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Clusters provide interesting models for surfaces and some-
times provide a controlled step-wise sequence of cluster
growth. Although the metal geometry in homometallic clus-
ters can now be predicted reliably from electron counting
rules, it is much more difficult to predict both the metal site
occupancy in heterometallic clusters and the carbonyl and
non-carbonyl ligand site occupancies on the metallic frame-
work; this is especially true for the ubiquitous hydrogen
and structural elucidation of these clusters has had to rely
heavily on neutron diffraction and NMR measurements,
which are particularly useful when the metal has a spin.
Similarly, the ease of migration and the exact migrational
pathway(s) of CO and/or H are also difficult to predict,
although NMR measurements in solution often allow the
detailed pathway of ligand migrations to be unambigu-
ously established. The purpose of this Perspective is to
compare and contrast the dynamic and structural inform-
ation available from solid state multinuclear NMR meas-
urements with data obtained from solution NMR and
other related spectroscopic and structural measurements
on tetra- and higher-nuclearity transition metal carbonyl
clusters.

1 Introduction

Over the last 30 years there has been an explosion of interest in
transition metal carbonyl cluster chemistry with a dramatic
increase in both the size and variety of structurally character-
ised clusters. X-Ray analysis has been very important for their
characterisation and the structure of the metal skeleton may
now reliably be predicted from electron counting rules.* The
developments in both NMR techniques and instrumentation
have also been very important in this area. Solution NMR
studies are particularly useful, especially if the cluster contains
a metal with a spin (e.g 'Rh),} in establishing the following.
(1) Structures in solution when X-ray quality crystals cannot be
obtained. It is still impossible however, to predict the carbonyl
distribution around the metallic skeleton, the site occupancy of
different metals in heterometallic clusters and the site occu-
pancy of non-carbonyl ligands (e.g PR;) in either homo- or
hetero-metallic clusters and all of these can only be established
by measurements on each individual cluster. (2) Hydride site
occupancies. (3) Detailed pathways of ligand (H, CO) and/or
metal migrations. There are fewer solid state NMR studies on
transition metal carbonyl clusters, but they have provided:
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Table 1 Solution and solid state '*CO chemical shifts for neutral metal carbonyl clusters containing >4 metal atoms

Expected relative
intensity from

Solid state NMR X-ray data Solution NMR
Cluster CO site Ref. o(CO)* Solid Solution o(CO)* Ref.
[Co,(CO)y,] Terminal 7 198.4,192.4, 183.7 ¢ 9 205 to 200, 195.6, 191.7 8
178.9, 175.0, 163.8°
n 229.3% ¢ 3 243.1
[Rh(CO),;]  Terminal/apical 9 183.4(2), 179.2(1) 2:1 3 181.8(3)¢ 10
Terminal/radial 184.0(2), 182.6(1) 2:1 3 183.4(3)¢
Terminal/axial 175.4(2), 173.3(1) 2:1 3 175.5(3)¢
n 228(2), 226(1) 2:1 3 228.8(3)¢
[Ir,(CO),,] Terminal 11 154.2 (br) e 12 156 12
[Rhe(CO),yq] Terminal 11 179.4(2), 180.1(2) 2:2:6:2 12 180.1(12) 13
181.2(6), 182.4(2)
s 229.1(2), 234.1(2) 2:2 4 231.5(4)

“ Numbers in parentheses indicate intensities and br = broad. ® Data at 25 °C. ¢ Disorder prevented these data being obtained. ¢ Data at —65 °C.

¢ All the COs are inequivalent (see text).

structural information on ligand (H, CO)/metal site occupan-
cies, dynamic information about ligand/metal migrations and
information on the bonding of CO and interstitial elements
from chemical shift anisotropy data.

The purpose of this review is to summarise the presently
available solid state NMR measurements on tetra- and
higher-nuclearity clusters which have yielded structural and/or
dynamic information and to compare these measurements both
with NMR data obtained in solution and other related struc-
tural and spectroscopic data. Clusters containing >4 metals are
chosen since the conflicting views about the mechanism of CO
fluxionality in solution for trinuclear clusters have recently been
presented** and the reader is referred to these reviews and the
recent summary by Farrugia® who compared solution and solid
state measurements on trinuclear clusters, [M;_ M’ (CO),,]
(x=0,M=Fe, RuorOs; x=1, M=Fe, M'=Ru or Os; x =2,
M =Fe, M’ = Ru).

