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Three characteristic reactions of alkynes with
metal compounds in organic synthesis
Iwao Omae∗

Alkynes have two sets of mutually orthogonal π -bonds that are different from the π -bonds of alkenes. These π -bonds are
able to bond with transition metal compounds. Alkynes easily bond with the various kinds of compounds having a π -bond
such as carbon monoxide, alkenes, other alkynes and nitriles in the presence of the transition metal compounds. The most
representative reaction of alkynes is called the Pauson–Khand reaction. The Pauson–Khand reactions include the cyclization
of alkynes with alkenes and carbon monoxide in the presence of cobalt carbonyls. Similar Pauson–Khand reactions also
proceed in the presence of other transition metal compounds. These reactions are the first type of characteristic reaction of
alkynes. Other various kinds of cyclizations with alkynes also proceed in the presence of the transition metal compounds. These
reactions are the second type of characteristic reaction of alkynes. These include cyclooligomerizations and cycloadditions.
The cyclooligomerizations include mainly cyclotrimerizations and cyclotetramerizations, and the cycloadditions are [2 + 2],
[2 + 2 + 1], [2 + 2 + 2], [3 + 2], [4 + 2], etc., type cycloadditions. Alkynes are fairly reactive because of the high s character of
their σ -bonds. Therefore, simple coupling reactions with alkynes also proceed besides the cyclizations. The coupling reactions
are the third type of characteristic reactions of alkynes in the presence of, mainly, the transition metal compounds. These
reactions include carbonylations, dioxycarbonylations, Sonogashira reactions, coupling reactions with aldehydes, ketones,
alkynes, alkenes and allyl compounds. Copyright c© 2008 John Wiley & Sons, Ltd.

Keywords: alkynes; transition metal compounds; cyclization; Pauson–Khand reaction; Pauson–Khand-type reaction; coupling reaction;
cyclooligomerization; cycloaddition; cyclotrimerization

Introduction

Both alkynes and alkenes are compounds having at least one π -
electron bond. Therefore, in these compounds, reactions such as
the addition of hydrogen, the addition of halogens, the addition
of hydrogen halides, metathesis, oxidation and polymerization,
proceed in the presence of metal compounds.

However, alkynes have another set of π -electron bonds. These
two sets of π -electron bonds in alkynes are mutually orthogonal.
Hence, the reactions of alkynes in the presence of the metal
compounds are different from the reactions of alkenes.

As described in the next section, the two sets of mutually
orthogonal π -electron bonds tend to easily bond with d-electrons
in transition metals. Consequently, the characteristic reactions
of alkynes occur in the presence of the transition metals. In
these transition metal compounds, especially, a Co–Co bond in
(CO)4Co–Co(CO)4, very easily form a mutually bridged bond with
the two sets of π -electron bonds in alkynes. These reactions of
alkynes with alkenes in the presence of Co2(CO)8 are the most
characteristic reactions of alkynes with the transition metals in
organic synthesis.

This first type of characteristic reaction of alkynes with
organocobalt compounds is the Pauson–Khand reactions. Re-
actions that are similar to the Pauson–Khand reactions, Pau-
son–Khand-type reactions, occur in the presence of the other tran-
sition metal compounds besides the cobalt carbonyl compounds,
and also proceed as the first type of characteristic reactions. The
Pauson–Khand reactions and Pauson–Khand-type reactions are
the reactions of alkynes, alkenes and carbon monoxide. In these
three components, alkynes and carbon monoxide have two sets
of π -electron bonds and alkenes have one set of π -electron bond.
These reactions are also called as the [2 + 2 + 1] cyclizations.

The second type of characteristic reactions of alkynes with
the transition metal compounds is other cyclizations in which
alkynes react with compounds having π -electron bonds such
as other alkynes, alkenes, allenes, aldehydes, ketones, imines,
carbon monoxide, carbon dioxide and nitriles. These reactions are
cyclooligomerizations and cycloadditions.

The third type of characteristic reaction of alkynes in the
presence of the metal compounds is coupling reactions in
which the negative charge of the carbon atom in alkynes is
involved in addition to the high reactivity to the π -electron
bond. The reactions are carbonylations, dioxycarbonylations,
coupling reactions with aldehydes, ketones, imines, alkenes, allyl
compounds, alkynes, other oxygen-containing compounds or
nitrogen-containing compounds, Sonogashira reactions and other
coupling reactions.

The characteristic reactions of alkynes with organocobalt
compounds in organic synthesis have been reported in a previous
review article.[1] This present review reports mainly on three
characteristic reactions of alkynes with the metal compounds in
organic synthesis, excluding the organocobalt compounds.
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pKa = 45

HC≡CH (sp hybrization)
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Figure 1. Structures of ethylene and acetylene.[2]

Structures of Unsaturated Carbon–Carbon
Compounds, Their Metal Compounds, and
Unsaturated Carbon–Oxygen Compounds

Ethylene and acetylene are the simplest compounds of alkenes
and alkynes. Ethylene has one double bond consisting of one
sp2 −sp2 σ -bond and one pz π -bond. On the other hand, acetylene
has one triple bond consisting of one sp−spσ -bond, one pz π -bond
and one py π -bond as shown in Fig. 1.[2]

The s character in alkyne sp orbital is higher (50%) than that of
alkene sp2 orbital (33%). Electrons in an orbital having the more
s character are closer to the nucleus and more strongly held, and
so there is a greater electrostatic stabilization of the electron pair.
Therefore, the conjugate base of the alkyne is the most stable
and the most readily formed. A terminal alkyne with a strong
base such as sodium and n-butyllithium gives the anion of the
terminal alkyne, i.e. acetylide anion, which is synthetically useful as
a strong nucleophile, and it can participate in C–C bond-forming
reactions.[3]

C C π - electrons in alkenes bond with metals as shown in
Fig. 2.[4] The filled C C π -electrons are donated to empty s, pz ,
dz2 or dx2 − y2 orbitals in metal bonds. On the other hand, the π -
electrons in the filled px or dxz orbitals in metal bonds are donated
to the empty antibonding C–C π∗-electron orbitals.

Figure 2. Participation of various orbitals in the formation of π -alkyne
complexes.[4]

The molecular orbital interactions between alkynes and metal
compounds are shown in Fig. 3.[5 – 8] The A (σ -type donation) in
Fig. 3 corresponds to the bond between the C–C filled π -electrons
and s, pz , dz2 and dx2−y2 orbitals in the metals in Fig. 2 and the B (π -
type back donations) in Fig. 3 corresponds to the bond between
C–C empty antibonding π∗-orbitals and filled px or dxz orbitals in
the metals in Fig. 2.

On the other hand, in alkynes, another set of C–C π -bond sits
at the orthogonal position. In the C (π -type donation), the filled
alkyne π -orbital donates to the empty d-orbitals in the transition
metals, and in the D (δ-type back donation), filled d-orbitals in
the transition metals donate to the empty alkyne antibonding
π∗-orbital as shown in Fig. 3.

