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It is geometrically feasible to insert metahetal-bonded Mtetrahedra and boctahedra into the tetrahedral and
octahedral holes, respectively, of the fcg @ttice. The electronic structure of the hypothetical tetrahedral variants
Cso(M4)2, M = Rh, Co, is analyzed with approximate molecular orbital methods and band structure calculations.
These compounds feature-NM and M—Cg bonding and a variable degree of electron transfer to or frggn C

The Go(My)2 phases should be metallic, but we have no way of predicting if they will be superconducting. A
number of discrete molecular tetrahedral cluster compounds which serve as models for the solid state materials
are analyzed. There is a clear indication that tetranuclear and even mononuclear Rh, Ir, and Co arene complexes
should be relatively unstable.

Introduction are accommodated in the large tetrahedral and octahedral
interstices formed by the fcc carbon sublattice. For eagh C
molecule in this lattice, there are one octahedral and two
r}etrahedral sites. Thus, were all the holes occupied by one M
atom, the stoichiometry of the compound would beQxb.

The incorporation of up to three alkali atoms pejp Gnly
marginally alters the structure of thesCsublattice. Larger
amounts of metal force the carbon lattice to reconstruct and
adopt orthorhombic (YCg0)° and body-centered-cubic ¢@s0)1°
phases. In MCgo though, the fcc packing is preserved; the

The rich family of carbon clusters displays a range of unusual
features which have sparked enormous interdisciplinary researc!
since the discovery of the fulleredeand their bulk synthesis
5 years later. Certainly one of the most exciting results has
been the finding of superconductivity in a number of metal-
doped compounds of icosahedraj,&*

Solid Gy, the host lattice for these metal-intercalation
compounds, is a well-characterized matetiaht room tem-
Egaitt;rrft IE):(OET.?? tgc?rﬁ : r:gaorlﬁjds C(légftgf ?c)) I?glrzixv 'é?s?;?g;e lattice constant is found to increase only slightly isCg, (14.24
of Ceois 3.53 A, which leads to a shortest-C contact between A, compared to the 1411 A of the undoped crystal).
molecules of approximately 3.1 A. This is a slightly smaller ~ Among the above mentioned alkali-metal intercalation com-
value than the 3.35 A graphite layer contact. pounds, only the MCso phases display superconductivity. In

The close-packed ¢ structure is capable of incorporating &N €xplanation of this behavior, thedenergy levels certainly
alkali metals-a reaction that is also well-known for graphite. P&y an importantrole. The highest occupied molecular orbital

As demonstrated by crystallographic studiebe metal atoms ~ (HOMO) of G is a filled 5-fold degeneratesh The lowest-
lying unoccupied molecular orbital (LUMO),4 is 3-fold
® Abstract published idvance ACS Abstractsiune 15, 1996. degenerate. £ possesses a substantial electron affinity and is
(1) Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Kroto, H. W.; Smalley, R.  able to accommodate up to five additional electrons in solution
E. Nature 1985 318, 162. in this LUMO.1! In the solid, the incorporated alkali-metal

@ ﬁgj&hlmgga \3’\"17 LS%Tb' L. D.; Fostiropoulus, K.; Huffmann, D. R. a1oms donate their valence electrons to thg @olecules,

(3) (a) Haddon, R. C.; Hebard, A. F.; Rosseinsky, M. J.; Murphy, D. W.; leading to a half-filled highest-occupied crystal orbital (HOCO)
Duclos, S. J.; Lyons, K. B.; Miller, B.; Rosamilia, J. M.; Fleming, R.  in M3Cgo. This results in a half-filled (and relatively narrow)

M.; Kortan, A. R.; Glarum, S. H.; Makhija, A. V.; Muller, A. J.; Eick, i i
R. H.; Zahurak, S. M.; Tycko, R.; Dabbagh, G.; Theil, F. Mature band at the Ferml leveE). A Iarge_ density of sFates (DOS)
1991, 350, 320. (b) Hebard, A. F.; Rosseinsky, M. J.; Haddon, R. C.; at the Fermi level, one prerequisite for effective electron

Murphy, D. W.; Glarum, S. H.; Palstra, T. T. M.; Ramirez, A. P.; phonon coupling, follows.

Kortan, A. R.Nature 1991 350, 600. (c) Holczer, K.; Klein, O.;
Huang, S. M. Kaner, R. B.; Fu, K. J.: Whetten, R. L.. Diederich, F. There have been a number of further attempts to generate

