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Cyclodextrin (CD)-N-heterocyclic carbene (NHC)-copper complexes, (α/β-ICyD) Bn CuCl, previously developed by our group, were used as catalysts in carboboration of alkynes. The (α/β-ICyD) Bn CuCl both gave the linear (L) (E)-vinyl boron isomers with high regioselectivity in the copper-catalyzed methyl boration of terminal alkynes. Furthermore, the intramolecular carboboration reaction with terminal alkynes functionalized by alkyl halides, (α/β-ICyD) Bn CuCl both led to exocyclic vinyl boronate species as the major isomer, and an unexpected endocyclic (Z)-isomer was also observed.

We have developed two novel bis(azolium)-precursors, with one azolium moiety inside the cavity of α-CD, and another one outside the cavity. These two azolium moieties are connected by an ethynyl or phenyl linker. Taking advantage of the steric hindrance of the α-CD cavity, a series of mono-, homo-and heterobimetallic complexes were developed, including Ag I , Cu I , Au I , Au III , and Pd II species. The electrochemical properties of corresponding Cu and Au complexes were investigated by cyclic voltammetry. And the electronic absorption properties of all complexes and precursors were studied by ultraviolet-visible (UV-Vis) spectroscopy.

Résumé

Les complexes cyclodextrine (CD)-N-hétérocyclique carbène (NHC)-cuivre, (α/β-ICyD) Bn CuCl, précédemment développés par notre groupe, ont été utilisés comme catalyseurs dans la carboboration d'alcynes. Le (α/β-ICyD) Bn CuCl a tous deux donné les isomères linéaires (L)(E)-vinyl bore avec une régiosélectivité élevée dans la boration méthylique catalysée par le cuivre des alcynes terminaux. De plus, la réaction de carboboration intramoléculaire avec des alcynes terminaux fonctionnalisés par des halogénures d'alkyle, (α/β-ICyD) Bn CuCl a conduit à des espèces de boronate de vinyle exocyclique comme isomère principal, et un isomère endocyclique (Z) inattendu a également été observé.

Nous avons développé deux nouveaux précurseurs bis(azolium), avec un fragment azolium à l'intérieur de la cavité de la α-CD et un autre à l'extérieur de la cavité.

Ces deux fragments azolium sont reliés par un lieur éthynyle ou phényle. Profitant de l'encombrement stérique de la cavité α-CD, une série de complexes mono-, homo-et hétérobimétalliques ont été développés, y compris les espèces Ag I , Cu I , Au I 

Encapsulated metal complexes: structures and catalytic properties 1 Encapsulation of metals in natural and artificial enzymes

Enzymes play a fundamental role in biological systems, and almost half of all enzymes must associate with a particular metal for proper function. A systematic bioinformatics survey of 1,371 enzymes showed that 47% required metals, with 41% containing metals at their catalytic centers. [START_REF] Andreini | Metal ions in biological catalysis: from enzyme databases to general principles[END_REF] These catalytic metal centers play a critical role in catalysis through their primary and secondary coordination spheres. The primary coordination sphere is constructed by ligands that coordinate to the metal. The secondary coordination sphere is generated by a restricted environment that confines the catalytic metal center and serves as a cavity to encapsulate substrates and promote the metal center to carry out selective biotransformations. 2 The highly effective catalysis by natural enzymes has inspired supramolecular chemists to imitate their structures, [START_REF] Raynal | Supramolecular catalysis. Part 1: non-covalent interactions as a tool for building and modifying homogeneous catalysts[END_REF] and a large amount of supramolecular artificial enzymes have been prepared by association with molecular macrocycles, containers, or nano-sized networks. [4][START_REF] Dong | Artificial enzymes based on supramolecular scaffolds[END_REF][START_REF] Grommet | Chemical reactivity under nanoconfinement[END_REF][START_REF] Roland | Confinement of Metal-N-Heterocyclic Carbene Complexes to Control Reactivity in Catalytic Reactions[END_REF][8] These supramolecular hydrophobic cavities provide a microenvironment that is distinct from the bulk solution. [START_REF] Reetz | Laboratory evolution of stereoselective enzymes: a prolific source of catalysts for asymmetric reactions[END_REF] They all modulate chemical reactivity in similar ways: (a) enhancement of selectivity by performing reactions within a confined space; (b) acceleration of chemical reaction rate by increasing and pre-organizing the local concentration of reagents and catalysts within a hydrophobic cavity; (c) stabilization of transition states and intermediates by secondary interactions. [START_REF] Grommet | Chemical reactivity under nanoconfinement[END_REF][START_REF] Dhakshinamoorthy | Catalysis in Confined Spaces of Metal Organic Frameworks[END_REF]11 In this introduction, examples of three kinds of supramolecular metalloenzyme mimics based on molecular containers are mainly reviewed (Figure 1): (i) cageencapsulated artificial enzymes; [11][START_REF] Otte | Size-Selective Molecular Flasks[END_REF][13][14][START_REF] Gao | Supramolecular catalysis based on discrete heterometallic coordination-driven metallacycles and metallacages[END_REF][16][START_REF] Bravin | Tris(2-pyridylmethyl)amines as emerging scaffold in supramolecular chemistry[END_REF] (ii) capsule-confined artificial enzymes; [START_REF] Gaeta | The Hexameric Resorcinarene Capsule at Work: Supramolecular Catalysis in Confined Spaces[END_REF][START_REF] Gaeta | Supramolecular Catalysis with Self-Assembled Capsules and Cages: What Happens in Confined Spaces[END_REF][START_REF] Adriaenssens | Hydrogen bonded supramolecular capsules with functionalized interiors: the controlled orientation of included guests[END_REF][START_REF] Dalgarno | Metallo-supramolecular capsules[END_REF] (iii) cavitand-restricted artificial enzymes. [22][START_REF] Raynal | Supramolecular catalysis. Part 2: artificial enzyme mimics[END_REF][START_REF] Rebilly | Biomimetic cavity-based metal complexes[END_REF][START_REF] Peng | Strapped calix[4]pyrroles: from syntheses to applications[END_REF] Figure 1. Schematic representation of the structures of cages, capsules and cavitands.

Cage-encapsulated transition metallic catalysts

Supramolecular cages are defined as discrete receptors with enclosed cavities that are composed by reversible or irreversible covalent bonds, metal-ligand interactions, hydrogen bonds or other weak interactions of a certain number of subunits. 13 Many different subunits have been used to construct the supramolecular cages, such as porphyrins or bis-catecholamide naphthalenes.

Metalloporphyrin-based supramolecular cages: size, enantio and regioselectivities

Metalloporphyrins play an indispensable role in natural processes for light harvesting, electron and energy transfer, oxygen transport and biochemical reaction catalysis. [START_REF] Horváth | Photophysics and photochemistry of kinetically labile, water-soluble porphyrin complexes[END_REF] Because of these qualities and the stability of the aromatic porphyrin core, they have attracted the attention of chemists to integrate metalloporphyrins as structural scaffolds for the construction of different molecular architectures that can meet various fields of applications, such as catalysis, 27,28 artificial photosynthesis, [START_REF] Faiz | Design and synthesis of porphyrin-containing catenanes and rotaxanes[END_REF][START_REF] Pellegrin | Molecular devices featuring sequential photoinduced charge separations for the storage of multiple redox equivalents[END_REF] molecular sensing, 31,[START_REF] Lee | Design and applications of molecular probes containing porphyrin derivatives[END_REF] molecular electronics, [START_REF] Jurow | Porphyrins as Molecular Electronic Components of Functional Devices[END_REF][START_REF] Urbani | Meso-substituted porphyrins for dye-sensitized solar cells[END_REF] molecular machines, 35,[START_REF] Muraoka | Mechanical twisting of a guest by a photoresponsive host[END_REF] and chemotherapy. [START_REF] Lovell | Activatable photosensitizers for imaging and therapy[END_REF][START_REF] Ethirajan | The role of porphyrin chemistry in tumor imaging and photodynamic therapy[END_REF] Selected recent examples of multiporphyrinic cages as catalysts are presented here.

De Bruin and coworkers prepared a caged cobalt catalyst (Co-L@Fe 8 (Zn-L) 6 (NTf 2 ) 16 ), [START_REF] Otte | Encapsulated cobalt-porphyrin as a catalyst for size-selective radical-type cyclopropanation reactions[END_REF] which was obtained by encapsulating a tetra (4pyridyl)metalloporphyrin (Co-L) with a Nitschke-type M8L6 cubic cage Fe 8 (Zn-L) 6 (NTf 2 ) 16 [START_REF] Meng | A selfassembled M8L6 cubic cage that selectively encapsulates large aromatic guests[END_REF] (Figure 2a). The confined catalyst (Co-L@Fe 8 (Zn-L) 6 (NTf 2 ) 16 ) allowed cyclopropanation reactions in water/acetone media. The encapsulated cobalt catalyst exhibited a higher size-selectivity preference for cyclopropanation of smaller styrene and diazo substrates, compared with the free cobalt catalyst. [START_REF] Otte | Encapsulated cobalt-porphyrin as a catalyst for size-selective radical-type cyclopropanation reactions[END_REF] This benefit owning to the pore size of confined catalyst, which restricted the migration of larger substrates than smaller substrates through the pores of cage (Figure 2b). In 2016, the same group reported that the manganese analogue cage MnCl-L@Fe 8 (Zn-L) 6 (NTf 2 ) 16 assembled by the encapsulation of manganese chloride tetrapyridine-porphyrin (MnCl-L) with the same cage (Figure 2a).The encapsulated manganese could act as an effective phase transfer catalyst in epoxidation reactions for a broad scope of substrates. It showed moderate size selectivity in the epoxidation of a mixture of styrene and 3, 5-di-tert-butylstyrene with outcome ratio of 2:1. 41 Hupp and coworkers reported a series of metalloporphyrin-based torsionally constrained boxes, which were obtained by combining four linear Zn porphyrin trimers with two or three orthogonally derivatized metalloporphyrin dimers in a rapid and spontaneous manner [START_REF] Lee | Cavity-tailored, self-sorting supramolecular catalytic boxes for selective oxidation[END_REF][START_REF] Lee | Coordinative self-assembly and solution-phase X-ray structural characterization of cavitytailored porphyrin boxes[END_REF] (Figure 3a). The Mn catalyst A2MT4 encapsulated in box A2T4 was employed to assess the size-selectivity in the epoxidation of cis-stilbene vs cis -3,3′,5,5′-tetra(tert-butyl)stilbene. Due to access inhibition of the larger olefin to the active metal center by the cavity modifier, the sterically bulky cis -3,3′,5,5′-tetra(tert-butyl)stilbene is 5.5-fold less reactive with the catalytic box than the smaller olefin cis-stilbene (Figure 3b). An enantiomeric excess (ee) of 12% was obtained for the sulfoxidation of methyl p-tolyl sulfide using the confined metal complex B2MT4, whereas the free M was found to induce no enantioselectivity in the same reaction. Copyright 2008 American Chemical Society).

By using the Zn-porphyrinic self-assembled tetrahedral cage Fe4(Zn-L)6(OTf)8

(Figure 4a) created by Nitschke's group [START_REF] Wood | Guest-induced transformation of a porphyrin-edged Fe(II)4L6 capsule into a Cu(I)Fe(II)2L4 fullerene receptor[END_REF] , Reek and coworkers embedded a Rh phosphine complex (Rh-L3) in the cavity with a strong binding of tripyridylphosphine ligand (L3) to the zinc cations fixed on the walls (Figure 4b). [START_REF] Nurttila | Size-Selective Hydroformylation by a Rhodium Catalyst Confined in a Supramolecular Cage[END_REF] DFT calculations confirmed that the constrained cavity forces the rhodium active species to adopt the ee chiral configuration, whereas the free rhodium active species existed ee and ea chiral geometry (see Figure 4b). The confined rhodium catalyst showed a clear size-selectivity in hydroformylation of terminal alkenes, the smaller 1-heptene is 6.6-fold more reactive with the catalytic cage than the bigger styrene. While the discrimination is only 1.7-fold in non-encapsulated rhodium complex catalyzing hydroformylation. Reek and coworkers also prepared an encapsulated chiral rhodium catalyst 46 by using the previously reported prism cage developed by Ribas' group (Figure 5a). [START_REF] Simon | Sponge-like molecular cage for purification of fullerenes[END_REF] The supramolecular cage was constructed by coordination-driven self-assembly of 4 dipalladium macrocyclic subunits and 2 tetracarboxylate zinc porphyrinic subunits. The Rh phosphine complex was embedded in the cavity through Znpyridyl interactions. The resulting catalyst [Rh]@(Pd-L1)4(Zn-L)2(BArF)8

showed a much higher regio-and enantioselectivty in converting of styrene into aldehydes compared to the free Rh catalyst, [Rh(acac)(CO)2]. The encapsulated catalyst gave the branched and linear isomer in a 99: 1 ratio, and the ee of branched isomer was up to 74% (Figure 5b). The authors proposed that the substrate is reactive while the -branched and linear valeraldehyde is not. Iridium complexes also induces C-H bond activations of olefins or ethers, though all reactions are stoichiometric rather than catalytic. 50 Encapsulation of a rhodium precatalyst (PMe3)2Rh(COD) + in the Ga4L6 cage forms the [Rh]@Ga4L6 complex. After hydrogenation, it can be used for the isomerization of allylic alcohols or ethers (Figure 8). [START_REF] Leung | Highly selective supramolecular catalyzed allylic alcohol isomerization[END_REF] In contrast to the performance of the free rhodium catalyst, the encapsulated [Rh] demonstrated highly specific size and shape substrate selectivity in isomerization. For example, the allyl alcohol or allyl methyl ether are reactive as substrates while the 1-methyl allyl alchol or 1-methylallyl methyl ether are not in the cage of Ga4L6. While the free rhodium doesn't show this kind of selectivity on these substrates. However, the hydrogenated cationic rhodium species can't bind to the host interior stably, it will be readily solvated in aqueous solution. The encapsulation of gold complex in Ga4L6 increases the rate of the hydroalkoxylation reaction of allenic alcohol. Which is approximately 8-fold higher than that of the free gold catalyst (Figure 9). [START_REF] Wang | Hydroalkoxylation catalyzed by a gold(I) complex encapsulated in a supramolecular host[END_REF] This benefit was attributed to the protection of PMe3Au + or hydrated PMe3Au(D2O) + by the cavity of Ga4L6, Which can enhance the stability of these two catalytic species in water. In terms of regioselectivity, the encapsulated and free catalyst give almost the same ratio (4:1) of products. In the hydrogenate priopionaldehyde transformation of allyl alcohol to propanol in the presence of dehydrogenases, to avoid detriment of the artificial ruthenium complex by enzymes, the confined cage, Ga4L6 was used to protect the Rh catalyst (Figure 10). [START_REF] Wang | A supramolecular approach to combining enzymatic and transition metal catalysis[END_REF] The Ru(II)@Ga4L6 showed good compatibility with alcohol dehydrogenase (ADH), nicotinamide adenine dinucleotide phosphate coenzyme (NADPH), yeast FDH alcohol dehydrogenase and formate dehydrogenase (NADP ⊕ ), the propanol was obtained in 61% yield after six hours at 37 °C. They proposed that supramolecular encapsulation of organometallic complexes can prevent their diffusion into the bulk solution, where they can bind amino-acid residues on the proteins and potentially compromise their activity. 

