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Abstract

The selective hydrogenation oftrans-cinnamaldehyde (CAL) has been investigated with several types of multiphase reaction systems us
phosphine complex catalysts in the presence of high-pressure CO2. The selective formation of an unsaturated alcohol, cinnamyl alcohol (C
can be achieved in an organic solvent free two-phase system, which includes the liquid (CAL, Ru complex) and gas (H2, CO2) phases. Both tota
conversion and COL selectivity are enhanced with increasing CO2 pressure. This enhancement is due to the dissolution of CO2 molecules into the
CAL phase, which promotes the dissolution of H2 and activates the reactivity of the carbonyl group of CAL molecules, and a high concent
of CAL in the reaction medium. The high COL selectivity can also be obtained in three- and two-phase reaction systems, which incl
(H2, CO2) phase, a liquid (water-dissolving Ru complex) phase, and/or another liquid phase (CAL). The COL selectivity is high irresp
CO2 pressure because of a water–CAL interface or a water–CO2 interface as a main reaction locus, but the total conversion is not enhanc
pressurization with CO2, and it decreases at elevated CO2 pressure under the two-phase conditions because of a simple dilution effect. In co
the highly selective formation of COL is not possible in a homogeneous dense CO2 gas phase or in a two-phase system that includes a gas2)
phase and a liquid (DMF, CAL, Ru complex) phase. Pressurization with CO2 is not effective in improving the conversion and COL selectivity
these systems.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Compared with homogeneous catalytic reactions, m
phase catalytic reactions using biphasic catalysts, supp
liquid-phase catalysts, conventional solid catalysts, and
ers have practical merits, including easy separation of cata
and products, easy recovery and recycling of catalysts, an
plicability to continuous operations[1–4]. In addition to these
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merits, we note another potential one of controlling the prod
selectivity due to the fact that interfaces existing in multiph
reactions play important roles in determining not only ove
conversion, but also product distribution. For the hydroge
tion of cinnamaldehyde (CAL) in biphasic catalysts[5–12]
and supported liquid-phase catalysts[13] using water-soluble
organometallic complexes, the interface between water an
ganic liquid (CAL substrate and/or another, less-polar solv
is a locus for hydrogenation (seeScheme 1). For a CAL mole-
cule at this interface, its polar C=O bond is oriented to th
catalyst-containing water phase and so is easier to hydrog
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Scheme 1. Hydrogenation of cinnamaldehyde (CAL) to cinnamyl alco
(COL), hydrocinnamaldehyde (HCAL), and hydrocinnamyl alcohol (HCO
(Isomerization of COL to HCAL is thermodynamically possible but it did n
occur under the present conditions.)

Scheme 2. Phosphine compounds used as ligands.

than the C=C bond oriented away from the water phase
ward the organic phase. Thus, the selective hydrogenatio
CAL to the corresponding unsaturated alcohol, cinnamyl a
hol (COL), can be achieved under two-phase conditions. Th
results demonstrate that such an interface catalysis will be
nificant to selective chemical transformation of multifunctio
substrates. The selective hydrogenation ofα,β-unsaturated
aldehydes is one of important reactions in the synthesis of
ous fine chemicals[14,15].

Recently, we reported that although CO2 is not a reactant
the presence of high-pressure CO2 promotes the selective hy
drogenation of CAL to COL with a homogeneous Ru comp
catalyst using a phosphine ligand or a heterogeneous Pt/C cat-
alyst under organic solventless conditions[16,17]. This promo-
tion depends on several factors: dissolution of CO2 molecules
into the CAL liquid phase, dissolution of H2, and interactions
between the dissolved CO2 and CAL molecules (measured b
high-pressure Fourier transform infrared (FTIR) spectrosco
Subramaniam et al. previously demonstrated a similar effec
ness of pressurization with CO2 for liquid-phase oxidation reac
tions[18–20]. From visual observation of our reaction mixtu
the CAL liquid phase expands to some extent in the pres
of both H2 and CO2 [16,17]. These findings provide a simp
and useful way to control the rate of reaction and product se
l
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-
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tivity in chemical reactions, in addition to the aforemention
interface catalysis.

On the basis of those previous results on multiphase r
tions, the present work was undertaken to further investigat
significance of interfaces and the effectiveness of CO2 pressur-
ization in multiphase catalytic reactions using a model reac
of practical and scientific significance, selective hydrogena
of CAL with Ru complex catalysts that are soluble in wat
CO2, or organic phases. Our previous results on homogen
CAL hydrogenation with similar complexes in dense CO2 [21]
and organic solvents[22] are also used for the present disc
sion. In these homogeneous reactions with CAL, COL is
produced with such a high selectivity as obtained in multiph
reactions.

2. Experimental

2.1. Catalyst preparation

For multiphase reactions using water, ruthenium(III) ch
ride (Wako) and trisodium tris(m-sulfonatophenyl)phosphin
(TPPTS) (Fluca) were charged into a high-pressure stain
steel reactor of 50 cm3, followed by introduction of water de
gassed by bubbling with argon. The reactor was heated to 6◦C
using a water bath and then charged with H2 up to 2 MPa. The
mixture was stirred with a magnetic stirrer at this tempera
for 1 h. The catalyst-containing water was used for hydroge
tion of CAL, as described below.

