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Abstract

[Pd(NH3)4]2+-exchanged sepiolite clay (Paegmolite) has been applied the catalytic Suzuki-type chon—carbon coupling reactions of
4-bromophenol with phenylbonic acid or sodium tetraphglborate in water. The Pd—sepiolite &ttively catalyzed the reaction under mild
reaction conditions (at room temperatureiir).& he Pd—sepiolite system exhibits higlygeld than unsupportedd?ll) salts, [Pd(NH)4]Cl2-
impregnated SiQ(Pd-Si®), and a commercially available Pd/C consisting of Pd metal particles. The structure of Pd species in the catalysts
before and after the reaction was well characterized by a combination of XRD, TEM, UV-Vis;&itje XANES/EXAFS, and PH; -edge
XANES. XAFS and TEM results confirmed the formation of metaltipkes after the reaction by uapported Pd(ll) salt and Pd—SjiOIn
contrast, for Pd—sepiolite the change in the structure of Pd species after the reaction was not significant; the highly dispersed Pd(ll) complex
present before the reaction, was still the main Pd species together with the small Pd clusters (2—7 nm) as minor species. As a result of tf
high stability, Pd—sepiolite was rewbeithout losing its activity. Signifiantly high turnover numbers (TON 940,000) were also attained at
reflux temperature. It is suggested that Pd metatipitation during the reactiois inhibited by a strong electstatic interation of sepiolite
with Pd(Il) species.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction their air-sensitive nature and are too difficult to reuse after
the reaction. To solve these problems, itis highly desirable to
The palladium-catalyzed @ss-coupling reaction of aryl ~ develop phosphine-free heterogeneous catalysts that are re-
halides and arylboronic acids (Suzuki reaction) is one of the cyclable and stable in air. From industrial and environmental
most important methods for the preparation of biaryl com- points of view, the use of water as a safe and inexpensive sol-
poundg1,2]. The reaction is normally carried out in organic vent for Suzuki reaction is also desired, and several attempts
solvents and catalyzed by homogeneous Pd catalysts withhave been focused on the Suzuki reaction in wiget 3].
specific phosphine-based ligands-4]. However, homoge- Various supported Pd catalysts have been reported to be
neous catalysts are generally connected with the problemeffective for Suzuki reactioi9—21], and a few heteroge-
of separation and wasted inorganics. The phosphine ligandsneous catalysts can catalyZzeetSuzuki reaction in water
and Pd precursors are usually difficult to handle because of[9—-13]. Among them, amphiphilic polymer supported palla-
dium catalyst410] and oxime-carbapalladacycle anchored
—_— , _ to silica[11] were shown to be highly active for the Suzuki
___ Corresponding author. Present azids: Department of Applied Chem- o 5 otio in water under an inert atmosphere. Pd/C was also
istry, Graduate School of Engineeg, Nagoya University, Chikusa-ku, . . _ . .
Nagoya 464-8603, Japan. Fax: +81-52-789-3193. shown to be effective for Suzuki reaction of |0d0phen0|3 In
E-mail address: kshimizu@apchem.nagoya-u.ac(ff.-i. Shimizu). water[13]. However, the reactivity and the stability of these
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catalysts in air were not well studied, and a large amount and dolomite) without a decgposition of sepiolite itself.
