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a b s t r a c t

To clarify the effectiveness of a tripodal linker unit (3-bromopropyltris[3-(dimethyl-
isopropoxysilyl)propyl]silane), which can be bound to a silica surface via three independent Si–O–Si
bonds, silica-immobilized palladium amine complex catalysts employing the tripodal linker unit
were prepared and applied toward the Suzuki–Miyaura coupling reaction. N-Functionalized (N = 3-
methylaminopropyl, 3-dimethylaminopropyl, or N,N-dimethylethylenediaminopropyl) silica materials
were prepared by grafting the tripodal linker unit onto mesoporous silica followed by treatment with
–C coupling
uzuki–Miyaura reaction
mmobilized catalyst
mino-functionalized silica
alladium

the corresponding amine. A series of silica-immobilized amino-palladium complex catalysts were
prepared by reacting N-functionalized silica materials with palladium acetate. A catalyst that included
a methylamino ligand and a ligand-to-Pd molar ratio of 6:1 gave the best performance for the reaction
between aryl bromides and phenylboronic acid in toluene. Moreover, catalysts containing the tripodal
linker showed lower levels of palladium leaching after the reaction and better recyclability compared to
catalysts having conventional trialkoxy-type linkers.
. Introduction

Immobilization of molecular catalysts via linkers on inorganic
xide supports, for example, the tethering of metal complex cat-
lysts by propylene chains to silica, is a promising strategy for
acilitating the separation of catalysts from reaction mixtures and
or assisting the catalyst recycling process [1–5]. Immobilized

olecular catalysts may be adapted to continuous flow processes.
owever, poor stability is a major drawback to immobilized metal
omplex catalysts. Significant efforts have been applied toward
mproving catalyst stability, not only through designing the cat-
lytic functional component, but also through optimizing the linker
tructure [6–10].
We recently developed a new tripodal linker unit with three
llylsilyl or isopropoxysilyl leaving groups (Scheme 1) [10]. This
inker unit can be tightly bound to the surface of a silica support via
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three independent Si–O–Si bonds. In fact, organo-modified silica
with a grafted tripodal linker unit (A) exhibited a higher hydrother-
mal stability to guard against leaching of organic moieties than
silica modified with conventional trialkoxysilanes [10]. The tripodal
linker unit additionally contains a bromopropyl moiety to which
various organic functional molecules, including auxiliary ligands
for metal complexes, may be attached. Therefore, this linker unit
functions as a rigid scaffold to prevent grafted organic functional
moieties from leaving the support.

Here, we report application of the tripodal linker unit to
the immobilization of palladium amine complex catalysts on
mesoporous silica supports, and we describe the use of the
tethered catalysts in the Suzuki–Miyaura coupling reaction. The
Suzuki–Miyaura reaction is a powerful and versatile tool for synthe-
sizing organic compounds that can be utilized as organic electronic
materials or intermediates for pharmaceuticals and agricultural
chemicals [11]. Many publications have focused on the devel-
opment of silica-supported palladium complexes or palladium
nanoparticle catalysts for the Suzuki–Miyaura coupling reaction
[12–43], but in view of the importance of the reaction, there is a

continuing need to develop more efficient and recyclable catalysts.

Several reports have been published in recent years that show
that the active species in the Suzuki–Miyaura coupling reaction
via silica- or polymer-supported palladium catalysts are either (i)

dx.doi.org/10.1016/j.molcata.2011.04.012
http://www.sciencedirect.com/science/journal/13811169
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Scheme 1. Grafting of the tripodal linker unit onto the silica surface.

oluble palladium species leached into the reaction solution (homo-
eneous catalysis) [34–42] or (ii) tethered palladium complexes or
alladium nanoparticle surfaces on supports (heterogeneous catal-
sis) [23–33]. A fraction of the palladium species (i) then re-deposit
nto the ligands (or supports) after the reaction has gone to com-
letion [43]. Therefore, we hypothesized that firmly immobilizing
he ligands onto supports via a tripodal linker unit would bring
bout better recyclability in either catalysis.

. Experimental

.1. Materials

All chemicals were reagent grade and were used without fur-
her purification. A methylamine solution in tetrahydrofuran (THF)
2.0 mol/L) and a dimethylamine solution in THF (2.0 mol/L) were
btained from Sigma–Aldrich Co. N,N-Dimethylethylenediamine
as purchased from Tokyo Chemical Industry Co., Ltd. 3-
romopropyltriethoxysilane was purchased from Shin-Etsu Chem-

cal Co., Ltd. Palladium(II) acetate was supplied by N.E. Chemcat Co.
rdered mesoporous silica with a 2D hexagonal structure (TMPS-
) [44], used as a silica support, was supplied by Taiyo Kagaku Co.,
td. The specific surface area, pore volume, and average pore size
ere 1039 m2/g, 1.46 cm3/g, and 3.8 nm, respectively. Mesoporous

ilica was dried in vacuo at 80 ◦C for 3 h prior to use.

