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Abstract:

The discovery of copper(I) species as excellent catalysts for the regioselective cycloaddition
reactions of azides and alkynes served as proof-of-concept of the importance of Click chemistry
and opened a broad field of research that has found numerous ramifications in biochemistry,
materials and medicinal science, for instance. The use of ligands in this context not only serves to
stabilize the oxidation state of copper, but has also been shown to increase and modulate its
reactivity. Still, efforts focused on developing more efficient catalytic systems for this
transformation remain limited. Herein, the catalytic activities of ligated copper systems are

reviewed in a way intended inspirational for further developments.

1. Introduction

Transition metal catalysis is one of the most powerful tools available to chemists for the
development of cleaner and more sustainable processes. Although simple metal salts can mediate a
number of transformations, it was the use of ligands that catapulted organometallic catalysis to its
present leading status. In particular, the use of well-defined complexes allows for a better control
of the nature of the species present in the reaction media and generally avoids the need for excess
of ligand and/or reagents for achieving optimal catalytic performance. These two points are crucial
in the continuous quest of molecular chemistry for more efficient and less contaminating processes
capable of providing diverse and complex architectures.

In 2001, Sharpless and co-workers coined the concept of Click Chemistry.' Inspired by Nature,
they proposed to gather most synthetic efforts around a few transformations with a strong
thermodynamic driving force in order to prepare more complex products from a set of building
blocks. Most common carbon—heteroatom bond forming reactions could be considered Click if
they fulfilled a number of basic requirements: no sensitivity towards moisture or oxygen, high
yields and stereospecifity, absence of solvent (or use of a benign one) and simple product

isolation.



1,3-Dipolar cycloadditions (Huisgen reactions)’ are one of the most general approaches for the
preparation of five-membered heterocycles. During his studies on azidocumulenes, L’abbé first
observed a copper(I)-catalyzed [3+2] cycloaddition reaction in 1984.° However, this reactivity was
overlooked until 2002, when Sharpless® and Meldal® reported independently the efficiency of
copper(l) species as catalysts for the cycloaddition of azides and terminal alkynes to yield 1,2,3-
triazoles (Scheme 1). Outstandingly, under such conditions, the reactions were completely
regioselective and only 1,4-disubstituted triazoles were formed, in contrast with the mixture of
regioisomers normally obtained under classical thermal conditions. Since, this copper-catalyzed

azide-alkyne cycloaddition (CuAAC) has become the most popular Click reaction developed to

date.
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Scheme 1. 1,2,3-Triazoles synthesis.
Early mechanistic studies led to the proposal of the stepwise catalytic cycle depicted in Scheme 2.°
In a first stage, a newly formed acetylide—copper complex would interact with the azide, activating
it toward nucleophilic attack of the acetylide carbon to the ‘end’ nitrogen atom of the azide.
Subsequent ring contraction of the generated metallacycle would lead to a copper-triazolide, direct

precursor of the reaction product upon protonation.
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Scheme 2. Early proposed mechanism for the CuAAC.
Further studies showed that in most cases, the reaction is second order in copper, probably due to
the dynamic equilibrium of different copper—acetylides existing in solution. In fact, there is
increasing evidence favoring bi- or polynuclear pathways for this reaction.”
Independently of its mechanism, this reaction has attracted an enormous interest and its
applications are still increasing exponentially. Although it is possible to prepare [1,2,3]-triazoles
under metal-free conditions, these usually require heat and provide a very limited regioselectivity

(traditional Huisgen reactions), or are very limited in scope, such as the cycloaddition reactions



with cyclooctyne derivatives.® So far, only copper catalysis has provided a Click approach to the
preparation of 1,4-disubstituted triazoles.” Due to the known instability of numerous copper(I)
species, the active species are often generated in situ from a copper(Il) salt and a reducing agent
(more than often sodium ascorbate). These systems can be extremely efficient, but they are
intrinsically limited to water-tolerant substrates and only marginal leeway is left for unsuccessful
reactions. Alternatively, the addition of ligands can not only protect Cu' centers, but also greatly
improve their activity, allowing for smoother reaction conditions or broader applicability. Pre-
formed catalysts are still scarcely used in this transformation and the families of ligands studied so
far possess very distinct stereoelectronic properties, which makes it even more difficult to
understand the mechanistic picture for this transformation. Furthermore, the reports comparing
different families of ligands remain scarce.'’

This Perspective provides a comprehensive overview of the activity of ligated copper(I) species in
the cycloaddition of azides and alkynes, with a focus on well-defined copper catalysts. Even if
application examples of the discussed catalytic systems might be mentioned, it is out of the scope
of this review to comment them all and for this purpose, the reader should refer to one of the
plethora of reviews available.'' Instead, this Perspective will focus on the particularities of each
catalytic system, their adjustment to the Click criteria. The advantages of using ligated species for
the use of a larger variety of starting materials and for the preparation of fully substituted triazoles

will be specifically discussed.

2. Copper(I)-Catalyzed Reactions of Organic Azides and Terminal Alkynes

Nitrogen containing ligands have been the first and the most popular ligands for CuAAC. In
numerous applications the N-containing additive is merely referred to as a base, even though their
affinity for copper is well-known. Alternatively, such additives increase the solubility of copper(I)
species in the reaction media. Despite the plethora of applications these ligands have found to date,
the nature of the actual active catalyst has scarcely been studied, leaving plenty of room for further

investigation and improvements.

