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Metal clusters with unique structures have been attached to solid polymeric supports and used to
catalyze ethylene hydrogenation at 1 atm and 50-90°C. Polymer-bound analogs of [H,Ru(CO),,_,
(PPh,),] (with x = 1, 3, or 4) were synthesized by ligand exchange between [H,Ru,(CO),.] and
poly(styrene-divinylbenzene) membranes functionalized with phosphine ligands. Rates of ethylene
hydrogenation were measured with a flow reactor allowing simultaneous recording of the infrared
spectra of the functioning catalyst. Each catalyst was stable, exhibiting undiminished activity after
thousands of turnovers and presenting a carbonyl spectrum unchanged during catalysis and
indistinguishable from that of the membrane incorporating the originally bound tetraruthenium
cluster. The catalysts incorporating tri- and tetrasubstituted clusters exhibited the same form of
kinetics, indicating saturation in ethylene and a reaction order in H, of 0.8. The catalytic activity
increased, the activation energy decreased, and the strength of bonding of ethylene to the catalyst
increased with increasing substitution by electron-donor phosphine ligands on the cluster. The
results suggest that the Ru, framework provided the catalytic sites, perhaps by reversible Ru-Ru

bond breaking to form coordinatively unsaturated metal centers.

INTRODUCTION

The dispersed aggregates of metal atoms
on typical supported-metal catalysts are
difficult to characterize, presenting a vari-
ety of structures and catalytic activities.
Metal clusters—polynuclear metal com-
pounds-—have unique structures and are
therefore attractive model catalysts, but
characterization of catalysis by metal clus-
ters in solution is hindered by the
difficulties associated with fragmentation
and aggregation of the clusters—all but a
few (/<4) of the reported studies of catal-
ysis by soluble metal clusters have involved
unidentified catalytic species. Not surpris-
ingly, most attempts to support metal-clus-
ter species on solids have led to the forma-
tion of aggregated and/or mononuclear
(5-8) metal species, and only recently have
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researchers (9, 10) succeeded in preparing
unique metal clusters on supports.

The work described here develops the
theme of preparation and catalytic charac-
terization of supported metal clusters hav-
ing unique structures. We have used tet-
raruthenium clusters, since many clusters
in this family are known and some of them
evidently have catalytic activity for isomer-
ization of alkenes and for hydrogenations of
alkynes, alkenes, and ketones carried out
homogeneously (//-16). Further, from the
known solution chemistry of [H,Ru,(CO),,]
(17, 18), we expected this cluster to lend
itself readily to bonding to supports by
simple ligand exchange involving pendant
phosphine groups on the support and CO
ligands on the cluster.

The following paragraphs summarize (i)
the preparation of polymer-supported de-
rivatives of [H,Ru,(CO),,], with the substi-
tution by phosphine ligands having been
varied systematically, (ii) characterization
of the supported clusters by carbonyl infra-
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red spectroscopy, and (iii) characterization
of the catalytic nature of the polymers by
the kinetics of a simple reaction, ethylene
hydrogenation.

NOTATION

a Exponent in reaction rate equation

b Exponent in reaction rate equation
(reaction order in H,)

¢ Exponent in reaction rate equation

E Ethylene

k Reaction rate constant, variable di-
mensions

K. Temperature-dependent parameter

in reaction rate equation (inter-
preted as an equilibrium constant
for the bonding of ethylene to the
catalyst), atm™!

P Partial pressure, atm

r Catalytic reaction rate, molecules of
ethane/Ru atom - sec.

EXPERIMENTAL METHODS

Catalyst Preparation

The parent cluster [H,Ru,(CO);;] was
synthesized by the method of Kaesz et al.
(19). The reaction was monitored by infra-
red spectroscopy, the results indicating
product yields of 85-90%.

Two types of polymer-membrane sup-
ports incorporating phosphine groups were
synthesized (9, 20, 21), the first prepared
by copolymerization of styrene, divinyl-
benzene (DVB), and p-styryldiphenylphos-
phine, and the second by copolymerization
of styrene, DVB, and p-bromostyrene; the
—~Br groups in the latter polymer were parti-
ally converted into phosphines by reaction
with lithium diphenylphosphide (22). The
first kind of support was a block copolymer
having high local concentrations of —PPh,
groups in the polymer matrix, and the sec-
ond kind was a nearly random copolymer
having almost uniformly distributed —PPh,
groups (23). All the membranes were
crosslinked with 2 mole% DVB.

