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Electron Counts for Face-Bridged Octahedral Transition Metal Clusters

Peng-Dong Fan, Peter Deglmann, and Reinhart Ahlrichs*!?!

Abstract: Kohn—Sham orbital energy patterns were used to rationalize valence
electron counts for stable face-capped octahedral clusters [M¢EsL¢] (E =S, Se, Te, Cl;

L =CO, PMe;, Cl"). When L is a 7 acceptor such as CO or PMe;, stable closed-shell
clusters are found for 80, 84, and 98 electrons. For L =Cl~ (i.e. a m-electron donor),
only a count of 84 electrons appears favorable, as is found in [MogCl,,]*>~. These
counting rules apply to fivefold coordination of M, which becomes unstable if the
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electron count exceeds 98, for example, for M =Ni. In this case structures with
tetrahedrally coordinated M are energetically favored, and this leads to different

cluster structures.

Introduction

Electron-counting rules establish relationships between mo-
lecular structures and the number of valence electrons; they
constitute an important concept in the chemistry of transition
metal complexes and (electron-deficient) polyhedral com-
pounds.l'2 Here we consider striking exceptions to these
rules, namely, the clusters [MgEgLy], where M is a transition
metal; E a face-bridging main group atom such as S, Se, or Cl;
and L a two-electron donor like PR;, CO, or CI-. A
representative structure is shown in Figure 1. The ME,

Figure 1. Structure of [M¢EgLy], (M =Cr, Mn, Fe, Co; E=S, Se, Te, Cl;
L =PMe,, PEt,, C1").
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cluster core has nearly O, symmetry, which is slightly broken
by the ligands if they have lower symmetry than C,,. Interest
in these and related clusters comes from their rich chemistry.
Chevrel phasesP! with a typical formula MMogEg (M =Li, Ca,
Au, Ba,...; E=S, Se, Te) have been much investigated
because of their superconducting properties. Hughbanks and
Hoffmann[¥ elucidated the electronic structure by extended
Hiickel theory (EHT) calculations on clusters such as MogEg,
MogE,,, and a variety of related solids. They point out that the
12 highest occupied levels are of primarily bonding Mo d
character, consistent with a (formal) count of 24 Mo d
electrons. Recent reviews by Saito,! Perrin,[® and Bronger!’]
describe the impressive variety of (ternary) compounds based
on octahedral M¢X,, building blocks, which may be linked by
one or more X atoms to give a typical formula M'M¢X,,_,,
(m=0, 1, 2,...; M'=another metal).

Here we are concerned with isolated molecular clusters.
Known compounds of this class!®! include transition metals Cr,
Mo, W, Re, Fe, Co, Rh; face-bridging atoms S, Se, Te, CI; and
ligands PR;, CO, Cl1-.*5] The valence electron count ranges
from 80 to 98 if one includes the electron pairs of the metal —
ligand bonds and the valence p electrons of us;-E. Most
striking is here the considerable variation in the number of
valence electrons, which is hard to reconcile with simple
counting rules. In an ionic picture one could assign 48
electrons to p(E), the valence p electrons of E, and 12
electrons to the metal —ligand bonds M—L, which leaves 20 to
38 electrons for the metal cage. The listing of Lin and
Williams®! contains numerous examples with 24 electrons,
some with counts of 20 and 38, and one cluster with 32
(FeeSgLg). Besides these there are a few cases with one
electron more or less than in the above examples, which
correspond to reduced or oxidized species of the parent
clusters.
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If metal—metal bonding is invoked, then Wade’s 14n +2
rule would lead to the 86 electrons typical for octahedral M,
clusters.’! This count is apparently not found here and is
shown below to exhibit a high-lying HOMO and a second-
order Jahn-Teller distortion from O, symmetry. The most
abundant case, 84 electrons, that is 24 for the metal cage,
would correspond to electron-
pair bonds for the 12 edges of
the Mg octahedron,!l a proposal
which has not been carefully

such as TZVP (triple zeta valence plus polarization),?!
resulted in virtually identical results. The computational
procedure employed has the advantage of giving structural
data in close agreement with experiment, as shown by the
comparison in Table 1. Calculated bond lengths typically
agree with experimental values to within a few picometers,

Table 1. Comparison of experimental and calculated bond lengths [pm] for [M¢E;sL]: DFT result/experiment.l?!

investigated or verified. M E M-E

M—-P M—-M Ref. (exptl)

Numerous exceptions to Co S
counting rules are discussed Co  Se

224.8-225.0/223.3
235.5-236.1/233-237

276.6-278.4/282.6 [113]
288.9-292.3/299 - 302 [14]