2.1. Nitrogen Ligands

2.1.1. Amine ligands

Tertiary amines have been used as bases and/or ligands in CuAAC reactions, often combined with
more strongly coordinating ligands, although they can be the only additives in the reaction media.
Simple triethylamine is capable of stabilizing the copper(I) active species even in reactions carried
out ‘on water’.'> Other readily available amines have been employed (Figure 1), but regrettably,

no studies on the influence of the substituents on the nitrogen atom are available to date. The most



popular amine of this series is the Hiinig’s base, diisopropylethylamine (DIPEA). Not only it was
the first ligand applied to this transformation —already used in the original report by Meldal et al.—>

but also it has become a well-established Click protocol.
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Figure 1. Amines used in CuAAC.

Diamine ligands have also been employed in CuAAC, such as 2, applied to the functionalization
of polypeptides,'* or 1,2-phenylenediamine 3, which showed a remarkable activity for the
cycloaddition of different alkynes and glucosyl azides in water."

On the other hand, a triamine ligand, N,N’,N’’-pentamethylethylenetriamine 4 (PMDETA) is
probably the most commonly employed ligand in CuAAC, due to the well-established efficiency
of CuBr/PMDETA in polymerization processes such as ATRP. A solid supported version on this
catalytic system, based on poly(ethyleneimine), was recently reported.'® However, it displayed a
gradual decrease in activity when reused either because of oxidation of the copper(l) centers or
metal leaching. Better results were obtained with related complex 5,'” bearing a crowded tripodal
ligand to effectively protect the copper center against oxidation while keeping it highly active.
This catalyst respected all Click requirements and in particular, solubility of § in the hydrocarbon
solvents allowed for its separation from the reaction products by simple filtration. The separated
filtrate could be reloaded with the starting azide and alkyne for a second reaction, whereas the
separated triazoles showed only negligible copper contamination. The extremely high reactivity of
this complex was illustrated by its application to the preparation triazoles-linked dendrimers.
Stoichiometric amounts of catalyst are generally required for the later application, since copper
might be trapped inside the formed dendrimer. Nevertheless, only 0.1 mol % of 5§ was enough to
produce a dendrimer in good yield from a nona-azide. Furthermore, 5 was found superior to other
reported catalysts for CuAAC in the functionalization of polyhedral oligosilsesquioxane.'® A
related all-methyl ligand has also been employed in the preparation of different macromolecules."

an
R

€]

2.2.2. N(sp’)-Type Ligands



The first simple imine ligands applied to the Huisgen cycloaddition were pyridylimines 6 (Figure
2).2” These ligands showed a remarkable activity when used in one pot CuAAC/living radical
polymerizations, both reactions proceeding simultancously rather than sequentially.’’ One
important drawback of these additives is their inherent instability (they must be kept at 0°C under
inert atmosphere) which preclude their use under Click-suitable conditions, at least when the
coordinated copper species are generated in sifu. Alternatively, stable pybox derivative 7 was

applied to the kinetic resolution of racemic azides through their cycloaddition with a terminal
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Figure 2. Imine ligands used in CuAAC reactions.

Imidazole derivatives have also been applied to CuAAC. Very recently, it was reported that the
presence of a long aliphatic chain on the imidazole ring was essential to ensure the acceleration of
the reaction.” In the presence of imidazole 8, different triazoles (including very hindered ones)
could be prepared with 0.5 mol % Cul on water or under neat conditions. The obtained yields were
excellent, but some of the reaction products had to be purified on silica gel. Other cyclic imines
studied in this context include the commercially available 1,8-diazabicycloundec-7-ene 9 (DBU).**
Despite its availability, no methodological studies have been carried out with this ligand, maybe
due to its high toxicity, incompatible with proper Click reactions. A related triazabicyclodecene
scaffold has also been reported for the polymer-supported CuAAC.*

Undoubtedly, the most commonly used cyclic imine-type ligands used in the cycloaddition of
azides and alkynes are polytriazoles. As early as 2003, and alerted by the observation of
accelerating reaction rates in their preparation, the biocompatibility of this transformation using
polytriazoles as ligands was demonstrated.”® Since, the exponentially increasing applications of
these ligands have been particularly focused, on biological systems and protein labeling in
particular. Even if sodium ascorbate can still be used as reducing agent in these sensitive
applications, tris(carboxyethyl)phosphine is a much more popular reductant in this context thanks
to its softness and ability to protect certain aminoacids residues in proteins from oxidative
coupling.

