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Formation processes of the Pd clusters supported on USY were analyzed by means of time-resolved Quick
XAFS. We found that the kind of precursors had profound effect on the formation of Pd0 clusters. That is to
say, Pd clusters with ca. 13 atoms were obtained through the addition of H2 to Pd(NH3)4Cl2/USY at room
temperature, where the partial pressure of H2 hardly affected the size and the rate of formation of Pd
clusters. In contrast, severe aggregation occurred over PdCl2 and Pd(OAc)2 loaded on USY. The Pd species
generated on USY exhibited prominent activity in Suzuki–Miyaura reactions. The use of ammine com-
plexes was indispensable to achieve high activity, in agreement with the Quick XAFS observations. The
in situ activation (H2 bubbling) was remarkably effective to activate the Pd/USY catalyst. These results
represented that many factors including support, Pd precursor, and activation methods had profound
effect on the genesis and the catalysis of Pd clusters.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Metal clusters have been of particular concern due to their char-
acteristics in versatile catalytic reactions [1,2]. Among the noble
metals, Pd clusters have been the subject of extensive research be-
cause of its unique activities in various fine chemical syntheses
such as Suzuki–Miyaura, Mizoroki–Heck, and Sonogashira cross-
coupling reactions [3]. Recently, we found that metal Pd clusters
could be readily obtained on Pd/USY through the exposure of H2

at room temperature [4]. Furthermore, the size of the Pd clusters
was readily controlled by changing the number of times for the
iterative introduction of H2 and O2 flows to the Pd/USY as illus-
trated in Fig. 1. In this study, reduction of Pd2+ and the growing
processes of the Pd clusters were investigated in detail by means
of Quick XAFS (QXAFS). QXAFS technique is a powerful tool to
study the dynamic structural changes of materials. Unlike the
usual step-scan method, the monochromator is continuously
moved in the quick mode. Using this technique, it is possible to col-
lect data in a short time and to detect the changes in the structure
easily under in situ conditions. The powerful X-ray source in
SPring-8 with a high photon flux of 109–1011 photons s�1 enabled
us to detect minute changes in the Pd structure in the zeolite pores
[5,6]. In addition, the fact that X-ray absorption in zeolite matrix is
ll rights reserved.

mura).
small in comparison to that in Pd at the energy region of the Pd-K
edge (24.3 keV) is suitable to collect high-quality data even for low
Pd-loadings such as 0.4 wt%. Here, the QXAFS data were correlated
with the catalytic performance of Pd/USY in the Suzuki–Miyaura
cross-coupling reaction. This reaction has been extensively studied
and has become one of the most efficient methods for the C–C
bond formation using phenylboronic acid derivatives and haloge-
nated aryls [7,8]. Till date, numerous Pd complexes including bulky
phosphines [9,10], N-heterocyclic carbenes [11,12], and palladacy-
cles [13,14] have been applied to Suzuki–Miyaura reactions. More-
over, very high activity was achieved under particular conditions;
Leadbeater found surprisingly a high turn-over number (TON) in
the Suzuki–Miyaura coupling using microwave heating [15]. Reetz
reported that the ammonium salt-stabilized Pd or polymer-stabi-
lized Pd clusters were active in the phosphine-free Suzuki–Miya-
ura and Heck reactions [16]. On the other hand, supported Pd
catalysts are considered as another candidate for Suzuki–Miyaura
reactions. They are readily prepared and rather inexpensive. In
addition, they are easily separated from the product after the reac-
tion. For this purpose, Pd has been supported on various types of
supports including active carbon [17,18], zeolites [19,20], layered
double hydroxide [21], modified silica [22], hydroxyapatite [23],
and polymers such as dendrimers and polyethylene glycol
[24,25]. However, in general, the catalytic activity of heteroge-
neous catalysts is lower than that of homogeneous catalysts. In this
regard, zeolites are promising supports for Pd due to their large
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Fig. 1. Stepwise growth of Pd clusters in the supercage of USY zeolite.
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surface area and the existence of uniform micropores to accommo-
date dispersed metal clusters that lead to a high surface-to-volume
ratio. Indeed, Okitsu et al. synthesized Pd nano-clusters on NaY
zeolite via a sonochemical process [26]. Moreover, well-dispersed
metal clusters having surface atoms with low coordination number
(CN) are expected to exhibit a high activity; this behavior is differ-
ent from that of the bulk-type catalyst. As a matter of fact, Artok
et al. recently reported that Pd2+ or Pd0 clusters loaded on the
NaY zeolite were efficient in the Suzuki–Miyaura reactions using
various substrates [20,27]. Jacobs et al. reported that
thePdðNH3Þ2þ4 -zeolites and Pd0-mordenite are not only active and
selective but also truly heterogeneous catalysts in the Heck reac-
tions [28]. Djakovitch and Köhler found that Palladium-complex-
loaded Na–Y zeolites exhibit a high activity towards the Heck reac-
tion of aryl bromides with olefins [29]. These studies stimulated us
to further improve the catalytic performance of the Pd/FAU-zeolite
catalyst by choosing appropriate conditions for the pre-treatment
to afford the active Pd0 clusters, which was predicted by the QXAFS
data measured under in situ conditions.