212.0/213.5
212.6/216.2-217.5

Lo . Co Te  253.9-255.6/250.8—254.1 213.3/213.0-216.1 310.1-319.6/323.3-327.4 1Ml
a.nd parﬂ}él rationalized m thf Rh S 240.8 - 240.9/237-239 222.3/225-226 303.3-303.8/296 1s)
literature.”! The term “rule Cr  SM 232.0-233.1/234.0-235.0 239.0/238.3 245.5-245.6/2655-271.6 1
implies an approximate charac-  ¢cr S 230.2-233.3/232.7-234.2 244.4/239.5 246.0-247.8/259-260 1
ter as opposed to a law deduced Mo S 249.5-250.1/243.9-244.9 254.3/252.7 269.0/266.2 —266.4 0

from quantum mechanics. Sup- W S
. Re  Seld
port for the counting rules

252.5-253.3/243.6 -247.2
257.2-258.8/249.8-253.8

273.1/267.4-268.5 10l
270.7-272.4/263.0-267.6 14

254.9/251.8-252.5
248.4-248.5/248.8-251.0

comes mainly from a wealth of
experimental data. Case studies
applying EHT played an impor-
tant role and provided some
understanding of the molecular
electronic structure, especially
in connection with the isolobal analogy developed by
Hoffmann et al.l'! Simple (metal) orbital interaction concepts
have been employed!® to rationalize in a qualitative way the
electronic structure of the clusters considered here. Rules are
ideally justified within model considerations, provided a
model can be defined which is sufficiently accurate and still
simple enough to facilitate interpretations (e.g., tensor surface
harmonic analysis).[' 18 All these considerations are based on
quite drastic simplifications and cannot be expected to
provide a detailed and reliable picture of the molecular
electronic structure, as will also be shown here.

We pursued a different route by treating a variety of
transition metal complexes by density functional theory
(DFT) methods, which give a satisfactory description of
structure and energetics of the clusters of interest. However,
this clear advantage is associated with the disadvantage that
the electronic structure is difficult to interpret. From the
results we deduce that stable closed shell cases occur only for
certain electron counts which are stable with respect to
changes in metal and ligands. The corresponding counting
rules reflect patterns of MO diagrams which are also stable
across a series of compounds and show easily rationalized
trends. With this procedure we avoid the introduction of
further assumptions but still obtain quite general results.

Basic Concepts and Details of Calculations

General considerations: Calculations were carried out with
the RI-DFT (RI=resolution of the identity) method"-2" as
implemented in TURBOMOLE.P! 22l We employed the BP86
functional,?2 an SV(P) basisP9 (split valence plus polar-
ization, except for H), and ECPs?"l (effective core potentials)
for atoms beyond Kr. Test calculations with larger basis sets
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[a] Experimental data for L =PEt;, calculation for L =PMes. [b] Experiment and calculation for L =PMe;.
[c] Experiment and calculation for L = PEt;. [d] Experiment for [Re¢Sesl,(u-dpph),] (dpph = Ph,P(CH,),PPh,),
calculation for [RegSesl,(PMes),].

which is almost within experimental errors; some exceptions
will be discussed below. BP86 also gives reasonable binding
energies, as was verified recently.®3! Hartree - Fock (HF)
treatments are much less reliable in these respects and are
therefore not well suited for the present purposes (see below).
The PR; ligands were modeled by PMe;. The clusters
[MEg(PMes)s] can then have at most D;y symmetry. The
ME; polyhedron is only slightly distorted from O,, however,
as is also apparent from the data in Table 1. The minor
distortions permit the splitting of levels which occurs on going
from O, to D5, (e.g., t;, — a,, +¢€,) to be reverted, and we can
assign Oy, symmetry even if the cluster has only D3, symmetry.
We also replaced PR; by CO, since this yields exact O,
symmetry. CO and PR; are both o-donor and m-acceptor
ligands, and we did not observe any considerable effect on the
geometric or electronic structure on interchanging these
ligands. For the carbonyl cases we always computed analytical
second derivatives to determine whether structures corre-
spond to a local minimum.

The O, (effective) symmetry has the great advantage that
only a few symmetry-adapted atomic orbitals (SAO) occur in
each irreducible representation; their mixing to give MOs
(molecular orbitals) can thus be discussed with confidence in a
qualitative way. The reduction from AOs to SAOs is
presented in Table 2, since it is needed repeatedly. In Table 2
we have only included metal nd and (n + 1)s AOs but not the
(n+1)p, which is discussed in the following subsection. We
point to a special feature apparent from Table 2: there is only
a single a,, orbital, arising from metal d AOs, which is
consequently M—E and M-L nonbonding. This MO is
formally M—M antibonding, since there is a change in phase
between all pairs of neighboring metal atoms. This matters
only for sufficiently small distances when the d(M) overlap; at
larger distances this MO is effectively nonbonding.
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Table 2. Irreducible representations arising from atomic orbitals of
octahedral clusters [MgEgLg]

Qg Ay € tg by Ay Cy tiu o
s+ d (M) 2 2
d (M)l 1 1 1 1
dw(M)["‘] 1 1 1
dvtz,yz(M)[ﬂ] 1 1 1
p(E) 1 1 1 2 1 1 2 1
o(L) 1 1 1
n=_80 3 0 2 1 3 1 1 4 2
n =84l 3 0 3 1 3 1 1 4 2
n=98M"l 3 1 3 2 3 1 1 4 3

[a] The subscripts of d are given for M on the z axis; dm=(d,, d,).
[b] Occupations for electron counts of 80, 84, and 98.

