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. Introduction

A homoleptic transition metal complex may be defined as a

etal complex in which all of the ligands bound to the d-block
etal atom are identical. Common examples include Ti(NMe2)4,
Me6, Fe(CO)5, Pd(PPh3)4, and [Ag(C≡N)4]3−. Cyanide is perhaps

ne of the most common ligands in transition metal chemistry, and

∗ Corresponding author.
E-mail address: heinrich.lang@chemie.tu-chemnitz.de (H. Lang).

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.07.004
forms homoleptic complexes with every metal of the d-block [1].
The first example of a homoleptic cyanide complex, Prussian blue,
was prepared, albeit serendipitously, over 300 years ago in Berlin,
and this dark blue and non-toxic pigment has been widely used
throughout the ensuing centuries [2]. This family of homoleptic
compounds was enriched as early as in 1884 by the discovery of

transition metal alkynides such as [Hg(C≡CMe)2] by Kutscheroff
[3], and much of the early work has been summarized, albeit briefly
[4].

Systematic studies of the alkynide ligand started in 1953
with the recognition that alkynides [RC≡C]− (R = H, single bonded

dx.doi.org/10.1016/j.ccr.2010.07.004
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:heinrich.lang@chemie.tu-chemnitz.de
dx.doi.org/10.1016/j.ccr.2010.07.004
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the acetylide units ([C≡C]2−) aligned with the long diagonals of
the six iM2

oM2 rhombi over the surface of the iM4
oM4 tetracapped

tetrahedron [23].

Table 1
Met-cars known to date.

Met-car References

Calculations Experimental

Sc8C12 [24] [25]
Ti8C12 [23,24,26–41] [19,20,42–54]
Zr8C12 [23,31,34,35,38,41,55] [42,45,50,54,56,57]
Hf8C12 [42]
V8C12 [23,24,30,34,35,38] [47,54,58]
Nb8C12 [23,55,34,35,59] [46,50,54,60–62]
cheme 1. A selection of bonding modes commonly observed in metal-alkynide
omplexes.

rganic group) should show similar ligating behavior to the isoelec-
ronic cyanide, [N≡C]− [5–7]. This was confirmed by the isolation
f complexes of general formula [M(C≡CR)m](m−n)− (M = d-metal
tom, m = number of alkynide ligands, n = oxidation number of M)
hrough the outstanding and pioneering work of Nast [5]. Alkynides
re very strong �-donating ligands with minimal steric hindrance
round the donor carbon atom. However, the substituent R can
rovide a degree of steric bulk to kinetically stabilize the result-

ng complexes. This is important because, in contrast to metal
yanide complexes that are typically robust species, the corre-
ponding metal alkynides are, depending on the nature of R and
, often thermally sensitive, and reactive towards moisture and

ir or protic solvents, which can be explained by the high basicity
f the mono-valent acetylide [RC≡C]− anion.

Against this background, homoleptic alkynide complexes have
een receiving considerable attention in recent years due to their
ich structural diversity, intriguing physical properties (photophys-
cal, photochemical and electrochemical behavior) and potential
pplications in materials science, for example, optoelectronics and
uminescence signaling [8–14]. d-Block metal carbon bonds are
f covalent nature both for alkynide and cyanide transition metal
omplexes, with the possibility of additional d�–p� interactions
n the case of the alkynides (Scheme 1). This makes these com-
ounds attractive because alkynides can coordinate and bind to
etals in a variety of ways [15,16]. Thus, homoleptic complexes

f type [M(C≡CR)m](m−n)− constitute a class of metal alkynides
ell suited to use in the synthesis of related higher nuclear

rganometallic systems, i.e., clusters such as [Ag14(C≡CtBu)12Cl]
17] and [(AuC≡CtBu)6]2 [18] which display intermolecular inter-
ctions between the metal-alkynide fragments.

This review is intended to cover major aspects of homoleptic
eutral and ionic mono- and polynuclear transition metal alkynide
omplexes including cluster complexes and metallocarbohedrenes.
he synthesis, characterization, reactivity, reaction chemistry and
tructure and bonding of these systems will be highlighted. Where
ppropriate, applications are mentioned and mechanisms of for-
ation and reaction are discussed.

. Metallocarbohedrenes

Following the first observations of a metallocarbohedrene
= met-car) (Ti8C12) by mass spectrometry in 1992 by Castleman
nd coworkers [19,20], this class of molecular clusters with “magic-
umber” stoichiometry M8C12 (M = mainly early transition metal,
ncluding Ti, Zr, Hf, V, Nb, Mo) rapidly developed (Table 1) [21,22].
he discovery, synthesis and ionization dynamics of met-cars was
ummarized in two excellent reviews written by Leskiw and Castle-
an [21], and Rohmer et al. [22]. Since then, much experimental

nd theoretical work has focused on met-cars and their reactiv-
stry Reviews 255 (2011) 241–272

ity toward other molecules which will be discussed within this
Chapter.

The composition of the cage-like met-car systems, which are
thought to be iso structural, isoelectronic and, with some consider-
ation given to the role of d-orbitals in the met-car bonding, isolobal
with the elusive C20 pentagonal dodecahedron, can be selectively
chosen through synthetic methodologies [21,22]. Facile prepara-
tive routes to mixed metal nanoscale met-cars are also known [22].
These well behaved metal–carbon clusters are of interest both as
stable and meta-stable new materials, as building blocks for new
nanostructured, cluster-assembled materials with tailored proper-
ties, and as model compounds in catalysis [22]. This unique family
of molecular carbon–metal clusters exhibit free electron behavior
resulting from changing electronic energy levels with the nature
of the appropriate transition metal [21]. Thus met-cars possess
unusual electronic properties by virtue of their size and structure,
making them excellent candidates as semi-conductors, implants
for quantum dot devices as well as for use in the production of
solar cells, photovoltaic devices and optical switches [21]. Within
this Chapter only “naked” metallocarbohedrenes will be discussed,
while metal clusters with terminal organic and/or organometal-
lic ligands will not be considered. For a detailed, comprehensive
discussion of the latter type of molecules including the rational
synthesis and specific reactions see reference [23].

The synthetic methodology for met-cars is based on the reac-
tion of metals with low pressure unsaturated small hydrocarbon
molecules such as methane in a laser-induced plasma [25]. The
plasma consists of neutral metal atoms, negative and positively
charged metal ions and electrons. Hydrocarbons originating from
the pulsed valve (Fig. 1) flush into the high-energy plasma, whereby
they become dehydrogenated, atomized, excited, and ionized [25].
Two different strategies are thereby pursued: either the metal clus-
ters, Mn, undergo many collisions with both reactants and carrier
gas at a pressure between 1 and 50 Torr (Fig. 1); or, they react under
single collision conditions at low pressure (1 mTorr) [25]. The yield
of met-cars in some samples was ca. 1% [71] but is usually much
lower. In general, the clusters are extremely sensitive to air, and
may undergo degradation within minutes [53]. Therefore, theoret-
ical studies are important to investigate the topological, physical
and chemical features of these molecular clusters (vide infra) and
to learn more about their thermodynamic stability.

A number of symmetric structures for Ti8C12 have been pro-
posed and discussed, the most stable one showing Td symmetry
(Fig. 2) [23]. The arrangement of the titanium atoms in this sta-
ble met-car structure can best be considered as a tetrahedron of
inner metal atoms (iM) capped with four outer metals (oM) with
Ta8C12 [62]
Cr8C12 [23] [54,63]
Mo8C12 [23,29,30] [63,64]
Fe8C12 [23,38,65] [63]
TixMyC12 [46,49,50,66–70]
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ig. 1. Schematic view of the laser-induced plasma synthesis of met-cars [25].

Mechanistic studies have shown that the formation of met-car
lusters takes place by assembly of eight MC2 units followed by the
eta-stable loss of C3 and C fragments [21]. However, to denote the

cetylenic character of the C2 building blocks this class of clusters
hould better be named metallocarbohedrynes (M8(C2)6) instead
f metallocarbohedrenes (M8C12) [28]. The structure and bonding
f the Td clusters include six acetylene-like [C≡C]2− units which
re �-bonded to the four outer capping metal atoms (oM) and �-
oordinated by the inner tetrahedral metals iM (Fig. 3) [22]. In the
ariety of met-car compositions, it is also worth noting that three
ain types have been identified: (i) carbon-poor clusters with a

nearly) 1:1 metal–carbon ratio, for example, Nb2C2 and Ti14C13;

ii) carbon-rich clusters (metal carbon ratio close to 1:1.5) includ-
ng M8C12 or M8C13; and (iii) carbon-rich clusters with specific
toichiometries (M13C22, M18C27) [22]. The discussion that follows
ill be concerned largely with the most common of these structural

ypes, M8C12.

ig. 2. Structures and structural components of metallocarbohedrenes (iM = blue,
M = red, C = green) [23].

ig. 3. Coordination sphere of iM belonging to the inner tetrahedron and of oM
elonging to the outer capping tetrahedron in the Td symmetric Ti8C12 structure
22].
Fig. 4. Two views of the Ti8C12 cluster in the cage structure of pentagonal dodeca-
hedron (Th symmetry) [22].

Many computational studies of the geometry and properties of
M8C12 clusters have been reported and demonstrate a variety of
bonding motifs supporting a Td symmetry cluster (Fig. 4), rather
than the originally proposed Th symmetry structure (Fig. 5) [22].
Other calculations showed that the C3v structure has the lowest
energy among the variants considered [28]. The properties of met-
allocarbohedrenes, for instance ionization potentials and electron
affinities [31,38,72,73], effect of metal substitution (mixed metal
met-cars) [74], the formation of educts with polar or non-polar �-
bonding molecules [75], and the prediction of optical, magnetic and
collective electronic characteristics [28,76], were calculated by ab
initio and DFT methods, respectively.

J.A. Rodriguez and coworkers have used DFT calculations to
explore the chemical activity of met-cars M8C12 (M = Ti, V, Mo). The
computational results indicate that these nano-particles exhibit a
unique behavior, more complex than metal (M(0 0 1)) and metal
carbide surfaces (M2C(0 0 1), MC(0 0 1)), which was attributed to
the interplay of shifts in the metal d-bands and distortions in the
geometry of the appropriate clusters [29,30]. However, the special
geometry of met-cars diminishes the ligand effect of C on metal
atoms. The met-cars can interact with adsorbates, for example,
H2O, CO, SO2, S, and Cl [29,30]. The interaction of H2O and Cl with
both the inner and outer titanium sites in Ti8C12 following a Lewis
acid–base interaction mechanism is very exothermic, while with
CO only the outer titanium atoms react because the addition to
the inner Ti sites was calculated to be highly endothermic [29,30].
However, when changing to larger adsorbates, including thiophene,
it is important to consider the non-metal positions in the clus-
ter because steric repulsion can overcome the intrinsic reactivity
of the metal atoms in corner or edge sites [30]. Based on higher
level computational studies (MP2, MP4, QCISD) for M8C12 (M = Ti,
Mo) a first-order Jahn-Teller distortion of Td symmetry was found
for the appropriate titanium met-car, to which Mo8C12 is not sub-
jected [29]. Nevertheless, the conclusion of these calculations was
that Mo8C12 should have qualitatively similar reactivity patterns
to those of Ti8C12. This result is interesting especially when one
considers that the met-car Ti8C12 has been studied as a model cata-
lyst for hydrodesulfurization (= HDS) of thiophene [27]. Elementary
reaction steps and barriers were calculated using DFT methods. In
comparison to industrial used catalysts (i.e., NiMoS) the titanium
met-car cluster facilitates carbon–sulfur bond cleavage and hydro-
gen dissociation, with sulfur removal energetically similar in both
systems [27]. To the best of our knowledge, similar applications of
the Mo8C12 met-car have not been investigated.

The electronic properties of a new type of hybrid nano-

composites consisting of two stable systems of molecular dimen-
sions (nanotubes and metallocarbohedrenes) were described by
Ivanovskii and coworkers [24,26]. The 1D-crystals consisting of
regular chains of met-cars M8C12 (M = Sc, Ti, Zr, V, Nb, Cr, Fe,
Cu) located inside single-walled carbon, silicon, boron–nitrogen,
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Fig. 5. The seven optimized geometric structures for Ti8C

oron–carbon–nitrogen, and gallium–nitrogen nanotubes were
tudied by the tight-binding method within the Hückel approxi-
ation [24,26]. The electronic properties and relative stability of

hese hybrid materials can be considered as a function of the com-
osition and atomic structure of the appropriate nanotubes as well
s the chemical composition of the respective met-cars [24].

Evidence of met-cars (Zr8C12) assembled into nanoscopic fea-
ures by mass-gated deposition of large zirconium–carbon clusters
nto carbon-covered grids under hard- and soft-landing conditions,
espectively, were reported by Gao et al. [56]. High resolution tun-
eling electron microscopy (= HRTEM) studies showed that only
nder soft-landing conditions zirconium met-cars were formed,
hile under hard-landing conditions bulk zirconium carbide was
roduced. Furthermore, calculations suggest the substitution of
itanium in Ti8C12 by, for example, zirconium afford binary metal
lusters such as Ti8−nZrnC12 with n = 1–5, whereby substitution can
ccur on both metal sites with nearly identical probability [56].
n addition, the fusion of two or even more dodecahedral clusters
an produce M13C22 and M18C27 cages, respectively, their proper-

ies most probably explicable by extension of the met-car cluster
opological characteristics [56].

Neutral metal clusters Mn (M = Nb, Ta; n < 12) are available by
aser ablation of the metal and supersonic expansion into a vac-
um, where reaction with unsaturated hydrocarbons (acetylene,
their relative energies (kcal·mol−1) compared to Th [22].

�-olefins, 1,3-butadiene, benzene, toluene) under nearly single col-
lision conditions in a pickup cell give neutral metal carbide clusters
via the formation of meta-stable [MnCxHy] species [62]. Time of
flight mass spectrometry revealed that, at lower pressure, prefer-
entially dehydrogenated products of type [MnCx] are formed, while
at higher pressure [MnCxHy] and [MnCx] compounds are produced
with comparable intensities. In presence of aromatic hydrocarbons
(benzene, toluene) met-car clusters M8C12 are mainly generated
possessing Td symmetry [62].

In addition to the experimental work for the preparation of
[FenC12] clusters (n = 2, 3, 4, 6, 8, 10, 12) by laser vaporization of
iron atoms in an acetylene-containing plasma carried out by Pilgrim
and Duncan [63], Harris and Dance reported DFT investigations of
geometric structures and interconversions on these iron–carbon
systems [65]. For n ∼ x (FenCx) the iron–carbon clusters contain iso-
lated carbon atoms, as for Fe8C12, as expected, carbon is present
only in [C≡C]2− units that are terminal- and side-on-bonded to
iron. In this report, possible mechanisms for the photo-dissociation
of iron atoms from [Fe12C12]+ and [Fe8C12]+ are also given [65].
In conclusion, the new field dealing with met-cars (based on
transition metals (vide supra) and carbides of main group elements
[21,22]) rapidly developed during the last two decades through
experimental work and interpretative computational studies that
help to understand their “supermagic” composition, their specific
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Scheme 2. Synthesis of K[Ag(C2)] [77].

roperties, their stability and their potential applications. The most
bundant isomer of met-cars has Td symmetry as agreed by theo-
eticians and experimentalists.

. Ternary metal carbides, [MC2]2−

Ternary metal carbides of general type M′[MC2] (M = Cu, Ag, Au;
′ = Li, Na, K, Rb, Cs) [77–80], M2

′[MC2] (M = Pd, Pt; M′ = Na, K, Rb,

s) [77,81], and M4

′[M3C5] (M = Ni; M′ = Ca) [82] contain an elec-
ropositive alkali or alkaline earth metal (M′), which usually forms
nionic carbides, and a d-block metal atom (M) forming a metallic
arbide. The properties of these compounds can be found along the
ransition from ionic to metallic materials. The general synthetic

Fig. 6. Solid state structures of Li[AgC2] (left), K[
stry Reviews 255 (2011) 241–272 245

methodology for these carbides is based on a high temperature
combination of the elements, or reactions of metal oxides with
carbon [81].