The dynamic situation for trinuclear clusters is complicated
by disorder problems of the M; triangle within the carbonyl
icosahedral polyhedron, but variable temperature X-ray studies
show that there is a reduction of this disorder at low temper-
ature and, in some cases (Fe,M’, M’ = Ru or Os), the system
becomes completely ordered at low temperature. Solid state *C
EXSY measurements on [Fe,0s(CO),,] provide evidence for 60°
jumps of the Fe,Os triangle within the CO polyhedron together
with a C, rotation of the Os(CO), group; this latter rotation has
the effect of interconverting the axial/equatorial COs on Os and
both processes occur with similar activation energies (>42 kJ
mol ™). However, to have both of these motions occurring
simultaneously seems to us highly unlikely. Furthermore, the
migrational movements of clusters in the solid and solution
state could reasonably be expected to be different and even if
similar movements occur then different activation energies
could reasonably be expected because of the different lattice
constraints.

2 Non-substituted neutral carbonyl clusters

In the solid state, the carbonyl 7, values of all clusters of this
type are extremely long and, in order to enhance the signal-to-
noise ratio, it is advantageous to: isotopically enrich with *CO
to ca. 30%; higher enrichments cause broadening of the reson-
ances due to the introduction of "J(C—C’) (n =2 or 3); use high
field spectrometers. The clusters studied by *C MAS NMR are
shown, together with the solution data, in Table 1.

There have been few solid state NMR measurements on
neutral unsubstituted clusters containing >4 metals but, in the
absence of exchange and/or interaction with a quadrupolar
nucleus, see below, the solid state NMR spectra usually have: an
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isotropic *C chemical shift for each crystallographically distinct
carbonyl site with the average value being similar to that
obtained in solution; coupling constants, e.g. 'J(**Rh-CO),
that are similar to those observed in solution and can usually be
resolved when >30 Hz.

It should be noted that relative ratios of different resonances
in solid state NMR spectra can only be obtained through inte-
gration of all the spinning side bands and this becomes very
difficult for clusters which contain terminal and face-bridging
(1) CO resonances, e.g. [Rhg(CO),4]; it has been shown that the
K;-COs give rise to relatively weak spinning sidebands (SSBs)
because of the low anisotropy whereas more intense SSBs are
observed for the terminal COs because of the much higher
anisotropy,!! see below.

Furthermore, CO fluxionality in the solid state generally
seems to be more difficult than in solution as exemplified by
[Rhy(CO),,]. Cotton et al.'* first reported the intramolecular
exchange of bridge/terminal COs for [Rh,(CO),,] in solution.
The limiting fast-exchange spectrum (59 °C) gives rise to a
single resonance (0 189.5) which consists of a quintet (“J” 17.2
Hz) due to a time-averaged coupling “J ” of the exchanging COs
with all the Rhs which have become equivalent through the
exchange process.'* At —65°C the C spectrum in solution
is consistent with the static structure's and has been assigned
by comparison with substituted derivatives of [Rh,(CO),,];*
recent *C-{®Rh} measurements by one of the authors have
confirmed these earlier assignments of the low temperature *C
NMR spectrum in solution. Comparison of solution and
solid state 50 MHz 3C NMR spectra at room temperature
show that, whereas solution spectra are severely broadened
due to CO fluxionality, solid state spectra are well resolved
and consistent with the static structure.” Unfortunately, it was
not possible to go to higher temperatures in the solid state
measurements in order to induce CO fluxionality because of
the ready conversion of [Rh,(CO),,] into [Rhe(CO),s]. These
results tend to support the merry-go-round process for CO
fluxionality in solution. Following similar arguments used for
other clusters,'® the same process in the solid state would be
expected to have much higher energy because of the gross
reorganisation of the crystal lattice/volume and clearly does
not occur in the solid state. Similarly, the reorientation of the
metal polyhedron within the CO polyhedron, which occurs
for [Co,(CO),,] in the solid state, see below, does not occur
for [Rh,(CO),,] in the solid state.