of the catalysts were generally used for these heterogeneoufPd(NHz)4]%t-exchanged sepiolite clay (Pd—sepiolite) was
catalytic systems whose turnover numbers were several or-prepared by exchanging the sepiolite with an aqueous so-
ders of magnitude lower than those of the homogeneouslution of [Pd(NHs)4]Cl> at 298 K for 48 h, followed by
catalysts. These aspects limit the industrial application of centrifuging and washing with deionized water, and subse-
heterogeneous catalysts for Suzuki reaction. quently drying in vacuo at 298 K. A similar procedure was
The stability of the catalytic Pd species is also important used to prepare [Pd(N#4]?+-exchanged NaY zeolite (Pd—
for large-scale industrial applications of the coupling reac- NaY) and [Pd(NH)4]%"-exchanged mica (Pd—mica) using
tions. It is generally assumed that the deactivation of the PdNaY (JRC-Z-Y 5.6, a reference catalyst of the Catalysis
catalyst occurs via clustering of palladium intermediates in Society of Japan, SigAl>O3 = 5.6) and Na—mica (Na—
the catalytic cycle. It is well known that phosphine ligands fluorotetrasilicic mica, Sonsif ME-100, with ideal formula
stabilize Pd(0) intermediates and prevent the aggregation ofof NaMgp 5SisO10F2, COOP Chemicals Co. Ltd.), respec-
them to inactive clustef®—8,16] The cation-exchangeable tively. [Pd(NHgz)4]Cl2 dispersed on the amorphous silica
porous inorganic supports may be a candidate for the sta-(Pd—SiQ) was prepared by an impregnation method, fol-
bilizer of Pd(Il) precursors and Pd(ll) intermediates formed lowed by drying in vacuo at 298 K.
during the reaction. Indeed, [Pd(N}]%>*-exchanged NaY XRD patterns were taken by MX Labo (MAC Science)
zeolite has been shown to be effective for HE2R,23]and with CuK« radiation (40 kV, 25 mA). Diffuse reflectance
Suzuki[15,17]reactions. For the Heck reaction, it was spec- spectra were obtained with a UV-Vis spectrometer (Jasco;
ulated that dissolved active Pdpecies catalyze the reaction V-550) and were converted from reflection to absorbance
in the channels or cages by a homogeneous mechd2&m by the Kubelka-Munk method. Transmission electron mi-
However, very little attention has been paid to the structural croscopy (TEM) was carried out on a JEOL JEM-2010 op-
analysis of the active Pd species before and after the reacerating at 200 kV. P& -edge XAFS spectra were taken at
tion [23], and hence the structure of the active Pd speciesBL-10B of the Photon Factory in High Energy Accelerator
during the reaction and the role of inorganic supports on the Research Organization in Tsukuba (Japan), with a ring en-
stabilization of Pd species are still speculatively discussed. ergy of 2.5 GeV and stored current of 250-350 mA. The
We chose a sepiolite as a support to stabilize the active Pdspectra were recorded in a transmission mode at room tem-
species. Sepiolite is an inexpensive natural clay mineral with perature with a Si(311) channel-cut monochromator. The
ideal formula of MgSi12030(OH)4 - 4H20 - nH20. Its struc- ionization chambers fofg (17 cm) and forl (31 cm) were
ture is formed of talc-like ribbons arranged in such a way filled with Ar. Pd L;; K-edge XANES (X-ray absorption
that the tetrahedral sheet is continuous but inverts in api- near-edge structures) spectra were obtained at the BL-9A