Capsule-confined transition metallic catalysts

Supramolecular capsules are defined as receptors with enclosed cavities that are composed by reversible noncovalent interaction of two or more, not necessarily identical subunits. 54 Resorcin [4]arenes as scaffolds to construct the hexameric resorcinarene capsule (CR6) was developed by Atwood [START_REF] Macgillivray | A chiral spherical molecular assembly held together by 60 hydrogen bonds[END_REF] , has played a pivotal role in supramolecular catalysis (Figure 11). The X-ray indicated that the structure of the hexameric capsule consisted in six resorcinarene molecules located on the sides, and two resorcinarene molecules located on the two poles and bridged with eight water molecules on the corners. The well-defined cavity possesses an internal volume of about 1,375 Å 3 . In 2011, Reek and co-wokers reported a hexameric resorcinarene encapsulated Au complex for catalyzing hydration of alkyne (Figure 12). [START_REF] Cavarzan | Supramolecular control on chemo-and regioselectivity via encapsulation of (NHC)-Au catalyst within a hexameric selfassembled host[END_REF] The Au complex occupied about 30% of the volume of the cavity, which leaves enough room for suitable substrates or reagents to access the encapsulated catalyst. In watersaturated benzene-d6 solvent, the free Au catalyst promotes the Markovnikov hydration of alkynes to give methylketone quantitatively in 30 min. In the less wet conditions inside the cavity of CR6, the reactivity and selectivity of Au catalyst was altered significantly. The rate of reaction is much slower, only 28% conversion was observed after even 400 min, which attributed to the barrier of capsule to inhibit the approach of the substrate to the catalyst. The encapsulated catalyst is capable of anti-Markovnikov addition of water, through the Markovnikov addition is more preferred. More interestingly, the intramolecular cyclization compound 1,2dihydronaphthalene is obtained with the encapsulated catalyst, this could be due to the limited availability of water, or the promotion of folding of the substrate in the confined space. The encapsulated complex (IPr)AuOTf@CR6 also showed substrate selectivity in catalyzing alkyne hydration (Figure 13). 57 The free catalyst (IPr)AuOTf converted the aliphatic cyclic alkyne ethynylcyclohexane and linear ones (1-octyne and 1dodecyne) to give the corresponding methyl ketones in a ratio of 1.5: 1.0: 1.0, while the ratio was increased to 3.4: 1.3: 1.0 when the above three alkynes were submitted to the encapsulated complex (IPr)AuOTf@CR6. The substrate selectivity induced by the confined space can be explained by the fact the shorter cyclic substrate can easily match in the cavity, whereas the longer linear alkynes have to bend themselves to accommodate the residual space of cavity. The entropically unfavorable process leads to a lower reactivity. Recently, Reek and co-wokers reported the encapsulation of cationic analogues of Hoveyda catalyst HII by the hexameric resorcinarene capsule (CR6). [START_REF] Jongkind | Protection of Ruthenium Olefin Metathesis Catalysts by Encapsulation in a Selfassembled Resorcinarene Capsule[END_REF] The encapsulated catalysts Ru-1@CR6 and Ru-2@CR6 do not only show excellent metathesis-activity, but also improve the turnover numbers (TON) significantly compared to the uncaged catalyst HII in the presence of water-saturated solvent in ring-closing metathesis of diene (Figure 14). In particular, the encapsulated catalyst Ru-2@CR6 delivers almost 2-fold of turnover numbers than that of the uncaged catalyst HII. This encapsulating benefit is attributed to two main factors:

One is the confined space that prevents inter-catalyst contacting, and then to avoid the degradation of catalyst via bimolecular coupling. The other one is that the capsule can protect the catalyst by against the attack from the detriment of bulk water. 

Cavitand-encapsulated transition metallic catalysts

Cavitands can be used as molecular containers for transition metals to form confined catalysts. The frequently applied cavitands include cyclodextrins 59 , calixarenes [START_REF] Rebilly | Biomimetic cavity-based metal complexes[END_REF] , resorcin [4]arenes [START_REF] Giri | Cavitand and Molecular Cage-Based Porous Organic Polymers[END_REF][START_REF] Assaf | Cucurbiturils: from synthesis to high-affinity binding and catalysis[END_REF] and cucurbiturils 61 (Figure 15). Herein, cyclodextrin-encapsulated transition metallic catalysts are introduced. Cyclodextrins (CDs) are produced from starch by enzymatic conversion, [START_REF] Qi | Cyclodextrin glucanotransferase: from gene to applications[END_REF] which are composed of glucose units, linked in an α-1,4 manner. The most common cyclodextrins are α, β and γ cyclodextrins (Figure 16). Modified cyclodextrins have been widely studied as artificial enzymes due to their accessibility and low toxicity, and the hydrophobic cavity can be as host to bind guest molecules in water. [START_REF] Raynal | Supramolecular catalysis. Part 2: artificial enzyme mimics[END_REF] The first example of cyclodextrin-modified transition metallic catalyst was an α-CD-Ni complex reported by Breslow and co-workers in 1970. [START_REF] Breslow | An "Artificial Enzyme" Combining a Metal Catalytic Group and a Hydrophobic Binding Cavity[END_REF] But the Ni complex was not encapsulated in the cavity. In the following, examples of complexes in which the catalytic metal center is confined in the cyclodextrin cavity are presented. From 2013, in our group, a series of cyclodextrins have been capped with Nheterocyclic carbene (NHC) ligands, to introduce coinage metals inside the cavity (Figure 17). In the corresponding (ICyD)MCl complexes, the cavity plays the role of both first and second coordination sphere, and the shape of the cavity is quite different than that of the native CDs by subsequent X-ray, [START_REF] Zhu | Permethylated NHC-Capped alpha-and beta-Cyclodextrins (ICyD(Me) ) Regioselective and Enantioselective Gold-Catalysis in Pure Water[END_REF] NMR, and modelling studies. The NHC-bridged CDs induced a deformation of the cavity which impart enantioselectivity or regioselectivity to the (ICyD)MCl complexes, that is the substrates interact with the cavity to access a reactive metal center in different approaching manners. Therefore, the well-defined (ICyD)MCl complexes have been applied in various catalytic reactions to test if the cavity shape is able to induce selectivity.

Control of regioselectivity

In the copper-catalyzed hydroboration of alkynes in the presence of (Bpin)2 and MeOH, the two investigated catalysts (α-and β-ICyD) Bn CuCl showed an opposite regioselectivity (Figure 18). [START_REF] Zhang | Cyclodextrin Cavity-Induced Mechanistic Switch in Copper-Catalyzed Hydroboration[END_REF] For example, starting from phenylacetylene, with (α-ICyD) Bn CuCl, the linear product is formed as the major isomer, while with (β-ICyD) Bn CuCl, the branched product is obtained as the major one. Calculations showed that the different regioselectivities are due to the two different approaches induced by α-ICyD and β-ICyD ligands. With the smaller cavity size of α-ICyD ligand, the insertion of the alkyne inside the cavity was disfavoured. The substrate was proposed to interact with the (α-ICyD) Bn Cu-Bpin species at the entrance of the cavity via a "perpendicular" approach. In contrast, the β-ICyD ligand possessing a bigger cavity size, allows the terminal alkyne to penetrate inside the cavity to react with the copper center through a "parallel" approach.

In the copper-catalyzed reduction of α,β-unsaturated ketones in the presence of phenylsilane, 67 (α-ICyD) Bn CuCl exclusively gave the 1,2 reduction product with high ee up to 83%, whereas (β-ICyD) Bn CuCl gave total reduction product as the major one with a quite low ee 6%, when 1.5 equivalent of phenylsilane was used (Figure 19). By decreasing the amount of phenylsilane to 0.5 equivalent, with (β-ICyD) Bn CuCl, the 1,4 reduction product was obtained as the major one with a moderate yield. DFT calculations indicated that the transition state for the 1,2addition is favoured in α-ICyD ligand over that of 1,4-addition. Whereas the transition state for the 1,4-addition is preferred in β-ICyD ligand than that of 1,2addition. 

Control of enantioselectivity

The deformed cavities of αand β-ICyD ligands have been shown to impart the chirality in gold-catalyzed reactions. [START_REF] Guitet | NHC-capped cyclodextrins (ICyDs): insulated metal complexes, commutable multicoordination sphere, and cavity-dependent catalysis[END_REF] In the gold-catalyzed cycloisomerization reaction of enynes in the presence of AgSbF6, (α-ICyD) Bn AuCl affords products in 78-83% yield, while with moderate ee. Whereas (β-ICyD) Bn AuCl not merely can give desired products in good yields (77-99%) but also with better values of ee in the same reactions. Especially, for the phenylated enyne derivative substrate, with (β-ICyD) Bn AuCl, the isomer was obtained in 99% yield and 80% ee (Figure 20). In addition, the rate of reactions catalyzed by bigger β-CD-based complex are much higher than that with the smaller α-CD one. Higher temperature (40 °C) is required with α-CD-based AuCl to shorten the reaction time. Inspired by the perbenzylated (αand β-ICyD) Bn AuCl complexes inducing high enantioselectivity in gold-catalyzed cycloisomerization reaction of enynes, the permethylated (αand β-ICyD) Me AuCl analogues were synthesized. These complexes have good solubility in water and thus possess the ability to be applied in aqueous media. [START_REF] Zhu | Permethylated NHC-Capped alpha-and beta-Cyclodextrins (ICyD(Me) ) Regioselective and Enantioselective Gold-Catalysis in Pure Water[END_REF] In the cycloisomerization reaction of N-tethered enynes (Figure 21), both αand β-ICyD Me ligands afford the same enantiomer with 60 and 81% ee, respectively. Although the obtained yields are much lower compared to those of the αand β-ICyD Bn ligands, the enanotioselectivity is improved significantly. The β-ICyD Me cavity also induced excellent and even higher enantioselectivities in gold-catalyzed hydroxycyclization reactions of enynes in contrast to the β-ICyD Bn cavity (Scheme 1 vs Figure 22). And the ee value could be further improved to 98% with β-ICyD Me by running the reaction at a lower temperature (20 °C). Whereas, the α-ICyD Me ligand showed a lower reactivity and moderate enantioselectivity in the reaction compared to β-ICyD Me ligand after the addition of AgSBF6, otherwise, no reaction initiated. In 2018, inspired by our group's work in gold catalyzed cycloisomerization of Ntethered enynes, Armspach and co-workers reported two perbenzylated α-CD modified benzimidazolylidene-coordinated gold complexes, (α-A,C-BiCyD) Me AuCl and (α-A,D-BiCyD) Me AuCl. [START_REF] Kaya | Benzimidazoliumand Benzimidazolilydene-Capped Cyclodextrins: New Perspectives in Anion Encapsulation and Gold-Catalyzed Cycloisomerization of 1,6-Enynes[END_REF] The α-CD-benzimidazolylidene precursor was obtained by Swern oxidation of diols, reductive amination of dialdehydes, and bisannulation with triethyl orthoformate steps, which is different with our procedure of bridging the benzimidazole with di-O-methyl sulfated perbenzylated α-CD directly. The enantioselectivity induced by two capped gold catalysts was investigated in the cycloisomerization reaction of N-tethered enynes (Figure 23). The C2-symmetric A,D-capped ligand induces a better enantioselectivity with two substrates than the asymmetric A,C-caped ligand with a ee up to 50%, although the afforded yield are slightly lower. The enantiodiscrimination seems to be due to the N-tethered 1,6-enynes adopting different folding manners in the chiral cavity of these two CD ligands.

The CD cavity was also exploited to capture reactive species that could not be isolated using more conventional NHCs. For instance, copper hydride species which have the proneness to aggregate, have never been isolated as a monomeric species, although it has been seen in equilibrium with its dimer by Bertrand. [START_REF] Romero | Spectroscopic Evidence for a Monomeric Copper(I) Hydride and Crystallographic Characterization of a Monomeric Silver(I) Hydride[END_REF] By using α-ICyD ligands, we could isolate and characterize a monomeric (L)CuH complex on its own in solution, 67 an unprecedented result which was attributed to the high protecting and stabilizing effect of the α-CD cavity preventing dimerization and further oligomerization. 

Summary

In the survey, the major molecular containers that were used to encapsulate metals are listed. The catalytic activities of some confined metallic complexes are presented. It could be concluded that the main benefits introduced by the cavities are stabilization of active metallic cores, controlling the accessible size of substrates, and imparting the regio-or enantioselectivities.

Part I-2 NHC-bridged cyclodextrin copper complexes as catalysts for the carboborylation of alkynes

The (NQ-IMes)CuCl was also applied to optimize the Cu-catalyzed methylborylation of terminal alkynes as shown in Scheme 6 by Lee's group in 2017. [START_REF] Mun | Total Synthesis of Isohericerin, Isohericenone, and Erinacerin A: Development of a Copper-Catalyzed Methylboronation of Terminal Alkynes[END_REF] (NQ-IMes)CuCl can give a high yield and regioselectivity of product, but lower than that of with IMes ligand. The investigated ICy and Benz-Icy ligands also showed excellent catalytic performances in the reaction. Especially, the latter exhibited much higher activity with 94% yield of product obtained. Scheme 6. Optimization of the Cu-catalyzed methylboronation of alkyne. * 5% loading.