Some clusters considered here show metal — metal distances
similar to those found in the corresponding bulk metals. This
raises the question of metal — metal bonding, especially for Cr
and Mo. One has to distinguish here between nd and (n + 1)s
AOs: overlap between (n+1)s AOs becomes effective at
larger interatomic distances than that between the nd AOs.
For this reason s —s bonding is more likely than d—d bonding,
and the latter requires special pleading.

In subsequent discussions we will frequently refer to trends
in Kohn-Sham orbital energies exg across a series of
compounds, which require some comments. The egg of
occupied MOs are always too high, that is, too close to zero.
This effect is more pronounced for nd than for (n + 1)s, which
is well understood.’? This feature is due to the (unphysical)
interelectronic self-interaction included in the Coulomb term,
which is incompletely canceled by the exchange term in all
common functionals. Despite this deficiency, the exs have a
great advantage since they provide a reliable measure of the
energy content of MOs in the sense of the aufbau principle.[*!
Electrons removed or added to reach ionic ground states
always involve the HOMO or LUMO; exceptions to this rule
only occur if there are virtually degenerate levels. Differences
in egg are furthermore a good approximation to electronic
excitation energies.** All these features imply that a low-lying
HOMO and a high-lying LUMO indicate chemical stability,
for example, in the sense of frontier orbital considerations.

This is a great advantage over HF treatments, which always
stabilize occupied and destabilize unoccupied MOs, and
hence typically yield a HOMO - LUMO gap that is too large.
If HOMO and LUMO have different symmetry, one usually
obtains exomo < ELumo, €ven if the occupation is incorrect.
Therefore, a converged HF calculation usually gives no
indication of whether the chosen occupation is appropriate,
that is, leads to the lowest total energy. The only certain way to
find the best occupation in the sense of the variation principle
is to perform HF calculations for all occupations which appear
reasonable. For this reason HF treatments are of little help in
establishing directly the energetic ordering of MOs in the
sense of the aufbau principle, and they are not well suited for
the present purpose.

To conclude this section we mention some (minor) details
of calculations. All structure optimizations were carried out
within the restricted Kohn-Sham (RKS) method for closed-
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shell states and with UKS (unrestricted KS) for open shells in
the high-spin states. The arrows representing electron spin in
the figures presented below thus give a complete description
of the character of the total wavefunction. The UKS
procedure leads to a splitting of a and g MO levels. To
simplify MO diagrams we have neglected spin polarization in
the figures, which basically implies an averaging of « and 8
orbital energies for doubly occupied MOs. The total charge of
a molecular cluster has a strong influence on the orbital
energies, which are considerably shifted upwards for anions
without changing the order of egs. For a better comparison of
MO diagrams of a sequence of compounds, we have thus
reduced the occupation of the HOMO in anions such that the
systems compared are effectively neutral.

On the importance of (n+ 1)p transition metal orbitals: The
importance of (n+1)p AOs for a description of bonding in
transition metal complexes is still controversial, as is demon-
strated by two recent articles. Landis, Firman, Root, and
Cleveland (LFRC)P! summarized reasons and evidence for
the relative unimportance of (n + 1)p orbitals; Bayse and Hall
(BH)PI stressed their role particularly for larger (formal) d
occupations. There is agreement that nd and (n 4 1)s are more
important than (n + 1)p, and that the latter matter especially
for covalent bonding. The two articles?> 3% discuss mainly
transition metal hydrides. Since the controversy has a bearing
on the present considerations we briefly comment on this
problem.

LFRC point out that many transition metal compounds
must be considered as hypervalent if (n + 1)p orbitals are not
involved in bonding. BH find this view difficult to accept.
They consider CIH; and [PdH;]~ in the T-shaped equilibrium
structures for a detailed comparison to demonstrate their
point. CIH; was chosen as a simple model case for a typical
hypervalent compound with a three-center, four-electron
bond, which can be decribed as a resonance [Eq. (1)]. This

H, CI-H,, < H,—Cl Hg, 1)

description is confirmed by a population analysis which
indicates “that only 1.7 % of chlorine electrons are located in
d orbitals” and the fact that localization of occupied MOs was
not possible. However, it was also pointed out that d
contributions (at Cl) “stabilize the molecule by
37.8 kcalmol~” (158 kJmol~!) at the RHF level. BH em-
ployed a triple-¢ basis for hydrogen, which is reasonable since
hydrogen carries a negative charge. Including the p polar-
ization functions (at H) in this comparison reduces the
stabilization by d at Cl to 125 kJ mol~!. We employed a TZVP
basisi?®! for H in the RHF calculations on hydrides discussed in
this subsection.

