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Supported osmium catalysts were prepared from [Os;(CO),o(u-Cl);] brought in contact with
silica, phosphine-functionalized silica, and phosphine-functionalized poly(styrene-divinylben-
zene). The preparations yielded physically adsorbed [Os3(CO),o(u-Cl);] on silica, monosubstituted,
surface-bound [Os3(CO)s(u-C1),PPh(CH,),SIL], and disubstituted, polymer-bound [Os;(CO)g(ps-
Cl),(PPh;-®),]. The catalysts were characterized in flow microreactors in the presence of 1-butene
or ethylene + hydrogen; samples (some in the working state) were characterized with infrared and
uv-visible spectroscopy. Triosmium clusters with coordinative unsaturation resulting from dissoci-
ation of CO were catalytically active for isomerization of 1-butene; mononuclear Os complexes
formed in cluster fragmentation were active for ethylene hydrogenation.

INTRODUCTION

Supported metals prepared by surface or-
ganometallic chemistry offer the prospect
of being simple in structure and selective in
catalysis (I). Much of the research in this
newly developing subject has been done
with organo-osmium clusters, since these
are among the most stable metal clusters
and consequently have a well-developed
organometallic chemistry (2). Triosmium
carbonyl clusters have been supported on
polymers (3, 4), on silica (5) functionalized
with phosphine groups, on silica (6) func-
tionalized with —SH groups, and on unfunc-
tionalized oxides [including SiO, (7-9),
ALOs (8-14), TiO, (8), and MgO (15)].

Our goals were to take advantage of the
relatively high stability of triosmium clus-
ters and the variety of their known chemis-
try to prepare supported metal catalysts
with (initially) well-defined structures. The
catalyst precursor was chosen to be [Os;
(CO)yp(-CD2], which has two bridging
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chloride ligands which act as 3-electron do-
nors. As a consequence, the Os~Os bond
between the bridged Os atoms is opened
(16):

Cl
Cl

oc co

The two pseudo-equatorial CO ligands in
this cluster are labile and readily undergo
stereospecific ¥CO exchange (17); ligand
exchange with triphenylphosphine in solu-
tion leads to the disubstituted clusters [Os;
(CO)s(PPh3)»(u-Cl1),] (18). These exchange
reactions do not occur with [Qs;(CO),,] un-
der comparably mild conditions.

Supported catalysts prepared from this
cluster were tested as catalysts for isomer-
ization and hydrogenation of olefins, since
the coordinatively unsaturated [H,Os;
(CO)y0] (19, 20) and its supported analogs
(3, 4, 14, 21) are catalytically active for
these reactions at 70 to 100°C.
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EXPERIMENTAL METHODS
Preparation of Supports
Preparation 0j paSSiU ated silica. A sam-
ple of llca (Aerosil 380, Degussa, 340 m?/

g) was modified as follows, with the manip-
ulations performed under N, and with dry
solvents. The powder was evacuated to
<10~! N/m? and added to dry methanol and
refluxed for 4 h to remove strained siloxane
bridges and reduce the density of residual
surface ~OH groups. The methanol was
distilled off and the solid dried under vac-
uum for 8 h at 70°C. The resulting passiv-
ated silica was ready for functionalization
with phosphine groups or for use in the
preparation of supported osmium clusters
by adsorption from solution.
Functionalization of the silica support.
The passivated silica was held for 18 hin a
refiuxing soiution of benzene and dioxane
(1:1 by volume), which also contained
[(C;H50);Si(CH,),PPh,] at a concentration
of 1.05 mmol of silane/g of silica. The silane
reacted with surface —OH groups, splitting
off ethanol and giving the functionalized sil-

ica, Pth(CHz)z-SIL' the solid was washed
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under vacuum at 70°C for 8 h.

Preparation and Functionalization of
Polymer Membranes (23)

The polymers were synthesized from the
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monomers styrene, divinylbenzene (DVB),
and p-bromostyrene, which were vacuum
distilled immediately prior to the synthesis.
The —Br groups were partially converted
into —PPh, groups, which were present in a

ndn
ranaom distribution in the pO“’mer (23).

Alternatively, the monomer p-styryldi-
phenylphosphine was used instead of p-
bromostyrene, giving a block copolymer
rather than the random copolymer (23).
The polymers were prepared in the form of
11-um-thick membranes, which are well
suited to investigation by transmission in-

frared spectroscopy (23).

