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Late-transition-metal (low-oxidation
state) clusters, with m-acceptor ligands
and early-transition-metal (high-oxida-
tion state) clusters, with st-donor ligands,
have been intensively studied for several
decades.!! Apart from the fascinating
structural aspects of cluster compounds
and rationalization of their bonding,
much motivation for their study has
been driven by potential applications. It
was suggested that transition-metal clus-
ters might prove to be effective catalysts,
filling the void between mononuclear
species and colloidal (or heterogeneous)
catalysts and open up new possibilities
in catalysis and organic synthesis.?
Research at the interface of late- and
early-transition-metal cluster chemistry
has not been forthcoming although
polyoxometalates have been combined
with organometallic fragments®® and
late—early-transition-metal bonds are
well known.! However, in a recent
communication by Weller et al., a late-
transition-metal cluster based on an
octahedral rhodium core was reported
that has a structure and an electron
count similar to that of an early-transi-
tion-metal cluster, and thus bridges the
two largely separate and distinct re-
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gimes.”) The cluster was isolated after a
remarkably simple synthesis involving
reduction under hydrogen of the com-
plex, [RhL,(nbd)]*, where L is a phos-
phine and nbd is norbornadiene. The
rhodium precursor represents a widely
used class of hydrogenation catalyst,
especially for asymmetric reductions
where L, is a chiral bisphosphine.[
Therefore, apart from the absence of
any substrate, what is so different about
the synthesis which leads to such an
intriguing cluster? The answer to this
question remains to be confirmed, but
three factors appear to be important.
First, commencing with a rhodium salt
comprising a weakly coordinating anion,
that is, [1-H-closo-CBMe;]~ or
[B(Arg),]~ (Arp=3,5-bis(trifluorome-
thyl)phenyl). Second, the use of rela-
tively weakly coordinating solvents, that
is, C¢HsF or CH,Cl,. Third, the utiliza-
tion of a phosphine which appears to
have the ideal topology to form a
protective sheath over the cluster (see
below). The cluster in question,
[Rhy(PiPr3)s(u-H),,]**, is prepared ac-
cording to Scheme 1, and accounts for
about 20 % of the starting material—the
other compounds formed in the reaction
remain uncharacterized.

H, (= 4 atm)

[Rh(PiPr;),(nbd)IlY] —————— [RhsH,(PPrs)][Y], + [HPPr][Y]

Y = 1-H-closo-CB,,Me,, or B(Ar),

Scheme 1. The preparation of [Rhg(PiPr;)e(1-H) 1]

The structure of the [Rhg(PiPr;)¢(u-
H),,]** dication comprises an essentially
regular octahedron in which each vertex
is capped by a phosphine ligand and
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each edge bridged by a hydride (Fig-
ure 1). It resembles the early-transition-
metal cluster [Zrg(p-Cl),(PMe,Ph)-
(H),] in the arrangement of ligands.”!

Figure 1. Ball-and-stick representation of the
structure of [Rhg(PiPr;)g(u-H) > For clarity
the iso-propyl groups are represented by a sin-
gle carbon atom. POV-RAY diagram drawn us-
ing ORTEP-3.8.1

What is perhaps most interesting,
and could indicate why the cluster is
stable, is that the iso-propyl groups
attached to the phosphine ligand appear
to cloak the metal core
almost completely as
can be appreciated from
the space filling repre-
sentation shown in Fig-
ure 2. While there are
approximately 90 struc-
turally characterized ex-
amples of [Mg(PR;)cL,]
clusters known, the vast majority have
sterically undemanding ligands (typical-
ly PEt;) and only one, [Wy(us-
S)s(PCy;)s] (Cy=cyclohexyl)! has a
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Figure 2. Space-filling representation of the
structure of [Rhg(PiPrs)¢(u-H);,)*t.

ligand more bulky than PiPr;. Packing
six bulky phosphines around the cluster
core does have a distorting effect on the
geometry of the octahedral core, but the
efficient packing probably helps consid-
erably to stabilize the numerous labile
hydride ligands.