2. Experimental

2.1. Sample preparations

NH4–USY (HSZ–341NHA, Si/Al2 = 7.7) zeolite was supplied by
Tosoh Co. The NH4–USY was transformed to the H+-form through
the thermal treatment at 773 K in a N2 flow. An ion-exchange
method using a Pd(NH3)4Cl2 solution (3.8 � 10�4 mol dm�3, Al-
drich) was used to load Pd on the USY. The ion-exchange procedure
was carried out at r.t. for 12 h. The samples were thoroughly
washed with water, followed by drying in an oven maintained at
323 K under atmospheric conditions. The loading of Pd was mea-
sured by inductively coupled plasma (ICP) after the ion-exchange
procedures. The typical loading of Pd was 0.4 wt%. PdCl2, Pd(OAc)2,
and Pd(NH3)4(NO3)2 (Wako Chemicals) were supported on USY
with the loading of 0.4 wt% in a similar manner for the preparation
of Pd(NH3)4Cl2/USY. As an exception, toluene was used as the sol-
vent for the preparation of Pd(OAc)2/USY, instead of water.
Pd(NH3)4Cl2 was also loaded on Na–Y (Si/Al2 = 5.5, HSZ–320NAA,
Tosoh Co.), ZSM-5 (HSZ–840HOA, Si/Al2 = 40, Tosoh Co.), and
Mordenite (JRC-Z-M20, Si/Al2 = 20, Catalysis Society of Japan) in
an analogous way for the preparation of Pd(NH3)4Cl2/USY. Pd
(0.4 wt%) loaded on Al2O3 (JRC-ALO-3, Catalysis Society of Japan)
and active carbon (Wako Chemicals Co.) were prepared by the
impregnation method using a Pd(NH3)4Cl2 solution.

2.2. Quick XAFS measurements and analysis

Synchrotron radiation experiments were carried out at the
BL14B2 and BL01B1 stations with the approval of the Japan Syn-
chrotron Radiation Research Institute (JASRI/SPring-8) (Proposal
No. 2007A1417, No. 2008B1237). XAFS data were collected in a
quick mode; that is to say, the Si(111) monochromator was con-
tinuously moved from 4.72� to 4.45� in 36 s (0.6 m). In the in situ
measurement, a wafer form of the sample was placed in a quartz
cell. The thickness of the sample was adjusted to be 1.5 cm in order
to provide edge jumps of 0.3. Time-resolved QXAFS measurements
were carried out at r.t. (300 K) in a flow of 0.6–50% H2; helium was
used as the balance gas. The total flow rate for H2/He was
90 ml min�1. For the temperature-programmed measurements,
the sample placed in the cell was heated from r.t. to 773 K with
a ramp rate of 5 K min�1 in an 8%-H2/He flow (total flow rate,
90 ml min�1) at atmospheric pressure. For the EXAFS analysis,
the oscillations were extracted by a spline smoothing method.
The Fourier transformation of the k3-weighted EXAFS oscillations,
k3v(k), from k space to r space was performed over a range of
30–130 nm�1 to obtain a radial distribution function. The inversely
Fourier-filtered data were analyzed using a curve-fitting method in
the k range between 30 and 130 nm�1 [30]. For the analysis of the
spectra obtained in the temperature-programmed measurements,
the Debye–Waller factors of Pd–N(O) and the nearest-neighboring
Pd–Pd bond were extracted from the spectra of PdO and Pd foil,
respectively, at the same temperatures as those of the experimen-
tal samples. The parameters extracted from PdO were utilized for
calculation of the Pd–N bond as well. This is because it is generally
assumed that the phase shifts and backscattering amplitudes are
transferable among the nearest neighbors in the periodic table.
Curve-fitting analysis was initiated by employing the extracted
Debye–Waller factors. The inversely Fourier-filtered data were
analyzed by a usual curve-fitting method based on Eq. (1)

vðkÞ ¼
X

NjFjðkÞ expð�2r2
j k2

j Þ sinð2krj þ /jðkÞÞ=kr2
j

kj ¼ ðk2 � 2mDE0=�h
2Þ1=2

ð1Þ

where Nj, rj, rj, and DE0j represent the coordination number, the
bond distance, the Debye–Waller factor, and the difference in the
threshold energy between reference and sample, respectively. The
degree of error bars in the present curve-fitting analysis for DE0j

and rj is estimated to be 4 eV and 0.002 nm, respectively. Fj(k)
and /j(k) represent amplitude and phase shift functions, respec-
tively. The analysis of the EXAFS data was performed using the
REX2000 (ver. 2.0.4) program produced by RIGAKU Ltd.