NHC-copper-catalyzed intramolecular carboborylation of alkynes

In 2015, Ito's group reported the intramolecular carboborylation of silicontethered internal alkynes catalyzed by several NHC-ligand-based copper complexes (Scheme 7a). [START_REF] Kubota | Silicon-Tethered Strategy for Copper(I)-Catalyzed Stereo-and Regioselective Alkylboration of Alkynes[END_REF] The IMes ligand exhibited the best catalytic activity in the reaction with a quantitative yield obtained. The ICy ligand showed comparable activity with the IMes. In contrast, the IPr ligand gave quite low yield of product (34%). To confirm the effectiveness of the silicon-tethered strategy, the corresponding nonsilicon-tethered alkynyl bromide was investigated under the same conditions (Scheme 7b). Under these conditions, no reaction takes place, thus demonstrating that the presence of silicon in the alkynes favors the intramolecular carboboration of this substrate.

NHC-bridged cyclodextrin copper complexes catalyzed carboborylation of alkynes 2.1 Previous work: NHC-bridged cyclodextrin copper complexes catalyzed hydroborylation of alkynes

We previously reported (α/β-ICyD) Bn CuCl complexes featured the active catalytic copper species were encapsulated in the cavity of cyclodextrin (CD). [START_REF] Zhang | Artificial Chiral Metallo-pockets Including a Single Metal Serving as Structural Probe and Catalytic Center[END_REF][START_REF] Guitet | NHC-capped cyclodextrins (ICyDs): insulated metal complexes, commutable multicoordination sphere, and cavity-dependent catalysis[END_REF] The (α-ICyD) Bn CuCl shown an opposite regioselectivity compared with the (β-ICyD) Bn CuCl in catalyzing the formal hydroboration of terminal alkynes in the presence of (Bpin)2 and MeOH. [START_REF] Zhang | Cyclodextrin Cavity-Induced Mechanistic Switch in Copper-Catalyzed Hydroboration[END_REF] This was attributed to the difference in nature/size of the αand β-CD cavity, the proposed mechanism was shown in (Figure 26). In the smaller cavity size (α-ICyD) Bn , the alkyne reacts with the (α-ICyD) Bn CuBpin intermediate in a "perpendicular" approach at the entrance of the cavity. Resulting in the linear boron copper vinyl intermediate (αLI) as the major adduct, thus affording the linear isomer as the main product. In contrast, the (β-ICyD) Bn In order to explore if the regioselectivity of (α/β-ICyD) Bn CuCl will impart to the carboboration of terminal alkynes or not, we herein present the investigation of the two copper complexes in catalyzing the methylborylation of a series of terminal alkynes and intramolecular carboboration of 6-halogenated terminal alkynes. [START_REF] Wen | Carboboration of Alkynes with Cyclodextrin-Encapsulated N-Heterocyclic Carbene Copper Complexes[END_REF] 

NHC-bridged cyclodextrin copper complexes as catalysts for the intermolecular carboborylation of alkynes

The methylboration of phenyl acetylene (9) as a benchmark reaction was first investigated to explore the efficiency and regioselectivity of (α/β-ICyD) Bn CuCl, and the commercial copper catalyst (IPr)CuCl was taken in the control experiment (Scheme 9). A high conversion of 96% of substrate 9 was afforded under the optimized conditions of (α-ICyD) Bn CuCl (4 mol %), CH3I (4.0 eq.) and (Bpin)2 (1.3 eq.) in the presence of tBuOK (1.3 eq.) running at 60 o C for 24h. The (α-ICyD) Bn CuCl gave the linear (L) vinyl boron isomer 10a exclusively in NMR yield of 74% with no trace of the branched (B) isomer 10b was detected (Scheme 9, a).

When the reaction running at 20 °C, the conversion of substrate 9 and the yield of isomer 10a decreased to 79% and 51%, respectively. But the regioselectivity for linear isomer is remaining unchanged (Scheme 9, b). In contrast, when the reaction running with a lower catalyst loading of 2 mol%, the regioselectivity for linear isomer decreased to 96%, although with a slightly improved yield of 78% (Scheme 9, c). Compared to the excellent catalytic performance introduced by the α-ICyD ligand, the β one afforded a slightly lower conversion and yield, but with a decreased regioselectivity to 92:8. By comparison, (IPr)CuCl gave lower properties of the substituents on the aromatic ring have no significant effect on the regioselectivities for the formal of the linear isomer. In contrast, the alkyl group substituted terminal alkyne 37 (R = CH2OBn) gave a much lower regioselectivity (87:13) for linear isomer (Table 1,entry 14). Indicating that the aromatic ring is essential for the high regioselectivity for formal of linear isomer. 

Intramolecular carboborylation of alkynes with CD-NHC copper complexes and "classical" NHC copper complexes

In our previous studies of (α-ICyD) Bn CuCl catalyzing hydroboration of alkynes, we found that the internal alkynes reacted much slower than the terminal alkynes, this is due to steric interactions with the CD cavity. Herein, we focussed on the intramolecular carboborylation of terminal alkynes. The intramolecular carboboration of unactivated halogen-substituted terminal alkyne is a challenging project, only a few examples have been reported in the literature. For instance, the cyclization of 6-bromo-1-hexyne by using of CuCl/(o-tol)3P to give the fivemembered isomer in a low yield (8%) in Ito's group (Scheme 8). [START_REF] Iwamoto | Copper(I)-Catalyzed Regio-and Stereoselective Intramolecular Alkylboration of Propargyl Ethers and Amines[END_REF] The intramolecular carboboration of simple iodoalkyl-substituted terminal alkyne 6-iodo-1-hexyne ( 39) was first investigated (Scheme 10). Under the conditions of (α-ICyD) Bn CuCl (8 mol %) and (Bpin)2 (2.0 eq.) in the prescence of tBuOK (2.0 eq.) running at 60 o C for 24h, with 39, a five-membered vinyl boronate 40a and an unexpected and unprecedented six-membered isomer 40b were obtained in 30% and 20% yield, respectively. We observed that when decreasing the concentration of tBuOK in the reaction system by slow addition over 1h, the yield of sixmembered isomer 40b was dramatically decreased to 3% (Scheme 10, b). To gain mechanistic insight into the reaction, several control experiments were carried out (Table 2). When the radical scavenger, 2,2,6,6-tetramethyl-1piperidyloxy (TEMPO) was added into the reaction under optimized conditions, the reaction was dramatically inhibited: Only 15% of six-membered vinylboronate 40b formed, and no trace of five-membered vinylboronate 40a was detected. But no adduct with tempo could be detected 86 (Table 2, entry 2). In contrast to the trapping of radical with TEMPO, azobisisobutyronitrile (AIBN) as a radical initiator, was applied to induce the formation radical in the reaction (Table 2, entry 3). Interestingly, we found that the five-membered isomer 40a was obtained in a significantly improved yield of 62%, whereas, the yield of the six-membered isomer 40b decreased to 8%. To suppress the formation of the radical in the process, the reaction was performed at RT, and in the dark (Table 2, entry 4). The total yield of two isomers was found to decrease under these conditions, while the obtained major isomer is 40a, instead of 40b, which indicated that the former product was mainly formed in a kinetic process, while the latter one was mainly got in a thermodynamic process.

Table 2. The experiments of controlling the generation of radical.

Entry

Add. reagent Convn. % [a] Yield(40a / 40b)% [b] Ratio 40a / 40b The mesylated and acetated alkynes 41/42, were also used as substrates to evaluate the effect of the leaving group (Table 3). We found that, with the mesylate substrate 41 (Table 3, entry 1 and 2), α-ICyD and IPr ligands afforded a mixture of the two vinylboronate products in 48% and 56% yield, respectively, which is slightly lower than that with iodo-substituted alkyne 39. The use of 41 improved the ratio of the six-membered isomer 40b. Especially, with (α-ICyD) Bn CuCl, a reversed ratio of 40a/40b (44:59) was obtained. This result was attributed to the mesylate group suppressed the generation of radical, and thus inhibiting the formation of the five-membered isomer 40a. When the acetated substrate 42 was used (Table 3, entry 3 and 4), no desired product was detected, and only the hydroboration byproduct 43 was obtained in 20% and 18% yield with α-ICyD and IPr ligands, respectively. Due to the strong C-OAc bond can't be easily broken in these conditions.

Table 3. The effect of leaving group in intramolecular carboboration of alkynes.

Entry Alkyne (X) [a] NHC Yield(40a / 40b)% [b] Ratio 40a/40b [c] Byp.% [a-c] The alkynes in all reactions were consumed completely, NMR yield and ratio of products were determined by 1 H NMR analysis of the crude reaction mixture by comparison with the internal reference (1,3,5-trimethoxybenzene).

To optimize the conditions of this reaction, the influence of the (Bpin)2/tBuOK ratio was also investigated (Table 4). When the conditions of 2.0 equiv. of (Bpin)2 and 1.0 equiv. of tBuOK were used in the reaction, α-ICyD and IPr ligands both gave the two isomers in a total yield of 53%. While the ratio of the six-membered isomer 40b decreased dramatically to 11% by using α-ICyD ligand, and 6% by using IPr ligand. This result indicated that the excess of (Bpin)2 favored the formation of the five-membered isomer 40a. In contrast, when the conditions of 1.3 equiv. of (Bpin)2 and 2.0 equiv. of tBuOK were used in the reaction, the total yield of the two isomers decreased heavily to 15% and 28% with α-ICyD and IPr ligands, respectively. However, α-ICyD and IPr ligands still gave the two isomers 40a/40b in a ratio of 60:40 and 46:54, which are comparable with the ratio when the reactions were performed under the optimized conditions as shown in the Scheme 10. An elimination product 45 was detected in these conditions. We propose that the excess of base induced the decrease of the amount of bromoalkyne 44.

Table 4. The effect of (Bpin)2/tBuOK ratio in the intramolecular carboboration of alkynes.

Entry NHC (Bpin)2 / tBuOK(eq.) Yield(40a/40b)% [a] Ratio 40a/40b [b] [a-c] The alkynes in all reactions were consumed completely, NMR yield and ratio of products were determined by 1 H NMR analysis of the crude reaction mixture by comparison with the internal reference (1,3,5-trimethoxybenzene).

In order to verify our hypothesis, control experiments without copper catalysts were performed (Table 5). We found that when the conditions of 2.0 equiv. of (Bpin)2 and 2.0 equiv. of tBuOK were used in the reaction, no trace of elimination product 45 was detected. The substrate was consumed completely, but the obtained byproducts could not be characterized easily from the crude proton NMR spectrum. It is possible that polymerization reactions of the alkyne take place under these conditions without copper catalyst. In contrast, when no (Bpin)2 was added in the reaction, the elimination product 45 was obtained as the only product in 50% yield. Only half of substrate 39 was converted, even after heating at 60 o C for 24 h. Here, another question should be asked why no elimination product 45

was formed under the conditions of equal stoichiometry of (Bpin)2 and tBuOK addition? We proposed that the (Bpin)2 and tBuOK react immediately to form pinB-OtBu and KBpin salt with an overwhelming rate than that of the elimination of halo-alkyne with tBuOK. So the reaction of (Bpin)2 and tBuOK in THF was investigated, as expected, the formation pinB-OtBu was observed, and the resulting white precipitate was also characterized as KBpin.

Table 5. Elimination reaction with 6-iodohexyne in the presence of (Bpin)2 and tBuOK.

Entry (Bpin)2 (eq.) tBuOK (eq.) Convn % [a] 45 The above experimental results suggest that the five-membered isomer 40a is obtained through a radical pathway, whereas the six-membered isomer 40b could be formed via a non-radical way. Significant modification and inversion of the ratio of regioisomers could be observed in the presence of TEMPO or AIBN (Table 2).

% [c] Byp. % [c]
The production of the unprecedented six-membered isomer 40b seems due to the effect of the NHC ligand rather than to the influence of constrained cavity of α/β-CD. A novel mechanism was proposed as described in Scheme 12, which is different with the reported intramolecular carboboration mechanism. [START_REF] Iwamoto | Copper(I)-Catalyzed Regio-and Stereoselective Intramolecular Alkylboration of Propargyl Ethers and Amines[END_REF]86 It The pathway for the formation of the six-membered cycle 40b involves E→Z isomerization of the branched (B) vinyl copper boronate isomer 47 (E) to 48 (Z) followed by cyclization (Scheme 13). [START_REF] Maza | Borata-Alkene Species as Nucleophilic Reservoir[END_REF][START_REF] Kumar | alpha-Borylalkyl radicals: their distinctive reactivity in modern organic synthesis[END_REF] The ionic isomerization pathway is more plausible in our case, because the radical isomerization pathway will be totally suppressed by TEMPO. We try to promote the formation of 40b by performed reactions under photocatalytic conditions to favor isomerization as the literature reported. [START_REF] Cai | Synthesis of Z-alkenes via visible light promoted photocatalytic E --> Z isomerization under metal-free conditions[END_REF][START_REF] Molloy | Contra-Thermodynamic, Photocatalytic E-->Z Isomerization of Styrenyl Boron Species: Vectors to Facilitate Exploration of Two-Dimensional Chemical Space[END_REF] Unfortunately, all the attempts were unsuccessful, and the ratio 40a/40b is still maintained (data not shown).

Scheme 13. Vinylcopper isomerization through copper oxidation process.

To improve the yield of the unexpected six-membered isomer 40b, a series of NHC ligands were investigated in the intramolecular carboboration of 6-iodo-1-hexyne (Scheme 14). Unfortunately, still the IPr ligand gave the best yield of 40b, although the SIPr ligand-based copper catalyst also afforded the desired isomer 40b as the major product, while the yield was dramatically decreased to 21%. In contrast, IMes, SIMes, and IAd ligands showed very high regioselectivities in favor of the five-membered isomer 40a. Especially, the IMes ligand can give 40a in a good yield of 75% and a high 40a/40b ratio of 95:5.

