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Recent developments in metal-catalyzed living radical
polymerization

Masami Kamigaito

This review presents a short overview of recent developments in metal-catalyzed living radical polymerization, mainly focusing

on our recent research studies related to the subject. Metal-catalyzed living radical polymerization or atom transfer radical

polymerization, which was originally developed via evolution of the metal-catalyzed Kharasch or atom transfer radical addition

to chain-growth polymerization via reversible activation, has now been widely developed in many aspects. The effective metal

catalysts include various transition metals, such as ruthenium, copper, iron and nickel, and highly active and versatile catalytic

systems have been developed by designing ligands, applying lower oxidation metal species and using additives to widen the

scope of controllable monomers and to minimize the amount of metal catalysts and the residual metals in the products. The

development of the initiating systems has enabled the synthesis of a wide variety of novel, well-defined polymers, including

end-functionalized, block, graft and star polymers, but also more complicated polymers possessing multiple controlled

structures. Furthermore, metal-catalyzed living radical polymerization has been judiciously combined with stereospecific radical

polymerization based on the use of polar solvents or Lewis acid additives, resulting in the dual control of the molecular weight

and the tacticity of the resulting polymers and enabling the preparation of stereoblock and stereogradient polymers.
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INTRODUCTION

Since the discovery of metal-catalyzed living radical polymerization or
atom transfer radical polymerization (ATRP), there have been many
developments in this research area, including active and versatile metal
catalytic systems; the scope of controllable monomers; well-defined
polymers with various controlled architectures; hybridization of the
controlled polymers with inorganic, metal and biomolecular com-
pounds; and attempts or real applications to a variety of industrial
materials.1–17 Besides these metal catalytic systems, there have also
been substantial developments in various living radical polymeriza-
tions, such as nitroxide-mediated polymerizations, reversible addition
fragmentation chain-transfer polymerizations and others, and in all
of these, there are characteristic features of the mechanisms and
components.18–34

The metal-catalyzed living radical polymerization was originally
discovered via evolution of the metal-catalyzed Kharasch or atom
transfer radical addition reaction35 to the chain-growth polymeriza-
tion of vinyl monomers (Figure 1).1 The initiating system generally
consists of a transition metal complex in a lower oxidation state and
an organic halide, in which the carbon–halogen bond of the halogen
compound is activated by the metal catalyst to generate the carbon
radical species upon a one-electron oxidation of the metal complex
associated with the abstraction of the halogen by the metal species.

The carbon radical species generated then adds to the monomer to
generate the adduct radical, which is eventually capped with the
halogen on the higher oxidation state metal complex or may add to
another monomer molecule. The halogen-capping reaction of the
radical species occurs faster than monomer addition and slows the
very fast propagation of a particular growing radical chain end to
suppress the formation of very long polymer chains, particularly
during the initial stage of the polymerization. Furthermore, the
newly formed carbon–halogen bond of the adduct or at the oligomer-
or polymer-chain end can be activated again by the metal catalyst to
reversibly generate the growing radical species. Herein, the covalent
species with the carbon–halogen terminal is called the ‘dormant’
species as in the other living anionic and cationic polymerizations
via similarly reversible, but heterolytic activation of the covalent
terminal group into the active species.36,37 Such a metal-catalyzed
reversible activation of the carbon–halogen terminal gives an almost
equal opportunity of propagation to each polymer chain to enable
control of the chain length of the resulting polymer chains. In
addition, the equilibrium between the radical and dormant species
can diminish the radical concentration, which contributes to the
suppression of the bimolecular termination between the growing
radical species. A wide variety of transition metals have now been
used as effective catalysts in the presence of the appropriate ligands.
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We originally discovered the ruthenium catalytic systems1 and then
expanded the systems to other metals, such as iron, nickel, rhenium
and manganese. The details on how we discovered the catalytic
systems can be found in our previous reviews.7,9 In contrast, the
most extensively used catalysts are based on copper with nitrogen
ligands, which were separately developed by many research groups,
including Matyjaszewski, Percec, Haddleton and others2–4,12–17 (The
reaction mechanisms for the metal-catalyzed living radical polymeri-
zation and ATRP are supposed to be the same. Although the former
name is mostly used in this review, it never intends to exclude the
latter. Thus, the metal-catalyzed living radical polymerization also
covers ATRP in the contexts.).
As suggested by the reaction mechanism, the polymerizations are

affected by various factors or parameters such as the central metal
atom, its ligands, the halogen originating from the initiator, the
initiating radical species derived from the initiator, the monomer,
the solvent and the temperature. Thus, the effects of all these factors
and parameters should be considered for further development of the
polymerizations. In particular, there has been tremendous effort to
design catalytic systems, including the central metal atom, its oxida-
tion state and the ligands for the metal as well as the halogen and
initiating radical species derived from the initiators, to provide finer
controllability, higher activity, wider versatility and a more robust
nature of the catalytic systems. Thus, a wide variety of conjugated
monomers, such as methacrylates, acrylates, styrenes (Sts), acryla-
mides and acrylonitrile, can now be polymerized in a controlled
fashion, although a truly well-controlled radical polymerization of
unconjugated monomers such as vinyl acetate (VAc) is still one of the
most challenging topics in metal-catalyzed living radical polymeriza-
tions.6–17 In addition, the amounts of the metal catalyst used in the
polymerizations have decreased owing to the evolution of the active
catalysts or the addition of reducing agents for the oxidized metal
catalysts. However, these are still challenges for industrial applications.
Along with the significant developments of initiating systems for

the living radical polymerizations of various monomers, the synthesis
of a wide variety of well-defined polymers with controlled architec-
tures has now become possible (Figure 2).6–17 They include not only
well-known controlled polymer structures such as end-functionalized,
block, graft and star polymers, but also other more complicated or