One year after the first application of polytriazoles as additives in CuAAC, a comparative study of
different architectures was reported.”” Different mono, bis and tris-triazoles were screened along

with simple amines, diamines and pyridine derivatives. Remarkably, very different trends in
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reactivity were observed depending on the nature of the copper source; whereas amino-triazole 10
was the most competent ligand for CuSO4/NaAsc system, bis-triazole 11 was the best performing
with [Cu(NCMe)4]|PF¢ (Figure 3). Tris(benzyltriazolylmethyl)amine (TBTA) 12 was also a good
ligand for the model reaction, although in a lesser extent (84% yield vs 94% with 11). Still, tris-
triazoles, and TBTA in particular, have virtually become the only triazoles used as ligands in
CuAAC. A polymer-supported version of TBTA/CuPF; has also been reported.”® This is one of
the few pre-isolated copper(I)-triazole species applied to this reaction,”” the coordination mode of
the ligand to the copper center was not investigated, though. 1 mol % [Cu] of this resin could be
reused ten consecutive times without a significant drop in activity, although long reaction times

(up to 2 days) were required to ensure high yields.
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Figure 3. Triazole ligands in CuAAC.

Water-soluble triazoles such as 13°° and 14°' were also studied for different applications, and 13 in
particular was shown to actively protect histidine residues in proteins against reactive oxygenated
species in the reaction media.” In this example, since 13 is actually oxidized, an excess of ligand
had to be employed.
The preparation of 16, a well-defined copper(I) complex with TBTA 12, notably established that
(at least in the solid state) no metal coordination with the tertiary amine moiety takes place.” This
air-sensitive compound displayed an unusual dinuclear structure with two copper centers in a
distorted tetrahedral geometry bridged by two triazole units through their medial and proximal
nitrogen atoms (Figure 4). When using 16 as catalyst, a model reaction displayed a first order
dependence on the copper concentration, pointing towards 16 as a precursor of the actual active

catalytic species and no further catalytic studies were reported.
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Figure 4. Triazoles-copper(l) complexes in CuAAC.



Better catalytic performance was observed with related air stable tris(triazolyl)methane complex
17,** and a variety of triazoles could be efficiently prepared from the corresponding azides (0.5
mol % [Cu], water or neat, RT). As drawbacks, the presence of free amines in the starting
materials drastically reduced the reaction conversion, and the structure shown in Figure 4 was
proposed based on the characterization data of a copper(Il) analogue, although no crystals could be
grown for 17.

Diverse structures related to TBTA 12 have been examined in CuAAC (Figure 5).*> Notably, the
most performing ligands were different depending on the reaction conditions. Hence, whereas 18
displayed a good activity in a range of pH values under diluted biocompatible concentration, 19
and 20 were optimal for concentrated conditions. Furthermore, despite their similar structure, the
best ratio metal/ligand changed from 1:1 for 19 to 2:1 for 20. Also, 21, a more strongly
coordinating ligand, was found better performing although it can lead to catalyst deactivation at
high ligand/metal ratios. Such deactivation can be reversed using strongly coordinating solvents
(DMSO or N-methylpyrrolidinone) or a high alkyne concentration. All these observations, along
with the different kinetic data obtained according to the reaction conditions, reflect a very
complicated mechanistic picture for these systems. It seems reasonable that the relatively weak
chelating properties of these ligands, combined with the diverse copper coordination chemistry

make such studies even more complicated and that the rate-limiting step may differ easily
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Figure 5. Benzimidazole/benzothiazole ligands for CuAAC.

Pyridine derivatives have also been investigated in CuAAC. Noteworthy, simple pyridine was
essential to ensure clean CuAAC from propargyl carbamates (Scheme 3), where a mixture of
products was unexpectedly obtained when the cycloaddition reaction was attempted with
CuSO4/NaAsc.*® The authors rationalized that in this case, the postulated triazolide intermediate
would be further coordinated with pyridine molecules, preventing the interaction of the copper
center with the carbonyl group from the carbamate. Such interaction would weaken the C—O bond

of the molecule, thus facilitating the cleavage of the carbamate function and leading to the

formation of by-products.



o E— HO HN. 7
+ >ﬁ0 > : o

0 BnHN . Ph ; le\o)LNHBnE
X Ly
Y N =
N CuSO,/Na Asc "N 1
N~ Ph 4 5 55 ¢ N7y |
///<O H water/t-BuOH 'R Cu Ny 4 .
Cul/pyridine 77 0 0 23 ¢ =N :

Toluene E S/
Cul/pyridine 98 0 0 2 LU e

Scheme 3. Selectivity for CuAAC with propargyl carbamates.
Other reported pyridine derivatives are shown in Figure 6. Lutidine 22 is a popular one and it has
notably been used as the only additive in the functionalization of DNA,*’ human growth
hormone’® or in the stabilization of organogels.'” Alternatively, bipyridine 23 and phenanthroline
derivatives were found remarkable ligands quite early thanks to a fluorescence quenching assay,
and have been used in several applications, particularly in macromolecular science. The nature of
the active species in these applications remains elusive, since the copper/ligand ratios employed
vary from Cu:L = 1:3 to 2:1. Sulfonated bathophenanthroline 24 has mainly been applied to the
functionalization of biomolecules, where it proved superior to standard TBTA 12 in some
applications,* and remains one of the most accelerating ligands known for bioconjugation.
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Figure 6. Pyridine derivatives for CuAAC.
Another phenanthroline derivative was found optimal for the activity in CuAAC of biopolymer
supported catalyst 25 (Eq 1).*! Remarkably, the supported copper(I) complex was more active than
its homogeneous analogue. Reactions were carried out in ethanol or water with only 0.1 mol %

[Cu] at 70°C to obtain the expected triazoles in high yields after simple filtration or

recrystallization.
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Finally, the accelerating effect of chelation has also been observed with certain functionalized
azides.* Pyridine containing azides were particularly reactive in CuAAC in the presence of
Cu(OAc),/+-BuOH,* although amine, carboxylic acid, ether and thioether groups also increased

the reaction rates.

