1030 Inorg. Chem. 1992, 31, 1030-1033

Contribution from the Anorganisch-Chemisches Institut der Universitit Miinster,

Wilhelm-Klemm-Strasse 8, D-4400 Miinster, Germany

Electronic Structure of NbTe,;>, a Tellurium Cluster with an Encapsulated Metal Atom

Wolfgang Tremel'
Received September 9, 1991

The recently synthesized NbTe,,* cluster is unique in having a transition metal atom encapsulated in a cluster of main group
atoms. The electronic structure of this unusual compound is analyzed with the aid of extended Hiickel calculations. The tellurium
cluster is stabilized by the interstitial because the large Te “bandwidth” and electronegativity match between Nb and Te allows
Nb-Te bonding to relieve Te~Te antibonding interactions. The results of the calculations complement a localized bonding picture
as suggested by Flomer and Kolis in the original paper. Two-electron oxidation of the NbTe,,* species might be possible and

would result in shorter bonds in the base of the Te,, birdcage.

Several decades ago, Zintl and co-workers described a con-
siderable number of homopolyatomic anions of tin, lead, arsenic,
antimony, bismuth, sulfur, selenium, and tellurium, which were
formed by solution of the respective alkali metal alloys in am-
monia.'” The structural characterization of these so-called Zintl
anions was precluded by the instability of the solid reaction
products until Corbett and co-workers* provided a synthetic
strategy for the stabilization of solid derivatives of many anions
through complexation of the alkali metals with cryptands.*’
During the last decade, a wide variety of novel compounds was
made.* More recently, compounds containing Zintl-type anions
coordinated to transition metal atoms were reported, two striking
examples being [Tl Fe;o(CO)16]¢ (1)¢ and [Bi,Fe, (CO)13]* (2).7

\Fo / \\\F /

\ /Fo(c% Aﬂ -Fe(CO}

2-

Other amazing hybrid clusters from main group elements and
transition metal atoms are L[Rb(NbAs;)]*",? “inorganic” triple-
decker compounds such as Cp*MoP,MoCp* made by Scherer
and co-workers,” or the recently synthesized [SnyCr(CO),]*
cluster.!® The bonding in the last three cases can understood by
applying the Zintl~Klemm-Busmann'! or (appropriately modi-
fied®"%) Wade—Mingos!'? rules. For instance, the (As™); ligand
in L[Rb(NbAsg)]? is isoelectronic and isostructural with the S,
molecule, and the structure of this polymeric dianion is easily
rationalized as a quasi-one-dimensional stack of Rb* and Nb**
cations and (As™)g anions, which are separated by cation stacks
in the solid-state structure. The bonding situation in 1 and 2 is
more complex in that the usual electron-counting rules are either
violated or not applicable. The unusual structure of 2 is based
on a tetrahedral array of bismuth atoms capped on three faces

*Current address: Institut fir Anorganische und Analytische Chemie der
Johannes Gutenberg-Universitit Mainz, J.J.-Becherweg 24, D-6500 Mainz,
Germany.

Table I. Parameters Used in Extended Hiickel Calculations

orbital Hy eV & & ce Cye

S 3s -20.00 1.82
3p -13.30 1.82
Te Ss -20.80 2.51
Sp -14.80 2.16
Nb 4d -12.10 4,08 1.64 0.6401 0.5516
Ss ~10.10 1.89
5p -6.86 1.85

9These are the coefficients in the double-{ expansion.

by Fe(CO); groups with one Fe(CO), group attached to the unique
bismuth atom. The resulting structure is related to that of cage
compounds such as P;>,'® As;>'4 or Sb,>~.1* Clearly, those
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Figure 1. Interaction diagram for the frontier orbitals of NbTe,o>". On the right, three Te,*” groups (d) are combined with a Te,S trimer (c). In
the following step, this trimer is allowed to interact with NbTe** (a) to form the NbTe o> anion (b).

species that violate the electron-counting rules attract attention
by probing the limits of our chemical and theoretical under-
standing.

A unique molecular compound, NbTe >, a tellurium “cluster”
containing an interstitial Nb atom was reported by Flomer and
Kolis.!* The anion, which is shown in two different perspectives
in 3 and 4, possesses idealized C, symmetry. The tellurium cage

3 4

of this remarkable compound also bears similarity to the structure
of Zintl anions such as Sb,*-,!5 but now each of the vertical bonds
is bridged by an additional Te atom. The Nb atom sits at the
center of the cage, and it is coordinated by the atoms of the
Sb,*-like Te7 fragment. The Te-Te distances within the cluster,
which are in the range between 2.75 and 3.16 A, display a con-
siderable variation.!”” There are several ways of breaking the
cluster into its constituents. One natural way of partitioning uses
the hierarchy of bond distances. Following this line of thought,
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Soc. 1988, 107, 3843,
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the NbTe o> cluster can be broken into three Te,> ' fragments,
one apical Te?™ anion, and one Nb’* cation. For the sake of
simplicity, we will start in our analysis from an anion with idealized
C,, symmetry. In the final step of our discussion, this symmetry
contraint will be lifted.

