Available online at www.sciencedirect.com

sclENcE@DIRECT“ JOURNAL OF
CATALYSIS

%‘@

ELSEVIER Journal of Catalysis 236 (2005) 101-111

www.elsevier.com/locate/jcat

Selective hydrogenation of cinnamaldehyde using ruthenium—phosphine
complex catalysts with multiphase reaction systems
in and under pressurized carbon dioxide:
Significance of pressurization and interfaces for the control of selectivity

Shin-ichiro Fujita, Shuji Akihara?, Fengyu Zha$, Ruixia Liu®, Masashi Hasegawa
Masahiko Araf*

@ Division of Chemical Process Engineering, Graduate School of Engineering, Hokkaido University, Sapporo 060-8628, Japan
b qtate Key Laboratory of Electroanalytical Chemistry, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun, 130022, P.R. China

Received 7 July 2005; revised 14 September 2005; accepted 15 September 2005
Available online 19 October 2005

Abstract

The selective hydrogenation vans-cinnamaldehyde (CAL) has been investigated with several types of multiphase reaction systems using Ru
phosphine complex catalysts in the presence of high-pressuse @@ selective formation of an unsaturated alcohol, cinnamyl alcohol (COL),
can be achieved in an organic solvent free two-phase system, which includes the liquid (CAL, Ru complex) and@@s)(phases. Both total
conversion and COL selectivity are enhanced with increasing 2€ssure. This enhancement is due to the dissolution gfrf@@ecules into the
CAL phase, which promotes the dissolution of &hd activates the reactivity of the carbonyl group of CAL molecules, and a high concentration
of CAL in the reaction medium. The high COL selectivity can also be obtained in three- and two-phase reaction systems, which include a ¢
(H2, COy) phase, a liquid (water-dissolving Ru complex) phase, and/or another liquid phase (CAL). The COL selectivity is high irrespective c
CO, pressure because of a water—CAL interface or a wateg-i@@rface as a main reaction locus, but the total conversion is not enhanced by
pressurization with CQ and it decreases at elevated £®essure under the two-phase conditions because of a simple dilution effect. In contrast,
the highly selective formation of COL is not possible in a homogeneous densg&phase or in a two-phase system that includes a gas (H
phase and a liquid (DMF, CAL, Ru complex) phase. Pressurization withi€@ot effective in improving the conversion and COL selectivity for
these systems.
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1. Introduction merits, we note another potential one of controlling the product
selectivity due to the fact that interfaces existing in multiphase
Compared with homogeneous catalytic reactions, multireactions play important roles in determining not only overall
phase catalytic reactions using biphasic catalysts, supportesnversion, but also product distribution. For the hydrogena-
liquid-phase catalysts, conventional solid catalysts, and othtion of cinnamaldehyde (CAL) in biphasic catalygt-12]
ers have practical merits, including easy separation of catalystind supported liquid-phase catalygt8] using water-soluble
and products, easy recovery and recycling of catalysts, and agrganometallic complexes, the interface between water and or-
plicability to continuous operatior{d—4]. In addition to these  ganic liquid (CAL substrate and/or another, less-polar solvent)
is a locus for hydrogenation (s&theme L For a CAL mole-
" Corresponding author. Fax: +81 11 706 6594. cule at this interface, its polar-€0 bond is oriented to the
E-mail address: marai@eng.hokudai.ac.[M. Arai). catalyst-containing water phase and so is easier to hydrogenate
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CH,0H L . . : . .
~ : tivity in chemical reactions, in addition to the aforementioned
interface catalysis.

/ COL \ On the basis of those previous results on multiphase reac-
CHO CH.OH tions, the present work was undertaken to further investigate the
A i 2 . g . .
- significance of interfaces and the effectiveness of @@ssur-
©/\/ : ©/\/ ization in multiphase catalytic reactions using a model reaction
CAL \ v / HCOL of practical and scientific significance, selective hydrogenation
of CAL with Ru complex catalysts that are soluble in water,
CO,, or organic phases. Our previous results on homogeneous
CAL hydrogenation with similar complexes in dense JJo1]
HCAL and organic solventf2?2] are also used for the present discus-
Scheme 1. Hydrogenation of cinnamaldehyde (CAL) to cinnamyl alcoho>'OM- In the_se homoge_neous reé_lc_tlons Wlth_CAL_’ COL_IS not
(COL), hydrocinnamaldehyde (HCAL), and hydrocinnamyl alcohol (HcoL). Produced with such a high selectivity as obtained in multiphase

(Isomerization of COL to HCAL is thermodynamically possible but it did not reactions.
occur under the present conditions.)

2. Experimental

P@}} [@‘ PQF 2.1. Catalyst preparation

For multiphase reactions using water, ruthenium(lll) chlo-
ride (Wako) and trisodium tris{-sulfonatophenyl)phosphine
(TPPTS) (Fluca) were charged into a high-pressure stainless
steel reactor of 50 cf followed by introduction of water de-
gassed by bubbling with argon. The reactor was heatedt€ 60

K _F using a water bath and then charged withui to 2 MPa. The
Q\P{—Q—% mixture was stirred with a magnetic stirrer at this temperature
> for 1 h. The catalyst-containing water was used for hydrogena-
tion of CAL, as described below.

