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Phosphane-Substituted Selenido�(carbonyl)iron and �(carbonyl)ruthenium
Clusters: Structures, Fluxionality and Reactivity
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Selenium-transfer reactions from tertiary phosphane and di-
phosphane selenides to the carbonyl clusters [M3(CO)12]
(M = Fe or Ru) provide a simple, stepwise synthetic route to
phosphane-substituted, mono- and diselenido−(carbonyl)iron
and −(carbonyl)ruthenium clusters. Four families of clusters
are generally obtained: (i) the M2Se2L6 tetrahedral species
(only for iron), (ii) the M3SeL10 capped triangular species, (iii)
the M3Se2L9 square-pyramidal nido species (for iron and
ruthenium), and (iv) the M4Se2L11 octahedral closo species
(only for ruthenium), with L being a phosphane or carbonyl
ligand. When the tertiary phosphane selenide contains het-
erocyclic fragments, the reaction is not only limited to the
transfer of the selenium atom, but proceeds by P−C and,
sometimes, C−H bond cleavages, affording new selenido-
phosphido carbonyl clusters bearing coordinated heterocyc-
lic fragments. Many clusters show fluxional behaviour in so-
lution because of either ligand mobility or M−M bond migra-
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tion. Furthermore, dimetallic substituted carbonyl clusters
have been prepared by two different synthetic approaches:
(1) MM� + PSe (reactions between preformed dimetallic clus-
ters and tertiary phosphane selenides) and (2) MSeP + M�

[cluster growth reactions from preformed chalcogenido−
(carbonyl)metal clusters and suitable organometallic frag-
ments]. In particular, from the tetrahedral clusters
[HMCo3(CO)12] (M = Fe or Ru) monoselenido clusters
[MCo2(µ3-Se)] with a tetrahedral core have been obtained.
The second type of approach has been applied to the open-
triangular nido clusters [Ru3(µ3-Se)2(CO)9−nLn] (L = tertiary
phosphane, n = 1 or 2), which can add zero-s.e.p.’s organo-
metallic fragments, such as M(CO)3 (M = Mo or W), giving
the corresponding closo clusters [MRu3(µ4-Se)2(CO)12−nLn].

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

I. Introduction

Transition metal species may combine with main group
elements or related molecular fragments to afford a variety
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of interesting cluster compounds. Apart from their funda-
mental significance as a class of complexes owning peculiar-
chemical and structural properties, the growing interest in
these species derives from their potential applications as
catalysts, electrocatalysts and precursors for
semiconductors.[1�3] Very recently, chalcogenido�
ruthenium derivatives have shown interesting catalytic ac-
tivity in oxygen reduction reactions in polymer electrolyte
fuel cells (PEMFC),[4�7] suggesting their application as
cathodes for these devices. The presence of chalcogenide
species, in particular Se, appears to catalyse processes that
lead to reduction of oxygen through the formation of
selenido�transition metal cluster materials.[8] In addition,
it is well known that sulfur and selenium atoms are found
in active sites of a large number of proteins.[9]

The availability of substituted chalcogenido�metal clus-
ters offers the opportunity to exert a stoichiometric control
in those processes that lead from molecular metal chalcog-
enides, such as [MxEy(PR3)z], to extended inorganic solids,
like MxEy. The stoichiometric control, combined with kine-
tic control, which derives from low activation energies of
these processes, often allows the preparation of otherwise
inaccessible solid phases or microinhomogeneous materials,
such as nanocomposites.[10]

Different synthetic routes are presently available for the
preparation of selenido�transition metal clusters, such as
those involving diphenyl diselenide,[11,12] phenylselenyl chlo-
ride,[13] selenophene,[14] trialkylsilyl selenides,[15�17] polyse-
lenide anions,[18,19] and phosphane selenides [20�23] as start-
ing materials. Furthermore, small selenido clusters, such as
[M2(µ-Se2)(CO)6] and [M3(µ3-Se)2(CO)9], can be used con-
veniently to prepare larger mono- and dimetallic spec-
ies.[24,25]

II. Synthesis of Selenido Clusters from
Phosphane Selenides

The reactions of tertiary phosphane selenides with (car-
bonyl)metal species provide a simple synthetic procedure to
form selenido clusters through transfer of selenium atoms
to low-valent metal centres, taking advantage of the frailty
of the P�Se bond. Despite the synthetic potential of the
phosphane selenides, their reactions with (carbonyl)metal
compounds have been explored only to a limited extent
prior to the last few years. For this reason, we began study-
ing the reactions of tertiary phosphane and diphosphane
selenides with [M3(CO)12] (M � Fe or Ru)[26,27] with the
aim to obtain new phosphane-substituted selenido carbonyl
clusters, whose structural characterization, fluxional behav-
iour and reactivity are the central issues of this Microrev-
iew.