The first ternary alkali metal carbide, K[AgC2], was synthesized
by Nast in 1963 by treatment of KC≡CH with the highly explosive
silver acetylide salt [Ag2C2] in liquid ammonia [83]. The structure of
this carbide in the solid state was published in 1999 by Ruschewitz
and coworkers, who obtained K[AgC2] by the reaction shown in
Scheme 2 [77].

Using the strategy shown in Scheme 2, further ternary group
11 transition metal carbides M′[MC2] (M = Cu [77], Ag [77], Au
[80]; M′ = Li, Na, K, Rb, Cs) were prepared and characterized. In
the synthesis of Na[CuC2] from [CuI] and NaC≡CH an orange inter-
mediate of composition Na[Cu5(C2)3] consisting of a complicated
three-dimensional framework comprised of Cu(I) ions and [C2]2−

units with small channels running parallel to [1 0 0] and [0 0 1] was

formed [84]. On heating Na[Cu5(C2)3] to 270 C decomposition to
Na[CuC2], elemental copper and carbon occurred.

The solid state structures of the M′[MC2] compounds (M = Cu,
Ag, Au; M′ = Li, Na, K, Rb, Cs) have been determined, and the struc-
tures can be divided in three categories based on the size of the

AgC2] (right), and Cs[AgC2] (bottom) [81].
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lanthanide complexes were characterized by elemental analysis,
Fig. 7. Structure of Na2[PdC2] in the solid state [81].

ppropriate alkali metal ion. These are represented by Li[AgC2],
[AgC2], and Cs[AgC2]. The structure type Li[AgC2] (Li[AgC2],
i[AuC2]) (Fig. 6, left) is characterized by [Ag(C2)2/2]n

− chains
hexagonal unit cell), whereby the lithium ions are �-bonded
o three C2 handles [79]. The metal carbide K[AgC2] (as well
s Na[CuC2], Na[AgC2], Na[AuC2], K[AgC2], K[AuC2], Rb[CuC2],
b[AgC2], Rb[AuC2], Cs[AgC2], Cs[AuC2]) exhibits a polymeric struc-
ure with [Ag(C2)2/2]n

− chains (tetragonal c axis) separated by
otassium cations with side-on coordination to four C2 units (Fig. 6,
ight) [77,81]. The Cs[AgC2] (K[CuC2], Rb[CuC2], Cs[CuC2], Cs[AgC2])
tructure is represented by [Ag(C2)2/2]n

− chains which are arranged
n layers perpendicular oriented to the c axis and rotated by 90◦

o each other (Fig. 6, bottom) [77,81]. The cesium ions are thereby
seudo-tetrahedrally coordinated by four C2 units. The three differ-
nt M[AgC2] structure types (M = Li, K, Cs) match the simple model

f close packed rods ([Ag(C2)2/2]n

−) and spheres (alkali metal ions)
77,81].

The ternary alkali group 11 metal carbides M′[MC2] are color-
ess to slightly grey (M = Cu, Ag) or yellow (M = Au) non-explosive,

Fig. 8. Molecular views of [M(C≡CSitBu3)6]2− (M = Zr (left), Hf (righ
stry Reviews 255 (2011) 241–272

but air and moisture sensitive materials. The color darkens from
the lithium to the cesium derivatives. Conductivity measurements
revealed an insulating behavior which was confirmed by DFT cal-
culations (direct band gap = 2.3 eV) [81].

For the synthesis of the ternary acetylides M2
′[MC2] (M′ = Na, K,

Rb, Cs; M = Pd, Pt) the solid state reaction of [M2
′C2] with palladium

or platinum metals was carried out at temperatures >140 ◦C in inert
gas atmosphere [77,81,85–87]. All of these systems crystallize to
give the same structure type, consisting of [M(C2)2/2]n

2− chains,
separated by M′ ions (Fig. 7) [77,81]. The M′ ions are tri-coordinated
by one carbon atom of three C2 units and three palladium/platinum
ions.

Conductivity measurements and band structure calculations
were also carried out. They show that these materials are semi-
conductors with a small indirect band gap (ca. 0.1–0.2 eV) [81].
This is in agreement with the black color of these metal car-
bides. The kinetics of the formation of Na2[PdC2] were investigated
by using time-resolved synchrotron powder diffraction between
240 and 260 ◦C [88]. The activation barrier was calculated to
480(120) kJ mol−1 and a diffusion mechanism has been proposed.

4. Homoleptic alkynide complexes of groups 3–5

Homoleptic early transition metal alkynides have been rarely
investigated to date, although alkynides [RC≡C]− played an impor-
tant role in the synthesis of heteroleptic organometallic d- and
f-orbital element compounds [15,89]. The fewer number of publica-
tions concerning these complexes is based on their high reactivity
toward air and moisture arising from kinetic and thermodynamic
effects.

Homoleptic lanthanide alkynides with lanthanide metals
(Ln = Er, Sm, and Lu) of general composition [Ln(C≡CR)4Li(thf)]
(R = tBu, Ph) were synthesized by Evans and coworkers in 1980
by reacting [Ln(tBu)4Li(thf)4] with HC≡CR (R = tBu, Ph), the phenyl
derivative being less stable than the bulkier tBu system [90]. These
IR, and UV–vis spectroscopy, and the magnetic moments were
determined. Complexometric analysis reveals that only one thf
molecule is present due to coordination of the alkynyl ligands to
Li+ [90]. Hydrolytic decomposition of the tBu substituted homolep-

t)) illustrating the octahedral geometry in the solid state [93].
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ig. 9. Molecular view of {[Li(tBu3SiC≡C)3]Ta(C≡CSitBu3)3} showing a 2-fold
ithium disorder [93].

ic complexes afforded 3,3-dimethylbut-1-yne. An yttrium analog
nd its reaction chemistry was published in 1989 by the same cor-
esponding author. Treatment of [Y(tBu)4Li(thf)4] with HC≡CtBu
ave [Y(C≡CtBu)4Li(thf)] quantitatively [91]. Reacting the lat-
er molecule with K[C5Me5] resulted in the replacement of two
lkynide ligands to form [(�5-C5Me5)Y(�-C≡CtBu)2Li(thf)] similar
o the lanthanide complexes described above [91]. An unexpected
eaction behavior for [Me2Si(NtBu)(OtBu)]2Y(CH(SiMe3)2)] was
bserved when this molecule was reacted with HC≡CR (R = tBu,
iMe3) [92]. Instead of the expected catalytic dimerization of
he 1-alkynes a white precipitate was formed and identified as
omoleptic [Y(�-C≡CR)3]n.

Six-coordinated d0 complexes of type [M(C≡CSitBu3)6]2−

M = Zr, Hf) were synthesized by Wolczanski and coworkers [93].
reatment of MCl4 with six equivalents of LiC≡CSitBu3 produced
he colorless homoleptic complexes in low yield. The structure of
oth complexes in the solid state showed an octahedral (Oh) con-
guration, while theoretical investigations (DFT) suggest a trigonal
rismatic (D3h) or C3v arrangement (Fig. 8).

When only five equivalents of the lithium alkynide are
sed in the reaction with MCl4 (M = Zr, Hf) then com-
lexes {[(thf)2Li(tBu3SiC≡C)2]Zr(C≡CSitBu3)3(thf)} and
[(Et2O)Li(tBu3SiC≡C)2]Hf(C≡CSitBu3)3(OEt2)} could be isolated
93]. The single crystal X-ray structure of the zirconium species
evealed a distorted octahedral arrangement of five alkynyls and
ne solvent ligand around the Zr centre. The similar tantalum coor-
ination complex {[M′(tBu3SiC≡C)3]Ta(C≡CSitBu3)3} (M′ = Li, K,
(crypt 2.2.2)) could also be synthesized [93]. The single crystal X-
ay structure determination of {[Li(tBu3SiC≡C)3]Ta(C≡CSitBu3)3}
evealed a twisted trigonal prismatic structure illustrated in Fig. 9
ndicating that the Li+ ion is disordered between the two trigonal
aces.
Comparing the structures of the homoleptic Ta, Zr and Hf tran-
ition metal complexes (Figs. 8 and 9) reveals that the trigonal
rismatic structure is more favored by the Ta compound over the
nalogous Zr and Hf molecules [93]. Density functional (ADF) and
ffective core potential (GAMESS) calculations showed that the
stry Reviews 255 (2011) 241–272 247

structural difference results from a lessening electronic preference
from the trigonal prism (primarily a greater HOMO–LUMO gap)
upon moving from Ta to Zr, minor steric perturbation, and increased
interligand repulsions in the dianion (VSEPR).

Homoleptic alkynide vanadium complexes are, to our knowl-
edge, not known. To isolate vanadium(II) alkynides of type
[V(C≡CPh)4]2− and [V(C≡CPh)2], it is necessary to add a stabilizing
chelating ligand, for example, TMEDA resulting in the formation
of the appropriate adducts [V(C≡CPh)4(TMEDA)]2− or [V(C≡CPh)2
(TMEDA)2], respectively [94].

5. Homoleptic alkynide complexes of groups 6–9

Homoleptic alkynide complexes of group 6–9 elements are rare,
perhaps surprisingly so given the predominance of homoleptic
cyanide complexes and the intense interest in heteroleptic alkynide
complexes of these metals. As is often the case, the earliest exam-
ples occur in the work of Nast [7]. In many of the earliest studies,
potassium or sodium alkynide salts were employed as the source of
the alkynide ligand, although more recent studies have employed
lithium derivatives to excellent effect [13]. In one of the earliest
studies, the chromium complex K3[Cr(C≡CH)6] was isolated from
the reaction of [Cr(NH3)6][NO3]3 with an almost 10-fold excess
of KC≡CH [95]. A magnetic moment of �eff = 3.86 ± 0.19 B.M., con-
sistent with the three unpaired electrons expected for a Cr(III)
complex, was determined for this compound. The alkynide ligands
were readily displaced by water/hydroxide or cyanide [95].

Salts containing the dianion [Mn(C≡CR)4]2− are thought to be
formed from Mn(SCN)2 and alkali metal (Na, K, Ba) salts of acety-
lene, propyne or phenylacetylene [96]. While these salts were not
explosive, they did prove to be pyrophoric, and liberated the free
alkyne upon protonation. Magnetic measurements were consistent
with a high-spin Mn(II) centre (�eff = 5.9 B.M.), and while crystallo-
graphic data are not available, networked structures seem likely. IR
studies carried out some 20 years after the initial report revealed
low �(C≡C) frequencies (ca. 1915 cm−1), and are certainly consistent
with acetylide bridged structures [97]. Closely related compounds
have also been isolated from o-diethynylbenzene [98]. Further
reaction of K2[Mn(C≡CH)4] with oxygen was thought to give the
very unstable hexa-alkynyl Mn(III) salt K3[Mn(C≡CH)6] [96].

The first homoleptic iron complexes M4[Fe(C≡CR)6] (M = Na, K;
R = H, Me, Ph) [99] were prepared from Fe(NCS)2·4NH3, while the
diamagnetic, air-sensitive cyclohexyl derivative K4[Fe(C≡CCy)6]
(�C≡C 2048 cm−1) was isolated from Fe(NCS)2·2NH3 and KC≡CCy
in liquid ammonia [100]. The more stable alkynide-rich derivatives
of composition [Fe(C≡CCy)2(PPh3)2] and K4[Fe(CN)4(C≡CCy)2] are
formed from KC≡CCy with Fe(NCS)2(PPh3)2 or K3[Fe(CN)4(NH3)],
respectively [100]. The low-spin nature of the Fe(II) derivatives was
taken as evidence of the strong-field character of the alkynide lig-
and [100]. Oxidation (O2) of K4[Fe(C≡CH)6] was thought to afford
K3[Fe(C≡CH)6] as a dark purple solid, although the tendency of this
material to detonate precluded magnetic measurements [99].

The six-coordinate Co(II) complexes M4[Co(C≡CR)6] (M = Na, K;
R = H, Me) are also pyrophoric and prone to explosive decomposi-
tion [101]. More stable compositions are found with bulkier cations,
illustrated by the isolation of the mixed salts [EPh4]A[Co(C≡CR)6]
(A = Na, K; R = H, Me, Ph; E = P, As) after methathesis [102]. Kinetic
stability of the K4[M(C≡CR)6] salts can also be engineered through
the use of a bulkier cyclohexylalkynide ligand, although the com-
pounds are still pyrophoric in air, and decompose with the release

of cyclohexylacetylene on reaction with water [100]. The magnetic
moment �eff of K4[Co(C≡CCy)6] varies from 3.32 B.M. (296 K) to
2.81 B.M. (77 K) as a function of temperature (� = −22). Since these
values fall between the values expected for low-spin and high-
spin octahedral Co(II), it was thought likely that the compound
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Table 2
Selected bond lengths (Å) and angles (◦) for the homoleptic alkynide anions in
[M(C≡CSiMe3)6]n− [13].

[Cr(C≡CSiMe3)6]3− [Fe(C≡CSiMe3)6]4− [Co(C≡CSiMe3)6]3−

M C 2.077(3) 1.917(7)–1.935(7) 1.908(3)
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C≡C 1.215(4) 1.233(8)–1.251(8) 1.212(5)
C M C 87.76(9)–92.24(9) 86.7(2)–92.1(2) 87.9(2)–92.1(2)
M C≡C 175.2(2) 173.9(5)–176.3(6) 178.7(3)
C≡C Si 162.9(2) 169.2(5)–175.3(5) 159.4(4)

xists with a tetragonal pyramidal distortion in the solid state, with
he population of high- and low-spin states giving rise to poten-
ial applications of similar compounds as spin cross-over materials
100].

More recently, Berben and Long have developed routes to
omoleptic alkynide complexes containing [M(C≡CSiMe3)6]n−

M = Cr(III), Fe(II), Co(III)] from the reaction of LiC≡CSiMe3
ith anhydrous CrCl2, Fe(OTf)2·NCMe or Co(OTf)2 (OTf = CF3SO3)

13]. The preparations and product compositions are, how-
ver, sensitive to the reaction conditions and nature of the
etal ion. For example, while LiC≡CSiMe3 and CrCl2 react

n tetrahydrofuran from −25 ◦C to room temperature to give
i3[Cr(C≡CSiMe3)6]·6thf in 44% yield from a gram scale reac-
ion, in glyme the reaction produces multiple products with only
mall amounts of Li8[Cr2O4(C≡CSiMe3)6]·6LiC≡CSiMe3·4glyme
uccessfully crystallized from the reaction solution. The iron com-
lex could only be isolated (45%) from diethyl ether solution
s the adduct Li4[Fe(C≡CSiMe3)6]·4LiC≡CSiMe3·4Et2O, which is
yrophoric and said to occasionally detonate on exposure to
ir. The low solubility of Co(OTf)2 in tetrahydrofuran reduced
he yield of Li3[Co(C≡CSiMe3)6]·6thf to ca. 13%, with unreacted
o(OTf)2 apparent in the reaction mixture. Use of an excess of
o(OTf)2 under the same reaction conditions gave heteroleptic
i3[Co(C≡CSiMe3)5(C≡CH)]·LiOTf·8thf [13]. The authors speculate
hat the desilylation and oxidation of the cobalt ion are linked, with
he excess LiC≡CSiMe3 reagent necessary to give the homoleptic
ompound by substitution [13].

