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Abstract

w Ž . Ž . x Ž . Ž .The rhodium carbonyl thiolate complex, Rh m-S CH Si OCH CO Rh–S was tethered to phosphine-modified2 2 3 3 3 2 4
Ž Ž .. Ž . Ž .Pd–SiO P– Pd–SiO , which was prepared by tethering the phosphine ligand Ph P CH Si OC H to Pd–SiO ,2 2 2 2 3 2 5 3 2

Ž . w Ž .to give the tethered complex catalyst Rh–SrP– Pd–SiO . Also, the phosphine-substituted Rh m-S CH -2 2 2 3
Ž . x w Ž . Ž . x Ž . Ž .Si OCH Ph P CH Si OC H CO Rh–S–P was tethered to several silica-supported metal heterogeneous3 3 2 2 2 3 2 5 3 2 2

Ž .catalysts M–SiO MsPd, Pt, Ru, Ir to give Rh–S–PrM–SiO . These complex catalysts, consisting of a tethered2 2
Ž .complex on a supported-metal TCSM , were used to catalyze the hydroformylation of olefins and the hydrogenation of

toluene under atmospheric pressure. In the presence of phosphorus donor-ligands, all the TCSM catalysts are active for the
Ž .hydroformylation of olefins under the mild conditions of 608C and 1 atm of H and CO 1:1 . The most active catalysts,2

Ž . Ž .Rh–SrP– Pd–SiO and Rh–S–PrPd–SiO , give maximum TOF values of 1.04 and 0.88 mol aldehydermol Rh min ,2 2
Ž .respectively, and TO values of 905 and 703 mol aldehydermol Rh during 22.5 h and 23.5 h in the hydroformylation of

1-octene. The Rh–S–PrPd–SiO ;PPh catalyst system maintains its activity through three cycles and 68 h to give a total2 3

turnover of 2118 mol aldehydermol Rh. These activities are higher than those of the homogeneous rhodium thiolate
Ž . Žcomplex catalyst Rh–S–P and the rhodium thiolate complex catalysts tethered on just SiO Rh–SrP–SiO and2 2

.Rh–S–PrSiO . The effects of the phosphorus ligand and PR rRh mole ratio on the hydroformylation rates, conversions,2 3
Ž .and chemo- and regioselectivities for aldehyde were also investigated. The Rh–SrP– Pd–SiO and Rh–S–PrPd–SiO2 2

catalysts are also active for the hydrogenation of toluene under the mild conditions of 408C and 1 atm of H ; they are much2

more active than the homogeneous rhodium thiolate complex catalyst Rh–S–P, the simple silica-supported heterogeneous
Ž . Žpalladium catalyst Pd–SiO and the rhodium thiolate complex catalysts tethered on just SiO Rh–SrP–SiO and2 2 2

. Ž .Rh–S–PrSiO . The synergistic advantages of the two components tethered complex and supported metal of the TCSM2

catalysts are greater for the hydrogenation of toluene than for the hydroformylation of 1-octene. q 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Homogeneous metal complex catalysts are
generally more active and selective than hetero-
geneous metal catalysts, but an important tech-
nical problem is the separation and recovery of
homogeneous catalysts from reaction solutions.
In order to overcome this problem, much work
has focused on tethering homogeneous complex
catalysts to insoluble supports to combine the
advantage of easy catalyst recovery with the
high activity and selectivity of soluble com-

w xplexes 1–18 . Both organic polymers and inor-
ganic oxides have been used as supports to
tether metal complex catalysts, but for industrial
use, inorganic oxides are often preferred be-
cause of their rigid structure and tolerance to
various conditions of temperature and reaction
medium. Silica is widely used as a support since
transition metal complexes can be easily teth-
ered to its surface through a ligand in the com-
plex which has alkoxyl- or chlorosilane func-
tional groups that react with surface hydroxyl
groups on SiO . Similarly, we have tethered2

transition metal complexes to silica-supported
metal heterogeneous catalysts such as Pd–SiO2
w x19 . The resulting combined homogeneous–
heterogeneous catalyst, consisting of a tethered

Ž .complex on a supported metal TCSM , not
only has the advantages of conventional silica-
tethered complex catalysts but also the synergis-
tic action of the two catalyst components. The

Ž .wrhodium complex catalysts, RhCl CO CN-
Ž . Ž . x w Ž .CH Si OC H and RhCl CN CH -2 3 2 5 3 2 2 3
Ž . xSi OC H , tethered on the silica-supported2 5 3 3

metal heterogeneous catalyst Pd–SiO exhibit2

catalytic activities for the hydrogenation of
arenes that are much higher than those of the
separate homogeneous rhodium complex cata-
lysts, the separate silica-supported metal hetero-

Ž .geneous catalyst Pd–SiO , or the rhodium2
w xcomplex catalysts tethered on only SiO 19 .2

In the present study, the rhodium carbo-
w Ž .nyl thiolate complexes, Rh m-S CH Si-2 2 3

Ž . x Ž . Ž . w Ž .OCH CO Rh–S and Rh m-S CH s3 3 2 4 2 2 3
Ž . x w Ž . Ž . x Ž .Si OCH Ph P CH Si OC H CO3 3 2 2 2 3 2 5 3 2 2

Fig. 1. Representation of the TCSM catalysts Rh–S–PrM–SiO2
Ž .MsPd, Pt, Ru, Ir .

Ž .Rh–S–P , were tethered on silica-supported
Žmetal heterogeneous catalysts M–SiO MsPd,2

.Ru, Pt, Ir and on phosphine-modified Pd–SiO2
Ž Ž ..P– Pd–SiO to give the TCSM catalysts,2

Ž .Rh–S–PrM–SiO and Rh–SrP– Pd–SiO2 2
Ž .Fig. 1 . The activities of these TCSM catalysts
in the hydroformylation of olefins and the hy-
drogenation of toluene under atmospheric pres-

w xsure are reported. Previously, we described 20
the hydroformylation activities of catalysts re-
sulting from the immobilization of Rh–S and
Rh–S–P on SiO . The current investigation ex-2

amines the effects of adding a supported metal
to those catalysts.

