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Some Examples of Unusual Skeletal Bonding Topologies in Metallaboranes Containing Two
or Three Early Transition Metal Vertices
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The metallaboranes (CpMBnHnt4 (M = Cr, Mo, W; n = 4, 5; Cp = 35-CsHs, 15-CsMes), (CpW)B7Ho,
(CpRe}B;H7, and (CpW)BgHg have the 2 or 2v + 2 skeletal electrons focloso or isoclosodeltahedraf =
number of polyhedral vertices) if the early transition metal vertices are assumed to contribute four or more internal
orbitals rather than the usual three internal orbitals for BH vertices. The polyhedra for the metallaboranes
(CpM)2BrHn+4 (M = Cr, Mo, W; n = 4, 5) are derived fromn(+ 1)-gonal bipyramids by removal of an equatorial
vertex. The deltahedra for the larger metallaboranes (GBW)p, (CpRe}B-H;, and (CpW)BgHg are derived
from the corresponding Bi,2~ deltahedrar{= 9 and 11 in these cases) by sufficient diameaduare-diamond
processes to provide vertices of degrees for each of the CpM vertices. Reasonable skeletal bonding topologies
in accord with the availability of skeletal electrons and orbitals consist of surfaee@a@and 3e-2e bonds
supplemented by metametal bonding through the center of the polyhedron.

Introduction and isoelectronic rules, first suggested by Wadad later

One of the distinctive features of borane chemistry is the developed by HoffmanAThe transition metal vertices, like the
special stability of molecules and ions based on the so-called c0rrésponding boron and carbon vertices, were assumed to

“most spherical deltahedra,” namely polyhedra in which all faces contribute three intr_ernal orbitals so that, for example sBHC
are triangles and the vertices are as uniformly connected asCO vertex was considered to be a donor of two skeletal electrons

possiblel2 Thus, the anions B2~ (6 < n < 12) all have analogous to the isolobal and isoelectronic BH vertex.

structures based on deltahedra with only degree 4 and 5 vertices 'Nitially it was assumed that the polyhedra in metallaboranes
except for a single degree 6 vertex in:B12-. Wadé and would be the same as the polyhedra in isoelectronic metal-free

Mingos* recognized the special stability of such deltahedra with Poranes. However, as metallaborane chemistry was extended
on + 2 skeletal electrons in which BH and CH vertices further to nonicosahedral structures, particularly by Kennedy

contribute two and three skeletal electrons, respectively, as welland co-workers>*! a variety of deltahedral metallaborane
as three internal orbitals to the skeletal bonding. This led to the Structures were discovered based on deltahedra topologically
development of polyhedral skeletal pair theory and the Wade distinct from the deltahedra found in the metal-free boranes
Mingos rules® The special stability of the borane deltahedra BnHn’~ (6 < n < 12). Of particular interest were the so-called
also led Aihar to the first explicit suggestion of three- “isocloso” 9- and 10-vertex structures based on a deltahedron

dimensional aromaticity in the deltahedral boranes. At about With the transition metal at a degree 6 vertex in contrast to the

the same time King and Rouvraprovided a graph-theory- corresponding metal-free deltahedral boranes, which have only
derived model for the skeletal bonding in deltahedral boranes dégree 4 and 5 vertices. What was even more interesting was
consisting of a multicenter core bond using orbitals from all of the observation that such “anomalous” metallaborane deltahedra

the deltahedral vertex atoms supplemented by surface bonding!SO Violated the WadeMingos rule$ by having only  rather

using an electron pair from each deltahedral vertex atom. Thesethan @ + 2 skeletal electrons for a deltahedral structure.