The carbonyl clusters [M3(CO)12] (M � Fe or Ru) react
with tertiary phosphane selenides through transfer of sel-
enium atoms to the metal cluster, giving a variety of phos-
phane-substituted selenido carbonyl clusters, whose struc-
tural frameworks are shown in Scheme 1. The open-tri-
angular, variously substituted, nido clusters with the M3Se2
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core are the major products for both metals, but significant
amounts of clusters with dinuclear M2Se2, trinuclear M3Se,
and tetranuclear M4Se2 cores are also obtained. The prod-
uct distribution is strongly dependent on the reaction con-
ditions, on the nature of the phosphane and on the cluster/
phosphane molar ratio. In the case of iron, the reaction
takes place rapidly upon gentle warming, whereas, in the
case of ruthenium, the presence of Me3NO as a decar-
bonylation reagent is required to increase the reaction rate.
Most of those clusters are air-stable and can be separated
and recognized by silica gel chromatography[28] and reco-
vered by TLC.

Scheme 1

Moreover, the reactions with bis(diphenylphosphanyl)-
methane diselenide (dppmSe2) lead to the formation of
other less common compounds, which can be obtained by
condensation processes, such as the hexanuclear clusters
containing M6Se4 cores[29] shown in Scheme 2 and the com-
pound [Ru4(µ3-Se)4(CO)10(dppm)], shown in Figure 1,
which is the first reported 72-electron Ru4Se4 cubane-like
cage complex.[30] This complex should be regarded as a
secondary product, probably formed by the self-assembly
of two dinuclear Ru2Se2 groups, derived from nido-Ru3Se2

by loss of a mononuclear metal fragment. Despite the pres-
ence of the bridging diphosphane, the overall geometry of
the Ru�Se cubane is very similar to those of the unsubsti-
tuted Fe�S and Fe�Se cubanes [Fe4E4(CO)12] (E � S,
Se).[31,32]

Scheme 2

On the basis of our results we have suggested that the
reactions between [M3(CO)12] and R3PSe proceeds through
two consecutive steps. The monoselenido clusters [Ru3(µ3-
Se)(µ3-CO)(CO)8PR3], obtained by the stoichiometry-con-
trolled reaction of phosphane selenide R3PSe with
[Ru3(CO)12], undergo a second attack by R3PSe affording
the corresponding diselenido derivatives [Ru3(µ3-Se)2-
(CO)7(PR3)2]. To demonstrate the stepwise selenium transfer,
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Figure 1. Perspective view of cage compound [Ru4(µ3-Se)4-
(CO)10(dppm)]

we have treated the monoselenido clusters with another
equivalent of phosphane selenide, obtaining the corre-
sponding diselenido species quantitatively.[33] The process,
occurring at 60�70 °C, in the presence of Me3NO, can be
monitored by IR spectroscopy.

The structure of the monoselenido-disubstituted cluster
[Ru3(µ3-Se)(µ3-CO)(CO)7(PPh3)2] is shown in Figure 2. The
triangle of ruthenium atoms is capped on one side by a
selenium atom and on the other by a carbonyl group. The
two PPh3 ligands coordinate through the P atoms to two
Ru atoms in pseudo-equatorial and pseudo-axial positions,
respectively. The µ3-Se ligand is practically equidistant from
the three Ru atoms, whereas the µ3-CO group bridges, in a
slightly asymmetrical way, the two shortest Ru�C distances
involving the ruthenium atoms coordinated by the two
phosphane groups. This slight asymmetry has also been
observed in the case of the unsubstituted cluster
[Ru3(µ3-S)(µ3-CO)(CO)9].[34]

Figure 2. Perspective view of cluster [Ru3(µ3-Se)(µ3-CO)-
(CO)7(PPh3)2]
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The structure of the diselenide cluster [Ru3(µ3-Se)2(C-
O)7(dppy)2] [dppy � diphenyl(pyridyl)phosphane] (Fig-
ure 3) contains an Ru3Se2 core that can be described as a
square pyramid with one Ru atom at the apex and two Ru
and Se atoms alternating at the base. In this structure, the
two phosphane groups coordinate the Ru atoms in pseudo-
equatorial and pseudo-axial positions, as in the tri-
phenylphosphane derivative,[35] although, with other li-
gands, we have obtained analogous clusters with both phos-
phane groups in equatorial positions.[36] The values of the
Ru�P bond lengths, 2.326(3) and 2.371(4) Å, differ remark-
ably because of the influences of the trans Ru�Ru and
Ru�Se bonds.

Figure 3. Perspective view of cluster [Ru3(µ3-Se)2(CO)7(dppy)2]

III. Multiple Fragmentation of the Phosphane
Selenide Leading to Selenido-Phosphido Clusters

Recently, we observed that tertiary phosphane selenides
bearing heterocyclic fragments, such as 2-thienyl (th),[37] 2-
pyridyl (py),[38] and 5-(2-pyridyl)-2-thienyl (pyth),[39] (see
Scheme 3) can undergo P�C bond cleavage by reaction
with (carbonyl)iron and -ruthenium compounds, affording
selenido-phosphido clusters. In fact, the heterocyclic moiety
was introduced to drive new reactivity patterns in cluster-
growing processes, because of the possible release of hetero-
cyclic fragments and the coordinating ability of the het-
eroatoms.

