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Abstract

The bonding in transition metal complexes is usually rationalized based on molecular orbital schemes. Topological approaches
such as the atoms in molecules (AIM) theory or the electron localization function (ELF) analysis provides an alternative inter-
pretation of the bonding relying on a local description. These topological theories give a very convenient framework to achieve
the partition of the molecular space in regions with chemical meaning such as atoms, bonds and lone pairs. In this work we
review the possibility offered by ELF to investigate the bond in di- tri- and tetranuclear metal complexes containing metal–metal
bond. In the case of bimetallic complexes with different nominal bond orders of formula M2(formamidinate)4, the metal–metal
interaction is associated to a large electron fluctuation between the two metallic cores and interpreted in terms of simple reso-
nance arguments. Such fluctuation between metals can not be invoked for the trinuclear Fe3(CO)12 or the incomplete cuboidal
[Mo3S4(PH3)6Cl3]4+ complexes. The metal–metal interaction in these clusters is mostly characterized by multicenter bonding as
is the case for the tetranuclear heterodimetallic cubane-type complexes resulting from the insertion of Cu or Ni into the previous
Mo3S4 complex. To cite this article: J. Andrés et al., C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

La nature de la liaison chimique dans les complexes des métaux de transition est le plus souvent interprétée à l’aide de la
théorie des orbitales moléculaires. Les approches topologiques, comme la méthode des atomes dans les molécules (AIM) ou
l’analyse de la fonction de localisation électronique (ELF), constituent un autre type d’interprétation, qui s’appuie sur une
description locale des propriétés électroniques. Dans le cadre de ces méthodes topologiques, il est possible d’effectuer un part-
age de l’espace occupé par la molécule en régions adjacentes. Un sens chimique comme atome, liaison ou paire libre est associé
à chacune d’elles. Dans cet article, nous présentons une revue des possibilités offertes par l’analyse de la fonction ELF pour
étudier les liaisons chimiques dans les complexes bi- et trinucléaires contenant des liaisons metal–métal. Dans le cas des com-
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plexes bimétalliques de formule M2(formamidinate)4, où les liaisons M–M possèdent des ordres conventionnels différents selon
la nature du métal, la fluctuation très grande de la population électronique des cœurs métalliques est associée à l’interaction, qui
par suite peut être interprétée comme résultant de la superposition de structures résonnantes. Il n’existe pas de fluctuations
comparables entre les cœurs métalliques du complexe trinucléaire Fe3(CO)12 ou du complexe cuboïdal incomplet
[Mo3S4(PH3)6Cl3]4+. Dans ces agrégats, l’interaction metal–métal est caractérisée par une liaison multicentrique, comme dans
le cas des complexes tetranucléaires hétérométalliques obtenus par insertion d’un atome de cuivtre ou de nickel dans l’agrégat
Mo3S4 précédent. Pour citer cet article : J. Andrés et al., C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The nature of the metal–metal bond in transition
metal complexes continues to be a topic of actual inter-
est. On this regard numerous experimental and theo-
retical investigations have been undertaken in the past
decades [1–4]. Metal compounds containing two or
more atoms hold together by a direct and substantial
metal–metal bonding are known as cluster complexes.
Unfortunately this definition is sometimes ambiguous
because the metal–metal bond distances, associated to
a particular bond order, show a much greater variation
than those observed between light main group ele-
ments or for metal–ligand bonds. In addition, the iden-
tification of a ‘direct’ metal–metal bonding gets more
problematical when the metal atoms are connected by
bridging ligands. In this last case, the symmetry of the
orbitals associated to the metal–metal bond match some
of the linear combinations of orbitals of the bridging
ligand atoms difficulting the metal–metal bond analy-
sis in these cluster complexes.

Lately topological approaches, such as the atoms in
molecules (AIM) theory or the electron localization
function (ELF) analysis, have emerged aimed to inves-
tigate the nature of chemical bonding as an alternative
to the widely used molecular orbital interpretation [5,6].
These approaches, based on the theory of dynamical
systems, offer an orbital independent framework en-
abling a partition of the molecular space into basins of
attractors bearing a chemical meaning. The simplest
dynamical systems are the gradient field of a scalar
function called the potential function. The AIM theory
uses the electron density as the potential function. How-
ever, the criteria based on the electron density are too
restrictive to account for the large variety of covalent
and dative bonds found in transition metal compounds.

Fradera et al. [7] have shown that the delocalization
index d(A, B), which provide the number of electrons
shared or exchanged between atoms A and B, is more
sensitive for analyzing bonding effects. Large values
for d(A, B) are indicative of electron shared interac-
tions while low d(A, B) values characterize closed-
shell interactions (i.e. ionic or hydrogen bond). The
application of the virial theorem for the energy density
evaluation at the bond critical point (bcp) has also
shown its utility in bond analysis where negative val-
ues of the energy are assigned to the bonding [8]. The
topological analysis of the ELF gradient field consti-
tutes an alternative to the AIM use of the electron den-
sity as potential function. Such analysis allows to
recover chemical objects such as atoms, bonds and lone
pairs and therefore provides a reliable mathematical
model for Lewis’ valence theory as well as for the
valence shell electron pair repulsion (VSEPR) model
of Gillespie [9–11].