For multiphase reactions in and under dense CO2, the
ruthenium–phosphine complex catalysts were prepared u
H2 atmosphere as described previously[21,22]. The 50 cm3

stainless steel reactor was charged with ruthenium(III) c
ride and phosphine compound in ethanol. Then the reactor
sealed and flushed with CO2 (2 MPa) three times. Hydroge
was introduced into the reactor up to 2 MPa and heated u
50◦C, after which stirring was started. The mixture was kep
50◦C for 2 h while stirring, and then the solvent (ethanol) w
evaporated. The solid ruthenium complexes that formed w
collected and vacuum-dried at 80◦C for 6 h. Triphenylphos-
phine (TPP) was used mainly as a ligand, but the other
fluorinated phoshine compounds (as shown inScheme 2) were
also used in a few cases. For homogeneous and multip
hydroformylation reactions using dense CO2, we previously
observed significant differences in the total conversion and
product distribution between TPP and fluorine-modified ph
phine compounds[23–25].

2.2. Hydrogenation reactions

For multiphase reactions using water, cinnamaldeh
(CAL) was added to the reactor including the catalyst-cont
ing water, and the reactor was heated to a reaction tem
ature of 70◦C. Then the reactor was filled with H2 up to
the desired pressure and CO2 up to the desired total pres
sure with a high-pressure liquid pump (JASCO SCF-Bp
The reaction was run while stirring the mixture for 2 h. A
ter the reaction, the reactor was cooled to room temperatu
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an ice water bath and depressurized to atmospheric pres
The reaction mixture was analyzed by gas chromatogra
(GC; Shimadzu GC-14B) with a capillary column (Zebr
ZB-50; 30 m× 0.25 mm× 0.5 µm) and GC mass spectrom
etry (GC-MS; Shimadzu GC-MS QP5050A) with a capilla
column (GL Science TC-17; 30 m× 0.53 mm× 0.25 µm).

For multiphase reactions in and under dense CO2, the reactor
was charged with CAL and the catalyst, flushed with CO2 three
times, and heated up to 50◦C. After introduction of H2, liquid
CO2 was introduced into the reactor up to the desired total p
sure. The reaction was conducted while stirring the mixture
2 h. After the reaction, the reaction mixture was removed w
acetone and analyzed with GC and GC-MS.

2.3. Phase behavior observation

Examining the phase behavior is important for study
chemical reactions in scCO2; it is significant to see whether th
reaction is occurring homogeneously in a single phase or
erogeneously in two or more phases. A 10-cm3 high-pressure
sapphire-windowed view cell was used to determine the e
ing phases and the volume of these phases[21].

2.4. High-pressure FTIR measurements

Information about interactions of dense CO2 with substances
dissolved at different pressures is significant in discussing
CO2 effects on the reaction. In situ high-pressure FTIR sp
tra were measured at 50◦C with an FTIR spectrometer (JASC
FTIR-620) equipped with a 1.5-cm3 high-pressure cell with a
path length of 4 mm. The following experimental proced
was used[16,17]: A certain volume of a substance was add
to the cell and heated to 50◦C by circulation of preheated o
outside it, and then CO2 and/or H2 were introduced into the
cell. The pressure was slowly raised while being stirred w
a Teflon-coated magnetic stirrer. When the pressure reach
certain value, the stirring was continued for another 3–5
and stopped; then the IR spectra were measured with a re
tion of 4 cm−1 using pure CO2 at the corresponding pressur
as background.

2.5. Estimation of solubility

The solubility of CAL in water was measured by a simp
method. A certain volume of CAL (1 cm3) was contacted with
distilled water (10 cm3) at 70◦C for 20 min while stirring. Then
the stirring was stopped, and the mixture was kept for 10
to allow it to separate into two phases, water (above) and C
(bottom). A small quantity of the water phase was sampled
analyzed by GC (Shimadzu 8A) with a capillary column (R
tex Rtx-wax; 30 m× 0.53 mm× 0.25 µm). The results obtaine
were used to determine reaction conditions for homogen
hydrogenation in the aqueous phase.

2.6. UV/vis measurements

The Ru–TPPTS complex catalysts in the aqueous p
were examined by UV/vis spectroscopy measurements m
re.
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Fig. 1. A single phase system in dense CO2 (a) and multi-phase systems (b,
d, e) pressurized with CO2 for hydrogenation of cinnamaldehyde (CAL) usin
H2 and Ru/phosphine complex catalysts.

for the complex catalysts in the aqueous phase as prep
in the aforementioned manner and those after contact w
gaseous mixture of H2 and CO2 in the absence of CAL a
70◦C. The measurements were made with a UV/vis spectr
eter (JASCO Ubest V-550) under ambient conditions.

3. Results and discussion

Various multiphase reaction systems (Fig. 1) were investi-
gated for the selective reduction of CAL with H2: (a) a homoge-
neous reaction in a dense CO2 phase in which all of the reactin
species are soluble; (b) a gas (G)–liquid (L)–liquid (L) thr
phase reaction in which the latter two phases are CAL subs
and water dissolving the catalyst; (c) a G–L (water) two-ph
reaction; (d) and (e) G–L two-phase reactions in the pres
and absence of an additional organic solvent. System (d)
conventional reaction except for CO2 pressurization. The prod
uct selectivity strongly depends on the reaction systems ex
ined, as described in the following sections.

