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Abstract

The Heck reaction was carried outA N -dimethylacetamide (DMACc) solvent with Pd-supported zeolites as catalysts. Particular attention
was paid to the influence of pretreatment conditions and the kind of zeolites on the catalytic activity and the elution’of Roh-Exichanged
zeolites exhibited relatively high activity in the reaction. However, a considerable amount of Pd was dissolved in the solvent. Deposition of
agglomerated Phiwas observed after the reaction, suggesting the dissolv&tl &ecies was reduced with DMAc during reaction®Pd
loaded zeolites were prepared by the reduction of Pd oxide/zeolites witArhiong P@-loaded catalysts, BtH-Y exhibited high activity.

The dissolution of Pd was significantly suppressed ovérteel, as indicated by ICP analysis of the solution. The recycled useGHRY

was possible through oxidation and successive reduction withiTHe growing process of Pd clusters in H-Y was followed by energy-
dispersive XAFS (partly Quick XAFS) during temperature-programmed reduction in dilytell #Was found that stable Rd clusters that
interacted with Brgnsted acid sites were generated in the pore of H-Y. Taeldters were ascribed to the active and insoluble species in
the Heck reaction.

0 2005 Published by Elsevier Inc.
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1. Introduction that the dissolved Pd acted as active sites for the Heck reac-

tion, which reprecipitated on active carbon supports after the
Recently, much effort has been devoted to developing ac- "éaction8]. Djakovitch and co-workers also pointed out that

tive Pd catalysts in the Heck reaction, because the reactionH1€Ck reaction took place on the dissolved Pd, and the de-

is useful and versatile for the formation of C—C bonds via halogenation proceeded over solid Pd catgl§kt Further-

the arylation or vinylation of olefinil—3]. Furthermore, the ~ More, Kohler et al. reported the highly active Pd/Mcata-

reaction proceeds under mild conditions to yield alkylated !YStS in the reaction with the nonactivated aryl chlorife.

products with high efficiency. Many kind of materials, in- 1heY revealed that the highly active Pd species were gen-

cluding active carbon, metal oxides, molecular sieves, and €rated by dissolution of Pd from the support. Zeolites and

polymeric materials, have been used as supports for hetero/Mesoporous materials have an advantageous character as

geneous Pd catalysfd—7]. In these investigations, active §upports for Pd over simple metal oxides or active carbon,
catalysts that showed limited dissolution of Pd were desired, in that they possess micropores or MEsSopores whefe '.Dd
in view of the separation and the recycled use of catalysts.CIUSt?rS are encapsulated. Indeed, .DJakOV'ICh et al. stu<_j|ed
However, it has often been difficult to suppress the dissolu- a series of Pd-supported Na—Y zeplltes prgpared by thg lon-
tion of Pd, and sometimes the dissolved Pd was considereOEXChange method, and they obtained active catalyst in the

to be the active species in the reaction. Arai et al. claimed reaction between aryl bromides and ole{hs]. Jacqbs and
co-workers also reported that Pd-loaded mordenite was ac-

tive and truly insoluble in the Heck reaction in tolugi].
* Corresponding author. Fax: 81 857 31 5684. Basic zeolites, namely K- and Cg-exchanged X zeolite
E-mail addressokmr@chem.tottori-u.ac.jK. Okumura). containing PdGJ, were used as catalysts for a reaction be-
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tween Phl or PhBr with styreng3]. As for mesoporous  showed high activity in the Heck reaction, and the insolubil-
materials, Ying et al. reported a highly active Pd-loaded ity of Pd in the polar solvent.
Nb-MCM-41 catalyst prepared through the deposition of Pd
complex in the vapor phag&4,15]

