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(Abstract)

Solvent effects were investigated for selective hydrogenation of acetophenone (AP) with
commercial 5% Pd/Al>O3 and 5% Pd/C catalysts using polar and nonpolar solvents. The rate
of AP hydrogenation varied with the solvents used in different manners depending on the
catalysts used. The highest AP conversion was achieved with water for the two catalysts and
the AP conversion was correlated to hydrogen-bond-acceptance (HBA) capability (5) for
Pd/Al,O3 while hydrogen-bond-donation (HBD) capability («) for Pd/C. These trends were
the same as the corresponding solvent effects obtained previously with Rh/Al>Oz and Rh/C
catalysts, respectively (Green Chem. 2015, 17, 1877-1883). The influence of solvents on the
rate of AP hydrogenation depends on the support materials but not on the metal species.
Furthermore, the AP hydrogenation was conducted with the four supported noble metal
catalysts in different solvents pressurized by CO2 (CO»-dissolved expanded solvents). The
influence of CO> pressurization on the rate of reaction, the product selectivity, and the catalyst
life was investigated to know whether or not CO2 molecules could function as a reaction
promoter in the heterogeneous AP hydrogenation reactions with supported Pd and Rh

catalysts in different solvents.
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Introduction

Solvent effects are an important issue in choosing a suitable solvent for organic synthetic
reactions using either homogeneous molecular catalysts or heterogeneous solid catalysts.!
The physicochemical properties of solvents would have an impact on reaction rate, product
selectivity, and/or catalyst stability depending on the type/nature of reactions and reaction
conditions used. The selection of suitable solvents is also important in post-reaction processes
such as separation and purification of desired products. Although supported metal catalysts
are used for liquid-phase reactions,? solvent effects have not sufficiently been investigated so
far. The present authors recently investigated the solvent effects in a model reaction of
selective hydrogenation of acetophenone with conventional C- and AlOz-supported Rh
catalysts.> Some previous workers studied the solvent effects in the same hydrogenation
using a few different organic solvents.* In our previous work, 13 different kinds of protic,
aprotic, and nonpolar liquids were used, in which water was also included because it was
reported to act as a reaction promoter/controller in organic synthetic reactions.®> Important
results obtained in the previous work * are: (1) the rate of hydrogenation of acetophenone is
largest in water with either C- or Al.Os-supported Rh catalyst; (2) the rate of hydrogenation
is larger for a solvent having a larger hydrogen-bond-donation (HBD) capability () *© for
the former catalyst but for a solvent having a smaller hydrogen-bond-acceptance (HBA)
capability () 1© for the latter one. In other words, interactions between the solvents and the
supports (not Rh metal) are significant in determining the rate of hydrogenation and larger «
and smaller £ values of water are responsible for the largest rate of hydrogenation observed
with both Rh catalysts. It is also important to note that water is useful for the heterogeneous
hydrogenation of acetophenone with supported Rh catalysts in accordance with the result of
Shirai et al. using Pd/C.*" It is interesting and significant to examine whether the same

correlations could be obtained or not and whether water would also be most effective or not



with other supported metal catalysts.

The properties of a solvent is changed when it is pressurized by CO> and a certain
amount of CO2 molecules is dissolved. This will cause an increase in the solvent volume and
the resulting solvent is referred to as CO,-dissolved expanded liquid.>” The dissolved CO;
molecules may act as a reaction promoter/controller via interactions with substrates,
intermediates, and/or solid catalysts in CO-dissolved liquid phases.? One of CO2-promoted
reactions is selective hydrogenation of nitrobenzene to aniline with a Ni/Al,O3 catalyst.® In
the liquid reaction mixture, CO> interacts with nitro group of the substrate and retards the
first step of nitrobenzene to nitrosobenzene while the subsequent steps are promoted. The
dissolution of CO- changes the nature of the liquid phase, which assists the dissolution of a
gaseous reactant of H.. These effects of CO2 can result in the perfect selective of
hydrogenation of nitrobenzene to the desired product of aniline under CO2 pressurization
conditions. The occurrence of CO2 promotional effects should depend on the nature of
reactions and reaction conditions used, including the nature of solvents. For selective
hydrogenation of 3-nitrostyrene with a Pt/TiO, catalyst, CO. pressurization (10 MPa)
changed the product selectivity for the reaction in toluene but not in ethanol.*°