The tetraruthenium carbonyl clusters
were incorporated in the polymers by li-
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gand exchange involving CO and the poly-
mer-bound —PPh, groups. Many of the
preparations gave mixtures of supported
tetraruthenium species having various de-
grees of phosphine substitution. Nearly
pure supported tetraruthenium species
were prepared by proper choice of the
synthesis conditions, determined by trial.
These conditions are reported in the follow-
ing paragraphs.

A membrane of the nearly random copol-
ymer (prepared from a mixture of mono-
mers containing 4 mole% p-bromostyrene)
was protected by encasement in stainless-
steel mesh and contacted with [H,Ru,
(CO),2] in hexane—diethyl ether solution.
With the temperature maintained at 45°C,
the ligand-exchange reaction was allowed
to proceed for 2 hr. The membrane was
washed with diethyl ether, with n-hexane,
and again with diethyl ether. The metal
species on the membrane was identified by
its carbonyl infrared spectrum (Table 2) as
the analog of the cluster [H Ru,
(CO),,(PPhy)], referred to as [H,Ru,(CO),
(PPh,)-(P)], where (P) designates the poly-
mer support.

The synthesis of [H,Ru,(CO)y(PPh,),—
@] was carried out with a block copolymer
membrane prepared from a mixture of
monomers containing 0.3 mole% p-sty-
ryldiphenylphosphine. The ligand exchange
with [H,Ru,(CO),,] was allowed to proceed
for 3 hr at 45°C, but otherwise the prepara-
tion method was the same as that used for
[H,Ru,(CO),;(PPh,)-P)]. The product was
identified by its carbonyl infrared spectrum
(Table 2).

The tetrasubstituted cluster, [H,Ru,(CO)s,
(PPh,),—(P)], was synthesized with a block
copolymer membrane prepared from a mix-
ture of monomers containing 0.5 mole% p-
styryldiphenylphosphine. The membrane
was brought in contact with a solution of
[H,Ru,(CO);.] in a dry hexane—tetrahydro-
furan (THF) solution. The ligand-exchange
reaction was allowed to proceed for 10 hr at
48°C, and the product was washed with
THF, n-hexane, and THF. Again, the prod-
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uct was identified by its carbonyl infrared
spectrum (Table 2).

Elemental analyses of the membranes,
performed by Schwartzkopf Microanalyti-
cal Laboratory, Woodside, N.Y ., are given
in Table 1.

Details of the syntheses and analyses are
given in Otero-Schipper’s thesis (23).

Catalytic Kinetics Measurements and
Infrared Spectroscopy

The polymers incorporating tetraruthe-
nium clusters were evaluated as catalysts
for ethylene hydrogenation at 52-95°C and
1.0-1.2 atm using a flow reactor system
described previously (6, 27). Ethylene
(Linde, research grade) was used without
further purification. H, (Linde, research
grade) and He (Linde, research grade)
flowed through a bed of supported copper,
held at 300°C, to remove traces of oxygen,
and through a bed of zeolite 5A (Linde), to
remove traces of water. The reactant
stream flowed into a reactor which was also
an infrared cell, allowing measurement of
the spectra of functioning catalysts. The
product gas stream flowed steadily through
a gas sampling valve and was analyzed with
a gas chromatograph equipped with a ther-
mal conductivity detector. Ethane was the
only observed product.