Scheme 14. Effect of NHC-ligands in the intramolecular carboboration of alkynes.

In addition, inspired by literature reported propargyl ether derivatives that could improve yields of the cyclized isomer in intramolecular carboboration reactions. [START_REF] Iwamoto | Copper(I)-Catalyzed Regio-and Stereoselective Intramolecular Alkylboration of Propargyl Ethers and Amines[END_REF] The propargyl ether derivatives 50/52 were synthesized and used in the cyclization reactions catalyzed by (α/β-ICyD)CuCl or (IPr)CuCl (Table 6). In all cases, we found that the three catalysts both exclusively gave the five-membered vinyl boronate 51a, no traces of six-membered endocyclic vinyl boronate 51b was detected. Moderate yields of 51a were obtained by using the (α/β-ICyD)CuCl, whereas, a much lower yield was afforded by using the (IPr)CuCl. 

Entry

Alkyne (X) NHC Convn % [a] Yield % [b] Ratio 51a/51b 

Conclusions and perspectives

We have shown here that the α/β-CD-based NHC-copper (I) complexes (α/β-ICyD) Bn CuCl with the active catalytic copper species were encapsulated in the cavity of CD. In the copper-catalyzed methyl boration of terminal alkynes, the The electronic properties of the substituents on the aromatic ring have no significant effect on the regioselectivities of the linear isomer. But the aromatic ring is essential for the high regioselectivity of the linear isomer.

The (α/β-ICyD)CuCl were also used in catalyzing the intramolecular carboboration of unactivated terminal alkynes substrates such as simple acetylenic halide 6-iodo-1-hexyne to give cyclized vinyl boronates. Interestingly, an unexpected and unprecedented cyclohexenyl boronate isomer was formed via endo-type cyclization of a copper vinyl boronate intermediate. And the classical NHC-copper complex (IPr)CuCl could improve the regioselectivity of the sixmembered isomer. Suggesting that this new reactivity is due to the effect of NHC ligand rather than the influence of constrained cavity of α/β-ICyD. After performing a series of control experiments, a novel mechanism was proposed that the five-membered isomer 40a was obtained in a radical pathway, whereas the unexpected six-membered isomer 40b is more likely formed via a non-radical pathway, which involves the E-Z isomerization and exocyclization processes.

How to improve the yield of six-membered isomer is an intriguing project, even though several explorative works have not been successful. I think there are two main strategies that could be considered to reach this goal. One is to suppress the generation of radicals, such as using less active leaving groups, running the reaction at a lower temperature, and in a dark environment. Another one is to find more appropriate ligands. Maybe we can try the analogs of IPr ligand with larger steric hindrance, like IPr*, 91 and IPr**. 72

Part II-1 Bibliography and state-of-the-art

Bimetallic complexes based on Janus type bis(NHC) ligands: studies on metal-metal communication and catalytic properties 1 Introduction of Janus-type bis(NHC) metallic complexes

N-heterocyclic carbenes (NHCs) have drawn considerable attention over the past two decades thanks to their particular features. Their strong electron donating ability is associated with high affinity toward a wide range of main group and transition metals. [START_REF] Bourissou | Stable Carbenes[END_REF] At the same time, they are also π acceptors, drawing electrons from such as d orbital electrons of transition metals (Figure 28). [START_REF] Khramov | N-Heterocyclic Carbene-Transition Metal Complexes: Spectroscopic and Crystallographic Analyses of π-Back-bonding Interactions[END_REF] NHCs have already found many applications in the design of organometallic catalysts, [START_REF] Gonzalez | N-Heterocyclic Carbenes in Late Transition Metal Catalysis[END_REF] organocatalysts, [START_REF] Enders | Organocatalysis by N-Heterocyclic Carbenes[END_REF] lead drugs, 96 optical elements, [START_REF] Visbal | N-Heterocyclic carbene metal complexes: photoluminescence and applications[END_REF] etc. Among them, the ditopic NHCs have recently attracted increasing interest. For example, when they are used as ligands to synthesize the bis(NHC) metallic complexes, the two facially opposed NHC moieties can inhibit chelation with one metal, thus the bis (NHC) ligands are able to bind to two metals. [START_REF] Neilson | Advances in bis(N-heterocyclic carbene) chemistry: new classes of structurally dynamic materials[END_REF] The most so far reported ditopic NHCs are summarized in Figure 29, A-C and I-K were explored mainly by the group of Peris, [START_REF] Mata | Heterometallic complexes, tandem catalysis and catalytic cooperativity[END_REF][100][101][102][103] and E-H were developed by the group of Bielawski. [104][105][106] The other new types of bis(NHC) ligands D, 107 L, 108 M, 109 N, 110 and O-P 111,112 were reported in recent years by several groups. In most of them, the two NHC moieties are linked with a π-conjugated system. These motifs have shown remarkable utility as building blocks for various homo-and heterometallic complexes, [START_REF] Mata | Heterometallic complexes, tandem catalysis and catalytic cooperativity[END_REF] supramolecular assemblies, 113 and organometallic polymers. 114 For the bis(NHC) ligated bimetallic complexes, a logic question should be mentioned: Is there electronic communication (or not) between the two metals separated by this π-conjugated system? The extent of electronic communication between the redox centers can be related to the degree of electronic delocalization on the ditopic system according to Robin-Day classification. 115 Three groups have been proposed in this classification: Class I compounds are those in which the charge is localized on one of the two redox centers; in class II compounds, the charge is slightly delocalized between the two redox centers; for class III compounds, the charge is completely delocalized between the two redox centers (Figure 30). 116 However, Albrecht and co-workers found that an appropriate alignment of the 4d orbitals of ruthenium and the p-orbitals of benzobis(carbene) ligands, generated by introducing rigidly planar chelating pyridyl wingtip groups, improved the intermetallic communication through this π-conjugated system efficiently. 120 In the ruthenium complexes 53 (Figure 31), a separation of 244 mV was calculated between the two Ru II / Ru III oxidation potentials, with a Kcom of 10 4.12 , which corresponds to a class II complex according to the Robin and Day classification. 115 In this section, several representative bis(NHC) ligated metallic complexes are introduced, including their catalytic applications.

Ditz ligand-based bimetallic complexes

The most simple non chelating bis(NHC) precursor, complexes were developed in the group of Peris (Figure 32). Investigation of the X-ray molecular structures of these complexes indicated that the metal-to-metal distances are very close to 6 Å in all cases. [START_REF] Mata | Heterometallic complexes, tandem catalysis and catalytic cooperativity[END_REF] The determination of Tolman-Electronic-Parameters (TEPs) and Cyclic Voltammetry (CV) showed that the degree of metal-to-metal electronic communication through the ditz ligands is weak but still stronger than that of bimetallic complexes linked with other Janustype bis(NHC) ligands. 119 For instance, the separation between the oxidation potentials (Ru II /Ru III ) of a ditz-based diruthenium complex ( 63) was found to be 

BBI ligand-based bimetallic complexes

The benzobis(imidazolylidene) (BBI) ligand was firstly developed by Bielawski and co-workers in 2005. 104 From then, a series of BBI ligand-based Ag I /Ag 140 and 104 (Pt) 140 (Figure 35). 

Pyracene-, pyrene-and quinoxalinophenanthrophenazineconjugated bis(NHC) bimetallic complexes

Pyracene, pyrene and quinoxalinophenanthrophenazine core-based bis(NHC) ligands I, J and K have been reported by the group of Peris. The corresponding bimetallic Pd II /Pd II , 141 Rh I /Rh I , 102, 142 Ir I /Ir I102, 103, 142 and Ru II /Ru II143 complexes were also obtained (Figure 36). The catalytic performance of bimetallic complexes 105 (Pd), 106 (Pd) and 118 (Ru) were investigated in some selected transformations. They showed higher catalytic activities than that of the corresponding monometallic complexes. This benefit was due to the higher local concentration of metal in the bimetallic complexes and the good affinity of the aromatic core of bis(NHC) ligand for substrates via π-stacking.

For instance, in the Suzuki-Miyaura coupling reaction of aryl halides and phenyl boronic acids, both dipalladium complexes 105 and 106 can improve the outcome yield slightly compared to the monopalladium complexes 122 and 123 (Scheme 19). 141 And in the Ru-catalyzed tandem reaction for preparation of mixed arylated/alkylated arylpyridines (Scheme 20), 143 the diruthenium complex 118 showed higher activity than the monoruthenium complex 124. 

Other types of Janus bis(NHC) ligand-based bimetallic complexes

Other less popular Janus bis(NHC) bimetallic complexes are listed in Figure 37.

Complexes 125-128 were reported by Peris and co-workers, 100, 101 are featured by a structure of two NHC moieties fused directly, even without a π-conjugated linker. The internal metallic communication of these bimetallic complexes is stronger than that of bimetallic complexes combined with a π system. This proved that the σ-bond interaction is the predominant force between the two metal centers of the bimetallic complexes.

The bis-rhodium or iridium complexes 129-135 were exclusively developed by the group of Bielawski. The metals are coordinated with benzoquinone or biphenyl core-based bis(NHC) ligands. 105,106 In complexes 131 and 132, when the quinone moiety is reduced, the electron density increases on the metal centers, as

shown by the average νCO values that decreased by 14 and 15 cm -1 , respectively. 105

Lugan and co-workers have reported novel Janus-type bis(NHC) bimetallic complexes 136-138, 107 featuring two carbene moieties connected through a single C-C bond. The Pd-Rh heterometallic complex 138 was obtained in two steps by firstly bridging a palladium fragment to one NHC moiety of precursor, then introducing a rhodium fragment to another one NHC moiety.

In 2020, the first variable oxidation states of P V / V and P III/III bridged tricyclic bis(NHC)s ligands were reported by Streubel and co-workers, and a series of coinage metallic complexes 139-144 were obtained based on the precursors. 108 Pincer carbene bis-rhodium complexes 145-147 have structures with two sixmembered NHC moieties linked by a perylene. 110 The fluorescence of Rh complexes is virtually quenched compared to the high fluorescence emission of the corresponding precursors with quantum yields (ϕ) of 72-86%. This was attributed to the availability of (metal-centered) nonradiative relaxation pathways.

Twisted linear anionic bis(NHC) rhodium complexes 148 and 149 were reported by the group of Chiu. 109 The TEP measurement of complex 149 indicated that the electron-donating ability of this anionic ligand is intermediate between neutral and anionic NHC due to the dilution of the inductive effect of the borate anion over two carbene moieties.

Tapu and co-workers have reported two stable dianionic Janus-type bis(maloNHC) ligands in 2014 and 2017, 111, 112 allowing the isolation of neutral zwitterionic bis- 7, i and ii). After the introduction of metal, the protons of monometallic complexes 173(Au) or 177(Pd) are upfield-shifted compared with precursor 157 (Table 7, i and ii). Such as the distinct methyl protons (MeH), the alkene protons (ImiH), and the internal acidic imidazolium proton (Hα).

The internal acidic imidazolium protons (Hα) signal has disappeared in compounds 161…178, indicating that coordination has occurred on the inner NHC moiety (Table 7, iii). We found that the chemical shift of protons on the bis(NHC)ligand in bimetallic complexes slightly changed when varying the metal inside or outside the cavity, suggesting that the bis(NHC)-ligand is relatively nonsensitive to the metal change on the two NHC moieties. However, the protons on the 3 position of the glucose units C and F (H-3 C,F ), and the protons on the 5 position of the bridge glucose units A and D (H-5 A,D ) show a significant deshielding effect shift compared to the protons H-3 C,F and H-5 We might propose a plausible explanation according to Huynh's studies. [START_REF] Assaf | Cucurbiturils: from synthesis to high-affinity binding and catalysis[END_REF] The transitions. Especially, the absorption band at ca. 285-350 nm of gold(III)complex 190 was assigned to ligand-to-metal-charge-transitions (LMCT) (Table 18). The In the absorption spectra of mono(NHC)-Au III complex 190, an obvious LMCT absorption peak (299 nm) that was originated from the chloro ligands to the Au III center can be easily found (Figure 57). Whereas, the LMCT absorption peak of bis(NHC)-Au III complex 182 can not be observed clearly. We suppose that the peak is covered by the stronger absorption band of π-π* ligand-centered (LC) transitions in phenyl-linked bis(NHC) ligand system. 

lowest

General information

All reactions were performed under an argon atmosphere using well-dried reaction flask. Unless stated otherwise, reactants were purchased from commercial sources and used as received without further purification. All the solvents used as reaction media were distilled. Column chromatography was performed with silica gel (100-200 mesh). NMR spectra were recorded on a Bruker 300 MHz or 400 MHz or 600 MHz, using the signal of the residual solvent as an internal reference. The high-resolution mass spectroscopy (HRMS) was performed on a Bruker micrOTOF spectrometer, using Agilent ESI-L low concentration lithium formate or Tune-mix as reference.

Starting Materials and Reagents

(α/β-ICyD)CuCl were synthesized according to our previously published procedure. [START_REF] Zhang | Cyclodextrin Cavity-Induced Mechanistic Switch in Copper-Catalyzed Hydroboration[END_REF] (IPr)CuCl was commercial compound, and used as received without further purification. Alkynes 37, 165 50 166 , and 52 167 were prepared according to reported procedures.

Standard procedure for the methylboration of alkynes catalyzed by (α-

ICyD)CuCl.
An oven-dried screwed tube was charged with (α-ICyD)CuCl (0.01 mmol, 29.0 mg) and bis (pinacolato) diboron (B2pin2, 0.30 mmol, 75.2 mg). After being sealed with a septum, the tube was purged by 3 vacuum-argon cycles. THF (0.5 mL) was added and the mixture was stirred for 5 min at 20 °C. A solution of tBuOK 1.0 M in THF (0.3 mL, 0.3 mmol) was added. After stirring for 30 min, the alkyne (0.23 mmol)

was added (neat or dissolved in the minimal amount of THF if solid) followed by CH3I (0.91 mmol, 56.7 L). The tube was sealed with a screw cap and the mixture was stirred at 60 °C for 24 h. After cooling, the crude reaction mixture was filtered through a short pad of celite by rinsing with Et2O, and concentrated under vacuum.