The cluster [Ru3(µ3-Se)(µ-PPh2)(CO)6(µ-η1:η2-
C4H3S){P(C4H3S)Ph2}], obtained by reaction between
[Ru3(CO)12] and diphenyl(2-thienyl)phosphane selenide,
was identified only after the determination of its crystal
structure by diffraction methods because of its structural
singularity. In the structure, shown in Figure 4, the Se atom
caps the metal triangle, two sides of which are bridged by
a phosphido and a thienyl ligand, which derive from the
multiple fragmentation of the parent diphenyl(2-thienyl)-
phosphane selenide.

The bonding of the thienyl group is rather unusual, since
it interacts through the double bond forming a σ-bond with
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Scheme 3

Figure 4. Perspective view of cluster [Ru3(µ3-Se)(µ-PPh2)(CO)6(µ-
η1:η2-C4H3S){P(C4H3S)Ph2}]

an Ru atom and a π-bond with another Ru atom.
The coordination mode (µ-η1:η2) of the 2-thienyl frag-
ment is similar to that observed in [Ru3(µ-H){µ-
P(C4H2S)Ph2}(CO)8{P(C4H3S)Ph2}] for the Ph2(C4H3S)P
ligand.[40] The most important difference, however, between
the two coordination modes is the position of the bridging
thienyl moiety with respect to the metal triangle. In fact, in
[Ru3(µ-H){µ-P(C4H2S)Ph2}(CO)8{P(C4H3S)Ph2}] the thi-
enyl ring overhangs the metal triangle, whereas in [Ru3(µ3-
Se)(µ-PPh2)(CO)6(µ-η1:η2-C4H3S){P(C4H3S)Ph2}] it ap-
proaches the triangle laterally, in such a way that the α-
carbon atom is almost lying in the cluster plane, as shown
in Scheme 4.

The structure of the cluster [Ru3(µ3-Se)(µ-PPh2)(CO)6(µ-
pyth){P(pyth)Ph2}], obtained by reaction between
[Ru3(CO)12] and diphenyl[5-(2-pyridyl)-2-thienyl]phosphane
selenide, is very similar to that with the thienyl ligand.

In the case of the pyridyl group, the ligand Ph2(2-
C5H4N)PSe undergoes multiple fragmentation by reaction
with [Ru3(CO)12] to afford the cluster [Ru3(µ3-Se)(µ-
PPh2)2(µ-C5H4N)(µ3-C5H4N)(CO)6] that does not contain
any Ru�Ru bond and is built up through the unique syn-
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Scheme 4

ergy of five bridging ligands. The structure of this poly-
nuclear species (Figure 5) is characterized by the presence
of a nearly planar array of eleven atoms forming two roughly
coplanar fused rings; i.e., the heptaatomic RuPRuPRuCN
cycle and one pyridyl ring [dihedral angle 6.9(1)°].

Figure 5. Perspective view of compound [Ru3(µ3-Se)(µ-PPh2)2(µ-
C5H4N)(µ3-C5H4N)(CO)6]

The µ3-Se bridging mode, connecting three non-inter-
acting ruthenium atoms, has only a few precedents in other
trinuclear ruthenium derivatives.[38] This cluster has been
obtained from Ph2(2-C5H4N)PSe through P�Se and
P�C(Py) bond cleavages. It contains two differently bridg-
ing pyridyl groups, the former connects two Ru atoms
through σ bonds, lying on the plane defined by the three
metal atoms, the latter is σ-bonded to the same two Ru
atoms, being nearly perpendicular to the metal plane, in
such a way that it appears to be involved in a weak π inter-
action with the third metal atom, which completes its coor-
dination sphere. Moreover, if we consider that the capping
pyridyl group donates two π electrons to Ru(1), the whole
set of ligands contributes 30 electrons to the structure, at-
taining the expected count of 54 electrons. This arrange-
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ment would be an unprecedented type of bridging mode for
the pyridyl group.

Multiple fragmentations involving P�Se and P�C bond
cleavages have been observed also with the two following
diphosphane diselenides: the 1,2-bis[(diphenylphosphanyl)-
methyl]benzene diselenide[41] (dpmbSe2) and the 1,1�-bis(di-
phenylphosphanyl)ferrocene diselenide[42] (dppfSe2) (see
Scheme 3). The reactions between [M3(CO)12] (M � Ru or
Fe) and the 1,2-bis[(diphenylphosphanyl)methyl]benzene
diselenide were carried out with the aim of investigating the
use of dpmbSe2 as an effective precursor for
selenido�(carbonyl)ruthenium and �(carbonyl)iron clus-
ters containing the scarcely studied 1,2-bis[(diphenylphos-
phanyl)methyl]benzene ligand. The reaction of [Ru3(CO)12]
with dpmbSe2 in hot toluene affords a variety of phos-
phane-substituted selenido carbonyl clusters. Along with
substituted clusters with Ru3Se2, Ru3Se, and Ru2Se2 cores,
we have obtained workable amounts of an unprecedented
and interesting complex [Ru3(µ3-Se)(µ3-H){µ2-
PPh2)(CO)6(µ2-CHC6H4CH2PPh2)] with an Ru3Se core
bound to phosphido, hydrido, and carbene moieties, whose
structure (Figure 6) has been fully elucidated by X-ray dif-
fraction methods.