Sciencel991, 252 1154. new Gy intercalation compounds with possible interesting

(4) For recent reviews on the superconductivity and solid state chemistry properties. Alkali-earth metals, as well as several main-group
of metal-doped fullerenes, see: (a) Haddon, RA€c. Chem. Res
1992 25, 127. (b) Fischer, J. E.; Heiney, P. A.; Smith, A. B, Ill.
Acc. Chem. Red.992 25, 112. (8) Stephens, P. W.; Mihaly, L.; Lee, P. L.; Whetten, R. L.; Huang, S.-
(5) (a) Bugi, H.-B.; Blanc, E.; Schwarzenbach, D.; Lu. S.; Kappes, M. M.; Kaner, R.; Diederich, F.; Holczer, KNature 1991, 351, 632.
M.; Ibers, J. A.AAngew. Chem., Int. Ed. Endl992 31, 5. (b) Chow, (9) Fleming, R. M.; Rosseinsky, M. J.; Ramirez, A. P.; Murphy, D. W.;
P. C.; Jiang, X.; Reiter, G.; Moss, S. C.; Axe, J. D.; Hanson, J. C.; Tully, J. C.; Haddon, R. C.; Siegrist, T.; Tycko, R.; Glarum, S. H;
McMullan, R. K.; Meng, R. L.; Chu, C. WPhys. Re. Lett. 1992 Marsh, P.; Dabbagh, G.; Zahurak, S. M.; Makhija, A. V.; Hampton,
69, 2943. (c) Bugi, H.-B.; Restori, R.; Schwarzenbach, Bcta C. Nature 1991 352,701.
Crystallogr. 1993 B49, 832. (10) Zhou, O.; Fischer, J. E.; Coustel, N.; Kycia, S.; Zhu, Q.; McGhie, A.
(6) Heiney, P. A.; Fischer, J. E.; McGhie, A. R.; Romanow, W. J.; R.; Romanow, W. J.; McCauley, J. P., Jr.; Smith, A. B., lll; Cox, D.
Denenstein, A. M.; McCauley, J. P., Jr.; Smith, A. B., Phys. Re. E. Nature 1991, 351, 462.
Lett. 1991 66, 2911. (11) Allemand, P. M.; Koch, A.; Wudl, F.; Rubin, Y.; Diederich, F.;
(7) Selig, H.; Ebert, L. BAdv. Inorg. Chem. Radiochem98Q 23, 281 Alvarez, M. M.; Anz, S. J.; Whetten, R. L. Am. Chem. S0d.991],
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18 seems to lie in a band only as a result of the computational artifact of
_ ) _ _ band broadening.
Figure 1. Molecular orbitals of G. Only the region around the HOMO

is shown. by us to be 1.76 eV.

In the crystal, interaction between the molecules is small:
elements, have been successfully incorporated. There arehe nearest neighbor-GC contact in the solid is 3.13 A, and
several reports of amorphousg@netal compound¥. This Geo- this contact exists only between 12 of the 60 carbon atoms per
Fec phase shows a number of interesting catalytic properties. molecule. Thus the bands in the face-centered-cubic crystal
The exact structure of this intercalation compound has, however,are hardly broadeneéd?as can be seen in the computed band
not yet been determined. structure and DOS of the three-dimensional solid (Figure 2).

In this work, we address the stability and bonding in some  The bands are flat (Figure 2, left), and the DOS is very similar
hypothetical G transition-metal phases containing metal clus- to the molecular orbital diagram shown above in Figure 1. The

ters with metal-metal bonding3 There have been some
previous calculations on discrete metal complexes witt=M
Crl4a M = Fe, Ru, 0g* and M = Pt14c The analysis is
carried out in the framework of the extendeddkal method
and tight-binding theory®>'6 We start by briefly looking at

Fermi level is found to lie at-11.37 eV. The large band gap
above the Fermi level indicates that the selak confirmed
experimentally-is an insulator.

Investigations of the structure of solidggalkali-metal
intercalation compounds have revealed that the fullerenes prefer

molecular G and three-dimensional fullerene phases and then two distinct orientations in these crystilhe 2-fold axes
extend our analysis to the bonding in a hypothetica(@.), running through a fulvalene-type unit in eaclo@re aligned
where M = Co and Rh. Our analysis of this interesting with the principal axes of the unit cell. The=€C bond in these
organic-inorganic cluster systetleads us naturally to look  fulvalenoid subunits (also called the “6,6-juncture”) is parallel
at the bonding in a number of structurally related discrete to either thex or they axis (space groupm3m, No. 225), as
molecular metal clusters. The bonding in tetrahedral clusters depicted inl, a cut through the crystal in they plane.

with carbonyl and benzene ligands is examined, and general

effects responsible for the lability of second-row transition-metal
arene complexes are analyzed.

Tetrahedral Clusters in Tetrahedral Interstices: The
(M4)2Ceo Phases (M= Co, Rh, Fe)

To understand the bonding in the hypothetical metal

fullerene phases, we need to obtain first a picture of the

geometrical and electronic features of soligh.CThe by now
familiar MO levels of an isolated icosahedrajg®olecule are
shown in Figure 1. The HOMOGLUMO splitting is calculated

(12) (a) Nagashima, H.; Nakaoka, A.; Saito, Y.; Kato, M.; Kawanishi, T.;
Itoh, K. J. Chem. Soc., Chem. Commua®92 377. (b) Werner, H.;
Wohlers, M.; Belz, T.; Schilgl, R. Mol. Cryst. Lig. Cryst1994 245
295. (c) Wohlers, M.; Herzog, B.; Belz, T.; Bauer, A.; Braun, T,
Ruhle, T.; Schigl, R. Synth. Met1996 77, 55. (d) Lobach, A. S.;
Tarasov, B. P.; Shul'ga, Y. M.; Perov, A. A.; Stepanov, A.RUSss.
Chem. Bull.1996 45, 483.

(13) A preliminary account of this work has been published: Goldberg,
N.; Hoffmann, R.J. Am. Chem. S0d.996 118 3315.

(14) (a) Rogers, J. R.; Marynick, D. Shem. Phys. Lettl993 205 197.

(b) Gal'pern, E. G.; Gambarayan, N. P.; Stankevich, I. V.; Chistyakov,
A. L. Bull. Acad. Sci. USSR, bi Chem. Sci. (Engl. Trans|}994

43, 547. (c) Lpez, J.; Mealli, CJ. Organomet. Chen994 478
161.

(15) Hoffmann, RJ. Chem. Phys1963 39, 1397.

(16) For a general introduction to the description of the chemical bond in
the solid state, see: (a) Hoffmann,&vlids and Surfaces: a Chemist's
View of Bonding in Extended Structur&CH: New York, 1988. (b)
Burdett, J. K.Chemical Bonding in Soligxford University Press:
New York, 1995.

