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Abstract

Ž . Ž .Heterogeneous palladium catalysts were employed for the synthesis of 2- 4-isobutylphenyl propionic acid ibuprofen by
Ž . Ž .carbonylating 1- 4-isobutylphenyl ethanol IBPE with carbon monoxide and water. Among the supported palladium

catalysts tested, palladium anchored on montmorillonite showed good activity for the carbonylation and good selectivity to
ibuprofen. For the palladiumrmontmorillonite catalyst, the presence of triphenylphosphine and hydrogen chloride in the
reaction solution was essential for its catalytic activity even if triphenylphosphine and chloride ion had already been
coordinated to the palladium precursor. The effects of reaction variables on the heterogeneous carbonylation have been
investigated for the regiospecific synthesis of ibuprofen, and it was revealed that the palladiumrmontmorillonite showed
better selectivity to ibuprofen than the homogeneous counterpart. This heterogeneous catalyst recovered by filtration after a
batch of the reaction showed activity similar to that of the fresh catalyst for a new batch of reaction. Furthermore, the filtrate
without the solid catalyst did not show any carbonylation activity. These implied that dissolution of palladium component
from the solid catalyst had not been serious. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Hydrocarboxylation of 1- 4-isobutylphenyl
Ž .ethanol IBPE is the last step in the new three-

step process developed by Hoechst-Celanese to
Ž .synthesize 2- 4-isobutylphenyl propionic acid

Ž .ibuprofen from isobutylbenzene. Ibuprofen is
an important nonsteroidal anti-inflammatory

w xdrug with a substantial size of market 1 . Usu-

) Corresponding author. Tel.: q82-562-792263; Fax: q82-
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ally homogeneous palladium complex catalysts
Ž .such as PdCl PPh has been used for the2 3 2

regioselective carbonylation of alcohol or olefin
substrates to produce propionic acids or their

w xesters 2–5 . We also recently reported carbony-
lation of IBPE for the regiospecific synthesis of
ibuprofen catalyzed by homogeneous palladium

w xcomplexes 6 .
In order to make the recovery of catalysts

more facile, heterogeneous or heterogenized
catalysts have attracted much interest. Fre-
quently used supports such as activated carbon,
alumina, silica, and inert polymers could be em-
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ployed for the immobilization of homogeneous
catalysts, and palladium on suitable supports
could form an active complex with phosphine

w xligands 7 . Recently, a swelling-type layered
silicate clay, montmorillonite has been reported
as an excellent support for immobilization of
cationic transition metal complexes to conduct

w xsolution-like reactions in the solid state 8–12 .
These heterogenized catalysts involving an-
chored palladium showed enhanced activity in

w xmany reactions including carbonylation 13–15 .
Encouraged by these previous reports, our in-
vestigation was extended to the heterogeneous
carbonylation of IBPE with supported palladium
catalysts.

Heterogeneous palladium catalysts supported
on activated carbon, alumina, and silica showed
different activities and selectivities, which indi-
cated that the nature of support and the state of
the palladium on the support were important to
determine the catalytic performance. Palladium
immobilized in montmorillonite showed excel-
lent catalytic activity and selectivity, and it was
very stable under this reaction condition. Em-
ploying palladium catalysts anchored in mont-
morillonite, effects of reaction variables such as
CO pressure, nature of phosphine ligand, ratio
of phosphine to palladium, and presence of
hydrogen halide were studied and compared to
those observed for the homogeneous catalysts.

2. Experimental

The hydrocarboxylation of IBPE was per-
formed in 100 ml or 300 ml Hastelloy C auto-

Ž .clave reactor Autoclave Engineers according
w xto a procedure described elsewhere 6 . Typi-
Ž .cally, into a reaction mixture of IBPE 2.5–5 g ,

triphenylphosphine and aqueous hydrochloric
acid dissolved in 3-pentanone, palladium cata-

Ž .lyst Pd content 0.1–0.5 mmol was added. The
Ž .reactor was purged three times with CO 10 bar

and pressurized to 40 bar at room temperature.
Then it was heated to 398 K and kept at the
temperature for desired reaction time with vig-

orous stirring. During the reaction, the reaction
mixture was sampled and analyzed by a gas

Ž .chromatograph GC, HP 5890 series II with a
50 m DB-5 capillary column, and a flame ion-
ization detector.

