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Abstract

This theoretical literature review describes the various azide-alkyne cycloaddition (AAC) reactions and
highlights their strengths and limitations. AAC is a straightforward way to prepare 1,2,3-triazole rings
and is widely used in many synthesis applications because of its efficiency, versatility, and selectivity.
Normally, a selective AAC requires a catalyst, and this review aims to address the important aspects
known to date that will help in catalyst selection and will be useful for those who are interested in the

synthesis of functionalized 1,2,3-triazoles.

Besides metal-catalyzed AAC, organocatalysts and catalyst-free AAC reactions are also examined.

However, these reactions have not been well developed, and further investigation must be needed.
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1. Introduction

The fact that 59% of FDA-approved unique small
molecule drugs contain a nitrogen heterocycle shows that
nitrogen heterocycles are the most significant structures in
pharmaceuticals.! Notably, functionalized 1,2,3-triazoles
have attracted much attention over decades due to their
simple synthesis, versatility, and wide range of
applications.” A substituted 1,2,3-triazole ring does not act
only as a stable linkage to connect two chemical/biological
components® but also as an amide bond isostere.*
Moreover, compounds containing 1,2,3-triazole(s) are
utilized as anticancer agents,® antifungals,’ anti-
inflammatory,® antituberculosis,” kinase inhibitors,
fluorescent chromophores,'' catalysts,'”” and directing
groups for C-H activation.'*!

Regioselective synthesis of 1,4- and 1,5-
disubstituted triazole via azide-alkyne cycloaddition
(AAC) is often referred to as "the cream of the crop" of
click chemistry."® The term "click chemistry” was
introduced by Karl Barry Sharpless in 1999, and the term
"click reaction" was defined in 2001:'3

"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  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  nonchromatographic — methods,  such  as
crystallization or distillation, and the product must be
stable under physiological conditions."

This concept has become an attractive topic, as evidenced
by a literature search via Scopus performed on March 31st,
2024, which disclosed that a total of 20152 articles
containing the keywords "click chemistry" or "click
reaction" were published in 24 years. Click chemistry has
been widely used in many research fields due to its
effective, eco-friendly, and straightforward synthetic
method: among them, AAC is the premier example of click
reactions.'® AAC was first reported by Rolf Huisgen as a
1,3-dipolar cycloaddition (1,3-DCA) also known as
Huisgen cycloaddition.'” In 2001, Meldal and Sharpless
independently discovered copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) regioselectively yielding
1,4-disubstituted 1,2,3-triazole.'®! In 2005, synthesis of
1,5-disubstituted  1,2,3-triazoles  via  ruthenium(II)-
catalyzed azide-alkyne cycloaddition (RuAAC) was
reported.”® In addition, other transition metal-catalyzed
azide-alkyne cycloaddition (MAAC)?' and metal-free
AAC have also been developed.?** Although the effective
synthesis of the 1,2,3-triazole ring 1is still being
investigated, this review aims to provide important aspects
of the various types of AAC and highlight key points for
the successful synthesis of the desired regioisomers of
1,2,3-triazoles.

2. Theory

2.1. Huisgen 1,3-Dipolar Cycloaddition: Thermal
Azide-Alkyne Cycloaddition Reactions

Even though the theory of 1,3-DCA was
interesting, this reaction was formerly not used as this
thermal cycloaddition is often very slow due to the high
activation energy and requires elevated temperatures.
Moreover, the thermal reaction also gives a mixture of the
1,4- and 1,5-regioisomers of 1,2,3-triazole (Scheme 1)."”
The ratio of the mixture is ca. 1:1 depending on functional
groups bound to azide/alkyne (Scheme 2).19 A
computational study by density functional theory (DFT)
showed that the activation barriers for the uncatalyzed
thermal AAC giving 1,4- and 1,5-regioisomers were 25.7
and 26.0 kcal/mol, respectively.?*

Scheme 1. Huisgen 1,3-Dipolar Cycloaddition of
Alkyne and Azide.
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Scheme 2. Thermal AAC of Benzyl Azide and Phenyl
Propargyl Ether.
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Although its mechanism is still not fully
understood, two possible mechanisms are proposed: a
stepwise and a concerted mechanism. Metadynamics
computer simulations have shown that when the functional
group is relatively small, such as a methyl group, 1,3-DCA
has a preference for 1,4-regioisomers in a concerted
mechanism and for 1,5-regioisomers in a stepwise
mechanism. Changing to larger functional groups might
reverse the concerted/stepwise preference for 1,4-
regioisomers and eliminate the concerted preference for
1,5-regioisomers.”

2.2. Copper-Catalyzed Azide-Alkyne Cycloaddition
(CuAAC) Reactions

CuAAC reactions allow a significant rate
acceleration up to a factor of 7 compared to the thermal
AAC,* and produce only 1,4-disubstituted 1,2,3-triazoles
from azides and terminal alkynes at ambient temperature
(Scheme 3)." This regioselectivity results from the
favorable orientation of the reactants in the transition state:
the transition state leading to the 1,4-regioisomer was
found to be 8.9 kcal/mol lower in energy than that giving
the 1,5-disubstituted 1,2,3-triazole.?*?’ Furthermore, for
the formation of the 1,5-isomers, the terminal nitrogen
should be complexed with the copper of the acetylides,
which is electronically unfavorable.?®

