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We focused on identifying a catalytic active site structure at T .
the atomic level and elucidating the mechanism at the elementary reaction (:/ro Cfo,/‘l/, “ O\
- A)
level of liquid-phase organic reactions with a heterogeneous catalyst. In ; 4 L N0
this study, we experimentally and computationally investigated efficient =3 ! i VH, B
\ed(ll) ‘ “o-Pd~
C—H bond activation for the selective aerobic a,3-dehydrogenation of Pd(1i) ﬂ& () N\ %’X ,l' Ag (I-){u
saturated ketones by using a Pd—Au bimetallic nanoparticle catalyst CeO, \\\\3:‘:‘\5 yod /\\/I',\u\—/l
supported on CeO, (Pd/Au/CeO,) as a case study. Detailed character- il

ek : . - New C-H activation strategy by Lewis acid-Brgnsted base pair
ization of the catalyst with various observation methods revealed that of Pd{ll)—{1--0)-Au(0) structure

bimetallic nanoparticles formed on the CeO, support with an average size

of about 2.5 nm and comprised a Au nanoparticle core and PdO nanospecies dispersed on the core. The formation mechanism of
the nanoparticles was clarified through using several CeO,-supported controlled catalysts. Activity tests and detailed
characterizations demonstrated that the dehydrogenation activity increased with the coordination numbers of Pd—O species in
the presence of Au(0) species. Such experimental evidence suggests that a PA(II)—(4-O)—Au(0) structure is the true active site for
this reaction. Based on density functional theory calculations using a suitable Pd;O,Au,, cluster model with the Pd(II)—(u-O)—
Au(0) structure, we propose a C—H bond activation mechanism via concerted catalysis in which the Pd atom acts as a Lewis acid
and the adjacent y-oxo species acts as a Bronsted base simultaneously. The calculated results reproduced the experimental results for
the selective formation of 2-cyclohexen-1-one from cyclohexanone without forming phenol, the regioselectivity of the reaction, the
turnover-limiting step, and the activation energy.

C—H bond activation, heterogeneous catalysis, DFT study, Pd(I1)—(u-O)—Au(0) structure, aerobic dehydrogenation

However, the reaction mechanism with supported metal
nanoparticle catalysts and the structure of the catalytically
active sites are not well understood at the elementary reaction
level, which makes developing general heterogeneous catalyst
design strategies extremely difficult.

C—H bond activation enables direct molecular transformations
with excellent atomic efficiency in liquid-phase organic
synthesis. Elucidating the mechanism of catalytic C—H bond
activation is important for reahzmg enwronmentally friendly

Because the mechanism for molecular transformations by
efficient molecular transformations.'~® Various mechanisms for heterozeneous catalvsts is still analosous and based on the
C—H bond activation have been reported, such as oxidative 8 4 gou

addition.”* concerted metalation- deprotonation (CMD) 911 understanding of homogeneous catalysts, theoretical ap-
and sigr;la—bon d metathesis. > * Most of the reported é—H proaches are necessary for elucidation. Many heterogeneous
bond activation systems for liquid-phase organic synthesis use catalysts have been calculated through the use of cluster or slab

. models,” >’ but most of these were focused on gas-phase
homogeneous organometallic catalysts based on components 21-26
. reactions such as CO oxidation.”' ™ Some liquid-phase
of complexes: central metals and ligands.

. fundamental organic reactions’ >’ have been evaluated such
Supported metal nanoparticle catalysts are easy to separate

. . . as alcohol oxidation,””*® coupling reactions,” > and hydro-
and reuse, which is an attractive feature for green chemistry. In 34,35 . . .
. . genation, but other important elementary mechanisms in
addition, supported metal nanoparticle catalysts can create

liquid-phase organic reactions including C—H bond activation
unique active site structures different from those of quep & &

homogeneous complex catalysts and sometimes outperform
homogeneous catalysts by utilizing their specific systems, such
as the ensemble effect, ligand effect, concerted catalysis, and
geometric structures (e.g, core—shell, cluster-in-cluster, and
alloy structures).”>™"” Thus, supported metal nanoparticle
catalysts have the potential to create novel active site structures
for efficient C—H bond activation via unique mechanisms.”’
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Figure 1. Examples of homogeneously or heterogeneously catalyzed cyclohexanone dehydrogenation and overview of this study.

