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bstract

Hydroformylation of 1-hexene was carried out in supercritical CO2 (scCO2) and in organic solvents (toluene and ethyl acetate) using polymer-
upported rhodium catalysts, which were prepared from polystyrene bound triphenylphosphine (TPP) and dicarbonylacetylecetonato rhodium.
reparation variables such as TPP/Rh ratio, time of rhodium precursor fixation on the support and time of syngas pretreatment do not produce
ignificant effects on the reaction. The product distribution slightly changes with CO2 pressure. The conversion increases appreciably as H2 pressure

s raised in scCO2 but CO retards the reaction. The influence of H2 pressure in scCO2 is slightly different from that in toluene. Changes of the
tructure of rhodium complexes on the polymer during the catalyst preparation and the reaction were investigated by diffuse reflectance FT-IR. It
hould be noted that the catalyst is recyclable for the reaction in scCO2 and that the reaction rate and selectivity of the hydroformylation are much
igher than those in the organic solvents.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Supercritical carbon dioxide (scCO2) is gaining considerable
nterest as an ecologically benign and economically feasible new
eneration reaction medium, which can replace conventional
oxic, flammable organic solvents [1,2]. It dissolves various
hemical substances and simply separates from them by depres-
urization (Fig. 1a). It has other advantages of non-flammability,
on-toxicity and absence of a gas–liquid phase boundary. The
hysicochemical properties of scCO2 can be tuned within a
ertain range by adjusting the pressure and temperature, being
dditional parameters for optimization of reactions therein.

Homogeneous organometallic complexes are effective cat-
lysts for various chemical transformations in conventional
olvents [3]; however, they have a major drawback in their
eparation from products and recycling. One of the methods
vercoming this drawback is to use polymer-supported cata-

ysts, in which metal complexes are immobilized on polymer
urface through their surface functional groups [4–6]. Polymer-
upported catalysts are easily separated and recyclable. Hence,
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heir use in scCO2 is very attractive, since the catalyst and the
olvent are easily separable in this reaction system (Fig. 1b).
ecently, a few studies concerning such reaction systems have
een reported for polymerization [7], hydrogenation [8–12] and
ydroformylation [10,11]. Lopez-Castillo et al. [11] and Kayaki
t al. [12] have shown that the catalysts are successfully recy-
lable for hydrogenation reactions. As reviewed by Cooper,
cCO2 is a good plasticizer for polymers [13]. This strongly
uggests that scCO2 would be a good swelling solvent for the
olymer-supported catalysts, allowing substrates to come in con-
act with the metal complexes existing inside the bulk of the
olymer. Since the ability of scCO2 to swell polymers changes
y its pressure [14–16], the overall reaction rate may strongly
epend on the CO2 pressure. The present work has been under-
aken to study the features of scCO2 in the hydroformylation of
-hexene using polymer-supported rhodium complex catalysts.
he effects of catalyst preparation and reaction conditions on the

eaction and the catalyst structure have been examined in detail.
. Experimental

Polymer-supported rhodium catalysts were prepared from
icarbonylacetylacetonato rhodium (Wako) as a catalyst

mailto:sfuji@proc-ms.eng.hokudai.ac.jp
dx.doi.org/10.1016/j.molcata.2006.12.032


S.-I. Fujita et al. / Journal of Molecular Cata

F
p

p
c
T
p
o
o
a
s
t
(
w
r
w
t
t
o
A
f
0
t
a
a
p

5
r
I
h
C
t
g
C
A
r

u
v
T
w
m
u
F
e
l
w

e
D
r
(
t
r

3

m
h
d
o
i

3

t
t
t
w
i
p
s
p
fi
4

3.2. Influence of CO2 and syngas pressures

Fig. 2 shows the influence of CO2 pressure on the hydro-
formylation of 1-hexene. The conversion does not change so
ig. 1. Reaction systems in scCO2 using a homogeneous catalyst (a) and a
olymer-supported catalyst (b).

