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-The review is focused on the mechanistic aspects and recent trends (since 2012) of the metal-catalyzed azide-alkyne cycloaddition (MAAC) so-called "click" reactions with catalysts based on various metals (Cu, Ru, Ag, Au, Ir, Ni, Zn, Ln), although Cu (I) catalysts are still the most used ones.

-These MAAC reactions are by far the most common click reactions relevant to the "green chemistry" concept.

-Mechanistic investigations are essential to reaction improvements and subsequent applications, and indeed as shown in this review the proposed mechanisms have been multiple during the last decade based on theoretical computations and experimental search of intermediates.

-New trends are also presented here often representing both exciting approaches for various applications and new challenges for further mechanistic investigations.

Abstract

This review is focused on the mechanistic aspects and recent trends of the metalcatalyzed azide-alkyne cycloaddition (MAAC) so-called "click" reactions with catalysts based on various metals (Cu, Ru, Ag, Au, Ir, Ni, Zn, Ln), although Cu (I) catalysts are still the most used ones. These MAAC reactions are by far the most common click reactions relevant to the "green chemistry" concept. First developed by the Fokin-Sharpless and Meldal group with Cu(I) in 2002, they have then been extended to Ru(II) catalysts by the Fokin group in 2005 and finally to many other metal catalysts. Mechanistic investigations are essential to reaction improvements and subsequent applications, and indeed as shown in this review the proposed mechanisms have been multiple during the last decade based on theoretical computations and experimental search of intermediates. New trends (since 2012) are also presented here often representing both exciting approaches for various applications and new challenges for further mechanistic investigations. TOC: R 1 Cu 
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A c c e p t e d M a n u s c r i p t

Introduction

The concept of "click chemistry" proposed by Kolb, Finn and Sharpless in 2001 [1] has revolutionized molecular engineering including applications to organic and medicinal chemistry [2][3][4][START_REF] Baskin | Proc. Nat. Acad. Sci[END_REF][START_REF] Tron | [END_REF][7][8][9][10][11], polymer science and materials science [12][13][14][15][16][17][18][19][20][21]. Among the various "click" reactions responding to the requirements of this concept, the most generally used one is the copper(I)-catalyzed reaction between terminal alkynes and azides (CuAAC) selectively yielding 1,4-disubstituted 1,2,3-triazoles, that was reported independently by the Sharpless- Fokin [22] and the Meldal groups in 2002 [START_REF] Tornøe | [END_REF]24]. This reaction is the catalyzed version of the 1,3 dipolar cycloaddition, known in the former decades as the Huisgen reaction that had already been first disclosed in the XIXth century [25]. The advantages of the Cu(I) catalyzed "click" reaction are that (i) it is regioselective, whereas the non-catalyzed Huisgen reaction lacks regioselectivity, producing both the 1,4-and 1,5-disubstituted isomers, (ii) it proceeds at milder temperature than the non-catalyzed reaction (iii) it fulfills the requirements of "green chemistry" in so far as it can occur in aqueous or alcoholic medium, (iv) the catalyst reported by Sharpless and Fokin is simple and inexpensive; it consists in CuSO 4 •5H 2 O + sodium ascorbate, the later reagent being fine for the reduction of Cu(II) to Cu(I), but not to Cu(0) [22]. The only drawback is the need of large quantities of this catalyst mixture that is slow. Indeed, various nitrogen ligands accelerate the Cu(I) catalysis of the "click" reaction and allow using 1% or a few % Cu (I) catalyst [20,26]. Recently we reported that using a recyclable dendritic nanoreactor in water only, it was possible to decrease the Cu(I) amount using the CuSO 4 •5H 2 O + sodium ascorbate catalyst to 1 ppm or only a few ppm with various applications to biomedical targets [27a]. Disubstituted alkynes cannot be used for the CuAAC reaction, because deprotonation of the terminal alkyne to give Cu(alkynyl) intermediate species is mandatory in this reaction [26]. With pentamethylcyclopentadienyl-ruthenium catalysts, however, the Fokin group showed that the other isomer, i.e. 1,5-disubstituted triazole is regioselectively formed in the RuAAC reaction even with disubstituted alkynes according to a different mechanism [28]. Ruthenium catalysis is versatile, because other ruthenium catalysts reacted with terminal alkynes via a key ruthenium-acetylide species to yield the 1,4-disubstituted triazoles [29]. Since the early reports, a variety of transition-metal catalysts have been used for the reactions between mono-or disubstituted alkynes and azides (vide infra). For the Cu(I) catalyzed reaction, a variety of mechanisms involving Cu(I)-aryl intermediates have been proposed in which the key-step species contains either mononuclear [35] or binuclear copper species [30][31][32][33][34][35][36][37][38]. Theoretical studies of the RuAAC reaction have also been reported [28,[39][40][41]. Given this mechanistic variety and the large number of transition-metals catalysts used for the MAAC reactions (M = transition metal), it is essential and timely to address the mechanistic problems by reviewing the state of knowledge in the literature, conduct theoretical calculations on MAAC reactions and compare these results with those reported in the literature. 

MAAC reactions with various metal catalysts

The CuAAC reactions

With over 2000 publications in hardly more than a decade, the CuAAC reaction is illustrious and undoubtedly has been a breakthrough in organic synthesis and Cu(I) catalysis 42]. Although a large number of Cu(I) catalysts are efficient in catalyzing this reaction [21,24,26], the conventional Sharpless-Fokin catalyst (CuSO 4 /sodium ascorbate) [22] is by far the most used one in spite of the large required catalyst amount, slow rate, difficulty to remove copper after the reaction, and sometimes the detrimental effects on rates and yield observed in the presence of chlorides, bromides and iodides [43]. For instance, low efficiency was observed for CuAAC of 2-azidopyridines [44]. Thus experimental protocols such as adding podand-like ionic liquids (ILs) [45], simple thermal heating [46], ultrasoundassistance [47], and the combination of both ultrasounds and ILs [48] were used to accelerate the reaction rates of the Sharpless-Fokin catalyst . Concerning the optimization of "X" ligands in the Cu(I)(X) catalysts, Zhang et al. compared various Cu(I) sources (CuCl, CuBr, CuI, CuSO 4 •5H 2 O/NaAsc and [(CuOAc) 2 ] n ) that catalyze the CuAAC reaction of 6 tetrazolo- [1,5-a]pyridines toward the synthesis of 1-(pyridin-2-yl)-1,2,3-triazoles, and the results showed that copper(I) acetate was the most efficient catalyst [49]. The nitrogen ("L") ligands accelerate the CuAAC reaction are amines, pyridines, and triazoles, in particular tridentate ligands [26,[50][51][52]. N-heterocyclic carbenes (NHC) that reported by Nolan's group to be excellent ligands, providing high reaction rates and yield for the CuAAC reaction (vide infra). Interestingly, internal alkynes were also successfully used, which suggested that a different mechanism than that implying copper-acetylide intermediates was involved [33,53]. Bertrand's mesoionic carbenes were also efficient [54,55] even with sterically hindered azide and alkynes [55]. With various ligands and Cu(I) catalysts, a large variety of solvents have been used, and the reaction is compatible with aqueous solvents [21,22]. Noticing the fact that the Cu(I) species accelerated the rate of the AAC reactions by 7-8 orders of magnitude compared to purely thermal cycloaddition reactions observed without metal catalysts, Sharpless and coworkers then proposed a stepwise mechanism involving a mononuclear Cu-acetylide intermediate based on DFT studies (top of Fig. 1) [31]. In a latter study, however, Fokin and Finn also pointed out the possibility that two Cu centers were involved in the transition state of the cycle [32], for which the following detailed kinetic studies confirmed the possibility of a σ,πbimetallic Cu(I) intermediate [26,50,56]. Subsequent DFT calculations, carried out in the same group [22b,57], supported this hypothesis by showing that the complexation of the alkyne unit by a second metal center (bottom of Fig. 1) reduces the activation energy barrier by 4-6 kcal/mol, depending on the nature of the ligand on the Cu B atom indicated in Fig. 1 [57]. The effect of π-complexation of the σ-alkynyl-Cu(I) species enhances the reactivity of the alkynyl ligand by decreasing electron density on the sp carbon atoms, thus facilitating the azide attack. In fact the µ 2 coordination mode of the alkyne to Cu B was quite distorted and dependent on the ligand nature. Concomitantly to the DFT investigation on binuclear processes of Fokin and coworkers [57], Straub published a computational investigation on copper acetylide complexes showing the same trend, i.e., di-and tetra-nuclear species display higher reactivity in the CuAAC reaction than do their mononuclear relatives [58a]. According to this study, the complexation of a supplementary copper atom reduces the Cu=C=C double bond character and therefore the ring strain in the metallocyclic Straub's group also recently presented the first molecular copper acetylide complex that featured high activity in CuAAC with added acetic acid even at -5 ℃. The relationship between the "click" reactivity and the aggregation of acetylide-copper species different from dinuclear intermediates contributes to the mechanistic interpretation of this reaction. Indeed, complexes with acetylide ligands that bind copper species may be resting states of the catalyst in such click reaction mixtures that are not acidic [58c]. Following these pioneering computational works, several theoretical mechanistic investigations on the CuAAC reactions have been carried out, considering various copper systems, most of them multinuclear, and leading basically to similar qualitative conclusions [34,[58][START_REF] Straub | Modeling of Molecular Properties[END_REF][START_REF] Özen | [END_REF][61][62]. A recent investigation pointed out the possibility for a concerted vs. stepwise nature of the mechanism, however, depending on the ligand nature [63]. The most recent experimental mechanistic study by Fokin's group unambiguously demonstrated the participation of a dinuclear copper intermediate in the case of a CuAAC reaction in which a mixture of Cu(I)(aryl) complex and [Cu(I)(MeCN) 4 ] + were used (Figure 2). Their study revealed that monomeric copper acetylide complexes were not reactive toward organic azides, except in the presence of exogenous copper catalyst [38]. Furthermore, direct injection by time-of-flight mass spectrometry (TOF-MS) for crossover experiments with an isotopically enriched exogenous copper source showed that two copper centers were involved within the cycloaddition process yielding the 1,4-substituted 1,2,3-triazoles. This mechanism was also recently confirmed by ESI-MS upon utilizing a mixture of an approach of neutral reactant and the strategy by Angelis's group that involves ion tagging and characterized the putative dinuclear copper intermediates [64]. 