The crude residue was purified by silica gel chromatography (Cy/Et2O). The conversion of the alkyne and NMR yield of the product were determined by 1 H NMR analysis of the crude reaction mixture by comparison with the internal reference (1,3,5-trimethoxybenzene). The regioselectivity of the reaction was determined by 1 H NMR analysis of the crude reaction mixture. 157.80, 145.55, 129.19, 118.55, 113.76, 111.53, 83.11, 55.37, 25.04, 20.33 ppm. 13 C NMR (100 MHz, CDCl3): δ 156. 45, 142.34, 133.91, 128.42, 127.27, 83.21, 25.03, 20.13 83, 145.70, 131.06, 129.68, 129.27, 128.24, 126.74, 83.18, 25.08, 22.23 33, 146.17, 131.48, 129.11, 127.04, 126.89 (q, J = 30.2 Hz), 126.09 (q, J= 5.2

HRMS ESI-TOF

Hz), 124.40 (q, J = 273.7 Hz), 83.16, 25.04, 23.74 (q, J = 1.9 13 C NMR (100 MHz, CDCl3): δ 157. 61, 138.52, 128.42, 127.67, 127.58, 82.92, 76.18, 72.18, 24.98, 18.21 54, 139.12, 128.28, 127.71, 127.33, 83.13, 74.31, 71.92, 24.98, 17.33 Standard procedure for the intramolecular carboboration of alkynes catalyzed by (α-ICyD)CuCl.

An oven-dried screwed tube was charged with (α-ICyD)CuCl (0.008 mmol, 19.4 mg) or (IPr)CuCl (0.008 mmol, 3.9 mg) and bis(pinacolato)diboron (0.20 mmol, 50.2 mg). After being sealed with a septum, the tube was purged by 3 vacuumargon cycles. THF (0.3 mL) was added and the mixture was stirred for 5 min at 20 °C. A solution of tBuOK 1.0 M in THF (0.2 mL, 0.1 mmol) was added. After stirring for 30 min, the alkyne (0.1 mmol) was added. The tube was sealed with a screw cap and the mixture was stirred at 60 °C for 24-27 h. After cooling, the crude reaction mixture was filtered through a short pad of celite by rinsing with Et2O, and concentrated under vacuum. The crude residue was purified by silica gel chromatography (Cy/Et2O). The conversion of the alkyne and NMR yield of the product were determined by 1 H NMR analysis of the crude reaction mixture by comparison with the internal reference (1,3,5-trimethoxybenzene), and the regioselectivity of the reaction was determined by 1 H NMR of the crude reaction mixture. 83.10, 73.24, 69.30, 33.39, 25.03 6.9 ppm).

2-(Cyclopentylidenemethyl

4,5-Di-iodo-imidazole

To a solution of imidazole (1.0 g, 14.69 mmol) in aqueous NaOH (4.0 M, 54 mL), a solution of KI (13.27 g, 79.9 mmol) and I2 (7.94 g, 31.3 mmol) in water (45 mL) was added dropwise over a period of 1h. The mixture was stirred at room temperature for 24 h. Acetic acid (12 mL) The NMR data are in agreement with the literature. 171

4-Iodo-imidazole

A mixture of 4,5-diiodo-imidazole (4.68 g, 14.63 mmol) and K2SO3 (25.1 g, 0.14 mol) in ethanol / water (1:1, 50 mL) was refluxed at 100 ℃ for 24 h. After cooling, the residual insoluble salts were filtered off, and ethanol was evaporated under reduced pressure. Powdere NaCl was added to saturate the as-obtained water phase, which was extracted with a 1:1 mixture of Et2O/THF (3  100 mL). The combined organic layers were washed with small portions of saturated aqueous K2SO3 until the yellow color disappeared, dried over Na2SO4, filtered, and concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (dichloromethane/methanol, 30:1) to give the title compound as a white powder in 92% yield (2.6 g, 13.4 mmol). Rf = 0.5 (dichloromethane/methanol, 12:1). 

4-(TMS-ethynyl)-imidazole

The title compound was synthesized by using Lee's method: 172 To a mixture of 4-( 5)-iodo-1H-imidazole (500 mg, 2.58 mmol), Pd (PPh3)4 (208 mg, 0.18 mmol), copper (I) 

Iodobenzene dichloride (PhICl2)

To a vigorously stirred emulsion of iodobenzene (1.12 mL, 10 mmol) in diluted HCl (20 mL conc. HCl in 50 mL H2O), NaClO2 (5.66 g, 50 mmol) was added portionwise over a period of 0.5 h, and the flask was protected from light by an aluminium foil. The resulting mixture was stirred for 4.5 h. The yellow precipitate was collected by filtration, washed with water (500 mL), then ice cold n-hexane (300 mL), and dried overnight by frozen dryer in the dark to afford to give the title compound as a fluffy yellow powder in 87% yield (2.4 g, 8.7 mmol). 48, 129.29, 129.27, 129.25, 129.14, 129.09, 129.03, 129.00, 128.98, 128.94, 128.89, 128.74, 128.70, 128.66, 128.44, 128.22, 128.17, 128.06, 127.95, 127.71 38, 129.25, 129.21, 129.05, 128.97, 128.95, 128.91, 128.89, 128.81, 128.79, 128.74, 128.67, 128.64, 128.61, 128.15, 128.12, 128.10, 128.07, 127.67, 127.04 ( 26, 140.18, 139.84, 139.71, 139.53, 139.50, 139.03, 138.99, 138.97, 138.95, 138.74, 138.23, 138.17, 138.01 (16 × C-Ar.quat.), 128.67, 128.60, 128.53, 128.52, 128.44, 128.41, 128.30, 128.25, 128.22, 128.20, 128.16, 128.06, 127.93, 127.89, 127.87, 127.83, 127.81, 127.73, 127.70, 127.66, 127.61 (Internal N-CH=C-N), 127.50, 127.26, 127.23, 127.15 (External N-CH=C-N), 126.96, 126.93, 126.88, 126.84, 126.74, 126.71, 126.67 ( 76.71, 76.62, 76.41, 76.36, 74.19, 74.11 (6  CH2Ph), 73.92 (C-5F), 73.84 (C-5C), 73.63, 73.54, 73.53, 73.45, 73.27, 73.23, 72.93, 72.87, 72.49, 72. 24, 140.11, 139.84, 139.69, 139.49, 139.02, 138.95, 138.93, 138.88, 138.78, 138.69, 138.20, 138.13, 138.07, 137.93 (16 × C-Ar.quat.), 128.69 (External N-CH=C-N), 128. 60, 128.57, 128.52, 128.49 (Internal N-CH=C-N), 128.46, 128.45, 128.42, 128.35, 128.27, 128.25, 128.23, 128.09, 128.00, 127.96, 127.89, 127.87, 127.85, 127.81, 127.75, 127.72, 127.69, 127.57, 127.27, 126.99, 126.96, 126.92, 126.88, 126.80, 126.77, 126.74, 126.66 76.70, 76.63, 76.45, 76.36, 74.20, 74.11 (6  CH2Ph), 73.92 (C-5F), 73.83 (C-5C), 73.71, 73.52, 73.48, 73.27, 73.23, 72.97, 72.95, 72.90, 72.49, 72.13, 72.11 4B,E), 3.33 -3.25 (m, 20, 139.83, 139.38, 139.02, 138.95, 138.65, 138.22, 137.97 (16 × C-Ar.quat.), 132.97 (d, J = 6.8

Hz, 2  Internal N-C=C-N), 131.52 (2  External N-C=C-N), 129. 89, 128.78, 128.51, 128.43, 128.31, 128.25, 128.03, 128.01, 127.99, 127.90, 127.88, 127.77, 127.71, 127.37, 127.27, 127.18, 127.03, 127.01, 126.87, 126.84, 126.81, 125.41 ( 97, 139.88, 139.86, 139.72, 139.50, 139.48, 139.07, 139.02, 138.96, 138.74, 138.29, 138.16, 138.05, 138.02 (16 × C-Ar.quat.), 128.88, 128.82, 128.56, 128.54, 128.50, 128.47, 128.43, 128.32, 128.26, 128.24, 128.22, 128.10, 128.01, 127.99, 127.98, 127.90, 127.89, 127.84, 127.80, 127.79, 127.76, 127.73, 127.54, 127.28 (Internal N-CH=C-N), 127.02, 126.96, 126.91, 126.86, 126.80, 126.76, 126.74, 126.71, 126.65 76.54, 76.48, 76.32, 74.17, 74.08 (6  CH2Ph), 73.81 (C-5F), 73.76 (C-5C), 73.54, 73.43, 73.30, 73.26, 72.98, 72.88, 72.80, 72.47 97, 139.85, 139.84, 139.68, 139.48, 139.07, 139.02, 139.00, 138.94, 138.79, 138.71, 138.25, 138.15, 138.13, 137.99 (16 × C-Ar.quat.), 128.88, 128.80, 128.67, 128.59 (External N-CH=C-N), 128.53, 128.50, 128.47, 128.45, 128.43, 128.34, 128.25, 128.22, 128.21, 128.08, 128.00, 127.99 (Internal N-CH=C-N), 127.97, 127.93, 127.90, 127.89, 127.83, 127.78, 127.76, 127.74, 127.72, 127.70, 127.65, 127.59, 127.27, 127.03, 127.01, 126.96, 126.91, 126.86, 126.79, 126.75, 126.73, 126.69, 126.62 76.62, 76.54, 76.46, 74.18, 74.07 (6  CH2Ph), 73.81(C-5F), 73.75 (C-5C), 73.68, 73.51, 73.45, 73.30, 73.25, 72.96, 72.85, 72.79, 72.47 13 C NMR (CDCl3, 150 MHz, 300K): δ 185.66 (C-Cu), 182.74 (C-Au), 139. 89, 139.82, 139.37, 139.15, 138.92, 138.65, 138.25, 138.00 (16 × C-Ar.quat.), 132.83 (2 

Internal N-C=C-N), 131.40 (2  External N-C=C-N), 128. 97, 128.53, 128.50, 128.42, 128.41, 128.32, 128.22, 128.05, 128.03, 128.02, 127.88, 127.85, 127.78, 127.69, 127.54, 127.40, 127.22, 127.18, 127.01, 126.78, 126.76, 126.65, 125.40 ( 21, 139.99, 139.84, 139.55, 139.47, 139.18, 139.03, 138.83 (16 × C-Ar.quat.), 134.82 (2  External N-C=C-N), 131.00(2  Internal N-C=C-N), 129. 43, 129.27, 129.24, 129.05, 129.03, 129.00, 128.95, 128.93, 128.91, 128.80, 128.72, 128.70, 128.67, 128.64, 128.21, 128.16, 128.15, 128.13, 128.10, 127.72, 126.89 (80 × C-Ar.tert.) (DMBI)AuCl (189)

A mixture of 1,3-dimethyl benzimidazolium iodide (200 mg, 0.73 mmol) and Ag2O

(93 mg, 0.4 mmol) in a 1:1 mixture of EtOH and DCM (60 mL) was protected from light using an aluminum foil. After stirring at R.T. for 2 h, (dimethylsulfide) gold (I) chloride (236.4 mg, 0.8 mmol) was added to the suspension. The resulting suspension was stirred at R.T. for 15 h, the reaction mixture was filtered off over 0.2 m PET filter. After the removal of solvent under reduced vacuum, the residual solid was formed, followed by washed with EtOH to give a white solid in 41% yield (155 mg, 0.3 mmol). To a solution of (DMBI)AuCl (50 mg, 0.13 mmol) in dry and degassed DCM (1 mL), (dichloroiodo)benzene (72.6 mg, 0.26 mmol) in DCM (1 mL) was injected at R.T.

in the dark. After stirring for 41 h, the volume of reaction solution was concentrated to half, Cy (10 mL) was added to form precipitation, after filtteration, a pale yellow powder was obtained in yield of 86% (51.1 mg, 0.1 1 mmol). 1 H NMR (DMSO-d6, 400 MHz, 300K): δ 8. 03 -7.89 (m, 2H), 7.67 -7.56 (m, 2H), 4.18 (s, 6H) ppm. The NMR data are in agreement with the literature. 162 

  , Au III et Pd II . Les propriétés électrochimiques des complexes Cu et Au correspondants ont été étudiées par voltamétrie cyclique. Et les propriétés d'absorption électronique de tous les complexes et précurseurs ont été étudiées par spectroscopie ultraviolet-visible (UV-Vis). Mots-clés: Cyclodextrines, NHC-cuivre catalyse, Bis(NHC)-métalliques complexes Part I-1 Bibliography-state-of-the-art

Figure 2 .

 2 Figure 2. Pore-size-selectivity: a) Schematic representation of the synthesis of cubic cage Fe8(Zn-L)6(NTf2)16 and the encapsulation of Co-L or MnCl-L in Fe8(Zn-L)6(NTf2)16. b) Schematic representation of the proposed pore-size-selective cyclopropanations catalyzed by Co-L@Fe8(Zn-L)6(NTf2)16 (Adapted from ref 39. Copyright 2014 Wiley-VCH).

Figure 3 .

 3 Figure 3. Size-or enantioselectivities: a) Schematic representation of stepwise synthesis of metalloporphyrin boxes A2T4, B2T4, A2MT4 and B2MT4. b) Schematic representation of the size-selective or enantioselective catalysis with Mn-porphyrin boxes (Adapted from ref 42, 43.

Figure 4 .

 4 Figure 4. Size-selectivities: a) Schematic representation of synthesis of metalloporphyrin tetrahedral cage Fe4(Zn-L)6(OTf)8. b) Hydroformylation of mixture of substrates by nonencapsulated or encapsulated rhodium phosphine catalyst (Adapted from ref 45. Copyright 2019 Wiley-VCH).

Figure 7 .

 7 Figure 7. Substrate shape selectivity: C-H activation of aldehdyes by encapsulated iridium complex [Ir]@Ga4L6 (Adapted from ref 50. Copyright 2006 American Chemical Society).

Figure 8 .

 8 Figure 8. Substrate shape selectivity: Isomerization of allylic alcohol or allylic methyl ether by encapsulated rhodium complex [Rh]@Ga4L6 (Adapted from ref 51. Copyright 2007 American Chemical Society).

