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ABBREVIATIONS
Bz benzoyl

CAAC cyclic (alkyl)(amino) carbene

CuAAC copper-catalyzed azide–alkyne cycloaddition
DCE 1,2-dichloroethane

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

DMAc dimethylacetamide

DMEDA N,N0-dimethylethylenediamine

dppe 1,2-bis(diphenylphosphino)ethane

ee enantiomeric excess
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IPr 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene

NHC N-heterocyclic carbene

phen phenanthroline

TBHP tert-butyl hydroperoxide

TBTA tris(benzyltriazolylmethyl)amine

TMEDA N,N,N0,N0-tetramethylethylenediamide

TMS trimethylsilyl

1. INTRODUCTION

Ethyne-1,2-diylcopper(I) [Cu2C2] was the first organocopper(I) com-

pound ever reported.1 Prepared by bubbling acetylene through a solution of

CuCl in aqueous ammonia, this energetic reagent is stable while wet, but

explosive when dry. The explosive decomposition of [Cu2C2] can be initi-

ated by either heating above 120°C, impact, or electric spark. On the other

hand, alkynide copper(I) derivatives were only reported a century later,2 but

they have become increasingly popular due to their straightforward

synthesis,3 commercial availability, and remarkable thermal and shock stabil-

ity. Actually, in spite of the Cu–C bond, some of these yellow-orange com-

pounds are among the most stable copper(I) derivatives and might be stored

for prolonged periods of time,4 which is directly linked to their polymeric

structures. Homoleptic [CuC^CR] complexes remain rare in the literature

and only recently have the solid structures for R¼ t-Bu, n-Pr, and Ph been

elucidated.5 tert-Butylethynylcopper(I) displayed a C20 cluster structure with

an interlocking of a distorted Cu8 ring with two hexagonal C6 rings. Each of

the rings was supported by μ,η1,1-C^C–Cu2 and μ,η1,2-C^C–Cu2 bond-
ing, while μ3,η1,1,2-C^C–Cu3 and μ4,η1,1,1,1,2-C^C–Cu4 bridging modes

were found to bring the Cu atoms of different rings together (Fig. 1). On the

other hand, phenylethynylcopper(I) has a polymeric ladderane structure

with short copper(I)–copper(I) distances, ranging from 2.49 to 2.83 Å

and μ,η1,2-C^C bridging ligands. Hence, both steric and electronic prop-

erties of the alkynyl ligands have a strong influence on the actual structures.

The use of additional ligands does improve the solubility of the obtained

complexes, but still lead to highly aggregated species with a range of

σ- and π-interactions solid structures.6

This review will focus on catalytic/synthetic applications of

copper alkynyl derivatives. Nevertheless, this family of compounds has

found other interesting applications, including luminescent complexes,7
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fluorescence quenchers for copper detection in living cells,8 or preparation of

semiconducting nanowires and thin metallic nanowires by self-assembling.9

We do not intend to provide a comprehensive view of the uses of

copper(I)–acetylide in organic chemistry, and in consequence, “classical”

organocopper reactivity (i.e., 1,2- or 1,4-addition to (conjugated) carbonyl

compounds) will not be covered.10 Instead, the central role of copper

acetylides in the catalytic transformations of alkynes and how the reaction con-

ditions might affect the actual structure of the acetylide intermediates (and the

mechanistic rationale) will be discussed while providing a historical perspec-

tive for the development of each transformation.

Fig. 1 Schematic drawing of the cluster assembly of three interlocking [CuC^C(t-Bu)]
ring: central Cu8 unit (medium gray) and two peripheral C6 units (dark gray and light
gray). Reproduced from Chui, SSY, Ng, MFY, Che, C-M. Structure determination of homo-
leptic AuI, AgI, and CuI aryl/alkylethynyl coordination polymers by X-ray powder diffraction.
Chem Eur J. 2005;11:1739–1749 with permission.
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2. OXIDATIVE COUPLING REACTIONS

Copper can easily access 0, +I, +II, and +III oxidation states, and in

consequence, its redox chemistry is extremely rich with both one-electron

(radical reactions) and two-electron processes (organometallic processes)

possible. Even if other reagents can be used in the laboratory, oxygen is a

particularly desirable oxidant as it is directly related to the biological role

of copper and it can act as a sink for electrons (oxidase activity), or a source

of oxygen atoms for incorporation in the organic product (oxygenase activ-

ity). Copper enzymatic oxidizing systems are highly performant and have

inspired generations of chemists for the development of a wide variety of

oxidative processes under typically mild reaction conditions.11

2.1 Glaser and Hay Coupling Reactions
The oxidation of copper(I) phenylacetylide into diphenyldiacetylene in air

was discovered by Glaser in the XIXth century (Scheme 1).12 This transfor-

mation has become a standard procedure for the homocoupling of terminal

alkynes thanks to its many variations that nowadays do not involve the isola-

tion of any organometallic species.13 Among these, the Hay coupling,14

reported almost 100 years after the Glaser’s ground-breaking work, deserves

particular mention. Indeed, the use of TMEDA as bidentate ligand in

these reactions significantly improved the solubility of the copper species,

allowing for substoichiometic metal loadings, and milder reaction conditions

while also improving the overall outcome of the reactions (Scheme 1).

Early proposals on the involvement of free radicals in the Glaser coupling

were gradually abandoned as evidence against such intermediates gathered in

HPh
CuCl (2 equiv.)

NH4OH, EtOH
CuPh

NH4OH, EtOH

O2 (0.5 equiv.)
Ph Ph

Glaser12a

Hay14b

HPh Ph Ph + H2O

CuCl (5 mol%)
TMEDA (5 mol%)

O2 (0.5 equiv.)
Acetone, 28°C

+ H2O

Scheme 1 Original Glaser and Hay coupling reactions.
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the literature. Notably, Bohlmann and coworkers showed that when two

electronically different alkynes were used in these reactions, the homo-

coupled products remained predominant, which would not be expected

with free radicals.15 Furthermore, they also showed that in acidic media

more acidic alkynes dimerized more slowly and only in the presence of

a copper(I) salt. In consequence, the activation of alkynes toward

deprotonation via the formation of a π-complex was postulated for the first

time and dimeric copper(II) acetylides complexes were proposed as interme-

diates in order to account for the observed second-order dependence of the

reaction rate on the concentration of alkyne (Fig. 2). Extensive work by

Fedenok supported this proposal by showing that under buffered conditions

(NEt3, AcOH, pyridine), all copper in the reaction was in +II oxidation

state, with dioxygen oxidizing CuI species and regenerating the active CuII

centers.16 Nevertheless, when nonbuffered pyridine was used in these cou-

pling reactions, the regeneration of copper(II) by oxygen was significantly

slower, with copper(I) species actively involved in the couplings.17 Unfor-

tunately, the role of copper(I) could not be further clarified due to the com-

plex dependence of the rate and order of the reaction on the concentration

of the alkyne and CuCl. These early studies clearly showed that the actual

mechanism was highly dependent on the conditions employed, and even if

some recent advances have been made, the mechanistic complexity of this

reaction remains to be entangled. Still, species shown in Fig. 2 represents a

widely accepted mechanistic rationale.

