
MICROREVIEW

DOI: 10.1002/ejic.201100162

Polymers for Green C–C Couplings

Ana C. Albéniz*[a] and Nora Carrera[a]

Keywords: Polymers / Cross-coupling / Supported catalysts / Stille reaction / Stannanes / Palladium

Cleaner and environmentally more friendly cross-coupling
reactions can be carried out by the use of polymers as sup-
ports. A lot of work has been devoted to attach palladium
catalysts on polymers, so they can be easily separated from
the reaction mixture and reused. An overview of the methods
used for this purpose is given; they include the encapsulation
of palladium complexes or palladium nanoparticles by poly-
mers and the synthesis of polymeric ligands that coordinate
to palladium. Polymer-supported reagents are also important

1. Introduction

Since their discovery in the 1970s, palladium-catalyzed
cross-coupling reactions have proved their synthetic utility
by far. They have become bench tools in any synthetic labo-
ratory, and their use has extended to materials chemistry
as well as the fine chemicals industry. The Heck,[1] Stille,[2]

Suzuki,[3] Negishi,[4] Hiyama,[5] Kumada,[6] or Sonoga-
shira[7] reactions (Scheme 1) allow the formation of new C–
C bonds and thereby the construction of organic molecules
under mild conditions. These transformations have devel-
oped to a point where bonds can be formed not only be-
tween sp2 carbon atoms, as in the early versions of most of
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in making cross-coupling reactions easier to work up and
more sustainable. The use of polymer-supported stannanes
in the Stille reaction has a special advantage, because or-
ganotin derivatives that are used as reagents are toxic. When
polymeric tin reagents are used, the separation of the by-
products from the target product is good and the tin-contain-
ing byproducts can be recycled, thus tin waste is avoided.
Examples of this application will also be discussed.

the couplings, but also between all possible combinations
of sp, sp2, and sp3 carbon atoms.[8] The importance of these
transformations and their impact on synthetic chemistry
has been recently recognized by the 2010 Nobel Prize for
Chemistry to R. F. Heck, E. Negishi, and A. Suzuki.[9]

Scheme 1. Palladium-catalyzed cross-coupling reactions.
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It would be desirable to have methods to carry out these

important and widely applicable synthetic transformations
in more simple, atom-economical, and clean ways. Thus,
efforts are being made to transform metal-catalyzed cross-
coupling reactions into greener processes without losing
any of their advantages. A typical cross-coupling reaction
employs an organic electrophile (R1X), a second reagent
acting as or carrying a nucleophile (R2), and a transition-
metal catalyst, palladium being by far the most frequently
used (Scheme 1). Additives are also needed in some of the
reactions. In principle, each of these components can be
modified, so the overall process can be made more efficient
in terms of protection-derivatization of reagents, purifica-
tion of the final products, generation of less waste, and re-
use of some of the components of the reaction. Polymers
have been used as tools to achieve these goals. Their special
properties, as far as solubility is concerned, make them
good supports for reagents or catalysts, as will be addressed
below.

The electrophilic reagent is generally an organic halide
or sulfonate, although other derivatives such as diazonium
salts are sometimes used. In any case, it is necessary to in-
troduce the proper functionalization (X) in the fragment to
be coupled, and X will be part of the byproducts at the end
of the reaction. Most efforts to avoid this previous function-
alization have concentrated on the direct activation of C–H
bonds by the catalyst (X = H), which would extend the
scope of the coupling reactions to substrates onto which it
is not easy to introduce an X group. This has been an im-
portant achievement, and it has been applied to many sub-
strates.[10] Since the C–H bond is activated by PdII, the pres-
ence of an oxidant to effect a Pd0/PdII oxidation is required
in the catalytic cycle. This is a drawback as far as atom
economy is concerned, but the use of oxygen as oxidant
would overcome it. Although there still remains a long way
to go, coupling reactions by C–H activation is an interesting
and thriving field.

As for the electrophilic partner, the introduction of an
R2 group by direct activation of C–H bonds is possible for
some substrates.[11] However, in most couplings, the nucleo-
phile (R2) is a substituent in an organometallic compound
of boron (Suzuki), tin (Stille), silicon (Hiyama), zinc (Negi-
shi), or magnesium (Kumada). Once the reaction has been
completed, the main group byproduct has to be separated
from the coupling product, and this may not be a straight-
forward process. This is especially important in the Stille
reaction, since the tin derivatives commonly used are
toxic.[12] Even if toxicity is not an issue for other couplings,
a good and easy separation of the byproducts from the tar-
get derivative is also desirable, avoiding time-consuming pu-
rifications (usually chromatography-based) and the waste of
extra solvent and reagents.

The Suzuki and Hiyama reactions require the use of
bases or fluoride salts, which reduce the atom economy of
the process. Although some reports have communicated the
feasibility of base-free Suzuki couplings by using boron de-
rivatives different from boronic acids,[13] most Suzuki and
Hiyama reactions still depend on the use of these additives.
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The Heck and the Sonogashira reactions use the alkene and
the alkyne as reagents, respectively, instead of the stoichio-
metric amount of an organometallic derivative, so they can
be considered cleaner processes; however, the presence of a
base is needed in both cases. In some versions of the Sono-
gashira coupling, a copper(I) compound is also used.

Polymeric reagents have been introduced in coupling re-
actions to aid in the separation of the main group organo-
metallic byproduct from the coupling product. A nice ex-
ample of the use of polymers for this purpose has been re-
ported by Parlow et al., who used a polymeric base, a poly-
styrene-supported tetraalkylammonium carbonate, in Su-
zuki couplings. In this case the additive, the base, is poly-
meric, and the polymeric tetraalkylammonium borate by-
product formed after the coupling reaction can easily be
separated by filtration (Scheme 2).[14]

Scheme 2. Suzuki coupling in the presence of a polymeric base.