In this account, we examine topologically the metal–
metal and metal–ligand bonds interactions in some di-,
tri- and tetranuclear metal compounds combining the
AIM theory with the analysis of the ELF. Topological
results are basically independent of the level of calcu-
lation; therefore, this allows us to compare atomic popu-
lations between systems computed with different meth-
odologies and different basis sets. The paper is
organized as follows; the first section provides a con-
ceptual survey of the topological analysis of ELF. In
the subsequent sections the topological bond prin-
ciples are applied to various transition metal cluster
complexes of conceptual relevance within Inorganic
Chemistry, namely, a series of M2L4 dimers
(L = formamidinate) with different nominal bond
orders, electron rich carbonyl trimers of formula
Fe3(CO)12 and electron poor trinuclear clusters with
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incomplete cubane-type Mo3(µ3-S)(µ-S)3 structures.
Finally, the topological changes associated to the inser-
tion of a second metal M′ into the Mo3(µ3-S)(µ-S)3 core
to produce Mo3M′S4 (M′ = Cu or Ni) heterodimetallic
complexes are also analyzed.

2. Topological analysis of the ELF

The intuitive picture of the microscopic structure of
the matter implicitly adopted in Chemistry is that of an
assembly of atoms interacting through their valence
electrons. Except for hydrogen, the electrons assigned
to each atom are distributed into a kernel gathering the
chemically inactive electrons of the atomic inner shells
and into a valence shell. Each kernel surrounds a
nucleus and belongs to one and only one atom whereas
the valence shell can be partitioned into bonding and
non bonding regions. The non bonding region belongs
to one atom whereas the bonding region may be shared
by several atoms and therefore be a part of their valence
shells. The numbers of electrons assigned to each of
these latter regions constitutes the chemical electronic
structure which is expected to obey the simple rules
prescribed by Lewis [9]. The link with rigorous quan-
tum mechanics can be achieved in the following way.
Consider first a partition of the geometrical molecular
space into a set of adjacent non overlapping volumes
(the loges in the sense of R. Daudel) and expected to
have a chemical meaning so as the numbers of elec-
trons within them can be considered as defining the
chemical electronic structure [12,13]. In our approach
these volumes are the basins of the gradient dynamical
system of the ELF introduced by Becke and Edge-
combe [14]. The partition scheme by itself is not impor-
tant at this stage and will be considered later. In order
to carry out the electron count we introduce population
operators which are defined in Eq. (1):

(1)
N̂(XA) = �

i
ŷXA

(ri)

where ŷXA
(r i) = � 1 r i { XA

0 r i ∉ XA

where XA denotes the basin labeled by A. The popula-
tion operators satisfy a closure relation (Eq. (2)).

(2)�
A

N̂� XA � = N

where N is the number of electrons of the whole sys-
tem. The eigenvalues of the population operators are
the integers belonging to the range [0, N], they also
fulfill the closure relation and are therefore correlated.
Each set of integers {N(XA)} defines a chemical elec-
tronic structure. The expectation values of the popula-
tion operators � N� XA � � also obey the closure relation
and may be interpreted as the weighted average of the
resonant electronic structures provided by the eigenval-
ues of the population operators. The consequence of
the closure relation is that the basins populations are
correlated. The introduction of the covariance matrix
enables the study of these correlations and therefore
gives access to quantitative information on electron
delocalization [15]. The theory of dynamical systems
is certainly one of the best to reach this goal because it
is a generalization and a formalization of the tech-
niques used in geography to determine river basins and
watersheds. It usually requires the knowledge of a sca-
lar function of the space coordinates where each of its
local maximum is associated with a region of space
called a basin [5].

In the case of chemical bonding, the information car-
ried by the local values of the function should be closely
related to the pairing of electrons, a cornerstone in all
bonding theories. As electrons are half integer spin par-
ticles (fermions), two electrons with identical spins tend
to avoid each other more strongly than two antiparallel
spin electrons. The recently introduced spin pair com-
position function happens to be a valuable indicator of
the pairing within a molecule [16]. It represents the ratio
of the numbers of parallel and anti parallel spin pairs of
electrons within a sampling volume around a reference
point. It has been shown that the previously introduced
Becke and Edgecombe’s ELF is an excellent approxi-
mation of the spin pair composition. Its closed analyti-
cal expression enables the efficient calculation of its
derivatives and therefore its use in the dynamical sys-
tem analysis. It is confined within the [0, 1] interval
[6,14]. It tends to 1 where parallel spins are highly
improbable (for example, inside a lone pair or a bond
region), and is close to 0 near the boundaries of the
electronic domains where parallel spin electrons are
compelled to come close one another.

The ELF topological analysis provides a partition
of the molecular space in basins, which is consistent
with the assumptions of Lewis theory. There are accord-
ingly core and valence basins labeled C (A) and V (A,
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B, ...), respectively, with A and B being the atoms con-
cerned. The valence basins are characterized by the
number of core basins with which they share a bound-
ary. This number is called the synaptic order. This notion
of synaptic number introduces a homogeneous nomen-
clature for the valence basin (monosynaptic, non bond-
ing part of the valence shell; disynaptic, bonding region
share by two valence shells; trisynaptic, by three valence
shell...) that accounts for multicenter bonds in a natural
fashion [17]. The ELF basins provide a complemen-
tary view to the standard valence one. Instead of count-
ing the atoms coordinated to a given nucleus, one is
immersed in the basin of interest and counts the bor-
dering cores. In this context, a valence shell of an atom,
say A, corresponds to the union of all the valence basins
which share a boundary with the core basin C (A).

3. Dimetallic complexes M2(formamidinate)4

The tetrabridged metal dimers of formula
M2(HNCHNH)4, represented in Fig. 1, with M = Nb,
Mo, Tc, Ru, Rh or Pd provides a series of isostructural
complexes with paddlewheel structures differing only
in the nature of the metal and consequently in the num-
ber of metal electrons available for metal–metal bond.
The nominal bond order estimated on the basis of the
quadruple bonded molecular orbital scheme is four for
Mo, three for Nb and Tc, two for Ru, one for Rh and
zero for Pd. Based on that scheme, interactions between
transition metal atoms are due to overlap of the metal
“d” orbitals giving rise to r, p and d bonding and anti-
bonding molecular orbitals [18]. Whenever the num-
ber of electrons occupying the bonding orbitals exceeds
those in the antibonding orbitals, metal–metal bonds
will be formed.