From systematic investigations of the behavior of Pd in- 2. Experimental
teracting with a zeolite support, it has been revealed that not
only homogeneous pores but the presence of Brgnsted aci®.1. Sample preparation
sites played important roles in the generation and stabiliza-
tion of well-dispersed metal Pd. We have obtained various  Na-, H-ZSM-5, H-mordenite, H-Y (3Al, = 5.5, Sho-
metal Pd clusters in the acid-form zeolifé$]. That is, P¢ kubai Kasei), USY (SiAl, = 7.51, Shokubai Kasei), 8-
clusters were generated in the pores of MFI and MOR zeo- (Si/Al; = 25, PQ, Co), and ferrierite (BAl, = 17.7, Tosoh)
lites, and Pghs clusters were obtained in FAU-type zeolites were used as supports for Pd. H-ZSM-5 and H-mordenite
(H-Y and USY). The Pd clusters were reversibly gener- were prepared by the ion exchange of, Na-ZSM-345i =
ated upon simple oxidation and subsequent reduction treat-23.8, Tosoh) and Na-mordenite (81, = 15, JRC-Z-M15;
ment, which was achieved via the spontaneous dispersion ofCatalysis Society of Japan), respectively, with the use of
PdO on the acid sites of zeolit§k7,18] This observation NH4NOj3 solution, followed by calcination in a Nflow at
suggested that the recovery of catalysts would be possible723 K. Typically, Pd (0.4 wt%) was loaded on these zeolites
simply by oxidation at elevated temperature and subsequentby an ion-exchange method with the use of PdgNigl, so-
reduction with B. In contrast to the H-form zeolites, metal lution at 353 K for 4 h. The samples were thoroughly washed
Pd was readily agglomerated over Na—MFI that had no acid with water and dried in air at 373 K.
sites, indicating that the presence of Brgnsted acidity was
required to keep the dispersed form of metal Pd. The be-2.2. Catalytic reaction and ICP analysis of dissolved Pd
havior of Pd was directly proved by means of in situ mea-
surement of energy-dispersive XAFS (DXAFS) and Quick Bromobenzene (10 mmol), styrene (15 mmol), and
XAFS (QXAFS). These techniques are powerful tools for NaOAc (12 mmol) (Wako Chemicals) were used for the
the study of dynamic structural changes in metals with a high Heck reaction. The reaction was carried out in 10 ml of
dispersior{19]. With the use of DXAFS and QXAFS, itbe- N,N-dimethylacetamide (DMAc) as solvent, which was
came possible to measure precisely the structure of metaldried over a molecular sieve. In the case of ion-exchanged
within a few seconds to minutes. The present Pd/zeolites in ([Pd(NHs)4]?") zeolite, the sample was dried in g ow
particular seem to be suitable for investigation with DXAFS at 423 K as a pretreatment. For the preparation of tHe Pd
and QXAFS, since diluted Pd is homogeneously dispersed(metal) sample, the ion-exchanged sample was calcined in
in the pores of zeolites. In addition, the absorption of X-rays N, followed by oxidation with an @flow at 773 K for 4 h.
in the zeolite matrix is small at the energy region of the Pd Finally, it was reduced with 6% Hdiluted with Ar. In the
K-edge (24.3 keV). typical condition, the Heck reaction was carried out with

The present study focused on the application ¢fPor 0.2 g of catalyst (0.0075 mmol Pd). The batch reactor was
P clusters encapsulated in zeolite pores to liquid-phase placed in a preheated oil bath at 393 K in an atmosphere of
Heck reactions. Here the reaction was conducted betweenN; for 4 h with stirring. After the reaction, the reaction mix-
bromobenzene and styrene in the DMAc solvent to yield ture was cooled to room temperature, and then the filtered
trans-stilbene and 1,1-diphenyletherfecheme L The cat- solution was analyzed with a Shimadzu 2010 Gas Chromato-
alytic performance and dissolution of Pd were correlated graph equipped with an MDN-12 (30 m) capillary column.
with the structural EXAFS characterization measured un- In the analysis, DMAc (solvent) was used as an internal stan-
der static conditions or in situ XAFS data collected during dard. For the recycling studies, the catalyst used in the first
temperature-programmed reduction in diluted Bur inter- run was separated by filtration, and the filtered catalyst was
est was focused in particular on Pidaded on H-Y, which ~ washed with water. Then it was calcined in ap fbw at

773 K for 3 h to remove adsorbed organic substrates, fol-
Br N Pd/zeolite,;NaOAc lowed by reduction with a 6% Hflow at 673 K.
@ ’ @A—> For the measurement of the dissolved amount of Pd, the

DMAe solution was filtrated, and it was evacuated on a hot plate.

