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The nature of the crystallographically isostructural hydrido-
cluster anions [HOs;C(CO)24} ~ (1) and [HRu;0C(CO)24]~ (2) in
solution has been probed by variable-temperature *C-NMR
and two-dimensional {'"H}'*C-EXSY spectroscopy. The results
of the study are interpreted in terms of both localised and
global intramolecular exchange of the carbonyl and hydrido

ligands which appear to occur by the same mechanisms in
both clusters. The significance of the derived model for the
understanding of the dynamic behaviour of more complicated
systems such as [H;0s,0(CO)24]*~ (4) is discussed. The latter is
at present the best molecular model for the structural aspects
of synthesis gas adsorption at high density on metal surfaces.

The chemisorption of H; and CO on metal surfaces is one
of the most extensively studied areas of surface science™*,
The role that the adsorption of these molecules (e.g. in “syn-
thesis gas”) plays in various heterogeneous catalytic proc-
esses provides the underlying motivation for the research
effort. Certain structural and dynamic aspects of the chem-
isorption of small molecules on extended metal surfaces may
be modelled by the interaction of molecular fragments in
discrete transition metal cluster molecules®™. In the context
of synthesis gas chemistry the study of structures, chemical
reactivity and ligand dynamics of high-nuclearity hydrido
carbonyl clusters has received particular attention.

We have previously reported the syntheses and structures
of several decanuclear hydrido-carbonyl clusters of ruthe-
nium and osmium which exhibit a cubic close-packed tetra-
hedron (i.e. tetracapped octahedron) of metal atoms sur-
rounded by a shell of 24 carbonyl and 1 — 5 hydrido ligands
(Figure 1): [HOs;,C(CO),] ™ (D™, [HRu,tC(CO),]~ (27,
H,0s;,C(CO)y4 (3)[6]’ [H4Os,(CO)] ™ (4)[3]’ and [H;Os -
(CO)u]~ (5)™.

Figure 1. The metal core structure of clusters 1—5
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For the [(Ph;P),N]™" salt of 4, in particular, a neutron
diffraction study has established the surface location of the
four hydrido atoms which are intimately embedded in the
CO-ligand sphere®. Very short C---H contacts were inter-
preted as being indicative of an incipient interaction between
the two types of ligands, a key step in Fischer-Tropsch re-
lated catalysis. The determination of the solid-state structure
of 4 prompted a series of *H- and *C-NMR studies in order
to obtain information about the behaviour of the system in
solution. These established a high degree of mobility for the
H ligand which is reflected in the NMR spectra at temper-
atures above 295 K. Unfortunately, the chemical exchange
patterns observed on lowering the temperature were too
complex to enable the proposition of a model for the dy-
namic processes occuring in the system. The situation is
additionally complicated by the fact that, in spite of the
results of the neutron structure analysis, a conceivable in-
terstitial migration of the hydrido ligands in 4 cannot be
fully ruled out.

In order to gain some insight into the migrational proc-
esses of a hydride ion in a tetrahedral “M;o(CO),s’-type
cluster, it was therefore decided to reinvestigate and extend
the *C-NMR spectroscopic characterisation of the mono-
hydrido cluster anions 1 and 2. Both species are derived
from the decametal carbido cluster dianions [M;oC-
(CO)TP~ (M = Ru, Os) which may be quantitatively con-
verted into the hydrido monoanions, [HOs,C(CO),,J~ 1
and [HRu;,C(CO)»]~ 2, by protonation with strong
acids!®”). The occupation of the central octahedral cavity in
the metal core structures of 1 and 2 by a carbido atom
precludes a potential migration of the hydrogen atom be-
tween interstitial sites within the cluster core, as was for
example found for [H;Rh;5(CO),s]*~"%. Thus, global hy-
dride fluctionality is restricted to the surface of the metal
framework. The information obtained from the investigation
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of 1 and 2 will be useful for the analysis of the dynamic
processes in the more complicated tetrahydrido cluster 4.

Results and Discussion

BC-NMR spectra of 1 and 2 in the CO chemical shift
region recorded at 300 K and 200 K, respectively, are shown
in Figure 2 (the carbide resonances are observed as singlets
at considerably higher frequencies: 6 = 409.0 and 374.5,
respectively).
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Figure 2. 100.62 MHz "*C-NMR spectra of (a) [HOs,(C(CO)]™
(1) at 300 K and (b) [HRu;,C(CO),.]~ (2) at 200 K in C,D,Cl; (c)
labeling of the CO ligands for the assignment of the spectra

The spectra are entirely analogous and consist of five sig-
nals in the intensity ratio 1:1:2:3:1 which are split into a
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high-frequency set of three (1:1:2) and a low-frequency set
of two (3:1) signals.

