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Au(OAc)s is applied as an effective catalyst of the selective oxidation of dibenzylamine to dibenzylimine
using molecular oxygen as the only oxidant. When Au(OAc); was preadsorbed onto CeO,, the supported
catalyst was more active than any homogeneous or heterogeneous catalyst known for this reaction.
Although, some fascinating color changes in the early stage of the reaction indicated the formation of
an amine complex, conventional filtration experiments proved the heterogeneity of the system. The fate
of the active gold component was studied by in situ X-ray absorption spectroscopy (XANES) using a
specially designed cell. These investigations revealed that in the early stage of the reaction Au(OAc)s is
dissolved and subsequently reduced by the amine and the in situ formed gold nanoparticles are the real
active species of the reaction. Formation of gold nanoparticles during dibenzylamine oxidation was proved
independently by transmission electron microscopy. Our findings lead to a simple synthetic procedure
using a commercially available gold salt, which upon interaction with the amine forms highly active and
selective gold nanoparticles.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Gold has received great interest in the past years as catalyst of
various homogenous and heterogeneous reactions [1-4]. A mile-
stone in the field was Haruta’s work on the key importance of
nanosized gold particles in low temperature CO oxidation [5]. Sub-
sequently, gold nanoparticles were applied in various oxidation
reactions including the oxidation of alcohols [6] and aldehydes [7],
and the epoxidation of olefins [8]. Despite of the extensive research,
it is still debated whether the active surface sites on gold nanopar-
ticles are in metallic or cationic state during the oxidation reactions
[1,9].

There are only a few reports on homogeneous catalytic oxida-
tion reactions with gold compounds. The catalytic materials were
AuCl for the oxidative cleavage of double bonds [10], Au'"! cations
generated by dissolution of Au, 03 for the oxidation of methane to
methanol [11], NaAuCl4 and AuCIPPhj; for the oxidation of alkanes
[12], and AuCl;NOs(thioether) for thioether oxidation [13]. In most
of these cases the nature of active species was not studied in detail.
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Here, we report the oxidation of dibenzylamine to diben-
zylimine with molecular oxygen as the only oxidant. Imines are
important intermediates in organic chemistry [14,15] and their for-
mation by the oxidation of amines has been well applied in natural
product synthesis [16,17]. The best known catalysts for this reac-
tion are Ru/Al,03 [18], Ruy(OAc)4Cl [19], Ru-hydroxyapatite [20],
and CuCl [21]. Recently, even gold powder was suggested for this
transformation but the turn-over frequency (TOF) was only about
0.001 h~! at 100°C [22]. From a practical point of view, gold pow-
der cannot be considered as a catalyst, since an Au/dibenzylamine
mass ratio of higher than 25 was necessary to achieve 64% con-
version in 1 day. We have found that gold acetate, poorly soluble
in water and organic solvents, is far more efficient in the oxidative
dehydrogenation of dibenzylamine. Beside the catalytic study, we
have also elucidated the probable nature of the active species by
XANES.

2. Experimental
2.1. Synthesis of Au(OAc)3/Ce0O,

Asolution of gold acetate (55.5 mg) was prepared by sonification
in 300 mL deionized water at 60 °C for 2 h. The support CeO, (Micro
Coating Technologies Inc., 2.5 g, calcined at 500°C for 4 h, BET sur-
face area: 117 m?/g) was added to the vigorously stirred solution of
Au(OACc)3. The slurry was further shaken for 15 min, then the solid
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was filtered off (the filtrate was colorless) and dried in an oven
for 16 h at 80°C. The gold content was 1.14 mass% as determined
(at ALAB AG, Switzerland) by inductively coupled plasma optical
emission spectrometry (ICP-OES).

2.2. Oxidation of dibenzylamine

The reaction was carried out in a 25 mL two-neck pear-shaped
flask equipped with a cooler to which a balloon, connected through
athree-way tap and filled with oxygen, was attached. After addition
of the catalyst (60 mg), air was replaced with oxygen in the system.
Through a septum, 1.5 mL of toluene was added (dried with MS 4 A)
and the stirring was turned on (750 rpm). Then 0.2 mmol dibenzy-
lamine and an additional 1.5 mL of toluene were added. The mixture
was immersed into a pre-heated oil bath. At the end of the reaction
diphenylamine as internal standard was added for the GC analysis.

2.3. Characterization of the catalyst

2.3.1. Insitu XANES

The experiments were performed at the ANKA-XAS beam line
(Forschungszentrum Karlsruhe, Germany) using a Si(111) dou-
ble crystal monochromator. An ionization chamber was used to
determine the incoming X-ray intensity, the X-ray intensity behind
the sample, and a third one behind gold as reference. Typically,
the Si(11 1) crystals were slightly detuned to 70% of the incoming
intensity to remove higher harmonics.