The compound [Ir,(CO),,] has only terminal COs and, con-
sistent with the T; symmetry, has a single *C resonance in solu-
tion ' (see Table 1). However, its solid state structure!” contains
three distinct molecules, each with C; symmetry, which should
give rise to 12 distinct *CO resonances in the solid state



spectrum but only one rather broad resonance is observed !
(see Table 1). This poor resolution is attributed to dipolar
coupling between *C and the quadrupolar nuclei *'Ir (37.3%
abundant, I=3/2) and *Ir (62.7% abundant, I=3/2). This
effect will only be significant when the metal has isotopes
which are abundant and have large quadrupole moments and/
or small gyromagnetic ratios. As a result, this effect in transi-
tion metal carbonyl clusters has been predicted to be most
prominent for Ir and less important for Co. However, for
cobalt clusters the situation is further complicated by the
occurrence of facile CO-exchange processes both in solution
and the solid state. Nevertheless, it is important to note that
the quadrupole coupling constant depends both on the nuclear
quadrupole moment and the electric field gradient. Thus, there
is a strong dependence on the symmetry of the metal sites
which in turn influence the electric field gradients and, for
metal sites with high symmetry, the electric field gradient
should approach zero (in the case of cubic symmetry) resulting
in little quadrupolar broadening.

The structure and dynamics of [Co,(CO),,] have been con-
tentious for some time partly because of the problems associ-
ated with quadrupolar interactions and their effect on NMR
spectra and also because of the disorder found in the solid state
by X-ray crystallography.”® Nevertheless, ’O NMR spectra
clearly established the C;, structure of [Co,(CO),,] in solution*®
but interpretation of *C and *Co solution data proved less
straightforward.® In solution, there are two **Co resonances due
to the apical and basal cobalts but difficulties are experienced
in obtaining the expected integration (1:3 respectively).?’
However, solid state ¥Co NMR measurements confirm that
the low field resonance is due to Co,pcy and is invariant with
temperature whereas the Co,,g, resonance at high field moves
progressively to lower field with increasing temperature.”

13C NMR measurements on [Co,(CO),,] in solution show
that the bridge/terminal COs undergo fast exchange 2?2 but
BC MAS spectra reported for [Co,(CO),,] are surprisingly
different;”>** variable temperature measurements in the
solid state are consistent with the occurrence of some move-
ment but there have been different explanations as to whether
the movement involves CO and/or Co movements about C, or
C, axes. At +75 °C 3C MAS NMR spectra still show the pres-
ence of the bridging CO resonance at ¢ 225 and it thus appears
unlikely that there is exchange of bridge/terminal COs at this
temperature.” The dynamics are better determined by *Co
NMR and, above —23 °C, there is a rapid reorientation of the
Co, tetrahedron from *Co T, measurements. Since the room
temperature values of the nuclear quadrupole coupling con-
stants (15%3, 92 MHz) and the asymmetry parameters
(0.8, 0) for the apical and basal cobalts are different, this
strongly supports a reorientation about one axis only, viz. the
pseudo-C; axis which incorporates Co,yc,. We envisage this
motion (see Fig. 1) to involve a 120° or C; jump of the Co,
tetrahedron within the carbonyl polyhedron about the pseudo
C; axis and occurs with an activation energy of 40 £ 5 kJ
mol~!. The timescale of this motion can be estimated to be

Cy-reorientation
(‘3! (‘3! (‘3!

|

Colapical)

Fig. 1 Reorientation and libration of the Co, tetrahedron about the
C; axis involving the apical Co in [Co,(CO),,)].

0.1-10 ms from the observed line broadening in the solid state
13C MAS NMR spectrum.”®

This motion is consistent with the ligand polyhedral mode
and a recent structural redetermination of [Co,(CO),,] at both
120 K and ambient temperature shows that at ambient tem-
perature there are four disordered orientations of the Co, tetra-
hedron which are related by rotations about one of the fivefold
axes of the ligand icosahedral polytope whereas at 120 K there
are only two disordered orientations.?” A facile interconversion
between the major and minor orientations observed at 120 K
allows a ready explanation of the observed **C and *Co solid
state NMR results.”’