Polymers have been used as support for either the or-
ganic electrophile or the main group organometallic deriva-
tive in solid-phase synthesis. In this case, insoluble polymers
are used, usually commercial polystyrene resins. One of the
reagents is attached to the polymer support, and the other
one is usually in solution, allowing the synthesis of libraries
of coupling products that, at a later stage, will be liberated
from the support by a chemical transformation. This has
been used in combinatorial chemistry, and, although it is
easier to purify coupling products attached to a polymer, as
the main goal of the technique is not to make the reaction
cleaner, this type of polymer use in C–C coupling reactions
will not be included here. Several reviews have been pub-
lished on the topic,[15] and polymer-supported boronic acids
have been synthesized for this purpose.[16]

Since the recovery of polymer-supported compounds is
generally good, their main advantage is the feasibility of
reuse. This is especially important when applied to the reac-
tion catalysts, highly valuable palladium compounds that,
ideally, should be long-lived. Also, the contamination of the
target products with Pd should be prevented, as palladium
derivatives are potentially toxic.[17] The recycling of the tin
byproducts in the Stille reaction is also important, and an
efficient way of doing this would make this process environ-
mentally friendly. This microreview will concentrate on
these two aspects, giving an overview of the methods used
to immobilize palladium catalysts on polymers that have
been employed in C–C coupling reactions and analyzing in
more detail the Stille reaction and the advantages of the use
of polymer-supported reagents in it.
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2. Polymer-Supported Catalysts in C–C
Coupling Reactions

A lot of work has been done on the immobilization of
catalysts on polymer supports, their recovery, and reuse.
The subject has been extensively reviewed in the last decade
from different points of view, including applications to
cross-coupling reactions, and relevant references are given
below. Polymers are a large family of compounds that pro-
vide a variety of compositions and properties that can be
useful in catalysis. Insoluble polymers offer suitable sub-
strates for the heterogenization of homogeneous cataly-
sis,[18] but even the attachment of catalysts to soluble poly-
mers have advantages, since, being macromolecules, these
polymers can easily be separated from the reaction mixture
by the addition of a co-solvent or by ultrafiltration.[19,20]

Immobilized catalysts on insoluble polymer supports can
also be used in continuous flow reactions employing the
microreactor technology.[21] Water-soluble polymers serve
as catalyst carriers to perform reactions in aqueous me-
dia.[22]

With a different but very interesting purpose, polymers
have been applied to trigger the activation of a catalyst by
a mechanical stimulus, such as sonication. Recently, Bielaw-
ski et al. have developed a pyridine-functionalized poly-
(methyl methacrylate), which is coordinated to a pallada-
cycle (Scheme 3). Upon application of ultrasound, a me-
chanical response takes place, and one pyridine group deco-
ordinates, creating a vacant coordination site so that the
complex can catalyze a transformation. This method has
been tested in a the C–C forming reaction of benzylcyanide
and N-tosylimines.[23]

Scheme 3. Activation of a polymer-supported Pd catalyst by ultra-
sound.

A large number of polymer-supported palladium cata-
lysts for C–C coupling reactions have been developed in
order to achieve reuse of catalysts and to prevent contami-
nation of the products. Nonetheless, these goals have also
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been pursued by other strategies, and palladium catalysts
have been attached to a variety of supports other than poly-
mers when used in cross-coupling reactions. Silica, metal
oxides, molecular sieves, other aluminosilicates, or carbon
surfaces have been used for this purpose, and the subject
has been reviewed.[24] Dendrimers have also been used.[25]

Phase separation of the catalysts and the products after re-
action has been achieved by adding suitable substituents
(tags) to the catalyst,[26] or by using ionic liquids.[27]

Palladium has been attached to different types of poly-
mers either as a complex or as Pd0 nanoparticles or col-
loids, by following different procedures. The field is vast,
and, in this microreview, selected relevant examples of syn-
thesized precatalyst for cross-coupling reactions will be or-
ganized according to the type of polymeric support used
and the nature of palladium attached to it. The first of the
following two sections illustrates the encapsulation of palla-
dium nanoparticles in polymers and the second one collects
examples of precatalysts synthesized by using polymer-at-
tached ligands that have proved useful in homogeneous ca-
talysis. It is important to state that, regardless of the precat-
alyst used, the mechanisms of the reactions with supported
palladium are often difficult to ascertain. For immobilized
catalysts, the actual catalytic reaction can occur on the sup-
port, but often palladium is leached either as homogeneous
complexes or as nanoparticles. In these cases, even for very
low leaching, the actual catalysis can be homogeneous, and
the support acts as a reservoir of palladium. A variety of
experiments can be conducted to determine whether the ac-
tual catalysis is hetero- (on the supported catalyst) or
homogeneous (by leached species); they comprise kinetic
studies to determine possible induction times, catalytic ac-
tivity of the filtrate at small conversions (split or filtration
tests), additional immobilization of one of the reagents
(three-phase tests), addition of suitable poisons, measure-
ment of residual Pd content in the products, and other ex-
periments. The subject has been discussed,[22,28] and systems
have been found that are active either by leaching of homo-
geneous species or by catalysis on the support. Thus, mech-
anistic proposals for a new supported precatalyst or for ap-
plication of a known one under a new set of conditions
should be carefully checked. Most reports of supported pal-
ladium catalyst often concentrate on discussing the activity
and recyclability of the catalysts but do not include suf-
ficient experimental information to determine the nature of
the actual active catalytic species. It has been found that,
even some supported precatalysts that perform catalysis
through leaching by a homogeneous mechanism could be
useful and greener than the conventional homogeneous cat-
alysts. In many cases, the dissolved Pd is reprecipitated on
the support at the end of the reaction; thus, very little con-
tamination is present in the coupling products and the cata-
lyst can be recycled. Even if this is a problem for mechan-
istic studies, since some experiments can be misleading and
conceal the actual mechanism (i.e. loss of catalytic activity
of the filtrate after reaction or when lowering the reaction
temperature to perform the filtration), the systems are use-
ful for synthetic purposes.
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2.1 Pd0 Encapsulated or Embedded into Polymers

Palladium(0) in different forms has been attached to
polymers and used as catalyst in cross-coupling reactions.
The metal can be introduced by using a Pd0 complex but it
is more common to use a PdII precursor followed by re-
duction. Depending on the support, precursor, and re-
duction conditions palladium nanoparticles or colloids are
deposited.