.2. Preparation of amino-functionalized silica

The structures of the organic-functionalized silica materials
sed in this study are summarized in Fig. 1. 3-Bromopropyl-

unctionalized silica containing the tripodal linker unit (A)
as prepared by grafting (3-bromopropyltris[3-(dimethyl-

sopropoxysilyl)propyl]silane) onto mesoporous silica according
o a procedure described previously [10]. The 3-bromopropyl-
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is A: Chemical 342–343 (2011) 58–66 59

functionalized silica A was dried in vacuo at 80 ◦C for 3 h prior
to use in further amination reactions. 3-Methylaminopropyl-
functionalized silica (B), 3-dimethylaminopropyl-functionalized
silica (C), and N,N-dimethylethylenediaminopropyl-functionalized
silica (D) were prepared by reacting A with methylamine,
dimethylamine, and N,N-dimethylethylenediamine, respectively.
The reactions were carried out in Schlenk tubes (30 mL) under a
nitrogen atmosphere. A typical procedure for the preparation of B
was as follows: A mixture of A (1 g) and methylamine (20 mmol)
in THF (10 mL) was stirred at 45 ◦C for 20 h. The resulting solid was
filtered, washed with methanol, and dried in vacuo at 80 ◦C for 3 h.
3-Bromopropyl-functionalized silica containing the conventional
linker (E) was prepared by reacting 3-bromopropyltriethoxysilane
with mesoporous silica in heptane under reflux for 24 h under
nitrogen. 3-Methylaminopropyl-functionalized silica (F) was
prepared by reacting E with methylamine in a similar manner.

2.3. Preparation of the palladium catalysts

Mesoporous silica-immobilized amino-palladium complex cat-
alysts were prepared by reacting amino-functionalized silicas
B–D and F with palladium acetate. B–D and F were dried
in vacuo at 80 ◦C for 3 h prior to use in complexation reactions.
A typical procedure for the preparation of a silica-immobilized
methylamino-palladium complex with a ligand-to-palladium
molar ratio of 1.3:1 was as follows: A mixture of B (1 g) and
palladium acetate (83 mg) in THF (5 mL) was stirred at room tem-
perature for 3 h under nitrogen. The resulting solid was filtered,
washed with THF, and dried in vacuo at 80 ◦C for 3 h. The palladium
concentration in the resulting filtrate was measured by ICP-OES to
determine the extent of palladium loading on silica. All prepared
catalysts were handled in air.

2.4. Characterization

Powder X-ray diffraction (XRD) data were acquired on a Bruker
AXS D8-Advance X-ray diffractometer using Cu K� radiation. Nitro-
gen adsorption/desorption isotherms were measured at −196 ◦C
using a Bel Japan BELSORP-mini II analyzer. Organic-functionalized
silica samples were heated under vacuum at 80 ◦C for 3 h prior to
the measurements. Specific surface areas were calculated using
the BET method. The pore size distribution was obtained by the
BJH method applied to the adsorption branch of the nitrogen
adsorption/desorption isotherm. Scanning transmission electron
microscopy (STEM) images were taken on a Hitachi HD-2000
microscope with an acceleration voltage of 200 kV. Solid-state 29Si
and 13C cross-polarization/magic angle spinning (CP/MAS) NMR
spectra were recorded on a Bruker AVANCE 400WB spectrome-
ter operated at 79.5 or 100.6 MHz for 29Si or 13C, respectively,
and using a 4 mm CP/MAS probe head. A typical spinning rate
was 12.5 kHz, and CP contact times were 2.0 and 3.5 ms for 13C
and 29Si CP/MAS, respectively. Pd K-edge extended X-ray absorp-
tion fine structure (EXAFS) measurements were carried out at
the NW10A beamline at the Photon Factory Advanced Ring (PF-
AR) in the Institute of Materials Structure Science, High Energy
Accelerator Research Organization (IMSS-KEK). All spectra were
measured using a Si(3 1 1) double-crystal monochromator in trans-
mission mode at room temperature. The samples (40–70 mg) were
placed in an EXAFS cell with an optical path length of 15 mm
and polypropylene film windows. Analysis of EXAFS data was
conducted using the commercially available analytical program
REX2000 (Rigaku Co.). Elemental analysis of carbon and nitrogen

compositions was conducted using a CE Instruments EA 1112 ele-
mental analyzer. Elemental analysis of bromine was conducted
using a Dionex ICS-2000 ion chromatograph. Palladium concentra-
tions in solutions were determined using a Thermo Fisher Scientific
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Table 1
Compositional and textural data for the organic-functionalized silica materials A–F.