cal directions in adjacentbbons, generating uniform size
parallel-piped intracrystalline tunnels (80« 4.0 A) along
the fiber[24]. The magnesium ion on the tunnel wall can
be substituted with various catiof@5—27] and highly dis-
persed metal cations act as the catalytic active[2Be-30]

station of the Photon Factory with a ring energy of 2.5 GeV
and a stored current of 250-350 mA. The spectra were
recorded in a transmission mode at room temperature with a
Si(111) double-crystal monochromator. High-energy X-rays
from high-order reflections were removed by a pair of flat

Previously, we have reported preliminary results that the quartz mirrors coated with Rhilthat were aligned in paral-
Pd-sepiolite catalyst is highly active and stable for Suzuki lel. The ionization chambers filled with JB0%)—He(70%)
cross-coupling reactions of aryl bromides using DMF as for I (17 cm) and N(100%) for/ (31 cm) were used. For
a solvent at relatively high temperature under an inert at- Pd K and PdLj; XAFS, the energy was defined by as-

mospherg20].

signing the first inflection point of the Cu foil spectrum to

In this paper, we report that the Pd—sepiolite shows high 8980.3 eV.

TON for Suzuki-type coupling reactions in water. The cata-

lyst is air stable and can be reused without noticeable loss 0f2.2. Catalysts tested

activity. The structure of the catalyst before and after the re-

action is well characterized, atite results will be discussed

The reagents were obtained from commercial sources and

to reveal the nature of the Pd species required for the stablewere used without further purification. A typical experi-

catalysis in the Suzuki reaction in water.

2. Experimental
2.1. Catalyst preparation and characterization
According to our previous repof31], natural sepio-

lite (Konan, China) was treated with dilute HCI aqueous
solution (0.59 moldm?®) to eliminate impurities (calcite

mental procedure for Suzuki reactions is as follows. A 20-
mL round-bottom flask was charged with 4-bromophenol
(2 mmol) and phenylboronic acid (1.2 mmol) or sodium tet-
raphenylborate (0.27 mmol), N&Osz (3.0 mmol for phenyl-
boronic acid or 1.75 mmol for sodium tetraphenylborate),
catalyst (0.5 pmol, 0.05 mol% Pd), and 10 mL of water.
The mixture was stirred at room temperature in air or jn N
After the reaction, the basic solution was neutralized by di-
lute HCI solution, and products were extracted with ethyl
acetate (3 mL) three times. After addimgnonane as an
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internal standard in the organic phase, the product yield
was determined by GC analysis. The product was identified
based on the GC (comparison with commercial reagents)
and!H NMR spectroscopy (JEOL NM-EXCALIBUR 270,
CDCl3 as solvent with TMS). For a large-scale experiment,
a 1-L round-bottom flask was charged with 4-bromophenol
(50 mmol) and phenylboronic acid (60 mmol), Xz0O3
(300 mmal), catalyst (0.0001 mol% Pd), and 500 mL of wa-
ter. The mixture was stirred at a reflux temperature in air.
After the reaction, the basic solution was neutralized by di-
lute HCI solution, and products were extracted with ethyl
acetate. The organic phase was dried with Mg&@ad evap-
orated under vacuum. The obtained white solid consisted of
biphenyl-4-ol, and no side products were detected by GC
and'H NMR analyses. For the catalyst characterization af-
ter the Suzuki-type reaction thused catalysts were prepared
as follows; typically a mixture of 4-bromophenol (10 mmol),
sodium tetraphenylborate (2.7 mmol), 03 (17.5 mmol),
and the catalyst (1 mol% Pd) in 100 mL of water was stirred
at room temperature for 5 h, followed by extracting the solid
product with ethyl acetate, and by filtering and washing the
solid catalyst with ethyl acetate and water, and by drying in
vacuo at 298 K.

3. Resultsand discussion
3.1. Characterization of the as-prepared catalyst

ICP analysis of Pd—sepiolite showed that more than 95%
of Pd** cations in the starting solution were exchanged on
the support (Pd contert 0.5 wt%). XRD patterns of Pd—
sepiolite were essentially the same as that of the sepiolite
support. The surface area of Pd—sepiolite (240gnt by
BET method) was very close to that of the original sepio-
lite (248 n?g~1). These results suggest that the palladium
complex is immobilized on the surface of sepiolite, without
changing its tunnel structure.

To clarify the nature of the Pd(ll) species obtained by
ion exchange with [Pd(N§g)4]Cl2, UV-Vis and XAFS stud-
ies of Pd—sepiolite were performelig. 1 shows UV-Vis
diffuse-reflectance spectra of Pd—sepiolite and the sepiolite
support. In the spectrum of Pd—sepiolite, a broad shoulder
peak around 300-400 nm assignable to dhé transition
of Pd(ll) species was observed. The position of the band
is lower in energy than that for [Pd(N$4]%* in solution
(295 nm)[32] and higher in energy than that for to the iso-
lated Pd(ll) ion coordinated to four framework oxygens of
zeolites (Q) (around 300 nm) reported in the literat(iga].
Jorgensen studied the effect of substitution ofzNigands
by H,O and reported that the position of thied transi-
tion for [Pd(NHg)2(H20)2]%t (341 nm) was higher in wave-
length than [Pd(NH)4]% (295 nm)[32]. A similar shift in
the band has been observed for [Pd@)4ff"-exchanged
Na-Y zeolite calcined at low temperature (523 [RB] and
was due to theis-Pd?* (NH3)2(0z)2. Therefore, the UV-Vis
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Fig. 1. UV-Vis spectra of (a) sepiolite and (b) Pd—sepiolite.
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Fig. 2. PdK-edge XANES spectra of (a) Pd—sepiolite, (b) Pd—Si(@)
Pd(OAc), (d) [Pd(NHz)4]Cl>, (e) Pd/C, and (f) Pd foil. Dotted lines denote
the spectra for the catalyst after the Suzuki reaction.