Palladium catalysts supported on carbon, alu-
mina, and silica were typically prepared by a
precipitation method with a support material
and an aqueous solution containing desired
amount of palladium. The prepared samples
were dried at 393 K for 24 h and reduced in

Ž .hydrogen flow purity ) 99.995% of 20
mmolrs at 423 K for 3 h. In most cases,

Ž .palladium chloride Aldrich 95% was used as
the catalyst precursor.

The preparation of functionalized montmoril-
lonite palladium catalysts was reported by

w xChoudary et al. 10 . Commercially available
Na–montmorillonite was treated with a HCl
solution to afford H–montmorillonite and then
was refluxed with 3-aminopropylethoxysilane
solution for about 48 h. The silane-exchanged
montmorillonite was complexed with palladium
ion during the reflux with a palladium-contain-
ing solution and then was subjected to Soxhlet
extraction for about 24 h.

3. Results and discussion

w xAs in our previous study 6 , the substrate
Ž .IBPE was prepared by Friedel–Craft acylation
of 4-isobutylbenzene and subsequent hydro-
genation. No impurity was detected in the sub-
strate. The main product obtained in the hydro-

Ž .carboxylation of IBPE was 2- 4-isobutylphenyl
Ž Ž ..propionic acid IBPA B , i.e., ibuprofen. Other

Ž .products include 3- 4-isobutylphenyl propionic
Ž Ž ..acid IBPA L which is the linear isomer of

Ž . Žibuprofen, 4-isobutylstyrene IBS , 1- 4-iso-
. Ž .butylphenyl ethyl chloride IBPCl , 4-iso-

Ž .butylphenylethane IBE and trace of a heavy
component that was found to be a dimer of IBS.
As described below, some of these by-products
were detected only under certain reaction condi-
tions. This spectrum of products is the same as
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observed in our earlier study of the homoge-
w xneous palladium-catalyzed reaction 6 . This fact

together with similar concentration–time curves
for each species in homogeneous and heteroge-

Ž .neous systems vide infra also suggests that the
same reaction schemes could be applied for
both systems, namely, acid-catalyzed dehydra-
tion of IBPE to form the key intermediate, IBS,
followed by palladium-catalyzed carbonylation
to IBPA or hydrogenation to IBE.

Heterogeneous palladium catalysts on several
supports were tested for their carbonylation re-

Ž .activity Table 1 . Palladium on activated car-
bon prepared by precipitation at a slightly acidic

Ž .condition pH 4.0 catalyzed the formation of
hydrogenation product, IBE, as well as the car-

Ž .bonylation product, IBPA Run 1 and 2 . Over
1% PdrC, more hydrogenated by-product was
produced than over 5% PdrC. The particle
sizes of palladium calculated from CO chemi-
sorption were 4.2 nm for 1% Pd and 9.2 nm for
5% Pd assuming spherical Pd particles and an

Ž .adsorption stoichiometry COrPd of 1.0. Since
the fraction of surface atoms and the coordina-
tion number of surface atoms are sensitive to
particle size of the metal in the range below 10
nm, one might suspect that smaller particles of
1% PdrC with more low-coordination atoms
could have catalyzed the hydrogenation prefer-

entially, because only the fraction of surface
atoms were important, the difference between
1% PdrC and 5% PdrC should have been in
their rates of the reaction only. However, the
preferred hydrogenation over carbon-supported
Pd is believed to be due to the contribution of
activated carbon support. Since the palladium
content was maintained constant for all data in
Table 1, 1% PdrC contained carbon support
five times as much as 5% PdrC. When only
activated carbon was used without any palla-