Alkynes have the two sets of mutually orthogonal π -bonds,
and the plane of another bond which is a perpendicular π -donor
bond C, has a good overlap and must be considered. However,
the perpendicular empty C C antibonding orbitals (π∗-acceptor
orbitals) can only overlap with a metal d orbital D in an xy plane,
resulting in a δ bond of which the overlap is poor. The overlaps in
the orbitals decrease in the order: A > B > C > D.[5 – 8]
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Figure 3. Molecular orbital interactions for coordinated acetylene.[5 – 8]
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Alkyne ligand can coordinate like two orthogonal alkene units
and it can formally occupy one, two, three or four coordination
sites. Therefore, the alkynes are able to form monodentate E to
quadridentate I, as shown in Fig. 4.[9] The E (monodentate) is the
bond between one π -electron in the C C bond and one metal
atom. The F (bidentate) is the bond between two π -electrons in
the C C bond and one metal atom. The I (quadridentate) is the
bond between fourπ -electrons in alkynes and two transition metal
atoms. The alkyne ligand can be chelated in dimerized, trimerized
or tetramerized form. These alkyne cyclization reactions can also
involve the incorporation of carbonyl group and/or the metal
atom.[9]

The structures of alkyne metal complexes are shown in
Table 1.[10 – 29] The C–C bond lengths of the representative alkene
and alkyne compounds, i.e. those of ethylene and acetylene, are
1.34 and 1.20 Å, and their CCR bond angles are 120 and 180◦,
respectively. In the monodentate E, the CCR bond angle may be
close to 180◦ and the C–C bond length may be close to 1.20 Å. On
the other hand, in the bidentate F, the CCR bond angle may be
close to 120◦ and the C–C bond length may be close to 1.34 Å.

However, in the alkyne metal complexes in Table 1,
the C–C bond lengths and CCR bond angles are
1.235–1.384 Å and 127–165.3◦, respectively. For example,
[(Cl2)(MeC6H4NH2)Pt(t-Bu-C ≡ C-t-Bu)] is considered to be the

M
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C C

M
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M
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M
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E F G H I

Figure 4. Structures of alkyne complexes.[9]

Table 1. Distances and angles between atoms in alkyne metal complexes

C C (Å) M-C (Å) ∠C-C-R (◦) Ref.

2.138(13) 161.6(1.4)

((Cl2)(MeC6H4NH2)Pt(t-Bu-C C-t-Bu) 1.235(18) 2.180(13) 165.3(1.4) [10]

2.023 127

((Ph3P)2)Pt(C6H4)(cyclohexyne) 1.289 2.055 128 [11]

(Ph3P)2Pt(PhC CPh) 1.32 2.01, 2.06 139, 140 [12]

Me(HB-(N2C3H3)3)Pt(F3CC CCF3) 1.292(12) 2.018(16) 145.6(4) [13]

2.024(5) 140.62(63)

((Ph3P)2)Pt(F3CC CCF3) 1.255(9) 2.031(5) 139.55(59) [14]

2.11(4) 150(4)

(MeAs)2(Cl)(Me)Pt(F3CC CCF3) 1.32(4) 2.03(4) 135(4) [15]

2.074(6) 146.4(9)

((Ph3P)2)Pd(MeOOCC CCOOMe) 1.279(11) 2.051(6) 144.9(7) [16]

1.291(20) 1.989(14) 150(1)

[(Ph3P)Pd(Ph2PC CCF3)]2 1.281(20) 2.039(14) 156(1) [17]

(Me3C-N C)2Ni(PhC CPh) 1.284(16) 1.899(19) 148.6(1.4) [18]

Ni(HOEt2CC CCEt2OH) 1.259(3) 1.875(1) 155.34(6) [19]

2.07(1) 139.2(13)

((Ph3P)2)(-C(CN CHCN)Ir(NCC CCN) 1.29(2) 2.10(1) 139.8(13) [20]

2.07(4) 142(4)

(Ph)(Cp)(O)W(PhC CPh) 1.29(3) 2.15(4) 145(4) [21]

(CO)W(PhC CPh)3 1.30 2.06 139.6 [22]

(S2CNEt2)2(CO)W(C2H2) 1.29(1) 2.015(9), 2.038(8) [23]

2.05(1) 136(1)

(Me3P)(CO)(Cl)2W(PhC C-OH) 1.32(1) 1.97(1) 135(1) [24]

2.014(9) 142.8(9)

(Me3P)2(CO)(Cl)2W(PhC CNH-t-Bu) 1.34(1) 1.995(9) 146.8(9) [25]

2.16, 2.23 136, 140

Cp(CO)Nb(PhC CPh) 1.33, 1.37 2.17, 2.21 138, 139 [26]

1.38

(Cp)(Ph2C4Ph2(CO)Nb(PhC CPh) 1.26 2.21, 2.29 144 [27]

2.069(2) 146.48(21)

Cl3(THF)2Nb(PhC CSi(t-BuMe2) 1.306(3) 2.067(2) 137.19(24) [28]

(η5-C5Me5)Me2TaC6H4 (benzyne) 1.384(4) 2.06(3), 2.53(3) – [29]

Appl. Organometal. Chem. 2008; 22: 149–166 Copyright c© 2008 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/aoc
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monodentate E because >CCR is shown as the biggest angle,
e.g. 165.3 and 161.6◦, which are close to 180◦ and the C–C
bond length is the shortest, 1.235 Å, in these compounds. On the
other hand, (Ph3P)Pt(PhC CPh) is better described as metalla-
cyclopropene, that is, the bidentate F, because the C C bond
length and the angles >CCPh are 1.32 Å and 139 and 140◦,
respectively.[12]

Two sets of π -bonds at the orthogonal position tend to form
a bridged bond, that is, the quadridentate I, as shown in Fig. 4.[2]

In particular, (CO)4Co–Co(CO)4 easily forms the bridged bond by
the reaction of alkynes as described in a previous review.[1] For
example, in (CO)3Co–Co(CO)3

. PhC CPh bridged compound,[29]

the C–C bond length is 1.46 Å and the >RCC is 138◦. This bridged
compound is considered to be the quadridentate I in Fig. 4. These
quandridentates are not only Co–Co bridged compounds but also
Co–M (M is another metal) and M–M bridged compounds, as
shown in Table 2.[30 – 40] These bridged bonds mean that the C–C
triple bond perpendicularly bonds with the metal–metal bond.

Surprisingly, there have been many reports on the Pau-
son–Khand reactions’ reports since early in the 1970s.[1] These
show that it is easily considered that the alkyne metal complexes
show high reactivities to both carbon monoxide and alkenes in
the presence of organocobalt compounds (see Figs 1 and 5). Sim-
ilarly, in the many reports on the reaction, it is also considered
that the alkynes show high reactivity to the compounds having
at least one π -electron bond such as other alkynes, alkenes, allyl
compounds, aryl compounds, carbon monoxide, carbon dioxide
(see Fig. 5), nitriles, imines, aldehydes and ketones in the presence
of the transition metal compounds.