Preparation of the Molecular Metal

Cluster [Os;(CO)o(u-Cl),)

The ciuster [Os3;(CO)o(u-Ci),] was pre-
pared according to literature proce-
dures (18, 24). The infrared spectrum of the
cluster in cyclohexane solution was in
agreement with the literature (18).

Attachment of [Osy(CO)o(u-Cl),] to
Supporis

The attachment of [Os3(CO)yp(u-Cl):] to

nnnnnnnnnnnnnn

paaolvatcd muua aud lU pllUbPlllllC‘fullb'
tionalized silica was carried out by reflux-
ing a saturated solution of the cluster in
benzene with the support for 2 h. The clus-
ter (10 mg) dissolved in benzene (150 cm?)

was DI'Ollgl‘l[ in contact with 300 mg of pas-

TABLE 1

Analyses of the Solids Incorporating Chlorotriosmium Clusters

Sample Support Elemental Os/Cl
number analysis mol/ratio
(Wt%)
Os Cl
1 Silica 0.55 0.092 1.1
2 Phosphine-functionalized 095 0.15 1.18
silica
3 Phosphine-functionalized 0.52 0.066 1.47
silica
4 Phosphine-functionalized 942 — —

membrane (block-copolymer)
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sivated silica or phosphine-functionalized
silica. With the polymer membrane (25 mg),
the cluster (20 mg) was first dissolved in
tetrahydrofuran (THF, 300 cm?), a good
swelling agent for the polymer. The result-
ing solids were washed thoroughly in ben-
zene or THF, respectively, and then hex-
ane; they were dried under vacuum at room
temperature.

The samples were analyzed for Os and Cl
by Schwarzkopf Microanalytical Labora-
tory, Woodside, NY. The results are sum-
marized in Table 1.

Catalytic Reaction Experiments and
Infrared Spectroscopy

The catalytic reactions were carried out
with a flow reactor system allowing simul-
taneous measurement of reaction rates and
infrared spectra of the functioning catalyst,
which was either a membrane of polymer or
a wafer of silica incorporating the osmium.
The reactant stream contained ethylene
(Matheson) and H;, or I-butene (Phillips),
fed from cylinders. The streams of H,, He,
and CO were purified with a trap for oxygen
(supported Cu catalyst, activated in flowing
H, at 200°C for 2 h before each run) and a
trap for water (zeolite 5A, Linde, activated
in flowing He at 400°C for 2 h).

The reactants passed through a thermo-
stated flow reactor, which was a stainless-
steel gas cell held in the sample compart-
ment of a Nicolet 7199 Fourier transform
infrared spectrophotometer. The cell held a
catalyst membrane or wafer perpendicular
to the beam of infrared radiation. Product
gases flowed from this cell through a com-
pensating gas cell (equivalent to the first
cell, but lacking any catalyst), and conver-
sions were so low that spectra of the gases
in the two cells nearly cancelled. There-
fore, the observed spectra were indicative
of the catalyst membrane or wafer. Product
gases flowing from the reference cell were
sampled periodically and injected into an
on-line gas chromatograph (Antek model
400) equipped with a flame ionization detec-
tor. The ethylene hydrogenation products
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were separated in a stainless-steel column
(2 m x 3.2 mm) packed with Porasil C.
The 1-butene hydrogenation/isomerization
products were analyzed with a column of
the same dimensions packed with Carbo-
pack containing 0.19 wt% picric acid.

Diffuse Reflectance Spectroscopy

Optical spectra in the uv-visible region
(250-800 nm) were recorded with the dif-
fuse reflectance technique. The instrument
was a Beckman Reflectospectrometer, type
DK 2A; the reflectance white standard was
Aerosil 380. The quartz cell provided an ef-
fective sample thickness of 0.1 cm, which
permitted the determination of R.. (the re-
flectance at infinite sample thickness) in the
wavelength region investigated. The spec-
tra were evaluated by means of the
Kubelka-~-Munk—Schuster function F(R.)
(25).