recursor and triphenylphosphine (TPP)–bound polystyrene
ross-linked with 2% divinylbenzene (Aldrich) as a support.
he quantity of TPP bound to the polymer given by the sup-
lier is 3 mmol TPP per 1 g resin, which indicates the presence
f one TPP species every 3–4 monomer units of polymer chain
n average. In typical procedures, 1 g of the polystyrene was
dded to 10 cm3 of toluene dissolving 0.5 mmol of the precur-
or (TPP/Rh = 6) and the resultant suspension was kept at room
emperature for 17 h under stirring to fix rhodium on the support
metal fixation). Then, the suspension was treated in a reactor
ith 1 MPa of syngas (CO/H2 = 1/1) at 70 ◦C for 4 h under stir-

ing. After this syngas treatment, the solids were filtered, washed
ith toluene several times and dried under vacuum. The catalyst

hus prepared was kept in argon atmosphere. UV–vis spectra of
he filtrate showed that more than 99% of the initial amount
f the rhodium precursor used was supported on the polymer.
ssuming that complexes analogous to HRh(CO)(TPP)3 were

ormed on the polymer support, the loading of the complex was
.46 mmol/g-cat. Several catalysts were prepared under condi-
ions in which the TPP/Rh ratio and periods for the metal fixation
nd for the syngas treatment were changed. Also for those cat-
lysts, more than 99% of the initial amounts of the rhodium
recursor used proved to be supported on the polymer.

Hydroformylation experiments were carried out with a
0 cm3 high-pressure stainless steal reactor with a magnetic stir-
er, a high-pressure liquid pump, and a backpressure regulator.
n typical runs, the reactor was charged with 15.9 mmol of 1-
exene and 0.3 g of the catalyst. After batch wise purging with
O2 at atmospheric pressure, the reactor was heated to a reaction

emperature of 70 ◦C. Then, the reactor was charged with syn-

as (CO/H2 = 1/1) of 4 MPa followed by introduction of liquid
O2 to the desired pressure. The reaction was continued for 2 h.
fter the reaction, the reactor was cooled by ice water to near

oom temperature and depressurized with the backpressure reg-
lysis A: Chemical 268 (2007) 244–250 245

lator. The reaction mixture was diluted with toluene to a certain
olume after the separation of the polymer catalyst by filtration.
hen, the filtrate was analyzed by a gas chromatograph packed
ith a capillary column using a flame ionization detector and a
ass spectrometer. The concentrations of the substrate and prod-

cts in the solution were determined by using authentic samples.
or comparison, the reactions were also conducted in toluene or
thyl acetate instead of CO2. For the reaction runs using the cata-
ysts having different TPP/Rh ratios, the total amount of rhodium
as kept constant by changing the catalyst weight used.
Phase behavior of the reaction mixture was observed by naked

yes using a 10 cm3 reactor attached with sapphire windows.
iffuse reflectance FT-IR spectra of the polymer-supported

hodium catalysts were measured with an FT-IR spectrometer
FT/IR-620, JASCO) with a spectral resolution of 2 cm−1. For
he measurements, a spectrum of the polymer unloaded with
hodium was used as the background.

. Results and discussion

Under the present reaction conditions, 1-heptanal (1), 2-
ethyl-1-hexanal (2) and 2-hexene (3) were formed via

ydroformylation or isomerization (Scheme 1) and the product
istribution was observed to change depending on the conditions
f the catalyst preparation and the reaction, as will be described
n the following.

.1. Influence of the catalyst preparation conditions

Table 1 shows the effects of the catalyst preparation condi-
ions on the reaction. Neither the TPP/Rh ratio nor the time of
he metal fixation has significant influence on the activity and
he selectivity of the catalyst (entries 1–5). The catalyst prepared
ithout the syngas pretreatment shows a lower selectivity for the

somerization (entry 6). Thus, these parameters of the catalyst
reparation affect the reaction results but the influence is not
o significant. On the basis of the results obtained, the catalyst
repared under the conditions where the TPP/Rh ratio, the metal
xation time and the syngas pretreatment time were 6, 17 and
h, respectively, was used for further experiments.
Scheme 1. Hydroformylation of 1-hexene.
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Table 1
Influence of catalyst preparation conditions on hydroformylation of 1-hexene
catalyzed by polymer-supported rhodium catalyst in scCO2