A different picture is presented for [PdH;]~, again at the
RHF level. An analysis of the wavefunctions shows three
localized MOs which describe Pd—H bonds, “and that the
Pd-H,, bonds have almost a 1:1:1 ratio for s, p, and d
character” at Pd. This is considered to be consistent with the
fact that “there are no 4d orbitals of proper symmetry to form
a T-shaped structure” for [PdH;]~. The case appears to be
clear cut: [PdH;]- must be described by spd® hybridization
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and it is not a hypervalent compound (unlike CIH;). BH did
not report the energetic stabilization due to the 5p orbitals,
which amounts to a mere 26 kJ mol~!. The Pd 5p function also
has only a small influence on the molecular geometry; the
bond lengths are affected by only 1.5 pm, and the H,-Pd-H,,
angle remains at 89°. BH further consider [RhH,]~ (in the
sawhorse C,, structure) and [WH;]|~ (in the capped trigonal
antiprismatic structure) as problem cases for a hypervalent
description. The effect of (n+ 1)p on structure and energy
is here the same as described

for [PdH;]~; the 6p at W low-

Counting Rules

Low-lying orbitals: We base our analysis of clusters [MyEgLg]
on a comparison of compounds with increasing atomic
number of M and accordingly increasing number of electrons.
The electrons of interest for the present purpose include the o
electron pairs of the ligands o(L) (involved in M—L bonding),
the valence p electrons p(E), and the valence electrons of M.
Figure 2 shows a diagram of orbital energy levels for a series

ers the energy by only 5 g(‘)/ %0
_ o 6t —3.
16 kJmol . _375k 2u {-3.75
We next consider [Ni- —3.901 —22ty, 1-3.90
CO),] as a textbook example —4.05F 1-4.05
(CO) P —4.20- T 16ag ——-4.20
for the 18-electron rule, which _435) 1 435
assumes that Ni 4p orbitals are _4.50) — 221y, 1_4.50
involved in bonding. Exclud- —4.65} Hlagg —6ty, 1-4.65
ing the 4p basis set on Ni —180 I 1 ‘jgg
affects the Ni—C distance by :5?3* 12510
less than 1 pm, and the binding —525 St 7ty 1 505
energy ([Ni(CO),] —Ni(’F) + —5.40¢ 6t 1-5.40
-1 —5.55F le 1-5.55
4CO) by 66 kJmol ™, roughly e
o —5.70 —13e a2 ——5.70
o, g
15% of the total binding en- 5851 o0t i 13eg 1 585
ergy, which indicates a rela- —6.00% fu W7t 1-6.00
. u
tively small effect of 4p func- —6.15} et 1-6.15
tions. A similar state of affairs —6.30¢ : le 1-6.30
is found for the clust —~6.45 V2100 o i 13ee H-lag, |65
is found for the clusters con- —6.601 |l Gy, 1 1t 21ty 2 1¢,, 1_6.60
sidered here. For [CrsSg(CO)4] —6.751 ' it 6tp, Hitr1 1ty 1_6.75
we obtain a stabilization of —6.90t ] i 11ty i wi13e. 1-6.90
-1 ~7.05} ' g 11ty e 1200
35kJmol™' per Cr atom re- 72 e 6ty ‘
sulting from the 4p orbital of 735l WSty T +16a, —r20
—(.901 20t %Stlg g 1-7.35
Cr. The bond lengths are af- —7.50} lu 116 ik St St WOty | —T7.50
fected by at most 1.7 pm. We —7.65} Hl6ajg ﬁzorlu Alg ° 1-7.65
note that the energetic stabili- —7.80¢ 16a;q 1-7.80
zation effected by an orbital i e 7T
ation effected by a .o . al 1s 810k it 20t 1-8.10
a useful measure for its impor- —8.25) 1-8.95
tance in bonding.’”! Different —8.40+ 201, 1-8.40
u
conclusions were drawn for —8.55} 1-8.5
[W(CO),] and the isoelectron- M Sc Cr Mn Fe Co
ic series in which W is replaced n. 62 80 86 92 98

by Hf?>~ to Ir**.¥] An energy
analysis indicates the metal 6s
and 6p to be of roughly equal
importance. Calculations with
and without the 6p set lead to only minor changes in the
energy, and there may be a problem in the analysis which
deserves further consideration.

The above examples provide an estimation of the impor-
tance of (n+ 1)p metal orbitals for cases in which they are
usually considered to be necessary. Our results show a
virtually negligible effect of (n+ 1)p on structures (1 -2 pm)
and a moderate energetic stabilization which is smaller than
that typically found for polarization functions. It thus appears
reasonable to consider only nd and (n 4 1)s for a discussion of
gross features of the molecular electronic structure of the
clusters considered here. All calculations on the octahedral
clusters were, of course, carried out with (n+ 1)p functions
included in the basis set.
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Figure 2. The energy of molecular obitals of [MSg(CO)]; the levels below the dashed line are low-lying states
according rule a. n denotes the number of cluster valence electrons, as described in the text.

of clusters with different metals and L = CO as model ligand.
This facilitates the discussion, since the occupied ligand MOs
are lower in energy than the cluster MOs of interest here.

Rule a: The lowest lying valence cluster MOs correspond to
the irreducible representations arising from o(L) and p(E)
and one additional a;, MO for a total of 62 electrons.

