected, the fully closed form (CC) of this system exhibits only very weak NLO activity estimated below 4000 a.u. This can be easily explained by the poor dipolar moment of the molecule due to its symmetry.

As mentioned previously, the stimulation of the system by an acid or a chemical oxidant leads to the opening of the oxazolidine ring in a stepwise manner. In this context, it is not surprising to observe a strong enhancement of the NLO activity of the system with the first Chapter 2: BiBOX dimer through a linear aromatic platform 113 opening. In fact, with the generation of an indoleninium moiety acting as strong EWG, the molecular system exhibits at this stage all the characteristics of a push pull system with the bithiophene as donor part. Knowing that the acid stimulation is less efficient and selective than chemical oxidation (vide infra), it is surprising to observe that both stimulations lead to almost similar results after one equivalent. Nevertheless, our previous NMR studies have demonstrated that the OC form is largely predominant at this stage (65% and 76% with HCl and NOSBF6 respectively). The slight variation of concentration of OC form associated with the largest beta value in comparison (βHRS=44184 a.u) to the two other forms can explain easily this poor variation of NLO activity as function of the stimulation.

At the opposite, the addition of an excess of acid in order to fully convert the CC form to OO one induces an important variation of the scattered light intensity. If an almost extinction of the signal was expected with the opening of the second oxazolidine ring and the restauration a centrosymmetric molecule, the OO form of compound 20 continues to exhibit a pretty decent beta value of 23.7 10 3 a.u. To explain this interesting result, a preferential conformational change of the bithiophene moiety can, for example, be presumed from anti to syn (Figure 31) at this right moment. Indeed, the rotation along the central C-C bond of the bithiophene leads to pass from a centrosymmetric compound, which is by definition inactive in HRS, to a V shaped quadrupolar architecture (A-D-A). Generally confined to third order nonlinear optic, [52,53,54,55] this kind of architecture has also demonstrated its ability to exhibit decent beta values whatever lower than Chapter 2: BiBOX dimer through a linear aromatic platform 114 linear analogs. [56] If the predominance of octupolar component of the beta tensor represents a first clue, a theoretical study in order to support this assumption is necessary. The latter is still in progress (Pr B. Champagne's team from LCT UCPTS Département de Chimie at Université de Namur).

To conclude, the design, synthesis, analysis and physico-chemical properties of three new multi-modal systems based on the association of two indolinooxazolidine units to a bithiophene pi-conjugated core have been presented.

First, it has been shown that all of the three systems exhibit a multimodal switching ability under acid, photo-and electrochemical stimulation. Moreover, for the first time to our knowledge, both stimulations allow, a clear stepwise opening of two identical switches, namely the oxazolidine motif grafted through a simple pi-conjugated system.

If this never reported selectivity upon a unique stimulus with two identical switchable units is observed whatever the stimulation, it must be pointed out that its quality depends on the latter. Indeed, the direct stimulation of the BOX by acid leads to a large coexistence of the three different states of the system (CC, OC and OO) over a large range. At the opposite, the indirect stimulation of the BOX via an electromediated process thanks to the electroactivity of the bithiophene, allows to enhance the selective addressability between both identical BOX units.

In our objective to demonstrate the usefulness of these molecular systems to modulate a molecular property over three discrete levels by application of an external stimulation, we have seen that the variation of absorption wavelength maximum between one and two opening is not sufficient to obtain a clear differentiation between OO and OC forms. At the opposite, the elaborated molecular systems exhibit a pretty impressive variation of their NLO activity over three discrete levels with the successive BOX commutation. Indeed, the first hyperpolarizability of the system measured at 1300 nm is significantly improved by a factor 21 Chapter 2: BiBOX dimer through a linear aromatic platform 115 or a factor 11 in respect to the initial state CC with the first and second BOX opening respectively. At the opposite to UV-Visible absorption, both states OC and OO are now clearly distinguishable by HRS measurement with an NLO contrast value (βOC/βOO /) around 2. In addition to this strong variation of scattered light intensity, states are also undoubtedly identifiable through their depolarization ration (IVV/IHV). Indeed, this easily accessible experimental evidence varies from 4.01 for OC translating a main dipolar behavior to 2.74 for OO in agreement with its quadrupolar architecture.

Considered as a proof of concept, these systems pave the way to more efficient ones. As a first example, in order to improve the electromediated stimulation, we have elaborated another system presenting, in place of the bithiophene bridge, another pi-conjugated spacer (linker) exhibiting a lower oxidation potential. By this structural modification, we expect inducing a higher variation of oxidation potential, ∆E, between the first and second BOX opening.

Preparation and characterization of targeted derivatives are detailed in the following section.

III). Association of two BOX with a EDOT-T-EDOT piconjugated system

As discussed above, the association of two identical BOX units through a bithiophene as a pi-conjugated core leads to a very tiny difference between the two successive oxidation potentials leading to the stepwise commutation of the system. If each state can be addressed efficiently by using a chemical oxidant, this poor difference did not allow us to form specifically one of them by the direct application of an electrochemical potential as observed by cyclic voltammetry. To circumvent this issue, we have followed an approach consisting in changing the pi-conjugated bridge by another one exhibiting a lower oxidation potential in order to improve the electromediated stimulation process. In this context, we have chosen an EDOT-Thiophene-EDOT motif due to: [57] Scheme 5. Chemical structure of the target molecules.

Noteworthy, the lack of influence of the substituent on indoline position 5 observed in biBOX-Bithiophene series have conducted us to limit this study to only one triad where the EDOT-Thiophene-EDOT are substituted by two unsubstituted BOX moiety (Scheme 5).

A. Synthesis and characterization of compound 23.

In order to prepare the targeted molecular system, a similar strategy as one used for the synthesis of the 20-22 biBOX-Bithiophene compounds was adopted. Based on the condensation between an aromatic aldehyde and the corresponding trimethylindolino-oxazolidine derivative as final step, this synthesis did not raise any particular problem and is depicted on scheme 6. In this context, as properties of compounds 20-22 only slightly differ, it was chosen here to focus our interest on the simplest derivative bearing "nude" (R=H) BOX terminations.

Chapter 2: BiBOX dimer through a linear aromatic platform 117 To prepare the bisaldehyde derivative, the 3,4-ethylenedioxythiophene stannic reagent 10 was first synthesized according to an already reported procedure. [58] Using n-BuLi as base, the EDOT is then deprotonated and subsequently treated with tin chloride to afford the compound 10 in 98% yield. This later is undertaken, without further purification, in a Stille cross-coupling reaction with 2,5-dibromothiophene in order to elaborate the pi-conjugated core 11 in 86% yield. Finally, the desired dicarbaldehyde compound 12 is obtained after a classical Vilsmeier-Haack reaction in decent yield (87%). As for bithiophene based systems (vide supra), the solvent-free experimental condition of silica mediated condensations [3] have been successfully applied here. Obtained in a satisfactory 63% yield, it can be noticed that the higher donor ability of this pi-conjugated core, compared with the bithiophene, impacts the reaction efficiency as the time of the reaction has to be increased of up to 7 hours.

As for our previous molecular systems, the trans isomerism of ethylenic junctions between the BOX and the EDOT-T-EDOT, as well as the structure were confirmed by NMR spectroscopy (proton and carbon). As seen on figure 32, the 1 H NMR spectrum of the compound exhibits the classical NMR signature of closed BOX derivatives such as:

-A doublet corresponding to one proton of the C=C linkage (9 and 9') easily distinguishable at 6.03 ppm exhibiting a vicinal coupling of 16 Hz confirming the full trans-trans isomery of the derivative. In this case, the simplicity of the aromatic part of the spectrum allows quickly to assign the second ethylenic proton (10 and 10') to the doublet at 6.9 ppm.

-A series of multiplets corresponding to the methylene groups adjacent to the nitrogen and oxygen atom centered at 3.65 ppm (5 and 6). As mentioned for the biBOX-Bithiophene compounds, these multiplets integrating for 4 protons reveal unambiguously the closed-closed status of the system.

-The presence of two singlets in aliphatic region at 1. 

B. Acidochromic properties.

Under its closed-closed form (CC), compound 23 presents a UV-visible spectrum with a main absorption band centered at 428 nm exhibiting an epsilon value =40000 (L.mol -1 cm -1 ) (figure 33). Chapter 2: BiBOX dimer through a linear aromatic platform 120 Due to the larger conjugated system, it is not surprising to observe a bathochromic shift of the maxima absorption wavelength (λmax= 428nm) of 23 in comparison to biBOX-Bithiophene analog 20 (λmax= 378nm). Similarly, the main transition is certainly centered on the central conjugated part of the molecule. This assumption is supported by, first, the presence of typical structuring observed in rigid based-EDOT conjugated systems, and second, by the similar value reported for Hex-ETE-Hex derivative (λmax= 384nm). [59] In addition to the experimental studies, some theoretical calculations have been done using the density functional theory DFT (B3LYP-6.311 G (d) and IEFPCM model to consider solvation effect) for geometric and energetic optimization. As we can see on table 5, these calculations confirm that the HOMO and LUMO levels of compound 23 under its CC form appear both localized on the central EDOT-T-EDOT pi-conjugated core. As observed in the case of bithiophene series, a similar irregular evolution of the UV-Visible spectra along the titration with acid aliquots seems indicating a stepwise opening of the BOX units.

Up to one equivalent, the UV spectra reveal the appearance of a unique broad band centered at 642 nm as well as a strong decrease of the band intensity at 428 nm. More important, the presence of two isosbestic points at 368 and 476 nm is noted. Translating an equilibrium between two species, we can then deduce that, below one equivalent, the CC form is gradually converted into OC state. When the added quantity of HCl is pushed further than one equivalent, it leads to an enhancement of the solution coloration with the complete disappearance of the Chapter 2: BiBOX dimer through a linear aromatic platform 122 band at 428 nm. In addition, a bathochromic shift of the main absorption band from 642 nm to 666 nm is observed with the concomitant appearance of a small higher energy absorption band at 503 nm. More important, this increment of the acid quantity did not allow maintaining the observation of the previous isosbestic points at 368 and 476 nm which can be translated to the shift of the equilibrium between OC and OO forms. As consequence, this experiment suggests the commutation of the connected BOX units in a stepwise manner (Scheme 7). As in biBOX-bithiophene series, NMR spectroscopy has been here used to unambiguously confirm the stepwise commutation of both BOX units. For this reason, the evolution of the proton NMR spectra of a solution of compound 23 under its CC form was recorded upon the addition of some aliquots of hydrochloric acid and is presented below (figure 35). Chapter 2: BiBOX dimer through a linear aromatic platform 124 In a similar way as observed in previous series, the stepwise opening of both BOX units in compound 23 is well confirmed, but the selectivity and the efficiency of its commutation under an acid stimulation is not improved. Indeed, the formation of OO form is already detected after addition of 0.5 equivalent of acid and the CC form is still observed after one equivalent.

We can then presume that the nature of the pi-conjugated core has unfortunately only a negligible influence on the selectivity of the addressability when the BOX are directly stimulated. In order to confirm this assumption, the photochromic properties of the system were investigated.

C. Photochromic properties.

In this context, a solution of compound 23 under its CC form in acetonitrile has been irradiated with 254 nm light in presence of chlorobenzene (10%) as photosensitizer and the commutation of the system was monitored by UV-Visible spectroscopy. The evolution of the UV-Visible absorption spectra as function of the irradiation time is presented in Figure 36. Based on these results it seems, as expected, that the nature of the pi-conjugated core used to connect two identical BOX units has negligible influence on the selectivity of the addressability when they are directly stimulated by light and/or acid. This behavior can be explained by the lack of conjugation of the BOX with the associated pi-conjugated system under their closed form. As consequence they are acting independently for each other and the stepwise commutation results from the decrease of the donor ability when one BOX is opened.

Chapter 2: BiBOX dimer through a linear aromatic platform 126 In this context, it appears interesting to check if the use of a better electron donor as piconjugated spacer has really an influence on the selectivity of the electromediated addressability process.

D. Electrochromic properties.

In this case, playing on the nature of the pi-conjugated system can improve the electrochemical differentiation of the BiBOX dimer system. At the opposite of acid and light, stimulating the system by electron leads to an electromediated opening (indirect stimulation).

Knowing that the first opening, leading to the OC form, conducts to the functionalization of the central EDOT-T-EDOT by an electron withdrawing group, its oxidation become more difficult than CC form and should occur at higher electrochemical potential. This difference of oxidation potential is then the corner stone to obtain a selective addressability between both identical BOX units under an electrochemical stimulation.

In this context, the electrochemical behavior of compound 23 has been investigated by cyclic voltammetry (CV). Chapter 2: BiBOX dimer through a linear aromatic platform 127 As shown on Figure 37, the CV of compound 23 shows two successive oxidation waves at 0.35 and 0.65V respectively. Surprisingly, perfectly reversible at high scan rate, the first oxidation process at 0.35 V becomes only quasi-reversible when the rate slows down. This first oxidation is assigned to the oxidation of the central ETE bridge. On one hand, this hypothesis is supported by the theoretical calculations (vide supra) which indicate a localization of the HOMO on this part of the system. On the other hand, the reported oxidation potential value for ETE (0.32V) [60] support this assumption. More important, we can conclude from the perfect reversibility of the peak at high scan rate that the generated radical cation during this first oxidation is stable enough despite the presence of both BOX units. At the opposite, the loss of signal reversibility at low scan rate translates the involvement of the radical cation into an irreversible chemical process which can be presumed as the opening of some BOX unit.

Concerning the second oxidation process occurring at 0.65V, several hypotheses can be envisioned for its assignation. First one consists to explain it by an oxidation mainly localized on the closed BOX unit, supported by the similar reported oxidation potential values of isolated BOX. [1] With any substituent present on position 5 of the indoline, this direct oxidation is known to conduct to some dimerization products by C-C oxidative coupling (see chapter 1). [1] Characterized by a peak around 0.4V, this hypothesis can then be discarded due to the absence of new signal on the scan back after reaching 0.65V. In addition, theoretical calculations (see above) suggest a HOMO of the OC form localized on the extended pi-conjugated system constituted by the ETE bridge and the opened BOX unit finishing to rebut this hypothesis.

As consequence, a second possible assignation for this oxidation process consists in the oxidation of the OC form leading to the second BOX unit opening by an electromediated process. In this context, the 0.3V positive shift of the anodic peak (Epa) will be due to the extension of the pi-conjugated system with the first oxazolidine ring opening and the generation of an indoleninium acting as strong withdrawing group. To confirm this assumption, spectro- As soon as the potential reaches 0.35V, the UV-visible absorption spectrum of the solution is significally impacted. First, we noticed the appearance of a broad absorption band in the 550-750 nm range and a decrease of the absorption band around 450nm which is characteristic for the OO/OC and the CC forms of compound 23 respectively. However, it is difficult to conclude to the opening of only one or both BOX units at this potential due to the slight bathochromic shift (24 nm) observed under acid stimulation between OC and OO states.

More important, we can also notice the appearance of a sharp and intensive absorption band at 656nm and an increase of the absorption in the near UV range which were not detected under stimulation with HCl. Surprisingly; these last two modifications disappear as soon as the applied electrochemical potential is below 0.35V. At the opposite, to restore the initial stage of the solution with the disappearance of the broad absorption band in the 550-750 nm range as well as the restoration of the absorption around 450nm, we have to wait that the potential reaches -0.95 V. This restoration is translated on the CV by an irreversible reduction process. As expected, a drastic change of the UV-Visible spectra upon the addition of NOSbF6 aliquots is observed. Up to 2 equivalents, we can notice that this addition of oxidizing reagent leads to an identical spectrum to those obtained after stimulation with an excess of acid (see figure 34). In addition, initial spectrum can be recovered after treatment with an excess of base such as triethylamine demonstrating the multi-modal switching ability of this molecular system.

If the UV-visible spectra obtained upon gradual chemical oxidation of compounds (figure 40 E. BiBOX-ETE as multilevel molecular system to modulate the two photon absorption.

As demonstrated before, the substitution of the bithiophene spacer by the ETE motif increases the donor ability of the system but, unfortunately, it did not allow to improve probably the discrimination of the potentials at which each BOX is opened. Nevertheless, this substitution is also expected to improve NLO properties of compounds:

the better donor ability of EDOT-Thiophene-EDOT can enhance the dipole moment of the OC form and lead to higher β, the luminescence modulation under an external stimulation. Indeed, only few studies are dedicated to luminescence properties of BOX derivatives. [61] In this context, the emission spectra of derivative 23 in acetonitrile under its CC and OO forms were recorded (Figure 42) and the luminescence quantum yields of each form were determined using fluorescein and indocyanine green respectively as standard. All corresponding data are gathered in Table 6. and emission wavelength as well as quantum yield are similar to thus reported for similar compound. [62] The commutation of both BOX units induces a shift of the emission band towards the red region due to the extension of its conjugation to the whole molecule but also drop off the luminescence quantum yield. Several hypotheses could be envisioned to explain this decrease. As example, more degrees of freedom brought by the pendant alkyl chain of each indoleninium unit and the loss of rigidity by the system (no more band structuration are observed in OO form) have to be considered as they could allow a more efficient non radiative de-excitation in agreement with the observed luminescence lifetimes reduction. Nevertheless, the improvement of polar character as well as the possibility to observe exciplex formation Chapter 2: BiBOX dimer through a linear aromatic platform 135 cannot be discarded for the moment more detailed photophysical studies have to be performed in order to obtain a clear explanation.

E.2. Two-photon absorption properties.

If the strong variation of the polarity has been successfully applied to the modulation of the first hyperpolarizability other NLO phenomena can benefit of such features. Indeed, it is commonly admit that molecular design of compounds with large two-photon absorption (TPA) cross-section includes: a long conjugated π-backbone system with a planar conformation; the presence of electron-donor (D) and electron-acceptor (A) groups able to promote an intense displacement of charge during the transition.

Firstly predicted by Maria Göppert-Mayer in 1931, [63] TPA is by definition a third order non-linear optical (NLO) phenomenon involving the simultaneous absorption of two photons by a molecule resulting in an electronic excited state matching the combined energy of the photons. This excited state can then relax radiatively or non-radiatively via the same processes as linear absorption (see figure 43). However, due to the high incident power required to observe TPA, it was not experimentally demonstrated before the invention of pulsed lasers in 1961. [64] Figure 43. Simplified diagram for 1PA, TPA and emission.

Chapter 2: BiBOX dimer through a linear aromatic platform 136 To obtain molecular system exhibiting efficient TPA cross section (2), several designs were investigated including classical dipolar push-pull system (D-π-A) but also quadrupolar structures such as D-π-D, A-π-A, D-π-A-π-D and A-π-D-π-A. [53,65,66] As consequence, CC and OO forms of compound 23 exhibiting a quadrupolar structure can be considered as potential candidate for TPA.

Based on their fluorescence (vide supra), it was possible to determine the TPA characteristics of the two forms (CC and OO). Indeed, the TPA cross sections could be extracted from the two-photon excited fluorescence (TPEF) cross sections () when the fluorescence quantum yield is known.

Concerning compound 23, Two-photon-excited fluorescence (TPEF) cross sections were measured using the method described by Xu and Webb [67,68,69,70] and the appropriate solvent-related refractive index corrections. [69] To span the λ=680-980nm range, a Nd:YLFpumped Ti:sapphire oscillator was used, generating 150 fs pulses at a 76 MHz rate. To span the λ =1000-1100 nm range, an OPO (PP-BBO) was added to the setup to collect and modulate the output signal of the Ti:sapphire oscillator. At each wavelength, the quadratic dependence of the fluorescence intensity on the excitation power was checked for the samples and the fluorescein reference. [67,68,69,70] The two-photon absorption spectra of the CC and OO forms of 23 are shown in Figure 44 along with their linear absorption spectra, whereas the corresponding data are listed in Table 7.

Chapter 2: BiBOX dimer through a linear aromatic platform As acceptor-donor-acceptor octupolar structure, it is not surprising to observe some TPA for both states of compound 23. More interestingly, the TPA properties of CC and OO forms differ by their 2 photons cross section values but also by their spectral range. Indeed, the CC exhibits some TPA in a 680-900 nm excitation range where OO ones is logically bathochromically shifted to 850-1150 nm. In both cases, the one-and two-photon spectra are substantially different and degeneracy between one-and two-photon transitions are not observed suggesting a typical quadrupolar behavior. In this context, CC presents 3 main TPA peaks are observed at 680, 730, and 820nm exhibiting two photons cross section ranging between 82 and 165 GM (table 7). Surprisingly, the quadratic dependence of the fluorescence intensity of OO on the excitation power was not anymore observed below 850 nm while the  is almost at its maximum at this wavelength (3656 GM). In fact, two other TPA peaks are observed at lower energy (1020 and 1080 nm) where the two photons cross rises more than On this basis, both forms exhibit a short common spectral range (850-950 nm) where their respective TPA can be observed. In this range, the opening of both oxazolidine ring by using one of the three possible stimuli (photon, proton or electron) leads to strong variation of the two-photon-excited fluorescence color from 478 to 753 nm. The intensity of the phenomenon is also strongly affected but the important difference of luminescence quantum yield between both forms leads to only observe notwithstanding a contrast ratio around 17. As consequence, it seems that compound 23 is able to modulate its two photons cross section by at least an impressive factor 45 in this spectral range. This preliminary result represents one of the rare examples of modulation of TPA and certainly, to the best of our knowledge, one of the highest contrast ratio reported so far.

IV). Conclusion

In summary, this chapter describes the design, synthesis, analysis and theoretical approach of new multi-modal molecular switches based on the functionalization of bithiophene 

I). Introduction

In the previous chapter, we have demonstrated that the functionalization of a linear piconjugated system by two BOX units is an elegant manner to elaborate some interesting multimodal molecular switches exhibiting acido-, electro-and photochromic properties. For all prepared systems we have noticed that:

a stepwise opening of both indolinooxazolidine units linked by a conjugated motif is observed with a selectivity ratio which can depend on the nature of the stimulation, -the use of a conjugated linker which exhibits a lower oxidation potential seems to any improvement of the selectivity under electrochemical stimulation. At the opposite, the greater stability of the generated radical cation impacts strongly the kinetic of the opening process by electromediated process, Considering these first systems as proof of concept, the next objective was to explore the possibility to extend this concept by increasing the number of BOX, and then of metastable states, on one single molecule. Indeed, as mentioned before, the enhancement of the number of metastable states brings new perspectives to the design of molecular-scale high-density optical memory or multinary logic devices. [1,2] Within this context, some important questions have to be addressed such as:

-The requirement of an electroactive linker exhibiting some stability upon oxidation.

-The possibility to control the BOX opening sequence by playing on the nature of the conjugated bridge.

Chapter 3: Synthesis and characterization of new multi-level systems.
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In order to answer to these questions, this chapter deals with the syntheses and characterizations of multi-level and multi-modal molecular switches bearing 3 BOX units. All these systems are potentially able to exhibit up to four discriminate metastable states. Based on two different central nodes, a simple phenyl ring or a triarylamine system, seven novel molecular switches were prepared and studied. If in all cases the opening of the oxazolidine ring should be induced either under UV irradiation, electrochemical stimulation or acidity changes, [3] the structural variation introduced here will allow investigating separately the influence of two types of interactions on the selectivity efficiency. To expect some selectivity, the BOX units have to be placed in a specific spatial arrangement in order to promote interaction between them either through bond when electrostimulation occurs on the central organic core or through space when the BOX are directly stimulated. On one hand, systems based on central phenyl core (figure 1) allows a straightforward access to compounds presenting BOX moieties close in the space and linked by a high oxidation potential aromatic linker. On the other hand, the series of molecules based Chapter 3: Synthesis and characterization of new multi-level systems.

149 on a triarylamine node present linkers with lower, adjustable and dissymetrizable oxidation potentials (figure 1) allowing to modulate the interactions between BOX units.

The studies about both families are detailed in the next following sections.

II). Association of three BOX units to a benzene core

A. Synthesis.

According to previous results, the functionalization of an aromatic node by three BOX units could be simply resumed to a condensation between the corresponding aromatic system bearing three aldehyde functions and the trimethylindolino-oxazolidine using the already reported silica-mediated procedure under solvent free-conditions. [4] According to that, the compound 24, chosen as model, was obtained starting from a commercially available benzene-1,3,5-tricarbaldehyde in a satisfactory yield of 75% as shown in scheme 1. Obtained as a yellow powder, the 1 H NMR (presented on Figure 2) of compound 24 presents all characteristics of closed BOX derivatives.

Chapter 3: Synthesis and characterization of new multi-level systems.
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Indeed, as already shown and discussed, [5,6,7,8,9] it is important to notice that the association of BOX to a pi-conjugated system exhibiting a higher oxidation potential will probably lead to a direct stimulation not only by photon or proton, but also by electrochemical stimulation. In this case, it has already been demonstrated that, in absence of substituent on the position 5 of the BOX, dimerization (C-C oxidative coupling) can occur upon oxidation instead of opening. [10] In this context, the electrochemical behavior of compound 24 has been investigated by cyclic voltammetry (figure 3). As expected, the cyclic voltammetry of compound 24 reveals one non reversible oxidation process at 0.74 V which is assigned to the concomitant oxidation of all three BOX units (direct stimulation). In fact, due to the absence of any substituent in position 5 of the indoline, this oxidation leads also to a C-C intermolecular oxidative coupling translated on the CV by the observation of a new redox reversible process at a lower potential (0.48 V) on the Chapter 3: Synthesis and characterization of new multi-level systems.

152 scan back. As a consequence, we assume that the electro-stimulation of the target compound 24 conducts to an electropolymerization process as schematized on the scheme 2.

Scheme 2. Schematic representation of the mechanism generated upon stimulation compound 24 by an electron.

On one hand, this model appears very useful to investigate quickly the possibility to functionalize a central pi-conjugated core by three BOX units, and as consequence, explore the synthetic pathways to easily prepare a molecular system able to exhibit four different states under various stimulations. On the other hand, the electropolymerization observed on this system has convinced us to do not push further the investigations on their commutation abilities. 

III). Association of three BOX units to a symmetrical

Triphenylamine system

Triphenylamine (TPA), an aromatic amine with a strong electron-donating nature, constitutes the basic node of an important group of modern electroactive functional materials showing semiconducting properties, sometimes used as organic electronics and optoelectronics. [11, 12, 13] Within the functional TPA moiety, the nitrogen center can be easily oxidized and unsubstituted TPA are known to undergo dimerization process leading to tetraphenylbenzidine (scheme 3). [13,14] Scheme 3. Dimerization of TPA via the radical cation form. [15] A. Synthesis.

On this basis, the first molecular system envisioned consists in a direct functionalization of the triphenyl amine by three BOX units. In such purpose, the convergent strategy successfully applied for the preparation of the different BiBOX systems was also adopted here.