3.1. Hydrogenation in DMF under G–L (organic) conditions
[system (d)]

Fig. 2 shows the influence of CO2 pressure on total con
version and product distribution in the hydrogenation of C
in a conventional solvent of DMF using a Ru–TPP comp
catalyst [system (d) inFig. 1]. The selectivity for HCAL was
larger by a factor of about 2 compared with the selectivities
COL and HCOL, which were produced in comparable qua
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ties. The total conversion of CAL and the selectivity for HCO
increased with increasing CO2 pressure, whereas the selectiv
for HCAL decreased. At a CO2 pressure of 8 MPa, the conve
sion was 72% and the selectivity values for HCAL, COL, a
HCOL were 54, 23, and 23%, respectively. When the amo
of catalyst used was doubled with the other conditions kept
changed, the conversion increased to 95%, and the selec
values for HCAL, COL, and HCOL were 20, 29, and 51%,
spectively. For the present reaction system, it was previo
shown that HCOL was produced mainly through hydrogena

Fig. 2. Influence of CO2 pressurization on hydrogenation of cinnamaldeh
(CAL) in a conventional solvent of DMF. (") Conversion; (!) COL; (1)
HCAL; (P) HCOL. Reaction conditions: CAL 8.0 mmol, DMF 10 cm3, RuCl3
0.022 mmol, TPP 0.089 mmol, H2 2 MPa, temperature 70◦C; time 2 h.
t
-

ity

ly
n

of HCAL, not COL[22]. Thus the increase in HCOL selectivi
seen inFig. 2 was due to the change of conversion (conse
tive conversion of HCAL to HCOL), not CO2 pressure. For this
two-phase reaction in DMF, the influence of CO2 pressurization
was less significant for a wide range of pressure up to 20 M

3.2. Hydrogenation in dense CO2 under G–L (organic)–
L (water) and G–L (water) conditions [systems (b) and (c)]

The next reaction systems studied are those illustrate
Figs. 1b and 1c, in which a water-soluble Ru–TPPTS com
plex catalyst was used.Fig. 3presents the total conversion a
product selectivity in hydrogenation of CAL using different in
tial amounts of CAL (1.1, 6.0, and 8.0 mmol) but otherw
the same conditions. The dashed lines indicate the pressu
which the reaction mixture changed from a three-phase (
water, CAL) state to a two-phase (gas, water) state as note
visual observation. Above the threshold pressure, the rea
mixture included a single kind of liquid component in the fo
of small, colorless droplets. Hence the liquid component
water, and CAL was mostly dissolved in the gas phase at hi
pressures. Note first that the selectivity for COL was m
larger than that observed in DMF (Fig. 2). With increasing CO2
pressure, the total conversion of CAL decreased margin
in the three-phase region and it decreased significantly in
two-phase region, particularly in the case of (1), in which
quantity of CAL was the smallest (1.1 mmol). The selectiv
for unsaturated alcohol (COL) was high under any conditi
used (>80%), with saturated aldehyde (HCAL) and satura
)
n
O

Fig. 3. Influence of CO2 pressure on hydrogenation of cinnamaldehyde (CAL). (") Conversion; (!) COL; (1) HCAL; (P) HCOL. Reaction conditions: CAL (1
1.1 mmol, (2) 6.0 mmol, (3) 8.0 mmol; water 2 cm3; RuCl3 0.089 mmol; TPPTS 0.356 mmol; H2 2 MPa; temperature 70◦C; time 2 h. The reaction mixture is i
a three-phase state (CO2 + H2 gas, CAL liquid, water) at low pressures below a certain pressure indicated by broken line and it is in a two-phase state (C2 + H2
gas, water) at higher pressures.
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alcohol (HCOL) produced in similar small quantities. The
lectivity for COL decreased and that for either HCAL or HCO
increased with increasing CO2 pressure, but these changes
of marginal significance. Two important points should be
stated: The selectivity for COL was high at the CO2 pressures
examined, and total CAL conversion decreased with increa
pressure in the two-phase region in which CAL is mostly d
solved in the CO2 gas phase.Fig. 3 illustrates the interestin
fact that the total CAL conversion depended little on the ini
amount of CAL used, as discussed later in the paper.

For the three-phase reactions, there were two possible
tion loci for CAL hydrogenation: at the water–CAL interfa
and in the bulk aqueous phase. The conversion of CAL in a
ous hydrogenation was measured with a smaller initial qua
of CAL under similar conditions as used for the three-phase
actions. To determine the CAL concentration, a simple met
described in Section2 was used to make a rough estimate
the solubility of CAL in water. The estimates obtained we
0.106 mmol cm−3 at 70◦C and 0.056 mmol cm−3 at 50◦C. The
aqueous hydrogenation of CAL was carried out at 70◦C un-
der the following conditions: CAL, 0.095 mmol; water, 2 cm3;
RuCl3, 0.022 mmol; TPPTS, 0.089 mmol; H2, 2 MPa; CO2,
8 MPa; temperature, 70◦C. The CAL conversion reached 90
in a short reaction time of 5 min, and the COL selectivity w
only 60% for the aqueous homogeneous hydrogenation.
data collected at a lower reaction temperature of 60◦C are given
later in Table 3.) That is, the hydrogenation of CAL occurre
faster in the aqueous phase, but COL selectivity was lower
that obtained in the three-phase systems (Fig. 3). On the basis o
these findings, we may characterize the three-phase reactio
follows. The CAL molecules and the Ru complex catalyst
ist in the liquid phase and the aqueous phase (both in drop
respectively. The substrate phase contacted with the aqu
phase, and the CAL molecules diffused into the aqueous ph
However, they were hydrogenated rapidly at the water–CAL
terface layer because of the high activity of the catalyst,
they could not diffuse into the bulk aqueous phase. When
initial quantity of CAL used was increased, the likelihood of t
water–CAL contacting and the contacting water–CAL interf
areas also increased, enhancing the overall CAL conversio
a result, the conversion did not depend so much on the C
quantity used, as seen inFig. 3. When the CO2 pressure was
raised, most of the CAL molecules were dissolved in the de
CO2 gas phase, changing the reaction system to the two-p
state. At elevated CO2 pressures, hydrogenation should occu
the interface between the aqueous and CO2 gas phases becau
of the same reason mentioned above.

