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laboratory-scale processes for polymer synthesis,
because of its tolerance to protic compounds such as
water, a high reaction rate, a polymerization tem-
perature usually higher than ambient, and other
advantages.! Unlike ionic reaction intermediates,
however, the growing radical species therein usually
suffers from bimolecular termination reactions such
as radical recombination and disproportionation
(Scheme 1). Radical polymerization had thus been
considered unsuitable for precision polymer synthe-
sis, in contrast to the ionic counterparts where the
growing species are inherently repulsive to each
other.
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Scheme 1. Elementary Reactions for Conventional
Radical Polymerization
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One of the most effective methods for precision
polymer synthesis is “living” polymerization, the first
example of which was discovered in the anionic
polymerization of styrene with sodium naphthalenide
in 1956.2 Living polymerization is free from side
reactions such as termination and chain transfer and
can thus generate polymers of well-defined architec-
tures and molecular weights, i.e., one polymer chain
per molecule of initiator. When the initiation is faster
than, or at least comparable in rate to, propagation,
the obtained polymers have narrow molecular weight
distributions (MWDs) where the ratio of weight-
average to number-average molecular weight (M,/
M) is around 1.1. In general, however, living anionic
polymerization was limited to nonpolar hydrocarbon
monomers such as styrenes and 1,3-dienes at first,
but has now been developed to polar monomers such
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as (meth)acrylates and other functional derivatives.3®
Similar proliferation has recently occurred in other
polymerizations, including cationic,”® coordination,*°
ring-opening,!! and ring-opening metathesis,*? for
which precise reaction control had been considered
difficult for some time. In this regard, living radical
polymerization has been among the most challenging
frontiers in precision polymer synthesis and polymer
chemistry.

B. Living Radical Polymerization

Given this rapid progress in precision polymeriza-
tion, living radical polymerization had been one of
the most difficult subjects. The difficulty primarily
stems from the inherent and “built-in” bimolecular
termination of the growing radicals, and the prevail-
ing consensus was (or still is) that it might not be
suppressed, though not impossible. Starting with the
pioneering works by Otsu et al. in the 1980s,'3%4
however, the number of studies on living radical
polymerizations started to mushroom, especially in
the 1990s. There are now numerous systems and pro-
posed methodologies for controlling radical polymer-
izations, even in comparison to some of the “classical”
anionic living polymerizations. Typical examples of
these systems are summarized in eqs 1-9.

At first glance, the examples vary clearly in mech-
anism or in chemicals to be employed, but impor-
tantly, the concept or the strategy for controlling
radical polymerization appears to be common, namely,
to lower the (instantaneous) concentration of a grow-
ing radical species by introducing a covalent dormant
species that exists predominantly over, and in fast
equilibrium with, the growth-active radical species.
Such a dynamic and rapid equilibrium not only
minimizes the extent or probability of the radical
bimolecular termination but also gives an equal
opportunity of propagation to all polymer (or dor-
mant) terminals via the frequent interconversion
between the active and the dormant species. These
features thus lead to nearly uniform chain length
(molecular weight) determined by the molar ratio of
monomers to the dormant species (or the initiator).
Another factor for consideration is the so-called
“persistent radical”,'® a relatively stable radical that
does not react with its own kind but does combine
with the growing end. Its importance has been
pointed out to be necessary for the control, as
reviewed by Fischer in this issue.

The covalent bonds for dormant species include
C—C (eqg 1),*617 C—S (eqgs 2 and 9),31418 C—Se (eq
3), C—-0 (egs 4 and 5),2°-?5 C—halogen (egs 6 and
8),%6-2%8 and C—metal (eq 7),% all of which can
reversibly and homolytically be activated into the
growing radical species by physical stimuli such as
heat or light or by chemical stimuli such as a metal
catalyst or another radical species. Although the
controllability, applicability, and reaction conditions
depend on which systems are employed, a wide
variety of vinyl monomers such as styrenes, meth-
acrylates, acrylates, dienes, and vinyl acetate can be
polymerized in a controlled fashion with the use of
these or similar systems. Among these, nitroxide-
mediated (eq 4)?°~?* and metal-catalyzed?”-?® systems
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(eq 6) have most extensively been studied, probably
due to the high controllability, the wide applicability,
and the relatively easy access to the catalysts and
other components to be employed.
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This review primarily covers the metal-catalyzed
living radical polymerizations. As will be discussed,
their advantages include dual control of the growing
end by the terminal halogen and the metal complex,
relatively low temperatures needed (60—100 °C), and
commercially available compounds used; among oth-
ers, the nitroxide-mediated living radical polymeri-
zation is reviewed in this issue by Hawker. Another
metal-mediated living radical polymerization is based
on carbon—metal bonds such as carbon—cobalt (eq
7)?° and others, which fall outside the scope of this
review, because the metals therein do not serve as
the catalysts. Some reviews on this topic are avail-
able,?%31 and it is closely related to catalytic chain
transfer®? reviewed by Gridnev and Ittel in a separate
paper herein.
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C. Overview of Metal-Catalyzed Living Radical
Polymerization

Metal-catalyzed living radical polymerization can
be traced back to metal-catalyzed radical addition
reactions to alkenes, sometimes collectively called
Kharasch or atom-transfer radical addition (ATRA)
reactions in organic chemistry (Scheme 2).22 Thus, a

Scheme 2. Metal-Catalyzed Radical Addition
Reaction (Kharasch Addition Reaction)
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radical species generated from an organic halide (R—
X, X = halogen) or a related compound in the
presence of a metal catalyst attacks an unsaturated
compound (e.g., CH,=CHR") to form an adduct (R—
CH;—CHR'—X) with a carbon—halogen bond. The
metal catalyst thus undergoes a reversible one-
electron redox reaction via abstraction of the halogen
from the reactant R—X, followed by a one-electron
reduction, i.e., release of the halogen now attached
to the oxidized metal back to the resulting radical
species (Re). The reaction therefore proceeds catalyti-
cally and in a chain reaction mechanism, with a high
chemo- and regioselectivity, to give the adduct in a
high and often quantitative yield, in sharp contrast
to other addition reactions via radical intermediates.
This is due to the controlled formation of the radical
intermediates via metal catalysis, although it is not
clear whether free radicals, metal-complexed radi-
cals, or organometallic intermediates are involved.
In any case, these features would lead to the follow-
ing hypothesis: i.e., if the carbon—halogen bond in
the adduct is successively activated by the metal
complex, a controlled radical polymerization will
similarly proceed via the metal-assisted repetitive
activation and formation of the carbon—halogen bond
(dormant species) at the polymer chain end.

This idea was indeed realized around 1994, which
is when we reported the first example, i.e., the living
polymerization of methyl methacrylate catalyzed by
a ruthenium(l1) complex coupled with carbon tetra-
chloride as the initiator.?” Shortly after this, an
independent report was published for a similar
system with styrene and a copper catalyst, which was
coined atom-transfer radical polymerization (ATRP)
after the predecessor in organic chemistry.?® In these
examples, however reminiscent to classical free radi-
cal polymerizations they might be, the number-
average molecular weights of the polymers increase
in direct proportion to monomer conversion and agree
well with the calculated values assuming that one
molecule of the halide initiator generates one polymer
chain. The molecular weight distributions (MWDs)
are as narrow as with the polydispersity (My/Mp)
below or close to 1.1, comparable to those in living
anionic polymerizations.

Kamigaito et al.

The metal-catalyzed living radical polymerization
thus proceeds (or at least is mostly considered to
proceed) via reversible activation of carbon—halogen
terminals by the metal complex, where the metal
center undergoes redox reactions via interaction with
the halogens at the polymer terminal, as shown in
Scheme 3. The reaction is usually initiated by the

Scheme 3. Metal-Catalyzed Living Radical
Polymerization
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activation (homolytic cleavage) of the carbon—halo-
gen bond in an appropriate organic halide (R—X) via
one-electron oxidation of the metal center (M"X,L,)
to form an initiating radical species (Re) and an
oxidized metal compound (M"1X,,11Lm). The Re reacts
with the halogen on the oxidized metal to regenerate
R—X or adds to the monomer to generate a radial
species [R—CH,—C(R)(R?)s]. It is sooner or later
transformed into the adduct [R—CH,—C(RY)(R?)—X]
of R—X and the monomer via abstraction of a halogen
atom from M"*1X.1L . The carbon—halogen bond of
the adduct is subsequently activated by the metal
complex, similarly to R—X, to result in a similar
carbon—halogen bond at the polymer terminal via a
repetitive set of the reactions. The key factors for
these reactions are the low concentration of the
radical intermediates at a given time and their fast
but reversible transformation into the dormant spe-
cies before undergoing successive addition to mono-
mers.

In this reaction, one polymer chain forms per
molecule of the organic halide (initiator), while the
metal complex serves as a catalyst or as an activator,
which catalytically activates, or homolytically cleaves,
the carbon—halogen terminal. Therefore, the initiat-
ing systems for the metal-catalyzed living radical
polymerization consist of an initiator and a metal
catalyst. The effective metal complexes include vari-
ous late transition metals such as ruthenium, copper,
iron, nickel, etc., while the initiators are haloesters,
(haloalkyl)benzenes, sulfonyl halides, etc. (see below).
They can control the polymerizations of various
monomers including methacrylates, acrylates, sty-
renes, etc., most of which are radically polymerizable
conjugated monomers. More detailed discussion will
be found in the following sections of this paper for
the scope and criteria of these components (initiators,
metal catalysts, monomers, etc.).

The metal-catalyzed living or controlled radical
polymerizations can apparently be distinguished
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from the conventional radical polymerization that
involves a metal-assisted formation of the initiating
radical species via irreversible redox processes, al-
though the initiating system for the latter also
consists of two components, a metal complex and an
organic halide.?435 In these examples, except for a
few, 3637 the control of molecular weights and MWDs
is generally difficult. The use of effective telomers can
also make the control of molecular weights better in
low molecular weight regions. However, the control-
lability is much better for the recently developed
systems with reversible activation. A few reviews
dealing with comparison between the new and the
old metal-catalyzed systems are also available.30:38

This review covers mainly the scientific literature
that has appeared in relevant journals until early
2001 concerning the metal-catalyzed (or atom-
transfer) living radical polymerization. The word
“living” employed here simply refers to polymeriza-
tions that provide control over the molecular weights,
the molecular weight distributions, and the chain end
reactivity as do other living polymerizations. Its
definition and use criteria, along with the word
“controlled”, are still under discussion and have
recently been discussed elsewhere.®® Thus, the dis-
cussion on the difference between these words is not
to be treated here.

The review roughly consists of two parts, the scope
and design of initiating systems followed by precision
polymer synthesis. The former will treat the scope
of metal catalysts, initiators, and monomers along
with polymerization mechanisms. The latter will
focus on the precision synthesis of various polymers
with controlled structures and interesting properties
or functions, such as block, end-functionalized, star,
and other architecturally well-defined polymers. Other
reviews are also available, comprehensive,34°~44 and
relatively short,*>~52 dealing with the recent develop-
ments of the field.

ll. Design of the Initiating Systems

The initiating systems for the metal-catalyzed
living radical polymerizations consist of a metal
complex (or catalyst) and an initiator; the former
allows the generation of radical species from the
latter or the dormant polymer terminal. The choice
of the metals and the initiators according to the
monomer structures is crucial for controlling radical
polymerizations. The rate and control of the polym-
erization can also be increased by the addition of
other compounds or by changing solvents. This first
part will deal with the design of the initiating
systems from the viewpoint of various components,
i.e., metal complex catalysts, initiators, monomers,
additives, and solvents, as well as the relevant
reaction mechanisms.

A. Transition-Metal Catalysts

One of the most important components in the
metal-catalyzed living radical polymerization is the
transition-metal complex. As a catalyst, the complex
induces reversible activation (homolytic cleavage) of

Chemical Reviews, 2001, Vol. 101, No. 12 3693

a dormant carbon—halogen bond at a polymer ter-
minal via a one-electron redox reaction of the metal
center. In this process, the metal center attacks the
halogen at the chain end and is oxidized via a single
electron transfer followed by halogen abstraction,
thus generating a growing radical species. Sooner or
later, the oxidized metal center donates the halogen
therein back to the radical growing species, along
with reduction of the metal center, before or after the
propagation reaction between the radical and mono-
mer. The lower oxidation state of the metal center
[e.g., Ru(ll)] should be more stable than its higher
counterpart [e.g., Ru(lll)] so as to establish an
extremely low concentration of the radical species as
well as a fast reversible reaction with the halogen.
This set of reactions, i.e., the activation/cleavage
of a carbon—halogen bond, the formation of a radical
species, the repetitive addition (propagation) of the
radical species to the monomer, and the regeneration
of the carbon—halogen bond, are called the Kharasch
or ATRA reactions. There are various metal com-
plexes active for these reactions, as have been utilized
in organic synthesis. Indeed, some of the metal
complexes active for living radical polymerization
were originally developed for the small-molecule
reactions, but along with the recent advances in
polymerization, new and more active complexes have
emerged, too. Although there are still no consistent
rules for designing catalysts, there have been several
papers dealing with the relationships between the
metal center, catalyst structure, or ligand and their
catalytic activities.>®> In general, it is suggested that
the catalytic activity increases with increasing elec-
tron density of the metal center or with decreasing
redox potential of the complex, because, upon the
onset of radical generation, the catalyst should give
one electron to the halide terminal. The following
sections will focus on the transition-metal catalysts
employed for living radical polymerization.

1. Ruthenium

This group 8 transition metal was one of the first
whose complexes [RuCl,(PPhs); etc., Ph = CgHs] were
demonstrated to induce living radical polymeriza-
tion.?” Among the various oxidation states of ruthe-
nium complexes (—2 to +6), the divalent form with
phosphine ligands has effectively been employed for
the metal-catalyzed living radical polymerization as
well as Kharasch addition reactions (Figure 1). The
dichloride RuCl,(PPh3); (Ru-1) was the first complex
employed for the metal-catalyzed living radical po-
lymerization of methyl methacrylate (MMA) in con-
junction with CCl, as an initiator in the presence of
a metal alkoxide such as MeAl(ODBP), (ODBP = 2,6-
di-tert-butylphenoxy) as an additive.?” In toluene at
60 °C, the polymerization proceeded homogeneously
to give polymers with molecular weights that were
controlled by the feed ratio of monomer to initiator
and relatively narrov MWDs (My/M,, ~ 1.3). The
radical nature of the polymerization was suggested
by inhibition of the polymerization on addition of a
radical scavenger or inhibitor such as galvinoxyl and
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO).?”5% The
tacticity of the polymers was similar to that prepared
in conventional radical systems.?’
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Figure 1. Ruthenium catalysts.

The ruthenium-catalyzed polymerization was fur-
ther improved by using CHCI,COPh and Al(O-i-Pr);
in place of CCl, and MeAl(ODBP),, respectively,
resulting in very narrowv MWDs (M,/M, = 1.1) of
poly(MMA).5¢ This complex can also be applicable for
styrene polymerization in conjunction with an iodo
initiator to give relatively narrow MWDs (M /M, ~
1.2).57 A similar PPhz-based ruthenium(ll) hydride
(Ru-2) is more active than the chloride Ru-1, thus
inducing faster polymerizations.%® The hydride com-
plex is still active at 30 °C to give polymers with
narrow MWDs (My/M, ~ 1.2). A ruthenium complex
with an ionic phosphine ligand (Ru-3), which is
soluble in water or methanol, catalyzes homogeneous
living radical polymerization of 2-hydroxyethyl meth-
acrylate (HEMA) in methanol;>® no protection of the
hydroxyl group is required for HEMA.

Among a series of the 18-electron half-metallocene-
type ruthenium complexes (Ru-4, Ru-5, and Ru-6),
the indenyl derivative Ru-5 led to the fastest living
radical polymerization of MMA.%° In this case, addi-
tives such as aluminum alkoxides are not necessary
for controlled polymerization. However, addition of
an amine such as n-Bu,NH dramatically increased
the rate to complete the polymerization in 5 h at 100
°C without broadening the MWDs.5!

Though less active, the Cp* complex Ru-6 is a
versatile catalyst, which enables living radical poly-
merizations of three different types of monomers, i.e.,
MMA, styrene, and methyl acrylate (MA), in conjunc-
tion with a chloride initiator and Al(O-i-Pr);. The
initiating system with Ru-6 gives controlled molec-
ular weights and narrow MWDs (M,/M, = 1.1-1.2)
for all the monomers in toluene at 80 °C without
changing the initiator and reaction conditions ac-
cording to the monomers.®? The catalytic activity of
these half-metallocene-type complexes increased in
the order Ru-4 < Ru-5 < Ru-6; namely, the lower the
redox potential of the complex, the faster the polym-
erization.>® Another half-metallocene-type ruthenium
complex with 16-electrons (Ru-7) is more active than
Ru-6, because the former has a vacant site that can
interact with a halogen at the polymer terminal
without release of phosphine ligand.®? A trispyrazolyl
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borate-based complex (Ru-8), isoelectronic to 18-
electron half-metallocene-type complexes, also in-
duced living radical polymerization of MMA either
with or without additives, where the rates and
molecular weights were not changed on addition of
Al(O-i-Pr)3.52

A series of p-cymene-based ruthenium dichloride
complexes (Ru-9) with various phosphines and re-
lated two-electron-donor ligands was synthesized and
used for the radical polymerizations of several mono-
mers as well as Kharasch addition reactions.%364
Controlled polymerizations were achieved with basic
and bulky phosphine or arsenic ligands (L = PCys,
P(i-Pr)g, P(C-C5H9)3, PPhCyz, AsCyg, Pcy2CHch2-
CH,C¢Hs). Among them, the tricyclohexylphosphine
complex (L = PCys) is most active and efficient in
giving well-controlled molecular weights and narrow
MWDs (My/M, ~ 1.1) for methacrylates.®® In con-
trast, less basic or less bulky phosphine-, pyridine-,
isocyanide-, and antimony-based ligands led to less
efficient and/or less controlled polymerizations. Simi-
lar complexes carrying benzene (Ru-10) or tetralin
(Ru-11) can also be employed; the activity decreased
in the order p-cymene > benzene > tetralin.®®

A complex with a bridged ligand with arene and
phosphine can be obtained via release of the p-
cymene ligand from Ru-9 (L = PCy,CH,CH,CH,CsHs)
on heating to 120 °C, but it was significantly less
active than the precursor Ru-9 (L = PCy,CH,CH,-
CH,C¢Hs), which induces efficient living radical po-
lymerization.®® The activation process of these arene-
based 18-electron complexes is thus release of arene
ligands, which results in active and coordinatedly
unsaturated 12-electron complexes.

A series of so-called Grubbs ruthenium—carbene
complexes (Ru-12) can mediate living radical polym-
erization of MMA and styrene to afford controlled
polymers with narrow MWDs (M/Mp = 1.2).6366 The
polymerization apparently proceeds via a radical
mechanism, as suggested by the inhibition with
galvinoxyl. For example, a novel ruthenium—carbene
complex (Ru-13) carries a bromoisobutyrate group
and can thus not only initiate but also catalyze living
radical polymerization of MMA without an initiator.5”
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The complex is also active in ring-opening metathesis
polymerization of 1,5-cyclooctadiene (COD), where
the ruthenium—carbene bond is now the initiating
point. Therefore, a mixture of MMA and COD un-
dergoes a dual or tandem living polymerization of
both monomers to generate block copolymers of COD
and MMA, which can be converted into ethylene-
block-MMA copolymers on subsequent hydrogena-
tion, also catalyzed by the complex.

Ruthenium—carborane 14-electron complexes were
investigated as catalysts for the radical reactions, and
among them, a hydride complex (Ru-14) proved
effective in giving narrow MWDs (M/M,, ~ 1.2) and
controlled molecular weights without additives in the
MMA polymerizations.®® A binuclear azo-bridged
complex with nitrogen ligands (Ru-15) can be em-
ployed for MMA polymerization with CCl,; as an
initiator to give polymers with relatively narrow
MWDs (My/M,, = 1.4—1.6).5°

2. lron

As with ruthenium, iron belongs to the group 8
series of elements and can similarly take various
oxidation states (—2 to +4), among which Fe(Il), Fe-
(1), and Fe(0) species have been reported to be active
in Kharasch addition reactions.2? For metal-catalyzed
living radical polymerizations, several Fe(ll) and Fe-
(1) complexes have thus far been employed and
proved more active than the Ru(ll) counterparts in
most cases (Figure 2). The iron-based systems are
attractive due to the low price and the nontoxic
nature of iron.

FeCl,(PPhs), (Fe-1) was first employed for the
metal-catalyzed living radical polymerization of MMA
in conjunction with a chloride or a bromide initiator,
and the rate of the polymerization is faster than with
RuCl,(PPhs)s.7° The polymerization with Fe-1 cata-
lyst was best controlled when coupled with CH;C-
(CO,C,Hs),Br as an initiator without additives in
toluene at 80 °C (MyW/M,, = 1.1—1.3). A similar fast
living polymerization of styrene and MMA can be
achieved with an iron complex and a higher electron-
donating ligand such as imidazolydene (Fe-2) in
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conjunction with a bromide initiator to result in
narrow MWDs (M,/M, = 1.1-1.3).”* Addition of
FeCl; slowed the polymerization but narrowed the
MWDs further (My/M, = 1.1).

The use of Cp or Cp*-based ligands is also benefi-
cial for the iron-based systems in controlling radical
polymerization. For instance, FeCpl(CO), (Fe-3, X =
I) induced a living radical polymerization of styrene
in conjunction with an iodide initiator [(CHS3).C-
(CO.C,H5)I1] in the presence of Ti(O-i-Pr)4 to give very
narrow MWDs (M,/M, = 1.1) and controlled molec-
ular weights.”? The rate was increased with the use
of the corresponding bromide, while the MWD was
narrowed by replacement of Cp with Cp*.”® A faster
and controlled polymerization was possible with
dinuclear Fe(l) complexes (Fe-5 and Fe-6) in the
absence of metal alkoxides.

Mixtures of iron(ll) halides (FeBr, and FeCl,) and
ligands were also employed for living radical polym-
erization. Similar controlled radical polymerizations
of MMA and styrene were achieved with FeBr; and
nitrogen- and phosphine-based ligands such as
n-BuzN, n-BuzP, and 4,4'-bis(5-nonyl)-2,2'-bipyri-
dine.”* Halide anions derived from ammonium or
phosphonium salts [n-Bu;NX (X = CI, Br, 1) and
n-BusPBr] were also available as ligands for FeBr,
to mediate controlled polymerizations of styrene,
MMA, and MA, although the systems were hetero-
geneous.” In search of less toxic ligands, dicarboxylic
acids [NH(COzH)z, C6H4-1,3'(C02H)2, and HOzCCHz'
CH,CO,H]"®"7° and acetic acid’® were used for FeCl,,
and the resulting complexes induced controlled po-
lymerizations of MMA and styrene to give relatively
broad MWDs (M/M, = 1.3—1.8).

Fe(111) species can also be employed in a so-called
reverse or alternative atom-transfer radical polym-
erization (section 11.B.9). A mixture of FeCl; and PPh;
can mediate a controlled polymerization of MMA in
the presence of AIBN to give similarly narrow MWDs
(MyW/M;, = 1.1-1.3).80 An ammonium halide such as
n-BusNBr can be employed in place of PPh; as a
ligand for FeBrz in the AIBN-initiated radical po-
lymerization.”™

3. Copper

Copper catalysts have been extensively employed
for the metal-catalyzed living or controlled radical
polymerizations. Most of the polymerizations are
conducted by a mixture of copper(l) bromide or
chloride and a nitrogen-based ligand (Figure 3), and
in select examples by isolated complexes (Figure 4).
A wide variety of nitrogen ligands have been searched
and employed (Figure 3), and they can be classified
into bidentate (L-1 to L-17, e.g., bipyridines, pyri-
dinimines, diamines), tridentate (L-18 to L-26), quad-
ridentate (L-27 to L-33), and formaly hexadentate
(L-34). An overview of some of these ligands has been
described in recent papers.>*8 The following gives
specific examples of these ligands, though no system-
atic relationship has been established between their
activity or utility and structures. However, quite
recent papers deal with the relationships between the
structure and the activity for several ligands.8283

The Cu(l)-based initiating system was first re-
ported for styrene polymerization by Wang and
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Matyjaszewski and has subsequently been applied
to a wide range of monomers. The first system
consists of CuCl and 2,2'-bipyridine (L-1) ligand,
coupled with 1-phenylethyl chloride as an initiator.?8
Though a heterogeneous system, the polymers had
controlled M,, in direct proportion to monomer con-
version up to 100000 amu, and narrow MWDs (M,,/
M, < 1.5). The Cu(l)/L-1 system also proved effective
for other monomers such as MA. The use of CuBr
and a bromide initiator narrows the MWDs of poly-
styrene and poly(MA) (M\/M, ~ 1.1), while broader
MWDs (M,/M, =~ 1.4) were obtained for poly(MMA).8

In an effort to solubilize the catalyst, long-chain
alkyl groups on the 4,4'-positions of bipyridine were
introduced. Typical ligands in this line include L-2,
L-3, and L-4. Homogeneous polymerizations have
been achieved with L-3% and L-4% independently and
almost simultaneously by two research groups. The
polymerizations proceeded faster than the heteroge-
neous ones to give polystyrene of very narrow MWDs
(Mw/Mp = 1.05). A longer alkyl chain substituent (L-
5) is similarly efficient.®” Alternatively, homogeneous
polymerization of styrene can be achieved even with
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the CuBr/L-1 system by adding 10% DMF, while the
MWDs were relatively broad (M,/M, = 1.4—1.8).88

A difficulty in isolation and clarification of the
active Cu(l)—bipyridine complexes was overcome
with the use of a silyl-containing bipyridyl ligand (L-
6), which generates an ionic complex (Cu-1) on
mixing with an equimolar amount of CuBr.8%% The
complex as well as an equimolar mixture of CuBr and
L-6 showed levels of control similar those with L-3
and CuBr. An active Cu(l) species with bipyridine-
type ligands presumably has a tetrahedral 18-
electron species, as suggested for the similar com-
plexes isolated after the polymerization of MA with
|__4_9l,92

A Cu(ll) complex with a bipyridine-type ligand (Cu-
4) is effective in the controlled polymerization of
styrene and acrylates in the presence of Al(O-i-Pr)s,
which most probably serves as a reducing agent of
Cu(Il) into Cu(l).%3°%* A fluoroalkyl-substituted bipy-
ridine ligand (L-7) was also employed in supercritical
carbon dioxide for the polymerization of fluorinated
acrylates and methacrylates.®> Similar pyridine-
based bidentate ligands, 1,10-phenanthroline and its
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derivatives (L-8, R = H, Ph), were also used for
CuCl,%:97 CuBr,* and Cu(0)*° in controlled polymer-
izations of styrene and MMA. A homogeneous po-
lymerization of styrene proceeds with the diphenyl-
substituted ligand (L-8, R = Ph) with CuCl in 1,2-
dimethoxybenzene to afford better controlled polymers
than L-4 does under the same conditions.®® A pre-
formed and isolated complex (Cu-2) induced a similar
controlled polymerization of styrene although the
mixture was heterogeneous with the unsubstituted
phenanthroline.%

A series of Schiff-base or pyridinimine-type biden-
tate ligands (L-9) has been efficiently used for the
homogeneous living radical polymerization of meth-
acrylates (My/M,, = 1.1-1.2) with CuBr and a bro-
mide initiator in nonpolar solvents such as toluene
and p-xylene.1%0-102 These ligands can therefore
clearly differ from bipyridines, which need some
special solvent such as ethers for controlling poly-
merizations of methacrylates (section I1.E.1). How-
ever, an active Cu(l) species has a similar tetrahedral
structure, as suggested by an isolated Cu(l) complex
with tetrafluoroborate anion.’® The solubility de-
pends on the alkyl substituents (R), and homogeneity
can be achieved with alkyl chains longer than n-Bu
at 90 °C. The rate increases on going from R = Et to
R = n-Pr; however, no increase was observed with
longer alkyl chains. Slower and less controlled poly-
merizations occurred when branching was introduced
into the a-position of the side chain (L-10).19?2 A
similar ligand, diazabutadiene or diimine, which has
no pyridine moiety, does not induce controlled po-
lymerization most probably due to the high stability
of Cu(l) complexes with regard to oxidation.%?2 The
catalysts prepared in situ by the addition of ligands
L-9 to CuBr prior to the polymerizations are similarly
effective.10t
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Possible control of stereochemistry was investi-
gated with the use of chiral Schiff bases L-11 (R =
Ph, Cy) as ligands or their recrystallized catalyst
Cu-3 in the polymerizations of MMA with a bromide
initiator in xylene at 90 °C.1% Unfortunately, the
tacticity of the polymers is not different from that in
conventional polymerizations, while control of mo-
lecular weights was achieved.