Based on the condensation between an aromatic aldehyde and the corresponding Compounds 25 and 26 were efficiently prepared in two steps starting from triphenylamine. Already described, [16] the first step involves the synthesis the 4,4',4''nitrilotribenzaldehyde compound 13 by Vilsmeier-Hack formylation with POCl3 and DMF, in 34% yield. Concerning the condensation reaction with the different trimethylindolinooxazolidine, it is important to note that we have to drastically increase the reaction time up to 7 hours in order to ensure the full conversion of the aldehyde derivative that can simplify the purification of the system. In these conditions, the two compounds 25 and 26 were obtained in satisfactory good yields of 67 and 77% respectively as shown in scheme 4.

As mentioned above, the TPA derivatives were largely used in molecular electronic especially as p-semi-conductor material. In this context, numerous structural investigations were explored including the enhancement of the three pi-conjugated systems borne by the nitrogen atom. The later is generally employed to tune the absorption properties as well as the electrochemical ones. [17] As a consequence, a second generation of molecular systems resulting 155 from the extension of the pi-conjugated system by a thiophene unit has been envisioned and prepared as depicted in scheme 5. Obtained as yellow powders, the structures of all 4 compounds were confirmed by 1 H NMR spectroscopy as presented in figure 4 and5. Here again, the C3-symmetry of compounds, allowed by the propeller shape geometry of the triphenylamine central core, leads to an easy lecture of spectra. As one can observe, all spectra exhibit the main characteristics indicating that all systems are in their closed-closedclosed form with ethylenic bridges in their trans isomery such as:

-An easily distinguishable doublet corresponding to one proton of the C=C linkage (9) with a J coupling constant around 16 Hz, Chapter 3: Synthesis and characterization of new multi-level systems.
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-A series of multiplets corresponding to the methylene groups adjacent to the nitrogen and oxygen atom (5 and 6) ranging from 3.4 to 3.9 ppm, -The two singlets around 1.5 and 1.2 ppm related to the methyl groups (7 and 8).

These easily accessible C3v-symmetric molecular systems bearing 3 BOX moieties can be considered as multiresponsive molecular systems. Concerning the opening of the BOX units,

it is important to note that their commutation can follow either "all-in" and/or "step-wise" route.

More important, we have seen in previous BiBOX series that this commutation mode is strongly affected by the nature of the stimulation. As consequence the acido-, photo-and electro-chromic properties of this new TriBOX derivatives were investigated and are presented below.

B. Commutation and abilities.

B.1. Acidochromic properties.

All the "TriBOX" systems prepared exhibit relative low absorption properties in visible range under their closed-closed-closed (CCC) form. In fact, the spectra of compounds 25-28

are similar and reveal one simple absorption band with a maximum absorption wavelength in the near UV domain (table 1). Once again, we can notice the poor effect of the lateral substituents on the absorption maxima wavelength of the different systems under their CCC form. This behavior is explained by the break of the conjugation between the triarylamine moiety and the indoline due to the sp 3 hybridization of the carbons in position 2. Thus 25-26 on one side and 27-28 on the other one present identical maximum absorption wavelengths at respectively 351 and 393 nm. This expected 42 nm bathochromic shift between both series can be easily explained by the extension of their pi-conjugated system.

Chapter 3: Synthesis and characterization of new multi-level systems. To rationalize these experimental observations, simple theoretical calculations where performed using B3LYP hybrid functional and 6311G (d) basis set and IEFPCM model to take in account solvation effect. As behavior of 25-26 on one side and 27-28 on the other one are awaited similar, only one of those was studied. These calculations are completed by derivative 24 where the 3 BOX units are linked together by using a phenyl spacer and the resulted geometric optimizations are gathered in table 2.

On one hand for 24 and on the other hand for NPh-Box and N(PhT)-BOX derivatives the HOMO and the LUMO compound appear respectively pseudo-degenerated due to symmetry purposes. Beside this, important difference is noticed on triarylamine derivatives in comparison to compound 24.

First of all, it must be underlined that, the HOMO of compound 24 is strictly localized on the BOX unit in agreement with the observation of some electro-polymerization in CV (vide supra) confirming its direct stimulation by redox media. In contrary, the HOMO energetic levels of triarylamine derivatives appear localized on the central node including the vinylene Chapter 3: Synthesis and characterization of new multi-level systems.

160 bridge (table 2) which represents a prerequisite in order to obtain the stimulation of BOX units through an electromediated process. Logically the extension of the electron rich conjugated systems decreases the HOMO level. Thus, compound 28 which possesses the longer conjugated system presents the higher HOMO level as the lower one is exhibited by 24. Similarly, compound 28 also presents the lower LUMO level (and thus the higher electron acceptor ability) as the two other compounds exhibit analogous levels. More important, the TriBOX derivatives 26 and 28 exhibit a band gap value of 3.7 and 3.15 eV respectively which correspond roughly to their absorption maxima wavelengths (351 and 393nm respectively). As a consequence, the main absorption can reasonably be assigned to a π→π* transition mainly localized on the central triarylamine core.

As already observed, the association of several indolinooxazolidine units with the organic core may not affect their acidochromic properties since acid acts directly onto BOX (direct stimulation). As a consequence, the presence of three switching units lets presume the As expected, the addition of some aliquots of acid (HCl) to a solution of the compound under its CCC form leads to the generation of a deep purple coloration due to the appearance of an intense broad band in the visible 450-650 nm and 590 to 690 nm range for compounds 25/ 26 and compounds 27/28 respectively (Figure 6). This strong variation of the absorption properties translates unambiguously the commutation of the different BOX units. More important, we can observe in all cases, an irregular evolution of the UV-Visible spectra along the titration with acid aliquots (Figure 6). As mentioned many times in this manuscript, the specificity of some NMR signals of the BOX closed form, especially the proton of the ethylenic junction, represent a powerful and convenient manner to track the commutation of the molecular system. In this context, the evolution of NMR spectrum of compound 26 upon the addition of acid have been recorded (Figure 7) in order to follow the opening of the different BOX units. 164 Under its initial stage (the three BOX units are closed), the targeted molecules are perfectly symmetrical and only one doublet at 6.2 ppm with a coupling constant of 15.7 Hz is observed. Adding acid (HCl) induces a decrease of intensity of this doublet and an important complexification of the spectrum. More important, it is possible to notice the appearance of 3 new doublets at higher chemical shifts 6.3, 8.0 and 8.4 ppm respectively. Two of them (6.3 and 8.4 ppm) exhibit a vicinal constant coupling of 15.9 Hz and, as consequence, can be directly assigned to the ethylenic protons. Exhibiting an integration ratio close to 2, we can assume that the addition of the acid below one equivalent conducts specifically to the opening of only one BOX unit and the corresponding OCC form. Concerning the third doublet at 8.0ppm, it is assigned to the protons of phenyl group. Indeed, the generated indoleninium moiety acting as strong electron withdrawing group, an important low field shift of the signal of the aromatic proton placed in ortho position is logically expected. An analogous behavior is noticed when the addition of acid is pursued up to two equivalents. Indeed, the three previous doublets (6.3, 8.0 and 8.4 ppm) disappear and are replaced by 3 new chemical shifts (6.4, 7.8 and 7.9 ppm) in agreement with the opening of a second oxazolidine ring. When the addition of acid is continued up to 3.5 equivalents, a simplification of the spectrum is noticed in agreement with the regeneration of the molecular symmetry due to the opening of the third BOX unit (figure 7). As consequence, all ethylenic protons of the compound 26 under its OOO form are represented by two doublets at 7.9 and 8.3 ppm exhibiting a scalar coupling constant of 15.7 Hz.

To conclude, the proton NMR spectroscopy confirms unambiguously the stepwise commutation of the three BOX units in triarylamine derivatives upon stimulation with acid.

Moreover, the structure and the conservation of the full trans isomer of the compound whatever the state of the molecular system (CCC, OCC, OOC and OOO) is well corroborated especially by the value of scalar coupling constant around 16 Hz for all ethylenic protons. Unfortunately, it can be noticed that this selective addressability of each three BOX is not perfectly efficient Chapter 3: Synthesis and characterization of new multi-level systems.

165 as in our previous BiBOX series. In fact, the CCC states is still easily observed after one equivalent as well as the OCC after 2 equivalents and at least 3.5 equivalent are required to fully displace theses equilibrium to the OOO form. In this case, it was not possible to calculate the quantification of each form due to the very complicated system. In particular, the doublets of the ethylenic junction of the different states are too close to each other to assure their perfect integration. The substitution of the indoline position 5 by a fluor atom should circumvent this issue thanks to the 19 F NMR. In this context, the syntheses of corresponding analogs were undertaken as well as NMR studies that are still under progress.

Knowing the influence of the nature of the stimulation on the addressability selectivity of system bearing several BOX units, the other kind of stimuli were explored starting by their photochromic behavior.

B.2. Photochromic properties.

According to previous work, it was proved that using light irradiation can also induce the opening of the oxazolidine ring. In this context, the photochromic properties of compounds 25-28 were investigated by performing the irradiation at 254 nm of a corresponding solution of CCC form in mixture of acetonitrile and chlorobenzene (90/10 in vol.). Starting from an almost colorless solution, a strong coloration is well observed in all cases. However, due to the strong similarities along this series, only the monitoring of the commutation of compound 26 by UV-Visible Spectroscopy is reported below (figure 8)
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166 In this example, the UV irradiation leads quickly to the strong coloration of the solution before reaching a photostationary state after 2.5 min. More important, the overlapping of the UV-visible spectra obtained by either irradiation or acidic titration is noticed. The quantitative restoration of the initial state of the system can be obtained by adding some base to irradiated solution confirming the multi-modal switching abilities of these molecular systems.

Again, the evolution of the UV-Visible absorption spectra as a function of the irradiation time lets clearly appear different stages. Below 1.5 min of irradiation duration, the reduction of the absorption at 351 nm, assigned to the CCC state, concomitant with the appearance of an absorption band centered at 551 nm, corresponding to the OCC form, as well as the presence of one isosbestic point at 382 nm suggest an equilibrium between both species. Upon longer irradiation time, the visible absorption band continues to increase but is also bathochromically shifted (from 551 to 559 nm) and associated with the observation of a new weak band at higher energy (364nm) which are the spectral characteristic of OOO states. As in BiBOX series, it Chapter 3: Synthesis and characterization of new multi-level systems.

167 appears that the first photoinduced opening of oxazolidine ring occurs quicker than the two others. Less efficient, these last require longer irradiation time.

Unfortunately, the study of the photoconversion process of compound 26 by 1 H NMR in the same conditions of solvent appears tedious due to the proximity of the ethylenic protons of the different forms OCC, OOC and CCC. In this context, we have chosen to focus our attention on the electrochromic properties of our system which should be more influenced by the nature of the pi-conjugated node.

B.3. Electrochromic properties.

As mentioned above, BOX opening can be also induced by an electromediated process when this unit is associated with an electroactive moiety such as bithiophene. [9] At the opposite of acid and light stimuli during which the processes are mainly localized on the BOX units,

upon oxidation, a non-direct stimulation can occur. Consequently, such electrochemical process should lead to a better selectivity of commutations than other kinds of stimulations.

Indeed, after the first opening which leads to the OCC compound, the central pi- In this context, the electrochemical behavior of all compounds has been investigated by cyclic voltammetry.
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168 As we can see on Figure 9, compounds 25 and 26 present similar behaviors and their voltamperograms exhibit several successive electrochemical processes (figure 9). Under their CCC form, BOX units and central triaryl amine moieties can be considered as 4 independent pi-conjugated systems. In this context, we presume that the first quasi-reversible oxidation process occurring at 0.47 V is mainly localized on the triarylamine part. This first oxidation leads to the generation of the corresponding radical cation which can be delocalize in the close vicinity of a BOX unit and can induce its opening through an electromediated process. Indeed, the supposed localization of the radical cation is corroborated by literature as oxidation potential values of many tri-para-substituted triphenylamine ranging from 0.1 to 0.84V vs Fc/Fc + (from OMe to COOMe substituent). [18] Moreover, no dimerization process was observed on the CV when any substituent is present on the indoline position 5.

As observed in the case of the BiBOX-ETE series, the triphenylamine localized radical cation appears relatively stable. As shown on figure 9, at high scan rate it appears pseudoreversible and the scan rate has to be reduced below 100mV/s to notice the complete disappearance of its anodic peak. In these conditions, the radical cation has enough time to -the oxidation potential values are in agreement with the oxidation potential of isolated BOX [7] -the variation of the second oxidation potential by changing the nature of the substituent of the BOX (H or Me) [7] -the high charge exchange by comparing the intensity of the first and second oxidation which can be due to the presence of 3 BOX on each triarylamine core -theoretical data display that the HOMO-1/HOMO-2/HOMO-3 are all exhibiting almost the same energy level and symmetrical localizations (on the lateral BOX)

as shown in the table 3 below. Based on our previous studies, the opening of some BOX units through an electromediated process at 0.47 V is perfectly sustained by the appearance of a new system on the scan back at -1.02V and -1.12V for compound 25 and 26 respectively. However, the counting of the opening BOX units at this potential is difficult. As in the case of BiBOX series (see chapter 2), the poor variation of absorption maxima between OCC, OOC and OOO states induce some difficulties to clarify it by spectroelectrochemistry experiments. In addition, the low reactivity of the generated radical cation exhibiting is own spectral characteristic will complicate seriously the identification of each species. Nevertheless, theoretical calculations suggest:

-the HOMO of the different states (CCC, OCC and OOC) are mainly localized on the central pi-conjugated node allowing an eventual opening of remained closed BOX unit(s) by an electromediated process (see Table 4).

-as in the case of linear bridged (Bt and ETE) species, the successive BOX unit opening and generation of indoleninium EWG only lead to gradual and reasonable HOMO decreases.

Indeed, the first opening induces only a decrease of the HOMO energy value of 0.34 and 0.36 eV when Bt and ETE were used as linker between two BOX units respectively. As we have observed this variation was not sufficient to observe in CV a clear differentiation of oxidation peaks between both states (CC and OO) of the molecule. In our present case, this calculated variation of energy between CCC and OCC is only slightly higher (0.42eV) and a clear separation of both oxidation process is not guaranteed. Moreover, the variation induced by the second opening, is largely reduced with only 0.18 eV between OCC and OOC. In this context, the unusual broadness of the first oxidation peak observed on the CV around 0.47 V is perfectly understandable and suggests the successive transformation from CCC to OCC, OOC and finally to OOO at very close oxidation potentials (see table 4). First, as shown on the figure 10, the CV of 28, as its triphenyl analog (26), presents also two successive oxidation processes at 0.41 and 0.66V (vs 0.47 and 0.69V for 26) assigned to the successive oxidations of the central triarylamine node and peripheral closed BOX units respectively. Logically, the introduction of three thiophene moieties to increase the conjugation, non only allows a moderate cathodic shift of the first oxidation process [19] but also, and more importantly, leads to a full reversibility whatever the scan rate (figure 10, right) of this first redox process. Thus, the radical cation is now enough stabilized to prevent its efficient delocalization in the close vicinity of the BOX and then its opening. This assumption is supported by DFT calculations which show that the HOMO level (Figure 11) of compound 28 presents a reduction of its electronic density on the ethylenic bridge. As consequence, the radical cation should require a longer time to undergo the chemical steps leading to the opening of the BOX unit than in triphenylamine analogs.

To verify this assumption, the commutation of the systems 25-28 was investigated by using NOSbF6 (0.87 V vs Fc/Fc + ) [20] as an oxidizing reagent and monitored by UV-Visible spectroscopy. In all cases, in chemical oxidation conditions, a drastic change of the UV-Visible spectra from the beginning of NOSbF6 addition is observed, demonstrating that the radical cation, stable in CV conditions, does allow delocalization and BOX opening in other conditions. After full oxidation, it can be noticed that the addition of oxidizing reagent leads to an identical spectrum as the one obtained after stimulation with an excess of acid and the treatment with an excess of base (NEt3) restore the initial spectrum as observed in previous BiBOX series.

If the UV-visible spectra obtained upon gradual chemical oxidation of compounds present strong similarities with those chemically and optically induced, subtle differences appear.

As example compound 26 shows upon addition of the first equivalent of NOSbF6 the appearance of a unique band centered at 551nm assigned to the OCC form (vide supra) associated with the concomitant decrease of the CCC characteristic band at 351nm. The addition of the second equivalent of oxidant leads to a bathochromic shift with a new band centered at 558nm assigned to OOC form as well as the disappearance of the band centered at 351nm. The opening of the third oxazolidine ring can be generated by adding more than two equivalents of NOSbF6 and induces an increased coloration of the solution due to the increase of the absorption band centered at 558 nm associated with the appearance of a new higher energy band at 364 nm. As consequence, this experiment suggests, again, the commutation of the connected BOX units in a stepwise manner in the two series of molecules despite their difference of electrochemical behavior.

To confirm the stepwise commutation of the system that also probes the selectivity of the addressability under chemical oxidation, as mentioned above, the 1 H NMR spectroscopy represents an easy and convenient manner. The results of the titration of compound 25 by NOSbF6 are presented on Figure 13.
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175 As previously mentioned, the proton ethylenic junction NMR shift of the compound 25 is a powerful and convenient manner to track the opening of the different oxazolidine rings.

Under its initial stage (the three BOX units are closed), the targeted molecules are perfectly symmetrical and only one doublet at 6.2 ppm with a scalar coupling constant of 15.7 Hz is observed. According to that, the addition of the oxidizing reagent (NOSbF6) below 1eq. induces the appearance of two new peaks (at 6.3 and 8.23 ppm respectively) translating a loss of the symmetry and in agreement with the opening of only one BOX unit leading to the OCC form.

When the addition of NOSbF6 is pursued (between 1 and 2eq.), it induces a decrease of intensity of these doublets and the appearance of new doublets at higher chemical shifts (6.4 and 8.27 ppm respectively) attributable to the opening of the second oxazolidine ring. Finally, the further addition of NOSbF6 until 3 equivalents, leads to the replacement of these doublets by only two new doublets at a more shielded chemical shift 7.51 and 8.3 ppm respectively exhibiting a scalar coupling constant of 15.7 Hz, explained by the regeneration of the molecular symmetry due to the opening of the third BOX (figure 13). Notably, it can be noted that in any state of the system (CCC, OCC, OOC and OOO), the trans isomer is observed (J coupling constant of the ethylenic junction is c.a. 16 Hz). Like in the cases discussed in previous chapter, the comparison of the proton NMR spectra obtained upon adding HCl or NOSbF6, as in the case of linear conjugated systems bearing only two BOX units, demonstrates the higher selectivity and efficiency of the redox addressability compared with other kind of stimulations. Thus, the electrochemical processes could be described as EC mechanisms as presented on Scheme 7. 177

If the extension of the pi-conjugated system did not produce any drastic changes on the addressability selectivity, we have highlighted its strong influence on the opening kinetic rate under electrochemical stimulation. Indeed, the extension of the triphenylamine by a thiophene moiety in compounds 27 and 28 leads to longer pi-conjugated systems in which the delocalization to lateral ethylenic bridges of the radical cation is reduced. This limitation conducts to observe an important decrease of its reactivity and, as consequence, a slow-down of the BOX opening kinetics through an electro-mediated process. In this context, it paves the ways to elaborate new TriBOX derivatives where this difference of kinetic offers an opportunity to assure the addressability differentiation between three identical BOX units connected around an aromatic node.

IV). Association of three BOX units to an unsymmetrical

Triphenylamine systems

To reach this objective, new systems based on a triphenylamine moiety were thus envisioned. To take advantage of the influence of the nature of the conjugated system on the opening kinetics, unsymmetrical compounds TriBOX molecular systems were designed. In such system, three identical BOX units were connected to a central triarylamine node by using three different pi-conjugated connectors. This dissymetrization of the compound should allow us to orient preferentially the delocalization of generated radical cation generated during the oxidation, and then the opening of the connected BOX moiety. If symmetrical TriBOX derivatives conduct to some molecular systems exhibiting a stepwise commutation between 4 different metastable states with potential applications in molecular-scale high-density optical memory or multinary logic devices, [2,21] unsymmetrical ones offer new perspectives especially in the design of nano-molecular machines where the molecular switches involve a mechanical motion, and multicomponent add directionality control. [22] Impossible to differentiate in previous symmetrical compounds, the introduction of three different aromatic systems on the central nitrogen atom constrain us to envision two different sequences in the stepwise commutation of the system referenced later in the text as a clockwise and an anticlockwise one.

Figure 14. Does the dissymetrization allow the control not only of the number of BOX opened but also the prediction of which one opens first?

A. Synthesis.

In this context, the targeted molecular systems 29 and 30 were prepared according to the convergent synthesis depicted in scheme 8. procedure, [23] permits to obtain targeted compounds 29 and 30 as yellow powders with satisfactory yields of 69 and 44% respectively due to some purification difficulties.

As expected, this dissymetrization have a huge impact on the complexity of the 1 H NMR spectrum especially in the aromatic proton range. Nevertheless, it can be noticed that the NMR spectra of compound 29 and 30 (figure 15) exhibit almost all specificities of BOX derivatives observed in previous series: 180 -The easy observation of vinylic protons around 6 ppm. Noticeably, the choice of a phenyl, a biphenyl and a phenylthiophene as pi-conjugated systems to decorate the nitrogen atom allows to observe three well discriminated doublets (at 6.12, 6.22 and 6.34 ppm) integrating for one proton each with a J coupling constant of 15.9 Hz.

-A series of multiplets corresponding to the methylene groups adjacent to the nitrogen and oxygen atom centered at 3.65 ppm.

-The presence in aliphatic region of intense peaks around 1.20 and 1.44 ppm each of them integrating for 9H and corresponding to both germinal methyl groups borne by the indoline moieties.

All these characteristics allow us to confirm undoubtedly the full closed status of the systems (CCC) as well as the full trans isomery of the three ethylenic junctions.

Naturally, the acido-, photo-and electrochromic properties of these molecular systems were studied in details and are reported in the next sections.

B. Commutation and abilities.

B.1. Acidochromic properties.

To investigate the acidochromic properties, the UV-Visible spectroscopy represents certainly the most convenient technique to monitor the commutation of elaborated systems under stimulation. Moreover, the dissymetrization of conjugated systems may also allow a better discrimination of absorbance UV-visible signatures between the four metastable systems.

As observed in other molecular systems, the substituent placed in the position 5 of the indolenine have negligible impact on the maximum absorption wavelength when the system is in its full closed form. As consequence, compounds 29 and 30 under their CCC form present almost identical UV-visible spectra with a maximum absorption wavelength of 368 nm (table 5). Interestingly, their absorption band appears 17nm bathochromically shifted compared to 25- If this experiment suggests, again, a commutation of the connected BOX units in a stepwise manner, the dissymmetry of the conjugated systems did not induce a better discrimination of absorbance UV-visible signatures between the four metastable systems. More As we can see on the graph above, the addition of 0.5eq. of acid leads to observe predominantly the commutation of BOX B and C (24% and 5% of units respectively) while the BOX A is not impacted by a such stimulation. This discrimination is even more noticeable with further additions of acid. In fact, after addition of 2 eq. of acid, about 72% of BOX B appears converted vs about 51% and 19% for C and A respectively.

As a consequence, even if the observed selectivity of BOX opening appears weak, it can be here considered as a proof of concept. If one reminds that the full opening of BOX here necessitates a large excess of acid and that in this case, the stimulation is direct and not via the mediation of the conjugated system, one can envisage an improvement of the addressability selectivity between the BOX units with other stimulations, in particular by oxidative media. [3,24,25,26] C.2. Photochromic properties. C.3. Electrochromic properties.

As redox stimulation, as demonstrated before, acts via the conjugated system media, a higher selectivity of BOX opening could be expected in this later case.

Before studying more deeply this point, the electrochemical behavior of compounds 29

and 30 has been investigated by cyclic voltammetry (CV). According to figure 20, the CV shows that the two compounds, which only differ from the substitution of the BOX termination (Me or F in position 5) exhibit similar behaviors with two successive oxidation waves. For both compounds the first quasi-reversible oxidation process occurs at 0.45 V. This latter can be reasonably assigned to the oxidation of the central core and leads to the generation of the corresponding radical cation in agreement with oxidation potential of symmetric TriBOX analogs 25/26 and 27/28 (0.47 and 0.41V respectively). As them, the quasi-reversibility of the process suggests that the radical is able to be delocalized in the close vicinity of neighboring BOX units to induce its opening (figure 20 left). The second oxidation process occurring at 0.66 and 0.78 V for compounds 29 and 30 respectively can be assigned to an oxidation mainly localized on the closed BOX in agreement in agreement with the oxidation potential of isolated BOX. [7] On the return sweep, one resolved reduction wave appears at c.a. To confirm the stepwise commutation of BOX in this new non symmetric system, its switching ability was investigated by using an oxidizing reagent such as NOSbF6.

As expected, a drastic change of the UV-Visible spectra upon the addition of NOSbF6 aliquots is observed (figure 21). At the end, we can notice that this addition of oxidizing reagent leads to an identical spectrum as the one obtained after stimulation with an excess of acid as shown on figure 16 As mentioned earlier, the poor discrimination of the optical signature of the different metastable states did allows us to conclude about the selectivity of this addressability of the system. For this reason, we have monitored the commutation of this system by 1 H NMR spectroscopy. The results of the titration of compound 29 by NOSbF6 are presented on Figure 22.
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189 A on the other hand is more important. In fact, these preliminary results show that 1eq. of NOSbF6 lead to only to 11% of A opening (in comparison to 16% with acid). This higher discrimination seems not anymore observed at 2 eq. Indeed, we observe 39% of A opening while acid leads only to 19%. This behavior is easily explained by the more important reactivity of the system in redox media than in acidic conditions. In fact, the chemical oxidant leads

quantitatively to corresponding open BOX quantity. As consequence, the full commutation of the system, OOO form, is reached after addition of only 3 eq. of NOSbF6 while 5.5 eq of acid were required to reach the same point.

We can conclude that, redox media as stimulation assure more efficient conversion but provide only a tiny improvement of selectivity between C/B vs A compared with acidochromic experiment. Nevertheless, this first investigation can be considered as a proof of concept that it is possible, by modifying the conjugated system linked to the BOX to promote the opening of 

V). Conclusion

In conclusion of this chapter, three series of multi-modal and multi-level molecular systems associating three BOX units to a central pi-conjugated core have been synthesized and investigated by the three different stimulations.

Initial work shows that, the possible triggers of compound 24 are only limited to two (photon and proton) of the three ways classically reported to induce BOX opening. Indeed, a direct stimulation by electron leads to an electropolymerization process through a C-C coupling on the position 5 of the BOX when it is not substituted.