2.2. Phosphorous Ligands

Omnipresent in organometallic catalysis, it is not surprising that phosphorous containing ligands
were the first ligands applied to the cycloaddition of azides and alkynes. In 2003, only one year
after the discovery of copper(l) species as catalysts for azide-alkyne cycloadditions, [CuBr(PPhs);]
26 and {Cul[P(OEt);]} 27 complexes were applied to the preparation of various glyco-derived
triazoles in good yields.** These two complexes were selected because they were known in the
literature and soluble in organic solvents, which allowed for homogeneous reactions desirable for
certain applications. Reactions were run under microwave irradiation in the presence of an organic
base (DIPEA or DBU for the most difficult substrates), which can also be regarded as competitive
ligands for the copper center. Even if no results on the absence of such additives were reported in
the original study, these conditions have been widely used in diverse applications such as
macromolecular science. Specifically, the above-mentioned complexes have been considered the
catalysts of choice for the preparation of more delicate glycopolymers* and oligomers*® or
biologically active molecules.*” In all precedent applications a base (most often DIPEA) was
employed, however, such additives were not always required.**

A recent methodological study showed that the constraining reaction conditions reported in the
original study are not required in most cases. Hence, [CuBr(PPh;3);] 26 was a performing catalyst
when using 0.5 mol % under neat or aqueous conditions at room temperature and in the absence of
any other additive (Scheme 4).* In all cases, the corresponding triazoles were recovered in pure
form after simple filtration or extraction, although higher copper loadings (2 mol %) and/or

toluene as solvent were required for the reaction of some glyco-derivatives.
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Scheme 4. P-Ligand/copper(I)-mediated CuAAC.



Despite the popularity of phosphorus-based ligands in modern chemistry, to date, only two other
studies are available so far. Triphenylphosphine was shown to greatly improve the catalytic
activity of various copper carboxylate complexes, better than other common phosphorous ligands
such as PCys;, BINAP or dppe.”® PPh; was postulated to improve the solubility of the catalyst in
the reaction solvent, DCM, although neat conditions allowed for lower copper loadings. Reactions
were carried out at room temperature in air with only 0.15-0.05 mol % of catalyst 28, although
some of the obtained triazoles required purification on silica gel (Scheme 4).

Phosphoramidite ligands have also been reported to accelerate CuAAC.”' The active copper(I)
species were generated in situ from CuSO45H,O and sodium ascorbate in the presence of
MonoPhos 29, although higher copper loadings (1 mol %) and purification on column

chromatography were required with this catalytic system.

2.3. Carbon Ligands

N-Heterocyclic carbene (NHC) ligands have displayed a remarkable activity in CuAAC.
[CuBr(SIMes)] 30 was the first NHC-containing complex reported for this reaction, with 0.8 mol
% of 30, diverse triazoles were prepared in aqueous media or under neat conditions and isolated
after filtration or extraction (Scheme 5).> The main drawback of this catalyst is that sluggish
reactions were often obtained with oily/low-melting products. A more comprehensive screening of
complexes later identified [Cul(IAd)] 31 as an improved catalyst, which also showed a better

tolerance towards steric hindrance and functional groups.>
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Scheme S. [Cu(NHC)]-mediated CuAAC.
Several modifications to the original catalyst 30 can be found in the literature. Blechert and
Buchmeiser reported that polymer-bound version of 30 led to the formation of the expected

triazoles when using only 0.2 mol % [Cu] at room temperature in a mixture THF/water.’*
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However, only moderate yields (up to 75%) were obtained after overnight reactions and the crude
products were filtered on silica prior recrystallization. On the other hand, aromatic nitrogen donor
ligands have been reported to further improve the catalytic activity of [CuX(NHC)] complexes.™
Phenanthroline derivatives displayed a notable effect and the corresponding adducts 32 could be
isolated and characterized. The copper centers in 32 have a distorted tetrahedral environment —
instead of the linear arrangement in [CuX(NHC)]-, and the copper—chlorine bonds are elongated
when compared to the parent [CuCl(SIMes)]. These particular features were proposed to account
for the observed accelerated rates. However, a direct comparison of these results with the ones
reported with 30 cannot be drawn, since not only the halogen (CI instead of Br), but also the
solvent used (#~-BuOH/water or EtOH instead of pure water) were different in both studies.

