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Trends in structure and bonding in a series of metal cubane clusters are examined using broken-symmetry density
functional theory. For the metal-sulfur clusters, (CsHs),Mo,S, and (C;H;),Cr,S,, the twelve cluster valence electrons
are delocalised in six metal-metal single bonds, giving an approximately tetrahedral metal core. In (C;H;),Cr,O,,
however, no strong Cr—Cr bonds are present, and three cluster valence electrons remain localised on each of the
chromium centres. Antiferromagnetic coupling across four of the six edges of the tetrahedron, and ferromagnetic
coupling across the remaining two give rise to a spin-singlet ground state and a distinct rhombic distortion. The
driving force for the distortion is only 12 kJ mol !, and consequently inter- and intra-molecular steric effects may
play a major role in determining the structure of the cluster in the solid state. Both chromium clusters have low-lying
excited states in which the bonding pattern is completely reversed, with six Cr—Cr bonds present in (CsHs),Cr,O, but
none in (CsH;),Cr,S,. In each case the excited state lies less than 45 kJ mol ! above the ground state, despite the fact
that a substantial structural rearrangement is involved. Changes in metal-metal bond strength and spin polarisation

energy are found to contribute approximately equally to the periodic trend towards electron localisation in the

chromium clusters.

Introduction

The role of iron-sulfur clusters in biological electron transfer
is well documented,' and as a result their physical properties
have been studied using a wide variety of spectroscopic®* and
theoretical® techniques. Until very recently, all available data
indicated that there was no direct metal-metal bonding present
in these clusters under physiological conditions, but this view
has been challenged by recent EXAFS studies on the Fe pro-
tein of the enzyme nitrogenase.® Reduction of the single Fe,S,
cluster to the all-ferrous oxidation state causes substantial
structural changes, consistent with the formation of Fe-Fe
bonds. This observation presents the intriguing possibility that
reversible redox induced formation of metal-metal bonds may
play a previously unsuspected role in the control of biological
electron transfer.

A wide variety of model cubane clusters have been syn-
thesised over the years, the most extensive series being the
cyclopentadienyl-capped systems, (CsRs),M,E, (M =Mo, Cr,
Ru, Ti, V, Fe, I, Co; E = O, S) illustrated in Chart 1 and Table 1.
Within this closely related series, the cubane unit shows a high
degree of structural flexibility, from the highly distorted
arrangement in (CsHs),Ru,S,2*," to the almost perfect tetra-

Chart 1 Structure of the (CsHs),M,E, unit.

hedral cores found in (CsH,'Pr),Mo,S, and (CsH,),Cr,S,.*'>!
On the basis of isoelectronic relationships, a tetrahedral core
might also be anticipated for the chromium—oxygen clusters,
(CsH, _ Me,),Cr,0O,, x=0,1,5,""" but in fact, only the penta-
methylated system, (CsMe;),Cr,O,, exhibits six approximately
equivalent Cr—Cr distances."! In (CsH,Me),Cr,O,, a rhombic
distortion compresses the tetrahedron along one two-fold axis,’
giving four short and two long Cr-Cr separations, while in
(CsH,),Cr,0, an additional twist about the principal axis fur-
ther reduces the symmetry, giving three distinct pairs of Cr—Cr
distances.” The contrast between (CsHs_ Me,),Cr,O, and
(CsH,Pr),Mo,S, is further illustrated by their magnetic proper-
ties: the chromium clusters are all antiferromagnetic, with
substantial room temperature magnetic moments, while the
molybdenum species is diamagnetic. A clue to the origin of
the differences between the two classes of cluster comes from a
comparison of the photoelectron spectra of (CsHs),Cr,O, and
(CsH,Pr),Mo,S,.*> The absence of resolved structure in the
metal ionisation band in the former prompted the authors? to
suggest that the metal-based electrons in the chromium system
are very weakly coupled, in contrast to the strong bonding pres-
ent in the molybdenum analogue. If this is indeed the case, then
the comparison of the molybdenum-sulfur systems with their
chromium-oxygen analogues provides an ideal opportunity to
examine the factors which influence the balance between elec-
tron localisation and delocalisation in cubane clusters. As a
result, it may shed light on the possible role of redox induced
bond formation in the biological systems.