(17) An account on molecular metaCs, compounds has been given in:
Fagan, P. J.; Calabrese, J. C.; MaloneABc. Chem. Re4.992 25,
134.
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In the MsCqo phases, those two orientations (6,6-juncture
parallel tox or y) are randomly distributed over the crystal at
low temperatures. To achieve a small translational unit cell,
we orient the fullerenes in our calculations in a very specific
way (space grougmm3, No. 202). In this arrangement, the
orientation of the g molecules is such that 8 of the 20 six-
membered rings in theggmolecules point exactly toward the
centers of the tetrahedral holes.

How large is the tetrahedral hole in thisattice? The
distance from the center of a six-membered carbon ring to the
center of the tetrahedral hole is 2.85 A. There is room in there
not only for one atom but for several. We became intrigued
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Coy(benzeneg) (we will discuss this model compound in the
following section) has a value of 0.070. The crystal orbital
overlap population (COOP) curJ€? not shown here, reveals
2 that the levels around the Fermi energy are both-Cas well
as Co-Co antibonding.

The Fermi level of the rhodium analogue, g®hs), phase
(lattice constant of 14.24 A), is computed to be-8.45 eV,

by the idea of filling the hole with a tetrahedral transition-metal
cluster; a schematic diagram of the proposed system is shown
in 2.

Many tetrahedral ML, clusters exist® Archetypal among
them is the transition-metal analogue of tetrahedran¢CId),
or its congeners with M= Rh or Ir. These compounds differ

in their carbonyl arrangement but share the structural featureNuS considerably higher in energy than in the purg C
of a near-perfect metal tetrahedron, with-Ml bond lengths ~ (calculated by us at-11.37 eV) and the hypothetical cobalt

of 2.54. 2.72. and 2.69 A for M= Co. Rh. and Ir. The center fullerene (-10.88 eV). Possible reasons for this unexpected

of the tetrahedron to metal atom distance is thus 1.55, 1.67,flndlng _W'” be _d'SCUSSEd In_some c_jeta|l below; there is
and 1.65 A for these molecules; if naked; Musters of the ~ SCMething special about arerigh bonding.
same size were placed in the tetrahedral holesggfah M to Might the Gy lattice actually expand upon inclusion of the
center of 6-ring distance of 1.30, 1.18, and 1.20 A would result, metal clusters? Calculations (which we do not trust, because
or metat-carbon distances of 1.91, 1.85, and 1.86 A, which the extended Fekel method does not do well at geometry
are not all that unreasonable. optimization) indicate that the ¢§Cas)> compound indeed

In terms of electron counting, group 9 metal tetrahedra seem energetically favors a lattice that is slightly enlarged. If we
the best choice to bind in the cavities. If one considers perfect dilate the lattice yet keep the geometries of the fullerenes and
78-binding of the G rings facing the tetrahedra, we would attain  the metal clusters the same, the energy minimizes at a value of
an 18-electron configuration at each M. This type of tetrahedral 14.37 A for the lattice constant of the fcc phase. This rather
metal bonding, where 6 electrons per metal are supplied by thesmall change leads to a €€ distance of 1.99 A (and a
ligands, has long been known in the aforementioned metal fullerene-fullerene C-C contact of 3.22 A). The total DOS
clusters such as GECO), and Rh(CO), as well as in many and projection of the Co d orbitals of this optimizegy(Cox)-
substituted compounds. It should be noted that these moleculegphase are depicted in Figure 3.
actually possess @s, structure in solution with three carbonyl The Fermi level is found to lie in a region of high DOS at
ligands bridging three basal metal atoms. In agreement with —10.98 eV. A projection of the DOS of thesgfrontier orbitals
the experimental findings, our calculations indicate that these (not shown) indicates that the levels around the Fermi level are
structures are energetically slightly favored as compared with mainly comprised both of Co d orbitals and thgyCUMO.
the Ty clusters we discuss here. For a better comparison, There is significant electron transfer from thegy@o the Co
however, we focus on the bonding in tfig species only. clusters, which manifests itself in an average net chargedof9

If all the tetrahedral holes in the fcgglattice (lattice constant per Co atom. It would take an additional 8 electrons pgr C
14.24 A, taken from the experimental value of the alkali-metal (Cog)2 unit to fill all the levels below the gap in the DOS just
fulleride$) were filled by Caq clusters, we would have a ahove the Fermi level.

Coo(Cas), phase. An interesting alternative view of this  y/aration of the lattice constant for the rhodium analogue,
structure (derived fron) is shown in3 (the sizes of the ¢ (Rp,), shows that incorporation of rhodium clusters leads
tetrahedra are exaggerated). Note the sheetlike structure oy 54 even larger expansion of the host lattice. An energy

layers of Go and M. _ _ minimum is found for a lattice constant of 15.41 A. This
_We first calcul_ate the electronic structure of thisgCos)2, swelling of the phase leads to a R distance of 2.14 A,
with a Co—Co distance of 2.54 A taken from the £GO):, compared to 1.85 A in the geometry taken from the alkali-metal

cluster. The Fermi level is found to lie at10.88 eV, in @ ¢ strycture. In this dilated lattice, the intesgC—C short
region of high DOS. This material should therefore be metallic. contact is now much longer, 3.96 A. This is outside the van

A value of 0.01_15 for the average c_>ver|ap popul_ation (OP) of @ 4or Waals contact region far-bonded carbon systems, so
Co—C (bond distance 1.92 A) indicates a relatively weak, yet g hsiantial loss of cohesive energy would be expected (extended

bonding, |.nteract|0n between the metal .and carpon clusters. ForHUckeI calculations of course do not reproduce van der Waals
a comparison, the OP at an equal-€d distance in tetrahedral minima). This is worrisome. The total DOS as well as the

