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The hydrogenation of benzaldehyde and cinnamaldehyde has been studied with a 5% Pt/C catalyst in
compressed COThe effect of CQ pressure on the total conversion was found to be different between the
two aldehydes. The total conversion of benzaldehyde merely decreases with increasipge€30re, while

that of cinnamaldehyde shows a maximum at a certain pressure. High-pressure FTIR measurements indicate
the existence of interactions of G@ith the aldehydes. The absorption(fC=0) red-shifts at increasing

CO, pressure, and this red-shift is more significant for cinnamaldehyde than for benzaldehyde, indicating
that the G=O bond of the former becomes more reactive than the latter. The difference in the mode of

interactions of C@Qwith these aldehydes has also been indicated by changd€sfO) of CO,. Thus, the
conversion of benzaldehyde will decrease with increasing @@ssure because of a simple dilution by
introducing a larger quantity of GOFor cinnamaldehyde, the conversion will increase at low pressures
because of increasing interactions with £fiblecules (increasing the reactivity of the=O bond) but decrease

at high pressures because of the simple dilution effect, similar to the case of benzaldehyde. The dense CO

molecules are not likely to change the catalytic activity of supported Pt particles, which was previously
suggested from optical absorption of supported fine metal (Au) particles in a compressede@iom.

1. Introduction alloy. They showed that a single-phase mixture at low H
pressure is an ideal medium for this semi-hydrogenation. The
hydrogenation in scC&has also been studied in our laboratory
using heterogeneous catalysts as well as homogeneous ones.
Significant enhancement in activity and selectivity was shown
for the hydrogenation of unsaturated aldehydes with supported
transition-metal catalysts in scG& 16 The above-mentioned
effects of scC@ are also important for these hydrogenation
reactions. In addition, we previously suggested the possibility
that dense C® changes the properties of supported metal
particles. This was assumed from optical absorption measure-
ments of small Au particles in dense g@edium?! and this
idea was invoked to explain the change of product distribution
in Pt-catalyzed nitrobenzene hydrogenation with ,Qfdes-
surel34Furthermore, the coordination of G@ith active metal
centers has been thorougly reviewéélt is indicated that only

Hydrogenation of organic compounds is an industrially
important chemical transformation. Gaseoysisian inexpen-
sive and versatile reagent for hydrogenation, but the rate of
hydrogenation is usually slow, because i less soluble in
common organic solvents. By contrast, supercritical carbon
dioxide (scCQ) is completely miscible with B and it is an
environmentally benign medium with good mass and thermal
transport propertieks.* So, the use of scC{has been attracting
much attention for developing green chemistry processes.
Hydrogenation is one of the frequently studied reactions in
scCQ using homogeneobrs® and heterogeneous cataly&ts?°
Practical merits of the use of heterogeneous catalysts include
ease of separation, recovery, and recycling.

It is known for hydrogenation as well as other reactions in
scCQ that the CQ pressure often significantly affects the total a weak interaction between G@nd an active metal center is

conversion and product distribution in different manners ¢ ¢iont 1o bring about insertion of GOnto an M—X bond

depending on the reaction conditions. In most cases reported(M = metal), which could modify the catalytic activity of this
so far, the enhancement of the rate of catalytic hydrogenation metal in dense CO

of organic substrates in scGas been ascribed to high, H Recently, IR spectroscopy has been used to study the mixture
concentration in the liquid or gas phase in which the substrates 0 P COPY . y
of organic compounds in dense @ different pressures. In a

and catalysts exist and/or to the elimination of mass transfer CO, molecule, the carbon atom is partially positive and the
resistance due to complete miscibility of €énd other reacting ! - S P y P -
oxygen atoms are partially negative, and this polar nature is

species. For example, Phiong et al. observed that scCO . 7<- . )

significantly enhances the rate@fmethylstyrene hydrogenation significant in compressed GOHyatt et a meqsured IR
with 1% Pd/C under three-phase conditidfIschan et al. spectra of several probe compounds n boj[h liquid and super-
indicated the importance of phase behavior in continuous semi-gggfgrl]ecngd Egi%;ggggﬁg;ﬁh;‘iﬁ&génslli[gﬁtcl:;;é;;r
hydrogenation of phenylacetylene to styrene with 8.5k than that im-hexane but slightly smaller than those in aromatic