Importantly, the solid state structures of each of the salts con-
aining anionic homoleptic alkynide complexes were determined
y crystallographic methods, revealing few deviations from ide-
lized octahedral geometries (Fig. 10 and Table 2). The lithium
ounter ions are coordinated by �-interactions from the alkynide
igands, in addition to the solvent, and also Me3SiC≡C− anions in
he case of the iron complex. In keeping with the octahedral nature
f the compounds, and the relatively strong ligand field of the
cetylide ligand, the Cr(III) compound has an effective magnetic
oment �eff = 3.85 �B at 295 K consistent with S = 3/2, while the

o(III) complex is diamagnetic [13]. Given the rather inconsistent
ehavior of the iron complex it is understandable that magnetic
ata for this compound was not recorded.

DFT calculations indicate that the HOMOs of the model systems
Cr(C≡CH)6]3−, [Fe(C≡CH)6]4− and [Co(C≡CH)6]3− are comprised
f the antibonding combinations of the t2g set of metal d-orbitals
nd the alkynide �-systems [13]. This general picture is sup-
orted by UV–vis spectroscopic data and TD-DFT calculations. In
he case of the Cr(III) species, intense transitions at 43,900, 32,900
nd 24,800 cm−1 were assigned to LMCT and two MLCT bands,
espectively. Weaker transitions were assigned to d–d bands,
nd allowed estimation of the ligand field splitting parameter
o = 20,200 cm−1 and a Racah parameter B = 530 cm−1. The d–d

ands in [Fe(C≡CSiMe3)6]4− and [Co(C≡CSiMe3)6]3− were masked

y the charge-transfer bands, and these transitions and hence, �o

nd B, were estimated from TD-DFT calculations (iron complex:
o = 32,450 cm−1, B = 457 cm−1; cobalt complex: �o = 32,500 cm−1,
= 516 cm−1). Critically, the �o data suggest that the alkynide lig-
nd is a modestly weaker field ligand than cyanide but stronger
Fig. 10. Structures of the octahedral complexes [Cr(C≡CSiMe3)6]3− (left),
[Fe(C≡CSiMe3)6]4− (right), and [Co(C≡CSiMe3)6]3− (below) in the solid state [13].

than chloride or methyl, while comparison of B with that of the free
metal ions indicates a significant �-overlap of the metal orbitals
with the ligands [13].

Despite the significant interest in alkynide complexes of the
other metals in groups 6–9, and the large number of compounds
that might be termed “acetylide rich”, there are, to the best of our
knowledge, no further examples of genuine homoleptic acetylide
complexes of these metals.

6. Homoleptic alkynide complexes of group 10

In recent years, a large variety of heteroleptic group 10 transi-
tion metal alkynides have been prepared, while somewhat less is
known about corresponding homoleptic complexes. The majority
of this family of homoleptic organometallic compounds consisting

of the anionic group 10 metal alkynides [M(C≡CR)4]2− (M = Ni, Pd,
Pt; R = H, single bonded organic group) was first synthesized by Nast
and coworkers [103–105]. Neutral [M(C≡CR)2] compounds are also
known, although they are extremely reactive and highly explosive
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4] starting from a nickel(II) complex [118].
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Table 3
Complexes of type M2[Ni(C≡CR)4].

R M Refs.

H K [103]
Me K [103]
Scheme 3. Synthesis of K4[Ni(C≡CR)

6,106]. In addition, Nast described zero-valent diamagnetic d10

lkynide coordination complexes of composition K2[M(C≡CR)2]
nd K4[M(C≡CR)4], respectively [105,107,108].

The nickel alkynides [Ni(C≡CR)4]2− are pyrophoric, only sta-
le at low temperatures, and rapidly decompose on addition of
cid and basic reagents and hence, their characterization is lim-
ted. From the nickel triad, the respective palladium(II) species are
east described. Platinum(II) alkynides are by far the most stud-
ed members of this group and are thermally more stable than the
orresponding nickel systems, which accounts for the number of
tudies on these systems, particularly by Chandler et al. [109], Chen
nd coworkers [110,111], Forniés, Lalinde, Moreno [8–11,112],
nd Yam et al. [12]. Mononuclear, [Pt(C≡CR)4]2−, and multinu-
lear complexes thereof, are important research objects due to
heir potential applications as optoelectronic materials including
ensors, light-emitting diodes, and as chromophores in artificial
hoto-synthetic models [8,11,12,113–116]. These compounds also
eceived growing attention since they are attractive as non-linear
ptical, low-dimensional, conducting, and liquid-crystalline mate-
ials. Beyond that, they are of interest because the alkynyl groups
llow coordination to further metal centers in a variety of dif-
erent bridging modes to give higher nuclearity transition metal
omplexes containing metal–metal interactions [113].

The following chapter is divided into three sections based on
he structural and electronic features of the corresponding group
0 transition metal alkynides.

.1. Metal(0) alkynides of type K2[M(C≡CR)2] (M = Pd, Pt) and
4[Ni(C≡CH)4]

Low oxidation states of d-block transition metal alkynides can
e supported by alkynide ligands, RC≡C−, which provide similar
tability to cyanide ligands [7]. Following from the preparation
f homoleptic zero-valent nickel alkynides, palladium and plat-
num analogues were also prepared: K2[M(C≡CR)2] (M = Pd, Pt;
= H, Me, Ph) [104,105,107] and K4[Ni(C≡CH)4] [108]. The dia-
agnetic nickel complex was synthesized by the reduction of

he anionic Ni(II) acetylide K2[Ni(C≡CH)4] (vide infra) on addi-
ion of an excess of potassium in anhydrous liquid ammonia [108].
urprisingly, this complex is more stable than the correspond-
ng nickel(II) species K2[Ni(C≡CH)4], non-explosive but still highly
yrophoric and reactive toward protic solvents. In contrast to the
imeric nickel(I) cyanide complex K4[Ni2(C≡N)6], accessible by the
eduction of K2[Ni(C≡N)4] with potassium [117], the appropri-
te nickel(I) acetylide could not be isolated, when similar reaction
onditions were applied [108]. Even using nickel(I) starting mate-
ials did not result in the formation of Ni(I) alkynides, rather these
omplexes disproportionate to give Ni(II) acetylides together with
i(0) compounds as it could be demonstrated by Nast and Moerler

Scheme 3) [118].

Due to the diamagnetic character of K4[Ni(C≡CH)4] a tetrahe-

ral coordination geometry is proposed with the acetylides HC≡C−

atively bonded to Ni(0) setting up Ni C CH− units. The bonding
ituation of [Ni(C≡CH)4]4− is similar to Ni(CO)4 and [Ni(C≡N)4]4−,
espectively, which explains their relatively high stability [108].

Scheme 4. Synthesis of K4[M(C≡CR)4] star
Ph K, Li(thf)4 [103,122]
CH2CMe2C≡N K [120]
CH2CPh2C≡N K [120]
C≡N NEt4 [121]

The syntheses of yellow crystalline palladium(0) and plat-
inum(0) alkynides of type K2[M(C≡CR)2] (M = Pd, Pt; R = H, Me, Ph)
proceed by the reduction of K2[M(C≡N)2(C≡CR)2] [105,107] or cis-
[Pd(C≡CR)2(dppe)] (dppe = 1,2-bis(diphenylphosphino)ethane)
[104] with potassium in liquid ammonia. A further possibility
to prepare these complexes is illustrated by the reduction of,
for example, K2[Pd(C≡CPh)4] with an excess of potassium in
presence of dppe [104]. These complexes are diamagnetic, some-
what sensitive to light, pyrophoric, and decompose rapidly on
addition of protic solvents. Treatment of K2[M(C≡CR)2] with
oxygen in liquid ammonia results in the well known oxidized com-
plex K2[M(C≡CR)4], the R = H derivatives being highly explosive
(Scheme 4) [105].

The good solubility of K2[M(C≡CR)4] in comparison to polymeric
bis(iso-nitrile) palladium(0) complexes indicates these compounds
to be less aggregated. IR spectroscopic studies showed a splitting of
the �C≡C vibration indicating a low symmetry confirming multinu-
clear structures [105,107]. Using a similar approach, Ballester, Cano
and Santos reported in 1982 the synthesis of zero-valent homolep-
tic K2[M(C≡C C6H4 4-C≡CK)2] (M = Ni, Pd) by reduction of the
M(II) complex [M(C≡C C6H4 4-C≡CK)2] with potassium [119].
These polymeric orange materials are, as expected, diamagnetic
and very unstable to oxidation and hydrolysis.

6.2. Anionic metal(II) alkynides of type K2[M(C≡CR)4]

The tetra-alkynide transition metal complexes [M(C≡CR)4]2−

containing a metal(II) ion of the nickel triade are iso-structural with
the corresponding cyanides, both featuring a square-planar envi-
ronment at the metal centre [7]. As expected, within this series of
compounds the metal–carbon bond strength increases from nickel
to palladium and platinum which was experimentally confirmed
by IR spectroscopy [120,121]. This trend in M–C bond strength
finds expression in the reactivity and reaction behavior of these
complexes, which will be discussed below.

6.2.1. Nickel
General synthetic procedures for anionic nickel tetra-alkynides

M′
2[Ni(C≡CR)4] (M′ = Na, K; R = H, Me, Ph) (Table 3) are (i) treat-

ment of nickel salts such as K2[Ni(C≡N)4], [NiX2] (X = I, SCN,

CN, dpi; dpi = anion of 1,3-bis-(2-pyridyl imino)iso-indoline) or
[NiX2(PPh3)2] (X = Cl, Br, I) with alkali alkynides RC≡C− in liquid
ammonia [103,120,122]; and (ii) the reaction of (NEt4)2[NiCl4] with
Me3SnC≡C C≡N in N,N-dimethylformamide [121]. These square-
planar complexes are typically yellow, diamagnetic solids and

ting from a metal(0) complex [105].
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Scheme 5. Synthesis of nickel(II) alkynide ammoniates [123].
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Table 4
Complexes of type M2[Pd(C≡CR)4].

R M Refs.

H K [104]
Ph K [104]
CH CMe C≡N K [120]
ig. 11. ORTEP diagram with the atom-labeling scheme of homoleptic
Ni(C≡C–C≡N)4]2− [121].

re more or less explosive. More stable are the CH2CMe2C≡N
nd CH2CPh2C≡N derivatives (Table 3), which start to decompose
t 80 or 55 ◦C, respectively, as revealed by DTA measurements
120]. Addition of dilute mineral acids to [Ni(C≡CR)4]2− led to
ecomposition, while reaction with aqueous cyanide solutions
ave iso-structural [Ni(C≡N)4]2− along with HC≡CR [123]. From
his series of complexes the propynyl nickel(II) compound was the

ost reactive, giving propyne and Ni(OH)2 on hydrolysis [123].
The structure of the homoleptic anion [Ni(C≡C C≡N)4]2− in

he solid state is depicted in Fig. 11 and is determined to have a
˚
quare-planar geometry. The nickel–carbon distances (1.856 A) are

onsistent with the Ni–C separations in [Ni(C≡N)4]2− (1.86 Å) [121].
A further type of nickel(II) alkynides are ammoniates with 2–4

olecules of NH3 accessible by the reaction shown in Scheme 5
123]. However, these complexes eliminate the coordinated ammo-

Scheme 6. Synthesis of pallad
2 2

CH2CPh2C≡N K [120]
C≡N NEt4 [121]
tBu Li [124]

nia in vacuum to yield the polymeric black nickel(II) acetylides
[Ni(C≡CR)2] (R = H, Me, Ph) (vide infra) [123]. These compounds,
especially the nickel acetylide complex, are extremely explo-
sive and could not be isolated. Magnetic measurements with the
more stable phenylacetylide derivative, point to the formation of
polymeric Ni[Ni(C≡CPh)4] in which both a paramagnetic and a dia-
magnetic Ni2+ ion is present.

6.2.2. Palladium and platinum
Attempts to synthesize homoleptic [Pd(C≡CR)4]2− and

[Pt(C≡CR)4]2− complexes (Table 4) from [M(C≡N)4]2− salts and
potassium alkynides under similar reaction conditions as described
for the nickel alkynide derivatives (vide supra) led to the formation
of heteroleptic mixed alkynide–cyanide compounds of structural
type K2[M(C≡N)2(C≡CR)2] (R = H, Me, Ph) even when an excess
of the alkynide is used [105,107]. Oxidation of K2[Pd(C≡CPh)2]
(Section 6.1) resulted most probably in the formation of impure
K2[Pd(C≡CR)4] [107]. A step-wise synthetic methodology start-
ing from cis-[PdCl2(dppe)] (dppe = 1,2-bis(diphenyl)phosphino
ethane) which finally leads to the title complexes in good yield is
given in Scheme 6 [104].

Diorgano palladium compounds of type [L2PdR2] (L = 2-electron
donor ligand, R = organic group) generally release R2 by reduc-
tive elimination. However, this reaction is inhibited in the case
of [(Ph3P)2Pd(C≡CtBu)2], when an excess of LiC≡CtBu is present.

Instead of reductive elimination, the homoleptic palladium(II)
complex Li2[Pd(C≡CtBu)4] is formed in high yield [124]. The tetra-
alkynide platinum species (Table 5) were successfully prepared
either from the reaction of K2[Pt(SCN)4] with four equivalents of
KC≡CR in liquid ammonia or by the oxidation of K2[Pt(C≡CR)2] with

iuml(II) alkynides [104].
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Table 5
Complexes of type M2[Pt(C≡CR)4].

R M Refs. R M Refs.

H K [105] C6H4 4-C6H5 NnBu4 [127]
Me K [105] C6H4 4-CF3 NnBu4 [127]
tBu NnBu4 [125] C6H4 4-OMe NnBu4 [127]
SiMe3 NnBu4 [126] C6H4 3-OMe NnBu4 [127]
CH2CMe2C≡N K [120] C6H4 4-CN NnBu4 [127]
CH2CPh2C≡N K [120] C6H4 4-C≡CH NnBu4 [127]
Ph K, NnBu4 [105,125,127] C6H4 4-C≡C C6H5 NnBu4 [127]
4-C5H4N NnBu4 [12,127] 5 5 n

3-C5H4N NnBu4 [12,127]
2-C5H4N NnBu4 [127]
5-C4H3-1,3-N2 NnBu4 [12]
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[Pt(C≡CR) ]2− compounds have been studied. On the basis of
ig. 12. Schematic view of [Pt(C≡C–C5H4–4-X)4]2− complexes with ranges of bond
istances (Å) and angles (◦) for various groups X (X = C–CF3, C–C≡N, N) [127].

xygen in presence of KC≡CR and ammonia [105]. Square-planar
etrakis(cyanoacetylide) palladium(II) and platinum(II) complexes
ere synthesized in a manner similar to that described for

heir nickel(II) analogues (Section 6.2.1) from (Et4N)2[MCl4] and
e3SnC≡C C≡N [121]. The K2[M(C≡CCH2CR2C≡N)4] complexes
M = Pd, Pt; R = Me, Ph) are thermally more stable than the nickel
erivatives (vide supra) as shown by DTA studies (initial decompo-
ition temperature: R = Ph: 150 ◦C (M = Pd), 185 ◦C (M = Pt); R = Me:
5 ◦C (M = Pd, Pt) [120].

Fig. 13. Schematic drawing of multinuclear pla
(� -C5H4)(� -C5H5)Fe N Bu4 [10]
C≡CPh NnBu4 [12]
C≡C C6H4 4-Me NnBu4 [12]
C≡N NEt4 [121]

In addition to the synthetic routes discussed above, Forniés
and Lalinde reported in 1990 about the reaction of [PtCl2] or
[PtCl2(tht)2] (tht = tetrahydro-thiophene) with [AgC≡CR]n (R = Ph,
tBu) resulting in the formation of a new type of a homoleptic
platinum complex of composition [Pt2Ag4(C≡CR)8] [125]. Based
on these studies a fascinating family of polynuclear homo- and
heterometallic transition metal alkynides developed [7,15,16]. A
straightforward access to the structural unit [Pt(C≡CR)4]2− in
[Pt2Ag4(C≡CR)8] is given by treatment of [PtCl2] or [PtCl2(tht)2]
with LiC≡CR and [nBu4N]Br in diethyl ether or tetrahydrofuran
as solvent [127]. This approach could be extended to many other
alkynides featuring a high variety of different organic groups R
which are of electron-donating, -withdrawing, or -delocalizing
character (Table 5). The structures of such molecules in the solid
state were determined by single X-ray structure analysis, showing
that in general the platinum atom sits on an inversion centre with a
planar geometric surrounding. The platinum alkynide entities are,
as expected, in a linear arrangement with bond distances and angles
typical for platinum-acetylide �-bonding (Fig. 12) [127].