(18) () Wei, C. S.- Wilkes, G. R.: Dahl, L. B. Am. Chem. S0d967 prOJe(_:tlons of the Rh d orbngls is sh_own in Figure 4. The I_Zerml
89, 4792. (b) Wei, C. Hinorg. Chem 1969 8, 2384. (c) Carre, F. level is found to fall in a region of high DOS &t9.49 eV, still
H.; Cotton, F. A.; Frenz, B. Alnorg. Chem.1976 15, 380. significantly higher than for the cobalt phase. A value of 0.032
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Figure 4. Total DOS and projected DOS of the Rh d orbitals (lined Figure 5. Contributions of the & frontier orbitals (lined areas) to
area) in Go(Rhy); (lattice constant 15.41 A). the total DOS (solid lines) of &(Cay)2 (top) and Go(Rhy). (bottom).

for the Rh-C OP indicates a weak bonding interaction between ~ What happens if we change the orientation of theiG the
the rhodium clusters and thesCarene units. solid lattice? So far we have only looked at solids where the

The average net charge 6f0.18 on the Rh metal atoms Ce rings of the fullerene molecules are all directly facing the
indicates that, as in the case of the alkali-metal fullerene systemstetrahedral holes. If we rotate all fullerenes in the solid
(but not the Co system), significant electron transfer from the Simultaneously around theaxis (see structurg) the energy is
metal to the G molecules takes place in this phase. A foundtoincrease steadily. The contacts between the metal and
projection of the Rh d orbitals and of the;rontier orbitals carbon atoms become too small to be realistic (as short as 1.5
(not depicted) shows that the levels around the Fermi energyA). This suggests that the initial geometry we used in our
are mainly composed of Rh d orbitals as well as thg C calculations is in fact a reasonable one. It must be said,
LUMO: this is quite different from the case of the alkali-metal however, that we did not allow a dilation of the fcc lattice to
phases. This &(Rh). phase possesses an excess of 4 electronsaccommodate the rotated tetrahedra. In any case, the rotation
per Go(Rhy), above the clear gap below the Fermi level. of the metal tetrahedra in a frozengg®Omatrix is strongly

The analysis of the bonding and electron transfer can be hindered.
pursued to the orbital level. Figure 5 shows the contribution
of the h, (HOMO) and t, (LUMO) Cgo fragment molecular
orbitals (FMOs) to the total DOS ofdg{Ma).. In the Co case Another point we have not addressed so far is the possible
(Figure 5, top), his occupied by 8.79 electrons (out of 10 binding of metal clusters in the octahedral holes. What about
possible) andit, by 0.54 (out of 6). For Rh, the occupation of the capabilities for metalcarbon bonding at these sites?

h, is 9.17 and that ofit, is 3.19, consistent with the charges The octahedral interstices are surrounded by 6,6-ring junctures
found. (or fulvalenoid double bonds). The distance between the center
The Rh case is thus calculated by us to be very different of such a G-C bond and the center of the hole is 3.65 A (for

from the Ca case; the direction of electron transfer between a lattice constant of 14.24 A). We have calculated thgagtice
metal and carbon polyhedra is reversed. One reason for thiswith all of its octahedral holes filled with tetrahedrakMusters.
different behavior of the two metals is the relative positions of The computations indicate that the bonding of the tetrahedra in
their d levels. The cobalt d orbitals are approximately 1 eV such an environment is very weak and such clusters can rotate
lower than those of Rh (and those of Ir, which is expected to totally unhindered. Thus it is not very likely that tetrahedral
show bonding features similar to those of Rh), a difference large clusters bind in these sites.

enough to reverse the electron transfer upon going from Co to In principle, one can envision larger clusters, such as M
Rh. However, that is not the only reason for the different octahedral fragments, in these holes, binding at each M in an
behavior of these metals. We will analyze the origins of this #?2 fashion to the fulvenoid double bonds which all point to the
important effect in more detail below. center of these sites. In knowngMlusters of Co, Rh, and Ir,

Metal Clusters in the Octahedral Holes
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the average MM distance is known experimentally to lie P p—
around 2.50, 2.78, and 2.76 A for Co, Rh, and Ir, respectitfely. !

Thus we arrive at a reasonably realistic metrbon distance

of 2.00, 1.82, and 1.83 A for the compounds with octahedral ]
Mg clusters in the octahedral holes of the fcc lattice. The L
molecular compounds that are known have generally two to

three ligands bound to each metal, as iR(RIO);(P(OPh})4.20

n?-Olefin complexes of the composition dlefin)s are not

known; they would bevery electron deficient. We leave the 5:"'
CsoMg complexes for future study. Preliminary investigations o 7
of these Mg compounds as well as of the mixedy®/4)-Mg P HH e
phases (tetrahedra and octahedra in the tetrahedral and octahedral - T ¢
holes, respectively) indicate that the incorporation of metal 60— TR
octahedra should lead to metallic compounds, too. T a
General Aspects of Bonding in Tetrahedral HC C4Hy
Transition-Metal Clusters 4
The multitude of molecular levels ingghampers a detailed Next we consider MCO). , 5, a well-known series of

analysis of the bonding in the metal-cluster fullerene compounds. ¢lUsters. The bonding in these clusters may be constructed from
Therefore, we choose to compare the bonding in these solids
to that of a number of model compounds. This approach might
also give some insight into the question of the high-lying Fermi
level in the rhodium fullerene phase and the difference between
Co and Rh.

If we substitute the & by the smallest possible ligand which
is %-binding, benzene, we arrive at the class of hypothetical
M4(CeHg)a molecules. These clusters should serve as ideal
models for the postulated fulleren®, phases, and, as it will
turn out, there is a surprising aspect of their bonding.

The relationship among 44 (tetrahedrane), MCO)» (M
= Co, Rh, I)2L and My(arene) is instructive and important in
understanding the electronic structure of the tetraarene clus-
ters?223 So we begin building these tetrahedral clusters.