« E-mail: marai@eng.hokudai.acjp solvents, which show a tendency for € interact with basic
f Changchun Institute of Applied Chemistry. carbonyl groups. Brokeman et Alsuggested that the specific
* Hokkaido University. interaction between CfQand carbonyl oxygen could be de-
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Figure 1. Estimated solubility of benzaldehyde in g@nd/or H at
50 °C (open marks) along with the data of cinnamaldehyde,aift4
MPa (closed mark); for comparison, see ref 9.

indicated the interaction of GOmolecules with Lewis base H, OMPa H,20MPa  H, 40 MPa
carbon or at ther-position. These interactions with G@vere
D/D

reactions in dense CORecently, the application of various in 0.54 / / / H, 4.0 MPa (X10)

Although a number of homogeneously and heterogeneously ) 8 10
the CQ pressure effects on catalytic and noncatalytic reactions
aldehydes, benzaldehyde anehscinnamaldehyde, with a PUC — gi5injess steel reactor. The reactor was charged with reactant
aldehydes. Other physicochemical measurements have beefyos introduced into the reactor with a high-pressure liquid pump
phase behavior, molecular interactions with .Colecules was then cooled to room temperature with an ice bath and
2. Experimental Section with a flame ionization detector. Previously, some authors
also purchased from Wako was reduced by hydrogen at 300tions of benzaldehyde and cinnamaldehyde were conducted at
and transmission electron microscopy (TEM) measurements andand a marginal quantity of hydrocinnamaldehyde was detected
dispersion= 0.9/diameter (in nm3® 2.4, High-Pressure FTIR MeasurementsThe information
scCQ; it is significant to see whether the reaction is taking during the reaction. In situ high-pressure FTIR spectra were
two or more phases. A 10 érhigh-pressure sapphire-windowed JASCO) equipped with a 1.5 érhigh-pressure cell with a path
estimate the solubility of the substrate in s¢C@ certain added to the cell, it was heated to 3D by the circulation of
t0 50°C (reaction temperature) by circulation of preheated oil Teflon-coated magnetic stirrer. When the pressure reached a
stirrer. When the pressure reached a certain value, the stirringSUIfate (TGS) detector at 4 crhwavenumber resolution by
This examination was made at intervals of -6®5 MPa to 3. Results and Discussion
was decreased in a similar way to determine the pressure atestimated from the phase behavior inspection atGa0n the
pressures were less that0.3 MPa different, and the average benzaldehyde in pure G@narkedly increases with increasing
hyde and cinnamaldehyde in G@t different pressures. impossible to examine the phase behavior by visual inspection.