Figure 6. Perspective view of cluster [Ru3(µ3-Se)(µ3-H){µ2-
PPh2)(CO)6(µ2-CHC6H4CH2PPh2)]

This cluster is the first example of a triruthenium tri-
angular cluster capped on one side by a µ3-Se unit and on
the other by a µ3-H atom. The diphosphane has undergone
multiple fragmentations, namely P�Se, P�C, and C�H ac-
tivations. This fragmentation produces a bridging carbene
on an Ru�Ru edge resulting from a hydride migration from
the Ar-CH2 group to the cluster. (Carbene)ruthenium com-
plexes have been used widely in the last few years as models,
precursors and effective catalysts for olefin metathesis, ring-
opening polymerization and alkyne oligomerization.[43] The
31P{1H} NMR spectrum, recorded at room temperature,
shows two sharp singlets for the σ-coordinated phosphorus
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atoms and the phosphide group bridging one side of the
metal triangle, respectively. The complete proton assign-
ment has been achieved by two-dimensional NMR experi-
ments (COSY, NOESY, TOCSY). The µ3-hydride signal is
found as a doublet of doublets at δ � �14.62 ppm, because
of coupling with the two non-equivalent phosphorus atoms.
From the 2D NOESY spectrum, a correlation is detected
between the hydride and a proton of a methylene group,
which, in the solid-state structure, points towards the hy-
dride group at a distance of 2.67(6) Å. The carbene hydro-
gen atom gives a sharp singlet at δ � 10.13 ppm.

The reactions between dppfSe2 at 60 and 110 °C afford
the two isomeric nido clusters [Ru3(µ3-Se)2(dppf)(CO)7] (1)
and [Ru3(µ3-Se)2(µ-dppf)(CO)7] (2) which contain dppf as
chelating and bridging ligand, respectively. Clusters 1 and
2 belong to the family of numerous open-triangular phos-
phane-substituted Ru3Se2 nido clusters, which are the pri-
mary products of the attack of 2 equiv. of P�Se groups
to the starting triangular cluster. The chelated derivative 1,
obtainable under kinetic control, can be converted into the
more stable bridged cluster 2 by thermal treatment in tolu-
ene solution as shown in Scheme 5. This conversion can be
monitored by IR spectroscopy.[42]

Scheme 5

The cluster [Ru3Se{µ-P(Ph)C5H4FeC5H4PPh2}(µ-
OCPh)(CO)6] (whose structure is depicted in Figure 7) was
isolated as a minor product in the reaction between
[Ru3(CO)12] and dppfSe2 at 60 °C.[42] The core consists of
a metal triangle capped by a selenium atom and bridged on
two sides by a phosphido ligand and by a benzoyl group,
respectively, both deriving from multiple fragmentation of
dppf diselenide and migratory insertion of a Ph ring into
an Ru�C bond of a terminal carbonyl group.

Because of the loss of a phenyl ring, the phosphane-phos-
phido ligand is coordinated to one side of the Ru�Ru bond
in an unusual manner: the phosphido P atom bridges two
Ru atoms asymmetrically and participates with the other P
atom in the chelation of one of them. The migratory inser-
tion of a phenyl ring into a carbonyl group causes the for-
mation of a benzoyl ligand that bridges two Ru atoms in
a µ2-η1:η1-fashion through the C and O atoms. Only few
examples are known of a µ2-benzoyl group bridging two
metal atoms in the same µ2-η1:η1-fashion.[42]

IV. Fluxional Behaviour

Two types of fluxional behaviour have been observed: (i)
ligand mobility and (ii) M�M bond migration.



C. Graiff, G. Predieri, A. TiripicchioMICROREVIEW

Figure 7. Perspective view of cluster [Ru3Se{µ-
P(Ph)C5H4FeC5H4PPh2}(µ-OCPh)(CO)6]

The ferrocenediphosphane ligand can assume different
coordination modes in cluster chemistry. This feature de-
rives from the possibility of the cyclopentadienyl rings
twisting about their axis. In fact, the P···P separation be-
tween the two donor atoms depends on the θ torsional an-
gle, ranging from 3.30 (θ � 0°) to 6.90 Å (θ � 180°).
Scheme 6 shows the preferred conformations adopted in the
case of chelating (θ � 36°) and in the case of bridging (θ �
72°) over one side of a (carbonyl)metal cluster. To gain an
insight into the structures of these molecules in solution,
we performed 1H NMR investigations on clusters [M3(µ3-
Se)2(µ-dppf)(CO)7]. At room temperature, the proton pat-
tern of [Fe3(µ3-Se)2(µ-dppf)(CO)7] shows a featureless
broad band in the cyclopentadienyl region, suggesting the
onset of a fluxional behaviour. At 258 K, four singlets are
visible in the same region, which indicate the equivalence
of the two cyclopentadienyl rings. It has been demonstrated
that the fluxional behaviour consists of the concerted twist-
ing of the two equivalent rings around their axis (∆G‡ �
58.2 kJ·mol�1, Tc � 303 K)[44] as shown in Scheme 7.

Scheme 6

The pattern of the signals of the protons of the Ru ana-
logue parallels that of the corresponding Fe derivative at
273 °C, indicating that the fluxional behaviour of the li-
gand, observed for the Fe species, exhibits a higher energy
barrier in the Ru congener.

