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ABSTRACT

Suzuki−Miyaura coupling using a highly efficient and reusable polymer-incarcerated palladium (PI Pd) is described. Various coupling reactions
proceeded smoothly using PI Pd with phosphine ligands, and the catalyst could be recovered by simple filtration and reused several times
without loss of activity.

Palladium-catalyzed Suzuki-Miyaura coupling has become
one of the most important, powerful, and common methods
for carbon-carbon bond formation1 and has been widely
used not only in academic laboratories but also in industry.
In general, soluble palladium complexes with ligands such
as phosphines, amines, or carbenes are used as the catalysts
for such couplings, where the choice of the ligands often
allows tuning of the catalytic activity and selectivity.2

However, many of the currently used catalysts are sensitive
to air oxidation and cannot be recovered in many cases.
Despite many attempts at using palladium metal immobilized

on supports, most have lower catalytic activity compared with
homogeneous catalysts, and moreover, the recovery and reuse
of such catalysts has often not been satisfactory.3,4 Although
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immobilized palladium catalysts based on polymer-supported
phosphines or amines, etc., have been developed,5 only
immobilized ligands can be used because additional external
ligands often induce leaching of the metals.

Recently, we developed a method for immobilizing metal
catalysts onto polymers: polymer incarceration (PI).6,7 The
method is based on microencapsulation8 and cross-linking
of polymer chains. Using this approach, Pd(PPh3)4 was
successfully immobilized to form polymer-incarcerated pal-
ladium (PI Pd,1, Figure 1).9 PI Pd consists of phosphine-

free palladium(0) and effectively catalyzes hydrogenations.6,7

In addition, allylation reactions proceed smoothly using this
catalyst in the presence of triphenylphosphine as an external
ligand.6 In this manner, PI Pd has an advantage as a
recoverable and reusable catalyst applicable to other reactions
by choosing suitable ligands. In this paper, we report a
remarkably high activity of PI Pd in Suzuki-Miyaura
couplings.

PI Pd (1) was initially examined in the coupling reaction
of 2-bromotoluene (2) with phenylboronic acid (3); several
phosphine ligands were tested as additives (Table 1).
Triphenylphosphine, tricyclohexylphosphine, and triphenyl
phosphite were not effective ligands under these reaction
conditions. On the other hand, triarylphosphines having
electron-donating groups gave the desired 2-methylbiphenyl
(4) in high yields. The best result was obtained when tris-
(o-methoxyphenyl)phosphine (5) was used as a ligand.

Solvents and bases were next examined, and leaching of the
palladium was measured by fluorescence X-ray (XRF)
analysis10 after removal of the catalyst (Table 2). Although
leaching of the palladium was observed when THF or toluene

was used as a solvent, addition of water was found to
decrease the leaching. In a toluene-H2O (4/1) cosolvent
system, no leaching of the palladium was detected. The
leaching of the palladium seems to be influenced by a phase
separation behavior.

The catalytic activity of PI Pd was compared with that of
the homogeneous catalysts palladium acetate and tetrakis-
(triphenylphosphine)palladium in the coupling reaction of
2-bromotoluene (2) with phenylboronic acid (3). Judging
from the time-yield curves using 5 mol % of the catalysts
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Figure 1. Polymer-incarcerated method.

Table 1. Effect of Phosphine Ligands

a Isolated yield.

Table 2. Effect of Bases and Solvents

entry base solvent yielda (%)
leachingb

of Pd (%)

1 K3PO4 THF 97 33
2 K3PO4 toluene 54 44
3 K2CO3 THF-H2O (4/1) 89 15
4 K2CO3 toluene-H2O (4/1) 83 nd
5 K3PO4 toluene-H2O (4/1) 88 nd
6 Na2CO3 toluene-H2O (4/1) 48 nd
7 K2CO3 toluene-EtOH (4/1) 86 nd

a Isolated yield.b Measured by XRF analysis. nd) not detected
(<0.94%).
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(Figure 2), the activity of PI Pd was almost the same as that
of palladium acetate and was higher than that of tetrakis-
(triphenylphosphine)palladium. To compare the activity of
PI Pd with that of the homogeneous catalysts more precisely,
we conducted the same reaction in the presence of 0.1 mol
% of the catalysts (Figure 3). It was exciting to find that PI
Pd exhibited higher activity than that of both homogeneous
catalysts.

Furthermore, PI Pd was recovered by simple filtration and
could be reused several times without loss of activity. No
leaching of the palladium was detected by XRF analysis in
all runs shown in Table 3.

Several examples of PI Pd-catalyzed Suzuki-Miyaura
coupling of aryl halides with arylboronic acids are sum-
marized in Table 4. Both electron-rich and electron-deficient
arylhalides are reactive, and the desired coupling adducts
are obtained in good yields without any leaching of the
palladium.

