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ABSTRACT

Polymer-incarcerated (PI) palladium catalyst was practically prepared from inexpensive Pd(II) salts and a polystyrene-based copolymer under
reducing conditions. Remarkable effects of alkali metal salts on the palladium loading were observed. PI Pd thus prepared showed high
catalytic activity in Mizoroki −Heck reactions and Suzuki −Miyaura couplings with a range of substrates including an aryl chloride. In all cases,
the Pd catalyst was recovered quantitatively without leaching, and reused several times without significant loss of activity.

Palladium catalysts find widespread utility in a variety of
transformations in organic synthesis.1 However, they are
often expensive, are air-sensitive, and cannot be recovered
sufficiently. To address these issues, immobilization of Pd
catalysts on inorganic solid supports2 or organic polymers3,4

have been studied, although recovery and reuse were not
efficient in many cases. Recently, we developed a new
immobilization method of Pd catalysts using copolymer1

or 2, the so-called “polymer-incarcerated (PI)” method
(Scheme 1).5 This method is based on microencapsulation6

and cross-linking. Tetrakistriphenylphosphine palladium(0)
(Pd(PPh3)4) was successfully immobilized by this method
to form phosphine-free polymer-incarcerated Pd(0) (PI Pd).5

Although it was thought that a ligand exchange from
phosphine to copolymers would be the key to successful
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immobilization (Scheme 1, previous strategy), four triph-
enylphosphine moieties were lost during the preparation. We
envisaged that PI Pd could be altenatively prepared from
inexpensive Pd(II) salts under suitable reduction conditions
(Scheme 1, this strategy). As a consequence, a new practical
immobilization method of Pd was achieved. Remarkable
effects of alkali metal salts on palladium immobilization and
high catalytic activity were observed.

Initially, immobilization of palladium nitrate (Pd(NO3)2)
using copolymer2 was investigated according to the general
PI procedure (Scheme 2, Table 1, entry 1). However, serious

leaching of Pd occurred, and immobilization was unsuccess-
ful. Therefore, immobilization of Pd(II) without reduction
seemed to be difficult. Then, immobilization of Pd via

reduction of Pd(NO3)2 or palladium acetate (Pd(OAc)2) in
THF under atmospheric hydrogen was tested. However,
immobilization failed, and precipitation of Pd-black was
observed. Meanwhile, it was recently reported that Pd(0)

nanoparticles were formed via thermal decomposition of Pd-
(OAc)2 without any additional reducing agents.7 We therefore
expected that use of copolymer2 might enable immobiliza-
tion of Pd(0) nanoparticles. Thus, a solution of Pd(OAc)2

and copolymer2 in THF was heated at 66°C for 3 h (entry
2), gradual color change (orange to dark brown) was
observed, and palladium was successfully immobilized,
although the loading level was low (entry 2).8-10 Encouraged
by this result, we investigated immobilization of Pd(NO3)2

by adding 1 or 2 equiv of sodium acetate (entries 3 and 4).
Interestingly, not only did immobilization occur, but also
significant increases of the loading levels were observed (vs
entry 2). It was speculated that sodium nitrate produced
during the formation of Pd(OAc)2 might assist the im-
mobilization.11,12

Indeed, when sodium nitrate was added to Pd(OAc)2, the
loading level was increased (entry 5). Addition of sodium
chloride or sodium acetate to Pd(OAc)2 was also found to
enhance the loading level (entries 6 and 7). Then, we
investigated the effect of metal ions on loading level (entries
3, 8, and 9). It turned out that the loading level was increased
dramatically when potassium acetate was used, whereas
lithium acetate showed almost the same loading level as that
of sodium acetate.13 The effect of those salts is likely an
electrostatic stabilization;11 the precise mechanism is as yet
unclear. This is the first example of the preparation of
polymer-incarcerated (PI) palladium using a reduction strat-
egy.

Next, we focused on the application of these catalysts, PI
PdA-H, to the Mizoroki-Heck reaction7a,14of iodobenzene
(1a) with ethyl acrylate (2a) as a model reaction (Table 2).
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(13) Transmission electron microscope (TEM) analysis showed that the
size of Pd particles of PI PdG andH are 3-5 nm.

