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Abstract: A simple alumina-supported palladium
catalyst prepared by an adsorption method is highly
efficient and recyclable in the solvent-free oxidation
of alcohols with molecular oxygen. The adsorption
method results in high dispersion of palladium prob-
ably as mononuclear or oligonuclear species on alu-
mina surface. These palladium species are trans-
formed to small Pd nanoparticles (ca. 5 nm), which
are probably the true active species, during the
course of alcohol oxidation.
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Selective oxidation of alcohols to the corresponding al-
dehydes or ketones with molecular oxygen has attracted
much attention from the viewpoint of establishing green
chemical processes for the synthesis of carbonyl com-
pounds, which are important and versatile intermediates
for the production of fine chemicals. Many homogene-
ous catalysts, especially palladium, ruthenium and cop-
per complexes or compounds, could efficiently catalyze
the aerobic oxidation of alcohols.'~>! Heterogeneous
catalysts possess obvious advantages in product isola-
tion and catalyst recycling use, and have thus received
growing interest in the past years.*® It has been known
for a long time that alcohols can be oxidized with mo-
lecular oxygen or air to aldehydes or ketones in aqueous
media catalyzed by Pt and Pd metallic catalysts, but the
deactivation of these catalysts is a serious problem.!”)
Recently, many studies have been devoted to the aero-
bic oxidation of alcohols using supported or confined
monomeric or nano-sized Ru- or Pd-based heterogene-
ous catalysts.*"®! Although a lot of progress has been
achieved with these catalysts, the reaction rates (ex-
pressed as turnover frequency, TOF) are still low (gener-
ally lower than 1000 h~').) Moreover, for most of the
catalysts reported so far, the use of a solvent in the reac-
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tion is required, while it is highly desirable to develop a
process without a solvent from the viewpoint of green
chemistry. Reports on catalysts for the solvent-free
aerobic oxidation of alcohols are very scarce and the ap-
plicability of the substrates for the reported catalysts is
limited.!""'>"]

Recently, we found that an Al,O;-supported palladium
catalyst prepared by an adsorption method (Pd/ALO;-
ads) was very effective for the solvent-free oxidation
of alcohols with molecular oxygen. Pd/Al,O; is a simple
catalyst and is generally prepared by conventional wet
impregnation. A few studies have mentioned the use
of Pd/Al,O; for the oxidation or dehydrogenation of al-
cohols, 1817 byt Pd/ALO, prepared by the impregna-
tion (Pd/Al,Os-imp) exhibits lower activities in the aero-
bic oxidation of alcohols as compared with Pd/hydrox-
yapatite or Pd/MgO.!""'! In this communication, we re-
port the superior catalytic performances of the Pd/Al,
O;-ads catalyst prepared by the adsorption method for
the solvent-free oxidation of alcohols with molecular
oxygen. The results we present herein offer a strategy
for the preparation of simple and efficient heterogene-
ous Pd catalysts for the solvent-free aerobic oxidation
of alcohols.

Table 1 shows the catalytic performances of the Pd/
Al,0O5-ads and the Pd/Al,O5-imp catalysts with a Pd con-
tent of 0.32 wt % for the solvent-free oxidation of benzyl
alcohol by O,. Both catalysts could catalyze the solvent-
free selective oxidation of benzyl alcohol to benzalde-
hyde with selectivities higher than 90%. However, the
Pd/Al,Oz-ads exhibited significantly higher activity
than the Pd/Al,O;-imp. At a lower temperature
(88°C), a longer reaction time was required for obtain-
ing higher conversions. Benzyl alcohol conversion was
97% for an 8 h reaction with benzaldehyde selectivity
of 96% over the Pd/AlLO;-ads, giving a TOF of
1952 h~'. At 100°C, a 4 h reaction could provide a ben-
zyl alcohol conversion of 82% with benzaldehyde selec-
tivity of 97%, showing a TOF of 3300 h ! over the same
catalyst. These TOF values are remarkably higher than
those reported for many other catalysts for the oxidation
of benzyl alcohol such as Ru/AL,O; (40 h™1), 0.3% Pd/
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Table 1. Comparison of catalytic properties of the Pd/Al,Os-ads and Pd/Al,Os-imp with a Pd content of 0.32 wt% for the sol-

vent-free oxidation of benzyl alcohol with O,.[

Catalyst T[°C] Time [h] Conversion [%] PhCHO selectivity [%]™® TOF [h~1]
Pd/AL,O;-ads 88 8 97 96 1952

100 4 83 97 3300
Pd/AL,O;-imp 88 8 8 96 161

100 4 60 90 2415

[] The reactions were carried out under the following conditions: Pd amount in each catalyst, 3 umol; benzyl alcohol,

48.5 mmol; O, flow rate, 3 mL min .