Entry TPP/Rh Yield (%)

1 2 3

1 2 66.0 25.2 3.9
2 4 63.7 23.7 3.9
3 6 65.7 24.0 3.4
4a 6 65.0 23.7 3.0
5a 6 67.0 22.7 3.9
6b 6 62.8 23.8 1.9

Reaction conditions: 1-hexene, 15.9 mmol; Rh, 138 �mol; CO/H2, 4 MPa; CO2,
8
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MPa; temperature, 70 ◦C; time, 2 h.
a The periods for the precursor fixation were 1 and 4 h, respectively.
b Without the syngas pretreatment.

uch in the range of CO2 pressures examined. Naked eye
bservations showed that 1-hexene was completely dissolved
n scCO2 under the conditions for Fig. 2 [17]. The product
istribution slightly changes with CO2 pressure. The selectiv-
ty to 3 tends to increase with increasing CO2 pressure at the
xpense of the decrease in the selectivity to 1. The present
uthors previously reported the influence of CO2 pressure on
he hydroformylation reactions of 1-hexene and 1,5-hexadiene
ith homogeneous rhodium fluorinated phosphine complexes

n scCO2 [17,18] and showed that minima of aldehyde yields
ppeared at a CO2 pressure of 9 MPa. In the cases of the 1-hexene
ydroformylation, the yield of 1 observed at 8 MPa was around
0% and this was reduced to 35% or below at 9 MPa depending
n the structure of the fluorinated phosphine ligand used. It was
roposed that the solvent nature of scCO2 at 9 MPa should be

ifferent from that at lower and higher pressures, resulting in the
ower yields. This was inferred from a fact that the formation
f colloidal metal particles was observed at this pressure only
ut not at lower and higher pressures [17]. The CO2 solvent

ig. 2. Influence of CO2 pressure on hydroformylation of 1-hexene in scCO2

atalyzed by polymer-supported rhodium complex. (�) 1; ( ) 2; (�) 3. Reaction
onditions: substrate, 15.9 mmol; catalyst, 0.3 g (Rh = 138 �mol); TPP/Rh, 6;
yngas, 4 MPa; temperature, 70 ◦C; time, 2 h.
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ould affect the properties of homogeneous phosphine–Rh cat-
lysts at about 9 MPa under the reaction conditions examined.
ompared with the previous results of the homogeneous reac-

ions, the difference in the conversion between the pressures of
and 9 MPa of Fig. 2 is small. The influence of CO2 should be

nsignificant for the heterogeneous catalysts in which the active
h species are fixed onto the polymer chains (these are occluded

n the three-dimensional polymer network), as compared with
he unsupported free Rh species in the homogeneous reactions.
he three-dimensional polymer network may stabilize the fixed
h complex. More detailed discussion at molecular level is not
ossible at present, for which information about the working
tructure of polymer network and fixed TPP–Rh complexes at
ifferent CO2 pressures is further necessary.

In other reactions in scCO2, a drastic decrease in the prod-
ct yield with increasing CO2 pressure was sometimes observed
19–25]. This has been ascribed to the dilution effect of scCO2.
owever, this dilution effect is not significant for the present

eaction system, as indicated by Fig. 2. Since the ability of scCO2
o swell polymers is enhanced by increasing the CO2 pressure
14–16] and this would expedite the movement of the substrates
oward the catalytic species inside the polymer, one can expect
hat the overall reaction rate increases with the pressure and
his enhancement may cancel the dilution effect. However, this
xplanation is not plausible, because similar effects of CO2 pres-
ure were observed even for the hydroformylation in scCO2
sing homogeneous complex catalysts [17,18]. It has been pos-
ulated that scCO2 may improve the overall reaction rate of
ydroformylation at higher pressures, counteracting the dilu-
ion effect, although the details are not known [18]. Probably, the
welling ability of scCO2 at low pressures should allow the sub-
trates to diffuse rapidly into the polymer support network. The
etails are still unknown about which reaction steps of catalytic
ydroformylation cycle are influenced and accelerated by dense
O2 molecules. Palo and Erkey [26] showed that the reaction
rder on H2 pressure for 1-octene hydroformylation in scCO2
as smaller (about 0.5) than those in organic solvents, where