The electronic structure of the clus-
ter bears closer resemblance to early-
transition-metal clusters with m-donor
ligands than to late-transition-metal
clusters with m-acceptor ligands. Most
octahedral clusters with m-acceptor li-
gands have 86 electrons, and deviations
from this rule for late-transition-metals
are rare and usually involve clusters with
unusual ligand assemblies, or Group 10
or 11 metals, or both, such as the
90 electron  [Nig(1’-CsHs)s].'  There
are many clusters known of the type
[Mg(ps-E)s(PR3)] (M = Group 6,7, 8, or
9 metal; E =S, Se, or Te)!"!! that span the
early-late-transition-metal divide, and
these have electron counts!'” ranging
from 79 for [W(ps-S)s(PEt;)e] T to 98
for [Cog(ps-S)s(PEt;)s]."  However,
[Rhg(PiPr;)s(u-H);,]** has an electron
count of just 76 electrons, a value en-
tirely without precedent for the late-
transition-metals and comparable only
to early-transition-metal halide clusters,
such as [Mg(p-Cl);,CL]*~ (M =Nb, Ta;
also 76 electrons).

In addition, the ratio of hydrides to
rhodium is remarkably high, and repre-
sents one of the highest ratios observed
to date. High hydride to metal ratios are
important with respect to hydrogen
(hydride) storage and also have impli-
cations in hydrogenation catalysis where

Angew. Chem. Int. Ed. 2004, 43, 6028 -6030

hydrogen spillage could account for
accelerated reductions."”

It is probably not unfair to say that
cluster chemistry has been in decline
since its peak in popularity in the late
1980s. However, without the high ex-
pectations that once dominated the field
it remains healthy and some of the best
work has since been carried out. High-
nuclearity clusters, such as [Osyy-
(CO),of* 1 [NizsPty(CO)g]"
[Pd;5(CO)(PEt;)50]"™  and  [Cuyye
Se;5(PPh;)y] 1 the larger ones exceed-
ing the size of many colloids, have been
prepared and characterized by X-ray
crystallography. A fascinating series of
ruthenium—palladium and ruthenium-—
platinum clusters prepared by conden-
sation of preformed ruthenium clusters
with the {M(P7Bus),} unit (also an active
catalyst precursor—but for carbon—car-
bon coupling reactions) have been re-
ported,”™ and related compounds have
been used as precursors to highly active
supported naked nanoparticle cata-
lysts.”!! Also, the on-going question of
whether intact clusters can act as cata-
lysts has finally been resolved, at least
for hydrogenation reactions. The answer
is yes, demonstrated directly by para-
hydrogen NMR spectroscopy, but the
process is highly solvent dependent and
this might explain why there has been so
much controversy in the literature sur-
rounding this topic.”? However, the
isolation of [Rhg(PiPr;)s(pu-H),]*" from
[Rh(PiPr;),(nbd)]* under a hydrogen
atmosphere raises another question.
Could clusters, especially one so elec-
tronically unsaturated and presumably
as reactive as [Rhg(PiPr;)q(u-H),]**, be
the active catalysts in hydrogenation
reactions commencing with the widely
used [Rh(PiPr;),(nbd)]* precursors, that
operate under similar conditions to
those in which the cluster was isolated,
merely in the presence of a suitable
substrate ? It is already well established
that homogeneous (mononuclear) pre-
catalysts often decompose to nanoparti-
cles which are the active catalysts,* but
little attention has been paid to the
mechanism and whether molecular clus-
ter intermediates play an influential
role. The distinctive spectroscopic prop-
erties of [Rhg(PiPr;)s(u-H),,]*" may well
facilitate such investigations.

Further development of the unique
cluster chemistry introduced by Weller
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et al. could take many paths. The X-ray
data notwithstanding, a neutron diffrac-
tion study to pinpoint the exact hydride
locations is clearly desirable. Similarly,
extension of the structural motif to other
late-transition-metals, other bulky two-
electron donor ligands, and perhaps
other hydride ligand counts, will all
provide interesting insights into what
represents a new frontier for cluster
chemistry.
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