Several attempts to rationalise the structural properties of
the metal-sulfur systems have been made using bonding
models based on the interaction of four equivalent (CsHg)M
fragments.”*?* Each fragment has three orbitals, d., d,, and
d,:_ : which are approximately non-bonding with respect to
the ligands, and therefore available for metal-metal bonding.
The d,: orbitals are directed radially towards the centre of the
cluster, whilst d,, and d.._ » form a degenerate pair oriented
tangentially around the circumference of the cluster (Fig. 1).
In the limit of perfect tetrahedral symmetry [assuming effective
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Table 1 Crystallographically determined structural parameters of metal-sulfur and metal-oxygen cubane clusters

Cluster valence

Complex electron count FM-M)/A HM-E)“/A HM-C)“/A Ref.
(CsMey),Ti,S, 4 2 %2930 2.36 2.37 7
4 % 3.008
(CsH,Me),V,S,* 7 2.852-2.855 2.28 2.25 7
(CsH,Me),V,S, 8 2.868-2.884 2.30 2.28 7
(CsH/Pr)Mo,S,*" 10 2 x 2.805 2.34 2.33 8
4 %2894
(CsH/Pr),Mo,S," 11 2.860-2.923 2.34 2.35 8
(CsH,Me),Cr,0O, 12 2 % 2.896 1.95 2.28 9
4 %2759
(CsHy),Cr,0, 12 2 % 2.896 1.94 2.26 10
2 x2.823
2 x2.706
(CsMey),Cr,0, 12 2.828-2.840 1.95 2.27 11
(CsHy),Cr,S, 12 2.818-2.891 2.26 2.24 12
(CsH,Me),Cr,S, 12 2.822-2.848 2.25 2.24 13
(CsH,'Pr),Mo,S, 12 2.892-2.912 2.34 2.36 8
(CsHs) Fe,S22* 18 2 x 3.254 2.19 2.13 14
4 %2834
(CsH Me),Ru,S2" 18 2.794 2.31 2.22 15
2 %2784
2 x 3.474

3.564

(CsHs),Fe,S,* 19 2 %X 2.652 2.21 2.11 16
2 x 3.188
2 x3.319

(CsHy),Fe,S, 20 2 X 2.650 2.22 2.14 17
4% 3.363

(CsH,Me),Ru,S, 20 2 X 2.753 2.33 2.22 18
4 x3.601

(CsMes),Ir,S2* 22 2.764 2.36 2.26 19
4 X 3.565
3.683

(CsHj),Co,S,* 23 2 % 3.330 222 2.08 20
4 %3172

(CsMey),Ir,S, 24 3.584-3.602 2.37 2.19 21

(CsHy),Co,S, 24 3.236-3.343 2.23 2.11 20

“ Averaged values.