126

3 Anionic clusters containing only carbonyls

Much shorter carbonyl 7, values are found for anionic carbonyl
clusters and "*C cross polarisation (CP), magic angle spinning
(MAS) NMR spectra with excellent signal-to-noise ratio can be
obtained even at natural abundance levels of BCO if the cation
is NMe,".?® This important result, which is a consequence of
the combined effects of very rapid motion of the small spher-
ical cation and the site symmetry of the anion, makes studies in
this area much easier. Nevertheless, detailed interpretation of
the 3C CP/MAS spectrum still relies heavily upon prior know-
ledge of the crystal structure of the appropriate salt since, as
noted above for neutral clusters, an isotropic *C chemical shift
is usually observed for each crystallographically distinct CO
site.

The isotropic *C chemical shift data observed for anionic
carbonyl clusters in the solid state and in solution are shown in
Table 2 and are entirely consistent with the structures deter-
mined by X-ray crystallography. The solid state NMR meas-
urements on anionic clusters containing only carbonyls which
have been reported so far show that there is no evidence for CO
fluxionality in the solid state; nevertheless, it would be worth-
while investigating the *C CP/MAS NMR spectra of anionic
carbonyl clusters which are known to be highly fluxional in
solution. For example [Rh(CO),s]*", which exhibits complete
CO fluxionality over the Rhy octahedron at —70°C,** and
[RhgC(CO),5]*;*" in the latter case seven COs migrate around a
Rh,-square plane of the octahedron at —70 °C in solution and
detailed X-ray measurements show that these same COs also
exhibit extensive vibrational motion within the same Rh,-
square plane in the solid state.*

4 Carbony]l clusters containing hydride(s) and/or
other ligands

The clusters containing only hydride(s) and CO, which have
been examined by solid state NMR, are shown in Table 3
and include both neutral and anionic carbonyl clusters. The
first four clusters in Table 3 have all been studied by neutron
diffraction and shown to contain an interstitial hydride in an
octahedral metal cavity. The values of (*H) for the hydride
resonance are similar in the solid state to those found in solu-
tion, with the exception of [HCo4(CO),s]” (see Table 3). In this
case, the low field value in solution (0 +23) supports Chini’s
original suggestion®**® that there is rapid hydride migration
from inside to outside the cluster. This rearrangement in solu-
tion was originally proposed because the 'H resonance of
[HCo4(CO),5]™ is only observed in protio-solvents, and at low
temperature. It was assumed that at low temperature the rate of
exchange from inside to outside the Co, octahedron is slow and
the low field chemical shift is consistent with the presence of
a H* which is associated with the COs (see Fig. 2). At higher
temperatures in solution exchange results in loss of the proton
signal.

Furthermore, the progressive shift of (*H) from low to high
field in the solid state correlates with an increasing displace-
ment of the interstitial hydride from the centre of the
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Table 2 Solution and solid state *CO chemical shifts for anionic carbonyl clusters containing >4 metal atoms

Expected relative
intensities from

Solid state NMR X-ray data Solution NMR
Cluster Site Ref. o(CO)* Solid Solution o(CO) Ref.
[Nig(CO), > * Terminal 28 200.6(6) 6 6 196.3(6) 29
n 239.0(6) 6 6 237.0(6)
[Nig(CO) > © Terminal 28 200.0(2), 199.3(2), 198.5(2) 2:2:2 6
n 239.5(2), 238.0(2), 235.4(2) 2:2:2 6
[RheC(CO), s> ¢ Terminal 9 197.7(6) 2:2:2 6 196.9(6) 30
e 242.7(1), 239.1(2) 1:2 3 235.4(3)
p 231.4(2), 223.0(4) 2:2:2 6 224.0(6)

“ Numbers in parentheses indicate relative intensities. > NMe," salt. ¢ N(PPh;)," salt. “ NMe;Bz" salt. ¢ Inter-triangular./ Intra-triangular.

Table 3 Solid and solution "H NMR data on carbonyl clusters containing hydride(s) together with references to their neutron and X-ray diffraction

structures
Ref. to diffraction data J(*H)“

Cluster Neutron X-Ray Solid Solution
[HRuy(CO) 4] 33 ca. 17% 16.43%%
[HCo4(CO)ys]™ 36 13 232536
[HNi;,(CO), I~ 37 37,38 —26.8% —24.437%

