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In this thesis, the objective is to synthesize organic-inorganic hybrids based on POMs which work as the source of second-sphere interaction, coupled with bioinspired complexes mimicking active sites of metalloenzymes. First, we will synthesis the hybrid ligands, and then the coordination to metal ions. Once the hybrids are synthesized, we will then study the synergy between the POM and the metal complexes and the resulting catalytic activities.

The work carried out in this thesis led to the development of new hybrids that enrich this family of POMs. Firstly, a new alkyl-iodinated platform derived from [PW11O39] 7-was obtained, but its use for functionalization with amino derivatives by nucleophilic substitution was unfortunately not successful. On the other hand, functionalization of polyanions with propargyl-DPA either by "Sonogashira" coupling or by "Click" reaction led to the obtention of two DPA-bearing POM ligands, TBA4[PW11O39SnC6H4CCCH2DPA]

(KSn[DPA]) and TBA3[PW11O39O{SiCH2CH2CH2N3CHCCH2DPA}2] (KSi[N3DPA]-3) . However, in the first case, no synergy between the POM and the grafted copper complex could be demonstrated. In the second case, the presence of triazole functions from the "Click" chemistry made the complexation studies a little bit more complicated and these will have to be further investigated. Finally, the direct approach from trialkoxo derivatives of DPA allowed the synthesis of a hybrid ligand TBA6[P2V3W15O62(TrisDPA)] (DV3DPA), and furtherly being complexed with Cu(OAc)2 to obtained DV3DPACu(OAc). The latter presents interesting photophysical properties that have been used for photocatalyzed trifluoromethylation reactions Keywords:polyoxometalate functionalization; organic-inorganic hybrid; bioinspired complex; second
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Chapter 1 Introduction

Chapter 1 Introduction

Polyoxometalates (POMs) have been proved to have excellent redox properties and could be good candidates to work as electrons and protons reservoirs. The most interesting part to us is that the POMs could be functionalized with organic or organometallic moieties which could improve the physical and chemical properties and then expand the applications of POMs. Several examples have reported that these metal complexes functionalized POMs exist electron communication between the skeletons and the metal centers. The purpose of this thesis is to build hybrid structures of bioinspired metal complexes associated to POMs to mimic the metalloenzymes and to investigate the synergy between them.

In this chapter I will thus present shortly metalloenzymes, POMs and the functionalization of POMs in relation with my doctoral project "Polyoxometalate-Supported Bioinspired Catalysts: Synthesis and Catalytic Activity".

Metalloenzymes

Metalloenzymes are enzyme proteins containing meta ions (metal cofactors), which are directly bound to the protein or to enzyme-bound nonprotein components (prosthetic groups). About one-third of all enzymes known so far are metalloenzymes. 1 Metalloenzymes are a variety of important biocatalysts, involved in chemical transformations, often involving small molecule substrates and reagents such as molecular oxygen, hydrogen, nitrogen, and water.

Modeling metallic site

A large range of metallic cations or metal clusters are observed at the active-site cores in the crystal structures and proved to be the most essential part of metalloenzymes.

Vanadium, molybdenum, tungsten, manganese, iron, cobalt, nickel, and copper metal centers have been characterized in some metalloenzymes so far, which can occur in mono-, di-, and multinuclear centers with nitrogen, oxygen, and sulfur atoms of the polypeptide chain as possible ligands. 2 In enzyme catalysis, transition metals are of special relevance due to their redox activity, and/or a high charge density, which allows the polarization of substrates and furtherly to activate them.

The behavior of metal ions in proteins cannot be divorced from their fundamental chemistry, thus investigation of the active-site through synthetic metal complexes is useful. 3,4 Despite inorganic models of metalloenzymes could not duplicate the natural properties, they help to elucidate the molecular structure, the spectroscopic, magnetic and electronic structures, the reactivity, and the chemical mechanisms providing insights that could not be easily attained from protein studies. For example, according to the high-resolution x-ray structure of Hemerythrin, a di-Fe II deoxy structure was first proposed by Wieghardt and coworkers. 5 They indicated that it was possible to generate metastable peroxo di-Fe III , (Fe2-O2) species through the reaction of O2 and Fe II complexes which was helpful for the understanding of the reactivity of the Fe II -containing enzyme. 

Investigation of the environment of the metallic site

Although the reactions are based on metal centers, the protein matrix regulates the reactivity and the substrate and product delivering through internal pathways, specific ligation and dielectricity. For example, the dehydrogenases from prokaryotic organisms are members of the dimethyl sulfoxide reductase family of mononuclear molybdenum-containing and tungsten-containing metalloenzymes which catalyze the oxidation of the formate anion to CO2. 8,9 Moura and coworkers, 10 proposed a possible catalytic mechanism according to calculations with density functional theory (DFT) based on the crystal structure. In this oxidation reaction, there are two electrons being transferred from the substrate to the active site via iron-sulfur cluster, [4Fe-4S], as electron transfer carriers. In the meantime, the His-SeCys residue near the metallic site works as the proton relay which abstracts the proton from substrates. From the calculations of formate oxidation catalytic pathway, we could hypothesize that the high efficiency of the metalloenzyme must benefit from the environment which is so called secondary sphere of the metallic site(s), which works as relays of electrons and protons.

Figure1-2 Zoom of the crystal structure of oxidized molybdenum/tungsten containing formate dehydrogenase (Fdhs) [Protein Data Bank ID 1H0H]; 11 coordination around the metal ion. 10 

Mimicking the environment and improving the catalytic property

In the last decades, thanks to development of protein crystallography and computational technologies, the structure and the mechanism of some metalloenzymes have been revealed. 12 Inspired by that, a huge number of synthetic metal complexes have been developed to mimic the metalloenzymes, not only the metallic sites but also the environment of them. Consequently, the bio-inspiration has largely improved the catalytic properties such as selectivity and efficiency and thus expanded the applications of metal complexes.

Reversely, simple metal complex models could also help us to better understand and reveal the mechanisms of the catalytic processes of metalloenzymes. Further investigation of the alteration of the ligand architecture offered the opportunity to tune the chelate rigidity, steric environment, and electronic properties to finally improve the catalytic performance.

Fe-Fe hydrogenases ([Fe-Fe]H2ase) are one of the most efficient H2 evolution metalloenzymes in nature with a catalytic activity of 6000-9000 molecules H2 s -1 per site. 13 Inspired by their remarkable activity, many chemists are engaged in creating electro-and photochemical hydrogen production catalytic systems based on the diiron model complexes of the [Fe-Fe]H2ase active site. 14,15 Figure 1-3 the [Fe-Fe]H2ase and its active site, [Protein Data Bank ID: 6YF4]. 13 In 2008, Sun and coworkers, 16 synthesized a bioinspired [2Fe2S] complex, in which the weak electron donating phosphine ligand, tris(N-pyrrolyl)phosphine (P(Pyr)3) was coordinated to the iron centers, with a small cathodic shift of reduction potential. It was applied as a catalyst combined with photosensitizer [Ru(bpy)3] 2+ to photochemically produce hydrogen in the presence of a sacrificial electron donor, ascorbic acid which also worked as proton source. According to the photocatalysis results, the complex with one P(Pyr)3 ligand has better photostability and photoactivity compared to the all-CO diiron complex and the complex with two P(Pyr)3 ligands. In this process, the photosensitizer [Ru(bpy)3] 2+ was excited by light and then abstracted an electron from ascorbic acid to produce [Ru(bpy)3] + which was thermodynamically able to transfer an electron to the [2Fe2S] complexes. The reduced and protonated Fe 0 Fe I species then transferred the electrons to protons to release H2. Although the turnover number was low at this stage, the principle of mimicking not only the metallic site but also the electron transfer ability of the [Fe-Fe]H2ase was validated.

Figure 1234The Homogeneous Molecular Three-Component System for Photochemical H2 Generation Catalyzed by [Fe-Fe]H2ase Active Site Mimics. 16 The copper-containing nitrite reductases (CuNIR) are among the metalloenzymes found in nature to perform the reduction of nitrite (NO2 -) to nitric oxide (NO), and the reaction that they mediate is summarized in eq (1) Cu (I) + NO2 -+ 2H + → Cu (II) + NO + H2O

(1)

Mimicking the relatively simple active site structure of CuNIR as indicated by crystallographic studies, plenty of copper complexes based on tripodal N-donor ligands have been synthesized. Recently, Symes and coworkers synthesized two copper complexes with two tripodal N-donor ligands, one bearing an ester and the other one containing an acetate. 17 Both of them were applied to the electroreduction of NO2 -. From the electrocatalysis data, the nitrite reduction activity of the acetate containing complex was 2 times higher than the ester containing complex. According to the crystal structures of the NO2 -and NO bound forms of CuNIR enzymes, Suzuki 18 and Hasnain 19 proposed that the H-bonding in the active site was essential to the catalytic reactions. In the previous example, once the NO2 -coordinated to the Cu center, the carboxylic group di-coordinated to the Cu would be protonated in the present of acid to form carboxylic acid subsequently working as a proton-relay forming the H-bond with the coordinated nitrite. This process is so called proton-coupled electron transfer which could largely increase the catalytic activity. 

General introduction to polyoxometalates Composition

Polyoxometalates (POMs) represent an important group of metal-oxo nanoclusters, typically constituted of early transition metals in high oxidation states (mainly V, Mo and W, less frequently Nb and Ta) and centered with p-block elements (such as B, Al, Si, Ge, P, S, As, Te, I). Commonly, POMs are formed in condensation processes of simple anions in solution (typically water) under various pH and temperature conditions. Owing to their all-inorganic nature and robust shell topologies, many POMs exhibit remarkable solution, redox and thermal stability, making them interesting to many actual and potential applications in catalysis, 20 molecular magnetism, 21 and life science. . In these POM structures, the metal atoms are in their highest oxidation states (d 0 ), and it is therefore clear that these complexes are in general capable of acting as oxidizing agents. It was very early noted that certain polyanions, especially the 12-molybdo Keggin-type anions were readily reduced to blue species. 23 The intensely colored reduced anions are due to intensity-enhanced d-d transitions and intervalence charge transfers. 

Electrochemical properties

It has been proved that polyoxometalates have quite good redox properties by plenty of experiments. One of the most typical one is, in 2004, Alan M. Bond and co-workers 24 have studied the voltametric reduction of [α-S2W18O62] 4-, and they detected six well-defined reversible one-electron-transfer steps which indicated the Dawson skeleton could get and release 6 electrons as the potential goes negative and revers. In the work of Himeno, 25 when they investigated the voltametric properties of the Keggin-type [PW12O40] 3-, they found that in the present of protons, the nice four one-electron reduction waves transformed into two twoelectrons reversible reduction waves at higher potentials, protonation of the POM marking it much easier to get reduced. The investigations above demonstrate that the POM could be electrons and protons reservoir. 

Electrocatalytic activity

Multi-electron redox-processes of POMs make them ideal candidates for the development of multistep redox systems. These properties are quite interesting both in photocatalysis and electrocatalysis. In the work of Ronny Neumann and coworkers, 26 the phosphovanadomolybdate POM, H5PV2Mo10O40, was applied as a catalyst to oxidize methylarenes to benzaldehyde derivatives in aqueous sulfuric acid. In aqueous solution, H2SO4 reacts with H5PV V 2Mo10O40 to yield a protonated, cationic [H6PV V 2Mo 10O40] + species which could get an electron from the substrate to form [H6PV IV V V Mo10O40] • and PhCH3 •+ respectively. Furtherly the formed [H6PV IV V V Mo10O40] • would abstract a proton from PhCH3 •+ resulting in [H7PV IV V V Mo10O40] •+ and PhCH2 • . The PhCH2 • radical couples to H2O to form

PhCH2OH with H • transferred to the POM resulting in [H8PV IV 2Mo10O40] + . PhCH2OH will be further oxidized following almost the same process with another equivalent of [H6PV V 2Mo10O40] + to PhCHO. Finally, the 2-equivalent reduced [H8PV IV 2Mo10O40] + will release 2 equivalent H2 with electrolysis. These multi-electrons/protons catalytic process clearly demonstrates the ability of POMs to act as electrons and protons reservoirs. 

Photocatalytic activity

The photoactivity of POMs has been known for several decades. Indeed, in solution, due to the presence of LMCT absorption bands, strong absorption with a large molecular absorption coefficient (ε > 1 × 10 4 M -1 L -1 ) is often observed. 27 It is particularly well known that many molybdate-based salts containing organoammonium as counter ions easily undergo photoredox reactions in the solid state, resulting in the formation of intense blue-colored reduced molybdates, which is so-called heteropoly blues. 28 Thanks to their terminal and bridged oxygens, especially in the lacunary forms, POMs could be applied as ligands to make complexes of transition metal cations. Making substituted POMs is one of the most investigated methodologies to improve the properties and expand the applications of POMs. With the transition metals, interactions between some small molecules such as CO2, and POMs will be more favored through coordination. This concept was employed by Neumann and coworkers. 29 They synthesized a Ru-substituted Keggin anion, [Ru III (H2O)SiW11O39] 5-which was applied as a homogeneous catalyst for the photochemical reduction of CO2 by C=O bond activation in a toluene solution with triethyl amine as the sacrificial electron donor.

In order to expand the wavelength range for light-harvesting, hybrids base on POMs were developed, such as those associated with ruthenium-based photosensitizers which are quite good candidates for water oxidation. In Hill's work, 30 

organic-inorganic covalent hybrid POMs

Organic-inorganic covalent hybrid POMs are an extremely important branch in POMs chemistry which has largely expanded the actual or protentional applications in catalysis, bioinorganic chemistry and materials science.

In the past decades, since the structure of the first organic hybrid POM, [(CH3)2AsMo4O13H] 2-, figured out through X-ray diffraction by Pope and coworkers in 1975, 31 organic-inorganic POM-based hybrid platforms through covalently grafting have been developed a lot. The "lacunary" POMs mentioned before are synthesized through pHcontrolled treatment of the complete polyoxo species. They are formally lacking one or several MO6 octahedral units, giving rise to mono-or poly-lacunary POMs. The lacunary POMs are the mostly used precursors to prepare organic-inorganic POM hybrids. In terms of the bridge units between the POMs core and the organic moieties, the most investigated could be defined as organosilyl, organotin, organophosphorus and tris alkoxy derivatives. Here we would like to introduce the first example of each type of hybrid:

1. The first organosilyl functionalized polyoxometalates was reported by Knoth, 32 Inspired by these initial functionalization methodologies, a great number of organicinorganic covalently connected hybrids based on POMs were developed in the past decades, with various functional groups depending on the sought applications.

To achieve that, two different strategies are developed according to the functional groups: direct-functionalization and post-functionalization. In the former case, the functional groups or the organometal moieties are covalently bonded with the bridge units, which are then grafted onto the POMs core directly. For the post-functionalized one, special functional groups modified bridge units are first introduced onto the POMs core to form POM platforms displaying reactive groups or ligand-like sites which can be further coupled with other organic molecules or coordinated to metal cations or metal-containing clusters. The direct organic functionalization of POMs is normally performed under acidic conditions or high temperature, which could be too harsh for the aimed functional groups especially to the organometal moieties. If we would like to functionalize with some fragile groups, it is better to use postfunctionalization methods. The usual mild conditions of the post-functionalization would not only protect the aimed functional groups but also be much easier for the following purification process due to the less degradation.

Methodologies of Post-functionalization:

For post-functionalization of POM hybrids, the first step is to synthesize proper platforms. In the last decades, plenty of precursors with special groups have been synthesized

which could be involved in subsequent reactions such as condensation reaction, "Sonogashira" coupling, "click" reaction and the more recently developed metal free nucleophilic substitution.

Condensation reaction

Condensation reaction is one of the most common methods to functionalize POMs with organic moieties. Depending on the terminal groups, this kind of reaction could be defined as amidation, [36][37][38] thioether formation, 39 sulfonamidation, 40,41 and imine bond formation. 42 These kind of reactions have been applied to modify functionalized POMs with peptides or proteins 43 and oligonucleotides. 44 In 2003, Bareyt and coworkers, 45 45 The terminal groups of the organic moieties grafted onto the POMs could also be amine, hydroxyl or sulfhydryl which could also react with other groups such as carboxylic acid through condensation reactions. In 2014, Song and coworkers, 38 expanded the [(SiW11O39)O{Si(CH2)3-NH2}2] 4-POM by hybridization with an azobenzene derivative, thus opening a pathway to fabricate thermotropic liquid-crystalline nanomaterials. . 

"Sonogashira" coupling

The "Sonogashira" reaction is a cross-coupling reaction used in organic synthesis to form carbon-carbon bonds. It employs a palladium catalyst as well as copper co-catalyst to form a carbon-carbon bond between a terminal alkyne and an aryl or vinyl halide. 46 In 2001, Peng and coworkers, 47 built an hybrid organoimido functionalized POM containing phenyliodo group which was applied to perform the "Sonogashira" coupling with aromatic alkynes. This demonstrated that functionalized organoimido derivatives of POMs could be furtherly postfunctionalized with organic moieties for the first time. 

"Click" reaction

Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) has become a commonly employed method for the synthesis of complex molecular architectures under challenging conditions. The huge success of this reaction in organic chemistry relies on its selective nature, fast reaction kinetics and high yields, the absence of side-reactions, widely applicable substrates and reaction conditions and the formation of a stable 1,2,3-triazole bond which is insensitive towards hydrolysis or redox reactions. 49 In 2007, Lacôte and coworkers, 50 

Nucleophilic substitution

The nucleophilic substitution is one of the oldest and most simple reactions of organic chemistry, but it is quite fresh in organic-inorganic POMs synthesis. In 2016, Wei and coworkers [START_REF] Li | Nucleophilic Substitution Reaction for Rational Post-Functionalization of Polyoxometalates[END_REF] performed nucleophilic substitution on the chloropropyl-imido derivatives of the hexamolybdate with sodium iodide and silver nitrate. It was the first time that nucleophilic substitution was applied to in the post-functionalization of POMs, but they could only be achieved with some simple and unfunctional groups.

Figure 1-17 Nucleophilic substitution of chloropropyl functionalized hexamolydate. [START_REF] Li | Nucleophilic Substitution Reaction for Rational Post-Functionalization of Polyoxometalates[END_REF] In the following year, Parac-Vogt and coworkers, [START_REF] Vanhaecht | A Simple Nucleophilic Substitution as a Versatile Postfunctionalization Method for the Coupling of Nucleophiles to an Anderson-Type Polyoxometalate[END_REF] expanded the methodology on a chloro acetamide-functionalized Anderson POM which was substituted with amines and thiols in the present of sodium carbonate as a base. The same year, they extended the reaction to the trivanadate cap substituted Dawson type POM: 56 nucleophilic substitution of an azido group to the chloro group opened the way to subsequent "Click" reaction for postfunctionalization with other organic moieties.

Figure 1-18 The synthesis route to terminal azido functionalized trivanadate substituted

Dawson POM, following a with nucleophilic substitution reaction. [START_REF] Vanhaecht | A Simple Nucleophilic Substitution as a Versatile Postfunctionalization Method for the Coupling of Nucleophiles to an Anderson-Type Polyoxometalate[END_REF] 

Applications of POM based organic-inorganic hybrids

The emerging class of post-functionalized hybrid-POMs permit the coupling of multielectron redox responsive POMs with different organic and metal cation functionalities, thereby expanding the key physicochemical properties that are relevant for applications such as in catalysis and materials science.