For multiphase reactions in and under dense,Cthe
ruthenium—phosphine complex catalysts were prepared under
H, atmosphere as described previoufy,22] The 50 cm
stainless steel reactor was charged with ruthenium(lll) chlo-
than the G=C bond oriented away from the water phase tO'”d;ZQdaEz(ﬁphﬁgz co_:rrl]p%unzd m;;hiﬂoéézhnig th?—'rzagtoernwas
ward the organic phase. Thus, the selective hydrogenation g’F us w q ) three times, Hydrog

. . was introduced into the reactor up to 2 MPa and heated up to
CAL to the corresponding unsaturated alcohol, cinnamyl alcos P P

. . 50°C, after which stirring was started. The mixture was kept at
hol (COL), can be achieved under two-phase conditions. ThO.S§OOC for 2 h while stirring, and then the solvent (ethanol) was

results demonstrate that such an interface catalysis will be S'%’vaporated The solid ruthenium complexes that formed were
nificant to selective chemical transformation of multifunctional . 1acted and vacuum-dried at 80 for 6 h. Triphenylphos-

substrates. The selective hydrogenationagf3-unsaturated phine (TPP) was used mainly as a ligand, but the other two

aldehydes is one of important reactions in the synthesis of vari 5 rinated phoshine compounds (as showSameme Pwere

ous fine chemicalfl4,15] also used in a few cases. For homogeneous and multiphase
Recently, we reported that although £ not a reactant, pygroformylation reactions using dense £@ve previously

the presence of high-pressure £romotes the selective hy- gpserved significant differences in the total conversion and the

drogenation of CAL to COL with a homogeneous Ru complexproduct distribution between TPP and fluorine-modified phos-
catalyst using a phosphine ligand or a heterogeneol® €4t-  phine compoundf23-25]

alyst under organic solventless conditi¢h§,17] This promo-

tion depends on several factors: dissolution of,Gblecules 22 Hydrogenation reactions

into the CAL liquid phase, dissolution ofland interactions

between the dissolved G@nd CAL molecules (measured by  For multiphase reactions using water, cinnamaldehyde
high-pressure Fourier transform infrared (FTIR) spectroscopyXCAL) was added to the reactor including the catalyst-contain-
Subramaniam et al. previously demonstrated a similar effectiveing water, and the reactor was heated to a reaction temper-
ness of pressurization with G@or liquid-phase oxidation reac- ature of 70°C. Then the reactor was filled with JHup to
tions[18—-20} From visual observation of our reaction mixture, the desired pressure and €@p to the desired total pres-
the CAL liquid phase expands to some extent in the presencsure with a high-pressure liquid pump (JASCO SCF-Bpg).
of both H, and CQ [16,17] These findings provide a simple The reaction was run while stirring the mixture for 2 h. Af-
and useful way to control the rate of reaction and product seleder the reaction, the reactor was cooled to room temperature in

(D) Triphenylphosphine  (II) Diphenyl(pentafluorophenyl)phosphine

(III) Bis(pentafluorophenyl) phenylphosphine

Scheme 2. Phosphine compounds used as ligands.
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an ice water bath and depressurized to atmospheric pressure. (a)

The reaction mixture was analyzed by gas chromatography COe, He, CAL,

(GC; Shimadzu GC-14B) with a capillary column (Zebron Ru complexes

ZB-50; 30 mx 0.25 mmx 0.5 pm) and GC mass spectrom- peing THP or

etry (GC-MS; Shimadzu GC-MS QP5050A) with a capillary modified

column (GL Science TC-17; 30 m 0.53 mmx 0.25 pm). phosphines
For multiphase reactions in and under dense Qi@ reactor

was charged with CAL and the catalyst, flushed with,Gldee
times, and heated up to 5Q. After introduction of H, liquid (b) (e)
CO, was introduced into the reactor up to the desired total pres-
sure. The reaction was conducted while stirring the mixture for
2 h. After the reaction, the reaction mixture was removed with

acetone and analyzed with GC and GC-MS.

COg, Hz COq, He, CAL

2.3. Phase behavior observation

i H:0, RwTPPTS

Examining the phase behavior is important for studying () (e)
chemical reactions in scCQit is significant to see whether the
reaction is occurring homogeneously in a single phase or het- COs, Hz COs, Hs
erogeneously in two or more phases. A 103dmigh-pressure
sapphire-windowed view cell was used to determine the exist- DMF, CAL,
ing phases and the volume of these ph§2&k «1" RuTPP
CAL, RwWTPP

2.4. High-pressure FTIR measurements (solvent-free)

Information about interactions of dense ©@ith substances ~ Fig. 1. A single phase system in denseJ@) and multi-phase systems (b, c,

dissolved at different pressures is significant in discussing the € Pressurized with C¥or hydrogenation of cinnamaldehyde (CAL) using
. > =9 H Ru/phosphi | lysts.

CO, effects on the reaction. In situ high-pressure FTIR spec- 2 and Rufphosphine complex catalysts

tra were measured at 8C with an FTIR spectrometer (JASCO

FTIR-620) equipped with a 1.5-chigh-pressure cell with a for the complex catalysts in the aqueous phase as prepared
path length of 4 mm. The following experimental procedurei” the aforementioned manner and those after contact with a

was used16,17} A certain volume of a substance was added92s€ous mixture of Jand CQ in the absence of CAL at

to the cell and heated to 5C by circulation of preheated oil 70°C. The measurements were made with a UV/vis spectrom-
outside it, and then Cand/or H were introduced into the ©ter (JASCO Ubest V-550) under ambient conditions.

cell. The pressure was slowly raised while being stirred with
a Teflon-coated magnetic stirrer. When the pressure reacheda
certain value, the stirring was continued for another 3-5 min

and stopped; then the IR spectra were measured with a resolu- Various multiphase reaction systentsq(. 1) were investi-
tion of 4 cnT ! using pure CQ at the corresponding pressures gated for the selective reduction of CAL withHa) a homoge-