Material Loading
(mmol/g)

Surface
area (m2/g)

Pore
volume
(cm3/g)

Pore size
(nm)

TMPS-4 – 1039 1.46 3.8
A 0.42a 861 1.07 3.3
B 0.37b 869 1.05 3.3
C 0.40b 804 1.04 3.3
D 0.31b 791 1.01 3.3
E 0.76a 890 1.06 3.3
F 0.48b 890 1.18 3.7
0 N. Fukaya et al. / Journal of Molecular C

CAP 6500 Duo inductively coupled plasma-optical emission spec-
rometer (ICP-OES) and an Agilent 7500ce ICP-mass spectrometer
ICP-MS).

.5. Catalytic testing

The Suzuki–Miyaura coupling reaction of aryl bromide and
henylboronic acid was carried out in a Schlenk tube (30 mL) under
nitrogen atmosphere. A typical experimental procedure was

s follows: A mixture of aryl bromide (3.0 mmol), phenylboronic
cid (3.3 mmol), potassium carbonate (6.0 mmol), the catalyst
0.05 mol% with respect to palladium), and 4-tert-butyltoluene
430 mg) as an internal standard for gas chromatograph (GC) anal-
sis were stirred in toluene (3 mL) at 100 ◦C. The reaction mixture
as periodically sampled to follow the progress of the reaction by
C. After the reaction, the catalyst was separated by centrifuga-

ion, and the supernatant was analyzed on a Shimadzu GC-14B
C equipped with a thermal conductivity detector and a col-
mn (2 mm × 3 m) packed with 3% OV-101 on Chromosorb WHP
100/120 mesh) to determine the product yields. To quantify the
xtent of palladium leaching, the palladium concentration in the
upernatant was measured by ICP-MS after the catalyst was thor-
ughly removed by filtration using a 0.2 �m PTFE membrane filter.

.6. Hot filtration

The Suzuki–Miyaura coupling reaction of 4-bromobenzoic acid
thyl ester (3.0 mmol) and phenylboronic acid (3.3 mmol) was con-
ucted at 100 ◦C for 3 min in the presence of potassium carbonate
6.0 mmol), the catalyst (0.05 mol% with respect to palladium), and
-tert-butyltoluene (internal standard, 430 mg) in toluene (3 mL).
hen, the reaction mixture was filtered under hot conditions using
0.2 �m PTFE membrane filter. The product yield and the pal-

adium concentration in the filtrate were determined by GC and
CP-MS, respectively. Subsequently, phenyl boronic acid (3.3 mmol)
nd potassium carbonate (6.0 mmol) were added to the filtrate, and
he mixture was stirred at 100 ◦C for 3 h.

.7. Catalyst recycling

The Suzuki–Miyaura coupling reaction between 4-
romobenzoic acid ethyl ester (3.0 mmol) and phenylboronic
cid (3.3 mmol) was conducted at 100 ◦C for 2 h in the presence of
otassium carbonate (6.0 mmol), the catalyst (0.05 or 0.25 mol%
ith respect to palladium), and 4-tert-butyltoluene (internal

tandard, 430 mg) in toluene (3 mL). The resulting suspension was
entrifuged, and the supernatant was removed by decantation. The
eaction tube was subsequently recharged with 4-bromobenzoic
cid ethyl ester, phenylboronic acid, potassium carbonate, 4-tert-
utyltoluene (internal standard), and toluene, and the reaction
as repeated.

. Results and discussion

.1. Preparation and characterization of the
mino-functionalized silica

The 3-bromopropyl-functionalized silica material A, onto
hich the tripodal linker unit was grafted, was prepared from

-bromopropyltris[3-(dimethylisopropoxysilyl)propyl]silane and
esoporous silica (TMPS-4), as described previously [10]. The effect

f the linker structure on the catalytic performance was evaluated

y comparison with 3-bromopropyl silica E that had been function-
lized using conventional triethoxysilane. The organic contents in A
nd E were determined by carbon elemental analysis to be 0.42 and
.76 mmol/g, respectively. Subsequent treatment of A and E with
a Determined by elemental analysis of carbon.
b Determined by elemental analysis of nitrogen.

methylamine in THF converted the bromo groups in A and E into
methylamino groups to yield the amino-functionalized silica mate-
rials B and F, respectively. Amination of A with dimethylamine and
N,N-dimethylethylenediamine gave the amino-functionalized sil-
ica materials C and D, respectively [45]. The bromine content of each
amino-functionalized silica sample B–D and F was less than 0.1 wt%
according to bromine analysis, indicating quantitative conversion
of the bromo groups in A and E into amino groups on the silica sur-
faces. Table 1 lists the organic content of each of the materials A–F.
The organic content in B–D and F was quantified by nitrogen ele-
mental analysis. As A was aminated to give B–D, the organic content
decreased slightly from 0.42 to 0.40–0.31 mmol/g, whereas amina-
tion of E to give F significantly reduced the organic content from
0.76 to 0.48 mmol/g [46]. This showed that the tripodal anchoring
was highly effective at minimizing leaching of organic groups from
the silica surface during functional group transformation.

