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Abstract

FSM-16 mesoporous silica-supported mercaptopropylsiloxane Pd(II) complex, Pd-SH-FSM, has been shown to act as an active, sta
and recyclable heterogeneous catalyst for the Heck reaction of 4-bromoacetophenone with ethyl acrylate and for the Suzuki rea
bromoanisole with phenylboronic acid. The structure of the Pd species in Pd-SH-FSM before and after the reaction was well characterize
a combination of XRD, TEM, UV–vis, PdK-edge XANES/EXAFS, and PdLIII -edge XANES, and the results were compared with thos
a amorphous silica-supported mercaptopropylsiloxane Pd(II) complex (Pd-SH–SiO2), unmodified FSM-16-supported Pd(OAc)2 (Pd-FSM),
and previously reported heterogeneous catalysts (Pd zeolite and Pd/C). The aggregation behavior of Pd species during the reac
depends on the support. On Pd-SH-FSM after Heck and Suzuki reactions, Pd(II) species coordinated to thesulfur ligands were the main P
species together with small Pd clusters as minor species, and the catalyst was reused without marked loss in the activity. On Pd2,
relatively large numbers of the Pd(II) specieswere converted to Pd clusters after the Suzukireaction. On ligandless Pd-FSM, most of the
was aggregated to form Pd metal particles. The activity order of the recycled catalysts (Pd-SH-FSM> Pd-SH–SiO2 > Pd-FSM) indicates
that the Pd(II) complexes on the sulfur ligands and possibly the small Pd clusters are more active than Pd metal particles. It is conc
the sulfur ligands in the size-restricted mesopore are effective for preventing the aggregation of coordinated Pd complexes, and
in high durability and recycling characteristic of the Pd-SH-FSM. The deactivation of the Pd complex via Pd aggregation was signi
the conventional Pd catalysts; [Pd(NH3)4]2+ complexes in Pd zeolite and PdO nanoclusters on Pd/C were changed to less reactiv
particles or clusters after Heck and Suzuki reactions.
 2004 Elsevier Inc. All rights reserved.

Keywords: Heck reaction; Suzuki reaction; Palladium; Mesoporous silica; XAFS
ids
C

ol
n.

yzed
ver,

the
ion,
diffi-
e
he
pli-
that
n

1. Introduction

The olefination of aryl halides (Heck reaction)[1,2] and
the coupling reaction of aryl halides with arylboronic ac
(Suzuki reaction)[3,4] are well-established catalytic C–
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coupling reactions. These reactions are generally catal
by soluble Pd complexes with phosphine ligands. Howe
homogeneous catalysts are generally connected with
problem of separation and wasted inorganics. In addit
the phosphine ligands and Pd precursors are usually
cult to handle because of their air-sensitive nature and ar
too difficult to reuse after the reaction. The stability of t
Pd catalyst is also important for large-scale industrial ap
cation of the coupling reactions. It is generally assumed
the deactivation of the Pd complex occurs via aggregatio
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of palladium intermediates to clusters and further to in
tive large metallic particles (Pd black). To overcome th
problems, it is highly desirable to develop phosphine-
heterogeneous catalysts having a high stability and rec
bility.

Although many supported Pd catalysts were reporte
be effective for Heck[5–20] and Suzuki reactions[19–26],
very few catalysts were shown to have both high stab
of Pd species and successful recyclability. A typical strat
for obtaining phosphine-free solid catalysts is to immobiliz
Pd complexes or Pd nanoparticles on the supports, su
mesoporous silica[14], zeolites[15,16], and activated car
bon[17,18]. Ying and co-workers reported that mesopor
silica-supported Pd nanoparticles showed good yield for
Heck reaction of aryl bromides, but recycling of this catal
was hampered by significant Pd metal agglomeration[14].
Pd-exchanged zeolites were reported as more active
catalysts[15]. However, detailed TEM studies by Dams
al. evidenced Pd agglomeration and structural damage t
support after use in catalysis[16]. Köhler et al. tested a var
ety of Pd/C catalysts for the Heck reaction and showed
Pd/C with a high Pd dispersion and low degree of red
tion was effective[18]. However, the average Pd crystall
size significantly increased after the reaction as a resu
the dissolution and reprecipitation of Pd during the react
and the activity of the recycled catalyst was considera
low [18]. On the other hand, it was reported that colloi
Pd particles prepared from precipitation of simple Pd
salts in the presence of a protective shell (R4N + Br− or
polar polymers) catalyzed Heck[26] and Suzuki[27,28]re-
actions. However, such sols are not stable possibly bec
the protecting shell is stripped under the reaction conditi
which lead to the formation of inactive Pd black[2,27,28].
The Pd complex coordinated to the ligand-modified s
port is an another type of the heterogeneous catalysts
N-, or S-containing groups linked to the surface of po
mer [6–8] or silica [10–13,21–24]are believed to stabiliz
reactive Pd(II) or Pd(0) complexes. Among these stud
the Pd complex in diimine-modified mesoporous silica w
shown to be a highly stable and reusable heterogeneou
alyst for the Suzuki reaction[22], though it was not show
that mesoporous supports offer advantages over amorp
silica. For this type of catalyst, it is suspected that Pd c
plexes are converted to Pd clusters or particles during th
action. However, very few structural studies have focuse
this aspect, and hence the structure of the active Pd sp
is still speculatively understood. Hence, we considered
detailed structural characterizations of the Pd catalyst
the reaction and a systematic study of the structure–ac
relationship of the reused catalysts are indispensable for
ifying the nature of the active Pd species.