Styrene polymerization was investigated with some
pyridinimine ligands. Homogeneous living polymer-
izations can be achieved with L-9 (R = n-Oct) in
xylene'® and with L-12 in the bulk,'% both with a
bromide initiator and CuBr, where the former gave
narrower MWDs than the latter (M,/M, = 1.2 and
1.5-1.8, respectively). L-9 (R = n-Oct) is also ap-
plicable for MA polymerization to give relatively
narrow MWDs.8!

Catalyst removal is efficient with the use of a
polyethylene-segmented pyridinimine ligand (L-13)
in the polymerization of MMA with CuBr.1%¢ A
similar ligand, 2-(2'-pyridyl)-4,5-dihydroxyloxazole
(L-14), is employed for CuCl-mediated polymeriza-
tions of methacrylates.%”

Diamine compounds such as L-15 coordinate to
copper species, but their use for MA, MMA, and
styrene results in slower polymerizations and broader
MWDs (My/M, = 1.3—2.5) than those with bipyri-
dine-based bidentate ligands.?'1% An increase of the
number of amine linkages and bulkier substituents
further broadened the MWDs.8 Sparteine (L-16), a
bicyclic diamine, was found to be an efficient ligand
for homogeneous living radical polymerization of
styrene and MMA with CuBr and CuCl, respectively,
to give better-controlled polymers (My/M, = 1.1—
1.3).1%° A diamine with an ether moiety (L-17) was
also employed in a CuCl-based system.10

Tridentate nitrogen ligands form 1:1 uncharged
complexes with copper, in contrast to bidentate
ligands that form tetrahedral ionic complexes.8! Well-
controlled polymers of styrene and MA are obtained
with a substituted terpyridine (L-18), whereas the
unsubstituted derivative induced a heterogeneous
and uncontrolled polymerization.** A similar con-
trolled polymerization of styrene was reported for a
substituted terpyridine-based complex of Cu(ll) (Cu-
5) coupled with Al(O-i-Pr);.1*? A tridentate ligand
with two pyridines and one amine (L-19) gave narrow
MWDs for styrene, MA, and MMA (M,,/M, = 1.1—
1.4), although the M, values for PMMA were slightly
higher than the calculated values.*'® Another triden-
tate ligand (L-20) with two pyridines and one imine
was effective for styrene and MA.8! A ligand (L-21)
with one pyridine moiety gave narrow MWDs of
styrene.8! Diiminopyridine L-22 can be employed for
controlled radical polymerizations of MMA (M/Mpy
< 1.3), while diaminopyridine L-23 is effective for MA
and styrene (My/M, < 1.3).114

A substituted linear triamine (L-24) is effective for
three types of monomers, styrene, MA, and MMA, to
give relatively narrov MWDs (My/M, = 1.1-1.4),
where the polymerizations of styrene and MA are
faster than those with L-1.1%8 A cyclic triamine (L-
25) with ethylene linkers is similarly effective.8 A
perfluoroalkyl-substituted triamine (L-26) is useful
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in living radical polymerization of MMA under fluo-
rous biphasic conditions, where the reaction mixtures
were homogeneous under the reaction conditions but
were heterogeneous under the workup conditions.'®
The obtained polymers had narrow MWDs, and the
catalysts can be reused at least twice without a
significant loss of activity.

Ligands with four nitrogen-based coordinating sites
were also studied by several researchers. A series of
ligands with two pyridine and two amine parts (L-
27 and L-28) were employed for MMA in conjunction
with CuBr and a bromide initiator to lead to con-
trolled polymerization (My/M, = 1.1-1.4) in the
presence of Cu(0).1% Slower polymerizations occurred
with fluorinated derivatives. Some isolated Cu(ll)
complexes (Cu-6) were effective in the presence of Cu-
(0), similar to the Cu(l) catalysts preformed in situ.
No changes in tacticity were observed even with the
use of chiral ligands (L-28). A linear quadridentate
amine (L-29) was effective similarly to a tridentate
amine (L-24) to induce fast controlled polymeriza-
tions of styrene, MA, and MMA.1%® A cyclic quadri-
dentate amine (L-30) afforded broad MWDs but
induced fast and quantitative polymerizations of
N,N-dimethylacrylamide.'*” Controlled polymeriza-
tions of styrene and acrylates are achieved with
tripodal ligands such as L-31'® and L-32,%18119 where
very fast living polymerizations of acrylates pro-
ceeded to reach 80% conversion within 3 h even at
22 °C with L-32. A tripodal ligand with ester sub-
stituents (L-33) was effectively employed for 2-(dim-
ethylamino)ethyl methacrylate.’?® A multidentate
ligand with six possible coordination sites (L-34) was
reported for MMA in THF or in y-butyrolactone.!?!

Copper(l) salts other than bromides and chlorides
were also employed as catalysts coupled with nitrogen-
based ligands (Figure 5). These salts seem to acceler-
ate polymerization due to the formation of unbridged
monomeric and highly active Cu(l) species, whereas
copper(l) halides generally form bridged dimeric
complexes in organic solution. However, in most
cases, broadening of the MWDs originates from the
rate of polymerization being faster than generation
of dormant species (deactivation of the radical spe-
cies), as well as irreversible termination via transfer
of halogens from a polymer terminal to the complex,
i.e., the formation of copper halides. Copper(l) triflate
[Cu(OTf), Tf = CF3S0O,], generated from Cu(OTf), and
Cu(0) in situ, induced faster polymerizations of MA
and styrene in the presence of L-24.122 A much faster
polymerization of MA was attained with CuPFg/L-4,
where the apparent polymerization rate constant is
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40 times greater than that with CuBr, to give
controlled molecular weights but broader MWDs (M,/
M, = 1.4—1.6).1% Copper(l) carboxylates such as Cu-
(OAc) and Cu(2-thiophenecarboxylate) with L-4 also
led to faster polymerizations of styrene but broader
MWDs.'?* Addition of copper(l) or copper(ll) halide
was effective in improving the controllability for My
and MWDs without deceleration. With a sulfonyl
chloride as initiator, CuSCN leads to a polymeriza-
tion of MMA faster than copper halides do; however,
the less active C—SCN terminal accumulates via a
ligand exchange reaction.'?®

Dicopper chalcogens induced controlled polymer-
izations of MMA and n-butyl methacrylate (nBMA),
where the rate increased in the order Cu,O < Cu,S
< CuzSe < (CuCl <) Cu,Te, in the presence of L-1 or
L-4 with a sulfonyl chloride initiator. The poly-
mers had controlled molecular weights and MWDs
(Mw/M,, = 1.1-1.2) at high conversions (>80%).126:127
There was an induction period, which decreased in
the order Cu,O > Cu,S > Cu,Se > Cu,Te. These
copper salts are converted presumably into reactive
and soluble CuCl complexes via the reaction with the
chlorine in the initiator during the induction period,
although the mechanism has not been established
yet. Organocopper species such as CuSPh are also
effective in the controlled polymerizations of MMA
in the presence of L-1 and a sulfonyl chloride, where
the rate increased in the order CuC=CPh < CuSPh
< (CuCl <) CuSBu.'?8 Similar ligand exchange reac-
tions occur with these systems to form CuCl and
result in low initiation efficiency especially at the
high concentrations of organocoppers employed.

Metallic copper, Cu(0), can also be employed for
controlled radical polymerization in the absence or
presence of copper(l1) or copper(l) halides.*?6:12% Cu-
(0) is most probably converted in situ into an active
Cu(l) species via abstraction of halogen from the
initiator and the polymer terminal or from added
copper(l1) or copper(l) halides. The use of Cu(0) as
an accelerator or reducing agent of Cu(l1) species will
be discussed later (section 11.D).

Cu(ll) species such as CuS and CuSe can induce
controlled polymerizations, the rate of which is
decreased when compared with their Cu(l) counter-
parts (Cu,S and Cu,Se).*?” These Cu(ll) species are
presumably converted into copper(l) halides via a
ligand exchange reaction with the initiator or poly-
mer chain end similarly to Cu,S and Cu,Se. Copper-
(I1) halides such as CuCl, and CuBr; per se are not
active but can be converted into active copper(l)
halides by combination with a conventional radical
initiator such as AIBN.130.131 This system is some-
times called a reverse or alternative atom-transfer
radical polymerization, which will also be discussed
later (section 11.B.9).

4. Nickel

Among the various oxidation states of nickel (0—
1V), Ni(Il) and Ni(0) are the most stable. There have
been only a limited number of examples of nickel-
catalyzed Kharasch addition reactions, in contrast to
those of ruthenium, iron, and copper, probably be-
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cause nickel easily undergoes oxidative addition and
reductive elimination, which accompanies a two-
valence change in its oxidation state rather than the
one-electron redox cycle as required in the radical
addition processes. However, several Ni(ll) and Ni-
(0) complexes with selected ligands can act as ef-
ficient catalysts for living radical polymerizations via
a one-electron redox cycle, especially when coupled
with bromide initiators (Figure 6). The activity of
nickel complexes thus far developed is relatively mild
in contrast to that of more active Ru(ll) and Cu(l)
complexes.

A Ni(ll) complex with a bis-ortho-chelating nitro-
gen ligand (Ni-1) was successfully employed for the
living radical polymerization of methacrylates with
CCly or (CH3),C(CO,C,Hs)Br as an initiator.’32 The
polymerization proceeded homogeneously and reached
80% conversion in about 1 day at 80 °C to give
polymers with narrov MWDs (My/M, = 1.1-1.2),
although the initiation efficiency was lower (less =
0.8). The radical nature of the polymerizations was
suggested by the effects of radical inhibitors such as
galvinoxyl and also by the tacticity of the polymers.

A phosphine-based nickel(l1) bromide complex (Ni-
2) also induces living radical polymerization of MMA
specifically when coupled with a bromide initiator in
the presence of Al(O-i-Pr); as an additive in toluene
at 60 and 80 °C.1* The reaction rates and the effects
of radical inhibitors are similar to those with Ni-1,
whereas chloride initiators are not effective in reac-
tion control. Additives are not necessary when the
polymerization is carried out in the bulk or at high
concentrations of monomer, either methacrylate or
n-butyl acrylate (nBA).*** An alkylphosphine complex
(Ni-3) is thermally more stable and can be employed
for MMA, MA, and nBA in a wide range of temper-
atures (60—120 °C) without additives.'3® A fast po-
lymerization proceeds at 120 °C to reach 90% con-
version in 2.5 h. A zerovalent nickel complex (Ni-4)
is another class of catalyst for living radical polym-
erization of MMA in conjunction with a bromide
initiator and AI(O-i-Pr); to afford polymers with
narrow MWDs (My/M, = 1.2—1.4) and controlled
molecular weights.'®¢ The Ni(0) activity is similar to
that of Ni(Il) complexes whereas the controllability
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is inferior. Mechanistically, the role of the zerovalent
complex apparently needs further clarification.

5. Palladium

Palladium belongs to the group 10 elements, and
as with nickel, it forms stable Pd(0) and Pd(ll)
complexes. The use of such complexes (Pd-1 and Pd-
2) has been reported for the polymerization of MMA
with CCly initiator in toluene at 70 °C.*%” The activity
is moderate (conversion 70—80% in 24 h), similar to
that of the nickel complexes. The M, increased in
direct proportion to monomer conversion, while the
MWD was broader (My/M, ~ 1.8). In contrast,
polymerizations of styrene and acrylates were not
controlled with Pd catalysts.

6. Rhodium

Among possible oxidation states of rhodium rang-
ing from +4 to —3, the most common are +1 and +3.
One of the most famous Rh(l) complexes(Rh-1), the
so-called Wilkinson catalyst, widely used for hydro-
genation, was investigated for living radical polym-
erization by several researchers. The chloride com-
plex Rh-1 (X = CI) was first examined for styrene in
the bulk at 130 °C coupled with sulfonyl chloride as
an initiator.®® The obtained polymers had broader
MWDs (M,/M, = 1.7) than those with the ruthenium
or copper catalysts. In contrast, it induced faster
polymerizations of MMA in the presence of CCl, or
CHCI,COPh in THF or in a mixture of THF and
water at 60 °C, where conversion reached 90% in 4
h in the latter medium to give PMMA with a slight
reduction in the MWDs (M./M, = 1.3—1.7).1%8 The
effects of galvinoxyl and the tacticity of PMMA are
again in agreement with the radical nature of the
polymerization. A bromide complex (Rh-1, X = Br)
in conjunction with a bromide initiator afforded
PMMA with narrower MWDs (M,/M, = 1.3).1%

In another example, the novel Rh(l) complex Rh-2
was employed with CCl, for MMA and styrene bulk
polymerizations at 60 °C, which reached 90% conver-
sion in 14 h.**® The MWD of PMMA was narrower
than that of polystyrene (My/M, = 1.43 vs 2.08),
while the initiation efficiency was very low in both
cases.

7. Rhenium

Rhenium belongs to the group 7 elements, which,
in general, display the characteristics of early and
late transition metals. It can take a wide range of
oxidation states and give stable high-valent com-
plexes as do group 8—10 metals. A rhenium(V) iodide
complex (Re-1) induced efficient living radical poly-
merizations of styrene coupled with an iodide initia-
tor and Al(O-i-Pr); over a wide range of temperatures
between 30 and 100 °C.**! Conversion reached 90%
within 6 h at 100 °C, and its catalytic activity for
styrene is higher than that of Ru-1. The MWDs
became narrower with decreasing temperature (M,/
M, = 1.2—1.5). The radical nature of the polymeri-
zation was suggested by inhibition of the polymeri-
zation by TEMPO. However, the terminal iodide
group was not converted into the nitroxyl group, most
probably due to a low concentration of radical species
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as well as deactivation of the Re(V) complex via
interaction with TEMPO. The system can equally be
employed for acrylate polymerizations, although the
MWDs are broader (My/M, = 1.6—1.8).142

There is also a report on the use of a Re(l) complex
(Re-2) in 1,2-dichloroethane at 50 °C, where the
increase of molecular weights with conversion was
observed in the MMA polymerization.**® Due to the
absence of initiator, the solvent presumably serves
as a supplier of the initiating radical species. The
radical nature of the polymerization was suggested
from the copolymerization behavior of MMA and
styrene.

8. Molybdenum

A group 6 metal complex can be a candidate as a
catalyst for radical polymerization because of its
variable oxidation states, despite its sensitivity to air
and protic compounds. A lithium molybdate(V) com-
plex (Mo-1) can polymerize styrene in conjunction
with benzyl chloride in toluene at 80 °C to yield
polystyrene with relatively broad MWDs (M/M,, =
1.5—1.7). The initiation efficiency was low (~10%),
and decomposition of the complex was observed.

9. Immobilized Catalysts

Immobilized catalysts have been studied in metal-
catalyzed living radical polymerization for, in part,
easy removal of the catalysts from the products. In
most examples, the catalytic metal centers are at-
tached to solid supports, such as silica gel and
polystyrene beads, via spacers and/or coordinating
ligands (Figure 7). The central metals thus far
employed include copper and ruthenium.

Cl’CHa H H
i = QT N,
Si0, OCH;, polystyrene
SL-1 SL-2

PO S &

H

N
polystyrene
SL-3 SL-4 :d}

Q___N//_(Q Q/\/\NHz
Si0, SiO,
polystyrene

SL-5 SL-6

Figure 7. Ligands for immobilized catalysts.

polystyrene

Several silica-based materials such as silica gels,
silica powder, and fumed silica (Aerosil) were em-
ployed as supports for CuBr by modification of their
surface as in SL-1.1% Thus, for instance, bulk polym-
erization of styrene was investigated but resulted in
polymers of uncontrolled molecular weights and
broad MWDs (My/M, = 2—10) due to the slow
deactivation or initiation of the growing radical
species relative to propagation. Organic polymer-
supported ligands on a cross-linked polystyrene
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(Merrifield resin) such as SL-2 and SL-3 also resulted
in uncontrolled polymerizations of acrylates, meth-
acrylates, and styrene. A better control can be
achieved with the use of SL-4 for a mixture of CuBr,
and CuBr in the polymerization of MA, where the
molecular weights became closer to the calculated
values, and the MWDs became narrower (M/M, =
1.6—2.0).1% The residual copper in the reaction
mixture was estimated about 3% of the initial amount,
which indicates that the metal was effectively bound
to the resin.

The use of another supported ligand such as SL-5
on silica gels and polystyrene resins induced con-
trolled radical polymerization of MMA, resulting in
narrower MWDs (M,/M, = 1.5—-1.6), although the
molecular weights were higher than the calculated
values.'6147 Block copolymerization and the reuse of
the catalysts have also been achieved. Physically
adsorbed catalysts obtained by mixing silica gels or
amino-functionalized silica gels with CuBr in the
presence of free ligands gave narrower MWDs (M,/
M, = 1.3—1.4) but resulted in coloring of the solution
due to free copper complexes.

A ruthenium complex (Ru-1) can also be supported
on a silica gel such as SL-6.1* The ruthenium-
catalyzed MMA polymerization gave controlled mo-
lecular weights, closer to the calculated values, and
narrow MWDs (My/M, = 1.5—1.7). Block copolymer-
ization as well as the reuse of the catalysts is
possible. The polymerization was faster in the pres-
ence of SL-6 than in the absence, most probably due
to the effects of amines as additives as will be
discussed below (section 11.D). The residual ruthe-
nium in the reaction mixture was estimated to be
about 10% of the initial feed.

A similar, physically bound CuBr catalyst on a
silica gel support (L-29) was also employed for MMA
polymerization.?*® The polymers had narrow MWDs
(Mw/M;, & 1.3), but the molecular weights were higher
than the calculated values. The recycled catalysts
have a lower activity but lead to better control of
molecular weights; i.e., the M, agreed well with the
calculated values, and the MWDs were narrower (M,/
M, ~ 1.2). The physically supported catalysts were
further employed for the synthesis of end-function-
alized polymers.'®® When physically supported silica
gel catalysts are packed into a continuous column
reactor, a controlled polymerization is possible.t!

In contrast, unsupported catalysts can be removed
by precipitation of polymers,*52 passing through an
alumina column,'®2 or using an absorbant,?” but
complete removal is difficult. The use of ion-exchange
resins was investigated and seems more practical .53
Another efficient method for catalyst removal is to
use special ligands or catalysts such as L-26'1®> and
Ru-3,%° which can be removed with the use of fluoro
solvents and water, respectively. lonic liquid can also
be employed for catalyst removal (section I1.E.5).

B. Initiators

The role of the initiator in metal-catalyzed living
radical polymerization is to form an initiating radical
species via homolytic cleavage of its labile bond such
as C—halogen by the metal catalysts. In most cases,



Metal-Catalyzed Living Radical Polymerization

CCl, CHCly GF4CCly CHyCCly CgHysCCl;  GF,GICH,CClg

1-1 -2 -3 -4 -5
CCl,Br
-7

F(CFa)sl F(CFp)s CHis

1-8 19 1-10
CH,=CH—CH,—X
(X=Cl, B
I-11
@—cm—x CH;—CH—X Cl—CH-CI
(x=Cl,Bn @ CH-CI
112 (X =Ci, Br, 1) @
113 115
1-14
gHa
CCliCOGH;  CI=CH=CI CHy=C—Br
i-16 c=0 Cc=0
117 118

Figure 8. Organic halide initiators.

the dissociated halogen or its equivalent is subse-
quently reattached to the propagating radical chain
end to give a dormant species. The initiator is thus
chosen so that the initiation occurs fast and is
guantitative, with the dormant polymer chain end
being stable during the polymerization. This means
that the initiator should be carefully selected in
accordance with the structure and reactivity of the
monomers and metal complexes.

Most of the initiators thus far successfully em-
ployed are organic halides with a potentially active
carbon—halogen bond, which can easily generate a
radical species through electronic and steric effects
of their substituents (Figure 8). These organic halides
therefore possess surplus halogens or conjugated
substituents such as allyl, aryl, carbonyl, and cyano
groups for stabilization of the generated radical
species by the inductive and/or resonance effects.
However, in some cases, an extensive stabilization
of the initiating radical may disturb its addition to
the monomer and thus result in slow initiation, which
causes uncontrolled molecular weights and/or broad
MWDs. An organic halide, the structure of which is
similar to that of the dormant chain end of the
polymer, is preferentially used so that the activity
of the carbon—halogen bond in the initiator is similar
to that of the dormant polymer terminal.

Halogens (X) in the initiators (R—X) include chlo-
rine, bromine, and iodine, where the reactivity of the
C—X bond increases in the order Cl < Br < I, but
the stability of the C—X bond decreases vice versa.
Chlorides and bromides have thus been widely
employed.

The following summarizes various initiators in
terms of their structures, focusing on available
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monomers and metal complexes. There have been
some papers discussing various halide initiators in
the metal-catalyzed living polymerization.154155

1. Haloalkanes

Carbon tetrachloride (I-1) was the first initiator
employed for the metal-catalyzed living radical po-
lymerization of MMA in conjunction with Ru-1.2 The
M, values increase with conversion and are controlled
by the molar ratio of monomer to initiator. They
agree with the calculated values assuming that one
molecule of CCl, generates one living polymer chain,
but become smaller at the later stages of the poly-
merizations. Despite CCl, being a chain-transfer
agent or a telomer in free radical polymerization, no
evidence is found to suggest such reactivity in the
metal-mediated processes; the initiator is quantita-
tively consumed during the early stages. A similar
result was also obtained in the Cu(l)-catalyzed MMA
polymerizations.t56:157

Another possible problem is that such polyhalogen
compounds may act as multifunctional initiators to
give telechelic or star polymers. The initiating moiety
thus involved midchain (---CCl,---) may also induce
side reactions, and in fact the lower M, at the latter
stages of the polymerizations of MMA is due to the
generation of new polymer chains via chain trans-
fer.t>6 CCl, can be also employed for other metal
complexes such as Fe,”® Ni,'3? Pd,3” and Rh138140 gg
well as other monomers such as styrene® to give
well-controlled molecular weights and relatively nar-
row MWDs (My/M, = 1.3).

A series of 1,1,1-trichloroalkanes (I-2 to 1-6) were
examined as initiators for the Cu(l)-catalyzed poly-
merizations of styrene,'*® MMA,%¢ and MA.*%6 These
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polychloroalkanes are efficient initiators to give
controlled molecular weights and narrow MWDs (M,,/
M, = 1.1-1.7; narrowness depending on the initia-
tors and monomers), with most of them serving as
bifunctional initiators. In contrast, CHCI; (1-2) is not
a good initiator in the Ru-1-based system probably
due to the low activity or the high redox potential of
the ruthenium complex relative to the copper cata-
lyst.'54 1,1-Dichloroalkanes such as CH,Cl, and CHs-
CCI,CHj; and monochloroalkanes such as C,HoCl are
totally inactive with Cu(l) and Ru(ll) complexes.84154156

A haloalkane with mixed halogens (I-7) led to living
polymerization of methacrylates, acrylates, and acryl-
amides when coupled with ruthenium and nickel
complexes. 133135159160 The weak C—Br bond is pref-
erentially activated, while multifunctional initiation
is possible. However, CCIl3;Br is the initiator of choice
if obtaining narrow MWDs is desired without paying
attention to monomer structures.

The use of perfluoroalkyl iodides 1-8 and 1-9 and
iodoform (I-10) was also studied in the Ru(ll)- and
Cu(l)-based systems for styrene and MA.5714? Fine
control of molecular weights and MWDs was attained
for the former monomer, although an iodine-transfer
mechanism could not be totally ruled out.

2. Allyl Halides

Allyl radical is relatively stable due to the conjuga-
tion of a vinyl group with the carbon-centered radical.
Allyl chloride and bromide (I-11, X = CI, Br) were
thus employed as initiators for controlled radical
polymerization of styrene in conjunction with CuCl/
L-1 and CuBr/L-1, respectively.’ The molecular
weights agreed well with the calculated values as-
suming the formation of one living polymer chain per
initiator and increased in direct proportion to mono-
mer conversion. The MWDs were narrower with
bromide than with chloride (My/M,, ~ 1.2 vs 1.3).

3. (Haloalkyl)benzenes

A series of (haloalkyl)benzenes (I-12 to 1-15) were
extensively examined and proved effective specifically
for polymerizations of styrene and its derivatives, due
to the benzyl radical being similar to the growing
radical chain ends therein. Among them, benzyl
chloride (I-12, X = CI), which forms a primary
radical, has the strongest carbon—halogen bond, but
induces the controlled radical polymerization of
styrene with CuCl/L-1 in the bulk at 130 °C.84 The
MWD is slightly broader than that obtained with
CCl,4 under similar conditions, due to the slow initia-
tion (MW/M, = 1.45 vs 1.30). A similar slow initiation
was observed for benzyl bromide (I-12, X = Br) in
the polymerization of styrene with CuBr/L-4, while
the MWDs were quite narrow (M/M,, = 1.2).182 This
initiator can also be employed with the CuCIl/L-4 pair
for MMA to give relatively narrow MWDs (M/M;, =
1.3); note that this system involves halogen exchange
between the initiator/dormant end and the metal
catalyst (section I1.F.5).