The first DFT study on this reaction, on the Glaser–Hay variant in par-

ticular, unveiled a complex mechanistic picture in which a copper(I)/(III)/

(II)/(I) would take place with two molecules of homocoupled product

formed in each catalyst turnover and oxygen acting as an oxidant for

copper(I) intermediates (Scheme 2).18 The copper center was found to form

first a π-complex with acetylene that would then evolved to a copper

acetylide intermediate via a proton transfer reaction assisted by the TMEDA

R Cu

L L

RCu

LL

2

2X

Fig. 2 Intermediate dimeric copper(II) acetylides in Glaser couplings.
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Scheme 2 First computed mechanism for the Glaser–Hay coupling reaction.



ligand. This intramolecular process was found to be favored both kinetically

and thermodynamically with respect to a second TMEDA molecule

abstracting the acetylenic proton. In the next step, oxygen would react with

the metal center to form a bis(μ-oxo)dicopper(III) intermediate. The reac-

tivity of copper(I) complexes with dioxygen has been consistently studied

for decades due to its important implications in catalysis as well as in bio-

chemistry, and indeed, this proposal was supported by the experimental

preparation of similar complexes with amine ligands.19 Two consecutive

proton transfers from the protonated amine to the [Cu2(μ-O2)] core would

then break the dimer and form a monomeric copper(III) acetylide that

would generate an equivalent of diacetylene and a copper(II) hydroxide

via a dicopper transition state. This hydroxide would then react with another

molecule of alkyne and through a similar sequence form a second molecule

of diacetylene and a copper(I) aqua complex, closing the catalytic cycle. It is

important to note that the reduction of a (TMEDA)copper(II) complex to

copper(I) by terminal alkynes has been directly observed by X-ray absorp-

tion spectroscopy and in situ electron paramagnetic resonance, with the

formation of the corresponding diynes.20 These observations also explain

why copper(II) salts might also be used as catalyst precursors in these cou-

pling reactions, as well as in many other copper(I)-mediated reactions

involving alkynes (vide infra).

These results shed some new light on the role of the ligand in this reac-

tion, which was found to actively participate in the reaction and not only

avoid the formation of polymeric, insoluble forms of copper acetylide

derivatives. On the other hand, concerns about the suitability of the

chosen level of theory to study copper–oxo complexes21 and the high free

energy values (instead of the reported potential energy barriers) justified a

second theoretical study of the Hay coupling.22 In this case, only inter-

molecular deprotonations by TMDEA were considered, and the oxygen

activation step was studied in much more detail (Scheme 3). It was found

that the cleavage of the O]O bond takes place in two steps, first forming a

copper(III)-η2-peroxo complex upon the transfer of two electrons from

the copper to the ligand. This spin-crossing from triplet to singlet would

most likely take place through a low barrier minimum energy crossing

point.23 A second two-electron transfer would then occur upon reaction

with another copper(I)–acetylide to form a similar Cu2O2 core to the orig-

inally proposed (see Scheme 2). Then, two consecutive protonations

involving protonated TMEDA would lead to a monomeric copper(III)

hydroxide. From this point, a much different reaction pathway was found
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with this hydroxide reacting with the original copper(I)–acetylide to form

a copper(II) dimer with bridging acetylide ligands by a concomitant elec-

tron transfer from one copper center to the other. Protonation of the

hydroxide ligand by TMEDA–H+ would eventually lead to the elimina-

tion of water and form another copper(II) dimer which would easily

undergo reductive elimination to generate the coupling product and close

the catalytic cycle.

The computed energy barrier for this reactionwas of only 17.5 kcal mol�1

(free energy) and was linked to the alkyne deprotonation step. Hence, it

explained the experimental observations of reactions proceeding smoothly

at room temperature. Whereas such mild reaction conditions and the fact that

reactions might be carried out in the presence of water are beneficial for these

(and other related) coupling reactions, this high reactivity implies that the

Glaser–Hay homocoupling typically competes with any other transformation

if inert conditions are not employed. Even if an excess alkyne might be used,

such a side reaction generally decreases the yields and complicates the purifi-

cation of the desired products.

NMe2Me2N
Cu

OH

NMe2Me2N
Cu

O2
NMe2Me2N

Cu
O

O

Cu

O

O

NMe2Me2N

Cu

Me2N
NMe2

TMEDA–H

TMEDA

Me2
N

N
Me2

Cu

TMEDA
+

H2O

TMEDA–H
Cu

NMe2Me2N

Cu

Me2N
NMe2

2

Cu

NMe2Me2N

Cu

Me2N
NMe2

HO

NMe2Me2N
Cu

Scheme 3 Revised computational proposal for the Glaser–Hay coupling reaction.
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2.2 Oxidative Cross-Coupling Reactions
The first example of asymmetrical diyne preparation through a cross-

coupling reaction was reported by Cadiot andChodkiewicz via the coupling

of a terminal alkyne and a bromoalkyne (see Section 3 for more non-

oxidative cross-coupling reactions).24 However, oxidative Glaser–Hay con-

ditions have proven more powerful in this context, with either two different

terminal alkynes (one of them in large excess)25 or one terminal alkyne and

one propionic acid via a decarboxylative cross-coupling reaction.26

Over the years, an increasing number of nucleophiles have found appli-

cation in these oxidative couplings, many of them stoichiometric in copper.

Seminal work by Knochel and coworkers involved the cross-coupling of

aryl magnesium halides and alkynyl lithium reagents (Scheme 4).27 It was

proposed that an arylcopper(I) complex reacted with the organolithium

reagent to form a mixed lithium aryl(alkynyl)cuprate that upon reaction

with chloranil would generate the cross-coupled product. In spite of being

efficient and proof of concept for the real potential of copper-mediated oxi-

dative cross-couplings, this methodology suffers from the generation of

superstoichiometric amounts of metal waste and the use of chloranil as

oxidant.28

The oxidative cross-coupling of a nucleophilic trifluoromethylating

reagent has had a much bigger impact as it represents the first efficient and

tolerant methodology for the formation of C(sp)–CF3 bonds. The original

report employed again a stoichiometric amount of copper and phenanthroline

ligand; a slow addition of the reactants was also necessary to ensure good yields

and avoid the formation of undesired homocoupled products.29 Moreover, it

was soon found that 20 mol% of the CuI/phen system was enough to ensure

good yields in cross-coupled products (Scheme 5).30

Ar X

(1) i-PrMgCl·LiCl (1.1 equiv.)
THF, 0°C

(2) CuCl·2LiCl (1.2 equiv.), –50°C
Li (2 equiv.), –50°C(3) R

(4) Chloranil (1.3 equiv.), –78°C

Ar R

ArCu

LiR ArCu R Li

O

O

Cl

Cl

Cl

Cl

Chloranil

Scheme 4 Oxidative cross-coupling of organolithium and magnesium reagents.