have been rarely considered. This may be because
experimentally determining the exact active site structures of
supported catalysts is quite difficult, which forces calculations
to consider various active site models as possibilities. Our
previous work on the Au-catalyzed a,f-dehydrogenation of 1-
methyl-4-piperidone was computationally expensive because
our use of various Au cluster models forced us to consider
many adsorption sites for O, to cleave C—H bonds.”® Also,
oversimplifying the model of supported nanoparticle catalysts
may result in conclusions that are inconsistent with reality. To
elucidate the mechanism and establish a design strategy for
heterogeneous catalysts, an established active site structure-
catalyzed important elementary reaction such as C—H bond
activation needs to be considered based on multiple aspects
combined with experimental and theoretical approaches.
Direct aerobic dehydrogenation of saturated ketones to a,f3-
unsaturated ketones, which are present in bioactive substances
and versatile organic synthetic intermediates, is an attractive
transformation via C—H bond activation.””™* Stahl et al.
reported that the homogeneous Pd catalyst Pd-
(TFA),(DMSO), (TFA: trifluoroacetic acetate, DMSO:
dimethyl sulfoxide) promotes the selective dehydrogenation
of saturated ketones to a,f-unsaturated ketones including
cyclohexanone.”” They investigated the reaction mechanism in
detail and assumed that the reaction proceeds via a five-
coordinate transition structure through C—H cleavage by the
TFA (or acetate) ligand (Figure l1a).*” In the supposed
mechanism of C—H activation, the Pd active site as a Lewis
acid and an oxygen atom of the TFA (or acetate) ligand not
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directly coordinated to Pd as a Breonsted base simultaneously
activate the C—H bond."® Recently, our group realized
heterogeneously catalyzed aerobic a,f-dehydrogenation of
saturated ketones including cyclohexanone by using Pd(II)
species-on-Au(0) nanoparticles supported on CeO, (Pd/Au/
Ce0,) (Figure 1b).* This system not only is environmentally
benign but also exhibits a turnover frequency (TOF) (for
cyclohexanone dehydrogenation) per Pd that exceeded those
of previously reported homogeneous Pd catalysts®~*" (122 vs
2—3 h™'). Considering their turnover-limiting steps are the
same: a-C—H bond activation,*”*’ the active site possessed by
Pd/Au/CeO, is more effective than that of Pd-
(TFA),(DMSO), for C—H bond activation. We found it
noteworthy that Au/CeO, (supported Au(0) nanoparticles),
Pd/CeO, (supported Pd(0) nanoparticles, Pd(II) hydroxides,
or Pd(II) oxides), or a physical mixture of Au/CeO, and Pd/
CeO, did not catalyze this dehydrogenation. However, we
were previously unable to clarify the details of the true active
site structure in Pd/Au/CeO, and an efficient C—H bond
activation mechanism.

In the present study, we focused on elucidating the C—H
bond activation mechanism in the Pd/Au/CeO,-catalyzed
aerobic dehydrogenation of saturated ketones to a,f-
unsaturated ketones. We used multiple approaches to
investigate which active site structures unique to heteroge-
neous catalysts are effective at C—H bond activation for the
dehydrogenation of cyclohexanone (Figure 1c). We performed
experiments to analyze the reaction mechanism and character-
ize catalysts. Based on the experimental information, we
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Figure 2. Reaction profiles of the la dehydrogenation to 2a and 3a using (a) Pd/Au/CeO, or (b) Pd—Au/LDH as the catalyst. Reaction
conditions: 1a (0.5 mmol), catalyst (100 mg, Pd: 0.4 mol %, Au: 2.1 mol %), DMA (2 mL), 100 °C, open air (1 atm).

performed theoretical calculations with a suitable catalyst
model.

The Pd/Au/CeO, catalyst was prepared according to the method
presented in our previous report.” CeQ, (2 g) was added to an
aqueous solution (60 mL) of HAuCl, (6.25 mM) and K,PdCl, (0.83
mM), which was generated in situ from a mixture of PACl, (8.9 mg,
0.05 mmol) and KCl (7.5 mg, 0.1 mmol). The slurry was stirred for
1S min, which was followed by dropping of aqueous NaOH (1 M)
until the pH reached 10. After being stirred at room temperature
(~25 °C) for 24 h, the resulting mixture was filtered, washed with
deionized water (1 L), and dried in vacuo to afford the supported Pd—
Au hydroxide precursor of PdAu(OH),/CeO,. The Pd—Au hydroxide
precursor (2 g) was dispersed in S0 mL of water and treated with
NaBH, (70 mg, 1.85 mmol) at room temperature. The resulting
slurry was then stirred vigorously at room temperature for 2 h under
open-air conditions. The solid was then filtered off, washed with water
(1 L), and dried in vacuo overnight to yield Pd/Au/CeO, as a dark-
gray powder (2.1 wt % Au and 0.21 wt % Pd as determined by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES)). An Mg—Al layered double hydroxide (LDH,
MgAlL,(OH),(CO;4H,0) was used as the support to prepare Pd—
Au/LDH in the same manner (2.5 wt % Au and 0.26 wt % Pd as
determined by ICP-AES).

The Pd/Au/CeO,-water catalyst was prepared as follows. First,
PdAu(OH),/CeO, (1 g) was reduced with NaBH, (35 mg, 0.93
mmol) in water (25 mL) in an Ar atmosphere at room temperature.
After 2 h, the solid was filtered off, washed with ethanol (25 mL), and
dried in vacuo to afford Pd/Au/CeO,-Ar. Then, Pd/Au/CeO,-Ar
(200 mg) was stirred with water (S mL) in an air atmosphere for 2 h.
The solid was filtered off and washed with water (200 mL) to obtain
Pd/Au/CeO,-water (2.6 wt % Au and 0.22 wt % Pd as determined by
ICP-AES).

The Pd/Au/CeO,-air catalyst was obtained by exposing Pd/Au/
CeO,-Ar to an air atmosphere for more than 2 h (2.9 wt % Au and
0.23 wt % Pd as determined by ICP-AES).

