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Abstract: A rapidly developing area of organometallic chemistry centers on polynuclear
metal coordination compounds having specified, highly symmetric geometries such as
squares, triangles, rectangles, or rigid rods. Interest in such molecules arises in part from their
unusual, aesthetically appealing structures, and on the possibilities for assembling them into
extended systems having useful electronic, optical, magnetic, catalytic, or other properties.
Given their characteristic thermal and oxidative stability, chemical versatility, and relatively
low-bulk, metallocene-like steric requirements, small metallacarboranes are attractive candidates as building blocks for such structures. Recent work in our laboratory on the controlled
substitution and linkage of these clusters has opened the way to some new metallacarborane
“designer” chemistry that is described in this article.
INTRODUCTION
The amazing versatility afforded by polyhedral boron clusters has found application in a wide range of
areas including medicine, recovery of radioactive metals, catalysis, polymer science, host-guest recognition, supramolecular chemistry, and the synthesis of new materials [1]. Even now, nearly a half century after the discovery of carboranes, the pace of development in this area is increasing as new ways
are found to exploit the properties of these remarkable molecules. Two of the most important attributes
of carborane and metallacarborane clusters are their stability toward air-oxidation and their ability to
withstand a wide variety of organic and organic reagents without destroying the integrity of the cage
structure. These qualities have made possible the development, over time, of a very extensive derivative
and substitution chemistry that resembles that of organic chemistry and is rivaled by few other inorganic
areas.
Supramolecular systems composed of organic or metal-organic building-block units that are connected by strong covalent bonds [2] are of interest because of their potential for creating “designer materials” having tailorable electronic, optical, magnetic, catalytic, or other properties. Metal-containing
supramolecular systems are particularly interesting, since the metal centers may function as tunable
electrophores or chromophores. Metallacarboranes are a “natural” for this kind of designer chemistry,
given their oxidative and thermal stability, and the small systems (six-vertex nido-MC2B3 and sevenvertex closo-MC2B4 clusters) offer certain additional advantages: (1) they are similar in steric requirement to metallocenes and hence can more easily replace metal-cyclopentadienyl moieties in
organometallic systems; (2) the presence of only three or four boron vertices limits the number of possible isomers of B-functionalized derivatives, simplifying the directed synthesis and isolation of specified target compounds; (3) nido-MC2B3 cluster anions exhibit reactivity modes that are not found in the
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larger systems (e.g., face-to-face carborane fusion and metal sandwich stacking); (4) as will be shown,
the special geometry of seven-vertex MC2B4 pentagonal pyramidal cages lends itself to the creation of
molecular assemblies and grids based on rigid shapes such as squares, rectangles, and triangles. The exploitation of these properties in non-serendipitous directed synthesis is a long-term project that began
in our laboratory more than 20 years ago [3], aspects of which are treated in recent reviews [1c,4]. Here,
the focus is on the stepwise construction of polynuclear covalently linked assemblies from small metallacarborane building blocks.
TARGET MOLECULES
Scheme 1 maps routes to boron-substituted derivatives based on MC2B4 cluster starting materials (circled), while Chart 1 outlines target macromolecular architectures. Three basic tasks are addressed: (1)
synthesis of suitably functionalized monomers; (2) linkage to create soluble, structurally characterizable oligomers whose electronic and other properties can be studied in solution; and (3) development
of methods for the construction of giant molecules or extended solids from monomeric or oligomeric
precursors. Electrochemical and theoretical investigations of selected systems, discussed below, are
under way in collaboration with other laboratories.

Scheme 1
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SYNTHESIS OF B-ALKYNYL BUILDING-BLOCK COMPLEXES
Small metallacarborane clusters can be linked, either directly or through connecting groups, via bonding to cage boron or carbon atoms, to the metal-bound hydrocarbon ligand (e.g., Cp or Cp* [Cp* =
C5Me5]), or, rarely, to the metal center [1c,1d,4a,4c]. A variety of organic connectors can be employed,
but since a main goal of current research is to prepare polynuclear systems that foster electronic communication between metals, we are primarily interested in phenylene, heterocyclic, and alkynyl linkers
that might be expected to serve as electron conduits (“molecular wires”). These and other organic functional groups are introduced at selected boron positions on the cage via strategies that were originally
developed for effecting carbon–carbon bonding in organometallic synthesis but have been adapted to
carbon–boron bonding for our purposes. Owing to space restrictions, only the alkynyl-derivative chemistry will be discussed in this review.
Our systems employ LM(Et2C2B4H3-X) starting materials where LM is usually (arene)Fe,
Cp*Co, or CpCo, and X is Br or I; the halogen is bound at the center equatorial boron [B(5)] or the apical boron [B(7)]. We are exploring two approaches to organosubstitution, namely Negishi-type metalpromoted cross-coupling [5,6] and radical substitution reactions. The latter method is elsewhere [7];
here we concentrate on palladium-catalyzed Negishi coupling [8], which in general is assumed to involve formation of square planar palladium complex intermediates. In an exploratory reaction with
trimethylphosphine [5], the Pd complex formed from (C6H6)Fe(Et2C2B4H3-5-I) underwent B-P elimination to afford a trimethylphosphonium salt (Scheme 2), in contrast to a recent study of Pd-catalyzed
cross-coupling in 1,7-C2B10H11-9-I in which B-I reductive elimination was observed [9].