—25.8% —24.2%
[H,Ni,(CO), > 37 37,38 —19.9% -18.3%

—18.3(1), —19.3(1)*
[H,Rh;3(CO),, I~ 40 41 —26.0(1), —27.8(1)* —27.0(1), —27.9(1)=*
[H,Rh,,(CO), 43 —28.1(1), —=31.6(2)* —28.2(1), —31.1(2)4*#
[H,Ru,(CO)y,] 44 ca. —184:% —17.64%
[H,Ru,(CO),,;{P(OMe),}] ca. —184 —17.5(1), —18.1(1)¥
[Ru,Rh,H,(CO),,] 49 —19.5(1);21.6(1)& —19.2(1)/ —21.3(1)&"*

“ Figures in parentheses are relative intensities. * Below —50 °C in protio-solvents. ¢ The resonances are not well resolved since the hydrides are still
exchanging at —95°C. * At —90 °C. ¢ At —25 °C this resonance is a doublet due to 2J(P-H) = 12.5 Hz. Due to RuHRh. ¢ Due to RuHRu. " At

—30°C.

Solid State Solution

Fig. 2 Neutron diffraction (solid state) structure of [HCoq(CO);s]™
and the hydride migration found in solution. The 2 terminal COs are
almost parallel to each other on adjacent Co(CO), groups; this results
in a lengthening of the associated Co—Co edge in the solid state.

octahedral metal cavity and a decrease in the symmetry of both
the M octahedron and of the carbonyl distribution around the
metal cavity (see Table 4).3** These results are also consistent
with surface harmonic theory."!

The D resonance is extremely sensitive to site symmetry
and, for [DRug(CO);] 7, a very sharp (vy, 2 kHz) resonance
is observed due to D being at the centre of a symmetrical
octahedron.** Increasing displacement from the centre of the
octahedron results in an increase of v, for the D resonance; for
[H,Ni,,(CO),,J*", in which there is a large displacement of the
H/D towards the central Nig layer (see Table 4 and Fig. 3), no D
resonance could be observed. It also appears from solid state
NMR studies that there is little H/D movement within the Co,
cavity. Thus, the neutron structure of [HCo4(CO),s]” shows that
there are four short and two long Co-H distances, but over the
temperature range (150 to 300 K) there is little change in v,;, of
the D resonance.**
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Table 4 Metal-hydrogen distances and solid-state chemical shifts of
carbonyl clusters containing interstitial hydrides

Average

Cluster dM-H)“/pm o('H)

[HRuy(CO) 4]~ 203.7 (6) +15.5

[HCo4(CO),s]™ 180.3 (4) +1
186.3 (2)

[H,Ni,(CO),, >~ 184.5 (6)° -19.9
200 (6)

[HNi;,(CO),,*~ 172 (3)® —26.8
222 (3)

“The values in parentheses indicate the number of M—H interactions.
® These values are associated with the central Ni, triangle in the central
Ni, layer.

Owing to efficient cross polarisation transfer from the cation,
recent work *® on [NMe,],[H,Ni,,(CO),,] has allowed high qual-
ity '"H and “*C solid state spectra to be obtained. It is worth-
while noting that the hydride resonance could not be observed
for [H,Ni;,(CO),,*~ when using the salts of N(PPh,)," or
NMe;Bz* due to the overlapping cation resonances. Consistent
with the crystal structure of [NMe,],[H,Ni,(CO),,], which
shows that four of the bridging COs on the inner layer (B;) are
displaced from the central Ni¢ plane and the two other B, COs
in the opposite direction (see Fig. 4), the solid state 'H NMR of
[NMe,],[H,Ni;,(CO),,] shows the presence of two high field
resonances (see Table 3) due to the interstitial hydrides in
the upper and lower octahedral cavities which have become
inequivalent due to the displacements of the B; COs from the
central Nig layer; this suggests that both the interstitial hydrides
are on the plane of symmetry within the molecule otherwise a
more complicated spectrum would have been observed. The 'H



Fig. 3 Interstitial H-site occupancy in the Nig-octahedral cavity found
by neutron diffraction for [H,Ni,;,(CO),,]* ¥~ (x =1 or 2).

Fig. 4 Hydride oscillation about the plane of symmetry in [H,Ni,,-
(COMI.

