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Abstract 

The applications of the 1H-1,2,3-triazole derivatives are particularly attractive and have received prominent 

attention in scientific research. The characteristics of these heterocycles motivated the development of 

different strategies for their preparation and molecular diversification. Most of the synthetic procedures 

available in the literature are based on catalysis with copper salts. Therefore, this review has as 

complementary central focus and updates the information about the properties and the main methods for the 

preparation of 1H-1,2,3-triazole derivatives, with emphasis on methods involving 1,3-dipolar cycloaddition 

between organic azides and terminal alkynes catalyzed by copper. 

 

 
 

Keywords: Click chemistry, CuAAC, catalysis, synthesis, 1H-1,2,3-triazole derivatives 

https://doi.org/10.24820/ark.5550190.p011.293
mailto:julianocrufino@pq.cnpq.br
mailto:ronaldo.noliveira@ufrpe.br
mailto:ronaldon38@gmail.com


Arkivoc 2020, i, 0-0   Santos, C. S. et al. 

 

 Page 2  ©AUTHOR(S) 

Table of Contents 
 

1. Introduction  

2. Generalities: Structure, Classification, and Main Properties 

3. Key Strategies for Synthetic Preparation of 1H-1,2,3-Triazole Derivatives 

3.1 Historic aspects of 1H-1,2,3-triazole derivatives and thermal 1,3-dipolar azide-alkyne cycloaddition 

(AAC)  

3.2 Cu(I)-catalyzed 1,3-dipolar cycloaddition between azides and alkynes 

3.3 CuAAC reaction mechanism 

3.3.1 Main sources of Cu (I) used in CuAAC reactions 

3.3.2 Main sources of Cu (II) used in CuAAC reactions 

3.3.3 Heterogeneous CuAAC reactions 

3.3.4 Use of copper nanoparticles (CuNPs) in CuAAC reactions 

3.3.5 Use of ultrasonic energy in CuAAC reactions 

3.3.6 Use of microwave in CuAAC reactions 

3.3.7 Multicomponent CuAAC reactions 

3.3.8 CuAAC light-induced reactions 

3.3.9 Use of other transition metals in cycloaddition reactions involving azides and alkynes (MAAC) 

4. Conclusions 

5. Acknowledgements 

References 

 

 

1. Introduction 

 

Heterocycles are cyclic compounds with at least one heteroatom in their molecular architecture. They 

constitute an enormous class of organic compounds with applications in different industrial sectors. Its 

numerous applications are justified by the fact that 50% of the 20 million identified chemical compounds, to 

date, have at least one heterocyclic ring in their molecular structure.1-3 It should be noted that 70% of all 

marketed drugs and agrochemicals have in their structure one or more heterocyclic units.4 

Today, heterocycles represent one of the most important structural scaffolds present in a variety of 

natural products, synthetics, pharmaceuticals and materials of general interest.5 In addition, numerous 

molecules of biological importance to living organisms are made up of one or more heterocyclic rings, to 

mention some: vitamins, enzymes, hormones, proteins, carbohydrates, alkaloids, steroids, nucleic acids and 

various other bioactive molecules.6 In addition, these rings often act as a pharmacophore group when present 

in drug structure.7  

Amidst the numerous categories of heterocyclic compounds, 1H-1,2,3-triazole and their derivatives 

stand out as they constitute an important class of heterocycles in scientific academic and industrial research. 

For example, studies involving 1H-1,2,3-triazole derivatives report a number of important biological activities, 

such as antimicrobial,8 antiviral,9 antineoplastic,10 trypanosomicide,11 antimalarial,12 antibacterial,13 anti-

inflammatory,14 antituberculosis15 and leishmanicidal.16 These derivatives have also become relevant in 

bioconjugation strategies17 and have been extensively used as synthetic intermediates in many industrial 

applications such as manufacturing of agrochemicals,18 corrosion inhibitors,19 photostabilizers20 and dyes.21 
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They also play an important role in supramolecular chemistry,22 in liquid crystals23 and polymeric materials.24 It 

has also been reported that compounds containing 1H-1,2,3-triazole core have been applied in the 

development of biosensors used in clinical diagnostic assays.25  

In addition to these applications, the 1H-1,2,3-triazole ring is present in the structure of different 

commercial drugs, such as tazobactam,26 cefatrizine27 and rufinamide28 (Figure 1). In addition, other 1H-1,2,3-

triazole derivatives leads like carboxyamidotriazole,29 radezolid30 and t-butyldimethylsilylspyroamino-

oxathioledioxide (TSAO)31 are currently at the discovery phase (Figure 1). 

 

 
 

Figure 1.  Commercial drugs and drug prototypes in preclinical phase containing the 1H-1,2,3-triazole nucleus. 

 

The interest in this class of compounds is justified by the increasing number of publications in the last 

two decades, as according to a research in three of the largest journal search platforms (Web of Science,32 

PubMed33 and Scopus34) using the keyword “1,2,3-triazoles” (Figure 2). 

 

 
Figure 2. Publications of the last 20 years on 1,2,3-triazoles in scientific search platforms.32-34 
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The literature describes different synthetic strategies for the preparation of 1H-1,2,3-triazolic derivatives 

and the vast majority of methods exist based on the chemistry of copper salts, although recently other metals 

have been used.35 Therefore, the main focus of this review is to complement and update information on the 

properties and main methods of preparation of 1H-1,2,3-triazole derivatives, with an emphasis on methods 

involving organic azides and copper-catalyzed terminal alkynes. Emphasis will also be given to the mechanisms 

associated during the construction of the triazole nucleus.  

 

 

2. Generalities: Structure, Classification and Main Properties 
 

Parent triazoles, also known as pyrrodiazoles, have in their structure two carbon atoms, three hydrogen 

atoms. This five-membered heteroaromatic ring has molecular formula C2H3N3 and has two isomeric 

structures called symmetric triazoles or "s-triazoles" (1,2,4-triazoles) and vicinal triazoles or "v-triazoles" 

(1,2,3-triazoles).36 Moreover, when there are no substituent groups on the structure of these rings, each of 

these isomeric classes can have equilibrium in two distinct NH-tautomers, structures (a) and (b) (Scheme 1).37 

The structures (c) and (f) tautomers do not have aromatic characteristics or stability in this equilibrium. 

 

 

Scheme 1. 1,2,3-triazoles and 1,2,4-triazole derivatives and their tautomers. Adapted from Melo et al.36 

 

The aromatic structures of 1H-1,2,3-triazole (a) and 2H-1,2,3-triazole (b) (Scheme 1) are the most stable 

tautomeric forms of the 1,2,3-triazolic ring. The nitrogen atoms present in these tautomers have distinct 

basicity, since one of the nitrogen atoms donates its electron pair to complete the pyrrole-like aromatic sextet, 

while the other two nitrogens have isolated electron pairs that are not part of the aromatic sextet, similar to 

pyridine (Scheme 2). Also, in the pyrrole type nitrogen, the N-H bond is weakly acidic, whereas pyridine 

nitrogen is basic and nucleophilic.38 

In the structure of 1H-1,2,3-triazole the three adjacent nitrogen atoms cause a strong polarization in the 

structure of this triazole ring.39 This polarization is easily seen when comparing the resonance contributors of 

the most relevant tautomers of 1H-1,2,3-triazole (Scheme 3). In the contributors of the 1H-1,2,3-triazole 

tautomer (a), the carbon atoms and position 1 nitrogen have positive partial charge density, while positions 2 

and 3 nitrogen have negative charge density, generating a high polarization and a dipole moment of 4.55 

D.40,41 By contrast, in the contributors of the 2H-1,2,3-triazole tautomer (b), the carbon atoms and nitrogen of 

position 2 have a positives partial charge density and nitrogen at positions 1 and 3 have a negative partial 

charge, which causes a lower polarization and a smaller dipole moment of 0.12 D.40,41 
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Scheme 2. Similarity of 1H-1,2,3-triazole nitrogen to pyrrole and pyridine nitrogen. Adapted from Schulze and 

Schubert.22 

 

 

 
 

Scheme 3. Resonance contributors of the two most stable tautomers of 1H-1,2,3-triazole. Adapted from 

Schulze, 2014.22 

 

1H-1,2,3-Triazoles can still be subclassified into three main classes, namely monocyclic 1H-1,2,3-triazoles 