O The residue obtained by calcination at 673 K in air was dis-
~ O solved in aqua regia. The concentration of Pd was measured
O + C +NaBr+CH3COOH with the ICP method (Rigaku, Ciros).

trans-stilbene 1, 1-diphenylethene 2.3. PdK-edge EXAFS measurement and analysis

Scheme 1. Heck reaction between bromobenzene and styrene to yield Pd K-edge EXAFS data were collected in transmission
transstilbene and 1,1-diphenylethene. mode at the BL10B station of Photon Factory in KEK (pro-
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posal no. 2003G289). The monochromatic X-ray beam was ' ' ' :

obtained with the use of a channel-cut Si(311) single crystal. 60
The samples before or after the Heck reaction were pressec

into wafer form. The measurement was carried out under —'
ambient conditions.

DXAFS experiments were performed at the BL28B2 in
the SPring-8 with the approval of the Japan Synchrotron Ra-
diation Research Institute (JASRI) (proposal no. 2004A0397-.
NXa-np). Si polychrometer crystal was switched to a Laue
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configuration with a Si(422) net plane to obtain an X-ray 2
beam with a dispersed energy region. The energy of the X- 5.2 2()
ray was calibrated with Pd foil as a reference. The sample, © A

I Dissolution
placed in a quartz in situ cell, was heated from room tem-
perature to 773 K at a ramping rate of 5 K m#in a flow

of 8% Hy diluted with He at atmospheric pressure. Total L ¥ -

gas flow rate was 90 mImirt. Typically, spectra measured 0 USY HY HMOR HZSM-5

for 0.3 s were accumulated 10 times every 10 K. For the
measurement of EXAFS spectra of Pd/H-Y with the low- Ffigl;(lj' Convgrjiaz‘;’fgéﬁmObenzfndey Yie:_cttmisf"bf“epzndod(i)%i%'Utio“ |
. . [0} over 0. (1] supportea zeolite catalysts. , 0. mmol;
est Io.adlng of Pd (02 wi%), the QUICk XAFS (Q.XAFS) bromobenzene, 10 mmol; spt;)rene, 15 mmol; NZOAC, 12 mmol; DMAc,
technigue was applied. The experiment was carried out at;q 1, Temperature, 393 K; reaction time, 4 .
the BLO1B1 station in SPring-8 in a manner similar to that
of DXAFS (proposal no. 2004B0311-NXa-np). The Si(111)
single crystal was moved to obtain an X-ray beam with con- Subjected to the Heck reaction after drying in g flow at
tinuous energy. The time taken to collect one spectrum was423 K as a pretreatmerftig. 1gives the data of the reaction
1 min. as well as the amount of Pd dissolved in DMAc. Among the
For extended X-ray absorption fine structure (EXAFS) tested catalysts, Pd loaded on USY, H-Y, and H-mordenite
analysis, the oscillation was extracted from the EXAFS data exhibited relatively high activity. However, 4.7-10.3% of
by a spline smoothing methd@0]. The oscillation was nor- ~ Pd was dissolved from the loaded Pd. The selectivity for a
malized by edge height around 50 eV above the threshold.Yield of trans-stilbene {rans-stilbeng (trans-stilbene+ 1,1-
The Fourier transformation of thel-weighted EXAFS os-  diphenylethene)) was 90% on these catalysts. The value
cillation from k space tor space was performed over the Wwas comparable to that reported by Djakovitch, who used
range of 30-150 nm' (static EXAFS data) or 30-112 nrh [Pd(NHs)4]?"-supported Na—Y zeolite as the cataljt].
(DXAFS or QXAFS data) to obtain a radial distribution The activity and the extent of the dissolution of Pd were
function. The inversely Fourier-filtered data were analyzed lower over Pd/H-ZSM-5. The selectivity fdransstilbene
with a common curve-fitting method. For the curve-fitting Wwas 60% over Pd/H-ZSM-5; the value was lower than those
analysis, the empirical phase shift and amplitude functions of other catalysts. Pd species loaded on H-ZSM-5 zeo-
for Pd—Pd were extracted from the data for Pd foil. In lite were probably not reduced with DMAc solvent to give
the analysis of DXAFS or QXAFS spectra collected at el- PcP-species during the reaction; therefore thé'?H-ZSM-
evated temperatures, back-scattering amplitude and phas® was inactive in the reaction.
shift were extracted from the spectra of Pd foil measured  Fig. 2gives the Fourier transforms of Rd-edgek®y (k)
at the same temperatures. The curve-fitting analysis was ini-EXAFS spectra measured before and after the reaction. For
tiated with the use of Debye—Waller factors extracted from the preparation of the reacted samples, the filtered catalyst
EXAFS spectra of Pd foil measured at the same tempera-was thoroughly washed with water to remove the remain-
tures. The Debye—Waller factors of Pd foil at higher tem- ing NaBr, since it was assumed that the NaBr generated in
peratures were determined based on the spectrum of Pd foithe Heck reaction hindered the transmission of X-ray in the
measured at room temperature. The certainty related to theEXAFS measurement. In the spectra measured before reac-
coordination number was estimated to be 10%. tion, a peak appeared at 0.16 nm, which could be attributed
to the contribution of N in NH ligand from the comparison
with the spectrum of Pd(N§J4Clo as given in the figure.
3. Results The intensity of the Pd—N bond decreased in the spectra of
Pd/USY, HY, and H-mordenite measured after the reaction.
3.1. Catalytic performance and structural characterization Alternatively, a new peak appeared at 0.25 nm that could be

