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Metal-Catalyzed Azide-Alkyne “Click” Reactions: Mhbanistic Overview and Recent
Trends

Changlong Wang, Djamila lkhlef, Samia Kahlal, J&&es Saillard,* and Didier Astruc*

Highlights

- 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.
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Abstract

This review is focused on the mechanistic aspewcts racent trends of the metal-
catalyzed azide-alkyne cycloaddition (MAAC) so-edll “click” reactions with
catalysts based on various metals (Cu, Ru, Ag,lAWlNi, Zn, Ln), although Cu (1)
catalysts are still the most used ones. These MA#&ctions are by far the most
common click reactions relevant to the “green clstnyii concept. First developed by
the Fokin-Sharpless and Meldal group with Cu(l)2002, they have then been
extended to Ru(ll) catalysts by the Fokin group205 and finally to many other
metal catalysts. Mechanistic investigations aremsas to reaction improvements and
subsequent applications, and indeed as shownsmdtiew the proposed mechanisms
have been multiple during the last decade basetheoretical computations and
experimental search of intermediates. New trenids€2012) are also presented here
often representing both exciting approaches foriouar applications and new
challenges for further mechanistic investigations.
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1. Introduction

The concept of “click chemistry” proposed by Kofinn and Sharpless in 2001 [1]
has revolutionized molecular engineering includiagplications to organic and
medicinal chemistry P-11], polymer science and materials science [1]2&thong
the various “click” reactions responding to theugments of this concept, the most
generally used one is the copper(l)-catalyzed imadietween terminal alkynes and
azides (CuAAC) selectively yielding 1,4-disubstdt 1,2,3-triazoles, that was
reported independently by the Sharpless-Fokin §2#2] the Meldal groups in 2002 [
23,24]. This reaction is the catalyzed versionhef 1,3 dipolar cycloaddition, known
in the former decades as the Huisgen reactionhidwdtalready been first disclosed in
the XIXth century [25]. The advantages of the Cu@dfalyzed “click” reaction are
that (i) it is regioselective, whereas the nondgatd Huisgen reaction lacks
regioselectivity, producing both the 1,4- and liuilstituted isomers, (ii) it proceeds
at milder temperature than the non-catalyzed readdii) it fulfills the requirements
of “green chemistry” in so far as it can occur quaous or alcoholic medium, (iv) the
catalyst reported by Sharpless and Fokin is sinaplé inexpensive; it consists in
CuSQe5H,0 + sodium ascorbate, the later reagent being fbneghe reduction of
Cu(ll) to Cu(l), but not to Cu(0) [22]. The only aWwback is the need of large
guantities of this catalyst mixture that is slowdéed, various nitrogen ligands
accelerate the Cu(l) catalysis of the “click” reastand allow using 1% or a few %
Cu () catalyst [20,26]. Recently we reported theting a recyclable dendritic
nanoreactor in water only, it was possible to deseethe Cu(l) amount using the
CuSQe5H,0 + sodium ascorbate catalyst to 1 ppm or onlyvagpm with various
applications to biomedical targets [27a]. Disulogéitl alkynes cannot be used for the
CUAAC reaction, because deprotonation of the teamatkyne to give Cu(alkynyl)
intermediate  species is mandatory in this reactiof6]. With
pentamethylcyclopentadienyl-ruthenium catalystsyéweer, the Fokin group showed
that the other isomer, i.e. 1,5-disubstituted tiazs regioselectively formed in the
RUAAC reaction even with disubstituted alkynes adow to a different mechanism
[28]. Ruthenium catalysis is versatile, becausemththenium catalysts reacted with
terminal alkynes via a key ruthenium-acetylide sgedto yield the 1,4-disubstituted
triazoles [29]. Since the early reports, a var@dtyransition-metal catalysts have been
used for the reactions between mono- or disubsttatkynes and azidegde infra).
For the Cu(l) catalyzed reaction, a variety of nawsbms involving Cu(l)-aryl
intermediates have been proposed in which the tegy-species contains either
mononuclear [35] or binuclear copper species [30-3FBeoretical studies of the
RUAAC reaction have also been reported [28,39-&lVen this mechanistic variety
and the large number of transition-metals catalysexl for the MAAC reactions (M =
transition metal), it is essential and timely tad@bs the mechanistic problems by
reviewing the state of knowledge in the literatwwenduct theoretical calculations on
MAAC reactions and compare these results with tmeperted in the literature.
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2. MAAC reactions with various metal catalysts
2.1. The CuAAC reactions

With over 2000 publications in hardly more thanexate, the CUAAC reaction is
illustrious and undoubtedly has been a breakthrangbrganic synthesis and Cu(l)
catalysis [2-24,42]. Although a large number of IEufatalysts are efficient in
catalyzing this reaction [21,24,26], the converdlorSharpless-Fokin catalyst
(CuSQ/sodium ascorbate) [22] is by far the most used ionspite of the large
required catalyst amount, slow rate, difficultyréanove copper after the reaction, and
sometimes the detrimental effects on rates and yadserved in the presence of
chlorides, bromides and iodides [43]. For instano®, efficiency was observed for
CuAAC of 2-azidopyridines [44]. Thus experimentalofecols such as adding
podand-like ionic liquids (ILs) [45], simple therin&eating [46], ultrasound-
assistance [47], and the combination of both winass and ILs [48] were used to
accelerate the reaction rates of the Sharplessii€akalyst .

Concerning the optimization of “X” ligands in theu@(X) catalysts, Zhang et al.
compared various Cu(l) sources (CuCl, CuBr, Cul,SQu5H,0/NaAsc and
[(CuOACc),],) that catalyze th€EuAAC reaction of 6 tetrazolo-[1,&}pyridines toward
the synthesis of 1-(pyridin-2-yl)-1,2,3-triazolesd the results showed that copper(l)
acetate was the most efficient catalyst [49]. Thegen (“L”) ligands accelerate the
CuAAC reaction are amines, pyridines, and triazolegarticular tridentate ligands
[26,50-52]. N-heterocyclic carbenes (NHC) that reported by Nelagroup to be
excellent ligands, providing high reaction ratesl aield for the CuAAC reaction
(vide infra). Interestingly, internal alkynes were also sustdly used, which
suggested that a different mechanism than that yimpl copper-acetylide
intermediates was involved [33,53]. Bertrand’s masic carbenes were also efficient
[54,55] even with sterically hindered azide andya#ls [55]. With various ligands and
Cu(l) catalysts, a large variety of solvents hawerb used, and the reaction is
compatible with aqueous solvents [21,22].
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Fig. 1. The CuAAC mechanisms (Sharpless-type csiglyproposed by Fokin and
coworkers from their DFT calculations. Top: propbs@ononuclear mechanism.
Bottom: proposed dinuclear mechanism. Reprintedh ygrmission from ref. 57.
Copyright 2007, American Chemical Society.

Noticing the fact that the Cu(l) species accelerdbe rate of the AAC reactions by 7-
8 orders of magnitude compared to purely thermaloagdition reactions observed
without metal catalysts, Sharpless and coworkersn tiproposed a stepwise
mechanism involving a mononuclear Cu-acetylidermezliate based on DFT studies
(top of Fig. 1) [31]. In a latter study, howevegkih and Finn also pointed out the
possibility that two Cu centers were involved ie tinansition state of the cycle [32],
for which the following detailed kinetic studiesnéomed the possibility of a,z-
bimetallic Cu(l) intermediate [26,50,56]. SubsequBRT calculations, carried out in
the same group [22b,57], supported this hypothasshowing that the complexation
of the alkyne unit by a second metal center (bottdririg. 1) reduces the activation
energy barrier by 4-6 kcal/mol, depending on theimreaof the ligand on the Gwatom
indicated in Fig. 1 [57]. The effect afcomplexation of the-alkynyl-Cu(l) species
enhances the reactivity of the alkynyl ligand bgréasing electron density on the sp
carbon atoms, thus facilitating the azide attaokfakt the f coordination mode of
the alkyne to Clwas quite distorted and dependent on the ligandir@at
Concomitantly to the DFT investigation on binuclearocesses of Fokin and
coworkers [57], Straub published a computationakgtigation on copper acetylide
complexes showing the same trend,, di- and tetra-nuclear species display higher
reactivity in the CuAAC reaction than do their monoclear relatives [58a].
According to this study, the complexation of a dapgentary copper atom reduces
the Cu=C=C double bond character and thereforeitigestrain in the metallocyclic
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intermediate. Following previous work [58b], Straugroup also recently presented
the first molecular copper acetylide complex thedtfired high activity in CUAAC

with added acetic acid even at°®G. The relationship between the “click” reactivity

and the aggregation of acetylide-copper specidsrdiit from dinuclear intermediates
contributes to the mechanistic interpretation af tieaction. Indeed, complexes with
acetylide ligands that bind copper species mayebgng states of the catalyst in such
click reaction mixtures that are not acidic [58c].