] The by-product was toluene.

[l TOF was evaluated from the moles of the substrate converted per mole of Pd in the catalyst per hour.

Table 2. Effect of Pd content on catalytic properties of the Pd/Al,0Os-ads for the solvent-free oxidation of benzyl alcohol with

0,1

Pd content [wt %] Conversion [%] PhCHO selectivity [% ] TOF [h~ ']t
0 0 - -

0.084 62 96 1247

0.19 90 96 1811

0.32 97 96 1952

1.03 89 95 1791

1.68 64 95 1288

[l The reactions were carried out under the following conditions: Pd amount in each catalyst, 3 umol; benzyl alcohol,
48.5 mmol; O, flow rate, 3 mL min'; temperature, 88 °C; time, 8 h.

] The by-product was toluene.

[l TOF was evaluated from the moles of the substrate converted per mole of Pd in the catalyst per hour.

hydroxyapatite (500 h~'), 10% RuO,/FAU zeolite
(8.5h™ ") and Co-promoted Ru-hydroxyapatite (78 h™")
working with PhCF; or PhCHj; solvent.”’ They were
also higher than that observed for a commercial 0.5
wt % Pd/AlLO; (1585 h™') working with supercritical
CO,."7 Only the 0.3 wt % Pd/hydroxyapatite showed a
higher TOF (9800 h™') at a relatively higher tempera-
ture (160 °C) for the oxidation of 1-phenylethanol but
not benzyl alcohol.""! On the other hand, as shown in Ta-
ble 1, the corresponding Pd/Al,Os-imp only provided a
very low conversion of benzyl alcohol (8%) at 88°C.
The increase in temperature remarkably increased the
conversion and TOF over the Pd/Al,Os-imp, but they
were still significantly lower than those over the Pd/
Al,O5-ads. Moreover, a significant amount of toluene
(selectivity 10%) was formed as a by-product over the
Pd/AlL,O;-imp at 100°C. It is thus clear that the adsorp-
tion method results in a particularly active and selective
palladium catalyst for the solvent-free oxidation of ben-
zyl alcohol by O,.

Palladium content in the Pd/Al,Os-ads can be regulat-
ed by the concentration of PACl,*~ in the aqueous solu-
tion for adsorption. A typical Langmuir-type curve has
been obtained for the Pd content versus PACl,>~ concen-
tration, and the saturated adsorption amount is ca. 1.7
wt % of Pd on Al,O; (see Supporting Information, Fig-
ure S1). The Pd/Al,O;-ads samples with different Pd
contents have been examined in detail for the selective
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oxidation of benzyl alcohol by O,, and the results ob-
tained at 88 °C for 8 h are shown in Table 2. Benzyl alco-
hol conversion and TOF increased with Pd content and
reached a maximum at a Pd content of 0.32 wt %. Fur-
ther increases in Pd content decreased the conversion
and TOF. It is reasonable to speculate that a higher Pd
content may lead to the aggregation of Pd species to
form PdO particles after the calcination (500 °C used
in this work). Thus, mononuclear or oligonuclear Pd spe-
cies on the surface of Al,O;may account for the high cat-
alytic performances of the sample with an appropriate
Pd content. The relatively lower TOF at a much lower
Pd content (<0.19 wt %) probably suggests that the
strong interaction existing between the mononuclear
Pd species and Al,O; might cause the decrease in cata-
lytic performance.

Significant differences have been observed in diffuse
reflectance UV-Vis spectra between the Pd/Al,O;-ads
and the Pd/Al,Os-imp. As shown in Figure 1, two ab-
sorption bands at 237 and 415 nm were observed for
the 0.32 wt % Pd/Al,O5-imp, and these two bands could
be attributed to the dm—pz charge transfer transition be-
tween Pd and O and the d—d transition of small PdO
particles, respectively.””) However, for the 0.32 wt %
Pd/Al,0;-ads, the band at 415 nm became almost unob-
servable. Instead, an additional band at ca. 330 nm ap-
peared. Further investigations on the change of the
UV-Vis spectra with Pd content for the Pd/Al,O5-ads re-
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Figure 1. Diffuse reflectance UV-Vis spectra of Pd/Al,Os-imp
(dotted line) and Pd/Al,O5-ads (solid line) with a Pd content
of 0.32 wt %.
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Figure 2. Time courses for the solvent-free oxidation of ben-
zyl alcohol over the 0.32 wt % Pd/Al,Os-ads catalyst. (a)
Benzaldehyde yield at 88°C, (b) O, consumption at 88°C,
(c) benzaldehyde yield at 100°C. Other reaction conditions
were the same with those in Table 1.

