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By encaging the PdCl,(py), complex (py = pyridine) in the interior space of silicalite-1 hollow spheres
(SHS), a novel solid palladium catalyst, PdCl,(py),@SHS, was successfully prepared. The structure and
composition of the solid catalyst was characterized by SEM, TEM, XRD, N, sorption, FT-IR and XPS.
This catalyst afforded fast conversions for the Suzuki—-Miyaura cross-coupling reactions of various aryl
halides and arylboronic acids even at Pd loadings of 0.0188 mol% in aqueous media. The turnover
frequency (TOF) could be up to 63 210 h™" under mild conditions in air. In particular, because of the
antileaching effect of the surrounding zeolitic shell toward the entrapped Pd species, PACl,(py),@SHS
showed outstanding stability and reusability, which could be reused at least 10 times without appreciable
loss of its activity. The developed solid catalyst combined with the mild conditions represented one of the
most efficient heterogeneous systems for the Suzuki—Miyaura cross-coupling reactions of aryl halides.

Introduction

The Suzuki-Miyaura cross-coupling reaction, which is unique,
requiring mild reaction conditions and showing a high degree of
tolerance for a variety of functional groups, has become unargu-
ably one of the most powerful synthetic methods for preparing
biaryl compounds, such as natural products, pharmaceuticals,
and polymers, efc.' Because of the great significance of this reac-
tion, it was recognized by awarding the 2010 Nobel Prize in
Chemistry.> Most applications of the reaction involve homo-
geneous catalysts consisting of palladium complexes with a
variety of ligands.®> These catalytic systems generally exhibit
better activity and selectivity than heterogeneous systems,
however, they suffer from the practical problems such as catalyst
separation and recycling. To solve these problems and make the
process more green, researchers have immobilized palladium
complexes on various supports such as carbon,* magnetic
materials,” silica,’ hydroxyapatite,7 zeolites, MOFs’ and
organic polymers'® to create heterogencous catalysts. Conse-
quently, achieving a combination of the advantages of both the
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homogeneous and the heterogeneous processes is always the
focus in catalysis.'*!!

Among various shell materials, zeolitic shell hollow spheres
have been demonstrated extraordinarily to be a nontoxic, highly
biocompatible, and hydrothermal/mechanically stable material,
so they have many practical applications in the areas as diverse
as biological chemistry, synthesis, photonics, and catalysis.'?
These spheres act as bi-functional systems for catalysis appli-
cations where the access to the interior of the particles having
the active components is controlled by the zeolitic micropores on
the shell. However, over the past decade, most of the research
efforts have been focused only on hollow spheres as the support
of noble metal nanoparticle catalysts for heterogeneous cata-
lysis.'> So far, there are few reports on hollow spheres as
“containers” for homogeneous catalysts, especially noble metal
complexes.

Another concern in such reactions, is the complete or at least
partial replacement of organic solvents by environmental benign
reaction media.**'* We wish to report herein our preliminary
result to develop a more active and reusable heterogeneous palla-
dium complex catalyst for Suzuki-Miyaura cross-coupling reac-
tions under mild and environmental friendly conditions. A novel
and non-phosphine catalyst, PACl,(py), (py = pyridine) encaged
in the interior space of silicalite-1 hollow spheres (SHS),
PdCl,(py),@SHS, was successfully prepared through a “ship-in-
bottle” method."> This microcapsular reactor afforded fast con-
versions for the Suzuki-Miyaura cross-coupling reactions of
various aryl halides and arylboronic acids even at catalyst load-
ings of 0.0188 mol%. The turnover frequency (TOF) could be
up to 63210 h™" under mild conditions in air. Investigations on
the reusability and stability of the heterogeneous palladium
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Scheme 1 Preparation of the microcapsular reactor, PdCL(py)>@SHS.

Fig. 1 (a) SEM and (b) TEM images of PdCl,(py),@SHS. The inset
in (a) is the SEM image at high magnification to depict the zeolite lattice
fringes.

catalyst were also discussed herein. To the best of our knowl-
edge, this is the first example of employing silicalite-1 hollow
spheres as “containers” for palladium complexes in Suzuki—
Miyaura cross-coupling reactions.

Results and discussion
Catalyst preparation and characterization

As illustrated in Scheme 1, silicalite-1 hollow spheres (SHS) are
fabricated via a layer-by-layer technique and a two-step hydro-
thermal treatment.'® By means of in situ synthesis, PdCl, and
pyridine are introduced into the interior space of SHS by batch
equilibrium technique successively. The white powder turns into
brown firstly, then light yellow. After washing with solvent
thoroughly and drying, the solid remains white. The Pd content
of the PdCly(py).@SHS catalyst is 0.10 wt% measured by
atomic absorption spectroscopy (AAS). The N and C contents of
the PACl,(py)-@SHS catalyst determined by combustion chemi-
cal analysis are 0.03 wt% and 0.11 wt%, respectively. The atom
ratios of Pd, N and C (1:2.1:9.5) on the solid catalyst fall into
a good agreement with the ratios expected (PdCly(py),,
C10H;oN,PdCL,).

