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1. INTRODUCTION
Nitrogen-containing heterocycles are ubiquitous in nature, being
components of many important biomolecules, such as RNA and
DNA, peptides and proteins, and vitamins and cofactors, and
found in natural products such as alkaloids. Because of the
diversity of properties displayed by nitrogen heterocycles,
members of this class such as triazoles are widely applied in the
pharmaceutical industry,1,2 and synthetic methods for these
building blocks are thus of importance. This Review will focus on
1,2,3-triazoles. While earlier methods for preparing these
molecules often required harsh reaction conditions,3 this
changed in 2002 when Meldal and co-workers and Fokin,
Sharpless, and co-workers independently reported mild and
direct methods for accessing 1,4-disubstituted 1,2,3-triazoles in
one step from an organic azide and an alkyne, using Cu(I)
catalysis.4,5 This copper-catalyzed azide alkyne cycloaddition
(CuAAC) has since found widespread use even outside the
chemistry community.6�11 However, a method to form the
corresponding 1,5-disubstituted 1,2,3-triazole isomer was also
needed. In 2005 this problem was solved by Fokin, Jia, and co-
workers,12 who showed that, by exchanging copper for
ruthenium, this class of isomers could also be accessed. While
this ruthenium-catalyzed azide alkyne cycloaddition (RuAAC)
has as yet not found as prevalent use as the CuAAC reaction,
reports of its application are increasing rapidly. Although the
RuAAC reaction has been brie�y mentioned in several reviews
on triazole formation13�23 and metal-catalyzed reactions,24�26 a
comprehensive survey focused solely on RuAAC is now essential.
This Review covers the initial reports of the ruthenium-catalyzed
azide alkyne cycloaddition from 200512 and 2008,27 as well as the
synthetic development, mechanistic studies, and applications of
the RuAAC reaction up until September 2016.

2. BACKGROUND
The 1,3-cycloaddition of organic azides to alkynes to form 1,2,3-
triazoles is generally referred to as the Huisgen cycloaddition,
due to Huisgen’s extensive studies of the mechanism and kinetics
of dipolar cycloadditions in the 1960s.28�30 The �rst report of
such a transformation dates back even further, to 1893, when
Michael described the reaction of phenyl azide with dimethyl
acetylenedicarboxylate.31 However, many cycloadditions involv-
ing azides are impractically slow at ambient temperature,32 and
mixtures of 1,4- and 1,5-disubstituted triazoles are formed in the
reaction with alkynes (Scheme 1).28

In 2002, both Meldal and co-workers at the Carlsberg
Laboratory in Copenhagen4 and Fokin, Sharpless, and co-
workers at the Scripps Research Institute in La Jolla5

independently reported that Cu(I) can catalyze the 1,3-
cycloaddition of alkynes to organic azides to selectively form
1,4-disubstituted 1,2,3-triazoles under mild reaction conditions.
Meldal and co-workers applied this reaction toward the solid-
phase synthesis of triazole-based peptidomimetics, using copper-

(I) iodide as the catalyst.4 The report from Scripps, meanwhile,
provides a procedure for the reaction in solution, employing
convenient in situ reduction of copper(II) sulfate with ascorbic
acid to form the necessary Cu(I) species.5 This Cu-catalyzed
azide alkyne cycloaddition (CuAAC) has since been applied to a
great extent,9�11,34,35 not only in chemistry but also in related
areas such as biology36�38 and new materials,39 mainly due to the
experimental simplicity of the reaction, as well as its robustness
and the high yields obtained. The reaction is tolerant of almost
every functional group; can be performed in a wide range of
solvents, including water; and has a very favorable atom
economy40 as all ingoing components are, at least in theory,
incorporated into the product. Triazoles are stable compounds
with interesting properties,1 but an important application of this
reaction has also been as a method for connecting or “clicking
together” two molecules with each other, providing an alternative
to amide bond formation, which has traditionally �lled this role.
Although “click chemistry”, in the original de�nition,41 includes a
wider range of transformations,42,43 CuAAC is normally the �rst
reaction that springs to mind when this expression is employed.44

As mentioned, di�erent isomers can be obtained in the
cycloaddition of alkyl and aryl azides with alkynes. While the
original Huisgen reaction a�orded mixtures of 1,4- and 1,5-
disubstituted 1,2,3-triazoles32 and CuAAC selectively produced
the 1,4-isomer,4,5 there was a lack of robust methods for the
exclusive formation of 1,5-disubstituted triazoles. Such com-
pounds can be of interest in their own right, as the positioning of
the two substituents on adjacent atoms can be advantageous in
cyclization reactions, and the rigid cyclic structures of these
products can be exploited in materials science applications.
However, in many of the studies discussed in this Review, the
main focus has been to compare the properties of 1,4- and 1,5-
disubstituted 1,2,3-triazoles in di�erent contexts, and this is
especially true in the area of medicinal chemistry and studies of
bioactive compounds.