From the above examples, the development of heter
neous Pd catalysts that preserve high Pd dispersion d
the coupling reactions is desirable. Based on the rep
that sulfur-containing molecules such as thiols strongly
ordinate to the cationic noble metal species[29] as well as
-

s

e

,

t-

s

-

s

-

-

metallic species such as Au and Pt nanoparticles[30,31],
we hypothesized that SH groups in the mesopore can a
polydentate ligands to stabilize both Pd(II) complexes
metallic Pd species by a size restriction and an isolatio
unstable Pd species. In this study, we show that the m
porous silica (FSM-16)-supported mercaptopropylsiloxan
palladium(II) complex, Pd-SH-FSM, is highly resistant
the metal agglomeration andacts as a durable and reusa
catalyst for Heck and Suzuki reactions. A detailed struct
analysis before and after the reaction is performed to reve
the structural changes during the reaction, and the resul
discussed in terms of the effects of the sulfur ligands and
mesoporous support on the stability of the active Pd specie
The structural aspect of Pd-SH-FSM is also compared wit
those of previously reported catalysts (Pd zeolite and P
to demonstrate the high stability of Pd-SH-FSM.

2. Experimental

2.1. Catalyst preparation and characterization

The reagents were obtained from commercial sou
and were used without further purification. FSM-16 w
prepared from kanemite (NaHSi2O5·3H2O) using C16H33
NMe3Cl as a template, according to a method previously
scribed[32]. Kanemite crystals (10 g) were synthesized
calcination of water glass (SiO2/Na2O = 2.14, Aichikeiso
Industry Co. Ltd.) at 973 K for 6 h, followed by dispe
sion in 300 cm3 distilled water with stirring for 3 h. The
wet kanemite was dispersed in 100 cm3 of a 0.1 mol dm−3

C16H33NMe3Cl aqueous solution and heated at 343 K
3 h, adjusting the pH of the solution to 12–12.4 with NaO
solution, and further stirring at 343 K for 3 h, adju
ing the pH of the solution to 8.3 with HCl. After fil
tration, the white precipitate was calcined at 973 K
4 h to eliminate the surfactant. The SH groups were
chored on FSM-16 silica by the postmodification meth
The FSM-16 sample (2.0 g) was dried at 393 K, and t
3-mercaptopropyltriethoxysilane (4 mmol) in dry tolue
(20 mL) was introduced. The mixture was refluxed for 6
and the solid was filtered off, washed with toluene a
acetone, and air-dried. FSM-16-supported mercaptopropy
siloxane palladium(II) complex, Pd-SH-FSM, was prepa
by stirring the mercaptopropyl-functionalized FSM-16 (S
FSM) with a solution of Pd(OAc)2 in acetone at 298 K
for 12 h. The filtered catalyst powders were washed
refluxing in ethanol, toluene, and then acetonitrile to r
move any physisorbed Pd species[22], followed by filter-
ing and drying in vacuo at 298 K. SH-fuctionalized am
phous silica (SH-SiO2) was prepared by a sol–gel metho
To a solution of ethanol (20 mL) with deionized wa
(15 mL), 47.8 mmol of tetraethylorthosilicate (Si(OEt)4) and
3.55 mmol of 3-mercaptopropyltriethoxysilane were ad
and the mixture was stirred at 353 K for 2 h. The wet
was filtered and washed with ethanol, followed by dry
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in vacuo at 298 K. The amorphous silica-supported m
captopropylsiloxane palladium(II) complex (Pd-SH–SiO2)
was prepared from SH-SiO2 and Pd(OAc)2 following the
same procedure as that for Pd-SH-FSM. ICP and elem
tal analysis showed that compositions of these sam
are close to each other: Pd-SH-FSM (Pd= 0.40 mmol g−1,
S= 1.11 mmol g−1, Pd/S ratio= 0.36), Pd-SH-SiO2 (Pd=
0.34 mmol g−1, S= 0.95 mmol g−1, Pd/S ratio= 0.36).

For comparison, the unmodified FSM-16-suppor
Pd(OAc)2, called Pd-FSM, was prepared by impregnat
the FSM-16 with a solution of Pd(OAc)2 in acetone a
298 K for 12 h, followed by drying in vacuo at 298 K
The [Pd(NH3)4]2+-exchanged NaY zeolite (Pd-Y) wa
prepared by exchanging the NaY zeolite (JRC-Z-Y 5
SiO2/Al2O3 = 5.6, surface area= 870 m2 g−1) with an
aqueous solution of [Pd(NH3)4]Cl2 at 298 K for 48 h, fol-
lowed by centrifuging and washing with water, and sub
quently drying in vacuo at 298 K. 15 Pd/C (Pd conten=
5 wt%, water content= 54.2 wt%) was purchased from
Kawaken Fine Chemicals, Co., Ltd.

The BET surface area and pore-size distribution were
tained by measuring N2 adsorption isotherms at 77 K by u
ing a TriStar 3000 (Micromeritics). XRD patterns were tak
by MX Labo (MAC Science) with CuKα radiation (40 kV,
25 mA). Diffuse reflectancespectra of powder sample
were obtained with a UV–vis spectrometer (Jasco; V-5
and were converted from reflection to absorbance by
Kubelka–Munk method. Transmission electron microsc
(TEM) was carried out on a JEOL JEM-2010 operating
200 kV. PdK-edge XAFS was conducted in transmiss
mode at BL-10B (Photon Factory in High Energy Accel
ator Research Organization, Tsukuba, Japan) with a Si(
channel-cut monochromator. PdLIII -edge XANES spectra
were obtained at the BL-9A station of the Photon Factor
transmission mode with a Si(111) double-crystal monoch
mator. High-energy X-rays from high-order reflections w
removed by a pair of flat quartz mirrors coated with Rh
that were aligned in parallel. The ionization chambers fil
with N2(30%)–He(70%) forI0 (17 cm) and N2(100%) for
I (31 cm) were used. For Pd K and PdLIII XAFS, the en-
ergy was defined by assigning the first inflection point of
Cu foil spectrum to 8980.3 eV. Normalization of XANE
and EXAFS analyses were carried out as described
where[33]. For the curve-fitting analysis of Pd–O, Pd–
and Pd–Pd shells in the PdK-edge EXAFS, parameters e
tracted from Pd(OAc)2, PdCl2, and Pd foil were used, re
spectively.