M a n u s c r i p t

The CuAAC reaction is also working well with the mononuclear mechanism as shown by efficient intradendritic catalysis that cannot accommodate two metals at the active site for obvious steric reasons. Intradendritic catalysis with the Cu catalytic center located either at the dendrimer core or activated by the triazole ligand located on the dendrimer tether is so efficient that sometimes down to a ppm amount of Cu is enough to catalyze the CuAAC reaction in water at ambient temperature [27a]. In the case of the active Cu(I)tren catalyst, a dendrimer was constructed around the tren ligand with Cu at the metallodendrimer core, emphasizing the monometallic mechanism. In such cases, the proposed mechanism based on DFT calculations [27b] involves the following intermediates (Figure 3): With a NHC-Cu(I) catalyst, however, DFT calculations by Nolan's group confirmed that a different mechanism was operating taking into account the reactivity of internal alkynes [33]. The following research from this group reported that, with the version of the NHC ligands bearing N-adamantyl substituents, the Cu-iodide catalyst was always superior to other [Cu(NHC)X] complexes in water or under neat conditions [65].
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Based on the fact that the transformations involved both terminal and internal alkynes, these authors proposed a multiple mechanistic pathways for AAC reaction that suggested that the alkyne (or acetylide following deprotonation) might bind either end on or side on to Cu (Fig. 4) [66]. Moreover, the addition of aromatic nitrogen donors to the reagent mixture increased the AAC reaction activity, as reported by Gautier's group [67]. Furthermore, Nolan's group also pointed out the importance of NHC salts formation in the investigation of the cationic bis-carbene complexes for AAC. Indeed, the positive role of the second NHC ligand for the deprotonation of the terminal alkynes favors the generation of a , Cu(II)-PAC complex (PAC = polynuclear aromatic compound) [73], Cu(II)/carboxylate complex [74], and copper(II)-DMEDA complex [75] are sensitive to UV light or sunlight. Here the ligand is involved, i.e. it absorbs the UV light, promoting intramolecular electron transfer from the π-system of the ligand to the central Cu ion (Fig. 5, route b). During this process, Cu(II) is reduced to Cu(I) and the ligand is transformed into a radical species [76]. Interestingly, recently doping small amounts of Cu into the ZnS quantum dots (QDs) shell partially quenched the QD core (CdSe) luminescence, making QDs photoactivated vectors for the release of catalytically active Cu + ions for CuAAC [77]. On light irradiation, the QDs photo-oxidized with S was oxidized to SO x y-

, causing Cu to form a complex with the azide that acted as a sacrificial electron acceptor allowing the click reaction to occur. The other interesting ways to generate catalytic active species Cu(I) by using Cu (0) NPs is through comproportionation of Cu(0) and Cu(II) in the native oxide layer on the Cu surface [78]. In Alonso's proposed mechanism for the CuNP-catalyzed AAC, Cu(I) acetylides appeared as the true intermediate species [79]. The in-situ generation of CuCl was postulated after acetylene deprotonation, with the concomitant formation of triethylammonium chloride (in the presence of LiCl derived from CuNPs preparation), and the action of the latter on the CuNPs. The reaction of the nascent CuCl with the acetylide species would furnish the corresponding copper(I) acetylide (Fig. 6) [80]. From this point of view, the reaction mechanism followed the original stepwise pathway that was proposed by Noodleman, Sharpless and Fokin et al [31]. 

The RuAAC reactions

Apart from copper, the most frequently used catalysts for the MAAC reactions are ruthenium-based catalysts, the reaction being then abbreviated as RuAAC. Among all the Ru catalysts, the most investigated ones are the pentamethylcyclopentadienyl ruthenium chloride-based (noted [Cp*RuCl]) complexes), although Fokin's group also observed that the steric encumbrance imparted by the Cp* ligand is detrimental to the reaction [81]. These complexes catalyzed the regioselective RuAAC reaction of terminal alkynes forming, unlike CuAAC catalysts, 1,5-disubstituted 1,2,3-triazoles, and also unlike the CuAAC catalysts, they reacted with internal alkynes providing trisubstituted 1,2,3-triazoles [28,39,40,82]. The Cp*RuCl based catalysts provided multiple application that were recently developed (vide infra) [81,[83][84][85][86][87]. The first mechanistic investigation was proposed by Lin, Jia, Fokin and coworkers based on DFT calculations [39]. The firstly formed azide-alkyne Ru complex was suggested to lead to a 6-membered ruthenacycle intermediate, followed by reductive elimination and formation of the triazole product. Subsequent calculations by Poater, Nolan and coworkers [88] found a somewhat different pathway but confirmed the key ruthenacycle intermediate. Their computed mechanism is reproduced in Fig. 7. More recently, Boz and Tüzün published a detailed DFT study in which various terminal and internal alkynes as well as Cp and Cp* ligands were considered [41]. They investigated the various possible mechanisms ensuing from the four possible configurations of the azide-alkyne Ru precursor complex. This detailed investigation . Both the experimental results and the DFT calculations indicated that the active species in the reactions was [Ru(C≡CR) 2 (CO)(PR′ 3 ) 2 ] (Fig. 8). In their proposed mechanism, the authors indicated that the Ru-acetylide species 1 first formally underwent a cycloaddition reaction with an azide to give the species [Ru(triazolyl)], 2 (Fig. 8) resulting from initial coordination of the azide to the Ru center in 3 via the internal nitrogen atom (Fig. 9). Then, with a terminal alkyne metathesis of the Ru-C bond occurred via a four-centered transition state yielding the 1,4-disubstituted 1,2,3-triazole, which regenerates the starting catalyst. The complete mechanism of this catalytic cycle proposed by Jia, Lin, Fokin, and coworkers [29] from a detailed DFT analysis of the mechanism with propyne, methylazide and [Ru(CCMe) 2 (CO)(PMe) 2 ] is shown in Fig. 9. These authors showed also that the formation of the 1,5-triazole is highly disfavored. This is in line with Boz and Tüzün's theoretical work (see above) that indicated the importance of the electronic and steric effects for the regioselectivity, both thermodynamic and kinetic parameters playing a crucial role in the reactions [41]. Lo's group presented the first case of ruthenium azido complexes catalyzing the cycloaddition reaction of terminal alkynes with alkyl azides [90,91]. The new ruthenium azido complexes were synthesized from the mother TpRu complex [Ru(Cl)(Tp)(PPh 3 ) 2 ], Tp = HB(pz) 3 , pz = pyrazolyl), yielding first [Ru(N 3 )(PPh 3 )[Tp( t BuNC)] [90], then the amine-substituted ruthenium azido complex [Ru(N 3 )(Tp(PPh 3 )(EtNH 2 )] [91]. Although the detailed mechanism could not be established, the authors speculated a similar mechanism to previous proposed by Fokin et al [28]. As shown in Fig. 10, the displacement of the spectator ligands (EtNH 2 , PPh 3 ) produced the activated intermediate A that was then converted to the intermediate B via the oxidative coupling of an alkyne and an azide. After that, ligand substitution occurred in B leading to the release of the aromatic triazole product and regenerating the catalyst. Interestingly, in both cases, the N 3 ligand in the ruthenium azido complex did not couple the terminal alkyne in the substrate, because reaction energy for convertion of A to B is much smaller than that for convertion of A to C (DFT-computed free energies -45.9 kcal/mol vs 34.9 kcal/mol, respectively) [91]. 
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The AgAAC reactions