Hence we assume that the hydrogenation of CAL occu
at the water–CAL interface under the three-phase condition
low CO2 pressures and at the water–CO2 gas interface unde
the two-phase conditions at higher CO2 pressures. For the two
phase reaction conditions, the mole fraction of reacting spe
in the CO2 gas phase at different pressures was estimate
a simple calculation. Moles of pure H2 and CO2 were calcu-
lated by an equation of state, PV= ZnRT; the compressibility
factor Z was assumed to be unity for H2, whereas it was deter
mined as a function of pressure and temperature for CO2 [26].
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From these moles of pure components, the mole fraction
then calculated under the reaction conditions. The results
plotted against CO2 pressure inFig. 4. Below certain pressure
(depending on the initial amounts of CAL used), the reac
mixture includes the three aforementioned phases, and soFig. 4
gives apparent values at low pressures assuming that the
and CO2 gas phases are mixed into a single phase. At elev
CO2 pressures, the mole fraction of either CAL or H2 decreased
significantly with increasing pressure. This dilution will like
cause a decrease in CAL hydrogenation at the water–ga
terface region, resulting in decreased total conversion valu
elevated pressures, as is clearly seen inFig. 3(1) for the smallest
initial amount of CAL used. In contrast to the conversion,
product selectivity changed little with the CO2 pressure (and th
conversion), which is an important feature of the multiphase
actions examined.

Papp et al.[12] reported a marked pressure effect of2
on the selective hydrogenation of CAL in an aqueous–org
two-phase system using water-soluble Ru complexes. T
observed that COL selectivity increased significantly w
H2 pressure in a range of 0.1–1 MPa (lower pressures
those used in the present work), but this effect leveled
at pressures above 0.7 MPa. They ascribed this pressur
fect to a change in the structure of Ru complexes as indic
by UV/vis spectroscopic measurements. The complex wa
the form of [RuClH(mTPPMS)3] (cherry-red solution) and
[RuH2(mTPPMS)4] (strong yellow solution) at low and hig
H2 pressures, respectively (mTPPTM= meta-monosulfonated
triphenylphosphine). The latter is beneficial to the hydroge
tion of C=O of CAL. The possibility of a similar structura
change has been examined for the present catalyst system
as described later, the complex structure was found to ch
with CO2 pressure.

3.3. Hydrogenation in dense CO2 under G–L (organic)
conditions [systems (a) and (e)]

The reaction systems shown inFig. 1a and 1e, in which
no additional organic solvent was used, were investigated.
three different phosphine compounds given inScheme 2were
used as ligands. First, the effectiveness of the three phosp
compounds was examined under homogeneous conditio
a CO2 pressure of 10 MPa, confirmed by visual observatio
Table 1gives the differences in total conversion and product
lectivity among the Ru complex catalysts using these phosp
ligands. The differences observed are much smaller than t
observed previously for hydroformylation reactions[23–25], in
which the modification of TPP with fluorine-containing grou
significantly affected the reactions of mono- and di-olefins.Ta-
ble 1shows that the selectivity for COL is<30% for the presen
homogeneous reactions (entries 1–7), comparable to the
observed in DMF (Fig. 2).

The G–L two-phase reaction was further examined
der different conditions using a phosphine compound
bis(pentafluorophenyl) phenylphosphine. As shown inTable 1,
the product distribution is little influenced by the quantity
catalyst used, so it does not depend on the conversion (en
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Fig. 4. Mole fraction of (1) CO2, (2) H2, and (3) cinnamaldehyde (CAL) as a function of CO2 pressure at H2 2 MPa and 70◦C. CAL: 1.1 mmol ("), 6.0 mmol (!),
8.0 mmol (P).

Table 1
Results of CAL hydrogenation with Ru complexes in compressed CO2

a

Entry Precursor/
ligand

Ru
(µmol)

CAL
(mmol)

CO2 pressure
(MPa)

Conversion
(%)

Selectivity (%) Phase

presentbCOL HCAL HCOL

1 RuCl3/I 0.075 0.2 10 18 30 50 20 G
2 0.15 0.2 10 23 24 56 20 G

3 RuCl3/II 0.075 0.2 10 17 26 43 31 G
4 0.15 0.2 10 22 23 51 26 G

5 RuCl3/III 0 .035 0.2 10 18 25 50 25 G
6 0.075 0.2 10 21 25 48 27 G
7 0.15 0.2 10 22 23 51 26 G
8 0.68 0.2 16 55 24 50 26 Gc, L
9 25 7.5 16 11 93 7 0 G, L

