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1. Introduction and Scope of Review
In the past 30 years, tremendous progress in the controlled

polymerization using homogeneous, single-site catalysts has
led to the development of novel materials having appealing
properties and wide-ranging applications. In particular,

numerous polyethylene or polypropylene compounds have
been synthesized by metal-catalyzed coordination-insertion
polymerization. On the other hand, organometallic catalysts
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capable of incorporating comonomers with polar functions
into such nonpolar polymers via the coordination-insertion
mechanism have remained a significant challenge in polymer
synthesis.1 Currently, commercial processes for the incor-
poration of polar monomers mainly require radical polym-
erization, thus limiting the range of materials available.2

Therefore, there is a strong requirement for novel catalysts
capable of copolymerizing polar monomers with nonpolar
monomers via controlled coordination-insertion polymeri-
zation processes that would yield polymers with novel
architectures and properties.

Polar vinyl monomers such as methyl acrylate (MA),
methyl methacrylate (MMA), vinyl acetate (VAc), acryloni-
trile (AN), vinyl halides, and vinyl ethers are the main
compounds that can be used for overcoming the challenges
posed by coordination-insertion polymerization because they
are readily available and widely used for manufacturing of
the polymers. However, until recently, most studies on the
metal-catalyzed coordination-insertion polymerization did
not employ such fundamental polar vinyl monomers. Instead,
the monomers employed thus far have often been ones
possessing polar functional groups apart from the olefinic
locus of insertion.1,3 For example, conventional SHOP (Shell
higher olefin process) [P-O]Ni catalysts4 can copolymerize
ethylene with monomers having at least two methylene
spacers between the olefinic double bond and the functional
group.5 Although Grubbs et al. synthesized a family of
[N-O]Ni catalysts capable of copolymerizing ethylene with
functionalized norbornenes,6 these catalysts could not incor-
porate fundamental polar vinyl monomers.6d,f

In the mid-1990s, a major breakthrough was achieved by
Brookhart et al., who reported a series of olefin polymeri-
zation and copolymerization catalysts by cationic Pd(II)
R-diimine complexes.7 These catalysts were remarkably
active for the copolymerization of nonpolar olefins with polar
vinyl monomers such as acrylates,8 methyl vinyl ketones,8

and silyl vinyl ethers9 to yield highly branched copolymers.
Nonetheless, other common monomers such as vinyl acetate,
acrylonitrile, and vinyl chloride could not be copolymerized
by these catalytic systems. In 2002, another significant
breakthrough in the copolymerization of fundamental polar
monomers was reported by Drent, Pugh, et al., who reported
a promising system in which a neutral Pd(II) catalyst
generated in situ from phosphonium-sulfonate produced
highly linear copolymers of ethylene with MA.10 Subse-
quently, many studies have intensively focused on the unique
characteristics of these catalysts. Many fundamental polar
vinyl monomers such as acrylates,10-13 vinyl acetate,14

acrylonitrile,15 vinyl fluoride,16 vinyl ethers,17 and other
important comonomers18,19 have thus far been found to be
applicable to copolymerization with ethylene.

Another fundamental polar monomer is carbon mon-
oxide (CO), which can be used for the coordination
copolymerization with olefins to form ketone functionality.
Since the first discovery of the metal-catalyzed copolym-
erization of ethylene and carbon monoxide in 1951,20 a
variety of palladium catalysts with bidentate ligands have
been developed for the effective copolymerization of olefins
with CO. The concept of catalyst design and the correspond-
ing examples were comprehensively studied by Drent and
Budzelaar in 1996.21 Further developments including the
control of stereochemistry and investigations on the physical
and chemical properties of the copolymers have been
abundantly reviewed.22-24 Recent progress in this chemistry

has provided novel types of CO polymerization: the nonal-
ternating copolymerization of ethylene with CO,25-28 the
alternating copolymerization of polar vinyl monomers with
CO,29,30 and the alternating copolymerization of imines with
CO to yield poly-R-peptides.31

This review describes the transition-metal-catalyzed
coordination-insertion copolymerization of fundamental
polar vinyl monomers with nonpolar olefins and the copo-
lymerization of olefins and imines with carbon monoxide.
In the context of this review, we define “fundamental polar
vinyl monomers” as olefin molecules whose C-C double
bond is directly substituted by polar functional groups.
Examples of such compounds include methyl acrylate (MA),
methyl methacrylate (MMA), vinyl acetate (VAc), acryloni-
trile (AN), vinyl halide, and vinyl ethers, and these are
presented as H2CdCHX or H2CdCMeX. Thus, olefins
possessing a certain functionality through some methylene
spacers from an olefin moiety are not included.

The term “coordination-insertion polymerization” refers
to the polymerization realized by the migratory insertion of
a coordinated olefin into a metal-alkyl bond Via a four-
membered transition state in the case of vinyl monomers32

and the polymerization realized by the migratory insertion
of a coordinated carbon monoxide into a metal-alkyl bond
Via a three-membered transition state in the case of carbon
monoxide. In this review, other polymerization mechanisms
such as radical, cationic, and anionic including group transfer
(or coordination-conjugate addition) polymerization are
excluded even in the case that the copolymerization involves
migratory insertion of nonpolar olefins.

Finally, it should be noted that homopolymerization of
polar vinyl monomers is not discussed in this review.
Although many transition-metal-catalyzed homopolymeri-
zation reactions of polar vinyl monomers have thus far been
reported, most of them lack sufficient data to prove that the
polymerization proceeded via the coordination-insertion
mechanism. In fact, no concrete methods are available for
differentiating coordination-insertion polymerization from
other polymerization mechanisms. For example, Yamamoto
et al. reported the first “coordination polymerization of polar
vinyl monomers” in 1967 followed by a series of reports on
Ni, Fe, Co, Ni, Rh, and Cu catalysts.33,34 A quarter of a
century later, however, some researchers reinvestigated the
polymerization of AN and proposed mechanisms that differed
from each other, as well as from that proposed by Yama-
moto.35 This remains an unresolved issue, and therefore, it
serves as a good example of difficulties involved in elucidat-
ing the mechanism of the homopolymerization of polar vinyl
monomers.

2. Copolymerization of Polar Vinyl Monomers
with Nonpolar Olefins

In this section, we first discuss the significance of
incorporating functional groups into polyolefins as a meth-
odology for creating functional polymeric materials (section
2.1). Next, the characteristics of two representative ligands,
R-diimines and phosphine-sulfonates, are introduced, es-
pecially from the aspect of group-10 metal catalysts for
ethylene homopolymerization (section 2.2). Details for
fundamental polar monomers are described in section 2.3,
and their activity for the copolymerization with ethylene and
R-olefin are discussed in the order of acrylates, methacrylates,
vinyl acetate, acrylonitrile, vinyl halides, vinyl ethers, and
miscellaneous comonomers from section 2.4 onward.
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2.1. Insights into Incorporation of Functional
Groups in Polyolefins

The functionalization of polyolefins has attracted consider-
ableattentionfrombothacademicandindustrialcommunities.36-39

The polyolefins without any functionality often suffer from
the problems associated with insufficient surface properties
such as adhesion, dyeability, printability, and compatibility.
On the ther hand, the incorporation of polar functional groups
into polyolefins improves such properties, leading to expand-
ing the range of applications. For example, polypropylenes
modified with less than 1% of maleic anhydride can make
the polymers exhibit better surface properties, enough for
application to compatibilizing agents.40 Thus, the incorpora-
tion of polar functional groups into polyolefins is a powerful
method to synthesize functional polymeric materials.

Functionalized polyolefins can be classified as shown in
Figure 1.38 A variety of methodologies have been developed
for the synthesis of (Figure 1a) graft copolymers,41 (Figure
1b) block copolymers,41,42 and (Figure 1c) chain-end-
functionalized polyolefin43 in which the functional groups
are localized. On the other hand, polyolefins having randomly
distributed functional groups, such as Figure 1d and 1e,
provide different properties as compared to Figure 1a-c.
Radical copolymerization is a promising method for obtain-
ing functionalized branched polyolefins shown as Figure
1d.2,44 However, fundamental polar vinyl monomers are often
much more susceptible to radical intermediates than nonpolar
olefins, and thus, the resulting copolymers tend to possess a
high content of polar moieties. In addition, the precise control
of microstructures by means of radical polymerization is
generally difficult as compared to coordination polymeriza-
tion. Free radical polymerization can only provide branched
copolymers but not linear functionalized polyethylenes of
type shown in Figure 1e.

The physical properties of polymers heavily depend on
polymer chain structure. High-density polyethylene (HDPE),
which is mainly produced by early-transition-metal-catalyzed
polymerization, has essentially linear structures composed
of long chains to have high strength, good chemical
resistance, high Tm (∼135 °C), and almost no brittle behavior
at low temperatures. HDPEs have found a variety of
applications such as the manufacture of films, houseware,
bottles, and containers.45-48 Thus, surface modification of
HDPEs will further expand the range of applications.
Therefore, the synthesis of functionalized HDPE shown as
Figure 1e has been extensively investigated by using many
approaches shown in Scheme 1. The traditional method used
for synthesizing the architecture in Figure 1e is the physical

or chemical modification of preformed polyethylenes (i.e.,
postpolymerization approach I in Scheme 1).49 For example,
the incorporation of 1-2% of oxygen atom to HDPE induced
the change of water contact angle from 89° to ca. 70°.50 Such
functionalization of polyethylenes, however, generally re-
quires harsh reaction conditions due to the inert nature of
the C-H bonds of the polymers51 and suffers from cross-
linking of multiple chains induced by radical recombination.
Ring-opening metathesis polymerization (ROMP) of func-
tionalized cyclooctenes and the subsequent hydrogenation
(II)52 and acyclic diene metathesis (ADMET) polymerization
of symmetrically substituted R,ω-dienes followed by hydro-
genation (III)53 are alternative strategies for obtaining the
functionalized linear polyethylene. However, specific mono-
mers are required for these reaction procedures which involve
multiple steps. In contrast, the direct copolymerization of
ethylene with polar vinyl monomers (IV) is a straightforward
approach for synthesizing linear functionalized polyethylenes.

Because of the above-mentioned reasons, the develop-
ment of transition-metal-catalyzed copolymerization of
functionalized monomers with nonpolar olefins is eagerly
desired for realizing the random incorporation of polar
groups with precise control of polar/nonpolar ratios and
polymer microstructures.54 Nonetheless, early-transition-
metal Ziegler-Natta,55,56 metallocene,57 constrained geometry
complexes (CGC),58 and postmetallocene-type complexes59,60

are prone to be poisoned by functional groups such as
Brønsted acids and oxygen and nitrogen functionalities.1

Because of this problem, polar comonomers require either
bulky substituents around the polar moiety or protection–
deprotection sequences.1 Another important factor in this
process is the relative reactivity of the monomers. Since
electron-withdrawing or -donating groups directly attached
to the vinyl moiety significantly affect the energy of frontier

Figure 1. Classification of functional polyolefins.

Scheme 1. Synthetic Methods for Functionalized HDPE (e)
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orbitals, methylene spacers between a C-C double bond and
polar groups are essential for coordination-insertion copo-
lymerization. However, the cost of these special monomers
would preclude possibilities of commercialization.

An alternative strategy for the direct copolymerization of
polar monomers with nonpolar olefins is the manipulation
of late-transition-metal catalysts.1,7,59c,d,61,62 Their reduced
oxophilicity and tolerance to other functionalities of these
catalysts enable us to utilize functional monomers without
protection. Thus far, several promising late-transition-metal
catalysts, especially palladium complexes, have been devel-
oped and utilized for the copolymerization of fundamental
polar vinyl monomers with nonpolar monomers.

2.2. Catalysts Discussed in This Review and
Their Features as Ethylene Homopolymerization
Catalysts

Two major types of catalysts have played key roles in the
copolymerization of fundamental polar vinyl monomers with
nonpolar olefins. One is Pd and Ni complexes with R-diimine
ligands, and the other is Pd phosphine-sulfonate catalysts.
To understand the details of the copolymerization, we first
describe these complexes and their characteristics as ethylene
homopolymerization catalysts. Then, the mechanism of the
polymerization catalyzed by the two systems is compared.
Other catalysts which can incorporate polar monomers are
discussed individually from section 2.4 onward.

2.2.1. R-Diimine

One of the key catalytic systems described in this review
is Pd and Ni complexes with R-diimine ligands 1. The
synthesis and detailed characteristics of this system have been
described in great detail by Brookhart in 2000,7,63 and
therefore, they are not covered here. The R-diimine ligands
described in this review are shown in Figure 2.

A general feature of the R-diimine catalysts is to produce
branched polyethylenes due to chain walking.64 During chain
propagation, �-agostic metal-alkyl intermediates (A1) can
undergo a series of �-H elimination and reinsertion into the
metal-hydride bond of A3 in the opposite direction (Scheme
2). When ethylene is incorporated after this isomerization, a
methyl branch can be formed. Longer chain walks (isomer-
izations) introduce longer branches. In addition, chain transfer
in the R-diimine system is so slow that high-molecular-
weight polyethylene can be formed. In the case of Pd
catalysts, since olefin exchange proceeds via an associative
pathway, the steric bulk in the axial sites of the square plane
of these R-diimine complexes is a critical requirement for
retarding the chain transfer.7,65

The copolymerization of nonpolar olefins with methyl
acrylate,8 methyl vinyl ketone,8 and silyl vinyl ethers9

catalyzed by Pd R-diimine catalysts has already been
reported. The functional groups are generally located at the
end of the branches due to chain walking after insertion of
these polar monomers. The copolymerization of ethylene
with methyl acrylate catalyzed by Ni R-diimine complexes
has also been reported.60,66 The details of these systems are
described in section 2.4 onward.

2.2.2. Phosphine-Sulfonate

Pd complexes bearing a phosphine-sulfonate ligand play an
important role in the polymerization of polar vinyl monomers.