RESULTS AND DISCUSSION

Infrared Characterization of the
Supported Clusters

The sample obtained by refluxing the
cluster in the presence of passivated silica
for 2 h (sample 1) was a light-yellow pow-
der. The infrared spectrum of this sample in
the carbonyl region is compared in Table 2
(also see spectrum A, Fig. 2) with the spec-
trum of the molecular cluster in cyclohex-
ane solution and with that of crystals of this
cluster in a physical mixture with silica.
Since the spectra of the molecular and sup-
ported osmium species in the carbonyl re-
gion are almost identical, we conclude that
the cluster was physically adsorbed—in-
tact—on the surface of the passivated sil-
ica.

Samples 2 and 3, prepared from [Os;
(CO)o(u-Cl);] and phosphine-function-
alized silica, gave an infrared spectrum
significantly different from that of the mo-
lecular cluster (Fig. 1, Table 2). The spec-
trum of the supported species is different
from that of a diphosphine-substituted clus-
ter (Table 2). There is no reported infrared
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TABLE 2
Infrared Spectra of Molecular and Supported Triosmium Clusters
Sample Compound veo (em™) Ref.
number
0s5(C0O),,Cly? 2114w 2084vs 2071s 2029vs (18)
2016s 1993w 1988w
0s5(C0O);Cl? 2116w 2081vs 2069s 2027vs This work
2015s 1993sh 1989m
0s;(C0O),,Cl,/Si0, 2117w 2088vs 2072s 2030vs This work
(Physical mixture, wafer) 2020s 1989m
1 0s3(CO),,CLL/Si0, 2116w 2085s 2069s 2029vs This work
(Reflux in benzene, wafer) 2018s,sh 1992w
2,3 Os3(C0O)sCl,PPhy(CH,),SIL 2102s 2081m 2068s 2018vs This work
1986w 1977sh
Os3(CO)ClLy(PPh;),* 2079s 2014s 2004s 1967w (18)
1943m
4 0s3(CO);Cl(PPh,-®), 2096sh 2073s 2036sh 2007s This work
(Block copolymer) 1997s 1959w 1939m
5 0s3(C0O)1CL/PPh,-® 2096w 2073m 2060sh 2029sh This work
(Random copolymer) 2007s 1994s 1955sh 1940w

< solvent cyclohexane.
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FiG. 1. Infrared spectra of supported triosmium
clusters in the carbonyl region: (A) [Os3(CO) o pu-Cl)5]
in cyclohexane; (B) Os;(CO)o(1-Cl),PPh,(CH,),SIL

(sample 2 or 3); (C) Os3(CO)s(u-Chy(PPh,-®), (sample
4).

spectrum of the monophosphine-substi-
tuted cluster, apparently because in solu-
tion in the presence of excess triphenyl-
phosphine, the cluster has a high reactivity
determined by the lability of two CO li-
gands resulting from the presence of the
bridging Cl ligands, and the disubstituted
cluster forms rapidly.

We infer that the infrared spectra of the
osmium species attached to the phosphine-
functionalized silica indicate the monosub-
stituted cluster Os3(CO)CL,PPh,(CH;),-
SIL, since substitution of CO by phosphine
ligands usually shifts the carbonyl bands to
lower frequencies {see, for example, the
spectra of [Os;(CO)y,], [0s3(CO),PPhs],
[Os3(CO)o(PPh3),], etc. (18)}. The greater
the number of phosphine ligands, the lower
the frequency of the CO band. Consistent
with this pattern, the carbonyl bands of the
supported cluster inferred to be Os3(CO)s
Cl,PPh,(CH,),-SIL fall between those of
the unsubstituted and disubstituted clusters
(Table 2). This structural inference is con-
sistent with the fact that the phosphine-
functionalized silica had a low phosphorus
content (0.12 wt%), corresponding to 0.06
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ligands/nm? and an average spacing of 4.1
nm between phosphine groups; we infer
that site isolation prevented disubstitution
of most of the clusters.

The samples prepared from [Os;(CO)yo
(#-Cl);] and the phosphine-functionalized
polymers gave different infrared spectra for
block (Sample 4) and random copolymers
(Sample 5) (Table 2). Attachment of the
cluster to the block copolymer gave a spe-
cies with a spectrum (Fig. 1) having car-
bonyl bands indicative of disubstitution,
i.e., [OS3(CO)8C12(PPh2-®)2] (Table 2) The
spectrum of the sample prepared with the
random copolymer is not so straightfor-
wardly interpreted. The spectra are consis-
tent with the proposal that both mono- and
disubstituted clusters were formed; for ex-
ample, the band at 2096 cm~! may be com-
pared with the band at 2102 cm™! for the
cluster attached to phosphine-function-
alized silica (an indication of a mono-
substituted cluster). The bands at 2060 and
2029 cm™! also suggest the formation of a
monosubstituted cluster. We note that the
random copolymer still contained about
40% of the Br groups originally present;
these may be involved in nucleophilic at-
tack on the cluster with subsequent cluster
fragmentation (4).