of Pd**/zeolites straightforwardly assigned to the Pd—Pd bond of metal Pd.
The change in the spectra indicated that th&Rzhtion an-
Pt /zeolite (immobilized [Pd(NH)4]%t in zeolite) pre- chored on the ion-exchange site of zeolites was completely

pared from Pd(NH)4Cl, with the ion-exchange method was (USY and HY) or partially (H-mordenite) transformed to
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supported zeolite catalysts. Fourier filtering range, 30—150’m Fig. 4. PdK-edgek3x (k) EXAFS Fourier transforms measured before
(dotted lines) and after (solid lines) Heck reaction using 0.4 vvt‘%smqh
50 ported zeolite and AlO3 catalysts. Fourier filtering range, 30—150 nh
- | Conversion
40k I Yield . lysts, Pd loaded on USY, HY, and AD3 exhibited relatively

Dissolution high activity. However, significant dissolution of Pd was ob-

served on USY and ADs. In contrast, the dissolution of

Pd was almost completely suppressed over H-Y. The insol-

ubility of Pd in P&/H-Y was confirmed by ICP analysis

where the catalyst was quickly separated by filtration, un-

til the temperature of the solution was decreased to 373 K.

Such a procedure was necessary to exclude the possibility

of precipitating the dissolved Pd on cooling to room temper-

USY Al,O; HY HMOR SiO, HZSM-5 FER ature. The amount of dissolved Pd was analyzed to be less

_ _ . _ _ _ than 0.5% of the total Pd present in the originaPPe-Y

Fig. 3. Conversion of bromobenzene, ylelctrrainsrsnlbene and dissolution catalyst. Thus, it could be concluded that th® Bd H-Y

of Pd over 0.4 wt% FQJsupported zeolite catalysts. Pd, 0.0075 mmol; bro- . .

mobenzene, 10 mmol; styrene, 15 mmol; NaOAc, 12 mmol; DMAc, 10 ml. was trUIy insoluble in DMAc. On the other hand, Pd loaded

Temperature, 393 K; reaction time, 4 h. on H'mordenite, H'ZSM'5, S|Q and FER eXthIted |OWer

activity, in which the conversion of bromobenzene was less

Conversion, Yield,
Dissolution / %

[\o] (98]
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give metal Pd after the reaction. The change in the spectrumthan 7%.

was not observed on Pt/H-ZSM-5, which exhibited low Fig. 4 gives PdK -edge EXAFS of Pd loaded on USY,
activity in the reaction. H-Y, and AbO3 measured after the pretreatment with H

as well as after the Heck reaction. The Pd—Pd peak charac-
3.2. Catalytic performance and structural characterization teristic of metal Pd appeared at 0.25 nm in every spectrum.
of Pd/zeolites When USY and AlOs were used as supports for Pd, the in-

tensity of the Pd—Pd bond of the reacted sample was higher

PdP/zeolites were prepared through the calcinations of than that of the pretreated one, indicating the agglomeration