infinite rotational symmetry for the (CsHs)M group], the four
d. orbitals transform as a; + t,, while the eight d,, and d._
orbitals form a basis for e + t, + t; representations. Dahl and
co-workers'*?* proposed that the metal-metal bonding a,, e
and t, orbitals lie below their antibonding counterparts, t, and
t,, leading to a net order of 1.0 for each metal-metal bond in
clusters such as (CsHs),Mo,S, with twelve valence electrons.
In (CsH,),Co,S,, the additional valence electrons occupy all
components of the antibonding t, and t, orbitals, again giving a
symmetric structure, but this time with much longer distances
between the metal centres,?’ consistent with a Co—Co bond
order of zero. In between these closed-shell limits, distortions
from tetrahedral symmetry occur. For example, the Fe, cores in
(CsHj),Fe,S,>* (eighteen valence electrons) and (CsHjs),Fe,S,
(twenty valence electrons) are elongated and compressed
respectively along one two-fold axis.'*!” Both types of rhombic
distortion can be rationalised in terms of Jahn—Teller instability
arising from the partial occupancy of the degenerate t; and t,
orbitals. While the Dahl bonding model has been remarkably
successful in rationalising the properties of the metal-sulfur
cubane clusters, the apparently anomalous properties of their
chromium—-oxygen analogues cannot be simply explained
within the same framework. On the basis of extended Hiickel
calculations, Bottomley and Grein® proposed an alternative
scheme where strong interactions with the bridging oxide
ligands destabilise the metal-metal bonding a, orbital. The
resulting ground-state configuration, e*t,°t,%, would then be
Jahn-Teller unstable, giving rise to a distortion from tetrahedral
symmetry. More recent calculations, however, suggest that their
result was an artifact of the chosen parameter set, and favour
the original orbital ordering shown in Fig. 1.1%% The distorted
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structures and non-zero room temperature magnetic moments
of the chromium-oxygen clusters could also, in principle, arise
from a dynamic Jahn-Teller distortion due to the thermal
population of the antibonding t, and t, orbitals. This is, how-
ever, inconsistent with variable temperature crystallographic
studies, which show a marginal increase, rather than decrease,
in the magnitude of the rhombic distortion as the temperature
is reduced.'®™ In summary, simple molecular orbital arguments
based on the interactions of four equivalent (CsH5)M units
have so far failed to provide a convincing rationale for the
distortions observed in (CsH;),Cr,O,.

Green and co-workers* noted that if the electrons in
(CsH,),Cr,0, are weakly coupled, single configuration
molecular orbital methods such as those used by Dahl,
Bottomley and others*™ are likely to be inadequate, because
the effects of electron correlation are neglected. In a series of
recent papers reporting density functional studies on bimetallic
clusters,”” it has been shown that this can result in the under-
estimation of metal-metal bond lengths by as much as 1.0 A.
The effects of electron correlation can, however, be modelled
within spin-unrestricted density functional theory by removing
all symmetry elements connecting the metal ions (broken-
symmetry density functional theory, see methodology section),
thereby permitting the electrons to localise. The result is a
much improved description of antiferromagnetic coupling, and
optimised metal-metal bond lengths in excellent agreement
with experiment. Noodleman and Norman have shown that this
broken-symmetry methodology® is essential for an accurate
description of metal-metal interactions in tetrametallic clusters
such as Fe,S,(SR),,’ as well as numerous other polymetallic
systems.” A key feature of the broken-symmetry technique is
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Fig.1 Schematic molecular orbital diagram for cubanes (after refs. 23
and 26).

that it permits, but does not force, the electrons to localise.
Thus, the fully delocalised electron spin density distribution
characteristic of strong metal-metal bonding can be recovered
if it represents a more stable situation than the localised
alternative.

The broken-symmetry technique is therefore capable of
modelling both weakly coupled and strongly bonded limits
without bias, and is ideal for a study of periodic trends. In this
paper, broken-symmetry density functional theory is used to
investigate periodic trends in the structure and bonding of
(CHy)M,E,, M =Cr, Mo, E=O0, S. In particular, the aim is
to establish whether there is an abrupt change in electronic
structure between the chromium-oxygen clusters and their
molybdenum-sulfur counterparts, and whether this gives rise
to the unusual structural properties of the former. The long
term goal is to establish a theoretical technique capable of
analysing redox-induced metal-metal bond formation in the
iron-sulfur and iron-molybdenum-sulfur clusters, and the
potential implications of such processes for electron transfer
pathways in redox enzymes.

Methodology

All calculations described in this paper are based on approxi-
mate density functional theory, which has been used to probe
structural, energetic and mechanistic problems in numerous
transition metal-based systems.* Calculations were performed
using the Amsterdam Density Functional (ADF) program
Version 2.3, developed by Baerends and co-workers.® A
double-{ Slater-type basis set, extended with a single polaris-

ation function, was used to describe the hydrogen, carbon,
oxygen and sulfur atoms, while molybdenum and chromium
were modelled with a triple-{ basis set. Electrons in orbitals up
to and including 1s {C,0}, 2p {S}, 3p {Cr} and 4p {Mo} were
considered part of the core and treated in accordance with the
frozen core approximation. The local density approximation
was employed in all cases,* along with the local exchange-
correlation potential of Vosko, Wilk and Nusair ** and gradient
corrections to exchange and correlation proposed by Perdew
and Wang.** All structures were optimised using the gradient
algorithm of Versluis and Ziegler.** The cyclopentadienyl rings
were constrained to local Dy, symmetry, and were aligned
with one carbon atom of each ring eclipsing an edge of the M,
tetrahedron, giving a nuclear framework with D,y symmetry
(see Chart 1).