Fig. la depicts the scanning electron microscopy (SEM)
images of the PdCl,(py),@SHS catalyst, the catalyst presents
with a monodispersed, uniform spherical morphology with the
coarse outer surface composed of closely packed silicalite-1
nanocrystals. The particle diameter is ranging from 1.0 to
1.2 pum. The zeolite lattice fringes observed in the image (inset
of Fig. la) at high magnification extend through the entire crys-
tals, also manifesting that the capsular shells are, indeed, com-
posed of silicalite-1 nanocrystals. The hollow structures of the
spheres are proved by transmission electron microscopy (TEM)
(Fig. 1b). The hollow interior diameter is nearly 1.0 um and the
thickness of shell is about 200 nm.

The XRD patterns of silicalite-1, SHS and PdCl,(py),@SHS
are shown in Fig. 2. The characteristic diffraction peaks assign to
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Fig. 2 XRD patterns: (a) silicalite-1; (b) SHS; (c) PdCl,(py)@SHS.
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Fig. 3 N, sorption isotherm of PdCl,(py).@SHS. The inset is the cor-
responding pore size distribution.

the silicalite-1 zeolite consistently, confirming the MFT structure
of the shell,'” which gives no evidence for another crystalline
phase. The N, sorption isotherm of PdCl,(py),@SHS (Fig. 3)
displays a type I like behavior of microporous materials. The
BJH pore size distribution of PdCl,(py),@SHS (inset of Fig. 3)
shows a sharp peak at 0.56 nm which is in agreement with the
microporous dimension of silicalite-1 zeolite.'"® These results
further confirm the shells of PdCl,(py),@SHS are composed of
silicalite-1.

The FT-IR spectra of PdCl,(py),, SHS and PdCl,(py),@SHS
catalyst are shown in Fig. 4 in the 400—4000 em™! region. As
can be seen, both the SHS and PdCly(py),@SHS exhibit the
band typical of 550 cm™', which confirms that the sample pos-
sesses a MFI type framework, and the intensity ratio of 550 to
450 cm™! is indicative of the high crystallinity of the product.'
Compared with pure SHS, PdCl,(py), and PdCl,(py).@SHS
show characteristic adsorptions at 1602.6 cm™' and 1448.3 cm™"
in both cases attributed to the stretching vibrations of the C=N
and C=C double bonds. Furthermore, the characteristic adsorp-
tion peaks at 694.6 cm™' is assigned to the deformation
vibrations of the==C-H bonds. These results indicate the exist-
ence of the palladium complex, PdCl,(py), in the catalyst.

Green Chem.

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2gc35302d

Downloaded by Stanford University on 28 May 2012
Published on 21 May 2012 on http://pubs.rsc.org | doi:10.1039/C2GC35302D

View Online

Mﬂ

o \

(c) VV /

/\/-—\/\/,—\

1602.3 694.6
1448.3
. | 549.7 450.1

2000 1600 1200 800 400

Wavenumber / cm'1

Fig. 4 FT-IR spectra: (a) PACL(py),; (b) SHS; (¢) PACly(py),@SHS.
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Fig. 5 XPS Pd 3d spectra: (a) PdCly(py),; (b) PACLy(py).@SHS; (c)
10th recycled PdCl,(py)@SHS. All the samples were heavily ground to
expose the Pd species before XPS characterization (see ESI, Fig. S57).

In order to obtain an insight into the oxidation state and
coordination environment of palladium in the PdCl,(py),@SHS
catalyst, X-ray photoelectron spectroscopy (XPS) experiments
were performed. Fig. 5 displays the Pd binding energy of
PdCl,(py), and PdCl,(py)@SHS. PdCly(py)>,@SHS exhibits
two observable peaks centered at 343.3 and 338.0 eV, which are
assigned to Pd 3ds;;, and Pd 3ds), respectively.20 This result is
the same with PdCl,(py), complex and implies that the oxidation
state of Pd is +2 and also a coordination interaction between Pd
and pyridine might be involved. The above characterization
experiments confirm that the Pd complex, PdCl,(py), is success-
fully encaged in the SHS, the schematic model of the
PdCly(py),@SHS catalyst proposed in Scheme 1 should be
reasonable.

Table 1 The effect of solvents and bases”

PdCly(py),@SHS

base, solvent, 60 °C

Entry  Solvent Base Time (min)  Yield (%)
1 MeOH K2C03 60 5

2 DMF-H,O (10:1) K,COs3 60 9

3 H,O K,CO; 60 24

4 EtOH K,CO; 60 23

5 EtOH-H,0 (1:2) K,COs 60 40

6 EtOH-H,O (1:1) K,COs3 60 56

7 EtOH-H,0 3:2) K,COs 60 78

8 EtOH-H,0 (3:2) Na,CO; 60 69

9 EtOH-H,0 (3:2) NaHCO; 60 62

10 EtOH-H,0 (3:2) NaOAc:3H,0 60 70

11 EtOH-H,O0 3:2) KOAc 60 71

12 EtOH-H,0 (3:2) Na3PO412H,O 60 85

13 EtOH-H,0 (3:2) K;P0O43H,0 60 99 (97)°
14 H,O K;5P0O,43H,0 60 53

15 EtOH-H,O0 3:2) K;3;P0O4-3H,0 10 99 (96)°
16 EtOH-H,0 (3:2) K;3P043H,0 20 90¢

“Reaction conditions: 10 mg of PdCly(py),@SHS (0.0188 mol% of

Pd), 0.5 mmol of bromobenzene, 0.75 mmol of phenylboronic acid,

1 mmol of base, 2 ml of solvent (v/v), 60 °C in air. *GC yield

Snaphthaline as internal standard). Tsolated yield in parentheses.
10 mmol scale.