101Copper(I)–Acetylides



A DFT study on this reaction found that an in situ generated [(phen)

Cu–CF3] species would react with oxygen to form a η1-superoxocopper(II)
intermediate.31 Reaction with another molecule of the CuCF3 species would

eventually form a bis(μ-oxo)dicopper(III) intermediate, the lowest energetic

point in the proposed catalytic cycle. Sequential reaction of two molecules

of alkyne via hydrogen bond interaction with this copper(III) intermediate

would lead to two-protontransferprocesses togive acopper(III)hydroxide that

wouldundergo reductiveelimination, and form the final product andcomplete

the catalytic cycle.

These cross-coupling reactions are by no means limited to

C-nucleophiles.32,33 For instance, phosphorylation reactions have been

reported with 10 mol% of CuI and 20 mol% of an N-additive to form

NN
Cu

CF3

O2

Cu

F3C
O

Cu

O

O

CF3Cu

F3C

HR + TMS CF3

(4 equiv.)

CuI (20 mol%)
phen (20 mol%)

KF (5 equiv.)
Air, DMF, 100°C

CF3R

NN
O

NN
=

N N

NN

NN

H Cu

O

O

CF3Cu

F3C

NN

NN

Cu

HO

O

CF3Cu

F3C

NN

NNR

H

R

H

N

Cu
F3C

OHN
CF3

TMS CF3

TMS OH

Scheme 5 Copper-mediated oxidative trifluoromethylation of alkynes and proposed
mechanism.
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the corresponding alkynylphosphonates in very high yields (Scheme 6).34

A theoretical study of this reaction disclosed a similar mechanistic picture

than for the trifluoromethylation reactions with a significant difference:

the alkyne would interact with the copper center first, leading to an electro-

philic copper(III) acetylide upon oxidation by O2 to then react with the

dialkyl phosphonite (Scheme 6).35 This proposal is in accordance with

the experimental observation of formation of polymeric (insoluble) copper

acetylide derivatives during the reaction.

These transformations are sometimes referred to as “umpolung” oxida-

tive couplings since the copper acetylide might act as the electrophile upon

oxidation to copper(III).4b However, it seems apparent that a better mech-

anistic understanding is necessary in order to establish unarguably which

reagent is acting as nucleophile or electrophile in each coupling reaction.

Several oxidative cross-coupling reactions involving the activation of

C–H bonds have also been reported. However, examples involving the

dehydrogenative cross-coupling of activated arenes and azoles are consider

to take place via copper(II)/copper(0) catalytic cycles and therefore will not

be discussed here.36 On the other hand, the activation of C–H bonds adja-

cent to a nitrogen center followed by coupling with a copper(I)–acetylide
has been reported to proceed smoothly at room temperature in the

presence of CuBr with tert-butyl hydroperoxide as the oxidant of the starting

compound, either a methylamine or a glycine derivative (Scheme 7).37

Similarly, benzylic C–H bonds can be oxidized by DDQ, leading to the

coupling with alkynes in the presence of a copper catalyst (Scheme 7).38

LL
Cu

O2

Cu
O

Cu

O

O

Cu

HR +

CuI (10 mol%)
NEt3 or NHEt2 (10 mol% )

Air, DMSO, 55°C
PR

LL
O

LL

LL

Cu

HO

O

Cu

LL

LL

P

O

R2

R3

H P

O

R2

R3

Ph

Ph

L = NMe3

Ph
Ph

H P

O

OMe
OMe

P
HO

OMe
OMe

Ph
Ph

MeO

O
MeO

Scheme 6 Copper-assisted phosphorylation of alkynes and proposed mechanism.
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3. CROSS-COUPLING REACTIONS

3.1 Group 10-Mediated Reactions: Sonogashira
Cross-Coupling

It is fair to say that palladium-catalyzed cross-coupling reactions have changed

forever how chemists envision retrosynthetic analysis, particularly for bisarylic

molecules. Even though these reactions had been known in the presence of

copper for over a century, the use of palladium, together with very intense

research by both academic and industrial laboratories, has allowed for

extremely competent catalytic systems, with a very broad substrate scope

and current application in large-scale production.39 Original work on the

coupling of haloarenes and terminal alkynes byHeck40 andCassar41 employed

palladium as the only metal source and required harsh conditions, whereas

Sonogashira and Hagihara showed soon after that a substoichiometric amount

of CuI enabled the alkynylation reaction at room temperature.42 It has since

been proposed that copper–acetylides act as the transmetallating agents in

these couplings. However, even if the individual mechanistic steps in cross-

coupling reactions are well established (oxidative addition, transmetallation,

and reductive elimination), the actual nature of these elementary reactions

Ar
N
H

O

NHR
+ Ar'

CuBr (10 mol%)
TBHP (1 equiv.)

DCM, RT
Ar

N
H

O

NHR

Ar'

Ar
N

O

NHR Ar' Cu

Ph Ar + R

CuOTf (1 mol%)
DDQ (1.5 equiv.)

PhCl, 120°C

Ph

Ar
R

Ph Ar

TBHP

DDQ R Cu

Scheme 7 Cross-dehydrogenative coupling of alkynes and amines or benzylic
derivatives.
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is far from being understood, and the use of copper in the case of Sonogashira

reactions brings an additional layer of complexity to this understanding.

It is generally agreed on that the base present in the Sonogashira reactions

facilitates the formation of the copper–acetylide intermediates that would then

transmetallate the alkynyl moiety onto a palladium(II) center (Scheme 8).43

This simple picture is blurred not only by the complex behavior of copper

acetylides in solution but also by the possibility of ligand transfer processes

between the palladium and the copper species. Recent kinetic studies have

shown that this cross-coupling reaction is first order dependent on the con-

centration of copper, indicating that the transmetallation is the rate-

determining step and that copper acetylides and [Pd(Ar)(X)Ln] are the resting

states of the catalyst.44

On the other hand, studies with ferrocenyl polyphosphine ligands

showed that preisolated copper complexes performed better than simple

CuI in a model Sonogashira reaction (Scheme 9) and avoided the undesired

formation of diynes or enynes, commonly observed by-products in these

reaction.45 In this case, no coupling was observed in the absence of a

palladium source. Catalytic tests, together with NMR studies, showed that

a tridentate ligand could be transferred between the copper and the palla-

dium centers. These results are therefore relevant for systems using more

labile monodentate phosphines, as well as those with other good additives

for copper, such as N-ligands. Also, the reported observations imply that

[Pd0Ln]

Ar X LnPdII
Ar

X
Cu R

CuX

H R

CuX

RH

LnPdII
Ar

R

Base

Base H

Ar R

Oxidative
addition

Reductive
elimination

transmetallation

Ar X + HR
[Pd], [Cu]

Base
RAr

Scheme 8 Sonogashira reaction and proposed mechanism in the presence of a
copper(I) cocatalyst.
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the use of well-defined copper complexes might lead to the development of

better performing catalytic systems.