We placed a catalyst (100 or S0 mg), cyclohexanone (0.5 mmol),
biphenyl (internal standard), N,N-dimethylacetamide (DMA) or
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toluene (2 mL), and a Teflon-coated magnetic stir bar in a Pyrex glass
reactor (volume of ~20 mL). Then, the mixture was stirred at 70 or
100 °C in an air atmosphere. The conversion and product yields were
determined by gas chromatography. The same procedure was used for
analysis of the reaction kinetics. Sampling was performed 1, 2, 3, 4,
and S min after the start of the reaction, and the data were used to
determine the initial reaction rate with each catalyst.

The particle sizes and distributions of the catalysts were measured by
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) using a JEOL JEM-ARM200F instrument
equipped with energy-dispersive X-ray spectrometry (EDS) at 200 kV.
X-ray absorption spectroscopy (XAS) of the Pd K-edge and Au L;-
edge was carried out by using the transmission and fluorescence
method at the BL14B2 beamline of SPring-8. The X-ray beam was
monochromatized by using a single pair of Si(311) crystal
monochromators. The energy was calibrated by using a Pd metal
foil for the Pd K-edge XAS and an Au metal foil for the Au L;-edge
XAS. X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) data were analyzed by using
Athena and Artemis software (Demeter, ver. 0.9.025; Bruce Ravel).
The k*-weighed EXAFS spectra were Fourier-transformed into R-
space at 3—13 A™'. Details on the XAFS measurement methods and
EXAFS analyses are summarized in the Supporting Information.

We used Gaussianl6™ as the calculation software, M06™ as the
exchange—correlation functional, the Stuttgart/Dresden basis set
(SDD)* with the effective core potential for Au and Pd, and 6-
31G(d,p)*’ as the basis sets for the other elements. MO06 is an
exchange—correlation functional often used in systems with transition
metals especially Au,>®**®** and SDD is a basis set often used in
systems with Au or Pd.>***%*" The solvent effect was calculated with a
conductor-like polarizable continuum model using toluene. The
transition state structures contained one imaginary frequency
exhibiting atom displacements along the expected reaction pathway.
The optimized structure for the reactant, intermediate, and product
states contained no imaginary frequency. Structures of transition
states, the corresponding reactants, and the corresponding products
were connected by intrinsic reaction coordinate calculations. Pictures
of each structure were drawn by using the software Avogadro. The
Cartesian coordinates of the calculated structures are given in the
Supporting Information.
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Figure 3. Reaction paths of 1a to 3a via 2a catalyzed by (a) Pd(1I)/Au/CeO, or (b) Pd(0)—Au/LDH.
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Figure 4. (a) Kinetic profiles and (b) catalyst effects for the 1a dehydrogenation using Pd/Au/CeQ,, Pd/Au/CeO,-water, or Pd/Au/CeO,-air.
Reaction conditions of (a): 1a (0.5 mmol), catalyst (50 mg, Pd: 0.2 mol %, Au: 1.1 mol %), DMA (2 mL), 70 °C, open air (1 atm). Reaction
conditions of (b): 1a (0.5 mmol), catalyst (100 mg, Pd: 0.4 mol %, Au: 2.1 mol %), DMA (2 mL), 70 °C, open air (1 atm), 1 h.

In our previous study, we found that a Pd/Au/CeO, catalyst is
effective for the selective a,f-dehydrogenation of various
saturated ketones including cyclohexanone and can be
prepared via the deposition-precipitation of Pd and Au
hydroxides on CeO, (PdAu(OH),/CeO,) followed by
NaBH, treatment in water and an air atmosphere.”’ As with
Pd—Au catalysts prepared in the same manner on other
supports such as Al,O;°** and Mg—Al LDH,** the STEM-
EDS mapping of Pd/Au/CeO, showed that Pd—Au bimetallic
nanopartlcles Jwere highly dispersed on the CeO, support
(Figure S1).** Surprisingly, however, the XANES and XPS
results revealed that the Pd and Au species in Pd/Au/CeO,
had valences of two and zero, respectively, which suggests the
formation of Pd(II)-on-Au(0) nanoparticles.”® In contrast, the
same NaBH, treatment of Pd and Au hydroxide precursors on
ALO;**? and LDH™ afforded mainly Pd(0)—Au(0) alloy
nanoparticles (Figures S2 and S3). In fact, Pd/Au/CeO,
showed a uniquely higher catalytic activity for selective a,f-
dehydrogenation of cyclohexanone at 70 °C than supported
Pd(0)—Au(0) alloy nanoparticle catalysts,*> which can be
attributed to the unique Pd(II)-on-Au(0) nanoparticle
structure of Pd/Au/CeQO,. On the other hand, the XANES
results for Pd/Au/CeO, revealed the formation of Pd(0)
species during the reaction.*’ Given our previous report on the
dehydrogenative aromatization of cyclohexanones to phenols
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at 130 °C using a Pd(0)—Au(0) alloy catalyst supported on
LDH (Pd—Au/LDH) via aerobic a,f-dehydrogenation of
cyclohexanones to 2-cyclohexen-1-ones,”"** the Pd(0) species
formed in Pd/Au/CeO, may be the true active species.