The typical structure of the ligands reported to be effective for
palladium-catalyzed coordination-insertion polymerization is
Ar2P(C6H4-o-SO3

-). Complexes of phosphines with sulfonated
aromatic substituents such as P(C6H4-m-SO3Na)3 have long been
used as water-soluble phosphine ligands for organic syntheses.67

In contrast, the synthetic applications of its ortho-substituted
ligand have been limited.68,69

In 1987, Murray at the Union Carbide Corp. first applied
late-transition-metal complexes bearing phosphine-sulfonate
ligands to ethylene oligomerization.70 Since 1988, researchers
at chemical companies including Shell (Drent, Van Leeuwen
et al.),10b,25b,71 Rohm and Haas (Goodall et al.),72 and others73

have filed several patents for polymerization processes using
phosphine-sulfonate ligands. Immediately after the first
academic reports in 2002,10a,25a these catalysts attracted
considerable attention from a wide range of research groups.

A family of phosphinoarylsulfonate ligands (2) has been
synthesized by the reaction of ortho-lithiated benzene-
sulfonate derivatives with diorganophosphine chloride or
diarylmethoxyphosphine (Table 1).25,26 The in-situ-generated
[P-O]Li can be converted to [P-O]M complexes by
transmetalation with Pd or Ni precursors and to [P-O]H
ligands by protonation with acids. The structure of these
[P-O]H ligands was confirmed by X-ray crystallography.14,74,75

With regard to the pKa of ArSO3H and Ar3P+H (e2.7),76

the proton should be located on the phosphorus atom rather
than the oxygen atom. In fact, P-H coupling can be observed
in the 31P NMR spectra of some ligands.26 Phosphinoalkyl-
sulfonate ligands (3) were prepared by reaction of phosphide
with appropriate bromoalkylphosphonate derivatives fol-
lowed by protonation and isolated as zwitterions (Scheme
3).68e,70,71a Both [2]H and [3]H are generally stable in water
and air.

Figure 2. Series of R-diimine ligands discussed in this review.
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Pd complexes bearing a phosphine-sulfonate ligand
(Table 2) can be prepared by addition of general catalyst
precursors such as PdMeCl(cod)11 (cod ) 1,5-cyclooctadi-
ene) and PdMe2(tmeda)77 (tmeda ) N,N,N′,N′-tetramethyl-
ethylenediamine) with phosphonium-sulfonate salts. When
a Pd(0) source such as Pd(dba)2 (dba ) dibenzylideneac-
etone) is mixed with a phosphonium-sulfonate salt, a Pd(II)
hydride complex, [P-O]Pd-H, should be formed, given that
formation of similar metal-H species was reported in the
case of SHOP catalysts.4a Although direct observation of the
Pd-H species has not yet been reported, Pd-H bond
formation was supported by the end-group analyses of some
polymers obtained by in-situ-generated catalysts.10

One of the key characteristics of Pd phosphine-sulfonate
polymerization catalysts is the ability to produce highly linear
polyethylenes without any activators78 or noncoordinating
counterions.12,13,77,79-81 Under typical reaction conditions,
polymerization catalyzed by Pd phosphine-sulfonate systems
proceeds with an activity of 10-1-102 gmmol-1 h-1 bar-1,
and the resulting polyethylene has molecular weights of
103-105 and highly linear structures with less than 1-10
branches per 1000 carbons. Bulky substituents on the
phosphorus atom have a favorable effect on the productivity

and molecular weight. Thus far, Pd complexes with
2-[bis(2′,6′-dimethoxy-biphenyl-2-yl)phosphanyl]benzene-
sulfonate ligand (2k) give the highest activity (98.5 gmmol-1

h-1 bar-1) and molecular weight (Mn ) 227 000).12 Given
that the Pd complexes with ligand 2i (ethyl groups) afforded
a similar activity and molecular weight as compared to that
obtained by Pd complexes with 2d (methoxy groups), it is
suggested that the Pd---OMe interaction is not important in
ethylene homopolymerization.79

The mechanism of ethylene homopolymerization catalyzed
by the Pd phosphine-sulfonate system was first theoretically
investigated by Ziegler.82 Subsequently Nozaki and Moro-
kuma et al. obtained a further understanding of the polym-

Scheme 2. Mechanism for Ethylene Polymerization and Polymer Branch Formation with Pd and Ni r-Diimine Complexes

Table 1. Series of Phosphinoarylsulfonate Ligands (2) Reported in the Academic Articles and Their Synthesisa

a For other ligands, see refs 70, 72, and 73a.

Scheme 3. Synthesis of Phosphinoalkylsulfonate Ligands (3)
Reported in the Academic Articles28,68e a

a For other ligands, see refs 70 and 71a.
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erization mechanism through investigations using DFT
calculations.79 Here, the essential part of the study is
summarized below in order to clarify how Pd phosphine–
sulfonate complexes catalyze the ethylene polymerization to
afford highly linear polyethylenes.

Because of the unsymmetrical nature of phosphine-sulfo-
nate ligands, both cis and trans isomers should be considered
in their square planar metal complexes.79,82-85 In Schemes 4
and 5, the isomers of the alkyl group or hydride located at
the cis position of the phosphorus atom are described as “cis”
and vice versa. It has been confirmed by X-ray crystal-
lographic analyses that the alkyl chain is located cis to the

phosphorus atom in the more stable isomer.11-15,26,27,77,79 This
is because the strong trans influence of the phosphorus atom
does not favor the existence of an alkyl chain trans to the
phosphorus atom. In contrast, ethylene insertion occurs with
a lower barrier from the isomer B2trans. In this case, the
migrating ability of the alkyl chain is enhanced due to the
strong trans effect of the phosphorus atom leading to facile
migratory insertion of ethylene. It should be noted that
the olefin can accept a strong back-donation from Pd because
of the charge of the metal center and the nature of the
sulfonate located at the trans position (i.e., weak σ-donor
and weak π-acceptor).

Table 2. Isolated Palladium and Nickel Complexes Bearing a Series of Phosphine-Sulfonate Ligandsa

a For other complexes, see refs 28-30 and 79. dmso ) dimethyl sulfoxide, tmeda ) N,N,N′,N′-tetramethylethylenediamine, CP-OEt ) 5η1-6-
ethoxy-exo-5,6-dihydrodicyclopentadiene, Codyl* ) 2-methoxycyclooct-5-enyl.

5220 Chemical Reviews, 2009, Vol. 109, No. 11 Nakamura et al.



Similarly, �-H elimination from the alkylpalladium com-
plexes could proceed from both B1cis and B1trans isomers
(Scheme 5).79 The trans isomer, B1trans, is much more
susceptible to �-H elimination reaction than B1cis. The
transition state of �-H elimination from B1trans is lower in
energy than that of ethylene insertion from B2trans. Neverthe-
less, it was found that all routes to reach B1trans require as
high energy as ethylene insertion. On the other hand, the
�-H elimination pathway from B1cis requires as high energy
as the ethylene insertion from B2trans. Thus, the barriers for
(i) ethylene insertion from B2trans, (ii) �-H elimination from
B1cis, and (iii) the routes to B1trans are comparable in energy.
This result suggests that insertion of ethylene (i) should be
the most favorable route in the presence of ethylene because
a high concentration of ethylene accelerates only route i.79

As summarized in Scheme 6, Pd phosphine-sulfonate
systems produce linear polyethylene because �-H elimination
is suppressed under the ethylene pressure.79 It should be
noted that this catalytic system can cause �-H elimination
in the absence of ethylene. If B3trans or B3cis once form by
�-H elimination, the subsequent chain transfer and branch

formation are suggested to take place with reasonable energy
barriers.79 In fact, this is consistent with experimental results
by Jordan et al., who observed that [P-O]PdCH2(t-Bu)
induced the isomerization of R-olefin in the absence of
ethylene.77

The characteristic features of the phosphine-sulfonate
ligand in a square planar Pd(II) complex are shown in Figure
3. (i) The ligand is anionic, and therefore, the charge on the
metal center is less positive when compared to its analogs
with neutral ligands. (ii) The sulfonate is a weak σ-donor,
and this stabilizes the electron-donating ligand at its trans
site. (iii) The sulfonate is a weak π-acceptor, and this causes
strong back-donation from the metal to the ligand at its trans
site.

The Pd phosphine-sulfonate catalyst was found to be
applicable to the copolymerization of ethylene with various
comonomers,86 including acrylates,10-13,72,73d vinyl acetate,14

acrylonitrile,15 vinyl fluoride,16 vinyl ethers,17 vinyl ketones,19

N-vinyl-2-pyrrolidinone,18,72f acrylamides,18,72f N-vinylcarba-
zole,72f N-vinylphthalimide,72f and functionalized norbornene
derivatives.71d,73b,74 In some reports, copolymerization by
Pd phosphine-sulfonate catalysts was performed in an
aqueous emulsion.74,87,88

Ni phosphine-sulfonate complexes have also been syn-
thesized and applied to ethylene homopolymerization to
afford linear polyethylenes (1-18 branches per 1000
carbons).13,89-92 In contrast to the Pd catalysts, however, Ni
phosphine-sulfonate complexes have not yet been reported
to be active for the copolymerization of fundamental polar
monomers.

The unique characteristics of the Pd phosphine-sulfonate
system also appeared in olefin/CO copolymerization, as
discussed in section 3. This catalyst copolymerizes ethylene
with CO in a nonalternating fashion.25-28 The alternating
copolymerization of vinyl acetate,29 methyl acrylate,30 or
acetylene71c with carbon monoxide has been also reported.

2.3. General Aspects on the Coordination-
Insertion Polymerization of Polar Vinyl Monomers

Fundamental polar vinyl monomers are expected to exhibit
reactivities different from that of ethylene because electron-
withdrawing or -donating groups are directly attached to the
olefin moiety. The functional groups strongly influence the
energies of the frontier molecular orbitals of the monomers,
as indicated by the calculated orbital energy diagrams shown
in Figure 4.93 Their characteristics are discussed individually
in the next section.

A prerequisite for the incorporation of vinyl monomers
by coordination-insertion polymerization is π-coordination

Scheme 4. Ethylene Insertion Catalyzed by Pd
Phosphine-Sulfonate Complexes

Scheme 5. �-H Elimination Catalyzed by Pd
Phosphine-Sulfonate Complexes

Scheme 6. Mechanism for Ethylene Polymerization and Linear Polyethylene Formation with Pd Phosphine-Sulfonate
Complexes
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of an olefin double bond to a metal center. As far as electron-
deficient metals are concerned, the energy of π(CdC),
generally the HOMO level of the monomer, becomes an
important factor in estimating the stability of the metal-olefin
bond because electron donation from the CdC π bond to
the empty dσ orbital on the metal center is generally more
dominant than back-donation from the metal dπ orbital to
the empty CdC π* bond.95-97 As exemplified by Pd(II)
R-diimine complexes, the more electron deficient the mono-
mer is (i.e., the lower the π-orbital of olefins is), the weaker
the bonding to the metal is.95 This preference is opposite to
that of electron-rich metals, where back-donation from the
metal to the olefin’s CdC π* orbital dominates for formation
of metal-olefin complexes.98,99

In the case of polar vinyl monomers, competitive hetero-
atom σ-coordination over olefin π-coordination would con-
stitute a serious problem (Figure 5).96,100 AN prefers N-co-
ordination to form the most stable σ-complex among the
polar monomers, and MA and VAc follow. Vinyl chloride
forms the weakest bond to the cationic Pd center via its
chlorine atom among the monomers compared by Ziegler et
al.96 The influence of the charge of metal centers on the
preference of a π-complex over a σ-complex has been also
studied for these monomers by using the R-diimine catalysts
(Figure 6).96 In going from a positive to a negative charge,
the relative preference switched from σ-complexation to
π-complexation, due to the increased back-donation from
the electron-rich Pd center to the olefin. The strong preference
of σ-coordination over π-coordination in the case of electron-
deficient metals may be a major obstacle to successful
polymerization. However, this is just a matter of pre-
equilibrium. Eventually, AN insertion does take place when
the activation energy for AN insertion is reasonably low,

even if the N-coordination predominates over π-complexation
(see section 2.7).

The rate of migratory insertion of polar vinyl monomers
depends on the character of transition-metal complexes. In
the case of Pd R-diimine complexes, the rate of olefin
insertion increased with the electron-withdrawing effect of
the substituent on the olefin.95,101 This tendency is opposite
to that observed in (tBu3SiO)3TaH2, where the insertion rate
decreased for electron-deficient monomers (it should be noted
that coordination of the monomers was not observed
experimentally and could not be confirmed by DFT calcula-
tion).102 The influence of electron-withdrawing or -donating
substituents on the olefin moiety has been extensively
investigated using para-substituted styrene derivatives.97-99

These reports suggested that the direction of insertion (2,1-
or 1,2-mode) has a strong influence on the insertion rate.97,98

The origin of regioselectivity (2,1- or 1,2-mode) in the
insertion of polar vinyl monomers has not yet been fully clarified
(Figure 7). Thus far, with regard to insertion into Pd-alkyl
bonds, electron-deficient monomers such as MA, VAc, and AN
favor 2,1-insertion and electron-rich monomers such as vinyl
ethers prefer 1,2-insertion (vide infra). Intrinsically, monosub-
stituted ethenes prefer 2,1-insertion due to the steric repulsion
between a migrating alkyl group and the substituent on the
olefin.95 This theory has been also accepted in the Mizoroki-
Heck reaction, where the regioselectivity originates from the
2,1- vs 1,2-olefin insertion to an organopalladium intermedi-
ate.103 In addition, the energies required for the distortion of
the monomers in insertion TS favor 2,1-insertion.96,104 The
steric repulsion between the ligand and the substituent on
an olefin can affect the regioselectivity.54c,104 The electronic
effect (LUMO orbital (2pz) coefficients of the sp2 carbons
and charge difference between the two sp2 carbons) induced
by substituents also modifies the selectivity (Figure 7).95

Electron-rich vinyl ethers and propylene override the inherent
2,1-insertion preference to undergo 1,2-insertion due to their
substantial electronic difference of two sp2 carbons.95 In
contrast, electron-deficient monomers have similar coef-
ficients and charges on the two sp2 carbons, while the slight
difference can strengthen 2,1-selectivity.95,105 Although it is
expected from the calculations that VC prefers 2,1-inser-

Figure 3. Nature of Pd phosphine-sulfonate olefin complex.