(Scheme 1), benzotriazoles and 1,2,3-triazolium salts (Scheme 4). These last two classes may exist in an 

isomeric equilibrium.42 

As a result of the numerous studies on 1H-1,2,3-triazoles it has been found that they have important 

peculiarities, to cite, strong resistance to certain reaction conditions without undergoing chemical changes in 

their structures, they are weakly reactive towards acidic or basic hydrolysis, under oxidative or reducing 

conditions and even enzymatic degradation.43,44 However, under strongly alkylating conditions they may 

undergo alkylation reactions.45 

1H-1,2,3-Triazoles have dipole-dipole interactions, are hydrogen bond donors and acceptors, have π 

stacking,46 and the nitrogen in this ring behaves as weak bases, which are not protonated at physiological pH, 

facilitating their interaction with high-affinity biological targets.47 These heterocycles are also able to mimic 

various functional groups in the biological environment, such as amides, esters, carboxylic acids, and act as 

analogs of olefins and other nitrogen-containing five-membered heterocyclic rings.48 
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Scheme 4. Structure of benzotriazoles and 1,2,3-triazole salts. Adapted from Dheer, 2017.42 

 

 

3. Key Strategies for Synthetic Preparation of 1H-1,2,3-Triazole Derivatives 
 

3.1 Historic aspects of 1H-1,2,3-triazole derivatives and thermal 1,3-dipolar azide-alkyne cycloaddition (AAC) 

To date, no natural product containing a triazole unit in its molecular architecture has been described, thus 

they are exclusively of synthetic origin.49,50 However, their stability, versatility and easy preparation make 

1,2,3-triazoles compounds with a wide field of applications, which undoubtedly drives the research and 

development of synthetic strategies for their preparation. 

The first reports of the preparation of a 2H-1,2,3-triazole derivative date from the 19th century, more 

specifically from 1888, when the German chemist Hans von Pechmann reported the preparation of 2-aryl-2H-

1,2,3-triazoles from reaction of bis-phenylhydrazones with nitric acid under heating (Scheme 5).51 

 

 
 

Scheme 5. Pioneer synthesis of the 1,2,3-triazolic ring. Adapted from Melo, 2006.36 

 

In 1893, researcher Arthur Michael discovered that the reaction between dimethyl 

acetylenedicarboxylate and phenyl azide led to the formation of a product containing the 1H-1,2,3-triazole 

ring called 1,1'-(1-phenyl-1H-1,2,3-triazol-4,5-diyl)bis(ethan-1-one), which was isolated by distillation (Scheme 

6).52 This report was marked as the first 1,3-dipolar cycloaddition reaction between an organic azide and an 

alkyne. 
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Scheme 6. First 1,3-dipolar cycloaddition between an organic azide and an alkyne. Adapted from Melo, 2006.36 

 

However, this research did not call the interest of the scientific community and only 70 years later this 

reaction was carefully examined by Rolf Huisgen in 1963, who classified it as (3 + 2) 1,3-dipolar 

cycloaddition.53,54 According to Huisgen, a 1,3-dipolar (dipole) substance reacts with a multiple bond or a π-

system (dipolarophilic) by means of a concerted mechanism involving a transition state of six electrons, 

leading to the formation of a variety of five-membered heterocyclic compounds (Scheme 7). Since Huisgen's 

work involved the cycloaddition reactions between organic azides and alkynes, this type of reaction has been 

known in the literature as Huisgen's cycloaddition (abbreviated as AAC: alkyne-azide cycloaddition). 

 

 
 

Scheme 7. Cycloaddition mechanism proposed by Huisgen. Adapted from Bräse, 2010.55 

 

The 1,3-dipolar cycloaddition reaction is a type of pericyclic reaction in which Huisgen and colleagues56-58 

have intensively studied the route for the synthesis of di- or trisubstituted 1H-1,2,3-triazoles from the reaction 

between organic azides and alkynes. In these reactions, the acetylenic derivatives are mixed with the organic 

azides and the contents are typically refluxed in toluene or heated without solvent. However, these reactions 

need caution during execution as some cases of explosions have been reported.59-61 In addition, cycloaddition 

reactions have particular limitations, such as highly exothermic processes (ΔH0 between -50 and -65 kcal mol-

1)62 with high activation energy (approximately 25 kcal mol-1); for instance, the reaction between methyl azide 

and propyne requires and high temperatures.63 Another important limitation is the very low or nonexistent 

regioselectivity, since the products of thermal cycloaddition are formed as a mixture of 1,4 and 1,5-

disubstituted regioisomers. Additionally, these triazole products are obtained in low yields after long reaction 

times (Scheme 8). 
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Scheme 8. Triazole regioisomers formed from 1,3-dipolar thermal cyclization.63 

 

To understand some phenomena associated with 1,3-dipolar cycloaddition, Sustmann64,65 and Houk66 

used frontier molecular orbitals (FMO) models to describe the observed velocity and regioselectivity for 

cycloaddition reactions. In their models, they assumed that the reaction between 1,3-dipole and dipolarophile 

occurs essentially through the interaction of the highest occupied molecular orbital (HOMO) of a reagent and 

the lowest unoccupied molecular orbital (LUMO) of the other reagent where the reaction rate depends on the 

energy difference between them. 

The energy differences between the frontier molecular orbitals HOMO and LUMO of azides and alkynes 

are of similar magnitude and when electron donating group (EDG) or electron releasing groups (ERG) are 

directly linked to dipolarophiles (alkynes) or 1,3-dipoles (azides), frontier orbital energies and coefficients are 

subject to variations that directly influence the reactivity of cycloaddition reactions.67 An electron donating 

group increases HOMO energy, while an electron withdrawing group decreases LUMO energy, this causes the 

reaction rate to increase and, furthermore, the EDGs and EWGs will polarize the π-system influencing the  

regioselectivity of the reaction, since the interaction will occur such that the orbitals with higher coefficients 

will overlap.22 In addition, due to very similar HOMO-LUMO energy level differences in 1,3-dipole and 1,3-

dipolarophile, the cycloaddition reaction may proceed through a dipole-HOMO, forming the 1,4-disubstituted 

regioisomers or dipole-LUMO controlled favoring the 1,5-disubstituted regioisomers (Scheme 9).22,68 

 

 
 

Scheme 9. Interpretation of FMO in 1,3-dipolar cycloaddition between azides and alkynes. Adapted from 

Schulze, 2014.22 

 

3.2 Cu(I)-catalyzed 1,3-dipolar cycloaddition between azides and alkynes 

Although the 1,3-dipolar thermal cycloaddition reaction between azides and alkynes leads to relatively easy 

formation of 1H-1,2,3-triazole derivatives, the limitations imposed by this reaction, in particular its low 

regioselectivity and the need for high temperatures, caused the AAC reaction to remain underused and 

ignored for decades. It is noteworthy that some research groups have studied the regioselectivity of this 

reaction,69-71 however, the development of a robust method for regiospecific formation of a specific triazole 

regioisomer was not achieved until the early 2000s. 
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In 2002 this scenario changed when Morten P. Meldal72 in Denmark and Karl Barry Sharpless73 in the 

United States independently reported the use of copper in the 1,3-dipolar cycloaddition between organic 

azides and terminal alkynes in a highly efficient manner. This discovery heralded a revival in triazole chemistry. 

Despite the importance of these studies, it is relevant to mention that the use of copper was first reported in 

1984 by Gerrit L'abbé when using copper chloride (CuCl), lithium azide (LiN3) and an internal alkyne in order to 

obtain azidoallenes in one-pot form.74 Although L'abbé did not expect the formation of 1,2,3-triazole 

derivatives, they were formed as a byproduct due to a side reaction that resulted in triazole derivatives with 

yields ranging from 6 to 24% and, in addition, 50 to 70% of the starting reagents were recovered without 

reaction (Scheme 10). 

 

 
 

Scheme 10. First report of the use of copper in the formation of 1,2,3-triazole derivatives.74 

 

 
 

Scheme 11. Synthesis of peptidotriazoles on solid phase.72 
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Given the low yields and the unexpected formation of triazoles, no other research related to the 

observation of L'abbé74 was conducted for approximately two decades, until the studies of Meldal72 and 

Sharpless73 were published. Meldal et al.72 reported the preparation of peptidotriazoles from amino acids 

containing terminal alkynes bound to a solid resin (HMBA-PEGA800). They observed that the use of copper 

iodide induced the exclusive formation of 1,4-disubstituted 1H-1,2,3-triazole, even employing primary, 

secondary, and tertiary azides (Scheme 11). 