Ž .dium Run 3 , the hydrogenation product was
still formed, but the carbonylation did not take
place. Based on the results, it was concluded
that activated carbon catalyzed the hydrogena-
tion and that palladium catalyzed the competing
carbonylation reaction. Thus, the difference be-
tween 1% PdrC and 5% PdrC can be under-
stood in terms of different contributions of these
hydrogenation function of the support and car-
bonylating function of Pd. There is a concern
that palladium supported on activated carbon
could be leached out in the form of ion and a
homogeneous catalytic complex formed in situ
could catalyze the carbonylation reaction. In
this case, 1% PdrC which had smaller particle
sizes and a larger fraction of surface atoms
would lose more easily its metallic palladium
into the acidic reaction medium than 5% PdrC

Table 1
The carbonylation of IBPE with heterogeneous palladium catalysts on various supportsa

Ž .Run Catalyst Conv. of Selectivity %
Ž .IBPE % Ž . Ž .IBE IBS IBPCl IBPA B IBPA L dimer

1 1% PdrC 96.3 57.6 17.5 1.2 23.7 0 0
2 5% PdrC 99.9 25.6 1.0 0.1 77.0 3.8 0

b3 Activated carbon 97.8 40.1 59.2 0.7 0 0 0
4 1% Pdralumina 20.2 0 60.1 1.8 0 0 34.6
5 5% Pdralumina 34.6 0 68.6 0.4 0 0 31.1

c6 PdCl and alumina 14.2 0 92.5 7.5 0 0 02
d7 1% Pdrsilica 89.1 0 70.2 3.5 25.1 0 1.2

8 5% Pdrsilica 77.6 0 94.5 4.8 0.8 0 0
9 Pdrmontmorillonite 94.4 0 34.6 5.4 58.7 0.2 1.1

a The following reaction conditions were used unless otherwise stated: IBPEs5.0 g, PrPds2.2, PPh s0.13 g, 5% HCls10.0 g,3

3-pentanones81 ml, temperatures398 K, CO pressures40 bar, times13 h. Pd content was the same for all runs.
b The amount of carbon support was the same as that of 1% PdrC.
c The amount of alumina was the same as that of 1% Pdralumina.
d The catalyst was prepared by an ion-exchange method.
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would do. Nevertheless, the rate of carbonyla-
tion over 5% PdrC exceeded that of 1% PdrC.
Therefore, the hypothesis that active palladium
catalytic species is a homogeneous Pd complex
dissolved into the solution from the support is
not substantiated.

Both 1% Pdralumina and 5% Pdralumina
did not show any activity for the carbonylation
Ž .Run 4 and 5 . Even the dehydration step of
IBPE, which was catalyzed by the acid catalyst
HCl, was apparently inhibited by the alumina
support. Probably, alumina scavenges HCl and
inhibits dehydration and following reaction
steps. Since 1% Pdralumina contained greater
amount of alumina support than 5% Pdralu-
mina, the inhibition of dehydration was more
effective and resulted in a lower conversion of
IBPE and production of less p-isobutylstyrene.

Ž .X-ray diffraction pattern Fig. 1 shows that
used catalysts have lost a significant part of
XRD intensity due to alumina phase, which
reveals that alumina is reactive in the reaction
medium. The interference of alumina was con-
firmed by introducing a homogeneous catalyst
PdCl and alumina into the reaction mixture2
Ž .Run 6 . Severe inhibition of dehydration of
IBPE was observed. Thus, the reaction between
alumina and HCl seemed to be responsible for
the inhibition of dehydration reaction by alu-

Ž .mina. Pdrsilica 1% was provided by G. V.
w xSmith 15 , and the catalyst was prepared by

Fig. 1. X-ray diffraction pattern of palladium catalysts supported
on alumina.