2.2. Catalytic test

To prepare the samples for the catalyst characte
tion after Suzuki and Heck reactions, the following
action conditions were used. For the Suzuki reaction
bromoanisole (5.0 mmol), phenylboronic acid (6.0 mm
K2CO3 (7.5 mmol), benzonitrile (1 mmol, internal sta
dard), and the catalyst (1 mol%) were stirred in DMF (5 m
)

-

at 403 K under N2. For Heck reaction, 4-bromoacetopheno
(3.0 mmol), ethyl acrylate (4.5 mmol), KOAc (4.5 mmo
benzonitrile (1 mmol, internal standard), and the cata
(1 mol%) were stirred in NMP (5 mL) at 403 K under N2.
For the kinetic experiments of Suzuki and Heck reactio
the following reaction conditions were used. For the Suz
reaction, 4-bromoanisole (25 mmol), phenylboronic a
(30 mmol), K2CO3 (37 mmol), benzonitrile (5 mmol, inter
nal standard), and the catalyst (0.013 mol%) were stirre
DMF (50 mL) at 403 K under N2. For the Heck reaction, 4
bromoacetophenone (50 mmol), ethyl acrylate (75 mmol),
KOAc (75 mmol), benzonitrile (10 mmol, internal sta
dard), and the catalyst (0.0013 mol%) were stirred in N
(50 mL) at 403 K under N2. Samples were withdrawn per
odically and analyzed by GC. The isolated products obta
by separate experiments were analyzed by1H NMR (JEOL
NM-EXCALIBUR 270) to confirm the GC analysis.

3. Results and discussion

3.1. Structure of the as-prepared catalyst

The XRD pattern of Pd-SH-FSM showed a typical lo
angle reflection (100) atd100 = 3.65 nm characteristic o
FSM-16[32], indicating that the long-range ordered stru
ture of the support was preserved. For FSM-16, surface
(881 m2 g−1), pore volume (1.32 cm3 g−1), and pore diam-
eters (around 2.6 nm) were as expected for mesoporous
terials. These values were reduced after the introductio
the mercaptopropylsiloxane palladium(II) complex: surfa
area (724 m2 g−1), pore volume (0.84 cm3 g−1), and pore di-
ameters (around 2.3 nm) for Pd-SH-FSM. This suggests
presence of the complex in the channels of FSM-16.

To clarify the nature of the Pd species on the cataly
UV–vis and XAFS analyses were performed. As shown
Fig. 1, UV–vis diffuse reflectance spectra of Pd-SH-FS
and Pd-SH–SiO2 exhibit a broad band around 340–360 n
due to the d–d transition of Pd(II) complex. Its position
higher in energy than that of Pd(OAc)2 in acetone (400 nm)
Generally, the energy of the d–d transition peak increa
with a decrease in the electronegativity of the bonding at
Thus, the positive shifts in energy after an introduction
Pd(OAc)2 into SH-FSM and SH-SiO2 suggest the partia
substitution of the OAc− ligand by the sulfur ligand.

X-ray absorption near-edge structures (XANES) aro
the PdK edge are shown inFig. 2. In the spectrum o
Pd(OAc)2, a peak at 24370 eV is observed. The spectr
Pd-SH-FSM and Pd-SH–SiO2, having a peak at 24372 eV
are very close to each other. Although their positions
close to that of Pd(OAc)2, the peaks for Pd-SH-FSM an
Pd-SH–SiO2 are broader than that for Pd(OAc)2. This indi-
cates that the structure of Pd(II) complex on these cata
is slightly different from that of Pd(OAc)2, the starting ma-
terial, possibly due to the interaction with SH groups.Fig. 3
shows the Fourier transforms ofk3-weighted EXAFS spec
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Fig. 1. UV–vis spectra of (a) Pd-SH-FSM, (b) Pd-SH-FSM after the Suzu
reaction, (c) Pd-SH–SiO2, (d) Pd-SH–SiO2 after the Suzuki reaction, an
(e) 0.3 mM Pd(OAc)2 in acetone.

Fig. 2. PdK-edge XANES spectra of the fresh catalysts and reference
pounds: (a) Pd-SH-FSM, (b) Pd-SH–SiO2, (c) Pd-FSM, (d) Pd-Y, (e) Pd/C
(f) PdO, (g) Pd(OAc)2, (h) Pd foil.

tra at the PdK edge for the catalysts and reference co
pounds (Pd(OAc)2, PdCl2, PdO, and Pd foil). A peak cen
tered around 0.16 nm (phase-shift uncorrected), observe
the spectrum of Pd(OAc)2, are assigned to the backscatt
ing from the adjacent oxygen atoms. For Pd-FSM, a pea
0.16 nm is observed, suggesting that a Pd(OAc)2-like com-
plex is supported on FSM-16. Note that Pd(OAc)2 consists
of the PdO4 square plane with a Pd–O distance of 0.199
Fig. 3. Fourier transforms ofk3-weighted EXAFS spectra of the fresh ca
alysts and reference compounds: (a) Pd-SH-FSM, (b) Pd-SH–SiO2, (c)
Pd-FSM, (d) Pd-Y, (e) Pd/C, (f) PdO, (g) PdCl2, (h) Pd(OAc)2, (i) Pd foil.