2. Experimental

2.1. Materials and analysis

Ž .Rh Cl CO was purchased from Strem. Sil-2 2 4
Ž 2 .ica gel 100 B.E.T. surface area, 400 m rg and

3-mercaptopropyltrimethoxylsilane were ob-
Ž . Ž .tained from Fluka. Ph P CH Si OC H was2 2 3 2 5 3

w xprepared according to the literature method 21 .
Solvents were dried by refluxing over CaH2

under nitrogen prior to use. All other reagents
were commercial samples and were used as
purchased.

FTIR and DRIFT spectra were recorded on a
Nicolet 560 spectrophotometer equipped with a
TGS detector in the main compartment and a
MCT detector in the auxiliary experiment mod-

Ž .ule AEM . The AEM housed a Harrick diffuse
reflectance accessory. The solution IR spectra
were measured in the main compartment using a
solution cell with NaCl salt plates. The DRIFT
spectra were recorded on samples in the Harrick
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microsampling cup. A Varian 3400 GC inter-
faced to a Finnigan TSG 700 high-resolution
magnetic sector mass spectrometer with electron

Ž .ionization 70 eV was used for all GC-MS
measurements. Gas chromatographic analyses
were performed with a HP-6890 GC using a 32
m HP-1 capillary column with a FID detector.

The rhodium analyses of the silica-tethered
catalysts were determined by atomic emission
spectroscopy. Each sample was prepared for

Ž .analysis by first treating the catalyst 50 mg
with 5 ml of aqua regia at 908C for 5–10 min;

Ž .then 5 ml of aqueous HF 5% was added to the
mixture, which was heated at 908C for 5–10
min. The resulting solution was diluted with
water to 25 ml.

2.2. Preparation of the catalysts

2.2.1. Preparation of silica-supported metal het-
(erogeneous catalysts M–SiO MsPd, Ru, Pt,2

)Ru

2.2.1.1. Pd–SiO . This SiO -supported palla-2 2

dium was prepared by a procedure similar to
w xthat described in the literature 22 . An aqueous

solution of H PdCl , prepared by dissolving2 4
Ž1.2 g of PdCl in 80 ml of aqueous HCl 0.22

.M , was added to a flask containing 7.0 g of
SiO . After the mixture was stirred at room2

temperature overnight, the water was removed
by slow evaporation in a rotary evaporator at
808C. The resulting solid was dried in an oven
at 1108C for 5 h and then calcined at 5008C in
an air flow for 4 h in a tube furnace. The
calcined sample was subsequently reduced in a
H flow for 4 h at 3808C and then passivated2

under a flow of air at room temperature for 1 h
Ž .to give the black Pd–SiO Pd, 10 wt.% pow-2

der.

2.2.1.2. Ir–SiO . This SiO -supported iridium2 2

was prepared by a procedure similar to that used
for the preparation of a SiO -supported rhodium2

w xheterogeneous catalyst 23 . An aqueous solu-
tion of H IrCl P6H O, prepared by dissolving2 6 2

2.38 g of H IrCl P6H O in 24 ml of H O, was2 6 2 2

added to a beaker containing 8.0 g of SiO .2

After the mixture was stirred at room tempera-
ture for 1 h, the water solvent was evaporated
by stirring the mixture on a hot plate. The
resulting solid material was dried in an oven at
1108C overnight and then transferred to a glass
tube and heated in a furnace at 2008C with a
flow of N for 2 h to remove most of the water.2

The sample was first reduced under a H flow2

at 2008C for 3 h and then at 2508C for 5 h to
Ž .give the black Ir–SiO Ir, 10 wt.% powder.2

[ ]2.2.1.3. Ru–SiO 24 . An aqueous solution of2

RuCl , prepared by dissolving 1.9 g of RuCl P3 3
Ž .xH O Ru, 42% in 30 ml of water, was added2

to a flask containing 8.0 g of SiO . After the2

mixture was stirred at room temperature
overnight, the water was removed by continu-
ously stirring the mixture at 1208C for 3 h. The
resulting solid was calcined under a flow of air
at 5008C for 6 h and then a flow of oxygen for 1
h at 4008C. The sample was finally reduced
with a flow of H at 5008C for 5 h to give the2

Ž .black Ru–SiO Ru, 10 wt.% powder.2

Ž .2.2.1.4. Pt–SiO . Pt–SiO Pt, 10 wt.% was2 2

prepared following the same procedure as that
used for the preparation of Ru–SiO , except2

using H PtCl instead of RuCl PxH O.2 6 3 2

2.2.2. Preparation of rhodium carbonyl thiolate
complexes

[( ( ) ( ) ] ( )2.2.2.1. Rh m-S CH Si OCH CO2 2 3 3 3 2 4
( )Rh–S . Rh–S was prepared as described previ-

w xously 20 and identified by its spectra. IR,
Ž . Ž . Ž . Ž . Ž .n CO toluene : 2074 m , 2056 s , 2004 s

y1 1 Ž . Žcm . H NMR CDCl : d 3.57 s, 18H,3
. Ž . ŽOC H , 3.11 t, 4H, SC H , 1.91 m, 4H,3 2

. Ž .CH C H CH , 0.82 m, 4H, C H Si .2 2 2 2

[ ( ) ( ) ]2.2.2.2. cis-Rh m-S CH Si OCH -2 2 3 3 3 2
[ ( ) ( ) ] ( ) ( )Ph P CH Si OC H CO Rh–S–P .2 2 3 2 5 3 2 2

Rh–S–P was synthesized according to the pre-
w xviously reported procedure 20 and identified
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Ž . Ž . Ž .by its spectra. IR n CO toluene : 1970 s ,
Ž . y1 31 �1 4 Ž1956 s cm . P H NMR CDCl , 2003

. Ž .MHz : d 21.92 d, J s122 Hz .Rh – P

2.2.3. Preparation of the tethered rhodium com-
plex catalysts

( )2.2.3.1. Rh–S–PrM–SiO MsPd, Ru, Pt, Ir2

and Rh–S–PrSiO . The rhodium thiolate com-2
Ž .plex Rh–S–P 0.18 g, 0.12 mmol was refluxed