Results and discussion

as background. neous reaction in a dense g@hase in which all of the reacting
species are soluble; (b) a gas (G)-liquid (L)-liquid (L) three-
2.5. Estimation of solubility phase reaction in which the latter two phases are CAL substrate

and water dissolving the catalyst; (c) a G—L (water) two-phase

The solubility of CAL in water was measured by a simple reaction; (d) and (e) G-L two-phase reactions in the presence
method. A certain volume of CAL (1 cfiwas contacted with and absence of an additional organic solvent. System (d) is a
distilled water (10 crf) at 70°C for 20 min while stirring. Then ~ conventional reaction except for G@ressurization. The prod-
the stirring was stopped, and the mixture was kept for 10 mirMCt selectivity strongly depends on the reaction systems exam-
to allow it to separate into two phases, water (above) and CAlined, as described in the following sections.
(bottom). A small quantity of the water phase was sampled and
analyzed by GC (Shimadzu 8A) with a capillary column (Res-3.1. Hydrogenation in DMF under G-L (organic) conditions
tex Rtx-wax; 30 mx 0.53 mmx 0.25 pm). The results obtained [system (d)]
were used to determine reaction conditions for homogeneous

hydrogenation in the aqueous phase. Fig. 2 shows the influence of COpressure on total con-
version and product distribution in the hydrogenation of CAL
2.6. UV/vis measurements in a conventional solvent of DMF using a Ru-TPP complex

catalyst [system (d) ifrig. 1. The selectivity for HCAL was
The Ru-TPPTS complex catalysts in the aqueous phadarger by a factor of about 2 compared with the selectivities for
were examined by UV/vis spectroscopy measurements madeOL and HCOL, which were produced in comparable quanti-
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ties. The total conversion of CAL and the selectivity for HCOL of HCAL, not COL[22]. Thus the increase in HCOL selectivity
increased with increasing GQressure, whereas the selectivity seen inFig. 2was due to the change of conversion (consecu-
for HCAL decreased. At a COpressure of 8 MPa, the conver- tive conversion of HCAL to HCOL), not C&pressure. For this
sion was 72% and the selectivity values for HCAL, COL, andtwo-phase reaction in DMF, the influence of g@essurization
HCOL were 54, 23, and 23%, respectively. When the amoun¥/as less significant for a wide range of pressure up to 20 MPa.
of catalyst used was doubled with the other conditions kept un- L )

changed, the conversion increased to 95%, and the selectivi%lz' Hydrogenation in dense CO.Z. under G- (organic)-

values for HCAL, COL, and HCOL were 20, 29, and 51%, re—L (water) and G-L (water) conditions [ systems (b) and (C)]

spectively. For the present reaction_ system, it was previou_sly The next reaction systems studied are those illustrated in
shown that HCOL was produced mainly through hydrogenatlor':igs_ 1b and 1cin which a water-soluble Ru~TPPTS com-

plex catalyst was useétig. 3presents the total conversion and

100 product selectivity in hydrogenation of CAL using different ini-

5 0 | ° . tial amounts of CAL (1.1, 6.0, and 8.0 mmol) but otherwise
-*E ° ® . the same conditions. The dashed lines indicate the pressure at
B which the reaction mixture changed from a three-phase (gas,
ﬁ 60 T O 0 water, CAL) state to a two-phase (gas, water) state as noted by
- = o H visual observation. Above the threshold pressure, the reaction
g 40T mixture included a single kind of liquid component in the form
g O a A b o) % of small, colorless droplets. Hence the liquid component was
8 20 r A water, and CAL was mostly dissolved in the gas phase at higher