Consider first tetrahedrarféwhose orbitals are constructed 5
from four interacting HC units4). Each CH brings to the
molecule ao-type hybrid orbital, radial with respect to the
polyhedron, and twar-type p orbitals, tangential. The radial
orbitals interact to give a low-lying;acombination and a
strongly antibondingt The two degenerate tangential p orbitals
form three C-C bonding combinations A} two nonbonding
MOs (e), and three strongly carbeparbon antibonding orbitals
of t; symmetry. Mixing with still another CH orbital at lower
energy complicates this simplistic picture of the bonding in
tetrahedrane just a little. The six occupied cluster bonding
orbitals (a + t; + ) may also be generated from a starting
point of six localized G-C ¢ bonds. These orbitals are the
essence of localized tetrahedral cluster bonding.

the interaction of four ¥M(CQO)z units, each isolobal with a
CH. We do not present the interaction diagram here; the
important result, consistent with the isolobal analogy, is that
once again one sees a set pftat, + e cluster orbitals. Their
ordering is different in energy from that of tetrahedrane, but
their bonding characteristics are similar.

Now we proceed to the tetraarene clustér® The
M(arene) fragment is isolobal with the CH ané BI(CO)z;

(19) (a) Raithby, P. R. In The Structure of Metal Cluster Compounds. In
Transition Metal ClustersJohnson, B. F. G., Ed.; J. Wiley: New
York, 1980. (b) Albano, V.; Chini, P.; Scatturin, \J. Chem. Soc.,
Chem. Commurl968 163. (c) Demartin, F.; Manassero, M.; Sansoni,
M.; Garlaschelli, L.; Martinengo, S.; Canziani,J.Chem. Soc., Chem.
Commun.198Q 903.

(20) Note that this cluster only possesses 16 ligands. For details on this
interesting topic of cluster chemistry, see: (a) Mingos, D. M.; Wales,
D. J. Introduction to Cluster ChemistryPrentice Hall: Englewood
Cliffs, NJ, 1990; see also references therein. (b) Halet, Cdord.
Chem. Re. 1995 635 637.

(21) For recent extended ldkel calculations of [M(CO).4 clusters (M

= Co, Rh, Ir) in the context of a comparison of molecular and crystal 6

structures of these species, see: Braga, D.; Grepioni, F.; Byrne, J. J.;

Calnorda, M. JJ. Chem. Soc., Dalton Tran$995 3287. the relationship follows from the shape of the orbitals shown
(22) For general aspects of cluster bonding, the reader is referred to refs.

19 and 20. in 7.
(23) Hoffmann, R.; Schilling, B.; Bau, R.; Kaesz, H. D.; Mingos, D. M. P.

J. Am.Chem. S0d.978 100, 6088. (26) This cluster has only very recently been proposed to be formed (among
(24) Maier, G.Angew. Chem., Int. Ed. Endl988 27, 309 and references other cobalt-arene clusters) upon reaction of cobalt clusters with

therein. benzene vapor: Kurikawa, T.; Hirano, M.; Takeda, H.; Yagi, K.;

(25) Hoffmann, RAngew. Chem., Int. Ed. Endl982 21, 711. Hoshino, K.; Nakajima, A.; Kaya, KI. Phys. Chenil995 99, 16248.
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The interaction diagram for R{CsHs)a and Ca(CsHe)4 &S -11 A b " 2y e
(Figure 6) has a surprise. First of all, the cluster bonding orbital 1a, [ e :3t1 2e 31-+-:14—
of & symmetry in R&(CsHe)s (2&) is rather high in energy. A2 = - _th 3t, oo
Still it is occupied, and one can pick out clustgr-at, + e 22y
orbitals. 13 1 . 1t 7
More importantly, the cobalt analogue is in real trouble. Here N 2 1e la; la
the totally symmetric cluster orbital (2ajust does not come -14 la, -
down low enough in energy. Instead the antibonding 2t CHHRh  Rh,(CdHy), Coy (G, CoGHg

combination, descended from theFMO, is filled. The metal
metal bonding in the Co cluster is much diminished, as the Co
Co OP of 0.081 shows (compare-N¥I OP’s of 0.230 in
C0y(CO), 0.336 in RR(CO)2, and 0.407 in Ri(benzene).
The ground state of this molecule, if it existed, would be a triplet. to substantial loss of bonding, both metatetal and metat

We have investigated the possibilities of off-center bondiffg (  arene for M= Co, just metat-arene for M= Rh. What is in

or %) and distortion of the arenes to a boat shape in these M fact known about;5-arene complexes of these clustéfsThere
(benzene) clusters. All these distortions are found to be are rather few examples of group 9 molecules which contain

Figure 6. FMO diagram for the construction of the frontier orbitals
of the My(CeHe)4 clusters (M= Rh, Co).

energetically unfavorable. arene molecules described in the literature. For cobalt, one
To summarize: (1) MCO).2 (M = Rh, Co) are metallatet-  compound related to our models has been synthesized some

rahedranes with reasonably strong-M and M—CO bonds. time ago?® This tetrahedral cobalt arene clust&y bas been

(2) Rhy(CgHg)4 is also a metallatetrahedrane, but with a high-

lying HOMO; Cay(Cg¢He)a has much weaker metaetal

bonding and should be a high-spin molecule. @
What is the problem for the M(arene) clusters? If we | 2.12

compare the bonding in the benzene and carbonyl clusters, we 02'48 o Lo 0

see that the two electrons which render the rhodin@nzene ‘C\ ‘C \ _C

clusters unstable due to the fact that they occupy the high-lying \C Z — \=Co (. o

2a orbital and which lead to the occupation of the BOMO c” N // C—0

in Coy(CeHg)4 are found at considerably lower energy for the o} Cf—=Co-C-0

M4(CO), clusters. The 2ais much lower in the carbonyl 0O \C

complexes. Why is this so? We can trace this phenomenon 246

(see Appendix 2 for a detailed analysis) to the contribution of
the COx* to the g FMO of the M(CO} fragments. That

contribution, really backbonding, is substantial and stabilizing. obtained by replacement of three carbonyl groups if{C0).2

