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1. Introduction

1.1. Background

A prolific coupling of polymer science with organometallic
chemistry has recently yielded phenomenal scientific and
commercial successes in the production of revolutionary
polyolefin materials by (co)polymerization of nonpolar
o-olefins using single-site catalysts (SSCs) such as metal-
locenesandrel ated di scretenonmetallocenemetal complexes! ™23
These remarkable successes and ever growing interest in this
field have also produced a large number of specia journal
issues and books'™*® as well as comprehensive reviews on
a-ol efin polymerization catalyzed by group 4 metallocenes, 42"
nonmetallocenes, %0 |ate-transition-metal complexes,3-?
lanthanide complexes,® 3% and mixed transition-metal
complexes, % on cocatalysts,*** as well as on living
akenepolymerization™4 andfunctionaization of polyolefins®
by such catalysts. There has been a paradigm shift, however,
on the utilization of these electron-deficient, highly active
metallocene and related single-site metal catalysts for the
polymerization of heteroatom (e.g., N, O) functionalized,
polar vinyl monomers, such as (meth)acrylates and (meth-
)acrylamides, aswell as copolymerization of such polar vinyl
monomers with nonpolar olefins. For early metal systems,
this shift is typically accompanied by a switch of the
polymerization mechanism: from migratory insertion po-
lymerization of o-olefins to coordinative-anionic addition (or
coordination—addition, vide infra) polymerization of polar
vinyl monomers.>?~>* One-directional mechanistic crossover
from coordination—insertion polymerization of olefins to
coordination—addition polymerization of polar monomers
(i.e., one-way block copolymerization) has been achieved
with lanthanocenes® and group 4 catalysts.%5” However, the
mechanistic mismatch, along with their high oxophilicity,
presents an unmet challenge for direct random copolymer-
ization of olefins with polar vinyl monomers using such early
metal catalysts, unless appropriate strategies, such as steric
shielding or electronic protecting of the functional groups
of the polar monomers, are employed.® Hence, from a
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nonpolar—polar vinyl copolymerization perspective, copo-
lymerizations catalyzed by functionality-tolerant late-metal
complexes have enjoyed much more notable successes in
direct copolymerization of o-olefins with unprotected polar
vinyl monomers.3-%-6! This|latest development of late-metal
catalyzed copolymerization holds great future promise, due
to its ability to incorporate a wide range of polar vinyl
monomers at controllable levels into polyolefins having
diverse topologies and thus to deliver new classes of
copolymers unattainable by other means of polymerization,
such as radical polymerization, a commercial process ex-
clusively employed in the copolymerization of ethylene with
polar vinyl monomers.

On the other hand, early metal-catalyzed homopolymer-
izationof polar vinyl monomershasbeenhighly successful 46525362
Four decades ago, conventional Ziegler—Natta-type catalysts,
including TiCl/AIR;%%* and Cp,TiCl./AlEt;,% were already
employed for syndiospecific polymerization of methyl meth-
acrylate (MMA) at low temperatures (—28 to —78 °C) and
for copolymerization of MMA with acrylonitrile (AN) at high
temperatures (40—80 °C), respectively, despite the fact that
active species, polymerization mechanism, and degree of
polymerization control were unknown. Ballard and van
Lienden reported in 1972 the use of meta tetrabenzyl
complexes, such as Zr(CH,Ph),, to polymerize MMA in
toluene via a postulated coordinative anionic polymeriza-
tion.% The rate of polymerization was significantly enhanced
upon exposure to light at wavelengths between 450 and 600
nm; at wavelengths below 450 nm the polymerization was
dominated by a radica process due to photolysis of
Zr(CH,Ph),. In 1988, Farnham and Hertler®” disclosed in a
U.S. patent that discrete chloro-metallocene enolates,
Cp.MCI[OC(OMe)=CMe,] (Cp = 5°-cyclopentadienyl; M
= Ti, Zr, Hf), were active for polymerization of MMA;
however, the activity and polymer yield of this system were
very low (e.g., at ambient temperaturein THF for 18 h, only
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20% yield was achieved for the chloro-zirconocene enolate
in a low [MMA]/[Zr] ratio of 20), and the poly(methyl
methacrylate) (PMMA) produced had low molecular weight
(MW) with broad (polydispersity index, PDI > 2) or bimodal
MW distributions (MWDs). Two subsequent, independent
JACS Communications reported in 1992 marked the begin-
ning of the controlled/living polymerization of acrylic
monomers using discrete metallocene complexes. these are
seminal works of Y asuda and co-workers® involving neutral,
single-component lanthanocenes, such as dimeric samarocene
hydride [Cp*,SmH], (Cp* = n°-CsMes), as living MMA
polymerization catalysts and Collins and Ward®® involving
atwo-component group 4 metallocene system, consisting of
cationic zirconocenium complex [Cp,ZrMe(THF)]1[BPh,] ~
as catalyst and neutral zirconocene dimethyl Cp,ZrMe, as
initiator, for high-conversion polymerization of MMA to high
MW PMMA with relatively narrow MWDs (PDI = 1.2—1.4).

Significant advances have been achieved in the coordina-
tion polymerization of polar vinyl monomers by discrete
lanthanide and early and late metal catalysts for the past 16
years, especially in the area of stereochemical control of
polymerization, producing a large body of publications on
this important topic. Additionally, major advances in the
coordination copolymerization of polar vinyl monomers with
nonpolar olefins by late metal catalysts have been made since
two Chemical Reviews articles published in 2000 by Boffa
and Novak® and by Ittel, Johnson, and Brookhart.3* Hence,
the above-mentioned major progress in the field of coordina
tion polymerization of polar vinyl monomers by single-site
metal catalysts calls for a need for a comprehensive review
of this field, which is the effort of this article.

1.2. Terminology
1.2.1. Initiator vs Catalyst

The most common terminology used in polymerization
science is perhaps “initiator” or “catalyst”. In abroad sense,
all polymerization processes are “catalytic”, by definition,
because multiple equivalents of the monomer (substrate) are
consumed per initiating molecule to form polymer chains
consisting of covaently bonded monomer repeat units. In
practice, such an initiating molecule is termed either “initia-
tor” or “catalyst”, depending on whether the reagent produces
one or more than one polymer chain. The term “initiator” is
explicit in free radical, cationic, and anionic polymerizations,
but in metal-mediated coordination polymerizations the use
of “initiator” or “catalyst” is much more relaxed in the
literature because a metal complex often serves as both
initiator (by having a nucleophilic initiating ligand) and
catalys (by activatingtheenchainingmonomer viametal —monomer
complexation/coordination). Where “ catalyst” is used in this
review, it emphasizes the catalyzed monomer enchainment.
Thus, it is a catalyst when emphasizing the fundamental
catalytic event of monomer enchainment (i.e., the propagation
catalysis cycle), but it isnot a“true”’ catalyst if the catalytic
production of polymer chains is concerned. On the other
hand, catalytic polymerization explicitly defines a polymer-
ization that exhibits turnover numbers (TONs) for both
monomer consumption and polymer chain production. This
type of polymerization is typically achieved by catalyzed
internal chain-transfer processes (e.g., -H elimination) or
by addition of an external chain-transfer reagent (CTR). For
instance, living polymerization is not a catalytic polymeri-
zation per se (i.e.,, only one polymer chain produced per
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Figure 1. Catalytic cycles in three major types of catalyzed polymerization processes. [AC*] = active center; P, = growing polymer

chain; M = monomer; LA = Lewis acid; Nu = nucleophile.
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Figure 2. Tactic PMMA stereomicrostructures.

initiating molecule), unless a suitable CTR is added to
promote efficient chain-transfer processes. Catalytic polym-
erization exhibits economical advantages over noncatalytic
processes and thus is significant in industry. In principle, a
polymerization having an initiator efficiency (I*) value of
>100 means more than one polymer chain is produced per
initiating molecule. In short, “catalytic” elements are readily
identifiable in the metal-mediated polymerization processes,
as shown in Figure 1, which illustrates “catalytic” eventsin
the three major types of catalyzed polymerization processes,
including catalyzed monomer enchainment (unimolecular and
bimolecular) as well as catalytic production of polymer
chains—chain transfer (internal and external) polymerization.

1.2.2. Single-Site vs Multisite Catalyst

The term SSC was coined to differentiate discrete homo-
geneous molecular catalysts, such as metallocenes or related
discrete organometallic complexes, from typically multisite
heterogeneous catalysts. It is worthwhile to note that one
should not take the term SSC literally to refer to a catalyst
with only one active site or center, because metallocene-
type catalysts can have more than one site (e.g., C,-, Cs
and C;-ligated group 4 metallocene catalysts possess two
homotopic, enantiotopic, and diastereotopic coordination
sites, respectively) and can even involve more than one center
(e.g., polynuclear catalysts). The term SSC more precisely
defines the catalyst with only one type of catalytically active
species. A multisite catalyst system, which contains more
than one type of catalyticaly active species, typicaly
produces a polymer exhibiting a multimodal MWD in a gel
permeation chromatograph (GPC) trace, unless all active
species possess very similar catalytic properties or there
exhibits rapid exchange among those active species.

OMe MeO

it-PMMA
r r r
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OMe MeO OMe
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OMe MeO OMe

1.2.3. Polymerization vs Polymer Characteristics

In each polymerization catalyst or initiator system re-
viewed herein, five most important characteristics of polym-
erization and the resulting polymers are described, where
possible, in terms of (a) reaction condition, (b) polymeriza-
tion activity, (¢) polymer tacticity, (d) stereocontrol mech-
anism, and (e) polymerization control. A given polymeriza-
tion system reported in the literature may report al or just
one to some of the above characteristics described therein.

First, reaction conditions include polymerization temper-
ature (T,), medium (solvent), or pressure where gaseous
monomers are involved. Second, polymerization activity is
converted (if not reported) by the reviewer to turnover
frequency [TOF: mole of substrate (monomer) consumed per
mole of catalyst (initiator) per hour] for meaningful com-
parisons among the systems reviewed. Polymerization sys-
temswith TOF (h™1) of <10, >10, >100, >1000, and >10,000
are arbitrarily characterized as exhibiting low, modest, high,
very high, and exceedingly high activities, respectively.

Third, polymer tacticity is reveded by the resulting
polymer stereomicrostructure (stereoregularity), which is
shown by stereogenic center sequence distributions. Figure
2 depicts tactic PMMA, as an example, to show the
stereogenic center sequence distributions mmmmmmmm,
reeeeeer, mrmrmrmr, and  mmmmrrrr,  corresponding  to
isotactic (it), syndiotactic (st), heterotactic (ht), and it-block
(b)-st stereoblock (sh) stereomicrostructures, respectively. A
polymer is classified as atactic (at), it- or st-biased (rich)
atactic, tactic, or highly tactic according to the level of its
triad distributions; hence, polymers with mr ~50, mm (rr)
= 55—69, mm (rr) = 70—89, and mm (rr) = 90 are
arbitrarily termed at, it (st)-rich at, it (st), and highly it (st)
polymers, respectively. The degree of stereoregularity of a
polymer determines its thermal properties, such as melting-
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transition temperature (T,,) and glass-transition temperature
(Ty); stereoregular (e.g., it and st) polymers are semicrys-
talline materials, thus usually exhibiting both T, and Tg,
whereas their at, amorphous counterpart shows only Tg.
Highly crystalline polymers may show only Tp,. In generdl,
the physical and mechanical properties of the polymers
having stereogenic centers in the repeating units depend
largely on their stereochemistry.” Stereoregular polymers
are typicaly crystalline materials as compared to their
amorphous (at) counterparts, and crystalinity leads to
superior materials properties, such as enhanced solvent
resistance, high modulus, as well as excellent impact strength
and fatigue resistance.

Fourth, the mechanism of stereocontrol™ for a given
system is characterized by either an enantiomorphic-site
control mechanism—that is, the chirality of the active
propagating center dictates the stereochemistry of monomer
enchainment so that the stereoerror (rr triads in isospecific
polymerization or mm triads in syndiospecific polymeriza-
tion) is corrected on the next monomer addition—or a chain-
end control mechanism—that is, the stereogenic center of
the last enchained monomer unit dictates the stereochemistry
of further monomer enchainment so that the stereoerror (r
dyads in isospecific polymerization or m dyads in syndiospe-
cific polymerization) is propagated.

Fifth, the degree of polymerization control is reflected by
polymer MW (number average M, or weight average M,,),
MWD (M,/M,), and initiator (catalyst) efficiency, I* =
My (calcd)/M,(exptl), where My(calcd) = MW(monomer) x
[monomer]y/[initiator(catalyst)]o x conversion % + MW(end
groups). A controlled polymerization demonstrates its capac-
ity for controlling MW, architecture, or function. On the other
hand, living polymerizations provide the maximum degree
of control for polymer synthesis; accordingly, a living
polymerization is much more rigorously tested, and a set of
experimental criteria” must be met before claiming aliving
polymerization system.

1.2.4. Stereospecific vs Stereoselective Polymerization

According to the definitions recommended by IUPAC,
stereospecific polymerization is the polymerization in which
a tactic polymer is formed,” while stereoselective polym-
erization is the polymerization in which a polymer is formed
from a mixture of stereoisomeric monomer molecules by
preferential incorporation of one sterecisomeric species.”
Accordingly, polymerization of prochiral monomers such as
propylene and methacrylates yielding isotactic or syndiotactic
polymers is termed stereospecific polymerization, which is
the widely used terminology in the polymer literature when
describing such polymerizations. However, polymerization
in which stereoisomerism present in the monomer is merely
retained in the polymer is not regarded as stereospecific
polymerization. Thus, polymerization of chiral monomers
(e.g., p-propylene oxide and L-lactide) with retention of
configuration and polymerization of racemic lactides to
isotactic polymer is commonly regarded as stereoselective
polymerization. A common misconception here is that a
polymerization is named stereospecific polymerization only
when it is 100% or nearly 100% stereoselective.

It should be noted here that these IUPAC polymerization
definitions are different than the definitions for stereospeci-
ficity and stereoselectivity of fundamental reactions. If one
strictly applies the definitions for stereospecific and stereo-
selective reactions to polymerizations, then polymerizations
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Scheme 1. Elementary Steps: Migratory Insertion vs
Conjugate Addition (RS = Resting State, CI = Coordination
Intermediate, TS = Transition State, L, = Supporting
Ligand, M = Metal, A = Anion, and P = Growing Polymer
Chain)

A -

T T W e T T LM TN > LM,

RS cl T8 RS

that yield tactic polymers from prochiral vinyl monomers
would be termed stereoselective polymerizations™ because
they result in the preferential formation of one stereoisomer
over another with the starting materials absent of different
configurations. As aresult, some polymer literature uses the
term stereoselective (isoselective or syndioselective) polym-
erization to describe a polymerization reaction yielding a
tactic (isotactic or syndiotactic) polymer. This review at-
tempts to adopt the above-described IUPAC definitions for
stereospecific and stereoselective polymerization, but it
occasionally uses them interchangeably by keeping the terms
consistent with those adopted in the cited paper.

1.2.5. Coordination—Insertion vs Coordination— Addition
Polymerization

In this review coordination polymerization of polar vinyl
monomers by single-site metal catalysts will include two
major types of coordination polymerization: migratory inser-
tion (i.e., coordination—insertion) and conjugate addition
(coordination—addition). Metd -catalyzed coordination—insertion
polymerization of nonpolar or polar a-olefins and metal-
mediated coordination—addition polymerization of polar
vinyl monomers are two fundamentally different polymer-
ization processes (Scheme 1). Regarding the elementary steps
of the polymerization, the catalyst resting state (RS) for the
former polymerization is the contact or solvent-separated ion
pair. Displacement of the weekly coordinated anion by an
olefin molecule forms the coordination intermediate (Cl),
which is followed by the formation of the four-membered-
ring transition state (TS), completion of migratory insertion,
and regeneration of the catalyst in its RS (Scheme 1, where
propylene is used as an example). On the other hand, the
catalyst RS for the coordination—addition polymerization of
polar vinyl monomers such as MMA is the 8-membered-
ring chelate. Ring-opening of the chelate by the incoming
monomer gives the catalyst—monomer complex (i.e., ClI).
Intramolecular conjugate addition proceeds with an eight-
membered-ring TS before completion of monomer addition
and regeneration of the catalyst RS (Scheme 1).46:525362.76.77

Regarding the stereosel ection events, the selection is made
between the enantiofaces of the prochiral monomer in
o-olefin polymerization, and the chirality of the monomer
unit is determined once enchained (Scheme 2). In sharp
contrast, in MMA polymerization, the selection is made
between the enantiofaces of the prochiral growing chain (not
the monomer), and the chirality is determined one step later
(i.e., after an additional monomer enchainment).”s"”
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Scheme 2. Stereoselection Events. Enantiofaces of Prochiral
Monomer vs Prochiral Chain End
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1.3. Scope of Review

This review covers polymerization of polar vinyl mono-
mers mediated by single-site metal catalysts including
discrete metallocene and nonmetallocene metal complexes;
it focuses on the coordination-type of polymerization (vide
supra). Many reviews have covered genera topics on
polymerization of polar vinyl monomers, including radical
polymerization mediated by metal complexes™ 8! as well
asclassical cationic and anionic polymerizations®?~ involv-
ing metal species. Radical and ionic types of polymerization
are not discussed in this review; however, relevant coordi-
native-anionic polymerization systems that are considered
as early examples or precedents, albeit being multisite in
nature, for the development of advanced single-site catalysts,
are included.

Polar vinyl monomers covered in this review are limited
to those technologically important ones incorporating hard-
base (O, N) functional groups, including methacrylates,
acrylates, acrylamides, methacrylamides, vinyl ketones, and
acrylonitrile. The copolymerization section deals with three
types of polar vinyl copolymers, one of which is dedicated
to polar—nonpolar vinyl random copolymers (section 6.2)
and discusses the reports appearing after the two 2000
Chemical Reviews reviews on copolymerization of olefins
and polar vinyl monomers by Boffa and Novak®® and by
Ittel, Johnson, and Brookhart.3! Catalysts discussed in this
review are centered on single-site metallocene and nonmet-
allocene complexes, a large mgority of which belong to
discrete group 3, 4, and 10 metal complexes. To assist the
reader in categorizing metal —ligand combinations in metal
complexes supported by non-Cp-based ligands (i.e., non-
metallocene complexes), asimple ligand classification system
is used for ligands of hapticity >2 to directly indicate the
identity, number, and formal charge of the metal-attached
ligand atoms; for example, atridentate bis(amido) nitrogen-
donor ligand, where the neutral donor nitrogen atom is placed
approximately at the central position between the two anionic
amido functionalities, is conveniently represented as
[N7,N,N7]. Except for the few examples included, patents
and meeting proceedings are not reviewed.

2. Methacrylate Polymerization

2.1. Lanthanide Complexes
2.1.1. Nonbridged Lanthanocenes

Yasuda and co-workers discovered that neutra trivalent
samarocenes, such as dimeric samarocene hydride
[Cp*2SmH], (1), function as both initiator (to effect chain
initiation and growth via conjugate addition) and catalyst
(to activate monomer via monomer coordination to the highly
Lewis acidic Sm center) in the polymerization of MMA %8
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Chain initiation occurs via a two-step process involving
nucleophilic attack of the Sm hydride to the coordinated
(activated) MMA, followed by conjugate addition of the
resulting ester enolate to a second MMA coordinated to Sm,
giving rise to the eight-membered-chel ate propagating species
287 (Scheme 3). The structure of the initiated, cyclic
propagating species 2 has been ssimulated and confirmed by
the X-ray crystal structure of the complex independently
synthesized from the reaction of [Cp*,SmH], with 2 equiv
of MMA (per Sm center). Propagation proceeds via repeated
intramolecular conjugate Michael additions through the Sm
enolate—monomer complex (active species) to the eight-
membered-ring intermediate (i.e., catalyst resting state 3)
cycle (Scheme 3).

The polymerization by 1 exhibits living characteristics
from T, as low as —95 °C to T, as high as 40 °C, thereby
producing PMMA with controlled MW (determined by the
[MMA]/[Sm], ratio) and narrow MWD (PDI = 1.02—1.05,
Table 1), aswell as well-defined block copolymers of MMA
with other alkyl methacrylates.®” PMMA with M, as high as
5.6 x 10° can be synthesized. At low T, of —95 °C, the
activity is modest (0.1 mol % catalyst, 60 h, 82% monomer
conversion for a TOF of ~14 h™1), as is the initiator
efficiency (I* = 44%); however, the PMMA produced is
highly syndiotactic (95.3% rr). When the polymerization is
carried out at 25 °C, both TOF (500 h™1) and I* (88%) values
increase drastically, but the PMMA syndiotacticity drops
significantly to 79.9% rr.

Methyl lanthanocenes, Cp*,LnMe&(THF) (Ln = Sm, Y,
Yb, Lu), and AlMe; complexes of lanthanocenes, Cp* oL n(u-
Me),AlMe, (Ln =Y, Yb, Lu), behave in a fashion similar
to that of [Cp*,SmH], toward MMA polymerization, with
the polymerization activity increasing with an increase in
ionic radii of the Ln metal (Sm >Y > Yb > Lu) within the
series®8  Yasuda and co-workers also  supported
Cp* ,SmMe(THF) onto AlM es-pretreated mesoporous MCM-
41 silicates of various pore sizes and found that the complex
adsorbed on the silicates with large pore sizes (=29 A)
afforded st-PMMA a 0 °C in toluene with a higher
syndiotacticity (86% rr) and MW (M, > 1.4 x 10° PDI ~
1.5), as compared with the PMMA (82% rr) produced by
the homogeneous system. 88

Other methacrylates can also be polymerized in the well-
controlled manner, and as anticipated on steric grounds, the
apparent rate of polymerization at 0 °C decreases with an
increase in the steric bulk of the R group of methacrylates
CH,=CH(M€)COOR: TOF (h™1) = 500, 490, 450, and 125,
for R = Me, Et, 'Pr, and 'Bu, respectively.®” Interestingly,
contrary to an expectation based on the chain-end control
mechanism, the syndiotacticity of the polymethacrylates
obtained at 0 °C is highest for smaller alkyl groups. rr% =
82.4, 80.9, 77.3, and 78.2, for R = Me, Et, 'Pr, and ‘Bu,
respectively.®” Replacing the H or Me ligand of the above
samarocene catalysts by BH,, namely Cp*,Sm(BH,)(THF),
gives an ill-controlled, much less active catalyst, which gives
only syndio-rich PMMA (54% rr) at 25 °C in toluene (TOF
= 110 h™1) with a much broader MWD (PDI = 2.4) and a
very low I* of only 5.9%.%°

The MMA polymerization by lanthanocenes is typicaly
carried out in toluene, but polar solventsincluding THF and
Et,O can aso be used in the case of Cp*,SmMe(THF) and
Cp*,YbMe(Et,0) without noticeably atering the polymer-
ization results, including PMMA syndiotacticity, M,, and
MWD.® This observation is noteworthy because this is in
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Scheme 3. Chain Initiation and Propagation Stepsin MMA Polymerization by [Cp*,SmH], (1)

Table 1. Characteristics of the MMA Polymerization by 1 in
Toluene

T,(°C) TOF(hY) M,(kD) PDI  I* (%) rr (%)
—95 137 187 1.05 44 95.3
~78 26.9 820 104 59 93.1

0 500 580  1.02 86 82.4
25 500 570  1.02 88 79.9
40 500 550  1.03 91 773

sharp contrast to classic anionic polymerization of MMA
initiated by organometallic lithium reagents, where solvents
play a critical role in determining the tacticity of PMMA
produced, especialy at low temperatures, due to competition
between counterion coordination to chain-end (penultimate
ester group) and monomer vs solvation.®* Thus, polar
coordinating solvents (e.g., THF, DME) strongly solvate the
counterion, prohibiting it from exerting an influence on
monomer enchainment because it islargely unassociated with
the propagating enolate chain end when approaching the
monomer, thereby favoring syndiotactic placement for steric
reasons, whereas nonpolar solvents (e.g., toluene) typically
favor isotactic placement through arigid propagating chain
model involving monomer precoordination to the counterion
which is associated with the propagating chain end and
additionally coordinated to the penultimate ester group.
Uniquely, the current coordination polymerization system by
neutral lanthanocenes involves no counteranions, and as
such, the influence of solvent is limited to the effect on the
polymerization rates as donor solvent molecules compete
with monomer molecules for coordination to the highly
electrophilic metal center. However, donor solvents should
also impact polymerization stereochemistry in the case of
chiral lanthanocene catalysts possessing two nonhomotopic
lateral coordination sites, even without counterions involved,
as such solvents can exert an influence on catalyst site-
isomerization processes (section 2.1.2).

Trimethylsilyl-substituted |anthanocene methyl complexes,
[(Me;SICsH,).SmMe], (4), {[(MesS).CsHgl.SmMe}, (5),
and {[(Me&;Si),CsHs].NdMe}» (6),% also initiate living po-
lymerization of MMA at —78 °C with even higher TOFs
than [Cp*,SmH],, but the PMMA syndiotacticity is lower
(86—90% rr, Table 2) as compared to 93% rr of the PMMA
produced by [Cp*,SmH], a —78 °C. Furthermore, these
mono- and bis(silyl)-substituted lanthanocenes are nonliving
at 25 °C, producing PMMA with considerably broader
MWDs (PDI = 1.31-1.82) and also lower syndiotacticity

Chen
Table 2. Characteristics of the MMA Polymerization by
Silyl-Substituted Lanthanocenes®
Me;Si, SiMe; Me;Si, SiMe;
@ % Megsi"%
\ \\\\\ wMe,, / MeaSi ..“‘\\\Me/,,,‘ / .
Sm\Me/Sm 3 n\Me/Ln §|M93
Sh T Shew gg
Me,Si SiMe; Me,Si SiMe;
4 5 Ln=S8m; 6, Ln=Nd
complex T,(°C) TOF(h™) M, (kD) PDI I* (%) rr (%)
4 —78 500 75 1.05 67 86
4 25 790 51 1.82 77 73
5 —78 500 69 1.05 72 87
5 25 410 67 143 31 73
6 —78 175 88 1.05 20 90
6 25 455 45 131 101 72

(72—73% rr) than the PMMA (1.02 PDI and 80% rr)
produced by [Cp*,SmH], at 25 °C.

Lanthanocenes incorporating amido initiating ligands, 7
(Ln = Yb, Er, Y),® polymerize MMA to s-PMMA with
MWDs ranging from low 1.11 to high 3.74, depending on
metal and T, but with comparable polymerization activity
and polymer tacticity with those by most commonly em-
ployed hydrido or hydrocarbyl initiating ligands. The ob-
served activity order in thisseries, Yb > Er > Y, isinreverse
order of ionic radii and thus completely different from the
order observed for the lanthanocene hydrido or hydrocarbyl
complexes. However, the MMA polymerization activity of
anal ogous diisopropylamido lanthanocenes 8 (Ln = Yb, Er,
Y) increases with an increase of ionic radii of the lanthanide
(i.e., Y > Er > Yh).% Lanthanocene amides were also utilized
to polymerize (dimethylamino)ethyl methacrylate (in toluene,
—78 to 40 °C) to high MW (M, > 10°) polymers.® The
polymer produced by 8 { (MeCsH,4),Y bN(‘Pr)(THF)} at —78
°Cishighly syndiotactic (92.8% rr), while the syndiotacticity
drops considerably to 78% rr at 0 °C. Closely related
monoa kyl-substituted ytterbocene diphenylamido complexes,
(RCsH4)2YbN(Ph)(THF) (9), exhibit high MMA polymer-
ization activity (up to 250 h™* TOF) at 0 °C, producing
PMMA with M, = 2.53 x 10°, 1.33 x 10° and PDI = 1.67,
1.26, for R = Me, 'Bu, respectively.® Interestingly, the
pentamethyl-substituted derivative 10 showed no activity at
all.

Even lanthanocene chloride complexes, such as
(CH;=CHCH,CsH,),LnCI(THF), (11, Ln =Y, Sm, Dy, Er),
were found to be active for MMA polymerization at 40 °C;
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however, the activity is low, with the yttrocene being the
most active (7 h™* TOF), and the polymerization is also
uncontrolled.®” Likewise, Cp,Y CI(THF) in combination with
1000 equiv of EtyZn showed low MMA polymerization
activity at 0 °C, producing at-PMMA with a broad MWD
of 4.78.% Alkyl-* or thienyl-1® substituted lanthanocene
chloride complexes can also be activated with 10—20 equiv
of AlEt; or NaH to a highly active system (with TOF
reaching 800 h™* for the NaH-activated system) for MMA
polymerization, producing at-PMMA with broad (>2) or
bimodal MWDs. Anionic lanthanocene complexes supported
by the Me,Si< bridged diamide ligand, {[Me&Si(NPh),]-
LnCp';}[LI(DME);] (12, Cp' = Cp, Ln = Sm, Yb; Cp' =
MeCp, Ln = Yb), aso promote nonliving MMA polymer-
ization in THF at 30 °C, producing syndio-rich at-PMMA
with PDI ranging from 1.54 to 1.85.1°* The calculated
initiator efficiencies were between 100 and 200%, suggesting
an involvement of either chain transfer reactions or more
than one initiating ligand per Ln center. Within this series,
the ytterbocene complex {[Me&Si(NPh),]YbCp,}-
[Li(DME)3] exhibits the highest activity, with TOF reaching
360 h™*. Closely related anionic lanthanocenes supported by
the 1,2-phenylene bridged diamide ligand, {[o-
(Me&;SiN),CeH,ILN(MeCp),} [LI(DME)3] (13, Ln= Sm, Yb,
Nd), exhibit similar polymerization characteristics for the
MMA polymerization in THF at 30 °C.1%

Catalytic chain transfer is a highly efficient approach to
control the MW of the polymers produced by free-radical
polymerization.!® To render a catalytic production of
polymer chainsin the coordination—addition polymerization
catalyzed by metal complexes, a suitable CTR added
externally must effectively cleave the growing polymer chain
from the active center, and the resulting new species
containing part of the CTR moiety (typicaly in its depro-
tonated form) must efficiently reinitiate the polymerization.
A typical, systematic procedure to examine if a reagent of
choice is an appropriate CTR for a given polymerization
process or not is as follows. The first step is to investigate
the reaction of this reagent with the resting intermediate of
polymerization, where possible to identify (if not possible,
one may alternatively use the starting initiating species), to
make sure the reagent can effectively cleave the active
center—polymer bond. The second step is to evaluate the
polymerization behavior of the independently prepared active
center containing the nucleophilic part of the reagent (e.g.,
the deprotonated form) to make sure such species can
effectively reinitiate the polymerization and have compatible
polymerization kinetics. The third step is to study the
polymerization in the presence of a varied amount of CTR
(i.e., change of the [CTR]/[initiator] ratio) and analyze the
resulting polymer MW. A well-behaved chain transfer
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polymerization with only one-type of mechanism being
operative should give rise to a linear relationship between
1M, and [CTR] (i.e., an inverse relationship).