10 50 7.5 16 54 98 1 1 G, L

a Reaction conditions: Ru/ligand= 1/3; H2 pressure 4.0 MPa; temperature 50◦C; time 2 h.
b G: CO2-rich gas phase, L: CAL-rich liquid phase.
c Very small droplets of CAL and/or catalyst were observed.
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5–8). However, the COL selectivity improved when the qu
tity of the substrate used was increased. When a larger qua
of CAL of 7.5 mmol was used in CO2, the reaction mixture
changed to a G–L two-phase system, including CO2-rich and
CAL-rich phases (entries 9 and 10), and the COL selecti
improved significantly to>90%, in contrast to a low value o
24% at a small CAL quantity of 0.20 mmol. Although the sa
CAL/Ru ratio (300) was used for entries 8 and 9, the reac
results were significantly different. This difference may be
plained by the difference in the state of reaction mixtures;
system of entry 8 is similar to the single G phase, whereas
system of entry 9 is in the G–L two-phase state.
-
ity

n
-
e
e

The influence of CO2 pressurization was further examin
under two-phase conditions.Table 2 gives the results in th
presence and absence of dense CO2, demonstrating several in
teresting results. A high COL selectivity (about 90%) was
tained in the absence of both CO2 and organic solvent (entrie
6–10), in which CAL concentration was than that with reacti
using organic solvents. This improved COL selectivity is in
cordance with the previous observations that larger the qua
of CAL, the higher the COL selectivity for supported Pt ca
lysts[27,28]. When the reaction mixture was pressurized by2,
the total conversion and the product selectivity did not cha
so much (entries 1 and 2). However, when CO2 was used in-
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Table 2
Results of CAL hydrogenation with Ru complexes in two-phase systems

Entry Pressure (MPa) Time
(h)

Conversion
(%)

Selectivity (%)

H2 CO2 COL HCAL HCOL

In scCO2
1 4.0 0 2 11 88 9 3
2 4.0 8.5 N2 2 12 88 10 2
3 4.0 8.5 2 24 91 7 2
4 4.0 14 2 31 93 6 1
5 4.0 16 2 54 98 1 1

In the absence of scCO2
6 2.0 – 2 10 88 10 5
7 4.0 – 2 11 88 9 3
8 4.0 – 4 22 88 10 2
9 4.0 – 18 62 89 5 6

10 6.0 – 2 27 91 8 1

Reaction conditions: catalyst 0.05 mmol, Ru/ligand (III) = 1/3, CAL 7.5
mmol, temperature 50◦C.

stead of N2, total conversion increased from 11 to 24% (e
try 3). When CO2 pressure was further raised, total convers
was further enhanced and COL selectivity was also impro
to 98% at 16 MPa (entries 3–5). These positive effects of c
pressed CO2 are the same as previously observed with a s
catalyst of Pt/Al2O3 [17]. The results at 4 MPa H2 in 8.5 MPa
CO2 are comparable to those at 6.0 MPa H2 in CAL (entries 3
and 10). It should be noted again that COL selectivity was h
under organic solvent-free conditions, and both the conver
and selectivity were further improved in the presence of c
pressed CO2.

3.4. UV/vis and FTIR spectroscopic measurements

The possibility of a structural change in Ru complexes un
different conditions was examined by UV/vis spectroscopy.
aqueous Ru complex solution was prepared as described
Experimental section. The spectrum (a) inFig. 5(1) indicates
the starting complex solution so prepared, which is redd
brown. This solution was further treated in the presence
different compressed gases and then subjected to UV/vis
surement under ambient conditions. When the treatment
done with 8 MPa H2 or 2 MPa H2 + 10 MPa N2 for 120 min,
the spectrum did not change much [spectra (b) and (c)].
der 2 MPa H2 + 8 MPa CO2, however, the solution change
to orange-yellow in color, and the spectrum (d) was obtain
The treatments were also conducted for a shorter time (15
and at a higher CO2 pressure (16 MPa) in the presence
2 MPa H2 [Fig. 5(2)]. This change occurred more rapidly
a higher CO2 pressure of 16 MPa. In all likelihood, more H2
molecules are soluble in the aqueous phase under pressu
CO2 atmosphere, but this increased H2 dissolution should be
less significant for the Ru complex to change in structure; c
pare spectra (a), (b), and (d) ofFig. 5(1). Thus it is likely that
the existence of CO2 molecules dissolved in the aqueous ph
promotes the structural change of the Ru complex, and
chemical nature of CO2 molecules different from H2 and N2
should be important. The detailed structure of the Ru compl
is not known at present and requires further physicochem
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Fig. 5. UV/vis spectra for aqueous Ru/TPPTS complex solutions prepar
70◦C under different conditions. For (1), (a) is a solution after prepared
normal procedures described in Section2; this solution was further treated un
der (b) H2 8 MPa, (c) 2 MPa H2 + 10 MPa N2, or (d) 2 MPa H2 + 8 MPa CO2
for 120 min each. For (2), the solution prepared by the normal procedure
further treated under 2 MPa H2 + 8 MPa CO2 for (a) 15 min or (b) 120 min
or under 2 MPa H2 + 16 MPa CO2 for (c) 15 min or (d) 120 min. The spec
tra were collected under ambient conditions just after the preparation an
treatments under those different conditions.

structural analysis, but possible forms are RuClH(TPPTS)3 and
RuH2(TPPTS)4 for the complexes in the starting aqueous so
tion [spectrum (a) ofFig. 5(1)] and in the solution after trea
ment with compressed CO2 [spectrum (d) ofFig. 5(1)]. The
activity of the Ru complexes treated under different conditi
was examined for aqueous homogeneous hydrogenation (
H2–water two-phase system), as described later.