unique structures, which have been extremely difficult to synthesize,
such as gradient polymers, ring polymers and multiple controlled
structures. In particular, for the precision synthesis of these highly
ordered structures, metal-catalyzed systems are the most preferable
methods in comparison to other living radical polymerization systems
for the following reasons. Metal-catalyzed living radical polymeriza-
tion does not require other carbon radical sources, which may
generate new polymer chains as byproducts, and is versatile for almost
all conjugated vinyl monomers without changing the terminal-
capping group, in which halogen atoms, such as chlorine or bromine,
can be used. These advantages are not found in other major living
radical polymerizations,34 such as nitroxide-mediated polymeriza-
tions, which are not suitable for controlling methacrylate homopoly-
merization, and reversible addition fragmentation chain-transfer
polymerizations, which require the use of a radical initiator to
generate the radical species to induce the reversible activation of the
C–S dormant species.
Another important structural parameter to be controlled in radical

polymerization is the stereochemistry or tacticity of the polymer main
chain, because it significantly affects the polymer properties, such as
the mechanical strength and thermal resistance or stability. The
control of the stereochemistry in radical polymerization is still one
of the most important and challenging topics in polymer synthesis.
Although the stereochemical control of radical polymerization has
been achieved for specially designed monomers such as bulky mono-
mers, in special confined spaces such as meso-pores, or in the solid
state, such as monomer crystals, it is rather limited to these special
cases and cannot be used for common vinyl monomers.38 However,
over the past 10 years, there have been significant developments in
controlling steric structures during the radical polymerization of the
common polar vinyl monomers using bulky fluorinated alcohols as
solvents or lanthanide triflates as Lewis acid additives, as discovered by
Okamoto and co-workers (Figure 3).39 These acidic compounds can
coordinate to the carbonyl groups of the polar monomers and around
the growing chain ends to restrict the free rotation of the propagating
radical species to induce the stereospecific propagation. Another
further control of radical polymerization is the dual control of the
polymer molecular weight and tacticity, which have not yet been fully
attained.38,40–42

This review covers recent developments in metal-catalyzed living
radical polymerization, focusing on our research studies, including the
metal-catalytic system, the precision synthesis of well-controlled
polymers, and the simultaneous control of the molecular weight
and tacticity using metal-catalyzed stereospecific living radical poly-
merizations. Although there has been great progress in other
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systems,34 this review will not systematically cover the other systems
because of the limitation of space and the tremendous number of
published papers related to these subjects.

METAL CATALYTIC SYSTEMS

One of the most important challenges for the further development of
metal-catalyzed living radical polymerizations is to find more active
and versatile catalysts from both the mechanistic and industrial
viewpoints. The advent of novel catalytic systems with higher activity
and versatility not only offers new insight into the mechanism of the
metal-catalyzed living radical polymerization, but also increases the
opportunities for industrial application by reducing the amount of
metal catalysts used and of metal residues in the products, and by
providing a wide variety of accessible, well-defined polymers with
controlled architectures.
Among the various strategies to increase the catalytic activity, the

use of electron-donating ligands for ruthenium and iron catalysts, in
which the lowered redox potential of the metal catalyst due to the
ligands contributes to the activation of the carbon–halogen terminal,
has proven effective.9,10 For this approach, we have introduced
electron-donating cyclopentadienyl derivative ligands, such as indenyl
(Ind),43 pentamethylcyclopentadienyl (Cp*)44 and aminoindenyl45

groups on the ruthenium complex, and found that they are effective
for inducing fast and/or versatile living radical polymerizations of
conjugated vinyl monomers (Figure 4).46 Once these cyclopentadie-
nyl-based ruthenium complexes were found to be better for living
radical polymerizations, they were also successfully used for the
Kharasch addition reaction of low-molecular weight compounds.47,48

The ruthenium Cp*-complex [Ru(Cp*)Cl(PPh3)2] in particular
gave well-controlled polymers with narrow molecular weight
distributions (MWDs) from three different types of conjugated
vinyl monomers, methyl methacrylate (MMA), methyl acrylate
(MA) and St, via the reversible activation of the stable and relatively
strong carbon–chlorine bond originating from the common initiator
[H–(MMA)2–Cl] (Figure 5).44 The use of the C–Cl bond as the
dormant species is better in comparison to the weaker and less
stable C–Br and C–I bonds because it preserves the high chain-end
functionality of the halide groups, which can be efficiently used for
block copolymerization. Although it has not been verified that the
lower redox potential guarantees a fast reversible interconversion
between the dormant and active species, this strategy seems effective
at least for a series of well-defined metal complexes with similar
structures.46

In addition to the use of isolated, well-defined transition metal
complexes, in situ modification of the catalyst or the system can
increase the catalytic activity and versatility. The first ruthenium
complex, RuCl2(PPh3)3, requires an additive such as aluminum
alkoxide to induce fast and effective living radical polymerizations.1,49

Later on, amine additives were shown to be more effective for faster
living radical polymerizations with this ruthenium complex as well as
other ruthenium complexes, such as Ru(Ind)Cl(PPh3)2 and
Ru(Cp*)Cl(PPh3)2.

50–52 For some combinations of the ruthenium
complexes and amine additives, in situ 1H nuclear magnetic resonance
spectroscopy analyses suggested the formation of novel complexes by
ligand exchange or other reactions, although the isolation of these
amine-coordinated complexes was not achieved. In addition, despite
the lack of visible spectral changes in the Ru(Ind)Cl(PPh3)2 with
n-Bu2NH, much faster living radical polymerizations proceeded with
this combination. Given the higher affinity of ruthenium for a
phosphine than an amine, additional amines might dynamically
form amine-coordinated complexes or reactive vacant sites on the
ruthenium complex via displacement of the phosphine ligand due to a
large excess of amine additives.
This observation also led to another catalyst design, in which a

hemilabile P,N-ligand was employed to dynamically generate the
coordinatively vacant site for the halogen abstraction and to subse-
quently kick out the abstracted halogen to the carbon radical species
for rapid interconversion between the dormant and active species.53

For such bidentate ligands, the isolation of the chelating complexes
has been achieved. The isolated ruthenium complex with the chelating
P,N-ligand indeed induced living radical polymerization without any
additives to form polymers with narrow MWDs, although the catalyst
lost its activity during the reaction, suggesting a slow decomposition
of the catalyst during the catalytic cycle due to the weak coordination
of the nitrogen part to the ruthenium. This strategy has been
successfully expanded to other potentially bidentate hemilabile
bisphosphine monoxide ligands by Sawamoto, Ouchi and co-workers,
who reported that the complex could be reduced to 50p.p.m. for the
monomer and that the high polarity of the ligand eased the removal of
the catalyst by precipitation of the obtained poly(methyl methacrylate)
(PMMA) into methanol.54