The Suzuki-Miyaura cross-coupling reaction

We first tested the catalytic activity of PdCly(py),@SHS in the
Suzuki—Miyaura cross-coupling reaction between bromobenzene
and phenylboronic acid, and the results are summarized in
Table 1. Previous studies have showed that solvents and bases
had remarkable influences on the reactivity of the Suzuki reac-
tion.**4?! Our interest is using water to replace organic solvents
in such reaction because water solvent endows the reaction with
green and safe properties.'* In addition, the hydrophilic nature of
the microporous silica can induce a wettability control over the
catalytic reactions in aqueous media. Hydrophilic liquids may be
preferentially adsorbed into the composite microcapsular reactor.
Our preliminary screening of solvent revealed that the presence
of ethanol could efficiently promote the Suzuki—-Miyaura reac-
tion in water. And the optimal condition when using K,CO; as
base, 60% aqueous ethanol was the best choice for the reaction
medium (Table 1, entries 1-7). Under the same conditions,
Na,CO3;, NaHCO3;, NaOAc-:3H,O and KOAc gave moderate
biphenyl yields (Table 1, entries 8-11). Remarkably, when
NazPO4 12H,0 and K3PO4:3H,O were used (Table 1, entries 12
and 13), good to excellent biphenyl yields were obtained, while
K3PO4-3H,0 in pure water only gave 53% of biphenyl (Table 1,
entry 14). Indeed, K3PO,4-3H,O in 60% aqueous ethanol was
found to be the best choice in view of almost quantitative bi-
pehnyl yield obtained within a considerably short reaction time
(10 min) (Table 1, entry 15). A reaction in 10 mmol scale was
also carried out, and it was found that the reaction proceeded
uneventfully, indicating the effectiveness of this catalyst for prac-
tical synthesis (Table 1, entry 16).

With the optimized solvent and base in hand, we investigated
the activity of PdCl,(py),@SHS for various substrates. All the
reactions were carried out at 60 °C in air using K3PO43H,0 as
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Table 2 Suzuki—Miyaura cross-coupling catalyzed by
PdCly(py),@SHS"
— — PdCly(py),@SHS — —
R1@—x PO e e atand ¢ ST\
Time Yield TOF
Entry ArX ArB(OH), (min) (%) (h™hy¢
1 e o) 10 97 30970
2 WB’ tor—_) 15 97 20 650
3 Hco—_ e tors— ) 20 88 14050
4 ne— e mons—) 5 99 63210
5 one— s tore— ) 35 99 9120
6 O o) 10 9 30650
7 o )1 toe— ) 10 92 29370
8 Heo—_ )1 tons— ) 15 99 21070
9 ) wore—) 60 7 275
10 )= vors— ) 5 96 61300
11 WB' vors—_)—cny 15 98 20860
12 woo— )-ur toe— o 15 94 20010
13w ) wos< pom 5 99 63210
14 omo— e o= )—om 35 98 8940
15 ) o= )—ors S 99 63210
16 H;,C—@—I (HO)ﬁ—@—CHa 10 99 31610
17 moo— )1 v p—om, 15 94 20010
18 )= (HO)ZB@OCHS 15 36 18300
9 )= vors—_)—crs 20 83 13250
20 ) o= )—o 15 88 18730

“Reaction conditions: 10 mg of PdCL(py),@SHS (0.0188 mol% of
Pd), 0.5 mmol of aryl halide, 0.75 mmol of arylboronic acid, 1 mmol of
K;3P0O43H,0, 2 ml of EtOH: H,O (3:2 v/v), 60 °C in air. b Isolated
yield. “mol biaryl/mol Pd h.

base and 60% aqueous ethanol solution as reaction medium. The
results are summarized in Table 2. At the Pd loading of
0.0188 mol%, PdCly(py),@SHS afforded satisfactory biaryl
yields (88-99%) for aryl bromides containing —-Bu, —OCHj,
—CN and —CHO groups within 5 min—-35 min (Table 2, entries
2-5). It is worth noting that the TOF reached ca. 63210 h™" in
the case of 4-cyanobromobenzene. For iodobenzene and other
aryl iodides with substituents such as -CH; and —OCHj;, com-
plete conversions were observed and the corresponding biaryl
products in 92-99% yields were also achieved within 10 min—
15 min (Table 2, entries 6-8). Further study indicated that
chlorobenzene can also react with phenylboronic acid. However,
the yield of biphenyl was very poor (7%) even prolonged the

20 mg Pd-cat.