Supramolecular self-assembly

Peng and coworkers [START_REF] Kang | Molecular and Polymeric Hybrids Based on Covalently Linked Polyoxometalates and Transition-Metal Complexes[END_REF] 

Organometallic catalysts tethered to POMs

Neumann and coworkers, 42 grafted triethoxypropylamine onto the lacunary POMs to form di-amines functionalized POM precursors, which were post-functionalized with salicylaldehyde to form salen-modified POMs. Coordination to the metal cations yielded metallosalen POM complexes. These hybrids are generally described as being more active and/or selective than the related organometallic precursor complexes. The main role of the POM is to tune the steric and electronic properties of the catalyst. In the meantime, the charge transfer between the metallo-salen donor and the POM acceptor has been observed, with stabilization of unusual oxidation state of the coordinated metal M and/or oxidation of the salen ligand. Interestingly, this is an intramolecular phenomenon, not observed for the mixtures of the parent POM and free metallo-salen complexes. This underlines the beneficial effect of covalent tethering compared to an electrostatic association. The Pd-salen-POM was applied as a heterogeneous catalyst for the Suzuki cross-coupling of various aryl halides and arylboronic acids in 2014 by Lei, [START_REF] Tong | Suzuki Coupling Reaction Catalyzed Heterogeneously by Pd(Salen)/Polyoxometalate Compound: Another Example for Synergistic Effect of Organic/Inorganic Hybrid[END_REF] showing greatly improved activity compared to the Pd-salen and the POMs skeleton alone which proved the synergistic effect of metal complex-POM hybrids. And in the work of Neumann, [START_REF] Bar-Nahum | Characterization and Catalytic Activity of a Wilkinson's Type Metal-Organic-Polyoxometalate Hybrid Compound[END_REF] 

Intramolecular Electron Transfers

In 2009, Harriman and Odobel built an series of hybrids combining Dawson-type POM and metallo-porphyrin residues through CuAAC "Click" reaction allowing the redoxactive units to approach within close contact to the POM. [START_REF] Harriman | Intramolecular Electron Transfer Reactions Observed for Dawson-Type Polyoxometalates Covalently Linked to Porphyrin Residues[END_REF] They demonstrated that the choice of the anchoring group has a significant effect on the reduction potential of the POM that could be utilized to design highly specific catalysts. Among the hybrids they synthesized the cyclic votammetry indicates that two electrons could be added to the POM before reduction of the porphyrin takes place. So that the porphyrin π-radical anion formed by photolysis should be able to reduce the POM. For the rigid linkage, the rate of electron transfer interaction was remarkably slow no matter from the photoexicted Zn porphrin to the POM or from the one electron reduced POM to Zn porphrin. In the flexible linkage case, the electron transfer is much faster for both direction and the one electron reduced POM would transfer electron to the singlet-excited-state of the porphyrin. But these systems could still not acculate electrons onto a single POM residue even by attaching two porphrins onto the POM. flexible spacers. [START_REF] Harriman | Intramolecular Electron Transfer Reactions Observed for Dawson-Type Polyoxometalates Covalently Linked to Porphyrin Residues[END_REF] In 2013, Izzet and coworkers successfully grafted iridium(III) complex photosensitizer to various POM precursors which were pre-functionalized with mono-or bi-phenyliodo organotin or organosilyl bridges through "Sonogashira" coupling. [START_REF] Matt | Elegant Approach to the Synthesis of a Unique Heteroleptic Cyclometalated Iridium(III)-Polyoxometalate Conjugate[END_REF][START_REF] Matt | Long Lived Charge Separation in Iridium( Iii )-Photosensitized Polyoxometalates: Synthesis, Photophysical and Computational Studies of Organometallic-Redox Tunable Oxide Assemblies[END_REF][START_REF] Matt | Charge Photo-Accumulation and Photocatalytic Hydrogen Evolution under Visible Light at an Iridium(Iii)-Photosensitized Polyoxotungstate[END_REF] In this series of photosensitizer covalently grafted to Keggin or Dawson POMs, the transient absorption spectroscopy and spectroelecrochemical measurements revealed a photoinduced electron transfer from the excited photosensitizer to the POM skeletons. Taking into consideration of the efficiency of charge-separation and the lifetime of the charge-separated states, the organosilyl grafted Dawson hybrid complex has the most balanced photophysical properties. [START_REF] Matt | Long Lived Charge Separation in Iridium( Iii )-Photosensitized Polyoxometalates: Synthesis, Photophysical and Computational Studies of Organometallic-Redox Tunable Oxide Assemblies[END_REF] It was thus applied in further investigation, as we could see in Figure 1-23 in the present of triethylamine as an electron sacrificial donor, there were two electrons accumulated onto the POM skeleton under visible-light irradiation. The process was monitored by the UV-vis spectroscopy which showed the two characteristic absorptions due the one electron and two electrons reduction of the Dawson POM skeleton. This Dawson POM iridium complex was applied as H2-evolving catalyst in the presence of acetic acid with turn-over numbers up to 41 within 7 days, which paves the way to functional photosynthetic devices using sunlight as a source of clean, renewable energy. 

Perspective and description of the project

In order to enhance the communication between the POMs and the metal complexes, the strategy here is to covalently graft the ligand onto the POMs skeleton and then to coordinate metal ions, such as Cu 2+ , Fe 2+/3+ and Co 2+ , to mimic the metalloenzymes expecting the enhancement of catalytic properties. We will then investigate the synergy between the skeletons and the metal complexes as well as the resulting catalytic activities.

Firstly, proper POM skeletons, such as lacunary Keggin and Well-Dawson types, are chose to covalently functionalize with the ligands using direct-functionalization or postfunctionalization strategies, such as "Sonogashira" coupling, "click" reaction and the most recent nucleophilic substitution method. Another purpose here is to expand the methodology of POMs functionalization of with some more valuable groups. And then we would like to coordinate them to proper metal ions to form POM metal complexes and monitor the process with NMR or UV-vis spectroscopy. At each step, we will pay special attention to the purification procedures and the full characterization by NMR, IR, Mass spectrum, UV-vis, elemental analysis and cyclic voltammetry. The synergy between the skeletons and the metal centers will be analyzed as well as its catalytic activity.

In "Sonogashira" coupling and "Click" reaction respectively and the complexation of them. For KSn[DPA], we also investigated the electrochemical properties of its complex as electrocatalytic properties to nitrite reduction.

In Chapter 4, I will describe the synthesis and characterization of direct-functionalized TBA4H5[P2V3W15O62] with Tris-modified DPA, as well as the complexation of the POM hybrid (DV3DPA) with Cu(OAc)2, DV3DPA@Cu(OAc). The photoactivity was observed with 1 H NMR and 31 P NMR variation. Furtherly, the photo-induced reduction of the DV3DPA@Cu(OAc) was confirmed with EPR spectrum. The UV-vis absorption evolution, there are three electrons accumulated onto the POM which could be applied to reduce CF3 + to CF3 radical.

.

Chapter 2 Nucleophilic substitution's route

Chapter 2 Nucleophilic substitution's route

As described in the introduction, over the past decades, many post-functionalization routes have been developed to diversify the function of polyoxometalates through attaching various organic groups to their scaffolds, such as amidation, esterification, imine bond formation, "Sonogashira" coupling, "Click" reaction and Diels-Alder reaction. Recently, Parac-Vogt and co-workers 1 successfully grafted primary/secondary amines onto pre-synthesized chloroacetamide functionalized Anderson type POM through nucleophilic substitution reaction in the presence of sodium carbonate and tetrabutylammonium iodide (TBAI) (Scheme 2-1).

The mild, metal free conditions in this new approach are quite interesting to us: as we want to graft coordination sites onto the POM surface, avoiding parasitic coordination of metal ions involved in the coupling process is a clear advantage. Based on their work, we would like to extend the nucleophilic substitution on other type of polyoxometalates with more complex organic moieties than simple amines.

Scheme 2-1 Nucleophilic substitution reaction for the post-functionalization of Anderson type polyoxometalates. 1 Our initial target is to mimic the bimetallic oxo-complexes with so-called "diamond" core [M2(μ-O)2] n+ , M=Mn, Cu, Fe, which are stabilized by polyamine ligands. 2 In the case of iron and copper complexes, such compounds are capable of oxidizing various organic functionalities in reactions of biological inspiration. In order to achieve the bimetallic complex, the Anderson type polyoxometalates are not ideal scaffolds as the two functions are directed in two opposite directions. To the contrary, lacunary Keggin and Dawson polyoxometalates appear as better candidates. The first organo-functionalized hybrid POM 3 which was based on a [SiW11O39] 8-POM, was reported by Knoth in 1979 and represented the beginning of a large series of derivatives of monolacunary Keggin hybrid POMs. These organosilyl derivatives of polyoxometalates have two arms in the lacuna and thus could be functionalized with two ligands, in line with the synthesis of bimetallic sites with oxo bridges on a single polyoxometalate.

Thus, we envisioned the synthetic route proposed in Scheme 2-2: first, the lacunary polyoxometalates are functionalized with two haloalkyltriethoxylsilane (X= Cl, I), moieties bridged by an Si-O-Si link. Then, the two halogens will be substituted by the desired nucleophiles bearing the coordination site, followed by the complexations of some metals such as Cu, Fe and Mn, which could form oxo bridges. Finally, the catalytic properties of these hybrids' complexes would be investigated.

Scheme 2-2 The strategy toward polyoxometalate's based bimetallic complexes.

Besides the metal free conditions, another advantage of this nucleophilic substitution route relies in the possibility, which is hard to achieve in the "Sonogashira" coupling and "Click" reaction, to adjust the length of the link, and notably to have a shorter distance between the POM surface and the grafted complex. A shorter linker could, in particular, enhance the communication between the polyoxometalates and the complexes, and thus enhance the synergy between them and make the catalytic process more efficient. To start with, the monolacunary polyoxometalate [PW11O39] 7-was chosen as scaffold as the reactions could conveniently be monitored with 31 P NMR.

Nucleophilic substitution of KSi[Cl]-1

Some preliminary work on this project has been done by Julia Struwe (Erasmus internship, 2017) and Nikos Kostopoulos (M2 internship, 2018). A chloromethyl functionalized

[PW11O39] 7-was synthesized using classical methods: [4][5][6] hydrolysis, in acidic conditions, of commercially available chloromethyltriethoxylsilane in the presence of the lacunary POM lead to the expected product in good yields as a white powder, which was characterized by various techniques. A shift of the (halogeno)methyl protons of the organic part from 2.86 ppm of chloromethyltriethoxylsilane to 2.99 ppm in 1 H NMR while a single peak in 31 P NMR at -13.28 ppm for the final product is in favor of a successful and clean grafting. This is further confirmed by the detection, in IR, of the characteristic band at 1110 cm -1 of the Si-O-Si bridge. Finally, slow diffusion of ether into an acetonitrile solution allowed for the growth of single crystal of sufficient quality for X-ray structure determination.

Scheme2-3 Synthesis of TBA3[PW11O39{O (SiCH2Cl)2}] (KSi[Cl]-1) with its X-ray structure

Nucleophilic substitution of the chloride in KSi[Cl]-1 with some simple amine such as diethylamine and benzylamine was then explored. The reactions were carried out under the condition described in the work of Parac-Vogt, with sodium carbonate as base and TBAI as catalyst in acetonitrile. In the case of diethylamine, both at high temperature and room temperature, the degradation of the grafted silyl, in particular with a diminution of the Si-O-Si stretch in IR, was observed. As Wei and co-workers 7 had successfully displaced by nucleophilic substitution a chloride on an hexamolybdate-based hybrid (TBA2[Mo6O18NCH2CH2CH2Cl]) with iodo using sodium iodide and considering that the iodo could be a better leaving group, the nucleophilic substitution of chloro with TBAI was also carried out. But even after 7 days refluxing at 80℃, almost no iodo derivative was observed from NMR. The difficulty of the substitution of chloro with iodo in this case would suggest that the chloride in this case is not a good enough leaving group and hampers any substitution reaction.

Nucleophilic substitution of KSi[I]-1

As the iodo derivative could not be easily synthesized via substitution on the chloro derivative KSi[Cl]-1, we wonder if the direct synthesis of (TBA)3[PW11O39{O(SiCH2I)2}] (KSi[I]-1) could be performed, thus allowing for a better leaving group on the POM and possibly facilitating the substitution reaction.

Synthesis of triethoxy(iodomethyl)silane

Scheme 2-5 The synthesis of the triethoxy(iodomethyl)silane

First, the triethoxy(iodomethyl)silane was synthesized according to a slightly modified published procedure, 8 where triethoxy(chloromethyl)silane was reacted with sodium iodide in acetonitrile refluxing under inert atmosphere. In order to get full conversion, optimizations of the reaction conditions were explored, as indicated in table 2-1 with 4.0 eq. of NaI at reflux for 3 days being an optimum. After filtration of insoluble sodium salt, the resulting bright yellow solution was concentrated to 1/5 and poured into diethyl ether to finish removing the residual sodium salt.

The large chemical shift of Si-CH2X in 1 H NMR from 2.89 ppm (X= Cl) to 2.01 ppm (X=I) confirmed the successful transformation. 

Synthesis of KSi[I]-1 Scheme 2-5 Synthesis of KSi[I]-1.

KSi[I]-1 was synthesized following the same procedure as for KSi[Cl]-1.

Iodomethyltriethoxysilane was added to an acetonitrile suspension of lacunary Keggin K7[α-PW11O39] and TBABr. After being stirred at room temperature for half an hour, the hydrochloric acid was added at 0℃ and stirred overnight at room temperature. A single peak at -13.00 ppm in 31 P NMR confirmed the full conversion into a single product. Formation of the Si-O-Si bridge which was confirmed by the band at 1111 cm -1 in the IR spectrum, where the classical bands of the POM skeleton ) with strong vibrations at 1067 and 1038 cm -1 (P-O), 964 and 874 cm -1 (W-O) and 825 cm -1 (W-O-W) are also present (Figure 2345). 4 The tungsten isotopic distribution pattern of the ESI-Mass was in agreement with the calculated signature of {TBA[PW11O39{O(SiCH2I)2}]} 2-at m/z= 1637.14 (Figure 2-3). The peak around 2.1 ppm in the 1 H NMR is attributed to the SiCH2 moiety. Interestingly, and contrary to the "expected" singlet observed for the triethoxysilyl precursor, it is now a doublet of doublet with a strong "roof" effect: this probably results from hampered rotation of the CH2I due to the bulk of the iodo and the short distance to the POM surface, leading to the nonequivalence of the two protons of the methylene group and thus diastereotopic differentiation. 

Nucleophilic substitution of KSi[I]-1 with DPA Scheme 2-7 Synthesis of bis(pyridin-2-ylmethyl)amine (DPA)

The tripodal ligand, DPA ,has been used in bioinspired complexes with various metals such as Cu and Co. 9,10 It was synthesized according to a modified procedure published by Arnold. 11 In the exploration of nucleophilic substitution of KSi[Cl]-1, as decomposition of the polyoxometalates skeleton was observed, we tried to simplify the system and choose to use DPA both as a nucleophile and a base, removing Na2CO3 from the reaction medium. Thus, an excess of DPA was added in anhydrous acetonitrile under argon to avoid potential formation of OH -that could degrade the POM. When stirring a yellow acetonitrile solution containing 1.0 eq. KSi[I]-1 and 8.0 eq. of DPA at room temperature, a color change from yellow to green and finally to dark green was observed over 1 hour, even we covered the flask with alumina paper, together with a somewhat abundant precipitate which was proved to be the protonated H-DPA + cation by 1 H NMR in DMSO. The precipitation of protonated DPA indicated that a reaction occurred which released protons, as would be expected if the nucleophilic substitution did take place.

The reaction was monitored by 1 H NMR on aliquots precipitated with ethanol (typical spectrum on figure 23456), which clearly showed the chemical shifts at 8.62 ppm, 7.86 ppm, 7.52 ppm and 7.4 ppm that belonging to pyridine of DPA, but significantly different from the pyridine peaks of the free DPA. In the meantime, the chemical shift of SiCH2 at 2.10 ppm of the polyoxometalate precursor diminished, with a new peak growing at 1.85 ppm as the reaction continued. In parallel, the 31 P NMR spectrum was also carried out with a gradual disappearance of the starting material at -12.99 ppm and two main peaks at -13.21 ppm and -15.05 ppm appearing. While the latter suggest some degradation of the POM to form the complete [PW12O40] 3-anion, but the singlet at -13.21 ppm could belong to the aimed product with a shift compared to the starting KSi[I]-1 at -12.99 ppm in CD3CN. Some minor evolutions are also observed on the IR spectrum of the powder, but the latter still present the main bands expected for the post functionalized POM (Figure 2345). Despite all these very encouraging evidences, some unexpected data call for caution:

in particular, the integration of the 1 H NMR signal attributed to the methylene spacers SiCH2 was quite small compared to that of the DPA and TBA + peaks, the integration indicated there was only around 0.2 eq. of SiCH2 (based on DPA). Despite trying to work as anhydrous as possible, the 31 P NMR of the product always displays the peak at -15.05 ppm. However, we noticed that its relative intensity could be reduced when air exposure of the crude solution during the treatment of the reaction was kept as short as possible. This might suggest that the presence of basic group on the POM may favor, in the open, the formation of hydroxide from the water in the air and thus favor degradation of the POM skeleton during the treatment and not the reaction by itself.

Obviously, optimization of the synthesis was required in order to improve the purity and efficiency of this reaction.

Exploration of the nucleophilic substitution conditions

Changing the base

In this reaction, the DPA work not only as the nucleophile but also as the base to remove the HI produced during the substitution process. During the reaction, we observed that the solution turned from slightly yellow to green and finally to dark blue after one to two hours stirring under inert atmosphere, coupled with some dark precipitate. In the POM chemistry, the blue color is usually associated with POM reduction. The DPA is a secondary amine which could work as the electron donor for the reduction of the polyoxometalates. 12 Thus, the excess of DPA could facilitate the reduction and thus induce the color change.

Indeed, when we reduced the amount of the DPA from 8.0 eq. to 4.0 eq., the color of the solution changed much slower and from yellow to dark blue only. However, this change in DPA/POM ratio did not induce any changes in the 1 H NMR spectrum as the position and the ratio of the peaks attributed to SiCH2 and to DPA didn't have a significant change. Moreover, there was still some degradation with multiple peaks in the 31 P NMR.

We thus try to use a more classical base and tired triethylamine which is a strong organic base with a high pKa frequently used in POM chemistry. 13 It is usually used in excess of triethylamine (here ~10 eq.). In the presence of Et3N and 2.2 eq DPA, after overnight stirring, the 1 H NMR spectrum of the isolated product did not display any DPA signals around 8 ppm, but there was still a tiny signal at 1.87 ppm: the latter was previously attributed to SiCH2 moiety after successful substitution of I by DPA on the POM surface, which is obviously an error. We did detect some triethylammonium peaks, that could not be washed away, suggesting that some Et3N has been protonated and attracted by the POM surface. As we observed some reduction (blue color) of the POM skeleton, we wondered if the signal at 1. Upon the results above, we could conclude from the results above that no matter the chemical shift of the SiCH2 or the phosphate were just caused by the reduction or the oxidation of the POM skeletons. Overnight, the oxidized POM solution in NMR tube, turned back to blue could be due to the existence of the DPA in the solution resulting the reductio of the POM skeleton.

Adding TBABr3 during the reaction

The reoxidation of the final dark blue solution to yellow, always coupled with some white precipitate which was proved to be HDPA + by 1 H NMR. It indicated that some electrostatically associated HDPA + could be released upon reoxidation and diminution of the charge of the POM. We hypothesis that the reduced POM could strongly abstract the HDPA + electrostatically to its surface resulting in no nucleophilic substitution process. In order to verify that we try to add TBABr3 into the solution during the reaction:

1. Add 0.5 eq. of TBABr3 (based on POM) at the beginning of the reaction. But the solution still changed from yellow to green after about half an hour. 1 H NMR experiments indicate that the SiCH2 signal belonging to the starting material was still present even after three days of reaction, without the appearance of any new SiCH2 signals that could be associated with the targeted product. Moreover, we could still observe quite amount of DPA. Finally, there were still several peaks in the 31 P NMR which indicated some degradation of the POM during the course of the reaction.

2. We also tried to add the TBABr3 gradually during the reaction to keep the solution yellow, however no improvement was observed. From the results we obtained above, the treatment with TBABr3 can't help improving the nucleophilic substitution.

DOSY

From the results above, one key question arose : can we definitely prove that the modification observed in the 1 H NMR upon reaction with DPA correspond to a covalent grafting or not. This is even more relevant as we have clearly identified the formation of HDPA + in the reaction. The latter could just associate to the POM as a counter ion.

We thus turned toward diffusion ordered spectroscopy (DOSY) NMR. Indeed, DOSY experiments resolve different compounds spectroscopically in a mixture based on their respective diffusion coefficients, which depends on the size and shape of the molecules. If the DPA was covalently grafted onto the POM, it must have the same diffusion coefficient as the proton of the platform (KSi[I]-1), otherwise it just connects to the POM through electrostatic interaction or coordinate interaction.

From the DOSY spectrum ( 

intermediate conclusion

We have tried to covalently graft the bioinspired ligand DPA onto KSi[I]-1 surface through a nucleophilic substitution reaction. But the results above suggest that this reaction failed using rather mild conditions. While we have tried to play with the base and control the oxidation state of the POM during the reaction, there was always degradation of the polyoxometalates skeleton, notably with formation of the complete [PW12O40] 3-anion. Another potential reason of this failure could be steric hindrance, which is one of the main difficulties faced in nucleophilic substitution, 14 in the reaction between the bulk POM and the entering group, with a short linker as SiCH2.

Direct-functionalization to graft [PW11O39] 7-

As the nucleophilic substitution on the functionalized POM appeared somewhat compromised, an alternative route was sought direct-functionalization with the DPAsubstituted triethoxysilane derivative. For the triethoxyhalogenoalkyl silane amination, there are not so many cases in the literatures. In order to lower any steric hindrance, we choose the (3-chloropropyl)triethoxysilane to study this reaction, in order to, if we successfully synthesized the 3-DPA-(propyl)triethoxysilane, try to shorten the alkyl chain.

Synthesis of organic precursors 1-(tri-ethoxy-silyl-propyl)-3-methyl-imidazolium chloride

The DPA coupling with this type of silane is not described in the literature. However, we found an amination reaction of this kind using imidazole as a nucleophile. Thus, we 

N,N-bis(pyridin-2-ylmethyl)-3-(triethoxysilyl)propan-1-amine

Once we successfully synthesized 1-(tri-ethoxy-silyl-propyl)-3-methyl-imidazolium chloride, we tried the same procedure to couple DPA with (3-chloropropyl)triethoxysilane in a solvent free system.

Scheme 2-9 The synthesis of N,N-bis(pyridin-2-ylmethyl)-3-(triethoxysilyl)propan-1amine.

From the proton NMR in DMSO, we could again observe significant chemical shift of the three peaks of the propyl chain, from 3.60 ppm,1.75 ppm and 0.67ppm to 2.43 ppm,1.49 ppm and 0.46 ppm. It indicated that the coupling did occur. However, peaks between 7-9 ppm indicates that the isolated product does contain a little bit of free DPA. Nevertheless, we considered it was pure enough to firstly test the grafting onto the POM surface, before to optimize this synthesis if needed.