The above-described catalytic chain transfer strategy has
been applied to the MMA polymerization by Cp*,SmMe-
(THF). Addition of organic acids such as akyl thios and
enolizable ketones as CTRs was found to transform the living
MMA polymerization by Cp*,SmMe(THF) to a chain
transfer polymerization for the catalytic production of
PMMA.2 Specifically, tert-butyl thiol and methylisobu-
tylketone were among the most effective CTRs for this
polymerization, as both can effectively cleave the Sm—PMMA
bond derived from the MMA polymerization initiated by
Cp*,SmMe(THF) and the resulting Sm thiolate and ketone
enolate reinitiate the polymerization (Scheme 4). However,
the effectiveness for the catalytic polymer production by this
system is limited (TON = 5) even with a [CTR]/[Sm] ratio
as high as 29.1%4

An early study by Yasuda and co-workers revealed that
addition of trialkylaluminum (AIR3) compounds to divalent
ytterbocene Cp*,Yb(THF), leads to formation of adducts
Cp*,YbeAlIR3(THF) in which one akyl group bridges two
metal centers.’® Such adducts comprise both transition metal
and main group moieties, the hallmark of a homogeneous
Ziegler—Natta catalyst. Indeed, the adduct Cp*,Ybe
AlEt3(THF) exhibits high activity for MMA polymerization,
producing st-PMMA (76% rr) at 25 °C. Investigation into
the stoichiometric reaction of the adduct with MMA showed,
however, the formation of a complex mixture containing at
least four kinds of species.®® Subsequently, Yasuda and
co-workers discovered that AlRs;-free divalent lanthano-
cenes, such as Cp*,Yb(THF),, Cp*,Sm(THF),, and
(Ind),Yb(THF),, promote living polymerization of meth-
acrylates. Interestingly, the I* values, which were calcul ated
based on a monometallic model, were low (I* <30%) for
such divalent lanthanocenes,® thus greatly inflating the
observed MW. Later on, Boffa and Novak!® revealed that
the true active propagating species in the MMA polymeri-
zation starting with divalent lanthanocenes, such as Cp* ,Sm
and Cp*,Sm(THF),, are bimetallic trivalent samarocenes
derived from a redox-then-radical-coupling process (Scheme
5). Specifically, chain initiation involves one-electron transfer
from the Sm(Il) center to MMA, forming a MMA radical
anion and a Sm(l11) cation which combine to Sm(l11)-enolate
complex radicals 14; the radicals 14 subsequently couple in
a tail-to-tail fashion to generate bimetallic Sm(I11)-enolate
complex 15, which acts as a bifunctiona diinitiator for living
polymerization of (meth)acrylates. This mechanism satis-
factorily explains the typically observed low 1* values based
on the monometallic model; as two Sm centers are now
linked as a diinitiator, the PMMA produced hasaMW twice
that calculated based on the monometallic polymerization
model, as does the calculated I* value. Using preformed
bimetallic Sm(l11) initiators Cp* ,Sm—R—SmCp*, (e.g., bis-
allyl bimetallic complexes), PMMA and poly(e-caprolactone)
with discrete functionalities at the center of the backbone
(“link-functionalized” polymers'®) have been synthesized.'®

A strong influence of Cp-substituents in Cp',Sm(THF),
complexes on the MMA polymerization activity and
syndiosel ectivity—(Cp™®),Sm(THF), (16, 21 h™* TOF, 1.5
PDI, 78% rr), (Cp"™Me4),Sm(THF), (17, 7.7 " TOF, 2.4
PDI, 88% rr), and (Cp'™),Sm(THF), (18, 1.9 h"* TOF, 6.1
PDI, 68% rr)—is exhibited under identical polymerization
conditions (0 °C, 0.2 mol % Sm, toluene, 24 h).!® A
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Scheme 4. Chain Transfer Polymerization of MMA by Cp*,SmM e(THF)
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syndiotacticity of 88% rr by the n-propyltetramethyl-
substituted Cp samarocene 17 at 0 °C is noticeably higher
than 82.4% rr of the PMMA produced by [Cp*,SmH], at
the same T,,,%” but the activity (7.7 h™* TOF) is substantially
lower than that of [Cp*,SmH], (500 h™* TOF). Additionally,
the MWDs of the PMMA produced by these complexes are
relatively broad (PDI = 1.5—6.1).2%° Divalent ytterbocenes
bearing trimethylsilyl-substituted indenyl (Ind) or fluorenyl
(Flu) ligands, (1-SiMesIlnd),Yb(THF) (19) and (9-
SiMesFlu),Yb(THF) (20), catalyze the polymerization of
MMA in toluene to different stereomicrostructures (t, it, or
st-b-it multiblock) depending on T, which was attributed to
their conformational sensitivity to polymerization condi-
tions.11° Complexation of divalent ytterbocenes with alane
AlHj; further enhances MMA polymerization activity, achiev-
ing highly syndiotactic PMMA (93% rr, 1.74 PDI, 84% I*)
with Cp*sz'Ang(NEt3) at —40 °C.H!
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Divaent lanthanocenes (Yb, Eu) supported by indenyl
ligands functionalized with N-containing side arm substitutes,
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including (dimethylamino)propyl (21), ethyl (22),'2 2- (and
3)-pyridylmethyl (23),*2 and piperidineethyl (24)** groups,
exhibit exceptionally high activity for nonliving MMA
polymerization at low temperatures, with the highest TOF
approaching 171,000 h™* in THF at —60 °C for 24 (Eu).'*
However, unlike the MMA polymerization catalyzed by
trivalent unbridged lanthanocene complexes, solvents play
a critical role in determining the tacticity of the PMMA
produced by these divalent lanthanocenes at low tempera
tures: polar solvents such as THF and DME typically favor
syndiotactic placement, affording syndio-rich at-PMMA,
whereas nonpolar solvents such as toluene favor isotactic
placement, producing iso-rich at-PMMA. The PMMAs
produced have PDI values in the range of 1.3 to 2.5.
Unexpectedly, homoleptic trivalent lanthanocenes (Sm and
Nd) bearing the three piperidineethyl-functionalized indenyl
ligands al #°-7-bonded to Ln (Sm, Nd), that is without
o-bonded initiating ligands, are also highly active for MMA
polymerization.* Anaogous divalent lanthanocenes 25 (Yb,
Eu) supported by a fluorenyl ligand functionalized with the
N-piperidineethyl group also show exceptionally high activity
for MMA polymerization, especially at low temperatures,
with the highest TOF approaching 54,600 h™* in THF at —60
°C for the Eu complex, producing syndio-rich PMMA (47%
rr) with M, = 9.31 x 10% PDI = 1.16, and I* = 49% (based
on the unimetallic model).'*® In general, the polymerization
activity decreases with an increase in T,, and again, the
polymerization in THF produces syndio-rich at-PMMA (up
to 67% rr a& —60 °C by the Yb complex), while the
polymerization in toluene gives iso-rich at-PMMA (up to
67% mm at —60 °C by the Eu complex). The activity and
tacticity trend as a function of Ln, T,, and solvent is the
same for the analogous complexes functionalized with the
tetrahydro-2-H-pyranyl group.

2.1.2. ansa-Lanthanocenes

The characteristics of the MMA polymerization by Ce
ligated ansa-lanthanocenes have been investigated using a
series of ansa-lanthanocene hydrocarbyls or amides incor-
porating ansa-Cp-9-Flu ligands, including Me,C< bridged
yttrocene 26 in toluene,**® Ph,C< bridged |utetocene 27 in
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Table 3. Characteristics of the MMA Polymerization by CsLigated ansa-L anthanocenes
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a

, Q Me\S Me
/S| Ln\E\/ \Me
SiMe,
29
Ln=Dy, Er; E=N, CH
complex T (°C) TOF (h™Y) M, (kD) PDI I* (%) rr (%) ref
26 20 375 271 1.80 14 60 116
27 0 12 24.0 2.27 10 59 117
28 25 13 91.3 1.39 32 58 (mm) 118
29 20 160—200 n.a. n.a. 60—61 119, 120
29 -95 160—200 n.a. n.a. 80—83 119, 120

2n.a. = data not available.

toluene, '’ and Me,Si< bridged yttrocene 28 in toluene, '8
as well as Me,Si< bridged dysproso- and erbocenes 29 in
toluene or THF.11%120 When compared to the unbridged, C,,-
ligated Cp*,L nR(THF)-type catalysts, these Cq-ligated ansa-
lanthanocene catalysts are less active and syndiospecific
(~60% rr at 20 °C or ~82% rr a —95 °C), and their
catalyzed MMA polymerizations are also uncontrolled and
give very low initiator efficiencies (I* = 3 to 14%, Table
3). Methyl triad distributions of the PMMA prepared by these
Csligated ansa-lanthanocenes are characteristic of chain-
end control. The Me,Si< bridged yttrocene 28 even produced
iso-rich PMMA (58% mm at 25 °C, 56% mm at 0 °C) in
toluene despite its Cgligation. The syndiotacticity of the
PMMA produced by di-tert-butyl-substituted fluorenyl-Cp
ansa-yttrocene Me,C(Cp)(2,7-'Bu,-Flu)Y CH(SiMes), was
reported to be 78—79% rr, but no polymerization conditions
were given.!?

ansa-C,-symmetric lanthanocene amides and hydrocarbyls,
rac-[O(CH,CH,-Ind),]LnX (30, X = N(SiMe3),, Ln = Nd,
Y, Yb, Lu; X = CH,SiMe;, Ln = Dy, Y, Yb), polymerize
MMA to iso-rich (in toluene) or syndio-rich (in THF or
DME) PMMA.*?> The resulting PMMA tacticity is aso
strongly influenced by polymerization temperature; the
reversal of the iso-rich tacticity at low T, to the syndio-rich
one at high T, in THF or DME was rationalized with rac/
meso interconversion of the active center. The order of the
polymerization activity in this lanthanide seriesis in agree-
ment with the decreasing order of ionic radii.*?? Divalent
ansa-lanthanocenes have aso been examined for MMA
polymerization. Specifically, meso-[O(CH,CH,-Ind),]Lne
(DME) 31, Ln = Sm, Yb) ansa-lanthanocenes polymerize
MMA at —78 or 0 °C in toluene, THF, or DME, to syndio-
rich at-PMMA (40—61% rr) with broad MWDs (PDI =
2.69—3.60).*2 Nonbridged analogues, [1-(MeOCH,CH,)-
Ind],Ln, showed higher activity without altering much
polymer tacticity and MWD. Me&,Si< bridged neodymocene
chloride Me;Si(SiMe;Cp),NdCI (as arac/meso mixture) was
activated with "BuMgCl to an active catalyst for MMA
polymerization at 40 °C in toluene, reaching a TOF of 125
h™! and affording also syndio-rich PMMA (67.5% rr, 1.65
PDI).*** As unbridged chlorolanthanocenes, ansa-lantha-
nocene chloride complexes O(C,H4CsH3),L.nCl (Ln =Y, Nd,
Sm) can directly initiate MMA polymerization (TOF up to
40 h™h), typicaly in bulk at high temperature (80 °C),
affording syndio-rich, high MW PMMA (PDI = 1.8).1%

Marks and co-workers reported that bridged chiral C;-
symmetric lanthanocene catalyst 32 bearing the (+)-neo-

&
-y

rac-30
Ln=Y, Pr, Nd, Yb, Lu: X = N(SiMes),
Ln =Y, Dy, Yb; X = CH,SiMe,

S

meso-31
Ln=8m, Yb

menthyl chiral auxiliary (Figure 3) produces highly isotactic
PMMA (94% mm) in toluene at —35 °C.1? However, this
catalyst exhibits low activity (TOF = 3 h™%) and efficiency
(I* = 37%) as well as produces PMMA with a broad MWD
(PDI = 6.7) at this temperature. The activity was enhanced
at T, = 25 °C, but the isotacticity dropped significantly to
75% mm. In sharp contrast, C;-symmetric lanthanocene
complex 33 bearing the (—)-menthyl chiral auxiliary affords
syndiotactic PMMA (73% rr) at ambient temperature, albeit
very low activity (TOF = 6 h™%) and efficiency (I* = 2.3%).
Anaysis of the resulting PMMA stereomicrostructures
indicated neither pure enantiomorphic-site nor chain-end
control is operative in this system. Accordingly, the observed
sharply different stereoselectivity of these two C;-symmetric
lanthanocene complexes was rationalized on the basis of
competing conjugate addition and enolate isomerization
pathways.'?® Specifically, because MMA can in principle
coordinate to the asymmetric Ln center at either of the two
diastereotopic lateral sites, the isoselectivity was proposed
to arise asaresult of isomerization of the enolate intermediate
at arate faster than propagation to one laterally dissymmetric
site of the complex (i.e., MMA addition to the same site).

B e ST

La—N(SiMe;3), Lu N(SiMe3),

X

33

cat Tp TOF (h') M, (kD) PDI I*(%) mm (rr)
32 35 3 134 67 37 94
32 25 15 38 41 38 715
33 25 6 521 32 23 (73

Figure 3. Structures of Two Chiral C;-Symmetric Lanthanocene
Catalysts and Their MMA Polymerization Characteristics
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Table 4. Characteristics of the MMA Polymerization by

Half-Sandwich Lanthanocenes

CH(SIMS3)2 PPN
34 K@ 35

e
complex T, (°C) TOF (h™%) M, (kD) PDI I* (%) rr (%) ref

34 —78 3 157 111 42 91 127
34 0 100 461 118 22 80 127
34 25 200 432 123 23 74 127
35 —20 740 609 315 61 22 131

On the other hand, syndioselectivity is a result of faster
conjugate addition of the propagating enolate to the monomer
relative to the enolate isomerization (i.e., alternate MMA
addition to both sites). However, Y asuda offered an aterna-
tive explanation for the reversed stereoselectivity in these
two complexes, suggesting that the menthyl complex 33
produces st-PMMA via a cyclic eight-membered-ring inter-
mediate (i.e., much like the Cp*,SmR), whereas the neo-
menthyl complex 32 produces it-PMMA via a noncyclic
intermediate.®

2.1.8. Half-Lanthanocenes

Half-sandwichlanthanocenecomplex Cp* L] CH(SIM&3),] >
(THF) (34) polymerizes MMA to highly syndiotactic (91%
rr), high M;, (1.57 x 10°), and narrow MWD (1.11) PMMA
at —78 °C but with extremely low activity (3 h™* TOF) and
I* (~4%)."*" With an increase of T, to 0 and 25 °C, the
activity was drastically increased to 100 h™! and 200 h™?
TOF, but the syndiotacticity was dropped to 80% rr and 74%
rr, respectively, which was also coupled with broader MWDs
(Table 4). The mechanism of the polymerization was
proposed to proceed with a coordination—addition pathway,
identical to that proposed for trivalent lanthanocenes.

Rare earth metal complexes incorporating linked Cp-amido
ligands are active for polymerization of both nonpolar vinyl
monomers such as ethylene and styrene and polar vinyl
monomers such as acrylates and acrylonitrile (see sections
3.1 and 5.1).'? Bridged fluorenyl-amido yttrium complex
[17%:7*(3,6-Bu,CiaHs) SMex('BUN)] Y CH,SIMey(THF), showed
low MMA polymerization activity (TOF < 1 h™1) in toluene
at 25 or 50 °C, producing iso-rich at-PMMA (42% mm, 29%
rr, 25 °C); however, an ionic lanthanum salt containing the
linked 3,6-di-tert-butyl-substituted fluorenyl-amido ligand,
{[7°1™~(3,6-'Bu,Ci3Hs) SIMex('BuN)|,L a} [Li(THF)4], exhib-
ited modest activity toward MMA polymerization (T, = 50
°C, TOF = 27 h™%, I* = 54%, mr = 40%, M, = 6.0 x 10%,
PDI = 3.6).%° Boron-bridged indenyl-carboranyl neodymium
Complex [7]5:0"i ProN B(CgHG) (CzB]_oHlo)] NdN(S HM ez)z'
(THF), aso showed modest MMA polymerization activity
(TOF = 13 h™Y) in toluene at 25 °C, producing syndio-rich
PMMA (69% rr).** On the other hand, divalent ytterbium
complex 35 supported by methyl-substituted Cp and a
p-diketiminate ligand is highly active for MMA polymeri-
zation at —20 °C, with TOF reaching 741 h™1.13! The PMMA
produced exhibits a broad MWD (PDI = 3.15) and is
essentially atactic (mr = 47%); the calculated 1* value based
on a monometallic model is 61%, seemingly inconsistent
with the one-electron transfer initiator mechanism leading
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to a trivalent diinitiator for this complex. Related half-
sandwich trivalent samarium bromide incorporating the
B-diketiminate ligand has good activity (up to 126 h™* TOF)
at 0 °C in toluene, producing iso-rich at-PMMA (63% mm,
PDI = 1.37).1%

2.1.4. Non-lanthanocenes

Research in the development of discrete nonmetallocene
catalysts for polymerization of polar vinyl monomers is
intimately coupled with the growing interest in the use of
such catalysts for olefin polymerization where intense efforts
have been made to develop non-Cp-based catalyst systems
that can function comparably with, or even better than, the
Cp-based metallocene systems. In the early stage of this
development, such efforts were made often to address patent
issues, not solely scientifically driven. Additionally, most
nonmetallocene systems utilize bulky ancillary ligands to
simulate Cp-based ligand functions (el ectronics, sterics, and
symmetry) and to render the formation of isolable discrete
complexes.

Lanthanide hydrocarbyl complexes, including Sm(CH»-
SiMe3)3(THF);,  Y(CH,SIMe3)3(THF),, and Sm[CH-
(SiMe3),]3, produce in general iso-rich to atactic PMMA in
toluene or syndio-rich PMMA in THF.!3 Both the activity
and degree of control over polymerization by these nonlan-
thanocene complexes are much lower, as compared with
the polymerization by the prototype lanthanocene
Cp*,SmMe(THF). Homoleptic lanthanum silylamide La[N-
(SiMe&3),]5 gives atactic PMMA (48% nr) in toluene at 23
°C; ¥ interestingly, when grafted onto nonporous silica, this
complex afforded it-MMA, with the isotacticity being a
function of silica calcining temperature: 92% mm at 250 °C,
86% mm at 500 °C, and 77% mm a 700 °C. This
phenomenon was accounted for by the different distributions
of mono- and bis-grafted surface lanthanide silyamide
species, controlled by adjustment of the silica support
dehydroxylation temperature.*** The PMMAs produced by
the supported catalysts actually exhibit narrower MWDs (PDI
= 1.90—2.43) than the parent homogeneous catalyst La[N-
(SiMe&3),]5 (PDI = 3.01). On the other hand, lanthanocene
silylamide—LiCl salts, [(Me3Si),N]sLn(u-Cl)Li(THF); (Ln
= Sm, Nd, Eu), afford syndio-rich PMMA in THF or DME
(56—66% rr) at 0 °C, with the Nd complex being the most
active in THF (TOF = 222 h™1).1%® An amido yttrium
metalate, [Na(12-crown-4),][Y{N(SiMe&s),} 3(OSIMe3)], was
also found to be active for MMA polymerization, leading to
high MW PMMA (M, = 1.4 x 105 PDI = 1.34) but with
exceedingly low I* (<1%) and modest activity at 0 °C in
chlorobenzene (TOF = 14 h™1),1%

Arnold and co-workers discovered that highly isotactic
PMMA (97.8% mm) can be produced by bis(pyrrolylaldi-
minato)samarium hydrocarbyl complex 36 in toluene at O
°C.%¥" This complex displays molecular C; symmetry with
the two pyrrolylaldiminato ligands adopting an approximate
C, arrangement, and its activity rivals those of unbridged
parent lanthanocenes Cp* ,LNnR(THF) or [Cp*,SmH],. Most
remarkably, the high level of stereocontrol is maintained at
ambient (23 °C, 94.9% mm) and higher (40 °C, 93.8% mm;
65 °C, 91.3% mm) temperatures, although chain transfer
became evident at 40 °C, as adjudged by an I* value of 153%
(Table 5). The methyl triad tests of the PMMA produced by
36 indicate that the polymerization conforms to neither pure
site control nor chain-end control, while less stereosel ective
but more active analogous yttrium complex 37 seems to
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Table 5. Characteristics of the I sospecific MMA Polymerization by Trivalent Non-lanthanocenes 2
O Ph,P Ph
Q R R 2 /
Arg\ Ar, | = NA Ph N
NS N N ) P;@_ T PPN\ CHysiMe
7 / \ = 7 / \ = N(SIMe3)2 Fe Ln—CH,SiMe; l\ Y.\\ 2 3
JoN N= N= N/ \N Ph\ﬁbj"‘/ i Ph\B,N’g N
A Ar A Ar Y \
R = CH,SiMe; FhaP m o P
36 Ar=26-PryCsH; 37 38 39:Y; 40, Lu M
complex T, (°C) TOF (h™) M, (kD) PDI I* (%) mm ref
36 0 250 160 140 62.5 97.8 137
36 23 250 106 1.63 70.8 94.9 137
36 40 500 32.7 1.48 153 93.8 137
37 0 500 9.20 1.46 1087 84.9 137
37 23 500 149 172 671 81.9 137
38 25 n.a. 778 1.26 n.a. 88 140
39 25 >82 476 1.48 10 52 141
40 25 >82 295 4.38 17 e 141
2n.a. = data not available.
Table 6. Characteristics of the Syndiospecific MMA Polymerization by Trivalent Non-lanthanocenes 2
SiMe3
Me3Si\N/ /“PI‘ THF
=N SiMe
RN, | ‘ 'V'ess'\N {N Eir PhP=N_ /CIB PPh,
R\N/LniN( Pr)z M S./ 7 \BH C Yb\c|/Yb D < /La\—N
>g,L et N T 4 PhP=N P
MesSi—N  Nipy ﬁ THF | SiMel™
SiMes "o N El;AI
42 (v); 43 (Nd) 44 45 O 46
complex T, (°C) TOF (h™}) M, (kD) PDI I* (%) rr (%) ref
42 —78 250 111 191 45 67.8 143
42 0 147 908 1.83 32 67.4 143
43 —78 250 983 1.63 50 74.1 143
43 0 116 833 1.78 28 71.0 143
44 0 95 25.9 2.66 37 n.a. 144
45 —78 19 25.2 2.58 22 80.5 146
45 0 46 28.8 187 44 60.9 146
46 —78 703 99.6 1.46 141 80 147

an.a. = data not available.

conform to a pure site-control mechanism. There exists
substantial chain transfer in the MMA polymerization by
yttrium complex 37, as shown by the I* values of
671—1087%. Inspection of the stoichiometric reaction of 36
with MMA and the PDI values (=1.40) of the PMMA
produced suggest slower initiation with respect to chain
propagation.

On the other hand, yttrium, samarium, and ytterbium
complexes supported by the closely related, 1,1'-binaphthyl-
bridged bis(pyrrolylaldiminato) ligand exhibit very low
activity toward MMA polymerization (0.4—0.6 h™* TOF) at
RT in toluene, affording syndio-rich at-PMMA (51%—60%
rr); 1% replacing one of the pyrrolylaldiminato linkages with
a hydroxyl somewhat enhanced the activity (up to ~12 h™?!
TOF at —20 °C) without improving the syndiotacticity.'*
Racemic, trans-1,2-diaminocyclohexane-bridged bis(imino-
phosphonamido)yttrium complex 38 also catalyzes isospecific
MMA polymerization, producing PMMA with isotacticity
up to 88% mm at 23 °C in toluene.** Introduction of aless
bulky amide ligand, —N(SiMeH),, lowers the PMMA
isotacticity to 73% mm. A control run using Y[N(CH,-
SiHMe,),]3(THF)3, under otherwise identical conditions, gave
st-PMMA (70% rr), confirming the significant influence of
the current iminophosphonamide ligand system exerted on
the stereospecificity of the MMA polymerization. A yttrium

hydrocarbyl complex supported by the chelating ferrocene-
diamide ligand, {[3,4-Ph,CsH,(NPh)],Fe} Y CH,SIMex(THF),
(39), showed modest activity (up to 82 h™* TOF) for the
MMA polymerization at 25 °C in toluene, producing,
however, iso-rich at-PMMA (52% mm).** The analogues
[utetium complex 40 elevates the isotacticity to 77% mm but
also broadens the MWD significantly (from 1.48 by 39 to
4.38 by 40). Both Y and Lu complexes supported by the
same ligand, but without the phenyl substituents on the Cp
ring, afforded PMMA with lower isotacticity and bimodal
MWDs. Y ttrium hydrocarbyl complex 41 supported by a1,2-
azaborolyl ligand was found to be highly active (up to 2300
h™! TOF) for MMA polymerization at —20 °C in toluene,
producing, however, syndio-rich PMMA (62.6% rr).** The
MW is high (M, up to 3.52 x 10° and PDI = 1.43), but I*
is low (22%); additionally, the resulting polymers exhibit
bimodal MWDs (high MW shoulders), which was postul ated
as aresult of O,-mediated coupling of two polymer chains.

Bis(quanidinato)lanthanide amido complexes 42 and 43
are active catalysts for MMA polymerization at T, below 0
°C in toluene.®® Both Y and Nd amido complexes exhibit
high activity at —78 °C (250 h™* TOF), producing syndio-
rich PMMA (67% to 74% rr) with relatively broad MWDs
(1.6to 1.9 PDI) and low initiator I* (28% to 50%, Table 6).
When T, was elevated to O °C, the polymerization activity
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Table 7. Characteristics of the MMA Polymerization by Divalent Non-lanthanocenes

. SiMe ~XPhy
Me;Si 3 B
e =
MesSi-_"°  Ph S THE
MesSi” Silles (e
B~xph,
51 55 X=N;56,X=P
complex T, (°C) TOF (™Y M, (kD) PDI I* (%) mm (%) ref
51 —78 50 510 1.10 20 97 133
51 0 49 153 1.20 64 78 133
52 0 5 13.6 4.65 18 45 152
52 —78 100 53.4 (25.6) 1.02 (1.02) 73 152
53 ~78 54 2600(187) 2.45(2.18) 78 152
54 —-20 638 39.9 294 80 15(59rr) 131
55 —50 13 85.0 112 11 1.0(85rr) 153
55 —70 7.3 34.9 113 15 0.4 (88rr) 153
56 —25 9.4 18.6 1.79 35 40(33rr) 153

dropped by one-half for both complexes while the polymer
tacticity remained the same. The MMA polymerization
behavior of lanthanide borohydride complexes of the quanid-
inate ligand, [(SIMe3),NC(NCy),]Ln(BH4)(THF),) (Ln =
Yb, Er), has also been examined.*** The Er complex (44) is
more active than the analogous Yb complex (95 h™t vs 82
h™ TOF) a 0 °C, athough both are less active than
bis(quanidinato)lanthanide amido complexes 42 and 43. On
the other hand, the mono(quanidinato)lanthanide borohydride
complexes are active at high T, (up to 45 °C), although the
activity decrease with an increase of T,. The PMMAS
produced have relatively broad MWDs with typical PDI >
2. Closely related anionic bis(quanidinate) |anthanide boro-
hydride complexes, [(SIMe&3),NC(NCy),],Ln(BHy).Li(THF),)
(Ln = Nd, Sm, Yb), were also found to be active in MMA
polymerization, producing iso-rich PMMA (51% mm) at 21
°C in toluene.**> Chloroytterbium(l11) amide 45, incorporat-
ing the B-diketiminate ligand, exhibits only modest activity
(up to 46 h™ TOF) from 0 to 60 °C in toluene, producing
syndio-rich PMMA (40% to 61% rr) with broad MWDs
ranging from 1.85 to 2.92.%% The syndiotacticity reached
80.5% rr at —78 °C. Chloro- and diphenylamido lanthani-
de(I11) complex 46 bearing both rigid [CH(PPh,NSiMe3),] ~
and flexible [(Ph,P)N]~ P,N-ligands in the same molecule
are aso active for MMA polymerization, with the La
complex having the highest activity (up to 703 h™* TOF) at
—78 °C in toluene and cocatalyzed with an addition of 8
equiv of AlMes*” The PMMA produced under these
conditions is syndiotactic (80% rr) and its M,, = 9.96 x 10°
and PDI = 1.46; an I* of 141% suggests either multiple
initiating ligands involved or the presence of chain transfer
Processes.