1-Phenylethyl halides (I-13, X = ClI, Br, 1), adducts
of styrene and the corresponding hydrogen halide,
can be considered as a unimer of the dormant C—X
terminal of polystyrene, and thus they are particu-
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larly suited for controlling polymerizations of sty-
renes. The first example of the controlled radical
polymerization of styrene indeed involves 1-13 (X =
Cl) and CuCl/L-1, where the M, increased in direct
proportion to monomer conversion and agreed well
with the calculated values in a molecular weight
range from 4000 to 100000.2¢ The relatively broad
MWDs with the chloride 1-13 (X = CI) are improved
by using the bromide counterpart 1-13 (X = Br) for
CuBr/L-4 (My/Mp ~ 1.5 vs 1.1).8485

The activity of the carbon—halogen bonds of 1-13
(X =CI, Br) as well as I-12 (X = Br) in the Cu(l)/L-3
system was examined by monitoring the capping of
the generated radical species by TEMPO in toluene-
dg.183 The activation energy of the C—X bonds de-
creased in the order 1-13 (X = CI) > 1-12 (X = Br) >
I-13 (X = Br), which would reflect the rate of
initiation and thereby the MWDs of the produced
polymers. The bromo initiator 1-13 (X = Br) can be
also employed with iron complexes such as Fe-27* and
a mixture of FeBr, and a nitrogen- or phosphine-
based ligand™ to give polystyrene with narrow MWDs
(MyW/Mp = 1.1-1.2). The chloride 1-13 (X = CI) and
the bromide 1-13 (X = Br) are not suited for the
styrene polymerization with ruthenium (Ru-1), giving
broader MWDs [M,/M, > 2 (X = Cl), = 1.9 (X = Br)]
while the molecular weights were controlled with the
latter.>” However, the iodide 1-13 (X = 1) gives
controlled molecular weights and narrower MWDs
(Mw/Mp = 1.5) in conjunction with Ru-1. The use of
an iodide complex such as Re-1 is preferred with such
an iodide initiator to avoid halogen-exchange reac-
tions, and polystyrenes with narrower MWDs (M,/
M, ~ 1.2) are produced.'#!

Radical species can be generated more easily from
benzhydryl chloride (1-14), carrying two phenyl groups.
This compound induced the radical polymerization
of MMA catalyzed by CuClI/L-4 to give narrow MWDs
(MW/M,, = 1.1-1.2),1%4 although it should be added
slowly into the mixture to suppress bimolecular
termination of the initiating radical spceis.'®® Intro-
duction of an additional chlorine at the a-position,
as in 1-15, is effective in narrowing MWDs in the Cu-
(1)-catalyzed polymerization of styrene and MMA .65
It serves as a bifunctional initiator for the former and
a monofunctional initiator for the latter.

4. Haloketones

As described above, radical formation is favored by
introducing an electron-withdrawing and conjugating
substituent in the o-position relative to the C—halo-
gen bonds. A series of haloketones (I-16 to 1-18)
proved effective especially in Ru(ll)- and Ni(ll)-
mediated living radical polymerizations of MMA. The
PMMA obtained with trichloro- (1-16) and dichlo-
roketones (I-17) in the presence of Ru-1 had con-
trolled M, in direct proportion to monomer conver-
sion, in good agreement with the calculated values,
and narrow MWDs (My/M, = 1.1-1.2).56 A similar
living polymerization is possible with more active
Ru(ll) complexes such as Ru-2% and Ru-5.%° The
controllability of polymerizations with 1-17 is supe-
rior to that with CCl, when coupled with Ru-1, while
it serves as a bifunctional initiator.'® A monofunc-
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tional bromoketone (1-18) is specifically effective in
nickel-catalyzed living radical polymerizations of
MMA 132135136 However, haloketones are generally
too reactive for the copper-catalyzed homogeneous
systems and result in uncontrolled polymerizations
probably due to the reduction of the electrophilic
radical species into anions by the highly active Cu(l)
catalysts.'®

5. Haloesters

Relative to haloketones, haloesters have been suc-
cessfully employed with a wider range of metal
complexes, including Ru, Fe, Cu, Ni, etc. A less
electron-withdrawing ester group can moderately
activate the carbon—halogen bond and does not make
the resulting radical too electrophilic. This type of
initiator can be more versatile for various monomers
including styrenes, methacrylates, acrylates, etc. by
careful design of their structures. Some specific
examples follow.

Trichloroacetate 1-19 and dichloroacetate 1-20 can
be employed for the Ru-l-mediated living radical
polymerization of MMA to give narrow MWDs (M,/
M, ~ 1.2), where the latter seems to be monofunc-
tional 56154

A series of a-halopropionates (I-21 and 1-22, X =
Cl, Br), model compounds of the dormant polymer
terminal of acrylates, are suitable for not only acry-
lates but also styrenes and acrylamides. Ethyl 2-chlo-
ropropionate (1-21, X = CI) was employed for the
controlled radical polymerizations of MA and styrene
catalyzed by CuCl/L-1 to afford relatively narrow
MWDs (M,/M, ~ 1.5).84 A better controlled polym-
erization of MA is achieved with the bromides 1-21
and 1-22 (X = Br) in conjunction with CuBr/L-1 to
give narrower MWDs (Myw/M, ~ 1.2).8% A similar
result was obtained with the combination of 1-23 and
CuBr/L-1 for the polymerization of styrene.l®® A
nickel-based system with Ni-2 and 1-21 (X = Br) gave
another controlled polymerization of nBA.1** The
iodide compound 1-21 (X = 1) is specifically effective
in conjunction with an iodide complex such as Re-1
to induce controlled polymerization of styrene.'#!

o-Halopropionates are generally less suitable for
MMA polymerization due to the low reactivity of their
C—X bonds compared with that of the dormant
methacrylate terminal, due to the difference in the
reactivity of secondary and tertiary halides.'> How-
ever, the use of a halogen-exchange method for 1-21
(X = Br) and CuCl/L-1 improves MMA polymeriza-
tion to give controlled molecular weights and narrow
MWDs (Mw/M, = 1.2—1.4), where a less reactive
chlorine-capped dormant species is generated after
the initiation.'®” Controlled polymerization of N,N-
dimethylacrylamide has been achieved with 1-22 (X
= Cl) in conjunction with CuCl in toluene at 20 °C.'68

2-Bromoisobutyrate 1-24 (X = Br), a unimer model
of poly(methacrylate) with a dormant C—Br terminal,
is more versatile for various monomers such as
methacrylates, acrylates, and styrenes; various metal
complexes including Ru, Fe, Cu, and Ni can be
employed in this case. Living or controlled radical
polymerization of MMA was successfully done with
I1-24 (X = Br) coupled with ruthenium,% iron,”®"*
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copper 819 and nickel*3?~13¢ complexes to give well-
controlled molecular weights and narrow MWDs (M,/
M, = 1.1-1.5). Similarly, 1-24 (X = Br) is suitable
for styrene and acrylates with ruthenium,®® iron,”
copper,® and nickel catalysts.'3> An iodoester (1-24,
X = 1) was specifically employed with iodo complexes
of Re and Fe to initiate living radical polymerization
of styrenes and acrylates, where it performs as a
better initiator than other iodides such as I-13 (X =
) and 1-21 (X = 1).7273141142189 |n contrast, the
chloride versions such as (CHs),C(CO,CH3)CI are
poor initiators for MMA, although they can be
regarded as a unimer of PMMA with a C—CIl dormant
terminal.’’® The problem with the chloride initiators
can be overcome with a dimer type of initiator, i.e.,
MMA dimers capped with chlorine (1-25, X = ClI),
which achieves fast initiation catalyzed by Ru-1 to
give well-controlled molecular weights and narrower
MWDs (Mw/M, ~ 1.3). This is most probably due to
electronic and/or steric effects. The former is related
to the electron-deficient o-carbon atom, which is
suggested by the lower-field 13C NMR chemical shifts
relative to that in the unimer 1-24, while the latter
factor is related to the so-called back strain effect,
which makes the dissociation of the C—Cl bond easier
during the rehybrdization of the o-carbon from sp?
to sp?, thus relieving steric hindrance. When coupled
with Ru-6, the dimer initiator is highly versatile and
can be employed for not only MMA but also styrene
and MA to give narrow MWDs under the same
conditions (My/M, = 1.1—1.2) as describe above.®?> A
similarly higher reactivity of the dimer-type com-
pound was observed for the bromide version 1-25 (X
= Br), which can be employed for MMA with Ru-117°
and Ni-3.60:135

The malonate-type initiator 1-26 can generate a
stabilized initiating radical rapidly and can be em-
ployed for the living radical polymerization of MMA
with Ru-1%%* and Fe-17° to afford narrow MWDs (M,,/
M, ~ 1.2) but slightly higher M, values than the
calculated values. Control of molecular weights for
PMMA is achieved with the 1-26/CuBr/L-4 system,
while no polymerizations occurred with CH(CO,-
Et),Br.155

A compound such as 1-27, which possesses one
ester and one phenyl group adjacent to the chlorine
atom, induces controlled polymerization of both MMA
and styrene in the presence of CuBr/L-1.1"* The
initiation occurs faster than with 1-21 (X = Cl) and
CH,CICO,C;Hs, both of which have no phenyl sub-
stituent. A bromide (I-28) with a similar structure
proved effective in the CuBr/L-24-mediated polym-
erization of MMA.14°

6. Haloamides

Bromides with N,N-alkylamide groups (1-29 and
I1-30) can be good initiators for acrylamides. They
were employed for the Ru-catalyzed polymerization
of N,N-dimethylacrylamide (DMAA) to give con-
trolled molecular weights and broad MWDs (M,/Mp,
~ 1.6).1%° In contrast, the chloride version CH;CH-
(CONMe,)CI failed to give controlled molecular
weights,'®® and similar halides without alkyl substit-
uents on the amide nitrogens, such as CH3;CH-
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(CONHy)X (X = CI, Br), do not lead to controlled
polymerization of DMAA.172

7. Halonitriles

Halonitriles 1-31 (X = CI, Br), unimer models of
halogen-capped dormant poly(acrylonitrile), are spe-
cifically employed for the polymerization of acrylo-
nitrile with copper halides. Controlled molecular
weights and narrowv MWDs (My/M, = 1.1—1.4) are
achieved.'’®174 The strong electron-withdrawing cy-
ano group facilitates the formation of the initiating
radical, and may thus be employed for other mono-
mers such as MMA with Fe catalysts’ and styrene
with CuClI/L-1.84

8. Sulfonyl Halides

Sulfonyl halides, particularly arenesulfonyl ha-
lides, can afford radical species much faster than
carbon halides by the assistance of a metal complex
and efficiently add to olefins with little dimerization
of sulfonyl radicals in comparison to carbon-centered
radicals. Another feature of the compounds is that
there is little effect of the substituents on the rate of
addition to an olefin. These properties make sulfonyl
halides an efficient and “universal” series of initiators
for the metal-catalyzed living radical polymerizations
of various monomers including methacrylates, acry-
lates, and styrenes (Figure 9).152175-177
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Figure 9. Sulfonyl halide initiators.

Arenesulfonyl halides 1-32 were first employed for
the CuCl/L-1-catalyzed polymerization of styrene in
the bulk at 130 °C to give polymers with controlled
molecular weights and relatively narrow MWDs (M,/
Mn = 1.4—1.8).1%2 No significant effects were observed
with different ring substituents.

The polymers possess one sulfonyl group per chain,
which can be utilized as end-functional polymers as
discussed later (section 111.B.1). Narrower MWDs
(Mw/Mp = 1.2—1.4) were obtained in MMA polymer-
ization with 1-32 as well as 1-33 and 1-34 in conjunc-
tion with CuCl/L-1 in p-xylene at 90 °C.'"® In a
homogeneous system with CuCl/L-4, 1-32 can afford
narrow MWDs (M/M, = 1.1—1.3) for styrene, MMA,
and nBA.'® The fast addition of the sulfonyl radical
to these monomers was evidenced by 'H NMR
analysis of the reactions, where the apparent rate
constants of initiation are 4 (for styrene and MMA),
3 (nBA), and 2 (MA) orders of magnitude higher than
those of propagation. A similar controlled and homo-
geneous polymerization of MMA with 1-32 (X = CH3)/
CuBr/L-4 was reported in diphenyl ether at 90 °C.178
A better control of molecular weights and MWDs with
1-32 (X = CH3)/CuBr/L-9 in diphenyl ether was also
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observed when compared with that of bromoisobu-
tyrate [1-24 (X = Br)]J/CuBr/L-9 in p-xylene.l”®

Perfluoroalkanesulfonyl halides 1-35 and 1-36 in-
duced controlled polymerization of styrene and MMA
in the presence of copper catalysts, although the
initiation efficiency is lower.'’” With the alkanesulfo-
nyl halides 1-35 and 1-36, decomposition by loss of
SO, from the initial sulfonyl radical occurs to give a
perfluoroalkyl radical, which then adds to the mono-
mer to initiate the polymerization.

The use of arenesulfonyl halides was also investi-
gated for the ruthenium-catalyzed polymerization of
MMA.*80 |iving polymers are indeed attained, where
the a-end group (F, ~ 1.0) and the MWDs are
controlled (My/M,, = 1.2—1.5), whereas the M, values
were higher than the calculated values due to low
initiation efficiency (le =~ 0.4).

9. Conventional Radical Initiators

Another route to the metal-catalyzed living or
controlled radical polymerization is through initia-
tion by a conventional radical initiator (A—A) such
as AIBN in conjunction with a metal complex
[M"1X,41L ] at a higher oxidation state, for example,
CuCly/L-1 (Scheme 4). This system is sometimes

Scheme 4. Reverse-Type Metal-Catalyzed Living
Radical Polymerization
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called a “reverse (or alternative)” atom-transfer radi-
cal polymerization.8%1% The difference between the
normal route with R—X/M"X,L,, and the reverse
route lies in the initiation mechanism. The latter is
initiated by the formation of radical species Ae via
homolytic cleavage, while the former by the formation
of radical species from R—X assisted by M"X,L,. The
radical species thus generated (Ae) gives an adduct
(A—X) by abstraction of halogen from M"1X; 1L,
leaving a metal complex at a lower oxidation state
[M"X,Lm]. Alternatively, Ae adds to the monomer to
form an initiating radical species [A—CH,—C(R%)-
(R?)e] or a propagating species, which is also con-
verted into a similar covalent species with a C—X
bond accompanying reduction of M"™1X 1L, After
formation of the dormant C—X species and the metal
catalyst at a lower oxidation state, the polymerization
proceeds similarly to the normal-type metal-catalyzed
processes already discussed. Figure 10 summarizes
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Figure 10. Conventional radical initiators employed for
metal-catalyzed polymerizations.

the initiators thus far employed in such reverse-type
polymerizations.

This type of polymerizations was first reported for
the bulk polymerization of styrene with AIBN (1-37)/
CuCl,/L-1 at 130 °C.%30 The M, increased in direct
proportion to monomer conversion and agreed well
with the calculated values assuming that one AIBN
molecule forms two polymer chains. The MWDs were
narrow (My/M, = 1.3—1.6). However, the heteroge-
neous system with L-1 is not applicable for other
monomers such as methacrylates and acrylates. This
can be overcome with the use of the homogeneous
CuBr,/L-4 system for MA and MMA polymeriza-
tion'3! or by lowering the initiation temperature to
65—70 °C followed by polymerization at 100 °C for
MA even in the heterogeneous system.'®!

Iron(111) chloride (FeCls) with PPh3 ligands can be
similarly employed with AIBN for MMAZ®® and sty-
rene,*® while the AIBN/FeBrs/n-BusPBr system is
effective in MMA and MA polymerization.”™

An azo compound with an imidazoline group (1-38)
is applicable to MMA coupled with FeCl; and PPhj3.183
Water-soluble azo compounds such as 1-39 and 1-40
with CuBr; and L-4 induced emulsion living radical
polymerization of nBMA (M./M, = 1.2—1.6), though
the initiation efficiency is rather low.'8* A similar
emulsion polymerization was conducted with 1-41.184

A conventional peroxide initiator such as BPO (I-
42) does not work in a manner similar to that of azo
initiators in the homogeneous system for styrene with
CuBr; and L-4.1% In this polymerization, the Cu(l)
species is generated via reduction of Cu(ll) species
by a styryl radical and further acts as an accelerator
in the decomposition of BPO. It then reacts with the
remaining BPO to form the benzoyloxy radical and
inactive copper(ll) benzoate salts again. Thus, no
polymerization occurs. However, the use of a hetero-
geneous system and low-temperature initiation at 70
°C followed by the polymerization at 110 °C in fact
induces styrene polymerization. The polymers had
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narrow MWDs (M,/M, = 1.2—1.4) and controlled M,
values, which agreed well with the calculated values
assuming the formation of one polymer chain per
BPO molecule.'® The polymerizations of styrene and
MMA with BPO can be controlled with copper(l)
halide.185187

There were also several reports on the use of other
radical generators such as 1-43'8818% gnd |-44190-192
in conjunction with FeCls/PPhs or with CuCl,/L-1 for
MMA and styrene. Polymers obtained with 1-43 have
a methyl group at the o-end because a hydrogen
radical is the initiator. Low temperatures are enough
for 1-44 (75 °C for R = H, 85 °C for R = CH3) to afford
PMMA with narrow MWDs (M,/M, = 1.2—-1.3),
although the M, values were lower than the calcu-
lated values.

In situ heating of a mixture of 1-45 and FeCl; with
PPh;s results in the formation of dithiocarbamate—
iron complexes that decompose into Et,NC(S)S—CI
and FeCl,/PPhs, and finally initiates the polymeri-
zation via activation of the S—CI bond by FeCl,.1%
The bulk MMA polymerization at 100 °C reaches 80%
in 8 min to give controlled molecular weights and
narrow MWDs (M/M, ~ 1.1). A similar polymeriza-
tion of MMA can also be done with an iron(lll)
complex system (1-46/FeClz/PPhj).1%* Air could be a
radical source for methacrylate polymerization with
CuCl,/L-29 and results in polymers with high mo-
lecular weights up to 700000 and narrow MWDs (M/
Mp ~ 1.1).1%

In addition to the wide variety and number of
initiators shown in Figures 8—10, various “function-
alized” initiators have been designed and examined,
as will be separately treated later (cf. Figure 13).

C. Monomers

The rapid progress and proliferation of metal-
catalyzed living radical polymerization has allowed
a variety of vinyl monomers to be polymerized into
well-defined polymers of controlled molecular weights
and narrow MWDs. Most of them are conjugated
monomers such as methacrylates, acrylates, styrenes,
acrylonitrile, acrylamides, etc., except dienes, which
possess not only alkyl substituents but also aprotic
and protic functional groups. This fact attests to the
versatility and flexibility of metal catalysis for preci-
sion polymerization.

However, less conjugated monomers such as vinyl
acetate, vinyl chloride, and ethylene are still difficult
to polymerize in a controlled way by metal-catalyzed
polymerizations. This is most probably due to the
difficulty in activation of their less reactive carbon—
halogen bonds. The following sections will discuss
these aspects from the viewpoint of the monomers
listed in Figure 11. Functional monomers will be
discussed later in another section, Precision Polymer
Synthesis.

1. Methacrylates

Living radical polymerization of methacrylates has
been achieved by the use of various complexes
including ruthenium, iron, copper, nickel, palladium,
and rhodium. Among them, the most precisely con-
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Figure 11. Monomers.

trolled polymerizations (My/M, = 1.1-1.2) were
reported with the R—CI/Ru,%¢ R—Br/Ni,*** R—Br/
Cu,'% and RSO,CI/Cu'’® systems, where R—X means
an initiator with a particular halogen (X). The
carbon—halogen bonds derived from methacrylates
are highly reactive, in contrast to those from other
monomers due to the two substituents, methyl and
ester groups, which stabilize the relevant radical
species. This may in turn require relatively mild
metal complexes such as ruthenium and nickel,
whereas some special issues, such as use of polar
solvents® or a halogen-exchange reaction,*®® should
be considered for the copper/bipyridine-based sys-
tems.

Recommended initiators for methacrylate polymer-
izations are 1-24 (X = Br) and 1-25 (X = ClI), both of
which are unimer and dimer models of poly(methacry-
late) dormant terminals, respectively. For example,
PMMA with precisely controlled molecular weights,
very narrow MWDs (M,/M, = 1.1), and nearly perfect
end-capping with halogen was obtained with the 1-25
(X = CI/Ru-5/Al(0-i-Pr); initiating system.6%-197 Al-
ternatively, arenesulfonyl chlorides can lead to well-
controlled poly(methacrylate)s with narrow MWDs
(Mw/Mp = 1.1-1.2) in combination with copper cata-
lysts.126:176

The alkyl substituents of methacrylates are varied
as methyl (M-1),27.84.100.132.133.176 gthy| (M-2),102.19 js0-
propyl (M-3),2%° n-butyl (M-4),102.132.176,198 jsobutyl (M-
5),192 sec-butyl (M-6),%? tert-butyl (M-7),83192 isobornyl
(M-8),83 2-phenylethyl (M-9),1% benzyl (M-10),1*°® and
4-nitrophenyl (M-11)%% methacrylates were also po-
lymerized in a controlled way, and the polymer from
M-11 can be converted easily into poly(methacrylic
acid) via deprotection of the nitrophenyl group.
Sodium methacrylate (M-12), an ionic monomer, can
be polymerized directly into poly(methacrylic acid)
sodium salt with controlled molecular weights and
narrov MWDs (M,/M, = 1.2—-1.3) with a water-
soluble bromide initiator and CuBr/L-1 in water
under alkaline conditions (pH 8—9) at 90 °C, al-
though the polymerization stopped around 70—
809,200
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2. Acrylates

Acrylates generate highly reactive radical species
but give less reactive carbon—halogen bonds than
those of methacrylates. These differences from the
methacrylate counterparts thus call for active cata-
lysts with lower redox potentials. Copper-based sys-
tems have most extensively been studied and are best
suited in controlling the MWDs (My/M, = 1.1—
1.2)8485176 of poly(acrylate)s, but ruthenium,8? iron,?0!
nickel 134135 and rhenium'#? catalysts are often effec-
tive too. In the Cu(l) catalysis, chloride and bromide
initiators may be coupled with CuBr and CuCl in
conjunction with various nitrogen-based ligands. For
example, CuBr with 1-31 (X = Br) and L-3 afforded
poly(MA) with very narrow MWDs (My/M, = 1.1) in
the bulk at 110 °C.% In contrast, bromide and iodide
initiators are preferably used with other metals such
as Ru(I1)82 to increase the reactivity of the dormant
C—X bonds. Among the most suitable initiators are
unimer models of poly(acrylate)s such as 1-21.

Similarly to methacrylates, various alkyl groups
are available as substituents including methyl (M-
13),6284:85135142.176.201 ethy| (M-14),% n-butyl (M-
15),84134.142,176201 tart-butyl (M-16),291203 isobornyl (M-
17),%%4 and 2-phenylethyl (M-18).1%

3. Styrenes

A large number of styrenic monomers have been
investigated in metal-catalyzed radical polymeriza-
tions. Polymerization of styrene (M-19) can be con-
trolled Wlth Copper,28’84'85'152’176 ruthenium,57’6°’62'66'86v2°5
iron,”*=7> rhodium,®:40 rhenium,*** and molybdenum
catalysts.’* The polymerizations have actively been
studied with the copper-based systems, among which
precisely controlled molecular weights and very nar-
row MWDs (M,/M, = 1.1) were obtained in a homo-
geneous system consisting of 1-13 (X = Br), CuBr,
and L-3 in the bulk at 130 °C.%5 Similar well-
controlled polymerizations are feasible with several
ruthenium (Ru-5)% and iron (Fe-2,72 Fe-3,7® and Fe-
4™ complexes in conjunction with a bromide or iodide
initiator. Even a chloride initiator (1-25, X = Cl) can
afford narrov MWDs (My/M, = 1.1) when coupled
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with the Ru(11)—Cp* complex (Ru-6) in the presence
of Al(O-i-Pr); in toluene at 80 °C.%?

A series of substituted styrenes (M-19 to M-27)
were polymerized with the 1-13 (X = Br)/CuBr/L-1
system in diphenyl ether at 110 °C to give controlled
M, that increased in direct proportion to monomer
conversion.?®® The polymerization rate was faster
with more electron-withdrawing substituents due to
the increase of monomer reactivity and the carbon—
halogen bond in the dormant species. The MWDs of
the polymers with electron-donating substituents (M-
24 and M-25) were relatively broad (M/M, = 1.4—
1.7). Introduction of a strongly electron-donating
substituent such as a methoxy group gave only
oligomers, probably because of the formation of
cationic propagating species via the heterolysis of the
dormant C—Br.

Though not in the late-transition-metal family, a
rhenium complex is applicable for both electron-
donating (M-24) and -withdrawing (M-22) groups to
give well-controlled molecular weights and narrow
MWDs (My/M, = 1.2—1.3).%8% Living radical polym-
erization of 4-acetoxystyrene (M-28) was reported
with the use of a copper-2%7 or iron-based'®® system.
The acetoxy groups in the polymers can be removed
after the polymerization to form poly(p-vinylphenol)
with controlled molecular weights.2°® Copolymeriza-
tions of M-29 or M-30 with styrene were studied with
the copper-based systems to give well-controlled
copolymers.?%® Rhenium (Re-1) and iron (Fe-5) com-
plexes induced polymerization of M-30 in conjunction
with 1-24 (X = 1) to give controlled molecular weights
but relatively broader MWDs (M\/M, ~ 1.8) due to
side reaction of its benzyl group.'®® Controlled po-
lymerization of a silyl-substituted styrene (M-31) was
also achievable.?1® 4-(Chloromethyl)styrene (M-32),
which has a reactive C—Cl bond in the unit, is
polymerized with the copper-based systems to pro-
duce a hyperbranched or linear polymer depending
on the conditions.?!*~2%2 This will be discussed later
in Precision Polymer Synthesis (section I11.1).

4. Vinylpyridines

Metal-catalyzed living radical polymerizations of
vinylpyridines were investigated with the copper-
based systems. One of the difficulties in the polym-
erization is a decrease of catalytic activity imposed
by the coordination of the monomers by the metal
complex. Controlled radical polymerization of 4-vi-
nylpyridine (M-33) was achieved by an initiating
system consisting of a strong binding ligand such as
L-32 and a chloride-based system [I-13 (X = CI)/
CuCl] in 2-propanol at 40 °C.?** The M, increased in
direct proportion to monomer conversion, and the
MWDs were narrow (M,/M,, = 1.1—1.2). In contrast,
2-vinylpyridine (M-34) can be polymerized in a
controlled way with chlorine-capped polystyrene as
an initiator and the CuClI/L-1 pair in p-xylene at 140
°C.215 Block copolymers with narrow MWDs (My/M,
= 1.1-1.2) were obtained therein.

5. Acrylonitrile

A good control of molecular weights and MWDs
was accomplished for this monomer (M-35) with a
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copper-based system, consisting of 1-31 (X = ClI, Br),
CuX (X = ClI, Br), and L-1 in ethylene carbonate at
45—65 °C.17317 The M, is controlled up to 30000,
keeping relatively narrow MWDs (My/M,, < 1.5). The
end-group analysis showed some loss of the terminal
halogen most probably due to the reduction of the
growing radical by CuX to form the corresponding
polymer anion that subsequently deactivates quickly.