2.3. Transmission electron microscope observation of Pd/USY reduced
with H2

In order to check the dispersion of Pd over the USY support, the
transmission electron microscope (TEM) images were taken by
means of a HITACHI H-9000UHR microscope with an acceleration
voltage of 300 kV. The specimen for TEM observation was prepared
by crushing method and the observations were carried out at r.t.

2.4. Catalytic reactions

Pd-loaded samples were treated with a H2 flow by the in situ
activation method (bubbling); a 6%-H2/94%-Ar flow with the rate
of 30 ml min�1 was fed into the reactant solution using a capillary
glass tube at r.t. In the typical condition, bromobenzene (7.85 g,
50 mmol), phenylboronic acid (9.75 g, 80 mmol), K2CO3 (13.8 g,
100 mmol), tridecane (internal standard, 8.1 g), and the catalyst
(1.0 mg, 3.8 � 10�8 mol Pd) were used for Suzuki–Miyaura reac-
tions. The reaction was carried out in 140 mL of o-xylene as a sol-
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vent. In the reaction, phenylboronic acid, K2CO3, the catalyst, bro-
mobenzene, and tridecane were placed in the flask prior to the
addition of o-xylene. The scales of whole reagents were varied,
while the catalyst weight was fixed at 1.0 mg. Exceptionally, H2O,
N,N-dimethylformamide (DMF) and their mixture (1:1) were used
as the solvents for reactions. The three-necked flask was placed in a
pre-heated oil bath at 383 K (solvent: o-xylene, and DMF) or 373 K
(solvent: H2O and DMF/H2O) in an atmosphere of N2 with vigorous
stirring. After the reaction, the reaction mixture was cooled to r.t.,
and then the solution was analyzed with the Shimadzu 2010 Gas
Chromatograph equipped with the MDN-12 or TC-17 (30 m) capil-
lary column. In the analysis, tridecane or tetradecane was used as
an internal standard. For the reaction using H2O as the solvent, the
solution was extracted with ethyl acetate. The extract was ana-
lyzed by GC after drying over MgSO4.
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Fig. 2. (a) Pd-K edge EXAFS Fourier transforms of 0.4 wt%-Pd(NH3)4Cl2/USY
measured in the atmosphere of 5% H2 at 300 K and (b) coordination numbers of
the Pd–N (D) and nearest-neighboring Pd–Pd (�) bond.
3. Results and discussion

3.1. QXAFS analysis on the formation process of Pd clusters in Pd/USY

First, QXAFS technique was applied to collect the Pd-K edge EX-
AFS data of Pd/USY, which was prepared from Pd(NH3)4Cl2 as the
precursor. Fig. 2a shows the Pd-K edge EXAFS Fourier transforms
of 0.4 wt%-Pd/USY measured every 0.6 min in 5%-H2 atmosphere
at r.t. (300 K). The Pd–N bond can be seen at 0.16 nm in the initial
state. On exposure to H2, the Pd–N (NH3 ligand) bond quickly dis-
appeared, while the metal Pd–Pd bond emerged at 0.25 nm (phase
shift uncorrected), thereby, indicating that Pd2+ was reduced to Pd0