In contrast with the catalytic systems bearing N-containing ligands, most efforts with NHC-
containing ligands have been focus on methodological advances, instead of on their application to
more complex systems. Nevertheless, [CuX(NHC)] species have already been used as latent

6 or for the preparation of triazoles containing porphyrins,’’ carbanucleosides,”® or

catalysts,’
chelators for platinum or palladium-based potential anticancer drugs.” Moreover, the presence of
an NHC ligand on a copper center allowed for the isolation and characterization of a copper-
triazolide derivative, one of the postulated intermediates in the reaction mechanism.®

A second family of [Cu(NHC)] complexes, of general formulae [Cu(NHC),]X, has also been
studied.®! Catalyst 33 (Scheme 5) led to excellent yields with 0.5 mol % [Cu] at room temperature
in MeCN or under neat conditions. The most remarkable feature of this catalyst is that it allowed
for catalyst loadings down to ppm level in the formation of several triazoles, leading to
unprecedented TON and TOF values of over 20000 and 5000 h™', respectively. Mechanistic studies
on this catalytic system showed that whereas there was no interaction between 33 and organic
azides, the catalyst was fully converted in minutes in the presence of a terminal alkyne. The
corresponding azolium salt, ICy-HPF, could be isolated along with a copper acetylide (Scheme 6).
These results would imply that one of the NHC ligands originally on the copper center could act as

a base, deprotonating the alkyne to initiate the catalytic cycle. This would be then closed by the

delivery of a proton to a triazolide intermediate by the azolium salt.
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Scheme 6. Mechanistic proposal for [Cu(NHC),]X complexes.
Finally, it is important to note that different studies on cycloaddition reactions of azides and
alkynes have been carried out in imidazolium-based ionic liquids.”® Even if the formation of a
NHC—copper complex with the reaction media was not evoked, it cannot be ruled out neither,

particularly in the presence of a base.

2.4 Oxygen Ligands

Oxygen-based ligands have scarcely been investigated in CuAAC reactions, most of the reported
examples containing mixed N,O ligands. Hydroxylamines were reported inactive in this reaction in
2006,63 however, histidine derivatives such as 34 accelerate CuUAAC in a similar rate than well-
established DIPEA or NEt; (Scheme 7).** Neither imidazole, nor N-methylimidazole displayed
any activating properties in these reactions, proving the importance of the aminoacid moiety. In
particular, when histidine-containing peptides were used as starting materials they could self-
activate the cycloaddition reaction due to their strong coordination to the copper center, which
actually is most often regarded as a drawback for the use of peptides in CuAAC. Still, these
reactions, carried out under inert atmosphere, required a stoichiometric quantity (or an excess) of

Cul, which led to the important formation of 5-iodotriazoles as by-products.

A\ azide N
| alkyne |
[Cu(NCMe) 4]PF6 B
———— > [(35)Cu]* PFg—

COOH 3 (5 éj \/\/ZJ\

Ar= '5 +Bu k CH)10
O 3 days, 94%

+-Bu
Scheme 7. O-Containing ligands in CuAAC.

Also, a O,N,0-macrocycle actively participated in the preparation of interlocked rotaxanes.” In a
first stage, macrocycle 35 was reacted with equimolar [Cu(NCMe)4]PF; to yield [(ONO)Cu']
species, active in the formation of triazoles from the corresponding azides and alkynes (Scheme 7).
Since the copper species remained sequestered in the resulting rotaxane no turn over was observed
under these conditions. Remarkably, upon simple addition of competing pyridine, the reaction
could be run with only 4 mol % [Cu].

Copper(I) acetate 36 has been reported to be a highly efficient catalyst for CuAAC in the absence

of any other ligand or additive.®® Its superiority when compared to other copper(I) salts such as
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CuCl, CuBr or CuCN was suggested to be due to its dinuclear nature, very similar to the alkynyl

copper(I) intermediate 37 proposed by DFT studies (Figure 7).%
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Figure 7. Dinuclear copper(I) complexes.

A number of triazoles could be prepared in excellent yields using 1-0.5 mol % 37 (loadings of
only 0.01 mol % were also showed efficient for a model reaction) at room temperature under neat
conditions. Regrettably, the reaction products were purified on silica gel. Similarly, carboxylic
acid, and benzoic acid in particular, greatly accelerated the cycloaddition reaction when added to a

mixture containing copper(II) sulphate and sodium ascorbate.®®

2.5. Sulfur Ligands

Sulfur-based ligands might not be the most popular ones, but they have already displayed a very
promising catalytic activity in CUAAC. CuBr-SMe,, being commercially available, was first used
simply as a copper(I) source soluble in organic solvents, similarly to [Cu(NCMe),]PFs.®” The first
methodological study reported for these ligands was reported by Fu and co-workers in 2008.
Thiophene, tetrahydrothiophene and 1,2-dithiophenylethane ligands were tested among others to
find that when using water as reaction media the best results were obtained with thioanisole
(Scheme 8).”° Excellent yields were obtained in short reaction times at room temperature,

however, very high copper loadings and purification on silica gel were required for this catalytic

system.
CuBr (10 mol %) Rl _N_
RI—N, + =— R? PhSMe (50 mol %)' N~ SN
Water, RT \—{
RZ

16 entries
10 min—4.5 h; 82-98%

Scheme 8. S-Ligand/copper(I)-mediated CuAAC.
It 1s important to note that in this study DMSO was also screened, although its influence on the
catalytic outcome was mitigated. This is of importance because some mechanistic studies on the
ligand-free CuAAC reaction have been performed in DMSO/water mixtures, where copper

ligation probably occurs.”"
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A previously known (aminoarenethiolato)copper complex 38 (Scheme 8) has also been
investigated for this reaction. In this case, 1 mol % of 38 was generally enough for ensuring high
conversions in DCM or MeCN.”* This catalyst requires anhydrous solvents and purification on
silica gel. However, it could be used for the formation of dendrimers and immobilization of pincer
catalysts on azide-functionalized silica (in inert atmosphere though),”® two particularly challenging

applications due to the risk of copper species remaining trapped in the reaction products.