Fig. 2. Carbonylation of IBPE with homogeneous PdCl catalyst2
Ž . Ža and heterogeneous palladium-montmorillonite catalyst pal-

Ž . Ž .ladium precursor: C H PdCl , silane ligand: C H O -6 5 2 2 2 5 3
Ž . . Ž .Si CH NH b . The following reaction conditions were ap-2 3 2

plied for both cases: IBPEs5.0 g, PPh s0.13 g, 5% HCls10.03

g, 3-pentanones81 ml, temperatures398 K, CO pressures40
Ž .bar, times13 h, PrPd molrmol s2.2.

Ž .ion-exchange between Pd NH Cl and amor-3 4 2

phous silica. As the amount of employed cata-
Ž .lyst Run 7 was half of other catalysts, the rate

of carbonylation was slow but the selectivity for
Ž .IBPA B was good with no formation of the

linear isomer. The 5% Pdrsilica that was made
by a usual precipitation method at pH 4.0 was
not active for the carbonylation. Therefore, the
catalysts showed different activities depending
on the preparation method even if palladium
was supported on the same material.
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Palladium-exchanged montmorillonite cata-
lyst showed good activity and selectivity. Its
palladium content analyzed by atomic absorp-
tion spectroscopy was around 3% to 4% of the
total catalyst mass. The concentration–time
curve of carbonylation with heterogenized palla-

Ž .dium in montmorillonite Fig. 2b was com-
pared to that of homogeneous PdCl catalyst2
Ž .Fig. 2a . Surprisingly, the rate of reaction and
selectivity to branched acid with heterogenized
catalyst was almost the same as those with
homogeneous PdCl catalyst. However, the2

concentration of IBS during the reaction was
Ž .lower and that of 1- 4-isobutylphenyl ethyl

chloride was higher for the heterogeneous cata-
lyst. This indicates that the rate of carbonylation
of olefin intermediate was faster in heteroge-
neous catalyst system and that IBPCl as well as
IBS appeared to serve as intermediates to IBPA.
In addition, the similar rates for two systems
suggested that there is no mass-transfer limita-
tion of reactants between liquid phase and the
catalytic component in the clay.

The active palladiumrmontmorillonite cata-
lyst was thus selected in order to study further
effects of different silane ligands and palladium

precursors for its optimum catalytic perfor-
Ž .mance Table 2 . Montmorillonite is a swel-

ling-type clay whose interlayer spaces are ex-
pected to be different according to the size of
used silane ligand. However, activity and selec-
tivity were not much related to the size of the

Ž . Ž .ligand and C H O Si CH NH was the most2 5 3 2 2
Ž .effective ligand Run 6 . Among the tested pal-

ladium precursors, diphenyl palladium chloride
was more active than acetate-complexed palla-

Ž .dium precursors Run 9 . Probably, the acetate
originally coordinated to the palladium preven-
ted the chloride ion or other necessary ligands
from complexing with palladium in montmo-
rillonite. In a homogeneous reaction, palladium
acetate also showed a low activity under the
same carbonylation conditions. This fact sug-
gests the possibility of acetate ion’s strong coor-
dination to palladium metal that inhibits forma-
tion of an active catalytic complex. Lee and

w xAlper 14 reported that palladium-anchored
montmorillonite catalyst could be applied to the
carbonylation of aryl compounds. In their study,
a silylphosphine type ligand was used to immo-
bilize the palladium ion since the coordinated
phosphine was expected to give a beneficial

