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It has been over 20 years since Muetterties proposed the
widely discussed cluster ± surface analogy as a model for
understanding surface phenomena on an atomic level.[1±5]

Over the years, however, there have been surprisingly few
well-characterized experimental confirmations of this con-
cept.[6±8] One important surface process that has been well
studied over the years is that known as adatom diffusion.[9±12]

Adatom diffusion is important to understanding crystal and
thin-film growth, phase transitions, segregation, cluster nu-
cleation, and other surface phenomena. The two most
important mechanisms are atom hopping and atom ex-
change.[9±11]

In the atom hopping mechanism, an adatom moves from
one hollow site to another by moving over a pair of atoms via
an ™edge bridge∫ twofold transition state, see the fourfold,
twofold, fourfold example in Figure 1.

fourfold edge bridge fourfold

Figure 1. The shaded surface adatom moves from one fourfold site to
another via an edge-bridging transition state.

Here we report the synthesis and molecular structures of
the compound [PtRu5(CO)15(PtBu3)(C)] (1) and a study of its
unusual molecular dynamics in solution by variable temper-
ature NMR spectroscopy.[13] Compound 1 was obtained in
52% yield from the reaction of [Ru5(CO)15(C)][14] with
[Pt(PtBu3)2][15] at 25 �C.[16] The compound crystallizes in three
different crystal modifications depending on the solvent that
is used. Mixtures of a triclinic form and a monoclinic form A
were observed to form by crystallization from solutions in
benzene/octane solvent mixtures.[17, 18] The molecular struc-
ture of the compound is similar in both of these crystal forms
and the structure consists of a square-pyramidal cluster of five
ruthenium atoms with one platinum atom spanning the square
base with significant bonding to the four proximate ruthenium
atoms (Figure 2). The four Pt�Ru distances range from

Methods

The calculations were performed with JAGUAR 4.1,[20a] following pre-
viously established procedures.[11, 12, 14] The calculations utilized the hybrid
B3LYP density functional and the double zeta basis set, LACVP(Fe)/6-
31G(C,H,N,O). Geometries were optimized and characterized by frequen-
cy calculations. To consider the pure environmental effect, the calculations
(with hydrogen bonding and with �� 5.7) did not involve geometry re-
optimization. The ZPEs (calculated with the more accurate Gaussian98
routine[20b]) of the bare systems were added to the total energies for the
different conditions in Figure 2.
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Figure 2. The molecular structure of 1 as found in the triclinic crystal form.
Selected bond lengths [ä]: Pt1-Ru1 2.7966(5), Pt1-Ru3 3.1413(5), Pt1-Ru4
3.1463(5), Pt1-Ru2 3.1483(6). Ru1-Ru2 2.9280(7), Ru1-Ru4 2.9297(7),
Ru2-Ru3 2.8585(7), Ru3-Ru4 2.8576(7).

2.7966(5) ± 3.1483(6) ä. A carbido ligand lies inside the
cluster of six metal atoms. The single tri-tert-butylphosphane
ligand coordinates to the platinum atom.

A second monoclinic form B was obtained from crystal-
lization by using diethyl ether as the solvent.[18, 19] In this
crystalline form there are two independent complete mole-
cules. Both are structurally similar, and a diagram of the
molecular structure of one of these molecules is shown in
Figure 3. In this crystalline state the compound has assumed

Figure 3. The molecular structure of 1 as found in the monoclinic crystal
form B. There are two independent molecules in the crystal. Selected
interatomic distances [ä] for molecule 1: Pt1-Ru3 2.7894(5), Pt1-Ru2
2.8018(5), Pt1 ¥¥ ¥ Ru1 3.3076(5); for molecule 2 (not shown): Pt11-Ru12
2.8213(5), Pt11-Ru13 2.8282(5), Pt11 ¥¥ ¥ Ru11 3.1603(5). Ru2-Ru3
2.8928(6), Ru2-Ru5 2.8355(6), Ru3-Ru4 2.8407(7), Ru4-Ru5 2.8726(6).

an isomeric structure in which the platinum atom has moved
off the square base to an edge of the cluster of ruthenium
atoms (that is, the platinum atom is bonded primarily to only
two ruthenium atoms, for molecule 1: Ru3 and Ru2; for
molecule 2: Ru12 and Ru13). As indicated by the interatomic

distances Pt1 ±Ru1� 3.3076(5) ä and Pt11 ±Ru11�
3.1603(5) ä, there may also be some weak bonding between
the platinum atom and the ruthenium atom at the apex of the
Ru5 square pyramid.

