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N.M.R. Studies of the Motion of the Hydride Proton in Solid HRu,,C(CO),4~

Philip J. Bailey and Melinda J. Duer*

Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, U.K.

Cluster molecules, HRu4oC(CO),4~, are characterised by interstitial hydride ligands down to 250 K, but below that
temperature, progressively more and more molecules acquire externally-bound hydrogens.

The two subjects of molecular motion in solids! and interstitial
atoms in transition metal clusters? have received increasing
attention in recent years. In particular, the nature and
reactivity of interstitial atoms still remains a contentious issue.
We have undertaken variable temperature 'H n.m.r. and i.r.
studies on static, powder samples of the transition metal
cluster, HRu;(C(CO),,~ with the PPN+ [PPN+ = (Ph;P),N+]
cation.

The metal core in HRu;oC(CO)ys~ is a tetra-capped
octahedron of Ru atoms, the overall geometry of the core
being tetrahedral® (Figure 1). The carbide atom lies at the

centre of the Rug octahedron. Though not established by
X-ray diffraction, the hydrogen atom was proposed to lie at a
tetrahedral site inside a Ru ‘cap’.3

The 'H n.m.r. spectra shown in Figure 2 are characterised
by: (i) at 300 K a single, relatively sharp resonance is observed
at 8 ca. +0.2; (ii) as the temperature decreases below 300 K
the resonance at & +0.2 broadens and features begin to appear
around 6 —24 with a shoulder at & —35; (iii) at 140 K, a
spectrum is acquired which has features centred at 8 ca. —5
and —35. We interpret these spectra in terms of a changing
hydrogen site, from one characterised by a high frequency at
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Figure 1. A schematic diagram of the metal core geometry in
HRu;gC(CO)24~.

high temperatures to one characterised by a low frequency at
low temperatures.

Interstitial 'H nuclei in transition metal clusters have
previously been observed with low field resonances:45 for
example, the H resonance occurs at & +16.4 in
HRu4(CO);5~,4 where the hydride is known to be at the centre
of an octahedron of Ru atoms, and at & +23.2 in
HCog(CO);5~.5 By contrast, hydrogen atoms bonded termi-
nally to transition metals, including those that are edge-
bridging or face-capping on the exterior of transition metal
clusters, resonate at much higher field.” This site-dependence
of H resonances will be discussed at length in a future paper.
Meanwhile, we follow these precedents and assign the high
temperature resonance in HRu;gC(CO)4~ at § +0.2 to an
interstitial hydrogen, and the upfield resonance at lower
temperatures to an externally-bound hydrogen.

At temperatures above 250 K, the resonance assigned to an
interstitial hydrogen at 6 +0.2 is a single, sharp, symmetric
line. Given that the 'H n.m.r. spectra are of static, powder
samples, this implies either that the interstitial hydrogen lies at
a cubic symmetry site or that it is moving very rapidly over
equivalent sites. We discard the former in view of the inexact
crystallographic cubic symmetry but especially in view of the
occupation of the only cubic site in the molecule by the
interstitial carbide. We therefore propose that the hydride is
hopping rapidly between the interstitial sites formed by the Ru
capst on the Rug octahedron.

At temperatures below 250 K, a proton resonance assigned
to an externally-bonded hydrogen begins to appear. Two
features that define the n.m.r. of this second site are: (a) at 190
K a relatively sharp resonance is observed at  —24, with a
shoulder at 8 —35 and (b) at 140 K a resonance profile is

1 The X-ray crystal structure of HRu;4C(CO),4PPN shows all caps to
be of similar size and geometry in contrast to the Os analogue,
HOs,oC(CO),4~, where one cap (assumed to be that containing the
hydrogen) is expanded relative to the others.8 This is consistent with
the hydrogen moving very rapidly over the interstitial ‘cap’ sites in the
Ru compound.

J. CHEM. SOC., CHEM. COMMUN., 1989

140 K
' y] l ’190 K
7
| 300 K
T et T T
50 0 -50

&

Figure 2. The static, powder H n.m.r. spectra of HRu;(C(CO),,PPN
at various temperatures. For all spectra, 5 ps pulses were used with
10 s delay time between pulses. Over 400 scans were acquired for the
spectrum at 300 K whilst fewer were required at lower temperatures.
(The spectra do not have the same intensity scales.)

observed which is compatible with the powder spectrum of a
hydrogen with effective axial symmetry and characterised by
0, ~ =35 p.p.m,, o, ~ =3 p.p.m. and, therefore, & ~ —24
p.p.m.

Altogether, the 190 and 140 K spectra provide a consistent
set of data if we suppose that at 190 K the externally bonded
hydrogen is hopping over equivalent sites at a relatively high
frequency (so causing a large intensity for the isotropic
chemical shift of the hydrogen nucleus), whilst at 140 K the
hopping frequency is much lower. Confidence in this proposal
is increased by the similarity between the chemical shift (&
—24) of the sharp absorbance in the 190 K spectrum and that
of the isotropic chemical shift (& ~24) of the nucleus in this site
as estimated above from the 140 K spectrum.
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The i.r. spectra of the [BuyN]+ salt of HRu;(C(CO),4~ at
293 and 113 K for the region 600—800 cm~! were recorded.
The strong bands in this region of the spectrum may be
assigned to the vibrational modes of the carbide atom.

For a hydride ligand in HRu;¢C(CO),4~ located in one of
the tetrahedral caps, the cluster has C;, symmetry and the
carbide ligand would display an A and a degenerate E
vibration mode. Consistent with this, the observed spectrum
at 293 K displays one band at 738 cm~! and a more intense
band at 720 cm~!, which may be assigned to the A and E
modes, respectively. At 113 K, however, the lower frequency
band splits to give a distinct shoulder at 728 cm~!. This band
can be unequivocally assigned as a new band, and not simply a
result of higher resolution achieved at low temperatures. This
is consistent with a lowering of the cluster symmetry to C;, or
lower, where the degeneracy of the E mode is lifted.

In summary, therefore, both 'H n.m.r. and i.r. spectra are
consistent with the hydride ligand being expelled from the
interior of the cluster with decreasing temperature, to reside
on or above one of the uncapped triangular metal faces in a
less symmetrical geometry.
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