Originally, the mechanism of the CuAAC was
assumed to be a stepwise process, involving the formation



of mononuclear copper(I) acetylides (Scheme 4), and the
concerted cycloaddition of azide and copper(I) acetylide
was disregarded.'*** However, recent DFT studies have
found that CuAAC occurs in a single concerted step with
the formation of a dinuclear copper intermediate.”>*? Thus,
the actual steps consist of: the formation of dinuclear
copper acetylide intermediate (Step A), the coordination of
the azide to the first intermediate (Step B), the concerted
cyclization between the alkynyl and the to create two C-N
bonds (Step C), and the proton transfer from the alkyne to

the third intermediate (Step D), as outlined in Scheme
6.32’33

Scheme 3. CuAAC of Benzyl Azide and Phenyl
Propargyl Ether Yielding Only the 1,4-Regioisomer.
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Scheme 4. Early Proposed Catalytic Cycle of CuAAC

by K. B. Sharpless.
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Scheme 5. Recently Suggested Catalytic Cycle of
CuAAC.
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2.3. Ruthenium-Catalyzed Azide-Alkyne
addition (RuAAC) Reactions

Cyclo-

Whereas CuAAC gives only 1,4-regioisomers of
1,2,3-triazole, RUAAC affords mainly 1,5-disubstituted
1,2,3-triazole (Scheme 6).2° Additionally, in contrast to
copper catalysis, ruthenium catalysis allows the
cycloaddition of azides and internal alkynes, yielding fully
substituted 1,2,3-triazoles (Scheme 7).>* The involvement
of terminal and internal alkynes in ruthenium catalysis
proposes that ruthenium acetylides are not involved in the
catalytic cycle, as opposed to the mechanism of CuAAC
that requires the formation of dinuclear copper acetylide
complex.?** Hence, the reason for the 1,5-selectivity is
assumed to be that the ruthenium catalyst activates the
alkyne  through  m-interactions, increasing  the
nucleophilicity of the alkyne and facilitating the
nucleophilic attack from its most nucleophilic carbon to
the electrophilic terminus of the azide.*> The currently
accepted mechanism of RuUAAC is shown in Scheme 8.%
The mechanism consists of four steps: the formation of the
activated  Ru-azide-alkyne complex through the
replacement of the spectator ligands with azide and alkyne
(Step A, ligation), the conversion from the activated
complex to the ruthenacyclic intermediate via the
oxidative coupling of the alkyne and the azide at which the
new C-N bond is formed between the more
electronegative carbon of the alkyne (terminal carbon) and
the terminal nitrogen of the azide (Step B, regioselectivity-
determining step), reductive elimination (Step C, rate-
determining step), and releasing the triazole product and
regenerating the catalyst (Step D).3>3 For the formation of
the activated complex at Step A, there are four possible
structures (Figure 1); CMP-A and CMP-B give a 1,5-
regioisomer while CMP-C and CMP-D give a 1,4-
regioisomer.”® In addition, DFT calculations have
indicated that energetic, steric, and electronic factors favor
the pathway starting from the activated complex CMP-A,
and this is consistent with experimental results, namely,
the formation of 1,5-disubstituted triazole.>>’

Scheme 6. RuAAC of Benzyl Azide and
Phenylacetylene Giving Only the 1,5-Regioisomer.
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Scheme 7. RuAAC of Benzyl Azide and
Diphenylacetylene Giving the Fully Substituted 1,2,3-
Triazole.
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Scheme 8. Proposed Catalytic Cycle for RuAAC with
[Cp*RuCl] Catalyst.
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Figure 1. Structures and Computed Energies of Four
Possible [Cp*RuCl]-Azide-Alkyne Activated
Complexes.

2.4. Other Transition Metal-Catalyzed Azide-
Alkyne Cycloaddition (MAAC) Reactions

While copper and ruthenium catalysts are most
commonly used in AAC reactions to synthesize 1,4- and
1,5-disubstituted 1,2,3-triazoles, other metals have been
also investigated to allow AAC reactions under
milder/greener  conditions.  Nickel-catalyzed AAC
(NiAAC) reactions regioselectively yield 1,5-regioisomers
in water under air at room temperature, as opposed to
RuAAC.*® Especially, Cp,Ni/Xantphos-catalyzed AAC
reactions are robust enough to tolerate both aliphatic and
aromatic alkynes with diverse functional groups such as
methoxy-, amine-, nitro-, chloro-, and methyl moieties.*
However, NiIAAC is incompatible with 2-ethynylanisole
(ortho-OMe phenylacetylene) due to its steric demand:
NiAAC reactions are favored by lower steric hindrance of
substrates (Scheme 9).%®

Scheme 9. Examples of NiAAC.

Ph Cp,Ni, 10 mol% n=N Ph
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Zinc-catalyzed AAC (ZnAAC) reactions can
produce both 1,4-disubstituted, 1,5-disubstituted, and fully
substituted 1,2,3-triazoles via the formation of a m-
complex between zinc catalyst and alkyne.* As a catalyst,
Zn(OAc);, is used for the synthesis of 1,4-disubstituted and
fully substituted 1,2,3-triazoles,” Zn(OTf), for 1,4-
regioisomers,*’ and ZnEt, for 1,5-regioisomers (Scheme
10).4!