Žin 15 ml of toluene for 4 h with M–SiO 0.802
.g that had been dried in vacuum at 1008C for 2

h. After filtration of the mixture, the separated
Ž .solid was washed with toluene 4=10 ml and

then dried in vacuum at room temperature. The
rhodium analyses of the catalysts were as fol-
lows: 1.70 wt.% for Rh–S–PrPd–SiO , 1.952

wt.% for Rh–S–PrPt–SiO , 2.15 wt.% for2

Rh–S–PrRu–SiO and 1.60 wt.% for Rh–S–2

PrIr–SiO . The rhodium thiolate complex cata-2

lyst Rh–S–PrSiO , with a rhodium content of2

2.45 wt.%, was prepared by the same procedure
as that used for the preparation of Rh–S–PrM–
SiO except SiO was used instead of M–SiO .2 2 2

Ž .The IR DRIFT spectrum of each catalyst ex-
Ž . y1hibits one n CO band: 1979 cm for Rh–S–

PrPd–SiO , 1972 cmy1 for Rh–S–PrPt–SiO ,2 2

1974 cmy1 for Rh–S–PrRu–SiO , Rh–S–2

PrIr–SiO , and 1978 cmy1 for Rh–S–PrSiO .2 2

These spectra, containing only one band, are
Ž Ž . Ž .quite different than that 1970 s , 1956 s

y1 .cm in toluene of the precursor cis-Rh -2
w Ž . Ž . x w Ž . Žm-S CH Si OCH Ph P CH Si OC -2 3 3 3 2 2 2 3 2

. x Ž .H CO complex. However, the 1972–19795 3 2 2
y1 Ž y1.cm bands are very similar to that 1975 cm

of the trans isomer of the dirhodium complex
w Ž .Ž .Ž .x w xRh m-SC H PPh CO 25 . According to6 5 3 2

w xthe literature 26 , the product of the reaction
Ž . Ž .between Rh m-SC F CO and 2 equiv of2 6 5 2 4

Ž . w ŽPPh at low temperature y58C is cis- Rh m-3
.Ž .Ž .x Ž Ž . Ž .SC F PPh CO n CO : 1994 s , 19776 5 3 2

Ž . y1. w Žs cm , but the product is trans- Rh m-
.Ž .Ž .x Ž Ž . y1.SC F PPh CO n CO : 1984 cm when6 5 3 2

the reaction is run at room temperature. Our IR
experiments show that cis-Rh–S–P also isomer-

Ž Ž . y1.izes to trans-Rh–S–P n CO : 1978 cm upon

heating in toluene at 808C for 40 min. Thus, it
appears that the tethering reaction in refluxing
toluene causes the cis-Rh–S–P complex to iso-
merize to trans-Rh–S–P.

( )2.2.3.2. Rh–SrP– Pd–SiO and Rh–SrP–2
Ž .SiO . A mixture of 0.80 g of Pd–SiO or SiO2 2 2

Ž . Ž . Ž .and Ph P CH Si OC H 2.4 g, 0.64 mmol2 2 3 2 5 3

in 10 ml of toluene was refluxed for 4 h. After
the mixture was filtered, the solid was washed

Ž .with toluene 3=10 ml and dried in vacuum at
room temperature to give the phosphine-mod-

Ž . Žified P– Pd–SiO or P–SiO . The P– Pd–2 2
. Ž . ŽSiO or P–SiO was stirred with Rh–S 842 2

.mg, 0.13 mmol in 10 ml of toluene at room
temperature for 2 h. After the solid was sepa-
rated by filtration, it was washed with toluene
Ž .4=10 ml and then dried in vacuum at room
temperature to give the tethered rhodium thio-

Ž .late complex catalysts Rh–SrP– Pd–SiO and2

Rh–SrP–SiO . The rhodium content was 1.22
Ž .wt.% for Rh–SrP– Pd–SiO and 1.7 wt.% for2

Rh–SrP–SiO . The two catalysts had the same2
Ž .DRIFT spectrum which showed three n CO

Ž . Ž . Ž . y1bands at 2056 s , 1995 s and 1975 s cm ,
Ž Ž .which are very similar to those 2050 s , 1990

Ž . Ž . y1 . w Žs and 1972 s cm in hexadecane of Rh m-
.Ž . Ž .xS-t-C H CO PMe Ph , in which the Rh4 9 2 2 2

w xcenters are 5-coordinate 27 . This suggests that
Ž .the major species on the Rh–SrP– Pd–SiO2

and Rh–SrP–SiO catalysts is the tethered five-2
wcoordinate rhodium thiolate complex Rh m-2

Ž . Ž . x w Ž . Ž . xCH Si OCH Ph P CH Si OC H2 3 3 3 2 2 2 3 2 5 3 2
Ž .CO .4

2.3. Catalytic reactions

2.3.1. Hydroformylation of olefins
The hydroformylation reactions were carried

out in a three-necked, jacketed glass vessel con-
taining a stirring bar and closed with a self-seal-
ing silicon rubber cap; the vessel was connected
to a vacuumrCO–H line and a constant-pres-2

sure gas buret. The temperature of the ethylene
glycol that circulated through the vessel jacket
was maintained with a constant temperature
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Ž .bath. The reaction temperature and CO–H 1:12

pressure were 608C and 1 atm, respectively.
After the catalyst and phosphorus ligand were
added and the atmosphere in the vessel was
replaced with CO–H , toluene and olefin were2

added by syringe with vigorously stirring, and
the uptake of CO–H was followed with the2

constant-pressure gas buret. After the reaction
was stopped, the reaction mixture was analyzed
by GC.

In all experiments, the hydroformylation
products were 1-nonanal and 2-methyloctanal.
In most cases, the only isomerization products
were trans-2-octene and cis-2-octene. But when
Ž .P OPh co-catalyst was used, cis- and trans-3

3-octene and cis- and trans-4-octene were also
formed. No hydrogenation products of the alde-
hydes, 1-octene or the toluene solvent were
detected. There was no evidence for products
resulting from the hydroformylation of the inter-
nal olefins 2-, 3-, or 4-octene.