Table 2
The carbonylation of IBPE with various palladiumrmontmorillonite catalystsa

bŽ . Ž .Run Silane ligand Conversion of Selectivity % Pd content wt.%
Ž .IBPE % Ž . Ž .IBS IBPCI IBPA B IBPA L dimer

cŽ . Ž .1 C H O Si CH CN 93.4 35.4 1.8 61.7 1.1 0 4.662 5 3 2 3
cŽ . Ž .2 CH O Si CH C H O 96.8 16.6 1.6 80.4 1.4 0 4.563 3 2 3 6 9

cŽ . Ž . Ž .3 CH O Si CH CO– CH HC5CH 99.7 3.0 0.7 93.1 3.2 0 3.743 3 2 3 2 3 2
cŽ .4 C H O SiHC5CH 99.7 1.1 0.4 95.7 2.9 0 2.372 5 3 2

cŽ . Ž .5 C H O Si CH NCO 94.2 11.6 1.0 86.9 0 0.3 3.022 5 3 2 3
cŽ . Ž .6 C H O Si CH NH 98.5 1.9 0.5 97.6 0 0 3.32 5 3 2 3 2

d eŽ . Ž .7 Ph P Pd O CCH 92.1 54.9 5.8 41.9 0.5 0 –3 2 2 3 2
fŽ . Ž .8 Ph P Pd O CCH 90.5 94.2 5.8 0 0 0 –3 2 2 3 2

gŽ .9 Pd O CCH 84.0 23.5 2.9 56.9 1.3 5.4 0.872 3 2

a The following reaction conditions were used unless otherwise stated: IBPEs5.0 g, PPh s0.13 g, 5% HCls10.0 g, 3-pentanones813

ml, temperatures398 K, CO pressures40 bar, times13 h, PrPds2.2.
b Palladium content characterized by atomic absorption spectroscopy.
c Ž .Palladium precursors C H CN PdCl .6 5 2 2
d Ž . Ž .Silane ligand: C H O Si CH NH .2 5 3 2 3 2
eSamples not analyzed. The content of palladium was assumed to be 3.0% of the total mass.
f Without PPh .3
g Ž .Balance product was IBE 10.0% .
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effect on the carbonylation. But in our prepara-
tion, a silane compound was applied to ex-
change the palladium ion because the presence
of additional phosphine in the reaction solution
was absolutely necessary even when palladium
complex containing phosphine ligand was em-

Ž .ployed as palladium precursor Run 8 .
When hydrogen chloride was not supplied,

the carbonylation did not proceed at all although
the dehydration of IBPE occurred to some ex-

Ž .tent Table 3, Run 1 . This means that hydrogen
chloride as a source of additional chloride ion
was essential for the catalysts to work even
though the palladium precursor already con-
tained chloride ion. As the content of water was
decreased for the same amount of hydrogen

Ž . Žchloride Run 3 , chlorinated compound, 1- 4-
. Ž .isobutylphenyl ethyl chloride IBPCl , became

a dominant product. Apparently, the next car-
bonylation step was slow because of the short-
age of water, a reactant needed for carbohy-

Ž .droxylation. Furthermore, the olefin IBS was
dimerized to produce another by-product. Actu-
ally the stoichiometric amount of water for the
carbonylation is about 0.5 g, but the use of
sufficient water is important to increase the rate
of carbonylation by saturating organic phase
with water. CuCl known for its beneficial ef-2

w xfect on selectivity to the branched acid 16 was
added in order to identify the effect of copper
ion over palladiumrmontmorillonite catalyst
Ž .Run 6 . Additional copper ion did not improve

selectivity to branched acid. For the carbonyla-
w xtion of 4-methylstyrene 3,16 , copper ion was

quite effective to promote the selective synthe-
sis of the branched acid. The difference in the
effect of copper on carbonylations of two sub-
strates could be explained by the difference in
the rate of reaction. Without copper ion, 4-
methylstyrene was carbonylated in 2–3 h. In the
presence of copper chloride under otherwise the
same conditions, the carbonylation of 4-methyl-
styrene was slowed down and selectivity to the
branched acid or its ester was increased. In the
reaction of IBPE, dehydration to form IBS was