In looking at methods for the preparation of 1,5-triazole
isomers, selected metal acetylides (Sn, Ge, Si, and Na) had early
on been reported to produce 4-metalated 1,5-disubstituted
triazoles,45,46 and Akimova et al. studied the reactions of lithium
and magnesium acetylides in detail in the 1960s.47�49 These
latter reactions are proposed to involve nucleophilic attack of the
lithium or magnesium acetylide on the azide followed by ring
closure to form metallotriazole 1 (Scheme 2). Quenching of the
reaction then a�orded the 1,5-disubstituted 1,2,3-triazole 2.
However, the yields were low and the reaction was accompanied
by the formation of byproducts.Scheme 1. Thermal Cycloaddition of Organic Azides with

Alkynes A�ords Isomeric Mixtures28,33

Scheme 2. Proposed Mechanism for Triazole Formation
Using Li and Mg Acetylides47�50
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Krasin�ski et al., together with Fokin, Sharpless, and co-
workers, returned to these early reports by Akimova et al. to see if
the magnesium-mediated reaction could be improved.50 They
found that the original procedure described by Akimova et al.
provided 1,5-disubstituted 1,2,3-triazole 2 in substantially higher
yields than earlier reported (Scheme 3). In addition, the scope of

substrates applied in the reaction was increased. The 4-metalated
triazole intermediate could also be trapped with other electro-
philes than protons, providing access to 1,4,5-trisubstituted 1,2,3-
triazoles 3.

However, the use of magnesium acetylides requires stoichio-
metric amounts of metals, and such reagents are incompatible
with a number of functional groups. A catalytic alternative to
CuAAC that provides access to 1,5-disubstituted 1,2,3-triazoles
would be preferable. As Ru(II) is known to catalyze reactions
involving alkynes,51 Fokin, Jia, and co-workers reasoned that a
ruthenium(II) complex could perhaps be applied toward the
synthesis of 1,2,3-triazoles via a cycloaddition reaction using an
alkyne in a similar manner to the CuAAC reaction.12 Initial
catalyst screening, using the reaction of benzyl azide with
phenylacetylene as a test system, showed that triazoles were
indeed formed when heating all components in benzene at 80 °C
for 4 h. Complexes such as Ru(OAc)2(PPh3)2, RuCl2(PPh3)3,
and RuHCl(CO)(PPh3)3 a�orded the 1,4-disubstituted 1,2,3-
triazole (4, Scheme 4) with varying degrees of conversion, and
this type of selectivity is discussed in more detail in section 4.5.2.

However, a complex containing a cyclopentadienyl ligand,
CpRuCl(PPh3)2, did encouragingly produce the 1,5-isomer 5,
albeit accompanied by some of the 1,4-disubstituted derivative.
By switching to the more sterically hindered pentamethylcyclo-
pentadienyl derivative Cp*RuCl(PPh3)2, complete selectivity for
the 1,5-disubstituted triazole was obtained. Several other Ru(II)
catalysts containing the [Cp*RuCl] unit were also useful in
e�ecting this transformation, i.e., Cp*RuCl(COD) (COD =
cyclooctadiene), Cp*RuCl(NBD) (NBD = norbornadiene), and
[Cp*RuCl2]2. A full investigation of the scope and limitations of
this reaction was then carried out as part of this initial report12 as
well as in an ensuing publication a few years later, where also
RuH2(CO)(PPh3)3 was reported to a�ord the 1,4-regioisomer.27

Certain aspects of these initial studies, concerning the substrate
scope as well as the catalysts that have been evaluated, are
covered in more detail in other sections below, but a summary of
these two seminal papers will be given here.

The initial conditions employed 5 mol % catalyst, but this
could be reduced to 1 mol % in most cases. Heating to 60�80 °C
did provide a more rapid reaction for Cp*RuCl(PPh3)2, but
ambient temperature could be applied by running the reaction
for a longer time at higher catalyst loading. For the more-reactive
complex Cp*RuCl(COD), the reaction gave high yields at room
temperature even after 30 min. Both polar and nonpolar solvents
could be employed, including benzene, toluene, dioxane,
tetrahydrofuran, dimethylformamide, and 1,2-dichloroethane.
Yields were substantially lower if the reaction was performed in
protic solvents such as water and alcohols, but trace amounts of
water in nonprotic solvents did not a�ect the reaction. As oxygen
may react with the Cp*RuCl(COD) catalyst, it is recommended
to perform the reaction under an inert atmosphere in this case to
avoid degradation of the complex.52 However, the Cp*RuCl-
(PPh3)2 catalyst did not appear to be very sensitive in this system,
and excellent conversions were obtained even if oxygen was not
excluded.27 A striking feature of the reaction is the high tolerance
toward many functional groups, such as alkyl and aryl chlorides,
boronic ester, alkenes, and polyalcohols, in both the azide and the
alkyne reaction partners. Figure 1 shows some of the products
formed using either Cp*RuCl(PPh3)2 or Cp*RuCl(COD) as the
catalyst.