At the opposite, studies performed on symmetrically TriBOX system using a triarylamine core 25-28 exhibit promising and analogous results. All three types of stimulation (proton, photon and electron) allow opening of BOX systems and in a sequential order.

In this later case it can be pointed out:

-That titration of CCC, OCC, OOC and OOO forms upon oxidation still have to be conducted to determine equilibria C/O constants.

-That such a derivative in terms of second order NLO could allow interesting properties. In fact, such system should allow to modulate the first hyperpolarizability over at least 3 different levels. Indeed, CCC and OOO states exhibiting a C3v
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192 symmetry they should be inactive except if conformational evolution occurs as in BiBOX-bithiophene compounds.

-Considering the recent demonstration to use BOX in order to modulate the two photons absorption phenomenon, the measurement of the two photons cross sections of the some of this molecular system have to be carried out as two forms (OOC and OOO) present a promising quadrupolar structure.

Finally, a first non-symmetric triarylamine system bearing 3 different conjugated systems terminated by an identical BOX was synthesized and investigated. If its properties are globally analogous to those of symmetrical compounds, titration experiments conducted by our colleagues of Lille demonstrate unambiguously a preferential opening sequence under acidic and redox stimulation. If this selectivity is far to be sufficient for application, it can be considered as a proof of concept for a step forward in the exploitation of BOX properties.

As the two first chapters are focused on the properties of BOX covalently linked, the two next ones focus on a second strategy which consists in developing multi-responsive molecular systems based on coordination chemistry.

I). Introduction

In the previous chapters, we have demonstrated that the connection of two or three BOX by using a linear conjugated system or a C3-symmetry node allow to observe in almost all cases a stepwise commutation of the corresponding molecular system especially when an electromediated process is involved. It may be hypothesized in both of these cases that this promising addressability behavior results from some interactions between BOX moieties. Indeed, BOX moieties are allowed to interact through bond or a minima via the influence of the electronwithdrawing indoleninium motif which de facto decreases the donor ability of the central node.

The question about the possibility to induce similar behavior by using through space interactions between BOX systems remains. In fact, similar strategies, applied to famous DTE unit, lead generally to observe a loss of selectivity and their random closure under irradiation. [1] In this context, we have decided to take advantage of coordination chemistry to place the different BOX units in a specific spatial arrangement around a metallic ion. As this manner to pile-up BOX systems assure an electronic insulation of systems while allowing through space proximity, this strategy opens also new prospects. Indeed, the connection of a photochromic moiety to a transition metal ion could also induce a perturbation of the excited-state properties of both components and thus generate new reactivity and interesting photochemical properties. [2] Figure 1. Schematic of a ligand substituted by a BOX and of the corresponding complex with a transition metal.
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To the best of our knowledge, the development of molecular systems associating a BOX unit to a metal binding functionality is not reported in the literature. For this reason, this chapter is focused on the syntheses and commutation characterizations of a first series of isolated ligands bearing one or more BOX units. The preparation and studies of corresponding Zinc and Ruthenium complexes will be presented in the next chapter.

Concerning the metal binding functionality, the nitrogen-donor based ligands have been intensively studied in the context of their coordination ability to a variety of transition metal ions. In this context we have chosen to develop a library of organic aromatic heterocyclic ligands bearing one or several BOX units. Known to form stable complexes with numerous metal centers, their structure affects strongly the optical and electrochemical properties of resulting complex. In addition, the large possibilities of polypyridyl ligands functionalization by different groups have conducted to their use in a wide range of applications, which exploit their photophysical, photochemical and redox properties. [3] The simplest member of this family is the well-known pyridine motif [4] which is largely used as versatile building blocks for the preparation of polypyridyl ligands. [5] Among the numerous pyridine based ligands, bipyridines certainly represent the most important family especially the 2,2'-bipyridine (bpy). Resulting from the connection of two pyridine units through a single bond, this bidentate chelate is certainly the most used and studied nitrogen-donor based ligand due to its ability to form stable complexes with a large variety of metallic ions. [6] From the basic bipyridine structure, a lot of derivatives have been prepared upon functionalization with different groups. The synthetic approaches to bipyridine derivatives include the functionalization with substituent groups at the different positions of the aromatic rings as well as the incorporation of fused aromatic or aliphatic rings to lead as example to famous phenanthroline (scheme 1). Indeed, this important bipyridine derivatives presents a fused aromatic ring between the two pyridyl groups. [7,8] Scheme 1. Molecular structure of the different aromatic nitrogen heterocycles.

As consequence, the polypyridyl ligands represent logically the first molecular family to exploit in order to elaborate some BOX derivatives including some metal binding functionalities. In this context, the functionalization of various aromatic nitrogen heterocycles by one or more BOX units was undertaken. Differing by the nature of the heterocycle (pyridine, bipyridine, and phenanthroline), the nature and position of substituents and, finally, the number of grafted BOX units, a first library of multi-functional ligands have been prepared (scheme 2).

Their syntheses are described in the following sections.

Scheme 2. Different models of synthesized ligands bearing BOX units.
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II). Synthesis

A. Synthesis and characterization of pyridine ligand with one BOX unit.

To prepare the targeted molecules, a convergent synthesis strategy, laying on condensation between an aromatic aldehyde and the corresponding trimethylindolinooxazolidine derivative as final step, has been adopted. If this condensation reaction was reported with numerous aromatic hydrocarbon bearing a large variety of substituent in various experimental conditions (protic and aprotic solvents, acid or basic catalysis, solvent-free), the used of heterocycle appears surprisingly limited to thiophene. [9,10,11] As example, the functionalization of an aromatic nitrogen heterocycle by a BOX unit is not something known from before. In this context, our first attempt was dedicated to the condensation of trimethylindolino-oxazolidine derivatives on cheap and commercially available 4pyridinecarboxaldehyde using the silica mediated procedure which was successfully applied up to now (scheme 3). Differing from the substituent nature in the position 5 of the indoline heterocycle, the two ligands 31 and 32 were obtained with satisfactory yields of 73 and 88 % respectively. As usual, the structures of the compounds, especially the trans isomery of the ethylenic junction, were confirmed by NMR spectroscopy (proton and carbon), IR, mass spectrometry.

In addition, it was possible to obtain some single crystals suitable for X-ray diffraction studies by recrystallization of 31 and 32 in their closed form in ethanol. The crystallographic data are described in table 1.
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••• (C4-H4••• (2.712 (0) Å), C13-H13B••• Å))
, from phenyl ring and from pyridine fragment respectively as represented in Figure 2. These interactions lead to the formation of 3D supramolecular layers which are parallel with the bc crystallographic plane (Figure 3).
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Figure 3. Crystal packing of ligand 32 showing the two types of interactions C-H•••N hydrogen bonds (orange dashed lines), C-H• •π interactions, from phenyl ring (purple dashed lines) and from pyridine fragment (green dashed lines).

Through the preparation of derivatives 31-32, we have then demonstrated that the silica mediated procedure is an easy and convenient manner to carry out the functionalization of nitrogen heterocycle by some BOX units without loss of effectiveness. In addition, both compounds present all the classical characteristics of BOX derivatives where both piconjugated systems are almost perpendicular and should behave independently. As Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.

203 consequence, compound 31 and 32 can be considered as potential monodentate ligands. Driven by this success, we have pursued our effort in order to prepare some bidentate ligands based on bipyridine and phenanthroline which are known to lead to more robust complexes.

B. Synthesis and characterization of bidendate ligands.

B.1. Synthesis of bidendate ligands with one BOX unit.

To prepare this second series of ligands bearing one BOX unit, typical convergent strategy was applied as depicted on scheme 4. It consists in preparing in first place the corresponding N-heterocycle incorporating a carboxaldehyde function and then performing its condensation with various trimethylindolino-oxazolidine derivatives (which differ by the nature of the substituent in position 5) as final step. Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.
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The syntheses of ligands 36 and 37 require first to prepare the 2,2'-bipyridyn-4carbaldehyde (35). Concerning the latter, we have successfully applied the procedure reported in 2004 by Maestri et al [12] which consists in 3 steps starting from 2-acetylpyridine. As the first step involves the synthesis the 1-[2-oxo-2-(2-pyridinyl)ethyl]pyridinium iodide 33 using iodine and pyridine in 55% yield, a further reaction with crotonaldehyde and NH4OAc in methanol leads to the 4-methyl-2,2'-bipyridine 34 in 38% yield. After that, an oxidation reaction of compound 34 using selenium dioxide in diglyme allows to obtain compound 35 in 71% yield.

Finally, its condensation under solvent-free silica method [11] with trimethylindolinooxazolidine derivatives did not raise any particular problems and bidentate ligands 36 and 37

were obtained in satisfactory yields of 80 and 45% respectively.

The preparation of ligand 39 is more straightforward. Indeed, the oxidation of commercially available 4-methyl-1,10-phenanthroline by SeO2 allows the introduction of the carboxaldehyde function (78%) which is involved in the second condensation step with tetramethylindolino-oxazolidine allowing to obtain the targeted compound in 59 % yield.

If the structure of all compounds, were confirmed by NMR spectroscopy (proton and carbon), IR and mass spectrometry, single crystals allowing X-ray structural determination were obtained in case of ligand 36 by recrystallization using ethanol. Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.

205 Ligand 36 crystallizes in the Triclinic system space group P-1, with one independent molecule in the unit cell (selected parameters of the X-ray diffraction data collection and refinement are gathered in table 2). Here again, the bipyridine ligand and the indolinooxazolidine unit are not coplanar and, as deducted in solution from NMR spectrum, the central ethylenic junction presents a trans configuration. In addition, it is worse to note that the bipyridine unit is planar and in an anti-conformation, (opposite position of nitrogen atoms N2 and N3). [13] As seen in the two previous chapters, the connection of two BOX units by a piconjugated system conducts to enhance the number of metastable states in which a stepwise commutation is generally observed. Based on these promising results, a similar strategy has been envisioned here by the functionalization of one metal binding functionality (bipyridine or phenanthroline) by several BOX units.

B.2. Synthesis of bidendate ligands with two BOX units.

In order to control and increase the number of commutable switches around one metallic center, several strategies can be considered. The first one involves the selection of the number of ligands around this metal leading up to 3 BOX units and 4 possible metastable states. At the opposite, the second possibility consists in synthesizing ligands bearing several units. Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.
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In this context, we have focused our efforts on the preparation of some bidentate ligands based on bipyridine and phenanthroline heterocycles bearing two BOX units. As depicted on scheme 5, a similar strategy as the one used for BiBOX series was applied to prepare targeted ligands (44-47, 49). In both cases (bipyridine/phenanthroline) the target ligands were prepared in two steps without particular difficulties. In first place, the bisaldehyde compounds (43 and 48) were prepared by an oxidation of corresponding dimethyl-heterocycles. Using the solvent-free conditions, the desired ligands (44-47, 49) were obtained with satisfactory yields ranging from 59 to 83%.

If the structure of all compounds, were confirmed by NMR spectroscopy (proton and carbon), IR and mass spectrometry, single crystals allowing X-ray structural determination were obtained in case of ligand 44 by recrystallization using ethanol. The latter crystallizes in the monoclinic system space group P21/c, with one independent molecule in the unit cell. The crystal structure and selected parameters of the X-ray diffraction data collection and refinement are gathered in table 3.
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207 As in previous case, the bipyridine unit is planar and in anti-conformation, ethylenic spacers in trans configuration and lateral indolinooxazolidine moieties not coplanar with the central conjugated system.

Bipyridine and phenanthroline moieties are bidentate ligands bearing heterocyclic nitrogen atoms. It is possible to tune the complex force and geometry by using other sorts of ligands as for example, a pyrilyl-imide block.

B.3. Synthesis and characterization of Pyridyl-imine ligands.

Generally, the insertion of the suitable 2-pyrilyl-imide block is carried out through a condensation of the 2-formylpyridine with a partner bearing an amine function. Due to general lability of the imine bond in acidic conditions, the BOX unit have to be introduce in first place to lead to the intermediate 41. Nevertheless, two synthesis pathways were explored to prepare this intermediate. The first one is the straight application of BOX derivative preparation based on the condensation of the trimethylindolino-oxazolidine with an aromatic aldehyde bearing appropriate functionality as described in scheme 6.
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208 In this case, 4-aminobenzaldehyde was prepared by reduction of 4-nitrobenzaldehyde using SnCl2 in ethanol in 24% yield. This low yield is explained by the polymerization generated from the compound itself due to the presence of amine and aldehyde functions. After that, using the solvent free condition procedure under silica between BOX and 4aminobenzaldehyde led to compound 41 in the low yield of 18% also due to the polymerization of 4-aminobenzaldehyde. As we can see, the targeted intermediate is only obtained with a poor overall yield (4%). To circumvent these issues of polymerization, a new synthesis approach was investigated where the generation of the problematic amine function should occur at the end (scheme 7). This second approach is much more effective. In fact, the intermediate 41 is obtained in a 87% overall yield thanks to a quantitative condensation reaction between trimethylindolino-oxazolidine and nitrobenzaldehyde followed by an efficient reduction of the nitro function into an amine.
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209 The condensation between an aldehyde and an amine leading to an imine was described first by Hugo Schiff in 1864. [14] As consequence, pyridyl-imine ligands (42 and 54) were logically prepared according to a synthetic procedure which involves the condensation of 2formylpyridine or 2,2'-bipyridine-5,5'-dicarboxyaldehyde with an appropriate amine 41 as shown in Scheme 7. Concerning the ligand 42, the condensation of 41 with picolinaldehyde leads to target 42 in 69% yield without particular difficulties.

As for ligand based on bipyridine and phenantroline heterocycles, we have performed some attempts to introduce several BOX units on the same ligands. In this case, a new oligoiminobipyridine ligand incorporating two BOX units was prepared in order to form Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.

210 double-stranded helical complexes with copper (I) and copper (II) ions as described in literature. [15] Thus, the synthesis of ligand 54 was undergone in 5 steps starting from 5-bromo-2iodopyridine. As the four first steps consist in reproducing the published synthesis of 2,2'bipyridine-5,5'-dicarboxyaldehyde 53 [16] in an overall 32% yield, the last step of condensation with two equivalents of 41 leads to target 54 in 80% yield. The structures of the compounds were confirmed by NMR spectroscopy (proton and carbon), IR and mass spectrometry.

In summary, we have prepared a large library of different nitrogen aromatic heterocycle ligands functionalized by at least one BOX unit that are able to form some complexes based on Zn(II) and Ru(II) (see next chapter).

Before to go further, we have to verify that the presence on a metal binding functionality did not annihilate the commutation abilities of BOX unit. In such purpose, the response of chosen example of ligand under acido-, photo-and electro-stimulation were investigated and are described below.

III). Influence of the presence of a metal binding functionality on commutation abilities of BOX derivatives

Before synthesizing and investigating properties of corresponding transition metal complexes, the multimodal commutabilities upon acid addition, photo-and redox-excitation of the prepared ligands have to be characterized. Indeed, the presence of a nitrogen heterocycle could strongly affect their behavior especially their acidochromic properties. Indeed, as upon opening, BOX systems capture a proton onto an oxygen atom, nitrogen heterocycle, which also presents some basic properties, [17] is susceptible to blur the commutability properties of the system.
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In this context, the compound 32 associating a BOX unit to a pyridine moiety acting as the weaker base (pKa~ 5,23) of the series can be considered as a representative model and for this reason its commutation abilities were studied in details. Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.

212 In all cases, the stimulation of the system by addition of acid aliquots leads to a strong modification of the UV-Visible absorption spectra. As example, the variation of the UV -visible spectra of compound 32 as function of the added quantity of HCl is represented on figure 5. Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.

213 More important, the stationary state is reached only by adding an excess of acid leading to additional hyper-and bathochromic shifts of the visible absorption band (14 nm). This behavior seems indicating that an important quantity of acid is required to displace completely the system through the formation of the supposed OP state characterized by a maximum absorption wavelength of 395 nm.

In order to support this assumption, ab-initio quantum calculations were performed with the Gaussian 09 package of programs at a hybrid density functional theory (DFT) and timedependent density functional theory (TD-DFT) levels carried out using the B3LYP-6.311 G (d) as basis for all 4 different forms. 

32.

Figure 6 shows the simulated spectra for all forms of ligand 32. At first, the protonation of the pyridine (from C to CP) induces a poor variation of the absorption spectrum (bathochromic shift from 261 to 291 nm respectively). However, when these spectra are compared with the experimental data the absorption peak which corresponds to the C form fits very well showing a slight bathochromic shift (16nm). On the other hand, theoretical calculations predict that the opening of BOX will induce the strongest variation of the absorption spectra. In fact, simulated spectra of O and OP forms exhibit a maxima absorption wavelength of 427 nm and 480 nm respectively resulting from an enhancement of the conjugation. As consequence, the theoretical calculation fits well with the experimental results in which the yellow coloration can correspond to the formation of a mixture O and OP as the CP form should not induce strong variation of the visible spectra.

To confirm this assumption, proton NMR spectroscopy has been here used to unambiguously confirm the randomly generation of CP, O, OP forms upon acid stimulation.

Solubility issues have unfortunately conducted to undergo these experiments in DMSO instead of acetonitrile. Under its closed form, compound 32 presents a simple proton NMR spectrum (figure 7) allowing an easy assignment of each signal.

On this latter, we notice all the spectral characteristics of closed BOX derivatives:

-the two vinyl doublets (C=C linkage) at 6.66 and 6.79 ppm with a J coupling constant of 16 Hz confirming the trans isomery of the system, -the three singlets at 1.05, 1.36 and 2.23 ppm assigned to the three methyl groups on the indoline part, -a series of multiplets ranging from 3.2 to 3.78 ppm corresponding to the methylene groups adjacent to the nitrogen and oxygen atoms.

In addition to these classical indicators, the two doublets at 7.53 and 8.52 ppm with a J coupling constant of 5.9 Hz assigned to the pyridine unit are also useful.

As we can see on figure 8, the acidification of the media by adding some HCl aliquots conducts to observe a strong modification of the NMR spectra.
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216 We have to wait more than 1.5 equivalent to observe their stabilization. Already observed in the case of several pyridine derivatives, [18] such behavior translates a fast equilibrium at the NMR time scale between corresponding pyridine and pyridinium form. As consequence, the observed chemical shift is a function that depends on the ratio between both species (C/CP) and the chemical shift of each species. In this context, we can confirm that the addition of acid leads to the opening of oxazolidine ring (O form) and in the same time, the protonation of the pyridine moiety while the oxazolidine remains closed (CP form) (scheme10). Naturally, these assumptions are confirmed by the observation of corresponding modification in the aliphatic range (figure 9). 218 -three singlets in the aliphatic region showing an integration for 3 protons each at 1.07,

and 2.24ppm

In agreement with the formation of an indoleninium (O form), we notice the appearance of the following new aliphatic signals:

-two triplets at 3.89 and 4.89 ppm corresponding on the pendant aliphatic chain,

-two singlets at 2.48 and 1.82 ppm in the aliphatic region integrating for 3 and 6 protons and corresponding to the methyl groups on the indoleninium in position 5 and 3 respectively. B. Photochromic properties.

As mentioned earlier, the oxazolidine ring opening can be photoinduced by an irradiation at 254 nm light in presence of chlorobenzene. [19] For this reason, the evolution of a solution of ligand 32 under its closed form submitted to successive periods of illumination was followed by UV-visible spectroscopy by recording spectrum between each period of irradiation (figures 10). As we can observe, this UV irradiation leads to strong yellow coloration of the solution.

Indeed, the appearance of a new broad absorption band centered at 381nm is noticed up to 270 seconds of irradiation. Analogously to acidochromic experiments, maintaining the stimulation of the system lead to observe additional hyper-and bathochromic shifts of the visible absorption band (396 nm) and a photo-stationary state is reached after 450 seconds.

More important, an overlapping of the UV-visible spectra obtained by either irradiation or acidic titration confirm that both stimulations lead at the end to the same state (OP), and then, confirms the multi-modal switching abilities of ligand 32.

At the first sight, the photo-generation of OP form under UV irradiation is not trivial.

In order to explain this behavior, we have to consider a direct equilibrium between the O and the CP forms. In this context, the irradiation of the ligand 32 leads to its corresponding open form. Due to the mentioned tautomeric equilibrium between both forms, the concentration of CP forms starts to increase as function of irradiation time. Under this CP form, the system is likely to undergo another photoinduced oxazolidine ring opening leading to corresponding OP form as resumed on the scheme below. To verify the existence of a tautomeric equilibrium between O and CP forms, we have studied the electrochromic properties of the system which should lead to the same results.

C. Electrochromic properties.

In this context, the electrochemical behavior of ligand 32 has been investigated by cyclic voltammetry (CV) and its voltamperogram is presented in figure 11. Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.
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As shown on Figure 11, the ligand 32 exhibits a non-reversible oxidation potential at 0.74V vs Fc/Fc + . The assignation of this electrochemical process to an oxidation mainly localized on the indoline unit leading to corresponding radical cation is in agreement with previous reported oxidation potential for isolated BOX. [20] More important, this oxidation generates a non-reversible reduction process (around -0.88 V) on the scan back. This typical electrochemical behavior indicates that the generated radical cation undergoes a chemical process leading to the opening of the oxazolidine ring. However, we have noticed a much more important difference of charge exchanged during the oxidation (BOX opening) and the reduction process (BOX closure) in comparison with other BOX derivatives studied during this thesis.

To explain this behavior, we have hypothesized that the electrochemical stimulation leads, as in the case of photo-and acido-stimulation, to the generation of the OP form according to the ECEC mechanism as presented on Scheme 14. Chapter 4: Syntheses and characterizations of ligands incorporating BOX units.
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In order to verify this assumption, ligand 32 was investigated by using NOSbF6 as an oxidizing reagent. The electronic absorption spectra of the studied ligand are presented in figure 12. In this case and as expected, a drastic change of UV-Visible spectra upon the addition of NOSbF6 aliquots is observed (figure 12):

-generation of a broad absorption band centered at 381nm upon addition of oxidant up to 2 equivalents, -generation of a bathochromic shift (from 381 to 396nm) upon further addition of NOSbF6, -no isosbestic point observed.

Following these observations, the overlapping of the UV-visible spectra obtained by NOSbF6 or acidic titration can be noticed, then translating that both stimulation lead to the same commutation, and then, confirming the multi-modal switching abilities of these molecular systems.
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IV). Conclusion

In this chapter, we have demonstrated that the functionalization of a nitrogen heterocycle by some BOX units did not raise any particular difficulties. As consequence, a large library of mono-; bi-and tetradentate ligands incorporating one or two BOX units were successfully prepared.

If the introduction of the different nitrogen heterocycle such as pyridine, bipyridine and phenanthroline as metal binding functionality did not perturb the synthesis, it conducts to the establishment of a tautomeric equilibrium between O and CP forms. As consequence, the stimulation of the different systems leads to a protonated open form (OP) whatever the nature of the stimulation.

Considering this OP form as a weak diacid specie unable to form some complex, it offers new prospects such as the controlled release of complexed cationic ions, or the cleavage of pH sensitive bond such as imine one under stimulation. If this latter part is still under progress, the formation of corresponding metal complexes by coordination chemistry and their stability under stimulation is detailed in the next chapter.
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Chapter 5: Elaboration of multilevel molecular systems based on coordination chemistry.

I). Introduction

In our objective to elaborate multi-level molecular systems incorporating several BOX moieties, two main approaches were explored during this thesis. The first one has consisted in connecting BOX units around a pi-conjugated core in order to take advantage of through bonds interactions to assure their selective addressability (see chapter 2 and 3). The second one consists in taking advantage of coordination chemistry to place the different BOX units in a specific spatial arrangement around a metallic ion in order to promote through space interactions.

If the introduction of a transition metal ion in the close vicinity of a multimodal switchable unit such as BOX could open new prospects, [1] the elaboration of such complexes stays, to the best of our knowledge, unreported. In this context, we have prepared a library of ligands incorporating one or two BOX moieties (see chapter 4). As consequence, the present chapter reports our effort in the preparation and the preliminary characterizations of novel complexes bearing BOX as a switchable unit. Among the large possibilities of useful transition metal ion in coordination chemistry,

we have focused our efforts on the elaboration of complexes based on two of them (figure 1):

Zn(II) and Ru(II), as their syntheses appear selective, relatively easy and well documented.

Chapter 5: Elaboration of multi-level molecular systems based on coordination chemistry 232 First, we report the synthesis and the characterization of a first series of complexes involving a zinc metal center and various ligands (31-42). Based on these preliminary results, we have pursued our efforts with two promising ligands (37 and 39) in order to elaborate corresponding Ru(II) complexes. The influence of those ligands on spectroscopic and photophysical properties of the Ru(II) polypyridyl complexes as well as their commutation abilities will be discussed.

II). Elaboration and characterization of multi-level molecular systems by coordination chemistry of Zn(II)

Among the large variety of transition metal ions available, the choice to elaborate some Zn(II) complexes was motivated by numerous reasons [2] such as:

-an extensive and well documented coordination chemistry;

-a well-known propensity to form a large variety of complexes, especially with nitrogen, oxygen, sulfur, and halide donor ligands; -Zn relative redox inactivity [3] is an asset to assure the observation of the electrocommutation of the BOX ligand as its diamagnetic properties [4] allow to monitor this commutation by NMR spectroscopy. A. Synthesis of Zinc complexes based on pyridine ligands.

The preparation of coordination compounds of pyridine and zinc salts was firstly reported by R. Varet in 1891. [5] Since this date, numerous studies were dedicated to their preparation and characterization such as example their formation constant. [6] In addition, the easy access to BOX based ligand 31 and 32 in which the metal binding functionality is a simple pyridine have driven us to perform our first attempts of coordination chemistry on them. As depicted on Scheme 1, classical experimental conditions used at the laboratory [7] allow the preparation of Zn(II)-pyridine complexes 55 and 56 in 69 and 78% yield respectively. This complex crystallizes in a monoclinic system space group C2/c, with one independent molecule in the unit cell. The zinc ion is tetracoordinated leading to a classical tetrahedral geometry and selected bond lengths are resumed in Table 1. The distorted tetrahedral coordination sphere is formed by two pyridine nitrogen atoms and two chlorine atoms. As This preliminary result indicates that the metal binding functionality is not affected by the presence of the BOX unit. Indeed, the Box unit is not involved inside the coordination sphere of the metallic ion. It can then be presumed that the commutation abilities of the ligand will be preserved once the complexed formed. However, the known lability of pyridine zinc complexes in solution have driven us to expand our series of Zn complexes bearing some BOX units by using bidendate ligands such as bipyridine and phenanthroline based ones. [2] Chapter 5: Elaboration of multi-level molecular systems based on coordination chemistry 237 As consequence, the preparations of corresponding complexes were undertaken from ligands 36 and 39. Analogous to 56 one, their preparation is resumed below (scheme 2). Changing monodentate by bidentate ligand has certainly enhanced the stability of the generated complex but has also reduced the number of BOX units possibly arranged around the metal center, and as consequence, the number of reachable metastable states. To circumvent these issue two approaches were successfully explored.