3. Ligated Copper(I) Species for Broader Reaction Scope

3.1. Reactions of In Situ Generated Azides and Terminal Alkynes

Although organic azides are generally safe and stable towards water and oxygen (a must in Click
chemistry),” those of low molecular weight can be particularly dangerous and difficult to
handle.” In consequence, a number of methodologies have been developed in the literature to
avoid the handling and isolation of organic azides for [3+2] cycloadditions.

An early report showed that 1,4-disubstituted triazoles could be prepared via a three-component
reaction (organic bromide, NaN3 and an alkyne) upon heating at 75—-125°C under MW irradiation
in the presence of 1 equivalent of copper.”® Even though such drastic conditions might not be
required in most cases,’’ this approach still has a large leeway for improvement.

A number of ligated copper(l) species have been applied to the cycloaddition of in sifu generated
azides from the corresponding halogenated precursors (Scheme 9). NHC complex 30 was the first
pre-formed catalyst reported for this transformation.”” Excellent yields were obtained after short
reaction times, and no purification on silica gel was required. The copper loading used, however,
was rather high. Triazole complex 17 was active for the same transformation with only 1 mol %,
although in this case, heating and chromatography purification were needed.>* Benzylthio complex
39 was used in a mixture MeCN/water at room temperature.”” 1 mol % [Cu] was enough to
ensuring a high yield, although only a model reaction was investigated and purification on silica
gel was required. In this case, how the active copper(I) species are formed remains uncertain. Even

if acetonitrile is known to promote such reduction,” the reactions also proceeded in pure water.
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Catalyst RN N

R'—X + NaN; + =——R? _
Solvent, T \——<

OTf
N~

S
37?“\3
/o ')
5 mol % [Cu], water, RT 1 mol % [Cu], water, 40°C 1 mol % [Cu], MeCN/water, RT

2h, 90% 8 h, 38-99% 24 h, 89%

5 examples 13 examples 1 example

</:> : PPh; ;

Et~N/(:N N:>\NE'[ E C,U““‘Pph3 '
' ~

\ 7 ' N :

N N PhsP 27 .

5B

: 0.5 mol %, water, RT E

2 mol % Cul, MeCN/water, RT
10 h, 88-98%
10 examples

7-24 h, 53-89%
1 7 examples

Scheme 9. Copper(I) complexes for a three-component reaction.

Nitrogen tetradentate ligand 40 was also used in this transformation in combination with Cul
(Scheme 9).*° In the presence of 2 mol % [Cu], the corresponding triazoles could be prepared in
high yields after 10 h of reaction at room temperature. Regrettably, again the reaction products had
to be purified on silica gel. Probably, the most Click-suitable catalyst reported so far for this three-
component reaction is phosphine complex 26.* Only 0.5 mol % [Cu] was enough to ensure good
yields at room temperature for a number of triazoles with no further purification required.

Silica supported catalyst 41 displayed a moderate activity in hot EtOH (Figure 8).*' 5 mol % [Cu]
were used, although this catalyst could be recycled 8 times without a significant loss of reactivity.
Nevertheless, reactions were carried out in a nitrogen atmosphere and the resulting products were
purified by column chromatography.

o
NH Ofooo
/Cu—l N
NH H ®NBu
a 4

42

5 mol %, EtOH, 78°C 10 mol % Cul, [BIMIM]BF,4, 60°C
24 h, 82-95% 10 h, 23-99%
15 examples, 8 cycles 19 examples, 6 cycles

Figure 8. Recyclable catalysts for a three-component reaction.
A proline-containing ionic liquid 42 was also used in this transformation at 60°C under nitrogen
atmosphere.® The obtained products were purified by column chromatography and even if the
copper loadings used were high (10 mol %), this catalytic system could be reused in six
consecutive runs without significant lost of activity. The nature of the active species in this case
remains undetermined. Even if the proline counterpart was suggested to coordinate the copper(I)

center during the cycloaddition process, it is plausible that its presence is more important in the
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formation of aromatic azides from the corresponding halides.*’ Also, the role of BIMIM (1-butyl-

3-imidazolium) as reaction media might not be trivial.**

3.2 Reactions of Electron-Deficient Azides and Alkynes

Sulfonyl azides have been thoroughly studied due to their rich reactivity in the presence of
copper(l) acetylides. The outcome of their reactions can indeed be finely tuned with different
ligands/additives in the reaction mixtures. “Regular” N-sulfonyl-1,2,3-triazoles can be obtained
using a combination Cul/lutidine,”> CuBr/PhSMe,* or complex 43 (Scheme 10).*’ It is important
to note that in the absence of ligands only traces of the cycloaddition product could be detected
and while no precautions to exclude oxygen were required in all these systems, only 43 afforded

pure triazoles without purification on silica gel.

