. 1 The thermal stability was evaluated in toluene up to 100°C and no decomposition was observed. Details are given in Chapter 2.
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Résumé 1 Introduction

he development of novel molecular systems affords the world with plenty of diversification. Functional systems are nowadays pursued by organic chemists.

"The primary motivations that once induced chemists to undertake natural product syntheses no longer exist.

Instead of target structures themselves, molecular function and activity now occupy center stage."

--Dieter Seebach, 1990 [1] As chemists in organic chemistry, we do know that a lot of challenging issues are to be overcome. For example, developing efficient and environmentally friendly catalysis is still a big challenge with practical applications.

In our group, we are interested in developing (supra)molecular systems and templated metal complexes which are capable of displaying catalytic activity or photoactivity, including hydrogen bonding organocatalysis for ring-opening polymerization, [2][START_REF] Thomas | Phenols and Tertiary Amines: An Amazingly Simple Hydrogen-Bonding Organocatalytic System Promoting Ring Opening Polymerization[END_REF][4][5][START_REF] Thomas | Hydrogen-bonding organocatalysts for ring-opening polymerization[END_REF] photoreduction of gold complexes, [7,[START_REF] Cao | Photoreduction of Thioether Gold(III) Complexes: Mechanistic Insight and Homogeneous Catalysis[END_REF] and switchable organic molecular cage system based on diphenylanthracene (DPA) upon cycloaddition of singlet oxygen. [START_REF] Mongin | Singlet oxygen stimulus for switchable functional organic cages[END_REF] This thesis is mainly related to ligand design to achieve functional gold complexes for catalysis. In chapter 1, a short history about the development of homogeneous gold catalysis is provided as a background including representative gold(I) and gold(III) complexes and their differences in gold catalysis. Gold as a carbophilic π acid for activation of unsaturated carbon-carbon bonds toward necleophilic addition is also discussed. More importantly, this introduction highlights the newly-emerging catalytic gold redox chemistry through several strategies which is aimed to inspire new idea for gold catalyzed transformations. The sections entitled 'Dual photoredox and gold catalysis' and 'light-triggered redox gold catalysis' are partially based on the chapter in in Specialists Periodical Reports in Photochemistry (Z. Cao, D. M. Bassani and B. Bibal. 'Light activation of gold complexes.' Photochemistry, 2020, 47, 421-456.).

Chapter 2, Photoreduction of gold(III) complexes and homogeneous catalysis, presents results showing that the oxidation state of gold could be steered by photoreduction and enable the utility of both gold species in a one-pot fashion. The mechanistic study of photoreduction is investigated and preliminary results concerning the photoreduction of dichloro(2-pyridinecarboxylato)gold(III) complex (PicAuCl2) are aimed towards the transformation from gold precatalyst to cationic gold.

Chapter 3 concerns heterogeneous gold catalysis using supported metal complex on silica nano-objects.

Functionalized phosphine ligands were elaborated and the corresponding gold complexes covalently bound to chiral silica helices for heterogeneous catalysis. The use of chiral silica nanohelix allowed to form a T xi chiroptical 3D ensembles observed by circular dichroism. Even though chiral induction was not observed for a spirocyclization reaction, this approach opens a route to achieve chiral catalysis from an inorganic template.

Chapter 4 describes the development of hindered bis-thioether ligands that take advantage of DPA atropisomerism (syn vs. anti), an under-exploited property of polyaromatic compounds. We chose to investigate the corresponding thioether silver complexes for homogeneous catalysis and to prepare their chiral sulfoxides to elucidate their chiroptical properties. The thioether silver complexes self-assembled differently depending on the nature of the anion and thioether substituents and were efficient as homogeneous catalysts for tandem addition/cycloisomerizations of alkynes. The chiral sulfoxides based on DPA can react with singlet oxygen to switch off their chiroptical properties. Meanwhile, preliminary results towards developing DPA-based hemilabile P,P(O) or P,P(S) ligands were shown for further formation of coinage complexes and their applications in homogeneous catalysis.

Finally, chapter 5 introduces a self-assembled switchable imine cage by using 1 O2 stimulus. The rigid [2+3] imine cage with three chromophoric pillars exhibits good reversibility and high affinity toward metal ions.

Meanwhile, a [2+2] imine macrocycle is also described. The overall frame work of this thesis is presented in 

Photoreduction of gold(III) complexes and homogeneous catalysis

he two most common oxidation states of gold are (+I) and (+III). Generally, gold(I) exhibits linear coordination and gold(III) planar coordination geometries. In most cases, the gold(III) complexes undergo thermal reductive elimination into gold(I) at elevated temperatures [START_REF] Winston | Halide-Dependent Mechanisms of Reductive Elimination from Gold(III)[END_REF][START_REF] Kang | C(sp 2 )-C(sp 2 ) Reductive Elimination from Well-Defined Diarylgold(III) Complexes[END_REF] or, rarely at exceptionally low temperature [START_REF] Wolf | Exceptionally fast carbon-carbon bond reductive elimination from gold(III)[END_REF] which leads to C-C bond C-X bond formation and generation of the corresponding gold species (Scheme I). Early studies reported by Kochi and co-workers [START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF][START_REF] Komiya | Electrophilic cleavage of organogold complexes with acids. The mechanism of the reductive elimination of dialkyl(aniono)gold(III) species[END_REF][START_REF] Tamaki | Catalysis by gold. Alkyl isomerization, cis-trans rearrangement, and reductive elimination of alkylgold(III) complexes[END_REF] demonstrated seminal mechanistic studies of a series of four-coordinated alkyl gold(III) complexes, such as PPh3AuMe3, which readily undergo fast reductive elimination. Dissociation of phosphine ligand from gold leading to a tri-coordinate complex is proposed to be the rate-limiting step as the reductive elimination process was severely suppressed by addition of extra phosphine.

Scheme I. Representative thermal reduction of organogold(III) complexes.

In contrast, the photoreduction of gold(III) chloride complexes was considered as a robust approach to produce gold nanoparticles in the presence of water under UV light irradiation [START_REF] Marin | Photochemical Strategies for the Synthesis of Gold Nanoparticles from Au(III) and Au(I) Using Photoinduced Free Radical Generation[END_REF][START_REF] Mcgilvray | Opportunistic use of tetrachloroaurate photolysis in the generation of reductive species for the production of gold nanostructures[END_REF][18][START_REF] Kwolek | The kinetic study of photoreduction of tetrachloroaurate acid by methanol in acidic media[END_REF][START_REF] Keyes | Ferritin as a photocatalyst and scaffold for gold nanoparticle synthesis[END_REF] Nocera and co-workers [START_REF] Teets | Halogen Photoreductive Elimination from Gold(III) Centers[END_REF] reported a pioneering contribution of halogen reductive elimination in mono-and dinuclear phosphine gold(III) complexes under 320 nm irradiation for 60 h. The Au-X bond was proposed to be activated through significant ligand-to-metal charge transfer (LMCT) which allows two-electron photoelimination of X2 from each monomeric gold center (Scheme II). The photoreduction process was also achieved in N-heterocyclic carbene gold(III) complexes under 280 nm irradiation in Monkowius's group [START_REF] Hirtenlehner | Syntheses, crystal structures, reactivity, and photochemistry of gold(III) bromides bearing Nheterocyclic carbenes[END_REF] and Rosenthal's group [START_REF] Ghidiu | Thermal versus Photochemical Reductive Elimination of Aryl Chlorides from NHC-Gold Complexes[END_REF] .

Scheme II. Photoinduced halogen reductive elimination of phosphine gold(III) complex. [START_REF] Teets | Halogen Photoreductive Elimination from Gold(III) Centers[END_REF] In 2015, we developed a thioether gold(III) chloride complex appended with a 9,10-diphenylanthracene (DPA) chromophore which undergoes rapid photoreduction (around 30 min) to gold(I) species under 365 nm irradiation. [7] The mechanism involves intramolecular energy transfer from the DPA chromophore to the bounded gold. To gain a better understanding of the mechanism, three new dialkyl-thioether ligands with or without the DPA chromophore were synthesized and the corresponding gold(III) trichloride complexes were T xiii straightforwardly prepared through a liquid-liquid extraction. The thioether gold(III) complexes underwent a rapid reductive elimination under a 365 nm irradiation or ambient light in dichloromethane and toluene solutions to afford the corresponding gold(I) complexes (Figure II). The mechanism of photoreduction through Cl2 elimination is discussed based on a kinetic study and the chemical trapping chlorine species: Cl2, radical Cl• and possibly Cl + by stepwise radical pathway or an ionic pathway with a tri-coordinated intermediate. The kinetic study showed that the presence of DPA has no impact on the reductive rate which is consistent with efficient energy transfer from DPA to the gold atom. Dichloro(2-pyridinecarboxylato)gold(III) complexes (PicAuCl2) is a highly stable gold(III) precatalyst [START_REF] Hashmi | Gold Catalysis: The Benefits of N and N,O Ligands[END_REF] which has been widely employed in many cyclization reactions for alkynyl activation. [START_REF] Xu | Synthesis of allenes via gold-catalyzed intermolecular reaction of propargylic alcohols and aromatic compounds[END_REF][START_REF] Talbot | Gold-Catalyzed Redox Synthesis of Imidazo[1,2-a]pyridines using Pyridine N-Oxide and Alkynes[END_REF][START_REF] Nzulu | Gold-Catalyzed Polymerization Based on Carbene Polycyclopropanation[END_REF][START_REF] Morita | Gold(III)-catalyzed synthesis of 2,3,4-trisubstituted dihydropyrans from propargylic alcohols with 1,3-dicarbonyl compounds[END_REF][START_REF] Minnihan | Gold(I)-Catalyzed Regioselective Cyclizations of Silyl Ketene Amides and Carbamates with Alkynes[END_REF][START_REF] Marien | Synthesis of 2-Spiropseudoindoxyls via an Intramolecular Nitroalkyne Redox-Dipolar Cycloaddition Cascade[END_REF][START_REF] Li | Gold-Catalyzed Regioselective Synthesis of 2-and 3-Alkynyl Furans[END_REF] Based on the proposed mechanism, the photoreduction of PicAuCl2 was examined in various solvents and followed by UV-vis spectroscopy (Figure IV). The shift and subsequent loss of gold absorbance indicates that a new gold species was formed. A strong solvent effect was observed in DMSO and dichloromethane, consistent with a mechanism involving ionic or radical pathways. The determination of the photoreduced species, only soluble in DMSO, is still in progress. 3 Silica helices supported heterogeneous gold catalysis mmobilization of metal nanoparticles or metal complexes onto a solid support for heterogeneous catalysis has attracted considerable attention in synthetic chemistry as it offers removable catalysts with facile product purification. The recyclability and reusability of the supported catalysts provide waste-reduction and greener processes. In the field of heterogeneous gold catalysis, the vast research efforts has focused on metal oxides (TiO2, Al2O3, CeO2 etc.) or polymer supported gold nanoparticles (AuNPs) for greener catalysis. [START_REF] Tosoni | Oxide-Supported Gold Clusters and Nanoparticles in Catalysis: A Computational Chemistry Perspective[END_REF][START_REF] Corma | Supported gold nanoparticles as catalysts for organic reactions[END_REF][START_REF] Alshammari | Heterogeneous gold catalysis: from discovery to applications[END_REF][START_REF] Hutchings | Heterogeneous Gold Catalysis[END_REF] The grafting of gold complexes onto a solid support made an increasing progress in gold catalysis. The early examples of polystyrene supported cationic gold(I) catalysts were reported in 2011 by Akai's [START_REF] Egi | Reusable and Durable Immobilized-Cationic Gold(I) Catalysts for Environmentally Benign Bond-Forming Reactions[END_REF] and Yu's groups [START_REF] Cao | A Recyclable Polystyrene-Supported Gold(I) Catalyst[END_REF] . Subsequently, phosphine, carbene, and pyridine gold complexes have been bound onto various solid supports such as organic polymers, [START_REF] Raducan | A multipurpose gold(I) precatalyst[END_REF][START_REF] Zhu | A Polystyrene-Bound Triphenylphosphine Gold(I) Catalyst for the Glycosylation of Glycosyl ortho-Hexynylbenzoates[END_REF][START_REF] Cai | Anchoring Triazole-Gold(I) Complex into Porous Organic Polymer To Boost the Stability and Reactivity of Gold(I) Catalyst[END_REF][START_REF] Chen | Polymer-Bound Chiral Gold-Based Complexes as Efficient Heterogeneous Catalysts for Enantioselectivity Tunable Cycloaddition[END_REF] mesoporous silica [START_REF] Villaverde | Heterogenized Gold Complexes: Recoverable Catalysts for Multicomponent Reactions of Aldehydes, Terminal Alkynes, and Amines[END_REF][43][START_REF] Nie | Efficient Heterogeneous Gold(I)-Catalyzed Direct C(sp 2 )-C(sp) Bond Functionalization of Arylalkynes through a Nitrogenation Process to Amides[END_REF][START_REF] Xia | Integration of multiple active sites on large-pore mesoporous silica for enantioselective tandem reactions[END_REF][START_REF] Shu | Silica-Supported Cationic Gold(I) Complexes as Heterogeneous Catalysts for Regio-and Enantioselective Lactonization Reactions[END_REF] and magnetic nanoparticle, [START_REF] Yang | Highly efficient heterogeneous aerobic oxidative C-C coupling from Csp 3 -H bonds by a magnetic nanoparticle-immobilized bipy-gold(III) catalyst[END_REF][START_REF] Yang | Magnetic nanoparticle-supported phosphine gold(i) complex: a highly efficient and recyclable catalyst for the direct reductive amination of aldehydes and ketones[END_REF] which exhibited comparable efficiency and enantioselectivity as the corresponding homogeneous systems.

Depending on the systems, high performance can be maintained through 4 to 8 catalytic cycles.

Figure V.

Main strategies for supporting gold complexes in heterogeneous catalysis: a) insertion in an organic (porous) polymer; b) adsorption on silica mesopores to benefit from an acidic assistance, c) covalent grafting on silica particles or mesoporous silica and d) our work: grafting on a chiral silica nanohelix to form a chiroptical assembly for a long-term monitoring.

In our case, the phosphine gold complexes were covalently bound onto chiral silica helices by peptide condensation (Figure V) and the gold content was determined by energy dispersive spectroscopy (1 mol% compared to silicon). In the presence of a silver salt, the reactivity of the immobilized gold catalyst was I xv examined in the cyclization of propargylic amide and 1,6-enyne and water addition to terminal alkyne and was found to be similar to homogeneous conditions. In addition, the bound gold catalyst exhibit high efficiency in the dearomative spirocyclization of aryl alkynoate esters (Figure VI) which can be carried out with a catalytic loading of 0.05 mol%. The heterogeneous catalysts were easily recovered and can be recycled up to 7-8 times without loss of efficiency. However, the reaction was found to be much slower after 7 cycles while adding extra silver salt can accelerate the reaction. The observation probably accounts for the participation of silver species (Ag + /SiO2 or silver NPs) [START_REF] Clarke | Silica-Supported Silver Nitrate as a Highly Active Dearomatizing Spirocyclization Catalyst: Synergistic Alkyne Activation by Silver Nanoparticles and Silica[END_REF] to the long-lasting catalytic process as the silver nanoparticles were observed in the TEM image of the heterogeneous mixture after four catalytic cycles. 

DPA-based thioethers or sulfoxides: Coordination complexes and chiroptical property

iphenylanthracene (DPA) has been applied in the field of organic light-emitting diodes [START_REF] Du | Fused-seven-ring anthracene derivative with two sulfur bridges for high performance red organic light-emitting diodes[END_REF] and fluorescence probes [START_REF] Pedersen | Aarhus Sensor Green: A Fluorescent Probe for Singlet Oxygen[END_REF] with blue emission. [START_REF] Belyaev | Copper-mediated phospha-annulation to attain water-soluble polycyclic luminophores[END_REF][START_REF] Iida | Intense solid-state blue emission with a small Stokes' shift: π-stacking protection of the diphenylanthracene skeleton[END_REF] We were interested in two under-exploited properties of DPA: a) their reversible reactivity with singlet oxygen that potentially offers a switchable functionality, and b) their hindered ortho-substituted derivatives that provide syn and anti atropisomers for different types of metal coordination. At first, the reversible [4+2] Diels-Alder cycloaddition reaction of substituted anthracene and singlet oxygen [START_REF] Atherton | Diels-Alder reactions of anthracene, 9-substituted anthracenes and 9,10disubstituted anthracenes[END_REF] leading to 9,10-endoperoxides and subsequent thermal cycloreversion are well-known since 1980s. [START_REF] Wilson | Spectral observation of singlet molecular oxygen fron aromatic endoperoxides in solution[END_REF][START_REF] Schmidt | Reactions originating from different upper excited singlet states: The photocycloreversion of the endoperoxides of 1,4-dimethyl-9,10-diphenylanthracene[END_REF][START_REF] Aubry | Reversible Binding of Oxygen to Aromatic Compounds[END_REF] This chemical transformation can be used to modify in situ the optical properties of DPA. Secondly, the ortho-substituted DPAs can offer syn and anti atropisomers. When the ortho substituent on the aryl ring is not hydrogen, the rotation around the C-C single bond is sterically hindered (Figure VII) as the experimental value for rotational barrier increase from 75 kJ/mol for ortho-H and 123 kJ/mol for ortho-CH3 [START_REF] Caspar | Etude par RMN 13 C de Dérivés Aromatiques Phénylés: Observation de Substituants Phényles en Rotation Restreinte[END_REF][START_REF] Marriott | Capillary column gas chromatographic method for the study of dynamic intramolecular interconversion behaviour[END_REF][START_REF] Nikitin | Restricted Rotation in 9-Phenylanthracenes: A Prediction Fulfilled[END_REF] which are thermally stable even above 300 °C. [START_REF] Zehm | Molecular Switches Flipped by Oxygen[END_REF] We were interested in the use of syn and anti atropisomers as platforms for metal (gold and silver) coordination. 

Coordination complexes between DPA-based thioether ligands and silver salts

Thioether silver complexes have been widely developed since 1990s, including macrocyclic thioether ligands. [START_REF] Alberto | Determination of Stability Constants and the Crystal Structures of [Ag(19-aneS6-OH)OTf]and [Ag(20-aneS6-OH)BF4[END_REF][START_REF] Forsyth | Macrocyclic thioether design by molecular modeling[END_REF][64][START_REF] Liang | Silver, copper and nickel complexes of 1-oxa-4,7dithiacyclononane and 1-oxa-4,8-dithiacyclodecane[END_REF][START_REF] Blake | Structural mis-matches in silver and gold complexes of thioether macrocycles[END_REF] Unlike the coordination mode of gold, the chelating mode of silver complexes is much more versatile as linear, [START_REF] Bu | Chiral Noninterpenetrated (10,3)-a Net in the Crystal Structure of Ag(I) and Bisthioether[END_REF][START_REF] Bu | Varying the Frameworks of Novel Silver(I) Coordination Polymers with Thioethers by Altering the Backbone or Terminal Groups of Ligands[END_REF] planar [START_REF] Zhang | Synthesis and characterization of a family of thioether-dithiolate-bridged heteronuclear iron complexes[END_REF] and octahedral, [START_REF] Holdt | The first sandwich complex with an octa(thioether) coordination sphere: bis(maleonitrile-tetrathia-12crown-4)silver(I)[END_REF] even coordination polymer [START_REF] Blake | Silver(I)-thioether coordination polymers constructed using asymmetric diketonate anions[END_REF][START_REF] Rosa | Influence of a thioether function in short-bite diphosphine ligands on the nature of their silver complexes: structure of a trinuclear complex and of a coordination polymer[END_REF][START_REF] Blake | Silver(I) Coordination Polymers Using Thioether Macrocycle Building Blocks[END_REF] and cyclic oligomer [START_REF] Park | Assembly of Silver(I) Complexes of Isomeric NS2-Macrocycles Displaying Cyclic Oligomer, Helix, and Zigzag Structures[END_REF] structures can be isolated. The coordination topology can be controlled by ligand design. Besides, only a few elaborated silver complexes were reported for homogeneous catalysis since simple inorganic silver salts can be highly efficient. In our case, DPA was employed as a directional platform that offers two identical thioether ligands in syn and anti configurations to better control the formation and the self-assembly of silver complexes.

Four thioether ligands were prepared to form silver(I) complexes whose geometry can be tuned by the nature of anion or by extending the length of coordination chain (part of silver complexes were listed in Figure VIII). Their activity in homogeneous catalysis was proven in two tandem addition/cycloisomerization of alkynes using 0.5-1 mol% of catalytic loading.

Figure VIII. X-ray structures for part of DPA-based thioether silver complexes xvii

Preliminary results concerning DPA-based bidentate P,P ligand and hemilabile P,P(O) or P,P(S) ligands were also obtained, aiming to access to the corresponding gold complexes. (Figure IX) such as bidentate P,P gold π complexes or hemilabile gold complexes for the oxidative addition of aryl iodide. [START_REF] Zeineddine | Rational development of catalytic Au(I)/Au(III) arylation involving mild oxidative addition of aryl halides[END_REF][START_REF] Joost | Facile Oxidative Addition of Aryl Iodides to Gold(I) by Ligand Design: Bending Turns on Reactivity[END_REF] Figure IX. Bidentate P,P or hemilabile P,P(O) or P,P(S) for gold complexes.

Switchable chiroptical property of DPA-based chiral sulfoxides

Chiroptical properties have been achieved in chiral supramolecular systems, [START_REF] Shang | Chiral Reticular Self-Assembly of Achiral AIEgen into Optically Pure Metal-Organic Frameworks (MOFs) with Dual Mechano-Switchable Circularly Polarized Luminescence[END_REF][START_REF] Hirano | Helical assembly of a dithienogermole exhibiting switchable circularly polarized luminescence[END_REF] lanthanide complexes [START_REF] Kitagawa | Steric and Electronic Control of Chiral Eu(III) Complexes for Effective Circularly Polarized Luminescence[END_REF][START_REF] Gendron | Ab Initio Study of Circular Dichroism and Circularly Polarized Luminescence of Spin-Allowed and Spin-Forbidden Transitions: From Organic Ketones to Lanthanide Complexes[END_REF] and polymer systems [START_REF] Nagata | Chirality-switchable circularly polarized luminescence in solution based on the solvent-dependent helix inversion of poly(quinoxaline-2,3-diyl)s[END_REF][START_REF] Zhao | Combining Chiral Helical Polymer with Achiral Luminophores for Generating Full-Color, On-Off, and Switchable Circularly Polarized Luminescence[END_REF] Small organic molecules displaying CPL present advantages such as facile synthesis and easy modification. So far, small organic molecules for CPL have been documented in many systems, such as chiral binaphthyl skeletons, [START_REF] Kimoto | Control of Solid-state Circularly Polarized Luminescence of Binaphthyl Organic Fluorophores through Environmental Changes[END_REF][START_REF] Jiang | Rational Design of Axially Chiral Platinabinaphthalenes with Aggregation-Induced Emission for Red Circularly Polarized Phosphorescent Organic Light-Emitting Diodes[END_REF][START_REF] Sun | 2,2'-Diamino-6,6'-diboryl-1,1'-binaphthyl: A Versatile Building Block for Temperature-Dependent Dual Fluorescence and Switchable Circularly Polarized Luminescence[END_REF] chiral spiro scaffold, [START_REF] Takase | Circularly Polarized Luminescence from Chiral Spiro Molecules: Synthesis and Optical Properties of 10,10[END_REF][START_REF] Ma | Boosting the circularly polarized luminescence of small organic molecules via multi-dimensional morphology control[END_REF] and chiral helicene systems. [88- 90] We were interested in the exploration of a chiroptical switch based on DPA that could be stimulated by either singlet oxygen or by ionic recognition through fluorescence quenching occurring due to a heavy-metal atom effect. By taking advantage of the prochirality of the sulfoxide and the reversibility of the DPA chromophore, sulfoxides based on DPA platform were obtained by oxidation of thioethers (Figure X). The chiral sulfoxides were separated via chiral HPLC and the absolute configuration was determined by comparison with calculated and experimental electronic circular dichroism (ECD) spectra. The photooxidation of DPA monosulfoxides to its corresponding 9,10-endoperoxides afforded a major DPAO4 product under conventional conditions (in the presence of methylene blue and oxygen) which might due to the electronic effect or steric effect at the ortho-position. As a result, the thermal cycloreversion was only partially recovered. The CPL measurement of chiral sulfoxides is ongoing and an alternative photocycloreversion will be evaluated in the near future. 5 Self-assembled switchable imine cage by using singlet oxygen stimulus rganic molecular cages are well known as a class of molecular containers that possess an inner cavity defined by several macrocycles. Among them, stimuli-responsive molecular cages play an important role due to the capability of modifying their structure or properties in response to light, heat, pH or solvent. [START_REF] Wegner ; Ben | Molecular Switches. Second Edition[END_REF] In contrast to self-assembled metallocages prepared by metal coordination, multi-step synthesis is needed for the preparation of a reversible organic cage unless employing the dynamic covalent chemistry as illustrated by a recent example of the self-sorted cryptands [START_REF] Mondal | Reversible Multistimuli Switching of a Spiropyran-Functionalized Organic Cage in Solid and Solution[END_REF] We were interested in the investigation of self-assembled organic molecular cages that combine ionic binding and reactivity with 1 O2 which could lead to switchable functional cages. Herein, a facile preparation of a self-assembled fluorescent [2+3] imine cage with reversible DPA pillars is presented. Singlet oxygen is employed as the stimulus to switch between structures. [START_REF] Mongin | Singlet oxygen stimulus for switchable functional organic cages[END_REF] The reversible photo-oxidation/thermal reduction processes (Figure XI) can be followed by UV-vis and emission spectra and the endoperoxide cage was further characterized by 1 H NMR and mass spectra. The kinetic study in 3-chorotoluene showed a different rate (0.2522 h -1 for oxidation vs 0.1683 h -1 for reduction). In addition, the fatigue cycles for imine cage were evaluated and DOSY study provides approximate diffusion coefficients for the imine cage and the oxidized cage. The (host: guest) titration experiments showed a high affinity towards metal ions which is also evidenced by 1 

Introduction to gold catalysis 1.The early examples of homogeneous gold catalysis

First discovered as shining yellow nuggets, gold element is closely correlated with the evolution of human culture due to its natural beauty and nobleness. However, gold was considered to be catalytically inactive due to its inertness. As a result, the use of gold as a homogeneous catalyst has long been neglected until the first application reported by Ito and Hayashi in 1986, who described a catalytic asymmetric aldol reaction with isocyanoacetate employing a chiral ferrocenylphosphine gold(I) complex (Scheme 1-1a). [START_REF] Ito | Catalytic asymmetric aldol reaction: reaction of aldehydes with isocyanoacetate catalyzed by a chiral ferrocenylphosphine-gold(I) complex[END_REF] The first report of the transformation of alkyne compounds into ketones or acetals was realized in 1991 by using NaAuCl4 in protic solvents (methanol and water). [START_REF] Fukuda | Effective transformation of unactivated alkynes into ketones or acetals with a gold(III) catalyst[END_REF] The field of homogeneous gold catalysis really began to blossom in 1998 when Teles unveiled its potential in the activation of alkynes in 1998 (Scheme 1-1b). [START_REF] Teles | Cationic Gold(I) Complexes: Highly Efficient Catalysts for the Addition of Alcohols to Alkynes[END_REF] Scheme 1-1. Early reports for homogeneous gold catalysis. (a) Gold catalyzed asymmetric aldol reaction with isocyanoacetate; (b) Gold catalyzed alcohol addition to alkynes. [START_REF] Ito | Catalytic asymmetric aldol reaction: reaction of aldehydes with isocyanoacetate catalyzed by a chiral ferrocenylphosphine-gold(I) complex[END_REF][START_REF] Teles | Cationic Gold(I) Complexes: Highly Efficient Catalysts for the Addition of Alcohols to Alkynes[END_REF] Another classic example was presented by Hashmi's group [START_REF] Hashmi | Highly Selective Gold-Catalyzed Arene Synthesis[END_REF] where a gold(III) catalyzed transformation of propargyl ketones to furan compounds which can be further transformed to a phenol product by using AuCl3 in acetonitrile.

Scheme 1-2. Gold catalyzed arene synthesis from propargyl ketone. [START_REF] Hashmi | Highly Selective Gold-Catalyzed Arene Synthesis[END_REF] In the early stages of gold catalysis, gold(I) and gold(III) were mainly used as their chloride salts until the ligand effect was recognized. Since then, homogeneous gold catalysis has experienced an explosive development. The catalysis of organic reactions by gold compounds has been recently shown to be a powerful tool in synthesis which is now well-recognized as a soft carbophilic lewis acid which efficiently activate the C-C π bonds toward nucleophilic attack under mild conditions.

Relativistic effects in gold

Relativistic effects in chemistry are due to the high speeds of electrons when they move near a heavy nucleus.

Atoms with a high nuclear charge (Z) often result in relativistic effects. Gold (Z = 79) exhibits a large relativistic effect, as the orbital energies of non-relativistic (NR) 5d and relativistic (R) 6s on gold are quite similar (Figure 1-1). [START_REF] Leyva-Pérez | Similarities and Differences between the "Relativistic" Triad Gold, Platinum, and Mercury in Catalysis[END_REF] Thus, the electron configuration of gold is [Xe]4f 14 5d 10 6s 1 but it could also be written as [Xe]4f [START_REF] Komiya | Electrophilic cleavage of organogold complexes with acids. The mechanism of the reductive elimination of dialkyl(aniono)gold(III) species[END_REF] (5d6s) [START_REF] Kang | C(sp 2 )-C(sp 2 ) Reductive Elimination from Well-Defined Diarylgold(III) Complexes[END_REF] . The relativistic effect of gold has also been discussed mathematically based on the relativistic quantum theory. [START_REF] Pitzer | Relativistic effects on chemical properties[END_REF][START_REF] Pyykko | Relativity and the periodic system of elements[END_REF] From another point of view, the chemical properties of gold are strongly influenced by relativistic effects as illustrated by the electronegativity of Au (2.54 versus Pt (2.28) and Hg

(2.0)) which is resulting from the relativistic contraction of the valence orbitals 6s and 6p. Furthermore, gold shows a maximum of relativistic effects by measuring the ratio of relativistic (R) and non-relativistic (NR) 6s shell radii in the atomic ground states (Figure 1-2). [START_REF] Pyykkö | Relativity, Gold, Closed-Shell Interactions, and CsAu⋅NH3[END_REF][START_REF] Pyykkö | Theoretical Chemistry of Gold[END_REF] Figure 1-1. Schematic view of the molecular orbital energies for hypothetic gold compounds in nonrelativistic (NR) orbitals and relativistic (R) orbitals. [START_REF] Leyva-Pérez | Similarities and Differences between the "Relativistic" Triad Gold, Platinum, and Mercury in Catalysis[END_REF] Figure 1-2. The ratio of relativistic (R) and non-relativistic (NR) 6s-shell radii in the atomic ground states of the elements 55-100. [START_REF] Pyykkö | Relativity, Gold, Closed-Shell Interactions, and CsAu⋅NH3[END_REF] Notably, Au, Pt, Hg are the metals markedly affected by relativistic effect.

Gold complexes exhibits a strong lewis acidity for the activation of alkynes, coupled with the potential to stabilize the cationic gold intermediates. In order to rationalize the observed reactivity of gold, Toste and Gorin evaluated the relativistic effects in homogeneous gold catalysis experimentally and theoretically. [START_REF] Gorin | Relativistic effects in homogeneous gold catalysis[END_REF] The contracted 6s orbital and expanded 5d orbitals account for the strong lewis acidity of cationic gold catalyst based on the calculations. Of note, the 5d electrons of gold atom remain too low in energy, suggesting their delocalization into lower-energy, vacant non-bonding orbitals in the π-bonding gold complexes.

Gold complexes

The commonly observed oxidation states of gold are (+I) and (+III). With the remarkable development of novel ligands, the numerous gold complexes containing gold(I) and gold(III) that are accessible and show exciting outcomes as homogeneous gold catalysts was involved. Generally, gold(I) predominantly adopts a linear, bicoordinate geometry and gold(III) enables a prevalent square planar geometry. In this part, the selected representative examples of gold(I) complexes are outlined with phosphine and carbene ligands.

Concerning enantioselective gold catalysis, the chiral ligands featured on various skeletons for asymmetric catalysis are reviewed including phosphines, carbenes and phosphoramidites. Moreover, several exceptionally stable cationic gold(I) complexes, novel Z-type gold(I) complexes and tricoordinated gold(I) complexes are also displayed. As is often the case, gold(III) complexes are considered as less stable than gold(I) due to their higher electrophility and they are sensitive to light and moisture. However, stable gold(III) complexes are also accessible via ligand design or by oxidation of gold(I), as a result, selected gold(III) complexes are listed. Notably, the representative examples of ligand enabled gold(III) complexes via oxidative addition were also displayed. Finally, the difference between gold(I) and gold(III) catalysis was illustrated with a few examples to demonstrate the catalytic selectivity or reactivity.

Gold(I) complexes

In 1995, Green described a method for classifying covalent bonds in transition metals. [START_REF] Green | A new approach to the formal classification of covalent compounds of the elements[END_REF] According to the definition, the three types of ligands (L, X, and Z type) are defined based on the bonding mode of the ligating atom belonging to the ligand (Figure 123). The L ligands, for instance phosphine, carbon monoxide, and olefins, provide two-electrons for occupying an empty orbital on the metal center. The X ligands (hydride, alkyl and halogen) provide one electron to the metal to form covalent bonds. Lewis-acidic ligands such as borane, aluminum, and silicon, are classified as Z-type ligands. Gold(I) is the common and stable oxidation state of gold which possesses an electron configuration of [Xe]4f 14 5d 10 with an empty 6s orbital. Normally, gold(I) readily coordinates with mainfold donating ligands to form gold(I) complexes such as thioethers, [START_REF] Fowles | The reaction of gold halides with some sulphur-containing ligands[END_REF] N-heterocyclic carbenes, [START_REF] Marion | N-Heterocyclic carbenes in gold catalysis[END_REF][START_REF] Nolan | The Development and Catalytic Uses of N-Heterocyclic Carbene Gold Complexes[END_REF] and phosphines [START_REF] Zi | Recent advances in enantioselective gold catalysis[END_REF] which could be commercially available. Classification of the three bonding modes in metal complexes. [START_REF] Green | A new approach to the formal classification of covalent compounds of the elements[END_REF] During the past decade, the development of homogeneous gold chemistry significantly benefited from the extensive discovery of novel ligands. The conventional representative ligands for gold(I) complexes were showed in figure 1234. [START_REF] Marion | N-Heterocyclic carbenes in gold catalysis[END_REF][START_REF] Nolan | The Development and Catalytic Uses of N-Heterocyclic Carbene Gold Complexes[END_REF][START_REF] Zuccarello | Buchwald-Type Ligands on Gold(I) Catalysis[END_REF] In some cases, the reactivity and selectivity can be tuned through modification of electronic effect and steric effects on the ligands.

Figure 1234. Representative widely-exploited gold(I) complexes and ligands. [START_REF] Marion | N-Heterocyclic carbenes in gold catalysis[END_REF][START_REF] Nolan | The Development and Catalytic Uses of N-Heterocyclic Carbene Gold Complexes[END_REF][START_REF] Zuccarello | Buchwald-Type Ligands on Gold(I) Catalysis[END_REF] Enantioselective gold catalysis has also been broadly documented by using various chiral ligands, such as chiral phosphines, carbenes and phosphoramidities. Selected chiral ligands are listed in figure 12345. [START_REF] Zi | Recent advances in enantioselective gold catalysis[END_REF][START_REF] Zuccarello | Enantioselective Folding of Enynes by Gold(I) Catalysts with a Remote C2-Chiral Element[END_REF][START_REF] Zhang | Tethered Counterion-Directed Catalysis: Merging the Chiral Ion-Pairing and Bifunctional Ligand Strategies in Enantioselective Gold(I) Catalysis[END_REF][START_REF] Ji | Enantioselective Oxidative Gold Catalysis Enabled by a Designed Chiral P,N-Bidentate Ligand[END_REF][START_REF] Yavari | Helicenes with Embedded Phosphole Units in Enantioselective Gold Catalysis[END_REF][START_REF] Li | Gold-Catalyzed Enantioselective Annulations[END_REF][START_REF] Barbazanges | Chiral Acyclic Diaminocarbene Complexes: a New Opportunity for Gold Asymmetric Catalysis[END_REF] All the other chiral ligands were elaborated to achieve a rigid system where the linear gold(I) is forced to adopt a one-direction coordination except for the axially chiral phosphines. Impressively, the enantioselectivity can be controlled by a distal chiral auxiliary or a chiral anion. [START_REF] Zuccarello | Enantioselective Folding of Enynes by Gold(I) Catalysts with a Remote C2-Chiral Element[END_REF][START_REF] Zhang | Tethered Counterion-Directed Catalysis: Merging the Chiral Ion-Pairing and Bifunctional Ligand Strategies in Enantioselective Gold(I) Catalysis[END_REF] Figure 1-5. Selected chiral ligands that form gold(I) complexes involved in asymmetric catalysis. [START_REF] Zi | Recent advances in enantioselective gold catalysis[END_REF][START_REF] Zhang | Tethered Counterion-Directed Catalysis: Merging the Chiral Ion-Pairing and Bifunctional Ligand Strategies in Enantioselective Gold(I) Catalysis[END_REF][START_REF] Ji | Enantioselective Oxidative Gold Catalysis Enabled by a Designed Chiral P,N-Bidentate Ligand[END_REF][START_REF] Yavari | Helicenes with Embedded Phosphole Units in Enantioselective Gold Catalysis[END_REF][START_REF] Li | Gold-Catalyzed Enantioselective Annulations[END_REF][START_REF] Barbazanges | Chiral Acyclic Diaminocarbene Complexes: a New Opportunity for Gold Asymmetric Catalysis[END_REF][START_REF] Teller | Enantioselective Gold Catalysis: Opportunities Provided by Monodentate Phosphoramidite Ligands with an Acyclic TADDOL Backbone[END_REF][START_REF] Wu | Planar Chiral Phosphoramidites with a Paracyclophane Scaffold: Synthesis, Gold(I) Complexes, and Enantioselective Cycloisomerization of Dienynes[END_REF] Apart from the various phosphines and carbenes, two types of gold(I) complexes are worth to note as they exhibit special reactivity: firstly the stable cationic gold complexes and secondly the Z-type gold complexes and tricoordinated gold complexes (Figure 123456).

Cationic gold complexes are effective in the electrophilic activation. However, their thermal stability is usually very low and they undergo significant degradation during reactions. Shi et al. developed a class of triazole-based stable cationic gold complexes which are active in intermolecular internal alkyne hydroamination and reactions with unprotected aliphatic amines. [START_REF] Duan | Triazole-Au(I) Complexes: A New Class of Catalysts with Improved Thermal Stability and Reactivity for Intermolecular Alkyne Hydroamination[END_REF] After a while, Echavarren's group described a super stable cationic gold(I) precursor [START_REF] Raducan | A multipurpose gold(I) precatalyst[END_REF] which is readily transformed to a series of cationic gold complexes by adding a phosphine ligand. By employing this method, the gold catalyst precludes the silver effect and its application in heterogeneous gold catalysis showed good recyclability due to the stability of the catalyst. Another important class of Z-type gold complexes [START_REF] Bontemps | On the Versatile and Unusual Coordination Behavior of Ambiphilic Ligands o-R2P(Ph)BR'2[END_REF][START_REF] Sircoglou | Transition-Metal Complexes Featuring Z-Type Ligands: Agreement or Discrepancy between Geometry and dn Configuration?[END_REF][START_REF] Inagaki | Air-Stable Cationic Gold(I) Catalyst Featuring a Z-Type Ligand: Promoting Enyne Cyclizations[END_REF][START_REF] Yang | Activation of a Hydroamination Gold Catalyst by Oxidation of a Redox-Noninnocent Chlorostibine Z-Ligand[END_REF][START_REF] Inagaki | Substituent effects in the cyclization of ynediols catalyzed by gold complexes featuring L2/Z-type diphosphinoborane ligands[END_REF][START_REF] Murakami | Recent topics of gold catalyst featuring Z-type ligands[END_REF][START_REF] Wilkins | Stabilized Carbenium Ions as Latent, Z-type Ligands[END_REF] were initially reported by Bourissou, later investigations revealed exceptional reactivity in enyne cyclization while cationic Au(PPh3)2 was discovered to be non-reactive (Figure 123456). In 2014, Bourissou and Amgoune developed a carborane-based tricoordinated gold(I) complex which first achieved the oxidative addition to form stable organogold(III)

(Figure 123456). [START_REF] Joost | Facile Oxidative Addition of Aryl Iodides to Gold(I) by Ligand Design: Bending Turns on Reactivity[END_REF] The success of this ligand preorganization might spur new discoveries in gold catalysis and future applications. Novel gold(I) complexes with an exceptional stability (Top) or special coordination mode (Bottom). [START_REF] Raducan | A multipurpose gold(I) precatalyst[END_REF][START_REF] Joost | Facile Oxidative Addition of Aryl Iodides to Gold(I) by Ligand Design: Bending Turns on Reactivity[END_REF][START_REF] Duan | Triazole-Au(I) Complexes: A New Class of Catalysts with Improved Thermal Stability and Reactivity for Intermolecular Alkyne Hydroamination[END_REF][START_REF] Bontemps | On the Versatile and Unusual Coordination Behavior of Ambiphilic Ligands o-R2P(Ph)BR'2[END_REF][START_REF] Sircoglou | Transition-Metal Complexes Featuring Z-Type Ligands: Agreement or Discrepancy between Geometry and dn Configuration?[END_REF][START_REF] Inagaki | Air-Stable Cationic Gold(I) Catalyst Featuring a Z-Type Ligand: Promoting Enyne Cyclizations[END_REF][START_REF] Yang | Activation of a Hydroamination Gold Catalyst by Oxidation of a Redox-Noninnocent Chlorostibine Z-Ligand[END_REF][START_REF] Inagaki | Substituent effects in the cyclization of ynediols catalyzed by gold complexes featuring L2/Z-type diphosphinoborane ligands[END_REF][START_REF] Murakami | Recent topics of gold catalyst featuring Z-type ligands[END_REF][START_REF] Wilkins | Stabilized Carbenium Ions as Latent, Z-type Ligands[END_REF] 

Gold(III) complexes

Previously, gold(III) halides (AuX3) were mostly used to catalyze organic transformations with excellent to modest results. But a significant loss of reactivity was observed with more complicated substrates. The fragile stability under light or moisture makes AuX3 catalyzed reactions extremely difficult to handle. A class of stable gold(III) complexes with pyridine were first described by Hashmi [START_REF] Hashmi | Gold Catalysis: The Benefits of N and N,O Ligands[END_REF] which were found to be thermally stable 1 and effective catalysts in many alkyne-related transformations. [START_REF] Zhang | Dichloro(pyridine-2-carboxylato)-gold(III)[END_REF][126][START_REF] Tian | N-Pyridinyl Sulfilimines as a Source for α-Imino Gold Carbenes: Access to 2-Amino-Substituted N-Fused Imidazoles[END_REF][START_REF] Tian | Acyl Migration versus Epoxidation in Gold Catalysis: Facile, Switchable, and Atom-Economic Synthesis of Acylindoles and Quinoline Derivatives[END_REF] In contrast, other readily accessed gold(III) complexes, such as biphenyl gold(III), porphyrine gold(III), were rarely reported be useful catalysts (Figure 1234567). [START_REF] Roth | Cationic BPI-Gold(III) Complexes: Controlling Ligating and Nonligating Anions[END_REF] Figure 1-7. Stable gold(III) complexes. [START_REF] Hashmi | Gold Catalysis: The Benefits of N and N,O Ligands[END_REF][START_REF] Roth | Cationic BPI-Gold(III) Complexes: Controlling Ligating and Nonligating Anions[END_REF][START_REF] Lo | Gold(III) (C,N) complex-catalyzed synthesis of propargylamines via a three-component coupling reaction of aldehydes, amines and alkynes[END_REF] Figure 1-8. Easily accessible gold(III) complexes via oxidative addition. [START_REF] Zeineddine | Rational development of catalytic Au(I)/Au(III) arylation involving mild oxidative addition of aryl halides[END_REF][START_REF] Joost | Facile Oxidative Addition of Aryl Iodides to Gold(I) by Ligand Design: Bending Turns on Reactivity[END_REF][START_REF] Guenther | Activation of Aryl Halides at Gold(I): Practical Synthesis of (P,C) Cyclometalated Gold(III) Complexes[END_REF][START_REF] Wu | Stable gold(III) catalysts by oxidative addition of a carbon-carbon bond[END_REF][START_REF] Joost | Reactivity of Gold Complexes towards Elementary Organometallic Reactions[END_REF] 1.

Gold(I) vs Gold(III) catalysis

In general, gold precatalysts are gold complexes coordinated with simple halides such as stable linear dicoordinated gold(I) chloride complexes [LAuCl], where L is phosphine, thioether, phosphite or other donating ligand. In most cases, gold precatalysts require to be activated by chloride abstraction using a scavenger agent such as a silver salt, leading to monocoordinated cationic gold(I) complexes. Usually, cationic gold catalysts exhibit a higher reactivity in activating unsaturated π bonds due to their higher electrophilicity.

Most gold-catalyzed reactions rely on the use of stable gold(I) complexes whereas the catalytic reactivity of gold(III) complexes has been less explored. Gold(III) complexes exhibit a higher electrophilicity than gold(I) complexes. So, switching from gold(I) to a gold(III) catalyst can have a profound effect on the reaction outcome which often leads to divergent reaction pathways. In 2005, Zhang reported that gold(I) and gold(III) catalyzed reactions of indole-based propargylic ester yielding to disparate cyclization products. [START_REF] Zhang | Tandem Au-Catalyzed 3,3-Rearrangement-[2 Cycloadditions of Propargylic Esters: Expeditious Access to Highly Functionalized 2,3-Indoline-Fused Cyclobutanes[END_REF] In the presence of PPh3AuCl and AgSbF6, an indolenine-fused cyclobutane was obtained by a formal [2+2] cycloaddition between the indole and an allene formed in situ. In contrast, the use of PicAuCl2 delivered a fused product by a [3+2] cycloaddition (Scheme 1-3).

Scheme 1-3. Reactivity of gold(I) versus gold(III) complexes in the cyclisation of indole-based propargylic esters. [START_REF] Zhang | Tandem Au-Catalyzed 3,3-Rearrangement-[2 Cycloadditions of Propargylic Esters: Expeditious Access to Highly Functionalized 2,3-Indoline-Fused Cyclobutanes[END_REF] A dramatic effect was also found in the cyclization reaction of alkynyl-substituted indole using gold(I) and gold(III) catalysts (Scheme 1-4). [START_REF] Ferrer | Gold-Catalyzed Intramolecular Reaction of Indoles with Alkynes: Facile Formation of Eight-Membered Rings and an Unexpected Allenylation[END_REF] A 7-exo-dig cyclization was found for gold(I) catalyst whereas AuCl3 led to a rare 8-endo-dig cyclization product. It was suggested that chloride atom ligation is responsible for this change in the cyclization mode.

Scheme 1-4. Formation of seven-and eight-membered indole-fused rings using gold(I) vs. gold(III) catalysis. [START_REF] Ferrer | Gold-Catalyzed Intramolecular Reaction of Indoles with Alkynes: Facile Formation of Eight-Membered Rings and an Unexpected Allenylation[END_REF] by a Meyer-Schuster rearrangement were proposed as mechanisms for the reactions. A wide range of substrates afforded moderate to excellent yields and selectivities.

Homogeneous gold catalysis

In this decade, gold catalyzed organic transformations have been extensively reviewed from broad perspectives. [START_REF] Zi | Recent advances in enantioselective gold catalysis[END_REF][START_REF] Zuccarello | Buchwald-Type Ligands on Gold(I) Catalysis[END_REF][START_REF] Fürstner | Catalytic Carbophilic Activation: Catalysis by Platinum and Gold π-Acids[END_REF][START_REF] Arcadi | Alternative Synthetic Methods through New Developments in Catalysis by Gold[END_REF][START_REF] Corma | Gold-Catalyzed Carbon-Heteroatom Bond-Forming Reactions[END_REF][START_REF] Krause | Gold-Catalyzed Nucleophilic Cyclization of Functionalized Allenes: A Powerful Access to Carbo-and Heterocycles[END_REF][START_REF] Rudolph | Gold catalysis in total synthesis-an update[END_REF][START_REF] Fensterbank | Molecular Complexity from Polyunsaturated Substrates: The Gold Catalysis Approach[END_REF][START_REF] Qian | Gold-catalyzed cyclopropanation reactions using a carbenoid precursor toolbox[END_REF][START_REF] Day | Gold-Catalyzed Cycloisomerizations of 1,n-Diyne Carbonates and Esters[END_REF][START_REF] Kramer | Recent Advances in Gold-Catalyzed Intermolecular Aryl C-H Functionalization[END_REF][START_REF] Pflästerer | Gold catalysis in total synthesisrecent achievements[END_REF][START_REF] Jia | Counterion Effects in Homogeneous Gold Catalysis[END_REF][START_REF] Lu | Improving Homogeneous Cationic Gold Catalysis through a Mechanism-Based Approach[END_REF] In this section, the various gold intermediates obtained though electrophilic activation of alkynes are discussed and selected classic cyclization reactions of C-C π bonds are listed with a few examples including cycloisomerization of 1,n-enynes, oxidative cyclization reactions, domino reactions for construction of molecular complexity. The aim of this part is to roughly show the robust efficacy of gold catalysis in the activation of unsaturated carbon-carbon bonds. Here, the conventional activation of alkynes for diverse nucleophilic additions is not covered for the sake of briefness.

Gold intermediates through electrophilic activation

Over the last decade, the use of gold complexes as carbophilic π-acids has become a powerful tool for building molecular complexity in an atom-economical fashion. The gold readily activates unsaturated C-C bond for nucleophilic additions while generating a vinylgold intermediate (Figure 1-9) which was first experimentally isolated in the Hammond's group in 2008 [START_REF] Hashmi | Isolable vinylgold intermediates -first access to phantoms of homogeneous gold catalysis[END_REF][START_REF] Liu | Synthesis and Structural Characterization of Stable Organogold(I) Compounds. Evidence for the Mechanism of Gold-Catalyzed Cyclizations[END_REF] by using an electron deficient allene. Notably, a gold carbene was also proposed as the key intermediates in many gold catalyzed transformations. The common methods for the generation of gold carbene intermediates [START_REF] Wang | Gold Carbene or Carbenoid: Is There a Difference?[END_REF][START_REF] Harris | Gold carbenes, gold-stabilized carbocations, and cationic intermediates relevant to gold-catalysed enyne cycloaddition[END_REF] are summarized in figure 1 General methods for the generation of gold carbenes. [START_REF] Wang | Gold Carbene or Carbenoid: Is There a Difference?[END_REF] 1.3.2 Selected gold catalyzed organic transformations

Cycloisomerization of 1,n-enynes

The cycloisomerization of 1,n-enynes is undoubtedly an important case of gold catalyzed transformations as it reveals a diverse chemistry with two general pathways: a 5-exo-dig cyclization or 6-endo-dig cyclization leading to a vinyl gold intermediate or a 6-endo-dig cyclization that forms gold carbenes (Figure 1-11). [START_REF] Jiménez-Núñez | Molecular diversity through gold catalysis with alkynes[END_REF] The skeletal rearrangement takes place on gold carbene I and forms dienes while the deauration of gold carbene II leads to a cyclopropane product.

Generally, coordination of transition metals such as Pt or Pd to the alkyne and alkene leads to metal π complexes, which usually evolve by β-hydrogen elimination to give Alder-ene type products. In contrast, gold complexes are unique in their high reactivity as carbophilic π acids. They exclusively bind to the alkyne function and therefore the oxidative cyclometalation to form cyclobutene is not favored. However, the cyclobutene could also be obtained by conrotatory ring-opening of gold carbene I. Further DFT calculations also suggested that the anti attack of the alkene is more favorable than the syn attack. However, the skeleton rearrangement is disfavored when the alkyne or alkene is substituted. In 2005, Echavarren's group demonstrated that the cyclization of a cyclohexene-or a cyclooctene-tethered alkyne (1,7-enyne) led to a ring-fused tricyclic scaffold under two different gold(I) catalysts at room temperature (Scheme 1-6). [START_REF] Nieto-Oberhuber | Divergent Mechanisms for the Skeletal Rearrangement and [2+2] Cycloaddition of Enynes Catalyzed by Gold[END_REF] Both reactants proceed via a similar [2+2] cycloaddition to form a cyclobutene.

The outcome of the reaction is in accordance to the calculation of the skeleton rearrangement.

Scheme 1-6. Gold catalyzed cyclization of 1,7-enynes with gold(I) complexes. [START_REF] Nieto-Oberhuber | Divergent Mechanisms for the Skeletal Rearrangement and [2+2] Cycloaddition of Enynes Catalyzed by Gold[END_REF] Scheme 1-7. Gold catalyzed intramolecular cyclopropanation of dienynes with a gold(I) complex. [START_REF] Nieto-Oberhuber | Cationic Gold(I) Complexes: Highly Alkynophilic Catalysts for the exo-and endo-Cyclization of Enynes[END_REF] Notably, intramolecular cyclopropanation of dienynes was achieved by a gold(I) catalyst (Scheme 1-7). [START_REF] Nieto-Oberhuber | Cationic Gold(I) Complexes: Highly Alkynophilic Catalysts for the exo-and endo-Cyclization of Enynes[END_REF] The reaction was proposed to undergo via a 5-exo-dig cyclization gold carbene intermediate followed by a second activation to exclusively deliver a ring-fused product. The stereoselectivity of the cyclopropanation appears to be the result of the kinetically controlled intermediate, which presents an antiperiplanar arrangement of the cyclopropane and the metal carbene.

Recently, Echavarren's group described an intermolecular enyne cyclization of alkenes with acetylene gas generated in situ from calcium carbide and water, which leads to (Z,Z)-1,4-disubstituted 1,3-butadienes and biscyclopropanes (Scheme 1-8). [START_REF] Scharnagel | Acetylene as a Dicarbene Equivalent for Gold(I) Catalysis: Total Synthesis of Waitziacuminone in One Step[END_REF] Of note, the reaction of acetylene with 1,5-dienes stereoselectively gives rise to tricycle[5.1.0.0]octanes. This method was further applied in the total synthesis of waitziacuminone in one step.

Scheme 1-8. Gold catalyzed intermolecular alkene and alkyne cyclization and the one-step synthesis of waitziacuminone. [START_REF] Scharnagel | Acetylene as a Dicarbene Equivalent for Gold(I) Catalysis: Total Synthesis of Waitziacuminone in One Step[END_REF] 1.

Oxidative cyclization

The gold catalyzed oxidative cyclization reaction affords a cyclization product in the presence of an intra/intermolecular oxidant. In 2007, Toste and Zhang independently reported the oxidative cyclization of alkynyl sulfoxides to benzothiepinones where the tethered sulfinyl group could serve as an intramolecular nucleophilic oxidant (Scheme 1-9). [START_REF] Li | Gold-Catalyzed Intramolecular Redox Reaction of Sulfinyl Alkynes: Efficient Generation of α-Oxo Gold Carbenoids and Application in Insertion into R-CO Bonds[END_REF][START_REF] Shapiro | Rearrangement of Alkynyl Sulfoxides Catalyzed by Gold(I) Complexes[END_REF] It is important to note that both gold(I) and gold(III) complexes exhibited an excellent reactivity and lead to the formation of the 7-membered thiepinone ring. However, the mechanistic pathway might involve different intermediates. When employing a gold(I) catalyst, a goldcarbenoid intermediate formed through oxygen atom transfer from the sulfoxide was postulated. For the gold(III) catalyzed process, an α-oxo gold carbene intermediate generated upon an initial gold-catalyzed nucleophilic attack at the alkyne was proposed instead. The latter forms a 5-exo-dig intermediate, and followed by a gold-promoted heterolytic fragmentation of the S-O bond. Finally a Friedel-Crafts type cyclization with the electron-deficient carbene moiety to deliver the product.