Meldal et al.72 also found that the cycloaddition reaction when performed in the presence of copper (I) 

halides and organic solvents formed oxidative coupling byproducts and 1H-1,2,3-triazole derivative was 

obtained in moderate yield62 (Scheme 12). 

 

 
 

Scheme 12. Byproducts reported by the Meldal group during synthesis of product 3.72 

 

Unlike the work of Meldal et al.,72 Professor Sharpless'73 research group reported milder conditions for 

the preparation of triazole units by reducing Cu(II) in situ from copper sulfate pentahydrate (CuSO4∙5H2O) to 

Cu(I) using sodium ascorbate (AScNa) as reducing agent. In addition, the reaction described by Sharpless led to 

the 1,4-disubstituted 1H-1,2,3-triazole exclusively and in better yields using a hydroalcoholic system (Scheme 

13). 

In general, when the cycloaddition reaction between organic azides and alkynes is catalyzed by Cu(I), the 

reaction are more quickly and regioselective. Fokin and colleagues63 found that these reactions were 107 

times faster when compared to the thermal process described by Huisgen. As usual when salts of Cu(I) were 

employed 1,4-disubstituted triazolic regioisomers are formed exclusively. Other aspect is that cycloaddition 

catalyzed by Cu(I) is less affected by the steric or electronic effects from the groups linked to alkynes or azides 

and, consequently, differently substituted terminal alkynes and primary, secondary and tertiary azides can be 

used in this reaction.62 

Given the contributions of Sharpless and Meldal, the 1,3-dipolar cycloaddition reaction between a 

terminal alkyne and a copper catalyzed organic azide has become the most widely used method for the 

preparation of 1H-1,2,3-triazoles and is known to the scientific community as a CuAAC (copper(I)-catalyzed 

alkyne-azide cycloaddition). 

It is noteworthy that CuAAC is part of a select group of reactions known as click chemistry, Karl Barry 

Sharpless75 introduced this term in 2001. Thus, a reaction to be considered a click-process must meet the 

following criteria: “the reaction must be modular, wide in scope, give very high yields, generate only 

inoffensive byproducts that can be removed by nonchromatographic methods, and be stereospecific (but not 
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necessarily enantioselective). The required process characteristics include simple reaction conditions (ideally, 

the process should be insensitive to oxygen and water), readily available starting materials and reagents, the 

use of no solvent or a solvent that is benign (such as water) or easily removed, and simple product isolation. 

Purification - if required - must be by non-chromatographic methods, such as crystallization or distillation, and 

the product must be stable under physiological conditions”. 

 

 
 

Scheme 13. First report of the use of CuSO4∙5H2O and AScNa in the preparation of 1,4-disubstituted 1H-1,2,3-

triazole.73 

 

3.3 CuAAC reaction mechanism 

In the investigation of mechanism of the CuAAC reaction, the exact function of copper and a plausible 

proposal for this mechanism have been discussed by several researchers until the present days and numerous 

experimental and theoretical studies can be found in the literature.63,73,76-91 The first plausible proposal for a 

CuAAC reaction mechanism was developed by Sharpless and colleagues in 2002 (Scheme 14).73 It starts with 

the a π-interaction of the copper (I) species to the alkyne terminal, forming the mononuclear copper (I) 

acetylide (1). Subsequently, alkyd nitrogen from organic azide coordinates with copper (I) acetylide leading to 

the formation of the intermediate complex (2). Then, the six-membered copper (III) metallacycle is formed, 

containing the covalent C-N bond (3). The mechanism continues with the contraction of the metallacycle, 

together with the reduction of copper (III) to copper (I), forming the cuprous triazolide (4). In this step, if there 

is no proton source available, the cuprous triazolide should acquire a proton from an alkaline molecule, 
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completing the formation of 1,4-disubstitued 1H-1,2,3-triazole (5) and releasing copper (I) to enter again in the 

catalytic cycle. 

 

 
 

Scheme 14. First proposal for a CuAAC reaction mechanism.73 

 

This initial proposal for a mechanism was supported by DFT calculations carried out by Fokin and 

collaborators in 2005.63 The results of this study indicated that the complexation of copper (I) with the π-

system of the terminal alkyne decreases the pKa of the terminal proton by 9.8 units, facilitating the 

deprotonation stage from the intermediate π-alkyne-Cupper (I) for the formation σ-alkyne-Cu (I) species even 

in aqueous systems, without the need for base addition. Their calculations also predicted that the activation 

barrier for the formation of a six-membered copper (III) metallacycle was 14.9 kcal mol-1. In comparison with a 

25.7 kcal mol-1 barrier for non-catalyzed cycloaddition, justifying the drastic increase in the rate of the 

cycloaddition reaction in the presence of copper (I). However, theoretical and experimental considerations 

about the mechanism of the CuAAC reactions were published and added to this initial proposal. 

The results of the first experimental investigation of the CuAAC reaction mechanism were reported by 

Fokin and colleagues in 2005.76 In this work, a careful kinetic investigation of the reaction between 

phenylacetylene and benzyl azide revealed a strict second order dependence on copper (I) under the 

employed catalytic conditions. However, it was found that the experimental rate law for the CuAAC reaction 

varied in complex ways with the concentration of Cu(I), the presence of chloride ions and accelerator 

ligands.77 In view of these experimental results, the authors considered the possibility of the involvement of 

polynuclear copper (I) intermediates; however, theoretical studies published in 2007 indicated that dinuclear 

copper (I) intermediates were favored.78,79 The results from these theoretical studies pointed out that the 

introduction of another copper atom could ease the tension in the six-membered copper (III) metallacycle. 

Furthermore, the complexes formed between organoazides and Cu(I)-acetylides were just assumptions made 

by Sharpless's group, until direct evidence was provided in 2007 by Straub and collaborators.80 The authors 

isolated and characterized for the first time the intermediate Cu(I)-triazolide (4, Scheme 14), which is formed 

by the interaction between organoazides and Cu(I)-acetylides.  

An important study for understanding the mechanism was reported by Fokin and collaborators in 

2009.81 This study, involving cycloadditions between 1-iodoalkynes and organic azides, revealed that breaking 
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the alkyne-halogen terminal bond to form copper (I) acetylide is not necessary for cycloaddition to occur. 

Thus, the authors concluded that the copper (I) catalyst was bound purely through weak π-interactions with 1-

iodoalkynes. This strengthened the idea that this type of interaction can also occur with terminal alkynes. 

An elegant isotopic study by Fokin and colleagues in 201382 revealed that, in fact, there is the formation 

of a dinuclear species with two copper atoms playing different roles. One of the copper atoms forms a σ-bond 

with the terminal alkaline and the other atom performs a complexation with the π-system of the alkaline. 

Thus, Fokin and collaborators proposed a more detailed interpretation of the mechanism (Scheme 15), 

gathering theoretical and experimental evidence. 

First, the formation of σ,π-bis(copper) acetylide (A) occurs, which reversibly coordinates with the 

substituted nitrogen of the organic azide to form the (B) complex. The selectivity in favor of the 1,4-

disustitued regioisomer is justified by the second species of Cu(I) that performs π-coordination with the α-

carbon from terminal alkyne. Thus, the nucleophilic attack of β-vinylidene carbon is directed to the terminal 

nitrogen of the azide moiety, leading to the formation of the intermediate (C) and the first covalent C-N bond. 

The mechanism follows with an interaction of the pair of non-bonding electrons of the N-1 with the anti-

ligand orbital of the α-carbon from acetylene, forming the cuprous triazolide (D) and the second covalent C-N 

bond. In the last stage of the mechanism, protonation of the intermediate (D) occurs with the formation of 1-

1,4-disubstitued H-1,2,3-triazole (E), releasing Cu(I) in the catalytic cycle. 