According to the AIM theory, a chemical structure
is represented by a network of bond paths or unique
lines of maximum electron density that link the nuclei
of neighboring atoms in an equilibrium geometry. The
presence of a bond path provides an universal indicator
of bonding between atoms. The molecular graph for
M2(HNCHNH)4 reproduces the bond path correspond-
ing to the M–M, M–N and N–C bonds. Table 1 lists the
metal atom net charges together with the bcp charac-
teristics of the metal–metal bond and the intermetallic
experimental and optimized bond distances. Geometry
optimization is successfully achieved by combining the
B3LYP density functional with all electron basis sets
[19,20]. The net charge of the metal atoms, formally
considered as M2+, is always higher than the AIM
charge. There is a charge transfer from the formamidi-
nate (HNCHNH)– ligand towards the metals that
increases from Nb to Pd. Such increase with the atomicFig. 1. Ball and sticks representation of M2(HNCHNH)4.

Table 1
Geometrical and topological data for M2(formamidinate)4 complexes (B3LYP/3-21G**)a,b

d (M–M)exp

(Å)
d (M–M)calc

(Å)
Q(M) BO d(M, M) q (rc)

(e bohr–3)
∇ 2q (rc)
(e bohr–5)

E (rc)
(hartree bohr–3)

Nb – 2.224 +1.26 3 2.514 0.147 0.392 –0.079
Mo 2.085 2.092 +1.11 4 2.994 0.185 0.550 –0.113
Tc – 2.082 +1.04 3 2.712 0.179 0.609 –0.092
Ru 2.475 2.493 +1.03 2 1.321 0.079 0.168 –0.013
Rh 2.434 2.459 +1.05 1 1.008 0.072 0.158 –0.013
Pd 2.622 2.691 +0.85 0 0.260 0.042 0.115 –0.011

a Atomic populations are given in electrons.
b Experimental M–M bond distances are taken from crystal structure data of M2(RNCHNR)4 (R = p-CH3C6H4). See [19] and references

therein
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number has also been observed for the MX2 halides
and attributed to the r-donation from the ligand [21].
On the other hand, the metal–metal delocalization
indexes, also listed in Table 1, follow the tendency of
the formal bond order. For the quadruply bonded
molybdenum dimer the Mo–Mo delocalization index
has a rather large value, 2.994, in comparison with the
d(Mo–N) of 0.296. On the other hand, the low values
calculated for the charge density q(rbcp) at the M–M
bcp as well as for the energy density E (rbcp) makes
ambiguous any classification of the metal–metal bond
using only AIM criteria. This circumstance has been
already pointed out for other bonds in transition metal
complexes [22–25]. On this regard, a similar situation
is found in the F2 molecule where the topological analy-
sis of the Becke and Edgecombe localization function
(ELF) enables an unambigous characterization of the
F–F bond as covalent [26].

The topology of the ELF isosurface for
M2(HNCHNH)4 with M = Mo and Nb identifies seven
reducible domains: four correspond to the ligand
valence shell that include the V (Mo–N), V (C–N), V
(C–H) and V (N–H) attractors, two to the molybdenum
cores and the other to the V (M, M) attactors. This lat-
ter domain contains four equivalent attractors lying in
the rh plane. No disynaptic V (M, M) basins are found
for the dimers with the shortest (Tc) and the longest
(Pd) intermetallic distances and there is a single V (M,
M) basin for the Ru and Rh complexes. Table 2 lists the
atomic basin populations for these complexes. The V
(M, M) basins are not the dominant feature of metal–
metal interaction due to their low population values that
vary between 0.6 e– for Mo and 0.25 e– for Ru. The

different character of the interaction can be quantified
by calculating the atomic basin contribution to the vari-
ous disynaptic basins. The V (C, H), V (N, H) and V
(C, N) correspond to covalent interactions because the
atomic basin of the two linked atoms noticeable con-
tribute to their population, the different contributions
being due to electronegativity differences. The V (M,
N) basin is essentially populated thanks to the nitrogen
atomic basin density being clearly of the ‘donor–
acceptor’ type. However, the classification of the M–M
interaction is less straightforward partly due to the low
V (M, M) populations and because there is a huge elec-
tronic delocalization between the two metallic cores,
testified by the C (M) covariance contribution to the C
(M) variance. The B (M, M) covariance factor accounts
for about 80% of the delocalization index d(M, M).

The origin of the low values for the V (M, M) popu-
lation, compared to the expected one based on the
‘nominal bond order’ value of four (8 e–), is certainly
the ambivalent character of the ‘d’ orbitals that can be
considered as core orbitals and as valence orbitals
depending on the nature of the chemistry under study.
In the case of solid metals, it has been found that the
transition metal ‘d’ orbitals almost do not contribute to
the interstitial density [27]. In the present case the
orbital contributions to the C (M) and V (M, M) basin
provide the pertinent information: the molecular orbit-
als involving the ‘4d’ function of the metal (denoted
Eu, A1g and B2g in the dimer D4h symmetry) essentially
contribute to the C (M) populations. The variance analy-
sis of the C (M) basins provide a clue for understand-
ing the singularities of these metal core basins. The large
electron fluctuation which occurs between the two
metallic cores can be interpreted in terms of simple reso-
nance arguments. The proposed resonant structures for
each metal dimer, together with their weight factors and
the estimated variances, are compared in Table 3 with
the calculated populations of the core metal basins, C
(M), and their covariance values, B (M, M).