Figure 4. Key molecular orbitals of the monomers described in this article as calculated by the B3LYP/6-311G(d,p) method.93,94
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tion,100 the actual direction of VC insertion into M-alkyl
bonds has not yet been clarified (see section 2.8). The general
regioselectivity of the insertion of polar vinyl monomers into
Pd-H106 and Pdsacyl bonds (see section 3.2) has not yet
been well characterized.

There are several critical problems after the migratory
insertion of polar monomers. (i) The resulting alkylmetal
complexes can form strong chelates or aggregates via the
intra- or intermolecular coordination of polar groups to the
metal center, which would prevent further coordination of
the monomers. (ii) The polar substituents on the alkyl group
of the intermediate, LnMCH(FG)CH2R, can dramatically
change the reactivity of the subsequent insertion. (iii) For
VAc, vinyl halides, and vinyl ethers, �-heteroatom elimina-
tion is also problematic if the polar groups (-OAc, -X (X
) F, Cl, Br, I), -OR, respectively) are located at the
�-position from the metal center. These problems are
discussed in detail in the next sections.

We conclude this section with a few remarks about the
polymerization mechanism. Again, the term “coordination-
insertion polymerization” of vinyl monomers refers to the
polymerization realized by migratory insertion of a coordi-
nated olefin into a metal-alkyl bond via a four-membered
transition state.32 Given that fundamental polar vinyl mono-
mers are susceptible to radical and either anionic or cationic
intermediates, it is necessary to show sufficient supporting
experimental data to confirm the coordination-insertion
mechanism. A usual test for the participation of radical
mechanisms is the addition of radical-trapping agents under
the assumption that they will slow or stop the radical
reactions. Nevertheless, the reliability of commonly used
radical traps shown in Figure 8 has been questioned recently.
Phenol derivatives such as 2,6-di-tert-butyl-4-methylphenol
(BHT) and 4-methoxyphenol have been suggested to ac-
celerate radical polymerization.107 Stable radical traps such
as galvinoxyl, TEMPO, and DPPH are found to retard the
initiation step by reacting with a Pd-H bond.108 In addition,
such radical traps also react with metal activators such as

MAO.109 Thus, it is necessary to show other independent
experimental results in addition to the radical-trapping
experiments before coming to a definitive mechanistic
conclusion. For example, detailed analyses of the resulting
copolymers, including chain-end analysis and regio- and
stereochemical analysis, as well as the comparisons with the
polymer structures obtained from other methods (i.e., radical,
anionic, and cationic polymerization) are necessary. More-
over, it is preferable to isolate catalytically active intermedi-
ates and confirm the plausible mechanisms step by step.
Kinetic and thermodynamic investigations as well as the
theoretical calculations will strongly validate the proposed
mechanism.110

2.4. Acrylates
Acrylic esters such as methyl acrylate (MA) are one of

the most important monomers in polymer chemistry.111,112

The combination of durability, clarity, and the ability to tailor
molecules relatively easily to specific applications have made
acrylic ester polymers a prime candidate for numerous and
diverse applications such as the manufacture of coatings,
textiles, adhesives, and so on. Polyacrylates111-113 can be
produced by radical processes44 and anionic processes
including group transfer polymerization (GTP).111 This
section deals with the coordination-insertion copolymeri-
zation of nonpolar olefins with MA catalyzed by well-defined
metal complexes. Although significant progress on the living/
controlled radical copolymerization of ethylene with MA has
been reported recently, the resulting copolymers contain MA
units with the range of 50-100%.114 On the other hand, thus
far, the development of the coordination-insertion poly-
merization process has enabled us to obtain copolymers with
less than 50% MA units in a controlled manner.

2.4.1. Early-Transition-Metal Catalysts

Few studies have dealt with the copolymerization of
acrylate monomers with nonpolar olefins using early-
transition-metal complexes.1,102,115,116 This could be attributed
to the high oxophilicity of the early transition metals. Thus,
the 2,1-insertion of acrylates into early metal-alkyl or
metal-hydride bonds produces O-enolate or oxa-π-allyl-η3-
complexes rather than C-enolate complexes. Once the
metal-oxygen enolate bond is formed, further insertion of
olefins would not occur due to the endothermicity of the
insertion step.

Figure 5. σ-Coordination and π-coordination of polar vinyl
monomers to a metal center.

Figure 6. Cationic, neutral, and anionic Pd(II) diimine catalysts
investigated by the DFT calculations by Ziegler et al.96

Figure 7. Origin of the regioselectivity in the insertion of polar
vinyl monomers into metal-alkyl bonds.

Figure 8. Common reagents used for radical trap.
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2.4.2. Cationic Palladium R-Diimine Catalysts

In 1996, Brookhart et al. found that a series of cationic
Pd R-diimine (Figure 2, 1a-1d) complexes (Versipol)
catalyzed the copolymerization of ethylene and MA.7,8 The
copolymers were typically amorphous, highly branched
materials possessing ca. 100 branches per 1000 carbon atoms
(Scheme 7). The ester groups were evenly distributed over
all molecular weights of the monomodal distribution, and
they were predominantly located at the end of the branches
because of the tendency of the Pd(II) complex 4 to undergo
chain walking64 during polymerization. The productivity (up
to 6.0 gmmol-1 h-1 bar-1) of the copolymerization of
ethylene and MA was greatly reduced relative to that of
ethylene homopolymerizations (ca. 24 gmmol-1 h-1 bar-1).8

The low ester incorporation ratio (2-12%)8 and the results
of control experiments117,118 suggested that copolymerization
proceeded through the coordination-insertion mechanism
rather than radical or anionic polymerization, which produce
MA-rich copolymer.

Other acrylic monomers, CH2dCHCO2R (where R ) H,
Me, Et, t-Bu, CH2CH2OH, CH2CH2(CF2)9CF3, OCH2(CF2)6-
CF3, (CH2)2SiCl3, or CH2Ph),7,119 were successfully used for
copolymerization with ethylene catalyzed by Pd R-diimine
complexes. Instead of ethylene, R-olefins such as propylene
and 1-hexene can also be used for copolymerization with
MA.8b

In Pd R-diimine complex-catalyzed copolymerization of
ethylene and MA, the MA incorporation ratio increased with
increasing concentration of MA in the reaction solution;
however, the copolymer molar masses and productivities
significantly decreased.8,118 Although the migratory insertion
of electron-deficient MA occurs much more rapidly than
insertion of nonpolar olefins into a Pd-alkyl bond,95,101 this
effect is overridden by the low binding affinity of MA to
the electrophilic cationic metal center (KMA/ethylene ) 3 × 10-4

at 35 °C). Svensson et al. elucidated that σ-donation from
the C-C double bond of an olefin to a metal center is a
more dominant interaction than π-back-donation from the
metal center to the olefin in the case of the electron-deficient
cationic Pd R-diimine complex.95 Thus, the methoxycarbonyl
group of MA lowers the HOMO level, leading to a low
coordination ability to the cationic Pd center. The Gibbs
energy diagram for insertion of comonomers is shown in
Figure 9. According to the Curtin-Hammet kinetics, ethylene
insertion was more favorable than MA insertion.8

The variation of the diimine backbone substituents R
(1a-1c, ArNdC(R)sC(R)dNAr) did not significantly affect
the percentage of acrylate incorporation in the copolymer,
although it influenced the productivities and molecular
weights. Decreasing the steric bulk of the substituents or
incorporating more electron-donating substituents on the aryl
moieties resulted in an increase in the relative acrylate
incorporation, presumably through enhancement of the
binding affinity of MA to the catalyst center.7 It should be
noted that double or multiple insertion of MA has not been
detected in ethylene/MA copolymers produced by Pd R-di-
imine catalytic systems. In fact, Pd R-diimine catalysts are
inactive to the homopolymerization of MA: The exposure
of Pd R-diimine complexes to an excess amount of MA in
the absence of nonpolar olefins leads to decomposition of
the catalyst and formation of a small amount of dimeric
compounds.8 Recently, Guan et al. reported another approach
to increase the acrylate incorporation by using a Pd complex
bearing cyclophane R-diimine ligand (1h).120 They showed

that the catalyst incorporated MA with 20% greater ef-
ficiency. NMR studies indicated that shielding the axial
binding sites by 1h significantly reduced the associative
exchange of comonomers. Additionally, kinetic data revealed
that the difference between the insertion barriers for ethylene
and MA is similar to the original Pd catalyst with 1d,
suggesting that rapid pre-equilibrium between the ethylene
adduct and the MA adduct is hindered to enhance the
incorporation of MA.

The mechanism of the copolymerization of ethylene and
MA catalyzed by Pd R-diimine complexes was confirmed
by low-temperature NMR experiments8 as well as theoretical
calculations100,104,121 (Scheme 8). The complex C2, which is
formed by the reaction of complex C1 with MA, undergoes
migratory insertion of MA into the Pd-alkyl bond in a 2,1-
mode with >95% regioselectivity to form a four-membered
chelate C4 (in the case of tert-butyl acrylate, 1,2-insertion
also occurs). The complex C4 is believed to have a C-enolate
structure as opposed to an O-enolate structure (C5).100 The
subsequent rapid �-H elimination and reinsertion leads to
formation of the most stable six-membered chelate C7 via a
five-membered chelate C6. In fact, MA insertion into the
PdsMe bond of {[1a]PdMe(OEt2)}(BArF

4) (ArF ) 3,5-
(CF3)2C6H3) and rearrangements to the analogous structures
of C6 and C7 were observed at -60 and -20 °C,
respectively.8,122 Theoretical calculations have suggested that
ethylene can be further incorporated not from the intermedi-
ates C4 or C6 but from C7 because the overall barriers of
ethylene insertion become a minimum when the reaction
proceeds from C7 through a two-step chelate-opening
mechanism (Scheme 9).104,121 Both ethylene insertion and
further �-H elimination/reinsertion can occur from C7,
leading to formation of a branched polyethylene with an ester
group at the branch end. The intramolecular ester moiety
strongly favors the chelate complex C7 rather than the alkyl
olefin species C8 even under high ethylene pressure. Ac-
cordingly, the productivity of the copolymerization of
ethylene and MA is generally lower than that of ethylene
hompolymerization.

2.4.3. Neutral Palladium Phosphine-Sulfonate Catalysts

In 2002, Pugh et al. reported that neutral catalysts
generated in situ from Pd(dba)2 or Pd(OAc)2 and
phosphonium-sulfonate, [2c]H, produced highly linear eth-
ylene/alkyl acrylate copolymers with in-chain acrylate in-
corporation.10 The structure of the copolymer was unam-
biguously determined by NMR analyses, in which the

Scheme 7. Copolymerization of Ethylene with Methyl
Acrylate Catalyzed by Cationic Pd r-Diimine Catalysts
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number of Me branches on the backbone of the copolymer
was very low (ca. 1 Me per 1000 carbons) and the
incorporation ratio of MA was ca. 10%. No double acrylate
insertions were observed even in the copolymer produced
under a high concentration of MA.

The neutral and anionic palladium complexes bearing
a phosphine-sulfonate ligand (listed in Table 2) were
examined for the copolymerization of ethylene with MA
to afford linear ethylene/MA copolymers.11-13 In a manner
similar to that in the Pd R-diimine system, the incorpora-
tion rate was increased at the expense of the catalytic
activity when the concentration of MA was increased. The
bulky substituents on the phosphorus atom led to an
increase in both the productivity and the molecular weight
of the copolymer. Especially when the ligand 2k was used,
the highest molecular weight (Mn ) 41 200) was real-
ized.12 The catalytic copolymerization of ethylene and MA
could occur in an aqueous emulsion to afford colloidally
stable ethylene/MA copolymer latexes.87,88 Other acrylic
monomers such as isopropyl,10 n-butyl,10,12 tert-butyl,10

benzyl acrylate,12 and isobornyl acrylate72b could be used as
a comonomer.

Recently, Mecking et al. demonstrated that [2c]P-
dMe(dmso) exhibited the highest productivity (26 gm-
mol-1 h-1 bar-1) for copolymerization of ethylene and MA
to afford the copolymer with a MA incorporation ratio of

52%, Scheme 10.13 It should be noted that other Pd catalysts
bearing a phosphine-sulfonate ligand gave a MA incorpora-
tion of up to 17%.10-12 NMR studies showed that there exist
consecutive acrylate units in the linear polymer chain.
Actually, the homooligomerization of MA can be performed,
and it is suggested to proceed via the coordination-insertion
mechanism.

The mechanism of the copolymerization of ethylene with
MA catalyzed by Pd phosphine-sulfonate systems has been
investigated experimentally and theoretically. Mecking et al.
found that the 2,1-insertion of methyl acrylate into the
PdsMe bond of [2c]PdMe(dmso) (5) affords Pd C-enolate
complex [2c]PdCH(CO2Me)Et(dmso) (6) at room tempera-
ture (Scheme 11).13 Whereas the corresponding C-enolate
of the cationic Pd R-diimine complexes rapidly isomerizes
at -60 °C,8 the intermediate 6 containing the fourth ligand
was particularly stable. Given that Ziegler et al. performed
calculatations to show that a five-membered chelate (7) is
the most stable structure in the absence of any additional
ligand,82 the fourth ligand may play an essential role in
stabilizing intermediate 6 rather than the five- or six-
membered chelate structures. The analysis of the polymer
structures revealed that the subsequent ethylene insertion
occurred not into the palladium-alkyl bond of either 7 or 8
but into that of 6.