For these systems the spectra can be interpreted unam-
biguously in terms of a C;, molecular symmetry on the ti-
mescale of the experiment, as is shown in Figure 2c, and by
assuming rapid tripodal rotation of the apical M{(CO); units
which is a fast process for both systems even at 170 K. An
interesting observation on these spectra, and one which has
been found to be equally applicable to other derivatives of
[M(C(CO)J*~ (M = Ru, Os), is that the signals associated
with the apical metal atoms (a, b, ¢) appear at a lower fre-
quency as those on edge sites (d, e, f) (Table 1), The orig-
inal interpretation of this effective Cy, symmetry"? of 1 and
2 was that the hydride ion resided within a tetrahedral in-
terstitial site; however, with the recent discovery of the sur-
face location of all four hydrido ligands in 4, along with the
evidence for a similar situation obtained for the dihydrido
species [H,0s,,C(CO),,]*, it is of interest to reinvestigate
the system and reevaluate the data”. The similarity of the
'H-NMR chemical shifts of the hydrides in 1, 2, and 4 (Table
1) does not support the proposal of significantly different
chemical environments for the H nuclei in the three species.
Indeed, there is at present no firm evidence for the existence
of hydride ions located in tetrahedral interstitial sites in any
known carbonyl cluster, and we are therefore obliged to
consider the possibility that the H ligands in 1 and 2 are
located on the surface of the metal core.

The only possible position in which a static surface-lo-
cated hydride ion may confer C;, symmetry on both species
is in a symmetrical ps-coordination site above one of the
exposed faces of the central octahedron (i.e. in the centre of
one of the surfaces of the cluster core), as found in the solid
state for two of the four hydrido atoms in 4. However, such
an interpretation of the *C-NMR spectra may be dis-
counted in the case of 1 and, by implication, 2 with reference
to the reported '"H-NMR spectrum of 1%, Associated with
the hydride resonance at 8 = —15.3 are two sets of ®*'Os
satellits (/ = 1/2, 1.96% natural abundance) with an inten-
sity ratio of ca. 1:3 and 'J("*'Os,'H) coupling constants of
26.6 and 15.9 Hz, respectively. Clearly, u; coordination of
the hydride as proposed above would lead only to one set
of satellites since all three of the osmium atoms in this site
are equivalent. We are therefore led to consider the location
of the H ligand on the surface of one of the capping tetra-
hedra of the metal core, and in this situation the *’Os-
satellite pattern suggests the association of the hydride with
three equivalent osmium atoms in additions to the apical
one. This is consistent with the *C-NMR spectrum since

Table 1. 'H- and PC-NMR data of 1 and 2 recorded in C,D,Cl,

8(1*C) 3('H)

Compound a b+c¢ e f carbide Os-H
[HOs,,C(CO)2]~ (1) (300 K) 169.8 175.2 180.6 185.1 188.0 409.0 —153
[HRu;,C(CO)q]™ (2) (200 K) 188.1 189.9 206.7 209.5 2113 374.5 —13.5

Chem. Ber. 1992, 125, 2019 —2023



Hydride and Carbonyl Fluctionality in [HM,,C(CO)»]~ (M = Ru, Os)

static location of the hydrido ligand on a face (p;) or edge
(i) of a tetrahedral cap would lead at best to C, symmetry,
whilst its equal association (on the NMR time scale) with
the three osmium atoms at the base of a cap and with that
at a vertex would clearly result in the required effective C,,
symmetry (Figure 3).
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Figure 3. 'J("®Os,'H) satellite pattern of the h]ydride resonance in
the '"H-NMR spectra of 1 (adapted from ref.!'l) and its reinterpre-
tation in terms of a rapidly migrating external H ligand