Because the metal dimer is in a closed-shell singlet
state, there is no spin polarization and each metallic
core should be considered as a local closed-shell sub-
system whose orbitals fulfill the C4v point group sym-
metry requirements. Let us exemplify the resonance
arguments with the molybdenum dimmer: the Mo core
population is close to 40 e– with a covariance of 1.255 e–

and, as a consequence, an average of four out of the six
electrons formally considered as valence according to

Table 2
Atomic basin populations and covariances (e–) for
M2(formamidinate)4 complexes (B3LYP/3-21G**)

Nb Mo Tc Ru Rh Pd
BO 3 4 3 2 1 0
V (M, M) 0.17 × 4 0.15 × 4 – 0.25 0.32 –
V (C, H) 2.18 2.18 2.24 2.19 2.16 2.20
V (N, H) 1.88 1.86 1.84 1.88 1.84 1.86
V (M, N) 3.68 3.72 3.78 3.70 3.69 3.79
V (C, N) 2.03 2.01 1.94 2.00 1.99 1.92
V (M, N)| M 0.10 0.12 0.12 0.10 0.10 0.04
V (C, N)| N 0.89 0.88 1.05 1.12 1.04 1.01
C (M) 39.05 40.12 41.50 42.47 43.42 44.42
C (N) 2.12 2.12 2.11 2.09 2.15 2.12
C (C) 2.13 2.14 2.12 2.13 2.13 2.12
B (M, M) 1.025 1.255 1.371 0.551 0.373 0.124
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the MO theory should now be incorporated into the
core. Following the traditional greek characters usu-
ally used to described the quadruple metal–metal bond-
ing MOs (r2p4d2), the following core configurations
are compatible with the molecular symmetry: [Kr]p4,
[Kr]r2d2, [Kr]p4d2 and [Kr]r2, [Kr] p4r2 and [Kr]d2.
A resonance structure between the first two configura-
tions: Mo([Kr]p4)−Mo([Kr]r2d2) ↔ Mo([Kr]r2d2)−
Mo([Kr]p4), corresponds to an average core popula-
tion of 40 e– with a variance of zero. To recover the
calculated covariance between the Mo atoms of
1.255 e–, the resonant structures listed in Table 3 that
involve the remaining configurations must be consid-
ered. The orbital ordering energies (Ep ≈ Er < Ed) sup-
ports the higher weight assigned to the resonance struc-
ture with the low lying metal ‘d’ orbitals (p)
incorporated into the core. In addition, the ‘d’ orbitals
are the main contributors to the populations of the four
V (Mo, Mo) basins (53% p, 27% r and 7% d). Similar
arguments are used to propose the resonant structures
for the Nb, Tc, Ru, Rh and Pd dimers.

The picture of the bond that emerges from the topo-
logical analysis is that of a strong resonance interac-
tion due to the fluctuation of the metal ‘d’ electrons
within the cores. In contrast, the MO picture treats the
metal ‘4d’ orbitals as valence orbitals which combine
under the dimer symmetry to produce the r, p and d
canonical orbitals with their antibonding counterparts.
This scheme yields bond orders ranging from zero to
four which correlate well, except for the Rh dimer, with
the M–M distances and with the B (M, M) core cova-
riances.

4. Trinuclear complexes

Trinuclear transition metal clusters can be classified
depending on the number of metal electrons available
for the metal–metal bond formation in electronically-
rich and electronically-poor complexes. Electronically-
rich trimers are usually formed by metals to the right
side of the d-block of the periodic table, in which the
metal atoms in low oxidation states are combined with
p-acceptor ligands, e.g., Fe3(CO)12. On the other hand,
electronically-poor complexes are formed by metals in
high oxidation states bonded to r donor ligands, e.g.
[Mo3S4(PH3)6Cl3]4+.

4.1. Electron-rich complexes with carbonyl ligands:
Fe3(CO)12

The structure of the trinuclear Fe3(CO)12 complex
was first characterized in 1969 by Wei and Dahl and
later confirmed by Cotton and Troup [28,29]. Two iso-
mers, represented in Fig. 2, have been structurally char-
acterized, one with four terminal carbonyl groups per
iron atoms and a D3h symmetry structure and the other
hand with a C2v symmetry where two of the iron atoms
are bridged by two carbonyl ligands. This latter C2v iso-
mer is the most stable. The geometries of the two iso-
mers have been optimized at the B3LYP level with the
6-311G(d) basis set yielding both structural param-
eters and relative stability (the C2v isomer is calculated
to be more stable than the D3h one by 9.4 kcal mol–1) in
fair agreement with the experimental results [30].

