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A simple, efficient one-step route to polystyrene-supported trialkylphosphine ligands is reported. These
polymer-supported alkyl phosphine ligands proved to be highly active for Suzuki–Miyaura reactions and
in alkoxycarbonylation reactions. The palladium loaded polymer-supported catalysts can be recycled sev-
eral times with only minimal loss of catalyst activity.
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Introduction

Palladium-catalyzed cross coupling reactions are among the
most commonly used methods for efficient carbon–carbon and
carbon-heteroatom bond forming processes.1 Despite their many
positive attributes (regioselectivity, chemoselectivity, enantiose-
lectivity, etc) several practical issues remain. The recovery and
re-use of these valuable catalysts is highly desirable economically,
although this is rarely conducted on a laboratory scale. Addition-
ally, many homogeneous Pd-catalyzed processes result in trace
metal contamination in the product which is of concern in pharma-
ceutical and materials applications where high purity is required, as
well as heavy-metal contaminants in waste streams. Over the past
few years, there has been considerable interest in the development
of heterogeneous catalysts for Pd-mediated reactions where the
metal is coordinated to a ligand grafted onto an inorganic or organic
support.2,3 While both tertiary phosphine (triaryl and dialkylaryl)2–

7 and N-heterocyclic carbene7a,b ligands have been employed, we
were very surprised to find few reports on the use of immobilized
all-alkyl tertiaryphosphines,4,5 despite the advantages observed in
homogeneous catalysis using such ligands. Polymer-supported
triarylphosphine ligands have been used extensively in a range of
processes.2,4–7 In contrast, there has been only a few reports on
the use of dialkylarylphosphine-supported Pd-catalysts. Becht
and co-workers6a,c used an air-stable polymer supported
ll rights reserved.
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).
dialkylarylphosphine palladium catalyst for Suzuki–Miyaura cross
coupling reactions, and Sinou7e and co-workers reported an aryl-
dicyclohexylphosphine supported catalyst. Both systems proved
effective in activation and cross-coupling of challenging aryl chlo-
rides. Herein we report a straightforward synthesis of dialkylbenzyl
phosphines and extension to polystyrene-supported trialkyl phos-
phines from commercial Merrifield resin. Applications of the
resin-bound phosphines in Pd-mediated Suzuki–Miyaura and car-
bonylation processes, including a process for their efficient recy-
cling are also described.

Our group has been involved in the design and syntheses of var-
ious alkylphosphine ligands and their use in homogeneous Pd-cat-
alyzed cross-coupling reactions in a variety of media.8 As part of
this work, we investigated the reaction of benzyl bromide with
secondary phosphines (Scheme 1, (i) as a direct route to dialkylb-
enzylphosphines. The reaction was found to proceed readily with
various secondary phosphines in either acetone (12 h, reflux) or
glacial acetic acid (2 h, reflux). The acetic acid protocol required a
solvent switch for product isolation. Simply chilling the reaction
in acetone allowed for direct crystallization of the tertiaryalkyl-
phosphine hydrobromide salts in good overall yield. Surprisingly,
no over-alkylation to yield quaternary phosphines is observed un-
der these conditions. The free-base of the phosphine can readily be
prepared or generated for reaction in situ. The success of this
method prompted us to translate the protocol toward the synthesis
of polymer-supported trialkylphosphine ligands utilizing Merri-
field resin (Scheme 1, ii). The polystyrene immobilized ligands
PS-3a–c were readily synthesized by addition of a dialkylphos-
phine 2a–c under argon to Merrifield resin swollen in acetone or
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Scheme 1. Syntheses of tertiaryphosphine salts 3a–3d and polymer-supported
ligands PS-3a–c.

Table 2
Suzuki–Miyaura cross coupling reactions of aryl halides with phenylboronic acids
using Pd2(dba)3�CHCl3

a

Ar-X + Ar'B(OH)2

Ligand PS-3a, 4.0 mol-%
Pd2(dba)3.CHCl3, 2.0 mol-%

Cs2CO3, 2.5 equiv.
Dioxane, 70 oC

Ar-Ar'

654

Entry R-X Boronic acid Product 6 Isolated yield of 6b

(%)

1
Br

MeO

B(OH)2

MeO
72

2
Br B(OH)2 OMe

68

3
Br B(OH)2

MeO

OMe
69

4

Br B(OH)2

O
O

70

5
Br B(OH)2

O
O

66

a Reaction conditions. Aryl halide (0.25 mmol), Phenylboronic acid (0.28 mmol),
ligand PS-3a (4.0 mol-%), Pd2(dba)3�CHCl3 (2.0 mol-%), Cs2CO3 (0.55 mmol) in
dioxane at 70 �C, 72 h.

b Isolated yield after column chromatography.