Scheme 1-9. Gold catalyzed intramolecular oxidative cyclization. [START_REF] Li | Gold-Catalyzed Intramolecular Redox Reaction of Sulfinyl Alkynes: Efficient Generation of α-Oxo Gold Carbenoids and Application in Insertion into R-CO Bonds[END_REF][START_REF] Shapiro | Rearrangement of Alkynyl Sulfoxides Catalyzed by Gold(I) Complexes[END_REF] Intermolecular oxidative cyclization can also be performed with an external oxidant. [START_REF] Zheng | Au-Catalysed oxidative cyclisation[END_REF] In 2013, Liu's group developed a gold(I) catalyzed reaction of 3,5-and 3,6-dien-1-ynes with 8-alkylquinoline N-oxides which results in an oxidative cycloaddition product through the activated quinoline framework (Scheme 1-10). [START_REF] Huple | Gold-Catalyzed Oxidative Cycloadditions to Activate a Quinoline Framework[END_REF] The mechanism of this transformation probably involves an α-oxo pyridinium ylide intermediate, which undergoes a concerted [3+2] cycloaddition with the tethered alkene to form the ring-fused product.

Scheme 1-10. Gold catalyzed intermolecular oxidative cyclization. [START_REF] Huple | Gold-Catalyzed Oxidative Cycloadditions to Activate a Quinoline Framework[END_REF] In 2015, Zhang's group described an asymmetric intramolecular cyclopropanation of dienynes in the presence of 8-methylquinoline N-oxide (Scheme 1-11). [START_REF] Ji | Enantioselective Oxidative Gold Catalysis Enabled by a Designed Chiral P,N-Bidentate Ligand[END_REF] This enantioselective oxidative gold catalysis relied on a chiral P,N bidentate ligand (Mor-Dalphos) which enables the in situ formation of α-oxo gold carbene intermediates. This class of P,N ligands were further proven to be effective for the facile oxidative addition of aryl iodide on gold(I) atoms. [START_REF] Zeineddine | Rational development of catalytic Au(I)/Au(III) arylation involving mild oxidative addition of aryl halides[END_REF] Scheme 1-11. Enantioelective gold catalyzed intermolecular oxidative cyclization. [START_REF] Ji | Enantioselective Oxidative Gold Catalysis Enabled by a Designed Chiral P,N-Bidentate Ligand[END_REF] 1.

Cascade reactions for molecular complexity

The gold catalyzed cascade reaction is an efficient approach to construct molecular complexity in one step. [START_REF] Dorel | Gold(I)-Catalyzed Activation of Alkynes for the Construction of Molecular Complexity[END_REF] In 2012, an Ugi four-component reaction of propargylamines with 3-formylindoles, acids, and isonitriles was coupled with a gold(I) catalyst to prepare substituted tetracyclic spiroindolines in moderate to excellent yields (Scheme 1-12). [START_REF] Modha | A Diversity-Oriented Approach to Spiroindolines: Post-Ugi Gold-Catalyzed Diastereoselective Domino Cyclization[END_REF] The remarkable efficiency showed the huge potential of one-pot gold catalysis in natural products synthesis.

Scheme 1-12. Synthesis of substituted spiroindolines from gold catalysis and Ugi four-component adducts. [START_REF] Modha | A Diversity-Oriented Approach to Spiroindolines: Post-Ugi Gold-Catalyzed Diastereoselective Domino Cyclization[END_REF] In 2014, Wang's group highlighted the use of gold catalysis to access to polycyclic indole alkaloids. [START_REF] Barbour | Gold Approaches to Polycyclic Indole Alkaloids[END_REF] In the case of indoles bearing a nucleophilic functional group and an alkynyl chain, the reaction gives tetracyclic indolines in one single step with high yields (Scheme 1-13).

Scheme 1-13. Synthesis of tetracyclic indolines by gold catalyzed hydroarylation and intramolecular nucleophilic addition. [START_REF] Barbour | Gold Approaches to Polycyclic Indole Alkaloids[END_REF] This strategy is also applicable to furan-yne precursors, Hashmi reported the cyclization of furan-ynes via a dearomative pathway, resulting in tetracycles containing two heteroatoms and two new stereocenters under mild conditions (Scheme 1-14). [START_REF] Hashmi | Gold Catalysis: Switching the Pathway of the Furan-Yne Cyclization[END_REF] The first step of the reaction is initiated by a 6-endo-dig cyclization to form a gold carbene, which subsequently undergo a Friedel-Crafts annulation leading to the tetracycles.

Scheme 1-14. Furan-yne cyclization and Friedel-Crafts annulation. [START_REF] Hashmi | Gold Catalysis: Switching the Pathway of the Furan-Yne Cyclization[END_REF] 

Silver in gold catalysis

Gold(I) chloride has been extensively used as homogeneous catalyst in the presence of silver salts (chloride scavenger) to form a cationic gold complex which is generally believed as the active catalytic species.

However, a rising problem is that silver has also been effective in many organic transformations due to its excellent alkynophilicity. [START_REF] Fang | Silver-catalysed reactions of alkynes: recent advances[END_REF] In 2009, Gagné reported that vinylgold species can be trapped by another equivalent of gold or silver as exemplified with phenyl tethered allenes (Scheme 1-15). [START_REF] Weber | Dinuclear Gold-Silver Resting States May Explain Silver Effects in Gold(I)-Catalysis[END_REF] A few years later, Shi's group revealed that the gold complex PPh3AuOTf prepared from PPh3AuCl/AgOTf, with or without AgCl (withdrawn by filtration) led to different chemical shifts on 31 P NMR, [START_REF] Wang | Silver Effect" in Gold(I) Catalysis: An Overlooked Important Factor[END_REF] in accordance with the results of Gagné. In 2015, Zhdanko and Maier conducted an extensive in situ NMR investigation and further confirmed the formation of a dinuclear metal complex. [START_REF] Zhdanko | Explanation of "Silver Effects" in Gold(I)-Catalyzed Hydroalkoxylation of Alkynes[END_REF] Scheme 1-15. Trap vinylgold intermediate with gold or silver and form dinuclear metal complexes. [START_REF] Weber | Dinuclear Gold-Silver Resting States May Explain Silver Effects in Gold(I)-Catalysis[END_REF][START_REF] Lu | Revisiting the Influence of Silver in Cationic Gold Catalysis: A Practical Guide[END_REF] Subsequently, Echavarren demonstrated the formation of a chloride-bridged dinuclear gold complex in the presence of one equivalent or of an excess silver salt (Scheme 1-16). [START_REF] Homs | On the Silver Effect and the Formation of Chloride-Bridged Digold Complexes[END_REF] This finding further proved that silver is not totally innocent in gold catalysis even if silver itself might not catalyze all gold-catalyzed transformation.

Scheme 1-16. Access to chloride-bridged dinuclear gold complex in the presence of silver salts. [START_REF] Homs | On the Silver Effect and the Formation of Chloride-Bridged Digold Complexes[END_REF] A profound silver effect was observed in the gold catalyzed enantioselective cyclization of allenes (Scheme 1-17). The in situ generated cationic gold(I) complex lead to the best outcome of 72 % ee, while a significant decrease (21% ee) was observed when using an isolated pure gold complex by removing the AgCl generated in situ. The addition of additional AgOTf did not improve the stereoselectivity. Of note, an excess of AgCl afforded a better outcome of 34 % ee. [START_REF] Tarselli | Gold(I)-Catalyzed Asymmetric Cycloisomerization of Eneallenes into Vinylcyclohexenes[END_REF] This result in line with the discovery that the innocent AgCl might coordinate with the gold intermediate or lead to a new gold species. [START_REF] Weber | Dinuclear Gold-Silver Resting States May Explain Silver Effects in Gold(I)-Catalysis[END_REF][START_REF] Homs | On the Silver Effect and the Formation of Chloride-Bridged Digold Complexes[END_REF] Scheme 1-17. Silver effect on gold catalyzed enantioselective cyclization of allene. [START_REF] Tarselli | Gold(I)-Catalyzed Asymmetric Cycloisomerization of Eneallenes into Vinylcyclohexenes[END_REF] Recently, Bebbington and Lee discussed the regioselectivity controlled by silver in the gold catalyzed regiondivergent hydroamination of terminal alkynyl sulfamides (Scheme 1-18). [START_REF] Veguillas | Silver Effect in Regiodivergent Gold-Catalyzed Hydroaminations[END_REF] In the presence of silver(I), a 6endo-dig cyclization was observed while in its absence, the major 5-exo-dig cyclization product was obtained.

The different possible π-silver acetylides and σ-π-digold intermediate might account for this dramatic change in regioselectivity.

Scheme 1-18. Regioselective cyclization of alkynyl sulfamides with or without silver salts. [START_REF] Veguillas | Silver Effect in Regiodivergent Gold-Catalyzed Hydroaminations[END_REF] Most investigations in gold catalysis focus on the catalysts and neglect the crucial control experiments. Based on the aforementioned results, silver can either form a dinuclear complex with gold, or lead to the less active chloride-bridged dinuclear gold. A higher standard is thereby required on future condition optimizations of gold catalyzed reactions. For example, three basic control experiments by utilizing in situ generated cationic gold complex, the pre-isolated gold complex, and the silver itself as catalyst are at least needed.

Catalytic redox gold catalysis

Gold has been considered to be an inert metal in catalysis until the seminal work of Teles and Hashmi unveiled the potential of homogeneous gold catalysis which has experienced strong development over the last few decades. Acting as a Lewis acid, numerous gold complexes are now considered to be robust and versatile catalysts that efficiently activate carbon-carbon π bonds toward nucleophilic attack. However, the exceptionally high redox potential is considered to be an intrinsic limitation for gold as a transition metal to undergo Au(I)/Au(III) cycles. To address this problem, the field of catalytic redox gold catalysis is pursuing several strategies in the last decade. Herein, redox gold catalysis was reviewed along four major strategies:

Au(I)/Au(III) catalysis with an oxidant, dual photoredox and gold catalysis including photosensitizer-free redox gold catalyst, light-triggered gold catalysis with dinuclear complexes and ligand enabled Au(I)/Au(III) catalysis. Each approach is presented with a general mechanism and followed with organic transformation scope.

Au(I)/Au(III) catalysis with oxidant

The application of Au(I)/Au(III) catalysis was extremely limited due to the high redox potential which can be achieved by using an external stoichiometric oxidant. For a long period, the development of gold catalyzed coupling reaction was limited to use stoichiometric amount of gold catalyst. [START_REF] Wegner | Oxidative coupling reactions with gold[END_REF] The first catalytic Au(I)/Au(III) catalysis was illustrated by Tse and coworkers, [START_REF] Kar | A general gold-catalyzed direct oxidative coupling of non-activated arenes[END_REF] with the direct oxidative homocoupling of non-activated arene in the presence of HAuCl4 and PhI(OAc)2 as an oxidant. However, low selectivity was observed as the homocoupling step was a competitive process with ligand exchange. As a result, the cross coupling reaction often led to a mixture of the cross-coupled biaryl product and homodimers. Notably, the oxidative coupling reaction can also be achieved in moderate yield by using gold(I) complexes and Selectfluor™. [START_REF] Zhang | Gold-Catalyzed Homogeneous Oxidative Cross-Coupling Reactions[END_REF][START_REF] Zhang | Homogeneous Gold-Catalyzed Oxidative Carboheterofunctionalization of Alkenes[END_REF] In this part, selected examples of cross coupling reactions using the Au(I)/Au(III) redox catalysis in the presence of PhI(OAc)2 are depicted.

General mechanism for gold catalyzed cross coupling reactions

From the recent development of gold catalyzed cross coupling reactions, two major pathways were involved. 

Gold catalyzed oxidative cross coupling

In 2010, Nevado's group reported the successful synthesis of arylacetylenes from electron-rich arenes and electron-deficient alkynes by using a catalytic amount of gold(I) catalyst and PhI(OAc)2 as an oxidant (Scheme 1-19). [START_REF] Haro | Gold-Catalyzed Ethynylation of Arenes[END_REF] The possible intermediate might be a arylynegold(III) which then undergoes reductive elimination.

Scheme 1-19. Gold-catalyzed ethynylation of arenes. [START_REF] Haro | Gold-Catalyzed Ethynylation of Arenes[END_REF] Two years later, the cross coupling of arylsilanes and aryl halides was achieved by using a low catalytic loading of gold(I) complex (1 mol%) in the presence of hypervalent iodine and camphorsulfonic acid at room temperature. This process was superior to the conventional palladium catalysis with mild conditions and a tolerance to halide groups (Scheme 1-20a). [START_REF] Ball | Gold-Catalyzed Direct Arylation[END_REF] Notably, the coupling product can be further transformed to the nonsteroidal anti-inflammatory diflunisal. The mechanism was discussed by the same group based on the kinetic isotope effects and the stoichiometric experiments. Noteworthy, the use of camphorsulfonic acid was proved to enhance the electrophilic character of gold(III) and facilitate the C-H auration to form a diarylgold(III) and its subsequent reductive elimination. [START_REF] Ball | Gold-Catalyzed Oxidative Coupling of Arylsilanes and Arenes: Origin of Selectivity and Improved Precatalyst[END_REF] Recently, electron-deficient arylboronates were also employed for the arenes coupling in good yields (Scheme 1-20b). The gold(III) intermediate was isolated and characterized after the oxidation by PhI(OAc)2. The acetate anion as an internal base has been revealed as a crucial parameter for expanding the reaction scope. [182] More recently, the chemoselective coupling reaction of polyfluoroarenes with aryl germanes was achieved by a cationic gold(I) catalyst associated with a mesylate anion (PPh3AuOMs) [START_REF] Fricke | Gold-Catalyzed C-H Functionalization with Aryl Germanes[END_REF] that promotes the transmetalation of aryl germanes (Scheme 1-20c).

Further studies revealed that the aryl germanes exhibit a higher reactivity than arylsilanes and arylbororates.

Later, a similar coupling reaction with a greatly larger scope was realized by using an in situ umpolung strategy with the assistance of silver. [START_REF] Dahiya | Gold-Catalyzed Chemoselective Couplings of Polyfluoroarenes with Aryl Germanes and Downstream Diversification[END_REF] This approach showed compatibility with electro-poor or -rich aryl germanes and gave rise to a series of electron-poor biaryls (Scheme 1-20d).

Scheme 1-20. Gold catalyzed cross coupling of functionalized arenes and electron-poor or -rich arenes. [START_REF] Ball | Gold-Catalyzed Direct Arylation[END_REF][START_REF] Ball | Gold-Catalyzed Oxidative Coupling of Arylsilanes and Arenes: Origin of Selectivity and Improved Precatalyst[END_REF][START_REF] Fricke | Gold-Catalyzed C-H Functionalization with Aryl Germanes[END_REF][START_REF] Dahiya | Gold-Catalyzed Chemoselective Couplings of Polyfluoroarenes with Aryl Germanes and Downstream Diversification[END_REF] The direct oxidative cross coupling of two arenes is an efficient method to construct biaryls, while the reactivity or selectivity is often difficult to control. The selective C-H activation of arenes can be achieved by tuning the electronic density of the arenes. An electron-poor arene favors the C-H activation by a gold(I) complex whereas an electron-rich arene is readily activated by an electrophilic gold(III) catalyst. Thus, the double C-H activation can be selectively controlled to result in the biaryl coupling product. This approach was illustrated in the cross-couplings of electron-poor fluorinated arene and electron-rich arenes or indoles with good yields and excellent selectivities (Scheme 1-21). [START_REF] Cambeiro | Redox-Controlled Selectivity of C-H Activation in the Oxidative Cross-Coupling of Arenes[END_REF][START_REF] Cambeiro | Au-Catalyzed Cross-Coupling of Arenes via Double C-H Activation[END_REF] Scheme 1-21. Gold catalyzed cross coupling via double C-H activation. [START_REF] Cambeiro | Redox-Controlled Selectivity of C-H Activation in the Oxidative Cross-Coupling of Arenes[END_REF][START_REF] Cambeiro | Au-Catalyzed Cross-Coupling of Arenes via Double C-H Activation[END_REF] 

Dual photoredox and gold catalysis

Before being applied to gold, the concept of cooperative photoredox catalysis was already investigated with various organocatalysts, Lewis acids and other transition metal catalysts such as nickel and palladium. [START_REF] Angnes | Recent synthetic additions to the visible light photoredox catalysis toolbox[END_REF] Light-induced gold catalysis provides an alternative, elegant route to the Au(I)/Au(III) redox cycle without the use of excess oxidants. In the presence of a photocatalyst and a aryldiazonium reagent (in most cases), gold(I) complexes can be converted into gold(III) species through a two-electron oxidation process. A broad investigation of the reactions scope led to the discovery of novel transformations. In this section, the concepts of dual gold/photoredox catalysis are presented with the proposed mechanisms supported by DFT calculations. The concept of photosensitizer-free light-mediated reactions is also discussed.

Concept

Owing the development of classic transition metal catalysis (such as palladium), gold complexes were shown to achieve Au(I)/Au(III) redox cycles in the presence of an oxidant. Indeed, the high potential of the Au(I)/Au(III) redox couple limits its ability to undergo an oxidative addition step crucial for cross coupling reactions. Several oxidants, such as hypervalent iodine or selectfluor were employed to generate the gold(III) oxidation state and enable oxidative cross coupling. [START_REF] Ball | Gold-Catalyzed Direct Arylation[END_REF][START_REF] Haro | Gold-Catalyzed Ethynylation of Arenes[END_REF][START_REF] Haro | Flexible Gold-Catalyzed Regioselective Oxidative Difunctionalization of Unactivated Alkenes[END_REF][START_REF] Hofer | Cross-coupling of arene-gold(III) complexes[END_REF][START_REF] Hofer | Gold-Catalyzed Direct Oxidative Arylation with Boron Coupling Partners[END_REF][START_REF] Cambeiro | Au-Catalyzed Cross-Coupling of Arenes via Double C-H Activation[END_REF][START_REF] Ball | Gold-Catalyzed Oxidative Coupling of Arylsilanes and Arenes: Origin of Selectivity and Improved Precatalyst[END_REF] Some obvious disadvantages of using superstoichiometric amounts of oxidant are poor atom economy and restricted functional group tolerance. In order to achieve the elementary oxidation step, gold(III) species were designed to be obtained through a stepwise two-electron oxidation processes from gold(I) by using photoredox catalysis: (a) a photocatalyst triggers the formation of a carboradical R• which reacts with the Au(I) complex to form a Au(II) intermediate and (b) a single electron transfer (SET) from the photocatalyst to the gold atom to form the cationic Au(III) species (Scheme 1-22). Then, a reductive elimination step provides the product and the initial gold(I) catalyst required to complete the catalytic cycle. The active catalytic species can be either the Au(I) or Au(III) species.

This concept is based on the studies of Puddephatt [START_REF] Johnson | Reactions of trifluoromethyl iodide with methylgold(I) complexes. Preparation of trifluoromethyl-gold(I) and -gold(III) complexes[END_REF] in the 1970's and Corma in 2006, [START_REF] Aprile | Radical Trapping by Gold Chlorides Forming Organogold Intermediates[END_REF] who reported that organic radicals can react with gold(I) to afford organogold(III) intermediates. In 2013, Glorius introduced an elegant strategy to carry out the oxidant-free Au(I)/Au(III) redox catalysis by merging visible light photoredox and gold catalysis under mild conditions. [START_REF] Sahoo | Combining Gold and Photoredox Catalysis: Visible Light-Mediated Oxy-and Aminoarylation of Alkenes[END_REF] The first two model reactions are presented in the next paragraph: (a) the intramolecular oxyarylation of alkenes (Glorius), and (b) an arylative ring expansion reaction of vinylcyclopropanol (Toste and Frei). [START_REF] Shu | Dual Visible Light Photoredox and Gold-Catalyzed Arylative Ring Expansion[END_REF] Scheme 1-22. The concept of photo-induced two electron oxidation to generate gold(III) species.

Hashmi and coworkers reported pioneering work in light-mediated Au(I)/Au(III) redox catalysis by using blue or visible light LED in the absence of any photosensitizer. This approach was illustrated in the goldcatalyzed 1,2-difunctionalization of alkynes and cross coupling reactions. [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF] Light was proposed to favor the oxidative addition step and the elimination of nitrogen. Under these conditions, the oxidation of gold seems to occur through a SET followed by radical addition, which is the reverse order compared to the general mechanism of dual gold/photoredox catalysis. Importantly, gold(I) has no absorption in the region of blue LED to visible light and can hardly act as photocatalyst, whereas the unsubstituted benzenediazonium reactant shows a strong absorption maximum at λmax ≈ 300 nm and 261 nm in solution. Methanol (solvent)

as an electron donor can contribute to the generation of aryl radical. The role of gold complexes, light and solvent during the oxidative addition step is therefore still under investigation.

General mechanism

From the initial studies by Glorius and Toste, [START_REF] Sahoo | Combining Gold and Photoredox Catalysis: Visible Light-Mediated Oxy-and Aminoarylation of Alkenes[END_REF][START_REF] Shu | Dual Visible Light Photoredox and Gold-Catalyzed Arylative Ring Expansion[END_REF] both dual catalytic processes with similar reactants and identical Ru(bipy)3/Ph3PAuCl catalysts involve a radical addition and a single electron transfer to generate a gold(III) species (Scheme 1-23). One classic example is the oxyarylation of alkenes (Scheme 1-5, Path I). [START_REF] Sahoo | Combining Gold and Photoredox Catalysis: Visible Light-Mediated Oxy-and Aminoarylation of Alkenes[END_REF] The cationic gold(I) activates the alkene and initiates nucleophilic cyclization resulting in the alkylgold(I) intermediate A which undergoes addition of the photo-generated aryl radical to afford a gold(II) species B.

This unstable intermediate is expected to be further oxidized by Ru III through a SET process to generate a highly electrophilic gold(III) species C. The smooth reductive elimination of C gives rise to the coupling product and regenerates the gold(I) catalyst (Scheme 1-23, Path I). In this mechanism based on experimental evidence, gold(I) catalysis is followed by the action of photocatalyst to form the final intermediate C before the reductive elimination. A theoretical study by Yu suggested that the favorable pathway for this reaction is first the action of the photocatalyst on gold(I) followed by gold(III) catalysis on the substrate. [START_REF] Zhang | Mechanism of the Visible Light-Mediated Gold-Catalyzed Oxyarylation Reaction of Alkenes[END_REF] A slightly different mechanism was proposed for the arylative ring expansion reaction (Scheme 1-23, Path II). [START_REF] Shu | Dual Visible Light Photoredox and Gold-Catalyzed Arylative Ring Expansion[END_REF] Based on the observation of the reductive elimination product PPh3AuPh D, the authors proposed that the two electron oxidation process of gold(I) complex into gold(III) E triggered by the photocatalyst occurs first, followed by classical gold(III) catalysis, i.e. the activation of the alkene towards the ring-expansion step, followed by reductive elimination.

Scheme 1-23. The general mechanism of dual photoredox and gold catalytic system (Path I: For oxy-and aminoarylation of alkene; Path II: For arylative ring expansion reaction). [START_REF] Sahoo | Combining Gold and Photoredox Catalysis: Visible Light-Mediated Oxy-and Aminoarylation of Alkenes[END_REF][START_REF] Shu | Dual Visible Light Photoredox and Gold-Catalyzed Arylative Ring Expansion[END_REF] Recent reports of photosensitizer-free light-mediated gold catalyzed organic transformations [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF][START_REF] Witzel | Photosensitizer-Free, Gold-Catalyzed C-C Cross-Coupling of Boronic Acids and Diazonium Salts Enabled by Visible Light[END_REF][START_REF] Witzel | New transmetalation reagents for the gold-catalyzed visible light-enabled C(sp or sp 2 )-C(sp 2 ) cross-coupling with aryldiazonium salts in the absence of a photosensitizer[END_REF][START_REF] Xie | Light-Induced Gold-Catalyzed Hiyama Arylation: A Coupling Access to Biarylboronates[END_REF] developed by Hashmi raised a series of questions with respect to the mechanism: (i) the role of PPh3AuCl, as a catalyst and/or a photocatalyst, (ii) the action of visible or blue LED light on gold(I)/(III) species, (iii) in the absence of a photosensitizer, the aryldiazonium salt reactivity under irradiation, and (iv) the key actors of the oxidation addition step.

To explain the new results, a distinct mechanism than the previous ones (Scheme 1-23) was proposed by

Hashmi for two model reactions (Scheme 1-24): a cross coupling reaction and a 1,2-difunctionalization of an alkyne. Initially, a single electron transfer process occurs from neutral gold(I) complex to the aryldiazonium salt generates a gold(II) aryldiazo radical exciplex A, which undergoes an intramolecular aryl radical addition on the gold(II) center to afford cationic gold(III) species B. Assisted by light irradiation, the elimination of N2 affords arylgold(III) species C.

Depending on the experimental conditions, this common intermediate can react with two different reactants.

In the cross-coupling reaction, an in situ transmetallation of arylboronic acid to C gives diarylgold(III) species D, which upon fast reductive elimination delivers the cross coupling product. Notably, the scope of the coupling partner ranges from arylboronic acids, [START_REF] Witzel | Photosensitizer-Free, Gold-Catalyzed C-C Cross-Coupling of Boronic Acids and Diazonium Salts Enabled by Visible Light[END_REF] arylboronates, potassium trifluoroboronates, to trimethoxysilanes and bis(catecholato)silicates. [START_REF] Witzel | New transmetalation reagents for the gold-catalyzed visible light-enabled C(sp or sp 2 )-C(sp 2 ) cross-coupling with aryldiazonium salts in the absence of a photosensitizer[END_REF] In the case of TMS reagents as coupling partners, cationic gold(I) (PPh3AuNTf2) performs better than a neutral gold(I) catalyst (PPh3AuCl) and the chlorine anion plays a crucial role in the 1,2-difunctionalization reaction of alkynes. [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF] Scheme 1-24. The plausible mechanism of photosensitizer-free light-mediated gold catalyzed cross coupling reaction and 1,2-difunctionalization of alkyne. [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF] Concerning the 1,2-difunctionalization reaction of alkynes (Scheme 1-24), the gold(III) intermediate C can catalyse the activation of the alkyne followed by the nucleophilic addition of methanol to deliver the substituted ketone. Recently, Zhu and Zhang published a theoretical study of the mechanism of the 1,2difunctionalization of alkynes. [START_REF] Liu | The Dual Role of Gold(I) Complexes in Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes: A DFT Study[END_REF] The DFT calculations suggest that the first steps involve the formation of a charge-transfer complex between gold(I) complex and the phenyldiazonium salt, which can be excited by visible light and further undergoes a SET process to afford gold(II) and the carbon-centered radical. The radical addition can then occur on gold(II) or gold(I) centers, followed by the classical elementary steps. Here, the DFT calculations are important in highlighting the possible dual role of the gold(I) complex in gold catalysis under light, both as a catalyst and as a precursor of a photocatalyst.

Oxidative addition on gold(I) complex: experimental evidence

As stated above, the oxidative addition step is the main stumbling block for the Au(I)/Au(III) redox catalysis.

Thorough understanding of this two-electron oxidation step is also difficult to achieve solely from experimental evidence. A theoretical study by Bickelhaupt and co-workers indicated that the oxidative addition of arylhalides or aryl triflates is feasible on some gold(I) complexes. [START_REF] Fernandez | Controlling the oxidative addition of aryl halides to Au(I)[END_REF] The authors suggest that the oxidative addition process is steered by the strain energy associated with the deformation of the reactants from their equilibrium geometries to the geometries they adopt in the corresponding concerted transition state.

Experimentally, the oxidative addition onto gold(I) complexes was reported in absence of any light source or external oxidant, for specific reactants or ligands: Toste described a NHC gold(III) complex obtained by the insertion of gold(I) into a strained biphenylene. [START_REF] Wu | Stable gold(III) catalysts by oxidative addition of a carbon-carbon bond[END_REF] Meanwhile, Bourissou et al. developed a hemilabile P,Nligand that stabilized gold(III) species after the oxidative addition of an aryliodide on the corresponding gold(I) complex. [START_REF] Zeineddine | Rational development of catalytic Au(I)/Au(III) arylation involving mild oxidative addition of aryl halides[END_REF] Under dual gold/photoredox catalysis conditions, Glorius reported the formation of (C,N)-cyclometalated arylgold(III) complexes directly from the stoichiometric reaction between a 2-pyridyl-substituted aryldiazonium salt and the gold(I) complex, which indirectly evidences the aryl radical addition to a gold(I) complex (Scheme 1-25A). [START_REF] Tlahuext-Aca | Oxidative Addition to Gold(I) by Photoredox Catalysis: Straightforward Access to Diverse (C,N)-Cyclometalated Gold(III) Complexes[END_REF] The square planar gold(III) product is stable and prone to undergo reductive elimination. Hashmi's group obtained a similar (P,N)-cyclometallated arylgold(III) from the reaction of a phosphine gold(I) complex and benzendiazonium salt in methanol under blue LED irradiation and in absence of any photocatalyst (Scheme 1-25B). [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF] In 2019, Toste and co-workers [START_REF] Kim | Mechanism of Photoredox-Initiated C-C and C-N Bond Formation by Arylation of IPrAu(I)-CF3 and IPrAu(I)-Succinimide[END_REF] prepared a cationic NHC gold(III) complex from the corresponding gold(I) complex under visible-light photoredox conditions (Scheme 1-25C).

Clearly, the search for new strategies to access diverse gold(III) complexes from gold(I) would provide more possibilities for their application in homogeneous gold catalysis.

Scheme 1-25. Experimental evidence for oxidative addition of various gold(I) complexes to gold(III) with aryldiazonium salts through photoredox catalysis. [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF][START_REF] Kim | Mechanism of Photoredox-Initiated C-C and C-N Bond Formation by Arylation of IPrAu(I)-CF3 and IPrAu(I)-Succinimide[END_REF] 1.

Selected organic transformations based on dual catalytic system

Following the initial report of the dual gold/photoredox catalysis for the 1,2-functionalization of alcoholalkenes using a Ru(bipy)3/Ph3PAuCl catalytic system (Scheme 1-23), Glorius's group presented an intermolecular three-component oxyarylation reaction of non-activated alkenes (Scheme 1-26). [START_REF] Hopkinson | Dual Photoredox and Gold Catalysis: Intermolecular Multicomponent Oxyarylation of Alkenes[END_REF] The reaction proceeds under benign conditions and delivers α-arylated ether products in good yield. Interestingly, the reaction can be achieved by using different photocatalysts such as inexpensive organic dyes and a diaryliodonium salt as an alternative radical source.

Scheme 1-26. Other photocatalyst and radical precursor for dual photoredox and gold catalysis. [START_REF] Hopkinson | Dual Photoredox and Gold Catalysis: Intermolecular Multicomponent Oxyarylation of Alkenes[END_REF] In the last few years, a series arylative cyclization reactions were developed based on the dual photoredox and gold catalytic system. The major principle of arylative cyclization reaction design is that the generated arylgold(III) is an efficient Lewis acid catalyst to activate C-C π bonds and further be attacked by a nucleophile. It is also reasonable that, in some cases, the initial gold(I) catalyst leads to the nucleophilic attack, and followed by a two-electron oxidation process to generate the arylgold(III) intermediate which readily proceeds through reductive elimination to afford the final product. Based on this principle, in 2016, Fensterbank, Ollivier, and co-workers described the arylative cyclization of o-alkynylphenols as a pratical method to afford benzofurans. [START_REF] Xia | Dual Photoredox/Gold Catalysis Arylative Cyclization of o-Alkynylphenols with Aryldiazonium Salts: A Flexible Synthesis of Benzofurans[END_REF] In the same year, Zhu's group presented aminoarylation of alkynes, affording a series of multisubstituted indoles in excellent yields (Scheme 1-27). [START_REF] Qu | Cascade photoredox/gold catalysis: access to multisubstituted indoles via aminoarylation of alkynes[END_REF] . In 2017, Patil revealed an intramolecular ipso-arylative cyclization of aryl-alkyniates and N-arylpropiolamides through merged gold/visible light photoredox catalysis. [START_REF] Bansode | Intramolecular ipso-arylative cyclization of aryl-alkynoates and N-arylpropiolamides with aryldiazonium salts through merged gold/visible light photoredox catalysis[END_REF] Scheme 1-27. Arylative cyclization of o-aminoalkyne or o-alkynylphenols. [START_REF] Qu | Cascade photoredox/gold catalysis: access to multisubstituted indoles via aminoarylation of alkynes[END_REF] Scheme 1-28. Intramolecular ipso-arylative cyclization reaction of alkynes. [START_REF] Bansode | Intramolecular ipso-arylative cyclization of aryl-alkynoates and N-arylpropiolamides with aryldiazonium salts through merged gold/visible light photoredox catalysis[END_REF] The arylgold(III) was generated by radical addition and SET process and further promotes the dearomative cyclization, providing an access to arylated spirocarbocycles in moderate to good yield (Scheme 1-28).

The arylative cyclization of chiral homopropargyl sulfonamides using a diazonium salt was reported by Ye to occur under dual gold/photoredox catalysis conditions (Scheme 1-29). [START_REF] Wang | Dual gold/photoredox-catalyzed bis-arylative cyclization of chiral homopropargyl sulfonamides with diazonium salts: rapid access to enantioenriched 2,3-dihydropyrroles[END_REF] The catalytic process afforded chiral 2,3-dihydropyrroles possessing two aryl substituents without any racemization. Alcaide et al. described a similar two-fold arylation reaction of TMS-protected alkynes. [START_REF] Alcaide | Photopromoted Entry to Benzothiophenes, Benzoselenophenes, 3H-Indoles, Isocoumarins, Benzosultams, and (Thio)flavones by Gold-Catalyzed Arylative Heterocyclization of Alkynes[END_REF][START_REF] Alcaide | Photoinduced Gold-Catalyzed Domino C(sp) Arylation/Oxyarylation of TMS-Terminated Alkynols with Arenediazonium Salts[END_REF] The reaction offers a versatile methodology to access a wide range of disubstituted heterocyclic compounds. The proposed mechanism involves two successive arylgold(III) intermediates (Scheme 1-30). The same group also developed a tandem oxycyclization/coupling sequence to transform allenols in 2,5-dihydrofurans under visible light irradiation using a Ru(bipy)3 2+ /PPh3AuCl catalytic system. [START_REF] Alcaide | Gold-Photoredox-Cocatalyzed Tandem Oxycyclization/Coupling Sequence of Allenols and Diazonium Salts with Visible Light Mediation[END_REF] Scheme 1-29. Arylative cyclization of homopropargyl sulfonamides under dual photoredox/gold catalysis. [START_REF] Wang | Dual gold/photoredox-catalyzed bis-arylative cyclization of chiral homopropargyl sulfonamides with diazonium salts: rapid access to enantioenriched 2,3-dihydropyrroles[END_REF] Scheme 1-30. Photoinduced gold-catalyzed domino C(sp)-arylation/benzoheterocyclization of TMSprotected alkynes.

A recent review by Patil describes the progress in oxidant-free cross-coupling reactions catalyzed by gold, in the presence and absence of light. [START_REF] Akram | Oxidant-free oxidative gold catalysis: the new paradigm in cross-coupling reactions[END_REF] In 2015, Toste reported a C-P bond coupling between H-phosphonates and aryldiazonium salts with a large functional group tolerance, using the Ph3PAuCl/Ru(bipy)3(PF6)2 catalytic system under visible light (Scheme 1-31). [START_REF] He | A dual catalytic strategy for carbon-phosphorus cross-coupling via gold and photoredox catalysis[END_REF] Importantly, other metal sources such as Pd, Ag, Cu exhibit lower or no reactivity for this cross coupling reaction. The mechanism involves an electrophilic arylgold(III) intermediate, which can be coupled to the H-phosphonate nucleophile.

Scheme 1-31. Dual gold/photoredox catalyzed arylation of phosphonates. [START_REF] He | A dual catalytic strategy for carbon-phosphorus cross-coupling via gold and photoredox catalysis[END_REF] In 2016, Glorius described the arylation of alkyl and aromatic terminal alkynes using dual gold/photoredox catalysis (Scheme 1-32). [START_REF] Tlahuext-Aca | Dual gold/photoredox-catalyzed C(sp)-H arylation of terminal alkynes with diazonium salts[END_REF] This method allows the preparation of diversely-functionalized arylalkynes from aryldiazonium salts, under mild and base-free conditions. In the same year, Toste's group described a similar cross-coupling reaction from alkynyltrimethylsilanes and aryldiazonium tetrafluoroborates (Scheme 1-33A). [START_REF] Kim | Visible light-mediated gold-catalysed carbon(sp 2 )-carbon(sp) cross-coupling[END_REF] Under these conditions, no reactivity was observed by employing a terminal alkyne. In 2017, Patil published the cross coupling reaction of aryldiazonium salts with allylsilanes under quite similar conditions (Scheme 1-33B). [START_REF] Akram | Cross-Coupling Reactions of Aryldiazonium Salts with Allylsilanes under Merged Gold/Visible-Light Photoredox Catalysis[END_REF] Later, the same group described the cross coupling between arylsilanes and aryldiazonium salts. [START_REF] Chakrabarty | Visible light mediated desilylative C(sp 2 )-C(sp 2 ) cross-coupling reactions of arylsilanes with aryldiazonium salts under Au(I)/Au(III) catalysis[END_REF] The presence of a copper(II) catalyst (20 mol%) is essential and might involve the transmetallation of arylsilanes (Scheme 1-33C).

Scheme 1-32. C(sp)-H arylation of terminated alkynes. [START_REF] Tlahuext-Aca | Dual gold/photoredox-catalyzed C(sp)-H arylation of terminal alkynes with diazonium salts[END_REF] Scheme 1-33. Various trimethylsilyl-substituted reagents as partner in cross coupling reaction. [START_REF] Kim | Visible light-mediated gold-catalysed carbon(sp 2 )-carbon(sp) cross-coupling[END_REF][START_REF] Akram | Cross-Coupling Reactions of Aryldiazonium Salts with Allylsilanes under Merged Gold/Visible-Light Photoredox Catalysis[END_REF][START_REF] Chakrabarty | Visible light mediated desilylative C(sp 2 )-C(sp 2 ) cross-coupling reactions of arylsilanes with aryldiazonium salts under Au(I)/Au(III) catalysis[END_REF] In 2016, two research groups described the synthesis of biaryl compounds from arylboronic acids and aryldiazonium salts under similar conditions. Fouquet and Hermange employed 9-mesityl-10-acridinium tetrafluoroborate or Ru(bpy)3(PF6)2 as a photocatalyst in the presence of blue LED light (Scheme 1-34). [START_REF] Cornilleau | Gold-catalysed cross-coupling between aryldiazonium salts and arylboronic acids: probing the usefulness of photoredox conditions[END_REF] Meanwhile, Lee revealed that the Ph3PAuNTf2/Ru(bipy)3(PF6)2 catalytic system was most efficient in the presence of water. [START_REF] Gauchot | Dual gold photoredox C(sp 2 )-C(sp 2 ) cross couplingsdevelopment and mechanistic studies[END_REF] A mechanistic study suggests two possible pathways depending on the gold source: a transmetallation of the arylboronic acid by gold(I) may occur prior to the oxidation of gold(I) to gold(III) if using cationic gold(I) catalysts, whereas the oxidation of gold(I) to gold(III) precedes transmetallation when using neutral gold(I) catalysts. One year later, the same group achieved the aryl-aryl cross coupling with a large scope of reactants via gold-catalyzed C-H activation using the Ph3PAuNTf2/Ru(bipy)3(PF6)2 catalytic system under blue LED irradiation (Scheme 1-35). [START_REF] Gauchot | Dual gold and photoredox catalyzed C-H activation of arenes for aryl-aryl cross couplings[END_REF] The reaction proceeds through the oxidative addition of aryldiazoniums followed by the C-H auration and the aryl-aryl reductive elimination.

Scheme 1-34. Cross coupling reaction by using arylboronic acid as coupling partner. [START_REF] Cornilleau | Gold-catalysed cross-coupling between aryldiazonium salts and arylboronic acids: probing the usefulness of photoredox conditions[END_REF] Scheme 1-35. Aryl-aryl cross coupling via light-mediated gold-catalyzed C-H activation. [START_REF] Gauchot | Dual gold and photoredox catalyzed C-H activation of arenes for aryl-aryl cross couplings[END_REF] 1.

Photosensitizer free light-mediated organic transformations

As discussed in the general mechanism part with the initial example of 1,2-difunctionalization of alkyne (Scheme 1-24), arylgold(III) species can be generated in situ in the absence of a photosensitizer. [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF] Nonetheless, even with support from DFT calculations, [START_REF] Liu | The Dual Role of Gold(I) Complexes in Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes: A DFT Study[END_REF] the formation of the arylgold(III) intermediates is not fully understood. In 2017, Hashmi reported a cross coupling reaction between arylboronic acids and aryldiazonium salts in methanol under blue LED light in the presence of (4-CF3-C6H4)3PAuCl catalyst at 10 mol% loading (Scheme 1-36A). [START_REF] Witzel | Photosensitizer-Free, Gold-Catalyzed C-C Cross-Coupling of Boronic Acids and Diazonium Salts Enabled by Visible Light[END_REF] The proposed mechanism involves an oxidative addition to species B.

After the loss of dinitrogen, the gold(III) intermediate C is transmellated to form the diarylgold(III) D which undergoes reductive elimination to afford the coupling product. The same year, Bandini, Protti and coworkers achieved a cross coupling reaction in acetonitrile/methanol between an arylboronic acid and a photolabile arylazosulfone as the radical source, using PPh3AuCl (5 mol%) as a catalyst and bipyridine (20 mol%) under blue LED irradiation (Scheme 1-36B). [START_REF] Sauer | Photocatalyst-free, Visible Light Driven, Gold Promoted Suzuki Synthesis of (Hetero)biaryls[END_REF] The proposed mechanism relies on the photogeneration of aryl and methanesulfonyl radicals from arylazosulfone which leads to the same arylgold(III) intermediate.

Scheme 1-36. Cross coupling reactions of arylboronic acid and aryldiazonium salts/arylazosulfones catalyzed by gold and irradiation with UV light. [START_REF] Witzel | Photosensitizer-Free, Gold-Catalyzed C-C Cross-Coupling of Boronic Acids and Diazonium Salts Enabled by Visible Light[END_REF][START_REF] Sauer | Photocatalyst-free, Visible Light Driven, Gold Promoted Suzuki Synthesis of (Hetero)biaryls[END_REF] With the hypothesis that the electrophilic arylgold(III) generated by a photoredox process in the presence of aryldiazoniums could still serve as an efficient Lewis acid activate C-C π bonds, the very initial example of 1,2-difunctinalization of alkynes was achieved by generating the arylgold(III) catalyst in the absence of photosensitizer. [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF] However, the detailed process for the formation of arylgold(III) intermediate remains obscure. In 2017, Hashmi reported the cross coupling reaction between an arylboronic acid and an aryldiazonium salt under LEDs light in the presence of a neutral phosphine gold(I) complex. [START_REF] Witzel | Photosensitizer-Free, Gold-Catalyzed C-C Cross-Coupling of Boronic Acids and Diazonium Salts Enabled by Visible Light[END_REF] The proposed mechanism involves the formation of a diarylgold(III) intermediate through radical addition, oxidation and transmellation, followed by reductive elimination to afford the coupling product (Scheme 1-

37).

Scheme 1-37. Cross coupling reaction of arylboronic acid and aryldiazonium salts in the presence of neutral gold(I) and light. [START_REF] Witzel | Photosensitizer-Free, Gold-Catalyzed C-C Cross-Coupling of Boronic Acids and Diazonium Salts Enabled by Visible Light[END_REF] Shortly after this, cross coupling reactions in the presence of aryldiazoniums with various boron or silicon reagents as coupling partners to afford diaryl products were reported. [START_REF] Witzel | New transmetalation reagents for the gold-catalyzed visible light-enabled C(sp or sp 2 )-C(sp 2 ) cross-coupling with aryldiazonium salts in the absence of a photosensitizer[END_REF] Interestingly, an obvious electronic effect was observed when the yield is low while introducing electron rich methoxyl groups. It is also important to mention that the neutral gold catalyst is essential to afford high yields (Scheme 1-38), this observation is in line with previous studies of 1,2-difunctionalization of alkynes. [START_REF] Huang | Photosensitizer-Free Visible-Light-Mediated Gold-Catalyzed 1,2-Difunctionalization of Alkynes[END_REF] More recently, a photochemical gold-catalyzed chemo-selective Hiyama arylation [START_REF] Xie | Light-Induced Gold-Catalyzed Hiyama Arylation: A Coupling Access to Biarylboronates[END_REF] was achieved to access diarylboronates which could further be transformed to form new C-C bond or C-X bonds (Scheme 1-39). Interestingly, Wong described a visible light-mediated gold-catalyzed difunctionalization of silyl-substituted alkyne to afford fluorescent silyl-substituted quinolizinium derivatives with excellent regioselectivity and good function group compatibility. [START_REF] Deng | Photosensitizer-free visible light-mediated gold-catalyzed cis-difunctionalization of silylsubstituted alkynes[END_REF] Furthermore, the fluorophores possess tunable emission properties and were used in photo-oxidative amidations as efficient photocatalyst (Scheme 1-40). In addition, apart from switching the reagent for the transmetallation step, Bandini, Protti and co-workers [START_REF] Sauer | Photocatalyst-free, Visible Light Driven, Gold Promoted Suzuki Synthesis of (Hetero)biaryls[END_REF] achieved a cross coupling reaction with arylboronic acids by employing a photolabile arylazosulfone as a radical source. However, bipyridine was proved to be essential for the coupling reaction (Scheme 1-41).

Scheme 1-38. Photosensitizer-free light-induced gold-catalyzed cross coupling reaction of aryldiazonium salts and various boron or silicon reagents. [START_REF] Witzel | New transmetalation reagents for the gold-catalyzed visible light-enabled C(sp or sp 2 )-C(sp 2 ) cross-coupling with aryldiazonium salts in the absence of a photosensitizer[END_REF] Scheme 1-39. Photochemical gold-catalyzed chemo-selective Hiyama arylation. [START_REF] Xie | Light-Induced Gold-Catalyzed Hiyama Arylation: A Coupling Access to Biarylboronates[END_REF] Scheme 1-40. Photosensitizer-free light mediated gold catalyzed cross coupling reaction of aryldiazonium and arylalkyne. [START_REF] Deng | Photosensitizer-free visible light-mediated gold-catalyzed cis-difunctionalization of silylsubstituted alkynes[END_REF] Scheme 1-41. Bench-stable arylazosulfones as radical source in cross coupling reaction with arylboronic acid. [START_REF] Sauer | Photocatalyst-free, Visible Light Driven, Gold Promoted Suzuki Synthesis of (Hetero)biaryls[END_REF] 1.

Light-triggered redox gold catalysis

Several reviews about dimeric gold photoredox catalysis are available. [START_REF] Mccallum | Thieme Chemistry Journals Awardees -Where Are They Now? What's Golden: Recent Advances in Organic Transformations Using Photoredox Gold Catalysis[END_REF][START_REF] Xie | The recent achievements of redox-neutral radical C-C cross-coupling enabled by visible-light[END_REF][START_REF] Zidan | Recent advances in mono and binuclear gold photoredox catalysis[END_REF] This section is centered on the mechanistic aspects and the key advances in organic transformations. During the last decade, several metal complexes, such as [Ru(bpy)3Cl2] and fac-[Ir(ppy)3], have uncovered their potential in harvesting light and converting it into electronic energy that can be engaged in a single-electron-transfer process within organic transformations, such as for the generation of carbon-centered radical intermediates. In 1989, Che and coworkers [START_REF] Che | Spectroscopic properties and redox chemistry of the phosphorescent excited state of [Au2(dppm)2] 2+ [dppm = bis(diphenylphosphino)methane[END_REF] reported that the dinuclear gold complex [Au2(µ-dppm)2] 2+ (λmax = 292 nm and 267 nm) exhibits a room temperature photoluminescence and possess a powerful one-electron reducing ability when in the excited state, as the electron could be trapped by a pyridinium ion to deliver a pyridinyl radical species under irradiation conditions. Moreover, the excited state of [Au2(µ-dppm)2] 2+ can undergo either an oxidative or a reductive quenching pathway in the presence of methylviologen (MV) or N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD), respectively (Scheme 1-43). Interestingly, common halides can serve as a quenchers, which then generate carbon-centered radicals. This therefore represent a novel and mild way to access transformations from commercially available halides. In 2013, Barriault and Gagosz developed a radical intramolecular cyclization reaction of bromo-alkenes and bromo-arenes catalyzed by [Au2(µ-dppm)2]X2 salts (X: OTf, Cl) at 1 mol% in the presence of iPr2NEt (2 equiv.) under sunlight (Scheme 1-42). [START_REF] Revol | Photoredox Transformations with Dimeric Gold Complexes[END_REF] This transformation was inefficient (0-5 % yield) in the presence of classical Ru-or Ir-based polypyridyl complexes due to a less energetic outer-sphere metal-to-ligand charge transfer (MLCT) state. The main advantage of the process over traditional redox reactions is that the dimeric gold complex acts as photoredox catalyst which in situ generates the active catalyst by light excitation.

Scheme 1-42. Excited state of dimeric gold complex was quenched by various quencher. [START_REF] Che | Spectroscopic properties and redox chemistry of the phosphorescent excited state of [Au2(dppm)2] 2+ [dppm = bis(diphenylphosphino)methane[END_REF] 1.

General mechanism

Recently, Che and co-workers elucidated the photochemical excitation pathways for a binuclear gold(I)

complex. [START_REF] Ma | Deciphering Photoluminescence Dynamics and Reactivity of the Luminescent Metal-Metal-Bonded Excited State of a Binuclear Gold(I) Phosphine Complex Containing Open Coordination Sites[END_REF] According to the ultrafast time-resolved spectroscopy and computational studies, this complex shows minimal aurophilic interactions in the ground state (2.962 Å) which is strongly enhanced upon excitation with UVA light when an electron from the anti-bonding 5dz 2 orbital is populated into the 6s/6pz bonding orbital ( 1 5ds*6ps) inducing robust Au-Au interactions (2.677 Å). Dinuclear complexes exhibit a lifetime of ~510 ps in dichloromethane which enable light induced C-X bond cleavage transformations.

Generally, dimeric gold photoredox catalysis can proceed through either an oxidative or reductive quenching pathway. In the reductive quenching pathway, the initial photo-excited complex is reduced through single electron transfer (SET) in the presence of an electron donor reagent such as triethylamine. The resulting species can act as a reductant with respect to an acceptor such as bromoalkenes and regenerate the ground state complex (Scheme 1-43A). In the oxidative quenching pathway, the inner-sphere exciplex is oxidized by an acceptor leading to a [Au I -Au II ] 3+ intermediate along with a carbon-centered radical for further transformation. The resulting radical can reduce the intermediate into dimeric gold(I) complex(Scheme 1-43B). In 2016, laser flash photolysis experiments were carried out by Barriault and Scaiano, concluding that trialkylamine and bromoalkanes were both capable of quenching excited dimeric gold complex [Au2] ⁎ . Timeresolved absorption and emission measurements indicate that the inner-sphere interaction which might derive from an exciplex. [START_REF] Mctiernan | Polynuclear gold(I) complexes in photoredox catalysis: understanding their reactivity through characterization and kinetic analysis[END_REF] Scheme 1-43. The oxidative quenching/reductive quenching pathway for dimeric gold photoredox catalyst. [START_REF] Mctiernan | Polynuclear gold(I) complexes in photoredox catalysis: understanding their reactivity through characterization and kinetic analysis[END_REF] 1.

Organic transformations expansion based on gold photoredox catalytic system

The very first example of radical cyclization in the presence of dimeric gold photoredox catalyst was developed by Barriault in 2013. [START_REF] Revol | Photoredox Transformations with Dimeric Gold Complexes[END_REF] This methodology provides an access to various heterocyclic and polycyclic products in intra/intermolecular manner under mild conditions (Scheme 1-44). Since then, a series of radical cyclization to unsaturated systems, such as indoles [START_REF] Kaldas | Indole Functionalization via Photoredox Gold Catalysis[END_REF] and arenes. Such radical cyclization was also applied to construct fused cyclic skeleton in the total synthesis of Triptolide. [START_REF] Cannillo | Gold-Catalyzed Photoredox C(sp 2 ) Cyclization: Formal Synthesis of (±)-Triptolide[END_REF] In 2018, a [5+2] cyclization catalyzed by dimeric gold(I) photoredox catalyst featured in the total synthesis of pyrroloazocine indole alkaloid [START_REF] Miloserdov | Unified Total Synthesis of Pyrroloazocine Indole Alkaloids Sheds Light on Their Biosynthetic Relationship[END_REF] and was used to build bridge-ring scaffold in 91 % yield with excellent endodiastereoselectivity (dr > 50:1) (Scheme 1-45).

Scheme 1-44. Visible light-mediated radical cyclization to unsaturated π system under dimeric gold photoredox catalyst. [START_REF] Revol | Photoredox Transformations with Dimeric Gold Complexes[END_REF] Scheme 1-45. Light-mediated [5+2] cyclization to indole using dimeric gold photoredox catalyst. [START_REF] Miloserdov | Unified Total Synthesis of Pyrroloazocine Indole Alkaloids Sheds Light on Their Biosynthetic Relationship[END_REF] Recently, based on the photoredox system, Barriault reported mild intermolecular cyclization to afford a large scope of phenanthridine products in good yield by using readily available bromides (Scheme 1-46A) [START_REF] Rohe | Transformations of Isonitriles with Bromoalkanes Using Photoredox Gold Catalysis[END_REF] .

Moreover, the corresponding amides were obtained in the presence of water (Scheme 1-46B).

Scheme 1-46. Light-mediated transformations of isonitrile compound using dimeric gold photoredox catalysts. [START_REF] Rohe | Transformations of Isonitriles with Bromoalkanes Using Photoredox Gold Catalysis[END_REF] In 2016, Barriault group presented Minisci-type alkylation of heteroarenes using dimeric gold photocatalysts in mild condition. [START_REF] Mccallum | Direct alkylation of heteroarenes with unactivated bromoalkanes using photoredox gold catalysis[END_REF] The C-H fuctionalization of heteroarenes was previously accessible under harsh condition by employing stoichiometric oxidant and under elevated temperature. This methodology provides a pratical C(sp 3 )-C(sp 2 ) cross coupling involving nonactivated bromoalkanes (Scheme 1-47A). Furthermore, a polarity reversal radical addition strategy was implemented in a three-component reaction by introducing an alkene as radical acceptor. Upon alkyl radical addition to alkene, the electrophilic radical turns to nucleophilic, gaining access to C-H fuctionalization of heteroarenes (Scheme 1-47B).

Scheme 1-47. Alkylation of heteroarenes under dimeric gold photoredox catalyst. [START_REF] Mccallum | Direct alkylation of heteroarenes with unactivated bromoalkanes using photoredox gold catalysis[END_REF] In 2015, Barriault published a pratical one-pot protocol for the reductive deoxygenation of primary alcohols. [START_REF] Mccallum | Light-Mediated Deoxygenation of Alcohols with a Dimeric Gold Catalyst[END_REF] The primary alcohol is first brominated in the presence of CBr4, and the resulting bromide can further be reduced by [Au2(dppm)2]Cl2 photoredox catalyst with UVA light illumination (Scheme 1-48). Later, the homocoupling of bromoalkanes via dimeric gold(I) photoredox catalyst was reported. [START_REF] Tran | Homocoupling of Iodoarenes and Bromoalkanes Using Photoredox Gold Catalysis: A Light Enabled Au(III) Reductive Elimination[END_REF] Interestingly, the use of deuterated solvents dramatically promoted the ratio of homocoupling product compared with radical cyclization product from 3:1 to 10:1 while bromoalkene as substrate. The process involves the reductive quenching mechanism and probably undergoes two steps of single electron transfer to form gold(III), then reductive elimination from gold(III) center to afford homocoupling product (Scheme 1-49).

Scheme 1-48. Deoxygenation of primary alcohol under dimeric gold photoredox catalyst. [START_REF] Mccallum | Light-Mediated Deoxygenation of Alcohols with a Dimeric Gold Catalyst[END_REF] Scheme 1-49. Homocoupling of aryliodide or alkylbromdie under dimeric gold photoredox catalyst. [START_REF] Tran | Homocoupling of Iodoarenes and Bromoalkanes Using Photoredox Gold Catalysis: A Light Enabled Au(III) Reductive Elimination[END_REF] Finding new applications in material science, in 2015, Ollivier, Goddard, Fensterbank and co-workers reported a controlled radical polymerization (CRP) of methactylates and ethyl α-bromophenylacetate (EBPA) in the presence of dimeric gold photocatalyst upon 350 nm irradiation in dichloromethane. [START_REF] Nzulu | A dinuclear gold(I) complex as a novel photoredox catalyst for light-induced atom transfer radical polymerization[END_REF] Compared to EBPA/Ir(ppy)3 system, it exhibits faster rate of polymerization with better solubility and low cost. Notably, the chain length can be further extended by adding more methyl methacrylate or benzyl methacrylate under the same condition (Scheme 1-50).