w xfound to be a slow step 6 . Therefore, the
carbonylation of the olefin intermediate pro-
ceeds slowly according to the rate of dehydra-
tion, and copper chloride is not useful in our
homogeneous and heterogeneous catalytic sys-
tem to slow down the reaction and to enhance
the selectivity to the branched acid. The effect
of halide ion that played an important role in the
homogeneous carbonylation was also examined
in the Pd–montmorillonite system. When HBr
was used instead of HCl in Run 4, the rate of
carbonylation and selectivity to branched acid
were improved slightly. With HI in Run 5,
dehydration occurred most rapidly, but carbony-
lation barely proceeded. The hydrogenation,
which was the characteristic feature of homoge-
neous reaction in the presence of HI, did not
proceed much in heterogeneous reaction. Al-
though the rate of dehydration increased as HI

Table 3
The effects of halide additives on the carbonylation of IBPEa

Ž .Run Hydrogen halide Conversion of Selectivity %
Ž .IBPE % Ž . Ž .IBE IBS IBPCl IBPA B IBPA L

1 None 0 0 0 0 0 0
2 5% HCl 95.3 0 48.2 13.2 38.0 0
3 35% HCl 93.6 17.1 19.9 30.3 10.0 0
4 5% HBr 91.0 0 32.6 0 64.6 2.8
5 5% HI 91.0 17.9 74.5 0 4.6 3.0
6 5% HCl and CuCl 98.0 0 6.3 0.5 89.0 4.22

ŽŽ . Ž . Ž . .IBPEs5.0 g, PPh s0.13 g, Pdrmontmorillonites0.32 g C H CN PdCl , C H O Si CH NH , 3-pentanones81 ml, tempera-3 6 5 2 2 2 5 3 2 3 2

tures398 K, CO pressures40 bar, times13 h. The dimer of IBS was the main balance product.
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Table 4
The effect of CO pressure

Ž .CO pressure Conversion of Product distribution %
Ž . Ž .bar IBPE % Ž . Ž .IBS IBPA B IBPA L

10 71.1 80.0 3.5 0
25 88.7 67.8 19.2 0
30 91.5 57.5 32.7 0
50 98.1 1.4 92.3 0

IBPEs5.0 g, PPh s0.13 g, 3-pentanones81 ml, temperature3

s398 K, times13 h, Pdrmontmorillonites0.65 g, palladium
Ž . Ž .precursor s C H CN PdCl , silane ligand: C H O -6 5 2 2 2 5 3

Ž .Si CH NH .2 3 2

and HBr were used instead of HCl, the effects
of hydrogen halides were not consistent with
those observed for the homogeneous application
regarding the selectivity to branched acid and
production of by-products.

Generally, the pressure of carbon monoxide
was known to be a very important reaction

w xvariable for regioselective carbonylation 17 ; a
pressure higher than 100 bar was usually re-
quired to obtain a good selectivity to branched
acid. Table 4 shows the effect of CO pressure
on the carbonylation over palladiumrmontmo-
rillonite. At increasing CO pressures, both the
rate of dehydration of IBPE and the rate of
carbonylation of IBS were increased. Appar-
ently, the rate of the carbon-addition step was
dependent on the concentration of carbon mono-
xide dissolved in the reaction solution. Al-
though the dehydration of IBPE catalyzed by
HCl was not related with dissolved CO, the rate
of dehydration and overall conversion of IBPE
was increased. This may reflect the reversibility

of the dehydration step under this reaction con-
dition and that the rate of dehydration is in-
creased because the increase in the rate of car-
bonylation would decrease the concentration of
IBS. It was quite interesting to observe that the
selectivity to branched acid was perfect even at
low pressure without formation of any de-
tectable amount of the linear acid. In homoge-
neous system, the ratio of branchedrlinear acid
was increased linearly as the CO pressure was
increased. This might imply that the wall of
clay where palladium complex anchored could
form selective surroundings for the pathway to
branched acid. However, mechanism by which
dissolved CO affects the selectivity to branched
acid in homogeneous and heterogeneous reac-
tion is not clearly identified yet.