The high stability of the grafted tripodal linkers under amination
conditions was further corroborated by 29Si CP/MAS spectroscopy.
Fig. 2(a) shows the 29Si CP/MAS spectra of A and B. Both sam-
ples displayed broad peaks around ı −100 ppm due to Q3 and
Q4 silicon in silica as well as two peaks corresponding to a
single tetraalkyl-coordinated silicon center (ı 2 ppm) and three
trialkylmonooxygen-coordinated silicon centers (ı 14 ppm) [47].
It should be noted that the two 29Si CP/MAS peaks in the organosi-
lane regions of the spectra of samples A and B were nearly identical.
Fig. 2(b) displays the 29Si CP/MAS spectra of E and F. The spectrum
of E exhibited a major peak assigned to T2 silicon (ı −57 ppm) and
a minor peak assigned to T1 silicon (ı −48 ppm). The peak due to T3

silicon was very small, indicating that the bromopropyl group in E
was bound to silica via one or two Si–O–Si bonds. In the spectrum of
F, the T1 peak disappeared, the T2 peak decreased, and the T3 peak
(ı −66 ppm) increased. These observations suggested that detach-
ment of the organic moieties and redistribution of the T1, T2, and T3

species in E occurred via cleavage and reformation of the Si–O–Si
linkage during amination. These results clearly demonstrated that
three independent Si–O–Si bonds formed with the tripodal linker
unit prevented the grafted organic groups from leaving the silica
support during the amination process.

The successful transformation of the bromo group in A into a
methylamino group was confirmed by 13C CP/MAS spectroscopy.
Fig. 3 shows the 13C CP/MAS spectra of A and B. The carbon “a” in
B exhibited approximately the same chemical shift as A, whereas
conversion of the bromo group into a methylamino group shifted
the peak corresponding to the �-carbon (“b”) of the bromopropyl
group in A (ı 27 ppm) upfield to around ı 21 ppm (overlapping with
the carbon “e”) in B. The carbon “c” was also shifted slightly upfield
after amination.

The XRD patterns of the organic-functionalized silica materials

A–F were similar to that of parent mesoporous silica [44], exhibit-
ing a strong (1 0 0) reflection peak and weak (1 1 0) and (2 0 0) peaks
characteristic of hexagonally ordered mesoporous materials. Thus,
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Fig. 2. 29Si CP/MAS spectra of (a) organic-functionalized silicas A (red line) and B
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rafting the tripodal linker unit or 3-bromopropyltriethoxysilane
nd subsequent introduction of the amino groups preserved
he mesoporous structure. The nitrogen adsorption/desorption

sotherms of A–F showed type IV sorption curves that are typi-
al of mesoporous structures. Table 1 displays the textural data.
rafting of the bulky tripodal linkers reduced the pore volume from
.46 to 1.07 cm3/g and narrowed the average pore size from 3.8 to

ig. 3. 13C CP/MAS spectra of organic-functionalized silicas A (red line) and B (blue
ine). (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)
Fig. 4. XRD patterns of the catalysts BnPd–FnPd and the mesoporous silica support
(TMPS-4).

3.3 nm, whereas subsequent amination minimally affected the pore
volume and pore size. 3-Bromopropyl and 3-aminopropyl function-
alizations decreased the specific surface areas, however, B–D and F
maintained high surface areas (>790 m2/g).

3.2. Preparation and characterization of the palladium catalysts

The immobilized amino-palladium complex catalysts were pre-
pared by reacting amino-functionalized silicas B–D and F with
palladium acetate in THF at room temperature. After the reaction,
the solid was filtered, washed with THF, and dried in vacuo at
80 ◦C. To investigate the influence of the molar ratio between the
amino ligand and palladium on the catalytic performance, cata-
lysts B and F with different palladium loadings (ligand-to-Pd molar
ratios of 1:1, 3:1, or 6:1) were prepared by varying the concen-
tration of Pd(OAc)2 in the THF solution. Hereafter, the palladium
catalysts will be represented by MnPd, where M and n are the
type of amino-functionalized silica and the molar ratio between
the amino ligand and palladium, respectively. The palladium con-
centration in the filtrate of the catalyst preparation was measured
by ICP-OES. The filtrates obtained from the preparation of B1.3Pd
and F1.3Pd contained 21.9% and 24.8% unreacted Pd(OAc)2, respec-
tively. Consequently, the actual ligand-to-Pd molar ratios in the
B1.3Pd and F1.3Pd catalysts were 1.28:1 and 1.33:1, respectively.
The other prepared catalysts yielded palladium concentrations in
the filtrates that were less than the quantification limit of ICP-OES
analysis. Thus, B3Pd, B6Pd, C6Pd, D6Pd, F3Pd, and F6Pd contained
virtually all of the added palladium.