Of note, palladium complexes are known to undergo intermolecular

transfer of aryl ligands, but such processes are kinetically disfavored with

respect to alkynyl transfer reactions avoiding the formation of undesired

biaryl products.46 On the other hand, the transfer of the alkynyl group from

copper to palladium can be reversible depending on the reaction condi-

tions.47 This would lead to the formation of a mixture of cis and trans isomers

of the palladium–alkynyl intermediates via cationic tricoordinated palladium

species (Scheme 10). The cis isomer would undergo rapid reductive elimi-

nation to form the cross-coupled product, whereas the trans would transfer

the alkynyl group back to a copper center.

An alternative possible role for CuI in Sonogashira reactions when

phosphine ligands are used for the palladium system is for CuI to act as a

phosphine scavenger,48 facilitating the formation of tricoordinated (alkynyl)

(aryl)palladium(II) species, which are particularly prone to reductive elimina-

tion.Copper–acetylidesmight still be formed in this case, but not imperatively,

since there is a largenumberof catalytic systems thatdonotuseCuIas cocatalyst.

Finally, nickel catalysts have also been studied in these alkynylation reac-

tions as they could provide a significantly cheaper alternative to palladium-

based systems.49 Pincer ligands are particularly interesting in these reactions

with good to excellent yields reported even with highly challenging alkyl

chlorides as coupling partners.50 Recent mechanistic studies pointed toward

(dialkynyl)nickel complexes as the active species in these coupling reactions.51

These would be formed after a transmetallation step from an in situ generated

copper–acetylide, and interestingly the copper center was proposed to remain

π-coordinated to one of the C–C triple bonds, maybe supported by one of the

Fe
t-Bu

t-Bu

Ph2
P

P
Ph2

Cu

PPh2
PPh2

I

MeO Br + H Ph

[PdCl(allyl)]2
(0.5 mol%)

K2CO3 (2 equiv.)
DMF, 130°C, 24 h

MeO Ph

[Cu] GC conversion

CuI (5 mol%) <5%

L

—

— 1 mol% 22%

[CuI(L)] (1 mol%) — 91% [CuI(L)]

Scheme 9 Comparison of catalytic activity in a model Sonogashira reaction.
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amine donors in the pincer ligand (Fig. 3). These proposals were firmly backed

up by the isolation and characterization of Ni–Cu bimetallic complexes

bearing bis(silylene) or bis(germylene) pincer ligands during the study of

Sonogashira reactions with vinyl iodides.52

Interestingly, careful study of the copper binding in these complexes indi-

cates that these are not examples of classical “side-on” coordinationmodes and

the existence of a C^C!Cu bondwith onlyminor (if at all) modification of

the triple bond. This work also supports the occurrence of the transmetallation

step before the oxidative addition of the halogenated substrate.

3.2 Copper-Mediated Cross-Couplings: Catalytic
Castro–Stephens Reactions

Cross-coupling reactions in the presence of (super)stoichiometric copper

have been known since the beginning of the XXth century and they are

PEt3

Pd

PEt3

Ar R + CuILn

PEt3

Pd

PEt3

IAr LnCu R+

PEt3

Pd PEt3Ar

R

+ [CuI(Ln)]

Ar

R

PEt3

Pd PEt3Ar
LnCu R+

I

PEt3

PdAr
LnCu R+I

PEt3

Scheme 10 Plausible equilibria in Sonogashira couplings.

Ni R

R

NMe2

N

Me2N CuLn

EO

O
E

t-Bu

t -Bu

Ni

t-BuN
Nt-Bu

Ar

Ph

CuBr

t-BuN Nt-Bu

Ph
E = Si or Ge

Proposed active species Isolated nickel complexes

Fig. 3 Ni–Cu bimetallic species relevant in Sonogashira reactions.
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often gathered under the term of Ullman chemistry. Even if Castro and

Stephens reported in 1963 the reaction of aryl iodides with copper(I)–
acetylides in dry pyridine,53 the first copper-catalyzed formation of an aryl–
alkyne bond was only disclosed 30 years later.54 Despite significant efforts

on this area,55 the copper loadings remain typically around 5–10 mol%

with high reaction temperatures (and therefore high-boiling polar solvents)

required. As for other Ullman-related couplings, the use of bidentate ligands

has been crucial in order to improve the copper efficiency, with eth-

ylenediamine and phenanthroline as privileged ligands.

It is often hypothesized that the use of ligands prevents the formation of

inactive polymeric forms of the relevant copper–acetylide derivatives, even
if this aspect of the reaction is rarely investigated. A notable exception was

reported by Bolm and coworkers, who studied the catalytic Castro–
Stephens reaction mediated by [Cu(DMEDA)2]Cl2�H2O (DMEDA¼
N,N0-dimethylethylenediamine).56 This reaction was found to be an

example of ligand-accelerated catalysis and high reaction rates were observed

with only 0.5 mol% of copper as long as a large excess of the ligand with

respect to copper was employed (Scheme 11). Kinetic studies on this system

Ph I + H Ph

[Cu(DMEDA)2]Cl2·H2O
(0.5 mol%)

DMEDA (× mol%)

Cs2CO3 (2 equiv.)
Dioxane, 135°C, 22 h

Ph Ph

No DMEDA 14%
30 mol% DMEDA >99%
DMEDA as solvent >99% (3 h)

[Cu R]n

Resting state

MeHN
NHMe

Cu

R

NHMe

MeHN

H R

Base

Base H

Ar X

Ar

RCu
X

NHMe

MeHN

Scheme 11 Model reaction and proposed mechanism with [Cu(DMEDA)2]Cl2�H2O/
DMEDA.
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showed that the resting state of the catalyst was a ligand-free polymeric form

of alkynylcopper. The role of the secondary amine here would be dual: to

solubilize such polymer as well as to form a monomeric acetylide, the actual

active species in this reaction,57 via complexation.58 Furthermore, the strong

donor properties of the ligand would also facilitate the next proposed step in

the cycle, an oxidative addition of the haloarene. This mechanistic sequence

is supported by DFT calculations59 as well as experimental work showing

that copper(III) species bearing an aryl and an acetylide ligand are interme-

diates in these reactions.60

Arguably at present copper catalysis does not necessarily represent a

cheaper or more sustainable alternative to palladium-based systems for these

cross-coupling reactions. Nevertheless, and as it was already observed by

Castro and Stephens,53 in the presence of copper catalysts ortho-substituted

aryl halides (or trisubstituted vinyl halides) are suitable coupling partners,

whereas such substrates are typically inactive with palladium catalysis con-

ditions. This has notably led to a straightforward access to diverse heterocy-

cles via cross-coupling/cyclization cascade reactions. This reactivity has an

obvious synthetic interest since indoles, isoquinolines, isocumarins,

dihydro-benzofuranes, or furanones, just to name a few, might be prepared

using this methodology.55 More importantly for this review, it confirms that

copper species can mediate these cross-couplings since no such products are

obtained with palladium catalysts. Indeed, much controversy around not

only reported copper but also iron or gold catalysts for cross-coupling has

recently raised in the literature.61 Even if it undeniable that palladium con-

tamination might be relevant in some reported systems,62 overall it cannot

explain all copper-based reports in this context.