[34], while PdCl2 consists of the PdCl4 square plane with
Pd–Cl distance of 0.231 nm[35]. The peak position for th
Pd–Cl shell of PdCl2 (0.19 nm) is higher than that for th
Pd–O shell of Pd(OAc)2, which reflects the longer distanc
of the former bond. For Pd-SH-FSM, the position of the fi
shell (0.19 nm) is close to that for the Pd–Cl shell of PdC2.
For Pd-SH–SiO2, the position of the first shell (0.18 nm)
also higher than that for Pd–O shell of Pd(OAc)2. These re-
sults indicate the coordination of a larger atom at a la
distance than Pd–O bond length, implying the presenc
S atoms at the first coordination sphere of Pd atoms
higher distances, the spectra of Pd-SH-FSM, Pd-SH–S2,
and Pd-FSM are featureless, indicating a lack of long-rang
order.Table 2shows the structural parameters determi
by the curve-fitting analysis. For Pd-SH-FSM and Pd-S
SiO2 samples, the analysis was unsuccessful with a P
shell, and the optimum fitting result gives around 2.3–
Pd–S bonds of 0.230 nm and around 0.3–0.6 Pd–O b
of 0.200 nm. This indicates that the Pd(II) complex is
ordinated to at least two sulfur ligands on the supports.
Pd(OAc)2-impregnated FSM-16 (Pd-FSM), the optimum
ting result gives 4.5 Pd–O bonds of 0.200 nm, indicating
Pd(OAc)2 is supported on FSM-16 without changing its
cal structure. This model is supported by the XANES re
(Fig. 2); the spectral feature and edge position for Pd-F
are very close to those for Pd(OAc)2.

Pd LIII -edge XANES spectra of various Pd compoun
and Pd-SH-FSM are shown inFig. 4. All the spectra for
Pd(II) compounds exhibited a large white line peak cente
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Fig. 4. Pd LIII -edge XANES spectra of (a) PdCl2, (b) Pd(OAc)2, (c)
Pd-SH-FSM, and (d) Pd black. A dotted line denotes the spectrum fo
Pd-SH-FSM after Heck reaction.

around 3175–3176 eV. This peak can be assigned to the
tronic transition from the Pd 2p3/2 to the unoccupied 4d
states[36]. According to the earlier report on the PdLIII -
edge XANES of Pd(II) compounds, the energy position o
the white line increases with a decrease in the electron
tivity of the bonding atom[36]. The position of the white line
peak for Pd-SH-FSM is higher than that of Pd(OAc)2. This
result suggests the coordination of the less electroneg
atom, i.e., sulfur, to Pd(II), which is consistent with the U
vis and PdK-edge XAFS results. In summary, it is show
that Pd(II) species coordinated to at least two sulfur liga
are present in the Pd-SH-FSM and Pd-SH–SiO2 catalysts.

As shown inFig. 2, the spectral features of XANES fo
Pd/C are similar to those for PdO. The EXAFS spectrum
Pd/C showed a peak at 0.17 nm assignable to the adja
oxygen atom, and its spectral features are close to th
PdO. TEM image of Pd/C showed that the particle size
around 2–5 nm (not shown). From these results, it is sh
that the highly dispersed PdO nanoclusters are the mai
species on Pd/C used in this study. UV–vis spectrum of
Y showed a band at 300 nm due to the d–d transition
[Pd(NH3)4]2+ complexes in NaY zeolite[37], which indi-
-

-

t

cates that [Pd(NH3)4]2+ complexes are exchanged in Na
zeolite.

3.2. Structural change of the catalyst during the Suzuki
reaction

To investigate the structure of the catalysts after
Suzuki reaction, the coupling reaction of 4-bromoanis
and phenylboronic acid was first carried out with the cat
alysts listed inTable 1 under the same conditions (Pd=
1 mol%). Each catalyst showed a good to high yield of c
pling products (73–92%). After each experiment, the amo
of Pd in solution was determined by ICP after removal of
solid catalyst by filtration. The proportion of the Pd leach
in solution strongly depended on the type of the catalyst
changed in the following order: Pd-SH-FSM (0.05%)< Pd-
SH–SiO2 (0.06%)< Pd/C (0.09%)< Pd-FSM (2.23%)<
Pd-Y (6.03%). The filtered catalyst was washed by ace
and water and dried in vacuo at 298 K, and the obtained c
lyst powder was characterized in detail as shown below.
color of Pd-FSM and Pd-Y catalysts changed to gray a
the reaction, suggesting the formation of the Pd particles.
SH-FSM did not change its color (yellow). In contrast, P
SH–SiO2 changed its color from yellow to brown. This col
change is reflected in UV–vis spectrum of Pd-SH–SiO2 after
the reaction (Fig. 1d). For both samples the band at 350 n
remained unchanged, indicating that the Pd(II) complex
ordinated to the sulfur ligand is present on the used catal
For the used Pd-SH–SiO2 sample, the absorption in the vi
ible region due to the band structure of metal nanoparti
[26,28,38]is observed, which suggests the presence o
nanoparticles. This feature is not significantly observed
Pd-SH-FSM.