Those results indicate that further works are required to investigate the solvent
effects for synthetic reactions with heterogeneous catalysts under conventional and CO;
pressurization conditions. Thus, the present work has been undertaken to study the influence
of solvents in the same model reaction of acetophenone hydrogenation (Scheme 1) with
different metal catalysts of Pd on the same supports of C and Al>Os as used for Rh in the
previous work. 3 In addition, the effects of CO, pressurization on the same hydrogenation in
different solvents with supported Pd and Rh catalysts have been examined. The influence of
solvents on the rate of hydrogenation have been observed to depend on the support materials

(C, Al;03) but not on the metal species (Rh, Pd). It has also been observed that the



effectiveness of CO> pressurization on the rate of hydrogenation and the durability of catalyst
is different depending on the catalysts and solvents. Possible factors responsible for the

effects of solvents and CO> pressurization observed have been discussed.
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Scheme 1. Hydrogenation of acetophenone (AP). PhE: 1-phenylethanol, ACH:
acetylcyclohexane, EB: ethylbenzene, CHE: 1-cyclohexylethanol

Results and discussion

Hydrogenation with supported Pd catalysts in water and organic solvents

The authors recently investigated the influence of solvents in selective hydrogenation of
acetophenone (AP) with Rh/C and Rh/Al,O3 catalysts using 13 different solvents.®> The
solvent effects have further been examined with different supported metal catalysts of
Pd/Al203 and Pd/C using selected solvents in the present work. Table 1 presents the degree
of metal dispersion measured by CO chemisorption and transmission electron microscopy
for these catalysts used. Fig. 1 shows the total conversion of AP obtained in different solvents
and the highest conversion was obtained in H>O for the two catalysts in common. In addition,
the conversion was larger in the order of H>O > apolar > aprotic > protic solvent for Pd/Al,O3
and of H2O > protic > aprotic > apolar solvent for Pd/C. The largest AP conversion was

observed in water, in accordance with the result of Shirai et al. using Pd/C.4"



Table 1 Al>O3 and C supported metal catalysts used in this work

Catalyst Metal dispersion® Metal particle size®
(%) (nm)
5% Pd/Al>O3 44 36
5% Pd/C 34 _c
5% Rh/Al>O3 38 34
5% Rh/C 73 _c

& CO chemisorption. CO/Pd = 1/2, CO/Rh = 1/1. > TEM. ¢ Not measured.

Solvent
Solvent

60 0 20 40 60
Conversion (%) Conversion (%)

Fig. 1. Results of AP hydrogenation obtained with (a) Pd/Al.O3z and (b) Pd/C in different
solvents. 1: water, 2: methanol, 3: ethanol, 4: diethyl ether, 5. n-hexane. Reaction
conditions: AP 2 cm?, solvent 5 cm?, catalyst 20 mg (Pd/Al.03), 10 mg (Pd/C), reaction
temperature 353 K, time 60 min, H2 4 MPa.

The impact of different solvents on the heterogeneous AP hydrogenation was
examined using the Kamlet-Taft solvatochromic parameters « and S, measuring empirically
the solvent's HBD acidity and HBA basicity, respectively. Fig. 2 presents the plots of AP
conversion against  and « values for Pd/Al.O3 and Pd/C, respectively. These relationships

are the same trends as observed for the same reactions with corresponding Rh/Al>Oz and
6



Rh/C catalysts.® That is, the influence of solvents in heterogeneous AP hydrogenation does
not depend on the metal species (Pd, Rh) but on the support materials (C, Al.Oz) under the
conditions used. It is assumed that the interactions between the substrate and solvent
molecules are important for Pd/C and Rh/C catalysts. The solvent molecule interacts with the
carbonyl group of AP and modifies its reactivity. This modification is more significant for a
solvent having a larger « value. The interactions between the substrate and solvent molecules
were confirmed by FTIR spectroscopy measurements.® For Pd/Al,Oz and Rh/AlOs catalysts,
in contrast, the interactions between the solvent molecules and the Al>O3 support should be
important. A solvent having a larger £ value is more likely to interact with surface hydroxyl

groups of the support and so the access of the substrate to the catalyst surface should be

hindered.®
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Fig. 2. Plots of the conversion values obtained with Pd/Al>O3 (a) and Pd/C (b) against the
and « values of solvents used, respectively. 1: water, 2: methanol, 3: ethanol, 4: diethyl ether,
5: n-hexane. Reaction conditions: AP 2 cm?, solvent 5 cm?, temperature 353 K, H, 4 MPa,
(a) catalyst 20 mg, time 60 min, (b) catalyst 10 mg, time 240 min.