The first one consists in changing the metal to ligand ratio, thanks to the large range of coordination numbers accessible for Zn(II). As example, the control of bipyridine/Zn complexes stoichiometry is well documented and can be tuned from 1/1 up to 3/1 by playing on the experimental conditions. [8,9] Chapter 5: Elaboration of multi-level molecular systems based on coordination chemistry 238 Following this approach, the novel complexes 60 and 61 were synthesized following a procedure inspired from that used for previous complexes. A mixture of ligand 36 and ZnCl2

were heated in MeCN/CH2Cl2 at higher temperature (50 C for 3 hours) instead of stirring for two minutes at room temperature for ZnL2Cl2 preparation. By applying these variations of experimental conditions to ligand 36 it was possible to extend the bipyridyl zinc complexes series to bis-and tris-bipyridyl ones as resumed on scheme 3. In this context, if the structures and stoichiometry of complexes 36, 60 and 61 were easily confirmed by NMR spectroscopy and mass spectrometry, we were unable to grow crystals of 60 and 61 of a sufficient quality to perform X-ray diffraction studies.

If this approach has successfully conducted to obtain some discrete molecular assemblies which are able to exhibit 2, 3 and 4 different metastable states respectively, the second strategy which consists in using ligand bearing two BOX units, could extend efficiently this number. By applying the same sequence of experimental conditions as mentioned above to Finally, the targeted molecular systems 62 and 63 were afforded as yellow solids in 75 and 72% yields respectively. Once again, their structures were confirmed by NMR spectroscopy, IR and mass spectrometry.

Fortunately in the case of 62, it was possible to obtain some single crystals suitable for X-ray diffraction studies by the slow diffusion of latter dissolved in CH3CN:CH2Cl2 (1/1, v/v) into an ethylic ether layer. With selected parameters of the X-ray diffraction data collection and refinement (gathered in experimental section), it was possible to resolve the 3D structure of the complex presented below (table 2). Complex 62 crystallizes in the Monoclinic system space group P21/c. As expected, the 3D structure confirms that bipyridine ligand and both indolinooxazolidine units are not coplanar. Once again, an important disorder at the BOX units is noticed. As for simple BOXligand series the different BOX units are not involved in the coordination sphere of the metal ion. As consequence, the commutation properties of the ligand should be preserved after its complexation.

As the continuation on the preparation of suitable complexes, are reported below the synthesis and X-ray characterization of an iminopyridine ligand based neutral Zn(II) complex.

B. Synthesis of Zinc complex 57 based on pyrilyl-imide ligand.

As part of our screening strategy, we have explored the possibility to tune the complex force and geometry by using another metal binding functionality than classical bipyridine and phenanthroline moieties. For this reason, we have described in chapter 4 the preparation of a pyrilyl-imide block functionalized by a BOX unit (42). Once the ligand in our hand, using similar experimental conditions as for pyridine ligands affords the obtainment of corresponding Zn(II)-pyrilyl-imide complex 57 in good yield (75%) as depicted in Scheme 5. If the formation of the complex was established by NMR spectroscopy (proton and carbon), IR, mass spectrometry, its structure was confirmed by X-ray diffraction. Indeed, suitable monocrystals of 57 were grown by the slow diffusion of 57 in CH3CN:CH2Cl2 (1/1, v/v) into an ethylic ether layer. This complex crystallizes in the Triclinic space group P-1 and the resolved crystal structure is shown in Figure 4. This distortion can be assigned to the small cavity size of ligand 42, a common feature of iminopyridyl type ligands. [7] It results in a significantly narrow N-Zn-N angle (N1-Zn1-N2

81.236(335)°) in comparison with the other angles around the zinc atom.

In this part, we have synthesized and described the first examples of zinc(II) complexes coordinated to nitrogen aromatic heterocycle ligands bearing BOX. Notably, the BOX unit was not involved inside the coordination sphere of the metallic ion (independency between BOX on its closed form and metal binding functionality). Among that, and as previously mentioned, such kind of systems should exhibit acido-, photo-and electrochromic properties due to the possible commutation of each BOX units. For this reason, the addressability of the zinc(II) complexes under various stimulation is investigated and presented below.

C. Commutation and abilities of Zinc complexes.

In order to study this first series of metal complexes, the complex 56 which involves two pyridyl ligands was chosen as model. As the commutation of the free ligand (see chapter 4), the behavior of complex 56 under acido-, photo-and electro-stimulations was monitored by spectroscopy (UV-Visible and NMR) and cyclic voltammetry. Noteworthy, observations and conclusions obtained for 56 can be generalized to the whole series of simple Zn based Nheterocycle complexes. In fact, behaving analogously to 56, their studies will not be detailed here.

C.1. Acidochromic properties.

Before further investigations, it should be noted that the closed form of complex 56 is characterized in acetonitrile by a main absorption band, analogously to the free ligand, centered at 245 nm as shown in figure 6. As previously discussed, among other methods, the oxazolidine ring opening can be induced using a source of H + . Nevertheless, the previous chapter has demonstrated that the stimulation of free ligands by some acid leads, in all explored conditions, to the establishment of a tautomeric equilibrium between the open form (resulting from the box opening) and the protonated closed form (resulting from protonation of the pyridine). As the Zn-Ligand link is known to be relatively weak, [10] one may ask the question about the selectivity of the BOX opening when the complex is stimulated in same conditions as before. In order to solve this issue, an experiment, monitored upon UV-Visible spectroscopy, was undergone.

Figure 8 shows series of spectra obtained upon progressive addition of acid on solutions initially containing the ligand 32 (left, upon 2 eq.) and the complex 56 (right, upon 4 eq. as two ligands are involved) in their closed forms. As observed for free ligand, the solution of complex 56 turns deep yellow upon acidification with hydrochloric acid and leads exclusively to the formation of an intense broad band centered at 381 nm. If the appearance of this band unambiguously demonstrates the BOX opening, it is worth to note that, analogously to 32 which captures 2 eq. of acid before showing stabilized spectroscopic properties here also, an excess of acid is added before the new band stops growing. As, no isosbestic point is observed during this addition, it may be hypothesized that BOX opening and protonation (and thus complex dissociation) are concomitantly observed as in the case of free ligand. In order to confirm this behavioral analogy, a similar experiment was monitored by NMR. Initially, the proton NMR spectrum of 56 (in 3 d-ACN) looks relatively simple due to the symmetry of the compound (figure 9). This symmetry allows us the assignment of each signal and common characteristics of closed BOX derivatives are observed such as:

-two doublets at 6.73 and 6.90 ppm respectively are attributed to the protons 9-10 of the ethylenic junction. Exhibiting a vicinal coupling constant around 16 Hz, they confirm the trans isomery of the junction.

-three aromatic signals including two doublets and a singlet in the 6.7-7.0 region are characteristic of protons 1 to 3 of the indoline part.

-two doublets at 7.68 and 8.61 ppm with a coupling constant of 6.6 and 6.5 Hz respectively, are attributed to the protons of the pyridine bridge 11 and 12.

-a set of multiplets between 3.35 and 3.75 ppm integrating for 4 protons, with the presence of three singlets integrating for 3 protons each in the aliphatic region at 2.27, Moreover, the NMR signature of 56 appears extremely similar to that of ligand 32.

Indeed, both spectra differ only by an extremely tiny positive chemical shift of the pyridine and ethylenic protons when the ligand is complexed. This can be explained by the break of conjugation between the BOX and pyridine which acts independently. Moreover, the small effect observed with the complexation suggests an analogous magnetic environment and thus a probably weak interaction between the zinc center and ligands.

The Unfortunately, it is important to note that a precipitate appears as soon as the first aliquot of acid is added (in a similar way as with ligand 32 in CD3CN). As consequence, the observed variations in the NMR spectrum have to be regarded with wariness. To confirm the nature of the final species, supposed as being the free OP species, NMR spectra both obtained in DMSO (due to solubility issues) of 32 and 56 upon addition of an excess of HCl respectively were recorder (Figure 11). acidification and determine the course of events. A first approach, before answering these questions, consists in verifying if the complex substituted with opened BOX is stable enough to be formed. For this purpose, following preliminary experiment was undergone. As a consequence, the stimulation of zinc complex by acid does not show any change vs free ligand alone and it's well investigated by UV-visible and NMR spectroscopy. On the other hand, a question can be asked. Does the other sources of stimulation lead to the same behavior?

Thus, it has been shown here that, upon acidic stimulation, like in the case of the free ligand, the BOX is opened and the pyridine is protonated without preferential order. As consequence, stimulation by acid lead at the end to the complete complex dissociation.

Nevertheless, a preliminary experiment demonstrates that a complex with an opened BOX can be generated. In these conditions, others stimulations of complexes which need less acidic conditions (but protic environments) may lead (or not) to a different behavior. In previous chapter, we have demonstrated that the stimulation of the free ligand 32 conducts to the OP form whatever the nature of the stimuli (proton, electron, or photon). In this context, the observation of a dissociation of the Zn(II) complex 56 is stimulated by some acid aliquots due to the formation of an OP form let us presume that photo-and electrostimulations of the complex will have the same effect.

In order to verify this assumption, a solution of complex 56 in presence of chlorobenzene as photosensitisizer was irradiated at 254 nm, and the evolution of the system was monitored by UV-visible spectroscopy (figure 13). As we can observe on figure 13, this UV irradiation leads to strong yellow coloration of the solution. Indeed, the appearance of a new broad absorption band centered at 381nm is noticed. In addition, maintaining the stimulation of the system leads to observe additional hyper-and bathochromic shifts of the visible absorption band (14 nm) and a photostationary state is reached after 480 seconds. More important, an overlapping of the UV-visible spectra Before to look at the possibility to obtain the same result under electrostimulation, the electrochemical behavior of the complex 56 was investigated by CV (figure 14) in order to confirm the redox inactivity of the Zn(II) ion in our experimental conditions (0.1 M TBAPF6 as a supporting electrolyte in CH3CN, platinium working electrode). According to figure 14, the cyclic voltammetry shows that the complex 56 exhibits one pseudo non-reversible oxidation wave at almost the same potential as the free ligand (0.72 and 0.74 V respectively). This oxidation process can then be assigned to an oxidation mainly localized on the indoline moieties leading to corresponding radical cations in agreement with performed theoretical calculations (vide supra). More important, we did not notice any splitting of the oxidation peaks suggesting that both BOX units are oxidized at almost the same potential, and as consequence, opened simultaneously. In comparison to the free ligand, the observation of a full non-reversible oxidation process requires to decrease the scan rate. Based on these results, we can assume that the kinetic rate leading to the opening of the BOX was decreased To verify the OP formation and, as consequence, the Zn(II) decomplexation by electrostimulation of complex 56, its titration using NOSbF6 as oxidant (0.87 V vs Fc/Fc + ) was monitored by UV-Visible spectroscopy. [11] As expected, the addition of oxidizing reagent to complex 56 leads to an analogous spectrum as the one obtained after stimulation with acid (figure 15) and free ligand 32:

-generation of a broad absorption band centered at 381nm; -no isosbestic point is observed during this addition, translating that the BOX opening and protonation (and thus complex dissociation) are concomitantly observed as in the case of acid;

Moreover, we can propose that the electrochemical process could be described as a ECEC mechanism divided in three different states as presented on Scheme 7. Chapter 5: Elaboration of multi-level molecular systems based on coordination chemistry 255 Indeed, whatever the stimulation (acid, light, oxidant), the formation of the OP form as well as the complex dissociation are observed. The absence of isosbestic point in UV-vis spectroscopy during the process excludes a step by step mechanism. As example, we could suggest that the BOX opening decrease the electronic density around the N-donor conducting to increase the lability of the complex in solution. At the opposite we can suggest a more direct mechanism where the direct protonation of the pyridine induces the dissociation due to a poor difference of pKa between the different species to exclude selectivity between N-protonation and BOX-opening.

In order to circumvent the issues due to the lability of the zinc complexes in solution,

we have pursued our effort on the elaboration of multi-level molecular systems with the help of the ruthenium coordination chemistry. As consequence, the next section presents the elaboration and the characterization of a new series of ruthenium complexes, bearing one or more BOX unit.

III). Elaboration and characterizations of multi-level molecular systems by coordination chemistry of Ru(II)

Ru(II) is a d 6 transition metal well known [12] to form complexes with polypyridyl ligands possessing σ donor orbitals on nitrogens and π donor and π* acceptor orbitals delocalized on the aromatic rings. [13] As shown in scheme 8, [Ru(bpy)3] 2+ is one of the most widely studied ruthenium bipyridine complexes. Indeed, such kind of complexes is used for different applications such as molecular wires, [14,15] sensors [16] and in solar energy research. [17,18] Chapter 5: Elaboration of multi-level molecular systems based on coordination chemistry According to previous studies, it was possible to promote some commutation of photochromic compounds such as diarylethenes coupled to a ruthenium polypyridine chromophore. [19] As consequence, herein, we report our efforts concerning the syntheses and the characterizations of a second series of complexes bearing some BOX unit(s) by using the Ru(II) coordination chemistry. In this context, we have focused our interest on the use of elaborated bidentate ligand where the metal binding functionality is either a 2,2'-bipyridine or a phenanthroline moiety.

A. Synthesis of ruthenium complexes incorporating BOX unit(s).

In this section all approaches -unsuccessful and successful syntheses -are reported.

Our first approach have been focused on the synthesis of symmetrical and homoleptic Ru(II) complexes incorporating ligand 37. In such purpose, all our attempts were based on classical preparation of homoleptic complex from ruthenium chloride precursor (scheme 9). where the three bipyridine ligands around the ruthenium are inserted in two successive steps. [20] The first one leading theoretically to the insertion of two ligands consists in mixing at reflux (12h) the RuCl3 precursor, LiCl and the ligand in dry DMF in a 2:1 ratio. Unfortunately, this first step leads to a black (totally) insoluble solid when using ligand 37 and similar experimental conditions. This problem prompts us to change slightly our approach by firstly introducing one or two ligands.

In order to introduce only one functionalized ligand, the most efficient and well-known procedure consists in a ligand exchange reaction on the cis-bis(2,2'bipyridine)dichlororuthenium(II), [Ru(bpy)2Cl2] complex by the targeted ligand. [21,22] In this purpose, we have prepared this reactant from RuCl3 precursor according to the procedure reported by Meyer. [23] Generally, the ligand exchange reaction requires high temperature and polar solvent. In our case, performing the reaction in boiling alcohol appears as the most efficient way to introduce ligands 37 and 39 and allows the obtainment of corresponding complexes 65 and 66 in 68 and 80% yield respectively (scheme 10). Obtained as bright orange solid, the formation of both complexes was confirmed by NMR spectroscopy (proton and carbon), IR and mass spectrometry. Unfortunately, despites numerous attempts we were not able to obtain monocrystals exhibiting enough quality for X-Ray diffraction studies.

The enhancement of the number of BOX units and, as consequence, the number of possible metastable states can be obtained by two approaches as in the case of Zinc complexes.

The first consists in introducing one ligand bearing two BOX units such as ligands 44-47 (scheme 11). In this case, preliminary attempts have been performed using the same strategy than for complexes 65 and 66. All these attempts lead to the formation of orange solid which presents some instability when dissolved in acetonitrile and avoiding their complete characterization.

A second approach consists in introducing two ligands bearing one BOX unit around

the Ru(II). In this purpose, the richness of ruthenium coordination chemistry was helpful.

Indeed, several routes were developed in order to functionalize 2 on 3 bipyridine ligands.

Among them, the new method starting from [Ru(p-cymene)Cl2]2 [24] was successfully applied to ligand 37 (scheme 12) and allows the preparation of corresponding complex 67 in good yield (70%).

Scheme 12. Synthetic routes of bis-heteroleptic ruthenium complex 67.
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The complex was characterized by NMR spectroscopy (proton and carbon), IR and mass spectrometry.

To conclude, a first series of three heteroleptic complexes (65, 66 and 67) have been synthesized allowing to dispose one or two BOX unit in the close vicinity of a Ru(II) ion. The syntheses of other compounds have to be investigated more deeply especially new routes to homoleptic systems allowing to enhance the number of BOX unit from 2 to 3.

Due to time consideration, we have preferred to focus our efforts on some preliminary studies concerning the commutation abilities of obtained compounds which are detailed in the next section.

B. Commutation and abilities of ruthenium complexes.

As already underlined, to study the commutation properties of such systems, the UV-Visible spectroscopy represents a convenient investigation technique. Noteworthy, ruthenium(II) polypyridyl complexes have been studied extensively over last few decades for their rich optical and optoelectronic properties. [25,26,27] In this context, the spectroscopic properties of ruthenium polypyridyl complexes in UV-visible range are well documented. [28] Figure 17. Molecular orbital diagram for an octahedral metal complex. [28] Chapter -the L and L ligand orbitals are generally full for d 6 complex ground states, -the M orbitals are partially filled depending on the oxidation state of the metal, -the remaining orbitals are usually empty.

In this context, it is possible to perform a rough assignment of the different bands observed on the UV-Visible spectra of our complexes (65, 66 and 67) under their closed form (table 3). and 1.4010 -5 M respectively). [29] Chapter 5: Elaboration of multi-level molecular systems based on coordination chemistry 262 All prepared complexes exhibit similar absorption spectrum, a broad absorption bands in the visible region of spectrum (400-500 nm), and a more intense one at higher energy (260-320 nm). Based on studies on similar bipyridine ruthenium complexes, [30,31] the latter can be reasonably assigned to some intraligand π → π* transitions. At the opposite, the nature of the visible absorption band is more difficult to determine. The observation of different shoulders on this band suggests the overlapping of different transitions such as MC transition involving the metal d-orbitals and MLCT transition as commonly observed in Ru(II) complexes coordinated to organic ligands, such as polypyridyl derivatives. However, it is important to keep in mind that, under their closed form the BOX units and the metal binding functionality have to be considered as independent (see chapter 4). Presenting higher energy level than bipyridine, charge transfer band from the BOX centered molecular orbital to empty metal orbitals have to be also considered. In this context, it is understandable to observe almost identical optical properties for complexes 66 and 67 (with, in this later case, an hyperchromic effect on the low energy band due to the addition of a second BOX moiety on the system).

Changing the nature of the BOX ligand (65 vs 66) induces naturally a broadening of the band at higher energy which was assigned to the CT transitions in agreement with previous studies on Ru(bpy)2(L) 2+ complexes. [32] Presenting a variation of donor ability, the substitution of a bipyridyl by a phenanthroline unit leads to observe some variations on the visible band especially at the MLCT band level. [32] Due to the lack of time, we have chosen to focus our effort on the commutation For this reason, the variations of the UV-Visible absorption spectrum of 66 in acetonitrile have been recorded upon the addition of HCl aliquots (Figure 18). As expected, the addition of acid induces a solution coloration change from orange to crimson. Indeed, the initial main absorption band centered at 455nm is gradually replaced by two new bands centered at 402 and 522nm upon the addition of acid. More important, two isosbestic points at 446 and 472nm are detected up to one equivalent suggesting an equilibrium between two species. Starting from this, we can suggest that the addition of acid induces selectively and exclusively the opening of the oxazolidine ring without inducing the Ru(II) decomplexation (figure 18). This assumption is supported by two facts. First, adding an excess of acid does not affect the spectrum, and thus demonstrates the stability of the complex in acid conditions. Second, the media neutralization by addition of some base (such as NEt3) allows recovering the initial spectrum, including the supposed CT band. The selective addressability of the BOX unit under acidic stimulation was verified by NMR spectroscopy. In this context, the figure 19 represents the variation of the proton NMR spectrum of complex 66 upon the successive addition of HCl aliquots. Due to the lack of symmetry, an increase of the complexity of the NMR spectrum of complex 66 under its closed form in comparison to free ligand 37 is noticed and did not allow the complete assignment of each signal without more complete 2D NMR study. Nevertheless, it is possible to observe common features of closed BOX derivatives such as:

-the doublet assigned to an ethylenic proton at 6.9ppm. Exhibiting a vicinal coupling constant of 15.9 Hz, it confirms the trans isomery of the ethylenic junction between the bipyridine and the BOX unit.

-a series of multiplet ranging from 3.36 to 3.76 ppm, corresponding to the methylene groups of the oxazolidine ring. Associated to the detection of three singlets at 2.28, 1.41 and 1.12 ppm corresponding to the three nonequivalent methyl group, it confirms the closed status of the BOX unit.

Upon acid addition, the decrease of the proton peaks intensities of the initial state are observed and concomitant new resonances appear such as:

-two triplets at 4.00 and 4.50 ppm characteristic of the pendant alkyl chain of indoleninium moiety, ─ two vinyl doublets at 8.15 and 8.76 ppm with a coupling constant of 16.4 and 16.6 Hz assigned to the protons of the ethylenic junction.

All of them confirm the gradual opening of the BOX opening during the acidic stimulation of 66. In addition, the stable chemical shift of the different peaks upon the HCl addition as well as well as the subsequent restoration of the initial spectrum by treatment with NEt3 (figure 19) corroborate the stability of Ru(II) complex in these conditions.

From these investigations, we have demonstrated that changing the metal ion (from Zinc to Ruthenium) leads to a better stability of the complex upon stimulating by acid and leads to the selective opening of the oxazolidine ring. Following that, it appears interesting to check if In this context, the response of the complex 66 under light stimulation was investigated.

For this reason, the evolution of 66 in acetonitrile/chlorobenzene mixture (90/10) was submitted to successive periods of illumination at 254 nm and corresponding UV-visible spectrum was recorded between each period (figure 20). As expected, a coloration change of the solution was noticed as soon as we applied the irradiation and a photostationary point was reached after 2.5 minutes. The initial main absorption band centered at 455nm is gradually replaced by two new bands centered at 402 and 522nm as observed under acidic stimulation. In addition, the same isosbestic points are observed at 446 and 472nm respectively. As consequence, we can conclude that the UV irradiation at 254nm leads, as observed with acid, to the opening of the oxazolidine ring which generates the open form of the complex highlighting its multi-modal switching ability.
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In fact, it is important to note that the presence of the photoactive Ruthenium atom has no influence on the photochromic properties of the system due to the independence of both piconjugated system and BOX under its closed form. At the opposite, the photostimulation of the metallic center in the LMCT band may conduct to observe a similar commutation of the molecular system due to photoinduced electron transfer between metal and multimodal BOX unit. From that, it was interesting to look at other wavelengths in order to take advantage of the Ru photoactivity. These studies are actually under progress.

B.3. Electrochromic properties.

If the photochromic properties of the BOX were not perturbed by the presence in its close vicinity of a Ru(II) cation, the electrochromic properties of our multimodal switching unit can be influenced. In fact, [Ru(Bipy)3] is known to be redox active, its CV presents one reversible oxidation wave at 0.85 V and three successive reductions ones at -1.76V; -1.92V and -2.16V respectively. [33,34] For this reason, we have explored the electrochemical behavior of the heteroleptic complex 66 by cyclic voltammetry (figure 21). As one can observe, the complex 66 exhibits two successive oxidation processes at 0.69 V and 0.91 V. The first one was assigned to an oxidation mainly localized on the BOX unit and leading to the radical cation. This assignment was supported by the close value of oxidation potential measured for the free ligand 37 (figure 21). Nevertheless, a tiny anodic shift is observed which can be due to the electron withdrawing effect of coordination or some electrostatic repulsions. More important, the process is not perfectly reversible suggesting that the generated BOX radical cation is not stable in these experimental conditions and is involved in a chemical process such as the oxazolidine ring opening (vide infra). Concerning the second reversible oxidation process at 0.91 V, it can be reasonably assigned to the oxidation of the metal center from Ru 2+ to Ru 3+ in agreement with reported value for various Ru(bpy)2(L) 2+ complex ranging from 0.8 and 1.1 V. [35] To confirm the opening of the oxazolidine ring during the first oxidation process, titration of complex 66 by NOSbF6 as an oxidizing reagent was monitored by UV-Visible spectroscopy (figure 22). C. Potential application of BOX complexes as multimodal switching luminophores.

As mentioned previously, ruthenium polypyridyl complexes are largely reported in the literature for their impressive photophysical characteristics. [28,36,37,38] Indeed, the luminescence properties of [Ru(bpy)3] 2+ , the most well-known of them, are largely studied and continue to be commonly used as a standard to explain similar processes occurring in other ruthenium(II)

complexes. [38] Interestingly, the luminescence properties of ruthenium polypyridyls complexes are strongly influenced by the nature of the ligand and their substitution. [39] In this context, the elaboration of complexes bearing a multimodal switching unit such as BOX could present some benefit. Considered as almost independent under its closed form, its opening by using indifferently some photons, electrons or a proton leads to the formation of an indoleninium moiety acting as a strong electron withdrawing group which is now fully conjugated with the In order to explore the potentiality of complex 66 as multimodal switching luminophore, its luminescence properties were investigated (in collaboration with Dr J-L Fillaut's group from ISCR at Université de Rennes). As expected, the complex 66 under its closed form exhibits an intense luminescence (600-780nm) after excitation at 455nm in deaerated acetonitrile.

If the spectral characteristics of 66 are very similar to [Ru(bpy)3] 2+ , the determination of the quantum yield let appear its enhancement by a factor 2 (table 4). As expected, the opening of the BOX unit leads to observe a drastic decrease of the luminescence. As example, the figure 24 shows the variation of the emission spectra of compound 66 upon the successive addition of HCl. As we can see, the emission band centered at 642 nm decreases gradually upon the addition of HCl and a stationary point is reached after one equivalent excluding possible quenching effect by chloride anion. Surprisingly, the extinction of the luminescence is only partial, and the opened form emits at almost the same wavelength than the closed one. Only a negligible shift of the maximum emission wavelength from 642 to 645 nm is observed. At this time no clear explanation to this behavior can be done. Nevertheless, performed DFT calculations using a hybrid basis (B3LYP/LANL2DZ) highlight the influence of the BOX status in the localization of the electronic density in LUMO as shown below.

IV). Conclusion

Through this chapter, two new series of multi-modal and multi-level molecular systems based on Zinc and Ruthenium complexes have been described. The compounds have been characterized using a combination of analytical techniques including NMR spectroscopy, IR spectroscopy, mass spectrometry, elemental analysis and single crystal X-ray crystallography.

Experimental characterizations of the different switching states of chosen Zinc and Ruthenium complexes have been carried out, as well as the study of the chemical, photochemical and electrochemical associated processes.