. L pressures. Note first that the selectivity for COL was much

larger than that observed in DMFi@. 2). With increasing C@
pressure, the total conversion of CAL decreased marginally
in the three-phase region and it decreased significantly in the
Fig. 2. Influence of C@ pressurization on hydrogenation of cinnamaldehyde two—phase region, partICU|ar|y in the case of (1)’ In WhICh t_he
(CAL) in a conventional solvent of DMF.€) Conversion; ©) COL; () quantity of CAL was the smallest (1.1 mmol). The selectivity
HCAL; (A) HCOL. Reaction conditions: CAL 8.0 mmol, DMF 10 énRuCk for unsaturated alcohol (COL) was high under any conditions
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CO, pressure (MPa)
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Fig. 3. Influence of C@ pressure on hydrogenation of cinnamaldehyde (CA®).Conversion; ©) COL; (O) HCAL; (A) HCOL. Reaction conditions: CAL (1)
1.1 mmol, (2) 6.0 mmol, (3) 8.0 mmol; water 2 é[TRUC|3 0.089 mmol; TPPTS 0.356 mmol;H2 MPa; temperature 70C; time 2 h. The reaction mixture is in
a three-phase state (@ H» gas, CAL liquid, water) at low pressures below a certain pressure indicated by broken line and it is in a two-phase statl{CO
gas, water) at higher pressures.
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alcohol (HCOL) produced in similar small quantities. The se-From these moles of pure components, the mole fraction was
lectivity for COL decreased and that for either HCAL or HCOL then calculated under the reaction conditions. The results are
increased with increasing Gpressure, but these changes areplotted against C@pressure irfFig. 4. Below certain pressures
of marginal significance. Two important points should be re-(depending on the initial amounts of CAL used), the reaction
stated: The selectivity for COL was high at the £@essures mixture includes the three aforementioned phases, akri)sd
examined, and total CAL conversion decreased with increasingives apparent values at low pressures assuming that the CAL
pressure in the two-phase region in which CAL is mostly dis-and CQ gas phases are mixed into a single phase. At elevated
solved in the CQ@ gas phasekig. 3illustrates the interesting CO, pressures, the mole fraction of either CAL of #ecreased
fact that the total CAL conversion depended little on the initialsignificantly with increasing pressure. This dilution will likely
amount of CAL used, as discussed later in the paper. cause a decrease in CAL hydrogenation at the water—gas in-
For the three-phase reactions, there were two possible reaterface region, resulting in decreased total conversion values at
tion loci for CAL hydrogenation: at the water—CAL interface elevated pressures, as is clearly sedfign 3(1) for the smallest
and in the bulk aqueous phase. The conversion of CAL in aquenitial amount of CAL used. In contrast to the conversion, the
ous hydrogenation was measured with a smaller initial quantityproduct selectivity changed little with the G@ressure (and the
of CAL under similar conditions as used for the three-phase reeonversion), which is an important feature of the multiphase re-
actions. To determine the CAL concentration, a simple methoa@ctions examined.
described in Sectio2 was used to make a rough estimate of Papp et al[12] reported a marked pressure effect of H
the solubility of CAL in water. The estimates obtained wereon the selective hydrogenation of CAL in an aqueous—organic
0.106 mmol cnm3 at 70°C and 0.056 mmol cm? at 50°C. The  two-phase system using water-soluble Ru complexes. They
aqueous hydrogenation of CAL was carried out aPC@Qun-  observed that COL selectivity increased significantly with
der the following conditions: CAL, 0.095 mmol; water, 2¢m Hy pressure in a range of 0.1-1 MPa (lower pressures than
RuCk, 0.022 mmol; TPPTS, 0.089 mmol;;H2 MPa; CQ,  those used in the present work), but this effect leveled off
8 MPa; temperature, AT. The CAL conversion reached 90% at pressures above 0.7 MPa. They ascribed this pressure ef-
in a short reaction time of 5 min, and the COL selectivity wasfect to a change in the structure of Ru complexes as indicated
only 60% for the aqueous homogeneous hydrogenation. (They UV/vis spectroscopic measurements. The complex was in
data collected at a lower reaction temperature df®@re given  the form of [RuCIHn#TPPMS}] (cherry-red solution) and
later in Table 3) That is, the hydrogenation of CAL occurred [RuHx(mTPPMS})] (strong yellow solution) at low and high
faster in the aqueous phase, but COL selectivity was lower thaH, pressures, respectively:TPPTM = meta-monosulfonated
that obtained in the three-phase systeRig.(3). On the basis of triphenylphosphine). The latter is beneficial to the hydrogena-
these findings, we may characterize the three-phase reactionstam of C=0 of CAL. The possibility of a similar structural
follows. The CAL molecules and the Ru complex catalyst ex-change has been examined for the present catalyst system and,
ist in the liquid phase and the aqueous phase (both in dropletss described later, the complex structure was found to change
respectively. The substrate phase contacted with the aqueowsth CO, pressure.
phase, and the CAL molecules diffused into the aqueous phase.
However, they were hydrogenated rapidly at the water—CAL in-3.3. Hydrogenation in dense CO, under G—L (organic)
terface layer because of the high activity of the catalyst, andonditions[systems (a) and (€)]
they could not diffuse into the bulk aqueous phase. When the
initial quantity of CAL used was increased, the likelihood of the  The reaction systems shown Kig. 1la and 1lein which
water—CAL contacting and the contacting water—CAL interfaceno additional organic solvent was used, were investigated. The
areas also increased, enhancing the overall CAL conversion. Alree different phosphine compounds giverSicheme 2vere
a result, the conversion did not depend so much on the CAlused as ligands. First, the effectiveness of the three phosphine
quantity used, as seen kig. 3. When the CQ pressure was compounds was examined under homogeneous conditions at
raised, most of the CAL molecules were dissolved in the densa CG, pressure of 10 MPa, confirmed by visual observations.
CO;, gas phase, changing the reaction system to the two-pha3able 1gives the differences in total conversion and product se-
state. At elevated Cgpressures, hydrogenation should occur atlectivity among the Ru complex catalysts using these phosphine
the interface between the aqueous ang @és phases because ligands. The differences observed are much smaller than those
of the same reason mentioned above. observed previously for hydroformylation reactid@8—25] in
Hence we assume that the hydrogenation of CAL occurregvhich the modification of TPP with fluorine-containing groups
at the water—CAL interface under the three-phase conditions aignificantly affected the reactions of mono- and di-olefirzs.
low CO, pressures and at the water—£@as interface under ble 1shows that the selectivity for COL i830% for the present
the two-phase conditions at higher gfressures. For the two- homogeneous reactions (entries 1-7), comparable to the level
phase reaction conditions, the mole fraction of reacting speciesbserved in DMFFig. 2).
in the CQ gas phase at different pressures was estimated by The G-L two-phase reaction was further examined un-
a simple calculation. Moles of pureyHand CQ were calcu-  der different conditions using a phosphine compound I,
lated by an equation of state, PVZnRT; the compressibility bis(pentafluorophenyl) phenylphosphine. As showfiable 1,
factor Z was assumed to be unity fopHvhereas it was deter- the product distribution is little influenced by the quantity of
mined as a function of pressure and temperature foy [26). catalyst used, so it does not depend on the conversion (entries
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Fig. 4. Mole fraction of (1) CQ, (2) Hp, and (3) cinnamaldehyde (CAL) as a function of £@essure at b2 MPa and 70C. CAL: 1.1 mmol @), 6.0 mmol QO),
8.0 mmol ).