For low-functionalized supports, the metal can be physi-
cally enveloped in the polymer structure, linked by weak
interactions, and this has been called microencapsulation.
Kobayashi et al. have developed this method with polysty-
rene supports where the metal can interact with the aro-
matic rings of the polymer through weak π interactions.[29]

The supported catalyst can be prepared by mixing a solu-
tion of polystyrene with [Pd(PPh3)4] and precipitating the
resulting polymer by addition of hexane. It has been shown
that three phosphane ligands dissociate and palladium is
microencapsulated in the polymer with the remaining PPh3

ligand coordinated to it. This catalyst is air-stable and has
been used in Suzuki couplings of aryl bromides with aryl-
boronic acids in the presence of P(o-Tol)3.[30]

A better attachment of the metal to the support is ob-
tained by the so-called polymer incarceration method. After
microencapsulation of palladium, as described above, the
polymer undergoes a crosslinking process, and the catalyst
is trapped inside the formed receptacles, leading to a more
robust and less soluble material. This has been achieved by
using copolymers of styrene with properly functionalized
monomers, such as 4-vinylbenzyl glycidyl ether, and an-
other monomer with an alcohol group as shown in
Scheme 4. After mixing the copolymer with [Pd(PPh3)4],
crosslinking by reaction of the alkoxy and epoxide groups
occurs. The process leads to the loss of the four PPh3 li-
gands from the precursor palladium complex.[31] This type
of catalyst has been used in Suzuki couplings of aryl bro-
mides with good results in the presence of one equivalent
of a phosphane. Using a mixture of toluene/water (4:1) as
solvent, good recyclability and very low contamination of
the products were attained.[32] The supported catalysts can
be recovered by simple filtration and reused five times with
no decrease in yield of the coupling product. The addition
of phosphane can be avoided by using a PR3-functionalized
polystyrene as support.[33] An alternative route for the prep-
aration of these polymer-incarcerated catalysts involves the
use of a more accessible PdII compound, such as palladium
acetate or nitrate, that gets incorporated into the support
and is then reduced to Pd0 (Scheme 4). Catalysts prepared
in this way have been used in the Suzuki and Heck reactions
and can easily be recycled.[34]

An interesting system for microencapsulation of palla-
dium is the now commercial Pd-EnCat developed by Ley et
al. The catalyst is entrapped in polyurea microcapsules
formed by in situ interfacial polymerization in a water/oil
emulsion. The emulsion is formed by: (a) polymethylene
polyphenylene diisocyanate and the palladium species to be
encapsulated and (b) water containing emulsifiers and col-
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Scheme 4. Polymer-incarcerated Pd catalysts.

loid stabilizers. Polyurea is formed in the water–oil interface
in a wall-forming process that produces microcapsules in
which palladium is trapped (Scheme 5).[35] Pd(OAc)2 has
been microenpsulated in this way and used in the Suzuki,
Heck, and Stille couplings with good yields and easy recycl-
ability just by filtering the microcapsules off, washing and
reusing them.[35,36] Very low leaching was found in the
crude reaction mixture. Preformed palladium nanoparticles
have also been trapped in these polyurea microcapsules and
used as catalysts.[35] Continuous-flow Suzuki couplings with
Pd-EnCat packed reactors under standard conditions,[37] or
under microwave irradiation,[38] have also been carried out.

Scheme 5. Formation of polyurea microcapsules Pd-EnCat.

A palladium(II) ionic complex can be attached as coun-
terion to polymers bearing an ionic functionalization; the
PdII is subsequently reduced to Pd0. Mennecke and
Kirschning have described a polystyrene material synthe-
sized by copolymerization of styrene, divinylbenzene, and
vinylbenzyl chloride that can be deposited on glass supports
such as Raschig rings aligned in a rodlike device. NMe3 is
pumped through the polymer and reacts with the chlo-
robenzyl groups to form a polymer-bound alkylammonium
chloride. Palladium is attached to the polymer by ionic ex-
change, by using Na2[PdCl4], and then reduced to form Pd
nanoparticles (Scheme 6). Suzuki and Heck reactions have
been performed with this catalyst device under flow condi-
tions in a cyclic mode. The catalyst shows excellent stability,
without loss of activity after ten runs, and low Pd leaching
(about 0.7 ppm).[39] Polymeric ionic liquids have also been
used to stabilize palladium nanoparticles and perform Su-
zuki, Heck, and Stille couplings.[40]

Supports made by polymerization of other monomers in-
trinsically more functionalized than styrene may increase
the interactions of palladium with the polymer and the sta-
bility of the system. Thus, poly(methyl acrylate) beads have
been used to support palladium(0) by treatment with
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Scheme 6. Suzuki coupling catalyzed by polystyrene-supported Pd
in a flow system.

H2[PdCl4] followed by reduction with formaldehyde. The
palladium-containing beads were used in Suzuki and Heck
reactions and recycled four times with good results and low
leaching (up to 7.8 ppm). A hot filtration test in the Heck
reaction indicates that catalytic activity occurs mainly on
the support.[41] Polyaniline fibers (PANI) offer a high sur-
face and porous support for palladium nanoparticles. In
this case, the support serves also as reducing agent and Pd0

is formed just by treating the PANI fibers with palladium
nitrate. This catalyst system is very active and capable of
performing the Suzuki coupling of aryl chlorides with aryl
boronic acids in water, as well as the tandem Suzuki cou-
pling-phenol formation of aryl dichlorides (Scheme 7). It
can be easily recovered and was reused ten times with leach-
ing levels in the order of ppm.[42] Polyvinylpyrrolidone at-
tached to silica has also been used as palladium support for
Suzuki and Heck reactions. The catalyst is recyclable by
filtration and some mechanistic tests (hot filtration) seem
to indicate that leached species are not responsible for the
activity observed.[43]

Scheme 7. Reactions catalyzed by Pd supported on polyaniline
(PANI).

The use of water as a solvent is a great asset for the
sustainability of cross-coupling processes. For this purpose,
palladium has been supported on polymers that are either
soluble or compatible with aqueous conditions, so they
show good activity in water. Polyethylene glycol supports
are one of the most popular polymers for this purpose. An
interesting example uses aminomethylated commercial
polystyrene–polyethylene glycol copolymer (Tentagel),
which is treated with Pd(OAc)2, and the metal is reduced
with hydrazine to give trapped palladium nanoparticles.
The polymer is then crosslinked by using succinyl chloride
to fix the captured palladium (A, Scheme 8). This material
effectively catalyzes the Suzuki coupling of aryl bromides in
water and can be recycled by simple filtration and washing
without loss of activity. Several mechanistic experiments
show that leached palladium is not responsible for the cata-
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lytic activity observed, in contrast to palladium nanopar-
ticles supported on a noncrosslinked analogous polymer (B,
Scheme 8).[44] Chitosan, a linear polysaccharide of natural
origin, has also been used to stabilize palladium nanopar-
ticles by itself,[45] or as a chitosan-PEG-functionalized co-
polymer.[46] These catalysts have been applied to Suzuki
couplings of aryl bromides in water.