In a seminal report McNulty's group published the first example Ag(I) catalyst of the AAC reaction without copper at room-temperature (r.t.) [92]. Silver(I) salts alone were not efficient to promote the AAC reactions, but when AgOAc reacted with the P,O-ligand 2-diphenylphosphino-N,N,-diisopropylcarboxamide, the P,O ligandsilver(I) complex catalyzed the AAC reaction very well. Further experiments indicated that silver acetylide intermediate activated the formation of an acetylideazide species toward cyclization [93]. Thus a reaction mechanism for homogeneous Ag(I)-catalyzed AAC reaction was proposed ( Fig 11). First of all, the loss of acetate from the 18-electron species 9 yield the active 14-electron catalyst I, forming the ligated silver(I) acetylide II, the electrophilicity of which is modulated by the hemilabile amide substituent. The nucleophilic reaction of the azides on II gives the species IIIA. The hemilabile ligand in IIIA intervenes by amide complexation generating a coordinatively saturated species that transfers the charge via the filled d orbitals to the π* orbitals of the acetylide resulting in cyclization. The reaction occurs via the intermediate metallacycle (IIIB). Then the nitrogen atom migrates to carbon transporting two electrons to form the triazole IV, forming 3 by protonation, and the active catalyst I is regenerated. Ortega-Arizmendi et al. also reported an ''abnormal'' NHC complex, Ag(I)-aNHC, that catalyzed the ACC reactions [94]. In this case, silver chloride by itself catalyzed the cycloaddition of various alkynes and azides in good yield, however with side reactions. Further introduction of the aNHC ligand avoided side reactions and facilitated the purification of the final products. Hybrid AgNP catalysts were also developed. For example, Salam and co-workers recently reported that the AgNP/graphene oxide (Ag/GO) based composite catalyzed multi-component reactions and one-pot click reaction (Fig. 12). In their approach, the catalysts were very stable and showed no silver leaching or aggregation, and were reused at least 5 times without loss of catalytic activity [95]. However when the AAC reaction is said to be catalyzed by Ag-based catalysts or other metal catalysts, caution is appropriate, because trace amount of copper contaminants could be enough to catalyze the AAC reactions. Indeed, Connell et al. found that the successful cycloaddition of an azide and terminal alkyne catalyzed by the isolated complex [Ag 2 (L 1 ) 2 ](BF 4 ) 2 ] was actually catalyzed by trace amounts of copper in the catalyst [96]. Ferretti et al recently reported that silver(I) oxide nanoparticles (Ag 2 O NPs) catalyzed AAC reactions in anhydrous toluene [97]. Although the Ag 2 O catalyst was less efficient than the conventional Cu I catalyst that was generated from the Cu(0) and CuO under the same condition, the Ag 2 O NPs are somewhat effective, robust and reusable, especially in the presence of a small amount of water. In this case, substituent effects were noticed, and substrates containing electron-withdrawing groups onto the azide moiety gave mixtures of regioisomeric cycloadducts, which was a limitation. One should recall here that the uncatalyzed Huisgen reaction that yields such mixtures of isomeric cycloadducts works under ambient or mild conditions when substrates possess electron-withdrawing groups [25]. Sarma's group then compared various silver sources in AAC reactions conducted in H 2 O/ethylene glycol (EG) under ambient conditions without exclusion of air [98]. The ligands and solvents played a critical role in their approach. Upon optimization the combinations of AgN(CN) 2 as a catalyst and DIPEA as a base/ligand gave the best results. It was proposed that this ligand played the same role as the tertiary amine in CuAAC reactions in the intermediate step. Various 1,4-disubstituted-1,2,3-triazoles were synthesized in high isolated yield under these very mild conditions, showing that AgN(CN) 2 /DIPEA is a highly effective catalytic system for the AAC reactions. "On-surface" chemistry was a viable method to synthesize covalent nanostructures under ambient temperature at the surface under ultra-high-vacuum (UHV) conditions [99]. This method has also been used to explore the mechanism of AAC reaction and guide the catalyst design. Bebensee et al. recently reported the fully regioselective AAC reaction on a Cu(111) surface leading to 1,4-triazoles (Fig. 13a) resulting from copper acetylide formation subsequent to C-H activation and bonding of the alkynyl group to the Cu (111) surface. The reaction proceeded with a very low yield. Therefore XPS showed that significant degradation of the azide upon adsorption occurred on the surface, though the reaction proceeded readily; especially the intact reactants were available on the surface [100]. Using on-surface chemistry under UHV, Arado et al. explored the MAAC reaction on Au(111) (Fig. 13b). By combining cryogenic scanning tunneling microscopy (STM) and DFT studies, they confirmed Bebensee's results on Cu(111) (vide supra) according which the MAAC reaction occurred on the [100] surface. However, the difference between these two examples is that Au (111) is not catalytically involved in C-H activation of alkyne. It only played a role as a twodimensional (2D) surface to place the two partners of the reaction, which provided the observed selectivity. The successful control of the regioselectivity of the MAAC by surface constraint together with the careful design of the reactants provided the effective well-defined nanostructure without the requirement of a catalyst or additional thermal activation [101]. Recently another particular case using a heterogeneous reusable Au/TiO 2 nanostructure to efficiently catalyze the AAC reaction was highlighted (Fig. 14a). The authors proposed a mechanism in three steps (Fig. 14b 

The IrAAC reactions

The Iridium-catalyzed intermolecular AAC (IrAAC) has also proved to be a valuable complement to the well-known CuAAC and RuAAC reactions. The dimeric iridium complex [Ir(cod)OMe] 2 catalyzed the direct formation of new 1,4,5-trisubstituted triazoles [103]. [Ir(cod)OMe] 2 catalyzed the AAC reaction bromoalkynes producing 1,5-disubstituted 4-bromo-1,2,3-triazoles under mild conditions (Fig. 15). The electronic features of the alkyne component strongly affected the reaction yield, i.e. the arylalkynes that are electron rich showed the optimized reactivity, while the bromoalkynes that are electron deficient provided a low yield of the corresponding 4bromotriazoles. This catalyst was used to prepare 1,4,5-trisubstituted triazoles The increase of steric hindrance on the alkyne did not affect the reaction efficiency, but an electronic effect was also observed, i.e. electron-deficient alkynes led to moderate or good efficiency, while electron-rich and normal alkynes showed low reactivity except the aryloxy alkyne and selenyl alkyne. These differences in the regioselectivities of addition of thioalkynes and bromoalkynes to azides have been elegantly rationalized through DFT calculations by Lin, Jia and coworkers [105]. Their major findings are summarized in Fig. 16. Both mechanisms start with the precoordination of the alkyne and azide on the metal center of [Ir(cod)X]. In the case of thioalkynes, a metallabicyclic Ir-carbene intermediate, stabilized by the π-donor effect of the 2 RS substituent is formed. In the case of bromoalkynes this π-donor effect is much weaker, and the metallabicyclic intermediate cannot be stabilized. Rather, a six-member metallacycle intermediate is formed and, depending on the π-donating ability of the R substituent, the 4-or the 5bromotriazole is formed preferentially, as sketched in Fig. 16.
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The NiAAC reactions

Rao's group recently demonstrated that the Raney Ni, without additional reducing agent, efficiently catalyzed acetylene azide cycloaddition reactions to form 1,2,3triazoles [106]. In their methodology, the Raney nickel catalyzed combinatorial NiAAC with excellent yield. (Fig. 17a) To explore the NiAAC reaction pathway, deuteration experiments were conducted (Fig. 17b) in the presence of Ni(0) indicating that, unlike the copper-acetylide formation in CuAAC, the cycloaddition went through a metallocycle [107]. Thus in their proposed mechanism, the reaction starts on the Raney nickel surface by acetylene complexation leading to the π-complex 11 (Fig. 17b). Then the reaction proceeds AAC leading to 13 via 12, and the Ni-acetylene species led to AAC in the orientation shown in 14. The authors suggested that stereoelectronic features of the azide and alkyne favor the transition states 12 or 14 leading to the 1,4-product preferred to 1,5.