he reaction rates were usually first-order in H2 pressure. They
roposed that the rate-determining step in the catalytic cycle
hanges in scCO2 due to higher H2 concentration in scCO2
nd/or scCO2 solvent effect. Additionally, an important point
ay be addressed here that dense CO2 molecules can selectively
odify the reactivity of a certain group of a multifunctional

ubstrate; for an �,�-unsaturated aldehyde of cinnamaldehyde
aving C C and C O bonds, the latter becomes more reactive
n the presence of pressurized CO2 than the former, as indicated
y in situ high-pressure FT-IR measurements [27,28]. This can
xplain the improvement in the selective hydrogenation of the
arbonyl group as observed. It is thus suggested that some steps
f hydroformylation involving certain chemical species are also
nfluenced by dense CO2 molecules at elevated pressures.

Influence of syngas (CO/H2), H2 and CO pressures on the
ydroformylation of 1-hexene was also investigated at a CO2

ressure of 12 MPa. The results obtained are summarized in
able 2. The syngas pressure does not have significant influence
n the yields of 1 and 2, but a slight decrease in the yield of 3 is
bserved at 6 MPa (entries 1–3). When H2 pressure is changed
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Table 2
Influence of H2 and CO pressures on hydroformylation of 1-hexene catalyzed
by polymer-supported rhodium catalyst in scCO2

Entry Pressure (MPa) Yield (%)

H2 CO 1 2 3

1 1 1 41.8 14.1 3.3
2 2 2 44.2 16.5 5.9
3 3 3 45.6 17.4 0.1
4 4 2 57.3 21.2 4.6
5 6 2 61.1 23.4 3.7
6 8 2 67.5 25.9 1.5
7 2 4 18.2 6.8 Trace
8 2 6 10.6 4.0 Trace
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Fig. 3. Recycling of polymer-supported rhodium catalyst for hydroformyla-
t
1
4

a
s
a
s
t
d
a
c
Rh(CO)2(TPP)2, according to the study on polymer supported
rhodium catalysts by Zeelie et al. [31] who showed by NMR
that rhodium monophosphine complexes supported on the poly-
mer converted to rhodium diphosphine complexes in CO/H2.
eaction conditions: substrate, 15.9 mmol; catalyst, 0.3 g (Rh = 138 �mol);
PP/Rh, 6; CO2, 12 MPa; temperature, 60 ◦C; time, 2 h.

rom 2 to 4 MPa, the aldehyde yields are enhanced (entries 2
nd 4). However, the extent of enhancement levels off above
MPa (entries 2, 4–6). This suggests that the hydroformylation

ate stops increasing at the high H2 pressure region. The yield of
gradually decreases with the H2 pressure. On the other hand,

igher CO pressure retards the reaction (entries 2,7, and 8).
Under the conditions for entry 2 in Table 2, the turnover fre-

uency for the total formation of 1 and 2 was 35 h−1, and the 1/2
atio was 2.7. Among homogeneous rhodium-fluorinated phos-
hine complexes tested for the same reaction in scCO2 [17],
rhodium tris(p-fluoromethyl phenyl)phosphine complex was

he most active for the hydroformylation. This homogeneous
omplex gave a turnover frequency of 41 h−1 for the total alde-
yde formation and a 1/2 ratio of 2.3 under the same reaction
onditions as those for entry 2. Thus, the activity of the polymer-
upported catalyst is comparable and its selectivity for the linear
ldehyde is slightly higher compared with the homogeneous
atalyst previously used. The comparable turnover frequency
uggests that all Rh species supported on the polymer are effec-
ively used for the reaction.