Scheme 1. Two Strategies for the Polymer-Incarcerated
Method

Scheme 2. Preparation of Polymer-Incarcerated Palladium

Table 1. Effect of Pd Sources and Salts

entry “Pd” additive
yield
(mg)

loading
(mmol/g)b Pl Pd

1a Pd(NO3)2 112 0
2a Pd(OAc)2 189 0.19 (28%) A
3 Pd(NO3)2 NaOAc (2 equiv) 169 0.44 (57%) B
4 Pd(NO3)2 NaOAc (1 equiv) 166 0.63 (80%) C
5 Pd(OAc)2 NaNO3 (2 equiv) 184 0.34 (48%) D
6 Pd(OAc)2 NaCl (2 equiv) 187 0.31 (45%) E
7 Pd(OAc)2 NaOAc (2 equiv) 165 0.50 (63%) F
8 Pd(NO3)2 KOAc (2 equiv) 177 0.71 (96%) G
9 Pd(NO3)2 LiOAc (2 equiv) 209 0.41 (66%) H

a Immobilization of Pd using reduction of Pd(II) in THF under H2 (1
atm) at room temperature was also unsuccessful.b Determined by XRF
analysis. Percentages of Pd loaded are shown in parentheses.
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When PI PdA, B, D, or E was used as a catalyst, desired
product3a was obtained in good to high yield without any
leaching of Pd (entries 1, 2, 3, 5, and 6). It is noteworthy
that these catalysts were recovered quantitatively by simple
filtration and high yields were obtained even after the third
use, though a prolonged reaction time, 2 h, was required to
complete the reaction (entries 2 and 3).15 On the other hand,
reactivity was moderate when PI PdC, F, G, or H was used
as a catalyst (entries 4, 7, 8, and 9).

Next PI PdB was applied to Suzuki-Miyaura coupling
reactions16 of 2-bromotoluene (4a) with phenylboronic acid
(5a). The reaction proceeded smoothly in toluene-H2O (4/
1) in the presence of tris(o-methoxyphenyl)phosphine ligand5c

to afford the desired product6a in high yield (Table 3, entry
1). It was confirmed by XRF analysis that leaching of Pd
did not occur during the reaction. In addition, these catalysts
were recovered quantitatively by simple filtration and high
yields were obtained even after the third use. On the other
hand, addition of triphenylphosphine as a ligand was not
effective, and leaching of Pd was observed (entry 2).

We then surveyed the substrate scope of PI PdB-catalyzed
Suzuki-Miyaura couplings of other aryl halides with aryl-
boronic acids (Table 4). Both electron-rich and -deficient
aryl halides were reactive, and the desired coupling products

were obtained in high yields without leaching of the Pd
(entries 1-7). It is noteworthy that the reaction proceeded

(14) For reviews, see: (a) Beletskaya, I. P.; Cheprakov, A. V.Chem.
ReV. 2000,100, 3009. (b) Heck, R. F. InComprehensiVe Organic Synthesis;
Trost, B. M., Fleming, I., Eds.; Pergamon Press: Oxford, 1991; Vol. 4, pp
833-863. (c) De Meijere, A.; Braese, S. InTransition Metal Catalyzed
Reactions; Davies, S. G., Murahashi, S.-I., Eds.; Blackwell Science: Oxford,
1999. (d) Link, J. T.; Overman, L. E. InMetal-Catalyzed Cross-Coupling
Reactions; Diederich, F., Stang, P. J., Eds.; Wiley-VCH: New York, 1998,
pp 231-269.

(15) Aggregation of the Pd cluster was observed after the first use (entries
2 and 3). However, no further aggregation was confirmed after the second
and the third use. Partial loss of the catalytic activity after the first use
might be attributed to this aggregation. PI PdH also showed the same
tendancy as PI PdB (see Supporting Inforamtion).