Scheme 1-50. Radical polymerization under dimeric gold photoredox catalyst. [START_REF] Nzulu | A dinuclear gold(I) complex as a novel photoredox catalyst for light-induced atom transfer radical polymerization[END_REF] Scheme 1-51. Intermolecular difluoroalkylation and perfluoroalkylation of hydrazones under dimeric gold photoredox catalyst. [START_REF] Xie | Gold-Catalyzed Highly Selective Photoredox C(sp 2 )-H Difluoroalkylation and Perfluoroalkylation of Hydrazones[END_REF] Scheme 1-52. Heck-type reaction of unactivated alkyl bromides under dimeric gold photoredox catalyst. [START_REF] Xie | Intermolecular Photocatalyzed Heck-like Coupling of Unactivated Alkyl Bromides by a Dinuclear Gold Complex[END_REF] In 2016, Hashmi's group described an interesting gold-catalyzed photoredox C(sp 2 )-H intermolecular difluoroalkylation and perfluoroalkylation of hydrazones with a readily available α-bromodifluoroalkyl ester. [START_REF] Xie | Gold-Catalyzed Highly Selective Photoredox C(sp 2 )-H Difluoroalkylation and Perfluoroalkylation of Hydrazones[END_REF] After optimization, hydrozones proved to be the optimal acceptor with respect to the radical addition of a difluoroalkyl radical. The mechanism involves the three-electron π-bonding aminyl radical intermediate which can be oxidized and lead to the difluoromethylated product (Scheme 1-51). Following this work,

Hashmi published a Heck-type reaction of unactivated alkyl bromides and poly-substituted alkenes in the presence of a gold photocatalyst. [START_REF] Xie | Intermolecular Photocatalyzed Heck-like Coupling of Unactivated Alkyl Bromides by a Dinuclear Gold Complex[END_REF] The alkyl radical was generated by oxidative quenching pathway and nonactivated bromoalkanes were formed. Notably, this catalytic system is superior to traditional Heck condition where the β-H elimination product is difficult to surpass (Scheme 1-52).

In 2015, Hashmi's group investigated a novel synthetic application in C(sp [START_REF] Thomas | Phenols and Tertiary Amines: An Amazingly Simple Hydrogen-Bonding Organocatalytic System Promoting Ring Opening Polymerization[END_REF] )-H alkynylation of unactivated aliphatic amines under sunlight by using the dimeric gold complex [Au2(dppm)2] 2+ as a photocatalyst. [START_REF] Xie | A Highly Efficient Gold-Catalyzed Photoredox α-C(sp 3 )-H Alkynylation of Tertiary Aliphatic Amines with Sunlight[END_REF] The proposed mechanism involves an oxidative quenching pathway to generate an alkynyl radical followed by tertiary amine oxidation, finally leading to radical-radical coupling (Scheme 1-53). More recently, Chan's group further described a C1-alkynylation of N-alkyl-1,2,3,4-tetrahydroisoquinolines (THIQs) reaction in the presence of [Au2(dppm)2]Cl2 under UVA light with the moderate yield. [START_REF] Zhao | Gold Catalyzed Photoredox C1-Alkynylation of N-Alkyl-1,2,3,4tetrahydroisoquinolines by 1-Bromoalkynes with UVA LED Light[END_REF] The difference of selectivity by using alkynylbromide and alkynyliodide is discussed, with the formation of dimerization product favored when employing alkynyliodide as the coupling partner. The proposed mechanism refers to a reductive quenching pathway which initially generates a carbon-centered THIQ radical and is followed by reductive cleavage of the C(sp)-I bond (Scheme 1-54)

Scheme 1-53. C(sp [START_REF] Thomas | Phenols and Tertiary Amines: An Amazingly Simple Hydrogen-Bonding Organocatalytic System Promoting Ring Opening Polymerization[END_REF] )-H alkynylation of unactivated aliphatic amines under dimeric gold photoredox catalyst. [START_REF] Xie | A Highly Efficient Gold-Catalyzed Photoredox α-C(sp 3 )-H Alkynylation of Tertiary Aliphatic Amines with Sunlight[END_REF] .

Scheme 1-54. C1-alkynylation of THIQs reaction under dimeric gold photoredox catalyst. [START_REF] Zhao | Gold Catalyzed Photoredox C1-Alkynylation of N-Alkyl-1,2,3,4tetrahydroisoquinolines by 1-Bromoalkynes with UVA LED Light[END_REF] 1.

Ligand enabled Au(I)/Au(III) catalysis without external oxidants

The reluctance of gold to undergo oxidative addition is the major bottleneck for the development of cross coupling reactions. The problem can be somewhat solved by using stoichiometric oxidant. However, this approach would be extremely limited as the substrate might also be oxidized in the presence of strong oxidants. In order to perform oxidative addition process in the absence of stoichiometric oxidant, several approaches were achieved by tailoring suitable substrates or by ligand-enabled Au(I)/Au(III) catalysis.

In 2014, Toste's group outlined gold catalyzed inter-or intramolecular cross coupling of allylbromides and aryl boronic acids in the absence of a sacrificial oxidant (Scheme 1-55). The use of a bimetallic catalyst bearing a bis(phosphino)amine ligand is the key to achieve the cross coupling reaction which has been described to accelerate the oxidative addition process. The plausible mechanism of this reaction involves the transmetalation of the aryl boronic acid then followed by oxidative addition to the C-Br bond, and finally undergoes reductive elimination to furnish the Csp 3 -Csp 2 product. [START_REF] Levin | Gold-Catalyzed Allylation of Aryl Boronic Acids: Accessing Cross-Coupling Reactivity with Gold[END_REF] Scheme 1-55. Gold catalyzed inter-and intramolecular cross coupling of allylbromide and aryl boronic acids. [START_REF] Levin | Gold-Catalyzed Allylation of Aryl Boronic Acids: Accessing Cross-Coupling Reactivity with Gold[END_REF] Oxidant-free C-N and C-O bond cross-coupling was also achieved by using pyridine-directed oxidation of the aryl bromide to form a gold(III) complex with cationic carbene gold(I) without an external oxidant (Scheme 1-56). This gold(III) is well-characterized and meanwhile active toward O-or N-nucleophiles leading to C-O or C-N coupling products. Notably, the reaction showed great tolerance including to aromatic and aliphatic alcohols and amines, as well as water and amides. [START_REF] Serra | Au(III)-aryl intermediates in oxidant-free C-N and C-O cross-coupling catalysis[END_REF] In addition, the employment of strong electrophilic aryldiazoniums can oxidize the gold(I) species into gold(III) with the assistance of bipyridine ligands in the absence of oxidants (Scheme 1-57). The bipyridine ligand revealed to be essential for the coupling reaction as it facilitates nitrogen extrusion, and the in situ formed gold(III) readily undergoes reductive elimination under room temperature. [START_REF] Cai | Ligand-Assisted Gold-Catalyzed Cross-Coupling with Aryldiazonium Salts: Redox Gold Catalysis without an External Oxidant[END_REF] Porcel's group further evidenced that the diazonium compound can oxidize the triphenylphosphinegold(I) and dimethylsulfidegold(I) complex in DMSO at <50°C where the DMSO also serve as a coordination ligand to stabilize gold(III). [START_REF] Asomoza-Solís | Arenediazonium salts as electrophiles for the oxidative addition of gold(I)[END_REF] Later, the same catalyst was used in several new bond-forming reactions by combination of the π-bond activation and redox character of gold catalysis. Bourissou's group published a robust heteroarylation of alkenes with aryl iodides which showed a broad substrate scope (Scheme 1-59). The variation on the alkene substrate was revealed to significantly affect in regioselectivity, as the E-alkene favors 6-endo cyclization and the Z-alkene favors 5-exo cyclization. The reaction begins by oxidative addition of the aryl iodide to form a gold(III), then activation of the alkene double bond to facilitate the cyclization, and finally proceeds reductive elimination to afford the coupling product (Scheme 1-60). [START_REF] Rigoulet | Gold(I)/Gold(III) Catalysis that Merges Oxidative Addition and π-Alkene Activation[END_REF] Almost at the same time, Patil's group reported a similar 1,2-heteroarylation of alkenes by using methanol as the nucleophile. The examination of other hemilabile (P,N) ligands further elucidated the uniqueness of MeDalPhos in achieving oxidative addition of arylhalides. [START_REF] Tathe | Ligand-enabled gold-catalyzed 1,2heteroarylation of alkenes[END_REF] Furthermore, the (MeDalphos)AuCl complex was also employed for the efficient C-N bond formation by taking the advantage of the facile oxidative addition to aryl iodide under mild condition. Mechanistic studies using [START_REF] Tamaki | Catalysis by gold. Alkyl isomerization, cis-trans rearrangement, and reductive elimination of alkylgold(III) complexes[END_REF] N NMR suggest that the oxidative addition step precedes transmetalation.

Scheme 1-59. Gold catalyzed heteroarylation of alkenes with aryl iodides. [START_REF] Rigoulet | Gold(I)/Gold(III) Catalysis that Merges Oxidative Addition and π-Alkene Activation[END_REF] 1.6 Conclusion Scheme 1-60.Proposed mechanism for gold catalyzed heteroarylation of alkenes with aryl iodides. [START_REF] Rigoulet | Gold(I)/Gold(III) Catalysis that Merges Oxidative Addition and π-Alkene Activation[END_REF] 

Conclusion

Although gold has a very short history in homogeneous catalysis, it has experienced the sharpest burst of interest witnessed in the last two decades. Particularly, the Lewis acidity of gold for selective activation of carbon-carbon π-bonds toward nucleophilic attack which leads to the construction of diverse molecular complexity and often performs under mild condition. Of note, both gold(I) and gold(III) electrophiles are able to activate the C-C multiple bonds for further nucleophilic addition and a little difference was observed by these two catalytic systems. However, the more electrophilic gold(III) complexes were also reported to favor aryl C-H or Csp-H activation to form organogold(III) species, thus allowing the formation of new C-C bonds. Meanwhile, significant ligand and anion effects on the activity of gold complexes was observed as little variations in ligands or anions might lead to disparate selective products, while the selectivity preference is still elusive. Some studies pointed out that the anion might coordinate with the substrate, thus facilitating the reaction. Additionally, the use of silver salts as chloride scavengers for numerous gold catalyzed alkynerelated transformations made it much more difficult to distinguish the real active species. Thus, in order to develop new gold catalyzed organic transformations, the use of well-defined gold catalysts is strongly necessary either to avoid the use of a silver source or simultaneously examine the ractivity of silver.

So far, gold complexes have also been proven to be efficient catalytic redox catalysis. Several strategies were employed to circumvent the high redox potential of gold which all showed both advantages and limitations.

The cross coupling reactions were achieved under benign conditions by the addition of a stoichiometric oxidant such as hypervalent iodine. However, this approach is confined to certain substrate that are stable toward oxidation and it exhibits a low atom efficiency. The dual photoredox and gold catalysis is an elegant approach to afford diverse arylation products although the transformation is limited to strong electrophilic aryldiazonium substrates. Light triggered gold redox catalysis can lead to a series of radical-related transformations even polymerization. However, gold photoredox catalysis is limited to certain dimeric gold complexes. Finally, ligand enabled catalytic redox gold catalysis pointed out a promising route, where to date Au(I)/Au(III) catalysis can be achieved by rational ligand design, albeit for certain ligands. In the field of catalytic redox gold catalysis, huge effort is still needed as significant perspectives in new organic transformations exist. 

Reductive elimination in gold(III) complexes

Reductive elimination is an elementary step in metal catalytic cycles and this process is well documented for a variety of transition metal complexes. Reductive elimination in organogold(III) complexes which can lead to the formation of new carbon-carbon or carbon-heteroatom bonds and generates the corresponding gold(I) species. During the last decade, novel gold(III) complexes were developed which readily undergo reductive elimination under thermal conditions. In order to gain an in-depth understanding of this redox mechanism and explore further applications, the reductive elimination of various gold(III) complexes is reviewed in the following section.

C-C bond formation

Pioneering work was contributed by Kochi and coworkers in 1970s. A trialkyl(triphenylphosphine)gold(III) complex proceeds reductive elimination to generate a C(sp 3 )-C(sp 3 ) bond via a high energy T-shaped trialkylgold intermediate formed by the dissociation of the PPh3 ligand. Under thermal conditions, reductive elimination of cis-and trans-gold(III) complexes generates a C-C bond by the loss of two cis-alkyl groups (Scheme 2-1). [START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF][START_REF] Tamaki | Catalysis by gold. Alkyl isomerization, cis-trans rearrangement, and reductive elimination of alkylgold(III) complexes[END_REF] Similarly, reductive elimination was also achieved in cationic dialkylgold complexes [START_REF] Kuch | Synthesis of cationic dialkylgold(III) complexes: nature of the facile reductive elimination of alkane[END_REF] and a cis-dimethyl(alkoxycarbonyl)gold(III) complex. [START_REF] Komiya | Synthesis, structure and properties of dimethyl(alkoxycarbonyl)gold(III) complexes having a triphenylphosphine ligand[END_REF] Scheme 2-1. Reductive elimination of trialkylgold(III) complexes. [START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF][START_REF] Tamaki | Catalysis by gold. Alkyl isomerization, cis-trans rearrangement, and reductive elimination of alkylgold(III) complexes[END_REF] Recently, two triphenylphosphine organometallic halide complexes (Ph3P)Au(4-Me-C6H4)(CF3)(X) and (Cy3P)Au(4-F-C6H4)(CF3)(X) (X = I, Br, Cl, F), were reported to undergo both C(sp 2 )-X and C(sp 2 )-CF3 reductive elimination (Scheme 2-2) under thermal conditions (at 122 °C). Mechanistic studies reveal a dramatic reactivity and kinetics selectivity dependence on the halide ligand. [START_REF] Winston | Halide-Dependent Mechanisms of Reductive Elimination from Gold(III)[END_REF] A similar difluoromethylated organogold(III) complex cis-[Au(PCy3)(4-F-C6H4)(CF2H)(Cl)] was synthesized by oxidative addition of 4fluorobenzenediazonium chloride to [(Cy3P)Au(Cl)] in CH3CN under irradiation of blue LED light. The reductive elimination proceeds smoothly at 115°C to generate the corresponding C(sp 2 )-CF2H product (Scheme 2-3). [START_REF] Liu | The Difluoromethylated Organogold(III) Complex cis-[Au(PCy3)(4-F-C6H4)(CF2H)(Cl)]: Preparation, Characterization, and Its C(sp 2 )-CF2H Reductive Elimination[END_REF] Scheme 2-2. Halide dependent reductive elimination. [START_REF] Winston | Halide-Dependent Mechanisms of Reductive Elimination from Gold(III)[END_REF] Scheme 2-3. Reductive elimination of difluoromethylated organogold(III) complex. [START_REF] Liu | The Difluoromethylated Organogold(III) Complex cis-[Au(PCy3)(4-F-C6H4)(CF2H)(Cl)]: Preparation, Characterization, and Its C(sp 2 )-CF2H Reductive Elimination[END_REF] An elegant example of controlling alkyl-alkyl reductive elimination from dialkylgold(III) was achieved by Raymond and Toste employing a self-assembled supramolecular complex which facilitates halide dissociation followed by the transient and reversible encapsulation of the nascent cationic species and, finally, an irreversible reductive elimination event within the cluster cavity (Scheme 2-4). [START_REF] Kaphan | A supramolecular microenvironment strategy for transition metal catalysis[END_REF] Scheme 2-4. Reductive elimination of dialkylgold(III) with a supramolecular encapsulate. [START_REF] Kaphan | A supramolecular microenvironment strategy for transition metal catalysis[END_REF] In 1990s, Vicent and coworkers reported several 2-phenylazophenylgold(III) complexes which further transform to the diaryl(triphosphine)gold(III) by a ligand exchange triggered by the addition of a phosphine ligand (Scheme 2-5). [START_REF] Vicente | Synthesis of intermediates in the C-H activation of acetone with 2-phenylazophenylgold(III) complexes and in the C-C coupling of aryl groups from diarylgold(III) complexes[END_REF] A C(sp 2 )-C(sp 2 ) coupling product was generated during the reductive elimination process. A similar methodology was described by Bochmann and coworkers where protodeauration followed by addition of one equivalent of dimethylsulfide leads to the quantitative generation of the thioether complexes [(C,N-CH)Au(aryl)(SMe2). The pyridine ligand is displaced upon the addition of a second dimethylsulfide, which triggers the reductive aryl-aryl reductive elimination (Scheme 2-6). [START_REF] Rocchigiani | Reductive Elimination Leading to C-C Bond Formation in Gold(III) Complexes: A Mechanistic and Computational Study[END_REF] Scheme 2-5. Reductive elimination of diarylgold(III) complex. [START_REF] Vicente | Synthesis of intermediates in the C-H activation of acetone with 2-phenylazophenylgold(III) complexes and in the C-C coupling of aryl groups from diarylgold(III) complexes[END_REF] Scheme 2-6. SMe2-induced C(sp 2 )-C(sp 2 ) reductive elimination within a bis(aryl)gold(III) complex. [START_REF] Rocchigiani | Reductive Elimination Leading to C-C Bond Formation in Gold(III) Complexes: A Mechanistic and Computational Study[END_REF] In 2017, Shen described a series of phosphine-ligated diarylgold(III) complexes that undergo reductive elimination under elevated temperature while generating C(sp 2 )-C(sp 2 ) coupling products (Scheme 2-7). [START_REF] Kang | C(sp 2 )-C(sp 2 ) Reductive Elimination from Well-Defined Diarylgold(III) Complexes[END_REF] The mechanistic study disclosed that steric hindrance plays a major role in promoting the biaryl-forming reductive elimination through a concerted pathway from a four-coordinated gold(III) center. Futhermore, the weak electronic effect of ligands was observed (i.e. the complexes bearing weaker electron-withdrawing aryl ligands undergo reductive elimination more quickly) and the elimination rate is not sensitive to the polarity of the solvent. Scheme 2-7. C(sp 2 )-C(sp 2 ) reductive elimination from diarylgold(III) complexes. [START_REF] Kang | C(sp 2 )-C(sp 2 ) Reductive Elimination from Well-Defined Diarylgold(III) Complexes[END_REF] An exceptionally fast reductive elimination that allows the formation of C(sp 2 )-C(sp 2 ) from a monometallic cis-diarylgold(III) complex at low temperature was reported by Toste. [START_REF] Wolf | Exceptionally fast carbon-carbon bond reductive elimination from gold(III)[END_REF] Contrary to the established dissociative mechanism, this biaryl reductive elimination exhibits fast rates even at -52°C through a concerted mechanism from a four coordinated gold(III) center (Scheme 2-8).

Scheme 2-8. Oxidation of a monometallic gold(I) complex and the subsequent biaryl reductive elimination. [START_REF] Wolf | Exceptionally fast carbon-carbon bond reductive elimination from gold(III)[END_REF] More recently, Nevado and coworkers [START_REF] Genoux | Mechanistic Insights into C(sp 2 )-C(sp)N Reductive Elimination from Gold(III) Cyanide Complexes[END_REF] uncovered a family of phosphine-ligated dicyanoarylgold(III) complexes and their reactivity towards reductive elimination where a C(sp 2 )-C(sp) bond was formed (Scheme 2-9). An asynchronous concerted reductive elimination was elucidated. Importantly, the reductive elimination of cis and trans gold(III) led to same product due to the favorable rearrangement of the cis gold(III) complex to trans conformation.

Scheme 2-9. Thermally-induced reductive elimination from phosphine-ligated dicyanoarylgold(III) complexes. [START_REF] Genoux | Mechanistic Insights into C(sp 2 )-C(sp)N Reductive Elimination from Gold(III) Cyanide Complexes[END_REF] 

C-N/S bond formation

The reductive elimination of Au(III) complexes can also allow the formation of carbon-heteroatom bonds. A pioneering example was depicted by Wong and coworkers [START_REF] Kung | Cyclometalated gold(III) complexes for chemoselective cysteine modification via ligand controlled C-S bond-forming reductive elimination[END_REF] where associative ligand exchange occurs in the presence of cysteine as an ancillary ligand, and followed by the reductive elimination of the cyclometalated gold(III) complex to achieve a C-S bond and then a chemoselective modification of cysteine (Scheme 2-10).

Scheme 2-10. C-S bond formation on cysteine using a cyclometalated gold(III) complex. [START_REF] Kung | Cyclometalated gold(III) complexes for chemoselective cysteine modification via ligand controlled C-S bond-forming reductive elimination[END_REF] Years later, Bochmann disclosed carbon-sulfur bond formation through the reductive elimination of gold(III)

thiolates accompanied by S-H bond cleavage. [START_REF] Currie | Carbon-sulfur bond formation by reductive elimination of gold(III) thiolates[END_REF] From a (N^C^C^) gold(III) complex, one molecule of adamantylthiol was added on the metallic center, accompanied by S-H bond cleavage. One more equivalent of thiol enabled the displacement of the N-donor to form a conformationally flexible gold(III) thiolate which undergoes facile reductive elimination (Scheme 2-11).

Scheme 2-11. Reductive C-S elimination pathway induced by thiols. [START_REF] Currie | Carbon-sulfur bond formation by reductive elimination of gold(III) thiolates[END_REF] Recently, an intramolecular C(sp 2 )-N(sp 2 ) reductive elimination was achieved from a cationic (C,N) cyclometalated N-heterocarbene (NHC) gold(III) complex. The direct reductive elimination at 110°C results in the formation of a benzoylpyridinium and a stable NHC gold(I) complex (Scheme 2-12). [START_REF] Kim | Direct intramolecular carbon(sp 2 )-nitrogen(sp 2 ) reductive elimination from gold(III)[END_REF] Scheme 2-12. Direct reductive elimination of cationic (C,N) cyclometalated NHC gold(III) complex. [START_REF] Kim | Direct intramolecular carbon(sp 2 )-nitrogen(sp 2 ) reductive elimination from gold(III)[END_REF] In 2017, Ribas and coworkers described the first example for an oxidant-free C-N and C-O cross coupling catalysis via a two-electron redox process. [START_REF] Serra | Au(III)-aryl intermediates in oxidant-free C-N and C-O cross-coupling catalysis[END_REF] The cationic (C,N,N) bis-pyridine gold(III) species was stabilized by adding pyridine as an external donor which is prone to favor a ligand exchange with O-or Ntethered nucleophiles and then forming a new gold(III) intermediate that readily undergoes a reductive elimination (Scheme 2-13). The catalytic reactivity of aryl cycloaurated species with arylboronic acids was investigated by You and coworkers. [START_REF] Wu | Stoichiometric to catalytic reactivity of the aryl cycloaurated species with arylboronic acids: insight into the mechanism of gold-catalyzed oxidative C(sp 2 )-H arylation[END_REF] In this case, the reactive cyclometalated gold(III) species was accessible in the presence of selectfluor and underwent transmetalation and reductive elimination.

Scheme 2-13. C-N and C-O cross coupling in the presence of a cationic bis-pyridine gold(III) complex. [START_REF] Serra | Au(III)-aryl intermediates in oxidant-free C-N and C-O cross-coupling catalysis[END_REF] 

Halide and halogen reductive elimination

In 2009, Nocera and co-workers reported a pioneering contribution in the dihalogen reductive elimination process leading to gold(I) complexes without any further reduction products (Scheme 2-14). [START_REF] Teets | Halogen Photoreductive Elimination from Gold(III) Centers[END_REF] This controlled photoreduction was conducted on mono-and di-nuclear phosphine gold(III) complexes under 320 nm irradiation and in the presence of 2-hexene as a chemical trap. The Au-X bond cleavage was proposed to be activated through a ligand-to-metal charge transfer (LMCT) state which allowed a slow two-electron photoelimination of X2 from each monomeric gold center.

Scheme 2-14. Dihalogen photoelimination from dimeric phosphine gold(III). [START_REF] Teets | Halogen Photoreductive Elimination from Gold(III) Centers[END_REF] Two years later, Monkowius and co-workers [START_REF] Hirtenlehner | Syntheses, crystal structures, reactivity, and photochemistry of gold(III) bromides bearing Nheterocyclic carbenes[END_REF] treated (NHC)AuBr with iodine or bromine to afford (IPr)AuBrI2 and (IPr)AuBr3 respectively. The irradiation of the obtained gold(III) complexes with UV light cleanly yielded gold(I) species (Scheme 2-15). Recently, Rosenthal and co-workers [START_REF] Ghidiu | Thermal versus Photochemical Reductive Elimination of Aryl Chlorides from NHC-Gold Complexes[END_REF] described a thermally stable (IPr)AuCl2(C6F5) complex which undergoes photo-reductive elimination to deliver (IPr)AuCl and C6F5Cl upon excitation (>275 nm) in CHCl3. DFT calculations support that the photoexcitation of (IPr)AuCl2(C6F5) produces an excited state which significantly weakens the Au-Cl bond and thus leads to the dissociation of the halide, facilitating reductive elimination (Scheme 2-15). In the same year, Bercaw and Vicente [START_REF] Scott | Mechanism of Reductive Elimination of Methyl Iodide from a Novel Gold(III)-Monomethyl Complex[END_REF][START_REF] Blaya | Synthesis of Au(I) Trifluoromethyl Complexes. Oxidation to Au(III) and Reductive Elimination of Halotrifluoromethanes[END_REF] synthezied a series of stable gold(III) complexes[Au(CF3)(X)(Y)(IPr)] by oxidation of the corresponding trifluoromethyl gold(I) which undergo smooth reductive elimination upon photoirradiation to generate halotrifluoromethane (Scheme 2-16).

Scheme 2-15. Photoelimination of NHC gold(III) complexes. [START_REF] Hirtenlehner | Syntheses, crystal structures, reactivity, and photochemistry of gold(III) bromides bearing Nheterocyclic carbenes[END_REF][START_REF] Ghidiu | Thermal versus Photochemical Reductive Elimination of Aryl Chlorides from NHC-Gold Complexes[END_REF] Scheme 2-16. Photoelimination of trifluoromethyl(NHC)(X2) gold(III). [START_REF] Scott | Mechanism of Reductive Elimination of Methyl Iodide from a Novel Gold(III)-Monomethyl Complex[END_REF][START_REF] Blaya | Synthesis of Au(I) Trifluoromethyl Complexes. Oxidation to Au(III) and Reductive Elimination of Halotrifluoromethanes[END_REF] In conclusion, the reductive elimination of gold(III) complexes enables the formation of various carboncarbon and carbon-hetero bonds under either thermal conditions or irradiation. However, the preparation of gold(III) complexes greatly relies on the use of strong oxidants and stoichiometric amount of gold complexes were needed. As a result, the developments of a facile oxidative addition to form gold(III) complexes and coupling reactions in the presence of catalytic gold catalyst remaining a challenge to be solved. In addition, the reductive elimination from gold(III) complexes affords the corresponding gold(I) species whose catalytic activity has not yet been evaluated. In a promising approach, the gold(III) complexes and in situ generated gold(I) complex are both active and expected to be used as a switch to control the selectivity of a reaction.

Photoreduction of thioether gold(III) complexes and catalysis

Objectives

In contrast to thermal reduction, photoinduced reductive elimination proceeds smoothly under mild condition.

Generally, a ligand to metal charge transfer mechanism is involved.

In 2015, we reported a thioether gold(III) trichloride complex appended with a 9,10-diphenylanthracene (DPA) unit which undergoes a fast dihalogen reductive elimination to yield a gold(I) species under 365 nm irradiation in toluene or dichloromethane (Scheme 2-17). [7] Based on ultrafast transient absorption spectrocopy, the initial step was shown to involve intramolecular energy transfer from the anthracene chromophore to the coordinated gold species (antenna effect).

Scheme 2-17. Dihalogen photoelimination of thioether gold(III) complex. [7] To gain an in-depth understanding of the mechanism, a series of dialkyl-thioether gold(III) trichloride complexes with or without a DPA chromophore were straightforwardly prepared through liquid-liquid extraction without any oxidation step. Our aim is to elucidate the mechanism of this Au(III) chloride photoreduction by comparing the photoreductive behavior of different dialkyl-thiether gold(III) complexes and, importantly, to evaluate the activity of gold(III) and photoreduced gold(I) species in homogeneous catalysis.

Materials and instruments

MilliQ purified water was used for the synthesis of the gold(III) complexes on an orbital shaker. The photoreduction was carried out in the quartz cuvette (length: 1 cm) with a stirring bar, under the irradiation of a medium pressure Xenon-Mercury lamp equipped with a monochromator at a concentration of 60 µM.

The thermal reduction was carried out in a sealed glassware possessing a round flask (25 mL) and a cuvette (1 cm). Pd(PPh3)4 was prepared with a modified procedure 2 and stored in the freezer under argon atmosphere.

Results and discussion

Synthesis of thioether ligands

Based on our previous report, [7] the existence of lipophilic polyether group facilitates the solubility of the thioether gold(III) complex in low-polar organic solvents such as dichloromethane and toluene. The stability of the thioether gold(III) complexes may also benefit from the assistance of the polyether chain. Thus, three thioether ligands II2-4 were designed to probe the role of the DPA chromophore and the effect of the thioether chains (Figure 2-1). Thioether ligand II2 contains only one thioether coordination site and it was designed to 2 An 100 mL flask equipped with stirring bar was charged with palladium chloride (355 mg, 2.0 mmol) and triphenylphosphine (2.63 g, 10.0 mmol) followed by adding dry dimethylsulfoxide (40 mL). The suspension was stirred and heated at 350 °C under air until the solution turned to transparent orange solution. Hydrazine hydrate (0.5 mL, 10 mmol) was added leading to instant yellow precipitation. The solid was filtered and washed with absolute ethanol and diethyl ether and finally dried to afford a bright yellow solid (2.2 g, 95 % yield). reveal the effect of gold atom number within complexes during photoreduction. Ligand II3 (benzene connected thioether chain) and II4 (single thioether chain) were designed to evaluate the function of chromophore upon photoirradiation. The approach for the synthesis of II1-3 involves formation of the corresponding mesylate then followed by a SN2 nucleophilic attack with sodium hydride as a base (Scheme 2-18). Ligand II4 was achieved through a thiol radical addition to diethylene alcohol in the presence of 2,2dimethoxy-2-phenylacetophenone (DMPA) as a photoinitiator (92% yield) and followed by a methylation reaction in 75 % yield (Scheme 2-19). Meanwhile, the thioether ligands with a tBu substituent were also synthesized using a similar method.3 

Scheme 2-18. The final step to introduce thioether moiety.

Scheme 2-19. Synthesis of ligand II4.

Preparation of gold chloride complexes

The thioether gold(III) chloride complexes were synthesized via liquid-liquid extraction in the absence of light by mixing a solution of the thioether ligand in toluene and an aqueous solution of NaAuCl4•2H2O (5.0 equiv for ligands II1 and II3; 3.0 equiv for ligands II2 and II4) (Figure 2-2). The mixture was shaken for 1 to 2 hours and, after centrifugation, the gold complexes were obtained as a yellow organic solution while the free inorganic gold(III) was confined to the aqueous phase. Finally, the organic phase was collected and dried to afford the pure gold complexes. All the gold(III) complexes were characterized by 1 H NMR and mass spectroscopy. 4 Interestingly, the mass spectra also revealed the occurrence of reduced species and unusual ionic complexes that reflects the lability of these gold complexes under the conditions of analysis. The gold stoichiometry in the complexes was determined by comparing the absorption of the gold(III) complexes with the absorption at around 330 nm, which mainly corresponds to the main contribution of gold(III) and not the ligands. [START_REF] Dey | Mechanism of Trivalent Gold Reduction and Reactivity of Transient Divalent and Monovalent Gold Ions Studied by Gamma and Pulse Radiolysis[END_REF] Based on the absorption at 330 nm (Figure 2-3, Table 2-1), the observed gold stoichiometry in the complexes corresponds to the number of thioether ligands. 

II1•2AuCl3 0.609 II2•AuCl3 0.285 II3•2AuCl3 0.617 II4•AuCl3 0.284
The stability of the gold(III) complexes under dark conditions was also examined by measuring the UV-vis spectroscopy of gold(III) complexes solution after two month. 5 Interestingly, the thioether gold(III)

complexes turn out to be stable after months in the dark (Figure 2-4), except gold complex II3•2AuCl3 whose mass analysis revealed [II3•AuCl2] + and [II3•Au] + species with only one equivalent of gold remained. Since the intra/intermolecular aurophilic interaction has been known in many polynuclear gold complexes. [START_REF] Katz | The use of aurophilic and other metal-metal interactions as crystal engineering design elements to increase structural dimensionality[END_REF][START_REF] Schmidbaur | Aurophilic interactions as a subject of current research: an up-date[END_REF] ,

This observation suggests a possible rearrangement of the gold complex II3•2AuCl3 in the solution that the two thioether chains can be stabilized by gold-gold interaction or as an ionic form (Figure 2345) due to the short distance, then promoting the release of one equivalent of gold. 

Photoreduction vs thermal reduction

The photoreduction was carried out under 365 nm irradiation using a medium pressure Xenon-Mercury lamp equipped with a monochromator and followed by UV-vis spectroscopy. A significant loss of absorption at 330 nm was observed during a period of 30 min (Figure 23456) which indicates the reduction of gold(III) complexes into gold(I) species since gold(I) species exhibit no appreciable absorption in the region of 250-650 nm. [START_REF] Dey | Mechanism of Trivalent Gold Reduction and Reactivity of Transient Divalent and Monovalent Gold Ions Studied by Gamma and Pulse Radiolysis[END_REF] Aside from photoreduction, the gold(III) complexes can also be reduced under thermal conditions.

II1•2AuCl3

was chosen as a model gold complex to study the thermal reduction process at a concentration of 70 µM in toluene under elevated conditions. The thermal reduction performed from 25°C to 75°C, using a gradient of 10°C with each period of 20 min and followed by UV-vis spectroscopy (Figure 2-9a). The complexes are thermally stable under 65°C as no loss of gold absorption is observed below this temperature.

An absorption decrease was only observed at 75°C. To further investigate the impact of the temperature, a solution of II1•2AuCl3 in toluene was monitored by UV/Vis spectroscopy at 80°C over a period of 12 hours needed to complete the thermal reduction process. The decrease in gold(III) absorption at 330 nm is similar to that observed during photoreduction, but much slower (12 h vs. 30 min). The thermal reduction product was also confirmed by 1 H NMR and mass spectra to be similar to those of the photoreduced species obtained under 365 nm light. 

Mechanism investigation

Kinetic study

Despite the intramolecular energy transfer occurs in the DPA complexes, a raised question concerns its participation to the reduction process. In order to discuss the function of chromophore during the photoreduction, the kinetics of reduction were investigated under irradiation at 365 nm or ambient daylight by monitoring the absorption of the gold(III) species with or without a DPA chromophore. For each IIn•xAuCl3 (n = 1-4, x = 1 or 2) complex, the decrease in absorbance was fitted to a pseudo first-order relation. b The calculation of k1 constants was fitted with the pseudo-first-order reaction equation (R 2 : correlation coefficient), using absorption monitoring at 323 nm; c Daylight is indoor light on a sunny day without any direct sunlight irradiation.

ln 𝐶 0 𝐶 𝑡 = 𝑘 1 𝑡 (equation II-1)
The photoreductive kinetics of all the four gold(III) complexes over the first 10 min of irradiation were evaluated (Table 2-2), with similar rates observed upon irradiation at 365 nm (k 365 ) and under ambient daylight (k daylight ). Moreover, the reductive rate for gold complexes bearing two equivalent of gold is twice the speed of gold complexes with one equivalent gold which suggest that two gold might influent each other as the distance is sufficiently close to form binuclear gold complexes alongside the formation of short lived halide-bridged intermediates. More importantly, the complexes without chromophore exhibit a similar reductive rate that indicates the intramolecular energy transfer is not the main factor leading to photoreduction.

Thus, we can conclude that the photoreduction process might directly occur on gold center, as the incident light can be absorbed by gold(III) whose absorption ranges from 280 to 430 nm.

Chemical trapping experiment

To explore the elimination of dichlorine, the photoreduction of IIn•xAuCl3 (n = 1-4, x = 1 or 2) complexes (ca.20-30 mM in CH2Cl2) was conducted in the presence of cyclohexene (380 mM) as a chemical trap. The crude mixture was analyzed by GC-MS, which revealed the presence of chlorocyclohexane and 1,2dichlorocyclohexane, as well as 2-chlorocyclohexanol (Scheme 2-20). This result suggests that Cl2 and Cl • are released following photo-excitation of the gold(III) complex. In presence of alkenes, the excitation of the LMCT band was shown to induce the ejection of Cl • to give a gold(II) intermediate that was further reduced.

On the contrary, the in situ dichlorine formation is characteristic of a non-radical reductive elimination mechanism in agreement with Kochi's proposed mechanism or a direct cis-elimination process. [START_REF] Tamaki | Catalysis by gold. Alkyl isomerization, cis-trans rearrangement, and reductive elimination of alkylgold(III) complexes[END_REF][START_REF] Teets | Halogen Photoreductive Elimination from Gold(III) Centers[END_REF] Therefore, both radical and non-radical photoreduction pathways appear to be operating during the reduction of the gold(III) chloride thioether complexes. Surprisingly, the GC-MS analysis of the crude photoreduced gold(III) complexes indicates that 2-chlorocyclohexanol is also formed. This compound may be generated from cyclohexene and electrophilic Cl + in the presence of residual water. To the best of our knowledge, this is the first time that the cleavage of Au-Cl bond to generate [Au III ] -and Cl + was indirectly observed through a chemical trap. pathway: after the Au-Cl bond cleavage leading to the release of a chloride or a chloronium, the possible tricoordinate cationic gold(III) with positive or negative charge readily undergo cis-elimination to generate gold(I) by releasing chlorine and followed by recombination of the chloride or the chloronium.

Homogeneous gold catalysis

The catalytic properties of the thioether-based complexes of AuCl3 and AuCl (obtained by in situ photoreduction) were investigated as homogeneous catalysts in two model reactions.

Gold precatalyst vs cationic gold catalyst

In a first example, the cyclization of N-propargylic amides developed by Hashmi was chosen as a model reaction [START_REF] Weyrauch | Cyclization of Propargylic Amides: Mild Access to Oxazole Derivatives[END_REF] as it gives two different isomers depending on the nature of the catalyst. Aromatic oxazoles (compounds II8-10) were isolated in the presence of gold precatalyst, due to a 5-exo-dig cyclization followed by a step of isomerization. Meanwhile, in the presence of a cationic gold(I) catalyst, the product of a 5-exodig cyclization leading to dihydrooxazole (compounds II11-13) was instead observed. Our study was focused on three different propargylic amides appended with aliphatic (II5), electron rich thiophene (II6) and phenyl (II7) substituents (Table 2- a Unless specified, all the reactions were carried out in an NMR tube (CDCl3) without stirring, using an amide substrate (0. 

One pot cascade reaction

In order to demonstrate that thioether gold(III) complex and the corresponding photoreduced gold(I) chloride obtained by irradiation at 365 nm are efficient gold chloride and cationic gold catalysts, their Lewis acid activity is evaluated in a one-pot two steps reaction that plays on the sequential reactivity of mono-and disubstituted alkynes to access complex heteropolyaromtaic compounds.The one pot reaction constitutes two sequential chemoselective cyclizations that are catalyzed by different gold species: the monosubstituted alkyne is first activated by the gold(III) chloride catalyst, whereas the disubstituted alkyne reacts in the presence of cationic gold(I).

Step 1 is a 6-exo-dig cyclization followed by an isomerization leading to the new -carbolinone II19. A similar electrophilic activation of monoalkynes by gold(III) was described by A.

Padwa using AuCl3. [START_REF] England | Gold-Catalyzed Cycloisomerization of N-Propargylindole-2-carboxamides: Application toward the Synthesis of Lavendamycin Analogues[END_REF] Step 2 is a novel 6-endo-dig cyclization towards indolino-4H-benzoquinolizin-4-one II20, inspired by the synthesis of a related regioisomer. [START_REF] Nakamura | Enantioselective Synthesis and Enhanced Circularly Polarized Luminescence of S-Shaped Double Azahelicenes[END_REF] Straightforward routes to 4H-quinolizin-4-ones are rare and mainly based on Pd or Rh catalysis. [START_REF] Li | Rhodium(III)-Catalyzed Annulation of Pyridinones with Alkynes via Double C-H Activation: A Route to Functionalized Quinolizinones[END_REF][START_REF] Yu | Palladium-Catalyzed Dearomative Cyclocarbonylation by C-N Bond Activation[END_REF] Herein, we propose a cascade strategy towards model compound II20 that can be attained using gold catalysts at different oxidation states: either gold(III) or gold(I) that is obtained from photoreduction of the corresponding gold(III) complex. Based on our experience in the cyclization of N-proparylamide, a more sophisticated amide II18 possessing both an N-propargyl amide and an N-diphenylacetylene group was designed and synthesized in four steps with an overall yield of 37 % (Scheme 2-21).

Scheme 2-21. Synthesis of indole-based N-propargyl amide.

Initially, the reaction was tested using AuCl3 as a catalyst ( To catalyze the second cyclization and obtain the desired quinolizin-4-one 10 (step 2), the higher activity of a cationic gold species is required. The classical cationic gold(I) species obtained from IIn•xAuCl complexes in the presence of silver salts were firstly evaluated with success (Table 2-4, entries 6-7). The sequential cyclization product II20 can be obtained in excellent yield (71-80 %, entries 7-8) by tuning the Au(I) catalyst over the two sequential steps: gold(I) chloride complex was used in the first step (99% conv.) whereas, in the second step, the corresponding cationic gold(I) complex was in situ generated by the addition of AgOTf in the reaction medium. Along step 2, the role of silver triflate was shown to be restricted to chloride exchange, as no catalytic activity was detected in step 2 (Table 2-4, entry 8) for AgOTf alone. Commercial dimethylsulfide gold(I) and silver salt also showed good yield to deliver the cascade cyclization product (79 %, Table 2-4, entry 9). We then decided to try an alternative catalytic system composed of IIn•xAuCl3 complexes in the presence of silver salts in the absence or presence of irradiation along step 2. This system should be composed of cationic gold(III) species and possibly traces of cationic gold(I). The catalytic effect of gold(III) chloride complexes (II1•2AuCl3 and II2•AuCl3) alone for the first step and in the presence of a silver triflate for the second step, allowed the synthesis of compound II20 in excellent yield (72-76 %, entries 10-11). It should be noted that several gold(III) active species can exist and no data was available concerning their nature under these homogeneous reaction conditions. We also cannot exclude the occurrence of gold(I) traces (through undesired photoreduction) that might participate in the final cyclization. To better investigate the possible effect of in situ reduction of gold(III) into gold(I), we proceed to the final cyclization product using gold(III) chloride complexes, in the presence of AgOTf and under 365-nm irradiation (entries 12-15). Compound II20 was isolated in excellent yields (72-82 %) that are similar to those determined in the dark. The catalytic system composed of AgOTf and complexes based on thioether ligands II3-4 and gold(III) chloride are efficient gold species for the cyclization of disubstituted alkynes, with a performance similar to that of cationic gold(I) catalysts.

Conclusion

Homogeneous gold(III) complexes with well-defined stoichiometry are readily obtained by liquid-liquid extraction using dialkylthioether ligands. The complexes are stable in the dark for months. Independently of the ligand nature (anthracene, phenyl, alkyl), all the gold(III) chloride complexes are rapidly photoreduced to the corresponding gold(I) chloride complexes using 365-nm irradiation. The course of this photoreduction was more rapid (30 min) than the thermal reduction at 80°C (12h). The photoreduction under a conventional TLC lamp (365 nm) also induced the formation of gold(I) showing a higher catalytic activity than those obtained by daylight exposure or heating.

Under the conditions explored, we found no acceleration or reduction of photoreduction ascribable to the presence of the diphenylanthracene chromophore. The photoreductive elimination of X2 seems to occur under 365 nm or daylight irradiation as evidenced by the formation of chlorinated organic by-products observed in toluene. In the case of the dialkyl thioether gold complexes, the reductive elimination might be triggered through a direct excitation on the gold center, possibly accompanied with the formation of a chloronium ion.

The catalytic properties of the gold complexes at different oxidation states were evaluated in the cyclization reactions of alkynes under homogeneous reaction conditions for single and sequential double cyclization. All gold(III) chloride and in situ generated gold(I) chloride complexes showed excellent efficiency (high yield, reasonable reaction times). The corresponding cationic gold(I) complexes obtained in the presence of AgOTf were also active. Interestingly, the catalytic system composed of the gold(III) chloride catalyst and AgOTf (in the dark) showed a similar activity to classical cationic gold(I) catalysts. The complexes of thioethers and AuCl3 are therefore highly versatile complexes with the possibility to prepare and tailor their catalytic activity by using light to control the oxidation state and silver salts to modify the coordination sphere of the gold center.

Solvent and light induced reduction of picolinic gold(III) complex 7

Objectives

The dichloro(2-pyridinecarboxylato)gold(III) complex (PicAuCl2) is a highly stable gold(III) precatalyst [START_REF] Hashmi | Gold Catalysis: The Benefits of N and N,O Ligands[END_REF] and readily dissolved in organic solvents. It has been widely employed in numerous reactions in terms of alkyne or allene activation for nucleophilic attack. [START_REF] Minnihan | Gold(I)-Catalyzed Regioselective Cyclizations of Silyl Ketene Amides and Carbamates with Alkynes[END_REF][START_REF] Wang | A Highly Efficient Preparative Method of α-Ylidene-β-Diketones via Au(III)-Catalyzed Acyl Migration of Propargylic Esters[END_REF][START_REF] Wang | A Gold-Catalyzed Unique Cycloisomerization of 1,5-Enynes: Efficient Formation of 1-Carboxycyclohexa-1,4-dienes and Carboxyarenes[END_REF][START_REF] Dar | Complexes of gold(III) and mononegative bidentate N,O-ligands[END_REF] We anticipated to be able to obtain a cationic gold(I) directly from this gold(III) precatalyst through photoreduction and further explore the reactivity of both species as catalysis. Based on the results obtained for the thioether gold(III) complexes, the Au-Cl bond can be photoactivated to generate a radical or by forming a tri-coordinated ionic gold center. Apart from photoreduction, the formation of the cationic gold(III) intermediate by introducing a stronger coordinated ligand [START_REF] Serra | Au(III)-aryl intermediates in oxidant-free C-N and C-O cross-coupling catalysis[END_REF][START_REF] Kim | Direct intramolecular carbon(sp 2 )-nitrogen(sp 2 ) reductive elimination from gold(III)[END_REF] through associative ligand exchange is also an efficient approach to realize reductive elimination. To the best of our knowledge, it has not yet been documented that the associative ligand exchange induced by polar solvent. Hence, the reduction of PicAuCl2 under light irradiation was examined in various solvents (for example, CH2Cl2, acetone, DMSO, MeOH, toluene) and monitored by UV-vis spectroscopy. The absorption shift or the loss of gold absorbance indicates the formation of new gold species. Based on the radical and ionic mechanism, the photoreduced product might be a pyridinium or an ionic gold(I) species. The exploration of photoreduction and determination of the photoreduced species is still in progress.

Results and discussion

Solvent effect on dichloro(2-pyridinecarboxylato) gold(III) complex

Toluene and dichloromethane were generally employed as solvents for gold catalytic process. However, few reports discussed the solvent effect on gold catalysis. In 1990, Vicente described a C,N gold(III) complex [START_REF] Vicente | Synthesis of intermediates in the C-H activation of acetone with 2-phenylazophenylgold(III) complexes and in the C-C coupling of aryl groups from diarylgold(III) complexes[END_REF] 7 To prove that the reduction of PicAuCl2 complex can be induced by light irradiation or coordination property of polar solvent, the photoreduction or solvent induced reduction of pyridine AuCl3 complex should also be examined for two factors: 1) a coordinating solvent such as DMSO can modify the structure of the gold complex by either with chloride or pyridine; 2) the pyridine AuCl3 complex is reported as a highly stable gold(III) complex which is stable under visible light or thermal conditions. So, the reduction would only be triggered by the external factors such as 365 nm light or polar solvents.

was able to activate acetone and form a new gold(III) species. The strong solvent effect on the gold complex PicAuCl2 was observed through the chemical shift of the aromatic protons in deuterated solvents (Figure 2-18) which indicates a solvent interaction with gold complex. The exact chemical shift comparison is given in the table 2-5. Excluding the solvent coordination effect in less polar solvents (CD2Cl2), the coordination sphere of the complex might be affected in a polar solvent such as DMSO-d6. 

Thermal stability of PicAuCl2

Generally, gold(III) complexes are able to be reduced to gold(I) at elevated temperatures. Thus, thermal reduction was examined in toluene under a temperature gradient and followed by UV-vis spectroscopy (Figure 2345678910111213141516171819). The outcome suggests that the PicAuCl2 gold complex is stable at least until 100°C [START_REF] Cao | Photoreduction of Thioether Gold(III) Complexes: Mechanistic Insight and Homogeneous Catalysis[END_REF] as no [START_REF] Cao | Photoreduction of Thioether Gold(III) Complexes: Mechanistic Insight and Homogeneous Catalysis[END_REF] To test the thermal stability, temperature can be elevated up to 150°C by using 1,1,2,2-tetrachloroethane as solvent.

gold absorption loss or shift was observed. 

Light induced reduction of PicAuCl2

In view of the strong solvent effect observed in the PicAuCl2 complex (Figure 2-18), the photoreduction process was investigated in polar solvents (DMSO and MeOH) and less polar solvents (CH2Cl2 and THF).

With DMSO as the solvent, the reduction of PicAuCl2 under 365 nm light irradiation leads to a significant loss of gold absorption over a period of 1 hour (Figure 2-20a). The reduction process was also monitored in methanol under the same conditions (Figure 2-20b). In contrast to toluene, a partially decrease of the gold absorption was observed accompanied by a small blue shifted, which implies a new gold species is formed. This phenomenon was then followed by a rapid absorption decrease which could be related to the gold reduction. Similarly to the experience in methanol, the photoreduction proceeds smoothly in THF with a decline of the gold absorption (Figure 2-21b). In these three cases, the successive decreases of the gold absorption during irradiation can be characteristic of the formation of gold(I) species.

To gain an in-depth understanding of the photoreduction, the reduction process in dichloromethane was carried out. An obvious absorption shift from 350 nm to 320 nm occurs over 30 min and then a subsequent decrease of the gold absorption was observed (Figure 2 In order to identify the photoreduction products, the reduction process was initially monitored by 1 H NMR spectroscopy using a 365 nm irradiation 9 at a complex concentration of 28 mM in DMSO-d6 (Figure 2-23).

After irradiation over 2h, the spectrum of PicAuCl2 was converted to a new gold species and the three sets of protons were all shifted. Notably, the presence of water showed no impact on the photoreduction process as the same experiment conducted in the presence of 3 equivalents of water leads to the identical species.

The irradiation at 365 nm of a solution of PicAuCl2 complex in dichloromethane led to the same species observed after irradiation in DMSO.

In contrast, the PicAuCl2 complex is stable in CD2Cl2 under visible light. This result is also different from the observation for the thioether gold(III) complexes, leading to the formation of new gold(I) species under a 365 nm photoirradiation (Figure 2-24). [START_REF] Mongin | Singlet oxygen stimulus for switchable functional organic cages[END_REF] TLC lamp (6 W) was used for 365 nm light source. 

Solvent induced reduction of PicAuCl2

Generally, the reduction of gold(III) complexes to gold(I) complexes can be achieved under either photochemical or thermal conditions. To the best of my knowledge, no report was documented that this reduc- tive elimination process can be realized in the absence of light or heat. A strong solvent effect was observed in dimethylsulfoxide for complex PicAuCl2 which undergoes a rapid reduction (1.5 h). Without light and heating, the strong donor property of dimethylsulfoxide was attributed to be the main factor for the reduction.

Under sonication condition, the ligand exchange with chloride was accelerated and led to the formation of a cationic gold(III) which is readily to undergo elimination and generate a new gold species, the process was evidenced by 1 H NMR (Figure 2-25). Surprisingly, the reduction process occurs even in a standing solution of PicAuCl2 under dark condition without any treatment. In contrast to sonication condition, a longer period A full comparison of the reduced species in DMSO-d6 was provided for a better vision (Figure 2-27). Based on the NMR spectra, the PicAuCl2 complex can be reduced to gold(I) species either by light irradiation or solvent coordination effect. However, difference between the reduced species still exist as the proton NMR are not entirely superposed. For the reduction speed in dimethylsulfoxide, a shortest time (1.5 h) was found under sonication condition, while the photoreduction under 365 nm takes 2.5 h to reach the full conversion and standing in dimethylsulfoxide solution without any treatment, a longer period (10 h) is required. The 1 H NMR and [START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] C NMR of the picolinic ligand, PicAuCl2 complex, and reduced species were detailed respectively (Table 2-6 andTable 2-7). The attribution of the carbon based on the 2D NMR HMQC and gcosy spectra. 

Plausible mechanism

Conclusion and perspectives

The dichloro(2-pyridinecarboxylato)gold(III) complex (PicAuCl2) is a thermally stable gold(III) precatalyst that exhibit excellent efficiency in terms of alkyne or allene activation towards nucleophilic attack. A strong solvent effect was observed in the PicAuCl2 complex as the proton NMR showed large differences in polar and less polar solvents. The PicAuCl2 complex is stable under visible light but sensitive to 365 nm UV irradiation. The photoreduction behavior of PicAuCl2 was examined in various solvents (including polar and less polar solvent), and a relative loss of gold absorption was observed which indicates gold(I) species was generated. Interestingly, the reduction processes of the PicAuCl2 complex are able to proceed in the absence of light and heating which, to our best knowledge, is the first example of a solvent-induced reductive elimination in a gold(III) complex. The mechanisms for solvent-induced reduction and photoreduction were proposed. Concerning solvents with electron donor properties such as DMSO, the ligand exchange was involved to form a four-coordinate gold(III) intermediate, while a radical pathway or ionic pathway might occur during photoreduction.

In order gain an in-depth understanding of the reduction process induced by light irradiation or by electron donor polar solvents, the photoreduction or solvent induced reduction of pyridine AuCl3 complex should also be examined for two factors: 1) a coordinating solvent such as DMSO can modify the structure of the gold complex by either with chloride or pyridine; 2) the pyridine AuCl3 complex is reported as a highly stable gold(III) complex which is stable under visible light or thermal conditions. So, the reduction would only be triggered by the external factors such as 365 nm light or polar solvents.

Chapter summary

During the last decade, novel gold(III) complexes were developed which readily undergo reductive elimination processes under thermal conditions. Reductive elimination in gold(III) complexes which leads to new carbon-carbon or carbon-heteroatom bonds formation. However, many people neglect the fact that reductive elimination of gold(III) halides is also an approach to adjust the oxidation state of gold and both of them can be applied as homogeneous catalysts in a controlled way.

We have developed thioether ligands with polyether group which can stabilize the formation of thioether gold(III) complexes. The photoreduction of these gold(III) complexes into gold(I) complexes was achieved under visible light or 365 nm UV light even though they are thermally stable to 65°C.

For the photoreduction of thioether gold(III) complexes, three points are needed to be pointed out:

First, this work is complementary to the halogen photo-elimination in gold(III) halide complexes, as the photoreductions in phosphine gold(III) chloride complexes in the presence of chlorine chemical trap (slow process) and N-heterocyclic carbene gold(III) bromide complex in methanol have been reported. [START_REF] Teets | Halogen Photoreductive Elimination from Gold(III) Centers[END_REF][START_REF] Hirtenlehner | Syntheses, crystal structures, reactivity, and photochemistry of gold(III) bromides bearing Nheterocyclic carbenes[END_REF] Second, a richer mechanism of photoreductive elimination was proposed to account for kinetics in the presence or absence of the chromophore. In addition to classic routes, an ionic pathway involving onenegative-charge gold(III) anion is proposed as a chloronium was trapped by toluene or cyclohexene.

Third, this is the first time that the in situ photoreduced gold(I) complex was evaluated as homogeneous catalysis and illustrated in a one pot cascade cyclization reaction.

No catalytic difference was found between the thioether gold(III) complexes and the photoreduced gold(I) complexes. In order to in situ prepare cationic gold(I) complexes by photoreduction, a PicAuCl2 precatalyst was submitted to photoreduction. Interestingly, we observed that the reduction processes are able to proceed in DMSO in the absence of light and heating, which is the first example that solvent-induced reductive elimination in gold(III) complex. A mechanism were proposed based on these results. Chemical trapping experimentS and the determination of final reduced gold species are necessary to further elucidate the detailed mechanism. 