Scheme 10. Examples of ZnAAC.
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Rhodium-catalyzed AAC (RhAAC) is superior
in that it proceeds under mild conditions and is compatible
with water and air. RhAAC using [Rh(CO),CI], as a
catalyst is most known for the synthesis of fully substituted
4- and 5-sulfonyl-1,2,3-triazoles,*> 1,4-disubstituted 5-
trifluoromethylthio-1,2,3-triazoles,* and 1,4-disubstituted
5-amino-1,2,3-triazoles under mild condition in one-pot
(Scheme 11).4

Scheme 11. Examples of RhAAC.
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Palladium-catalyzed AAC (PdAAC) is a useful
reaction for the synthesis of fused 1,2,3-triazoles via
tandem Sonogashira coupling — CuAAC reaction* and for
the synthesis of fully substituted 1,2,3-triazoles via a one-
pot three-component reaction of azides, alkynes, and aryl
halides with palladium catalyst and copper(I) co-catalyst
(Scheme 12).4

Scheme 12. Examples of PAAAC.
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Silver-catalyzed AAC (AgAAC) reactions afford
1,4-disubstituted 1,2,3-triazoles via nucleophilic attack on
silver(I) acetylides by azides.*” McNulty et al.*’ reported
AgAAC wusing a homogeneous silver(I) catalyst
accelerated with the aid of a ligand. Silver dicyanamide
(AgN(CN),)-catalyzed AAC with base is also a simple and
efficient method to synthesize 1,4-regioisomers at room
temperature, and the catalysis tolerates various functional
groups of alkynes such as alcohol, aryl, and ester (Scheme
13).4%8

Scheme 13. Example of AgGAAC.
Ph  AgN(CN), 5 mol% N Ph
Ph—— + DIPEA, 1.0 equiv. N= \N—/
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Iridium-catalyzed AAC (IrAAC) is applied to
synthesize fully substituted 1,2,3-triazoles. [Ir(cod)Cl]»
(cod = cyclooctadiene) is often used as a catalyst to
produce 1,4-disubstituted 5-thio-,* 5-amido-,* and 5-
ether-1,2,3-triazoles®' from internal electron-rich alkynes
and organic azides under mild conditions (Scheme 14).
[Ir(cod)OMe], catalyst is, on the other hand, used to
prepare 1,5-disubstituted 4-bromo-1,2,3-triazoles, but this
catalysis is only suitable for electron-donating aryl alkynes
(Scheme 15).32

Scheme 14. Examples of IrAAC Using [Ir(cod)Cl],.
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Scheme 15. Examples of IrAAC Using [Ir(cod)OMe],.
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Recyclable gold nanoparticle-catalyzed

syntheses of 1,2,3-triazoles are known as gold-catalyzed
AAC (AuAAC) reactions. The reaction mechanism is
stepwise: formation of metal acetylide, cyclization
between nucleophilic nitrogen of azide and electrophilic
carbon of alkyne, and generation of 1,4-disubstituted
1,2,3-triazole by the removal of the gold catalyst.”
Nanoporous titanium dioxide (TiO,)-supported AuAAC is
remarkable as Au/TiO, nanoparticles can be reused up to
five times without any loss of product yield. This reaction
is compatible with water and is suitable for both aliphatic
and aromatic alkynes substituted by electron-donating
groups (EDGs) as well as electron-withdrawing groups
(EWGs) (Scheme 16).

Scheme 16. Example of AuAAC.
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2.5. Metal-Free Azide-Alkyne Cycloaddition

Reactions

As described, 1,4- and 1,5-disubstituted 1,2,3-
triazoles have diverse pharmaceutical applications.
Nevertheless, metal-catalyzed synthesis often leads to the
presence of trace metal contaminants that negatively affect
human health; therefore, metal-free AAC reactions are in
significant demand.** Not to mention, it has the advantage
of being insensitive to air and moisture, lower toxicity and
environmentally friendly.*®

Revathi et al>® developed N-heterocyclic
imine/imino (NHI) catalysts to access 1,4-disubstituted
1,2,3-triazoles from terminal alkynes and organic azides.
The plausible mechanism supported by DFT studies is
given in Scheme 17: the formation of the active imino
catalyst by treating sodium hydride (NaH) with the imine
precatalyst (Step A), the highly basic imino catalyst
abstracting a proton from the terminal alkyne to generate
the acetylide (Step B), the nucleophilic attack of the
terminal nitrogen on the acetylide (Step C), and the formed
triazolide anion abstraction a proton from the imine to
yield the 1,4-regioisomer (Step D).*® The outcome of this
approach is not affected by the electronic properties of the
substituted groups of alkynes, but by the electronic
properties of the functional groups of azides: EWG on the
azides hinders the product formation (Scheme 18). Despite
the various substrates investigated, the substrate scope of
this reaction can be limited due to the use of the strong base,
NaH, and a potential issue with this procedure is that it may
be challenging to scale up the reaction because of the
thermal instability hazards of a NaH/DMSO mixture.®’



Scheme 17. Suggested Mechanism of AAC Using NHI

Catalyst.
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Scheme 18. Examples of Organocatalyzed AAC Using
the NHI catalyst.
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In 2024, Levandowsiki et al.”® reported
diarylisobenzofuran derivatives as organocatalysts for
1,4-regioselective AAC reactions. The chosen model
reaction is the cycloaddition of perfluorophenyl azide and
ethyl propialate. Here, perfluorophenyl azide is very
activated, and the AAC reaction with this azide proceeds
without any catalysts (1,4-/1,5-regioisomer, 87:13).
Still, the isobenzofuran organocatalyst increased the rate
and regioselectivity of the AAC reaction, resulting in the
1,4- and 1,5-regioisomer ratio of 96:4 (Scheme 19).% The
catalytic cycle, depicted in Scheme 20, consists of three
steps: the formation of a benzooxanorbornadiene adduct
by a Diels-Alder reaction of a diarylisobenzofuran with
an electron-deficient alkyne (Step A, rate-determining
step), 1,3-DCA between the benzooxanorbornadiene
adduct and an azide (Step B, regioselectivity-determining
step), and releasing a 1,4-disubstituted triazole by a retro-
Diels-Alder reaction (Step C).?* DFT studies also support
the formation of 1,4-regioisomer with a 4.1 kcal/mol
kinetic preference over the formation of 1,5-
regioisomer.”