The electrochemical and photophysical properties of

4

theoretical calculations (TD-DFT) carried out for [Pt(C≡C C6H4 4-
C≡N)4]2− the experimentally observed emissions were assigned
to the �–�* (RC≡C) triplet intra-ligand and d�(Pt)–�*(RC≡C)

tinium alkynides of structural type A–G.
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Scheme 7. Synthesis of [Pt(C≡CtBu)4(Rh(COD

etal-to-ligand charge-transfer transitions [127]. According to
he nature of R the emission maxima is tunable in the region of
46–608 nm. For the anionic homoleptic tetra-ferrocenylethynyl
latinate [Pt(C≡CFc)4]2− (Fc = (�5-C5H4)(�5-C5H5)Fe) the elec-
ronic spectrum exhibits two typical low-energy bands at 326 and
44 nm, respectively, which can be assigned to �–�* and d–�*

ransitions, for comparison, [Pt(C≡CPh)4]2− shows its absorp-
ions at 335 and 347 nm [10]. Preliminary cyclic voltammetric

easurements were also carried out [10].
A diverse range of unexpected heteroleptic platinum alkynide

olecules are accessible from the tetra-alkynyl platinate species
Pt(C≡CR)4]2− by either ligand exchange and/or hydrophosphina-
ion, when treated with Ph2PH or Ph2PH(O) [128]. Nevertheless,
hese reactions will not be reported in detail here, rather we
oncentrate on the preparation of multinuclear homoleptic metal
lkynides containing heterobimetallic Pt–M subunits which are
epicted in Fig. 13.

Platinum tetra-alkynides [Pt(C≡CR)4]2− in which two plat-
num(II) �-tweezer [15,89] units are available can be used as
tarting materials for the successful preparation of a series of
eutral or ionic homo- and heterobimetallic transition metal com-
lexes, whereby two or all four alkynide ligands are simultaneously
helating low-valent transition metal building blocks in, for exam-
le, a �-�,� fashion (Fig. 13) [15,89,13,129].

Paramagnetic hetero-polynuclear homoleptic platinum–cobalt
omplexes of type B, (nBu4N)2[Pt(C≡CR)4(CoCl2)2] (R = SiMe3,
Bu) have been synthesized by addition of two equivalents of
oCl2·6H2O to (nBu4N)2[Pt(C≡CR)4] [130]. These molecules decom-
ose in solution, while in the solid state the blue materials are stable
or months. The single solid state structure of the tBu derivative
hows that each CoCl2 fragment is embedded between two alkynyl
igands, whereby the cobalt ions are located above and below the
lanar Pt(C≡CtBu)4 unit [130].
Neutral PtRh2 and PtRh4 tetra-alkynides of structural type
Pt(C≡CR)4(Rh(COD))2] and [Pt(�-C≡CtBu)4(Rh2(�-X)(COD)2)2]
X = Cl, OH; R = tBu, SiMe3; COD = cyclo-octa-1,5-diene) were syn-
hesized in moderate yields from homoleptic (nBu4N)2[Pt(C≡CR)4]
y sequential treatment with [Rh(COD)(Me2C = O)2](ClO4) and

Scheme 8. Reaction behavior of [Pt(C≡CR)4]2
nd [Pt(�-C≡CtBu)4(Rh2(�-X)(COD)2)2] [131].

[Rh(�-X)(COD)]2 (Scheme 7) [131]. In these reactions the
platinum ions remain �-bonded to the alkynide ligands, no trans-
alkynylation processes being observed. This contrasts from appro-
priate platinum and iridium compounds, see below. Nevertheless,
a different reaction behavior is found, when the organometal-
lic titanium �-tweezer [Ti](C≡CSiMe3)2 ([Ti] = (�5-C5H4SiMe3)2Ti)
was reacted with [Rh(Cl)(COD)]2 [132]. Upon cleavage of the
titanium–carbon bonds homotri-, [Rh(�-�,�-C≡CSiMe3)3(�-Cl)],
and -bimetallic complexes ([Rh(COD)(�-�,�-C≡CSiMe3)]2), were
obtained along with [Ti]Cl2 [132].

In these heterometallic PtRh molecules, the dianionic homolep-
tic tetra-alkynyl platinate moiety acts as a chelating metalloligand
toward two cationic Rh(COD) units as confirmed by spectro-
scopic studies. In addition, the solid state structure of pentanuclear
PtRh4 ([Pt(�-C≡CtBu)4(Rh2(�-X)(COD)2)2] with X = Cl and HO) was
established by single crystal X-ray structure analysis. The platinum
and rhodium metals exhibit an essential square-planar environ-
ment with the expected structural features [131]. The alkynyl
ligands are asymmetrically- and datively-bonded to the rhodium(I)
centers which are located above and below the platinum coordi-
nation plane [131]. However, when instead of [Rh(Cl)(COD)]2 or
[Rh(COD)(Me2C = O)2](ClO4) the corresponding iridium species are
reacted with (nBu4N)2[Pt(C≡CSiMe3)4], an unsymmetrical hetero-
bimetallic complex was obtained (Scheme 8) [133].

The PtIr complex shown in Scheme 8 exhibits in the solid state a
bent �,� double-alkynyl bridging system formed by a �-alkynyl
migration of one Me3SiC≡C− ligand from platinum to iridium.
Compared with the rhodium compound in which each alkynide
ligand is �-bonded to the Pt center, the PtIr system comprises
an unsymmetrical [Pt(�-C≡CR)3(�-C≡CR)]− bridging moiety [133].
The heterobimetallic PtIr complex [Pt(�-C≡CSiMe3)2(�-2�C�:�2-
C≡CSiMe3)][Ir(COD)(�-1�C�:�2-C≡CSiMe3)]− is also suited to use
in the synthesis of heterotrimetallic transition metal alkynide

complexes through reaction with metal compounds including
[cis-M(C6F5)2(thf)2] (M = Pd, Pt), [Rh(COD)(Me2CO)x]+, [Pd(�3-
C3H5)(�-Cl)]2, and [AgClO4] in which the appropriate metal
atoms are connected by �- and �-bonded alkynide ligands [133].
A similar reaction behavior was observed during the synthe-

− toward iridium COD complexes [133].
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Scheme 9. Reaction behavior of (nBu4N)2[Pt(C≡CR)4] with [

is of di- and tri-nuclear platinum complexes. Treatment of
nBu4N)2[Pt(C≡CR)4] (R = Ph, tBu, SiMe3) with one equivalent
f [cis-Pt(C6F5)2(thf)2] gave dinuclear [Pt(�-C≡CR)2(�-2�C�:�2-
≡CR)][Pt(C6F5)2(�-1�C�:�2-C≡CR)]2− and [(RC≡C)2Pt{(�-�,�-
≡CR)2Pt(C6F5)2}]2−, respectively (Scheme 9) [126]. Addition of
further equivalent of [cis-Pt(C6F5)2(thf)2] to the latter com-

ound produced a homo-trimetallic Pt3 complex as shown in
cheme 9.

All compounds depicted in Scheme 9 were fully characterized
y IR and NMR spectroscopies as well as X-ray structure analysis.

n the trimetallic platinum complex, all metal atoms have basi-
ally square-planar geometries, although the nature of the ligating
roups varies due to the migration of a RC≡C �-bonded alkynyl
igand of the [Pt(C≡CR)4]2− moiety to one of the two Pt(C6F5)2
ragments [126]. The tetra-alkynyl platinate [Pt(C≡CR)4]2− (R = Ph,
Bu, SiMe3) can also act as a double alkynylation reagent
oward [(�5-C5Me5)M(PEt3)(Me2C = O)2](ClO4)2 (M = Rh, Ir) yield-
ng heterobimetallic bis(�-alkynide)(MPt) and unsymmetrical
rimetallic double bis(�-alkynide) (MPtPt) transition metal com-
lexes (Scheme 10) [134].

The palladium allyl chloride [Pd(�3-C3H5)(�-Cl)]2 also allows
he synthesis of PtPd homoleptic complexes of structural type A
nd B (Fig. 13) depending on the stoichiometry with respect to the
etra-alkynyl platinate [Pt(C≡CR)4]2− (R = Ph, tBu, SiMe3) [135]. In
hese molecules two alkynyl ligands of individual Pt(C≡CR)2 build-
ng blocks are �-�,�-bonded to a electrophilic cationic palladium
llyl unit. A dynamic behavior is observed for the Pd(�3-C3H5) moi-
ty in type A molecules by 1H NMR studies suggesting an exchange
rocess taking place between bridging and terminal alkynyl lig-

nds [135]. This phenomenon is, however, not observed for type B
olecules.
A structural type B molecule containing platinum and mer-

ury metal atoms could be synthesized starting from HgX2 (X = Cl,

Scheme 10. Synthesis of heterobimetallic MPt and t
(C6F5)2(thf)2] in the ratio of 1:1 and 1:2, respectively [126].

Br, I) and [Pt(C≡CR)4]2− (R = tBu, SiMe3) [136]. The thus formed
bis(�2-alkynyl)dihalogeno-mercury(II) compounds [Pt{(�-�,�-
C≡CR)2HgX2}2]2− contain �-alkyne mercury moieties. In these
compounds the dianionic platinum alkynyl fragment acts as an
organometallic �-tweezer and chelates two neutral HgX2 building
blocks which was proven by IR and NMR spectroscopic data [136].

However, changing from mercury(II) salts to cadmium(II)
perchlorate, Cd(ClO4)2·6H2O, produced insoluble materials point-
ing to polymeric structures [137]. By addition of nBu4NX
(X = Cl, Br, CN) the polymeric structure is broken and smaller
Pt2Cd2 molecules of structural type E (Fig. 13), [{Pt(�-�C�C�-
C≡CPh)4CdX}2]2− were formed. This molecule is also formed
when [Pt(C≡CPh)4]2− is reacted with [CdCl2·2.5H2O] [138].
Within this reaction a type E molecule along with a type
B system ([Pt{(�-�,�-C≡CPh)2CdX2}2]2−) is formed. Complex
[{Pt(�-�C�C�-C≡CPh)4CdCl}2]2− crystallized as a centrosymmet-
ric tetra-nuclear Pt2Cd2 organometallic anion in which two
eclipsed [Pt(C≡CPh)4]2− units are connected via two CdCl entities.
In this tetra-nuclear cluster four platinum–cadmium interactions
with a distance of 2.960(1) Å and a rather unusual �-�C�C� bonding
mode for the alkynyl bridging ligands are found [137,138].

Slow diffusion of acetone solutions of Cd(ClO4)2·6H2O and
[Pt(C≡CPh)4]2− resulted in formation of the decanuclear Pt4Cd6
cluster [Pt4Cd6(C≡CPh)4(�-C≡CPh)12(�3-OH)4] [137]. This clus-
ter contains a hexanuclear [Cd6(�3-OH)4]8+ and four tetra-
phenylalkynyl platinate anions which are connected by PtCd and
�-phenylacetylide–cadmium interactions (Fig. 14).

Recently, a variety of rhomboidal Pt2Cd2 systems (structural
type E molecules, Fig. 13) of composition [Pt(C≡CR)4CdL]2 (R = Tol,

C6H4-4-OMe, C6H4-3-OMe; L = dmso, acetone, py, NC5H4-4-Me,
NC5H4-4-CF3, pzH) was synthesized by reacting [Pt(C≡CPh)4]2−

and Cd2+ in different donor solvents [139]. The acetone and
dmso stabilized complexes were prepared directly while the

rimetallic MPtPt complexes (M = Rh, Ir) [134].
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ig. 14. Structure of [Pt4Cd6(C≡CPh)4(�-C≡CPh)12(�3-OH)4] in the solid state
Please, notice that the phenyl groups have been omitted for clarity, left) and the
entral Pt4Cd6(�3-OH)4 cluster unit (right) [137].

-donor molecules were introduced by ligand exchange of
he acetone derivatives. The precipitation of white, insoluble
olymers of composition [Pt(C≡CR)4Cd]n was observed from
Pt(C≡CR)4Cd(acetone)]2 by dissociation of the weakly bonded sol-
ent molecules. The CdL2+ unit in [Pt(C≡CR)4CdL]2 was stabilized
y a synergistic combination of Pt· · ·Cd and Cd· · ·alkynyl bonding

nteractions. Depending on the organic group R symmetrical or
nsymmetrical planar Pt2Pd2 frameworks are formed in the solid
tate [139].

The luminescence properties of each of the cadmium com-
lexes described above have been investigated [137–139]. A
ontribution of the platinum–cadmium interaction to the orbitals
nvolved was assumed. The emission was tentatively attributed

o �*(C≡CPh) → C≡C(Pt2-Cd2) (cluster centered-to-ligand charge
ransfer) mixed with a Pt–Cd-based charge transfer [138].

In copper, silver, and gold chemistry structural type B, C, and
molecules (Fig. 13) are most favored. Table 6 summarizes the
Fig. 15. Schematic representation of the complex anions [Pt2M4(C≡CtBu)8X2]2−

[140].

tri- (type B) and hexanuclear (types C and F) complexes in which
platinum metal centers are linked with copper(I), silver(I) or gold(I)
ions only by alkynyl groups synthesized to date.

Type B molecules (Fig. 13 and Table 6) are accessible either
by reacting [Pt(C≡CR)4]2− (R = Ph, tBu) with two equivalents of
[MX] (M = Cu, Ag; X = Cl, Br, C≡NtBu, py) or treatment of the
hexanuclear cluster [Pt2M4(C≡CPh)8] with Lewis-bases includ-
ing halides (Cl−, Br−), iso-nitriles (C≡NtBu) or pyridine in the
ratio of 1:4 [140]. Complexes [Pt{(�-�,�-C≡CPh)2MX}2]n− (M = Cu,
Ag; n = 2: X = Cl, Br; n = 0: C≡NtBu, py) (Table 6) are obtained
in good yield by these methods. The structure of the appropri-
ate complexes in the solid state are represented by the general
example [Pt{(�-�,�-C≡CPh)2CdX2}2]2− (see above). The trinuclear
PtM2 organometallic anion shows a centrosymmetric structure,
whereby the two MX units are chelated by the Pt(C≡CR)4 alkynyl
groups; no metal–metal interaction occurs [140]. Additional evi-
dence for the �-coordination of the alkynyl ligands to group
11 metal ions was obtained from IR and NMR spectroscopies.
However, when [Pt2M4(C≡CPh)8] is replaced by the analogues
tBu-functionalized hexanuclear clusters, and chloride, bromide
or pyridine as a co-reactand, type C complexes of composition
[Pt2Ag4(C≡CtBu)8X2]2− could be isolated [140]. Another entry
to these clusters is given by the addition of [AgX] (X = Cl, Br)
or [CuCl] to (nBu4N)2[Pt(C≡CtBu)4]·2H2O in the molar ratio of
2:1 [140]. In [Pt2M4(C≡CtBu)8X2]2− two individual [Pt{(�-�,�-
C≡CtBu)2MX}(C≡CtBu)2] building blocks are connected to each
other by �2-coordination of the free tBuC≡C ligands to copper(I)
or silver(I) ions (Fig. 15). Evidence for the composition of the latter
molecules comes from FAB mass-spectrometry as well as IR and
NMR spectroscopies [140].