in 20 min. Fig. 2b shows the change in the CN plotted as a function
of duration time. The reduction of Pd2+ and the alternative growth
of Pd0 completed up to 20 min. At this point, CN of the Pd–Pd bond
was calculated to be 5.2, which was close to the CN of Pd13 clusters
with a cuboctahedron structure (CN = 5.5). The Pd clusters were
stable up to 443 K as reported already [4]. Then, the formation of
the Pd clusters was followed in an atmosphere of H2 with different
partial pressures in order to obtain an insight into the formation
process of Pd clusters. Fig. 3 shows the Pd-K edge EXAFS data of
Pd clusters generated under H2 with different partial pressures.
The measurement was carried out after 30 min from the introduc-
tion of H2, when the reduction of Pd2+ was completed. It was evi-
dent that the peak height of the Pd–Pd bond was much lower
than that of Pd foil. In addition, unlike the spectrum of Pd foil, no
peak longer than 0.4 nm was observed, indicating the formation
of small Pd clusters. The parameters obtained by the structural
analysis are given in Table 1. It can be seen that the structural
parameters of Pd clusters are practically the same, meaning that
the change in the partial pressure of H2 over 0.6–50% did not affect
the structure of Pd clusters. The distance of the nearest-neighbor-
ing Pd–Pd bond of these clusters was slightly longer than that of Pd
foil, implying the absorption of H into the clusters. Then, the
change in the valence state of Pd was followed by the analysis of
XANES region. Fig. 4 shows the example of Pd-K edge XANES of
Pd/USY measured every 0.6 min at 300 K. In the initial stage, the
spectrum of Pd/USY was similar to that of Pd(NH3)4Cl2. The XANES
shape gradually changed with duration of time; eventually the
spectra became similar to that of Pd foil. In order to determine
the relative concentrations of metal Pd0 and Pd2+ in the course of
the reduction with H2, the XANES were fitted by the combination
of the spectra for Pd/USY collected before and after the completion
of the reduction of Pd using a least-square method. In other words,
the spectra obtained before the introduction of H2 and that ob-
tained after exposure to H2 for 30 min, at which the reduction of
Pd was completed, were employed for the calculation of the spec-
tra [4]. The oxidation state of Pd was kinetically analyzed based on
the data given in Fig. 4. That is, the change in the concentration of
Pd2+ cations determined from XANES was analyzed assuming the
first-order reaction kinetics; the value of ln(C0/C) (where C repre-
sents the concentration of Pd2+) was plotted as a function of time
(Fig. 5a). As can be seen in the figure, a linear correlation between
ln(C0/C) and time was obtained. The first-order rate constant, k,
was plotted with log scales as a function of partial pressure of H2

(Fig. 5b). The slope of the relationship was calculated to be 0.08,
meaning the partial pressure of H2 hardly affected the reduction
rate of Pd2+.

3.2. Formation processes of Pd0 over Pd/USY prepared with various Pd
sources

The reduction process of Pd was followed by QXAFS using Pd/
USY samples prepared with different kinds of Pd sources. Fig. 6a
shows Pd-K edge EXAFS Fourier transforms of 0.4 wt%-PdCl2/USY
measured in a flow of 5% H2 at r.t. A peak can be seen at 0.18 nm
before exposure to H2 (0 min), which was assignable to the Pd–Cl
bond from the comparison with the spectrum of unsupported
PdCl2. After the admission of H2, the intensity of the Pd–Cl bond
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Fig. 3. Pd-K edge EXAFS (a) k3v(k) and (b) their Fourier transforms of 0.4 wt%-Pd(NH3)4Cl2/USY reduced with 0.6–50% H2 diluted with He at 300 K for 30 min.

Table 1
Curve-fitting analysis of Pd-K edge EXAFS data measured at r.t. for 0.4 wt%-Pd/USY after the treatments with H2.

H2 (%)a Scatter CNb R (nm)c DE0 (eV)d DW (nm)e Rf (%)f

0.6 Pd 5.8 ± 0.2 0.275 ± 0.001 3 0.009 0.7
5 Pd 5.5 ± 0.2 0.276 ± 0.001 2 0.009 0.6
10 Pd 5.7 ± 0.2 0.277 ± 0.001 2 0.009 0.7
50 Pd 5.9 ± 0.2 0.277 ± 0.001 1 0.009 0.5
(Pd foil)g Pd 12 0.274

a Partial pressure of H2.
b Coordination number.
c Bond distance.
d Difference in the origin of photoelectron energy between the reference and the sample.
e Debye–Waller factor.
f Residual factor.
g Data of X-ray crystallography. Fourier transform range: 30–130 nm�1. Fourier filtering range: 0.17–0.32 nm.
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rapidly decreased in less than 2 min. Alternatively, the Pd–Pd bond
assignable to the metal Pd0 emerged at 0.26 nm (phase shift uncor-
rected). Fig. 6b shows the change in the CNs of Pd–Cl and Pd–Pd
bonds. The Pd–Cl completely diminished at 2 min. At this stage,
the CN of Pd–Pd bond already reached to 10.5. The particle size
of Pd0 could be estimated to be ca. 3 nm on the basis of the CN va-
lue. The fact suggested that the severe aggregation occurred when
PdCl2 was used for the preparation of Pd/USY.