Table 1
Results of CAL hydrogenation with Ru complexes in compressegPCO
Entry Precursor/ Ru CAL CO; pressure Conversion Selectivity (%) Phase
1 RuCh/I 0.075 Q2 10 18 30 50 20 G
2 0.15 02 10 23 24 56 20 G
3 RuCh/ll 0.075 Q2 10 17 26 43 31 G
4 0.15 02 10 22 23 51 26 G
5 RuCh/1I 0.035 Q2 10 18 25 50 25 G
6 0.075 Q2 10 21 25 48 27 G
7 0.15 02 10 22 23 51 26 G
8 0.68 02 16 55 24 50 26 &L
9 25 75 16 11 93 7 0 G, L
10 50 75 16 54 98 1 1 G, L

2 Reaction conditions: Rlligand= 1/3; H, pressure 4.0 MPa; temperature®sl) time 2 h.
bG: CO,-rich gas phase, L: CAL-rich liquid phase.
¢ Very small droplets of CAL and/or catalyst were observed.

5-8). However, the COL selectivity improved when the quan- The influence of CQ pressurization was further examined
tity of the substrate used was increased. When a larger quantignder two-phase condition3able 2 gives the results in the

of CAL of 7.5 mmol was used in C£) the reaction mixture presence and absence of dense Gf@monstrating several in-
changed to a G-L two-phase system, including;@€i©oh and  teresting results. A high COL selectivity (about 90%) was ob-
CAL-rich phases (entries 9 and 10), and the COL selectivitytained in the absence of both @@nd organic solvent (entries
improved significantly to>90%, in contrast to a low value of 6-10), in which CAL concentration was than that with reactions
24% at a small CAL quantity of 0.20 mmol. Although the sameusing organic solvents. This improved COL selectivity is in ac-
CAL/Ru ratio (300) was used for entries 8 and 9, the reactiorcordance with the previous observations that larger the quantity
results were significantly different. This difference may be ex-of CAL, the higher the COL selectivity for supported Pt cata-
plained by the difference in the state of reaction mixtures; thaysts[27,28] When the reaction mixture was pressurized by N
system of entry 8 is similar to the single G phase, whereas ththe total conversion and the product selectivity did not change
system of entry 9 is in the G-L two-phase state. so much (entries 1 and 2). However, when O@as used in-
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Table 2 (1)
Results of CAL hydrogenation with Ru complexes in two-phase systems n
Entry Pressure (MPa) Time Conversion Selectivity (%) E
Hy COp () COL HCAL HcoL <
Q0
In scCQ S
1 40 0 2 11 88 9 3 2
2 40 85N 2 12 88 10 2 <
3 40 85 2 24 91 7 2
4 40 14 2 31 93 6 1 ==
5 40 16 2 54 98 1 1 350 400 450 500 550
In the absence of scGO
6 20 - 2 10 88 10 5 (2)
7 40 - 2 11 88 9 3 0
8 40 - 4 22 88 10 2 ) a
9 40 - 18 62 89 5 6 2
10 60 - 2 27 91 8 1 £
Reaction conditions: catalyst 0.05 mmol, Mgand (lll) = 1/3, CAL 7.5 _‘Z
mmol, temperature 50C. < |b
. . - == —
stead of N, total conversion increased from 11 to 24% (en-
350 400 450 500 550

try 3). When CQ pressure was further raised, total conversion
was further enhanced and COL selectivity was also improved,
to 98% at 16 MPa (em”es 3_5)' These positive effec.ts of ComFig. 5. UV/vis spectra for aqueous RU/TPPTS complex solutions prepared at
pressed C@are the same as previously observed with a solido°c under different conditions. For (1), (a) is a solution after prepared by
catalyst of PtAl,O3 [17]. The results at 4 MPa4n 8.5 MPa  normal procedures described in Sect®his solution was further treated un-
CO, are comparable to those at 6.0 MPaiH CAL (entries 3 der (b) b 8 MPa, (c) 2MPa i +10 MPa N, or (d) 2MPa b + 8 MPa CQ

: e ._for 120 min each. For (2), the solution prepared by the normal procedures was
and 10). It ShOUId be noted agalr.] .that COL selectivity was hl.gtﬁurther treated under 2 MPagH+- 8 MPa CG for (a) 15 min or (b) 120 min
under organic solvent-free conditions, and both the conversiog} nger 2 MPa i+ 16 MPa CG for () 15 min or (d) 120 min. The spec-

and selectivity were further improved in the presence of comtra were collected under ambient conditions just after the preparation and the
pressed CQ treatments under those different conditions.

Wavelength (nm)

3.4. UVlvisand FTIR spectroscopic measurements structural analysis, but possible forms are RuCIH(TPRB8)
RuHx(TPPTS) for the complexes in the starting aqueous solu-
The possibility of a structural change in Ru complexes undetion [spectrum (a) oFig. 51)] and in the solution after treat-
different conditions was examined by UV/vis spectroscopy. Thenent with compressed Gdspectrum (d) ofFig. 51)]. The
aqueous Ru complex solution was prepared as described in tlaetivity of the Ru complexes treated under different conditions
Experimental section. The spectrum (a)Fiy. 51) indicates was examined for aqueous homogeneous hydrogenation (in an
the starting complex solution so prepared, which is reddishH>—water two-phase system), as described later.
brown. This solution was further treated in the presence of Recently we reported tha{CO) of the C=O bond of CAL
different compressed gases and then subjected to UV/vis mebr compressed COshowed a red shift with C®Opressure,
surement under ambient conditions. When the treatment waghereasy(C=C) did not change so much; namely, there were
done with 8 MPa H or 2 MPa b + 10 MPa N for 120 min, interactions between COmolecules and the £0 bond, in-
the spectrum did not change much [spectra (b) and (c)]. Unereasing its reactivity16,17] This is of significance for the
der 2 MPa H + 8 MPa CQ, however, the solution changed selective hydrogenation of CAL to COL under dense,@on-
to orange-yellow in color, and the spectrum (d) was obtainedditions. For benzaldehyde as well, a similar red shift (EO)
The treatments were also conducted for a shorter time (15 minyas observed, but less marked than that of CAL. In the present
and at a higher C®pressure (16 MPa) in the presence ofwork, the same FTIR measurements were conducted for HCAL
2 MPa H [Fig. 52)]. This change occurred more rapidly at (saturated aldehydes) in dense £f@r comparison.Fig. 6
a higher CQ pressure of 16 MPa. In all likelihood, more,H  shows in situ high-pressure FTIR spectra of HCAL at differ-
molecules are soluble in the aqueous phase under pressurizedt CQ pressures at 5@C. The spectrum of HCAL vapor at an
CO, atmosphere, but this increased Hissolution should be atmospheric pressure of G@ras collected at a higher tempera-
less significant for the Ru complex to change in structure; comture (70°C), because the absorption was very weak &G8ue
pare spectra (a), (b), and (d) Big. 5(1). Thus it is likely that  to its lower vapor pressure (i.e., lower solubility in atmospheric
the existence of C&molecules dissolved in the agueous phaseCOy). Fig. 6 shows that the absorption intensity increased with
promotes the structural change of the Ru complex, and th€0O, pressure because more HCAL molecules became soluble.
chemical nature of C®molecules different from Hand N A red shift of v(CO) of the CG=0 bond of HCAL is also visible;
should be important. The detailed structure of the Ru complexesowever, this red shift is less significant than the red shift for
is not known at present and requires further physicochemicalAL, in which thev(CO) absorption peak changed from 1740
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Table 3
Results of homogeneous CAL hydrogenation with different Ru complexes in
the aqueous pha%e

