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Reaction of [Ni6(CO)12]
2� with CCl4 in CH2Cl2 gives the

[HNi25(C2)4(CO)32]
3� and [Ni22(C2)4(CO)28Cl]

3� carbonyl

clusters containing interstitial Ni(g2-C2)4 and Ni2(l-g
2-C2)4

acetylide moieties.

Nickel nanoparticles are active catalysts for the preparation of

single- and multi-wall carbon nanotubes (SW-CNTs andMW-

CNTs) and carbon fibers from miscellaneous C1–Cn feed-

stocks.1–4 The suggested catalytic mechanism involves decom-

position of the feedstock onto the surface of the nanoparticle

and formation of a Ni–C solid solution. As the solution

becomes supersaturated, carbon atoms precipitate and assem-

ble in graphene sheets with tubular structure.5 During this

process, the addition of C2 moieties to the growing carbon

nanotube is suggested to play a significant role.6 Conse-

quently, well-defined nickel carbonyl polycarbide and poly-

acetylide molecular clusters, besides being potential precursors

of active catalysts, may provide snapshots of the steps preced-

ing formation of CNTs.

These considerations prompted a re-investigation of the

chemistry of carbonyl polycarbide Ni clusters. Herein, we

report the [HNi25(C2)4(CO)32]
3� (1) and [Ni22(C2)4(CO)28Cl]

3�

(2) clusters, which contain interstitial Ni(Z2-C2)4 and

Ni2(m-Z
2-C2)4 acetylide moieties, respectively.

Both compounds have been obtained by reaction of CCl4
with [NEt4]2[Ni6(CO)12] in CH2Cl2 and refluxing under nitro-

gen; which compound is formed depends on the [NEt4]2[Ni6-

(CO)12]/CCl4 ratio (experimental details are given in ESIw).
With a ratio of ca. 0.9, the reaction leads to a waxy precipitate

containing the new [NEt4]3[1] salt. The compound has been

purified by washing the precipitate with water and THF,

extraction of the residue in acetone and crystallization by

diffusion of n-hexane. 1 shows n(CO) absorptions in CH3CN

at 2017(s) and 1886(m) cm�1. The compound is deprotonated

to [Ni25(C2)4(CO)32]
4� by dissolution into a more basic solvent

such as DMF [n(CO) 2010(s) and 1875(m) cm�1]. Its at-

tempted isolation has been hindered by ready re-protonation

during the work-up. Although we do not have a direct 1H

NMR proof of the presence of the hydride in 1, and its

presence can be inferred only from the chemical behaviour,

this is a general problem for metal carbonyl clusters exceeding

a nuclearity of ca. 20, as previously discussed.7 The formula-

tion of 1 is further supported by its ESI-MS in MeCN, which

displays multiplets centred at m/z (relative intensity in par-

entheses): 1295 (20) ({[NEt4][HNi25(C2)4(CO)32]}
2–), 1230 (35)

([HNi25(C2)4(CO)32]
2�) and 820 (100) ([HNi25(C2)4(CO)32]

3�).

Decreasing the [NEt4]2[Ni6(CO)12]/CCl4 ratio to ca. 0.65

leads to the related tetraacetylide cluster 2, which shows n(CO)

in MeCN at 2016(s) and 1852(m) cm�1, and multiplets centred

at m/z (relative intensity in parentheses): 1168 (75)

({[NEt4][Ni22(C2)4(CO)28Cl]}
2�), 1103 (40) ([Ni22(C2)4(CO)28-

Cl]2�) and 735 (100) ([Ni22(C2)4(CO)28Cl]
3�) in the ESI-MS in

MeCN. [NEt4]3[1] and [NEt4]3[2]�0.5Me2CO have been char-

acterized by single-crystal X-ray analysis.8 Both anions display

metal frameworks deriving from the square-orthobicupola

(Johnson solid J28)9 shown in Fig. 1.

In the case of 1 the above 16-vertex polyhedron of idealized

D4h symmetry encapsulates the Ni(Z2-C2)4 moiety [C–Cav

1.368 Å] shown in Fig. 2(a). The metal framework of the

cluster is completed by capping with a Ni atom all eight lateral

square faces (Fig. 2(b)). Each carbon atom is hepta-coordi-

nated, displaying one C–C, and six Ni–C bonding contacts.

The whole structure comprises thirty-two CO ligands, of

which twenty-two are terminal and ten edge bridging, and is

shown in Fig. 2(c). Despite the fact that the unique hydride

atom has not been located by X-ray diffraction, calculations

with the program XHYDEX10 indicate the two square faces

orthogonal to the C4 axis as the most suited sites for the

unique hydride atom. This would result in a semi-interstitial

hydride located in a square-pyramidal cavity, as previously

found in [H2Rh13(CO)24]
3�.11

The crystals of [NEt4]3[2]�0.5Me2CO contain two indepen-

dent [Ni22(C2)4(CO)28Cl]
3� anions showing almost identical

Fig. 1
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geometry and very similar bonding parameters. The metal

framework is related to that of 1 being also based on the

16-vertex square-orthobicupola of Fig. 1. However, it differs in

that it encapsulates the Ni2(m-Z
2-C2)4 moiety [Ni–Ni 2.398(2),

C–C 1.365(17)–1.422(17) Å] shown in Fig. 3(a) and is capped

by four additional Ni atoms on four alternate lateral square

faces (Fig. 3(b)) arranged with idealized Td symmetry.