NMR spectrum is unchanged over the temperature range 205
to 298 K but coalesces into a single resonance at 340 K. Since
the 3C NMR spectrum, which is entirely consistent with the
solid state structure, and shows separate resonances for each of
the symmetry related B; COs, remains unchanged over this
temperature range, it would appear that the interstitial hydrides
oscillate about the plane of symmetry (see Fig. 4) rather than an
oscillation of the B; COs which would also produce equivalent
hydrides. The mean value of the solid state values of d(CO)
compares favourably with those found in solution. For [HNi,,-
(CO),, > solution *C NMR measurements only showed the
presence of one set of terminal and bridging outer layer reson-
ances (T, and B, respectively) despite each of the outer layers
being inequivalent because of the presence of only one inter-
stitial hydride. As a result, it was difficult to be sure whether or
not this arose because of accidental coincidence or because of
hydride migration from the occupied to unoccupied interstitial
site similar to the interstitial migration observed in solution for
[H,Rh;;(CO),,J*™ (x=1-4)* and [HRh4(CO),s]* .>* How-
ever, the solid state "H NMR spectrum of [HNi,,(CO),, ] is
invariant with temperature (190 to 340 K) and suggests that
there is little hydride movement in the solid state. The crystal
structure of [NMe,];[HNi,(CO),,] shows that the B; COs are
again displaced from the central Nigz layer but the distortion is
different to that found for the dihydride structure; one B; CO is
significantly displaced towards the hydride, three are almost

(b)

Fig. 5 (a) Schematic structure of [H,Rh3(CO),,J® @~ (x=1, 2 or 3).
@ = Interstitial Rh, O = Rh(COy,,,), B = p-CO. In all cases, one H is
associated with the Rh’Rh*Rh*Rh* square face and, when x =2, the
other H is associated with the Rh® Rh’Rh'’Rh'? square face and, when
x = 3, the additional H occupies the symmetry related Rh®°Rh’Rh'’Rh'?
square face. (b) Both Hs are coplanar with the outer Rh,-square faces in
the neutron diffraction structure of [H,Rh,3(CO),,J*".

coplanar with the central Nig layer and the other two B; COs
are in intermediate positions. Nevertheless, the solid state '*C
NMR is consistent with the solid state structure and, in this
case, there is some broadening of the *C resonances due to the
B, COs as a result of their oscillation about the central Nig layer
on increasing the temperature from 231 to 298 K.

The crystal structures of [H,Rh;3(CO),,J® ™~ (x = 1-3)*:4%%3
are very similar; analysis of these structures suggested that
hydride occupancy of square faces of the hexagonal close
packed skeleton occurred and this was facilitated most easily in
square faces which could more easily expand (i.e. contained
the lowest number of p-COs). Recently, neutron diffraction
studies® on [H,Rh,;(CO),,]*” have confirmed this and show
that both hydrides are coplanar with a Rh,-square face (see
Fig. 5). This H-site occupancy resembles the generally accepted
location of H on a Rh(100) surface. Although the detailed
geometry of H on a Rh(100) surface has not been experi-
mentally established, hydride occupancy of such high co-
ordination sites is the most energetically favourable®* and there
are some vibrational® and theoretical*® studies to support this
view.

In solution 'H NMR studies showed that at room temper-
ature there is facile (<36.1 kJ mol™') H-migration within
the Rh,; skeleton for all the above clusters, together with
exchange of 21 of the 24 COs around the outside of the clus-
ter.* These motions have the effect of making all the outer
triangular Rhs on the top and bottom layer equivalent and all
those on the inner hexagonal layer equivalent. As a result the
'"H NMR spectra at room temperature of [H,Rh,;(CO),,]* ™~
(x = 1-4) all consist of a well resolved doublet, due to coupling

J. Chem. Soc., Dalton Trans., 1999, 3523-3530 3527



Y & Q/Z\A

L'=12=%=1*=CO

L' =P(OMe)3; L? = L* =L* =CO
I' =1} = P(OMe)3; L? = L* = CO
L' =12 =L% = P(OMe)3; L* = CO
' =12 =1 =1* = P(OMe)s

Fig. 6 Schematic representation of the H,Ru, group within the CO
polyhedron of [H,Ru,(CO),,_.L.] (x =0-4; L = P(OMe);).

to the interstitial Rh, of septets of septets due to couplings to
the hexagonal and outer triangular Rhs. Since the coupling of
the interstitial Rh is of the order found for *J(Rh-H) (ca. 20
Hz), whereas the coupling to all the outer Rhs is much smaller,
H-migration occurs interstitially giving a time-averaged,
smaller, coupling to all the outer Rhs.** It was possible at low
temperature to freeze both the H and CO motion for [H;Rh,;-
(CO),,J* allowing detailed assignments to be made which
supported the solid state diffraction measurements described
above. For [H,Rh;(CO),,]* well resolved spectra due to the
static structure could not be obtained at low temperature, sug-
gesting a lower activation energy for H-migration.