A

B

Figure 5. Structures of CO (A) and CO2 (B).[2]

Pauson–Khand Reactions and Pau-
son–Khand-Type Reactions

Introduction

Alkynes can form the mutually bridged bonds of the quandri-
dentate I as shown in Fig. 4 and in Table 2 by the reactions
of two sets of mutually orthogonal π -bonds with metal–metal
compounds, especially (CO)4Co–Co(CO)4. The reactions via their

Table 2. Distances between atom bridged alkyne metal complexes

C C (Å)
M-M (Å)
M-M′ (Å) M-C Ref.

1.93, 1.89

(CO)3Co–Co(CO)3(PhC CPh) 1.46 2.47 2.01, 2.02 [30]

1.88, 1.83

(CO)3Co–Co(CO)3(C6F6) (cyclohex-1-yne-3-ene) 1.29 2.52 1.92, 1.95 [31]

1.946(4), 1.923(4)

(CO)3Co–Co(CO)3(HOOCC CCOOH) 1.350(5) 2.471(1) 1.924(4), 1.931(3) [32]

1.963(3), 1.962(3)

(CO)3Co–Co(CO)3(HOH2CC CCH2OH) 1.338(4) 2.461(1) 1.978(3), 1.963(3) [32]

2.002(5), 1.957(5)

(CO)3Co–Co(CO)3(PhC CSiPh3) 1.343(6) 2.465(1) 1.985(3), 1.996(4) [33]

1.984(2), 1.985(2)

(CO)3Co–Co(CO)3(t-Bu-C C-t-Bu) 1.349(2) 2.462(1) 1.988(1), 1.983(1) [34]

1.917(4), 1.904(4) Ni

(CO)3Co-Ni(Cp)(PhC CPh) 1.337(5)) 2.3656(8) 1.963(3), 1.989(4) Co [35]

2.19 Mo

[Cp(CO)2Mo-Co(CO)2(Cp)(2-propynylbornyl)]BF4 2.677(2) 1.93 Co [36]

2.188(4), 2.147(4) Mo

(MeOOC-C5H4)(CO)2Mo-Co(CO)3(PhC CPh) 1.347(5) 2.6873(6) 1.976(4), 1.972(4) Co [37]

2.116(5), 2.138(5) Mo

(CO)3Co-Mo(CO)2Cp(F3CC CCF3) 2.692(1) 1.960(5), 1.934(5) Co [38]

2.000(4), 2.027(4) Co

(Cp)(CO)2W-Co(CO)2(PhCC CMe) 1.381(5) 2.693(1) 2.151(3), 2.120(3) W [39]

2.15(1), 2.16(1) W

(CO)3Co-W((CO)2(CO)3(µ-EtC CEt)2(EtC CEt) 1.36(2) 2.732(1) 2.04(1), 2.01(1) Co [40]

[(Cp)(CO)2Mo-Mo(CO)2Cp((2-propynylbornyl)]BF4 2.960 2.20 Mo [36]

www.interscience.wiley.com/journal/aoc Copyright c© 2008 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2008; 22: 149–166
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mutually bridged bonds between the Co–Co carbonyl compounds
and alkynes proceed as per the following three types of reactions
of the organocobalt compounds as described in the previous
review.[1]

The first type reactions are those with a Co2(CO)6 protecting
group because the mutually bridged bond [C C–Co2(CO)6]
stabilizes the reactive carbon–carbon triple bond in alkynes.

The second type of reactions are Nicholas reactions in which
cations in the formation of the mutually bridged compounds,
where the α-carbon at the C C bond in alkynes bonds with
hydroxyl group, alkoxy group, etc., easily react with many kinds of
nucleophiles to form the corresponding derivatives.

The third type of reactions are the Pauson–Khand reactions.
These reactions proceed with Co–Co carbonyl compounds,
alkynes and alkenes via mutually bridged bonds by [2 + 2 +
1]cyclizations.

The latter Pauson–Khand reaction is the most characteristic
reaction of organocobalt compounds in organic synthesis. They
easily form cyclopentenones by the reactions of many kinds of
alkynes in the presence of Co–Co carbonyl compounds.[1] Many
kinds of alkynes can form bridged compounds not only with the
Co–Co compounds but also with Co–M compounds and M–M
compounds, as shown in Table 2. The similar Pauson–Khand
reactions also proceed with the other metal compounds besides
the organocobalt compounds. These reactions are called the
Pauson–Khand-type reactions.

The Pauson–Khand reactions and Pauson–Khand-type reac-
tions are the reactions of the two sets of π -electrons in both

alkynes and carbon monoxide with the one set of π -electrons of
alkenes, as shown in Figs 1 and 5.

Pauson–Khand reactions

The Pauson–Khand reactions involve the cyclization of one
alkyne, one alkene and a cobalt carbonyl (as a carbon monoxide
source, e.g. octacarbonyldicobalt) to yield cyclopentenones by
[2 + 2 + 1]cyclization addition as shown in eqn (1).

+
R3 R5

R4 R6

O

R6

R4R1

R2

R3

R5
(1)

Co2(CO)8
R1C≡CR2

Many review articles on the Pauson–Khand reactions have been
published.[41 – 56] As shown in Scheme 1,[43] at first, two π -bonds in
alkyne with two cobalt atoms form the mutually bridged structure
1. Then, one alkene is coordinated with one of the cobalt atoms
and inserted into a cobalt–carbon bond. Also, one carbonyl is
inserted into the new cobalt–carbon bond, and cyclopentenone
is obtained by the elimination of Co2(CO)6. Please refer to the
previous review article[1] for detail on the characteristic reactions
of organocobalt compounds in organic synthesis.

Pauson–Khand-type reactions

Pauson–Khand-type reactions

Similar Pauson–Khand reactions occur with the other transi-
tion metal compounds besides the organocobalt compounds,

CO

C=C

R

Co2(CO)8

R

Co(CO)3

Co(CO)3

O

R

R

R-C

R

C=C

R

Co(CO)2
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C-R

Co(CO)3
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R

O

R

R

R

R

Co(CO)3Co(CO)3

R

O

R

R

Co(CO)2

Co(CO)3

Co(CO)3

Co(CO)3

− [Co2(CO)6]

− CO

− 2CO
RC≡CR

1

Scheme 1. The proposed mechanism of the Pauson-Khand reaciton.
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as described in the former section. These reactions are called
the Pauson–Khand-type reactions. The metals and alloys,
Ti,[57 – 68] Zr[68 – 71] (4 Group), Mo,[72 – 77], W[74,76,78,79] (6 Group),
Fe,[80,81] Ru[82 – 88] (8 Group), Rh,[89 – 95] Ir[96] (9 Group), Ni,[97,98]

Pd[89,99] (10 Group), Raney cobalt,[100] Ru–Co,[101] Mo–Co,[102]

Co2Rh2(CO)12,[103] homogeneneous Pd, Co/C,[104] Co nanoparti-
cle or Co/C,[105 – 108] are used in these reactions. Some of the
Pauson–Khand-type reactions are shown in eqns (2)[61] and (3).[82]

Z
R

Z

R

O
Cp2Ti(CO)2

Z = C(COOEt)2, CH2, O, NPh
R = Ar, Me, H

(2)

72-95 %

R
R

O

E = COOMe, COOEt
R = Me, Et, n-Pr, SiMe3

Ru3(CO)12
(3)