Returning to the *Os-satellite pattern, the coupling con-
stant of 15.9 Hz for the more intense satellites is unusually
small for a static hydride in an osmium cluster (typical val-
ues are between 26 and 40 Hz, although the pubished data
is by no means extensive)''*. It is, however, comparable
to the average 'J(*¥’0s,'H) found for rapidly exchanging sys-
tems such as H,0s,(CO)y, ['J(**’0s,'H) = 14.4 Hz at 298 K
and 30.5 Hz at 168 K", We must therefore consider a
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model in which the hydrido ligand is surface-located and
rapidly “rotating” around the three equivalent edges and
faces of one of the capping tetrahedra, a situation which
generates the observed overall symmetry, and is in addition
consistent with the "H-NMR data. The 1J(**'Os,'H) of 26.6
Hz is attributed to the coupling to the vertex osmium nu-
cleus whilst the splitting of the set of satellites with threefold
intensity corresponds to the average coupling to the three
chemically equivalent osmium nuclei as depicted in Figure
3. Such a rotation of the hydride ion would not be surprising
considering the above-mentioned observation that the api-
cal M(CO); units are undergoing rapid tripodal rotation
with which the hydride motion may be concerted. This is
therefore now our favoured model. The *C-NMR spectra
of 1 and 2 shown in Figure 2 thus conceal some residual
motion of both the hydrido and carbonyl ligands, and in-
deed, the spectra recorded above these temperatures reveal
a development of these motions.

A series of *C-NMR spectra of 1 recorded in C,D,Cl, up
to 416 K is shown in Figure 4a. The initial effect of increas-
ing the temperature is the exchange broadening of all res-
onances in the spectrum followed by coalescence above
380 K. The appearance of the spectra suggests that the three
signals at 180 < & < 190 [those due to the edge-M(CO),
units] and the two signals at lower frequency [the M(CO),
carbonyls] internally coalesce, but that there is no visible
exchange between the two sets of signals. This results in the
emergence of two resonances at 416 K (6 = 173.6, 182.9),
each due to the 12 CO ligands and indicative of a transfor-
mation of the effective point symmetry from C,, to 7.

In order to unambiguously establish the exchange net-
work for the PCO resonances of 1, a {'"H}"*C-EXSY spec-
trum was recorded at 340 K and is shown in Figure 4b. In

b)

Figure 4. (a): A high-temperature *C-NMR series of 1 in C,D,Cly; (b): ’C-EXSY spectrum of 1 recorded in C,D,Cl, at 340 K
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the experiment the standard NOESY pulse sequence was
used '
n/2 — vt —~ w2 — tpy — /2 — FID

The mixing time, £, was set at 0.2 s and randomly var-
ied within a range of +0.04 s in order to suppress coherent
J-cross peaks due to scalar coupling between the *C nuclei.
This measure was taken, although earlier reports of similar
experiments on clusters indicated that COSY-type peaks
between CO ligands of relative cis orientation are not ob-
served even at high levels of *C enrichment™®. The inco-
herent cross-peak correlations in the spectrum may therefore
be attributed to spins involved in chemical exchange. The
pattern is consistent with the deductions made from the
one-dimensional variable-temperature spectra in that only
cross peaks attributable to exchange between the two apical
M(CO); sites or the three M(CO),-edge sites are observed
but not between these two environments. In addition, both
processes appear to be correlated. Since CO exchange be-
tween the vertex positions cannot occur without involving
the edge sites, the only possible explanation is the exchange
of the hydride ion between all possible positions on the
cluster surface, and if this were a rapid process, the expected
effective symmetry at high temperatures would be T, as is
observed. In this way the migration of the hydride ion over
the surface of the cluster core is indirectly probed by the
observation of its effect on the effective point symmetry of
the system. It should be pointed out that the observed be-
haviour of the hydride in 1 is closely related to that of
Hg—Y-fragments (Y = Cl, Br, I, CF3) attached to Os cores
which we reported recently!’. This is an example for the
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usefulness of the isolobal analogy in this area of chem-
istry!8,

A series of *C-NMR spectra of 2 recorded in C,D,Cl,
between 250 K and 380 K are shown in Figure 5. Here,
between 250 K and 335 K we observe spectral changes
which are entirely analogous to the those found for 1.

However, due to the larger frequency separation of the
two sets of signals for this cluster, the exchange pattern more
obviously only involves exchange within the two sets as
shown conclusively for 1 by the EXSY spectrum. Thus, at
335 K we have a two-resonance indicating an effective 7
symmetry brought about by the global migration of the
hydrido ligand. However, a further increase of the temper-
ature does not result in a high-temperature limiting spec-
trum for this process, i.c. the development of two sharp
signals. On the contrary, above 335 K the two signals again
broaden indicating the emergence of chemical exchange be-
tween the two CO environments on the timescale of the
experiment. At these elevated temperatures, therefore, the
spectra are to be interpreted in terms of not only global
exchange of the hydride but also of the carbonyl ligands.
Beyond 380 K 2 is unstable and rapidly decomposes; how-
ever, it is resonable to assume that the spectra above this
temperature would show coalescence of the two signals and
the emergence of a single resonance for all 24 CO groups,
as is found in the high-temperature limiting spectrum of the
decanuclear parent cluster dianion, [Ru;C(CO),,J*~ 1.