topology-based concepts provided further support for the Recently the author showed how the anomalous electron counts

consideration of deltahedral boranes as the three-dimensionaPf the “isocloso” metallaborane deltahedra could be rationalized
analogues of the more familiar planar two-dimensional aromatic Y @ssuming skeletal bonding consisting exclusively of three-

hydrocarbons such as benzene and the isoelectrghig Gind center two-electron (3€2e) bonds im of the 2n — 4 faces of
CH;+. ann-vertex deltahedrof3Thus the skeletal bonding in such

The introduction of transition metal vertices into borane 150Cl0s0” metallaboranes was suggested to consist solely of
deltahedra was first achieved by Hawthorne and co-wotkers surface bonding with no core bonding in contrast to the metal-

in the 1960s. The first metallaboranes were icosahedral carbo-"€€ de‘!'tahedralnboranesJBnZ‘ (6=n=12).
ranes in which one or occasionally two of the boron vertices ~ 1he “isocloso” metallaboranes studied by Kennedy and co-

were replaced by transition metal vertices following isolobal Workers®*'typically have a single metal vertex and gkeletal
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electron counts for deltahedral structures withertices. The
transition metals involved are relatively late transition metals,
typically groups 8 (Ru) or 9 (Rh, Ir). In recent years Fehlner
and co-workers-1516 have reported a variety of deltahedral
metallaboranes containing two or three cyclopentadienylmetal
vertices with group 6 (Cr, Mo, W) or group 7 (Re) metals. The
apparent skeletal electron counts in the Fehlner early transition
metal metallaboranes are generally very low relative to the
Wade-Mingos Zh + 2 skeletal electron rule for borane
deltahedra assuming that the CpM vertices €€p°>-cyclopen-
tadienyl ligands such ag®CsHs or #°-MesCs) like the BH
vertices contribute the usual three internal orbitals. For example,
the 11-vertex trimetallaborane (Cp¥8}Hg has only 14 apparent
skeletal electrons corresponding to-2 8 for n = 11 in contrast

to the 24 skeletal electrons expected for an 11-vertex delta-

Pentagonal Bipyramid

King

Loss of equatorial
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(CpCr)2B4Hs Polyhedron
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»
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hedron. The polyhedra found in these early transition metalla- . )
boranes are of two types: (1) Polyhedra derived by loss of an Hexagenal Bipyramid
equatorial vertex from a pentagonal bipyramid (e.g., (Cf&aHs
and (CpCrCOB4Hg) or a hexagonal bipyramid (e.g., (Cp&r)
BsHo); (2) Deltahedra with nine (e.g., (CpRByH; and
(CpW)B7Hg) or 11 vertices (e.g., (CpWsHg), which are

topologically different from the correspondingt®?~ deltahedra

because of the tendency for the transition metals to occupy (6c—2€) CrB,4 core bond and 3e2e CrB, bonds in four of the
vertices of high degrees. This paper explains how the ideaspolyhedral faces. This skeletal bonding model uses the 10

presented previousty**to rationalize the anomalous electron apparent skeletal electrons in five skeletal bonds requiring the
counts in the “isocloso” metallaboranes containing a single compined 18 available orbitals. However, a similar skeletal
transition metal vertex can be extended to dimetallaboranes a”%onding scheme for (CpGBsHs based on the CpCr vertices
trimetallaboranes containing early transition metal vertices with contributing three skeletal orbitals cannot be derived using the
very low apparent skeletal electron counts. available vertex atom orbitals and with the six skeletal bonds