In AP hydrogenation with either Pd/C or Pd/Al.Os catalyst, PhE was the main

product in a selectivity > 95% at conversion levels of < 90%. The ring hydrogenation



reactions of AP to ACH and of a product of PhE to CHE were difficult to occur under the
conditions used. That is, the product selectivity did not depend on the support materials used
for the Pd catalysts, and the nature of catalytic Pd species should be important in determining
the product selectivity. This is different from the previous results with Rh/AlO3 and Rh/C
catalysts. In the previous AP hydrogenation with supported Rh catalysts, PhE was also the
main product in a selectivity of 70 - 80% for Rh/Al.Oz and of 60 - 70% for Rh/C depending
on solvents used and the byproduct was ACH for the former catalyst but EB for the latter.®
The parallel reactions from AP to PhE and ACH occurred for the former and the successive
reactions from AP through PhE to EB for the latter (Scheme 1). This may be due to a
difference in the surface properties between the two supports; PhE may be adsorbed on Al,O3
through interactions with the surface hydroxyl group of the support, which suppresses its
further hydrogenation/dehydration to EB. In contrast, such a significant adsorption of PhE

does not occur on the surface of C and so it can be further hydrogenated to EB.

Hydrogenation with supported Pd and Rh catalysts in CO>-dissolved expanded
liquids

Next, the selective hydrogenation of AP has been studied in different solvents pressurized by
CO2 using supported Pd and Rh catalysts to examine the influence of CO> pressurization on
reaction rate, product selectivity, and catalyst life. It was found that the product selectivity
was little affected by CO> pressurization and so the effects of CO2 on AP conversion and
catalyst life will be described in the following. Fig. 3 compares the AP conversion values
obtained in different solvents in the absence and presence of CO> (1 MPa). For Pd catalysts
(Fig. 3a, b), the pressurization of CO: increased the conversion except for the case of Pd/C
in diethyl ether, for which comparable conversion values were obtained in the absence and

presence of CO,. The relative extent of enhancement in the conversion was not so large,
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being < 2.0, for most solvents but it was 5 for methanol with Pd/Al,Os. For Rh catalysts (Fig.

3c, d), in contrast, pressurized CO2 had no or negative impact on the AP conversion.
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Fig. 3. Results of AP hydrogenation obtained with (a) Pd/Al2Os3, (b) Pd/C, (c) Rh/Al>O3, and
(d) Rh/C in different solvents in the absence (gray) and presence (black) of dense phase COa.
1: water, 2: methanol, 3: ethanol, 4: diethyl ether, 5: n-hexane. Figures given indicate the
relative extent of enhancement in the conversion by the presence of CO.. Reaction
conditions: AP 2 cm?®, solvent 5 cm?, temperature 353 K, CO2 1 MPa, (a, b) catalyst 20 mg
(@), 10 mg (b), H2 4 MPa, time 60 min, (c, d) catalyst 20 mg (c), 10 mg (d), H2 2 MPa, time
120 min (c), 30 min (d).

When the liquid reaction mixture is pressurized by CO2, CO: is dissolved and this
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may assist the dissolution of a gaseous reactant of H in the liquid phase. The extent of
promotion of H> dissolution may depend on the solvents but it may be not so significant in
the present case because CO> pressure used was only 1 MPa. Then other factors should be
considered for explaining the effects of CO> pressurization observed (Fig. 3). An important
factor is interaction between the CO> and solvent molecules. Shirai et al. pointed out the
importance of H* species in AP hydrogenation with a Pd/C catalyst, which was formed by
the dissolution of CO- into water and acted to accelerate the reaction.*" Here, three solvents,
water, methanol, and ethanol are compared, which react with CO2 forming carbonic acid and
carbonic acid monoalkyl esters. Table 2 shows that the solubility of CO. is methanol >
ethanol > water and the pKj values of corresponding acid and carbonates are not so different.
The amount of H* species is thus expected to be the largest for methanol, which may explain
the largest promotional effect of CO2 on the AP hydrogenation in methanol for Pd/Al,Oz and
Pd/C catalysts (Fig. 3a, b). Another important factor is molecular interaction of CO> with the
carbonyl group of AP. As demonstrated in several reactions, CO2 molecules interact with
polar functional groups of organic substrates and modify their reactivity.® Such interactions
between CO2 and AP molecules in different solvents were examined by FTIR - ATR
spectroscopy.’® FTIR spectra of AP in different solvents in the absence and presence of 1
MPa CO: collected are given in Fig. S1 of Supporting Information. The wavenumber of
absorption band assignable to the carbonyl group of AP in each solvent was not found to
change on the pressurization with CO2 and so its reactivity was not affected by the presence
of COz in the solvents examined. The interactions of CO, with the substrate is therefore
insignificant for the present AP hydrogenation. The HBA and HBD capacities of CO, are less
significant according to its « value and Bmeop (one of Lewis basicity parameters) value,

which are comparable to those of n-hexane.*?
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Table 2. Comparison of the solubility of CO> in water, methanol, and ethanol and
the pKa values of carbonic acid and its corresponding monoalkyl esters.