Samarium borohydride complex 47 supported by the
diamide-diamine ligands (2-CsH4N)CH,N(CH,CH,NR), (R
= SiMe; or mesityl) was reported to serve as a single-site
catalyst for MMA polymerization in toluene/THF (10/1) in
a wide temperature range, yielding syndio-biased PMMA
with arelatively narrow MWD (~1.2 PDI).*® At T, = —78
°C, the syndiotacticity of the resulting PMMA is the highest
(64.5% rr), but the activity is the lowest (20 h™* TOF);
raising T, to 25 °C enhances the activity (67 h~* TOF) but
decreases the syndiotacticity (35% rr). The activity of
bis(arylamido)lanthanide methyl complexes 48 at —78 °C
is higher (up to 79 h™! TOF), while the syndiotacticity is
more or less the same (65.3% rr).*° Lanthanoid(l11) thiolate

complexes, such as Ln(SPh)s[(Me;N)sP]5 (49; Lh = Sm, Eu,
Yb), also yielded st-PMMA (1.41 PDI) in THF (up to 82%
rr at 0 °C with the Sm catalyst).!>® The polymerization
activity is low (24% yield for 24 h in a[MMA]/[Sm] ratio
of 50, i.e.,, TOF = 0.5 h™%), but it can be enhanced by ~3-
fold with addition of 3 equiv of MeAl(BHT), relativeto Sm.
Lanthanide hydrocarbyl and amido complexes 50 supported
by chelating pyridine-diamide ligands showed modest activity
(up to 10 h™* TOF for the Sc complexes) at 40 °C in toluene,
leading to syndio-rich at-PMMA (44—50% mr, 50—42% rr,
1.28—1.60 PDI).%5! In contrast, the corresponding complexes
of the larger metal centers (Lu and Y') showed only negligible
activity, giving PMMA of very broad MWDs (>17.5).

a7 48 (Nd, Yb)
SPh
(MesN)gPr, | o
(MeZN)gP/ \ \SPh
P(NMe;);
X = CH,SiMes
NEt,, N'Pr.
49 (Sm, Eu, Yb) >

Yasuda et al. reported that divalent ytterbium homoleptic
hydrocarbyl complex Yb[C(Me&;Si)3]» (51) is modestly active
for MMA polymerization (50 h~* TOF) but produces highly
isotactic PMMA (97% mm) with high MW (M,, = 5.10 x
10%) and a narrow MWD (M,/M,, = 1.1) at —78 °C in
toluene.’*® The PMMA isotacticity is substantially reduced
to alow level of 78% mm when T, is elevated to 0 °C, but
the I* value calculated based on a monometallic model is
more than tripled (from 20% to 64%, Table 7). Highly
isotactic (98% mm) poly(2-(dimethylaminoethyl methacry-
late)) was also synthesized at —78 °C using 51. The authors
attributed the formation of it-PMMA to enantiomorphic-site
control and to the conjugate addition chain growth not
involving an eight-membered-ring intermediate.*** However,
it is not clear where the chirality at metal in complex 51
stems from for the postulated noncyclic intermediate mech-
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Scheme 6. Chain Initiation Step in MMA Polymerization by
(BHT).Sm(THF)3
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anism. Furthermore, as in the classic, non-site-controlled
anionic polymerization of MMA initiated by organometallic
lithium reagents, solvents play acritical role in determining
the tacticity of the PMMA produced, especialy at low
temperatures: polar coordinating solvents (e.g., THF, DME)
favor syndiotactic placement, whereas nonpolar solvents
(e.g., toluene) typically favor isotactic placement (section
2.1.1). Accordingly, replacing toluene with THF under
otherwise identical conditions, st-PMMA (87% rr) isresulted
with this ytterbium complex.*** On the other hand, divalent
ytterbium complex 52 supported by the 1,5-diazapentadieny!
ligand (aza-alyl type ligand) was found to be highly active
toward MMA polymerization (100 h™* TOF) at T, of —78
°C in toluene, producing isotactic (72.5% mm) PMMA with
abimodal MWD, athough both low and high MW fractions
have a very narrow MWD (1.02 PDI).*5? Bridged bis(allyl)-
type ytterbium complex 53 exhibits lower activity and is
uncontrolled in MMA polymerization even at —78 °C.
Divaent ytterbium complex 54 supported by the BHT
(BHT = 2,6-'Bu;-4-Me-CsH,O) and the S-diketiminate
ligand is highly active for MMA polymerization at —20 °C,
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with the TOF reaching 638 h™1.33! The PMMA (M, = 3.99
x 10% produced in toluene is syndio-rich (rr = 59%) and
exhibits a broad MWD (PDI = 2.94). Interestingly, the
calculated I* value based on a unimetallic model is 80%,
which seems inconsistent with the proposed one-electron
transfer initiator mechanism leading to atrivalent diinitiator
for this Yb(ll) complex. Divalent samarium complexes
incorporating the boratabenzene ligand, (CsHsBXPhy)-
Sm(THF), (55, X = N), afford st-PMMA (84.8% rr) at —50
°C in toluene with modest activity (13 h™* TOF).153 The I*
values, based on the unimetallic model, were low (11—15%;
in the case of a bimetallic model, the values would be
doubled). Interestingly, when X is changed from N to P (56),
iso-rich at-PMMA (39.9% mm) was produced instead at —25
°C in toluene (9.4 h™! TOF).

Living polymerization of methacrylates was effected by
Sml, (in the presence of catalytic amounts of Sml3) as a
diinitiator; the initiation and propagation mechanism was
proposed to be similar to that described for the divalent
lanthanocene [Cp* ,Sm]-initiated MMA polymerization (sec-
tion 2.1.1).1% A divalent nonmetallocene samarium complex
supported by the bulky phenoxy ligand, (BHT),Sm(THF)3
(57), was reported to polymerize MMA to st-PMMA.*® A
subsequent study indicates this complex promotes living
polymerization of MMA in toluene at —78 °C (TOF = 200
h™, M,, = 4.30 x 10% PDI = 1.08, rr = 90%);'% negligible
activity was observed for polymerizations carried out at >0
°C. The active propagating species was proposed to be
bimetallic Sm(l11) enolate 58 (Scheme 6), derived from the
same redox and radical coupling initiation pathway, as
aready demonstrated for Cp*,Sm(THF), (cf. Scheme 5).1%
The added Lewis acid cocatalyst MeAl(BHT), significantly
modul ates the tacticity of the resulting PMMA. Thus, as the
[Al]/[Sm] ratio increases from O to 5, the rr % content
decreases from 90 to 20% and the mm % content increases
from 1 to 60%, while the heterotactic mr % content remains
nearly constant. This phenomenon was explained by a
scenario where syndiospecific and isospecific sites coexist
on the propagating chain ends in which the isospecific
propagation is effected by coordination of the aluminum

Table 8. Characteristics of the MMA Polymerization by Allyl Lanthanide(ll) Complexes

Me;Si
,Il\ ™ Me . \///,
Me;Si”] 0\\(/)3 Me;,Si SiMa; S:\\\Me \/(K/
Ln’ i /f
o~ |-SiMe; e SN L SN
<j ? MesSima \Y /) SiMes Me3Si-//\\/ (
SiMe THE,, \ /
59 (Sm)3 THEmK K\;:FF Me, SiMey
Me;3Si -\ / A 5‘:
Me;Si MesSi ™ 72\ -..“‘\‘SiMes \ —SiMey
\,/"-‘\/SiMe{\\\\f \Sm/ N S /\\w//
) LHQM% Me;Si inde, KL A\
\:/\SiMe3 OQ Pa AN s \ Me
MesSi Me;Si SiMe;
60 61
complex solvent T (°C) TOF (h™Y) M, (kD) I* (%) mr (%) ref
59 toluene 0 5 13.6 18 45 (mm) 152
61 toluene 0 83,100 438 158 43 157
61 toluene —78 460 78.8 127 157
61 THF 0 68,800 35.7 164 157
61 THF —78 97,700 68.2 81 157
62 toluene 0 86,400 99.9 72 54 158
62 THF 0 970 101 24 55 159
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Scheme 7. Chain Initiation and Bimetallic Propagation Stepsin MMA Polymerization by the Two-Component System
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phenoxide ligand to the Sm center or by the monomer
coordination to the aluminum center. The PMMA obtained
at [Al]/[Sm] = 4 exhibits a unique methyl triad distribution
of [mm]/[mr]/[rr] = 42/11/47 and a T, of 161 °C, suggesting
the formation of a stereocomplex between syndiotactic and
isotactic PMMAS.

Divalent samarium complex 59 incorporating the 1,3-
bis(trimethylsilyl)allyl ligand exhibits low activity (5 h™*
TOF) and efficiency (18% I*) at 0 °C, producing iso-rich
PMMA (45% mm) with a broad MWD of 4.65 (Table 8).15
On the other hand, Bochmann and co-workers discovered
that divalent samarium allyl potassium salt complex 61
{ SM[C3H3(SiM&3),] 3[u-K(THF),]} » supported by the bulky
alyl ligand shows exceptionally high activity for MMA
polymerization at 0 °C in toluene, with TOF reaching 83,100
h™! (at 69% MMA conversion), producing predominately
atactic PMMA (~43% mr).*%" As indicated by the >100%
I* value (158% even based on a monometallic model), either
chain transfer or two initiating ligands per Sm center are
operative. The polymerization is much slower at —78 °C
(460 h™Y), but the reaction at this low temperature enabled
a quantitative monomer conversion. At T, = 0 °C, little
difference is shown between the polymerizations in toluene
and in THF; however, at —78 °C, the polymerization in THF
led to a >200-fold increase in activity, giving a TOF of
97,700 h™!. Related ansa-dimethyl silylene-bis(alyl) lan-
thanide complexes supported by the [Me,Si(Cz;HzSiMes),] 2~
ligand are also highly active catalysts for the production of
at-PMMA, with TOF reaching as high as 86,400 h™* at 0
°C in toluene for the yttrium complex 62.18 The polymer-
ization by 62 at 0 °C in THF is ~90 times slower than that
in tolueng;*® with a low monomer conversion and a high
MW (M, = 1.01 x 10°), the calculated initiator efficiency
is low (I* = 24%, based on the unimetallic model). The
anionic lanthanide allyl complexes {Ln[3-(73-CsHs-
SiMe&3),SiIMey] o} [Li(OEt,)(THF);] are also highly active for
MMA polymerization at 0 °C in THF (45,100 h™* TOF),
but producing iso-rich PMMA (41.7% mm) with a broad
MWD (5.40 PDI).1® Neutral divalent (59, Ln = Eu, Yb,
Sm) or trivalent (60, Ln = Ce, Nd) lanthanide complexes
bearing the bulky 1,3-bis(trimethylsilyl)allyl ligand afford
at-PMMA in toluene and are much less active than their
corresponding potassium salt complexes “[Ln(alyl)s]K-
(THF)," derived from in situ mixing of the neutral bis(allyl)
complex with K[1,3-(SiMe3),(173-C3H3)].1%° However, thisin
situ mixture exhibited a reduced activity by ~5-fold as
compared with the isolated salt complex 61 prepared by the

halide salt metathesis route.!>” More strikingly, the simple
potassium salt K[1,3-(SiMes),(17°-CsH3)] alone shows ex-
ceedingly high activity at 0 °C in toluene with TOF = 92,500
h™%, producing nearly perfect at-PMMA (54% mr) with high
MW (M, = 1.10 x 105, PDI = 1.95) and high initiator
efficiency (I* = 85%).1°

2.2. Group 4 Metallocenes
2.2.1. Nonbridged Catalysts

Collins and Ward initially employed a two-component
system consisting of a cationic zirconocenium complex,
[Cp.ZrMe(THF)][BPhy] ~, as catalyst, and a zirconocene
dimethyl complex, Cp,ZrMe;,, as initiator, to polymerize
MMA to high MW, syndio-rich at-PMMA (80% r at 0 °C)
by a chain-end control mechanism in a nonliving manner.%®
Subsequently, detailed kinetic (zero-order dependence in
[MMA]) and mechanistic studies by Collins and co-workers
revealed that slow initiation (with respect to propagation)
involves the rate-limiting reaction of the cationic complex
with MMA to generate cationic enolate species 63, which,
upon reaction with Cp,ZrMe,, is subsequently converted to
neutral zirconocene enolate 64 and the methyl zirconocene
cation (Scheme 7).26! The mechanism of a propagation cycle
consists of rate-limiting intermolecular Michael addition of
the neutral enolate ligand to the MMA coordinated to
(activated by) the methyl zirconocene cation (catalyst),
followed by fast release of the catalyst by incoming MMA
(Scheme 7).

Subsequent density functional theory (DFT) calculations
by Sustmann et al. on three possible propagation mechanism
scenarios'®? and kinetic studies by Bandermann et al. using
the similar system consisting of Cp,ZrMe, + [PhsC]-
[B(CsFs)4] (<1 equiv)*® further support the proposed bime-
tallic propagation mechanism. This mechanistic insight
brought about an efficient and living polymerization system
at or below 0 °C by simply substituting the slow initiating
Cp2ZrMe; with the preformed neutral zirconocene enolate
CpZrMe[OC(O'Bu)=CMe,]: namely the [Cp.ZrMe-
(THP)]*[BPhy] /Cp,ZrMe[ OC(O'Bu)=CMe,] pair. ®* Further
studies by the groups of Collins and Bandermann showed
that neutral ester enolate Cp,ZrMe[OC(OR)=CMeg;] (R =
Me, 'Bu) is inactive by itself, but its combination with the
metallocenium cation Cp,ZrMe" as catalyst is highly active
and of living characteristics in a bimolecular MMA polym-
erization process.’®%1%4 Other analogous catalyst/initiator
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Scheme 8. Covalently Linked Bifunctional Initiator/Catalyst
for Controlled MMA Polymerization
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pairs, such as the [Cp,ZrCI]"[B(CeFs)s] /
CpZrCI[OC(OMe)=CMe,] pair derived from the proposed
complex reaction seguence starting with
CpZrCl[OC(OMe)=CMe,] and [PhsC][B(CgFs)4], have also
been reported.1®

The initiator/catalyst components have been covaently
linked via a robust «-oxo linkage into a dinuclear enolate
zirconocene complex (Scheme 8).2% The corresponding
cationic enolate complex, which consists of both the ester
enolate initiator and the cationic zirconocene catalyst sites,
can be generated upon treatment with [PANMe,H][B(CqFs)4],
affording a highly active, controlled polymerization system
producing st-PMMA (=80% rr) with high 1* (=78%) and
TOF (>380 h™*) at T, < —20 °C. On going from —40 to 25
°C, the syndiotacticity of the resulting PMMA decreasesfrom
83% rr to 66% rr, atypical behavior for a chain-end control
polymerization process.

Although nonbridged cationic zirconocenes based on the
parent [Cp,Zr], 161167188 [(2-Ph-Ind),Zr],*%° or [(Cp)(Flu)Zr]*™
systems can also polymerize methacrylates via a unimolecu-
lar process involving intramolecular conjugate addition
through cationic enolate intermediates, Collins'®! and Chen'®®
concluded that the bimolecular pathway using a neutra
zirconocene/cationic zirconocene initiator/catalyst pair is
considerably more efficient and competitive for nonbridged
zirconocenes (Scheme 9'%%). Two components (initiator and
catalyst) promoting the bimolecular propagation can aso be
employed in the form of u-methyl-bridged dinuclear zir-
conocenium complexes isolated by Marks'™* and others.'’?
Owing to these competing processes available for the
unbridged metallocene system, caution should be exercised
when examining the polymerization characteristics of such
a system, especially when the catalyst is generated by in
situ mixing of the catalyst precursor and activator; the
addition sequence of all reagents and monomers involved,
relative amounts, and concentration can significantly alter
polymerization results, determined by the relative contribu-
tion of unimolecular and bimolecular processes.

Soga et a. reported that a procedure involving addition
of Cp,ZrMe; to a toluene solution of MMA premixed with
the activator B(CgFs)3 or [PhsC][B(CeFs)4] was incapable of
initiating MMA polymerization.!”® On the other hand,
premixing MMA with a large excess of Et,Zn (943 equiv
per Zr) followed by additions of the activator and the
metallocene yielded an active MMA polymerization system
employing a high [MMA]/[Zr] ratio of 3745 and a low Zr
concentration of 0.227 mM, although the polymerization
achieved only 64% yield at 0 °C (or 8% at 40 °C) in 24 h,
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giving a TOF up to 100 h™1."3 Likewise, no activity was
observed for the MMA polymerization with Cp,ZrCl,
activated with MAO at 0 °C, but in the presence of excess
Et,Zn, the system again became active (TOF = 53 h™Y),
producing at-PMMA with a broad MWD (PDI = 10).1%
Dichlorozirconocene Cp,ZrCl, (also Cp,TiCl,), combined
with an anionic surfactant (sodium n-dodecyl sulfate) as
emulsifier, has been reported to polymerize MMA (and
styrene) in aqueous medium to high MW, syndio-rich at-
PMMA (M, up to 5.8 x 10° PDI = 1.4, 50—60% rr) at
70—90 °C, through a claimed insertion mechanism.*”

The polymerization activity and polymer characteristics
of the L,ZrMe, (L = Cp, 'BuCp, Ind)/B(CsFs)s/EtaZn
(excess) system were much improved later on through a
better purification protocol, thereby leading to poly(alkyl
methacrylate)s (alkyl = Me, n-butyl, n-hexyl, n-decyl,
stearyl, and sec-butyl) with high MWs (M, up to 7.5 x 10°)
and narrow MWDs (PDI = 1.09—1.20) as well as achieving
>90% yields.'®17" However, Gibson and co-workers re-
ported that addition of MMA to a toluene solution of the
preformed cationic complex Cp.ZrMe"MeB(CgFs)s~, derived
from in situ mixing of Cp,ZrMe;, and B(CgFs)3 (1—2% excess
to ensure compl ete conversion of the dimethyl to the cationic
species), is in fact highly active for MMA polymerization
at 25 °C with TOF = 184 h™* even without addition of any
Et,Zn;178 the PMMA produced is syndio-rich (67% rr) with
PDI = 1.24, but I* calculated based on the unimolecular
propagation model is only ~41%. It should be pointed out
that the latter system employed a much higher catalyst
concentration (16.2 mM) and a lower [MMA]/[Zr] ratio of
200) than Soga's three-component system in the presence
of excess EtpZn ([Zr] = 0.227 mM and [MMA]/[Zr] =
3745). Through its coordination with MMA,, the role of Et,Zn
was suggested to protect the borane activator from being
poisoned by the carbonyl group of the monomer,*™® besides
its anticipated role as a scavenger, which is important,
especially under very dilute catalyst conditions.

Application of the chain-transfer polymerization strategy
to the MMA polymerization mediated by the unbridged
group 4 metallocene system has been so far unsuccessful.
For example, addition of 1—10 equiv of enolizable ketones
to the MMA polymerization by Cp,ZrMe,/B(CsFs)s inhibited
polymerization because the reaction between the zirconocene
enolate reactive intermediate and ketones generates the
inactive Zr-aldol product.'®® While this system can tolerate
the presence of 'BuSH and the resulting tert-butyl thiolate
complex is still active for reinitiation of MMA polymeriza-
tion, its poor initiation efficiency largely limited the ef-
fectiveness of 'BuSH asa CTR in the MMA polymerization
by the Cp,ZrMe,/B(CgFs)3 system.

Unbridged titanocenes and hafnocenes have been exam-
ined to a much less extent for MMA polymerization. The
Cp.TiMey/[PhsC][B(CgFs)4]/Et2Zn (excess) system was found
to be inactive for MMA polymerization at 0 °C up to 24 h,
and only marginal activity (TOF = 14 h™*) was observed
for MMA polymerization upon replacing the titanocene with
the hafnocene.r™ The PMMA produced by the hafnocene
exhibits a lower syndiotacticity of 57% rr and a broader
MWD of PDI = 2.03, as compared to 65%—67% rr and
<1.38 PDI achieved by the zirconocene analogue. A patent
lecture disclosed that titanocene monoenolate or bis(enolate)
complexes, such as Cp,TiCI[OC(OMe)=CMe;] and
Cp,Ti[OC(OMe)=CMeg,],, upon activation with suitable
activators, including [PhNMe&,H][B(CgsFs)4], AGN(SO,CF5),,



5172 Chemical Reviews, 2009, Vol. 109, No. 11

Bimetallic systems:

17 é? O'Bu
\@ /Oi> \@,/OK\> / R \
Zr\M CpyZrMe, Me . Zr\Me

% [BPh4]e é [BPh]

66

65

@ OMe
\@ Me

R 0

&,
%{B(CG& 4l % M}

@ «Cl

%{B CeFs)dl

&
/%C#

Unimetallic systems:

@ o @ OBu @
\®_\MeB(CqFs)3 \Q‘\\O# \ Me
r Zr AN o, B(CeFs)s
\Me ; \THF g \M Et,Zn (ex)
[BPhy]
72 73

w4,

57

L'
< .

\ Qe
Zr\
o]

7

%\\Me

<

)
®_ MeB(CsFs)3

>

70

Me

- R

\\\Me“ Zr

? ~Me

Zr

%
K

Chen

[B(CeFs)4l

&)

[MeB(C12Fg)s]

+ B(CeFs)a
M Et,Zn (ex)

«Me
\Zr;‘Meaf PhoCB(CeFels 1 o Zrpq + PhaCB(CoF sl ZNMe Et“;ch‘(g‘iﬁfﬁ) ® PhaCB(CeFs)
Qé Me EtzZn (ex) Me EtoZn (ex)
76 77 79

catalyst 7, (°O) TOF (b)Y M, (kD) PDI I (%) rr (%) ref.
65 0 190 149 1.32 80 (v) 69
66 0 1,320 14.1 1.05 78 161
67 20 1,638 79.2 1.03 88 80 166
68 0 140 107 1.03 65 164
69 0 39.7 1.07 66 165
70 25 407 67 171
71 25 184 45.2 1.24 41 67 178
72 0 40 20.0 1.55 20 161
73 0 100 482 1.38 50 72 173
74 25 84 30.8 1.15 27 44 178
75 0 22 180 1.09 31 84 (v) 177
76 0 10 23.0 1.17 21 72 170
77 23 6 31.2 1.43 5 66 169
78 0 321 260 1.11 29 69 170
79 0 14 84.0 2.03 40 57 174

Figure4. List of bimetallic and unimetallic MMA polymerization systems based on nonbridged group 4 metallocenes and their polymerization

characteristics.

Scheme 9. Two Competing Pathways in MMA Polymerization by Nonbridged M etallocene Catalysts
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Table 9. Characteristics of the MMA Polymerization by
C,,-Ligated ansa-Zirconocenes
E F

£ Eehd Q o Q :
S__THF / Z@"“\ MeB(CeFs)s ., z@,/ © B(CeFs)
i r\\/_/

Zr. I it

s si
\Me - %\Me L / y

80 81 82
catalyst T, (°C) TOF (h") M, (kD) PDI I* (%) rr (%) ref
80  —45 7 785 131 16 89 181
80 0 101 06 132 11 79 181
80 30 244 666 164 12 69 181
81 0 422 685 181 60 183
82 0 27 341 170 65 183

@ Percent monomer conversion per hour as the [MMA]/[Zr] ratio
was not given in the reference.

and B(CgFs)s, are found to be active for MMA polymeriza-
tion.'’”® However, the activity of this system was very low,
and PMMA produced broad MWDs (PDI > 2). A chloro
heterobimetallic metallocene of titanium and samarium,
C|2T|(Cp)(C5H4)'CH2CH2'(C5H4)CpanC|, when used alone
or in combination with Al(Bu)s, produces syndio-rich
PMMA (65% rr).180

Figure 4 summarizes the MMA polymerization charac-
teristics by nonbridged group 4 metalocenes, from which
the following conclusions can be drawn: (1) Zr complexes
are most reactive; (2) the bimolecular pathway is much more
efficient and competitive than the unimolecular pathway; (3)
the polymerization is chain-end controlled, and thus the
syndiotacticity of the PMMA produced is largely affected
by changing T, rather than varying the ligand (i.e., a small
tacticity modulation in a narrow window of 64% to 70% rr
at ambient temperature); and (4) the most reactive, efficient,
and controlled polymerization system is the one consisting
of a neutral metallocene ester enolateinitiator and a cationic
alkyl metallocene catalyst.

2.2.2. ansa-CyLigated Catalysts

Hocker and co-workers reported that cation 80 derived
from activation of C,-symmetric ansa-zirconocene
Me,C(Cp).ZrMe, with ["BusNH][BPh,] affords syndio-rich
(69% rr at 30 °C) or syndiotactic (89% rr at —45 °C; Table
9) PMMA. '8! The I* values were low (<16%) at al T,'s
investigated, and as anticipated, the chain-end control mech-
anism is responsible for the syndiospecificity achieved by
cation 80. To explain why cation 80 is active for MMA
polymerization while the unbridged analogue [Cp,ZrMe-
(THR)]*[BPhy]~ is inactive (when used alone for a mono-
metallic pathway), the same group performed DFT calcula
tions on stationary points along the reaction coordinate and
showed that the initiation step involving transfer of the Zr
bound methyl group to the MMA coordinated to Zr is
endothermic for the wunbridged cation [CpyZrMe-
(THF)]T[BPh]~ but exothermic for the bridged cation 80
and, more importantly, the unbridged cation encounters
higher activation energies along the reaction coordinate than
the bridged cation 80.1%2 This example highlights the ansa-
effect in MMA polymerization: the metal center in the ansa-
metallocene is more sterically accessible for approaching the
growing enolate chain end to the coordinated monomer ready
for intramolecular conjugate addition, thus promoting uni-
metallic propagation.
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The MMA polymerization activity is further affected by
the relative coordinating capacity of the counteranion. For
example, [Cp.ZrMe(THF)]T[BPh,]~ is inactive'® while
Cp.ZrMetMeB(CgFs)s~ is active.r™® Erker and co-workers
provided evidence for active involvement of anion in the
polymerization activity and stereosel ectivity while examining
MMA polymerization characteristics using a series of alkyl-
substituted dimethylsilyl-bridged bis(Cp) cationic com-
plexes.'® The parent Me,Si-bridged C,,-symmetric complex
81 affords syndio-rich PMMA (60% rr at 0 °C),'® which is
significantly lower than that produced by the Me,C-bridged
Ca,-symmetric complex 80 at the same T, (79% rr at 0 °C).*8
On the other hand, the zwitterionic catalyst 82 improved the
syndiotacticity over 81 (65% rr vs 60% rr), at the expense
of activity (Table 9).1

2.2.3. ansa-C»-Ligated Catalysts

Highly isotactic PMMA (mm > 94%) can be readily
produced at ambient temperature with chiral ansa-zir-
conocene dimethyl complexes incorporating C,-symmetric
ligands, rac-(EBI)ZrMe, [EBI = C,H4(;7°-indenyl),] and rac-
(SBIZrMe; [SBI = Me,Si(5®-indenyl),], upon activation
withsuitableactivatorssuchasB(CsFs)s' " and [PhsC][B(CeFs)a)/
Et,Zn (excess)>8 or with the isolated zirconocenium ion
pairs.®® The tetrahydroindenyl derivative rac-[CoHy-
(Halnd),]ZrMe,, once activated with ["BusNH][BPhy], affords
also highly isotactic PMMA at 0 °C.%% As can be seen from
Figure 5, these methyl-based catalysts (83, 84, and 85) exhibit
only modest to good activity (TOF = 20—200 h™?), and
importantly, they are ill-behaved and inefficient in MMA
polymerization, thus giving rise to much higher measured
M, than the calculated M, low I* of <50%, and relatively
broad MWDs of >1.20.