result suggests a substitution of severalNigands by the
support oxygens possibly caused by the cation exchange at
the pore wall of the sepiolite.

X-ray absorption near-edge structures around the&kPd
edge for the fresh samples are showrig. 2 (solid lines).
The edge energy and XANES feature of Pd—sepiolite were
close to those of Pd(ll) salts, [Pd(N}]Cl,, and Pd(OAg),
indicating that Pd(ll) species are supported on the sepio-
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Fig. 3. Fourier transforms ofk3-weighted EXAFS spectra of (a) Fig. 4. Pd L) -edge XANES spectra of (a) Pd—sepiolite, (b) PdQt)
Pd-sepiolite, (b) Pd(OAg) (c) [Pd(NHz)4]Cl>», (d) Pd/C, and (e) Pd foil. Pd(OAc), (d) [Pd(NHg)4]Clo, (e) Pd/C, and (f) Pd black. A dotted line
Dotted lines denote the spectra for taalyst after the Suzuki reaction. denotes the spectrum for the Pd—sepiolite after the Suzuki reaction.

lite. Also, the edge energy and XANES feature of Pd—SiO 3176.0 eV. This peak can be assigned to the electronic tran-
indicate that Pd(Il) species are supported on the Pd>-SiO sition from the Pd 23> to the unoccupied & states. In
sample Fig. 3shows the Fourier transforms b#-weighted the spectra of Pd(ll) compoundscluding Pd—sepiolite, a
EXAFS spectra at the P& edge. Peaks centered around single symmetric absorption peak appears, and its shift in
0.16-0.17 nm (phase-shift uncorrected), observed on thethe energy is obvious. Within the square-planer Pd(Il) com-
spectra of Pd(ll) salts, are due to the backscattering from plexes ([Pd(NH)4]Cl2, Pd(OAc), and PdCl), the position
the adjacent oxygen or nitrogen atoms. In the spectrum of of the peak shifts toward higher energy as the electroneg-
Pd-sepiolite, a peak at 0.16 nm due to Pd—O and/or Pd—N isativity of the bonding ligand decreases in the ordes=N
observed, and its EXAFS is featureless at higher distances,O > Cl, or in other words, in thepectrochemical-series or-
indicating that Pd(ll) cations are highly dispersed in the sam- der (NHz > OAc™ > CI~). The same result was reported
ple. It should be noted that oxygen and nitrogen atoms areby Sugiura et al[34], who proposed that the high-energy
very similar as backscattering atoms, and thus we did notshift of this peak is due to the increase in the ligand-field
perform the curve-fitting analysis. A peak at 0.25 nm, which splitting. As shown inFig. 4, the intensity of the peak in
appears in the spectrum of Pd foil, indicates the presence ofnormalized XANES spectra increases with an increase in the
the second-neighboring Pd atom. In the spectrum of Pd/C, electronegativity of the bonding ligand. It is well known that
the peak due to the Pd—Pd shell (0.25 nm) is predominant,the L -edge white line is sensitive to the electron density of
though its intensity is lower than that for Pd foil. The fea- the transition-metal compounds; the white line intensity in-
ture of PdK-edge XANES of Pd/C is very close to that creases with a decrease in the electron density of the/Pd 4
of Pd foil. These results indicate that small Pd particles are level[35]. The observed increase in the peak intensity could
predominant Pd species on Pd/C. The presence of Pd metabe due to the increase in the iconicity in the Pd—X bonds,
particles on Pd/C was also confirmed by XRD; a very broad which should correspond to the decrease in the electron den-
line around 2 = 40° due to Pd metal was observed (result sity of the Pd 4 level. For Pd—sepiolite, the peak position
not shown). (3175.8 eV) is intermediate between those for [PdgNH+