2.3.2. Hydrogenation of toluene
The hydrogenation reactions were performed

with the same apparatus as that used for the
hydroformylations. The reaction temperature and
H pressure were 408C and 1 atm, respectively.2

After the catalyst was added and the atmosphere
in the vessel was replaced with hydrogen,
toluene was added, and the uptake of hydrogen
was followed with the constant-pressure gas
buret.

3. Results and discussion

3.1. Hydroformylation of olefins oÕer the TCSM
catalysts

Hydroformylation of olefins to produce alde-
hydes andror alcohols is one of the most impor-
tant industrial methods for the functionalization

w xof C5C bonds 28–31 . In a previous paper
w x20 , we showed that the rhodium carbonyl thio-

w Ž . Ž . xlate complexes, Rh m-S CH Si OCH -2 2 3 3 3 2
Ž . Ž . w Ž . Ž . xCO Rh–S and Rh m-S CH Si OCH -4 2 2 3 3 3 2

w Ž . Ž . x Ž . Ž .Ph P CH Si OC H CO Rh–S–P ,2 2 3 2 5 3 2 2

tethered on SiO are highly active catalysts for2

the hydroformylation of 1-octene under the mild
conditions of 608C and 1 atm. Because we

w xdemonstrated previously 19 that catalysts con-
sisting of both tethered complexes and sup-

Ž .ported metals TCSM were much more active
than catalysts with only tethered complexes for
the hydrogenation of arenes, we sought to deter-
mine whether such TCSM catalysts were also
more active for hydroformylations. Thus, we
prepared the TCSM catalysts Rh–S–PrM–SiO2
Ž . Ž .MsPd, Pt, Ru, Ir and Rh–SrP– Pd–SiO2

for study of their catalytic activities in the pres-
ence of a phosphorus-donor co-catalyst in the
hydroformylation of 1-octene under the mild
conditions of 608C and 1 atm. All the silica-sup-
ported metal heterogeneous catalysts M–SiO2
Ž .MsPd, Ru, Pt, Ir were found to be inactive
for the hydroformylation of 1-octene under the

Ž .same conditions. The results Table 1 show
that all of the tethered rhodium thiolate complex

Ž .catalysts are more active TOF and TO than the
homogeneous Rh–S–P complex catalyst. As the

Ž .most active catalyst, Rh–SrP– Pd–SiO has a2

maximum TOF of 1.04 mol aldehydermol Rh
min and a TO of 905 mol aldehydermol Rh
during a 22.5 h time period; these TOF and TO
values are about 10 and 4.5 times greater than
those of the homogeneous Rh–S–P catalyst and
the rhodium complex Rh–S tethered on phos-

Ž .phine-modified SiO Rh–SrP–SiO , respec-2 2

tively. To our knowledge, this TCSM catalyst is
the most active immobilized rhodium complex
catalyst system for the hydroformylation of
olefins under such mild conditions. Hydro-
formylations of olefins over tethered rhodium

w xcomplex catalysts reported previously 32–38
are generally performed under a high pressure
Ž .normally G40 atm of H and CO.2

ŽThe activities of the TCSM catalysts Table
.1 are strongly affected by the metal on the

SiO support. With the same tethered Rh–S–P2

complex, the activities of Rh–S–PrM–SiO2
Ž .MsPd, Ru, Pt, Ir decrease in the order:
Pd–SiO ) Ru–SiO ) Pt–SiO ) Ir–SiO .2 2 2 2
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Table 1
Hydroformylation of 1-octene over tethered rhodium catalysts with PPh co-catalysta

3

b d e f g hCatalyst PrRh Reaction Maximum TO Conversion Aldehyde nri Isomerization
cŽ . Ž .time h TOF % selectivity products

Ž . Ž .% %
iRh–S–P 6.0 28 0.11 129 44.1 91.4 5.3 3.8

Rh–S–PrSiO 7.4 21 0.49 499 98.2 95.2 4.2 4.72

Rh–S–PrPd–SiO 6.9 23.5 0.88 703 98.6 92.2 3.8 7.72

Rh–S–PrPt–SiO 6.5 22.5 0.36 432 69.8 92.0 3.9 5.62

Rh–S–PrRu–SiO 6.0 26.5 0.41 544 95.5 92.9 4.1 6.82

Rh–S–PrIr–SiO 6.0 25.5 0.20 213 27.3 95.3 4.5 1.32

Rh–SrP–SiO 6.0 23 0.24 218 30.8 91.2 4.2 2.72
Ž .Rh–SrP– Pd–SiO 6.5 22.5 1.04 905 95.0 87.1 3.8 12.32

aReaction conditions: 50 mg of solid catalyst; 5 ml of toluene solvent; PPh as the phosphorus-donor co-catalyst; 1 ml of 1-octene; 608C, 13

atm.
b Mole ratio of PPh co-catalystrRh complex.3
c Maximum TOF is defined as moles of aldehyde formed per mole rhodium per min.
d Moles of aldehyde formed per mole rhodium during the given reaction time.
eConversion of 1-octene determined by GC.
f Ž .Aldehyde selectivity total yield of moles of both aldehydes per mole of 1-octene converted determined by GC.
g Mole ratio of normal aldehyde to branched aldehyde determined by GC.
h Ž .Yield of isomerization products total yield of moles of 2-, 3-, and 4-octenes per mole of 1-octene used initially determined by GC.
iA total of 10 mmol of Rh–S–P complex.