In contrast to the CuAAC reaction, which is limited to
terminal alkynes, the RuAAC reaction was found to tolerate
internal alkynes, providing access also to 1,4,5-trisubstituted
1,2,3-triazoles.12,27 The Cp*RuCl(COD) catalyst was found to
be well-adapted to this task, allowing reactions to be performed at
ambient temperature in order to access a wide range of di�erent
trisubstituted triazoles. This aspect of the reaction, as well as the
observed regiochemistry for this class of alkyne substrates, is

Scheme 3. 1,5-Disubstituted and 1,4,5-Trisubstituted 1,2,3-
Triazoles from Magnesium Acetylides50

Scheme 4. Regiochemical Outcome Using Di�erent Ru Catalystsa12

aConditions: 5 mol % catalyst, benzene, 80 °C, 4 h. Reactions with Ru(OAc)2(PPh3)2, RuHCl(CO)(PPh3)3, and CpRuCl(PPh3)2 a�orded low
yields.
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discussed in more detail in section 4.4.2. The reactivity of internal
alkynes is also an indication that the reaction does not proceed
via a ruthenium acetylenide, in contrast to the CuAAC reaction
that involves an intermediate copper acetylenide.53 Mechanistic
proposals for this reaction are summarized in the next section.

3. MECHANISTIC AND THEORETICAL STUDIES
Regarding the mechanism of triazole formation, numerous
studies have appeared addressing the reaction steps throughout
the cycloaddition. These rely on both experimental techniques,
employing, e.g., mass spectrometry, NMR spectroscopy, and
single-crystal X-ray di�raction, as well as on quantum mechanical
(QM) calculations using mainly density functional theory
(DFT). We here mostly focus on the Ru-catalyzed azide alkyne
cycloaddition; for studies on the Cu-catalyzed azide/alkyne 1,3-
cycloaddition reaction (CuAAC), the reader is directed to papers
by Rostovtsev et al. and Himo et al.5,53 Note that other transition
metal complexes can be used in the chemistry of organic azides;
these reactions are covered in a detailed review by Cenini et al.54

The atomic-level insight by computations into the chemical
reorganization provides an important contribution in under-
standing the steric and energetic aspects of the reaction.
However, calculations quite often provide several alternative
routes, where it is not trivial to select the most likely reaction
pathway. Furthermore, the accuracy of energetic descriptions can
often be undermined due to solvent e�ects, temperature, and
other parameters. Consequently, capturing key intermediates
and determining conversion rates by experimental methods
provide important contributions to selecting the most probable
reaction mechanism. Accordingly, in this section we concentrate
on the steric and energetic details of the Ru-catalyzed
cycloaddition provided by theoretical methods, but we re�ect
also on their correlation with experimental investigations.

The general mechanism of the azide alkyne 1,3-cycloaddition
reaction (AAC) was described in an early study by Himo et al.53

The authors employed the B3LYP hybrid functional and
considered the cycloaddition for both 1,4- and 1,5-
regioisomers.53 The reaction without any catalyst has a rather
high barrier for both 1,4- and 1,5-regioisomers, with relative
energies of 25.7 and 26.0 kcal/mol, respectively. Both reaction
pathways were reported to be highly exothermic with >60 kcal/
mol, not accounting for entropy e�ects.27,53 The general

mechanism was further investigated by Jones and Houk, who
addressed substituent e�ects in detail and also the reversibility of
the 1,3-dipolar cycloadditions involving azides and either alkenes
or alkynes.55 Jones and Houk employed complete basis set
(CBS) calculations, which allow energetic predictions with very
high accuracy.56 Their results indicated that azide 1,3-dipolar
cycloadditions with alkenes and alkynes have similar reaction
barriers, but for the latter the products are more exothermic by
�30�40 kcal/mol. They also concluded that azide cyclo-
additions with alkynes and most alkenes are irreversible. Note
that the calculations also provided the single, so far only
theoretical, prediction that the reaction of methanesulfonylazide
with N,N�-dimethylvinylamine may be reversible at micromolar
reactant conditions.