Scheme 8. Suzuki coupling in water catalyzed by Tentagel-sup-
ported Pd.

Polymers with composite architectures have also served
as supports. As an example, microspheres of poly(styrene-
co-4-vinyl-pyridine) containing a core of polystyrene and an
outer shell of poly(4-vinylpyridine) have been synthesized
by a one-stage, soap-free emulsion polymerization in water.
Palladium nanoparticles were embedded on the micro-
spheres and used as catalyst in the Suzuki reaction in water.
Very low leaching was found, and the material can be sepa-
rated by filtration and reused without loss of activity.[47]

2.2 Pd Coordinated to Polymer-Bound Ligands

Most polymer-supported catalysts employed in cross-
coupling reactions involve the use of ligand-functionalized
polymers. Through complexation, a stronger interaction
with the metal and a more robust attachment is anticipated.
In many cases, the precatalyst used is formed by previous
coordination of palladium(II) to the support to give well-
characterized polymeric complexes. However, sometimes
the nature of the palladium species is not so clear, as the
catalytic systems are formed in situ by mixing reactants, a
palladium precursor, and the polymeric ligand, or, even if
palladium is previously mixed with the ligand, the exact
coordination sphere of the metal is not known. In other
cases, the polymeric ligand is mainly used to fix palladium
to the polymeric matrix more strongly in an encapsulation-
type procedure that may involve the reduction of the at-
tached palladium to form entrapped nanoparticles. Precata-
lyst systems formed by every procedure mentioned above
have been used in C–C couplings, mostly in the Suzuki and
Heck reactions, which have become the paradigmatic tests
for supported catalysts. Many types of polymeric supports
have been used; what follows collects several examples of
different polymer types and the ligands that can be at-
tached. They are organized by the separation strategies used
for the catalytic system or other interesting reactivity
features that account for their special advantages when
compared with conventional homogeneous systems. Thus,
examples of insoluble supported catalysts that can easily be
separated by filtration are collected first. Biphasic separa-
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tion is also advantageous for recovery and recycling of sup-
ported catalysts, although it shows more limitations as far
as the combination of suitable solvents that can be used.
Finally, some examples of the use and recycling of sup-
ported catalysts in water, the greenest solvent of all, will be
discussed.

2.2.1 Polystyrene-Supported Ligands for Filtration Recovery

Polystyrene is the most popular polymeric support used
to attach ligands. There are many types of polystyrene res-
ins with different degrees of functionalization that are com-
mercially available, so they can be used as convenient scaf-
folds to introduce the desired donor moiety.[15c] Most of the
polystyrenes used for this purpose are insoluble in common
solvents, and, after the reaction, the catalyst can be reco-
vered by filtration. It should be noted that derivatization of
the polystyrene support and/or introduction of palladium
is often incomplete, and this may lead to low loadings of the
active species. Copolymerization of styrene and a ligand-
functionalized styrene has also been used, and this allows
better control of the amount of ligand incorporated. A
large variety of ligands have been attached to poly-
styrene,[48,49] and some examples are depicted in Figures 1
and 2.

Figure 1. Polystyrene-supported phosphane ligands.

Figure 2. Other polystyrene-supported ligands.

Triarylphosphane-functionalized polystyrenes have been
used in Suzuki couplings. The phosphane is usually at-
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tached to the polymer by one of its aryl substituents, which
can be the styrene phenyl (1, Figure 1) or a tethered aryl (2,
Figure 1) group. Early work used polystyrene ligand 2, in
which palladium was incorporated by reaction with PdCl2
and subsequent reduction with hydrazine,[50] or by reaction
with either [PdCl2(NCR)2] or a Pd0 precursor such as
Pd2dba3 or Pd(PPh3)4.[51] The catalysts thus prepared and
not further characterized, were active in Suzuki couplings
of iodo- and bromoaryls as well as aryl triflates and alken-
ylbromides. Phosphanes 1 (R = Ph, Figure 1) have been
used to encapsulate Pd(OAc)2 and perform Suzuki reac-
tions with ArI.[52] The same systems (1, R = Ar) react with
Pd(PPh3)4, whereupon the four PPh3 ligands are eliminated;
the system has been used in Suzuki, Sonogashira, and Heck
couplings, and it is recyclable at least four times.[53]

As their homogeneous analogues, the use of polystyrene-
supported phosphanes with bulky substituents lead to cata-
lytic systems that are active in the Suzuki coupling of the
reluctant aryl chlorides; an example is ligand 3 (R = Cy,
Figure 1).[54] Buchwald et al. prepared supported phos-
phane 4 (R = Cy, Figure 1), and upon reaction with
Pd(OAc)2 or Pd2dba3, obtained a colored polymer that is
active in the coupling of ArCl (as well as ArBr) and aryl
boronic acids. The catalyst can be recycled by filtration up
to four times, although longer reaction times are needed.[55]

The reaction of ligand 1 (R = tBu, tolyl, naphthyl, Figure 1)
with Pd(PPh3)4 incorporates PPh3-free palladium into the
support, and this is also a useful catalyst in the Suzuki cou-
pling of ArCl and arylboronic acids.[56]

Phosphanes have been attached to polystyrene supports
by reaction of a phosphane with a halo-functionalized poly-
mer to give a phosphonium salt. These salts have been used
in different reactions including Suzuki and Sonogashira
couplings, where, considering the basic reaction conditions,
the phosphane is presumably formed and acts as a ligand.
Dppe has been linked in this way (5, Figure 1), and the
polymer was treated with PdCl2(PhCN)2 and then subjected
to reduction to Pd0. This procedure yielded a recyclable cat-
alyst system that was used in Cu-free Sonogashira cou-
plings.[57] A diadamantyl phosphonium salt was formed by
reaction of a partially brominated soluble polystyrene with
diadamantylphosphane. This afforded a polymeric air-
stable ligand precursor (6, Figure 1), which was used, in the
presence of a palladium complex such as PdCl2(PhCN)2, to
catalyze Suzuki and Sonogashira reactions. Since, in this
case, the polystyrene used is soluble in the reaction medium,
ultrafiltration through a poly(dimethylsiloxane) membrane
was performed to separate the polymeric species. The resi-
due was recycled and reused; no further addition of Pd
complex, or Cu in the case of the Sonogashira reaction, was
needed. The results were very good, especially for Suzuki
couplings (ten cycles with no activity loss), but a small de-
crease in the yields was observed in the Sonogashira reac-
tion upon recycling. The system cannot be efficiently reused
for Heck couplings, and the authors attribute this effect to
the highly polar solvents used in this reaction (NMP for
example) that are detrimental to the integrity of the mem-
brane.[58]
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Ligands different from phosphanes have been supported
onto polystyrene (or polystyrene copolymers in some cases)
to give insoluble polymers that have been coordinated to
palladium(II). Some recent examples are shown in Figure 2.
Separation of the polymer by filtration and reuse of the
catalysts have been achieved for iminopyridine (7)[59] and
-dipyridine (8) ligands,[60] aryldiazo- (9)[61] or oxime-derived
palladacycles (10) (Figure 2).[62]