Figure 9 .

 9 Figure 9. Stabilization of Au + catalytic species with the cage of Ga4L6 in hydroalkoxylation of an allenic alcohol in the presence of water (Adapted from ref 52. Copyright 2011 American Chemical Society).

Figure 10 .

 10 Figure 10. Protection of [Ru] catalyst: Encapsulated Ru(II)@Ga4L6 mediated olefin isomerization of allyl alcohol to give propanal followed by reduction to propanol via ADH (Adapted from ref 53. Copyright 2013 Macmillan Publishers Limited).

Figure 11 .

 11 Figure 11. Synthesis of hexameric resorcinarene capsule (CR6) (Adapted from ref 55.Copyright 1997 Macmillan Publishers Limited).

Figure 12 .

 12 Figure 12. Influence on regio-and chemoselectivities: Hydration of alkyne by Au catalysts (IPr)AuOTf or (IPr)AuOTf@CR6 (Adapted from ref 56. Copyright 2011 American Chemical Society).

Figure 13 .

 13 Figure 13. Substrate selectivity displayed by CR6 in alkyne hydration catalyzed by (IPr)AuOTf or (IPr)AuOTf@CR6 (Adapted from ref 57. Copyright 2013 Royal Society of Chemistry).

Figure 14 .

 14 Figure 14. Protection of catalyst: Ru-catalyzed ring-closing metathesis of diene (Adapted from ref 58. Copyright 2020 Wiley-VCH).

Figure 15 .

 15 Figure 15. Structures of representative cavitands.

Figure 16 .

 16 Figure 16. Structures of α, β and γ cyclodextrin.
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Figure 17 .

 17 Figure 17. Structure of the CD-NHC coinage metallic complexes.

Figure 18 .

 18 Figure 18. (α/β-ICyD) Bn CuCl catalyzed hydroboration of phenylacetylene.

Figure 19 .

 19 Figure 19. (α/β-ICyD) Bn CuCl catalyzed reduction of α,β-unsaturated ketones.

Figure 20 . 70 Scheme 1 .

 20701 Figure 20. (α/β-ICyD) Bn AuCl catalyzed cycloisomerization of N-tethered enynes.

Figure 21 .

 21 Figure 21. (α/β-ICyD) Me AuCl catalyzed cycloisomerization of N-tethered enynes.

Figure 22 .

 22 Figure 22. (α/β-ICyD) Me AuCl catalyzed hydroxycyclization of enynes. * Added AgSBF 6 was added.

Figure 25 .

 25 Figure 25. Capture of NHC-CuH species by α-CD cavity.

  has a bigger cavity, the (β-ICyD) Bn CuBpin intermediate reacts with the alkyne in a "parallel" approach inside the cavity. Resulting in the branched boron copper vinyl intermediate (αLI) as the major adduct, thus affording the branched isomer as the main product. It worth noting that all the boron copper vinyl intermediates react fast with the MeOH.

Figure 26 .

 26 Figure 26. Proposed mechanism of hydroboration of alkynes catalyzed by (α and β-ICyD) Bn CuCl complexes.

  [a-d] (α-ICyD) Bn CuCl as the selected catalyst in the optimized conditions. Conversion of the alkyne, NMR yield and L/B ratio of products were determined by[START_REF] Andreini | Metal ions in biological catalysis: from enzyme databases to general principles[END_REF] H NMR analysis of the crude In addition, the lower reaction rate was observed with CH3I as the electrophile than with MeOH (previous work)[START_REF] Zhang | Cyclodextrin Cavity-Induced Mechanistic Switch in Copper-Catalyzed Hydroboration[END_REF] in both (α and β-ICyD) Bn CuCl catalyzing reactions. Indicates that the reaction of the CD-encapsulated vinyl boron copper intermediate with CH3I might be the rate-determining step in the reaction.[START_REF] Xu | Mechanism of Ligand-Controlled Regioselectivity-Switchable Copper-Catalyzed Alkylboration of Alkenes[END_REF] The proposed mechanism was shown in Figure27. As our previous study[START_REF] Zhang | Cyclodextrin Cavity-Induced Mechanistic Switch in Copper-Catalyzed Hydroboration[END_REF] demonstrated that the (α-ICyD) Bn CuCl has a smaller cavity, disfavors for the alkyne to go inside the cavity, the (α-ICyD) Bn CuBpin intermediate reacts with the alkyne at the entrance of the cavity in a "perpendicular" approach. Thus resulting in the linear boron copper vinyl intermediate (αLI) as the major adduct. In contrast, the (β-ICyD) Bn CuCl has a bigger cavity, favors for the alkyne to penetrate in the cavity, the (β-ICyD) Bn CuBpin intermediate reacts with the alkyne in the cavity in a "parallel" approach. Thus resulting in the branched boron copper vinyl intermediate (βBI) as the major adduct. Here, we proposed that the linear boron copper vinyl intermediate(α/βLI) reacts much faster with CH3I in both α-CD and β-CD cavities than the rate of branched boron copper vinyl intermediate(α/βBI) reacts with CH3I. With the α-ICyD ligand, the linear vinyl boronate (10a) was obtained as the major isomer resulting from the linear boron copper vinyl intermediate (αLI). With the β-ICyD ligand, the linear vinyl boronate (10a) was also obtained as the major isomer, although the linear boron copper vinyl intermediate (βLI) is the minor adduct. However, the reaction rate of βLI and CH3I far exceeds the reaction rate of βBI and CH3I. Thus resulting in the linear vinyl boronate (10a) as a major isomer. In contrast, the rate of the linear and branched boron copper vinyl intermediate reacts with MeOH in α-CD or β-CD cavity both are very fast. So the (β-ICyD) Bn CuCl gives the branched vinyl boronate as the major isomer with the MeOH as electrophile in hydroboration of alkynes. 66

Figure 27 .

 27 Figure 27. Proposed mechanism of methylboration of alkynes catalyzed by (α and β-ICyD) Bn CuCl complexes.

Scheme 11 .

 11 Scheme 11. a) Exo cyclization of the linear intermediate to give five-membered isomer 40a. b) Isomerization of the (E)-branched intermediate and cyclization of the as-formed (Z) intermediate to give six-membered isomer 40b.

  c] Conversion of the alkynes, and NMR yield of products were determined by 1 H NMR analysis of the crude reaction mixture by comparison with the internal reference(1,3,5- trimethoxybenzene).

Scheme 12 .

 12 Scheme 12. Proposed mechanisms for intramolecular carboboration reactions catalyzed by (NHC)CuX: Cycle A. Proposed radical pathway to get the isomer 40a; Cycle B. Isomerization of the (E)-branched isomer and cyclization of the as-formed (Z) isomer to give 40b.As an essential supplement of the mechanism, the five-membered isomer 40a could also be obtained in an exo cyclization pathway (Scheme 12, Path C). Because

  [a-c] Conversion of the alkyne, NMR yield and ratio of products were determined by 1H NMR analysis of the crude reaction mixture by comparison with the internal reference (1,3,5trimethoxybenzene); [d, e] Reaction performed at RT.

  (α/β-ICyD) Bn CuCl both gave the linear (L) (E)-vinyl boron isomers with high regioselectivity. In contrast, a significant drop of regioselectivity was observed with the classical NHC-copper complex (IPr)CuCl. This regioselectivity introduced by the α-ICyD ligand is consistent with the previously proposed "perpendicular" approach of the alkyne to the Cu-B bond observed in the formal hydroboration reaction. However, the β-ICyD ligand didn't induce a reversed regioselectivity in the methylboration of terminal alkynes as previously observed in the hydroboration with MeOH as the electrophile. This may be related to the reaction of the β-CD-embedded branched boron copper vinyl intermediate with MeI much slower than the reaction of the β-CD-embedded linear boron copper vinyl intermediate with MeI, although the previous intermediate is the major adduct.

Figure 28 .

 28 Figure 28. Electronic structure of N-heterocyclic carbene.

Figure 29 .

 29 Figure 29. Examples of reported Janus-type bis(NHC)s.

Figure 31 .

 31 Figure 31. Bis(NHC)-Ru II /Ru II bimetallic complex 53.

116 Scheme 15 .

 11615 Scheme 15. Synthesis of 1,2,4-trimethyltriazolium tetrafluoroborate 54.

Figure 32 .Scheme 17 .Scheme 18 .

 321718 Figure 32. Examples of reported (ditz) ligand-based bimetallic complexes.Some ditz-based heterobimetallic complexes have been reported to show better catalytic performance than that of the sum of the related monometallic species in a range of tandem reactions, as a benefit of catalytic cooperativity between the two

Figure 33 .

 33 Figure 33. Examples of reported BBI ligand-based bimetallic complexes.

Figure 34 .

 34 Figure 34. Examples of reported BBI ligand-based organometallic supramolecular assemblies.

Figure 35 .

 35 Figure 35. Examples of reported BBI ligand-based main-chain organometallic polymers (MCOPs).

Figure 36 .

 36 Figure 36. Examples of reported pyracene-, pyrene-and quinoxalinophenanthrophenazineconjugated bis(NHC) bimetallic complexes.

  gold(I) and silver(I) complexes, 150-153. The longer ligand displayed the larger separation of 20.0 Å among the reported bi(NHC)s ligands. precursors and metallic complexes were fully characterized by 1 H,13 C and 2D NMR. In the 1 H NMR spectra of 173(Au) and 177(Pd), the signals of external acidic imidazolium protons (H) have disappeared. In contrast, the internal ones (Hα) are still present, providing the first evidence of metal coordination on the outer NHC moiety of precursor 157 (Table

  Cu I /Cu II oxidation potential means the copper(I) center connecting-NHC is the most robust electron donor, with the highest energy level of the highest occupied molecular orbital (HOMO). The highest Cu II /Cu I reduction potential means the copper(II) center connecting-NHC is the most potent electron acceptor, with the lowest energy level of the lowest unoccupied molecular orbital (LUMO) (Figure 46). According to this hypothesis, the Au I -phenyl-NHC moiety 169' might be the strongest electron donor and acceptor, while the second one is Au IIIethynyl-NHC 168', and the third one Au III -phenyl-NHC 170'. The weakest electron donor and acceptor might be the Au I -ethynyl-NHC 167'. Comparing ethynyllinked ligands 167' and 168' suggest that the oxidation of external Au I to Au III could increase the inner carbene's HOMO energy level and decrease the LUMO energy level. In contrast, that situation is opposite in phenyl-linked ligands 169' and 170'. The HOMO/LUMO energy gap in these carbenes is consistent with the redox potential separations of the corresponding complexes.

Figure 54 .

 54 Figure 54. Absorption spectra of precursors 185, 186, 188, 159, and diol-α-CD (187).

  Au I and Au III complexes 189 and 190 have similar absorption spectra compared to their precursor 185 (Figure 55, left), and their main absorption band were redshifted in an order of 189(Au I ) > 190(Au III ) > 185. This order is consistent with the above-observed rule. In contrast, the Ag, Cu and Au complexes 191, 192 and 193 have similar profiles with each other, but they differ from the profile of precursor 188 (Figure 55, right), and their main absorption band were red-shifted in order of 192(Cu) > 193(Au) > 191(Ag). It is worth to note that the two gold(I) complexes 189 and 193 have similar absorption spectra, and the absorption band of CD-encapsulated gold(I) complex 193 was red-shifted by 2-3 nm compared with the free gold(I) complex 189, indicating that the CD-encapsulation has a slight influence on the electronic absorption properties of benzimidazolylidenebased metal complexes.

Figure 56 .

 56 Figure 56. Absorption spectra of mono(NHC)-complexes 189, 191-193 and phenyl-linked bis(NHC)-bimetallic complexes 165, 169 and 174.

Figure 57 .

 57 Figure 57. Normalized absorption spectra of mono(NHC)-Au III complex 190 and bis(NHC)-Au I /Au III complex 182.
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 90754904 ), 5.76 (d, J = 0.9 Hz, 1H), 2.42 (d, J = 0.9 Hz, 3H),1.32 (s, 12H) ppm. The NMR data are in agreement with the literature. 35 (Cy/Et2O, 20:1). 1 H NMR (300 MHz, CDCl3): δ 7.41 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 5.74 (s, 1H), 2.40 (s, 3H), 2.34 (s, 3H), 1.31 (s, 12H) ppm. The NMR data are in agreement with the literature. Cy/Et2O, 10:1). 1 H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 9.0 Hz, 2H), 6.85 (d, J = 9.0 Hz, 2H), 5.70 (d, J = 0.9 Hz, 1H), 3.81 (s, 3H), 2.39 (d, J = 0.9 Hz, 3H), 1.31 (s, 12H) ppm. The NMR data are in agreement with the literature. Cy/Et2O, 10:1). 1 H NMR (300 MHz, CDCl3): δ 7.22 (d, J = 7.9 Hz, 1H), 7.14-7.01 (m, 2H), 6.83 (ddd, J = 8.1, 2.5, 0.8 Hz, 1H), 5.76 (d, J = 0.8 Hz, 1H), 3.81 (s, 3H), 2.40 (d, J = 0.8 Hz, 3H), 1.32 (s, 12H) ppm. 13 C NMR (75 MHz, CDCl3): δ 159.58,

  : m/z calcd. for C16H23BNaO3 [M+Na] + 297.1635, found 29745 (Cy/Et2O, 12:1). 1 H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 8.8 Hz, 2H), 7.28 (d, J = 8.8 Hz, 2H), 5.73 (d, J = 0.9 Hz, 1H), 2.38 (d, J = 0.9 Hz, 3H), 1.31 (s, 12H) ppm.

90 (

 90 ppm. HRMS ESI-TOF: m/z calcd. for C15H20BClNaO2 [M+Na] + 301.1140, found 301.1149 (err. -3.0 ppm). (s, 12H) ppm. The NMR data are in agreement with the literature. m, 3H), 5.34 (q, J = 1.0 Hz, 1H), 2.33 (d, J = 1.1 Hz, 3H), 1.32 (s, 12H) ppm. 13 C NMR (100 MHz, CDCl3): δ 158.