 

 
 

Scheme 15. CuAAC reaction mechanism proposed by Fokin and collaborators.82 

 

Despite the detailed proposal for the reaction mechanism suggested by Fokin and colleagues, no direct 

observation of the copper dinuclear intermediates had been reported. However, in 2015, Bertrand et al.83 

isolated and characterized π,σ-bis(copper) acetylide (A, Scheme 15), indicating that the reaction mechanism 

occurs via the formation of this intermediate. Besides that, the authors concluded that the alkyne 

deprotonation was considered rate determinant step, as evidenced by previous studies.84-86 We emphasize 
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that Angelis et al.87 first identified the intermediate complex (B) using electrospray ionization mass 

spectrometry (ESI-MS), however, without isolating this intermediate complex. 

Besides that, other experimental and theoretical studies on the structural characteristics of dinuclear 

intermediates88-91 support the dinuclear mechanism proposed by Fokin and collaborators.82 

The isolation of intermediates, the study of reaction kinetics and, more recently, computational studies, 

are arguably the most informative knowledge to elucidate and elaborate a proposal for a reaction mechanism. 

Thus, the study of the CuAAC reaction mechanism has been marked by discoveries that involved the kinetic 

study, as well as the isolation of intermediates, and theoretical studies. Figure 3 shows a timeline of the main 

events that led to a better understanding about this mechanism. 

 

 
 

Figure 3. Timeline of the main events that led to a better understanding of the mechanism of the CuAAC 

reaction. 

 

3.3.1 Main sources of Cu(I) used in CuAAC reactions. Direct use of a Cu(I) salt without a reducing agent is a 

well-established catalytic protocol for CuAAC reactions. Different Cu(I) copper sources may be used in this 

reaction, citing copper iodide (CuI) as described by the group of Meldal et al.72 (Scheme 11). Although copper 

iodide is efficient in the preparation of triazole units, its use has become the least recommended, since in 

recent studies it has been found that the use of this reagent contributes to the formation of polynuclear 

acetylide complexes that interfere with the catalytic cycle and reduces catalytic activity of copper (I) species.92 

Another source of Cu(I) used in the CuAAC reaction is copper bromide (CuBr).93 Wang et al.94 for 

example, have described the preparation of different compounds containing the 1,2,3-triazole unit quickly, 

efficiently, at room temperature and in aqueous medium. The authors used 10 mol% of CuBr and 50 mol% of 

PhSMe as a binder to catalyze the reaction between different terminal alkynes and organic azides (Scheme 

16). 

 

Scheme 16. Use of CuBr in the preparation of 1H-1,2,3-triazole derivatives.94 
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The use of copper chloride (CuCl) has also been described.95,96 Zhou et al.97 described the preparation of 

the first triazole compounds in a highly enantioselective manner. The authors used CuCl (15 mol%) as catalytic 

system and a chiral ligand (L) (18 mol%) to obtain triazole products with 84 to 98% enantiomeric excess 

(Scheme 17). 

 

 
 

Scheme 17. Use of CuCl in enantioselective synthesis of 1H-1,2,3-triazole derivatives.97 

 

Sharpless and colleagues reported the use of the salts [Cu(CH3CN)4]PF6 and CuOTf∙C6H6 in the absence of 

a reducing agent, however, it was necessary to use a nitrogen base to facilitate the terminal acetylene 

deprotonation step, citing, 2,6-lutidine, triethylamine, diisopropylethylamine or pyridine, the structures of 

which can be seen in figure 4.73 

 

 
 

Figure 4. Main nitrogenous bases used in CuAAC reactions.73 

 

However, due to the thermodynamic instability of the Cu(I) species, procedures that make direct use of 

copper (I) halides often require the use of an inert atmosphere to prevent oxidation from Cu(I) to Cu(II) and to 

prevent disproportionation reaction occurrence for metallic copper (Cu0) during the reaction.98 

The use of anhydrous organic solvents is often necessary, as well as the excess of nitrogen base is 

indispensable to facilitate the deprotonation of the terminal alkyne and to help stabilize the active species of 

Cu(I). However, the presence of these bases (Figure 4) decreases the reaction yield, due to the formation of 

by-products via homo-coupling reaction of alkynes and triazoles.99,100 
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Recently, the use of Cu(I) complexes acting as pre-catalysts in the CuAAC reaction has been described, 

since the use of these complexes avoids the excessive use of bases and additives, besides simplifying the 

purification of the product and allowing a better control over the stereoelectronic properties of Cu(I) 

species.101 Thus, several complexes containing nitrogenous ligands have been reported in the preparation of 

1,2,3-triazoles, for example [CuBr(PPh3)3] (6),102 [Cu(phen)(PPh3)2]NO3 (7),103 [Cu(C186tren)]Br (8),104 

[Cu(hexabenzyl)tren]Br (9)105 (Figure 5). 

Pericàs et al.106 reported the synthesis of a Cu(I) complex containing a tris(triazolyl) methanol (TTAM) 

ligand, which was stable in air and humidity (10). Gomes and collaborators completely synthesized and 

characterized bis-chelated (11) and mono-chelated (12) complexes of Cu(I) stabilized by a 

bis(aryl)acenaphthenequinonediimine ligand (Ar-BIAN).107 Neutral and cationic Cu(I) complexes with α-diimine 

ligands have also been reported by Barta and González and the best performing catalyst was a bis-chelated 

cationic complex with cyclohexyl substituents on the diimine ligands (13).108 The structures of these complexes 

can be seen in Figure 5. 

 

 
 

Figure 5. Cu(I) complexes most used in CuAAC reactions. 

 

3.3.2 Main sources of Cu (II) used in CuAAC reactions. Given the limitations due to the direct use of Cu(I) 

species, the most widely used procedure for the preparation of 1H-1,2,3-triazoles, due to its practicality and 

efficiency, is the reduction in situ of Cu(II) salts, usually CuSO4∙5H2O or Cu(OAc)2, by excess use of the sodium 

ascorbate reducing agent, which is used in most procedures. It is noteworthy that other reducing conditions 
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such as the use of hydrazine,109 tris(2-carboxyethyl)phosphine (TCEP)110 and electrochemical reduction111 have 

been reported. 

A new reducing condition was described by Wang et al.112 in 2017. The authors synthesized a variety of 

1,4-disubstituted 1H-1,2,3-triazoles in good to excellent yields using the CuSO4∙5H2O/1-(4-methoxyphenyl)-3-

phenylthiourea catalytic system in aqueous solution (Scheme 18). According to the authors, functionalized 

thiourea (L) acted as a ligand and as a reducing agent of the Cu(II) species. 

 

 
 

Scheme 18. Use of 1-(4-methoxyphenyl)-3-phenylthiourea (L) as a reductant in the CuAAC reaction.112 

 

It is interesting to clarify that some years ago it was believed that only Cu(I) complexes were able to 

catalyze CuAAC reactions and, therefore, Cu(II) salts were always used in the presence of a reducing agent. 

However, recent publications have described the use of Cu(II) complexes as catalysts without the use of 

reducing agents.113-120 Bagherzadeh et al.121 reported in 2019 the preparation of two Cu(II) complexes (Figure 

6) and studied their catalytic potentials against the CuAAC reaction in the absence of reducing agents. The 

authors were able to prepare different 1H-1,2,3-triazole derivatives from a multicomponent reaction between 

benzyl chloride, sodium azide and different terminal alkynes with good yields. In addition, complex A was 

relatively more efficient and was reused for four reaction cycles. 

 

 
 

Figure 6. Copper (II) complexes used in CuAAC.121 

 

Even with these advances, most studies in the literature make use of the Cu (II)/NaAsc catalytic system 

for the preparation of new triazole compounds, due to its practicality and efficiency. As an example, we can 

mention the work of Bakherad and collaborators published in 2018.122 These authors reported the preparation 

of a series of new functionalized pyrimidines containing the 1,2,3-triazole ring. For that, they used 2 mol% 

Cu(OAc)2, 4 mol% sodium ascorbate and 2 mol% o-phenylenediamine in ethanolic medium (Scheme 19). In 

addition, some of the compounds synthesized by Bakherad et al. showed activity against three bacterial 

strains (Micrococcus luteus, Pseudomonas aeruginosa and Bacillus subtilis). 
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Scheme 19. Synthesis of functionalized pyrimidines containing the 1H-1,2,3-triazole ring.122 

 

Another study involving the use of the Cu(II)/NaAsc catalytic system was reported by Teixeira et al. in 

2019,123 in which the authors prepared a series of 1,2,3-triazole compounds from the natural product nerol 

(Scheme 20). Most compounds showed activity against HL60 human leukemic cells, as well as B16F10 cell 

lines. 