Focusing more on the ruthenium catalysts, Boren et al.
employed DFT calculations using methyl azide and propyne as
model reactants with [CpRuCl].27 These calculations demon-
strated that in principle four di�erent relative orientations are
possible for the methyl azide and propyne, with rather small
relative energy di�erences between them (Figure 2).27,57

Although two of these alternative orientations would
eventually lead to 1,4-regioisomers, three pathways were ruled
out due to either much higher barrier heights or steric repulsions
in the product states. The lowest-energy pathway had its highest
barrier at 13 kcal/mol, much lower than the barrier height for the
same path without a catalyst. This shows that Ru is an e�cient
catalyst, reducing the rate of the reaction by several orders of
magnitude. The calculated results (Figure 3) �t well to the
experimental observations, explaining the 1,5-regioselectivity
and also providing a reasonable energetic explanation for the
reaction rate. The reaction was later revisited in detail by using
alternative substrates including Cp*, which con�rmed the
reaction paths determined earlier but further explained the e�ect
of di�erent substituents on the reaction rate and the product ratio
of 1,4- and 1,5-regioisomers.58 On the basis of these results,

Figure 1. Selected products from the original reports of the RuAAC
reaction.12,27

Figure 2. Four possible orientations of the reactants in their initial
complexes. Structures are reproduced from original optimized
coordinates provided by the authors.27
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Boren et al. proposed that the mechanism involves an irreversible
oxidative coupling, which is a nucleophilic attack of the
coordinated alkyne on the terminal electrophilic nitrogen of
the azide, and this is followed by a reductive elimination.

The mechanism was also addressed by Hou et al.,59 who again
con�rmed the irreversibility of the reaction and further
investigated the molecular orbitals of the C�N bond-forming
transition state using DFT calculations and Bader’s atoms-in-
molecules theory.60,61 The latter analyzes interactions of atoms
by topological mapping of the surrounding electron density.
They found that, when using larger substrates, the transition state
involves the electron donation from the alkynyl carbon to the �*
orbital of the N�N group from the azide, opening the way to
formation of a transient cyclic structure where the � electrons
delocalize from the alkynyl to the azido group. It is worth noting
that, for internal alkynes, both Boz and Tu�zu�n58 and Hou et al.59

showed a higher-energy transition state for the C�N bond-
forming step than observed initially for small substrates and
terminal alkynes.

Besides 1,5-substituted 1,2,3-triazoles, selective synthesis of
1,4-substituted compounds can also be achieved with high yield
using Ru complexes lacking Cp ligands (see section 4.5.2). Liu et
al. have demonstrated that, among other catalysts, RuH(�2-
BH4)(CO)(PCy3)2 and Ru(C�CPh)2(CO)(PCy3)2 were the
most active.62 In addition to mass spectrometry, X-ray
di�raction, and NMR spectroscopy, the authors have also used
DFT calculations to elucidate the mechanism of the reaction.
The presence of the triazolide intermediate (structure provided
by X-ray, Figure 4) indicates that the Ru center actively takes part
in the reaction, forming even a Ru···H�C interaction with one
hydrogen of the CMe3 group in the triazolyl ligand.62 In their
DFT studies using methyl azide and propyne as model
substrates, the authors have determined that the reaction starts
with a Ru complex that coordinates the internal nitrogen in the
azide. The triazolide intermediate is then reached via a metathesis
step, which is also the rate-determining step at 11.5 kcal/mol.
The pathway for these complexes lacking Cp ligands to 1,5-
disubstituted products has a much higher barrier, 21.5 kcal/mol,
which explains their selectivity toward 1,4-disubstitution. The

structural explanation is that coordination of the internal (�N�
Me) nitrogen from the azide on the Ru complex results in an
intermediate and a transition state (TS) with conjugated bond
systems; thus, the barrier of the TS for the rate-determining step
lowers signi�cantly. In contrast to Cp-containing Ru catalysts,
the �nal Ru complex with the formed triazole product has a much
lower energy gain with a �38.6 kcal/mol relative energy. Overall,
the lowest-energy reaction pathway for the Ru complexes lacking
Cp ligands is rather similar to those with a Cu catalyst.

To provide a systematic overview on alternative Ru complexes,
Nolan and co-workers have investigated the e�ect of substituents
in Ru complexes that result in unsaturated 16-electron
con�gurations in the general form of Cp*Ru(L)Cl.63 Here L
was a sterically demanding ligand, either phosphine or an N-
heterocyclic carbene (NHC), where the nitrogens contained
adamantyl- (IAd), diisopropyl- (IPr), or cyclohexyl groups

Figure 3. Simpli�ed schematics of the reaction pathway obtained for the lowest-energy pathway using DFT calculations.27 Structures were reproduced
from optimized coordinates provided by the authors; relative energies are in kcal/mol.

Figure 4. Structural evidence for the formation of a triazolide
intermediate in the reaction of benzyl azide with Ru(C�
CCMe3)2(CO)(PPh3)3. Reproduced with permission from ref 62.
Copyright 2012 American Chemical Society.
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