90 ( 90 (

 9090 ), 5.70 (d, J = 0.7 Hz, 1H), 2.38 (d, J = 0.9 Hz, 3H), 1.31 (s, 12H) ppm. The NMR data are in agreement with the literature. 45 (Cy/Et2O, 12:1). 1 H NMR (400 MHz, CDCl3): δ 7.28 (td, J = 7.7, 1.8 Hz, 1H), 7.22 (dddd, J = 8.1, 6.9, 5.0, 1.8 Hz, 1H), 7.07 (td, J = 7.5, 1.2 Hz, 1H), 7.01 (ddd, J = 11.1, 8.2, 1.1 Hz, 1H), 5.55 (s, 1H), 2.38 (dd, J = 1.6, 1.1 Hz, 3H), 1.31 (s, 12H) ppm.The NMR data are in agreement with the literature.

38a 3 (

 3 and 38b have been isolated as a mixture: Cy/Et2O, 10:1). 1 H NMR (400 MHz, CDCl3): δ 7.39-7.24 (m, 5H), 5.50 (d, J = 0.5 Hz, 1H), 4.51 (s, 2H), 3.97 (d, J = 0.8 Hz, 2H), 2.00 (s, 3H), 1.29 (s, 12H) ppm.

4 (

 4 Cy/Et2O, 10:1). 1 H NMR (400 MHz, CDCl3): δ 5.31-5.26 (m, 1H), 4.29 (d, J = 1.5 Hz, 2H), 3.93 (t, J = 7.0 Hz, 2H), 2.83-2.76 (m, 2H), 1.27 (s, 12H) ppm. 13 C NMR (100 MHz, CDCl3): δ 165.04,

  09 (10  CH2Ph), 71.97 (C-5B), 71.44 (C-5D, C-5E), 71.12 (C-6F), 71.05 (C-6C), 70.22( C-5A), 69.00 (C-6E), 67.90 (C-6B), 54.92 (C-6D), 51.57 (C-6A), 39.30 (N-CH3), 36.97(N-CH3) ppm.13 C NMR (CDCl3, 600 MHz, 300K): δ 180.71 (dd, 1 J (109Ag, 13C) = 245.5 Hz, 1 J (107Ag, 13C ) = 213.5 Hz, Internal C-Ag), 145.70 (External C-Au III ), 140.

  (80 × C-Ar.tert.), 118.87 (External N-CH=C-N), 115.90 (d, J = 7.7 Hz, Internal N-CH=C-N), 98.87 (C-1F), 98.70 (C-1C), 98.40 (C-1A), 98.24 (C-1D), 98.14 (C-1B), 97.93 (C-1E), 85.21 (Internal imi-4-CC-), 82.61 (C-4F), 82.45 (C-4C), 81.90 (External imi-4-CC-), 81.84 (C-4E), 81.72 (C-4B), 81.40 (C-3A), 81.36 (C-3D), 80.16 (C-3E), 80.12 (C-3B), 80.05 (C-2D), 79.81 (C-3C), 79.60 (C-3F, C-2A), 79.54 , 79.17 (C-2B), 79.11 (C-2E), 76.89 (C-2F, C-2C), 76.79 (C-4D), 76.78 (C-4A),

( 10 

 10 CH2Ph), 72.04 (C-5B), 71.57 (C-5A, C-5E), 71.12 (C-6C), 71.05 (C-6F), 70.10 (C-5D), 69.13 (C-6E), 68.00 (C-6B), 55.03 (C-6D), 51.81 (C-6A), 38.63 (N-CH3), 35.92 (N-CH3) ppm.

88 (

 88 .tert.), 126.57 (External N-CH=C-N), 116.18 (External N-CH=C-N), 115.Internal N-CH=C-N), 98.61 (C-1F), 98.48 (C-1C), 98.35 (C-1A), 98.23 (C-1D), 97.81 (C-1E), 97.64 (C-1B), 83.49 (Internal imi-4-CC-), 83.20 (Internal imi-4-CC-), 82.30 (C-4F), 82.14 (C-4C), 81.94 (C-4B), 81.69 (C-4E), 81.42 (C-3D), 81.39 (C-3A), 80.16 (C-3B), 80.14 (C-3E), 80.07 (C-2D), 79.83 (C-3C), 79.65 (C-2A,C-3F), 79.27 (C-2B), 79.25 (C-2E), 77.01 (C-2C), 76.99 (C-2F), 76.76 (C-4D), 76.67 (C-4A), 76.63,

( 9 

 9 CH2Ph), 72.03 (C-5A), 72.02 (CH2Ph), 71.98 (C-5E), 71.86 (C-5B), 71.04 (C-6C), 71.00 (C-6F), 70.90 (C-5D), 69.01 (C-6B), 68.00 (C-6E), 54.72 (C-6D), 51.39 (C-6A), 38.79 (N-CH3), 36.33 (N-CH3) ppm.13 C NMR (CDCl3, 150 MHz, 300K): δ 177.19 (C-Cu), 145.55 (C-Au III ), 139.

( 80 × 42 (

 8042 C-Ar.tert.), 118.97 (External N-CH=C-N), 115.20 (Internal N-CH=C-N), 98.61 (C-1F), 98.47 (C-1C), 98.44 (C-1A), 98.28(C-1D), 97.78 (C-1E), 97.60 (C-1B), 85.Internal imi-4-CC-), 82.25 (C-4C), 82.12 (C-4F), 81.94 (C-4B), 81.82 (C-4E), 81.58 (Internal imi-4-CC-), 81.41 (C-3D), 81.39 (C-3A), 80.15 (C-3B), 80.10 (C-3E), 80.05 (C-2D), 79.85 (C-3C), 79.63(C-3F), 79.55 (C-2A), 79.29 (C-2B), 79.25 (C-2E) , 76.99 (C-2C), 76.98 (C-2F), 76.67(C-4D), 76.66 (C-4A),

( 9 

 9 CH2Ph), 72.11 (C-5A), 72.08 (CH2Ph), 72.04 (C-5E), 71.93 (C-5B), 71.04 (C-6C), 70.99 (C-6F), 70.85 (C-5D), 69.15 (C-6B), 68.11 (C-6E), 54.81 (C-6D), 51.58 (C-6A), 38.59 (N-CH3), 35.89 (N-CH3) ppm. H-2A,D, 2  H-2B,E),3.15 (d, 2 JPh-CHH = 13.2 Hz, 2H, 2  CHPh), 2.67(d, 2 J6a,6b = 10.5 Hz, 2H, 2  H-6aB,E), 2.59 (dd, 2 J6a,6b = 10.7 Hz, 3 J5,6b = 4.9 Hz, 2H, 2  H-6bB,E) ppm.

1 H

 1 NMR (CDCl3, 400 MHz, 300K): δ 7.49 -7.43 (m, 4H), 4.05 (s, 6H) ppm. The NMR data are in agreement with the literature.162 (DMBI)AuCl3 (190)

  

  

  

  

  

Table 1 .

 1 Scope of the copper-catalyzed methylboration of alkynes. a

	Entry	Alkyne (R-C≡CH)	Convn % b	Yield % (L) c	ratio L/B d
	1	11 (p-Me-Ph)	87	62	94/6 (12a:12b)
	2	13 (m-Me-Ph)	92	70	95/5 (14a:14b)
	3	15 (p-OMe-Ph)	60	44	91/9 (16a:16b)
	4	17 (m-OMe-Ph)	65	49	97/3 (18a:18b)
	5	19 (o-OMe-Ph)	47	23	98/2 (20a:20b)
	6	21 (p-Cl-Ph)	99	59	98/2 (22a:22b)
	7	23 (m-Cl-Ph)	90	49	96/4 (24a:24b)
	8	25 (o-Cl-Ph)	>99	38	99/1 (26a:26b)
	9	27 (p-F-Ph)	83	56	99/1 (28a:28b)
	10	29 (o-F-Ph)	90	58	96/4 (30a:30b)
	11	31 (p-CF3-Ph)	83	50	96/4 (32a:32b)
	12	33 (m-CF3-Ph)	91	51	95/5 (34a:34b)
	13	35 (o-CF3-Ph)	>99	43	>99/1 (36a:36b)
	14	37 (BnOCH2)	89	54	87/13 (38a:38b)

Table 6 .

 6 Cu-catalyzed intramolecular carboboration of propargyl ether derivatives 41/43.

  homobimetallic Pd II /PdII , 122, 123 Pt II /Pt II , 124 Rh I /RhI , 125 Ir I /Ir I , 125 Ir III /Ir III , 126 Ir I /Ir III , 126 Ru II /Ru II , 127 as well as heterobimetallic Ir III /AuI , 128 Ir III /Pd II , 129 Ir III /Pt II , 124 Ir III /Rh I , 126 Rh I /Ir I , 125 Ir III /Ru II , 130 and RuII/Pd II123

1,2,4-trimethyltriazolium tetrafluoroborate 1 (Scheme 15) was firstly reported by Prasad and co-workers in 1972. 121 It can be easily prepared by reaction of 1-methy-1,2,4-triazole with trimethyloxonium tetrafluoroborate in DCE. Based on this precursor, a series of ditz ligand coordinated

  I , 132 Au I /Au I , 133 Ni II /Ni II , 134 Pt II /Pt II , 135 Rh I /Rh I , 132 Fe II /Fe II136 and Ru II /Ru II136

	homobimetallic complexes have been reported (Figure 33). Surprisingly, no one
	of these bis(NHC) metallic complexes was used as a catalyst, most of them being

applied as building blocks for the construction of organometallic supramolecular assemblies 90 (Ni), 134 91 (Pd), 137 92 (Ir), 137 93 (Pt) 135 and 94 (Au) 133 (Figure 34) or main-chain organometallic polymers (MCOPs) 95-96 (Pd), 104 97-98 (Pt), 104 99-101 (Pd), 138, 139 102 (Ni), 140 103 (Pd)

Table 9 .

 9 Selected were calculated as 2.12, 1.82 and 2.02 ppm, respectively. These differences in the chemical shift of Cα are 3-5 folds of those of the ethynyl-linked bis(NHC)-Au III and Au I complexes, indicating that the phenyl linker is more favorable for electron communication between the two NHC However, the δC of C3 were upfield shifted by 0.15-0.28 ppm.Why these two ligands based Cu I /Au I complexes (167 and 169) showed an opposite change of Cu II /Cu I redox potentials compared to their Cu I /Au III complexes (168 and 170)? We suppose that the more acidic outer Au III center draws more electron density from the Cu I -connected carbene carbon than a outer Au I center, thus making the inner Cu I center more difficult to oxidize, and easier to reduce. This could explain why 167 has a lower Cu II /Cu I reduction potential (more difficult to reduce) than 168, and 169 has a lower Cu I /Cu II oxidation potential (easier to oxidize) than 170. However, this hypothesis does not explain why 167 has a higher Cu I /Cu II oxidation potential (more difficult to oxidize) than 163, and 169 has a higher Cu II /Cu I reduction potential (easier to reduce) than 170.

	(ii)						
	Compd. a	MLn	Hα	Me-H	Phenyl-H H-3 C,F	H-5 A,D
	175	AgCl	10.07	3.90	7.94	4.29	4.77
	179	PdClallyl	10.01	3.98	7.85	4.29	4.78
	(iii)						
	Compd. b	M1Ln	M2Ln	Me-H	Phenyl-H H-3 C,F	H-5 A,D
	164	AgCl	AgCl	3.71	6.85	5.05	5.90
	165	AgCl	AuCl	3.72	6.81	5.03	5.88
	166	AgCl	AuCl3	3.81	6.86	5.06	5.92
	169	CuCl	AuCl	3.73	6.79	5.10	6.00
	170	CuCl	AuCl3	3.82	6.83	5.13	6.03
	174	AuCl	AuCl	3.72	6.79	5.07	6.63
	182	AuCl	AuCl3	3.81	6.83	5.10	6.67
	180	AgCl	PdClallyl	3.83	6.86	5.03	5.90

A,D in precursor 157 and monometallic complexes: 173(Au) and 177(Pd). 1 H chemical shift (ppm) of phenyl-linked bis(azolium) precursor 159 (i), monometallic complexes (ii) and bimetallic complexes (iii). a NMR recorded in CD3CN. b NMR recorded in CDCl3.

The δC of Au III -CNHC (C) in gold(III) complexes (166, 170 and 182) were much lower than those of Au I -CNHC (C) in the corresponding gold(I) complexes (165, 169 and 174) on a scale of 27 ppm (Table

10

). The differences in the chemical shift of Cα between gold(III) complexes (166, 170 and 182) and the corresponding gold

(I) complexes (165, 169 and 174) 

  was added to neutralize the reaction mixture to precipitate the product. After cooling with an ice-water bath, the precipitate was collected by filtration and washed with several portions of icedwater. The powder was dissolved in ethanol. Evaporation of the solution under reduced pressure led to the title compound as a brown powder in 99% yield(4.68 g, 14.63 mmol).[START_REF] Andreini | Metal ions in biological catalysis: from enzyme databases to general principles[END_REF] H NMR (400 MHz, DMSO-d6): δ 12.93 (s, 1H), 7.79 (s, 1H) ppm.

  iodide(49 mg, 0.26 mmol) in dry and degassed DMF (5 mL), triethylamine (1.1 mL, 7.73 mmol) was added followed by ethynyltrimethylsilane (0.91 mL, 6.44 mmol). The resulting mixture was heated at 80 °C for 5 h. After cooling to room temperature, the reaction mixture was filtered through a thin pad of Celite (rinse with ethyl acetate 50 mL). The filtrate was washed with water (30 mL  2), brine (30 mL), dried over MgSO4, and evaporated under reduced pressure.

The as-obtained residue was purified by column chromatography on silica gel (dichloromethane/methanol, 40:1) to give the title compound as a white powder in 51% yield (216 mg, 1.31 mmol). Rf = 0.5 (dichloromethane/methanol, 12:1). 1 H NMR (400 MHz, Methanol-d4): δ 7.62 (s, 1H), 7.27 (s, 1H), 0.21 (s, 9H) ppm.