The orbitals of a triatomic Te;*" chain are easy to describe.
There are four sets of orbitals, Te 5s, 5x, Sy, and 5z, which will
combine in a fashion to give one bonding, one nonbonding, and
one antibonding combination. The s orbitals and one linear
combination of the p orbitals are involved in o-type interactions,
the remaining two sets of p orbitals give rise to = interactions.
There will be some mixing between orbitals of same symmetry,
but the general picture remains valid. For Te;* the o, m, and
w* orbitals are filled. As a result, we are left with a single bond
between the Te atoms.

The interaction diagram in Figure 1 was constructed from an
extended Hiickel calculation'® on NbTe > in a C;, symmetry.
The energy levels of a Te;>” monomer are shown in Figure 1d;
the corresponding orbitals are drawn out on the extreme right of
the figure. Note the orbitals =, and =% of the p, set which have
switched position with respect to the familiar ordering scheme.
As can be seen from the figure, .0 is pushed up by Te-Te an-
tibonding 1,3 interactions in the bent Te,®" unit, while =, is
stabilized by Te-Te bonding 1,3 interactions.

Figure 1c shows the interaction of three Te,?” fragments in the
absence of the central NbTe* unit. For distances of 4.42 A
between the Te(2) atoms and 3.15 A between the Te(4) atoms,
we observe moderate level splittings. We do not draw out all the
orbitals, but simply note that each set of trimer levels splits into
an a and e set resembling the Walsh orbitals of cyclopropane.?
Using the symmetry properties of the Te,* fragment, it is easy
to see that the radial orbitals transform as a; + e and the tangential
ones as a, and e. For the radial orbitals, the splitting puts the
totally bonding a, below e; a, is above e for the tangential ones.
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Figure 2. Energy levels of NbTey’" (a) and orbital contributions to the
Te(1)-Te(2) (b) and Te(4)-Te(4) (c) overlap populations.

The reader is referred to several detailed discussions of the de-
generate orbitals.?!

The interactions of the orbitals can be qualitatively understood
from the magnitudes of the level splittings. The radial combi-
nations resulting from o* split very little. Those resulting from
combining 7.*, 7", and =0 as well as the tangential combinations
have larger interactions and split more. We note furthermore that,
although the symmetry of the Te,® unit is clearly Cs,, the orbitals
can be classified as “symmetric” and “antisymmetric™ with respect
to a “horizontal mirror plane”, =,*, =%, 7., and =, being
“symmetric” and ¢*, 7,°, and ,° being “antisymmetric”. The
same holds for their linear combinations. Similarly, the fragment
orbitals of NbTe** have a “nodal plane” passing through Nb.
When both fragments are allowed to interact, strong interactions
are expected between xz, yz on NbTe* and their “antisymmetric™
partners on the Te,5 fragment. Likewise, the second set of orbitals
(x2- »2, xy) and the a, orbitals of the central NbTe>* unit should
strongly interact with their “symmetric” partners on the Teg5"
fragment. For Te,®, there is no net bonding between the Te;*
fragments.

Now we allow the NbTe3* unit and TeoS" trimer to interact.
The energy levels of the NbTe** fragment are shown in Figure
1a; its orbitals are drawn out on the extreme left of the figure.
There are three relatively low-lying orbitals, z and x + y (a; +
e), centered on Te 5p. Next come Nb x% - y2 and xy (e), which
do not interact with the axial Te atom for symmetry reasons.
Above them are Nb xz and yz (e) and z? (a,), the antibonding
counterparts of the low-lying z and x, y orbitals.

The a, orbitals derived from the tangential «,” orbitals of the
Te;¥ units do not find any symmetry match among the NbTe**
fragment orbitals and remain unchanged. They make up the
HOMO of the NbTe,,* anion. This level is severely destabilized
by Te-Te repulsions of the Te,?~ groups and is located just below
the metal d block.

Several a, and e orbitals of the Te,* fragment interact strongly
with the corresponding symmetry combinations of the central
NbTe?* unit. The most vital interactions are those between the
empty xz, yz and filled symmetry partners on the Te,® fragment.
The interaction is large (|<(xz, yz)|(Te;*>")>| = 0.27), and the
outcome is a stabilization by approximately 2 eV. Similarly, the

(21) (a) Albright, T. A.; Burdett, J. K.; Whangbo, M.-H. Orbital Interac-
tions in Chemistry, Wiley-Interscience: New York, 1985. (b) Gimare,
B. M. Molecular Structure and Bonding, Academic Press: New York,
1979.
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“symmetric” x? — y?, xy combination interacts strongly with the
e sets descending from =~ and x,”. z% and z (NbTe**) interact
in a typical three-orbital pattern with a, (r,”). These interactions
basically take care of the Nb—Te bonds.