A first part of this work was mainly focused on zinc complex 56, a credible model for zinc complexes which all behave the same. The investigations show that, whatever the kind of stimulation, a dissociation of the zinc complex is observed in addition to the multimodal switching of the BOX. This latter conclusion is supported by:

-NMR titration by HCl of complex 56 which shows a concomitant BOX opening and complex dissociation.

-An overlap of UV-visible spectra of species obtained from ligand or complex with all kinds of stimulation.

-The stimulation of the complex 56 by using UV light or chemical oxidant lead at the end to identical UV-Visible spectrum.

Nevertheless, preliminary experiments also allow hypothesize that Zn-complexes can be obtained from the opened form of the BOX what could lead to other experiments (for example in non protic solvents) starting from the latter.

Finally, a new series of ruthenium complexes bearing at least one BOX unit has been synthesized and investigated. In this case, starting from a heteroleptic complex presenting a unique BOX system, all experimental characterizations show that, upon stimulating, an opening This new class of Ru-complexes appears promising and experiments from other synthesized systems including several BOX units have to be conducted. As example, the study of complex 67 where two ligands bears one BOX units will allow to conclude concerning possible through space interactions.

Chapter 5: Elaboration of multi-level molecular systems based on coordination chemistry

The objective of this pH-D project was to demonstrate the feasibility and efficiency of (supra) molecular assemblies of multi-level and multi-modal switches based on the indolinooxazolidine (BOX) motif. Indeed, the association of several BOX units through covalent bond or via supramolecular chemistry may allow controlling upon various stimulations the reversible commutation between more than 2 discrete and discernable states potentially interesting for molecular (opto) electronics.

To reach this objective, several series of derivatives have been developed following two main methodologies. In the first approach, an organic core (thiophene based linear conjugated bridge or a triarylamine node) was used to covalently bond 2 or 3 BOX units. The second approach lays on the BOX association by coordination chemistry. In this context, a large library of ligands bearing one or two BOX moieties have been developed and some of those then associated with Zn or Ru metals to form corresponding complexes. Noteworthy, most syntheses have implied in last step the condensation of the BOX termination onto an aldehyde function.

Taking advantage of a procedure recently developed has allowed decent to high yields despite the structural variety of synthons and the number (up to three) of functionalities concerned.

After syntheses, the commutation abilities of all compounds and complexes have been As the grafting of two BOX on a unique conjugated system did not allow potential controlled step wise commutation and as a step forward in order to increase the number of possible metastable states, compounds covalently linking 3 BOX units were considered. As a first series of derivatives constituted on a simple phenyl ring directly functionalized with BOX systems allowed the validation of the synthetic strategy, two series of symmetric triarylamine based derivatives were developed. Here again, the conducted analyses allowed demonstrating a step wise and multi-modal reversible commutation between, this time, four states from the full closed CCC one to the OCC, OOC and then finally OOO one. Thus, the strategy started form a linear conjugated system may be generalized to more extended conjugated system s but electronically dependent systems

Starting from this point and as a first try to control the sequence of the BOX-openings, a prototype of triarylamine unsymmetrically substituted with three different spacers terminated with the same BOX unit was synthesized. If, here again, as previously observed with symmetrical and linear systems, a stepwise and multimodal commutation of switching units is observed, a preferential opening sequence is also characterized. Indeed, NMR studies demonstrate that the opening ability of each BOX may be linked to its conjugation quality with

General conclusion

283 the central electron rich node. Noteworthy, the selectivity appears more marked when a redox stimulation is undergone. If these last results could be considered as perfectible due to the observed low selectivity between BOX units, it may be considered as a proof of concept as it paves the way to possible sequencing of the stimulation of identified BOX. Indeed, further experiments with more dissymmetrical (or other) structures will be necessary to extend and exploit this concept

Step-wise commutation between discrete states has interest if these last exhibit very discriminated physico-chemical properties especially optical ones. Indeed, optical reading is commonly admitted as an easy, rapid and non-destructive method. Nevertheless, UV-visible spectroscopic experiments, conducted form all synthesized compounds, demonstrate that all species presenting at least one opened BOX absorb in the same area with various and close intensities. In contrary, nonlinear optical properties of linear compounds appear contrasted.

Indeed, as the symmetrical and non-polar CC form of BiBOX-Bithiophene system only exhibits very weak NLO activity, its polar OC and OO forms present high and contrasted first hyperpolarizabilities (βHRS). These measurements were inefficient from ETE based compounds due to their strong two photon absorption abilities which after full characterization may allow application in medical imagery. Noteworthy, NLO characterization of triphenylamine based derivatives is still in progress.

As this first "covalent approach" has unambiguously demonstrated through bond interactions between BOX moieties linked via conjugated systems, the possibility to exploit through space interactions still poses question. In this context, we envisioned the geneses of metal complexes liganded with species bearing some BOX moieties. In such architectures, the spatial arrangement between BOX moieties can be finely controlled and, moreover, original interactions between the metallic center and the switchable arms may also be awaited. Due to the large library of ligands synthesized, many structures were possible. Due to lack of time, only few of those were, successfully, synthesized and characterized. First of all, as many Zn complexes were prepared, it appears that, whatever the stimulation (acid, light and redox) the BOX opening is accompanied with a ligand N-protonation which leads at the end to zinc ion release. If this phenomenon needs further experiments to clear up its mechanism, one may note that this first series of complexes won't allow programmed studied. In contrary, if Ru complexes syntheses appear a little trickier, a first series of stimulation conducted on a complex system bearing one BOX unit, allowed demonstrating the complex stability as well as the reversible multimodal commutation of the switchable unit. Moreover, complementary spectroscopic experiments have also demonstrated the influence of the BOX status on the complex emission properties.

If the results obtained during this pH-D appear promising, they also pave the way to many further experiments. First, in short term, -Complex bearing several BOX (on several or in the contrary on the same ligand) will be studied. Their step wise or in contrary all-in commutation will give insights about the possibility to promote through space interactions the differentiation between BOX units.

-The studies and exploitation of NLO properties of linear and trigonal species will be extended and deepened.

Results and experiences acquired during this work allow extending some studies but also developing new other ones.

The presence of two BOX on one conjugated system has first demonstrated their possible step wise commutation and the dissymetrization of triarylamine systems allowed the observation of a sort of selectivity depending on the electronic environment of the BOX. This idea has to be pushed further in order to develop systems in which it will be possible to stirring at 100°C during 4 hours. After cool down to room temperature, the crude material was removed from silica by washing first with DCM followed by methanol. Solvent was slowly removed under reduced pressure until a precipitate was obtained. The precipitate was filtered and the solid was purified by flash column chromatography on silica gel using a mixture of CHCl3/MeOH (9/1) to afford a yellow solid (120 mg, 63%). 146.9, 146.6, 146.5, 146.4, 146.4, 146.3, 146.3 , 146.3, 143.4, 141.6, 141.6, 141.6, 141.6, 141.6, 141.5, 141.5, 141.5, 141.5, 140.3 , 140.1, 135.8, 135.4, 135.1, 132.1, 131.8, 131.3, 128.9, 127.9, 127.8, 127.8, 127.3 126.9, 126.7, 125.9, 125.6, 125.5, 125.5, 125, 124.6, 124.4, 124.3, 124.2, 122.7, 113.9, 113.6, 112.5, 112.4, 110.5, 110.5, 110.2, 110.1, 109.8, 65.9, 63.6, 50.5, 48.3 , 48.3, 48.2, 48.2, 48.2, 48.2, 30.4, 29.7, 28.3, 20.2, 15. 

Coordination part

Synthesis of ligand bearing one BOX unit.

General procedure for synthesizing pyridine ligands A mixture of 4-pyridinecarboxaldehyde (2.33 mmol) and corresponding inolinooxazolidine (2.8mmol) was dissolved in little amount of DCM. 1g of technical grade silica were put in suspension and the solvent was removed under reduced pressure. The resulting reaction mixture was heated under stirring at 100°C during 10 min. After cooling down to room temperature, the crude product was directly purified Na2CO3 (25 0mL) to remove additional carboxylic acid. The organic layer was dried with anhydrous Na2SO4. The solvent was evaporated and crude product was purified by flash column chromatography on Al2O3 by using a mixture of PE/EtOAc (4/6) to afford a white powder (900 mg, 78%). Compound BOX-F: Product was isolated as a white solid (523 mg, 60%). mp 255-256 °C. 

Elaboration de systèmes moléculaires multi-chromophoriques pour l'électronique moléculaire

Mots clés : Indolinooxazolidine, systèmes -conjugués, commutateur moléculaire, acidochromiques, photochromiques, électrochromes, complexes, RMN, DFT, optique non linéaire Résumé : Au cours des dernières décennies, de nombreux efforts se sont focalisés sur la synthèse, la modification et l'utilisation de systèmes moléculaires multi-adressables. Afin d'élaborer de tels systèmes capables de répondre à des stimulations de différentes natures (par exemple : photon, électron, proton, etc…) les deux principales stratégies consistaient à ce jour à connecter différents types d'unités stimulables soit par liaison covalente soit par dispersion au sein d'assemblages supramoléculaires. Au cours de cette thèse, nous nous sommes attachés à développer une nouvelle approche basée sur l'utilisation d'un unique switch multi-mode : les indolino-oxazolidine (BOX). En effet, cette unité est capable de commuter entre deux états métastables (ouvert et fermé) et ce de façon indifférenciée par application d'une stimulation lumineuse, électrochimique ou encore par variation du pH. En suivant une première stratégie, deux unités BOX ont été connectées via l'utilisation d'un simple système conjugué linéaire tels qu'une unité bithiophène et un enchainement EDOT-Thiophène-EDOT (ETE) comme espaceur. Nous avons démontré que ces systèmes multi-stimulables sont capables de commuter de façon pas à pas entre 3 états métastables différents et ce quel que soit la nature du stimulus. Afin de démontrer les nombreuses possibilités de cette approche et augmenter le nombre d'états métastables, 3 unités BOX ont été connectés par l'utilisation de systèmes conjugués plus élaborés permettant ainsi de conduire à des interrupteurs moléculaires capables de présenter jusqu'à 4 états différents. En complément de cette approche purement organique, une seconde stratégie a consisté à fonctionnaliser différents ligands azotés par au moins une entité BOX afin d'élaborer des systèmes plus complexes par chimie de coordination avec des ions métalliques de zinc et de ruthénium. Les ligands préparés ainsi que les complexes correspondants ont été pleinement caractérisés et leur addressabilité sous stimulation chimique, électrique et lumineuse étudiée.

Development of multi-modal and multi-level molecular systems

Keywords : Indolinooxazolidine, -conjugated systems, molecular switches, multi-modal, multi-level, acidochromic, photochromic, electrochromic, complexes, NMR, DFT, nonlinear optics Abstract: Over the past decade many efforts have been focused on the synthesis, modification and application of multi-responsive molecular systems. Up to now, two main strategies have been conducted to elaborate such systems: either by connecting different molecular switches through covalent links or by mixing them within supramolecular assemblies to obtain multiresponsiveness through the combination of various stimulations (i.e., photon, electron, proton, etc…). In this thesis, we report a different approach based on the employment of identical indolinooxazolidine (BOX) unit as multi-modal switch. Indeed, the opening of the oxazolidine ring can be reversibly and selectively achieved either under UV irradiation, electrochemical stimulation or acidity changes. According to our first strategy, two BOX units were connected around a simple linear aromatic plate forms, such as bithiophene and EDOT-Thiophene-EDOT unit as spacer. Interestingly, these systems are able to commute between 3 different metastable states in a stepwise manner with all kinds of stimulations. Going further, in order to promote the metastable states, it was possible to increase the number of BOX by connecting three of them on more elaborated pi systems which are potentially able to exhibit up to four discriminate metastable states. Complementary to that, a second strategy was to synthesize various nitrogen ligands functionalized by at least one BOX unit and their coordination chemistry with zinc and ruthenium metals. The response of the ligands as well as their corresponding complexes under photo, electro and acidic stimulation were also investigated and fully characterized.

Figure 1 .

 1 Figure 1. Schematic representation of a switchable bi-stable system by responding to an external stimulation.
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 1 Introduction to multi-level and multi-modal molecular switches 12 transistors as 1's or 0's via voltage measurements, molecular switches may allow (for example)

Figure 2 .

 2 Figure 2. Chemical structures of 4'-hydroxyflavylium ion,[19] , diarylethenes (DAE)[20] and viologens[21] acting respectively as

Figure 3 .

 3 Figure 3. General representation of a reversible transformation from species A into B.

Figure 4 .

 4 Figure 4. Photochromic behavior of hackmanite mineral.[38] 
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Chapter 1 :

 1 Introduction to multi-level and multi-modal molecular switches 20 oxygen. In general, DAE are constituted on two aryl groups (generally thiophene rings)

Scheme 4 .

 4 Scheme 4. General structures of dithienylethenes.

Scheme 5 .

 5 Scheme 5. Photoswitching of dithienylethene switches with a ring closing upon UV irradiation and ring opening byirradiation with visible light.

Chapter 1 : 22 Scheme 6 .

 1226 Scheme 6. Mechanism of ring closing and opening of DAE.

Chapter 1 : 24 Scheme 7 .

 1247 Scheme 7. Photochromic switching of spiropyrans (SP)showing the zwitterionic and quinoid forms.[82] 

Chapter 1 :

 1 Introduction to multi-level and multi-modal molecular switches 25 shift of the absorption wavelength is on the same range as obtained with DAE units, the poor thermal stability of the merocyanine form can represent a potential drawback.

Scheme 8 .

 8 Scheme 8. Redox states of viologen.

Figure 5 .

 5 Figure 5. Representation of Multi-state systems (right 4 states chosen among 8 possible).

Figure 6 .

 6 Figure 6. Structures of diarylethene dimer linked by a phenyl spacer (top). Absorption spectra of o-o (-), c-o (.…), c-c (-.-.-) (bottom left) and change in the mole fraction of the isomers o-o (•), c-o (▴), and c-c (o) in the photocyclization reaction upon
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Chapter 1 : 32 Scheme 10 .

 13210 Scheme 10. Photochromic interconversion of naphthopyran and diarylethene.

Figure 8 .

 8 Figure 8. Comparison between the two different types of Multi-addressable unit.

Figure 9 .

 9 Figure 9. Multi-state systems generated upon photochromism and deprotonation (left). 1 H NMR spectral changes of state Aupon titration by NaOD (30%) at the equivalence of 0 (a), 0.6 (b), 1.0 (c), and 2.0(d) of A (400 MHz, DMSO-d6 at 298 K).[116] 
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 1 photochromic families, only few of them are able to generated two different metastable states

Figure 10 .

 10 Figure 10. UV Absorption spectra of each form of Spiropyran.
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 1 Introduction to multi-level and multi-modal molecular switches 38 electrochemical study on a series of spiropyran derivatives (nitrospiropyrans). Cyclic voltammetry of compounds presented in Scheme 11 shows that these molecules can be electrochemically reversibly reduced, but undergo non reversible oxidation processes.

Scheme 14 .

 14 Scheme 14. Elechtochemical ring closing of 1o via a dicationic and monocationic state.In fact, strongly affected on one hand by the nature of the bridge and substituent beard

Figure 12 .

 12 Figure 12. Cyclic voltammetry of diarylethene with hydrogenated cyclopentene (left) and fluorinated cyclopentene (right) in
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 1 Introduction to multi-level and multi-modal molecular switches 45 1970s by the Japanese company Matsushita Electric Industrial by introducing the first example

Scheme 15 .

 15 Scheme 15. General structure of indolinooxazolidine derivatives.

  only more recently characterized. Within this context, indolinooxazolidines (BOX) can be considered as an almost confidential subfamily of molecular switches exhibiting photo-, electro-and acidochromic properties. Their interesting commutation properties will be described in the following part after a quick overview concerning their preparation and functionalization. If all first patents published in early 1970s concern exclusively the indoleninium form of BOX, the first detailed synthesis and characterization of one of them under its closed form was described by Krongauz et al. in 1973 from 2,3,3-trimethylindolino[2,1-b]oxazolidine (scheme 16).

Scheme 20 .

 20 Scheme 20. Reaction of Ferrocenecarboxaldehyde and indolinooxazolidine in two different conditions.

  photo-and electrochromic properties. Their switching abilities and some of their direct

Chapter 1 :

 1 Introduction to multi-level and multi-modal molecular switches 51 A. Solvatochromic and acidochromic properties of Indolinooxazolidine. As previously reminded, acidochromic and solvatochromic properties of indolinooxazolidine are demonstrated and described for years. Indeed, the strong difference of physico-chemical properties such as the polarity between open and close forms of BOX have attracted a lot of attention. In fact, the colored open form (OP) or open protonated form (POF)

  behavior is explained by the existence of an equilibrium between CF and OP. In polar or protic solvent, the later is strongly displaced where the colored open form is preponderant leading to corresponding coloration of the solution. At the opposite, apolar solvent displace the equilibrium to CF leading to corresponding colorless solution. It was confirmed by Zhang and collaborators in 2013 who have demonstrated the importance of the microenvironment onto the BOX status. They have in particular shown that the presence in the hydrogen bond-donor or receptor such as water and dimethylsulfoxide can strongly stabilize the energy of the open colored form and then favor the switch from the close to the open form of BOX derivatives.

Chapter 1 : 52 Figure 13 .

 15213 Figure 13. Influence of the nature of solvents on BOX.

Scheme 21 .

 21 Scheme 21. Acidochromic example of an indolinooxazolidine derivative.
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Figure 14 .

 14 Figure 14. Chemical transformation of TPE-OX from CF to POF (top), with the fluorescent images (bottom).[144] 

Chapter 1 : 54 Figure 15 .

 15415 Figure15. UV-vis absorbance spectra of compounds A and B after photo irradiation.[135] 
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  trimethyindolino-oxazolidine can be involved into two different pathways depending on the nature of the substituent in position 5 as represented on figure 16. First route leads to the opening of the oxazolidine as the second leads towards an oxidative C-C coupling to the dimerization.

Figure 16 .

 16 Figure 16. Electrochemical mechanisms undergone by indolinooxazolidine derivatives with the observed CV of H-BOX (left) and Me-BOX (right) in acetonitrile (1 mM) with TBAPF6 (0.1 M) on Pt working electrode at 100 mV•s -1 .
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 1 Introduction to multi-level and multi-modal molecular switches57 the application of a negative potential leads to the restoration of the system under its closed form.By resuming, the reversible opening of the oxazolidine ring can be achieved by either acido, photo or electrochemical stimulation. Here again, closed low polar and open colored polar forms exhibit contrasted physico-chemical properties. Noteworthy, when substituted in position 2 with a system bearing an electron donor, the open form presents a strong push-pull character suitable for NLO applications.

Chapter 1 : 58 Scheme 23 .

 15823 Scheme 23. Structural transformation of BOX thiophene derivative in acetonitrile.
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 1 Introduction to multi-level and multi-modal molecular switches 60 have noticed that the selective opening of the oxazolidine ring induced through a direct stimulation process (first oxidation happens on BOX) or through acidic treatment, results in the complete annihilation of the DTE photochromic properties.

Figure 17 .

 17 Figure 17.Target molecule with the 18 potential possible states However, in this case only 13 states have been produced and detected by playing on the

Chapter 1 :

 1 Introduction to multi-level and multi-modal molecular switches 61 Concerning the electrochromic properties, the authors noticed the strong influence central DTE status on the electrochemical behaviors of both BOX units. When DTE is opened, the oxidation leads to observe a C-C oxidative coupling when no substituent is present on the 5-position of BOX (R=H). In contrary, if the 5-position is blocked by a Me group, the simultaneously opening of both oxazolidine rings are observed (scheme 25). When the central DTE is cyclized, the electrochemical stimulation of the system induces the opening of only one BOX unit. To explain it, the authors hypothesize that the oxidation happens on the closed DTE and leads to the selective opening of 1 BOX by an electromediated process (Scheme 25).
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Figure 1 .

 1 Figure 1.Schematic representation of a multichromophoric system based on BOX responding to different stimulations.

Figure 2 .

 2 Figure 2. Structure of chosen BiBOX dimers.
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Scheme 2 .

 2 Scheme 2. Synthetic route to 2,2'-bithiophene-5,5'-dicarboxaldehyde and BOX derivatives.

Chapter 2 :Scheme 3 .

 23 Scheme 3. Synthetic route to compounds 20, 21 and 22, (a) silica gel, 100°C, 10 minutes.

Figure 3 . 1 H

 31 Figure 3. 1 H NMR spectra of compounds 20, 21, 22 (from top to bottom) in chloroform (CDCl3) at rt.

Figure 4 .

 4 Figure 4. Crystallographic structure of compound 22.

Figure 5 .

 5 Figure 5. The two main planes of crystallographic structure of compound 22.

Figure 6 .

 6 Figure 6. Optimized structures of compounds 20, 21 and 22.

Chapter 2 :dimer through a linear aromatic platform 80 Figure 7 .

 2807 Figure 7. Schematic representation of the "all-in" and the "step-wise" commutation modes.

Figure 8 .

 8 Figure 8. UV-Visible spectra of compound 20, 21 and 22 under their CC form in ACN solution.

Chapter 2 :

 2 hybridization of the carbons linking the BOX unit to the central vinyl-bithiophene node breaks the conjugation and leads to a central and two lateral independent pi-conjugated systems what explains the poor effect of the substituents on the absorption maxima wavelength of the three different systems under their CC (Closed-Closed) form.Following the analysis of the structural results for the three compounds(20, 21 and 22) and in order to support this assumption, DFT and TD-DFT theoretical calculations (B3LYP-6.311(d)) were performed on the three compounds (table 1) using IEFPCM (acetonitrile) model to consider solvation effect.Under their closed forms, the independence of indolinooxazolidine and bithiophene motifs is well confirmed as demonstrated by the exclusive location of the HOMO and LUMO are on the central bithiophene core. Additionally, the lack of influence of the substituent on indoline position 5 is also well correlated by observation of the almost same values of HOMO-BiBOX dimer through a linear aromatic platform 82 LUMO gap for the three compounds 20, 21 and 22 at 3.37, 3.33 and 3.33ev respectively.

  to 40 nm above the experimental values, which is can be explained by the choice of the basis set (B3LYP-6.311(d)). However, the general trends in terms of variation of absorption wavelength and extinction coefficient induced by the variation of the nature of the substituent in indoline position 5 are pretty well corroborated.

Table 1 . 2 :

 12 DFT (B3LYP-6.311 G(d)) visualization of compounds 20, 21 and 22 molecular orbitals, displaying the HOMO and LUMO of the three different states, calculated  and oscillator strength. To conclude, these computational results confirm the localization on the central piconjugated system of the HOMO, LUMO levels and lower energy transition what explain the similarity of their experimental absorption spectra. The acido-chromic properties of compounds were studied by UV-vis spectroscopy upon HCl aliquots addition. Interestingly, despite the different nature of substituents (R=H, Me, F), the behaviors of compounds 20-22 appear analogous.In all cases, the addition of HCl to compound solution under its CC form induces a deep pink coloration due to the appearance of an intense broad band in the visible 450-600 nm range Chapter BiBOX dimer through a linear aromatic platform 83 with a concomitant decrease of their characteristic UV absorption band around 378 nm as presented below for compound 20 (figure9).

Figure 9 .

 9 Figure 9. UV-Visible spectrum changes of a solution of BOX-H(20) in ACN (0.021mM) upon addition of HCl aliquots.

Scheme 4 .

 4 Scheme 4. Representation of the stepwise commutation of the elaborated molecular systems between the 3 different states (CC, OC and OO) under acidic stimulation.

Chapter 2 :dimer through a linear aromatic platform 87 Figure 10 . 1 H

 287101 Figure 10. 1 H NMR spectra upon titration of compound 22 (2.27 mM) by HCl in ACN-d 3 at 20°C.

Figure 11 . 19 F

 1119 Figure 11. 19 F NMR spectra upon titration of compound 22 (2.27 mM) by HCl in ACN-d3 at 20°C (left), percentage of each state according to number of equivalents of HCl added (right).

2 : 2 :

 22 F NMR spectrum of the compound 22 under its initial state (CC) exhibits only one signal at -124.73 ppm in agreement with the existence of an element of Chapter BiBOX dimer through a linear aromatic platform 89 symmetry between both BOX units. As soon the addition of HCl aliquots starts, the appearance of two new peaks is observed at -124.60 and -112.29 ppm (Figure11) what demonstrates the appearance of the OC form. Indeed, the breaking of the molecular symmetry due to the commutation of only one BOX unit leads to two peaks exhibiting a similar integration low-field shifted in comparison with the CC form. This assignment was confirmed by the clear appearance of only one new signal at -111.84 ppm when the amount of HCl was increased beyond 0.8 equivalent in agreement with the re-establishment of a molecular symmetry with the opening of the second BOX unit. If the lack of solubility of the OO form in acetonitrile leads to its precipitation when the addition of acid reaches 1.8 equivalent and avoid any quantification beyond this point, below, the integration of the different peaks can be used to determine the relative proportion of the three different states of the molecule as function of the added amount of acid (Figure11).As seen on Figure11, the distribution between the three different states is not statistically driven and the stepwise opening of both BOX units is, once again, clearly confirmed. This behavior seems a difference of pKa between both species what allow stepwise protonation processes. Considering each BOX unit being independent under their closed form due to the sp 3 hybridization of the carbon 2, such difference could be explained by a variation of the donor ability of the associated bithiophene which is involved in the stabilization of the corresponding open form. In fact, the first opening of an oxazolidine ring induces the generation of the corresponding indoleninium group which acts as a strong electron withdrawing group and decreases the donor character of the bithiophene moiety. As consequence, the bithiophene moiety is not able to stabilize the dicationic specie by internal charge transfer as efficiently as the monocationic one. It conducts to observe a more difficult second opening. In addition, it can be noticed that the presence of CC form is still detected after 1.6 equivalent of acid leading to an unsuitable coexistence of the three different forms over a large period of stimulation Chapter BiBOX dimer through a linear aromatic platform 90 incompatible with a sharp modulation of molecular properties over three discrete levels.

22

  dissolved in acetonitrile have been irradiated with 254 nm light in presence of chlorobenzene (10%) as photosensitizer. As expected, the UV irradiation leads quickly to the strong coloration of the solution reaching a photostationary state after 4 min. The evolution of the UV-Visible absorption spectra as function of the irradiation time lets clearly appear two stages such as example for compound 20 presented on Figure 12.

Figure 12 .

 12 Figure 12. UV-Visible spectrum changes of a solution of 20 in ACN:PhCl (90/10; 0.016mM) upon UV light irradiation (254 nm).

Figure 13 . 1 H

 131 Figure 13. 1 H NMR spectra and assignment of compound 22 under its three states in acetonitrile-d3 + chlorobenzene-d5 after 254nm-light irradiation at rt.

Chapter 2 :

 2 BiBOX dimer through a linear aromatic platform 94 indoleninium moiety acting as a strong electron withdrawing group, its subsequent oxidation to induce a second BOX opening should occurred at a higher potential.