Pd L) -edge XANES spectra of various Pd compounds (3176 eV) and Pd(OAg)(3175.4 eV), which suggests that
and Pd-sepiolite are shown Fig. 4. All the spectra ex- the ligand-field splitting of the supported Pd(ll) species is
hibited a large white line peak centered around 3174.2—intermediate between these compounds. This interpretation
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Table 1 100
Reactions of 4-bromophenol with sodiugtraphenylborate by various cat- r
alyst$! {0+

Br

PhsBNa + Pesepolly OH = 60
H20, Na;CO3 .2 0
>

on 40
Run Catalysts (wtoh) Yield® (%)
1 Pd—sepiolite (0.5) 99 (99) 20
2 Pd—NayY (0.7) 83
3 Pd—mica (0.7) 73
4 Pd/C (2) 23
5 Pd-SiQ (0.5) 57
6 PdCh 47 Time/h
7 Pd(OAc) 36
8 Pd(OAc)Y 43 Fig. 5. Plot of yield versus reaction time for the Suzuki reaction in water at

& Reaction conditions: 4-bromophenol (1.0 mmol)4BNa (0.27 mmol), room temperature ) Pd-sepiolite, 1) PA(OAC, () PA/C.

NapCOz (1.5 mmol), catalyst (0.1 mol% Pd) in4® (10 cn¥) at room
temperature for 5 h in air. der the same conditions (0.1 mol% Pd at room tempera-

P Pd content of the supported catalyst. ture in air). As reported by Sakurai et al., Pd/C was not
¢ GCyield u'singz-non_ane_a§ aninternal _standard after extraction by ethyl effective for the reaction with bromophenol_ AIthough Bu-
ageg’uf'lThte 'SOIatr: 1y'§|d |s|(;n parenthesis. magin et al. reported that phosphine-free Pd(ll) catalysts
GalySt amounE 2.5 more. such as Pd(OAg)were effective for Suzuki reactions in

water, Pd(OAc) showed moderate a yield (36%) under

is consistent with the UV-Vis result, suggesting the substitu- our conditions, and the yield was not markedly increased
tion of several NH ligands by the oxygen of the support. For - even when the catalyst amount was increased (1 mol%
Pd—sepiolite, the intensity of the peak is higher than those pg). Clearly, Pd(1l) catalysts supported on ion-exchangeable
for [Pd(NHg)4]Cl2 and Pd(OAc). This may be due to ade-  sglids (Pd—sepiolite, Pd—NaY, and Pd—mica) showed higher
crease in the electron density of the Rtlldvel caused by a  yjelds than unsupported Pd(ll) salts and commercially avail-
strong electrostatic interaction between anionic clay oxygen aple solid palladium catalyst (Pd/C). Among these catalysts,
and Pd(ll) cations. From these results, Pd species in Pd-pd_sepiolite catalyzed the @®coupling reaction with the
sepiolite are proposed to be the Pd(ll) cations immobilized highest yield. For a comparison, [Pd(M4]Cl» impreg-
on the anionic surface oxygens of the sepiolite. nated to the non-ion-exchangeable support, Pd>,Sias

