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Carbon-13 Nuclear Magnetic Resonance Studies of Rhodium Carbonyl
Clusters on Pressurization with CO/H,

By Brian T. Heaton * and Luisella Strona, Chemical Laboratory, The University of Kent, Canterbury CT2 7NH
Jiri Jonas," Taro Eguchi, and Greg A. Hoffman, Department of Chemistry, School of Chemical Sciences
and Materials Research Laboratory, University of lllinois, Urbana, Illinois 61801, U.S.A.

Carbon-13 n.m.r. measurements on rhodium carbony! clusters in solutions under high pressures of gaseous CO/H,
are reported. Pressurization of solutions of [Rh,2(C0)30]2~ with CO (5 bar) shows that [Rhs(CO),5] - is formed
quantitatively and that, below 298 K, further fragmentation does not occur on pressurization up to 1 kbar with
CO/H,. Variable-temperature measurements on [Rh(CO)45]~ show that the rate of inter-exchange of carbonyls
with carbon monoxide at high pressure is slow on the n.m.r. time-scale and that, at room temperature, all the car-
bonyls, except the three bridging the Rh; equatorial plane, undergo intra-exchange. At high '3C enrichments, the
resonance due to the equatorial bridging carbonyls becomes complex due to anincreasing abundance of isotopomers,
Rhg(p-12C0,q )3_,(t-13C0,,.), (x = 0—3), with larger values of x for which 2J(C.,—C.) = 20 Hz. Despite
claims to the contrary, the apex-connected, double-octahedral metallic skeleton in [Rh,2(CQ)30]2- remains intact
up to 323 K under a nitrogen atmosphere. The high-resolution n.m.r. probe for measurements on solutions under

1 kbar pressures of CO and H, gases is described.

HOMOGENEOUSs catalysts usually function at elevated
pressures and temperatures.2 Hitherto, high-pressure
i.r. spectroscopy has been used to monitor these
reactions but unambiguous structural identification of
catalytic intermediates is often not possible from such
studies. In order to overcome this problem, we are
developing high-resolution multinuclear Fourier-trans-
form n.m.r. probes for studying reactions in solution
under high pressures of various gases.

Of particular interest in this area is the catalytic
synthesis of ethylene glycol from CO/H, using rhodium
carbonyls as catalyst; 3 this reaction is carried out at
ca. 1000 bar t CO/H, (1:1) and ca. 493 K. At low to
ambient temperature, [Rh;,(CO);0]2~ fragments ¢ under
5 bar of CO as shown in equation (1) (thf = tetrahydro-

CO (5 bar)
thf

6 [Rhy(CO)y5)~ + [Rhg(CO)ye] (1)

furan). High-pressure i.r. studies suggest that [Rhs-
(CO),5]~ does not react further with higher pressures of
COJ/H, at <583 K ® and a preliminary report on high-
pressure 13C n.m.r. measurements of this reaction at 850
bar of CO/H, shows that further fragmentation does not
occur.® We now describe in detail the 13C n.m.r. probe
and associated equipment used for these high-pressure
measurements together with the 13C n.m.r. spectra of the
above rhodium carbonyl clusters at variable temper-
atures and variable pressures of gas. This specific probe
can presently only be used over the temperature range
213—298 K, because of hydrogen-embrittlement prob-
lems associated with the titanium alloy pressure vessel,
but modifications to allow measurements at higher
temperatures are in progress.

3 [Rh;5(CO)go]?"

EXPERIMENTAL
Carbon-13 and ¥¥C-{!*Rh} n.m.r. spectra on solutions
under <10 bar of gas were measured in thick-walled glass

t Throughout this paper: 1 bar = 10® Pa; 1 p.s.i. & 6 895
Pa; 20 s.w.g. (standard wire gauge) = 3.6 x 1072 in.

n.m.r. tubes on a conventional JEOL PS-100 spectrometer
as described preciously.” For §(*®*Rh), 0 p.p.m. = 3.18
MHz at such a magnetic field that the protons in SiMe,
resonate at exactly 100 MHz. High-resolution 3C n.m.r.
spectra at high pressures of gas were measured on a spectro-
meter based on a wide-bore (12.7 cm), superconducting
magnet made by Oxford Instruments Inc., operating at a
proton frequency of 180 MHz.8

High-pressure N.M.R. Probe.—The high-pressure n.m.r.
probe, as shown schematically in Figure 1, is a modification
of the high-resolution, high-pressure n.m.r. probe described
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earlier. It consists of an open cell (1 cm3? capacity) within a
Helmholtz coil (four turns of heavy armoured polythermal-
eze copper wire, 20 s.w.g.). The high-pressure RF (radio
frequency) feed-through is also shown in Figure 1. It
consists of a coaxial transmission line (outside diameter
0.062 in, MgO dielectric material, Inconel sheath) on which
an SS-316 cone is silver-soldered; the sealing cone is made
of copper and we find this makes an extremely good seal
for high pressures of gas and has a long lifetime.