74-89 %

E

E

E

E

Asymmetric Pauson–Khand-type reactions

Asymmetric Pauson–Khand-type reactions proceed in the pres-
ence of transition metal catalysts, chiral compounds or chiral
transition metal catalysts.[49,62,65,67,96,104,109 – 115] For example, the
asymmetric Pauson–Khand-type reactions proceed in the pres-
ence of a rhodium carbonyl and chiral phosphine in high enan-
tioselective yields, as shown in eqn (4). Silver salt, e.g. CF3SO3Ag,
is required for the ionization of rhodium carbonyl in THF.[109]

(4)Z
R

Z

R

O

Z = C(COOEt)2, NTs, O
R = Me, Ph

67-99 %
61-96 % ee

[RhCl(CO)2]2 + BINAP + CF3SO3Ag

THF, refux
CO (1 atm)

BINAP = 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
Ts = p-toluenesulfonyl

On the other hand, with cyclooctadiene iridium compounds and
chiral bisdiphenylphosphine complex catalysts the asymmetric
Pauson–Khand-type reactions proceed in high enatioselective
yields without silver salt, as shown in eqn (5).[96]

[Ir(COD)]2 + 2 (S)-tolBINAP

toluene, reflux
CO (1 atm)

(5)Z
R

Z

R

O

Z = C(COOEt)2, NTs, O
R = Ar, alkyl

54-85 %
84-96 % ee

Pauson–Khand-type reactions with allenes as the alkene sources

Allenes are used as alkene sources in the Pauson–Khand-type
reactions.[49,72,116 – 131] These reactions proceed along two paths,
path A and path B depending upon the catalysts and substrates as

Z

O

Z O

•

path A

path B
Z

•
M

Z

•
M

Z

R

R

R

R

R

Scheme 2.

shown in Scheme 2.[49] For example, the path A using iron carbonyl
catalysts is shown in eqn (6).[129]

Z
R

Z

R

O
Cp2Ti(CO)2

Z = C(COOEt)2, CH2, O, NPh
R = Ar, Me, H

(6)

72-95 %

On the other hand, α-methylene cyclopentenone is prepared
through the path B with molybdenum carbonyl compounds in
good yields as shown in eqn (7).[72]

R
R

O

E = COOMe, COOEt
R = Me, Et, n-Pr, SiMe3

Ru3(CO)12
(7)

74-89 %

E

E

E

E

Pauson–Khand-type reactions with aldehydes as the carbon monox-
ide sources

Aldehydes may be used as a source of carbon monoxide
for the Pauson–Khand-type reactions.[49,132 – 139] For example,
the Pauson–Khand-type reactions proceed with elelctronegative
pentafluorobenzaldehyde in high yields by carbonylations, as
shown in eqn (8).[134]

(8)
Ph

TMS

O
EtOOC

EtOOC

EtOOC

EtOOC

[RhCl(cod)]2, 2 DPPP

C6F5CHO, xylene
130 °C, 60 h

97 %

On the other hand, cinnamaldehyde has been found to be
the best carbon monoxide source for the Pauson–Khand-type
reaction. When a noncationic rhodium complex with a chiral
phosphine was used as a chiral catalyst, the reactions proceeded
highly enantioselectivity to give chiral cyclopentenones as shown
in eqn (9).[132]

(9)O
Ph

O

TMS

O

[RhCl(cod)]2,
2 (S)-tolBINAP

CO source
120 °C

cinnamaldehyde, solvent none:      89 %  yield,  82 %ee
cinnamaldehyde, solvent xylene:   57 %  yield,    8 %ee
CO gas                solvent none:      23 %  yield,  60 %ee
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Hetro Pauson–Khand-type reactions

In the Pauson–Khand-type reactions with aldehydes (C O π -
bond), ketones (C Oπ -bonds) or imines (C Nπ -bond) instead of
the alkenes as a C C π -bond source, hetero Pauson–Khand-type
reactions occur in the presence of the metal catalysts.[49,140 – 145] For
example, the compounds having the carbon–carbon triple bond
and formyl group reacted with carbon monoxide in the presence of
ruthenium catalysts to give two cyclic α,β-unsaturated γ -lactones
in high yields as shown in eqn (10).[143]

(10)Z

O

R

Z
O

R

O
Ru3(CO)12

toluene, 120 °C
CO

( )nH

62-93 %Z = C(COOEt)2, CH2
R = Ph, (CH2)2OCH2Ph, TMS
n = 1, 2

( )n

On the other hand, the reactions with di-2-pyridyly ketone give
lactones in high yields as shown in eqn (11).[142]

Ph-C≡C-Ph

N

N

O
Ru3(CO)12

160 °C, 20 h
CO

(11)
O

PhPh

O
py

py

+

99 %

With imines as the alkene sources, the hetero Pauson–Khand
reactions also proceed in good yields in the presence of the
ruthenium catalyst by cyclocarbonylation as shown in eqn (12).[144]

(12)Z

NAr

R

Z
N

R

O
Ru3(CO)12

toluene, 160 °C
CO

( )nH

Ar = C6H4(p-OMe)
Z = C(COOEt)2
R = Ph, (CH2)2OCH2Ph, TMS
n = 1, 2

( )n

43-51 %

Ar

Other Cyclizations

Introduction

The first type of characteristic reaction in alkynes, i.e. the
Pauson–Khand reactions and Pauson–Khand-type reactions is
the cyclization of the two sets of π -electrons in alkynes and
carbon monoxide with the one set of π -electron of alkynes, that
is, [2 + 2 + 1] cyclizations. These cyclizations especially easily
proceed with not only cobalt carbonyl but also with the other
various kinds of transition metal compounds. Three components
of the reaction show high affinity to the transition metal because
two components, in particular, have the two sets of π -electron
bonds.

The other cyclizations of alkynes in the presence of the transition
metal compounds, are the second type characteristic reactions.
These cyclizations proceed with the two sets of π -electrons
of alkynes and the other compounds having at least one π -
electron bond such as other alkynes, alkenes, allenes, carbon
monoxide, carbon dioxide, aldehydes, ketones, imines and nitriles
in the presence of transition metal comopunds. These reactions
include two kinds of cyclizations, that is, cyclooligomerizations
and cycloadditions.

The cyclooligomerizations of alkynes produce mainly ben-
zene derivatives and cyclooctatetraene derivatives, as shown in
Table 3.[146 – 155] On the other hand, the cycloadditions form many
kinds of ring compounds such as four-, five-, six- and seven-
membered compoumds by the [2 + 2], [3 + 2], [4 + 2], [5 + 2],
[2 + 2 + 1], [2 + 2 + 2], [3 + 2 + 2], [4 + 2 + 1] and [2 + 2 + 1 + 1]
cycloadditions.

The [2 + 2 + 1] cyclizations in the second type of characteristic
reactions are different from those of the Pauson–Khand reactions
or Pauson–Khand-type reactions, for example, the components
are two alkynes and one carbonyl group [see eqn (24)].