scribed as a Lewis acitbase reaction. Such molecular interac-
tions have been investigated further by Raveendran ghahp 2.0
groups, especially carbonyl groups, through &HE--O hy- 15, I7 7
drogen bond with the hydrogen atom attached to the carbonyl ’
suggested to affect the solubility of the substrate and the phase 1.04 7 o
behavior of the reaction mixture in GQhanging the chemical A </
situ spectroscopic techniques for the investigation of mixtures
in supercritical fluids has been reviewed extensivély. [/ .—’—-/
catalytic reactions have been investigated in sg@®damental
studies at molecular levels are still insufficient to understand
in scCQ. The present work has been undertaken to study in
detail the CQ pressure effects in hydrogenation of two
catalyst. It has been observed that the change of conversion,q catalyst and then sealed. It was flushed with @e times
with CO; pressure is significantly different between these two 54 heated to 56C. After the introduction of i liquid CO,
made to examine the effects of dense Gfiedium observed, 1, the desired pressure. The reaction was conducted while
and the hydrogenation results have been discussed in terms OLyiring the mixture with a magnetic stirrer for 2 h. The reactor
(measgred py in situ high.-pressure FTIR), and change of the depressurized to atmospheric pressure. The reaction mixture was
catalytic activity of Pt particles. collected with acetone and analyzed with a gas chromatograph
. . reported that stainless steel reactors promoted chemical reactions
2.1. Materials. All chemicals were purchased from Wako : . a1 : )
and used without further purificatio® 5 wt. % Pt/C catalyst such as hydrogenation and oxidaffn?* Hydrogenation reac
o . ressures of 4 MPa4and 10 MPa C@in the absence of Pt/C
°C for 2 h before activity measurements. The size of the Pt P .
particles obtained was examined by X-ray diffraction (XRD) catalyst. No products were observed to form with benzaldehyde,
. ) with cinnamaldehyde. Thus, the absence of reactor wall effects
d_eterm|_ned to be 8.3 nm, which gave a degreg qf metal has been confirmed in the present cases.
dispersion of 0.11 from an approximate expression: metal
2.2. Phase Behavior and SolubilityThe examination of the abo_ut interactions of fjen_se__Q@nth_ the_ aldehydes dissolved
A . . . at different pressures is significant in discussing the Effects
phase behavior is important to study chemical reactions in
. - . measured at 50C with an FTIR spectrometer (FT/IR-620,
place homogeneously in a single phase or heterogeneously in
: g length of 4 mm. The experimental procedure used is as
view cell was used to determine the separate pressure from Follows: 10uL substrate, benzaldehyde or cinnamaldehdye, was
two-phase (gasliquid) state to a one-phase (scgQtate and o ’ y ve,
amount of substrate was added into the cell, and then, the cell?gghfglte(_jrﬁg Ol:(t:’slgﬁrg’ agdszfggfé ggv\\’l\llasv\'/ﬂt”rgd;ﬁﬁ?‘ mtt()) a
was flushed with 0.5 MPa CQwice. After the cell was heated : P y g by
outside the cell, C@was introduced into it. The pressure was certain Yalue, the stirring was continued fO'LB.m'n a_nd .
) X - -~ stopped; then, the IR spectra were measured with a triglycine
increased slowly while stirring by a Teflon-coated magnetic
was continued for 35 min and stopped; then, the state of the using pure C@at the corresponding pressures as background.
mixture including the substrate and @®@as visually examined.
determine the pressure at which the substrate was completely 3.1. Phase Behavior and Solubility of AldehydesThe
dissolved into C@, forming a single phase. Then, the pressure solubility of benzaldehdye in a mixture of G@&nd H was
which droplets appeared (dew point), changing into a two-phase same manner as that usedfti@ns-cinnamaldehyd&The results
mixture. The pressures determined at increasing and decreasingbtained are given in Figure 1, indicating that the solubility of
value of the two pressures determined was used. ThoseCO, pressure at 9:811 MPa. At lower pressures, the quantity
observations were used to estimate the solubility of benzalde- of benzaldehyde soluble in G@vas very small, and so, it was
2.3. Hydrogenation of AldehydesHydrogenation of the two Figure 1 also shows that the addition of, Kignificantly
aldehydes in scCOwas carried out in a 50 chhigh-pressure decreases the solubility of benzaldehyde, and this effect is larger
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TABLE 1: Influence of CO, Pressure on Benzaldehyde TABLE 2: Influence of CO, Pressure on Benzaldehyde
Hydrogenation with Pt/C Catalyst at 50 °C? Hydrogenation at 50 °C2
CO; benzaldehyde CO, Ho benzaldehyde
pressure conversion TOP no. of mole mole mole  conversion
entry (MPa) (%) (s phases entry MPa fracton MPa fraction mmol fraction (%)

1 c 98 2.40 3 1 11 091 20 80102 3.0 6.4x 1073 17

2 d 97 2.38 3 2 12 091 24 80 3.7 6.6 14

3 e 99 2.42 3 3 14 092 31 73 47 58 15

4 6.0 62 1.52 3 4 16 092 35 67 53 54 16

5 75 44 1.08 3 . _ o N

6 8.5 26 0.64 3 Reactlon COI’"IdI'[IOI’\S. 5% Pt/C catalyst, 5 mg (including Pt 1.23

7 10.5 32 0.78 2 umol); reaction time, 2 h.