Heterogeneous gold catalyst

Immobilization of metal nanoparticles and metallic complexes onto a solid support has attracted considerable attention in synthetic chemistry in the last four decades, 1965 masked the discovery of the very first heterogeneous catalyst containing gold, which was developed by the German company Knapsack as a catalyst for the oxidative acetoxylation of ethylene to vinyl acetate. [START_REF] Sennewald | Vinyl acetate[END_REF] Compared to homogeneous conditions, the recyclability and reusability of the supported catalysts potentially provide waste-reducing, cost-saving and greener processes. In the field of heterogeneous gold chemistry, the vast research efforts towards greener catalysts have focused on gold nanoparticles (NPs) supported on metal oxides (TiO2, Al2O3, CeO2 etc.), [START_REF] Wang | Nanogold plasmonic photocatalysis for organic synthesis and clean energy conversion[END_REF][START_REF] Astruc | Nanoparticles as Recyclable Catalysts: The Frontier between Homogeneous and Heterogeneous Catalysis[END_REF] or polymer resins. [START_REF] Tosoni | Oxide-Supported Gold Clusters and Nanoparticles in Catalysis: A Computational Chemistry Perspective[END_REF][START_REF] Corma | Supported gold nanoparticles as catalysts for organic reactions[END_REF][START_REF] Alshammari | Heterogeneous gold catalysis: from discovery to applications[END_REF][START_REF] Hutchings | Heterogeneous Gold Catalysis[END_REF] These supported AuNPs have been implemented in various types of reactions: low-temperature oxidation of carbon monoxide, [START_REF] Haruta | Gold catalysts prepared by coprecipitation for lowtemperature oxidation of hydrogen and of carbon monoxide[END_REF] selective oxidation of alcohols [START_REF] Hughes | Tunable gold catalysts for selective hydrocarbon oxidation under mild conditions[END_REF][START_REF] Edwards | Switching Off Hydrogen Peroxide Hydrogenation in the Direct Synthesis Process[END_REF] or nitro compounds, [START_REF] Takale | Gold nanoparticle (AuNPs) and gold nanopore (AuNPore) catalysts in organic synthesis[END_REF] or the hydration of alkynes, [START_REF] Liang | Supported Gold Nanoparticle-Catalyzed Hydration of Alkynes under Basic Conditions[END_REF] the isomerization of ω-alkynylfuran to phenols, [START_REF] Carrettin | Heterogeneous Gold-Catalysed Synthesis of Phenols[END_REF] crosscoupling reactions, [START_REF] Carrettin | Supported Gold Catalyzes the Homocoupling of Phenylboronic Acid with High Conversion and Selectivity[END_REF] and even in industrial applications such as the oxidative esterification of methacrolein to methyl methacrylate and the hydrochlorination of acetylene. [START_REF] Nkosi | Reactivation of a supported gold catalyst for acetylene hydrochlorination[END_REF] In the recent decade, supported gold(I) complexes were also employed as heterogenized catalysts to diversify the nature of transformations. To date, numerous solid supports have been used for gold complexes, such as organic polymers, silica nanoparticles and magnetic nanoparticles. We became interested in silica nanohelices as chiral silica supports for gold(I) complexes for two reasons: (i) to benefit from the the grafting of metallic complexes chromophores on chiral silica to form a chiroptical 3D ensemble. This new property for an immobilized gold catalysis can allow its monitoring along successive catalytic processes; (ii) to evaluate the asymmetric induction for such a chiral system.

Here, a background of various supported heterogeneous gold(I) catalysts in organic transformations is presented.

Polymer supported heterogeneous gold(I) catalysis

In 2011, Akai and coworkers [START_REF] Egi | Reusable and Durable Immobilized-Cationic Gold(I) Catalysts for Environmentally Benign Bond-Forming Reactions[END_REF] reported a polystyrene(PS)-bound cationic triphenylphosphinegold(I) which is reusable and active in the cyclization of propargyl amide, as well as the spiro-cyclization of methyl 2acetylhept-6-ynoate, and the intramolecular cyclization reaction to furans via alkyne activation (Figure 3-1).

The particle size of 100-200 mesh for the polymer resin was found to be the most effective when it comes to coordination or catalytic activity. The cylization of alkynol compound into furan product was evaluated by using such immobilized catalyst (0.5 mol%) for 8 cycles without losing yield (2-7 h, 94-99 %).

Figure 3-1. Intramolecular cyclization reactions using the PS-immobilized cationic gold(I) catalysts. [START_REF] Egi | Reusable and Durable Immobilized-Cationic Gold(I) Catalysts for Environmentally Benign Bond-Forming Reactions[END_REF] Almost simultaneously, a divinylbenzene (DBV) cross-linked polystyrene-supported stable cationic (benzotriazole)(triphenylphosphine)gold(I) was described as a robust catalyst in three model reactions, [START_REF] Cao | A Recyclable Polystyrene-Supported Gold(I) Catalyst[END_REF] including the tandem 3,3-rearrangement and Nazarov reaction of an enynyl acetate, the cyclization of a 1,6enyne, and the rearrangement of an alkyne-furan (Figure 3-2). However, a considerable prolongation of reaction time was found after each cycle which might be attributed to the aggregation of the polymer and the degradation of the cationic gold catalyst. Four years later, the same group described an immobilized cationic phosphine gold complex for the cyclization of 1,6-enyne to the endocyclic product. [START_REF] Zhu | A Polystyrene-Bound Triphenylphosphine Gold(I) Catalyst for the Glycosylation of Glycosyl ortho-Hexynylbenzoates[END_REF] Figure 3-2. Cyclization reactions using the PS-immobilized cationic gold(I) catalysts. [START_REF] Cao | A Recyclable Polystyrene-Supported Gold(I) Catalyst[END_REF] In the same year, Echavarren's group developed an air stable electron-rich cationic gold(I) complex [Au(tmbn)2]SbF6 with 2,4,6-trimethoxybenzonitrile (tmbn). The corresponding supported phosphine gold complexes PSn-P (Figure 3-3, n = 1-3) were readily prepared by coordination of the cationic gold(I) complex to the phosphine functionalized polystyrenes (Figure 3-3). The triphenylphosphine complex PS3-PAu exhibited excellent reactivity and recyclability in the cyclization of 1,6-enyne. [START_REF] Raducan | A multipurpose gold(I) precatalyst[END_REF] Figure 3-3. Cyclization of 1,6-enyne by PS-bound cationic gold(I). [START_REF] Raducan | A multipurpose gold(I) precatalyst[END_REF] In 2009, a class of stable cationic triazole phosphine gold(I) complexes was developed by Shi and coworkers. [START_REF] Duan | Triazole-Au(I) Complexes: A New Class of Catalysts with Improved Thermal Stability and Reactivity for Intermolecular Alkyne Hydroamination[END_REF] From an immobilized triphenylphosphine gold chloride complex, a stable cationic triazolegold(I) supported on polystyrene POP-TA-Au was synthesized avoiding the formation of silver chloride, a undesirable side-catalyst . Such heterogeneous gold(I) catalysts exhibit remarkable Lewis acid reactivity in a wide range of reactions with alkynes and allenes (Figure 34). [START_REF] Cai | Anchoring Triazole-Gold(I) Complex into Porous Organic Polymer To Boost the Stability and Reactivity of Gold(I) Catalyst[END_REF] In addition, an oxidative alkyne coupling Figure 34. Various reaction catalyzed by stable cationic gold(I) POP-TA-Au. [START_REF] Cai | Anchoring Triazole-Gold(I) Complex into Porous Organic Polymer To Boost the Stability and Reactivity of Gold(I) Catalyst[END_REF] was also described.

In 2018, a mesoporous polymer FDU-15 bound phosphine-gold(I) complex catalyst was evaluated for the amination of allylic alcohols and intramolecular cyclization reaction of ynol to substituted furan under a super low catalytic loading (0.1-0.5 mol%) (Figure 345) was reported by Wu et al. [START_REF] Gu | Highly efficient mesoporous polymer supported phosphinegold(I) complex catalysts for amination of allylic alcohols and intramolecular cyclization reactions[END_REF] Figure 345. Amination of allylic alcohol by FDU supported gold complex. [START_REF] Gu | Highly efficient mesoporous polymer supported phosphinegold(I) complex catalysts for amination of allylic alcohols and intramolecular cyclization reactions[END_REF] 

Mesoporous silica supported gold(I) complexes

In 2012, a series of NHC gold(I) complexes supported on mesoporous hexagonal silica MCM-41 were employed as catalysts in a three component coupling reaction of amines, aldehydes, and alkynes (Figure 3456). [START_REF] Villaverde | Heterogenized Gold Complexes: Recoverable Catalysts for Multicomponent Reactions of Aldehydes, Terminal Alkynes, and Amines[END_REF] The heterogenized complexes were stable and recoverable for at least six cycles. Higher reaction conversions were observed under homogeneous conditions compared to heterogeneous conditions. Heterogenized cationic carbene gold(I) complexes were assembled on a polystyrene backbone and used for the continuous flow for the cyclization of propargylic amide and phenol synthesis. [START_REF] Lothschütz | Heterogenized Gold(I)-Carbene as a Single-Site Catalyst in Continuous Flow[END_REF][START_REF] Tšupova | Solid-supported nitrogen acyclic carbene (SNAC) complexes of gold: Preparation and catalytic activity[END_REF] In 2017, two immobilized bulky NHC-Au(I) complexes, silica-[(IPrR)Au]Cl and silica-[(IPrAdR)Au]Cl were implemented in the hydration, hydroamination, hydroarylation, or cycloisomerization of various alkynes (Figure 34567). [START_REF] Sarmiento | Silica-Immobilized NHC-Gold(I) Complexes: Versatile Catalysts for the Functionalization of Alkynes under Batch and Continuous Flow Conditions[END_REF] The results are comparable to those obtained under homogeneous conditions. However, a significant loss of catalytic activity was observed after the 5 th cycle. In addition, the reaction solvents are restricted since the silica support (Merk 230-400 mesh) is sensitive to methanol and water.

Figure 3456. Heterogenized gold complexes for multicomponent reactions of aldehydes, terminal alkynes, and amines. [START_REF] Villaverde | Heterogenized Gold Complexes: Recoverable Catalysts for Multicomponent Reactions of Aldehydes, Terminal Alkynes, and Amines[END_REF] Figure 34567. Silica-immobilized NHC-gold(I) complexes for functionalization of alkynes. [START_REF] Sarmiento | Silica-Immobilized NHC-Gold(I) Complexes: Versatile Catalysts for the Functionalization of Alkynes under Batch and Continuous Flow Conditions[END_REF] Also in 2017, a similar functionalization of a hexagonal mesoporous silica (MCM-41) was employed to prepare immobilized cationic gold(I) catalysts for the [2 + 2 + 1] annulation of terminal alkynes and nitriles in the presence of 8-methylquinoline N-oxide leading to 2,5-disubstituted oxazoles (Figure 345678). [43] This supported phosphine gold catalyst can also be combined with silver carbonate for the functionalization of arylalkynes to amides in moderate yield through a nitrogenation process. [START_REF] Nie | Efficient Heterogeneous Gold(I)-Catalyzed Direct C(sp 2 )-C(sp) Bond Functionalization of Arylalkynes through a Nitrogenation Process to Amides[END_REF] The silver salt was proved to be necessary to achieve the transformation. In the absence of silver salts, the MCM-41 supported gold chloride catalyzed the cyclization of ynals and amidines to 2,4-disubstituted pyrimidines under mild conditions (Figure 345678). [START_REF] Jiang | Heterogeneous gold(I)-catalyzed cyclization between ynals and amidines: An efficient and practical synthesis of 2,4-disubstituted pyrimidines[END_REF] Figure 3-8. MCM-41 supported gold complexes catalyzed various reaction of alkynes. [43,[START_REF] Jiang | Heterogeneous gold(I)-catalyzed cyclization between ynals and amidines: An efficient and practical synthesis of 2,4-disubstituted pyrimidines[END_REF] 

Magnetic nanoparticle supported heterogeneous gold(I) catalysis

In 2016, a phosphine gold(I) complex supported on magnetic nanoparticles was reported (Figure 3456789). The heterogeneous gold catalyst was prepared from commercially readily available reagents and can easily be separated from the reaction mixture using an external magnet > 10 times without loss in yield. This catalyst was recyclable and highly efficient for the direct reductive amination of aldehydes and ketones at room temperature in the presence of an ethyl Hantzsch ester (Figure 3456789). [START_REF] Yang | Magnetic nanoparticle-supported phosphine gold(i) complex: a highly efficient and recyclable catalyst for the direct reductive amination of aldehydes and ketones[END_REF] Such magnetic NPs supported gold catalysis provide an easier way for a long-lasting catalysis as the reaction yield dramatically decreased under homogeneous conditions. The same gold catalyst can also be employed in the ring expansion of unactivated alkynylcyclopropanes with sulfonamides leading to (E)-2-alkylidenecyclobutanamines. [START_REF] Yi | A heterogeneous gold(I)-catalyzed ring expansion of unactivated alkynylcyclopropanes with sulfonamides leading to (E)-2-alkylidenecyclobutanamines[END_REF] One year later, a highly efficient heterogeneous oxidative cross coupling of tertiary amines with nitroalkanes and ketones was achieved by using a magnetic nanoparticle-immobilized bipyridine gold(III) complex as catalyst and air as the sole oxidant to afford the corresponding C-C coupling products in good to excellent yields under mild reaction conditions upon the activation of the α-Csp 3 -H bond of tertiary amines (Figure 3456789). [START_REF] Yang | Highly efficient heterogeneous aerobic oxidative C-C coupling from Csp 3 -H bonds by a magnetic nanoparticle-immobilized bipy-gold(III) catalyst[END_REF] Figure 3456789. Magnetic nanoparticle supported gold catalysis. [START_REF] Yang | Highly efficient heterogeneous aerobic oxidative C-C coupling from Csp 3 -H bonds by a magnetic nanoparticle-immobilized bipy-gold(III) catalyst[END_REF][START_REF] Yi | A heterogeneous gold(I)-catalyzed ring expansion of unactivated alkynylcyclopropanes with sulfonamides leading to (E)-2-alkylidenecyclobutanamines[END_REF] 

Carbon material supported heterogeneous gold(I) catalysis

Gold complexes can also be covalently anchored onto carbon nanotubes [START_REF] Vriamont | A covalently anchored homogeneous gold complex on carbon nanotubes: a reusable catalyst[END_REF] as reusable catalysts for the cyclization of enynes(Figure 3-10). However, low yields were obtained after 4 cycles which might be ascribed to significant gold leaching or the degradation of the cationic gold complex. Moreover, an inferior selectivity of the cyclization product was found compared to homogeneous conditions.

Figure 3-10. Nanotube grafted cationic gold complex catalyzed cyclization of enynes. [START_REF] Vriamont | A covalently anchored homogeneous gold complex on carbon nanotubes: a reusable catalyst[END_REF] A heterogeneous gold catalyst was obtained by the adsorption of a pyrene-tagged gold(I) complex on multiwalled carbon nanotubes through π-π stacking interactions. The non-covalent immobilization of the pyrenetagged gold was evaluated in cyclization of 1,6-enynes with excellent reactivity (Figure 3-11). [START_REF] Vriamont | Catalysis with Gold Complexes Immobilised on Carbon Nanotubes by π-π Stacking Interactions: Heterogeneous Catalysis versus the Boomerang Effect[END_REF] Nevertheless, the reactivity is specifically dependent on the solvent polarity as the strength of the π-π interactions is strongly dependent this parameter. Later on, the same group reported the use of a pyrene-tethered cationic NHC gold(I) complex on carbon nanotubes for the intermolecular hydroamination of alkynes possessing a high reactivity. A better stability of the immobilized gold catalyst was observed compared to homogeneous conditions. [START_REF] Ventura-Espinosa | Enhancement of gold catalytic activity and stability by immobilization on the surface of graphene[END_REF] Figure 3-11. Immobilized gold complex by π-π stacking as heterogeneous catalyst for hydroamination and cyclization of enyne. [START_REF] Vriamont | Catalysis with Gold Complexes Immobilised on Carbon Nanotubes by π-π Stacking Interactions: Heterogeneous Catalysis versus the Boomerang Effect[END_REF] 

Supported chiral heterogeneous gold(I) catalysis

In the field of homogeneous gold complexes, ligands play a significant role in achieving high reactivity and selectivity. As the ligand for immobilized gold catalysis is tunable, the immobilization of chiral catalyst onto solid supports for asymmetric catalysis provides a novel approach for sustainable asymmetric catalysis.

A few years ago, Toste's group described chiral cationic biaryl phosphine gold(I) complexes encapsulated in acidic silica pores of SBA-15. [START_REF] Shu | Silica-Supported Cationic Gold(I) Complexes as Heterogeneous Catalysts for Regio-and Enantioselective Lactonization Reactions[END_REF] This system was effective in various reactions of alkyne activations and it Figure 3-12. SBA-15 localized chiral biaryl phosphine gold complex for as chiral catalyst. [START_REF] Shu | Silica-Supported Cationic Gold(I) Complexes as Heterogeneous Catalysts for Regio-and Enantioselective Lactonization Reactions[END_REF] was proposed to be a bifunctional gold/Brønsted acid catalyst that take advantages of the hydroxyl groups available on surface (Figure 3-12). More importantly, the heterogeneous gold catalysts exhibited a superior catalytic activity toward various reactions with protodeauration as the rate limiting step, and showed significant enhancement in regio-and enantioselectivity compared with homogeneous catalysts.

In the same year, Zhang's group developed a polymer-bound chiral phosphine gold(I) complex which is efficient toward the cycloaddition of 2-(1-alkynyl)-2-alken-1-ones and nitrones to bicyclic products with excellent diastereo-and enantioselectivity (Figure 3-13). [START_REF] Chen | Polymer-Bound Chiral Gold-Based Complexes as Efficient Heterogeneous Catalysts for Enantioselectivity Tunable Cycloaddition[END_REF] It was also noted that 5 % of divinylbenzene for copolymerization with chiral ligands leads to less cross-linking than reactions without DVB. However, the partial oxidation of the phosphine ligand can not be excluded during the course of preparation of such supported gold complex.

Figure 3-13. Polymer supported chiral gold complex for asymmetric cyclization. [START_REF] Chen | Polymer-Bound Chiral Gold-Based Complexes as Efficient Heterogeneous Catalysts for Enantioselectivity Tunable Cycloaddition[END_REF] In conclusion, whereas huge progress has been made in the field of homogeneous gold catalysis, the immobilization of gold complexes onto solid supports is an emerging strategy for developing an efficient and sustainable catalysis. Generally, such heterogeneous gold catalysts are employed as Lewis acids and lead to similar performance as observed in homogeneous condition, and are reusable and applicable in continuous flow synthesis. In some of the cases, an enhancement of reactivity or selectivity was achieved thanks to the inorganic support contribution to stabilize the cationic gold complexes or to participate in the catalytic process.

Objectives

Up to now, the supported gold complexes on various solid supports can be used as heterogeneous gold(I) catalyst and showed a moderate reactivity and recyclability. A large difference for the surface area of the solid supports was observed, the surface area of commonly used solid supports for heterogeneous gold(I) catalyst are compared in the table 3-1. 

Silica helices 170

As reported in the literature, the value of the surface area were measured by the Brunauer-Emmett-Teller (BET) method using nitrogen adsorption isotherms.

Silica nanohelices, as a chiral support, was obtained through a sol-gel transcription of molecular selfassembly whose handedness (Plus or Minus for the right handed (L-) and left handed (D-) helices respectively), morphology and size can be controlled. [START_REF] Oda | Gemini Surfactants as New, Low Molecular Weight Gelators of Organic Solvents and Water[END_REF][START_REF] Oda | Tuning bilayer twist using chiral counterions[END_REF] Recently, chirality induction from such chiral silica template to large polyoxometalate (POM) clusters, [START_REF] Attoui | Optically Active Polyoxometalate-Based Silica Nanohelices: Induced Chirality from Inorganic Nanohelices to Achiral POM Clusters[END_REF] gold nanoparticles [START_REF] Cheng | GoldHelix: Gold Nanoparticles Forming 3D Helical Superstructures with Controlled Morphology and Strong Chiroptical Property[END_REF] and organic fluorophores were observed. As far as this work is concerned, using silica nanohelices as a chiral solid support, combining with gold complexes as heterogeneous catalyst, have not been evaluated. Despite the surface area of silica helix is not larger than many other supporting materials, we anticipated to covalently graft gold complexes onto chiral silica nanohelices, leading to a 3D ensemble as a heterogeneous chiroptical catalyst in which life cycle could be monitored by circular dichroism spectroscopy.

Experimental

In this approach, silica nanohelices were prepared from 16-2-16 gemini amphiphiles with tartrate counterions and the silica nano-objects were functionalized via a surface chemical modification with (3-aminopropyl) triethoxysilane (APTES). [START_REF] Winston | Halide-Dependent Mechanisms of Reductive Elimination from Gold(III)[END_REF] Three phosphine ligands were synthesized and covalently grafted onto the functionalized silica nano-objects (silica helices and silica NPs). In addition, the silica helices grafted gold complexes were characterized with transmission electron microscopy (TEM), energy dispersive spectroscopy, and circular dichroism (CD). The silica supported gold complexes were evaluated as heterogeneous catalyst in the cyclization of propargylic amide, 1,6-enyne, and hydration of terminal alkyne. In addition, spirocyclization of aryl alkynoate esters was examined as a benchmark substrate under various catalytic conditions for the evaluation of efficiency and recyclability of the heterogeneous catalyst.

Results and discussion

Synthesis of ligand and gold complexes

Phosphine ligands are strong donors and readily coordinate with gold chloride to form gold(I) chloride complexes. In order to covalently bond gold complexes to silica materials (helices and nanoparticles), three triarylphosphine ligands bearing a carboxylic acid group were designed for further reacting on silica surface functionalized by amines (Figure 3-14) through a stable amide group. The triphenylphosphine ligand III1

with a carboxyl group in the para position was chosen as the model ligand. The phosphine III2 with two naphthyl substituents was designed to examine the aryl effect on the chiroptical properties, and the ligand III3 with an additional pentyl spacer compared to III1 was envisioned to evaluate the impact of the distance between the coordination site and the surface of silica helices on the chiroptical and the catalytic properties. Palladium catalyzed coupling of aryliodide with the three different diarylphosphines was achieved in good to excellent yield (76-94 %). The corresponding phosphine gold complexes were prepared in excellent yield (85-92 %) by treatment of chloro(dimethylsulfide) gold(I) (1.0 equiv) with the phosphine ligand (1.0 equiv) in CH2Cl2 at room temperature for 2 h. Meanwhile, the crystal structure of ligand III2 was obtained and showed that the phosphine is available for metal coordination (Scheme 3-1).

Grafting of gold complexes

Initially, we expected to achieve the grafting of gold complexes to silica surface based on the widelydocumented approach, that is to bind the ligand as the first step followed by forming the metal complex. [START_REF] Egi | Reusable and Durable Immobilized-Cationic Gold(I) Catalysts for Environmentally Benign Bond-Forming Reactions[END_REF][START_REF] Nie | Efficient Heterogeneous Gold(I)-Catalyzed Direct C(sp 2 )-C(sp) Bond Functionalization of Arylalkynes through a Nitrogenation Process to Amides[END_REF][START_REF] Yang | Highly efficient heterogeneous aerobic oxidative C-C coupling from Csp 3 -H bonds by a magnetic nanoparticle-immobilized bipy-gold(III) catalyst[END_REF] According to a recent method developped by Antoine Scalabre under the direction of D. Bassani and R.

Oda, an amide condensation proceeds smoothly between ligands III1 and III3 and functionalized chiral silica helices (P-or M-Helix-NH2) when the carboxylic acids were transformed in activated esters (ethyl chloroformate, Et3N, dry acetone, 0-20°C). To our delight, the CD spectra of phosphine grafted P-and M- helices were mirror images (Figure 3-15) which confirms the successful grafting of the ligand, and the chirality transfer from the inorganic silica helix to phosphine ligands chromophores. However, the solid state [START_REF] Li | Gold-Catalyzed Regioselective Synthesis of 2-and 3-Alkynyl Furans[END_REF] P NMR of the supported phosphines showed a peak at 29.4 ppm (Figure 3-16) which indicates the oxidation of the phosphine ligand into phosphine oxide, which is not suitable for gold coordination. This oxidation could be attributed to the long exposure to air during the post-treatment of the silica material.

To avoid this undesirable oxidation, we attempted to directly graft the gold complexes to the silica nanoobjects (silica helices and NPs) under the same conditions (Scheme 3-2). Again, the CD spectra of gold phosphine complexes grafted P-and M-helices were mirror images (Figure 3 To further characterize the immobilized gold complexes, TEM spectroscopy of the silica helices [START_REF] Kang | C(sp 2 )-C(sp 2 ) Reductive Elimination from Well-Defined Diarylgold(III) Complexes[END_REF] is displayed in figure 3-20. An obvious darkening surface was observed in both right/left handed silica helices after treatment with complex III1•AuCl which also ambiguously certificated the successful grafting of gold complex. On the nanoparticles, no difference can be visualized because of the higher silica thickness induces a denser material than the helices. In order to quantify the gold content on the surface of silica nano-objects, EDS (this method should be explained before) spectroscopy of grafted gold complex was also measured, the STEM image and elemental mapping of gold and silicon were all provided in the figure 3 Knowing that the amine density on silica is generally comprised between 0.7 and 1 amine per nm 2 , [START_REF] Cheng | GoldHelix: Gold Nanoparticles Forming 3D Helical Superstructures with Controlled Morphology and Strong Chiroptical Property[END_REF] it can be considered that the maximum loading of gold complexes is reached. The gold complex grafting on both silica NP and helices is therefore high, homogeneous and reproducible.

Heterogeneous catalysis

The Lewis acid activity of the supported cationic gold complexes was evaluated in three classical alkyne activation reactions using Helix III2•AuCl as a model catalyst (2 mol%) in the presence of silver triflate as a chloride scavenger (6 mol%) in dichloromethane at room temperature over 24h (Scheme 3-3). Under heterogeneous conditions, the cyclization of the propargylic amide afforded a mixture of the 5-exo-dig product and its oxazole isomer in a (2:1) ratio (70% conv., Scheme 3-3a). This activity is similar to other gold complexes under homogeneous conditions (79% conv., 36h). [START_REF] Weyrauch | Cyclization of Propargylic Amides: Mild Access to Oxazole Derivatives[END_REF] The supported complex was also effective for the cyclization of 1,6-enyne into the 5-exo-dig product, [START_REF] Cao | A Recyclable Polystyrene-Supported Gold(I) Catalyst[END_REF] i.e. a vinyl cyclopentene (100% conv., Scheme 3-3b) and the hydration of 1-phenylprop-2-ynylacetate (99% yield, Scheme 3-3c), [START_REF] Liang | Supported Gold Nanoparticle-Catalyzed Hydration of Alkynes under Basic Conditions[END_REF][START_REF] Ebule | Ligand Effects in the Gold Catalyzed Hydration of Alkynes[END_REF] with reaction times of 24h. The three model reactions were similarly catalyzed by gold complexes under homogeneous and helix-supported conditions.

Scheme 3-3. Alkyne activation under heterogeneous conditions over 24h using Helix-III2•AuCl (2 mol%) as a catalyst for the transformation of : a) a propargylic amide (III4) into the 5-exo-dig product and its oxazole isomer in a (2:1) ratio; b) a 1,6-enyne (III5) into the 5-exo-dig product; c) an terminal alkyne (III6) into a ketone by water addition

To further investigate the catalytic activity of the supported gold complexes, the dearomative spirocyclization of aryl alkynoate esters III7 and III8 was selected as a benchmark reaction (Table 3-1). Under homogeneous conditions, Vadola et al. showed that Ph3PAuCl (5 mol%) and AgOTf (5 mol%) catalyzed the reaction in dichloromethane, in the presence of water (1 equiv.) that assists the demethylation step. [START_REF] Aparece | Gold-Catalyzed Dearomative Spirocyclization of Aryl Alkynoate Esters[END_REF] The transformation of III7 is described as rapid (90% yield, 30 min) and it was reproduced under slightly different conditions (90% yield, 12h, Table 3-2, entry 1). In our hands, the process was found to be concentration dependent, requiring at least a concentration of 50 mM in substrate to observe any conversion of III7. By employing gold chloride complexes supported on silica NP and helices (3-10 mol%) and silver triflate (30 mol%) as the catalytic system, the reaction proceeds smoothly with alkynes III7 and III8 (Table 3-2, entries 2-7) in 99% conversion into the corresponding spirocycles. Both silica NP and helices supports have no impact on the catalytic activity over 12-16 h. To better compare the supports, a kinetic study should be conducted. To assess the catalytic role of gold, control experiments were carried out. A silica nanoparticle NP-NH2 without any gold complex, [START_REF] Wolf | Exceptionally fast carbon-carbon bond reductive elimination from gold(III)[END_REF] no catalytic difference was observed in these two systems. As expected, the silica itself can not catalyze the reaction (Table 3-2, entry 8). Besides, the silver triflate alone does not catalyse this reaction, even after 48 h (Table 3-2, entry 9). Interestingly, the reaction is slowly achieved by the combination of Si-NH2 nanoparticle and silver triflate, in the presence of water and can reach 16% conversion after 24 h (66 % yield after 6 days) which suggests the generation of silver nanoparticles. As reported by Taylor and Unsworth, [START_REF] Clarke | Silica-Supported Silver Nitrate as a Highly Active Dearomatizing Spirocyclization Catalyst: Synergistic Alkyne Activation by Silver Nanoparticles and Silica[END_REF] silver nitrate salts in the presence of silica can catalyze similar spirocyclisations. ). This result is expected for such a "large scale" chiral ensemble (over 100 nm), as asymmetric catalysis is reported for homogeneous gold complexes provided by bulky chiral ligands that impact on the coordinated substrate. [START_REF] Zi | Recent advances in enantioselective gold catalysis[END_REF] It is also worth to note that other homogeneous conditions avoid the participation of silver salt failed to get the ispo-cyclization product and exhibit no reactivity (Table 3-3). For instance, without silver salt, no reaction was observed using triphenylphosphine gold(I) chloride alone (Table 3-3, entry 1). Moreover, other anion alternatives (NaOTf, KOTf and NaBArF) with PPh3AuCl are not able to catalyse the reaction (Table 3-3, entry 2-4). As expected, silica-NPs bearing lewis acid sites showed no catalytic activity. Thus, the presence of the gold and silver as cocatalyst is necessary to this dearomative cyclization of III7-8. 

III7

Silica-NP (10 mg), H2O (10 µL), CH2Cl2 (3 mL), 72 h N.R a Standard procedure: the reaction was performed by stirring substrate III7 or III8 (0.04 mmol), H2O (10 uL), the gold chloride catalyst (10 mol%) with or without sodium/potassium salt in CH2Cl2 (3 mL) at room temperature in aluminium foil.

Recycling experiments

In order to take advantage of its heterogeneous nature, the silica nano-particle and silica helix were all evaluated for the dearomative cyclization. Initially, the recyclability of silica-supported Helix III2•AuCl with an initial loading of 10 mol% and silver triflate (30 mol%) was evaluated in the reaction the dearomative spirocyclization of substrates III8. During the recyclability process, each Helix III2•AuCl catalyst was readily recovered simply by centrifugation after the reaction completion (monitored by TLC and 1 H NMR) and it was used for next catalytic cycle without any further treatment. The reaction showed a durable catalytic performance for 8 cycles without loss of yield (Figure 345678910111213141516171819202122). However, the reaction time increased from 5 h to 24 h during the cycles. In addition, silica NP-III1•AuCl was also examined in the ipso-cyclization of III7 (Figure 3-23). Full conversion was reached at each cycle, with reaction times gradually increasing from 5 h (initial cycle) to 24 h at the seventh cycle which is similar as silica helix supported gold catalyst. However, a higher loss of silica NP was observed during the recycling process when washed with dichloromethane. Concomitant to the prolongation of the reaction time, an additional portion of AgOTf (30 mol%) was added every 7 cycles. This experiment was followed over 25 cycles with full conversion. Compared to homogeneous cationic gold complexes that rapidly deactivate over 24 h-48 h and were not refreshed by silver salts, the durability of these supported gold complexes with an additional silver assistance deserves further investigation. For this reason, the nature of the silica supported catalysts was examined after four cycles by TEM, EDS and CD spectroscopy (Figure 3-24). Circular dichroism showed that the phosphine ligand is still covalently linked to silica, with a similar signature to the freshly prepared gold complex material. Notably, the UV-Visible spectra presented a broad absorbance in the 400-500 nm region, which is characteristic of the presence of AgNPs in contrast with AuNPs that absorb in the 500-600 nm region. [START_REF] Cobley | Shape-Controlled Synthesis of Silver Nanoparticles for Plasmonic and Sensing Applications[END_REF][START_REF] Jain | Au nanoparticles target cancer[END_REF] TEM images indicated the presence of small nanoparticles (~3 nm) on the surface of the helices and larger aggregates (~100-500 nm) in the medium.

Those nanoparticles can be compared of Au(0) and Ag(0). Finally, the EDS analysis of this recycled catalytic material revealed the main presence of silver (1.7 ± 0.6 %), forming large aggregates (100-500 nm, Figure 3-24, b-c) and a large decreased in gold surface concentration (0.9% after preparation versus 0.1% after 4th cycle). shows that the particles are silver (red is silicon and blue is silver)

This observation also confirmed that gold leaching from the silica support, which is a classical phenomenon for most immobilized metallic complexes. Based on these analyses, the recycled material appeared to gradually transform over time and cycles, with a decrease in cationic gold(I) catalyst and the possible presence of Ag(I)-SiO2 catalytic species, [START_REF] Clarke | Silica-Supported Silver Nitrate as a Highly Active Dearomatizing Spirocyclization Catalyst: Synergistic Alkyne Activation by Silver Nanoparticles and Silica[END_REF] as the catalytic activity is boosted by the addition of AgOTf after seven cycles. The in situ reduction of gold(I) and Ag(I) into of nanoparticles accounts for uncontrolled pathways of catalyst deactivation. The exact nature of catalytic species is still under investigation in our laboratory. In a more general view, our report is questioning previous examples of supported gold complexes even embedding ones, that are recycled over 5-8 runs. A plausible catalytic activity emerging from supported Ag(I) or AgNP should be carefully taken into account.

Conclusion and perspectives

Two new phosphine ligands III2-3 were designed for conjugation to silica nano-helices through peptide coupling. Metal ion based catalysts i.e. gold chloride phosphines were successfully grafted to silica by directly linking to the support and avoiding any phosphine oxidation. The chiroptical properties of these supported gold complexes were exploited for monitoring the ligand linkage to the support. Furthermore, we highlighted that the combination of the inorganic silica nano-objects and gold complexes provides an efficient approach for several types of alkyne-related cyclizations. More importantly, the heterogeneous catalysts could be recycled up to an average 7 cycles without any loss of efficiency in the dearomative spirocyclization reaction of aryl alkynoate esters.

Interestingly, the recycled silica material appeared to be gradually transformed over time and reaction cycles, from pure supported cationic gold(I) catalysts into a complex catalytic system based on silica and different metallic species. Whereas the catalytic system can be boosted by adding silver triflate, a plausible catalytic activity emerging from supported Ag(I) or AgNP may account for gold chloride complexes associated to silica in the presence of silver salt additives.

From a practical view, Vries and Farina pointed out that the heterogenization adds complexity to the system, increasing risk and prolonging process development while suffering from metal leaching and catalyst deactivation. [START_REF] Hübner | Why Does Industry Not Use Immobilized Transition Metal Complexes as Catalysts?[END_REF] The immobilized transition catalyst showed limited efficiency over cycles which also questions their economic benefits versus their cost of preparation which might not be suitable as catalyst for industry process. Moreover, in our case, the preparation of the silica helix is quite sophisticated. However, for a positive perspective, developing materials that form 3D helical superstructures with chiroptical properties is a promising field. In our case, as the chirality induction is enhanced by employing a larger π ring on phosphine ligand, we believe that other phosphine ligands with much larger π moiety would lead to a higher CD signal and, hopefully, a further chiral induction. In addition, this supported gold complexes might exhibit a better chirality control in organic transformations.

Introduction

9,10-Diphenylanthracene (DPA) is a chromophore with blue emission that has been modified and applied in preparation of organic light-emitting diodes, [START_REF] Du | Fused-seven-ring anthracene derivative with two sulfur bridges for high performance red organic light-emitting diodes[END_REF] fluorescence probe for singlet oxygen, [START_REF] Pedersen | Aarhus Sensor Green: A Fluorescent Probe for Singlet Oxygen[END_REF] and intense luminophores. [START_REF] Belyaev | Copper-mediated phospha-annulation to attain water-soluble polycyclic luminophores[END_REF][START_REF] Iida | Intense solid-state blue emission with a small Stokes' shift: π-stacking protection of the diphenylanthracene skeleton[END_REF] Ortho-substituted DPA possesses syn-and anti-atropisomers due to the high rotational barrier. The theoretical rotational barrier for non-substituted 9-phenylanthracene was calculated to be 87 kJ/mol [START_REF] Nikitin | Restricted Rotation in 9-Phenylanthracenes: A Prediction Fulfilled[END_REF] which is close to the experimental rotational energy 75 kJ/mol for 9,10-diphenylanthracene. [START_REF] Caspar | Etude par RMN 13 C de Dérivés Aromatiques Phénylés: Observation de Substituants Phényles en Rotation Restreinte[END_REF] The rotational barrier increase when the substituted group is larger, reaches 123 kJ/mol for ortho-CH3 DPA [START_REF] Marriott | Capillary column gas chromatographic method for the study of dynamic intramolecular interconversion behaviour[END_REF] (Figure 4-1). Moreover, they are highly thermally stable atropisomers, for instance, the ortho-OCH3 DPA undergoes the syn-to anti-transformation at around 320 °C. Rotational barrier for DPA and ortho-CH3 substituted DPA. [START_REF] Caspar | Etude par RMN 13 C de Dérivés Aromatiques Phénylés: Observation de Substituants Phényles en Rotation Restreinte[END_REF][START_REF] Marriott | Capillary column gas chromatographic method for the study of dynamic intramolecular interconversion behaviour[END_REF][START_REF] Nikitin | Restricted Rotation in 9-Phenylanthracenes: A Prediction Fulfilled[END_REF] DPA has also been reported to be a good candidate for reversible [4+2] Diels-Alder cycloaddition reaction in the presence of singlet oxygen leading to 9,10-endoperoxides and subsequent thermal cycloreversion to recover the anthracene moiety. [START_REF] Atherton | Diels-Alder reactions of anthracene, 9-substituted anthracenes and 9,10disubstituted anthracenes[END_REF] Linker and coworkers described photo-oxidation of the anti-DPA compounds led to the formation of sole syn-endoperoxide and the cycloreversion under 110 °C gave back to syn-DPA compound while the syn-to anti-transformation was achieved above 320 °C (Figure 4-2). [START_REF] Zehm | Molecular Switches Flipped by Oxygen[END_REF][START_REF] Zehm | 9,10-Diarylanthracenes as Molecular Switches: Syntheses, Properties, Isomerisations and Their Reactions with Singlet Oxygen[END_REF] Figure 4-2. DPA-based molecular rotary switches. [START_REF] Zehm | Molecular Switches Flipped by Oxygen[END_REF][START_REF] Zehm | 9,10-Diarylanthracenes as Molecular Switches: Syntheses, Properties, Isomerisations and Their Reactions with Singlet Oxygen[END_REF] 

Coordination complexes between DPA-based thioether ligands and silver salts 4.2.1 Introduction

Silver has been known to adopt various chelating modes with thioether ligands, the early examples of silver complexes with various macrocyclic thioether ligands were described in the 1990s, [START_REF] Alberto | Determination of Stability Constants and the Crystal Structures of [Ag(19-aneS6-OH)OTf]and [Ag(20-aneS6-OH)BF4[END_REF]64,[START_REF] Liang | Silver, copper and nickel complexes of 1-oxa-4,7dithiacyclononane and 1-oxa-4,8-dithiacyclodecane[END_REF][START_REF] Holdt | The first sandwich complex with an octa(thioether) coordination sphere: bis(maleonitrile-tetrathia-12crown-4)silver(I)[END_REF] as tetrahedral, sandwich, and octahedral silver complexes were obtained and characterized based on X-ray analysis (Figure 4-3). Silver complexes with macrocyclic thioethers. [START_REF] Alberto | Determination of Stability Constants and the Crystal Structures of [Ag(19-aneS6-OH)OTf]and [Ag(20-aneS6-OH)BF4[END_REF]64,[START_REF] Liang | Silver, copper and nickel complexes of 1-oxa-4,7dithiacyclononane and 1-oxa-4,8-dithiacyclodecane[END_REF][START_REF] Holdt | The first sandwich complex with an octa(thioether) coordination sphere: bis(maleonitrile-tetrathia-12crown-4)silver(I)[END_REF] By altering the anion to 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (hfpd) or 2,2-dimethyl-6,6,7,7,8,8,8heptafluoro-3,5-octanedionat (fod), silver coordination polymers [START_REF] Blake | Silver(I)-thioether coordination polymers constructed using asymmetric diketonate anions[END_REF][START_REF] Blake | Silver(I) Coordination Polymers Using Thioether Macrocycle Building Blocks[END_REF] were obtained using thioether macrocycle building blocks. Notably, the rare five-coordinate silver complexes was observed when using [14]aneS4 and [9]aneS3 ligands (Figure 4-4). The self-assembly of silver salts with bidentate thioether α,α'bis(8-thioquinoline)-m-xylene (m-XYTQ) afford a helical silver complex. In this case, the xylylene moiety was proven to be the crucial spacer for the formation of the helical morphology. [START_REF] Liao | Helical complexes from the self-assembly of silver salts and the polydentate thioether α,α'-bis(8-thioquinoline)-mxylene[END_REF] Figure 4-4. Synthesis of silver coordination polymer with thioether macrocycles. [START_REF] Blake | Silver(I)-thioether coordination polymers constructed using asymmetric diketonate anions[END_REF][START_REF] Blake | Silver(I) Coordination Polymers Using Thioether Macrocycle Building Blocks[END_REF] Figure 4-5. Self-assembled helical silver complex with N,S bidentate ligand.

Another representative example for the diverse coordination of silver complexes was described by Lee and Lindoy's groups. By using three isomeric NS2-macrocycles, a series of self-assembled silver complexes was obtained: cyclic tetramer or hexamers with the amine ligand, vs. linear or helicoidal polymers with the deprotonated amine ligands (Figure 456). [START_REF] Park | Assembly of Silver(I) Complexes of Isomeric NS2-Macrocycles Displaying Cyclic Oligomer, Helix, and Zigzag Structures[END_REF] The access to these diverse topologies is proposed to arise from the flexibility of the macrocyclic rings. The diverse topologies of silver complexes obtained from the NS2-macrocyclic ligands. [START_REF] Park | Assembly of Silver(I) Complexes of Isomeric NS2-Macrocycles Displaying Cyclic Oligomer, Helix, and Zigzag Structures[END_REF] In conclusion, diverse chelating modes for silver complexes are known and the rational ligand design led to the diversity of silver coordination chemistry. We were interested in using of syn and anti DPA atropisomers as platforms appended with thioether ligands for metal coordination, whose coordination topologies might be controllable. Besides, we were also interested in using the well-defined silver complexes for homogeneous catalysis as few cases are documented.

Objectives

Hindered ortho-substituted diphenylanthrancene derivatives with syn-and anti-configurations are stable atropisomers due to the significantly high rotation barrier which was theoretically and experimentally calculated. [START_REF] Caspar | Etude par RMN 13 C de Dérivés Aromatiques Phénylés: Observation de Substituants Phényles en Rotation Restreinte[END_REF][START_REF] Marriott | Capillary column gas chromatographic method for the study of dynamic intramolecular interconversion behaviour[END_REF][START_REF] Nikitin | Restricted Rotation in 9-Phenylanthracenes: A Prediction Fulfilled[END_REF] Often, these two isomers can be readily separated by column chromatography. Thus, rational molecular design based on the DPA skeleton was expected to control the coordination mode of the metal complexes. We are interested in developing DPA-based thioether ligands that enable to access to diversely coordinated silver complexes as silver have been known to adopt a versatile chelation topology with thioethers. Whereas few cases of homogeneous silver catalysis were documented, the thioether silver complexes as homogeneous catalysis are to be evaluated which can be a promising approach to lower the catalytic loading as usually a high amount of silver is needed in the silver catalyzed transformations.

Additionally, DPA-based diphosphine ligands and hemilabile ligands for functional gold complexes are also discussed.

Scheme 4-1. Syn-or anti-DPA atropisomers with thioether substituents for metal coordination and catalysis.

Experimental abstract

In this research, we developed four DPA-based thioether ligands (IV2, IV4-6) which readily form selfassembled silver complexes with various geometries. A bis-ortho-thioether-9,10-diphenylanthracene was synthesized as a syn-atropisomer as revealed by X-ray diffraction. This alkylaryl-thioether ligand IV2 can form silver complexes with different coordination modes depending on the nature of the anion such as M2L2

for AgOTf and AgOTFA, M6L4 for AgNO3, M2L for bulky PPh3AgOTf which were further characterized by XRD analysis. Their activity in homogeneous catalysis was observed in two tandem addition/cycloisomerization of alkynes using 0.5-1 mol% of catalytic loading. By extending the length of coordination chain, the anti and syn atropisomers were isolated and their complexes with AgOTf were found to be M2L for anti-thioether ligand IV4 and ML for syn-thioether ligand IV5. In addition, other silver 

Synthesis of silver complexes and VT NMR

Initially, attempts to access to gold complexes with various gold sources led to no reaction or unknown products [START_REF] Komiya | Electrophilic cleavage of organogold complexes with acids. The mechanism of the reductive elimination of dialkyl(aniono)gold(III) species[END_REF] which suggests that the arylalkyl thioether is not a good candidate for gold(I) or gold(III) coordination. However, the formation of descrete complexes can be readily achieved with several silver salts in good yield (77-92 %) according to the general procedure. [START_REF] Tamaki | Catalysis by gold. Alkyl isomerization, cis-trans rearrangement, and reductive elimination of alkylgold(III) complexes[END_REF] Interestingly, the coordination modes were strongly depended on the nature of anions as macrocyclic M2L2-type silver complexes were found for AgOTf and AgOTFA, a M6L4-type metallocage was observed for AgNO3 and a discrete M2L-type silver complex was obtained in the presence of bulky PPh3AgOTf. All complexes were characterized by X-ray diffraction analysis (Scheme 4-3). However, their analysis by mass spectroscopy was unsuccessful, leading to only the mass of the ligand. Although the silver complexes are stable in solution, we presume that they are not stable under the experimental conditions used for mass spectrometry analysis since the signals for the corresponding molecular ions were not observed. For macrocyclic silver complex IV21, two different morphologies were isolated and characterized by X-ray diffraction analysis. [START_REF] Komiya | Electrophilic cleavage of organogold complexes with acids. The mechanism of the reductive elimination of dialkyl(aniono)gold(III) species[END_REF] Gold sources such as NaAuCl4•2H2O, HAuCl4•3H2O, PPh3AuCl, AuCl(SMe2), AuCl(tht), PPh3AuOTf, Au(tht)2OTf were examined in mixed solvents (CH3CN/H2O, CH2Cl2/CH3CN, CH2Cl2/MeNO2, EtOH/Et2O) or single solvent (CH2Cl2, THF) with a ratio of ligand/gold (1:2). [START_REF] Tamaki | Catalysis by gold. Alkyl isomerization, cis-trans rearrangement, and reductive elimination of alkylgold(III) complexes[END_REF] General procedure for the synthesis of silver complexes: To a solution of IV2 (1.0 equiv) in dichloromethane (1 mL) was added silver salts (1.0 equiv) under argon atmosphere at room temperature. The mixture was stirred at room temperature for 4-6 h. Then the solution was concentrated to ca. 0.3 mL and diethyl ether (2 mL) was added to afford a white precipitate. The solid was filtered, washed by diethyl ether and dried under reduced pressure to afford corresponding silver complexes.

Scheme 4-3. Synthesis of silver complexes with syn-thioether ligand IV2. The structure of silver complexes were characterized by X-ray diffraction analysis.

As the sulfur atom is prochiral, the coordination of a metal atom by the lone pair of sulfur generates an (R) or (S) configuration. Because ligand IV21 possess two sulfur atoms, its coordination to silver creates two new asymmetric centers: one (R) and one (S). Finally, two possible self-assemblies by coordination are observed: the head-to-head mode (IV21a) when the same configuration are connected to the silver atoms or the head-to-tail mode (IV21b) when (R) and (S) sulfur atoms are connected to the silver atoms (Figure 45678).

Based on the 1 H NMR spectra, slight differences were also observed for the methyl group connected to the sulfur atom and certain protons on the benzene ring , which were ascribed to the different twist degree of the benzene ring as the VT-NMR of ligand IV2 also showed certain flexibility that lead to the variation of the protons on benzene ring. We envisioned that the flexibility also exists in the silver complexes. Thus, VT-NMR analysis for the silver complex IV21 was carried out from -30°C to 60°C in CDCl3 (Figure 4-9), as expected, the variation of the proton peaks on benzene rings was observed as H1 and H4 shifted to low field and high field respectively upon elevated temperatures with a 0.2 ppm fluctuation. In addition, a 0.1 ppm shift of methyl peaks was also observed. The variation of the proton signals accounts for the different environment of protons under different temperatures where mainly the protons on the benzene ring are affected due to restricted rotation, which also implied that more than two morphologies of macrocyclic silver complex exist at different temperatures. A rational speculation would be that the several morphologies of silver complex are not rigid conformations and readily convert near room temperature. Surprisingly, the silver complexes prepared from different batches, or even the same batch of ligand IV2 led to different 1 H NMR spectra which showed small shifts (0.05 ppm for H4 and 0.10 ppm for H1) of proton signal [START_REF] Marin | Photochemical Strategies for the Synthesis of Gold Nanoparticles from Au(III) and Au(I) Using Photoinduced Free Radical Generation[END_REF] (Figure 4-10), while no other difference was found for the several batches of ligand IV2. The silver coordination topologies could proceed randomly and are not limited to the two morphologies. The VT-NMR of silver complexes IV22 also showed a similar trend for the proton variations on the benzene ring. [START_REF] Mcgilvray | Opportunistic use of tetrachloroaurate photolysis in the generation of reductive species for the production of gold nanostructures[END_REF] More complicated variations of both protons of on the benzene ring and the anthracene core in silver complex IV23

were observed based on VT-NMR which can be ascribed to the complex environment inside the metallocage at elevated temperatures.

In order to examine the photophysical properties of ligand and silver complexes, their absorption and 

DOSY study

DOSY experiments were conducted to identify the species of silver complexes in solution. Thus, the diffusion coefficients were calculated according to the DOSY study performed in CDCl3 under similar concentrations for comparison (Table 4-1). However, the value of diffusion coefficient showed an average error of ± 15-20% even for the repeat measurement of the identical solution or two separated samples from the same batch with same concentration (Table 4-1, batch 2-3). Furthermore, a large difference was observed between different batches of silver complexes under the same concentration (Table 4-1, batch 2 vs batch 3) as two times of the diffusion coefficient were observed for batch 3 compared to batch 2. This observation again implied that various morphologies of the silver complexes coexist in solution. 

Homogeneous silver catalysis

Because silver(I) salts exhibit a high alkynophilicity, [START_REF] Fang | Silver-catalysed reactions of alkynes: recent advances[END_REF] silver complexes IV21-24 were evaluated as homogeneous catalysts in two tandem addition/cycloisomerization of model alkynes IV34 and IV36.

2-Alkynylbenzaldehyde IV34 was chosen as the first model substrate for a cyclization reaction in the presence of methanol as a second nucleophile. [START_REF] Dell'acqua | Mild Regiospecific Synthesis of 1-Alkoxy-isochromenes Catalyzed by Well-Defined [Silver(I)(Pyridine-Containing Ligand)] Complexes[END_REF] This tandem acetalization/cycloisomerization was previously described in high yields (>95%) using 5 mol% catalyst loadings on quinoline derivatives with AgOTf and on 2-alkynylbenzaldehyde in the presence of an aza-macrocyclic complex of Ag(I) as a catalyst. [START_REF] Parker | Silver-catalyzed furoquinolines synthesis: from nitrogen effects to the use of silver imidazolate polymer as a new and robust silver catalyst[END_REF] In our hands, alkyne IV34 was converted into product IV35 in good yield (88 %) using AgOTf Unless specified, all the reactions were carried out in dry CH2Cl2 at room temperature for 12-16 h with alkyne IV34 (0.15 mmol), MeOH (0.45 mmol) and a silver(I) catalyst (0.5-5 mol%). b Isolated yield. at 5 mol% (Table 4-2, entry 1). Interestingly, we were also able to isolate 1-methoxy-isochromene IV35 in 89 % yield, using 1 mol% AgOTf (Table 4-2, entry 2). All silver complexes IV21-24 (1 mol%) efficiently catalyzed the intramolecular cyclization with 73-92% yields (Table 4-2, entries 3-7). The transformation reached 92 % yield by employing IV21 at 0.5 mol% (Table 4-2, entry 4). Compared to literature, catalyst IV21 is efficient for the tandem cyclization of 2-alkynylbenzaldehyde IV34 at lower loadings and under smooth conditions (20°C, full conversion after 12h). As previously observed for inorganic Ag salts, the catalytic efficiency for this cyclization slightly depends on the nature of the anion.

To further demonstrate the catalytic property of silver(I) complexes IV21-24, we investigated their performance in the cyclization of alkynone IV36 in the presence of benzylamine, as a nucleophile that lead to substituted pyrrole IV37. This tandem condensation/cycloisomerization was previously reported in 78% yield using AgOTf at 5% mol (reaction time 3.5 h, 50°C). [START_REF] Harrison | Pyrrole Synthesis Catalyzed by AgOTf or Cationic Au(I) Complexes[END_REF] It is noteworthy that at 50°C, the transformation occurs in 35 % yield without any catalyst (Table 4-3, entry 1). In our hands, using AgOTf (2.5 mol%), gave the product in 73 % yield, whereas 67-76 % yield was reached when silver complexes IV21-24 at 1 mol% were employed (Table 4-3, entries 2-6). Interestingly, a lower catalytic loading of 0.5 mol % allowed the isolation of 73 % of pyrrole IV37 in the presence of catalysts IV21 and IV22 (Table 4-3, entries 7-8). Under the same conditions, the catalytic efficiency of IV23 and IV24 was slightly lower (64-67 % yield) but similar to AgOTf at 2.5 mol% (Table 4-3, entries 9-10). For this second tandem model cyclization, the effect of the anion on the catalyst's efficiency was small. In conclusion, the well-defined thioether silver complexes as homogeneous catalysis exhibit similar or slightly higher efficiency compared to simple AgOTf. In the future, a better opportunity for the application of these silver complexes might be searching bifunctional catalysis based on their macrocyclic structures.

New thioether ligands and silver complexes

To illustrate the differences of the anti-and syn-thioethers in controlling the metal coordination, we turned to design novel DPA-thioether ligands by extending the coordination chain. To our delight, two thioether ligands were obtained as anti-(IV4) and syn-(IV5) configurations with a ratio of 3:1 using a cross-coupling reaction between (2-bromophenyl)(2-(2-methoxyethoxy)ethyl)sulfane (IV3-1) and 9,10-anthracene diboronic acid bis(pinacol) esters. Anti-ligand IV4 was characterized by XRD analysis. In addition, the parasubstituted ligand IV6 was also synthesized 18 to examine the coordination for silver when the two chains are far separated and possibly favoring the intermolecular coordination to form a coordination polymer. [START_REF] Blake | Silver(I) Coordination Polymers Using Thioether Macrocycle Building Blocks[END_REF] Figure 4-12. New S,O ligands IV4-6 synthesized for silver coordination by extending the length of coordination chain. The structure of IV4 was identified by X-ray diffraction analysis.

Scheme 4-4. Synthesis of silver complex IV25 and its structure was determined by XRD analysis.