All four clusters in the current study have spin-singlet ground
states, a situation that can be achieved in one of two ways
depending on the distribution of spin density throughout the
cluster. In the limit of full electron delocalisation, each of the
twelve metal-based electrons, six with spin-a, six with spin-f,
have equal amplitude on all four metal centres, and the electron
spin density has the full symmetry of the nuclear framework
[D,4, Scheme 1, structure (a)]. At the opposite extreme of com-

Scheme 1 Electron spin density distributions in M4E, cubanes. Bold
lines indicate strong metal-metal bonds, broken lines indicate weak
magnetic coupling.

plete electron localisation, the spin-a electrons are concentrated
on the upper half of the cluster, the spin-f electrons on the
lower half, resulting in an electron spin density distribution of
lower symmetry than the nuclear framework [C,,, Scheme 1,
structure (b)]. This localised limit can be modelled by removing
all symmetry elements connecting the two halves of the cluster,
and imposing an initial excess of spin-a and spin-f3 electron
density on the upper and lower M, units respectively. To aid
comparison between the localised and delocalised limits,
orbitals will be labelled according to the representations of the
C,, subgroup throughout this manuscript.

Results
Ground-state electronic structure of (CsHs),Cr,O,

Optimised structural parameters for the ground states of
all four clusters are summarised in Table 2, along with total
energies and the net spin densities per metal centre. The
calculated parameters for (CsH;),Cr,O, are in excellent
accord with crystallographic data, with Cr—Cr, Cr—O and
Cr-C separations lying within 0.06 A of the experimentally
determined values. Most significantly, a distinct ground-state
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Table 2 Optimised energies, spin distributions and structural parameters for ground and excited states of (CsHs),M,E, (M = Cr, Mo, E= 0, S)

Configuration, ) ) ) Relative
ret r(M-M)/A r(M-E)/A r(M-C)/A energy/kJ mol ! Net spin
Ground-state  (C4Hy),Cr,0, ata byt 222880 1.950 2,306 0.00 +2.78
2 % 2.800
(CsH,),Cr,S, a2, b, b, %2800 2.250 2.253 0.00 0.00
2 %X 2.674
(CsH),Mo,0, a/a, b, b, PRSP 2.088 2.454 0.00 0.00
2% 2.930
(C,H,),Mo,S, a2, b, b, %2950 2.402 2411 0.00 0.00
Excited-state  (CsHy),Cr 0, aaM bbbyt 22200 1.919 2276 +46 0.00
2 % 3.250
(CsHo),Cr.S, a>%a,l1b, 21,12 %5973 2.326 2.278 +43 +2.53
2 % 3.068
(CsH),Mo,0, a>%a,l1b, 21,12 %2605 2.096 2.456 +110 +0.76
2 X 3.358
(CsHs),Mo,S, a>%a,l1b, 21,12 %5870 2.436 2.407 +215 +0.76
&0 a ground-state electronic configuration I'*P = a,>?a,"'b,>'b,2.
-1.01 ’A‘ e In terms of magnetic coupling, the chromium centres within
Ny = each dimeric unit are ferromagnetically coupled (spins parallel),
b, 22 22, O 0% while the two dimeric units are coupled antiferromagnetically
Yday .. P24 AA (spins antiparallel)
3b1 2b H = 3b2 . w p p ’ . . . . . .
—2.04 2by ® The extent of the rhombic distortion described in the intro-
PEN duction is defined by the angle 6 between the centroid and
3a; - — 3y N two chromium centres in either the upper or lower half of the
> cluster. Where 0 = 109.5°, the M, core is perfectly tetrahedral,
ui_’l—3-0 1 while larger values correspond to an increased separation
between the ferromagnetically coupled chromium centres. The
0N\ dependence on 0 of the energies of the occupied spin-a orbitals
LN IEN of (CsH,),Cr,0O, is summarised in Fig. 3 (the corresponding
404 O & b spin-p orbitals, localised on the opposite half of the cluster,
X 2 op, o= cge- 101 2b, behave in identical fashion). As 0 increases, the major effect is a
v e O 281 —— - 2ay stabilisation of the 2b, orbital, an antibonding combination of
02\ N4 by ——  -o- 1b, the d,._ » orbitals on the two centres. Thus, it is the reduction