Several theoretical studies dealing with the bonding
pattern in these complexes have been published. Re-

Table 3
Resonant structures, variances, estimated and calculated core populations, C (M), and covariances, B (M, M), for the metal–metal bond in
M2(formamidinate)4 dimers

M Resonant structures (weight) Variance
(r2 (e–)2)

Cest (M)
(e–)

Best (M, M)
(e–)

Ccalc (M)
(e–)

Bcal (M, M)
(e–)

Nb M([Kr]p4)−M([Kr]r2) ↔ M([Kr]r2)− M([Kr]p4) (1) 1 39 1 39.05 1.025
Tc M([Kr]p4 d2)−M([Kr]r2d2) ↔ M([Kr]r2d2)−M([Kr]p4 d2) (1) 1 41 1 41.50 1.371
Mo M([Kr]p4)−M([Kr]r2d2) ↔ M([Kr]r2d2)−M([Kr]p4) (3/4)

M([Kr]p4d2)−M([Kr]r2) ↔ M([Kr]r2)−M([Kr]p4 d2) (1/8)
M([Kr]p4r2)−M([Kr]d2) ↔ M([Kr] d2)−M([Kr]p4r2) (1/8)

0
4
4

40 1 40.12 1.255

Ru M([Kr]p4 d2)−M([Kr]p4r2) ↔ M([Kr] p4r2)−M([Kr]p4d2) (7/8)
M([Kr]p4)−M([Kr] p4r2d2) ↔ M([Kr]p4r2d2)− M([Kr]p4) (1/8)

0
4

42 0.5 42.47 0.551

Rh M([Kr]p4)−M([Kr] p4r2d2) ↔ M([Kr]p4r2d2)− M([Kr]p4) (1/8)
M([Kr] p4r2d2)−M([Kr] p4r2d2) (7/8)

4
0

43.75 0.25 43.42 0.373

Pd M([Kr] p4r2d2)−M([Kr] p4r2d2) 0 44 0 44.52 0.116
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cently, Hunstock et al. [31] have shown that the HOMO
and HOMO-1 orbitals in the most stable Fe3(CO)12 iso-
mer are responsible of the two Fe–(µ-CO–Fe bonding
interactions and that these orbitals have at the same time
an Fe–Fe antibonding character.

The AIM analysis shows a total of three Fe–Fe,
12 Fe–C plus 12 C–O bond paths for the D3h isomer
[30]. In constrast, no Fe–Fe bond path is found for the
bridged Fe–(µ-CO)2–Fe interaction in good agreement
with the antibonding character predicted by the orbital
analysis. As already pointed out for the M2(forma-
midinate)4 complexes, the charge density at the Fe–Fe
bcp q(rbcp) is close to zero and its laplacian is small
and positive. The charge density at the Fe–C bcp is also
small, although larger than that calculated for Fe–Fe,
and its laplacian is positive and large, which are the
AIM signatures of the metal–carbonyl dative bonds
[32]. A deeper insight into the nature of the bond within
the Fe3 (CO)12 trinuclear cluster can be obtained from
the delocalization indexes. The d(Fe, Fe) delocaliza-
tion indexes are ca. 0.4 for the Fe–Fe bonds except for

the Fe–(µ-CO)2–Fe interaction in the C2v isomer, for
which the delocalization index is lower, d(Fe,
Fe) = 0.26. This last value is equal to the d(Pd, Pd) cal-
culated for the Pd2(formamidinate)4 dimer for which a
metal–metal bond order of zero is assumed based on
molecular orbital analysis.

The bonding in the D3h and C2v Fe3 (CO)12 isomers
has been also investigated by topological analysis of
the ELF function by Chevreau et al. [30]. The irreduc-
ible localization domains of the Fe3 (CO)12 isomers are
displayed in Fig. 3. In the ELF picture, the complex
appears as 12 CO ligands linked to a Fe3 cluster. The
electron density associated to each ligand is parti-
tioned into five basins, namely the carbon C (C) and
oxygen C (O) core basins, the disynaptic V (Fe, C) and
V (C, O) ones associated to the Fe–C dative bond and

Fig. 2. Ball and stick representation of the D3h (left) and C2v (right)
Fe3(CO)12 isomers.

Fig. 3. Localization domains of the Fe3(CO)12 isomers. Left: D3h,
right: C2v. The ELF value defining the bounding isosurface is 0.75.
Color code: magenta = core, red = monosynaptic, blue = protonated
disynaptic, green = disynaptic.
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to the C–O bond, respectively, and the oxygen lone pairs
V (O) monosynaptic basin. The trimetallic unit of the
D3h cluster has three core basins C (Fe) and three disyn-
aptic valence basins V (Fe, Fe) as shown in Fig. 4. In
the C2v isomer, the valence basin corresponding to the
metal–metal interaction along the bridged Fe–(µ-
CO)2–Fe triangle edge is missing.

The populations of the iron core basins are very simi-
lar for both isomers, 23.50 e– for the D3h structure and
23.47 e– for the C2v, which corresponds to a local [Ar]d6

configuration where the remaining density of 1.5 e– is
located in the V (Fe, Fe) valence basins. The popula-
tion of these latter basins, 0.65 e– for D3h and 0.55 e–

for C2v, is not consistent with a picture where the iron
atoms form covalent bonds between them. The super-
position of resonance structures seems more satisfac-
tory and is supported by the large values of the vari-
ance of the V (Fe, Fe) populations compared to the
populations themselves. For the D3h isomer the vari-
ance of V (Fe, Fe) is 0.64 (e–)2, while the variance of
the Fe core population is also very large, typically of
the order of 2.75 (e–)2. The covariance analysis of the
iron core shows that the delocalization mostly involves
the V (Fe, C) basins and to a lesser extend the V (Fe,
Fe) and the other C (Fe) basins. On the other hand and
in constrast with the formamidinato dimers, the Fe–Fe
core covariance is small 0.09 e– so the value of the delo-
calization index d(Fe, Fe) = 0.4–0.26 can not be asso-
ciated to the electron fluctuation between core areas.

Table 4 lists the valence basin populations of the
ligands in both isomers together with the free CO popu-
lation and the net electron transfer from the Fe3 cluster.
The analysis of the differences in population between
the free and coordinated CO ligand is made in an
attempt to compare the topological results with the
r-donation and p-backdonation provided by the Dew-
ard–Chatt–Duncanson [33,34] scheme.