— Entry Catalyst CQ pres- Conver-  Selectivity (%)
o surd (MPa) Sion(%) coL  HCAL HCOL
Q
s 1 Complex (if -® 87 67 6 27
2 2 8 82 51 8 41
2 y
2 3 Complex (if -¢ 78 74 10 16
4 8 62 70 18 12

& Reaction conditions: CAL 0.095 mmol; water 2 %nRuCIg 0.022 mmol;
TPPTS 0.089 mmol; 12 MPa; temperature 60C; time 5 min.

b For hydrogenation runs.

¢ After prepared in the normal procedures with 2 MPaat 60°C for 1 h

1650 1700 1750 1800 (corresponding to spectrum (a) Big. 51)).
Wavenumber (cm'1) d After prepared in the normal procedures followed by the treatment with
2 MPa H in the presence of 8 MPa GCat 70°C for 2 h (corresponding to

Fig. 6. FTIR spectra of hydrocinnamaldehyde (HCAL) dissolved in compresse(’f’gec"um (dl) (c)jF'g' 1))
COy at pressures given and at 90. The spectrum oh HCAL vapor at at- Not applied.
mospheric pressure (indicated by 0) was collected &7€ince the absorption
was very weak at 50C due to its lower vapor pressure. This spectrum is shiftedgenation occurred very rapidly in the aqueous phase and that
down by a certain level. COL selectivity was<75%.

to 1690 cn! at CQp pressures up to 20 MPa. ThéCO) ab-
sorption was little influenced by the coexistence of 4 MBa H
for both HCAL and COL. The reactivity of the€0 bond of
CAL was enhanced by the presence of dense,@@ereas that
of HCAL was little modified. That is, the dense g@romoted
the hydrogenation of CAL to COL, but not the hydrogenation
of HCAL to HCOL. The conjugation of EC—C=0 in CAL is
important for the interactions between the £/@olecules and
the C=0 bond compared with the nonconjugated molecule o
HCAL (C-C-C=0), enhancing the hydrogenation to COL.

3.6. Comparison of the multiphase hydrogenation reactions

The different types of multiphase reaction systems dealt with
in this work are illustrated irFig. 1. The kinetic analysis of
multiphase catalytic reactions requires various pieces of infor-
mation on the concentration of reacting species, the reaction
kinetics in existing phases, the volume of the phases, and the
Fransport phenomena between the phases. A detailed analysis
of the present two- and three-phase reaction systems is hindered
by the lack of such information. Nonetheless, we believe that it
is important to compare those systems and discuss factors gov-
erning the selective hydrogenation of CAL to COL, including
the significance of pressurization with @@nd the presence

The homogeneous hydrogenation of CAL in the aqueoué’f interfaces. It was previousl_y reported that isomerization of
phase was also examined under similar reaction conditions &£OL t© HCAL did not occur with homogeneous and heteroge-
used for the aforementioned three- and two-phase reaction@€0Us catalysts under similar conditions as used in the present
The conversion of CAL was observed to occur very rapidly beWOrk[22,28} Italsois unlikely that COL-HCAL isomerization
cause of a low substrate/catalyst rafiable 3gives the results OCCUrs in the present multiphase reaction systems.
obtained at 60C for the two complex catalysts prepared in dif-
ferent manners, which correspond to the UV/vis spectra (a) and6.1. Systems (a), (b), and (c)

(d) of Fig. 5(1). For complex catalyst (i), a total CAL conversion  Earlier we studied the homogeneous hydrogenation of CAL
of 87% was achieved in only 5 min, and COL was produced irin dense C@ with Ru complex catalysts using TPP and
the largest quantity as compared with the other products (erfluorine-modified phosphine compoun]. In these homo-

try 1). However, the COL selectivity was only 67%, and a largegeneous reactions [system (a) fiilg. 1], the selectivity for
quantity of HCOL was also produced. Note that this productCOL was shown to be<50% irrespective of the phosphine
distribution is significantly different than that observed undercompounds used. In contrast, in multiphase reactions using the
the multiphase conditions shown ig. 3. When the reaction similar water-soluble Ru—phosphine complexes, selectivity for
mixture was pressurized by 8 MPa gQhe conversion mar- COL was high at any conversion levélig. 3). Based on previ-
ginally decreased, but COL selectivity decreased to 51% andus datg8] and the present solubility estimation, the solubility
HCOL selectivity increased to 41% (entry 2). This £fres- of CAL in water was not great, but the conversion of CAL
sure effect presents a contrast to that observed for th€KHL  was fast in the aqueous phase under homogeneous conditions.
two-phase systeniTébles 1 and R For complex catalyst (ii), For the multiphase reaction systems, the hydrogenation of CAL
CAL conversion was also fast, but the conversion was smalleshould occur at the interface between the catalyst-containing
and the COL selectivity larger compared with complex (i) underaqueous phase and the CAL-containing fluid phase under the
the same conditions. It should be noted again that CAL hydroreaction conditions used. The CAL molecules diffusing from