For the reference compounds of the metallic Pd, Pd black tested for the reaction. With this catalyst the yield was much
was used instead of Pd foil. Note that the XRD pattern of Pd ower than that achieved by Pd—sepiolite, and the color of
black showed that Pd black consists of highly crystallized pd-SiG changed from white to gray during the reaction.
Pd metal. From the spectrum of Pd black, it is clear that the Since the surface area of amorphous silica (36gn) was
characteristic XANES feature for the highly crystallized Pd higher than that of sepiolite (248%4g~1), it is assumed that
metal is a small peak at 3174.2 eV. For Pd/C catalyst, a rel- the electrostatic interaction between the Pd(ll) complex and
atively small peak at 3175.4 eV due to oxidized Pd species the anionic surface site of the clay is important to achieve
and a shoulder around 3174.2 eV due to the Pd metal are obactive and stable catalysis.
served. This result seems to be inconsistent with XRD and F|g SCompares the time course of the reaction with Pd—
Pd K -edge XANES/EXAFS results of Pd/Eigs. 2 and B sepiolite, Pd(OAc), and Pd/C. The Pd/C, consisting of the
which strongly indicate that small Pd metal particles are pre- metallic Pd particles, showed the lowest reaction rate. Al-
dominant Pd species on Pd/C. This inconsistency should bethough Pd(OAc) showed a comparable initial rate as Pd—
derived from a high sensitivity of they -edge XANES to  sepiolite, the catalysts readily deactivated, and the formation
the oxidation states and may be explained as follows. The of black Pd particles was confirmed after extraction of the
metallic Pd particles on carbon are in slightly oxidized states products with ethyl acetate. With Pd—sepiolite, in contrast, a
possibly by the influences of the support surface or the oxy- quantitative conversion was attained after 5 h. To confirm

gen atoms on the surface of Pd metal particles. heterogeneity of Pd—sepiolite, we performed the leaching
test for the reaction of 4-bromopherid6]. After stirring the

3.2. Catalytic properties of Pd—sepiolite for Suzuki-type reaction mixture for 1 h in the presence of 0.05 mol% of Pd—

reactions sepiolite (yield= 38%) followed by filtering off the catalyst,

the total Pd content in the filtrate was only 0.02 ppm. With
Table 1list the results of the coupling reaction of 4- filtrate the reaction did not further proceed after 5 h, which
bromophenol and sodium tetraphenylborate. In entries 1-7,proves heterogeneous catalysis of Pd—sepiolite. The activity
the product yields for various catalyst were compared un- of the recovered Pd—sepiolite is shownTable 2 After the
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Table 2 of DMF and RO, only 22% vyield was obtained. To eval-
Reactions using recovered Pd-sepiflite uate the durability of the Pd—sepiolite, we have examined
Cycles Yield (%) the Suzuki reaction with a significantly low catalyst con-
> 99 centration (run 3). In the cross-coupling of 4-bromophenol
First reuse 95 with phenylboronic acid in water at reflux temperature with
Second reuse >99 0.0001 mol% of palladium, a complete conversion of 4-
Third reuse o bromophenol and an isolated yield of 94% were obtained
& Reaction conditions: 4-bromophenol (1.0 mmol)4BNa (0.27 mmol), after 24 h, corresponding to TON value of 940,000. To the

NapyCOz (1.5 mmol), catalyst (0.1 mol% Pd) in4® (10 cn?) at room

A best of our knowledge, this is the highest TON for the hetero-
temperature for 5 h in air.

geneously catalyzed Suzuki cross-coupling of aryl bromides.
However, when 4-chlorophenol was used for the reaction
Table 3 with phenylboronic acid by Pd—sepiolite (0.2 mol%) under
Pd—sepiolite-catalyzed Suzuki reaction of 4-bromophenol with phenyl- reflux condition, only 31% yield was obtained, indicating

boronic ac'&B(OH)Z . that the catalyst is not applible for the coupling reaction of

aryl-chlorides.
Pd-sepiolite
(O Qi O~
H20, NayCO3

3.3. Structure of the catalyst after the Suzuki reaction
OH

Run Solvent Yiel8 (%)