Further departures from the idealized symmetry of the

16-vertex square-orthobicupola of Fig. 1 are due to distortions

of the top and bottom square faces. These distortions are

mainly explained by the encapsulation of a Ni2(m-Z
2-C2)4

moiety which is bulkier than the interstitial Ni(Z2-C2)4 frag-

ment of 1. Each carbon atom displays five or six Ni–C and one

C–C bond. As shown in Fig. 3(c), the structure of the cluster is

completed by fourteen terminal and fourteen edge-bridging

CO ligands, and one chloride atom bridging the loose Ni–Ni

contact [2.918(4) and 2.948(4) Å for the two independent

molecules, respectively] of the bottom face.

Several Co, Ni and Co–Ni carbonyl clusters containing

interstitial C2 moieties displaying short C–C contacts are

known,12–16 and also a species containing two C2 moieties,

viz. [Ni16(C2)2(CO)23]
4�, has already been reported.17 The title

compounds represent the first examples of molecular clusters

encapsulating four C2 moieties and featuring Ni/C ratios

(3.125 and 2.75, respectively) crossing the composition of the

only reported metastable binary Ni–C phase (Ni3C).
18 Such a

low Ni/C ratio favours the approach of carbide atoms within

the metallic frame and enables C–C bond formation giving rise

to interstitial C2 moieties.

The length of the C–C bonds of both 1 and 2 suggests a bond

order of ca. 2, which is in keeping with the overlap population

inferable from EHMO calculations with CACAO.19 Such a bond

order of acetylide moieties is justified by the covalent nature of

their bonds. For instance, analysis of [Co6Ni2C2(CO)16]
2� has

shown that the C2 moiety is involved in synergic bonding and

back-bonding interactions with the skeletal MOs of the cage via

its sp, p and p* orbitals.20 This is confirmed by our EHMO

analyses on the title compounds, which point out the covalent

interaction of the C2 units with the whole metal cages. Moreover,

analysis of the overlap population points out that the carbon

atomic orbitals become less available for interaction with the

metal atoms of the cage, as the C–C bond length decreases (see

ESIw). Consequently, the metal cluster frame becomes increas-

ingly destabilised. Such a conclusion is in keeping with the

experimental observation that both 1 and 2 are completely

degraded by carbon monoxide at atmospheric pressure, in con-

trast with most mono- and poly-carbide clusters.21 Therefore, C2

moieties are less effective than isolated carbide atoms in stabilis-

ing a metal cluster. At this regard, it is worth mentioning that the

growth of CNT promoted by Ni-nanoparticles via C2 addition

has been proposed on the basis of theoretical calculations and

experimental observations.6 Experiments to test molecular clus-

ters 1 and 2 as potential precursors of carbidized Ni nanoparti-

cles for the catalytic growth of CNTs are underway, since it has

been shown that molecular cluster precursors may enable pre-

paration of SW-CNTs of uniform size.22

This work was supported by the EU Integrated Project

NAIMO (No NMP4-CT-2004-500355) and the University of

Bologna (Project CLUSTERCAT)

Notes and references

1. A.-C. Dupuis, Prog. Mater. Sci., 2005, 50, 929–961.
2. C. Ducati, I. Alexandrou, M. Chhowalla, J. Robertson and G. A.

J. Amaratunga, J. Appl. Phys., 2004, 95, 6387–6391.
3. H. Dai, A. G. Rinzler, P. Nikolaev, A. Thess, D. T. Colbert and

R. E. Smalley, Chem. Phys. Lett., 1996, 260, 471–475.
4. W. Wunderlich, Diamond Relat. Mater., 2007, 16, 369–376.
5. R. T. K. Baker, M. A. Barber, P. S. Harris, F. S. Feates and

R. J. Waite, J. Catal., 1972, 26, 51–62.
6. C. D. Scott, S. Arepalli, P. Nikolaev and R. E. Smalley, Appl.

Phys. A, 2001, 72, 573–580; V. Vinciguerra, F. Buonocore,

Fig. 2 The Ni(Z2-C2)4 interstitial moiety (a), the metal framework (b)

and the complete structure (c) of 1 (colour legend: Ni green, C grey,

O red).

Fig. 3 The Ni2(m-Z
2-C2)4 interstitial moiety (a), the metal framework

(b) and the complete structure (c) of 2 (colour legend: Ni green, Cl

yellow, C grey, O red).

3158 | Chem. Commun., 2008, 3157–3159 This journal is �c The Royal Society of Chemistry 2008



G. Panzera and L. Occhipinti, Nanotechnology, 2003, 14, 655–660;
R. B. Little, J. Cluster Sci., 2003, 14, 135–138.

7. A. Bernardi, C. Femoni, M. C. Iapalucci, G. Longoni, F. Ranuzzi,
S. Zacchini, P. Zanello and S. Fedi, Chem.–Eur. J., 2008, 14,
1924–1934.

8. Crystal data for [NEt4]3[HNi25(C2)4(CO)32]: C64H60N3Ni25O32, M
= 2850.90, monoclinic, space group C2/c, a = 19.5647(14), b =
25.8822(18), c = 17.7927(13) Å, b = 100.6780(10)1, U =
8853.8(11) Å3, T = 295(2) K, Z = 4, Dc = 2.139 g cm�3, m =
5.246 mm�1, graphite-monochromatized Mo-Ka radiation (l =
0.71073). Final R indices were R1 = 0.0372 and wR2 = 0.0932 for
9664 independent reflections having I 4 2s(I) (Rint = 0.0472).
Crystal data for [NEt4]3[Ni22(C2)4(CO)28Cl]�0.5Me2CO.
C61.5H63ClN3Ni22O28.5, M = 2627.22, triclinic, space group P�1,
a=13.6790(16), b= 23.876(3), c=27.991(3) Å, a= 65.368(2), b
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