6. Acrylamides

Polymerizations of acrylamides were investigated
with several systems based on copper and ruthenium.
The system with Ru-1 and a bromide initiator such
as 1-29 in the presence of Al(O-i-Pr); induced quan-
titative polymerizations of M-36 in toluene at 60—
80 °C to give polymers of controlled molecular
weights and relatively broad MWDs (M,,/M,, ~ 1.6).16°
In contrast, molecular weight control is difficult with
a chloride initiator. The copper-based systems are
applicable, but the polymerization strongly depends
on the initiators, copper halides, ligands, tempera-
tures, and solvents. Namely, in some cases the
polymerizations were not quantitative due to side
reactions such as cyclization and loss of terminal
halogens.17168.172 Among them, 1-22 (X = CI)/CuCl/
L-32 induced the best controlled polymerization in
toluene at 20 °C to give narrow MWDs (My/M, =
1.1-1.2), though limited to 80% conversion.®® Simi-
lar controlled polymerizations were also feasible for
M-37 and M-38 with the same initiating system.16®
Unsubstituted acrylamide (M-39) was polymerized
with CuCIl/L-1 in conjunction with benzyl chloride
1-12 (X = CI) or with a surface-confined initiator in
DMF at 130 °C.?167218 The polymers obtained with
I-12 were analyzed by matrix-assisted laser desorp-
tion—ionization time-of-flight mass spectrometry
(MALDI-TOF-MS), which showed monomodal MWDs,
but there was no detailed analysis of the polymer.
The polymer obtained by the surface initiation had
narrow MWDs (My/M,, = 1.1-1.3).

7. Other Monomers

Via metal catalysis, cyclic monomers such as N-
substituted maleimides M-40, M-41, and M-42 do not
homopolymerize but can copolymerize with vinyl
monomers, among which alternating copolymers can
be obtained with styrene via a radical mechanism.
The 1-13 (X = Br)/CuBr/L-1 system induced alternat-
ing copolymerizations with styrene to give controlled
molecular weights and narrow MWDs (M/M,, = 1.1—
1.4) in the bulk or anisole at 80—110 °C.2197222

A bicyclic monomer containing a maleate ester unit
(M-43) undergoes a very slow 2,6-addition polymer-
ization with 1-12 (X = CI)/CuCl/L-1 in the bulk at
130 °C to afford narrow MWDs (M/M, ~ 1.2) (11%
conversion in 2 weeks).??> Enchainment of this mono-
mer to the chlorine-terminated polystyrene increases
the decomposition temperature of the polymer.

Ring-opening living radical polymerization was also
reported for M-44, where the 1-23/CuBr/L-1 system
gave polymers with controlled molecular weights and
narrow MWDs in the bulk at 120 °C.?>* However,
unlike in conventional radical polymerization, the
content of the ring-opened units is not 100% but
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varies from 38% to 67% depending on the conditions.
Cationic polymerizations concurrently occur, which
can be suppressed by the addition of pyridine.

As pointed out, living radical polymerization of less
conjugated monomers such as vinyl acetate has not
been achieved yet. However, irreversible activation
of the carbon—halogen bond in CCl, with Fe(OAc)./
L-24 generates trichloromethyl radical to induce
radical polymerization of vinyl acetate via the radical
telomerization mechanism.??® The molecular weights
can be controlled by the molar ratio of monomer to
CCl, although the MWDs were broad in the usual
radical telomerization (Myw/M, ~ 1.8).

Polymerization of ethylene is one of the most
important unsolved problems in metal-catalyzed liv-
ing radical polymerization. This is due to the dif-
ficulty of the activation of the primary carbon—
halogen bond. The unpolymerizable nature of ethylene
can be utilized for the end-functionalization of
PMMA with a terminal CH,CH,Br group (section
111.B.2).2%6

D. Additives

Metal-catalyzed living or controlled radical poly-
merizations can generally be achieved with initiating
systems consisting of an organic halide as an initiator
and a metal complex as a catalyst or an activator as
described above. However, these polymerizations are
slow in most cases due to low concentration of the
radical species, as required by the general principle,
the dormant-active species equilibria, for living radi-
cal polymerization (see the Introduction).

A promising solution for this inherent problem is
the use of additives. Some additives are needed for
acceleration and/or better control of the polymeriza-
tions. These additives most probably can effectively
reduce the metal species in higher oxidation states
or form more efficient catalysts via coordination.

Metal alkoxides such as Al(O-i-Pr); are employed
for the ruthenium-, iron-, nickel-, rhenium-, and
copper-catalyzed polymerizations and are effective in
increasing the polymerization rate as well as nar-
rowing the MWDs of the produced polymers. In fact,
the use of such additives can be found in the first
examples of metal-catalyzed living radical polymer-
ization. Thus, for the mild catalyst Ru-1, MeAl-
(ODBP), was added to achieve a faster and quanti-
tative polymerization of MMA with CCl, in toluene
at 60 °C.?” A trialkoxide [Al(O-i-Pr)s] is less active
as an additive but more effective in controlling the
molecular weights and MWDs than MeAl(ODBP),.56:1%8
Other metal alkoxides such as Ti(O-i-Pr), and Sn(O-
i-Pr), induce faster polymerizations of MMA with
Ru-1 than AIl(O-i-Pr)s, while the controllability is
lower.22” Aluminum acetylacetonate [Al(acac)s] is an
alternative mild additive that does not induce an
ester-exchange reaction between the ester group and
the monomer or monomer units in the polymer chain,
which might occur with aluminum alkoxides.??® These
metal alkoxides are also effective for other complexes
such as Fe-3,? Ni-2,1* Re-1,**! and CuBr/L-1.22° Al-
(O-i-Pr); can even make the Cu(ll) species active,
where the controlled polymerizations of styrene,
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MMA, and EA were possible with an organic bromide
and CuBr; in the presence of Al(O-i-Pr);.93:9

The addition of aluminum compounds was initially
intended to increase the monomer reactivity via
coordination to its carbonyl group or to increase the
reactivity of the terminal group via the coordination
of the terminal carbonyl group.?” However, this
possibility proved less probable, because strong Lewis
acids such as SnCl, were not effective in a similar
acceleration.??” There was no increase in the halogen-
exchange rate in the model reaction between 1-24 (X
= Br) and Ru-1 on addition of Al(O-i-Pr);, while
under similar conditions the polymerization rate was
clearly increased relative to that of the additive-free
system.’ Possible interactions between the added
Al(O-i-Pr); and monomer, terminal group, and ru-
thenium complex were investigated with the use of
kinetics, NMR, and cyclic voltamometry.??” These
studies suggest that the added metal compounds
most probably interact with the metal catalysts in
their higher oxidation states, or increase the concen-
trations of radical species out of the coordination
spheres, resulting in smooth redox reactions. Further
studies are required to clarify these interesting
features of metal-mediated radical processes.

Zerovalent metals such as Cu(0) and Fe(0) can
effectively reduce CuBr; and FeBrj; into active CuBr
and FeBr,, respectively, to dramatically increase the
polymerization rate.'® For example, addition of Cu-
(0) to the polymerization mixture of MA with 1-22 (X
= Br)/CuBr/L-4 in the bulk at 90 °C increased the
rate by about 10 times; i.e., the reaction reached 97%
conversion in 570 min without additives, whereas
96% in 55 min in the presence of Cu(0). This is
attributed to the removal of a small amount of Cu-
(11 species generated via irreversible termination of
the growing or the initiating radical species. A similar
fast polymerization is possible with CuBr, in the
presence of Cu(0). This allows the controlled radical
polymerization even in the presence of oxygen or
without purification of the monomer, where Cu(0)
and Fe(0) can reduce the generated Cu(ll) and Fe-
(I111) species into active Cu(l) and Fe(ll), respec-
tively.?3° The 1-13 (X = Br)/CuBr,/Cu(0)/L-4 system
induced a fast polymerization of unpurified styrene
at 110 °C to reach 90% conversion within 2 h.
Controlled molecular weights and narrow MWDs are
available even when the polymerization is performed
in ampules sealed in air. However, no polymerization
occurred open to air.

Phenols usually serve as radical inhibitors in
conventional radical polymerization but can enhance
the polymerizations of MMA with 1-21 (X = Br)/CuBr/
L-9 (R = n-Pen).?! For example, on addition of 10
equiv of 2,6-di-tert-butyl-4-methylphenol with respect
to initiator ([1-21]:[CuBr]:[L-9]:[phenol] = 1:3:1:10),
the conversion increased from 55% to 75% in 4 h in
xylene at 90 °C without any changes in the MWDs.
Similar effects were observed for 4-methoxyphenol,
phenol, and 2,6-di-tert-butylphenol.?31-233 No inhibi-
tion but enhancement of the polymerization by the
addition of phenols may suggest that the growing
species is different from that in conventional radical
polymerization. However, phenols do not act as
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inhibitors even for some conventional free radical
(meth)acrylate polymerizations as suggested else-
where.’®® An explanation is that the added phenols
substitute nitrogen-based ligands on copper catalysts
to increase the catalytic activity, which is suggested
by the isolation of methanol-coordinated catalysts?3
and NMR analysis of the mixture of catalysts and
phenols.?33

Benzoic acid also increases the polymerization rate
with copper catalysts, most probably via displace-
ment of the nitrogen ligand and creation of a coor-
dination site on the metal.?®® Similarly, carboxylate
salts such as sodium benzoate and acetate have
remarkable effects on rate enhancement.%” Addition
of sodium benzoate, 4 equiv with respect to CuCl, to
1-32 (Y = OCH3)/CuClI/L-1 enhances the polymeriza-
tion rate of NBMA 2.4 times in diphenyl ether at 120
°C, where the reaction reaches 90% conversion in 1
h. The MWDs were still narrow. A similar rate
enhancement was observed with a mixture of para-
substituted benzoic acids and metal carbonates M-
CO3 (M = Cs, K, Na, Li). These are due to in situ
formation of cuprous carboxylate that has higher
activity as described above (section 11.A.3).

The ruthenium-catalyzed living radical polymer-
izations provide good cases for considerable accelera-
tion by the addition of alkylamines.61.236 For example,
on addition of n-butylamines to the polymerization
of MMA with I-25 (X = CI)/Ru-1 in toluene at 80 °C,
the rate was increased dramatically. Time for 75%
conversion: 269 h (no additive) > 29 h [AI(Oi-Pr)s]
> 17 h (n-BuzN) > 9 h (n-BuNH) > 4 h (n-BuNHy,).
n-BusN and n-Bu;NH gave narrow MWDs (M./M,
= 1.2) and controlled molecular weights, similarly to
Al(O-i-Pr)3;, but broad MWDs were obtained with
n-BuNH; (My/M, ~ 1.8). These added amines most
probably coordinate to the ruthenium complex to
produce more active complexes, as suggested by NMR
analysis of amine/Ru(ll) catalyst mixtures. An in-
creased catalytic activity was also observed on addi-
tion of silica gel supported amine ligands.'*®

In the heterogeneous systems based on Cu,O/L-1
and Cu(0)/L-1, phase-transfer catalysts such as C(CH,-
OCOPh), and poly(ethylene glycol) can increase the
rate and control the polymerization more precisely.1%”

Rate enhancement can also be achieved by irradia-
tion of visible light.2®” The polymerization of MMA
with 1-17/CuCI/L-1 in toluene at 80 °C in the dark
ceased around 40% conversion, but under irradiation
of visible light, the polymerization became quantita-
tive. This is due to a photochemical effect on the
inner-sphere complex between the catalyst and the
dormant alkyl chloride.

E. Solvents

Metal-catalyzed living radical polymerizations may
be carried out either in solution or in the bulk.
Importantly, unlike conventional free radical polym-
erization, the Trommsdrof or gel effect is absent in
these living processes in the bulk.?®® For the solution
processes, nonpolar or less polar solvents are em-
ployed, such as toluene, xylene, and benzene. Polar
solvents are sometimes employed for not only solu-
bilizing the monomers, the produced polymers, and
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the catalysts but also acceleration and better control
of the polymerization. Due to the radical nature of
the polymerizations, even protic solvents such as
alcohol and water can be employed. Some of these
solvents, e.g., toluene, are known as chain-transfer
agents, but the effects of potential chain-transfer
agents have not yet been examined well in metal-
catalyzed living radical polymerizations.

1. Aprotic Polar Solvents

Aprotic polar solvents thus far employed in metal-
catalyzed polymerizations include dimethoxybenzene
(DMB), diphenyl ether (DPE), ethylene carbonate,
acetonitrile, N,N-dimethylformamide (DMF), and
acetone, among others. Most of them are employed
for copper catalysts because of their low solubility.
For well-solubilized Ru(ll), Ni(ll), and Fe(ll) com-
plexes with phosphine or other ligands, such an
additional precaution is not necessary, and toluene
or other relatively nonpolar solvents have mostly
been used.

Unsubstituted 2,2'-bipyridine (L-1) cannot com-
pletely solubilize copper halide in the bulk or non-
polar solvents, and thus the polymerization systems
are heterogeneous as described above. Various sol-
vents were thus investigated in the polymerization
of nBA with 1-22 (X = Br)/CuBr/L-1, and ethylene
carbonate proved effective in fast and homogeneous
living polymerizations.?®® Relative to the heteroge-
neous systems, these reactions give polymers of
narrower MWDs. This is due to the increased solubil-
ity of the copper complex and/or to the change in the
structure of the copper species (known to form a
dimeric species in organic media) into a monomeric
form. Similar effects were observed for DMF and
acetone in tert-butyl acrylate (tBA) polymerizations
with 1-22 (X = Br)/CuBr/L-24.2°2 Styrene polymeri-
zation with 1-13 (X = CI)/CuClI/L-1 at 130 °C became
homogeneous in the presence of a limited amount of
DMF (~10% v/v) to give polymers with well-con-
trolled molecular weight up to 40000.88 Copper-based
systems with bipyridines, such as R—CI/CuCl/L-4, are
not suited for controlling methacrylate polymeriza-
tion in the bulk or in nonpolar solvents, but are
effective in DPE solvent, where monomeric copper
species may form,107.126.164.178.240 Acetonitrile is another

choice of solvent in some Cu-catalyzed polymeriza-
tions.93’112~167’241

In the homogeneous MMA polymerization with
1-32 (Y = CHg3)/CuBr/L-9 (R = n-Pen), the rate
increased in the order xylene < DMB < DPE,'™®
probably due to the differences in the dielectric
constant and coordination ability of the solvents.
With the homogeneous Ru-1 catalyst, the polymeri-
zation of MMA was faster in a polar solvent such as
CH_CI; than in toluene.'® A more detailed analysis
on solvent effects was carried out by end-capping a
polymer radical with hydroxyl-TEMPO, where the
radical intermediate was generated from bromide
macroinitiators via CuBr/L-4 catalyst.?*> A polar
solvent such as butyl acetate increases the radical-
generation rate from poly(acrylate)s but not from
polystyrene. On the other hand, no rate increase was
found for both macroinitiators in DMF, which is



3710 Chemical Reviews, 2001, Vol. 101, No. 12

considered not only a polar solvent but also a
coordinating ligand.

2. Protic Polar Solvents

Protic polar solvents such as alcohols are necessary
to solubilize polar functional monomers and their
polymers. Due to the robust nature of several cata-
lysts to hydroxyl groups, alcohols can be employed
in the metal-catalyzed living or controlled radical
polymerization.

Ruthenium complexes such as Ru-1 are stable in
alcohol and can induce living radical polymerization
of MMA in toluene/methanol mixtures or in metha-
nol, isobutanol, and tert-amyl alcohol to give polymers
with controlled molecular weights and narrow MWDs
(Mw/M,, ~ 1.2).5519 The polymerization proceeds
faster in methanol than in toluene.

Methanol is a good solvent for HEMA and its
polymer, and thus can be employed for its homoge-
neous living radical polymerization with Ru-3, which
is also highly soluble in methanol.>® Copper-based
systems also give homogeneous living radical poly-
merizations of HEMA in a mixture of methyl ethyl
ketone and 1-propanol,?*® of acrylamides in metha-
nol,}*"172 and of 4-vinylpyridine (M-33) in 2-pro-
panol.?14

3. Water

In homogeneous free radical polymerization, water
is often employed as solvent for water-soluble mono-
mers and polymers with more polar functional sub-
stituents such as hydroxyl, amino, oxyethylene,
ammonium, and carboxylate groups, along with
emulsion, suspension, and dispersion processes. This
is also the case for metal-catalyzed living radical
polymerization.

2-Hydroxyethyl acrylate (HEA) can be polymerized
homogeneously in water at 90 °C with the 1-22 (X =
Br)/CuBr/L-1 initiating system to give polymers with
relatively narrovw MWDs (M/M, = 1.34), although
the polymerization was slower, and the MWDs were
broader than in the bulk (My/M, < 1.2).244 A similar
controlled polymerization of an amino-functionalized
methacrylate 2-(dimethylamino)ethyl methacrylate
was achieved with the same initiating system in
water.24> Monomethoxy-capped oligo(ethylene oxide)
methacrylate, a highly hydrophilic monomer, can be
polymerized very fast with 1-21 (X = Br)/CuCl/L-1
in water at 20 °C.?*6 The polymerization reached 90%
within 30 min to give narrow MWDs (My/M, < 1.2).
The fast reaction is attributed to the formation of
mononuclear copper(l) species.

Water is the solvent of choice for ionic monomers
such as sodium methacrylate, where a direct radical
polymerization (i.e., with the nonprotected form of
the monomer) is carried out with the copper-based
systems in aqueous media (pH 8—9) at 90 °C to afford
controlled molecular weights and narrow MWDs.2%0
Another ionic monomer, sodium 4-vinylbenzoate, is
polymerized very fast in aqueous media (pH 11) at
20 °C.2*” An ammonium salt monomer, [2-(methacryl-
oxy)ethyl]trimethylammonium chloride (FM-6; Fig-
ure 12), was polymerized in water with CuBr/L-1 in
conjunction with a surface-confined initiator, while
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the polymerization was heterogeneous due to the
hydrophobicity of the initiator.?*®

4. Suspension, Dispersion, and Emulsion Polymerizations
in Water (Heterogeneous System)

In industrial processes, radical polymerization is
usually performed under heterogeneous conditions
such as suspension, dispersion, or emulsion. The
metal-catalyzed radical polymerization also proceeds
under such aqueous/organic biphasic conditions but
often suffers from difficulties in controlling the mo-
lecular weights and MWDs of the products and in
keeping particles or latexes from coagulation. The
former problem stems from the partioning of the
metal species into the aqueous phase while the
growing polymer terminal exists in the organic phase.
The latter is caused by some undesirable interactions
among metal catalysts, ligands, and additives such
as dispersants or surfactants. However, these prob-
lems can be overcome by careful choices of initiators,
catalysts, dispersants or surfactants, temperatures,
and concentrations according to the monomers as
summarized in a review for the copper-catalyzed
systems.?4®

Another problem involves the classification of these
metal-based heterogeneous systems into suspension,
dispersion, and emulsion polymerizations similarly
to conventional systems. This is due to not only a lack
of detailed analysis of reaction mechanisms and
particle sizes but also fundamental differences in
several aspects such as the locus of initiation and the
molecular weight of polymers in comparison with the
conventional counterparts. The terms suspension and
emulsion will be used in the following sections for
simple classification but are not based on the strict
definition for conventional free radical systems.

Various metal complexes of Ru, Fe, Cu, Ni, and Pd
are active in the radical polymerizations of hydro-
phobic methacrylates, acrylates, and styrenes under
aqueous heterogeneous conditions to yield polymers
with controlled molecular weights and relatively
narrow MWDs. Importantly, a variety of these orga-
nometallic catalysts are tolerant to water, despite the
fact that many similar complexes often lose their
catalytic activity in the presence of water or even
moisture.

A ruthenium-based system with Ru-1 and organic
halides (initiators) induces living radical polymeri-
zation of MMA in mixtures of toluene and water,
where the M, increased in direct proportion to
monomer conversion up to 10% and the MWDs were
as narrow as those obtained in toluene (My/M, ~
1.2).551%9 The polymerization proceeded in a suspen-
sion system under vigorous stirring irrespective of
the absence of suspension stabilizers (dispersants).
The controlled polymerization can also be achieved
even in the absence of toluene (i.e., bulk monomer
containing a catalyst system is dispersed in water),
though the MWDs became broader (M/M, ~ 1.4) due
to the low solubility of the complex in the monomer
and/or the high viscosity of the organic particles. A
rate increase was observed by the addition of water
to the ruthenium-based system in organic media, and
similarly, faster living polymerizations proceed in
these dispersed systems with Ru catalysts.
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A similar effect of water was observed in the iron-
catalyzed polymerization of styrene.’®2°0 An iron
complex is less stable in water than ruthenium and
thus considered difficult to use as an active catalyst
in such an aqueous suspension system. For example,
FeBry(PPhs), (Fe-1, X = Br; Figure 2) rapidly decom-
poses upon exposure to water. However, a Cp-based
iron complex (Fe-3; Figure 2) proved effective in
living radical suspension polymerizations of acrylates
and styrene to give narrow MWDs (M/M, = 1.1—
1.2).250 These polymerizations are also clearly faster
than those in organic media under otherwise similar
conditions.

Nickel (Ni-1) and palladium (Pd-2) complexes were
employed for suspension polymerization of MMA in
the presence of a small amount (1-5 wt %) of
sorbitane monooleate poly(ethylene glycol) (20) (Tween
80) as a surfactant.'®2137 The obtained polymer had
controlled molecular weights and moderate MWDs
(Mw/Mp, = 1.4-1.7) similarly to those obtained in
toluene, although there was no detailed analysis on
the size of the particles.

Detailed studies were performed on the copper-
catalyzed suspension or emulsion polymerizations.?4°
Living or controlled emulsion radical polymerization
of nBMA can be achieved in the presence of nonionic
poly(oxyethylene)-based surfactants such as Brij 97,
Brij 98, and Tween 20 with the 1-21 (X = Br)/CuBr/
L-3 or L-4 system.?49:251.252 The M, increased in direct
proportion to monomer conversion up to 5 x 10* (My/
M, = 1.1—-1.2). The particle sizes are around 1000—
4000 nm, suggesting a suspension, but can be re-
duced to about 300 nm with the use of hexadecane
as a cosurfactant along with ultrasonication.?4%.252

Surfactants largely affect the polymerizations.
Anionic surfactants such as sodium dodecyl sulfate
adversely affect the control of molecular weights and
MWDs, whereas poly(ethylene glycol) facilitates mo-
lecular weight control but leads to coagulation.?5!
Water-soluble or more hydrophilic ligands such as
L-1, L-24, L-32, and L-9 (R = CH,CH,CHPh,) are
detrimental to the control of molecular weights due
to unfavorable partioning of the Cu(ll) species into
water.?49251.253 Other monomers such as MMA, nBA,
and styrene can also be polymerized with the copper-
based systems in emulsion to give polymers with
controlled molecular weights and MWDs,?49:251,253

Random and block copolymerizations of these
monomers were also investigated with ruthenium,
iron, and copper catalysts and gave successful results
depending on the conditions.110.250.254

The so-called reverse atom-transfer radical po-
lymerization is feasible in agueous emulsion too.
This system enables the formation of initiating
radical species in the water phase with the use of
water-soluble initiators such as 1-39, 1-40, and 1-41
as in conventional emulsion radical polymeriza-
tion 184249252255 The copper-catalyzed emulsion radical
polymerization of nBMA afforded polymers with
narrow MWDs (M,/M, = 1.1—1.4), but the M, values
were much higher than the calculated values due to
the termination between the initiating radicals in the
aqueous phase.1842%5 The emulsions are relatively
stable and their particle sizes are around 100—300
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nm even without sonication.'2% There were no
effects of the size and number of particles on the
polymerization rate.?®? It is suggested that the nucle-
ation mechanism in the reverse atom-transfer emul-
sion radical polymerization is different from that in
the conventional processes, because of the lack of
formation of high molecular weight polymers during
the early stages.?®®

Another aqueous heterogeneous polymerization
was recently reported for the precipitation polymer-
ization of MMA and styrene complexed with methy-
lated S-cyclodextrin.?*® The polymerization was car-
ried out in water with 1-21 (X = Br)/CuBr/L-4 to give
polymers with controlled molecular weights and
relatively narrow MWDs (My/M, = 1.3—1.8). Ini-
tially, the reaction mixture was homogeneous with
the hydrophilic cyclodextrin-complexed MMA, but
sooner or later it became heterogeneous due to the
formation of water-insoluble polymers.

5. Other Special Solvents

Apart from water, supercritical carbon dioxide
(scCOy,) is an environmentally friendly solvent and
currently attracts much attention as a medium for
organic reactions and polymerizations. The solvent
was also employed for the copper-catalyzed radical
polymerizations of fluorinated (meth)acrylates with
the 1-22 (X = Br)/CuCl initiating system in the
presence of Cu(0) and bipyridine-based ligands such
as L-1, L-4, and L-7.% A fluorinated ligand (L-7)
induced a homogeneous polymerization without any
visible precipitation to give polymers with controlled
molecular weights. This system is equally applicable
for random and block copolymerizations between the
fluorinated monomers and MMA.. Dispersion polym-
erization of MMA was also conducted in scCO, with
poly(perfluorinated acrylate)s as dispersants to form
PMMA with controlled molecular weights and rela-
tively narrow MWDs (M/M,, = 1.4).

The use of fluorous solvents or ligands leads to so-
called fluorous biphasic conditions, where at an
ambient temperature two phases separate, the phases
becoming miscible at a higher temperature. This
permits the homogeneous polymerization at high
temperatures, and the facile separation of products
from the catalysts under ambient conditions. A
fluorous biphasic system consisting of 1-24 (X = Br),
CuBr, and L-26 was employed for polymerizations
of MMA in an equivolume mixture of (perfluorometh-
yhcyclohexane and toluene.’'® The polymerization
proceeded most likely in a homogeneous phase to give
polymers with controlled molecular weights and
narrow MWDs (My/M, = 1.2—1.3). They are easily
isolated from the organic phase as a colorless glassy
solid with a minimum contamination of copper. It is
also reported that the catalysts, largely remaining
in the fluorous phase, can be recycled for second and
third polymerizations without loss of catalytic activ-
ity.

Another special class of solvent, ionic liquids such
as 1-butyl-3-methylimidazolium hexaflurorophos-
phate, was used for the polymerization of MMA with
1-24 (X = Br)/CuBr/L-9 (R = n-Pr), which proceeded
even at 30 °C, reached 90% conversion within 5 h,
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and gave polymers with narrow MWDs (My/M,, =
1.3—1.4).5” The products are easily removed by
washing with toluene, while the catalyst is highly
soluble in the ionic liquid and can be reused.