Based on a hypothesis that the above-described undesirable
characteristics of the MMA polymerization by the alkyl-
based chiral catalyst are caused by slow initiation with the
methyl ligand with respect to fast propagation with the more
reactive ester enolate ligand (Scheme 10), Bolig and Chen
synthesized a preformed cationic zirconocenium ester enolate
catalyst, rac-(EBI)Zr*(THF)[OC(O'Pr)=CMe,] [MeB-
(CeFs)s] ™ (86, Figure 5).%8 The structure of 86 simulates the
proposed active propagating species shown in Scheme 10,
thus in essence bypassing the slow chain-initiation step, and
therefore, it not only significantly enhances the polymeri-
zation activity (by ~20 fold), with TOF now reaching 3600
h~! and a much higher 1* (by ~2 fold) of 80%, compared
to the methyl-based catalyst, it also renders aliving polym-
erization process, producing PMMA with controlled MW
and a narrov MWD (PDI = 1.03, Figure 5). Accordingly,
this catalyst polymerizes =400 equiv of MMA with quan-
titative monomer conversions in less than 10 min (vs hours
with the methyl catalyst) at ambient temperature, producing
PMMA with high isotacticity (95% mm). This polymerization
is enantiomorphic-site controlled (as a methyl triad test using
2[rr]/[mr] gave 1.0) and of living nature with initiator
efficiency, typically >80%. The MMA polymerization activ-
ity and initiator efficiency as well as the resulting polymer
MWD and isotacticity with the isolated cationic ester enolate
catalyst 86 are nearly identical to those of the polymerization
with premixing the activator B(CgFs)s with MMA followed
by addition of the neutral methyl ester enolate complex rac-
(EBI)ZrMe[OC(O'Pr)=CMe,] (Scheme 10); this latter con-
venient polymerization procedure employs directly the
neutral ester enolate precursor (which is much easier to
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Scheme 10. Slow Initiation and Fast Propagation Steps by the Cx-Ligated Chiral Zirconocenium Methyl Cation and Synthesis
of Cationic Zirconocenium Ester Enolate 86 and Its Polymerization Characteristics

[y

0 Me  Me,C=C(O/Pr)OLi J B(CgFs)s /o MeB (Cer)s
zr{ Zr/ E—— r

D= B, 1 PO, T

) ) Wie®

O'Pr gg OPr
TMSOTf
(EBI)TereZ 5 B(CeFs)s meth_a nglf(;e )
mm > 95% (PMMA)

O o 0 > 99% (PBMA)
' 2TfOH ; > > MM, = 1.03

Z Sott Zr $ $ o 1280%

<—> <—> RO RO RO
handle than the corresponding cationic species) viain-reactor Kinetic studies by Rodriguez and Chen have shown that
activation. Impressively, polymerization of "BMA by this the polymerization by 86 exhibits first-order dependence in
catalyst system produces the corresponding polymer P(™ concentrations of both the monomer and the active cationic
BMA) with quantitative isotacticity (mm > 99%), narrow enolate species’®® The initiating ester end group
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Figure 5. Characteristics of the MMA Polymerization by C,-Ligated Cationic ansa-Zirconocene Complexes
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Figure 6. Mechanism of the propagation “catalysis’ cycle, isolated model complexes 86 and 89 to simulate the structures of the
catalyst—monomer complex and catalyst resting intermediate, respectively, and the X-ray structure of cation 89. (Reprinted with permission
from ref 189. Copyright 2006 American Chemical Society).
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Figure 7. Four transition states for the conjugate addition step with the C,-symmetric rac-Me,C(Ind),Zr-based catalyst incorporating a
(S9-coordinated bis(indenyl) ligand. Energies, relative to the most stable TS (—)-si/trans, are reported in kcal/mol. Reprinted with permission

from ref 76. Copyright 2006 American Chemical Society.

end H, derived from the HCl-acidified methanol during the
workup procedure, have been confirmed using MALDI-TOF
mass spectroscopy. Their investigation has yielded several
lines of evidence to support a site-controlled, monometallic,
coordination—addition mechanism for the isospecific meth-
acrylate polymerization by the preformed ester enolate cation
86. In a propagation “catalysis’ cycle depicted in Figure 6,
the fast intramolecular Michael addition within the catalyst—
monomer complex 87 produces the eight-membered-ring
ester enolate chelate 88 as the resting intermediate, followed
by the rate-limiting step of the associative displacement of
the coordinated penultimate ester group by incoming meth-
acrylate monomer (ring-opening of the chelate) to regenerate
the active species 87. The molecular structure of the resting
intermediate was confirmed by the isolation and character-
ization of the single-monomer addition product 89,'® the
cation of which was characterized by X-ray single-crystal
diffraction analysis.'®

Cavallo and co-workers have shown that, through their
DFT studies of the C,-symmetric rac-Me,C(Ind),Zr catayst,
the chiral catalyst induces a chiral orientation of the ester
enolate growing chain which in turn selects its own enan-
tioface for conjugate addition to MMA.” This stereocontrol
mechanism is different from that for o-olefin polymerization,
where the chirally orientated growing chain selects between
the two enantiofaces of the prochira monomer. Four
transition states for the MMA polymerization by the catalyst
center with a (S9)-coordinated bisindenyl ligand were
considered in this study (Figure 7). Calculations indicate that
the (—)-si/trans TS for attack of the si enantioface of the
growing chain to MMA (Figure 7a) is the most favored, as
aresult of reduced steric stress in this geometry, since the
methoxy groups of both the growing chain and MMA are
oriented away from the indenyl groups of the metallocene.
Considering two homotopic sites present in the C,-symmetric
catalyst, the AEgee Of 5.3 kcal/mol ensures the selection of

the same enantioface of the enolate chain end for MMA
addition when the addition takes place at either site,
rationalizing the formation of highly isotactic (~95% of mm
at 25 °C) PMMA by C,-symmetric catalysts.

Chen and co-workers found that neutral methyl enolate
complex rac-(EBI1)ZrMe[OC(O'Pr)=CMe,] adds cleanly only
1 equiv of MMA, but triflate enolate complex rac-
(EBNZr(OTH)[OC(O'Pr)=CMe,] can add either 1 equiv of
MMA to form the singleeMMA-addition product rac-
(EBI)Zr(OTf)[OC(OMe)=C(Me)CH,C(Me,) C(O'Pr)=0Q]
(90) or multiple equivalents of MMA to form PMMA 1%
The MMA polymerization by 90 gives a very low TOF of
~2h™tand alow I* of 49%,; thus, it is considerably slower
and less efficient than the anal ogous cationic zirconocenium
ester enolate species 86. The PMMA produced has M,, =
10,300, PDI = 1.24, and a methy! triad distribution of [mm]
= 46.5%, [mr] = 26.7%, [rr] = 26.8%. Another C,-ligated
chiral neutral group 4 metallocene complex that has been
found to be active for MMA polymerization is a zirconocene
complex incorporating the chelating isopropylidene-bridged
Cp o-carboranyl ligand: rac-Zr(1%7*-CpCMe;CB1gH14C) ;%
this complex, however, polymerizes MMA in polar, coor-
dinating THF (which typically retards or shuts down the
coordination—addition polymerization of MMA by group 4
metallocene catalysts) and yields syndio-rich at-PMMA (65%
rr) despite its C, symmetry. Furthermore, the I* value based
on the polymerization results for 24 h was calculated to be
~510%, indicating considerable chain transfer processes.

Interestingly, pure meso-diastereomers, meso-(EBI)ZrMe;,
and meso-(SBI1)ZrMe,, upon activation with B(CgFs)3, pro-
duce syndio-rich at-PMMA with bimodal MWDs.'%° The
formation of bimodal polymers using these meso-diastere-
omers was attributed to the coexistence of two independent
polymerization processes (i.e., unimetalic vs bimetalic). On
the basis of the same reasoning, the diastereomeric mixtures
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Figure 8. Characteristics of the MMA Polymerization by C;-Ligated Cationic ansa-Zirconocene Complexes
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from ref 77. Copyright 2008 American Chemical Society.

containing various percentages of the meso-diastereomer will
also produce bimodal polymers, as was indeed observed.1®

2.2.4. ansa-Cs-Ligated Catalysts

C;-Symmetric ansa-zirconocene Me,C(Cp)(Ind)ZrMe; af-
fordsit-PMMA with a modest isotacticity of 81% mm at 25
°C, through cation 91 derived from activation with
B(C¢Fs)3,*® 84% mm at 20 °C or 90% mm at —20 °C,
through cation 92 derivedfromactivationwith["BusNH][BPh,]/
THF®? (Figure 8). Gibson et al. found that introduction of
a methyl group at the 2-position of the indenyl ring (i.e.,
cation 93) significantly lowered the PMMA isotacticity to
only 54% mm.'"® Hocker et al. performed pentad analysis
of the it-PMMA produced by cation 92 and found the
polymerization to be consistent with an enantiomorphic-site
control mechanism.'®* The authors explained the formation
of it-PMMA by a proposed unimetallic propagation mech-
anism that proceeds with stereoselective MMA addition
taking place predominately on the same lateral coordination
site of the metal center;*®! this skipped addition mechanism,
reminiscent of the isospecific propylene polymerization by

C,-symmetric metallocene catalysts, requires a fast catalyst
site-epimerization following each monomer addition step. To
further address the origin of isoselectivity of this C;-
symmetric system, the same group performed ab initio
calculations at the Hartree—Fock level on this system and
concluded that the preferred geometry for the stereoselective
MMA addition step is with the incoming MMA being
coordinated to the more sterically hindered coordination site
(i.e., the same side as the indenyl ring) and with the growing
ester enolate chain being placed in the more open latera
coordination site.!®® Therefore, for subsequent monomer
additions to occur in the same manner for the construction
of the isotactic PMMA chain, this mechanism requires
catalyst site-epimerization after each MMA addition step,
which can be viewed as backside (relative to the leaving
ester group) attack of the incoming monomer to ring-open
the resting chelate.

On the other hand, DFT calculations by Cavallo and
Caporaso offered a different account.”” Specifically, the
authors found that MMA addition is stereoselective when
the growing enolate chain resides at either diastereotopic
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Figure 10. Characteristics of the MMA Polymerization by C;-
Ligated Cationic ansa-Zirconocene Complexes.

coordination site of the catalyst, although stereoselectivity
is higher when the growing chain is placed at the more
hindered site (AEgereo = 2.7 kcal/moal), originated mainly
from steric interactions between the methoxy group of the
growing chain and the indeny! ligand (strong chain effect),
than when it is at the more open site (AEgee = 1.0 kcal/
mol), originated mainly from steric interactions between the
methoxy group of the incoming monomer and the indenyl
ligand (weak monomer effect, Figure 9). In both cases the
same enantioface of the enolate chain end is selected: for
the catalyst center with the (S)-coordinated indenyl ligand,
the si face of the enolate bond reacts preferentially with the
coordinated monomer, which explains the isoselectivity of
this polymerization system. Significantly, since there is no
substantial energy difference (0.2 kcal/mal) between the most
favored transition states of these two situations (Figure 9),
there is no driving force for undergoing a catalyst site-
epimerization following each monomer addition, and thus
an amost regular chain-migratory mechanism, instead of the
skipped addition mechanism described above, is consistent
with the observed modest isotacticity (i.e., 81% mm at 25
°C) of the PMMA produced by this C;-symmetric system.

Surprisingly, Chen et a. found that C;-symmetric ansa-
titanocene imido complex Me,Si(#7°-MeyCs)(172-CoHe) Ti-
(=N'BU)(THF) (94),'* upon activation with Al(CgFs)s,
affords syndio-rich (69% rr at 23 °C) or syndiotactic (89%
rr a —78 °C) PMMA and it exhibits no activity with the
B(CFs)s activation.*® This 94/Al(CgFs); System is extremely
active, converting 400 equiv of MMA to PMMA in high
conversionsin 1 min, giving a TOF approaching 20,000 h™*
(Figure 8). The st-PMMA production by the C;-symmetric
ansa-titanocene imido complex 94 is due to a bimetallic
propagation via the enolaluminate propagating species and
the alane-activated monomer (cf. section 2.4.2).1%

Erker and co-workers examined both ligand and anion
effects on the isotacticity of the PMMA produced by a series
of akyl-substituted, Me,Si-bridged C;-ligated complexes 95
and 96.1% The cation (R = 'Bu) paired with more coordinat-
ing N-pyrrolyl-based borate anions is inactive for MMA
polymerization. On the other hand, complex 95 paired with
the MeB(CgFs)s~ anion exhibits good activity, and the
isotacticity of the resulting PMMA increases from 41% mm
to 87% mm on going from R = Me to 'Pr, but a further
increase of the steric bulk of the R group to ‘Bu resultsin a
slight drop in isotacticity (83% mm, Figure 10).¥% The
(butadiene)zirconocene/B(CgFs); betaine system 96 exhibits
only about haf the activities as, and aso much lower
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isotacticity than, the alkyl cation system 95 with the same
R group. Furthermore, the modulation of the isotacticity by
the R groups in the betaine system is much less pronounced
(except for 'Bu). However, the betaine system does not
necessarily lead to lower stereocontrol in general. For
example, catalyst 97 produces PMMA with similar tacticity
to that by catalyst 91 paired with the MeB(CgFs);™ anion.
The observed substantial stereosel ectivity difference between
systems 95 and 96 with the same R group on the Cp ring
but different anions was attributed to the involvement of the
anion in the respective TS of the conjugate addition step in
the system where the ion pairs are actual active species,
therefore arguing a significant role of anion in stereocontrol
of MMA addition.&

2.2.5. ansa-Cq-Ligated Catalysts

The Cgligated cationic zirconocene methyl complex
[MeC(Cp)(Flu)ZrMe] ™ (98) is well-known for its ability to
catalyze the syndiospecific polymerization of propylene%-1%
However, attempts to synthesize highly syndiotactic PMMA
using Cs-symmetric Me,C(Cp)(Flu)ZrMe;, upon activation
with various activators including B(CgFs)s,'"® PhsCB(CgFs)4/
Et,Zn (excess),'® and B(CyFg)s, ™t yielded no polymer
formation. Although this inactivity issue was solved by using
an ester enolate derivative, {Me,C(Cp)(Flu)Zr(THF)-
[OC(O'Pr)=CMe,]} * (99),'* which simulates the proposed
active propagating species, the PMMA produced at ambient
temperature is a syndio-rich at-polymer (64% rr, 32% n,
4.0% mm) via an apparent chain-end control mechanism [as
a methyl triad test using 4[mm[rr]/[mr]? gave 1.0], rather
than the expected site-controlled mechanism based on the
propylene polymerization precedent.

0] S
L MeB(CeFs)el

99:64% rr

98: inactive

Highly intriguingly, Ning and Chen discovered that Ph,C<
bridged analogous Csligated ansa-zirconocene his(ester
enolate) 100 (Scheme 11), upon activation with
[PhsC][B(CsFs)4], produces highly syndiotactic PMMA (94%
rr) a 25 °C via a predominately site-controlled mecha-
nism.'®® The activation occurs via H™ abstraction from the
methyl group of the enolate [OC(O'Pr)=CMe,] moiety by
PhsC*™ forming PhsCH and the resulting isopropyl meth-
acrylate coordinated to Zr, and subsequent nucleophilic
addition of another enolate ligand to this activated meth-
acrylate monomer gives the cationic eight-membered-ring
chelate 101, the active catalyst resting intermediate. Impres-
sively, this high level of syndiotacticity remains even at T,
of 50 °C (93% rr).

Activation via methide abstraction by B(CgFs)s (asa THF
adduct) converts instantaneously and quantitatively neutral
mono(ester enolate) 102 to highly active cationic catalyst
103 (Figure 11) for MMA polymerization at 25 °C, with
TOF reaching 1350 h™*. Importantly, the PMMA produced
by this catalyst exhibits a high syndiotacticity of 95% rr, T
of 139 °C, and arelatively narrow MWD, ranging from 1.09
to 1.23 (Figure 11).)*° It is currently unclear why the
profound differences in reactivity and stereoselectivity are
observed between the Me,C< and Ph,C< bridged Csligated



5178 Chemical Reviews, 2009, Vol. 109, No. 11

Scheme 11. Generation of Highly Syndiospecific
ansa-Zirconocenium Ester Enolate Catalyst

Pro PO

4 =
WO (PhsCIB(CsFs)al  pp,

O _— - PhsCH Ph o
‘ 25°C
'PrO
[B(Cer)A]
100 101: 94% rr

ansa-zirconocene catalysts, although the authors tentatively
attributed it to their different Thorpe—Ingold effectsin terms
of relative rates of ring-closing (Michael addition step) and
ring-opening (monomer coordination step) as compared to
the rate of MMA-assisted site-epimerization.

2.2.6. Constrained Geometry Catalysts

Half-sandwich metal complexes incorporating linked Cp-
amido ligands?®2* are termed “constrained geometry
catalysts’ (CGCs), attributable to the phenomenal com-
mercial successes in the production of revolutionary poly-
olefin materials via (co)polymerization of a-olefins using
group 4 metal CGCs.2%57208 The cationic CGC zircono-
cenium ester enolate complex, {(CGC)Zr(L)[OC(O'Bu)=
CMe]} “[B(Arg)4] ~ [105, CGC = Me;Si(17°-(MesCs)(‘BuN),
Arg = 3,5-(CF3),CgHs, L = neutral donor ligand such as
THF or isobutyrate, Figure 12] reported by Collins et a.,
exhibits low activity (TOF = 9.4 h™?) and affords, unexpect-
edly (on the basis of its C; ligation), highly isotactic PMMA
(95.5% mm) via a site-control mechanism at low T, (—60
and —40 °C) in a solvent mixture of toluene and CH,Cl,.2*®
Further increasing T, to —20 °C gave PMMA with a
considerably lower isotacticity of 80.5% mm. Ambient
temperature polymerization results were not reported, asthis
cationic (CGC)Zr complex isthermally unstableat T > —20
°C.

A key element in the proposed stereocontrol mechanism
for the observed isospecificity of complex 105 is that
stereosel ective MMA addition occurs predominately at only

==

T,=25% 102

TOF up to 1,350 h™! lTHF-B(Can)s

PDi=1.08 -1.23 or
rrrr = 93% Ph, @.&0‘\57
T,=139°C  pn”
g OQ
OMeB(CFs)s]
103
l n MMA

MeO OMe MeO OMe MeC OMe

w mmr/immimr mmr
‘ T T T T [ ¥ T T T [ T T T T 1 T T T T 1 T T T
178.00 177.50 177.00 176.50 176.00
Figure1l. CsLigated ansa-zirconocene catalysts for the synthesis

of highly syndiotactic PMMA at RT. Reprinted with permission
from ref 199. Copyright 2008 American Chemical Society.
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Figure 12. Characteristics of the MMA Polymerization by Group
4 CGC Complexes

Scheme 12. Stereoselective One-Site MMA Addition for
it-PMMA Formation by (CGC)Zr Catalyst
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one of the two enantiotopic lateral sites (i.e, MMA is
coordinated to the same lateral Zr site for a site-retention
mechanism, Scheme 12); this is possible provided that
intramolecular 1,4-conjugate Michael addition within the
catalyst—monomer complex is fast relative to racemization
at Zr by exchange of free and bound MMA and that
dissociation of the terminal ester group in the cyclic ester
enolate resting intermediate is slow relative to associative
displacement (backside attack) by MMA .2 Apparently, such
conditions were met with the polymerization by the in situ-
generated 105 in terms of a combination of the low T,
condition (< —40 °C) and the use of the oxonium acid
activator H(OEt,),[B(Arg)4] with concomitant delivery of
coordinating ligands (diethyl ether and isobutyrate) for the
resulting cation upon activation, thereby leading to the
production of isotactic PMMA.

Unlike the isostructural, cationic (CGC)Zr alkyl complex
(CGC)ZrMe"MeB(CgFs)s~ (104), which isinactive for MMA
polymerization at high or low temperatures, the cationic Ti
akyl complex (CGC)TiMetMeB(CsFs);~ (106) effectsliving
and syndiospecific polymerizations*® of MMAZ? and BMA
at ambient temperature, reported by Chen and co-workers,
or at higher temperatures (up to 100 °C),?? reported by
Carpentier and co-workers, via an apparent chain-end control
mechanism. The PMMA produced by 106 at ambient
temperature exhibits syndiotacticity of 80—82% rr with
controlled MW and narrow MWD (PDI = 1.09). The
corresponding chira cationic (CGC)Ti ester enolate complex,
{(CGC)Ti(THF)[OC(O'Pr)=CMey]} '[MeB(C¢Fs)s]~ (107,
Figure 12), which simulates the structure of the active
propagating species, behaves similarly to that of the (CGC)Ti
alkyl complex,?° producing syndiotactic PMMA (80% rr,
18% mr, 2.0% mm) at ambient temperature with predomi-
nately isolated m meso dyad stereoerrors (...rrrrmrrrr...) and
again pointing to the apparent chain-end control nature of
the (CGC)Ti catalysts. Analysis of the stereomicrostructures
at the pentad level reveals the rrrm to rrnr ratio to be
approximately 1,21° thus also consistent with a catalyst site-
epimerization scheme in a site-control mechanism.

Further studies by Chen, Cavallo, and co-workers’®
showed that the MMA polymerization by complex 106
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Figure 13. Energy diagramsfor MMA addition to the S'metal center (energiesin kcal/mol) and geometries of the two competing transition
states of the (CGC)Ti system. Atoms depicted in spheres are Ti in orange, O inred, N in blue, C in gray, and H in white. Reprinted with

permission from ref 213. Copyright 2008 American Chemical Society.
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Figure 14. Comparison of isolated m dyad stereoerror generation in the propylene and MMA polymerizations by Cgligated catalysts.

Scheme 13. Catalyst Site-Epimerization Assisted by the Monomer MMA (X) after a Stereomistake?
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Scheme 14. Preparation of Silica-Supported Chiral Zirconocenium Catalyst for MMA Polymerization
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follows zero-order kinetics in [MMA], implying that, in a
unimetallic propagation “catalysis’ cycle, displacement of
the coordinated ester group in the cyclic intermediate by the
incoming monomer is fast relative to intramolecular conju-
gate MMA addition within the catalyst—monomer complex.
This observation provides a kinetic basis for pathways
leading to catalyst site-epimerization at Ti before MMA
additions. There are exhibited negligible effects on the
syndiotacticity of the polymerization by monomer and
catalyst concentrations as well asion-pairing strength varying
with anion structure and solvent polarity. DFT calculations
on Cl, TS, and kinetic product (KP), focusing on the
enantioselectivity of the MMA addition to an Schiral center,
present a relative trans disposition of the methoxy groups
of both the growing chain and the monomer (cis disposition
has much higher energy) in the TS. As shown in Figure 13,
the re-face of the enolate growing chain reacts preferentially
in the case of an Schirality at the metal, and there is a
selection of the re-face of the chain even at the Cl, athough
the enantiosel ectivity is determined by the energy difference
at the TS with AEgge = 2.3 kcal/mol, indicating enanti-
oselective MMA addition.

rac(EBIZMe; |\ | @
AW_‘ 1+-Si—OB(CFs)s @y

/ Me,PhN™ & ~Me
CH4

DFT calculations aso provided theoretical support to the
catalyst site-epimerization mechanism accounting for the
formation of the predominately isolated m stereoerrors and
indicated the driving force for an almost regular site-
epimerization reaction after a stereomistake being in the
higher energy (by 2.8 kcal/mol) of the 8-membered cycle
formed after a stereomistake.?'® This MMA- or anion-assisted
catalyst site-epimerization reaction converts the kinetic
product after a stereomistake into a thermodynamically more
stable resting state (Scheme 13). Owing to this site-
epimerization reaction, the higher energy KP corresponding
to astereomistake (S metal/si-chain) evolvesinto the R-metal/
si-chain resting state that, by symmetry, isisoenergetic with
the thermodynamic S-metal/re-chain product that is obtained
from the favored TS. The MMA-assisted epimerization has
a very smooth energy profile, since the two intermediates
without a back-bonded C=0 group are remarkably stabilized
by a coordinated MMA molecule.?®

It isfascinating to point out here that, in the syndiospecific
polymerization of propylene by Cqligated complexes, cata-
lyst site-epimerization generates meso dyad stereoerrors
(...rrrrmrrrr...), whereas, in the syndiospecific polymerization
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Figure 15. Exfoliated PMMA/silicate nanocomposites by the in situ polymerization approach. Reprinted with permission from ref 215.

Copyright 2003 American Chemical Society.

of MMA by the (CGC)Ti complexes, catalyst site-epimer-
ization corrects a stereomistake made in a previous enan-
tiofacial misaddition (Figure 14).

2.2.7. Half-Metallocene Catalysts

Half-titanocene Cp* TiM e, upon activation with B(CgFs)s,
is moderately active (TOF = 62 h™1) for MMA polymeri-
zation at ambient temperature, producing st-PMMA (74%
rr) with PDI = 1.37.5% Activating the same complex with
Al(CgFs)3 doubles the activity (TOF = 120 h™1), also yielding
syndio-rich PMMA (PDI = 1.31) but with a noticeably lower
syndiotacticity of 69% rr.

2.2.8. Supported Catalysts

Heterogenization of the chira rac-(EBI)ZrMe" catalyst
onto silica support was accomplished in a two-step process
commonly employed in the preparation of supported met-
allocene catalysts for olefin polymerization:?** formation of
surface-bound borate anions paired with ammonium cations
followed by protonolysis of rac-(EBI)ZrMe; to generate the
supported metallocenium catalyst [rac-(EBI)-
ZrMe] [=SIOB(CgFs)s]~ (Scheme 14). The MMA polym-
erization by this supported catalyst led to the formation of
PMMA with a high isotacticity (96% mm) as well as
controlled MW [M,(found) = 4.49 x 10% M,(calcd) = 4.00
x 104 giving I* of 89%] and narrow MWD (PDI = 1.10).%®

Protonolysis of dimethyl metallocenes, including Cs,-
symmetric Cp,ZrMe,, C,-symmetric rac-(EBI)ZrMe,, and
Cssymmetric (CGC)TiMe,, with Me(HT),NHT/MMT, a
montmorillonite (MMT) clay modified by methyl bis(hy-
drogenated tallow akyl) ammonium, produces the corre-
spondingintergallery-anchored metall ocenecataystsCp,ZrMet/
MMT, rac-(EBI)ZrMe"/MMT, and (CGC)TiMe"/MMT,
through elimination of methane and discharge of the resulting
neutral amine (Figure 15).2> Remarkably, these nanogal lery-
intercalated metallocene catalysts behave much like in
solution—in terms of their ability to control the stereochem-
istry of MMA polymerization. Thus, metallocenium-inter-
calated silicates, Cp,ZrMe"/MMT, rac-(EBI)ZrMe"/MMT,
and (CGC)TiMet/MMT afford atactic (40% mr), isotactic
(93% mm), and syndiotactic (72% rr), stereochemically
controlled PMMA —exfoliated silicate nanocomposites, re-
spectively. The exfoliated morphology of it-PMMA-silicate
nanocomposite produced by rac-(EBI)ZrMe/MMT has been
further examined by powder X-ray diffraction (XRD) and
confirmed by transmission electron microscopy (TEM),

o

Figure 16. Schematic illustration of a supramolecular stereocom-
plex PMMA/exfoliated silicate nanocomposite.

where the low magnification image shows a homogeneous
clay dispersion, whereas the high magnification image
demonstrates exfoliation of the silicate nanoplatelets.?'®

Chen et al. subsequently prepared double-stranded helical,
supramolecular stereocomplex PMMA/silicate nanocompos-
ites (Figure 16) by mixing dilute THF solutions of diaster-
eomeric nanocomposites, it-PMMA/MMT and st-PMMA/
MMT, in a 1:2 ratio, followed by reprecipitation or
crystallization procedures.?'® The produced nanocomposite
exhibits a predominantly exfoliated silicate morphology, as
shown by XRD and by TEM, whereas the stereocomplex
PMMAZ2Y-223 matrix is readily characterized by differential
scanning calorimetry (DSC). Thus, the resulting crystalline
stereocomplex PMMA matrix is resistant to boiling-THF or
acetone extraction, and the stereocomplex nanocomposite
exhibits a high T, of 201 or 210 °C, depending on the
preparation procedure, which is in sharp contrast to the
diastereomeric (i.e., it- and st-) nanocomposite constitutes,
which can be extracted out with the same solvents and do
not exhibit T, on DSC. Furthermore, the resulting stereo-
complex nanocomposite shows a one-step, narrow decom-
position temperature window and a single, high maximum
rate decomposition temperature of 377 °C.

2.3. Other Metallocene Catalysts

Lindsell and co-workers reported in 1974 that calcocene
Cp.Ca afforded highly syndiotactic PMMA (94% rr) at O
°C in DME (at 8% monomer conversion after 12 h).?%
However, a later study by Brittain et a. using the purified
Cp.Ca showed that the syndiotacticity is much lower (80%
rr) under the same polymerization conditions.??® The Brittain
group also employed the more soluble derivative Cp*,Ca
for much enhanced activity, but this bulkier calcocene gave
PMMA with even lower syndiotacticity (57%rr) at 0 °Cin
DME; in THF or in toluene, the syndiotacticity dropped
further down to 37% rr and 23% rr, respectively. Most
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Scheme 15. Bimolecular Propagation Involving Enolaluminate Active Speciesin MMA Polymerization by Tantalocene/
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recently, Steffens and Schumann investigated polymerization
of MMA and copolymerization of MMA with other akyl
methacrylates using tetramethylcyclopentadienyl complexes
(Me,Cp).Mg, (Me,Cp),Ca(THF), and (Me,Cp),Sr(THF), in
toluene at various temperatures.??® In the presence of 7—20
equiv of Et;Al (with respect to metal), all three metallocene
complexes are active for MMA polymerization at T, < 0
°C but exhibit essentially no activity at room temperature.
The syndiotacticity isthe highest (60% rr) for the Sr catalyst
at —60 °C, which also shows the highest activity and degree
of control of the polymerization within these three com-
plexes. The role of Et;Al was speculated to akylate the
divaent metallocene complex to form active species
[(Me,Cp)M —Et], in which the Et group was designated as
the initiating group.

In contrast to a large number of group 4 metallocene
complexes employed in the polymerization of polar vinyl
monomers, application of group 5 metallocene and related
complexes to such polymerizations is scarce. Mashima
reported that half-tantal ocene (Cp* Ta) bis(*-1,3-butadiene)
complex 108 and Cp* Ta(;?-1,4-diazabutadiene)(;7*-1,3-buta-
diene) 109, upon activation with 10 equiv of MeAl(BHT),
(relative to Ta), polymerizes 100 equiv of MMA at 0 °C in
5—40 min, producing syndio-rich PMMA (68—73% rr,
1.4—2.3 PDI).??"?%2 Half-tantalocene 109 with R = Cy is
most reactive, achieving a TOF of 1200 h™*. Mashima and
co-workers further reported living polymerization of MMA
a —20 to —30 °C using half-tantalocene complexes 110
bearing MMA and 1,4-diaza-1,3-diene ligands, upon activa-
tion with 1 equiv of MesAl, also producing syndiotactic
PMMA (71—78% rr).?®

= =<, =,
I I o\?law

R = p-OMePh, Cy OMe
108 109 110

Chen et a. showed that cationic tantalocene complexes
[Cp.TaMe;] '[MeM(CeFs)s] - (M B, Al), [Cp.Ta
Mez]+[B(C6F5)4]_,23O and szTa+[CH2M (C6F5)3_]Me (M =
B, Al)?! areinactive for MMA polymerization under various
conditions; however, tantalocene trimethyl and alkylidene
precursors Cp,TaMe; and Cp,Ta(=CH;)Me, upon activation
with 2 equiv of AI(Cg¢Fs);, become highly active in
MMA polymerization. For example, the Cp,Ta(=CH,)Me/
2AI1(CgFs)3 system in 1,2-dichlorobenzene at 25 °C reaches
ahigh TOF of 800 h™* and an I* of 96%, producing PMMA
with M, = 4.15 x 10% PDI = 1.65, and syndiotacticity =

MeO.__O—~Al(CsF5)s
®
J; [CpzTaMes]
MMA

SN

(CeFs)sAI—0
©

OMe

nMMA | k,

p
Al(CgF5)3sMMA

72% rr.?%! The propagation was proposed to proceed via an
aluminate (Al7)/alane (Al) bimolecular process (Scheme
15).%12%2 |t js apparently general for such a bimetallic
pathway involving the enolaluminate active species when
combining an initiating molecule with 2 equiv of Al(CgFs)s,
extending to half-sandwich tantalocenes Cp*TaMe, and
Cp*TaMey(OR),%* as well as alkyl main-group alkyl com-
plexes.?3

Polymerization of MMA by nickelocenes in combination
with alarge excess of MAO is reviewed in the section that
immediately follows, in light of their common features with
those of nonmetallocene group 10 metal systems in the
presence of MAO (see section 2.4.4).