Figure 14 .

 14 Figure 14. HOMO and LUMO Molecular Orbitals and energies obtained from DFT calculations at B3LYP-6.311(d) in the case of 22 CC (left), OC (middle) and OO (right).

  investigated by cyclic voltammetry (CV) in acetonitrile. As shown on Figure 15, all compounds exhibit similar behaviors with a broad non reversible oxidation process at 0.69, 0.66 and 0.78 V for compound 20, 21 and 22 respectively.

Figure 15 .

 15 Figure 15. Cyclic voltammetry of compound 20, 21 and 22 in ACN (1.12; 0.53 and 0.68 mM) with TBAPF6 as electrolyte (0.1M) on Pt working electrode at 100mV.s -1 .

Figure 16 .

 16 Figure 16. Spectroelectrochemistry in TLCV conditions (∼50 μm; 20 mV•s -1 ) of 20 (0.53 mM) in acetonitrile with TBAPF6 as electrolyte (0.1M) on a platinum electrode.
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 297 substituent induces only a minor anodic shift of electrochemical potential (in example 30mV between compounds 20 and 21). Thus, even if electrochemical and spectro-electrochemical experiments don't demonstrate a stepwise commutation and the intermediate formation of the Chapter derivative, both calculations and experimental similarities suggest a redox mediated opening compatible with the step by step opening of the two BOX terminations. Indeed, as already exposed, the indolonium genesee in OC derivative should, due to delocalization of charges, deactivate the second BOX opening which should then occur at higher potential (figure17).

Figure 17 .

 17 Figure 17. Proposed mechanism for the stepwise opening of both oxazolidine rings of BOX-2-Bt under stimulation under an electrochemical potential.

Figure 18 .

 18 Figure 18. TLCV (<5μm; 20 mV•s -1 ) of a solution of 20 in ACN with TBAPF6 as electrolyte (0.1M) on a gold electrode.As shown on figure18presenting the TLCV of a solution of 20 under its CC form, the

  treatment with an excess of base such as triethylamine demonstrating once again the multimodal (proton, photon electron) switching ability of theses molecular systems. If the UV-visible spectra obtained upon gradual chemical oxidation of compounds (Figure7, compound 20) present strong similarities with those chemically and optically induced, subtle differences appear. Indeed, this later shows upon addition of the first equivalent of NOSbF6 the appearance of a unique band centered at 529nm assigned to the OC form (vide infra) associated with the concomitant decrease of the CC characteristic band at 378nm. Pushing further the addition of oxidant to 2 equivalents leads to the disappearance of the characteristic band of OC toward a bathochromically shifted new band (546nm assigned to OO form) as well as the appearance of two weak bands at high energy around 300 and 430nm. Despite these strong similarities, a clear isosbestic point is observed from the beginning of the oxidant addition up to the last addition what could be a clue indicating selective successive processes.

Chapter 2 :

 2 BiBOX dimer through a linear aromatic platform 100 As used earlier with acidic stimulation, the 19 F NMR spectroscopy is a technique of choice to confirm the stepwise commutation of the system but also probes the selectivity of the addressability under chemical oxidation. The results of the titration of compound 22 by NOSbF6 are presented on Figure 20.

Figure 20 .

 20 Figure 20. 19 F NMR spectrum changes of a solution of BOX-F 22 in ACN-d3 (2.27mM) upon addition of NOSbF6 aliquots.

  to the fluoride borne by the open BOX unit (-112.29/-112.22 for OC form and -111.84/-111.49 for OO form).

Figure 21 .

 21 Figure 21. Evolution of percentage of each state according to number of equivalents of HCl (left) and NOSbF6 (right) added to 22 under its CC form in ACN-d3 at 20°C.

Figure 22 .

 22 Figure 22. Representative diagram of the generation of the second harmonic.

Figure 23 .

 23 Figure 23. Schematic representation of a push-pull molecule composed of an EDG, a pi-conjugated system and an EWG.

Figure 24 :

 24 Figure 24: Schematic representation of different types of switching of NLO responses in dipolar D-π-A molecules: Type I = redox/proton transfer of D; Type II = redox/proton transfer of A; Type III = alteration of π-conjugation in bridge.

Figure 25 .

 25 Figure 25. D-π-A example of an organic chromophore.

Figure 26 .

 26 Figure 26. Photo-, acido-and electro-chromic properties for switches based on the indolinooxazolidine (X = CMe2), benzimidazolo-oxazolidine (X = NMe), and benzothiazolo-oxazolidine (X = S) moieties.

Chapter 2 : 109 C. 2 .

 21092 , few Type II NLO switches are listed, indolinooxazolidine based derivatives appear then as an important family compounds regarding to the high β variations reaches by the opening/closure of the oxazolidine ring by applying indifferently one of three possible kinds of stimulation (proton, photon or electron). In this context, compounds 20-22 may represent a step forward as they allow a stepwise commutation between three states CC, OC, and OO where each of them is expected to present different 2 nd order NLO properties. BiBOX dimer through a linear aromatic platform Determination of the first hyperpolarizability of compound 20.

Chapter 2 : 110 Figure 28 .

 211028 Figure 28. Experimental setup of the hyper Rayleigh scattering.

Chapter 2 : 111 Figure 29 .

 211129 Figure 29. HRS responses of CC (top), OC by pH and NOSbF6 (middle) and OO by pH (bottom) in solution using acetonitrile.

Chapter 2 : 112 Figure 30 .

 211230 Figure 30. Extracted plot of the polarization curve of the solvated dye 20 in its OC (left) and OO (right) forms.

Figure 31 .

 31 Figure 31. Anti and syn conformations of bithiophene moiety.

Chapter 2 :

 2 BiBOX dimer through a linear aromatic platform 116 -its low oxidation potential explained by the strong electron donor effect of EDOT moieties, -its improved conjugation allowed by S-O intramolecular interactions which rigidify the molecule, -its facile and controlled reactivity in EDOT terminal positions as demonstrated in numerous examples.

Scheme 6 .

 6 Scheme 6. Synthetic route to compound 23. i) -78 C, n-BuLi, Bu3SnCl, THF; ii) Pd(PPh3)4, DMF; iii) DMF, POCl3, 1,2dichlorothane; iv) SiO2, 100C.
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Figure 32 .

 32 Figure 32. 1 H NMR spectrum of compound 23 in chloroform (CDCl3) at rt.

Chapter 2 :

 2 43 and 1.16 ppm. Each of them integrating for 3 protons, they are assigned to germinal methyl groups on the indoline part (referenced as 7 and 8). These typical signals of BOX derivatives are completed by the spectral signature of the pi-conjugated bridge with: i) two multiplets between 4.29 and 4.37 ppm integrating for 4 BiBOX dimer through a linear aromatic platform 119 protons corresponding to both methylene group borne by the EDOT units; ii) one singlet at 7.13ppm assigned to the protons (13&13') of the central thiophene unit. One time again, the fact that the pi-conjugated bridge provides only these three signals confirms its symmetrical functionalization by two BOX units under their closed form. Like previous molecular compounds, such kind of system should exhibit acido-, photoand electrochromic properties due to the possible commutation between the three different possible states referenced later in the text as Closed-Closed (CC), Open-Close (OC), and Open-Open (OO), depending on closed (C) or open (O) status of each BOX units. For this reason, the addressability of compound 23 under various stimulations is investigated and presented below.

Figure 33 .

 33 Figure 33. UV-Visible spectrum of compound 23 under its CC form in ACN solution.

Table 5 .Chapter 2 :

 52 Frontier orbitals and TD-DFT calculations of CC form of compound 23. As expected, the enhancement of the conjugation pathway leads to notice an important variation of the HOMO and LUMO levels of 23 (at -5.0 and -2.21eV) in comparison to bithiophene analog 20 (-5.44 and -2.07 eV respectively). It suggests a better donor character of the pi conjugated bridge and, as expected, a lower oxidation potential. Concerning TD-DFT calculations, they are confirming the assignment of the main absorption band to a -* transition centered on the EDOT-T-EDOT core as an HOMO-LUMO transition. Once again, BiBOX dimer through a linear aromatic platform 121 an important difference (77nm) between calculated and experimental maxima absorption wavelength is noticed which is not surprising when simple B3LYP hybrid functional is used for such highly polarizable compound. As shown on the figure 34, the addition of HCl to compound 23 solution under its CC form induces a deep blue coloration due to the appearance of an intense broad band in the visible 500-710 nm range with the concomitant decrease of the absorption band centered at 428nm.

Figure 34 .

 34 Figure 34. UV-Visible spectrum changes of a solution of compound 23 in ACN (0.006mM) upon addition of HCl aliquots.

Scheme 7 .

 7 Scheme 7. Representation of the 3 different states of the molecular system 23: CC, OC and OO, depending on closed (C) or open (O) status of BOX units.

dimer through a linear aromatic platform 123 Figure 35 . 1 H

 123351 Figure 35. 1 H NMR spectra upon titration of compound 23 (5.4 mM) by HCl in ACN-d3 at 20°C.

Figure 36 .Chapter 2 :

 362 Figure 36. 1 UV-Visible spectrum changes of a solution of compound 23 in ACN/chlorobenzene 90/10 (0.006mM) upon irradiation at 254 nm.

Figure 37 .

 37 Figure 37. Cyclic voltammetry of compound 23 in ACN (0.53 mM) with TBAPF6 as electrolyte (0.1M) on Pt working electrode at 100mV.s -1 .
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 2 BiBOX dimer through a linear aromatic platform 128 electrochemical experiments have been carried out from compound 23 under its CC form and are presented below (figure 38).

Figure 38 .

 38 Figure 38. Spectroelectrochemistry in TLCV conditions (∼50 μm; 20 mV•s -1 ) of 23 (0.53 mM) in acetonitrile with TBAPF6 as electrolyte (0.1M) on a platinum electrode, vs Fc + /Fc.

Chapter 2 :

 2 BiBOX dimer through a linear aromatic platform129 To explain such behavior, we presume that the oxidation at 0.35V leads first to the formation of the radical cation of the central ETE core characterized by a higher absorbance in near UV range and more important by an intense and sharp absorption band centered at 656 nm. As the ETE motif appears more stable in its oxidized form than its bithiophene analogue, at the chosen scan rate, its signature is observed together with ones of the OC and/or OO species consecutive to the charge delocalization and some BOX opening. Indeed, as mentioned above, the slight bathochromic shift between both forms does not allow us to distinguish the opening of one or two oxazolidine rings at this potential. Upon reverse scan below 0.35V, the signature of this radical cation disappears and the CC form of 23 is fully recovered below -0.95V due to the BOX closure.If only one BOX unit is open at 0.35V, the second opening should be open at higher potential. To verify this assumption, the explored oxidation potential range during the spectroelectrochemical experiment was increased.

Figure 39 . 2 :

 392 Figure 39. Spectroelectrochemistry in TLCV conditions (∼50 μm; 20 mV•s -1 ) of 23 (0.53 mM) in acetonitrile with TBAPF6 a as electrolyte (0.1M) on a platinum electrode, vs Fc + /Fc.

Figure 40 .

 40 Figure 40. UV-Visible spectrum changes of a solution of compound 23 in ACN (0.006mM) upon addition of NOSbF6.
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 232 present strong similarities with those chemically and optically induced, subtle differences appear. Indeed, this later shows upon addition of the first equivalent of NOSbF6 the Chapter BiBOX dimer through a linear aromatic platform 131 appearance of a unique band centered at 642 nm assigned to the OC form associated with the concomitant decrease of the CC characteristic band at 428 nm. The addition of the second equivalent of oxidant leads to the disappearance of the characteristic band of OC toward a bathochromically shifted new band (666 nm assigned to OO form) as well as the appearance of the weak band at high energy around 503 nm. Despite these strong similarities, a clear isosbestic point is observed from the beginning of the oxidant addition up to one equivalent (475nm) that could be a clue indicating selective successive processes. Furthermore, when the addition of NOSbF6 pursued up to 12 equivalents, a hypochromic effect with a bathochromic shift of the main absorption band from 666 to 674 nm is observed with the concomitant appearance of a small lower energy absorption band at 860nm, this can be also translated to the oxidation of the system under its OO form and in agreement with what we observed on the spectro-electrochemistry part.We can conclude form these experiments that introducing a longer, rigid and efficient electrodonor spacer exhibiting a lower oxidation potential between BOX terminations did not fulfill our initial expectation. As expected, the cyclic voltammetry reveals well two distinct oxidation peaks. Unfortunately, it appears that the second one at 0.65V leads to the formation of a new oxidation states of the system which seems to lead to the radical cation of the OO form. Concerning the first oxidation peaks (0.35V), it is assigned to the oxidation of the central ETE bridge leading to the corresponding radical cation. Unluckily, the improved stability of this latter slow down the BOX opening through corresponding electromediated process. If the titration by the chemical oxidant have clearly demonstrated the stepwise commutation of the two BOX units suggesting a variation of oxidation potential between CC and OC, the spectroelectrochemistry and cyclic voltammetry experiments suggest that this difference is as limited as in bithiophene analog 20. As consequence the electrochemical behavior of compound 23 can be summarized by the following figure:

Chapter 2 :dimer through a linear aromatic platform 132 Figure 41 .

 213241 Figure 41. Proposed mechanism for the stepwise opening of both oxazolidine rings of compound 23 by stimulating under an electrochemical potential.

-Chapter 2 : BiBOX dimer through a linear aromatic platform 133 E. 1 .

 21331 the rigidity of the central core (S-O interaction) may avoid the supposed anti/syn conformer formation of the bithiophene part in OO form. In this context, the measurement the HRS (β) has been logically undergone. If this experiment was not successful, it has demonstrated a strong two photon absorption fluorescence of the Open-Open form (OO) what can be considered as an interesting opportunity. Thus, linear and non-linear luminescence properties of compound 23 in its CC and OO states have been studied in Bordeaux in the team of Dr. Mireille Blanchard-Desce from Institut des Sciences Moléculaires. One-photon absorption (1PA) and luminescence properties. As mentioned in previous section, the open/close status of BOX unit have a strong impact on the UV-Visible absorption properties of compound 23 and the studies performed on its bithiophene analog have paved the way to use it as NLO switch. Beside these two classical uses of BOX derivative, we have chosen to explore some other potential applications especially

Table 6 .Chapter 2 : BiBOX dimer through a linear aromatic platform 134 Figure 42 .

 6213442 Figure 42. Absorption (solid line) and emission spectra (dashed line) of compound 23 under its CC (left, excited at 455nm) and OO (right, excited at 670nm) form.

Figure 44 .

 44 Figure 44. UV-absorption spectra (black) and two-photon absorption spectra (red) of compound 23 on its CC (left) and OO (right) forms.

Chapter 2 :Chapter 2 :

 22 and EDOT-T-EDOT (simple pi-conjugated systems) by two identical BOX moieties (compounds 20, 21, 22 and 23). As expected, all compounds exhibit multimodal switching abilities under acido-, photo-and electrochemical stimulation. While changing the bithiophene pi-conjugated core by EDOT-Thiophene-EDOT (better donor ability) motif still provides a BiBOX dimer through a linear aromatic platform 139 successive opening of oxazolidine rings (stepwise commutation) but without any improving on the difference of oxidation potential (very tiny difference) and its well demonstrated by spectroelectrochemistry. Among that, the developments of such type of molecular systems possess the ability to modulate their nonlinear optical properties (second harmonic generation and two photon absorption). In this context, bithiophene series have demonstrated the feature to modulate the first hyperpolarisability of the systems between three different levels exhibiting important contrast ratios. The replacement of the bithiophene by the DOT-T-EDOT exhibiting a more important electron donor character have open new prospective for other three order NLO phenomenon. In fact, the measurement of TPA cross section of both extreme states of compound 23 (CC and OO) have revealed impressive variation in terms of efficiency but also in spectral range. BiBOX dimer through a linear aromatic platform

-

  the successive oxazolidine ring opening induces a strong variation of the optical properties. As consequence the 3 different states (open-open, open-close, close-close) exhibit reproducible and specific properties, especially in NLO.

Figure 1 .

 1 Figure 1. Switching features of tri-BOX conjugated system as multilevel molecular system.

Scheme 1 .

 1 Scheme 1. Synthetic route to compound 24.

Figure 2 . 1 HChapter 3 :

 213 Figure 2. 1 H NMR spectrum of compound 24 in chloroform (CDCl3) at rt.Due to its C3 symmetry, the NMR spectrum is very simple, and, thanks to our previous

Figure 3 .

 3 Figure 3. Cyclic voltammetry of compound 24 in ACN (1.28 mM) with TBAPF6 as electrolyte (0.1M) on Pt working electrode at 100mV.s -1 .

Indeed, as observedChapter 3 :

 3 in previous chapter, the acido-and photochromic properties of several BOX units connected to a central pi-conjugated bridge are less sensitive to the microenvironment of the molecule than electrochromic ones and should logically lead to a global mixture of the four different states. If this electro-polymerization could be avoided by the functionalization of the BOX in position 5, results of the chapter 2 convinced us to replace benzene with an electroactive core exhibiting lower oxidation potential than BOX (Eπ˂EBOX). Indeed, it should lead to an Synthesis and characterization of new multi-level systems. 153 electro-mediated stimulation favoring the opening of the BOX in a stepwise manner. With this objective, triphenylamine derivatives have been selected as a pi-conjugated cores.

Chapter 3 :

 3 Synthesis and characterization of new multi-level systems.154 trimethylindolino-oxazolidine derivative as final step, the syntheses of our first targeted compounds are resumed in scheme 4.

Scheme 4 .

 4 Scheme 4. Synthetic route to compounds 25 and 26. i) DMF, POCl3; ii) silica gel, 100°C, 7 hours.

Chapter 3 :

 3 Synthesis and characterization of new multi-level systems.

Scheme 5 .

 5 Scheme 5. Synthetic route to compounds 27 and 28. i) Pd(PPh3)4, toluene; ii) DMF, POCl3, 1,2-dichlorothane. iii) silica gel, 100°C, 7 hours.A similar strategy as those already developed was applied for the preparation of

Figure 5 . 1 H

 51 Figure 5. 1 H NMR spectra of compounds 27 and 28 in chloroform (CDCl3) at rt.

Chapter 3 :Scheme 6 .

 36 Scheme 6. Representation of the 4 different states of the molecular system: CCC, OCC, OOC and OOO, depending on closed (c) or open (o) status of BOX units.

Chapter 3 : 162 Figure 6 .Chapter 3 :

 316263 Figure 6. UV-Visible spectrum changes of a solution of compounds 26 (top) and 28 (bottom) in ACN (0.0086 and 0.0071mM respectively) upon addition of HCl aliquots.

Figure 7 .Chapter 3 :

 73 Figure 7. Monitoring the titration of compound 26 (4.62 mM) in ACN-d3 by HCl at 20°C.

Figure 8 .

 8 Figure 8. UV-Visible spectrum changes of a solution of compound 26 in ACN/PhCl (9/1) (0.0086mM) upon irradiation at 254 nm.

  conjugated system becomes substituted by an open electron withdrawing BOX which decreases the global donor ability of the whole molecule what could then disadvantage further oxidation and consecutively the second and third oxazolidine ring opening.

Figure 9 .

 9 Figure 9. Cyclic voltammetry of compounds 25 and 26 in ACN (1.15and 1.09 mM) with TBAPF6 as electrolyte (0.1M) on Pt working electrode at 50mV.s -1 (left), different scan rates of compound 25 (right).

Chapter 3 :

 3 Synthesis and characterization of new multi-level systems.169 undergo the chemical process leading presumably to the opening of one BOX unit (OCC state).The assignation of the second oxidation peak occurring at 0.72 and 0.69Vfor compounds 25 and 26 respectively is trickier. Indeed, we have to keep in mind that under their closed form each three BOX units and the central triarylamine core behave independently. Based on our results on BiBOX-ETE which exhibit also a relative stability of the radical cation generated during the first oxidation, we could presume that this second oxidation process is mainly localized on all remaining closed BOX units of the system (whatever the oxidation status of the central core and the open/close state of adjacent BOX units). This hypothesis is supported by four different factors:

Chapter 3 :Table 3 .

 33 Synthesis and characterization of new multi-level systems. DFT visualization of the HOMO-1, HOMO-2 and HOMO-3 levels of compound 26 under its fully closed form.

Chapter 3 :

 3 Synthesis and characterization of new multi-level systems.

Chapter 3 :

 3 Synthesis and characterization of new multi-level systems. 172 The extension of the pi-conjugated node by the replacement of the simple triphenylamine by a tris(4-(thiophen-2-yl)phenyl)amine motif (compounds 27-28) conducts to a variation of the electrochemical behavior.

Figure 10 .

 10 Figure 10. Cyclic voltammetry of compound 28 in ACN (0.69 mM) with TBAPF6 as electrolyte (0.1M) on Pt working electrode at 100mV.s -1 (left), different scan rates of compound 28 (right).

Figure 11 .

 11 Figure 11. HOMO of N(Ph-T)BOX under its fully closed form.

Figure 12 .

 12 Figure 12. UV-Visible spectrum changes of a solution of compounds 26 (top) and 28 (bottom) in ACN (0.0086 and 0.0071mM respectively) upon addition of NOSbF6.

Figure 13 . 1 H

 131 Figure 13. 1 H NMR spectrum changes of a solution of compound 25 in ACN (1.54mM) upon addition of NOSbF6 aliquots.

Scheme 7 .Chapter 3 :

 73 Scheme 7. Proposed mechanism for the stepwise opening of three oxazolidine rings of compounds 25 and 26 under stimulation by an oxidant.To conclude about this TriBOX series, we have demonstrated that the stepwise

Scheme 8 .

 8 Scheme 8. Synthetic route to compounds 29 and 30. i) NBS, THF; ii) Pd(dppf)Cl2, K2CO3, Dioxane:H2O. iii) Pd(dppf)Cl2, K2CO3, Dioxane:H2O;iv) silica gel, 100°C, 7 hours.

Figure 15 .Chapter 3 :

 153 Figure 15. 1 H NMR spectra of compounds 29 and 30 in chloroform (CDCl3) at rt.

Chapter 3 :26Table 5 . 3 :

 353 Synthesis and characterization of new multi-level systems. 181 TriBOX derivatives and in the contrary 25nm hypsochromically shifted compared to extended 27-28 ones. UV-Visible spectra of compounds 29 and 30 under their CCC form in ACN solution and the evolution of the maxima absorption wavelength (in nm) under their different metastable states.If one considers that the HOMO and LUMO levels of these derivatives, non-conjugated in their closed form with the pendant BOX, are probably strictly localized on the central triaryl system, it can be logical to observe an intermediate spectroscopic bandgap for 29-30. This hypothesis can be supported by the experimental and theoretical studies of the C3V symmetrical systems.In both cases, a deep violet coloration of the solution is observed as soon as we start to add some acid aliquots (HCl) due to the appearance of an intense broad band in the visible 455-655 nm range. This expected coloration seems translating the opening of the oxazolidine rings under acidic stimulation leading to the establishment of a charge transfer band between the electron donor triarylamine moiety and the generated indoleninium acting as an electron withdrawing group. As we can see on figure 16 for compound 30 in example, we notice, as for Chapter Synthesis and characterization of new multi-level systems.182 symmetrical analogs, an irregular evolution of the UV-Visible spectra along the titration with acid aliquots which seems translating a stepwise opening of the three BOX units.

Figure 16 .

 16 Figure 16. UV-Visible spectrum changes of a solution of compound 30 in ACN (1.3810 -5 M) upon addition of HCl.Concerning compound 30, up to one equivalent, the UV spectra reveal the concomitant

Chapter 3 :

 3 Synthesis and characterization of new multi-level systems. 183 important, it didn't allow the clear structural identification of the different isomers generated in acidic stimulation. For this reason, a monitoring of the commutation by NMR spectroscopy was performed by our colleagues in Lille (Pr Stephanie Delbaere and Dr. Jerome Berthet) allowing an unambiguous identification of the various isomers formed upon the stimulation of the molecular system but also their quantification. As observed in other BOX derivatives, the NMR signals of the vinylic protons are a probe of choice to identify and monitor the commutation of the three BOX units. In fact, preliminary 2D NMR experiment have conducted to assign each doublet (6.13, 6.27 and 6.39 ppm) to one arm of the triarylamine (protons 9'', 9' and 9) and as consequence related to one closed BOX referenced later as A, B and C as depicted on the figure below.

Figure 17 . 5 Chapter 3 :

 1753 Figure 17. NMR assignments of ethylenic junction protons of compound 29 on its CCC and OOO forms.

Figure 18 .

 18 Figure 18. Quantity of closed BOX rest according to number of equivalents of DCl added in ACN-d3 at 20°C.

Compound 30

 30 in acetonitrile has been irradiated with 254 nm light in presence of chlorobenzene (10%) as photosensitizer. As expected, the UV irradiation leads quickly to the strong coloration of the solution reaching a photostationary state after 2.5 min. The evolution of the UV-Visible absorption spectra as function of the irradiation time lets clearly appear stages presented on Figure 19.

Figure 19 . 3 :

 193 Figure 19. UV-Visible spectrum changes of a solution of compound 30 in ACN/PhCl (9/1) (1.2610 -5 mol.L -1 ) upon irradiation at 254 nm.

- 1 .

 1 07 and -0.99V for compounds 29 and 30 respectively translating a strong transformation of the molecular systems at this potential (closing of the oxazolidine ring) (figure 20 left). Based on our previous studies, this typical electrochemical behavior evidences the electro-induced opening of the oxazolidine rings under electrochemical stimulation. Since the first oxidation happened on the piconjugated core it can explain the stepwise commutation but unfortunately without displaying which BOX unit is opened first.

Chapter 3 :Figure 20 .

 320 Figure 20. Cyclic voltammetry of compounds 29 and 30 in ACN (0.58 and 0.64 mM) with TBAPF6 as electrolyte (0.1M) on Pt working electrode at 100mV.s -1 (left), several cycles of compound 30 (right)at 50 mV.s -1 .

for compound 30 . 3 :

 303 In addition, initial spectrum can be recovered after treatment with an excess of base such as triethylamine demonstrating the multi-modal switching ability of these molecular systems. If the UV-visible spectra obtained upon gradual chemical oxidation of compounds (Figure21, compound 30) present strong similarities with those chemically and optically induced, subtle differences appear. Indeed, the later shows upon addition of the first equivalent of NOSbF6 the appearance of a unique band centered at 558nm assigned to the OCC form (vide infra) associated with the concomitant decrease of the CCC characteristic band at 368nm. The addition of the second equivalent of oxidant leads to a bathochromic shift with a new band centered at 559nm assigned to OOC form as well as the disappearance of the band centered at 368nm. The opening of the third oxazolidine ring can be Chapter Synthesis and characterization of new multi-level systems. 188 generated by adding more than two equivalents of NOSbF6 that induces a more coloration of the solution lead to the increase of the absorption band centered at 552 nm with the appearance of a new higher energy band at 410nm. As a consequence, this experiment suggests the commutation of the connected BOX units in a stepwise manner. Moreover, contrary to acidochromic experiments which needed 5.5eq of acid to allow a stationary system, redox media appears more efficient as 3 eq. of oxidant in enough to attain the full commutation of the system.