Following these pioneering computational works, esal theoretical mechanistic
investigations on the CuAAC reactions have beemiezhrout, considering various
copper systems, most of them multinuclear, and ingadasically to similar
qualitative conclusions [34,58-62]. A recent invgation pointed out the possibility
for a concertedss. stepwise nature of the mechanism, however, depgnoin the
ligand nature [63]. The most recent experimentathmaaistic study by Fokin's group
unambiguously demonstrated the participation ofraicdear copper intermediate in
the case of a CuAAC reaction in which a mixture Q@i(l)(aryl) complex and
[Cu(l)(MeCN),]* were used (Figure 2). Their study revealed thamonweric copper
acetylide complexes were not reactive toward oaaides, except in the presence
of exogenous copper catalyst [38]. Furthermoregdtiinjection by time-of-flight
mass spectrometry (TOF-MS) for crossover experigaith an isotopically enriched
exogenous copper source showed that two coppeersenwere involved within the
cycloaddition process yielding the 1,4-substitutied,3-triazoles. This mechanism
was also recently confirmed by ESI-MS upon utilgzia mixture of an approach of
neutral reactant and the strategy by Angelis’s grthat involves ion tagging and
characterized the putative dinuclear copper intdrates [64].
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Fig. 2 Fokin’s proposed mechanism for the CuAAC:tiea with two copper centers.
Reproduced with permission from ref. 38. Copyrig@i3, American Association for
the Advancement of Science.
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The CuAAC reaction is also working well with the nomuclear mechanism as shown
by efficient intradendritic catalysis that cannot@mmodate two metals at the active
site for obvious steric reasons. Intradendriticalyais with the Cu catalytic center
located either at the dendrimer core or activatethk triazole ligand located on the
dendrimer tether is so efficient that sometimes mldev a ppm amount of Cu is
enough to catalyze the CuAAC reaction in waternabiant temperature [27a]. In the
case of the active Cu(l)tren catalyst, a dendrimmas constructed around the tren
ligand with Cu at the metallodendrimer core, empiag the monometallic
mechanism. In such cases, the proposed mechanssd ba DFT calculations [27Db]
involves the following intermediates (Figure 3):

- RIC=CH 4+

!

1C—CH

i
H N~
2¥=~=Cu—NH, HZN\CU

PO | —— | & Q -

2
oo HN—_ R

HC N—R?2
HN—>c iy Q \
/HzN/ \/ 2 + R —C //

Fig. 3. Computed intermediates and transition statalved in the mechanism of
Cu(l)(tren)-catalyzed CuAAC reactions.

With a NHC-Cu(l) catalyst, however, DFT calculagoby Nolan’s group confirmed
that a different mechanism was operating taking adcount the reactivity of internal
alkynes [33]. The following research from this goaeported that, with the version of
the NHC ligands beariny-adamantyl substituents, the Cu-iodide catalyst ahasys
superior to other [Cu(NHC)X] complexes in water wrder neat conditions [65].
Based on the fact that the transformations involveith terminal and internal alkynes,
these authors proposed a multiple mechanistic mgthwior AAC reaction that
suggested that the alkyne (or acetylide followiegrdtonation) might bind eithend
onorside onto Cu (Fig. 4) [66]. Moreover, the addition of aratic nitrogen donors
to the reagent mixture increased the AAC reactictivity, as reported by Gautier’s
group [67]. Furthermore, Nolan’s group also poinbed the importance of NHC salts
formation in the investigation of the cationic losrbene complexes for AAC. Indeed,
the positive role of the second NHC ligand for tlieprotonation of the
terminal alkynes favors the generation of a [Cudt@ade species that plays a key role
for AAC [68a].
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Fig. 4 Nolan’s proposed multiple mechanistic patysMar the [3+2] cycloaddition of
azides to alkynes. Reproduced with permission freim66. Copyright 2013, Royal
Society of Chemistry.

Recently, the Bertrand group compared the role h&f &nionic ligand in each
individual step of the AAC reaction catalyzed by 2Cby examining the kinetic
profiles on these stoichiometric reactions [68ljeTX ligands covered a broad range
of basicity (X = CI, OAc, OPh, BBu, OTf), and the L ligand was Bertrand’s cyclic
(alkyl)(amino)carbene (CAAC). In these cases, tteps are the metallation of the
terminal alkyne, the formation of the,n-alkyne bis(copper) complex, the
cycloaddition producing the metallated triazoled dhe protolysis of the latter that
regenerates the active catalytic species and pesduice final triazole Phenyl
acetylene and benzyl azide were used as substiidtestesults remarkably pointed
out the Janus role of the X ligands. Basic X ligaridvored the metallation, but
disfavor the formation of the dinuclear intermedjabpposite to non-nucleophilic
ligands. Acetate was a good compromise and veryciaeft for the proto-
demetallation step. That the dinuclear Cu specasbe disfavored in the CuUAAC
mechanism is also an interesting result at variantteother studies [68b].

In the CuAAC reactions, one of the interesting waysgenerate Cu(l) appeared
recently is by Cu(ll) photoreduction simply actiedtusing light to induce the click
reactions. Tasdelen, Yagci and Ramil et al. hawdewed these applications,
especially toward biomolecular systems and macreoubhr syntheses [69], The
mechanisms of photoinduced CuAAC *“click” reactiansolved the direct (i) and
indirect (ii) reduction pathways of Cu(ll) to Cu(lyhe photo-click chemistry using
visible light requires a radical-generating phoittator that assists photoreduction of
Cu(ll) to reactive Cu(l) species for the CuAAC reac (Fig. 5, route a) as
demonstrated by Bowman’s group [70]. For exampbenurradiation at 350-520 nm,
the presence of an additional photoinitiator ism&tessary when the solvent contains
at least 15 wt% of methanol that serves for thetgrieduction process [71]. Another
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technique consists in the direct photolysis of @gll) complex to generate Cu(l) by
UV light irradiation, because many Cu(ll) complexsach as CuGIPMDETA
[70b,70d,70e,72], Cu(ARRPMDETA [70c], Cu(ll)-PAC complex (PAC = polynuclea
aromatic compound) [73], Cu(ll)/carboxylate comp[&#4], and copper(ll)-DMEDA
complex [75] are sensitive to UV light or sunlightere the ligand is involved, i.e. it
absorbs the UV light, promoting intramolecular &leg transfer from the-system of
the ligand to the central Cu ion (Fig. 5, routering this process, Cu(ll) is reduced
to Cu(l) and the ligand is transformed into a ratlispecies [76]. Interestingly,
recently doping small amounts of Cu into the Zn&mum dots (QDs) shell partially
guenched the QD core (CdSe) luminescence, making @btoactivated vectors for
the release of catalytically active Cions for CUAAC [77]. On light irradiation, the
QDs photo-oxidized with S was oxidized to,$Ocausing Cu to form a complex with
the azide that acted as a sacrificial electron @oceallowing the click reaction to
occur.

UV light
cu'/L  culL

- o -

2R + Cu"/L CulL + 2R’
visible or
UV light

photoinitiator

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

The other interesting ways to generate catalytivaspecies Cu(l) by using Cu (0)
NPs is through comproportionation of Cu(0) and §ufl the native oxide layer on
the Cu surface [78]. In Alonso’s proposed mecharfisnthe CuNP-catalyzed AAC,
Cu(l) acetylides appeared as the true intermedpéeies [79]. Then-situ generation
of CuCl was postulated after acetylene deprotonatiath the concomitant formation
of triethylammonium chloride (in the presence ofCLiderived from CuNPs
preparation), and the action of the latter on theNEs. The reaction of the nascent
CuCl with the acetylide species would furnish tloeresponding copper(l) acetylide
(Fig. 6) [80]. From this point of view, the reactionechanism followed the original
stepwise pathway that was proposed by Noodlemaarp&iss and Fokiat al [31].

10
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Figure 6. Reaction mechanism proposed for the CuddRdysed 1,3-dipolar
cycloaddition of terminal alkynes and azides. Rdpoed with permission from ref.
80. Copyright 2010, WILEY-VCH.

2.2. The RUAAC reactions

Apart from copper, the most frequently used catalysr the MAAC reactions are
ruthenium-based catalysts, the reaction being #éitbmeviated as RUAAC. Among all
the Ru catalysts, the most investigated ones ageptdntamethylcyclopentadienyl
ruthenium chloride-based (noted [Cp*RuCl]) compkxealthough Fokin’s group
also observed that the steric encumbrance impéstdtie Cp* ligand is detrimental
to the reaction [81]. These complexes catalyzeadgmselective RUAAC reaction of
terminal alkynes forming, unlike CuAAC catalystsb-Hisubstituted 1,2,3-triazoles,
and also unlike the CuAAC catalysts, they reactétth \wmternal alkynes providing
trisubstituted 1,2,3-triazoles [28,39,40,82]. Thp*RuCl based catalysts provided
multiple application that were recently developadé infra) [81, 83-87].

11
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phenylacetylene with benzylazide. Numbers coloretlue and in red are computed
relative free energies of intermediate and tramsisitates, respectively (in kcal/mol).

Reproduced with permission from ref. 88. Copyridiil2, American Chemical

Society.