2.4.4. Other Palladium Catalysts

Thus far, Pd catalysts with a variety of ligands have been
tested for copolymerization of MA with nonpolar olefins.123-125

Nonetheless, successful coordination-insertion polymeriza-
tion has been limited to the two catalytic systems mentioned
above, namely, Pd R-diimine and Pd phosphine-sulfonate
systems. For example, copolymerization of norbornene with
MA by a series of Pd catalysts [Me(L)Pd(µ-Cl)]2 (L ) PPh3,
PCy3, PMe3, pyridine) to give MA-rich copolymers was

Figure 9. Gibbs free energy (35 °C, kcal/mol) diagram calculated
from Brookhart’s kinetic experiments ([N-N] ) 1a).8

Scheme 8. Methyl Acrylate Insertion and Rearrangements Catalyzed by Pd r-Diimine Complexes

Scheme 9. Chelate-Opening Mechanism for Ethylene
Coordination to Complex C7, Proposed by Ziegler et al.104,121
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reported in 2000,124 but 8 years later, it was found
that copolymerization by a similar catalyst, [{(η3-allyl)Pd-
(PCy3)}2(µ-Cl)][PF6], proceeded via a radical pathway.125 The
reactivity of Pd complexes bearing a series of [N-N] and
[N-O] ligands toward copolymerization of ethylene with
MA has been investigated by using DFT calculations,
although no experimental support has been reported.96,126

Sen and Espinet proposed that after insertion of MA,
ethylene insertion into the resulting Pd species such as C4,
C6, and C7 (Scheme 8) is retarded by stable chelation. The
lower nucleophilic nature of the R-carbon of
PdCH(CO2Me)R also attenuates the activity of the subse-
quent ethylene insertion.54c When the ethylene insertion is
sluggish, homolytic cleavage of the Pd-C bond occurs to
initiate radical polymerization of MA. For example, a neutral
palladium complex, [Pd(C6F5)Br(NCMe)2], was found to
promote the homopolymerization of acrylates and copolym-
erization of 1-hexene with MA to afford copolymers with a
high MA incorporation ratio.127,128 These polymerizations
occurred by a free radical mechanism initiated by the
homolysis of the Pdscarbon bond after the 2,1-insertion of
MA, and the mechanism for terminating the polymerization
was �-H elimination (Scheme 12).

This type of homolysis can be also observed in the Pd
R-diimine complexes when the catalyst is neutralized by
bromide ions (Scheme 13).129 When one equivalent of
tetraphenylphosphonium bromide was added to the cationic
six-membered chelate bearing 1b as a ligand (D1), complete
and rapid conversion to the neutral complex (D2) was
observed. Interestingly, rearrangements occurred in the
opposite direction to those in the cationic Pd R-diimine
system in the absence of the fourth ligand (Scheme 7). This
can be attributed to the fact that the neutral palladium
complexes prefer to have an ester group at the R-position

(D3), while cationic complexes prefer the γ-position due to
formation of an intramolecular chelate structure (D1).
Alternatively, it may be interpreted that the R-position is
preferable when the fourth ligand exists (see also Scheme
11). In both cases, the chain walking of Pd between the
R-position and the γ-position occurs with low energy barriers
such that the palladium atom finally ends up in the most
stable position. It should be noted that various products
arising from the homolysis of Pdsalkyl bonds, such as
methyl crotonate and methyl butyrate, were produced during
the course of the reactions.

2.4.5. Nickel Catalysts

As discussed above, major advances in the copolymeri-
zation of nonpolar olefins with MA have been achieved by
the use of Pd catalysts. On the other hand, most attempts to
copolymerize ethylene using MA by Ni catalysts were
unsuccessful.5,6d,f,7,130 For example, Ni R-diimine catalysts
exhibited low activities and low incorporation of MA.7,130

In this context, Michalak and Ziegler investigated the
differences between Pd and Ni catalysts for copolymerization
of ethylene and MA as well as other polar vinyl monomers
using DFT calculations.121,126,133 They have shown that Ni
R-diimine catalysts are capable of MA insertion and the
subsequent ethylene insertion. The most important difference
between Pd and Ni is an initial poisoning of the catalyst by
the O-binding mode (such as C3) of MA in the latter case
due to the higher oxophilicity.131 Thus, they suggested the
Ni R-diimine system may catalyze the copolymerization of
ethylene with MA under harsh conditions as shown below.

In 2002, Johnson et al. reported the copolymerization of
ethylene with MA using Ni R-diimine catalyst 9 using 1f or
1g as a ligand with or without a cocatalyst (Scheme 14).60,66

The key enabling factor was the use of high temperatures

Scheme 10. Copolymerization of Ethylene with MA
Catalyzed by the Pd Phosphine-Sulfonate System

Scheme 11. Insertion of MA into
[2c]PdCH(CO2Me)Et(dmso) (5)

Scheme 12. Radical Polymerization of MA Initiated by the
Homolysis of a Pd-Alkyl Bonda

a The initiator is [Pd(C6F5)Br(NCMe)2].

Scheme 13. Proposed Reaction Pathways Following the
Disruption of the Six-Membered Chelate
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(120 °C) and high pressures (340 bar). It should be noted
that the Pd R-diimine-catalyzed ethylene/MA copolymeri-
zation can be typically carried out at low ethylene pressures
and low temperatures (e.g., 1 bar ethylene and ambient
temperature) because higher ethylene pressures and temper-
atures result in low acrylate incorporation and decomposition
of the catalyst. In the case of the Ni R-diimine catalyst, the
harsh conditions appeared to contribute to dissociation of
the carbonyl coordination of MA from the electrophilic Ni
center. In contrast to the analogous Pd diimine catalysts that
provide highly branched structures (100 Me per 1000
carbons) with ester groups at the end of the branches, the
copolymer obtained with 9 ranged from moderately linear
(30 Me per 1000 carbons) to highly branched with predomi-
nantly in-chain acrylate incorporation (ca. 1%).60,66

Low-temperature NMR studies showed that MA insertion
into the NisMe bond occurs rapidly at -40 °C. A four-
membered chelate complex E2 slowly rearranges at room
temperature to a six-membered chelate complex E3 within
the course of 1 day, Scheme 15. This is indicative of a strong
Niscarbonyl interaction as, in comparison, the rearrangement
of the analogous Pd four-membered chelate complex occurs
at -60 °C. Theoretical calculations also supported this
difference between Pd and Ni R-diimine catalysts. The barrier
of isomerization from four-membered chelate to five-
membered chelate is higher in the case of Ni than in the
case of Pd.132

Since the O-binding of MA to the nickel center would be
a problem due to the high oxophilicity, the use of anionic
ligands would enhance the preference to a π-olefin complex
of MA to accelerate the coordination-insertion copolymer-
ization.121,133 Johnson et al. also synthesized a series of Ni
catalysts bearing anionic [P-O] and [P-N] ligands as shown
in Figure 10.60,134,135 Upon activation with Lewis acids such
as B(C6F5)3, these nickel phosphine-based catalysts were
found to be active for copolymerization of ethylene with
hexyl acrylate. The obtained copolymers had low alkyl
branching (ca. 10 Me per 1000 carbons) with low molecular
weights (Mn ) ca. 103, Mw/Mn ) 1.8-10). The ester groups
of these polymers were directly connected to the polymer
backbone or located in end groups of the polymer main chain
rather than being located at the end of the side chains,
although the ester incorporation ratio was quite low (ca.
0.5%). It is noteworthy that LiCl-coordinated catalysts 10c-e
were more productive than catalyst 10b.

Recently, Cámpora et al. utilized a Ni catalyst with [N-O]
ligand (11), 2-iminopyridine N-oxides (PymNox), for co-
polymerization of ethylene with MA in the presence of
MMAO.136 Although the molecular weight (Mn ) 1900) and
acrylate incorporation ratio (ca. 0.7%) are rather low, ester
groups are incorporated in chain (-CO2Me) as well as at
one methylene branch (-CH2CO2Me). Longer branches
ending in methoxycarbonyl groups are apparently absent.

The attempted use of other neutral [P-O]Ni5 and
[N-O]Ni6d,f,137,138 catalysts for copolymerization of MA with

ethylene have been reported. Grubbs6f and Mecking137

investigated the reactions of neutral Ni salicylaldimine
catalysts 12 and 13 with MA to reveal that no polymerization
of MA or ethylene was observed, although the first insertion
of MA into a Ni-Ph or Ni-H bond was confirmed. After
insertion of MA, �-H elimination or the hydrolysis of the
Nisalkyl bond occurred (Scheme 16).

2.4.6. Other Late-Transition-Metal Catalysts

Other metals were also investigated for copolymerization
of ethylene with MA.139,140 Stibrany et al. reported that the
combination of Cu bisbenzimidazole complexes (14) and
MAO catalyzed copolymerization of ethylene with MA and
tert-butyl acrylate.60,140 The resulting copolymers exhibited
in-chain incorporation of ester groups in a linear copolymer
backbonewithhighlevelsofacrylate incorporation(45-100%).
These catalytic systems also catalyzed the homopolymeri-
zation of ethylene to produce linear polyethylenes with no
detectable branches under mild conditions. Considering that
highly linear polyethylene is difficult to obtain by using

Scheme 14. Copolymerization of Ethylene with MA
Catalyzed by Ni r-Diimine Complex

Scheme 15. Insertion of MA into {[1a]NiMe(OEt2)}(BArF
4)

and Subsequent Isomerization

Figure 10. Phosphine-based neutral Ni catalysts reported by
Johnson et al.60,134,135
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radical polymerization, the authors concluded the homo-
polymerization and copolymerization proceeded via the
coordination-insertion mechanism, although the real active
species were not conclusively identified. On the other hand,
Foley et al. recently reported that when Cu(II) catalysts
bearing [N-N] or [N-O] ligands were treated with MAO,
ligand transfer reactions from Cu to Al occurred to yield
the corresponding Al complexes, which may initiate and
catalyze the copolymerization.141

2.5. Methacrylates
Homopolymers of methacrylates111,142,143 are known to

exhibit properties that differ from those of the corresponding
polyacrylates, since the presence of the methyl group on the
R-carbon restricts the freedom of movement of the polymer
backbone. In addition, the active R-proton of the carbonyl
group does not exist in polymethacrylate. Thus, poly-
methacrylates possess high rigidity, high resistance to redox,
water, and acid/base, and high thermal stability.111,142 Al-
though there have been numerous reports on the homo- and
copolymerization of methyl methacrylate (MMA) and related
monomers, most reactions proceeded via an anionic path-
way144 including GTP (group-transfer polymerization)1,145-147

and radical44,148 pathways in the presence of metal catalysts.
MMA is considered to be among the most challenging
monomers for coordination-insertion polymerization since
the coordination ability of 1,1-disubstituted ethenes to a metal
center is significantly decreased as compared to that of
monosubstituted ethenes.

Late-transition-metal catalysts bearing nitrogen-containing
neutral ligands have been extensively investigated for the
copolymerization of MMA. The R-diimine complexes of
group 10 metals such as nickel and palladium, known to be
one of the very few catalysts capable of the coordination-

insertion copolymerization of ethylene and MA (vide supra),8

could be a powerful candidate as a catalyst for MMA
copolymerization. Marques et al. studied the copolymeriza-
tion of ethylene and MMA catalyzed by Ni(II) R-diimine
complexes and MAO in which trialkylaluminum was em-
ployed as a protection agent.149 Sen et al. observed that the
palladium complex [1b]PdMeCl underwent 1,2-insertion of
MMA in the presence of NaB(ArF)4 to yield a stable five-
membered cyclic chelate complex 15 presumably because
the complex 15 has no substituents on the R-carbon and no
�-hydrogens (Scheme 17).54c,150 The regiochemistry of the
insertion was found to be the opposite of that observed in
the reaction with MA (i.e., 2,1-insertion). The kinetic
analyses revealed that the enthalpy (∆H‡) for MMA insertion
was 4 kcal/mol higher than that of MA insertion, which could
be the main reason why incorporation of MMA into the
polyethylene chain has failed when Pd(II) R-diimine catalysts
were employed for the copolymerization. Other [N-N]60,140c

and [N-NsN]139 ligands have also been investigated for
the copper- and iron-catalyzed copolymerization of ethylene
and MMA, respectively.

In 2001, Gibson et al. reported the use of nickel catalysts
with [P-O] ligands (16) to produce ethylene/MMA copoly-
mers with low molecular weights (Mn ) 2600-3800).151

NMR and IR analyses revealed the presence of MMA units
at the chain ends of the individual polymer. It was suggested
that the chain-end MMA was formed via a mechanism
involving the 2,1-insertion of MMA into the growing
polyethylene and subsequent �-H elimination exclusively
from the CH2 group rather than the CH3 group (Scheme 18).
The regiochemistry of �-H elimination was totally opposite
to the trend observed in the reaction of [Pd(C6F5)Br(NCMe)2]
with MMA.54c,127

Copolymerization of ethylene and MMA with the in-chain
incorporation of MMA has recently been investigated by
using [N-O] bidentate ligands.138,152-154 Carlini et al.
performed the copolymerization of ethylene and MMA by
nickel salicylaldiminate complexes 17 activated with MAO
to yield ethylene/MMA copolymers with high contents of
MMA counits (61-81%),152 which indicates the intermediacy
of radical-related processes.114 On the other hand, copolym-
erization by Ni(cod)2 and ligands 18,152 19,152b and 20152b

afforded ethylene/MMA copolymers with 3-7% MMA
incorporation, although the mechanism of the copolymeri-
zation is still unclear.

Figure 11. Ni catalyst bearing a 2-iminopyridine N-oxides
(PymNox) ligand.

Scheme 16. Reactions of MA with Neutral Ni
Salicylaldimine Complexes

Figure 12. Copper catalysts bearing bisbenzimidazole ligands.