Shoulders at 2096 and 2036 cm™! in the
spectrum of the cluster attached to the
block copolymer indicate small amounts of
monosubstituted cluster present with the
disubstituted cluster. When the sample was
heated, these shoulders decreased percepti-
bly at about 90°C, and they had vanished
when the temperature reached about 120°C,
indicating the formation of the disubstituted
cluster at higher temperatures. Similar
results have been reported for monosubsti-
tuted iridium clusters attached to phos-
phine-functionalized silica, which gives the
di- and even the trisubstituted clusters at
higher temperatures (26).

Behavior of Supported Clusters under
Reaction Conditions

Os53(CO)1o(u-Cl),/SiO, (Sample 1). Sam-
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ple 1 was tested as a 1-butene isomerization
catalyst at 45 to 160°C with a partial pres-
sure of 4.2 X 10* N m~2 of 1-butene in he-
lium. Exposure of the catalyst to flowing 1-
butene even at 45°C resuited in changes in
the infrared spectrum, as shown by com-
parison of the initial spectrum A with spec-
trum B in Fig. 2. The intensities of the
bands at 2116, 2085, and 2069 cm~!, which
are typical of the adsorbed [Os3(CO)o(ut-
Cl),] cluster (Fig. 1, spectrum A), are re-
duced in intensity, and new bands are
present at 2106 and 2096 cm~!. Subsequent
exposure of the sample to CO at 45°C led to
a rapid restoration of the original spectrum
(spectrum C, Fig. 2). We attribute this be-
havior to a replacement of one or two labile

Y
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Fi1G. 2. Changes in the infrared spectra of Os;(CO)yq
(-C1),/SiO, (sample 1) in the carbonyl region: (A) ini-
tial spectrum; (B) after flowing 1-butene at 45°C for 2h;
(C) after carbonylation at 45°C for 4 h; (D) after flowing
1-butene at 65°C for 4 h and subsequent carbonylation at
65°C for 4 h; (E) after flowing 1-butene at 165°C for 6 h.
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CO ligands by 1-butene, this process being
easily reversed on reexposure of the sample
to CO. Rates of catalytic isomerization
were immeasurably low at these low tem-
peratures.

Reexposure of this sample to the CO af-
ter treatment with 1-butene for 4 h at 65°C
led to spectrum D of Fig. 2. Under these
conditions, irreversible changes occurred
in the spectrum as indicated by the appear-
ance of new bands at 2076 and 2058 cm™'.
These bands can be attributed to surface-
bound clusters of the type Os3(CO);o(-Cl)
(1-O-SIL) or Os;(CO)o(-O-SIL),, which
may be formed via a nucleophilic attack in-
volving one or two silanol groups. The mo-
lecular cluster [Os3(CO)o(u-OPh),] has an
infrared spectrum (8) with bands at
2108(w), 2076(vs), 2058(s), 2018(vs),
1999(s), and 1986(m) cm™!, which is very
similar to the one observed for the sample
suggested to incorporate the surface-bound
oxygen-bridged cluster. Bands at 2076 and
2058 cm~! were clearly observed at inter-
mediate temperatures; the two other strong
bands of the phenoxy-bridged cluster at
2018 and 1999 cm~! may be superimposed
on the bands of the original chloro-osmium
cluster at 2016 and 1993 cm™'.

Once the oxygen-bridged species had
formed on the silica surface, it rapidly de-
composed at increasing temperatures
(>125°C), as indicated by infrared bands at
2121, 2024, and 1958 cm~!. A typical spec-
trum, obtained after heating the sample to
165°C, is shown in Fig. 2, spectrum E. The
three observed bands can be assigned to
mononuclear di- and tricarbonyl species
(11, 13).