Table 3
Recycling of Pd-doped resin PS-3a

Entry PS-supported ligand PS-3a Isolated yield (%)

1 Fresh 96
2 Recycle 1 94
3 Recycle 2 85
4 Recycle 3 80
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acetic acid under identical conditions as described above. The reac-
tions could be performed on a Quest-210 parallel synthesis reactor
or in regular glassware on a larger scale. Solvent and excess dial-
kylphosphine were removed under vacuum at 80 �C. The product
was washed with diethyl ether and filtered (two to three cycles)
and dried to yield immobilized phosphine in quantitative yield.

The reactivity of immobilized ligand PS-3a was investigated
using the Suzuki–Miyaura coupling reaction shown atop Table 1.
The Pd-source proved non-critical and we settled on the use of
Pd(OAc)2 later. A palladium to ligand ratio of Pd:L (1:2) was used
allowing the cross-coupling (aryl halide 1.0 equiv, boronic acid
1.2 equiv) to proceed in high yield. Reactions in ethereal solvents
such as THF and dioxane were slightly superior to toluene and
we settled on the use of dioxane as a general solvent. Screening
of a variety of bases (K2CO3, K3PO4, Na2CO3, CsF, and Cs2CO3)
showed Cs2CO3 (2.5 equiv) to be superior. In addition to 4-cyano-
bromobenzene, a small panel of cross coupling reactions were
conducted successfully with resin PS-3a using hindered and
non-activated aryl bromides and phenylboronic acids with
Pd2(dba)3�CHCl3 (Table 2).

We now turned to an investigation on the recycling of the poly-
styrene immobilized catalyst. Filtration of the black-polystyrene
resin, washing with dioxane, and re-use initially proved to be prob-
lematic. Low conversions were observed on attempted re-use of
the Pd-bound resin. Hypothesizing that this may be due to inor-
ganic salts occluding to the resin, we introduced an aqueous wash
cycle which dramatically improved the recyclability of the immo-
bilized catalyst. When the initial reaction was completed and diox-
ane removed, the resin was rinsed sequentially with degassed
water (2 � 3 mL), degassed ether (3 � 5 mL) and then dried under
vacuum before re-swelling in dioxane and re-use. New portions of
4-cyano-bromobenzene, phenylboronic acid, and base (no new Pd)
were added and the cross-coupling repeated. Using this protocol,
we have successfully used one batch of supported catalyst four
times with only marginal loss of efficiency, Table 3.

We now subjected a range of aryl halides and substituted
boronic acids to the reaction, the results of which are collected in
Table 4. In order to directly compare results, all reactions were
Table 1
Optimization of solvent, base, and Pd-source in the Suzuki–Miyaura cross coupling reactio

54

Br

NC

B(OH)2

MeO

Pd/

C

Solvent/Temp Pd2(dba)3�CHCL3 (%) (PhCN)2�PdCl2 (%)

THF, 50 �C, 48 h 75 88
Toluene, 70 �C, 72 h 70 90
Dioxane, 70 �C, 72 h 90 96
stopped after 12 h and the biaryl product isolated. As expected, aryl
bromides and iodides react with ease, including hindered, deacti-
vated systems such as 2,4-dimethoxybromobenzene (Table 4, entry
3). Activation of aryl chlorides was sluggish and 4-chloroacetophe-
none gave only 17% isolated yield of the biaryl on reaction with
phenylboronic acid under these conditions.

The analogous polystyrene bound dicyclohexylbenzyl phos-
phine PS-3b and dicyclopentylbenzyl phosphine PS-3c resins were
also used successfully in palladium mediated Suzuki–Miyaura
reactions (see Table 4a, and Table 4b in Supplementary data).
The overall reactivity profile of these polystyrene-bound dialkyl-
benzyl phosphines, was essentially indistinguishable from PS-3a.