The use of lower oxidation state metals is another route for
generating more active catalysts. In addition to the ruthenium catalyst,
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the iron(II) catalyst, which belongs to the same group of transition
metals in the periodic table and has the same oxidation state (+2) as
ruthenium(II), induces similar living radical polymerizations of con-
jugated monomers, such as methacrylates, acrylates and Sts.55 Among
the various iron complexes, FeCl2(PPh3)2 shows a similar activity to
RuCl2(PPh3)3 but seems less stable. In a way similar to ruthenium, the
Cp- or Cp*-based iron(II) complexes showed higher activities and
versatilities.56–59 We then changed the oxidation state of iron from +2
to +1 by applying the dinuclear Cp- or Cp*-based iron(I) complexes
[Fe2Cp2(CO)4 or Fe2Cp*2(CO)4] to various polymerizations.57,59

These dinuclear iron(I) complexes proved highly active and induced
very fast living radical polymerizations of acrylates, Sts and acryla-
mides in comparison to the mononuclear iron(II) complexes. More-
over, the dinuclear Cp-based iron(I) complex led to living radical
polymerization of a representative unconjugated monomer, VAc, to
enable the molecular weight control when coupled with an iodide
initiator.60 The iron(I) catalyst is active enough to cleave the less
reactive dormant carbon–halogen bond derived from VAc, whereas
the iodide terminal must be used to achieve controlled molecular
weights and narrow MWDs via rapid interconversion between the
dormant and highly reactive radical species.
Before our findings on iron(I) living radical polymerization

catalysts, lower oxidation metal species such as Cu(0) had already
been employed by Percec et al. for very fast and versatile living
radical polymerizations of various monomers including conjugated
monomers, such as methacrylates, acrylates, and Sts, and also uncon-
jugated monomers such as vinyl chloride in conjunction with the
iodide initiator.17,61,62 More recently, Percec and co-workers proposed
that the Cu(0)-based living radical polymerization proceeds via a
single-electron transfer mechanism under certain conditions and that
their systems are highly effective for the very fast living radical
polymerization of various monomers, leading to well-controlled
high-molecular weight polymers with narrow MWDs.63–66 In contrast,
the Cu(I)-based systems in the presence of reducing agents,

such as tin(II) 2-ethylhexanoate, ascorbic acid, Cu(0) and radical
initiators, also induced an efficient living radical polymerization,
in which the accumulated Cu(II) species changed into the active
Cu(I) species via the reduction by these additives.67–70 Although
the working mechanisms of Cu(0) are still controversial and may
depend on the conditions, it is clear that the use of lower
oxidation metal species is important for constructing highly catalytic
systems.
Though conceptually different from these methods, a dinuclear

zero-valent manganese complex [Mn2(CO)10] has been used as a
highly active catalyst for living radical polymerization of various
monomers (Figure 6).71–74 The dinuclear manganese complex has
been employed to generate radical species from alkyl iodides for
organic synthesis of low-molecular weight compounds. In this radical
reaction, the dinuclear complex generates a mononuclear manganese
radical species [�Mn(CO)5] under visible light and then abstracts
iodine from even secondary and primary alkyl iodides to generate
unstable carbon radical species. This complex was thus employed for
the living radical polymerization of VAc in conjunction with an alkyl
iodide initiator [ICH2CO2C2H5] under weak visible light at 40 1C to
induce a very fast polymerization, in which the monomer conversion
reached 90% within 2 h at 40 1C.71 The polymers obtained had
controlled molecular weights, which could be increased up to
Mn¼1.4�105 by varying the feed ratio of VAc to the iodide initiator,
although the MWDs were slightly broader (Mw/Mn¼1.2–2.2). The
manganese complex works catalytically for the C–I terminal, where the
amount of the complex can be reduced down to 0.025mol% of VAc
(B100 p.p.m.) or to 5.0mol% of R–I. In addition to VAc, conjugated
monomers such as MA and St can be polymerized in a controlled
fashion by this system, indicating the wide versatility for not only
conjugated but also unconjugated monomers. It is distinguishable
from most of the other metal-catalyzed living radical polymerizations,
where the control of the molecular weighs is difficult for unconjugated
monomers.

Figure 5 Size-exclusion chromatograms of the polymers obtained in the living radical polymerization of methyl methacrylate (MMA), styrene (St) and methyl

acrylate (MA) with H–(MMA)2–Cl/Ru(Cp*)Cl(PPh3)2/Al(Oi-Pr)3 in toluene at 80 1C: [monomer]0/[H–(MMA)2–Cl]0/[Ru(Cp*)Cl(PPh3)2]0/[Al(Oi-Pr)3]0¼4000/40/

4.0/40 mM.
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The manganese-based system has been further applied for con-
trolled radical copolymerization of MA and VAc, conjugated and
unconjugated monomers, respectively.72 Both monomers are simulta-
neously consumed, whereas MA is polymerized faster than VAc
because of its higher copolymerizability. The resulting polymers
possess block-like copolymer structures comprised of gradient seg-
ments of MA and VAc, where the content of the latter gradually
increases, and homopoly(VAc) segments. This success is due to the
wide versatility of the manganese system to various monomers, even
with highly different reactivities. It can also be applicable for the
controlled radical copolymerization of MA and 1-hexene, a non-polar
olefin without any radical homopolymerizability, resulting in MA-rich
copolymers with controlled molecular weights.73 The additional use of
fluoroalcohols as the solvent enhances the copolymerizability to give
copolymers with up to 50mol% content of 1-hexene depending on
the conditions. The enhanced copolymerizability can be ascribed to
the hydrogen-bonding interaction between the carbonyl group of MA
or the growing radical chain end derived from MA, where the highly
electron-deficient monomer and radical species preferentially undergo
cross-propagation with the more or less electron-rich 1-hexene radical
and 1-hexene monomer, respectively.
These Mn2(CO)10-induced polymerizations are photoresponsive

and thus do not occur in the dark, whereas the living propagation
continues during the visible light period.71 Although the polymeriza-
tion is triggered by activation of the C–I bond of the initiator by