With the thioether ligands in hand, the silver complexes were readily synthesized by mixing silver triflate and the ligand. Using the general procedure with anti-ligand IV4 in CH2Cl2 a silver complex IV25 was isolated in 90 % yield (Scheme 4-4). The slow diffusion of hexane into a solution of complex IV25 in CDCl3 with a drop of acetonitrile led to white needle crystals. Their X-ray analysis revealed a M2L-type coordination polymer through anion contact. The complex IV27 with silver hexafluorophosphate was synthesized using same approach (the full characterization see Experiment Section). Based on the wellcharacterized structure of silver complex IV25, plausible structures of the silver complex IV27 could be a discrete or polymeric M2L-type complex. Furthermore, the emission spectra was also examined both silver complexes and a fluorescence suppression was observed especially in the case of silver complex IV27 (Figure 4-13). Similarly, silver complexes IV26, IV28 involving syn-ligand IV5 were synthesized and the structure of the silver complex IV26 was further characterized by X-ray diffraction analysis with a ML-type coordination while the complex IV28 with AgPF6 probably exhibit similar structures (Scheme 4-5). The emission spectra also showed a fluorescence suppression for both complexes due to an intramolecular energy transfer (Figure 4-14). Finally, the complex between para-substituted ligand IV6 with AgOTf and AgPF6 were also achieved and led to identified structures which could be similar to those of anti-ligand IV4: discrete or polymeric M2L type complexes.

Scheme 4-5. Synthesis of the silver complex IV26 from syn-thioether ligand IV5. The structure of the silver complex was identified by XRD analysis. 

Conclusion

9,10-diphenylanthracene with two ortho-substituted thioether functional groups is an interesting scaffold which allowed us to design and prepare stable syn-and anti-atropisomers to control metal coordination.

Thus, four DPA-based thioether ligands were designed and synthesized. They were readily formed complexes with various silver salts whose geometry can be tuned by the nature of anion or by extending the length of coordination chain.

The thioether ligand IV2 was first obtained in the syn-configuration by a cross coupling reaction in the presence of a protic solvent. Three macrocyclic silver complexes with ligand IV2 were then synthesized and their coordination modes as revealed by X-ray diffraction were depended on the nature of the anion, for instance, M2L2 for -OTf/ -OTFA, M6L4 for NO3 -and M2L for bulky PPh3AgOTf. Notably, the 1 H NMR and DOSY experiment of silver complex IV21 prepared from different batches showed a large difference which indicates the morphologies of silver complex might not confined to two isolated diastereoisomers (head-tohead or head-to-tail). These silver complexes were evaluated as homogeneous catalysts in two tandem addition/ cycloisomerization of model alkynes in excellent yields using 0.5 mol% catalytic loading, with efficiencies similar to those obtained with inorganic silver catalysts employed at higher loadings (2.5-5 mol%).

By extending the coordination chain, three DPA-based S,O ligands IV4-6 were synthesized and six silver complexes were obtained: Two of them showed a M2L and ML coordination as revealed by XRD analysis.

In conclusion, various silver complexes with DPA-based thioether ligands can be accessed such as macrocyclic M2L2, metallocage M6L4, discrete M2L, polymeric M2L and cyclic ML. The morphologies of self-assembled silver complexes IV21-23 are obtained randomly and are probably interconvertible [START_REF] Kwolek | The kinetic study of photoreduction of tetrachloroaurate acid by methanol in acidic media[END_REF] with [START_REF] Kwolek | The kinetic study of photoreduction of tetrachloroaurate acid by methanol in acidic media[END_REF] To prove the interconversion of the morphologies, the 1 H NMR of silver complex under specific temperature need to be evaluated. For instance, measuring the 1 H NMR of silver complex in the same NMR tube at 0°C and then 50°C, the system was cooled back to 0°C to check the 1 H NMR to see if they are interconvertible. (Notes: the VT-NMR should be evaluated, as no variation was observed when heated and cooled measuring on the normal NMR spectrometer) a low barrier as the 1 H NMR of silver complex showed difference even for different batches.

Perspectives: DPA-based bisphosphine ligand and hemilabile ligands

DPA-based bidentate phosphine ligand for gold-π complex

Gold π complexes are gold complexes containing a π-coordination. The first example of a gold(I) π complex(1,5-cyclooctadiene)(AuCl)2 was reported by Chalk and coworkers in 1964 (Figure 4-15). [START_REF] Chalk | 1,5-Cyclooctadiene Complexes of Gold(I) and Gold(III)[END_REF] Among the early examples of cationic gold(I) π complexes, Zhang reported that phosphine ligands with a Ntethered anthracene unit were able to form cationic gold(I) η 2 -arene complexes with strong interaction as Au-C distances are 2.958 and 3.020 Å. [START_REF] Xu | Formation of Group 11 Metal(I)-Arene Complexes: Bonding Mode and Molecule-Responsive Spectral Variations[END_REF][START_REF] Li | Gold(I) η 2 -Arene Complexes[END_REF] Subsequently, Echavarren described cationic η 1 and η 2 gold(I) complexes containing simple arene such as benzene and 1,4-dimethylbenzene that showed the shortest gold to arene distance of 2.20 Å. [START_REF] Herrero-Gómez | Cationic η 1 /η 2 -Gold(I) Complexes of Simple Arenes[END_REF] Since then, examples of gold atom bound to alkene, alkyne, diene, allene have been well documented. [START_REF] Schmidbaur | Gold η 2 -Coordination to Unsaturated and Aromatic Hydrocarbons: The Key Step in Gold-Catalyzed Organic Transformations[END_REF] Based on these results, we thought that the ortho-substituted DPA-based bidentate diphosphine ligand could be a good model to form cationic gold(I) arene (probably η 6 ) complex [START_REF] Xu | Formation of Group 11 Metal(I)-Arene Complexes: Bonding Mode and Molecule-Responsive Spectral Variations[END_REF] with the directionality of synatropisomer. Similarly, the anti-atropisomer might lead to dimeric gold(I) arene (probably η 2 ) complex [START_REF] Li | Gold(I) η 2 -Arene Complexes[END_REF] (Figure 4-16). 

DPA-based hemilabile P,P(X) ligands for gold complex and catalysis

The facile oxidative addition of aryl halides to preorganized carborane-based bidentate phosphine gold complex was reported by Bourissou and Amgoune [START_REF] Joost | Facile Oxidative Addition of Aryl Iodides to Gold(I) by Ligand Design: Bending Turns on Reactivity[END_REF] where the chelating angle is around 90° while no reaction was observed with a linear coordinated bidentate phosphine gold complex even heated at 120 °C (Figure 4-17). Recently, these authors reported a gold complex based on an hemilabile P,N ligand (Me-Dalphos) that readily proceeded an oxidative addition of aryl halides under mild conditions which circumvented the high redox potential necessary to form gold(III). [START_REF] Zeineddine | Rational development of catalytic Au(I)/Au(III) arylation involving mild oxidative addition of aryl halides[END_REF] Figure 4-17. Ligand preorganization for gold complex to turn on the oxidative addition of aryl iodides.

Based on the simulated models of gold complex with hemilabile bisphosphane oxide or sulfide gold complexes, the chleating angles are 105.4°and 121.4° respectively (Figure 4-18) might be a candidate to access to the ensuing oxidative addition product. 

Preliminary synthesis

The attempts to access to diphosphine ligands via cross coupling reaction showed frustrated results when using 9,10-anthracene diboronic acid bis(pinacol) ester and (2-bromophenyl)diphenylphosphine oxide.

While the synthesis of diphosphine oxide can be achieved in 25 % yield by treatment of dibromo-substituted DPA with tert-butyllithium and chlorodiphenylphosphine, followed by oxidation by hydrogen peroxide after quenching the reaction Scheme 4-6. Synthesis of DPA-based bisphosphine oxide IV12.

Notably, only anti-product was obtained as revealed by X-ray diffraction analysis (Scheme 4-6).

Alternatively, an iodide compound was synthesized from 1-bromo-3-methoxybenzene in 2 steps which was expected to possess high reactivity for the Suzuki-Miyaura reaction, that failed to get the desired product (Scheme 4-7). However, the similar approach to access to the bisphosphine sulfide from 5-bromo-1,3benzodioxole gave 11 % overall yield (Scheme 4-8). The configuration of the phosphine sulfide has not been determined yet. Based on these results, future work will be focused on three directions. First, it is important to isolate both anti-and syn-phosphine atropisomers and further characterize them by XRD if possible. Subsequently, effort can be put to reduce the phosphine oxide to phosphine and examine the formation of gold π complexes, Meanwhile, their photophysical properties are also interesting in view of the relativistic effect of gold.

Secondly, the phosphine oxide or sulfide can be partially reduced to a hemilabile P,P(X) ligand, allowing evaluation of their coordination complexes for catalysis, especially of coinage metal complexes. For the gold complex, the oxidative addition of aryl halides could be evaluated. Finally, the variation of the orthosubstituted group might also offer potential for conceiving a bifunctional catalysis merging metal catalysis and organocatalysis.

Switchable chiroptical property of DPA-based chiral sulfoxides 4.3.1 Introduction

Circular dichroism (CD) originates from the difference between the absorption for left and right circularly polarized light in chiral environment. Circularly polarized luminescence (CPL) spectroscopy refers to the chiroptical property of the fluorescence emission difference between right and left handed circularly polarized light from intrinsically chiral fluorophores or fluorophores in chiral environments, which can be considered as an emission analog of CD. A substantial difference between them is that CD involves the chirality in electronic ground state while CPL pertains to chirality in the emissive excited state. Despite the luminescence dissymmetry factor |glum| is usually low ranging from 10 -5 to 10 -3 , small chiral organic molecules for CPL still are of interest in view of understanding factors influencing CPL. More importantly, on/off switching of CPL might be tuned by external stimuli.

Circularly polarized luminescence of small organic molecules

The circularly polarized luminescence of small organic molecules was reviewed by Mori's group in 2018. [START_REF] Tanaka | Circularly Polarized Luminescence and Circular Dichroisms in Small Organic Molecules: Correlation between Excitation and Emission Dissymmetry Factors[END_REF] In this context, a selection of examples of some representative chiral organic molecules that show reliable CPL are presented in Figure 4-19: including chiral cyclic ketones, planar chiral cyclophanes, axially chiral biaryls, helicenes and chiral BODIPY compounds.

Circularly polarized luminescence switching

Developing molecules with switchable chiroptical property might lead to novel multifunctional molecular materials for information processing and storage. So far, the control of CPL switching was achieved by changing the conformation changes in the presence of external stimuli.

In 2011, Maeda's group developed controllable CPL by using anion-responsive π-conjugated molecules with a BINOL-boron moiety. [START_REF] Maeda | Chemical-Stimuli-Controllable Circularly Polarized Luminescence from Anion-Responsive π-Conjugated Molecules[END_REF] Conformation changes by inversion (flipping) of two pyrrole rings due to the anion binding control the chiroptical properties of the anion receptors (Figure 4567891011121314151617181920). An OFF/ON switching of CPL was achieved by an oxophilic interaction of homochiral sulfoxide-containing ortho-phenylene ethynylene foldamers with a silver cation. [START_REF] Reiné | OFF/ON switching of circularly polarized luminescence by oxophilic interaction of homochiral sulfoxide-containing o-OPEs with metal cations[END_REF] The folding induced by silver cation led to stable complexes that present both high glum values and high quantum yield (Figure 4-21). Recently, Crassous and Autschbach presented an organic helicene equipped with a chiral bipyridine moiety for CPL switching which can be achieved by adjusting the pH (Figure 45678910111213141516171819202122). [START_REF] Saleh | Acid/Base-Triggered Switching of Circularly Polarized Luminescence and Electronic Circular Dichroism in Organic and Organometallic Helicenes[END_REF] More recently, a solvent-induced CPL inversion was realized by using hydrogen bonding to control excimer chirality (Figure 4-23). [START_REF] Takaishi | Solvent-Induced Sign Inversion of Circularly Polarized Luminescence: Control of Excimer Chirality by Hydrogen Bonding[END_REF] Figure 4-19. Representative chiral organic molecules with CPL properties. [START_REF] Tanaka | Circularly Polarized Luminescence and Circular Dichroisms in Small Organic Molecules: Correlation between Excitation and Emission Dissymmetry Factors[END_REF] Figure 4-20. Chemical structure of BINOL-based anion receptor and its anion-binding mode. [START_REF] Maeda | Chemical-Stimuli-Controllable Circularly Polarized Luminescence from Anion-Responsive π-Conjugated Molecules[END_REF] Figure 4-21. OFF/ON switching of CPL by oxophilic interaction of homochiral sulfoxide-containing orthophenylene ethynylene foldamers with silver cation. [START_REF] Reiné | OFF/ON switching of circularly polarized luminescence by oxophilic interaction of homochiral sulfoxide-containing o-OPEs with metal cations[END_REF] Figure 4-22. pH-triggered CPL switching of azahelicene. [START_REF] Saleh | Acid/Base-Triggered Switching of Circularly Polarized Luminescence and Electronic Circular Dichroism in Organic and Organometallic Helicenes[END_REF] Figure 4-23. Solvent induced inverse CPL switching by hydrogen bonding. [START_REF] Takaishi | Solvent-Induced Sign Inversion of Circularly Polarized Luminescence: Control of Excimer Chirality by Hydrogen Bonding[END_REF] In conclusion, numerous chiral organic molecules exhibit chiroptical properties. The development of switchable CPL systems is interesting for further multi-functional materials sensitive to external stimuli: ion, pH, solvent or temperature. [START_REF] Sun | 2,2'-Diamino-6,6'-diboryl-1,1'-binaphthyl: A Versatile Building Block for Temperature-Dependent Dual Fluorescence and Switchable Circularly Polarized Luminescence[END_REF] However, the current access to chiral molecular systems is still a bit more complicated due to multi-step synthesis. The development of simpler molecular systems for further practical uses is rare.

Objectives

Simple organic molecules capable of chiroptical properties are attractive due to their facile synthesis, easy modifications and importantly, tunable properties via external stimuli. Circularly polarized luminescence (CPL) has already been obtained in many chiral systems such as chiral binaphthyl skeleton, [START_REF] Kimoto | Control of Solid-state Circularly Polarized Luminescence of Binaphthyl Organic Fluorophores through Environmental Changes[END_REF][START_REF] Jiang | Rational Design of Axially Chiral Platinabinaphthalenes with Aggregation-Induced Emission for Red Circularly Polarized Phosphorescent Organic Light-Emitting Diodes[END_REF][START_REF] Sun | 2,2'-Diamino-6,6'-diboryl-1,1'-binaphthyl: A Versatile Building Block for Temperature-Dependent Dual Fluorescence and Switchable Circularly Polarized Luminescence[END_REF] chiral spiro scaffold, [START_REF] Takase | Circularly Polarized Luminescence from Chiral Spiro Molecules: Synthesis and Optical Properties of 10,10[END_REF][START_REF] Ma | Boosting the circularly polarized luminescence of small organic molecules via multi-dimensional morphology control[END_REF] and chiral helicene systems. [START_REF] Schaack | Helicene Monomers and Dimers: Chiral Chromophores Featuring Strong Circularly Polarized Luminescence[END_REF][START_REF] Zhao | Advances in helicene derivatives with circularly polarized luminescence[END_REF][START_REF] Shen | Straightforward access to mono-and biscycloplatinated helicenes displaying circularly polarized phosphorescence by using crystallization resolution methods[END_REF] So far, progress has been made in controlling on/off CPL switching by external stimuli. [START_REF] Ma | Circularly Polarized Luminescence Switching in Small Organic Molecules[END_REF][START_REF] Gao | The Progress and Perspective of Organic Molecules With Switchable Circularly Polarized Luminescence[END_REF] We seek to develop simpler fluorescent molecules incorporating with a chiral group that are sensitive to an external stimulus controlling the CPL signal in an on/off manner. Thus, a DPA provided with a chiral sulfoxide groups is anticipated to perform a modification of the CPL signal in the presence of singlet oxygen through the fluorescence emission quench (Scheme 4-9). In addition, the coordination of metal ions to the sulfoxide group may also be another stimulus for the chiroptical properties variation.

Scheme 4-9. Concept of switchable CPL by using singlet oxygen stimulus.

Experimental

Five sulfoxides IV7-11 placed at the ortho-position of DPA were synthesized by oxidation of the corresponding thioethers. The chiral sulfoxides were separated via chiral HPLC and the absolute configuration was determined by comparison of the calculated and experimental Electronic Circular Dichroism (ECD) spectra. The sulfoxides readily formed complexes mainly with silver, sodium and cesium.

The preliminary results of cyclooxidation of DPA sulfoxide IV7 in the presence of methylene blue and oxygen showed a minor product of 9,10-endoperxoide and a major diendoperoxide DPAO4 as characterized by mass and 1 H NMR. The cycloreversion under thermal conditions (110°C in toluene for 5 h) can partially give back the DPA. The chiroptical study of sulfoxides using circular dichroism (CD) and circularly polarized luminescence (CPL) spectroscopy is in progress.

Results and discussion

Synthesis of sulfoxides

Five DPA-based thioether ligands were designed (Figure 4-24) as precursors for the corresponding sulfoxides.

Mono-thioether IV1 and IV3 were synthesized for a comparison with bisthioether ligands (IV2, IV4-5)

toward metal coordination and photo-oxidation in the presence of singlet oxygen. The thioether ligands IV1

and IV3 were all synthesized via Suzuki-Miyaura cross-coupling reaction in excellent yield (91 %) and three bisthioether ligands (IV2, IV4-5) were afore-described to access to various silver complexes. 

Chiral separation and absolute configuration determination 20

The chiral sulfoxides can be separated by chiral preparative HPLC 21 by using a chiral column of (S,S)-Whelk-O1 or Chiralpak ID with a solvent mixture of hexane/ethanol/dichloromethane. The purified chiral sulfoxide enantiomers showed reversed optical rotation values. [START_REF] Hirtenlehner | Syntheses, crystal structures, reactivity, and photochemistry of gold(III) bromides bearing Nheterocyclic carbenes[END_REF] 

Metal complex with DPA-based sulfoxide

In order to evaluate metal coordination with sulfoxides, a screening of metal ions were examined. Initially, sulfoxide IV9 with three potential coordination sites was employed as a model of ligand for coinage metals which enabled fluorescence quenching upon formation of complexes perhaps due to the heavy-metal atom effect of the metal ion. However, complexes with cooper and gold showed no reaction (Table 4-4, entries 1 and 3) while the silver complex was obtained with AgPF6 (Table 4-4, entry 2). To our surprise, the reaction with KPF6 showed no reaction (Table 4-4, entry 5), while a complex seems to appear in the presence of NaBArF. Concerning the disulfoxide ligand IV10, a complex with AgPF6 also obtained (Table 4-4, entry 7).

The 1 H NMR proton shift of complexes with NaBArF and CsBArF were observed (Table 4-4, entries 4 and 6). Subsequently, the disulfoxides (IV8, IV10-11) were examined to coordinate with CsBArF and all led to formation of new species as the protons were shifted compare to the ligand. However, the identification of the metal complexes structures is in progress. CsBArF NMR matched cesium complex a All the reactions were performed with sulfoxide (0.01 mmol) and metal source (0.01 mmol); b Both aromatic and aliphatic protons were shifted; c AuCl(SMe2) and AgPF6 mixed for 5 min before adding the sulfoxide; d N. D. = not determined.

Photo-oxidation of anthracene

Initially, the sulfoxide IV7 was used as a model for the photo-oxidation reaction due to its simplicity. It was fully converted under the conventional cycloaddition conditions (in the presence of 2 mol% methylene blue as photosensitizer and an oxygen atmosphere) (Scheme 4-10). Preliminary results showed that a minor expected 9,10-endoperoxide (DPAO2) was formed which was only detected by mass spectroscopy and could not be isolated by column chromatography. A major product DPAO4 (the sulfoxide compound IV7 attached with four oxygens) was separated as a pure compound and its chemical formula was confirmed by mass spectra. The speculated structure of the diendoperoxide DPAO4 might be the double cycloaddition of singlet oxygen to 1,4-and 9,10-positions according to the splitting peaks. However, the configuration of the diendoperoxide has not been fully confirmed. Based on the 1 H NMR obtained, a significant difference of the chemical shift of protons on the methyl group was observed which suggest that the methyl group might exist in a steric hindered environment or be involved in H-O interactions. So far, no reports involving the photo-oxidation of DPA compound containing a sulfur monoxide group was described. Therefore, questions including the unknown stability of sulfoxide in the presence of singlet oxygen, the steric and electronic effects of sulfoxide group for directing a selective formation of unusual DPA endoperoxides remain unanswered. The cycloreversion of the system was also examined by heating at 110°C in toluene for 5 h: partial cycloreversion was observed based on the TLC analysis. This result could be correlated to the small portion of 9,10-endoperoxide DPAO2 which was detected by mass spectrometry. Furthermore, the pure endoperoxide DPAO4 was found to be a thermally stable compound even when heated at 110°C for 30 h.

Conclusion and perspectives

Five DPA-based sulfoxides IV7-11 were synthesized by the oxidation of their corresponding thioethers. The enantiopure sulfoxides were separated by chiral HPLC separation and the absolute configuration was determined by comparison of calculated and experimental Electronic Circular Dichroism (ECD) spectra. The preliminary chiroptical characterization of (S)-IV7 and (R)-IV7 showed reverse CD and CPL signals..

To achieve the switchable chiroptical property, the reversibility of DPA-based sulfoxide would be the essential problem to be solved. The preliminary result showed that the reaction of DPA sulfoxide and singlet oxygen led to an unusual diendoperoxide product24 DPAO4 possibly due to the electronic or steric effects at of sulfoxide. Generally, the 9,10-endoperoxides can be reduced under thermal condition, but this diendoperoxide showed a relatively high thermal stability even heating at 110°C in the toluene for 30 h. Thus, the photocycloreversion of the new diendoperoxide might be an alternative strategy as anthracene endoperoxides were also reported to undergo a photodissociation process towards the anthracene fragment. [START_REF] Schmidt | Photolysis of the endoperoxide of heterocoerdianthrone. A concerted, adiabatic cycloreversion originating from an upper excited singlet state[END_REF][START_REF] Eisenthal | Stateselective photochemistry of singlet oxygen precursors: kinetics and wavelength dependence of the photodissociation of anthracene endoperoxides[END_REF] The in situ switchable CPL will be examined once the reversible transformation of DPAbased sulfoxide will be achieved.

From another perspective, the photo-oxidation of other ortho-substituted DPA should be examined to understand this new reactivity on the anthracene core. Carbonyl and phosphoryl substituents could be attractive groups for this study.

Chapter summary

Metal complexes with tunable structures maybe of potential use in homogeneous catalysis. We are interested in developing tunable complexes with gold or silver by using thioether ligands. Unlike gold, silver adopts versatile chelating modes with thioether ligands such as linear, planar, and octahedral coordination, even coordination polymer, and cyclic oligomer morphologies where the design is also important.

Several well-defined syn and anti DPA atropisomers with thioether groups were synthesized and their silver complexes showed diverse coordination modes depending on the nature of the anion and the directionality of the atropisomers as M2L2-type macrocyclic, M6L4-type metallocage, M2L-type dinuclear, M2L-type polymeric, ML-type arm-closing morphologies were well-identified by XRD analysis and meanwhile, the structures of other six silver complexes are yet to be determined. In conclusion, the DPA-based thioethers are effective to form silver complexes with various morphologies.

DPA provided with chiral sulfoxides were anticipated to perform switchable circularly polarized luminescent (CPL) property in the presence of the singlet oxygen stimulus. Despite the photo-oxidation of DPA-based sulfoxide by singlet oxygen led to a diendoperoxide DPAO4 product, no thermal cycloreversion was observed. Therefore, the photocycloreversion of the diendoperoxide could be used as an alternative strategy.

Once this is solved, the switchable CPL might be realized in situ.

Introduction

elf-assembled organic molecular cages based on the formation of dynamic reversible bonds went through a large development over the last few decades. In principle, two primary synthetic approaches towards organic cage molecules can be differentiated. One route is a stepwise pathway via irreversible bond formation such as cross-coupling or amidation reactions. The advantages for this approach is the relative chemical robustness thanks to the irreversibility and stability of the cage, which is often obtained in a low overall yield. The second synthetic approach concerns the one-step formation of a thermodynamically preferred products by a reversible bond formation with high yields, leading to cages with a relatively lower chemical stability towards pH for instance.

In 1988, Nelson first described the facile high-yield synthesis of cage molecules by using a one pot route to [2 + 3] imine cages based on the Schiff-base condensation between two TREN molecules and three aromatic dialdehydes. [START_REF] Macdowell | Facile synthesis of a new family of cage molecules[END_REF] This procedure was later used by others to make even larger hemicarcerands related to known resorcinarenes reported by Cram and Quan. [START_REF] Quan | Constrictive binding of large guests by a hemicarcerand containing four portals[END_REF] Years later, similar cages were obtained by adding MgSO4 [START_REF] Mendoza | Electrochemistry of Encapsulated Guests: Ferrocene inside Cram's Hemicarcerands[END_REF] or catalytic TFA (5 mol%) [START_REF] Ro | Dynamic Hemicarcerands and Hemicarceplexes[END_REF] under mild conditions. The concept of dynamic combinatorial chemistry (DCC) was first introduced by Jean-Marie Lehn in 1999 [START_REF] Lehn | Dynamic Combinatorial Chemistry and Virtual Combinatorial Libraries[END_REF] which features to synthesis of molecular cages in fewer steps from simple precursors. To date, numerous novel functional imine cages were obtained by applying the dynamic covalent chemistry concept. We are interested in investigating switchable molecular cages [START_REF] Mongin | Singlet oxygen stimulus for switchable functional organic cages[END_REF] by introducing an anthracene building-block in the structure. This moiety can be involved in a (4+2) reaction with singlet oxygen to form the corresponding 9,10 endoperoxides and thermal cycloreversion can lead back to the parent anthracene. So far, the anthracene embedded molecular cages are scarce except for some macrocycles derived from anthracene. [START_REF] Gassensmith | Cycloaddition to an anthracene-derived macrocyclic receptor with supramolecular control of regioselectivity[END_REF][START_REF] Liu | Macrocyclic Receptor for Precious Gold, Platinum, or Palladium Coordination Complexes[END_REF][START_REF] Bouas-Laurent | Photodimerization of anthracenes in fluid solution: structural aspects[END_REF][START_REF] Yoshizawa | Molecular architectures of multi-anthracene assemblies[END_REF] In this regard, a new self-assembled switchable imine cage with three diphenylanthracene pillars are presented, such a rigid cage might exhibit a high modularity as the so-called 'shape persistent' cages do. As a result, the background of this work is provided with the following recent examples of imine cages obtained from simple precursors by dynamic covalent chemistry and a few imine cages with tunable properties. The selected examples were presented with classified triamines.

Imine cages

All chosen examples are shape persistent cages with rigid scaffolds. Shape persistent imine cages synthesized through the formation of dynamic covalent bonds represent cage molecules that are not very flexible and contain a cavity that is able to bind small molecules or ions.

In 2007, Warmuth's group [START_REF] Liu | Multicomponent Dynamic Covalent Assembly of a Rhombicuboctahedral Nanocapsule[END_REF] developed an efficient [6+8] reaction towards an exceptionally large covalent rhombicuboctahedral nanocapsule which possesses 14 square-and triangular-shaped molecular components S by using formyl cavitands and 1,3,5-tris(p-aminophenyl)benzene (Scheme 5-1). The binding studies showed good encapsulating ability of tetraalkylammonium salts in toluene with binding constants: K1 = 10 (3.6±0.1) M - 1 and K2 = 10 (3.0±0.1) M -1 .

Scheme 5-1. Covalent assembly of giant rhombicuboctahedron imine cage by a [6+8] imine condensation. [START_REF] Liu | Multicomponent Dynamic Covalent Assembly of a Rhombicuboctahedral Nanocapsule[END_REF] Reproduced with permission from literature.

In 2008, a shape-persistent endo-functionalized [4+6] adamantoid cage [START_REF] Mastalerz | One-pot synthesis of a shape-persistent endo-functionalised nano-sized adamantoid compound[END_REF] was synthesized from a triptycene triamines and a tert-butyl-substituted 2,6-diformylphenol via imine condensation (Scheme 5-2). The introduction of the rigid tert-butyl group is beneficial to form a hydro-inner cavity due to the steric hindrance.

Scheme 5-2. Synthesis of functionalized adamantoid cage based on a triptycene triamine. [START_REF] Mastalerz | One-pot synthesis of a shape-persistent endo-functionalised nano-sized adamantoid compound[END_REF] Reproduced with permission from literature.

In 2006, Roelens reported that the treatment of 1,3,5-tris(aminomethyl)-2,4,6-triethylbenzene with pyrrole-2,5-dicarboxaldehyde in methanol affords a [2+3] imine cage as the single product in quantitative yield (Scheme 5-3). The reaction is driven by the poor solubility of the cage in methanol and, more importantly, this C3h symmetric imine cage is the thermodynamically favored product that arises from condensation of five reacting molecules. Based on the X-ray structure, all the ethyl groups were pointing outward, and the pyrrole rings were facing the cavity. Further binding studies evidenced specific recognition of β-glucopyranosides. [START_REF] Francesconi | A Self-Assembled Pyrrolic Cage Receptor Specifically Recognizes β-Glucopyranosides[END_REF] In 2014, a fluorescent [2+3] self-assembled nanoscopic organic cage was obtained in chloroform at reflux via similar approach using a tribenzylamine derivative (Scheme 5-3). The corresponding amine cage obtained by reduction with NaBH4 was further exploited for the highly selective detection of the explosive picric acid monitored by fluorescence emission titration. [START_REF] Acharyya | A fluorescent organic cage for picric acid detection[END_REF] Recently, Schmidt and coworkers described a porous [4+4] imine cage containing perfluorinated aromatic panels (Scheme 5-3) where the introduction of fluorine on the cage significantly facilitates the CO2 and H2 absorption (19 wt% for CO2 at 273 K, 1 bar and 1.5 wt% for H2 at 77 K, 1 bar). [START_REF] Kunde | A porous fluorinated organic [4+4] imine cage showing CO2 and H2 adsorption[END_REF] Scheme 5-3. Imine cages formed based on similar tribenzylamines with various aldehydes with the corresponding crystallographic structures (the third X-ray structure is reproduced with permission form the literature [START_REF] Kunde | A porous fluorinated organic [4+4] imine cage showing CO2 and H2 adsorption[END_REF] ). [START_REF] Francesconi | A Self-Assembled Pyrrolic Cage Receptor Specifically Recognizes β-Glucopyranosides[END_REF][START_REF] Acharyya | A fluorescent organic cage for picric acid detection[END_REF][START_REF] Kunde | A porous fluorinated organic [4+4] imine cage showing CO2 and H2 adsorption[END_REF] In 2018, a more sophisticated [4+4] imine cage with a truncated tetrahedral geometry was delineated by using conformationally rigid precursors with steric functional groups which is proven to be crucial to form the cage with the assistance of geometrical pre-orientation of reacting groups (Scheme 5-4), otherwise leading to thermodynamic polymerization product. [START_REF] Lauer | Shape-Persistent [4+4] Imine Cages with a Truncated Tetrahedral Geometry[END_REF] The porous cages were finally evaluated in gas absorption toward CO2 and CH4 (13.8 wt% for CO2, 2.17 wt% for CH4 at 273 K, 1 bar).

Scheme 5-4. Synthesis of a [4+4] truncated tetrahedral imine cage with corresponding crystallographic structure. [START_REF] Lauer | Shape-Persistent [4+4] Imine Cages with a Truncated Tetrahedral Geometry[END_REF] Scheme 5-5. Synthesis of [2+3] imine cage based on similar triaminobenzene and dialdehydes with the corresponding crystallographic structures. [START_REF] Arunachalam | A New Hexaaza Bicyclic Cyclophane with Dual Binding Sites[END_REF][START_REF] Mateus | Polyaza Cryptand Receptor Selective for Dihydrogen Phosphate[END_REF] Recently, two smaller [2+3] imine cages with C3-symmetric macrobicycles were also obtained by dynamic covalent bond formation (Scheme 5-5). The first hexaprotonated cage can encapsulate halides such as chloride and iodide, [START_REF] Arunachalam | A New Hexaaza Bicyclic Cyclophane with Dual Binding Sites[END_REF] while the polyazacryptand with three pyridine moieties is a selective receptor for dihydrogen phosphate with protonation constants from 8.72 to 40.39. [START_REF] Mateus | Polyaza Cryptand Receptor Selective for Dihydrogen Phosphate[END_REF] The same year, using a trisaminobenzene building block, Cooper and coworkers made a computational screening followed by the automatized synthesis of selected organic cages and catenanes (Scheme 5-6). By using this method, 78

precursor combinations were investigated by computation and experiments and finally 33 cages that were successfully formed in one-pot syntheses. [START_REF] Greenaway | High-throughput discovery of organic cages and catenanes using computational screening fused with robotic synthesis[END_REF] Scheme 5-6. Computationally favorable combinations from trisaminobenzene to form imine cages. [START_REF] Greenaway | High-throughput discovery of organic cages and catenanes using computational screening fused with robotic synthesis[END_REF] The structures are the optimized topologies obtained y modeling.

Enantiopure cyclohexane-1,2-diamine is an important linker for the synthesis of imine cages. In 2011,

Cooper's group reported a large self-assembled [8+12] chiral imine cage with inner diameters of 1.2 nm and the cavity of 7500 Å 3 obtained from trisaminobenzene and (R,R)-2-cyclohexanediamine (Scheme 5-7). [START_REF] Jelfs | Large Self-Assembled Chiral Organic Cages: Synthesis, Structure, and Shape Persistence[END_REF] In 2012, using the smaller 1,3,5-triformylbenzene, the same group developed a shape-persistent porous [4+6] imine cage which is stable in the boiling water and can reversibly absorb 20.1 wt% water. [START_REF] Hasell | Reversible water uptake by a stable imine-based porous organic cage[END_REF] In 2019, an identical cage combined with ultra-small palladium nanoparticle was employed as heterogeneous catalysis in oxidation of carbon monoxide (Scheme 5-7), [START_REF] Jiang | Shape-persistent porous organic cage supported palladium nanoparticles as heterogeneous catalytic materials[END_REF] the cage serves as a stabilizer or support to trap the palladium nanoparticles. In 2015, a well-characterized large chiral triazine-based [4+6] organic molecular cage was obtained by reaction with a large tris-aldehyde in CHCl3. [START_REF] Ding | Targeted synthesis of a large triazine-based [4+6] organic molecular cage: structure, porosity and gas separation[END_REF] The tetrahedral cage features a large cavity of 2070 Å 3 and a surface area of 1181 m 2 /g which exhibited selective absorption of CO2 over N2 (16.4 cm 3 /g for CO2 and 3.8 cm 3 /g for N2 at 273 K, 1.08 bar).

Scheme 5-10. Selective formation [2+3] imine cage with pyridine based dialdehyde in self-sorting approach. [START_REF] Kołodziejski | Dynamic polyimine macrobicyclic cryptandsselfsorting with component selection[END_REF] 

Responsive imine cages

Despite the extensive progress of molecular switches, only a few cases were documented in controlling the properties of molecular cages. A recent case is reported by Mukherjee's group that a spiropyranfunctionalized [2+3] imine cage was synthesized via dynamic covalent synthesis which showed reversible thermochromism and photochromism in both solid and solution states (Scheme 5-11). [START_REF] Mondal | Reversible Multistimuli Switching of a Spiropyran-Functionalized Organic Cage in Solid and Solution[END_REF] Scheme 5-11. Synthesis of a spiropyran-functionalized imine cage and its reversibility chroism under photo-or thermal conditions. [START_REF] Mondal | Reversible Multistimuli Switching of a Spiropyran-Functionalized Organic Cage in Solid and Solution[END_REF] In 2018, using cyclohexane-1,2-diamine and trisformylbenzene as building-blocks, a porous switchable [4+6] imine cage was developed which is exceptionally stable even in concentrated acid or basic conditions (Scheme 5-12). Interestingly, two different morphologies were obtained simply by changing the solvent. The difference between these two morphologies is the orientation of methoxyl group (cage α with one methoxyl group outside the cavity, cage β three methoxyl groups inside the cavity) which led to selective porosity towards nitrogen (Conformation I was porous to nitrogen while conformation II not). [START_REF] Bera | Porosity Switching in Polymorphic Porous Organic Cages with Exceptional Chemical Stability[END_REF] Scheme 5-12. Synthesis of [4+6] imine cage and the reversibility of the morphologies in different solvents with X-ray structures. [START_REF] Bera | Porosity Switching in Polymorphic Porous Organic Cages with Exceptional Chemical Stability[END_REF] The methyl connected to oxygen were all marked with yellow color and circles for a better vision of the difference.

In conclusion, dynamic covalent chemistry is a highly efficient approach to obtain self-assembled imine cages with a defined size which can be further transformed into functional amine cages. A subtle change in the chemical structure in building-blocks can lead to dramatic differences in the cage formation or cage size.

Recently, a few responsive molecular cages with a switchable morphology has been few documented. Despite the huge progress made in molecular switches, the development of the cages with switchability is still a big challenge. Thus, the development of functional molecular cages obtained by a facile preparation is of great importance, especially when a switchable property is also simultaneously exhibited.

Objectives

Numerous examples of dynamic covalent molecular cages with different morphologies are known, and some of the them exhibit tunable properties by introducing an external reversible molecular switch [START_REF] Mondal | Reversible Multistimuli Switching of a Spiropyran-Functionalized Organic Cage in Solid and Solution[END_REF][START_REF] Samanta | Reversible chromism of spiropyran in the cavity of a flexible coordination cage[END_REF] or with the assistance of metal coordination. [START_REF] Zhang | Breathing" Motion of a Modulable Molecular Cavity[END_REF] In 2020, Bassani and Bibal published a switchable organic cage by using the reversible addition of singlet oxygen to DPA as a molecular switch. They showed that a classical multi-step synthesis based on covalent chemistry and a final templated metathesis ring-closure successfully gave access to two model cages. [START_REF] Mongin | Singlet oxygen stimulus for switchable functional organic cages[END_REF] The binding property of the cages and their corresponding endoperoxides toward cations were different in strength and, for the first time, the endoperoxide group was demonstrated to be involved in cation coordination (Scheme 5-13).

Scheme 5-13. Reversible transformation of DPA-based cage in the presence of singlet oxygen. [START_REF] Mongin | Singlet oxygen stimulus for switchable functional organic cages[END_REF] We intended to alternatively synthesize switchable molecular cages via the dynamic covalent chemistry approach in one step as the triamines as caps and DPA aldehyde as pillars (Scheme 5-14). The reversible transformation of the cage using singlet oxygen as a stimulus is envisioned. Finally, the binding property of imine cage toward cations are also to be evaluated.

Scheme 5-14. Objectives for accessing a reversible cage by one pot dynamic covalent chemistry.

Experimental

In this section, the dynamic covalent imine bond formation is exploited to prepare a self-assembled [2+2] imine macrocycle (V1) and a [2 + 3] imine cage (V3) with chromophoric pillars synthesized by using amine caps (diethylenetriamine and tris(2-aminoethyl)amine (TREN)) and a DPA-based dialdehyde (V3-1) pillars in one step. Interestingly, variations of amine caps (V5-2 and V6-3) and methoxyl-substituted DPA based aldehyde (V7-2) were all failed to access the corresponding imine cages. The reversible photooxidation/thermal reduction processes of the cage (V3) in the presence of singlet oxygen was followed by UV-vis and emission spectroscopy. The endoperoxide cage was further characterized by 1 H NMR and mass spectrometry. In addition, the kinetics study and the fatigue cycles in 3-chlorotoluene were also examined.

Finally, the qualitative affinity for cations was followed by 1 H NMR and the titration experiments were monitored by fluorescence emission.

Results and discussion

Synthesis of imine macrocycle and cages

The Based on the successful synthesis of the macrocycles V1 and V2, a self-assembled [2 + 3] imine cage V3

was achieved in chloroform with high yield when switching the amine cap to 'TREN'. Generally, polar solvents, such as DMSO, CH3CN or MeOH were employed for the synthesis of imine cages that precipitate in situ and are collected by filtration. In our case, the use of polar solvents led to no reaction while the cage appears as a light yellow precipitate in chloroform at room temperature (Scheme 5-16). Cage V3 was isolated with a good yield of 74% after a reaction time of 72 h. Notably, the cage can be dissolved in refluxing chloroform but this simultaneously lead to a small decomposition based on 1 H NMR. Moreover, several attempts to reduce V3 into the corresponding amine cage failed using NaBH4, probably due to the poor contact between the reactants of different solubilities. 

Failed building-block variations towards a series of cages

In order to investigate the scope of the new DPA-imine cages, several combinations of triamines and aldehydes were also examined. Concerning triamines with a C3 symmetry, we synthesized tribenzylamine V5-2 with a similar length as TREN and a more flexible triamine V6-3 [START_REF] Xu | Synthesis of allenes via gold-catalyzed intermolecular reaction of propargylic alcohols and aromatic compounds[END_REF] (Figure 5-1) that could impact the size and flexibility of cages. Meanwhile, a 2,3,6,7-tetra-methoxyl-DPA bis-aldehyde V7-2 was fabricated to modify the solubility of cages and also to evaluate the steric hindrance impact on the formation of cages. To our disappointment, the formation of all desired cages failed using the same conditions as the ones for the obtention of imine cage V3 (Figure 5-3). Other conditions [START_REF] Talbot | Gold-Catalyzed Redox Synthesis of Imidazo[1,2-a]pyridines using Pyridine N-Oxide and Alkynes[END_REF] by varying solvent or adding additives or under heating condition led to no reaction or polymerization, a membrane-like material which is insoluble in any solvent was obtained. Compared to cage V3, the failure to access to cages V5 and V6 might be due to undetermined directionality of the triamines used. Substituents on anthracene influence the formation of a cage which also imply that imine cage V3 is a high-rigidity cage. 

Reversibility of imine cage V3

Reversible transformation of imine cage V3

Diphenylanthracene is well known for its ability to smoothly react with singlet oxygen ( 1 O2) and form stable 9,10-endoperoxides whose thermal cycloreversion is also highly efficient and affords the parent anthracene chromophore. These reactions are conducted under the conditions developped by our group and were monitored by TLC. Initially, the cyclooxidation process was conducted using the widely-employed photocatalytic approach by using methylene blue as photosensitizer in dichloromethane under near red light irradiation (656 nm) which can be completed in 30 min. The cycloreversion process was carried out in refluxing toluene solution for 12 h (Scheme 5-17).

Scheme 5-17. Reversible transformation of imine cage V3/ endoperoxide cage V4.

The reversible processes were also monitored by UV-vis and fluorescence emission spectroscopy (Figure 5- ). In addition, the thermal cycloreversion in CH2Cl2 under reflux condition was unsuccessful (no conversion of endoperoxide) (Table 5-1, entry 10) showing that dichloromethane is a solvent suitable for oxidation but not for cycloreversion. To our delight, the oxidation-cycloreversion cycle can be achieved in a mixed solvent (CH2Cl2 and toluene, 1:1) (Table 5-1, entry 11). However, a second cycle can not be properly achieved because of the uncontrolled evaporation of dichloromethane during cycloreversion. 3-Chlorotoluene as an alternative solvent for cages V3 and V4 in the presence of methylene blue. The [4+2] reaction between cage V3 and singlet oxygen was achieved with only small decomposition even over a long period (around 11 h) while the thermal cycloreversion was completed in 5 h with an acceptable degradation (Table 5-1, entry 12). Thus, 3-chlorotoluene appeared as the optimized solvent for reversibility even if the decomposition is higher than those obtained under the best conditions (Table 5-1, entry 3). For the moment, the observed solvent effects on the cycles are not fully understood.

Kinetic study

Under the optimized conditions and the subsequent general procedure using 3-chlorotoluene as a solvent, both the oxidation and cycloreversion processes were monitored by UV-vis spectroscopy according to the general procedure 27 using 3-chlorotoluene as the solvent and a dioxygen atmosphere during cycloreversion.

During the oxidation process, a decreased of absorption was observed at 350-420 nm in the region attributed to anthracene meanwhile this signal was recovered upon heating (Figure 567). The oxidation process was found to be completed after 11 h, a long period compared to the 30 min necessary to reach completion when dichloromethane was employed as a solvent. This phenomenon was attributed to the difference of solubility of MB in those solvents. For both oxidation and reduction processes, the decrease in absorbance can be fitted 27 General procedure for oxidation and reduction processes: An oven-dried Schlenk tube equipped with stirring bar was charged with imine cage 3 (7 mg, 5.2 μmol), the system was evacuated and flushed with oxygen for five times. Then a solution of methylene blue (0.03 mg, 0.1 μmol, 2 mol%) in dry dichloromethane (2 mL) was injected via a syringe. The mixture was stirred at room temperature under the 656 nm-irradiation for 30 min. The solvent was removed and dry toluene (2 mL) was added, the resulting solution was heated for 3 h. Each measurement was carried out by extracting 7.5 μL solution and diluted with dichloromethane (3 mL) (5.6 µM) in 10 mm cuvette. The kinetics were calculated based on the loss of absorption at 377 nm. to first-order relationship. The linear plots of ln([A]/[A]0) vs time were obtained according to the absorption value at 377 nm (Figure 5678). The extracted values for rate constants are listed in table 5-2. The oxidative and reductive rates were found to be 0.25 h -1 and 0.17 h -1 respectively. Such a low rate for the thermal cycloreversion could be due to the steric hindrance for the endoperoxide that may prevent a fast and controlled release of a dioxygen.

Table 5-2. Kinetics of oxidation and cycloreversion process in 3-chlorotoluene for cage V3 at 377 nm on a concentration of 20 µM.

Processes First order kinetics k1 (h -1 )

Oxidation process 0.25 (0-11 h) R 2 = 0.9888 Cycloreversion process -0.17 (1-5 h) R 2 = 0.9736

Fatigue cycles

The oxidation-cycloreversion cycles in 3-chlorotoluene were monitored along 5 cycles using the general procedure: the oxidation process was completed in 15-17 h and the cycloreversion was proceeded for 5 h.

The detailed absorptions were displayed in table 5-3. According to the monitoring by UV-Vis spectroscopy, the first cycle seems perfectly reversed as the approximate absorption was recovered after the thermal reduction. A weaker absorption than the initial one was found from the second cycle and the following ones with a decreasing trend. The fatigue cycles are shown in figure 56789. The absorption of the medium after 5 cycles is consistent with the aforementioned degradation percentage (Table 5-1). Oxi-n represents the n th oxidation process; REV-n represents the n th cycloreversion. The measurement procedure is the same as procedure for the kinetics measurement.

Figure 56789. Fatigue cycles for the imine cage V3/V4 conversion in 3-chlorotoluene in the presence of methylene blue as a photo-sensitizer. The photo-oxidation process lasts for 15-17 h and the cycloreversion process lasts for 3-5 h.

DOSY studies

To evaluate the difference between imine cage V3 and endoperoxide V4, the DOSY experiments were carried out at room temperature under several concentrations in the presence of an internal standard (hexamethylbenzene). The diffusion coefficient values of cage V4 (obtained after a (4+2) reaction with singlet oxygen) and cage V3 (obtained from the cycloreversion of previous cage V3) were listed in table 5-4. Subtle differences (D = 2.3-2.8×10 -10 m 2 /s) were observed under various concentrations. By taking into account the undefined compact shape of both cages, these similar values account for similar morphologies for cages V3 and V4 and more importantly, the DOSY experiments confirmed that the cage structure is intact after an oxidation-cycloreversion cycle All solutions of cages were prepared according to the general procedure [START_REF] Morita | Gold(III)-catalyzed synthesis of 2,3,4-trisubstituted dihydropyrans from propargylic alcohols with 1,3-dicarbonyl compounds[END_REF] showing identical 1 H NMR spectra to figure 5-5.

Cation binding properties

Subsequently, we examined the binding properties of the imine cage V3 toward various cations (2.0 equivalents) in CH2Cl2 to synthesize metal complexes. [START_REF] Minnihan | Gold(I)-Catalyzed Regioselective Cyclizations of Silyl Ketene Amides and Carbamates with Alkynes[END_REF] Initially, the use of high-valence rare earth metals such as neodynium, europium and terbium salts led to the full decomposition of the imine cage which might be ascribed to their known lewis acidity (Table 5-5, entry 1-3). Even when employing less acidic Zn(OTf)2

and Cu(OTf)2, similar results were observed (Table 5-5, entry 4-5). A treatment of V3 with Mg(OTf)2 led to the formation of magnesium cage complex which appears in the 1 H NMR spectrum with shifted signals compared to the parent cage (Figure 5-10). However, the metallated cage is accompanied with a significant amount of DPA-bisaldehyde, resulting from a partial decomposition (37 %) of the cage based on the 1 H NMR (Table 5-5, entry 6). No coordination was seen for smaller cations such as potassium and sodium as no change in chemical shift occurred. This assertion was further confirmed by mass spectrometry (Table 5-5, entry 7-8). Interestingly, copper(I) was shown to be effective to coordinate the cage using Cu(MeCN)4BF4. The metallic complex was identified by mass spectrometry. [START_REF] Marien | Synthesis of 2-Spiropseudoindoxyls via an Intramolecular Nitroalkyne Redox-Dipolar Cycloaddition Cascade[END_REF] Even slightly broad, the 1 H NMR spectrum of the complex (Figure 5-11), presented in the disappearance of cage V3 signals and the appearance of new complex signals, which could account for the different architectures (Table 5-5, entry 9). An identical NMR signature was obtained when using two equivalent Cu(MeCN)4PF6 (Table 5-5, entry 10). [START_REF] Morita | Gold(III)-catalyzed synthesis of 2,3,4-trisubstituted dihydropyrans from propargylic alcohols with 1,3-dicarbonyl compounds[END_REF] In a dried Schlenk tube was charged with Imine cage (7.6 mg, 5.6 μmol) was added a solution of methylene blue (0.09 mg, 0.28 μmol, 5 mol%) in dry dichloromethane (2 mL) under oxygen atmosphere at room temperature. The mixture was irradiated under red light (656 nm) for 30 min. The resulting solution was transferred to a 5 mL vial and dried to afford a yellow solid.

Then the solid was dissolved in toluene-d8, the suspension was pass through a pipette equipped with cotton and control the volume of toluene-d8 to be 0.6 mL. Hexamethylbenzene (0.617 mg/0.778 mg, 4.8 μmol) was added as an internal standard reagent to calculate the mass of oxidized imine cage V4. According to this procedure, several concentrations (2.8 mM/4.8 mM/2.75 mM/ 1.76 mM) of oxidized imine cage V4 were prepared. After monitoring the DOSY, the cage V4 was thermally reduced in NMR tube under 105°C in oil bath for 2.5 h. The 1 H NMR was tested again in order to confirm the thermal reduction has been finished and to see if there is any variation of the concentration before measure the DOSY of thermal reduced imine cage V3. [START_REF] Minnihan | Gold(I)-Catalyzed Regioselective Cyclizations of Silyl Ketene Amides and Carbamates with Alkynes[END_REF] The mixture of imine cage V3 and two equivalent of metal source was stirred at room temperature for 8 h. The solution was concentrated to ca. 0.5 mL, diethylether (2.0 mL) was added to afford a precipitation. [START_REF] Marien | Synthesis of 2-Spiropseudoindoxyls via an Intramolecular Nitroalkyne Redox-Dipolar Cycloaddition Cascade[END_REF] The mass of [M+2Cu] 2+ was found 734.2483, theoretical mass for [M+2Cu] 2+ : 734.2465. The anion effect was also investigated by using a lipophilic anion tetrakis[3,5bis(trifluoromethyl)phenyl]borate (BArF) which promotes the solubility of an inorganic salt in organic solvents. Thus, NaBArF and CsBArF were examined as guests for the imine cage. The imine cage can bind two equivalents of sodium in few minutes which is accompanied by an explicit proton shift on the 1 H NMR spectrum. The protons on the imine and benzene groups were shifted low-field and the protons on the anthracene ring moved to high field. The aliphatic protons showed a little difference (Figure 5-13). Besides, by adding only one equivalent of NaBArF to the cage solution, the equilibrium was reached in 2 h (Figure 5- 14). Two sets of signals appear in a (50:50) ratio of integration: one set is identical to the cage signals meanwhile the second set is shifted in a similar manner as previous observed in figure 5-13, when using a (1:2) ratio of (cage:cation). To this point, the identification of the species is not obvious as two situations are possible: (i) the unique formation of a (1:1) (cage:cation) complex or the formation of a more favored (1:2) (cage:cation) complex in the presence of the same amount of cage (50%) . Indeed, as the cage is a ditopic receptor, a (1:1) (cage:cation) complex would lead to two different environments for similar protons then resulting in two sets of signals. The mixture of cage and its (1:2) complex also would present two groups of signals. However, the chemical structure of V3 is highly constrained. If a metal is coordinated in one site, its close proximity to the second site should also impact on all proton signals. Further analysis (mass spectrometry, elemental analysis) should be conducted to understand the behaviour of cage V3 during coordination. However, we were interested in the formation of (1:2) complex. As expected, no variation of Subsequently, a much larger cation, CsBArF (2 equivalents), was tested for the coordination to V3. The 1 H NMR spectrum of the mixture showed again two sets of signals: one similar to the parent cage and a shifted one which could be attributed to coordinated complex. Further investigation is planned to identify the species in solution

Titration monitored using fluorescence emission

As the imine cage exhibited binding properties toward cations (Na + , Cu + , Mg 2+ ), titration experiments monitored by fluorescence emission were conducted according to the general procedure [START_REF] Li | Gold-Catalyzed Regioselective Synthesis of 2-and 3-Alkynyl Furans[END_REF] to better quantify the phenomena. A significant decrease of the fluorescence intensity was observed when one equivalent of NaBArF was added, while another one equivalent of NaBArF led to a small red shift of the emission (20 nm).

No more variation on spectra was observed by adding 2.5 to 5 equivalents of NaBArF. This qualitative titration suggested the formation of a (1:2) host-guest (Figure 5 

Conclusion and perspectives

A self-assembled fluorescent imine cage V3 was synthesized via dynamic chemistry in one single step using TREN as a cap and DPA-based bis-aldehyde as pillars. The use of other triamine caps and substituted DPA pillars failed to access to the corresponding self-assembled cages but led to polymerization which might be attributed to several factors (solubility, steric hindrance, pre-organisation). The switchability of the imine cage was examined in the presence of singlet oxygen and this (4+2) reaction was monitored by UV-vis and fluorescence emission spectroscopies and 1 H NMR and mass spectrometry. 3-Chlorotoluene was the optimized solvent for oxidation-cycloreversion cycles of cage V3. The kinetics studies in 3-chlorotoluene showed a different rate constant for both steps: 0.25 h -1 for oxidation vs 0.17 h -1 for cycloreversion. The DOSY NMR analysis of species along one cycle, i.e. endoperoxide cage V4 and the parent imine cage V3, indicated that both possess a similar globular structures. Finally, the coordination of various cations monitored by 1 H NMR and fluorescence emission showed high affinity towards sodium and cooper.

Additionally, a fluorescent imine macrocycle with 9,10-diphenylanthracene (DPA) pillars can be readily obtained by using diethylenetriamine and DPA-based aldehyde (1:1) which can be further reduced to a macrocyclic amine.

In perspective, triamines with hindered substituents can be used to favor the preorganization of the reactive groups and thus allow the obtention of new cages. Meanwhile, efforts should also be put to transform the imine cage to a chemically robust amine or amide cage [START_REF] Bhat | Transformation of a [4+6] Salicylbisimine Cage to Chemically Robust Amide Cages[END_REF] and avoid decomposition due to the reversibility of the imine bond. Moreover, the reduced amine cage can be further transformed to water-soluble ammonium cage and explore the properties in aqueous medium. Finally, chiral amines as caps can be introduced to form cages or macrocycles that might lead to easy access to chiroptical properties. [START_REF] Zgorzelak | Solvent-assisted synthesis of a shape-persistent chiral polyaza gigantocycle characterized by a very large internal cavity and extraordinarily high amplitude of the ECD exciton couplet[END_REF] 6 General conclusions his thesis describes two research axes: one is the use of ligand design to prepare functional gold and silver complexes for catalysis, and the other concerns the development of 9,10-diphenylanthracene (DPA) based supramolecules which are chiral sulfoxides for tunable chiroptical properties and a reversible imine cage sensitive to singlet oxygen stimulus.

-Dialkylthioether ligands were conceived to form gold(III) chloride complexes with a well-defined stoichiometry. Stable for months, the latter complexes are readily obtained by a simple liquid-liquid extraction between ligands and inorganic salts. Independently of the ligand nature (anthracene, phenyl, alkyl), all gold(III) chloride complexes are rapidly photoreduced to the corresponding gold(I) chloride complexes using a 365-nm irradiation or visible light. The rate of this photoreduction was more rapid (30 min) than the thermal reduction at 80°C (12h). Moreover, we found no acceleration or reduction of the photoreduction kinetics ascribable to the presence of the diphenylanthracene chromophore since a possible antennae effect resulting from efficient intramolecular energy transfer between the DPA and the gold atoms. In the case of the dialkyl thioether gold complexes, the reductive elimination might be triggered by a direct excitation of the gold center and/or a ligand to metal charge transfer (LMCT) state. Based on the trapping experiments, several pathways for reductive elimination were proposed, notably the possible occurrence of a chloronium intermediate. All gold(III) chloride and in situ generated gold(I) chloride complexes showed excellent efficiency for single and sequential double cyclization reactions involving alkynes. This result demonstrates for the first time that photoreduced gold species are high efficient Lewis acid catalysts.