The number and symmetries of these MOs are: 3*ay,, 2%¢,,
tigs 2%y, Ayy, €y, 3*tyy, and ty,. According to Table 2 all MOs
from o(L) and p(E) have sufficient counterparts from metal s
and d with which they can interact, and the resulting MOs are
bonding (or slightly antibonding at worst). The additional a,,
arises mainly from metal s, with some d_. contributions, and
corresponds to the bonding radial 0 MO familiar from the
rules of Wade or Wade and Mingos.[:2
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In the limit of ionic bonding there are 60 electrons from
o(L) and p(E). This case is almost realized by [ScSg(CO)]
with 62 electrons. The additional a;, is the HOMO (see
Figure 2), but this is embedded within the other MOs in the
remaining cases. The occupied valence MOs of the M(E; core
are predominantly located on E for M=Sc (with the
exception of the highest aj,); with increasing atomic number
and the ensuing stabilization of metal d, these MOs will
clearly receive increasing d contributions and may even be
predominantly of metal d character.

The O, structure of neutral [Sc,Sg(CO)gis a saddle point on
the potential surface, whereas the dication is a local minimum.
This result is in line with the spacing of high-lying MOs, since
the dication has a larger HOMO-LUMO gap than the
neutral cluster. The dication [ScsSg(CO)4]** can of course be
considered as a cluster with normal oxidation states Sc** and
S

n-Acceptor ligands: Since the first group of MOs is M—E and
M-L bonding, the next MOs to be occupied should be
nonbonding or slightly antibonding. This condition is met for
those d(M) which interact only relatively weakly with p(E) or
o(L) orbitals, since bonding and antibonding of the resulting
MOs is then also weak. Clearly, d,.(M) and d, (M) should be
excluded for this purpose, since these d functions have largest
overlap with o(L) and p(E) orbitals, respectively, as sketched
in Figure 3 for p(E).

E () E E®I®E
5% 20O

dX2,}2 dx)

Figure 3. Sketch of metal d; orbitals in a local coordinate system.

The situation is different for d,._»(M), which give rise to a,,,
€g.and ty, SAOs (Table 2). The maxima of d. . are located
between E atoms, and overlap with p(E) is thus minimized
(Figure 3). The a,, orbital has no counterpart with which it can
interact and is of pure d character. Matters are similar for
d.(M), which yield ty,, t,,, t;,, and t,,. These orbitals are
stabilized by m backbonding, a slight delocalization into
nt*(L). Besides lowering the energy this also reduces overlap
with p(E), which is not very pronounced anyway. Since M and
the four neighboring E are almost in the same plane (Fig-
ure 1), a d,—p, situation arises in which overlap is much
smaller than for d,,—p(E), as noted above.

From the DFT -calculations we obtain the following
energetic ordering of the MOs: 6ty ~ 11y, ~21t;, <13¢, <
la,, ~ 6t), = 7ty,.

The first group of MOs (6ty,, 11ty 21t,,) is virtually
degenerate. The compounds with M =Ti, V are expected to be
relatively unstable open-shell systems, which furthermore
show Jahn - Teller distortions from O, symmetry. This group
of MOs is fully occupied for M = Cr with 80 electrons. The O,
structure is a local minimum, in agreement with the fact that
the LUMO 13, is well separated from the HOMO. The 13e,
MO in turn is separated by a considerable gap from the next
higher MOs. In agreement with this pattern we find

Chem. Eur. J. 2002, 8, No. 5
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[MngSg(CO)4]*+ with 84 electrons to be a local minimum with
O, structure, whereas the neutral closed-shell cluster is a
saddle point on the potential surface, that is, we find a second-
order Jahn-Teller distortion. Furthermore, the near degen-
eracy of la,, and 6t,, leads to several triplet states (energeti-
cally lower than the closed-shell case), and reults in first-order
Jahn-Teller distortions to D34 and Dy, molecular symmetry.

For Fe and Co we find the MOs 1a,,, 6t,,, 7t,, to be close in
energy, and these MOs are fully occupied for M = Co with a
considerable HOMO-LUMO gap that leads to an O,
minimum. Due to the near degeneracy of 1a,,, 6t;,, and 7t,,,
one expects high-spin states for a partial occupation according
to Hund’s rules. For [FesSg(CO)¢]" only seven electrons
occupy the MOs with parallel spins (S =7/2). For the neutral
cluster the 1a,, MO is doubly occupied, and 6t;, and 7t,, are
half-filled with S =3. These results agree with experiment for
the corresponding clusters with L =PR;.[12 3]

The above discussion is summarized in a rule which
complements rule a.

Rule b: If L is a mw acceptor, up to 36 additional electrons can
occupy MOs which are roughly nonbonding; stable closed-
shell cases also occur for 18 and 22 electrons, resulting in total
electron counts of 80, 84, and 98.

Note that the pattern of orbital energies is remarkably
stable across the series of compounds depicted in Figure 2.
The only slight change concerns 16a,,, which is located above
the lowest MO (rule b), 6t,,, for M = Co.