8 12.0 27 0.66 2 .

9 16.0 24 0.59 2 TABLE 3: Influence of CO, Pressure on Cinnamaldehyde

Hydrogenation with Pt/C Catalyst at 50 °C?
@ Reaction conditions: benzaldehyde, 5 mmol; catalyst, 5% Pt/C,

10 mg (including Pt 2.56:mol); Hp, 4.0 MPa; reaction time, 2 h. CO, conversion __Selectivity (%) TOF  no.

bTurnover frequency, (moles of benzaldehyde reacted)/((moles of entry (MPa) (%) COL HCAL HCOL (s') phases
surface-exposed Pt atoms)(reaction time)). The number of surface-

) . ) c 32 1 10 13 0.78 3

exposed Pt atoms was calculated from the metal dispersion estimated » d 36 71 19 10 0.89 3
from an approximate expression (see tekth the absence of CO 3 e 38 67 18 15 0.92 3
4¢In the presence of 6.0 and 10.1 MPa, Kespectively, instead of 4 6.0 38 80 14 6 0.93 3
CO;. 5 7.5 42 82 12 6 102 3
. . . . 6 8.5 a7 81 9 10 1.15 3

at higher H pressure, in accordance with the previous results 7 1095 55 80 9 11 135 2
for cinnamaldehyd&.The solubility of cinnamaldehyde deter- 8 12.0 38 78 9 13 093 2
mined previously at Hlof 4 MPa is also given in Figure 1 for 9 16.0 36 80 7 13 088 2

comparison, which is much smaller than that of benzaldehyde. aReaction conditions: cinnamaldehyde, 0.25 mmol; catalyst, 5%
Reaction conditions for hydrogenation were selected on the basispt/C, 0.5 mg; H, 4.0 MPa; time, 2 h> COL: cinnamyl alcohol. HCOL:
of these solubility data. The tressure of 4 MPa was used hydrocinnamyl alcohol. HCAL: hydrocinnamaldehydén the absence
for hydrogenation reactions described in the following section. of COz. “¢In the presence of 6.0 and 9.7 MPa kespectively, instead
3.2. Influence of CQ, Pressure on Benzaldehyde Hydro-  ©f €Oz
genation. The benzaldehyde hydrogenation was carried out at . o )
an H, pressure of 4.0 MPa and at different §@essures using mc!ugle the influence of COpressure, if it existed, on the
5.0 mmol benzaldehyde. Under these conditions, the reaction@ctivity of the PtC catalyst. The latter was expected from one
occurred in a three-phase system (@@h gas, benzaldehyde- of our previous re_sults in which the natures of flne metal
rich liquid, and catalyst solid phase) at €@ressures below  Particles changed in compressed O@edium depending on
10 MPa but in a two-phase system (£@h gas and catalyst the CQ pressure from optical apsqrptlon measurements with
solid phase) at Copressures above 10.5 MPa. Table 1 gives Supported Au particle¥. Table 2 indicates, however, that the
the results obtained, in which the selectivity to benzyl alcohol cOnversion changes very little with the g@artial pressure,
is 100%. The total conversion of benzaldehyde merely decrease§md SO, the specific activity of the_ Pt particles on the C support
with CO, pressure up to 16 MPa. Under solvent (G:®ee is unlikely to change significantly in the presence of dense.CO
conditions, the reaction was almost complete@ ih (entry 1), 3.3. Influence of CQ, Pressure on Cinnamaldehdye
and this was not influenced by the presence of 6.0 and 10.1Hydrogenation. The hydrogenation of cinnamaldehyde was
MPa N, (entries 2, 3). In contrast, the use of 6.0 MPa,CO conducted under similar conditions as those used with benzal-
significantly decreased the conversion to 62% (entry 4). The dehyde. Table 3 shows that the total conversion is 32% and the
conversion decreased with further increasing,Q@essure  Selectivity of cinnamyl alcohol is 77% under solvent (§O
irrespective of the number of phases present, three or two phasedree conditions (entry 1). The reaction was conducted under
The highest conversion levels were obtained under solvent-lesspressurized Nconditions at 6.0 and 9.7 MPa (entries 2, 3). It
conditions and under pressurized &tmosphere. Thus, dense seems that the pressurization with, Mhcreases the total
CO, has only a negative effect on the hydrogenation of conversion and decreases the selectivity of cinnamyl alcohol,
benzaldehyde, which is not the case for the hydrogenation of while it decreases the selectivity of hydrocinnamaldehyde.