2.4. Nonmetallocene Catalysts
2.4.1. Group 1 and 2 Catalysts

Various lithium salts have been used to promote controlled
polymerization of (meth)acrylatesinitiated by organolithium
reagents.?®>2% For example, the polymerization of tert-butyl
acrylate by the sBuLi/5LiCl systemin THF at —78 °C yielded
the polymer with narrow MWD (M,/M, = 1.20), whereas,
in the absence of LiCl, the polymer with broad, bimodal
MWD (My/M, = 3.61) was obtained.” However, even in
the presence of excess LiCl, increasing T, from —78 to O
°C brought about poor MW control and broadening of MWD
from 1.20 to 1.63. Addition of LiCl influences the kinetics
and mechanism of the MMA polymerization initiated with
o-methylstyryllium in THF at —78 °C, producing PMMA
with a narow MWD (M,,/M,, > 1.08); addition of other
lithium salts varying the size of counteranions, including LiF,
LiBr, and LiBPh,, did not provide the same degree of control
as the polymerization promoted by LiCl.?*® However, other
lithium salts such as LiClO, were found to enhance the
livingness of the MMA polymerization in THF at —40 °C
or in toluene/THF (9/1 v/v) at —78 °C.2*® The LiCIO, to
initiator ratio has great influence on the degree of polym-
erization control. Likewise, lithium ester enolate initiators,
when combined with 3—10 equiv of lithium tert-butoxide,
also render controlled polymerization of methacrylates® and
acrylates®® so that such systems can be used for the synthesis
of (meth)acrylate di- and triblock copolymers at —60 °C in
THF.2#

Lithium silanolates were utilized to effect controlled and
isospecific polymerization of MMA. Specificaly, the system
consisting of sBuLi and SBuMe,SIOLi (which was formed
in situ by the reaction of hexamethylcyclotrisiloxane +
sBuLi) in toluene at O °C led to high MW PMMA with a
narrov MWD (M,/M, < 1.20) and high isotacticity (90%
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Scheme 16. Discrete Magnesium Complexes Producing Highly Syndiotactic PMMA at —30 °C
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mm).?*® This system was also employed for the synthesis of
isotactic random and block copolymers of alkyl methacry-
lates.?* Highly isotactic PMMA (99.5% mm, M,,/M,, = 1.39)
was achieved using a combination of Me,C=C(O'Pr)OLi
with 50 equiv of Me;SIOLi in toluene at —95 °C.%° The
same polymerization yielded PMMA with an isotacticity of
mm = 98.5% (M,,/M, = 1.23) and 88.4% (M,/M, = 1.09)
a T, = —78 and 0 °C, respectively. For comparison, the
isotacticity (mm = 73.4%) is much lower and the MWD (M,,/
M, = 7.13) is substantially broader for the MMA polymer-
ization with the Me,C=C(O'Pr)OLi initiator alone (no
lithium silanolate reagent) carried out in toluene at —78 °C.

The simple potassium salt of the bulky alyl ligand, K[1,3-
(SiMe;)2(73-C3H3)], exhibits exceedingly high activity for
MMA polymerization at 0 °C in toluene with TOF = 92,500
h™%, producing at-PMMA (54% nr) with high MW (M, =
1.10 x 10°, PDI = 1.95) and high initiator efficiency (I1* =
85%0).1% A mixed n-ferrocene—sn-toluene complex of potas-
sium tris(hexamethyldisilazide)magnesiate, [K (ferrocene),-
(toluene),] { Mg[N(SiMes),]s} ~, yields PMMA of high MW
(M, = 3.79 x 10°, PDI = 1.49) in THF, with alow initiator
efficiency of I* = 2.6%; however, the syndiotacticity is high
(84% rr) considering the polymerization at RT.?*® The study
seems to indicate that the cation moiety, or more precisely
ferrocene, has a major role in the observed high syndiotac-
ticity of this system because control runs using KMg[N-
(SiMe3),]3 and KN(SiMes), showed much reduced syndio-
tacticity of 44% rr and 31% rr, respectively.

Tanaka and co-workers utilized conventional Grignard
reagents such as ‘BuMgBr in toluene at —78 °C?"?* and
m-(CH,=CH)CsH,CH,MgCl in THF at —110 °C?* for the
synthesis of highly isotactic (97% mm) and highly syndio-
tactic (96.6% rr) PMMA, respectively. Identification of the
active species in such systems was complicated by the
dynamic Schlenk equilibrium processinvolving aggregation,
solvation, and ligand exchange. Gibson and co-workers
synthesized a discrete magnesium ketone enolate complex
supported by the bulky N,N'-diisopropylpheny! S-diketimi-
nate ligand, [HC(C(Me&)=N-2,6-'Pr,CsHs),Mg(u-OC(=CHy)-
2,4,6-MesCeH2)]. (111, Scheme 16), which was found to
rapidly polymerize MMA (TOF > 2280 h™) in a living

Salts for Highly Isotactic PMMA at

T,=60°C - .

—30°C

/\ ~
AN / >
Ll\ /Mg\ _Mg L>\

fashion at —30 °C in toluene or chloroform, leading to highly
syndiotactic PMMA (92% rr) with a high Ty of 135 °C.%°
As addition of donor ligands such as THF can break the
dimer to form the monomeric Mg enolate complex 112
(Scheme 16), it can be envisioned that the MMA polymer-
ization by the dimeric enolate complex proceeds via the
monomeric enolate complex in the presence of MMA. The
stereocontrol ability of this catalyst system relies on the steric
bulk of the ligand rendered by the N-aryl groups; thus,
changing from 2,6-"Pr,CgHs to 2,6-Et,CsH3 and 2,6-Me,CeH3
N-aryl groups results in a substantial reduction of the
syndiotacticity of the PMMA produced at —30 °C from 92%
rr to 78% rr and 73% rr, respectively.>* The magnesium
alkyl, aryl, or amide complexes 113 (R = Me (dimer), 'Pr,
Bu, Ph, N'Pr,) are also highly active catalysts for MMA
polymerization, producing st-PMMA with ~90% rr at —30
°C, with Me and 'Bu complexes being poorly controlled and
the 'Pr complex exhibiting the best control over M, (I* =
97%) and PDI (1.04).* Owing to the ligand-assisted, chain-
end control nature of the polymerization by these discrete
magnesium complexes, the syndiotacticity erodes drastically
to only 75% rr for the polymerization carried out at ambient
temperature (23 °C).>* Unpredictably, a magnesium isopropyl
complex supported by the analogous bispyridyldiiminate
[N27] ligand produces iso-rich at-PMMA (42% mm, 43%
mr) at —78 °C in toluene with only a modest TOF of ~22
h_l.ZSl

Intriguingly, highly isotactic PMMA (>95% mm) was
produced in toluene at —30 °C by mixed bimetallic com-
plexes (“ate” salts) linked by the bulky chelating diphenolate
ligand, 2,2'-ethylidenebis(4,6-di-tert-butyl phenoxy) (EDBP,
Scheme 17): Mg—Li akyl [(EDBP)Mg(u,-"Bu)Li(OEt,)],
(114, 96.7% mm), Mg—Li enolate {(EDBP)M[(u2-
OC(Mes)CH,)]Li(OEt,)}, (115, 96.1% mm), and Mg—Na
akyl [(EDBP)Na(OEt,)Mg"Bus], (95.4% mm).?2 The activi-
ties of these mixed group 1 and 2 complexes are modest
with TOF ranging from 22 to 31 h™%, and the PMMA
produced exhibits relatively broad MWDs (PDI = 1.35—1.67).
It remains to be seen where the isospecificity is originated
from and how both heterobimetallic centers provide coop-
erativity in the initiation and propagation steps.
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Scheme 18. MMA Polymerization by Discrete Aluminum Complexes Supported by Porphyrin and Schiff Base Ligands
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2.4.2. Group 13 Catalysts

Inoue and co-workers®™ discovered that the aluminum
porphyrin complex (TPP)AIMe (TPP = tetraphenylporphy-
rinato, 116, Scheme 18), upon irradiation with visible light,
forms aliving (or “immortal”) polymerization system.?>* In
the case of alkyl methacrylate polymerization, initiation
involves the radiation-assisted formation of the aluminum-
enolate bond, the active propagating species (path a, Scheme
18).2% This system has been employed for the successful
synthesis of PMMA with controlled MW and narrow MWD
as well as block copolymers of MMA with "Bu and '‘Bu
acrylates.?® The thiolate derivatives (TPP)AISR can initiate
the polymerization without irradiation.?>” A potential draw-
back of this system is its long reaction time (12 h with a
[MMA]/[AI] ratio of 100) and the discolorations to the
polymer products by the intense chromophore carried by the
porphyrin ligand.

The rates of the polymerization by the aluminum porphyrin
complex (TPP)AIMe (116, X = Me) upon irradiation can
be substantially accelerated by the use of sterically crowded
organoaluminum Lewis acids, such as MeAl(BHT), and
MeAl(2,6-'Bu,C¢Hs0), (path b, Scheme 18).2%2%° Thus,
addition of 1—3 equiv (per initiating Al center) of such Lewis
acids accelerates the polymerization of MMA with (TP-
P)AIMe by factors of tens of thousands with no detrimental
effects on polymer yield or MWD. For example, addition
of 3 equiv of MeAl(2,6-'Bu,C¢H30), to the MMA polym-
erization system by (TPP)AlMe that had been irradiated with
a visible light source for 2.5 h at 35 °C converted quanti-
tatively 200 equiv of MMA to PMMA with M,, = 2.55 x
10* and PDI = 1.07 in only 3 sl Monomer activation, which
facilitates nucleophilic attack of the initiating ligand at the
Al center to the activated monomer, was proposed to be
responsible for the observed drastic rate enhancement.
Interestingly, in sharp contrast to the anionic polymerization
initiated by lithium enolates or ‘BuLi, where boron Lewis
acids such as B(CgFs); completely halted MMA polymeri-
zation,*® the (TPP)AIMe polymerization system is substan-
tially accelerated by boranes such as BPh; and B(CgFs)3.2°

A system related to (TPP)AIMe is the methyl aluminum
complex incorporating a tetradentate [O~,N,N,O7] Schiff
base ligand (117, Scheme 18). When used alone, 117 is a
poor initiator for MMA polymerization with low activity
(TOF = 0.8 h™Y) and initiator efficiency (I* = 0.9%); when
combined with the Lewis acid activator MeAl(BHT),, the
two-component system improved activity (TOF = 9 h™Y) but
not polymerization control.? However, Gibson and co-

MeAI OAr),
path b {

MeO L MeO

n MMA
path a

AI—L—OWX
' CoMe
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AI—'—O)j/ «{ }—

workers found that addition of a nickel compound such as
Ni(acac), to the system containing 117 and MeAl(BHT),
generates the corresponding enolate propagating species via
a proposed multistep Ni(acac),-catalzyed process.?! Thus,
the three-component system comprising 117 (1 equiv),
Ni(acac), (1 equiv), and MeAl(BHT), (3 equiv) rapidly
polymerizes 200 equiv of MMA at ambient temperature,
achieving 92% monomer conversion within 2 min (TOF =
5520 h™1). The PMMA produced at this temperature is
controlled in MW (PDI = 1.17, I* = 81%) and syndio-rich
(69% rr); lowering T, to —20 °C improved syndiotacticity
to 84% rr, benefiting this chain-end controlled polymeriza-
tion. Control runs showed that the system without the Al
complex 117 (i.e., 1 Ni(acac), + 3 MeAl(BHT),) is even
slightly more active (TOF = 5700 h™?) and the syndiotac-
ticity of the resulting PMMA is aso dightly higher (72%
rr); however, the difference is that the latter system without
complex 117 is not controlled, producing PMMA with the
much higher measured M, than the calculated value (I* =
16%) and a broader MWD (PDI = 1.63).

Anionic active species derived from conventiona initiators
such as akyllithium reagents and lithium ester enolates exist
as aggregates, both in solid state and in solution. Such anionic
active species alone cannot control the polymer MW and
MWD due to the coexistence of various aggregated species
that exhibit different reactivity and exchange comparably to,
or more slowly than, the polymerization time scale.?5? Thus,
they can be characterized as multisite anionic active species
and produce polymers with ill-defined chain structures.
Addition of a suitable organoaluminum Lewis acid to an
anionically initiated polymerization system not only signifi-
cantly enhances the conver over polymerization, it also
modul ates the polymerization stereochemistry. This strategy
was devel oped by Hatada et al 2% for the production of highly
syndiotactic (=90% rr) PMMA with a narrow MWD (PDI
< 1.19) using a 'BULi/R;Al (<'/3) combination in toluene
at low temperatures (< —78 °C). Ballard et a.? produced
st-PMMA (=70% rr) with a narrow MWD (PDI = 1.09
—1.28) in toluene at elevated temperatures (0—40 °C) using
acombination of 'BuLi with an excess of 'Bu,AI(BHT). The
'BuLi/3Al("Oct); system led to highly syndiotactic (96% rr)
PMMA at —93 °C 2 while the 'BuLi/5RAI(2,6-'Bu,CsHz0),
system at —78 °C afforded ht-PMMA (67.8% mr)?% and
poly(ethyl methacrylate) (87.2% mr)?%” when R = Me, or
st-PMMA, with syndiotacticity rr = 89.1% and 83.8% when
R = Et and 'Bu, respectively.?®® The '‘BuLi/5EtAl(2,6-
'Bu,CsH30), system promoted living polymerization of
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Figure 17. Generation of single-site enolaluminate active propagating species via deaggregation of lithium enolate aggregates with, and
subsequent stabilization by, MeAl(BHT),. Reprinted with permission from ref 286. Copyright 2005 American Chemical Society.

Scheme 19. Single-Site Anionic Polymerization via Bimolecular Propagation Regulated by Aluminum Lewis Acids
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primary akyl acrylates as well as block copolymerization
of "BA with MMA at —60 °C,?%° while the combination with
the methyl aluminum derivative MeAl(2,6-Bu,CsH30), gave
polymers with a broad MWD in low yields.?”® Schlaad and
M{iller?™ reported that the steric bulk and Lewis acidity of
the added alkyl aluminum compounds strongly influence the
tacticity and MWD of the PMMA produced by 'BuLi in
toluene at —78 °C; depending on the aluminum compound
used, the MWD was in the range 1.2 < M,,/M,, < 7, and the
tacticity of the PMMA can change from being highly
syndiotactic to atactic, heterotactic, or highly isotactic. These
above results highlight the importance of the Al/Li ratio
employed and the structure of the Al Lewis acid in such
systems, as the Al complex can bind to the growing active
anionic chain end, the growing chain, and the monomer.
Lithium ester enolates should be, in principle, ideal
initiators for the polymerization of alkyl (meth)acrylates
because the propagating centers for the anionic polymeri-
zation of methacrylates initiated by organolithium compounds
are the lithium ester enolates. However, the lithium ester
enolate propagator tends to stabilize through aggregation (n
= 2-6), and the existence of various aggregated ester
enolates creates significant problems in controlling the
polymerization rate and the polymer MWD.?2 Additionally,
lithium ester enolates are unstable, even in the solid state,
and subject to decomposition to ketenes and lithium alkox-
ides and 3-keto ester enolates.?” Lithium ester enolates have
a strong tendency to aggregate in both crystalline?”* and
solution?™®~2%0 gates, which affects their reactivity asinitiators
and the resulting polymer MWD. Schlaad and Miller?1.282
proposed, on the basis of the *C NMR spectroscopic
evidence, that the bimetalic “ate” complex Li*[Me,C=
C(OEt)OAIR;]~ is an adequate model of the active center
for the MMA polymerization by ethyl o-lithioisobutyrate
(EiBLi) in the presence of aluminum alkyls. The calculated
structures for the complex of methyl o-lithioisobutyrate
(MiBLi) with AlEts, however, revea different degrees of
association, (MiBLi-AlEts), (n = 1, 2, 4), and different
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stoichiometries, MiBLi*xAlIEt; (x = 1, 2).%%® Holmes et
al 2428 investigated the ligand effects of organoaluminum
amides '‘Bu,Al(NRR")3, (x = 1, 2) and organoaluminum
akoxides 'BuAI(OR)3x (x = 1—3) in the MMA polymeri-
zation initiated by EiBLi on polymer tacticity and MWD.

Rodriguez and Chen found that certain bulky aluminum
alkyl compounds such as MeAl(BHT),, when added to the
anionic polymerization system initiated by lithium ester
enolates, serve as both catalyst for monomer activation and
deaggregator for converting the oligomeric, multisite active
species to descrete, monomeric active species (i.e., ester
enolaluminate anions, Figure 17).2% The end result is single-
Site anionic polymerization that propagates in a controlled,
bimetallic fashion, producing st-PMMA (71% rr) with a
narrow MWD (1.12 PDI) at 23 °C. Specifically, the bimo-
lecular chain propagation for the MMA polymerization by
the lithium ester enolaluminate and organoal uminum catalyst
combination involves Michael addition of monomeric eno-
l[aluminate active species 118 to Al-activated monomer 119,
followed by the release of the coordinated aluminum catalyst
to the ester group of the polymer chain in intermediate 120
by MMA to regenerate 118 and 119. Repeated Michael
additions of 118 to 119 produce the syndiotactic polymer in
aliving fashion (Scheme 19).2%

It should be noted that lithium ester enolaluminates are
less reactive than the parent lithium ester enolates but more
selective with preferential addition to the activated monomer
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Figure 18. Remarkable Lewis acids effects on the MMA polymerization with lithium ester enolates and structural overlay of enolaluminate
and enolborate anions. Reprinted with permission from ref 287. Copyright 2007 Elsevier.

in a syndioselective fashion. Therefore, to achieve the
syndiotacticity of polymer and a high degree of polymeri-
zation control, the organoal uminum compounds added to the
polymerization initiated by lithium ester enolates are required
to have structures capable of forming both discrete ester
enolaluminates and activated-monomer complexes.?86284
Among a series of bulky aluminum Lewis acid catalysts
examined, including MeAI(BHT),, 'BUuAl(BHT),,
'BuAl(BHT), Al'Bus, Al(CeFs)s, and AI(BHT)s, the alane
Al(C¢Fs)3 not only generates the most active system (having
the highest degree of activation toward monomer) but also
gives the system the highest degree of control over polym-
erization.?®

While investigating the potential effects of the anion on
the stereospecificity of MMA polymerization by C,-ligated
ansa-zirconocene cations, Bolig and Chen found that chiral
ansa-zirconocenium methyl aluminate complexes, unlike
analogous methyl borate complexes which yield highly
isotactic PMMA, produce, unexpectedly, syndiotactic PM-
MA..185 Scheme 20 outlines the proposed mechanism for the
MMA polymerization by the zirconocenium aluminates,
which explains the formation of the syndiotactic PMMA,
the observed spectroscopic changes while monitoring the
polymerization reaction, as well as the observed nearly
constant polymer syndiotacticity upon varying the cation
symmetry. Owing to the Lewis acidity and oxophilicity of
Al(CgFs)3 toward MMA exceeding those of the zirconoce-
nium cation, a MMA-separated ion-pair, formed spontane-
ously upon mixing a zirconocenium auminate and MMA,
is converted to the neutral zirconocene dimethyl and the
MMA-Al(CsFs)s complex. Initiation involves methyl transfer
to the monomer complex forming the enolaluminate that
participates in rapid propagation viaintermolecular Michael
addition to the activated monomer producing st-PMMA.
Hence, this polymerization is bimetalic and chain-end
controlled through enolaluminate intermediates, typicaly
leading to syndio-rich PMMA. Using group 4 metallocenes
containing an ester enolate initiating group, such as
Cp,ZrMe[OC(O'Pr)=CMe;], in combination with 2 equiv
of Al(C¢Fs)s, is much more effective.>® For example, in a
ratio of [MMA]/[Al(CsFs)s]o/[Zr]o = 200:2:1, a quantitative
monomer conversion was achieved in 5 min at 25 °C for a
high TOF of 2400 h™*, producing PMMA with a syndiotac-
ticity of 69% rr, M, of 2.39 x 10* (I* = 84%), and PDI of
1.05.

The above polymerization is uniquely regulated by the
anion, and the zirconocene species participates only in the
initiation step, a hypothesis further supported by the observed
constant PMMA syndiotacticity upon varying the metal-
locene cation symmetry and by the experiments with the
zirconocene being replaced with anionic initiators such as
‘BuLi and Me,C=C(OMe)OLi.*®> For example, MMA
polymerizations initiated by BuLi or Me,C=C(OMe)OLi
in toluene have low activity and produce isotactic polymer
with broad MWDs (M,/M, = 14—22), whereas the addition
of 2 equiv of Al(CgFs)s to MMA before introducing either
anionic initiator to start the polymerization (one equiv for
generating enolaluminates and the second for activating
monomer) brings about much faster and more controlled
polymerizations, producing syndiotactic PMMA with tacticity
ranging from moderate 76% rr to high 95% rr, Ty from
moderate 127 to high 140 °C, and PDI from moderate 1.35
to low 1.08, depending on polymerization temperature.® In
the case of the polymerization initiated by 'BuLi + Al(CgFs)s,
if 'BuLi and Al(CgFs); are premixed for 10 min before
addition of MMA to start the polymerization, then the actual
initiator becomes a hydride-bridged auminate dimer
[(CgFs)sAl—H—AI(CgFs)s] ~, which is formed via hydride
abstraction with concomitant elimination of isobutylene.>
Interestingly, in sharp contrast to the (TPP)AlIMe polymer-
ization system, which can be substantialy accelerated by
boranes such as BPh; and B(CgFs)3,2% addition of B(CsFs)3
to the anionic polymerization initiated by ‘BuLi or
Me,C=C(OMe)OLi completely halted MMA polymeriza-
tion. This observation implies different propagation mech-
anisms between these systems assisted by monomer activa-
tion with organo Lewis acids.

MMA polymerization using stable alky! lithioisobutyrates
(e.g., Me,C=C(O'Pr)OLi) + Al(CsFs)s is more controlled
at RT than that using Me,C=C(OMge)OL.i, producing PMMA
with a syndiotacticity of 80% rr and a narrow MWD of PDI
= 1.04. Polymerization of "BMA using thisinitiator system
is likewise syndiospecific and well controlled. Thus, at a
polymerization temperature of 23 °C, syndiotactic PBMA
(79% rr) with a narrov MWD (1.07 PDI) was produced in
96% vyield within 30 min. Lowering the polymerization
temperature to 0 °C achieved higher syndiotacticity (84%
rr) with anarrow MWD of 1.05.% There are dramatic effects
of Lewis acids E(CsFs)s (E = Al, B) on polymerization of
MMA mediated by Me,C=C(O'Pr)OLi. While the Me,C=
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Scheme 21. Associative (a) and Dissociative (b) Pathways in
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C(O'Pr)OLi/2AI(CsFs)3 system is highly active for MMA
polymerization, the seemingly analogous Me,C=C(O'Pr)OL.i/
2B(CsFs)3 system is inactive.?® Structural analyses of the
resultingithi unmenol al uminateancenol boratexdductsLif[Me,C=
C(O'Pr)OE(CgFs)s]~ (Figure 18), coupled with polymeriza-
tion studies, show that the remarkable differences observed
for Al vs B are due to the inability of the lithium enolborate/
borane pair to effect the bimolecular, activated-monomer
anionic polymerization, as does the lithium enolaluminate/
alane pair (cf. Schemes 19 and 20).

2.4.3. Group 14 Catalysts

Controlled polymerization of acrylic monomers by asilyl
ketene acetal (SKA) and anucleophilic or Lewis acid catalyst
was discovered by DuPont scientists and termed group
transfer polymerization (GTP);?82% this was named such
based on the initially postulated associative propagation
mechanism in which the silyl group remains attached to the
same polymer chain and is simply transferred intramol ecu-
larly to the incoming monomer through hypervalent anionic
silicon species (path a, Scheme 21).2% However, it has been
recently concluded®® that several lines of key experimental
evidence now are more consistent with a dissociative
mechanism,?®!~2%% which involves ester enolate anions as
propagating species and a rapid, reversible complexation
(termination) of small concentrations of enolate anions with
SKA or its polymer homologue (path b, Scheme 21). GTP
can readily produce PMMA with M, of <20,000 in a
controlled fashion at T, = ambient temperatures (50—80 °C
range), but its synthesis of PMMA in the 60,000 range is
difficult.%

Nucleophilic catalysts are needed only in low concentra-
tions (0.1—1.0 mol % of initiator); in fact, the polymerization
ishalted if too much of such catalystsis used. Among various
nucleophilic anions, fluoride and bifluoride (e.qg.,
(Me;N)sSTHF, ™) are the most active catalysts, typicaly in
THF.%® Two recent reports also employed N-heterocyclic
carbens as nucleophilic catalysts for GTP at RT.?**2% When
polymerizations are carried out at above ambient tempera-
tures, carboxylates and bicarboxylates are preferred.?® Lewis
acid catalysts such as zinc halides, on the other hand, are
required in alarge amount (10—20 mol % of monomer) and
preferred for acrylate polymerization in aromatic solvents,
as nucleophilic catalysts produce polyacrylates with broader
MWDs.2" Dialkyl aluminum halides can work at lower
levels (10—20 mol % of initiator), but Hgl,-MesSil is by
far the best Lewis acid-mediated GTP system that promotes
controlled acrylate polymerization at low catalyst levels.?®®
Combination of RsSIOTT with B(C¢Fs)3 has aso been found
to catalyze GTP of acrylates initiated by SKA.?*

Activation of the inactive SKA or monomer is the critical
first step in the mechanisms shown in Scheme 21. It can be

Chen

viewed that paths a and b involve reductive activation of
SKA interms of converting an inactive neutral Si speciesto
an active, anionic Si species. Recently, Zhang and Chen
established oxidative activation of SKA with a catalytic
amount of [PhsC][B(CgFs)4], which led to a novel, highly
active and efficient, as well as living/controlled (meth)acry-
late polymerization system catalyzed by the silylium ion
RsSi*.3% The intriguing, “monomer-less’ initiation involves
oxidative activation of MeSKA (methyl trimethylsilyl dim-
ethylketene acetal) by [PhsC][B(CsFs)s], leading to the
MesSit-activated MMA derived from vinylogous hydride
abstraction of MeSKA with PhsC*t (i.e., the monomer is
generated from the initiator!); subsequent Michael addition
of MeSK A to the activated MMA (or silylated MMA) affords
the highly active, ambiphilic propagating species containing
both nucleophilic SKA and electrophilic silyliumion (or silyl
cation) sites (see the initiation manifold, Scheme 22). It is
noteworthy to mention that no noticeable reactions are
observed for #SKA + B(C¢Fs)s (RT for 5 h) or Me;SIOTf
+ B(C¢Fs)s (RT for 24 h or 70 °C for 12 h), highlighting
the necessity of the use of [PhsC][B(C¢Fs)4] for this chemistry
to occur. A propagation “catalysis’ cycle consists of a fast
step of recapturing the silylium catalyst from the ester group
of the growing polymer chain by the incoming MMA,
followed by a r.d.ss. of the C—C bond formation via
intermolecular Michael addition of the polymeric SKA to
the silylated MMA (see the propagation manifold; Scheme
22).

Based on the results obtained from polymerization kinetics
and mechanism studies, this polymerization can be character-
ized as a bimolecular polymer-transfer polymerization (as
the growing polymer chain is transferred back and forth
between the two conjugate active sites), which is different
than the classic GTP in both the SKA activation method and
the propagation mechanism. The methacrylate polymerization
by SKA/[PhsC][B(CeFs)4] isaso living/controlled at ambient
temperature, efficiently producing PMMA of low to high M,
(>10°) with narrow MWDs of 1.04—1.12, with a trityl
activator loading as low as 0.025 mol % relative to
monomer.3® For example, addition of 1 equiv of [PhsC]
[B(CgFs)4] to a CH,Cl, solution containing 400 equiv of
MMA and 2 equiv of MéSKA achieved 97% MMA conver-
sionin 20 min at 25 °C (TOF = 1164 h™Y), affording PMMA
with M, = 3.87 x 10% PDI = 1.10, [rr] = 69%, and I* =
100%. Under the same conditions, quantitative "BMA
conversion was achieved in 60 min, yielding PBMA of M,
= 544 x 10% PDI = 1.06, [rr] = 80%, and again a
quantitative initiator efficiency. High M,, (1.86 x 10°) PMMA
was readily obtained using a[MMA]/[initiator] ratio of 1600.

Zhang and Chen also investigated structure—property
relationships of this polymerization system catalyzed by
R5Si*.%! The authors showed remarkable selectivity of the
silyl group structure of the aceta initiator (and thus the
derived silylium ion catalyst R;Si*) for monomer structure:
initiators having small silyl groups, such asMeSKA, promote
highly active and efficient polymerization of methacrylates,
but they are poor initiators for polymerization of less
sterically hindered, active a-H bearing acrylate monomers.
On the other hand, initiators incorporating bulky silyl groups,
such asthe triisobutylsilyl derivative (BUSKA), exhibit lower
activity toward methacrylate polymerization but exceptionally
high activity for acrylate polymerization at 25 °C (section
3.3).3% Other group 14-based ketene acetals such as dim-
ethylketene dimethyl acetal (DKDA) are readily activated
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Scheme 22. Highly Efficient and Controlled MMA Polymerization Catalyzed by Silylium lon R3Si™
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Scheme 23. Oxidative Activation of Group 14-Based Ketene
Acetals
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with [PhsC][B(CgFs)4] in the same fashion as the silyl acetal
MeSK A. Specifically, the 2:1 ratio reaction of DKDA with
[PhsC][B(CeFs)s] a RT produces cleanly the anticipated
C—C bond coupling product [(MeO),C=CMeCH,-
CMe,C(OMe),] T[B(CsFs)4] ~ (121), which has been structur-
ally characterized by X-ray diffraction. Formation of 121
can be explained by conjugate addition of DK DA to the Me*-
activated MMA (methylated MMA) generated by vinylogous
hydride abstraction of DKDA with Ph;C* (Scheme 23).