Fig. 7 shows the Pd-K edge EXAFS Fourier transforms and their
curve-fitting results of 0.4 wt%-Pd(OAc)2/USY measured in a flow
of 8% H2 during temperature-programmed heating. In this case,
the reduction of Pd2+ was incomplete at r.t. On raising the temper-
ature, the CN of Pd–Pd bond continued to increase even after the
disappearance of Pd–O bond, meaning that the stable Pd clusters
were not obtained with the use of Pd(OAc)2 as a precursor, simi-
larly to the case of PdCl2/USY.

Fig. 8 shows the Pd-K edge EXAFS Fourier transforms and their
curve- fitting results of 0.4 wt%-Pd(NH3)2(NO3)2/USY measured in
a flow of 8% H2 during temperature-programmed heating. Unlike
the case for Pd/USY prepared from Pd(NH3)2Cl2, the Pd2+ was not
reduced at r.t. Accompanied by an increase in the temperature,
Pd2+ was completely reduced at 363 K as was confirmed from the
disappearance of the Pd–N bond. At this point, the CN of Pd–Pd
bond (Pd0) reached 5.0. The CN kept constant value up to 403 K.
Subsequently, the CN(Pd–Pd) rapidly increased on further raising
the temperature, meaning the aggregation of Pd progressed. The
appearance of the plateau in the temperature range between 363
and 403 K meant the formation of the meta-stable Pd clusters at
this temperature range. It should be noted that the CN = 5.0 was
close to that of the Pd clusters generated on Pd(NH3)4Cl2/USY.
The above data indicated that the use of Pd ammine complexes
was essential to give rise to the formation of Pd clusters on the sup-
port of USY.

3.3. The TEM image of Pd/USY reduced with H2

We show the TEM lattice image of Pd/USY reduced with 6% H2

for 30 min at r.t. in Fig. 9, as an example of our observation results.
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Although the lattice fringe of the USY support was visible, Pd par-
ticle was not found even at the magnification of �1,600,000, pre-
sumably due to the formation of finely dispersed Pd clusters as
expected from the QXAFS data.

3.4. Effect of the pre-treatment conditions and the selection of support
on the catalytic performance of Pd/USY

Then Suzuki–Miyaura coupling reactions were carried out over
Pd clusters fabricated on the USY support. Pd(NH3)4Cl2 was em-
ployed for the preparation of the catalyst. In order to obtain Pd
clusters under in situ conditions, the bubbling method was applied
to form Pd clusters, that is, a 6% H2 flow at the rate of 30 mL min�1

was fed into the reactant solution using a capillary glass tube at r.t.
The H2 flow continued for 30 min. After this, the formation of Pd
clusters might be completed as can be seen in the QXAFS data
(Fig. 2). In a typical reaction condition, a small amount of
0.4 wt%-Pd/USY (1.0 mg) was used with respect to 50 mmol of bro-
mobenzene that corresponds to 0.00007 mol%-Pd. As a result, we
found that the Pd clusters generated under the in situ conditions
worked very efficiently in Suzuki–Miyaura reactions. Fig. 10 shows
typical time course change in the conversion of bromobenzene in
the reaction with phenylboronic acid. In the case of Pd/USY acti-
vated with bubbling H2, the conversion of bromobenzene reached
56% in 5 min, and the reaction was completed in 2 h, wherein the
TON of Pd reached 1,300,000. Although the high activity was also
obtained on Pd/Na–Y, the intrinsic activity of Pd/Na–Y was slightly
lower than that of Pd/USY.

Data on the Suzuki–Miyaura reaction between bromobenzene
and phenylboronic acid over various catalysts and those catalysts
activated with H2 under various conditions are compared in Table
2. The Pd(NH3)4Cl2/USY activated by bubbling with 6% H2 exhibited
the highest TON among the tested catalysts, where TON =
1,300,000 (entry 4, yield = 100%) and TON = 1,700,000 (entry 5,
yield = 64%) were attained as mentioned above. In contrast to the
in situ-activated Pd/USY with H2, the as received Pd/USY (entry
1), Pd/USY treated with bubbling N2 (entry 2), and Pd/USY reduced
with 6% H2 at 473 K (entry 3) exhibited much low TON less than
66,000. The reason for the negligible activity of the Pd/USY reduced
at 473 K could probably be attributed to the formation of aggre-
gated Pd, as expected from the QXAFS data reported earlier [4].
That is to say, the Pd clusters were no longer stable at 473 K. On
the other hand, Pd-loaded on Al2O3, active carbon, ZSM-5, and
Mordenite were subjected to the reaction after activation with
bubbling H2 in a manner similar to that for Pd/USY. The activities
of these catalysts were much lower than that of Pd/USY; the high-
est TON value among these was obtained over Pd/Al2O3 (entry 8,
TON = 120,000). Although in situ activation was also effective for
the Pd(OAc)2 that worked in the homogenous phase, the activity
(entry 14, TON = 370,000) was lower than that of Pd/USY activated
with H2 under in situ conditions (entry 5, TON = 1,700,000). From
the striking difference in the catalytic performance between acti-
vation methods and the supports for Pd, specific nature of the
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Pd/USY catalyst and the importance of in situ activation can be
recognized.