Pdt/zeolites at 773 K in a lland & flow, followed by re- of metal Pd during reaction. The growth of Pd over USY and
duction with 6% H at 673 K. For comparison, Btbaded on Al>03 was probably caused by the elution of Pd into the sol-
Al,03 and SiQ was prepared by the impregnation method vent and the subsequent deposition of the metal Pd, taking
with Pd(NHs)4Cl> as a precursor and subsequent reduction into consideration that extensive dissolution of Pd was ob-
with H,. Fig. 3shows catalytic activity and dissolution of Pd  served on these catalysts. On the other hand, the intensity
over Pd-loaded catalystdrans-Stilbene was obtained as a of the Pd—Pd bond of the reacted sample agreed well with
main product, whereasis-stilbene was not detected by GC that of the pretreated one over Pd/H-Y. Therefore, it could
analysis in every catalyst. The selectivity toans-stilbene be assumed that the Pd remained intact over H-Y during the
(transstilbeng (trans-stilbene+ 1,1-diphenylethene)) was course of Heck reaction, since the change in the structure of
calculated to be 90% in every catalyst. The selectivity was metal Pd and the dissolution of Pd were not observed on the
close to those found for Bdl catalysts. Among tested cata- H-Y support.
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ture of 0.4 wt% Pd supported zeolite catalyst. Temperature, 393 K; reaction
Fig. 5. Comparison of the recycle use of thPt-Y catalyst in the Heck time, 4 h.A, USY; @, H-Y; B, H-mordenite;¥, H-ZSM-5; 4, ferrierite.
reaction. Temperature, 393 K; reaction time, 24 h. Pd/H-Y used in the sec- Pd, 0.0075 mmol; bromobenzene, 10 mmol; styrene, 15 mmol; NaOAc,
ond cycle was prepared by the oxidized with & 773 K for 3 h, followed 12 mmol; DMAc, 10 ml. Pretreatment was carried out in 6%fbf 1 h.
by reduction with 6% H at 673 K for 1 h after the first run.

15 ! I ! I ! I ! I ! I ! I
3.3. Recycling of Pd/H-Y catalysts [ |
X | ]
The Heck reaction was conducted ovePPt-Y for 24 h ~ 1 ]
at 393 K, the filtered catalyst was washed with ZCHp, and g 10+ -
it was used repeatedly for the Heck reaction ina mannersim-'S ]
ilar to that demonstrated by Djakovitch et fd]. However, ——g I ]
the catalyst was inactive in the repeated use for the reaction, x i
probably because of the inhibition of deposited coke. 2 5+ A A , .
As an alternative method of regeneration, the filtered cat- A 1
alyst was calcined in an Oflow at 773 K, followed by E i 7]
reduction with a 6% H flow at 673 K. The recovered cat- I |
alyst was used repeatedly for the Heck reaction. The oxida- L A
tion treatment was intended to remove the coke remaining 400 00 900
in the catalyst. The conversion of bromobenzene, the yield Reduction Temperature /K

of trans-stilbene, and dissolved Pd are comparedFig 5.

The yield and conversion in the second run agreed with thoseFig. 7. Dependence of the dissolution of Pd on the pretreatment temperature
in the first run. The dissolution of Pd was not detected in ei- of 0.4 wt% Pd supported zeolites, USY; ®, H-Y; B, H-mordenite;V,

ther run, as measured by ICP analysis of the filtered solution, H-ZSM-5; @, ferrierite. Pretreatment was carried outin 6%fer 1 h.
Therefore, it was confirmed that the recycled use of Pd/H-

Y was possible through oxidation with,Gnd subsequent  of dissolved Pd and the Heck reaction activity showed sim-

reduction treatment with 4 ilar tendencies. On the other hand, thens-stilbene yield
was almost independent of the reduction temperature over
3.4. Influence of the pretreatment temperature on the Pd/H-Y, and the dissolution of Pd was negligible, espe-
catalytic performance cially in the reduction temperature range between 473 and
773 K. In contrast to these zeolites, Pd loaded on H-ZSM-5,
The Heck reaction was carried out over’Rdaded ze- H-mordenite, and ferrierite was substantially inactive in the

olites pretreated with a Hflow at different temperatures.  reaction.