�Mn(CO)5 generated from Mn2(CO)10 under visible light, the degen-
erative iodine transfer process also contributes to the fast interconver-
sion between the dormant C–I and growing radical species to control
the chain lengths of the resulting polymers. This situation is almost
always inevitable for the controlled radical polymerization with the
C–I terminal. However, the manganese radical species does not
directly add to the C¼C bond of the vinyl monomers and does not
initiate the radical polymerizations by itself. The dinuclear manganese
complex has been further coupled with thioester compounds as
initiators and/or reversible addition fragmentation chain-transfer
agents to induce living radical polymerization of various monomers
including VAc, MA and St via a similar manganese-mediated activa-
tion of the C–S terminal.74 The polymerizations were well controlled
to give the polymers with controlled molecular weights and well-
defined chain end groups originating from the thioester compounds.
However, in these polymerizations, a similar degenerative transfer
mechanism via the reversible addition fragmentation chain-transfer
process may also contribute to the control in addition to the direct
activation of the C–S bond by the manganese radial species.
Another crucial problem associated with the metal catalysts for

living radical polymerization is the concomitant of residual metal
species in the polymer products, which could be toxic or environmen-
tally unfriendly and often deteriorate the polymer properties for their
applications. One of the most promising solutions for this issue from
an environmental viewpoint is to develop efficient iron-based catalytic
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systems due to their essential non-toxicity and natural abundance. As
described above, various iron-based catalytic systems have been
developed.55–60,75,76 In particular, Nagashima and co-workers recently
reported recyclable iron catalysts with nitrogen-based ligands for
living radical polymerizations.77,78 However, almost all of the iron-
based systems consist of lower oxidation state iron(II) or iron(I)
species in the presence of the appropriate ligands coupled with halide
initiators. Although the iron(III) species is more stable than iron(II),
it is known as a radical inhibitor and is thus inactive for the activation
of the carbon–halogen bond because of its higher oxidation state. The
use of the more stable iron(III) species as possible catalysts or as
precursor catalysts is more practical because of its easy handling under
air. The use of iron(III) species as a precursor for the living radical
polymerization catalysts had already been accomplished in the pre-
sence of a radical initiator for the reverse ATRP,79,80 where the
iron(III) halide is reduced to the iron(II) species by the carbon radical
species generated from the radical initiator along with the formation
of the carbon–halogen dormant species. Another strategy is to use
reducing agents, such as tin(II) compounds, sugar and ascorbic acid,
in conjunction with the iron(III) species, where an active iron(II)
species is generated upon the reduction.81

In contrast, examining the effects of iron(III) species on the
iron(II)-catalyzed living radical polymerization with an organic chlor-
ide initiator, we accidentally found that FeCl3 coupled with phosphine
or amine ligands induces living radical polymerization of MMA and St
in the presence of a halide initiator without using any intentionally
added radical initiators or reducing agents.82 Although FeCl3 prohib-
ited the radical polymerization without the ligands, it induced living
radical polymerization from the carbon–chloride bond upon the
addition of the phosphine ligand. The UV–vis analysis of the mixture
of FeCl3 and phosphine ligand suggested that the phosphine induced
disproportionation of FeCl3 into the iron(III) anion [Fe(III)Cl4

–] and
most likely the iron (III) cation [Fe(III)Cl2

+]. Under such conditions,
the FeCl2

+ complexed with the phosphine or amine ligand serves as an
activator for the carbon–halogen terminal via a reversible redox
reaction, probably due to the amine or phosphine moiety. Although
the mechanism has not yet been completely clarified, similar systems
consisting of an iron(III) halide, some ligands and a halide initiator,
without any intentionally added reducing agents, have recently been
reported by other researchers.83–86

PRECISION SYNTHESIS OF WELL-DEFINED POLYMERS

Such significant developments in various living radical polymeriza-
tions have dramatically widened the scope of the accessible
well-defined polymers with various architectures in comparison to
living ionic and coordination polymerizations due to the robustness of
the growing radical species to polar functional groups and the
applicability for a wide variety of vinyl monomers.6–17 Among the
various metal catalysts for living radical polymerizations, ruthenium
complexes show a relatively high tolerance to polar functional groups
due to the lower oxophilicity of the ruthenium center and their
non-ionic character.
By using these properties, various functional groups have been

directly introduced onto the end groups or the side chains of polymers
to result in well-defined end- or side-chain-functionalized polymers
with controlled molecular weights, respectively. More specifically,
organic-halide initiators functionalized with hydroxyl, amino and
amide groups were used as initiators for ruthenium-catalyzed living
radical polymerizations to give the corresponding end-functionalized
polymers with controlled molecular weights, narrow MWDs and
controlled a-chain end functional groups (Figure 7).87 Most of these

functionalized initiators are easily prepared from the acyl halide and
the corresponding functionalized alcohol. In contrast to various a-
chain end groups, functionalization of the o-chain end is relatively
difficult because of the stable covalent carbon–halogen bond in
comparison to the ionic living polymerizations, where direct and
fast ionic termination reactions are possible. However, special reagents
or reactions can be used for the effective chain-end functionalization
irrespective of the limitation. A St derivative with an a-silyloxy group
can add to the radical chain end and subsequently form the ketone
terminals via elimination of the silyl group in a way similar to the
addition fragmentation process.88,89 For the side-chain functionalized
polymers, a wide variety of functionalized monomers carrying hydro-
xyl, amino, epoxy and other groups can be directly polymerized
without protection of these polar groups, although such examples
are omitted in this review.6–17