The first mechanistic investigation was proposedLby Jia, Fokin and coworkers
based on DFT calculations [39]. The firstly formazide-alkyne Ru complex was
suggested to lead to a 6-membered ruthenacyclematkate, followed by reductive
elimination and formation of the triazole produstibsequent calculations by Poater,
Nolan and coworkers [88] found a somewhat diffegathway but confirmed the key
ruthenacycle intermediate. Their computed mechamsmproduced in Fig. 7. More

recently, Boz and Tuzun published a detailed DRiytin which various terminal

and internal alkynes as well as Cp and Cp* ligandse considered [41]. They

investigated the various possible mechanisms egsfiom the four possible

configurations of the azide-alkyne Ru precursor glex This detailed investigation

12
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allowed them to evaluate the interplay between wthgous electronic and steric
effects. In any case the formation of a key 6-mewdbeuthenacycle intermediate is
confirmed. Their computed regioselectivities (paurtarly in the case of internal
alkynes) reproduce the experimental ones.
Given the richness of ruthenium catalysis, otharilias of ruthenium catalysts were
disclosed. The Jia group first reported the RuAACeominal alkynes with 100%
selectivity to lead to 1,4-disubstituted 1,2,3z0kes using the catalyst
[RuHx(CO)(PPR)3] [29,89]. Then they compared a family of Ru cadtdythat do not
contain Cp ligands for the RUAAC reaction of teratialkynes to selectively yield
1,4-disubstituted 1,2,3-triazoles [29], and the mefficient catalyst was [Ruhjt-
BH,)(CO)(PCy),]. Both the experimental results and the DFT calitohs indicated
that the active species in the reactions was [RGEL(CO)(PRys),] (Fig. 8). In their
proposed mechanism, the authors indicated thatRilreacetylide specieg first
formally underwent a cycloaddition reaction with amide to give the species
[Ru(triazolyl)], 2 (Fig. 8) resulting from initial coordination of éhazide to the Ru
center in3 via the internal nitrogen atom (Fig. 9). Then, withteaminal alkyne
metathesis of the Ru—C bond occurvea a four-centered transition state yielding the
1,4-disubstituted 1,2,3-triazole, which regeneraitesstarting catalyst. The complete
mechanism of this catalytic cycle proposed by lia, Fokin, and coworkers [29]
from a detailed DFT analysis of the mechanism witbpyne, methylazide and
[Ru(CCMe)(CO)(PMe)] is shown in Fig. 9. These authors showed also tiwa
formation of the 1,5-triazole is highly disfavorédis is in line with Boz and Tlzun’s
theoretical work (see above) that indicated theortgmce of the electronic and steric
effects for the regioselectivity, both thermodynarand kinetic parameters playing a
crucial role in the reactions [41].

‘CgPRé

,—Ph R———RUi——=—R
N /

N R'sP
3
/[ //N 1 N3
R N

Fig. 8 Proposed catalytic cycle of RUAAC reactioatatyzed by [RuHf*-
BH,)(CO)(PCy);]. Reproduced with permission from ref. 29. Copltig2012,
American Chemical Society.
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Fig. 9 DFT free energy profile (in kcal/mol) forehproposed mechanism of the
formation of 1,4-triazole catalyzed by a Ru comgdesking cyclopentadienyl ligand.
Reproduced with permission from ref. 29. Copyridiil2, American Chemical
Society.

Lo’s group presented the first case of rutheniundazomplexes catalyzing the
cycloaddition reaction of terminal alkynes with ylkazides [90,91]. The new
ruthenium azido complexes were synthesized from rt@her TpRu complex
[Ru(Cl)(Tp)(PPR);], Tp = HB(pzk, pz = pyrazolyl), vyielding first
[Ru(Ns)(PPR)[Tp(‘BuNC)] [90], then the amine-substituted rutheniuzida complex
[Ru(N3)(Tp(PPh)(EtNHy)] [91]. Although the detailed mechanism could i
established, the authors speculated a similar méahato previous proposed by
Fokin et al [28]. As shown in Fig. 10, the displaant of the spectator ligands
(EtNH,, PPh) produced the activated intermedidtehat was then converted to the
intermediateB via the oxidative coupling of an alkyne and an azifter that, ligand
substitution occurred iB leading to the release of the aromatic triazotelpct and
regenerating the catalyst. Interestingly, in baikes, the Nligand in the ruthenium
azido complex did not couple the terminal alkyngha substrate, because reaction
energy for convertiof A to B is much smaller than that for convertiohA to C
(DFT-computed free energies -45.9 kcal/m®B84.9 kcal/mol, respectively) [91].

14

Page 14 of 48



|
PPh
B _A 3 B.,
" e — A ’/,,//
v W;Q " /bl"m' I/*O
OL W Oh W
NS
Ril. R, _N
S~ st S Z AN
ST T A N7 ON"pn
PPh, B \Q(
2 R4
Ph” N;
-45.9 kcal/mol
H
EtNH, |
PPh, B..,

N
J .o R N N
\,R“’\N/—_Ph 34.9 kcal/mol /%/ . 1\§ //N \N"i
Ny ‘ N\, —N '
H—==—R,
N\ -
A N C

Fig. 10 Proposed mechanism of the RUAAC catalygisuthenium azido complexes.
Reprinted with permission from ref. 91. Copyrigbtl2d, Elsevier B.V.

2.3. The AgAAC reactions

In a seminal report McNulty’s group published tirstfexample Ag(l) catalyst of the
AAC reaction without copper at room-temperaturé)(f92]. Silver(l) salts alone
were not efficient to promote the AAC reactionst tnen AgOAc reacted with the
P,O-ligand 2-diphenylphosphing;N,-diisopropylcarboxamide, the P,O ligand-
silver(l) complex catalyzed the AAC reaction veryellw Further experiments
indicated that silver acetylide intermediate adtdathe formation of an acetylide—
azide species toward cyclization [93]hus a reaction mechanism for homogeneous
Ag(l)-catalyzed AAC reaction was proposed (Fig JHi)st of all, the loss of acetate
from the 18-electron speciésyield the active 14-electron catalyist forming the
ligated silver(l) acetylidell, the electrophilicity of which is modulated by the
hemilabile amide substituenthe nucleophilic reaction of the azides lbngives the
specieslllA . The hemilabile ligand inllA intervenes by amide complexation
generating a coordinatively saturated speciestthasfers the charge via the filled d
orbitals to ther* orbitals of the acetylide resulting in cyclizatioThe reaction occurs
via the intermediate metallacyclBIB ). Then the nitrogen atom migrates to carbon
transporting two electrons to form the triazble forming 3 by protonation, and the
active catalyst is regenerated.

Ortega-Arizmendi et al. also reported an “abnorimdiHC complex, Ag(l)-aNHC,
that catalyzed the ACC reactions [94]. In this ¢asger chloride by itself catalyzed
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the cycloaddition of various alkynes and azidegyood yield, however with side
reactions. Further introduction of the aNHC ligaadoided side reactions and
facilitated the purification of the final productslybrid AgNP catalysts were also
developed. For example, Salam and co-workers rgcemported that the
AgNP/graphene oxide (Ag/GO) based composite catdlyzanulti-component
reactions and one-pot click reaction (Fig. 12)tHeir approach, the catalysts were
very stable and showed no silver leaching or agdieg, and were reused at least 5
times without loss of catalytic activity [95]. Hower when the AAC reaction is said
to be catalyzed by Ag-based catalysts or other Insatalysts, caution is appropriate,
because trace amount of copper contaminants caukehbugh to catalyze the AAC
reactions. Indeed, Connell et al. found that thecsssful cycloaddition of an azide
and terminal alkyne catalyzed by the isolated cemphax(L1)-](BF4)2] was actually
catalyzed by trace amounts of copper in the cdtfog.
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Fig. 11 Proposed catalytic cycle for the homogeré&dy(l)-catalyzed AAC reaction.
Reproduced with permission from ref. 93. Copyrigb12, WILEY-VCH.
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R,;=H, 4-OMe, 4-F, 4-Ph, 4-CN...etc

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

Ferretti et al recently reported that silver(l) dxinanoparticles (A® NPs) catalyzed
AAC reactions in anhydrous toluene [97]. Althoudie tAgO catalyst was less
efficient than the conventional Cuoatalyst that was generated from the Cu(0) and
CuO under the same condition, the,BgNPs are somewhat effective, robust and
reusable, especially in the presence of a smalluamof water. In this case,
substituent effects were noticed, and substrategagong electron-withdrawing
groups onto the azide moiety gave mixtures of iegmeric cycloadducts, which was
a limitation. One should recall here that the ualgaed Huisgen reaction that yields
such mixtures of isomeric cycloadducts works uradebient or mild conditions when
substrates possess electron-withdrawing groups @&jma’s group then compared
various silver sources in AAC reactions conductetiiO/ethylene glycol (EG) under
ambient conditions without exclusion of air [98hd ligands and solvents played a
critical role in their approach. Upon optimizatittre combinations of AgN(CN)as a
catalyst and DIPEA as a base/ligand gave the lessits. It was proposed that this
ligand played the same role as the tertiary ammeCuAAC reactions in the
intermediate step. Various 1,4-disubstituted-1ifgoles were synthesized in high
isolated yield under these very mild conditionspwimg that AQN(CNYDIPEA is a
highly effective catalytic system for the AAC reacis.
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2.4. The AUAAC reactions

(@) On-surface azide- alkyne cycloaddltlon

Cu(lll)
UHV
© 4 -Azidobiphenyl 4 triazole N

9- Ethynylphenanthrene N

H Au(111) _|
2 N S N N 1,4 regioisomer
\©\ Y| On-surface ]
(0] N

reaction N

AEB o
NH

Fig. 13 (a) On Cu(111) surface catalyzed AAC. (lmp@sed on-surface AAC reaction
of N-(4-azidophenyl)-4-ethynylbenzamide (AEB) and polesregioisomeric dimers 2
and 3. Reproduced with permission from ref. 100 &6dl, respectively. Copyright
2013, American Chemical Society.