We can now also understand why the Fermi level is raised by one benzene molecule. The met@hrencbond distance of
to a value 0f—9.49 eV in the Go(Rh,)> compound. The same ;15 4 in this tetranuclear cluster is quite similar to that of other

reasons that render the molecular modelJ(RkHs)4 2& orbital known mononuclear clusters such a&CsHsCHs)Co(CeFs)72°
unstable account for the high-lying Fermi energy in the extended andy®-CeHe)Co(72-HaCCCCH) 20 where Co-Carenewas found
structure. o to lie between 2.122.18 and 2.082.16 A, respectively. In
In general, the metal to arene bonding in the tetranuclear v other tetranuclear cobalt clusters withygrbinding toluene
clusters is quite weak. So whereas @0 and Ca(CO) as a ligand, the metakarbon bond distances are slightly
the M—C(O) OPs are 0.88 and 0.70, respectively, the corre- gnorter: in ¢-toluene)Ca(COXHC(PPh)], 3 they were found
sponding M-C(CsHg) OPs are only 0.06 and 0.08. The arene g jie petween 2.09 and 2.17 A: in%CeHsR)Cay(CO), where

ligand is but weakly held, according to our calculations. This he supstituent R is a ferrocenylcarbinol derivative, the-Co

fact is the next focus of our analysis. distance lies between 2.15 and 2.13%A.

Implications for the Existen f Mol lar Mu(aren (27) For arecent review on_trarjsition-metal arene compounds, see: Braga,
plications for the Existence of Molecular Ms(arene), D.; Dyson, P. J.; Grepioni, F.; Johnson, B. F. Ghem. Re. 1994

Complexes 94, 1585.

(28) Bird, P. H.; Fraser, A. R]. Organomet. Cheni974 73, 103.
While we started thinking about the Marene bonding in (29) Radonovich, L. J.; Klabunde, K. J.; Behrens, C. B.; McCollor, D. P.;

: : : Anderson, B. Blnorg. Chem.198Q 19, 1221.
Coo(Ma)2, we have come to an interesting point about a (30) Vasquez, L.; Pritzkow, H.; Zenneck, Bngew. Chem., Int. Ed. Engl.

molecular problem, namely thg® bonding of an arene to 1988 27, 706.
discrete transition-metal clusters. The conclusion we reach in (31) Bahsoun, A. A.; Osborn, J. A.; Voelker, C.; Bonnet, J. J.; Lavigne,

; i i ; — G. Organometallics1982 1, 1114.
the previous section is that while 4O} (M = Co, Rh, Ir) (32) Shubina, E. S.; Epstein, L. M.; Shlovokhotov, Y. L.; Mironov, A. V.;

complexes are _reaSonany strongly bound, the seemingly in- Struchkov, Y. T.; Kaganovich, V. S.; Kreindlin, A. Z.; Rybinskaya,
nocent substitution of three carbonyls by gfhbenzene leads M. I. J. Organomet. Chen1991 401, 144.
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The rhodium analogue of this compound seems not to have

Inorganic Chemistry, Vol. 35, No. 15, 199@375

which arene ligands exchange has been reported for the neutral

been synthesized. In fact we are aware of only one polynucleararene-rhodium complexes [Rif-toluene)g-cyclooctene)-

metal cluster that displays af§-bound Rk-arene unit9).33In

this compound, a Rhmesitylene unit is bound to a trinuclear
osmium-carbonyl frame which is additionally bridged by three
hydrogen atoms.

There have been some reports of mononucleardbne
compounds. The first crystallographic study of a rhodium
arene complex was carried out by Muetterties and co-wofKers.
The authors reported am%$Ce(CHz)e]Rh[17*-CeH2(CHz)g] ™
cation with a metatCsyrenebond length between 2.28 and 2.32
A; the mesitylene ring was found to be slighly off-center. This
compound decomposes between 75 and 400 Two other
reported Rh-arene complexes are depictedlid and11.3% In

BPh,
_ — .
7 0 /2.30
2334 | <22 I % _ OPh
Rh L __rn_ S
/ N\ P P
thP Pth th th
10 11

compoundLOthe G-ring ligand actually distorts slightly in the
direction of a boat, deviating fromf bonding. A similar effect
has been observed in [Rh(diolefinjarene)f complexes®

In these complexes the arene has been found to adopt a bo
form with the long Rh-C distances ranging between 2.29 and
2.37 A and the short ones between 2.24 and 2.3% A.
Compoundll, on the other hand, has been shown to undergo
facile intramolecular exchange of the two phenoxyarene units
at room temperature. A similar and surprising facility with

(33) (a) Shore, S. G.; Hsu, W.-L.; Churchill, M. R.; Bueno JCAm. Chem.
S0c.1983 105, 655. (b) Churchill, M. R.; Bueno, Cl. Organomet.
Chem.1983 256, 357.

(34) Thompson, M. R.; Secaur Day, C. S.; Day, V. W.; Mink, R. |;
Muetterties, E. LJ. Am. Chem. Sod.98Q 102, 2979.

(35) a) Halpern, J.; Riley, D. P.; Chan, A. S. C.; Pluth, J.JAm. Chem.
S0c.1977 99, 8055. (b) Albano, P.; Aresta, M.; Manassero, INbrg.
Chem.1980,19,1069. (c) Townsend, J. M.; Blount, J. IRorg. Chem.
1981, 20, 269. (d) Bleeke, J. R.; Donaldson, A.Qrganometallics
1988 7, 1588. (e) Singewald, E.; Mirkin, C. A.; Levy, A. D.; Stern,
C. L. Angew. Chem., Int. Ed. Engl994 33, 23/24.