60% aqueous ethanol
K3P0O4-3H,0, 60 °C, 10 min
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Fig. 6 Recycling test of PdCly(py).@SHS before and after shell-
crushed by heavily grinding.

reaction time (60 min) (Table 2, entry 9). PdCl,(py)@SHS also
showed a high activity for the Suzuki—-Miyaura cross-couplings
of 4-methylphenylboronic acid, satisfactory yields could be also
obtained within 5 min—-35 min (Table 2, entries 10-17). For
4-cyanobromobenzene and iodobenzene, the TOF also reached
ca. 63210 h™'. We further tested the catalytic performances for
the couplings of various arylboronic acids with bromobenzene
(Table 2, entry 18-20). For arylboronic acids bearing electron-
donating group —OCHj3 and electron-withdrawing groups —CF3
and —Cl, 86%, 83% and 88% yields were obtained, respectively.

In order to determine whether the catalysis was derived from
the PdClLy(py).@SHS or from leaching palladium, which is
released from the SHS hollow spheres during the reaction and
then re-absorbed to the SHS at the end, we performed a hot fil-
tration test.”> We focused on the Suzuki—Miyaura cross-coupling
reaction of 4-bromobenzaldehyde with phenylboronic acid.
Rapid separation of the PdCl,(py),@SHS catalyst by centrifu-
gation after a 15 min reaction time (the conversion of 4-bromo-
benzaldehyde reached 63%) and allowed the hot liquid mixture
to react further. We found that no further reaction was observed
and no palladium could be detected in the hot liquid mixture by
AAS. This result demonstrates that the palladium catalyst
remains inside the SHS during the reaction.

The recyclability of PdCly(py),@SHS was also investigated
with consecutive Suzuki—-Miyaura cross-coupling reactions of
iodobenzene with phenylboronic acid (Fig. 6). This catalyst
could be recycled 10 times without any loss of activity. The
average yield of biphenyl in consecutive reactions promoted by
the 1st through to the 10th recycled catalyst was up to 97% and
the total TON (turnover numbers) for 10 cycles was up to
25 800. Undoubtedly, this result is very promising and encoura-
ging from a practical point of view."* For comparison, shell-
crushed PdCl,(py),@SHS was also investigated. As expected, it
deactivated quickly in two or three cycles. Furthermore, accord-
ing to the SEM and TEM images shown in Fig. 7, the used
PdCly(py),@SHS spheres can retain their dense zeolitic shell
even after 10 recycles, indicating a good stability of
PdCly(py),@SHS in liquid reaction. The palladium content of
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the catalyst was determined by AAS after ten consecutive runs
and no appreciable change was observed. XPS analysis revealed
the binding energy of Pd 3ds, in the 10th recycled catalyst
was 335.9 eV (Fig. 5¢). The remarkable decrease (2.1 e¢V) in
Pd binding energy was observed comparing with the fresh cata-
lyst. This result indicated that the reduction of the starting
palladium(ir) complex to the lower valent state Pd(0) had taken
place during the Suzuki-Miyaura cross-coupling reaction.?®

To further confirm the Pd species were effectively entrapped
inside the intact zeolitic shell in our PdCLy(py),@SHS catalyst,
we employed a mixture of iodobenzene and sterically hindered
S-iodo-m-xylene as the substrates, 98% of biphenyl, and 3% of
3,5-dimethylbiphenyl were obtained by coupling with phenyl-
boronic acid (Scheme 2). The size of 5-iodo-m-xylene is too
large to permeate into the zeolitic shell and can not be success-
fully converted on the encaged Pd species consequently. On the
contrary, after the zeolitic shell was destroyed by heavy grinding
(see ESI, Fig. S57), the shell-crushed PdCl,(py),@SHS dis-
played a very high product yields of both biphenyl and 3,5-
dimethylbiphenyl within 10 min (97% and 95%, respectively).
Similarly, for an isomeric mixture system of methyl 4-iodo-
benzoate and methyl 2-iodobenzoate, the PACl,(py),@SHS cata-
lyst gave 92% of 4-methoxycarbonylbiphenyl and only 5% of
2-methoxycarbonylbiphenyl, while the shell-crushed catalyst
gave 93% and 89%, respectively. Extraordinarily, the superior
substrate selectivity of the PdClL(py),@SHS catalyst in both
sterically hindered and isomeric systems originated from the
shape-selectivity of the zeolitic shell, allowing it to find practical
applications in some mixture separation-inextricable organic
synthesis.

Indeed, each of the spheres is a true micrometer-sized reactor
with active ingredients entrapped in the hollow space surrounded
by a zeolitic shell of ca. 200 nm. The uniform microporous

Fig. 7 (a) SEM; (b) TEM images of 10th recycled PdCl,(py),@SHS.
The inset in (b) is the TEM image at high magnification.

channels on the shell have a dimension of about 0.56 x 0.53 nm
(i.e., the microporous dimension of silicalite-1 zeolite)'® and
provide entrances for the reactants, exits for the products as well
as protection for PdCl,(py), complex from leaching. Further-
more, the interior space (diameter 1 pm) is large enough to
accommodate a desired number of metal complexes in a
confined space; and the catalytic complexes can wander freely
since there are no covalent linkages or other strong interactions
between the complexes and the internal surface of silicalite-
1 hollow spheres (SHS). Consequently, the PdCl,(py), can be
trapped within the micrometer-sized hollow interior space to
form an unique encaged microenvironment for the reaction as
the homogeneous catalyst. On the other hand, the whole catalyst
apparently behaves just like a heterogeneous catalyst, which can
be recovered and reused easily in virtue of the high thermal/
chemical stability of the zeolitic shell.