2.4.4. Transition-Metal Catalysts

Neutral alkyl titanium ester enolate complex 122 supported
by atetradentate bis(phenoxy)sulfur-donor [O~,S,S,07]-type
ligand can be readily activated to the corresponding cationic
ester enolate complex 123 upon methide abstraction by
B(CsFs)s (Figure 19).%%2 Unlike the analogous methy! cation,
the ester enolate cation 123 is active for MMA polymeri-
zation, despite low activity (4.3 h™* TOF) as well as the
broadly distributed (2.63 PDI) and syndio-rich (55% rr)
PMMA it produces. On the other hand, combination of 122
with 1 or 2 equiv of Al(CgFs); affords PMMA with a much
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Figure 19. Structures of Ti Complexes Bearing the Tetradentate
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Characteristics
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narrower MWD (1.09 PDI) and higher syndiotacticity (71%
rr). Lastly, combing the neutral complex 122 and the cationic
complex 123 generates a highly active system with a TOF
of 2400 h™* and an I* of 90%, and the PMMA produced
exhibits anarrow MWD of PDI = 1.08 and a syndiotacticity
of 67% rr, a typica syndiotacticity seen for the PMMA
produced by a bimetallic propagation mechanism with the
parent [Cp,Zr] system.!%6

Titanium ester enolate complex Me;C=C(OMe)OTi(O'Pr);
gave no polymer product inits MMA polymerization carried
out at 0 °C; however, a —20 °C or at —30 °C with low
MMA to initiator ratios of 16 to 31, the polymerization by
the same complex produced low MW polymer.3® The related
“ate” complex LiT[Me,C=C(OMe)OTi(O'Pr),]~ afforded
PMMA in higher yields of >90% (t, = 1 h), as compared to
38% to 68% yield by the neutral enolate. Niobium tribenzyl
imido complex [NbBzy(=N'Bu)] and tantalum aryloxo
dibenzyl imido complex [Nb(OAr)Bzy(=N'Bu)] (Ar = 2.6-
'Pr,CgHa), upon activation with 2 equiv of Al(CgFs)s, showed
modest activity (TOF up to 17 h™! at 25 °C in toluene),
producing st-PMMA (70% rr) by the Nb complex at this
temperature.3®*

A large number of divalent metal complexes of groups 8
(Fe), 9 (Co), 10 (Ni, Pd), and 11 (Cu) have been reported to
polymerize (meth)acrylates (MMA unless indicated other-
wise) when combined with a large excess of methylalumi-
noxane (MAOQ) as activator, including the following: iron
and cobalt dichloride complexes supported by pyridyl
bis(imine) [N,N,N] ligands®® (also for methyl acrylate
polymerization®®), nickel dibromide complexes bearing
a-diimine [N,N] ligands,*® nickel and palladium dihalide
bimetallic complexes carrying linked iminopyridyl [N,N]-
linker-[N,N] ligands,®’ dinuclear nickel-acac [O,] com-
plexes bridged by 2,5-diamino-1,4-benzoquinonediimine
[N27] ligands, [Ni(acac){ u-CsH2(=NAr4)} Ni(acac)],>® bis-
(indanone-iminato) [O~,N] nickel complexes,**® nickel phen-
yl complexes supported by 3-ketoiminato [(O,N)] ligands,3X°
bis(B-ketoamino) [(O,N)~] nickel complexes,* nickel com-
plexes bearing bis(8-hydroxylnitroquinoline) [O~,N]
ligands,*2 bis(3,5-dinitro-salicylaldiminate) [O~,N] nickel
complexes,®2 mono(salicylaldiminate) [O~,N] nickel (COD)
complexes (also for copolymerization of ethylene with
MM A34) 815 pig(o-nitroacetophenonate) [O, ] and bis(sali-
cylaldiminate) [O~,N] nickel complexes (also for copolym-
erization of ethylene with MMA34) 316 bis(phenoxyimine)
[O~,N] nickel complexes(excessakylauminum),* Ni(acac) 183
[also V(acac)s, Mn(acac), Cr(acac)s],>° Ni(acac), (for ‘Bu
methacrylate),®?* nickelocene Cp,Ni,*?? substituted nickel-
ocenes, half-sandwich nickel chloride complexes, Ni[1,3-
(CF3)-acac], and Ni(R)(acac)(PPhs),*% half-sandwich pal-
ladium allyl complexes,®* 5-ketoiminato [(O,N) ] palladium
methyl complexes,®?® bis(salicylaldiminate) [O~,N] copper
complexes,®?® as well as copper dichlorides supported by

@,
j _,:O

OMe
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R TOF(s") M,(kD) PDI  I*(%)

Me 36 48 1.04 89
sm4 Et 130 55 1.04 86
"By 134 70 1.05 91
By 4(h") 16 1.03 79
Me 3.0 50 1.07 86
v < E 76 53 1.05 91
"Bu 87 72 1.04 88
Bu  4(h") 17 1.03 75
Figure 20. Acrylate polymerization characteristics by

Cp*,LnMe(THF).

bis(benzimidazole) [N,N] ligands (for 'Bu acrylate and its
copolymerization with ethylene®®” and for methacrylates,
acrylates, and their copolymerization with ethylene®®).

The PMMAS s produced by these systems typically exhibit
broad MWDs (>2) and are syndio-rich, and the mechanism
of polymerization of acrylic monomers mediated by such
late metal complexes, vis-a-vis coordination—insertion vs
free-radical polymerization, was often not clearly demon-
strated. Novak and co-workers showed that even the discrete
neutral palladium(l1) methyl (but not the enolate) complexes
bearing pyrrole—imine [N~,N] ligands polymerize MA and
copolymerize it with olefins by aradical mechanism.®?° Sen
et al. cautioned that a common practice of using the primary
evidence that radical traps such as galvinoxyl, DPPH, and
TEMPO fail to halt or substantially suppress the polymer-
ization by the system employing MAO to argue against an
alternative radical mechanism can lead to awrong conclusion
because excess MAO can deactivate the radical trap and thus
give false-negative results.3 The polymerization results,
especialy derived from those systems with only modest
activities, were also complicated by the activity of the
activator itself, such as isobutylalumoxane toward MMA
polymerization, albeit low activity.3! Therefore, severa
additional lines of evidence, such as reactivity ratios,
copolymer compositions, and microstructures, besides radical
trap experiments, should be presented before drawing a
nonradical mechanism conclusion for acrylic polymerizations
using such systems,329:3%0

Transition-metal halides were found to significantly modu-
late anionic polymerization of MMA by conventional org-
anolithium reagents. For example, ternary initiating systems
consisting of RoNLi/"BuLi/meta halides (WClg, MoCls, and
NbCls) produced highly stereoregular PMMA (1.7—7.0 PDI)
with isotacticity up to 98% mmat —78 °C in toluene.*? The
role of the metal halides was proposed to form “ate’
complexes with the organolithium reagents, which were
subsequently converted to the transition-metal-centered eno-
late as active propagating species. On the other hand, lithium
alkylnickelate and alkylpalladate bimetallic “ate” complexes,
derived from the reaction of MCl,(PPhs), (M = Ni, Pd) with
2—4 equiv of "BuLi at —78 °C in THF, promote controlled
MMA polymerization (PDI = 1.26—1.52, I* < 20%) at —78
°C in THF, leading to st-PMMA (73—75% rr).3® Other
transition-metal halidesin combination with different anionic
initiators have also been investigated, including Ph,NLi with
divalent metal halides (FeBr,, MnCl,, CoCl,, NiBr,),3* "BuLi
or PhLi with '‘BusAl, and late metal halides (FeCl,, FeCls,

Chen
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s \Y‘/D i \ /H\\‘Y/ Seir

~Si s N
- \/I\(\Cstn\Ae3 - \)(\O H é/\

124 125

cat T, (°C) TOF (h") M, (kD) PDI (%) mr (%)
124 -30 43 30 197 33 50
124 25 40 25 156 41 50
125 25 66 13 169 20 46

Figure 21. Acrylate Polymerization Characteristics by (CGC)Y
Alkyl and Hydrido Complexes

MnCl,, CoCl,, NiBr,),3% as well as "BuLi with '‘BuOK and
MnCl,.%* Naturally, the degree of the polymerization control
and the resulting polymer tacticity using such multicompo-
nent systems are sensitive to the reagents of mixing and their
relative ratios.

3. Acrylate Polymerization

3.1. Lanthanocenes

Controlled polymerization of acrylates, due to their active
o-protons, is challenging with anionic initiators, especially
at relatively high temperatures or without additives and/or
mediators. Y asuda and co-workers® discovered that trivalent
lanthanocenes Cp* ,LnMe(THF) (Ln = Sm, Y) remarkably
catalyze the extremely rapid and also living polymerization
of akyl acrylates CH,=CHCOOR [R = Me (MA), Et (EA),
"Bu ("BA), and 'Bu (‘BuA)] at 0 °C in toluene to high MW,
essentially atactic polymers with narrov MWDs (Figure
20).%%® The initiation and propagation mechanism for the
acrylate polymerization was thought to proceed in the same
fashion as described for the methacrylate polymerization
catalyzed by trivalent lanthanocenes (cf. Scheme 3). The
nearly identicall MA polymerization behavior observed for
alkyl complex Cp*,YMe(THF) and enolate complex339340
Cp* .Y (OCH=CH,)(THF) or [(M&;SiCsH,),Y (OCH=CH,)],
provides strong evidence for the metal-O-enolate being the
active propagating species.3®

The acrylate polymerization catalyzed by lanthanocenes
is considerably faster than the methacrylate polymerization
by the same catalysts (cf. section 2.1.1), achieving high
monomer conversions and high I* values (>80%, except for
'BA) in seconds (for ethyl and n-butyl acrylates with 0.2
mol % catalyst). Using a low concentration of the Sm
initiator, the synthesis of high MW poly(acrylate)s with
narrow MWDs (e.g., M, = 7.75 x 10°, PDI = 1.15 for PEA)
was achieved.3*® The apparent rate of acrylate polymerization
increases with an increase in the steric bulk of the acrylate
R group in the order "Bu > Et > Me, presumably due to the
electronic effect of the akyl group, whereas the reactivity
order of the monomer isreversed in the case of methacrylates
(i.e., "Bu < Et <Me).*6#” However, this reactivity trend cannot
be extended to 'BA, as it exhibits drastically lower activity
than other akyl acrylates (Figure 20). The resulting high
MW (M, > 2.0 x 10°), monodispersed (PDI < 1.07) linear
P("BA) can be irradiated with an electron beam to produce
cross-linked P("BA) with improved viscoel astic and adhesive
properties useful for high-temperature applications.3*

Ziegler et al.**? studied, through DFT caculations, the
polymerization of MA with Cp,SmMe, aong with its
isoelectronic group 4 catalyst Cp,ZrMe™, and they found that
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Scheme 24. Side Reactions Indentified in Acrylate Polymerization by Zirconocenium Ester Enolate 86
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the C—C coupling (conjugate addition within the enolate
catalyst—monomer complex) step is strongly exothermic and
that the monomer-assisted ring-opening of the metallacycle
resting intermediate is rate-limiting and al so responsible for
the tacticity of the polymer. The authors further developed
a kinetic model for predicting the syndiotacticity of the
polymer produced by the chain-end control mechanism.

Yttrium akyl (124) and hydrido (125) complexes of CGC
type (Figure 21) polymerize 'BA to median MW, atactic
(~50% mr) polymers.3*® Quantitative monomer conversion
was achieved only at low [monomer]/[Y] ratios (<100). The
polymerization activity of the alkyl complex 124 (4.3 h?
TOF) is low at —30 °C and is increased to 40 h™* TOF at
25 °C. The hydrido complex 125 is far less active than the
akyl complex at the same T,.3*

3.2. Group 4 Metallocenes

While the polymerization of alkyl methacrylates by group
4 metallocene complexes has been extensively investigated
and achieved considerable successes, reports on the polym-
erization of alkyl acrylates by such complexes are scarce
and only limited success has been achieved. Soga and
Deng*® employed a three-component system consisting of
rac-(EBI)ZrMe,/[PhsC][B(CsFs)4]/MeAl(BHT), for the po-
lymerization of the sterically hindered 'BA, affording iso-
rich poly('BA) (75.9% mmin toluene) with moderate to broad
MWDs (PDI = 1.23—2.20) in low to moderate polymer
yields (6—60%) with extended reaction times (17—24 h).
Collins and co-workers'®! investigated the polymerization of
the unhindered "BA by a two-component bimetallic system
consisting of the catalyst [Cp,ZrMe(THF)]*[BPh,] ~ and the
initiator Cp,ZrMe[OC(O'Bu)=CMe,]; amonomer conversion
of 55% and a polymer MWD of 2.02 were observed for the
polymerization at 0 °C in a["BA]/[initiator] ratio of ~100,
with higher conversions and lower polymer MWDs being
achieved only at lower T,. This process is not controlled,
and analysis of the low-MW poly("BA) by MALDI—TOF
MS led to two proposed modes of chain termination
processes, the predominate of which involves the backbiting
cyclization of the growing polymer chain. A third report on

the polymerization of acrylates (‘BA and "BA) by Hadjichris-
tidis et a.* employed Soga's three-component systems,
including Cp,ZrMe,/B(CgFs)s/ZnEt,, rac-(EBI)ZrMe,/B(CeFs)s/
ZnEt,, and rac-(EBI)ZrMey/[HNMePh][B(CsFs)4]/ZNnEt,.
The polymer yields obtained from these polymerizations of
"BA and 'BA for 24 h did not exceed 30 and 32%,
respectively in any case, regardless of the catalyst system
or polymerization conditions employed. The results from the
above three reports clearly indicate the presence of consider-
able chain termination processes in the polymerization of
o-proton-containing acrylates using cationic group 4 met-
allocene complexes. This observation isin sharp contrast to
the isoelectronic, neutral organolanthanide complexes such
as Cp*,SmMe(THF) which mediate the high-speed, living
polymerization of alkyl acrylates (vide supra).®®

Using the well-defined single-component, chiral mono-
metallic propagating zirconocenium ester enolate system 86,
Chen et al.** revealed mechanisms of chain transfer and
termination in the polymerization of "BA by 86. This
polymerization also proceeds in an uncontrolled fashion at
ambient temperature to only moderate monomer conversions
(47% with a 1.0 mol % catalyst loading) due to the presence
of substantial chain termination processes, producing poly(™
BA) with one mgjor linear structure 126 aswell as two minor
cyclic S-ketoester-terminated poly("BA) structures 127 and
128 (Scheme 24). The combined polymerization, chain
structure, and model reaction studies have yielded an overall
three-step mechanism. First, isomerization of the eight-
membered-ring zirconocenium ester enolate propagating
species 129 (resting state) to its ten-membered-ring homo-
logue 129, followed by intramolecular backbiting cyclization
involving the antepenultimate ester group of the growing
polymer chain, generates the much less active six-membered-
ring zirconocenium f-ketoester enolate species 130 [which
leads to cyclic f-ketoester-terminated 127 upon acidic
workup] and "BUOH. Second, the in situ eliminated "BuOH
deactivates propagating species 129 to yield the inactive
zirconocenium alkoxide species and linear chain 126. Third,
further addition of monomer to 130 followed by a second
backbiting cyclization gives doubly cyclic (-ketoester-



5190 Chemical Reviews, 2009, Vol. 109, No. 11

R R

131,R =Me; 132, R="Pr 2300\\—{

z ._'.',%",,z _ BCeFsls _ ( Zn ;0'; 2
H CDzClz RT. —e_(
HB(Can)s e

133, R=Me; 134, R='Pr

* up to 74%

TOF up to 12,000 h™!

:oro/ M, up to 5.4 x 10°

Chen

Figure 22. Generation of cationic zinc enolate catalysts for highly active polymerization of "BA at RT. Reprinted with permission from

ref 351. Copyright 2006 American Chemical Society.

terminated 128 (upon acidic workup), accompanied by
additional catalyst deactivation and chain termination as
shown above. Overall, the lack of steric protection at the
unhindered o-C of the ester enolate moiety in the propagating
species facilitates the backbiting cyclization, whereas the
active (readily enolizable) o-proton provides access for
elimination of "BUOH that subsequently terminates the chain.
Model reactions and polymerization studies show that
possible chain transfer reactions involving acidic a-protons
are insignificant as compared with backbiting cyclizations
in the current monometallic catalyst system.

Ziegler and co-workers also examined side reactions
involved in the acrylate polymerization with group 4 met-
allocene catalysts by DFT calculations.®*® Through this studly,
the authors concluded that no competitive side reactions are
possible from the el ght-membered metallacycle resting state;
however, isomerization to its ten-membered homologue is
possible and dlightly exothermic, and this process becomes
more competitive as the concentration of the monomer
decreases. The ten-membered species readily undergoes the
backbiting reaction, and overal, this theoretical study
provides support for the side reaction pathways outlined in
Scheme 24.

On the other hand, Carpentier et a. found that the robust
(CGCO)TiMe&/B(CgFs)s system (which generates (CGC)-
TiMe*MeB(CsFs)s~ in situ) effectively catalyzes polymer-
ization of "BA.3*° Nearly quantitative monomer conversions
(98% vyield) using a ["BA]/[Ti] ratio of 200 were achieved
at T, ranging from —20 to 20 °C, producing P("BA) with
unimodal MWD (PDI = 1.49—1.81) and a syndiotacticity
of 76% rr. In a high ["BA]/[Ti] ratio of 800, the polymer-
ization reached a high TOF of 5920 h™! at 70% "BA
conversion or a TOF of 664 h™* and an I* of 52% at 83%
"BA conversion.

3.3. Nonmetallocenes

A dichlorozirconium complex supported by the dianionic
2,6-bis(2-benzimidazy!)pyridine [N~,N,N~] ligand, when
combined with a large excess MAO (50—1000 equiv), was
reported to polymerize MA from 30 to 90 °C in 1,1,2,2-
tetrachloroethane to give PMA with broad MWDs (PDI =
2.11—6.17).%%° Chen, Hagadorn, and co-workers®! found that
binuclear zinc enolate cations supported by the dibenzofuran
bis(amidoamine) ligand are highly active catalysts for the
production of high MW polyacrylates at ambient temperature
(Figure 22). The cationic catalysts were generated from the
reaction of neutral zinc enolates 131 and 132 with B(CgFs)3
that abstracts a hydride from the lower CH, group in the

Scheme 25. Highly Active, Efficient, and Controlled
Acrylate Polymerization at RT Catalyzed by 'BusSi*

[PhsCIB(CeFs)s]  RsSiv@ [B(CeFs)i

> — <OSIR3 (catalytic amt.) 0 OSiR;
OMe - PhsCH =

MeO ” OMe

R ='Bu, 25°C, 1 min
quantitative conversion and I :%
PDI down to 1.07 n d OC4Hs

TOF up to 96,000 b’

C;H, side arm linker. The neutral zinc enolate complexes
(131 and 132) or the activator B(CgFs)s are inactive for
polymerization of "BA, but mixing of 131 with 1 equiv of
B(CsFs)3 (which spontaneously generates the corresponding
cationic enolate 133) yielded a highly active polymerization
system that achieved quantitative monomer conversions
within 10 min for ["BA]/[131] ratios ranging from 200 to
800. The polymerization was in fact complete within 5 min
even for the 1000:1 ratio run, giving a TOF of 12,000 h™%,
All polyacrylates produced exhibit unimodal MWDs but with
typica PDI values being in the range from 2.2 to 2.9,
indicative of a nonliving process. Remarkably, the polym-
erization with a low catalyst loading of only 0.02 mol %
produces high MW polymer with M, = 5.40 x 10° g/mol
and PDI = 2.15.%! Both isolated cationic enolates 133 and

DMAA Pro it-PDMAA: mm >99%, T, > 306 °C

; —
10.00 12,00 14.00 16.00
Retention Time (min)

176 s 4 8.00
Chemical Shift (ppm)

Figure 23. Highly isotactic acrylamide DMAA polymer produced
by 86 as well as its *C NMR spectrum (D,O, 80 °C) of highly
isotactic PDMAA showing the carbony! triad [mm] >99% (bottom
left) and the GPC trace of the same PDMAA showing PDI = 1.07
(bottom right). Reprinted with permission from ref 352. Copyright
2004 American Chemical Society.
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Figure 24. MALDI-TOF mass spectrum of the low-MW PDMAA produced by 86. Reprinted with permission from ref 353. Copyright

2005 American Chemical Society.

134 showed the same high activities as the in situ generated
catalysts. Regarding the polymerization mechanism, it was
suggested that monomer additions occur at the active,
cationic site of the zinc enolate in which the datively bound,
“axial like” amino N is displaced by monomer in the
initiation step, embarking a coordination—addition polym-
erization as in the methacrylate polymerization by the
cationic metallocene enolates.

Perhaps the system that exhibits both the highest activity
and degree of control for acrylate polymerization carried out
at ambient temperature is the one catalyzed by 'BusSi*
(Scheme 25), reported by Zhang and Chen.*** With a trityl
activator loading of 0.05 mol % relative to monomer, the
"BA polymerization at 25 °C in polar noncoordinating
(CHCl5) or nonpolar hydrocarbon (toluene or cyclohexane)
solvents using 'BUSKA exhibits exceptionally high activity
(completed reaction in <1 min, giving TOF up to 96,000
h™Y), efficiency (achieved quantitative I*), and degree of
control (regulated low to high M, (>10° Da) with narrow
MWDs down to 1.07).%

4. Acrylamide and Methacrylamide Polymerization

4.1. Acrylamides

Mariott and Chen reported highly isospecific and con-
trolled polymerization of N,N-dimethyl acrylamide (DMAA)
using the racemic zirconocenium ester enolate cation 86
under ambient conditions.® The PDMAA produced has a
guantitative isotacticity of mm of >99%, a controlled M,, a
narrov MWD of 1.07, and a high T,, of >306 °C (Figure
23). This polymerization is also rapid (0.25 mol % catalyst,
25 min, 96% conversion, TOF = 922 h™1) and proceeds in
a living fashion, enabling the synthesis of the well-defined
isotactic PMMA-b-PDMAA stereodiblock copolymer.3%3

Analysis of the MALDI-TOF mass spectrum (Figure 24)
of the low-MW PDMAA sample produced by 86 confirms
that the polymer has a structural formula of 'PrOC(=0)-
C(Me)—(DMAA),—H, where the initiation chain end
[[PrOC(=0)C(Me,)—] is derived from the initiating isopropyl
isobutyrate group in complex 86 and the termination chain
end (H) from the HCl-acidified methanol during the workup
procedure.®: The kinetic and mechanistic studies show that,
as in the methacrylate polymerization with this catalyst, the

Scheme 26. Initiation and Propagation Mechanism for the
Coordination—Addition Polymerization of Acrylamides
Using Zirconocenium Ester Enolate Cation 86
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propagation is first order in both concentrations of the
monomer and the active species and proceeds via a mono-
metallic, coordination—addition mechanism through cyclic
amide enolate intermediates. The resting state during a
propagation “catalysis’ cycleisthe cyclic amide enolate and
associative displacement of the coordinated penultimate
amide group by incoming acrylamide monomer to regenerate
the active species is the rate-determining step (Scheme 26).%%°
This mechanism was further supported by polymerization
results using an independently synthesized zirconocenium
amide enolate complex that simulates the propagating
Species.

ansa-Zirconocenium ester enolate catalyst 86 also cata-
lyzes rapid polymerization of bulky N,N-diaryl acrylamides
under ambient conditions, leading to rigid-rod-like, helical
poly(N,N-diaryl acrylamide)s.®* However, such catalysts are
inactive toward polymerization of N-alkyl acrylamides such
as N-isopropylacrylamide (IPAA), which also cannot be
polymerized using common anionic initiators. The problems
associated with the polymerization of IPAA by common
anionic initiators seem more straightforward because of the
acidic amide NH hydrogen present in IPAA. However, in
the case of the metallocene catalyst, stoichiometric reaction
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Figure 25. Methacrylamide Monomers Investigated by DFT and Polymerization Studies®°

of 86 with IPAA gives the single IPAA addition product
that is stable in CD,Cl, at ambient temperature. Although
this single IPAA addition product does not effect further
IPAA edditions, it rapidly polymerizes DMAA to the
corresponding highly isotactic PDMAA .33

4.2. Methacrylamides

As described above, metallocene catalyst can readily
polymerize acrylamides such as DMAA in a rapid, ste-
reospecific, and living fashion.®?3% An interesting exception
here is their inability to polymerize N,N-dialkyl methacry-
lamides such as N,N-dimethyl methacrylamide (DMMA).>3
The nonpolymerizability of DMMA was previously noted
in anionic polymerizations using organolithium initiators,3®
which was attributed to a twisted, nonconjugated monomer
conformation between the vinyl and carbonyl double bonds,
a result of steric repulsions between the a-methyl group or
the vinyl proton and the N-methyl group of DMMA. As
compared to other polymerizable conjugated monomers such
as DMAA, this twisted DMMA monomer conformation
results in a less effective & overlap between these two
functional groups and thus leads to unstable amide enolate
intermediates upon nucleophilic attack by the initiator. H
and *C NMR studies show that the NMR features (chemical
shifts and peak separations) for the vinyl protons and
carbonyl carbons of the nonpolymerizable N,N-dialkyl meth-
acrylamides more closely resemble those of nonconjugated
vinyl monomers than those of polymerizable, conjugated
monomers.3® Interestingly, introduction of the highly strained,
three-membered aziridine ring into the monomer structure
provided aclever solution to the nonpolymerizability of N,N-
dialkyl methacrylamides. For example, Okamoto and Y uki®>’
reported in 1981 successful anionic and radical polymeriza-
tions of N-methacryloylaziridine with "BuLi or PhMgBr at
—78 °C and with AIBN, and most recently Ishizone and
co-workers®83% reported living anionic polymerization of
N-methacryloyl-2-methylaziridine (MMAZz) with 1,1-diphen-
yl-3-methylpentyl lithium or diphenylmethyl potassium in
the presence of LiCl or Et,Zn at low temperatures (—78 to
—40 °C).

DFT calculations were performed on a series of the
monomer structures listed in Figure 25 as part of efforts to
systematically rationaize the reactivity of the different
methacrylamides.®® To characterize the assumed geometry,
the torsional angle 6 is defined as the C=C—C=0 torsional
angle, and the torsional angle w is defined as the
O=C—N—Xc torsional angle, where X is the middle point
between the two C atoms bonded to the N atom (Figure 25).
According to this definition, if the C=C bond and the N
atom are conjugated to the C=0 bond, then the 6 and w
dihedral angles should be close to 0° and 90°, respectively.

According to the DFT calculations, DMAA, MMAz,
AMAz, MTMAZ, and MMPy assume a substantially planar
geometry based on their small 6 values (3.4—12.9°), whereas
DMMA and MCBz assume a considerably nonplanar ge-
ometry, asindicated by their 6 values of 131.0° and 137.7°,
respectively.*° Moving to the w angle, it was found that
with the exception of MCBz, which presents an w angle close
to 0° for complete absence of conjugation between the N
atom and the C=0 bond, all the monomers present w angles
deviating considerably from 90°, indicating somewhat limited
conjugation of the N lone pair to the C=0 bond. Moreover,
in AMAz, MMAz, and MTMAZ, the geometric constraint
of the three-membered azridine ring forces an almost sp®
hybridization at the N atom, which results in remarkably
reduced ring strain but imposes a pyramidal geometry at the
N atom. Consequently, the lone pair of the N atom isin a
sp® atomic orbital that geometrically cannot overlap properly
with sz orbitals of the C=0 bond in AMAz, MMAz, and
MTMAZz. However, in terms of monomer geometry, the
presence of the aziridine ring pulls the N substituents away
from the methacryclic methyl group, allowing for the
monomers to assume a planar geometry around the 6 angle.
Hence, the nonpolymerizability of nonplanar DMMA and
MCBz via the conjugate-addition mechanism, observed
experimentally, is due to poor overlap between the 7 orbitals
of the vinyl C=C and carbonyl C=0 bonds. The rest of the
monomers exhibit planar, conjugated conformations and are
therefore polymerizable. The only exception hereis MM Py,
which was found not polymerized by catalyst 86 but can be
explained by destabilization of the amide—enolate intermedi-
ate involved in the chain propagation by having the C=C
bond moved into the six-membered ring, which introduces
higher ring stain.3®

A control run with the acrylamide AMAZ (Figure 25) using
86 in CH,Cl, at RT (which was designed to examine whether
the reactive aziridine ring incorporated in the predictably
polymerizable MM Az would remain intact under the current
metallocene polymerization conditions or not) revealed that
this polymerization is extremely rapid, achieving quantitative
monomer conversion in <1 min with a TOF > 6000 h™%; it
also proceeds exclusively via C—C bond formation while
leaving the aziridine ring intact.>® The polymer obtained has
aM,, of 13.1 kg/mol by LS (light scattering) detector with
a narrow MWD of 1.02, giving an I* of 87%. Hence, the
polymerization of AMAz is fast, efficient, and controlled,
and it involves no ring-opening of the aziridine ring under
the current conditions. Likewise, the polymerization of the
methacrylamide MMAz by 86 is effective and controlled
(Figure 25), although it is considerably slower than the
AMAZ polymerization. The polymer produced is highly
isotactic (>99% mm by 3C NMR) and well-defined, with
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Scheme 27. Kinetic Resolution Polymerization of Racemic MM Az by Enantiomeric (S,S)-86

[MeB(CsF5)3] 7)5
S

L (33)1
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the aziridine ring remaining intact. MTMAZz is also readily
polymerized by 86 at RT, producing the corresponding
polymer with a narrow MWD of 1.02. Kinetic studies of
the MMAZz polymerization by 86 revealed that this polym-
erization follows first-order kinetics in both concentrations
of monomer and catalyst, thus consistent with amonometallic
propagation mechanism involving the fast step of intramo-
lecular conjugate addition within the catalyst—monomer
coordination complex leading to the eight-membered-ring
resting intermediate (cf. Scheme 26). The polymerization of
MMAZz using Cgligated titanium akyl complex (CGC)-
TiMe"™MeB(CgFs)s~ (106) is much slower and less con-
trolled.3®

As aracemic monomer, MMAZ has been tested for kinetic
resolution polymerization using enantiomeric catalyst (S,5)-
86.%%0 Scheme 27 outlines the strategy using this chiral
catalyst to preferentialy polymerize one enantiomer from
the racemic MM Az feed under <50% conversion, potentially
leading to the enantiomeric monomer with hopefully ap-
preciable % ee and the optically active polymer which
predominately incorporates the other enantiomer from the
racemic monomer feed. Experimentally, (S,9)-86 showed its
limited ability to kinetically resolve MMAZz to some extent
with a low stereoselectivity factor, or s value,* of 1.8,3%
presumably due to arather small methyl group at the remote
y position (with respect to the C=C bond) of the monomer.