la; ——  -o- la;

50" lv )} N lap —— -o--lay
‘e:.’

Fig. 2 Molecular orbital diagram for the broken-symmetry ground
state of (CsHs),Cr,O,: spin-a orbitals are shown as full lines, spin-f
orbitals as dashed lines. Orbitals which are predominantly involved in
metal-ligand, rather than metal-metal, interactions are not shown.
Sketches are shown only for the spin-a orbitals, their spin-f counter-
parts are identical, but localised on the opposite half of the cluster.

rhombic distortion emerges, with two long and four short
Cr—Cr distances. The net spin densities of £2.78 per metal
centre indicate that the electrons are localized, with a spin
density distribution similar to that shown in Scheme 1, struc-
ture (b). The most logical starting point for the discussion of
the molecular orbital structure is therefore not the delocalised
view implicit in the Dahl model, but rather that of four isolated
d? single ions in their spin-quartet ground states. The molecular
orbital diagram for the broken-symmetry ground state of
(CsH5)Cr,O, is summarised in Fig. 2, with orbitals localised on
the upper and lower halves of the cluster shown on the left
and right sides respectively. On the upper half, the in-phase and
out-of-phase combinations of the radially oriented d_. orbitals
transform as a; + b;, while their tangential counterparts, d,,
and d._,, transform as a, + b, and a, + b, respectively,
giving a total of 2a, + a, + 2b; + b, symmetry orbitals. The
orbitals on the lower half transform in a similar manner,
except that the rotation by 90° about the principal axis inter-
converts the b, and b, symmetry labels, yielding 2a, +
a, + b; + 2b, symmetry orbitals. Where metal-metal inter-
actions are weak, each of these twelve symmetry orbitals
remains singly occupied, those on the upper half of the cluster
by spin-o. electrons, those on the lower half by spin-f, leading to
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in antibonding character between the two ferromagnetically
coupled chromium centres that provides the driving force for
the rhombic distortion in (CsHs),Cr,O,. The poor overlap
between the small chromium 3d orbitals makes this driving
force relatively weak, and the optimised structure (6 = 114.7°) is
only 12 kJ mol " more stable than the perfectly tetrahedral one
(0=109.5°.

The calculations described so far do not address the question
of the origin of the twist observed in the crystal structure
of (CsH,),Cr,0,, because this type of distortion does not lie
on the C,,-symmetric potential energy surface. The structure
was therefore re-optimised using C, point symmetry, with one
Cr, unit twisted relative to the other. The potential energy curve
describing the twist is found to be extremely flat (<10 kJ mol ™!
above the minimum for rotations of up to 10° about the princi-
pal axis), but no evidence was found for additional minima,
optimisation always resulting in a C,,-symmetric structure.
In conclusion, the electronically-favoured structure for the
(CsH,),Cr,0, system is the rhombically distorted one, with
both the tetrahedral and twisted structures lying approxim-
ately 10-12 kJ mol ! higher in energy. The almost perfectly
tetrahedral structure observed for pentamethylated species,
(CsMes),Cr,O,, along with the low-symmetry distortion seen in
(C4H,),Cr,0,, must therefore arise because the weak electronic
driving force favouring the distortion is of similar magnitude to
intra- or inter-molecular steric interactions.