F. Mechanisms

The metal-catalyzed living polymerizations most
probably proceed via a carbon-centered radical spe-
cies reversibly generated from a carbon—halogen
terminal (dormant species) and a metal catalyst. The
radical nature of the polymerizations has been sug-
gested by several facts and observations, some of
which were already discussed above. This part deals
with the analysis of the polymerizations based on
various methods and apparatuses for mechanistic
investigation. Short overviews on the mechanistic
studies are also available.?58-262

1. Radical Scavengers

One of the most useful methods to determine a
polymerization mechanism is to examine the effects
of additives or potential terminating agents (scaven-
gers or quenchers). Since the beginning of develop-
ment of metal-catalyzed living radical polymeriza-
tion, therefore, terminating experiments have been
carried out extensively, and they were particularly
important at that time, because combinations of
haloalkanes and transition-metal catalysts do not
automatically warrant radical-growth mechanisms.
As potential terminators, two classes of compounds
have primarily been employed: protic compounds
such as water and alcohols, and radical scavengers
such as galvinoxyl, 1,1-diphenyl-2-picrylhydrazyl
(DPPH), and TEMPO. Namely, there are well-known
terminators for anionic and radical growing species,
respectively, and their use was based on the fact that
the monomers employed in the early-phase develop-
ment were primarily MMA and styrene, which po-
lymerize by both mechanisms.

It was soon realized that almost all of the metal-
catalyzed living processes are not quenched by the
protic compounds but clearly by the radical scaven-
gers, and this phenomenon was the case for such
metal catalysts as ruthenium,?9.5556:58,63.66 copper,?®
nickel, 132133135 rhodijum,®8 and rhenium.*! The carbon-
centered radical most probably reacts with these
scavengers (YY) to produce a dead polymer chain end
with inactive covalent C—Y or C—H bond or unsatur-
ated carbon—carbon double bond.

The first set of quenching experiments has been
reported for the Ru-mediated polymerization of
MMA 2755 and the Kyoto group observed the reaction
is immune to methanol and alcohol but is quantita-
tively terminated with galvinoxyl, DPPH, and TEMPO
added in 5—10-fold molar excess over the initiator.
End-group analysis on the quenched products re-
vealed that the terminating moieties are not attached
to the growing end; rather exo-olefins result via
hydrogen abstraction from the MMA's o-methyl
group.

On the other hand, the formation of C—Y bonds
was observed in the copper-catalyzed model reactions
between the isolated polymers or model compounds
such as 1-13 and TEMPO or hydroxy-TEMPQ,163242
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However, TEMPO may also deactivate the metal
complexes to form inactive metal species in higher
oxidation states instead of giving the C—TEMPO
terminal.**? A similar inhibition by these compounds
was also observed for living anionic polymerizations
and group-transfer polymerizations of MMA, both of
which proceed via an anionic mechanism.?63 Alter-
natively, some of the phenols, which are scavengers
in conventional radical polymerizations of styrene,
can increase the polymerization rate as mentioned
above (section 11.D).23! Though these inhibition effects
cannot completely prove radical-growth mechanisms
for the metal-catalyzed living polymerizations, they
are at least consistent with the proposed pathways.

2. Stereochemical Structures

The stereochemistry of polymers, in general, pro-
vides useful information about the polymerization
mechanism by which they are formed. More specif-
ically in the metal-catalyzed living radical polymer-
ization, it has been anticipated that the proposed
mechanism via metal-assisted reversible radical gen-
eration (cf. Scheme 3) might induce different and/or
better stereochemical control than in the classical
radical counterpart, in which the growing end is a
really “free” radical. The anticipation originates from
the fact that the oxidized metal catalyst, with the
halogen from the dormant species, might reside in
close vicinity to the resulting radical end, inducing a
situation reminiscent of ion pair growing species in
ionic polymerizations where the counterions exert a
strong influence on the stereochemistry of propaga-
tion.

Surprisingly or not, the tacticity of PMMA ob-
tained with various metals including Ru,?756:58.63
CLI,28'84’97'100’102’103'116’232'263 Fe’70,80 Ni1132,133 pd’137 and
Rh138 was almost the same (almost atactic, slightly
syndiotactic) as the tacticity of those obtained with
conventional radical initiators such as AIBN under
similar conditions. The triad ratio of rr:mr:mm as
determined by ¥C NMR is usually 58:38:4 and does
not change even with the use of chiral and/or bulky
ligands.1%3116 These results may exclude a coordina-
tion mechanism and suggest a radical nature. How-
ever, the stereochemical structure alone is not strong
evidence for the radical polymerization because, for
example, group-transfer polymerization, basically via
an anionic mechanism, results in a stereo structure
of PMMA similar to those for free radical processes.?s?

3. Copolymerizations

Monomer reactivity ratios in copolymerization and
copolymer structures can also give insight into the
mechanism of the polymerizations. As observed with
ruthenium?® and copper,?64265 MMA—styrene and
related copolymerizations turned out to be “living” if
initiated with the metal catalysts effective for the
corresponding homopolymerizations. Besides these
synthetic aspects to be covered later in this review
(section 111.D), the results also give some insight into
the reaction mechanisms. With a ruthenium catalyst
(Ru-1), MMA and styrene were copolymerized at
varying monomer feed ratios.?%> The products were
true copolymers, as evidenced by single MWD profiles
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by size-exclusion chromatography (SEC) and a set of
heteroenchainment NMR signals, among others. The
MWDs were fairly narrow, clearly narrower than
those from the corresponding AIBN-initiated samples,
and the M, was directly proportional to the total
weight (overall conversion) of the consumed mono-
mers. All these findings demonstrate that the copoly-
mers are living.

Equally important, the two comonomers were po-
lymerized in parallel, with MMA consumption slightly
faster, and the copolymer composition curve shows
a shallow S-shaped profile, similar but not identical
to those for the textbook examples of free radical
MMA/styrene copolymerization. Thus, once again,
the observation is consistent with some radical
growth in the metal catalysis, and their difference
from a conventional radical copolymerization is not
deniable but not conclusive.

Kinetic analyses were done for several copper-
catalyzed copolymerizations of MMA/NBMA 253 nBA/
styrene,?®42%6 and nBA/MMA.?%7 All these studies
show that there were no significant differences in
reactivity ratio as well as in monomer sequence
between the copper-catalyzed and conventional radi-
cal polymerizations. Only a difference was observed
in the copolymerizations between MMA and w-meth-
acryloyl-PMMA macromonomers where the reactivity
of the latter is higher in the metal-catalyzed poly-
merizations.?®” However, this can be ascribed not to
the different nature of the propagating species but
to the difference in the time scale of monomer
addition or other factors. Simulation has also been
applied for the copolymerization study.?68

4. EPR

One of the most effective and direct ways to prove
a radical mechanism is to detect the radical inter-
mediate by electron paramagnetic resonance (EPR),
but this approach has not been fruitful yet for the
detection due to the low concentrations of the radical
species or other factors.

EPR was indeed applied to the copper-catalyzed
radical polymerization of styrene, MA, and
MMA.162.269-271 |nyariably, it was difficult to detect
any radical growing species because of the low
concentrations of the radical species, but just specif-
ically for copper, the accumulated paramagnetic Cu-
(I1) species was generated via radical termination.
This indicates that 3—6% of the initially added Cu-
(1) catalyst is converted into the Cu(ll) counterpart
during the polymerization (especially its initial stage).

5. NMR

In the mechanistic study of metal-catalyzed living
polymerization, this method has thus far been uti-
lized primarily for analysis of model reactions to
uncover the interaction between a metal catalyst and
a carbon—halogen dormant end."%17¢ Typical models
for the dormant end include o-haloesters, such as
alkyl haloisobutyrate and MMA dimer halides 1-25
(Figure 8) (for methacrylate), alkyl 2-halopropionate
(for acrylate), and a-phenylethyl halide (for styrene).

NMR analysis of model reactions for the polymer-
izations and polymer terminal groups revealed that
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the halogens at a dormant polymer terminal ex-
change with those in a metal catalyst.154155.170,196,272.273
According to the proposed homolytic cleavage mech-
anism (Scheme 3), the halogen-exchange reaction
proceeds via abstraction of (one of) the terminal
halogens by the metal catalyst followed by return of
one of the halogens on the metal species onto the
growing radical center; thus, the process presumably
occurs via a radical intermediate.

In a typical example, the MMA dimers 1-25 were
employed as authentic terminal models for PMMA 170
NMR readily distinguishes chlorine replacement at
the bromine ends in 1-25. Taking this advantage, the
Kyoto group examined the halogen-exchange reac-
tions by treating 1-25 (X = Br) and Ru-1 in NMR
sample tubes, mimicking the radical-generation pro-
cess of their Ru(ll)-mediated living polymerizations.
Almost immediately after mixing the two components
followed by heating to the polymerization tempera-
ture, the chloride version of 1-25 (X = Cl) was clearly
detected by NMR, and it increasingly predominated,
demonstrating that the bromine end is rapidly re-
placed (exchanged) by the chlorine in the metal
catalyst.

Another interesting aspect of the model reactions
has been reported for copper-mediated processes.?’?
Thus, optically active methyl 2-bromopropionate was
mixed with a CuCl catalyst, and the reaction was
followed by NMR and polarimetry. The latter analy-
sis showed, as in solvolysis, that the model quickly
undergoes racemization; i.e., the halogen on the
chiral carbon dissociates and recouples.

The degrees of the exchange reactions depend on
several factors, the central metals, the ligands, the
structures of the terminal groups, and the reaction
conditions. The absence of carbon—metal species,
which would form via oxidative addition of the metal
complexes into the carbon—halogen bonds, also ex-
cludes the coordination mechanism.

6. MS

The polymers and their terminal groups (o and w)
in metal-mediated living radical polymerizations
have been analyzed by modern mass spectrometry,
particularly MALD|-TOF-MS,100’125‘173’174’197'239’244‘274_277
time-of-flight static secondary ion mass spectrometry
(TOF-SSIMS),?78279 and electrospray ionization mass
spectrometry (ESIMS).172277.280 Al these analyses
support the existence of fairly stable carbon—halogen
terminals.

The MALDI-TOF-MS spectra of the obtained poly-
mers basically show only one series of peaks sepa-
rated exactly by the mass of each monomer. The
observed mass of each peak agrees well with the
theoretical one, which possesses one initiator frag-
ment at the a-end and one halogen terminal group
at the w-end in each polymer chain (with a single
degree of polymerization) (Scheme 3). The observed
isotopic distribution was in excellent agreement with
the simulated profile based on the neutral abundance
of 2H, 13C, etc.’®” In some cases, laser irradiation of
the samples leads to partial or complete loss of the
terminal halogens during the analysis depending
on the polymer structures and analytical condi-
tions.197:239.244.276 |0 other cases, MS analysis in turn
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reveals that some polymers suffer from halogen loss
during polymerizations.172.174.275

7. CV

The correlation between the physical parameters
of the catalysts and their catalytic activity will clarify
polymerization mechanisms. The redox potential of
the metal complexes is certainly among these pa-
rameters, because metal-assisted living radical po-
lymerization is triggered by oxidation of the metal
complex; i.e., a single electron is transferred from the
metal to a dormant carbon—halogen terminal. The
redox potential was thus measured for ruthenium,532%”
iron,”® and copper® complexes by cyclic voltammetry
(CV). These studies basically indicate that a complex
with a lower redox potential induces a faster revers-
ible cleavage (activation) of a carbon—halogen ter-
minal and, in turn, generates more radical species.
For example, among half-metallocene—ruthenium
complexes (Ru-4, -5, and -6 in Figure 1) the redox
potential decreases in the order Ru-4 > Ru-5 > Ru-
6, and the halogen exchange rate follows the same
order (Ru-6 gives the fastest).5®

However, there is no definite correlation between
the polymerization rate and the redox potential,
partly because a higher concentration of the radical
species may lead to a higher probability of bimolecu-
lar termination and a higher concentration of per-
sistent radical species.5*?61 Another possibility of side
reaction is due to the reduction of the radical into
an anion with metal complexes with extremely low
redox potential. An appropriate range for the redox
potential of the metal catalysts was suggested be-
tween —0.3 and +0.6 V (versus NHE) for living
radical polymerization.>

8. Kinetics

Kinetic analysis of metal-catalyzed radical polym-
erization was extensively performed for homogeneous
copper-based systems.123164.176.281 Almost invariably,
the polymerization follows a first-order kinetics with
respect to the monomer, initiator, and copper(l)
halide as expected from the proposed mechanism; i.e.,
the reaction between the monomer and the radical
species, which is generated via the Cu(l)-catalyzed
activation of the carbon—halogen terminal, originated
from the initiator. Addition of Cu(ll) species retards
the polymerization by shifting the equilibrium be-
tween the covalent and radical species. However, the
polymerization kinetics were not simple inverse first
order with respect to the initial copper(ll) halide
concentration due to the persistent radical effect,
which resulted in an increase in Cu(ll) concentration
during the initial stages of the polymerization.123.164.281
This also indicates the presence of irreversible bimo-
lecular termination reactions, prone to the radical
polymerizations. The equilibrium constants for the
activation/radical dissociation process are calculated
on the assumption that the absolute propagation rate
constant in the metal-catalyzed polymerization is the
same as that in the conventional free radical pro-
cesses, and the values vary with the monomers from
107° to 1077 and increase in the order acrylates <
styrene < methacrylates.'?>176 The concentration of
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the radical species is thus estimated to be very low,
between 1078 and 1077 mol/L, which may minimize
bimolecular termination.

The kinetic parameter for the radical dissociation
of a carbon—halogen terminal was obtained with the
use of an isolated polystyrene with a terminal C—Br
bond in the presence of a copper catalyst and a
conventional radical initiator with a long half-
life.282.283 The result was compared with that of low
molecular weight compounds of similar carbon—
halogen bonds.'®2 The second-order rate constant of
the model compound 1-13 (X = Br), an effective
initiator for styrene, is comparable to that of the
polymer terminal. Alternatively, rate constants can
be obtained by using a combination of nitroxide-
exchange reactions and HPLC analysis.?#?

Computer simulations were also done for these
polymerizations although the details are omitted in
this review.284-287

9. Other Mechanistic Analyses

While the radical nature of the metal-catalyzed
polymerizations seems to be generally accepted, there
still remains a question whether the propagating
radical species therein is the same in nature as the
“free radicals” in the conventional systems. The
metal-assisted radical formation most probably pro-
ceeds through an inner-sphere electron transfer from
the metal to the carbon—halogen terminal as re-
ported in Kharasch addition reactions.?8828° The
resulting radical species may temporarily be confined
in the coordination sphere of the complex in a higher
oxidation state. The confined situation or environ-
ment might exert some effects on the polymerization
such as suppression of bimolecular termination.
Although this possibility was suggested for some
systems around the time when the metal-catalyzed
systems were discovered,?”190132 there is still no
strong supporting evidence.?® In this aspect, the lack
of stereoregulation (see above) is particularly frus-
trating.

If similar radical species are involved in both living
and conventional polymerizations, it follows that the
metal-assisted growing species may suffer from side
reactions prone to free radical systems, however well
suppressed in the living systems. This then deter-
mines the lifetime of the growing end as well as the
maximum molecular weights to be achieved therein.
The highest molecular weights are still below 108
with all the reported living systems.

Side reactions such as termination and transfer
were investigated in the polymerizations of sty-
rene,?®! acrylates,?®> and methacrylates.?®®* The oc-
currence of thermally initiated radical polymeriza-
tions was observed in the copper-catalyzed styrene
polymerization, while the resulting polymer chain
can be converted into the dormant polymer terminal
via abstraction of halogens from the persistent metal
radical in higher oxidation states.?®*

The effects of chain-transfer agents such as oc-
tanethiol on copper-catalyzed polymerizations are
similar to those on conventional radical polymeriza-
tions.2% These may also mean little difference among
the growing species generated from the carbon—halo-
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Figure 12. Functional monomers.

gen terminals and in conventional radical systems.
Another interesting observation is that a simul-
taneous metal-catalyzed and nitroxide-mediated liv-
ing radical polymerization of styrene is possible via
fast scrambling of terminal halogen and TEMPO
groups to form a single type of polymer chains.?%

These suggest, in part, that a key to metal-
catalyzed radical polymerizations might be the per-
sistent radical effect,!5297:2% as pointed out for ni-
troxide-mediated systems. More detailed mechanistic
studies are required.

lll. Precision Polymer Synthesis

One of the most distinguishable characteristics of
the metal-catalyzed living radical polymerization is
that it affords polymers with controlled molecular
weights and narrow MWDs from a wide variety of
monomers under mild conditions even in the presence
of a protic compound such as water. This permits the
synthesis of a vast number of polymers with con-
trolled structures such as end-functionalized poly-
mers, block copolymers, star polymers, etc., where
they are widely varied in comparison with those
obtained by other living polymerizations. This is
primarily due to the tolerance to various functional
groups and the polymerizability/controllability of
various vinyl monomers as mentioned above.

This section is thus directed to precision polymer
synthesis with the use of metal-catalyzed living
radical polymerizations. In this synthetic aspect,
numerous reviews are available already. 219:265.299-310

A. Pendant-Functionalized Polymers

Radical polymerization, in general, is more tolerant
of polar functionality than its ionic counterpart, and

as we have already seen in this review, this advan-
tage is apparently passed on to the metal-catalyzed
living polymerizations. This in turn leads to direct
polymerization of functionalized monomers and the
synthesis of pendant functionalized polymers of well-
defined structure and molecular weights without
tedious protection and deprotection processes. These
functional groups include not only hydroxyl, amino,
and amido groups but also ionic and other special
groups, which are, in most cases, introduced directly
into methacrylates, acrylates, and styrenes as sub-
stituents. Figure 12 is a nearly complete inventory
of functionalized monomers for which metal-mediated
living radical polymerizations have been reported.

A hydroxyl-functional monomer, HEMA (FM-1),
can be polymerized in a controlled way with several
transition-metal complexes including ruthenium,®
copper,?*+243 and nickel®! in the bulk and in alcohols.
In view of the relatively broad MWDs of the products
(Mw/M,, = 1.3—1.8), further optimization of the reac-
tion conditions is needed, although the catalyst and
the growing terminal keep the activity during the
polymerizations. Better-controlled polymerizations of
a protected form of HEMA with a trimethylsilyl
group (FM-2) were also conducted with ruthenium,
copper, and nickel.?43312 2-Hydroxylethyl acrylate
(FM-3), an acrylate with a hydroxyl group, can be
polymerized with the 1-22 (X = Br)/CuBr/L-1 system
in the bulk and in water to give narrow MWDs (M,,/
M, = 1.2—1.3) where the polymerization is faster and
better controlled in the bulk.?** Its protected version
(FM-4) was polymerized with 1-22 (X = Br)/CuBr/
L-24 in the bulk to give similarly narrow MWDs (M/
Mp =~ 1.2).313 Soluble in organic media, these silyloxy-
protected monomers (FM-2 and FM-4) can be effec-
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tively employed for block or random copolymerizations
with aliphatic methacrylates.?43:312.313

Amino- and amido-functionalized monomers can
also be polymerized directly with metal catalysts.
Living radical polymerization of 2-(dimethylamino)-
ethyl methacrylate (FM-5) was achieved with 1-31 (X
= Br)/CuBr/L-29 in dichlorobenzene at 50 °C.31* Its
ammonium salt (FM-6) was polymerized from the
surface of a cross-linked polystyrene latex with CuBr/
L-1 in water at 80 °C to generate hydrophilic shells,
although there were no data for polymer molecular
weight.?*® As described above (section 11.C.6), (meth)-
acrylamides with at least their amido protons un-
protected (FM-7, FM-8, and FM-9) can be polymer-
ized with copper-based systems,'17:168.217.218 phyt a
further optimization seems to be necessary.

lonic monomers carrying a carboxylate salt, such
as FM-102 and FM-11,?4" can be polymerized with
a water-soluble bromide initiator in conjunction with
CuBr and L-1 in aqueous media to give moderately
controlled molecular weights and MWDs (M/M, =
1.2—1.3). The reaction media should be kept under
alkaline conditions (pH 8—11) to avoid loss of the
catalytic activity; seemingly free acid functions in the
monomers and/or polymers are detrimental.

Perfluoroalkyl (meth)acrylates FM-12 and FM-15
have been polymerized homogeneously in scCO, with
copper catalysts/fluorinated ligand systems, but the
MW0Ds of the products are not reported due to the
lack of appropriate analytical methods.® Other flu-
orinated monomers (FM-13 and FM-14) were used
for block copolymerization with styrene and acrylates
with CuBr/L-1 in the bulk under heterogeneous
conditions.315

Epoxy and lactone groups seem to remain intact
under the conditions for metal-catalyzed living radi-
cal polymerization. Therefore, glycidyl acrylate (FM-
16) can be exclusively polymerized via the vinyl
moiety with 1-22 (X = Br)/CuBr/L-4 in the bulk at
90 °C to high conversion (My/M;, ~ 1.2).316 Statistical
copolymers of styrene and FM-17, an epoxy-function-
alized styrene, with controlled molecular weights
were obtained with a CuBr-based system at 100 °C,
whereas a similar reaction with TEMPO gave prod-
ucts of bimodal MWDs that might come from the high
reaction temperature (124 °C).27 An acrylate with
e-caprolactone can be polymerized with I-21 (X = Br)/
Ni-2 in the bulk at 90 °C to result in polymers with
controlled molecular weights (My/M, = 1.1-1.3).318

Methacrylates with pendant oxyethylene units
(FM-19) were polymerized in a controlled way with
metal catalysts in the bulk or in water. The catalytic
systems include a bromide initiator coupled with Ni-2
for n = 2 (bulk, 80 °C)3'° and CuCl for n = 7—8.246:320
The latter polymerization proceeded very fast in
aqueous media at 20 °C to reach 95% conversion in
30 min and gave very narrow MWDs (M,/M, = 1.1—
1.3). The fast reaction is attributed to the formation
of a highly active, monomeric copper species com-
plexed by the oxyethylene units. A statistical copo-
lymerization of FM-19 (n = 7-8) and FM-20, a
methacrylate with a oligo(propylene oxide) pendant
group, led to hydrophilic/hydrophobic copolymers
with narrow MWDs (My/M,, = 1.2).3%°

Kamigaito et al.

Polymers containing sugar moieties, so-called gly-
copolymers, have been attracting attention as bio-
compatible materials. Some of them have been ob-
tained by the polymerization of FM-21%2! and FM-
22322 with CuBr-based initiating systems. Their block
copolymerizations with styrene are also feasible as
described below (section 111.C.1).

Metal-catalyzed living radical polymerization can
be further extended to multifunctional nucleoside-
containing monomers. Examples are silyl-protected
monomers with uridine (FM-23) or adenosine (FM-
24) groups, both of which can be polymerized with a
combination of a bromide initiator, CuBr, and L-9 (R
= n-Pen) or L-32 homogeneously in toluene (M,/My
=1.1-1.4)33

Side-chain liquid-crystalline polymers with con-
trolled molecular weights have been obtained by the
polymerization of FM-25 with 1-22 (X = Br)/CuBr/
L-3 in the bulk at 100 °C, to examine the thermo-
tropic transition as a function of the MWD.3?* Second-
order nonlinear optical materials with branched
structure were prepared by the copper-catalyzed
radical polymerization of FM-26 and FM-27 using
hyperbranched poly[4-(chloromethyl)styrene] as a
multifunctional initiator.3?®

A methacrylic monomer with polyhedral oligomeric
silsesquioxanes (FM-28) as a pendant group can be
polymerized with 1-24 (X = Br)/CuBr/L-32 in toluene
(Myw/M;, = 1.14).3%6 Block and star copolymers of this
partially inorganic monomer with MA and nBA are
expected to function as new hybrid materials.

B. End-Functionalized Polymers

As in other living polymerizations, metal-catalyzed
living radical processes can be employed for the
synthesis of end-functionalized polymers. To this end,
there are two general methods, i.e., a functional init-
iator method and an end-capping method, and both
are indeed applicable therein. In the former, living
radical polymerization is initiated with a function-
alized organic halide initiator coupled with a metal
catalyst to form polymers with an a-end (head)
functionality. In the latter, a metal-catalyzed living
radical polymerization is terminated with a function-
alized quencher that in turn introduces an w-end
(tail) functionality. An alternative method for w-end
functionalization is to transform a stable carbon—
halogen w-terminal via polymer reactions. Examples
of these approaches will be discussed below.

1. a-End-Functionalized Polymers

Taking advantage of the tolerance of living radical
polymerization for functional groups, a variety of
functionalized initiators have been designed. A gen-
eral way is to attach a functional group to a halogen
compound such as a haloester, (haloalkyl)benzene,
haloalkane, or sulfonyl halide. Most of the functional
groups therein are insulated from the initiation
moiety via a spacer to avoid possible side reactions,
as shown in Figure 13, where entries are grouped in
terms of the intended o-functionalities.

For instance, hydroxyl-functionalized initiators
(FI1-1 to FI-6) were employed for living radical po-
Iymerization of MMA,134,139,156,157,274,327 MA’zso nBA,134
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Figure 13. Organic halide functional initiators.

tBA,3?8 styrene,?8%32° and sodium methacrylate.?%
Note that for these no protection of the protic function
is required, in sharp contrast to similar initiators for
ionic living polymerizations. Initiator FI-1 generates
an HEMA radical and thus is applied to MMA with
CuBIr/L-9 (R = n-Pr) in xylene at 90 °C; near complete
attachment of the a-end function has been shown by
MALDI-TOF-MS.?"* This initiator can also be em-
ployed for sodium methacrylate?® and tBA.3?8 An
acrylate version FI-2 is for MA with CuBr/L-4, but
the initiation efficiency for styrene is reported to be
lower (I ~ 0.7) due to side reactions upon initia-
tion.?® In contrast, a nearly quantitative initiation
was achieved with FI-3 in the styrene polymerization
with CuBr/L-1.2% A chloride FI-4 is another interest-
ing initiator that can generate a radical doubly
stabilized by a carbonyl and a phenyl substituent and

HO OH

FI-34 FI-35 FI-36 Fi-37

o) o) H H (@)
V\o)krBr Br- o/\,N]/szNy\'rN\/\o)kﬁBr
° 0 0

Fl-42 Fi-43

has been employed for MMA/CuBr/L-1.%%" Simpler
initiators such as FI-513413% and FI-6!%6157 are com-
mercially available and applied to MMA, nBA, and
styrene with CuBr/L-1 or L-4 as well as Ni-2,
although the plural carbon—halogen bonds therein
might cause multiple initiations.