Firgure 2-12 The evolution in 1 H NMR of N,N-bis(pyridin-2-ylmethyl)-3-(triethoxysilyl)propan-1-amine (gray) from the reaction of (3-chloropropyl)triethoxysilane

(black) and DPA.

Direct-functionalization (TBA)3[PW11O39{O(SiCH2CH2CH2NMI)2}] (KSi[NMI]-3) Scheme 2-10 The direct-functionalization of KSi[NMI]-3

To the lacunary K7[PW11O39] in H2O was added a solution of TBABr and 1-(tri-ethoxysilyl-propyl)-3-methyl-imidazolium chloride in acetonitrile resulting a suspension. After about half an hour, 2.4 M HCl was added gradually with some bulk precipitate produced. The suspension was stirred overnight at room temperature, the sticky white precipitate was separated which was proved to be the right product by the following analysis, yield 60%. In the meantime, the liquid phase was rotary evaporated to remove most part of the solvent and precipitated in ethanol to yield just about 10%.

The significant chemical shift of the silane chain from (0.51 ppm,1.82 ppm and 4.14 ppm to 0.75 ppm, 2.04 ppm and 4.28 ppm) and the imidazole from (7.76 ppm and 9.23 ppm to 7.72 and 9.07 ppm) in 1 H NMR spectrum coupled with the characteristic stretch vibration at 1110 cm -1 in IR strongly indicate the successful covalent grafting. However, for the bulk gel product, there is just 1.5 eq. of TBA + which should be 3.0 eq. compared to the grafted organic group. As we known, the imidazolium was 1 + charged that could result in the whole of the functionalized POM being less charged so that surrounding less TBA + which could explain why the bulk gel product is not soluble in acetonitrile. From the 31 P NMR, the only one single peak -13.2 ppm with a tiny side peak at 13.6 ppm. Applying the same procedure as before, we observed a large amount of brown precipitate with the gradual addition of HCl. In 1 H NMR spectrum in DMSO of the precipitate, the aromatic region signals around 8.0 ppm companying with the barely visible phosphate signal in 31 P NMR indicated the precipitate was mainly DPA. But in the IR spectrum, as we could observe in Figure 2-14 (red), the stretch at 957, 864, 809 and 768 cm -1 indicated POM skeleton was remained. The only one broad absorption at 1080 cm -1 was unlike the organosilyl functionalized polyoxometalates with an Si-O-Si bridge (~1110 cm -1 ). Thus, it is likely that this isolated powder contains mainly HDPA + , with a little bit of lacunary [PW11O39] 7-as counter ion.

As we had observed before, the HDPA + is not soluble in acetonitrile, and this precipitation very likely hampers any reaction with the lacunary POM. We thus tried to increase the water proportion, as both the lacunary K7[PW11O39] and HDPA + are soluble in H2O. 

Conclusion and perspective

In this section, we tried to expand the methodology of nucleophilic substitution to covalently graft polyamine onto the POM surface based on a newly synthesized a Keggin type platform, KSi[I]-1 through the substitution of iodo. Indeed, there are some variations upon the reaction no matter the color of the solution or the characterization with NMR or the IR.

Unfortunately, it was proved to be the reduction or the degradation of the platform probably due to the polyamine, DPA. And also, we have tried to optimize the conditions trough modifying the amount of DPA, change the base or tuning the oxidation states of the POM skeleton during the course of the reaction or treatment. But there was not improvement at all.

There are several hypotheses for the failure of the nucleophilic substation and the corresponding improvements: 1) One of the reasons could be the steric hindrance. The short methylene spacers result in the substitution sites quite near to the POM framework, that lead to the DPA could not get close to the sites. To overcome the steric hindrance, we need to prolong the spacers to ethylene or propylene or change it to other types of linkers that may sacrifice the communication of the POM with the anchoring terminals. 2) Another reason could be the protonation of DPA, which results in a decrease of the nucleophilic capability and being electrostatically attracted by the reduced POM. 3) Another improving approach is to find another suitable base without forming the cations, such as tert-butyliminotri(pyrrolidino)phosphorane (BTPP). 16 In the very recent work of parav-vogt, 17 

Experimental section

Synthesis of (Iodomethyl) triethoxysilane 4.2 g (28.2 mmol) of sodium iodide was dried under vacuum at 120℃ for 1 hour followed by the addition of 10 mL anhydrous acetonitrile. 2.1 g (9.4 mmol) (chloromethyl) triethoxysilane were slowly added into the resulting suspension. After being refluxing for 3 days, the resulting yellow suspension was filtered, and the filtrate was evaporated to until 2 mL followed by the addition of 10 mL diethyl ether to remove the sodium salt residue. The filtrate was rotary evaporated after the filtration. The resulting yellow liquid was significantly pure for the subsequent synthesis. Yield 85%. 1 H NMR (300 MHz, CD3CN) δ 3.85 (q, J = 7.0 Hz, 6H), 2.01 (s, 2H), 1.21 (t, J = 7.0 Hz, 9H). The bis(pyridin-2-ylmethyl)amine (DPA) was prepared by reductive amination reaction according to the modified procedure published by Lee. 18 2-aminomethylpyridine (2,00 g, 18.5mmol, 1.0 equiv) was dissolved in 36mL methanol followed by dropwise addition 2pyridylcarboxaldehyde (1.98 g, 18.5mmol, 1.0 eq.). After stirring the solution for 30 minutes, NaBH4 (1.40g, 37.0mmol, 2.0 eq.) was added into the yellow solution and kept at room temperature overnight. HCl (48mL, 5.0M, 13.0 equiv) was then added into the yellow solution.

Synthesis of KSi[I]-1:

K7[PW11O39] 2.
After stirring for about 1 hour, 10M NaOH was poured into the solution to adjust the pH to 12.

The yellow solution was extracted with 3*50mL dichloromethane, then the organic phase was evaporated to give a slightly yellow oil. For further purification, the yellow oil was dissolved into 25mL ethanol followed by the addition of HCl (12.5mL, 5M, 3.5 equiv). The solution was added into 500mL acetonitrile resulting in a large amount of white crystal. The white crystal was redissolved into 20mL H2O followed by the addition of 10M NaOH to adjust the pH to 12-14. Then the resulting solution was extracted with 3*40mL dichloromethane. The organic solvent was evaporated after being dried with anhydrous NaSO4 and resulting in a slight yellow oil (3.29g, yield 83%). for 66 hours, followed by washing with diethyl ether for 3 times (3*20 mL), the precipitate was discarded while the organic phase was rotary evaporated and distillated to remove unreacted the (chloropropyl) triethoxysilane. The resulting dark gel was used without further purification.

Synthesis of KSi[NMI]-3 600 mg 0.187 mmol K7[PW11O39] and 192 mg 0.598 mmol TBABr were dissolved in 7.5 mL acetonitrile followed by the addition of 118.5 mg 0.412 mmol which was dissolved in 2.5 mL acetonitrile. The resulting solution was stirred for about 30 mins followed by adding 1.6 mL, 2.4 M HCl at room temperature resulting bulk precipitate. The resulting suspension was kept at room temperature for overnight followed by the centrifuge to separate the white gel solid and solution. The solid was washed with water for 3 times resulting 377 mg white powder (yield 60%, A1). While the filtrate was rotary evaporated to until 5 mL and then precipitated in 80mL ethanol resulting 63 mg white powder (yield 10%, A2). A1: 

Chapter 3 Post-functionalization of Keggin-type polyoxometalates and the complexation

To perform covalent post-functionalization of POMs, first, appropriate organic functional group need to be grafted on the polyoxometalates skeleton. Among them, iodo aryl, terminal alkyne, azido groups appear to be promising candidates as they have already been used for post-functionalization of POMs in mild conditions . 1-9

Mono functionalization of Keggin [PW11O39] 7-through "Sonogashira" coupling

Iodo aryl groups can be involved in palladium-catalyzed C-C coupling reactions. 10 particular, "Sonogashira" couplings are attractive since they allow the grafting of organic moieties under mild conditions which could be employed in the functionalization of the polyoxometalates. In the past decade, many successful cases have been achieved 1,[3][4][5]11 to graft organic moieties onto POMs. In this section, we would like to introduce the exploration of the grafting of alkyne modified DPA on the iodo phenyl grafted Keggin precursor through "Sonogashira" coupling. And then make the complex of the synthesized POM ligand followed by the investigation of the redox properties and catalytic activities of it.

Synthesis of I-iodo-4-(trichlorotin) Benzene

The precursor, I-iodo-4-(trichlorotin) Benzene was synthesized according to the procedure published by Proust. 12 First, 1,4-diiodobenzene was activated by Grignard reagent, iPrMgCl in freshly distilled THF at -30℃, leading to the substitution of one of the iodide. Then, the resulting 4-iodophenylmagnesium chloride solution was canulated into trimethyltin chloride resulting in the substituted product 1-Iodo-4-(trimethyltin)benzene. Finally, the three methyl of This hypothesis was substantiated by the fact that the signals at 7.89 ppm and 7.40 ppm increased when raising the temperature at 120℃. To reverse this equilibrium, we added more SnCl4, in order to shift the reaction back toward the monomer: once the methyl derivative was completely distilled out, another 8 equivalents of SnCl4 were added into the remaining gray solid. The resulting suspension was heated at 70℃ for 3 hours followed by the distillation at 70℃ to remove the excess of SnCl4 and traces of the methyl derivative. The remaining residue was then used without further purification, as it was quite clean from the proton NMR. In order to perform "Sonogashira" or Huisgen couplings, we need to functionalize our ligand with a terminal alkyne moiety. 13,14 Thus, DPA-H was dissolved in dry acetonitrile followed by the additon of anhydrous K2CO3, and then 3-bromoprop-1-yne was added dropwise into the resulting yellow solution under N2 atmosphere and kept at room temperature for three days. Dichloromethane was added into the resulting suspension to precipitate the excess of K2CO3. The solvent of the resulting yellow filtrate was evaporated until getting a dark brown oil which was chromatographied with basic alumina eluting with dichloromethane. Upon evaporation of the solvent, a brown oil was isolated in almost quantitative yield. 

Synthesis of KSn[DPA] Scheme 3-4 The synthesis of TBA4[PW11O39SnC6H4CCCH2DPA] (KSn[DPA])

The "Sonogashira" couplings are attractive since they allow the grafting of organic moieties under relatively mild conditions. We started our exploration according to the literature, which was published by our group. 13,18 First, we applied 16% CuI and 12% Pd(PPh3)2Cl2 as the co-catalysts to launch the reaction with the presence of 20 eq. triethylamine, which works as base to activate the alkyne, under argon atmosphere at room temperature in DMF. After being stirred for 16 hours, the reaction was analyzed with 1 H NMR after precipitation with diethyl ether.

As can be seen on the 1 H NMR (Figure 3 To check if protonation is indeed at stake, TBAOH was added as the base. Thus, the crude dark brown solid was redissolved in CD3CN, and then 0.1 M TBAOH was gradually added into it which was monitored with 1 H NMR after precipitate with diethyl ether (Figure 3- 5). Indeed, the profile of the aromatic region became more and more sharp. After a total of 1.5 eq. TBAOH was added. The high resolution of NMR profile indicates the deprotonation could a pathway to purify the product. As the starting material and the DPA grafted product have very similar physicochemical properties and difficult to separate, we thus tried to push the reaction to full conversion, by optimizing the conditions. As there was barely any influence on the conversion when we increased the amount CuI, which indicated that the catalyst was not the key factor for the conversion, we focused on the ratio of the reactants and the temperature (Table 3-1). In the 1 H NMR of the products after being deprotonated with TBAOH (Figure 3-6), a diminution of the residual starting POM is observed, with a complete disappearance once 4 equivalents of propargyl DPA are added. This ratio has been kept for further optimization. In order to speed up the reaction, we checked microwave heating as we know from the literature, microwave heating could dramatically speed up the "sonogashira" reaction in POM functionalization. 1 We launched the coupling reaction at 70 ℃ and 80 ℃ with microwave irradiation, monitoring the evolution via proton NMR after precipitating the crude dark red solution in diethyl ether. Compared to the room temperature experiment, which lasted for 2 days, there was less starting material attested by the peaks at 7.85 ppm and 7.53 ppm at 70℃, while we observed almost full conversion at 80 ℃ after one hour heating with microwave irradiation. Thus one hour microwave irradiation at 80℃ was applied in the following synthesis.

In the dark brown obtained via these optimized conditions after the treatment with TBAOH, there is an additional singlet at 7.78 ppm in 1 H NMR which we failed to identify.

According to Proust and coworkers 12,18 , impurity in hybrid POMs can be removed through playing on the solubility in different solvents. Ethyl acetate, as a bad solvent, was thus added gradually into the hybrid-POM acetonitrile solution. Interestingly, impurities precipitated out first while the solution turned to colorless. The dark precipitate was discarded, and the resulting colorless supernatant was precipitate in diethyl ether, as a slightly yellow powder in reasonable yields (about 35%). Attempts to grow crystal of the synthesized organic moiety functionalized Keggin polyoxometalates through diethyl ether diffusion into concentrated acetonitrile solution, led to quite nice cube crystals, but they were not suitable for the single crystal X-ray diffraction.

Complexation investigation of KSn[DPA]

Complexation of ZnCl2 with KSn[DPA]

In order to test the coordination ability of the KSn[DPA], we started with the diamagnetic metal salt ZnCl2, so that we could monitor the complexation process through NMR. As can be seen (Figure 3 

Complexation of CuCl2 with KSn[DPA]

While Zn(II) afforded an easy detection of coordination by NMR, interaction with copper, a metal that plays an important role in the activation of dioxygen in enzymatic systems 20,21 , would allow to mimic the biological action of copper monooxygenases.

First, study of the coordination of copper chloride with KSn[DPA] was performed. As the paramagnetic Cu(II) complex couldn't be detected by NMR, the stoichiometry of ligand binding to Cu(II) was followed by UV-vis titrations. A 2 mL 1.0 mM CuCl2 acetonitrile solution was titrated by a 20mM KSn[DPA] acetonitrile solution directly into the UV-vis cuvette. As can be seen in Figure 3-10, there were two processes upon addition of the POM solution. Up to 0.6 eq. of the addition of KSn[DPA], the absorption at 460 nm and 607 nm grew, while the absorption at 400 nm and 820 nm decreased with two isosbestic points at 439 nm and 739nm.

With further addition of the POM solution, a second process with a new isosbestic point at 561 nm took place. Upon the addition ~ 2.0 eq. of the POM, the absorption peak at 460 nm did completely vanish while the peak at 745 nm reached its maximum. The UV-vis titration indicated that 1.0 eq. CuCl2 could be coordinated with 2.0 eq. KSn[DPA] maximum. The fact that we didn't first fully complex the Cu(II) with one ligand suggested that the second complexation constant is either very close or may be even bigger than the first one. Upon the addition of more KSn[DPA] (from 0.6 eq. to 2.0 eq.), the dimer coordination process occurred. The coordination environment around the copper (II) ion is essential for the access of an external ligand which is the keynote for the catalyst. Isolating to form 1KSn[DPA]: 1Cu(II) complex seems difficult to achieve in this case. Thus, we tried another copper salt, copper acetate, where the acetate might be somewhat harder to substitute, to perform the coordination.

Complexation of Cu(OAc)2 with KSn[DPA]

Addition of aliquots of a 20 mM KSn[DPA] solution into the 1.0 mM copper acetate acetonitrile solution led to a decrease of the absorption at 674 nm together with a slight blue shift to 664 nm with an isosbestic point at 592 nm which remains until 1.0 eq was added. As Additional insight was given by 31 P NMR : as can be observed on spectrum, after the ligand was coordinated to the copper, the main signal turned from a singlet at -11.62 ppm to a main broad one at -11.51 ppm together with some less intense peaks (-11.6 ppm and -12.0 ppm). The crude product obviously requires purification by fractional crystallization using a "bad solvent" Isolated crude complex was redissolved in acetonitrile and then we tried several "bad" solvents such as and THF to precipitate it. There was not significant improvement in 31 P NMR when treated with ethyl acetate or dichloromethane. Whereas, after being treated with THF, the peak at -12.0 ppm totally vanished (Figure 3-13, blue). Indeed, there was the impurity in the supernatant, together with some free ligand KSn[DPA] at -11.62 ppm. (Figure 3-13, blue dash). After the purification with THF, there seems still some free ligand left, indeed, as a side peak at -11.62 ppm remains and seemed to decrease when another 0.5 eq. copper acetate

(Figure 3-13, purple) was added. The presence of this side peak is reproducible, as shown in a second experiment treated with THF. However, in this case, no further improvement was observed, when Cu(OAc)2 was added (Figure 3 -14). Interestingly, in this experiment, when we added some tetrabutylammonium nitrite salt (TBANO2), the resulting 31 P NMR signal turned to a single singlet at -11.64 ppm with no side peak. It suggests strongly that the obtained complex, KSn[DPA]@Cu(OAC)2 is pure without any POM degradation. Thus, we propose that the side peak could be somewhat related to the coordination modes of acetate or the number of acetates on the copper. This is also confirmed when changing the deuterated solvent, as only one singlet with tiny tin coupling is observed in deuterated DMSO. In order to further characterize the prepared complexes, infrared spectrum was carried out, in order to detect the specific signature of the acetate ligand and may be identify its coordination mode (unidented, bidented or bridged) through the difference of some specific absorption peaks. 22 Although the absorptions of DPA and the cation TBA are also at this region, and all the signals seem overlapped, compared to the KSn[DPA] starting material, there are two new peaks at 1613 and 1444 cm -1 respectively (Δ=169 cm -1 ), which might be identified to the coordinated acetate. 23 In the meantime, a small decrease of the peaks of pyridine at 1593 and 1570 cm -1 could be attributed to the coordination. The remained characteristic bands at 1071, 963, 885, and 813 cm -1 confirmed that no degradation of the polyoxometalates did occur, in line with the 31 P NMR spectrum. 

Redox properties of KSn[DPA]@(Cu(OAc)2

Cyclic voltammetry

The redox properties were investigated by cyclic voltammetry in deoxygenated acetonitrile with TBAPF6 as supporting electrolyte in a standard three electrode cell, composed of a glassy carbon working electrode, a platinum counter electrode, and a saturated calomel reference electrode (SCE). All following potentials, unless otherwise specified, are given toward the SCE electrode. Figure 3-16 shows the behavior of KSn[DPA]@Cu(OAc)2.

There are three one-electron reduction waves. The first broad and quasi-reversible reduction wave around -0.27 V is assigned to the reduction of the copper ion with two reoxidation waves at -0.11 V and 0.082 V (Figure 3-16 blue), which is somewhat classical for Cu(II)/Cu(I) processes: 24 since Cu(l) prefers to be four coordinate, the irreversibility of the Cu(II/I) couple may be due to the rearrangement of the symmetry. If more negative sweeps are investigated (Figure 3-16 red), a quasi-reversible reduction wave is detected at -1.01 V, which is attributed to the first tungstate reduction processes. 18 However, an unexpected re-oxidation wave appears at -0.33 V which is not so clear to attribute . The current intensity of this oxidation wave increases dramatically with a slight negatively shift to -0.41V, once we swept down an even more negative potential (Figure 3-16 black) with the appearance of a second reversible reduction wave at -1.47 V, again W -centered by analogy with former work. is the diffusion coefficient of the oxidized analyte, and 𝐶𝐶 0 (mol cm -3 ) is the bulk concentration of the analyte.

𝑖𝑖 𝑝𝑝 = 0.446𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶 0 (

𝑛𝑛𝑛𝑛𝑛𝑛𝐷𝐷 𝑜𝑜 𝑅𝑅𝑅𝑅 ) 1/2
eq (1)

For an electrode-adsorbed species, the current response is described by eq (2), where 𝛤𝛤 * is the concentration of adsorbed species in mol cm -2 . 25

𝑖𝑖 𝑝𝑝 = 𝑛𝑛 2 𝑛𝑛 2 4𝑅𝑅𝑅𝑅 𝜈𝜈𝑛𝑛𝛤𝛤 * eq (2)
As we could observe, sequential scan rates, 50, 100, 200, 400 mV/s were carried out resulting in a gradient intensity of the reduction and oxidation waves (Figure 3 

Electrocatalytic reduction of nitrite with KSn[DPA]@Cu(OAc)2

The selective and efficient electrocatalytic reduction of nitrite to nitric oxide (NO) is of tremendous importance, both for the development of NO-release systems for biomedical applications 26 and for the removal of nitrogen oxide pollutants from the environment. 27 In nature, this transformation is mediated by enzymes, one of it known as the copper-containing nitrite reductases (CuNIR). 28 Cu sites are ligated to a methionine, a cysteine and two histidines in either a distorted or flattened tetrahedral geometry.

Scheme 3-5 left):

The crystal structure of the blue nitrite reductase from Alcaligenes xylosoxidans GIFU 1051. PDB: 1BQ5. 28 right) the mimic of the Cu site. 29 Inspired by the active site of the CuNIR, many model complexes were synthesized to mimic the nitrite reduction process. Recently, Symes and coworkers 29 have developed a tetradentate tris(2-methylpyridyl)amine (TMPA) ligand that are competent for the electrocatalytic reduction of nitrite to NO in nonaqueous solvent. They highlight that the protonrelaying groups are essential to the efficiency of the nitrite reduction (Figure 1234).