Ground-state electronic structure of (CsHy),Cr,S,, (CsHy),-
Mo,O, and (C;H;),Mo,S,

In the metal-sulfur clusters, the optimised ground-state
structural parameters are again in excellent agreement with
crystallographic data. In particular, no rhombic distortion is
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Fig. 4 Molecular orbital diagram for the ground state of (CsHs),-
Mo,S,;: no distinction is made on the basis of either spin or spatial
distribution, as all cluster valence electrons are delocalised. Orbitals
which are predominantly involved in metal-ligand, rather than metal—
metal, interactions are not shown.

Table 3 Descent in symmetry from 74 to C,,

Td Clv

a a

€ a; + a,

ty a, + b, +b,
t, a, + b, +b,

predicted, consistent with the presence of six equivalent metal—
metal single bonds lying along each of the edges of the tetra-
hedron. A molecular orbital diagram for the ground state of
(CsHy),Mo,S, is illustrated in Fig. 4 [the qualitative features
of the molecular orbital diagrams for (CsHs),Cr,S, and
(CsHs)4Mo0,0, are identical]. In contrast to Fig. 2, no distinc-
tion is made on the basis of either spin or spatial distribution,
because the net spin densities of zero indicate that all metal-
based electrons are fully delocalised over the whole cluster
[Scheme 1, structure (a)]. The occupied manifold contains three
narrow bands, made up, in ascending order, of la,, 2a, + la,
and 3a, + lb; + 1b,, giving a ground-state electronic con-
figuration of I'“?=a,>3%,"'b,"'b,"!, which correlates directly
with the I" = a,%¢*t,® configuration shown in Fig. 1 (see Table 3).
Thus, when the electrons are delocalised over the whole cluster,

the bonding model obtained from the broken-symmetry tech-
nique converges with that proposed by Dahl and others."*** In
contrast, the 7™ = a,%a,"'b,>'b,"? ground-state configuration
of the chromium—oxygen analogue correlates with an excited
state, I'=a,%e*,*,, in tetrahedral symmetry, confirming that
the Dahl model is inappropriate in the limit of weak metal—
metal bonding.

Excited-state properties

Despite the fact that the electron spin-density distributions are
very different for (CsH,),Cr,0O, and (C;H;),Cr,S,, their ground-
state configurations differ only in the location of two electrons,
which are either in 2b,0/2b, (localised) or 3a,a/f (delocalised).
Thus population of a doubly excited state may cause sub-
stantial changes in the electron distribution, and hence in the
structure of the cluster. In (CsHs),Cr,O,, promotion of two
electrons from 2b,0/2b,3 to 3a,0/f causes the metal-based
electrons to delocalise completely, resulting in a net spin density
of zero. The Cr—Cr distances contract by 0.3-0.4 A, consistent
with the formation of six Cr—Cr single bonds, and the rhombic
distortion disappears. In contrast, precisely the opposite is
observed in the excited state of (CsHy),Cr,S, (I'“f=
a,>%a,"'b,>'b,"?), where the metal-based electrons localise (net
spin densities = +2.53), the Cr—Cr separations lengthen by 0.35-
0.45 A, and a strong rhombic distortion emerges. Perhaps
the most surprising aspect of this observation is that in each
case the excited state lies less than 45 kJ mol ! above the ground
state, indicating that gross structural rearrangements, involving
changes of almost 0.5 A in metal-metal bond lengths, can be
energetically facile. Moreover, not only do the two clusters
lie close to the localised/delocalised borderline, they are also
symmetrically placed on either side of it. Accordingly, the
structure of the mixed oxide-sulfide cluster, (CsHs),Cr,S,0,
has been optimised in both electronic configurations, and the
localised and delocalised states are found to be separated by
only 2 kJ mol ™%, despite having Cr—Cr separations which differ
by over 0.3 A. This observation suggests that, given a judicious
choice of ligands, dramatic changes in cluster structure and
bonding might be induced by very minor electronic or steric
perturbations.