Recently we reported thatν(CO) of the C=O bond of CAL
in compressed CO2 showed a red shift with CO2 pressure,
whereasν(C=C) did not change so much; namely, there w
interactions between CO2 molecules and the C=O bond, in-
creasing its reactivity[16,17]. This is of significance for the
selective hydrogenation of CAL to COL under dense CO2 con-
ditions. For benzaldehyde as well, a similar red shift ofν(CO)
was observed, but less marked than that of CAL. In the pre
work, the same FTIR measurements were conducted for HC
(saturated aldehydes) in dense CO2 for comparison.Fig. 6
shows in situ high-pressure FTIR spectra of HCAL at diff
ent CO2 pressures at 50◦C. The spectrum of HCAL vapor at a
atmospheric pressure of CO2 was collected at a higher temper
ture (70◦C), because the absorption was very weak at 50◦C due
to its lower vapor pressure (i.e., lower solubility in atmosphe
CO2). Fig. 6shows that the absorption intensity increased w
CO2 pressure because more HCAL molecules became sol
A red shift ofν(CO) of the C=O bond of HCAL is also visible
however, this red shift is less significant than the red shift
CAL, in which theν(CO) absorption peak changed from 17
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Fig. 6. FTIR spectra of hydrocinnamaldehyde (HCAL) dissolved in compre
CO2 at pressures given and at 50◦C. The spectrum oh HCAL vapor at a
mospheric pressure (indicated by 0) was collected at 70◦C since the absorption
was very weak at 50◦C due to its lower vapor pressure. This spectrum is shi
down by a certain level.

to 1690 cm−1 at CO2 pressures up to 20 MPa. Theν(CO) ab-
sorption was little influenced by the coexistence of 4 MPa2
for both HCAL and COL. The reactivity of the C=O bond of
CAL was enhanced by the presence of dense CO2, whereas tha
of HCAL was little modified. That is, the dense CO2 promoted
the hydrogenation of CAL to COL, but not the hydrogenat
of HCAL to HCOL. The conjugation of C=C–C=O in CAL is
important for the interactions between the CO2 molecules and
the C=O bond compared with the nonconjugated molecule
HCAL (C–C–C=O), enhancing the hydrogenation to COL.

3.5. Aqueous homogeneous hydrogenation with different Ru
complexes

The homogeneous hydrogenation of CAL in the aque
phase was also examined under similar reaction condition
used for the aforementioned three- and two-phase react
The conversion of CAL was observed to occur very rapidly
cause of a low substrate/catalyst ratio.Table 3gives the results
obtained at 60◦C for the two complex catalysts prepared in d
ferent manners, which correspond to the UV/vis spectra (a)
(d) ofFig. 5(1). For complex catalyst (i), a total CAL conversio
of 87% was achieved in only 5 min, and COL was produce
the largest quantity as compared with the other products
try 1). However, the COL selectivity was only 67%, and a la
quantity of HCOL was also produced. Note that this prod
distribution is significantly different than that observed un
the multiphase conditions shown inFig. 3. When the reaction
mixture was pressurized by 8 MPa CO2, the conversion mar
ginally decreased, but COL selectivity decreased to 51%
HCOL selectivity increased to 41% (entry 2). This CO2 pres-
sure effect presents a contrast to that observed for the H2–CAL
two-phase system (Tables 1 and 2). For complex catalyst (ii)
CAL conversion was also fast, but the conversion was sm
and the COL selectivity larger compared with complex (i) un
the same conditions. It should be noted again that CAL hy
d
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Table 3
Results of homogeneous CAL hydrogenation with different Ru complexe
the aqueous phasea

Entry Catalyst CO2 pres-

sureb (MPa)

Conver-
sion (%)

Selectivity (%)

COL HCAL HCOL

1 Complex (i)c –e 87 67 6 27
2 8 82 51 8 41

3 Complex (ii)d –e 78 74 10 16
4 8 62 70 18 12

a Reaction conditions: CAL 0.095 mmol; water 2 cm3; RuCl3 0.022 mmol;
TPPTS 0.089 mmol; H2 2 MPa; temperature 60◦C; time 5 min.

b For hydrogenation runs.
c After prepared in the normal procedures with 2 MPa H2 at 60◦C for 1 h

(corresponding to spectrum (a) ofFig. 5(1)).
d After prepared in the normal procedures followed by the treatment

2 MPa H2 in the presence of 8 MPa CO2 at 70◦C for 2 h (corresponding to
spectrum (d) ofFig. 5(1)).

e Not applied.

genation occurred very rapidly in the aqueous phase and
COL selectivity was<75%.

3.6. Comparison of the multiphase hydrogenation reactions

The different types of multiphase reaction systems dealt
in this work are illustrated inFig. 1. The kinetic analysis o
multiphase catalytic reactions requires various pieces of in
mation on the concentration of reacting species, the rea
kinetics in existing phases, the volume of the phases, and
transport phenomena between the phases. A detailed an
of the present two- and three-phase reaction systems is hin
by the lack of such information. Nonetheless, we believe th
is important to compare those systems and discuss factors
erning the selective hydrogenation of CAL to COL, includi
the significance of pressurization with CO2 and the presenc
of interfaces. It was previously reported that isomerization
COL to HCAL did not occur with homogeneous and hetero
neous catalysts under similar conditions as used in the pre
work [22,28]. It also is unlikely that COL–HCAL isomerizatio
occurs in the present multiphase reaction systems.