Scheme 17. Reactions of MMA with the Pd Catalyst
Bearing Ligand 1b
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Li et al. reported that the neutral nickel complexes bearing
�-ketoiminato ligand 21 efficiently initiated and catalyzed
the copolymerization of ethylene and MMA in the presence
of MMAO with an activity of 0.12-2.65 gmmol-1 h-1 bar-1

(Scheme 19).153 The copolymers were characterized by
molecular weights of Mn ) 2480-7700 and up to 16.7% of
MMA incorporation into the moderately branched polyeth-
ylene chain. Chain-end analysis revealed the presence of
CH3CHdCH- and CH2dCH- groups as chain ends and
the absence of PhCH2CH2- and methyl enoate end groups,
suggesting that the polymerization was initiated by ethylene
insertion into Ni-H species and terminated with �-H
elimination after ethylene insertion. All the experimental data
by the NMR analyses and control experiments support the
coordination-insertion mechanism rather than radical path-
ways.

2.6. Vinyl Acetate
Vinyl acetate (VAc) is an industrially important mono-

mer to produce poly(vinyl acetate) (PVAc), vinyl acetate
copolymers, and poly(vinyl alcohol) (PVA),47,155,156 which
have been used for manufacturing a variety of functional
polymeric materials such as water-based paints, adhesives,
and paper coatings.157-160 Conventionally, the homopoly-
mers and copolymers of VAc have been produced by
radical polymerization.159,161,162 On the other hand, coor-
dination polymerization of VAc has been less investigated
becauseofthedifficultyofmetal-catalyzedcoordination-insertion
polymerization and copolymerization of VAc. Some
reports have described the transition-metal-catalyzed co-
polymerization of vinyl acetate with olefins; however, the
polymerization mechanism has not been clarified.149,163

In a series of seminal work, Brookhart et al. thoroughly
investigated the reactions of VAc with Pd and Ni R-diimine
complexes bearing 1e to provide significant insights into the
difficulty in coordination-insertion copolymerization of VAc
with ethylene.164 The results of their study are summarized
in Schemes 20 (for Pd) and 21 (for Ni), in which the
difficulty can be attributed to the following four steps: (1)
coordination of VAc to a metal center, (2) insertion of VAc

into a MsC bond, (3) subsequent ethylene coordination and
insertion, and (4) �-OAc elimination.

First, VAc has a much lower coordination ability to a
cationic Pd complex bearing 1e as compared to that of
ethylene (KVAc/ethylene) 0.015 at 25 °C).164 According to the
comparison of frontier orbitals in Figure 4,93,94,96,126 the
π-orbital of CdC (HOMO) of VAc is higher than that of
ethylene, which would facilitate coordination to a metal
center. Therefore, it can be concluded that the lower
coordination ability of VAc is mainly attributed to the steric
effect. In addition, O-coordination of VAc may be a problem.
In fact, the O-coordination complex (G2) was observed in
the case of the Ni R-diimine complex (Scheme 21).164

Second, the rate of VAc insertion into Msalkyl bonds is
slightly slower relative to ethylene. Insertion of VAc into a
PdsMe bond proceeded in a 2,1-fashion, while both 2,1-
and 1,2-insertion into a NisMe bond were observed. In all
cases, insertion of VAc was slower than that of ethylene,63c,164

although no clear explanation has yet been provided.165

The sluggish coordination and insertion of ethylene after
insertion of VAc appears to be a critical problem for
polymerization by Pd R-diimine catalysts. After the 2,1-
insertion of VAc into a PdsMe bond, the acetoxy group
forms a stable internal five-membered chelate structure
(F4).166 When the isolated complex F4 was used as an
initiator of the homopolymerization of ethylene, only a small
amount of PE was obtained without detectable VAc at its
chain end.164 The equilibrium between the strong chelate F4
and ethylene adduct F6 strongly favored the former (K )
0.009 M-1).164 Furthermore, Goddard et al. estimated the
subsequent ethylene insertion barrier from F6 to be as high
as ∆E‡ ) 25.1 kcal/mol,100 which could be attributed to the
electron-withdrawing character of the acetoxy group on a
sp3 R-carbon.167

Finally, the acetoxy group at the � position causes �-OAc
elimination, leading to decomposition of the catalyst due to
the stability of the resulting Pd-OAc bond. Theoretical
calculations proposed that there exist two possible TSs for
�-OAc elimination:168 one is a four-membered ring TS, and
the other is a more favorable six-membered ring TS (Scheme
22).169 It was elucidated that the �-OAc elimination is
thermodynamically more favored than �-H elimination, while
the �-H elimination is kinetically more favored. The five-
membered ring intermediate F4, formed via the 2,1-insertion
of VAc into the PdsMe bond of F1, decomposed at 60 °C
to release propylene. This reaction can be recognized as
isomerization from F4 to F5 followed by �-OAc elimination.
In a similar manner, after 2,1-insertion of VAc into the
NisMe bond of G1, the resulting complex G4 decomposed
at 70 °C to afford propylene. The 1,2-insertion product G3
also underwent �-OAc elimination at -34 °C without
isomerization.

Reaction of a neutral Ni salicylaldiminate complex (13)
with VAc was extensively investigated by Mecking et al.137

Scheme 18. Reactions of MMA with the Ni Catalyst 16

Figure 13. Catalysts and ligands used for copolymerization of
ethylene with MMA.

Scheme 19. Copolymerization of Ethylene with MMA by the
Ni Catalyst 21
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The observed reactivity of 13 with VAc was found to be
similar to that of the cationic Ni R-diimine complexes.
Insertion of VAc into a NisR bond proceeded in both the
2,1- and the 1,2-modes and the subsequent �-OAc elimina-
tion occurred to decompose the catalyst.

An iron complex with a 2,6-bis(imino)pyridine ligand (22)
was examined for the copolymerization of ethylene with
VAc.139,170 Boone et al. confirmed that insertion of VAc
followed by acetoxy elimination took place to yield an olefin
terminus during the copolymerization (Scheme 23).170 In the
presence of deuterated VAc, D2CdCDOAc, the product was
the oligomer of ethylene in which the deuterium atoms were
located only at the olefin terminus, and no acetoxy func-
tionality was detected. Supported by DFT calculations, this
reaction was believed to proceed either by favorable 2,1-
insertion of VAc into the Fesalkyl bond followed by
rearrangement and �-OAc elimination or by 1,2-insertion of
VAc and the following �-OAc elimination. The remaining

Fe(II) acetate did not exhibit any catalytic activity for the
copolymerization because it cannot be efficiently reactivated
by MAO.

Very recently, Nozaki et al. found that the Pd complexes
bearing alkylphosphine-sulfonate ligands catalyzed the
copolymerization of ethylene with vinyl acetate (Scheme
24).14 When a mixture of Pd(dba)2 and [2l]H or isolated
complexes [(2l)PdMeL] (L ) 2,6-lutidine, DMSO) was
exposed to VAc and ethylene (30 bar) in toluene at 80 °C
for 15 h copolymers with a VAc incorporation ratio of
0.5-1.9% and Mn of 5000-10 000 were obtained. The
alkylphosphine ligand 2l exhibited higher catalytic activity
than arylphosphine 2c, and the copolymerization by isolated
complex [(2l)PdMeL] (L ) 2,6-lutidine, dmso) proceeded
with higher catalytic activity than that by in-situ-generated
catalysts (i.e., Pd(dba)2 and [2l]H). Characterization of the
products by NMR analysis revealed that the polymers are
undoubtedly VAc/ethylene copolymers rather than a mixture
of homopolymers. The structure of the copolymer was proven
to have highly linear polyethylene backbones without a

Scheme 20. Reactions of VAc with Pd r-Diimine Complexes

Scheme 21. Reactions of VAc with Ni r-Diimine Complexes

Scheme 22. Two Plausible Transition States for �-OAc
Elimination

Scheme 23. Attempted Copolymerization of Ethylene and
Vinyl Acetate by a Fe Complex Bearing a
[N-NsN]-Tridentate Ligand
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detectable branching unit (<1 branch/103 C). The acetoxy
groups were linked to the main chain as well as to
initiating and terminating chain ends. The present study
provides the first example of the coordination-insertion
copolymerization of vinyl acetate and ethylene.14

2.7. Acrylonitrile
Introduction of acrylonitrile (AN) into polymers can cause

drastic change in their physical and chemical properties, as
exemplified by unique features of various acrylonitrile (AN)
polymers such as polyacrylonitrile (PAN), acrylic fibers, and
nitrile rubbers.171,172 For example, hydrogenated nitrile buta-
diene rubbers (HNBRs), which have analogous structures
to ethylene/AN copolymers with branched structures, exhibit
excellent oil, heat, and chemical resistance. Polyacrylonitrile
(PAN) is currently prepared by anionic or radical polymer-
ization,173 and ethylene/AN branched copolymers174 and
HNBRs172 are produced by the radical processes.

Despite its synthetic importance, acrylonitrile has been
recognized as a challenging monomer for coordination-
insertion copolymerization. For example, Jordan175 and
Baird176 independently investigated the reaction of cationic
Pd R-diimine complex [(1b)PdMeL]+ with AN to observe
formation of N-bounded AN complex H2 (Scheme 25). The
subsequent 2,1-insertion of AN177 via H1 produces R-cy-
anoalkylpalladium complex H3, which did not undergo
isomerization via chain walking to give H5 and H6.178 The
complex H3 readily aggregates via bridging nitrile groups
to give complexes H4, which are too stable for the next
monomer to coordinate to the Pd center. In fact, addition of
AN suppressed not only the copolymerization of ethylene
and AN but also the homopolymerization of ethylene.176

Although Pd complexes with other bidentate ligands includ-
ing [N-N],175 [P-P],179 and [N-O]180 ligands have been
examined, the obtained results were similar to those observed
in the case of the Brookhart R-diimine catalyst, [(1b)Pd-
MeL]+. Thus, a major obstacle to coordination-insertion
copolymerization of AN by Pd catalysts is formation of
N-bounded AN complex H2 and catalytically inactive
aggregate H4. Low nucleophilicity of the R-carbon in H3
arising from a cyano group is also considered to be
unfavorable for the ethylene insertion. It should be noted
that in the presence of B(C6F5)3 coordination of ethylene to
the palladium complex H4 with CH2(N-methylimidazol-2-
yl)2 ligand 24 was observed.175 Nevertheless, the subsequent
ethylene insertion did not occur because the strong electron-
withdrawing nature of the R-CN-B(C6F5) substituent inhibits
the migratory insertion.

The problems described above were suggested to be
solved by increasing the net charge of metal catalysts
because of the following. (i) The equilibrium between H1

and H2 would be shifted to H1: Experimental179,180 and
theoretical studies96,100,105,181-184 revealed that AN prefers
N-coordination to cationic transition-metal complexes, but
the preference decreases in the case of neutral or anionic
metal complexes due to the stronger π-back-donation from
an electron-rich metal center to the olefin. (ii) Insertion
of AN would be enhanced: The more electron rich the
metal center becomes, the faster AN inserts into a
Pdsalkyl bond.179,180

In2007,Nozakiet al. found that thePdphosphine-sulfonate
complex, (2c)PdMe(2,6-lutidine), catalyzed the copolymer-
ization of ethylene with AN with an activity of up to 13
gmmol-1 h-1 bar-1 to afford ethylene-rich linear copolymers
of Mn up to 12 300 with an AN incorporation ratio of 2-9%
(Scheme 26).15 NMR analyses revealed that the copolymer
has no branching architectures with AN units found in the
polyethylene backbone as well as initiating and terminating
chain ends. Thus, the melting temperature of the copolymer
was higher than those produced by radical methods. The end-
group analyses suggested that chain propagation is initiated
by ethylene insertion into a PdsMe bond or insertion of
ethylene or AN into a Pd-H bond and that chain transfer
reactions occur via �-H elimination more often after insertion
of AN than ethylene.

2.8. Vinyl Halides
The polymerization of vinyl halides185-188 is an important

issue in polymer science, since incorporation of halogens
into polymers influences many fundamental properties, such
as chemical resistance, thermostability, gas permeability, and
adhesion properties.45,189,190 Therefore, it is important to
develop novel synthetic methods that enable the generation
of halogen-containing polymers with a large range of halogen
contents and distribution. Conventionally, halogenated poly-
olefins have been prepared by the halogenation of polyeth-
ylene or its analogs45,190,191 or by the dehalogenation of

Scheme 24. Copolymerization of Ethylene and Vinyl Acetate
Catalyzed by Pd Phosphine-Sulfonate Complex
(2l)PdMe(2,6-lutidine)

Scheme 25. Reaction of AN with Pd Complexes Bearing
Several Bidentate Ligands
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homopolymers of vinyl halides,190,192 both of which generally
result in polyolefins having poorly defined structures. Al-
though direct synthesis via the radical copolymerization of
ethylene and vinyl halides is also possible,193 the range of
halogen contents and distribution is rather limited because
the precise control of the radical species remains difficult.194

Recently, ring-opening metathesis polymerization (ROMP)
of halogen-substituted cyclooctenes52 and acyclic diene
metathesis (ADMET) polymerization of halogen-substituted
dienes53 followed by hydrogenation have been developed to
synthesize halogen-containing polyethylenes.

The coordination copolymerization of ethylene and vinyl
halides using early-transition-metal catalysts is problematic
due to the side reactions arising from the activated halogen
atom, such as �-halogen elimination.1 This behavior could
be explained by the difference of the bond dissociation
energies of metal-halogen bonds relative to metal-carbon
bonds: For early transition metals, the difference is quite
large, leading to predominant �-halogen elimination.102,195

In fact, most studies on the homopolymerization of VC in
the presence of early-transition-metal single-site catalysts
such as Cp*TiX3 (Cp* ) pentamethylcyclopentadienyl; X
) Cl, OMe, OPh),196,197 Zr(IV) metallocene complexes,196,198

and (t-Bu3SiO)3TaH2
102a have been unsuccessful. In most

cases, the main pathway was found to be insertion of VC
into metal-alkyl bonds followed by rapid �-Cl elimination
to yield a metal-Cl species.199 Similarly, vinyl fluoride (VF)
and related monomers underwent insertion into a metal-H
bond of Cp2ZrHCl200 or Cp2ZrH2

201 (Cp ) cyclopentadienyl)
followed by rapid �-fluoride elimination to afford the Zr-F
species.