During the catalytic cycle, a part of the Pd(ll) com-

1 H,0 o plexes initially present in the catalyst can be reduced to
g :28d - 33(94) Pd(0) intermediates via a reductive-elimination process. The
4 MZeOH 0 Pd(0) complex should be the most unstable Pd species in
5 1,4-Dioxane 0 the present reaction. Inactive large Pd particles are known
6 DMF 0 to be formed through the aggregation of the active Pd(0)
7 DMF/H,0 (1/1) 21 species[8]. To clarify the aggregation behavior, various

@ Reaction conditions: 4-bromophenol (1 mmol), phenylboronic acid spectroscopic charactertians were carried out on the Pd

(1.2 mmol), NaCOg (3 mmol), catalyst (0.1 mol% Pd), 40 (10 cn?) species formed during the Suzuki reaction. The XRD pattern

at room temperature in air for 20 h.

b GC yield using:-nonane as an internal standard after extraction by ethyl
acetate. The isolated yield is in parentheses.

of Pd—sepiolite after the reaction was essentially the same as
that of the fresh sample, indicating no structural damage of

¢ Reaction was performed in\ the support and no formation of large Pd particles during
d Reaction conditions: 4-bromophenol (50 mmol), phenylboronic acid the reaction. As shown ifig. 2 the feature of P -edge
(60 mmol), NaCOz (300 mmol), catalyst (0.0001 mol% Pd),>6 XANES for the used Pd—sepiolite is essentially the same as

(500 cn) at reflux temperature in air for 24 h. that of fresh sample, but it is clearly different from that of

Pd/C or Pd foil. In the P& -edge EXAFS spectrum of the
reaction, ethyl acetate was adde the reaction mixture, and  used Pd-sepioliteHg. 3), the peak around 0.16 nm due to
the solid catalyst was removed by centrifugation, followed Pd—O and/or Pd-N is still predominant, but a small peak at
by washing with water to remove M@0z and borates. The  0.25 nm due to the adjacent Pd atom is observed. These re-
catalyst powder was reused at least 3 times without indi- sults indicate that the highly dispersed Pd(ll) cations are pre-
cation of the catalyst deactition, which confirms a high ~ dominant Pd species, but Pd clusters are also present as mi-
stability of this catalyst. Bulut et al. tested the recycle of nor species on the used catalyst. ThelRig-edge XANES
Pd-NaY catalyst for the Suzuki reaction in DMR/BI sol- spectrum of the used Pd—sepiolite is showrFig. 4. Al-
vent and reported that theetscatalyst should be recalcined though the intensity of the white line peak slightly decreased
under Q in order to regenerate its activift7]. Hence, a  after the reaction, the peak position did not change. This
simple procedure for catalyst recycle is an additional advan- indicates that the oxidation state of the Pd species in the cat-
tage of Pd—sepiolite catalyst. alyst did not markedly change during the reaction. A slight

Table 3 shows results of the Suzuki reaction of 4- decrease in the intensity should be caused by the presence
bromophenol with phenylboronic acid under various condi- of the Pd clusters. TEM images of the used Pd—sepiolite are
tions. In water as a solvent, Pd—sepiolite was effective undershown inFig. 6. Over most of the sepiolite surface, Pd par-
air as well as under an inertrabsphere; almost quantita- ticles were not observed as illustratedrig. 6a. However,
tive yields were obtained undeach condition. In a serious  a small number of Pd clusters (2—7 nm) were also observed
of experiments carried out using 0.1 mol% Pd—sepiolite at on the external surface of the sepioliféig. 6b). Consid-
room temperature in air (runs 2, 4-7), the solvent was varied. ering the PdK -edge and Pd.j; -edge XANES results that
A remarkable effect of the solvent was observed. The reac-the average Pd oxidation state of the Pd—sepiolite did not
tion did not proceed with orgamsolvents such as methanol, markedly change after the reaction, it can be concluded that
1,4-dioxane, and DMF at room temperature. In mixtures the Pd metal clusters observed in TEM images are the minor
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Fig. 6. TEM images of the catalysts after the Suzuki reaction: Pd—sepiolite (a, b) and PdeSiO

species. The small peak due to the adjacent Pd atom showrPd clusters observed in the recovered Pd—sepiolite are also

in EXAFS is caused by the presence of such metal clusters. the catalytically active species. For Pd—gi&hd Pd(OAc)
When the [Pd(NH)4]*t complex dispersed on the non- catalysts tested in this study, it is speculated that nano-sized

ion-exchangeable support (Pd—-gj@nd Pd(ll) complexes  Pd colloids generat during the Suzuki reaction act as cat-

in the absence of the solid support were tested for the alytically active species, though such nanoparticles should