“On-surface” chemistry was a viable method to sgeibe covalent nanostructures
under ambient temperature at the surface undex-liigh-vacuum (UHV) conditions
[99]. This method has also been used to explore the mschaf AAC reaction and
guide the catalyst design. Bebensee et al. receaplgrted the fully regioselective
AAC reaction on a Cu(111) surface leading to ligztles (Fig. 13a) resulting from
copper acetylide formation subsequent to C-H atttimaand bonding of the alkynyl
group to the Cu(111) surface. The reaction proatedth a very low yield. Therefore
XPS showed that significant degradation of theezigdon adsorption occurred on the
surface, though the reaction proceeded readilyeaaity the intact reactants were
available on the surface [100]. Using on-surfacenulstry under UHV, Arado et al.
explored the MAAC reaction on Au(111) (Fig. 13b)y Bombining cryogenic
scanning tunneling microscopy (STM) and DFT studibey confirmed Bebensee’s
results on Cu(111)vide supra) according which the MAAC reaction occurred on the
[100] surface. However, the difference betweendhe® examples is that Au(111) is
not catalytically involved in C-H activation of afke. It only played a role as a two-
dimensional (2D) surface to place the two partoétbe reaction, which provided the
observed selectivity. The successful control of bgioselectivity of the MAAC by
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surface constraint together with the careful desinthe reactants provided the

effective well-defined nanostructure without theguement of a catalyst or

additional thermal activation [101]. Recently aresthparticular case using a

heterogeneous reusable Au/Jianostructure to efficiently catalyze the AAC
reaction was highlighted (Fig. 14a). The authogppsed a mechanism in three steps
(Fig. 14b): (i) a gold atom (I) reduced the eleotdensity on the alkyne, enabling
facile nucleophilic attack by the azide; (i) a smember intermediate I, then

intermediate Il formed (iii) gold was removed tdéfoad 1,4-disubstituted 1,2,3-

triazoles and complete the reaction cycle [102].

() 0 /TiO, 0 /=R,

PR ol ... N e

N:N
Water /20 - 30 min

86-97%
R, = phenyl, 2-methoxyphenyl, cyclohexenyl, COOEt

R A

u/

/l!()z

%‘\

~

= I

I

Fig. 14 (a) Titania-supported gold nanosphere-ga¢al 1,2,3-triazole synthesis. (b)
Plausible mechanism for the formation of triaz&eproduced with permission from
ref. 102. Copyright 2013, American Chemical Society

2.5. The IrAAC reactions

The Iridium-catalyzed intermolecular AAC (IrAAC) sialso proved to be a valuable
complement to the well-known CuAAC and RUAAC reaet. The dimeric iridium
complex [Ir(cod)OMe] catalyzed the direct formation of new 1,4,5-trstitoted
triazoles [103]. [Ir(cod)OMe] catalyzed the AAC reaction bromoalkynes producing
1,5-disubstituted 4-bromo-1,2,3-triazoles under dmdonditions (Fig. 15). The
electronic features of the alkyne component strpmrdfiected the reaction yield, i.e.
the arylalkynes that are electron rich showed tp@nozed reactivity, while the
bromoalkynes that are electron deficient providéovayield of the corresponding 4-
bromotriazoles. This catalyst was used to prepare5-trisubstituted triazoles
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subsequent to Pd-catalyzed Suzuki-Miyaura reactwitis appropriate arylboronic
acids. Ding et al. compared various Ir complexegha IrAAC of electron-rich

internal alkynes and showed that the use of [IN(€dd optimized the reaction [104].
The increase of steric hindrance on the alkynendidaffect the reaction efficiency,
but an electronic effect was also observed, i.ectedn-deficient alkynes led to
moderate or good efficiency, while electron-ricrdamormal alkynes showed low
reactivity except the aryloxy alkyne and selenilyaé.

[Ir(cod)OMe], g N,

. (10 mol %) N °N

R———SBr + R—N;, —— —
25°C R Br
20-94%

12 examples
Fig. 15 Synthesis of 1,4,5-trisubstituted triazotegalyzed by a dimeric iridium
complex. Reprinted with permission from ref. 103op§ight 2013, American
Chemical Society.

These differences in the regioselectivities of #addi of thioalkynes and
bromoalkynes to azides have been elegantly ratmaththrough DFT calculations by
Lin, Jia and coworkers [105]. Their major findinge summarized in Fig. 16. Both
mechanisms start with the precoordination of thgred and azide on the metal center
of [Ir(cod)X]. In the case of thioalkynes, a meddailicyclic Ir-carbene intermediate,
stabilized by theredonor effect of the’RS substituent is formed. In the case of
bromoalkynes thistedonor effect is much weaker, and the metallabicycl
intermediate cannot be stabilized. Rather, a siriber metallacycle intermediate is
formed and, depending on tiedonating ability of the R substituent, the 4- log 6-
bromotriazole is formed preferentially, as sketcimeHig. 16.
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Fig. 16. The different IrAAC mechanisms proposedthe case of the addition of
thioalkynes and bromoalkynes to azides in the pasef the [Ir(cod)X] (X = Cl or
OMe) dimer. Reproduced with permission from ref5.1Copyright 2014, American
Chemical Society.

2.6. The NiAAC reactions

Rao’s group recently demonstrated that the RaneywiNhout additional reducing
agent, efficiently catalyzed acetylene azide cyadtion reactions to form 1,2,3-
triazoles [106]. In their methodology, the Raneygkel catalyzed combinatorial
NIAAC with excellent yield. (Fig. 17a) To exploréaeé NIAAC reaction pathway,
deuteration experiments were conducted (Fig. I7ke presence of Ni(0) indicating
that, unlike the copper-acetylide formation in CudAhe cycloaddition went through
a metallocycle [107]. Thus in their proposed medranthe reaction starts on the
Raney nickel surface by acetylene complexationiteatb then-complex 11 (Fig.
17b). Then the reaction proceeds AAC leadindl3ovia 12, and the Ni-acetylene
species led to AAC in the orientation shown ld. The authors suggested that
stereoelectronic features of the azide and alkgwerfthe transition statel? or 14
leading to the 1,4-product preferred to 1,5.
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Fig 17 (a) Combinatorial cycloaddition of two apfopargyl ethers to benzyl amd
hexyl azides catalyzed by Raney Ni, and (b) Progposechanism for the NIAAC.
Reproduced with permission from ref. 106. Copyrigtil4, Royal Society of
Chemistry.

2.7. The ZnAAC reactions

For the ZnAAC reactions, pioneering contribution 6en’s group showed that
heterogeneous zinc-on-charcoal (Zn/C) catalyzedctfoboaddition of aryl/aliphatic
azides and aryl alkynes (including internal alkyn@s DMF at 50 °C without
exclusion of air (63%-94% vyield) (Fig. 18) [108h this case, no electronic effect was
observed, both electron-rich and electron-pooreszgkenerating similar good reaction
yield. The catalyst was recovered and reused ftaast five times without significant
decrease of activity. When ZnNPs were alloyed WtiNPs to form the catalysts for
multicomponent 1,2,3-triazole synthesis/triazol&yaylation, the presence of Zn
resisted the oxidation of Cu by sacrificial forneatiof ZnO that played a role in
controlling the formation of alkynylated triazolg8].

R N
Zn/C (10 mol%) >N~ SN

R—Ns + P—== —pyrs0c > \ /

Ph

Fig. 18 Zn/C-catalyzed AAC reactions. Reproducethvpermission from ref. 108.
Copyright 2010, WILEY-VCH.

