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A new type of hydroxyapatite-bound palladium complex (PdHAP-1) was synthesized by treatment of a
nonstoichiometric Ca-deficient hydroxyapatite, Ca9(HPO4)(PO4)5(OH), with PdCl2(PhCN)2 in acetone
solution. Characterization by means of physicochemical methods revealed that a monomeric PdII phosphate
complex could be generated at a Ca-deficient site, which displayed outstanding catalytic activities for the
Mizoroki–Heck reaction and Suzuki–Miyaura coupling reaction of aryl bromides. The remarkably high
catalytic activity of the hydroxyapatite catalyst is ascribed to the exceptionally robust monomeric Pd
structure, in which Pd is surrounded by anionic phosphate ligands, as confirmed by XAFS analysis. It is also
proven that, upon adjustment of the solvent system, the PdHAP-1 was able to catalyze the Suzuki–Miyaura
coupling of activated aryl chlorides in the presence of TBAB. Under such conditions, the in situ generated
Pd nanocluster on the surface of hydroxyapatite was effective as a catalytically active species.

Introduction

Palladium is one of the most versatile and efficient catalyst
metals in organic synthesis because of its unique catalytic
performance for a wide range of functional group transforma-
tions and for carbon–carbon bond-forming reactions.1 In
modern palladium chemistry, various forms of Pd reagents
have been explored as catalysts, e.g. simple Pd salts such as
PdCl2 and Pd(OAc)2, mononuclear organopalladium com-
plexes, molecular clusters, and colloidal particles. Generally,
the precise architectures of the Pd species play a crucial role in
designing highly functionalized Pd catalyst systems that are
responsible for the target organic transformations. In particu-
lar, transition metal complexes, in which both steric and
electronic properties can be tuned up by varying the active
metal center and/or organic ligands, have been developed.
Unfortunately, such complexes are faced with a number of
disadvantages such as thermal instability and difficulties in
catalyst separation and recovery. Alternatively, the use of a
solid surface as a macroligand has proved a powerful protocol
to create stable active sites, which has the advantages of being
operationally simple, as well as enabling unprecedented reac-
tions reflected by synergistic effects between the catalytically
active species and the support.2

Palladium-mediated cross-coupling reactions between aryl
halides and nucleophiles, such as the Mizoroki–Heck and
Suzuki–Miyaura coupling reactions, have received consider-
able attention due to their enormous synthetic potential to
form new carbon–carbon bonds.3 New classes of PdII com-
plexes having Pd–carbon s bonds, e.g. palladacycle com-
plexes,4 PCP pincer-type complexes,5 and N-heterocyclic
carbenes (NHCs),6 have led to significant breakthroughs in
this area. More recently, Pd complexes based on electron-rich
and sterically hindered tertiary phosphines have been demon-
strated to enable the smooth reaction of traditionally sluggish
aryl chlorides.7 From practical and economical considerations,
however, the demand for phosphine-free heterogeneous sys-

tems is still extremely high in order to circumvent the pre-
viously mentioned drawbacks imposed by homogeneous
complexes. Although most effort has been directed toward
the anchoring of efficient soluble systems onto insoluble ma-
trices,8 these hybrid catalysts have been inadequate due to: (i)
inferior activities, as compared to their homogeneous ana-
logues, (ii) tedious multi-step preparations, and (iii) leaching
of the active components.
Hydroxyapatites possess Ca21 sites surrounded by PO4

3�

tetrahedra parallel to the hexagonal axis, which are of con-
siderable interest in many areas owing to their multiple func-
tionalities.9,10 The chemical composition of HAPs can be
modified from the stoichiometric form, Ca10(PO4)6(OH)2
(Ca/P ¼ 1.67), to the nonstoichiometric Ca-deficient
form, Ca10�z(HPO4)z(PO4)6�z(OH)2�z (0 o z r 1, 1.5 r
Ca/P o 1.67).9 We have recently demonstrated that a mono-
meric PdCl2 species grafted by chemisorption on the surface of
the stoichiometric HAP (PdHAP-0) was readily transformed
into Pd nanoclusters having a narrow size distribution in the
presence of reducing reagents, e.g., alcohols and molecular
hydrogen. Such nanostructured Pd species could effectively
promote the aerobic oxidation of alcohols,11,12 indoline dehy-
drogenation,13 and deprotection of Z-groups14 as well as
dehalogenation of haloarenes15 with molecular hydrogen. Un-
fortunately, our preliminary experiments revealed that the
PdHAP-0 failed to catalyze the Mizoroki–Heck reaction of
bromobenzene with styrene, where the catalyst encountered
severe deactivation due to the undesired irreversible agglo-
meration of the Pd metals.11

We envisioned that the introduction of Pd species into the
Ca-deficient site of the apatite framework, which acts as a
promising macroligand for catalytically active centers, could
generate a robust heterogeneous Pd catalyst for carbon–carbon
bond-forming reactions. The present work reports the synth-
esis of a novel hydroxyapatite-bound Pd complex using
nonstoichiometric Ca-deficient HAP and describes its unpre-
cedented catalytic activity for the Mizoroki–Heck and
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Suzuki–Miyaura coupling reactions of aryl bromides. The
unique catalytic performance is related to the structure of the
active palladium species and the work is further extended to the
activation of aryl chlorides.