(36) (a) Cano, F. H.; Foces-Foces, C.; Oro L.JA.Organomet. Chem.
1985 288 225. (b) Urson, R.; Oro, L. A.; Foces-Foces, C.; Cano, F.
H.; Garcia-Blanco, S.; Valderrama. Organomet. Chen1982 229
293.

(37) A reason for this behavior based on molecular orbital arguments has
been given in: (a) Radonovich, L. J.; Koch, F. J.; Albright, T. A.
Inorg. Chem198Q 19,3373. (b) Albright, T. A.; Hoffmann, R.; Tse,
Y.-C.; D'Ottavio, T.J. Am. Chem. Sod.979 101, 3812.

SnRy).38

Thus group 9 cluster arene complexes are not very common
in the literature. Even monometallic arene compounds of these
metals display a significant degree of instability. Yet, there
are some Rhand Iy clusters reported in the literature which
display unexpected behavior: TheyW®-Cp*)4sH42" clusters®
(M = Rh, Ir; Cp* = CsMes) are not 60-electron complexes as
would have been anticipated but are unusual 58-electron
compounds. X-ray and electron diffraction studies reveal that
the Rhy 58-electron complex has a slightly distorted metal
tetrahedron. The hydrogen atoms cap the four faces of the metal
cluster which possesses two different types of-iRfn bonds
(2.83 and 2.61 A). Related to these species are a number of
interesting clusters of group 8 elements such a&kéne)H,>"

(M = Ru, Os)*

Unfortunately there seem to be no X-ray structures of these
compounds. The fact that they are 58-electron complexes just
like the clusters mentioned above, however, supports our
argument about the instability of the 60-electron(bénzene)
group 9 clusters. In fact, our calculations indicate that 2-electron
oxidation of the 60-electron model Rbenzene)should lead
to significant stabilization. The high-lying singly degenerate
HOMO of this model would be depopulated, and a large
HOMO—-LUMO gap would be created; this is what is presum-
ably found in the experimentally observed 58-electron com-
plexes mentioned above.

We think that our finding of the lability of the rhodium

arene bond is reflected in these experimental observations. As
indicated by our calculations, sequential substitution of three
carbonyl groups in the [M(CQ) tetrahedra to form the
corresponding arerecarbonyl clusters M(CO)s]s—x(benzeng)
(x = 0—4) is expected to lead to a substantial loss of
stabilization. We believe total substitution of the carbonyl
ligands by arenes will not lead to isolable molecular entities;
their oxidized 58-electron counterparts, however, could be
experimentally feasible species.

Summary and Conclusions

Our calculations indicate that group 9 metal tetrahedra
intercalated in the tetrahedral holes of aQattice are
eometrically and electronically reasonable phases. The tetra-
edra are not just guests in the lattice butafieonded (albeit
weakly) to the Gp arene rings. Experiments aimed at generating
such compounds, perhaps by co-condensing preformed metal
carbonyl clusters andggmolecules and then activating them,
need to be done.

Incorporation of tetrahedral or smaller metal clusters into the
octahedral holes formed by the face-centered cubic host lattice
of solid Gy is not very likely. These cavities are rather large,
and the tetrahedral metal clusters will not bond very well in
them. From geometrical considerations, however, these sites
should be able to accommodate octahedral metal clusters.

(38) Hawkins, S. M.; Hitchcock, P. B.; Lappert, M. F.Chem. Soc., Chem.
Commun.1985 1953.

(39) (a) White, C.; Oliver, A. J.; Maitlis, P. Ml. Chem. Soc., Dalton Trans.
1973 1901. (b) Gill, D. S.; Maitlis, P. MJ. Organomet. Chenmi 975
87, 359. (c) Espinet, P.; Bailey, P. M.; Piraino, P.; Maitlis, P.Ikbrg.
Chem 1979 18, 2706. (d) Ricci, J. S.; Koetzle, T. F.; Goodfellow, R.
J.; Espinet, P.; Maitlis, P. Minorg. Chem.1984 23, 1828.

(40) (a) Cabeza, J. A.; Nutton, A.; Mann, B. E.; Brevard, C.; Maitlis, P.
M. Inorg. Chim. Actal986 115 L47. (b) Cabeza, J. A.; Mann, B.
E.; Maitlis, P. M.; Brevard, CJ. Chem. Soc., Dalton Tran4988
629. (c) Meister, G.; Rheinwald, G.; Stoeckli-Evans, H:sS#ink,
G. J. Chem. Soc., Dalton Tran$994 3215.
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Table 1. Parameters Used in the Extendedckel Calculation¥"4”

Goldberg and Hoffmann

Table 2. Bond Lengths Used in the Calculations

atom  orbital Hii (eV) Gi1 C1 Gi2 C2
Rh 5s —8.09 2135

5p —-457 210

4d —1250 4.29 0.5807 197 0.5685
Co 4s —-9.21 2.0

4p -529 20

3d —13.18 5.55 0.5680 2.10 0.6060
C 2s —21.4 1.625

2p -11.4 1.625
o 2s —-32.3 2.275

2p —14.8 2.275
H 1s —13.6 13

Interactions between the transition-metal clusters and the

fullerene molecules in these hypothetical phases are expected

to be rather different from those in the well-known alkali-metal

fullerides. Whereas in the latter systems the valence electrons

of the metal atoms are pretty much fully transferred to the C
LUMO and the metatCgo bonding appears to be ionic, the
transition-metal clusters we predict are involved in actual
carbon-metal bonding; the levels around the Fermi energy are
formed by carbon as well as metal d orbitals.