Figure 21 .

 21 Figure 21. UV-Visible spectrum changes of a solution of compound 29 in ACN (8.610 -6 M) upon addition of NOSbF6.

Figure 22 . 1 H

 221 Figure 22. 1 H NMR spectra upon titration of compound 29 (5 mM) by NOSbF6 in ACN at 20°C

Chapter 3 :Figure 23 . 1 H

 3231 Figure 23. 1 H NMR quantification of the proportion of the three different BOX (ABC) in compound 29 (5mM in ACN) as function of their status (closed or open) upon the addition of a chemical oxidant (NOSbF6).

Chapter 3 :

 3 Synthesis and characterization of new multi-level systems. 191 one species before another one. However, the close vicinity of different NMR signals corresponding to the 8 different isomers of compound 29 under its various states makes them difficult to quantify accurately. For this reason, the introduction of a fluorine atom on the indoline position 5 (compound 30) could benefit to overcome this issue. In fact, the monitoring of the commutation of 30 by 19 F-NMR (actually under progress) should lead to the complete quantification of each 8 different states allowing to confirm the preferential BOX opening sequence.

Scheme 3 .

 3 Scheme 3. Synthetic route to ligands 31 and 32, (i) silica gel, 100°C, 10 minutes.

Table 1 .

 1 Crystal structures of ligands 31 and 32, main parameters and representation of the molecules. Both ligands crystallize in the orthorhombic system space group P 21 21 21, with one independent molecule in the unit cell. As previous prepared BOX derivatives, the obtained data highlight the almost orthogonality of the two aromatic systems and the trans configuration of the double C=C bond linking the BOX unit and the pyridine. Furthermore, viewing along the crystallographic a axis of ligand 32 (ligand 31 behaves the same), each molecule interacts with the adjacent molecule by non-conventional hydrogen bonds C-H•••N, (C2-H2•••N1, 2.544(0) Å) (Figure 2). In the solid state, each ligand molecule interacts with two neighboring ones by hydrogen bonds, C-H

Figure 2 .

 2 Figure 2. Perspective view of ligand 32 in the ac plane: C-H•••N contacts (orange dashed lines).

Scheme 4 .

 4 Scheme 4. Synthetic route to ligands 36, 37 and 39 i) I2, pyridine; ii) NH4OAc, Methanol. iii) SeO2, diglyme; iv) silica gel, 100°C, 10 min; v) SeO2, Dioxane/H2O.

Figure 4 .

 4 Figure 4 . Schematic representation of different complexes incorporating BOX units.

Scheme 5 .

 5 Scheme 5. Synthetic route to ligands 44-49 i) SeO2, Dioxane; ii) silica gel, 100°C, 10 min.

Scheme 6 .

 6 Scheme 6. Synthetic route to compound 41.

Scheme 7 .

 7 Scheme 7. Synthetic route to ligands 42 and 54 i) silica gel, 100°C, 10 min. ii) SnCl2, ethanol. iii) DCM; iv) PrMgCl, DMF, THF; v) Methyl orthoformate, p-toluenesulfonic acid, MeOH; vi) Pd(PhCN)2Cl2, TDAE, DMF; vii) HCl, THF; viii) Acetonitrile.

Scheme 8 .Table 4 .

 84 Scheme 8. Schematic representation showing the two different sites evidenced by acid.

Figure 5 .Scheme 9 .

 59 Figure 5. UV-Visible spectrum changes of a solution of ligand 32 in ACN (0.03mM) upon addition of HCl.

Figure 6 .

 6 Figure 6. UV-visible absorption spectra computed by B3LYP-6.311 G(d) methodology of C, CP, O and OP forms of ligand.

Figure 8 . 1 H

 81 Figure 8. 1 H NMR spectra upon titration of ligand 32 (14 mM) by HCl in DMSO-d6 at 20°C up to 3.4 equivalents.

Scheme 10 .

 10 Scheme 10. The two different possibilities of ligand 32 (O and CP) upon addition of HCl (below 1.5 eq).

Figure 9 . 4 :

 94 Figure 9. Assigned aliphatic protons of the generated states of ligand 32 up to 1.7 equivalents of HCl.

After 2 .Chapter 4 :Scheme 12 .

 2412 Scheme 11 Displace of equilibrium from O to OP form upon further acidification.

Figure 10 .

 10 Figure 10. UV-Visible spectrum changes of a solution of ligand 32 in ACN (0.03mM) upon irradiation at 254 nm.

Scheme 13 .

 13 Scheme 13. Different states generated upon irradiation at 254 nm.

Figure 11 .

 11 Figure 11. Cyclic voltammetry of compound 32 at 100 mV/s (0.62 mM).

Scheme 14 . 4 :

 144 Scheme 14. Proposed mechanism for the commutation of ligand 32 under stimulation with electrochemical potential.

Figure 12 .

 12 Figure 12. UV-Visible spectrum changes of a solution of ligand 32 in ACN (0.03mM) upon addition of HCl.

Figure 1 .

 1 Figure 1. Schematic representation of complexes with ligands incorporating a BOX unit.

-a large range

  of coordination numbers varying from 2 to 8, such as example in ZnEt2 and [Zn(NO3)4] 2-respectively, leading to various geometries with a domination of tetrahedral and octahedral architectures; -Zinc complexes have in recent years taken a considerable importance in the generation and self-assembly of a great range of 1-, 2-, and 3-D infinite structures; -Zinc plays an essential role in biology, being a key constituent of at least 200 metalloproteins;

Chapter 5 :

 5 Elaboration of multi-level molecular systems based on coordination chemistry233 Thus, herein, the syntheses and commutation behaviors of three kind of zinc complexes are described using N-heterocycles (pyridine, bipyridine or phenanthroline) bearing one or two BOX unit.

Scheme 1 .Chapter 5 :

 15 Scheme 1. Synthesis of the Zinc (II) complexes with pyridine derived ligands.

Figure 2 .

 2 Figure 2. Crystal structure representation of zinc complex Zn(L')2Cl2 with the atom-numbering scheme.

5 :

 5 observed for free ligand, the indoline and pyridines moieties in each ligand are not coplanar and similar values of dihedral angle are measured (74.77 (2)° and 69.41 (2)°). Furthermore, we can note that the geometry around Zn is affected by the presence of an intramolecular H•••anion interaction between the chlorine atom Cl1 coordinated to zinc and the hydrogen from pyridine ring (figure3top), as suggested by the C1-H1•••Cl1 distance of Chapter Elaboration of multi-level molecular systems based on coordination chemistry 235 2.893(2) Å. As a consequence of this interaction, the Zn-Cl2 distance (2.222(2) Å) is significantly longer than Zn1-Cl1 (2.203(2) Å). The angle formed by the zinc center and chlorine atoms equal to 123.79(8) ° what is higher than the angle formed between nitrogen atoms and the angles formed between nitrogen atom and chlorine atom N1-ZN1-N3, CL1-ZN1-N1, N3-ZN1-CL2 respectively are 99.10(6), 105.00(4), and 107.19(5)°. In the crystal lattice, short intermolecular (figure 3 top) C-H•••Cl contacts (C10-H10•••Cl1= 2.691(2) Å) are established between chlorine atoms and hydrogen atoms from the oxazolidine rings from neighboring molecules resulting in a supramolecular chain parallel to the crystallographic c axis.

Figure 3 . 5 :

 35 Figure 3. Perspective of the supramolecular chain generated by hydrogen bonding C-H•••Cl (green-cyan dashed lines) in complex in the ab plane (top), and those reinforced by C-H•••π (blue dashed line, bottom).These supramolecular interactions are completed by C-H•••π intermolecular

Scheme 2 .

 2 Scheme 2. Syntheses of the Zinc (II) complexes 58 and 59 with bipyiridine and phenanthroline derived ligands.

Scheme 3 .

 3 Scheme 3. Synthetic routes to complexes 60 and 61. i) 2:1 (ligand:ZnCl2), MeCN/DCM, stirred for 3 hrs. at 50C; ii) 3:1 (ligand:ZnCl2), MeCN/DCM, stirred for 3 hrs. at 50C.

Chapter 5 :

 5 Elaboration of multi-level molecular systems based on coordination chemistry239 BiBOX-bipyridyl ligand 44 (Scheme 4), the two new complexes 62 and 63, able to exhibit 3 and 5 different metastable states were obtained. The synthesis of one additional complex based on coordinating three times ligand 44 (up to 7 possible metastable states) is still in progress.

Scheme 4 .

 4 Scheme 4. Synthetic route to complexes 62 and 63. i) 1:1 (ligand:ZnCl2), MeCN/DCM, stirred for 2 min at rt; ii) 2:1 (ligand:ZnCl2), MeCN/DCM, stirred for 3 hrs at 50C.
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 5 Elaboration of multi-level molecular systems based on coordination chemistry 240

Chapter 5 :Scheme 5 .

 55 Scheme 5. Synthesis of the Zinc (II) complex 57.

Figure 4 .

 4 Figure 4. Crystal structure of ZnL1Cl2 complex (57).
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 5 Elaboration of multi-level molecular systems based on coordination chemistry 242

Chapter 5 :Figure 6 .Chapter 5 :Figure 7 .

 5657 Figure 6. UV-Visible spectra of ligand 32 and complexes 55 and 56 under their closed form in ACN solution

Chapter 5 :Figure 8 .

 58 Figure 8. UV-Visible spectrum changes of a solution of complex 56 in ACN (0.027mM) upon addition of HCl (right), compared to that with ligand 32 (0.03mM) (left).

Chapter 5 :Figure 9 . 1 H

 591 Figure 9. 1 H NMR spectrum of complex 56 in CD3CN at rt.

Chapter 5 :

 5 Elaboration of multi-level molecular systems based on coordination chemistry 247 1.38 and 1.09 ppm, characteristics of methyls 6, 7 and 8, confirms definitively the closed status of oxazolidine rings.

  1 H NMR spectra (figure 10) recorded during acidification show a decrease of intensity of the signals of the initial closed form and the appearance of new resonances.

Figure 10 .Chapter 5 :

 105 Figure 10. 1 H NMR spectra upon titration of complex 56 (3 mM) by HCl in CD3CN at 20°C.

Figure 11 . 1 H

 111 Figure 11. 1 H NMR spectra of ligand 32 and complex 56 upon adding an excess of HCl in DMSO-d6 at 20°C.

Chapter 5 :

 5 Elaboration of multi-level molecular systems based on coordination chemistry 249These experiments thus demonstrate, as the addition of a large excess of acid is necessary to obtain a stable NMR or UV-vis spectrum, that:-the BOX are opened, -the lability of Zn complex in solution leads to observe again the tautomeric equilibrium between O and CP, and at the end a fully conversion to OP form.Moreover, further experiments are necessary to understand what happen during

Figure 12 . 1 HChapter 5 :Scheme 6 .

 12156 Figure 12. 1 H NMR spectra of ligand 32 upon addition of 0.7 eq. of HCl (middle) and further addition of ZnCl2 (top) in CD3CN.

Chapter 5 :C. 2 .

 52 Elaboration of multi-level molecular systems based on coordination chemistry251 Release of Zinc ion under photo-or electro-stimulation.

Figure 13 .

 13 Figure 13. UV-Visible spectrum changes of a solution of complex 56 in ACN (0.027mM) upon irradiation at 254 nm.

Chapter 5 :

 5 Elaboration of multi-level molecular systems based on coordination chemistry252 obtained by either irradiation or acidic titration confirms that both stimulations lead at the end to the same state, and then, confirm the photoinduced Zn release.

Figure 14 .

 14 Figure 14. Cyclic voltammetry of complex 56 at 100 mV/s (0.57 mM) (left), compared to that of ligand 32 (0.62 mM) (right).

Chapter 5 :

 5 Elaboration of multi-level molecular systems based on coordination chemistry253 with the complexation of the Zn which probably slows down the tautomeric equilibrium leading to the OP form.

Figure 15 .

 15 Figure 15. UV-Visible spectrum changes of a solution of complex 56 in ACN (0.027mM)) upon addition of NOSbF6 (right) compared to that with acid (left).

Chapter 5 :Scheme 7 .

 57 Scheme 7. Electrochemical oxidation of zinc complex 56.In summary, all synthesized ligands allow an easy synthesis and purification of

Figure 16 .

 16 Figure 16. Schematic representation of Zinc complexes upon stimulating with different kind of stimulations.

Scheme 8 .

 8 Scheme 8. Structure of [Ru(bpy)3] 2+ .

Scheme 9 .Chapter 5 :

 95 Scheme 9. Synthesis of homoleptic ruthenium complex based on ligand 37.

Chapter 5 :Scheme 10 .

 510 Scheme 10. Synthetic routes of bis-heteroleptic ruthenium complexes 65 and 66.

Chapter 5 :Scheme 11 .

 511 Scheme 11. Unsuccessful attempt by using biBOX-bipyridine ligand to obtain ruthenium complex.

5 :

 5 Elaboration of multi-level molecular systems based on coordination chemistry 261 The four energetic transitions highlighted in figure 17 can be classified into 4 different categories: on one hand the metal (MC) and ligand (LC) centered transitions, and on the other hand the transitions involving a charge transfer character such as Metal to Ligand (MLCT) and Ligand to Metal (LMCT). To represent those on a diagram (figure 17), we have to consider that:

Table 3 .

 3 UV-Visible spectra of complexes 65, 66 and 67 under their closed form in ACN solution (2.0910 -5 and 3.6010-5 

properties of complex 66 .Chapter 5 :B. 1 .

 6651 Incorporating one BOX unit, this model compound should exhibit acido-, photo-and electro-chromic behaviors. Characterizations are provided in the next sections. Elaboration of multi-level molecular systems based on coordination chemistry 263 Acidochromic properties.

Figure 18 .

 18 Figure 18. UV-Visible spectra changes of a solution of complex 66 in ACN (3.6010 -5 M) upon addition of HCl aliquots.

Chapter 5 :Scheme 13 .

 513 Scheme 13. Representation of the two different states of the molecular system: C and O, depending on closed (C) or open (O)status of BOX units.

Figure 19 .

 19 Figure 19. Monitoring of the titration of complex 66 (2.63 mM) in ACN by HCl at 20°C.
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 5 Elaboration of multi-level molecular systems based on coordination chemistry 265

Chapter 5 :

 5 photochromic properties of the system.

Figure 20 .

 20 Figure 20. UV-Visible spectrum changes of a solution of complex 66 in ACN/PhCl (90/10; 3.2510 -5 mM) upon UV light irradiation (254 nm).

Figure 21 .Chapter 5 :

 215 Figure 21. Cyclic voltammetry of complex 66 (left), compared CV of ligand 37 with the first oxidation of complex 66 in ACN (1.45and 1.22 mM) with TBAPF6 as electrolyte (0.1M) on Pt working electrode at 100mV.s -1 .

Figure 22 .Chapter 5 :Scheme 14 . 5 :

 225145 Figure 22. UV-Visible spectra changes of a solution of complex 66 in ACN (3.6010 -5 M) upon addition of NOSbF6.

Figure 23 .

 23 Figure 23. Absorbance and emission spectra of [Ru(bpy)3] 2+ in acetonitrile solution.
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 5 Elaboration of multi-level molecular systems based on coordination chemistry271 metal binding functionality, and then, should strongly affect the luminescence properties of the compound.

Chapter 5 :Figure 24 .

 524 Figure 24. Overlaid emission spectra of complex 66 (510 -4 M) in acetonitrile upon addition of HCl.
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 5 Elaboration of multi-level molecular systems based on coordination chemistry275 of the oxazolidine ring is observed without any further dissociation. In addition to that, preliminary experiments have demonstrated that the luminescence properties of complex 66 can be modulated via the BOX-opening.

  studied. After classical characterizations allowing their identification, a minima monitoring by UV-Visible spectroscopy as well as by NMR spectrometry have confirmed their multi-modal possibility to induce their commutation.First characterizations conducted from simple BiBox-BiT systems (chapter 2) have demonstrated that all stimuli (acid, light and redox) allow from their closed CC form the reversible and step wise formation of partially OC and then fully OO opened forms.Noteworthy, the indirect redox stimulation which acts through the conjugated system which presents an oxidation potential lower than that of BOX appears more selective than others which directly stimulate the switching unit.If the quantity of oxidizing reagent allows controlling the BOX O open/C close ratio,this first example did not allow controlling the switching unit via an imposed potential. In order to better discriminate the redox phenomena, a longer and more rigid ETE conjugated system was inserted between BOX terminations. Indeed, the cyclic voltammetry of such system allows observing discriminate oxidations processes not seen with the shorter bithiophene spacer, further investigations . Conducted experiments suggest, here again -A stepwise and multi-modal commutation of BOX systems -An electromediated commutation of both BOX occurring at similar potential too close to permit their clear discrimination.

A mixture of 12 (

 12 100 mg, 0.238 mmol) and corresponding inolinooxazolidine (106 mg, 0.524 mmol) was dissolved in little amount of DCM. 0.8 g of technical grade silica were put in suspension and the solvent was removed under reduced pressure. The resulting reaction mixture was heated under

  Product was isolated as a yellow solid (197 mg, 69%). 1 H NMR (300 MHz, CDCl3) δ 7.51 (d, J = 8.5 Hz, 2H), 7.46 (s, 2H), 7.41 (d, J = 9.0 Hz, 4H), 7.32 (d, J = 8.6 Hz, 2H), 7.12 (d, J = 8.7 Hz, 2H), 7.09 -7.03 (m, 5H), 6.94 -6.86 (m, 6H), 6.82 (d, J = 7.2 Hz, 3H), 6.77 (d, J = 16.0 Hz, 1H), 6.68 -6.60 (m, 3H), 6.26 (d, J = 15.9 Hz, 1H), 6.15 (d, J = 15.9 Hz, 1H), 6.04 (d, J = 15.7 Hz, 1H), 3.78 -3.35 (m, 12H), 2.24 (s, 9H), 1.40 -1.34 (m, 9H), 1.11 (s, 9H). IR  (cm -1 ): 2969, 1739, 1490, 1366, 1215, 809 cm -1 . HRMS (FAB+): m/z calcd. For C73H72N4O3S: 1084.5325[M+H] + ; found: 1084.5334. Anal. Calc. (%) for C73H72N4O3S: C 80.78, H 6.69, N 5.16; found: C 70.54, H 6.78, N 5.35. No 13 C NMR due to stability in chloroform and low solubility in acetonitrile. Product was isolated as a yellow solid (129 mg, 44%). 1 H NMR (300 MHz, CDCl3) δ 7.54 (dt, J = 16.5, 8.7 Hz, 9H), 7.39 (d, J = 8.6 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 7.17 -7.11 (m, 4H), 7.01 -6.96 (m, 2H), 6.94 (s, 1H), 6.90 -6.85 (m, 3H), 6.84 -6.77 (m, 4H), 6.75 -6.67 (m, 3H), 6.32 (d, J = 15.9 Hz, 1H), 6.20 (d, J = 15.9 Hz, 1H), 6.10 (d, J = 15.7 Hz, 1H), 3.89 -3.40 (m, 12H), 1.44 (t, J = 2.7 Hz, 9H), 1.19 (s, 9H). 13 C NMR (75 MHz, CDCl3) δ 160.5, 157.4, 147.0,

  3. 19 F NMR (282 MHz, CDCl3) δ -122.73 (s), -122.77 (s), -122.79 (s). IR  (cm -1 ): 2922, 2852, 1739, 1482, 1365, 1262, 809 cm -1 . HRMS (FAB+): m/z calcd. For C73H72N4O3S: 1096.4573[M+H] + ; found: 1097.4665. Anal. Calc. (%) for C70H63N4O3S: C 76.62, H 5.79, N 5.11; found: C 76.74, H 5.65, N 5.06.

  picolinaldehyde (0.22 g, 2.06 mmol) and (E)-4-(2-(7,9,9-trimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indol-9ayl)vinyl)aniline (0.33 g, 1.03 mmol) in dichloromethane (15 mL) was stirred at room temperature during 24 hours. The solvent was evaporated and crude product washed by petroleum ether in order to remove the excess of starting material before drying. The desired product was obtained as a yellow powder (290 mg, 69%).

1 H[ 2 , 2 '-bipyridine]- 4 , 4 '-dicarbaldehyde ( 43 )

 1224443 NMR (300 MHz, CDCl3) δ 8.72 (d, J = 4.8 Hz, 1H), 8.63 (s, 1H), 8.21 (d, J = 8.0 Hz, 1H), 7.82 (t, J = 8.0 Hz, 1H), 7.51 (d, J = 8.4 Hz, 2H), 7.38 (dd, J = 6.3, 4.9 Hz, 1H), 7.30 (d, J = 8.4 Hz, 2H), 6.98 (d, J = 7.9 Hz, 1H), 6.93 -6.86 (m, 2H), 6.71 (d, J = 7.9 Hz, 1H), 6.31 (d, J = 15.9 Hz, 1H), 3.85 -3.41 (m, 4H), 2.32 (s, 3H), 1.45 (s, 3H), 1.18 (s, 3H). IR  (cm -1 ): 2969, 1739, 1366, 1215 cm -1 . No 13 C NMR due to the stability of imine bond.Ligand synthesis bearing two BOX units.In a 200mL two-necked round bottom flask containing, dimethyl bipyridine (1 g, 5.43 mmol), 150 mL of 1,4-dioxane was added drop wise and stirred to get a homogenous mixture. The solution was bubbled with argon for 15 min while stirring. 2.41 g of SeO2 (4 eq.) were added and the mixture was refluxed under argon atmosphere for 44 hours. After the completion of the reaction (Monitored by TLC), the reaction mixture was washed with warm 1,4-dioxane for 2 to 3 minutes and filtered. 1,4dioxane was removed under reduced pressure. The residue was then dissolved in hot distilled ethyl acetate, filtered and again washed with hot ethyl acetate. The ethyl acetate layer was washed with 1M

1 H

 1 NMR (300 MHz, CDCl3) δ 10.21 (s, 1H), 8.96 (d, J = 4.9 Hz, 1H), 8.91 -8.86 (m, 1H), 7.79 (dd, J = 4.9, 1.5 Hz, 1H). 13 C NMR (75 MHz, CDCl3) δ 192.3, 156.5, 150.9, 142.9, 125.5, 122.6, 120.1.

4, 4 ' 1 [

 41 -bis((E)-2-(7-chloro-9,9-dimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indol-9a-yl)vinyl)-2,2'bipyridine (47) Compound BOX-Cl: Product was isolated as a white solid (551 mg, 60%). mp 249-251 °C. 1 H NMR (300 MHz, CDCl3) δ 8.70 (d, J = 5.1 Hz, 1H), 8.50 (s, 1H), 7.38 (dd, J = 5.1, 1.6 Hz, 1H), 7.17 (dd, J = 8.3, 2.1 Hz, 1H), 7.07 (d, J = 2.1 Hz, 1H), 6.98 (d, J = 15.9 Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 6.65 (d, J = 15.9 Hz, 1H), 3.88 -3.42 (m, 4H), 1.48 (s, 3H), 1.22 (s, 3H). IR  (cm -1 ): 2969, 1739, 1590, 1458, 1374, 1112, 979, 816 cm -1 . 1,10-phenanthroline-4,7-dicarbaldehyde (48) In a 200 mL two-necked round bottom flask containing, 4,7-dimethyl-1,10phenanthroline (1 g, 4.81 mmol), 100 mL of 1,4-dioxane was added drop wise and stirred to get a homogenous mixture. The latter was bubbled with argon for 15 min while stirring. 1.6 g of SeO2 (3 equiv) were added and the mixiture was refluxed under argon atmosphere for 16 hours. After the completion of the reaction (Monitored by TLC), the reaction mixture was washed with warm 1,4dioxane for 2 to 3 minutes and filtered and 1,4-dioxane was removed under reduced pressure. The residue was then dissolved in hot distilled ethyl acetate, filtered and again washed with hot ethyl acetate. The ethyl acetate layer was washed with 1M Na2CO3 (250mL) to remove additional carboxylic acid. Ru(BOX-biPy)2(biPy)] 2+ 2PF6 -(67) Dichloro(p-cymene)ruthenium(II) dimer (40 mg, 0.065 mmol) and 2,2'-bipyridine (20 mg, 0.13 mmol) were combined and refluxed for 4 hours in the presence of 5mL of DMF under argon atmosphere. After it cooled to room temperature, (100 mg, 0.26 mmol) of (E)-9a-(2-([2,2'bipyridin]-4-yl)vinyl)-7,9,9-trimethyl-2,3,9,9atetrahydrooxazolo[3,2-a]indole were added to the reaction mixture and the resultant solution was refluxed overnight. The solvent was evaporated to yield a dark orange solid and the crude waspurified by flash column chromatography on silica gel by using a mixture of Acetone/water 8/2 to remove the excess of starting material, followed by Acetone/saturated aqueous NH4PF6 8/2 in order to isolate the desired product. Concentration under reduced pressure to remove acetone led to precipitation.The precipitate was filtered and washed several times by Et2O to afford a bright orange solid (60 mg, 70%).

1 H 13 [

 113 NMR (300 MHz, CD3CN) δ 8.62 (d, J = 6.6 Hz, 2H), 8.51 (d, J = 8.1 Hz, 1H), 8.06 (dd, J = 11.1, 4.6 Hz, 2H), 7.84 -7.58 (m, 3H), 7.42 (dt, J = 11.6, 4.8 Hz, 3H), 6.98 (dd, J = 14.1, 3.7 Hz, 3H), 6.88 (d, J = 16.0 Hz, 1H), 6.74 (d, J = 7.9 Hz, 1H), 3.53 (m, 4H), 2.28 (s, 3H), 1.41 (s, 3H), 1.11 (s, 3H). 13 C NMR (125 MHz, CD3CN) δ 157.7, 157.7, 157.7, 157.6, 157.5, 152.3, 152.2, 152.1, 148.8, 146.3, 140.0, 138.4, 136.2, 131.8, 128.7, 128.6, 128.1, 125.3, 124.8, 123.6, 122.1, 112.5, 110.3, 64.1, 50.6, 48.5, 28.2, 20.5, 20.3. IR  (cm -1 ): 2923, 1609, 1465, 1439 1281, 1109, 835, 763 cm -1 . ESI-MS: m/z = 1169.Ru(BOX-biPy)2(biPy)] 2+ PF6 -, 512,03 [Ru(BOX-biPy)2(biPy)] 2+ .