Results and discussion

Preparation and characterization of the catalyst

Ca-deficient hydroxyapatite, Ca9(HPO4)(PO4)5(OH) (HAP-1;
z ¼ 1, Ca/P ¼ 1.50), was synthesized according to the literature
procedure from Ca(NO3)2 � 4H2O and (NH4)2HPO4 by adjust-
ing the Ca/P molar ratio to 1.50 in the precipitation sequence.16

The prepared HAP-1 was identified using powder X-ray dif-
fraction (XRD), infrared spectroscopy (IR), and elemental
analysis. The Brunauer–Emmett–Teller (BET) surface area of
this sample was found to be 48.4 m2 g�1. It is well known that
the crystallographic structure of the Ca-deficient HAP is
identical to that of the stoichiometric one, and that its charge
deficiency due to the lack of Ca21 in the lattice is compensated
by the introduction of H1 into the PO4

3� ion and the removal
of OH� from the parent unit cell. Immobilization of the
palladium precursor on the HAP-1 was achieved by the
impregnation method in organic solvents. Treatment of the
HAP-1 with an acetone solution of PdCl2(PhCN)2 for 3 h at
room temperature yielded PdHAP-1 (Pd content: 0.015 mmol
g�1) as a white powder. The BET surface area of PdHAP-1 was
slightly decreased after the immobilization process from 48.4
m2 g�1 to 45.2 m2 g�1. This observation suggests that the Pd
species might be incorporated into the quite limited space
available in the hydroxyapatite.

In an effort to elucidate the structure of surface-bound Pd
species on the catalyst, characterization using physicochemical
methods was performed. XRD peaks for PdHAP-1 were
similar to that of the parent Ca-deficient hydroxyapatite. The
absence of chlorine in PdHAP-1 was confirmed by X-ray
photoelectron spectroscopy (XPS) and energy-dispersive
X-ray (EDX) spectroscopy. No signals assignable to the
n(CN) band could be observed in IR spectroscopy, suggesting
that PhCN ligands arising from the Pd precursor were not
present in the immobilized Pd species. The absence of carbon
and nitrogen atoms in PdHAP-1 was also evidenced by CHN
elemental analysis. Inductively coupled plasma (ICP) analysis
revealed that no Ca was present in the filtrate after palladium
loading. Therefore, an isomorphic substitution of Pd for Ca
did not occur in the above preparation sequence utilizing
organic solvents. Fig. 1 shows the Pd K-edge X-ray absorption
near-edge structure (XANES) spectra of the PdHAP-1 along
with those of Pd oxide and Pd foil as reference samples. The
absorption edge varies with respect to the oxidation state of
palladium, and the XANES spectrum of PdO has one broad
peak at around 24 365 eV, while Pd foil showed two distinct
peaks at around 24 360 and 24 384 eV, corresponding to the
allowed 1s - 5p transition.17 The shapes of the XANES
spectra and the edge position in the PdHAP-1 (A) resembled
those of Pd oxide (D) but differed from those of Pd foil (E),
which reveals that all Pd species are in the þ2 oxidation state.
The Fourier transforms (FT) of k3-weighted extended X-ray
absorption fine structure (EXAFS) data are depicted in Fig. 2.
No peaks due to Pd–Pd and Pd–O–Pd bonds in the second
coordination sphere, detectable in those of Pd foil and Pd oxide
at around 2.5 and 3.0 Å, were observed for the PdHAP-1 (A
versus D and E). The best fit for the PdHAP-1 was achieved
using only a Pd–O bond having an interatomic distance (R) of
2.01 Å and a coordination number (CN) of 4, respectively
(Table 1). The distances from Pd to the nearest O atoms were
essentially coincident with the values for the Pd–O bond in Pd
oxide (R ¼ 1.99 Å).17 The second neighboring Pd–O bonds
were assigned to the weak interaction between the Pd and
PO4

3� ions of hydroxyapatite. On the basis of these results, it is

Fig. 1 Pd K-edge XANES spectra of (A) PdHAP-1, (B) recovered
PdHAP-1 for the Mizoroki–Heck reaction of 1a with 2a, (C) recovered
PdHAP-1 for the Suzuki–Miyaura coupling reaction of 4a with 3a, (D)
PdO, and (E) Pd metal. Mizoroki–Heck reaction was conducted with
PdHAP-1 (0.1 g, 0.075 mol% Pd based on 1a), 1a (2 mmol), 2a (2.4
mmol), K2CO3 (2.4 mmol), and NMP (5 ml) at 130 1C for 2 h under an
Ar atmosphere. Suzuki–Miyaura coupling reaction was conducted with
PdHAP-1 (0.15 mol% of Pd based on 4a), 4a (1 mmol), 3 (1.5 mmol),