Although we have found that it is much easier to achieve
better resolution with a vertical sample cell using a saddle
coil, a Helmholtz coil has been preferred since this has 3—4
times better signal-to-noise (S/N) and we chose to sacrifice
some resolution for better S/N. Using this arrangement the
resolution was ca. 256 Hz and S/N 50 : 1 for an acetone solu-
tion of [NMey(CH,Ph)]3[Rh,4(CO)4) (0.07 mol dm™; 809,
13CO).

Pressure Vessel—The n.m.r. probe is located inside a
titanium 6AL-4V alloy (IMI-Titanium) pressure vessel
(outside diameter 5.7 cm, inside diameter 1.4 cm) (Figure 2)
which can be heated or cooled using thermostatting jackets.
Since the high-pressure vessel was originally designed for
n.m.r. experiments using liquids as the pressurizing medium,®
its current design does not allow measurements at temper-
atures higher than 308 K under high pressure of H; because
of severe hydrogen-embrittlement problems. In addition,
the inner volume of the vessel had to be reduced by an insert
machined out of Macor (Corning Glass Work, N.Y.) because
of the different dimensions of the n.m.r. probe used in the
present experiment.

Gas Pressurization.—The apparatus used for gas pres-
surization is shown schematically in Figure 3.1 It has the
advantage of having a relatively small dead volume so that
small volumes of isotopically enriched gas can be pressurized.
Using this apparatus, it was possible to pressurize 5 litres of
13CO to 90 bar; further pressurization was carried out with
unenriched carbon monoxide.

Preparation of Complexes.—[NMey(CH,Ph)],[Rh,,(CO)4,]
was prepared as described previously ! and [Rhy(CO),,]™
was isolated as the bis(triphenylphosphine)iminium salt from
the reaction of [Rh,(CO),,] with [N(PPh,),][Rh(CO),] in
thf solution under a carbon monoxide atmosphere ¢ or in
solution by pressurizing a thf solution of [Rh,,(CO),.)%~
with CO (5—10 bar) using standard vacuum-line techniques.

RESULTS AND DISCUSSION

The pentanuclear cluster {Rh;(CO),;]~ can be obtained
as described in equation (1) (above) or by reaction (2),

[Rhy(CO)ys] + [Rh(CO),J~ — [Rhy(CO)y5)" + CO (2)

but in thf solution, i.r. and 3C n.m.r. spectra show the
reversible equilibrium (3) occurs quantitatively.

6 [Rby(CO);5]~ ===
2 [Rhy5(CO)go]*~ + [Rhg(CO)y5)%~ + 15 CO  (3)

The crystal structure of [Rhg(CO),;]~ is shown schem-
atically in Figure 4(¢). However, the low-temperature
13C n.m.r. spectrum of {Rhy(CO),5]~ (33.8% 3CO) under
CO (5 bar) [Figure 5(c)] indicates a more symmetrical
structure which could be attributed to that shown in
Figure 4(b) or to a fluxional process described pre-
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viously.# The three sets of resonances of relative inten-
sity 3:6: 6 at 247.7, 207.9, and 190.6 p.p.m. are assigned
to the equatorial bridging carbonyls, CO,q,, the carbonyls
which asymmetrically bridge the equatorial/apical edges,
COes., and the apical carbonyls, CO,,, respectively; the
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FiGURE 2 High pressure vessel for n.m.r. measurements

13C-{19Rh} n.m.r. spectra [Figure 5(a) and (b)] show de-
coupling of Rh,, and Rh,,, respectively and completely
support the above assignments. It should be noted that
spectra similar to those shown in Figure 5 are obtained
for [Rh;(CO)5]~ (33.8% 13CO) under a nitrogen atmos-
phere at 201 K. However, in this case there is a slow
reaction, even at this low temperature, to give [Rhy,-
(CO)g]2~ and [Rhg(CO),512~ [equation (3)]; pressuriz-


http://dx.doi.org/10.1039/DT9820001159

J. CHEM. SOC. DALTON TRANS. 1982

Oil reservoir

Compressed air in

:l-—|:1 Air exhaust

1161

Gas regulator

— I-—< Gas bottle

V4
—®—> To vacuum

Digltal pressure
read-out

] Pressure
transducer

+——> To high-pressure

Air-driven )
hydraulic 60000 p.s.i
pump tubing v3
r4
— N A
12 Separator

Tygon tubing

v2
FiGUure 3 Schematic drawing of gas pressurization apparatus

ation of this solution with 33.8%, 13CO (5 bar) results in
complete disappearance of these impurity peaks. How-
ever, pressurization with 909, 13CO (5 bar) gives the
spectra shown in Figure 6 which are essentially the same
as those found in Figure 5 except for the resonance at

—%— = p-CO

(a) (b)

FIGURE 4 Schematic representation of the structures of
[Rhg(CO)451- in (a) the solid state ¢ and (b) solution