Fig. 4 shows the XRD patterns for the prepared catalysts
BnPd–FnPd and the mesoporous silica support (TMPS-4). All sam-
ples exhibited three clear peaks in the 2� range of 1–4◦ that were
characteristic of hexagonally ordered mesophases, indicating that
the regular structure of the mesoporous silica remained unchanged
after palladium loading. Diffraction peaks due to palladium metal
were not detected in the fresh BnPd–FnPd samples over the 2�
region of 40–50◦. The mesoporosity of each catalyst BnPd–FnPd
was measured by nitrogen adsorption/desorption measurements
(Fig. 5). All catalysts exhibited type IV isotherms, confirming that
the mesoporous structure was retained after palladium loading.
The mesopores, therefore, were not plugged by formation of pal-
ladium nanoparticles. Table 2 summarizes the compositional and

textural data of the catalysts. The pore volume and pore size were
nearly unchanged before and after palladium loading. The changes
in the specific surface areas were also small.
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Table 2
Compositional and textural data for the catalysts BnPd–FnPd.

Catalyst Pd contenta

(wt%)
Ligand:Pd
molar ratio

Surface
area (m2/g)

Pore
volume
(cm3/g)

Pore size
(nm)

B1.3Pd 3.48 1.28:1 803 1.07 3.3
B3Pd 1.48 3:1 811 1.07 3.3
B6Pd 0.74 6:1 808 1.04 3.3
C6Pd 0.70 6:1 828 1.07 3.3
D6Pd 0.55 6:1 799 1.03 3.3
F1.3Pd 3.79 1.33:1 804 1.09 3.3
F3Pd 1.68 3:1 899 1.27 3.7
F6Pd 0.82 6:1 895 1.23 3.7
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Fig. 6. Fourier transforms of the k3-weighted Pd K-edge EXAFS spectra for the cat-
alysts BnPd and [Pd(NH3)4]Cl2, Pd(OAc)2, and Pd foil (dashed line), as reference
materials.

Table 3
Curve-fitting results of Pd K-edge EXAFS spectra for the catalysts BnPd–DnPda.

Catalyst CNb r (Å)c �E (eV)d R factor (%)e

B1.3Pd 3.5 ± 0.5 2.01 ± 0.01 –6.8 ± 2.8 0.4
B3Pd 3.7 ± 0.5 2.02 ± 0.02 –5.8 ± 3.0 0.5
B6Pd 3.6 ± 0.6 2.03 ± 0.02 –5.4 ± 3.0 0.6
C6Pd 3.7 ± 0.9 2.02 ± 0.02 –6.5 ± 3.0 1.7
D6Pd 3.7 ± 0.5 2.01 ± 0.02 –0.4 ± 3.5 0.9

a The Debye–Waller factor was fixed at 0.03 Å for all analyses.
b Coordination number of Pd-E (E = N or O).
c Radial distance of E from Pd.
d

ing ligand-containing catalyst D6Pd showed low catalytic activity.
Thus, we focused on the BnPd series for further studies.

catalyst
a Determined from the difference between the Pd content in the filtrates of the
atalyst preparations, measured by ICP-OES, and the initial Pd content.

To explore the local structure of palladium on amino-
unctionalized silica, Pd K-edge EXAFS measurements were
erformed. Fig. 6 shows the Fourier transforms (FT) of the k3-
eighted EXAFS spectra for the catalysts BnPd and the reference
aterials, including tetraamminepalladium(II) chloride, Pd(OAc)2,

nd Pd foil. Because the phase shift was uncorrected, the radial dis-
ance (r) from a palladium atom, shown in Fig. 6, was shifted from
he actual bond distance. A peak around 2.5 Å in the spectrum of
he Pd foil, assigned to scattering from the nearest neighbor pal-
adium atoms in a metallic palladium cluster, was not observed in
he spectra of B1.3Pd, B3Pd, and B6Pd. The FT profiles of these
amples were similar to those of [Pd(NH3)4]Cl2 and Pd(OAc)2 con-
isting of an isolated palladium atom with a square planar PdE4
E = N or O) structure locating Pd–E at the distance of 2.02 or 2.03 Å,
espectively [48,49]. Because the parameters associated with the
hase shift function and backscattering amplitude of Pd–N are
imilar to those of Pd–O, curve-fitting analysis of the EXAFS spec-
ra cannot distinguish between nitrogen and oxygen coordinated
o palladium. Curve-fitting analysis of the first shell in the FT of
XAFS for the catalysts BnPd–D6Pd was carried out using param-
ters for Pd–N scattering extracted from [Pd(NH3)4]Cl2 (Table 3).
he optimum fitting results for BnPd–D6Pd were 3.5–3.7 for the
oordination numbers (CN) and around 2.02 Å for the distance (r).
hese results indicated that palladium was most likely surrounded