To establish whether the true active species in Pd/Au/CeO,
for dehydrogenation is Pd(II) or Pd(0), we investigated the
differences between Pd/Au/CeO, and Pd—Au/LDH in terms
of the product selectivity for the dehydrogenation of
cyclohexanone (1a) to form 2-cyclohexen-l-one (2a) and
phenol (3a) at 100 °C (Figure 2). For Pd/Au/CeO,, 3a was
produced via a typical sequential dehydrogenation from 1a to
3a via 2a, and the formation of 2a from 1la was at a faster rate
than that of 3a from 2a (Figure 2a). In fact, the dehydrogen-
ation to 3a from 2a proceeded quite slowly (Figure S4a). For
Pd—Au/LDH, 3a was selectively synthesized with almost no
detection of 2a as an intermediate, which suggests that the
formation of 3a from 2a was much faster than that of 2a from
1a (Figure 2b). Pd(0) nanoparticle catalysts including Pd—Au/
LDH are known to quickly produce phenols by the
disproportionation reaction of 2-cyclohexen-1-ones.”*** In
the present case, the quick disproportionation to 3a and 1a was
also observed when the reaction started from 2a using Pd—Au/
LDH (Figure S4b). Therefore, the active site of Pd/Au/CeO,
containing Pd(II) species was highly effective for the a,f-
dehydrogenation of cyclohexanones to 2-cyclohexen-1-ones
but less active for the sequential dehydrogenation to phenols
(Figure 3a). This is clearly different from that of Pd—Au/LDH
mainly containing Pd(0) species, which showed low activity for
a,f-dehydrogenation and caused the eflicient disproportiona-
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tion of 2-cyclohexen-1-ones to phenols and cyclohexanones
(Figure 3b). Based on these results, we concluded that the
active species for the Pd/Au/CeO, catalysis of a,f-
dehydrogenation is not the Pd(0) species formed during the
reaction but the Pd(II)-on-Au(0) nanoparticles.

However, the detailed active site structure of the Pd(II)
species in Pd/Au/CeO, and its formation mechanism have not
yet been elucidated. To clarify the active site structure and
formation mechanism of Pd(II)-on-Au(0) nanoparticles on
CeO,, two types of controlled Pd—Au catalysts supported on
CeO, were designed. We previously prepared NaBH,-treated
Pd and Au hydroxides supported on CeO, in an Ar
atmosphere (i.e., Pd/Au/CeO,-Ar), which had a Pd valence
of zero (Figure S5).* In the present study, we prepared (i) air-
exposed Pd/Au/CeO,-Ar (ie, Pd/Au/CeO,-air) and (ii)
water-treated Pd/Au/CeO,-Ar in an open-air atmosphere (i.e.,
Pd/Au/CeO,-water). Then, the catalytic activities of Pd/Au/
CeO,, Pd/Au/CeO,-water, and Pd/Au/CeO,-air for the
aerobic a,f-dehydrogenation of la to 2a at 70 °C in DMA
were compared under an air atmosphere (Figure 4). Under an
Ar atmosphere, Pd/Au/CeO, did not afford any products,
showing that O, works as the terminal oxidant. Under the
aforementioned conditions in an air atmosphere, 2a was
selectively obtained without the formation of 3a, regardless of
which catalyst was used. The initial production rate of 2a with
Pd/Au/CeO, (2.0 mM/min) was similar to that with Pd/Au/
CeO,-water (2.2 mM/min), whereas that with Pd/Au/CeO,-
air was quite low (0.33 mM/min) (Figure 4a). A similar trend
was observed for the 2a yields 1 h after the start of the reaction
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(Figure 4b). These results suggest that Pd/Au/CeO, and Pd/
Au/CeO,-water may have similar active site structures effective
for the dehydrogenation reaction, in contrast to that of Pd/Au/
CeO,-air.

To clarify the active site structure for dehydrogenation, the
catalysts of Pd/Au/CeO,, Pd/Au/CeO,-water, Pd/Au/CeO,-
air, and Pd/Au/CeO,-Ar were characterized with various
methods. The Pd K-edge XANES spectra of Pd/Au/CeO, and
Pd/Au/CeO,-water were almost the same as that of PdO
(Figure Sa), which indicates that their Pd species were mostly
bivalent. In contrast, the spectrum of Pd/Au/CeO,-air was
relatively close to that of Pd/Au/CeO,-Ar, which indicates that
the valence of Pd was almost zero, although there was a small
amount of the Pd(II) species (Figures Sa and SS). The Au L;-
edge XANES spectra of Pd/Au/CeO,, Pd/Au/CeO,-water,
and Pd/Au/CeQ,-air were almost consistent with that of the
Au foil (Figure Sb). These results indicate that the
immobilized Pd(II) and Au(IIl) species in the hydroxide
precursor via deposition-precipitation (PdAu(OH),/CeO,)
were reduced to Pd(0) and Au(0) species by the NaBH,
treatment. Eventually, the Pd(II) and Au(0) species formed
through selective oxidation of the Pd(0) species by exposure to
water in an air atmosphere. Considering previous reports%’53
and the case of Pd—Au/LDH,” the oxidation of Pd(0) to
Pd(1I) in the presence of Au(0) is a unique phenomenon when
CeO, is the support. These results and the fact that
cosupported Pd(II) and Au(0) species are indispensable for
a,f-dehydrogenation (Figure 1b) suggest that the catalytic
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W Pd/Au/CeO,-Ar
shell CN R (R) AE, (eV) o2 (R?) R{-)
Pd-Au 6.28+ 0.69 2.82 -1.41 0.00981
Pd-Pd 1.49+ 0.39 2.82 -4.57 0.0101 0.00928
W Pd/Au/CeO,-air
shell CN R (R) AE, (eV) o2 (R?) R{-)
Pd-O 0.36% 0.17 2.02 -0.93 0.00032
Pd-Au 7.90% 1.05 2.81 -5.67 0.01127 00238
W Pd/Au/CeO,-water
sShell CN R (R) AE, (eV) o2 (R?) R{-)
Pd—O 1.96% 0.12 2.02 4.93 0.00170
Pd---Pd [PdO] 1.25%+ 0.14 3.01 12.56 0.00485 0.0203
Pd---Pd [PdO] 2.18+ 0.36 3.30 -11.13 0.00821
H Pd/Au/CeO,
sShell CN R (R) AE, (eV) o2 (R?) R{-)
Pd-O 2.36+ 0.08 2.00 3.80 0.00141
Pd---Pd [PdO] 0.92% 0.09 2.95 13.93 0.00455 0.0108
Pd---Pd [PdO] 1.71+ 0.12 3.25 -14.12 0.00435