Since we try to avoid the introduction of model consid-
erations as much as possible, we point only to a few features
obvious from Figure 2. It is possible to discern different types
of MOs. Those that remain roughly constant in energy from
Cr to Co describe MOs of dominant ligand character; a good
example is 21t,,. This behavior contrasts with that of the MOs
lay,, 6ty,, and 7t,, (and other low-lying orbitals), which are
considerably stabilized with increasing atomic number of M.
This group includes 1a,,, the only pure d MO; one can thus
assign these orbitals a dominant metal d character. For some
other MOs a corresponding change in &gg occurs between Sc
and Cr (e.g., 6ty,, 11t,,, 13e,, 21ty,).

The 98-electron case (M =Co) can be viewed from a
different angle. The 36 electrons from rule b were assigned
exclusively to symmetries to which d,, and d,._. contribute.
The corresponding irreducible representations are thus quite
crowded, with a,,, t;,, and t,, fully occupied (see Table 2). This
suggests describing the metal atom approximately as a d° case,
with d, and d,._,» almost fully occupied. Bonding to E and L is
then effected by d,., d,,, and s contributions to delocalized
cluster MOs. This reasoning is compatible with the formal
oxidation state of Co (g =2%), which implies a d-occupation
around d’.

nt-Donor ligands: The above reasoning requires some mod-
ifications if the ligand L is a st donor, as in [Mo¢Cl,,]>~. The p,
electrons of L are now embedded within the cluster MOs of
rule a; their interaction with metal d, MOs leads to changes in
MO diagrams which are difficult to follow or rationalize in
detail. We thus rely on DFT calculations, which yield the MO
diagram presented in Figure 4 for M = Nb, Mo, Tc. This shows
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Figure 4. The energy of molecular orbitals of [NbsCIsCly]*~, [Mo,ClsCls]*~,
and [TcsClgClg]. The levels below the dashed line are low-lying states
according to rule a. For better comparison all systems were calculated in
neutral state by lowering the occupation of the HOMO, as explained in the
text. The complete assignment of MOs is: 13ay,, 5ty,, 10e,, 18t;,, llty,, 6t5,,
3e,, and la,,, when an ECP(28) is employed for the transition metal.

first of all that the 62-electron line of rule a holds here as well.
For the remaining MOs one has:

Rule b': If L is a w donor up to 22 electrons can occupy MOs
which are of essentially nonbonding d(M) type, resulting in a
total count of 84.

The dominant feature of Figure4 is the pronounced
HOMO -LUMO gap for the 84-electron case. Since a large
gap is a simple and reliable indicator of stability with respect
to chemical reactions or geometry distortions, Figure 4
expresses a preference of isolated clusters of this type for 84
electrons for which there are few exceptions (see below). An
increase in the the number of electrons requires the occupa-
tion of high-lying MOs (e.g., for M = Tc) from which they are
more easily removed by oxidation than for M =Mo. The
closed-shell case indicated in Figure 4 is less stable than open-
shell triplet states which cause first-order Jahn-Teller dis-
tortions to Dg,. With fewer than 84 electrons (e.g., M =Nb)
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one finds a typical multireference situation, since the orbitals
€y, g, tyy, and t,, in Figure 4 are almost identical in energy.

The MO diagram shown in Figure 4 is remarkably robust
with respect to changes in M and the replacement of CI by
other atoms. [Cr,Cl,4]*>~ shows the very same features as the
corresponding Mo cluster. A related cluster is [RegSeglq]*,
which also has 84 cluster electrons. Electronic structure
calculations for systems of this (small) size and (high) charge
are not reasonable, in agreement with the fact that they are
unstable in the gas phase and eject electrons. This may explain
the fact that only [ResSegls]’~ with 83 electrons is known.
Calculations with reduced occupation of the HOMO, to
account approximately for the effect of counterions, show the
same picture as Figure 4. Another exception to rule b’ is
Na[W Br,]* with 83 electrons for [W¢Br;,]~. These exam-
ples show that it is possible to oxidize clusters with 84
electrons, which leads to clusters weakly distorted from O,
symmetry.

A rather extreme example for studying the stability of the
MO pattern is [Reg(us-S).(u5-Cl1),Clg], which has also 84
electrons. In this cluster®) the u; positions are occupied
statistically by S and ClL. We have considered the T,
(“heterocubane”) and the C,, (“all-cis”) structures; the latter
is calculated to be 138 kJ mol~! lower in energy. Both structures
are local minima on the potential surface. The MO diagrams
show a pronounced HOMO-LUMO gap with virtually
degenerate levels at the HOMO energy, as in Figure 4.

The only common feature of the diagrams presented in
Figures 2 and 4 concerns the low-lying metal-cage MOs, which
are of symmetry e€,, t,, tyy, t, in both cases. These MOs are
now very close in energy (Figure4), and cases with 80
electrons will normally not be stable; this is a pronounced
difference to Figure 2. Another difference concerns the MOs
of higher energy than this group, which have different
symmetries: the e, MO of Figure 4 is very high lying in
Figure 2. These are essential details which are not reflected by
the qualitative considerations of Lin and Williams®l: the
cases b and b’ are markedly different.