Entry Solvent be Carbonate pKa®
1 H20 0.828 H2COs 4.36 £ 0.41
2 CH;OH 3.837 CH3CO.0H 4.02 £0.41
3 C2HsOH 2.706 C2HsCO.0H 4.15+0.41

a. Ostwald solubility coefficient of CO; at 298 K**2,
b. Predicted pK, value of carbonate at 298 K **°,

For the reactions with Rh/C catalyst (Fig. 3d), the conversion of AP was little affected
by the CO. pressurization. The above-mentioned positive effect of CO; via the formation of
H™ species in the liquid phase can also be expected and so there should be some negative
effects. A possible negative effect is the dilution of reacting species (substrate, H», catalyst)
in the liquid phase by the dissolution of CO>. Another one is the formation and adsorption of
CO from CO> and H> on the surface of Rh/C catalyst. No catalyst deactivation was observed
to occur with the Rh/C catalyst as described later and so the surface of supported Rh particles
would be partially poisoned by CO molecules. There are two different adsorption sites for
CO on the surface of Rh/Al,Oz sample as confirmed by in situ high-pressure FTIR
spectroscopy, on which linear and hydride types of CO can be adsorbed.*® It may be assumed
that there exist different CO adsorption sites on the surface of the Rh/C sample as well and a
certain type of CO adsorption sites become inactive for the AP hydrogenation in the presence
of CO.. Those positive and negative effects should result in no/little impact of CO>
pressurization as observed with Rh/C catalyst (Fig. 3d). The effect of CO. with Rh/Al,O3

catalyst will be discussed in the following, for which severe catalyst deactivation was
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observed to occur, in contrast to the other three catalysts.

In some hydrogenation reactions using supported metal catalysts in the presence of
dense phase COg, the catalysts lose their activity due to the formation and adsorption of CO
from H, and CO; over the surface of supported metal particles.'* The possibility of such a
catalyst deactivation has been examined for the present heterogeneous AP hydrogenation.
Fig. 4 shows the time - conversion profiles of hydrogenation reactions with Pd and Rh
catalysts in different solvents pressurized by CO at 1 MPa. For the reactions with Rh/Al>O3
(Fig. 4c), the conversion did not increase after 50 min and so the catalyst became deactivated
during the reactions irrespective of the solvents used. In contrast, such a catalyst deactivation
was not observed with Pd/Al>O3, Pd/C, and Rh/C catalysts (Fig. 4a, b, d). Previously, the
authors studied the adsorption of CO on the surface of Al,Oz-supported Pd and Rh particles
in the absence and presence of H and/or water vapor by in situ FTIR measurements.*® It was
observed that CO was adsorbed on Pd in bridge-type species while on Rh in linear and
hydride species on low-coordinated (unsaturated, rough surface) and high-coordinated
(saturated, smooth surface) Rh sites, respectively. When water vapor was present, bridge-
type CO species adsorbed on low-coordinated Pd sites and linear-type CO species adsorbed
on low-coordinated Rh sites were replaced by water molecules. It is suggested from the
results of the previous FTIR and the present AP hydrogenation that the high-coordinated
metal sites (on supported Pd and Rh particles) should be catalytically active for the
hydrogenation of AP and the hydride-type CO species formed from Hz and CO2 on Rh/Al,O3
should cause its deactivation. In contrast to Rh/Al,O3, Rh/C did not become deactivated (Fig.
4b), probably due to its higher metal dispersion (Table 1); the hydride-type CO species were
difficult to form and it was unlikely to lose its activity by the adsorption of water molecules
on low-coordinated Rh sites. On the other hand, no hydride-type CO species were formed on

supported Pd catalysts and so no catalyst deactivation occurred.
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In the above discussion, the interactions of CO» with the surface of supported noble
metal particles via CO forming from CO; and H, as evidenced by in situ high-pressure FTIR
measurements, are considered.'® 4 In addition, the surface of support materials (Al20s, C in
the present work) might be modified by CO,, CO, and/or other species that are formed from

CO2 and Hz. This possibility may be worth examining by FTIR spectroscopy and other

techniques in the future.
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Fig. 4. Time - conversion profiles of AP hydrogenation with (a) Pd/Al.Oz, (b) Pd/C, (c)

Rh/Al203, and (d) Rh/C in different solvents given in the presence of CO». 1. water, 2:
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methanol, 5: n-hexane. Reaction conditions: AP 2 cm?, solvent 5 cm?, temperature 353 K,
CO2 1 MPa, (a, b) catalyst 20 mg (a), 10 mg (b), H2 4 MPa, (c, d) catalyst 20 mg (c), 10 mg
(d), H2 2 MPa.