In addition, we observe strong mixing between occupied orbitals:
the e combination derived from ¢* has two large lobes directed
toward the Te atom of the central Nb—Te unit. In fact, the
repulsive effect dominates. At a Te-Te distance of 3.15 A, the
bonding combination is stabilized significantly, but the antibonding
combination is pushed up by more than 3 eV. For an electron
count corresponding to NbTe,o*, the anion comes out nicely as
closed-shell diamagnetic species—in agreement with experiment.

Having understood the main interactions within the cage
compounds, we approach the electronic structure of the real
molecule by lifting the symmetry constraint that we imposed
initially in order to simplify the analysis. As it turns out, not very
much happens when the molecule is allowed to relax from C,, to
C, symmetry. The HOMO is stabilized by approximately 0.5 eV.
A pictorial explanation can easily be given. Upon distortion,
strongly antibonding interactions between the Te(4) atoms, which
make up the bottom plane of the cluster, are relieved. A sec-
ond-order mixing is effective, which mixes some contribution of
5, a low-lying unoccupied orbital (the highest MO shown in Figure
1b), into the HOMO 6 in a bonding fashion. Both orbitals, § and

7

6, have different symmetries under C,, but the same symmetries
in the point group C;. As a consequence of this mixing, the Te
orbitals in 6, which are strongly Te(4)-Te(4) antibonding, are
slightly twisted out of the plane defined by the Te(4) atoms into
more innocent regions of space in 7. The net result is reduced
Te-Te repulsion. This change manifests itself by an increase in
the Te(4)-Te(4) overlap population from -0.022 to 0.014. This
value for the reduced overlap population clearly establishes that
there are in fact weak bonding Te—Te interactions all over the
Te,o cage. While Te(4)-Te(4) repulsions are relieved, antibonding
interactions are enhanced within the Te,? fragments, resulting
in a drop in the reduced overlap population from 0.470 to 0.439.

Figure 2 illustrates the bonding, nonbonding, and antibonding
nature of the Te levels in the NbTe,*" cluster. The figure is the
cluster analogue of the COOP curve, which was initially created
to describe the bonding in an extended three-dimensional solid.??
The horizontal bars in Figure 2b,c represent the overlap popu-
lations from the levels in Figure 2a. Figure 2b shows the overlap
populations between Te(1) and Te(2); Figure 2c, those between
the Te(4) atoms. Bonding between Te(1) and Te(2) is significantly
stronger than that between Te(4) atoms; less levels are antibonding

(22) (a) Hughbanks, T.; Hoffmann, R. J. Am. Chem. Soc. 1983, 105, 3528.
(b) Wijeyesekera, S. D.; Hoffmann, R. Organometallics 1984, 3, 949.
(c) Saillard, J.-Y.; Hoffmann, R. J. Am. Chem. Soc. 1984, 106, 2006.
(d) An application for cluster compounds has been given in: Wheeler,
R. A.; Hoffmann, R. J. Am. Chem. Soc. 1986, 108, 6605.
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in Figure 2b, and their contributions to the overlap population
are smaller. Most of the Te-Te bonding levels are located in the
lower energy regime. Many features of Figure 2b,c are already
visible in the interaction diagram in Figure 1 and have been
discussed in the preceding text. The levels involved in Te(1)-Te(2)
bonding between ~17 and —10 eV are 4e, 6a, 9a, and 1le. The
most significant Te(4)-Te(4) interactions are carried through Sa,
Se, 7a, and 12a. 4a and 6e had already been identified as the
bonding combinations descending from ¢* and x, y and from =~
and z, respectively; 1le is 4¢’s antibonding partner. 9a is the
nonbonding orbital resulting from the three-level interaction of
z, z%, and 7,”. Sa, which has not yet been mentioned, is the
all-bonding combination of the =, orbitals. For Te(4)-Te(4)
distances of 3.15 A, a substantial stabilization results with respect
to the levels of a single Te,? fragment. 5e and 7a originate from
=,* and ¢*. These two moderately bonding orbitals are only
slightly perturbed by the interaction of NbTe** and Te,>. Finally,
12a originates from the combination of =, It is strongly Te-
(2)-Te(2) antibonding and remains—as a consequence of its latent
a, sg'mmetry—unperturbed during the interaction of NbTe** and
Teg "~

One important factor for the “cluster” stability is strong mixing
between Nb and Te orbitals caused by the relatively small elec-
tronegativity differences?* of Nb (1.8) and Te (2.1). In addition,
the spread of the Te Sp orbital block is quite large, some 8-9 eV,
pushing Te-Te antibonding states into the Nb d block. As a
consequence, Te-Te antibonding interactions are “diluted”,
and—even though the Te 5p orbitals are formally filled—weak
Te-Te bonding interactions remain.?* Still, both the interaction
diagram and the COOP curve show that the major portion of the
Te 5p interactions are repulsive; most of the Te-Te bonding is
carried through the Te Ss orbitals.