The excellent living character and versatility of metal-catalyzed
living radical polymerizations have enabled the precise synthesis of a
wide variety of well-defined block polymers.6–17 Significantly, varied
block copolymers have been synthesized from radically polymerizable
monomers with various substituents. They are usually prepared via
simple processes, in which the prepolymers are synthesized by the
living radical polymerization of the first monomer, followed by the
isolation of the first living prepolymers with a reactive carbon–halogen
terminal, usually by the precipitation and living radical polymeriza-
tion of the second monomer upon the addition of the metal catalysts
again. In addition, a much wider series of block copolymers have been
obtained via combination with other various living polymerizations
including radical, ionic, coordination and condensation mechanisms
or with chain-end modification of the other polymers with the halide
groups. One of the most important requisites for the metal-catalyzed
living radical polymerization is to put a reactive carbon–halogen bond
at the terminals of the prepolymers for the block polymerizations.
As for star polymer synthesis, there are several possible methods

similar to the other living polymerizations. For the synthesis of star
polymers with a well-defined number of arm chains using living
polymerization, there are principally two methods, that is, the multi-
functional initiator or terminator methods. However, in the latter case,
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for the metal-catalyzed living radical polymerization, the quantitative
chain-end substitution of the halide at the terminal is relatively
difficult because of the stable bond and is thus rarely employed. In
the former case, many star polymers have been synthesized from
multifunctional initiators possessing multiple reactive carbon–halogen
bonds in a single molecule (Figure 8).90,91 These initiators can be
synthesized from polyhydric alcohols or phenols and an acyl halide
possessing the C–X bond as the initiating site for the living radical
polymerization. Although star polymers with well-defined arm num-
bers and controlled arm-chain lengths can be obtained by this
method, the synthesis and the isolation of the multifunctional
initiators or the polyhydric compounds are often tedious and difficult.
Another route to the synthesis of star or star-shaped polymers relies

on the use of divinyl or multivinyl compounds as linking agents. In
the core-first method, the divinyl compounds are first crosslinked to
form a soluble microgel followed by the living polymerization of vinyl
monomers from the core. Although this method often results in the
formation of insoluble products due to the difficulty of controlling the
reaction conditions, it has also been successfully applied to ATRP.92

The other method is based on the linking reaction of linear polymers
prepared by the living polymerization upon the addition of the divinyl
compounds, in which the microgel core can be easily solubilized

by the attached arm polymer chains. This method has now been
widely applied to the synthesis of various star polymers because of the
easier method, where only the addition of divinyl compounds to the
living linear polymers can lead to the formation of high molecular
weight and large number of arm chains. However, the number of arm
chains has a statistical distribution for each star polymer.
By applying the linking reaction to the ruthenium-catalyzed living

radical polymerization, we have shown that star polymers with high
molecular weights and narrow MWDs can be synthesized in a
relatively high yield (Figure 9).93,94 The star polymers obtained possess
globular structures that are B10nm in diameter with 10–102 arm
chains depending on the conditions. In addition to the efficient
formation of high-molecular weight star polymers, functional
moieties, such as hydroxyl, amino and amide groups, can be
introduced into various parts of the star polymers, that is, arm
chains of homopolymers, random copolymers, block polymers, surfi-
cial end-groups of arm polymers and the core of star polymers (see
Figure 2).95–103

In particular, for the synthesis of core-functionalized star polymers,
the use of functionalized divinyl compounds possessing hydroxyl and
amide groups in the linker between the two vinyl groups has proven
effective, and high-molecular weight star polymers with many arm
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chains can be obtained in high yield (Figure 10).97,98 The polar
functional groups densely packed in the core can interact with low-
molecular weight polar compounds, such as carboxylic acids, alcohols
and amines, via hydrogen bonds to reversibly capture them.
Another effective and simpler method to introduce the functional

groups into the core of star polymers is to ‘copolymerize’ functiona-

lized monovinyl monomers with divinyl compounds upon the linking
reaction of the linear arm polymer chains. In this approach, it is
unnecessary to prepare the functionalized divinyl compounds before
the polymerization, but the functionalized monovinyl monomers
should have a good ‘copolymerizability’ with the divinyl compounds
for the efficient functionalization of the cores, as well as high-yield
formation of the star polymers. Using this approach, we put phos-
phine moieties into the core of the star polymer with PMMA arms via
a linking reaction of the living PMMA chains with ethylene glycol
dimethacrylate in the presence of 4-diphenylphophino St.99 Along
with the linking reaction by the divinyl compounds, the phosphine-
substituted Sts were copolymerized to form a functionalized core with
the phosphine group. In addition, the ruthenium catalyst was simul-
taneously introduced into the core of the star polymers via coordina-
tion of the phosphine moiety of the vinyl monomer to the ruthenium
center because of the ligand exchange reaction with triphenylphos-
phine. In particular, a typical number of ruthenium atoms incorpo-
rated into the core was estimated to be around 100, indicating that
many ruthenium catalytic sites are contained in the nanometer-sized
core of the star polymers. The ruthenium-containing star polymers
were then used as microgel-core catalysts for the oxidation of alcohols
into ketones or reduction of ketones into alcohols because similar but
low-molecular weight ruthenium complexes with chloride and phos-
phine groups are known to catalyze such organic reactions.99–102

However, the core-functionalized star polymer catalyst is thought to
have different properties from those of the normal catalysts because
the microgel-core catalysts have densely packed metal catalytic sites
surrounded by a number of arm chains. Thus, the core catalytic sites
can be solubilized in various solvents depending on the arm chains
and protected from the external environments by the arm chains.
Several types of star polymers have exhibited a higher catalytic activity
than the low-molecular weight catalysts and could be reused without
any significant loss of the catalytic activity after the recovery in air.
Sawamoto, Terashima and co-workers also reported that the ruthe-
nium in the core could be removed upon the addition of a hydrophilic
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phosphine [P(CH2CH3OH)3] to result in an ‘empty’ core that still
possessed the phosphine moieties and that other metals like iron and
nickel could be introduced into the core via coordination.10

We also examined the introduction of chiral groups into the core of
star polymers via the ruthenium-catalyzed linking reaction of the
isolated linear polymer chains of tert-butyl methacrylate possessing a
dormant C–Cl terminal in the presence of ethylene glycol dimetha-
crylate as a linking agent and a methacrylamide monomer with a
chiral aminoalcohol group as a functionalized vinyl monomer.103