Although dissociation of the labile CO
ligands from the cluster and coordination of
1-butene were observed at 45°C, measur-
able catalytic isomerization activity was
not detected at temperatures <90°C. The 1-
butene conversion increased slightly with
time on stream at temperatures <130°C,
and steady-state conversions were ob-
served after approximately 3 h. Cis/trans
ratios of the product 2-butene were <1 and
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decreased with temperature and with time
on stream during the initial 3-h period.

Since the temperature range of onset of
measurable catalytic activity coincides with
the temperature range in which chemical
transformations of the initially physisorbed
cluster were first detected, the characteri-
zation of the catalytically active species is
difficult. The 1-butene isomerization activ-
ity at low temperatures might be specula-
tively attributed to the intact cluster acti-
vated by loss of the labile CO ligands. The
cluster fragmentation at higher tempera-
tures, leading to formation of mononuclear
osmium carbonyl complexes, corresponds
to reduced isomerization activity and in-
creased hydrogenation activity; we specu-
late that the mononuclear complexes are
active for ethylene hydrogenation.

0s3(CO)g(u-Cl);PPhy(CH,),SIL  (Sam-
ples 2 and 3). The infrared spectra of sam-
ple 2 during exposure to 1-butene at 4.2 X
104 N m2 at 45°C are shown in Fig. 3. The
initial spectrum changed in an atmosphere
of 1-butene even at room temperature; the
change was more rapid at 45°C. A new band
at 2090 cm™! developed with increasing
time on stream as the characteristic bands
of the original cluster at 2102 and 2068 cm™!
decreased in intensity (spectrum B, Fig. 3).
Simultaneously, the band at 2018 cm~! was
shifted to 2015 cm™!. Exposure of the sam-
ple to an atmosphere of He or H; at 45°C
following the exposure to 1-butene caused a
decrease in the intensity of the band at 2090
cm~! (spectrum C, Fig. 3). Subsequent ex-
posure to CO at 45°C restored the original
spectrum of the carbonylated cluster (spec-
trum D, Fig. 3). These changes continued
to be reversible for >2 days.

When this sample was held in 1-butene
for 24 h at 45°C, the bands characteristic of
the original cluster vanished. The spectrum
in the carbonyl region then showed an in-
tense band at 2068 cm™~!, an intense broad
band at 2015 cm™!, and a shoulder at 1957
cm~!. We infer that this infrared spectrum
indicates the w-coordination of 1-butene to
the osmium after loss of the labile CO li-
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F1G. 3. Changes in the infrared spectra of Os;(CO)
(u-C1),PPhy(CH,),SIL (sample 2) in the carbonyl re-
gion: (A) initial spectrum; (B) after flowing 1-butene at
45°C for 2 h; (C) after flowing He or H, at 45°C for  h;
(D) after carbonylation at 45°C for 4 h.

gand to form a surface-bound cluster of
tShe type Os3(CO)s(u-Cl)2(C4Hg)PPh(CH>),
IL.

The infrared spectrum of this species is
expected to inciude features similar to
those of a disubstituted dichloroosmium
cluster, since both species incorporate the
same Os;(CO)g unit. The data bear out the
expectation, as can be seen by comparison
of the spectrum with that of sample 4, Os;
(CO)g(e-Cl)2(PPhy-@), (Table 2), except
that the bands are located at higher fre-
quencies for the former species. The in-
tense bands at 2073 cm~! and at 2007 and
1997 cm~! observed for sample 4 should
correspond to the intense band at 2086 cm ™!
and the broad unresolved band at 2015 cm™!
of the above species, respectively. [The
shoulder at 2096 cm~! occurring in the spec-
trum of sample 4 is attributed to the pres-
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ence of some mono-substituted clusters in
sample 4 (Table 2).]

The coordination of 1-butene after disso-
ciation of the labile CO ligand may be con-
sidered to be the first step in a catalytic
cycle for 1-butene isomerization, although
the 1-butene conversion at 45°C is still neg-
ligibly slow. The bonding of 1-butene to the
cluster is weak, as shown by its easy re-
moval in He or H,.

Heating of sample 3 to 85°C under 1-bu-
tene did not lead to any further significant
change in the spectrum. At temperatures
>85°C, however, the intensity of the band
at 2090 cm~! decreased again. The spec-
trum then was closely similar to the one
obtained for the same sample under He or
H, at lower temperatures (cf. spectrum C,
Fig. 3), indicating dissociation of the i-bu-
tene ligand at these temperatures, even in
the presence of 1-butene in the gas phase.