The XRD patterns of the catalysts after the Suzuki re
tion are shown inFig. 5. In the XRD patterns of Pd-FSM
Pd-Y, and Pd/C, a small line around 2θ = 40◦ due to Pd
metal (plane 111) was observed. No lines due to Pd m
were observed in the XRD pattern of Pd-SH-FSM. TEM i
age showed that roughly spherical 2- to 8-nm-diamete
nanoparticles were formed in the used sample of Pd-
SiO2 (Fig. 6b). As for the used Pd-FSM, small Pd me
particles (10–20 nm) were observed by TEM (Fig. 6c). In
r

lyst

lys
Table 1
Physical characteristics of catalysts and results of Heck and Suzuki coupling reactions

Catalysts Pd
(wt%)

Surface

area (m2 g−1)

Color Suzuki reactiona Heck reactionb

Yield (%) Pd leaching (%) Color Yield (%) Pd leaching (%) Colo

Pd-SH-FSM 3.4 724 Yellow 79 0.05 Yellow 92 0.01 Yellow
Pd–SiO2-SH 3.6 689 Yellow 73 0.06 Brown 84 0.23 Brown
Pd-FSM 1.2 648 Brown 77 2.23 Gray 96 0.39 Gray
Pd-Y 2 (870) White 83 6.03 Gray 95 4.08 Gray
Pd/C 5 443 Black 86 0.09 Black 87 0.15 Black

a Conditions: 4-bromoanisole (5.0 mmol), phenylboronic acid (6.0 mmol), K2CO3 (7.5 mmol), benzonitrile (1 mmol, internal standard, and the cata
(1 mol%) were stirred in DMF (5 mL) at 403 K under N2.

b Conditions: 4-bromoacetophenone (3.0 mmol), ethyl acrylate (4.5 mmol), KOAc (4.5 mmol), benzonitrile (1 mmol, internal standard), and the catat
(1 mol%) were stirred in NMP (5 mL) at 403 K under N2.
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Table 2
Curve-fitting analysis of PdK-edge EXAFS for as-prepared samples

Catalysts Shell CN R (Å) σ2 (Å2) �E0 (eV)

Pd-SH-FSM O 0.6 2.00 0.0033 4
S 2.6 2.30 −0.0002 4

Pd-SH–SiO2 O 0.3 2.00 −0.0075 4
S 2.3 2.27 −0.0008 4

Pd-FSM O 4.5 2.02 0.0013 1

Fig. 5. XRD patterns of the catalysts after the Suzuki reaction: (a
Pd-SH-FSM, (b) Pd-SH–SiO2, (c) Pd-FSM, (d) Pd-Y, (e) Pd/C.

contrast, such Pd nanoparticles were not clearly seen i
TEM image of Pd-SH-FSM (Fig. 6a). In the case of Pd-Y
after the Suzuki reaction, relatively large Pd metal partic
(20–60 nm) were mainly observed (Fig. 6d).

UV–vis, XRD, and TEM analyses do not give quanti
tive information from all Pd species in the samples. Wher
XAFS spectroscopy (XANES and EXAFS) potentially pr
vides an average structural information of all the Pd specie
in the sample. As shown inFig. 7A, the PdK-edge XANES
of the Pd-SH-FSM after the reaction is almost the sam
that of the fresh sample. In the EXAFS spectrum of the
SH-FSM and Pd-SH–SiO2 after the reaction (Fig. 7B), a
peak due to the coordinating ligand (0.19 nm) and a p
due to the adjacent Pd atom (0.25 nm) are observed.
curve-fitting results (Table 3) show that the structural par
meters for the first shell of Pd-SH-FSM and Pd-SH–S2
have not significantly changed after the reaction, which
dicate the presence of the Pd(II) coordinated to at least
sulfur ligands even after the reaction. The peak due to Pd
is more intense for Pd-SH–SiO2, resulting in the higher co
ordination number (3.6) than that for Pd-SH-FSM (0.5). T
larger Pd–Pd coordination number of Pd-SH–SiO2 indicates
the presence of a larger number of Pd metal particles o
larger Pd metal particles on this sample, which is consis
with the TEM result.
Table 3
Curve-fitting analysis of PdK-edge EXAFS for the catalysts after th
Suzuki reaction

Catalysts Shell CN R (Å) σ2 (Å2) �E0 (eV)

Pd-SH-FSM O 0.7 2.00 0.0087 4
S 2.7 2.30 0.0018 4
Pd 0.5 2.89 0.0189 0

Pd-SH–SiO2 O 0.6 2.00 0.0169 4
S 2.5 2.30 0.0014 4
Pd 3.6 2.79 0.0042 3

Pd-FSM Pd 11.1 2.77 0.0085 0
Pd-Y Pd 10.1 2.80 0.0078 0
Pd/C Pd 8.3 2.79 0.0036 −3

XANES spectra of Pd-FSM, Pd-Y, and Pd/C catalysts
nificantly changed after the reaction; their feature was ve
close to that of Pd foil. In EXAFS spectra of Pd-FSM, Pd
and Pd/C after the reaction, peaks around 0.16–0.17 nm
to the coordinating ligands (Pd–O or Pd–N) completely
appeared, and intense peaks at 0.25 nm due to the ad
Pd atoms in Pd metals appeared. This indicates that, dur
ing the reaction, Pd(OAc)2-like complexes on unmodifie
FSM, [Pd(NH3)4]2+ complexes exchanged in NaY zeol
and PdO nanoparticles on Pd/C were completely redu
and aggregated to form Pd particles. The coordination n
bers of the Pd–Pd shell (Table 3) ranged from 8.3 to 11.1
and these values were smaller than that of Pd foil (12), w
suggests that the Pd particles on these samples have a
particle size.