Figure 7. (a) Pd K-edge EXAFS spectra and (b) fitting parameters of Pd/Au/CeO,-Ar, Pd/Au/CeO,-air, Pd/Au/CeO,-water, and Pd/Au/CeO,.

active site structure in Pd/Au/CeO, comprises both Pd(1I)
and Au(0) species.

HAADEF-STEM analyses revealed that the average nano-
particle sizes in Pd/Au/CeQO,, Pd/Au/CeO,-water, and Pd/
Au/CeO,-air were 2.51, 2.77, and 2.49 nm, respectively. Thus,
the particle sizes of all catalysts were almost the same (Figures
6 and S6). Therefore, the difference in activity of these
catalysts cannot be attributed to the particle size. The HAADF-
STEM images of Pd/Au/CeO, showed some particles with a

bright center and dark peripheral region (Figure S7). The
observed lattice spacings at the center of the particles were
2.31 and 2.36 A; this is almost identical to the lattice spacing
for the (111) plane of Au, which is 2.35 A In contrast, the
lattice spacings of the peripheral region of the particle were
2.62 and 2.02 A; they are almost identical to the lattice
spacings for the (101) and (111) planes of PdO, which are
2.64 and 2.00 A, respectively.”’ These results indicate that
bimetallic PdO-on-Au(0) nanoparticles were present in Pd/
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Figure 8. Possible formation mechanism of the active site structure.

Au/CeO,. Also, a nanoparticle which does not possess a clear
PdO nanodomain with the lattice spacing attributed to (111)
plane of Au was also observed in Pd/Au/CeO, using HAADF-
STEM (Figure S7). As for such a nanoparticle, considering the
XANES spectrum showing that Pd species were mostly
bivalent in Pd/Au/CeO, (Figure Sa) and the STEM-EDS
mappings showing that most of the nanoparticles consisted of
both Au and Pd (Figure S1), PdO nanospecies were probably
dispersed on an Au nanoparticle without forming PdO
nanodomains.

Next, we attempted to clarify the fine structure of the active
site and its formation mechanism by Pd K-edge EXAFS
analysis. Figure 7a shows the spectra of Pd/Au/CeO,-Ar, Pd/
Au/CeQ,-air, Pd/Au/CeO,-water, and Pd/Au/CeO, as well as
the fitted curves. Figure 7b summarizes the structural
parameters obtained from the curve fitting analysis. We
performed a curve fitting analysis on Pd/Au/CeO,-Ar, and
the spectrum was successfully reproduced by using a Pd—Pd
shell derived from the Pd foil and a Pd—Au shell derived from
an alloy model of Au nanoparticles with Pd substitution. This
suggests that Pd in Pd/Au/CeO,-Ar mainly forms disordered
alloys with Au. In the EXAFS spectrum of Pd/Au/CeO,-air, a
small peak that may have derived from Pd—O was observed
around 1.4 A. The presence of a small amount of Pd(II)
species was also confirmed by the XANES analysis described
above. The EXAFS spectrum of Pd/Au/CeO,-air could be
reproduced by using a Pd—O shell derived from PdO and the
Pd—Au shell. Therefore, the Pd(0) species in Pd/Au/CeO,-Ar
is partially oxidized to Pd(II) by exposure to air, while the rest
exists mainly as an alloy with Au even after this treatment. The
shapes of the EXAFS spectra of Pd/Au/CeO,-water and Pd/
Au/CeO, were significantly different from those of Pd/Au/
CeO,-Ar and Pd/Au/CeQ,-air. Pd/Au/CeO,-water and Pd/
Au/CeO, clearly had a peak originating from Pd—O around
1.4 A, while the peaks from the metal-metal bonds were
mostly absent. The peak around 2.8 A may have originated
from longer-range Pd---Pd interactions in the PdO structure.
We successfully reproduced these EXAFS spectra by using the
Pd—O shell and two Pd---Pd shells originating from PdO. As a
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Pd(Il) species
/%

Pd/Au/CeO,-air

result, the coordination number (CN) of Pd—O (2.36) in Pd/
Au/CeOQ, is comparatively small, suggesting that the average
size of PdO in Pd/Au/CeO, is likely smaller than that of the
aforementioned PdO nanodomains observed by HAADE-
STEM (Figure S7).