.3. Catalyst recycling

The polymer-supported rhodium catalyst was repeatedly used
or the reaction. After a reaction run, the catalyst was separated
y decantation, washed with toluene several times and dried
n argon atmosphere. Then, the catalyst was used for the next
eaction run. As shown in Fig. 3, the catalyst with a Rh/TPP
atio of 6 is recyclable without deactivation at least three times,
lthough the yield of 3 tends to increase. However, the structure
f rhodium complexes was suggested to change in the course
f the reaction runs. This will be discussed in the next section.
imilar results were obtained with the catalyst having a TPP/Rh
atio of 2. This catalyst was also recyclable without deactivation.

.4. Diffuse reflectance FT-IR spectroscopy
Fig. 4 illustrates diffuse reflectance FT-IR spectra measured
efore and after the syngas pretreatment and after the hydro-
ormylation for the catalyst having a TPP/Rh ratio of 6. In
he spectrum before the syngas pretreatment, the peaks char-

F
m
f
f

ion of 1-hexene in scCO2. (�) 1; ( ) 2; (�) 3. Reaction conditions: substrate,
5.9 mmol; CO2, 12 MPa; catalyst, 0.3 g (Rh = 138 �mol); TPP/Rh, 6; syngas,
MPa; temperature, 70 ◦C; time, 2 h.

cteristic of the rhodium precursor, Rh(CO)2(acac), are not
een at 2058 and 1970 cm−1 and only one peak is observed
t 1980 cm−1, which is typical for rhodium monocarbonyl
pecies, Rh(CO)(acac)(TPP) [29–31]. After the syngas pre-
reatment (spectrum b), the intensity of the peak at 1980 cm−1

ecreases, two peaks appear at 2000 and 1930 cm−1 and no peak
round 2040 cm−1 ascribable to Rh–H stretching band is dis-
ernible. The two peaks can be assigned to dicarbonyl species,
ig. 4. Diffuse reflectance FT-IR spectra of polymer-supported rhodium catalyst
easured (a) before and (b) after the syngas pretreatment and (c) after the hydro-

ormylation in scCO2. TPP/Rh, 6; fixation time, 17 h. The reaction conditions
or the hydroformylation were the same with those for Fig. 3.
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Fig. 5. Diffuse reflectance FT-IR spectra of polymer-supported rhodium catalyst
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ith a TPP/Rh ratio of 2 measured (a) before and (b) after the syngas pretreatment
nd (c) after the hydroformylation in scCO2. Fixation time, 17 h. The reaction
onditions for the hydroformylation were the same with those for Fig. 3.

fter the reaction (spectrum c), new bands appear at 2040 and
070 cm−1. The former band strongly suggests the presence of
h hydride species. On the other hand, the latter one suggests that
part of the rhodium dicarbonyl species is transformed during
he reaction to tricarbonyl species with the ligation of acyl group,
h(CO)3(COC6H13)(TPP) [32], or without it, Rh(CO)3(TPP)

31]. Similar FT-IR spectra were obtained with the catalyst of
TPP/Rh ratio of 4. Fig. 5 depicts the FT-IR spectra obtained

t
a
a
t

Scheme 2. Changes of rhodium complex structure during the catalyst prepa
lysis A: Chemical 268 (2007) 244–250

ith the catalyst whose TPP/Rh ratio was 2. Like the other cat-
lysts, the band of Rh(CO)(acac)(TPP) appears at 1980 cm−1 in
he spectrum obtained before the syngas pretreatment. However,
fter the pretreatment, a strong band ascribable to tricarbonyl
pecies is seen at 2080 cm−1 along with the bands of dicar-
onyl species. Since the band of hydride species at 2040 cm−1 is
bsent, the tricarbonyl species would be Rh(CO)3(TPP). When
he TPP/Rh ratio is low, the relative quantity of TPP available
or the ligation to rhodium atoms would be small. This would
esult in the formation of a larger fraction of tricarbonyl species,
hich need smaller amounts of TPP moieties. After a reac-

ion run, the strong band of tricarbonyl species remains in the
R spectra. Probably, a part of this band should be ascribed to
h(CO)3(COC6H13)(TPP).