Scheme 19. Example of Organocatalyzed AAC Using

Organocatalyst.
F MeO. O O OMe
\[H\/ % ? < 8

MeO___O
Catalyst B

Catal IyIB 20 mol%
HO/dl 143nc

Scheme 20. Proposed Mechanism Using the
Diarylisobenzofuran Organocatalyst.

N‘N\N_®
= Ar 0 Ar
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Step A:
Diels-Alder

Step C:
retro-Diels-Alder

Step B: 1,3-DCA

Metal-free 1,5-regioselective synthesis of 1,2,3-
triazoles was achieved by the reaction between organic
azides and trimethylsilyl-capped (TMS-capped)
alkynes.” Desilylation can be easily performed with
potassium fluoride (KF) and tetrabutylammonium
fluoride (TBAF) or potassium zert-butoxide (BuOK)
after cycloaddition (Scheme 21).%%%¢

Scheme 21. Examples of AAC Between Azides and

TMS-Capped Alkynes.
=t f? %Q @Q

cl

N‘N\
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3. Discussion
3.1. The Reaction Scope of CuAAC

A wide range of experimental conditions for
CuAAC reactions have proved that almost any source of
solvated copper(I) can be used as a catalyst in CUAAC.'3"
Copper(I) source is usually prepared in three ways: (i)
direct use of Cu(]) salts, (ii) oxidation of Cu metal, and (iii)
in situ reduction of Cu(Il) salts.*® As a direct source of
Cu(I) salts, copper iodide (Cul), copper bromide (CuBr),
copper chloride (CuCl), copper acetate (CuOAc), and
coordination complexes, such as [Cu(CH3CN)4]PFs, are
commonly utilized. A key is to maintain a high level of
active Cu(I) species during a reaction since Cu(l) is the
least thermodynamically stable among the oxidation states
of copper (0, +1, +2).%° The procedure therefore requires
an inert atmosphere and anhydrous degassed organic
solvents, such as acetonitrile (MeCN) or tetrahydrofuran
(THF), to aid solubilization and to prevent oxidation of
Cu(I) to Cu(II).* It also requires an excess of nitrogen base,
such as triethylamine or N,N-diisopropylethylamine
(DIPEA), to help stabilize the active Cu(I) state and to



promote the deprotonation of alkynes to form the active
Cu(I)-acetylide intermediate.'” However, the presence of
the base will lower the yield by facilitating the formation
of diacetylenes, bis-triazoles, and 5-hydroxytriazoles
(Scheme 22).' In some cases, 5,5'-bistriazoles can be
formed in up to 95% via oxidative coupling by adding
bases.®! Furthermore, the presence of halide ions,
especially iodide ions, in CuUAAC can act as inhibitors,
leading to the formation of polynuclear acetylide
complexes that interfere with the productive catalytic
cycles.®%? Copper(I) iodide may also lead to the formation
of l-iodoalkynes and consequently 5-iodo-1,4-
disubstituted triazoles.**

Scheme 22. Possible Side Reactions of CuAAC.

0,
2 R—————-=Cu > R———=——R
Cu(l)X
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R2 R!
Cu(l) Nl
B N~ N
RI——= + R2-N; — € 5 n 7 0
MeCN, RT, 18 h N N-N
R' R2

Oxidation of copper metal is another method to
generate the Cu(I) catalyst for CUAAC. The cycloaddition
between azides and alkynes in water/alcohol mixtures in
the presence of excess copper turnings affords the
corresponding 1,4-disubstituted 1,2,3-triazoles.”* The
copper metal procedure has the advantage of synthesizing
compound libraries for biological screening due to the very
low copper contamination in triazole products,’® While
using copper turnings requires a stoichiometric amount of
copper and long reaction times, activated Cu(0) nanosize
powder provides an alternative method of Cu(l)
generation.% The benefit of using Cu(0) powder is that it
requires only a catalytic amount of the copper powder and
shortens the reaction time by enhancing the formation of
copper acetylide thanks to its larger surface area than Cu
metal.* The drawbacks are, however, that the solvation of
Cu(0) particles requires a slightly acidic environment (ca.
pH 5). Hence, it is necessary to add secondary amine
hydrochloride salts to enhance the dissolution of Cu(0),
resulting in the generation of the catalytic Cu(I) species.®*
Since the reaction will not proceed without amine
hydrochloride salts, this method cannot be applied to
substrates containing acid-sensitive functional groups.
Further, Cu(0) nanosize powder costs more than seven
times as much as other copper sources used in CuAAC.%

In situ generation of Cu(I) from Cu(Il) salts by
reduction is most extensively applied as it is inexpensive,
often purer than Cu(I) salts, and compatible with oxygen
and water.!? Particularly, copper(Il) sulfate pentahydrate
with a three- to ten-fold excess of sodium ascorbate as a
reducing agent in a water/alcohol mixture is favored.®® In
some cases, Cu(OAc), can be used without any reducing
agents in alcoholic media. The plausible explanation is that
Cu(1l) is reduced to active Cu(I) species either by alcohol
oxidation, alkyne oxidative homocoupling, or both,
evidenced by spectroscopic observations.%