A 

The ZnAAC reactions

For the ZnAAC reactions, pioneering contribution by Chen's group showed that heterogeneous zinc-on-charcoal (Zn/C) catalyzed the cycloaddition of aryl/aliphatic azides and aryl alkynes (including internal alkynes) in DMF at 50 °C without exclusion of air (63%-94% yield) (Fig. 18) [108]. In this case, no electronic effect was observed, both electron-rich and electron-poor azides generating similar good reaction yield. The catalyst was recovered and reused for at least five times without significant decrease of activity. When ZnNPs were alloyed with CuNPs to form the catalysts for multicomponent 1,2,3-triazole synthesis/triazole alkynylation, the presence of Zn resisted the oxidation of Cu by sacrificial formation of ZnO that played a role in controlling the formation of alkynylated triazoles [108]. On the other hand, Greaney's group also described a mild method for the regioselective formation of 1,5-substituted 1,2,3-triazoles upon using ZnEt 2 at r.t Based on these experimental results, Lan's group then reported their DFT calculations towards the mechanism and regioselectivity research of this ZnAAC using frontier molecular orbital (FMO) theory and distortion-interaction energy analysis [109b]. B3LYP-D3BJ calculations showed that ethynylzinc complexes bearing alkyl substituents showed a reactivity analogous to that of ethyl(phenylethynyl)zinc and a lower regioselectivity. B3LYP calculations gave a higher regioselectivity, however, because of a lower distortion energy in the transition state and led to a lower activation energy for 1,5-substituted product generation, as explained by the distortion-interaction analysis. Furthermore, the FMO analysis revealed that the binding of N-methylimidazole to zinc increased the energy of the HOMO of ethyl(phenylethynyl)zinc, which increased its reactivity. 

The LnAAC reactions

Recently, a seminal example of rare earth-metal-catalyzed AAC reaction with terminal alkynes leading to 1,5-disubstituted 1,2,3-triazoles was described by Zhou's group [110]. The authors chose [Sm{N(SiMe 3 ) 2 } 3 ] as the catalyst after compared examination of the rare-earth metal catalysts [Ln{N(SiMe 3 ) 2 } 3 ], Ln = Sm, Nd, Y, Gd. Optimization of the reaction conditions showed that the presence of 10 mol% n-BuNH 2 improved the yield (Fig. 20a). By comparison, they suggested that the involvement of an acetylide intermediate complex was essential for the efficiency and selectivity. The proposed mechanism is shown in We have computationally explored this proposed mechanism by DFT calculations considering the complex [Y{N(SiH 3 ) 2 } 3 ] (YL 3 ) as the simplified precatalyst, acetylene and hydrogen azide [27b]. The induction part of the mechanism (path a in the left side of Fig. 20b) that corresponds to the formation of the acetylide intermediate and a protonated ligand is computed to proceed with a rather low free energy barrier (7.0 kcal/mol). The computed B to E transit of Fig. 20b was a single step process and the rate-determining one, with a transition state that is 13.7 kcal/mol above B (Fig. 21). These results confirmed the proposed mechanism of Zhou's group (path a in Fig. 20b), although the pathway from B to E was computed to be a single step. Likewise, Li's group also recently computationally investigated the same catalytic process that was performed considering the pre-catalyst model [SmL 2 S(CCPh)] (L = acetylide) and benzyl azide [111]. In their case, the observed 1,5 isomer was produced from the formation of an intermediate that resulted from the azide coordination on [SmL 2 S(CCPh)] through its substituted nitrogen atom. This 

Recent trends

Following the basic features that characterize the MAAC reactions including the state of the art in the mechanistic understanding with various metals, recent trends essentially in CuAAC and RuAAC have appeared that are gathered in this section.