ON 0 N
R1\S/ N3 . Catalyst R1>S<N/ SN
O// \\O - Solvent, T \:< .
R
N S Br
S 7\ -
| (_)\V(o Cu HC—N
Z 22 S N
O 43 44 3
10 mol % Cul, 1.2 equiv22 1 mol % CuBr, 20 mol % L 10 mol % [Cu] 5 mol % [(44)Cu(NCMe)]BF,
CHCl3, 0°C Water, RT Toluene, RT CHClg, 40°C
12 h, 56-90% 16 h, 80-90% 1-12 h, 64-94% 24-48 h, 84-99%
13 examples 13 examples 22 examples 15 examples

Scheme 10. Preparation of N-sulfonyltriazoles.

Also, 5 mol % of [(44)Cu(NCMe)|BF4 complex, where 44 is a trispyrazolylmethane ligand,
produced the expected N-sulfonyl-1,2,3-triazoles in warm chloroform, but again they had to be
purified by column chromatography.®

Alternatively, sulfonyl azides can generate amidines when reacted with alkynes and amines in the
presence of 10 mol % of Cul at room temperature.*® Clarification of the possible different roles of
the amine in this particular case is still needed, particularly since amides were obtained instead
when similar azides and alkynes were treated with Cul/NEt; in the presence of water at room
temperature (Scheme 11). Whereas high catalyst loadings (20 mol %) were used when the
reactions were carried out in chloroform,” only 2 mol % were enough when using pure water as
solvent.”! Very similar results were obtained with a combination [Cu(NCMe),]PF¢/TBTA 12 in a

mixture --BuOH/water at room temperature.”

R HNR3R* (1.1 equiv) Cul (2 mol %) H
R4,N g2 < Cul (10mol %) RLS/N3 v — e NE(11equiv) R1028/N\H/\R2
NR THF, RT O// \\O Water, RT 0
59-99% 72-99%
R3” N X R* p?rLilcliigeo(rggch?/) thf NSO
Water, RT +—N
55-90% R R
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Scheme 11. Further reactivity of sulfonyl azides.

Alternatively, when the reactions were carried out in the presence of pyridine, azetidimine
derivatives were isolated instead.” From the original observation, it was supposed that such
derivatives were the product of the dimerization of one of the catalytic intermediates, namely a
ketenimine, thus the presence of an imine in the reaction media led to a very modular access to
azatidin-2-imines under very mild conditions. Furthermore, the reaction was highly selective and
the trans isomer was in most cases the only isolated product. Interestingly, TBTA 12 also
increased the rate of this reaction, but at the same time, it altered the stereoselectivity and the cis
isomer was then obtained as the major product.

This diverse reactivity is intrinsically related to the instability of the corresponding copper-
triazolide intermediate, in which a N-N bond cleavage is particularly favored. A mechanistic
rationale for the formation of the aforementioned products is presented in Scheme 12. The
standard cycloaddition catalytic cycle of cycloaddition reaction of azides and alkynes would
generate 1-sulfonyltriazolyl copper species, which would lead to the corresponding triazole upon
protonation. Alternatively, a ring opening process appeared to have a much lower energetic
barrier, resulting in ketimines species could then be trapped with different nucleophiles, such as

amines, imines, and water.

RS
3R4| |
RI0,8 RER*NH X i
=R R R
- ¢ " NSO,R'
[Cu] 2
H
= f Cu SOR'l H,0 N
V _N_ _N : ]2>_—'_N/ —= > Rig,s” \H/\RZ
[Cu—=—R? R10,87 N R

o)

2 1

s 4 R NSO,R
9 \. [Cu—— RZ/‘ RN R j:f

N N=N :
R'0,8" TN= 0 N
R'0:S7g~NzEN R* RS
®

[Cu]

Scheme 12. Postulated mechanisms for reactions with sulfonyl azides.

3.3. Reactions of Organic Azides and Internal Alkynes

Since the first step of the widely accepted mechanism for CuAAC is the formation of a copper—
acetylide derivative (Scheme 2), disubstituted alkynes are considered inert under such conditions.
Moreover, DFT calculations showed that a hypothetical activation toward cycloaddition via m-
coordination of the copper(I) center to the alkyne has a higher energetic barrier than the
uncatalyzed process.’ Nevertheless, catalysts 30 and 5 can mediate the reaction of benzyl azides
and 3-hexyne (Scheme 13).°*'” Even though these reactions are not ideal (and only one alkyne was

studied), they proved that alternative activation pathways are possible for copper-catalyzed
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cycloadditions. It is important to note that in the presence of CuBr under similar conditions, only

sluggish reactions were observed, which proves the crucial role of the ligands in this reaction.

N
[Cu] /N7 >N
—_—

P N\ e

Ph” Ny + /%/ Conditions ):< :
Et Bt NN .

5 mol % 30, neat, 70°C 80% : Cu !

0.5 mol % 5, octane, 60°C 85% Br 30 :
DFT proposals ® E
) e
NHC - 1
NHC - 2 H37C18//N‘Cl‘E) N\ C18H37 Br- !
Cu <«—>» Cu LiCu—=="R Hz7C1s 5\1\ CigHa7 E
R2—=i= R2 /—=\ CuL, : HarCig CigHgy - 5 !
R2 R2 S

Scheme 13. Copper-catalyzed cycloaddition of 3-hexyne.