The dynamic behaviour of [Ru3(µ3-Se)2(dppf)(CO)7] (1)
is quite different (see Scheme 8). At room temperature the
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Scheme 7

1H NMR spectrum exhibits four singlets for the Cp pro-
tons, indicating the equivalence of the two rings. At 213 K,
the two rings become inequivalent, with the proton spec-
trum showing eight singlets that were assigned by 2D NMR
spectra. The fluxional behaviour of 1 consists of the lo-
calized scrambling of the chelating ligand around Ru, na-
mely the exchange of the axial and equatorial positions of
the two Ph2(C5H4)P moieties. This dynamic behaviour
makes the two rings equivalent, but the four protons of
each ring remain unequal.[44]

Scheme 8

The cluster [Ru3(µ3-Se)2(µ-dppm)(CO)7] has the well-
known bicapped open-triangular 50-electron core and is the
expected primary product of the attack of dppmSe2 on the
starting carbonyl cluster. The structure in the solid state is
the same as that observed for other phosphane-disubsti-
tuted Ru3Se2 derivatives, which exhibit two P donor groups
coordinated (in axial positions) to the two non-bonded, ba-
sal metal atoms. Nevertheless, its NMR spectra in solution
suggest fluxional behaviour. In fact, the 31P NMR spectrum
shows a singlet and two doublets at lower frequency. The
13C NMR spectra, as well as the 77Se NMR spectra, show
a couple of signals, consistent with the presence of two iso-
mers in solution: the first is the symmetrical cluster with
the two phosphorus atoms equivalent, as found in the solid
state, and the other is that obtained by migration of the
M�M bond from a side of the square pyramid to the base,
as depicted in Scheme 9.[29]

Scheme 9



Phosphane-Substituted Selenido�(carbonyl)iron and �(carbonyl)ruthenium Clusters MICROREVIEW
Also, the disubstituted Ru3Se2 clusters with monophos-

phanes exhibit 31P NMR spectra in solution indicative of
the same fluxional motion observed for the dppm.[35,36]

V. Dimetallic Clusters

Recently, we have extended our interest in the search for
new synthetic routes to phosphane-substituted
selenido�mixed-metal clusters by considering that the pres-
ence of different metals can influence the selectivity of cer-
tain processes and can lead to the formation of compounds
presenting new, and not always easily predictable, struc-
tures.

Two different synthetic strategies have been developed for
the synthesis of dimetallic substituted carbonyl clusters: (1)
MM� � PSe (reactions between preformed dimetallic clus-
ters and tertiary phosphane selenides) and (2) MSeP � M�
[cluster growth reactions from preformed
chalcogenido�(carbonyl)metal clusters and suitable or-
ganometallic fragments].

As a first approach for the synthesis of dimetallic selen-
ido clusters, we have treated different phosphane selenides
with the tetrahedral clusters [HMCo3(CO)12] (M � Fe or
Ru) and obtained two classes of products:[45] (i) trinuclear
selenido clusters possessing an MCo2(µ3-Se) core and (ii)
tetranuclear hydrido clusters with an HMCo3 core obtained
by simple substitution of carbonyl groups by phosphane
ligands (Scheme 10).

Scheme 10

Both classes are nido species and probably are derived
from a trigonal-bipyramidal intermediate. While com-
pounds of type (ii) have been reported already in the litera-
ture, the triangular dimetallic clusters of type (i), capped by
a µ3-selenide unit and substituted by a phosphane ligand,
have been obtained and fully characterized for the first
time. One possible hypothesis for the formation of these
clusters is that the reactions proceed first with an addition
of the phosphane selenide, giving an intermediate species
in which the phosphane group and the selenium atom are
coordinated. This intermediate would then loose a cobalt
atom and a hydride ligand or a selenium atom to afford
type (i) or (ii), respectively.

As an example of the structure of type (i), Figure 8 shows
the structure of [RuCo2(µ3-Se)(CO)7(µ-dppy)] in which an
MCo2 triangle is capped by a µ3-Se ligand. The bidentate
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phosphane ligand bridges the Co�Co edge through the
phosphorus and nitrogen atoms. The bidentate bridging
phosphane group forms a five-membered ring that is fused
with the metal triangle on one side and with the pyridyl
ring on the other.

Figure 8. Perspective view of cluster [RuCo2(µ3-Se)(CO)7(µ-dppy)]

The structure of [HRuCo3(CO)7(µ-CO)3(µ-dppy)] (Fig-
ure 9) shows a tetranuclear RuCo3 core of type (ii) in which
two carbonyl groups have been replaced by the dppy ligand
bridging two cobalt atoms through the P and N atoms. Per-
haps because of the steric hindrance resulting from this co-
ordination, the hydride ligand has migrated from its orig-
inal µ3-capping position to the Ru�Co edge.