Metallaboranes Derived from Bipyramids. In recent years  corresponding to the 12 apparent skeletal electrons without
Fehlner and co-workers have prepared metallaboranes of thehaving a pair of vertex atoms bonded both by a-2e and
type (CpMYBnHn+a (M = Cr, Mo, W; n = 4, 5)141516The 3c—2e bond in violation of rules suggested by O’Neill and
chromium compounds have been studied in the greatest detai\yade® to determine feasible localized borane structures.
and will be used as examples in this discussion; analogous These problems can be avoided if the CpCr vertices in
principles, of course, apply to the corresponding molybdenum (cpcCr),B4Hs and (CpCrBsH, are assumed to contribute four
and tungsten derivatives. If direct-M interactions are ignored  jnternal (skeletal) orbitals rather than only three internal orbitals.
in the (CpM}BrHn+4 derivatives, the B, polyhedra canthen | this way a CpCr vertex becomes a donor-et skeletal
be derived from anr( + 1)-gonal bipyramid by loss of an  glectron rather than-1 skeletal electron. This arises from the
equatorial vertex (Figure 1). The six-vertex polyhedron has beentact that one of the nonbonding electron pairs in a CpCr vertex
called a “diagonally deficient cube” by the author mainly contributing three internal orbitals becomes an additional skeletal
because he could not think of a better name at the #fi¢.  glectron pair when the CpCr vertex contributes a fourth internal
Introduction of an M-M bond across the diagonal connecting  orpital. The feasibility of a CpCr vertex contributing four rather
the degree 4 vertices of the quadrilateral face of the diagonally than three internal orbitals is suggested by the stability of many
deficient cube converts it to a bicapped tetrahedron (Figure 2), compounds of the type CpCr(C§X) (X = H, halide, alkyl, etc.)
a deltahedron first encountered in the structure of(C)s in which a CpCr unit is bonded to four other groups.
nearly 30 years ag¥.The diagonally d_efici_ent CL_Jbe may also If the CpCr vertices in (CpCsBsHs and (CpCriBsHg
be regarded as the “square” intermediate in a single diamond  contribute four rather than three internal orbitals, they become
square-diamond process converting an octahedron into a 2n + 2 skeletal electron systems as illustrated by the following
bicapped tetrahedron. electron counting scheme for (CpgB)Hsg:

The standard WadeMingos electron counting ruléé>

(CpCr),BsHg Polyhedron

Figure 1. (a) Conversion of a pentagonal bipyramid to the (Cp&ibls
“diagonally deficient cube” by loss of an equatorial vertex and
associated edges. (b) Conversion of a hexagonal bipyramid to the
(CpCrkBsHy polyhedron by loss of an equatorial vertex and associated
edges.

assume that the vertex atoms contribute three internal orbitals 2 CpCr vertices contributing four 2 electrons
to the skeletal bonding. If such rules are applied to the CpCr 4 Elarll-ﬁ/rggilcoersb-ltif ga_ch: 21= 8 electrons
vertices in (CpCnB4Hs and (CpCr)BsHg, the CpCr vertices 4 “extra’ hydrogen atoms: & 1= 4 electrons

become—1 skeletal electron donors and theseRarclusters
become 8 — 2 skeletal electron hypoelectronic structures. Using

this approach a reasonable skeletal bonding model can be . .
derived for (CpCrB4Hg with a single six-center two-electron Skeletal bonding topologies for (Cp@B:Hs and (CpCrBsHo
closely related to those of the corresponding deltahedral bdranes

BsHe?™ and B;H-2~ are then possible with a single multicenter
two-electron core bond at the center of the polyhedron and one
surface bond for each vertex atom corresponding to the 2
skeletal electrons on + 1 skeletal electron pairs. In the
deltahedral boranes,Bn?~ (6 < n < 12) the surface bonding

total skeletal electrons 14 electrons

(14) Fehlner, T. PAdvances in Boron ChemistnBiebert, W., Ed.; The
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possible so that the numbers of degree 4 and 5 vertices are
N maximized. In the “isocloso” metallaborane deltahedra, par-
o ™ ticularly those with 9 and 10 vertices, the transition metals are
found to prefer vertices of higher connectivity (degree) so that
some deviations in shape from theHB%?~ deltahedra are
found1%11 This effect should be even more pronounced for
“Diagoanally deficient cube” » Bicapped tetrahedron transition metal vertices contributing four rather than three
internal orbitals such as the CpCr vertices in (CpBiis and
e(CpCr)ZB5Hg. The apical vertices in the bipyramids from which
their polyhedral structures are derived have higher connectivities
than the corresponding equatorial vertices so that they are natural
sites for the CpCr vertices.
An important reaction of (CpC#B4Hs is the addition of two
molecules of carbon monoxide with hydrogen loss according
to the following equatiod425

Figure 2. Conversion of a “diagonally deficient cube” to a bicapped
tetrahedron by adding a diagonal across the degree 4 vertices of th
guadrilateral face.