Finally, we decided to investigate Pd-mediated carbonylation
reactions in order to determine the applicability of these new poly-
styrene bound phosphine catalysts toward a reaction involving
gas-diffusion. Palladium-catalyzed carbonylation reactions are a
useful method for the selective introduction of the carbonyl
n

6

MeO

CN

PS-3a

s2CO3

(PPh3)2�PdCl2 (%) Pd(OAc)2 (%) Pd(PPh3)4 (%)

77 87 81
88 89 89
94 92 92



Table 5
General reaction for carbonylative cross coupling using PS-phosphine ligand PS-3aa

Ar-X + BuOH

Ligand PS-3a, 6.0 mol-%
Pd(OAc)2, 3.0 mol-%

Cs2CO3, 1.5 equiv.
DMF, 80 oC, 45 psi

Ar-Ar'

4 7 8

Entry R-X Nu Product 8 Isolated yield of 8b (%)

1
I

1-BuOH
CO2Bu

90

2
I

1-BuOH
CO2Bu

94

3
Br

O2N 2-BuOH
CO2Bu

O2N 86

4
Br

H2N 2-BuOH
CO2Bu

H2N 82

5
I

OMeMeO 1-BuOH
CO2Bu

OMeMeO 74

6
Br

O2N 1-BuOH
CO2Bu

O2N 87

7
I

MeO 1-BuOH
CO2Bu

MeO 80

8
Br

2-BuOH
CO2Bu

78

a Reaction conditions. Aryl halide (1.0 mmol), butanol (2.0 mmol), ligand PS-3a
(6.0 mol-%), Pd(OAc)2 (3.0 mol-%), Cs2CO3 (1.5 mmol) in DMF, 80 �C, 8 h under
45 psi CO.

b Isolated yield after column chromatography.

Table 4
Suzuki–Miyaura cross coupling reaction of aryl halide with phenylboronic acidsa

Ar-X + Ar'B(OH)2

Ligand PS-3a, 4.0 mol-%
Pd(OAc)2, 2.0 mol-%

Cs2CO3, 2.5 equiv.
Dioxane, 100 oC

Ar-Ar'

4 5 6

Entry R-X Boronic acid Product 6 Isolated yield of 6b

(%)

1
Br B(OH)2

85

2
Br B(OH)2

90

3
Br

OMeMeO

B(OH)2

OMeMeO
78

4
Br

MeO

B(OH)2

MeO
82

5

Br
NH2

B(OH)2

NH2

80

6
I B(OH)2

94

7
I

NH2

B(OH)2

NH2
86

8
I B(OH)2

83

9

Br B(OH)2

O
O

88

10

Cl

O

B(OH)2

O
17

a Reaction conditions. Aryl halide (1.00 mmol), phenylboronic acid (1.20 mmol),
ligand PS-3a (4.00 mol-%), Pd(OAc)2 (2.00 mol-%), Cs2CO3 (2.50 mmol), in dioxane at
100 �C, 12 h.

b Isolated yield after column chromatography.
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group,9 allowing for the synthesis of esters, carboxylic acids, and
amides from readily accessible aryl, vinyl, and aliphatic halides
and olefins.

Heck and co-workers10 demonstrated Palladium-catalyzed
coupling of aryl halides in the presence of CO and a nucleophile
(alcohol or amine) in mid 70’s. These reactions have a number of
synthetic applications11 and have been used at the industrial
scale.12 A catalytic system was readily devised using the resin
PS-3a. The carbonylation with Pd(OAc)2/ligand was proved
immediately successful. A catalyst system was developed using
4-nitro-1-iodobenzene as substrate and conditions were found
(3.0% Pd(OAc)2, 6% ligand, 1.5 equiv Cs2CO3, 2.0 equiv butanol, CO
at 45 psi, DMF at 80 �C) that provided butyl 4-methylbenzoate in
90% isolated yield after 8 h. The scope of the reaction was readily
extended to include aryl bromides (Table 5, entries 3, 4, and 6)
using the above procedure. Under these conditions aryl chlorides
remain unreactive. This is a well-known effect that, among a range
of aryl chlorides, only the more electrophilically activated
substrates (such as 4-chloroacetophenone) could be successfully
carbonylated, and a low nucleophilicity alcohol such as trifluoro-
ethanol is required.

In conclusion, we report a simple one step synthesis of new
polymer supported trialkyl phosphine ligands from readily avail-
able Merrifield resin. Application of these toward Pd-mediated
cross-coupling reactions is demonstrated, including alkoxycarb-
onylation reactions. The Pd-doped resins have been successfully
recycled several times, providing that a critical aqueous wash step
is used. Further applications of these supported catalysts to other
reactions of interest are in progress.
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