3.6.1. Systems (a), (b), and (c)
Earlier we studied the homogeneous hydrogenation of C

in dense CO2 with Ru complex catalysts using TPP a
fluorine-modified phosphine compounds[21]. In these homo-
geneous reactions [system (a) inFig. 1], the selectivity for
COL was shown to be<50% irrespective of the phosphin
compounds used. In contrast, in multiphase reactions usin
similar water-soluble Ru–phosphine complexes, selectivity
COL was high at any conversion level (Fig. 3). Based on previ-
ous data[8] and the present solubility estimation, the solubi
of CAL in water was not great, but the conversion of CA
was fast in the aqueous phase under homogeneous cond
For the multiphase reaction systems, the hydrogenation of
should occur at the interface between the catalyst-contai
aqueous phase and the CAL-containing fluid phase unde
reaction conditions used. The CAL molecules diffusing fr
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its liquid phase or the dense CO2 phase can be hydrogenat
at the interfaces but cannot enter into the bulk aqueous ph
The present work demonstrates that greater COL select
can be achieved when the interface between the water an
ganic phases is a main reaction locus [system (b)]. Select
for COL was also high at higher CO2 pressures under whic
the reaction occurs at the interface between water and CO2-rich
gas phases [system (c)]. One can say that the COL selec
is high when the catalyst-containing water phase contacts
the organic or CO2 gas phase dissolving the substrate, CAL.
these three- and two-phase reactions, increasing CO2 pressure
was not effective in improving COL selectivity. A very impo
tant point for the high selectivity for COL in these two-pha
systems is the nature of the substrate; namely, CAL is m
less soluble in water but contains a hydrophilic carbonyl gro
and so it may act as a surfactant in these reaction system
pointed out by Sanchez-Delgado et al.[9], this polar group is
oriented toward the water phase, and the active species in
phase can catalyze the hydrogenation of this group, wherea
drogenation of the nonpolar C=C group of CAL is much more
difficult. This is also the case for hydrogenation of CAL usi
supported aqueous phase catalysts with Ru–TPPTS comp
an organic solvent (toluene)[13]. In this reaction system, in
terface between the support (silica gel) surface and the org
solvent also exists, in addition to the supported water–sol
interface. The former interface should contribute to the hyd
genation of C=C bond, and so the selectivity for COL would b
slightly less than that of bulk water–toluene two-phase syste
although still much higher than that of homogeneous reac
systems[22]. Another possible factor contributing to the hig
selectivity for COL is the molecular interaction between
carbonyl group of CAL and CO2 molecules dissolved in th
CAL liquid phase, which we discuss in the following.

The results of UV/vis measurements (Fig. 5) indicate that
the structure of complex catalyst changed during the reac
under pressurized CO2 atmosphere, going from complex (i)
complex (ii) ofTable 3. This change could influence the rea
tion; however, this should be insignificant, because the C
selectivity observed for the multiphase reactions is larger
that observed for the aqueous homogeneous reaction with
plex (ii), because the reaction occurs at the water–CAL
water–CO2 interface, and because the catalytic performanc
not so different in complexes (i) and (ii) (Table 3).

3.6.2. System (d)
This reaction mixture is a conventional two-phase system

ing an organic solvent of DMF in which the catalyst and C
are soluble. COL selectivity was<30%, and the total conve
sion of CAL and the product selectivity were not influenc
by the pressurization of CO2 (Fig. 2). When no organic sol
vent was used, COL selectivity improved even in the abse
of CO2 (Table 2, entries 6–10). In these cases, the CAL c
centration in the liquid phase was high. The fact that high C
concentration benefits the formation of COL with hetero
neous catalysts was reported previously[14,27–29]. Vergunst
et al. [27] suggested a reasonable explanation that the sta
adsorption of CAL on the surface of catalyst depends on
e.
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concentration of CAL. With increasing concentration, the sp
of the catalyst surface is relatively decreased, and so a
molecule will be adsorbed with its C=O group only, resulting in
the enhancement of COL-selective hydrogenation. Gallezo
Richard[14] described this adsorption orientation, and Jin e
[29] described the effect of concentration-dependent adsorp
modes. In addition, the adsorption of a product of COL with
C=C group is also suppressed, hindering further hydrogena
of COL to HCOL. For homogeneous Ru complexes, howe
the effect of CAL concentration at molecular levels is not ea
explained. The structure of reaction intermediates (comple
coordinated with CAL species and the rate of change betw
these intermediates may depend on the CAL concentration
details of the reaction mechanisms merit further physicoche
cal investigation.

In addition, the polarity of the solvent used is significa
in determining product selectivity in CAL hydrogenation w
Ru/TPP[22] and Pt/C catalysts[30]. For both the homoge
neous and heterogeneous catalysts, COL selectivity is hi
when a more polar organic solvent is used. Comparison o
relative permittivity,εr, indicates that CAL (εr = 16.9 at 24◦C)
is less polar than DMF (εr = 36.7 at 25◦C) [31,32], and so
the dilution of CAL with DMF, which would make the reac
tion medium more polar, is unlikely responsible for the low
COL selectivity observed in DMF.