Along with the simultaneous consumption of the divinyl compound
and the chiral vinyl monomer, the molecular weight of the polymers
progressively increased to give high-molecular weight star polymers in
high yield (Mn¼97 400,Mw/Mn¼1.18). The absolute molecular weight
of the polymers measured by multiangle-laser-light scattering
(MALLS) was higher (Mw¼236 000) than that obtained by a refractive
index detector in size-exclusion chromatography (Figure 11). Further-
more, the number of arm chains was estimated to be around 15 by the
size-exclusion chromatography–MALLS analysis of the star polymers
and the linear prepolymers. The MALLS study also showed that these
polymers have globular structures with a mean radius of gyration of
Rz¼13.1 nm. The dynamic light scattering study also revealed that the
star polymers had a similar size with a hydrodynamic radius
(Rh¼15.0nm) and narrow size distribution (Dw/Dn¼1.18). In addi-
tion, the atomic force micrography of the star polymers cast from the
diluted solution showed globular objects with 13-nm diameters. The
star polymers were active for circular dichroism, where the circular
dichroism spectrum was similar to that of the chiral monomer,
indicating the formation of the chiral core in the star polymers. The
chiral star polymers were then used for the chiral recognition of low-
molecular weight racemic compounds, such as (±) –binaphthol,

where the selective interaction of one enantiomer was confirmed by
1H nuclear magnetic resonance spectroscopy analysis of the mixtures.
These results indicate that the functionalization of star polymer cores
is promising for the construction of novel functional polymeric
materials. Recently, Fréchet and co-workers reported that two star
polymers, where one has an acid catalyst in the core and the other has
a base catalyst in the core, could coexist via protection of the
functionalized groups by the surrounding arm polymer chains and
that they induced one-pot, multicomponent, asymmetric cascade
reactions.104

Another well-defined polymer with a complicated structure that we
investigated is the AxBAx-type block-graft or dumbbell-like copolymer
that possesses multiple hard graft chains of the outer A-part and
soft mid-blocks of the inner B-part in the AxBAx structure
(Figure 12).105–107 Such copolymers might have characteristic features
in terms of microphase separation and elastomeric or mechanical
properties because of their structures, which differ slightly from those
of the ABA-type hard-soft-hard triblock copolymers. For synthesis of
AxBAx-type copolymers, the ruthenium-catalyzed living radical poly-
merization of dodecyl methacrylate was first conducted using a
bifunctional initiator followed by the subsequent block copolymeriza-
tion of silyloxyethyl methacrylate to give the ABA-type block copoly-
mers possessing reactive silyloxy pendent groups in the outer A-units.
The silyloxy group was then converted into an ester moiety via in situ
direct substitution with acyl bromide, which possessed another
carbon–bromine bond that could subsequently be employed as
initiating sites for the second living radical polymerization of the
grafting monomers. The prepolymers or multifunctional macroinitia-
tors thus synthesized were isolated by precipitation and then employed
as multifunctional initiators for the second living radical polymeriza-
tion of MMA or St upon the addition of the appropriate ruthenium
catalysts to result in the AxBAx-type block-graft copolymers contain-
ing soft middle segments and hard outer graft chains. The lengths of
the main and graft chains as well as the contents of each segment can
be arbitrarily tuned by the feed ratios of the monomers, difunctional
initiators and multifunctional macroinitiators. The polymers obtained
had controlled molecular weights (Mn¼1–3�105) and narrow MWDs
(Mw/Mn¼1.1–1.3). The graft structures were confirmed by the depen-
dence of the radius of gyration on the molar masses measured by
MALLS and by atomic force micrography imaging of the polymers
cast from the dilute solution. In addition, transmission electron
microscopy and transmission electron microtomography108 revealed
a series of morphologies for the copolymers (Figure 13). Morpholo-
gical changes were observed from the graft-chain ‘honeycomb’
cylinders to lamellae and inner-block cylinders with increasing graft-
chain content, whereby the phase diagram was significantly shifted to
the lower volume fractions of the larger-number component of the
graft segments relative to those of the corresponding ABA triblock
copolymers. In particular, cylindrical microphase separation showed
highly ordered, hexagonally packed structures. The AxBAx-type
copolymers also exhibited the characteristics of a thermoplastic
elastomer, which were well related to the microphase structures of
the copolymers.

STEREOSPECIFIC LIVING RADICAL POLYMERIZATION

Another important issue for radical polymerization is the stereo-
chemistry, especially for the common vinyl polymers obtained from
commercially available monomers. There have been several attempts
to control the stereochemistry in living radical polymerization and in
non-living radical polymerization. As described above, metal-cata-
lyzed living radical polymerization was originally developed via the

Figure 11 Size-exclusion chromatograms of arm poly(tert-butyl methacrylate)

prepared by the ruthenium-catalyzed living radical polymerization and star

polymers prepared by the ruthenium-catalyzed linking reaction of the linear

arm poly poly(tert-butyl methacrylate) with ethylene glycol dimethacrylate

and the chiral methacrylamide ([linear polymer]0/[Ru(Ind)Cl(PPh3)2]0/

[n-Bu3N]0/[chiral monomer]0/[ethylene glycol dimethacrylate]0¼1000/1.0/

10/50/100mM, in toluene/DMF¼1/1, 80 1C) (a), dynamic light scattering of

the star polymers in CHCl3 (b) and atomic force micrography images of the

star polymers spread on a mica plate from a 0.1-mg ml�1 DMF solution (c).