In both isomers the net electron density transfer
towards CO is larger for the equatorial position than
for the apical one. This is consistent with the shorter
Fe–C bond distances found for the equatorial posi-
tions. In the case of the bridging position, the electron
transfer is twice that in the apical position. This charge
transfer process corresponds to a gain of electron den-
sity in the V (Fe, C) and V (O) basins and to a loss in
the V (C, O) one. This latter loss is larger in magnitude
for the ligands in apical position which explains why
the CO bond length increases more than in equatorial
ligands. For bridging ligands the V (C, O) loss amounts
to 0.55 e–, about twice the equatorial value.

In conclusion, the topological analysis shows that
the Fe3 cluster is not linked by three single bonds, but
rather by a delocalized electron pair and that the stabi-
lization of the C2v isomer with respect to the D3h one is
mostly due to the replacement of two two-center dative
bonds by two three-center ones. This is accompanied
by a larger charge transfer towards these bridging
ligands. It is not possible to establish a direct correspon-
dence between the valence population analysis and the
Deward–Chatt–Duncanson scheme.

4.2. Electron-poor complexes with Mo3S4 cluster
cores

Molybdenum and tungsten have proved to have a
great tendency to form trinuclear clusters under a vari-
ety of reaction conditions [35]. Among the different
structural types encountered for these trinuclear clus-
ters, our interest will be focused on the incomplete

Fig. 4. Localization domains of the Fe3 moiety of the Fe3(CO)12 iso-
mers. Left: D3h, right: C2v. The ELF value defining the bounding
isosurface is 0.30. Color code: magenta = core, green = disynaptic.

Table 4
CO moieties basin populations N, transfers with respect to free CO
DN, and net electron transfer dQ (e–)

V (Fe, C) V (C, O) V (O)
N DN N DN N DN dQ

Free CO
2.64 3.25 4.14

D3h

Apical (ap) 3.04 0.40 3.02 –0.23 4.31 0.17 0.34
Equatorial
(eq)

3.16 0.52 3.07 –0.18 4.35 0.21 0.55

C2v

Fe(1) ap 2.95 0.31 3.13 –0.12 4.33 0.19 0.38
Fe(1) eq 3.16 0.52 3.12 –0.13 4.33 0.19 0.58
Fe(2) ap 3.06 0.42 3.05 –0.20 4.35 0.21 0.43
Fe(2) eq 3.12 0.48 3.13 –0.12 4.36 0.22 0.58
Fe(2) br 3.43 0.79 2.79 –0.46 4.71 0.57 0.90
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cubane-type model cluster with formula [Mo3(µ3-S)(µ-
S)3(PH3)6Cl3]+ and represented in Fig. 5, similar to the
one reported by Cotton and Llusar [36] in the late 80s,
where the diphosphine outer ligands have been replaced
by PH3. In this model cluster, the three metal atoms
define an equilateral triangle with one capping atom
(µ3-S) above and three bridging atoms (µ-S) bellow the
plane described by the metals. Three more ligands, two
phosphine molecules and one chlorine anion, on each
metal are distributed so as to complete the local metal
octahedra. Geometry optimization is successfully
achieved at the B3LYP level using all electron basis
sets as well as a combination of effective core pseudo-
potential for the metal atoms combined with all elec-
tron basis sets for the rest [37].

A simple but widely used scheme of the metal–
metal bonding in this M3X13 system is the one based
on the empirical method formulated by Cotton and Haas
(CH) [38,39] for the Mo3O13 unit in the early sixties.
This simplified scheme was also supported by the
Dahl’s qualitative orbital analysis model that predicted
the existence of nine cluster orbitals involving metal–
metal interactions among which three are strongly
bonding (1a1 and 1e) and one is weakly bonding (2a1)
[40]. Most Mo3S4 complexes are electron precise with
a 1a1

2 1e4 electronic configuration which result accord-
ing to the MO interpretation in the formation of tree
metal–metal bonds. Although qualitative symmetry
arguments seem to be valid in most cases, it is clear
that extensive mixing between the metals and the core
and outer ligands complicate the bonding situation and

in consequence, a detailed analysis of the interactions
must be carried out for a particular system [41,42].

The topologicalAIM analysis shows that the molecu-
lar graph obtained for [Mo3S4(PH3)6Cl3]+ unit repro-
duces the bond paths associated to the Mo–Mo, Mo–S,
Mo–P and Mo–Cl interactions [37]. As already pointed
out for the M2(formamidinate)4 and Fe3(CO)12 com-
plexes, the bcp properties are characterized by its small
and positive q(rbcp) values and the small and negative
E (rbcp) quantities, which represent a mixture of closed-
shell and shared parameters. As for the other cluster
complexes considered in this account, the laplacian of
the electron density shows that there is no bonded
charge concentration within its outer shell of charge, in
contrast with the bonding characteristics found for main
group atoms. The AIM atomic populations of the met-
als are also higher than its conventional values.

The nature of the different bonds within the Mo3S4

unit can be better understood by considering the delo-
calization index [7]. The d(Mo, Mo) has been calcu-
lated to be 0.56, this value is approximately one half
the one calculated for the Rh2(formamidinate)4 dimer,
with a Rh–Rh topological bond order of 1.008 in spite
that a formal metal–metal bond order of one is assigned
to both complexes. It is worth nothing that the Mo–S
delocalization indexes are noticeably larger.

The ELF analysis defines domains as units with a
chemical significance. A reducible domain splits into
several domains containing an atractor upon increasing
the value of ELF. The successive reductions result are
represented in the so called bifurcation diagram shown
in Fig. 6 for the cluster complex [Mo3S4(PH3)6Cl3]+.