Hexanuclear type F clusters (Fig. 13 and Table 6) of composition
[Pt2M4(C≡CR)8] (M = Cu, Ag, Au; R = Ph, tBu) have been prepared by
Forniés [8,10,11,112,125] and Yam [12,113] using the methodolo-
gies shown in Scheme 11.

These clusters contain six transition metal atoms which
are arranged in a somewhat irregular octahedron with the
square-planar surrounded platinum atoms mutually trans (apical
positions) and the group 11 metals in the equatorial plane showing
Pt–Pt distances larger than 4.4 Å [11,12]. The Pt–M bond dis-
tances are comparable with those ones found in related complexes,
for example, [1,1-ferrocenediyl-Pt2Cu3(C≡CPh)6], suggesting the
presence of weak metal–metal interactions [141]. The Cu–Cu sepa-
rations are ca. 3.03 and 3.30 Å, larger than the distances in metallic

copper (2.56 Å) or the sum of the van der Waals radii of two cop-
per atoms (2.8 Å) ruling out any bonding interactions between the
metals. For the appropriate silver clusters silver–silver distances
of ca. 3.19 and 3.22 Å are observed which are larger than the dis-
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Table 6
Structural type B, C, and F molecules of M = Cu, Ag, and Au.

Type M X R Refs.

B (PtM2) Cu Cl, Br Ph [140]
tBu [140]

Ag Cl, Br, C≡NtBu, py Ph [140]
tBu [140]

C (Pt2M4) Cu Cl, Br tBu [140]
Ag Cl, Br, py tBu [140]

F (Pt2M4) Cu – Ph [125,113,114]
tBu [125,113,115,116]
SiMe3 [113]
C6H4 3-OMe [11]
C≡CC6H4 4-OMe [113]

Ag – Ph [113,125]
tBu [125]
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Au –

ances in metallic silver (2.89 Å) but shorter than the sum of the
an der Waals radii of two silver atoms (3.4 Å) pointing to weak
etal–metal interactions.
While clusters with tBuC≡C ligands exist both in solution and in

he solid state as discrete monomers, the corresponding pheny-
acetylide derivatives possess, depending on the crystallization
onditions, a mono-, di-, tri- or even polymeric structure (Fig. 13)
ith unsupported intermolecular platinum–platinum distances of

.0–3.5 Å [113,114]. This becomes noticeable by the color of the
btained solid materials supporting the formation of inter-cluster
etal–metal separations. In general, the higher the aggregation

rade the deeper the color, i.e., monomers are pale-yellow (Ag) or
ed (Cu). Dark violet-green materials are obtained when the initial
olutions are completely vacuum dried and then treated with pre-
ipitating solvents [114]. The electronic interactions between the

lusters were studied by UV–vis spectroscopy. A more detailed dis-
ussion is given below, i.e., for [Pt2M4(C≡C C6H4 3-OMe)8]n [11].
remarkable feature of the oligomers/polymers is both the orienta-

ion of the Pt2M4 building blocks with respect to each other and the
clipsed or staggered orientation of the square-planar tetra-alkynyl

Scheme 11. Preparation methods for hexanucl
C6H4 3-OMe [11]
C≡CC6H4 4-Me [12]

tBu [125]

platinate unit. The two platinate entities are in a staggered confor-
mation (38◦) in the trimeric system (Fig. 16, right) [114], while for
dimeric [Pt2Cu4(C≡CPh)8] (Fig. 16, left) [113] the angles of the indi-
vidual platinate entities differ (upper octahedron: 7.8◦ (eclipsed),
lower octahedron: 40.8◦ (staggered)). Within the oligomeric struc-
tures the Pt2M4 cluster units are successively twisted between 40◦

and 44◦.
Furthermore, studies were carried out to examine the influence

of solvent and hydrogen-bonding interactions in the self-assembly
of Pt2M4 clusters (M = Cu, Ag) (Fig. 17) [11]. Weak non-covalent
metal–solvent interactions (Pt···HCCl3, or Ag···Othf) are observed
with direct influence toward the axial Pt–Pt bonding result-
ing in different aggregation numbers (vide supra) [11]. In the
methoxy derivative [Pt2Ag4(C≡C C6H4 3-OMe)8]n the formation
of C H···OOMe hydrogen bonds between alternate Pt2Ag4 cluster

units is observed contributing also to axial platinum–platinum
interactions, resulting in a 1D arrangement leading to a smaller tor-
sion angle of the square-planar tetra-alkynyl platinate units (19.6◦)
(vide supra) [11]. The formation of hydrogen bonds results in a
deformation of the otherwise square-planar tetra-alkynyl platinate

ear Pt2M4 clusters [Pt2M4(C≡CR)8] [125].
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Fig. 16. Structures of dimeric (left) and trimeric (right) [Pt2Cu4(C≡

nits leading to a more compact cluster fragment, and hence a bet-
er platinum–platinum interaction. This can be taken to explain the
ormation of polymeric chains.

A polymeric complex comprised of decanuclear platinum–silver
Pt2Ag8(C≡CtBu)8(OClO3)2(Me2CO)2]2+ units was obtained from
he reaction of [Pt2Ag4(C≡CtBu)8] with [AgClO4] [115]. Each of
he additional four silver ions is thereby chelated by two phenyl
lkynyl platinate ligands (Scheme 12). The platinum–silver Pt2Ag8
luster entities are linked by �-bridging perchlorate anions. Addi-
ion of 2,2′-bipyridine causes the polymeric structure to be broken,
ith formation of complexes of structural type C and F (depend-

ng on the molar ratio), with four additional Ag(bpy) moieties each
-coordinated by two alkynyl ligands [116]. Direct treatment of

Pt2Ag4(C≡CtBu)8] with 2,2′-bipyridine leads to a polymeric struc-
ure in which bipyridine connects the monomeric clusters via Ag–N
onds.

The luminescence behavior of the polynuclear platinum–copper
nd platinum–silver acetylide clusters discussed above was stud-
ed showing that photoluminescence depends on the axial Pt···Pt
nteractions either in the solid state or in solution [11,12,113–116].
he photoluminescence spectra of [Pt2Ag4(C≡C C6H4 3-OMe)8]
n different aggregation states are depicted in Fig. 18 by way of
xample [11]. As it can be seen from this figure, the cluster is
rightly emissive. The emissions of the monomeric, yellow cluster
ith or without coordinated tetrahydrofuran can be attributed to
3MLM′CT (Pt(d)/�(C≡CR) → Pt(pz)/Ag(sp)/�*(C≡CR)) state which

s affected by Pt···Pt and Ag···Ag interactions, and additionally Ag···O
olvent contacts in the tetrahydrofuran coordinated derivatives.
owever, polymeric [Pt2Ag4(C≡C C6H4 3-OMe)8]n is less emis-

ive and shows phosphorescence resulting from either a 3MMLCT
xcited state or an admixture of Pt–Pt centered 3(d�*pz�) and

MMLCT excited states [11].

Cyclic voltammetry measurements carried out with
Pt2M4(C≡C C≡C C6H4 4-Me)8(thf)4] suggest that the group 11

etal ions M (M = Cu, Ag) are more readily oxidized and reduced
han the platinum(II) ion [12].
] in the solid state (phenyl rings are omitted for clarity) [113,114].

By decomposing the molecular clusters [Pt2M4(C≡CtBu)8]
(M = Cu, Au) adsorbed on silica or titania, bimetallic catalysts could
be prepared as demonstarted by Chandler et al. [109] and Bus and
van Bokhoven [142]. The SiO2-supported PtAu clusters are 1.5 nm
in diameter and are of uniform composition, with the surfaces
being enriched with gold. The respective titania-supported par-
ticles are larger (2–3 nm) and not so uniformly structured. Both
the supported PtCu and PtAu clusters were used as catalysts for
toluene hydrogenation, whereby it was observed that they show
less activity as compared with traditionally prepared monometallic
platinum catalysts [109].

Reactions between the tetra-alkynyl platinates [Pt(C≡CR)4]2−

(R = Ph, C6H4 4-Me, C6H4 4-OMe, C6H4 4-tBu, tBu, SiMe3) and
[M2(�-Ph2PXPPh2)2(MeC≡N)2]2+ (M = Cu, Ag, Au; X = NH, CH2)
yielded acetylide-linked heteroleptic PtM, PtM2, Pt2M3, and Pt2M4
complexes, whereby two platinum–carbonalkynyl bonds were
cleaved and replaced by Ph2PXPPh2 linking units [110,111]. A sum-
mary of complexes prepared in this manner is shown in Scheme 13.
These complexes emit strongly, with lifetimes in the microsecond
range in the solid state. A trend in the emission energy depending
on the different electronic nature of R was observed and ascribed
to alkynyl-to-cluster [RC≡C → PtM] LMMCT transitions [110,111].

Structural type F molecules (Fig. 13), [Pt2Tl4(C≡CR)8] (R = Ph,
C6H4 4-Me, 1-naphthyl, tBu, SiMe3) featuring four thallium(I) ions
sandwiched by two homoleptic tetra-alkynyl platinate building
blocks are accessible from (nBu4N)2[Pt(C≡CR)4]·nH2O (R = Ph, tBu,
SiMe3) or Li2[Pt(C≡CR)4] (R = Ph, tBu, C6H4 4-Me, 1-naphthyl) and
inorganic [TlNO3] or [TlPF6] [112,143]. The lithium salt gives much
higher yields (ca. 80%) than the analogous tetra-n-butylammonium
salt (ca. 55%). As typical for type F molecules, the two platinate frag-
ments are eclipsed and are connected by four “naked” Tl(I) ions.

Each of the thallium(I) ions is thereby asymmetrically coordinated
by four alkynyl ligands of the platinate fragments (two associ-
ated with each Pt unit) forming a A4Tl square-pyramidal geometry
with thallium at the apex and A = midpoint of the alkynyl ligand
[143]. Noteworthy is that in the case of the 1-naphthyl deriva-
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Scheme 12. Reaction behavior of [Pt2Ag4(C≡

ive additional Tl···acetone (solvent) and Tl···naphthyl secondary
nteractions are observed [112]. For the appropriate C6H4 4-CF3

ubstituted compounds the platinum centers form two unsup-
orted Pt–Tl bonds and hence, an extended columnar structure
esulting from PtTl2(C≡C C6H4 4-CF3)4 moieties coordinated to
ach other through secondary Tl···�2-acetylenic interactions are
ikely [112]. Most commonly, the chemistry of such molecules is

cheme 13. Reaction chemistry of [Pt(C≡CR)4]2− (R = Ph, C6H4-4-Me, C6H4-4-OMe, C6H4-
H2) [110,111].
] toward [AgClO4] and 2,2′-bipyridine [116].

characterized by attractive metal–thallium interactions as well as
intermolecular Tl contacts and Tl-ligand bonds. The luminescent

behavior of these heterometallic platinum–thallium containing
molecules has been reported and discussed in detail [112,143],
but not only the alkynide compounds show luminescence also the
respective platinum cyanide complex [trans-Tl2Pt(C≡N)4] [144].
The luminescent properties of these systems measured in solution

4-tBu, tBu, SiMe3) toward [M2(�-Ph2PXPPh2)2(MeC≡N)2]2+ (M = Cu, Ag, Au; X = NH,
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Fig. 17. Structure of [Pt2Ag4(C≡C–C6H4–3-OMe)8]n in the solid state. Left:
Hydrogen-bonding of one single unit. Middle: Schematic view of three units. Right:
Perspective view of the chain along the a axis [11].
Fig. 18. Normalized solid state emission spectra of [Pt2Ag4(C≡C–C6H4–3-
OMe)8] (green, 550 nm), [Pt2Ag4(C≡C–C6H4–3-OMe)8(thf)2] (blue, 537 nm), and
[Pt2Ag4(C≡C–C6H4–3-OMe)8]∞ (red, 660 nm) [11].

(blue) differ from those in the solid state (orange) [112,143]. In gen-
eral, excitation of solid samples with visible light resulted in intense
luminescence, whereby the emission spectra are dominated by
a broad asymmetric orange luminescence. The phenyl–alkynyl
derivatives are compared with the others somewhat blue-shifted
[112,143]. In comparison with similar platinum–silver complexes
the emissions are notably shifted to lower energies. The authors
explain this by structural differences.

A trimetallic Pt2Pb complex (type D molecule, Fig. 13) was
reported by Lalinde in 2008 [9]. The impact of the tetra-alkynyl
platinate building block on the lead environment and photolumi-
nescence properties was also studied. This homoleptic molecule
could be prepared by treatment of (nBu4N)2[Pt(C≡C C6H4 4-
Me)4] with 0.5 equivalents of [Pb(ClO4)2)]·3H2O [9]. Single
X-ray diffraction studies reveal that two platinate fragments are
connected by a dicationic Pb(H2O)2 unit in [Pt2Pb(C≡C C6H4 4-
Me)8(H2O)2]. A trigonal-bipyramidal coordination sphere around
the lead(II) ion is set up by the platinum atoms in axial positions
and the two aqua ligands in equatorial positions. The third position
is defined by the sterochemically active 6s2 lone pair of electrons
of the Pb(II) centre. Of interest are the Pt(II)–Pb(II) bond distances
of 2.9109(5) and 2.8908(5) Å being only somewhat longer than the
sum of the covalent radii (2.75 Å) [9]. The Pt(II)–Pb(II)–Pt(II) unit
is bent (149.95(2)◦). The stabilization of this complex by solely
Pt–Pb bonds is remarkable, since in [Pt2Tl4(C≡CR)8] chemistry
(vide supra) in which also a 6 s2 lone pair of electrons at thallium
is available Tl···�2–acetylenic interactions are observed. The lumi-
nescent behavior of trimetallic [Pt2Pb(C≡C C6H4 4-Me)8(H2O)2]
was studied showing that this complex exhibits metal-centered
emissions at only low temperature (77 K) at 497 nm (solid) and
478 nm (glass), respectively, related to the bent Pt–Pb–Pt entity
(3[Pt d2

z → Pb 6pz]) [9].
For a detailed discussion of the chemistry, structures and

luminescence properties of homo- and hetero-polynuclear plat-
inum complexes containing the homoleptic structural subunit
[Pt(C≡CR)4]2− see reference [8].

Youngs and Tessier reported in 1997 the synthesis and
reaction chemistry of the tetra-alkynyl platinum complex
n
( Bu4N)2[Pt(OBET)2] (OBET = 1,2-bis(2-ethynylphenyl)ethyne) in

which two platinum(II) �-tweezer units [145] and two alkyne
“pockets” are available for further coordination. Depending on
the size and the coordination geometry preferences of the
metal species to be coordinated either the organometallic �-
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Scheme 14. Synthesis of (nBu4N)2[Pt(OBET)2] a

weezers or the alkyne “pockets” are occupied. The synthesis of
nBu4N)2[Pt(OBET)2] and its reaction towards [HgCl2] is shown in
cheme 14.

The benefit of the OBET ligand over other alkynides in
Pt(C≡CR)4]2− complexes is that the OBET benzo ring in
Pt(OBET)2]2− is in plane bonded within the platinum and carbon
cetylide atoms with essentially linear Pt C≡C C units. In the solid
tate this molecule forms an integrated stack system with alternat-
ng layers of platinum alkynide anions and ammonium cations.