3.3 Copper-Mediated Cross-Coupling of Diazo Compounds
It is well established that the reaction of metal carbenes and alkynes leads to

the formation of the corresponding cyclopropene derivatives. However, as

early as in 1965, it was reported that copper sulfate could mediate the cross-

coupling of ethyl diazoacetate and 1-octyne with no traces of the expected

cyclopropene.63 Despite the interest of this transformation, it remained

unexplored for almost 20 years due to the low yields and the formation

of several by-products, including polymers. In 2004, Fu reported an extremely

simple and performing catalytic system for these cross-coupling reactions

(Scheme 12).64 In acetonitrile at room temperature, no cyclopropenation or
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oligomerization was observed, and only trace amounts of the corresponding

allenes, fumarate, and maleate by-products were obtained.

Interestingly, when secondary carbene precursors were used instead, the

reactions afforded trisubstituted allenes exclusively, provided that basic con-

ditions and a suitable ligand were employed (Scheme 13).65 The origin of

these two possible reaction products relies on the regioselective protonation

of the copper–propiolate intermediate (vide infra). This is most likely to be

determined by both steric and electronic factors, since when silyl-substituted

alkynes were coupled with secondary carbenes, alkynoates became again the

principal reaction product (Scheme 13).66

Two different mechanistic proposals can be found in the literature for

these cross-coupling reactions with the copper center interacting first

either with the alkyne or with the carbene (Scheme 14).67 In the first case,

based on the well-established palladium-catalyzed coupling of diazo

compounds,68 a copper–acetylide would be first formed to then react with

R1

O

N2

+ R2 H
CuI (5 mol%)

MeCN, RT

R2

R1

O

Scheme 12 Copper-catalyzed synthesis of alkynoates.
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•
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OO
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Scheme 13 Cross-coupling reactions of secondary carbenes and terminal alkynes.
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the diazo compound (either preisolated or formed in situ from the corres-

ponding tosylhydrazone). A migratory insertion of the alkynyl ligand to

the copper carbene would afford a propargylic derivative. Hydrolysis of the

copper–carbon bond would generate a propargylic product, whereas proton-

ation at the C^C would deliver an allene. Alternatively, a copper carbenoid

could be formed first, to then evolve to the same intermediate upon reaction

with the alkyne.69

To date, very little mechanistic insights on these reactions can be found

in the literature. Whereas it is noteworthy that the reaction of a preformed

copper–acetylide and α-diazoester did not lead to the formation of any

cross-coupled product,65a such acetylides have been supported by recent

DFT calculations.70 Nevertheless, the influence of ligands on the mechanis-

tic sequence or factors affecting the selectivity of the protonation step

remains unexplored since the reported calculations focused on rationalizing

the formation of propargylic compounds from silyl-substituted alkynes.

A related reaction, the 2:1 coupling of in situ generated arynes and

alkynes has also been reported in the presence of CuCl (Scheme 15).71 In

this case, a formal insertion of two equivalents of arynes into the acetylenic

C–H bond takes place. The selectivity of insertion of highly reactive arynes

is noteworthy since only the product issue of a 1:1 coupling was formed as

the minor product in some of the reported entries.

LnCuI

R3 H

R3 [Cu]

R1
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H

R3 H

H

HH

Cu–C bond

R3
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R1
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[Cu]

R2
•
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Scheme 14 Mechanistic proposal for the cross-coupling of diazo and alkynes.
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4. OTHER COUPLING REACTIONS

The stoichiometric reactions of alkynyl organolithium or

organomagnesium compounds with electrophiles are well established in

the literature. Nevertheless, catalytic versions of these reactions were soon

sought after in order to avoid the generation of stoichiometric amounts

ofmetal waste as well as to broaden the functional group tolerance of this meth-

odology. Indeed, copper-mediated coupling reactions now offer a straight-

forward access to propiolates or propionic acids (carboxylation reactions), or

propargylic amines (A3 coupling). Both families of compounds are extremely

useful synthons in organic chemistry toward heterocycles, biorelevant com-

pounds, and materials.72

4.1 Carboxylation and Carboxylative Coupling Reactions
CO2 has gained an increasing popularity as reagent in organic synthesis in the

last few years.73 This has been partially motivated by the societal concern

over the increasing levels of this greenhouse gas in the atmosphere and its

consequences on our global climate. It is unclear whether the use of CO2

as reactant can be part of the solution to such a complex issue, but in any

case CO2 remains an abundant, inexpensive, and nontoxic C1 carbon source

to access carboxylic acids, esters, lactones, or polymers.

In 1994 the copper-catalyzed synthesis of propargylic esters from

terminal alkynes, CO2, and bromoalkenes was reported by Inoue.74

TMS

OH
+ R H

CuCl (5 mol%)
KF (4.4 equiv.)

19-Crown-6 (4.4 equiv.)
THF, 50°C

R+

R
40–77%0–38%

R Cu

R

Cu

H

H

RCu

Scheme 15 Aryne–alkyne coupling reactions.
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An alkylating reagent was used in order to displace the reaction equilib-

rium toward the carboxylated products as decarboxylation occurred at

temperatures as low as 35°C (Scheme 16). This observation was not sur-

prising since the insertion of CO2 in organocopper complexes was known

to be reversible,75 and indeed, copper catalysts have been used in a number

of decarboxylative reactions.76 Furthermore, early stoichiometric studies

had shown that the use of a strong σ-donor ligand was critical for the out-
come of the reaction,77 and milder conditions and a broader substrate

scope were later achieved by using N-heterocyclic carbenes78 or alkyl

phosphines79 as ancillary ligands.80

In order to access propyolic acids directly more elaborated catalytic sys-

tems were required. In this case it is crucial to keep the reaction conditions

mild in order to avoid the decarboxylation of the copper propynoate inter-

mediate. The first reported examples for this reaction were unsurprisingly

based on very strong σ-donor ligands such as phenanthroline81 and poly-

NHC ligands82 (Scheme 17). The latter example is particularly interesting

since it evidenced a notable synergic effect of transition metal catalysis

and organocatalysis. Indeed, in this poly-NHC system, half of the

imidazol-2-ylidene moieties would support the formation of a copper

acetylide, whereas the other half would activate CO2,
83 which would turn

the formation of the copper propionate an intramolecular process.