cinnamaldehyde as described below. However, these effects ofdire even less marked as compared
It should be noted here that the selectivity of benzyl alcohol Wwith those observed under pressurized,@@nditions. The
is 100% in the presence of high-pressure,@® Ny, in con- conversion and product distribution change significantly with

trast to the results in conventional organic solvents such asincreasing CQ@ pressure (entries-38), in contrast to the case
ethanol, in which toluene and/or benzene are also formed in of benzaldehyde. The conversion increased up to 55% at 10.5
about 160-20% as byproduct®:33 MPa, at which the reaction system changed from a three-phase

Furthermore, the influence of GQressure was also exam- mixture to a two-phase mixture. At higher pressures, smaller
ined under different conditions at which the hydrogenation took conversions were obtained. The selectivity of cinnamyl alcohol
place in a two-phase system, using a certain amount of 5% Pt/Cwas slightly improved in the presence of compresseg Chus,
catalyst of 5.0 mg (including Pt 1.28nol). The CQ pressure the influence of CQ pressure observed in cinnamaldehyde
was varied from 11 to 16 MPa while keeping the benzaldehyde/ hydrogenation is markedly different from that in benzaldehyde
H./CO; ratio unchanged (keeping the mole fraction of these hydrogenation. The reasons for the difference in,@@ssure
species approximately unchanged) to minimize the influence effects between these two substrates will be discussed later.
of change of concentration of the reacting species on the Itis well-known that Pt is not a good catalyst for the selective
reaction. For these experiments, we expected that the resultshydrogenation ofo,S-unsaturated aldehydes to unsaturated
did not include the influence of concentration change but did alcohols under ordinary conditiod$.The selectivity may be
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Figure 2. FTIR spectra of pure gaseous cinnamaldehyde and cinna-

maldehyde dissolved in compressed G4 50 °C. Broken line is a Figure 3. FTIR spectra of gaseous benzaldehyde and benzaldehyde
spectrum in the presence of 4 MPa &hd 8.5 MPa CQ@ dissolved in compressed G@t 50°C. Broken line is a spectrum in
the presence of 4 MPaztand 8.5 MPa C@

improved by alloying with other metal species such as tin. It is
interesting that the selectivity of a Pt/C catalyst for the selec-
tive hydrogenation of cinnamaldehyde to cinnamyl alcohol can
be improved when the reaction occurs under densg CO 17401
conditions.

3.4. Interactions between CQ and Aldehyde Molecules 1730
Measured by High-Pressure FTIR.It is reported that interac-
tions should exist between solutes and ;Q@oleculeg4-27
which would affect the reaction rate and product distribution
in reactions in scC® So, high-pressure FTIR was used to
examine such interactions in our reaction systems with cinna-
maldehyde and benzaldehyde. Figure 2 gives FTIR spectra from
1800 to 1600 cm! for the former substrate dissolved in -
compressed CPat 50 °C. Gaseous cinnamaldehyde was ] ""0—0-.-...—.\.
examined as a reference, and its spectrum shows an absorption 6%
of »(C=0) at 1740 cm™. In compressed CQthe spectra have
strongv(C=0) absorption and weak(C=C) absorption. The
former absorption peak red-shifts to a smaller wavenumber with
increasing CQpressure compared with the gaseous substrate. Figure 4. Influence of CQ pressure on the peak positionsi$€=0)

This pressure effect on(C=0) is larger than that on(C=C). for cinnamaldehyde and benzaldehyde at'60