Chevrel phases also exhibit electron counts lower than 84,
typically down to 80. Perrin pointed out that the correspond-
ing clusters are not discrete in these cases and that “the
connection between the units introduces additional fea-
tures”.l) We could not carry out band structure calculations
to investigate this problem, but we can offer the following
rationalization. The 80-electron case in Figure 4 does not lead
to a pronounced HOMO - LUMO gap. Replacing the it donor
L by a  acceptor stabilizes of the levels t,,, t;,,, and t,, arising
from d, (M) (see Table 2), which leads to a sufficiently large
HOMO -LUMO gap for the 80-electron case to be stable
(Figure 2). A transition between the two situations requires
the possibility to tune the m-acceptor/donor properties of L.
Exactly this is expected to happen if Cl™ ions, for example, act
as a link between two units, which should reduce their m-
donor capability.

Metal—-metal bonding: The low-lying metal cage MOs
considered in rules b and b’ belong to symmetries e,, ty,, t;y,
and t,,. These are precisely the bonding SAOs resulting from
metal d, and d. . AOs/® and this raises the question of
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metal — metal bonding. We tackle this problem in a simple way
and consider trends in intermetallic distances in the series
[M(Eg(CO)s] M =Cr, Co; E=S, Se, Te). The calculated
M—M distances are Cr—Cr: 247 (E =38), 252 (Se), 260 (Te);

Co—Co: 279 (S), 290 (Se), 306 pm (Te).

The Co—Co distances are significantly larger than the value
in the bulk metal (250 pm), and there is no reason to discuss
intermetallic bonding. This view is confirmed by the respec-

tive increases in Co—Co distance by 11 and 27 pm on going ~

from S to Se and Te, which reflects the increasing radius of E.
For the complexes of Cr, the bond lengths are in the range of
those in the bulk metal (258 pm). Even more important is the
only moderate increase in the Cr—Cr distance by only 5 and
13 pm from S to Se and Te, respectively. The Cr, octahedron is
much more resistant to an extension enforced by the
increasing size of E than Co,. If bond lengths are accepted
as an indicator of bonding, the trends displayed by DFT
results clearly point to some intermetallic bonding in the
complexes of Cr but not in those of Co. We cannot estimate
the contribution of Cr—Cr interactions to the binding energy
or force constants, but results presented below indicate that it
is weak.

Complexes with L =PR;

We next turn to L =PMe; as a ligand representative for PR; in
complexes listed in Table 1. The replacement of CO by PMe,
leads to some minor changes, since MOs of the ligands
involved in P—R bonding are now embedded within the
cluster MOs of group a; this is obvious and has no conse-
quences since these MOs do not overlap with metal orbitals.

Figure 5 presents orbital energies of higher-lying MOs of
[MSg(PMe;)s] (M=Cr, Mn, Fe, Co). The similarity with
Figure 2 for L =CO is striking. With M = Cr, for example, a
group of occupied ty,, t;,, and t,, MOs lies above the 62-
electron line in either case, and these MOs are well separated
from the other occupied or unoccupied MOs. A slight change
is found in the position of the highest a;, MO within group a.
This orbital is at higher energy for L = PMe; than for CO, an
effect easily rationalized by destabilizing interactions with
o(L), which are larger for PMe;, since o(L) is higher in energy
than in CO.

We next consider replacement of Cr by Mo or W and that of
Co by Rh or Ir. The corresponding MO diagrams are not
shown since they show the same general picture as is displayed
in Figures2 and 5. The only change concerns a slight
reordering of lower-lying levels for Rh and Ir as compared
to Co.

We return to the discussion of calculated and experimental
bond lengths in Table 1. Deviations of up to about 8 pm are
within the (combined) error margins of experiment and DFT
calculations; the latter is estimated to be about +5 pm for the
present cases. We do not dare to estimate errors arising from
X-ray scattering, but an uncertainty of a few picometers is
likely. Deviations larger than 8 pm occur only for M —M
distances of [CogTeg(PR;)s] (ca. 10 pm) and [CreSg(PR;)s].
The experimental Cr—Cr distances are in the range of those of
the bulk metal (258 pm) and change in going from L =PMe;

Chem. Eur. J. 2002, 8, No. 5

to L =PEt,. This is not reflected in the calculated distances,
but we found that the calculated structure constants vary with
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Figure 5. The energy of molecular orbitals of [MgSy(PMe;),], labeled
according to irreducible representations of O, ; levels below the dashed line
are low-lying states according to rule a.
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the conformation of L = PEt;, and it took some effort to find
the low-energy structure. All we can say with some confidence
is that M—M distances in this case are very sensitive to small
changes in the ligand structure. This implies that these M—M
bonds are relatively weak.