This proposal is slightly different from the generally accepted mecha-

nism for these reactions, where no preactivation of CO2 is available

HR1 + CO2 + R2 X
[Cu]

R1

O

O

R2

CuI (4 mol%) K

K

2CO3 (6 equiv.), DMAc, 100°C

[CuCl(IPr)] (10 mol%) 2CO3 (2 equiv.), DMF, 60°C

5 entries, 50–89%

28 entries, 42–93%

CuI (8 mol%), PEt3 (8 mol%) Cs2CO3 (3 equiv.), DMAc, RT 20 entries, 20–99%

[Cu] Conditions Results

N NIPr =

Scheme 16 Copper-catalyzed formation of propiolates.
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(Scheme 18). Assisted deprotonation of the starting alkyne by the carbon-

ate base would form a copper–acetylide intermediate. No detailed studies

on these have been reported for this reaction and hence their actual struc-

ture remains unknown. The following step, insertion of CO2 into the

copper–carbon bond is believed to be accelerated by the presence of strong
σ-donor ligands on the copper center.75,77,84 The formed copper–
propiolate might then be hydrolyzed into the corresponding carboxylic

acid or reacted with an alkyl halide to form an ester derivative instead.

Interestingly, the insertion step might better be described as a nucleophilic

attack since DFT calculations showed no interaction between copper and
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Scheme 17 Catalysts for the synthesis of propionic acids from terminal alkynes.
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CO2 in the located transition state.85 On the other hand, the steric profile of

the ligands and their donor properties could be of importance in this reaction.

Indeed, a computational article in early 2010, only months before the effect

of ligands in these reactions was reported, found the insertion of CO2 into

an (NHC)Cu–C(ethynyl) bond to be endothermic by 30 kcal mol�1.86

However, the model NHC used, 1,3-dimethylimidazol-2-ylidene, is signif-

icantly less sterically hindering than IPr,78 which could explain the lack of cor-

relation between the theoretical and experimental reports. On the other hand,

these calculations were carried out in the context of the related carboxylation

of boronic esters, and to date a single example has been reported for the

carboxylation of an alkynyl boronic ester, under quite forcing conditions.87

4.2 A3-Coupling Reactions
The reaction of an Aldehyde, an Amine, and a terminal Alkyne (AAA¼A3)

in the presence of a transition metal catalyst is generally known as A3 cou-

pling. The catalytic addition of an alkyne to an in situ generated imine

(or enamine) in the presence of copper species has been steadily developed

since the first general methodology was reported in the 1990s.88 A variety of

catalytic systems have allowed for the use of challenging primary amines, the

replacement of the aldehyde by acetals or 1,1-dihaloalkanes, and the

enantioselective preparation of propargylic amines.89

The mechanism of this subtype of Mannich coupling remains again

poorly understood, but it is commonly proposed that a copper–acetylide
would be formed under catalytic conditions (most probably assisted by

π-coordination of the copper and the starting amine) and attack the iminium

ion (or imine, depending on the substrates) in order to form the observed

propargylic amines (Scheme 19). In fact, the isolation of polymeric

alkynylcopper(I) species from these reactions has been reported, as well as

the use of such polymers as the copper catalyst in a solvent mixture of water

and DMSO.90

However, when cationic copper complexes bearing biphenylphosphine

ligands were employed as catalysts in this reaction,91 no alkynylcopper

derivatives could be isolated from the reaction mixtures, even if the orig-

inal compounds were shown to be highly effective in the A3 coupling.92

Further stoichiometric experiments pointed toward the formation of a

copper–amine intermediate instead, which would support the formation

of a propargyl amine via π-coordination, without the involvement of
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a copper(I)–acetylide (Scheme 20). Even if only pyrrolidine and formalde-

hyde were considered in this study, it is obvious that further studies

are required in order to clarify the role of the copper catalyst in this

coupling reaction.
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5. 1,3-DIPOLAR CYCLOADDITIONS

5.1 Azide–Alkyne Cycloadditions and Click Chemistry
1,3-Dipolar cycloadditions, commonly referred to as Huisgen

cycloadditions,93 represent one of the most powerful methodologies for

the preparation of a wide range of five-membered heterocycles. Classically

carried out under thermal conditions, these [3+2] cycloaddition reactions

remain very popular reactions particularly due to the development of metal-

catalyzed versions.94 Indeed, the copper-catalyzed azide–alkyne cycloaddi-
tion (CuAAC; Scheme 21) has become the first fashionable reaction of the

XXI century and it has served as proof of concept of the relevance of Click

chemistry, a term coined by Sharpless in 2001.95

Even if L’abb�e had already reported a copper(I)-catalyzed [3+2]

cycloaddition reaction in 1984,96 the full potential of this reactivity was

overlooked until 2002, when Sharpless97 and Meldal98 reported indepen-

dently that copper(I) species mediated the cycloaddition of azides and

alkynes to yield 1,4-disubstituted-1,2,3-triazoles as single products.99 One

of the biggest achievements of this transformation is how quickly it has

found a myriad of applications in a variety of fields such as polymer and

material science,100 biology,101 or carbohydrate chemistry.102

Early efforts in understanding the mechanism of the CuAAC reaction

focused on rationalizing the observed regioselectivity as well as the outstand-

ing accelerating effect of the copper catalysts.103 DFT calculations showed

that π-coordination of the copper center onto a model alkyne (propyne)

lowered its pKa by 10 units.
104 However, a cycloaddition reaction involving

such an intermediate, without the deprotonation of the terminal alkyne,

actually had a higher energy barrier than the uncatalyzed, thermal reaction.

Indeed, only the intermediacy of a copper(I)–acetylide could account for the
dramatic increase in the rate of the reaction. Using mononuclear copper–
acetylides, the calculations showed that the copper-catalyzed reaction is a

conditions
+R1 N3 R2 N N

N

R2

R1

N N
NR1

R2

+

Thermal conditions Mixture of products

Copper(I) catalyst Only product

Scheme 21 Cycloaddition reaction of azides and terminal alkynes.
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stepwise process in which the N3 nitrogen of the azide would attack the C2

carbon of the acetylide forming a then unusual six-membered copper(III)

metallacycle transition state (Scheme 22). A reductive elimination would

then lead to a triazolide–copper(I) intermediate, which might be easily

hydrolyzed to form the final triazole and close the catalytic cycle. Such pro-

posal represents a decrease in the calculated energetic barriers of around

10 kcal mol�1 and rationalizes the complete regioselectivity obtained

experimentally.

The fact that these reactions are typically run in the presence of air and/or

water is by no means incompatible with the intermediacy of copper–
acetylides since it is well established that these species can be stable even

in acidic aqueous solutions.105 The fact that homocoupled product issue

of a Glaser reaction is rarely encountered in this reactions is a clear indication

of the very strong driving force of these cycloadditions, a must in Click

chemistry. Similarly, the use of an external base is not required for highly

active cycloaddition catalysts.