 

 
 

Scheme 20. Synthesis of 1H-1,2,3-triazole derivatives from the natural product Nerol.123 

 

One of the most positive points of the Cu (II)/NaAsc system is that it is compatible with both oxygen and 

water, not requiring anhydrous solvents or inert atmosphere. However, Cu(I) residue is cytotoxic and can bind 

to the active site of many enzymes, blocking or reducing their biological activity.124,125 

One way to minimize this problem is based on the use of ligands in an attempt to increase the stability of 

the active Cu(I) species in aqueous media by ligand coordination, helping to reduce the concentration of toxic 

copper ions in solution and decreasing the formation of undesirable products.101 In addition, the ligand may 

accelerate the cycloaddition reaction depending on its denticity, as while tridentate ligands dramatically 

accelerate the reaction rate, the use of tetradentate ligands saturates the Cu(I) coordination site, having a 

slightly weaker effect over CuAAC.109,126 Additionally, possible binder residues may hinder purification of the 

triazole product.127 

The first report of the use of a ligand in the CuAAC reaction was described by Wang et al.110 when using 

tris[(1-benzyl-1H-1,2,3-triazole-4-yl)methyl]amine (TBTA) (Figure 7). This ligand was carefully examined by the 

group of Fokin et al.126 has been shown to be effective in accelerating the reaction and stabilization of the 

Cu(I) copper species. However, problems related to copper cytotoxicity and the low solubility of this ligand in 

water continued to persist. Given this, studies involving BPS and 4,4'-dimethyl-2,2'-bipyridine ligands (Figure 
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7), which are derived from 1,10-phenanthroline and 2,2'-bipyridine, respectively, have been shown to be 

effective ligands in the CuAAC reactions.128 Although these ligands had better water solubility than TBTA 

derivatives, a lower stabilization effect of Cu(I) species was found. This motivated the development of other 

ligands based on the TBTA structure, which presented better properties, such as better water solubility, better 

stabilization of Cu(I) species and biocompatibility. Among the major ligands in this class are THPTA,129 

BTTAA,130 BTTP,131 and tris(1-benzyl-1H-1,2,3-triazol-4-yl)methanol106 (Figure 7). 

 

 
 

Figure 7. Most used CuAAC reaction ligands. 
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In addition, another similar class of ligands involves the presence of the tris(heteroarylmethyl)amine 

group, and the major representatives of this class are tris(2-benzimidazolylmethyl)amine (BimH)3 and 

tris(benzothiazole)amine (Bth)3
77 (Figure 7). Using this class of ligands increases the reaction rate with low 

copper concentrations. 

Studies involving L-histidine (Figure 7) revealed that this natural amino acid can act as a ligand and 

facilitate the CuAAC reaction.132 One of the key advantages of the Cu(I)-L-histidine complex is lower toxicity, 

found in four different cell lines in comparison to BPS, TBTA and some of their derivatives. Additionally, 

MonoPhos and triphenylphosphine ligands (Figure 7) were also used to accelerate CuAAC reactions in aqueous 

medium.133 However, their efficiency in the CuAAC reaction was low compared to TBTA derived ligands. 

The azide-alkyne cycloaddition is highly relevant for biological applications. However, in vivo applications 

are limited by the fact of the toxicity of copper ions for living organisms. Even though great strides in reducing 

the amount of copper have been made, one limitation that still persists is the low solubility of the organic 

substrates and ligands employed to stabilize the active copper species.55 To minimize this problem, phase 

transfer catalysts and surfactants have been employed.134-138 An interesting example was described in 2017 by 

Shin et al.139 in which the authors used betaine, a readily available and biocompatible zwitterionic surfactant. 

In this work, different 1,4-disubstituted 1H-1,2,3-triazoles were synthesized with excellent yields from azides 

and terminal alkynes in aqueous medium using the Cu (II)/NaAsc catalytic system (Scheme 21). This method 

resulted in the noticeable reduction of CuSO4∙5H2O concentration to levels ranging from 2.5 to 200 ppm. 

 

 
 

Scheme 21. Use of the betaine surfactant in the preparation of 1H-1,2,3-triazole derivatives.139 

 

It has also been described the use of metallic copper in the form of wire, filings, dust or agglomerate in 

the CuAAC reaction.140-143 The main advantage of this method is the lower level of copper contamination in 

products, although generally larger amounts of catalysts and longer reaction times are required when 

compared to the system using Cu(II)/NaAsc. 

Although cycloaddition reactions between azides and alkynes catalyzed by the direct use of Cu(I) or the 

use of Cu(II) salts in the presence of a reducing agent leads to the formation of 1,4-disubstituted 1H-1,2,3-

triazoles, recently Kumar et al.144 reported the first regioselective synthesis of 1,5-disubstituted 1H-1,2,3-

triazoles by the use of copper (II) trifluoromethanesulfonate (Cu(OTf)2) (Scheme 22). A variety of triazole 

compounds were obtained from cinnamic acid and organic azides in good yields and the simplicity and 

regioselectivity of this methodology is comparable to the ease in obtaining the classic 1,4-disubstituted 1H-

1,2,3-triazoles. 
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Scheme 22. First report of regioselective synthesis of 1,5-disubstituted 1H-1,2,3-triazoles using a Cu(II) salt.144 

 

3.3.3 Heterogeneous CuAAC Reactions. The interest in heterogeneous catalytic systems involving copper 

metal in CuAAC reactions is a growing strategy.145 The advantage of these methods lies not only in obtaining 

products of higher purity, but in the possibility of catalyst recyclability. 

One of the most widely implemented strategies for heterogenizing catalysts in CuAAC reactions is by 

covalently attaching a copper or salt ligand to a solid support. The first example involving this strategy was 

described in 2006, when Girard et al.,146 reported immobilization of CuI on Amberlyst A-21 resin to prepare a 

series of 1,4-disubstituted 1H-1,2,3-triazoles, which were yields ranging from poor to excellent (Scheme 23). 

Amberlyst A-21 was selected because of its dimethylaminomethyl moiety, which acted as both a ligand and a 

base. In addition, the catalyst was reused for four reaction cycles without significant yield variations. It is 

noteworthy that, in 2009, the Girard et al.147 research reported the use of this same catalyst for the 

preparation of 1,4-disubstituted 1H-1,2,3-triazoles under solvent free conditions. However, in some cases, this 

heterogeneous catalyst led to the formation of 5-iodotriazole.148 

 

 
 

Scheme 23. First report of CuI immobilization on Amberlyst A-21 in the catalysis of CuAAC reactions.146 

 

From the pioneering work of researcher Girard, the development of reagents supported on organic 

polymers has become well known in CuAAC reactions. Several catalysts based on copper complexes with 

nitrogen ligands incorporated in polymers were developed and applied in the CuAAC reaction catalysis. As 

some examples, the immobilization of CuI in 1,5,7-triazabicyclo-[4.4.0]-dec-5-ene (PS-TBD) polystyrene-linked 

is highlighted149 (Figure 8a); immobilization of Cu(I) N-heterocyclic carbenes complexes (NHC's) on silica150,151 

(Figure 8b); copper ion complexation in polystyrene-divinylbenzene-based polymeric materials (DIAION CR11 

and CR20)152 (Figure 8c); incorporation of copper sulphate into poly(vinylpyridine)153 (Figure 8d); CuI 

immobilization in cryptand 22 attached to a polystyrene resin154 (Figure 8e); immobilization of CuI on 1,10-

phenanthroline bound to Merrifield resin (Figure 8f)155 and immobilization of copper acetate on imidazole 

moieties bound to Merrifield resin156 (Figure 8g). 
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Figure 8. Different copper catalysts embedded in polymers. 