The POM skeleton could work not only the electron relay but also the proton relay.

Herein, we would like to test the effect of the POM presence or absence on the electrocatalytic reduction of nitrite to see if there were any synergy via covalent grafting.

Coordination

Substitution of acetate by nitrite was followed using various techniques. The addition of 0 to 20 eq. TBANO2 to KSn[DPA]@Cu(OAc)2 initially shows a shift on the absorption spectrum from 624 nm to 742 nm of the main absorption peak with an isosbestic point at 647 nm (Figure 3-18 A) which is associate with nitrite coordination to the copper center. But the large excess nitrite needed indicates that the copper prefers to coordinate with acetate.

Further addition of TBANO2 to 100 eq. resulted in another new species forming according to the growing absorption at 559 nm with an isosbestic point 631 nm, probably introducing a second nitrite in the coordination sphere of the copper. In parallel, this experiment was followed by X-band EPR spectroscopy in frozen acetonitrile at 30K. As seen previously, the 31 P NMR spectrum the POM in presence of TBANO2 presents a single peak at -11.64 ppm (Figure 3 -14). This is in contrast with the isolated KSn[DPA]@Cu(OAc)2, where the peak at -11.55 ppm seemed to be more composite, suggesting the presence of different environment around the copper. Thus, this latter experiment first proves that substitution of acetate by nitrite did occur, but also clearly confirm that the initial product was rather pure.

Finally, the infrared spectrum of KSn[DPA]@Cu(OAc)2 was also carried out before and after a 1:1 reaction with TBANO2. Upon substitution with nitrite, two peaks at 1575 cm -1 and 1445 cm -1 , that could be attributed to coordinated acetate, seems disappear while a new feature at 1270 cm -1 , corresponding to coordinated nitrite, appeared. 

Electrocatalytic reduction

First, we tested the electrocatalytic behavior of the KSn[DPA]@Cu(OAc)2 in the presence of the TBANO2. We synthesized the complex propargyl-DPA@Cu(OAc)2 as a reference. As the propargyl-DPA@Cu(OAc)2 is not well soluble in acetonitrile, here, we performed the cyclic voltammetry in DMF (Table 3-3). The first reduction wave of KSn[DPA]@Cu(OAc)2, Ep red = -0.37 V, which belongs to the copper complex moiety variated with the addition of TBANO2. Although the variation seems random, it shifts positively from -0.36 V to -0.25 V all of whole which means it was easier to get the complex reduced once the nitrite was bonded to the copper. No obvious catalytic reduction wave was observed until 20 eq. of TBANO2 was added, but then the second reduction wave of the POM skeleton started being shifted from -1.64 V to -1.38 V and increased. As more TBANO2 was added, from 20 eq. to 100 eq., there was a big irreversible reduction wave at -1.6 V, in the meantime, both of two W-based reduction waves increased. In order to figure out whether the POM hybrid complex could have higher efficiency or not, the same electrocatalytic reduction was carried out with the POM free propargyl copper complex. Unfortunately, the almost same "catalytic like" reduction waves at -1.14 V and -1.60

V were obtained with the addition of TBANO2 up to 50 eq. We also tried to electrocatalytically reduce nitrite in the presence of benzoic acid (PhCOOH) with both KSn[DPA]@Cu(OAc)2 and propargyl-DPA@Cu(OAc)2. The cyclic voltammetry curves are almost the same with or without POM, and thus no synergetic effect could be observed in this case. 

Di-functionalization Keggin [PW11O39] 7-through "Click" reaction

Over the past years, "click" reactions 32 have been gaining increasing interest as they can be applied under relatively mild conditions allowing coupling of the POM hybrid platform with various organic molecules with suitable functional groups. The Cu(I) catalyzed azidealkyne cycloaddition (CuAAC) is a very popular reaction that has motivated the design of specific hybrid POMs. 8,33

Synthesis of KSi[N3]-3

For the exploration of the "click", a propyl-azido precursor Keggin platform, 

Synthesis of KSi[N3DPA]-3

Classical conditions

To the best of our knowledge, in 2007, Lacôte and co-workers 7 Although we could achieve the coupling, the reaction clearly needs some more optimization. Moreover, it is difficult to isolate pure product even though we could remove part of Cu 2+ with NaS2NEt2. Although the IR spectrum shows us the W-O and W=O stretch at 966, 866 and 821 cm -1 almost unchanged, the P-O and Si-O-Si stretch at 1111 and 1038 cm -1 moved a lot. We have also carried out the reaction with anhydrous DMF, the resulting product did not improve too much even heating at 50℃, excluding the effects of the water which could hydrolysis the silane functionalized POM. All the results above indicate us the classical condition might not be suitable for our system. Therefore, we need to find another "cleaner" condition to make this "click" coupling.

CuI/diisopropylamine

In 2015, Cronin and co-workers 33 successfully applied CuI as the catalyst in an anhydrous condition to "click" the Mn Anderson hybrid blocks together in a modular fashion without decomposition of the POMs in the presence of diisopropylethylamine as the base. The mild conditions of this approach should also permit to form the organic-inorganic hybrids of a range of other POMs.

Methyl propiolate

First, a simple alkynyl compound as a model, methyl propiolate (MP) is applied to perform the "click" coupling to test the feasibility of this CuI mild condition in our silane functionalized Keggin system.

Scheme 3-8 The synthesis of KSi[N3MP]-3 in with CuI as catalyst.

For the first bench reaction, diisopropylamine (DIPA), instead of diisopropylethylamine (DIPEA), was added by mistake as the base. Here, 1.0 eq. of KSi[N3]-3, 4.0 eq. methyl propiolate (MP) and 4.0 eq. DIPA were mixed under argon atmosphere and dissolved with anhydrous DMF followed by the addition of 1.0 eq. of CuI. After overnight stirring at room temperature, the resulting yellow solution was precipitated in ethanol. The IR spectrum of the yellow-greenish solid clearly displayed barely variated W-O and W=O stretches at 966, 866 and 821 cm -1 and P-O and Si-O-Si stretches at 1111 and 1038 cm -1 , in the meantime, the azido band at 2092 cm -1 diminished. The additional new absorption peaks at 1722 cm -1 (C=O), 1654 cm -1 (C=N) and 1225 cm -1 (might be attributed to C-N breathing) were identified to the characteristic stretch of the ester moiety. 35 Thus, we decided to keep working with DIPA as the base.

Figure 3-27 Comparison of the IR spectrum of the isolated product KSi[MP]-3 and the starting KSi[N3]-3.

In order to optimize the condition to push the reaction to the end, several parameters were studied, such as the amount of the DIPA and the temperature. First, three benches reaction were launched at room temperature for overnight with different amount of DIPA 2.0, 4.0, and 8.0 eq. The reactions were monitored with IR spectrum which showed 4.0 eq was the most efficient: too much or too less base seem deleterious to the reaction (Figure 3-28). Based on the 2.0 eq. DIPA bench reaction which barely reacted, we heated it at 50℃ for overnight, in which case the azido was fully converted (Figure 3-29). For the following exploration of "click" reaction between KSi[N3]-3 and propargyl-DAP, the condition of 4.0 eq propargyl-DPA and 2.0 eq. DIPA at 50℃ were thus chosen. 

Table3-6 The of diffusion coefficient of the synthesized KSi[N3DPA]-3

This clearly confirm that the organic moiety was covalently grafted onto the POM skeleton. Finally, a signal at m/z=1696.78 (z= -2), with the expected tungstate isotopic pattern, corresponding to the molecular ion {H[PW11O62Si2C30H30N12)]} 2-was detected in ESI-MS.

Figure 3-33 the ESI-Mass of KSi[DPA]-3.

However, the blue-greenish color of the powder, together with somewhat broad NMR peaks, suggest presence of copper impurities: thus, the crude powder was redissolved in minimum of acetonitrile and precipitated slowly with ethyl acetate. The resulting dark precipitate was discarded via centrifugation and the slightly yellow solution was precipitated with diethyl ether. A slightly yellow powder with sharp pyridine and triazole peaks in 1 H NMR was obtained, with a single peak in 31 P NMR, however with less than 20% final yield.

Figure 3-34 Comparison of the 1 H NMR and 31 P NMR of the purified KSi[N3DPA]-3 (black)and KSi[N3]-3 (red).

In order to improve the yield of the reaction, we tried to reduce the amount of CuI to get rid of its coordination as much as possible. Another three reactions were carried out with 0.25 eq., 0.35 eq. and 0.50 eq. of CuI, which were monitored with IR spectrum: 0.50 eq. of CuI are enough to fully consume the azido, while improving the global yield to 49.2%. 

Complexation of KSi[N3DPA]-3

The It is plausible that the triazole rings could also play a ligand role, 36 and a putative structure for a complex is given below. This will require further investigations into the nature of the complex formed, and the properties of this ligand and its coordination mode. 

Conclusion and perspective

In this chapter we have used two different coupling reactions to perform the postfunctionalization of Keggin polyoxometalates with the tripodal organic ligand propargyl-DPA.

The first ligand relies on well-known "Sonogashira" coupling and has afforded POM ligand (KSn[DPA]) successfully. It has been fully characterized, and a corresponding Cu complex (KSn[DPA]@Cu(OAc)2) has been prepared. This route can be easily extended with the "propargyl approach" to numerous N based ligands. Unfortunately, the first reactivity trial, nitrite reduction, has not given the expected results, but this exploration of preparation of POM complex and reactivity has opened a lot of perspectives.

In order to investigate the "click" reaction on POM functionalization, we have prepared a new azido-functionalized precursor, KSi[N3]-3. Through optimizing the "click" conditions, we have successfully obtained a bi-DPA functionalized POM ligand, KSi[N3DPA]-3. First complexation studies suggest that the triazole ring might interfere with the coordination process. The multi-potential coordinate sites could be applied to mimic multi-metal sites enzymes. Thus, using this reactivity, we could open the road to the grafting of two similar polyamine ligands onto POM skeletons in a controlled manner.

Experimental section

Synthesis of 1-Iodo-4-(trimethyltin)benzene 1,4-diiodobenzene (13.63 g, 41 mmol, 1.0 eq.) was dissolved in 80 mL freshly distilled THF under argon followed by the drop wisely addition of a solution of iPrMgCl (25 ml, 2 M, 50 mmol, 1.2 eq.) at -30°C. After being stirred at -30°C for 5 h, the resulting solution of 4iodophenylmagnesium chloride was slowly canulated to a 50 mL freshly distilled THF solution of trimethyltin chloride (9.06 g, 45.5 mmol, 1.1 eq.) at -30°C. The resulting solution was stirred at -30°C for 1 h and then at room temperature overnight. The solvent was removed under vacuum and the residue was dissolved in diethyl ether followed by washing 3 times with saturated NH4Cl aqueous and 2 times with water, the organic phase was dried with anhydrous Na2SO4, filtered and concentrated to get a crude that was purified by distillation under reduced pressure at 120°C. The compound was obtained as a colorless oil. Yield :12.30g, 81.2 %. DPA (2.14 g,10 mmol) was dissolved in 20 mL dry acetonitrile followed by the addition of anhydrous K2CO3 (5.40 g, 39 mmol, 4.0 eq.). Then 3-bromoprop-1-yne(1.52 g, 97%, 12.4 mmol, 1.2 eq.) was dropwise added into the yellow solution under N2 atmosphere and kept at room temperature for three days. 20 mL dichloromethane was added into the resulting suspension to precipitate the dissolved redidue K2CO3. The solvent of the resulting yellow filtrate was evaporated until getting a dark brown oil. The latter was purified by basic alumina column eluting with dichloromethane. Upon evaporation of the solvent, a brown oil was isolated (2.37g, yield 92.5%). 1 

Synthesis of KSn[DPA]

The KSn[DPA] was prepared according to an adaptation of the procedure of G.Izzet et al 37 : A mixture of KSn[I] (400 mg, 0.108 mmol), CuI (0.31 mg, 0.016 mmol, 0.16 eq.) and

[PdCl2(PPh3)2] (8.5 mg, 0.012 mmol, 0.12 eq.) in 6 mL of dry DMF was prepared in a Schlenk tube under argon atmosphere followed the addition of the Propargyl-DPA (95.6 mg, 0.432 mmol, 4.0 eq.). After careful freeze-pump-thaw degassing with argon for 3 times, freshly distilled under inert atmosphere triethylamine (TEA) (280 mL, 2.16 mmol, 20 eq.) was added.

The mixture was heated at 80°C for 1 hour, under microwave irradiation. The resulting dark red solution was precipitated with diethyl ether. The dark precipitate was filtered and redissolved in 2 mL acetonitrile under ultrasonicating for 10 minutes. The resulting dark brown solution was filtered followed the addition of 8 mL ethyl acetate. A dark precipitate was discarded from the colorless supernatant, which was again precipitated using a large excess of diethyl ether, then wash with ethanol, yielding after drying a slight yellow powder (130.0 mg, Yield: 31.5%). 1 

Synthesis of KSi[N3]-3

A mixture of K7[PW11O39] •14H2O (300.0 mg, 0.094 mmol) and TBABr (96.6 mg, 0.3 mmol, 3.2 eq.) was dissolved with 18 mL acetonitrile followed by the addition of (azidopropyl)triethoxysilane (51.0 mg, 0.21 mmol, 2.2 eq.). Following the gradual addition of HCl (0.75 mL, 2.4 M, 19 eq.) at 0℃, the colorless solution was stirred at room temperature overnight. The resulting suspension was filtered to remove the white solid. The filtrate was concentrated to 3 mL, poured in 20 mL absolute ethanol. After filtration, the resulting white precipitate was recrystallized through the diffusion of ethanol into an acetonitrile solution to yield white crystal (230.0 mg, yield 67.4%). 1 

Synthesis of KSi[N3DPA]-3

KSi[N3DPA]-3 was prepared according to a modified procedure of that published by Cronin, L and co-wokers 33 . KSi[N3]-3 (300.0 mg, 0.08 mmol) was dissolved in 10 mL dry DMF in a Schlenk tube under argon followed by the addition of propargyl DPA (76.0 mg, 0.32 mmol, 4.0 eq.) and DIPA (20.0 mg, 0.20 mmol, 2.0 eq.). After careful freeze-pump-thaw degassing with argon for 3 times, CuI (7.6 mg, 0.04 mmol, 0.5 eq.) was added. The mixture was heated at 50°C for 5 hours. The resulting dark green solution was precipitated with diethyl ether. The dark precipitate was centrifugated, the precipitate redissolved in 2 mL acetonitrile, which was ultrasonicated for 10 minutes, the resulting dark brown suspension was filtered, and In order to introduce a bioinspired tripodal ligand onto the surface of the POM and with a shorter link, an alternative direct functionalization relying on the use of tris(hydroxymethyl)aminomethane (H3Tris) was sought. In this approach, the tris moiety is first modified to incorporate the organic function of interest, and then grafted onto the surface of the POM.

Synthesis of H3Tris-DPA

Tris(hydroxymethyl)aminomethane (H3Tris) and 2-picolylchloride were associated here according to the synthesis route, which was published by Zhao, 1 (Scheme 4-1). H3Tris

reacted with 1.0 eq. of 2-picolylchloride in dry acetonitrile in the presence of potassium carbonate and potassium iodide. Thorimbert' s work. 3 A mixture of 1.0 eq. DV3 and 1.2 eq. H3Tris-DPA was dissolved in dimethylacetamide (DMAc), the resulting orange solution was heated with microwave at 80℃.

After 1 hour, the olive-green solution was precipitated in diethyl ether and a brown solid was obtained. The crude product was characterized with NMR. (abbreviated DV3DPA).

The single crystal was obtained via the diffussion of ethyl acetate into the DV3DPA acetonitrile solution. The preliminary crystal structure analysis (Figure 4-5) confirmed the grating mode and revealed that the regioselectivity of the substitution, as expected, at the three V-O-V bridging positions in the V3 cap of the POM. And the full structure including the counter ions need to be further dissolved. 

Functionalization of [P2V3W15O62] 9-with aliphatic tripodal ligand

In order to be able to tune the redox potential of the coordinated metal ion and thus tune its reactivity, we decided to synthesize an analogue of the TrisDPA POM by replacing the aromatic pyridine moieties with aliphatic amines.

Synthesis of H3Tris-DA-Boc

We first tried a direct functionalization of H3-Tris. However, all reactivities were hampered by the insolubility of the latter in most of the organic solvents. Thus, the aliphatic tripodal ligand was synthesized according to the route in Scheme 4-3.

Scheme 4-3 The synthesis route of the di-tert-butyl (((1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl)azanediyl)bis(ethane-2,1-diyl))dicarbamate (H3Tris-DA-Boc).

In order to improve the solubility for the following reductive amination in dichloromethane, the hydroxide groups of H3Tris are protected with tert-butyldimethylsilyl chloride (TBDMS-Cl) in the presence of imidazole, 5 resulting in 6-(((tertbutyldimethylsilyl)oxy)methyl)-2,2,3,3,9,9,10,10-octamethyl-4,8-dioxa-3,9-disilaundecan-6amine (TBDMS3Tris, yield 96.7%). Then we slightly modified the procedure by Shah et al 6 to perform the reductive amination. First, 1.0 eq. of TBDMS3Tris and 2.5 eq. of tert-butyl (2oxoethyl)carbamate, were mixed in dichloromethane for 0.5 h, followed by the gradually addition of 8.0 eq. sodium triacetoxyborohydride (NaBH(OAc)3), monitoring the reaction both by thin layer chromatography (TLC) and 1 H NMR of aliquots. The reaction was quenched with saturated sodium bicarbonate aqueous solution after overnight stirring at room temperature.

The resulting colorless oil was purified via silica gel column with cyclohexane/ethyl acetate as eluent, yielding 67.2% of a colorless oil. The TBDMS was removed by reaction with TBAF in THF, followed by silica gel column chromatography using chloroform/methanol as eluent to give 67.4% of the H3Tris-DA-Boc moiety. This colorless oil was redissolved in acetonitrile and crystallized out, to yield 73.2% of crystalline powder which was characterized by 1 H NMR in DMSO (Figure 456). X-ray single crystal structure analysis could be performed on one of these and confirmed the nature of the synthesized product (Figure 4567). 

Tetrakis(acetonitrile) copper(I) hexafluorophosphate

Cu(I) complex (DV3DPACu I ) was generated in situ by the addition of 1.0 eq. of tetrakis(acetonitrile) copper(I) hexafluorophosphate ([Cu(NCMe)4]PF6) into the ligand CD3CN solution in NMR tube under inert atmosphere without further purification. The 1 H NMR displays a clear low-field chemical shift of the grafted organic moiety compared to the free ligand. In the meantime, the 31 P NMR shows a slightly shift from -6.95 and -13.04 ppm to -6.92 and -12.98 ppm. To gain more insight into this coordination, a variable temperature 1 H NMR study was carried out. As the temperature decreased from 298 K to 233 K, the signals of the pyridine and triester are almost unchanged, while the signal of the CH2 linked to pyridine became more and more broad and seems to split into two symmetric peaks at 233K. This is classical of a diastereotopic differentiation of the two protons of the methylene of the DPA ligand at low temperature, while, when the temperature is high, a fast exchange of the two positions due to coordination and decoordination makes the two protons on the CH2 pseudo equivalent. This phenomenon is a clear indication that the Cu I is, as expected, coordinated to the tripodal site. In the case of the DV3DPACu(OAc), very similar waves are present in the CV when going to negative potentials, that we again associate with V centered redox processes. Besides, a new and quite broad redox process appears at 0.435 V/SCE when going back in oxidation. As the only change is the presence of the copper ion, it is associated with Cu(I) to Cu(II) process.

The initial wave associated with Cu(II) to Cu(I) reduction is very broad and hard to attribute, being already started at the resting potential of 0.34 V/SCE (the product in solution seems to be already partially reduced from Cu(II) to Cu(I) during the preparation of the experiment, which will be explained in the following section 4.5). Indeed, when a second cycle is recorded in the same CV (Figure 4-15 B), no obvious change occurs except for the observation of broad reduction wave starting at 0.46V/SCE and merging with the first V(V) reduction wave. The poor electrochemical reversibility of this process is quite common in copper chemistry and is related to the very different requirements in term of preferred geometries between Cu(I) and Cu(II). The redox potentials and peak to peak separation are summarized table 4-2. 

*ill-defined

Spectroelectrochemical studies of DV3DPACu(OAc)

The attributions in the CV are further confirmed by spectroelectrochemical studies performed on the complex. Upon stepwise reduction of the DV3DPACu(OAc) at more and more negative potentials, from 0. This is followed by a second evolution when reducing at -1.2 V/SCE, where a very broad and panchromatic (from 400 nm up to 1200 nm) absorption grows, associated with the detection of a second isosbestic point at 455 nm. Finally, a new species is generated when fixing the potential at -1.5 V/SCE, with essentially a growth around 500 nm this change is associated with an isosbestic point at 423 nm. Concerning these last three processes, reduction could either occur at the W or V centers. However, the first W(VI) to W(V) reduction in Dawson POMs is classically associated with metal to metal charge transfer bands and d-d transitions leading to a broad absorption growth around 850 nm with ε values of several hundreds, while the second process leads to a new band arising around 700 nm, with ε values of a few thousand. 11,12 Moreover, in mixed W/V oxoclusters, V(V) to V(IV) is usually observed at less negative potentials compared to W(VI) to W(V) processes. 10 Thus, and as proposed previously in agreement with the literature, we attribute the last two processes to V(V) to V(IV) reductions.