In the case of 30, DFT calculations pointed towards a m-coordination of the alkyne to the copper
center to be favored by the presence of the SIMes ligand, even though the n-bonding/backbonding
contribution to the Cu—alkyne interaction was similar in its absence. It is important to note that
later theoretical studies suggested for terminal alkynes a significant activation of copper-acetylide
intermediated via m-coordination of a second center (Scheme 13, A).*°

Another family of internal alkynes, iodo-alkynes, were also found suitable substrates for the
preparation of 1,4,5-trisubstituted triazoles (Scheme 14). In this case too, the use of a coordinating
ligand is essential for the reaction to take place. A combination of TTTA 15 and Cul (5 mol %)
provided good to excellent yields at room temperature after short reaction times (Scheme 14).”
Pre-formed catalyst 45 led to similarly notable results with lower copper loading of 2 mol % in

aqueous media.”” Remarkably, in both cases, filtration or extraction techniques yielded directly

analytically pure products.

Cul (5 mol %) 1 N Cul (1 equiv)
N — TTBT16 (5mol %)~ R=N" SN DMAP46(03equiv) iy 4 — o
- THF, RT,2h — MeCN, RT, 3 days
[Cu]l 73-99% I R2 24-78%
[Cu] T 5 B :
|—=i— R? ] ¢ N “ “N—t-Bu \ '
- R 1 ' N=N N —N — :
N ® Rlo ® po1s N 3 \ENPA ~p=Se L
- N N\N\\ | o (OEt)2 /CU';~ E
[Cul “N [ciy \ : N N "LCu_ (OEt), :
R1N3 | _;__R2 — /N E | N Z | b \S;P\N;T:’N(\N E
== oL UN A
R E 22 /N\46 L N™ 1, E
Cul, TTTA 15 (5 mol %), THF, RT 73-99% oo '

45 (2 mol %), lutidine 22 (10 mol %) 92-98%
water, RT

Scheme 14. Preparation of 1,4-disubstituted-5-iodotriazoles.
Here again, the m-activation of the alkyne was proposed, which was supported by the absence of
SH-triazoles in the crude mixture. However, in these reactions, a sequence oxidative

addition/cycloaddition/reductive elimination is also plausible.
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Alternatively, 5-iodotriazoles can be prepared from terminal alkynes in the presence of a
stoichiometric amount of Cul and DMAP 46 (4-dimetylaminopyridine) as additive (no such
reaction was observed with DIPEA or dimetylacetamide).”® Besides the use of Cul as iodide

source, the main drawbacks of this approach are the long reaction times and the fluctuating yields.

3.4. Functionalization of Triazolide Intermediates

Under certain conditions, the copper-triazolide species can be trapped with an electrophile or with
the starting alkyne (Scheme 15). DIPEA is a good additive for the former’’ and here it does not
only serve as a ligand and base for the copper-acetylide formation, but also as proton sponge for
any acid coming from the electrophile. Despite the precaution taken, ‘regular’ 5-H-triazole
derivatives were also obtained and stoichiometric amounts of copper salts were compulsory to

ensure moderate to good reaction yields.

NBS, NCS, I,/CAN...
N [Cu(NCMe),]PFg (20 mol %) CuX (1.1-2 equiv)

R- N : N
N/_:N Ligand (20 mol %) R-N, + — g2 DIPEA (1.2-5 equiv) I:{1\N/ SN
, NMO (10 mol %) DCM, RT —
// R DCM, RT X R2
" X=Cl, Br, |

Scheme 15. Trapping of copper-triazolide species.

Diamine ligands have been shown to allow a similar trapping by the starting alkyne.”” The
presence of an oxidant in the reaction mixture points towards the involvement of
copper(Il)/copper(IIl) species. Furthermore, whereas peralkylated ligands privileged the formation
of disubstituted triazoles, ligands with N—H bonds favored trisubstituted products. Overall, up to
68% of trisubstituted triazoles could be isolated after column chromatography, along with the
corresponding 1,4-disubstituted analogues.

Finally, DIPEA has also been applied to the selective formation of bis-triazoles either from

9

dialkynes®® or diazides,” although once again, the actual role of the additive has not been

particularly investigated.

4. Conclusions and Outlook

The huge and sudden popularity acquired by CuAAC has few precedents in literature. Even if the
use of ligated copper derivatives has played an important role in its development, this
cycloaddition reaction remains a victim of its own success and when comparing to its numerous
applications, only marginal efforts have been focused on the discovery of improved catalytic
systems. This gap is more evident for nitrogen-based ligands, whereas mainly methodological
studies have been carried out with NHC and sulfur-based ligands, despite the impressive reactivity

they have displayed so far.
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It is noticeable that many, if not most, of the applications reported so far do not completely meet
the Click criteria. Without dismissing their importance (since this might be due to the inherent
sensitive nature of the starting materials, or the final products), it is anticipated, that a better
knowledge of the effect of ligands in this reaction (notably on the mechanism and the rate limiting
step) would allow for a higher number of applications to be run under strict Click conditions, with

all the experimental, economical and environmental benefits this would bring.
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