Because the catalysts with only Pd(II) species supported on
CeO, did not show any activity for the present dehydrogen-
ation, the Pd—O—Pd and Pd—O-—Ce structures were not
considered to be effective for the reaction. In other words, the
activity of PdO itself and the effect of the CeO, support were
considered negligible. Additionally, the STEM and EXAFS
analysis of Pd/Au/CeO, revealed the possible presence of PdO
nanospecies-on-Au nanoparticles (Figure S7). Thus, we
hypothesized that a Pd(II)—(u-O)—Au(0) structure generated
at the nanoparticle interface between PdO and Au(0) would
play an important role in this reaction. We compared the
imaginary parts of the Fourier transforms of Pd/Au/CeO, and
PdO in detail and found that they deviated at R = 1.2—1.9 A
and R = 2.7—3.0 A (Figure S8). We considered that the above
hypothesis is not wrong because such a shift in imaginary parts
is frequently observed when another element is substituted in
metal oxides.”*™®

As summarized in Figure 7b, the CNs of Pd—O in Pd/Au/
CeO, (2.36) and Pd/Au/CeO,-water (1.96) were almost the
same, while that of Pd/Au/CeO,-air (0.36) was clearly much
smaller. A good correspondence between the order of catalytic
activity and the CN was obtained (Figure 4): the catalytic
activity increased with the amount of the Pd—O species.
Considering the aforementioned imaginary Fourier shift
suggesting that the CNs of Pd—O could mainly arise from
Pd(II)—(u-O)—Au(0) structure, this correlation is consistent
with our assumption that Pd(II)—(4-O)—Au(0) structure is
the catalytic active site.

Based on the above experimental evidence, we concluded
that the Pd(II)—(u-O)—Au(0) structure generated at the
interface of PdO-on-Au nanoparticles is probably the true
active site for the present dehydrogenation. When we
compared the product selectivity of cyclohexanone dehydro-
genation using Pd/Au/CeO, with that using Pd—Au/LDH,
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Figure 9. Proposed catalytic cycle for the a,f-dehydrogenation of cyclohexanone.

the active site of Pd/Au/CeO, appeared to be the Pd(II)
species rather than the Pd(0) species. Catalytic activity tests
and XANES spectra revealed that the Pd(II) species with
Au(0) in Pd/Au/CeO, is included in the active site structure.
HAADEF-STEM images showed the presence of bimetallic
PdO-on-Au(0) nanoparticles in Pd/Au/CeO,. EXAFS analysis
indicated that the Pd(IT)—(u-O)—Au(0) structure may exist in
Pd/Au/CeO, and that the CNs of Pd—O with Au(0)
nanoparticles have a positive correlation with the catalytic
activity for a,f-dehydrogenation. The presence of Pd(I1l)—(u-
0)—Au(0) structure as the active site for the dehydrogenation
is comprehensively supported by all of the experimental data.

We propose a formation mechanism for the active site
structure based on the results of the above experiments using
controlled catalysts (Figure 8). The Pd(II)—(u-O)—Au(0)
structure cannot be obtained by reducing the Pd—Au
hydroxide precursor on CeO, (PdAu(OH),/CeO,) using
NaBH, in the absence of O,. Although mere exposure of Pd/
Au/CeO,-Ar to air does not sufficiently oxidize the Pd(0)
species, treatment of Pd/Au/CeO,-Ar with water in an air
atmosphere afforded the Pd(II)—(u-O)—Au(0) structure,
which was almost the same as that of Pd/Au/CeQO,. Thus,
the NaBH, treatment of PdAu(OH),/CeQ, in water and in an
air atmosphere causes the formation of Pd(0)—Au(0) alloy
nanoparticles followed by the selective full oxidation of Pd(0)
species to Pd(I) oxides on the Au(0) nanoparticles, which
constructs a significant amount of the active Pd(II)—(u-O)—
Au(0) structure. Importantly, the use of CeO, as the support is
essential for the formation of this active site structure in the
selective Pd(0) oxidation step. Even if the Pd—Au hydroxide
precursor is treated in the same manner on other supports such
as AL,O; or LDH, this produces inactive Pd(0)—Au(0) alloy
nanoparticles instead of an effective structure for a,f-
dehydrogenation.

Our previous experimental results showed that the Pd(I1)—(u-
0)—Au(0) structure is probably the active site for cyclo-
hexanone dehydrogenation. We used density functional theory
(DFT) to calculate how cyclohexanone is activated on this
active site and how the dehydrogenation to 2-cyclohexen-1-
one proceeds. Based on previous reports,”” " we performed
the following experiments and calculations under the
assumption that the reaction proceeds according to the
following catalytic cycle (Figure 9):

(1) A Pd(II)-enolate species is formed via the -C—H bond
activation of cyclohexanone.
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(2) The enolate species undergoes typical f-hydride
elimination to afford 2-cyclohexen-1-one and a Pd(I)-
hydride species.

(3) The hydride species is then oxidized by O,.