Figure 9. Perspective view of cluster [HRuCo3(CO)7(µ-CO)3(µ-
dppy)]

The linear trinuclear complex [Pt{Fe(CO)3(NO)}2-
(PhCN)2] was chosen for the reaction with phosphane sel-
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enides, by considering that its open geometry and the la-
bility of the PhCN ligands could possibly result in an easy
attack of the P�Se moiety to the cluster core. Actually, the
reaction of the PtFe2 complex with diphenyl(2-pyridyl)pho-
sphane selenide occurs even at low temperature, affording a
variety of compounds.[46] One of them was recognized as
the 46-electron cluster [(CO)3Fe(µ3-Se){Pt(CO)P(2-
C5H4N)Ph2}2]. It exhibits a butterfly framework consisting
of two FePtSe wings sharing the common Fe�Se hinge
(Figure 10). The value of the Fe�Se bond length, 2.337(1)
Å, is slightly smaller than the average one, 2.37 Å, found in
several clusters with a nido-Fe3Se2 core.[27] The two Pt
atoms are definitely non-bonded since the Pt···Pt separation
is rather large at 3.167(9) Å. By considering the two Fe�Pt
bonds, the coordination about the Pt atoms is almost
square-planar, with the CO and phosphane ligands being
trans to the selenium and iron atoms, respectively.

Figure 10. Perspective view of cluster [(CO)3Fe(µ3-Se){Pt(CO)P(2-
C5H4N)Ph2}2]

There are only a few known examples of the cluster ty-
pology found in [(CO)3Fe(µ3-Se){Pt(CO)P(2-C5H4N)-
Ph2}2]. The structure can be described also as a (CO)3-
Fe�Se group (a legitimate, but unknown, 18-electron spec-
ies) stabilized by the double bridging interaction with two
PtL2 fragments, a system analogous to the well-understood
L2M(µ-acetylene)ML2 systems, as shown in Scheme 11.

Scheme 11

The chemical bonding in this cluster, and in similar sys-
tems, has been analysed through density functional theory
(DFT) and qualitative MO approaches, considering the
(CO)3Fe�X unit as being equivalent to RC�CR molecules
by isolobal analogy.[46]

The second approach for the synthesis of phosphane-sub-
stituted, selenido�mixed-metal clusters consists of the reac-
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tion of preformed selenido species with organometallic
fragments. This approach was chosen by considering the
availability of workable amounts of complexes [Ru3(µ3-
Se)2(CO)9�nLn] (n � 1 or 2; L � tertiary phosphane). Com-
pounds of this kind are open-triangular, nido clusters with
7 skeletal electron pairs. As a consequence, they could be
prone to add a zero-s.e.p. fragment, such as M(CO)3 (M �
Mo or W), giving the hypothetical closo clusters [MRu3(µ4-
Se)2(CO)12�nLn]. The reactions of various [Ru3(µ3-Se)2(-
CO)7(L)2] clusters with W(CO)3(CH3CN)3 afford the di-
metallic closo clusters [WRu3(µ4-Se)2(µ-CO)4(CO)6L2],[36] as
shown in Scheme 12.

Scheme 12

In their crystal structures, most of these clusters lie on a
crystallographic centre, so a disorder exists that involves the
mutually opposite Ru and M (M � W or Mo) atoms of the
closo core of the cluster, resulting in a disordered Ru3M(µ4-
Se)2 cluster core. This disorder caused us to formulate these
clusters erroneously in a previous note as Ru2W2Se2 elec-
tron-deficient species.[47] These complexes belong to the
family of diselenide tetranuclear closo clusters. They could
be described as distorted octahedra in which the three ru-
thenium atoms and the M atom lie on the basal plane and
two selenium atoms at the apices. Two phosphane ligands
coordinate the trans ruthenium atoms through the phos-
phorus atoms. Four carbonyl groups bridge the Ru�Ru and
Ru�M edges asymmetrically. The crystal structure of com-
pound [Ru3M(µ4-Se)2(µ-CO)4(CO)6(t4mpp)2] [t4mpp �
tris(p-methoxyphenyl)phosphane] is reported in Figure 11.

Figure 11. Perspective view of cluster [Ru3M(µ4-Se)2(µ-CO)4-
(CO)6(t4mpp)2]
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When the starting reagent is the monosubstituted

[Ru3(µ3-Se)2(CO)8L] (L � tertiary phosphane) the reaction
product is the expected dimetallic closo cluster [WRu3(µ4-
Se)2(µ-CO)4(CO)7L], which was fully characterized in solu-
tion as well as in the solid state. Two isomers were obtained
depending on whether the position of the tertiary phos-
phane on the ruthenium atom is cis or trans to the tungsten
atom (see Scheme 13).

Scheme 13

A possible explanation for the synthesis of the two iso-
mers is derived from the fluxional behaviour of the Ru3(µ3-
Se)2 core clusters: when the Ru�Ru bond is localized on
the pyramid edge, the W(CO)3 fragment can fit in the cis
position with regard to the phosphane ligand; when the
Ru�Ru bond is localized on the basal plane, the unique
position in which the fragment fits is the trans one (see
Scheme 13).