Cyclooligomerizations

The representative cyclooligomerizations of alkynes are cy-
clotrimerizations to form the benzene derivatives. The intermolec-
ular cyclotrimerization of alkynes are considered to proceed as
shown in Scheme 3.[42] In the first step, a metal atom in the
metal compound is coordinated by one alkyne and forms an
alkyne metal complex 2. The sequential coordination of an-
other alkyne molecule to a single metal center 3 is followed

Table 3. Oligomerization of alkynes

Alkyne Catalyst Main product Ref.

HC CH Ni(CN)2 cyclooctatetraene [146]

HC CH Ni(CH2 CHCN)2 cyclooctatetraene [147]

HC CCOOEt Ni(PCl3)4 1,2,4,6- or 1,3,5,7-tetraethoxycarbonylcyclooctatetraene [148]

HC CH Ni(CO)2(Ph3P)2 benzene [149]

HC CH NbCl5, WCl6 benzene [150]

HC CRa [NiL2]b 1,3,5- or 1,2,4-trisubstituteed benzene [151]

HC CBu [NiCl(η3-C3H5)]2 1,3,5-tri-n-butylbenzene [152]

HC CH [NiCl(η3-C3H5)]2 1,3,4-tri-n-butylbenzene [152]

PhC CPh Co4(CO)12; Rh4(CO)12 hexaphenylbenzene [153]

MeC CPh PdCl2(PhCN)2 1,3,5-trimethyl-2,4,6-triphenylbenzene [154]

MeC C-C CMe Ni(CO)2(Ph3P)2 1,2,4-trimethyl-3,5,6-tripropylbenzene [155]

a R = CMe-CH2, CH2OH, CHMeOH, CMe2OH, COOMe, CH2NMe2, CH2CH2NEt2, CH2OEt.
b L = trithymyl phosphite.
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Scheme 3. Intermolecular cyclotrimerizations of alkynes.[42].

X = S, Se

CoPh3P

X

N

N

N

N

R

O

S

S

Co

Co

NR

O

RNCO

R

RCN

TsN3

H

R

X

CS2

CO

RNC

RN3

Cp

Cp

Cp

Scheme 4.

by metallacyclopentadiene formation 4 that simultaneously forms
a carbon–carbon bond, formally oxidizes the metal and opens
a coordination site. They may also complex with a third alkyne
molecule, which may be inserted to give a transient metalla-
cycloheptatriene 5 from which the benzene product is finally
released.[156] The intermediates 2–5 are isolated.[157] For example,
the intermediates 2 are already shown in Table 2. Metallacyclopen-
tadiene 4, e.g. cobaltcyclopentadienes, are easily synthesized, and
many compounds are derived from the compounds 4 as shown
in Scheme 4.[158] Therefore, these compounds are utilized as use-
ful intermediates.

Many kinds of catalysts for the synthesis of benzene deriva-
tives by these cyclotrimerizations have been found.[5,42,146,148,149]

These catalysts are the metals or metal compounds such as U[159]

(Group3), Ti[160] (Group 4), Nb[28,50,162] and Ta[163] (Group 5), Cr[164]

and W[165] (Group 6), Fe[166] and Ru[161] (Group 8), Co,[153,158,167 – 171]

Rh[153] and Ir[156,172,173] (Group 9), and Ni[148,155,164,174 – 176] and
Pd[154,158,177] (Group 10). For example, the cyclotrimerizations
of conjugated acetylenes produce solely unsymmetrical isomers
in high yields in the presence of Ni(CO)(PPh3)2, as shown in
eqn (13).[155] In particular, the organocobalts such as cyclopenta-
dienyldicarbonylcobalt are conveniently used for the synthesis of
the benzene derivatives.[178 – 182]

R-C≡C-C≡C-R (13)
Ni(CO)(PPh3)2

C
C

R
R

C

R

C

C

C

R

R

R R = Me 77 %
R = Ph  83 %

On the other hand, the cyclotetramerizations proceed mainly
with nickel catalysts such as Ni(acac)2, Ni(CN)2, [Ni(CH2 CHCN)2]
and [Ni(PCl3)4].[146 – 148,183 – 187] The cyclotetramerizations of acety-
lene is one of the famous Reppe’s reactions in the transition metal
chemistry of alkynes.[146] The reaction of acetylene with Ni(acac)2

is shown in eqn (14).[146]

HC≡CH (14)
Ni(acac)2

THF, 80-120 °C
10-25 atm

70 %

Monosubstituted alkynes are also readily cyclotetramerized and
both simple and functionalized tetramers may be synthesized.[151]

With methyl propiolate, 66% of the monomer is converted
in the presence of Ni(PCl3)4 catalyst at 33 ◦C, the yield of
1,2,4,6-tetramer is 83% and the remaining product (17%) is 1,2,4-
tricarbomethoxybenzene, as shown in eqn (15).[147,148,188]

HC≡C-COOMe (15)
cyclohexane,
33 °C, 11 min

Ni(PCl3)4

COOMeMeOOC

COOMe
MeOOC

conversion 66%
1,2,4,6-tetramer 83 %
1,2,4-trimer 17%

Cycloadditions

In the second type characteristic reactions of alkynes, the [2+2+1]
cycloadditions are carbonylative alkyne–alkyne couplings.[189,190]
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For example, cyclopentadienone is prepared in a high yield by the
[2 + 2 + 1] cycloadditions of a diyne in the presence of an iridium
phosphine complex, as shown in eqn (16).[189]

SiPh3

SiPh3

O

SiPh3

SiPh3

(16)

IrCl(CO)(PPh3)2
5 mol%

CO, 1 atm, xylene,
120 °C

98 %

The cyclooligomerizations of three alkynes form the benzene
derivatives. However, the cycloaddition of three kinds of alkynes
that are the [2 + 2 + 2] cycloadditions, also forms some benzene
derivatives in the presence of the transition metal catalysts, as
shown in eqn (17).[191]

HC≡C-R1 (17)HC≡C-R2 HC≡C-R3+ +

R2

R3

R1

However, the intramolecular cyclization of alkynes having
three triple bonds in the same molecule or cyclization of
alkynes having two triple bonds with one alkyne tends to form
one kind of compound, as shown in eqns (18) and (19),[197]

respectively. These cyclizations are conveniently applied for
organic syntheses.[157,171,191 – 210]

(18)

85 %

O
COOMe

O

COOMe

COOMe

Pd2(dba),
PPh3

O

COOMe

O

toluene, reflux,
0.5 h

(19)O
COOMe

COOMe

COOMe

COOMe

+ O
COOMe

COOMe

COOMe

COOMe

78 %

Pd2(dba),
PPh3

toluene, reflux,
0.5 h

The intramolemolecular cyclizations of one alkene instead of
one alkyne give cyclohexadiene derivatives, e.g. compound 7,
instead of the benzene derivatives.[157,179,211 – 219] This reaction
may be used in the total synthesis of the Torgov intermediate
8, in the synthesis of estrone. The exposure of enediyne 6 to
excess CpCo(CO)2 in boiling isooctane gave a red crystalline cobalt
complex 8, in a fairly good yield (65%) as shown in eqn (20).[217]