From these results, we have determined the catalyst s
ture after the Suzuki reaction as follows. On Pd-SH-FS
Pd(II) complexes coordinated to at least two sulfur liga
were the main Pd species, together with Pd nanocluster
detectable by TEM as minor species. Whereas, on ligand
Pd-FSM, Pd-Y, and Pd/C, most of the Pd(II) species (Pd
complexes or PdO nanoclusters) were aggregated durin
reaction to form Pd metal particles. On Pd-SH–SiO2, some
part of the Pd(II) complexes coordinated to the sulfur liga
were converted to Pd clusters (2–8 nm) after the reactio

3.3. Structural change of the catalyst during the Heck
reaction

The Heck reaction of 4-bromoacetophenone and e
acrylate was carried out to obtain the used catalyst sam
ples. As shown inTable 1, each catalyst showed a go
to high yield of coupling products (84–96%) under t
condition. After each experiment, the amount of Pd in
lution was determined by ICP after removal of the so
catalyst by filtration. The proportion of the Pd leach
in solution changed in the following order: Pd-SH-FS
(0.01%)< Pd/C (0.15%)< Pd-SH–SiO2 (0.23%)< Pd-
FSM (0.39%)< Pd-Y (4.08%). To compare the structu
stability of each catalyst, the recovered catalyst powder
characterized as shown below. In the XRD patterns of
SH-FSM and Pd-SH–SiO2 after the reaction (not shown), n
detectable lines due to metallic Pd were observed, wher
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FSM,
Fig. 6. TEM images of (a) Pd-SH-FSM, (b) Pd-SH–SiO2, (c) Pd/FSM, and (d) Pd-Y after the Suzuki reaction.

Fig. 7. (A) PdK-edge XANES spectra and (B) Fourier transforms ofk3-weighted EXAFS spectra of the catalysts after the Suzuki reaction: (a) Pd-SH-
(b) Pd-SH–SiO2, (c) Pd-FSM, (d) Pd-Y, (e) Pd/C. Dotted lines denote the spectra for the fresh catalysts.



148 K. Shimizu et al. / Journal of Catalysis 228 (2004) 141–151
Fig. 8. TEM images of (a) Pd-SH-FSM, (b) Pd-SH–SiO2, and (c) Pd/C after the Heck reaction.
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Table 4
Curve-fitting analysis of PdK-edge EXAFS for the catalysts after He
reaction

Catalysts Shell CN R (Å) σ2 (Å2) �E0 (eV)

Pd-SH-FSM O 0.5 2.00 0.0034 4
S 2.8 2.29 0.0013 4
Pd 0.5 2.75 0.0024 4

Pd-SH–SiO2 O 0.6 2.00 0.0091 4
S 2.5 2.30 0.0014 4
Pd 1.4 2.82 0.0043 0

Pd-FSM Pd 8.6 2.75 0.0010 −9
Pd-Y Pd 9.7 2.76 0.0029 0
Pd/C Pd 9.9 2.80 0.0066 0

very broad line due to metallic Pd(2θ = 40◦) was observed
for Pd-Y, Pd-FSM, and Pd/C. UV–vis spectra of Pd-SH-F
and Pd-SH–SiO2 after the reaction (not shown) showed t
band at 350 nm, indicating the presence of Pd(II) comple
The TEM images of Pd-SH-FSM and Pd-SH–SiO2 after the
Heck reaction (Fig. 8) showed that 2- to 14-nm-diameter P
nanoparticles were formed in both samples. XANES spe
and Fourier transforms ofk3-weighted EXAFS at the PdK
edge of recovered catalysts are shown inFigs. 9A and B,
respectively. EXAFS spectra of Pd-SH-FSM and Pd-S
SiO2 after the reaction showed an intense peak at 0.19
mainly due to Pd–S bonds (Table 4) and a very small shou
der around 0.25–0.27 nm due to Pd–Pd bonds. The cu
fitting results of Pd-SH-FSM and Pd-SH–SiO2 (Table 4)
show 2.8 and 2.5 Pd–S bonds around 0.23 nm, 0.5 an
Pd–O bonds at 0.200 nm, and 0.5 and 1.4 Pd–Pd bon
0.275–0.282 nm, respectively. This result indicates the p
ence of the Pd(II) coordinated to at least two sulfur liga
as the main species and small Pd clusters, shown by T
as the minor species. The XANES spectrum of Pd-SH-F
after the reaction is very close to that of fresh sample,
dicating that most of the Pd exist as divalent species
contrast, XANES spectra of Pd-FSM, Pd-Y, and Pd/C
alysts after the reaction were very close to that of Pd
-

t

,

EXAFS spectra of these samples exhibit intense peaks
to Pd–Pd bonds (0.25 nm). TEM images show that the
particle sizes on Pd/C (Fig. 8c), Pd-Y (not shown), and Pd
FSM (not shown) are 2–10, 20–60, and 8–30 nm, res
tively. It is clear that Pd(II) precursors on the fresh cataly
i.e., Pd(OAc)2 on unmodified FSM, [Pd(NH3)4]2+ in NaY
zeolite, and highly dispersed PdO nanoclusters on P
were completely changed to metallic Pd particles (Pd-Y
Pd-FSM) or Pd metal nanoclusters (Pd/C). A PdLIII -edge
XANES spectrum of the Pd-SH-FSM after the Heck re
tion is shown inFig. 4. Although the intensity of the whit
line peak was slightly decreasedafter the reaction, the pea
position did not change. This indicates that the 4d state, i.e.,
the oxidation state of the Pd species in the catalyst, did
markedly change after the reaction. That is, Pd(II) spe
are still present as the predominant Pd species. A sligh
crease in the intensity should be caused by the presen
the Pd clusters as minor species.