In situ XANES measurements were performed with a spectro-
scopic cell that allows observing the solid catalyst and the bulk
liquid phase separately (Fig. 1). The technical details are described
elsewhere [23]. In brief, the spectroscopic cell functions as a batch
reactor that has four windows (5 mm x 1 mm) for probing with the
X-ray at two positions. In the case of the experiments described
in this study, the solid material is fixed in the form of a pellet
at the bottom of the reactor and monitored with a path length
of 4mm through the bottom window. The bulk liquid part can
be studied with a path length of 15mm at a height of 10 mm
above the bottom of the reactor cell through the upper win-
dows. The solid and the bulk liquid phases are separated by a
fine PEEK (polyetheretherketone) grid that allows the fluctuation
of the reaction mixture and contact with the solid catalyst but does
not allow that the solid parts enter the area where the X-ray is
probing the bulk liquid. The reaction mixture is in a PEEK con-
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Fig. 1. Schematic presentation of the spectroscopic cell used for the in situ XANES
measurements; X-ray probing the bulk liquid (left) and the solid catalyst pressed
into a pellet (right). The cell was moved in z-direction by a home built stage with
motors from Newport.

tainer that fits in the cell. The reactor is equipped with a magnetic
stirrer, and a thermocouple for controlling the temperature in the
cell.

The oxidation of dibenzylamine was carried out by the following
procedure. Au(OAc); (18 mg) was mixed with Al,03 (150 mg), then
a pellet was pressed. From this pellet 130 mg was placed in the bot-
tom of the spectroscopic cell. In case of studying the Au(OAc);/CeO,
catalyst, 20 mg catalyst was mixed with Al, O3 (150 mg) in the pellet.
From this pellet 133 mg was put into the bottom of the reactor. Once
the catalyst was placed, toluene (4 mL) was added. Then the first
few spectra were measured without the substrate. Subsequently,
dibenzylamine (0.2 mmol) was added and the reactor was flushed
with oxygen and closed. The XANES measurements were continued
till the desired reaction time and temperature were reached.

The XANES data were typically recorded between 11.85 and
12.05keV. The data were energy-corrected (first inflection point
of gold foil at 11.918 keV), background-corrected, and normalized
using the WINXAS 3.0 software [24]. After the (k) function was
extracted from the XAS data, Fourier transformation was performed
on the k3-weighted data in the interval k=3-13.0A-!. Data analy-
sis in the R-space was performed using Au-Au shells calculated by
FEFF 6.0 [25]. Only the first coordination shells were used for the
fittings.

2.3.2. Electron microscopy

For the TEM investigation, the catalyst was deposited onto a
holey carbon foil supported on a copper grid. TEM investigations
were performed with a CM30ST microscope (FEI; LaB6 cathode,
operated at 300kV, point resolution ~0.2 nm).

The particle size of the in situ formed gold nanoparticles on
Au(OAc)3/CeO, were studied with scanning transmission electron
microscopy (STEM). After reaction the Au(OAc)3/CeO, catalyst was
filtered off, washed with ethyl acetate, and dried in vacuum at
room temperature. The dry powder was dispersed in ethanol and
deposited onto a perforated carbon foil supported on a copper grid.
The investigations were performed on a Tecnai F30 microscope (FEI
(Eindhoven), the field emission cathode operated at 300 kV). STEM
images obtained with a high-angle annular dark field (HAADF)
detector revealed Au particles with bright contrast (Z contrast).
EDXS spot analysis confirmed that the bright patches corresponded
to Au particles.

2.3.3. BET measurements

The specific surface area was measured using nitrogen
physisorption at 77K (-196°C) on a Micromeritics ASAP 2000
apparatus. The 5-point BET method was applied in the range
0.05<p/pg <0.25. All samples were degassed at 100 °C for several
hours before the measurements.

3. Results and discussion
3.1. Oxidation of dibenzylamine

The oxidation of dibenzylamine with oxygen was investigated in
toluene under atmospheric pressure. The activity of Au(OAc)s and
the selectivity to dibenzylimine improved with increasing temper-
ature (Table 1). Above 80°C the conversion barely changed, due to
the decreasing solubility of oxygen in toluene at close to the reflux
temperature (entries 2-4). The major byproduct was benzaldehyde
and a small amount of benzonitrile and benzylamine (<0.5%) was
also formed. Formation of these is initiated by the hydrolysis of
the imine [26]. Hence, the improved selectivity at higher reaction
temperatures may simply be attributed to the removal of water
by-product of amine oxidation from the reaction mixture.
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Table 1
Aerobic oxidation of dibenzylamine?.