Fig. 2 Fourier-transforms of k3-weighted Pd K-edge EXAFS experi-
mental data for (A) PdHAP-1, (B) recovered PdHAP-1 for the Mizo-
roki–Heck reaction of 1a with 2a, (C) recovered PdHAP-1 for the
Suzuki–Miyaura coupling reaction of 4a with 3a, (D) PdO, and (E) Pd
metal. Phase shift was not corrected. Mizoroki–Heck reaction was
conducted with PdHAP-1 (0.1 g, 0.075 mol% Pd based on 1a), 1a (2
mmol), 2a (2.4 mmol), K2CO3 (2.4 mmol), and NMP (5 ml) at 130 1C
for 2 h under an Ar atmosphere. Suzuki–Miyaura coupling reaction
was conducted with PdHAP-1 (0.15 mol% of Pd based on 4a), 4a
(1 mmol), 3 (1.5 mmol), DMF (5 ml), H2O (0.1 ml), K3PO4 (2 mmol)
and TBAB (0.1 mmol) at 130 1C for 1 h under an Ar atmosphere.
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proposed that the most reasonable surface structure of
PdHAP-1 is as illustrated in Fig. 3. This comprises a mono-
meric PdII phosphate complex surrounded by four oxygen
atoms in square planar coordination, which is formed at the
Ca-deficient site of the HAP-1 with the loss of 2 equivalents of
PhCN and HCl. The proposed surface structure of PdHAP-1 is
in sharp contrast to that of the Pd-grafted hydroxyapatite
prepared previously by the same method using the stoichio-
metric HAP, in which a monomeric PdCl2 species is chemi-
sorbed on the HAP surface.11,12 The present simple
preparation method based on the precise control of the Ca/P
ratios of the parent hydroxyapatites provides a powerful
protocol to create two unique monomeric Pd species with
intrinsically different surroundings on solid surfaces.

The calculated PO4
3� ion coverage on the surface of hydro-

xyapatites is 5(PO4
3�) nm�2,18 which is estimated to be ap-

proximately 0.42 mmol g�1 for this surface area. However, the
maximum Pd loadings for the PdHAP-1 only reached 0.015
mmol g�1. This indicates that the Pd species may be located at
specific sites of the hydroxyapatite surface, that is, at sites
with the appropriate distances and arrangements between

two adjacent PO4
3� ions to allow the complexation of the

Pd ions.

Catalysis results

To explore the potential catalytic activity of PdHAP-1, the
Mizoroki–Heck reaction of bromobenzene (1a) with styrene
(2a) was carried out using various Pd catalysts. The results are
summarized in Table 2. PdHAP-1 displayed the highest cata-
lytic activity to give stilbene in 97% yield after 3 h (entry 1).
Neither an induction period nor a color change of the catalyst
was observed during the above reaction. In the case of con-
ventional Pd catalysts, e.g. Pd/C, Pd/Al2O3, and Pd/SiO2, full
conversion could not be achieved and the yields of stilbene
were 12, 5, and 9%, respectively (entries 2–4). The use of the
homogeneous Pd precursor PdCl2(PhCN)2 led to a significant
decrease in catalytic activity, accompanied with the formation
of inactive Pd black (entry 5). With respect to the solvents,
NMP was the most effective among those examined, whereas
DMF and DMA were substantially less effective (entries 6 and
7). DMSO and p-xylene gave no yields (entries 8 and 9).
DMSO is thought to act as a strong coordination solvent for
Pd and thereby blocks active sites. The choice of base also has a
significant influence on the efficiency of the Mizoroki–Heck
reaction; K2CO3 gave the best result. On the other hand,
Na2CO3 was found to be a poor base (entry 11). The reactions
using organic bases such as NEt3 and N(n-Bu)3 hardly oc-
curred (entry 13 and 14). These results are in sharp contrast to
those with the polymer supported palladium N-heterocyclic
carbene complex, in which NEt3 acts as a favorable base in the
Mizoroki–Heck reaction.8e

Table 1 Curve-fitting analysis for PdHAP-1 catalystsa

Sample Shell CNb R/Åc Ds/Å2d

PdHAP-1(A) Pd–O(1) 4.2 2.01 0.0031

Pd–O(2) 3.0 2.34 0.0342

Recovered PdHAP-1(B) Pd–O(1) 4.1 2.01 0.0020

(Mizoroki–Heck reaction of 1a) Pd–O(2) 3.0 2.33 0.0233

Recovered PdHAP-1 (C) (Suzuki–Miyaura reaction; of 4a) Pd–Pd 10.6 2.76 0.0021

a Inverse Fourier transformations were performed for the regions of 0.9–2.0 Å in Fig. 2A, 0.9–2.0 Å in Fig. 2B, and 0.95–3.0 Å in Fig.