With one cyano compound instead of one monoyne, the [2+2+
2] cycloaddition gives heterocyclic compounds[157,179,220 – 237] such

as pyridine derivatives. For example, (+)-(S)-2-methylbutanenitrile
reacts with acetylene at 140 ◦C in the presence of
CpCo(cyclooctadiene) giving (+)-(S)-2-sec-butylpyridine in a high
yield, as shown in eqn (21).[223]

With isocyanates instead of nitriles, the cyclization of acetylenes
gives 5-indolizinones in a regio-controlling reaction, as shown in
eqn (22).[238] This reaction is readily applied to the total synthesis
of an antitumor alkaloid camptothecin.[238 – 240]

The reaction of alkynes with carbon dioxide in the presence of
nickel catalysts give doubly substituted pyrones by the [2 + 2 + 2]
cycloadditions of two alkynes and one carbonyl group in carbon
dioxide as shown in eqn (23).[241,242]

CO2+ (23)
Ni(cod)2-2PEt3

THF-MeCN, 110 °C

96 %

Et Et2
O

O
Et

Et

Et

Et

The mechanism involves an oxanickel cyclopentene complex
that undergoes ring enlargement by the insertion of an alkyne to
give a seven-membered ring. The decomposition of the seven-
membered ring liberates the pyrone and the nickel catalyst is
regenerated as shown in Scheme 5.[243]

CO2, R R

O O

R

R

R

R LmNi(0)

R R

O

RR

R

R

O

O
O

R
R

Oxidative
addition

Five-membered
metallacycle
intermediate

Seven-membered
metallacycle
intermediate

Reductive
elimination with
C-O bond formation

LnNi(II) LnNi(II)

Scheme 5.
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The cycloaddition ([2 + 2 + 1] cyclization) of two alkynes in the
presence of a cyclopentadienylcobalt catalyst gives cyclopenta-
dienone instead of the cyclopentenones in the Pauson–Khand
reaction, as shown in eqn (24).[244 – 246]

t-Bu-O O-t-Bu

O-t-Bu

O-t-But-Bu-O

t-Bu-O

O

O-t-Bu

O-t-But-Bu-O

t-Bu-O

O

CoCp

(24)

CpCo(CO)2

pentane, -78 °C, hν

50-58 %

79%

MeCN-(t-Bu)4N+ ClO4
-

+ 0.77mV

electrical oxidation

Cyclic products derived from only two molecules of alkynes
include cyclobutadiene complexes 9 ([2 + 2] cycloaddition) and
cyclopentadienone complexes 10 ([2 + 2 + 1] cycloaddition) via
cobaltcyclopentadienes (see Scheme 4), as shown in eqn (25).[192]

As for the [2 + 2] cycloaddition, the other cyclodimerization of
alkynes,[194] alkyne–alkene cycloaddition[195] and alkyne fluoroal-
lene cycloaddition[196] were also reported.

Ph

PhPh

Ph
Ph

Ph

Ph Ph

Ph

PhPh

Ph

CoCp Ph
Ph

Ph
Ph

O

CoCp

(25)

CpCo(CO)2 ++

+

50%

10%

15%

9

10

11

2 reflux
in

p-xylene

Azide alkyne Huisgen cycloaddition[247 – 252] is the [3 + 2]
cycloaddtion of alkyne and azide in the presence of copper
catalysts to give 1,2,3-triazole. The reaction is shown basically
in eqn (26).[248]

R (26)N3-R'+ N
N

N
R'

Azide alkyne Huisgen cycloaddition
R

copper catalysts

Enol–alkyne reductive cycloadditions[253,254] are also the [3 + 2]
cycloadditions. For example, the intramolecular cyclization of the
enol–alkyne proceeds in the presence of a nickel catalyst to give a

tricyclic single diastereomer in 71% yield, as shown in eqn (27).[254]

H

O

Ph

H
Ni

N

N
H

O

Ph

Ni(cod)2

tmeda

in THF, rt, 2 h

H+

HO

H
Ph

(27)

H Ph

H
OH Ni

N

N

X

Yied 71 %, from MeOH quench

Monosubstituted conjugated enynes smoothly undergo [4 + 2]
homodimerization by the cyclization of the enyne and monoyne
cyclization in the presence of palladium catalyst to give styrene
derivatives as shown in eqn (28).[255] These [4 + 2] cycloadditions
also proceed by the diene and monoyne cycloaddition,[256 – 258]

and by the enyne and diyne cycloaddition.[259,260]

+

R

R

RR
(28)

Pd(PPh3)4

10 h

R = n-Dec 92 %

In the reaction of 2-butyne with η5-pentamethylcyclopen-
tadienylallyl cobalt or η5-methylcyclopentadienylallyl cobalt com-
pound, the [3 + 2 + 2], [3 + 2] and [5 + 2] cycloadditions were
reported[261 – 263] (see previous review[1]).

The other cycloadditions such as the [3 + 3 + 2] cycloadditions
(cyclopropylidene, alkyne, alkyne),[264,265] [4+2+1] cycloadditions
(diene, alkyne, diazomethane derivative)[266], [4 + 2 + 2] cycload-
ditions (diynes, cyclobutenone)[267] and [5 + 2] cycloaddiitons
(vinylcyclopropane, alkyne)[268] were also reported.

Very recently, many kinds of cycloadditions have been reported,
such as the [2 + 2 + 2] cycloadditions of two alkynes and one
alkenes,[269 – 273] [2 + 2 + 2] cycloadditions of triynes,[274 – 276]

[2 + 2 + 2] cycloadditions of ortho-alkynylaryl aldehyde[277],
[2+2+2] cycloadditions of aryl enyne[278], [2+2+2] cycloadditions
of diynes and isothiocyanates[279] and [2 + 2 + 2] cycloadditions
of diynes or tetraynes.[280,281]

Coupling Reactions

Introduction

Alkynes are fairly acidic because the negative charge in alkynes is
stabilized as a result of the high s character of the sp orbital, as
described above. The terminal alkyne with a strong base such as
sodium and n-butyllithium gives the anion of the terminal alkyne.
The acetylide anion is synthetically useful as a strong nucleophile,
and it can participate in C–C bond forming reactions.[3]

www.interscience.wiley.com/journal/aoc Copyright c© 2008 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2008; 22: 149–166
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Furthermore, the two sets of π -bonds at the orthogonal position
show high reactivities to the other π -electron bonds, such as
carbon monoxide, carbon dioxide, aldehydes, ketones, alkenes,
allenes and nitrile in the presence of transition metal compounds
as described above.

Hence, in alkynes in the presence of not only the transition
metal compounds but also main group metal compounds, their
coupling reactions also proceed in addition to the cyclizations.
These coupling reactions are the third type characteristic reactions
of alkynes with the metal compounds in organic synthesis
and proceed in the presence of mainly the transition metal
compounds.

Carbonylations

As alkynes are reactive with carbonyl group in the presence
of the transition metal compounds, the cyclizations with carbon
monoxide easily proceed as shown in the Pauson–Khand reactions
[eqn (1)] and the Pauson–Khand-type reactions, as the [2 + 2 + 2]
cyclizations, and as the other [2 + 2 + 1] cyclizations [eqns (16),
(24) and (25)].