Interestingly, the 31P NMR spectrum of 1 in [D8]toluene
solution at �40 �C shows two phosphorus resonance signals,
�� 118.2 and 92.7 ppm, both of which exhibit large coupling
to platinum (195Pt, 33% natural abundance), which indicates
that both isomers exist in equilibrium in solution and that the
phosphorus atom is bonded directly to a platinum atom in
each case. The equilibrium is temperature dependent and
favors the isomer with the resonance at �� 118.2 ppm as the
temperature is lowered below �40 �C. For this equilibrium
�H���1.4(1) kcalmol�1; �S���6.1(3) calmol�1K�1. Most
interestingly, as the temperature is raised above �40 �C, the
resonances broaden, coalesce, and average into a single
resonance, �� 103.9 ppm, with appropriate coupling to plat-
inum at 40 �C. This line broadening indicates that the isomers
are interconverting rapidly on the NMR timescale. From
computer line-shape simulations it was possible to determine
the rates of interconversion at the various temperatures, and
in turn, determine the thermodynamic activation parameters:
�H�� 8.8(5) kcalmol�1; �S���8.4 calmol�1K�1, (Fig-
ure 4).[20] The mechanism of interconversion involves a

Figure 4. Left: 31P NMR spectra of compound 1 at various temperatures in
[D8]toluene solvent. Signals labeled * are unidentified impurities. Right:
computer-simulated spectra at various exchange rates, k.

reversible breaking and making of two Pt�Ru bonds with a
shift of the platinum±phosphane grouping back and forth
between the fourfold Ru4 site and the twofold edge-bridging
Ru2 site, and it occurs at a rate of 24000 sec�1 at 20 �C
(Figure 5).
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Trimerization of [PdII(R2PCH2CH2PR2){1,2-C6H4(SiH2)2}]
(1; where R�Me or Et) has been demonstrated to produce a
trinuclear complex 2where two of the Pd atoms can be readily
characterized as PdII centers but the nature of the third,
central Pd atom is less clear (Scheme 1, by-products not
shown).[1] While this Pd atom (Pd1) is drawn in Scheme 1 as
bonding directly to two Si atoms and further interacting with
two Si�Si bonds, the interatomic distances from the X-ray
crystal-structure data could also be interpreted to be consis-
tent with an absence of Si�Si bonds and instead six Pd�Si
bonds,[1] that is, the central metal would formally be PdVI.
Both structures are without precedent in palladium coordi-
nation chemistry,[2, 3] although compounds of Pd[4±7] and Pt[8, 9]

have been reported for inorganic compounds of the form
[MFn] (M�Pd, Pt; n� 2,4,6), where the extreme electro-
negativity of fluorine is exploited for the generation of higher
oxidation states.[10]

To better understand the nature of the bonding in 2, we
have carried out DFT calculations on 2 and relevant model
compounds. With the exception of single-point calculations
using the X-ray geometries of 2a and 2b, all the structures
were fully optimized and verified as minima by analytic
frequency calculations. The functional employed was of the
hybrid variety[11] and combined exact Hartree ± Fock ex-
change with the gradient-corrected exchange and correlation
functionals of Becke[12] and Lee, Yang, and Parr,[13] respec-
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Figure 5. Interconversion of the Pt center between a fourfold and a
twofold site.

The great facility of the transformation can be explained by
the participation of the CO ligands that help to stabilize the
open cluster through their bridging coordination to the
platinum atom. Our studies of this molecular cluster model
system provide an interesting and unusual new perspective of
rearrangements involving the making and breaking of metal ±
metal bonds in polynuclear metal complexes and by analogy
also of the corresponding types of transformations that occur
on metal surfaces.
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