Carboxyl groups were also introduced at the a-end
of poly(methacrylate)s34235:320 and polystyrene330.331
by using unprotected and protected initiators. 2-Bro-
moisobutyric acid (FI-7) was employed for MMA
coupled with CuBr/L-9 (R = n-Pen)?* and with Ni-
2134 to give narrow MWDs (M,/M,, = 1.1—1.3) but M
values higher than the calculated values. This un-
protected initiator, on the other hand, has poor
efficiency (les = 0.10) for styrene, probably because
of the intramolecular cyclization into a y-butyrolac-
tone after addition of one styrene unit.®3° Protection
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of the acid function by trimethylsilyl (FI-8), tert-
butyldimethylsilyl (F1-9), or tert-butyl (FI1-10) groups
leads to improved initiation efficiencies (ca. 0.6, 0.8,
and 1.0, respectively). Benzoic acid initiators with a
well-separated halogen (FI-11 and FI-12) afforded
well-defined polystyrenes with narrowv MWDs at
relatively high initiation efficiencies (le+ ~ 0.7); thus,
rigid aromatic spacers may help.®3 Similar results
were obtained with protected initiators such as FI-
13 and FI1-14.3% Salt-type initiators FI-15 and FI-16
are specifically employed for the aqueous-phase po-
lymerization of hydrophilic monomers such as FM-
19 (Figure 12).320

Nitrogen-containing groups such as amine, aniline,
amide, pyrrole, and pyridine are also available for
the functional initiator method. A bromoester with
a dimethylamino group (FI-17) was used in aqueous
media for oligo(ethylene glycol) methacrylate (FM-
19) (MW/M, ~ 1.4).246320 poly(tBA)*?¢ and polysty-
rene33! with terminal amide functions were prepared
with FI-18 and FI-19, respectively. The pyrrole-
containing initiator FI-20 induced living radical
polymerization of methacrylates, acrylates, and sty-
rene with Ni-2 or CuBr/L-1, giving macromonomers
for electrochemical polymerization.3!® The 2,2'-bipy-
ridine unit in FI-21 and FI-22 is to attach binding
sites onto polystyrene33? and poly(MMA),333 respec-
tively, for macroligand chelation with Ru and other
metal cations. A series of 4-substituted-phenyl 2-bro-
moisobutylates (FI1-23) with amino, nitro, and alde-
hyde groups, etc. were successfully employed for
MMA with CuBr/L-9 (R = n-Oct) (M\/M, = 1.1-1.2;
ler = 0.8—1.0).1%°

Thiols also provide good binding points toward a
metal surface such as gold for the synthesis of
polymer brushes, etc. A protected initiator (FI-24)
gave thiol-functionalized PMMA with Ni-2 as a
catalyst.®3* The thiophene-capped PMMA from FI-
25 can be employed as a macromonomer for electro-
chemical copolymerization with pyrrole, 33 as with
those from FI-20 (see above).

A series of poly(chloroalkyl ester)s (FI1-26 to FI-28)
can be employed for styrene polymerization with
CuClI/L-1 to give polymers with ester groups at the
o-end.'®® Benzyl bromides FI-29317 and FI1-303% are
another possibility for a-end functionalization.

Multiple halogen compounds FI-31'%8 and F1-32328
seem interesting to attest the chemoselectivity of
transition-metal catalysis, and the CF;- and the
aromatic bromide therein, respectively, remain intact
during the living polymerizations to afford o-end
functions, though their utility might be limited.

End-functionalized polymers with polymerizable
groups such as double bonds and heterocycles of
course provide macromonomers; allyl, vinyl ester,
vinyl ether, lactone, and epoxy are examples of such
a category whose o-ends are not susceptible or have
little susceptibility to metal-catalyzed radical polym-
erization. As discussed above, for example, allyl
chloride and bromide (FI1-33 and FI-34) are effective
initiators to be used for styrene with CuCl and CuBr
catalysts,** while allyl compounds with remote halo-
gens such as FI-35 and FI-36 allow the polymeriza-
tion of methacrylates with high initiation effi-

Kamigaito et al.

ciency.?01%0 Vinyl ether derivatives FI1-37 and FI-38
can initiate living polymerizations of styrene, meth-
acrylates, and acrylates with copper catalysts from
their halogen moiety, though carefully selected reac-
tion conditions are required.'®3% Thus, the vinyl
ether double bonds are susceptible to radical addition
at higher conversions to result in bimodal MWDs and
termination. Interestingly, vinyl acetate groups can
be introduced at the a-end of polystyrenes and poly-
(methacrylate)s by using FI-39337 and F1-40,246:247.320
because they only poorly copolymerize with styrene
and methacrylates even under radical conditions.
Macromonomers for ring-opening polymerizations
can be obtained from F1-41%28 and FI1-423%2 for tBA
and MMA.

An azo bromoester bifunctional compound FI-43
induces a living polymerization of nBA with a highly
active catalytic system (CuBr/L-32) at 30 °C from the
latter function alone.®3 The low temperature allows
the azo group to elude concurrent thermal dissocia-
tion (<0.5%). The obtained polymers of narrow
MWDs were employed for block copolymerization
with vinyl acetate at 90 °C.

End-functionalized polymers with relatively long
hydrophilic segments can be prepared from an
initiator (FI1-44) with oligo(oxyethylene glycol)
units,200:246.247.320 njtiators FI-45 to FI-50 are for
other functionalities of special interest. For example,
the pyrenyl group in FI-45 can become a tag for
distinguishing the end-functionalized polymers from
nonfunctionalized byproducts and was used in simul-
taneous metal-catalyzed and nitroxide-mediated liv-
ing radical polymerizations of styrene.?°¢ Biologically
related functions such as oligosaccharide,?3 choles-
terol,*40341 and nucleosides®?® are incorporated in FI-
46 to FI-49 for CuBr/L-9 (R = n-Pen or n-Oct),
whereas FI-50 (with CuBr/L-1) is to introduce a Cg
or fullerene terminal.®#?

In addition to the carbon-centered radical initia-
tors, arenesulfonyl halides are simple and efficient
functionalized initiators by introducing a variety of
functional termini; conjugation between the aryl and
the sulfonyl groups is absent (FI-51 to FI-58; Figure
14).175 Typically, a series of monosubstituted deriva-
tives (FI1-51) are commercially available and afford
hydroxyl, carboxyl, nitro, and halo groups in living
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Figure 14. Sulfonyl halide and conventional radical
functional initiators.



Metal-Catalyzed Living Radical Polymerization

radical polymerization of styrene, MMA, and nBMA
with the copper'®2175 or ruthenium?® catalysts (end
functionality F, ~ 1.0). Other sulfonyl chlorides (FI-
52 to FI-58) are similarly applicable.126:175:343

An alternative and perhaps simpler way to syn-
thesize a-end-functionalized polymers is to use a
functional azo initiator (FI-59) in the presence of
transition metals in a higher oxidation state such as
FeCl; with PPh; as a ligand.?° This method is a
variant of the reverse atom-transfer polymerization
and gives polystyrenecarboxylic acid with narrow
MWDs (My/M, = 1.14).

2. w-End-Functionalized Polymers

In contrast to the frequent use of the initiator
method and the wide variety of available functional
initiators, the end-capping method is not as fre-
quently employed, primarily because of the difficulty
in selective and quantitative quenching radical po-
lymerization, particularly in the metal-catalyzed
living systems involving dormant halogen species.
This stems from several factors: the extremely low
concentration of the radical species relative to the
dormant species, the highly stable dormant carbon—
halogen bond, and the limited availability, thus far,
of suitable quenchers that can add to the growing
carbon radical without deteriorating the metal com-
plex catalyst. However, with the use of selected
compounds, the halogen terminal can be converted
into functional groups via metal-catalyzed radical
reactions or other reactions.

Metal-catalyzed end-capping via a radical mecha-
nism can be carried out either by in situ quenching
of the polymerization or by the reaction of isolated
halogen-capped polymers. Mostly the same quencher
may be used for both methods. Despite the less
frequent applications, however, a wide variety of
quenching end-capping agents have been reported
(EC-1 to EC-15) (Figure 15). Most of these compounds
have a vinyl group that can add to a polymer
terminal under metal-catalyzed conditions to form
much less reactive carbon—halogen bonds or unsat-
urated groups via release of low molecular weight
halogen compounds.

The first of these are silyl enol ethers EC-1 with a
phenyl group or a-(silyloxy)styrenes. They can ef-
fectively quench the ruthenium-catalyzed living radi-
cal polymerization of MMA to give the w-end-
functionalized PMMA with a ketone group with high
end functionality (F, ~ 1.0).29%34 The method is also
useful to attach an aromatic w-end group not only
for end-functionalization (via the substituent on the
ring) but also for end-group analysis (via the aromatic
protons). The quenching reaction is considered to
proceed via addition of the growing radical to the
vinyl group of EC-1 to generate another radical
terminal that is stabilized by the a-phenyl group,
followed by elimination of the trimethylsilyl group
with the chlorine at the polymer terminal (or on the
metal center) due to their high affinity toward
halogens (Scheme 5). The quenching is quantitative
and selective, and proceeds faster with an electron-
donating substituent (X; OCH; > H > F > CI) on the
phenyl group of EC-1 and at its higher concentration.
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Figure 15. End functionalization of carbon—halogen
terminals.

In contrast, silyl enol ethers with an a-alkyl group
(a-silyloxy vinyl ethers) proved less efficient, indicat-
ing the stability of the resultant silyloxyl radicals is
among the critical factors in designing good quench-
ers of this class. These are due to the degree of the
affinity of the PMMA radical toward the vinyl groups
in the quenchers. This silyl enol ether capping is
applicable for copper-catalyzed polymerizations [with
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Scheme 5. Quenching of Metal-Catalyzed Living

Radical Polymerization with Silyl Enol Ethers
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EC-1 (X = OSiMe3)], in the reported examples,
carried out on isolated PMMA. The quenching has
been carried out, not in situ, but on isolated PMMA
samples.??® The trimethylsilyloxy group at the 4-posi-
tion can be also converted into the phenol function.

An interesting application of the silyl enolate
capping reaction has been developed by Percec, who
coined the capping agents “TERMINI” (irreversible
terminatior multifunctional initiator).3*® This refers
to a “protected functional compound able to quanti-
tatively terminate a living polymerization and, after
deprotection, to quantitatively reinitiate the same or
a different living polymerization in more than one
direction”. Typical TERMINI agents are designed to
possess one silyl enolate function for quenching (as
in Scheme 5) and two or more protected sulfonyl
chlorides for subsequent multiple initiation of metal-
catalyzed living radical polymerization. Obviously
from this design the TERMINI method is applicable
for the efficient and well-defined synthesis of den-
drimers and their libraries, along with other poly-
mers of complex and multibranched architectures.

The silyl enolate quenching process (Scheme 5) is,
in principle, similar to addition fragmentation reac-
tions as well as the more recent reversible addition
fragmentation chain transfer (RAFT; see also eq 9),'8
in that all three involve an initial addition of the
growing radical across a reactive vinyl group that
carries both a radical-stabilizing group (a phenyl and
an ester) and a good (radical) leaving group. The
difference among them is whether the released radi-
cal via fragmentation is capable of reinitiating radical
polymerization (e.g., capable in RAFT, incapable in
the silyl enolate capping).

Allyltri-n-butylstannane (EC-2) similarly termi-
nates the copper-catalyzed polymerization of MA to
give allyl-functionalized polymers via elimination of
the stannyl group accompanying the bromine origi-
nated from the dormant polymer terminal.34¢ Allyl
w-end PMMA was obtained also by the copper-
catalyzed reaction between allyl bromide (EC-3) and
the isolated bromine-capped PMMA, although the
functionalization was 57%.226 Another allyl derivative
(EC-4) similarly leads to methacrylate-based macro-
monomers quantitatively in the presence of Cu(0).34’

The same poly(methacrylate)-based macromono-
mer can be obtained via the TEMPO (EC-5)-promoted
elimination of hydrogen and bromine from the iso-
lated bromine-ended PMMA in the presence of CuBr/
L-9 (R = n-Pr), though the functionality was 78%.22¢
In contrast, the carbon—bromine bond in the poly-
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styrene and poly(nBA), which have no o-methyl
substituent, can be displaced into the carbon—
TEMPO terminal via the copper-catalyzed reaction
with EC-6.242

Allyl compounds (CH,=CH—-CH;R) without good
radical leaving groups react with the growing radical
in the metal-catalyzed polymerizations to result in
an inactive carbon—halogen terminal (---CH,—CHX—
CH3R). Thus, the reaction is, formally, an addition
of alkyl halide (the halogen-capped growing end)
across an olefin. For example, copper-catalyzed radi-
cal polymerizations of MAZ and MMAS3?” were
guenched with allyl alcohol (EC-7) to generate a
p-bromo alcohol terminal. A similar reaction was
reported with EC-8%%" and EC-9.%4¢ Ethylene (EC-10)
cannot polymerize with the metal-based radical
systems but can react with the terminal carbon of
isolated halogen-capped PMMA in the presence of
CuBr and L-9 (R = n-Oct) to yield a primary bromide
end quantitatively.??® Similarly, a single unit of
maleic anhydride (EC-11) can be introduced to poly-
styrene and PMMA 226348 Even one unit of divinyl-
benzene (EC-12) can be attached quantitatively at a
low temperature (25 °C), where the homopolymer-
izations are suppressed.??6 However, the end-capping
yield with benzyl acrylate (EC-13), a more reactive
monomer, cannot exceed 62%.2?6 An interesting ap-
plication of these one-step olefin additions is found
with EC-14 to attach a Cgo end (35% yield).3#°

Almost all metal-catalyzed living polymerizations
give polymers capped with halogens that are stable
after the usual workup. These terminal halogens
would be undesirable, because they may lower the
polymer’s thermal stability. Dehalogenation by tribu-
tyltin hydride (EC-15) is of importance in this respect
and effectively works for the bromide terminals in
polystyrene, PMMA, and poly(MA) in the presence
of copper catalysts.?””

An alternative method for w-end functionalization
is to transform the terminal halide by ionic reactions.
Thus, nucleophilic substitution was examined with
compounds EC-16 to EC-23. For example, an amino
alcohol (EC-16) in DMSO at room temperature gives
polystyrene with hydroxyl groups.28°-3%0 However, an
amino alcohol with a longer spacer (EC-17) should
be employed for poly(MA) to avoid multiple alcohol
functionalities.?8°

Transformation into azide groups was achieved for
polystyrene, poly(MA), and poly(nBA) with the use
of sodium azide (EC-18)35173%3 or trimethylsilyl azide
(EC-19)161.351.3% in the presence of tetrabutylammo-
nium fluoride. The azide groups can be further
converted into amino (—NH;) groups by treatment
with PPh3/H,0%? or LiAlIH,4.3%* The reaction between
the azide end group in polystyrene and Cgo Was also
examined.353

Nucleophilic substitution with the phenolate anion
derived from EC-20 and K,COj3 induced 30% substi-
tution, along with elimination of hydrogen bro-
mide.3*! Phosphonium groups can be introduced at
the polystyrene and poly(MA) terminal via reaction
with EC-21,%%% and methyl groups with MesAl (EC-
22).3% An allyl terminal is obtained also via an ionic
pathway, where the polystyryl carbocation generated
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Figure 16. Block copolymers between the same family of monomers.

from the chlorine terminal polystyrene in the pres-
ence of TiCl, reacts with allyltrimethylsilane (EC-
23).%%¢ The allyl terminal was further transformed
into epoxy and alcohol.

C. Block Copolymers

One of the most important applications of living
polymerization is obviously block copolymerization.
Block copolymers are usually obtained via sequential
living polymerization of a monomer followed by
another. This is also true for the metal-catalyzed
living radical polymerization, which permits synthe-
sis of a wide variety of block copolymers and appar-
ently is more versatile than other living polymeriza-
tions. Another way is the use of isolated halogen-
capped polymers as macroinitiators, taking advantage
of the stability of the dormant carbon—halogen
terminal even toward air and moisture. The proce-
dure for the former method is apparently simpler
than the latter because the reaction can be done in
one pot. However, the problem therein is contamina-
tion of the first monomer’s unit(s) in the second
segments, because the second monomer is often
added before the complete consumption of the first
monomer to avoid side reactions at high conversion.

The synthetic strategy for a wider variety of block
copolymers is to combine the metal-catalyzed living
radical and other living polymerizations. This can be
accomplished by the introduction of a potentially
active carbon—halogen bond into the polymers ob-
tained commercially or by some living processes.

This section discusses the block copolymer synthe-
ses by these two approaches, and Figures 16—25 give
comprehensive lists of reported block copolymers.

1. Block Copolymers via Sequential Metal-Catalyzed
Living Radical Polymerization

A wide variety of block copolymers can be obtained
by the metal-catalyzed living radical polymerizations,
which are now applicable to numerous monomers.
Most of them are block copolymers prepared from
methacrylates, acrylates, and styrenes; combinations
are therefore within the same family or between
different families.

Block Copolymers between the Same Family
of Monomers. Block copolymers derived from the
same family of monomers (Figure 16) are obtained
relatively easily, because the two monomers can
normally be polymerized with common initiating
systems and under similar reaction conditions.

Block copolymers between alkyl or related meth-
acrylates (B-1,132‘198’357 B-2,198 and B_3115,l46,l48) were
prepared via the ruthenium-, copper-, and nickel-
catalyzed living radical polymerizations. These block
copolymers can be synthesized both via sequential
living radical polymerizations and via the living
radical polymerization initiated from isolated poly-
mers. For example, the ruthenium-catalyzed sequen-
tial living radical polymerization of MMA followed
by nBMA affords AB block copolymers B-1 with
narrow MWDs (M./M,, = 1.2), which can be extended
further into ABA block copolymers B-2 with similarly
narrow MWDs (M,/M, = 1.2).2% Star block copoly-
mers with B-1 as arm chains were similarly synthe-
sized but with multifunctional initiators.3%’

Block copolymers between alkyl acrylates such as
B-4,%%8 B-5,202203 gnd B-6,%°% on the other hand, have
been synthesized by the macroinitiator methods
mostly with copper catalysts. Star block copolymers
with a soft poly(MA) core and a hard poly(isobornyl
acrylate) shell were synthesized by using multifunc-
tional initiators.3%8 Poly(tBA) segments in B-5 and
B-6 can be converted into hydrophilic poly(acrylic
acid).2%3 Block copolymers between p-methylstyrene
and styrene (B-7) were also prepared by the rhenium-
catalyzed living radical polymerization in conjunction
with an alkyl iodide initiator.16®

Block Copolymers between Different Fami-
lies of Monomers. Block copolymers among differ-
ent families of monomers (e.g., methacrylate/acrylate)
can be efficiently prepared by metal-catalyzed radical
polymerizations (Figure 17). Though widely feasible,
the synthesis often calls for specific care, and in
particular the initiating systems including terminal
halogens, metals, and ligands should be carefully
selected so that they are effective for both monomers
in different families. For the macroinitiator method,
in contrast, the catalysts for the first and the second
polymerizations should not be necessarily the same.

Most of the block copolymers consisting of meth-
acrylates and acrylates (B-8 to B-12) have been
prepared via macroinitiator methods. AB- and BA-
type block copolymers of MMA and MA (B-876:135359
and B-9%%°) were prepared with nickel, copper, and
iron catalysts. Due to the higher activity of the
carbon—halogen terminals in poly(methacrylate)s
than in poly(acrylate)s, block copolymerization from
PMMA is successfully performed via both sequential
and macroinitiator methods, where the controllability
seems better in the copper-based system. Similar
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Figure 17. Block copolymers between different families of monomers.

results were also obtained for B-10.135138:3% |n con-
trast, for BA-type block copolymers from MA, halogen-
exchange reactions from C—Br into C—ClI terminals
(see above) should be employed so that the initiation
from the less active dormant terminal of acrylates
can be quantitative and faster.3%® This method gave
B-9 with fairly narrow MWDs (M,,/M,, = 1.15) with-
out contamination of homopoly(MA). A similar block
copolymer with nBA and MMA (B-11) can be pre-
pared by the same method.36°

ABA-type block copolymers B-12 with a hard
PMMA as the outer segment (A) and a soft poly(nBA)
as the inner segment (B) are expected as all-acrylic
thermoplastic elastomers. Examples of B-12 have
been prepared with copper and nickel catalysts via
bifunctional initiation.3%°~364 Unfortunately, the co-
polymers by R—Br/Ni-2 via the macroinitiator method
were reported to be inferior as thermoplastic elas-
tomers to those by living anionic polymerizations. A
possible reason is the presence of short PMMA seg-

ments caused by the lower activity of the C—Br ter-
minal of poly(nBA).363 The use of halogen-exchange
methods with the copper-based systems can narrow
the MWDs of the ABA block copolymers.359:360.364

The MMA/styrene block copolymers of both AB and
BA types (B-13 and B-14) were synthesized with
copper and iron catalysts, although the MWDs were
slightly broader (M\,/M;,, = 1.4—1.5) than those of the
other block copolymers.76:94.241,365

A wider range of acrylate/styrene block copolymers
have been prepared by copper catalysts, partially
because the homopolymerizations of both monomers
can be controlled with common initiating systems.
Both AB- (B-15 to B-17)202230.254366.367 gnd BA-type
(B-18 to B-21)28112.169,230,366,368.369 hlgck copolymers
were obtained from macroinitiators prepared by the
copper-based systems. The block copolymerizations
can also be conducted under air?° and under emul-
sion conditions with water.?>* Combination of the Re-
and Ru-mediated living radical polymerizations in
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Figure 18. Block copolymers with functional segments.

the macroinitiator method is effective for the syn-
thesis of B-18.1¢°

A series of ABA- and BAB-type triblock copolymers
(B-22 to B-24) were obtained by two-step block
copolymerization with bifunctional initiators?®? or by
three-step block copolymerization with monofunc-
tional initiators.292:366:368 ABC-type block copolymers
B-252%% and B-262%? consisting of styrene, MA, and
tBA can be obtained by the latter method; the tBA
segment may be hydrolyzed to give amphiphilic
triblock copolymers.

Acrylamide-based block copolymers B-27%7° and
B-28''" were prepared by the ruthenium- and copper-
based systems, respectively. The vinylpyridine (B-
29)%14371 segment can be introduced into the block
copolymers with MMA. The polystyrene-based block
copolymers B-30 with short segments of a bicyclic
monomer had a higher decomposition temperature
than the homopolystyrene with C—Br terminals.??3

Block Copolymers with Functional Segments.
Various block copolymers with functional groups can
be prepared by direct block copolymerization of
functional monomers or by sequential polymeriza-
tions of their protected forms, followed by deprotec-
tion (Figure 18).

Block copolymers with hydroxyl segments were
prepared by various ways: An example utilizes the
copper-catalyzed sequential copolymerizations of nBA
and 2-[(trimethylsilyl)oxy]ethyl acrylate by the mac-
roinitiator method into B-31 to B-33. The copolymers
were then hydrolyzed into amphiphilic forms by de-
protection of the silyl groups.3'® A direct chain-exten-
sion reaction of polystyrene and PMMA with HEMA
also afforded similar block copolymers with hydroxyl
segments (B-34 and B-35).24%243 In block polymer
B-36, a hydroxy-functionalized acrylamide provides
a hydrophilic segment.*'” Block copolymers of styrene
and p-acetoxystyrene (B-37 to B-39), prepared by iron
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and copper catalysts, were precursors of amphiphilic
block copolymers with hydroxy groups.169.208.372

Carboxyl groups may be introduced into block
copolymers via direct polymerizations of free-acid
monomers or protection—deprotection procedures.
Block copolymers of styrene and nitrophenyl meth-
acrylate (B-40) are used for the latter method, where
the activated ester pendant is effectively converted
into methacrylic acid or acrylamide under mild
conditions.’®® A homogeneous aqueous system with
copper catalysts gives block copolymers with benzoate
groups (B-41) via sequential block copolymerization
of the two water-soluble monomers.24’

Block copolymers with pendant amino groups can
be obtained by the block copolymerization of (meth)-
acrylates and 2-(dimethylamino)ethyl methacrylate
catalyzed by copper to afford B-42 to B-45.243373

Perfluoroalkyl groups are also introduced into block
copolymers with methacrylates, acrylates, and sty-
rene (B-46 to B-53), which can be synthesized in
scCO; or in the bulk.?>315 Amphiphilic block copoly-
mers based on glycopolymer segments (B-54 and
B-55) are synthesized by copper-catalyzed polymer-
izations.3?1:322 Comonomers with a polyhedral oligo-
meric silsesquioxane unit afforded hybrid polymers
between organic and inorganic components (B-56 and
B-57).3%6

2. Block Copolymers via Combination of Other (Living)
Polymerizations

Block copolymers can be prepared by combination
of metal-catalyzed living radical polymerization and
other polymerizations. Namely, polymers with car-
bon—halogen terminals may be synthesized by some
living polymerization, and the product is further used
to initiate living radical polymerization in the pres-
ence of transition-metal catalysts. Therefore, this
method is essentially a variant of the macroinit-
iator method discussed above. Such carbon—halogen
terminals can be obtained by transformation of the
polymer terminal with some reagents or by use of
halogenated initiators for the first-step living polym-
erization. In some cases, there is no need for the
transformation since the first-step polymerization
also proceeds via similar carbon—halogen chain ends
as in living cationic polymerization (see below).
Reviews on block copolymer synthesis based on mech-
anism transformation are available elsewhere.30%.302

Another method is based on initiation of other
polymerizations from the polymers prepared by living
radical polymerization as macroinitiators. The fol-
lowing sections give specific examples.

Anionic Vinyl Polymerization. The carbanionic
terminals in living anionic polymerization can be
transformed into carbon—halogen bonds suited for
radical generation. The backbones utilized thus far
for this approach include polystyrene (B-58 to
B-62)?15374 and polyisoprene (B-63 and B-64),374375
although the former segment can also be prepared
by the living radical polymerization (Figure 19).

For B-58 to B-60 and B-62, the polystyryllithium
terminal was converted into a bromide by the reac-
tion with styrene oxide followed by treatment with
2-bromoisobutyryl bromide.?”* The same method is
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utilized for isoprene as in B-64.3* Such macroinitia-
tors induced living radical polymerization of meth-
acrylates, acrylates, and styrene in the presence of
the copper catalysts to give block copolymers with
narrow MWDs (My/M, = 1.1—1.2). The use of ethyl-
ene oxide for quenching the living anionic polymer-
ization of styrene followed by treatment with SOCI,
resulted in a carbon—chlorine terminal for a subse-
quent polymerization of 2-vinylpyridine (B-61).2'5

A transformation method can introduce some func-
tional groups at the junction as in B-63, which bear
a fluorescent dye between the polyisoprene and
polystyrene segments.3”® The preparation is based on
guenching the living anionic polymerization of iso-
prene with 1-(9-phenanthryl)-1-phenylethylene fol-
lowed by addition of excess a,a’'-dibromo-p-xylene,
which affords a C—Br terminal effective for the
copper-catalyzed radical polymerization of styrene.

Cationic Vinyl Polymerization. Living cationic
polymerizations, in general, are based on the revers-
ible activation and heterolytic dissociation of carbon—
halogen terminals by a Lewis acid.”® Despite the
difference in the activation processes, some of the
carbon—halogen bonds obtained in living cationic
polymerization can be used as an initiating site for
metal-catalyzed living radical polymerization without
any modification. Figure 20 shows block copolymers
obtained in this way.