Scheme 2

Scheme 3 illustrates how metal-catalyzed cross-coupling in combination with boron-decapping
and boron-insertion reactions have been utilized to generate desired B-mono- and B,B′-dialkynyl derivatives, isolated in most cases as brown or yellow air-stable solids [5,6].

Scheme 3
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ALKYNE-CONNECTED DINUCLEAR AND POLYNUCLEAR SYSTEMS
Linkage of basal and apical B-ethynyl substituents to create diacetylenic-bridged complexes [5,6] is illustrated in Scheme 4, while Scheme 5 depicts several examples of benzene-centered polynuclear assemblies; related complexes containing direct benzene-metallacarborane linkages have also been prepared [10]. Trimetallic species of the type shown at the top of Scheme 5, in which the metal-ligand
group is (C6H6)Fe or Cp*Co, as well as the “triple-triple-decker” system (Scheme 5, right) [11] and the
hexakis(cobaltacarboranylalkynyl) assembly (Scheme 5, bottom) in have been synthesized and characterized by multinuclear NMR, IR, and mass spectroscopy, supported in some cases by X-ray crystallography [5,6,11].

Scheme 4

Scheme 5
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The alkynyl C≡C bonds can be converted into Co2C2 cluster units via treatment with dicobalt
octacarbonyl as shown in Scheme 6. The proposed hybrid-cluster structures are consistent with spectroscopic data but at this writing have not been crystallographically established [6a].

Scheme 6

Small metallacarboranes have a natural propensity to form macrocyclic structures, often as byproducts of polymerization and oligomerization reactions of bifunctional monomers, and in past work
our group has been able to isolate and structurally characterize a few such products. These include a
rectangular hexametallic cyclic system consisting of two tetradecker sandwiches linked at top and bottom by phenylene rings [12] and a four-cluster, octametallic Ru4Co4 assembly [13]. However, controlled routes to specified macrocyclic systems have been lacking until now. In very recent work, we
have employed metal-catalyzed coupling reactions to assemble a tetranuclear planar octagonal complex
[6b] (Scheme 7) and a hexanuclear 3-dimensional diethynyl-bridged structure (Scheme 8) [6c] with reasonable efficiency.

Scheme 7
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Scheme 8

ELECTRONIC PROPERTIES
Communication via electron transfer in binuclear and polynuclear small metallacarborane systems encompasses the full range from complete localization (Robin-Day Class I) to full delocalization
(Class III), even in seemingly closely related species [14]. Metal–metal electronic interactions are
strongly influenced by the choice of metal, metal oxidation state, metal-bound organic ligands, intercage linking groups, cage geometry and substituents, and the position of attachment of connecting
groups to the cage. For example, spectroelectrochemical IR studies [14a] reveal that the fulvalenebridged CoII-CoIII (d6d7) mixed-valence anion [(Et2C2B4H4)Co(η5-C5H4)]2−, an analog of the bicobaltocenium cation, is fully delocalized (Class III) even on the extremely short IR time scale (10−13
to 10−14 sec), while the corresponding CoIV-CoIII (d5d6) cation is trapped-valence (Class I). Similarly,
fulvalene-connected tetradecker sandwich oligomers show extensive metal–metal communication both
between and within the individual stacks, but when the fulvalene connecting ligands are replaced by
C5Me4-C6H4-C5Me4, ESR and electrochemical evidence indicates that delocalization of the unpaired
electron occurs within, but not between, the tetradecker stacks [15].
In (arene)MIII(Et2C2B4H4)+ complexes of iron and ruthenium, the Et2C2B4H42− ligand is a strong
electron donor to the metal [14c], in contrast to highly unstable organometallic (arene)MIII(C5R5)2+
analogues [16] where R = H or Me. (Arene)MI(Et2C2B4H4)− monoanions, on the other hand, are destabilized by the carborane ligand, but are sufficiently persistent to allow characterization by ESR spectroscopy. In all cases studied, the evidence suggests that the singly occupied molecular orbitals
(SOMOs) in these complexes are similar to those of (arene)M(C5R5) systems.
An electrochemical/theoretical investigation of the alkyne-linked complexes discussed in this article, and of structurally related arene- and heterocycle-connected systems, is under way in collaboration with P. Zanello and co-workers at the University of Siena [14f,17]. In general, we find that compounds incorporating Fe(η6-arene) groups are less delocalized than are structurally analogous species
featuring isoelectronic CoCp* units. This finding is paralleled by the fact that the cobalt complexes tend
to be more stable toward air and other oxidants; the electron-releasing C5Me5 ligand renders the cobalt
clusters more electron-rich than their Fe(arene) counterparts (as expected, the CoCp complexes are less
stable than their CoCp* analogues). In the iron systems, the lower electron density in the vicinity of the
metal centers is used primarily in localized metal-ligand binding rather than being delocalized into the
cluster framework.
Several of the complexes depicted here command unusual interest as candidates for mixed-valence behavior, e.g., the electrically neutral triple-triple-decker compound in Scheme 5. Oxidation of
some of its six identical CoIII centers to CoIV, or reduction to CoII, creates mixed-valence systems that
© 2003 IUPAC, Pure and Applied Chemistry 75, 1211–1218
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have been examined electrochemically [11]. It is found that reduction to the trianion produces three
fully electron-delocalized CoIICoIII triple-decker units (1.2 V), with weak but detectable inter-sandwich
communication (ca. 90 mV). Other evidence of electronic communication is afforded by the UV-visible and 1H NMR spectra [11].
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