While the TCSM catalyst Rh–S–PrPd–SiO is2

almost two times more active than Rh–S–
PrSiO , the activities of the Rh–S–PrRu–2

SiO , Rh–S–PrPt–SiO and Rh–S–PrIr–SiO2 2 2

catalysts are lower than that of Rh–S–PrSiO .2

These results demonstrate that only the two
catalysts with rhodium thiolate complex teth-
ered on Pd–SiO , Rh–S–PrPd–SiO and Rh–2 2

Ž .SrP– Pd–SiO , are more active than either the2

homogeneous rhodium complex Rh–S–P or the
rhodium thiolate complexes tethered on just

Ž .SiO Rh–S–PrSiO and Rh–SrP–SiO . It is2 2 2

clear that the supported-palladium metal does
promote the hydroformylation activity of the
rhodium thiolate complexes tethered on Pd–
SiO .2

Fig. 2 shows kinetic curves for the hydro-
formylation of 1-octene over the tethered
rhodium thiolate complex catalysts, Rh–S–

Ž .PrM–SiO M s Pd, Pt, Ru, Ir , Rh–S–2
Ž .PrSiO , Rh–SrP– Pd–SiO and Rh–SrP–2 2

SiO , with PPh co-catalyst. Except Rh–S–2 3

PrPd–SiO , which is active from the outset2
Ž .Fig. 2b , the other catalysts exhibit an induc-
tion period. The Rh–S–PrIr–SiO and Rh–2

SrP–SiO catalysts give the longest induction2
Ž .period Fig. 2f and g , while the induction

Ž .periods with the Rh–S–PrPt–SiO 50 min ,2
Ž .Rh–S–PrRu–SiO 50 min , Rh–S–PrSiO2 2

Ž . Ž . Ž .45 min and Rh–SrP– Pd–SiO 45 min2

Fig. 2. Kinetic curves for the hydroformylation of 1-octene over
Ž .the tethered rhodium thiolate complex catalysts: a Rh–SrP–

Ž . Ž . Ž . Ž .Pd–SiO , b Rh–S–PrPd–SiO , c Rh–S–PrSiO , d Rh–2 2 2
Ž . Ž .S–PrRu–SiO , e Rh–S–PrPt–SiO , f Rh–S–PrIr–SiO ,2 2 2

Ž .g Rh–SrP–SiO . Reaction conditions are the same as those in2

Table 1.
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Žcatalysts are about the same Fig. 2a, c, d and
.e .

With regard to the chemoselectivity for alde-
Žhyde and regioselectivity nri, mole ratio of
.1-nonanalr2-methyloctanal , the homogeneous

catalyst Rh–S–P gives a regioselectivity of 5.3,
which is greater than that of the tethered com-

Ž .plex catalysts Table 1 . The supported metal
Ž .M in the TCSM catalysts has a small effect on
both the chemo- and regioselectivity, although
the chemo- and regioselectivities of the Rh–S–
PrIr–SiO catalyst are slightly higher than those2

of the other tethered complex catalysts.
Ž .IR DRIFT spectra were recorded on the

used catalysts, which were isolated at the end of
Ž .the reaction time Table 1 by filtering the

catalysts from the reaction mixtures, washing
them with toluene and drying under vacuum.
The IR spectra of all the used TCSM catalysts
isolated from the Rh–S–PrM–SiO ;PPh2 3

Ž .catalyst systems MsPd, Pt, Ru, Ir are about
Ž .the same and show two n CO bands at 2050–

Ž . Ž . y12060 w and 1965–1975 s cm , which are
Ž Ž . Ž .very similar to those 2065 w and 1975 s

y1.cm of the used catalyst isolated from the
Rh–S–PrSiO ; PPh catalyst system dis-2 3

w xcussed previously 20 . This result suggests that
the supported-metal on SiO does not affect the2

structures of the tethered rhodium carbonyl thio-
late complexes; that is, there is no strong inter-
action between the supported metal and the
tethered complex. Although the IR spectra of

Ž .the unreacted catalysts Rh–SrP– Pd–SiO and2

Rh–SrP–SiO are different from those of the2

Rh–S–PrM–SiO and Rh–S–PrSiO cata-2 2

lysts, the used catalysts isolated from these two
Ž .Rh–S catalyst systems both give two n CO

Ž . Ž . y1absorptions at 2060 w and 1968 s cm .
Thus, the DRIFT spectra of the used Rh–S–

Ž .PrPd–SiO and Rh–SrP– Pd–SiO catalysts2 2
Ž .are the same, yet Rh–SrP– Pd–SiO is slightly2

more active and gives a somewhat different
distribution of products than Rh–S–PrPd–
SiO . On the basis of detailed IR spectral stud-2

ies of Rh–SrSiO and Rh–S–PrSiO in our2 2
w xprevious paper 20 , we proposed that the pre-

dominant species present on the used catalysts
Ž .Ž .Ž X .was Rh SR CO PR , in addition to a smaller3 2

Ž .amount of a species of the type Rh SR
Ž . Ž X .CO PR which was more abundant on the2 3

most active catalyst systems.
The effect of different phosphorus ligand co-

catalysts on the rate, conversion, and selectivity
of 1-octene hydroformylation with the TCSM
catalysts Rh–S–PrPd–SiO and Rh–SrP–2
Ž . Ž .Pd–SiO was investigated Table 2 under the2

same conditions as those in Table 1. If no
phosphorus ligand is added, the catalysts are
inactive which indicates that the tethered phos-
phine in both of these catalysts is unable to
substitute for the added co-catalysts used in
these hydroformylation reactions. For both cata-

Žlysts, the highest hydroformylation rates TOF
y1 Ž .s1.32 min for Rh–SrP– Pd–SiO and 1.872

y1 .min for Rh–S–PrPd–SiO were achieved2
Ž .when P OPh was used as the co-catalyst. The3

Ž .catalyst systems with P OPh co-catalyst also3
Ž .give the highest regioselectivity nris8.0 for

the normal aldehyde, which is about two times
greater than those observed with the phosphine
co-catalysts. However, the chemoselectivity for

Ž .aldehyde in the P OPh system is much worse3

than that observed in the phosphine systems.
Ž . Ž .While the Rh–SrP– Pd–SiO ;P OPh and2 3
Ž .Rh–S–PrPd–SiO ;P OPh catalyst systems2 3

give a 1-octene conversion of 98.1%, their se-
lectivities for aldehyde are only 63.7% and
63.1%, respectively, and the yields of isomer-
ization products are over 35.5%. For the three
phosphine ligands, both the hydroformylation
rates and the selectivities for aldehyde with the