.3. Neutral metal(II) alkynides, [M(C≡CR)2]

The majority of homoleptic transition metal complexes are
nionic with only a few neutral species known at present. The
rst neutral organometallic alkynide metal compound was syn-
hesized by Nast and coworkers in 1960 by vacuum treatment
f [Ni(C≡CR)2]·4NH3 (R = H, Me, Ph), which was in turn obtained
y the reaction of Na2[Ni(C≡CR)4] with [Ni(NH3)6](SCN)2 in liq-
id ammonia [6]. While Ni(C≡CH)2 is extremely explosive and
ould not be isolated, for [Ni(C≡CPh)2] a complex structure
f type {Ni[Ni(C≡CPh)4]}n was postulated based on magnetic
easurements. The structure of this species premises on the dia-
agnetic and paramagnetic behavior which was assigned to the

Ni(C≡CPh)4]2− building block and the Ni2+ cation [6].
In 1982 Ballester et al. reported about the successful synthe-

is of structural type [M(C≡C C6H4 4-C≡CK)2]·nNH3 complexes
M = Ni, Pd) by reacting [Ni(NCS)2(NH3)4] or [Pd(C≡N)2(en)] with
he dipotassium salt of para-diethynylbenzene in liquid ammonia
vide supra) [119]. These diamagnetic complexes contain a vari-
ble amount of NH3 which can partly be removed under high
acuum. The corresponding nickel derivative could also be pre-
ared from [NiX2(PPh3)2] (X = Cl, Br, I) and K2[C≡C C6H4 4-C≡C],
espectively [119]. IR spectroscopy was used to determine the
tructure of these neutral metal alkynides. All of these mate-
ials are diamagnetic, implying a planar geometry around M
119].

A straightforward one-step synthesis method for neutral nickel
henylacetylide [Ni(C≡CPh)2] is given by the electrochemical reac-
ion of phenyl acetylene and nickel in acetonitrile in presence of the
lectrolyte Et4NBr using a electrolysis cell [106]. The Ni(C≡CPh)2
recipitates during electrolysis; the isolated yield is 66%. The
lkynyl carbon–hydrogen bond is thereby cleaved (cathode) by
lectrical means rather than by alkali (vide supra) by evolution
f dihydrogen. The nickel metal is dissolved at the anode giv-
ng nickel(II) ions. The superior advantage of this electrochemical

ethod compared to the processes described above are simple

eaction conditions, easy work-up, excellent purity, and crys-
allinity. In a similar way following homoleptic neutral transition

etal alkynyides could be prepared: M(C≡CPh)n (n = 3: M = Fe, Co;
= 2: M = Zn; n = 1: M = Cu, Ag, Au) [106]. For a detailed discussion

ee corresponding Sections.
Bu4N)2[Pt(OBET)2(HgCl2)2], respectively [145].

7. Homoleptic alkynide complexes of group 11

In contrast to the other groups, there is a vast array of homoleptic
alkynide complexes of the metals of group 11, ranging from sim-
ple linear [M(C≡CR)2]− and trigonal planar [M(C≡CR)3]2− anionic
species to polymeric compounds {M(C≡CR)}n and clusters in which
ethynide fragments [C2]2− are encapsulated within a metallic
framework. In addition, there are a growing number of mixed-
metal cluster species representing a family of diverse structures.
Much of the early chemistry of homoleptic Group 11 alkynide com-
plexes has been reviewed in various contexts [146–151].

Homoleptic alkynide complexes of group 11 have numerous
applications from use as synthetic intermediates [152], which has
origins in the early Cu(I) mediated cross-coupling reactions of aryl
halides with cuprous acetylides [153–155]. Copper alkynide com-
plexes have long been recognized as intermediates in the oxidative
dimerization of alkynes to diynes [156], and more recently, copper
alkynides have been used to prepare diynes through nucleophilic
displacement reactions with alkynyl iodonium salts [157]. Indeed,
polymeric [{Cu(C≡CR)}n] and [Cu(C≡CR)2]− act as relatively soft
nucleophiles in numerous contexts [158–162] and copper–alkynyl
clusters are widely implicated in copper catalyzed reactions,
including the alkyne-azide coupling (“click”) reaction [163,164].
The luminescent properties of many homoleptic alkynide com-
plexes of coinage metals has prompted wide-spread interest
[11,165–171], while the range of structural types leads to a sig-
nificant body of work concerning the structural chemistry of these
systems in the solid state. The gas-phase chemistry of group 11
metals and carbon fragments with acetylenic character is also well
developed [172,173].

Homoleptic alkynide complexes of group 11 have been known
for well over a century, with the formation of insoluble silver and
copper carbides ([M2C2]) being used as an early test for acetylene,
although the tendency for these compounds to explode violently
when dry suggests that alternative methods of detection are more
appropriate in the modern context! In a colorful article from 1900,
Mathews and Watters described both the history of formulation
of these metal carbides, and the extension of the classical tests
for acetylene to the preparation of the even more sensitive auric
carbide ([Au2C2]) [4]. Nast and coworkers have explored reac-
tions of the gold carbide [Au2C2] with alkynide anions, which are
thought to give species of general form [RC≡CAuC≡CAuC≡CR]2−

(R = Ph, Me, H), although structural data were not forthcoming
[174,175]. In more recent times, Mak et al. have explored the stabi-
lization of [Ag2C2] in the form of double, triple and quadruple salts
through reactions of the carbide with other Ag(I) salts and Ag[BF4].

These compounds and their structures have been comprehensively
reviewed [176–178] and as such only the most recent results will
be presented here (see below).

The preparation of polymeric [{M(C≡CR)}n] complexes is
now well established. For example, the reaction of [AuCl(SMe2)]
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Fig. 19. One of the earliest proposals for the polymeric nature of copper(I) alkynides
[183].
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Fig. 20. A schematic representation of [2]catenane-[{Au(C≡CtBu)}6]2 [18].

ith terminal alkynes in the presence of NEt3 or directly from
PPN][Au(acac)2] and the alkyne have been shown to be an effi-
ient route to polymeric [Au(C≡CR)}n] [179]. The copper and silver
lkynide complexes {M(C≡CR)}n were long thought to be poly-
eric on grounds of their generally low solubility, in all but a few
ases where more soluble derivatives and molecular weight deter-
inations suggested formation of smaller aggregates or clusters

Fig. 19) [180–182]. Early suggestions of defined structures con-
aining �-�1,�2-C≡CR were based on the formation of defined

olecular species [M(C≡CR)L] from reactions of the polymer and

ig. 21. A schematic drawing showing the three {Cu(C≡CBut)}n rings that interlock to
round the central ring II [165].
Fig. 22. The cage structure [M14(C≡CR)12X]n (X = Cl, Br, n = +1; X = vacancy, n = 0). �-
interactions between the alkynyide fragments and the metal centres are not shown
for clarity. Lines of connection between the metal centres are shown to help define
the molecular shape [190].

phosphines or amines, and preliminary orbital considerations
[183], later confirmed by single crystal [18,184] and powder X-ray
diffraction studies [165].

The simplest homoleptic alkynide compounds {M(C≡CR)}n

exist in a range of networked, polymeric and cluster structures,
with MC≡CR units linked through �-bonding and metallophilic
interactions [15,185,186]. However, although the polymeric or
cluster structures of Cu(I), Ag(I) and Au(I) alkynides has long been
recognized [182,183], the precise structures are a complicated,
and as yet unresolved, function of metal and alkynide substituents
[17,18,165,187]. For example, while treatment of [Au(NH3)2]BF4
with one equivalent of HC≡CPh affords the heteroleptic com-
plex [Au(C≡CPh)NH3], in the case of the reaction between
[Au(NH3)2]BF4 and HC≡CtBu the [2]catenane-[{Au(C≡CtBu)}6]2 is
obtained [18]. Each ring of the [2]catenane features an approx-
imately hexagonal arrangement of six gold atoms (Au· · ·Au
3.215(2)–3.352(2) Å), and three distinct gold-alkynide moieties:
[Au(�1-C≡CtBu)2]−, [Au(�1-C≡CtBu)(�2-AuC2

tBu)], and [Au(�2-
t +
AuC2 Bu)2] (Fig. 20). The observation of three �C≡C bands in both

solid and solution state suggests that the ring structure is main-
tained in solution, while the observation of two tBu resonance
signals in the NMR spectrum is consistent with the C2 symmetry of
the individual rings.

form the double catenane [{Cu(C≡CBut)}20]. Rings I and III each form a catenane
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A double catenane [{Cu(C≡CtBu)}20]·C6H6 has also been
tructurally characterized with a distorted [{Cu(C≡CBut)}8] ring
upporting two [{Cu(C≡CtBu)}6] cycles (Fig. 21) [165].

However, attempts to form silver containing catenanes gave
structurally ill-defined polymer [Ag(C≡CtBu)}n], which upon
ecrystallization in the presence of chloride ions gave the cage
ompound [Ag14(C≡CtBu)12Cl]+, the counter-ion presumed to be
H− (Fig. 22). The same cage, and its bromide and fluoride
nalogues, were formed in “one-pot” synthesis from HC≡CtBu,
gBF4, NEt3 and NBu4X (X = Cl, Br) [17,188]. In the cage the

Fig. 23. Polymeric structures of group 11 metal(I) phenylacetylid
stry Reviews 255 (2011) 241–272 261

silver atoms are arranged as a rhombic dodecahedron with
Ag· · ·Ag distances in the range of 2.953(2)–2.986(2) Å, consis-
tent with a degree of argentophilic interaction. In an interesting
variation, depolymerization of [Ag(C≡CFc)}n] by reaction with
[M2(N≡CMe)2(�-Ph2PNHPPh2)2][BF4]2 (M = Cu, Ag, Au) afforded

both the adduct [Fc{C = CH(Ph2NHPPh2)}]BF4 and the rhombic
dodecahedral clusters [Ag8M6(C≡CFc)12Cl]BF4, in which the Ag8
cube is face capped by the metal centres of essentially linear
[M(C≡CFc)2]− fragments. The source of the encapsulated chloride
was not identified [189]. It was presumed that the spherical halide

es found by Che et al. [165] (a) copper, (b) silver, (c) gold.
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via the formation of [Au(C≡CPh)(PPh3)] and [AgCl].
The mixed polymers [{AuM(C≡CPh)2}n] are also conveniently

prepared by ligand exchange reactions of [Au(C≡CPh)(L)] with
[{M(C≡CPh)}n] [M = Cu, Ag; L = AsPh3, P(OPh)3] [205]. The silver
bis(alkynide) anion [Ag(C≡CPh)2]− can be conveniently isolated
Fig. 24. SEM image of [Ag(C≡CPh)] wire bundles (left) and TEM im

nion acts as a template for the cage formation, although later
tudies have prepared “template free” examples of the same cage
tructure [190].

The much larger copper cluster [{Cu(C≡CtBu)}24], obtained
rom [CuBr(SMe2)] and LiC≡CtBu, consists of a raft-like array of
u(C≡CtBu) moieties around a central distorted octahedral Cu6
ore. The alkynide ligands interact with the copper atoms in a vari-
ty of coordination modes, from �2-�1, �2-�2, �3-�1, �3-�2 to
2-�2:�2-�2 in which a single copper atom is sandwiched by two
lkynide ligands and �4-�2 with four copper atoms coordinated to
single alkynide C˛ carbon atom, one of which further interacts
ith Cˇ [187]. The n-propyl derivative [{Cu(C≡CPr)}n] has been

btained as a polymeric sheet with a zig-zag arrangement of copper
toms linked by �-�1,�2 and �3-�1,�1,�2 coordination modes of
he alkynide ligands. A chain polymer is found for [{Cu(C≡CPh)}n]
nd [{Ag(C≡CPh)}n], the former with some evidence for cuprophilic
nteractions (Fig. 23). The gold analogue, [{Au(C≡CPh)}n], consists
f a honeycomb-like layer of gold atoms with extensive Au· · ·Au
nteractions (2.98–3.27(1) Å) and with the gold layers being pillared
y the phenylacetylide ligands (Fig. 23) [165].

The polymeric nature of [{M(C≡CR)}n] systems generally
auses great difficulty in obtaining single crystals for X-ray
iffraction. In a clever twist, slow ligand dissociation from
Ag(C≡CPh)(PMe3)] has been used to grow “wire-like” crystalline
amples of [{Ag(C≡CPh)}n] [191]. The dimensions of the wire-like
rrays (Fig. 24) could be controlled by choice of solvent, with thin-
er wires being formed in higher polarity solvents that favour PMe3
issociation and thicker wires being isolated from solvents of lower
olarity. Shorter wires were also obtained from stirred solutions.
ll told, aspect ratios from 30 to >100 were obtained, with wires
s long as 100 �m being observed. UV irradiation of these wire-like
ssemblies resulted in photoreduction to silver nanoparticle arrays
2.3 ± 0.6 and 5.8 ± 2.1 nm for 15 min and 3 h irradiation, respec-
ively) embedded in poly(phenylacetylene) matrices (Fig. 24). The
rganic matrix serves to maintain the rod-like characteristics of
he nano-objects. Related procedures can be used to form wire-like
rrays of copper from [Cu2C2] [192,193], which has led to signifi-
ant interest in the structures and transformations of compounds
erived from silver and copper polyynides [194–196].

The use of bis(alkyne)s as ligand precursors has also been
xplored, with early work in the area again being initiated
y Nast et al. [197]. Both linear anionc species such as
PPN][Au(C≡CC6H4C≡CH)2] and polymeric compounds of general

orm [{Au2(�-C6H4(C≡C)}2] being formed from the bis(alkyne),
PPN][Au(acac)2] or [AuCl(SMe2)], and NEt3, respectively [198].
reatment of either species with donor ligands resulted in the for-
ation of well defined, crystalline adducts. In the case of 2,5- and

,6-diethynyl pyridine, reactions with excess of [AgX] (X = NO3,
f an UV-irradiated silver phenylacetylide nanowire (right) [191].

CF3CO2) afforded 2D networks of Ag clusters, linked into 3D arrays
by bridging anions (Fig. 25) [199].

The linear anionic complexes [M(C≡CR)2]− and polymers
[{M(C≡CR)}n] (M = Cu, Ag) act as ethynyl transfer agents to a
wide variety of other metals and similar species are doubtless
involved in many Cu(I) catalyzed transmetallation reactions of
alkynes [200,201]. The formation and precipitation of the copper
polymer [{Cu(C≡CR)}n] and the relative instability of the silver
analogue can be used to dictate the direction of alkynide trans-
fer between the metals of group 11. For example, treatment of
[PPN][Cu(C≡CPh)2], which is rather more stable than the alkali
metal salts first prepared by Nast [202] with gold complexes
including [Au(C≡CPh)(PPh3)], [AuCl(PPh3)], [AuCl(C≡CPh)]− or
[{Au(C≡CPh)}n] results in the transfer of the alkynide ligands from
Cu to Au, giving [Au(C≡CPh)2]− [203]. While [Au(C≡CPh)2]− does
not react with [{Cu(C≡CPh}n], the copper polymer reacts with the
tris(alkynide) [Au2(C≡CPh)3]− to give [Au2Cu(C≡CPh)4]−, thought
to proceed by alkynide transfer from copper to gold [204]. Ligand
exchange between gold and silver in the reaction of [AuCl(PPh3)]
and [{Ag(C≡CPh)}n] gives [{AuAg(C≡CPh)2}n] and [AgCl(PPh3)]4,
Fig. 25. 2D organometallic network formed by [Ag2(2,5-C≡CpyC≡C)·4CF3CO2Ag]
units [199].
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ig. 26. The two sub-units that comprise the structure of [Li6(Et2O)Cu4(C≡CPh)10]
207].

s the [PPN]+ salt from the 1:2:3 reaction of [PPN]Cl with
{Ag(C≡CPh)}n and PPh3, with AgCl(PPh3)3 being formed as a
y-product. The anion can be used as an alkynide ligand source

n reactions with [AuCl(PPh3)], to give [Au(C≡CPh)2]−, or Pt(II)
ihalides [206].