2C. b Coordination number. c Interatomic distance. d Difference between Debye–Waller factor of PdHAP and that of the reference sample.

Fig. 3 A proposed surface reaction of PdCl2(PhCN)2 with Ca-defi-
cient hydroxyapatite to generate monomeric PdII phosphate complex.

Table 2 Screening of the optimal reaction conditions for Mizoroki–Heck reaction of 1a with 2a
a

Entry Catalyst Solvent Base Yield (%)b

1 PdHAP-1 NMP K2CO3 97

2c Pd/C NMP K2CO3 12

3c Pd/Al2O3 NMP K2CO3 5

4c Pd/SiO2 NMP K2CO3 9

5 PdCl2 (PhCN)2 NMP K2CO3 18

6 PdHAP-1 DMF K2CO3 45

7 PdHAP-1 DMA K2CO3 18

8 PdHAP-1 DMSO K2CO3 0

9 PdHAP-1 p-Xylene K2CO3 0

10 PdHAP-1 NMP KOAc 51

11 PdHAP-1 NMP Na2CO3 27

12 PdHAP-1 NMP NaOAc 5

13 PdHAP-1 NMP N(Et)3 5

14 PdHAP-1 NMP N(Bu)3 2

a Reaction conditions: Pd catalyst (0.075 mol% based on 1a), 1a (2 mmol) 2a (2.4 mmol), base (2.4 mmol), solvent (5 ml), 130 1C, Ar atmosphere,

3 h. b Yield ¼ (mol of coupling product (E þ Z))/(mol of initial 1a). c 0.5 wt% of Pd. Purchased from N.E. Chemcat.
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There is controversy whether the Mizoroki–Heck reaction
using solid Pd catalysts occurred on the catalyst surface or
not.19 In the Mizoroki–Heck reaction of 1a with 2a, the
catalyst was removed after 50% conversion at the reaction
temperature, followed by addition of K2CO3 to the filtrate and
further reaction at 130 1C for 6 h (hot leaching test). The
Mizoroki–Heck reaction hardly occurred after catalyst re-
moval. ICP analysis of the filtrate confirmed that the Pd
content was below the detection limit (o1 ppb). In a separate
experiment, the used PdHAP-1 catalyst was found to be
recyclable with retention of its high catalytic activity; yields
of 95% could be attained in at least three recycling experiments
for the reaction of 1a with 2a.

The practical applicability of the present synthetic protocol
is highlighted by the reaction with low catalyst concentrations,
as summarized in Table 3. In the case of 1a with 2a using 2 �
10�3 mol% Pd, the reaction was completed within 24 h, in
which the turnover number (TON) based on Pd approached up
to 47 000 (entry 1). Electronic variation of the p-substituted
aryl bromides did not significantly affect the reaction rates and
the corresponding coupling products were obtained in excellent
yields (entries 2 and 3). n-Butyl acrylate (2b) also successfully
reacted with a variety of aryl bromides (entries 4–6). Unfortu-
nately, cyclohexene and 1-octene proved to be poor olefins; the
reactions hardly occurred even when 0.1 mol% Pd catalyst was
employed. The use of aryl bromides bearing electron-donating
groups at the ortho position also remarkably retarded the
reaction rates, presumably due to steric hindrance occurring
at the solid surface.

The Pd-catalyzed Suzuki–Miyaura coupling reaction be-
tween aryl halides and aryl boronic acids is one of the most
powerful and versatile methods for the construction of un-
symmetrical biaryls.20 It has been found that PdHAP-1 acts as
an outstanding catalyst for the Suzuki–Miyaura coupling
reaction. For example, the TON based on Pd reached 45 500
after 6 h for the reaction of deactivated 4-bromoanisole (1b)
with phenylboronic acid (3) (entry 8). A preliminary screening
of optimal reaction conditions showed that o-xylene was
superior to aprotic polar solvents such as DMF, DMA, and
NMP. Several other bases including KOAc, Na2CO3, and

triethylamine were also examined but all gave inferior results
in comparison to K2CO3.
To gain an insight into the structure of the recovered