vealed that, with an increase in Pd content from 0.19
wt % to 0.32 wt %, the intensity of the band at 330 nm
increased significantly, but a further increase in Pd con-
tent >0.32 wt % weakened this band, and caused the ap-
pearance of the band at ca. 415 nm ascribed to PdO par-
ticles. Thus, the band at 330 nm corresponds well to the
highest activity observed for the Pd/Al,O;-ads catalyst
with a Pd content of 0.32 wt %. We speculate that this
band may arise from the highly dispersed Pd(II) species,
i.e., mononuclear or oligonuclear palladium species on
the surface of AlL,Os;.

The 0.32 wt % Pd/Al,Os-ads catalyst, which can pro-
vide the best performances for the solvent-free oxida-
tion of benzyl alcohol has been investigated in detail.
Figure 2 shows the time courses for benzyl alcohol oxi-
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dation at 88 and 100°C. At 88°C, the yield of benzalde-
hyde increased only moderately with time in the initial
6 h, but a big jump of yield from 29% to 93% was ob-
served in the next 2 h. A similar tendency was observed
for the change of O, consumption with reaction time
(Figure 2, curve b). The final molar ratio of O, consump-
tion to benzaldehyde produced was ca. 1:2, suggesting
the stoichiometric reaction between benzyl alcohol
and molecular oxygen yielding benzaldehyde and water.
These results indicate that there exists a relatively long
induction period (ca. 6 h) for the reaction at 88°C.
Such a long induction period was not observed for the
reaction at 100°C, and the steady-state activity could
be achieved at a short reaction time (Figure 2, curve
c). A very short induction period (ca. 10 min) was once
reported for the oxidation of 1-phenylethanol in trifluoro-
toluene (solvent) catalyzed by a Pd-grafted hydroxy-
apatite.'"™ The transformation of monomeric Pd(II)
species grafted on the hydroxyapatite to Pd nanoparti-
cles (ca. 4 nm), which were proposed to be the true ac-
tive species, was observed during the induction peri-
od."" To clarify what happened in the induction period
in our case, we have carried out TEM observations for
the 0.32 wt % Pd/AlL,O;-ads catalyst before and after
an 8 h reaction at 88 °C. Before reaction, no PdO or Pd
particles could be discerned in the TEM images, con-
firming the high dispersion of Pd species on the surface
of Al,O; as suggested by the diffuse reflectance UV-Vis
result. However, as shown in Figure 3, Pd nanoparticles
with sizes of ca. 5 nm became observable after the reac-
tion. We thus speculate that these Pd nanoparticles may
be the true catalytically active species for the solvent-
free oxidation of alcohols with molecular oxygen. It is
noteworthy that, for the 0.32 wt % Pd/Al,O;-imp cata-
lyst, which is less active for the selective oxidation of
benzyl alcohol, much larger Pd particles (ca. 20 nm)
have been observed after an 8 h reaction under the
same conditions (see Supporting Information, Figure
S2).

It has been confirmed that no leaching of Pd from the
0.32 wt % Pd/Al,O5-ads occurs during the aerobic oxi-
dation of benzyl alcohol. The palladium content in the
solid sample collected by filtration and drying after the
reaction at 100 °Cfor 4 h was the same as that in the fresh
sample. The recycling use of this sample was carried out
at 100°C. As shown in Figure 4, benzyl alcohol conver-
sion, benzaldehyde selectivity and TOF were essentially
constant within experimental error, indicating that the
Pd/Al,O;-ads could be used repeatedly. Moreover, un-
der the same reaction conditions, the liquid H,PdCl,
only showed a very low conversion of benzyl alcohol
(8%).