N-heterocyclic carbenes have become very popular and
useful ligands in catalysis including cross-coupling reac-
tions. Thus, supported versions of the precursor imid-
azolium salts (11, Figure 2) have been generally synthesized
by reaction of imidazole derivatives with halosusbstituted
polystyrenes.[63,64] Suspension copolymerization of styryl-
imidazolium salts with styrene and divinylbenzene in water
has also been used; it leads to a polymer with the imid-
azolium groups on the surface of the resin.[65] Complex-
ation of palladium to the support is generally achieved in
the same way as the discrete complexes are formed, that
is, reaction of the imidazolium polymer with a palladium
derivative in the presence of base that generates the free
carbene, which coordinates to the metal. Alternatively, reac-
tion with Pd(OAc)2, in which the acetate acts as a base, is
usually a viable route. Recyclable catalysts have been pre-
pared in this way for Suzuki couplings[65,63] and also for the
Heck reaction.[64] In the latter study, Verdugo, Luis et al.
demonstrate that soluble palladium species, which are re-
sponsible for the catalysis, are formed in the Heck reaction
with their system. Nonetheless if the reaction is carried out
at 130 °C, recyclability is possible since the soluble species
are trapped back into the support under these conditions
and there is no metal residue in the products or activity loss
of the catalyst.

2.2.2 Other Polymer-Supported Ligands for Filtration
Recovery

Although less widely used than polystyrene, many other
polymer types are useful for attaching ligands. Phosphane
ligands have been supported on materials derived from the
copolymerization of simple α-olefins such as polyethylene
or polypropylene and functional monomers. PdII and Pd0

complexes of the general formula [PdX2(PolPR2)L] or
[Pd(PolPR2)L] are commercialized by Johnson Matthey as
FibreCat®. The polymers are fibers instead of beads, which
may facilitate the contact of the catalyst and the reagents
without the swelling required for some of the polystyrene
materials. They have been used in Suzuki and Heck cou-
plings, and their reactivity can be tuned by choosing the
appropriate supported or auxiliary ligands (L), so they can
also be applied for Suzuki couplings of aryl chlorides.[66]

Low leaching is generally observed. Their recyclability is
very dependent on the substrates and reaction conditions,
but good results have been obtained for some Suzuki reac-
tions.[66,67]

Polynorbornenes synthesized by ROMP of ligand-func-
tionalized norbornenes have also been developed to support
palladium catalysts in coupling reactions. In contrast with
most of the polymeric supports commonly used, in this case
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the backbone is unsaturated and potentially more reactive
and unstable under the conditions used in catalysis. None-
theless, several polynorbornene-supported catalysts of this
type have proved useful and robust enough. A function-
alized norbornene with pendant triarylphosphanes was po-
lymerized using Grubbs-type catalyst to give polymer 12
(Figure 3). The catalyst systems formed in situ with the li-
gand and Pd(OAc)2 can be used in Heck reactions. The
polymer is soluble at high temperatures in DMF, used as
reaction solvent, but insoluble when the temperature is low-
ered, so the solid fraction after reaction can be recovered.
It was reused five times with only a very small decrease in
yield. Sonogashira and Negishi couplings were also cata-
lyzed by the mixture 12/Pd2(dba)3; whereas it can be reused
for the former reaction, it could not be recycled for further
Negishi couplings.[68] Living polymerization of a norborn-
ene-functionalized dipyridine followed by crosslinking
with 1,4,4a,5,8,8a-hexahydro-1,4,5,8-exo-endo-dimethano-
naphthalene (DMNH6) leads to a material in which the
crosslinked core has pendant polynorbornene ligands (13,
Figure 3). The ligand was treated with H2[PdCl4] to give
[Pd(Pol-py2)Cl2], which was used in the Heck reaction of
ArX (X = Cl, Br, I) with styrene and ethyl acrylate. The
reaction was rerun with the same catalytic system and ob-
served to keep its activity.[69] N-heterocyclic carbenes have
also been supported on polynorbornene. Sommer and Weck
reported a polymeric palladium complex (14, Figure 3) by
ROM copolymerization of a norbornene ester and a pre-
formed monomeric palladium carbene with a norbornene
unit. The complex is active in Suzuki couplings of aryl chlo-
rides as well as Sonogashira reactions, the nature of the
active species (supported palladium or leached species) be-
ing very dependent on the actual palladium complex used.
The catalyst could not be recycled without a serious de-
crease in the conversions observed.[70] Buchmeiser reported
a polynorbornene with a pendant CO2-stabilized carbene
(15, Figure 3). The reaction of this zwitterionic species with
PdCl2 afforded a catalyst that was used in the Heck reaction
with good activity and recyclability without contamination
of the products (�0.1 ppm of Pd).[71]

Figure 3. ROMP of polynorbornene-supported ligands.

Palladium complexes with diaminocyclohexane ligands
functionalized with pendant thiophenes (Scheme 9) have
been electropolymerized on graphite electrodes and used in
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the Suzuki coupling of aryl bromides and boronic acids.
These couplings require longer reaction times than those
with an analogous homogeneous catalyst. The catalyst de-
posited on the electrode can be easily recovered and recy-
cled at least six times.[72]

Scheme 9. Polythiophene-supported catalyst.