Figs. 6 and give the yield oftrans-stilbene and the amount

of dissolved Pd plotted as a function of the reduction temper- 3.5. Influence of the kind of cations on the catalytic

ature, respectively. Although the overall activity of Pd/USY performance and elution of Pd/Y-type zeolites

was higher than those of other zeolites, 2-5% of Pd was

found to dissolve in the solvent as measured by ICP analysis The Heck reaction was carried out over 0.4 wt% Pd
of filtrate. The dissolved Pd species may be responsible loaded on Na-Y, K-Y, and Cs-Y zeolites, and the influence
for the high activity of Pd/USY, considering that the amount of the kind of cations present in the ion-exchange site of
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Fig. 8. Conversion of bromobenzene, yieldmainsstilbene and dissolution Q Q

of Pd over 0.4 wt% Pl supported Y-type zeolites exchanged with alkali
cations. Temperature, 393 K; reaction time, 4 h.

Y-tvpe zeolites was studied. K—Y and Cs—Y were prepared Fig. 9. Selectivity tdrans-stilbene derivatives, conversion of bromobenzene
yp ' prep derivatives, yield of substituted stilbenes and dissolution of Pd over 0.4 wt%

b_y repeatEd. ion exchange with the use of a (.:OrreSpon.dinchP supported H-Y zeolite. Pd, 0.0075 mmol; substituted bromobenzene,
nitrate solution (1.4 M) and Na-Y as a starting material. 10 mmol; styrene, 15 mmol; NaOAc, 12 mmol; DMAc, 10 ml. Reaction

Ninety-seven percent and sixty-eight percent offNan, temperature, 413 K; reaction time, 24 h.
respectively, were ion exchanged with"Kand Cg ions
as measured by ICP analysis. Before the reaction, pretreat3.7. Growing process of Pd clusters measured by means of
ments were undertaken at 673 K for 1 h with 6%. Hhe DXAFS and QXAFS
data of the catalytic reaction and the amount of dissolved
Pd are given irFig. 8 The conversion of bromobenzene and  To reveal the role of acid sites present in the pores of H—
the yield oftransstilbene over Pd-loaded cation-exchanged Y, pd was loaded on Y-type zeolites with different kinds of
zeolites were lower than those obtained over Pd/H-Y. The cations and the process of the growth of metal Pd was com-
selectivity fortransstilbene was calculated to be 90% for pared during temperature-programmed reduction wigh H
every catalyst. The amount of dissolved Pd was less thanpd k -edge DXAFS data were collected every 10 K from
0.4% in every catalyst. room temperature to 773 K at a ramping rate of 5 Kndin
Representative Fourier transforms of Rdedge k% (k)
3.6. Heck reaction between substituted bromobenzenes andspectra of Pd(0.4 wt%)/Na-Y and Pd(0.4 wt%)/H-Y are
styrene over Pd/H-Y catalysts given inFig. 10 In the spectrum of the initial Pd/Na-Y, two
peaks appeared at 0.15 and 0.32 nm, which were ascribed
The Heck reaction was carried out between bromoben- to the Pd—O and Pd—(O)-Pd from the comparison with bulk
zene derivatives and styrene to examine the effect of the PdO, respectively. The appearance of the Pd—(0O)-Pd bond
activating or deactivating substituents in bromobenzene suggested the formation of agglomerated PdO on Na-Y, be-
(Fig. 9. The reaction was undertaken over 0.4 wt% Pd- cause the peak was characteristic of bulky PdO. On the other
loaded H-Y catalysts. When bromobenzene derivatives with hand, the Pd—(O)—Pd bond was not observed in the spectrum
electron-donating substituents were used as reactants ( of Pd/H-Y, indicating the generation of highly dispersed
bromotoluene ang-bromoanisole), the yield of products PdO (oxide) on the acid sites of H-Y. Accompanied by a
decreased in comparison with bromobenzene. In contrastrise in the temperature, the Pd—O or Pd—(O)-Pd peaks disap-
the yield increased whep-bromoacetophenone, with an peared around 373-403 K. A new peak emerged at 0.26 nm
electron-withdrawing substituent, was used as a reactant,because of the formation of metal Pd. The coordination num-
where the conversion reached almost 100%. The tendencyber (CN) of the nearest-neighbor Pd—Pd bond of metal Pd
observed here agreed with the data given by Djakovitch andwas calculated based on the curve-fitting analysis; the data
co-workers[6]. The selectivity for theérans-stilbene deriv- are summarized iRig. 11 In the case of Pd/H-Y (0.4 wt%),
atives was higher than 88%. The highest selectivity (99%) the CN(Pd—Pd) of metal Pd increased in the temperature
was reached whep-bromotoluene was used as a reactant. range between 380 and 500 K as a consequence of the
Dissolution of Pd was not detected in DMACc in every reac- progress of the reduction of PdO to give metal Pd. Then the
tion. CN(Pd-Pd) came to the constant value at 5.5 (500-680 K).
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Fig. 10. PdK—edgek3X(k) Fourier transforms of 0.4 wt% Pd loaded on (a) Na-Y and (b) H-Y zeolites measured during temperature programmed reduction
in 8% Hy by means of energy-dispersive XAFS method. Spectra of Pd foil and bulk PAO were measured at room temperature.