(CpCr),B,Hg + 2 CO— (CpCrCO)B,Hs + H, (1)

In this reaction two hydrogen atoms corresponding to two
electrons are replaced by two carbonyl groups corresponding
to four electrons so that (CpCrCByHs has two more apparent
skeletal electrons than (Cp@ByHs. However, the GB4
polyhedron is essentially unchanged in going from (Cgiibls
(CpCr)2BsHa to (CpCrCO)B4Hs. Although it is reasonable to allow a CpCr
vertex to contribute four internal orbitals to the skeletal bonding,
addition of a CO group to such a vertex uses the “extra” internal
orbital for bonding to the external CO group. For this reason a
CpCrCO vertex can only contribute three internal orbitals and

- . .
thus is a donor oft-1 skeletal electron leading to a 12 skeletal
electron system as follows:
2 CpCrCoO vertices with 3 internal 2 skeletal electrons
CpCrCO),B4H
] ) (CpCrCO): '4 6 orbitals each: (2)(1F
Figure 3. Possible surface bonding schemes for (Cpihis, 4 BH vertices: (4)(2x 8 skeletal electrons
(CpCrkBsHy, and (CpCrCOPB4Hs. Two symmetry-equivalent “reso- 2 “extra” hydrogen atoms: (2)(% 2 skeletal electrons
nance structures” are shown for each of the three compounds. In figures
total skeletal electrons 12 skeletal electrons

3, 6, and 8, 2e2e surface bonds are shown by bold edges are28c
surface bonds are shown by shading the (triangular) faces in which

they occur. The 12 skeletal electrons in (CpCrCB)Hsg correspond to 6

_ ) ) skeletal bonds. There are a total of 6 orbitals from the two
is assumed to consist ofi 2c—2e bonds. However, in chromium atoms and 12 orbitals from the four boron atoms to
(CpCr):BaHg and (CpCr)BsHy two of the surface bonds must  gistribute among these six skeletal bonds. The following skeletal
be 3c-2e rather than 2e2e bonds to account for the two extra  phonding scheme with one 6@e CkB, core bond similar to

internal orbitals provided by the CpCr vertices contributing four that in (CpCr)B4Hg and a combination of 3e2e and 2e-2e

rather than three internal orbitals. Distributions of the-2e surface bonds uses these 18 available internal orbitals:
and 3c-2e skeletal bonds in (CpGB4Hs and (CpCr)BsHg

consistent with the electron counting and internal orbital Internal Orbitals
availability are depicted in Figures 3a and 3b with the-3e bonds Cr B
bonds being indicated by shading the faces containing the bonds  gne ge-2e CpB, core bond: 2 4
and the 2e-2e bonds being indicated by bold edges. Note that  two 3c—2e CrB surface bonds: 2 4
each chromium atom is part of three surface bonds and each two 2c—2e CrB surface bonds 2 2
boron atom is part of two surface bonds in accord with the ~ ©one 2¢-2e B-B surface bond 0 2
availability of orbitals for surface bonding Tha {+ 2)-vertex total skeletal orbitals required 6 12

polyhedra for the (CpCsBnHn+4 derivatives in Figure 3 are .
depicted as Schlegel diagra#h#in which the base face is the A possible arrangement of the-32e and 2e-2e surface bonds
quadrilateral face arising from loss of an equatorial vertices and compatible with the availability of internal orbitals is depicted

the associated edges from the underlyiny £ 1)-gonal in Figure 3c. An alte_rnative skeletal bonqling sc_heme fog-Cp
bipyramid? In each case two symmetry equivalent structures Cr2(CO)BsHsg using six 3e-2e CrB bonds in the six triangular
are shown in Figure 3. faces of the diagonally deficient cube (Figure 2) similar to