 

In addition, ligands commonly used to increase the speed of CuAAC reactions have been incorporated 

into polymeric resins and applied in this reaction145 and different copper catalysts supported on 

polyacrylonitrile fibers (PANF) that have recently been developed to efficiently catalyze CuAAC reactions.157 

Several materials have been used as solid supports for the preparation of heterogeneous copper 

catalysts and applied in the preparation of 1H-1,2,3-triazole derivatives. The most reported are 

biopolymers,158 coal,159,160 carbon nanotubes (NCTs),161,162 graphene,163,164 silica-based materials,165,166 

alumina,167 titanium,168 zeolites,169,170 MOFs,171,172 magnetic nanocomposites173 and clays.174-177 

In a recent study published in 2019, Bahsis et al.178 reported the preparation of a new heterogeneous 

catalyst from copper iodide and aminomethyl polystyrene (AMPS). This catalyst was found to be highly active, 

supplying the regioselective 1,4-disubstituted 1H-1,2,3-triazole at room temperature and using water as a 

solvent (Scheme 24). The authors also performed a mechanistic study using the Density Functional Theory 

(DFT) to explain the reactivity and selectivity observed for the Cu(I)-AMPS catalyst, which was reused for four 

reaction cycles. 

 

 
 

Scheme 24. Use of Cu (I)-AMPS as a heterogeneous catalyst in CuAAC reactions.178 

 

Additionally, in recent years the use of plant biomass for the development of heterogeneous catalysts 

has been an excellent alternative for the enhancement of green chemistry. In this sense, the use of chitosan 

polysaccharide has been reported as a convenient reusable support for copper (II) ions, which has been shown 

to be efficient in catalyzing CuAAC reactions.179 Based on this work, Bahsis et al.180 reported in 2018 the use of 
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cellulose macromolecule to immobilize copper (II) and copper (I) ions, generating recyclable heterogeneous 

catalysts (Scheme 24). These catalysts were efficient in catalyzing the cycloaddition reaction between azides 

and alkynes in aqueous medium, producing 1,4-disubstituted 1H-1,2,3-triazole compounds in excellent yields 

and in the absence of any external reducing agent, and CuI-cellulose proved slightly more efficient than CuSO4-

cellulose (Scheme 25). Additionally, a recyclability study has shown that these catalysts can be reused for up to 

five reaction cycles without loss of catalytic activity or change in their compositions. 

 

 
 

Scheme 25. Copper catalysts (I) and (II) supported on a cellulose-based vegetable polymer.180 

 

Recently, a new copper (I) catalyst supported on an activated carbon prepared from waste vegetable 

biomass from Argan nutshell, called Cu-CANS, was developed by Aflak et al. in 2019.181 Several azides and 

alkynes can be combined to form 1H-1,2,3-triazoles using this catalyst as shown in Scheme 26. A Cu-CANS 

recyclability study revealed this catalyst was reused for up to ten reaction cycles without significant loss of 

catalytic activity or its selectivity. In addition, the use of water as a solvent at room temperature makes the 

entire catalytic procedure environmentally friendly. 
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Scheme 26. Catalyst and copper (I) supported on Argan nutshell waste.181 

 

3.3.4 Use of copper nanoparticles (CuNPs) in CuAAC reactions. Metal nanoparticles have different properties 

compared to atomic, molecular, or macroscopic solid systems. These peculiarities are attributed mainly to the 

large surface area of these nanoscale materials. Generally, the benefits of using metal nanoparticles as 

catalysts provide advantages such as: i) a high surface-to-volume ratio of metal nanoparticles, which ensures a 

large number of active sites per unit area; ii) increased reactivity, which avoids the use of ligands or additives; 

and iii) ease of separation and recycling, which minimizes contamination of the products of interest.182-184 In 

this sense, copper nanoparticles (CuNPs) have been used with considerable efficiency in CuAAC reactions. 

Further details on the methods of preparing these CuNPs can be found in the review published in 2016 by 

Gawande et al.185 

The first examples of the use of CuNPs to catalyze CuAAC reactions were independently published in 

2005 by the research groups of Orgueira (Scheme 27A)186 and Rhothenberg (Scheme 27B).141 In these studies, 

the authors used CuNPs to prepare 1,4-disubstituted 1H-1,2,3-triazoles from organic azides and terminal 

alkynes. 

 

 
 

Scheme 27. Early reports of CuNPs use in CuAAC reactions.141,186 

 

From these pioneering works, interesting examples of this strategy can be found in the literature, which 

report the use of nanoparticles (NPs) with or without solid supports.187-192 Supported NPs offer several 

advantages over the use of unsupported NPs, such as better control of metal dispersion and particle 

morphology, inhibition of particle aggregation, and generally better reuse of the catalytic system. Given these 

attributes, different supported and recyclable CuNPs were employed in CuAAC reactions, among the supports 

employed are alumina,193 aluminum oxyhydroxide,194 montmorillonite,195 MOF,196-198 Cellulose,199 SBA-15,200 

Zeolite,201 and more recently graphene oxide.202 
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In a study published in 2019 by Gholinejad et al.203 clinochlore was first reported as a very inexpensive 

and available support for the stabilization of copper nanoparticles and their application as a recyclable catalyst 

for the formation of 1H-1,2,3-triazoles at room temperature and in aqueous medium. This new catalyst (AA-

Clin-Cu) was prepared by immobilizing copper sulphate pentahydrate in the clinochlore clay following 

chemical reduction in situ with sodium borohydride. Benzyl halides and aliphatics as well as arylboronic acid 

reacted efficiently in the presence of sodium azide and different alkynes, generating the 1,4-disubstituted 1H-

1,2,3-triazoles in good yields (Scheme 28). In addition, this catalyst can be reused up to four times without 

significantly diminishing its catalytic properties. 

 

 
 

Scheme 28. First report of clinochlore clay as a support for copper nanoparticles in CuAAC reaction 

catalysis.203 

 

3.3.5 Use of ultrasonic energy in CuAAC reactions. Ultrasound reactions are milder and have the advantage of 

accelerating the reaction in heterogeneous or homogeneous systems. Ultrasonic energy increases system 

efficiency by activating the catalyst surface area and removing deposited impurities.204 The use of ultrasonic 

energy has been reported by several research groups for the preparation of 1,2,3-triazoles from CuAAC 

reactions,205-207 in which different sources of Cu(I) or Cu(II) were used. 

Stefani et al.208 have developed an efficient method for the synthesis of C-glycosyl 1H-1,2,3-triazoles 

through CuAAC reactions between C-alkynyl-glycoside protected with the TMS group and different organic 

azides. In this study, the authors used ultrasonic energy to lead to 1,2,3-triazoles in good yields in the absence 

of nitrogenous bases (Scheme 29). 

 

 
 

Scheme 29. Synthesis of functionalized C-glycosides through CuAAC reactions.208 

 

Another interesting study was reported by Silva et al.209 in 2013, which describes the synthesis of various 

N-glycosyl-1,2,3-triazoles from the reaction between the 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl azide and 

different terminal alkynes under ultrasound energy (Scheme 30). Additionally, the benzoheterocyclic 

conjugated compounds exhibited potent anti-inflammatory activity. 
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Scheme 30. Synthesis of N-glycosyl-1,2,3-triazoles using ultrasonic energy.209 

 

In 2015 Nallapati et al.210 made changes in the structure of the antipsychotic drug olanzapine by 

incorporating the 1H-1,2,3-triazoles ring. The formation of this triazole unit was performed by the CuAAC 

reaction, using CuI and DIPEA (diisopropylethylamine) as a catalytic system and ultrasonic energy that allowed 

rapid access to the desired compounds (Scheme 31). 

 

 
 

Scheme 31. Incorporation of the 1,2,3-triazole ring in the antipsychotic olanzapine structure.210 

 

Zhang et al.211 described the synthesis of 1,4-disubstituted 1H-1,2,3-triazoles containing an isoxazole and 

thymidine unit in their structure. These compounds were synthesized from different functionalized isoxazoles 

with terminal triple bonds and azide β-thymidine derivatives via the CuAAC reaction using copper acetate and 

sodium ascorbate as the catalytic system under ultrasound-assisted conditions (Scheme 32). According to the 

authors, these compounds exhibited a promising antibacterial potential. 