CN was observed over Pd/H-Y with a lower loading of Pd
(Fig. 11, Pd 0.2 wt%). The similarity in the behavior of CN

10+ u i
B ,,_;55;;2;:3:{,:&.‘ suggested that Pd clusters were homogeneously distributed

over H-Y when the Pd loading was less than 0.4 wt%.

In contrast, the CN of Pd—Pd continued to increase up
to 9-10 over Y-zeolite ion-exchanged with alkali cations.
The change in CN indicated that the growth of metal Pd
particles progressed continuously without the formation of
stable Pd clusters. In view of the CN, the size of the Pd par-
ticles was estimated to be 1.6-2.4 nm, indicating that the
growing of Pd progressed on the external surface of alkali
cation-exchanged Y zeolite. The facile growth of the Pd was

| 1 | ' | 1 | L . . .
200 500 600 700 probably caused by the absence of acid sites in these zeo-
lites, which was necessary to keep the dispersed form of Pd
clusters as observed in H-Y. From the difference in the man-
Fig. 11. Pd—Pd (metal) coordination numbers of Pd plotted as a function of ner of growth.of metal Pd, it was noticed that tth‘ pr.esence of
temperature in the DXAFSE, O, A, O) or QXAFS (A) measurement; H* was required to keep the stable;Rdlusters inside the
(®) Pd(0.4 wt%)/H-Y, &) Pd(0.2 wit%)/H-Y, O) Pd(0.4 wt%)/Na-Y, pores of Y-type zeolites.
(2)/Pd(0.4 wt%)/K-Y and((l) Pd(0.4 wt%)/Cs-Y. Then the growth process of metal Pd loaded on USY, H-

Y zeolite, and AYO3 was compared. Pdoaded on these

The CN observed in H-Y was in good agreement with that of supports exhibited relatively high activity among tested sam-
clusters with a cuboctahedron (CN(Pd-Rd}.5) structure  ples, as already mentioned. The CNs of the nearest-neighbor
composed of 13 Pd atoms. Therefore, the selective formationPd—Pd bond of Pd loaded on these supports are plotted as a
of stable Pl clusters located inside the supercage of H-Y function of the temperature iRig. 12 As can be seen from
was inferred from the DXAFS data. The formation of the the figure, the change of CN in Pd/USY was similar to that
Pd cluster was probably closely related to the catalytic per- of Pd/H-Y. In the case of Pd/ADs, the CN reached 7.0 after
formance and the insolubility of Pd. Judging from the CN, the initial reduction of PdO. The value was higher than that
the size of the Pg cluster generated in H-Y was estimated of Pd/H-Y or USY, implying the formation of larger metal
to be 0.7 nm, assuming the cuboctahedron structure. Appar-Pd particles on the AD3 support.
ently the size was smaller than that of the diameter (1.3 nm)
of the supercage in H-Y. Thus it could be thought that the
Heck reaction took place in the void of the supercage adja- 4. Discussion
cent to Pd clusters generated inside the supercage of H-Y.
With a further rise in the temperature above 680 K, the CN  From comparative experiments using Pd-loaded zeolites,
began to decrease. The change was supposed to be result was revealed that various factors, including support ma-
from the dispersion of Pd into the sodalite cage or hexag- terials and pretreatment conditions, influenced the catalytic
onal prism of the FAU structurfl6]. A similar change in performance and the solubility of Pd. The reason for this
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Fig. 12. Pd—Pd (metal) coordination numbers of Pd loade@®)iiY, (A)
USY, and () Al,O3 plotted as a function of reduction temperature in the
DXAFS measurement.