Ž .Rh–SrP– Pd–SiO catalyst decrease in the2
Ž . Žorder: PPh ) P C H OMe-p ) P C H F-3 6 4 3 6 4

.p . With the Rh–S–PrPd–SiO ;PR cata-3 2 3

lyst system, the hydroformylation rates de-
Ž .crease in the order: PPh )P C H F-p )3 6 4 3

Ž .P C H OMe-p ; but the selectivities for6 4 3

aldehyde decrease in the order: PPh )3
Ž . Ž .P C H OMe-p ) P C H F-p . Of all the6 4 3 6 4 3

Ž .phosphine-donor co-catalysts, P C H F-p6 4 3

gives the highest nri ratio with both Rh–SrP–
Ž .Pd–SiO and Rh–S–PrPd–SiO . These re-2 2
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Table 2
Ž . aHydroformylation of 1-octene over Rh–SrP– Pd–SiO and Rh–S–PrPd–SiO with different phosphorus ligands2 2

d e f gPhosphorus Reaction Maximum TO Conversion Aldehyde nri Isomerization
c hŽ . Ž . Ž . Ž .time h TOF % selectivity % products %

( )Rh–SrP– Pd–SiO catalyst2
Ž .P OPh 23.5 1.32 685 98.1 63.7 8.0 35.53

PPh 22.5 1.04 905 95.0 87.1 3.8 12.33
Ž .P p-C H OMe 22.0 0.59 591 62.4 86.3 3.4 8.56 4 3
Ž .P p-C H F 23.0 0.23 262 32.1 74.4 4.0 8.26 4 3

Rh–S–PrPd–SiO catalyst2
Ž .P OPh 18.5 1.87 479 98.1 63.1 8.0 36.23

PPh 23.5 0.88 703 98.6 92.2 3.8 7.73
Ž .P p-C H OMe 25.0 0.39 479 68.6 90.2 3.5 6.76 4 3
Ž .P p-C H F 25.0 0.72 646 97.9 85.3 4.0 14.26 4 3

Reaction conditions and footnotes are the same as those in Table 1.

sults indicate that both electron withdrawing
and donating substituents on the phenyl rings
are unfavorable for the hydroformylation. This
trend is different than that observed for the
hydroformylation of 1-octene with the Rh–

w xSrSiO ;PR catalyst system 20 , in which2 3

electron withdrawing substituents on the phenyl
rings increase the hydroformylation rates.

The PrRh mole ratio also strongly affects the
rate, conversion, and selectivity of 1-octene hy-
droformylation with the TCSM catalysts, Rh–

Ž .SrP– Pd–SiO and Rh–S–PrPd–SiO cata-2 2

lysts. As the data illustrate in Table 3, without

added phosphine ligand, both catalysts are inac-
tive for the hydroformylation of 1-octene under
these mild conditions, despite the presence of
the tethered phosphine on the catalyst surface.
An increase in the PPh rRh mole ratio in-3

creases the hydroformylation rate, aldehyde se-
Ž .lectivity, and 1-nonanalr2-methyloctanal nri

mole ratio for both catalysts. For the Rh–SrP–
Ž .Pd–SiO catalyst, the hydroformylation rate2
Ž .TOF reaches a maximum value of 1.04 mol
aldehydermol Rh min when the PPh rRh mole3

ratio is 6.5. Although the TOF declines slightly
with further increases of the PPh rRh mole3

Table 3
Ž . aEffect of PPh rRh mole ratio on the hydroformylation of 1-octene over Rh–SrP– Pd–SiO and Rh–S–PrPd–SiO3 2 2

d e f gPPh rRh Reaction Maximum TO Conversion Aldehyde nri Isomerization3
c hŽ . Ž . Ž . Ž .time h TOF % selectivity % products %

( )Rh–SrP– Pd–SiO catalyst2

0.0 23.0 0 0 23.7 0 – 23.7
3.3 23.5 0.39 421 54.1 71.0 3.7 15.7
6.5 22.5 1.04 905 95.0 87.1 3.8 12.3
9.7 21.5 0.93 944 96.3 89.4 3.9 10.2

13.0 22.0 0.84 943 97.0 90.0 3.8 9.7

Rh–S–PrPd–SiO catalyst2

0.0 8.0 0 0 11.6 0 – 11.6
2.3 23.5 0.28 240 47.3 65.5 3.6 9.4
4.6 24.0 0.80 676 98.5 88.7 3.6 11.1
6.9 23.5 0.88 703 98.6 92.2 3.8 7.7
9.3 24.0 1.19 680 98.0 89.8 4.0 10.0

Reaction conditions and footnotes are the same as those in Table 1.
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ratio, the TO increases from 905 to 943 mol
aldehydermol Rh during a period of about 22
h. For the Rh–S–PrPd–SiO catalyst, the high-2

est TO and selectivity for aldehydes are reached
when the PPh rRh mole ratio is 6.9, but the3

maximum TOF increases slightly when the
PPh rRh mole ratio is increased to 9.3.3

Table 4 shows data for the hydroformylation
reactions of different olefins over the TCSM

Ž .catalysts, Rh–SrP– Pd–SiO and Rh–S–2

PrPd–SiO . For both catalysts, as the olefin2

hydrocarbon chain increases, the hydroformyla-
tion rate, chemoselectivity for aldehyde, and
regioselectivity for linear aldehyde decrease. The
hydroformylation rate for styrene is lower than
those of the three terminal olefins.