Conclusions

By encaging the PACl,(py), complex in the interior space of sili-
calite-1 hollow spheres (SHS), a novel and non-phosphine solid
palladium catalyst, PdCl,(py),@SHS, was successfully pre-
pared. This catalyst afforded fast conversions for the Suzuki—
Miyaura cross-coupling reactions of various aryl halides and
arylboronic acids even at catalyst loadings of 0.0188 mol%. The
turnover frequency (TOF) could be up to 63210 h™" under mild
conditions in air. In particular, because of the antileaching effect
of the surrounding zeolitic shell toward the entrapped Pd
species, PACLy(py),@SHS shows outstanding stability and re-
usability, can be reused at least 10 times without any activity
decrease. In addition, the developed solid catalyst exhibits
superior substrate selectivity in a mixed system for practical
synthesis.

Experimental
Reagents and materials

n-Hexadecylamine, tetrapropylammonium hydroxide (TPAOH,
1 M in water), aryl halides were purchased from Alfa Aeser, pal-
ladium chloride (PdCl,), pyridine (py), naphthalene, K3POy,
3H,0 and other bases, polydiallyldimethyl ammonium chloride
(PDDA, M,, = 160000, 40 wt% in water), poly(sodium
4-styrene sulfonate) (PSS, M,, = 200000, 20 wt% in water),
tetracthoxyorthosilane (TEOS) were commercially available. All

| | B(OH),
RS
+ +
60% aqueous ethanol
K3PO43H,0
1 equiv 1 equiv 2.4 equiv 60 °C, 10 min 98% 3%
! ! B(OH), c:ooc:H3
COOCH;3 20 mg Pd-cat.
+ + "60% aqueous ethanol aqueous ethanol H3COOCH
K3PO43H,0
60 °C, 10 min
COOCH;3
1 equiv 1 equiv 2.4 equiv 92% 5%

Scheme 2 PdCly(py)>@SHS for mixed system.
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chemicals were used without further purification. The syntheses
of mesoporous silica spheres (MSS) and silicalite-1 seeds were
expatiated in the ESL.{

Synthesis of silicalite-1 hollow spheres (SHS)

Silicalite-1 hollow spheres were fabricated according to the lit-
erature,'® with some modifications. The silicalite-1 coated MSS
were treated through a two-step hydrothermal approach: 0.1 g of
silicalite-1 coated MSS were hydrothermally treated in 15 ml of
1.5 wt% TPAOH aqueous solution at 100 °C for 1 h, and then
continuously treated in 15 ml aqueous solution with a molar
composition of TPAOH : TEOS : H,O = 3:10:2000 at 100 °C
for 8 h. The solid product was separated by centrifugation and
washed with distilled water three times. After drying at 60 °C for
2 h, templates in the samples were removed by calcination in air
at 550 °C for 4 h.

Loading of PdCl,(py), complex into SHS

The introduction of PdCl,(py), complex into hollow spheres
was performed by using batch equilibrium technique. Firstly,
0.1 g of hollow spheres was immersed into 2 ml of Na,PdCly
aqueous solution with initial concentrations of 0.5 M. Then they
were left for 24 h at room temperature in order to reach the con-
centration equilibrium. Upon equilibration, the solid products
were recovered by centrifugation. After drying in vacuum over
night, a light brown solid was obtained, and then 2 ml pyridine
in acetone was added. The mixture was left for 24 h at room
temperature. Finally, the light yellow solid was separated by cen-
trifugation, washed with water, DMF and acetone thoroughly in
sequence, then Soxhlet extraction with acetone for 48 h was also
employed to make sure no Pd*" and Pd complex adhered to the
outside of the hollow spheres. A white solid was obtained after
drying at 60 °C under vacuum overnight and denoted as

Catalytic activity test and recycling

All reactions were conducted in a 10 mL tubular flask equipped
with a magnetic stirring bar. In a typical procedure, 10 mg
PdCl,(py),@SHS, 0.5 mmol bromobenzene, 0.75 mmol phenyl-
boronic acid and 1 mmol K;PO,43H,O were added to 2 ml
solvent (EtOH:H,O = 3:2 v/v). The mixture was stirred at
60 °C in air for 10 min. The product was obtained by preparative
TLC using petroleum ether (bp 60-90 °C) as the eluting solvent.
Particularly, for the 4-cyanbiphenyl, a mixed solution of ethyl
acetate and petroleum ether (1:10, v/v) was used. The product
was confirmed by 'H NMR.

For the recycling experiments, 20 mg PdCL(py),@SHS,
0.5 mmol iodobenzene, 0.75 mmol phenylboronic acid, 1 mmol
K5P043H,0, and 50 mg naphthaline (as internal standard
for GC analysis) were added to 2 ml solvent (EtOH : H,O =3:2
v/v). The reaction was carried out at 60 °C in air for 10 min.
Then the mixture was separated quickly by centrifugation. The
clear supernatant was analyzed by GC. The obtained catalyst
was washed by distilled water and ethanol, dried under vacuum
and used in the next run.