was closely related to the valence state of Pd and the for-
mation of Pd clusters. Bd cations exhibited higher ac-
tivity in comparison with P8 produced by the reduction
with Ho. However, significant dissolution of Pd was ob-
served when P -loaded zeolites were used as catalysts, ex-
cept for Pdt/H-ZSM-5, which was inactive in the reaction.

In the active catalysts, Pd present in zeolites was reduced
to give P& after the reaction, as indicated by EXAFS mea-
surements. The change in Pd suggested that the dissolutio
and re-precipitation took place in the course of the catalytic

reaction. Taking these observations into consideration, it was

supposed that the dissolved?®dwas responsible for the
high activity of Pd*/zeolites. These facts seemed to con-
tradict the report by Jacobs et al., who used toluene as
solvent[22]. They reported that RNH3)4%t-mordenite ex-
hibited activity in the Heck reaction and the®ccation was
truly insoluble in toluene. In contrast with their observation,
9.2% loaded Pd was dissolved from Pd/H-mordenite in our
experimentFig. 1). The difference in the kind of solvent was
assumed to be the reason for the contradictory results. Tha
is to say, DMAc used in the present experiment has a much
more polar character compared with toluene. Therefore, it
could be supposed that DMAc promoted the dissolution of
Pt in DMACc solvent over mordenite.

Among Pd/zeolites, Pd loaded on H-Y and USY with
the FAU-type structure exhibited high activity in the reac-
tion. The most striking result is that the elution of Pd was sig-
nificantly suppressed over Pd/H-Y. In agreement with the in-
solubility of Pd in H=Y, the structure of Bdvas completely
preserved during reaction, as indicated by ®Pgtdge EX-
AFS (Fig. 4). In addition, the regeneration of Pd/H-Y cata-
lyst was possible simply by oxidation and repeated reduction
treatments. From the DXAFS (partially QXAFS) measure-
ment carried out during temperature-programmed reduction
in a Hp atmosphere, the generation of stablgFclusters
was observed on H-Y. We supposed that thesRtluster
was the active species in the Heck reaction. Two possibili-

n
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ties could be proposed to explain the effect of the supercage
of FAU zeolite on the formation and catalysis ofiRdlus-

ters. One is the steric confinement of the £duster in the
supercage of H-Y. However, this does not seem to be the
case, when we consider that the size of thesPtlister was
smaller than the pore size of the supercage, as already men-
tioned in SectiorB.7. The other hypothesis is that theBd
cluster was anchored on the Brgnsted acid sites. In agree-
ment with this hypothesis, Y-type zeolites ion-exchanged
with alkali cations could not keep the dispersed Pd clusters
because of the lack of acid character. Similarly, Sachtler et
al. proposed the proton—-metal adduct “PdHkh the studies

of Pd-supported H-form ZSM-R3,24] The reason for the
difference in the catalytic performance and solubility of Pd
between Pd/H-Y and Pd/USY was not clearly understood at
this stage, considering that similar Pd clusters were gener-
ated on the two zeolites.

5. Conclusions

The influence of the pretreatment conditions, kinds of
support on the catalytic performance, and elution of Pd
were studied over Pd loaded on various kinds of zeolites in
the Heck reaction. Pd-loaded zeolites exhibited relatively
high activity in the reaction. These catalysts showed signif-
icant dissolution of P4 and the deposition of Pdafter
the reaction. PUH-Y generated by the reduction withpH
exhibited activity in Heck reaction, whereas Pd was com-
pletely insoluble in the DMAc solvent. The reason for the
superior character of BtH-Y was attributed to the forma-
tion of stable Pgs clusters kept inside the supercage of H-Y,
as indicated by in situ XAFS measurements.
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