The kinetics data were obtained over the
following ranges of partial pressures: 0.2 =
Py, = 0.85;0.15 = Py = 0.9 atm. Helium
was used as a diluent to allow variation of
the partial pressure of each reactant while
the partial pressure of the other was held
nearly constant. In a typical experiment,
the system was flushed with helium for 5 hr

TABLE 1

Elemental Analyses of the Catalysts

Catalyst wt% Br wt% P wt%

Ru

[HRu,(CO),;(PPh,)--P)]  0.19 0.13 0.25
[H4RU4(CO)9(PPh2)3—] — 0.14 0.11
[H,Ru,(CO)s(PPh,),—~(P)] — 0.17 0.49
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FiG. 1. Carbonyl infrared spectra of (a) [H,Ru,-
(CO),1(PPhy)] and (b) the polymer-supported analog
[HRu(CO),,(PPh,)-P)].

prior to the flow of reactants. Steady state
was attained in approximately 9 hr. Subse-
quent changes in the partial pressures of the
reactants were followed by the attainment
of a new steady state, typically in about 30
min. The conversions of reactant were
shown experimentally to be differential,
giving reaction rates directly (23).

RESULTS

The supported ruthenium species were
identified by comparison of their carbonyl
infrared spectra with the spectra of the
analogous molecular clusters, which are
reported in the literature (Table 2). The
band locations and the relative intensities
of the molecular and supported clusters are
in good agreement, as demonstrated by the
comparison of Fig. 1 for [H,Ru,(CO),-
(PPh;)] and its supported analog. The only
observable species obtained by the prepa-
ration methods reporied here are the
unique tetraruthenium clusters.

The polymers containing tetraruthenium
clusters were found to be active catalysts
for ethylene hydrogenation. The rate data
(Fig. 2) indicate saturation kinetics and, in
the case of the monosubstituted cluster,
inhibition of reaction by ethylene at the
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TABLE 2

Carbonyl Infrared Spectra of Molecular and
Polymer-Supported Tetraruthenium Clusters

Cluster veo (cm™') Ref.

[HiRu(CO),(PPhy}] 2094 m, 2086 w, 2067 s, u7n
2057 s, 2053 sh, 2038 w,
2032 m, 2027 s, 2015 m,
2008 s, 1998 w, 1994 w,

1966 mw

[H,Ru,(CO),,(PPhy)] 2095 mw, 2064 vs, 2027 s, This work
(in CH;Cly) 2020 w, 2006 s

[H‘Ru.(CO)u(Pth)@] 2062 vs, 2030 s, 2018 w, This work
2006 s

[HiRu{COW(PPhy),) 2068 s, 2024 vs, 2003 s, {17y
1993 s, 1987 sh, 1963 s,
1945 sh, 1940 m

[HRu(COW(PPh){B)] 2063 s, 2024 vs, 2005 s, This work
1995s, 1972 s

[HRu,(CO)(PPhy),] 2015 s, 1984 m, 1952 m, (i7)
1930 w

[H4Ru¢(CO)~(PPh2).-® 2024 s, 1982 m, 1953 s* This work

2 Coincides with a band of the crosslinked polystyrene support.

higher partial pressures. The data were
therefore fitted to equations of the follow-
ing form:

kK Pc®P},

— 2

"I + KePeE M

The several equations best fitting the data
for each catalyst were determined with a
standard nonlinear least-squares regression
technique (24). Details are given elsewhere
(23). Table 3 lists the equations giving the
best fit and the best values of the kinetics
parameters obtained for each of the three
catalysts at various temperatures; also
listed are the energy of activation (deter-
mined from the dependence of k on temper-
ature) and the enthalpy of adsorption of
ethylene (determined from the dependence
of K¢ on temperature) for each. Figure 2
shows the fit of some representative data to
the rate equation giving the best fit for each
of the three catalysts.

The catalysts were stable, showing un-
changed activity after >100 hr under reac-
tion conditions and after thousands of turn-
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overs. CO was a strong reaction inhibitor;
even traces of CO in the feed stream led to
a complete loss of activity of the monosub-
stituted catalyst, but the activity was fully
regained after about 7 hr in flowing reac-
tants.

The infrared spectrum of each catalyst
was indistinguishable from that of the origi-
nally prepared polymer under all the ob-
served reaction conditions. It follows that
the predominant form of the metal in each
catalyst was the originally prepared tet-
raruthenium carbonyl cluster.