Characterization and analysis

N, physical adsorption was carried out on a Micrometrics ASAP
2020 M volumetric adsorption analyzer (before the measure-
ments, samples were degassed at 383 K for 8 h under 10~ bar
vacuum). The Brunauer—-Emmett—Teller (BET) surface area was
evaluated from data in the relative pressure range from 0.05 to
0.25. The total pore volume of each sample was estimated from
the amount adsorbed at the highest P/P, (above 0.99). Pore
diameters were determined from the adsorption branch using
Barrett-Joyner—Halenda (BJH) method. Scanning electron
microscopy (SEM) images were obtained on a FEI Sirion 200
scanning electron microscope at 10.0 kV. Transmission electron
microscopy (TEM) was carried out on a FEI Tecnai G2 20 elec-
tron microscope running at 200 kV. The XRD patterns were
obtained on a Bruker Advanced DS diffractometer over a 26
range of 5°~70° with Cu Ko radiation. Pd content was analyzed
by atomic absorption spectrometry (AAS) on a Perkin Elmer
AA-300. The C, N elemental analyses were carried out on a
Vario Micro cube Elemental Analyzer. FT-IR spectra in KBr
pellet were collected on Bruker Equinox 55 FT-IR spectropho-
tometer in the range 4000400 cm™'. The XPS analysis was
carried out with a VG Multilab 2000 spectrometer using Al Ko
radiation at a power of 300 W. The pass energy was set at
100 eV, and C, line at 284.6 ¢V was used as a reference. All the
samples were washed with acetone, dried and heavily ground to
expose the Pd species before XPS characterization. The products
of the coupling reaction were identified by 'H NMR spectra
using a 400 MHz Bruker AV400 instrument in CDCl;. Chemical
shifts are reported in parts per million (ppm) downfield from
TMS. The 'H NMR spectra of biaryls and the melting points of
solid biaryls were in accordance with literature reports. GC ana-
lyses were performed in a Fuli GC9790, equiped with a FFAP
(30 m x 0.25 mm x 0.25 um) capillary column and a flame ion-
ization detector (FID).

Acknowledgements

We acknowledge the National Natural Science Foundation of
China (20873047/20973068) for financial support. We are also
grateful for Opening Foundation of Key Laboratory of Catalysis
and Materials Science of the State Ethnic Affairs Commission &
Ministry of Education, South-Central University for Nationalities
and the spectroscopic analysis conducted at the Analytical and
Testing Center, Huazhong University of Science and Technology,
Wuhan, China. We also thank Prof. Yi Tang, Dr Nan Ren in
Fudan University and Prof. Hengquan Yang in Shanxi University
for invaluable discussions regarding preparation and activity
tests of the catalyst, respectively.

Notes and references

1 (@) N. Miyaura, K. Yamada and A. Suzuki, Tetrahedron Lett., 1979, 20,
3437; (b) N. Miyaura and A. Suzuki, J. Chem. Soc., Chem. Commun.,
1979, 866; (¢) N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457,
(d) A. Suzuki, J. Organomet. Chem., 1999, 576, 147; (e) S. Kotha,
K. Lahiri and D. Kashinath, Tetrahedron, 2002, 58, 9633;
(f) N. Miyaura, Top. Curr. Chem., 2002, 219, 11; (g) A. Littke and
G. C. Fu, Angew. Chem., Int. Ed., 2002, 41, 4176; (h) M. Kertesz,
C. H. Choi and S. Yang, Chem. Rev., 2005, 105, 3448; (i) N. T. S. Phan,

Green Chem.

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2gc35302d

Downloaded by Stanford University on 28 May 2012
Published on 21 May 2012 on http://pubs.rsc.org | doi:10.1039/C2GC35302D

View Online

W

W

~

[oe]

10

11

M. V. D. Sluys and C. W. Jones, Adv. Synth. Catal., 2006, 348, 609;
(j) J. Magano and J. R. Dunetz, Chem. Rev., 2011, 111, 2177;
(k) A. Molnar, Chem. Rev., 2011, 111, 2251; (/) L. Yin and J. Liebscher,
Chem. Rev., 2007, 107, 133; (m) A. de Meijere and F. Diderich, Metal-
Catalyzed Cross-Coupling Reactions, 2nd edn, Wiley-VCH, Weinheim,
2008.

X.-F. Wu, P. Anbarasan, H. Neumann and M. Beller, Angew. Chem., Int.
Ed., 2010, 49, 9047.