In contrast, late-transition-metal catalysts would be more
promising for the coordination-insertion polymerization of
vinyl halide. The �-halogen elimination of late transition
metals is expected to be less favorable than that of early
transition metals due to the smaller difference between the
MsX and MsC bond strengths.202 In fact, there have been
some examples of late-transition-metal-alkyl complexes

containing �-halogens, including iron,203 iridium, 204 and
platinum complexes,205 as well as some metal-perfluoroalkyl
complexes. 206

The polymerization of VC with late-transition-metal
complexes has been extensively investigated. Jordan et al.
examined the reactions of a cationic Pd-bipyridine complex,
(23)PdMe+, with various olefins to reveal that VC coordi-
nates more weakly to a cationic palladium center than
propylene and ethylene due to the electron-withdarwing
effect of chloro group.207 The olefin insertion rate of
(23)PdMe(olefin)+ was found to vary in the order of VC >
ethylene > propylene, which is consistent with the observa-
tions that the insertion rate of Pd R-diimine complexes,
(1b)PdMe(olefin)+, was in the order of vinyl bromide >
ethylene > propylene.101 The VC complexes of bipyridine
or R-diimine ligands are converted to �-chloroethylpalldium
species I2 or I4 via either 1,2-insertion of VC or 2,1-insertion
of VC followed by �-H elimination and reinsertion, respec-
tively. Rapid �-Cl elimination proceeds from I2 or I4 to I5
and propylene (Scheme 27). It should be noted that the actual
direction of VC insertion (1,2-insertion vs 2,1-insertion)
remains unclear,100,206a,208 although insertion of VC into a
palladium-acyl bond of Pd bipyridine complexes or diphos-
phine complexes proceeded in the 2,1-mode.209

The same phenomenon was observed when Fe or Co
diiminopyridine complexes/MAO catalysts (22, 30, 31)170,207

and [P-O]Ni complexes (32)207 were employed (Figure 14).
Boone et al. demonstrated that the copolymerization of
ethylene and deuterium-labeled VC in the presence of 22
afforded low-molecular-weight ethylene oligomers containing
deuterium at the olefin terminus with no Cl functionality
incorporated (Scheme 28).170 This result also supports the
reaction mechanism involving the insertion/�-chloride elimi-
nation pathway.

Recently, Jordan et al. reported the coordination-insertion
copolymerization of ethylene and vinyl fluoride by using
palladium phosphine-sulfonate complexes as a catalyst
(Scheme 29).16 The use of vinyl fluoride as a comonomer is
essential for successful copolymerization, since it is less
susceptible to radical polymerization193b,c and to �-elimina-
tion169 than other vinyl halides. Thus, the copolymerization
of ethylene and vinyl fluoride catalyzed by (2b, 2d, 2i)Pd-
Me(pyridine) efficiently proceeded with an activity of
0.12-0.89 gmmol-1 h-1 bar-1 under a total pressure of 43.5
bar at 80 °C. The obtained copolymers possessed highly
linear polyethylene structures with molecular weights of Mn

) 4500-14 500 with low incorporation of vinyl fluoride
(0.09-0.45%). At the same total pressure of ethylene and
VF, increasing the proportion of VF resulted in an increase

Scheme 26. Copolymerization of Ethylene and Acrylonitrile
Catalyzed by Pd Phosphine-Sulfonate Complex
(2c)PdMe(2,6-lutidine)

Scheme 27. Reactions of VC with Cationic [N-N]Pd Complexes
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in the VF incorporation level and a decrease in copolymer
yield and molecular weight. The low level of VF incorpora-
tion could be attributed to the weak coordinating ability to
Pd(II) species as compared to ethylene. On the basis of NMR
analyses and control experiments, the authors concluded that
the reaction proceeded via the coordination-insertion
mechanism.

2.9. Vinyl Ethers
Vinyl ethers (VE) are among the most attractive comono-

mers for the synthesis of functionalized polyolefins210,211

because their structures and properties can be finely tuned
by varying the OR group. However, the coordination-insertion
polymerization of VE is difficult due to some severe
limitations. First, vinyl ethers are susceptible to cationic
polymerization in the presence of electrophilic metal cata-
lysts.212 Second, the insertion barriers of VE are generally
high due to the electron-donating property of the OR group,95

although the initial π-coordination of VE to an electrophilic
metal must be favorable.213 Third, the intermediate after the
VE insertion, LnMCH2CH(OR)R′, would be easily decom-
posed via �-OR elimination.102,169,214

To clarify the reactivity of vinyl ethers toward the
coordination and insertion, the stoichiometric reactions of
[(1b)PdMe][B(C6F5)4] with vinyl ethers were investigated
by Jordan et al. (Scheme 30).9 Complex [(1b)PdMe]+ reacted
with vinyl ethers to form π-coordination complexes J1. After
the following insertion of vinyl ethers, a mixture of 1,2-
insertion products J2 and the isomerized products J4 was
observed in a state of equilibrium, which is consistent with
the calculation results that vinyl ethers prefer 1,2-insertion
to 2,1-insertion.95 No evidence for formation of 2,1-insertion

products J3 was obtained. Complex J2 gradually decom-
posed at room temperature to yield Pd η3-allyl complex J6
and releasing ROH.

The cationic palladium R-diimine complex, [(1b)PdMe]-
[B(C6F5)4], was found to catalyze the copolymerization of
1-hexene and CH2dCHOSiPh3 to yield copolymers with
moderate levels of VE incorporation (up to 20%).9 The key
to the success is the use of CH2dCHOSiPh3, which is
inactive toward cationic homopolymerization in the presence
of [(1b)PdMe][B(C6F5)4]. Another key feature of the mono-
mer is slow �-OSiPh3 elimination from LnMCH2CH(OR)R′
species generated by VE insertion. Trimethylsilyl vinyl ether,
CH2dCHOSiMe3, could also be copolymerized with 1-hex-
ene with VE incorporation up to 11%, although a substantial
amount of VE homopolymer was obtained by cationic
polymerization. The obtained copolymers possessed highly
branched structures (90-100 branches per 1000 carbons)
with comonomer units located mostly at the branched ends.
For example, the major comonomer units of the poly(1-
hexene-co-CH2dCHOSiPh3) were found to be CH3CH-
(OSiPh3)CH2- (85%) and Ph3SiOCH2CH2- (6%). It was
proposed that polymerization proceeded via a normal inser-
tion/chain-walking mechanism, which was often observed
in the Pd R-diimine catalytic systems.7,8,64 It should be noted
that the multiple insertion of CH2dCHOSiPh3 into the
PdsMe bond of in-situ-generated [(1b)PdMe][B(C6F5)4]
complex was observed.215

Significant progress in the coordination-insertion copo-
lymerization of olefin and vinyl ethers was realized by the
use of phosphine-sulfonate ligands.17 The neutral palladium
catalyst (2d)PdMe(pyridine) successfully copolymerized eth-
ylene and vinyl ethers such as CH2dCHOR (R ) t-Bu, Et,
Bu, Ph) with an activity of 0.01-0.05 gmmol-1 h-1 bar-1

in toluene at 60-100 °C to give highly linear polyethylene
containing 1-7% of VE (Mn ) 900-4800) (Scheme 31).
NMR analyses revealed that the copolymer contains in-chain
VE units (-CH2CH(OR)CH2-) as well as chain-end units
(CH3CH(OR)CH2-). The ethylene/VE copolymers can be
converted to the corresponding HO- or Br-substituted
polyethylene by functional-group transformation.

2.10. Other Monomers
In addition to the substrates mentioned above, other

fundamental polar vinyl monomers have been investigated
for copolymerization with nonpolar olefins. In this section,
the polymerization studies of the monomers shown in Figure
15 are reviewed.

While attempts to copolymerize vinyl ketone (33) and
acrolein (34) with ethylene by early-transition-metal catalysts

Figure 14. Catalysts used for the attempted copolymerization of
ethylene with vinyl chloride.

Scheme 28. Copolymerization Study of Ethylene with
Deuterated Vinyl Chloride Using Tridentate Fe Complex

Scheme 29. Copolymerization of Ethylene with Vinyl
Fluoride Catalyzed by Pd Phosphine-Sulfonate Complexes
(2b, 2d, 2i)PdMe(pyridine)

Scheme 30. Reactions of Vinyl Ethers with Cationic
[N-N]Pd Complexes
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have been unsuccessful,102a,116 late-transition-metal catalysts,
especially Pd, were found to be effective for such copoly-
merization: Methyl vinyl ketone (33) can be copolymerized
with ethylene by Pd complexes bearing R-diimine ligand 1b8a

or phosphine-sulfonate ligand 2c.19 Although the copoly-
merization of 34 has not yet been reported, its acetal
derivative (i.e., acrolein dimethyl acetal) successfully un-
derwent copolymerization with ethylene in the presence of
Pd R-diimine complex with ligand 1b.216

Polymerization of N-isopropylacrylamide (NIPAM, 35)217,218

and N-vinylpyrrolidone (NVP, 36)219,220 with ethylene can
be obtained by using Pd phosphine-sulfonate catalysts to
give highly linear copolymers, which exhibited a lower
melting point than HDPE without any functionality.18,72f

Copolymerization of other nitrogen-containing monomers
such as N,N-dimethylacrylamide, N-vinylphthalimide (37),
and N-vinylcarbazole (38) with ethylene by Pd phosphine-
sulfonate catalysts has also been reported in the patent
literature.72f Copolymerization of acrylamides with ethylene
has been also studied by using Ni R-diimine catalysts.149

Early transition metals effectively copolymerize vinylsi-
lanes (39) with ethylene. Jordan et al. investigated the
coordination213 and insertion221 behavior of vinylsilanes by
using zirconium complexes to suggest a possibility for
coordination-insertion polymerization. In 2008, Nomura et
al. discovered that nonbridged half titanocenes such as 40
and 41 (Figure 16) catalyze the copolymerization of trim-
ethylvinylsilane and triethylvinylsilane with ethylene in the
presence of MAO as a cocatalyst.222 The obtained copolymer
possessed highly linear structures with vinylsilane units
incorporated in chain.

3. Recent Advances in Copolymerization
Including Carbon Monoxide

Carbon monoxide (CO) is a cheap and readily available
“fundamental polar monomer” which can be used for the
production of functional polymeric materials. Late-transition-
metal-catalyzed alternating copolymerization of olefins with
CO is one of the most efficient processes for producing

γ-polyketones.21-24 The perfect alternating nature of the
γ-polyketone provides unique chemical and physical proper-
ties, including impermeability to hydrocarbons, strong rigid-
ity, and high impact strength. Thus far, some olefin/CO
copolymers have been produced industrially, for example,
Carilon by Shell and Ketonex by BP.223 In the following
section, we describe recent developments of the coordination-
insertion polymerization of olefins with CO to generate new
types of polymeric materials: nonalternating copolymeriza-
tion of olefins with CO in section 3.1 and copolymerization
of functionalized olefins with CO in section 3.2. The
alternating copolymerization of imines with CO is also of
great interest because it provides novel methods for the
synthesis of R-polypeptides. The development of the alter-
nating copolymerization of imines with CO is described in
section 3.3. Since the completely alternating copolymeriza-
tion of nonpolar olefins with CO has already been widely
reviewed,21-24 it is not covered in this review.

3.1. Nonalternating Copolymerization of Ethylene
with Carbon Monoxide

The transition-metal-catalyzed alternating copolymeriza-
tion of ethylene with carbon monoxide has been widely
investigated to produce a variety of γ-polyketones.21-24

However, the resultant alternating γ-polyketone generally
suffers from low processability due to its insolubility in
common solvents and very high Tm (∼260 °C), both of which
are attributed to high crystallinity induced by dipolar
interactions between carbonyl groups.24f Incorporation of a
small amount of propylene in addition to ethylene is one
solution to obtain a melt processable alternating ethylene/
CO copolymer.224 The problem of processability can be also
avoided by reducing the CO content in the copolymer by
producing nonalternating copolymers. Conventionally, the
radical225,226 process has been employed for the synthesis of
such nonalternating copolymers; however, they generally
provide branched polymers.

Despite numerous reports on the transition-metal-mediated
copolymerization of ethylene and CO,21-24 most of them
afforded strictly alternating copolymers (Scheme 32). The
alternating nature can be attributed to (i) formation of five-
membered cationic palladacycle K1, which kinetically favors
CO insertion over ethylene insertion to form six-membered
chelate complex K2,227,228 and (ii) thermodynamically dis-
favored double insertion of CO.229 Nonalternating copolymers
could be obtained if the ethylene is incorporated into the
five-membered chelate complex K1. Until recently, however,
there was no catalyst that provides nonalternating ethylene/
CO copolymers. Even under high ethylene/CO ratio condi-
tions, copolymerization produces exclusively error-free
γ-polyketone until all the carbon monoxide is consumed.21

In 2002, Drent and Pugh et al. reported the first example
of nonperfectly alternating copolymerization of ethylene with
carbon monoxide via the coordination-insertion mecha-
nism.25 They showed that a mixture of Pd(OAc)2 and a

Scheme 31. Copolymerization of Ethylene with Vinyl Ethers
Catalyzed by Pd Phosphine-Sulfonate Complex
(2d)PdMe(pyridine)

Figure 15. Other fundamental polar vinyl monomers.