The stability of the rod-like [M(C≡CR)2]− moiety, coupled with
he predominance of metallophilic and �-C≡C· · ·M interactions
llows the conceptual use of this sub-unit as a supramolecular
ynthon, illustrated by the structure of the aryl-alkynyl cuprate
Cu2Li2(C≡CR)2Ar2] (Ar = C6H4-2-{CH2N(Me)CH2CH2NMe2},
= C6H4-4-Me, C6H4-4-SiMe3) [207]. In the case of the reac-

ion of [CuBr(SMe2)] with LiC≡CPh in diethyl ether gives
Li6(Et2O)Cu4(C≡CPh)10] which is comprised of two structural
ubunits: a tetrahedral [Cu(C≡CPh)4]3− moiety with three Li(OEt2)
nits coordinated by a Cu(C≡CPh)2 “tweezer”, and a trimer of

inear [Cu(C≡CPh)2]− moieties linked through Li+ ions coordinated
y �-interactions with the alkynide ligands which resides like a
rown on the first sub-unit (Fig. 26). Greater excess of LiC≡CPh and
eaction at elevated temperatures produced a compound formu-
ated as [Li6(Et2O)3Cu3(C≡CPh)9] [187]. Remarkably, even in the
bsence of modern spectroscopic and crystallographic methods
uch earlier studies recognized the significance of structured

ggregates arising from the reactions of [{M(C≡CR)}n] and alkynyl
nions, even if the proposals for the nature of the products was
ather simplistic [208].

The pentanuclear cluster [Ag5(C≡CPh)6]−, which is pre-

ared from depolymerization of [{Ag(C≡CPh)}n] with [PPN]
Ag(C≡CPh)2], is thought to feature a trigonal bipyramidal arrange-

ent of silver atoms (Fig. 27), with similar metal geometries found
n the anions [Au3M2(C≡CPh)6]− (M = Cu, Ag) (see below) [209].

ig. 27. Schematic representation of the pentanuclear cluster anion [Ag5(C≡CPh)6]−

209].
Fig. 28. Schematic representation of the homoleptic core in the polymeric cluster
[Ag3(C≡CtBu)2

+]n [213].

The reaction of three equivalents of [MC≡CH] (M = Na, Rb, Cs)
with [CuI] in liquid ammonia afforded M2[Cu(C≡CH)3]·xNH3 con-
taining the trigonal planar [Cu(C≡CH)3]2− dianion, with cation
metathesis giving the analogous [Ca(NH3)6]2+ salt [210]. Schus-
ter and Schmidbaur have explored the chemistry of poly(alkynide)
derivatives of Au(III), drawing analogies with cyanide ana-
logues [211]. The compound Au(C≡CPh)3 could only be isolated
as the PMe3 adduct from sequential reaction of AuCl3 with
LiC≡CPh and PMe3; the use of the larger phosphine PPh3
leads to reductive elimination of PhC≡CC≡CPh and formation of
[Au(C≡CPh)(PPh3)]. Sequential reaction of [AuCl(PMe3)] with Br2
and LiC≡CPh also gives [Au(C≡CPh)3(PMe3)], as does the reaction
of [Au(C≡CPh)(PMe3)] with Tl(C≡CPh)2Cl. However, addition of
LiC≡CPh to [Au(C≡CPh)3(PMe3)] gives the tetra(ynyl) square pla-
nar complex [Au(C≡CPh)4]− which could not be isolated as a pure
sample, but converts readily to [Au(C≡CPh)2]− following reductive
elimination of PhC≡CC≡CPh.

Cationic homoleptic alkynide coinage metal clusters are
also known, and mass spectrometry has been shown to be a
useful tool through which to follow the formation and fur-
ther reactions of small to medium nuclearity cationic alkynide
clusters, which allows a degree of structure–reactivity relation-
ship to be established [212]. The trinuclear cluster polymer
{[Ag3(C≡CtBu)2][BF4]·0.6H2O}n is formed from a 1:2 reaction of
[AgBF4] with [{Ag(C≡CtBu)}n]. In this system [{Ag(C≡CtBu)2}]−

moieties are bonded to Ag+ ions via Ag–Ag bonding contacts
(Ag· · ·Ag ca. 3 Å) and �-interactions with the alkynide ligands
(Fig. 28) [213].

Similar structures are also formed from [AgNO3] or [AgOTs],
HC≡CtBu and NEt3 [188]. If the reaction stoichiometry is adjusted to
1:6 ([AgBF4]:[{Ag(C≡CtBu)}n]) then dicationic [Ag14(C≡CtBu)12]2+

is obtained without a templating anion [17,188]; other routes to
this “template free” species also being possible [190]. The usual
[Ag(C≡CtBu)2]− building block ions cap the faces of a cube of Ag+

ions supported by Ag–Ag (mean Ag–Ag bond length 2.9727(7) Å)
and �3, �1-C≡CtBu interactions. In an interesting variation of the
templating theme (Fig. 29), the clusters [Ag17(C≡CtBu)14(CO3)]OTf
and [Ag19(C≡CtBu)16(CO3)]BF4 were obtained from [Ag(C≡CtBu)]n

and [AgOTf] or [AgBF4], respectively, in “wet” solvents, the pres-
ence of atmospheric CO2 and TMEDA. Higher yields (ca. 80% vs. ca.
18%) were obtained following the addition of K2CO3 to the reaction
mixtures [214].

The predominance of �-C≡C· · ·M and M· · ·M metallophilic inter-
actions in the alkynide complexes of group 11 metals leads to
remarkable possibilities for the “self-assembly” of larger clus-

ters, including mixed-metal systems. Metal-atom substitution
and transmetallation reactions can also be used in the synthe-
sis of multi-metallic coinage metal clusters, with final product
composition driven by thermodynamic factors. For example, com-



264 R. Buschbeck et al. / Coordination Chemistry Reviews 255 (2011) 241–272

F
p
c

b
[
b
T
[
e
p

o
[
t
i
[
a
o

F
[

F
[

ig. 29. The rhombohedral cage complex [Ag14(C≡CtBu)12F]BF4 showing the inter-
enetrating octahedral and cubic arrangements of Ag atoms with the fluoride in the
entre [188].

ination of [AuCl(tht)] (tht = tetrahydro-thiophene, SC4H8) with
Cu(N≡CMe)4]PF6 in the presence of HC≡CPh and NEt3 gives the
right orange, light sensitive cluster [Au6Cu6(C≡CPh)12] [166].
he cluster can be considered as a trigonal planar array of six
Au(C≡CPh)2]− rods with three Cu atoms lying above and below
ach face forming three fused Au3Cu2 trigonal bipyramids, all sup-
orted by Cu–Au, Au–Au and �-C≡C Cu interactions (Fig. 30).

Hexanuclear complexes [Pt2Ag4(C≡CR)8] (R = Ph, tBu) were
btained from [PtCl2(tht)] and four equivalents of [{Ag(C≡CR)}n]
125]. The cluster core consists of an octahedral Pt2Ag4 core, with

he apical Pt centres bearing four alkynide ligands. The silver atoms
n the cluster core could be substituted by gold (upon reaction with
AuCl(tht)]) or copper (from [CuCl]). The same structures can also be
ssembled from [NBu4]2[Pt(C≡CR)4] and [AgClO4] (CARE!), [CuCl]
r [AuCl(tht)] (Fig. 31) (see also Section 6.2.2) [125].

ig. 30. A schematic representation of the core structure of [Au6Cu6(C≡CPh)12]
166].

ig. 31. A schematic representation of the molecular structure of [Pt2Ag4(C≡CR)8]
125].
Fig. 32. The structure of [Au2(C≡CPh)3]− proposed by Abu-Salah [215].

Depolymerization of [{Au(C≡CPh)}n] with two equivalents of
[Au(C≡CPh)2]− gives a bimetallic anion [Au2(C≡CPh)3]−, thought to
feature an Au → Au dative interaction (Fig. 32) [215]. The same com-
plex anion could be obtained from a 1:1 reaction of [{Au(C≡CPh)}n]
and [Au(C≡CPh)2]− in the presence of pyridine. The pyridine is
thought to depolymerize [{Au(C≡CPh)}n], giving [Au(C≡CPh)(py)],
with subsequent displacement of the labile pyridine ligand by
the bis(alkynide) anion yielding [Au2(C≡CPh)3]−, the structure of
which was assigned based on the observation of a �C≡C band at
2110 cm−1, elemental analytical data and molecular weight mea-
surements [204,215].

Further reactions of [Au2(C≡CPh)3]− with [{Cu(C≡CPh)}n]
gave the copper bridged species [{Au(C≡CPh)2}2(�-Cu)]−, which
upon treatment with both [{Au(C≡CPh)}n] and [{Cu(C≡CPh}n]
gave pentanuclear [Au3Cu2(C≡CPh)6]−, structurally similar to that
shown in Fig. 33. The analogous gold–silver heterometallic cluster
[Au3Ag2(C≡CPh)6]− is obtained in similar fashion [204].

The anionic clusters [Au3M2(C≡CR)6]− (M = Cu [216], Ag
[204,209,217]) [167,204,218] also feature [Au(C≡CR)2]− rods
linked by �-, Au–Au, and M–Au interactions (Fig. 33). As with the
homometallic analogues [M5(C≡CR)6]− the metallic core may be
thought of as a trigonal bipyramid, with apical heterometal atoms
[167]. DFT calculations indicate the HOMO to be largely metal d and
ethynyl � in character, with the LUMO being an in-phase combina-
tion of the metal sp orbitals. The composition of the clusters can be
tuned with a degree of precision through control of the stoichiom-
etry of reaction of the [M(C≡CR)2]− rigid-rod building block with
[{M′(C≡CR)}n], giving rise to species such as [Ag4Cu(C≡CPh)6]−

[209,219,220].
Trimetallic systems can also be prepared using

similar building block approaches, with reaction of
[PPN][Au(C≡CPh)2]−, [{Ag(C≡CPh)}n] and [{Cu(C≡CPh}n] afford-
ing [PPN][AuAg6Cu6(C≡CPh)14] [220]. This heterotrimetallic
species is thought to offer a similar structure to that determined
crystallographically for [PPN][Ag6Cu7(C≡CPh)14] [220] with a

−
linear [Au(C≡CPh)2] moiety linked by metal–metal interactions
to three tetra-nuclear [Ag2Cu2(C≡CPh)4] subunits (Fig. 34). In the
subunits, the copper atoms are �-bonded to two C≡CPh ligands,
with the silver atoms held by �-interactions with two alkynide
fragments and metal–metal interactions [220].

Fig. 33. A schematic representation of the core structure in the cluster anions
[Au3M2(C≡CR)6]− (M = Cu, Ag).
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ig. 34. A schematic representation showing the three almost square
g2Cu2(C≡CR)4 subunits linked to a Cu(C≡CR)2 core in [Ag6Cu7(C≡CPh)14]−

220].

The pentametallic cluster [Au3AgCu(C≡CPh)6]− is obtained
rom the reactions of [Au3Cu2(C≡CPh)6]− with [{Au(C≡CPh)}n]
nd [{Ag(C≡CPh)}n] in the presence of pyridine, from
Au3Ag2(C≡CPh)6]− with [{AuCu(C≡CPh)2}n], or from
Au2Cu(C≡CPh)4]− and [{AuAg(C≡CPh)2}n], respectively [221].

mixture of salts containing the anions [AuAg6Cu6(C≡CPh)14]−,
Au3Ag2(C≡CPh)6]− and [Au(C≡CPh)2]− was obtained from
Au3Cu2(C≡CPh)6]−, [{Ag(C≡CPh)}n] and [{Cu(C≡CPh)n}]. Closely
elated product mixtures containing [AuAg6Cu6(C≡CPh)14]− and
Au3AgCu(C≡CPh)6]− were obtained from [Au3Ag2(C≡CPh)6]−,
{Ag(C≡CPh)}n] and [{Cu(C≡CPh)n}], while [Ag6Cu7(C≡CPh)14]−

as formed together with [{Ag(C≡CPh)}n] from cluster expansion
f [Ag4Cu(C≡CPh)6]− with [{AgCu(C≡CPh)2}n] [221]. Cluster
xpansion is also achieved by redistribution reactions arising
rom addition of [CuCl] to [Au2Cu(C≡CPh)4]−. The trinuclear com-
lex [Au2CuCl(C≡CPh)4]2− and [CuCl] or [{AuCu(C≡CPh)2}n] gave
Au3Cu2(C≡CPh)6]−, while [Au2CuCl(C≡CPh)4]2− with a mixture of
{Ag(C≡CPh)}n] and [{Cu(C≡CPh)n}] gave [AuAg6Cu6(C≡CPh)14]−

221]. Higher nuclearity clusters including [Ag6Cu7(C≡Ph)14]− can
lso be obtained from ligand exchange and condensation processes
n mixtures of [{Ag(C≡CPh)}n, [{Cu(C≡CPh)}n and [Ag(C≡CPh)2]−.
he metal core geometry can be visualized as three almost square
g2Cu2 clusters encapsulating the seventh copper atom [222,223].

An interesting variation on a trigonal Cu3(C≡CH)3 motif has
een prepared from decarboxylation of the organometallic car-
oxylic acid Co2(�-HC2CO2H)(CO)6 upon reaction with Cu(OMe)2
Fig. 35). The reduction of Cu(II) to Cu(I) is thought to be promoted
y oxidation of the cobalt cluster prior to decarboxylation [224].

In condensation of [Ag2C2] with silver salts, a common feature
s the encapsulation of the [C2]2− moiety within Agn (n ≥ 6) cages
177]. These AgnC2 clusters serve as supramolecular synthons that
an be used to construct larger polymeric layered structures of
hree-dimensional systems through vertex sharing or anion bridg-
ng [178]. Recently, Mak has extended these concepts and identified
range of new supramolecular synthons formed from double sil-

er(I) salts of phenylethynide [225,226] and various isomers of
henylene diethynide [227]. In the case of compounds formed
rom reactions of [AgNO3] and polymeric species [Ag2(C≡CRC≡C)]n

R = 1,3-C6H4, 2,3-C4H2S) or [Ag(C≡CR)]n (R = 3-pyridyl,
-pyrazinyl) the nitrate anion serves to both stabilize the silver-

thynide aggregate, and also permit additional �–� interactions
y virtue of its limited steric bulk [228]. These �-stacking motifs
ominate the long-range order in the solid state, with structures
rom ribbons to three-dimensional cross-linked structures. When
arger ligands with more flexible structures are employed, such
Fig. 35. The solid state structure of cluster Cu3{�-C2HCo2(CO)6}3 formed from reac-
tion of Co2(�-HC2CO2H)(CO)6 with Cu(OMe)2 (carbonyl ligands are omitted for
clarity) [224].

as bis-prop-2-ynyloxy-naphthalenes, the situation become more
complex with the �4- and �5-coordination modes of the Agn⊂C≡CR
and Agn⊂C≡CRC≡C⊃Agn fragments augmented by weaker Ag-�,
CH· · ·� and Ag· · ·Ag interactions [229]. Similar supramolecular
design concepts can be employed with mono- and diethynide
ligands bearing additional donor functionalities [230–233].

8. Homoleptic alkynide complexes of group 12

This Chapter describes the synthesis, structure, bonding, and
reactivity of group 12 homoleptic transition metal alkynides. The
group 12 complexes can be used, for example, in carbon–carbon
bond forming reactions by treatment with electrophiles [234].
However, the limited availability and difficulties associated with
handling alkynyl group 12 metal reagents has restricted their appli-
cations in organic synthesis. The group 12 transition metals display
weak Lewis acidity, such that in reactions with nucleophilic com-
plexes these species can serve as electrophilic alkynyl equivalents
[235]. Particularly, the cadmium and mercury species are very toxic
and hence, their use as organyl transfer reagents is confined. In gen-
eral, homoleptic group 12 metal alkynides are of structural type
[M(C≡CR)2] (M = Zn, Cd, Hg; R = H, single bonded organic group)
with a linear acetylide–metal–acetylide arrangement. A further
favored structure is [M(C≡CR)4]2− in which the metal ion M pos-
sesses a tetrahedral coordination geometry. The pioneer in this
field of chemistry is Nast, who firstly synthesized group 12 metal
alkynides of zinc and cadmium in the late 1950 s, while di(alkynyl)
mercurates were already described much earlier [3,236].