N catalyst, O,
H toluene, -H,0

o0

Entry Catalyst Time [h] Temp. [°C] Conversion [%] Selectivity [%] TOF® [h1]
1 Au(OAc);¢ 24 .t 15 76 0.02

2 Au(OAc);¢© 7.15 81 93 94 0.54

3 Au(OAc)s¢ 7.15 91 96 95 0.56

4 Au(OAc)s¢ 7.15 108 100 97 0.58

5 Au(OAc);¢© 4 108 94 96 0.98

6 Au(0Ac)3/Ce0,¢ 8 108 99.7 91 7.2

7 Ce0,° 24 91 0 0 0

8 No catalyst 24 91 0 0 0

4 60 mg catalyst, 0.2 mmol dibenzylamine, 3 mL toluene, 1 bar O,.
b Related to the total amount of Au.

¢ 24.1 mol% related to the amine.

4 1.7 mol% Au related to the amine.

¢ 60 mg ceria.

The reaction rate could be enhanced remarkably by adsorbing
gold acetate from a dilute aqueous solution onto ceria and using
the dried, supported salt for oxidation. In the best case the average
TOF was 7.2 h~1 at 99.7% conversion (Table 1, entry 6) or 9.2h~1 at
80% conversion of dibenzylamine (not shown). For comparison, the
most efficient catalysts of dibenzylamine oxidation, mentioned in
the introduction, afforded TOFs of 0.2-3.8 h—! and the selectivities
to the imine were in the range 74-93% [18-21,27]. The last two
entries in Table 1 show that ceria was completely inactive and no
background oxidation could be detected.

3.2. Heterogeneity test

Gold acetate is a black powder that is insoluble in toluene. When
the amine was added to the slurry at room temperature, the liquid
phase became reddish and then brown, indicating a possible dis-
solution of the catalyst as an amine complex. Later, by heating the
slurry to the reaction temperature, the color gradually turned to
dark purple and then black. In a leaching test, the reaction catalyzed
by Au(OAc); at 91 °C was stopped after 3 h at 60% conversion and
the solid phase was filtered off. The oxidation was continued with
the filtrate for 3 h but the conversion did not change.
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Fig. 2. XANES spectra of gold during the oxidation of dibenzylamine with Au(OAc);
(bottom window of the cell, solid phase); (a) room temperature (r. t.) without stirring
(b), r. t. with stirring, (c) r. t. after addition of the amine, (d) 60°C, (e) 64 °C, (f) 91°C,
(g)91°C (20 min later).

For testing the heterogeneity of Au(OAc)s/CeO,, the reaction
carried out at 108 °C was stopped after 1.5h, at 39% conversion.
The reaction mixture was filtered over two layers of a very fine fil-
ter (Whatman Glass Microfibre Filter GF/D; between the layers 2 g
Celite was packed). After separation, the reaction was continued
with the filtrate under the same reaction conditions for another 6 h
but the conversion did not change.

3.3. Nature of the active site determined by XANES

To clarify the nature of the active species, we used in situ XANES.
This technique can be well applied to investigate the characteris-
tics of the active sites, including the oxidation state under reaction
conditions [28-32]. Our special spectroscopic cell [23] allowed fol-
lowing the changes in a two-phase system (Fig. 1). When the X-ray
was led through the bottom window of the cell the changes in the
catalyst (pressed as a pellet with Al,O3 diluent) were monitored,
whereas through the upper window the changes in the liquid phase
were studied.
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Fig. 3. XANES spectra of gold during the oxidation of dibenzylamine with Au(OAc);
(upper window of the cell, liquid phase); (a) r. t. after addition of the amine, (b) r. t.
(10 min later), (c) 46°C, (d) 87°C, (e) 91 °C, (f) 91 °C (20 min later); (g) Au(OAc)s3 in
the solid phase (pellet) at 1. t. before addition of the amine (as reference, the same
as Fig. 2a).
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Fig. 4. Edge jump of the XANES data of gold during the oxidation of dibenzylamine
with Au(OAc); solid phase (bottom window of the cell, ®) and liquid phase (upper
window of the cell, O). The edge jump is proportional to the amount of gold.

3.3.1. Au(OAc)s pellet as the catalyst of dibenzylamine oxidation

At first, we simulated the early stage of amine oxidation and
followed the oxidation state of gold in the pellet prepared from
Au(OAc)s3. The decrease in the white line in Fig. 2 reveals that gold
was reduced to the metallic state at the reaction temperature of
91°C.