Figure 16. Titanium catalysts used for copolymerization of
ethylene with trimethylvinylsilane and triethylvinylsilane.
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phosphine-sulfonate ligand (2c, 2e, 2f) produced ethylene/
CO nonalternating copolymers with CO contents of 42-49%.
Since this discovery, many investigations have been per-
formed based on phosphine-sulfonate ligands.26-28,83,84 The
Pd complexes bearing a phosphinoarylsulfonate (2) and a
phosphinoalkylsulfonate (3) shown in Figure 18 were found
to be active for nonalternating copolymerization in which
the former complexes are more active than the latter ones.28

The complexes (2c)Pd(CP-OEt) and (2c)Pd(Codyl*) exhib-
ited catalytic activities as high as 100-600 gmmol-1 h-1

and molecular weights (Mn) of around 150 000.26,28 It should
be noted that polyethylene-block-poly(ethylene-alt-CO) can
be also obtained because the Pd phosphine-sulfonate
catalysts produce linear polyethylenes.27

The incorporation ratio of ethylene can be controlled by
changing the reaction conditions. For example, the multiple
insertion of ethylene is enhanced with an increase in the
ethylene/COratio,althoughthecatalyticactivity is reduced.25-27

Moreover, introduction of a bulkier o-alkoxy group or
o-methyl group on the aryl substituent led to a significant
increase in the amount of ethylene incorporation into the
copolymer. Thus, it has been possible to produce nonalter-
nating copolymers with as little as 10 mol % CO incorpora-
tion.27 It should be noted that the multiple ethylene insertion
decreased significantly when the ratio of the ligand and Pd
was 2:1. Rieger et al. reported that the dimeric bis-
phosphine-sulfonate catalyst [P-O]Pd[P-O]26,28,68d pro-
duced only a pure form of the alternating copolymers.26

The origin of the multiple ethylene units was investigated
through experimental28 and theoretical83,84 studies (Scheme
33). Formation of multiple ethylene units can be understood
as a result of ethylene insertion into the five-membered
palladacycle L1. This insertion is facilitated because of the
following two reasons. (i) The relative stability of chelate
complexes L1 over L2cis, L2trans, L3cis, and L3trans is lower
than those of the corresponding cationic complexes, since
the back-donation from palladium to ethylene or CO is likely
to be enhanced in the case of neutral Pd phosphine-sulfonate
complexes.83,84 Thus, opening the chelate structure of L1 by
ethylene becomes easier28 as compared to the analogous
cationic Pd systems.230 (ii) The decarbonylation from Pd-acyl
complexes bearing a phosphine-sulfonate ligand (L4) is
more favorable than that from cationic Pd-acyl complexes
bearing a dppp (42) ligand.83,84 The facile decarbonylation
could be attributed to the instability of the six-membered

chelate structure (L4) arising from the relatively weak Pd-O
chelate bond trans to the phosphorus atom. This is also
supported by experimental results that formation of L4 was
not observed by NMR analyses.28 Introduction of bulky
substituents on the phosphorus atom of phosphine-sulfonate
ligands also weaken the chelate structure of L4 to promote
decarbonylation followed by multiple ethylene insertion.25

Regarding these two reasons, the concentrations of ethylene
adducts L2cis and L2trans should be higher than those of the
corresponding cationic complexes. As a result, ethylene
insertion is facilitated because of the higher concentration
of precursor L2trans.231

Recently, Bianchini et al. found that Pd(II) complexes
bearing phosphanylferrocenecarboxylic acids (43 and 44)
catalyzed the nonalternating copolymerization of ethylene
with CO, albeit with low activities (∼10 gmmol-1), molec-
ular weight (Mn up to 13 400), and ratio of adjacent ethylene
units (CO content 48%) as compared to those by Pd
phosphine-sulfonate catalysts.232 It was suggested that the
ligands worked as a monodentate phosphine to generate
cationic Pd(II) catalysts in the presence of excess TsOH in
MeOH.

The physical properties of the nonalternating ethylene/CO
copolymers have been investigated. The melting points of
ethylene/CO nonalternating copolymers were much lower

Figure 17. Alternating and nonalternating ethylene/CO copolymers.

Scheme 32. Mechanism of the Alternating Copolymerization of Ethylene with Carbon Monoxide

Figure 18. Catalysts employed for the nonalternating copolym-
erization of ethylene with carbon monoxide. CP-OEt ) 5η1-6-
ethoxy-exo-5,6-dihydrodicyclopentadiene, Codyl* ) 2-methoxy-
cyclooct-5-enyl.
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than those of perfectly alternating copolymers (Tm ≈ 260
°C) and decreased with increasing multiple ethylene units.
For example, copolymers with CO contents of 35%26 and
10%27 exhibited melting temperatures of 220 and 118 °C,
respectively. This tendency could be attributed to the
relatively weakened interactions between the polymer chains.

3.2. Copolymerization of Functionalized Olefins
with Carbon Monoxide

Incorporation of additional functional groups into the
alternating and nonalternating polyketones would expand
the range of available materials. However, most reports on
the copolymerization of olefins with CO have dealt with the
olefins without any polar functionality. Recent progress in
this field has enabled the synthesis of highly functionalized
polyketones by the copolymerization of functionalized olefins
with CO. In this section, two types of copolymerization are
described: (1) copolymerization of olefins possessing a
functional group at a remote position with CO and (2)
copolymerization of fundamental polar vinyl monomers with
CO.

There have been several reports on the copolymerization
of functionalized olefins with carbon monoxide. Catalysts
consisting of Pd and dppp (42) were found to catalyze the
copolymerization of CO with various functionalized olefins
such as methyl 10-undecenoate, 10-undecenoic acid, 10-
undecenyl alcohol, 3-butenol,233 and allylbenzene deriva-
tives234 as well as terpolymerizations of these functionalized
olefins, nonpolar olefins, and CO.233b,235 Highly functionalized
olefins bearing benzo-15-crown ether, saccharide, amino
acids, and steroids have been also employed for co- or
terpolymerization.236 Norbornene237 and other bicyclic ole-
fins238 bearing ester groups have also been employed for
copolymerization with CO catalyzed by Pd complex 45. It
should be noted that when oxabicyclic diene 46 was
employed, copolymerization accompanied by the retro
Diels-Alder reaction proceeded to produce poly(ketovi-
nylene)s (Scheme 34).

The asymmetric alternating copolymerization of olefin and
CO has been achieved by using chiral ligands, (R,R)Me-
DuPHOS (47) and (R,S)-BINAPHOS (48) (Figure 20). In
the presence of palladium complexes bearing 47, the func-
tionalized olefins possessing hydroxy239 and carboxy239

groups as well as carbamates,240 amides,240 fluoroarenes,241

and epoxides242 (Figure 21) can be used as monomers for
the asymmetric copolymerization with CO. Nozaki et al.
reported that 48 was effective for olefins containing a
perfluoroalkyl group243 and p-chlorostyrene244 (Figure 22).

In contrast to the above-mentioned monomers, fundamen-
tal polar vinyl monomers whose polar group is directly
attached to the olefin moiety are difficult to be copolymerized
with CO.245 Among many problems associated with metal-
catalyzed copolymerization of polar vinyl monomers with
CO, the most critical one is formation of chelate intermedi-
ates after insertion of vinyl monomers. It was reported that
methyl acrylate,166a,b,227a,b,246-251 methyl vinyl ketone,247 vinyl
acetate,166a,b vinyl chloride,209 and ethyl vinyl ether212a can
insert into cationic Pd-acyl bonds to give five-membered
chelate intermediates with a polar group substituted at the
R-position (M1); however, further insertion of the next
monomers was not successful. The ligands employed for
attempted copolymerization are summarized in Scheme 35.
This could be attributed to the following three problems. (i)
CO coordination may be suppressed by the strong intramo-
lecular ketone coordination in M1. Jordan et al. found that
the Cl-substituted complex (M1, FG ) Cl) has a short Pd-C
bond as well as a Pd-O bond.209 This may suggest that the
R-electron-withdrawing-group-substituted chelate structure
is more stable than that of nonsubstituted chelate complexes,
leading to a low tendency of M1 to form a chelate-opened
structure (M2). (ii) The low nucleophilicity of the R-carbon
arising from the electron-withdrawing group in M2 would
be an obstacle for CO insertion. It is well known that

Scheme 33. Plausible Explanations for Multiple Insertion of Ethylene231

Figure 19. Ligands employed for the palladium-catalyzed nonal-
ternating copolymerization of ethylene with carbon monoxide.

Scheme 34. Synthetic Route for the Perfectly Alternating
Copolymer of Acetylene with CO

Figure 20. Ligands used for the asymmetric alternating copolym-
erization of olefin and CO.

5236 Chemical Reviews, 2009, Vol. 109, No. 11 Nakamura et al.



electron-withdrawing substituents retard CO insertion into
M-alkyl and M-aryl bonds.252,253 (iii) Formation of M4 and
M1′ is retarded due to the low coordination-insertion ability
of polar vinyl monomers (see also section 2.3).

In 2007, Nozaki et al. reported that the mixture of Pd(dba)2

and phosphonium-sulfonate (2a, 2c) catalyzed the alternat-
ing copolymerization of vinyl acetate with CO.29 The
alternating structure of the obtained copolymers was unam-
biguously confirmed by NMR analyses and MALDI-TOF
mass analysis. However, head-to-tail selectivity was found
to be less controlled, which suggests that VAc insertion into
the acyl-palladium bond may occur in both the 2,1- and
1,2-modes. The productivity was up to 3.0 gmmol-1 h-1,
and the molecular weight (Mn) was up to 38 000.

The alternating copolymerization of methyl acrylate with
CO was also accomplished by using the same catalytic
system.30 The activity of MA/CO copolymerization (up to
4.4 gmmol-1 h-1) and molecular weight (up to Mn ) 30 000)
of the copolymers were similar to those in the case of VAc/
CO copolymerization, Scheme 37. The NMR studies revealed
that the regiochemistry is strictly regulated, implying that
insertion of MA into the acyl-palladium bond occurs only
in the 2,1-insertion mode.

Some control experiments have suggested both copoly-
merizations29,30 proceed via the coordination-insertion
mechanism: (i) Chelate complexes 58 and 59, which
correspond to complex F4 in Scheme 20 and M1 in
Schemes 35 and 36, also initiated and catalyzed the
copolymerizations of VAc with CO and copolymerizations
of MA with CO, respectively. The obtained copolymers
had an initiating chain end arising from the catalysts, 58
and 59, Figure 23. (ii) Addition of galvinoxyl hardly
affected either the activity or the molecular weight of the
obtained copolymer. (iii) The reaction initiated by AIBN
afforded only poly(vinyl acetate) and poly(methyl acry-
late).

3.3. Copolymerization of Imines with Carbon
Monoxide

Polypeptides are the most ubiquitous biopolymers that
have been used for a broad range of applications in materials,
catalysis, and pharmaceuticals. For a long time, polypeptides
have been synthesized from various amino acids, which
requires multistep procedures for the preparation and sub-
sequent activation using a stoichiometric amount of condens-
ing agents to form peptide bonds.254-256 In contrast, the
alternating insertion of carbon monoxide and imines into
metal-carbon bonds would provide a new general procedure
for the synthesis of polypeptides. Since the reaction is
analogous to olefin/CO copolymerization, the possibility for
imine/CO copolymerization has been investigated by using
palladium catalysts that have been widely used in olefin/CO
copolymerization over the past decade.

In 1998, Sen257 and Arndsten258 independently reported
the first observation of imine insertion into acyl palladium-
carbon bonds (Scheme 38). By using diphosphine and
bipyridine as ligands, they observed the coordination of the
imine through its nitrogen atom (N1) and CO insertion into

Figure 21. Functionalized olefins copolymerized with carbon
monoxide by Pd complex bearing (R,R)-Me-DuPHOS 47.

Figure 22. Functionalized olefins copolymerized with carbon
monoxide by Pd complex bearing (R,S)-BINAPHOS 48.

Scheme 35. Formation of Five-Membered Chelate
Complexes by Insertion of Polar Vinyl Monomers into a
Palladium-Acetyl Bond

Scheme 36. Problems in the Copolymerization of Polar
Vinyl Monomers with CO

Scheme 37. Alternating Copolymerization of Vinyl Acetate/
CO and Methyl Acrylate/CO
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the PdsMe bond to yield acylpalladium intermediate N2.
Insertion of imine into the PdsMe bond of N1 did not occur.
After formation of acylpalladium complex N2, imine inser-
tion proceeded in a direction that can form an amide bond.
The resulting complex N3 possesses a square planar geom-
etry with the carbonyl oxygen of the amide coordinating as
a fourth ligand. Chelation of the carbonyl group is directly
analogous to that observed in palladium-catalyzed olefin/CO
copolymerization intermediates (K1). These observations are
consistent with theoretical calculations, suggesting that
insertion of an imine into acylpalladium proceeds through a
four-membered-ring transition state that is similar to olefin
insertion.259

Further incorporation of CO and imine to comlpex N3 did
not occur even at elevated temperature and pressure. This
may be attributable to the strong chelation of the amide
ligand in N3 effectively blocking the coordination site
required for coordination and insertion of CO. With the
objective of breaking the strong chelate structure of N3,
Arndtsen et al. investigated the use of chloride ions, which
can coordinate to the palladium center (Scheme 39).260 Rather
unexpectedly, an imidazoline derivative was obtained in the
presence of Cl anions under a CO atmosphere. It is suggested
that CO was inserted into the Pd-C bond of N3 followed
by subsequent reactions including �-H elimination, cycliza-
tion, and 1,3-dipolar cycloaddition with imine that is formed
from N3.