2.2.3 Polymer-Supported Ligands for Phase Separation
Recovery

The separation of the catalyst by using biphasic systems
is also a convenient method for laboratory or industrial use.
To do so, polymeric metal complexes as catalysts have been
used. Making a suitable choice of polymer support, it is
possible to obtain soluble catalysts that still show enough
difference in solubility relative to the coupling products.

Poly(N-isopropylacrylamide) (PNIPAM) has been used
to synthesize thermomorphic systems in which, with use of
two immiscible solvents and the polymer, phase separation
can be controlled by changing the temperature. The
PNIPAM-supported palladacycle in Figure 4 has been well
characterized and it has been used as catalyst in Suzuki
and Heck reactions in a mixture DMF/heptane (90:10). The
mixture is miscible at the reaction temperature (95 °C). Af-
ter the reaction is complete the temperature is lowered, and
phase separation occurs, the polymer being quantitatively
recovered in the DMF phase and the products in the hep-
tane phase. The DMF phase can be reused several times for
the same procedure.[73] Phosphane ligands attached to the
same type of polymers and used in Sonogashira couplings
have also been reported.[74]

Figure 4. PNIPAM-supported Pd catalyst in biphasic conditions.

Ligands supported on polyethylene glycol (PEG) also
lead to thermomorphic systems. For example, a phosphane
ligand analogous to 1 (R = Ph, Figure 1) or phosphonium
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salt 6 (Figure 1) has been attached to soluble polyethylene
glycol instead of polystyrene. These PEG ligands were
mixed with [PdCl2(NCR)2] or Na2[PdCl4] and used in Son-
ogashira reactions under biphasic conditions. Once the re-
action is finished, phase separation of the catalyst (in
NCMe or DMSO) and the products (in heptane) occurs
upon lowering the temperature. The catalyst phase was re-
used up to five times in this work.[75]

Polyisobutylene-bound N-heterocyclic carbenes have also
been used to synthesize the corresponding palladium com-
plexes active as catalyst in the Heck reaction (Figure 5). By
using a DMF/heptane mixture as solvent in the reaction,
phase separation on changing the temperature was also
possible. The catalyst was recovered in the heptane phase
in this case and recycled at least ten times.[76] In this and in
most systems working under biphasic conditions, it has
been shown that the products can be partially extracted in
the catalyst phase (heptane in this case). However, this is
not a problem because it only reduces the yield of the first
cycle. Once the catalyst phase becomes saturated in the
product, and this occurs easily with a suitable choice of
solvents, the yield in subsequent cycles for recyclable sys-
tems becomes high and constant.

Figure 5. Polyisobutylene-supported complex.

2.2.4 Polymer-Supported Ligands for Reactions in Water

As it was mentioned in section 2.1, the interest in de-
veloping supported palladium catalysts to perform cross-
coupling reactions in water is strong. Thus, ligands bound
to polymers that are compatible with aqueous conditions
and enable improved substrate–catalyst contact in this sol-
vent have been synthesized. PEG and PEG-polystyrene co-
polymers (PS-PEG) are the most common polymers used,
since the polyether backbone of these supports favors their
solubility or their swelling volumes in water. There is also
a large variety of PEG polymers and copolymers with dif-
ferent monomer ratios and molecular weights, and this
makes it easy to find a material with the right properties
for each application. Most of the ligand types bound to
polystyrene (see Figures 1 and 2) have also been linked to
PEG or PS-PEG. A dipyridinemethoxy group bound to
PEG has been described and this ligand (17, Figure 6),
when reacted with Pd(OAc)2, catalyzes Suzuki couplings in
water and polyethylene glycol as solvent, and it is recyclable
as well.[77] Palladacycles derived from acetophenone oxime
(18, Figure 6) have been used in Suzuki, Sonogashira, and
Heck couplings, although, as in the former example, the
reactions work better in polyethylene glycol as solvent than
in water.[78]
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Figure 6. PEG or PS-PEG-supported ligands and catalysts.

Most examples of PEG-supported phosphane ligands
use PS-PEG copolymers. Uozumi et al. used palladium
complex 19 (Figure 6) as catalyst for Suzuki coupling in
water.[79] The catalyst is not soluble in water, but conver-
sions are very good and the catalyst can be recovered by
filtration and recycled. The same system has been applied
to the selective monoarylation of dibromoaryls by Suzuki
coupling[80] and also to the Cu-free Sonogashira reac-
tion.[81] The asymmetric Suzuki coupling in water to afford
binaphthyls and other arylnaphthyls enantioselectively was
carried out with chiral PS-PEG phosphane 20 (Figure 6)
mixed in situ with Pd(OAc)2;[82] this catalyst system can be
recycled. The Suzuki coupling of aryl chlorides with a PS-
PEG-supported analogue of ligand 3 (R = Cy, Figure 1) in
a toluene/EtOH/H2O solvent mixture has been reported..[54]

PS-PEG copolymers functionalized with an imidazolium
salt (21, Figure 6) have been used as precursors of sup-
ported palladium carbenes by reaction with Pd(OAc)2 in
the presence of KOtBu. They catalyze the Suzuki coupling
of a variety of aryl bromides and iodides with phenyl-
boronic acid by using water as solvent. The catalyst swells
in water but can be recovered by filtration and recycles at
least five times.[83]

Acrylic polymers have proved useful as catalyst supports
for reactions in water. A copolymer synthesized from N-
isopropylacrylamide and para-diphenylphosphanylstyrene
coordinates to palladium to give a polymeric complex in
which the metal produces a crosslinked and insoluble mate-
rial by coordination to two polymeric phosphane ligands as
shown in Figure 7. This catalysts is very active in the Suzuki
reaction of a large variety of arylboronic acids, aryl bro-
mides, and aryl iodides in water. The catalyst has been re-
used ten times without loss of activity.[84]

Palladium has been supported on polymers that are func-
tionalized in a way that they change their properties when
the pH of the aqueous solution changes. Zhang et al. re-
ported a pH-responsive material consisting of microspheres
formed by a core of polystyrene and a shell of poly(meth-
acrylic acid) that has been functionalized on the surface
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Figure 7. Pd-crosslinked polyacrylamide catalyst.