A Kkinetic isotope effect was clearly observed (ky/kp = 2.2)
for cyclohexanone and cyclohexanone-a-d, but not for
cyclohexanone-a-d, and cyclohexanone-d,, (ky/kp = 1.1).*
Furthermore, the reaction rates were almost independent of
the partial pressure of O, at 0.1—0.4 atm.” Therefore, the
turnover-limiting step clearly involves cleavage of the a-C—H
bond. Based on the Arrhenius plot for the effect of the reaction
temperature on Pd/Au/CeO,-catalyzed cyclohexanone dehy-
drogenation in toluene (Figures S9 and S10), the apparent
activation energy is 11.3 kcal/mol.

For DFT calculations, we first constructed a model of the
structure of the catalytic active site. The experimental results
suggested the formation of a heterometallic y-oxo structure of
Pd(I1)—(u-O)—Au(0). Thus, we constructed a Pd;0,Au,
structure by replacing the Au atom at the vertex with Pd and
placing an O atom in the middle of the adjacent Au atom by
referring to the Au,; structure of Au/CeO, reported
previously.”* Because the XANES analysis confirmed that the
electronic state of Au in Pd/Au/CeO, was identical to that of
the Au foil (Figure Sb), we supposed that there was no
electron transfer between the nanoparticles and CeO,.
Therefore, we set the charge of the model cluster to zero.
After optimizing the cluster model structures with different
spin multiplicities of singlet, triplet, and quintet, we found the
singlet structure 1 to be the most stable (Figure S11).

We then used this Pd;O0,Au;, model 1 to investigate the
dehydrogenation mechamsm of cyclohexanone to 2-cyclo-
hexen-1-one (Figure 10a).°® When cyclohexanone was brought
into close proximity to the cluster, we found a stable
adsorption structure 1-1 (Figure S12). The adsorption
proceeded exothermally, and the adsorption energy was
calculated to be 6.3 kcal/mol. The C=O bond distance of
cyclohexanone before adsorption was 1.215 A, which was
lengthened to 1.232 A by adsorption on the Pd atom.
Furthermore, one of the a-H atoms of the adsorbed
cyclohexanone molecule was at a distance (2.405 A) where it
interacted with the O atom of the Pd(II)—(u-O)—Au(0)
structure, and its natural population analysis (NPA) charge
(0.308) was larger than that of cyclohexanone substrate
(0.278). From this adsorption structure, one can easily
assumed that the cyclohexanone molecule is activated by the
Lewis acid—Bronsted base pair site and that the a-H atom can
be abstracted as a proton. We then investigated the reaction
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(a) Dehydrogenation of cyclohexanone to 2-cyclohexen-1-one using Pd;0,Au,, cluster model
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(b) Dehydrogenation of 2-cyclohexen-1-one to phenol using Pd,0,Au,, cluster model
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(c) Regioselective dehydrogenation of 2-phenylcyclohexanone
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Figure 10. Optimized

structures and transition states calculated using a Pd;O,Auy, cluster model for the following pathways: (a) from

cyclohexanone to 2-cyclohexen-1-one, (b) from 2-cyclohexen-1-one to phenol, and (c) from 2-phenylcyclohexanone. Yellow: gold, blue: palladium,

red: oxygen.

pathway for the a-C—H bond cleavage of cyclohexanone from
the adsorption structure and found a transition state (TS1)
structure 1-3 in which the O atom of the Pd(II)—(u-O)—
Au(0) structure actually acts as a Bronsted base to deprotonate
the a-H atom. The activation free energy for the reaction
pathway 1-1 — 1-4 (free energy difference between 1-1 and 1-
3) was calculated to be 15.4 kcal/mol. In the intermediate state
structure 1-4 after TS1, the carbonyl oxygen was coordinated
to the Pd(II) species (O-enolate species) and the f-hydride
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elimination would not proceed from this O-enolate state. We
investigated the formation of enolate species that could
proceed the f-hydride elimination starting from the O-enolate
species 1-4. We successfully found a reasonable reaction
pathway and a stable enolate species 1—7. The activation free
energy for the reaction pathway 1-4 — 1-7 (free energy
difference between 1-4 and 1-6) was calculated to be 15.2
kcal/mol. This value was smaller than that for the reaction
pathway 1-1 — 1-4, although only slightly. Calculations using
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this cluster model revealed that, once the enolate species 1-7
was generated, the subsequent f-hydride elimination step
proceeded readily according to the reaction pathway 1-7 — 1-
10 with the activation free energy of 10.6 kcal/mol (free
energy difference between 1-7 and 1-9). Although we did not
calculate the reaction of the Pd(Il)-hydride species with O,,
the above calculation results are consistent with the
experimental results showing that the a-C—H bond cleavage
is the turnover-limiting step. We considered the apparent
activation energy obtained experimentally (11.3 kcal/mol) to
be roughly reproduced by the present calculations.