From these results, the catalyst structure after the H
reaction is determined as follows. On Pd-SH-FSM and Pd
SH–SiO2, the Pd(II) complexes coordinated to at least t
sulfur ligands are the main Pd species, together with th
clusters as the minor species. On ligandless Pd-FSM
previously reported catalysts (Pd-Y and Pd/C), most of
Pd species were reduced and aggregated to form meta
ticles (Pd-FSM and Pd-Y) or clusters (Pd/C).

3.4. Heterogeneity and recyclability of Pd-SH-FSM for the
Heck reaction

Heterogeneity of Pd-SH-FSM for the Heck reaction
4-bromoacetophenone and ethylacrylate was examined b
the “hot filtration test”[39]. After the reaction mixture wa
stirred for 10 min in the presence of 0.1 mol% Pd-SH-F
(yield = 14%), the catalyst was filtered off at 373 K. Wi
filtrate the reaction did not further proceed after 24 h, c
firming the heterogeneous catalysis of Pd-SH-FSM. The
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FSM,
Fig. 9. (A) PdK-edge XANES spectra and (B) Fourier transforms ofk3-weighted EXAFS spectra of the catalysts after the Heck reaction: (a) Pd-SH-
(b) Pd-SH–SiO2, (c) Pd-FSM, (d) Pd-Y, (e) Pd/C. Dotted lines denote the spectra for the fresh catalysts.
(4.5
P

y
at
,

M
-
te

en-
ely)
low

of
ered

ent

ith

on
tes.

ob-
the
ata-
d the
/C,
ere
un.
-SH-
re
re-
Table 5
Successive Heck reaction using recovered catalystsa

Cycles Yield (Pd-SH-FSM) (%) Yield (Pd-SH–SiO2) (%)

92 84
1st reuse 95 93
2nd reuse 97 88
3rd reuse 97 99
4th reuse 99 88
5th reuse 97 95

a Conditions: 4-bromoacetophenone (3.0 mmol), ethyl acrylate
mmol), KOAc (4.5 mmol), and the catalyst (1 mol%) were stirred in NM
(5 mL) at 403 K under N2.

SH-FSM and Pd-SH–SiO2 showed excellent recyclabilit
for the Heck reaction (Table 5). The catalyst can be reused
least 5 times with no indication of the catalyst deactivation
which confirms the high stability of these catalysts.

We have also examined the activity of Pd-SH-FS
(1 mol%) for the Heck reaction of 4-bromoanisole, bro
mobenzene, and 4-chloroacetophenone with ethyl acryla
under the same conditions as inTable 1. Use of less reactive
electron-rich aryl bromides, 4-bromoanisole and bromob
zene, resulted in moderate yields (58 and 62%, respectiv
The reaction with 4-chloroacetophenone resulted in a
yield (18%).

3.5. Correlation of catalyst structure and activity for
coupling reactions

Fig. 10shows the time course of the Suzuki reaction
4-bromoanisole and phenylboronic acid using the recov
catalyst after the Suzuki reaction (Table 1) well character-
ized in the above sections. Note that the kinetic experim
.

Fig. 10. Plot of GC yield versus time for the Suzuki reaction at 403 K w
recycled catalysts after the Suzuki reaction inTable 1: (!) Pd-SH-FSM,
(") Pd-SH–SiO2, (1) Pd-FSM, (Q) Pd-Y, (P) Pd/C. Conditions: 4-bro-
moanisole (25 mmol), phenylboronic acid (30 mmol), K2CO3 (37 mmol),
DMF (50 mL), the catalyst amount (0.013 mol%).

in Fig. 10 was performed with low catalyst concentrati
(0.013 mol%) to evaluate differences in the reaction ra
Although the yield for the fresh catalyst inTable 1was very
close to each other, clear differences in the rate were
served under this condition. By comparing the slope of
curve, the structure–activity relationship of the reused c
lysts can be discussed as follows. The reaction rate an
yield were considerably low with the reused Pd-FSM, Pd
and Pd-Y catalysts, in which most of the Pd species w
changed to Pd metal particles during the first catalytic r
Higher reaction rates were observed for the reused Pd
FSM and Pd-SH–SiO2 catalysts, in which Pd species a
stabilized by polydentate sulfur ligands. These results
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late

Fig. 11. Plot of GC yield versus time for the Heck reaction at 403 K with (A) fresh or (B) recycled catalysts: (!) Pd-SH-FSM and (") Pd-SH–SiO2 after
the fifth cycle inTable 5; (1) Pd-FSM, (Q) Pd-Y and (P) Pd/C after the first cycle inTable 1. Conditions: 4-bromoacetophenone (50 mmol), ethyl acry
(75 mmol), KOAc (75 mmol), NMP (50 mL) the catalyst amount (0.0013 mol%).
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n of
veal that highly dispersed Pd complexes have much hi
activity for the Suzuki reaction than Pd metal particl
The lower activity of Pd-SH–SiO2 than that of Pd-SH-FSM
should be caused by the larger number of the Pd metal
ticles formed on Pd-SH–SiO2 during the reaction, as note
above.