The durability of the Rh–S–PrPd–SiO ;2

PPh catalyst with a PPh rRh mole ratio of 4.63 3

was evaluated in three successive hydroformyla-
tions of 1-octene under the conditions in Table
1. In the first cycle, the maximum TOF was
0.80 and TO was 676 after 24 h. Then, the
catalyst was filtered from the mixture, washed
with toluene and dried under vacuum at room
temperature. It was observed that in the second
hydroformylation cycle, the addition of PPh is3

still essential for the reaction. Using the same
PPh rRh mole ratio as in the first cycle, this3

catalyst system gave a maximum TOF of 0.88
and TO value of 750 after 24 h. After treating

the catalyst as described after the first cycle
including the addition of PPh , it was used in a3

third cycle for which the maximum TOF was
0.72 and TO was 692 after 21.5 h. Thus, during
the third cycle, the catalyst had essentially the
same TO activity as in the first cycle. For the
three cycles over 68 h, the total turnover num-
ber was 2118 mol aldehydermol Rh. In the
DRIFT spectrum of the used catalyst after the
third cycle, the positions and relative intensities

Ž .of the n CO bands are the same as those of the
Ž Ž .used catalyst in the first cycle n CO at 2060

Ž . Ž . y1.w and 1970 s cm even though excess
Ž .PPh PPh rRhs4.6 was added to the reac-3 3

tion solution for each cycle. In order to deter-
mine if any of the rhodium leached from the
solid Rh–S–PrPd–SiO catalyst during the hy-2

droformylation, the liquid phases from the first,
second and third cycles were analyzed for Rh
by atomic emission spectroscopy. It was found
that 5.3% of the total rhodium on the catalyst
leached into the liquid phase in the first cycle.
In the second and third cycles, 2.7% and 1.0%,
respectively, of the rhodium complex leached
into the liquid phases. The liquid phases sepa-
rated from the three cycles were also used for
the hydroformylation of 1-octene under the same
conditions as those used with the solid catalyst.

Ž .After the first cycle 24 h , 1.0 ml of 1-octene
was added to the solution phase. The hydro-

Table 4
Ž . aHydroformylation of different olefins over Rh–SrP– Pd–SiO and Rh–S–PrPd–SiO2 2

d e f gSubstrate Reaction Maximum TO Conversion Aldehyde nri Isomerization
c hŽ . Ž . Ž . Ž .time h TOF % selectivity % products %

( )Rh–SrP– Pd–SiO catalyst2

1-Octene 22.5 1.04 905 95.0 87.1 3.8 12.3
1-Decene 23.5 0.58 699 99.2 77.6 3.8 22.2
1-Dodecene 23.0 0.47 509 98.2 67.0 3.7 32.4

iStyrene 23.5 0.29 371 30.0 82.5 0.5 5.3

Rh–S–PrPd–SiO catalyst2

1-Octene 23.5 0.88 703 98.6 92.2 3.8 7.7
1-Decene 20.5 0.46 428 99.0 83.4 3.8 16.4
1-Dodecene 24.0 0.45 402 98.4 71.6 3.9 17.9

iStyrene 23.5 0.23 248 31.8 90.9 0.44 2.9

Reaction conditions and footnotes are the same as those in Table 1.
i Yield of ethylbenzene determined by GC.
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Žformylation rate milliliters of CO and H up-2
.take per minute of the solution phase was about

one-fifth of that of the first cycle with the solid
Ž .catalyst Rh–S–PrPd–SiO . However, the so-2

lution phases from the second and third cycles
were inactive for the hydroformylation of 1-oc-
tene under the reaction conditions. Thus, in the
first cycle, about 20% of the hydroformylation
could have been catalyzed by Rh that leaches
into the solution, but in the second and third
cycles, the hydroformylation is catalyzed only
by the Rh that is tethered on the Pd–SiO2

surface even though a small amount of Rh
leached into the solution during the second and
third hydroformylation cycles. Also, the activity
of the catalyst in the third cycle appears not to
be diminished by the loss of Rh in the first and

Ž .second cycles. No n CO absorptions were de-
tected in the IR spectrum of the solution after
the first cycle, despite the observation that the
solution showed catalytic activity.

3.2. Hydrogenation of toluene to methylcyclo-
hexane

Although immense success has been achieved
in the field of homogeneous transition metal
complex-catalyzed hydrogenations of olefins,
the related field of arene hydrogenation has
been underdeveloped. We previously repor-

w x Žted 19 that TCSM catalysts Rh–CNR rPd–3
.SiO and Rh–CNR rPd–SiO containing the2 2 2

wrhodium isocyanide complexes, RhCl CN-
Ž . Ž . x Ž .CH Si O C H and RhCl CO -2 3 2 5 3 3
w Ž . Ž . xCN CH Si OC H tethered on Pd–SiO2 3 2 5 3 2 2

are very active for the hydrogenation of arenes
under the mild conditions of 408C and 1 atm.
The TCSM catalysts, Rh–S–PrPd–SiO and2

Ž .Rh–SrP– Pd–SiO , were also used to cat-2

alyze the hydrogenation of toluene to methylcy-
clohexane under the mild conditions of 408C

Žand 1 atm of H . Table 5 shows the rates TOF2
.and TO of hydrogenation of toluene in the

presence of the two TCSM catalysts, the homo-
geneous rhodium thiolate complex catalyst, and
the heterogeneous Pd–SiO catalyst. It can be2

Table 5
Hydrogenation of toluene to methylcyclohexane over tethered
rhodium thiolate complex catalystsa

c cCatalyst Reaction Maximum TO H uptake2
bŽ . Ž .time h TOF mmol

Pd–SiO 21.5 – – 1.522
dRh–S–P 8.0 0 0 0

Rh–S–Pr 23.0 0.09 77 0.92
SiO2

Rh–S–Pr 21.0 0.95 630 6.43
Pd–SiO2

Rh–Sr 25.0 0.08 104 0.86
P–SiO2

Rh–Sr 23.5 0.91 896 5.21
Ž .P– Pd–SiO2

aReaction conditions: 50 mg of solid catalyst; 5 ml of toluene;
408C, 1 atm.
b Maximum TOF defined as moles of H uptake per mole Rh per2

min.
c Ž .Turnover moles of H per mole Rh and H uptake correspond2 2

to the reaction time.
dA total of 10 mmol of Rh–S–P complex.

seen that under the reaction conditions in Table
5, the homogeneous catalyst Rh–S–P is inactive
for the hydrogenation of toluene, even though

Ž .the amount 10 mmol of Rh–S–P in solution is
Ž .greater than that 8.25 mmol in the TCSM

catalysts. However, the TCSM catalysts Rh–S–
Ž .PrPd–SiO and Rh–SrP– Pd–SiO are ac-2 2