However, the coupling reactions also proceed in the presence
of the transition metal compounds. The representative Reppe
carbonylations are the production process of acrylic acid, acrylic
acid esters and acrylic acid amides. These reactions involve
alkynes, carbon monoxide, and HX (X = OH, water, X = OR,
alcohol, X = NR2, amines) in the presence of the tranisition metal
compounds such as HCo(CO)4, Ni(CO)4, NiBr2 and Fe(CO)5 as
shown in eqns (29)–(31).[282]

HC ≡ CH + CO + HOH −−−→ CH2 = CHCOOH (29)

HC ≡ CH + CO + ROH −−−→ CH2 = CHCOOR (30)

HC ≡ CH + CO + R2NH −−−→ CH2 = CHCONR2 (31)

Dioxycarbonylations

Carbon dioxide is generally an inert compound. However, carbon
dioxide has the two sets of carbon oxygen π -electron bonds,
as shown in Fig. 5. As it was previously described, it reacts
with alkynes in the presence of nickel catalysts to give the
[2 + 2 + 2] cyclization products, as shown in eqn (23). With
other nickel catalysts, 2-butyne reacts with carbon dioxide in
the presence of Ni(cdt) (cdt = 1,5,9-cyclododecatriene) and
N,N,N′ ,N′-tetramethyl-1,2-ethylenediamine (TMEDA) to give a
five-membered nickelacyclolactone. Its protonolysis leads to 2-
methylcrotonic acid, as shown in eqn (32).[283] Hence, the synthetic
reaction of the 2-methylcrotonic acid is the coupling reaction via
the [2 + 2 + 1] cycloaddition of C–C bond, C O bond and a metal
atom.

CO2+ (32)
Ni(cdt)

Me Me
H3O+ Me Me

COOHO

MeMe

O

cdt = 1,5,9-cyclododecatriene

TMEDA = N,N,N',N'-tetramethyl-1,2-ethylenediamine

TMEDA
(TMEDA) Ni

65 %

Coupling reactions with aldehydes

In the section, Pauson-Khand type reactions with aldehydes as
the carbon monoxide sources, the aldehydes are described that
are used as the carbon monoxide sources in the Pauson–Khand

reaction and Pauson–Khand-type reactions. Thus, the coupling
of alkynes with aldehydes also proceed in the presence of the
transition metal compounds such as nickel and rhodium.[284 – 298]

For example, the reductive coupling of alkyne with aldehyde in
the presence of a nickel catalyst proceeds in a high yield and high
regioselectivity as shown in eqn (33).[284]

(33)

Ni(cod)2
(n-Bu)3P

Et3B

23 °C, 18 h
toluene

Ph
SiMe3Ph +

SiMe3

n-Hept

OH

89 %

H n-Hept

O

regioselectivity
98 : 2

Coupling reactions with ketones

Ketones have one set of carbon oxygen moiety having a π -
electron bond. Therefore, the coupling reactions of alkynes
with the ketones also easily proceed in the presence of
the transition metal compounds such as nickel, rhodium and
iridium.[299 – 303] For example, the highly regioselective and
asymmetric reductive coupling of 1,3-enyne with ketone has been
achieved in the presence of a nickel compound and a phosphorus
chiral, monodentate ferrocenyl phosphine ligand, as shown in
eqn (34).[301]

(34)

Ni(cod)2
phosphine (S)Et

Et3B
23 °C, 18 h

toluene

Et

HO

69 % (>95 : 5)
64 % ee

MeCOPh

phosphine (S)

Fe

P

Ph

+

Coupling reactions with imines

An unsaturated carbon–nitrogen π -electron bond (imino group:
C N) is expected to have a similar reactivity to the unsaturated
carbon–oxygen π -electron bond with alkynes in the presence of
the transition metal compounds. Hence, the coupling reactions
between imino compounds and alkynes proceed with the
transition metal compounds.[304 – 312] For example, a wide variety
of 4-substituted isoquinolines are synthesized by the coupling of
o-(1-alkynyl)benzaldimines and organic halides in the presence of
a palladium catalyst as shown in eqn (35).[304]

(35)
H
C

Ph 80-100 °C
7-24 h

N
t-Bu N

R2

R1

Yield : 48 - 80 %

R1 = Ph, n-Bu, 1-cyclohexenyl, p-MeOC6H4

R2 = PhI, I-C6H4-NO2-p, Br-C6H4-NO2-p.

I-C6H4-NO2-m, I-C6H4-COOEt-,
I-C6H4-COOEt-m, I-C6H4-CF3-p,

I-C6H4-CF3-m, I-C6H4-CH3-p,

3-iodepyridine

R2X

Pd2(dba)3 2PPh3
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Coupling reactions with alkenes

The [2 + 2 + 1] cyclizations (Pauson–Khand reactions and
Pauson–Khand-type reactions) of alkynes, alkenes and carbon
monoxide, and the [2 + 2 + 2] cycloadditions of two alkynes
and one alkene, [2 + 2] alkyne–alkene cycloadditions and [4 + 2]
enyne and monoyne cyclizations (e.g., E 28), easily proceed in
the presence of the metal compounds as described above. These
cyclization reactions show that the π -electron bond of alkenes has
a high reactivity with the two sets of π -bonds in alkynes in the
presence of the transition metal compounds.

Alkynes also easily couple with alkenes in the presence of
the metal compounds such as ruthenium, palladium, cobalt,
rhodium and platinum compounds.[313 – 322] For example, the
cross-coupling reaction of a silylalkyne and terminal alkene
carboxylic acid methyl ester proceeds under the control of
regioselectivity by a silyl substituent to give a geometrically
defined vinylsilane in a high yield, as shown in eqn (36).[313]

(36)

TES COOMe
+

CpRu(cod)Cl

TES

COOMe

70 °C, 4 h
MeOH

88 %
(Isolated yield corrected for the amount of
unreacted starting material)TES = triethylsilane

On the other hand, in the compounds having one triple
bond and one double bond, intramolecular enyne coupling
cyclization reactions easily proceed in the presence of the tran-
sition metal compounds. These coupling cyclization reactions
are simple enyne cyclizations, the various kinds of cycloiso-
merization, reductive cyclizations, tandem cyclizations, electro-
cyclizations, etc.[323 – 351a] For example, the one-step synthesis of
3,4-dialkylidenetetrahydrofurans from allyl propargyl ethers by
enyne cycloisomerization in the presence of a ruthenium catalyst
is shown in eqn (37).[323]

(37)
O

R1

R2
R3

R4
O

R3

R4

R1

R2

R1-R4 = H, Me, n-Bu, -(CH2)5-, Ph

rt or 65 °C
EtOH or AcOH

C5Me5Ru(cod)Cl

58-94 %

The coupling reactions of alkynes with arenes or heteroarenes
in the presence of the metal compounds also proceed similarly
to those of alkenes. These coupling reactions are intramolecular
arene–alkyne coupling,[352,353] the Friedel–Crafts alkenylations
of arenes,[354] the heteroarylations of alkynes,[355,356] and the
isomerizations of an α-arylprogargl alcohol,[357,358] etc.[359] For
example, platinium-catalyzed coupling reaction of arene–alkyne
proceed via intramolecular electrophilic hydroarylation as shown
in eqn (38).[353]

(38)

O Me

Me

O

Me

Me

5 mol % PtCl4

dioxane, rt, 1 hr

89 %ee 89 %ee
82 %

Coupling reactions with allyl compounds

The allylations of alkynes also proceed in the presence of the
transition metal complexes such as ruthenium, nickel, platinum,

gold and copper metal.[360 – 362] For example, allycyanation
of alkyne proceeds regio- and stereoselectively as shown in
eqn (39).[360]

(39)
Ni(cod)2

80 °C, 18 h
CH3CN

Ph CN PrPr+ Ph
Pr

Pr

CN

5E,
5Z
>99:1

86 %

Coupling reacions with alkynes

Alkynes are fairly reactive because the negative charge in alkynes
is stabilized as described above. Therefore, the alkyne–alkyne
coupling reactions easily proceed because the electron charge is
stabilized in the alkyne’s carbon.