Thus, the changes of rhodium complexes during the cata-
yst preparation and the reaction can be illustrated in Scheme 2.
icarbonyl species, Rh(CO)2(TPP)2, would be transformed

o HRh(CO)2(TPP)2, which is further converted to an inter-
ediate HRh(CO)(TPP)2 that initiates the catalytic cycle

f hydroformylation [26,31,33–35]. Tricarbonyl species of
h(CO)3(TPP) and Rh(CO)3(COC6H13)(TPP) could be pro-
uced from Rh(CO)2(TPP)2 and Rh(CO)(COC6H13)(TPP)2,
espectively. This monocarbonyl species is also involved in the
atalytic cycle. When the TPP/Rh ratio is 2, although the fraction
f tricarbonyl species in the total rhodium atoms is larger than
hat with the other larger ratios, the reaction results obtained
re not markedly different (Table 1). One possible explana-

ion for this is that the conversions between Rh(CO)2(TPP)2
nd Rh(CO)3(TPP) and between Rh(CO)(COC6H13)(TPP)2
nd Rh(CO)3(COC6H13)(TPP) are reversible and rapid under
he hydroformylation conditions. Under such conditions, the

ration and the reaction. TPP = polystyrene bound triphenylphosphine.



Catalysis A: Chemical 268 (2007) 244–250 249

a
i
T
t
r
d
e
a
e
e
c
t
t
a
a
p
R
t
i
b
r

t
6
o
R
c
t
s

3

c
o
F
w
o
t
w
f
s
o
(

T
H
l

S

C
T
E

R
3
7

Fig. 6. A diffuse reflectance FT-IR spectrum of polymer-supported rhodium
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smaller than those in organic solvents. Probably, such effects of
scCO2 should cause the different dependence of the aldehyde
yield on the H2 pressure from that in toluene, although the dif-
ference in the dependence of the aldehyde yield between scCO2
S.-I. Fujita et al. / Journal of Molecular

mounts of HRh(CO)(TPP)2 and Rh(CO)(COC6H13)(TPP)2
ntermediates could be nearly the same irrespective of the
PP/Rh ratio and hence the ratio is insignificant for the reac-

ion. This can explain that the fractional structure change of the
hodium complexes before and after the reaction does not cause
eactivation (Fig. 3). Another possible explanation is the pres-
nce of two types of 16-electron intermediates, HRh(CO)(TPP)2
nd HRh(CO)2(TPP) (for the latter L = CO in Scheme 2), as sev-
ral authors proposed [26,31,35]. Kiss et al. [35] carried out the
thane hydroformylation with homogeneous Rh-TPP complex
atalysts and showed that the reaction kinetics was changed by
he ligand concentration, i.e. the TPP/Rh ratio. They proposed
hat the catalytic cycle can be initiated by both HRh(CO)(TPP)2
nd HRh(CO) 2(TPP) whose amounts depend on the lig-
nd concentration. The intermediate HRh(CO)2(TPP) can be
roduced from Rh(CO)(acac)(TPP) through the formation of
h(CO)3(TPP) and HRh(CO)3(TPP) (L = CO in Scheme 2). If

he reaction rate does not change so much by the type of the
ntermediate initiating the catalytic cycle, the fraction of tricar-
onyl species has little effects on the reaction. Thus, the TPP/Rh
atio would not cause significant effects on the yields.

The FT-IR results indicate that probable Rh complexes are
he forms including one or two TPP species at a P/Rh ratio of

or 4. It is thus assumed that a certain fraction, 50% or less,
f all the bound TPP species are used for the formation of the
h complexes and that the rest is unused. Since the polymer is
ross-linked and the density of TPP is large, two TPP species of
he same and/or different polymer chains may coordinate to the
ame Rh complex.