According to the ELF topology, the Mo3S4 and Mo3

cluster units behaves as specific entities. The bonding
within the Mo3 core arises from the presence of a three-
center bond associated to a group of three disynaptic V
(Mo, Mo) and one trisynaptic V (Mo, Mo, Mo) basins,
showed in Fig. 7. Because the reduction of the Mo3

domain takes place in a very narrow ELF range, the
chemically meaningful entity is the superbasin that
includes the four metallic valence basins as a whole
rather than the individual domains.

Within the Mo3(µ3-S)(µ-S)3 valence domain the tri-
hapto coordinated sulfur atom, S(1), is surrounded by
three V (Mo, S(1)) disynaptic basins assigned the three
covalent Mo–S(1) bonds with a population of 1.43 e–

each and a monosynaptic basin populated by 2.92 e–.
On the other hand, the basins involving the metal bond

Fig. 5. Structure of the model trimer [Mo3S4(PH3)6Cl3]+ with atom
numbering scheme.
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to the three bridging sulfur ligands, Mo–S(2) and
Mo–S(2)′, have populations of 1.05 and 1.27 e–, respec-
tively, due to the asymmetry in the sulfur coordination:
trans to the P or to the Cl atom. In this particular case
differences in basin population have not chemical mean-
ing due to the difficulties in reducing the V (S(2))
valence domains, that possesses a global population of
7.15 e–, into two Mo–S basins and one monosynaptic
containing the two sulfur lone pairs. Most of the atomic
contributions to the Mo–S basins, 80% for the Mo–S(1)
and approximately 78% for Mo–S(2), comes from sul-
fur supporting the partial ionic character of the bond.
The most important contribution to the variance of the
lone pairs of theV (S(2)) basins comes from the C (Mo),
with a 24% of the contribution, and from the V (Mo,
S(2)) and V (Mo, S(2)′) basins, with a 37% for each
one. This is in agreement with a delocalized Mo–(µ-
S(2))–Mo bonding suggested by Li et al. [43]. These
authors relate this delocalization with the existence of
a 3c–2e– bond and name this situation as “pseudo-
aromaticity”.

The Mo3 cluster unit behaves as a specific entity
where the bonding arises from the presence of a three-
center bond associated to a group of basins involving
three disynaptic V (Mo, Mo) and one trisynaptic V (Mo,
Mo, Mo) basins. The fact that the valence Mo3 super-
basin separates into the previously mentioned four
domains in a very narrow range of ELF, justifies that
the four basins group are a whole chemically meaning-
ful entity. The total population of this Mo3 valence
superbasin is 1.42 e–, a large value as compared to the
value of 0.68 e– calculated for the disynaptic interme-
tallic basin in the Mo2(formamidinate)4 quadruply
bonded dimer. The metal–metal bond in the
M2(formamidinate)4 dimers, where M = second row
transition metal, is considered to be due to the high fluc-
tuation of electrons within core areas [20]. However,
this is not the case for the Mo3 unit under consideration
where the Mo–Mo core covariance is small, B (Mo,
Mo) = 0.12 e–, in spite of the rather large value of the
Mo core population variance, r2 = 2.50 (e–)2. On the
other hand, the basins V (S(2)) and V (Mo, S(2)) con-
tributes to this value of variance in 0.25 and 2 × 0.17 e–,
respectively, in agreement with the Mo–(µ-S(2))–Mo
delocalization phenomena. The molybdenum core
population, 38.87 e–, which corresponds with an assign-
ment of the oxidation state Mo (+3) instead of Mo (+4),
is the molybdenum formal oxidation state in these
Mo3S4 units.

5. Tetranuclear complexes

The incorporation of copper(I) or nickel(0) into
the [Mo3S4(PH3)6Cl3]+ complex affords the 16 metal

Fig. 6. Bifurcation diagram of the [Mo3S4(PH3)6Cl3]+ complex.

Fig. 7. Detail of the [Mo3] subsistem in [Mo3S4(PH3)6Cl3]+ contai-
ning the Mo cores and the valence Mo–Mo basins. The ELF values
defining the bounding isosurface are 0.36 (left) and 0.37 (right). Color
code: magenta = core, green = disynaptic.
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electron clusters [Mo3CuS4(PH3)6Cl4]+ and
Mo3NiS4(PH3)6Cl4, represented in Fig. 8 [44,45]. These
two heterodimetallic complexes differ in their redox
properties, while the copper cluster is 0.31 V easier to
reduce than its trinuclear precursor, the nickel com-
pound is 0.58 V more difficult to reduce.

Although some authors suggest that such differ-
ences are due to changes in the Mo oxidation states,
Mo(IV)3Cu(I) versus Mo(IV) Mo2(III) Ni(II), theoreti-
cal studies by Bahn et al. [46] indicate that the oxida-
tion states of the molybdenum atoms do not change
upon insertion of Cu(I) or Ni(0). Fenske-Hall calcula-
tions on M3M′S4 complexes show the presence of a
group of three strongly bonding molecular orbitals (1e
and 1a1), doubly degenerate M′-based bonding orbital
(2e), a group of three weakly antibonding cluster
molecular orbitals (2a1 and 3e) and three strongly anti-
bonding MOs. Metal electrons in excess of 16 will
occupy strongly antibonding orbital making these popu-
lation the most common for these Mo3M′S4 cubane-
type clusters.