Photocatalytic activities investigation

4.5.1 Photo-redox property of DV3DPACu(OAc)

NMR evolution

Interestingly, an evolution of the NMR signatures is observed with time. While two new peaks are observed at -6.89 ppm and -12.99 pm in 31 P NMR, suggesting the formation of a new species, re-appearance in the proton NMR of the 6 peaks of the Tris-dipicolylamine organic moiety indicates the formation of a diamagnetic species (Figure 4567891011121314151617). As some POMs, like the metatungstate ion or some polyoxovanadate, were known in some instances to possess photoredox properties, [13][14][15] we wondered if photoreduction could have occurred.

Indeed, when irradiating the NMR tube with a more powerful light source, full conversion of the Cu(II)-complex into a diamagnetic species was observed within 60 minutes (Figure 4 Addition of a second equivalent of cobaltocene led to the disappearance of the two peaks in 31 P NMR, while the 1 H NMR shows a slight shift of the peak in the aromatic region, with some line broadening. Thus, and in agreement with the electrochemical studies, the second reduction most likely occurs on one of the V(V) of the polyoxometalate framework: the para-magnetism of the V(IV) formed would explain the disappearance of the 31 P NMR signals, while the organic moiety, situated further away from the paramagnetic center, would be less affected (see below for more evidences). 

Peracetic acid reoxidation

In order to get the analytic characterization of the fully oxidized species, peracetic acid In the meantime, the peaks at -6.92 & -13.01 ppm in 31 P NMR are fully converted to -5.96 & -12.63 ppm, with disappearance in the 1 H NMR of the diamagnetic peaks and increase of the paramagnetic peaks. This confirmed that the isolated complex is partially reduced, presumably due to light exposure upon treatment. Longer irradiation (over about one hour) lead to a second process (red to green evolution, Figure 4-20 B) where the absorption at 550 nm stays constant while an overall though modest increase from 600 nm to 1200 nm appears, with this change of species associated with the observation of an isosbestic point at 480 nm. This would correspond to the reduction of one V(V) to V(IV).

Finally, after 26h, a last major change, notably with a very important increase of the absorption around 700 nm, is observed and keeps on growing with overnight irradiation and new isosbestic point at 442 nm (green to blue evolution, Figure 4567891011121314151617181920). We propose that the latter originates from a second V(V) to V(IV) photoreduction.

EPR spectroscopy

In parallel, the oxidation states of the isolated, oxidized and irradiated products were studied by X-band EPR spectroscopy in frozen acetonitrile at 30 K. The spectrum of isolated fully oxidized DV3DPACu(OAc) anion can be reasonably simulated with a rhombic g-matrix (gx = 2.245, gy = 2.10, gz = 2.03) with hyperfine coupling of Ax = 485 MHz only detectable on the highest g-value, which is in agreement with a five coordinated Cu(II) ion in an intermediate geometry between bipyramid trigonal and square planar. 16,17 Upon irradiation of the sample, a diminution of the Cu(II) signal is observed, while in the meantime apparition of a new pattern, associate with an axial S = 1/2, I = 7/2 spin system with (g ⊥ = 1.97, A ⊥ = 180 MHz) and (g// = 1.92, A// = 500 MHz), and characteristic of the formation of an axial V(IV) species 18 arises. The simultaneous observation of the Cu(II) and V(IV) signals of the synthesized one agrees with the overlap of the Cu(II)/Cu(I) and V(V)/V(IV) reduction waves in the CV, whereby the vanadium starts to be reduced before all the Cu(II) has been converted to Cu(I). Finally, further irradiation leads to the progressive disappearance of the Cu(II) signal and concomitant increase of the V(IV) signals. Combining the NMR, UV-vis and EPR results clearly show that upon irradiation, DV3DPACu(OAc) is successively photoreduced by up to three electrons, with a first Cu(II) to Cu(I) reduction process followed by two vanadium-centered processes. Although electrochemical storage of up to 2 electrons has been proposed on polyoxometalates photoaccumulation of three charges has seldom been observed 19,20 and, to the best of our knowledge, three electron photoreduction on a POM-hybrid has so far not been described.

Photo-reduction of nitrite (NO2 -)

As we can photo-accumulate electrons on the DV3DPACu(OAc) through visible light irradiation, we wonder if these electrons could be further transferred to some substrates in a photocatalytic process. As in chapter 3, a possible target could be NO2 -reduction to nitric oxide. 21 In a preliminary study, we added TBANO2 into a an acetonitrile solution of partially reduced DV3DPACu(OAc) and followed the evolution of the 31 When using POMs like decatungstate (the most used one) as photosensitizer, as the proposed mechanism is that the excited POM is able to abstract a hydrogen atom. In the presence of reactive species able to trap the generated radical, this can be further used for hydrogen atom transfer (HAT) reactionin organic synthesis. 22 For example, as described in eqn ( 1) and ( 2), the photoexcited decatungstate catalyst (W10O32 4-*) abstracts a hydrogen atom from the alkane (RH), producing an alkyl radical (R • ) and the protonated reduced catalyst W10O32 5-H + . The resulting alkyl radical is subsequently trapped by an unsaturated substrate (C=C), yielding a new radical intermediate. This radical intermediate is then converted to the final product by reductive H

• donation from W10O32 5-H + (eqn (4)), in which the reduced catalyst is reoxidized to complete the catalytic cycle.

For nitrite reduction, we are instead interested in using the electron stored on the POM without interference of the electron source, and thus envisioned the using of a sacrificial electron donor. As POMs have been shown to photooxidize alcohols to ketone, 23 we choose isopropanol as an electron source.

We tried to photocatalysis of the 40 eq. TBANO2 with DV3DPACu(OAc) in the presence of 40 eq. of isopropanol in deuterium acetonitrile solution containing 40 eq. benzoic acid (PhCOOH) 21 as the proton source in inert atmosphere. After 14 hours irradiation, we can observe a quite intense acetone peaks (2.08 ppm in CD3CN) accounting for a turnover number (TON) up to 28. In order to determine if any NO was produced during this photoreduction process, we use the known NO complexation agent cobalt(II) meso-tetraphenylporphyrin (Co-TPP) which undergoes a highly characteristic shift in the position of its visible absorption band (λmax ∼ 530 nm) upon NO binding. 24,25 The photolysis are carried out in an airtight vial containing 2.0 mL acetonitrile dissolved 0. In order to quantitatively detect the amount of NO with gas chromatography (GC), a calibration curve was constructed with the reduction of sodium nitrite with ascorbic acid in glacial acetic acid/H2O as a NO source. 26 Then, in an airtight vial, TBANO2 (40eq.) was photo-irradiated in the present of PhCOOH (40 eq.) and isopropanol (40 eq. electron donner) with 0.004 mmol DV3DPACu(OAc) or DV3DPA as catalysts in 1.5 mL argon purged acetonitrile.

From the curve, at the beginning, the rate of the NO production of two systems are almost the same until around 90 mins. But with longer irradiation, DV3DPACu(OAc) was much faster than DV3DPA, and finally the yield of NO for the former was 2 times than with the later.

Surprisingly, the control group with only TBANO2, benzoic acid and isopropanol inside proved also able to produce NO, even at a more moderate rate and with almost no variation after 90 mins. From these photolysis results, DV3DPACu(OAc) seems to accelerate the nitrite photoreduction. In order to furtherly investigate the influence of the copper coordination in the process of photoreduction, we synthesized tris-methyl grafted POM TBA6[P2V3W15O62(TrisMe)] (DV3Me)

and applied it as a photosensitizer in the presence of Cu(OAc)2 in the nitrite photoreduction.

In parallel, these reactions were monitored by 1 Overall, these first results indicates that the POM is able to slightly accelerate the reaction, in a very moderate fashion while the isopropanol oxidation may process via different mechanism, I the presence or absence of POM. The exact role of the POM, as well of trying to optimize the reaction (changing the electron donor source for example) will require further investigation.

Photo-reduction of CF3 +

Incorporation of fluorine or fluorinated groups into molecules can greatly improve their efficiency in a variety of applications, ranging from drugs to material science. In particular, trifluoromethylation has proven an chosen way to improve the efficiency of agrochemicals such as pesticides or plant growth regulators as well as the pharmacokinetic and stability properties of medicinal molecules, or even to introduce Positron Emission Tomography radiotracers. [27][28][29][30][31] This has led to an intensive research on the incorporation of the CF3 moiety onto organic molecules, and especially of late to the catalysis of the direct C-CF3 bond formation, starting from halogenated C-X derivatives or even via direct activation of C-H bond. 32 A wide range of electrophilic, nucleophilic or even radical source of trifluoromethylation sources has allowed this field to blossom. [33][34][35] Several metals have shown great efficiency to catalyze this reaction, among which palladium, 36,37 nickel [38][39][40] and copper [41][42][43] play a significant role. Among the various proposed methodologies, MacMillan applied in 2019 copper/photoredox dual catalysis to achieve the trifluoromethylation of alkylbromides. 44 Taking advantage of the well documented ability of the decatungstate [W10O32] 4-polyanion (DT) upon irradiation to abstract hydrogen atoms and thus generate carbon centered radicals, [45][46][47] the same team successfully replaced the noble metal based iridium photosensitizer by DT, thus developing an approach relying on more abundant metal ions. 48 We thus tried to use the complex DV3DPACu(OAc) in the photoreduction of CF3 + to CF3 radical. To easily observe photogeneration of CF3 radical, we first tried to trap it with TEMPO radical (2,2,6,6-tetramethylpiperidine-N-oxyl radical). The obvious next step was thus to study the catalytic ability of this hybrid POM to photogenerate CF3-radicals. Indeed, when using only 5 mol % of POM complex to perform the same reaction, evolution of the 19 formed product could be identified as 3,3,3-trifluoro-1-phenylpropan-1-one. 43 Additional tiny peaks are also observed at -63.8 ppm, -63.9 ppm & -64.1ppm in 19 F NMR that we could not identify. The preliminary results above have proved that DV3DPACu(OAc) could be applied in the direct trifluoromethylation of styrene, not only stoichiometrically but also catalytically. Although the resulting products and the mechanism of the process need to be further investigated, it is possible for the system to be applied with some more valuable substrates. This study will need to be continued.

Electron source investigation

One question that arises from the former studies is the sacrificial source of electrons. Indeed, while in some studies, isopropanol was added to the system and some acetone detected after the irradiation the amount of the latter did not correlate well with the observed reactivity. Moreover, several experiments did work even without intentionally added electron donor. Whatever the conditions, we always observed an intriguing singlet at 9.6 ppm in 1 H NMR after the irradiation (e.g., Figure 4-24): we hypothesized that this could belong to hydrogen peroxide (H2O2) which could originate from H2O being oxidized and thus playing the role of electron donor.

In order to verify this, H2O2 (4.0 eq.) was added in the NMR tube after irradiation and a first NMR analysis, in order to see if the signal at 9.6 ppm would increase, thus confirming the identification. Unfortunately, in this case, the signal at 9.6 ppm completely vanished once the H2O2 was added. Based on that, we wondered if H2O2 was also consumed by the complex itself, so that we tested the stability of the H2O2 in the presence of DV3DPACu(OAc).

Under dark, 20 eq. of H2O2 was mixed with DV3DPACu(OAc) in CD3CN and monitored Then, the DV3DPACu(OAc) was applied to catalytically photoreduce CF3 + , which was proved to form CF3 radical that could be trapped by TEMPO. In this case, the importance of a covalent bond between the POM and the Cu complex has been clearly evidenced. This complex is thus a potential photocatalyst for trifluoromethylation of some more valuable substrates, as confirmed by preliminary results on the trifluoromethylation of styrene which need to be further investigated. A pending question remains the source of the electron in these processes.

In parallel, DV3DPACu(OAc) was applied to mimic the CuNIR to photoreduce nitrite (NO2 -). While the POM could accelerate a bit the reaction, the activity of the POM complex was almost the same with the mixture of DV3Me and Cu(OAc)2 in the presence of benzoic acid, and a covalent link did in this case not bring beneficial effects.

These first studies have revealed a photoactivity of the hybrid POM and shown some promising results, with possible synergy between the POM skeleton and the bioinspired complex through covalent grafting, For the next step, we would like to prepare the Cu complex with the aliphatic amine functionalized POM, DV3DA, to tune the redox properties of the POM complex, and study the effect of the coordination shell on this synergy and the reactivity.

Experimental section:

Synthesis of 2-(Bis-pyridin-2-ylmethyl-amino)-2-hydroxymethyl-propane-1,3-diol H3TrisDPA 
2-(Bis-pyridin-2-ylmethyl-amino)-2-hydroxymethyl-propane-1,3-diol (H3TrisDPA) was synthesized according to the modified protocol published by Zhao. 49 

Oxidation investigation of DV3DPACu I

There is still some Cu I species left after the addition of air saturated solution or bubbling air inside the solution, indicates the oxidation of DV3DPACu I is quite slow and the oxygen could 

General conclusion

Inspired by the catalytic mechanisms of metalloenzymes, POM was introduced to supply electrons and protons for the metal complexes. The covalent linker strategy is applied, in order to enhance the communication between the POMs and the metal complexes expecting the enhancement of catalytic properties. In this thesis, we first tried to covalently graft the organic moieties onto the POM surface to form the POM hybrid ligands followed by the complexation, and then to investigate the synergy between the skeletons and the metal complexes as well as the resulting catalytic activities.

First, various POM skeletons, here lacunary Keggin [PW11O39] 3-and trivanadate cap substituted Well Dawson [P2W15V3O62] 9-, have been chosen for covalent functionalization with the tripodal ligands using post-functionalization or direct-functionalization strategies. We have not only obtained the tripodal ligand functionalized hybrid POM which would be further applied to coordinated with metal ions, but also, we have expanded the methodology to functionalize the POM with polyamine including the synthesis and the purification process.

In chapter 2, in order to introduce two coordination sites onto the POM surface which could coordinate to two metals to form "diamond" complexes, we built a Keggin type platform, KSi[I]-1 containing two iodo-groups which could be potential leaving groups to perform nucleophilic substitution with tripodal ligand, DPA. Although there were indeed some variations of the spectroscopic signatures upon reaction, DOSY NMR experiment proved decisive to show that no substitution, but rather ion pairing, did occur.

We have several hypotheses for the failure of the nucleophilic substation and the During the exploration, we observe the existence of photoactivity of DV3DPACu(OAc) from the NMR evolution. We hypothesis that the V(V) is reduced by the irradiation and then one electron is transfer to the Cu(II) center resulting the formation of Cu(I). Indeed, the cyclic voltammetry shows the reduction potential of the Cu(II)/Cu(I) is quite close to the first V(V)/V(IV) reduction potential. Through monitoring with the UV-vis spectrum while irradiating DV3DPACu(OAc) in acetonitrile, we did conclude that not only was Cu(II) reduced to Cu(I), but also up to two more electrons could be stored via V(V) to V(IV) reductio processes, which correspond to a rare three electrons photoaccumulation on a POM derivative.

Furthermore, the DV3DPACu(OAc) was applied to catalytically photoreduce CF3 + , which was proved to form CF3 radical. This opens the road to potential photocatalysis for trifluoromethylation of some more valuable substrates, and the encouraging preliminary results on the trifluoromethylation of styrene have been obtained, that need to be further investigated. In the meantime, the electron source of the catalytic process still confuses us, although we hypothesis that the electron could come from H2O based on some undirected evidence.

Anyway, the photoactivity of the POM and bioinspired complex hybrid through covalent connecting, is proved to have electron communication between each other which is quite encouraging. The explorations of preparation of POM complexes and reactivity have opened a lot of perspectives. Such as aliphatic tripodal ligands functionalized DV3, DV3DA has been synthesized preliminary, with which we would like to prepare the Cu complex, DV3DACu(OAc) , and to see if the redox properties of the POM complex comparing to DV3DPACu(OAc) could be tuned or not, and then hopefully to introduce some more interesting properties and applications.

One of our initial targets was to graft the "diamond core" onto the surface of the POM. The obtained KSi[DPA]-3 through "click" reaction has, at the end of the day, provided us with three potential coordination sites instead of the only two expected, which did complicate its complexation studies. But its successful synthesis inspires us the potential grafting of some other ligands, such as bipyridine or its derivatives to form potential bi-coordinating sites ligands. En RMN 1 H, on observe notamment la disparition des pics de la DPA du ligand dans la zone aromatique classique, mais aussi l'apparition à des déplacements inhabituels 5(> 12 ppm et < 0 ppm) de pics pouvant être attribués à la DPA liée au Cu(II), ion paramagnétique. 
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 1 Figure 1-1 A) High-resolution x-ray structure of Deoxyhemerythrin and Oxyhemerythrin [Protein Data Bank ID: 1HMD & 1HMO], 6 B) the corresponding synthesized model complexes.5,7 
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 15 Figure 1-5 The two bioinspired tripodal N-donor Cu-complexes and the proposal Proton-Coupled-Electron transfer mechanism for the electrocatalytic reduction process of nitrite.17 
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 16 Figure 1-6 Polyoxoanion-forming elements.
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 17 Figure 1-7 The most common types of Polyoxometalates.
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 18 Figure 1-8 A) Cyclic voltammograms (ν = 200 mV s -1 ) for 25 [α-S2W18O62] 4-(0.50 mM) in CH3CN (0.1 M nBu4NPF6) at a GC macrodisc electrode (d = 1 mm); 24 B) Cyclic voltammograms for 0.50 mM [PW12O40] 3-in CH3CN containing 0.1 M n-Bu4NClO4.[CF3SO3H]/mM, (a) 0; (b) 5.0.25 

Figure 1 - 9

 19 Figure 1-9 The oxidation of methylarenes to benzaldehyde derivatives in aqueous sulfuricacid with H5PV2Mo10O40 cycling with electrolysis.26 

  they applied three components containing [Co4(H2O)2(PW9O34)2] 10-(Co-POM), [Ru(bpy)3] 2+ and peroxodisulphate (S2O8 2-) as a catalytic system for water oxidation. In this photocatalytic process, light induced oxidation of [Ru(bpy)3] 2+ in the presence of S2O8 2-to form [Ru(bpy)3] 3+ , in the meantime, water was oxidized by the Co-POM and electrons transferred to the oxidized [Ru(bpy)3] 3+ to reform the [Ru(bpy)3] 2+ to finish the cycle.

2 . 4 .