.5. Hydroformylation in organic solvents

For comparison, the hydroformylation of 1-hexene was also
arried out in toluene and ethyl acetate. The reaction results
btained are listed in Table 3 along with that obtained in scCO2.
or these runs, the concentrations of the catalyst and the olefin
ere the same as those for the experiment in scCO2 in which all
lefin used was dissolved. It is seen that the organic solvents give
he lower yields of 1 and 2 but the higher yields of 3 than those
ith scCO2. Toluene and ethyl acetate are also good solvents
or polystyrene, like dense CO2, and the polymer support may
well well in these organic solvents, resulting in the formation
f similar Rh complexes as suggested by FT-IR measurements
Fig. 6). The differences in the total conversion and the prod-

able 3
ydroformylation of 1-hexene catalyzed by polymer-supported rhodium cata-

yst in various solvents

olvent Yield (%)

1 2 3

O2 (12 MPa) 61.5 23.1 6.5
oluene 38.6 16.4 20.0
thyl acetate 47.1 19.2 22.3

eaction conditions: toluene and ethyl acetate, 9.6 cm3; 1-hexene,
.2 mmol/dm3; Rh, 27.6 mmol/dm3; TPP/Rh, 6; CO/H2, 4 MPa; temperature,
0 ◦C; time, 2 h.

F
a
(
t

atalyst measured after the hydroformylation in toluene. TPP/Rh, 6; fixation
ime, 17 h. The reaction conditions for the hydroformylation were the same with
hose for Table 3.

ct selectivity observed between these solvents are unlikely to
e explained by the catalyst structure. As discussed previously
17,18], the concentrations of H2 and CO in the organic solvents
re lower than those in scCO2, resulting in the lower reaction rate
nd selectivity of hydroformylation. Thus, scCO2 is superior to
he organic solvents for the title reaction.

Fig. 7 shows the dependence of the formation of 1 on the
2 pressure in scCO2 and toluene. In both the solvents, the
ield gradually increases with increasing H2 pressure; however,
he yield in scCO2 levels off at higher H2 pressure. As already

entioned, Palo and Erkey [26] showed that the reaction order
n H2 pressure for 1-octene hydroformylation in scCO2 was
ig. 7. Influence of H2 pressure on the yield of heptanal 1 (�) in scCO2

nd (©) in toluene. Reaction conditions: substrate, 15.9 mmol; catalyst, 0.1 g
Rh = 46 �mol); TPP/Rh, 6; CO, 2 MPa; temperature, 70 ◦C; time, 2 h. Note that
he catalyst amount is different from those for Fig. 1 and Table 3.
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Table 4
Influence of H2 and CO pressures on hydroformylation of 1-hexene catalyzed
by polymer-supported rhodium catalyst in toluene

Entry Pressure (MPa) Yield (%)

H2 CO 1 2 3

1 1 1 12.9 5.0 2.2
2 2 2 20.8 8.2 Trace
3 3 3 22.3 9.3 Trace
4 2 4 10.6 4.2 Trace
5 2 6 4.4 1.9 Trace

R
T

a
t
E

i
2
a
t
p
i
r

u
i
a
e
a
i
s
o
t
s
a

R

[

[

[

[
[
[
[
[

[

[

[
[
[
[
[

[
[
[

[
[
[
[

[

eaction conditions: toluene, 9.6 cm3; substrate, 15.9 mmol; catalyst, 0.1 g;
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nd toluene in the present reaction system is less marked than
hat observed in the homogeneous system reported by Palo and
rkey.

The influence of syngas and CO pressures was also examined
n toluene (Table 4). When the syngas pressure was raised from
to 4 MPa, the total yield of the aldehydes increased (entries 1

nd 2). However, further increase in the pressure did not enhance
he total yield so much (entry 3). The influence of the syngas
ressure on the reaction in toluene is slightly different from that
n scCO2. On the other hand, like the reaction in scCO2, CO
etarded the reaction (entries 2, 4 and 5).

In conclusion, the hydroformylation of 1-hexene in scCO2
sing the polymer supported rhodium catalyst was investigated
n the present study. Catalyst preparation variables examined
nd the pressures of CO2 and syngas do not have significant
ffects on the reaction. Increasing the H2 pressure enhances the
ldehyde formation, while increasing the CO pressure reduces
t. The catalyst is easily recyclable. It is important to note that
cCO2 gives better yields of the aldehydes than conventional
rganic solvents of toluene and ethyl acetate. The present reac-
ion system would give an effective process for the aldehyde
ynthesis, since both scCO2 and the polymer supported catalyst
re easily separable and recyclable.
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