CuAAC

N-heterocyclic carbenes (NHCs) have become an increasingly used class of "L" ligands in organometallic chemistry and click catalysis [112]. Following the seminal work by Nolan's group [33], the Cu(I) complexes of NHC ligands were continuously very efficient catalysts for the click cycloaddition reaction between azides and alkynes [38,113]. Lal et al. compared the catalytic activity of NHC and phosphine complexes for the CuAAC formation of 5-iodo-1,2,3-triazoles (Fig. 22). The experimental/computational-DFT results suggested that iodoalkynes might be prone to dehalogenation under copper catalysis conditions. Two distinct mechanistic pathways that proceed through a copper(III) metallacycle or by direct π-activation of the starting iodoalkyne are likely to be competitive with these catalysts [112a]. Other carbene ligands that were recently used with success in catalysis of click reactions include abnormal N-heterocyclic carbenes (aNHCs) [55,114], mesoionic carbenes (MIC) and ring-expanded carbenes (RE-NHCs) [115]. With copper(I) complexes of triazolylidene ligands (Fig. 23a) [116] the halide-free complexes [Cu(aNHC)][BF 4 ], 20-23, are more efficient than the halide-containing complexes 18 and 19 in catalyzing CuAAC reactions. The complex [CuCl(aNHC)] (Fig. 23b) catalyzed CuAAC reactions in excellent yield at r.t. within short reaction time under solventfree conditions [117]. With the complex [Cu(I)(MIC)], addition of a phenanthroline derivative generated a highly active catalyst that surpassed the performances of a "normal" NHC complex, which was taken into account by the combination of a greater electron-donating character of the carbene ligand and a less crowded environment of the catalytic center [118]. Beside the NHC ligands, Cu(I) complexes bearing one or two α-diimine ligands [119], hybrid nitrogen-sulfur ligand-supported Cu(I)/(II) complexes [120] were also highly efficient. Other recently reported useful systems include Cu(II) complexes supported by mixed NN, NO, and NS 1,2,3-triazole based ligands utilized together with sodium ascorbate [121], Cu(I) complexes with pyridyl and thioether hybridized 1,2,3-triazole ligands [122], Cu(I) complexes containing sulfur-based ligand [123], Cu(I) complexes with new chiral phosphine ligand [124], dinuclear Cu(I) complex (Cu 2 (pip) 2 ) with (2-picolyliminomethyl)pyrrole anion ligand [125], and binuclear Cu(I) complex of (N′1E,N′2E)-N′1,N′2bis(phenyl(pyridin-2-yl)methylene)oxalohydrazide ligand [126]. On the other hand, Cu(II) species without deliberate addition of a reducing agent for CuAAC reactions have also been investigated. The mechanistic studies indicated that the real catalytic Cu(I) species were generated in a short induction period via reducing Cu(II) salts by alcoholic solvents [127], sodium azide [46,128], or thiobenzanilide [129] especially in the three-component 1,3-dipolar cycloaddition for 1,4-disubstituted 1,2,3-triazoles synthesis. For instance, the recently reported 2-pyrrolecarbaldiminato-Cu(II) complexes efficiently catalyzed three-component 1,3-dipolar cycloaddition reaction of benzyl halides and sodium azide with terminal alkynes in water at r.t., leading to the synthesis of several regioselective 1,4-disubstituted 1,2,3-triazoles in 55-97% yield [130]. On the other hand, the direct use of Cu(I) complexes to catalyze threecomponent reactions of N-tosylhydrazones, terminal alkynes and azides to efficiently synthesize 1,4,5-trisubstituted 1,2,3-triazoles with good to excellent yield has also recently been explored by Wang's group [131]. From the above examples and many others, the catalysts for CuAAC reactions are usually homogeneous catalysts. Although they are often very efficient, their preparation often is tedious and/or expensive. Together with the difficulties in handling and recycling the catalysts, the applications toward the click reactions using homogeneous catalysts are somehow limited. To solve these problems, considerable interest and efforts have been devoted to develop suitable supports, especially in the field of the heterogenization of homogeneous catalysts. For example, Varma's group reported a recyclable heterogeneous copper catalyst on chitosan for CuAAC reactions in water [132]. The chitosan-supported catalyst was simply obtained by stirring an aqueous suspension of chitosan in water with copper sulfate. The catalyst was very efficient in catalyzing CuAAC in water at r.t. (Fig. 24); it was recycled and reused at least 5 times without losing its activity and changing morphology. Pourjavadi and coworkers recently reported the immobilization of copper ions (CuSO 4 ) in a graphene oxide/poly(vinyl imidazole) nanocomposite (GO/Pim/Cu) as highly efficient, robust and recyclable catalysts for one-pot three-component cycloadditions in water in the presence of NaAsc as the reductant [133]. Moreover, they also successfully reduced the amount of catalysts to 0.002% mol with 93% isolated yield of product in water at 50℃ for 20 h. Immobilizing Cu(II) on silica-type materials, such as SBA-15, to build up heterogeneous catalysts, has also been achieved [134]. For example, Roy's group recently reported Cu(II)-anchored functionalized mesoporous SBA-15 for one-pot CuAAC reaction [134a]. In a typical synthesis procedure shown in Fig. 25,2pyridine-carboxaldehyde was added to a mixture of 3-amino propyl-functionalized SBA-15 in super dry ethanol. The reaction mixture was then stirred at 60℃ for 24 h to yield SBA-15 supported imine material. Then, reaction of Cu(OAc) 2 with SBA-15 yielded the catalyst Cu@PyIm-SBA-15. This catalyst in low amount (0.1 Cu mol%), showed a good activity and reusability for the one-pot click reaction between azides formed in situ from the corresponding amines and acetylenes in water at 0℃ to r.t., providing a wide variety of 1,4-disubstituted 1,2,3-triazoles. The electron paramagnetic resonance (EPR) spectrum of the fresh and used catalyst suggested that copper remained in +2 oxidation state throughout the reaction which was taken into account by Cu 2+ as catalyst, though such evidence does not prove the absence of active Cu(I) species [135]. Nasr-Esfahani reported copper immobilization on nanosilica triazine dendrimer (Cu(II)-TD@nSiO 2 , Fig. 26a), and excellent yield via a one-pot three-component reaction of alkynes and sodium azide with organic halides or α-bromo ketones at r.t. (Fig. 26b). Sodium ascorbate was then needed to reduce Cu(II) to Cu(I) [136], and the synthesis of 1,4-disubstituted 1,2,3-triazoles and bisand tris-triazoles proceeded in a single-step operation. Cu(I) catalytic species were also reported upon immobilization onto solid supports for CuAAC reactions, such as silica cuprous sulfate (CDSCS) doped with Cu(I) [137], Cu(I) on modified poly(styreneco-maleic anhydride) [138], Cu(I) onto triazole functionalized Fe 3 O 4 [139] and CuBr on graphene oxide/Fe 3 O 4 [140]. 
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Cu 2 O, another Cu(I) source, is also used for the CuAAC reactions, though in some cases a stabilizer such as PVP was used to enable the formation of the well-defined and small copper(I) oxide [141]. Bai and Chen's group demonstrated the safe and high efficient synthesis of triazole drugs by using a Cu 2 O-NP catalyst in aqueous/organic solvents (CH 3 CN and H 2 O) for the key AAC stage (Fig. 27) [142]. In their study, Cu 2 O-NP was more efficient than CuSO 4 /NaAsc, which was explained by the fact that the Cu 2 O-NP catalyst was dispensed in both organic solvent and water, while the CuSO 4 /NaAsc system required higher ratio of water. The in situ generated Cu 2 O together with HOAc exhibited better catalytic efficiency than isolated Cu 2 O combined with HOAc [143]. The Cu(II) species in Cu(OAc) 2 •H 2 O was also reduced to Cu(I) by NH 2 NH 2 •H 2 O that could in situ generate Cu 2 O-NPs and HOAc to efficiently catalyze CuAAC reactions in water at r.t. with relatively short reaction times. However, drawbacks are obvious, because of the unrecoverable and unreusable properties of small molecular organic acids. In order to overcome these problems, the authors latter on combined Cu 2 O and carboxymethylpullulan (CMP) for high-yield CuAAC reactions in water with a relatively short reaction times, and CMP still remained in water enabling easy recoverability and reusability [144]. Very recently, Cu 2 O supported on graphene nanosheet [145] served as recyclable and reusable heterogeneous catalyst with excellent catalytic activity for CuAAC. More importantly, an excellent performance was also obtained for bulk CuAAC reactions via meltrheology with trivalent azide-and alkyne-functionalized polyisobutylenes (PIB) at r.t. (Fig 28 ), which was useful for designing self-healing materials. Additionally, special rhombic dodecahedra Cu 2 O bounded by the {110} facets was also a promising heterogeneous catalyst for multicomponent AAC reactions [146]. Copper nanoparticles (CuNPs) have attracted interest for the CuAAC reactions due to their large surface area, tunable morphology and sustainable catalytic activities. For CuNP-catalyzed AAC, Scaiano et al. successively proved that catalysis occurred at the surface of the CuNPs by standard bench scale techniques with single-molecule spectroscopy [78a]. Following the seminal report on the use of CuNPs to catalyze the CuAAC reaction by Fokin et al. [31], efforts have been devoted to design highlyefficient and low-cost heterogeneous CuNPs catalysts for this reaction. However, in most cases, strategies had to be developed in order to prevent CuNPs agglomeration [147], enabling the stability of small CuNPs and high activity toward CuAAC. For example, agarose was a cheap and degradable polysaccharide for the stabilization of active CuNP (CuNPs@agarose) in the size range of 4-8 nm in water under low catalyst loading and mild reaction conditions [148]. The 3-aminopropylsilica support was able to stabilize smaller CuNPs with the size in the range of 1-4.5 nm, leading to very high catalytic activity (productivity up to 1689 mol/mol) in continuous-flow click reaction between phenyl acetylene and benzyl azide [149]. A more recent case showed fluorescent aggregates of hexarylbenzene derivatives serving both as reactors and stabilizers for the preparation of 9-17 nm-sized CuNPs with efficient catalysis of CuAAC reactions in excellent yield under solvent-free conditions [150].
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On the other hand, Sureshan's group also successfully developed a simple methodology to generate naked CuNPs or their clusters as catalysts (CuSO 4 •5H 2 O + N 2 H 4 •H 2 O) that did not require stabilizers, solid support, or special conditions for solvent-free CuAAC reactions at r.t. (Fig. 29) [151]. Interestingly, Cravotto's group successfully adopted ball-mill-based mechanochemical activation of metallic copper powder that facilitated solvent-free CuAAC reactions. This new, efficient, facile and eco-friendly procedure has afforded the corresponding 1,4-disubstituted 1,2,3-triazole derivatives in high yield and purities [152]. 