DFT calculations explained why the kinetic resolution of
MMAZz is ineffective athough the enantioselectivity of the
polymerization was high (AE* seeo Of ~3.2 kcal/mol) for the
production of highly isotactic polymer.3® Among four
possible transition states corresponding to different combina-
tions of the stereoconfiguration on the growing chain and
on the monomer, their relative energiesindicate that whatever
isthe configuration of the stereogenic C atom of the aziridine

E= 0.0 kcal/mol E= 0.2 kcal/mol

Emerging

Emerging
Gruw’lng C-C bond

C-C bond
Growing

E= 0.7 keal/mol E= 1.1 keal/mol

Figure 26. Calculated transition states for the kinetic resolution
of MMAz by (S9)-86. Reprinted with permission from ref 360.
Copyright 2009 American Chemical Society.

ring in the growing chain, there is no substantial selectivity
in the selection between the two enantiomers of MMAz. In
fact, in the case of an Schain, addition of SMMAz is
favored by only 0.2 kcal/mol with respect to addition of
R-MMAz, while, in the case of an R-chain, addition of
SMMAz is favored by only 0.4 kcal/mol with respect to
addition of RRMMAZz. Although the most stable transition
state corresponds to addition of SMMAZz to an S-chain, it
is clear that the small energy differences obtained by DFT
calculations are in qualitative agreement with the low kinetic
resol ution obtained experimentally. The structures of the four
transition states, depicted in Figure 26, clearly show that in
all cases the methyl group on the aziridine ring can be placed
quite far away from the EBI ligand as well as from other
atoms of the chain and of the monomer, explaining the low
efficiency of the kinetic resolution of MMAz. A potential
strategy to substantially enhance the stereosel ectivity factor
of this kinetic resolution polymerization is to introduce a
trans akyl or aryl group on the aziridine ring.

4.3. Asymmetric Polymerization

Enantiomerically pure or enriched stereoregular vinyl
polymers®? derived from 1-substituted or nonsymmetric 1,2-
disubstituted vinyl monomers (i.e., technologically most
important polymers) with configurational main chain chirality
and no chiral side groups cannot be optically active because
the entire polymer chain—by the infinite chain model—contains
amirror plane (for isotactic polymers) or aglide mirror plane
and tranglational mirror planes perpendicular to the chain
axis (for syndiotactic polymers),33-37° and thus, they are
cryptochiral .3t Without depending on transitional symmetry
operations, assignment of polymer chirality can also be
achieved with chemical applications of the S,., and C,, point
groups to infinite cyclic polymers.3”2 On the other hand, low
MW isotactic oligomers of propylene33 1-butene,®* and
other o-olefins® produced by opticaly active ansa-zir-
conocene catalysts showed measurable optical activity, but
high MW isotactic polypropylene (it-PP) produced by the
enantiomeric chiral catalyst did not show detectable optical
activity in solution or in the melt.®”® As a polymer chain
becomes long enough, its chain-end groupsimpose negligible
effects on the chiroptical properties of the polymer. Thus,
an enantiomerically pure or enriched polymer of low enough
MW and containing nonequivalent chain-end groups can be
optically active, as shown by the above oligomeric a-olefin
examples.

An important strategy that does not rely on chain-end
groups or chiral auxiliaries to eliminate reflection elements
of symmetry of stereoregular functionalized vinyl polymers
is asymmetric anionic polymerization of the vinyl monomers
containingbulky sidegroups(e.g., triarylmethyl methacrylates™" 37
and N,N-diaryl acrylamides®°~%) with chiral organolithium
initiators, typically carried out at low temperatures (—78 °C
or lower), affording optically active polymers with rigid one-
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Scheme 28. Outlined Synthesis of Enantiomeric Catalysts (S,S)-86 and (R,R)-86

)\/\ 1) (Tf0),0, 2,6-lutidine /\/L 1) PhBCI, Ph /\/L G I ;\/L
e ~ -
HO OH  2) [(Me,N),CNH,][N3] N3 N3 2) NaOH (aq) N N HO OH
§S RR

[?SD Z(f)@ Z?@ Ph :
Ph = Cl N— '

Me;Mg 4HCl  “Ne—Zr- =N, [EBI]Liz THF\Z?/N :
Ph THE Ty :
) Y

.,-ZC""-C|

g >
S, 8- (EBI)ZIMEZ S,S-(EBI)ZrCl, S SRR
M93SIOTf

5 Li(IPIB)
..‘ —_—

s

S,S-(EBI)ZrMe(OTH)

g
S,S-pre-86, [m]ﬂD = 4+290°

handed, solution-stable helical conformations rendered by
steric repulsion of the bulky side groups of the highly
isotactic polymers accessible through the helix-sense-selec-
tive polymerization.382-38 This strategy of using such bulky
vinyl monomers has also been extended to asymmetric
radical polymerization, leading to optically active isotactic
helical polymers.3°-3%2 Many stereoregular vinyl polymers
can have a secondary structure of helical conformations in
the solid state (e.g., it-PP); however, they adopt on-average
random-coil conformationsin solution due to the fast solution
dynamics of the polymer chain with low helix inversion
barriers. Thus, it-PP produced by an opticaly active zir-
conocene catalyst exhibits alarge optical rotation in suspen-
sion, but the optical activity is lost when the polymer is
completely dissolved or heated.3”® Likewise, the large optical
activity of helical poly(trityl methacrylate) almost vanishes
with only avery small residual rotation when the bulky trityl
groups are replaced with methyl groups to give random-cail
cryptochiral PMMA 3”7 Although the optical activity islost,
the enantiomeric nature of the polymer is maintained; thus,
treatment of enantiomeric it-PMMA with achiral st-PMMA
forms a double-stranded helical stereocomplex,?” a chiral
superstructure.®®

It is desired that asymmetric coordination polymerization
of such polar vinyl monomers be developed so that the
reaction proceeds in a manner such that each enchaining
monomer must coordinate to the chiral catalyst center before
enchainment and thus the enchaining event is regulated by
the same asymmetric catalyst center and insensitive to the
degree of polymerization, thereby producing chiral polymers
of uniform asymmetric induction. It is a so advantageous that
such polymerization be living/controlled and achievable at
ambient or higher temperature (because the site-control nature
of the polymerization is much less sensitive to polymerization
temperature, as compared to the chain-end control one), in
terms of degree of control over polymerization and stereo-
chemistry. The coordination polymerization catalyst 86 is a
candidate for achieving this goal because it catalyzes the
rapid polymerization of bulky N,N-diaryl acrylamides such
as N,N-diphenyl acrylamide (DPAA) under ambient condi-
tionsin aliving, highly isospecific fashion, leading to rigid-
rod-like, solution-stable helical poly(N,N-diaryl acryla-
mide)s.3* The PDPAA produced exhibits a high T

e
% (CeFe)sBTHF  [MeB(CeFs)al o ?%
[ — i Z

1) 2 "BuLi
2) ZrCly(THF),
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(maximum-rate-decomposition temperature) of 484 °C in a
narrow, one-step decomposition window. The most stable
conformation of therigid helical structure of highly isotactic
PDPAA was calculated as a 5; helix. To render asymmetric
coordination polymerization of N,N-diaryl acrylamides, Chen
and co-workers synthesized enantiomeric ansa-zirconoce-
nium ester enolate chiral catalysts by two mirror-image
syntheses (Scheme 28)%%* starting from enantiomeric 2,4-
pentanediol to two key precursors (RR)- and (SS)-(EBI-
)ZrCIz prepared using Jordan’'s chelate-controlled synthe-
sis3%

Indeed, enantiomeric (S9-86 and (R,R)-86 produce opti-
caly active, rigid one-handed helical poly(N,N-diaryl acry-
lamide)s and their block copolymers with random-coil MMA
blocks (Figure 27).3%* The optical activity of the resulting
polymers hinges on the nature of the catalyst; while rac-86
affords the optically inactive polymers, (S9-86 and (R R)-
86 lead to polymers of opposite optical rotations (specific
rotation values up to 185° at ¢ = 0.20 g/dL). These results
were further confirmed by their CD spectra, which show,
respectively, no positively signed and negatively signed
Cotton effects for the polymers produced by rac-86, (S9-
86, and (RR)-86; the latter two spectra are near mirror
images of each other (Figure 27).3* This polymerization
system is built upon four advanced features of polymeriza-
tion, including living, stereospecific, coordination, and
asymmetric core eements, thus efficiently converting prochiral
N,N-diaryl acrylamides at ambient temperature to optically
active, stereoregular polymers with solution-stable, single-
handed helical secondary structures.

Miyake and Chen investigated the polymer chain-length
effects on the chiroptical activity of the chiral polymers,
which revedled two opposite trends depending on the
polymer secondary structure (i.e., rigid-rod helical vsrandom
coil conformation, Figure 28).3% For rigid-rod-like helical
polymers, increasing the MW increases the optical activity
of the polymers due to formation of secondary structure of
solution-stable helical conformations, whereas for random-
coil polymers an increase in MW will gradually diminish
the influence of chain-end groups on the overall chiroptical
properties of the polymer, resulting in a decrease in optical
activity to ultimately null when cryptochirality is manifested.
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Figure 27. Asymmetric polymerization by enantiomeric catalysts 86 for the synthesis of chiroptical isotactic polar vinyl polymers. Shown
on the bottom are the CD spectra of homo- and block copolymers by (S9)-86 (red), rac-86 (green), and (RR)-86 (blue). Reprinted with

permission from ref 354. Copyright 2007 American Chemical Society.
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Examination of the polymerization scope shows that the
formation of opticaly active poly(acrylamide)s due to
solution-stable helical conformations with an excess of one-
handed helicity is dictated by the sterics and rigidity of the
monomer repeat units; while diaryl acrylamides can readily
achieve such conformations, asymmetricaly substituted
diaryl acrylamides give the chiral polymerswith much higher
optical activity than the symmetrically substituted ones.
Introduction of the long-chain alkyl group to one the phenyl
rings (i.e., N-(4-hexylphenyl)-N-phenyl acrylamide) not only
accomplishes the unsymmetrical substitution but also solves
the solubility issue associated with rigid helical homopoly-
mers, enabling direct MW analysis of such polymersby LS/
GPC. It is also possible for N,N-dialkyl acrylamides to lead
to optically active, chira helical polymers. One such example
was identified, with the aid of MM2 modeling, as acryloyl
piperidine (APP), aN,N-cyclic (CH,), acrylamide (n = 5).3%®

Extensive asymmetric block copolymerization studies of
acrylamides with MMA and other methacrylates have also
been carried out to produce optically active, flexible random
coil—rigid helical stereoblock copolymers.>® It was found
that all the high MW acrylamide-b-methacrylate stereoblock
copolymers produced by the enantiomeric catalysts 86 are
optically active, even when the MW of both blocks far
exceeds their cryptochiral MW and regardless of whether
the acrylamide comonomer employed can render a solution-
stable helical conformation or not. On the other hand, all
the methacrylate-b-methacrylate well-defined stereodiblock
or triblock copolymers produced by the enantiomeric cata-
lysts 86 are optically inactive, which is attributable to the
similar structures of the methacrylate repeat units placing
the first nonequivalent atom between the different methacry-
late units too far away from the asymmetric carbon center.
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5. Acrylonitrile and Vinyl Ketone Polymerization

5.1. Acrylonitrile

In sharp contrast to trivalent lanthanocenes such as
Cp*,SmMe(THF) and [Cp*,SmH],, which are completely
inert toward the polymerization of CH,=CHCN, divalent
nonlanthanocenes [(MesSi);Cl.Ln (Ln = Sm, Yb) exhibit
modest activity for AN polymerization.' Between these two
lanthanide complexes, the Sm complex is much more active
and reaches 27.5 h™! TOF at —78 °C; elevating T, from —78
to 25 °C reduces the polymerization activity, accompanied
by a dlight drop in M,, (from 2.9 x 10* to 2.6 x 10% and
broadened MWD (from 1.38 to 1.68). Lanthanocene alkyl
[(BUCsH4).NdM€],,3 divalent |lanthanide bis(aryloxy) com-
plexes (BHT),Ln(THF), (Ln = Sm, Yb, Eu), and divalent
samarium complex (‘BuCp),Sm(THF), were also utilized to
polymerize AN, yielding atactic PAN.3" Yttrium tris(ary-
loxy) complex Y (BHT); was also found to exhibit modest
activity (TOF = 66 h™%) toward AN polymerization in an
n-hexane/THF mixture at 50 °C, producing again colorless
atactic polymer (46.6% mr).>® However, when polymeri-
zation was carried out in DMF, the resulting yellow polymer
was syndio-rich (52% rr), but no MWD data were given.
Hadf-lanthanocene Cp* La] CH(SIM&s),](THF) (34) polymer-
izes AN to atactic PAN (40% mr) from —20 to 40 °C with
modest activity (up to 31 h™* TOF at 40 °C).*?” The highest
viscosity MW (M,) was 6.03 x 10% and MWD was not
reported. Yttrocenes [(MesSiCsH,),YMe], and Cp*,Y Me-
(THF) aso give atactic PAN with considerably lower activity
(up to only 6 h™* TOF at 40 °C).*?" Atactic PAN with a
broad MWD (5.4—27) was also prepared by CGC-type
yttrium alkyl (124) and hydrido (125) complexes (up to only
5h™ TOF at 25 °C).3*

Lanthanoid(l11) thiolate complexes, such as Ln(SPh)s-
[(Me&:N)sP]3 (Ln = Sm, Eu, Yb) and Ln(SAr)s(py)s (Ln =
Sm, Yb; Ar = 2,4,6-'Pr,CsH,), were employed for polym-
erization of AN at —78 °C in THF, producing atactic polymer
(41—45% mr, 2.6—3.4 PDI).3* The most active complex in
this series is Yb(SAr)s(py)s, with a TOF of 81 h™?, but
SM(SPh)[(MexN)3P| s produces the polymer with the highest
M, (2.58 x 10°) with the same [AN]/[Ln] ratio of 100, thus
giving rise to extremely low I*. Trivalent lanthanide bis(a-
mido) complexes supported by a S-diketiminate [N, ] ligand,
[(2,6-Me,CeH3)NC(Me)CHC(Me)N(2,6-
Me,CsHa)]LN(NPh,)(THF) (Ln = Yb, Nd), are highly active
for AN polymerization at 0 or 25 °C, with the highest TOF
reaching 510 h™! at 25 °C in DME.*® The polymerization
activity in polar solvents such as DME and THF is noticeably
higher than that carried out in toluene, but the polymer
tacticity remained essentially the same (i.e., atactic PAN with
41—46% mr); no MWD data were reported.

Besides the above lanthanide complexes, a large number
of other metal complexes have been reported to be active
for the polymerization of AN vianonradical or conventional
anionic processes, including group 4 metal tetrakisamides
M(NMey), [M = Ti, Zr, Hf; in hydrocarbon solvent at —78
or 20.5 °C with activity following an order of Hf ~ Zr >Ti;
M(NMe,)s > CpoM(NMey),],** tetraaziridotitanium (which
was derived from the reaction of Ti(NMe,), with aziridine;
the polymerization was much more rapid than that by
Ti(NMey)4),%%? bis(amido)chromium(lV) dibenzyl complexes
(‘BuN),Cr(CH,Ph), and (NCMe&,CH,CH,CMe;N),Cr(CH»-
Ph), (which was carried out in toluene at 20 °C in the dark
to exclude radical formation; M, up to 4.64 x 10° PDI =

Chen

2.8; atactic PAN with 45—52% mr, also for copolymerization
of AN and MMA),*® Co(acac),/AlEts (50 °C, benzene, for
copolymerization of AN with styrene),** [Co(dpa)(CHs),] !
(dpa = di-2-pyridylamine, room temperature, in neat AN;
Co(dpa),R was suggested to be the actual catalytic species
to proceed with a coordination insertion mechanism),*%
CH3C(CH2Pth)3C0(BH4) (20 °C,DMF, TOF =21 hil, My
= 5.2 x 10° I* = 5.2%, 48% mr),** CpCo(PPhs)l,—AlEt;
(DMF, room temperature, TOF = 16 ™, M,, = 5.6 x 103,
PDI = 2.2, 200 equiv of AlEt; as activator, also active for
MMA polymerization, and no activity with the Co complex
alone),”” CpCu(*BuNC) (0 °C, DMF, requiring a small
amount of 'BUNC, PPh;, or P(OMe); for activation),*®® and
especially the systems developed by Yamamoto and
co-workers*®410 based on the neutral metal alkyl complexes
CysPCuMe(135), " (bipy)FeEt (136, bipy=2,2-bipyridine), ** -+
and (bipy),CoEt.**6 However, coordination insertion mech-
anisms claimed in many cases have been later questioned
through recent, more detailed mechanistic studies. For
example, Jordan and co-workers examined AN polymeriza
tions by 135 and 136 and found that the major initiator in
the anionic AN polymerization by 135 is actually PCys
liberated from the Cu complex; they also proposed atransient
iron hydride complex [Fe]—H formed by 5-H elimination
of 136 is responsible for initiating the anionic AN polym-
erization.**” Baird and co-workers also presented evidence
for radical polymerization of AN by complex 136.48

Jordan and co-workers have also investigated in detail the
insertion reactions of AN with palladium(ll) methyl cations
supported by a series of chelating [N,N] ligands,
“L,PdMe™ .41 The results of that study show that the
N-bound adduct L,PdMe(AN)* undergoes 2.1-AN insertion
to yield L,Pd{ CH(CN)CH,Me} *; however, most important
obstacles to insertion polymerization or copolymerization of
AN using L,PdR™ catalysts are the tendency of L,Pd{ CH-
(CN)CH,R} * species to aggregate, which competes with
monomer coordination, and the low insertion reactivity of
L,Pd{ CH(CN)CHR} (substrate)" species. Similar schemes
were observed for L,PdMe" supported by chelating [P,P]
diphosphine ligands, thus precluding AN polymerization or
copolymerization by these systems.*? In a parallel study,
Piers and co-workers have examined the reactions of AN
with neutral and anionic Pd(l1) methyl complexes of general
formula LPdMe(NCCHys), where L is a bulky phenoxydia-
zene [O~,N] or phenoxyaldimine [O~,N] ligand.*** Their
results show that such complexes react with an excess of
AN to give the products of 2.1-insertion into the Pd—Me
bond, yielding dimers and/or trimers which feature bridging
0-Cyano groups.

5.2. Vinyl Ketones

Anionic polymerization of vinyl ketones*? such as methy!
vinyl ketone (MVK) by organometallic reagents (e.g.,
CazZnEt, and PhMgBr) at 0 to —70 °C over one to severa
days afforded crystalline stereoregular polymers that have
T about 160 °C and can easily form spherulites.*?® The
crystalline polymer was characterized to be isotactic with m
dyads up to 90% (by Et,Zn at —38 °C for 58 days) analyzed
by *H NMR*?* or with 72% m (by Et,Zn at 0 °C for 3 days)
analyzed by C NMR.*?® Extremely rapid (reaction in
seconds) polymerization of MVK was achieved using orga-
nocuprates at —78 °C, but the polymerization was uncon-
trolled, producing a low MW polymer.#26
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Scheme 29. Mechanistic Crossover in E and MMA Block Copolymerization by Lanthanocenes
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Erker and co-workers reported that discrete group 4
metallocene bis(enolate)s Cp,M[OC(Me)=CH,], (M = Ti,
Zr, Hf), in combination with one to many equivalents of
strong Lewis acid B(CqFs)3, is highly active for polymeri-
zation of MVK, producing atactic polymer with PDI ranging
from 1.3 to 1.6.” The polymerization activity increases with
an increase in the borane-to-metallocene ratio, reaching a
high TOF of 8160 h ! at RT in CH,Cl, when M = Ti and
the ratio = 4. This polymerization system is uncontrolled
due to the presence of chain transfer and termination side
reactions. The authors proposed an activated-monomer
mechanism, similar to the bimetallic mechanism proposed
by Collinsfor the MMA polymerization using the Cp,ZrMe-
[OC(O'Bu)=CMe,]/[Cp,ZrMe(THF)] "[BPh,]~ pair:1! the
metallocene bis(enolate) serves as initiator and the borane
as catalyst (instead of the zirconocenium cation) in thisMVK
polymerization. A particularly interesting feature about this
system is that even though B(CsFs)s cleanly undergoes
electrophilic addition to the nucleophilic enolate a-carbon
to form the corresponding mono- or bis-adducts, this adduct
formation does not lead to an annihilation of the nucleophilic
and electrophilic properties of these two components by
means of equilibration processes, at least in the case of MVK
polymerization.*?”

6. Copolymerization

6.1. Polar—Nonpolar Block Copolymers

Owing to the living nature of both ethylene (E) and
(meth)acrylate homopolymerizations catalyzed by lantha-
nocenes such as Cp*,SmMe(THF) and [Cp*,SmH],, con-
trolled block copolymerizations of E and (meth)acrylates
were achieved using such lanthanocenes via a two-step
polymerization procedure starting with E polymerization
under mild conditions (20 °C, 1 atm pressure, toluene)
followed by addition of a polar monomer such as MMA
(Scheme 29).%8 The E to MMA molar ratio in the resulting
block copolymer can be controlled on demand in the range
of 100:1 to 100:103 when M, of the initial PE was fixed to
ca. 10,300, but when a higher initial M, of the PE block
exceeds 12,000, the relative ratio of the PMMA block
decreases significantly due to precipitation of PE fine
particles, which was assumed to encapsulate the active sites,
thereby inhibiting the diffusion of MMA into these sites.
Repeated fractionation of the copolymer product with hot
THF did not ater these block ratios, arguing none to
negligible amount of homopolymer PMMA formation (no
homopolymer PE peak was observed either in the unimodal
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GPC trace (PDI = 1.37—1.90) of the products). This two-
step block copolymerization procedure was also successfully
applied to the block copolymerization of E with acrylates
such as MA and EA. However, it should be pointed out that
this block copolymerization is only one-directional with a
mechanistic crossover from coordination insertion polym-
erization of E to coordination—addition polymerization of
polar monomers, but it cannot be carried out in a revered
procedurebecausetheol efin cannotinsertintothe Sm—O(enol ate)
bond if a polar monomer is polymerized before E.
Half-metallocene-type lanthanum complex Cp*La CH-
(SiMe3),]o(THF) (34)*” and nondiscrete neodymium alkoxide
complexes*?® were also employed for block copolymerization
of E and MMA. A binuclear samarocene hydride [Me,Si(3-
MesSi-CsH3),SmH(THF)], (137) obtained from hydrogena-
tion of the ansa-samarocene hydrocarbyl precursor Me;Si(3-
MezSi-CsH3),SmMCH(SIMe3)(THF) (which was ineffective
for E or P polymerization) was utilized for the synthesis of
PE-b-PMMA (M, = 6—7 x 10% PDI = 1.67—1.69).*° The
same two-step polymerization procedure was used to prepare
block copolymers of higher a-olefins, CH,=CHR (R = "Pr,
"Bu), with MMA, using binuclear hydrido samarocene (138)
and yttrocene (139) complexes.®* The yttrium catalyst is
much more reactive than the samarium catalyst in the
o-olefin polymerization step; the mol % of the PMMA block
ranges from 48% to 64%, and the PDI of the block
copolymer is between 1.41 and 2.15. Silicon surface func-
tionalization has been achieved with PE-b-PMMA block
copolymer brushes using the surface-bound samarocene
catalyst in a two-step block copolymerization procedure.**

\ s v
Si MesSi, Si SiMe;
Messiﬂ\;F :% @\/ \Q
ShiHegs SiMes Rg Ln-““H”“Ln/ R

SiM A ~g R
“"“‘3&&‘H% N %H }&?
Si Me3Si SI SiMe;
137 138: Ln=8m, R=Bu
139: Ln =Y, R = SiMe,'Bu

The synthesis of ABA-type E and MMA triblock copoly-
mers was accomplished using divalent ansa-samarocene
complexes rac-140 or meso-141 (Scheme 30), via a two-
step polymerization procedure starting with polymerization
of E at RT.*® The resulting triblock copolymers were treated
with CHCI; to remove the PMMA homopolymer contaminate
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Scheme 31. Olefin-MMA Diblock Copolymers Produced by Group 4 Metallocene Catalysts
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and dissolved in 1,2,4-trichlorobenzenzene, followed by
reprecipitation in a large excess of toluene; this purification
procedure was repeated three times, and the purified triblock
copolymers were characterized by NMR, GPC, and TEM
for the block copolymer composition, MW and MWD, and
morphology, respectively. The PMMA-b-PE-b-PMMA tri-
block copolymers produced have PDI values between 1.4
and 4.2, and the mol % of the PMMA block ranging from
5% to 35%, and the values are controlled by polymerization
time. The ABA triblock copolymer shows higher break stress
and tensile modulus as compared with its corresponding
polymer blend.*

Block copolymerization of E and MMA was also achieved
using a Cj;-symmetric group 4 metallocene catalyst,
Mex(Cp)(Ind)ZrMe"MeB(CqFs)s ™, by sequential addition of
the monomers, starting E at 8 °C (Scheme 31).% The relative
content of PE and PMMA in the resulting PE-b-PMMA
block copolymer varied approximately with the length of
time interval allowed for E polymerization, and the evidence
obtained from characterizations using GPC (unimodality with
PDI ranging between 2.4 and 2.6), NMR (existence of both
PE and PMMA blocks), and solubility tests (solvent frac-
tionation) is consistent with formation of block copolymer,
rather than a polymer blend. However, this type of copo-
lymerization is also only one directional due to mechanistic
incompatibility (i.e., migratory insertion in olefin polymer-
ization vs conjugate addition in MMA polymerization); thus,
either a block copolymerization procedure by starting the
MMA polymerization first or a statistical copolymerization
procedure by polymerizing E and MMA simultaneously
results in the formation of only the PMMA homopolymer.
The block copolymer PE-b-PMMA (M,, = 3.17—4.94 x 10%,
PDI = 2.10—2.20) has also been obtained through cascade
polymerization procedures involving metallocene-catalyzed
coordination copolymerization of E and allyl alcohol masked
by trialkylaluminum to produce the hydroxyl-terminated PE,
PE-t—OH,*** which was subsequently treated with 2-bro-
moisobutyryl bromide to generate a macroinitiator, PE-t-Br,
for atom transfer radical polymerization (ATRP) of MMA 4%
Similarly, block copolymers of E with "BA and MMA were
produced by initial E polymerization with a nonmetallocene
catalyst incorporating the phenoxyimine ligand to afford
vinyl-terminated PE (PE-t-CH=CH,) of low MW (M,, = 1.80
x 103, PDI = 1.70), which was treated with a-bromoisobu-
tyric acid to give the corresponding macroinitiator for ATRP

Y hd
at-PpP st-PMMA

of the subsequent step; with this procedure, PE-b-PMMA
having M,, = 1.06 x 10* and PDI = 1.59 as well as PE-b-
P("BA) having M, = 2.97 x 10* and PDI = 1.35 have been
synthesized.**® More defined block copolymers (PDI = 1.16)
of E with "BA and 'BA were later obtained by coupling of
degenerative transfer coordination polymerization of E with
ATRP.*" A cationic o-diimine Pd(I1) catalyst has also been
used to produce branched PE, end-functionalized with
2-bromoisobutyrate, for subsequent ATRP of "BA .48

A diblock copolymer of propylene (P) and MMA was
synthesized by Doi and co-workers using a coordination
catalyst system consisting of V (acac)s/AlEt,Cl.** Propylene
was first polymerized at —78 °C in aliving fashion, followed
by addition of MMA; the polymerization temperature was
subsequently raised to 25 °C to promote the transformation
of the living PP chain end to a radical end for construction
of the PMMA block. A tandem approach of metallocene-
mediated polymerization of P to low MW, vinyl-terminated
PP (32% mm), followed by subsequent conversion to a
macroinitiator incorporating 2-bromoisobutyrate for ATRP
of MMA, afforded well-defined diblock copolymer PP-b-
PMMA with M, = 2.22 x 10* and PDI = 1.14 (after removal
of the PP homopolymer by solvent extraction).*° Highly
isotactic (95% mm) PP-b-PMMA block copolymer was
synthesized utilizing the similar tandem approach, first
polymerizing P by a C,-symmetric metallocene catalyst
system, rac-Me,Si[2-Me-4-Naph-I1nd],ZrCl,/MAOQ, to give
hydroxyl-terminated isotactic PP, it-PP-t-OH (M,, up to 6.08
x 10* and PDI = 2.30), followed by its conversion to a
macroinitiator bearing 2-bromoisobutyrate for ATRP of
MMA.*! In this context, the Cssymmetric metallocene
catalyst system, Me;C(Cp)(Flu)ZrCI,/MAO, was employed
to generate aluminum alkoxy-terminated syndiotactic PP, st-
PP-t-OAIEt, (athree-step procedure involving chain transfer
of st-PP to triethylaluminum forming st-PP-t-AlEt,, oxida
tion/hydrolysis to st-PP-t-OH, and recapping with triethyla-
[uminum), which serves as a macroinitiator for ring-opening
polymerization of cyclic estersincluding e-caprolactone and
D,L-lactide, yielding the final block copolymers of it-PP and
polyesters.*42

Stereoblock copolymerization of P and MMA using group
4 metall ocene catalysts produces PP-b-PMMA stereodiblock
copolymers (Scheme 31).%" Specificaly, rac-(EBI)-
ZrMetMeB(CqFs);~ yields it-PP-b-it-PMMA stereodiblock
copolymer, whereas (CGC)TiMe"MeB(CsFs)s~ affords at-
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Scheme 32. Syntheses of Block and Tapered Block
Copolymers of E and Functionalized Norbornene by Ni(Il)
Catalysts
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PP-b-st-PMMA stereodiblock copolymer. In the copolym-
erization catalyzed by the C,-symmetric catalyst, a small
amount of the PMMA homopolymer formed can be easily
removed from the copolymer by extracting the bulk polymer
product with boiling methylene chloride; however, separation
of theit-PP homopolymer, formed possibly in various weight
fractions, from the copolymer product proves very difficult
dueto very similar solubility between the diblock copolymer
and it-PP in various high-boiling chlorinated solvents. On
the other hand, in the copolymerization catalyzed by the Cq-
symmetric catalyst, both PMMA and at-PP formed in small
weight fractions during the copolymerization can be suc-
cessfully removed from the predominant copolymer product
by solvent extraction using boiling n-heptane. After suc-
cessful removal of both homopolymers, for example, the at-
PP-b-st-PMMA diblock copolymer has M, = 21,100, MWD
= 1.08, MMA incorporation = 33.8 mol %, and syndiotac-
ticity (for the PMMA block) = 80% rr. Furthermore, the
comonomer composition in the copolymer can be controlled
by the P polymerization time and the MMA conversion. A
pronounced activator effect was observed when the same
Cssymmetric catalyst precursor, (CGC)TiMe,, was activated
with [PhsC][B(CsFs)4], asin this case, homopolymers were
formed as major products.’