Fig. 11 shows the time course of the Heck reaction
4-bromoacetophenone and ethylacrylate with low catalys
concentration (0.0013 mol%).Fig. 11A is the kinetic re-
sult for the fresh Pd catalysts. Under this condition, c
differences in the activity were observed, and the reac
rate of the fresh catalysts increased in the order of Pd-SH
FSM = Pd-FSM> Pd-SH–SiO2 = Pd/C> Pd-Y. For the
fresh Pd-SH-FSM catalyst, turnover numbers (TON, mo
of substrate/moles of Pd) as high as 73,000 and turnove
quencies of 36,000 h−1 were obtained, indicating the hig
activity and durability of the catalyst. By comparing t
kinetic results of fresh (Fig. 11A) and reused (Fig. 11B)
catalysts, it is clear that Pd-Y and Pd-FSM catalysts
nificantly deactivated after the Heck reaction (inTable 1,
Pd= 1 mol%). The activity of Pd/C was also decreased a
the first run, but the reused Pd/C showed higher activity t
reused Pd-Y and Pd-FSM catalysts. Considering the cha
terization results, these results suggest that Pd metal clu
(2–10 nm) observed by TEM of Pd/C (Fig. 8c) have higher
activity than larger metal particles on the latter catalysts.
kinetic experiments were also carried out using Pd-SH-F
and Pd-SH–SiO2 catalysts recycled after the fifth reuse
the Heck reaction (inTable 5, Pd= 1 mol%). Despite the
severe recycling treatment, reused Pd-SH-FSM and Pd-
SiO2 showed a higher reaction rate than Pd/C, Pd-Y,
Pd-FSM catalysts after the first use. It is significant to n
that a complete conversion of 4-bromoacetophenone,
yield of the product, and a high TON (72,000) were
tained with the Pd-SH-FSM even after the fifth reuse. Tak
into account the structural information of the used cataly
the above kinetic results reveal the following activity ord
of various Pd species for the Heck reaction: Pd comple
on the SH-functionalized silicas> metal clusters> larger
-

-

-
s

metal particles. The SH groups anchored to the mesopo
silica supports are the most effective heterogeneous lig
for suppressing the aggregation of the dispersed Pd spe
resulting in the most stable catalysis. The high reaction
of the fresh Pd-FSM suggests that Pd(OAc)2-like complexes
on unmodified FSM have high activity. However, the char
terization results and the reaction result inFig. 11B revealed
that most of the reactive complexes are converted to form
active Pd metal particles in the absence of the SH liga
This implies that mesoporous silica itself does not eff
tively prevent Pd metal aggregation. Because of the w
interaction between unmodified FSM and Pd(OAc)2, “palla-
dium dissolution and reprecipitation mechanism”[17,18,40]
should be responsible for the high activity of the fresh
FSM, where the solid supports is proposed to function
reservoir for the leached Pd species as catalytic species
result clearly shows that, for this type of catalysis, the
organic support does not prevent the metal agglomera
during reprecipitation, resulting in a significant deacti
tion.

From the above-noted discussions, it is clarified that
deactivation of the Pd(II) complexes in the Na-Y zeo
and in the unmodified mesoporous silica occurs via ag
gation to inactive metallic particles. The PdO nanoclus
initially present in Pd/C are also in situ reduced and
converted to metallic Pd clusters, which have been sh
to be less active for the Heck reaction than PdO nanoc
ters. These results evidence that the formation of met
Pd is a major cause of catalyst deactivation of previously
ported solid catalysts for Heck and Suzuki reactions. N
that a moderate reaction rate of reused Pd/C for the H
reaction (Fig. 11) suggests a moderate activity of Pd me
clusters. Among various supports tested in this study,
silica-immobilized polydentate sulfur ligands are indispe
able for preventing the Pd metal agglomeration during H
and Suzuki reactions. The mesoporous support (FSM
was more advantageous than amorphous silica for both H
and Suzuki reactions, indicating a cooperating effect
the mesopore and the sulfur ligands for the stabilizatio
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the active Pd complexes. It is widely believed that, dur
the catalytic cycle, the Pd(II)complexes initially present in
the catalyst are reduced to Pd(0) species, and unsaturat
Pd(0) complexes can interact strongly with each other un
the reaction condition to from Pd clusters[2,8]. Recently,
Narayanan and El-Sayed reported a detailed TEM s
on the particle-size growth during the Suzuki reaction
PVP-palladium nanoparticles[27]. They proposed that th
observed increase in the particle size during the reactio
attributed to the Ostwald ripening in which small nanopa
cles dissolve to from larger particles, and suggested tha
groups in PVP suppress the particle growth due to the
hibition of the Ostwald ripening process. According to th
proposal, combined with the results in this study, we prop
that the immobilization of Pd to the polydentate sulfur l
ands in the mesopore restrict the mobility of reactive for
of Pd(II) and Pd(0) complexes, and thus intermolecular
teraction of unstable Pd intermediates and resulting Ostw
ripening process can be retarded. In addition, the sulfur
ands in nanometer-sized channels of FSM-16 may surro
Pd clusters once formed and suppress further aggrega
whereas clusters on the outer surface of SH-SiO2 may grow
further.

4. Conclusion

The stability toward the formation of inactive Pd me
particles is the crucial factor for achieving a stable hete
geneous catalysis for Heck and Suzuki reactions. The s
tural stability of Pd species can be controlled by using
appropriate support. As for the conventional catalysts
zeolite and Pd/C), the Pd(II) species highly dispersed in
Na-Y zeolite or on the activated carbon are aggregate
form less active metallic particles or clusters. In contrast,
silica-immobilized SH groups act as polydentate ligand
stabilize Pd(II) species during Heck and Suzuki reactio
The sulfur ligands in the size-restricted mesopore of FSM
was most effective for preventing the Pd metal aggrega
which results in high durability and recycling characteris
of the Pd-SH-FSM. This catalyst provides a clean and c
venient alternative for Heck and Suzuki reactions becaus
its heterogeneous nature, high durability (high TON), s
ple reaction procedures, and recyclability without a mar
loss of the catalytic activity.
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