Alonso and Yus et al have also investigated the use of CuNPs for multicomponent

CuAAC reactions [80]. They showed that the nanostructured CuNPs supported on active carbon (CuNPs/C) catalyst displayed much higher catalytic activity than commercial bulk copper catalysts in the one-pot synthesis of 1,2,3-triazoles from inactivated alkenes. Their sequence involved two click steps including first the azidosulfenylation of the olefin, then the reaction of the in situ generated organic azide with the terminal alkyne (Fig. 30b) [153]. Other recently reported nanostructured Cu catalysts for three-component CuAAC reactions included CuNPs [154], heterogeneous porous Cu(0) [155], and CuNPs on silica coated maghemite nanoparticles (CuNPs/mag silica) [156]. Since Lipshutz's seminal study involving nickel oxide NPs in the CuAAC reaction [157], essentially Cu-M bimetallic alloys (M = metal or its oxides NPs, mainly Fe and Ni) have been explored in the AAC reaction. Among these various bimetallic alloyed nanostructures for AAC, Cu is known for its catalytic efficiency, while M is known for its magnetic nature or other catalytic efficiencies except for AAC. In the case of the CuFe system, although Nageswar's group showed the successful multicomponent synthesis of 1,4-disubstituted 1,2,3-triazoles in water at 70 ℃ catalyzed by magnetically separable CuFe 2 O 4 [158], low efficiency of CuFe 2 O 4 NP-catalyzed benzyl azide and phenylacetylene cycloaddition in water at r.t. was also observed [159]. To alleviate this limitation, they then synthesized bimetallic CuFe NPs by using presynthesized FeNP-reducted CuSO 4 . Here, the presence of FeNPs served both as the electron source to reduce Cu(II) into Cu(I) and the support for Cu(I) species to prevent their liberation as soluble ions, enabling a heterogeneous mechanism for the CuAAC reaction. Likewise, Fulop's group also recently showed that iron powder was a readily available copper scavenger for continuous-flow CuAAC [160]. By contrast, in the case of the CuNi bimetallic alloy nanostructures, heterogeneous Cu-Ni/C catalysts have independently been reported by Lipshutz's [157] and Tang's group [161]. In the former case, Cu-Ni/C mediated both group 10 and group 11 crosscouplings [157], whereas in the latter case, transformation of waste polymer materials into valuable metal/carbon heterogeneous composites was highlighted. In this approach, the Cu/Ni molar ratios (initial catalytic substances were Ni 2 O 3 and CuCl) played a crucial role in the formation of the microstructures and for the catalytic functions. Although Cu-Ni/C-0.5 was used to catalyze a CuAAC reaction with high yield (97%), the reaction time was longer compared to those of previous reports [157,162], which was attributed to the amorphous nature of carbon covering the Cu particles in Cu-Ni/C-0.5, leading to insufficient catalysis [161]. On the other hand, Mandal's group also showed that chain-like bimetallic magnetic CuNi nanoalloy in the presence of polymers (PVP or PEG) is a stabilizing/structure-directing agent for CuAAC reactions with good to excellent yield in water and in DMF at r.t. XPS and zeta potential analysis confirmed that Cu(I) on the alloyed NPs surface was responsible for the catalytic activity, while the magnetic reusability was attributed to Ni [163]. This novel unsupported Cu based nanocatalyst was highlighted for its advantages of both homogeneous and heterogeneous catalysis while avoiding their drawbacks, and it was called pseudo-homogeneous catalyst. Moreover, a new bimetallic catalyst derived from nickel and copper supported on magnetite was a good catalyst for the multicomponent reaction of terminal alkynes, sodium azide, and benzyl bromide derivatives, because of the positive and synergetic effect of the metallic species [164]. The use of microwaves was a valuable assistance in CuAAC reactions upon considerably shortening reaction times, and it improved yield [20,127c,165]. Perics's group reported the synthesis of tris(triazolyl)methane ligands [166] with CuCl for [167], recoverable and recyclable Cu/SiO 2 composite for eco-friendly multicomponent synthesis of 1,2,3-triazoles [168], "copper-in-charcoal" catalyzed triazole click reactions [169], palladium and copper-supported on charcoal as heterogeneous multi-task catalysts for sequential Sonogashira-click and click-Heck reactions [170], Cu/porous glass catalyst for CuAAC in water [165c], CuNPs supported on nano-Fe 3 O 4 -glutathione (Cu/nano-FGT) for one-pot multicomponent synthesis of 1,2,3-triazoles [171], and Fe 3 O 4supported CuBr catalysts for one-pot and scale-up synthesis of 1,2,3-triazoles (Fig. 32) [172]. When CuNPs are used, it is indeed assumed that surface oxidation of Cu(0) to catalytically active Cu(I) species occurs upon MW irradiation. Concerning the CuAAC reaction using the conventional Sharpless-Fokin catalyst CuSO 4 .5H 2 O +Na Asc. for multiple applications, the shortcoming as already mentioned above is its large quantity, together with the toxicity of copper, limiting the potential for large applications in electronics, biomedicine and biological chemistry. Thus, new Cu(I) catalysts are on the "top-wanted" list. Our group recently developed the catalyst [Cu(hexabenzyl)tren][Br] that was easily synthesized, toluene soluble, efficient, easy to separate from products and recyclable [35]. In this approach, reactions achieved TONs of the order of 10 4 reached upon recharging substrates with only 0.1 mol% amount of catalyst. The latter was active for "click" reactions between azides and alkynes in toluene or water, and the system recharged at least 10 times. A key advantage of this catalyst [35] compared to Sharpless catalyst is the tremendeous ligand acceleration of the reaction. Other recent well-defined supramolecular catalytic approaches for the CuAAC reactions such as polymer-supported catalysts of Cu(I)-poly(styrene-co-maleimide) (CuI-SMI) for the one-pot three-component click synthesis of 1,4-disubstituted-1H-1,2,3-triazoles [138], polymer-anchored PS-C22-CuI for three-component synthesis of 1,4-disubstituted 1,2,3-triazoles under aerobic conditions in water [173], polymersupported catalyst Amberlyst A-21-CuI for the synthesis of 1,4-disubstituted-1H-1,2,3-triazoles in CH 2 Cl 2 at r.t. [174], Cu(I)-incorporated microporous Schiff base network polymer for CuAAC in MeCN at r.t. [175], supramolecular material of polymer supported Cu(I) catalyst, (Cu(I)-poly(2-aminobenzoic acid), Cu(I)-pABA), showed excellent yield toward AAC reactions at r.t. in aqueous media [176]. The combined use of two polymer supported reagents (polystyrene-1,5,7triazabicyclo[4,4,0]dec-5-ene/Cu and polystyrene-2-iodoxybenzamide) enabled the reliable CuAAC in the presence of an oxidant agent [177], CuI onto dimethylaminografted cross-linked polystyrene (CuI@A-21) for azide-alkyne click polymerization [178], and metal-organic framework (Cu-MOF, Cu(PTZ)(NSA) 0.5 •H 2 O) for the solvent-free CuAAC [179], were also successfully achieved. In addition, some of the abnormal 1,2,3-triazoles, for example N-carbamoyl 1,2,3triazoles [180a], and 1,4,5-trisubstituted 5-dialkylamino-1,2,3-triazole [180b] were also successfully synthesized to fill the gap. Interestingly, the Rennes-Valparaiso groups discovered that organometallic Schiffbase copper complexes were excellent precatalysts for the CuAAC reactions, including with regenerated polymethylmethacrylate supports [181].

RuAAC

Recent applications of Cp*RuCl-based catalysts included the synthesis of 4haloisoxazoles and 5-halotriazoles [81], thiolactoside glycoclusters [83], one-step synthesis of triazoles [84], palladium-based metallocene complexes [85], 1,2,3triazole peptides [86], 5-TTF-1,2,3-triazoles [87], 1,5-substitued 1,2,3-triazole amino acids [182] The catalyst provided excellent yield and almost 100% selectivity for the target product and was reused five times by simple magnetic separation with only a minimum decrease in catalytic activity and selectivity, (Fig. 33b) and little change in the morphology and size of the NPs. A +3 metal oxidation state of polymer supported ruthenium complex was first demonstrated by Molla et al. who reported the synthesis of 1,4-disubstituted 1,2,3triazoles in water with excellent yield via multicomponent coupling in aqueous medium at r.t [185]. On the other hand, Lee's group synthesized the RuNP catalyst using the co-precipitation method. The RuNP catalyst exhibited good results in terms of reactivity in the RuAAC reactions, but the size effect strongly influenced the catalytic activity of these RuNP catalysts, because the size of the catalyst was sensitive to parameters such as the pH of the medium and the type and concentration of the surfactant [186]. MW-assistance promoted RuAAC reactions [82,84,87], as recently exemplified by Johansson et al who reported one-pot RuAAC reactions to synthesize 1,5disubstituted 1H-1,2,3-triazoles involving two steps under microwave heating (Fig. 34). First of all, the organic azide was formed in situ by treating the primary alkyl halide with sodium azide in DMA under microwave heating, then the catalyst [RuClCp*(PPh 3 ) 2 ] was added, and a second microwave irradiation was applied to yield the cycloaddition product [187]. 