13 

C chemical shift of this compound was not dected in Methanol-d4 or DMSO-d6. 1 H NMR spectrum of 4-(TMS-ethynyl)-imidazole (Methanol-d4, 400 MHz, 300K)

1,3-Dimethyl benzimidazolium iodide

  

	Tetramethylbenzobisimidazolium diiodide
	To a mixture of benzimidazole (1.0 g, 16.9 mmol) and K2CO3 (1.2 g, 17 mmol) in
	dry MeCN (10 mL), CH3I (2.1 mL) was injected at R.T. Then the suspension was
	heated to 65 °C for 70 h. The reaction was monitored by ESI-Mass, after full A mixture of benzobis(imidazole) (200 mg, 1.24 mmol) and NaH (60 wt %, 112 mg, conversion, the reaction was filtered while it was still hot. The filter cake was 2.8 mmol) in dry toluene (40 mL) was stirred at 110 °C for 1 h and then allowed washed with warm acetonitrile (5 mL) and warm dichloromethane (10 mL). The to cool to ambient temperature. CH3I (0.44 mL, 7.2 mmol) was then added via as-obtained solid was recrystallized in acetonitrile (30 mL) and water (2 mL) to syringe. The reaction mixture was then stirred at 110 °C for 1 h. After cooling to afford a white crystalline solid in 52% yield (1.2 g, 8.8 mmol). 1 H NMR (DMSO-d6, ambient temperature, dry DMF (40 mL) was injected and the reaction was stirred 400 MHz, 300K): δ 9.66 (s, 1H), 8.02 (dt, J = 7.5, 3.7 Hz, 2H), 7.71 (dt, J = 6.4, 3.4 Hz, at 110 °C for 6 h and then 60 °C for 4 h. Then the resulting mixture was cooled to 2H), 4.09 (s, 6H) ppm. The NMR data are in agreement with the literature. 161 ambient temperature and diluted with toluene (200 mL), filtrated the caused
	Benzobis(imidazole)
	A mixture of 1,2,4,5-benzenetetraamine tetrahydrochloride (716 mg, 2.52 mmol)
	in formic acid (21 mL) was heated at 100 °C for 48h. Then the reaction mixture
	was cooled, poured into ice-cold water (21 mL) and neutralized with 10% NaOH
	solution, precipitation of the product was formed by cooling with liquid N2, which
	was collected via vacuum filtration, rinsed with cold water, and dried with frozen
	dryer to provide the title compound as a brown powder in 87% yield (347 mg,
	2.19 mmol). 1 H NMR (400 MHz, DMSO-d6): δ 12.24 (s, 2H), 8.17 (s, 2H), 7.69 (s, 2H)
	ppm. The NMR data are in agreement with the literature. 104

precipitation, rinsed with hexanes and ethyl acetate, and then dried under vacuum to afford the title compound as a tan powder in 65% yield (386 mg, 1.26 mmol). 1 H NMR (600 MHz, DMSO-d6): δ 9.92 (s, 2H), 8.84 (s, 2H), 4.18 (s, 12H) ppm. The NMR data are in agreement with the literature. 161

  ppm. The NMR data are in agreement with the literature.173 2  H-2C,F, 2  H-2A,D, 2  H-5B,E, 2  CHPh),3.46 (d, 2 JPh-CHH = 12.4 Hz, 2H, 2  CHPh),3.34 (dd, 3 J2,3 = 9.9 Hz, 3 J1,2 = 3.3 Hz, 2H,E), 4H, 2  H-6aB,E, 2  H-6bB,E) ppm.

	13 C NMR (CD3CN, 150 MHz, 300K): δ 147.70 (External N-CH=N), 140.20, 140.01,
	139.90, 139.59, 139.50, 139.21 (12 × C-Ar.quat.), 138.87 (Internal N-CH=N),
	138.71 (2 × C-Ar.quat.), 135.08 (2  External N-C=C-N), 129.99 (2  Internal N-
	C=C-N), 129.
	1 H NMR (300
	MHz, CDCl3): δ 8.19 (d, J = 8.1 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.48 (t, J = 7.8 Hz, 2H)

  CHPh),4.90 (d, 3 J1,2 = 3.1 Hz, 2H,D), 10H, 2  H-5A,D, 2  H-6bA,D, 6  CHPh), 4.76 (d, 3 J1,2 = 3.3 Hz, 2H, 2  H-1B,E), 4.71 (d, J = 11.2 Hz, 2H, 2  CHPh), 4.65 (d, 2 JPh-CHH = 10.5 Hz, 2H, 2  CHPh), 4.61 -4.34 (m, 16H, 2  H-3C,F, 14  CHPh), 4.12 -3.92 (m, 16H, 2  H-4C,F, 2  H-6aC,F, 2  H-3A,D, 2  H-

	4A,D, 2  H-3B,E, 2  N-CH3), 3.91 -3.84 (m, 4H, 2  H-5C,F, 2  H-6bC,F), 3.79 (d,
	2 JPh-CHH = 13.3 Hz, 2H, 2  CHPh), 3.67 (d, 2 JPh-CHH = 13.4 Hz, 2H, 2  CHPh), 3.65 -
	3.55 (m, 8H, 2  H-2C,F, 2  H-2A,D, 2  H-4B,E, 2  H-5B,E), 3.32 (dd, 3 J2,3 = 9.9 Hz,
	3 J1,2 = 3.3 Hz, 2H, 2  H-2B,E), 3.16 (d, 2 J6a,6b = 11.0 Hz, 2H, 2  H-6aB,E), 2.78 (dd,
	(82 × C-Ar.tert.), 99.08 (2  C-1C,F), 98.70 (2  C-1A,D), 98.25 (2  C-1B,E), 2 J6a,6b = 11.2 Hz, 3 J5,6b = 6.4 Hz, 2H, 2  H-6bB,E) ppm.
	82.49 (2  C-4C,F), 82.36 (2  C-4B,E), 81.92 (2  C-3A,D), 81.39 (2  C-3C,F, 2  C-13 C NMR (CD3CN, 150 MHz, 300K): δ 148.62 (External N-CH=N), 140.28, 140.01,
	3B,E), 80.66 (2  C-2A,D), 80.21 (2  C-2B,E), 78.39 (2  C-2C,F), 77.53 (2  C-4A,D), 139.88, 139.58, 139.47, 139.29, 139.18, 138.83 (16 × C-Ar.quat.), 132.63 (2 
	77.30, 76.54, 74.85, 74.70 (8  CH2Ph), 74.54 (2  C-5C,F), 73.96, 73.80 (4  CH2Ph), External N-C=C-N), 132.39 (2  Internal N-C=C-N), 129.
	73.33 (2  CH2Ph), 73.18(2  CH2Ph), 73.11 (2  C-5B,E), 71.37 (2  C-5A,D), 70.99

(2  C-6C,F), 68.92 (2  C-6B,E), 51.08 (2  C-6A,D) ppm.

  CDCl3, 600 MHz, 300K): δ 184.0 (External C-Ag), 180.07 (dd, 1 J( 109 Ag,13 C) = 247.1 Hz, 1 J ( 107 Ag, 13 C ) = 214.2 Hz, Internal C-Ag), 140.

	3C,F), 80.56 (2  C-2A,D), 80.21 (2  C-2B,E), 78.29 (2  C-2C,F), 77.36 (2  CH2Ph),
	77.11 (2  C-4 A,D), 76.49, 74.69, 74.67 (6  CH2Ph), 74.43 (2  C-5C,F), 73.96,
	73.84 (4  CH2Ph), 73.75 (2  C-5B,E), 73.64, 72.95 (4  CH2Ph), 71.50 (2  C-5A,D),
	70.52 (2  C-6C,F), 70.17 (2  C-6B,E), 51.63 (2  C-6A,D), 34.97 (2  N-CH3) ppm.

80 × C-Ar.tert.), 100.75 (2  Imi-C-Ar.tert.-Imi), 99.00 (2  C-1C,F), 98.69 (2  C-1A,D), 97.84 (2  C-1B,E), 82.79 (2  C-4B,E), 82.07 (2  C-4C,F), 81.96 (2  C-3A,D), 81.33 (2  C-3B,E), 81.16 (2  C-13 C NMR (

  4H, 2  H-2A,D, 2  H-2B,E),3.17 (d, 2 JPh-CHH = 13.1 Hz, 2H, 2  CHPh),2.66 (d, 2 J6a,6b = 10.6 Hz, 2H, 2  H-6aB,E), 2.58 (dd, 2 J6a,6b = 10.8 Hz, 3 J5,6b = 5.0 Hz, 2H, 2  H-6bB,E) ppm. 13 C NMR (CDCl3, 150 MHz, 300K): δ 189.93 (C-Ag), 183.15 (C-Au), 140.

  80 × C-Ar.tert.), 98.78 (2  C-1C,F), 98.72 (2  C-1A,D), 97.76 (2  C-1B,E), 92.49 (2  Imi-C-Ar.tert.-Imi), 82.31 (2  C-4 C,F), 82.22 (2  C-4B,E), 81.56 (2  C-3A,D), 80.13 (2 C-2A,D), 80.09 (2  C-3B,E), 79.86 (2  C-3C,F), 79.22 (2  C-2B,E), 76.98 (2  C-2C,F), 76.76 (2  C-4A,D),76.67 , 76.43, 74.39 (6  CH2Ph), 73.68 (2  C-5C,F),73.33, 73.03, 72.61, 72.48 (8  CH2Ph), 72.18 (2  C-5B,E), 71.02 (2  C-5A,D), 70.75 (2  C-6C,F, 2  CH2Ph), 68.73 (2  C-6B,E), 50.68 (2  C-6A,D), 35.62 (2  N-CH3) ppm.3.18(m, 2H, H-2A, H-2D), 3.08 -2.99 (m, 3H, H-6aB, H-6bB, H-6aE), 2.82 (d, 2 J6a,6b = 10.6 Hz, 1H, H-6bE) ppm.13 C NMR (CDCl3, 150 MHz, 300K): δ 176.66 (C-Cu), 174.52 (C-Au), 139.

  80 × C-Ar.tert.), 98.72 (2  C-1A,D), 98.55 (2  C-1C,F), 97.40 (2  C-1B,E), 92.30 (2  Imi-C-Ar.tert.-Imi), 82.24 (2  C-4B,E), 81.92 (2  C-4 C,F), 81.56 (2  C-3A,D), 80.14 (2 C-2A,D), 80.09 (2  C-3B,E), 79.89 (2  C-3C,F), 79.34 (2  C-2B,E), 77.01 (2  C-2C,F), 76.69 (2  C-4A,D),76.58, 76.55, 74.33 (6  CH2Ph), 73.59 (2  C-5C,F),73.32, 72.81, 72.58, 72.45 (8  CH2Ph), 72.07 (2  C-5B,E), 71.66 (2  C-5A,D), 70.69 (2  C-6C,F, 2  CH2Ph), 68.77 (2  C-6B,E), 50.42 (2  C-6A,D), 35.61 (2  N-CH3) ppm. C NMR (CD3CN, 150 MHz, 300K): δ 185.69 (C-Au), 140.

ppm.
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  , 99.05 (2  C-1C,F), 98.78 (2  C-1A,D), 98.00 (2  C-1B,E), 97.59 (2  Imi-C-Ar.tert.-Imi), 82.69 (2  C-4B,E), 82.18 (2  C-4C,F), 81.88 (2  C-3A,D), 81.31 (2  C-3B,E), 81.18 (2  C-3C,F), 80.53 (2  C-2C,F), 80.20 (2  C-2B,E), 78.21 (2  C-2A,D), 77.36 (2  CH2Ph), 77.26 (2  C-4 A,D), 76.51, 74.74, 74.69 (6  CH2Ph), 74.49 (2  C-5C,F), 73.92, 73.84 (4  CH2Ph), 73.56 (2  C-5B,E), 73.54 (2  CH2Ph), 73.06 (2  CH2Ph), 71.38 (2  C-5A,D), 70.67 (2  C-6C,F), 69.89 (2  C-6B,E), 51.35 (2  C-6A,D), 36.57 (2  N-CH3)

	ppm.

H NMR spectrum of 18a (CDCl3, 300 MHz)13 C NMR spectrum of 18a (CDCl3, 75 MHz)

H NMR spectrum of

22a (CDCl3, 400 MHz)

H NMR spectrum of

26a (CDCl3, 400 MHz)

H NMR spectrum of 34a (CDCl3, 400 MHz)

C NMR spectrum of 34a (CDCl3, 100 MHz)

H NMR spectrum of 36a (CDCl3, 400 MHz)

C NMR spectrum of 36a (CDCl3, 100 MHz)

H NMR spectrum of 38a and 38b (CDCl3, 400 MHz)

H NMR spectrum of 51a (CDCl3, 400 MHz)

C NMR spectrum of 51a (CDCl3, 100 MHz)

H NMR spectrum of 155 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 155 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 156 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 156 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 157 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 157 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 158 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 158 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 159 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 159 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 160 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 160 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 161 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 161 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 162 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 162 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 163 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 163 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 164 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 164 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 165 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 165 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 166 (CDCl3, 600 MHz, 300K)13 C NMR spectrum of 166 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 167 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 167 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 168 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 168 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 169 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 169 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 170 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 170 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 171 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 171 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 172 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 172 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 173 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 173 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 174 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 174 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 175 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 175 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 176 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 176 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 177 (CD3CN, 600 MHz, 300K)13 C NMR spectrum of 177 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 178 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 178 (CDCl3, 150 MHz, 300K)

JPh-CHH = 12.9 Hz, 2H, 2  CHPh),

3.34 (dd, 3 J1,2 = 10.0 Hz, 3 J1,2 = 3.1 Hz, 2H, 2  H-

H NMR spectrum of 179 (CD3CN, 600 MHz, 300K) 13 C NMR spectrum of 179 (CD3CN, 150 MHz, 300K)

H NMR spectrum of 180 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 180 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 182 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 182 (CDCl3, 150 MHz, 300K)

H NMR spectrum of 183 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 183 (CDCl3, 150 MHz, 300K)

C NMR (CDCl3, 600 MHz, 300K): δ 181.73 (C-Cu), 139.98, 139.88, 139.56, 139.20, 

H NMR spectrum of 192 (CDCl3, 600 MHz, 300K) 13 C NMR spectrum of 192 (CDCl3, 150 MHz, 300K)