Triphenylphosphine was the essential ligand
to form active catalytic Pd complex because the
carbonylation did not occur unless the phos-

Ž .phine ligand was present Table 5, Run 1 . As
the amount of triphenylphosphine was in-
creased, the rate of carbonylation was increased
but the selectivity to branched acid was de-
creased. It has been known to be advantageous
to use the ligand in excess rather than in stoi-
chiometric amount in several respects especially
in preventing palladium complex from being

w xreduced to inactive palladium metal 18 . There-
fore, the excess amount of phosphine ligand
could be needed to activate decomposed palla-
dium back to an active catalytic complex. The
decrease in selectivity to branched acid resulted
from the fast rate of reaction in the presence of
abundant catalytic species.

Table 5
The effects of phosphine ligands

Ž .Run Amount of Conversion of Selectivity %
Ž . Ž .PPh mmol IBPE % Ž . Ž .3 IBS IBPCl IBPA B IBPA L

1 0 88.1 96.5 3.5 0 0
2 0.44 98.1 1.5 0.5 98.0 0
3 0.88 99.0 1.3 0.1 94.4 3.9
4 1.76 97.2 2.1 0.6 91.7 5.6

IBPEs5.0 g, 3-pentanones81 ml, temperatures398 K, CO pressures40 bar, times13 h, Pdrmontmorillonites0.645 g, palladium
Ž . Ž . Ž .precursors C H CN PdCl , silane ligand: C H O Si CH NH .6 5 2 2 2 5 3 2 3 2
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The effect of bulky phosphine ligand was
investigated in Table 6. Sterically hindered

Ž . Ž . Žbidentate phosphine ligand R - q -1,2-bis di-
. Ž .phenylphosphino propane dppp or PROPHOS

did not show much activity in this system even
though it was an active ligand in the homoge-

Ž .neous condition Run 1 and 2 . But, this reduc-
tion of activity should not have resulted from
the limited interlayer spacing of the swelling

w x Ž .montmorillonite 19 . Bidentate ligand y -2,3-
Ž-isopropylidene-2, 3-dihydroxy-1, 4-bis diphe -

. Ž .ylphosphino butane DIOP is bulkier than
dppp, yet is active both in homogeneous and
heterogeneous system. DIOP ligand with Pdr
montmorillonite gave an excellent selectivity to
branched acid unlike DIOP with PdCl in ho-2

w xmogeneous reaction 20 . An important chiral
Ž . Ž . X Xligand R - y -1,1-binaphthyl-2,2 -diyl hydro-

Ž .gen phosphate BNPPA which was known for
Ž . w xits high enantioselectivity to S -ibuprofen 21

was employed in our homogeneous and hetero-
geneous reactions, but it gave no carbonylated
product. Hence, the activity of phosphine ligand
seems to be independent of the size of the
ligand. Phosphorous ligands with different sub-
stituents have various electronic effects on bind-

w xing of phosphorous 22 . Oxygen complexed
phosphorous ligand has weaker electron-donat-

w xing ability than PPh 22 , and DIOP showed3

good carbonylating effect. Alkylated phospho-

Ž .rous ligands such as PPh R RsEt, Me could2

donate electrons better than PPh ; however,3
Ž . Ž . Ž .PPh CH R dppp and dppb were not2 2 2 2

good ligands for the carbonylation of IBPE.
Phosphorous ligand containing binaphthyl func-
tional group expected to have similar electronic
effect to PPh showed no activity for the car-3

bonylation. Therefore, electronic configuration
of phosphorous ligand did not correlate with the
result of carbonylation of IBPE.