On the other hand, Greaney's group also describedchild method for the
regioselective formation of 1,5-substituted 1,2i8zbles upon using Zngktat r.t
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[109a]. In their approach, the bademethylimidazole (NMI) was needed to help the
formation of the zinc acetylide species in ordemptomote reactivity and continue
screening. The 4-position of the triazole was stuistlvia the aryl-zinc intermediate
towards further coupling. The proposed mechanianthie reaction is summarized in
Fig. 19. The initial metallation of the alkyne matgid by the amine base formed the
zinc acetylidel6. Then the reversible pre-coordination betweenahéde and zinc
acetylide occurred before the [3+2]-cycloadditioafter which the aryl-zinc
intermediate 15 formed, then was utilized to lead to 1,4,5-trigiibsed 1,2,3-
triazoles. Based on these experimental results'slgmoup then reported their DFT
calculations towards the mechanism and regioseigctiesearch of this ZnAAC
using frontier molecular orbital (FMO) theory andstdrtion-interaction energy
analysis [109b]. B3LYP-D3BJ calculations showedt tlehynylzinc complexes
bearing alkyl substituents showed a reactivity egalls to that of
ethyl(phenylethynyl)zinc and a lower regiosele¢iiviB3LYP calculations gave a
higher regioselectivity, however, because of a logistortion energy in the transition
state and led to a lower activation energy for substituted product generation, as
explained by the distortion—interaction analysisirtRermore, the FMO analysis
revealed that the binding of N-methylimidazole toczincreased the energy of the
HOMO of ethyl(phenylethynyl)zinc, which increasesl ieactivity.

® N
H ZnEtyNMI ZnEt R'N C i
/ 2/ / 3 R\ N /7
. — Zn-Et
R EtH(g) R \—/
16 R =
©] N

Fig. 19 Proposed mechanism explaining the reagtivitthe system mediated by
ZnEL. Reproduced with permission from ref. 109a. Capwi2013, American
Chemical Society.

2.8. The LnAAC reactions

Recently, a seminal example of rare earth-metalgstd AAC reaction with
terminal alkynes leading to 1,5-disubstituted 1fZ@oles was described by Zhou's
group [110]. The authors chose [Sm{N(Si)i¢s;] as the catalyst after compared
examination of the rare-earth metal catalysts [L{§INles),} 3], Ln = Sm, Nd, Y, Gd.
Optimization of the reaction conditions showed ttis presence of 10 mol%
BuNH, improved the vyield (Fig. 20a). By comparison, th&yggested that the
involvement of an acetylide intermediate complexs wasential for the efficiency and
selectivity. The proposed mechanism is shown in Zidp. First activation of the C-H
bond of the terminal alkyne produced the Ln acégh and HN(SiMg),. Then 1,1-
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insertion of the azide in the L@-bond of A gave the specigs andD, and the anti-
nucleophilic attack of the nitrogen atom to thecoordinated alkyne led to the
triazolateE. Then, the protonation & with another alkyne molecule afford&d and
regenerated\ (path a). In an alternative pathway, path b wagested based on the
presence of amine additives that were favorabteaaycloaddition.

Ln[N(SiMe3)2]3 (5 mol%) \\ /N\

()
Q_\ % Q{ additive (10 mol%) N- AN
Na >—/

solvent, T, 24h

LnLz
,-Lan

- LnLs

N/N\
</ | MR
LﬂLz LsLn

"BuNH-| LnLg

"BuNH, (D)
~N,
HL LnL3 N
__ ;\,/5
& (E)

"BuNH,

Fig. 20 (a) [Ln{N(SiMe),} s]-catalyzed cycloaddition of terminal alkynes wéhides
(Ln = Sm, Nd, Y, Gd). (b) Reaction pathway for [IN{EiMes),}s]-catalyzed
cycloaddition between terminal alkynes and azi&eproduced with permission from
ref. 110. Copyright 2013, Royal Society of Chenyistr

We have computationally explored this proposed raeism by DFT calculations
considering the complex [Y{N(Sitk}s] (YL3) as the simplified precatalyst,
acetylene and hydrogen azide [27b]. The inductiar pf the mechanism (pathin
the left side of Fig. 20b) that corresponds to foemation of the acetylide
intermediate and a protonated ligand is computeproceed with a rather low free
energy barrier (7.0 kcal/mol). The computdo E transit of Fig. 20b was a single
step process and the rate-determining one, withreition state that is 13.7 kcal/mol
aboveB (Fig. 21). These results confirmed the proposedhaw@sm of Zhou’s group
(path a in Fig. 20b), although the pathway frBnto E was computed to be a single
step. Likewise, Li's group also recently computasitly investigated the same
catalytic process that was performed consideringge tpre-catalyst model
[SmL,S(CCPh)] (L = acetylide) and benzyl azide [111]tHeir case, the observed 1,5
isomer was produced from the formation of an intdtiate that resulted from the
azide coordination on [SmE&(CCPh)] through its substituted nitrogen atom.sThi
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computed result was different from ours, indicatthgt only the 1,4-trz isomer was
formed in this pathway though a similar mechanisuat,with a higher energy barrier.
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Fig. 21 DFT free energy profile (in kcal/mol) contpd for the mechanism of the
3. Recent trends

3.1. CuAAC

Following the basic features that characterizeMWeAC reactions including the state
essentially in CUAAC and RUAAC have appeared thagathered in this section.

of the art in the mechanistic understanding withiotss metals, recent trends

N-heterocyclic carbenes (NHCs) have become an isicrglg used class of “L”

ligands in organometallic chemistry and click cggad [112]. Following the seminal
work by Nolan’s group [33}the Cu(l) complexes of NHC ligands were continugpusl

very efficient catalysts for the click cycloadditioeaction between azides and alkynes
[38,113]. Lal et al. compared the catalytic acyivof NHC and phosphine complexes
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for the CuAAC formation of 5-iodo-1,2,3-triazoles Fig. 22). The
experimental/computational-DFT results suggested iibdoalkynes might be prone
to dehalogenation under copper catalysis conditiohgo distinct mechanistic
pathways that proceed through a copper(lll) metgtlie or by directr-activation of
the starting iodoalkyne are likely to be compeétivith these catalysts [112a]. Other
carbene ligands that were recently used with sgcoegatalysis of click reactions
include abnormal N-heterocyclic carbenedNKICs) [55,114], mesoionic carbenes
(MIC) and ring-expanded carbenes (RE-NHCs) [1¥8ith copper(l) complexes of
triazolylidene ligands (Fig. 23a) [116] the halitlee complexes [CaNHC)][BF4],
20-23 are more efficient than the halide-containing ptewes 18 and 19 in
catalyzing CuAAC reactions. The complex [CWDIHC)] (Fig. 23b) catalyzed
CUAAC reactions in excellent yield at r.t. withihast reaction time under solvent-
free conditions [117]. With the complex [Cu(l)(MIC)rddition of a phenanthroline
derivative generated a highly active catalyst thatpassed the performances of a
“normal” NHC complex, which was taken into accoly the combination of a
greater electron-donating character of the carblgend and a less crowded
environment of the catalytic center [118]. Beside NHC ligands, Cu(l) complexes
bearing one or twa-diimine ligands [119], hybrid nitrogen—sulfur liga-supported
Cu(l)/(I) complexes [120yere also highly efficientOther recently reported useful
systems include Cu(ll) complexes supported by miXs NO, and NS 1,2,3-triazole
based ligands utilized together with sodium asderpa?1], Cu(l) complexes with
pyridyl and thioether hybridized 1,2,3-triazole digls [122], Cu(l) complexes
containing sulfur-based ligand [123], Cu(l) comm@sxwith new chiral phosphine
ligand [124], dinuclear Cu(l) complex (&pip),) with (2-picolyliminomethyl)pyrrole
anion ligand [125], and binuclear Cu(l) complex @N1ENZ2E)N'1N"2-
bis(phenyl(pyridin-2-yl)methylene)oxalohydrazidgdnd [126]. On the other hand,
Cu(ll) species without deliberate addition of aueidg agent for CUAAC reactions
have also been investigated. The mechanistic studdcated that the real catalytic
Cu(l) species were generated in a short inducteniod via reducing Cu(ll) salts by
alcoholic solvents [127], sodium azide [46,128]thiobenzanilide [129] especially in
the three-component 1,3-dipolar cycloaddition fo#-disubstituted 1,2,3-triazoles
synthesis. For instance, the recently reported r@&f@carbaldiminato—Cu(ll)
complexes efficiently catalyzed three-componentdig®lar cycloaddition reaction of
benzyl halides and sodium azide with terminal alsym water at r.t., leading to the
synthesis of several regioselective 1,4-disubsiitut,2,3-triazoles in 55-97% vyield
[130]. On the other hand, the direct use of Cu@)nplexes to catalyze three-
component reactions ®-tosylhydrazones, terminal alkynes and azides fioieftly
synthesize 1,4,5-trisubstituted 1,2,3-triazoleshwgbod to excellent yield has also
recently been explored by Wang’s group [131].
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Fig. 22 NHC or phosphine-containing copper(l) coexpk for the synthesis of 5-
iodo-1,2,3-triazoles. Reproduced with permissioonfrref. 112a. Copyright 2014
American Chemical Society.
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Fig. 23 (a) Copper(l)-triazolylidene complexes. @YHC coordinated copper(l)
chloro complex. Reproduced with permission from &6 and 117, respectively.
Copyright 2013, WILEY-VCH.