PdHAP-1 catalyst, characterization by means of XAFS ana-
lysis was performed. The XANES spectrum of the recovered
PdHAP-1 after the Mizoroki–Heck reaction of 1a with 2a was
identical to that of the fresh catalyst, revealing that electronic
configuration of the Pd species did not change (Fig. 1B versus
A). The lack of peaks assignable to the Pd–Pd and Pd–O–Pd
bonds in the Fourier transform of k3-weighted Pd K-edge
EXAFS showed that the Pd species is monomeric (Fig. 2B).
Curve fitting analysis of the inverse FT could be completed by
using two Pd–O bonds with the same distance and coordina-
tion numbers as those of the fresh one (Table 1). Also from
TEM examination, no formation of the Pd particles was
determined after the reaction. It can be concluded that the
high catalytic activity of the PdHAP-1, as compared with other
conventional heterogeneous Pd catalysts, is ascribed to the
exceptional stability of the monomeric Pd species under the
reaction conditions. Electrostatic interaction between the an-
ionic phosphate ligand (PO4

3�) on the surface of the Ca-
deficient HAP and the Pd species might be effective in suppres-
sing the Pd leaching into the solution and the subsequent
agglomeration of the metal.21

The use of hydroxyapatite as a macroligand is a promising
protocol for the creation of stable monomeric active sites,
which also provides unique catalytic functions when compared
with a traditional homogeneous Pd complex. In the present
PdHAP-1 catalytic system, the competitive Mizoroki–Heck
reactions in an equimolar mixture of p-substituted iodoben-
zenes using 2a gave a Hammett r value of 1.09, which differs
from the value of 2.00 obtained with Pd(PPh3)4.

22 In a compe-
titive reaction between 2a and 2b with iodobenzene, the
PdHAP-1 gave a relatively high product ratio of 9.6 between
n-butyl cinnamate and stilbene. This value significantly exceeds
that of 4.1 observed with Pd(PPh3)4. The above phenomena
associated with extremely high activity toward deactivated aryl
bromides suggest that the rate-determining step in the Mizo-
roki–Heck reaction catalyzed by PdHAP-1 is not the oxidative
addition but rather the insertion of the olefin into the aryl-

Table 3 Mizoroki–Heck and Suzuki–Miyaura coupling reactions catalyzed by PdHAP-1a

Entry Aryl bromide Acceptor Time/h Yield (%)b TON

1 1a 2a 24 94 47 000

2 1b 2a 24 90 45 000

3 1c 2a 20 96 48 000

4 1a 2b 20 91 45 500

5 1b 2b 24 94 47 000

6 1c 2b 20 98 49 000

7c 1a 3 4 80 40 000

8c 1b 3 6 91 45 500

9c 1c 3 4 94 47 000

a Reaction conditions: aryl bromide (37.5 mmol), acceptor (45 mmol), PdHAP-1 (0.05 g, 2 � 10�3 mol% of Pd based on aryl bromide), K2CO3

(45 mmol), NMP (50 mL), 130 1C, Ar atmosphere. b Determined by GC analysis based on aryl bromide using an internal standard technique.
c o-Xylene (50 mL) was used as solvent. 120 1C.
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palladium intermediate. This finding is also supported by
kinetic studies of the reaction between 1a and 2a, where the
reaction rate is zero order for 1a and first order for 2a. We
consider that the acceleration of the oxidative addition could
be ascribed to the electron-donating effect of the anionic
phosphate ligand to Pd species.23 Additionally, sterically hin-
dered circumstances around the Pd center surrounded by the
solid ligand may prohibit the agglomeration of the unstable
Pd0 intermediate into an inactive species under the reaction
conditions. These are analogous concepts to those used to
explain the promotion of the oxidative addition step by
electron-donating and/or bulky phosphine ligands,7 thus in-
dicating that hydroxyapatite can serve as a powerful alterna-
tive to such organic ligands.

Suzuki coupling reactions of chloroarenes

The utilization of readily available and inexpensive aryl chlor-
ides in palladium-catalyzed cross-coupling reactions is a chal-
lenging task for industrial applications.24 Since 1998, several
research groups have described electron-rich and bulky ligands
for homogeneous palladium complexes, in particular N-hetero-
cyclic carbenes,6 aryldialkyl phosphines,7b,d and P(t-Bu)3,

7a,c,e

that exhibit high activities toward the activation of aryl
chlorides. However, the cross coupling reactions of aryl chlor-
ides using heterogeneous palladium catalysts have been rela-
tively unexplored despite offering significant advantages from
an environmental point of view.25 As mentioned above,
PdHAP-1 has proved to be an efficient heterogeneous catalyst
for the Suzuki–Miyaura coupling reaction of aryl bromides.
Unfortunately, the reaction of aryl chlorides hardly occurred
under the standard conditions employed for the aryl bromides
(o-xylene, K2CO3, 120 1C). Therefore, a further investigation
was conducted to develop an effective heterogeneous catalyst
system for the coupling reaction using p-chloroacetophenone
(4a) as a model substrate with 3.