The results indicate the existence of interactions between

cinnamaldehyde and dense £@olecules, and these interac- CO: pressure. Furthermore, note that these peaks split into four
tions are more significant for the=60 bond than the €C peaks in the presence of cinnamaldehyde at high|@€ssures
bond. Figure 3 gives FTIR spectra for benzaldehyde, showing of 12.5 and 16 MPa, while in the presence of benzaldehyde,
an absorption of(C=0) to red-shift in the presence of dense one of the two peaks located at a larger wavenumber splits into
CO,. The extent of this red-shift is larger with increasing£CO  two peaks. It is suggested that €@olecules can interact with
pressure, but it is much smaller compared with the results of cinnamaldehyde and benzaldehyde molecules, but the modes
cinnamaldehyde, as clearly shown in Figure 4. The presence ofof this interaction should be different between them.

1750 —
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4 MPa H does not change the peak positionnd€C=0) for In a CG, molecule, the carbon atom is partially positive and
both cinnamaldehdye and benzaldehyde, but the peak in thethe oxygen atoms are partially negative. Thus, compressed CO
presence of K is broader than that in the pure gGor is not a nonpolar medium but a polar medium. In the literature,

benzaldehyde. The results obtained from the FTIR measure-a specific interaction of C&molecules with Lewis base groups,
ments are summarized: A stronger interaction exists betweenespecially carbonyl groups, through a-8---O hydrogen bond
CO, and cinnamaldehyde molecules than that between benzal-with the hydrogen atom attached to the carbonyl carbon or at

dehyde and C® molecules; the interaction with <€0 of the a-position has been reporté8lSuch hydrogen bonds for
cinnamaldehyde is larger than that with=C, and this interac-  cinnamaldehyde can occur, while in the case of benzaldehyde
tion is not influenced by kso much. having no hydrogen atom at tlheposition, only one hydrogen

Moreover, the absorption af(C=0) in the CQ molecule bond can form with the hydrogen atom attached to carbonyl
was also examined. Figure 5 gives FTIR spectra obtained in carbon. Possible interaction modes are illustrated in Scheme 1,
the presence and absence of cinnamaldehyde and benzaldehydehich may explain the difference in the splitting ofC=0)
in compressed COThe absorption peak of pure G@ single absorption peaks in the presence of the two substrates (Figure
at 1.5 MPa, but it splits into two peaks at higher pressures, 5). The two G=O bonds of a C@ molecule of configuration
indicating that CQ@ is not a nonpolar molecule in the super- (a) are different from each other, and this may cause the second
critical region, although the net dipole moment of d®zero. splitting in the presence of cinnamaldehyde at high,CO
The difference between these two peaks increases at increasingressures. The two=€0 bonds of a C@molecule of config-
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of cinnamaldehyde has a maximum at a certain, @@ssure
(Tables 1 and 3). The possible effects, both positive and
negative, of CQ pressure on the hydrogenation of aldehydes
16 MPa CO are as follows: (a) dilution of reacting species, (b) modification
" benzaldehzyde of the reactivity of the &0 bond, and (c) change of the specific
activity of catalyst.

16 MPa CO, In the case of benzaldehyde, (b) is insignificant from FTIR
+cinnamaldehye results and (c) is not significant for the present catalyst used
(Table 2). In the experiments of Table 2, the relative quantities
of benzaldehyde, land CQ are approximately the same even
at different CQ pressures. Under these conditions, the influence

16.0 MPa CO, of the concentration (mole fraction) of reacting species on the
conversion of benzaldehyde was insignificant, and we expected
12.5 MPa CO, to consider independently the influence of Ofessure on the
+ benzaldehyde activity of supported Pt particles. On the basis of the results of
Tables 1 and 2, we may say that compressed @@s not have
12.5 MPa CO a positive effect on enhancement of the catalytic activity. Thus,
+cinnama1de121ye (a) is the main reason for the simple decrease in the benzalde-

hyde conversion with COpressure. At high pressures, there

are a C@-rich gas phase, in which all benzaldehyde is soluble,
12.5 MPa CO, and a catalyst solid phase. Increasing the; f@ssure merely
decreases the concentration of the substrate in the gas phase,
resulting in a decrease in the conversion (simple dilution effect).
The situation is not simple at low pressures, because the reaction
may occur in the benzaldehyde liquid phase and in the-CO
rich gas phase. When the G@Qressure is raised, more
benzaldehyde is soluble in the gas phase and morea@OH
are soluble in the liquid phase. The solubility of benzaldehyde
1.5 MPa CO, in the gas phase at low pressures is very small (Figure 1), and
so, the reaction is likely to occur mainly in the liquid phase.
The dilution of benzaldehyde with dissolved €&hd H should
be responsible for the decrease in the conversion with CO