From the above examples and many others, the sttdigr CUAAC reactions are
usually homogeneous catalysts. Although they areenofvery efficient, their
preparation often is tedious and/or expensive. ffegewith the difficulties in
handling and recycling the catalysts, the applicetitoward the click reactions using
homogeneous catalysts are somehow limited. To dbkee problems, considerable
interest and efforts have been devoted to devaldplde supports, especially in the
field of the heterogenization of homogeneous catalyFor example, Varma’s group
reported a recyclable heterogeneous copper catatyshitosan for CUAAC reactions
in water [132]. The chitosan-supported catalyst wiasply obtained by stirring an
agueous suspension of chitosan in water with coppkate. The catalyst was very
efficient in catalyzing CuAAC in water at r.t. (Fig4); it was recycled and reused at
least 5 times without losing its activity and chewggmorphology. Pourjavadi and
coworkers recently reported the immobilization opper ions (CuSg) in a graphene
oxide/poly(vinyl imidazole) nanocomposite (GO/PirajCas highly efficient, robust
and recyclable catalysts for one-pot three-compbnogcioadditions in water in the
presence of NaAsc as the reductant [133]. Moredhey also successfully reduced
the amount of catalysts to 0.002% mol with 93%ated yield of product in water at

50°C for 20 h.
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Fig. 24 Chit—-CuS@Q catalyzed dipolar cycloaddition of benzyl azided gohenyl

acetylene (Chit = chitosan). Reproduced with pesimars from ref. 132. Copyright
2013, Royal Society of Chemistry.

Immobilizing Cu(ll) on silica-type materials, suchs SBA-15, to build up
heterogeneous catalysts, has also been achievdd. [E8r example, Roy’s group
recently reported Cu(ll)-anchored functionalizedsomrous SBA-15 for one-pot
CUuAAC reaction [134a]. In a typical synthesis pawe shown in Fig. 25, 2-
pyridine-carboxaldehyde was added to a mixture -afriiho propyl-functionalized

SBA-15 in super dry ethanol. The reaction mixtuswhen stirred at 60 for 24 h

to yield SBA-15 supported imine material. Thenctem of Cu(OAc) with SBA-15
yielded the catalyst Cu@Pylm-SBA-15. This catalgskow amount (0.1 Cu mol%),
showed a good activity and reusability for the poe-click reaction between azides

formed in situ from the corresponding amines aretydenes in water at°Q to r.t.,

providing a wide variety of 1,4-disubstituted 1:&jazoles. The electron
paramagnetic resonance (EPR) spectrum of the &medlused catalyst suggested that
copper remained in +2 oxidation state throughoatréaction which was taken into
account by Ctf as catalyst, though such evidence does not prowealisence of
active Cu(l) species [135]. Nasr-Esfahani reportecbpper immobilization on
nanosilica triazine dendrimer (Cu(ll)-TD@nSidig. 26a), and excellent yielda a
one-pot three-component reaction of alkynes anduso@zide with organic halides
or a-bromo ketones at r.t. (Fig. 26b). Sodium ascorlae then needed to reduce
Cu(ll) to Cu(l) [136], and the synthesis of 1,4wbstituted 1,2,3-triazoles and bis-
and tris-triazoles proceeded in a single-step dperaCu(l) catalytic species were
also reported upon immobilization onto solid supgpdor CUAAC reactions, such as
silica cuprous sulfate (CDSCS) doped with Cu(l) 713Cu(l) on modified
poly(styreneco-maleic anhydride) [138], Cu(l) ortttazole functionalized R,
[139] and CuBr on graphene oxideiBg[140].
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Fig. 25 Synthesis of the Cu@Pylm-SBA-15 catalystpfduced with permission
from ref. 134a. Copyright 2014, Elsevier B.V.
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Fig. 26 (a) Structure of Cu(ll)-TD@nSiO(b) Cu(ll)-TD@nSiQ-catalyzed three-
component synthesis of 1,4-disubstituted 1,2,3tf@s from alkyl/benzyl halides.
Reproduced with permission from ref. 136. Copyri@®l4, American Chemical
Society.
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Cw0, another Cu(l) source, is also used for the CuAA&ctions, though in some
cases a stabilizer such as PVP was used to errablermation of the well-defined
and small copper(l) oxide [141]. Bai and Chen’sugradlemonstrated the safe and high
efficient synthesis of triazole drugs by using a&@UINP catalyst in agueous/organic
solvents (CHCN and HO) for the key AAC stage (Fig. 27) [142]. In thaitudy,
CwO-NP was more efficient than CugfNaAsc, which was explained by the fact that
the CyO-NP catalyst was dispensed in both organic solaet water, while the
CuSQ/NaAsc system required higher ratio of water. Thesitu generated GO
together with HOAc exhibited better catalytic efficcy than isolated GO combined
with HOAc [143]. The Cu(ll) species in Cu(OA&),0 was also reduced to Cu(l) by
NH2NH2*H,O that could in situ generate £&uNPs and HOAc to efficiently catalyze
CuAAC reactions in water at r.t. with relatively ash reaction times. However,
drawbacks are obvious, because of the unrecoveeaideunreusable properties of
small molecular organic acids. In order to overcdhese problems, the authors latter
on combined GO and carboxymethylpullulan (CMP) for high-yield AAC
reactions in water with a relatively short reactiones, and CMP still remained in
water enabling easy recoverability and reusabifiy4]. Very recently, CiO
supported on graphene nanosheet [145] served agclakle and reusable
heterogeneous catalyst with excellent catalytiovzéigtfor CUAAC. More importantly,
an excellent performance was also obtained for LWAAC reactionsvia melt-
rheology with trivalent azide- and alkyne-functibred polyisobutylenes (PIB) at r.t.
(Fig 28), which was useful for designing self-heglmaterials. Additionally, special
rhombic dodecahedra €D bounded by the {110} facets was also a promising
heterogeneous catalyst for multicomponent AAC ieast[146].

O

F /l\ F o
= Yo~
N3 = N /yl\o/
F Cu,0 or CuSQ/NaAsc . \N=N

Fig. 27 AAC reactions catalyzed by £4NP and CuSgNaAsc. Reproduced with
permission from ref. 142. Copyright 2013, ElseBev.
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Fig. 28 Schematic illustration of the bulk CuAACaction of PIB-azide and PIB-
alkyne with TRGO/Cu(l) at 2@ via melt rheology. Reprinted with permission from
ref. 145a. Copyright 2014, Royal Society of Chergist

Copper nanoparticles (CuNPs) have attracted iritéveshe CUAAC reactions due to
their large surface area, tunable morphology arslagwable catalytic activities. For
CuNP-catalyzed AAC, Scaiano et al. successivelyguathat catalysis occurred at
the surface of the CuNPs by standard bench scelmitpies with single-molecule
spectroscopy [78aFollowing the seminal report on the use of CuNPsatialyze the
CUuAAC reaction by Fokin et al. [31], efforts haveelm devoted to design highly-
efficient and low-cost heterogeneous CuNPs cataligst this reaction. However, in
most cases, strategies had to be developed in twgaevent CuNPs agglomeration
[147], enabling the stability of small CuNPs andtiactivity toward CuAAC. For
example, agarose was a cheap and degradable pubigsiae for the stabilization of
active CuNP (CuNPs@agarose) in the size range ®fn#a in water under low
catalyst loading and mild reaction conditions [14Bje 3-aminopropylsilica support
was able to stabilize smaller CuNPs with the sizthe range of 1-4.5 nm, leading to
very high catalytic activity (productivity up to 8 mol/mol) in continuous-flow
click reaction between phenyl acetylene and beazide [149]. A more recent case
showed fluorescent aggregates of hexarylbenzemeatlees serving both as reactors
and stabilizers for the preparation of 9-17 nm&i@aINPs with efficient catalysis of
CUAAC reactions in excellent yield under solvemeficonditions [150].
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On the other hand, Sureshan’s group also succhssfidveloped a simple
methodology to generate naked CuNPs or their ciste catalysts (Cug®H,0 +
N2H4*H,0) that did not require stabilizers, solid suppant,special conditions for
solvent-free CUAAC reactions at r.t. (Fig. 29) [15Ihterestingly, Cravotto’s group
successfully adopted ball-mill-based mechanochdnaicvation of metallic copper
powder that facilitated solvent-free CUAAC reacsioithis new, efficient, facile and
eco-friendly procedure has afforded the correspundi4-disubstituted 1,2,3-triazole
derivatives in high yield and purities [152].

Na 4 ~ CuNPsorCu nanoclusier N
o Solvent-free @J
Fig. 29 CuNPs or their clusters catalyzed solvest-AAC reaction. Reproduced with
permission from ref. 151. Copyright 2012, ElseBev.

Alonso and Yus et al have also investigated theafsEuNPs for multicomponent
CUuAAC reactions [80]They showed that the nanostructured CuNPs supported
active carbon (CuNPs/C) catalyst displayed muchhdrigcatalytic activity than

commercial bulk copper catalysts in the one-potthsgis of 1,2,3-triazoles from
inactivated alkenes. Their sequence involved twiokcbkteps including first the

azidosulfenylation of the olefin, then the reactiointhe in situ generated organic
azide with the terminal alkyne (Fig. 30b) [153]. hét recently reported

nanostructured Cu catalysts for three-component ATliAeactions included CuNPs
[154], heterogeneous porous Cu(0) [155], and CubiPssilica coated maghemite
nanoparticles (CuNPs/mag silica) [156].