Regarding  substrates, CuAAC is not
significantly affected by the steric and electronic
properties of functional groups attached to azides and
alkynes.®” In general, primary, secondary, and tertiary,
electron-deficient and electron-rich, aliphatic, aromatic,
and heteroaromatic azides react well with terminal alkynes
substituted with alcohols, carboxylic acids, and amines
without protecting groups.®®® Exceptionally, reactions
between terminal alkynes and azides having N-sulfonyl or
N-phosphoryl azides do not usually afford 1,2,3-triazoles
but give amidines,®” amides,®, or imidates (Scheme 23).
In order to produce 1,4-disubstituted sulfonyl triazoles, the
reaction needs to be tuned: for example, using CuBr and
thioanisole ~ (PhSMe),”® Cu(OAc)»H,O and 2-
Aminophenol (Entry 5, Table 1),”' or copper(I) thiophene-
2-carboxylate (CuTC) as a catalytic system (Entry 6).7?

Scheme 23. Examples of CuAAC Between Terminal
Alkynes and N-Sulfonyl Azides.

N\

THF,RT,1h Ts

34 89%

Ts Cul, 10 mol%
| Et;N, 1.5 equiv. ph/\
Ph—=  + @N@N + n
NZ CHCls, RT, 12h s
35 94%
Ts Cul, 10 mol%
[} Et;N, 1.5 equiv.
Ph—= + @SN+ b b L N ph/\‘
_N |
NZ CHCI3, RT, 12 h N

Ts

36 87%

CuAAC reactions do not usually proceed with
azides and internal alkynes. Nonetheless, 1-iodoalkynes
and TMS-protected alkynes can react with organic azides
to give 5-iodo-1,4,5-trisubstituted-1,2,3-triazoles (Entry 7,
Table 1)® or 1,4-disubstituted 1,2,3-triazoles under certain
conditions (Scheme 24).737

Scheme 24. Example of CuAAC Between Azides and
TMS-Capped Alkynes.

Bn CuBr, 15 mol%

_N
| Et;N, 1.0 equiv. N="
ph—=——Tms + @ON ——snlfeauv )Q/N—Bn
NN DMF/H,0, 1:2,100°C,2h  pp
19 91%

Keeping the reactants soluble throughout the
reaction is also a key requirement for success, and a
water/alcohol mixture is most commonly used solvent
because water supports copper acetylides in their reactive
states and alcohol facilitates the solvation of lipophilic
reactants. Other organic co-solvents, for example, N,N-
dimethylformamide (DMF) or dimethyl sulfoxide
(DMSO) are also employed for more hydrophobic
reactants.”” As expected from CuAAC being the cream of
the crop of click chemistry, CuAAC produces 1,4-
disubstituted 1,2,3-triazoles in high yields with a simple
workup. As for workup, in many cases only filtration is
required to collect a pure precipitate when the product is
solid; only aqueous extraction is required for non-solid
triazoles.”® The reaction scope of CuAAC is summarized
in Table 1.



Table 1. Copper-Catalyzed Reactions of Azides with Terminal Alkynes.

Entry Product Conditions Yield, % Ref.
zide, 1.0 equiv.
7 N Azide, 1.0 equi
=N —N Alkyne, 1.5 equiv.
1 M= N ’ >95 66
Cu(OAc),, 5 mol%
~
“0\)\/ BuOH, RT, 1 - 2 min.
37
Ph
N o—/ Azide, 1.0 equiv.
N= N — Alkyne, 1.0 equiv.
2 HO = CuS045H,0, 1 mol% 91 19
Sodium ascorbate, 10 mol%
0 28 H,O/fBuOH, 1:1, RT, O/N
o. NH,
\‘s’\\ Azide, 1.0 equiv.
no N=N o Alkyne, 1.0 equiv.
N
3 N N CuSO45H,0, 1 mol% 88 19
Y Sodium ascorbate, 10 mol%
NH, H,O/tBuOH, 1:1, RT, O/N
39
N ”N\
— N—CF,CF,Br Alkyne, 1.0 equiv.
4 Azide, 1.2 equiv. 08 77
CuMeSal, 5mol%
THF, RT, O/N
40
N Azide, 1.0 equiv.
N N —Ts Alkyne, 1.1 equiv.
5 )%/ Cu(OAc)»-H>0, 10 mol% 95 71
Ph . N
» 2-Aminophenol, 5 mol%
MeCN, RT, 20 min.
N $N\
N—Ts Alkyne, 1.0 equiv.
6 MeO 0\#/ Tosyl azide, 1.1 equiv. 93 7
\©/ CuTC, 10 mol%
Toluene, RT, 2h
42
CF, Azide, 1.0 equiv.
nzN Alkyne, 1.0 equiv.
7 )§<N Cul, 5 mol% 90 63
Ph EtN, 2.0 equiv.
' THF, RT, 6 h
F
\ AQ’B' Alkyne, 1.0 equiv.
N=N Azide, 1.0 equiv.
8 HW CuS04-5H,0, 20 mol% 85 78
N Sodium ascorbate, 20 mol%
H,O/fBuOH, 1:1, RT, 8-10 h
44
2 1 e Alkyne, 1.0 equiv
EtO{N ~ Corresponding iodide, 1.2 equiv.
9 N\ NH; NaN3, 1.2 equiv., NaCO3, 20 mol% 75 79
N _N L-Proline, 20 mol%, Cu/C, 40 mol%
DMSO/H,0, MW, 130°C, 30 min.
45
Bn 1) Heterocyclic iodide, 1.0 equiv.
N= N NaNj aq., 1.5 equiv.
<N MeCN/DMSO, RT, 1 min.
10 EtO,C | N 2) CuCl, 10 mol%, MeCN/DMSO, RT, 30 min. 47 80
cl N/J 3) Corresponding alkyne, 1.5 equiv.
% DIPEA 2 equiv., AcOH, 2 equiv.