3.5. Suzuki–Miyaura reactions using various kinds of substrates over
Pd/USY activated with bubbling H2

The results of Suzuki–Miyaura reactions using various kinds of
bromobenzene and phenylboronic acid derivatives over Pd/USY
activated under in situ conditions are summarized in Table 3. High
TONs up to 5,300,000 (entry 2) were obtained over various kinds of
substances in a short time. In the case of 4-bromoacetophenone
and phenylboronic acid as the reactants, the use of only 1.0 mg
of Pd/USY afforded 40 g of product. The reaction using 4-bromo-
acetophenone proceeded even at r.t. (entry 18). These facts indi-
cated the versatility of the in situ- activated Pd/USY in Suzuki–
Miyaura reactions. The Pd/USY catalyst activated with bubbling
H2 is beneficial from the viewpoint of the simple preparation
method and the low cost that is important in the industrial appli-
cation, which could be realized by using a minimum amount of
catalyst of 1.0 mg. Unfortunately, the repeated use of the in situ-
activated Pd/USY seemed to be difficult, taking into account the ex-
tremely small amount of the catalyst utilized for reactions (1.0 mg)
and the instability of Pd clusters when it was exposed to air as ex-
pected from the QXAFS data. However, the very high TON obtained
over Pd/USY seems to be more important than its recyclability for
practical applications as pointed out by Gladysz [31].

3.6. Effect of the kinds of Pd sources

The results of Suzuki–Miyaura reaction (bromobenzene and
phenylboronic acid) using Pd/USY prepared with various kinds of
Pd precursors are given in Table 4. The in situ activation of
Pd(NH3)4(NO3)2/USY was carried out at 373 K, taking into account
the information obtained by QXAFS, that is, the formation of Pd
clusters was observed in the temperature range between 363 and
403 K. The Pd/USY prepared from Pd ammine complexes, i.e.
Pd(NH3)Cl2 and Pd(NH3)4(NO3)2, exhibited very high activity (en-
tries 1 and 2, TON = 1,700,000). In contrast to these, the Pd/USY
catalysts prepared from Pd(OAc)2 and PdCl2 precursors exhibited
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Fig. 10. Time course change in the conversion of bromobenzene over 0.4 wt%-
Pd(NH3)4Cl2/USY (�) and 0.4 wt%-Pd(NH3)4Cl2/Na–Y (s) activated with bubbling H2.
Reaction conditions: bromobenzene (50 mmol), phenylboronic acid (80 mmol),
catalyst (1.0 mg, 3.8 � 10�8 mol of Pd), K2CO3 (100 mmol), o-xylene (140 mL),
383 K, N2 atmosphere.
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Fig. 8. (a) k3-weighted Pd-K edge EXAFS Fourier transforms of 0.4 wt%-
Pd(NH3)4(NO3)2/USY measured in the course of temperature-programmed reduc-
tion (Fourier transform range, 30–130 nm�1). (b) CNs of Pd–Pd (�) and Pd–N (M)
bonds.

Fig. 9. The TEM image of 0.4 wt%-Pd(NH3)4Cl2/USY reduced with H2 at 300 K.

Table 2
Results of coupling reactions between bromobenzene and phenylboronic acid catalyzed by Pd-loaded catalysts activated under various conditionsa.

Entry Catalyst Activation method Pd (10�4 mol%) Time (h) Yield (%) TON

1b Pd/USY As received 7.5 2.0 38 51,000
2b Pd/USY N2, bubbling 7.5 2.0 45 66,000
3b Pd/USY H2, 473 K 7.5 2.0 1 1000
4b Pd/USY H2, bubbling 0.7 2.0 >99 1,300,000
5b Pd/USY H2, bubbling 0.4 2.0 64 1,700,000
6b Pd/Na–Y H2, bubbling 0.7 7.5 90 1,200,000
7b Pd/Al2O3 As received 7.5 2.0 30 40,000
8b Pd/Al2O3 H2, bubbling 7.5 2.0 92 120,000
9b Pd/Active Carbon As received 7.5 2.0 11 14,000

10b Pd/Active Carbon H2, bubbling 7.5 2.0 48 64,000
11b Pd/ZSM-5 H2, bubbling 7.5 1.0 1 1000
12b Pd/Mordenite H2, bubbling 7.5 1.0 64 85,000
13c Pd(OAc)2 As received 7.5 3.0 25 34,000
14c Pd(OAc)2 H2, bubbling 2.5 3.0 75 370,000

a Typical reaction conditions (Entries: 4, and 6): See footnote of Fig. 10.
b 0.4 wt%-Pd(NH3)4Cl2 was loaded. The scales of all reagents were changed while the catalyst weight was fixed at 1.0 mg (3.8 � 10�8 mol of Pd).
c 3.8 � 10�8 mol of Pd was used, in homogeneous phase.