 24 who obtained anions of the composition [SiW11O39{O(SiR)2}] 4-, (-R = -Et, -Ph, -C3H5, -(CH2)3 NC), by reacting RSiCl3 with [SiW11O39] 8-in unbuffered solution. In 1991, three similar organosilyl groups were also attached to the trivacant Keggin α-A-[PW9O34] 9-to give rise to α-A-[PW9O34(SiR2)3] 3-under phase-transfer conditions with R2SiCl2. Organotin derivatives were first synthesized by Knoth 32 with several Keggin type POMs such as [SiW11O39] 8-: functionalization with R2SnCl3 gives [SiW11O39(SnR)] 4-(R= -CH3, -C6H5, -C3H5, -CH2CH2COOH) 3. Organophosphonoyl derivatives were synthesized by Hill and co-workers 33 by reaction between the monovacant species α-[SiW11O39] 8-or α-[PW11O34] 7-and PhPOCl2, resulting in the formation of the hybrids α-[(PhPO)2SiW11O39] 4-and α-[(PhPO)2PW11O39] 3- respectively. Another very frequent bridge is tris alkoxy which could be covalently grafted onto Anderson, and also trisvanadate substituted Dawson type POMs. In 1993, Hill and coworkers, 34 described the reaction between tris(hydroxyethyl) and [V3P2W15O59] 9-to form the tester bonds resulting in the [RC(CH2O)3HV3P2W15O59] 5-(R= -CH3, -NO2 and -CH2OH) derivatives. In 2002, Pierre Gouzerh and coworkers, 35 successfully prepared the Anderson [MMo6O18{(OCH2)3CR}2] 3-(M=Fe III , Mn III , Ni II , Zn II , R=CH3, NO2, CH2OH, functionalized on both sides.

  synthesized two mono-organotin functionalized Dawson POMs, α1-and α2-[P2W17O61{Sn(CH2)2COOH}] 7-with a terminal acetic acid group which could furtherly react with other organic moieties bearing amine or alcohol group through amidation or esterification in mild conditions.
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 1 Figure 1-10 Preparation of terminal acetatic acid group functionalized Well-Dawson platforms: α1-and α2-[P2W17O61{Sn(CH2)2COOH}] 7-.45 
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 1 Figure 1-11 A schematic presentation of liquid-crystalline polyoxometalate hybrids with WO6 indicated by gold octahedron and SiO4 indicated by pink sphere.38 
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 1 Figure 1-12 The synthesis route of NH2-terminated hybrid [γ-SiW10O36{O(Si(CH2)3-NH2)2}]4-and its psot-sulfonamidation.40 
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 1 Figure 1-13 Pd-catalyzed coupling of the iodo-functionalized hexamolybdate anion with alkynes.47 
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 1 Figure 1-14 Synthetic route to the organo-silyl POM-based hybrids from [PW11O39] 7-.48 

  for the first time applied "Click" reaction in the investigation of organic-inorganic hybrid POMs in mixture of acetonitrile and water solvent with CuSO4/Na ascorbate as catalyst. The precursors they used were azido/alkynyl organotin functionalized POMs which were water compatible. In 2009, Odobel and co-workers,51 described a family of Dawson-type POMs di-functionalized with organo-silyl or organo-phosphonyl azido moieties which were engaged in "Click" reactions in dry DMF with CuSO4/ascorbic acid as catalyst to attach organic chromophores with >80% yield.
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 1 Figure 1-15 The route for the preparation of the di-azido functionalized Well-Dawsonplatforms and the furtherly "Click" reaction with alkyne terminal organic moieties.51 
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 1 Figure 1-16 Combinations possible with AA couplings (between two identical functional groups) and AB couplings (between two different functional groups) shown for AndersonPOMs.[START_REF] Macdonell | Configurable Nanosized Metal Oxide Oligomers via Precise "Click" Coupling Control of Hybrid Polyoxometalates[END_REF] 

  successfully introduced one or two iodophenylimido ligands onto the hexamolybdate core prior to their post-functionalization with alkynes modified bis(terpyridine) through "Sonogashira" coupling. The resulting POM ligands were applied to the coordination of Fe 2+ and formation of transition-metal complexes of POM hybrids. The mono-functionalized one resulted in a dimer, while the di-functionalized one resulted in the formation of oligomers/polymers. This method could allow the rational design of catalysts or building blocks to prepare supramolecular structures. In 2016, Izzet and coworkers, reported a bis(terpyridine) post functionalized Dawson-type POMs building-block. Fe 2+ coordination driven could self-assembly results in the formation of discrete supramolecular triangles in a dissociating solvent like DMSO and dense monodisperse aggregates in less dissociating solvents like acetonitrile. The density of the self-assembly is controlled by adjusting the DMSO to acetonitrile ratio.[START_REF] Izzet | Hierarchical Self-Assembly of Polyoxometalate-Based Hybrids Driven by Metal Coordination and Electrostatic Interactions: From Discrete Supramolecular Species to Dense Monodisperse Nanoparticles[END_REF] 
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 15720 Figure 1-19 Synthesis of transition-metal complexes of POM hybrid-based ligands: dimer and polymer.[START_REF] Kang | Molecular and Polymeric Hybrids Based on Covalently Linked Polyoxometalates and Transition-Metal Complexes[END_REF] 

  they applied the Rh hybrid POM, {SiW11O39[O-(SiCH2CH2CH2PPh2)2(PPh3)Rh(I)Cl]} 4-, in the hydrogenation of alkenes. The higher catalytic activity of the Rh-POM complex compared to the complex alone was proposed to the grafted alkyl chains in the phosphine ligands improving stabilization of intermediate Rh III .
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 1 Figure 1-21 Synthetic Pathway for the preparation of the M-Salen-POM Compounds, M= Mn, Co, Ni and Pd.42 
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 1 Figure 1-22 Zinc porphyrin functionalized Well-Dawson POMs through A) rigid and B)

Figure 1 -

 1 Figure 1-23 Iridium (III) complex photosensor functionalized Well-Dawson and its photoactivity in the hydrogen evolution. A) Charge photo-accumulation occurring in the DSi[Ir] dyad; B) evolution of the differential visible absorption spectrum of a solution of DSi[Ir] (0.2 mM) in DMF containing Et3N (1 M) during photoirradiation under visible light.[START_REF] Matt | Charge Photo-Accumulation and Photocatalytic Hydrogen Evolution under Visible Light at an Iridium(Iii)-Photosensitized Polyoxotungstate[END_REF] 

  Chapter 2, I will present the exploration of nucleophilic substitution to function polyoxometalates based on (TBA)3[PW11O39{O(SiCH2I)2}] (KSi[I]-1) with bis(pyridine-2ylmethyl) (DPA). Chapter 3 is devoted to the synthesis of two kind of post-functionalized Keggin hybrid, (TBA)4[PW11O39(SnC6H4CCCH2N(CH2C5H4N)2)] (KSn[DPA]) and (TBA)3[PW11O39{O(SiCH2CH2 CH2N3CCHCH2NCH2C5H4N)2}] (KSi[N3DPA]-3) through

Scheme 2 - 4

 24 Scheme 2-4 The nucleophilic substitution of KSi[Cl]-1 with diethylamine and benzylamine.
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 21 Figure 2-1 1 H NMR spectrum of triethoxy(iodomethyl)silane (gray) and triethoxy(chloromethyl)silane (black) in CD3CN.
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 22123 Figure 2-2 A) 1 H NMR and B) 31 P NMR of KSi[I]-1 in DMSO-d6

Figure 2 -4 1 H

 21 Figure 2-4 1 H NMR of DPA in DMSO
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 25 Figure 2-5 IR spectrum (KBr) of the K7[PW11O39] (black), KSi[I]-1 (red), and the synthesized KSi[DPA]-1 (blue).
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 26 Figure 2-6 The Full range (A) and zoom of the SiCH2 (B) of the 1 H NMR and 31 P NMR(C) spectrum of precursor KSi[I]-1 (red) and the synthesized KSi[DPA]-1(blue).

  85 ppm could correspond to SiCH2 after the reduction of the POM skeleton. The association of the oxidation with the NMR signals was verified by the treatment of oxidizer, tetrabutylammonium tribromide (TBABr3), during the treatment.
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 2 Figure 2-7 the 1 H NMR of the resulting product with the addition of Et3N as the base
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 2 Figure 2-8 the 1 H NMR (in DMSO-d6) of the resulting product before (navy) and after (red) the treatment with TBABr3, insert: zoom
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 2 11), the diffusion coefficient of the DPA (~2.50×10 - 10 m 2 /s) is almost the same as that of TBA + (~2.40×10 -10 m 2 /s) and quite different from the possible "SiCH2" (~1.20×10 -10 m 2 /s). It indicated the DPA was not covalently grafted onto the POM at all and just acted like the cation as the TBA + .
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 2 Figure 2-10 The DOSY NMR (in DMSO-d6) of the synthesized KSi[DPA]-1.

synthesized 1 - 15 Scheme 2 - 9

 11529 Scheme 2-9 The synthesis of 1-(tri-ethoxy-silyl-propyl)-3-methyl-imidazolium chloride

Figure 2 -

 2 Figure 2-11 The evolution in 1 H NMR of synthesis of 1-(tri-ethoxy-silyl-propyl)-3-methylimidazolium chloride (gray) from the solvent-free reaction of (3-chloropropyl)triethoxysilane (black) and 1-methyl-1H-imidazole (NMI).
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 23 Figure 2-13 The 1 H NMR (A) 31 P NMR (B) of the direct-functionalization of KSi[NMI]-3 (red) in DMSO.

  To a mixture of K7[PW11O39] in H2O and N,N-bis(pyridin-2-ylmethyl)-3-(triethoxysilyl)propan-1amine dissolved in a minimum of acetonitrile, we added gradually 2.4 M HCl to adjust the pH to 1. Although this procedure also led to large amount of brown precipitate, interestingly, in IR (figure 2-14, black) of the precipitate, a clear Si-O-Si vibration at 1110 cm -1 can be observed together with the characteristic features of the POM skeleton around 900 cm -1 , suggesting at least partial grafting.
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 2 Figure 2-14 IR of the direct-functionalization of KSi[DPA]-3 in solvent CH3CN:H2O=10:1 (red) and CH3CN:H2O=1:15 (black) compared to the K7[PW11O39](gray).

Figure 2 -

 2 Figure 2-15 The 1 H NMR of the direct-functionalization of KSi[DPA]-3 in solvent CH3CN:H2O=10:1 (red) and CH3CN:H2O=1:15 (black) compared to the organic precursor N,N-bis(pyridin-2-ylmethyl)-3-(triethoxysilyl)propan-1-amine (gray).

  they successfully performed substitution reaction with the doubly iodide-functionalized Wells-Dawson-type [P2W17O62] 10-. They have proved that organosilyl-inserted [α2-P2W17O61] 10-could be stable in the nucleophilic substitution reaction. It encourages us to do further investigation on the nucleophilic substitution methodology of POM post-functionalization.

  0 g and 0.67 g TBABr were weighed and dissolved in 120 mL acetonitrile. Keep the solution at 0℃ and stir it for about 30 mins followed by adding 420 mg triethoxyl(iodomethyl)siline. Then adding 5 mL, 2.4 M HCl into the solution under 0℃ and keeping it at room temperature overnight. Filter the solution to remove the white solid and rotary evaporate the filtrate until about 5 mL and then precipitate the solution in 80mL ethanol.Wash the solid with 2*20 mL ethanol and 2*20 mL ether. And we get about 2.16 g light yellow powder. Yield 97.5%.1 H NMR (400 MHz, DMSO) δ 3.23 -3.10 (m, 24H), 2.15 -2.06 (m, 4H), 1.64 -1.52 (m, 24H), 1.32 (h, J = 7.4 Hz, 25H), 0.94 (t, J = 7.3 Hz, 36H). ESI-MS, detected: {TBA[PW11O39{O(SiCH2I)2}]} 2-at m/z= 1637.14, calculated m/z= 1637.15 Synthesis of bis(pyridin-2-ylmethyl)amine (DPA)

1 -

 1 Scheme 3-1 The synthesis route of I-iodo-4-(trichlorotin) Benzene and the proposal dimerization.

Figure 3 -

 3 Figure 3-1 1 H NMR monitor of the synthesis of I-iodo-4-(trichlorotin) Benzene from1-Iodo-4-(trimethyltin)benzene; and the distillation to remove the methyl derivatives.
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 32 Figure 3-2 Zoom of the aromatic region of 1 H NMR of the de-dimerization process. Bottom before and top after reaction with SnCl4. .
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 12 Scheme 3-2 The terminal alkyne modification of DPA to form N,N-bis(pyridin-2ylmethyl)prop-2-yn1-amine (propargyl DPA)
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 3 Figure 3-3 1 H NMR of propargyl DPA

Figure 3 -

 3 Figure 3-4 1 H NMR and 31 P NMR (insert) of KSn[I] in CD3CN.

  -5), the signals of the organic moiety are quiet broad which makes it hard to analyze. This may come from the coordination of Cu or Pd to the DPA or protonation of the organic moieties.
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 35 Figure 3-5 The deprotonation of synthesized crude KSn[DPA] with TBAOH.
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 3 Figure 3-6 1 H NMR (in CD3CN) of KSn[DPA] after the treatment with TBAOH, produced with different ratio of KSn[I] and propargyl DPA 1:2, 1:3 and 1:4 in presence of 16% CuI, 12% Pd(PPh3)2Cl2 and 20 eq. TEA in DMF.
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 3 Figure 3-7 1 H NMR and 31 P NMR of KSn[DPA] after purification in CD3CN.
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 38 Figure 3-8 The ESI-MS of KSn[DPA] which gives the formular {HKSn[DPA]} 3-.

  03ppm) connecting the nitrogen to the pyridine in the DPA ligand into a doublet of doublet (4.37 ppm and 4.16 ppm, J = 83.0 Hz). This indicates that the two diastereotopic hydrogens have been differentiated upon coordination of Zn 2+ .19 

Figure 3 - 9

 39 Figure 3-9 The 1H NMR variation of the KSn[DPA] complexation process with ZnCl2.

Figure 3 -

 3 Figure 3-10 The UV-vis titration of 1.0 mM CuCl2 with KSn[DPA].

  more POM solution was added, there is new evolution which probably arise from the added absorbance of the free ligand. The slop of the titration (Figure3-11 insert) indicated this is 1:1 complexation.

Figure 3 -

 3 Figure 3-11 The UV-vis titration of the complexation of 1.0 mM Cu(OAc)2 with KSn[DPA].Insert : evolution of the absorbance at 664 nm as a function of POM/Cu ratio

Figure 3 -

 3 Figure 3-12 UV-vis spectrum of the crude complex (black) and after being isolating with ethanol (red).

Figure 3 -

 3 Figure 3-13 The 31P NMR of KSn[DPA]@Cu(OAc)2 after the treatment with ethanol (black), ethyl acetate (red), dichloromethane (green) and THF (blue); add ~0.5 eq. Cu(OAc)2 based on the THF treatment (purple).

Figure 3 -

 3 Figure 3-14 The 31 P NMR of the complex precipitated with THF (black); after the addition

Figure 3 -

 3 Figure 3-15 The normalized infrared spectrum of precursor platform KSn[I] (black), the ligand KSn[DPA] (red) and the complex KSn[DPA]@Cu(OAc) (blue).

Figure 3 -

 3 Figure 3-16 Cyclic voltammogram of 1.0 mg/mL solution of KSn[DPA] @Cu(OAc)2 with different scan windows:1) 0.5 to -0.7 V (blue); 2) 0.5 to -1.3 V (red); 3) 0.5 to -1.8 V (black) in MeCN containing 0.1 M of TBAPF6, scan rate: 100 mV/s, working electrode: glassy carbon, reference electrode: SCE.

  -17 A ). The current of every wave in function of the square root of the scan rate, and the fitting slops are linear (Figure 3-17 B), which indicates every species is freely diffusion controlled. Thus, the re-oxidation wave at -0.41 V cannot be due to some electrode deposition of a Cu(I/0) reduction product, and thus is probably associated with some reorganization of the hybrid-POM structure upon reduction.

Figure 3 -

 3 Figure 3-17 A) Cyclic voltammogram of 1.0 mg/mL solution of KSn[DPA]@Cu(OAc)2 in MeCN containing 0.1 M of TBAPF6, scan rate: 50, 100, 200, 400 mV/s, working electrode: glassy carbon, reference electrode: SCE; B) the slop of current in function of square root of scan rate.

Figure 3 -

 3 Figure 3-18 the UV-vis spectrum of 0.5 mM KSn[DPA]@Cu(OAc)2 in the present of A) 1, 3, 5, 10, 20 eq. and B) 10, 20, 50 and 100 eq. TBANO2.

Figure 3 -

 3 19 (black) shows the spectrum of isolated KSn[DPA]@Cu(OAc)2 anion which can be reasonably simulated with an almost axial g-matrix (gx=2.23, gy=2.07, gz=2.05) with hyperfine coupling of Ax= 550 MHz only detectable on the highest g-value, which is in agreement with a four or five coordinated Cu(II) ion in a geometry close to square planar or square pyramidal (two acetate coordinated).30,31 Upon the addition of the TBANO2, a clear evolution of the spectrum occurred toward a more rhombic system. The significant shift of the g-value (gx=2.25, gy=2.18, gz=2.035) and A-values (450 MHz), together with the detection of some superhyperfine structure on the z-line (A estimated to 60MHz) clearly indicated substitution of acetate by nitrite on the copper (II) center.

Figure 3 -

 3 Figure 3-19 The EPR spectrum of 0.5 mM KSn[DPA]@Cu(OAc)2 in the presence of 0, 1, 3, 5, 10, 20 and 50 of TBANO2

Figure 3 -

 3 Figure 3-20 IR of the isolated titration product of KSn[DPA]@Cu(OAc)2 (green) with TBANO2.

Figure 3 -

 3 Figure 3-21 Cyclic voltammogram of A) 0.45 mM solution of KSn[DPA]@Cu(OAc)2 in the

Figure 3 -

 3 Figure 3-22 Cyclic voltammogram of 0.45 mM solution of KSn[DPA]@Cu(OAc)2 and propargyl DPA@Cu(OAc)2 respectively, with or without the presence of 150 eq. TBANO2

TBA3[

  scheme 3-6.

Figure 3 -

 3 Figure 3-23 the 1 H NMR of the 3-azidopropyl triethoxysilane (red) and the precursor 3chloropropyl triethoxysilane (CDCl3)

  used CuAAC reaction for the first time in polyoxometalate chemistry to graft organics to organotin Keggin and Dawson polyoxotungstates to generate hybrids. The initial reactions were carried out following the typical CuSO4/sodium ascorbate modified procedure in which they applied 1 full equivalent of CuSO4 to overcome the low reactivity because of possible ion-pairing of POM with the copper cations. Following this study, several other works with minor modifications on the synthetic protocols have been reported. Odobel and co-workers8,34 successfully covalently connected porphyrin and Dawson POM through the "click" reaction to study the intramolecular electron transfer systems and artificial photosynthesis.Inspired by these successful cases, we have tried to graft the DPA to the Keggin POM through the "click" reaction using the CuSO4/sodium ascorbate protocol to form (TBA)3[PW11O39O{SiCH2CH2CH2N3CCHCH2N(CH2Py)2}2] (abbreviated as KSi[N3DPA]-3)from KSi[N3]-3. First, 2.0 eq. CuSO4 and 8.0 eq. propargyl DPA were dissolved in DMF resulting in blue suspension and then mixed with colorless POM DMF solution. Upon addition of sodium ascorbate aqueous solution, the mixed blue suspension turned from slightly blue to green and finally to dark brown solution. The resulting dark brown solution was precipitated in ethanol after overnight stirring at room temperature and dark brown gel was obtained which was characterized by IR. Indeed, the proportion of the characteristic azido absorption around 2096 cm -1 (Figure3-25, blue) got smaller, compared to the precursor (Figure3-25, black). It indicated the "click" reaction did occur. But unfortunately, the 1 H NMR spectrum showed us broad and weak signals around 8 ppm, so that the characteristic triazole peak around 8 ppm could not be identified, which could be resulted by the coordination to the paramagnetic Cu 2+ .

Figure 3 -

 3 Figure 3-26 The 1 H NMR of the crude product with CuSO4/sodium ascorbate: KSi[N3]-3 = 0.2/2.0:1 catalytic system (red) and the treated with NaS2NEt2 (pale red).

Figure 3 -

 3 Figure 3-28 IR monitor of the "click" between KSi[N3]-3 and methyl propiolate in the presence of different amount of DIPA 2.0 eq. (black), 4.0 eq. (red) and 8.0 eq (blue) at room temperature.

Figure 3 -

 3 Figure 3-29 IR monitor of the "click" between KSi[N3]-3 and methyl propiolate in the

Figure 3 -

 3 Figure 3-30 The IR spectrum of the synthesis of KSi[N3DPA]-3 with 1.0 eq. of CuI and

Figure 3 -

 3 Figure 3-31 the 1 H NMR of the synthesis KSi[N3DPA]-3 with 1.0 eq. of CuI and 2.0 eq.

  This was further confirmed by DOSY NMR. The result showed us the propylene and pyridine have similar diffusion coefficients, ~1.1 ×10 -10 m 2 /s and ~1.2 ×10 -10 m 2 /s respectively, moreover in line with the methylene peaks of KSi[I]. The diffusion coefficients of the TBA + , ~2.5 ×10 -10 are somewhat larger.

Figure 3 -

 3 Figure 3-32 the DOSY NMR of the crude KSi[DPA]-3.

Figure 3 -

 3 Figure 3-35 the optimization of the amount of CuI in the "click" reaction of KSi[N3]-3 and propargyl-DPA.

  complexation of copper acetate was carried out with KSi[N3DPA]-3. A copper acetate acetonitrile solution was titrated with KSi[N3DPA]-3 and monitored using UV-vis spectroscopy. A diminution of the characteristic absorption of copper acetate in acetonitrile at 670 nm upon the gradual addition of KSi[N3DPA]-3 was observed, with a new band growing at 847 nm. Four isosbestic points at 376, 471, 566 and 803 nm are present from the addition of 0 eq. to 0.60 eq. of KSi[N3DPA]-3. However, the slope (Figure 3-36 B) shows the complexation process is finished upon 0.35 eq. of KSi[N3DPA]-3 added which indicates one KSi[N3DPA]-3 ligand could coordinate 3 copper ions. It is quite unexpected, as this suggests additional coordination sites besides the two DPA moieties.

Figure 3 -

 3 Figure 3-36 The UV-vis titration of 0.50 mM Cu(OAc)2 with KSi[N3DPA]-3 in acetonitrile and the slope at 670, 847 and 961nm.

Figure 3 -

 3 Figure 3-37 A possible coordination structure of KSi[N3DPA]-3@Cu(OAc)2.

1 H

 1 NMR (300 MHz, CDCl3) δ 7.73 -7.61 (m, 2H), 7.33 -7.10 (m, 2H), 0.29 (s, 9H) 1-Iodo-4-(trimethyltin)benzene (12.30 g, 33.5 mmol, 1.0 eq.) was put in a sealed reactor in presence of tin(IV) chloride (31.5 mL, 131 mmol, 8 eq.) under argon atmosphere. The resulting solution was heated at 120°C for 2 hours. The crude was directly evaporated under vacuum at 70-90 ℃ to remove all side products based on tin methyl derivatives produced during the reaction. The remaining residue was used without further purification. Yield 12.60 g, 87.6%. 1 H NMR (400 MHz, CDCl3) δ 8.04 -7.87 (m, 2H), 7.56 -7.30 (m, 2H). Synthesis of N,N-bis(pyridin-2-ylmethyl)prop-2-yn1-amine (propargyl-DPA)

Figure 3 - 2

 32 Figure 3-38 the IR spectrum of the isolated KSi[N3DPA]-3@Cu(OAc)2

Figure 3 - 2 A

 32 Figure 3-39 The 1 H NMR of 2-azidoethyl triethoxysilan (red) and the precursor 2chloroethyl triethoxysilan (black) in CD3CN .