The alkyne–alkyne coupling reactions such as Glaser coupling,
Hay coupling, Cadiot–Chodiewicz coupling and Eglington cou-
pling reactions proceed in the presence of copper catalysts, as
shown in eqns (40)–(44), respectively.[363 – 368] For example, the
Cadiot–Chodiewicz coupling of 4-ethynylpridine with 1-bromo-2-
(triethylsilyl) acetylene in the presence of CuCl proceeds with high
yields as shown in eqn (44).[369]

(40)H2 Ph Ph Ph+   1/2 O2 +   H2O

Glaser coupling

CuCl

NH4OH, EtOH

(41)

Hay coupling

H2 R R R+   1/2 O2 +   H2O
CuCl

TMEDA, acetone

Cadiot-Chodkiewicz coupling

HR

XR'
+ (42)R R'

CuX

Base

(43)

Eglington coupling

H2 R R R+   1/2 O2 +   H2O
Cu(OAc)2

pyridine

(44)BrR+

R = SiEt3 82 %
isolated yield

CuCl

NH2OH, HCl

Cadiot-Chodkiewicz coupling

N H N R

n-PrNH2
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With a nickel catalyst, the addition of alkynylboranes with
alkynes proceeds stereoselectively, as shown in eqn (45).[370]

(45)

B(pin)

pin = pinacolate

SiMe3

C3H7

C3H7

+

(pin)B

Me3Si

C3H7

C3H7

Ni(cod)
PCy2Ph

cis / trans
91 / 9

89 % yield

Sonogashira reactions

Sonogashira reactions are widely used for organic synthesis
as the coupling reactions between terminal alkynes with aryl
or vinyl halides in the presence of a palladium catalyst, a
copper(I) cocatalyst, and an amine base as shown in eqns (46)
and (47).[364,371 – 384]

(46)RR+X
(Ph3P)2PdCl2

CuI, R'3N

(47)RR+
Pd(PPh3)4

CuI, Et2NH

R1

R2

R3

X
R1

R2

R3

The side product from the homocoupling reaction of two
terminal acetylenes in the Sonogashira reaction can be reduced to
about 2% by using an atmosphere of hydrogen gas diluted with
nitrogen or argon as shown in eqn (48).[374]

(48)+

(Ph3P)2PdCl2
TEA, DMF, CuI

rt/100 °C, 3 h
H2+N2

R
X

R

R = 2,4-dimethyl, 4-OMe, 4-CN
       4-NO2, 4-CHO, 4-COCH3
X = Br, I

95-98 %

Coupling reactions with other oxygen-containing compounds
or with nitrongen-containing compounds

Alkynes easily couple with many kinds of heteroatom-containing
compounds.[385 – 402] These coupling reactions generate hetero-
cyclic compounds generally by electrophilic acetylenic additions.
The heteroatom-containing compounds are oxygen-, nitrogen-
and sulfur-containing compounds.[385]

The oxygen-containing compounds are alcohols,[386 – 388] car-
boxylic acid,[389 – 391] esters,[392] ethers[393], etc.[385] For example,
the coupling reaction of 2-alkynylphenol easily proceeds in the
presence of a palladium catalyst and a copper cocatalyst to give
2-octylbenzo[b]furan in a high yield by an intramolecular coupling

reaction as shown in eqn (49).[387]

(49)

97 %

OH

n-C8H17

O

H

n-C8H17

PdBr2, 5 mol%
CuBr (3 equiv.)

dichloroethane,
rt, 5 h

The nitrogen-containing compounds are primary
amines,[394 – 396] secondary amies,[399 – 400] tertiary amines,[401]

etc.[385] For example, ethyl 3-(o-trifluoroacetamidophenyl)-1-
propargyl carbonate reacts with piperazine in the presence of
a palladium phosphine catalyst to yield an indole piperazin
derivative in a high yields as shown in eqn (50).[397]

(50)
NHCOCF3

OCO2Et

+
N
H N

Pd(PPh3)4

THF, 80 °C,
1.5 h

HN N-Et

N
Et91 %

Other coupling reactions

As the carbon atom in alkynes are reactive, the carbon atom easily
couples with the other alkyl carbons, aryl carbons and various kinds
of metal atoms. These coupling reactions are, e.g. carbonylative
cyclizations by C–C coupling reactions,[403 – 406] hydroarylations
by C–C coupling reactions,[407,408] the reductive cyclization of
diynes with hydrogen,[409] the reductive cyclization of acetylenic
aldehydes with hydrogen,[410] and the hydrosilation of acetylenes
by a C–Si coupling,[411] etc.[384]

For example, the C–C coupling reaction between alkynyl
carbon and the methyl carbon of diethylmalonate proceeds in
the presence of palladium catalyst under a balloon pressure of
carbon monoxide to produce the 3-aroylindene in a high yield, as
shown in eqn (51).[405]

(51)+COOEt

COOEt

Ph

I

COOMe

Pd2(dba)3CHCl3
CO

K2CO3, CH3CN,
80 °C 24 h

COOEtEtOOC

Ph

C6H4-COOMe-p
O

90 %

Concluding Remarks

Alkynes have the two sets of π -electron bonds at the orthogonal
position which are different from the bond of alkenes. These
π -electron bonds are able to bond with the transition metal
compounds. These bonds easily bond with the various kinds of
compounds having π -electron bonds such as alkynes, alkenes,
carbon monoxide, aldehydes, ketones and nitriles to form
cyclization products or coupling reaction products in the presence
of the trasition metal compounds.

The first type of characteristic reaction of alkynes with the
transition metal compounds is the Pauson–Khand reactions and
Pauson–Khand-type reactions by the cyclization of alkynes with
alkenes and carbon monoxide. The second type of characteristic
reaction is the other cyclizations such as the cyclooligomeriza-
tions and cycloadditions. The third type of characteristic reaction
is the coupling reactions. The first and second type of char-
acteristic cyclization reaction proceeds in the presence of the

Appl. Organometal. Chem. 2008; 22: 149–166 Copyright c© 2008 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/aoc
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transition metal compounds. The third type of characteristic
coupling reactions proceeds also mainly with the transition
metal catalysts. All these characteristic reactions of alkynes are
widely applied for organic synthesis with varioius kinds of the
metal compounds.
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