As shown in Table 4, the catalytic activity of the PdHAP-1
was significantly improved in the presence of both TBAB
(Bu4N

1Br�: 10 mol%) and a small amount of water (volu-

metric ratio: DMF : H2O¼ 50 : 1), affording the corresponding
4-acetylbiphenyl in 92% yield for 1 h (entry 1 vs. 2–4).
Addition of TBAI (Bu4N

1I�) led to a similar result (entry 5),
but TBAC (Bu4N

1Cl�) retarded the reaction rate (entry 6). In
the case of TEAB (Et4N

1Br�), a moderate yield of the
coupling product was obtained (entry 7). The use of anionic
(SDS; CH3(CH2)10CH2OSO3

�Na1) and nonionic surfactants
(Span #80; sorbitan monooleate) did not influence the reaction
rates (entries 8 and 9). Increasing the amount of TBAB up to
10 mol% relative to 4a had a pronounced positive effect on the
catalytic activity, but the yields of the coupling products
gradually decreased at higher concentrations. It was also found
that the optimal ratio of the solvent to water was determined to
be 50 : 1, and further addition of water led to a considerable
decrease in product yields. Among the solvents examined,
DMF and NMP gave satisfactory yields (entries 1 and 10),
whereas a non-polar solvent like o-xylene, which was the best
solvent for aryl bromides, failed to promote the coupling
reaction (entry 11). With respect to bases, K3PO4 and K2CO3

were found to be favorable (entries 1 and 12). Other bases such
as KOH, KtOBu, and NEt3 were substantially less effective,
and the use of Li3PO4 gave no product (entries 13–16).
The above optimal conditions are applicable to the Suzuki–

Miyaura coupling reaction. Excellent yields of the cross-
coupled products were obtained using various aryl chlorides
bearing electron-withdrawing substituents, as summarized in
Table 5. In all cases, the selectivities were almost 100% with no
formation of the homo-coupled products. Under identical
conditions, PdHAP-1 exhibited the highest catalytic activity
when compared to other conventional heterogeneous catalysts,
e.g. Pd/Carbon, Pd/Al2O3, and Pd/SiO2 (entries 1–4). In the
case of chlorobenzene, however, only a moderate yield of
biphenyl was obtained (entry 8).
During the course of the reaction, the PdHAP-1 showed a

quiet short induction period of a few minutes. Simultaneously,
the color change of the catalyst from white to pale gray was
observed. A TEM image of the isolated PdHAP-1 catalyst after
the Suzuki–Miyaura coupling reaction of 4a with 3 showed the
presence of Pd0 nanoparticles having a narrow size distribution

Table 4 Screening of the optimal reaction conditions for Suzuki-Miyaura coupling reaction of 4a with 3
a

Entry Solvent Base Additive Yield (%)b

1 DMF : H2O (50 : 1) K3PO4 TBAB 92

2 DMF : H2O (50 : 1) K3PO4 — 34

3 DMF K3PO4 TBAB 60

4 DMF K3PO4 — Trace

5 DMF : H2O (50 : 1) K3PO4 TBAI 90

6 DMF : H2O (50 : 1) K3PO4 TBAC Trace

7 DMF : H2O (50 : 1) K3PO4 TEAB 60

8 DMF : H2O (50 : 1) K3PO4 SDS 29

9 DMF : H2O (50 : 1) K3PO4 Span 80 29

10 NMP : H2O (50 : 1) K3PO4 TBAB 90

11 o-xylene : H2O (50 : 1) K3PO4 TBAB Trace

12 DMF : H2O (50 : 1) K2CO3 TBAB 82

13 DMF : H2O (50 : 1) NEt3 TBAB 67

14 DMF : H2O (50 : 1) KOH TBAB 63

15 DMF : H2O (50 : 1) KOtBu TBAB 15

16 DMF : H2O (50 : 1) Li3PO4 TBAB Trace

a Reaction conditions: 4a (1.0 mmol), 3 (1.5 mmol), PdHAP-1 (0.15 mol% of Pd based on 4a), solvent (5 ml), H2O (0.1 ml), base (2 mmol), additive

(0.1 mmol), 130 1C, Ar atmosphere. b Determined by GC analysis based on 4a using and internal standard techniques.
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(Fig. 4(a)). From high-resolution TEM analysis, the mean
diameter was determined to be ca. 50 Å (Fig. 4(b)). These
observations are in good agreement with the results of Pd K-
edge XAFS analysis. The XANES spectrum of the recovered
PdHAP-1 (C) was similar to that of Pd foil (E). The FT of k3-
weighted EXAFS exhibited a single peak at approximately 2.5
Å due to the contiguous Pd–Pd bond in the metallic form with
a R of 2.76 Å and a CN of 10.6, as shown in Fig. 2C and Table
1. It can be concluded that the monomeric Pd species on the
PdHAP-1 surface, which was extremely stable under the reac-
tion conditions of aryl bromides, was transformed into Pd0

nanoparticles during the reaction of aryl chlorides. It is well
known that the chemical and electrochemical reduction of
transition metal salts in the presence of ammonium salts leads

to R4N
1X�-stabilized metal colloids.26 Recent studies have

also pointed out the involvement of intermediary Pd nanopar-
ticles generated under the conditions in the Mizoroki–Heck
and Suzuki–Miyaura coupling reactions.27 Hence, it is likely
that Bu4N