Suzuki-type reactionTable 1), their activities were lower  be further agglomerated to inactive large metal particles as

than that of Pd—sepiolite. In addition, the change in color characterized by P& -edge XAFS and TEM.

suggests the Pd metal precipitation during the reaction. As

shown inFig. 2, the PdK-edge XANES spectrum of Pd—

SiO significantly changed after the reaction, and its fea- 4. conclusion

ture was close to that of Pd foil and Pd/C. TEM image

of Pd-SiQ after the reactionKig. 6¢c) shows the pres-

ence of Pd metal particles of around 10-100 nm in size.

The black powders precipitated during the reaction with

Pd(OAc) catalyst were also collected and were used for

Pd K-edge XAFS measurement. The XANES and EXAFS

spectra showed characteristic features for metallic Pd par-

ticles, co_nflrmmg the formation of metal particles during reaction, accompanying the formation of 2—7 nm Pd clus-
the reaction by Pd(OAg) In contrast, as noted, the char- . ; o ) .
ters as minor species, indicating that Pd sites are highly

acterization results of the used Pd—sepiolite indicate that the | . -

. . S dispersed even under the reaction conditions. Although the
change in the structure of Pd species after the reaction is notunsu orted Pd(ll) salt showed a comparable initial rate
significant; the highly dispersed Pd(ll) complexes are still PP P

present as main Pd species together with the small Pd par-as Pd—sepiolite, it readily deactivated by forming inactive

. . ; o Pd metal particles. Owing to the high structural stability,
ticles as minor species. From these results, it is concluded S 2 .

that the Pd metal precipitation during the reaction and re- Pd-sepiolite showed a significantly h.'gh turnoyer numbers
sulting loss of the activity can be suppressed by the us:e(TON — 940’0(.).0) unqer a reflux condltlorj, and it showed a
of the sepiolite support, and thiesults in the high dura- good recyclability. This novel calyst provides a clean and

bility of Pd—sepiolite. The electrostatic interaction between conv enient alternative for Suzy kireaction in view of the fol-
the anionic surface oxygen of tisepiolite and the cationic lowing advantages. The reaction proceeds smoothly at room

Pd(Il) precursors or Pd(ll) intermediates could be effective terlnpe;atu(;e n water n;edlla wrf[houtdthe nteectj o usr? orgazlrjrl]c
for suppressing the leaching of Pd in the solution and the SO'VEN'S, d€gassing of solvent, and inert atmosphere. The

subsequent metal precipitation. Several studies showed th&atalystis also stable, easy to handle, reusable, and nonpol-

[Pd(NHs)4]%t-exchanged sepiolite clay (Pd-sepiolite)
was shown to be highly active for the catalytic Suzuki-
type carbon—carbon coupling reactions of 4-bromophenol
with phenylboronic acid or sodium tetraphenylborate in wa-
ter. The Pd(Il) complexes exchanged to the sepiolite were
present as the main Pd species in Pd—sepiolite even after the

use of Pd metal nanoparticles as effective catalysts for cou-'uting solid.

pling reactions. Reetz et al. proposed that nano-sized Pd

colloids in situ generated from Pd(ll) precursor during the

Heck reaction act as effective heterogeneous catdlgjstsi Acknowledgment

et al. showed that polymer-stabilized Pd nanoparticles have

high activity for Suzuki reaction8]. However, the nanopar- The X-ray absorption experiments were performed under

ticles were agglomerated after one cycle, resulting in a lossthe approval of the Photon Factory Program Advisory Com-
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