In their structural paper, Flomer and Kolis!® describe the
bonding within the cluster by assigning two-center-two-electron
bonds to all “short” Nb-Te and Te-Te contacts and one/two lone
pairs to the tri-/divalent Te atoms, respectively. This approach
leaves four electrons to be distributed in one Te(1)-Te(2) and one
Te(4)-Te(4) antibonding level. The Te(4)-Te(4) antibonding
level finds a match in the HOMO of the NbTe,,>" cluster; a
possible match for the Te(1)-Te(2) antibonding orbital may be
found in the highest occupied degenerate level (labeled 1le in
Figure 2).

Figures 1 and 2 show that one may expect a NbTe,;” mono-
and a NbTe,,?" dianion to be stable. Computationally, a two-
electron oxidation of the NbTe o>~ species leads to an increase
of the Te(4)-Te(4) overlap population from 0.014 to 0.112. Since
the HOMO of NbTe,,>" is centered almost exclusively on the
Te(4) atoms, the remaining Nb-Te and Te-Te bonding is only
marginally affected. For the oxidized species, our calculations
prefer the C;, geometry slightly over C;. Reduction of the

(23) Pauling, L. The Nature of the Chemical Bond; Cornell University Press:
Ithaca, NY, 1960.

(24) See for example the solid-state compounds NbNiTe; and NbPdTes:
Liimatta, E. W; Ibers, J. A. J. Solid State Chem. 1987, 71, 384; 1988,
77, 141. A theoretical analysis is given in: Halet, J.-F.; Hoffmann, R.;
Tremel, W.; Liimatta, E, W; Ibers, J. A. Chem. Mater. 1989, I, 451.
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NbTe,* anion leads to a large increase in Te(4)-Te(4) repulsion;
therefore, a reduced species is not expected to be stable.

Could we expect analogous compounds for the lighter chalco-
gens such as S or Se? To probe this question, calculations have
been performed on a (hypothetical) NbS,,> species. Because the
sulfur orbitals are much more contracted than those of Te,? the
chalcogen “bandwidth” is quite narrow; i.e., the levels spread out
over some 4 eV and are almost completely filled in the complex.
Now the attractive forces between the main group atoms are lost,
and severe S-S repulsions dominate. Although these results do
not prove that NbS,,*~ does not exist, they do give evidence that
attractive Te-Te interactions are important for the stabilization
of the NbTe,¢ cluster.

Alternatively, one might envisage the possibility of using more
electronegative metals than Nb as an electron sink to stabilize
the cluster. However, besides the diffuseness of the S 3p compared
to the Te Sp orbitals, the size of the central atom might be one
other important factor for the cluster stability. The valence orbitals
of a sufficiently electronegative transition metal would be too
contracted to allow for seven chalcogen ligands in a capped trigonal
prismatic geometry. Similarly, the size factor precludes the in-
clusion of transition metal atoms in related cagelike species such
as As;>, %2 Sb,>, %" or P,S,,%°* leaving NbTe,¢* as a quite unique
cluster compound.
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Appendix
All the calculations were performed by using the extended
Hiickel method!2® with weighted H,/s.!"® Experimental bond

lengths were used for NbTe,>". The values for the H,’s and the
orbital exponents are listed in Table I.

Registry No. NbTe ", 114422-70-7.

(25) An intriguing fact is that many tellurium compounds exist, where Te
occurs in the ionic limit as Te~, On the other hand, Te (and the other
elements along the “Zintl line”—the diagonal of the periodic system)
is observed in more “unusual” bonding situations. Two factors re-
sponsible for the anomalous behavior are the diffuse Te 5p orbitals and
the inert electron pair effect, which is known for the post transition
elements to contract the 5s orbital and to lower its energy. The global
result for heavy main group elements is reduced lone pair repulsion.
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Haushalter, R. C.; Huffman, J. C. Angew. Chem. 1989, 101, 1081;
Angew. Chem., Int. Ed. Engl. 1989, 28, 1032. (b) [Sb;Mo(CO),])*:
Bolle, U.; Tremel, W. J. Chem. Soc., Chem. Commun., submitted for
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