On the other hand, questions around the actual nuclearity of this reaction

mechanism quickly raised since copper–acetylides tend to form polymeric

species and exist in solution in dynamic equilibrium of different species (vide

supra). Indeed, it was soon established that at low copper concentrations and

in the presence N-additives such as phenanthroline, the reaction is second

order in copper.104,106 Furthermore, di- and tetranuclear copper–acetylides
were computed to display an enhanced reactivity toward azides, when com-

pared to mononuclear ones.107

Notably, the computed copper⋯copper distances and geometries

were very similar to the known ladder structures of polymeric

alkynylcopper(I) complexes (vide supra, Fig. 4), which were consequently
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Scheme 22 Early mechanistic proposal for the CuAAC.
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shown to be able to catalyze the reaction, even if the reactivity was not out-

standing.108 Similarly, the dimeric structure of Cu(OAc)2 also inspired its

application in CuAAC.109 In this case, the copper(II) salt has to be reduced

under the reaction conditions, which has been shown to be possible.20

Nevertheless, it is important to note that the order of the CuAAC reac-

tion in copper does not delimit the actual composition of the catalytically

active species and the mechanistic picture for this reaction remains far from

clear as exemplified by the reports on tris-triazole (and related) ligand-based

catalytic systems. Polytriazoles, and TBTA in particular, represent one of the

first family of ligands developed specifically for this cycloaddition reaction

(Fig. 5).110 Extensive kinetic studies revealed that the choice of the best-

performing ligand among these tertiary amines depends on the actual reac-

tion conditions, such as concentration, pH value, and coordinating ability of

the solvent. These factors were shown to modify the kinetic profiles as well

as the optimal metal/ligand ratios.111

Considering the relatively low configurational stability of these ligands

and the rich coordination chemistry of copper, it is conceivable that the

actual active species and the rate-determining step in this reaction could

differ depending on the conditions and the employed copper source/ligand

combination.112 Hence, it is not overly surprising that strongly coordinating

ligands, and N-heterocyclic carbenes in particular, have played a major role
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not only in the development of highly performing catalytic systems99b but

also in the mechanistic understanding of this transformation.113 For starting

with, a well-defined copper–acetylide cluster bearing bidentate NHCs as

ancillary ligands displayed a much higher activity that the previously reported

polymeric species.108,114 The X-ray analysis of this compound (CCDC

1042359) showed that two of the copper atoms were σ-coordinated by four

acetylide ligands, whereas the other six copper centers were connected to one

NHC and two acetylides, one in a σ- and another in a π-coordination mode

(Scheme 23). Considering its stability, this cluster was proposed to be the cat-

alyst resting state and it could indeed be activated upon addition of acid to

release the active dinuclear acetylide complexes supported by the NHC

framework.115

Significantly, such dinuclear copper acetylides (with a different NHC

ligand) were first evidenced by means of mass spectrometry,116 and even

more remarkably, isolated and fully characterized when using a cyclic

(alkyl)(amino) carbene (CAAC).117 In this work, a bis(copper)triazolide

was also identified and the kinetic studies showed that both mono- and

dimeric pathways are active under catalytic conditions, but that the latter

is strongly favored (Scheme 24).

The great interest that the CuAAC reaction has gathered has definitely

inspired a number of recent mechanistic proposals in other copper-mediated

transformations. Without diminishing their relevance, dinuclear copper

acetylides cannot necessarily be easily extrapolated to other reactions and

if something has become obvious thanks to the CuAAC reaction is that

factors such as the ligand or solvent can modify the actual active species

and therefore should be taken into account.
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Scheme 23 Isolated copper(I)–acetylide species with NHCs.
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It is important to note that not all copper-mediated reactions of azides

and alkynes lead to the formation of the corresponding triazoles. Note-

worthy are the formation of 2,5-disubstituted-1,2,3-triazoles with a

palladium(0)/copper(I) bimetallic catalytic system,118 as well as the reac-

tions of electron-poor azides. For the latter, a number of catalytic systems

(all of them ligand-based) have been reported for the formation of

4-substituted-1-sulfonyl-1,2,3-triazoles from the corresponding sulfonyl

azides.119 However, in this case the corresponding copper–triazolide
intermediate has a N–N bond whose cleavage is particularly straightfor-

ward, leading to the formation of the corresponding ketimines species that

can be then trapped with different nucleophiles such as amines, imines, or

water (Scheme 25).120

More strikingly, the reaction of ketoazides and alkynes was reported to

form 2,5-disubstituted oxazole instead of triazoles (Scheme 26).121 DFT cal-

culations, together with crossover experiments, precluded the involvement

of alkynylcopper species in this case. Instead, they supported a mechanism

involving the formation of a copper–nitrene from the starting azide and

formation of the oxazole motif after π-coordination of the alkyne to this

intermediate in order to form the observed oxazole.122
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5.2 Other Cycloaddition Reactions
The formation of copper–acetylide derivatives has the general effect of rising
the HOMOof the dipolarophile and hence it is not surprising that azides are

not the only reactive dipoles for such species.123 Indeed, in the early work

published by Sharpless and Fokin, in situ generated nitrile oxides were also

studied for the synthesis of 3,5-disubstituted isoxazoles and their calculations

with monomeric copper–acetylides presented a very similar mechanistic

picture with this dipole (Scheme 27).104 However, comparatively little

attention has been paid to this transformation since, which is probably

related to the fact that many of these reactions are known to run smoothly

in aqueous media without the need of adding a copper source.124

The same mechanistic rationale has also been proposed for the intramo-

lecular Diels–Alder cycloaddition of inactivated alkynes.125 These reactions

proceeded smoothly in the presence of one equivalent of base, suggesting the

formation of a copper–acetylide under catalytic conditions (Scheme 28).

Labeling experiments together with the fact that only terminal alkynes

reacted in the presence of copper species, unlike with gold(I) catalysts, fur-

ther support this proposal. Nevertheless, no additional mechanistic studies

have been reported to date for this transformation.

In the case of diazocarbonyl compounds, a third type of propargyl/

allenyl anion dipole type, electron-deficient alkynes might be used in cyclo-

addition reactions in the presence of a Lewis acid, but no simple alkyl or aryl

alkynes.126 Instead, such inverse electron demand cycloaddition reactions

can be mediated by copper(I) catalysts, provided that alkynyl anions are used
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as cycloaddition partners (Scheme 29).127 Otherwise, the alkynylation prod-

uct was obtained instead (see Section 3.3).

With the support of some preliminary mechanistic studies, the authors

proposed that this reaction has a similar catalytic cycle than the CuAAC

reaction, with copper–acetylides and pyrazolyl–copper species as intermedi-

ates. It is important to note that even if the scope of the reaction was

explored with one equivalent of the copper salt, the authors state that the

substoichiometric amounts of copper(I) can promote these transformations.