Ind, indenyl.
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evolution of the Kharasch addition into the repetitive addition
reaction between the radical species and monomers. For the metal-
catalyzed radical addition reaction of low-molecular weight

compounds, it was reported that some chiral ruthenium complexes
bearing (+)- or (�)-DIOP ligands (DIOP¼2,3-(isopropylienedioxy)-
2,3-dihydroxy-1,4-bis(diphenylphosphanyl)butane) induced asymmetric
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Figure 13 Transmission electron microscopy images of the AxBAx block–graft copolymers (a, Mn(multiangle-laser-light scattering, MALLS)¼161000, Mw/
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radical addition reactions to give optically active adducts (20–40%
ee).109 The asymmetric induction was assumed to be due to the
radicals that are confined in the coordination sphere of the ruthenium
complex with a chiral ligand, although the mechanism was unknown.
If such chiral metal complexes could control the stereochemistry or
the tacticity of the resulting polymers, the dual control of the
molecular weight and the tacticity could be achieved by a single-
metal catalyst. We thus synthesized a series of chiral ruthenium
complexes with the (�)-DIOP ligand and employed them as catalysts
for the Kharasch addition between CCl3Br and the common vinyl
monomers, such as St, MMA and MA, and living radical polymeriza-
tions of these monomers (Figure 14).110 Although Ru2Cl4[(�)-
DIOP]3 and Ru(Ind)Cl(�)-DIOP induced asymmetry in the chiral
addition reactions with a high chemical yield and relatively high
optical yield (10–32% ee) between CCl3Br and the vinyl monomers,
no tacticity control was achieved in the polymerizations. This is
probably due to the fact that the ruthenium catalyst diffuses away
from the growing radical species after the abstraction of the halogen
and cannot control the stereochemistry of the addition reaction
between the radical species and monomer, although the stereochem-
istry of the capping reaction with the abstracted halogen on the
ruthenium(III) species can be controlled. Thus, the lack of dependence
of the tacticity on the metal catalysts suggested that the radical species
in the living radical polymerization is most probably a free radical.
Other methods for controlling the stereochemistry are required and
must be combined with living radical polymerizations to attain the
simultaneous control of the molecular weight and tacticity.
Approximately 10 years ago, Okamoto, Nakano, Habaue and co-

workers found that stereospecific radical polymerization of the com-
mon polar vinyl monomers like methacrylates, vinyl ester, acrylamides
and methacrylamides could be achieved using bulky fluoroalcohols as
solvents or Lewis acids as additives (see Figure 3).39 In the former case,
the bulky and protic fluoroalcohols such as (CF3)3COH and
(CF3)2CHOH coordinate to the pendent carbonyl groups of the
monomers and/or the growing chain ends via a hydrogen-bonding
interaction due to the strong electron-withdrawing trifluoromethyl
groups in the alcohols.111,112 Such bulky coordinated molecules induce
steric repulsion around the growing polymer terminals to enhance
conformation for the racemo addition and lead to the syndiospecific
propagation of MMA and VAc. In contrast, in the latter case, the metal
triflate coordinates to the carbonyl groups of not only the monomers
but also the growing chain ends.113,114 In particular, multisite coordi-
nation of the Lewis acid around the growing terminals favors
conformation for the meso addition to induce isospecific radical
polymerizations of the acrylamide derivatives. Using these approaches,
a syndiospecific or isospecific propagation was accomplished even for
radical polymerization of the common vinyl polar monomers.
Along with the developments in controlling the molecular weights

by living radical polymerizations and stereochemistry by a stereo-
specific radical polymerization, the simultaneous control of both
factors were realized by the judicious combination of the two con-
trolled radical polymerizations, in which both controlling systems
should be properly selected so that the controlling components do not
disturb each other.38,40–42 As for the metal-catalyzed living radical
polymerization, we first examined the combination of the dinuclear
iron(I) complex [Fe2Cp2(CO)4] and lanthanide triflate (for example,
Y(OTf)3 and Yb(OTf)3) to control the molecular weight and the
tacticity, respectively, in the radical polymerization of acrylamide
derivatives (Figure 15).115 The low oxidation state iron(I) complex,
which is one of the most active and versatile metal catalysts, induced
an efficient and rather faster polymerization of N,N-dimethylacryla-

mide (DMAM) in the presence of Y(OTf)3 than in its absence. The
polymers obtained had controlled molecular weights, whereas the
MWDs were broader than those in its absence. The faster polymer-
ization was due to an increase in the propagation rate by coordination
of the added Lewis acid to the growing chain end or the monomer,
whereas the broader MWDs could also be attributed to the increase in
the propagation rate when compared with the interconversion
between the dormant and growing radical species. The isotactic
content of the obtained polymers was higher than that in the absence
of Y(OTf)3 and almost the same as that obtained with lanthanide
triflate in the absence of the iron(I) complex. Thus, neither compo-
nent lost its activity or controllability, and both were successfully
employed for stereospecific living radical polymerizations of DMAM.
This success further led to the synthesis of stereoblock polymers, the

isotacticity of which changes abruptly at certain positions in the
polymer backbone. Such unique well-defined polymers can easily be
obtained by the addition of Y(OTf)3 into the Fe2Cp2(CO)4-catalyzed
living radical polymerization of DMAM, where the atactic chain-
growth suddenly changes into the isospecific one to give the atactic-
isotactic stereoblock poly(DMAM) (Figure 16). The copper-based
ATRP was also examined by Matyjaszewski, Lutz and co-workers via
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a combination with metal triflates for similar dual control in the
radical polymerization of DMAM and stereoblock polymers, though
some activity loss of the copper catalyst caused by the lanthanide
triflate was observed.116 Thus, the choice of the metal catalyst is crucial
for the control of the molecular weight in the presence of a Lewis acid.
Another stereospecific living radical polymerization based on

metal-catalyzed living radical polymerization is the combination of
ruthenium-catalyzed living radical polymerization and polar solvent-
mediated stereospecific radical polymerization (Figure 17).117 Among
the various metal catalysts, ruthenium is one of the least oxophilic
metals, which suggests that ruthenium complexes might be stable
enough to work as active catalysts for living radical polymerizations
even in a fluoroalcohol.118 Indeed, Ru(Cp*)Cl(PPh3)2 induced a faster
polymerization of MMA in PhC(CF3)2OH than in toluene to result in
polymers with controlled molecular weights and narrow MWDs (Mw/
MnB1.1) at 0 1C. The syndiotacticity was relatively high (rrB80%),
which is similar to that obtained in fluoroalcohols using free radical
initiators. However, the molecular weight control was affected by the
types of the fluoroalcohol solvents. In (CF3)3COH, the polymerization
with the ruthenium-Cp* catalyst at 60 1C was not quantitative enough
to give low-molecular weight oligomers, whereas m-Ph[C(CF3)2OH]2
resulted in broadening of the MWDs at 0 1C. In contrast,
Ru(Ind)Cl(PPh3)2 induced a fast and quantitative living radical

polymerization in (CF3)3COH even at 60 1C. Kakuchi and co-work-
ers119,120 also reported that the choice of the ligand, additives and
conditions is important for achieving the Cu(I)-catalyzed ATRP of
MMA in (CF3)2CHOH. These results indicated that the appropriate
combination of the metal catalyst and fluoroalcohol is crucial for the