In the case of the reaction between W(CO)3(MeCN)3 and
[Ru3(µ3-Se)2(CO)7(dpbz)2] (dpbz � diphenylbenzylphos-
phane), the compound [Ru3(µ3-Se)(µ4-Se)(C-
O)7(dpbz)2W(CO)5] (Figure 12) was obtained. This cluster
can be considered as the product of a donor�acceptor in-
teraction between the fragment W(CO)5 and a selenido
atom of [Ru3(µ3-Se)2(CO)7(dpbz)2].

Figure 12. Perspective view of cluster [Ru3(µ3-Se)(µ4-Se)-
(O)7(dpbz)2W(CO)5]

A possible mechanism for the production of this
compound involves the formation of the labile interme-
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diate [Ru3(µ3-Se)(µ4-Se)(CO)7(dpbz)2W(CO)3(CH3CN)2]
(Scheme 14) that could undergo easily the substitution of
two acetonitrile groups with two carbonyl groups. If the
loss of the two acetonitrile groups is followed by saturation
of the coordinative vacancy on the basal plane of the pyra-
mid, the previously described closo cluster is obtained.

Scheme 14

Concluding Remarks

Systematic investigations on the reactions of tertiary
phosphane and diphosphane selenides towards (car-
bonyl)iron and -ruthenium clusters have achieved the follow-
ing results: (i) The reaction provides a simple, stepwise syn-
thetic route to phosphane-substituted, small-nucleus selen-
ido carbonyl clusters, through transfer of selenium atoms;
(ii) it leads, in some cases, to the formation of new species,
such as the cubane-like cage complex [Ru4(µ3-Se)4(CO)10(µ-
dppm)], that are not easily attainable by other routes; (iii)
when the tertiary phosphane selenide bears heterocyclic
fragments, the reaction is not only limited to the transfer of
the chalcogenido atom, but proceeds with P�C and/or
C�H bond cleavages, affording selenido-phosphido car-
bonyl compounds; (iv) some clusters display particular phy-
sico-chemical characteristics, such as the fluxional behav-
iour in solution involving ligand exchange as well as M�M
bond migration; (v) certain compounds exhibit specific ac-
tivity in cluster-growth reactions, such as the nido clusters
with the Ru3(µ3-Se)2 core, which reacts with M(CO)3 frag-
ments (M � Mo or W), leading to the corresponding di-
metallic closo octahedral species [Ru3M(µ4-Se)2(CO)12�nLn]
(L � tertiary phosphane, n � 1 or 2). For the synthesis of
dimetallic substituted carbonyl clusters we have also investi-
gated another strategy: treatment of different phosphane
selenides with the dimetallic tetrahedral clusters
[HMCo3(CO)12] (M � Fe or Ru) and with the linear trinu-
clear complex [Pt{Fe(CO)3(NO)}2(PhCN)2] obtaining new
selenido�mixed-metal clusters substituted by tertiary phos-
phanes.

Acknowledgments
Financial support from the Ministero dell’Università e della
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Misure (Università di Parma) were used to record the NMR and
mass spectra.

[1] D. Fenske, G. Longoni, G. Schmid, in: Clusters and Colloids
(Ed.: G. Schmid), VCH, Weinheim, 1994, chapter 3, p. 89.

[2] G. Henkel, S. Weissgräber, in: Metal Clusters in Chemistry
(Eds.: P. Braunstein, L. Oro, P. Raithby), VCH, Weinheim,
1999, vol. 1, p. 163.

[3] S. Dehnen, A. Eichhöfer, D. Fenske, Eur. J. Inorg. Chem.
2002, 279�317.

[4] F. J. Rodriguez, P. J. Sebastian, J. New Mater. Electrochem.
Syst. 1999, 2, 107�110.

[5] F. J. Rodriguez, P. J. Sebastian, Surf. Eng. 2000, 16, 43�46.
[6] S. Duron, R. Rivera-Noriega, M. A. Leyva, P. Nkeng, G. Poil-

lerat, O. Solorza-Feria, J. Solid State Electrochem. 2000, 4,
70�74.

[7] J. Mizutani, K. Matsumoto, Chem. Lett. 2000, 1, 72�73.
[8] V. Le Rhun, N. Alonso Vante, J. New Mater. Electrochem. Syst.

2000, 3, 331�336.
[9] T. C. Standtman, Annu. Rev. Biochem. 1990, 59, 111�127.

[10] M. L. Steigerwald, T. Siegrist, E. M. Gyorgy, B. Hessen, Y.-U.
Kwon, S. M. Tanzler, Inorg. Chem. 1994, 33, 3389�3395.

[11] B. F. G. Johnson, T. M. Layer, J. Lewis, A. Martin, P. R.
Raithby, J. Organomet. Chem. 1992, 429, C41�C45.

[12] T. M. Layer, J. Lewis, A. Martin, P. R. Raithby, W.-T. Wong,
J. Chem. Soc., Dalton Trans. 1992, 3411�3417.

[13] T. Chihara, H. Yamazaki, J. Organomet. Chem. 1992, 428,
169�186.

[14] A. J. Arce, R. Machado, C. Rivas, Y. De Sanctis, A. J. Deem-
ing, J. Organomet. Chem. 1991, 419, 63�75.

[15] D. Fenske, J. Ohmer, J. Hachgenei, Angew. Chem. Int. Ed. Engl.
1985, 97, 993�995.