The partially filled bands around the Fermi level indicate that
these compounds should be conducting. Will they be super-
conductors? We do not know. Two further points we have
not addressed in our calculations, but which could be conse-
quences of the partial filling of these bands, are potential
distortion of the tetrahedra to lower symmetry and/or interesting
magnetic properties of the phases.

There is a molecular bonus from these extended-structure
calculations. There are indications in the calculations of
instability in the bonding of four arenes to either Qo Rhy
clusters. In fact, such clusters are not known, and really very
few singles5-arene ligands bound to Mlusters exist. There
are signs of lability even in mononuclear aremélL , complexes.

We trace the differences between-€and Rh-arene bonding

to the diffuseness of the d orbitals of rhodium compared to first-
row transition metals and the large energy difference between
the d and p levels in this second-row transition metal.
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Appendix 1: Computational Details

Extended Huakel calculations were performed using the YAeHMOP
package (see Table 1 for parametétsBond lengths and angles used
in the calculations are given in Table 2. For the calculations of the
three-dimensional systems a primitive unit cell was used and 10K points
were sampled® The CACAO prograrff was used for the visualization
of the molecular orbitals.

Appendix 2: Comparison of M(CO)3 and M(arene)
Fragments

The orbitals of the M(CQ)unit are well-knowrf* We note in Figure
7 the familiar MLs set of higher-lying hybrid orbitals of,aand e
symmetries above the remnaniy*tset of the octahedron. The detailed

(41) Landrum, G. YAeHMOP-Yet Another Extended tdkel Molecular
Orbital Package version 1.1; Cornell University: Ithaca, NY, 1995.
This great freeware package is available on the World Wide Web:
http://overlap.chem.cornell.edu:8080/yaehmop.html.

(42) Ramirez, R.; Bom, M. C.Int. J. Quantum Cheml988 34, 571.

(43) Mealli, C.; Proserpio, D. MJ. Chem. Educ199Q 67, 3399.

(44) An analysis of the M(CQ)fragment is given in: Albright, T. A.;
Hofmann, P.; Hoffmann, RJ. Am. Chem. Sod 977, 99, 7546.

bond bond
type length (A) type length (A)
C—C (Ceo) 1.453 RR-Ccarbonyi 1.86
C=C (Cs0) 1.382 C=Ocarbony? 1.14
Co—Co in the Cqtetrahedra 2.54 €Chenzene 1.40
Rh—Rh in the Rk tetrahedra 2.72 €Hpenzene 1.10
CO_CcarbonyI 1.78

aThe C-metal-C angle for the calculations on the metal carbonyl
compounds was chosen to be°93
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Figure 7. Frontier orbitals of the M(CQ)fragments (M= Rh, Co).
Only the electrons in the HOMO are shown.
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Figure 8. Frontier orbitals of the M(gHe) fragments (M= Rh, Co).

composition of these orbitals is important in the sequel, so we proceed
to discuss it in some detail here.

In the C3, symmetry of the fragment both 4d dk2-y2) and (4 dy,)
transform as e. These orbitals will mix slightly with each other (and
with p,, py), but the lower le set of Figure 7 (the remnant of the
octahedral4, set) is largely d, d.2-,2 and the upper one, 2e, is mainly
dw, dy.. Significant contributions of thedorbital are found in two a
fragment orbitals-one (1a) orbital at approximately the same energy
as the e set formed byydnd g2-,2 and the other (2aat higher energy.
Both of these aorbitals will be crucial for metatmetal bonding in
the clusters. That several MOs contain substanttadttaracter is the
result of an interaction of three fragment orbitals within M(@Ofrst
an a combination from the CO lone pairs, the drbital, and finally
an a set from thex* CO orbitals. This a set is the bonding
combination of the threg* orbitals, a crucial combination as we will
see later. The net outcome is that the lower-lying drbital is 71%
dz and the higher-lying 2821% dz (in Rh(COY}).

In general, the cobalt fragment levels are found at lower energies
compared to those of Rh(COand display a weaker splitting of the
levels. This is caused by the diffuseness of the 4d orbitals as compared
with the 3d orbitals and the lower lying d levels as well as the smaller
energy difference among s, p, and d levels in cobalt.
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The orbitals of the M(arene) fragméhtéare in many ways similar (in Rh(benzene)). The;&MO consists of the dand g, orbitals;
to, yet also different from, those of M(C@)which is what one would bonding with the HOMO of the benzene ring pushes these orbitals
expect from the isolobal connection between the two. The frontier highest. In Figure 8 we have also included the high-lying 2a sp
orbitals of this fragment are shown in Figure 8. The 6-fold symmetry hyprid orbital. This orbital does in fact contribute to the metaletal
of the isolated fragments allows a complete separation of thed(d ?) bonding of the polynuclear clusters.
and (d dy;) sets. The g and dz-2 orbitals (g) interact most weakly
with the benzene ring; these molecular orbitals are found at low energy ~ The cobak-benzene fragment shows a similar splitting pattern, the
in the metal d block. Now there is less ambiguity about which only difference being that the larbital (d?) is slightly lower in energy
molecular orbital “is” the ¢; 1a is 93% d2 and 2a only 0.02% d2 than the eset. This is due to the contraction of the d orbitals on cobalt

- - - - as compared to rhodium and the fact that the s and p orbitals are closer
(9) For  more detaed comparson of e bondng o coial {agTENS. 1 the lvels for cobalt (wich n ur leads 0  stronger miing f
Chem.1976 15, 1148, these orbitals into the ;amolecular orbital and hence a relative

(46) The bonding of arenes to metal centers has been reviewed in: stabilization).
Muetterties, E. L.; Bleeke, J. R.; Wucherer, E. J.; Albright, TCAem.
Rev. 1982 82, 499.

(47) Summerville, R. H.; Hoffmann, R. Am. Chem. Sod976 98, 7240. IC951588R