(a) C. S. Zhou, J. Y. Wang, L. Y. Li, R. H. Wang and M. C. Hong, Green
Chem., 2011, 13, 2100; (b) D.-H. Lee and M.-J. Jin, Org. Lett., 2011, 13,
252; (¢) C. Rohlich and K. Kohler, Adv. Synth. Catal., 2010, 352, 2263;
(d) M. Lombardo, M. Chiarucci and C. Trombini, Green Chem., 2009,
11, 574; (e) T. Tu, J. Malineni and K. H. Détz, Adv. Synth. Catal., 2008,
350, 1791; (/) S. H. Li, Y. J. Lin, J. G. Cao and S. B. Zhang, J. Org.
Chem., 2007, 72, 4067; (g) X. Cui, T. Qin, J.-R. Wang, L. Liu and
Q.-X. Guo, Synthesis, 2007, 393; (h) H. Wong, C. J. Pink, F. C. Ferreira
and A. G. Livingston, Green Chem., 2006, 8, 373; (i) R. Wang,
B. Twamley and J. M. Shreeve, J. Org. Chem., 2006, 71, 426;
(j) R. Huang and K. H. Shaughnessy, Organometallics, 2006, 25, 4105;
(k) T. E. Barder, S. D. Walker, J. R. Martinelli and S. L. Buchwald,
J. Am. Chem. Soc., 2005, 127, 4685; (/) J.-C. Xiao and J. M. Shreeve,
J. Org. Chem., 2005, 70, 3072; (m) J.-H. Li, W.-J. Liu and Y.-X. Xie,
J. Org. Chem., 2005, 70, 5409.

(a) S. M. Chergui, A. Ledebt, . Mammeri, F. Herbst, B. Carbonnier,
H. B. Romdhane, M. Delamar and M. M. Chehimi, Langmuir, 2010, 26,
16115; (b) J. P. Simeone and J. R. Sowa Jr., Tetrahedron, 2007, 63,
12646; (c) M. Lysén and K. Kohler, Synthesis, 2006, 692.

(a) P. D. Stevens, J. Fan, H. M. R. Gardimalla, M. Yen and Y. Gao, Org.
Lett., 2005, 7, 2085; (b) S. Zhou, M. Johnson and J. G. C. Veinot, Chem.
Commun., 2010, 46, 2411.

(a) S. Paul and J. H. Clark, Green Chem., 2003, 5, 635;
(b) C. M. Crudden, M. Sateesh and R. Lewis, J. Am. Chem. Soc., 2005,
127, 10045; (c) D.-H. Lee, J.-Y. Jung and M.-J. Jin, Green Chem., 2010,
12, 2024; (d) S. Y. Gao, Z. L. Zheng, J. Lii and R. Cao, Chem. Commun.,
2010, 46, 7584.

K. Mori, K. Yamaguchi, T. Hara, T. Mizugaki, K. Ebitani and K. Kaneda,
J. Am. Chem. Soc., 2002, 124, 11572.

(a) H. Q. Yang, Y. W. Wang, Y. Qin, Y. Z. Chong, Q. Z. Yang, G. Li,
L. Zhang and W. Li, Green Chem., 2011, 13, 1352; (b) H. Q. Yang,
X.J. Han, Z. C. Ma, R. Q. Wang, J. Liu and X. E. Ji, Green Chem., 2010,
12, 441; (¢) H. Q. Yang, Z. C. Ma, Y. Qing, G. Y. Xie, J. Gao, L. Zhang,
J. H. Gao and L. Du, Appl. Catal., 4, 2010, 382, 312; (d) H. Q. Yang,
X. J. Han, G. Li and Y. W. Wang, Green Chem., 2009, 11, 1184; (e) X.
J. Feng, M. Yan, T. Zhang, Y. Liu and M. Bao, Green Chem., 2010, 12,
1758; () F. Durap, M. Rakap, M. Aydemir and S. Ozkar, Appl. Catal., A,
2010, 382, 339; (g) J. D. Webb, S. MacQuarrie, K. McEleney and
C. M. Crudden, J. Catal., 2007, 252, 97; (h) M. Z. Cai, J. C. Sha and
Q. H. Xu, J. Mol. Catal. A: Chem., 2007, 268, 82.

B. Z. Yuan, Y. Y. Pan, Y. W. Li, B. L. Yin and H. F. Jiang, Angew. Chem.,
Int. Ed., 2010, 49, 4054.

(a) S. Schweizer, J. Becht and C. L. Drian, Tetrahedron, 2010, 66, 765;
(b)) N. T. S. Phan and P. Styring, Green Chem., 2008, 10, 1055;
(c¢) A. Dahan and M. Portnoy, J. Am. Chem. Soc., 2007, 129, 5860;
(d) J. K. Cho, R. Najman, T. W. Dean, O. Ichihara, C. Muller and
M. Bradley, J. Am. Chem. Soc., 2006, 128, 6276; (e) B. Atrash, J. Reader
and M. Bradley, Tetrahedron Lett., 2003, 44, 4779.

(a) J. H. Clark, Green Chem., 1999, 1, 1; (b) P. T. Anastas and
M. M. Kirchhoff, Acc. Chem. Res., 2002, 35, 686; (¢) D. J. Cole-
Hamilton and R. P. Tooze, Catalyst Separation, Recovery and Recycling:

12

13

14

15

2

—

22
23

Chemistry and Process Design, Springer, Dordrecht, Netherlands, 2006;
(d) P. Barbaro and F. Liguori, Heterogenized Homogeneous Catalysts for
Fine Chemicals Production: Materials and Processes, Springer,
Dordrecht, Netherlands, 2010.