Despite the very similar ground-state properties of (CsHs),-
Cr,S,, (CsHs);Mo,0, and (CsHs),Mo,S,, the excited-state
properties of the two molybdenum clusters differ significantly
from those of the chromium-sulfur system described above.
In both molybdenum clusters, two of the six Mo-Mo separ-
ations increase by approximately 0.4 A, while the remaining
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four contract slightly, giving a very strong rhombic distortion
[Scheme 1, structure (c)]. The net spin densities of +0.76 con-
firm that only two of the six Mo—Mo bonds have been broken,
which is precisely the result that might have been anticipated on
the basis of the bonding/antibonding character of the 2b,/2b,
and 3a, orbitals. The former are antibonding with respect to the
metal-metal bonds, while the latter are bonding (see Fig. 2),
and so the total bond order for the clusters is reduced from six
to four in the excited state. This then raises the question of why
promotion of the same two electrons in (CsHs),Cr,S, causes the
cleavage of all six, rather than just two, of the metal-metal
bonds. In the following section, the different properties of the
chromium and molybdenum systems are rationalised in terms
of the competing effects of metal-metal bond strength and spin
polarisation energy.

The balance between localised and delocalised electron
distributions

In previous papers® it has been established that the relative
stability of localised and delocalised electron density dis-
tributions is determined by the balance between the strength of
the metal-metal bonds, favouring delocalisation, and the spin
polarisation energy, favouring localisation. The absolute magni-
tude of this spin polarisation energy is related to n[n — 1]/2,
where 7 is the number of unpaired electrons per metal centre. A
quantitative estimate of the magnitude of these two competing
terms can be obtained by defining a reference configuration
in which neither metal-metal bonding nor spin polarisation
are present. In this case, the appropriate configuration is spin
restricted I'=1a,'2a,'1a,'3a,'1b,'1b,'2a,'2b,'2b,'4a,'3b,'3b,!
(see Fig. 4), where single occupation of all bonding and
antibonding combinations ensures a net metal-metal bond
order of zero. The metal-metal bond energy (denoted Ey_y,) is
then taken as the difference in energy between the reference
configuration and that where all electrons are involved in
metal-metal bonds (7"*f = a,>%a,"'b,"'b,"!). Similarly, the spin
polarisation energy, Egp, is taken as the difference between
the reference configuration and one in which there are three
unpaired electrons per metal centre. Unfortunately the energy
of the I'*P = a,2%a,"!b,>'b,"? broken-symmetry state described
in the previous section is not appropriate, because in the
molybdenum clusters, the electrons are only partially localised.
Instead, a high-spin configuration, I = a,*a,*%b,*%b,*°, with
twelve unpaired electrons, is defined corresponding to single
occupation of all metal-based bonding and antibonding
orbitals. In this configuration, which differs from the localised
broken-symmetry state only in the orientations of the spins on
the two halves of the molecule, maximum spin polarisation is
assured, while metal-metal bonding is completely eliminated. A
detailed discussion of this form of analysis is given in ref. 27(c).

Values of Ey_y and Egp for the four clusters are summarised
in Table 4. The spin polarisation energy falls by over 260 kJ
mol ™! on replacement of chromium by molybdenum because
the more diffuse 4d orbitals increase the average separation
between the electrons. Replacement of oxygen with sulfur has
a similar, although smaller, effect due to the greater covalence
of the metal-sulfur bond, which also increases the average
interelectronic separation. Trends in Ey,_,, are exactly opposite
to those in Egp, because strong metal-metal bonds are favoured
by strong orbital overlap, and therefore by large metal d
orbitals. Thus E,._,, increases when chromium is replaced by
molybdenum, and when oxygen is replaced by sulfur. In both
molybdenum systems, Ey;_y = Egp, indicating that the strength
of six metal-metal bonds outweighs the spin polarisation, and
so the delocalised electron spin density distribution prevails.
For the corresponding chromium clusters, the increase in Egp
and concomitant decrease in E,;,; combine to cause a shift
towards the localised limit. The greater tendency of heavier
members of the triad to form metal-metal bonds is well estab-
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Table4 Metal-metal bond (E,,_) and spin polarisation (Egp) energies