K. Okumura et al. / Journal of Catalysis 265 (2009) 89–98 95



Table 3
Results of coupling reactions catalyzed by 0.4 wt%-Pd/USY activated with H2 under in situ conditionsa

Ar—Brþ Ar0—BðOHÞ2 ! Ar—Ar0
.

Entry Ar–Br Ar0–B(OH)2 Pd/10�4 mol% Time (h) Yield (%) TON

1 Br B(OH)2
0.7 2.0 >99 1,300,000

2 BrH3COC B(OH)2 0.2 0.7 99 5,300,000

3
Br

H3COC
B(OH)2 0.4 2.0 >99 2,670,000

4
Br

COCH3
B(OH)2 750 3.0 >99 1300

5 H3CO Br B(OH)2 0.9 0.3 >99 1,060,000

6
Br

H3CO
B(OH)2 2.5 1.0 88 120,000

7
Br

OCH3
B(OH)2 1.9 3.0 74 870,000

8 BrH3C B(OH)2 0.9 1.5 98 1,040,000

9
Br

H3C
B(OH)2 0.9 1.5 38 280,000

10
Br

CH3
B(OH)2 0.9 1.0 82 880,000

11 BrO2N B(OH)2 0.9 0.8 >99 1,060,000

12 BrOHC B(OH)2 0.9 0.5 >99 1,060,000

13 H2N Br B(OH)2 7.5 1.0 >99 130,000

14 B(OH)2 7.5 0.2 >99 130,000

15 B(OH)2 7.5 1.0 83 120,000

16 Br B(OH)2H3C 1.5 1.0 86 590,000

17 Br B(OH)2H3CO 7.5 3.0 84 120,000

18b BrH3COC B(OH)2 75 8.0 >99 14,000

a Typical reaction conditions (Entry 1): see footnote of Fig. 10. The scales of all reagents were changed while the catalyst weight was fixed at 1.0 mg.
b At r.t.

96 K. Okumura et al. / Journal of Catalysis 265 (2009) 89–98
poor activity. In particular, negligible activity was observed over
PdCl2/USY even after the in situ activation (entry 4, TON = 0). Prob-
ably, the fact could be explained with the QXAFS data, where
growth of Pd clusters progressed immediately on exposure of
PdCl2/USY to H2 at r.t. to give large Pd particles (ca. 3 nm) as shown
in Fig. 6. Thus, the importance of the selection of Pd precursors



Table 4
Results of coupling reactions catalyzed by 0.4 wt%-Pd-loaded USY catalysts prepared
using different kinds of precursorsa.

Entry Precursor Pd (10�4 mol%) Time (h) Yield (%) TON

1b Pd(NH3)4Cl2 0.4 2.0 64 1,700,000
2b Pd(NH3)4(NO3)2 0.4 2.0 64 1,700,000
3c Pd(OAc)2 0.7 3.0 25 340,000
4c PdCl2 0.7 3.0 0 0

a Catalyst (0.4 wt%-Pd/USY, 1.0 mg), 383 K, N2 atmosphere.
b Bromobenzene (100 mmol), phenylboronic acid (160 mmol), K2CO3

(200 mmol), o-xylene (280 mL).
c Bromobenzene (50 mmol), phenylboronic acid (80 mmol), K2CO3 (100 mmol),

o-xylene (140 mL).
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Fig. 11. Dependence of the turn-over frequency of Pd on the concentration of Pd in
the reaction between bromobenzene and phenylboronic acid. Catalyst: 0.10–
0.74 wt%-Pd(NH3)4Cl2/USY. The samples were activated with bubbling H2 at 300 K.
Reaction conditions: bromobenzene (50 mmol), phenylboronic acid (80 mmol),
catalyst (1.0 mg), K2CO3 (100 mmol), o-xylene (140 mL), 383 K, N2 atmosphere.
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Fig. 12. Time course change of the conversion of bromobenzene in the reaction
between bromobenzene and phenylboronic acid over 0.4 wt%-Pd(NH3)4Cl2/USY
repeatedly activated with O2–H2 by 1 (�), 2 (N), 3 (j), 4 (.) times. Reaction
conditions: see the footnote of Fig. 10.
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could be recognized from the striking difference in activities given
in Table 4.