Sterically hindered substrates have also been examined
(Table 5). When tris(o-methoxyphenyl)phosphine (5) was

used as a ligand, yields were lower and some leaching of
palladium was observed. Recently, Buchwald et al. have

Figure 2. Plot of yield versus time for Suzuki-Miyaura coupling
using 5 mol % of catalyst: Yields were determined by GC analysis
with internal standard method. Reaction condition: 1.0 equiv of
2-bromotoluene, 1.5 equiv of phenylboronic acid, 2.0 equiv of K3-
PO4, 5 mol % of Pd catalyst, 5 mol % of5, toluene-H2O (4/1),
reflux.

Figure 3. Plot of yield versus time for Suzuki-Miyaura coupling
using 0.1 mol % of catalyst: Yields were determined by GC
analysis with internal standard method. Reaction conditions 1.0
equiv of 2-bromotoluene, 1.5 equiv of phenylboronic acid, 2.0 equiv
of K3PO4, 0.1 mol % of Pd catalyst, 0.1 mol % of5, toluene-H2O
(4/1), reflux.

Table 3. Reuse of PI Pda

run 1 2 3 4 5

yieldb (%) 83 88 85 85 83
leaching of Pdc nd nd nd nd nd
a After the reaction, the mixture was diluted with hexane and the catalysts

was filtered off. The catalyst was reused after washing with THF, H2O,
and MeOH, successively, and dried.b Isolated yield.c Measured by XRF
analysis. nd) not detected (<0.94%).

Table 4. PI Pd-Catalyzed Couplings of Various Substratesa

a Reaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boronic
acid, 2.0 equiv of K3PO4, 5 mol % of 1 (0.15 mmol/g), 5 mol % of5,
toluene-H2O (4/1), reflux, 2 h. Workup conditions: Reaction mixture was
diluted with hexane, and the catalyst was filtered off and then washed with
THF and MeOH.b Isolated yield.c Measured by XRF analysis. nd) not
detected (<0.94%).
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reported that 2-(dicyclohexylphosphino)biphenyl (6) is an
effective ligand for the Suzuki-Miyaura coupling of hin-
dered substrates.2f We tested this ligand and confirmed that
6 was also effective for the coupling reactions with the
hindered substrates of our system. It is noteworthy that not
only were the yields improved but also the leaching of the
palladium was suppressed using the new phosphine ligand.
We assumed at this stage that the palladium might leach out
as palladium(II) intermediates from PI Pd when regeneration
of palladium(0) was prevented in a catalytic cycle. In general,
the character of palladium are strongly dependent on the
ligands selected. It should be noted from these results that

one advantage of PI Pd over other polymer-supported
palladium catalysts is that various ligands can be selected
in each reaction.

Finally, we evaluated the minimum amount of catalyst that
could be used to mediate several coupling reactions (Table
6). Reactions that use very small amounts of the catalyst
also afford the desired coupling products with high turnover
numbers (TONs). The maximum TON reached 53 600 (entry
5). In this system, we carefully looked for any catalytic effect
for the filtrate (Scheme 1). Thus, after coupling7 (0.5 mmol)

with 8 (0.75 mmol) using 0.1 mol % each of PI Pd and ligand
(5) and potassium phosphate (1.0 mmol), the PI Pd was
removed by simple filtration, and to the filtrate were added
7 (0.5 mmol),8 (0.75 mmol), and potassium phosphate (1.0
mmol). The mixture was refluxed for 72 h, but no additional
formation of 9 was observed. This result showed that
dissolved active palladium species did not exist in the
solution phase of the reaction mixture.

In summary, we have revealed that PI Pd is a highly
efficient reusable catalyst for Suzuki-Miyaura coupling.
Various coupling reactions proceeded smoothly by using PI
Pd. PI Pd was recovered by simple filtration and reused
several times without loss of activity, and no leaching of
the palladium was detected under all optimized conditions.
It is noted that the activity of PI Pd is even higher than that
of homogeneous palladium catalysts. One characteristic
feature of PI Pd as an immobilized catalyst is that the activity
of the catalyst is remarkably improved by changing the
external phosphine ligands. Further investigations on other
PI Pd-catalyzed coupling reactions are now in progress.
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Table 5. PI Pd-Catalyzed Couplings of Hindered Substratesa

a Reaction conditions: 1.0 equiv of aryl bromide, 1.5 equiv of boronic
acid, 2.0 equiv of K3PO4, 5 mol % of 1(0.15 mmol/g), 5 mol % of ligand,
toluene-H2O (4/1), reflux, 2 h. Workup conditions: Reaction mixture was
diluted with hexane, and the catalyst was filtered off and then washed with
THF and MeOH.b Isolated yield.c Measured by XRF analysis. nd) not
detected (<0.94%).

Table 6. The Minimum Amount of the Catalysta

a Reaction conditions: 1.0 equiv of aryl bromide, 1.5 equiv of boronic
acid, 2.0 equiv of K3PO4, 1/5 ) 1, toluene-H2O (4/1), reflux.b Isolated
yield. c GC yield.

Scheme 1. Filtrate Test in Suzuki-Miyaura Coupling Using
PI Pd
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