Other metals such as nickel261 and manganese262 have been
investigated by Arndtsen et al. As in the case of Pd
complexes, five-membered chelate complexes such as N3
have been formed via reaction of alkylmetal complexes with
CO and imines. Subsequent CO insertion into the five-
membered chelate complex was observed in the case of
manganese, and the resulting R-amido acyl complex was
successfully characterized by X-ray crystallographic analysis.
Cobalt complexes have also been investigated by Sen et al.263

because they are one of the most frequently used metal
catalysts for the carbonylative polymerization of azirizines.264,265

However, reaction of N-alkylbenzaldimines with CO in the
presence of [Co(13CH3C(O))(CO)3(P(o-tol)3) or [Co2(CO)8]
resulted in formation of N-alkylphthalimidines.263

In 2007, Sun et al. reported the first copolymerization of
imines with CO using a Co catalyst (Scheme 40).31 They
found that an acylcobalt catalyst 60 effectively catalyzed the
copolymerization of aldimines, ArCHdNMe with CO.266

Copolymerization was performed in dioxane under 55 bar
of CO pressure at 50 °C for 6 h to obtain the alternating

copolymer with Mn ) 1900-4100 in 73% yield. The
alternating structure was confirmed by NMR and MS
analyses. One end group is an acyl group, while the other
end group is presumed to be an imidazoline skeleton similar
to that obtained in Scheme 39. When t-BuCHdNMe was
used, copolymers with high molecular weights Mn of up to
28 800 were obtained. The low polydispersity index (1.18)
and linear change in the molecular weight with the monomer
to catalyst ratio suggested that polymerization proceeded in
a living fashion. They proposed a coordination-insertion
mechanism in which imine insertion occurs via a four-
centered transition state.259 The unique properties of N- and
C-disubstituted poly-R-peptides include good solubility in
common organic solvents such as THF and chloroform and
facile degradation by trifluoroacetic acid.31

4. Conclusions and Outlook
In this review, two topics regarding the transition-metal-

catalyzed coordination-insertion copolymerization of fun-
damental polar monomers have been comprehensively
reviewed: one is copolymerization of polar vinyl monomers
with nonpolar olefins and the other is copolymerization of
olefins and imines with carbon monoxide. The products thus
obtained by the copolymerizations possess unique structures
that have never been achieved by the conventional methods
or required multistep synthesis.

Incorporation of a small amount of polar monomers to
polyolefins endows additional physical and chemical proper-
ties depending on the polar functional groups. A variety of
fundamental polar vinyl monomers, including methyl acry-
late, methyl methacrylate, vinyl acetate, acrylonitrile, vinyl
fluoride, and vinyl ethers, have been successfully incorpo-
rated into polyethylenes and other polyolefins. The micro-
structures of copolymers, including either linear or branched,
can be well controlled by the appropriate choice of metal
catalysts and/or ligands. Recent progress in the alternating
copolymerization of olefins with carbon monoxide has
enabled the synthesis of a completely novel class of materials.
The nonalternating ethylene/CO copolymers may potentially

Figure 23. Catalysts used for copolymerization of polar vinyl
monomers with CO.

Scheme 38. Reactions of CO and Imines with a PdsMe
Complex

Scheme 39. Formation of Carboxylate-Substituted
Imidazoline

Scheme 40. Alternating Copolymerization of Imines with
Carbon Monoxide Catalyzed by Acylcobalt Complex 60
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find applications in the manufacture of engineering plastics
or high-strength fibers. Although applications of copolymers
consisting of polar vinyl monomers with CO have not yet
been explored, further studies on their physical and chemical
properties will lead to the development of functional
polymers that exhibit truly novel properties. The chemistry
has been extended to the alternating copolymerization of
imines and CO to provide poly-R-peptides.

The polymeric materials obtained here are highly attractive
from an industrial viewpoint; however, the catalytic activities
that have thus far been achieved are not sufficient for
industrialization. Therefore, one of the most important
objectives is the improvement of catalytic activity for the
copolymerization of fundamental polar monomers. Today’s
economical and environmental concerns induce another
requirement for this chemistry. Despite the remarkable
progress described in this review, most methods have been
based on the use of palladium as a catalyst. Thus, replacement
of such a precious metal by less expensive and ubiquitous metals
such as iron and titanium constitutes significant future chal-
lenges. Alongside further progress regarding the catalysts, the
physical and chemical properties of the new materials will be
extensively investigated since the potential performance of them
has not yet been completely revealed. Finally, the most
challenging objective may be incorporation of polar functional
groups into isotactic polypropylene. Production of isotactic
polypropylene is realized by continuous 1,2- or 2,1-insertion
of propylene when early-transition-metal catalysts are employed.
On the other hand, propylene tends to be incorporated into a
polymer chain as a -CH2CH2CH2- unit via �-H elimination
and reinsertion (i.e., 1,3-insertion) with late-transition-metal
catalysts. This 1,3-insertion should be avoided for synthesizing
functionalized isotactic polypropylene. In order to achieve the
goal, it may be necessary to develop a completely novel design
of catalysts.

5. Abbreviations
alt alternating
AN acrylonitrile
ArF 3,5-bis(trifluoromethyl)phenyl
DFT density functional theory
FG functional group
HDPE high-density polyethylene
MA methyl acrylate
MAO methylaluminoxane
MMA methyl methacrylate
MMAO modified methylaluminoxane
Mn number-average molecular weight
Mw weight-average molecular weight
ROMP ring-opening metathesis polymerization
SHOP Shell higher olefin process
Tm melting temperature
VAc vinyl acetate
VC vinyl chloride
VE vinyl ether
VF vinyl fluoride
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Milne, A.; Weyers, H.; Plehn, W.; Lentze H. A. In Ullmann’s
Encyclopedia of Industrial Chemistry, 6th ed.; Wiley-VCH: Wein-
heim, 2003; Vol. 24, p 591.

(159) Daniels, W. E. In Encyclopedia of Polymer Science and Engineering,
2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G., Menges,
G., Eds.; Wiley: New York, 1989; Vol. 17, p 393.

(160) For spectral analysis of poly(vinyl acetate) microstructures, see:
Katsuraya, K.; Hatanaka, K.; Matsuzaki, K.; Yamaura, K. Macromol.
Rapid Commun. 2000, 21, 697.

(161) For spectra analysis of poly(ethylene-co-vinyl acetate) prepared by
radical process, see: Su, Z. Q.; Zhao, Y.; Xu, Y.; Zhang, X.; Zhu,
S.; Wang, D.; Wu, J.; Han, C. C.; Xu, D. F. Polymer 2004, 45, 3693.

(162) (a) Koumura, K.; Satoh, K.; Kamigaito, M.; Okamoto, Y. Macro-
molecules 2006, 39, 4054. (b) Borkar, S.; Sen, A. J. Polym. Sci.,
Part A: Polym. Chem. 2005, 43, 3728.

(163) For example, see: GB 835,466, May 18, 1960.
(164) Williams, B. S.; Leatherman, M. D.; White, P. S.; Brookhart, M.

J. Am. Chem. Soc. 2005, 127, 5132.
(165) The influence of the acetoxy group on olefin insertion is difficult to

understand. The general trend observed for nickel and palladium
complexes has been that the electron-withdrawing substituents on
the C-C double bond accelerate insertion. The slow insertion of VAc
does not follow this trend, since the electron-withdrawing nature of
the acetoxy group is suggested by the Hammet parameter (σp ) 0.31),
see: Hansch, C.; Leo, A.; Taft, R. W. Chem. ReV. 1991, 91, 165.

(166) The chelate structures formed after 2,1-insertion of VAc were also
confirmed by using imine-phosphine ligands, see: (a) Reddy, K. R.;
Chen, C. L.; Liu, Y. H.; Peng, S. M.; Chen, J. T.; Liu, S. T.

Organometallics 1999, 18, 2574. (b) Reddy, K. R.; Surekha, K.; Lee,
G. H.; Peng, S. M.; Chen, J. T.; Liu, S. T. Organometallics 2001,
20, 1292. See also ref 29.

(167) The acetoxy group attached to sp3 carbon centers acts as an electron-
withdrawing group, since the inductive effect is dominant over the
resonance effect.

(168) Another mechanism for �-OAc elimination is also proposed, see:
(a) Lei, A.; Lu, X. Org. Lett. 2000, 2, 2357. (b) Zhang, Z.; Lu, X.;
Xu, Z.; Zhang, Q.; Han, X. Organometallics 2001, 20, 3724.

(169) Zhao, H.; Ariafard, A.; Lin, Z. Organometallics 2006, 25, 812.
(170) Boone, H. W.; Athey, P. S.; Mullins, M. J.; Philipp, D.; Muller, R.;

Goddard, W. A. J. Am. Chem. Soc. 2002, 124, 8790.
(171) Peng, F. M. In Encyclopedia of Polymer Science and Engineering,

2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G., Menges,
G., Eds.; Wiley: New York, 1985; Vol. 1, p 426.

(172) Kulich, D. M.; Pace, J. E.; Fritch, L. W., Jr.; Brisimitzakis, A. In
Kirk-Othmer Encyclopedia of Chemical Technology, 4th ed.;
Kroschwitz, J. I., Howe-Grant, M., Eds.; Wiley: New York, 1991;
Vol. 1, p 370.

(173) For spectra analysis of the polyacrylonitrile microstructure, see:
Katsuraya, K.; Hatanaka, K.; Matsuzaki, K.; Minagawa, M. Polymer
2001, 42, 6323.

(174) For spectra analysis of poly(ethylene-co-acrylonitrile) prepared by
the radical process, see: Randall, J. C.; Ruff, C. J.; Kelchtermans,
M.; Gregory, B. H. Macromolecules 1992, 25, 2624.

(175) Wu, F.; Foley, S. R.; Burns, C. T.; Jordan, R. F. J. Am. Chem. Soc.
2005, 127, 1841.

(176) Stojcevic, G.; Prokopchuk, E. M.; Baird, M. C. J. Organomet. Chem.
2005, 690, 4349.

(177) The strong tendency for the 2,1-insertion mode can be attributed to
large coefficients of the terminal carbon of the HOMO and LUMO
orbitals in addition to steric effects; see rer 105. See also section
2.3.

(178) Isomerization of cyanoalkylpalladium complexes has been investi-
gated by DFT calculations; see refs 182-184.

(179) Wu, F.; Jordan, R. F. Organometallics 2006, 25, 5631.
(180) Groux, L. F.; Weiss, T.; Reddy, D. N.; Chase, P. A.; Piers, W. E.;

Ziegler, T.; Parvez, M.; Benet-Buchholz, J. J. Am. Chem. Soc. 2005,
127, 1854.

(181) Deubel, D. V.; Ziegler, T. Organometallics 2002, 21, 1603.
(182) Yang, S. Y.; Szabo, M. J.; Michalak, A.; Weiss, T.; Piers, W. E.;

Jordan, R. F.; Ziegler, T. Organometallics 2005, 24, 1242.
(183) Szabo, M. J.; Galea, N. M.; Michalak, A.; Yang, S. Y.; Groux, L. F.;

Piers, W. E.; Ziegler, T. Organometallics 2005, 24, 2147.
(184) Szabo, M. J.; Galea, N. M.; Michalak, A.; Yang, S. Y.; Groux, L. F.;

Piers, W. E.; Ziegler, T. J. Am. Chem. Soc. 2005, 127, 14692.
(185) (a) Smallwood, P. V. In Encyclopedia of Polymer Science and

Engineering, 2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G.,
Menges, G., Eds.; Wiley: New York, 1989; Vol. 17, p 295. (b)
Bunten, M. J. In Encyclopedia of Polymer Science and Engineering,
2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G., Menges,
G., Eds.; Wiley: New York, 1989; Vol. 17, p 329. (c) Brasure, D.;
Ebnesajjad, S. In Encyclopedia of Polymer Science and Engineering,
2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G., Menges,
G., Eds.; Wiley: New York, 1989; Vol. 17, p 468. (d) Newman, N. W.
In Encyclopedia of Polymer Science and Engineering, 2nd ed.; Mark,
H. F., Bikales, N. M., Overberger, C. G., Menges, G., Eds.; Wiley:
New York, 1989; Vol. Supplement, p 822. (e) Stephenson, R. C.;
Smallwood, P. V. In Encyclopedia of Polymer Science and Engineer-
ing, 2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G., Menges,
G., Eds.; Wiley: New York, 1989; Vol. Supplement, p 843. (f)
Stephenson, R. C. In Encyclopedia of Polymer Science and Engineer-
ing, 2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G., Menges,
G., Eds.; Wiley: New York, 1989; Vol. Supplement, p 858. (g)
Smallwood, P. V. In Encyclopedia of Polymer Science and Engineer-
ing, 2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G., Menges,
G., Eds.; Wiley: New York, 1989; Vol. Supplement, p 874.

(186) (a) Carlson, D. P.; Schmiegel, W. In Ullmann’s Encyclopedia of
Industrial Chemistry, 6th ed.; Wiley-VCH: Weinheim, 2003; Vol.
14, p 499. (b) Allsopp, M. W.; Vianello, G. In Ullmann’s Encyclo-
pedia of Industrial Chemistry, 6th ed.; Wiley-VCH: Weinheim, 2003;
Vol. 29, p 1.

(187) For spectral analysis of poly(vinyl chloride) microstructures, see:
d’Antuono, P.; Botek, E.; Champagne, B.; Wieme, J.; Reyniers, M. F.;
Marin, G. B.; Adriaensens, P. J.; Gelan, J. M. J. Phys. Chem. B 2008,
112, 14804.

(188) For spectral analysis of poly(vinyl fluoride) microstructures, see:
Bruch, M. D.; Bovey, F. A.; Cais, R. E. Macromolecules 1984, 17,
2547.

(189) Kharitonov, A. P.; Taege, R.; Ferrier, G.; Teplyakov, V. V.; Syrtsova,
D. A.; Koops, G.-H. J. Fluorine Chem. 2005, 126, 251.

(190) Boz, E.; Wagener, K. B. Polym. ReV. 2007, 47, 511.

5242 Chemical Reviews, 2009, Vol. 109, No. 11 Nakamura et al.



(191) Chang, B. H.; Zeigler, R.; Hiltner, A. Polym. Eng. Sci. 1988, 28,
1167.

(192) (a) Jameison, F. A.; Schilling, F. C.; Tonelli, A. E. Macromolecules
1986, 19, 2168. (b) Braun, D.; Mao, W.; Böhringer, B.; Garbella,
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