y four nitrogen and/or oxygen atoms, in other words, the palla-
ium was loaded onto the amino-functionalized silica surfaces B–D
s palladium complexes, without aggregating to form palladium
articles.
Difference in the edge energy between a reference compound and the catalyst.
e R =

∑
(k3�obs − k3�cal)

2
/
∑

(k3�obs)
2 × 100.

3.3. Catalysis for the Suzuki–Miyaura coupling reaction

The catalytic performance of each prepared silica-immobilized
amino-palladium complex was probed in the Suzuki–Miyaura cou-
pling reaction between aryl bromides and phenylboronic acid to
give the corresponding biaryls (Scheme 2). Initially, the influence
of the type of the amino group on the catalytic activity was inves-
tigated using the catalysts B6Pd, C6Pd, and D6Pd for the reaction
between 4-bromobenzoic acid ethyl ester and phenylboronic acid
(Table 4). The reaction was conducted in toluene at 100 ◦C for 3 h,
using potassium carbonate as a base. The quantity of catalyst was
adjusted to 0.05 mol% with respect to the palladium. B6Pd, which
included a secondary amine ligand, gave a higher yield than C6Pd,
which included a tertiary amine (entries 1 and 2). The chelat-
R Br (HO)2B R+
K2CO3, solvent, 100 °C

(0.05 mol% Pd)

Scheme 2. The Suzuki–Miyaura coupling reaction.
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Table 4
Results of the Suzuki–Miyaura coupling reaction between aryl bromides and phenyl-
boronic acid using the catalysts BnPd–DnPda.

Entry Catalyst R Time (h) Yield (%)b

1 B6Pd COOEt 3 98
2 C6Pd COOEt 3 93
3 D6Pd COOEt 3 21
4 B6Pd COOEt 0.5 94
5 B6Pd Me 0.5 93
6 B6Pd OMe 0.5 95
7 B6Pd CN 0.5 100
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Table 5
Results of the Suzuki–Miyaura coupling reaction between 4-bromobenzoic acid
ethyl ester and phenylboronic acid using the catalysts BnPd and FnPda.

Entry Catalyst Yield (%)b Pd leaching (%)c

1 B1.3Pd 97 0.13
2 B3Pd 94 0.13
3 B6Pd 98 0.098
4 F1.3Pd 89 0.81
5 F3Pd 97 0.22
6 F6Pd 98 0.29

a Reaction conditions: 4-bromobenzoic acid ethyl ester (3.0 mmol), phenyl-
boronic acid (3.3 mmol), K2CO3 (6.0 mmol), catalyst (0.05 mol% on Pd), toluene
a Reaction conditions: aryl bromides (3.0 mmol), phenylboronic acid (3.3 mmol),

2CO3 (6.0 mmol), catalyst (0.05 mol% Pd), toluene (3 mL), 100 ◦C.
b Determined by GC analysis using 4-tert-butyltoluene as an internal standard.

B6Pd gave the product in good yield, even if the reaction
imes were shortened from 3 h to 0.5 h. Additionally, good yields
ere obtained even if the less reactive electron-rich aryl bro-
ides were used, such as 4-bromoanisole or 4-bromotoluene

entries 5 and 6). Fig. 7 shows the time courses of the B6Pd-
atalyzed Suzuki–Miyaura coupling of 4-bromobenzoic acid ethyl
ster and phenylboronic acid in various solvents. A nonpolar sol-
ent, toluene, gave the best results, whereas the polar solvents, such
s dimethylformamide (DMF), 1,4-dioxane, or cyclopentyl methyl
ther (CPME), decreased the reaction rate.