MeCN/DMSO, RT, 3h




3.2. The Reaction Scope of RuAAC

For 1,5-regioselective RUAAC reactions, only
four complexes containing the [Cp*RuCl]
(pentamethylcyclopentadienyl ruthenium chloride) are
found to be viable, which are Cp*RuCI(PPhs),,
[Cp*RuCl]4, Cp*RuCl(COD), and Cp*RuCI(NBD) (NBD
= norbornadiene); otherwise, RUAAC does not proceed or
gives 1,4-regioisomers (Entry 1, Table 1).2** These four
Ru-catalysts are rather sensitive to atmospheric oxygen.
Thus, RUAAC reactions should be carried out under an
inert atmosphere.®® For instance, the conversion of the
reaction between benzyl azide and phenylacetylene using
4 mol% Cp*RuCl(COD) is quantitative under argon and
only 20% under air.®! However, degassing solvents has
little effect on the reaction rate and yield and is claimed not
to be necessary.’’ In addition to oxygen, ruthenium
catalysts can also be deactivated by azides and alkynes. For
example, Cp*RuCl(COD) reacts with organic azides to
give ruthenium tetraazadiene complexes, which can be
isolated by column chromatography, appearing as a green
band on a silica gel column.’! Besides, [2+2+2] alkyne
cyclotrimerization giving benzene derivatives via
ruthenacyclopentatriene and dimerization reaction of
propargylic alcohol giving cyclobutadiene ruthenium
complex may be observed (Scheme 25).8%%3 These three
ruthenium complexes are no longer active, even at an
elevated temperature, and, it is therefore important to add
the ruthenium catalyst to the system in the presence of both
azides and alkynes.’! RuAAC usually requires excess
azides or excess alkynes, and products are often isolated
by chromatographic methods, as opposed to CuAAC .3

Scheme 25. Deactivation Routes of Cp*RuCl(COD).
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RuAAC reactions are often conducted in aprotic
solvents such as acetone, THF, toluene, dioxane,
dichloromethane (DCM), DMF, and chloroform, and the
reaction mixture must be completely homogeneous.?!
Whereas DMF activates and stabilizes ligands by the
formation of complexes with ruthenium,® reactions in
DMSO have been reported to be problematic.®® In addition
to DMSO, water, ethyl acetate, methanol, isopropyl
alcohol, hexane, and diethyl ether are reported as
detrimental to catalysis. Even though ruthenium catalysts
are incompatible with water, the solvents need not be
extremely dry as the presence of adventitious water usually
does not affect the catalysis.>* The Reaction temperature
varies with substrate and catalyst type from ambient to
110°C; in general, reactions with [Cp*RuCl]; and
Cp*RuCl(COD) require a lower temperature to achieve
full conversion, in contrast to the Cp*RuCI(PPh;), that
requires temperatures exceeding 60°C.3' Thus, the use of
microwave heating is occasionally applied to achieve a

high conversion in a short time.* The reaction efficiency
can be improved by increasing catalyst loading (Entries 3
and 4, Table 2). On the other hand, slight variations in the
reaction temperature and extending reaction times do not
improve the yield of the reaction (Entries 4, 5, and 6).3

RuAAC is not as versatile as CuAAC with
respect to substituent tolerance. Specifically, the steric
demands of the azide substituent frequently affect the yield
of the reaction: RUAAC involving primary azides are most
efficient, cycloadditions of secondary azides often react
slower and result in slightly lower yields, and tertiary
azides, with a few exceptions, hardly participate in
catalysis.** Furthermore, azides containing diortho
substituents or strongly electron-withdrawing groups, such
as (4-nitro)azidobenzene, fail to participate in the
reaction.* Moreover, it is surprisingly reported that the
RuAAC reaction of 2,2-diaryl-2-azidoamines and terminal
alkynes affords the 1,4-regioisomers because its steric
congestion from the geminal diaryl groups of the azide
may hinder the preference for 1,5-regioisomer formation
(Scheme 26).%7

Scheme 26. Examples of Steric Demand on RuAAC.
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On the contrary, RUAAC is not very sensitive to the
substituents on the alkyne: terminal alkynes containing
halide, alcohol, ether, acetal, nitrile, ester, amine,
sulfonamide, and heterocyclic groups are readily involved
in the reaction.” However, acidic functionalities such as
carboxylic acid and boronic acids can be problematic.®
Likewise, it is experimentally proven that the electron-rich
alkynes are more reactive than the electron-deficient
species.®

As stated, the unique feature of RUAAC is its
ability to produce fully substituted 1,2,3-triazole from
internal alkynes and organic azides. Regioselectivity is
often high for unsymmetrically substituted internal alkyne
but depends on the electronic properties of the substituents,
their steric demands, and the ability to form hydrogen
bonding.* It is known that hydrogen bond donors, such as
alcohols and amines, in the propargylic position (next to
an alkyne) will always be at the C-5 position of the product,
i.e., the new C-N bond is formed between the terminal
nitrogen of the azide and the B-carbon of the alkyne.*® This
directing effect can be ascribed to the formation of a strong
hydrogen bond between the hydrogen bond donor group
and the chloride ligand on the ruthenium. Without such
directing groups, the new C-N bond is formed between the
terminal nitrogen and the more nucleophilic carbon of the
alkyne: the more electronegative carbon of the alkyne
becomes C-4 in the 1,2,3-triazole.* Interestingly, adding



Cu(]) salts to the Ru catalysis improves the regioselectivity
and the reaction rate of RUAAC of internal alkynes and
azides; with any luck, residual Cu can be in alkynes since
a majority of alkynes are prepared via Sonogashira

triazole product (Scheme 27).”° The reaction scope of
RuAAC is summarized in Table 2.