with iminodiacetic acid [NH(COOH)2]. The microspheres
are reacted with PdCl2, and coordination of the metal to
some of the iminoacetate groups on the shell occurs. This
Pd-loaded polymer is highly dispersed in water at pH � 10,
in which the carboxylic groups are deprotonated, and it has
been used for Suzuki and Heck reactions in water, which
are carried out under basic conditions. After the coupling
reaction has been completed, the products are extracted in
an organic solvent, and the catalyst is precipitated by lower-
ing the pH of the aqueous phase to 5. It can be recovered
by filtration and recycled. Low leaching has been detected
(about 2.8% of the palladium contained in the catalyst), but
this may be the reason for a slight decrease in the yields
obtained upon recycling.[85]

The same group reported a polymer, which behaves as a
hydrogel and it is pH- and thermoresponsive. In this case
the material is a copolymer of N-isopropylacrylamide and a
functionalized methacrylate: poly(N-isopropylacrylamide)-
co-poly{2-methacrylic acid 3-[bis(carboxymethyl)amino]-2-
hydroxypropyl ester}. The reaction with an appropriate pal-
ladium precursor leads to the immobilization of the metal
by coordination to the carboxymethylamino groups, as pro-
posed by the authors. This palladium-supported catalyst
was used in Suzuki and Heck couplings by the following
procedure. The hydrogel swells in water at low temperature
and pH below 10. Under these conditions, the reagents are
mixed and they can be absorbed by the hydrogel. Upon
heating and increasing the pH, the material undergoes a
transition from a hydrophilic structure to a partially hydro-
phobic one, which leads to a deswelling, and water is ex-
pelled from the structure. The reagents are trapped in the
deswelled gel, and the reaction proceeds under a higher
concentration, so it is accelerated. After the reaction, the
temperature and pH are adjusted, the products are ex-
tracted into an organic solvent, and the hydrogel is reused
(Figure 8).[86]

Figure 8. Use of a polymeric Pd hydrogel as catalyst.



A. C. Albéniz, N. CarreraMICROREVIEW
Amphiphillic polymers that may form micelles in water

have been also functionalized to form ligands that can coor-
dinate to palladium. A polyoxazoline material was formed
by copolymerization of 2-methyloxazoline and 2-alkyl ox-
azolines, some of the latter with pendant palladium N-
heterocyclic carbene complexes (Figure 9). Heck reactions
were catalyzed with this polymer under conditions where it
forms micelles in water. After the reaction, the product was
extracted in an organic solvent, and the aqueous layer con-
taining the catalyst was reused three times; no loss of ac-
tivity was observed.[87]

Figure 9. Polyoxazoline Pd-NHC catalyst.

3. Polymer-Supported Reagents: The Stille
Reaction

The Pd-catalyzed coupling of organostannanes with or-
ganic electrophiles was first reported by the groups of Ea-
born and Kosugi,[88] but the synthetic and mechanistic
work of Stille in the late nineteen seventies[89] made of this
process one of the most useful cross-coupling reactions
(Scheme 1).[2,90–91] Organotin derivatives have many advan-
tages when compared to other organometallic derivatives.
Many organostannanes are available or can be readily syn-
thesized and they are water- and air-stable so they can be
easily stored. Since they are tolerant to most functional
groups, protection-deprotection procedures are not neces-
sary. Their intermediate reactivity allows to perform the
coupling reaction in the presence of other sensitive func-
tional groups in the substrate molecules. Moreover, the ad-
dition of other reagents such as bases, as it is the case for
other coupling reactions, is not required. Because of all
these advantages, the Stille reaction has been extensively
used in the synthesis of natural products, especially in the
construction of cycles in the presence of other functional
groups.[92–95] One beautiful example is the last step of the
synthesis of rapamycin reported by Nicolaou et al., which
is a double Stille coupling with bis(tributyltin)ethene.[96]

The drawback of the Stille reaction is the toxicity of the
organotin derivatives employed.[12,97,98] The toxicity of the
members of the family SnR3X becomes lower as the alkyl
group gets larger (i.e. SnR3X is less toxic with R = Bu than
that with R = Et), and SnBu3X, the most common byprod-
uct in Stille couplings, is moderately toxic.[99] However, the
use of this coupling reaction in the synthesis of products
that may have a pharmaceutical application needs the com-
plete separation of the tin byproduct from the target cou-
pling product. This is not a simple a procedure, and many
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efforts have been made to devise separation techniques and
suitable reagents to ensure the total absence of tin byprod-
ucts in the desired products. The most common workup of
a Stille reaction, and many reactions that employ tin com-
pounds for that matter, involves the treatment of the reac-
tion mixture with an aqueous solution of KF to form insol-
uble SnBu3F, which is then filtered off.[100] This procedure
is cumbersome, since the separation is often biphasic and
not very efficient, and the tin fluoride tends to form suspen-
sions that are difficult to filter. This separation usually
leaves behind about 4–5% (by weight) of tin in the coupling
product. New strategies for a better separation include the
modification of the tin reagent to introduce appropriate
tags such as fluorinated groups,[101] polyaromatic
groups,[102] and others,[103,104] or the use of special
chromatography techniques.[105] Some efforts have also been
made to use less toxic SnCl3R derivatives[106] or to use a
substoichiometric amount of tin reagents.[107] All these ap-
proaches do not achieve the recycling of the tin byproducts,
so their accumulation and post-handling is still a problem.

A major improvement in this reaction can be achieved
by the use of polymer-supported tin reagents. Separation of
a polymeric tin byproduct from a discrete molecular prod-
uct should be easier and, if a good recovery and recycling
of the polymeric tin reagent is possible, the tin waste in the
reaction is eliminated (Scheme 10). This would leave the
Stille reaction as the cleanest member of the cross-coupling
reaction family, as no additives are required and mild con-
ditions usually operate. The Sn–polymer bond should be
nonreactive to avoid leaching and ensure a reactivity cen-
tered on the R group that will be coupled. The polymeric
link should then mimic the butyl groups in the common
Stille reaction, which are reluctant to transmetalate to pal-
ladium and guarantee selective transmetalation of the R
group (Scheme 10). Thus, a polymer with an aliphatic skel-
eton would be an ideal support, and, if this is not the case,
the support must provide at least an aliphatic link to tin.
An additional advantage is that, using such a type of sup-
port, that is, a butyl group in SnBu3R substituted by a poly-
mer, should reduce the toxicity of the tin compound, ac-
cording to the trend described above. Other than polymers
as supports, only the use of tin-functionalized ionic liquids
makes it possible to carry out the Stille reaction and recycle
the tin byproducts.[108] As for other coupling reactions, the
use of polymers in the Stille reaction includes supporting
the palladium catalyst by some of the strategies discussed
above.[40,109,110]

The first use of polymers as reagents in the Stille reaction
was reported by Kuhn and Neumann.[111] They used a poly-
styrene derived from hydrostannation of one double bond
of divinylbenzene and subsequent radical polymerization of
the resulting monomer.[112] This polymer was applied to the
Stille coupling of alkynyl, allyl, and vinyl R2 groups with
moderate to good yields (Scheme 11). The authors checked
the possibility of recovery and reuse of these reagents by
repeating the coupling of benzoyl chloride and the polymer
where R2 = –C�C–Ph, which could be carried out three
times; however, no specific conversion data were given.