Fig. 3a shows the results of a blank experi-
ment carried out without palladium–montmoril-
lonite catalyst. After several hours of the reac-
tion, the solid catalyst was filtered out and the
substrate was added again, then the reaction was
resumed maintaining the same CO pressure and
the same temperature. Initially, there were IBPE
Ž . Ž .substrate , IBS dominant intermediate , IBPA
Ž .carbonylated product , and traces of other com-
ponents that were left behind from the previous
reaction. During the reaction, carbonylation of
substrate hardly took place after removing the
solid Pd catalyst. HCl catalyzed dehydration of
IBPE and chlorination of the substrate to pro-
duce more IBS and IBPCl were the only reac-
tions observed. This suggests that most palla-
dium complex did not depart from the support
during the reaction and that the active catalytic
component was fixed to the clay when it cat-
alyzed the carbonylation. Furthermore, the re-

Table 6
The effects of bulky chiral phosphine ligandsa

Ž .Phosphine Conversion of Product distribution %
Ž .IBPE % Ž . Ž .IBS IBPCl IBPA B IBPA L

b Ž .dppp hetero 63.7 95.3 3.5 3.1 0
c Ž .dppp homo 96.2 33.4 4.1 55.3 0
d Ž .DIOP hetero 90.8 60.1 3.5 36.5 0
c Ž .DIOP homo 90.5 22.1 4.6 60.6 12.2

e Ž .BNPPA hetero 91.2 97.3 2.7 0 0
c Ž .BNPPA homo 94.9 5.4 4.2 0 0

a The following reaction conditions were used unless otherwise stated: IBPEs2.5 g, 3-pentanones40 ml, temperatures398 K, CO
Ž .pressures40 bar, times13 h, Pdrmontmorillonites0.323 g, PrPds2, palladium precursors C H CN PdCl , silane ligand:6 5 2 2

Ž . Ž .C H O Si CH NH .2 5 3 2 3 2
b Ž . Ž . Ž .dppp: R - q -bis diphenylphosphino propane.
cŽ .homo : homogeneous condition, PdCl was used instead of Pd–montmorillonite catalyst, Pds0.1 mmol.2
d Ž . Ž .DIOP: y -2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis diphenylphosphino butane.
e Ž . Ž . X XBNPPA: R - y -1,1 -binaphthyl-2,2 -diyl hydrogen phosphate.
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Fig. 3. The blank and the catalyst recycle experiment with filtrate,
without palladium catalyst recovered palladium–montmorillonite
Ž Ž . Ž .palladium precursor: C H 2PdCl , silane ligand: C H O -6 5 2 2 5 3
Ž . .Si CH NH s0.5 g, IBPEs5.0 g, PPh s0.13 g, 5% HCls2 3 2 3

10.0 g, 3-pentanones81 ml, temperatures398 K, CO pressure
s40 bar, times13 h.

covered catalyst by filtration could be recycled.
ŽThe recovered catalyst was employed again Fig.

.3b . The activity and the selectivity of the used
catalyst were as good as those of the fresh one.

4. Conclusion

Several palladium catalysts immobilized on
solid supports were employed for the carbonyla-
tion of IBPE to synthesize ibuprofen. Activated
carbon and alumina inhibited carbonylation by

promoting side-reaction or consuming necessary
additive HCl. For palladium on silica, catalytic
activity was different according to the prepara-
tion method. Palladium-exchanged montmoril-
lonite had good activity and selectivity. Espe-
cially palladiumrmontmorillonite showed better
selectivity to branched propionic acid even at
low CO pressures than homogeneous palladium
catalysts under the same reaction condition.
Among tested silane ligands and palladium pre-
cursors that were used for immobilizing palla-

Ž . Ž .dium in montmorillonite, C H O Si CH -2 5 3 2
Ž .NH and Pd C H CN Cl were most effec-3 6 5 2 2

tive. Triphenylphosphine and hydrogen chloride
were essential and had to be added in the reac-
tion mixture regardless silane ligand or palla-
dium precursor already contained those ligands.
Palladiumrmontmorillonite was easily recov-
ered after the reaction and it was stable enough
to be recycled.
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