The deltahedra observed experimentally for the boranesbonding schemes previously suggested by the author for
BsHn2~ (6 = n = 12) are the most spherical deltahedra of ‘isocloso” metallaborané3'® does not work since such a

WilliamsL-2in which the vertex degrees are as nearly similar as Ponding scheme requires the center two boron atoms to use four
internal orbitals and the outer boron atoms to use only two

(21) Grinbaum, B.Corvex Polytopesinterscience: New York, 1967.
(22) Schlegel, VNova Acta Leop. Carol1883 44, 343. (24) Deck, K. J.; Nishihara, Y.; Shang, M.; Fehlner, T.JPAm. Chem.
(23) King, R. B.Applications of Graph Theory and Topology in Inorganic Soc.1994 116, 8408.
Cluster and Coordination ChemistiRC Press: Boca Raton, Florida,  (25) Ho, J.; Deck, K. J.; Nishihara, Y.; Shang, M.; Fehiner, TIPAm.
1993. Chem. Soc1995 117, 10292.
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dos

Intermediate
Deltahedron

Tricapped
Trigonal Prism

Intermediate
Deltahedron

(CpRe);B;H;
Deltahedron
Figure 4. Two successive diamongquare-diamond (e—s—d)
processes converting, tricapped trigonal prism to the deltahedron
found in (CpReyB7/H7; and (CpW)B7He. For clarity the vertices of
degrees 3, 4, 6, and 7 are labeled with the symagIl, x, and @,

respectively, in Figures 4, 5, and 7. The vertices of degree 5 are not

labeled in these figures.

internal orbitals in contradiction to the availability of exactly
three internal orbitals from each boron vertex.
The pair of compounds G@r.B4Hg and CpCr,(CO)B4Hs

Heptagonal

Intermediate
Bipyramid :

Deltahedron

Intermediate
Deltahedron

(CpRe).B/H;
Deltahedron

Figure 5. Two successive diamonrgsquare processes resulting in the
“warping” of the equatorial heptagon of @z, heptagonal bipyramid
leading to the deltahedron found in (Cpk&H; and (CpW)B7H..
Note that the latter deltahedron is in a different orientation than the
same deltahedron produced by the process in Figure 4.

“belt” of a heptagonal bipyramid can be “warped” so that each
of the axial metal atoms is bonded to six rather than seven
equatorial atoms (Figure 5). This equatorial belt warping
corresponds to two successive diamesduare-diamond

is of interest since their structures are based on the saplig Cr  processes converting both degree 7 vertices of the heptagonal
polyhedron even though they have different numbers of skeletal bipyramid to degree 6 vertices while concurrently increasing
electrons and therefore different skeletal bonding schemes.the degrees of two of the seven original equatorial vertices from
Similar behavior has been observed in other types of transition four to five.
metal cluster structures. For example, iron carbonyl phosphin- The M:B; deltahedra in (CpWB7Hs and (CpReB7H7
idene clusters are known of the stoichiometries gREYCO),1 necessarily have 14 triangular faces and 21 edges such as the
and (RP)Fey(CO)12.26 Both of these types of clusters contain tricapped trigonal prism or any other nine-vertex deltahedra.
Fe,P, octahedra despite their different numbers of apparent The electron counting in these nine-vertex derivatives is
skeletal electron¥’2” The FgP, octahedra in the complexes illustrated by (CpReB7H7 with the isoelectronic and isostruc-
(RPLFey(CO); can be considered to be globally delocalized tural (CpW}B7Hg following completely analogous principles.
with one 6e-2e FaP; core bond and six 2e2e surface bonds ~ The CpRe vertices are assumed to provide five internal orbitals
whereas the R€, octahedra in the complexes (RP(CO). so that they each are donors of four skeletal electrons. This leads
can be considered to be edge-localized with 122 bonds to formulation of these species as 22 skeletal electron systems
along the 12 edges of the octahedtdA’ as follows:

The Nine-Vertex Metallaboranes (CpW}B-Hg and (CpRe)-
B-H-. It might appear that the metallaboranes (CpB4iHs and
(CpCryBsHg are the first two members of a (Cp@BNHn+4
homologous series. However, no higher members of this series )
are known experimentally. Thus no eight-vertex (CpB&H10 These 22 skeletal electrons in (CppBH- correspond to 11
derivatives are known. The nine-vertex derivatives do not have Skeletal bonds. There are a total of 10 orbitals from the two
the stoichiometry (CpMB7H1: (M = Cr, Mo, W) of the rhen_|um atoms and 21 orbitals from the seven boro_n atoms to
(CPM)2BoHn+4 series forn = 7. Instead the dehydrogenation d|st_r|bute among the_se 11 skeletal bonds suggesting the fol-
product (CpW)B-Hs and the isoelectronic and isostructural 0wing skeletal bonding scheme:
(CpRe}B7H- are knowr?® The MpB- units in these structures
form a nine-vertex deltahedron (Figure 4) which can be derived

8 electrons
14 electrons

2 CpRe vertices with five internal orbitals: (2)#%)
7 BH vertices with three internal orbitals: (7)(2)

total skeletal electrons: 22 electrons

Internal Orbitals

bonds Re B
from familiar nine-vertex deltahedra by either of the following one 2626 Re-Re bond through the center: 2 0
processes: (1) The trlcapped t_rlgonal prism f_ound 418" seven 3e-2e ReB 3c—2e surface bonds: ' 7 14
can undergo two successive diamerstdjuare-diamond pro- two 3c—2e B—B—B surface bonds 0 6
cesse®-30to provide two vertices of degree 6 for the CpM units  one 2e-2e Re-B surface bond 1 1
(Figure 4). Thus whereas the original tricapped trigonal prism total skeletal orbitals required 10 21

has six degree 5 vertices and three degree 4 vertices, the final
M,B; deltahedron has five degree 4 vertices, two degree 5 The nine-vertex polyhedron in (CpRByH; is sufficiently
vertices, and two degree 6 vertices. (2) The equatorial heptagonabblate (i.e., “squashed” or “flattened”) so that the experimental
Re—Re distance is 2.78 A consistent with a single-2e bond.

A possible distribution of the remaining 10 bonds around the
surface of the nine-vertex deltahedron is indicated in Figure 6
where the rhenium and boron atoms are numbered as in ref 28.
For clarity the 14 faces of this deltahedron are separated into
the following three groups: (1) The six faces surrounding Rel;

(26) Jaeger, T.; Aime, S.; Vahrenkamp, Grganometallicsl986 5, 245.

(27) King, R. B.Rep. Mol. Theory1990Q 1, 141.

(28) Weller, A. S.; Shang, M.; Fehlner, T. Prganometallics1999 18,
853.

(29) Lipscomb, W. N.Sciencel966 153 373.

(30) King, R. B.Inorg. Chim. Actal981, 49, 237.
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6 WB, bonds (3c-2e)
4 ReBj bonds (3¢-2e) 3 ReB, bonds (3c-2¢) 1 W,B bond (3c-2e)
1 Re-B bond (2¢-2¢)

Triangles surrounding the rhenium atoms

Triangles surrounding the two degree 6 tungsten vertices

2 B3 bonds (3c-2e)

The butterfly arrangements of rhenium-free triangles 4 WB, bonds (3¢-2e)