The XANES spectra collected in the upper part of the cell dur-
ing the same experiment are presented in Fig. 3. There was no
detectable gold in toluene before addition of dibenzylamine, in
agreement with the insolubility of Au(OAc)s. After addition of the
amine, gold appeared in the liquid phase (Fig. 3a) mainly in a
reduced state. The spectrum of untreated Au(OAc); in the solid
phase is depicted for comparison (Fig. 3g). A further reduction of
the leached gold continued till a medium temperature was reached
(Fig. 3a-c) and then the average oxidation state of gold slightly
increased again (Fig. 3d-f). Based on the changes of the edge jump
of the XANES of the liquid phase (Fig. 4, O), the amount of leached
gold species in solution increased until a medium temperature
(ca. 46-60°C) was reached and then decreased again till the end
of the experiment. Meanwhile, in the solid phase (Fig. 4, @) the
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Fig. 5. XANES spectra of gold during the oxidation of dibenzylamine with
Au(OAc);/CeO; (bottom window of the cell, solid phase); (a) r. t. without stirring,
(b) r. t. with stirring, (c) r. t. after addition of the amine, (d) 59°C, (e) 59°C, (f) 91°C,
(g)91°C.

amount of gold decreased till 60 °C then increased again. (Note that
some uncertainty in the mass balance was caused by deposition of
a small amount of gold which precipitated on the wall of the in situ
cell. However, this observation does not change the general ten-
dency shown in Fig. 4.) From these observations it can be assumed
that the amine coordinates to Au(OAc); that is in the pellet and
takes the gold into solution, but this complex is rapidly reduced to
metallic gold. At above 60°C the gold from the liquid phase starts
to deposit onto the catalyst pellet, which explains the increasing
amount of Au in the solid phase during this period (Fig. 4, ®). Since
metallic gold is steadily removed from the liquid, a slight increase in
the average oxidation state of gold in solution is observed at higher
temperatures (Fig. 3d-f).

Comparison of the XANES data and the results of the filtration
experiments of the unsupported Au(OAc); catalyst suggests that
the trace amount of cationic gold, detected by XANES in the liquid
phase, is probably a spectator as it cannot convert dibenzylamine.
An alternative and more probable explanation is that the cationic
gold is present on the surface of metallic gold particles and removed
from solution by filtration. In this case the contribution of ionic

-~

Fig. 6. TEM image of gold nanoparticles formed in situ from Au(OAc); during the oxidation of dibenzylamine.
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b
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Fig. 7. Gold nanoparticles formed in situ when using Au(OAc);/CeO, for amine
oxidation (imaged by Z-contrast STEM).

gold species to amine oxidation cannot be ruled out, although the
amount of ionic species and their possible contribution seems to
be negligible.

3.3.2. Au(0OAc)3/Ce0O; pellet as the catalyst of dibenzylamine
oxidation

Next we used Au(OAc);/CeO, (1.14 mass% Au) to catalyze the
oxidation of dibenzylamine in the reactor cell (Fig. 5.). The spectra
were taken through the bottom window of the cell. The results are
very similar to those presented in Fig. 2: the average oxidation state
of gold decreased with time and increasing temperature and gold
was fully reduced by the time the reaction temperature of 91 °C was
reached. A major difference to the experiment with unsupported
Au(OAc)3 was that in this case no traces of gold were detected in
the liquid phase, indicating a strong interaction between gold and
ceria.

3.4. Electron microscopic study

Formation of gold nanoparticles during dibenzylamine oxida-
tion was proved independently by electron microscopy. After amine
oxidation with unsupported Au(OAc); the powder was filtered off
and analyzed with TEM (Fig. 6). The Au particle size was in the range
10-50 nm and the particles were partially agglomerated. The crys-
talline characteristic of gold nanoparticles is shown by the presence
of lattice fringes. The measured lattice spacing of 0.23 nm corre-
sponds well to the (11 1) plane of Au (theoretical value: 0.235 nm).

Due to the support effect, the gold nanoparticles formed in situ
from the Au(OAc);/CeO, were much smaller, in the range 5-10 nm,
and no agglomeration was observed by STEM (Fig. 7).

4. Conclusions

In conclusion, we found that Au(OAc); can be used as an
efficient catalyst for the selective oxidation of dibenzylamine to
dibenzylimine with molecular oxygen as the only oxidant. XANES
combined with TEM revealed that in the early stage of the reaction
Au(OAc)s is dissolved and subsequently reduced, and the in situ
formed gold nanoparticles catalyze the reaction.
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