Žtive for the reaction. The activity TOFs0.95,
.TOs630 in a 21 h time period of the Rh–S–

PrPd–SiO catalyst is at least four times greater2

than that of the simple heterogeneous SiO –2
Ž .supported palladium Pd–SiO and eight times2

that of the catalyst consisting of Rh–S–P teth-
Ž .ered to just SiO Rh–S–PrSiO . Similarly,2 2

Ž .Rh–SrP– Pd–SiO is about three and nine2

times more active than Pd–SiO and the SiO -2 2

tethered catalyst Rh–SrP–SiO , respectively.2
Ž .The IR DRIFT spectrum of the used Rh–

S–PrPd–SiO catalyst, which was isolated at2
Ž .the end of the hydrogenation Table 5 by filter-

ing the catalyst from the reaction mixture, wash-
ing with toluene and drying under vacuum,

Ž . y1shows one n CO band at 1982 cm , which is
the same as that of the unreacted Rh–S–PrPd–
SiO catalyst. Moreover, like the unreacted Rh–2

S–PrPd–SiO catalyst, when the used Rh–2

S–PrPd–SiO catalyst was stirred in toluene2
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under a CO atmosphere at room temperature
Ž .overnight, the IR DRIFT spectrum of the re-

Ž .sulting sample gave three n CO adsorptions at
Ž . Ž . Ž . y12077 m , 2064 s and 2010 s cm , which

indicates that the tethered rhodium complex
Rh–S–P is converted to the tethered Rh–S

Ž . w xcomplex Rh–SrPd–SiO 20 . All these re-2

sults suggest that during the hydrogenation reac-
tion the rhodium in the TCSM catalyst Rh–S–
PrPd–SiO remains tethered as the original2

Rh–S–P complex.
By comparing the data in Tables 1 and 5, it

can be seen that the difference between the
Žactivities of the TCSM catalysts Rh–SrP–

Ž . .Pd–SiO and Rh–S–PrPd–SiO and the2 2

conventional SiO -tethered complex catalysts2
Ž .Rh–SrP–SiO and Rh–S–PrSiO is much2 2

greater for the hydrogenation of toluene than for
the hydroformylation of 1-octene. Thus, it is
clear that the synergistic function of the two
catalyst components of the TCSM catalysts is
more favorable for hydrogenation than for hy-
droformylation. The greater toluene hydrogena-
tion rate enhancement caused by the Pd in the
TCSM catalysts may be explained by the hydro-
gen spillover mechanism that we proposed pre-

w xviously 19 for the hydrogenation of arenes
over the Rh–CNR rPd–SiO and Rh–CNR r2 2 3

Pd–SiO TCSM catalysts. This mechanism in-2

volves dissociative adsorption of H on Pd,2

followed by spillover of hydrogen onto the SiO2
w xsurface 39–42 where it is transferred to an

arene substrate that is coordinated to the Rh in a
tethered complex. Thus, both the Pd metal and
the tethered Rh complex play roles in promoting
the hydrogenation of arenes. On the other hand,
in hydroformylation, adsorption of H is disfa-2

vored because CO adsorbs more strongly than
w xH to Pd 43 . This CO adsorption interferes2

with the generation of spillover hydrogen on Pd;
therefore, the effect of Pd on the activity of the
tethered Rh–S–P catalyst is relatively small.
Thus, the TOF and TO values for Rh–S–
PrPd–SiO are less than twice as large as those2

for Rh–S–PrSiO in 1-octene hydroformyla-2

tion. But the TOF and TO values for Rh–S–

PrPd–SiO are more than eight times as large2

as those for Rh–S–PrSiO in toluene hydro-2

genation. These TOF and TO values for the
hydrogenation of toluene with Rh–S–PrPd–

Ž . ŽSiO 0.95, 630 for 21.0 h and Rh–SrP– Pd–2
. Ž .SiO 0.91, 896 for 23.5 h are, however,2

substantially lower than those of the isocyanide
rhodium TCSM catalysts, Rh – CNR r2

Ž .Pd–SiO 4.8, 1750 for 8.5 h and Rh–2
Ž .CNR rPd–SiO 5.5, 2420 for 8.5 h .3 2

4. Summary

ŽThe TCSM catalysts, Rh–S–PrM–SiO M2
. Ž .sPd, Pt, Ru, Ir and Rh–SrP– Pd–SiO , are2

active for the hydroformylation of olefins in the
presence of phosphorus donor ligands under the
mild conditions of 608C and 1 atm of H and2

Ž .CO 1:1 . While catalysts that contain the
rhodium thiolate complexes tethered on Pd–

Ž Ž .SiO Rh–SrP– Pd–SiO and Rh–S–PrPd–2 2
.SiO exhibit activities for the hydroformylation2

of 1-octene that are higher than that of the
simple tethered complex catalyst Rh–S–

ŽPrSiO , the Rh–S–PrM–SiO MsPt, Ru,2 2
.Ir catalysts are somewhat less active than Rh–

Ž .S–PrSiO . Rh–SrP– Pd–SiO and Rh–S–2 2

PrPd–SiO are also active for the hydrogena-2

tion of toluene at 408C and under 1 atm of H .2
Ž .The activities of Rh–SrP– Pd–SiO and Rh–2

S–PrPd–SiO for both hydroformylation and2

hydrogenation are higher than those of the ho-
mogeneous rhodium thiolate complex catalyst
Rh–S–P, the simple silica-supported heteroge-

Ž .neous palladium catalyst Pd–SiO and the2

rhodium thiolate complex catalysts tethered on
Ž .just SiO Rh–SrP–SiO and Rh–S–PrSiO .2 2 2

The effect of the supported palladium metal on
Ž .the activities of Rh–SrP– Pd–SiO and Rh–2

S–PrPd–SiO is larger for the hydrogenation2

of toluene than for the hydroformylation of
1-octene. The results suggest that the design of
a TCSM catalyst with high activity depends on
the proper choice of the two catalyst compo-

Ž .nents tethered complex and supported metal .
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