RH)
HO 7S R
(RZ)H ‘N:N
70-93%
0]
R2Hal /N
Hal = Cl, Br, | R2
70-100 °C o~ 7
310h ‘ 70°C, 3-10 h
0.5 mol% CuNPs/C |
R'C=CH, NaN3, H,0 |
. p— "".“"L'.ArNHz, - BUONO
ArN=NBF,4 Hal = Cl, Br, |
70°C, 2-8h 70°C 2-24 h

71-92%

Fig. 30 Multicomponent synthesis of 1,2,3-triazofesm various azide precursors
catalyzed by CuNPs/C in water. Reproduced with psion from ref. 153. Copyright
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2013, American Chemical Society.

Since Lipshutz’s seminal study involving nickel d&iNPs in the CuUAAC reaction
[157], essentially Cu-M bimetallic alloys (M = meta its oxides NPs, mainly Fe and
Ni) have been explored in the AAC reaction. Amohegse various bimetallic alloyed
nanostructures for AAC, Cu is known for its catalyfficiency, while M is known

for its magnetic nature or other catalytic effiges except for AAC. In the case of
the CuFe system, although Nageswar’s group sholeguccessful multicomponent

synthesis of 1,4-disubstituted 1,2,3-triazoles imtew at 70°C catalyzed by

magnetically separable Cuf® [158], low efficiency of CuFg, NP-catalyzed
benzyl azide and phenylacetylene cycloaddition mtew at r.t. was also observed
[159]. To alleviate this limitation, they then slgasized bimetallic CuFe NPs by using
presynthesized FeNP-reducted CySBere, the presence of FeNPs served both as
the electron source to reduce Cu(ll) into Cu(l) &me support for Cu(l) species to
prevent their liberation as soluble ions, enabbnigeterogeneous mechanism for the
CUuAAC reaction. Likewise, Fulop’s group also retgshowed that iron powder was
a readily available copper scavenger for contintftnyg CUAAC [160]. By contrast,
in the case of the CuNi bimetallic alloy nanostmes, heterogeneous Cu-Ni/C
catalysts have independently been reported by Lig&h [157] and Tang's group
[161]. In the former case, Cu-Ni/C mediated botlbugr 10 and group 11 cross-
couplings [157], whereas in the latter case, ti@nsation of waste polymer materials
into valuable metal/carbon heterogeneous composias highlighted. In this
approach, the Cu/Ni molar ratios (initial catalysigbstances were Xi; and CuCl)
played a crucial role in the formation of the mgtractures and for the catalytic
functions. Although Cu-Ni/C-0.5 was used to catalyg CUAAC reaction with high
yield (97%), the reaction time was longer compatedhose of previous reports
[157,162], which was attributed to the amorphoutimeaof carbon covering the Cu
particles in Cu-Ni/C-0.5, leading to insufficienatalysis [161]. On the other hand,
Mandal's group also showed that chain-like bimetathagnetic CuNi nanoalloy in
the presence of polymers (PVP or PEG) is a statgjigtructure-directing agent for
CuAAC reactions with good to excellent yield in watnd in DMF at r.t. XPS and
zeta potential analysis confirmed that Cu(l) on thiloyed NPs surface was
responsible for the catalytic activity, while thegmetic reusability was attributed to
Ni [163]. This novel unsupported Cu based nanogsttalvas highlighted for its
advantages of both homogeneous and heterogenetalgssawhile avoiding their
drawbacks, and it was called pseudo-homogeneouslysiat Moreover, a new
bimetallic catalyst derived from nickel and coppapported on magnetite was a good
catalyst for the multicomponent reaction of terrhiaékynes, sodium azide, and
benzyl bromide derivatives, because of the posianel synergetic effect of the
metallic species [164].

The use of microwaves was a valuable assistanc€UuAAC reactions upon
considerably shortening reaction times, and it mwpd yield [20,127c,165]. Perics’s
group reported the synthesis of tris(triazolyl)naeté ligands [166] with CuCl for
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CuAAC of benzyl azide with representative alkyneBor instance with
tris(aryltriazolyl)methanol-CuCl (see the ligandsHig. 31), boti24 (R = H) and the
electron-poor ligan®5 (R = CFE) gave high conversions. However, the ligdttl
bearing the electron-rich 4-methoxyphenyl substitsig@orovided a very poor catalyst
in all solvents except in water. Upon taking theadage of microwave irradiation, a
guantitative reaction was observed for the CuAACoanyl bromide and sodium

azide in acetonitrile/water at 1@Win 40 min [166c]. Other recent examples include

MW-assisted of Cu—-NHC-catalyzed cycloaddition ofidazdisubstituted alkynes
[112b], MW-assisted CuAAC of fast 2D assemblingirin oxide NPs on a self-
assembled monolayer (SAM) of organic molecules [1&€toverable and recyclable
Cu/SiQ, composite for eco-friendly multicomponent syntkesif 1,2,3-triazoles
[168], “copper-in-charcoal” catalyzed triazole &liceactions [169], palladium and
copper-supported on charcoal as heterogeneous-tamhti catalysts for sequential
Sonogashira-click and click-Heck reactions [170]y/gdrous glass catalyst for
CUuAAC in water [165c], CuNPs supported on nangche@lutathione (Cu/nano-
FGT) for one-pot multicomponent synthesis of 1i&oles [171], and RO,
supported CuBr catalysts for one-pot and scaleymphssis of 1,2,3-triazoles (Fig.
32) [172]. When CuNPs are used, it is indeed asduhs surface oxidation of Cu(0)
to catalytically active Cu(l) species occurs upowhradiation.

24
@ R=CR 25
4 R = OMe26

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

MNPs-CuBr N
— =N
R1—_ + N8N3 + RZ_X HZO/pEG : R.] |
MW \ N
R
O
Si”>""NH
- 2 AN / \
S OH “cu(l) D2siTTNR Ny
_Siso~-NH; Cu(l)
OH
MNPs-CuBr (1) MNPs-CuBr (2)

Fig. 32 MNPs—CuBr catalyzed one-pot synthesis #fdisubstituted 1,2,3-triazoles in
water under microwave irradiation conditions. Ref@d with permission from ref.
172. Copyright 2013, Royal Society of Chemistry.
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Concerning the CuAAC reaction using the conventioBharpless-Fokin catalyst
CuSQ.5H,O0 +Na Asc. for multiple applications, the shortcogiias already
mentioned above is its large quantity, togethehhe toxicity of copper, limiting the
potential for large applications in electronicsproedicine and biological chemistry.
Thus, new Cu(l) catalysts are on the “top-wantest’ Our group recently developed
the catalyst [Cu(hexabenzyl)tren][Br] that was Blasynthesized, toluene soluble,
efficient, easy to separate from products and tabye [35]. In this approach,
reactions achieved TONs of the order of i@ached upon recharging substrates with
only 0.1 mol% amount of catalyst. The latter watsvadfor “click” reactions between
azides and alkynes in toluene or water, and thesysecharged at least 10 times. A
key advantage of this catalyst [35] compared tor@@bsas catalyst is the tremendeous
ligand acceleration of the reaction.

Other recent well-defined supramolecular catalydigproaches for the CuAAC
reactions such as polymer-supported catalysts df)-galy(styreneeo-maleimide)
(Cul-SMI) for the one-pot three-component click thasis of 1,4-disubstituted-it
1,2,3-triazoles [138], polymer-anchored PS-C22-40uthree-component synthesis of
1,4-disubstituted 1,2,3-triazoles under aerobicddmms in water [173], polymer-
supported catalyst Amberlyst A-21-Cul for the swsis of 1,4-disubstitutedHt
1,2,3-triazoles in CkCl, at r.t. [174], Cu(l)-incorporated microporous Stloase
network polymer for CUAAC in MeCN at r.t. [175], mamolecular material of
polymer supported Cu(l) catalyst, (Cu(l)-poly(2-amibenzoic acid), Cu(l)-pABA),
showed excellent yield toward AAC reactions at int.aqueous media [176]. The
combined use of two polymer supported reagents ygpokne-1,5,7-
triazabicyclo[4,4,0]dec-5-ene/Cu and polystyrenedbxybenzamide) enabled the
reliable CUAAC in the presence of an oxidant ag&#?], Cul onto dimethylamino-
grafted cross-linked polystyrene (Cul@A-21) fordezalkyne click polymerization
[178], and metal-organic framework (Cu-MOF, Cu(P(N§A)os H,O) for the
solvent-free CUAAC [179], were also successfullgiaged.

In addition, some of the abnormal 1,2,3-triazolles, exampleN-carbamoyl 1,2,3-
triazoles [180a], and 1,4,5-trisubstituted 5-diédkyino-1,2,3-triazole [180b] were
also successfully synthesized to fill the gap.

Interestingly, the Rennes-Valparaiso groups dis@mdhat organometallic Schiff-
base copper complexes were excellent precatalyststfie CuAAC reactions,
including with regenerated polymethylmethacrylatpmorts [181].