Polymers for Green C–C Couplings

Scheme 10. Use of polymeric tin reagents in the Stille reaction.

Scheme 11. Polystyrene tin reagents in the Stille reaction.

Nicolaou et al. used a polymer-supported tin reagent for
the synthesis of macrocycles including the synthesis of S-
zearalenone (Scheme 12).[113] They used a Merrifield resin
with a pendant stannyl group bearing a properly function-
alized vinyl moiety that undergoes a subsequent intramolec-
ular Stille coupling. The authors established the proof of
principle, but no recycling of the polymer was attempted in
this work.

Scheme 12. Last steps of the synthesis of S-zearalenone: (a) Stille
coupling; (b) deprotection.

Quintard et. al synthesized a tin-functionalized polystyr-
ene derived from Amberlite XE305 by following the pro-
cedure shown in Scheme 13. They introduced vinyl groups
in this polymer either by reaction with vinylmagnesium bro-
mide or by hydrostannation of alkynes, after conversion of
the Sn–I to the Sn–H derivative. These polymeric vinyl
stannanes (23) can be used in Stille couplings with aryl ha-
lides as electrophiles, leading to a very low contamination
of the coupling products (� 7 ppm). No recycling of the tin
reagent was attempted.[114,115] They also used the polymer-
supported phenyl stannane 22 (Scheme 13) to synthesize bi-
aryls by the Stille coupling with aryl halides.[116] In this case
the polymer was reused, although an important decrease in
the yield of the coupling product was observed upon recycl-
ing. Treatment of the used polymer with 2,4,6-trimercapto-
s-triazine before the next cycle is beneficial and allows a
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more efficient reuse of the polymer. The authors attribute
this effect to the elimination of the residual palladium that
is deposited in the polymer after the first reaction.

Scheme 13. Synthesis of supported stannanes 22 and 23 and their
use in Stille couplings.

Polystyrene-supported stannanes have also been used in
the Stille reaction catalytic in tin developed several years
ago by Maleczka et al.[107,117] This reaction is a Stille cou-
pling of organic electrophiles and vinyl tin derivatives that
uses substoichiometric amounts of the tin derivative (5–
10%). The vinylstannane is generated in situ by hydrostann-
ation of alkynes, and the required tin hydride is generated in
the course of the reaction by reduction with a polysiloxane
(Scheme 14). This is an interesting concept that helps to
reduce the amount of tin used in these reactions; however,
the reaction is limited to the coupling of vinyl fragments,
since the generation of the tin compound relies on hydro-
stannation of an alkyne. Killburn et al. used polystyrene-
supported tin compounds in this process (Scheme 14). Un-
der these conditions, the amount of tin contamination in
the products is low (5–60 ppm).[118]

Scheme 14. Stille reaction catalytic in tin.

We have recently prepared a stannylated vinylic polynor-
bornene and used it in the Stille reaction.[119] This polymer
is synthesized by copolymerization of norbornene and a
stannylated norbornene derivative catalyzed by a Ni–penta-
fluorophenyl complex. The polymer backbone is completely
aliphatic and unreactive, features that are ideal to obtain a
selective transmetalation of R2 (Scheme 15).
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Scheme 15. Vinylic polynorbornene-supported tin reagents.

Polymers 24 are useful in Stille reactions. They can be
recycled, as tested for several couplings and five cycles
(Scheme 16). The polymeric reagent can be separated easily
by precipitation in MeOH and filtration. The tin content of
the products is low (0.07–0.02 % Sn by weight), about two
orders of magnitude lower than the values obtained with
the traditional KF (aq.) workup.

Scheme 16. Stille reactions and recycling of stannanes supported
on vinylic polynorbornene.

Polymers 24 bearing a Sn–alkynyl moiety have also been
used in the recently developed tandem double Stille cou-
pling of allyl halides and polymeric alkynyl stannanes to
give trienynes (Scheme 17).[120] In this reaction, a double

Scheme 17. Tandem double Stille reaction of allyl halides and alk-
ynyl stannanes supported on vinylic polynorbornene.
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coupling occurs, and the use of the polymeric reagents al-
lows a simple workup and affords clean coupling products.

Conclusions

Polymers have largely contributed to make cleaner cross-
coupling reactions by supporting catalysts or reagents that
can be better separated and recycled. Much work has been
carried out to support palladium catalysts on polymers. Pal-
ladium can be embedded into polymers by physical encap-
sulation and weak palladium–polymer interactions. How-
ever, coordination of the metal to polymer-supported li-
gands is the most common procedure. In either way, cata-
lytic systems that can be easily separated and recycled are
now available and have proved to be as useful as their
homogeneous counterparts. The separation of the poly-
meric catalysts can be effected by filtration for insoluble
polymeric supports, and systems that are amenable to bi-
phasic separation have also been developed. Efficient sup-
ported palladium catalysts in water as solvent have also
been synthesized. Most catalytic systems have been tested
in Suzuki couplings and also with the Heck reaction. Some
examples of the Sonogashira or Stille reactions have also
been carried out with polymer-supported catalysts, but the
other members of the cross-coupling family (Kumada, Neg-
ishi) have been little explored.

Polymer-supported reagents are especially important in
the Stille reaction, since their good separation and reuse
eliminates the problem of tin contamination and the hand-
ling of toxic tin byproducts. Some work has been done in
this area with the development of reagents based on poly-
styrene and vinylic polynorbornene. These stannylated
polymers have proved useful in the Stille coupling, can be
recycled, and strongly reduce the tin content of the coupling
products. The Stille reaction is synthetically very powerful,
but tin toxicity makes this process rather underused. The
use of supported organotin reagents would contribute to
put it back among the synthetic chemist’s bench tools.
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