DISCUSSION

The synthesis described here provides
the means for attachment of a wide variety
of metal clusters to supports. The method
simply requires a parent cluster which read-
ily undergoes ligand exchange with the sup-
port. To allow formation of uniquely substi-
tuted clusters, the support must provide an
environment having an appropriate uni-
formity and concentration of ligands. The
polymers are therefore especially useful

020

T=88°C
PH2=032 atm

010 T=52°C

Pup- 036 atm

% HaRug(COlg( PPIh2)4-®

0
T-95°C
020 * R, -033am
. 2
y 7
T=72°C
010 Piy* 0.32atm

L]
" HaRug{COM(PPhy )3‘@
L

T=90°C
Pyt 0-320tm

Reaction rate, molecules/Ru atom-s

T=78°C
002 mozsmm
001l H4RU4(CO)||(FPh2)®
O 1 1 i 1 A
0 02 04 06 08 |0
Partiat pressure of ethylene, atm

Fic. 2. Kinetics of ethylene hydrogenation cata-
lyzed by polymers incorporating tetraruthenium car-
bonyl clusters: dependence of rate on ethylene partial
pressure. The curves are the predictions of the equa-
tions of Table 3 with the parameter values given there.
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TABLE 3
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Kinetics of Ethylene Hydrogenation Catalyzed by Polymers Incorporating Tetraruthenium Clusters

Catalyst Rate equation  Tempera- 10 - k¢ K (atm™") E,. AHg
ture (°C) (kcal/mole)  (kcal/mole)
kK gPpPyp 62 31202 3102
H.Ru,(CO),(PPh)-® - (1 + KePo? 78 82+1.0 27+02 12307 6+ 1
90 12810 1.5=0.1
kK PPy 52 0.33 —
H.Ru(COMPPR)-® 7 = 17 KoPy 7 1.5+0.1 10.5= 0.6 15 -6
95 4.7 0.3 6.2 04
 kKgPgPy! 52 1502 12+1.0
HiRu,(CO(PPR),-®  r = T7F KePe 69 49+04 53 +06 92 —10=2
88 6.2+1.0 2302

“ The dimensions of & are molecules/Ru atom -
(PPh,)- P ] and 0.8 for the other two catalysts.

supports, since various polymer syntheses
can give wide variations in the local con-
centration of pendant ligands. Inorganic
solids like silica can easily be functional-
ized with ligands like mono- and diphos-
phines, which can be used for attachment
of metal clusters (4), but precise control of
the uniformity of surface ligand density is
relatively difficult, and the inorganic solids
lend themselves less readily than the poly-
mers to preparation of series of variously
substituted supported metal clusters having
unique structures.

The preparation of the supported mono-,
tri-, and tetrasubstituted phosphine deriva-
tives of [H;Ru,(CO),,] has allowed us, fol-
lowing established patterns of study of ho-
mogenecous metal-complex catalysts, to
determine the effect of the phosphine li-
gands on catalytic activity. The results,
typified by the data of Fig. 3, show that
increasing the phosphine ligand substitu-
tion on the Ru, framework increased the
activity of the catalyst. This pattern paral-
lels that observed by Frediani et al. (/3) for
cyclohexanone hydrogenation catlayzed in
solution by tetrahydridotetraruthenium
clusters substituted with phosphine groups.

On the basis of this result, we suggest
that the Ru, framework provided the cata-
lytic sites and that the role of the electron-

sec - atm®, where b equals

1.5 for [H,Ru(CO),,

donor phosphine ligands—besides anchor-
ing the clusters—was to activate ethylene,
also bonded to the metal framework.

The kinetics data—showing saturation in
ethylene and, in the case of [H,Ru (CO),,
PPh2—®], inhibition of reaction by ethyl-
ene—confirm the hypothesis that ethylene

0.20} B

Rate of ethylene hydrogenation, molecules/Ru atom-s

o]

1

it

2

3
Number of phosphine ligands on the tetraruthenium cluster

4

FiG. 3. Effect of the number of phosphine substi-

tuents bonded to the tetraruthenium carbonyl cluster
on the rate of ethylene hydrogenation at 72°C. Points
were determined by interpolation of the data.
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(like hydrogen) was coordinated to the
metal framework. Comparing the results of
Table 3 for [H,Ru,(CO)y(PPh,),~P)] and
[H Ru,(CO)s(PPh,),~®P)], for which the ob-
served rate equations were of the same
form, we observe that the increased substi-
tution by phosphine decreased the activa-
tion energy for the catalytic reaction from
15 to 9 kcal/mole and increased the
strength of bonding of ethylene to the metal
by about 4 kcal/mole (as indicated by the
temperature dependence of Kg). These
results are in accord with the interpretation
given above, providing further support for
the suggestion of increased back donation
to and increased activation of the m-accep-
tor ethylene ligand with an increasing num-
ber of donor phosphine ligands on the metal
framework.