In summary, the dynamic behaviour of the hydrido ligand
in 1 and 2 can be rationalised by invoking two limiting
regimes:
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Figure S. A series of high-temperature *C-NMR spectra of [HRu;(C(CO),,]1~ (2) recorded in C,D,Cl,
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1) the rapid migration of the hydride around the sym-
metry-related edges and faces of a single capping tetrahe-
dron of the My, core (M = Ru, Os), possibly synchronous
with the M(CO), “rotation”, conferring effective C, sym-
metry;

ii) the total fluctionality of the hydride over the surface
of the metal core at elevated temperatures resulting in ef-
fective T, symmetry;

whilst it is evident from the highest temperature spectra of
2 that the carbonyl ligands in these systems are also, albeit
slowly, exchanging between the metal atoms of the cluster
cores. In general, CO migration in Os-cluster cores is found
to be a more highly activated process than in their ruthe-
nium analogues. This is thought to be consequence of the
energetically less favourable intermediate p,-CO coordina-
tion mode for the Os species which the carbonyl ligands
must necessarily adopt in interatomic migrational processes
in clusters.

Conclusion

The migration of the surface-bound hydrogen atoms in
the decanuclear clusters 1 and 2 has been found to be a
highly structured process and may be broken down to var-
ious elementary processes which determine the limiting dy-
namic regimes as reflected in the *C-NMR spectra. It may
be assumed that a similar behaviour of the hydrido ligands
in 4 is responsible for the spectral patterns observed in the
'H- and *C-NMR spectra. The detailed investigation of the
latter system is currently under way "%,

As far as the experimental method employed is concerned,
we have found that for the probing of the hydride-ion mo-
bility in symmetrical high-nuclearity carbonyl clusters the
indirect monitoring of its effect on the CO shell as a whole
by means of *C-NMR spectroscopy may be the method of
choice. As the amount of accumulated data increases an even
more specific interpretation of the spectroscopic results will
be feasible.
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Experimental

All the spectra displayed were recorded by using samples of 50%
and 30% *C-enriched [HOs;(C(CO)]~ (1) and [HRuyC(CO),e] ™
(2), respectively. Both compounds were synthesised from *C-en-
riched M5(CO),, (M = Ru, Os)®®7, the latter being obtained by
literature procedures 2>,

The C-NMR spectra were recorded by using a Bruker AM400
spectrometer with an ASPECT 3000 computer and equipped with
a B-VT-1000 variable-temperature unit. C,D,Cl; was used in all
experiments and chromium(IIl) acetylacetonate was routinely
added as a shiftless relaxation agent which enabled the reduction
of the delay between consecutive pulses (i.e. the sum of the aquis-
ition time AQ and the relaxation delay RD) to ca. 1.4. Typical
aquisition parameters were as follows: number of pulses (NS):
200 —1000; number of data points (SI): 64 K; sweep width (SW):
45000 —48000 Hz; relaxation delay (RD): 0.7—0.8 s. The accumu-
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lated free-induction decay was treated with an exponential filter
(LB = 1.0—1.5) before Fourier transformation.

The C-EXSY spectrum (recorded at 340 K) was obtained with
the Bruker automation programme NOESYX which produces
homonuclear-correlated 2D spectra with power-gated 'H decou-
pling. The pulse sequence is D1 — 90° — DO — 90° — D9 — 90°
— FID. The initial relaxation time was set at 1.1 s, DO was initially
3 x107%s, and D9 was the mixing time ¢, which was set at 0.2 s.
The basic experiment was repeated for 128 values of DO, i.e. the F1
dimension of the data matrix contained 128 words, and was zero-
filled to 256 W, while the F2 dimension contained 1024 data points.
D9 (= tyi) was randomly varied within the range of +40 ms to
suppress J-cross peaks. The number of scans per experiment was
32 which gave a total experiment time of ca. 2.5 h. The data were
processed by using an unshifted sine-bell apodization in both di-
mensions, and the data matrix was not symmetrised.
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