Considering a different family of dipoles, aza-allyl type dipoles, the

copper-catalyzed azomethine imine–alkyne cycloaddition reaction was first

reported in 2003. A combination of CuI/amine led to the corresponding

bicyclic oxopyrazolidines in good yields, and with high enantioselectivities

when a phosphaferrocene-oxazoline ligand was used (Scheme 30).128

Unsurprisingly, copper–acetylide derivatives were assumed to be inter-

mediates in this reactions, but some experimental evidence only appeared in

the literature in 2012, when structurally stable dimeric copper phenylacetylide-

(S)-BINAP was shown to be active in this reaction when using only 2.5 mol%

R2+
[Cu]

R1 N O
and/or
water

O
N

R1

R2

Scheme 27 Synthesis of isoxazoles.
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(Scheme 30).129 Furthermore, these mechanistic studies strongly supported a

stepwise reaction (1,2-addition of copper–acetylide onto the dipole followed

by intramolecular cyclization).

It is important to note that in the case of C,N-cyclic azomethine imines

only the product issue of a C1-alkynylation was obtained under similar cat-

alytic conditions, with no trace of the related cycloadduct (Scheme 31).130

These reactions must be carried out in the absence of a basic additive since

the acid formed in the reactions upon the formation of a copper-acetylide

intermediate was postulated to play an essential role. Protonation of the

azomethine imine would lead to its electrophilic activation toward a

nucleophilic attack by the copper acetylide, leading to the observed reaction

product. Indeed, the use of a chiral Brønsted as the cocatalyst in these reac-

tions led to improved enantioselectivities and a broader substrate scope.

Nitrones, another aza-allyl type dipole, are probably the most popular

dipoles for copper-mediated cycloadditions with alkynes, together with

azides. Commonly known as the Kinugasa reaction, the original reports

were published in the 1970s, with preisolated copper acetylides and nitrones

Ph
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H R1

+ R2 H
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Scheme 30 Azomethine imine–alkyne cycloaddition reactions.
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in anhydrous pyridine to produce β-lactams (Scheme 32).131 In this reaction,

the initial cycloadduct rearranges into its corresponding enolate and a final

protonation step delivers the observed 2-azetidinone. The use of ligands

such as dppe or phenanthroline allows for the reaction to be catalytic in cop-

per, avoiding the use of preisolated acetylides.132 Indeed, nowadays there are

a number of user-friendly systems reported for this reaction in protic media

including in water and “on water” conditions.133 Ligand design has also led

to the synthesis of β-lactams with high enantioselectivities.134

A recent theoretical study supported important similarities between the

Kinugasa and the CuAAC reactions, with a dicopper–acetylide formed as

intermediate under catalytic reactions (Scheme 33).135 Nucleophilic attack

of the oxygen in the nitrone would eventually lead to a six-membered

H R1

N
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Ph Cu+
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Scheme 32 Original Kinugasa reaction.
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copper(III) transition state and the formation of a C–C bond. The C–O
bond would form in the next step, upon a formal reductive elimination.

After decoordination of one of the copper centers and protonation of the

nitrogen atom, a ring-opening step would generate a ketene intermediate.

Cyclization via a nucleophilic attack would again be assisted by the copper

center and would lead to the corresponding enolate with the final product

being released after hydrolysis and tautomerization.

6. MISCELLANEOUS REACTIONS

The transition metal-catalyzed nucleophilic substitution reaction of

propargylic substrates represents a straightforward access to synthetically use-

ful organic compounds such as propargylic amines. Even if they remain far

less developed than allylic substitutions, different metals have been reported

for these reactions, with ruthenium occupying a prominent place in the lit-

erature.136 Nevertheless, several high-performing copper catalysts have also

been developed in the last few years, including chiral ones.137 Compared to

Lewis and Brønsted acids, transition metal catalysis has the limitation of only

being applicable to monosubstituted alkynes.138 This is due to the accepted

intermediacy of metal–allenylidene species (Scheme 34). Such complexes

are well established with other metals such as ruthenium, which readily

reacts with propargylic alcohols to form stable complexes.139 However,

allenylidene have proved far more elusive with Group 11 metals, and to date

a single example with silver has been disclosed.140

C-, N-, O-, and S-nucleophiles have been used under copper catalysis,

but recent advances havemainly focused onN-nucleophiles since this meth-

odology represents a straightforward path to propargylic amines, which are

versatile synthons (see also Section 4.2). The copper-catalyzed amination of

propargylic acetates was first reported in the 1990s,141 and it took almost

OAc

R1
+ Nu H

[CuI] Nu

R1

R1

[CuI]

R1 •

[CuI]
•

Scheme 34 Nucleophilic substitution reactions and proposed key intermediates.
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15 years for the asymmetric version to be developed with either pybox142 or

biphep143 ligands. Stoichiometric experiments in the latter case did not

allow for the isolation of a copper allenylidene; however, a catalytically

active dimeric copper acetylide could be fully characterized.144 Based on

an almost first-order dependence of the reaction to the copper salt and

the linear relationship between the ee of the ligand and the final product,

a monomeric copper acetylide bearing one phosphine ligand was proposed

as the active species in this reaction. The full catalytic cycle, supported by

DFT calculations, is shown in Scheme 35. After formation of a copper

acetylide, the acetate group on the substrate would be protonated and then

eliminated to form a carbocation. This electrophilic intermediate would be

stabilized by resonance as a copper–allenylidene, which was found to have a
relatively weak Cu–C bond. Nucleophilic attack by the amine would form a

first propargylic amine that would undergo a proton atom shift to the acet-

ylenic position before being liberated.

It is important to note that even if a similar cycle is expected to be operative

in related substitution reactions, the actual active species might be different

depending on the catalytic system. Indeed, dimeric species have recently been

privileged in copper-catalyzed propargylic etherification reactions.145
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Scheme 35 Proposed mechanism for the copper-mediated propargylic amination
reaction.
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These propargylic amines can also undergo substitution reactions with

secondary amines or monosubstituted alkynes via a copper(I)-mediated

C(sp)–C(sp3) bond cleavage (Scheme 36).146 Amines are poor leaving

groups, but such C–C activation would be assisted by the lone pair of the

nitrogen to form an iminium intermediate that readily undergoes fragment

exchange,147 preventing the formation of Glaser-type by-products.

Primary propargylic alcohols undergo similar reactions under oxidative

conditions (Scheme 37).148 In this case, it has been proposed that the alcohol

group is first oxidized to aldehyde to then react with an amine additive for-

ming a hemiaminal. A copper acetylide would then form upon the cleavage

of a C–C bond, to form a diyne, or a 1,4-disubstituted triazole if an organic

azide is present (see Sections 2.1 and 5.1 for further details).

7. CONCLUSIONS

Even if major advances have been made, the mechanism and the

structure of the actual species involved in these alkyne transformations

remain mostly speculative. The well-established tendency of copper to form
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polynuclear complexes and the ease of ligand exchange at the metal center

make every single mechanistic study a challenging quest. Albeit caution

should be applied when extrapolating to other reactions, the intense research

around CuAAC has definitely revived the area and shed new light in the

understanding of copper acetylide chemistry. This is of great importance

not only to improve the efficiency and sustainability credentials of the

discussed copper-mediated transformations but also for the discovery of

novel ones.
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