Scheme 27. Example of RuAtAC.

coupling reaction. Furthermore, the cycloaddition of o P — NN
azides and internal thioalkynes (RuAtAC) preferentially ,—==° * = * N HON,RT.Oh Ho/\)i
takes place over the reaction between azides and internal ' o
alkynes; sulfur usually ends up at the C-5 position of the 40wk
Table 2. Ruthenium-Catalyzed Reactions of Azides and Alkynes.
Entry Product Conditions Yield, % Ref.
n=N Azide, 1.0 equiv.
N—Bn Alkyne, 1.5 equiv. Quantitative
! ph)Q/ Ru(OACc),(PPhs),, 5 mol% conversion 20
19 Benzene, 80°C, 4 h
~N . .
"t(\N_B n /;Auz(lde, ll.OSequly.
S yne, 1.5 equiv.
2 " Cp*RuCl(PPhs),, 5 mol% 80 20
5 Benzene, 80°C, 2 h
=N .
t{‘N_Bn ilk_};ine,ll .10 equiv.
zide, 1.1 equiv.
3 " [Cp*RuCl]a, 2 mol% 3 84
5 DMF, MW, 110°C, 20 min.
~N .
t{‘N_Bn ilk_};ine,ll .10 equiv.
zide, 1.1 equiv.
4 " [Cp*RuCl]s, 10 mol% 73 84
5 DMF, MW, 110°C, 20 min.
~N .
T;(\N_B n ilk_};ine,ll .10 equiv.
zide, 1.1 equiv.
> . [Cp*RuCl]s, 10 mol% 69 84
5 DMF, MW, 90°C, 20 min.
=N .
t{‘N_Bn ilk_};ine,ll .10 equiv.
zide, 1.1 equiv.
6 " [Cp*RuCl]a, 2 mol% 66 84
5 DMF, MW, 110°C, 10 min.
N$N\
__N—Ph Azide, 1.0 equiv.
; O Alkyne, 1.0 equiv. 26 97
o _ MN=Boc [Cp*RuCls, 4.5 mol%
Pn DMF, RT, 2 h
50
n=N.  Ph
_ N— Azide, 1.0 equiv.
FsC Alkyne, 1.5 equiv.
8 )\S\OH [Cp*RuCl]4, 10 mol% 89 92
Fh THF, 66°C, 5 h
51
=N, Ph
\ N\ n— Alkyne, 1.0 equiv.
9 N \K\( Azide, 1.25 equiv. 35 03
o Br CpRu(COD)CI, 3 mol%
MeCN, RT, 1 h
52
MeO OMe
OMe
N=N Azide, 1.0 equiv.
10 Alkyne, 1.7 equiv. 94 94

Cp*RuCl(PPhs),, 20 mol%
Benzene, reflux, 24 h




3.3. One-Pot Synthesis of 1,2,3-Triazole Scaffolds

Organic azides are easily prepared by insertion of
the N3 group via nucleophilic substitution of the
corresponding halides with azidating agents such as
sodium azide (NaNj), trimethylsilyl azide (TMSNj3),
diphenylphosphoryl azide (DPPA), and
tetrabutylammonium azide (TBAA).”> Even though
organic azides are basically safe compounds, those of low
molecular weight can be unstable and explosive.”® There
are some noteworthy points when handling azides. For
organic azides to be safe, the "rule of six" or "carbon to
nitrogen ratio" is practical: either six carbons per azide or
a C/N ratio greater than three is required for a sufficient
level of safety. Most organic azides are decomposed to
release N, gas by certain transition metals, temperatures
above 180°C, and strong acids.”® Additionally, Aryl azides,
vinyl azides, acyl azides, and a-azido ketones are less
stable and more dangerous than aliphatic azides.'> While
sodium azide is as toxic as sodium cyanide, it is relatively
safe in aqueous media.”®®’ As a general rule, contact with
metals, acids, and halogenated solvents must be kept away
from inorganic azides.”®** Owing to these safety criteria
for handling azides, a method to avoid isolation of organic
azides is convenient; a one-pot, two-step procedure with in
situ generation of organic azides has been developed.'®
For CuAAC, reactions are readily accomplished by mixing
alkynes, halides (or aromatic amines), NaNs (or TMSN3),
and copper(I) catalysts simultaneously in a solution
(Scheme 28).191% When the nucleophilic substitution of
halide is less efficient, the formation of 1H-1,2,3-triazole
is a competitive reaction.'”” One important aspect to keep
in mind while workup is copper azides are explosive when
dry; they must be removed before drying.'” Moreover,
telescoping CuAAC allows for three or more reaction steps
in one pot, for instance, sequential Sonogashira coupling —
desilylation — CuAAC reaction giving 1,4-disubstituted
1,2,3-triazoles (Scheme 29).1%-1% 1 5_Disubstituted 1,2,3-
triazoles can be similarly synthesized by one-pot NiIAAC
or sequential one-pot RUAAC (Scheme 30).861%7

Scheme 28. Examples of CuAAC of Alkynes and In
Situ Generated Azides.