247.7 p.p.m. being more complex. Since this resonance
becomes a singlet on decoupling Rh.,, Figure 6(b), the
complexity must arise from second-order spectra result-
ing from 2 J(Ceq —Ceq.) between bridging carbonyls within
the equatorial plane. Consideration of the isotopomers,
Rhy(1-12COeq )3-2(4-13CO4q, ) (¥ = 0—3), and their relative
abundances at 33.8%, and 909, 13CO allows the observed
spectra to be simulated using the parameters ! J(Rh—Ceq )
32.7,2J(Rh—Ceq) 0, 2] (Coq.Ceq.) 20, and 1J(Rh-Rh) 0 Hz

n.m.r. probe

Safety check-valve

(Figure 7). The unusually large value of 2J(Ceq—Ceq.)
arises because the equatorial bridging carbonyls are in the
equatorial plane and thus give rise to an angle C.q RhC,q,
161.6°; normally, CRhC < 180° with 2J(C-C) ca. O.
Warming the above solution to room temperature results
in coalescence of the resonances associated with CO,,_ and
COgp., With COgq, remaining well resolved (Figure 8). A
plausible mechanism for randomisation of COgq, [COgp,
could involve intermediates in which Rhe, ~Rh,;, edges
become doubly-bridged by COg,, /[COgp..

In order to investigate whether further cluster frag-
mentation of [Rhy(CO),5]~ occurred on increasing the
pressure of CO/H, to that used in the ethylene glycol
synthesis, we developed the 13C high-resolution, high-
pressure n.m.r. probe described in the Experimental
section.

Initial experiments with this high-pressure probe were
carried out on an acetone solution of [NMe,(CH,Ph)],-
[Rh4(CO)4] (0.17 gin 1 cm?; 809, 13CO) under N, (1 bar).
Good quality spectra [Figure 9(d)] were obtained (100
transients) and, for comparison, Figure 9(a)—(c) shows
the variable-temperature high-resolution spectra of
[Rh;5(CO)4]2~ measured on a conventional spectrometer.
It has recently been claimed, on the basis of 18Rh n.m.r.
data,? that the Rh—Rh bond joining the two octahedra
in [Rh;3(CO)4]%~ undergoes facile cleavage at room
temperature, thereby providing a route for randomis-
ation of the otherwise inequivalent rhodium atoms.
This is clearly incorrect since this Rh—Rh bond is doubly-
bridged by carbonyls 13 which give rise to a triplet at
237.4 p.p.m. that is still sharp at 323 K; it is, however,
interesting at this temperature that exchange between
the face-bridging and terminal carbonyls occurs.
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FIGure 5 Carbon-13 n.m.r. spectra of [Rhy(CO)yl~: (a)—(c)
at 201 K (33.8%, 3CO) under CO (5 bar) with 19*Rh decoupling
at (a) 3.157 093 MHz, 8(Rh,;) = —925.0 p.p.m., () 3.159 531
MHz, 3(Rh,) = —153.5 p.p.m. (¢) no decoupling, and
(d) at 240.2 K (13.2% BCO) under 850 bar of CO/H, (2.1:1,
13.7% 1CO). S = Carbonyl resonance of [*Hg]acetone
solvent

J. CHEM. SOC. DALTON TRANS. 1982

Upon pressurizing the above solution of [Rh,3(CO),e1%~
at 221 K with up to 575 bar of CO (13.7%, 13CO), 3Cn.m.r
spectra show that there is a progressive transformation
into [Rh;(CO),5]” according to equation (1). There is
still evidence for unreacted [Rh,,(CO),,)%~ after ca. 24 h
under 77 bar of CO and after 3 h under 575 bar of CO and

«—CO

(a)

(b)

MJ\'\___JJU«%

A M«pr

250 200
5/p.p.m.
FIGURE 6 13C-{(193Rh} n.m.1. spectra of [Rhy(CO),;]~ (90%, 13CO)
at 201 K under 90% 2CO (5 bar): decoupling of (4) Rhap.,

(b) Rhyq., and (¢) no decoupling. S = Carbonyl resonance of
[*H,]acetone solvent

there is no further change in the spectrum on further
pressurizing with H, (Pita = 850 bar; CO:H, =
2.1 : 1) at this temperature. However, warming to room
temperature followed by cooling to 240.2 K results in
complete formation of [Rhy(CO),s]~, Figure 5(d).

It should be noted that carbonyl inter-exchange with
free CO is not fast on the n.m.r. time-scale under high
pressure of CO. This suggests that high-pressure n.m.r.
measurements have an extremely important future in
elucidating reaction intermediates in industrial catalytic
studies and recent work shows that our present instru-
mentation readily allows multinuclear (*H, 3'P) n.m.r.
measurements to be made.!
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FIGURE 7 Observed and simulated CO,. resonance in
[Rhy(CO),,)~ at 33.8 and 90% *CO using the parameters in
the text
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FIGURE 8 Variable-temperature 3C n.m.r. spectra of [Rh,-
(CO)y5]~ (909, '3CO) in [*H,)acetone under 13CO (5 bar) at
(a) 298 and (b) 203 K
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FiGure 9 Carbon-13 n.m.r. spectra of [NMey(CH,Ph)],[Rh,,-
(CO),] obtained under N, (1 bar) in a conventional high-
resolution probe in thf-[2HgJacetone (9: 1) at (a) 323, (b) 298,
and (¢) 193 K; (d) the high pressure probe in acetone solution
at 298 K
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