The Pd/Al,O5-ads has been confirmed to be effective
in the solvent-free oxidation of various alcohols by O, as
shown in Table 3. The selectivity to the corresponding
carbonyl compounds was very high for all the alcohols
investigated. The reactivities for benzylic alcohols are
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Figure 3. TEM image for the 0.32 wt % Pd/Al,Os-ads after
the reaction under the conditions in Table 1 (88°C for 8 h).

higher than those for aliphatic ones, and those for cyclic
aliphatic alcohols are better than those for linear ali-
phatic ones. To the best of our knowledge, this is the first
report to address the solvent-free aerobic oxidation of
various alcohols. The result that the addition of a radical
scavenger, e.g., butylhydroxytoluene or hydroquinone
has not significantly influenced the conversion and se-
lectivity suggests that the radical path is not involved
in the reaction.

In conclusion, we have found that the Pd/Al,O; cata-
lyst (Pd, 0.32 wt %) prepared by the adsorption method
is highly efficient in the solvent-free selective oxidation
of various alcohols. The catalyst can be used in recycles.
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Figure 4. Recycling of the 0.32 wt % Pd/Al,O;-ads catalyst
for the solvent-free aerobic oxidation of benzyl alcohol. (a)
Benzyl alcohol conversion, (b) benzaldehyde selectivity, (c)
TOF. Reaction conditions: catalyst, 0.1 g (Pd 3 pmol), benzyl
alcohol, 48.5 mmol; O, flow rate, 3 mL min !, temperature,
100°C, reaction time, 4 h.

The adsorption method probably results in mononu-
clear or oligonuclear Pd species stabilized on Al,O; sur-
face after calcination. These highly dispersed Pd species
are transformed into small Pd nanoparticles (ca. 5 nm),
which are probably the true catalytically active species,
during the course of the alcohol oxidation.

Experimental Section

The Pd/AlO;-ads catalysts were prepared by the following
procedures. The y-Al,O; support with a specific surface area
of 248 m? g~! was firstly prepared by the precipitation of

Table 3. Catalytic properties of the 0.32 wt % Pd/Al,Os-ads for the solvent-free oxidation of various alcohols with O,.[!

Entry Alcohols Time [h] Conversion [% ] Selectivity for carbonyl compound [% ]
1l /OAOH 4 91 >99
OH
2 O/\ 24 16 >99
cl
OH
3 O/ 16 36 >99
OH
4 O/ 48 99 >99
OH
5 ~ o~ 48 80 >99
6 NS~ OH 48 66 >99

[4] The reactions were carried out under the following conditions: Pd amount, 3 umol; alcohols, 10 mmol; O, flow rate, 3 mL

min~'; temperature, 150°C.
(*] Temperature, 100°C.
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AI(NO;); with NH;-H,O at pH 9, followed by recovery of the
solid powder with filtration, washing, drying at 120°C and cal-
cination at 500°C. The v-Al,O; was added into an
H,PdCl, aqueous solution with the pH adjusted to 1.2 by 2 M
HCI, and the mixture was stirred for 0.5 h at room temperature.
Since the point of zero charge for y-Al,O; was ca. 8.0, the sur-
face would be transferred to =A1-OH,*,?! and the adsorption
of PdCl,>~ would occur on the surface. It was confirmed that
the pH of the aqueous solution was an important factor in de-
termining the adsorption. Almost no adsorption took place by
adjusting the pH of the aqueous solution above 5. After the ad-
sorption, the powdery solid was separated by filtration and
washed with a large amount of water until no Cl~ remained
in the filtrate, followed by drying at 120 °C and calcination in
air at 500°C for 6 h. The Pd/Al,O;-imp was prepared by the
conventional wet impregnation method. The y-Al,O; was add-
ed into a PdCl, aqueous solution without pH adjustment and
the mixture was evaporated to dryness at 60 °C. The resultant
powdery solid was further dried at 120°C and finally calcined
inair at 500 °Cfor 6 h. The content of palladium in each catalyst
was determined by ICP analysis. The UV-Vis spectroscopy and
TEM were used for catalyst characterizations, and were per-
formed with a Varian-Cary 5000 spectrometer and an FEI Tec-
nai 30 electron microscope, respectively.

The catalytic oxidation of alcohols was carried out with the
following procedures. A certain amount of catalyst was added
into the alcohol, and the mixture was then heated to the reac-
tion temperature with vigorous stirring. Then an O, gas flow
was bubbled into the mixture to start the reaction. After the re-
action, the solid catalyst was filtered off and the liquid products
were analyzed by GC after the addition of an internal standard.
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