Additionally, other studies that use ultrasonic energy to prepare compounds containing the 1H-1,2,3-

triazole unit can be found in the literature.212-214 In all cases the use of ultrasound significantly increased the 

speed of reactions. 
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Scheme 32. Use of ultrasonic energy in the synthesis of 1H-1,2,3-triazoles containing an isoxazole and 

thymidine unit in its structure.211 

 

3.3.6 Use of microwave in CuAAC reactions. Microwave-assisted CuAAC reactions have also been extensively 

studied, as this form of energy enables efficient internal heat transfer and therefore reduces reaction time as 

well as increases reaction rate and yield, furthermore, elevated temperatures can be used for short periods 

avoiding decomposition or polymerization.204 Thus, the first reports of the use of this energy form were 

described by the research groups of Khanetskyy215 and Appukkuttan,216 who independently reported in 2004 

the use of microwave irradiation for synthesis of 1,4-disubstituted 1H-1,2,3-triazoles. In the work of the 

Khanetskyy group the authors used the Cu (II)/NaAsc catalytic system, while the work of the Appukkuttan 

group was employed elemental copper and copper sulfate as reaction catalysts (Scheme 33). 

Based on these works, several authors have described excellent yields, high purity and short reaction 

times during the synthesis of 1H-1,2,3-triazoles under copper-catalyzed microwave irradiation and in most 

cases the main advantages are an increase reaction rate and better yields.217-221 Additionally, microwave 

irradiation has been applied in the preparation of different classes of molecules containing the 1H-1,2,3-

triazolic moiety, such as peptides222,223 macromolecules,224-226 oligonucleotides,227,228 carbohydrates,229,230 and 

nucleoside analogs.228,231 

A recent work that deserves attention was conducted by Souza et al.232 who described a general and 

efficient method for the synthesis of new 1H-1,2,3-triazoles based on a multicomponent microwave assisted 

reaction involving α-thio aldehydes, propargylamine and arylazides. In this method copper sulfate and sodium 

ascorbate were used as catalytic system, acetic acid as Bronsted acid, sodium sulfate as drying salt and a 

DCM/H2O (1:1) solvent system to provide the triazole products in good yields (Scheme 34). This method is an 

interesting alternative for preparing triazole compounds containing an imine group. 
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Scheme 33. First reports of microwave use in CuAAC reactions.215,216 

 

 

 
 

Scheme 34. Application of microwave irradiation in the multicomponent synthesis of 1H-1,2,3-triazoles 

containing an imine group.232 

 

The trend of more recent studies involving the use of microwave irradiation is focused on the 

development of green methods based on multicomponent reactions and the use of heterogeneous and 

reusable catalysts. In this sense, a green and environmentally friendly method for the synthesis of 1H-1,2,3-

triazoles under microwave irradiation was developed by Radatz et al.233 In this multicomponent method the 

authors used Cu/SiO2 as a recyclable catalyst, which can be reused in up to four reaction cycles. The reaction 

proceeded by mixing benzyl halide, sodium azide, alkyne and the catalyst in an aqueous medium to provide 

the triazole products in excellent yields (Scheme 35). 
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Scheme 35. Application of Cu/SiO2 as a recyclable catalyst in microwave assisted multicomponent synthesis of 

1H-1,2,3-triazole derivatives. 

 

Agalave et al.234 also developed a heterogeneous catalyst by supporting CuI in alumina and applied to 

the microwave-irradiated multicomponent synthesis of 1,4-disubstituted 1H-1,2,3-triazoles in aqueous 

medium. During the optimization of the reaction conditions, the authors compared the alumina-CuI with 

various copper catalysts [alumina-CuSO4, SiO2-CuI, SiO2-CuSO4, Cu0, CuCl, Cu(OAc)2 and CuSO4], being alumina-

CuI superior in terms of reaction time, yield and selectivity. Additionally, this catalyst was reused for up to 

eight reaction cycles without significant efficiency loss, providing the various triazole products with good yields 

(Scheme 36). 

 

 
 

Scheme 36. Application of microwave irradiation and recyclable alumina-CuI catalyst in the multicomponent 

synthesis of 1H-1,2,3-triazole derivatives.234 

 

Recently, a multicomponent method involving propargyl bromide, amines and organic azides has been 

reported by Xiong et al.235 In this procedure, CuBr was supported on fish bone powder residue generating the 

catalyst FBPs-CuBr, which was efficient in the preparation of several N-substituted 1H-1,2,3-triazoles and 

could be reused for seven reaction cycles (Scheme 37). In addition, a scaling up to 40.0 mmol showed that the 

method has potential for industrial applications. 

 

 
 

Scheme 37. Use of FBPs-CuBr as a recyclable catalyst in the multicomponent synthesis of 1H-1,2,3-triazole 

derivatives.235 

 

3.3.7 Multicomponent CuAAC reactions. Multicomponent Reactions provide ideal approaches for synthesizing 

structurally simple or complex molecules in a few reaction steps and with excellent overall yields. The use of 
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such strategies has advantages in terms of environmental compatibility and atomic economics.236 Several 

reports have already demonstrated the practicalities of MCR in the synthesis of 1H-1,2,3-triazole 

derivatives.237 

The first report of this strategy was described in 2004 by Fokin et al.238 They used benzyl halide or alkyl, 

terminal alkynes and sodium azide to prepare 1,4-disubstituted 1H-1,2,3-triazoles using Cu (II)/NaAsc as a 

catalytic system (Scheme 38). This methodology offered a great advantage as it did not require the isolation of 

potentially unstable, toxic, or explosive azido intermediates. In addition, the reaction proceeded in two simple 

steps, first an SN2 reaction between sodium azide and the halogenated substrate, followed by a regioselective 

CuAAC reaction. 

 

 
 

Scheme 38. First report of an MCR reaction in the synthesis of 1H-1,2,3-triazole derivatives.238 

 

Another interesting example of a multicomponent reaction that also forms in situ organic azides was 

described in 2007 by Odlo et al.239 In this work, the authors used ethyl bromoacetate for ethyl azidoacetate 

generation, which then underwent CuAAC reactions with different terminal alkynes to provide one-pot 1H-

1,2,3-triazole derivatives with excellent yields. CuSO4∙5H2O and NaAsc were used as catalytic system in the t-

BuOH/H2O (1:1) solvent system (Scheme 39). 

 

 
 

Scheme 39. Preparation of α-carboxy-triazoles from MCR reactions.239 

 

In situ formation of organic azides followed by CuAAC reactions for the preparation of 1H-1,2,3-triazoles 

is a well-established strategy in multicomponent reactions. Halogenated substrates, such as chlorides240,241 

and bromides,242-244 are the most used and undergo bimolecular nucleophilic substitution (SN2) reaction to 

generate the corresponding organic azides. On the other hand, the use of tosylates245-247 and acetates248,249 

have also been used for the same purpose. Additionally, in addition to SN2 reactions, nucleophilic aromatic 

substitution (SNAr) reactions, known as substitution-elimination reactions, have also been used for in situ 

organic azide formation. Electron-deficient aryl halides are ideal substrates for undergoing SNAr reactions and 

subsequent formation of 1H-1,2,3-triazoles with terminal alkynes.250,251 

Epoxide opening by the use of sodium azide as nucleophile is also another strategy for in situ organic 

azide formation and the subsequent CuAAC reaction provides the 1,4-disubstituted β-hydroxy-1,2,3-

triazoles.252-254 Based on this strategy Velpuri and Muralidharan255 described in 2019 the preparation of 1H-

1,2,3-triazoles through a multicomponent reaction involving different terminal alkynes, sodium azide and 
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different epoxides or alkyl halides. The authors synthesized surfactant-free copper sulfide micro flowers (sf-

CuS mf) particles that efficiently catalyzed the reaction. Moreover, the reaction was conducted in aqueous 

medium and the catalyst presented low cost and recyclability, being reused five times without loss of catalytic 

activity (Scheme 40).  

 

 
 

Scheme 40. Multicomponent synthesis of β-hydroxy-1,2,3-triazoles from different epoxides.255 

 

Multicomponent reactions involving arylboronic acids for in situ organic azide preparation have also 

been reported.256,257 An Interesting work involving this strategy was published in 2015 by Kumar et al.258 They 

described a simple, efficient and environmentally friendly protocol for the synthesis of 1,4-diaryl-1,2,3-

triazoles from boronic acids, sodium azide and acetylenes using chitosan-immobilized copper sulfate as a 

recyclable material (Scheme 41). The use of an aqueous medium at room temperature and easy catalyst 

recovery are other notable characteristics of this procedure. 