1Br�-stabilized Pd0 nanoparticles are formed in situ
and then function as the catalyst under the present reaction
conditions. The increase in the catalytic activity of the PdHAP-1
toward the activation of aryl chlorides observed on the addition
of TBAB might be ascribed to the generation of anionic [Br–
Pd0–L]� (L ¼ ligand or neighboring Pd) species on the surface
of Pd nanoparticles, which facilitate the oxidative addition of
aryl chlorides as discussed in previous papers.28 The effect of
water might be explained by its role in increasing the concentra-
tion of both TBAB and inorganic bases on the hydrophilic
surface of the PdHAP-1.29 Water exists as a supported thin film
at the interface between the catalyst and the organic phase to
enhance the accessibility of these reagents.30

Conclusions

We have demonstrated a novel approach to catalyst design
using hydroxyapatites and its excellent catalytic performances.
Treatment of a nonstoichiometric Ca-deficient hydroxyapatite,
Ca9(HPO4)(PO4)5(OH), with PdCl2(PhCN)2 afforded a mono-
meric Pd phosphate complex surrounded by four oxygen
atoms in square planar coordination. Such monomeric Pd
species could effectively promote the Mizoroki–Heck and
Suzuki–Miyaura coupling reactions of aryl bromides without
any structural change around the Pd species. Moreover, the
PdHAP-1 catalyst was also applicable to the Suzuki–Miyaura
coupling reaction of aryl chlorides having electron-withdraw-
ing substituents in the presence of TBAB and a small amount
of water. No Pd leaching was observed for the above reactions
and the catalysts were recyclable, making them highly suitable
for large-scale operations and meeting the increasing demands
for environmentally-inspired chemical processes.

Experimental

Materials

PdCl2 was obtained from N. E. Chemcat Co. Ltd, and used
without further purification. (NH4)2HPO4 and Ca(NO3)2 �
4H2O were purchased from Wako Pure Chemical Ind., Ltd.
Solvents and all commercially available compounds were
purified by standard procedures before use. All of the products
are well known compounds and their identities were confirmed
by comparison with IR, MS, and NMR spectra.

Table 5 Suzuki–Miyaura coupling reaction of aryl chloridesa

Entry Catalyst R Time/h Yield (%)b

1 PdHAP-1 C(O)CH3 1 92

2c Pd/Carbon C(O)CH3 1 48

3c Pd/Al2O3 C(O)CH3 1 Trace

4c Pd/SiO2 C(O)CH3 1 Trace

5 PdHAP-1 NO2 1 499

6d PdHAP-1 CN 1 499

7e PdHAP-1 CHO 2 70

8e PdHAP-1 H 5 30

a Reaction conditions: aryl chloride (1 mmol), 3 (1.5 mmol), PdHAP-1 (0.15 mol% of Pd based on aryl chloride), DMF (5 ml) H2O (0.1 ml), K3PO4

(2 mmol), TBAB (0.1 mmol), 130 1C, Ar atmosphere. b Determined by GC analysis based on aryl chloride using an internal standard

technique. c 0.5 wt% of Pd. Purchased from N.E. Chemcat. d Without H2O. e Pd HAP-1 (0.3 mol % of Pd).

Fig. 4 (a) TEM image and (b) HR-TEM image of the Pd nanocluster
for the recovered PdHAP-1 after Suzuki–Miyaura coupling reaction of
4a. Reaction was conducted with 4a (1 mmol), 3 (1.5 mmol), PdHAP-1
(0.15 mol% of Pd based on 4a), DMF (5 ml), H2O (0.1 ml), K3PO4

(2 mmol) and TBAB (0.1 mmol) at 130 oC for 1 h under an Ar
atmosphere.
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Synthesis of hydroxyapatite-bound palladium catalyst

(NH4)2HPO4 (40.0 mmol) was dissolved in deionized water
(150 mL) and the pH was adjusted to 11 with an aqueous NH3

solution. To a solution of Ca(NO3)2 � 4H2O (60.0 mmol) in
deionized water (120 mL) adjusted to pH 11 with an aqueous
NH3 solution was added drop-wise over 30 min the above
solution with vigorous stirring at room temperature, and then
the resultant milky solution was heated at 90 1C for 10 min.
The precipitate was filtered, washed with deionized water, and
dried at 110 1C, giving nonstoichiometric Ca-deficient hydro-
xyapatite, Ca9(HPO4)(PO4)5(OH) (HAP-1). HAP-1 (2.0 g) was
stirred at 25 1C for 3 h in 150 mL of an acetone solution of
PdCl2(PhCN)2 (2.67 � 10�4 M). The obtained slurry was
filtered, washed with acetone and dried under vacuum, yielding
2.01 g of the PdHAP-0 (Pd content: 0.015 mmol g�1).