Figure 3 - 2 Figure 3 - 2

 3232 Figure 3-40 ESI-MS of KSi[N3]-2

Figure 3 -

 3 Figure 3-42 The 1 H NMR (A) and 31 P NMR (B) of (KSi[N3DPA]-2) (red) in DMSO.

Figure 3 -

 3 Figure 3-43 The IR spectrum of KSi[N3]-2 (blue) and KSi[N3DPA]-2 (red).

Scheme 4 - 1

 41 Scheme 4-1 The synthesis route of 2-(bis(pyridin-2-ylmethyl)amino)-2-(hydroxymethyl)propane -1,3-diol (H3Tris-DPA) and its crystal structure representation.

Figure 4 - 4 . 1 . 2

 4412 Figure4-1 A)1 H NMR and B)13 C NMR of H3Tris-DPA (in DMSO).

Figure 4 - 2

 42 Figure 4-2 Comparison of the 31 P NMR (CD3CN) in the synthesis of DV3DPA (blue) from DV3 (gray).

Figure 4 - 3 : 1 H

 431 Figure 4-3: 1 H NMR in CD3CN of DV3DPA after treatment

Figure 4 - 4

 44 Figure 4-4 The ESI-MS of DV3DPA which gives the formular {TBAH[P2V3W15O62(Tris-DPA)]} 4-

Final

  R indexes [I>=2σ (I)] R1 = 0.1001, wR2 = 0.2097 Final R indexes [all data] R1 = 0.1567, wR2 = 0.2400 Largest diff. peak/hole / e Å -3 3.07/-2.80

Figure 4 - 5

 45 Figure 4-5 Molecular structure of [P2V3W15O62(TrisDPA)] 6-. Ball and stick: gray C, blue N, red O. pink P, orange V, pale blue W.

Figure 4 -

 4 Figure 4-6 1 H NMR of H3Tris-DA-Boc in DMSO.

Figure 4 - 7 Figure 4 - 8

 4748 Figure 4-7 Crystal structure of the molecular H3Tris-DA-Boc

Figure 4 - 9 :

 49 Figure 4-9: UV vis titration of DV3DPA (1.0 mM) with increasing amount of Cu(OAc)2.Insert: evolution of the absorbance at 540 nm and 690 nm with the number of equivalents of added copper ion.

Figure 4 -

 4 Figure 4-10: ESI-MS spectrum and attribution of various peaks of trianionic species derived from the DV3DPACu(OAc) anion Table 4-1 The main peaks of trianionic species derived from the [DV3DPACu II ] 4-anion

Figure 4 -

 4 Figure 4-11 the IR of DV3 (gray), DV3DPA (navy blue) and DV3DPACu(OAc) (red). The arrowss point out the absorption of acetate 1572 cm -1 and 1447 cm -1

Figure 4 -

 4 Figure 4-12 The 1 H NMR (CD3CN) of the DV3DPACu(OAc); insert: The variation of the 31 P NMR (CD3CN) in the synthesis of DV3DPACu(OAc) (red) from DV3DPA (navy blue).

Figure 4 -

 4 Figure 4-13 A) The 1 H NMR (CD3CN) of the DV3DPACu I , insert: the variation of the 1 H NMR from DV3DPA (blue) to DV3DPACu I (black); B) The variation of the 31 P NMR (CD3CN) from DV3DPA (blue) to DV3DPACu I (black).

Figure 4 -

 4 Figure 4-15: A) Cyclic voltammograms of DV3DPA (black) and DV3DPACu(OAc) (red) at 1.0 mmol.L -1 in CH3CN containing 0.1 mol.L -1 TBAPF6 and v = 100 mV s -1 . B) Cyclic voltammograms of DV3DPACu(OAc) first cycle (dash) and second cycle (solid).

  2 V/SCE down to -1.5 V/SCE applied potentials, various new signatures are observed. The first reduction process, associated with an electrolysis at about -0.65 V/SCE (resting potential at 0.21 V/SCE) corresponds to a progressive disappearance of the very weak transition at 690 nm associated with the Cu(II) d-d transition, and the apparition of an isosbestic point at 575 nm: this agrees with an initial reduction of Cu(II) to Cu(I).

Figure 4 -

 4 Figure 4-16 : UV-vis evolution upon electrochemical reduction of a 0.2 mmol -1 solution of DV3DPACu(OAc) in CH3CN /0.1M TBABF4 electrolyte from 0.2 V/SCE to -1.5 V/SCE. The arrows describe the successive evolutions upon change in the signature of the reduced species, with stationary forms highlighted in red (1e -reduced signature), green (2e -), blue (3e -).

- 17 d

 17 ). In parallel, addition of one equivalent of cobaltocene as chemical reducing agent into a freshly prepared solution of the DV3DPACu(OAc) anion resulted in the same1 H NMR (Figure4-17 e) and31 P NMR signature, thus confirming the reduction of the complex, presumably from Cu(II) paramagnetic, to Cu(I) diamagnetic. These signatures are also similar to those of the Cu(I) complex previously generated in situ under inert atmosphere, ( § 4.3.2 and Figure4-17, g).

Figure 4 - 1 H

 41 Figure 4-17: A) 1 H NMR spectra and B) 31 P NMR of a) ligand DV3DPA (gray), b) freshly synthesized DV3DPACu(OAc) (red), c) after evolution in the NMR tube (blue), d) after irradiation with a Xenon lamp (>385nm, 75 μWcm -1 ) (green), e) upon reduction with 1.0 eq.

(

  CH3COOOH) was used as an oxidant. Progressive addition of CH3COOOH on a solution of DV3DPACu(OAc) in ACN led to an increase of the band around 680 nm which is attributed to the d-d transition of the Cu II complex.

Figure 4 -

 4 Figure 4-18 UV-vis spectrum of the DV3DPACu(OAc) (1.0 mM) with the titration of peracetate acid from 0 to 2.2 eq.

Figure 4 -

 4 Figure 4-19 1 H NMR and 31 P NMR of DV3DPACu(OAc) before (gray) and after (red) being oxidized by peracetate acid 2.0 eq.

Figure 4 - 20 :

 420 Figure 4-20: Evolution of the UV-VIS signature of a 0.2 mM solution of DV3DPACu(OAc) in acetonitrile upon visible light irradiation. Arrows highlight the successive changes of species associated with photoreduction of the complex by 1, 2 or 3 electrons.

Figure 4 - 21 :

 421 Figure 4-21: The EPR spectrum of 0.2 mM DV3DPACu(OAc) in acetonitrile: oxidized with 2.0 eq. of peracetate acid (black); synthesized one (red) and irradiated with visible light for 1h (blue).

  P NMR: upon addition of NO2 -, the relative intensity of the signals characteristic of the Cu(I) form at -6.92 ppm & -13.01 ppm decreased while those of the Cu(II) form at -5.96 ppm & -12.63 ppm increased (Figure 4-15), indicating that the Cu(I) species was oxidized to Cu(II) in the presence of NO2 -, in the meantime, the NO2 -might get reduced. However, when this solution is subsequently irradiated with visible light, the signal of Cu(II) species diminished again. These encouraging results suggest that DV3DPACu(OAc) could indeed be a potential catalyst to photoreduce the nitrite.

Figure 4 -

 4 Figure 4-15 The 31 P NMR of the partly photo-reduced DV3DPA{Cu II (OAc) (black), after addition of TBANO2 (red) and following irradiation (blue).

Figure 4 -

 4 Figure 4-16 The 1 H NMR of DV3DPACu(OAc) (1.0 mM) in the presence of 40 mM of TBANO2, PhCOOH and isopropanol before and after irradiation with visible light (>382 nm).

  5 mM DV3DPACu(OAc) , 40 mM PhCOOH and TBANO2 under argon. The vial containing Co-TPP in dichloromethane is left open at the top of the headspace, so that the produced NO gas could diffuse into the Co-TPP solution without mixing with the reaction solution. The absorption around 530 nm shifts from 527 nm to 539 nm, which strongly indicates the production of NO.

Figure 4 -

 4 Figure 4-17 The UV-vis spectrum of 0.08mM Co-TPP to detect the production of NO in the photoreduction of TBANO2 (40 mM) with DV3DPACu(OAc) (0.5 mM) in the presence of PhCOOH (40 mM).

Figure 4 -

 4 Figure 4-18 Amount of photo-produced NO from TBANO2 (108 mM) in 1.5 mL acetonitrile with or without the catalyst DV3DPACu(OAc) (2.67 mM) or DV3DPA (2.67 mM) in the presence of benzoic acid (40eq. 108 mM) and isopropanol (40eq. 108 mM) in function of irradiation time.

  photo reduction of the nitrite. Indeed, the amount of NO (data vacu) produced with Cu(OAc)2 salt as catalyst was almost the same with DV3DPACu(OAc) or the mixture of DV3Me and free Cu(OAc)2.

Figure 4 -

 4 Figure 4-20 The 1 H NMR of DV3DPACu(OAc) (black), the mixture of DV3Me and free copper acetate (red) and the copper acetate alone (navy blue) in the presence of benzoic acid and isopropanol after 1.5 hours irradiation with visible light.

Figure 4 -

 4 Figure 4-21 1 H NMR spectrum in CD3CN of TEMPO trapping experiments for the generation of CF3 radicals with the DV3DPACu(OAc) : TEMPO: Togni II = 1: 1: 1.

Following

  the same reaction by EPR, the initial triplet signal of TEMPO at g= 2 was replaced by the signature of the DV3DPACu(OAc) anion (Figure4-22). Further irradiation led, as previously observed, to the diminution of the Cu(II) signature and the progressive apparition of the V(IV) signal, indicating that the POM did retain its integrity.

Figure 4 -

 4 Figure 4-22 EPR spectrum (X-band 9.4GHz 30K) in acetonitrile of TEMPO trapping experiments for the generation of CF3 radicals with the DV3DPACu(OAc) : TEMPO : Togni II = 1: 1: 2 after 0-(blue), 0.5-(green) and 1-hour (red) irradiation with visible light (> 382 nm).

F

  photoactive POM skeleton and the copper ion and thus improved efficiency.
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 4455 Figure 4-23 Evolution of the conversion of Togni reagent to TEMPO-CF3 followed by

Figure 4 -

 4 Figure 4-24 1 H NMR and 19 F NMR of the reaction of trifluoromethylation of styrene in the ratio of DV3DPACu(OAc): styrene: CF3 + = 1: 1 :4 in CD3CN after 0-, 2-and 4-hour irradiation with visible light ( > 382 nm).

Figure 4 -

 4 Figure 4-25 Evolution of the 19 F NMR as a function of the ratio styrene to Togni II 1:1, 1:4 (red), 10:10 (green), 4:2 (blue).

with 1 H

 1 NMR in function of incubation time. After 3 hours, the signal of H2O2 at 8.58 ppm was almost gone (Figure 4-33, A), which indicated the POM complex can decompose the H2O2 quite efficient even in the dark. Interestingly, this process is accelerated under irradiation, as the H2O2 signal vanished completely within 1 hour. In contrast, in the presence of DV3Me without copper (Figure 4-33, B), there was no disappearance of the H2O2 peak. And also in the [Cu(OAc)2+DPA] case (Figure 4-33, c), there was no significant diminish (~15%).

Figure 4 - 4 . 6

 446 Figure 4-33 1 H NMR monitoring the incubation processes of 20 eq. H2O2 and A)

  not oxidize it completely. But once the addition of H2O2, the diamagnetic signals completely vanished.

Figure 4 -

 4 Figure 4-34 The oxidation of DV3DPACu I with air.

Figure 4 -

 4 Figure 4-35 UV-vis titration of DV3DPA and DV3 with Cu(ClO4)2

Figure 4 -

 4 Figure 4-36 The GC calibration curve of NO produced from the reduction of sodium nitrite with ascorbic acid in the presence of glacial acetate acid.

Figure 4 -

 4 Figure 4-37 1 H NMR of TBDMS3Tris in CDCl3.

  Synthesis of DV3DAA mixture of 495 mg DV3 and 36.6 mg (1.2 eq) H3Tris-DA-Boc were dissolved in 5 mL DMAc in a Schlenk tube under argon. The orange solution was heated with microwave at 80℃ for 1 hour. The resulting olive solution was precipitated in 40mL diethyl ether. The brown precipitate was redissolved in 10 mL acetonitrile followed by the addition of 1.5 mL TFA and ultrasonication for 2 hours. The resulting yellow-green solution was precipitated in 40 mL diethyl ether and wash with 2*20 mL diethyl ether. The obtained ~400 mg brown solid was dispersed in 10 mL acetonitrile followed by the addition of TBAOH (~240 μL 1.0 M in methanol) to make the solid dissolved. The resulting brown-greenish solution was precipitate with 30 mL diethyl ether and washed 2*20 mL diethyl ether, yield 232.4 mg, 53.3%.1 H NMR (400 MHz, CD3CN) δ 6.77 (NH), 5.53 (O-CH2-C-), 3.35 (-NH-CH2CH2-N-),3.20 (-NH-CH2CH2-N-, overlapped by TBA signal), 3.20, 1.67, 1.60, 1.03 (TBA). 31 P NMR (162 MHz, CD3CN) δ -7.12, -12.79.

Figure 4 -

 4 Figure 4-39 The ESI-MS of DV3DA which gives the formular {H3[P2V3W15O62(Tris-DA)]} 3-

corresponding improvements: 1 )

 1 Steric hindrance: the short methylene spacers result in the substitution sites quite near to the POM framework, that lead to the DPA could not get close to the sites. To overcome the steric hindrance, we need to prolong the spacers to ethylene or propylene or change it to other types of linkers. 2) Protonation of DPA: it results in the decrease of nucleophilic capability and being electrostatically attracted by the reduced POM. In the very recent work of Parac-Vogt, they successfully performed nucleophilic substitution of the doubly iodide-functionalized Wells-Dawson-type [P2W17O62] 10-with various primary and secondary amines. They have proved that organosilyl-inserted [α2-P2W17O61] 10-could be stable in the nucleophilic substitution reaction. It encourages us to do further investigation on the nucleophilic substitution methodology of POM post-functionalization. In chapter 3, we have used two different coupling reactions to perform the postfunctionalization of Keggin polyoxometalates with the tripodal organic ligand propargyl-DPA.The first POM-ligand relies on "Sonogashira" coupling and has afforded POM ligand (KSn[DPA]) successfully which has been well characterized, and a corresponding Cu complex (KSn[DPA]@Cu(OAc)2) has been prepared. This route can be easily extended with the "propargyl approach" to numerous N based ligands. Unfortunately, the first reactivity trial, nitrite reduction, has not given the expected results, but this exploration of hybrid POM complexes and reactivity has opened a lot of perspectives.In order to investigate the "click" reaction on POM functionalization, we have prepared a new azido-functionalized precursor, KSi[N3]-3. Through optimizing the "click" conditions, we have successfully obtained a bi-DPA functionalized POM ligand, KSi[DPA]-3. First complexation studies suggest that the triazole ring might interfere with the coordination process. The multi-potential coordinate sites could be applied to mimic multi-metal sites enzymes.In chapter 4, we have directly grafted the aromatic tripodal ligand onto the trivanadate cap substitute Dawson POM, TBA5H4[P2V3W15O62] (DV3) to form DV3DPA which is characterized by NMR, ESI-Mass. We have prepared the corresponding Cu complex DV3DPACu(OAc) with DV3DPA and Cu(OAc)2, which has been well characterized through UV, NMR, ESI-Mass and elemental analysis.

Figure 1 -

 1 Figure 1-1 A) Structure de la désoxyhémérythrine et de l'oxyhémérythrine [PDB ID : 1HMD & 1HMO], B) complexes modèles correspondants.

Figure1- 2

 2 Figure1-2 Zoom de la structure cristalline de la formate déshydrogénase (Fdhs) oxydée contenant du molybdène/tungstène [PDB ID : 1H0H]; Entouré en rouge : relais électroniques.

Figure 1 - 5

 15 Figure 1-5 Les deux complexes tripodes de Cu donneurs de N bioinspirés et la proposition de mécanisme de transfert de protons couplés à des électrons pour le processus de réduction électrocatalytique du nitrite.

Figure 1 - 8

 18 Figure 1-8 Voltammogrammes cycliques d'une solution 0.50 mM [PW12O40] 3-dans CH3CN contenant 0.1 M n-Bu4NClO4., [CF3SO3H] (a) 0 mM ; (b) 5.0 mM

Figure 1 -

 1 Figure 1-12 Etape 1 : synthèse de la plateforme à terminaison amine [γ-SiW10O36{O(Si(CH2)3NH2)2}] 4-. Etape 2 sa post-sulfonamidation.

Figure 1 -

 1 Figure 1-14 Voie de synthèse d'hybrides organo-silylés.

Figure 1 -

 1 Figure 1-15 La voie de préparation des plates-formes de Well-Dawson fonctionnalisées par des di-azido et la réaction "Click" ultérieure avec des fragments organiques à terminaison alcyne.

Figure 1 -

 1 Figure 1-17 Substitution nucléophile d'hexamolydate fonctionnalisé par du chloropropyle.

Figure 1 -

 1 Figure 1-21 Voie de synthèse pour la préparation des composés M-Salen-POM, M= Mn, Co, Ni et Pd.

Figure 1 -Chapitre 2 Schéma 2 - 2

 1222 Figure 1-23 Hybride de POM de type Well-Dawson fonctionnalisé par un complexe d'iridium (III) et sa photoactivité dans l'évolution de l'hydrogène. A) Photo-accumulation de charges se produisant dans la dyade DSi[Ir] ; B) évolution du spectre d'absorption différentielle dans le visible d'une solution de DSi[Ir] (0,2 mM) dans du DMF contenant Et3N (1 M) pendant la photo-irradiation sous lumière visible.

Figure 2 - 1 1 204 Figure 2 Figure 2 - 6 Figure 2 -Chapitre 3 : 3 . 1 Figure 3 -4 1 H

 211204226233131 Figure 2-1 Spectre RMN 1 H du triéthoxy(iodométhyl)silane (gris) et du triéthoxy(chlorométhyl)silane (noir) dans CD3CN.

Figure 3 -

 3 Figure 3-34 Comparaison de la RMN 1 H et de la RMN 31 P des KSi[N3DPA]-3 (noir) et KSi[N3]-3 (rouge) purifiés.

Figure 3 -

 3 Figure 3-36 Le titrage UV-vis de 0,50 mM Cu(OAc)2 avec KSi[N3DPA]-3 dans l'acétonitrile et la pente à 670, 847 et 961nm.

Figure 3 -Chapitre 4

 34 Figure 3-37 Une structure de coordination possible de KSi[N3DPA]-3@Cu(OAc)2.

Figure 4 -Figure 4 - 3

 443 Figure 4-1 A) RMN 1 H et B) RMN 13 C de H3Tris-DPA (dans le DMSO).

Figure 4 - 9

 49 Figure 4-9 Titrage UV vis du DV3DPA (1,0 mM) avec une quantité croissante de Cu(OAc)2. Encart : évolution de l'absorbance à 540 nm et 690 nm avec le nombre d'équivalents de l'ion cuivre ajouté.

Figure 4 - 1 H

 41 Figure 4-15 A) Voltammogrammes cycliques de DV3DPA (noir) et de DV3DPACu(OAc) (rouge) à 1,0 mmol•L -1 dans CH3CN contenant 0,1 mol•L -1 TBAPF6 et v = 100 mV•s -1 . B) Voltammogrammes cycliques de DV3DPACu(OAc) premier cycle (tiret) et second cycle (solide).

Figure 4 -

 4 Figure 4-17 Spectres RMN 1 H de a) ligand DV3DPA (gris), b) DV3DPACu(OAc) fraîchement synthétisé (rouge), c) après évolution dans le tube RMN (bleu), d) après irradiation avec une lampe à Xénon (>385nm, 75 μWcm-1) (vert), e) après réduction avec 1,0 éq. [CoCp2](violet), et f) 2,0 éq. [CoCp2] (rose), g) complexe Cu(I) généré in situ (noir). * : Signature RMN 1 H du cation [Co(Cp)2] + .

Figure 4 -

 4 Figure 4-21 Le spectre RPE de 0,2 mM de DV3DPACu(OAc) dans l'acétonitrile : oxydé avec 2,0 éq. d'acide peracétate (noir) ; synthétisé (rouge) et irradié avec de la lumière visible pendant 1h (bleu).

Figure 4 -

 4 Figure 4-20 Évolution de la signature UV-VIS d'une solution 0,2 mM de DV3DPACu(OAc) dans l'acétonitrile lors de l'irradiation par la lumière visible. Les flèches mettent en évidence les changements successifs d'espèces associés à la photoréduction du complexe par 1, 2 ou 3 électrons.