[16] D. Fenske, H. Krautscheid, M. Müller, Angew. Chem. Int. Ed.
Engl. 1992, 31, 321�323.

[17] H. Krautscheid, D. Fenske, G. Baum, M. Semmelmann, An-
gew. Chem. Int. Ed. Engl. 1993, 32, 1303�1305.

[18] J. Hsiou Liao, M. G. Kanatzidis, Inorg. Chem. 1992, 31,
431�439.

[19] J. Hsiou Liao, M. G. Kanatzidis, J. Am. Chem. Soc. 1990,
112, 7400�7402.

[20] G. Hogarth, N. J. Taylor, A. J. Carty, A. Meyer, J. Chem. Soc.,
Chem. Commun. 1988, 834�836.

[21] F. Van Gastel, L. Agocs, A. A. Cherkas, J. F. Corrigan, S.
Doherty, R. Ramachandran, N. J. Taylor, A. J. Carty, J. Cluster
Sci. 1991, 2, 131�136.

[22] S. M. Stuczynski, Y.-U. Kwon, M. L. Steigerwald, J. Or-
ganomet. Chem. 1993, 449, 167�172.

[23] W. Imhof, G. Huttner, J. Organomet. Chem. 1993, 448,
247�253.

[24] P. Mathur, Md. M. Hossain, R. S. Rashid, J. Organomet. Chem.
1993, 460, 83�86.

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 1659�16681668

[25] P. Mathur, Md. M. Hossain, R. S. Rashid, J. Organomet. Chem.
1994, 467, 245�249.

[26] P. Baistrocchi, D. Cauzzi, M. Lanfranchi, G. Predieri, A. Tirip-
icchio, M. Tiripicchio Camellini, Inorg. Chim. Acta 1995, 235,
173�183.

[27] D. Cauzzi, C. Graiff, G. Predieri, A. Tiripicchio, in: Molecular
Clusters in Chemistry, vol.1, (Eds.: P. Braunstein, L. Oro, P.
Raithby), Wiley-VCH, Weinheim, Germany, 1999, pp.
193�208.

[28] M. Careri, C. Graiff, A. Mangia, P. Manini, G. Predieri, Rapid
Commun. Mass Spectrom. 1998, 12, 225�230.

[29] D. Cauzzi, C. Graiff, G. Predieri, C. Vignali, A. Tiripicchio, J.
Chem. Soc., Dalton Trans. 1999, 237�242.

[30] D. Cauzzi, C. Graiff, M. Lanfranchi, G. Predieri, A. Tiripic-
chio, J. Chem. Soc., Dalton Trans. 1995, 2321�2322.

[31] L. L. Nelson, F. Y.-K. Lo, A. D. Rae, L. Dahl, J. Organomet.
Chem. 1982, 225, 309�329.

[32] L. C. Roof, W. T. Pennington, J. W. Kolis, Angew. Chem. Int.
Ed. Engl. 1992, 31, 913�915.

[33] D. Belletti, D. Cauzzi, C. Graiff, A. Minarelli, R. Pattacini, G.
Predieri, A. Tiripicchio, J. Chem. Soc., Dalton Trans. 2002,
3160�3163.

[34] R. D. Adams, J. E. Babin, M. Tasi, Organometallics 1988, 7,
219�227.

[35] P. Baistrocchi, D. Cauzzi, M. Lanfranchi, G. Predieri, A. Tirip-
icchio, M. Tiripicchio Camellini, Inorg. Chim. Acta 1995, 235,
173�183.

[36] D. Belletti, C. Graiff, R. Pattacini, G. Predieri, A. Tiripicchio,
results to be published.

[37] D. Cauzzi, C. Graiff, C. Massera, G. Predieri, A. Tiripicchio,
Inorg. Chim. Acta 2000, 300�302, 471�476.

[38] D. Cauzzi, C. Graiff, C. Massera, G. Predieri, A. Tiripicchio,
Eur. J. Inorg. Chem. 2001, 721�723.

[39] D. Cauzzi, C. Graiff, C. Massera, G. Predieri, A. Tiripicchio,
J. Cluster Sci. 2001, 12, 259�271.

[40] A. J. Deeming, S. N. Jayasuriya, A. Arce, Y. De Sanctis, Or-
ganometallics 1996, 15, 786�793.

[41] D. Acquotti, D. Belletti, C. Graiff, C. Massera, A. Minarelli,
G. Predieri, A. Tiripicchio, results to be published.

[42] F. Fabrizi de Biani, C. Graiff, G. Opromolla, G. Predieri, A.
Tiripicchio, P. Zanello, J. Organomet. Chem. 2001, 637�639,
586�594.

[43] P. Q. Adams, D. L. Davies, A. F. Dyke, S. A. R. Knox, K.
A. Mead, P. Woodward, J. Chem. Soc., Chem. Commun. 1983,
222�224, and references therein.

[44] D. Cauzzi, C. Graiff, C. Massera, G. Predieri, A. Tiripicchio,
D. Acquotti, J. Chem. Soc., Dalton Trans. 1999, 3515�3521.

[45] P. Braunstein, C. Graiff, C. Massera, G. Predieri, J. Rosè, A.
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