Figure 6. A possible scheme for the surface bonding in (CpB#); Triangles surrounding the degree 7 tungsten vertex
and (CpW}B-Ho.

| | *
/1IN <IN

o AN

N * :*jl l
> %\ A The single triangle not containing tungsten atoms

= Q%% . . .

u \*/ Figure 8. A possible scheme for the surface bonding in (CgBWo.
Egﬁégggg?r?s”f’ The ByyHyy* The Inyy 7~ Table 1. Comparison of the Vertex Degree Distributions in the
C, symmetry 29":;';‘::;'& Deltahedron: 11-Vertex Deltahedra Found in (Cp¥BsHs, ByiH112~, and Iny’~

D
it s Symmetry vertex degree distributions

Figure 7. Comparison of the 11-vertex deltahedra found in (CsB4Hs, - -
BEHMZ_, and |FI?11 - ( ? vertex degree (CpWBsHs BuiH1s? Ingy!
. . . 0 0 2
(2) The six faces surrounding Re2; (3) The two faces containing 4 5 2 3
only boron atoms, which share an edge to form a “butterfly- 5 3 8 0
like” configuration. The faces containing 32e bonds are 6 2 1 6
7 1 0 0

shaded and the 22e bond is indicated by a bold edge. Note
that each of the boron vertices is associated with exactly three )
surface bonds in accord with its contribution of three internal A comparison of the 11-vertex polyhedra of,H,,*~ and
orbitals. Furthermore, each rhenium atom is associated with four (CPW)sBgHs is most instructive (Table 1). The 1l-vertex
surface bonds since the fifth internal orbital on each rhenium B1iH1:*~ polyhedron, sometimes called the edge-coalesced
atom is used for the 2e2e Re-Re bond through the center of icosahedron, has all degree 4 and 5 vertices except for the single
the deltahedron. topologically required degree 6 vert&&owever, the 11-vertex

The chemical bonding model implied by this skeletal bonding (CPW)BgHs deltahedron has two degree 6 vertices and one
topology for (CpRe)BH; is distinctly different from either the ~ degree 7 vertex for the tungsten atoms leaving five degree 4
globally delocalized bonding topology for the deltahedral borane @nd three degree 5 vertices for the eight boron atoms. In the
BgHs?~ (ref 7) or from the 3e-2e surface bonding topology of (CpW)BgHg deltahedron the 27 edges are partitioned into one
the “isocloso” metallaboranéd It bears some resemblance to W—W edge, 17 W-B edges, and 9 BB edges and the 18
that of binuclear cyclopentadienylmetal carbonyls such as [CpM- faces are partitioned into 2 3B faces, 15 WBfaces, and one
(COX]2 (M = Cr, Mo, W) or [CpM(CO),]. (M’ = Fe, Ru, B; face. I_:|gure 8 dl_ssects the 18 faces into the_set of 10 faces
Os), each of which has a strong-22e metat-metal bond in surrounding the pair of degree 6 tungsten vertices, the set of
addition to the metatligand bonds. In this sense the rhenium ~ Seven faces surrounding the degree 7 tungsten vertex, and the
boron surface bonding interactions in (CpgBsH; correspond single face not associated with any of the tungsten atoms. the
to the metal-carbonyl interactions in these binuclear cyclo- that the degree 6 tungsten vertices share two of their six

pentadienylmetal carbonyls. associated faces, namely the 2B\faces, whereas none of the
The Eleven-Vertex Metallaborane (CpW)}BgHo. The larg- seven faces associated with the degree 7 tungsten vertex is

est early transition metallaborane reported by Fehiner and co-Shared with either degree 6 tungsten vertex.

workers is (CpW)BgHo.28 The structure of (CpVWBsHo (Figure A viable electron counting scheme for (CpyB3Hs assumes

7) is based on an 11-vertex 3‘3/8 deltahedron topologica”y that the degree 6 CpW vertices use 5 internal orbitals and the

different from the 11-vertex deltahedra found imB,2~ (ref single degree 7 CpW vertex uses 6 internal orbitals making them

