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Summary Variable temperature *C n.m.r. studies show DURING the continuation of our studiest of the 13C n.m.r.
that [H,FeRu,(CO);] is undergoing intramolecular car- spectra of ruthenium hydride and other clusters, we observed
bonyl exchange in three distinguishable stages: the first that the room temperature 3C spectrum of [H,FeRuy(CO),4)
localised at iron; the second localised at the three ruthen- (I),2 showed only one broad signal, indicating that the
inms; and the last general over all metal centres. molecule is stereochemically non-rigid, as might be expected

from recent work.®# Significantly, the slow exchange
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limit was successfully reached at — 92 °C in CHFCl,-CD,Cl,
solution and yielded a very rich and useful carbonyl
spectrum displaying eight resonances (see Figure). The
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Figure Variable temperature 2C-n.m.r. spectra of (I) from
— 90 °C to + 95 °C in CHFCI,—-CD,Cl, (50 mg in 3 cm?®) approx-
imately 309 enriched *CO and 0-05M in Cr(acac);. Spectra
were run on a Jeol-PFT 100 at 25-1 MHz.

shifts from low to high field (relative to Me,Si) are 231-9,
212-0, 204-4, 1953, 191-1, 190-4, 188-2, and 187-7 p.p.m.
They have integrated intensities of 2:1:1:2:2:2:1:2
respectively.

Some assignments of these resonances can be made
relative to the solid-state structure obtained by X-ray
methods.? The three low-field resonances can be ascribed
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to the carbonyl groups attached to iron, on the basis of the
intensities and of the expected low field effects due to
bridging, together with the observed shift to higher field for
terminal carbonyl groups attached to ruthenium,34 but we
cannot discriminate between (2) and (3). The resonance of
the axial carbonyl group on Ru(l) is readily assigned, since
it is the only carbonyl group bound to ruthenium which
should give a signal of relative intensity one. The equa-
torial carbonyl groups (8) on Ru(l) are assigned to the
highest field resonance, on the basis of a shift similar to (7)
and by analogy with the shift in [H;Ru,(CO),]%* Reson-
ances (5) and (6) can be assigned (but not discriminated)
because of the expected similarity of the two equatorial
environments for carbonyl groups on Ru(2) and Ru(3). The
remaining resonance (§ 195-3) is assigned to the axial
carbonyl groups (4) on Ru(2) and Ru(3). This resonance
and resonance (1), each intensity 2, are broader than the
other resonances which possibly reflects some localised
distortions in the structure. Distortions in the crystal have
been observed.*
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Figures in brackets are tentative assignments only.

1H-coupled 13C spectra at a sample temperature as low as
—100 °C show only minor broadening of the ruthenium-
bound carbonyl groups. %J(*H-13C), therefore, is probably
smaller in (I) than in other ruthenium hydrides,® although
residual exchange of the hydride could still be rapid enough
to collapse this coupling.

At —72°C, the 3C n.m.r. spectrum shows broadening of
the iron carbonyl resonances, (1), (2), and (3), whereas the
resonances of the remaining ruthenium carbonyl groups
remain sharp. At slightly higher temperatures the differ-
ential affect is accentuated (see Figure). The simplest
explanation is that the bridges open on the ruthenium side
and that complete localised scrambling then occurs at iron.

At —45°C the ruthenium-bound carbonyl resonances
have collapsed to a single resonance at & 190-6. The
average shift expected for a localised scrambling at ruthen-
ium is 190-8. Two general mechanisms are possible; one
involving bridged carbonyl intermediates, and a second
which does not.?:¢ Either could apply to the mixed iron-
ruthenium trinuclear species [Fe,Ru(CO),;,], but the latter
is indicated for [Ru3(CO);,(NO),].2

Above —30 °C the resonance at 190-6 p.p.m. broadens
further as the temperature is increased and is lost in noise
until at 435 °C a broad resonance emerges and gradually



454

sharpens to a single resonance at +95 °C. The shift of this
resonance, 199-5 p.p.m., is in excellent agreement with the
value for the weighted average chemical shift of all carbonyl
groups (199-8 p.p.m.). This last stage of the exchange leads
to a scrambling of all carbonyl resonances and must involve
exchange of carbonyl groups between iron and ruthenium.
The rate-determining step for exchange of carbonyl groups
between iron and ruthenium requires opening of the unsym-
metrical bridge at the Fe-CO(1) bonds (bond length
1-63—1-84 A)* and would be expected to have a higher
activation energy than the bridge opening at Ru-CO(1)
(bond length 2-25——2-32 A)* which is probably the rate
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determining step for the first stage of the exchange. At
higher temperatures all three stages of exchange are occur-
ring simultaneously. Since the entire process is reversible
and is independent of solvent and sample concentration,
the possibility of intermolecular exchange can be ruled out.

These mechanisms clearly show the multi-stage nature of
the overall exchange process in (I).
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1 Samples at various concentrations were run in pure CD,Cl, and CDCIl; over the entire temperature range of these solvents and the

spectra obtained were not significantly different from those reported here.

Repeated runs at room temperature or above sometimes

resulted in formation of an impurity peak at 199-0 p.p.m., probably [Ru4(CO),,], which remained sharp in the temperature range

studied and had no effect on the observed exchange process.
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