Typical example for Mizoroki–Heck reaction

PdHAP-1 (0.05 g, Pd: 0.75 mmol) and K2CO3 (6.2 g, 45 mmol)
were placed into a reaction vessel with a reflux condenser.
Under an Ar atmosphere, N-methylpyrrolidone (NMP) (50
mL), bromobenzene (5.9 g, 37.5 mmol), and styrene (4.7 g, 45
mmol) were added, and then the resulting mixture was stirred
at 130 1C. The progress of the reaction was monitored by GC
analysis. After 24 h, 94% yield of stilbene (E : Z ¼15 : 1) was
obtained. The catalyst was removed by filtration, and the
reaction mixture was poured into water (30 mL) to extract
with ethyl acetate (3 � 25 mL). The combined organic layers
were washed with brine, dried over MgSO4, and concentrated
under vacuum. The crude product was purified by flash
chromatography on silica (eluent: hexane : ethyl acetate ¼
1 : 1) to give pure stilbene in a yield of 90% (6.1 g). For
recycling experiments, a fresh reaction using bromobenzene (2
mmol), styrene (2.4 mmol), K2CO3 (2.4 mmol), NMP (5 mL),
and PdHAP-1 (0.1 g, Pd: 1.5 mmol) was carried out at 130 1C
under an Ar atmosphere. After 4 h, the reaction mixture was
centrifuged and the liquid phase was decanted. The residual
solid catalyst was again added to a fresh reaction solution and
reacted under identical conditions. The first, the second, and
the third runs gave stilbene in over 95% GC yields.

Typical example for Suzuki–Miyaura coupling reaction

PdHAP-1 (0.05 g, Pd: 0.75 mmol), K2CO3 (6.2 g, 45 mmol), and
phenylboronic acid (5.5 g, 45 mmol) were placed into a
reaction vessel with a reflux condenser. Under an Ar atmo-
sphere, o-xylene (50 mL) and 4-bromoanisole (7.0 g, 37.5
mmol) were added, and the resulting mixture was stirred at
120 1C. The progress of the reaction was monitored by GC
analysis. After 6 h, 91% yield of 4-methoxybiphenyl was
obtained. The catalyst was filtered, and the reaction mixture
was poured into water (30 mL) to extract with ethyl acetate
(3 � 25 mL). The combined organic layers were washed with
brine, dried over MgSO4, and concentrated under vacuum. The
crude product was purified by flash chromatography on silica
(eluent: hexane : ethyl acetate ¼ 1 : 1) to give 88% (6.1 g) of
pure 4-methoxybiphenyl.

Typical example for Suzuki–Miyaura coupling reaction of aryl

chlorides

PdHAP-1 (0.1 g, Pd: 1.5 mmol), K3PO4 (0.42 g, 2 mmol),
phenylboronic acid (0.24 g, 1.5 mmol), and TBAB (0.03 g,
0.1 mmol) were placed into a reaction vessel with a reflux
condenser. Under an Ar atmosphere, DMF (5 mL), H2O (0.1
mL), and 4-chloroacetophenone (0.15 g, 1.0 mmol) were
added, and the resulting mixture was stirred at 120 1C. The
progress of the reaction was monitored by GC analysis. After
1 h, 92% yield of 4-acetylbiphenyl was obtained.

Characterization

Powder X-ray diffraction patterns were recorded using Philips
X’Pert-MPD with Cu Ka radiation. X-ray photoelectron
spectroscopy was measured on a Shimadzu ESCA-KM using
MgKa radiation. Energy-dispersive X-ray measurement was
performed using a Philips EDAX DX-4 attached to a SEM.
Infrared spectra were obtained with a JASCO FTIR-410.
Elemental analysis was carried out using a Perkin Elmer
2400CHN. Inductively coupled plasma measurements were
performed on a Nippon Jarrell-Ash ICAP-575 Mark II.
X-Ray absorption spectra were recorded using a fluores-
cence-yield collection technique at the beam line 01B1 station
with an attached Si (311) monochromator at SPring-8, JASRI,
Harima, Japan (prop. No. 2001A0563-UX-np). Fluorescence-
yield data were collected at room temperature using the 19-
element solid-state detector. Data reductions were performed
with a FACOM M-780 computer system of the Data Proces-
sing Center of Kyoto University. The detailed procedure for
data analysis is described elsewhere.31HR-TEM micrographs
were obtained with a Hitachi Hf-2000 FE-TEM equipped with
a Kevex energy-dispersive X-ray detector operated at 200 kV.
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