The polystyrene obtained by living cationic polym-
erization with R—Cl/Lewis acid possesses a carbon—
chlorine terminal that is subsequently used for the
living radical polymerizations of acrylates and meth-
acrylates to give block copolymers such as B-65 to
B_67_376—378

Chlorine-capped polyisobutylene, prepared via cat-
ionic polymerization, was also used as a macroini-
tiator for the copper-catalyzed radical polymeriza-
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Figure 20. Block copolymers prepared via living cationic polymerization.

tions of acrylates, methacrylates, and styrenes as in
B-68 to B-73.2043797381 The C—CIl terminal of the
polyisobutylene cannot initiate the living radical
polymerization due to its lower activity for redox
reactions, but it can be modified into an active form
by inserting several units of styrene. Polymers B-68
to B-72 were prepared in this way from bifunctional
initiators.2%4380 Another method is based on trans-
formation of the chloride terminal into hydroxyl
functions followed by esterification with 2-bromopro-
pionyl¥”® and 2-bromoisobutyryl halides®®! as em-
ployed in the preparation of B-68 and B-73, respec-
tively.

Radical Vinyl Polymerization. Conventional
radical polymerization and telomerization can also
be beneficial for block copolymer synthesis, because
in some cases they polymerize monomers inactive for
metal catalysts, although side reactions often render
the block copolymers in low yield and with ill control
of molecular weights. However, a combination with
conventional radical polymerizations affords novel
block copolymers in higher yields than before (Figure
21).

Halogen compounds such as chloroform and carbon
tetrachloride are well-known telomers in conven-
tional radical polymerizations. They give oligomers
or polymers with a CClIz terminal, which can act as
an initiating group for metal-catalyzed radical po-
lymerization. This method was employed for vinyl
acetate to prepare AB block copolymers with styrene
(B-74)%38382 or with nBA (B-75).330338 The block
copolymers based on vinylidene fluoride (B-76 to
B-80) were similarly prepared with CHCI;,57:383
perfluoroalkyl iodides,3®* and bromides®® as telomers
followed by the copper-catalyzed radical polymeriza-
tions.

Another route to block copolymers in conjunction
with conventional radical systems is to use azo
initiators bearing reactive carbon—halogen bonds
such as (chloromethyl)benzyl, 2-bromoisobutyroyl,
and trichloromethyl groups.33®38 This method can
afford diblock (B-74 and B-75) and triblock (B-81)
copolymers, depending on the mode of termination
reactions in the conventional radical polymerizations
with the azo compounds. In these cases, the order of
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Figure 21. Block copolymers prepared via conventional
radical polymerization.

the two polymerizations can be reversed, where
conventional radical polymerization is initiated by
the azo macroinitiators prepared by a metal-cata-
lyzed radical polymerization.33®

lonic Ring-Opening Polymerization. Living
ionic ring-opening polymerization of cyclic ethers,
esters, and siloxanes gives polymers with controlled
molecular weights and defined terminal structures
and is thus applied to the synthesis of block copoly-
mers coupled with the metal-catalyzed living radical
polymerizations (Figure 22).

Transformation of cationic ring-opening polymer-
ization of THF into the copper-catalyzed radical
polymerizations of styrene, acrylates, and methacry-
lates leads to various block copolymers (B-82 to
B-88).387:388 Diblock (B-82 to B-84) and ABC-type
triblock (B-85) copolymers were prepared via the
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Figure 22. Block copolymers prepared via ionic ring-opening polymerization.

copper-catalyzed radical polymerizations from poly-
(THF) macroinitiators obtained with 2-bromopropio-
nyl bromide and silver triflate.3®’

The ABA-type block copolymers B-86 to B-88 were
synthesized via termination of telechelic living poly-
(THF) with sodium 2-bromoisopropionate followed by
the copper-catalyzed radical polymerizations.3” A
similar method has also been utilized for the syn-
thesis of 4-arm star block polymers (arm B-82), where
the transformation is done with -bromoacyl chloride
and the hydroxyl terminal of poly(THF).3% The BAB-
type block copolymers where polystyrene is the
midsegment were prepared by copper-catalyzed radi-
cal polymerization of styrene from bifunctional initia-
tors, followed by the transformation of the halogen
terminal into a cationic species with silver perchlo-
rate; the resulting cation was for living cationic
polymerization of THF.28% A similar transformation
with Phyl"PFgs~ was carried out for halogen-capped
polystyrene and poly(p-methoxystyrene), and the
resultant cationic species subsequently initiated cat-
ionic polymerization of cyclohexene oxide to produce

B-90 and B-91, respectively.3?° Another route coupled
with cationic ring-opening polymerizations is ac-
complished for polymer B-92 with the use of a
hydroxyl-functionalized initiator with a C—Br ter-
minal, where the OH group initiates the cationic
polymerizations of 1,3-dioxepane in the presence of
triflic acid.3?® Poly(ethylene oxide)-based block co-
polymers B-93 are obtained by living anionic polym-
erization of ethylene oxide and the subsequent trans-
formation of the hydroxyl terminal into a reactive
C—Br terminal with 2-bromopropionyl bromide, fol-
lowed by the copper-catalyzed radical polymerization
of styrene.3*!

Living ring-opening polymerization of e-caprolac-
tone with aluminum alkoxide or alkylaluminum can
be combined with nickel-catalyzed living radical po-
lymerization for the synthesis of linear and dendri-
mer-like star block copolymers B-94 to B-98.139.392-3%4
Such block copolymers were first synthesized via
living radical polymerization with CBrsCH,OH, where
the C—Br bond is a radical initiating site and the
hydroxyl group is for the subsequent ring-opening
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polymerization. The reverse order of the two pro-
cesses is also possible.'3® More interestingly, the two
living polymerizations can be performed simulta-
neously; namely, MMA and e-caprolactone undergo
parallel growth initiated by the CBr;CH,OH/Ni-2/Al-
(O-i-Pr)3 system.®?2 The aluminum compound might
have a dual function, one as a catalyst for anionic
ring-opening polymerization and the other as an
additive for Ni-2 to facilitate the living radical
process.13?

Poly(dimethylsiloxane) segments can also be in-
troduced into the block copolymers as in B-99 to
B-101, where the silane terminal of poly(dimethyl-
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siloxane) or block copolymers of styrene and dimeth-
ylsiloxane are converted into the C—Br terminal by
hydrosilylation of 3-butenyl 2-bromoisobutyrate.3%®

Ring-Opening Metathesis Polymerization.
When coupled with living radical systems, living ring-
opening metathesis polymerization (ROMP) also
permits the synthesis of other types of block copoly-
mers (Figure 23) such as B-102 to B-108.67:396.:397 A
molybdenum carbene or ROMP intermediate is con-
verted into a benzyl bromide-type terminal by quench-
ing the ROMP with p-(bromomethyl)benzaldehyde by
a retro-Wittig reaction.3°®¢ The macroinitiator thus
obtained induced living radical polymerizations of
styrene and MA with copper catalysts to afford B-102
to B-105.

Poly(1,4-butadiene) segments prepared by the ru-
thenium-mediated ROMP of 1,5-cyclooctadiene can
be incorporated into the ABA-type block copolymers
with styrene (B-106) and MMA (B-107).3%" The
synthetic method is based on the copper-catalyzed
radical polymerizations of styrene and MMA from the
telechelic poly(butadiene) obtained by a bifunctional
chain-transfer agent such as bis(allyl chloride) or bis-
(2-bromopropionate) during the ROMP process. A
more direct route to similar block copolymers is based
on the use of a ruthenium carbene complex with a
C—Br bond such as Ru-13 as described above.®” The
complex induced simultaneous or tandem block co-
polymerizations of MMA and 1,5-cyclooctadiene to
give B-108, which can be hydrogenated into B-109,
in one pot, catalyzed by the ruthenium residue from
Ru-13.

Condensation Polymerization. Condensation
polymerization generally affords telechelic polymers
with functional terminals, which thus can be trans-
formed into reactive carbon—halogen bonds for the
metal-catalyzed radical polymerizations (Figure 24).

Polysulfones obtained from bisphenol A and bis(4-
fluorophenyl) sulfone were converted into telechelic
macroinitiators by the reaction with 2-bromopropio-
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Figure 24. Block copolymers prepared via condensation polymerization.
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Figure 25. Block copolymers prepared from commercially available polymers.

nyl bromide. The telechelic bisbromide was subse-
quently employed for the copper-catalyzed block
polymerization of styrene or nBA to give B-110 and
B-111, respectively.3® A polysilylene-based block
copolymer (B-112) was synthesized similarly from a
telechelic polysilane macroinitiator with benzyl chlo-
ride terminals.?*® Another block copolymer (B-113)
consisting of a fluorene unit in the midsegment was
obtained by two-step polymerizations, the Ni(0)-
mediated condensation polymerization of 2,7-dibromo-
9,9-dihexylfluorene and the Ni(ll)-mediated living
radical polymerization of MMA after the transforma-
tion of the telechelic terminals.4%°

Polystyrene B-1144%1 and poly(acrylate) B-115%2
are connected to a dendrimer at its focal core. These
are prepared with dendrimer-type macroinitiators
with a benzyl bromide at the focal point, from which
are initiated the copper-catalyzed living radical po-
lymerizations of styrene and acrylates, respectively.
For B-114, various functional groups (R) were intro-
duced into the periphery.

Commercially Available Polymers. Modifica-
tion of terminal groups for block copolymer synthesis
can be applied to commercially available end-func-
tionalized polymers although most of them are pro-
duced by living anionic polymerization. Thus, some
of the block copolymers shown in Figure 25 were
already described above.

Hydroxyl-capped poly(ethylene-co-butylene), a so-
called Kraton, was converted into a macroinitiator
via esterification with 2-bromopropionyl chloride, and
then employed for the block copolymerizations of
styrene and p-acetoxystyrene (B-116 and B-117).4%3
A similar method is utilized for B-118 to B-121 where
the esterification is with 2-bromoisobutyroyl bro-
mide.3* A commercially available polybutadiene is
also employed for B-122 via a similar transformation
into the chloroacetyl group.*%*

Poly(oxyethylene) units can be introduced by using
commercially available poly(ethylene oxide)s and
poly(ethylene glycol)s via esterification of the termi-
nal hydroxyl groups with appropriate acyl halides.
Various AB- (B-123 and B-124) and ABA-type (B-
125 and B-126) block copolymers were thus pre-
pared,171:327:405-408 glong with a poly(propylene oxide)-
based version (B-127).4%* The polymer coupling be-

tween a telechelic polystyrene with terminal maleic
anhydride units and a commercially available poly-
(ethylene glycol methyl ether) gave B-128.348
Polysiloxane-based ABA-type block copolymers
B-129 can be prepared from commercially available
poly(dimethylsiloxane) as a stating material followed
by functionalization and the subsequent copper-
catalyzed radical polymerization of styrene.*%®

D. Random Copolymers

A distinctive advantage of radical polymerization
is that a variety of monomer pairs can readily be co-
polymerized into true random/statistical copolymers.

A mixture of two monomers that can be homopo-
lymerized by a metal catalyst can be copolymerized
as in conventional radical systems. In fact, various
pairs of methacrylates, acrylates, and styrenes have
been copolymerized by the metal catalysts in random
or statistical fashion, and the copolymerizations
appear to also have the characteristics of a living
process. The monomer reactivity ratio and sequence
distributions of the comonomer units, as discussed
already, seem very similar to those in the conven-
tional free radical systems, although the detailed
analysis should be awaited as described above. Apart
from the mechanistic study (section I11.F.3), the metal-
catalyzed systems afford random or statistical co-
polymers of controlled molecular weights and sharp
MWDs, where, because of the living nature, there are
almost no differences in composition distribution in
each copolymer chain in a single sample, in sharp
contrast to conventional random copolymers, in which
there is a considerable compositional distribution
from chain to chain. Figure 26 shows the random
copolymers thus prepared by the metal-catalyzed
living radical polymerizations.

There are several examples of random copolymers
of methacrylates (R-1 to R-3). MMA/nBMA copolym-
erization was carried out with a copper catalyst, but
the products were of low molecular weight because
this study was directed to mechanistic studies.??
Random copolymers of MMA and nBMA (R-1) were
also obtained in emulsion (M,/M, = 1.2—1.3).2% Two
monomers were consumed almost simultaneously to
give a random or statistical distribution of repeat
units along the chains. Copolymerization of MMA
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Figure 26. Random copolymers.

and HEMA was investigated by ruthenium and
rhodium catalysts to give random copolymers R-2
which possess hydroxyl functions randomly distrib-
uted along the chains.5**%® Random copolymers be-
tween hydrophilic and hydrophobic segments (R-3)
were also synthesized by the copper catalysts in
water.320

Random copolymers between acrylates (R-4 and
R-5) were prepared by the copper and nickel cata-
lysts. The former one has random distribution of the
hydroxyl groups along with the chains similarly to
R-2 and shows different behavior in water in com-
parison to the block copolymers.33 In copolymer R-5,
the e-caprolactone units are distributed randomly
and can function as linking agents in the subsequent
copolymerizations with e-caprolactone.3!®

For styrene-based random copolymers, functional
groups can be introduced into the polymer chains via
copolymerization with functional styrene derivatives,
because the electronic effects of the substituents are
small in the metal-catalyzed polymerizations in
comparison to the ionic counterparts. Random co-
polymer R-6 is of this category, synthesized from
styrene and p-acetoxystyrene.®2 It can be trans-
formed into styrene/p-vinylphenol copolymers by
hydrolysis.3% The benzyl acetate and the benzyl ether
groups randomly distributed in R-7 and R-8 were
transformed into benzyl bromide, which can initiate
the controlled radical polymerizations of styrene in
the presence of copper catalysts to give graft copoly-
mers.?%° Epoxy groups can be introduced, as in R-9,
by the copper-catalyzed copolymerizations without
loss of epoxy functions, while the nitroxide-mediated
systems suffer from side reactions due to the high-
temperature reaction.3'”

OCHs On—C4H9
R-12 R-13

Metal-catalyzed radical polymerization enables the
controlled random copolymerization of the monomers
that belong to different families such as methacry-
lates, acrylates, and styrenes, in contrast to the fact
that the living anionic counterparts give their block
copolymers in most cases. However, some of the
metal-catalyzed systems may suffer from slight broad-
ening of the MWDs due to the difference in the cross-
propagation processes and in reactivity of the dor-
mant carbon—halogen terminals depending on which
monomer pair is employed. Another problem is that,
at least thus far, the available metal catalysts are
more or less “monomer-specific” and few of them are
universally applicable to different families of mono-
mers such as methacrylates and styrenes.

Copolymerizations of an equimolar mixture of
MMA and MA (R-10) or nBA (R-11) with the nickel
catalysts led to simultaneous consumption of the two
monomers and gave their random copolymers with
controlled molecular weights and relatively narrow
MWDs (M./M, ~ 1.5).135 The copper-catalyzed sys-
tems also induced controlled random copolymeriza-
tions of MMA and nBA in organic solvents and in
emulsion (My/M, ~ 1.2).254267 However, methacrylate/
acrylate copolymerization may result in gradient
structures rather than random structures (section
HLF).

The styrene-based random copolymers R-12 and
R-13 were prepared by ruthenium and copper cata-
lysts, respectively. For the former copolymer (R-12),
the copolymerizations were investigated with various
compositions of the two monomers, which revealed
that the composition curve is similar to that of
conventional radical copolymerizations.?°® The latter
copolymers (R-13) obtained with R—Br/CuBr have
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narrow MWDs (M,/M, = 1.1—1.2) because the sys-
tems are effective in controlling homopolymerizations
of both styrene and nBA.?5* The R—CI/CuCl system
also gave R-13 although the MWDs became slightly
broader (My/M, = 1.3—1.4).36%

Other methacrylate-based copolymers are also pos-
sible with acrylamide (R-14)3° and maleimide (R-
15),%% which can be prepared by ruthenium and
copper catalysts, respectively. Both copolymers have
amide groups randomly distributed in the PMMA
chains.

E. Alternating Copolymers

Alternating copolymers can be obtained from the
monomers that cannot homopolymerize alone but can
copolymerize in conjunction with the appropriate
monomers. As described above, N-substituted male-
imides copolymerize with styrene in this fashion in
the presence of copper catalysts to give alterna-
ting copolymers with controlled molecular weights
(Mw/Mp, = 1.1—1.2). The substituents in the male-
imides include 2-acetoxylethyl, phenyl, and cyclo-
hexyl groups.2t9-222

F. Gradient Copolymers

Another type of copolymer with controlled composi-
tion or sequence distribution is a gradient copolymer,
in which the repeat-unit composition (sequence)
changes along a backbone; i.e., “A” units are pre-
dominant, for example, near the a-end, and their
abundance continuously decreases, while “B” units
increasingly predominate near the w-end. Such poly-
mers can be prepared by metal-catalyzed radical
polymerization; two methods are known so far: One
method is based on the automatic formation of a
gradient composition due to an inherent monomer
reactivity difference, and the other is based on
continuous addition of a second monomer at a con-
trolled rate into a polymerizing solution of the first
monomer. The former is exemplified in the copoly-
mers obtained of MMA and nBA.*t! Although they
are considered random copolymers, detailed analysis
indicates that there is a gradient structure therein.
The latter method was applied for pairs of styrene/
nBA and styrene/acrylonitrile. The physical proper-
ties of the copolymers were studied in comparison to
those of other copolymers.

Another copolymer with compositional change along
the chains is an ABC-type block/random copolymer
that consists of three segments, each of which is a
copolymer of the two monomers with a different
composition. A mixture of styrene/MMA (3:1 molar
ratio) was polymerized with the ruthenium-based
systems, and two portions of MMA were sequentially
added at varying styrene conversions.?’® The styrene/
MMA sequential compositions from the a- to the
w-end in the final products with relatively narrow
MWDs (M/M, ~ 1.5) are about (3:1)—(1:1)—(1:4).
These interesting experiments show not only that the
Ru-catalyzed MMA/styrene copolymerization is in
fact living irrespective of the initial monomer com-
position, but also that the reaction might lead to new
copolymers differing from statistical or gradient
derivatives.

Kamigaito et al.

G. Telechelic and Star Polymers

Telechelic and star polymers can be obtained by a
so-called multifunctional initiator method where
metal-catalyzed living radical polymerizations are
initiated from halogen compounds with plural reac-
tive carbon—halogen bonds. This method can give
multiarmed or star polymers with a predetermined
number of arms that corresponds to the number of
the carbon—halogen bonds in the initiator. Numerous
polyhalogen compounds are accessible and synthe-
sized from various polyfunctional compounds as
summarized in Figures 27 and 28, where the arm
numbers may be varied between 2 and 12.

Another route to synthesizing star polymers by
living polymerization involves the use of multifunc-
tional end-capping agents, but this method is not
suited for metal-catalyzed radical polymerizations, at
least so far, due to the lack of universal and conve-
nient terminating agents, as described above (section
111.B.2).

The third method is based on a polymer-linking
reaction where the liner polymers are obtained by
the living radical polymerization with divinyl com-
pounds. This can afford star polymers with a rela-
tively large number of arms, up to several hundred
per molecule, while the number of arms by definition
involves a statistical distribution in a single sample.

1. Telechelic Polymers with Bifunctional Initiators

Halogen compounds with two reactive carbon—
halogen bonds can be bifunctional initiators for
metal-catalyzed living radical polymerizations to give
telechelic polymers. The effective bifunctional initia-
tors include MI-1 to MI-26 with various spacers
between the initiating sites.

o,a'-Dichloro-p-xylene (MI-1, X = CI) is a bifunc-
tional initiator for the copper-catalyzed living radical
polymerization of styrene to give telechelic polymers
with controlled molecular weights and narrow MWDs
(Myw/M,, = 1.45).84 The bromide version of MI-1 (X =
Br) is more versatile and gives telechelic polymers
of stryene,84315348 M A 84315 nBA 315 and p-acetoxysty-
rene?®” with narrov MWDs (My/M,, = 1.1-1.3). The
telechelics are further employed as macroinitiators
for ABA-type block copolymers. The copper-catalyzed
radical polymerization of MMA with MI-2 gave
polymers with narrow MWDs (My/M,, = 1.2) but in
low initiation efficiency (le = 0.13).4*? The obtained
PMMA possesses one anthracene unit in the middle
of the polymer backbone. a,a-Dichlorotoluene (MI-
3) serves as a bifunctional initiator for the copper-
catalyzed radical polymerization of styrene, while it
works as a monofunctional version for MMA polym-
erization due to the low reactivity of the second C—ClI
bond after the initiation.'®>A haloketone, dichloroac-
etophenone (Ml-4), induces living radical polymeri-
zation of MMA in the presence of ruthenium catalysts
to give polymers with extremely narrow MWDs (M,,/
M, ~ 1.1).56 As it turned out, both of the carbon—
chlorine bonds in the initiator initiate living polym-
erization.®*

Ester-type bifunctional initiators can readily be
prepared by a reaction of dialcohols or diphenols with
B-haloacyl halides. For example, bis(dichloroacetate)s
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Figure 27. Bifunctional initiators.

such as MI-5 and MI-6 serve as a bifunctional
initiator for MMA in the presence of Ru-1 and Al-
(acac); to give telechelic PMMA with controlled
molecular weights and narrow MWDs (M,,//M, = 1.3—
1.4). In contrast to dichloroacetophenone (see above),
one dichloroacetate unit serves as a monofunctional
initiator in the ruthenium catalysis (Ru-1).222 An-
other chloride-type bifunctional initiator (MI-7) af-
fords telechelic polystyrene in the presence of copper
catalysts.'”* Bromoesters MI1-8 and MI-9 derived from
ethylene glycol were employed for acrylate and
styrene with copper catalysts,3!3:326,358,359,368,389.413 Thege
telechelic polymers can further be employed as
bifunctional macroinitiators for ABA block copoly-
mers,313:326:359.368.389 The obtained telechelic polysty-
renes can produce polymer network gels by a copper-
mediated linking reaction with divinylbenzene.*'3 A
series of bromoesters (MI-10 to MI1-12), derived from
diphenols and 2-bromoisobutyroyl bromide, are ef-
fective in the copper-mediated living radical poly-
merizations of various acrylates and styrene (M,/M,
~ 1.1).2%% A chloroester (MI-10, X = Cl) gave similar
polymers with slightly broader MWDs (M,,/M,, = 1.2).

MI-25 Mi-26

Telechelic PMMA can be obtained from MI-13 with
Ni-2 as a catalyst.** Anthrathene-labeled polysty-
rene can be synthesized with the copper-catalyzed
polymerizations initiated with MI-14; the aromatic
tag or probe is located near the midpoint of a polymer
chain.*'®> Dibromoacetates MI-15 and MI-16 are com-
mercially available and effective for methacrylates,
acrylates, and styrene with nickel and copper cata-
lysts.134.256,360-362 The resultant telechelic polymers
have been subsequently employed for the synthesis
of various ABA triblock copolymers.

Functional groups can also be introduced in the
spacer units. Bifunctional initiators with bipyridine
units such as MI-17 and MI-18 induced the living
radical polymerizations of styrene and MMA, respec-
tively, with copper catalysts to give polymers that
carry a coordination site at the middle of the
chain.®:332 These polymers can be connected together
into star polymers with a ruthenium cation at the
core, where the arm numbers are varied among three,
four, five, and six in combination with the polymers
obtained from the monofunctional initiator with a
bipyridine unit (FI-21 and FI-22; Figure 13).46 A
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modified method for the coupling reaction with the
metal center can also afford heteroarm star polymers
consisting of polystyrene and PMMA chains.*” The
bifunctional initiator complexed with ruthenium
prior to the polymerization (MI1-19) is also effective
in the copper-catalyzed polymerization.87-333

Bifunctional initiators with oligophenylenes as a
rigid spacer unit (M1-20 and MI-21) generate rigid/
flexible triblock copolymers of styrene.*18

Disulfonyl halides such as MI-22 to MI-26 are
effective bifunctional initiators for various monomers
including methacrylates, acrylates, and styrenes,
because the sulfonyl halide part, as pointed out for
their monofunctional versions, can induce fast initia-
tion without a bimolecular termination reaction
between the sulfonyl radicals.?40343

2. Star Polymers with Multifunctional Initiators

Halogen compounds with more than two reactive
carbon—halogen bonds afford star polymers, the arm
number of which is defined by the number of the
initiating sites, whereas the arm length therein is
determined simply from the initial molar ratio of
monomer to initiator. The multifunctional initiator
method gave various star polymers with 3 (MI-27 to
MI-33), 4 (MI-34 to MI-42), 5 (MI-43), 6 (MI-44 to
MI-50), 8 (MI-51 and MI-52), and 12 arms (MI-53
and MI-54).

A benzyl bromide-type initiator (MI-27) was uti-
lized for the copper-catalyzed synthesis of 3-armed
poly(acrylate)s with mesogen units as side-chain
groups.®?* The effect of molecular architecture on the
thermotropic behavior was compared with the cor-
responding linear polymers in both living and con-
ventional polymerizations.

Haloester-type trifunctional initiators are obtained
from triols by a method similar to those for bifunc-
tional haloesters. 3-arm star polymers of MMA are
obtained with dichloroacetates MI-28 and MI-29, for
which Ru-1 and Al(acac)s are employed.?? The poly-
mers have controlled molecular weights and narrow
MWDs. Similarly, MI-30 and MI-31 with copper
catalysts gave 3-arm star polymers of styrene, acry-
lates, and methacrylates; suitable copper catalysts
vary with each monomer.199:326:358.368 The obtained
star polymers can be further transformed into star
block copolymers comprised of hydrophilic/hydropho-
bic3® or organic/inorganic®® segments by block co-
polymerizations of other monomers.

Trisulfonyl chlorides MI-32 and MI-33 are also
efficient in the copper-catalyzed radical polymeriza-
tion of methacrylates and styrene (My/M, = 1.1—
1.4).3% The polystyrene arms can be cleaved from the
core with a base, giving polymers (arms) whose
molecular weights are about 1/3 of the original.

Tetra(bromomethyl)benzene (MI1-34) was employed
for alternating radical copolymerization of styrene
and N-cyclohexylmaleimide to give controlled molec-
ular weights and narrow MWDs (M/M, = 1.2—
1.4).22r Another benzyl halide initiator (M1-37) with
a cyclosiloxane core induced styrene polymerization
(My/M,, = 1.16).%%8 An ester-type initiator (MI-35) is
effective in the copper-catalyzed radical polymeriza-
tion of nBA.3%8 A tetrafunctional sulfonyl chloride
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(MI-38) from the same tetraol can be employed for
methacrylates and styrene polymerization.3*3

Another tetrafunctional ester (MI1-36) is the small-
est number of a series of dendrimer-type initiators
such as MI-46 and MI-53 for 6- and 12-arm star
polymers, respectively.414419.420 These initiators in-
duce the living radical polymerizations of MMA with
Ni-2 to give the corresponding multiarmed polymers
with controlled molecular weights although the arm
number with MI-53 is slightly lower than 12 due to
incomplete initiation from all the carbon—bromine
bonds.