We learnt of the existence of [RhsSg(PR3)s] (included in
Table 1) in discussions® after the present calculations
indicated that it is relatively stable. The compound has a total
composition [RheSg(PEt;)s][Rh;ClgS,(PEt;)s],. Since the sec-
ond part appears unquestionably to be an anion that is quite
stable according to calculations, the octahedral cluster was
tentatively assigned a charge of +2. However, the presence of
undetected protons that would change the charge assignment
cannot be excluded. Our calculations give relatively similar
structure constants for neutral [RhsSg(PMe;),] and its dica-
tion, and the available data do not favor one or the other
possibility.

0947-6539/02/0805-1065 $ 17.50+.50/0 1065



FULL PAPER

R. Ahlrichs et al.

Complexes of Nickel

We have so far considered the stability of clusters shown in
Figure 1 for an electron count up to 98, corresponding to M =
Co. We consider [NigSg(CO)4] as a model compound for the
hypothetical [NigEgL¢]. The electron count increases to 104,
and one must occupy the high-lying MO 22t,, in Figure 2. This
MO is Ni—S and Ni—C antibonding, as can be inferred by
comparing calculated bond lengths with those of [NigSs-
(CO)¢): (Ni—S 226 versus 217 pm, Ni—C 186 vs 178 pm). This
clearly indicates the octahedral complex to be unstable.
Furthermore, the MO 22t,, is nearly degenerate with 14e, (not
shown in Figure 2). Consequently, we find an open-shell state
with S =2, which leads to a first-order Jahn —Teller distortion
to a D, state that is more stable than the closed-shell case. For
this Dy, state two Ni—C distances are elongated to 191 pm,
which means that these CO ligands are very weakly bound to
Ni.

To rationalize this finding we return to the discussion of
rule b: [CogSg(PR;)¢] can be regarded as having a 3d° electron
configuration for Co in which two d orbitals are available for
bonding to neighboring atoms, which results in a total
occupation of about d’. With the replacement of Co by Ni,
the d occupation is increased to roughly d® (the formal
occupation would be d73, which represents a lower limit).
Consequently, the d orbitals are now less available for
bonding to E and/or L. The square-pyramidal fivefold metal
coordination that is typical of the octahedral structure (Fig-
ure 1) cannot accommodate such a high d occupation and
becomes unstable.

Nickel can even bind ligands in a d° configuration, for
example, in [Ni(CO),], which has a tetrahedral arrangement
of ligands that leads to much smaller metal -ligand inter-
actions than in the “octahedral” fivefold coordination con-
sidered above. In the known compound [NizSes(PR;)s]* Ni
indeed has an approximately tetrahedral coordination envi-
ronment. The metal atoms form a trigonal prism in which all
faces are capped by Se, and PR; is attached to Ni. These facts
can be expressed as a rule:

Rule c: The octahedral structure of [M¢EgL¢] with fivefold
square-pyramidal coordination of M becomes unstable if the
electron count exceeds 98. For M = Ni, which would lead to
104 electrons, structures with tetrahedral coordination and
different cluster composition are favored.

The MO diagram of [NigSes(PR;),] is not easily discussed,
mainly because of the lower symmetry (Ds, instead of O,).
Rule a holds in this case with appropriate modifications: the
lowest lying MOs (in the valence region) have the same
symmetries as o(L) and p(E), followed by an a,” MO. The
higher lying MOs are relatively densely spaced and difficult to
interpret.

Conclusion

We have carried out DFT calculations on octahedral clusters
[M(EsLg] (Figure 1) for a series of transition metals M. The
essential results can be summarized as follows. If L is a &
acceptor, electron counts of 80, 84, and 98 lead to closed-shell
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states with pronounced HOMO —LUMO gaps and a potential
minimum in (approximately) O, symmetry, whereas for 92
electrons (e.g., [FecSg(PR5)g]), a high-spin state with §=3
results (Figure 2). A special case is [SceEgLg¢]** with 60
electrons, which is basically ionic with a d° occupation for
Sc. If L is a @ donor, only a count of 84 electrons leads to a
stable closed-shell state for isolated clusters.

The stability of the O, structure is mainly due to bonding
M-E interactions; the occupation of MOs with considerable
contributions from valence orbitals of E is the only common
feature of stable clusters (rule a). Direct bonding between
metal d orbitals plays some role for M = Cr (and Mo or W),
but certainly not for M=Fe or Co and their heavier
analogues, since the metal —metal distances are too large. It
can also be excluded for M=Sc, which has a formal d°
occupation.

The octahedral cluster structure becomes unstable if the
electron count exceeds 98 (e.g., for M = Ni). Structures with a
tetrahedral coordination of M are then energetically favored
because of the large metal d occupation.

The summary as well as the considerations presented in this
article are based 1) on the reliability of DFT in describing
transition metal clusters and 2) the fact that the Kohn—Sham
orbital energies comply with the aufbau principle. Our
conclusions were essentially justified by the remarkable
stability of results with respect to changes in transition metals
and ligands.

The present study provides a detailed interpretation of
experimental data, which was previously not available. The
EHT studies!® described some details correctly, for example,
the symmetries of low-lying metal-cage MOs e,, t,,, t;,, and
t,, but failed in other details. They appear to miss in
particular the distinction between m donor and acceptor
ligands L.
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