-Functionalized phosphine ligands were also elaborated and the corresponding gold(I) chloride complexes smoothly grafted onto silica nano-objects through a peptide coupling. A transfer of chirality from the chiral silica helices to the surface-bound gold complexes was confirmed using circular dichroism spectroscopy. In the presence of a silver salt, the inorganic silica nano-objects supported gold complexes exhibited a high efficiency in several alkyne-related cyclizations. The heterogeneous catalysts could be recycled up to an average 7 cycles without any loss of efficiency in the dearomative spirocyclization reaction of aryl alkynoate esters. Noteworthy, the recycled silica material appeared to gradually be transformed over time and cycles, from pure supported cationic gold(I) catalysts into a complex catalytic system possibly involving silver nanoparticles.

-Four DPA-based thioether ligands with stable syn-and anti-atropisomerism were designed and synthesized. They readily formed complexes with various silver salts whose geometry can be tuned by the nature of anion or by extending the length of the coordination chain. The silver complexes adopted various geometries such as macrocyclic M2L2, metallocage M6L4, discrete M2L, polymeric M2L and cyclic ML T which were identified by XRD analysis. Their activity in homogeneous catalysis was confirmed in two tandem addition/cycloisomerization of alkynes using 0.5-1 mol% of catalytic loading with efficiencies are similar to those of inorganic silver catalysts employed in higher loadings (2.5-5 mol%).

-DPA-based sulfoxides were synthesized by oxidation of the corresponding thioethers. The chiral sulfoxides were obtained by a chiral HPLC separation and their absolute configuration was determined by the comparison of calculated and experimental electronic circular dichroism (ECD) spectra. The oxidation of DPA-based sulfoxide by using singlet oxygen led to a major unusual diendoperoxide product DPAO4 (1,4and 9,10-position), possibly induced by the electronic or steric effects at the ortho-position, The thermal cycloreversion of this new stable diendoperoxide partially led to the parent DPA. A photochemical cycloreversion could be an alternative strategy. The evaluation of chiroptical properties of enantiopure DPAsulfoxides is in progress.

-A self-assembled fluorescent [2+3] imine cage was synthesized via dynamic covalent chemistry using TREN as caps and DPA-based aldehyde as pillars. Notably, the structural variation for triamine caps and substituted DPA pillars failed to access to self-assembled cages but led to polymerization instead. The reversible reactivity of the imine cage towards singlet oxygen was followed by NMR spectrometry, UV-Vis and fluorescence spectroscopy. 3-Chlorotoluene was the best solvent allowing reversible cycles. The binding properties toward several cations were examined by 1 H NMR and fluorescence emission titration which showed a high affinity for cages towards sodium and coopper. Besides, using the same dynamic chemistry approach, a fluorescent imine macrocycle with 9,10-diphenylanthracene (DPA) pillars can be readily obtained by the [2+2] self-assembly of diethylenetriamine and DPA-based aldehyde. The imine macrocycle was further reduced to macrocyclic amine.

General information

All commercial reagents were used as received without further purification unless otherwise stated. All reactions were carried out using conventional Schlenk techniques under a static pressure of argon or nitrogen with dry solvents unless otherwise noted. Solvents (dichloromethane, THF) were dried over activated alumina columns on MBraun Solvent Purification System (SPS-800), dry toluene was freshly distilled over sodium. Flash column chromatography was performed using 40-63 μm (230-400 mesh) silica gel. Analytic thin layer chromatography was performed using silica gel 60 F254 pre-coated plates (Merk) with visualization by ultraviolet light (6 W). Organic solutions were concentrated under reduced pressure using a Buchi rotary evaporator.

All new compounds were characterized by NMR spectroscopy, high-resolution mass spectrometry, optical rotation (if applicable), and melting point analysis (if solids). 1 H, [START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] C, and [START_REF] Kwolek | The kinetic study of photoreduction of tetrachloroaurate acid by methanol in acidic media[END_REF] F NMR spectra were recorded in (deuterated solvents) on a Bruker 300 MHz spectrometers using the residual solvent as internal reference at a constant temperature of 298 K. Chemical shifts for 1 H NMR are reported relative to TMS as follows: was added ethylene glycol (6.4 mL, 48 mmol) under nitrogen atmosphere. The mixture was stirred at 0 °C for 1 h. Then, 4-bromobenzyl bromide was added to the mixture. The whole mixture was stirred at 0 °C for 1 h and allowed to warm up to ambient temperature stirred overnight. The mixture was cooled to 0 °C and saturated ammonium chloride (50 mL) was added, the residue was extracted by ethyl acetate for 3 times (200 mL×3), the organic layer was dried over magnesium sulfate, then concentrated and purified by flash silica gel column chromatography (eluent: petrol ether/ethyl acetate = 10:3) to afford product (7.5 g, 60 % yield) as a clear oil. was added and the mixture was extracted with dichloromethane 3 times (50 mL×3), the organic layer was dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate = 1:2) to afford product (670 mg, 78 % yield) as a pale yellow solid. 3 times and 1,4-dioxane (5 mL) was subsequently added, the resulting mixture was stirred at 110 °C for 24 h. After cooling to room temperature, dichloromethane (15 mL) was added and the mixture was filtered through a pad of celite. The mixture was concentrated and purified by silica gel column chromatography.

(eluent: petrol ether/ethyl acetate = 1:1) to afford product II2-1 (325 mg, 89 % yield) as a yellow oil. 

2-(2-(2-((4-(10-Phenylanthracen-9-yl)benzyl)oxy)ethoxy)ethoxy)ethan-1-ol (II2-2):

A flame-dried schlenk tube was charged with bromide compound (187 mg, 0.56 mmol), boron compound II2-1 (316 mg, 0.84 mmol), tetrakis(triphenylphosphine) palladium (33 mg, 5 mol%) and potassium acetate (386 mg, 2.8 mmol). The mixture was degassed and flushed with nitrogen for 3 times and then a mixed solvent of toluene/water (5 mL) was added, the resulting mixture was stirred at 110 °C for 24 h. After cooling to room temperature, the mixture was filtered through a pad of celite and washed with dichloromethane. The filtrate was concentrated and then purified by silica gel column chromatography (eluent: cyclohexane/ethyl acetate = 4:1)

to afford product II2-2 (190 mg, 69 % yield). in THF (3 mL) was added 1-dodecanethiol (0.13 mL, 0.53 mmol) at 0 °C under nitrogen atmosphere. After 1 h, a solution of II2-3 (100 mg, 0.17 mmol) was added. The mixture was stirred at ambient temperature overnight. Water (5.0 mL) was added, the mixture was extracted with ethyl acetate for 3 times (10 mL×3). The combined organic layers were dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate = 5:1) to afford ligand II2 (88 mg, 74 % yield) as a white solid. added into this solution under nitrogen atmosphere. The mixture was stirred at 0︒C for 30 min then was allowed warm up to room temperature stirred for 5 h. Water (30 mL) was added and the resulting mixture was extracted with dichloromethane (100 mL×3). The combined organic layer was dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography (eluent: ethyl acetate) to afford compound II3-2 (6.0 g, 78 % yield). The whole mixture was allowed to warm up to room temperature stirred for 5 h. The reaction was quenched by saturated ammonium chloride (10 mL), the remaining system was extracted with dichloromethane (50 mL×3). The organic layer was dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography (eluent: ethyl acetate) to get Ligand II3 (435 mg, 79 %) as white solid. were added. The system turned to dark and the mixture was heated under reflux condition overnight. After cooling to room temperature, the solvent was removed and purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate = 10:1) to afford product II18-3 (51 mg, 77 % yield) as a yellow solid. atmosphere at 0 °C. The mixture was kept stirring at 0 °C for 1 h, then iodomethane (0.2 mL, 2.7 mmol) was added and the mixture was allowed to warm up to ambient temperature overnight. Water (5 mL) was added and extracted with dichloromethane for 3 times (10 mL×3).

HRMS (FD

N-(2-(phenylethynyl)phenyl)-N-(prop-2-yn-1-yl)-1H-indole

HRMS (ESI+

The combined organic phases were dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate = 10:1) to afford product II18 (90 mg, 87 % yield) as a white fluffy solid. anhydrous THF (4 mL) was added II18-3 (45 mg, 0.12 mmol) under argon atmosphere at 0 °C. The mixture was kept stirring at 0 °C for 1 h, then benzyl bromide (0.02 mL, 0.18 mmol) was added and the mixture was allowed to warm up to ambient temperature overnight. Water (5 mL) was added and extracted with dichloromethane for 3 times (10 mL×3).

HRMS (ESI+

The combined organic phases were dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate = 10:1) to afford product II17 (48 mg, 86 % yield) as a white solid. (eluent: petrol ether/ethyl acetate = 20:1) 

Phosphine ligands for gold complexes p-(Diphenylphosphino)benzoic acid (III1):

A oven-dried schlenk tube was charged with 4-iodobenzoic acid (500 mg, 2.0 mmol) and palladium acetate (4.5 mg, 0.02 mmol). The mixture was degassed and refilled with argon three times, then dry acetonitrile (3 mL) was added. After the successive addition of triethylamine (0.56 mL, 4.0 mmol) and diphenylphosphine (0.52 mL, 3.0 mmol), the reaction mixture was stirred at reflux for 24 h. After full conversion ( 31 P NMR monitoring), the solvent was removed under reduced pressure and the crude residue was dissolved in an aqueous solution of KOH (3 mL, 1M). The solution was extracted with diethyl ether (3×20 mL). The aqueous phase was acidified with 6 N hydrochloric acid until the pH reaches 2-3. A brown solid appeared and was dissolved in the presence of dichloromethane (30 mL). The aqueous solution was extracted with dichloromethane (3×30 mL). The combined organic phases were dried over anhydrous magnesium sulfate, filtered and concentrated to afford compound III1 (578 mg, 94% yield) as a brown solid. allowed to stirred at room temperature overnight. After the addition of a saturated aqueous solution of ammonium chloride (3 mL) and water (20 mL), the mixture was extracted with diethyl ether (3×30 mL). The combined organic phases were dried over magnesium sulfate and concentrated. The crude residue was purified by column chromatography on silica gel (eluent: petrol ether/ ethyl acetate, 1:1) to afford III2-1 (500 mg, 69 % yield) as a white solid. The mixture was stirred under reflux overnight. After cooling to room temperature, an 18 % aqueous solution of HCl was added to acidify the solution (until pH = 2-3). A brown precipitate was formed and filtered. After washing with water (4×20 mL), the solid was dried to give 6-(4-iodophenoxy)hexanoic acid (660 mg, 44 % yield) as a solid. The mixture was degassed and refilled with argon for three times. After the addition of dry 1,4-dioxane (5 mL), the mixture was stirred at 110°C for 8 h. After cooling to room temperature, the dark solution was concentrated and dried. The crude boronic ester is used for the next step without any purification.

( IV6): An oven-dried Schlenk tube was charged with (4-bromobenzyl)(2-(2methoxyethoxy)ethyl)sulfane (60 mg, 0.2 mmol), 9,10-anthracene bis(pinacolato)diborane (39 mg, 0.09 mmol), palladium catalyst (10 mg, 10 mol%) and potassium carbonate(38 mg, 0.27 mmol). The mixture was degassed and flushed with nitrogen for 3 times, then a mixed solution of toluene/EtOH/water = 4:1:1 (3.0 mL) was added via a syringe, The reaction was sealed and heated to 110 °C stirred for 48 h. After cooling to room temperature, dichloromethane (5 mL) was added and the mixture was filtered through a pad of celite, the organic layer was dried over magnesium sulfate and concentrated, then purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate = 1:1) to afford product as a pale yellow solid IV6 (20 mg, 36 % yield). (m, 4H), 3.95 (s, 4H), 3.74 (t, J = 6.9 Hz, 4H), 3.67 (ddd, J = 3.8, 3.2, 1.2 Hz, 4H), 3.59 (ddd, J = 5.0, 3.3, 1.2 Hz, 4H), 3.41 (s, 6H), 2.82 (t, J = 6.9 Hz, 4H). 

Oxidation of thioethers to sulfoxides

General procedure for the oxidation of IV1-5 to sulfoxides IV7-11: to a suspension of thioether in glacial acetic acid was added hydrogen peroxide (35 % aqueous solution, 1.5 equiv for IV1 and IV3, 2.5 equiv for IV2, IV4 and IV5). The resulting mixture was stirred at room temperature for 12 h under argon atmosphere.

After the completion of the reaction (TLC monitoring), the solution was concentrated and the crude product was purified by column chromatography on silica gel to allow the isolation of sulfoxides IV7-11.

9-(2-(Methylsulfinyl)phenyl)-10-phenylanthracene (IV7):

According to the general procedure, using thioether R1 (205 mg, 0.55 mmol), hydrogen peroxide (79 mg, 0.82 mmol) and glacial acetic acid (3 mL), the crude product was purified by silica gel column chromatography (eluent: petrol ether/ethyl acetate = 1:1) to afford product IV7 (187 palladium (43 mg, 0.037 mmol) and potassium carbonate (306 mg, 2.22 mmol). The mixture was evacuated and backfilled with argon for three times. Then, solvent Toluene/EtOH/H2O (4 mL/1 mL/ 1 mL) was injected. The clear solution was stirred at 110°C for 24 h. At which point the system turned cloudy and a light yellow precipitation appeared. The solid was filtered and dried to afford the product (253 mg, 91 % yield) as a light yellow solid. The yellow crystals were obtained suitable for X-ray diffraction by solvent diffusion (hexane vapor into dichloromethane solution of V3-1). The solid was dried to afford the product (360 mg, 89 % yield). Notes: No carbon NMR was obtained due the poor solubility of the compound in common deuterated solvents.

m.p.: > 350°C

1 H NMR (CDCl3, 300 MHz) δ 8.59 (s, 4H), 7.95 (d, J = 7.9 Hz, 8H), 7.44 (dd, J = 6.8, 3.2 Hz, 8H), 7.35 (d, J = 7.9 Hz, 8H), 6.94 (dd, J = 6.9, 3.1 Hz, 8H), 3.98 (s, 8H), 3.49 (s, 2H), 3.16 (s, 8H). 

HRMS (ESI

Endoperoxide (oxidized imine cage V4):

An oven-dried Schlenk tube equipped with stirring bar was charged with imine cage V3 (7 mg, 5.2 μmol), the system was evacuated and flushed with oxygen for five times. Then, a solution of methylene blue (0.03 mg, 0.1 μmol, 2 mol%) in dichloromethane (1 mL) was injected via a syringe. The mixture was stirred at room temperature under 656 nm-irradiation for 20 min in the oxygen atmosphere. Then the solution was passed through a pipette with cotton. The solution was concentrated to afford the oxidized imine cage in 90% yield (NMR yield). (Notes: methylene blue (2~3 mol%) is optimal loading for the oxidation process, if the loading is larger (for example: 10~30 mol%), decomposition product was observed. (Due to the solubility of oxidized cage, larger scale oxidized cage is not well-dissolved in CD2Cl2, thus [START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] C NMR is not obtained.) 

Other triamines and OMe-substituted DPA-based aldehyde 1,3,5-Tris(azidomethyl)benzene (V5-1):

To a solution of 1,3,5-tris(bromomethyl)benzene (354 mg, 1.0 mmol) in DMF (10 mL) was added sodium azide (325 mg, 5.0 mmol) in three portions under argon atmosphere. Upon the completion of addition, the mixture was stirred at room temperature for 24 h. The mixture was diluted with dichloromethane (50 mL) and the organic system was washed with water for five times (30 mL5). The organic layer was dried over magnesium sulfate, concentrated and dried to afford the pure product (200 mg, 82 % yield) as a white solid. the mixture was stirred at room temperature for 24 h. The mixture was filtered through a pad of celite, and the organic phase was comcentrated to afford the product (75 mg, 56 % yield) as a white solid. and potassium carbonate (1.45 g, 10.5 mmol). The system was evacuated and backfilled with argon for three times. DMF (20 mL) was added and the mixture was stirred at 50°C for 18 h. After cooling back to room temperature, water (50 mL) was added and the mixture was extracted by dicloromethane (40 mL2). The combined organic phase was washed with water (50 mL1). Then the organic phase was concentrated and purified by column chromatography (silica gel, eluent: petrol ether/ethyl acetate = 5:1) to furnish the product V6-2 (767 mg, 72 % yield) as a white solid. (2 mL) was added a solution of hydrochloric acid (2 M in Et2O, 1.0 mL, 2.0 mmol) under argon atmosphere at room temperature. The mixture was stirred at rt for 6 h, then solvent was removed and the residue was washed with dichloromethane (2 mL3). The solid was dried to afford the pure hydrochloric salt product V6-3 (35 mg, 97 % yield) as a white solid.

1 H NMR (300 MHz, D2O) δ 6.37 (s, 3H), 4.36-4.24 (t, J = 4.9 Hz, 6H), 3.51-3.40 (t, J = 4.9 Hz, 6H). bar was charged with 9,10-dibromoanthracene (500 mg, 1.5 mmol), 2-bromophenylboronic acid (747 mg, 3.7 mmol), tetrakis(triphenylphosphine) palladium (86 mg, 0.075 mmol) and potassium carbonate (925 mg, 7.5 mmol). The system was degassed and backfilled with argon for three times, then a mixed solvent dioxane/H2O (2 mL/0.5 mL/1 mL) was injected via a syringe. The clear solution was stirred at 110°C for 24 h. After cooling room temperature, a white precipitation was appeared, the solid was filtered, washed with water and in vaccum to afford product (145 mg, 20 % yield). in anhydrous THF (3.0 mL) was added PMHS (0.1 mL, 0.4 mmol) and tetraisopropanolate titanium (0.13 mL, 0.4 mmol) at ambient temperature under argon atmosphere. The mixture was heated to 80 °C overnight. The reaction was followed by [START_REF] Li | Gold-Catalyzed Regioselective Synthesis of 2-and 3-Alkynyl Furans[END_REF] P NMR. After the completion of the reaction, the mixture was cooled to room temperature, 30 % aqueous NaOH (3 mL) was added. The mixture was further stirred at 60 °C for 1 h. After cooling to room temperature, the mixture was extracted with a solution of petrol ether/ ethyl acetate = 1/1 for 3 times (5 mL3) and purified by passing through a neutral alumina plug to afford product IV16 (63 mg, 93 % yield) as a light yellow oil. extracted with ethyl acetate for 3 times (5 mL×3). The organic layer was dried over magnesium sulfate, then concentrated and the residue was purified by silica gel column chromatography (eluent: dichloromethane/ methanol = 30:1) to afford oxidized product (32 mg, 43 % yield) as a clear oil. The mixture was heated to 80 °C overnight. The reaction was detected by [START_REF] Li | Gold-Catalyzed Regioselective Synthesis of 2-and 3-Alkynyl Furans[END_REF] P NMR. After the completion of the reaction, the mixture was cooled to room temperature, 30 % aqueous NaOH (3 mL) was added. The mixture was further stirred at 60 °C for 1 h. After cooling to room temperature, the mixture was extracted with a solution of petrol ether/ ethyl acetate = 1:1 for 3 times (5 mL3) and purified by passing through a neutral alumina plug to afford product (71 mg, 96 % yield) as a clear oil. 

Phosphine sulfides Benzo[d][1,3]dioxol-5-yldiphenylphosphine sulfide (IV19-1):

To a solution of 4-bromo-1,2(methylenedioxy)benzene (0.3 mL, 2.5 mmol) in THF (4 mL) was added n-butyllithium (1.2 mL, 3.0 mmol) under argon atmosphere at -70°C. The mixture was stirred for 1 h then chlorodiphenylphosphine (0.67 mL, 3.75 mmol) was added. The mixture stirred at -70°C for another 1 h and allowed to stirred at rt overnight. Saturated NH4Cl (2 mL) was added, after 5 min, sulfur powder (500 mg) was added and the mixture was stirred at rt for 8 h. The mixture was extracted with dichloromethane for 3 times (5 mL×3). The organic layer was dried over magnesium sulfate, then concentrated and the residue was purified by silica gel column chromatography (eluent: petrol ether/ethyl acetate = 30:1) to afford oxidized product (680 mg, 81 % yield) as a white solid. was added lithium diisopropylamide (0.3 mL, 0.6 mmol) at -78°C under argon atmosphere.

The mixture was stirred for 30 min, then iodine (87 mg, 0.35 mmol) was added and the mixture was stirred at rt for 8 h. The product was used without purification. (2.5 mL) was added tert-butyllithium (1.9 M, 0.12 mL, 0.24 mmol) at -78 °C under nitrogen atmosphere. The mixture was kept stirring at -78 °C for 1 h and it turned to a yellow solution. Then, chlorodiphenylphosphine (54 μL, 0.3 mmol) was added at the same temperature and the mixture was stirred for another 1 h. Then the mixture was allowed to warm up to room temperature stirred overnight. Saturated NH4Cl (3 mL) was added and excess sulfur (15 mg) was added afterwards. After stirring for 5 h at room temperature, water (10 mL) was added and the mixture was extracted with ethyl acetate for 3 times (5 mL3). The organic layer was dried over magnesium sulfate, then concentrated and the residue was purified by silica gel column chromatography (eluent: dichloromethane/ methanol = 50:1) to afford product IV31 (6 mg, 13 % yield) as a yellow solid. was allowed to warm up to room temperature stirred overnight. Saturated NH4Cl (4 mL) was added and excess sulfur (96 mg) was then added. After stirring for 5 h at room temperature, water (30 mL) was added and the mixture was extracted with ethyl acetate for 3 times (20 mL×3). The organic layer was dried over magnesium sulfate, then concentrated and the residue was purified by silica gel column chromatography (eluent: dichloromethane/methanol = 50:1) to afford product IV33 (315 mg, 75 % yield) as a yellow solid. 

Synthesis of Pd(PPh3)2O2 44

A 100 mL Schlenk flask was charged with a suspension of Pd(PPh3)4 (300 mg, 0.26 mmol) in Et2O (45 mL). Bubbling of dry O2 into the solution for 10 min resulted in the precipitation of the product as a pale green solid, which was collected, washed with Et2O (3  5 mL), and dried under vacuum (154.5 mg, 95% yield).

To a solution of tetramethylammounium chloride (16.8 mg, 0.154 mmol) in water/ethanol (1:1, 10 mL) was added a solution of NaBArF (150 mg, 0.169 mmol) in water/ethanol (1:1, 15 mL) under air. The mixture was stirred for 5 h. The resulting solid was filtered and washed with water (5 mL). The solid was collected and dried under reduced pressure to afford product (120 mg, 83 % yield) as a white solid.

General procedure for the preparation of metal complexes 7.4.1 Preparation of thioether gold(III) complexes

An oven-dried centrifugation tube (50 mL) was charged with a solution of NaAuCl4•2H2O (5.0 equiv for II1 and II3 ligands; 3.0 equiv for II2 and II4 ligands) in MilliQ water (10 mL), and a solution of ligand (1.0 equiv) in toluene (12 mL). The samples were fixed on the orbital shaker and shaken at 3000 rpm in the dark for 1 to 2 hours. The two phases were separated by centrifugal force at 3000 rpm for 15 min, the organic phase was carefully collected with a pipette or a syringe, then the solvent was evaporated under reduced 

Preparation of silver complexes

To a solution of thioether ligands (1.0 equiv) in dichloromethane (1.0 mL) was added the silver salt (1.0 equiv) under an argon atmosphere. The mixture was stirred at room temperature for 4 h. Then, the solution was concentrated to ca. 0.3 mL and diethyl ether (2 mL) was added to afford a white precipitate. The solid was filtered, washed by diethyl ether and dried under reduced pressure to afford the desired complex.

According to the general Notes: The filtrate was also collected and put for NMR. The NMR of both solids are almost identical and the complex can be dissolved in Et2O, and the 1 H NMR shows a large difference from ligand and the [START_REF] Kwolek | The kinetic study of photoreduction of tetrachloroaurate acid by methanol in acidic media[END_REF] F NMR shows a peak at -78.01 ppm.

The white crystals were grown by solvent diffusion: hexane vapor into a solution of silver complex in dichloromethane. 

Silver complexes with undetermined structures

To a solution of IV4 (12 mg, 20 µmol) in dichloromethane (1 mL) was added silver hexafluorophosphate (5.1 mg, 20 µmol) at ambient temperature under argon atmosphere. The mixture was stirred at room temperature for 4 h and the system become a turbid solution. Then, the mixture was concentrated to ca. 0.3 mL, and diethyl ether (1.0 mL) was added to afford a white precipitate. The precipitate was filtered and dried to afford silver complex IV27 (15.4 mg, 90 % yield) as a white solid. To a solution of IV5 (6 mg, 10 µmol) in dichloromethane (1 mL) was added silver hexafluorophosphate (2.5 mg, 10 µmol) at ambient temperature under argon atmosphere. The mixture was stirred at room temperature for 5 h and the system become a turbid solution. Then the mixture was concentrated to ca. 0.2 mL, diethyl ether (1.0 mL) was added to afford a small amount precipitate. However, the complex also dissolved in diethyl ether. The silver complex was combined and dried to afford product IV28 (6.2 mg, 74 % yield) as an oil-like solid. 19 F NMR (282 MHz, CDCl3) δ -77.9.

To a solution of IV6 (5.5 mg, 8.7 µmol) in dichloromethane (1 mL) was added silver hexafluorophosphate (2.2 mg, 8.7 µmol) at ambient temperature under argon atmosphere. The mixture was stirred at room temperature for 3 h and the system becomes a turbid solution. Then the mixture was concentrated to ca. 0.2 mL, and diethyl ether (1.0 mL) was added to afford a white precipitate. The precipitate was filtered and dried to afford silver complex IV29 (5.9 mg, 77 % yield) as an aicy solid. To a solution of IV6 (5.5 mg, 8.7 µmol) in dichloromethane (1 mL) was added silver trifluoromethanesulfonate (2.3 mg, 8.7 µmol) at ambient temperature under argon atmosphere. The mixture was stirred at room temperature for 3 h and the system become a turbid solution. Then, the mixture was concentrated to ca. 0.2 mL, and diethyl ether (1.0 mL) was added to afford a white precipitation. The precipitate was filtered and dried to afford silver complex IV30 (6.5 mg, 83 % yield) as an aicy solid. Table S2. Crystal data and structure refinement for compound III2.
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 13 Figure1-3. Classification of the three bonding modes in metal complexes.[START_REF] Green | A new approach to the formal classification of covalent compounds of the elements[END_REF] 
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 16 Figure 1-6. Novel gold(I) complexes with an exceptional stability (Top) or special coordination mode(Bottom).[START_REF] Raducan | A multipurpose gold(I) precatalyst[END_REF][START_REF] Joost | Facile Oxidative Addition of Aryl Iodides to Gold(I) by Ligand Design: Bending Turns on Reactivity[END_REF][START_REF] Duan | Triazole-Au(I) Complexes: A New Class of Catalysts with Improved Thermal Stability and Reactivity for Intermolecular Alkyne Hydroamination[END_REF][START_REF] Bontemps | On the Versatile and Unusual Coordination Behavior of Ambiphilic Ligands o-R2P(Ph)BR'2[END_REF][START_REF] Sircoglou | Transition-Metal Complexes Featuring Z-Type Ligands: Agreement or Discrepancy between Geometry and dn Configuration?[END_REF][START_REF] Inagaki | Air-Stable Cationic Gold(I) Catalyst Featuring a Z-Type Ligand: Promoting Enyne Cyclizations[END_REF][START_REF] Yang | Activation of a Hydroamination Gold Catalyst by Oxidation of a Redox-Noninnocent Chlorostibine Z-Ligand[END_REF][START_REF] Inagaki | Substituent effects in the cyclization of ynediols catalyzed by gold complexes featuring L2/Z-type diphosphinoborane ligands[END_REF][START_REF] Murakami | Recent topics of gold catalyst featuring Z-type ligands[END_REF][START_REF] Wilkins | Stabilized Carbenium Ions as Latent, Z-type Ligands[END_REF] 
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 1012 acyloxy migration of propargylic carboxylates, cycloisomerization of 1,6-enyne, decomposition of diazo compounds, oxidation of alkyne with pyridine N-oxides and acetylenic Schmidt reaction.
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 19 Figure 1-9. Unsaturated C-C bonds transformations in homogeneous gold catalysis: Electrophilic activation and followed by a nucleophilic addition.
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 1 Figure 1-10.General methods for the generation of gold carbenes.[START_REF] Wang | Gold Carbene or Carbenoid: Is There a Difference?[END_REF] 
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 111 Figure 1-11. Activation mode of enynes by gold.

  The first one refers to the cross coupling of functionalized aryls and non-activated arenes: the first step involves the transmetalation of functionalized aryl compound resulting in a gold(I) species A which can be further oxidized to a gold(III) intermediate B in the presence of hypervalent iodine. This electrophilic gold(III) undergoes a selective C-H activation of an arene leading to a diarylgold(III) C which proceeds via a reductive elimination to generate the coupling product (Figure1-12a). The second coupling type involves two arenes via a double selective C-H activation: the arene substituted by an electron withdrawing group can be activated by the gold(I) complex to form a gold-arene species D which is oxidized to gold(III) intermediate E. The highly electrophilic gold(III) species was expected to undergo a selective C-H activation of an electron-rich arene and lead to diarylgold(III) F which generates the coupling product after a reductive elimination (Figure1-12b).
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 112 Figure 1-12. General mechanism for gold-catalyzed cross coupling reactions in the presence of PhI(OAc)2.
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 21 Figure 2-1. Thioether ligands designed for gold(III) complexes.
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 22 Figure 2-2. Schematic illustration of preparation of thioether gold(III) complexes.
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 23 Figure 2-3. UV-Visible spectra of thioether gold(III) complexes (c = 60µM, toluene) with the main gold(III) absorption at 330 nm.
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 24 Figure 2-4. UV-vis spectra of thioether gold (III) complexes in toluene solution under dark condition at ambient temperature after two months (60 µM).
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 25 Figure 2-5. Two possible forms of gold complex II3•2AuCl3 in the solution.
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 26 Figure 2-6. Representative photoreduction process under 365 nm with a medium pressure Xenon-Mercury lamp (60 μM, in toluene) followed by UV-vis spectroscopy (a) photoreduction of II1•2AuCl3; (b) photoreduction of II3•2AuCl3.
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 27 Figure 2-7. Comparison of 1 H NMR of ligand II1, gold(III) complex II1•2AuCl3 and photoreduced II1•2AuCl (after purification).
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 28 Figure 2-8. The mass spectroscopy of complex II2•AuCl3 (before irradiation) and II2•AuCl (after irradiation) by FD (Field Desorption) 6
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 29210 Figure 2-9. UV-vis spectroscopy monitored thermal reduction of gold complex II1•2AuCl3 (70 μM in toluene) (a) heating by a gradient of 10°C for 20 min/period from 25°C to 75°C; (b) heating at 80 °C
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 211 Figure 2-11. Photoreduction of II1•2AuCl3 (30 μM, in toluene) upon irradiation under 365 nm. (a) UV-vis spectra monitoring (b) Emission spectra (λex = 340 nm).
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 212 Figure 2-12. Photoreduction of II2•AuCl3 (30 μM, in toluene) upon irradiation under 365 nm. (a) UV-vis spectra monitoring (b) Emission spectra (λex = 340 nm).

a

  All solutions of gold(III) complexes were at a 60 µM concentration in toluene and were fully photoreduced within 0-30 min.

Scheme 2 - 20 .Figure 2 - 13 .

 220213 Scheme 2-20. Photoreduction (365 nm irradiation) of gold(III) chloride complexes in the presence of cyclohexene as chemical trap in CH2Cl2 or directly in toluene.

1 H

 1 3). The catalytic activities of gold(III) chloride IIn•xAuCl3 (n = 1-4, x = 1 or 2), the corresponding gold(I) chloride IIn•xAuCl obtained by in situ photoreduction at 365 nm and the cationic IIn•xAuNTf2 complexes (obtained from the latter IIn•xAuCl in the presence of AgNTf2) were compared to PPh3AuNTf2, an efficient gold(I) phosphine complex for homogeneous catalysis. Amides II5-7 were converted to the aromatic 2,5-disubstituted oxazoles II8-10 using either the gold(III) chloride catalysts (85-99% conv.) or the gold(I) chloride catalysts (80-99% conv.) in a similar fashion as AuCl3. To the best of our knowledge, this is the first report showing that complexes of AuCl can also catalyze this transformation. As expected, dihydrooxazoles II11-13 were obtained by employing cationic IIn•xAuNTf2 complexes (79-96% conv.) or commercially available PPh3AuNTf2 (94-96% conv.) through a 5-exo-dig cyclization without further isomerization. The model cyclization of N-propargylic amides can thus be readily controlled by employing IIn•xAuCl3 and IIn•xAuCl gold chloride catalysts or cationic gold(I) catalyst, IIn•xAuNTf2. It is interesting to note that the gold(I) chloride obtained under daylight and thermal reduction less efficient catalysts that the species obtained by irradiation at 365 nm (Table 2-3, entry 2 vs. 3 and 4, 80-92 % vs. 40-67 % and 77-80 %). A representative example for the different catalytic process using gold precatalyst and cationic gold catalyst toward the cyclization of thiolphenyl substituted is illustrated using NMR (Figure 2-14 and figure 2-15).

  11 mmol), IIn•xAuCl3 or IIn•xAuCl (obtained through a TLC lamp irradiation at 365 nm) as a catalyst (n = 1-4, x = 1-2; 2 mol% loading), at room temperature in the dark. Reactions were monitored by 1 H NMR for 24-30 h until full conversion was reached; b Determined by 1 H NMR; c Obtained through photo-irradiation at 365 nm; d Obtained by photoreduction under ambient daylight. e Obtained by thermal reduction. f Prepared by mixing gold(I) chloride complex and AgNTf2 for 1h. g Reaction performed in a 10 mL vial with stirring.
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 214 Figure 2-14. Catalyzed by II1•2AuCl (2.4 µmol, 2 mol%) and AgNTf2 with substrate (0.12 mol).
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 215 Figure 2-15. Catalyzed by II3•2AuCl3 (2.4 µmol, 2 mol%) with substrate (0.12 mol)
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 216 Figure 2-16. Proposed mechanism for gold precatalyst and cationic gold catalyzed cyclization of Npropargylic amides.
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 217 Figure 2-17.Transformation of gold(III) catalyst to cationic gold(I) through reductive elimination.
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 2 Figure 2-18. 1 H NMR (300 MHz) of PicAuCl2 in various deuterated solvents.
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 219 Figure 2-19. Stability of PicAuCl2 under thermal conditions (490 µM, in toluene) as followed by UV-Vis spectroscopy.

  -21a), which indicates two different steps. Over the first 30 min, a new gold species were formed that still absorb, i.e. possibly a different gold(III) species or eventually gold(II) ones obtained through the loss of a radical chlorine. After 30 min of irradiation, the absoprtion decrease could reveal a reduction into gold(I) that does not absorb.
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 220 Figure 2-20. UV-vis spectra monitored photoreduction of PicAuCl2 (490 µM) in polar solvents under 365 nm UV lamp. (a) in dry DMSO (b) in dry MeOH.
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 221 Figure 2-21. UV-vis spectra monitored photoreduction of PicAuCl2 (490 µM) in less polar solvents under 365 nm UV lamp. (a) in dry dichloromethane; (b) in dry THF
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 222 Figure 2-22. Monitoring the photoreduction of PicAuCl2 (6.6 mg, 1.7 mmol, 28.2 mM) by 1 H NMR in DMSO-d6 (0.6 mL) under 365 nm.
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 223 Figure 2-23. Monitoring photoreduction of PicAuCl2 (3.0 mg, 7.7 μmol, 12.8 mM) by 1 H NMR in CD2Cl2 (0.6 mL) under indoor daylight and 365 nm irradiation (TLC lamp).
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 224 Figure 2-24. Monitoring photoreduction of PicAuCl2 (3 mg, 7.7 μmol, 12.8 mM) by 1 H NMR in DMSO-d6 (0.6 mL) under sonication condition.

Figure 2 - 25 .

 225 Figure 2-25. Monitoring photoreduction of PicAuCl2 (3 mg, 7.7 μmol, 12.8 mM) by 1 H NMR in DMSO-d6 (0.6 mL) standing in the dark.

(

  10 h) was taken to achieve the full conversion (Figure 2-26). Moreover, a new gold species also appeared in methanol solution in the dark condition over 48 h with 40 % conversion. Based on the above results, an associative ligand exchange could be involved during the course of reduction.

Figure 2 - 26 .

 226 Figure 2-26. Overview of 1 H NMR for reduced species in DMSO-d6 through various methods.

  Based on the observed results and the well-established mechanism of reductive elimination, two possible pathways exist: a concerted pathway through associative ligand exchange and a stepwise radical pathway by generating a gold(II) intermediate. For the reduction process in DMSO, the pyridine ligand is replaced by dimethylsufoxide to form a four coordination gold(III) intermediate with cis and trans conformations and, subsequently, proceeds by cis-reductive elimination by releasing chlorine and delivering an ionic gold(I) species (Figure 2-27). The generation of ionic gold(I) might explain the poor solubility of this photoreduced species in less polar solvents.
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 227 Figure 2-27. Plausible pathway for DMSO induced reduction of PicAuCl2.
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 228 Figure 2-28. Plausible radical pathway and ionic pathway for the photoreduction of PicAuCl2 in CH2Cl2.
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 31431 Figure 3-14. Phosphine ligands bearing a carboxylic acid group for grafting on silica nanohelices.
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 315 Figure 3-15. Circular dichroism spectra of L/D-silica helices grafted phosphine ligands III1 and III3.
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 316 Figure 3-16. Solid state 31 P NMR (202 MHz, 298 K) of L-Helix-III1 in absence of gold.

Scheme 3 - 2 .

 32 Scheme 3-2. A peptide coupling allows the covalent grafting of gold complexes on silica nanoparticles and helices to get heterogeneous catalysts Si-NP and helix-IIIn•AuCl (n = 1-3).
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 317 Figure 3-17. Circular dichroism (CD) spectroscopy and UV-vis absorbance spectra of chiral silica helices or silica ribbons grafted phosphine gold complexes measured in absolute ethanol (Concentration: 500 µg/mL which are based on the amount of silica helices or ribbons) (a and f) Silica helices grafted with III1•AuCl, (b and g) Silica helices grafted with III2•AuCl, (c and h) Silica helices grafted with III3•AuCl, (d and i) Silica Ribbons grafted with III1•AuCl, (e and f) Silica ribbons grafted with III2•AuCl.

Figure 3 - 18 .

 318 Figure 3-18. Pileup mode of ligand III2 in solid state.
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 319 Figure 3-19. Possible model for chirality induction from silica helices to phosphine gold complex.
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 21 Based on the EDS result, the atomic percentage of gold (versus silicon) for these new organic-inorganic materials is: 0.3 ± 0.1 % for Silica-NP IIIn•AuCl (n = 1-3) and 0.9 ± 0.2 % for Helix-IIIn•AuCl (n = 1-3) with very good reproducibility for several (3 to 8) samples. The measured gold density on the silica surface was 0.5 Au/nm² for the helices and 0.6 Au/nm² for the NPs based on their specific surfaces.
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 320321 Figure 3-20. TEM spectroscopy of chiral silica helices (a) Before grafting gold complex, (b) D-silica helix grafted III1•AuCl and (c) L-silica helix grafted III1•AuCl, (d) Silica NP before grafting, (e) Silica NP grafted III2•AuCl
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 322323 Figure 3-22. Consecutive catalytic cycles of helix-III2•AuCl (9 mg, 5 mol%) and AgOTf (30 mol%) in the presence of substrate III8 (0.03 mmol for each cycle). Full conversion was reached over 8 cycles meanwhile the reaction time gradually increased from 5 to 24h
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 324 Figure 3-24. TEM images of Helix-III2•AuCl after four catalytic cycles showing the still presence of helices and the apparition of small (a) and larger (b and STEM image c) particles. The EDS mapping (d)shows that the particles are silver (red is silicon and blue is silver)
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 41 Figure 4-1.Rotational barrier for DPA and ortho-CH3 substituted DPA.[START_REF] Caspar | Etude par RMN 13 C de Dérivés Aromatiques Phénylés: Observation de Substituants Phényles en Rotation Restreinte[END_REF][START_REF] Marriott | Capillary column gas chromatographic method for the study of dynamic intramolecular interconversion behaviour[END_REF][START_REF] Nikitin | Restricted Rotation in 9-Phenylanthracenes: A Prediction Fulfilled[END_REF] 
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 43 Figure 4-3.Silver complexes with macrocyclic thioethers.[START_REF] Alberto | Determination of Stability Constants and the Crystal Structures of [Ag(19-aneS6-OH)OTf]and [Ag(20-aneS6-OH)BF4[END_REF] 64,[START_REF] Liang | Silver, copper and nickel complexes of 1-oxa-4,7dithiacyclononane and 1-oxa-4,8-dithiacyclodecane[END_REF][START_REF] Holdt | The first sandwich complex with an octa(thioether) coordination sphere: bis(maleonitrile-tetrathia-12crown-4)silver(I)[END_REF] 
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 46 Figure 4-6.The diverse topologies of silver complexes obtained from the NS2-macrocyclic ligands.[START_REF] Park | Assembly of Silver(I) Complexes of Isomeric NS2-Macrocycles Displaying Cyclic Oligomer, Helix, and Zigzag Structures[END_REF] 
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 47 Figure 4-7. Variable temperature 1 H NMR of IV2 in C2D2Cl4 from -30°C to 110°C.
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 481 Figure 4-8. 1 H NMR comparison and X-ray structures of macrocyclic silver complex IV21. Head-to-head coordination (IV21a) and head-to-tail coordination (IV21b).
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 49 Figure 4-9. Variable temperature 1 H NMR of silver complex IV21 from -30°C to 60°C in CDCl3. The assignment for H1 and H4 protons was based on their multiplicity, a simulation and partially on the 2D NMR.
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 4 Figure 4-10. 1 H NMR of silver complexes IV21 synthesized with different batches of ligand IV2 based on the general procedure without any modification.

  emission spectra were collected at concentrations of 20 or 40 µM depending on their chemical structures (Figure 4-11)., Compared to ligand IV2 (dark blue), the fluorescence emission of silver complexes IV21-IV23 was slightly quenched probably due to internal conversion whereas the silver complex IV24 was a little enhanced due to the presence of triphenylphosphine group (Figure 4-11).
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 411 Figure 4-11. UV-vis (left) and fluorescence (right, λex = 340 nm) spectroscopy of ligand IV2 (40 µM, in CH2Cl2) and its silver complexes IV21-22 (20 µM), IV23 (20 µM) and IV24 (40 µM).
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 413 Figure 4-13. UV-vis (left) and emission (right, λex = 340 nm) spectra of anti-thioether ligand IV4 and silver complexes IV25, IV27 (30 µM, in CH2Cl2)
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 414 Figure 4-14. UV-vis (left) and emission (right, λex = 340 nm) spectra of syn-thioether ligand IV5 and silver complexes IV26, IV28 (30 µM, in CH2Cl2)

Figure 4 - 15 .

 415 Figure 4-15. Early examples of neutral and cationic gold(I) π complexes.

Figure 4 - 16 .

 416 Figure 4-16. DPA-based bidentate diphosphine ligand as model to form gold(I) arene complex.

Figure 4 - 18 .

 418 Figure 4-18. Simulated models of gold chelated hemilabile P,P(X) ligands.
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 4748 Scheme 4-7. Synthesis of DPA-based bisphosphine oxide via cross coupling reaction.

Figure 4 - 24 .IV4- 5 )

 4245 Figure 4-24. DPA-based thioethers as precursors for sulfoxides.

Figure 4 - 25 .

 425 Figure 4-25. DPA-based sulfoxides synthesized from corresponding thioethers via oxidation.

  Furthermore, the absolute configurations of the sulfoxides were determined by comparison of the experimental and calculated ECD spectra where the DFT and TD-DFT calculations were performed using Gaussian 16 package, with the default parameters for the solvent used in SMD. Similar electronic circular dichroism (ECD) and UV spectra were obtained for all the sulfoxide enantiomers as strong CD peaks appeared in the region of 185-300 nm while feeble CD signals were observed in the region of 330-410 nm which are in line with the corresponding absorption for the arylsulfoxide and anthracene moieties respectively. Representative ECD and UV spectra of (S)-IV7 and (R)-IV7 are shown in Figure 4-26.

Figure 4 - 26 .

 426 Figure 4-26. ECD and UV spectra 23 of (S)-L1 (Green solid line) and (R)-L1 (Red dotted line) in acetonitrile (180 μM).

Scheme 4 - 10 .

 410 Scheme 4-10. Cyclooxidation of sulfoxide IV7 by singlet oxygen in the presence of methylene blue under 656-nm red light.

Figure 4 - 27 . 1 H

 4271 Figure 4-27. 1 H NMR comparison of sulfoxide IV7 and the unidentified endoperoxide DPAO4 obtained by photo-oxidation.

Scheme 5 - 15 .

 515 Scheme 5-15. Synthesis of imine macrocyle V1 and reduction to amine macrocycle V2.

Scheme 5 - 16 .

 516 Scheme 5-16. Synthesis of [2 + 3] imine cage V3 with DPA pillars.

Figure 5 - 1 .

 51 Figure 5-1. Triamines as caps for the synthesis of imine cage.

Figure 5 - 2 .

 52 Figure 5-2. Aldehydes as pillars for synthesis of imine cage.

Figure 5 - 3 .

 53 Figure 5-3. Failed combinations for [2 + 3] imine cages.

4 )

 4 as a drastic decrease of absorbance and emission intensity was observed when DPA is oxidized by singlet oxygen which indicates the complete formation of endoperoxide V4. The absorbance and emission of DPA can be recovered during the thermal cycloreversion process. This was further proved by1 H NMR and mass spectrometry (Figure5-5). However, after the full cycle of 1 O2 addition and the thermal cycloreversion, partial decomposition (14%) of imine cage V3 was observed based on the 1 H NMR spectra.

Figure 5 - 4 .

 54 Figure 5-4. Reversible oxidation/reduction of imine cage V3 (9 µM in CH2Cl2, calculated according to the extracted volume) monitored by (a) UV-vis spectra and (b) Fluorescence spectroscopy (λex = 340 nm). Imine cage V3 before irradiation (blue line); Oxidation in the presence of methylene blue and oxygen for 30 min (grey line), thermal cycloreversion at 110°C for 12 h (red line).

Figure 5 - 5 . 1 HFigure 5 - 6 .

 55156 Figure 5-5. 1 H NMR monitored reversible transformation of cage V3/ endoperoxide V4. (Oxidation in the presence of methylene blue (40 mol%) in CH2Cl2 and cycloreversion in toluene)

Figure 5 - 7 .

 57 Figure 5-7. UV-vis spectroscopy monitored oxidation process (left) and cycloreversion process (right, λex = 340 nm) in 3-chlorotoluene on a concentration of 5.6 μM in CH2Cl2.

Figure 5 - 8 .

 58 Figure 5-8. Plot of first order relation of oxidation process (left) and cycloreversion process (right) in 3chlorotoluene.

Figure 5 - 11 .

 511 Figure 5-11. Formation of complexes between cage V3 and cooper(I) salts monitored by 1 H NMR.

Figure 5 - 12 .

 512 Figure 5-12. Absorption and fluorescence emission spectroscopy of cooper complexes and the parent imine cage (20 uM, in CH2Cl2) under a 340 nm excitation.

19 F

 19 NMR was observed as the large BArF anions are outside the cage.

Figure 5 -

 5 Figure 5-13. 1 H NMR (300 MHz, CD2Cl2) monitored imine cage V3 binding sodium in the presence of two equivalent NaBArF.

Figure 5 -

 5 Figure 5-14. 1 H NMR(300 MHz, CD2Cl2) monitoring of the NaBArF (1 equivalent) coordination by imine cage V3.

Figure 5 -

 5 Figure 5-15. 1 H NMR (300 MHz, CD2Cl2) monitoring of the CsBArF (2 equivalents) coordination by imine cage V3.

  -16). Similarly, one equivalent of Cu(MeCN)4BF4 greatly quenched the emission of V3, and two equivalents of cooper(I) led to the complete emission quenching which suggests a (1:2) coordination mode. A small variation in fluorescence emission was observed when cage V3 was mixed with two equivalents of Mg(OTf)2 which might account for the weak coordination of this cation, as already suggested by 1 H NMR analysis. Notably, five equivalents of magnesium afforded a slight decrease of emission which could indicate the degradation of the cage.

Figure 5 - 16 .

 516 Figure 5-16. Coordination of NaBArF by imine cage V3 (20 μM in CH2Cl2) monitored by fluorescence emission under an excitation wavelength of 340 nm.

Figure 5 - 17 .

 517 Figure 5-17. Coordination of Cu(MeCN)4BF4 by imine cage V3 (20 μM in CH2Cl2) monitored by fluorescence emission under an excitation wavelength of 340 nm.

Figure 5 - 18 .

 518 Figure 5-18. Coordination of Mg(OTf)2 by imine cage V3 (20 μM in CH2Cl2) monitored by fluorescence emission under an excitation wavelength of 340 nm.

Fluoromax 4 -

 4 chemical shift in reference to residual CHCl3 at 7.26 ppm (δ ppm), Chemical shifts for 13 C NMR are reported in terms of chemical shift in reference to the CDCl3 solvent signal (77.16 ppm). Chemical shifts (δ) are given in ppm, and coupling constants (J) are given in Hz. The following abbreviations were used to explain the multiplicities: s = singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, sex = sextet, sep = septet, ddd= doublet of double of doublets, td = triplet of doublets, m = multiplet. Melting points were measured on a Stuart Scientific melting point apparatus SMP3. High resolution mass spectrometric data were obtained on an Agilent 6210 time-of-flight HPLC/MS spectrometer (ESI-TOF). UV-Vis spectra were recorded on a Varian 5000 UV-Vis-NIR spectrophotometer. Emission spectra were measured on a Horiba Scientific Bromobenzyl)oxy)ethoxy)ethoxy)ethan-1-ol (II1-1): To an ice cold solution of sodium hydride (1.24 g, 52 mmol) in anhydrous THF (180 mL)

1 H 2 (

 12 NMR (300 MHz, CDCl3) δ 7.43-7.48 (m, 2H), 7.19-7.24 (m, 2H), 4.51 (s, 2H), 3.59-3.73 (m, 12H).[START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] C NMR (75 MHz, CDCl3) δ 137.3, 131.6, 129.5, 121.6, 72.6, 70.8, 70.7, 70.5, 69.6, 61.9.HRMS (ESI+):m/z calculated for C13H19O4BrNa [M+Na] + : 341.0364; found: 341.0350. bis(pinacolato)diborane (86 mg, 0.2 mmol), palladium catalyst (10 mg, 4.3 mol%) and potassium carbonate(138 mg, 1.0 mmol). The mixture was degassed and flushed with nitrogen for 3 times, then a mixed solution of toluene/water = 8:1 (3.0 mL) was added via a syringe, The reaction was sealed and heated to 110 °C stirred for 48 h. After cooling to room temperature, dichloromethane (5 mL) was added and the mixture was filtered through a pad of celite, the organic layer was dried over magnesium sulfate and concentrated, then purified by silica gel column chromatography (eluent: CH2Cl2/methanol = 30:1) to afford product II1-2 as a pale yellow solid (90 mg, 70 % yield). 1 H NMR (300 MHz, CDCl3) δ 7.66-7.72 (m, 4H), 7.59 (d, J = 8.1 Hz, 4H), 7.45 (d, J = 8.1 Hz, 4H), 7.28-7.34 (m, 4H), 4.76 (s, 4H), 3.80 (br, 8H), 3.74 (br, 12 H), 3.63-3.66 (m, 4H), 2.49 (br, 2H).13 C NMR (75 MHz, CDCl3) δ 138.5, 137.5, 136.9, 131.4, 129.9, 127.9, 127.0, 125.0, 73.4, 72.6, 70.9, 70.8, 70.5, 69.9, 61.9.HRMS (FD):m/z calculated for C40H46O8 [M] +• : 654.3193; found: 654.3198. To a solution of II1-691 mg, 1.1 mmol) in anhydrous dichloromethane (6 mL) was added methanesulfonyl chloride (0.41 mL, 5.3 mmol) and triethylamine (0.74 mL, 5.3 mmol) at 0 °C under a nitrogen atmosphere. The mixture was allowed to warm to ambient temperature stirred overnight. Water(10 mL) 

9, 10 -Bis( 4 -( 2 , 5 , 8 - 1 H 2 -( 2 -( 2 -(( 4 -( 4 , 4 , 5 , 5 -

 104258122244455 trioxa-11-thiatricosyl)phenyl)anthracen (II1): To a cooled suspension of sodium hydride (dry, 95 %, 5 mg, 0.2 mmol) in anhydrous THF (1.5 mL) was added a solution of 1-dodecanethiol (36 μL, 0.15 mmol). The resulting solution was kept stirring at 0 °C for 30 min. Then a solution of compound II1-3 (40 mg, 0.05 mmol) in anhydrous THF (1.0 mL) was added. The resulting mixture was allowed to warm to room temperature stirred for 5 h. The reaction was quenched with saturated ammonium chloride (2 mL), the mixture was extracted with dichloromethane (5 mL×3). The organic layer was dried over magnesium sulfate, concentrated and purified by silica gel column chromatography (eluent: petrol ether/ethyl acetate = 3:1) to get ligand II1 (48 mg, 95 % yield) as a white solid. NMR (300 MHz, CDCl3) δ 7.69 (dd, J = 6.83, 3.27 Hz, 4H), 7.59 (d, J = 8.16 Hz, 4H), 7.45 (d, J = 8.16 Hz, 4H), 7.31 (dd, J = 6.83, 3.27 Hz, 4H), 4.76 (s, 4H), 3.65-3.81 (m, 20H), 2.73 (t, J = 7.2 Hz, 4H), 2.53 (t, J = 7.26 Hz, 4H), 1.54-1.58 (m, 7H), 1.24 (br, 33H), 0.87 (t, J = 6.9 Hz, 6H).13 C NMR (75 MHz, CDCl3) δ 138.5, 137.6, 137.0, 131.4, 130.0, 127.9, 125.1, 73.4, 71.2, 70.9, 70.8, 70.5, 69.9, 32.7, 32.0, 31.5, 29.9, 29.7 (t, J = 1.86 Hz), 29.6, 29.4, 29.3, 29.0, 22.8, 14.2. HRMS (FD): m/z calculated for C64H94O6S2 [M] +• : 1022.6492; found: 1022.6492. Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy) ethoxy)ethoxy)ethan-1-ol (II2-1): A flam-dried schlenk tube was charged with bromide compound II1-1 (318 mg, 1.57 mmol), bis(pinacolato) diborane (500mg, 2.3 mmol), Pd(dppf)2Cl2 (51 mg, 6 mol%) and potassium acetate (294 mg, 4.7 mmol). The mixture was degassed and flushed with nitrogen for

  ): m/z calculated for C33H32O4 [M] +• : 492.2301; found: 492.2297. To a solution of compound II2-2 (110 mg, 0.22 mmol) in anhydrous dichloromethane (3 mL) was added methanesulfonyl chloride (0.09 mL, 1.11 mmol) and triethyl amine (0.15 mL, 1.11 mmol) at 10 °C under nitrogen atmosphere. The mixture was stirred at room temperature overnight. Water (5 mL) was added and the mixture was extracted with ethyl acetate for 3 times (10 mL×3). The combined organic layer was dried over magnesium sulfate. Then concentrated and purified by silica gel column chromatography (eluent: petrol ether/ethyl acetate = 3:1) to afford product II2-3 (100 mg, 79 % yield) as a yellow oil.

  bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethan-1-ol) (II3-1):A dry 250 mL two-neck flask was charged with ethylene glycol (9.0 mL, 67.6 mmol) and freshly prepared silver (I) oxide (18.8 g, 81.1 mmol) under nitrogen atmosphere, then anhydrous dichloromethane (40 mL) was injected into the flask. The resulting solution was kept stirring at room temperature for 30 min. Then p-xylene dibromide (8.1 g, 30.7 mmol) was added to the solution in one portion. The resulting mixture was stirred ambient temperature for 3 h, dichloromethane (100 mL) was added into flask, and the crude mixture was filtered by a Buchner funnel. The organic layer was evaporated on a rotary evaporator and purified by silica gel column chromatography (eluent: CH2Cl2/methanol = 30:1) to afford II3-1 (6.8 g, 55 % yield) as clear oil. 1 H NMR (300 MHz, CDCl3) δ 7.32 (d, J = 5.7 Hz, 4H), 4.55 (s, 4H), 3.58-3.71 (m, 24H).