Cu(0) turnings
1M CuSO, aq. n=No
Ph

= + NaN; + A — N
H;0/BuOH, 1:1, MW, 125°C, 10 min. Ph)Q/

54  89%

CuSO; - 5H;0, 1.0 equiv.
— 4 NaNg Ascorbic acid, 1.0 equiv. N
DMF/H,0, 4:1,RT, 20 h \

55 74%

1) tBUONO, 1.5 equiv.
TMSN;, 1.2 equiv.
CH4CN, 0°C > RT,1h n=N
5 Ph—
CuSOy, 7 mol%
Sodium ascorbate, 20 mol%
CH4yCN, RT, 16 h

27  88%

Scheme 29. Example of One-Pot Multi-Step CuAAC.
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Scheme 30. Examples of One-Pot RuAAC and
NiAAC.
1) NaN3, 2.0 equiv.
DMA, MW, 80°C, 10 min. n=MN

2) Cp*RuCI(PPhy),, 6 mol%
MW, 100°C, 30 min,

S

\ 57 93%

Cp,Ni, 20 mol%
Xantphos, 20 mol%

— Cs,CO03, 1.0 equiv.
DMF, MW, 50°C, 4 h

3.4. Other MAAC and Metal-Free AAC Compared
to CuAAC and RuAAC

Reaction scopes of MAAC and organocatalyzed
AAC including thermal AAC, CuAAC, and RuAAC are
summarized in Table 3. Note that azide-alkyne
cycloaddition reactions are highly exothermic and should
be conducted on a small scale before scale-up.'®

Table 3. Strengths and Limitations of Various AAC Reactions.

Method Product Substrate scope Strengths Weaknesses
_N .
N$N\N R2 N ‘N—R2 Aid q High
- + I ides an . temperatur
Thermal k/ I\< Z1aes Sustainable emperature,
R! R terminal alkynes slow reaction,
ca.1:1 non-selective
Azides and . .
N . Regioselective,
N= 2 terminal versatile
N—R alkynes, TMS- . S r toxicit
Cu k/ ynes, TMS inexpensive, air- Copper toxicity
R' alkynes or 1- . .
. insensitive
iodoalkynes
N N High
N= ‘N—R2 N= ‘N—R2 Azides and Regioselective, temperature,
Ru I%( or 3J§< terminal/internal internal alkynes incompatible
R R R alkynes tolerance with oxygen
and water
=N 2 . Regioselective .
. N—R Azides and non- i Unsuitable for
Ni = bulky alkynes Water- and oxygen- i alivnes
R insensitive yay

10



Zn

R': Alkyl, aryl, sulfonyl
R3: SR, SO;R, SCF3, NRR’

N
N—R?
Pd S

Ag

Ir

Organocatalyst

No catalysts

Azides and
alkynes

Inexpensive,

. Zinc toxici
green conditions ty

Azides and thio- . . Unsustainable,
Compatible with
, sulfonyl-, and . substrate
. water and air L
aminoalkynes limitations
Azides and Unsustainable

Step economy

terminal alkynes and expensive

Azides and Sustainable, various l_Exp CnsIve,
terminal alkynes alkynes tolerance igand or base
needed
Azides and .
internal Expensive,
. Mild conditions substrate
electron-rich o
limitations
alkynes
Azides and Susta}nable3 .
. compatible with Expensive
terminal alkynes
water
Substrate
Azides and Sustainable, hmltatloins,
terminal alkynes inexpensive commercially
yn p unavailable
catalysts
Azides and Sustainable, Possibility of
TMS-capped . . . ’
inexpensive side reactions
alkynes

4. Conclusion

In summary, azide-alkyne cycloaddition is a
fascinating method for the synthesis of 1,2,3-triazole rings
because of its efficiency, versatility, and selectivity. This
review has provided an overview of commonly used AAC
reactions with their strengths, limitations, and examples.
CuAAC is simple, robust, reliable, inexpensive, and
tolerant towards a wide range of functional groups attached
to azides and alkynes, resulting in 1,4-disubstituted 1,2,3-
triaozoles. However, copper contamination is highly
cytotoxic and should be avoided. RUAAC and NiAAC are
right choice for 1,5-regioselective synthesis of 1,2,3-
triazoles. The drawback is that RuAAC is strongly affected
by the steric properties of the substituent of azides, while
NiAAC is mainly influenced by the steric demand of

11

alkynes. RhAAC allows the reaction between azides and
thioalkynes, sulfonylalkynes, and aminoalkynes. Likewise,
IrAAC involves the reaction of azides with thioalkynes,
alkynyl amides, and alkynyl ethers. PAAAC is useful to
synthesize fused 1,2,3-triazoles. AGAAC and AuAAC are
sustainable as the catalyst can be recovered several times
without loss of catalytic activity. Although metal-free
AAC is attractive in terms of cost and environmental
impact, most metal-free AAC has been performed with
simple substrates; further investigation is needed to
validate the method's usefulness. Since 1,2,3-triazole
derivatives have a wide range of applications from
pharmaceuticals to materials science, there is an ever-
increasing demand for highly efficient synthesis methods.
The selected examples presented in this report will be
useful to those planning to prepare 1,2,3-triazole scaffolds
via AAC reactions.
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