(16) For reviews, see: (a) Miyaura, N.; Suzuki, A.Chem. ReV.1995,
95, 2457. (b) Suzuki, A.J. Organomet. Chem.1999,576, 147. (c) Suzuki,
A. In Metal-Catalyzed Cross-Coupling Reactions; Diederich, F., Stang, P.
J., Eds.; Wiley-VCH: Weinheim, Germany, 1998; p 49. (d)Organometallics
in Synthesis:A Manual; Schlosser, M., Ed.; Miley: West Sussex, U.K.,
1995. (e) Stanforth, S. P.;Tetrahedron1998,54, 263. (f) Thompson, L.
A.; Ellman, J. A.Chem. ReV.1996,96, 555. (g) Hassan, J.; Sevignon, M.;
Gozzi, C.; Schultz, E.; Lemaire, M.Chem. ReV.2002,102, 1359.

Table 2. Heck Reaction of Iodobenzene (1a) with Ethyl
Acrylate (2a); Comparison of Catalytic Activitya

yield (%)b

entry “Pd” time (h) first second third

1 PI Pd A 1 83 (nd)c 46 (nd)
2 PI Pd B 1 92 (nd) 40 (nd) 40 (nd)
3 PI Pd B 2 94 (nd) 90 (nd) 93 (nd)
4 PI Pd C 1 57 (nd)
5 PI Pd D 1 quant (nd)
6 PI Pd E 1 86 (nd) 40 (nd) 45 (nd)
7 PI Pd F 1 67 (nd)
8 PI Pd G 1 72 (nd)
9 PI Pd H 1 65 (nd) 33 (nd)

a Reaction conditions: 1.0 equiv of iodobenzene (1a), 1.5 equiv of ethyl
acrylate (2a), 2.0 equiv of K2CO3, 5 mol % of PI Pd, NMP, 120°C, 1 h.
b Determined by GC analysis.c Leaching of Pd was measured by XRF
analysis. nd) not detected (<0.94%).

Table 3. Suzuki-Miyaura Coupling of 2-Bromotoluene (4a)
with Phenylboronic Acid (5a)

yield (%)a

entry ligand time (h) first second third

1 P(o-MeOC6H5)3 4 95 (nd)b 93 (nd) 93 (nd)
2 PPh3 2 50 (5.7%)

a Isolated yield.b Leaching of Pd was measured by XRF analysis. nd)
not detected (<0.94%).

Table 4. PI Pd (B)-Catalyzed Coupling of Various Substratesa

a Reaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boronic
acid, 1.0 equiv of K3PO4, 5 mol % of P(o-MeOC6H4)3, 5 mol % of Pl Pd
B (0.44 mmol/g), toluene-H2O (4/1), reflux, 2 h.b Isolated yield.c Mea-
sured by XRF analysis. nd) not detected (<0.94%).d K3PO4 (2.0 equiv)
was used.e 2-(Dicyclohexylphosphino)biphenyl was used as a ligand.
Reaction time was 6 h.
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well even with an aryl chloride in the presence of 2-(dicy-
clohexylphosphino)biphenyl as a ligand,17 even though
Suzuki-Miyaura coupling of aryl chlorides is generally
thought to be difficult.18-20 As shown in this example, one
advantage of this phosphine-free PI Pd over other polymer-
supported Pd catalysts is that various ligands can be utilized
depending on the reactions.

In summary, we have demonstrated that immobilization
of palladium catalysts was successful by reducing Pd(II) salts
in the presence of copolymer2. A remarkable effect of alkali
metal salts on Pd loading level was observed. Although the
role of these salts is unclear at this stage, this is the first
example of polymer-incarcerated (PI) palladium using a

reduction strategy. The Pd catalysts thus prepared showed
high activity in Mizoroki-Heck reactions, and recovery and
reuse were achieved without significant loss of catalytic
activity and leaching of Pd. In addition, this catalyst also
showed high activity in Suzuki-Miyaura coupling reactions
not only of aryl bromides but also of an aryl chloride without
leaching of Pd. We believe that this method further extends
the possibilities of our immobilization method as well as the
utility of immobilized catalysts. Elucidation of the im-
mobilization mechanism as well as the application of this
catalyst to other reactions are now in progress.
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