Figure 4 -

 4 Figure 4-22 Spectre RPE (bande X 9,4GHz 30K) dans l'acétonitrile d'expériences de piégeage de TEMPO pour la génération de radicaux CF3 avec le DV3DPACu(OAc) : TEMPO : Togni II = 1 : 1 : 2 après une irradiation de 0-(bleu), 0,5-(vert) et 1 heure (rouge) avec de la lumière visible (> 382 nm)

Figure 4 -

 4 Figure 4-23 Evolution de la conversion du réactif de Togni en TEMPO-CF3 suivie par 19 F RMN en présence de l'anion DV3DPACu(OAc) (noir), DV3DPA (rouge), DV3Me (vert clair), et DV3Me avec le mélange de Cu(OAc)2 et DPA (vert)

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 -1 Optimization runs of the I vs Cl exchange entry NaI (eq.) reflux time (h) Conversion (%)

 2 

	1	1.05	15	20
	2	2.00	72	86
	3	1.05	86	98
	4	4.00	72	100

Table 2 -

 2 

2 The of diffusion coefficient of the synthesized KSi[DPA]-1

Table 3 -

 3 

			1 The optimizing conditions
	entry Propargyl DPA CuI, Pd(PPh3)2Cl2	T	t
	1	2 eq.	16%, 12%	r.t. 42 h
	2	4 eq.	16%, 12%	r.t. 42 h
	3	4 eq.	16%, 12%	70℃ 2 h
	4	4 eq.	16%, 12%	80℃ 1 h

  significantly shifted to (α, 8.91 ppm, β, 7.65 ppm, δ, 7.64 ppm, γ, 8.10 ppm) after the 1:1 complexation, while the phenyl peaks did almost not evolve (4, 7.67 ppm to 7.70 ppm; 5, 7.50 ppm to 7.52 ppm) which confirmed the coordination of zinc to the pyridines. In the meantime, there is a splitting of the CH2(1, 4.

-9)

, the group of pyridine peaks (α, 8.59 ppm, β, 7.32 ppm, δ, 7.57 ppm, γ, 7.82 ppm) were

Table 3 -

 3 

2: Potentials of the waves in V vs SCE. Half-wave potentials E1/2 = (Ep ox + Ep red )/2. In brackets: ΔEp= Ep ox -Ep red , in mV. Scale Cu(

II)/Cu(I) W(VI)/W(V) Unattributed oxidation wave

  with the square root of the scan rate 𝜈𝜈 (V/s), where 𝑛𝑛 is the number of electrons transferred in the redox event, A (cm 2 ) is the electrode surface area, 𝐷𝐷 𝑜𝑜 (cm 2 s -1 )

		Ep ox	Ep red E1/2	Ep ox	1 st Ep red	E1/2	Ep ox	2 nd Ep red	E1/2	Ep ox	Ep red E1/2
	(0.5 -	-0.11	-0.27	*	-0.96	-1.01	-0.99	-1.41	-1.47	-1.44	-0.41	/	/
	1.8)	0.082					(64)			(64)			
	(0.5 -	-0.11	-0.27	*	-0.96	-1.01	-0.99	/	/	/	-	/	/
	1.3)	0.082					(64)				0.332		
	(0.5 -	-0.11	-0.27	*	/	/	/	/	/	/	/	/	/
	0.7)	0.082											

For electrochemically reversible electron transfer processes involving freely diffusing redox species, the Randles-Sevcik equation (eq 1) describes how the peak current 𝑖𝑖 𝑝𝑝 (A) increases linearly

Table 3 -

 3 3: Potentials of the waves in V vs SCE. Half-wave potentials E1/2 = (Ep ox + Ep red )/2. In brackets: ΔEp= Ep ox -Ep red , in mV.

			Cu(II)/Cu(I)				W(VI)/W(V)		
	KSn[DPA]@Cu(OAc)2	Ep ox	Ep red	E1/2	Ep ox	1 st Ep red	E1/2	Ep ox	2 nd Ep red	E1/2
		-0.27	-0.37	-0.32	-1.08	-1.14	-1.11	-1.56	-1.64	-1.60
				(100)			(60)			(80)
	Propargyl-		Ep1 ox		Ep2 ox		Ep1 red		Ep2 red	
	DPA@Cu(OAc)2		-0.04		-0.18		-0.29		-0.72	

Table 3 -

 3 

	Entry	KSi[N3]-3	MP	CuI	DIPA	T
	1	1eq.	4eq.	1eq.	8eq.	r.t.
	2	1eq.	4eq.	1eq.	4eq.	r.t.
	3	1eq.	4eq.	1eq.	2eq.	r.t. / 50℃

4 The optimization of "click" of KSi[N3]-3 and methyl propiolate

Table 4 -

 4 1 Crystal data and structure refinement for DV3

	Empirical formula	C86.5N6O62P2V3W15H0.12
	Formula weight	5087.56
	Temperature/K	200.15
	Crystal system	orthorhombic
	Space group	Pbcn
	a/Å	58.129(7)
	b/Å	19.830(2)

Table 4 -

 4 2: Potentials of the waves in V versus SCE. Half-wave potentials E1/2 = (Ep ox + Ep red )/2. In brackets: ΔEp= Ep ox -Ep red , in mV.

		Cu(II)/Cu(I)					V(V)/V(IV)				
	Product				1 st			2 nd			3 rd	
		Ep ox	Ep red E1/2									
				Ep ox	Ep red	E1/2	Ep ox	Ep red	E1/2	Ep ox	Ep red	E1/2
				-0.044	-0.136	-0.090	-0.328	-0.576	-0.452	-0.640	-0.882	-0.761
	DV3DPA											
						(92)			(148)			(242)
	DV3DPA	0.435	*	-0.035	-0.145	-0.090	-0.321	-0.461	-0.391	-0.634	-0.850	-0.742
	Cu(OAc)					(90)			(140)			

  KI was mixed under argon followed by the addition of 100 mL dry acetonitrile. The resulting orange solution was filtered after 48 hours, and the filtrate was rotary evaporated. The dark brown oil was spread in 20 mL chloroform to remove the K2CO3 and KI residue and the filtrate was rotary evaporated. The resulting 3.0 g dark brown oil was further purified through chromatography with methanol/ethyl acetate (1:9) as the eluent. The resulting eluent solution was crystallized out and crystals suitable for X-ray diffraction were obtained.

	solution was precipitated with 40 mL ethanol/diethyl ether (v/v=10/30) containing 10 mM
	TBAOH. Yield, 55.9%. 1 H NMR (400 MHz, CD3CN) δ 8.44 (d, J = 4.9 Hz, 2H), 7.62 (t, J = 7.7
	Hz, 2H), 7.43 (d, J = 7.9 Hz, 2H), 7.15 (t, J = 6.2 Hz, 2H), 5.65 (s, 6H), 4.26 (s, 4H), 3.27 -
	3.15 (m, 48H), 1.68 (dq, J = 15.7, 7.5 Hz, 48H), 1.44 (h, J = 7.4 Hz, 48H), 1.02 (t, J = 7.3 Hz,
	72H). 31 P NMR (162 MHz, CD3CN) δ -6.95, -13.04. Elemental analysis: found% C 23.7, H
	4.25, N 2.16; Calculate% C 23.72, H 4.16, N 2.22.	1.21 g, 10 mmol 2-amino-
	2-hydroxymethyl-propane-1,3-diol, 3.28 g 10 mmol 2-picolyl chloride hydrochloride, 5.52 g, 40
	Synthesis of DV3Me TBA6P2V3W15O62(trisMe) (DV3Me) was synthesized according to the same procedure as DV3DPA. A mixture of 243 mg TBA4H5P2V3W15O62 (DV3) and 6.6 mg (1.2 eq) 2-(hydroxymethyl)-2-methylpropane-1,3-diol were dissolved in 3 mL DMAc in a Schlenk tube under argon. The orange solution was heated with microwave at 80℃ for 1 hour. The resulting mmol K2CO3 and 1.66 g Yield, 587 mg, 19.4% The colorless crystal was analyzed by 1 H NMR (400 MHz, DMSO) δ yellow-greenish solution was precipitated in 40 mL diethyl ether, the yellow-greenish
	8.40 (dd, J = 5.0, 1.7 Hz, 2H), 7.48 (td, J = 7.7, 1.8 Hz, 2H), 7.14 -7.04 (m, 4H), 5.21 (s, 2H), precipitate was washed with ether (20mL*2). 1 H NMR (400 MHz, CD3CN) δ 5.45 (s, 6H) δ 3.22
	4.09 (s, 4H), 3.55 (s, 6H); 13 C NMR (101 MHz, DMSO) δ 162.02, 148.71, 136.67, 123.04, -3.13 (m, 48H), 1.73 -1.61 (m, 48H), 1.44 (h, J = 7.4 Hz, 482H), 1.02 (t, J = 7.3 Hz, 72H).
	122.06, 65.83, 61.44, 55.50. 31 P NMR (162 MHz, CD3CN) δ -7.34, -12.53.	
	Synthesis of DV3DPACu(OAc)	
	226.8 mg, 0.04 mmol DV3DPA was dissolved in 6mL acetonitrile, the resulting slight
	brown solution was added gradually into 4 mL acetonitrile solution containing 8.0 mg, 0.04
	mmol Cu(OAc)2 under dark with stirring. The resulting yellow-green solution was precipitate
	Synthesis of DV3DPA with 60 mL diethyl ether resulting 198 mg green-yellowish solid. Yield 89.2%. 1 H NMR (400
	TBA6[P2V3W15O62(trisDPA)] (DV3DPA) was synthesized according to a modified MHz, CD3CN) δ 15.31, 12.81, 12.23, δ 3.22 -3.13 (m), 1.73 -1.61 (m), 1.44 (h, J = 7.4 Hz),
	procedure published by Hasenknopf. 50 A mixture of 495 mg TBA4H5[P2V3W15O62] (DV3) which 1.02 (t, J = 7.3 Hz). 31 P NMR (162 MHz, CD3CN) δ -5.93, -12.61.
	was synthesized according to the procedure published by Finke 51 and 36.6 mg (1.2 eq) H3L
	were dissolved in 5 mL DMAc in a Schlenk tube under argon. The orange solution was heated
	with microwave at 80℃ for 1 hour. The resulting olive solution was precipitated in 40mL diethyl
	ether. The brown precipitate was redissolved in 2 mL acetonitrile and then the resulting brown

Catalyseurs bio-inspirés à base d'hybrides de POMs : synthèse et activité catalytique"

  This thesis has thus opened up a lot of new avenues in this burgeoning field of bioinspired polyoxometalate hybrid systems, and will I think give birth to very exciting new projects.Cette thèse porte sur la synthèse de dérivés hybrides de polyoxométallates fonctionalisés par des ligands polydentes azoté et de l'études des complexes formés comme catalyseurs bioinspirés. Après un premier chapitre qui introduit le contexte et les objectifs de ce travail, une première approche reposant sur la fonctionnamisation par une approche "substitution nucléophile" est résumée. Le troisième chapitre de cette thèse porte sur la synthèse des hybrides par des voies plus classiques, que ce soit par couplage de Sonogashira ou par chimie click. Dans le premier cas, une étude des propriétés catalytiques des complexes de cuivre obtenus en réduction des nitrites est décrite. Enfin, le dernier puis sur les POMs et leur fonctionnalisation, en relation avec mon projet de doctorat "Catalyseurs bio-inspirés à base d'hybrides de POMs : synthèse et activité catalytique".Les métalloenzymes sont une variété de biocatalyseurs importants, impliqués dans des transformations chimiques impliquant comme substrats des molécules biologiques et souvent comme réactifs de petites molécules telles que l'oxygène moléculaire, l'hydrogène, l'azote ou l'eau. Un large éventail de cations métalliques ou de clusters métalliques sont observés au niveau des sites actifs dans les structures cristallines de métalloprotéines et se sont avérés être la partie la plus essentielle des métalloenzymes, ce qui a incité de nombreux chercheurs à synthétiser des complexes pour reproduire la première sphère de coordination de ces sites actifs.

	Scheme: Perspective of the bi-coordinate site POM ligand synthesized through Résumé :
	"Click" reaction.
	"Chapitre 1 : Introduction
	Les polyoxométalates (POMs) présentent d'excellentes propriétés redox et sont de
	bons candidats pour travailler comme réservoirs d'électrons et de protons. De plus, ces
	polyanions peuvent être fonctionnalisés avec des parties organiques ou organométalliques,
	permettant d'en améliorer les propriétés physiques et chimiques et ainsi d'étendre leur champ
	d'application. Divers travaux de la littérature ont démontré qu'il existe une communication
	électronique entre le squelette polyanionique et les centres métalliques au sein de ces POMs
	hybrides.
	Le but de cette thèse est de construire des structures hybrides de complexes métalliques
	bioinspirés associés à des POMs pour mimer les métalloenzymes puis d'étudier la synergie

chapitre, avant une conclusion sur l'ensemble de ces travaux, décrit la fonctionnalisation d'u dérivé [P2V3W15O62] 9-par un ligand tripodal azoté porteur d'un groupement de greffage triol, des complexes obtenus et d'une première étude très prometteuse en trifluorométhylation photocatalytique. entre les deux partenaires, en vue d'améliorer la réactivité du complexe modèle de site actif.

Le premier chapitre de cette thèse s'efforce de faire une courte présentation des sites actifs des métalloenzymes, en particulier sur l'importance des interactions de seconde sphère,

  sur des potentiels moins négatifs -0V/(Ag+/Ag) à -1V/(Ag+/Ag)), ce qui indique que les POM pourraient être dans ce cas stocker de manière réversible de 4 protons et 4 électrons à des potentiels aisément accessibles.

	Les processus redox multi-électroniques des POMs en font des candidats idéaux, tant
	pour les POMs complets que pour les dérivés fonctionnalisés, pour le développement de
	systèmes redox multi-étapes. Ces propriétés sont très intéressantes à la fois en photocatalyse
	et en électro-catalyse.
	Les POM, notamment les dérivés lacunaires, présentent des atomes d'oxygène très
	nucléophiles qui peuvent être utilisés soit comme ligands pour former des complexes de
	cations de métaux de transition soit être fonctionnalisés de manière covalente avec des
	groupements organiques. Un grand nombre d'hybrides organiques-inorganiques ont ainsi été
	développés au cours des dernières décennies, avec différents groupes fonctionnels en
	organiques ou coordonnés à des cations métalliques ou avec des clusters contenant des
	métaux. Pour la post-fonctionnalisation des hybrides POM, la première étape consiste à
	synthétiser les plateformes appropriées. Au cours des dernières décennies, de nombreux
	précurseurs avec des groupes spéciaux (halogénure d'aryl, amine, alcyne...) ont été
	synthétisés, qui pourraient être impliqués dans des réactions ultérieures telles que :
	1. Réaction de condensation

3-

, anion de type Keggin, par voltammétrie cyclique et a constaté qu'en présence de protons, les quatre vagues réversible de réduction à un électron observées sur une gamme de 0 V/(Ag+/Ag) à -2.6 V/(Ag+/Ag) se transformaient, en présence de protons, en deux vagues de réduction réversibles biélectroniques rassemblées fonction des applications recherchées. Pour y parvenir, deux stratégies différentes ont été développées en fonction des groupes fonctionnels recherchés : la fonctionnalisation directe et la post-fonctionnalisation. Dans le premier cas, les dérivés organiques ou les fragments organométalliques sont liés de manière covalente aux unités de greffage, qui sont ensuite mises en interaction directement avec les oxygènes à la surface des POM selon des protocoles bien définis. Dans le cas de la post-fonctionnalisation, un premier greffage direct d'un groupe porteur d'une fonction réactive est d'abord effectué sur le POM pour former une plateforme, puis la fonction réactive est utilisée, selon des réactions classiques avec des protocoles adaptés aux POMs pour fonctionnaliser ces derniers avec d'autres molécules

Chapter 3 Post-functionalization of Keggin-type and the complexation Scheme 3-7 the synthesis of the azido precursor Kiggin platform KSi[N3]-3.

A mixture of K7[PW11O39] and TBABr was dissolved in acetonitrile followed by the addition of 3-azidopropyl triethoxysilane. After the addition of 2.4 M HCl at 0 ℃, the resulting colorless solution was stirred overnight at room temperature. Precipitation with ethanol gave a white powder with a 95.7% yield. From the 1 H NMR spectrum in deuterated DMSO, we could clearly observe three propyl peaks now at 3.42 ppm, 1.77 ppm and 0.78 ppm together with the TBA peaks. A single peak at -13.24 ppm in the 31 P NMR confirmed a clean product. Therefore, less amount of CuSO4, 0.2 eq. to the POM precursor, was added, with 2.0 eq. of sodium ascorbate. From the IR spectrum, the "click" did again happen although much less azido was converted at the end of the reaction (Figure 3-25, red). The aromatic signals in 1 H NMR of the resulting crude product showed not only pyridine but also tiny broad peak around 8.1 ppm which could be identified to triazole. The product was furtherly treated with NaS2NEt2 which is a strong ligand to coordinate to the copper. Interestingly, the resulting product shows a clear singlet peak at 8.12 ppm verifying that "click" coupling could be achieved in our system.

Propargyl-DPA

Scheme 3-9 The synthesis of KSi[N3DPA]-3 with CuI as catalyst.

We applied the conditions optimized above to the coupling of propargyl DPA with KSi[N3]-3. 2.0 eq. of DIPA were mixed with 1.0 eq. KSi[N3]-3 and 4.0 eq. propargyl DPA

followed by the addition of DMF under argon and degassed before the addition of 1.0 eq. CuI.

After overnight stirring at 50 ℃, the resulting olive solution was precipitated in ether and a green powder was obtained. Disappearance of the azido stretch in IR (Figure 3-30), coupled with the detection in 1 H NMR of the characteristic triazole peak at 8.12 ppm suggested the successful "click" reaction.

Chapter 4

Functionalization of [P 2 V 3 W 15 O 62 ] 9-with tridentate amine ligands

Functionalization of [P2V3W15O62] 9-with H3Tris-DA

The grafting of H3Tris-DA-Boc onto the [P2V3W15O62] 9-followed the same procedure as for the synthesis of DV3DPA.

Scheme 4-4 The synthesis route of TBA6[P2V3W15O62(Tris-DA-Boc)] (abbreviated

DV3DA-Boc) and TBA6[P2V3W15O62(Tris-DA)] (abbreviated DV3DA).

A mixture of 1.0 eq. DV3 and 1.2 eq. H3Tris-DA-Boc were dissolved in DMAc and degassed with argon. The resulting orange solution was heated with microwave oven under 80℃. After 1 hour, the olive-green solution was precipitated in diethyl ether and a brown solid was obtained (DV3DA-Boc), which was characterized with NMR (Figure 4-8 black) after being treated with TBAOH (~1.0 eq.). The 1 H NMR shows two well-defined peaks at 3.05 and 2.85 ppm attributed to two CH2 of BocNHCH2CH2N-, the characteristic POM grafted triester peak at 5.53 ppm and the TBA + peaks. The two sets of peaks in 31 P NMR indicates there are two kinds of POM skeleton, probably due to the protonation as in the following de-Boc treatment, the 31 P NMR is much cleaner. Cyclic voltammetry (CV) of both the ligand and the complex were performed in acetonitrile containing tetrabutylammonium hexafluorophosphate (TBAPF6) as electrolyte. As can be observed in Figure 4-15, in the case of the DV3DPA ligand alone, in the reduction process, two quasi-reversible waves at -0.090 V/SCE and -0.452 V/SCE are displayed, followed by a less well-defined process at -0.761 V/SCE. By analogy with Ruhlmann's work, 9,10 these three processes correspond quite nicely to the three waves of the hybrid POM-tvb3.3 (-0.11

V/SCE, -0.48V/SCE and -0.85 V/SCE), which also derives from the trivanadate substituted Dawson POM, 10 and are thus similarly attributed to the successive one electron reduction of each of the three V(V) into V(IV). This is also in agreement with the UV-vis signature of these reduced species (vide infra). At much more negative potentials (< -1.8 V/SCE, data not shown), additional processes corresponding to either the Pyridine rings reduction or W(VI) to W(V) reduction are observed.

Scheme 4-6 The synthesis of TBA6[P2V3W15O62(TrisMe)] (DV3Me)

Unfortunately, not only the rate of the photoreduction, but also the yield for both the covalently grafted POM complex and the noncovalent system were almost the same: thus, also the POM can act as a photosensitizer for this reaction, the covalent link does not seem to be a requisite. We tried to change the ratio of reactants in order to see the evolution of the reaction.

When we fix the amount of DV3DPACu(OAc), an increase of the amount of styrene compared to Togni II yielded an increase in the proportion of the species at -63.8 ppm and -64.1 ppm, both from ~4% to ~35% (ratio of the integration by NMR, in Figure 4-25). 1.6 g TBDMS3Tris-DA-Boc was dissolved in 10 mL THF and followed by the addition of 6.5 mL 1.0 M tetrabutylammonium fluoride (TBAF) in THF. After overnight stirring, the resulting slightly brown solution was rotary evaporated to remove THF to get a slightly brown oil which was washed with 2*5 mL water. The water phase was collected, and rotary evaporated to remove water. The resulting pale-yellow oil was chromatographed with silica gel column eluted with chloroform/methanol (50/3). The collected colorless oil (yield 600 mg, 67.4%) was dissolved in 1 mL acetonitrile and crystallized overnight (yield 439.2 mg, 73.2% ).

The obtained colorless of crystal was suitable for the single crystal XRD, which indicates us that two Boc protected amines are connected to the tris(hydroxymethyl)aminomethane through ethyl forming H3Tris-DA-Boc. 1 H NMR (400 MHz, DMSO) δ 6.75 (s, 2H), 4.19 (t, J = 5.1 Hz, 3H), 3.39 (d, J = 5.2 Hz, 6H), 2.90 (q, J = 6.5 Hz, 4H), 2.70 (t, J = 6.9 Hz, 4H), 1.38 (s, Ainsi, dans ce cas, aucun effet synergique n'a pu être observé et a présence du POM n'améliore donc pas le processus. 

Di-fonctionnalisation du [PW11O39]