Ey /K mol™  Egp/kJ mol™
(CsHs),Cr, 0, 798 788
(CsHs),Cr,S, 915 767
(CsHs);Mo,0, 992 514
(CsHs)sMo,S, 1222 502

lished, and is usually interpreted solely in terms of the more
effective overlap afforded by the larger 4d and 5d orbitals. The
analysis presented here shows that changes in orbital overlap
are only one factor, and in fact for the oxide clusters, the
decrease in spin polarisation energy is more important. Thus
when considering the tendency of a given complex to form
metal-metal bonds, it is important to consider not only the
potential gain in energy associated with orbital overlap, but also
the loss of spin polarisation energy associated with the delocal-
isation of the electrons. For (CsH;),Cr,S,, Ey_\ remains signifi-
cantly larger than Egp, and accordingly the electrons remain
delocalised, but for (CsH,),Cr,O,, the two terms are almost
identical. The additional stability associated with the anti-
ferromagnetic coupling in the broken-symmetry state (rather
than ferromagnetic in the high-spin state on which this anal-
ysis is based) is then sufficient to tip the balance in favour of
localisation.

The different structural changes associated with the pro-
motion of two electrons in the molybdenum and chromium
clusters can also be rationalised in terms of the balance between
spin polarisation energy and metal-metal bond strength.
As noted in the previous section, the bonding/antibonding
properties of the orbitals would suggest that only two of the
six bonds should be affected in the excited state, changing
the total energy associated with the metal-metal bonds from
Eym to approximately 2/3E,y y [Scheme 1, structures (a)—(c)].
If polarisation of the core- and ligand-based electrons is
neglected, there is no increase in spin polarisation energy
associated with this transition, because only a single unpaired
electron is generated per metal centre (n[n — 1]/2 =0). Cleavage
of the remaining four bonds completely eliminates the residual
metal-metal bonding (2/3E,,_), but this is now offset by the
emergence of the spin polarisation energy, Egp, associated with
the generation of three unpaired electrons per metal centre
[Scheme 1, structures (a)-(c)]. The balance between partial
and complete bond cleavage in the excited state is therefore
determined by the relative magnitudes of 2/3Fy; (favouring
retention of four bonds) and Egp (favouring complete cleavage).
For the molybdenum clusters, 2/3Ey_\ > Egp, and the metal—
metal bonds are therefore strong enough to resist complete elec-
tron localisation. In contrast, Egp > 2/3E,y; for (CsHs),Cr,S,,
and the large gain in spin polarisation energy outweighs the
combined strength of the four residual Cr—Cr bonds, causing
complete electron localisation.

Conclusions

In this paper, the delicate balance between strong metal-metal
bonding and weak antiferromagnetic coupling in metal cubane
clusters has been illustrated. Only relatively minor structural
and electronic changes are necessary to cause an abrupt transi-
tion from one regime to the other. The degree of electron
localisation is determined by the competition between orbital
overlap (favouring delocalisation) and spin polarisation energy
(favouring localisation). For the molybdenum clusters, metal—
metal bonding is strong, and the electrons are delocalised in the
ground state, giving an almost perfectly tetrahedral M, core.
For the chromium systems, the two terms are more delicately
balanced, and in (CsH;),Cr,O,, the spin polarisation term dom-
inates, causing the electrons to localise. In this case, the metal-
based electrons are antiferromagnetically coupled across four



edges of the tetrahedron, and ferromagnetically coupled across
the other two, giving rise to a rhombic distortion. Both chrom-
ium clusters have low-lying excited states (<45 kJ mol~! above
the ground state) in which the nature of the metal-metal bond-
ing is completely reversed relative to the ground state (weak
coupling for the sulfur system, strong bonding for the oxygen
analogue). The transition from ground to excited state is there-
fore associated with major structural rearrangements, despite
the relatively low energy involved. In future work, the influence
of redox changes on metal-metal bonding in related clusters
will be analysed, with the aim of determining whether electron
transfer at biologically attainable potentials can also induce
abrupt transitions from one bonding regime to another.
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