We caution that the possibility that the
catalytic sites were provided by undetec-
tably low concentrations of mononuclear
Ru complexes or aggregates of Ru atoms
cannot be ruled out; however the sugges-
tion that the tetraruthenium clusters pro-
vided the catalytic sites is consistent with
all the observations, being supported
specifically by (i) the infrared spectra,
showing that tetraruthenium clusters were
the only observed metal species, (ii) the
systematic variation of catalytic activity
with changes in the ligand environment of
the clusters, and (iii) the stability of the
catalysts and the reproducibility of the cat-
alytic activity measured for separately syn-
thesized membranes (23).

Proceeding under the assumption that the
tetraruthenium clusters indeed provided
the catalytic sites in each catalyst, we rec-
ognize several possibilities for generation
of sites by generation of coordinatively
unsaturated metal centers.? The possibili-
ties include (reversible) breaking of Ru-
CO, Ru-H, Ru-P, and Ru-Ru bonds. Since
the infrared spectra of the attached clusters

3 Any mechanism involving coordinative unsatura-
tion at a metal center would account for the observed
inhibition of reaction by CO.
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remained unchanged even after >100 hr
under reaction conditions, we exclude the
possibility that dissociation of Ru-CO
bonds was responsible for the formation of
the active sites. If CO had been dissociated,
CO would have flowed out in the effluent
stream, and changes in the infrared spectra
of the clusters would have been observed.
Further, since the donor phosphine ligands
increase the Ru-CO bond strength, an in-
creasing number of phosphine ligands
would have decreased the rate of reaction if
Ru-CO bond breaking had been the slow
step in the catalytic cycle; the data show
the opposite trend (Fig. 3).

The possibility that Ru-H bond dissocia-
tion was responsible for the formation of
the active sites seems unlikely since hydro-
gen did not inhibit the catalytic reaction
under any observed conditions. Further,
flowing pure ethylene over the supported
tetrahydridotetraruthenium clusters pro-
duced no ethane and no change in the
spectra even after 100 hr at 90°C}?
confirming the stability of the Ru—H bonds
in the cluster.

There is no information available about
the bond strengths of the ruthenium car-
bonyl clusters, and it is therefore difficult to
ascertain whether Ru-P or Ru-Ru bond
dissociation is more likely to be responsible
for the formation of active sites. Examples
of both metal-phosphorus and metal-metal
bond dissociation mechanisms in metal clus-
ter chemistry are cited in the literature (e.g.
(25-27).

We speculate that Ru-Ru bond breaking
is the more important step, since there is
evidence suggesting that Ru-Ru bond
breaking may occur when olefins are
bonded to [HRu(CO),] (28).> There is

+ This observation indicates that an olefin insertion
mechaism on the saturated cluster can be ruled out.

5 The cited work fails to provide conclusive evi-
dence, since it was carried out with “‘[a-
H,Ru,(CO);,1,”" which is now recognized to be a
mixture of [H;Ru(CO);;] and [Ruz(CO)y.] (29); it is
therefore not clear whether the Ru-Ru bond breaking
occurred in the tetraruthenium cluster.
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also evidence that Ru—~Ru bond cleavage
occurs when alkynes are bonded to
Ru,(CO),; (30). More structural informa-
tion is needed before concrete ideas about
the catalytic intermediates can be devel-
oped. Whatever the intermediates were,
they were present in the functioning cata-
lysts in concentrations too low to detect by
infrared spectroscopy—the coordinatively
saturated tetraruthenium clusters were the
only metal species detected.
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