8.1. Zinc

The first zinc alkynide, K2[Zn(C≡CH)4], was prepared by
Nast and Müller in 1958 by reacting divalent [Zn(SCN)2]·2NH3
or K2[Zn(C≡N)4] with KC≡CH in liquid ammonia [237]. The
thus formed diammoniate K2[Zn(C≡CH)4]·2NH3 releases NH3 by

◦
heating to 60–70 C in high-vacuum. Zincate K2[Zn(C≡CH)4] is
diamagnetic, non-explosive, non-pyrophoric, but easily eliminates
acetylene when treated with protic solvents. In 1968 the structure
of K2[M(C≡CH)4] (M = Zn, Cd) in the solid state was determined
from X-ray powder data [238]. Both complexes are iso-type and
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pounds described above, at elevated temperatures [247]. The
ig. 36. Crystal structures of the two anions [Zn(C≡CPh)3(thf)]− (left) and
Zn(C≡CPh)3]− (right) forming [Na(12-crown-4)2]2[Zn(C≡CPh)3(thf)][Zn(C≡CPh)3]
n the solid state [243].

ontain isolated [M(C≡CH)4]2− tetrahedra, which are surrounded
y six potassium ions arranged in a distorted octahedron. Follow-

ng Nastı̌s preparation of K2[Zn(C≡CH)4] (vide supra), Ruschewitz
nd coworkers reported the synthesis of diverse alkali and alka-
ine earth metal tetra-ethynylo zincates and cadmates of type

′
2[M(C≡CH)4] (M = Zn, Cd; M′ = Na, K, Rb, Cs) and M′[M(C≡CH)4]

M′ = Mg, Ca, Sr, Ba), respectively [84,239]. Raman spectroscopic
tudies indicated that these molecules are setup by tetrahedral
ragments [M(C≡CH)4]2− with carbon–carbon triple bonds.

Polymeric [Zn(C≡CPh)2] was prepared either by the reaction
f dimethyl [240] or diethyl [241,242] zinc with phenylacetylene
r electrochemically from elemental zinc and phenylacetylene in
cetonitrile in presence of tetra-ethyl ammonium bromide as elec-
rolyte [106]. Its characterization was based on elemental analysis,
R and NMR spectroscopy [241].

Zincate [Na(12-crown-4)2][Zn(C≡CPh)3] was recently synthe-
ized by Dehnicke and coworkers from the homoleptic amido
omplex [Na(12-crown-4)2][Zn{N(SiMe3)2}3] and HC≡CPh [243].
rystallization of this compound from tetrahydrofuran solutions

ave solvent containing single crystals of composition [Na(12-
rown-4)2]2[Zn(C≡CPh)3(thf)][Zn(C≡CPh)3] (Fig. 36).

The metal atom of the [Zn(C≡CPh)3]− group is in a trigonal-
lanar arrangement, while the [Zn(C≡CPh)3(thf)]− moiety forms a
Fig. 37. Molecular structure of [Li(tmeda)]2[Zn(C≡CPh)4] in the solid state [244].

flat trigonal pyramid with the oxygen atom in apical position (bond
angle (O Zn C) = 96.6◦) [243]. Both building blocks differ in their
Zn–C bond distances which are ca. 2.003 Å (thf adduct) or 1.967 Å,
respectively.

The tetrahedral coordinated homoleptic tetra-phenylethynyl
zincate [Li(tmeda)]2[Zn(C≡CPh)4] is accessible by nucle-
ophilic substitution of the bis(trimethylsilyl)amido ligands
in [Zn(N(SiMe3)2)2] by LiC≡CPh [244]. The structure of
[Li(tmeda)]2[Zn(C≡CPh)4] in the solid state comprises a pseudo-
tetrahedral [Zn(C≡CPh)4]2− organometallic anion with two
[Li(tmeda)]+ cations bonded via alkynyl-lithium �-interactions
(Fig. 37) [244].

Homoleptic zinc alkynyls [Zn(C≡CR)2] (R = Ph, CMe2OH, SiMe3,
C5H11, CH2NMe2) can be used as cross-coupling reagents in
presence of catalytic amounts of [Pd(PPh3)4/CuI] for the for-
mation of new sp–sp2 carbon–carbon bonds including the
synthesis of diverse enynes and enediynes, respectively [245].
The appropriate bis(alkynyl) zinc derivatives were prepared by
the reaction of ZnCl2 with two equivalents of LiC≡CR. Mixed
[Zn(C≡CSiMe3)2]/[Zn(CH2SiMe3)2] zinc reagents can successfully
be applied for enantioselective synthesis of propargyl amines
through Zr-catalyzed addition to aryl amines [246]. The corre-
sponding chiral propargyl amines are thereby obtained in up to
90% ee. The addition of the zinc alkyl species improves significantly
the conversion rate (without addition of [Zn(CH2SiMe3)2]: 5–10%
conversion; with addition of [Zn(CH2SiMe3)2]: >98%) [246].

8.2. Cadmium

The synthesis of homoleptic cadmium acetylides was firstly
reported by Nast and Richers [247]. In a typical experiment they
reacted [Cd(SCN)2] with four equivalents of KC≡CR (R = H, Ph) in
presence of [Ba(SCN)2] in liquid ammonia to obtain poorly sol-
uble Ba[Cd(C≡CH)4] [247]. A synthetic methodology appropriate
for the formation of [Cd(C≡CPh)2] is based upon the reaction
of cadmium diphenyl with phenyl acetylene at low temperature
in diethyl ether solutions. The colorless crystals are only solu-
ble in liquid ammonia by formation of [Cd(C≡CPh)2]·xNH3. The
removal of the ammonia being achieved, as for the zinc com-
appropriate bis(acetylide) cadmium complex [Cd(C≡CH)2]·xNH3
was prepared by the same authors from [Cd(NH2)2] and gaseous
acetylene in liquid ammonia. In contrast to [Cd(C≡CPh)2], this
compound decomposes readily at 0 ◦C to give cadmium carbide
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Fig. 38. The structure of Cs2[Cd(C≡CH)4] in the solid state [248].

CdC2]·0.5NH3, which upon protolysis produces acetylene [247]. As
iscussed earlier for homoleptic alkynyl zincates, a series of cad-
ates of structural type M′

2[Cd(C≡CH)4] (M′ = Na, K, Rb, Cs) and
′[Cd(C≡CH)4] (M′ = Mg, Ca, Sr, Ba) were synthesized and struc-

urally characterized [239,248]. While Na2[Cd(C≡CH)4] is, as the
ppropriate zinc species, amorphous to X-rays, all other systems are
so-typic to the respective potassium complexes [248]. As outlined
bove these molecules crystallize in the tetragonal space group
41/a containing [Cd(C≡CH)4]2− tetrahedra (Fig. 38). The alkali
ations are octahedrally surrounded by six side-on coordinated
thynyl ligands of the [Cd(C≡CH)4]2− units, whereby each of the
our acetylide groups is trigonally coordinated by three Cs atoms
esulting in a polymeric framework (Fig. 38). These molecules show
tructural relationships to Scheelit and Anatas [248].

Reaction of CdMe2 with phenylacetylene or 1-octyne in the ratio
f 1:2 resulted in the formation of linear [Cd(C≡CR)2] (R = Ph, C6H13)
240]. These compounds were characterized by elemental analysis,

R and NMR spectroscopy as well as titration against EDTA.

The ferrocene ethynyl-functionalized homoleptic cadmium
omplex [Cd(C≡CFc)2] was synthesized by treatment of CdBr2
ith two equivalents of LiC≡CFc (Fc = (�5-C5H4)(�5-C5H5)Fe)

249]. This compound decomposes even at low temperature via

Scheme 15. Synthesis and decompo
stry Reviews 255 (2011) 241–272 267

carbon–carbon bond formation to give the all-carbon butadiyne
FcC≡CC≡CFc (Scheme 15).

8.3. Mercury

The first homoleptic mercury(II) compound was [Hg(C≡CMe)2]
which was prepared in different ways by Kutscheroff as early
as 1884 [3], following an effort to synthesize C3H4HgO via
direct reaction of HgO with propyne in water. After several days
crystals with a strong smell of garlic were extracted. Elemen-
tal analysis of the obtained compound lead to the composition
[Hg(C≡CMe)2]. Other attempts using alkaline solutions of HgI2/KI
or [HgCl2]/acetone and propyne resulted in the formation of
the same compound. In 1899 Nef described the synthesis of
[Hg(C≡CPh)2] from an alkaline solution of KI and HgCl2 by adding
HC≡CPh [236], while based on these studies in 1926 Johnson
and McEwen [250] obtained a series of bis(alkynyl) mercury(II)
compounds [Hg(C≡CR)2] (R = Cl, Br, Me, Et, tBu, nC5H11, nC8H17,
Ph, CH2Ph, CH2CH2Ph, C6H4 4-Me, C6H4 4-OMe, CH2

cC6H11,
CH2OPh, C4H3O, C4H2OBr) by treatment of K2[HgI4] with RC≡CH
in presence of KOH. Caution is advised, since these compounds do
not melt below the temperature of decomposition or even explo-
sion. In 1964, Nast described the synthesis of the explosive colorless
mercury alkynide Ba[Hg(C≡CH)4] and the more stable derivative
Ba[Hg(C≡CPh)4] [251]. These molecules have been synthesized
by reacting the mercury salt [Hg(SCN)2] with KC≡CR (R = H, Ph)
and Ba(SCN)2 in liquid ammonia. Their characterization is based
mainly on IR spectroscopy and elemental analysis. Upon protol-
ysis, Ba[Hg(C≡CH)4] completely decomposed to give acetylene
along with mercury(II), while the corresponding Ba[Hg(C≡CPh)4]
derivative gave hydrophobic insoluble [Hg(C≡CPh)2] and phenyl
acetylene [251].

Hill and coworkers used diverse mercury(II) alkynyls
[Hg(C≡CR)2] (R = Ph, C6H4 4-Me, Fc) for the convenient syn-
thesis of alkynyl aryl chalcogenoethers by reacting the bis(alkynyl)
mercurials with diaryl dichalogenides (R′EER′; E = Se, Te; R′ = Ph,
C6H4 4-Cl) [252]. Mechanistic investigations of this reaction were
also undertaken and are summarized in Scheme 16. In 2006, the
same author discussed the hazardous properties of homoleptic
[Hg(C≡CiC3H7)2], which spontaneously detonates producing finely
divided mercury [253].

In recent studies a large number of homoleptic mercury
alkynides [Hg(C≡CR)2] with different organic groups R have been
identified, and are summarized in Table 7. The use of bifunc-
tional building blocks leads to the formation of organomercury
polyynes (Table 8). To discuss all these compounds in detail would
go beyond the scope of this article. Rather the interested reader is
referred to the original literature given in Tables 7 and 8 and to the
review written by W.-Y. Wong in 2007 joining the above discussed
homoleptic mercury alkynyls and their heteroleptic counterparts
as versatile templates for new organometallic materials and poly-
mers [14].
A series of heterometallic mercury bis(diyndiyl) compounds
of type Hg{C≡C C≡C[MLn]}2 bearing different �-bonded tran-
sition metal complex fragments, such as CpW(CO)3 [269],
Cp*Ru(dppe) [270], AuPR3 [271], and C[Co3(�-dppm)(CO)7]
(dppm = Ph2PCH2PPh2) [272] was synthesized by Bruce et al. The

sition of [Cd(C≡CFc)2] [249].
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Scheme 16. Mechanism of alkynyl aryl chalcogenoether synthesis starting from homoleptic [Hg(C≡CR)2] [252].

Table 7
Homoleptic mercury alkynides of type [Hg(C≡CR)2] bearing different organic groups R.

R Ref.

[254]

[255]

[256]

[171]

[257]

[258]

[259]



R. Buschbeck et al. / Coordination Chemistry Reviews 255 (2011) 241–272 269

Table 8
Homoleptic mercury polyynes of type [-HgC≡C-E-C≡C-]n with different connecting units E.

E Ref. E Ref.

[260] [261]

[262] [263]

[264] [265]

[266,267] [268]

p
r
p
r
a
c
r
m
g
(
c
t

reparation of these rod-like molecules were realized by the
eaction of [Hg(OAc)2] with the respective diynyl metal com-
lex. X-ray results showed in the molecular structure of the
uthenium compound an unusual large bending at the carbon
toms attached to mercury (C≡C-Hg 166.5(3)◦) [270]. DFT cal-
ulations were employed to explain this phenomenon with the
esult that no electronic source is responsible for this feature. It

ust be caused by lattice forces [270]. This contrasts to the sin-

le crystal X-ray structures of [Hg{(C≡C)xC[Co3(�-dppm)(CO)7]}2]
x = 1, 2) where no conspicuous angles around the mercury
entre are observed [272]. Bruce succeeded also in the prepara-
ion of homoleptic [Hg{(C≡C)4[CCo3(�-dppm)(CO)7]}2] containing

Fig. 39. Heterometallic Complexes [Hg{C≡C-fc-P(S)Ph2}2] (left)
[257]

even longer alkynyl chains with cobalt cluster end groups
[273].

The first ferrocenyl-functionalized bis(alkynyl) mercury com-
pound was reported by Bassetti et al. [274] who demonstated
that quenching the reaction of [Hg(OAc)2] and HC≡CFc with
an iodine solution, immediately after addition of the mercury
acetate, led to an orange precipitate, which could be identi-

fied as [Hg(C≡CFc)2]. This molecule was formed in quantitative
yield. However, when longer reaction times (up to three days)
were used then acetyl ferrocene was obtained quantitatively via
intermediates including FcC(OMe) = CH2 [274]. A similar com-
pound featuring a diphenylthiophosphoryl group at ferrocene

[275] and [Hg{C≡C-fc-C≡CRu(dppe)(Cp*)}2] (right) [276].
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as recently published according to the synthesis method
eported by Kutscheroff (see above) [275]. Complex [Hg{C≡C-fc-
(S)Ph2}2] (fc = (�5-C5H4)(�5-C5H4)Fe) (Fig. 39, left) was obtained
s an orange, very poorly soluble material. Heterotrimetallic
Hg{C≡C-fc-C≡CRu(dppe)(Cp*)}2] could be isolated from the reac-
ion of [Hg(OAc)2] with [HC≡C-fc-C≡CRu(dppe)(Cp*)] in refluxing
etrahydrofuran as described by Bruce (Fig. 39, right) [276].

The electrochemical response of the latter molecule was exam-
ned by cyclic voltammetry. Typical one-electron oxidations occur
etween 0.60 and 0.67 V for the ferrocenyl and the ruthenium half-
andwich fragments [276]. Comparing these values with the redox
otentials of FcC≡CH and [(dppe)(Cp*)RuC≡CPh] leads to the con-
lusion that an interaction between both redox-centers through the
cetylide link exists.

. Conclusion

This review describes the current trends in homoleptic tran-
ition metal alkynide chemistry, a family of compounds which
as first identified in literature more than one century ago. The

enaissance in this area took place in the early 1950s with Nast’s
ioneering contributions. Since that time, a wide range of such com-
lexes, especially from group 10–12 metals, have been prepared
nd studied. Their synthesis, structure, bonding motifs, reaction
hemistry, reactivity, and their application potential is well under-
tood and documented, nevertheless, the characterization of the
olecules synthesized in the nineteen-fifties and -sixties are lim-

ted by modern standards.
The large quantity of work carried out so far in this field of

hemistry opens the possibility, for example, to use transition metal
cetylides as building blocks for the preparation of nowadays fasci-
ating heteromultimetallic transition metal complexes [277–282]
llowing to study electron transfer processes between different
edox-active metal centers via alkynide connectivities. It will be
f interest to see if the applications of homoleptic alkynide com-
lexes reach a comparable level to the broad variety of heteroleptic
ransition metal alkynide and cyanide systems.
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