In the solid state, however, the '"H NMR spectra (<340 K)
of [H,Rh;(CO),,J¢ ¥ (x=2 or 3) are both consistent with
the static structures. Thus, interstitial H-migration is much
more difficult in the solid than in solution. In solution, H and
CO migration appear to be concomitant and it is probable that
interstitial H-migration is facilitated by the CO migration
which induces slight deformations of the Rh,; skeleton; in the
solid state, because of the much higher energies required to
obtain a similar CO movement to that found in solution,
neither CO nor H migration in [H Rh;3(CO),,J¢ ™ (x=2
or 3) occurs.

The structures of [HM,(CO);,_.L,] M =Ru or Os; x=
0-4; L = PR; or P(OR);) have been reviewed *” and neutron dif-
fraction data are only available on [H,Os,(CO),;{P(OMe),}]®
and [H,Ru,(CO)y{P(OMe);},].* In both cases the hydrides
occupy the four long edges of the M, tetrahedron and
HYDEX® has been used indirectly to locate the hydrides from
X-ray diffraction studies of related clusters. In all cases there is
a pseudo-D,; H,M, core and progressive CO substitution by
other ligands occurs first on different metals trans to the non-
H-bridged metal-metal vector and transoid to each other (see
Fig. 6).

In solution there is rapid intramolecular H-exchange for
[H,Ru,(CO),,{P(OMe),}] at room temperature since the 'H
resonance consists of a single resonance with a time-averaged
coupling to ¥P; at 149 K there are two equally intense 'H
resonances (6(*H) —17.5 (s); —18.1 (d), 2J(P-H) 12.5 Hz) con-
sistent with the solution structure of [H,Ru,(CO),;;{P(OMe),}]
being the same as the solid state structure of [Os,H,(CO),;-
{P(OMe),}] which was determined by neutron diffraction.”’
The activation energy for H-movement from occupied to
unoccupied edges over the Ru, tetrahedron in [H,Ru,(CO),;-
{P(OMe),}] in solution is 14.2 kJ mol*.¢!

Variable temperature, MAS and wide line solid state NMR

3528 J. Chem. Soc., Dalton Trans., 1999, 3523-3530

Table 5 Values of E, for hydride migration in [H,Ru,(CO),, ,L.]
(x=0 or I; L =P(OMe);) and [Ru,Rh,H,(CO),,] in the solid state, see
text for explanation

E,/kJ mol ™
Cluster Avyp T, Ref.
[HRu,(CO),,] 75.1 59.‘12 45
18.5+2 ?21 +0.5 46
[H,Ru,(CO) {P(OMe);}] 158%£0.5 46

[Ru,Rh,H,(CO),] ca. 1 34

“ Recalculation * using the 7, data from ref. 45.

measurements have been carried out on [H,Ru,(CO),,] and
[H,Ru,(CO),,{P(OMe),}].** The variations of spin-lattice
relaxation time (7}) and half linewidth of the hydride resonance
with temperature for both samples are similar and suggest a
common H-movement in the solid state with E,=1712
kJ mol ™. The similarity of these values from MAS and wide
line measurements and the gross difference from earlier
reported data®® on [H,Ru,(CO),,] (see Table 5) deserves
comment.