31) or Iny’~ (refs 32,33,34,). However, all three of these donors of three and five skeletal electrons, respectively. The

topologically distinct 11-vertex deltahedra necessarily have the three tungsten atoms form an isosceles triangle with two 3.06
27 edges and 18 faces required by Euler’s thecfem. A edges and one 2.80 A edge corresponding to tungsten
tungsten bonding distances. Therefore it is reasonable for each

(31) Klanberg, F.; Muetterties, E. llnorg. Chem.1966 5, 1955.
(32) Sevov, S. C.; Corbett, J. Iorg. Chem.1991 30, 4875. (35) Grinbaum, B.Corvex Polytopesinterscience: New York, 1967; pp
(33) Corbett, J. DJ. Chem. Soc., Dalton Tran996 575. 130-138.

(34) Corbett, J. DStruct. Bonding (Berlin}1997, 87, 157. (36) King, R. B.; Duijvestijn, A. J. Winorg. Chim. Actal99Q 178 55.
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of these three edges of thes\WWosceles triangle to be either a
2c—2e W—W bond or part of a multicenter bond involving two

King

Summary

tungsten atoms. The 2.80 A edge between the two tungsten The apparently hypoelectronic metallaboranes (GEMJn 4
atoms at degree 6 vertices is located in the surface of the v = cr, Mo, W; n = 4, 5), (CpW)BHs, (CpRe}B;H7, and

deltahedron so that this tungstetungsten interaction is as-

sumed to be part of the surface bonding. The two 3.06 A edges

(CpW)BgHg exhibit skeletal electron counts closer to@ 2n
+ 2 if the early transition metal vertices are assumed to

between the a degree 6 tungsten atom and the degree 7 tungstety iibte four or more internal orbitals rather than the usual

atom pass through the deltahedron. They correspond to internak

2c—2e W—W bonds, which supplement the surface bonding.
The following allocation of skeletal electrons and orbitals is
consistent with these considerations:

sources of skeletal electrons and orbitals electrons  orbitals
one degree 7 CpW vertex using 6 internal 5 6 (W)
orbitals: 1x 5=
two degree 6 CpW vertices using 5 internal 6 10 (W)
orbitals: 2x 3=
eight BH vertices using 3 internal orbitals: 16 24 (B)
8x 2=
“extra” hydrogen atoms: k 1= 1 0
total available skeletal electrons and orbitals: 28 40

use of skeletal electrons

and orbitals electrons W orbitals B orbitals
2 internal W-W 2c¢c—2e bonds: 4 4 0
10 3c-2e WB; surface bonds: 20 10 20
1 3c—2e W,B surface bonds: 2 2 1
1 3c—2e B; surface bonds 2 0 3
total skeletal electrons and orbitals 28 16 24

required:

This skeletal bonding scheme for (CpMBjHg is shown in
Figure 8.

hree internal orbitals for BH vertices. The polyhedra for the
metallaboranes (CpMBHnt+4 (M = Cr, Mo, W;n = 4, 5) are
derived from @ + 1)-gonal bipyramids by removal of an
equatorial vertex. The deltahedra for the larger metallaboranes
(CpW),B7Hy, (CpRe)}B7H7, and (CpWjBgHg are derived from

the corresponding B2~ deltahedrar{ = 9 and 11 in these
cases) by sufficient diamortquare-diamond processes to
provide vertices of degrees 6 for each of the CpM vertices.
Reasonable skeletal bonding topologies in accord with the
availability of skeletal electrons and internal orbitals consist of
surface 2e-2e and 3e-2e bonds supplemented by metaletal
bonding through the center of the polyhedron. The surface
bonding in such structures appears to be closely related to that
of the “isocloso” metallaboranes with a single transition metal
atom discussed in a previous paper.
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