3.5. Aqueous homogeneous hydrogenation with different Ru
complexes
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its liquid phase or the dense G@hase can be hydrogenated concentration of CAL. With increasing concentration, the space
at the interfaces but cannot enter into the bulk aqueous phasef. the catalyst surface is relatively decreased, and so a CAL
The present work demonstrates that greater COL selectivitynolecule will be adsorbed with its=60 group only, resulting in
can be achieved when the interface between the water and dhe enhancement of COL-selective hydrogenation. Gallezot and
ganic phases is a main reaction locus [system (b)]. SelectivitiRichard[14] described this adsorption orientation, and Jin et al.
for COL was also high at higher GQpressures under which [29] described the effect of concentration-dependent adsorption
the reaction occurs at the interface between water angr@@®  modes. In addition, the adsorption of a product of COL with its
gas phases [system (c)]. One can say that the COL selectivi@=C group is also suppressed, hindering further hydrogenation
is high when the catalyst-containing water phase contacts witbf COL to HCOL. For homogeneous Ru complexes, however,
the organic or C@gas phase dissolving the substrate, CAL. Forthe effect of CAL concentration at molecular levels is not easily
these three- and two-phase reactions, increasing [@€ssure  explained. The structure of reaction intermediates (complexes)
was not effective in improving COL selectivity. A very impor- coordinated with CAL species and the rate of change between
tant point for the high selectivity for COL in these two-phasethese intermediates may depend on the CAL concentration. The
systems is the nature of the substrate; namely, CAL is mucHetails of the reaction mechanisms merit further physicochemi-
less soluble in water but contains a hydrophilic carbonyl groupgal investigation.
and so it may act as a surfactant in these reaction systems. As In addition, the polarity of the solvent used is significant
pointed out by Sanchez-Delgado et [&l}, this polar group is in determining product selectivity in CAL hydrogenation with
oriented toward the water phase, and the active species in thigRu/TPP[22] and PyC catalysts[30]. For both the homoge-
phase can catalyze the hydrogenation of this group, whereas hgeous and heterogeneous catalysts, COL selectivity is higher
drogenation of the nonpolar-6C group of CAL is much more when a more polar organic solvent is used. Comparison of the
difficult. This is also the case for hydrogenation of CAL using relative permittivity,sr, indicates that CAL4, = 16.9 at 24°C)
supported aqueous phase catalysts with Ru—TPPTS complexim less polar than DMFef = 36.7 at 25°C) [31,32] and so
an organic solvent (tolueng) 3]. In this reaction system, in- the dilution of CAL with DMF, which would make the reac-
terface between the support (silica gel) surface and the organimn medium more polar, is unlikely responsible for the lower
solvent also exists, in addition to the supported water—solverfEOL selectivity observed in DMF.
interface. The former interface should contribute to the hydro-
genation of G=C bond, and so the selectivity for COL would be 3.6.3. System (€)
slightly less than that of bulk water—toluene two-phase systems, The reaction systems with which higher COL selectivity can
although still much higher than that of homogeneous reactioibe achieved are systems (b), (c), and (&)igf 1L System (e) is a
systemq22]. Another possible factor contributing to the high CAL liquid phase pressurized with a reactantahd a nonreac-
selectivity for COL is the molecular interaction between thetant CQ. It is interesting to note that both the total conversion
carbonyl group of CAL and C®molecules dissolved in the and the COL selectivity can be enhanced by pressurizing the
CAL liquid phase, which we discuss in the following. system with CQ@ (Tables 1 and R Similar positive effects of
The results of UV/vis measurementsid. 5) indicate that high-pressure C®were perviously observed for the organic
the structure of complex catalyst changed during the reactiosolvent-free hydrogenation of CAL with a heterogeneoy€Pt
under pressurized CCatmosphere, going from complex (i) to catalyst[16,17] A few factors are responsible for these en-
complex (ii) of Table 3 This change could influence the reac- hancements, in addition to the CAL concentration mentioned
tion; however, this should be insignificant, because the COlabove. When the liquid CAL phase is pressurized by Gfibre
selectivity observed for the multiphase reactions is larger tha@O, molecules can be dissolved in this phase, which promotes
that observed for the aqueous homogeneous reaction with corntie dissolution of a gaseous reactant of Hhis is confirmed
plex (ii), because the reaction occurs at the water—-CAL oby visual observation of the CAL—gas mixture under varying
water—CQ interface, and because the catalytic performance ipressure conditions={g. 7). The volume of the CAL liquid

not so different in complexes (i) and (iiJgble 3. phase expands in the presence of compressethHd CQ, due
mainly to the dissolution of bland CQ. The solubility of CAL
3.6.2. System(d) in CO, gas phase is reduced by the presence {21], but