13 C NMR ( 75 4 -

 754 MHz, CDCl3) δ 137.5, 127.9, 73.1, 72.6, 70.8, 70.7, 70.5, 69.5, 69.4, 61.8. HRMS (ESI+): m/z calculated for C20H34O8Na [M+Na] + : 425.2151; found: 425.2155. Phenylenebis(methylene))bis(oxy))bis(ethane-2,1-diyl))bis(oxy)) bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl) dimethanesulfonate (II3-2): A flame-dried 25 mL flask was charged compound II3-1 (5.6 g, 13.9 mmol) in anhydrous dichloromethane (4 mL), then the solution was cooled to 0 ︒C and methanesulfonyl chloride (3.23 mL, 41.7 mmol) and triethylamine (5.8 mL, 41.7 mmol) were

  To a solution of sodium hydride (12 mg, 0.5 mmol) in THF (1.5 mL) was added 2-methyl-2-propanethiol (45 μL, 0.4 mmol) at 0 °C under nitrogen atmosphere. After 1 h, a solution of II1-3 (81 mg, 0.1 mmol) was added. The mixture was stirred at ambient temperature overnight. H2O (3.0 mL) was added, the mixture was extracted with ethyl acetate for 3 times (10 mL3). The combined organic layer was dried over magnesium, then concentrated and purified by silica gel column chromatography. (eluent: petrol ether/ ethyl acetate =5/1) to afford product II23 (70 mg, 88 % yield) as a white solid.

1, 4 -

 4 bis(12,12-dimethyl-2,5,8-trioxa-11-thiatridecyl)benzene (II25): To a suspension of sodium hydride (12 mg, 0.5 mmol) in THF (1.5 mL) was added 2-methyl-2-propanethiol (45 μL, 0.4 mmol) at 0 °C under nitrogen atmosphere. After 1 h, a solution of II3-2 (56 mg, 0.1 mmol) was added. The mixture was stirred at ambient temperature overnight. H2O (3.0 mL) was added, the mixture was extracted with ethyl acetate for 3 times (5 mL3). The combined organic layers were dried over magnesium, then concentrated and purified by silica gel column chromatography. (eluent: petrol ether/ ethyl acetate = 3/1) to afford product 1-21-99-0 (36 mg, 67 % yield) as a clear oil.

7. 2 . 2

 22 Substrate for one pot reaction and final product 2-(Phenylethynyl)aniline (II18-1): To a mixture of 2-iodoaniline (2 g, 10.3 mmol), bis(triphenylphosphine) palladium acetate (180 mg, 0.23 mmol) and copper iodide (200 mg, 1.0 mmol) was added phenylacetylene (1.4 mL, 13.4 mmol) and triethylamine (10 mL)under argon atmosphere at room temperature. The mixture was stirred at ambient temperature overnight. Water (20 mL) was added and the mixture was extracted by dichloromethane for 3 times (20 mL×3). The combined organic phases were dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate = 50:1) to obtain product II18-1 (1.23g, 70 % yield) as a brown solid.

  To an oven dried schlenk tube charged 1H-indole-2-carboxylic acid (32 mg, 0.198 mmol) in chloroform (2 mL) was added thionyl chloride (0.5 mL, 6.6 mmol) under argon atmosphere. The mixture was heated under reflux condition for 2 h. Then the solvent and excessive thionyl chloride was removed under reduced pressure and amine II18-2 (41 mg, 0.188 mmol) and 4-dimethylaminopyridine (28 mg, 0.27 mmol) in chloroform(3 mL) 

  ): m/z calculated for C26H19N2O [M+H] + : 375.1497; found: 375.1491.1-Methyl-N-(2-(phenylethynyl)phenyl)-N-(prop-2-yn-1-yl)-1H-indole-2carboxamide (II18):To a suspension of sodium hydride (13 mg, 0.54 mmol) in anhydrous THF (4 mL) was added II18-3 (100 mg, 0.27 mmol) under argon

  ): m/z calculated for C27H20N2ONa [M+Na] + : 411.1473; found: 411.1470. To a suspension of sodium hydride (6 mg, 0.27 mmol) in

7 . 2 . 3

 723 To a solution of II17 (10.9 mg, 23.5 µmol) in CDCl3 (2 mL) was added freshly prepared II1•2AuCl3 (3~5 mg, 8 mol% ~13 mol%) under air at room temperature. The mixture was stirred at ambient temperature for 8 h. Then, silver trifluoromethanesulfonate (5 mg, 19.4 µmol) was added and the mixture was stirred under 365 nm UV lamp for 2 h. After the completion of the reaction as detected by TLC, the solvent was removed and purified by silica gel column chromatography (eluent: DCM/ MeOH = 75:1) to afford the cyclization product II22 as a brown solid. Notes: it is very difficult to get the pure product even after 5 th column chromatography even though it looks pure by TLC. HRMS (ESI+) calculated for [M+H, C33H25N2O] + : 465.1967; found: 465.1963. Pyridine ligands for gold(III) complexes 9,10-bis(3-(pyridin-2-yl)phenyl)anthracene: An oven-dried Schlenk tube was charged with 2-(3bromophenyl)pyridine (163 mg, 0.69 mmol), 9,10-anthracene bis(pinacolato)diborane (100 mg, 0.23 mmol),palladium catalyst (21 mg, 8 mol%) and potassium carbonate(96 mg, 0.69 mmol). The mixture was degassed and flushed with nitrogen for 3 times, then a mixed solution of THF/water = 4:1 (5.0 mL) was added via syringe, The reaction was sealed and heated to 110 °C stirred for 24 h. After cooling to room temperature, dichloromethane (5 mL) was added and the mixture was filtered through a pad of celite, the organic layer was dried over magnesium sulfate and concentrated, then purified by silica gel column chromatography. Syn 9,10-bis(3-(pyridin-2-yl)phenyl)anthracene (II27):

13 C

 13 NMR (75 MHz, CDCl3) δ 155.8, 149.6, 141.1, 137.4, 132.2, 130.4, 130.2, 125.6, 123.2, 122.9, 120.9. MS(ESI + ): calculated m/z [M+H] + for [C36H25N2] + : 485.2012, found: [M+H] + : 485.2. calculated m/z [M+Na] + for [C36H24N2Na] + : 507.1832, found: [M+Na] + : 507.2. Anti 9,10-bis(3-(pyridin-2-yl)phenyl)anthracene (II28): (eluent: petrol ether/ethyl acetate = 5:1) 1 H NMR (300 MHz, CDCl3) δ 8.72 (ddd, J = 4.7, 2.7, 1.5 Hz, 2H), 8.31-8.23 (m, 2H), 8.16-8.10 (m, 2H), 7.84-7.69 (m, 10H), 7.57 (ddd, J = 7.5, 2.9, 1.6 Hz, 2H), 7.39-7.31 (m, 4H), 7.27-7.21 (m, 2H).

13 C NMR ( 75

 75 MHz, CDCl3) δ 157.3, 149.8, 139.7, 137.1, 136.9, 132.1, 130.0, 129.9, 129.1, 127.1, 126.3, 125.3, 122.4, 120.8, 120.8. HRMS(ESI + ): calculated m/z [M+H] + for [C36H25N2] + : 485.2012, found: [M+H] + : 485.2020. calculated m/z [M+Na] + for [C36H24N2Na] + : 507.1832, found: [M+Na] + : 507.1840.

13 C NMR ( 75

 75 MHz, CDCl3) δ 171.7, 145.5 (d, JCP = 15 Hz), 136.1 (d, JCP = 10.4 Hz), 134.1 (d, JCP = 19.9 Hz), 133.3 (d, JCP = 18.4 Hz), 129.9 (d, JCP = 6.3 Hz), 129.3, 129.2, 128.8 (d, JCP = 7.3 Hz).

31 P NMR ( 121

 121 MHz, CDCl3) δ -4.7. The data is identical to literature. Bis(2-naphthalenyl)phosphine oxide (III2-1): An oven-dried Schlenk tube was charged with magnesium (360 mg, 15 mmol), then degassed and backfilled with argon for three times. A solution of 2-bromonaphtalene (1.5 g, 7.2 mmol) in dry THF (4.0 mL) was slowly added. The resulting mixture was heated at 50 °C for 1 h. After cooling the reaction mixture at 0 °C, diethyl phosphite (0.31 mL, 2.4 mmol) was added dropwise. The resulting mixture was

31 P NMR ( 121

 121 MHz, CDCl3) δ 21.7 (dt, 1 JHP = 480 Hz, 3 JHP = 12.4 Hz).Bis(2-naphthalenyl)phosphine (III2-2):To a solution of DIBAL-H (3.7 mL, 4.5 mmol, 1.2 M in THF) at 65 °C under argon atmosphere was added a solution of phosphine oxide III2-1 (450 mg, 1.5 mmol) in THF (2.0 mL) over 10 min. The reaction was completed after 2 h ( 31 P NMR monitoring). After cooling to room temperature, sodium hydroxide (10 mL, 5 % aqueous solution) was slowly added. The mixture was extracted with hexane/diethyl ether (1:1; 4×10 mL). The combined organic phases were dried over magnesium sulfate under argon. The solution was transferred into a Schlenk tube and concentrated under vacuum to afford III2-2 (400 mg, 93 % yield). Due to its ability to rapid oxidation, the compound was quickly used in the next step.

1 H 6 -( 4 -

 164 NMR (300 MHz, CDCl3) δ 8.03 (d, J = 9.0 Hz, 2H), 7.75-7.82 (m, 6H), 7.45-7.55 (m, 6H).31 P NMR (121 MHz, CDCl3) δ -39.8 (dt, 1 JHP = 216 Hz, 3 JHP = 6.2 Hz). p-(Dinaphthylphosphino)benzoic acid (III2): An ovendried Schlenk tube was charged with 4-iodobenzoic acid (73 mg, 0.29 mmol), di-2-naphthalenylphosphine (100 mg, 0.35 mmol) and palladium acetate (5.1 mg, 1 mol%).After degassing (3 cycles of vacuum/argon), triethylamine (0.2 mL, 1.4 mmol) and dry acetonitrile (3 mL) were added. The reaction mixture was heated at 80 °C for 8 h. After concentration under reduced pressure, water (10 mL) was added and the mixture was extracted with diethyl ether (3×10 mL). The combined organic phases were dried over magnesium sulfate and concentrated. The crude product was purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate/ acetic acid, 100:10:0.3) to afford compound III2 (89 mg, 76 % yield) as a white solid. 1 H NMR (300 MHz, CDCl3) δ 8.05 (dd, J = 8.3 and 1.4 Hz, 2H), 7.92 (d, J = 9.4 Hz, 2H), 7.82-7.86 (m, 4H), 7.75-7.78 (m, 2H), 7.41-7.56 (m, 8H).13 C NMR (75 MHz, CDCl3) δ 171.9, 145.3 (d, J = 14.7 Hz), 134.9 (d, J = 24.3 Hz), 133.7, 133.5, 133.4 (d, J = 5.4 Hz), 133.3 (d, J = 4.4 Hz), 130.1 (d, J = 5.2 Hz), 130.0 (d, J = 5.1 Hz), 129.2, 128.4 (d, J = 6.7 Hz), 128.3, 127.8, 127.1, 126.6. 31 P NMR (121 MHz, CDCl3) δ -3.7 (t, J = 6.3 Hz). HRMS (ESI-): m/z calculated for C27H18O2P [M-H] -: 405.1044, found: 405.1043. Iodophenoxy)hexanoic acid (III3-1): To a solution of 4-bromophenol (1.0 g, 4.5 mmol) in a 10 % aqueous solution of KOH (15 mL) and ethanol (20 mL) under argon atmosphere at room temperature was added a solution of 6-bromohexanoic acid (1.1 g, 5.0 mmol) in an aqueous solution saturated with potassium carbonate (6 mL).

13 C NMR ( 75 7 . 2 . 5

 75725 MHz, CDCl3) δ 179.6, 159.9, 138.0 (d, J = 10.5 Hz), 135.7 (d, J = 21.2 Hz), 133.5 (d, J = 18.9 Hz), 128.5, 128.4, 127.5 (d, J = 7.9 Hz), 114.8 (d, J = 8.0 Hz), 67.6, 34.0, 29.0, 25.7, 24.5.31 P NMR (121 MHz, CDCl3) δ -7.0. HRMS (ESI-): m/z calculated for C24H24O3P [M-H] -: 391.1463, found: 391.1470. Thioether ligands for silver complexes Syn 9,10-bis(2-(methylthio)phenyl)anthracene (IV2): An oven-driedschlenk tube was charged 9,10-dibromoanthracene (417 mg, 1.24 mmol), ) palladium (72 mg, 0.062 mmol) and potassium carbonate (513 mg, 3.72 mmol). The mixture was evacuated and backfilled with argon for three times. Then, a mixture of toluene/EtOH/H2O (4 mL/1 mL/ 1 mL) solvents was added. The whole mixture was stirred at 110°C for 24 h. After cooling to room temperature, dichloromethane (10 mL) was added and the mixture was dried over magnesium sulfate. The organic phase was concentrated and the residue was purified by silica gel column chromatography (eluent: petrol ether/ethyl acetate = 30:1) to afford syn IV2 (166 mg, 32 % yield) as a yellow solid. m.p.: 252 °C

9, 10 -

 10 Bis(2-((2-(2-methoxyethoxy)ethyl)thio)phenyl)anthracene anti (IV4) and syn (IV5): an oven-driedSchlenk tube was charged with compound IV3-1 (77 mg, 0.267 mmol), 9,10-anthracene diboronic acid bis(pinacol) ester (50 mg, 0.116 mmol), tetrakis-(triphenylphosphine) palladium (13 mg, 0.0116 mmol) and potassium carbonate (80 mg, 0.58 mmol). The mixture was degassed under vacuum and refilled with argon for three times. After the addition of solvents (3.5 mL, toluene/EtOH/H2O: 5 /1/ 1), the mixture was stirred at 110 °C for 48 h. After cooling to room temperature, the mixture was diluted with dichloromethane (30 mL) and dried over magnesium sulfate, then concentrated and purified by silica gel chromatography. A first eluent (petrol ether/ethyl acetate = 10:1) allowed the isolation of anti product IV4 (116 mg, 42 % yield) as a white solid and the second eluent (petrol ether/ethyl acetate = 1:5) led to the obtention of syn product IV5(38 mg, (d, J = 7.8 Hz, 2H), 7.48-7.57 (m, 6H), 7.37-7.40 (m, 4H), 7.29-7.35 (m, 4H), 3.39-3.50 (m, 12H), 3.31 (s, 6H), 2.95 (t, J = 7.6 Hz, 4H)

1 H

 1 NMR (300 MHz, CDCl3) δ 7.73-7.66 (m, 4H), 7.57 (d, J = 8.1 Hz, 4H), 7.46-7.40 (m, 4H), 7.37-7.30

13 C

 13 NMR (75 MHz, CDCl3) δ 137.9, 137.8, 136.9, 131.6, 130.0, 129.1, 127.0, 125.1, 72.1, 71.1, 70.4, 59.2, 36.8, 31.0. HRMS (FD): m/z calculated for C38H42O4S2 [M] +• : 626.2525; found: 626.2531.

  According to the general procedure, thioether ligand IV3 (280 mg, 0.58 mmol) and hydrogen peroxide (85 mg, 0.88 mmol, 35 % aqueous solution) were mixed in glacial acetic acid (3 mL) under argon atmosphere. The product was purified by silica gel column chromatography (eluent: ethyl acetate) to afford product IV9 (271 mg, 97 % yield) as a yellow solid. m.p.: 149 °C 1 H NMR (300 MHz, CDCl3) δ 8.29 (dd, J = 7.9, 1.1 Hz, 1H), 7.82 (td, J = 7.5, 1.3 Hz, 1H), 7.68-7.75 (m, 3H), 7.55-7.65 (m, 4H), 7.44-7.56 (m, 4H), 7.32-7.42 (m, 4H), 3.58-3.66 (m, 1H), 3.43-3.52 (m, 1H), 3.17

  (s, 3H), 3.08-3.16 (m, 3H), 2.96-3.03 (m, 1H), 2.52-2.56 (m, 2H) .

9, 10 -

 10 Bis(2-((2-(2-methoxyethoxy)ethyl)sulfinyl)phenyl)anthracene (IV10): According to the general procedure, thioether ligand IV4 (204 mg, 0.34 mmol) and hydrogen peroxide (83 mg, 0.85 mmol, 35 % aqueous solution) were mixed in glacial acetic acid (3 mL) under argon atmosphere. The product was purified by silica gel column chromatography (eluent: dichlormethane/methanol = 75:1) to afford anti product IV10 (172 mg, 80 % yield) as a yellow solid. m.p.: 136 °C 1 H NMR (300 MHz, CDCl3) δ 8.29 (dd, J = 7.8, 1.1 Hz, 2H), 7.84 (t, J = 7.4 Hz, 2H), 7.70-7.77 (m, 2H), 7.56-7.64 (m, 2H), 7.36-7.53 (m, 8H), 3.57-3.65 (m, 2H), 3.42-3.54 (m, 2H), 2.92-3.23 (m, 14H), 2.57-2.94 (m, 4H).

13 C

 13 NMR (75 MHz, CDCl3) δ 145.0, 144.9, 135.9, 132.9 (d, J = 1.1 Hz), 132.3 (d, J = 2.6 Hz), 131.2 (d, J = 2.1 Hz), 130.1, 129.7 (d, J = 2.1 Hz), 129.5 (d, J = 1.4 Hz), 127.0, 126.7, 126.5, 126.3, 126.1, 124.6, 71.5 (d, J = 2.6 Hz), 69.8 (d, J = 14.1 Hz), 63.1, 59.0 (d, J = 1.6 Hz), 55.6 (d, J = 14.4 Hz). HRMS(ESI+): calculated m/z [M+H] + for [C36H39O6S2] + : 631.2188, found: [M+H] + : 631.2169; [M+Na] + : 653.1987; [2M+Na] + : 1283.4088. 9,10-Bis(2-((2-(2-methoxyethoxy)ethyl)sulfinyl)phenyl)anthracene(IV11): According to the general procedure, thioether ligand IV5 (75 mg, 0.125 mmol) and hydrogen peroxide (31 mg, 0.31 mmol, 35 % aqueous solution) were mixed in glacial acetic acid (3 mL) under argon atmosphere. The product was purified by silica gel column chromatography (eluent: ethyl acetate) to afford product IV11 (63 mg, 80 % yield) as a sticky yellow oil. 1 H NMR (300 MHz, CDCl3) δ 8.25 (dd, J = 7.9, 1.1 Hz, 2H), 7.77-7.84 (m, 2H), 7.68-7.75 (m, 2H), 7.48-7.59 (m, 4H), 7.34-7.46 (m, 6H), 3.44-3.60 (m, 4H), 3.18-3.36 (m, 12H), 3.11-3.16 (m, 2H), 2.30-2.57 (m, 4H).

13 C

 13 NMR (75 MHz, CDCl3) δ 144.7, 144.4, 135.7 (d, J = 3.2 Hz), 132.8, 132.7, 132.0, 131.8, 131.1, 131.0, 130.1, 130.0 (d, J = 2.0 Hz), 129.6, 129.5, 129.4 (d, J = 2.3 Hz), 126.9, 126.6 (d, J = 1.7 Hz), 126.5, 126.3, 126.1, 126.0, 124.8, 124.7, 71.6 (d, J = 6.4 Hz), 69.8 (d, J = 27.9 Hz), 62.7 (d, J = 35.3 Hz), 58.9, 54.3 (d, J = 21.1 Hz).

  HRMS(ESI+): calculated m/z [M+H] + for [C36H39O6S2] + : 631.2188, found: [M+H] + : 631.2175; [M+Na] + : 653.1995; [2M+Na] + : 1283.4103. An oven-dried schlenk tube equipped with a stirring bar was charged with 9,10-dibromoanthracene (248 mg, 0.74 mmol), 2-(methylthio)phenylboronic acid (150 mg, 0.89 mmol), tetrakis(triphenylphosphine)

  11,16,23-tetraene (V1): To a solution of diethylenetriamine (0.11 mL, 1.0 mmol) in acetonitrile (5 mL) was added a solution of 4,4'-(anthracene-9,10diyl)dibenzaldehyde (386 mg, 1.0 mmol) in dichloromethane (10 mL) over 1 h under argon atmosphere at room temperature. The resulting mixture was vigorously stirred at ambient temperature for 48 h, at which point a yellow precipitation appeared. The precipitate was filtered and washed with a mixed solvent (MeCN/CH2Cl2 5:1) (3 mL3).

  To a suspension of macrocyclic imine V1(222 mg, 0.24 mmol) in methanol (10 mL) and dichloromethane (15 mL) was added sodium borohydride (139 mg, 3.6 mmol) under argon atmosphere at ambient temperature. The mixture was stirred at room temperature for 16 h and the system turned to a clear solution. Then the solvent was removed and the residue was purified by column chromatography (Silica gel, eluent: CH2Cl2/MeOH/NH3•H2O = 100: 5: 1) to deliver product (176 mg, 79 % yield) as a light yellow solid. m.p.: 320°C

  + ): calculated m/z [M+H] + for [C64H63N6] + : m/z 915.5114, found 915.5131 Imine cage (V3): To a solution of dialdehyde (122 mg, 0.32 mmol) in CHCl3 (10 mL) was added a solution of tri(2-aminoethyl) amine (31 mg, 0.21 mmol) in CHCl3 (10 mL) at room temperature under air. The resulting mixture was stirred at ambient temperature for 4 days. The yellow precipitate was filtered and washed with CHCl3 (5 mL). Then the solid was dried under reduced pressure to afford the product (104 mg, 74 % yield) as a yellow solid. The yellow needle crystals were obtained by solvent diffusion (CH3CN vapor into benzene or THF solution of V3, or cyclohexane vapor into THF solution of V3). All the crystals showed no diffraction. m.p.: > 350°C 1 H NMR (CD2Cl2, 300 MHz) δ 7.97 (s, 6H), 7.62 (dd, J = 6.8, 3.2 Hz, 12H), 7.51 (d, J = 7.6 Hz, 12H), 7.37-7.28 (m, 12H), 7.14 (dd, J = 6.8, 3.2 Hz, 12H), 3.67 (s, 12H), 2.95 (br, 12H).

13 C

 13 NMR (CD2Cl2, 75 MHz) δ 161.3, 141.8, 136.7, 136.5, 132.0, 129.8, 128.9, 126.9, 125.4, 77.9, 57.4. HRMS (ESI + ): calculated m/z [M+H] + for [C96H79N8] + : m/z 1343.6428, found 1343.6471.

1 H

 1 NMR (300 MHz, CDCl3) δ 7.25 (s, 3H), 4.40 (s, 6H).

13 C 35 Benzene

 1335 NMR (75 MHz, CDCl3) δ 137.12, 127.61, 54.44. Data in accordance with literature values. )benzene (200 mg, 0.82 mmol) in absolute ethanol (5 mL) was added Pd/C (10 % Pd on carbon, 25 mg, 0.082 mmol) under an atmosphere of hydrogen (1 atm),

  To a solution of compound V6-2 (55.5 mg, 0.1 mmol) in CH2Cl2

7. 2 . 8 DPA-based phosphine oxides or phosphine sulfides for hemilabile ligands 7 . 2 . 8 . 1 oxides 9 , 10 -

 287281910 Phosphine Bis(2-bromophenyl)anthracene (IV12-1): An oven-dried flask equipped with stirring

1 H

 1 NMR (300 MHz, CD2Cl2) δ 7.93-7.86 (m, 2H), 7.63-7.45 (m, 10H), 7.43-7.35 (m, 4H).

13 C 1 H

 131 NMR (75 MHz, CD2Cl2) δ 141.2, 139.9, 136.7, 133.5, 133.3, 130.1, 129.8, 128.1, 126.8, 126.8, 126.0, 125.7. HRMS(FD): calculated m/z [M] •+ for [C26H16Br2] •+ : 485.9619, found: [M] •+ : 485.9627.Anti (anthracene-9,10-diylbis(2,1-phenylene))bis(diphenylphosphineoxide) (IV12):To a solution of orthodibromodiphenylanthracene (64 mg, 0.13 mmol) in anhydrous THF (2.5 mL) was added tert-butyllithium (1.9 M, 0.063 mL, 0.12 mmol) at -78 °C under nitrogen atmosphere. The mixture was kept stirring at -78 °C for 1 h and it turned to a yellow solution. Then, chlorodiphenylphosphine (0.12 mL, 0.66 mmol) was added at the same temperature and the mixture was stirred for another 1 h. Then the mixture was allowed to warm up to room temperature stirred overnight. Saturated NH4Cl (3 mL) was added and extracted with ethyl acetate 3 times (5 mL3). The organic layer was dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography. (eluent: dichloromethane/methanol = 50:1) to afford oxidized product (23 mg, 25 % yield) as a pale yellow solid. Cubic colorless crystal was obtained by slow evaporation: a solution of phosphine oxide in dichloromethane NMR (300 MHz, CDCl3) δ 7.93 (ddd, J = 13.3, 7.8, 1.0 Hz, 2H), 7.76 (tt, J = 7.5, 1.4 Hz, 2H), 7.67-7.58 (m, 2H), 7.37-7.26 (m, 5H), 7.25 (d, J = 2.8 Hz, 1H), 7.22-7.06 (m, 16H), 6.90 (td, J = 7.8, 3.0 Hz, 8H).

31 P NMR ( 121 Diphenyl( 2 -( 2 -( 2 -(( 4 -

 1212224 MHz, CDCl3) δ 29.7. HRMS(FD): calculated m/z [M] •+ for [C64H64O8P2] •+ : 1022.4076, found: [M] •+ : 1022.4082. To a solution of IV13 (40 mg, 0.04 mmol) in anhydrous THF (3.0 mL) was added PMHS (0.1 mL, 0.4 mmol)and tetraisopropanolate titanium (0.13 mL, 0.4 mmol) at ambient temperature under argon atmosphere. The mixture was heated to 80 °C overnight. The reaction was detected by[START_REF] Li | Gold-Catalyzed Regioselective Synthesis of 2-and 3-Alkynyl Furans[END_REF] P NMR. After the completion of the reaction for 4 h, the mixture was cooled to room temperature, 30 % aqueous NaOH (3 mL) was added. The mixture was further stirred at 60 °C for 1 h. After cooling to room temperature, the mixture was extracted with a solution of petrol ether/ ethyl acetate = 1/1 for 3 times (5 mL3) and purified by passing through a neutral alumina plug to afford product. (Notes: the phosphine is easily to reoxidzed during purification) (10-phenylanthracen-9-yl)benzyl)oxy)ethoxy) ethoxy)ethyl)phosphine oxide (IV15): To a solution of diphenylphosphine (61 μL, 0.35 mmol) in anhydrous THF (1.5 mL) was added n-butyllithium (2.5 M, 0.14 mL, 0.35 mmol) at -78 °C under nitrogen atmosphere. The mixture was kept stirring at -78 °C for 1 h and it turned to deep red solution instantly. Then a solution of single-chain mesylate compound (100 mg, 0.175 mmol) in THF (1.0 mL) was added at the same temperature and the mixture was stirred for another 1 h. The mixture was allowed to warm to room temperature and stirred overnight. Saturated NH4Cl (3 mL) was added and extracted with ethyl acetate for 3 times (5 mL3). The organic layer was dried over magnesium sulfate, then concentrated and the residue was purified by silica gel column chromatography. (eluent: dichloromethane/methanol = 30:1) to afford oxidized product (15 mg, 30 % yield) as a yellow oil

31 P NMR ( 121 Diphenyl( 2 -( 2 -( 2 -(( 4 -

 1212224 MHz, CDCl3) δ 30.8. HRMS(FD): calculated m/z [M] •+ for [C45H41O4P] •+ : 676.2742, found: [M] •+ : 676.2736. (10-phenylanthracen-9-yl)benzyl)oxy)ethoxy)et hoxy)ethyl)phosphane (IV16): To a solution of IV15 (70 mg, 0.1 mmol)

31 P

 31 NMR (121 MHz, CDCl3) δ -22.1. To a solution of diphenylphosphine (70 μL, 0.4 mmol) in anhydrous THF (1.5 mL) was added n-butyllithium (2.5 M, 0.16 mL, 0.4 mmol) at -78 °C under nitrogen atmosphere. The mixture was kept stirring at -78 °C for 1 h and it turned to deep red solution instantly. Then, a solution of II3-2 (56 mg, 0.1 mmol) in THF (0.5 mL) was added at the same temperature and the mixture was stirred for another 1 h. Then the mixture was allowed to warm to room temperature stirred overnight. Saturated NH4Cl (3 mL) was added and

31 P NMR ( 121

 121 MHz, CDCl3) δ 29.6. HRMS(ESI + ): calculated m/z [M+Na] + for [C44H52NaO8P2] + : 793.3030, found: [M+Na] + : 793.3004. To a solution of IV17 (77 mg, 0.1 mmol) in anhydrous THF (3.0 mL) was added PMHS (0.1 mL, 0.4 mmol) and tetraisopropanolate titanium (0.13 mL, 0.4 mmol) at ambient temperature under argon atmosphere.

( 4 -

 4 Iodobenzo[d][1,3]dioxol-5-yl)diphenylphosphine sulfide (IV19-2): To a solution of benzo[d][1,3]dioxol-5-yldiphenylphosphine sulfide (50 mg, 0.15 mmol) in THF (2 mL)

1 H

 1 NMR (300 MHz, CDCl3) δ 7.76-7.65 (m, 5H), 7.57-7.40 (m, 8H), 7.06 (dd, J = 12.2, 1.4 Hz, 1H), 6.08 (s, 2H). 31 P NMR (121 MHz, CDCl3) δ 42.8 (t, JCP = 12.7 Hz).An oven-dried Schlenk tube was charged with (4-iodobenzo[d][1,3]dioxol-5-yl)diphenylphosphine sulfide (50 mg, 0.11 mmol), 9,10-anthracene bis(pinacolato)diborane (22 mg, 0.05 mmol), palladium catalyst (6 mg, 10 mol%) and potassium carbonate(35 mg, 0.26 mmol). The mixture was degassed and flushed with nitrogen for 3 times, then a mixed solution of toluene/EtOH/water = 4:1:1 (3.0 mL) was added via a syringe, The reaction was sealed and heated to 110 °C stirred for 48 h. After cooling to room temperature, dichloromethane (5 mL) was added and the mixture was filtered through a pad of celite, the organic layer was dried over magnesium sulfate and concentrated, then purified by silica gel column chromatography. , CDCl3) δ 7.85-7.73 (m, 10H), 7.73-7.64 (m, 6H), 7.58 (dd, J = 12.9, 1.6 Hz, 2H), 7.54-7.36 (m, 22H), 7.22 (dt, J = 13.7, 1.7 Hz, 2H), 5.98 (d, J = 1.0 Hz, 4H). 31 P NMR (121 MHz, CDCl3) δ 43.6 (t, JCP = 13.2 Hz) HRMS(ESI + ): calculated m/z [M+H] + for [C52H37O4P2S2] + : 851.1603, found: [M+H]

(Anthracene- 9 ,

 9 10-diylbis(2,1-phenylene))bis(diphenylphosphine sulfide) (IV31):To a solution of ortho-dibromodiphenylanthracene (30 mg, 0.062 mmol) in anhydrous THF

13 C NMR ( 75 83 - 3 .

 75833 MHz, CDCl3) δ 143.05 (d, J = 9.3 Hz), 135.00 (d, J = 11.1 Hz), 134.32 (d, J = 3.8 Hz), 133.5, 133.2, 132.6, 132.0, 131.6, 130.9 (dd, J = 34.6, 6.2 Hz), 130.6, 130.5, 129.9, 127.8 (d, J = 11.7 Hz), 127.4 (d, J = 12.2 Hz), 126.9, 124.9. diyl))bis(diphenylphosphine sulfide) (IV32): To a solution of IV13 (30mg, 0.029 mmol) in toluene (3 mL) was added Lawesson's reagent (47 mg, 0.117 mmol) under argon atmosphere, the mixture was heated at 110°C in a sealed Schlenck tube for 16 h. Then the solvent was removed and purified by silica gel column chromatography (eluent: dichloromethane/ methanol = 100:1) to afford product (5 mg, 17 % yield) as a yellow solid. 1 H NMR (300 MHz, CDCl3) δ 7.85 (ddd, J = 13.1, 7.9, 1.6 Hz, 8H), 7.71 (dd, J = 6.8, 3.3 Hz, 4H), 7.60 (d, J = 8.1 Hz, 4H), 7.51 -7.42 (m, 16H), 7.33 (dd, J = 6.9, 3.3 Hz, 4H), 4.76 (s, 4H), 3.97 -3.85 (m, 4H), 3.68 (m, 8H), 3.66 -3.55 (m, 8H), 2.87 (dt, J = 12.1, 7.4 Hz, 4H).

31 P

 31 NMR (121 MHz, CDCl3) δ 38.4. Diphenyl(2-(2-(2-((4-(10-phenylanthracen-9-yl)benzyl)oxy)ethoxy) ethoxy)ethyl)phosphine sulfide (IV33): To a solution of II2-3 (350 mg, 0.61 mmol) in anhydrous THF (7 mL) was added n-butyllithium (2.5 M, 0.74 mL, 1.84 mmol) at -78 °C under nitrogen atmosphere. The mixture was kept stirring at -78 °C for 1 h and it turned to a yellow solution. Then chlorodiphenylphosphine (0.32 mL, 1.84 mmol) was added at the same temperature and the mixture was stirred for another 1 h. Then the mixture

1 H NMR ( 300

 300 MHz, CDCl3) δ 7.80-7.66 (m, 8H), 7.64 -7.52 (m, 5H), 7.52 -7.40 (m, 10H), 7.37 -7.28 (m, 4H), 4.74 (s, 2H), 3.90 -3.68 (m, 6H), 3.65 -3.54 (m, 4H), 2.70 (dt, J = 11.8, 7.6 Hz, 2H).

13 C NMR ( 75

 75 MHz, CDCl3) δ 137.6, 131.9 (d, J = 2.6 Hz), 131.4 (d, J = 3.4 Hz), 130.9 (d, J = 9.5 Hz), 130.2, 129.8, 129.0, 128.4, 127.9, 127.6, 127.1 (d, J = 1.2 Hz), 125.1, 73.4, 71.0, 70.3, 69.9, 64.8, 31.5, 30.6. 31 P NMR (121 MHz, CDCl3) δ 29.6.

  pressure and dried under vacuum to afford the pure thioether gold (III) complexes. II1• 2AuCl3: 1 H NMR (300 MHz, CDCl3) δ 7.69 (dd, J = 6.9, 3.3 Hz, 4H), 7.59 (d, J = 8.0 Hz, 4H), 7.45 (d, J = 8.0 Hz, 4H), 7.32 (dd, J = 6.9, 3.3 Hz, 4H), 4.76 (s, 4H), 3.97-4.00 (m, 3H), 3.71-3.81 (m, 16H), 3.59-3.67 (m, 1H),3.42-3.51 (m, 1H), 3.27-3.35 (m, 1H), 2.98-3.07 (m, 3H), 2.72-2.89 (m, 1H), 1.72-1.91 (m, 1H), 1.37-1.50 (m, 4H), 1.24 (br, 34H), 0.87 (t, J = 6.6 Hz, 6H). HRMS (FD): m/z calculated for C64H94O6S2Au2Cl6 [M] +• : 1626.3954; found: 1626.3929. II2• AuCl3: 1 H NMR (300 MHz, CDCl3) δ 7.66-7.71 (m, 4H), 7.52-7.58 (m, 5H), 7.45-7.49 (m, 4H), 7.29-7.35 (m, 4H), 4.76 (s, 2H), 3.97-4.00 (m, 1H), 3.60-3.81 (m, 9H), 3.27-3.48 (m, 1H), 2.97-3.06 (m, 1H), 1.73-1.88 (m, 2H), 1.24-1.49 (m, 20H), 0.87 (t, J = 6.6 Hz, 3H). HRMS (FD): m/z calculated for C45H56O3SAuCl3 [M] +• : 978.2681; found: 978.2698. II3• 2AuCl3: 1 H NMR (300 MHz, CDCl3) δ 7.32 (s, 4H), 4.55 (s, 4H), 3.82-3.95 (m, 4H), 3.62-3.75 (m, 16H), 3.54-3.60 (m, 1H), 3.39-3.48 (m, 1H), 3.25-3.33 (m, 1H), 3.17 (t, J = 5.5 Hz, 1H), 2.97-3.10 (m, 2H), 1.71-1.89 (m, 4H), 1.41-1.49 (m, 4H), 1.26 (br, 34H), 0.87 (t, J = 6.7 Hz, 6H). II4• AuCl3: 1 H NMR (300 MHz, CDCl3) δ 3.95 (t, J = 5.0 Hz, 1H), 3.84 (t, J = 5.5 Hz, 1H), 3.64-3.73 (m, 5H), 3.45-3.65 (m, 4H), 3.31-3.41 (m, 4H), 3.14-3.25 (m, 1H), 3.01-3.13 (m, 1H), 1.73-1.90 (m, 2H), 1.40-1.49 (m, 2H), 1.26 (br, 16H), 0.87 (t, J = 6.7 Hz, 3H).

  procedure, syn IV2 (15 mg, 0.0355 mol) and silver trifluoromethanesulfonate (9.1 mg, 0.0355 mmol) were employed to afford silver complex IV21 [2(IV2)•2AgOTf] (22 mg, 92 % yield). Monocrystals (needles) were obtained by the slow diffusion of hexane into a solution of complex IV21 (1.5 mg) in CH2Cl2 (0.2 mL). Two diastereoisomers (head to head coordination IV21a and head to tail coordination IV21b) were isolated and the structures were determined by XRD analysis. M. p. 246 °C; FTIR (KBr): ṽ = 3440, 3057, 2927, 1620, 1474, 1437, 1383, 1279, 1243, 1221, 1162, 1026, 773, 753, 635 cm -1 .

19 F

 19 NMR (282 MHz, CDCl3) δ -73.7 ppm. According to the general procedure, syn IV2 (6 mg, 0.014 mol) and silver nitrate (2.4 mg, 0.014 mmol) were employed to deliver silver complex IV23 [6(IV2)•4AgNO3] (5.1 mg, 80 % yield). White needle monocrystals were grown by hexane diffusion into a solution of complex IV22 (2 mg) in CH2Cl2 (0.3 mL). M. p. 247.3 °C; FTIR (KBr): ṽ = 3428, 3052, 2919, 1620, 1473, 1434, 1384, 1300, 772, 754, 664 cm -1 1 H NMR (300 MHz, CDCl3) δ 7.63-7.69 (m, 8H, Benz-H), 7.47-7.63 (m, 40H, Anthr-H and Benz-H), 7.39-7.42 (m, 16H, Anthr-H), 2.37 (s, 24H, SCH3).

13 C

 13 NMR (75 MHz, CDCl3) δ 137.5, 135.3, 134.6, 131.7, 129.6 (d, J = 2.6 Hz), 127.4, 127.2, 126.7, 125.5, 18.4. According to the general procedure, syn IV2 (6 mg, 0.014 mol) and triphenylphosphine silver trifluoromethanesulfonate (7.4 mg, 0.014 mmol) were employed to deliver silver complex IV24 [IV2•2AgOTf(PPh3)] as a light yellow powder (8 mg, 77 % yield). Yellow monocystals were grown from hexane diffusion into a solution of complex IV24 (1 mg) in CH2Cl2 (0.2 mL) M. p. 125.8 °C; FTIR (KBr): ṽ = 3441, 3055, 2929, 1587, 1480, 1436, 1289, 1235, 1220, 1162, 1026, 779, 753, 694, 635, 516, 504 cm -1 . 1 H NMR (300 MHz, CDCl3) δ 7.64-7.69 (m, 4H, Benz-H), 7.51-7.61 (m, 6H, Anthr-H and Benz-H), 7.42-7.48 (m, 8H, Anthr-H and Benz-H and PPh3), 7.29-7.39 (m, 28H, PPh3), 2.34 (s, 6H, SCH3).

19 F

 19 NMR (282 MHz, CDCl3) δ -77.4. According to the general procedure, IV4 (12 mg, 20 µmol) and silver trifluoromethanesulfonate (5.1 mg, 20 µmol) were employed to afford IV25 (15.4 mg, 90 % yield) as a white solid. White needle crystals were grown from hexane diffusion into a solution of complex IV25 in CDCl3 (0.3 mL) with a drop of acetonitrile. 1 H NMR (300 MHz, CDCl3) δ 7.60-7.63 (m, 2H), 7.51-7.57 (m, 6H), 7.39-7.45 (m, 4H), 7.32-7.37 (m, 4H), 3.40-3.50 (m, 12H), 3.30 (s, 6H), 2.97 (t, J = 7.1 Hz, 4H).

19 F

 19 NMR (282 MHz, CDCl3) δ -77.5 ppm. HRMS (MALDI): calculated m/z [M+Ag] + for [C36H38O4S2Ag] + : 705.1262, found: [M+Ag]: 705.2510. According to the general procedure, IV5 (3 mg, 5 µmol) and silver trifluoromethanesulfonate (1.3 mg, 5 µmol) were employed to afford a small quantity of precipitate which was identified to be silver complex IV26 [IV5•AgOTf].

31 P NMR ( 121

 121 MHz, CD3CN) δ -144.6 (q, JPF = 703.1 Hz).

1 H

 1 NMR (300 MHz, CDCl3) δ 7.84-7.90 (m, 2H), 7.67-7.71 (m, 6H), 7.53-7.57 (m, 4H), 7.45-7.49 (m, 4H), 3.40 (t, J = 5.3 Hz, 4H), 3.26-3.32 (m, 8H), 3.18 (s, 6H), 3.12 (t, J = 5.4 Hz, 4H).

1 H

 1 NMR (300 MHz, CDCl3) δ 7.58 (dd, J = 6.8, 3.3 Hz, 4H), 7.48 (d, J = 8.0 Hz, 4H), 7.29 (d, J = 8.0 Hz, 4H), 7.24 (d, J = 6.8, 3.3 Hz, 4H), 4.19 (s, 4H), 3.85 (t, J = 5.6 Hz, 4H), 3.77 (dd, J = 5.6, 3.2 Hz, 4H), 3.65 (dd, J = 5.7, 3.1 Hz, 4H), 3.43 (s, 6H), 3.06 (t, J = 5.5 Hz, 4H).

19 F

 19 NMR (282 MHz, CDCl3) δ -71.1, -73.6, -77.5, -81.5, -85.0.

1 H NMR ( 300

 300 MHz, CDCl3) δ 7.60 (dd, J = 6.8, 3.3 Hz, 4H), 7.50 (d, J = 8.1 Hz, 4H), 7.32 (d, J = 8.1 Hz, 4H), 7.26 (dd, J = 6.8, 3.3 Hz, 4H), 4.16 (s, 4H), 3.84 (t, J = 5.8 Hz, 4H), 3.75 (dd, J = 5.6, 3.1 Hz, 4H), 3.64 (dd, J = 5.6, 3.2 Hz, 4H), 3.42 (s, 6H), 3.02 (t, J = 5.8 Hz, 4H), 2.73 (s, 4H).

  Crystal data and structure refinement for silver complex IV21b (head-to-tail coordination of ligands)

Titre: Complexes fonctionnels d'or et d'argent et supramolécules à base de 9 ,

 9 10 diphenylanthracènes: photoactivité, catalyse et propriétés chiroptiques Résumé: Cette thèse décrit principalement la conception de ligands et la synthèse de leurs complexes d'or fonctionnels pour la catalyse. Des ligands thioéther ont été développés pour accéder aux complexes d'or (III) chlorure qui peuvent être photoréduits en l'or (I), en utilisant la lumière UV ou visible. Ces deux espèces d'or ont été exploitées en catalyse homogène en tant qu'acides de Lewis, lors d'une réaction 'one pot' de cyclisation en cascade conduisant à une composé polyhétéroaromatique fusionné. Des ligands de phosphine ont aussi été élaborés puis les complexes d'or(I) chlorure correspondants ont été greffés sur des nano-objets de silices pour la catalyse hétérogène. L'induction chirale des hélices de silices chirales sur les complexes d'or a été observée par dichroïsme circulaire. En présence de sels d'argent, les catalyseurs d'or immobilisés de manière covalente ont montré une réactivités élevée et une bonne recyclabilité lors de réactions de sipirocyclisation d'esters d'aryl alkynoates. D'autres ligands thioéther encombrés à base de 9,10diphénylanthracène (DPA) ont été utilisés pour former des complexes d'argent, dont l'auto-assemblage peut être ajustée en fonction de la nature de l'anion associé à l'argent et en prolongeant la longueur de la chaîne de coordination. Leur forte activité en catalyse a été démontrée au cours de deux reactions tandem d'addition/ cycloisomérisation d'alcynes en utilisant une charge catalytique de 0.5 à 1 % mol. Finalement, la réactivité régiosélective et réversible du 9,10-DPA vis-à-vis de l'oxygène singulet a été exploitée sur deux systèmes moléculaires à propriétés commutables: d'une part, une cage hexa-imine commutable auto-assemblée comportant trois piliers DPA qui montre une affinité pour les ions métalliques et d'autre part, différents sulfoxydes chiraux positionnés sur la plateforme DPA dont les propriétés chiroptique sont conçues pour être commutables.Mots clés:Ligand thioéther, complexes d'or, complexes d'argent, catalyse homo/hétérogène, cage moleculaire, sulfoxyde, propriétés chiroptiques Title: Functional gold and silver complexes and supramolecules based on 9,10 diphenylanthracenes: Photoactivity, catalysis and chiroptical properties
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 21 Absorption of gold(III) at 330 nm in toluene with a concentration of 60 µM

	Gold(III) complexes	Absorption at 330 nm
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 22 Pseudo-first-order rate constants for the photoreduction of gold(III) complexes under 365 nm irradiation and daylight a,b

	Gold complexes	Under 365 nm	Under daylight c
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 23 Catalytic activity of gold(III) chlorides and gold(I) catalysts obtained by photoreduction.

	Substrate	Entry a	Catalyst	Product (Conv. %) b
		1	gold(III) chloride	85-90, II8
		2	gold(I) chloride c	80-92, II8
		3	gold(I) chloride (daylight) d	77-80, II8
		4	gold(I) chloride (thermal reduction) e	40-67, II8
	II5	5	gold(I) chloride/AgNTf2 f	85-93, II11
		6	PPh3AuNTf2 g	95, II11
		7	gold(III) chloride	86-99, II9
		8	gold(I) chloride c	96-99, II9
		9	gold(I) chloride/AgNTf2 f	91-96, II12
	II6	10	PPh3AuNTf2 g	94, II12
		11	gold(III) chloride	95-99, II10
		12	gold(I) chloride c	90-99, II10
		13	gold(I) chloride/AgNTf2 f	79-95, II13
	II7	14	PPh3AuNTf2 g	96, II13

Table 2

 2 

-4, entry 1). Several products were observed by TLC but the expected cyclization product was not detected. The smooth transformation of amide II18 to II19 (step 1) was seen when thioether gold(III) chlorides IIn•xAuCl3 (n = 1-4, Table

2

-4, entries 2-5, 90-95% yield) were used. Notably, indole II19 can be obtained with 99% conversion within 5 h in the presence of II1•2AuCl3 and this product was isolated in 93 % yield (Table

2

-4, entry 2). As noticed for the catalyzed cyclization of propargylic amides, the synthesis of indole-pyridone II19 is catalyzed by thioether complexes with gold(III) chloride or gold(I) chloride.
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 24 Condition study for one pot reaction

	Entry a	Catalyst	Time 1	Conv. 6 b	Irradiation c	Additive	Product d
	1	AuCl3	16 h	-e	-	-	-
	2	II1•2AuCl3	5 h (48 h)	Full	-	-	93 %, II19
	3	II2•AuCl3	12 h	Full	-	-	90 %, II19
	4	II3•2AuCl3	12 h	Full	-	-	95 %, II19
	5	II4•AuCl3	12 h	Full	-	-	92 %, II19
	6	II1•2AuCl f	16 h	Full	-	AgOTf	80 %, II20
	7	II2•AuCl f	16 h	Full	-	AgOTf	71 %, II20
	8	AgOTf	16 h	-	-	-	n. d. g
	9	AuCl(SMe)2	16 h	Full	-	AgOTf	79 %, II20
	10	II1•2AuCl3	16 h	-	-	AgOTf	76 %, II20
	11	II2•AuCl3	16 h	-	-	AgOTf	72 %, II20
	12	II1•2AuCl3	12 h	Full	Yes	AgOTf	83 %, II20
	13	II2•AuCl3	12 h	Full	Yes	AgOTf	72 %, II20
	14	II3•2AuCl3	12 h	Full	Yes	AgOTf	80 %, II20
	15	II4•AuCl3	12 h	Full	Yes	AgOTf	73 %, II20
	a Unless specified, all the reactions were performed in dry dichloromethane at ambient temperature and in the dark in the
	presence of a catalyst (2 mol%), amide II18 (0.1 mmol), and, when necessary, AgOTf (6 mol%) was added after the completion
	of step 1;						

b 

Monitored by TLC; c TLC lamp (6 W), irradiation for 2 h; d Isolated yield; e Compound II19 was not detected by TLC; f Freshly prepared through irradiation of the corresponding gold(III) complex at 365 nm. g n.d.=not detetected.
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 25 Chemical shift comparison.

	Proton atoms	Gold complex (PicAuCl2) in various deuterated solvents In CD2Cl2 In DMSO-d6 In acetone-d6 In CD3CN
	H1	9.25; dq	9.09; dq	9.31; dq	9.16; dq
	H3	8.43; td	8.53; td	8.69; td	8.46; td
	H2 H4	7.99; sept 8.21; dd	8.05-8.11; m	8.26; sept 8.20; dd	8.02; sept 8.09; dd
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 26 Chemical shift comparison for PicAuCl2 complex in 1 H NMR spectra.

	Atoms	Ligand	Complex	After irradiation After sonication	Standing
	H1	8.70; dq	9.09; dq	8.76; dq	8.74; dq	8.72; dq
	H2	7.60-7.64; dq 8.06-8.11; dq	7.77-7.82; dq	7.70-7.77; sept	7.64-7.69; dq
	H3 H4	7.95-8.00; td 8.02-8.06; td	8.50-8.56; td 8.05-8.08; dq	8.174-8.178; d 8.15-8.22; dq	8.08-8.16; m	8.00-8.11; m
	The attribution of the proton based on 2D g cosy and HMQC spectra.		
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 27 Chemical shift comparison for PicAuCl2 complex in[START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] C NMR spectra.

	Atoms	Ligand	Complex	After irradiation After sonication	Standing
	C1	149.4	144.6	147.7	148.2	149.0
	C2	127.0	131.2	127.9	127.6	128.0
	C3	137.5	145.1	140.2	139.3	139.3
	C4	124.6	129.8	125.3	125.1	125.5
	C5	148.3	147.2	146.3	146.9	147.7
	C6	166.1	171.1	164.6	165.1	165.9
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 31 Surface area of solid support materials.

	Materials	Surface area (m 2 /g)
	MCM-41	1030
	SBA-15	401-439
	Activated carbon	257-974
	Polystyrene	615-758
	Magnetic NPs	28
	Silica NPs	50
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 32 Dearomative spirocyclization of aryl alkynoate esters III7-8 catalyzed by gold complexes grafted on silica nano-objects

a Standard procedure: the reaction was performed by stirring substrate III7 or III8 (0.04 mmol), H2O (10 uL), the gold chloride catalyst (10 mol%) and AgOTf (30 mol%) in CH2Cl2 (3 mL) at room temperature in aluminium foil.

b 

Under homogeneous conditions, the reaction appeared to be dependent on substrate concentration, requiring at least 50 mM. c Conversion was determined by 1 H NMR. d Isolated yield. e Calculated for available amine groups. f Conversion reached 66% after 6 days.

Nonetheless, the secondary catalytic activity of AgOTf with silica is marginal compared to the one observed with supported cationic gold complexes, with short reaction times (5-24 h) such as used in this study. Finally, the catalyst loading was optimized for Helix III2•AuCl towards the dearomative ipso-cyclization reaction of III8 (

Table 3 -

 3 2, entries11-13). The reaction was achieved with a catalytic loading as low as 0.05 mol% in 16 h with an excellent yield of 97% (Table3-2, entry 13). Compared to the documented supported gold complexes which are typically efficient in a range of 1-10 mol% for different reactions over a maximum of 24 h, this result for Helix III2•AuCl at 0.05 mol% is remarkable and could be attributed to the strategy of catalyst preparation in which pure gold-phosphine complexes were grafted on the acidic supports which is an opposite strategy compared to the literature.

	Entry a Substrate	Catalyst	Catalytic loading	Additive	Reaction time	Yield c
	1 b	III7	PPh3AuCl	10 mol%	AgOTf	12 h	99 % (90 % d )
	2	III7	NP-III1•AuCl	3 mol%	AgOTf	5 h	99 %
	3	III8	NP-III2•AuCl	3 mol%	AgOTf	5 h	99 %
	4	III8	NP-III3•AuCl	1.5 mol%	AgOTf	24 h	99 %
	5	III7	Helix-III1•AuCl	5 mol%	AgOTf	16 h	99 %
	6	III8	Helix-III2•AuCl	10 mol%	AgOTf	5 h	99 %
	7	III7	Helix-III3•AuCl	5 mol%	AgOTf	16 h	99 %
	8	III7	NP-NH2	10 mol% e	-	3 days	Trace
	9	III7	AgOTf	30 mol%	-	2 days	Trace
	10	III7	NP-NH2	10 mol% e	AgOTf	24 h	16% f
	11	III8	Helix-III2•AuCl	1 mol%	AgOTf	24 h	99 %
	12	III8	Helix-III2•AuCl	0.1 mol%	AgOTf	24 h	99 %
	13	III8	Helix-III2•AuCl 0.05 mol%	AgOTf	16 h	99 % (97 % d )

As the silica helix support is chiral, the enantiomeric ratio of spirocycles obtained in the presence of gold catalyst supported on P-and M-helices was analyzed by chiral HPLC. No chiral induction from enantiopure Helix III2•AuCl to the molecular scale (spirocycles) chirality was observed (no detectable enantiomeric
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 33 Complementary conditions for dearomative cyclization of III7-8.

	Entry a Substrate	Condition	Results
	1	III7	PPh3AuCl (10 mol%), H2O (10 µL), CH2Cl2 (3 mL), 72 h	N.R
	2	III8	PPh3AuCl (10 mol%), NaOTf (30 mol%), H2O (10 µL), CH2Cl2 (3 mL), 72 h	N.R.
	3	III8	PPh3AuCl (10 mol%), KOTf (30 mol%), H2O (10 µL), CH2Cl2 (3 mL), 72 h	N.R
	4	III7	PPh3AuCl (10 mol%), NaBArF (20 mol%), H2O (10 µL), CH2Cl2 (3 mL), 72 h	N.R
	5			
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 41 Measurements of diffusion coefficients for silver complexes.

	Diffusion coefficient a	First series Batch 1 (conc.) (×10 -9 m 2 /s)	Second series Batch 2 (conc.) (×10 -9 m 2 /s)	Third series Batch 3 (conc.) (×10 -9 m 2 /s)
	IV21	1.85 (6.1 mM)	0.73 (5 mM) b ; 0.58 (5 mM) b	1.69 (5 mM) c ; 2.00 (5 mM) c
	IV22	1.76 (6.5 mM)	0.80 (5 mM) b ; 0.89 (5 mM) b	1.69 (5 mM) c ; 1.35 (5 mM) c
	IV23	0.93 (7 mM)	0.76 (5 mM) b ; 0.81 (5 mM) b	-d
	IV24	0.91 (5.7 mM)	0.85 (5 mM) b ; 0.80 (5 mM) b	-d
	a Average diffusion coefficient values calculated for aromatic and aliphatic protons, with estimated errors of
	± 15-20%.			

b 

Measurements were done twice on the same NMR tube. c Measurements were carried out on the same batch of complex but done in different NMR tube. d Not tested yet
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 42 Addition/cycloisomerization of alkyne IV34.