Further changes in the spectrum of this
sample in the presence of 1-butene oc-
curred with increasing temperature. When
the temperature reached 125°C, weak
bands appeared at 2051 and 1997 cm™!; at
higher temperatures these disappeared.
These carbonyl bands might be attributed
to dinuclear osmium species analogous to
the compound [Os(CO),PPh:CL], (18),
which gives rise to carbonyl bands at 2051
and 1981 cm~!. When the temperature
reached 145°C, new shoulders were ob-
served at 2038, 2027, and 1968 cm~'. The
bands at 2038 and 1968 cm™! may be an
indication of the formation of a mononu-
clear phosphine-substituted surface analog
of the complex [Os(CO)(PPh;),Cl;], the
latter giving rise to carbonyl bands at 2043
and 1971 cm™~! (27).

After sample 3 had been exposed to 1-
butene at 165°C for 2 h, a spectrum was
observed with bands at 2080(s), 2024(s,sh),
2013(s,sh), and 1958 cm~!. Subsequent ex-
posure of the sample to CO at the same
temperature led to the appearance of strong
bands at 2073 and 2005 cm~!, as the bands
at 2080 and 2013 cm™! almost disappeared.
These observations are tentatively inter-
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preted as indications of a severe decar-
bonylation leading to the formation of open
coordination sites, where butene or per-
haps additional phosphine ligands may
bond. Hence, the bands at 2073 and 2005
cm~! can be attributed to a disubstituted
surface cluster Os;(CO)g(u-C)2(PPh,(CH,),
SIL);. This assignment is based on the
comparison with the characteristic spec-
trum of the diphosphine-substituted cluster
attached to polymer supports (Table 2).

Since the average Os-Os bond strength
in [Os3(CO);»], for example, is only 130 kJ
mol~! as compared to the average Os—-CO
bond strength of 188 kJ mol~! (28), simulta-
neous cluster fragmentation with Os-Os
bond scission cannot be completely ex-
cluded.

In separate experiments, the thermal sta-
bility of Os;(CO)e(ue-C1),PPhy(CH,),SIL
was investigated by diffuse reflectance
spectroscopy. The [Os;(CO)g(u-Cl),1 clus-
ter in cyclohexane shows an electronic
transition at 348 nm. A band at 330 nm is
reported for [0s3(CO),2] and attributed to a
o — o* transition (29), i.e., to a d—d transi-
tion which is typical of metal-metal bonds
in the cluster framework. We infer that the
band observed for [Os3(CO)o(-Cl),] at 348
nm is to be attributed analogously to a ¢ —
o* transition in the cluster framework. As
shown in Fig. 4, the initial sample Os;
(CO)1o(u-C1),PPhy(CH,),SIL gives rise to a
strong absorption at 350 nm, which corre-
sponds to the o — ¢* transition mentioned
above for [0s3(CO)o(u-Cl),].

In addition, there is a weaker band in the
uv-visible spectrum at 305 nm, which is at-
tributed to surface clusters which have lost
the labile CO ligand. Removal of a CO li-
gand should lead to an increased energy sep-
aration of the frontier molecular orbitals of
the Os fragments of which the cluster is
built up, and consequently to a blue-shift of
the o — o * transition (29, 30). This assign-
ment is supported by the temperature de-
pendence of the two bands. Evacuation of
the sample at 65 and 84°C (spectrum B, Fig.
4) reduced the intensity of the band at 350
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Fic. 4. Diffuse reflectance spectra of Os;(CO)g(u-
CI),PPh,(CH,),SIL: (A) initial sample; (B) after evacu-
ation at 85°C for 8 h; (C) After subsequent exposure to
CO (10° N m~2) at 25°C for 10 h. (D) After evacuation
at 105°C for 16 h; (E) After subsequent exposure to CO
(10° N m~2) at 25°C for 10 h.