This reaction mixture is a conventional two-phase system ugthis is not responsible for the volume expansion observed, be-
ing an organic solvent of DMF in which the catalyst and CAL cause the solubility of CAL is low even in the absence of H
are soluble. COL selectivity was30%, and the total conver- Of course, the increased dissolution of Will increase the rate
sion of CAL and the product selectivity were not influencedof hydrogenation reaction. In addition, the reactivity of the car-
by the pressurization of GO(Fig. 2). When no organic sol- bonyl group of CAL may be increased by interactions with,CO
vent was used, COL selectivity improved even in the absencmolecules. In situ high-pressure FTIR measurements show that
of CO;, (Table 2 entries 6-10). In these cases, the CAL con-the presence of dense g@auses a red shift af(CO) of the
centration in the liquid phase was high. The fact that high CALcarbonyl group of CAL that is slightly larger at higher €O
concentration benefits the formation of COL with heteroge{pressure[16,17] FTIR measurements were obtained for the
neous catalysts was reported previoudly,27—29] Vergunst  gaseous mixture of dense @@as and soluble CAL molecules.
et al.[27] suggested a reasonable explanation that the state dhe interactions between the g@nd CAL molecules should
adsorption of CAL on the surface of catalyst depends on thalso occur in the CAL liquid phase, in which G@olecules are
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Fig. 7. The visual observation of CAL (a) under atmospheric pressure, (b) pressurized by 16 MRa@€@) pressurized by 4 MPgltdnd 16 MPa C@at 50°C.
The volume of the CAL liquid phase expands in the presence of both compresseditCG .

Table 4
Features of various multiphase reaction systems using Ru—phosphine complex catalysts for selective hydrogenation of cinnamaldehyde (&AY)a&ohwoi
(CoL)

Reaction systefh Catalyst phase®  Selectivity for COL°  Influence of CQ pressurization Remark
(a) Homogeneous in dense g0 G Low (<30%) Decreasing the overall CAL conversion £ a solvent/diluent
(b) Three-phase, G4kLo Lo High (>80%) Less significant on the COL selectivity The presence of{-L, and G-Lp
(at low CO, pressures) Decreasing the overall CAL conversion interfaces is significant for the high
COL selectivity. The pressurization
(c) Two-phase, G—% Lo High (>80%) Less significant on the COL selectivity with CO, is less effective for the
(at high CQ pressures) Significantly decreasing the overall improvement of the selectivity
CAL conversion
(d) Two-phase, G- L3 Low (around 30%) Little effect on the COL selectivity CO;, pressurization may increase the
(conventional system) Marginally increasing the conversion ~ amount of b dissolved in the liquid
phase
(e) Two-phase, G L1 Very high (>90%) Enhancing the overall CAL conversion Dissolved CQ molecules promote
and the COL selectivity the reactivity of the €O bond of

CAL molecules

@ SeeFig. 1 G: COy-rich gas phase; {: CAL phase; lp: aqueous phase:t.organic phase (DMF).
b In which the catalyst exists.
€ Under the reaction conditions used.

dissolved under high-pressure conditions. Thus we may poirgrobably because of the different nature of this gas phase com-
out two important factors for the enhancement of the total conpared with the homogeneous CAL liquid phase of system (e).
version and the COL selectivity in system (e): (1) increasgd H In system (b), C@ s soluble in the CAL phase, but the cata-
concentration in the CAL liquid phase, and (2) increased readyst exists in the different water phase, and the main reaction
tivity of the carbonyl group of CAL through interactions with locus is the water—CAL interface. In this case as well, the in-
the dissolved C@molecules. In addition, high concentration of teraction of CAL with CQ does not contribute to the selective
CAL in the liquid phase with no organic solvent may be anothefydrogenation to COL, and the selectivity does not change with
important factor. At present, however, it is difficult to explain at altered CQ pressure, as observedfiiy. 3

the molecular level the CAL concentration effect (if it in fact

exists) for homogeneous complex catalysts as used in this wok Conclusion

compared with heterogeneous catalysts (supported metal cata-

lysts, as described above). _ The present work has dealt with various multiphase reaction
But the presence of Cthas a negative effect as well as the gystems, asiillustrated Fig. 1 These systems have both differ-
aforementioned positive effects, depending on the reaction coRm and similar features for the selective hydrogenation of CAL,
ditions used. For systems (a) and (c)Fof. 1, the gas phase a5 summarized ifiable 4 Our results demonstrate that systems
is simply diluted by C@, and this dilution effect is more sig- (), (c), and (e) irFig. 1 are beneficial to the selective hydro-
nificant, resulting in a decreased rate of reactibig[ 3 for  genation of CAL to COL and that these systems use no organic
system (c)]. High COL selectivity can still be achieved in sys-solvent. Pressurization with G@s very effective in improving
tem (c) because of the presence of the water—gas interface &sal conversion and COL selectivity in system (e), but less ef-
a main hydrogenation locus, whereas COL selectivity is lowfective for improving total conversion in the other two systems.
for the homogeneous system (a). Although the interaction oBut in systems (b) and (c), high COL selectivity can be obtained
CAL with CO; exists in system (a), it does not result in the se-because of the interface catalysis. For system (e), the increased
lective hydrogenation of the carbonyl group of CAL to COL, concentration of Kl in the liquid phase caused by the disso-
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the high concentration of CAL in the liquid phase are responsil3l S Fuiita, Y. Sano, B.M. Bhanage, M. Arai, J. Catal. 225 (2004) 95.

. . . . [14] P. Gallezot, D. Richard, Catal. Rev. Sci. Eng. 40 (1998) 81.
ble for the high conversion and high COL selectivity observedus] P. Kluson, L. Cerveny, Appl. Catal. A: Gen. 128 (1995) 13.
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action locus, resulting in the selective hydrogenation of CALI[17] F. Zhao, S. Fujita, S. Akihara, M. Arai, J. Phys. Chem. A 109 (2005) 4419.
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