First, the sample of [H,Ru,(CO),,] used by Harding et al.*®
contained much less solvent of crystallisation than that used
by Aime et al.,* allowing higher quality data to be obtained
from wide line measurements. Secondly, the recalculation of
E,* using Aime’s data from 7, measurements* gives a much
smaller value (see Table 5) and this is closer to that obtained by
Harding et al* for [H,Ruy(CO),,_ . {P(OMe);}.] (E,=17%2
kJ mol™* for x =0 or 1). This implies that both the unsubsti-
tuted and mono-phosphite substituted clusters undergo a
common H-movement, which is suggested to involve a corre-
lated 2-site H-flip (see Fig. 7).* In the static structure it is
probable that the edge-bridging hydrides in [H,Ru,(CO);,_ .-
{P(OMe);},] (x=0 or 1) are located as found by neutron
diffraction for [H,Os,(CO),;{P(OMe);}]. By analogy, the plane
incorporating the centre of the Ru, tetrahedron and the 2 Rus
on a long edge (H-bridged) is coplanar with the plane incorpor-
ating the same two Rus and the H (a in Fig. 7). As a result,
the correlated motion involves a H-flip to enable the HRu,
plane to become coplanar with adjacent Ru, faces (Fig. 7). This
flip is also supported by the similarity of the calculated and
experimentally observed values of 7', in [H,Ru,(CO),,].

For the isoelectronic cluster [Ru,,Rh,H,(CO),,] multinuclear
NMR measurements in solution have established the structure
shown in Fig. 8.# At —30°C the structure is static but with
increasing temperature H(1) first oscillates between the Ru(1)-
Rh(2) and Ru(1)-Rh(1) edges and then exchanges with H(2),
resulting in broadening of the resonances associated with H(1)
and H(2).*

In the solid state there are clearly two resonances due to
H(1) and H(2) which have chemical shifts very similar to those
observed at low temperature in solution. 7, Measurements with
MAS enabled the residual solvent in the crystal to be differenti-
ated from the hydrides and variable temperature measurements
showed that there is a weak temperature dependence of T for
the hydrides with E, ca. 1 kJ mol™*.3* This could be due to one
or both of the hydrides oscillating as shown in Fig. 7 or, since
the M—H distances are significantly different (d(Rul-H2) 1.452,
d(Ru3-H2) 1.595, d(Rul-H1) 1.664, d(Rh2-H1) 1.763 A), an
oscillation to equalise d(M-H) while remaining coplanar with
the corresponding M, triangle, as found by X-ray analysis.**?

5 Conclusion

In the absence of twinning and problems associated with dis-
order, solid state 'H and *C NMR spectra of transition metal
carbonyl clusters can usually be correlated exactly with the
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J

(a)
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Fig. 7 2-Site H-flip about a Ru-Ru edge of the Ru, tetrahedron in
[H,Ru,(CO),_,L,] (x=0 or 1; L =P(OMe),). The neutron diffraction
structure of the analogous cluster [H,Os,(CO),,{P(OMe),}] shows that
structure (a) is adopted in which the Ru,H triangle is coplanar with the
Ru,O triangle where O = the centre of the Ru, tetrahedron.

Fig. 8 Schematic structure of [Ru,Rh,H,(CO),,].

crystal structure since there is a resonance for each crystal-
lographically distinct site. However, broader resonances are
observed for metal clusters when the metal has isotopes which
are abundant and have large quadrupole moments and/or small
gyromagnetic ratios (e.g. ®Co, “!Ir, "**Ir). The average isotropic
chemical shift observed in the solid state for symmetry-related
groups in the individual cluster is similar to that observed for
the same group in solution.

13C NMR spectra of anionic clusters can be obtained at
natural ®*CO abundance using NMe," salts due to efficient
cross-polarisation transfer. From *C NMR measurements in
the solid state there is presently little evidence for any CO
migration, except for [Co,(CO),,]. In this case the dynamics are
better determined by **Co NMR measurements which show
that there is a rapid reorientation of the Co, tetrahedron by 120°
jumps about the pseudo-C; axis which incorporates Co,picy-
This is the only case for which there is direct evidence for such a
motion, although it has often been invoked to rationalise the
dynamics observed for other clusters.

Many examples are now known for H-migration over the
periphery of the metallic skeleton and within the metallic
skeleton in solution. However, in the solid state, H-migration
appears to be much more restricted, although H-oscillation
from one plane to another about the same edge or through
equalisation of d(M-H) for asymmetrically bridged hydrides
has been observed.

The values of o(H) for interstitial hydrides, which have been
characterised by neutron diffraction, cover an enormous range
(+15.5 to —26.8); the low field resonance results when H is at
the centre of a regular metal octahedron and with increasing
displacement of H from the centre of the octahedron and
reduction in symmetry of the octahedron there is a progressive
shift to high field.
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