3.7. Effect of the selection of bases and solvents for the reaction

Table 5 shows the data of the reaction between bromobenzene
and phenylboronic acid using various kinds of bases and solvents.
The in situ-activated Pd/USY was employed as the catalyst. The
very high activity was obtained only when o-xylene and potassium
carbonate were used for the reaction as a solvent and a base,
respectively. The effectiveness of the potassium carbonate agreed
with the literature [20]. Although the reason for poor activity of
the reactions using polar solvents such as H2O, H2O/DMF (1:1),
and DMF was not clear at present, probably the reducibility of Pd
was affected by the polar solvents. In this regard, additional QXAFS
measurements for Pd/USY immersed in the solution are necessary
since the XAFS data given here were collected in a gas flow.

3.8. Effect of the loading and the repetition times for reduction of Pd/
USY

Fig. 11 shows the turn-over frequency (TOF) of the in situ-acti-
vated Pd/USY plotted as a function of the mol% of Pd with respect
to the bromobenzene. The TOF of Pd was measured at the 0.5 h
from the beginning of the reaction. The TOF showed a sharp depen-
dence on the loading of Pd and the maximum TOF (1,800,000 h�1)
was attained at the Pd concentration of 8 � 10�5 mol%.

Fig. 12 shows time course change in the conversion of bromo-
benzene over the Pd/USY catalysts that were repeatedly reduced
with H2. The pre-treatment of Pd/USY was carried out through
the alternative exposure of air and 6% H2. It could be seen that
the activity tended to decrease accompanied by the repetition of
oxidation–reduction treatments. The yield of product treated with
H2 for 4 times was identical to that of Pd/USY treated with H2 for 3
times. The tendency was consistent with the QXAFS observations,
in which the progressive growth of Pd clusters was observed
through the repeated exposure of O2 and H2 as reported earlier
(Fig. 1) [4].

In order to confirm the heterogeneous nature of the Pd/USY, the
reaction between bromobenzene and phenylboronic acid was car-
Table 5
Effect of the kinds of solvent and bases for the Suzuki–Miyaura reaction between bromobenzene and phenylboronic acida.

Entry Solvent Base Temp. (K) Pd (10�4 mol%) Time (h) Yield (%) TON

1 o-xylene K2CO3 383 0.7 2.0 >99 1,300,000
2 DMF K2CO3 383 7.5 2.0 10 13,000
3 H2O K2CO3 373 7.5 1.0 9 13,000
4 DMF/H2Ob K2CO3 373 3.8 5.0 9 28,000
5 o-xylene KF 383 7.5 4.0 51 70,000
6 o-xylene K3PO4 383 7.5 4.0 97 130,000

a Catalyst (0.4 wt%-Pd/USY, 1.0 mg), N2 atmosphere.
b Mixture of DMF and H2O (1:1).
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ried out over the filtered solution; after the reaction using in situ-
activated Pd/USY corresponding to entry 4 in Table 2, the solution
was quickly filtrated while the temperature was maintained higher
than 373 K to avoid the possibility of deposition of Pd (hot filtra-
tion) [32]. To the filtered solution, substrates (bromobenzene,
phenylboronic acid, and K2CO3) were newly added, followed by
heating the solution to 383 K in the atmosphere of N2. However,
no further increase in the yield of product (biphenyl) was observed,
meaning the reaction did not take place in the solution. Probably,
the leaching of Pd was suppressed by using a non-polar solvent
(o-xylene) instead of polar solvents such as DMF and H2O.

4. Conclusions

The combined studies using QXAFS technique and catalytic
reactions were carried out. As a result, we found that the Pd clus-
ters generated in the 0.4 wt%-Pd/USY zeolite worked very effi-
ciently in Suzuki–Miyaura reactions. The ligand-free Pd cluster
catalyst was prepared by the quite simple method that involved
H2-bubbling into a reaction solution containing 1.0 mg of
0.4 wt%-Pd/USY catalyst prior to the reaction. For the preparation
of highly dispersed Pd clusters in this manner, the knowledge ob-
tained by QXAFS technique was efficiently applied; Pd13 clusters
were generated through the exposure of H2 to the as-prepared
Pd2+/USY at r.t. The use of Pd ammine complexes was essential
to afford the finely dispersed clusters. We believe that the excellent
nature of this catalyst will help in better understanding of the me-
tal cluster catalysts prepared under in situ conditions.
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