Suzuki–Miyaura coupling reactions in the presence of supported
alladium catalysts proceed via both homogeneous and heteroge-
eous mechanisms [23–43], as mentioned in Section 1. The active
pecies of the Suzuki–Miyaura reaction catalyzed by B6Pd was
nvestigated by performing hot filtration experiments. Immedi-
tely after the reaction between 4-bromobenzoic acid ethyl ester
nd phenylboronic acid in toluene at 100 ◦C for 3 min, the solid com-
onents, including the catalyst, were removed by filtration under
ot conditions. The yield of the corresponding biaryl in the fil-
rate was 14%, which was determined by GC analysis. Subsequently,
resh reagents (phenylboronic acid and potassium carbonate) were
dded to the filtrate, and the mixture was stirred at 100 ◦C for 3 h
n the absence of the solid-phase catalyst. The coupling reaction
hen proceeded to yield the product in 79%, strongly suggesting a
ubstantial contribution to the present Suzuki–Miyaura coupling

eaction from homogeneous catalysis due to dissolved palladium
pecies from B6Pd. ICP-MS analysis of the filtrate obtained by hot
ltration disclosed that 5% palladium atoms in B6Pd were eluted.

n contrast, the palladium leaching level in the filtrate obtained
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ig. 7. Time courses of the B6Pd-catalyzed Suzuki–Miyaura coupling reaction
etween 4-bromobenzoic acid ethyl ester and phenylboronic acid in various sol-
ents.
(3 mL), 100 ◦C, 2 h.
b Determined by GC analysis using 4-tert-butyltoluene as an internal standard.
c Determined by ICP-MS as a percentage of the initial Pd content.

by filtration at room temperature after 2 h of the reaction was
only 0.098% (vide infra), indicating that dissolved palladium species
effectively re-deposited back onto the amino-functionalized silica
support during cooling of the reaction mixture to room temper-
ature, after completion of the reaction. Palladium can re-deposit
once aryl halide is consumed in the Suzuki–Miyaura coupling [34].
On the basis of these observations, the order of activity among cat-
alysts with different amino ligands (B6Pd > C6Pd » D6Pd) (Table 4)
seems to reflect the degree of palladium dissociation from the pal-
ladium complexes immobilized on the silica support.

Next, the influence of the linker structure on the catalytic activ-
ity, palladium leaching, and catalyst recyclability was assessed
using the BnPd and FnPd series. All fresh catalyst samples
gave good yields in 2 h for the Suzuki–Miyaura coupling of 4-
bromobenzoic acid ethyl ester and phenylboronic acid (Table 5).
After the reaction, the reaction mixture was cooled to room temper-
ature, then the catalyst was separated by filtration, and the extent
of palladium leaching into the reaction solution was determined
by ICP-MS. All catalysts showed relatively low levels of palladium
leaching (below 1% of the initial Pd content). It should be noted that
at each ligand-to-Pd ratio, the leaching level of BnPd (0.098–0.13%)
was lower than that of FnPd (0.22–0.81%). Although the tripodal
linker of BnPd could not inhibit decoordination of palladium from
the methylamino ligand, firm immobilization of the amino ligand
via the tripodal linker most likely effectively prevented the amino-
palladium complex from leaving the silica support (cleavage of the
Si–O–Si linkage) during the Suzuki–Miyaura coupling reaction. In
addition, a sufficiency of the amino ligand available to recapture
dissolved palladium species after completing the reaction would
remain on the silica support due to the tripodal anchoring (vide
infra).

The catalyst recyclability of BnPd and FnPd was assessed by
performing the reaction between 4-bromobenzoic acid ethyl ester
and phenylboronic acid, removing the reaction supernatant via
centrifugation and decantation, and recharging the reaction tube
with the substrates, a base, and a solvent, to allow the reaction
to proceed again. The catalyst recycling experiments were initially
conducted using only small amounts of catalyst (0.05 mol% palla-
dium) to emphasize any effects of catalyst deterioration throughout
the reaction–recycling process. Fig. 8 shows the time courses of the
repeated reactions. Although the catalytic activities were similar
among the fresh catalysts, as shown in Table 5, obvious differences
in the reaction rate were observed in the second and third runs. The
recyclability of BnPd and FnPd critically depended on the ligand-
to-Pd ratio. The catalyst that contained a larger ligand-to-Pd ratio
showed better recyclability. This observation might be explained
by the different degree of stabilization of amino-palladium com-

plexes which are precursors of soluble palladium species by the
presence of excess amino ligand. The linker structure also con-
siderably affected the catalyst recyclability. At each ligand-to-Pd
ratio, replacing the conventional trialkoxy-type linker (FnPd) with
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ig. 8. Time courses for the repeated Suzuki–Miyaura coupling reactions between
nPd. The yields after 2 h are presented in the right side of the plots.

he tripodal-type linker (BnPd) improved the recyclability. The
ost significant difference in recyclability was observed between

1.3Pd and F1.3Pd, with an unfavorable ligand-to-Pd ratio. This
ifference could not be explained by the difference in the loss
f palladium due to leaching because the second runs of B1.3Pd

nd F1.3Pd were expected to contain 0.0499 and 0.0496 mol%
alladium, respectively, judging from the palladium leaching mea-
urements (Table 5).