The above DFT calculations indicate that the Pd(II) species
acts as a Lewis acid to be coordinated by the carbonyl of
cyclohexanone and that the p-oxo species of the Pd(Il)—(u-
O)—Au(0) structure acts as a Bronsted base to deprotonate
the a-H of cyclohexanone. In this reaction mechanism, the
Pd(II)—(u-O)—Au(0) structure works as a neighboring Lewis
acid—Brensted base pair, which eficiently promotes the
deprotonation via concerted catalysis.”° This reaction mech-
anism is different from the deprotonation by ligands assumed
for the homogeneous Pd(TFA),(DMSO), catalyst,40 where
the O atom not coordinated to Pd in the ligand TFA acts as a
Bronsted base to extract a-H atom of cyclohexanone. In the
reaction mechanism of the Pd(II)—(u-O)—Au(0) structure in
our study, the O atom directly coordinated to Pd acts as a
Bronsted base.”” The concerted catalytic effect of the Lewis
acid—Brensted base pair site may be utilized to design
heterogeneous catalysts with higher efficiency than homoge-
neous ones.

DFT calculations were also performed to support that the
phenol formation from 2-cyclohexen-l-one at 70 °C is
energetically unfavorable when Pd/Au/CeO, is used. Under
the assumption that the reaction proceeds in the same manner
as for cyclohexanone, similar transition states TS1’, TS2', and
TS3’ were found. The activation free energy was 27.7 kcal/mol
for TS3’ (Figure 10b), which is significantly greater than the
activation free energy for the a,f-dehydrogenation of cyclo-
hexanone (15.4 kcal/mol) and is consistent with the
experimental results showing that 2-cyclohexen-1-one was
selectively generated at 70 °C without forming phenol.

Finally, DFT calculations were performed for the dehydro-
genation of 2-phenylcyclohexanone (1b). When 1b was
dehydrogenated by using Pd/Au/CeO,, the phenyl-substituted
side was regioselectively dehydrogenated to give 2-phenyl-2-
cyclohexen-1-one (2b), while the unsubstituted side was not
dehydrogenated to 6-phenyl-2-cyclohexen-1-one (2b") (Figure
10c)."’ We investigated whether the selectivity of this reaction
could be explained by DFT calculations if we assume a reaction
mechanism similar to that of cyclohexanone. The activation
free energy in the deprotonation step was calculated to be 9.4
kcal/mol for the phenyl-substituted side (3-1 — 3-3) in
contrast with 20.6 kcal/mol for the nonsubstituted side (3-1’
— 3-3’), which is sufficient to explain the regioselectivity in
the reaction (Figure 10c). The difference in energy was
attributed to the stability of the anion produced by the
deprotonation of 1b. This is stabilized by the resonance effect
on the phenyl-substituted side, which lowers the transition
state energy. Therefore, these calculations with the Pd,;0,Au,,
structure model are also consistent with the product selectivity
and regioselectivity of a,f-dehydrogenation using Pd/Au/
CeO, and validate the C—H bond activation mechanism
enabled by the Lewis acid—Bronsted base pair of the Pd(II)—
(u-0)—Au(0) structure.
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Our experimental results and DFT calculations showed that
the Pd(11)—(#-O)—Au(0) structure leads to highly efficient a-
C—H bond activation of cyclohexanone. The EXAFS results
showed that the CN of Pd—O had a positive correlation with
the catalytic activities of Pd/Au/CeO, and the controlled
catalysts Pd/Au/CeO,-air and Pd/Au/CeO,-water. The
XANES, EXAFS, and HAADE-STEM results revealed that
the Pd(II)—(u-O)—Au(0) structure was formed via the
selective oxidation of Pd(0)—Au(0) alloy supported on
CeO, when the catalyst was exposed to water in an air
atmosphere. The dehydrogenation profiles of cyclohexanone to
phenol with Pd/Au/CeO, or Pd—Au/LDH revealed that the
dehydrogenation path from 2-cyclohexen-1-one to phenol was
different between Pd/Au/CeO, and Pd—Au/LDH, which
indicates that the active site of Pd/Au/CeO, is not a Pd(0)—
Au(0) alloy structure. These results suggest that the Pd(II)—
(u-O)—Au(0) structure is the active site for the efficient a-C—
H bond activation of saturated ketones. DFT calculations using
the Pd;0,Au;, cluster model with the Pd(II)—(u-O)—Au(0)
structure revealed the dehydrogenation mechanism of cyclo-
hexanone. The calculation results were consistent with the
experimentally determined turnover-limiting step and the
activation energy obtained from the Arrhenius plot. Moreover,
the calculated activation free energy for 2-cyclohexen-1-one
dehydrogenation was significantly greater than that for
cyclohexanone dehydrogenation, which was consistent with
the selective formation of 2-cyclohexen-1-one using Pd/Au/
CeO,. The high regioselectivity of 2-phenylcyclohexanone
dehydrogenation was also explained by the cluster model.

In this study, we identified a C—H bond activation
mechanism via concerted catalysis in which the Pd(II) species
acts as a Lewis acid and the p-oxo species acts as a Bronsted
base simultaneously in the Pd(II)—(u-O)—Au(0) structure.
Such a concept for the efficient catalytic C—H bond activation
of liquid-phase organic synthesis by the adjacent Lewis acid—
Bronsted base pair of a heterogeneous catalyst is quite rare.
The active site structure for target reactions from a mechanistic
point of view provides a rational strategy for the development
of new molecular transformations using heterogeneous
catalysts. Because the heterometallic y-oxo structures were
formed via alloying and reoxidation, it should be possible to
tune various adjacent Lewis acid—Brensted base pair sites
easily by choosing different metals. This should make our
approach applicable to various catalytic C—H bond activations.
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