3.2. RUAAC

Recent applications of Cp*RuCl-based catalysts udetl the synthesis of 4-
haloisoxazoles and 5-halotriazoles [81], thiolaclesglycoclusters [83]pne-step
synthesis of triazoles [84], palladium-based metalhe complexes [85], 1,2,3-
triazole peptides [86], 5-TTF-1,2,3-triazoles [8T]5-substitued 1,2,3-triazole amino
acids [182], 5-amino-1,2,3-triazole-4-carboxylicda¢l83a], and fluorinated 1,4,5-
substituted 1,2,3-triazoles [183b].

RUAAC reactions catalyzed by Ru(ll) complexes andNRs were also reported. In
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the former case, our group reported the simpleedincient synthesis of magnetically
recyclable magnetic NP-supported pentamethylcycitgaienyl Ru(ll) catalyst (see
Fig. 33a) for RUAAC reactions to yield the fullylesetive construction of 1,5-
disubstituted 1,2,3-triazoles [184].

@ =

b N
® &
@_/ 3+ ®; Catalyst (2 mol%) N N

\ / — T ThF.es5%,3h @J A

Fig. 33 (a) Magnetically recyclable Cp*(PPIRU/SIG/y-Fe,03 catalyst. (b) Catalytic
performance of magnetic catalyst in cycloadditidnpbenylacetylene and benzyl
azides. Reproduced with permission from ref. 18dpyEight 2013, Royal Society of
Chemistry.

The catalyst provided excellent yield and almos0%0selectivity for the target
product and was reused five times by simple magnséparation with only a
minimum decrease in catalytic activity and selegti(Fig. 33b) and little change in
the morphology and size of the NPs.

A +3 metal oxidation state of polymer supportedhemium complex was first
demonstrated by Molla et al. who reported the ssgithof 1,4-disubstituted 1,2,3-
triazoles in water with excellent yield via multraponent coupling in aqueous
medium at r.t [185]. On the other hand, Lee’s greypthesized the RuNP catalyst
using the co-precipitation method. The RuNP cataysibited good results in terms
of reactivity in the RUAAC reactions, but the sieffect strongly influenced the
catalytic activity of these RuNP catalysts, becatise size of the catalyst was
sensitive to parameters such as the pH of the mednd the type and concentration
of the surfactant [186].

MW-assistance promoted RUuAAC reactions [82,84,88],recently exemplified by
Johansson et al who reported one-pot RUAAC reastitm synthesize 1,5-
disubstituted H-1,2,3-triazoles involving two steps under microwawating (Fig.
34). First of all, the organic azide was formedsitu by treating the primary alkyl
halide with sodium azide in DMA under microwave tmeg then the catalyst
[RuCICp*(PPh),] was added, and a second microwave irradiation aygsied to
yield the cycloaddition product [187].
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Fig. 34 Sequential one-pot RUAAC reaction underrawave heating. Reproduced
with permission from ref. 187. Copyright 2011, Amsan Chemical Society.

3.3. Applications of the CUAAC “click” reactions

The CuAAC reaction is considered as the most rohodt straightforward synthetic
procedure for various organic syntheses [188], @albe in building novel structures,
including natural products modifications [189], tkgnthesis of porphyrin based
derivatives [190], the iterative click constructioh dendrimers that are terminated
with various functional groups [19Hnd polymers [192]. In the case of the dendrimer
the “click” synthesis of a water soluble dendrintbat contained 9 intradendritic
triazole rings and terminated by 27 triethylenecgly(TEG) termini was reported and
used as nanoparticle stabilizer and catalyst templdnis dendrimer has recently been
employed as an amphiphilic micellar nanoreactabizer and activator for part-per-
million Cu(l) catalyst of “click” chemistry in wateunder ambient conditions, due to
its coordination and encapsulation abilities of IBighs and hydrophobic Cu(l)-
catalysts, respectively [27a]. The “click” syntlesiof polycondensation
metallopolymers containing redox-robust bis(ethymjérrocene (biFc) and di(azido)
poly(ethylene glycol) was also achieved [193]. Tipslymer showed intriguing
properties; the biFc unit provided a class-ll mix@dence polyelectrolyte and
electrochrome properties, while the presence of RE@e polymer improved the
water solubility and biocompatibility. The triazolmkers between biFc and PEG
units facilitated redox sensing of transition-metations. Moreover, this easy
available polymer was an excellent template for ¢abilization of catalytically
active AuNPs and PdNPs for 4-nitrophenol reducaod Suzuki-Miyaura reaction,
respectively.

The easy accessible click approach of various maateonstructions has a great
impact in materials science [194a,b]. The excellaviews on click chemistry in
materials science by Bowman’s group [194a] and Di&8Zb] cover this area. Veige’s
click functionalization of inorganic complexes (mganic click) by reaction of
PPhRAuUN3; with alkynyl- or p-substituted alkynyl gold complexes led to bi- and
polymetallic triazoles [194c-g], and the functiamation of gold nanoparticles has
also proved to be an effective method for the gaotbn of novel nanostructures
[195]. The functionalization of carbon-based nanmmals has long attracted the
interest of researchers. For example, CUAAC funetlizations of G derivatives
have been achieved [19&hd improved their solubility. Recent examplesudel the
preparation of fullerene sugar balls [197]gContaining polymers [198], viral
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nanoparticle (VNP)-gz conjugates [199], supramolecular interactions betw
molecular tweezers and macrocycles, functionabrmatf G, fullerenes [200], and
biotinylation of fullerene vesiclaia CuAAC and conjugation with avidin [201].
Functionalized graphene and partially reduced graphoxide (rGO) functionalized
on the surface provide possibilities for improvthg electrical strength recovery and
utilization in devices. Functionalized rGO surfamalently immobilized with metal
nanoparticles such as AuUNPs and AgNPs, througlordi@nic linkers is a good tool
for achieving controllable transport in memory aed [202] and electron transfer in
photocatalysis [203]. Click formation of 1,2,3-t@des on the surface of rGO
combined with localized surface plasmon resonah&PR) effect of the AuNPs
allowed the observation of a fivefold photocurrenhancement for triazole linkers.
This showed that the triazoles linker between r@® AuNPs were very efficient for
charge separation and electron transfer [203].

In the field of biology, click chemistry has alsedm extensively used with various
successful biological, chemical and medicinal aggions [204] including nucleic
acid ligation [205] bioconjugation for protein modification [206], drualgsign [207],
gel syntheses for biomedical applications [208kmltal modification of biological
molecules [209],and biomolecular labeling [210] activity-based piot profiling
(ABPP) [211].

4. Conclusions and outlook

The MAAC reactions are of considerable use in sgith with applications in
materials science and biomedicine, and they renbgirfar the most prominent
example of “click” chemistry. Therefore considemlvesearch has been devoted to
extend the variety of metal catalysts and to mestiaally understand the different
MAAC reactions with the help of theoretical caldidas, characterizations of
intermediates and optimization of reaction paramseta this field as in many others
the theoretical calculation and experimental pregj@e intimately connected in order
to improve the reaction efficiency, simplify proceds and apply them to industry in
particular by decreasing catalytic amounts. Thugh bmechanistic advances and
recent trends of AAC “click chemistry” have beewiesved here. The multiple new
advances are inspiring for theoretical chemistsatmnalize the mechanisms of new
routes. In turn, the theoretical advances guide laad chemists to imagine new
reaction improvements.

The CuAAC reaction remains the most currently us®8AC reaction, and the
review has highlighted a multitude of reported imy@ments including the use of
excellent Cu(l) ligands, copper metal and CuNPsganous forms to make this click
reaction more practical and more easily applicaldlae very practical initial
Sharpless-Fokin catalyst Cugs® NaAsc remains most often used, and with the use
of optimized ligands researches have led to coralidie decrease of the catalytic
amounts down to the ppm permitting industrial agilons. Some theoretical
calculations have converged to the identificatiba bimetallic[ 1] [J intermediate in

a bimetallic mechanism. On the other hand, stusiesved that in the presence of
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very low amounts of catalyst a monometallic mechkaniwas occurring in
catalytically efficient Cu(l)-centered dendrimerghwpositive dendritic effect for the
smaller substrates and in extraordinarily efficidahdrimer-mediated Cu(l) catalysis.
The complete change of regioselectivity providedh®sy RUAAC reaction discovered
by Fokin’'s group has been perfectly rationalizedchaistically, but Nolan’s
introduction of the NHC ligands in the RUAAC reacts showed alternative results
and mechanistic features. Many more metals areeattiMAAC reactions and some
of them including lanthanides have been mechaal§ticationalized based on
theoretical calculations. Indeed, the quality ofd®im theoretical calculations with
DFT methods now allows confident mechanistic apgmea with excellent
determination of reaction energetics, for bothri@atynamic and kinetic sides.

In conclusion calculations and experimental rededrave brought MAAC at the
forefront of “green chemistry” with mild, environmilly benign and useful synthetic
methods that are now applicable to industry. Furtherk including computational
and experimental research is required, however, ptsh MAAC towards
multicomponent “one-pot” syntheses [212] for indiagtproduction and to design
multi-task catalysts based on bimetallic or muletallic systems for tandem
reactions.
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