nm and simultaneously increased that of
the band at 305 nm. Reexposure of the sam-
ple to CO immediately regenerated the ini-
tial spectrum (spectrum C, Fig. 4). The
same behavior was also observed during
heating of the sample in an ethylene atmo-
sphere. Evacuation at 105°C (spectrum D,
Fig. 4) and recarbonylation (spectrum E,
Fig. 4) resulted in irreversible changes in
the spectrum. The intensity of the 350-nm
band was significantly reduced, and a new
shoulder appeared at 373 nm. This change
may be associated with the formation of a
diphosphine-substituted cluster and/or
fragmentation products. We conclude that
the electronic spectra support the conclu-
sions deduced from the infrared spectra.
The sample OS3(CO)9(H«‘CI)2PPh2(CH2)2
SIL showed measurable catalytic activity
for isomerization of 1-butene at 4.2 x 10 N
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Fi1G. 5. Time dependence of the 1-butene isomeriza-
tion activity of Os;(CO)y(u-Cl1),PPhy(CH,),SIL (sample
3). The pressure was atmospheric; the mass of catalyst
was 200 mg, and the feed flow rate was 0.57 cm? at
STP/s.

m~2 in He at >60°C (Fig. 5). Steady-state
activity was achieved at =120°C, and a con-
tinuous decrease in activity was observed
with time on stream at higher temperatures
(Fig. 5). Initial conversions increased with
temperature up to 145°C and then declined
at higher temperatures. This behavior im-
plies that there was a transformation of cat-
alytically active species into less active spe-
cies at the higher temperatures; the
decrease in activity observed with time on
stream at 165°C was less severe than at
lower temperatures. The cis/trans ratio of
the product 2-butene decreased with tem-
perature (and time on stream) from about
1.2 at 80°C to 0.35 at 165°C.

The activity of Os;(CO)o(u-Ch),PPh,
(CH,),SIL for ethylene hydrogenation
(with 8.6 X 10* N m~20of Hand 2.1 X 104N
m~2 of C;H,) was extremely low at temper-
atures <100°C. Hydrogenation activity at
105°C increased with time on stream while
isomerization activity declined under simi-
lar conditions. Only at 145°C did hydrogen-
ation activity start to decline with time on
stream. .
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The spectroscopic characterization of
this sample suggested that the supported
chloro-osmium clusters were stable at tem-
peratures up to approximately 120°C. In
this range, reversible dissociation of the la-
bile CO ligand and coordination of butene
were observed. Steady-state isomerization
activity was observed in the same tempera-
ture range, whereas hydrogenation activity
was negligible or very low. Therefore, we
infer that the intact cluster was the catalyti-
cally active species for 1-butene isomeriza-
tion in this temperature range. Since the
cluster can provide only one free coordina-
tion site by loss of the one labile CO ligand,
it apparently has no hydrogenation activity.

At intermediate temperatures (near
120°C), the beginning of cluster fragmenta-
tion was suggested by the infrared spectra.
The fragmentation products may be respon-
sible for ethylene hydrogenation (which
was first observed at 105°C), and they also
appear to have a lower isomerization activ-
ity than the initial cluster. The final
fragmentation products—inferred to be
mononuclear osmium complexes—which
are the dominant species at >140°C, appear
to have significant hydrogenation activity
but much lower isomerization activity than
the initial coordinatively unsaturated clus-
ter. Scheme 1 is a summary of the tenta-
tively suggested transformation of the sur-
face-bound organometallics.

Os3(CO)s(u-Cl)(PPhy-®), (Sample 4).
This sample has no labile CO ligand. Exper-
iments showed it to have negligible activity
for 1-butene isomerization at temperatures
<125°C and for ethylene hydrogenation at
temperatures <160°C. No changes in the in-
frared spectra were observed with the sam-
ple in flowing I-butene at temperatures
<125°C. The results demonstrate that the
coordinatively saturated cluster is rela-
tively stable and catalytically inactive.

CONCLUSIONS

1. The supported triosmium clusters pre-
pared from [Os3(CO);o(u-Cl),] can be made
coordinatively unsaturated—and therefore
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catalytically active for olefin isomeriza- 5.

tion—by dissociation of CO labilized by the
bridging chloride ligands.

2. If this labilization of the CO ligands is
not provided, as, for example, in the Os;
(CO)s(u-Cl)»(PPh,-®), sample, open coor-
dination sites can be created only by Os—Os
or Os-L bond scission under relatively se-
vere conditions leading to cluster fragmen-
tation even on such inert supports as the
block copolymer.

3. The stability of supported clusters is
strongly dependent on the nature of the
support surface. The phosphine ligands at-
tached to the silica surface stabilized the
cluster against nucleophilic attack by si-
lanol groups, whereas even the passivated
silica was found to be reactive with [Os;
(CO)1o(u-C)y 1.
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