8.5 MPa CO,

=i

—T1 T T T T 1
2100 2200 2300 2400 2500 2600

Wavenumber (cm'1) pressure at low pressures as well.
Figure 5. FTIR spectra of C@at different pressures in the absence Next, we will consider (a) and (b) in the case of cinnamal-
and presence of cinnamaldehyde and benzaldehyde 4€.50 dehyde hydrogenation. The reaction is also likely to occur in
. . . the cinnamaldehyde liquid phase at low £f@essures for the
SCHEME 1. Possible Modes of Interaction of CQ with same reasons as already mentioned for benzaldehyde. When
Cinnamaldehdye (a) or Benzaldehdye (b) the CQ pressure is raised, the concentration efitrithe liquid
0=C=0Q 0=C=0 phase increases because of the dissolution of, @@d in
}“1 “‘ H "l H addition, the GO bond of cinnamaldehyde becomes more
Céc/C/ ¢ reactive through interactions with the @@olecule (red-shift
©/ ©/ increases with C@pressure as illustrated in Figures 2 and 4),
(a) (b) resulting in the enhancement of cinnamaldehyde conversion as

uration (b) are also different, but the one bond may not be so ©Pserved (Table 3). At elevated pressures producing a two-phase
different from the GO bonds of the C@molecules around ~ Mixture, the reaction occurs in a G@as phase, causing the
this CO, molecule interacting with the carbonyl group. So, the decrease in the conversion with g@ressure due to the simple
second splitting should occur for the one peak only with dilution effects.
benzaldehyde. The detail of the configuration of the,CO  The mole fractions of substrates,,tand CQ in the reaction
molecules nearest and second-nearest to a cinnamaldehyde onixture were estimated at different GPressures by a simple
benzaldehyde molecule needs further investigation, in particular, calculation. Moles of pure fHand CQ were calculated by an
theoretical modeling and calculation. The interaction of,CO equation of stateRV = ZnRT, the compressibility facto was
with the carbonyl group of benzaldehdye should be weaker assumed to be unity fordiwhile it was determined as a function
because of steric hindrance from the benzene ring, while suchof pressure for C@*® From the moles of pure components
steric hindrance is not strong in cinnamaldehyde, because itsdetermined, the mole fraction was then calculated under the
carbonyl group is not located directly adjacent to the benzene reaction conditions. The results calculated are plotted against
ring. Nelson et at® suggested that a specific interaction between CO, pressure in Figure 6. The reaction mixture includes liquid
CO; and the carbonyl oxygen could be described as a Lewis and gas phases (in addition to catalyst solid phase) at low
acid—base reaction; when a steric hindrance is present, thepressures, and so, the results are average values within the
interaction of CQ and the carbonyl groups becomes weaker, reactor. At high pressures above 10 MPa, the reaction mixture
resulting in a smaller degree of splitting ofC=0) of CO,, is a single gas phase, and the concentrations of substrates and
which is in agreement with our present results. H, significantly decrease with COpressure. This should be
3.5. Pressure Effects on Hydrogenation of Aldehydes in  responsible for the decrease observed in the conversion of
Dense CQ. As described above, the conversion of benzalde- hydrogenation of cinnamaldehyde and benzaldehyde at elevated
hyde simply decreases with GPressure, while the conversion  pressures.
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on the activation of the €0 bond at low pressures and the
simple dilution at higher pressures. The specific activity of the
Pt/C catalyst is unlikely to be enhanced in the presence of dense
CO..
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