Applications of the CuAAC "click" reactions

The CuAAC reaction is considered as the most robust and straightforward synthetic procedure for various organic syntheses [188], especially in building novel structures, including natural products modifications [189], the synthesis of porphyrin based derivatives [190], the iterative click construction of dendrimers that are terminated with various functional groups [191], and polymers [192]. In the case of the dendrimer the "click" synthesis of a water soluble dendrimer that contained 9 intradendritic triazole rings and terminated by 27 triethylene glycol (TEG) termini was reported and used as nanoparticle stabilizer and catalyst template. This dendrimer has recently been employed as an amphiphilic micellar nanoreactor, stabilizer and activator for part-permillion Cu(I) catalyst of "click" chemistry in water under ambient conditions, due to its coordination and encapsulation abilities of Cu(I)-ions and hydrophobic Cu(I)catalysts, respectively [27a]. The "click" synthesis of polycondensation metallopolymers containing redox-robust bis(ethynyl)biferrocene (biFc) and di(azido) poly(ethylene glycol) was also achieved [193]. This polymer showed intriguing properties; the biFc unit provided a class-II mixed-valence polyelectrolyte and electrochrome properties, while the presence of PEG in the polymer improved the water solubility and biocompatibility. The triazole linkers between biFc and PEG units facilitated redox sensing of transition-metal cations. Moreover, this easy available polymer was an excellent template for the stabilization of catalytically active AuNPs and PdNPs for 4-nitrophenol reduction and Suzuki-Miyaura reaction, respectively. The easy accessible click approach of various material constructions has a great impact in materials science [194a,b]. The excellent reviews on click chemistry in materials science by Bowman's group [194a] and Diaz [194b] cover this area. Veige's click functionalization of inorganic complexes (inorganic click) by reaction of PPh 3 AuN 3 with alkynyl-or p-substituted alkynyl gold complexes led to bi-and polymetallic triazoles [194c-g], and the functionalization of gold nanoparticles has also proved to be an effective method for the construction of novel nanostructures [195]. The functionalization of carbon-based nanomaterials has long attracted the interest of researchers. For example, CuAAC functionalizations of C 60 derivatives have been achieved [196] and improved their solubility. Recent examples include the preparation of fullerene sugar balls [197], C 60 -containing polymers [198], viral [199], supramolecular interactions between molecular tweezers and macrocycles, functionalization of C 70 fullerenes [200], and biotinylation of fullerene vesicle via CuAAC and conjugation with avidin [201]. Functionalized graphene and partially reduced graphene oxide (rGO) functionalized on the surface provide possibilities for improving the electrical strength recovery and utilization in devices. Functionalized rGO surface covalently immobilized with metal nanoparticles such as AuNPs and AgNPs, through the organic linkers is a good tool for achieving controllable transport in memory devices [202] and electron transfer in photocatalysis [203]. Click formation of 1,2,3-triazoles on the surface of rGO combined with localized surface plasmon resonance (LSPR) effect of the AuNPs allowed the observation of a fivefold photocurrent enhancement for triazole linkers. This showed that the triazoles linker between rGO and AuNPs were very efficient for charge separation and electron transfer [203]. In the field of biology, click chemistry has also been extensively used with various successful biological, chemical and medicinal applications [204] including nucleic acid ligation [205], bioconjugation for protein modification [206], drug design [207], gel syntheses for biomedical applications [208], chemical modification of biological molecules [209], and biomolecular labeling [210] activity-based protein profiling (ABPP) [211].

Conclusions and outlook

The MAAC reactions are of considerable use in synthesis with applications in materials science and biomedicine, and they remain by far the most prominent example of "click" chemistry. Therefore considerable research has been devoted to extend the variety of metal catalysts and to mechanistically understand the different MAAC reactions with the help of theoretical calculations, characterizations of intermediates and optimization of reaction parameters. In this field as in many others the theoretical calculation and experimental progress are intimately connected in order to improve the reaction efficiency, simplify procedures and apply them to industry in particular by decreasing catalytic amounts. Thus both mechanistic advances and recent trends of AAC "click chemistry" have been reviewed here. The multiple new advances are inspiring for theoretical chemists to rationalize the mechanisms of new routes. In turn, the theoretical advances guide and lead chemists to imagine new reaction improvements. The CuAAC reaction remains the most currently used MAAC reaction, and the review has highlighted a multitude of reported improvements including the use of excellent Cu(I) ligands, copper metal and CuNPs in various forms to make this click reaction more practical and more easily applicable. The very practical initial Sharpless-Fokin catalyst CuSO 4 + NaAsc remains most often used, and with the use of optimized ligands researches have led to considerable decrease of the catalytic amounts down to the ppm permitting industrial applications. Some theoretical calculations have converged to the identification of a bimetallic   intermediate in a bimetallic mechanism. On the other hand, studies showed that in the presence of The complete change of regioselectivity provided by the RuAAC reaction discovered by Fokin's group has been perfectly rationalized mechanistically, but Nolan's introduction of the NHC ligands in the RuAAC reactions showed alternative results and mechanistic features. Many more metals are active in MAAC reactions and some of them including lanthanides have been mechanistically rationalized based on theoretical calculations. Indeed, the quality of modern theoretical calculations with DFT methods now allows confident mechanistic approaches with excellent determination of reaction energetics, for both thermodynamic and kinetic sides. In conclusion calculations and experimental research have brought MAAC at the forefront of "green chemistry" with mild, environmentally benign and useful synthetic methods that are now applicable to industry. Further work including computational and experimental research is required, however, to push MAAC towards multicomponent "one-pot" syntheses [212] for industrial production and to design multi-task catalysts based on bimetallic or multi-metallic systems for tandem reactions. 

Fig. 1 :

 1 Fig. 1: The CuAAC mechanisms (Sharpless-type catalysis) proposed by Fokin and coworkers from their DFT calculations. Top: proposed mononuclear mechanism. Bottom: proposed dinuclear mechanism. Reprinted with permission from ref. 57. Copyright 2007, American Chemical Society.
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 d a n u s c r i p t intermediate. Following previous work [58b],

Fig. 2

 2 Fig. 2 Fokin's proposed mechanism for the CuAAC reaction with two copper centers. Reproduced with permission from ref. 38. Copyright 2013, American Association for the Advancement of Science.
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Fig. 3 .

 3 Fig. 3. Computed intermediates and transition state involved in the mechanism of Cu(I)(tren)-catalyzed CuAAC reactions.
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 4 Fig. 4 Nolan's proposed multiple mechanistic pathways for the [3+2] cycloaddition of azides to alkynes. Reproduced with permission from ref. 66. Copyright 2013, Royal Society of Chemistry.
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 10 consists in the direct photolysis of the Cu(II) complex to generate Cu(I) by UV light irradiation, because many Cu(II) complexes such as CuCl 2 /PMDETA [70b,70d,70e,72], Cu(AP) 2 -PMDETA [70c]

Fig. 5

 5 Fig. 5 Photoinduced CuAAC click reaction pathways. Reprinted with permission from ref. 69a. Copyright 2013, Wiley-VCH.

Figure 6 .

 6 Figure 6. Reaction mechanism proposed for the CuNPs-catalysed 1,3-dipolar cycloaddition of terminal alkynes and azides. Reproduced with permission from ref. 80. Copyright 2010, WILEY-VCH.

Fig. 7

 7 Fig. 7 Activation of the precatalyst and catalytic mechanism of the RuAAC of phenylacetylene with benzylazide. Numbers colored in blue and in red are computed relative free energies of intermediate and transition states, respectively (in kcal/mol). Reproduced with permission from ref. 88. Copyright 2012, American Chemical Society.
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 d a n u s c r i p t allowed them to evaluate the interplay between the various electronic and steric effects. In any case the formation of a key 6-membered ruthenacycle intermediate is confirmed. Their computed regioselectivities (particularly in the case of internal alkynes) reproduce the experimental ones. Given the richness of ruthenium catalysis, other families of ruthenium catalysts were disclosed. The Jia group first reported the RuAAC of terminal alkynes with 100% selectivity to lead to 1,4-disubstituted 1,2,3-triazoles using the catalyst [RuH 2 (CO)(PPh 3 ) 3 ] [29,89]. Then they compared a family of Ru catalysts that do not contain Cp ligands for the RuAAC reaction of terminal alkynes to selectively yield 1,4-disubstituted 1,2,3-triazoles [29], and the most efficient catalyst was [RuH(η 2 -BH 4 )(CO)(PCy 3 ) 2 ]

1 2Fig. 8

 18 Fig. 8 Proposed catalytic cycle of RuAAC reaction catalyzed by [RuH(η 2 -BH 4 )(CO)(PCy 3 ) 2 ]. Reproduced with permission from ref. 29. Copyright 2012, American Chemical Society.
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 d149 Fig. 9 DFT free energy profile (in kcal/mol) for the proposed mechanism of the formation of 1,4-triazole catalyzed by a Ru complex lacking cyclopentadienyl ligand. Reproduced with permission from ref. 29. Copyright 2012, American Chemical Society.

Fig. 10

 10 Fig. 10 Proposed mechanism of the RuAAC catalysis by ruthenium azido complexes. Reprinted with permission from ref. 91. Copyright 2014, Elsevier B.V.
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Fig. 11

 11 Fig. 11 Proposed catalytic cycle for the homogeneous Ag(I)-catalyzed AAC reaction. Reproduced with permission from ref. 93. Copyright 2012, WILEY-VCH.

  Fig. 12 One-pot AAC reaction catalyzed by Ag/GO. Reproduced with permission from ref. 95. Copyright 2014, Royal Society of Chemistry.