Figure 16 Atactic-isotactic stereoblock polymers of N,N-dimethylacrylamide (a), syndiotactic-atactic stereoblock polymers of 2-hydroxyethyl methacrylate

(b) and atactic-syndiotactic stereogradient polymers 2-hydroxyethyl methacrylate (c). DMA, dimethylacetamide.
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simultaneous control of the molecular weight and tacticity of the
resulting PMMA.
For a hydroxyl-functionalized monomer, 2-hydroxylethyl metha-

crylate (HEMA), different dependences of the tacticity on the solvents
were observed.117 Whereas bulky fluoroalcohols resulted in a
decreased syndiotacticity (rrB50%) for this monomer, aprotic sol-
vents, such as dimethylformamide (DMF) and dimethylacetamide
(DMA), gave syndiotactic rich polymers (rrB80%). This can be
attributed to the pendent hydroxyl groups of the HEMA units,
which induced specific hydrogen-bonding interactions as indicated
by the 1H nuclear magnetic resonance spectroscopy analysis of the
mixtures of HEMA and the solvents. Another important finding is
that the ruthenium-Cp* catalyst also proved effective for living radical
polymerization of HEMA in various solvents, such as PhC(CF3)2OH,
DMF, DMA and MeOH, and to give polymers with controlled
molecular weights and various tacticities depending on the solvents.
This system can also be applicable for the synthesis of stereoblock
polymers by changing the solvents during the successive living radical
polymerizations. Thus, the Ru(Cp*)Cl(PPh3)2-catalyzed living radical
polymerization of HEMAwas first conducted in DMF to generate the
syndiotactic-rich poly(HEMA) with the dormant C–Cl terminal,
which was isolated by precipitation and used as a macroinitiator for
the second living radical polymerization of HEMA in PhC(CF3)2OH
to give the syndiotactic-atactic stereoblock poly(HEMA) (Figure 16).
Another novel well-defined polymer structure with a controlled

molecular weight and controlled stereochemistry is a stereogradient
polymer, in which the tacticity gradually changes along the polymer
backbone.121,122 For the well-defined synthesis of such specific struc-
tures, we proposed a strategy based on living radical copolymerization
of two monomers with different reactivities and different stereospe-
cificities (Figure 16).121 HEMA and silyloxy-protected HEMA
(SiHEMA) were chosen as the pair of monomers. The former has a
slightly higher reactivity than the latter, whereas the latter give a higher
syndiotacticity in a fluoroalcohol in a way similar to MMA, which
has no OH-pendent groups. Both monomers were polymerized
with Ru(Cp*)Cl(PPh3)2 in PhC(CF3)2OH, in which the former was
consumed about two times faster, to result in copolymers with
controlled molecular weights and narrow MWDs (Mw/MnB1.2).
As the polymerization proceeded, the Mn values increased linearly,
and the content of a less reactive monomer, SiHEMA, gradually
increased, indicating the formation of gradient copolymers of
HEMA and SiHEMA. Along with the gradual increase in the SiHEMA
content in the backbone, the syndiotacticity became similarly
higher. Subsequent hydrolysis of the silyl groups led to the stereo-
gradient homopoly(HEMA), in which the syndiotacticity gradually
increased.
Qiao and we further applied the ruthenium-catalyzed stereospecific

living radical polymerization for preparing star polymers with
syndiotactic rich PMMA arms.123 The syndiospecific living radical
polymerization of MMA was first carried out with Ru(Cp*)Cl(PPh3)2
in PhC(CF3)2OH to give the syndiotactic-rich PMMA with the
dormant C–Cl terminals. The isolated linear PMMA chain was then
linked together by Ru(Ind)Cl(PPh3)2 in the presence of ethylene glycol
dimethacrylate to result in star polymers with syndiotactic PMMA
arms in a high yield 495%. The polymers obtained had high and
controlled molecular weights (Mn¼218 000; Mw/Mn¼1.56) and
globular structures as indicated by the dynamic light scattering
and transmission electron microscopy analyses (Dh (hydrodynamic
diameter)¼15nm; DS (solid state diameter of the object cast from the
dilute solution)¼23nm). Upon the addition of the separately pre-
pared isotactic linear PMMA chains to the solution of the syndiotactic

PMMA arm star polymers, the size of the objects became larger via the
formation of stereocomplex polymer assemblies.

CONCLUSION

This review has described recent developments in metal-catalyzed
living radical polymerization, specifically focusing on our studies.
Since its discovery in 1994, metal-catalyzed living radical polymeriza-
tion or ATRP has been widely developed in terms of many aspects,
such as the catalytic systems, controllable monomers, various well-
defined polymer architectures and applications to hybrid materials by
combinations with various objects. The developments in the catalytic
systems enabled the precise synthesis of a wide variety of well-defined
polymer structures from various monomers, where the control has
become close to or nearly comparable to that of living ionic poly-
merizations. Although it is still inferior to the living anionic poly-
merization in terms of perfection, it has spread to many research areas
because of its wide applicability, accessibility of the reagents, easy
handling and robustness to impurities besides oxygen. The developing
research areas include any subjects associated with polymers, such
as organic, inorganic, physical, material, medicinal, medical and
industrial chemistries.
Despite extensive development, there are still unresolved problems

for metal-catalyzed living radical polymerization. From the viewpoint
of the catalytic systems, more active and versatile systems should be
constructed, especially for application to the industrial production of
the well-defined polymers, which will further enable more efficient
syntheses of various well-defined polymers for novel polymeric func-
tional materials. In addition to the control of the molecular weight,
more precise control in terms of the stereochemistry and monomer
sequence is another goal for radical polymerizations.
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