It is interesting to note that water is useful in the AP hydrogenation. The conversion
of AP with Al>O3 and C supported Pd catalysts is the highest in water compared to the other
organic solvents examined and it is enhanced by CO2 pressurization with no catalyst
deactivation. Water is a better solvent for the AP hydrogenation with Rh/C catalyst in the
absence and presence of COg, in which the effect of CO> pressurization is less significant.
Unfortunately, severe catalyst deactivation occurs in the AP hydrogenation with Rh/Al203

catalyst in water as well as in the other organic solvents.

Conclusions

The solvent effects on the conversion of heterogeneous acetophenone (AP) hydrogenation
with Pd/Al>Os and Pd/C may be correlated to hydrogen-bond-acceptance (HBA) capability
(p) for Pd/Al>O3 while hydrogen-bond-donation (HBD) capability () for Pd/C. The highest
AP conversion can be achieved when using water as solvent for the two catalysts in common.
These results are the same as obtained previously with Rh/Al>.Oz and Rh/C catalysts; that is,
the influence of solvents depends on the support materials (Al.O3, C) but not on the metal
species (Pd, Rh). The pressurization with CO. (1 MPa) improves the conversion of AP
hydrogenation with Pd/Al>Qs, in particular, in methanol, due to the action of H* species
formed. There are no interactions between CO. and AP molecules modifying the reactivity
of its carbonyl group. No significant promotional effects of CO, appear for the reactions with
Pd/C and Rh/C catalysts, probably due to offset of positive (H) and negative (dilution, CO
formation) effects. Serious catalyst deactivation occurs with Rh/Al>O3 catalyst via poisoning

with CO formed from CO and H.. The nature of supported metal catalysts is significant for
14



the occurrence of positive and negative effects of CO> pressurization in the liquid phase AP

hydrogenation.

Experimental
Four supported metal catalysts of 5 wt% Rh/C and 5 wt% Rh/AI;O3 (Aldrich) and 5 wt%
Pd/C and 5 wt% Pd/Al>0O3 (Wako) were used. Water and a few organic solvents (Wako) were
used as received for reaction runs. The hydrogenation of AP (Wako) was carried out in a 50
cm?® stainless steel autoclave.®> The reactor was flushed with Hz (99.99%) three times to
remove the air and heated up to 353 K and then Hz was introduced to the desired pressure (2
MPa for Rh catalysts, 4 MPa for Pd ones). For reaction runs in the CO.-dissolved solvents,
CO2 (99.99%) was then introduced to 1 MPa. The reaction runs were conducted while stirring
the reaction mixture with a magnetic stirrer. At the end of reaction, the autoclave was cooled
to room temperature and slowly depressurized. The composition of reaction mixture was
analyzed by a gas chromatograph (GL Science GC-4000) using a flame ionization detector.
Decane was used as an internal standard for the analysis.

In situ FTIR measurements were made in attenuated total reflection (ATR) mode for
AP dissolved in solvents in the absence and presence of 1 MPa CO; using a JASCO FTIR-
620 spectrometer with a triglycine sulfate detector at a wavenumber resolution of 2 cm™.2%:
3 A liquid mixture of AP and a solvent with a volume ratio of 2:5 was loaded into a home-
designed ATR cell of 1.18 cm? attached with a ZnSe rod. The cell was purged with N2 three
times while stirring and then the FTIR spectra were collected at ambient temperature.

The size of supported metal particles was measured by CO pulse chemisorption
(BEL Japan BEL-METAL) at 323 K using a pulse of 1% CO in He.'® Prior to the
measurement, the sample was reduced in a stream of 100% H> at 373 K for 30 min and heated

up to 383 K in He for 10 min to remove hydrogen species adsorbed on the surface. The metal
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dispersion was calculated using a stoichiometry of either CO/Rh = 1/1 or CO/Pd = 1/2.

Selected samples were also examined by transmission electron microscopy (TEM, JEOL

JEM-2000ES).*® The sample was ground in a mortar and dispersed in ethanol; a few drops

of the suspension were put on a carbon-coated collodion film on a TEM grid and dried under

ambient conditions.
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