ig. 9. STEM images of (a) fresh catalyst B1.3Pd, (b) fresh F1.3Pd, (c) used B1.3Pd after th
mobenzoic acid ethyl ester and phenylboronic acid using the catalysts BnPd and

Fig. 9 displays the STEM images of fresh B1.3Pd and F1.3Pd as
well as recovered B1.3Pd and F1.3Pd after the first catalytic run.
Aggregated palladium metal particles were not observed in either
STEM image of the fresh B1.3Pd or F1.3Pd, consistent with the
results of XRD and EXAFS analysis. In contrast, palladium nanopar-

ticles were found in used B1.3Pd and F1.3Pd (Fig. 9(c) and (d)). The
average size of the palladium particles in used F1.3Pd (ca. 4–10 nm)
was clearly larger than that in used B1.3Pd (ca. 1–2 nm). These

e first catalytic run in Fig. 8, and (d) used F1.3Pd after the first catalytic run in Fig. 8.
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Table 6
Catalyst recycling experiments for the B6Pd-catalyzed Suzuki–Miyaura coupling
reaction between 4-bromobenzoic acid ethyl ester and phenylboronic acida.

Catalytic run Time (h) Yield (%)b

1st 2 93
2nd 2 97
3rd 2 93
4th 2 >99
5th 2 73
5th 6 93

a Reaction conditions: 4-bromobenzoic acid ethyl ester (3.0 mmol), phenyl-
boronic acid (3.3 mmol), K2CO3 (6.0 mmol), B6Pd (0.25 mol% Pd), toluene (3 mL),
100 ◦C. Procedures for catalyst recycling, see text.
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b Determined by GC analysis using 4-tert-butyltoluene as an internal standard.

esults suggest that deactivation is attributable to the deposition
f the palladium species on the silica surface and their aggregation
o form clusters and inactive large particles [50]. It is presumed that
he better recyclability of B1.3Pd is associated with the harder for-

ation of palladium metal particles on the silica surface during the
eaction. Firm immobilization of the amino ligand via the tripodal
inker should maintain the number of ligands available to stabilize
he palladium complexes which are precursors of soluble active
alladium species, and thus prevented the formation of palladium
etal particles on the silica surface during the re-deposition pro-

ess. Another possibility is that highly dispersed amino-palladium
omplexes smoothly produced active palladium species giving high
atalytic activities for the Suzuki–Miyaura coupling. Because the
ulky scaffold of the tripodal linker should inhibit agglomerated
rafting of organic functional groups on a silica surface, the tripo-
al linker in BnPd is expected to effectively isolate the attached
mino groups, thereby keeping the metal centers separate. Conse-
uently, the tripodal linker unit maintained the amino-palladium
omplexes in a highly dispersed state, leading to improved recycla-
ility of BnPd.

Finally, the catalyst recycling experiment was performed using
6Pd with an increased quantity of catalyst (0.25 mol% palladium).
he results are presented in Table 6. The catalyst B6Pd could be
eused through a fourth catalytic run without significant loss in
ield, demonstrating the relatively high stability of B6Pd. Although
he reaction rate decreased in the fifth run, the yield reached 93%
fter prolonged reaction time (6 h). Fig. 10 displays the 29Si CP/MAS
pectra of recovered B6Pd after the fifth catalytic run as well as
resh B6Pd. No significant changes in the 29Si CP/MAS peaks in the
rganosilane region of B6Pd were observed before and after the
atalytic runs. This result clearly demonstrated that grafting of the
ripodal linker via three isolated Si–O–Si bonds was highly stable

ven under the reaction conditions.

ig. 10. 29Si CP/MAS spectra of fresh catalyst B6Pd (red line) and recovered B6Pd
fter the fifth catalytic run in Table 6 (blue line). (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of the article.)
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4. Conclusions

We successfully applied our tripodal linker unit to the prepara-
tion of mesoporous silica-immobilized amino-palladium complex
catalysts for the Suzuki–Miyaura coupling reaction. Compared to
conventional trialkoxy-type linkers, the tripodal linker is more
advantageous and attractive in the following respects: (i) Tripo-
dal anchoring prevented grafted organic groups from leaving the
silica support during functional group transformations; (ii) Tripo-
dal anchoring reduced the extent of metal leaching into the
reaction solution after the catalytic reaction; (iii) Tripodal anchor-
ing improved catalyst recyclability. 3-Bromopropyl-functionalized
silica A is a versatile precursor for synthesizing other novel immo-
bilized molecular catalysts because its bromo group can be easily
converted into a variety of ligands, including phosphines and sul-
fides. Such efforts are currently underway in our group.
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