3.6.3. System (e)
The reaction systems with which higher COL selectivity c

be achieved are systems (b), (c), and (e) ofFig. 1. System (e) is a
CAL liquid phase pressurized with a reactant H2 and a nonreac
tant CO2. It is interesting to note that both the total convers
and the COL selectivity can be enhanced by pressurizing
system with CO2 (Tables 1 and 2). Similar positive effects o
high-pressure CO2 were perviously observed for the organ
solvent-free hydrogenation of CAL with a heterogeneous P/C
catalyst[16,17]. A few factors are responsible for these e
hancements, in addition to the CAL concentration mentio
above. When the liquid CAL phase is pressurized by CO2, more
CO2 molecules can be dissolved in this phase, which prom
the dissolution of a gaseous reactant of H2. This is confirmed
by visual observation of the CAL–gas mixture under vary
pressure conditions (Fig. 7). The volume of the CAL liquid
phase expands in the presence of compressed H2 and CO2, due
mainly to the dissolution of H2 and CO2. The solubility of CAL
in CO2 gas phase is reduced by the presence of H2 [21], but
this is not responsible for the volume expansion observed
cause the solubility of CAL is low even in the absence of2.
Of course, the increased dissolution of H2 will increase the rate
of hydrogenation reaction. In addition, the reactivity of the c
bonyl group of CAL may be increased by interactions with C2
molecules. In situ high-pressure FTIR measurements show
the presence of dense CO2 causes a red shift ofν(CO) of the
carbonyl group of CAL that is slightly larger at higher CO2
pressure[16,17]. FTIR measurements were obtained for
gaseous mixture of dense CO2 gas and soluble CAL molecule
The interactions between the CO2 and CAL molecules shoul
also occur in the CAL liquid phase, in which CO2 molecules are
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e

Fig. 7. The visual observation of CAL (a) under atmospheric pressure, (b) pressurized by 16 MPa CO2, and (c) pressurized by 4 MPa H2 and 16 MPa CO2 at 50◦C.
The volume of the CAL liquid phase expands in the presence of both compressed H2 and CO2.

Table 4
Features of various multiphase reaction systems using Ru–phosphine complex catalysts for selective hydrogenation of cinnamaldehyde (CAL) to cinnamyl alcohol
(COL)

Reaction systema Catalyst phasea,b Selectivity for COLc Influence of CO2 pressurization Remark

(a) Homogeneous in dense CO2 G Low (<30%) Decreasing the overall CAL conversion CO2 is a solvent/diluent

(b) Three-phase, G–L1–L2
(at low CO2 pressures)

L2 High (>80%) Less significant on the COL selectivity
Decreasing the overall CAL conversion

The presence of L1–L2 and G–L2
interfaces is significant for the high
COL selectivity. The pressurization
with CO2 is less effective for the
improvement of the selectivity

(c) Two-phase, G–L2
(at high CO2 pressures)

L2 High (>80%) Less significant on the COL selectivity
Significantly decreasing the overall
CAL conversion

(d) Two-phase, G–L3
(conventional system)

L3 Low (around 30%) Little effect on the COL selectivity
Marginally increasing the conversion

CO2 pressurization may increase th
amount of H2 dissolved in the liquid
phase

(e) Two-phase, G–L1 L1 Very high (>90%) Enhancing the overall CAL conversion
and the COL selectivity

Dissolved CO2 molecules promote
the reactivity of the C=O bond of
CAL molecules

a SeeFig. 1. G: CO2-rich gas phase; L1: CAL phase; L2: aqueous phase; L3: organic phase (DMF).
b In which the catalyst exists.
c Under the reaction conditions used.
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dissolved under high-pressure conditions. Thus we may p
out two important factors for the enhancement of the total c
version and the COL selectivity in system (e): (1) increased2

concentration in the CAL liquid phase, and (2) increased r
tivity of the carbonyl group of CAL through interactions wi
the dissolved CO2 molecules. In addition, high concentration
CAL in the liquid phase with no organic solvent may be anot
important factor. At present, however, it is difficult to explain
the molecular level the CAL concentration effect (if it in fa
exists) for homogeneous complex catalysts as used in this
compared with heterogeneous catalysts (supported metal
lysts, as described above).

But the presence of CO2 has a negative effect as well as t
aforementioned positive effects, depending on the reaction
ditions used. For systems (a) and (c) ofFig. 1, the gas phas
is simply diluted by CO2, and this dilution effect is more sig
nificant, resulting in a decreased rate of reaction [Fig. 3 for
system (c)]. High COL selectivity can still be achieved in s
tem (c) because of the presence of the water–gas interfa
a main hydrogenation locus, whereas COL selectivity is
for the homogeneous system (a). Although the interactio
CAL with CO2 exists in system (a), it does not result in the
lective hydrogenation of the carbonyl group of CAL to CO
t
-

-

r

rk
ta-

n-

as

f

probably because of the different nature of this gas phase
pared with the homogeneous CAL liquid phase of system
In system (b), CO2 is soluble in the CAL phase, but the cat
lyst exists in the different water phase, and the main reac
locus is the water–CAL interface. In this case as well, the
teraction of CAL with CO2 does not contribute to the selecti
hydrogenation to COL, and the selectivity does not change
altered CO2 pressure, as observed inFig. 3.

4. Conclusion

The present work has dealt with various multiphase reac
systems, as illustrated inFig. 1. These systems have both diffe
ent and similar features for the selective hydrogenation of C
as summarized inTable 4. Our results demonstrate that syste
(b), (c), and (e) inFig. 1 are beneficial to the selective hydr
genation of CAL to COL and that these systems use no org
solvent. Pressurization with CO2 is very effective in improving
total conversion and COL selectivity in system (e), but less
fective for improving total conversion in the other two system
But in systems (b) and (c), high COL selectivity can be obtai
because of the interface catalysis. For system (e), the incre
concentration of H2 in the liquid phase caused by the diss
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lution of CO2, the enhanced reactivity of the carbonyl gro
of CAL molecules due to interactions with dissolved CO2, and
the high concentration of CAL in the liquid phase are respo
ble for the high conversion and high COL selectivity observ
For systems (b) and (c), the interface between the water p
and the CAL liquid phase or the CO2 gas phase is a main re
action locus, resulting in the selective hydrogenation of C
to COL.
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