 

 
 

Scheme 41. Use of arylboronic acids in the multicomponent synthesis of 1H-1,2,3-triazole derivatives.258 

 

Another work worth mentioning was reported in 2018 by Yu et al.259 in which the authors developed a 

fast, efficient, and multicomponent method for synthesizing trisubstituted 1,4,5-triazoles using organic azides, 

terminal alkynes and arylboronic acids. For this, CuCl was used as copper source, lithium methoxide and 

molecular oxygen as green oxidant. Several 1,4,5-trisubstituted 1,2,3-triazoles were obtained in good to 

excellent yields. According to the authors, this procedure provides rapid and selective access to fully 

substituted triazoles with a broad spectrum of functional group tolerability in the aryl portion (Scheme 42). 

 

 
 

Scheme 42. Multicomponent synthesis of 1,4,5-trisubstituted 1H-1,2,3-triazole derivatives.259 
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Additionally, a new multicomponent method for obtaining fully substituted 1H-1,2,3-triazoles has 

recently been described by Reddy et al.260 The authors used copper acetylide, organic azides and allyl iodide to 

obtain 1,4,5-trisubstituted 1H-1,2,3-triazoles. In addition, copper acetylide is not formed in situ and formation 

of 1,4-disubstituted triazole regioisomers was not observed. Triazoles were obtained in good yields, however, 

long reaction times were required (Scheme 43). 

 

 
 

Scheme 43. Synthesis of 1,4,5-trisubstituted 1H-1,2,3-triazoles by direct use of copper acetylide.260 

 

The potential of multicomponent reactions for the preparation of 1H-1,2,3-triazole derivatives has 

become extremely useful in recent years to produce complex macromolecular structures261 and several 

studies have reported the use of this strategy in the preparation of 1,4-disubstituted 1H-1,2,3-triazoles.262-267 

 

3.3.8 CuAAC light-induced reactions. A different way to generate Cu(I) species in situ in CuAAC reactions is 

through photoreduction, which makes use of light to reduce Cu(II) sources to Cu(I) without the addition of 

reducing agents. The first reports involving this strategy were described by the research groups Yagci268,269 and 

Bowman,270 who presented two photochemical protocols for the in situ generation of Cu(I) from a copper (II) 

chloride complex and the PMDETA ligand. Cu(I) species were generated directly or indirectly by ultraviolet 

light (UV) irradiation. In direct photolysis, UV light irradiation promotes an intramolecular electron transfer 

from the ligand π-system to the central ion, resulting in the desired reduction. Alternatively, in the indirect 

approach, a photoinitiator absorbs light in the UV-visible region, forming reactive intermediates such as 

radicals or carbocations, which in turn reduce Cu(II) species to active Cu(I) species (Scheme 44).271 

It is worth noting that the overall CuAAC reaction speed can be altered by light intensity, irradiation time 

and photoinitiator concentration. One of the main advantages of light-induced CuAAC reactions is that they 

can be controlled temporarily because the activating light beam can be turned on and off as desired. In 

addition, these characteristics make light-induced CuAAC reactions a promising method for biological and 

materials science applications.271 

Given these advantages, several studies involving the use of UV or visible light, as well as the use of 

different photoinitiators, have been reported to activate the cycloaddition reactions between organic catalysts 

and copper catalyzed alkynes.272-276 A very interesting method was reported in 2016 by Taskin et al.277 in which 

the authors used visible light (400-500 nm) and fullerene (C60) containing linear polystyrene (PS-C60) and 

polymer mesh (Gel-C60) as homogeneous and heterogeneous activators of CuAAC reactions (Scheme 45). 

Different azides and alkynes, including polymeric azides of low molecular weight were employed, however the 

products were not isolated, and yields were determined by hydrogen nuclear magnetic resonance (1H NMR). 
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Scheme 44. Direct and indirect method for Cu (II) photoreduction to Cu (I). Adapted from Tasdelen, 2013.271 

 

 

 
 

Scheme 45. Use of fullerene (C60) incorporated to light-activated polymers in CuAAC.277 
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3.3.9 Use of other transition metals in cycloaddition reactions involving azides and alkynes (MAAC). 

Alternatively, the use of different transition metals for the preparation of triazolic units has also been 

described to develop a new catalytic system for reaction between organic azides and alkynes. Fokin et al.278 

first reported in 2005 the use of ruthenium complexes for the preparation of 1H-1,2,3-triazole derivatives. The 

authors observed that, unlike copper complexes, the use of ruthenium under the conditions employed leads 

to the formation of highly regioselective 1H-1,2,3-triazoles from terminal or internal alkynes (Scheme 46). 

Following this discovery, different ruthenium complexes were developed for the preparation of di- or 

trisubstituted 1H-1,2,3-triazole derivatives.279-281 The preparation of 1H-1,2,3-triazoles involving ruthenium 

complexes is known in the literature as RuAAC (Ruthenium-Catalyzed Azide Alkyne Cycloaddition).  

 

 
 

Scheme 46. First report of the use of ruthenium in the preparation of 1H-1,2,3-triazole derivatives.278 

 

The use of metals such as silver,282-286 gold,287,288 iridium,289,290 nickel,291 zinc,292,293 samarium294 and 

lanthanum295 have also been reported. Further details as well as the mechanistic aspects involved in the use of 

these different metals can be found in the review by Wang et al.296 and in the recent work of Gomes et al.35 

Recently, Zheng's research group reported the use of Di-µ-chloro-tetracarbonyldirhodium(I), a rhodium(I) 

complex, in the catalysis of the reaction between internal alkynes and azides in a highly regioselective form.297 

The authors used internal alkynyl phosphonates to prepare 1,2,3-triazolyl-4-phosphonates with good yields 

(Scheme 47a). In 2019, the same researchers used that same catalyst to prepare 5-trifluoromethylthio-1,2,3-

triazoles (Scheme 47b) and 1H-1,2,3-triazole from internal thioalkynes and internal alkynyl (Scheme 47c) with 

high yields and excellent regioselectivities.298 The main advantage in both reports is the possibility of preparing 

substrates at larger scales. 

Although the use of different transition metals is an alternative for the preparation of 1H-1,2,3-triazole 

units, these synthetic strategies still suffer from product contamination with metals and ligand residues and 

generally require the use of expensive and unfeasible catalysts for many research groups. During the writing of 

this manuscript, it is worth noting the review published in 2019 by Souza et al.299 
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Scheme 47. Use of the metal rhodium to catalyze reactions between internal alkynes and azides.297,298 

 

Conclusions 
 

CuAAC reactions are by far the most prominent example of “click” chemistry as it leads to the formation of 

1,2,3-triazoles in a practical and efficient manner. Currently the literature has different synthetic strategies for 

the preparation of 1H-1,2,3-triazole derivatives, and most of the methods are based on the use of copper. 

In this review an overview of the main properties of the 1H-1,2,3-triazole derivatives was reported, as 

well as the main methods involved in their preparation, which involved historical, mechanistic, and recent 

trends involving the synthesis of these triazole rings. Synthetic strategies reported in this review included 1,3-

dipolar thermal cyclization between azides and alkynes (AAC), Cu(I)-catalyzed cycloaddition between azides 

and alkynes (CuAAC), heterogeneous CuAAC reactions, use of copper nanoparticles (CuNPs) in CuAAC 

reactions, use of ultrasonic energy and microwave irradiation in CuAAC reactions, multicomponent CuAAC 

reactions, CuAAC reactions induced by light and also the use of other transition metals in cycloaddition 

reactions involving azides and alkynes (MAAC). Each synthetic strategy has its own peculiarities and the choice 

of one is largely dependent on the reaction conditions and the nature of the substrates. However, despite this 

versatility, the use of the system involving a Cu(II) salt and a reducing agent remains the most used due to its 

simplicity and robustness. Nitrogen ligands, copper complexes, copper nanoparticles and even other metals 

have emerged as an alternative, but generally, many of these materials are costly. 

One of the main factors that led to the development of different synthetic strategies for CuAAC 

reactions was the search for the reduction of toxic element residues in triazole products. Despite the 

numerous methods available, CuAAC reactions are not yet fully developed. Thus, an ideal strategy that leads 

to the formation of triazole products as efficiently as possible, involving azides and alkynes with several 

substituents and the complete elimination of copper is a challenge that has motivated researchers from 
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various fields of knowledge. Additionally, given its established potential and the practicality of obtaining new 

and varied molecules from CuAAC reactions, it continues to be increasingly used and studied by research 

groups around the world. 
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