	Entry a	[Ag] catalyst	Catalytic loading (mol%)	Yield b
	1	AgOTf	5	88
	2	AgOTf	1	89
	3	IV21	1	92
	4	IV21	0.5	92
	5	IV22	1	73
	6	IV23	1	85
	7	IV24	1	65
	a			

Table 4 -3. Condensation/cycloisomerization of alkyne IV36.
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	Entry a	[Ag] catalyst	Catalytic loading (mol%)	Yield b
	1	-	-	35
	2	AgOTf	2.5	73
	3	IV21	1	76
	4	IV22	1	67
	5	IV23	1	72
	6	IV24	1	76
	7	IV21	0.5	73
	8	IV22	0.5	73
	9	IV23	0.5	67
	10	IV24	0.5	64

a 

Unless specified, all the reactions were performed at 50 °C under argon atmosphere in dry 1,2dichloroethane for 12-16 h, in the presence of alkyne IV36 (0.2 mmol), benzylamine (0.3 mmol) and a silver(I) catalyst (0.5 mol%-2.5 mol%). b Isolated yield.
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 44 Coordination with metal ions.

	Entry a	Sulfoxides	Metal source	Results
	1	IV9	Cu(MeCN)4PF6	No reaction
	2	IV9	AgPF6	NMR matched silver complex
	3 c	IV9	AuCl(SMe)2 + AgPF6	No reaction
	4	IV9	NaBArF	Protons shifted, b N. D. d
	5	IV9	KPF6	No reaction
	6	IV9	CsBArF	Protons shifted, b N. D. d
	7	IV10	AgPF6	NMR matched silver complex
	8	IV8	CsBArF	Protons shifted, b N. D. d
	9	IV10	CsBArF	NMR matched cesium complex
	10	IV11		
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 53 Fatigue cycles monitored by absorption at 377 nm.

	Processes	Time/h	Cycles	Abs	Degradation rate (%)
	Initial	0	0	0.378	0
	Oxi-1	17	0.5	0.016	-
	REV-1	3	1	0.373	1.5
	Oxi-2	16	1.5	0.071	-
	REV-2	4	2	0.297	21
	Oxi-3	17	2.5	0.094	-
	REV-3	4	3	0.283	26
	Oxi-4	15	3.5	0.087	-
	REV-4	4.5	4	0.231	39
	Oxi-5	15	4.5	0.069	-
	REV-5	5	5	0.217	43
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 54 Diffusion coefficient comparison of imine cage V3 and its endoperoxide cage V4 under different concentrations in toluene-d8.

	Concentration	Diffusion Coefficient of endoperoxide cage V4 (m 2 /s)	Diffusion Coefficient of thermally reduced cage V3 (m 2 /s)
	1.76 mM	2.28×10 -10	2.60×10 -10
	2.8 mM	3.09×10 -10	2.86×10 -10
	2.75 mM	2.49×10 -10	2.68×10 -10
	4.8 mM	2.82×10 -10	2.82×10 -10

1 H NMR (300 MHz, CDCl3

  ) δ 7.69 (dd, J = 6.84, 3.27 Hz, 4H), 7.58 (d, J = 8.1 Hz, 4H), 7.46 (d, J = 8.1 Hz, 4H), 7.32 (dd, J = 6.84, 3.27 Hz, 4H), 4.75 (s, 4H), 4.38-4.41 (m, 4H), 3.73-3.81 (m, 20H), 3.07 (s, 6H).

13 C NMR (

75 MHz, CDCl3

  ) δ 138.4, 137.5, 136.9, 131.4, 129.9, 127.8, 127.0, 125.1, 73.3, 70.8, 70.8, 70.7, 69.9, 69.3, 69.1, 37.8.

	HRMS (FD): m/z calculated for C42H50O12S2 [M] +• : 810.2744; found: 810.2755.

75 MHz, CDCl3

  ) δ 141.2, 134.6, 126.6, 83.5, 72.8, 72.4, 70.4, 70.3, 70.0, 69.2, 61.3, 24.6.

	HRMS (ESI+): m/z calculated for C19H31BO6Na [M+Na] + : 389.2111; found:389.2119.

1 H NMR (300 MHz, CDCl3) δ 7.78 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 4.58 (s, 2H), 3.59-3.73 (m, 12H), 1.33 (s, 12H).

13 C NMR (

1 H NMR (300 MHz, CDCl3) δ

  

	13 C NMR (75 MHz, CDCl3) δ 72.6, 71.2, 70.4 (d, J = 4.4 Hz), 61.8, 42.2, 31.0, 27.9.
	HRMS (TOF, positive ions) calculated for [M+Na, C10H22NaO3S] + : 245.1187; found:245.1119.
	12,12-Dimethyl-2,5,8-trioxa-11-thiatridecane (II26): To a solution of
	sodium hydride (48 mg, 2.0 mmol) in anhydrous THF (2 mL) was added a
	solution of II26-1 (222 mg, 1.0 mmol) in THF (1 mL) at 0 °C under argon atmosphere. After 1 h, iodomethane
	(0.31 mL, 5.0 mmol) was added, the mixture was stirred at room temperature overnight. After the completion
	of the reaction, H2O (5 mL) was added and the mixture was extracted with ethyl acetate for 3 times (15
	mL×3). The combined organic layer was dried over magnesium sulfate hydrate, then concentrated and
	purified by silica gel column chromatography. (eluent: petrol ether/ ethyl acetate = 7.5/1) to afford product
	II26 (170 mg, 72 % yield) as a clear oil.
	1 H NMR (300 MHz, CDCl3) δ 3.54-3.65 (m, 10H), 3.37 (s, 3H), 2.73 (t, J =7.35 Hz, 2H), 1.31 (m, 9H);
	13 C NMR (75 MHz, CDCl3) δ 71.9, 71.2, 70.6, 70.5, 70.3, 59.0, 42.1, 31.0, 27.9;
	HRMS (TOF, positive ions) calculated for [M+Na, C11H24NaO3S] + : 259.1344; found:259.1330.
	7.30 (s, 4H), 4.53 (s, 4H), 3.60-3.64 (m, 20H), 2.72 (t, J = 7.17 Hz, 4H), 1.30
	(s, 18H);
	13 C NMR (75 MHz, CDCl3) δ 137.7, 127.8, 73.0, 71.2, 70.7, 70.7, 70.4, 69.4, 42.1, 31.1, 28.0
	HRMS (ESI+) calculated for [M+Na, C28H50NaO6S2] + : 569.2947; found: 569.2918.
	2-(2-(2-(tert-Butylthio)ethoxy)ethoxy)ethan-1-ol (II26-1): A flame-dried
	Schlenk tube was charged with diethyl glycol monovinyl ether (500 mg, 3.8
	mmol) and Irgacure 651 (98 mg, 0.38 mmol). The mixture was degassed and flushed with agron for 3 times.
	Then, 2-methyl-2-propanethiol (0.45 mL, 3.8 mmol) was added. The whole mixture was stirred under 365
	nm irradiation condition for 12 h. After the completion of the reaction, the mixture was purified by silica gel
	column chromatography. (eluent: petrol ether/ ethyl acetate = 5:1) to afford (1.16g, 92 % yield) as a clear oil.
	1 H NMR (300 MHz, CDCl3) δ 3.59-3.74 (m, 10H), 2.74 (t, J =7.38 Hz, 2H), 2.16 (br, 1H), 1.31 (m, 18H);

1 H NMR (300 MHz, CDCl3) δ

  

	dried over magnesium sulfate, then concentrated and purified by silica gel column chromatography (eluent:
	petrol ether/ ethyl acetate = 75:1) to afford product II8-2 (683 mg, 72 % brsm yield) as a yellow oil.
	1 H NMR (300 MHz, CDCl3) δ 7.55-7.59 (m, 2H), 7.44 (d, J = 7.83, 1.56 Hz, 1H), 7.35-7.40 (m, 3H), 7.27-
	7.30 (m, 1H), 4.92 (br, 1H), 4.06 (d, J = 2.4 Hz, 2H), 2.28 (t, J = 2.43 Hz, 1H).
	13 C NMR (75 MHz, CDCl3) δ 147.6, 132.3, 131.6, 129.9, 128.5, 128.4, 123.2, 117.7, 110.3, 108.5, 95.3,
	85.7, 80.7, 71.5, 33.3.
	HRMS (APCI, positive): m/z calculated for C17H13N [M] + : 231.1048; found: 231.1048.
	7.52-7.56 (m, 2H), 7.35-7.41 (m, 4H), 7.16 (td, J = 7.69, 1.45 Hz, 1H), 6.71-
	6.76 (m, 2H), 4.18 (br, 2H).
	13 C NMR (75 MHz, CDCl3) δ 147.8, 132.2, 131.5, 129.8, 128.4, 128.3, 123.4, 118.1, 114.4, 108.0, 94.8,
	86.0;
	HRMS (APCI, positive): m/z calculated for C14H11N [M] + : 193.0891; found: 193.0900.
	2-(Phenylethynyl)-N-(prop-2-yn-1-yl)aniline (II18-2): To a mixture of II18-1 (860 mg,
	4.45 mmol) and potassium carbonate (1.23 g, 8.9 mmol) in DMF (10 mL) was added
	propargyl bromide (0.77 mL, 8.9 mmol) under argon atmosphere at room temperature. The
	resulting mixture was stirred at ambient temperature overnight. Water (10 mL) was added
	and the mixture was extracted by dichloromethane for 3 times (20 mL×3). The collected organic phases were

Benzyl-4-methyl-2-(2-(phenylethynyl)phenyl)-2,9-dihydro-1H-pyrido[3,4- b]indol-1-one (II21): To

  

	4,9-Dimethyl-2-(2-(phenylethynyl)phenyl)-2,9-dihydro-1H-pyrido[3,4-b]indol-1-
	one (II19): To a solution of 2-amido-indole II18 (17 mg, 44 µmol) in dichloromethane
	(2 mL) was added a solution of II1•2AuCl3 catalyst (2.2 µmol, 5 mol%) in
	dichloromethane (0.5 mL). The reaction was stirred at room temperature for 40 h.
	After concentration under vacuum, the residue was purified by column
	chromatography on silica gel (eluent: petrol ether/AcOEt, 1:1). Compound II19 was isolated as a white solid
	(93 % yield). m.p. 163.7 °C; FTIR (NaCl): ṽ = 2923, 2854, 2219, 1663, 1590, 1331, 738 cm -1 ;
	1 H NMR (300 MHz, CDCl3) δ 8.18 (d, J = 8.1 Hz, 1H), 7.70-7.72 (m, 1H), 7.42-7.58 (m, 5H), 7.27-7.33
	(m, 1H), 7.08-7.22 (m, 5H), 6.93 (d, J = 0.88 Hz, 1H), 4.35 (s, 3H), 2.63 (d, J = 0.88 Hz, 3H).
	13 C NMR (75 MHz, CDCl3) δ 156.0, 142.7, 141.2, 132.9, 131.5, 129.1, 128.6, 128.5, 128.4, 128.2, 126.8,
	126.7, 126.5, 125.0, 122.9, 122.8, 122.3, 122.2, 120.2, 111.9, 110.3, 94.7, 85.5, 31.5, 17.0.
	HRMS (ESI+): m/z calculated for C27H21N2O [M+H] + : 389.1654; found: 389.1638.
	Indolino-4H-benzoquinolizin-4-one (II20): To a solution of 2-amido-indole II19 (17
	1 H NMR (300 MHz, CDCl3) δ 7.60-7.50 (m, 3H), 7.49-7.34 (m, 5H), 7.28 (t, J = 5.3 Hz, 2H), 7.25-7.16 mg, 44 µmol) in dichloromethane (2 mL) was added a solution of gold catalyst (2.2
	(m, 3H), 7.07 (ddd, J = 14.8, 7.6, 2.1 Hz, 5H), 6.62-6.27 (m, 2H), 5.85 (d, J = 15.8 Hz, 1H), 5.43 (d, J = 15.5 µmol, 5 mol%) in dichloromethane (0.5 mL). The reaction was stirred at room
	Hz, 1H), 5.15 (d, J = 17.2 Hz, 1H), 4.39 (d, J = 17.0 Hz, 1H), 2.22 (t, J = 2.4 Hz, 1H). temperature for 8 h. Then, silver trifluoromethanesulfonate (1.0 mg, 7 mol%) was
	13 C NMR (75 MHz, CDCl3) δ 163.9, 143.9, 138.5, 138.0, 133.0, 131.8, 131.6, 131.3, 129.9, 129.2, 128.9, added and the reaction was stirred for 4 hours. The reaction medium was finally concentrated under vacuum.
	128.6, 128.0, 127.3, 127.2, 126.4, 124.0, 122.6, 122.3, 122.2, 120.2, 110.5, 108.4, 95.3, 85.8, 78.8, 77.3, 72.3, The residue was purified by column chromatography on silica gel (eluent: CH2Cl2/MeOH, 50:1). Compound
	47.9, 38.4.; II20 was isolated as a sticky yellow oil (80 % yield): FTIR (NaCl): ṽ = 2925, 2854, 1630, 1525, 1334, 1266,
	HRMS (ESI+): m/z calculated for C33H25N2O [M+H] + : 465.1967; found: 465.1954. 1030, 756, 637 cm -1 ;
	1 H NMR (300 MHz, CD3CN) δ 8.41 (s, 1H), 8.31 (d, J = 7.95 Hz, 1H), 8.06 (d, J = 8.28 Hz, 1H), 7.96 (d,
	J = 7.62 Hz, 1H), 7.62-7.82 (m, 5H), 7.40-7.53 (m, 4H), 6.96 (s, 1H), 3.91 (s, 3H), 2.90 (s, 3H). 9-a solution of 2-amido-indole II17 (11 mg, 21.5 µmol) in 13 C NMR (75 MHz, CD3CN) δ 146.2, 144.6, 141.4, 134.8, 133.3, 132.9, 132.7, 2.1, 131.4, 130.3, 129.6,
	dichloromethane (2 mL) was added a solution of II2•AuCl3 catalyst (2.2 µmol, 10 129.4, 126.8, 126.1, 125.2, 124.2, 123.9, 123.5, 122.8, 122.2, 121.1, 119.9, 119.6, 112.3, 111.3, 34.0, 17.3.
	mol%) in dichloromethane (0.5 mL). The reaction was stirred at room temperature HRMS (ESI+): m/z calculated for C27H21N2O [M+H] + : 389.1654; found: 389.1648.
	for 40 h. After concentration under vacuum, the residue was purified by column
	chromatography on silica gel (eluent: petrol ether/AcOEt, 10:1). Compound II21 was isolated as a white
	solid (97 % yield)
	1 H NMR (300 MHz, CDCl3) δ 8.20 (d, J = 8.1 Hz, 1H), 7.75-7.67 (m, 1H), 7.54-7.40 (m, 5H), 7.32-7.27
	(m, 1H), 7.23-7.00 (m, 11H), 6.96 (d, J = 1.2 Hz, 1H), 6.30 (d, J = 15.9 Hz, 1H), 6.02 (d, J = 15.8 Hz, 1H),
	2.66 (d, J = 1.1 Hz, 3H).
	MS (ESI+): m/z calculated for C33H25N2O [M+H] + : 465.1967; found: 465.2

1 H NMR (300 MHz, CDCl3)

  δ 8.03 (d, 3 JHP = 7.7 Hz, 2H), 7.34 (br, 12H).

  After cooling at room temperature, the solvent was removed and water (10 mL) was added. The mixture was extracted with diethyl ether (3×10 mL). The combined organic phases were dried over magnesium sulfate and concentrated under reduced pressure. The crude solid was purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate/ acetic acid, 100:10:0.3) to afford III3 (89 mg, 76 % yield) as a white solid.

	2.38 (t, J = 7.3 Hz, 2H), 1.65-1.84 (m, 4H), 1.46-1.56 (m, 2H).
	13 C NMR (75 MHz, CDCl3) δ 179.6, 158.9, 138.2, 117.0, 82.6, 67.8, 34.0, 28.9, 25.6, 24.5.
	6-(4-(Diphenylphosphanyl)phenoxy)hexanoic acid (III3): An oven-dried
	Schlenk tube was charged with 6-(4-iodophenoxy)hexanoic acid (200 mg,
	0.6 mmol) and palladium acetate (2 mg, 8 µmol). The mixture was degassed
	and refilled with argon for three times. Dry acetonitrile (3 mL), triethylamine (0.2 mL, 1.4 mmol) and
	diphenylphosphine (0.16 mL, 1.0 mmol) were successively added. The mixture was stirred at reflux overnight.
	1 H NMR (300 MHz, CDCl3) δ 7.23-7.35 (m, 12H), 6.87 (d, J = 8.76 Hz, 2H), 3.96 (t, J = 6.33 Hz, 2H), 2.39
	(t, J = 7.3 Hz, 2H), 1.67-1.85 (m, 4H), 1.47-1.58 (m, 2H).
	1 H NMR (300 MHz, CDCl3) δ 7.50-7.56 (m, 2H), 6.63-6.68 (m, 2H), 4.77 (s, 1H), 3.91 (t, J = 6.4 Hz, 2H),

13 C NMR (75 MHz, CDCl3)

  δ 138.6, 137.6, 135.5, 132.3, 129.9, 128.6, 127.1, 126.7, 125.6, 125.4, 71.8, 70.2, 69.8, 59.1, 31.6. ) to afford product (64 mg, 57% yield) as a colorless oil.

	1 H NMR (300 MHz, CDCl3) δ 7.44-7.37 (m, 2H), 7.22-7.15 (m, 2H), 3.69 (s, 2H), 3.57 (ddd, J = 5.9, 4.3,
	3.8 Hz, 4H), 3.54-3.48 (m, 2H), 3.36 (s, 3H), 2.60 (t, J = 6.8 Hz, 2H).
	Syn 9,10-bis(2-((2-(2-methoxyethoxy)ethyl)thio)phenyl)anthracene (IV5):
	1 H NMR (300 MHz, CDCl3) δ 7.62 (dd, J = 7.8, 1.0 Hz, 2H), 7.49-7.55 (m,
	6H), 7.29-7.41 (m, 8H), 3.39-3.48 (m, 12H), 3.31 (s, 6H), 2.95 (t, J = 7.7 Hz,
	4H)
	2-(2-Methoxyethoxy)ethane-1-thiol 32 (IV6-1): To a solution of 2-(2-
	methoxyethoxy)ethyl 4-methylbenzenesulfonate (274 mg, 1.0 mmol) in EtOH/H2O (3
	mL/2 mL) was added thiourea (114 mg, 1.5 mmol) under argon atmosphere at room temperature. The
	resulting mixture was stirred at 100 °C for 24 h. After cooling to room temperature, water (20 mL) was added
	and the mixture was extracted with dichloromethane (3×30 mL). The combined organic phases were dried
	over magnesium sulfate, then concentrated and the residue was purified by silica gel column chromatography
	(eluent: petrol ether/ ethyl acetate = 5:1) to afford desired product IV6-1 (40 mg, 29 %) as a colorless oil.
	1 H NMR (300 MHz, CDCl3) δ 3.61-3.54 (m, 4H), 3.53-3.48 (m, 2H), 3.34 (d, J = 1.7 Hz, 3H), 2.66 (dt, J
	= 8.2, 6.5 Hz, 2H), 1.54 (t, J = 8.2 Hz, 1H).
	13 C NMR (75 MHz, CDCl3) δ 73.0, 71.8, 70.1, 59.0, 24.2.
	(4-Bromobenzyl)(2-(2-methoxyethoxy)ethyl)sulfane (IV6-2): To a suspension of
	potassium carbonate (61 mg, 0.44mmol) in acetonitrile (4 mL) was added 4-
	bromobenzyl bromide (92 mg, 0.37 mmol) and 2-(2-methoxyethoxy)ethane-1-thiol

HRMS(FD): calculated m/z [M] +• for [C36H38O4S2] +• : 621.2109, found: [M] +• : 598.2211. 13 C NMR (75 MHz, CDCl3) δ 138.7, 137.8, 135.5, 132.1, 130.1, 130.0, 128.6, 127.4, 126.7, 125.6, 125.4, 71.9, 70.2, 69.9, 59.1, 31.6. HRMS(FD): calculated m/z [M] +• for [C36H38O4S2] +• : 598.2212, found: [M] +• : 598.2212. (50 mg, 0.37 mol) under argon atmosphere. The mixture was stirred at rt for 12 h. Solvent was removed and the residue was purified by silica gel column chromatography (eluent: petrol ether/ ethyl acetate = 10:113 C

NMR (75 MHz, CDCl3

  ) δ 137.5, 131.6, 130.7, 120.8, 72.0, 71.0, 70.3, 59.1, 36.1, 30.6.

	9,10-Bis(4-(((2-(2-methoxyethoxy)ethyl)thio)methyl)phenyl)anthracene
	(

13 C NMR (75 MHz, CDCl3)

  δ 146.7, 139.0, 138.6, 136.1, 132.2, 131.3 (t, J = 1.5 Hz), 131.1, 130.2, 129.9 (d, J = 2.3 Hz), 129.8, 129.7, 128.5, 127.8, 127.3, 126.6, 126.1, 126.0, 125.7, 125.6, 125.1, 123.9, 43.5. HRMS(ESI+): calculated m/z [M+H] + for [C27H21OS] + : 393.1313, found: [M+H] + : 393.1297; [M+Na] + : 415.1117; [2M+Na] + : 807.2341.

9,10-Bis(2-(methylsulfinyl)phenyl)anthracene (IV8):

  According to the general procedure, thioether syn IV2 (236 mg, 0.56 mmol) and hydrogen peroxide (136 mg, 1.4 mmol, 35 % aqueous solution) were mixed in glacial acetic acid (3 mL) under argon atmosphere. The product was purified by silica gel column chromatography (eluent: dichlormethane/methanol = 50:1) to afford product syn IV8 (170 mg, 72 % yield) as a yellow solid.The mixture of diastereoisomers (ratio 1:1.3 based 1 H NMR) was separated by chiral HPLC.(Notes: Two sets of NMR observed which were suspected as stereoisomers with a ratio of 1:1.3 based on the peak referred to CH3 group). The data of this compound is not clear in the literature as no spectra was provided and the chemical shift of CH3 is quite different (2.64 ppm) from our results (2.21 and 2.15 ppm).

	m.p.: 345 °C
	1 H NMR (300 MHz, CDCl3) δ 8.32-8.36 (m, 2H), 7.84-7.90 (m, 2H), 7.73-7.80 (m, 2H), 7.57-7.61 (m, 2H),
	7.36-7.51 (m, 8H), 2.21 (s, 3.4H), 2.15 (s, 2.6H).

13 C

NMR (75 MHz, CDCl3)

  δ 146.6, 146.5, 135.7, 135.5, 132.9, 132.8, 131.4, 131.3, 130.1, 130.1, 130.0,

	129.7, 127.2, 126.7, 126.7, 126.4, 126.3, 125.8, 124.2, 124.1, 43.3, 42.8.
	HRMS(ESI+): calculated m/z [M+H] + for [C28H23O2S2] + : 455.1139, found: [M+H] + : 455.1129; [M+Na] + :
	477.0948.
	Enantiopure (R,R)-IV8:

1 H NMR (300 MHz, CDCl3) δ

  8.33 (dd, J = 7.9, 1.0 Hz, 2H), 7.87 (td, J = 7.7, 1.4

	Hz, 2H), 7.77 (td, J = 7.5, 1.4 Hz, 2H), 7.63-7.55 (m, 2H), 7.52-7.35 (m, 8H), 2.21 (s, 6H).

13 C

NMR (75 MHz, CDCl3) δ

  146.6, 135.7, 132.8, 131.8, 131.4, 130.1, 129.7, 126.7, 126.7, 125.8, 124.1, 

	43.3.

13 C NMR (75 MHz, CDCl3)

  δ 145.0,138.9, 138.6, 136.3, 132.4, 131.3 (d, J = 2.1 Hz), 131.2, 131.1, 10.3, 129.8, 129.6, 129.4, 128.5, 127.8, 127.9, 127.3, 126.6, 126.2, 126.0, 125.8, 125.6, 125.2, 124.6, 71.5, 69.7, 63.2, 59.0, 55.6.

	HRMS(ESI+): calculated m/z [M+H] + for [C31H29O3S] + : 481.1837, found: [M+H] + : 481.1831; [M+Na] + :
	503.1649; [2M+Na] + : 983.3410.

NMR (CD2Cl2, 75 MHz) δ

  192.13, 145.89, 136.29, 135.93, 132.26, 130.03, 129.53, 126.65, 125.83. 

	1 H NMR (CD2Cl2, 300 MHz) δ 10.22 (s, 2H), 8.19-8.12 (m, 4H), 7.72-7.66 (m, 4H), 7.65-7.57 (m, 4H),
	7.42-7.34 (m, 4H).
	The data is identical to the literature. 34

13 C

1 H NMR (CDCl3, 300 MHz)

  δ 7.56 (d, J = 7.8 Hz, 8H), 7.48 (dd, J = 6.8, 3.2 Hz, 8H), 7.27 (s, 4H), 7.24 (s, 4H), 6.93 (dd, J = 6.9, 3.2 Hz, 8H), 4.00 (s, 8H), 2.99 (dd, J = 26.2, 3.2 Hz, 16H).

13 C

NMR (CDCl3, 75 MHz)

  δ 139.73, 137.80, 136.61, 131.43, 129.74, 128.08, 126.72, 124.85, 54.20, 49.55, 49.24.

  The resulting mixture was stirred at 0°C for 30 min, the reaction mixture was allowed to warm to ambient temperature and stirred for 16 h. Water (50 mL) was added and the mixture was extracted with dicloromethane (40 mL3). The combined organic phase was dried over magnesium sulfate and concentrated to afford the product (1.83 g, 93 % yield) without further purification. The data is identical to literature.

	13 C NMR (75 MHz, CDCl3) δ 144.03, 124.52, 46.55.
	Data in accordance with literature values 36
	tert-Butyl (2-bromoethyl)carbamate (V6-1): An oven-dried 150 mL flask equipped with
	a stirring bar was charged with 2-bromoethylamine (2.0 g, 9.8 mmol), the system was
	degassed and flushed with argon for three times. Then, a solution of di-tert-butyl dicarbonate (1.88 mL, 8.8
	mmol) in CH2Cl2 (25 mL) was added and followed by dropwise with triethylamine (2 mL, 14.6 mmol) at
	0°C.

[START_REF] Cao | A Recyclable Polystyrene-Supported Gold(I) Catalyst[END_REF] 

Tri-tert-butyl ((benzene-1,3,5-triyltris(oxy))tris(ethane-2,1-diyl))tricarbamate (V6-2): A flame-dried 100 mL Schlenk tube was charged with phloroglucinol (259 mg, 2.1 mmol), compound 4-1 (1.83 g, 8.21 mmol)

NMR (75 MHz, CDCl3) δ

  160.61, 155.99, 94.39, 79.73, 67.41, 40.16, 28.54. 

	1 H NMR (300 MHz, CDCl3) δ 6.07 (s, 3H), 4.96 (br s, 3H), 3.97 (t, J = 5.1 Hz, 6H), 3.59-3.40 (m, 6H),
	1.45 (s, 27H).

13 C HRMS (ESI + ): calculated m/z [M+Na] + for [C27H45N3NaO9] + : m/z 578.3053, found 578.3055.

NMR (300 MHz, CDCl3) δ

  

	1 H NMR (300 MHz, CD3OD) δ 6.36 (s, 3H), 4.59 (s, 6H), 4.29-4.17 (t, J = 4.9 Hz, 6H), 3.42-3.33 (t, J =
	4.9 Hz, 6H).
	13 C NMR (75 MHz, CD3OD) δ 160.01, 94.88, 64.16, 38.87.
	HRMS (ESI + ): calculated m/z [M+H] + for [C12H22N3O3] + : m/z 256.1661, found 256.1658.
	9,10-Dibromo-2,3,6,7-tetramethoxyanthracene 38 (V7-1): To a solution of
	2,3,6,7-tetramethoxyanthracene (100 mg, 0.33 mmol) in CHCl3 (10 mL) was
	added N-bromosuccinimide (239 mg, 1.34 mmol) in one portion. The mixture was
	stirred at room temperature for 12 h. Then the solvent was removed and the residue
	was purified by column chromatography (Silica gel, eluent: petrol ether/ ethyl acetate = 20:1) to deliver the
	desired product 9,10-dibromo-2,3,6,7-tetramethoxyanthracene (108 mg, 72 % yield) as a pale white solid.
	10.22 (s, 2H), 8.16 (d, J = 8.2 Hz, 4H), 7.69 (d, J = 8.0 Hz, 4H), 6.71 (s, 4H),
	3.72 (s, 12H).
	13 C NMR (75 MHz, CDCl3) δ 192.2, 149.4, 146.8, 135.8, 132.0, 130.3, 125.5, 103.5, 55.7.

13 C NMR (75 MHz, D2O) δ 159.65, 95.02, 64.14, 38.88. 36 a) J. L. Nallasivam and R. A. Fernandes. Eur. J. Org. Chem., 2015, 2015, 2012-2022. 37 M. U. Luescher, C.-V. T. Vo and J. W. Bode. Org. Chem., 2014, 16, 1236-1239. 1 H NMR (300 MHz, CDCl3) δ 7.67-7.59 (m, 4H), 4.10 (s, 12H). 13 C NMR (75 MHz, CDCl3) δ 150.75, 126.63, 118.53, 105.63, 56.20.

4,4'-(2,3,6,7-Tetramethoxyanthracene-9,10-diyl)dibenzaldehyde 39 (V7-2): An oven-dried Schlenk tube equipped with stirring bar was charged with 9,10-dibromo-2,3,6,7-tetramethoxyanthracene (45 mg, 0.1 mmol), 4-formylboronic acid (38 mg, 0.25 mmol), tetrakis(triphenylphosphine) palladium (5.8 mg, 0.005 mmol) and

potassium carbonate (69 mg, 0.5 mmol). The system was degassed and backfilled with argon for three times, then a mixed solvent toluene/EtOH/H2O (2 mL/0.5 mL/1 mL) was injected via a syringe. The clear solution was stirred at 110°C for 48 h, at which point the system turned to cloudy and a light yellow precipitation appeared. The solid was filtered and dried to afford the product V7-2 (48 mg, 95 % yield) as a light yellow solid. 1 H 38 F. Liu, L. Zhang, R. Wang, J. Sun, J. Yang, Z. Chen, X. Wang and D. Sun. CrystEngComm. 2014, 16, 2917-2928. 39 T. S. Balaban, A. Eichhöfer, M. J. Krische and J.-M. Lehn. Helv. Chim. Acta., 2006, 89, 333-351.

Anthracene-9,10-diylbis(4,1-phenylene))bis(methylene))bis (oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis

  .4, 137.6, 136.9, 133.6, 132.3, 131.9, 131.8, 131.4, 130.8, 130.7, 129.9, 128.7, 128.6, 127.8, 127.0, 125.0, 73.3, 70.8, 70.5, 70.4, 69.8, 64.7, 31.4, 30.4.

	(ethane-2,1-diyl))bis(diphenylphosphine oxide) (IV13): To a solution of
	diphenylphosphine (35 μL, 0.2 mmol) in anhydrous THF (1.0 mL) was added
	n-butyllithium (2.5 M, 0.08 mL, 0.2 mmol) at -78 °C under nitrogen
	atmosphere. The mixture was kept stirring at -78 °C for 1 h and it turned to
	deep red solution instantly. Then, a solution of II1-3 (56 mg, 0.1 mmol) in
	THF (0.5 mL) was added at the same temperature and the mixture was stirred for another 1 h. Then, the
	mixture was allowed to warm up to room temperature stirred overnight. Saturated NH4Cl (3 mL) was added
	and extracted with ethyl acetate for 3 times (5 mL3). The organic layer was dried over magnesium sulfate,
	then concentrated and the residue was purified by silica gel column chromatography. (eluent:
	dichloromethane/methanol = 30:1) to afford oxidized product (31 mg, 30 % yield) as a yellow oil.
	1 H NMR (300 MHz, CDCl3) δ 7.78-7.66 (m, 13H), 7.57 (d, J = 7.9 Hz, 4H), 7.51-7.38 (m, 16H), 7.30 (dd,
	J = 6.8, 3.2 Hz, 4H), 4.72 (s, 4H), 3.89-3.53 (m, 20H), 2.69 (dt, J = 11.8, 7.6 Hz, 4H).
	13 C NMR (75 MHz, CDCl3) δ 143.1, 143.0, 135.0, 135.0, 134.9, 134.4, 134.3, 133.7, 133.2, 132.9, 132.8,

131.9, 131.8, 131.2, 131.1, 130.7, 130.6, 129.9, 127.9, 127.2, 127.4, 127.3, 126.9, 124.8.

31 P NMR (121 MHz, CDCl3) δ 25.9. HRMS(FD): calculated m/z [M] •+ for [C50H36O2P2] •+ : 730.2191, found: [M] •+ : 730.2190.

((((((((13 C NMR (75 MHz, CDCl3) δ 138

  CDCl3) δ 7.82-7.68 (m, 8H), 7.58 (t, J = 9.2 Hz, 5H), 7.46 (dd, J = 11.9, 5.1 Hz, 11H), 7.32 (dd, J = 6.8, 3.2 Hz, 4H), 4.74 (s, 2H), 3.95-3.67 (m, 6H), 3.60 (s, 4H), 2.73 (dt, J = 11.9, 7.3 Hz, 2H). .0, 138.3, 137.5, 137.1, 136.8, 133.3, 132.0, 131.9, 131.8, 131.3, 131.3, 130.8, 130.7, 129.9, 129.8, 128.7, 128.6, 128.4, 127.8, 127.5, 126.9, 125.0, 73.2, 70.7, 70.5, 70.3, 69.8, 64.6, 31.2, 30.3.

1 H NMR (300 MHz,

[START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] 

C NMR (75 MHz, CDCl3) δ 139

  .2, 138.5, 138.3, 137.7, 137.2, 137.0, 132.9, 132.7, 131.5, 131.4, 130.0, 130.0, 128.7, 128.6, 128.5, 127.9, 127.6, 127.1, 125.1, 73.4, 70.9, 70.8, 70.3, 70.0, 68.9, 68.6, 29.0, 28.9.

	1 H NMR (300 MHz, CDCl3) δ 7.76 -7.69 (m, 4H), 7.66 -7.55 (m, 5H), 7.53-7.41 (m, 9H), 7.38-7.28 (m,
	10H), 4.76 (s, 2H), 3.85-3.60 (m, 10H), 2.45 (t, J = 7.4 Hz, 2H).

[START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] 

C NMR (75 MHz, CDCl3) δ 139

  CDCl3) δ 7.7-7.67 (m, 8H), 7.5 -7.40 (m, 12H), 7.28 (s, 4H), 4.51 (s, 4H), 3.79 (dt, J = 15.6, 7.7 Hz, 4H), 3.56 (dd, J = 12.4, 8.8 Hz, 16H), 2.73-2.60 (m, 4H). CDCl3) δ 137.7, 133.7, 132.4, 131.9, 131.9, 130.9, 130.8, 128.8, 128.7, 127.9, 73.1, 70.7, 70.5, 70.4, 69.5, 64.7, 31.4, 30.5.

1 H NMR (300 MHz,

[START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] 

C NMR (75 MHz,

75 MHz, CDCl3

  CDCl3) δ 7.48-7.38 (m, 8H), 7.37-7.27 (m, 16H), 4.54 (s, 4H), 3.67-3.53 (m, 20H), 2.47-2.35 (t, J = 7.9 Hz, 4H). ) δ 138.5, 138.3, 137.8, 132.9, 132.7, 128.7, 128.6, 128.5, 127.9, 73.1, 70.8, 70.7, 70.3, 69.5, 68.8, 68.5, 29.0, 28.8.

1 H NMR (300 MHz, 13 C NMR (31 P NMR (121 Hz, CDCl3) δ -22.16.

  CDCl3) δ 7.77-7.66 (m, 4H), 7.55-7.39 (m, 6H), 7.24-7.14 (m, 2H), 6.88-6.82 (m, 1H), 6.02 (s, 2H). CDCl3) δ 150.79, 150.75, 148.3, 148.0, 133.8, 132.7, 132.4, 132.2, 131.7, 131.6, 128.7, 128.5, 128.0, 127.8, 126.6, 125.4, 112.1, 111.9, 108.6, 108.4, 101.9.

1 H NMR (300 MHz,

[START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] 

C NMR (75 MHz,

[START_REF] Li | Gold-Catalyzed Regioselective Synthesis of 2-and 3-Alkynyl Furans[END_REF] 

P NMR (121 MHz, CDCl3) δ 43.7 (t, JCP = 12.9 Hz).

  NMR (300 MHz, CDCl3) δ 8.46-8.41 (m, 2H), 7.85-7.75 (m, 4H), 7.66 (dd, J = 8.1, 0.7 Hz, 2H), 7.58 (dd, J = 13.0, 1.6 Hz, 1H), 7.53-7.36 (m, 11H), 7.10 (dd, J = 13.6, 1.6 Hz, 1H), 5.99 (s, 2H). CDCl3) δ 149.51, 149.47, 148.63, 148.37, 135.37, 133.71, 132.57, 132.37, 132.23, 131.72, 131.68, 131.53, 130.87, 130.73, 129.52, 128.91, 128.74, 128.58, 127.01, 126.45,125.85, 125.74, 125.66, 119.99, 119.78, 111.85, 111.66, 102.13, 84.71, 25.35. 

1 H 13 C NMR (75 MHz, 31 P NMR (121 MHz, CDCl3) δ 43.7 (t, JCP = 13.2 Hz).

  CDCl3) δ 7.93 (ddd, J = 13.3, 7.8, 0.9 Hz, 2H), 7.79-7.72 (m, 2H), 7.65-7.56 (m, 2H), 7.33 (dd, J = 6.7, 4.4 Hz, 2H), 7.28 (s, 2H), 7.24 (d, J = 2.7 Hz, 2H), 7.19 -7.07 (m, 16H), 6.88 (td, J = 8.1, 2.9 Hz, 8H).

1 H NMR (300 MHz,

1 H NMR (300 MHz, CDCl3) δ

  7.86 (d, J = 7.9 Hz, 4H, Benz-H), 7.73 (td, J = 7.4, 1.5 Hz, 4H, Benz-H), 7.65 (td, J = 7.4, 1.2 Hz, 4H, Benz-H), 7.52-7.58 (m, 12H, Anthr-H and Benz-H), 7.36-7.42 (m, 8H, Anthr-H) 2.38 (s, 12H, SCH3).

13 C

NMR (75 MHz, CDCl3) δ

  138.3, 134.4, 133.4, 131.7, 130.6, 130.1, 129.6, 128.6, 126.9, 125.4, 20.4. 

	19 F NMR (282 MHz, CDCl3) δ -77.4.
	According to the general procedure, syn IV2 (6 mg, 0.014 mol) and silver
	trifluoroacetate (3.1 mg, 0.014 mmol) were employed to deliver silver
	complex IV22 [2(IV2)•2AgOTFA] (7 mg, 78 % yield).
	M. p. 235 °C; FTIR (KBr): ṽ = 3426, 3052, 2919, 1620, 1473, 1434, 1384,
	1299, 772, 754, 664 cm -1

1 H NMR (300 MHz, CDCl3) δ 7.61-7.67 (m, 4H, Benz-H), 7.55-7.59 (m, 8H, Anthr-H), 7.45-7.55 (m, 12H, Benz-H), 7.36-7.41 (m, 8H, Anthr-H), 2.40 (s, 12H, SCH3). 13 C NMR (75 MHz, CDCl3) δ 137.2, 136.5, 134.6, 131.7, 130.1, 129.8, 129.3, 126.6, 126.5, 125.8, 125.7, 17.1.

13 C NMR (75 MHz, CDCl3

  ) δ 137.4, 137.2, 135.4, 134.7, 133.9, 131.6, 131.1, 129.7, 129.3, 127.9, 127.1, 126.5, 125.6, 18.3.

1 H NMR (300 MHz, CDCl3) δ

  7.82-7.88 (m, 2H), 7.64-7.72 (m, 6H), 7.52-7.57 (m, 4H), 7.43-7.48 (m, 4H), 3.38 (t, J = 5.5 Hz, 4H), 3.22-3.28 (m, 8H), 3.16 (s, 6H), 3.13 (t, J = 5.6 Hz, 4H). CDCl3) δ 139.8, 134.1, 132.3, 132.0, 131.6, 130.1, 130.0, 129.6, 128.6, 127.0, 126.0, 71.4, 70.1, 67.3, 59.2.

	19 F NMR (282 MHz, CDCl3) δ -78.0 ppm.
	MS (ESI + ): [IV5+Na] + : 621.21 was observed.

13 C NMR (75 MHz,

  7.57-7.68 (m, 4H), 7.42-7.51 (m, 6H), 7.32-7.41 (m, 6H), 3.44 (t, J = 6.6 Hz, 4H), 3.36-3.40 (m, 4H), 3.29-3.32 (m, 4H), 3.18 (s, 6H), 2.96 (t, J = 6.6 Hz, 4H).

1 H NMR (300 MHz, CD3CN) δ 19 F NMR (282 MHz, CD3CN) δ -71.7, -74.2, -79.3.

Table S14 .

 S14 Optical rotation measurement for enantiomers of IV10

Table S15 .

 S15 Optical rotation measurement for enantiomers of IV11

	λ (nm)		
			
		 25 (CH2Cl2, c =0.230)	 25 (CH2Cl2, c =0.139)
	589	-286	+ 286
	578	-299	+ 300
	546	-349	+ 349
	436	-585	+ 585
	λ (nm)		
			
		 25 (CH2Cl2, c =0.149)	 25 (CH2Cl2, c =0.110)
	589	-302	+ 301
	578	-316	+ 315
	546	-369	+ 367
	436	-631	+ 629

The thioether ligands II23-[START_REF] Talbot | Gold-Catalyzed Redox Synthesis of Imidazo[1,2-a]pyridines using Pyridine N-Oxide and Alkynes[END_REF] were synthesized (see Experimental Section) aiming to disclose the steric effect sulfur atom by either influent the complexation with gold or the photoreductive process. The gold complexes with ligands II23-26 were obtained. However, UV-vis spectroscopy of the gold complexes showed an unclear gold stoichiometry (for example, less than two equivalent of gold was observed with ligand II23). Meanwhile, the 1 H NMR showed ambiguous formation of pure gold complex. Thus, we did not continue the investigation of photreductive elimination on these gold complexes.

For gold(III) complexes II1•2AuCl3 and II2•AuCl3, mass spectroscopy ananlysis performed by Field Desorption (FD) technique showed a mixture of gold(I) and gold(III) complexes under mass-detecting condition. For the complexes II3•2AuCl3 and II4•AuCl3, mass spectroscopy using Electrospray Ionization (ESI) showed the peaks assigned to the mass of gold complexes, [II3•AuCl2] + and [2II4•Au] + respectively.

The gold(III) complexes were prepared as toluene solutions with a concentration of

µM in 20 mL. The solutions were kept at room temperature in the dark. The same batch of the solutions was analyzed by UV-vis spectra after two months.

The exact mass for II2•AuCl3: HRMS (FD): m/z calculated for C45H56O3SAuCl3 [M] +• : 978.2681; found: 978.2698. The exact mass for II2•AuCl: HRMS (FD): m/z calculated for C45H56O3SAuCl [M] +• : 908.3304; found: 908.3326.

This is a collaboration project with Dr. Reiko Oda and Dr. Emilie Pouget and the silica helices was fabricated in Institut Européen de Chimie et Biologie (IECB) by Dr. Antoine Scalabre. The fuctionalization of silica NPs and silica nanohelix were supervised by Dr. Emilie Pouget. The detailed procedure for the synthesis of silica helices and functionalization are illustrated in the literature.[START_REF] Oda | Gemini Surfactants as New, Low Molecular Weight Gelators of Organic Solvents and Water[END_REF][START_REF] Oda | Tuning bilayer twist using chiral counterions[END_REF] 

For helical ribbons (silica helix), when ee equal to 1, the pitch length is 79.39 ±7.63 nm, and the width is 27.92 ±5.50 nm based on the result of Dr. Jie Gao in her thesis manuscript. [Oda's group (IECB)].

Non-chiral spherical nanoparticles (Si-NP, diameter: 52 nm) and chiral nano-helices (diameter: 37 nm) that have larger specific surfaces: 50 m 2 /g for Si-NP and 170 m 2 /g for helices.

The silver complexes IV22 and IV23 also showed similar behavior whose 1 H NMR always differs between several complex batches.

Details of the other variable temperature 1 H NMR can be found in the Electronic Support Information (ESI) of the publication: Z. Cao, A. Lacoudre, C. Rossy and B. Bibal. Beilstein J. Org. Chem., 2019. 15, 2465-2472.

This ligand was also used for synthesis of gold(III) complex by using liquid-liquid extraction to discuss the impact of the chromophore on the reductive speed, the 1 H NMR showed a partially coordinated gold(III) complex was obtained as the signal for the ligand remained.

A similar 1 H NMR was also observed for oxidation of IV9 under photo-oxidation condition (in the presence of methylene blue and oxygen in CD2Cl2 under 656 nm red light for 1 h) and the mass spectra of the crude system is to be tested.

An alternative mild route for the synthesis of triamine V6-3 was employed and obtained as a hydrochloric salt, details can be seen in the Experimental Section.

A clean and dried 10 mL vial equipped with stirring bar was charged with DPA aldehyde (1.5 equiv) and triamine (1.0 equiv). Solvent (MeCN, MeOH, CHCl3 or mixed solvent) (6 mL) was added, and followed with or without base (TEA or DIPEA) (8.0 equiv), with or without MgSO4 (3.0 equiv). The resulting mixture was stirred at room temperature or under heating condition for around 2 or 3 days.

To a dichloromethane solution of imine cage (20 μM) in volumetric flask was added certain amount of cation source, shake for one minute and the solution was measured by fluorescence spectroscopy. After each measurement, the sample was transferred back to the flask and ready to add another batch of cation source. Similarly, the next measurement was repeated as the first one.

P NMR (121 MHz, CDCl3) δ -22.1.

P NMR (121 MHz, CDCl3) δ 26.2.

Acknowledgements 7 Experimental section

complexes with AgPF6 were also obtained even though the exact geometries were unidentified.

Results and discussion

Synthesis of thioether ligands

The DPA-based bisthioether compound with an undetermined configuration was obtained [START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] by a one-step coupling reaction from commercially available 9,10-dibromoanthracene and 2-(methylthio)phenylboronic acid in dry toluene. [START_REF] Du | Fused-seven-ring anthracene derivative with two sulfur bridges for high performance red organic light-emitting diodes[END_REF] In contrast, using the same Suzuki-Miyaura cross-coupling reaction in a mixed solvent (toluene/EtOH/H2O = 4:1:1), we only isolated a mere principal thioether ligand IV2 in low yield (26%). The X-ray analysis of monocrystals revealed it possesses the syn-conformation of IV2 (Scheme 4-2). Thus, the previous thioether compound was probably obtained in an anti-configuration as its 1 H NMR spectrum was very different from that of syn-thioether IV2. Such difference in the product configurations possibly results from the different favored configurations of four-coordinated palladium species after the transmetalation process in the presence of a protic solvent. Scheme 4-2. Synthesis of bisthioether ligand IV2. The syn-structure was confirmed XRD analysis.

Variable temperature 1 H NMR (VT-NMR) experiment of IV2 in C2D2Cl4 in the range of -30 to 110 °C showed the fluctuation of protons on benzene rings (Variations of chemical shift: 0.17 ppm for H1, 0.24 ppm for H4, 0.25 ppm for methyl group) (Figure 4567) mainly due to the restricted rotation of the 9,10-aryl substituents respect to the anthracene core, which somewhat indicates a certain flexibility of the benzene rings with ortho-substituents, and importantly, without any indication of a syn to anti isomerization.

Meanwhile, the broadening of proton signals under high temperature was also observed. [START_REF] Komiya | Reductive elimination and isomerization of organogold complexes. Theoretical studies of trialkylgold species as reactive intermediates[END_REF] In this literature, the thioether compound was synthesized in the similar approach with 58 % yield which is probably anticonfiguration as the 1 H NMR description was severely disparate from the well-characterized syn-thioether IV2 we obtained. The only difference of the preparation is the dry toluene was used in the literature, and in our case, a mixed solvent (toluene/EtOH/H2O = 4:1:1) was employed which suggests the different configurations of four-coordinated palladium species after transmetalation process in the presence of protic solvent. This might also provide a way to access to syn-atropisomer, as always the case, anti-product was favored in this system due to less steric hindrance. structures. [START_REF] Jelfs | Large Self-Assembled Chiral Organic Cages: Synthesis, Structure, and Shape Persistence[END_REF][START_REF] Hasell | Reversible water uptake by a stable imine-based porous organic cage[END_REF][START_REF] Jiang | Shape-persistent porous organic cage supported palladium nanoparticles as heterogeneous catalytic materials[END_REF][START_REF] Ding | Targeted synthesis of a large triazine-based [4+6] organic molecular cage: structure, porosity and gas separation[END_REF] Interestingly, Cooper and coworkers reported a subtle directionality change on the linker, leading to large differences in cage size: A [4+6] imine cage was formed by using 1,2-cyclohexanediamine with a trialdehyde in one-pot synthesis while the use of 1,3-cyclohexanediamine led to a larger [8+12] imine cage (Scheme 5-8) with a much larger cavity and a surface area of 1750 m 2 /g. [START_REF] Teng | Synthesis of a Large, Shape-Flexible, Solvatomorphic Porous Organic Cage[END_REF] Scheme 5-8. Synthesis of [8+12] imine cage with 1,3-cyclohexanediamine. [START_REF] Teng | Synthesis of a Large, Shape-Flexible, Solvatomorphic Porous Organic Cage[END_REF] The cage structure is from X-ray structure analysis.

The self-sorting of reactants involves a spontaneous association through mutual recognition of complementary building units into a well-defined ordered architecture, within a random reaction mixture. [START_REF] Safont-Sempere | Self-Sorting Phenomena in Complex Supramolecular Systems[END_REF] This concept was first described by Lehn [START_REF] Kramer | Self-recognition in helicate self-assembly: spontaneous formation of helical metal complexes from mixtures of ligands and metal ions[END_REF] with the exclusive formation of a helical metal complex from a mixture of several ligands and metal ions. In 2014, Mukherjee's group reported a hydrogen-bond-driven controlled [2+3] covalent cage by employing 2-hydroxybenzaldehyde derivative and a flexible tris(2-aminoethyl)amine (TREN) (Scheme 5-9). The intramolecular hydrogen bonding involving the phenol and amine groups played a decisive role in selective formation of an imine based organic cage in a mixture of similar dialdehydes. [START_REF] Acharyya | Hydrogen-Bond-Driven Controlled Molecular Marriage in Covalent Cages[END_REF] In 2019, Lehn prepared a series of dynamic polyimine macrobicyclic cryptands by using TREN in presence of two bis-formyl aromatics. The self-sorting process was favor of the pyridine containing [2+3] imine cage which was exclusively obtained in 92 % yield. This selection was attributed to intramolecular interactions of imine C-H bonds and pyridine N lone pair. [START_REF] Kołodziejski | Dynamic polyimine macrobicyclic cryptandsselfsorting with component selection[END_REF] Scheme 5-9. Exclusive formation of cage in Self-sorting approach. [START_REF] Acharyya | Hydrogen-Bond-Driven Controlled Molecular Marriage in Covalent Cages[END_REF] The cage structure is from X-ray analysis.

In principle, the [4 + 2] cycloaddition of singlet oxygen to DPA may occur both interior and exterior of the cage which might lead to several rotamers for the hindered endoperoxide and results in a mixture of isomers, Unfortunately, no single crystal of pure the endoperoxide was obtained to clarify the arrangement of the pillars in V4. The variable temperature NMR was also evaluated for the purpose of thermal cycloreversion in situ (Figure 56). However, the 1 H NMR showed no variation of splitting peaks which indicates the configuration stability of the endoperoxide at 90 °C. Even so, the endoperoxide mixture can be reversed back to the exclusive imine cage upon heating (110 °C for 5 h).

Conditions optimization for reversible transformation

In order to control the cage stability, various solvents and the effect of catalytic loading of methylene blue were examined. As expected, by employing less loading of methylene blue (2 mol% vs 40 mol%), the decomposition of the cage during the oxidation and cycloreversion process can be decreased with shorter time to reach the full cycloreversion (Table 5-1, entry 1 vs entry 2 and 3). To achieve both oxidation and cycloreversion in the same solvent, the reversible cycle was tested in 1,1,2,2-tetrachloroethane: a higher decomposition was found by using 30 % methylene blue which is in line with the aforementioned observation (Table 5-1, entry 5 vs entry 6). However, the degradation was found to be 14 % in the presence of 2 % methylene blue and a lower decomposition was obtained with dried solvent (Table 5-1, entry 3 vs entry 6 and 7). It is also worth to note that the thermal cycloreversion in C2D2Cl4 ends up with an entirely decomposed cage. Similar results were obtained in 1,2-dibromoethane (Table 5-1, entry 8) which suggests that toluene is the most suitable solvent for the thermal cycloreversion process. However, the oxidation of cage V3 cannot be conducted in toluene as no conversion was observed due to the insolubility of methylene blue (Table 5-1, 

Reagent preparation

Synthesis of AgOTf(PPh3) [START_REF] Cai | Anchoring Triazole-Gold(I) Complex into Porous Organic Polymer To Boost the Stability and Reactivity of Gold(I) Catalyst[END_REF] To a suspension of silver triflate (257 mg, 1.0 mmol) in diethyl ether (5 mL) was added a solution of triphenylphosphine (262 mg, 1.0 mmol) in diethyl ether (5 mL) under argon atmosphere. A white precipitate was formed instantly. The solid was filtered and rinsed with hexane (10 mL), then dried to afford the product in quantitative yield.

Synthesis of AgOTFA

To a suspension of silver oxide (1 g, 4.32 mmol) in water (15 mL) was added trifluoacetic acid (0.58 mL, 7.84 mmol) at room temperature under argon atmosphere. The mixture was stirred at room temperature overnight. The mixture was filtered to remove undissolved solid. Then, the aqueous phase was concentrated.

The residue was re-dissolved in diethyl ether, the suspension was filtered and rinsed with diethyl ether (25 mL). The filtrate was concentrated and dried to afford the product (1.64 g, 95 % yield) as a white solid.

Synthesis of Ag(tht)OTf

To an dried flask was charged with silver triflate (291 mg, 1.13 mmol) in diethyl ether (10 mL) was added dropwise tetrahydrothiophene (0.1 mL) at room temperature. The mixture was stirred for 1 h and a white precipitate appeared. The suspension was filtered and dried to afford the product (360 mg, 92 % yield)

Synthesis of Au(tht)Cl 41

To a solution of hydrogen tetrachloroaurate trihydrate (500 mg, 1.27 mmol) in ethanol (10 mL) was added dropwise with tetrahydrothiphene (5.6 mL, 6.35 mmol) under air. A yellow solid formed instantly, after 40 min, it turns to a white precipitate. The solid was filtered and washed by ethanol (20 mL) and dried to afford the product (406 mg, 100 % yield)

Synthesis of Ph3P(S)AuCl 42

To a solution of Au(tht)Cl (11 mg, 0.034 mmol) in dichloromethane (0.5 mL) was added dropwise a solution of triphenylphosphine sulfide (10 mg, 0.034 mmol) in CH2Cl2 (1.0 mL) under argon atmosphere at room temperature. The mixture was stirred at rt for 4 h, then the solution was concentrated to ca. 0.4 mL, diethyl ether (2 mL) was added to afford the product (16.4 mg, 92 % yield) as a white solid. Crystals suitable for Xray diffraction was obtained by slow evaporation of the complex in CH2Cl2.

Synthesis of PhICl2 43

A two-neck flask equipped with a stirring bar was charged with an emulsion of iodobenzene (0.4 mL, 3.6 mmol) and diluted hydrochloric acid (8 mL, 5 M in aqueous). Sodium chlorite (2 g, 22 mmol) was added portionwise over 10 min. The resulting mixture was stirred for 4 h. A light yellow solid was precipitated. The solid was filtered and washed with water (20 mL) and hexane (10 mL), then dried in the dark to deliver the product as a fluffy yellow solid (907 mg, 92 % yield). [START_REF] Cai | Anchoring Triazole-Gold(I) Complex into Porous Organic Polymer To Boost the Stability and Reactivity of Gold(I) Catalyst[END_REF] Table S6. Crystal data and structure refinement for silver complex IV23.

Details of crystals

CCDC number 1883538

Empirical formula C56H44Ag3N3O9S4

Formula weight 1354.79 Table S10. Crystal data and structure refinement for silver complex IV26.

Empirical formula C37H38AgF3O7S3

Formula weight 855.72