(a) F. Caruso, R. A. Caruso and H. Mohwald, Science, 1998, 282, 1111;
(b) S. S. Kim, W. Zhang and T. J. Pinnavaia, Science, 1998, 282, 1302;
(c) A. G. Dong, Y. J. Wang, Y. Tang, N. Ren, Y. H. Zhang and Z. Gao,
Chem. Mater., 2002, 14, 3217, (d) V. Valtchev, Chem. Mater., 2002, 14,
4371; (e) S. B. Yoon, K. Sohn, J. Y. Kim, C.-H. Shin, J.-S. Yu and
T. Hyeon, Adv. Mater., 2002, 14, 19; (f) S. W. Kim, M. Kim, W. Y. Lee
and T. Hyeon, J Am. Chem. Soc., 2002, 124, 7642; (g) Y. Lu,
J. McLellan and Y. Xia, Langmuir, 2004, 20, 3464; (h) H. P. Liang,
H. M. Zhang, J. S. Hu, Y. G. Guo, L. J. Wan and C. L. Bai,
Angew. Chem., Int. Ed., 2004, 43, 1540; () W. H. Suh, A. P. Jang,
Y. H. Suh and K. S. Suslick, Adv. Mater.,, 2006, 18, 1832;
() H. Djojoputro, X. F. Zhou, S. Z. Qiao, L. Z. Wang, C. Z. Yu and
G. Q. Lu, J. Am. Chem. Soc., 2006, 128, 6320; (k) J. Yang, J. U. Lind
and W. C. Trogler, Chem. Mater., 2008, 20, 2875; (/) J. Zong,
Y. H. Zhu, X. L. Yang, J. H. Shen and C. Z. Li, Chem. Commun., 2011,
47, 764.

(a) N. Ren, Y.-H. Yang, Y.-H. Zhang, Q.-R. Wang and Y. Tang, J. Catal.,
2007, 246, 215; (b) N. Ren, Y.-H. Yang, J. Shen, Y.-H. Zhang, H.-L. Xu,
Z. Gao and Y. Tang, J. Catal., 2007, 251, 182; (c¢) Z. Chen, Z.-M. Cui,
F. Niu, L. Jiang and W.-G. Song, Chem. Commun., 2010, 46, 6524.

(a) V. Polshettiwar, A. Decottignies, C. Len and A. Fihri, ChemSusChem,
2010, 3, 502; (b) J. H. Clark, Green Chem., 2006, 8, 17; (¢) C. J. Li and
L. Chen, Chem. Soc. Rev., 2006, 35, 68; (d) V. Polshettiwar and
R. S. Varma, in: Handbook of Green Chemistry, Vol 5: Reactions in
water, ed. P. T. Anastas and C. J. Li, Wiley-VCH, Weinheim, 2010,
pp- 273-290.

(a) H. Yang, L. Zhang, L. Zhong, Q. Yang and C. Li, Angew. Chem., Int.
Ed., 2007, 46, 6861; (b) H. Yang, L. Zhang, W. Su, Q. Yang and C. Li,
J. Catal., 2007, 248, 204.

(a) G. Decher, Science, 1997, 277, 1232; (b) A. G. Dong, Y. J. Wang,
Y. Tang, D. J. Wang, N. Ren, Y. H. Zhang and Z. Gao, Chem. Lett., 2003,
32, 790; (¢) N. Ren, B. Wang, Y.-H. Yang, Y.-H. Zhang, W.-L. Yang,
Y.-H. Yue, Z. Gao and Y. Tang, Chem. Mater., 2005, 17, 2582.

M. M. J. Treacy and J. B. Higgins, Collection of Simulated XRD Powder
Patterns for Zeolites, 4th edn, 2001.

Ch. Baerlocher, L. B. McCusker and D. H. Olson, Atlas of Zeolite
Framework Types, Elsevier, Amsterdam, 6th edn, 2007.

G. Coudurier, C. Naccache and J. C. Vedrine, J. Chem. Soc., Chem.
Commun., 1982, 1413.

(a) C. D. Wagner, W. M. Riggs, L. E. Davis and J. Moulder, in Handbook
of X-ray Photoelectron Spectroscopy: A Reference Book of Standard Data

for Use in X-ray Photoelectron Spectroscopy, ed. G. E. Muilenberg,

Perkin-Elmer Corporation, Eden Prairie, 1979; (b) G. Kumar,
J. R. Blackburn, R. G. Albridge, W. E. Moddeman and M. M. Jones,
Inorg. Chem., 1972, 11, 296.

(a) M. Trilla, R. Pleixats, M. W. C. Man, C. Bied and J. J. E. Moreau,
Adv. Synth. Catal., 2008, 350, 577; (b) J. Z. Zhang, W. Q. Zhang,
Y. Wang and M. C. Zhang, Adv. Synth. Catal., 2008, 350, 2065;
(¢) H. Hagiwara, K. H. Ko, T. Hoshi and T. Suzuki, Chem. Commun.,
2007, 2838.

H. E. B. Lempers and R. A. Sheldon, J. Catal., 1998, 175, 62.

(a) E. Tomas-Mendivil, J. Diez and V. Cadierno, Catal. Sci. Technol.,
2011, 1, 1605; (b) L. A. Adrio, B. N. Nguyen, G. Guilera,
A. G. Livingston and K. Kuok (Mimi) Hii, Catal. Sci. Technol., 2012, 2,
316.

This journal is © The Royal Society of Chemistry 2012

Green Chem.


http://dx.doi.org/10.1039/c2gc35302d