A series of calixarene-core-type initiators (MI1-40,
MI-47, and MI-51) were prepared and employed for
the radical polymerizations of MMA, styrene, and
tBA. Ruthenium catalysts®7 were first employed, and
copper catalysts are equally effective.*?1422 PMMA
obtained with the dichloroacetate version of MI-40
had narrow MWDs (M\/M,, = 1.1—1.2) and controlled
numbers of arms, which were ascertained by the
scission of arms from the cores after the polymeriza-
tions.3%”

The star polymers obtained with the bromoester-
type calixarene-based initiators were analyzed by
SEC equipped with a multiangle laser light scatter-
ing (MALLS) detector. The arm numbers were well
controlled (close to the initiator's functionality),
although the octafunctional initiator MI-51 induced
star—star coupling in the styrene-polymerization at
conversions higher than 20%.42* A similar series of
tetra-, hexa-, and octafunctionalized initiators with
calixarene cores were synthesized for sulfonyl chlo-
ride versions (MI-41, MI-48, and MI-52) and em-
ployed for copper-catalyzed MMA polymerizations.3*3

Carbosilane-based dendritic bromoesters MI-39
and MI-54 are also effective as multifunctional
initiators for 4- and 12-arm star PMMA with narrow
MWDs (Mw/M, = 1.1-1.2).#®* However, star—star
coupling was observed with the use of MI-54.

A pentafunctionalized initiator can be obtained
from esterification of -p-glucose, and star PMMA
with 5 arms are obtained.®*° Inorganic cores, other
than silicon, can also be employed such as the
cyclotriphosphazene (M1-44 and M1-45), which gives
6-arm polymers from styrene, acrylates, and meth-
acrylates.3033% Tetra- (M1-42)87332 and hexafunction-
alized initiators (MI1-49873%2 and MI-50%%%) with a
ruthenium center can be also employed for the radical
polymerizations of styrene and MMA in the presence
of appropriate catalysts such as copper, ruthenium,
and nickel.

Other multifunctional initiators include star poly-
mers prepared from initiators via living radical or
other living polymerizations. In particular, all of the
star polymers via metal-catalyzed living polymeri-
zation, by definition, carry a halogen initiating site
at the end of each arm, and thus they are potentially
all initiators. Thus, star-block copolymers with three
polyisobutylene-block-PMMA arms and four poly-
(THF)-block-polystyrene or poly(THF)-block-polysty-
rene-block-PMMA were synthesized via combination
of living cationic and copper-catalyzed living radical
polymerizations.381388 Anionically synthesized star
polymers of e-caprolactone and ethylene oxide have
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hydroxy groups at their terminal, which can be
transformed into C—Br bonds. The functionality of
C—Br bonds to be introduced thereby can be either
mono-, bi-, or tetrafunctional, and thus one can
increase the initiating sites on the transformation.
With the use of this method, the arm numbers of
PMMA chains can be increased up to 24 arms.3* This
method can also afford miktoarmed PEO-block-
(polystyrene), and (polystyrene),-block-PEO-block-
(polystyrene), H-type copolymers.39?

3. Star Polymers by Linking Reaction

As in known in anionic and other living polymer-
izations, star polymers with a large number of arms
(>10) can be prepared conveniently by a linking
reaction of linear polymers with divinyl compounds.
Similar to the synthesis of block copolymers (section
I11.C.1), there are two ways for the synthesis by
metal-catalyzed radical polymerizations, where the
linking reaction is done via sequential addition of the
divinyl compounds into the polymerization mixture
after the almost completion of the vinyl monomers,
or via isolation of halogen-capped monofunctional
linear polymers followed by linking reaction in the
presence of the metal catalysts and the divinyl
compounds. The former method may involve incor-
poration of the first vinyl monomer units (remaining
at the first stage) in the cores while the latter is free
from such contamination though more cumbersome
than the first. Also, the former one can be carried
out in a one-pot reactor.

The sequential-addition method was systematically
employed for the ruthenium-catalyzed living radical
polymerization of MMA followed by in situ linking
reaction with various dimethacrylates and related
bifunctional monomers.*?®> The yields of star polymers
depend on several factors such as halogens at the
polymer terminal and the spacer-unit structure
(length and rigidity) in the linking agents, where
chloride terminals and a soft aliphatic or a rigid long
aromatic spacer are favorable. The best yield reached
93%. The arm number of the star-polymers was also
determined form the molecular weights measured by
static light scattering or by SEC coupled with MALLS.
In an example, about 20 arms of PMMA chains were
linked together into one star polymer. Divinyl com-
pounds with amide and alcohol groups form core-
functionalized star polymers with 20—640 PMMA
arms in the ruthenium-catalyzed living radical po-
lymerization of MMA.#%6 In particular, bisacrylamides
are good linking agents, and they give interesting
star polymers in the core of which a large number of
amide functions are embedded.

The copper-based system gave star polymers con-
sisting of polystyrene and poly(tBA) arms by the
linking reaction of isolated linear polymers.3?8427 The
linking reaction of Br-terminated polystyrenes was
examined with three divinyl compounds, divinylben-
zene, 1,4-butanediol diacrylate, and ethylene glycol
dimethacrylate with CuBr/L-1 catalyst.*?” The first
agent gave soluble star polymers, while the acrylate
and methacrylate versions resulted in insoluble gels,
attributed to star-star coupling. The formation of star
polymers with divinylbenzene can be accelerated with
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L-24 as a ligand, up to 85—90% vyield. The linking
reaction of a poly(tBA) with a bromide terminal was
also possible with divinylbenzene, whereas the other
two divinyl compounds led to side reactions.®?® The
yield of star polymers can be increased up to 95%
with the use of additives. The a-end-functionalized
linear polymers afford surface-functionalized star
polymers with various functional groups such as
alcohols, amines, epoxides, and nitriles.

H. Comb and Graft Copolymers

Comb and graft copolymers were also prepared by
metal-catalyzed living radical polymerizations. There
are two methods available for the synthesis, one of
which is via the metal-catalyzed radical polymeriza-
tion of macromonomers in the absence or the pres-
ence of comonomers (“grafting through” method), and
the other is via graft polymerization from the reactive
carbon—halogen bonds attached to the main chains
(“grafting from” method). In contrast to ionic living
polymerizations, there have been no reports on the
use of “grafting onto” method, partly due to the lack
of efficient w-end capping agents as described above
(section 111.B.2).

1. Comb Polymers

Comb or densely grafted polymers are defined as
polymers that have at least one polymeric chains per
monomer unit of the main chain, and Figure 29
shows examples obtained by metal-catalyzed living
radical polymerization. Comb polymers possess physi-
cal properties similar to those of star polymers in
solution.
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CH3
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O—(I?-CIZ—P O-ﬁ-(l:H—P
O CHs O CH3
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poly(nBA) poly(nBA)
C-3 C-4

Figure 29. Comb polymers.

Combination of a living ionic polymerization and
a metal-catalyzed radical polymerization also leads
to comb polymers, where both the molecular weights
of the arm and main-chain polymers are well con-
trolled. PMMA with poly(vinyl ether) arm polymers
of controlled molecular weights (C-1) were prepared
by the copper-catalyzed radical polymerization of
methacrylate-capped macromonomers carrying a poly-
(isobutyl vinyl ether), which were obtained by living
cationic polymerization with a methacryloxy-capped
end-functionalized initiator.*?® Comb polymers with
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poly(oxyethylene glycol) with varying molecular
weights between 400 and 2000 were also obtained
by the copper-catalyzed radical polymerizations of the
corresponding macromonomers.3132042% However, this
method is not always suitable for high molecular
weight macromonomers because the polymerization
suffers from incomplete conversion and limits the
degree of polymerization of the main-chain units.

Another method is based on the metal-catalyzed
polymerization from carbon—halogen bonds in the
main-chain units, which was applied for the synthesis
of C-3 and C-4.%%° For C-3, the main chain polymers
with controlled molecular weights were prepared via
the copper-catalyzed radical polymerization of tri-
methylsilyl-protected HEMA followed by the trans-
formation of the silyloxyl group into 2-bromoisobu-
tyrate. The pendant C—Br bonds were subsequently
activated by the copper catalysts to polymerize
styrene and nBA. A more direct way is employed for
C-4; i.e., via conventional radical polymerization of
2-[(2-bromopropinonyl)oxy]ethyl acrylate followed by
the copper-catalyzed graft polymerization of styrene
and nBA from the C—Br substituent.

2. Graft Polymers

Various graft copolymers were synthesized by
metal-catalyzed radical polymerizations, as detailed
in Figure 30. Most of them were from random
copolymerization of a macromonomer with a low
molecular weight comonomer.

In a study, copper-catalyzed radical copolymeriza-
tion of nBA and methacryloxy-capped poly(MMA)
was compared with conventional radical copolymer-
ization.?¢7431 The graft copolymers G-1 obtained with
copper catalysts are more homogeneous in terms of
MWD (Mw/M, ~ 1.6 vs 3) and the number of side
chains. This is attributed to diffusion control being
less important in the metal-catalyzed radical polym-
erization, where the growing radical species is rapidly
converted into the dormant covalent species.

There are several examples of graft copolymers
obtained from macromonomer prepared by the metal-
catalyzed polymerizations. Conventional radical co-
polymerization of N-vinylpyrrolidione and vinyl
acetate-capped polystyrene synthesized with copper
catalysts gave graft copolymers G-2, which formed
hydrogels in water.3¥” Electrochemical copolymeri-
zation of pyrrole and thiophene-capped poly(MMA)
affords G-3.3%

A graft copolymer consisting of poly(e-caprolactone)
as main chain and PMMA as branches was also
synthesized by ring-opening copolymerization of ¢-ca-
prolactone and e-caprolactone-capped PMMA mac-
romonomer; the macromonomer was prepared by a
nickel catalyst.3'? The obtained graft copolymers have
relatively narrow MWDs (M,/M,, = 1.3—1.4) because
both the polymerizations are living. There are two
other ways for the preparation; one is graft polym-
erization of MMA from the C—Br moiety in the
pendant groups of poly(e-caprolactone), and the other
is simultaneous or dual living polymerization of
MMA and e-caprolactone in the presence of a func-
tionalized e-caprolactone with C—Br bond (FI-41).
Both the methods afford similar products with nar-
row MWDs.
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Another dual living polymerization of MMA and
e-caprolactone in the presence of HEMA gave graft
copolymers with poly(e-caprolactone) as branches (G-
5) because the hydroxyl group in HEMA serves as
an initiating site for e-caprolactone.’®? A similar graft
structure is obtained in graft polymerization of
ethylene oxide from the hydroxyl group.3®?

The metal-catalyzed copolymerization from carbon—
halogen bonds in the main chain can be employed
widely for graft polymer synthesis. A combination of
nitroxide-mediated and copper-catalyzed living radi-
cal polymerizations, for example, gives graft copoly-
mers G-6, where the main chain is prepared by the
former.*32 The chlorobenzyl unit in the copolymer is
not active during the polymerization but, upon copper
catalysis, it can initiate living radical polymerizations
of styrene and methacrylates.

A similar well-defined graft copolymer consisting
of polystyrene main chain and branches (G-7) can be
prepared simply via repetition of copper-catalyzed
living radical polymerizations.?®® Thus, the synthesis
starts with the copolymerization of styrene and
p-(acetoxymethyl)styrene or p-(methoxymethyl)sty-
rene, followed by bromination of the substituent into
the benzyl bromide moiety, which then initiates the
copper-catalyzed radical polymerization of styrene to
give graft polymers with 8—14 branches.

A combination of metallocene-catalyzed syndiospe-
cific styrene polymerization and the metal-catalyzed
radical polymerization affords various graft copoly-
mers consisting of syndiotactic polystyrene main
chains (G-8).%%3 The reactive C—Br bonds (7—22%
content) were generated by bromination of the poly-
styrene main chain with N-bromosuccimide in the
presence of AIBN.

Another graft copolymer with polystyrene seg-
ments in main chain is derived from the triblock
copolymers of polyisobutylene and poly(p-methylsty-
rene) prepared by living cationic copolymerizations
(G-9).4%* The grafting point was generated by the
bromination of the p-methyl groups into benzyl
bromide, which are then employed for the copper-
catalyzed polymerization of styrene and p-acetoxy-
styrene. A similar graft copolymer (G-10) can be
obtained from a commercially available polymer
(EXXPRO) consisting of isobutylene, p-methylsty-
rene, and p-(bromomethyl)styrene units.?65435 The
mechanical properties of the graft copolymers were
also investigated. Another commercial product, poly-
(styrene-block-ethylene-co-propylene) (Kraton 147)
with 29.0 wt % styrene units, is also used as a
backbone.*%® About 6.4 mol % chloromethylated sty-
rene units are first introduced by chloromethylation,
which then initiates graft polymerization of ethyl
methacrylate to give the products G-11.

A polyolefin-based graft copolymer such as G-12
is prepared from a commercially available EPDM
rubber (Vistollon 2727).4%” The allyl group is partially
converted into allyl bromide moiety, and living radi-
cal polymerization of MMA initiated therefrom with
copper catalysts. Graft copolymers of polyethylene (G-
13) were synthesized from commercially available
poly(ethylene-co-glycidyl methacrylate) as a starting
material, the epoxy groups of which were esterified
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with chloroacetic acid and 2-bromopropionic acid into
the reactive carbon—halogen bonds.*3¥® The function-
alized polymers then initiate the copper-catalyzed
radical polymerizations of styrene and MMA to afford
arm polymers with controlled lengths.
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Graft polymers with a poly(vinyl chloride) backbone
and various branches (G-14) were obtained from the
copolymer of vinyl chloride and 1 mol % vinyl
chloroacetate.** Glass transition temperature (T) of
the copolymer with nBA decreases with increasing
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content of nBA. A more direct and simple way for
poly(vinyl chloride)-based graft copolymers is to use
the allyl chloride and tertiary chloride units as
structural defects in the base polymers for the
initiating moiety in the metal-catalyzed living radical
polymerization.**° This method can afford various
graft copolymers G-15, which was characterized by
SEC, NMR, DSC, and film preparation.

Hybrid graft copolymers having silicon-based poly-
mer backbones were also prepared by the metal-
mediated radical polymerizations of styrene. The
phenyl groups of poly[(methylphenyl)silylene] were
bromomethylated and then employed as the grafting
points of polystyrene (G-16).2°4441 Polysiloxane can
be employed also as a backbone (G-17) by introduc-
tion of benzyl chloride units into the pendant vinyl-
functionalized poly(dimethylsiloxane).*%°

|. Hyperbranched Polymers

In vinyl polymerization, hyperbranched polymers
can be obtained from the monomers that have an
initiating group along with a vinyl group (Figure 31).
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Figure 31. Monomers for hyperbranched polymers.

The self-condensing vinyl polymerization, which was
initially developed for living cationic polymeriza-
tion,*? is also applicable for metal-catalyzed living
radical polymerizations.

For example, p-(chloromethyl)styrene (H-1) was
employed for copper-catalyzed self-condensing vinyl
polymerizations.?*! The hyperbranched structure was
supported by the fact that the molecular weight
measured by SEC was lower than those by viscosity
and light scattering. The average number of branches
per polymer chain was estimated to be 25. In con-
trast, another paper reported that the reaction condi-
tions should be changed for the synthesis of hyper-
branched structure.?*® A high catalyst-to-monomer
ratio around 0.1—0.3 should be employed to minimize
the formation of linear polymers due to the difference
in reactivity between the primary and the secondary
benzylic halide sites. The residual carbon—halogen
bonds were transformed into functional groups such
as cyano, ester, thioether, and imide to generate
multifunctionalized hyperbranched polymers.

Acrylic hyperbranched polymers are obtained by
the copper-catalyzed radical polymerizations of H-2,
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where addition of CuBr; is needed to decrease the
concentrations of the radical species generated from
the monomers.*? Under appropriate conditions, nearly
ideal self-condensing vinyl polymerizations proceed.
The obtained polymer was a viscous solid with a
subambient T4 (—11 °C). Detailed kinetic and mecha-
nistic studies were carried out to determine the
difference in reactivity among the C—Br bonds in
terminals and side chains.?12444445 Similar meth-
(acrylic) hyperbranched polymers were prepared from
H-3 and H-5 while the products with H-4 were most
likely linear polymers. 446

The self-condensing copper-catalyzed polymeriza-
tion of macromonomer of poly(tBA) with a reactive
C—Br bond (H-6) affords hyperbranched or highly
branched poly(tBA).#*” Copolymerization of H-1 and
N-cyclohexylmaleimide induced alternating and self-
condensing vinyl polymerization.**® The residual
C—CI bond was further employed for the copper-
catalyzed radical homopolymerization of styrene to
give star polymers with hyperbranched structures.
Hyperbranched polymers of H-1 further serve as a
complex multifunctionalized macroinitiator for the
copper-catalyzed polymerization of a functional mono-
mer with polar chromophores to yield possible second-
order nonlinear optical materials.3?%

The graft copolymers with poly(H-1) arms have
multiple carbon—halogen bonds that can initiate
copper-catalyzed radical polymerization to give highly
branched dendrigraft polymers.*®2 The products with
styrene or nBMA had relatively narrow MWDs
because each chain was prepared by living polymer-
ization.

A combination of other polymerization pathways
also results in some hyperbranched structures. Mul-
tifunctional hydroxyl groups in polyglycerol with
hyperbranched structure, prepared by anionic po-
lymerization of glycidol, were esterified with 2-bro-
moisobutyroyl bromide and then employed as a
hyperbranched multifunctional macroinitiator for the
copper-catalyzed radical polymerization of MA to give
products with 45—55 poly(MA) arms.*4°

Another method for hyperbranched polymers is
based on a simultaneous or dual living polymeriza-
tion such as metal-catalyzed radical and ring-opening
ionic polymerizations.3!* In this method, copolymer-
izations of HEMA and H-7 are carried out in the
presence of Ni-2 and Sn(Oct),, where the C—Br bond
in H-7 serves as an initiating point for the nickel-
catalyzed radical polymerization of HEMA and the
OH group in HEMA for the tin-catalyzed ring-
opening polymerization of H-7. The products had
hyperbranched structures, similarly to those obtained
in self-condensing vinyl polymerizations. Addition of
MMA and/or e-caprolactone into the system gave
looser hyperbranched structures.

J. Polymer Brushes

Polymer brushes can be obtained by metal-medi-
ated living radical polymerization from the initiator
moiety confined to the surface of a substrate via
spacers. The surface-initiated living polymerization
can control the thickness and the density of brushes;
the former is regulated by brush’s chain length and
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Figure 32. Initiating moiety for polymer brushes.

the latter by the density of the attached initiator. The
substrate for these polymer brushes include silicon
wafer, silica bead, silica nanoparticle, porous silica
gel, silica capillary, polymer latex, and gold, and the
attachment of polymer brushes alter the chemical
properties of their surface for various applications.
Figure 32 summarizes the initiating moiety employed
for such surface modification.

1. Silicon Wafer

The control of the molecular weights, MWDs, and
surface density of graft chains was achieved by the
copper-catalyzed radical polymerization of MMA from
sulfonyl chloride initiators attached to silicon wafer
(S-1) by the Langmuir—Blodgett technique.**® The
surface-initiated polymerization is better controlled
on addition of free or unconfined initiators such as
p-toluenesulfonyl chloride, because uncontrolled mo-
lecular weights and broad MWDs were obtained in
the absence. This may be attributed to a low concen-
tration of Cu(ll) species, which convert the radical
species into the dormant, originating from the low
concentration of the initiator moiety confined on the
surface. The thickness of the polymer layer increased
up to 70 nm in direct proportion to the molecular
weights of free polymers produced in solution, al-
though the molecular weights of the graft polymers
were unknown. The graft density can be varied in a
wide range between 0.07 and 0.7 chains/nm? by
photodecomposing the surface-fixed initiator, where
the highest value is at least 10 times larger than
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those of the polymer brushes prepared by the adsorp-
tion of block copolymers on surface.*51452 Glycopoly-
mer and block copolymers of MMA and 4-vinylpyri-
dine were grown from the surface by the same
technique.’14% A similar PMMA layer was also
obtained in the nickel-catalyzed surface-initiated
polymerization from S-2 in the presence of ethyl
2-bromoisobutyrate as a free initiator, where the
thickness increased up to 50 nm.*%4

Such a controlled radical polymerization can be
performed even in the absence of free initiators,
where larger amounts of Cu(ll) species are added in
the system.3%® The polystyrene layer obtained from
S-3 in the presence of 5 mol % Cu(ll) relative to Cu-
(1) increased up to 20 nm in thickness, in direct
proportion to the M, of the polymers prepared in the
other experiments with ethyl 2-bromopropionate but
without surface-confined initiator under similar con-
ditions. For MA, the layer thickness increases up to
60 nm. Block copolymer layers were also prepared
by block copolymerization of MA or tBA from the
polystyrene. Modification of the hydrophilicity of a
surface layer was achieved by the hydrolysis of the
poly(styrene-block-tBA) to poly(styrene-block-acrylic
acid) and confirmed by a decrease in water contact
angle from 86° to 18°.

Block copolymer surface was also prepared by the
copper-catalyzed radical polymerization of MMA from
a surface-confined macroinitiator of polystyrene (S-
4) obtained by living cationic polymerization although
the blocking efficiency was unknown.®”® The block
copolymerization increased the film thickness by 9
nm and changed the water contact angles. Other
monomers such as MA and 2-(N,N-dimethylamino)-
ethyl methacrylate were also polymerized from S-4.577
The changes in contact angles were observed by
treatment of the surface with several solvents and
air.

An azo-type initiator (S-5) can also be attached to
the silicon wafer and induces the controlled radical
polymerization of styrene in the presence of CuBr,.3%
The block copolymerization of MMA from the surface-
confined polystyrene macroinitiator was also con-
ducted.

2. Gold

Polymer brushes can be grown from gold surface
in a similarly controlled manner by the metal-
catalyzed surface-initiated radical polymerization.
The attachment of the initiator moiety can be at-
tained via the thiol group as in S-6%%° and S-7.4%

Several monomers such as tBA, MMA, isobornyl
methacrylate, 2-(N,N-dimethylamino)ethyl methacry-
late, and HEMA were polymerized from S-6 with
copper catalysts to form layers ranging from 5 to 48
nm with varying contact angles depending on the
polymers. The brushes of PMMA grow from the
surface with a high graft density as indicated by the
low value of the area per PMMA chain (200 A%/chain).
However, a grafting efficiency is estimated around
10% from the surface confined initiators. The initiator
can be attached also on the patterned area by
microprinting method. The hydrophobic polymers as
brushes are resistant to etchants, which permits the
selective etching of gold surface.
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Another example is the copper-catalyzed surface-
initiated radical polymerization of MMA from S-7 at
room temperature without addition of free initiator.
The molecular weights and MWDs of the polymers
were directly measured after removing the brushes
from the surface. For example, the surface with 40
nm thickness had M, of 68900 and MWDs of 1.45. A
high graft density (180 A2chain) and decreased
surface roughens (0.54 nm) were observed. This
method is free from solution and thermal polymer-
izations due to the absence of free initiators and a
low polymerization temperature, which permits a
simple washing step without Soxhlet extraction.

3. Silica Particle and Bead

Surface-initiated living radical polymerization is
also applied for spherical surfaces such as silica
nanoparticles and beads.

Spherical silica nanoparticles, with an average
diameter of 70 nm, modified with the initiator moiety
(S-8) were employed for the copper-mediated radical
polymerization of styrene.®>” The diameter of the
particles and the molecular weights of the obtained
polymers increased with conversion. For example, the
average diameter of the particles obtained at 58.8%
monomer conversion was increased to 188 nm, where
the M, and MWDs of the arm polymers were 26500
and 1.33, respectively. Given a narrow size distribu-
tion (<10%), the nanoparticles within the film do-
mains were observed to pack into hexagonal arrays.
A smaller silica nanoparticle with 14 nm was em-
ployed also for the copper-catalyzed radical polym-
erization of styrene initiated with S-9.458

Silica microspheres (~3 um) with initiating moiety
(S-8) induced the copper-catalyzed radical polymer-
ization of benzyl methacrylate to form polymer layers
on the surface.*>® The thickness of polymer shell can
be increased to 550—600 nm, where the M, and
MWDs of the arm polymers were 26500 and 1.26,
respectively. Removal of the core silica by chemical
etching gave uniform hollow polymer microspheres.

4. Silica Gel and Silica Capillary

Organic polymer layer on the surface of silica gels
or porous silica can modify the surface to increase
the resistance of the silica surface to basic com-
pounds.

The first example of the surface-initiated metal-
catalyzed radical polymerization was reported for
acrylamide from the initiator moiety S-8 attached to
porous silica gels.?*® A silica gel with an average pore
size of 860 A gave polyacrylamide with film thickness
of 100 A after the polymerization, where polymer
molecular weights were around 13000—15000.2'8 The
silica gels coated with polyacrylamide can even
separate a basic protein without significant damages
of silica gels by size-exclusion mode. The same
technique was also employed for the silica capillaries
and results in polymer coating without clogging of
narrow capillaries.?'”

Functionalized methacrylates with pendent nucleo-
sides such as uridine and adenosine (FM-23 and FM-
24) were also polymerized from the surface of silica
gels in the presence of the copper catalysts.*%° For
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the polymerizations, bromide-type initiator frag-
ments S-10 and S-11 were attached to the surface
and initiated the homopolymerization or copolymer-
izations. A higher loading of the polymers was
observed with S-11 than S-10.

5. Polymer Latex

Organic compounds such as polystyrene latexes
were also used as substrates for the surface-initiated
radical polymerizaiton.?*® Reactive C—Br bonds (S-
12) were introduced at the surface via radical emul-
sion copolymerization of styrene and 2-(2-bromopro-
pionyloxy) ethyl methacrylate in the presence of
divinylbenzene under selected conditions. The surface-
initiated polymerization of hydrophilic monomers
such as FM-3 and FM-6 resulted in hydrophilic shell
and hydrophobic core latexes.

IV. Conclusions

This paper has provided, we believe, a comprehen-
sive, up-to-date, critical, and objective review on the
discovery and the subsequent fast development of
living radical polymerizations catalyzed by transi-
tion-metal complexes in the period from 1994 to early
2001. These metal-catalyzed living radical polymer-
izations have rapidly been developing since their
discovery in 1994, and the scope of applicable mono-
mers, metal catalysts, and initiators has been ex-
panding. Their advantages include versatility toward
a variety of monomers, feasibility in a wide range of
reaction conditions, and relatively easy access to the
materials. This permits many researchers to use the
systems for the precision synthesis of various poly-
mers with controlled architectures.

As in many other fields of science, however, these
extensive developments have also elicited a number
of interesting and challenging problems that are still
waiting for solutions and answers. These may include
the kinetics and mechanism of the polymerizations,
the nature of the true growing intermediates that are
considered to associate with the metal catalyst (e.g.,
are they really radicals identical or similar to those
in classical “free” radical polymerizations?), the guid-
ing principles for designing metal catalysts, and the
“novel” polymers that can be synthesized by the
metal-based systems but cannot be by other (living)
radical polymerizations. In addition to these prob-
lems, future research efforts will therefore be directed
toward the development of more efficient and versa-
tile catalyst systems for various monomers including
nonconjugated vinyl monomers, as well as the syn-
thesis of specific polymers with special architectures
and the application to industry processes.
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