  

  

  

  

Table 2 .

 2 Frontier orbitals of each form of compound 20.

Table 3 .

 3 Comparison

between experimental (in acetonitrile) and calculated results for the prediction of the main absorption band for each form of the compounds

(20, 21 and 22)

.

Table 7 .

 7 Two-photon absorption properties of compound 23 on its CC and OO forms in acetonitrile.

Table 1 .

 1 UV

	159

-Visible spectra of compound 25, 26, 27 and 28 under their CCC form in ACN solution and the evolution of the maxima absorption wavelength (in nm) under their different metastable states.

Table 2 .

 2 DFT 

visualization of compounds 24, 26 and 28 displaying the HOMO and LUMO under their fully closed form.

Table 4 .

 4 DFT 

visualization of HOMO levels of compound 26 under its different forms.

Table 2 .

 2 Crystal

structure of ligand 36, main parameters and representation of the molecule.

Table 3 .

 3 Crystal structure of ligand 44, main parameters and representation of the molecule.

Table 5 .

 5 DFT visualization of ligand 32 displaying the HOMO and LUMO under its C and CP forms.

Table 1 .

 1 •••centroid 2.819 (2) Å and H20B•••centroid 2.640 (2) Å, (figure 3 bottom). Selected bond lengths (Å) in Zinc complex Zn

	bond length (Å)			
	C1-C2	1.348	C8-C11	1.533
	C2-C3	1.387	C11-C12	1.536
	C3-C4	1.360	C11-C13	1.517
	C4-C5	1.373	C11-C14	1.522
	C5-N1	1.331	C14-C15	1.391
	C3-C6	1.472	C15-C16	1.374
	C6-C7	1.321	C16-C20	1.522
	C7-C8	1.501	C16-C17	1.365
	C8-O1	1.449	C17-C18	1.414
	O1-C9	1.428	C18-C19	1.390
	C9-C10	1.513	ZN1-N1	2.048
	N2-C8	1.468	ZN1-N3	2.046
	ZN1-CL1	2.203	ZN1-CL2	2.222

(L')2Cl2.

  

Table 2 .

 2 Crystal structure of complex 62, main parameters and representation of the molecule.

Table 4 .

 4 Collected

photo-physical data for complex 66 under its closed form compared to [Ru(bpy)3] 2+ in deoxygenated CH3CN solution.

  1.42 (s, 3H), 1.17 (s, 3H).13 C NMR(75 MHz, CDCl3) δ (ppm): 20.2, 28.3, 48.3, 50.5, 63.7, 109.7, 110.1, 110.2, 112.4, 112.5, 113.7, 114, 124.1, 125.6, 125.7, 127.6, 136.5, 140.7, 141.4, 141.5, 146.3, 157.4, 160.5. 19 F NMR (282 MHz, CDCl3) δ -122.67. IR  (cm -1 ): 2968, 1739, 1480, 1365, 1204, 807 cm -1 . HRMS (FAB+): m/z calcd. For C38H40N2O2S2: 628.2030[M+H] + ; found: 629.2109. Anal. Calc. C 68.76, H 5.45, S 10.2, N 4.46; found: C 68.86, H 5.49, S 9.72, N 4.25. X-Ray

(%)for C36H36N2O2S2: structure: Orthorhombic, P b a m.

  NMR (300 MHz, CDCl3) δ 7.16 (t, J = 7.1 Hz, 1H), 7.13 (s, 1H), 7.07 (d, J = 6.2 Hz, 1H), 6.92 (dd, J = 15.5, 9.3 Hz, 2H), 6.79 (d, J = 7.7 Hz, 1H), 6.03 (d, J = 15.7 Hz, 1H), 4.42 -4.26 (m, 4H), 3.84 -3.42 (m, 4H), 1.43 (s, 3H), 1.16 (s, 3H). 13 C NMR (75 MHz, CDCl3) δ 150.6, 139.8, 139.5, 137.6, 133.3, 127.6, 123.6, 123.2, 122.4, 121.7, 121.4, 113, 112.1, 110.8, 109.9, 65.2, 64.7, 63.6, 50.3, 48, 28.5, 20.3. C 66.81, H 5.35, S 12.16, N 3.54; found: C 66.62, H 5.46, S 12.29, N 3.63.

1 H HRMS (FAB+): m/z calcd. For C44H42N2O6S3: 790.2205[M+H] + ; found: 791.2279. Anal. Calc. (%) for C44H42N2O6S3:

  NMR (300 MHz, CDCl3) δ 8.66 (d, J = 5.1 Hz, 1H), 8.47 (s, 1H), 7.34 (d, J = 5.1 Hz, 1H), 6.95 (d, J = 16.3 Hz, 1H), 6.86 (t, J = 8.8 Hz, 1H), 6.79 (d, J = 8.3 Hz, 1H), 6.71 (dd, J = 8.6, 4.2 Hz, 1H), 6.62 (d, J = 15.9 Hz, 1H), 3.65 (m, 4H), 1.44 (s, 3H), 1.18 (s, 3H). 19 F NMR (282 MHz, CDCl3) δ -122.58 (s).IR  (cm -1 ): 2979, 2896, 1739, 1591, 1482, 1375, 1264, 1183, 1098, 980, 814 cm -1 .

1 H

Scheme 18. Reaction mechanism between indolinooxazolidine and aromatic aldehydes.As consequence, numerous structural modifications can be envisioned either on the indoline heterocycle or on the associated pi-conjugated system. The introduction of substituents on the indoline heterocycle have opened the way for further structural modifications by postfunctionalization such as example a palladied C-C coupling after introduction of a bromine atom.[134] However, most of the structural modifications reported so far concern the variation of the aromatic pi-conjugated aldehydes condensed onto the trimethylindolino-oxazolidine on its position 2(scheme 19).[137] 

Scheme 19.Example of reported indolinooxazolidine derivatives.[140,141] 

Figure 4. 1 H NMR spectra of compounds 25 and 26 in chloroform (CDCl3) at rt.

Figure 7. 1 H NMR spectrum of ligand 32 in DMSO ((CD3)2SO) at rt.

Figure 25. Frontier orbitals of complex 66 under its closed and opened form.

H NMR (300 MHz, CDCl3) δ 7.66 (dd, J = 4.7, 0.7 Hz, 1H), 7.28 (dd, J = 4.6, 3.2 Hz, 1H), 7.21 (dd, J = 3.2, 0.7 Hz, 1H), 1.15-1.10 (m, 12H), 1.00-0.80 (m, 15H).
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selectively address one box or one other with possible different (non)linear optical properties.

Playing on the donor ability of two different pi-conjugated systems and/or on the substitution of the grafted BOX units could represent complementary approaches.

Non direct stimulation of BOX systems via the oxidation of conjugated system may also allow to control the redox potential of the BOX opening by toning the spacer donor ability.

A huge work remains on this complex topic. In complement to the numerous possibilities which imply metal and ligand modifications, a shorter term and challenging topic may consist in exploiting MLCT transitions to develop a new mode of stimulation of BOX units. By analogy with the redox non direct stimulation, a light emission in the exciting band the metal may in these conditions allow the stimulation of BOX derivatives. relative to TMS and coupling constants J in Hertz (Hz).

Appendix 1: Crystallographic Structures

Infrared spectra were recorded on a Bruker spectrometer Vertex 70.

High Resolution Mass Spectrometry (HRMS) was performed with a JEOL JMS-700 B/E.

Elemental analyses were performed with a thermo-electron instrument (FLASH 2000, Thermo Scientific).

UV-visible absorption spectra were recorded at room temperature on a Perkin Elmer 950 spectrometer or a Shimadzu UV-1800 spectrometer.

X-Ray Diffraction: Single crystals of the compounds were mounted on glass fibre loops using a viscous hydrocarbon oil to coat the crystal and then transferred directly to cold nitrogen stream for data collection. Data collection were mostly performed at 150 K on an Agilent Supernova with CuKα (λ = 1.54184 Å). The structures were solved by direct methods with the SIR97 program and refined against all F2 values with the SHELXL-97 program using the WinGX graphical user interface.

Electrochemical measurements were performed using a Biologic SP-150 potentiostat with positive feedback compensation. Samples were dissolved in acetonitrile HPLC grade, purchased from Carlo Erba (HPLC grade). Tetrabutylammonium hexafluorophosphate (0.1 M as supporting electrolyte) was purchased from Sigma-Aldrich and recrystallized prior to use. Experiments were carried out under an inert atmosphere (Ar) using a glovebox, in a one-compartment cell equipped with platinum working microelectrode (Ø = 2 mm) and a platinum wire counter electrode. A silver wire immersed in 0.10 M Bu4NPF6/CH3CN was used as pseudo-reference electrode and checked against ferrocene/ferrocenium couple (Fc/Fc + ) before and after each experiment.

Synthetic procedures

Organic part

Synthesis of indolinooxazolidines:

Indolinooxazolidine derivatives were synthesized according to a 3 step procedure described below [1] , in which indolenine derivatives were prepared first.

General procedure for synthesizing indolenine derivatives:

Phenylhydrazines (200 mmol) and 3-methylbutan-2-one (300 mmol, 1.5 eq.) were refluxed in (480 mL)

of AcOH for 12 hours. Acetic acid was removed under reduced pressure, DCM was added in order to wash the system with NaHCO3 (2 times), H2O (2 times), brine (1 time) and the combined organic layers were dried by MgSO4. The solvent was evaporated under reduced pressure to afford a brown oil.

The purity of the indolenine derivatives was checked by proton NMR. 

2,3,3-trimethyl-3H-indole (1)

General procedure for synthesizing indolinooxazoline derivatives:

Indolinooxazolidines were prepared in two steps from indolenine derivatives. First step. A solution of indolenine derivative (86.9 mmol) and 2-iodoethanol (130.4 mmol, 1.5 eq.) in toluene (135 mL) was refluxed for 12 hours. The solution was allowed to cool to room temperature and filtered. The product was washed with cold Et2O (3 times) and acetone (3 times) consecutively and dried to afford the indoleninium iodide.

Second step. The crude material of indoleninium iodide was used in the following step without further purification. To a suspension of indoleninium iodide (70.5 mmol) in water (500 mL) a solution of NaOH in water (250 mL) was added and the resulting solution was stirred at room temperature for 30 min. The reaction mixture was extracted with Et2O (3 times), washed with water (2 times), brine (1 time) and the combined organic layers were dried by MgSO4. The solvent was evaporated to afford the indolinooxazoline as a brown solid (compounds were used without further purification). 2,2'-bithiophene 5,5'-bis-dicarboxydialdehyde was prepared according to already reported procedure [2] starting from bithiophene. was evaporated, and the residue was purified by flash column chromatography on silica gel using a mixture of hexane/ethyl acetate (3/2) to afford a yellow solid (1.3 g, 86%). 

4,4',4''-nitrilotribenzaldehyde (13)

The synthesis of 4,4',4''-nitrilotribenzaldehyde was done following the procedure described in Ref [4] with modification. 2 g of triphenylamine were added to 8 mL of DMF under argon protection at 0 °C. 7.5 mL of phosphorus oxychloride were added dropwise. After stirring for 1 h, the mixture was heated to 105 °C for another 4 hours. Upon cooling to room temperature, ice water was poured into the mixture slowly while stirring. The mixture was left to stand for 3 hours to precipitate completely. The precipitate was collected via filtration. Subsequently, the material was washed three times with 20 mL of a saturated NaHCO3 solution and once with a saturated NaCl solution. The crude product was purified by flash column chromatography on silica gel using a mixture of DCM/PE (1/2) to afford dialdehyde substituted triphenylamine as a yellow solid (1.72 g, 70%). 1.72 g of dialdehyde substituted triphenylamine was added to 7 mL of DMF under argon protection at 0 °C. 6.4 mL of phosphorus oxychloride was added dropwise. After stirring for 1 hour, the mixture was heated to 105 °C for 1 hour. Upon cooling to room temperature, ice water was added slowly while stirring. The mixture was left to stand for 3 hours to precipitate completely. The precipitate was collected via filtration. The product was then washed three times with 15 mL of a saturated NaHCO3 solution and once with a saturated NaCl solution. The crude product was purified by flash column chromatography on silica gel using a mixture of DCM/PE (1/1) to afford a bright yellow solid (640 mg, 34%). 

Appendix 2: Experimental Parts

Tributyl(thiophen-2-yl)stannane (14)

The synthesis of tributyl(thiophen-2-yl)stannane was done following the procedure described in Ref [5] . Thiophene (2 g, 23.8 mmol) was dissolved in 45 mL of anhydrous THF under argon. The solution was cooled down to -78°C and n-BuLi and the combined organic layer was dried over anhydrous MgSO4. The solvent was evaporated, and crude product was purified by flash column chromatography on silica gel using petroleum ether to afford a yellow oil compound (8.2 g, 92%).

Tris(4-(thiophen-2-yl)phenyl)amine (15)

To a solution of tris(4-bromophenyl)amine (1.84 g, 3.84 mmol) in 75 mL of toluene, were added 2-tributylstannylthiophene ( 4.7 g, 12.7 mmol) and Pd(PPh3)4 (0.23g). The mixture was refluxed 12 h under argon and then cooled to room temperature. The solution was washed with brine and dried over MgSO4. The solvent was evaporated, residue was rinsed with petroleum ether and filtered to afford a yellow solid (1.5 g, 92%). The organic phase was separated by decantation and the aqueous phase was extracted with CH2Cl2 (2 times). The organic phases were combined and dried over MgSO4. The solvent was evaporated and crude product was purified by flash column chromatography on silica gel using DCM to afford an orange solid (1.26 g, 90%). 

4-(bis(4-bromophenyl)amino)benzaldehyde (17)

The synthesis of 4-(bis(4-bromophenyl)amino)benzaldehyde was done following the procedure described in Ref [6] . NBS (1.43 g, 8.06 mmol) was added to a solution of 4-(diphenylamino)benzaldehyde (1g, 3.66 mmol) in anhydrous THF (25 mL) and then stirred at 0°C for 4 hours. The solvent was evaporated under reduced pressure, the residue was dissolved in DCM and washed with H2O, saturated NaCl and the combined organic layers were dried over MgSO4. The solvent was evaporated and crude product was purified by flash column chromatography on silica gel using a mixture of PE/DCM (4/1) to afford a yellow solid (1.48 g, 94%). 

5-(4-((4-bromophenyl)(4-formylphenyl)amino)phenyl)thiophene-2-carbaldehyde (18)

The solution of 4-(bis(4-bromophenyl)amino)benzaldehyde (0.2 g, 0.466 mmol), (5-formylthiophen-2-yl)boronic acid (0.22 g, 1.4 mmol) and 3 equivalent of K2CO3 in 30 mL of mixture Dioxane/H2O (4/1) was bubbled by using argon for 30 min. 7% of Pd(dppf)Cl2 was added and then the reaction mixture was refluxed for 12 hours. After concentration, the residue was dissolved in DCM and washed by H2O (2 times), the organic layers were combined and dried over MgSO4. The solvent was evaporated and crude product was purified by flash column chromatography on silica gel using a mixture of PE/EtOAc (7/3) to afford a yellow solid (128 mg, 60%). 

5-(4-((4'-formyl-[1,1'-biphenyl]-4-yl)(4-formylphenyl)amino)phenyl)thiophene-2-carbaldehyde (19)

The 

Synthesis of multi-level systems:

General procedure for syntheses in the BT series:

For all functionalization of the bithiophene by BOX unit the following experimental procedure was After cool down to room temperature, the crude material was removed from silica by washing first with DCM followed by methanol. Solvent was slowly removed under reduced pressure until a precipitate was obtained. The precipitate was filtered and the solid was purified by flash column chromatography on silica gel using a mixture of Et2O/DCM (6/4) to afford a yellow solid (500 mg, 75%). 

General procedure for synthesizing Triphenylamine series:

For all functionalization of the triphenylamine by BOX unit the following experimental procedure was used.

A mixture of 4,4',4''-nitrilotribenzaldehyde (0.608 mmol) and corresponding inolinooxazolidine 

1-(2-oxo-2-(pyridin-2-yl)ethyl)pyridin-1-ium iodide (33)

The synthesis of 1-(2-oxo-2-(pyridin-2-yl)ethyl)pyridin-1-ium iodide was done following the procedure described in Ref [7] . A mixture of iodine (11.5 g, 91 mmol) and 2-acetylpyridine (5 g, 41 mmol) in pyridine (100 mL) was heated at 100℃ under N2. The reaction mixture was stirred for 5 hours until 2acetylpyridine total consumption, then cooled to room temperature and filtered. The residue was washed with Et2O and recrystallized in ethanol to afford a light yellow solid (7.5 g, 55%). 

4-methyl-2,2'-bipyridine (34)

1-(2-oxo-2-(pyridin-2-yl) ethyl) pyridin-1-ium iodide (5 g, 15.3 mmol), ammonium acetate (5.91 g, 76.6 mmol) and crotonaldehyde (2.58 g, 36.8 mmol) were added to methanol (100 mL). The solution was refluxed overnight. The solvent was then evaporated in vacuum and the black oil extracted with DCM 3 times. The combined organic layers were washed with saturated brine and dried over MgSO4.The solvent was evaporated and crude product was purified by flash column chromatography on Al2O3 using a mixture of PE/acetone (9/1) to afford a white powder (1 g, 38%), m.p 65-66℃ (lit. 62-64℃ [8] ). 

[2,2'-bipyridine]-4-carbaldehyde (35)

To a solution of 4-methyl-2,2'-bipyridine (0.4 g, 2.35 mmol) in diethylene glycol dimethyl ether (13 mL) was added selenium dioxide (0.57 g, 5.17 mmol), and the solution was mildly refluxed for 4.5 h. On cooling of the solution to 90-95℃, water (4 mL) was added and a black solid was formed, separated and washed two times with dioxane, the filtrate was evaporated to dryness. The white solid was dissolved in CH2Cl2 (100 mL), and the solution vigorously stirred with a solution of K2CO3 (5%, 2.5 mL) for 15 min; the water layer was separated and extracted with CH2Cl2 (15 mL). The combined organic layers were dried over MgSO4. The solvent was evaporated and crude product was crystallized from hexane (25 mL) to afford the pure aldehyde as a slight yellow powder (310 mg, 71%), (lit. [9] ). 321

General procedure for preparing bipyridine ligands bearing one BOX unit:

A mixture of [2,2'-bipyridine]-4-carbaldehyde (1.36 mmol) and corresponding indolinooxazolidine derivatives (1.77mmol) was dissolved in a little amount of DCM. 1g of technical grade silica were put in suspension and the solvent was removed under reduced pressure. The resulting reaction mixture was heated under stirring at 100°C during 10 min. After cooling down to room temperature, the crude material was purified by flash column chromatography on silica gel using a mixture of PE/EtOAc (7/3). In a 200 mL two-necked round bottom flask containing, 4-methyl-1,10phenanthroline (0.5 g, 2.57 mmol), a mixture 1,4-dioxane/water (24/1 mL) was added drop wise and stirred to get a homogenous mixture and the solution was bubbled with argon for 15 min while stirring. After addition of 1.02 g of SeO2 (3.6 eq.), the mixture was refluxed under argon atmosphere for 16 hours. After the completion of the reaction (Monitored by TLC), the reaction mixture was washed with warm 1,4-dioxane for 2 to 3 minutes and filtered. The solvent was removed under reduced pressure. The residue was then dissolved in hot ethyl acetate, filtered and again washed with hot ethyl acetate. The ethyl acetate layer was washed with 1M Na2CO3 (250mL) to remove additional carboxylic acid. The organic layer was dried with anhydrous Na2SO4, and solvent was evaporated to afford a white powder (420 mg, 78%). (E)-9a-(

(E)-9a-(2-([2,2'-bipyridin]-4-yl)vinyl)-

A mixture of 1,10-phenanthroline-4-carbaldehyde (0.2 g, 0.96 mmol) and corresponding inolinooxazolidine (0.27 g, 1.25 mmol)

was dissolved in a little amount of DCM. 1g of technical grade silica were put in suspension and the solvent was removed under reduced pressure. The resulting reaction mixture was heated under stirring at 100 °C during 30 min. After cooling down to room temperature, the crude material was removed from silica by DCM and methanol. The solvent was evaporated and crude product was washed by petroleum ether to remove the excess of BOX and filter to afford a white solid (230 mg, 59%). After cooling down to room temperature, the crude material was removed from silica by methanol, DCM. The solvent was evaporated and crude product was washed by petroleum ether to remove the excess of BOX and filtered to afford a yellow solid with a quantitative yield. Hz, 3H), 6.72 (d, J = 7.9 Hz, 1H), 6.49 (d, J = 15.9 Hz, 1H), Solvent was evaporated under reduced pressure. The residue was dissolved in DCM and the solution was washed with NaOH in order to close the BOX. The solvent was evaporated and product was afforded as a brown orange solid (400 mg, 87%). 325

General procedure for preparing bipyridine ligands bearing Two BOX units:

A mixture of [2,2'-bipyridine]-4,4'-dicarbaldehyde (1.41 mmol) and corresponding inolinooxazolidine derivatives (3.25 mmol) was dissolved in a little amount of DCM. 1g of technical grade silica were put in suspension and the solvent was removed under reduced pressure. The resulting reaction mixture was heated under stirring at 100°C during 10 min. After cooling down to room temperature, the crude product was purified by flash column chromatography on Al2O3 (PE/ EtOAc, 7/3) to afford the pure compound. 

NMR (76 MHz, CDCl3) δ 156.6, 150. 

Compound BOX-Me: Product was isolated as a brown solid (714 mg, 83%). mp 252-253 °C. 
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The organic layer was dried with anhydrous Na2SO4. The solvent was evaporated to afford a yellowish powder (730 mg 64%). The solvent was evaporated and crude product was washed by petroleum ether to remove the excess of BOX and filtered to afford a white solid (320 mg 59%). 

6,6'-bis(dimethoxymethyl)-3,3'-bipyridine (52)

This compound was synthesized according to a modified literature procedure [10] . To a stirred solution of 5-bromo-2-(dimethoxymethyl) pyridine (1.75 g, 7.54 mmol) and Pd(PhCN)2Cl2 (0.14 g, 0.38 mmol) in dry DMF (16 mL) under an inert atmosphere of argon was added TDAE (1.1 mL, 4.5 µmol) dropwise.

The solution immediately turned dark brown, the reaction mixture was then heated at 50 C during 3 days. After that DMF was removed under reduced pressure. The crude compound was purified by flash column chromatography on silica using a mixture of PE/EtOAc (6/4) to afford a yellow solid (0.69 g, 60%). 

General procedure for Zinc Complexes with pyridine ligands

In a test tube, a solution of pyridine ligand (0.147 mmol, 2 eq.) in CH2Cl2 (5 mL) was mixed with a solution of ZnCl2 (0.073 mmol) in CH3CN (5 mL) and ultra-sonicated for 2 min. On top of the resulting solution a layer of diethyl ether was added to afford (when efficient) the formation of single crystals of complex after one week.

Zn(L)2Cl2 (55)

Compound Zn(L)2Cl2, BOX-H: Product was isolated as a yellow solid (69%). In a test tube, a solution of ligand (15 mg, 0.036 mmol) in CH2Cl2 (5 mL) was mixed with a solution of ZnCl2 (5 mg 0.036 mmol, 1 eq.) in CH3CN (5 mL) and ultra-sonicated for 2 min.

On top of the resulting solution a layer of Et2O was added to afford the formation of single crystals of complex after one week (15 mg, 75%). Triclinic, P -1.

Zn(Phenanthroline)Cl2 (58)

In a test tube, a solution of ligand (E)-9a-(2-(1,10-phenanthrolin-4yl)vinyl)-7,9,9-trimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indole (30 mg, 0.073 mmol) in CH2Cl2 (5 mL) was mixed with a solution of ZnCl2 (10 mg 0.073 mmol, 1 eq.) in CH3CN (5 mL) and ultrasonicated for 2 min. On top of the resulting solution a layer of Et2O was added to afford the formation of powder of the complex after one week. Yield: (30 mg, 75%). In a test tube, a solution of ligand (E)-9a-(2-([2,2'-bipyridin]-4yl)vinyl)-9,9-dimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indole (27 mg, 0.073 mmol) in CH2Cl2 (5 mL) was mixed with a solution of ZnCl2 (10 mg 0.073 mmol, 1 eq.) in CH3CN (5 mL) and ultrasonicated for 2 min. On top of the resulting solution a layer of Et2O was added to afford the formation of powder of the complex after one week (30 mg, 82%). 

[Zn(H-BOX-biPy)2] 2+ 2Cl -(60)

In a test tube, a solution of ligand (54 mg, 0.146 mmol, 2 eq.) in CH2Cl2 (5 mL) was mixed with a solution of ZnCl2 (10 mg 0.073 mmol) in CH3CN (5 mL) and ultrasonicated for 2 min. Futhermore, the mixture was heated for 3 hours at 50 °C.

After cooling to room temperature, on top of the resulting solution a layer of Et2O was added to afford the formation of powder of the complex after one week (46 mg, 73%). 

Zn((H-BOX)2biPy)Cl2 (62)

In a test tube, a solution of ligand (21 mg, 0.036 mmol) in CH2Cl2 (5 mL) was mixed with a solution of ZnCl2 (5 mg 0.036 mmol, 1 eq.) in CH3CN (5 mL) and ultra-sonicated for 2 min. On top of the resulting solution a layer of Et2O was added to afford the formation of single crystals of complex which was filtered after one week (19 mg, 75%). and ultra-sonicated for 2 min, the mixture was heated for 3 hours at 50 °C.

On top of the resulting solution a layer of Et2O was added to afford the formation of powder of the complex which was filtered after one week (72 mg, 76%). 

Complexes using ruthenium metal

Ru(biPy)2Cl2 (64)

The following modification of the preparation of this complex developed by Meyer [11] was utilized. In a round bottomed flask, RuC13•3H2O (0.400 g, 1.91 mmol), bipyridine (0.506 g, 3.82 mmol, 2 eq.), and LiCl (0.0054 g, 0.128 mmol) were refluxed in dimethylformamide (5 mL) for 8 h under argon atmosphere. After it cooled to room temperature, 25 mL of acetone were added, and the resultant solution was refluxed overnight at 90°C. The solvent was evaporated to yield a dark orange solid and the crude was purified by flash column chromatography on silica gel using a mixture of Acetone/water 8/2 to remove the excess of Ru(bPy)2Cl2, followed by Acetone/saturated aqueous NH4PF6 8/2 in order to isolate the desired product.

Concentration under reduced pressure to remove acetone allowed obtaining a precipitate. The latter was filtered and washed several times by Et2O to afford a bright orange solid (70 mg, 68%).