  Fig. 13 (a) On Cu(111) surface catalyzed AAC. (b) Proposed on-surface AAC reaction of N-(4-azidophenyl)-4-ethynylbenzamide (AEB) and possible regioisomeric dimers 2 and 3. Reproduced with permission from ref. 100 and 101, respectively. Copyright 2013, American Chemical Society.
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  Fig. 14 (a) Titania-supported gold nanosphere-catalyzed 1,2,3-triazole synthesis. (b) Plausible mechanism for the formation of triazole. Reproduced with permission from ref. 102. Copyright 2013, American Chemical Society.
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 d a n u s c r i p t 20 subsequent to Pd-catalyzed Suzuki-Miyaura reactions with appropriate arylboronic acids. Ding et al. compared various Ir complexes in the IrAAC of electron-rich internal alkynes and showed that the use of [Ir(cod)Cl] 2 optimized the reaction [104].

Fig. 15

 15 Fig. 15 Synthesis of 1,4,5-trisubstituted triazoles catalyzed by a dimeric iridium complex. Reprinted with permission from ref. 103. Copyright 2013, American Chemical Society.

1 Fig. 16 .

 116 Fig. 16. The different IrAAC mechanisms proposed in the case of the addition of thioalkynes and bromoalkynes to azides in the presence of the [Ir(cod)X] 2 (X = Cl or OMe) dimer. Reproduced with permission from ref. 105. Copyright 2014, American Chemical Society.

  Fig 17 (a) Combinatorial cycloaddition of two aryl propargyl ethers to benzyl and nhexyl azides catalyzed by Raney Ni, and (b) Proposed mechanism for the NiAAC. Reproduced with permission from ref. 106. Copyright 2014, Royal Society of Chemistry.

Fig. 18

 18 Fig. 18 Zn/C-catalyzed AAC reactions. Reproduced with permission from ref. 108. Copyright 2010, WILEY-VCH.
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 d a n u s c r i p t[109a]. In their approach, the base N-methylimidazole (NMI) was needed to help the formation of the zinc acetylide species in order to promote reactivity and continue screening. The 4-position of the triazole was substituted via the aryl-zinc intermediate towards further coupling. The proposed mechanism for this reaction is summarized in Fig.19. The initial metallation of the alkyne mediated by the amine base formed the zinc acetylide 16. Then the reversible pre-coordination between the azide and zinc acetylide occurred before the [3+2]-cycloaddition, after which the aryl-zinc intermediate 15 formed, then was utilized to lead to 1,4,5-trisubstituted 1,2,3triazoles.

Fig. 19

 19 Fig. 19 Proposed mechanism explaining the reactivity in the system mediated by ZnEt 2 . Reproduced with permission from ref. 109a. Copyright 2013, American Chemical Society.

  Fig. 20b. First activation of the C-H bond of the terminal alkyne produced the Ln acetylide A and HN(SiMe 3 ) 2 . Then 1,1-

A c c e p t e d M

 d Fig. 20 (a) [Ln{N(SiMe 3 ) 2 } 3 ]-catalyzed cycloaddition of terminal alkynes with azides (Ln = Sm, Nd, Y, Gd). (b) Reaction pathway for [Ln{N(SiMe 3 ) 2 } 3 ]-catalyzed cycloaddition between terminal alkynes and azides. Reproduced with permission from ref. 110. Copyright 2013, Royal Society of Chemistry.

A c c e p t e d M

 d Fig. 21 DFT free energy profile (in kcal/mol) computed for the mechanism of the formation of 1, 5-triazole catalyzed by a rare-earth complex reported in ref. 110 (R 1 = R 2 = H; relative free energy values).

A c c e p t e d M a n u s c r i p t

  

Fig. 23 (

 23 Fig. 22 NHC or phosphine-containing copper(I) complexes for the synthesis of 5iodo-1,2,3-triazoles. Reproduced with permission from ref. 112a. Copyright 2014 American Chemical Society.

A c c e p t e d M a n u s c r i p t 28 Chit-CuSO 4 H 2 Fig. 24

 284224 Fig. 24 Chit-CuSO 4 catalyzed dipolar cycloaddition of benzyl azide and phenyl acetylene (Chit = chitosan). Reproduced with permission from ref. 132. Copyright 2013, Royal Society of Chemistry.

Fig. 25

 25 Fig. 25 Synthesis of the Cu@PyIm-SBA-15 catalyst. Reproduced with permission from ref. 134a. Copyright 2014, Elsevier B.V.

  Fig. 27 AAC reactions catalyzed by Cu 2 O-NP and CuSO 4 /NaAsc. Reproduced with permission from ref. 142. Copyright 2013, Elsevier B.V.

Fig. 28

 28 Fig. 28 Schematic illustration of the bulk CuAAC reaction of PIB-azide and PIBalkyne with TRGO/Cu(I) at 20℃ via melt rheology. Reprinted with permission from ref. 145a. Copyright 2014, Royal Society of Chemistry.

Fig. 29

 29 Fig. 29 CuNPs or their clusters catalyzed solvent-free AAC reaction. Reproduced with permission from ref. 151. Copyright 2012, Elsevier B.V.

Fig. 30

 30 Fig. 30 Multicomponent synthesis of 1,2,3-triazoles from various azide precursors catalyzed by CuNPs/C in water. Reproduced with permission from ref. 153. Copyright
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 d a n u s c r i p t 2013, American Chemical Society.

A c c e p t e d M a n u s c r i p t 34 CuAAC

 d34 of benzyl azide with representative alkynes. For instance with tris(aryltriazolyl)methanol-CuCl (see the ligands in Fig. 31), both 24 (R = H) and the electron-poor ligand 25 (R = CF 3 ) gave high conversions. However, the ligand 26 bearing the electron-rich 4-methoxyphenyl substituents provided a very poor catalyst in all solvents except in water. Upon taking the advantage of microwave irradiation, a quantitative reaction was observed for the CuAAC of organyl bromide and sodium azide in acetonitrile/water at 100℃ in 40 min [166c]. Other recent examples include MW-assisted of Cu-NHC-catalyzed cycloaddition of azido-disubstituted alkynes [112b], MW-assisted CuAAC of fast 2D assembling of iron oxide NPs on a selfassembled monolayer (SAM) of organic molecules

26 Fig. 31

 2631 Fig. 31 Tris(aryltriazolyl)methanol ligands. Reproduced with permission from ref. 166c. Copyright 2009, American Chemical Society.

Fig. 32

 32 Fig. 32 MNPs-CuBr catalyzed one-pot synthesis of 1,4-disubstituted 1,2,3-triazoles in water under microwave irradiation conditions. Reprinted with permission from ref. 172. Copyright 2013, Royal Society of Chemistry.

  , 5-amino-1,2,3-triazole-4-carboxylic acid [183a], and fluorinated 1,4,5substituted 1,2,3-triazoles [183b]. RuAAC reactions catalyzed by Ru(II) complexes and RuNPs were also reported. In

A c c e p t e d MFig. 33

 d33 Fig. 33 (a) Magnetically recyclable Cp*(PPh 3 ) 2 Ru/SiO 2 /γ-Fe 2 O 3 catalyst. (b) Catalytic performance of magnetic catalyst in cycloaddition of phenylacetylene and benzyl azides. Reproduced with permission from ref. 184. Copyright 2013, Royal Society of Chemistry.

Fig. 34

 34 Fig. 34 Sequential one-pot RuAAC reaction under microwave heating. Reproduced with permission from ref. 187. Copyright 2011, American Chemical Society.

A c c e p t e d M

 d a n u s c r i p t nanoparticle (VNP)-C 60 conjugates

A c c e p t e d M

 d a n u s c r i p t very low amounts of catalyst a monometallic mechanism was occurring in catalytically efficient Cu(I)-centered dendrimers with positive dendritic effect for the smaller substrates and in extraordinarily efficient dendrimer-mediated Cu(I) catalysis.

  s c r i p t

  R 1 =C 6 H 5 ; R 1 =4-t-Bu-C 6 H 4 . R 2 =C 6 H 5 CH 2 ; R 2 =n-C 6 H 13 . R 1 =C 6 H 5 , R 2 =C 6 H 5 CH 2 (92%); R 1 =4-t-Bu-C 6 H 4 , R 2 =C 6 H 5 CH 2 (91%); R 1 =C 6 H 5 , R 2 =n-C 6 H 13 (96%); R 1 =4-t-Bu-C 6 H 4 , R 2 =n-C 6 H 13 (93%).
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