According to the AIM theory, the molecular graph
for the [Mo3CuS4]5+ and [Mo3NiS4]4+ compounds
obtained from a B3P86 calculation reproduces the bond
paths corresponding to the Mo–Mo, Mo–Ni and Mo–S
interactions [45]. However, no bond path associated to
the Mo–Cu and M′–S interactions within the Mo3CuS4

unit is detected. Table 5 lists the most relevant topo-
logical data concerning the Mo3M′S4 cluster com-
pounds together with the equivalent values in the Mo3S4

trinuclear precursor. Geometry optimization is success-
fully achieved with the B3P86 functional using the

ECP-SBKJC combination, where the Stevens’ effec-
tive core potential replaces the inner electrons of the
transition metals and the {4211/4211/411} basis set rep-
resents the external metallic electrons. All electron
6-31G (d, p) basis set are employed for the remaining
atoms.

As pointed out for the trinuclear complex, the val-
ues of the charge density, its lapacian and the energy at
the bcp makes ambiguous the bond classification. On
the other hand, the atomic AIM charges for the molyb-
denum atoms in these tetranuclear clusters are approxi-
mately one, equal to the values calculated for the metal
atoms in the trinuclear complex.

The incorporation of the heterometal into the tri-
nuclear Mo3S4 unit does not produce significant
changes in the d(Mo, Mo) values. However, there is
decrease in the d(Mo, S(2)) and d (Mo, S(2)′) indexes
between 0.1 and 0.2 upon metal insertion. On the other
hand, the d(Cu, S) index is lower than the d(Ni, S) value,
this observation is consistent with the higher covalent
character of the Ni–S bond versus the Cu–S interac-
tion.

An analysis of the topology of the ELF isosurface
for the Mo3M′S4 unit identifies the four following irre-
ducible domains assigned to the S(1) and S(2) sulfur
valence shell, V (Mo–S) and V (S), as found for the
Mo3S4 cluster unit plus a reducible metallic Mo3M″
superbasin. No disynaptic V (M′, S) basin is observed.
In the ELF topology the Mo3Cu cluster unit behaves as
an entity in a similar way to the Mo3 core in their tri-

Fig. 8. Structure of the model cubane [Mo3M′S4(PH3)6Cl4]n

(M′ = Cu, n = +1; M′ = Ni, n = 0) cluster.

Table 5
Topological data for [Mo3S4(PH3)6Cl3]+, [Mo3M′S4(PH3)6Cl4]n (M′
= Cu, n = +1; M′ = Ni, n = 0) clustersa,b

Mo3S4 Mo3CuS4 Mo3NiS4

QAIM(Mo) +1.08 +1.05 +0.99
QAIM(M′) – +0.53 +0.43
d(Mo, Mo) 0.56 0.58 0.58
d(Mo, M′) – 0.20 0.46
d(Mo, S(2))av 1.12 1.03 0.93
d(M′, S(2)) – 0.54 0.72
N(C(Mo)) 38.87 38.88 38.96
N(C(M′)) – 27.10 25.99
N(V(Mo, Mo)) 0.42 0.45 0.46
N(V(Mo, M′)) – – 0.21
N(V(Mo, Mo, Mo)) 0.16 – –
N(V(Mo, Mo, Mo, M′)) – 0.36 0.25

a Averaged basin populations are given in electrons.
b The topological studies were performed using the

B3P86 functional and the Ahlrichs TZV basis set for the metals and
the 6-311G(d, p) basis set for the remaining atoms [45].
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nuclear precursor, where the bonding arises from the
presence of a tetrasynaptic V (M′, Mo, Mo, Mo) plus
three disynaptic V (Mo, Mo) basins. In the case of the
nickel complex, one tetrasynaptic V (Ni, Mo, Mo, Mo)
and three disynaptic V (Mo, Ni) basins are also identi-
fied. The total population of the Mo3M′ superbasin is
1.71 e– for the copper complex and 2.26 e– for the nickel
compound in front of the value of 1.42 e– calculated
for the Mo3 trinuclear precursor. Higher Mo3M′ basin
populations are associated to higher values of the d (Mo,
M′) delocalization index. As already found for the other
trinuclear complexes considered in this account, the
presence of a metal–metal bond is not associated to the
fluctuation of electrons within the core areas seen in
the Mo2(formamidinate)4 dimer. The Mo–Mo core
covariance in both tetrametallic complexes is similar
to that calculated for the trinuclear precursor where the
major contributions to the Mo core covariance are also
the S(2) sulfur lone pair and the V (Mo, S(2)) disynap-
tic basins. This fact supports the existence of a Mo–(µ-
S(2))–Mo delocalization effect as found in the molyb-
denum trinuclear complex. On the other hand, the
highest contribution to the C (M′) covariance comes
from the V (S(2)) lone pair indicating the presence of a
M′–S(2) delocalization. This population analysis shows
that the Mo3M′S4 core behaves as a unique chemical
entity, an observation supported by its reactivity where
the tetrametallic unit can be easily modified by substi-
tution reactions of the outer ligands [47].

The molybdenum core populations of these tetra-
nuclear clusters (see Table 5) does not show significant
changes in going from the trinuclear to the tetranuclear
compounds; as a consequence changes in the redox
behavior can not be attributed to variations on the oxi-
dation states of the molybdenum atoms as suggested
by other authors based on XPS experiments [48]. On
the other hand, the calculated populations for the cop-
per and nickel cores are 27.10 and 25.99 e–, respec-
tively, supporting a M′(II) oxidation state for these met-
als. This oxidation state assignment agrees with the high
vibrational CO stretching frequency measured for the
Mo3NiS4 clusters, but enters in contradiction with the
theoretical investigations of Harris et al. which support
a zero oxidation state for the nickel atom in these clus-
ter complexes. These authors claimed that the Mo3

framework may be view as a tridentate p-acceptor met-
alloligand to the Ni(0) atom. Other investigations on
the topic are in progress in our group.
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