Bazan and co-workers synthesized several interesting types
of block copolymers of E with a functionalized norbornene
monomer, 5-norbornen-2-yl acetate (NBEA), using a Ni(Il)
imino-propanamide complex [N,O]Ni(PMe;)CH,Ph (142,
Scheme 32), in combination with 2.5 equiv of Ni(COD),.
First, the E pressure (Pg)-jump technique led to the synthesis
of block-type copolymers containing segments with different
molar ratios of E and NBEA (i.e., an amorphous copolymer
with ~25 mol % of NBEA a P = 50 ps and a
semicrystalline copolymer with 1—2 mol % of NBEA at Pe
= 1100 psi); the two blocks are sufficiently different in
molecular composition to induce microphase separation (a,
Scheme 32).® Second, a one-pot semibatch copolymeriza-
tion in which E is continuously added while NBEA is
allowed to gradually deplete by its incorporation into the
polymer chain afforded tapered block copolymers (b, Scheme
32); these tapered polymers form ordered microphase-
separated morphologies where the phase morphology is
modulated by the polymer chain length.** Third, pseudot-
etrablock copolymers of E and NBEA were constructed by
atwo-step copolymerization sequence; the copolymerization
for t; under a constant Pe gave the tapered block copolymer
(from the amorphous, NBEA-rich domain to the semicrys-
taline, E-rich domain), and addition of a second feed of
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NBEA at t; repeated the above process for t,, giving rise to
the formation of a tapered E/NBEA copolymer containing
amorphous—semicrystalline—amorphous—semicrystaline re-
gions: a pseudotetrablock copolymer (c, Scheme 32).4° Most
recently, the same group utilized this catalyst system for
copolymerization of ethylene and 5-norbornen-2-yl1-2'-bromo-
2'-methyl propanoate to first generate PE macroinitiators
carrying the 2-bromoisobutyral group attached to the nor-
bornene units, followed by grafting MMA units through
ATRP, affording the semicrystalline graft copolymer PE-g-
PMMA 446

6.2. Polar—Nonpolar Random Copolymers

Reports on direct copolymerizations of olefins and (meth)-
acrylates by divalent metal complexes of groups 8—11 in
combination with a large excess of MAO were aready
included in section 2.4.4 while describing homopolymeri-
zation of methacrylates by such catalyst systems. As com-
mented there, it is likely that in most of those cases the
homopolymer or copolymer products were produced by
radical mechanisms or with “protected monomer” modes,
but those systems have not been examined in detail from a
mechanistic point of view. The role of the excess MAO
present in such systems can be multifunctional, including
(a) alkylation and subsequent activation of the catalyst
precursor to cationic active species (the assumed main
function), (b) electronic protection of functional groups of
the polar monomer via complexation (the often overlooked
function), (c) as scavenger for protic and oxygen impurities
present in the system, (d) as catalyst for polymerization of
the polar monomer (either in its original form or modified
structures due to its reaction with the impurities), and (e)
possible promotion of redox reactions at the metal center.
In light of the above listed potential complications, rigorously
classifying such processes, when a large excess of MAO or
aluminum akyls is employed as activators or scavengers,
coordination—insertion polymerization or direct copolym-
erization using “unprotected” (or noncomplexed) polar vinyl
comonomers requires presentation of several levels of
collaborative evidence (see section 2.4.4). In this context,
readers can find early examples of clearly demonstrated
coordination—insertion olefin and polar vinyl monomer
copolymerizations reviewed in 2000 by Boffa and Novak®®
and by Ittel, Johnson, and Brookhart;** consequently, this
section focuses on coordination—insertion copolymerization
examples since those two reviews.

Regarding the polar group protecting strategy employed
in random copolymerization, Marques and Chien utilized
alkylaluminum species to passivate polar monomers, thus
enabling their copolymerization with E using early*’ or
late®~4%0 metal-catalyzed polymerization processes. Similar
strategies have been applied to copolymerization of tet-
radecene-1 or octane-1 with silyl-protected 10-undecen-1-
ol by a Cesymmetric hafnocene catalyst®! as well as to
copolymerizations of E with trialkylaluminum-protected 10-
undecen-1-ol, 10-undecenoic acid, and 5-hexen-1-ol, by
bis(phenoxyimine)zirconium (and titanium) dichloride,*?
a-diimine nickel complexes,*® both activated with MAO,
and a-iminocarboxamide nickel complexes,** activated with
trimethylaluminum. Copolymerization of E with 2,7-octa-
dienyl methyl ether by the zirconocene/MAO or (a-di-
imine)nickel/MAO catalyst system also requires the use of
a stoichiometric amount of triisobutylaluminum (TIBA) to
protect the polar comonomer.*%
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Scheme 33. Random Copolymerization of MMA with
Styrene Catalyzed by Low-Valent, Half-Sandwich Titanium
Species
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As the scope of the polar vinyl monomers covered in this
review is limited to those vinyl monomers bearing hard-base
O, N functional groups (i.e., methacrylates, acrylates, acry-
lamides, methacrylamides, viny| ketones, and acrylonitrile),
olefin copolymerization with vinyl monomers functionalized
with metalloids (e.g., Si), which are weakly interacting
toward hard acid catalysts, is not reviewed in detail herein,
but key recent examples of copolymerizations of E with
silylate vinyl monomers are described as follows. Amin and
Marks showed that alkenylsilanes of varying chain lengths,
CH,=CH(CH,),SiH3 (n =1, 2, 4, 6), serve as simultaneous
CTRs and comonomers in the E polymerization by ansa-
half titanocenes such as (CGC)TiMe, activated with
[PhsC][B(CeFs)4], thereby producing PE with both in-chain
and chain-end akenylsilane units.**645 Nomura and co-
workers reported that unbridged-half titanocenes, such as
Cp'TiClx(O-2,6-Pr,CeHs) (Cp' = Cp*, 'BuCsH;) and
Cp'TiCl, (N = CBuy) (Cp' = Cp*, Cp), upon activation with
excess MAO, copolymerize E with alyltrialkylsilanes
CH,=CHCH,SIR; (R = Me, 'Pr), leading to high MW
copolymers (M,, = 10°—10°) with the silane incorporation
up to ~60 mol %.%8 An earlier work reported a much lower
level of alylsilane incorporation (up to ~24 mol %) in E
copolymerization using rac-(EBI)ZrCl,/MAO.*® The No-
mura group also demonstrated the ability of their unbridged-
half titanocene catalysts to copolymerize E with vinyltri-
alkylsilanes CH,=CHSIR; (R = Me, Et), leading to high
MW copolymers with the silane incorporation up to ~20
mol 9.4 Interestingly, the copolymerization with tert-
butylethylene CH,=CHCMe; gives PE with a negligible
amount of comonomer incorporation. Homopolymerization
of alylsilanes using C,-symmetric, Cs-symmetric, and enan-
tiomeric C,-symmetric ansa-zirconcoene catalysts has re-
sulted in the formation of isotactic,** syndiotactic,** and
optically active®® poly(allylsilanes), respectively. Another
class of silicon-containing vinyl monomers that can be readily
copolymerized with a-olefins by metalocene cataysts is
polyhedral oligomeric silsesquioxane (POSS)-based vinyl
monomer s, including the following: copolymerizations of E
and P with POSS-vinyl monomers by rac-(EBI)ZrCly/
MMAO afford PE*® and PP*** with up to 0.62 mol % (16
wt %) and 2.6 mol % (35 wt %) POSS incorporation,
respectively; an early work also investigated copolymeriza-
tion of E and P with POSS-vinyl monomers by Cp,ZrCl,/
MAO, rac-(SBI)ZrCl,/MAQ, and (CGC)TiCl,/MAQO;*® co-
polymerizations of E and P with a norbornylene-substituted
POSS by rac-(EBI)ZrCl,/MAQ produces PE and it-PP with
up to 3.4 mol % and 10.4 mol % POSS incorporation,
respectively;*® terpolymerizations of E, P, and POSS-
norbornenes by rac-(EBI)HfCI,/MAOQO give E-P-POSS (up
to 2.0 mol %) thermoplastic elastomers;*” copolymerization
of styrene with styryl-POSS by Cp*TiCls/MMAQO*® or
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Scheme 34. Copolymerization of E with
5-Hexene-1-ylacetate by Phenoxyimine Ti Catalysts
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CpTiCls/MAO*® |eads to st-PS with up to 4.5 mol % (45%
rr PS by Cp*TiClg) or 3.2 mol % (by CpTiCl3) POSS
incorporation; and copolymerization of E with acryloisobutyl-
POSS by an (a-diimine)PdMe™ catalyst produces hyper-
branched PE tethered with POSS nanoparticles.*™

In situ reduction of the Cp*TiMe; + [PhsC][B(CsFs)4]
reaction product by Zn generates a low-valent titanium
species that polymerizes MMA to syndio-rich PMMA
(66—72% rr) at 20 °C, but more importantly, it catalyzes
random copolymerization of styrene and MMA at 50 °C to
produce a copolymer with My, = 3.4 x 10% My/M, = 3.1,
and ~4% MMA incorporation.*”* The structure of the
copolymer was characterized as containing at-sequences of
PS with coisoselectively (ca. 80%, i.e., ~80% of all MMA
addition events are followed immediately by styrene inser-
tion) enchained MMA units. Control experiments excluded
noncoordination (ionic or radical) copolymerization mech-
anisms, and a mechanism involving sequential conjugate
addition steps (Scheme 33) was suggested for the formation
of thisrandom copolymer and its stereomicrostructures. The
feasibility of the second step, insertion of styreneinto aTi—O
(enolate) bond to form a Ti—C bond, was argued by
decreased bond energy differences between Ti—O and Ti—C
bonds, which were effected by lowering the Ti oxidation
state. 4™t

Fujita and co-workers*? recently reported an exciting
advancement in E + polar vinyl monomer copolymerization
catalyzed by cationic nonmetallocene group 4 complexes.
Titanium (not zirconium) complexes supported by bis(phe-
noxy-imine) ligands, [N,07],TiCl, (143, Scheme 34), upon
activation with dried MAO (Al/Ti = 250), copolymerize E
(1 atm) with 5-hexene-1-ylacetate at 25 °C, affording PE
with polar monomer incorporation up to 3.2 mol % (M, =
2.3 x 104, M,/M,, = 1.6). The authors observed that the steric
and electronic nature of the ligand substituents significantly
modulates the copolymerization activity and level of the polar
monomer incorporation. Thus, the ortho-phenyl substituted
phenoxy ring induces higher polar monomer incorporation
than the ortho-'Bu substituted one, and electron-donating
groups (‘Bu, OMe) introduced at the para- or meta-positions
of the N-pheny! ring are more active than the N-phenyl one
with the electron-accepting CF3 group. Significantly, unlike
the previoudly disclosed group 4 metal systems, no additional
aluminum alkyls were added to precomplex the polar
monomer, although whether the excess MAO present in the
system plays arole as a protecting group (vide supra) or not
is currently unclear.

Cationic Ni(Il) and Pd(ll) alkyl catalysts incorporating
bulky o-diimine[N,N] ligands, developed by Brookhart and
co-workers,*”® copolymerize E and o-olefins with acrylates
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Scheme 35. Three Different Types of E and Acrylate Random Copolymers Achieved by Cationic Pd(I1) and Ni(ll) Catalysts
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Scheme 36. Copolymerization of 1-Hexene with Silyl Vinyl Ether by (a-Diimine)PdMe*
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Scheme 37. Neutral Ni(ll) Catalysts Examined for Copolymerization of E with Polar Vinyl Monomers

148: R = Ph, L = PPh3 149
R =Me, L =MeCN

150: R = Me, L = PPh,
R=Ph,L=Py

to produce three different types of random copolymers
(Scheme 35). Type 1 copolymer afforded by Pd catalyst
144%"4 is a highly branched amorphous PE with acrylate units
located predominantly at branch ends, rather than randomly
incorporated in-chain, which is made possible by a unique
insertion/chain-walking mechanism (i.e., facile metal migra-
tion along the chain via S-hydride elimination/reinsertion
reactions).*”>476 type 2 copolymer produced by Ni catalyst
145*"7 is a linear (or branched, depending on the catalyst
and reaction conditions) PE with in-chain acrylate incorpora
tion (up to 1.33 mol %). Type 3 random copolymer, produced
by Ni allyl complexes 146 supported by phosphine-alkoxy
[P,O7] (or [P,N7]) ligands, exhibits both in-chain and chain-
end acrylate units (in ~1:1 ratio) incorporated into the
substantially linear (none to alow degree of akyl branching)
PE backbone, rather than being located at the end of side
chains (branch ends).*””

151: R=H, L = PMe;
R =Et, L =DMSO

L\ /R \
NI,
7

152: R = Me, L = PMe; (trans)
R = Naph, L = PPhj (cis)

The diimine backbone substituents R in catalyst 144 affect
the activity (Me > An ~ H, with the Me derivative reaching
aTOF of 8 h™* for MA) and also the copolymer MW (Me
> An > H) but not the percentage of acrylate incorporation.
On the other hand, reduction of the steric bulk of the 2,6-
substituents of the aryl moieties results in an increase of the
relative MA incorporation (e.g., 4.0 mol % with the 2,6-'Pr,
substitution vs 14.2 mol % with the 2,6-Me, substitution
under otherwise the same conditions), but at the expense of
the MW of the copolymer. The E-polar copolymers with
various branching topologies, controllable by Pg and comono-
mer concentration, have been realized by copolymerization
of E with w-ether or ester a-olefins using the chain-walking
catayst 144 (R = Me); for example, the copolymer becomes
more dendritic with decreasing Pz and comonomer concen-
tration.*”® The copolymerization of E and acrylates (e.g.,
hexyl acrylate) by the Ni allyl complexes 146 requires
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Figure 29. Coordination—insertion copolymerization of ethylene with polar vinyl monomers by neutral Pd(l1) catalyst supported by the

phosphine-sulfonate[P,O™] ligands.

addition of activators such as B(CsFs)3 (40 equiv); the LiCl-
coordinated complexes are more active than the ones without
LiCl, which was attributed to a more electrophilic metal
center rendered by LiCl coordination.?’” Based on this
hypothesis, LiB(CsFs)4 (20 equiv) was also added to enhance
the copolymerization productivity. The Ni-catalyzed copo-
lymerizations by 145 are typicaly carried out under high
temperatures (>80 °C) and pressures (>500 psi Pg), and
addition of Lewis acids such as B(CgFs); often improves the
productivity.*” On the other hand, the Pd-catalyzed copo-
lymerizations are typically carried out under ambient condi-
tions (1—2 atm Pg and 25—35 °C), while higher pressures
and temperatures result in reduced acrylate incorporation and
catalyst decomposition, respectively.4#47 |n significant
extension of Brookhart's catalyst system, Guan and co-
workers recently developed rigid cyclophane-based (o-
diimineM—R* catalysts for enhanced thermal stability and
activity for E polymerization by the Ni catalyst, thereby
allowing for the production of high MW, branched PE at
high temperatures (e.g., M, = 4.62 x 10°, PDI = 1.64, T,
= 90 °C)*® and for enhanced acrylate incorporation by the
Pd catalyst.*®

Luo and Jordan reported insertion copolymerization of silyl
vinyl ether (VE) CH,=CHOSIPh; with 1-hexene (and other
olefins ranging from E to 1-octadence) by (c-diiming)PdMe*
catalyst 147 to produce highly branched copolymers (90—100
branches/1000 C: 60% C;, 20% C, > C, > C, > C3) with the
polar comonomer units located mostly (91%) at branch ends
(Scheme 36).% The TOF for VE is low (<1 h™1), and the
copolymer example depicted in Scheme 36 has aM, of 1.84
x 10* and a PDI of 1.72, with 135 mol % of VE
incorporation. A typical insertion/chain-walking mechanism®!
was implicated for the formation of such a copolymer
structure, and several lines of evidence were presented to
argue against a possible cationic mechanism and to confirm
the formation of real copolymers. On the other hand,

copolymerization of olefins with vinyl ethers CH,=CHOR
(R = 'Bu, Ph) using this catalyst system failed due to either
fast cationic homopolymerization of the vinyl ether and
associated decomposition of the catalyst to Pd® (R = alkyl)
or fast 8-OAr elimination of (c.-diimine)PACH,CHR(OAr)*
(R = aryl). A subsequent study showed that this catalyst
system can undergo up to three sequential insertions of
CH,=CHOSIiPh;, ultimately forming Pd allyl products.*?
The formation of theinert cationic Pd allyl species was also
recognized as the dominant catalyst deactivation pathway
for the copolymerization of E with acrolein dimethyl acetal
by the (a-diimine)PdMet catalyst; however, this copolym-
erization successfully produces a branched PE with up to
2.0 mol % polar comonomer incorporation and the catalyst
deactivation occurs via alcohol elimination.*

Grubbs and co-workers reported neutral Ni(ll) aryl and
methyl complexes supported by bulky salicylaldimine ligands
(Scheme 37), [N,O'INi(L)R (148: R=Ph,L = PPhg; R=
Me, L = MeCN), as single-component catalysts (without
any cocatalyst) for copolymerization of E with 5-norbornen-
2-yl acetate or 5-norbornen-2-ol, affording relatively linear,
low-branched PE (9 branches/1000 carbon) with the func-
tionalized norbornene incorporation up to 22 wt %.%
Subsequently, Grubbs et al. demonstrated that this single-
component catalyst system can also copolymerize E with
o-olefins carrying the ester, alcohol, or dioxolane functional-
ity, albeit with reduced catalyst activity and lifetime as well
as with much lower degree of polar monomer incorpora-
tion.*® For example, copolymerization of E (120 psig) with
ethyl undecyleneoate at 40 °C afforded linear PE with 3.8
mol % comonomer incorporation. Bazan and co-workers also
achieved copolymerization of E with functionalized nor-
bornene monomers (incorporating 5-norbornen-2-yl acetate
up to 17 mol % and 5-norbornen-2-ol up to 19 mol %) using
aNi(ll) imino-propanamide complex [N,O7]Ni(PMe;)CH,Ph
(149) in combination with Ni(COD),.%¢ Interestingly, co-
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polymerization of E and MMA simultaneously by neutral
nickel(l1) catalysts (150) supported by bulky phosphine-
enolate[ P,O] ligands produces MM A -end functionalized PE,
CH3CH(CH,CH),—1CH=C(M€e)CO,Me (n = 40—60).%" A
thorough mechanistic investigation based on well-defined
model salicylaldimine Ni(ll) hydride and alkyl complexes
151 by Mecking and co-workers®® revealed that MA
effectively competes with E for coordination and insertion
into the Ni—H bond, but the resulting 2,1-MA insertion
product exhibits no ability for further E or MA insertion and,
in the presence of unreacted Ni(l1) hydride species, undergoes
rapid bimolecular elimination of methyl propanoate even at
—40 °C. Similarly, contacting the Ni(ll) ethyl complex to
the MA + E mixture results in immediate catalyst decom-
position to give ultimately methyl pentanoate. The hydride
complex reacts with vinyl acetate to give a kinetic 1,2-
insertion product which rearrangesinto a thermodynamically
favored 2,1-insertion product and decomposes via 3-acetate
elimination to afford ethylene and Ni(ll) acetate species.*®
Most recently, Marks et al. showed that bimetallic versions
of salicylaldimine-ligated (phenoxyiminato) Ni(Il) complexes
[N,O7INi(L)R (152: R = Mg, L = PMe;; R = Naph, L =
PPhz), in which the two metal centers are bound in close
spatial proximity with the rigid ligation supported by the 1,8-
naphthalenediolato backbone, exhibit a 4-fold increase in
polar comonomer incorporation (up to 10 mol %) in the
copolymerization of E with functionalized norbornenes, when
activated with Ni(COD), and compared to the monometallic
analogues.®®® Remarkably, the bimetallic catalysts produce
branched PE copolymers incorporating up to 11% (MA) or
9% (MMA) acrylic comonomer in copolymerization of E
with MA or MMA, while the corresponding mononuclear
catalysts exhibit negligible activity in the presence of such
Ccomonomers.

Neutral Pd(Il) catalysts 153 (Figure 29) supported by
chelating phosphine-sulfonate] P,O~] ligands and devel oped
by Drent, Pugh, and co-workers effect coordination—insertion
copolymerization of E with alkyl acrylatesto produce linear
PE, with isolated acrylate units being incorporated in-chain.*®
The catalyst was generated by in situ mixing of Pd(OAc),
or Pd(dba), (dba = dibenzylideneacetone) with the phos-
phine-sulfonate] P,O] ligand, 2-[bis(2-methoxyphenyl)phos-
phino]benzenesulfonic acid. The copolymerizations were
carried out at 60—80 °C in ethanol, toluene, or diglyme,
under 30 atm Pg, producing linear copolymers with M,, up
to 2.1 x 10* (for 'BA), acrylate incorporation up to 17 mol
% (for MA), and TOF up to 60 h™* (for MA). This high
level of acrylate incorporation and TOF values can be related
to the chelating phosphine-sulfonate[P,07] ligand in which
the sulfonate group is a rather poor electron donor to give
the Pd center high electrophilicity relative to other types of
neutral Pd(Il) catalysts and at the same time unusual
heteroatom-functionality tolerance. Owing to relatively slow
insertion of E after insertion of acrylate, the rate of the
copolymerization is lower than E homopolymerization and
also decreases with increasing acrylate incorporation. Inspec-
tion of end groups indicates that acrylate insertion proceeds
in a2,1-mode, and chain transfer via -hydride elimination
to start a new chain occurs preferentially after the acrylate
insertion.*®® The formation of the linear copolymer by this
neutral Pd catalyst suggests that chain-walking is slow
relative to chain growth. DFT calculations by Ziegler and
co-workers indeed show that the barrier to S-hydride
elimination is higher for the [P,O7]Pd(R) species than for

Chemical Reviews, 2009, Vol. 109, No. 11 5203

(a-diiming)Pd(R)*.#* On the other hand, a study by Mecking
et a. showed that the reaction medium controls E polym-
erization by analogous Ni(ll) catalysts [P,O"]Ni(L)Me (L
= Py, TMEDA) so that materials ranging from low MW
branched PE to high MW, strictly linear PE can be produced
by variations of solvents.*%?

This significant initial discovery by Drent, Pugh et al.*®
brought about subsequently intense studies of the
[P,OT]PA(R)(L) catalyst system by severa groups. Nozaki
and co-workers synthesized and structurally characterized
the anionic version of catalyst 153 for copolymerization of
E with MA, with or without additives such as NaB[3,5-
(CF3)2CeH3)4.3 The MA incorporation is similarly high (up
to 16 mol %). Goodall, Claverie, and co-workers reported
structural characterization of the preformed catalyst 153 (Ar
= 2-[2,6-(Me0),CeH3]CeH4, L = Py, TMEDA) and em-
ployed such discrete catalysts for copolymerization of E with
acrylates.*** They found that the catalyst with Ar = 2-[2,6-
(Me0),CgH3] yields copolymers with higher MW, but the
catalyst with Ar = 2-MeO-CgH, affords copolymers with
higher (>2 fold) acrylate incorporation. The catalytic copo-
lymerization of E with MA can also be carried out in aqueous
emulsion to produce colloidally stable E/MA copolymer
latexes.*%

Most remarkably, Mecking and co-workers discovered that
simply replacing the L ligand, the commonly employed
N-donor donor such as pyridine, by the more labile DM SO,
resultsin catalyst 153, which exhibits unprecedentedly high
levels of MA incorporation (9.4—52 mol %) and high
acrylate TOF (up to 390 h™%) in copolymerizations of E and
MA under typical conditions of 5—15 atm Pg, 0.6—7.5 M
[MA], 90 °C in toluene for 1 h.*% The resulting copolymer
composition is also unique; the linear copolymers with >30
mol % MA incorporation contain, in addition to isolated
acrylate units, “aternating” E/MA sequences and consecutive
acrylate units in the polymer backbone (type 4 ethylene/
acrylate copolymer, y = 1 to n, Figure 29). Evidence was
presented to show that DM SO does not compete substantially
with E binding, and the rate limiting step of the copolym-
erization is monomer insertion into the Pd—alkyl bond
carrying o-ester group (derived from 2,1-insertion of MA),
not the commonly believed opening of four-membered
chelates formed by «-O coordination of the last inserted
acrylate unit; this means that the last inserted MA unit
significantly retards the rate of subsequent monomer inser-
tion. Homoinsertion polymerization of MA (2 g, 80 umoal
catalyst) at 90 °C for 4 h yielded PMA with an average of
DP of ~5.4% The above results are significant because they
nicely filled the “35% gap” of polar vinyl monomer
composition unattainable by metal catalysis® until now.

The coordination—insertion copolymerization examples
summarized in Figure 29 demonstrate that the [P,O07]-
PdMe(L) catalyst system exhibits some tantalizing versatili-
tiesin its ability to incorporate a wide range of polar vinyl
monomers besides acrylates. For example, Claverie and co-
workers employed catalyst 153 (Ar = 2-MeO-Ph, L = py)
to successfully copolymerize E with N-isopropylacrylamide
(NIPAM) and N-vinyl-2-pyrrolidone (NVP), achieving low
MW linear copolymers (M,, < 1300 and <5000), with NIPAM
and NV P incorporating up to 4.1 mol % and 2.6 mol % (1—3
polar groups per chain), respectively.**” It was observed that
chain transfer by -H elimination occurs only after an E
insertion, and no terminal NIPAM or NVP units were
located, which is contrary to the copolymerization E with
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acrylates. Not surprisingly, incorporation of any level of these
polar vinyl monomers decreases the polymer MW and
sharply reduces polymerization activity. Sen and co-workers
extended applications of catalyst 153 by combining it with
the BPh; additive for copolymerization of E with MVK,
achieving linear PE with arelatively low M, of <6500 (PDI
= 2.4—2.5) and with MVK incorporation up to 7.7 mol %.4%
The [P,O7]PdR(L) catalysts generated by in situ mixing of
Pd(dba), with [P,07] ligands, 2-[bis(2-methoxyphenyl)phos-
phino]benzenesulfonic acid and 2-[bis(2,6-dimethoxyphe-
nyl)phosphino]benzenesulfonic acid, also copolymerize E
with norbornene derivatives functionalized with ester or
alcohol moieties to produce copolymers with high function-
alized norbornene contents (up to 44 mol %).4%°

Insertion copolymerization of E and alkyl vinyl ethers
CH>=CHOR (R = Et, "Bu, 'Bu) was also realized by Jordan
et al. using neutral Pd(l1) methyl catalyst 153 supported by
achelating phosphine-sulfonate [P,0™] ligand (Figure 29).5®
The copolymerization exhibits a modest TOF of ~26 h™?
(for VE), and the linear copolymer produced has a low M,
of <5000 (PDI = 1.8—2.0) under varied conditions (Pg, T,
comonomer feed) and contains both in-chain and chain-end
vinyl ether units, totaling 1.2 (R = 'Bu) to 6.9 (R = "Bu)
mol % polar monomer incorporation. The in-chain to chain-
end ratio is approximately 2 for R = Et and "Bu, but for R
= 'Bu, thisratio is 0.2. The in-chain units can be produced
by 1,2- or 2,1-insertion of CH,=CHOR into active [Pd] —PE
species, followed by E insertion, while there are severa
possible pathways to produce the chain-end units; initial
insertion of CH,=CHOR into [Pd]—Me, 1,2-insertion of
CH,=CHOR followed by chain waking and growth, and
chain transfer from [Pd]—PE to CH,=CHOR followed by
E insertion. Addition of CH,=CHOR lowers the polymer-
ization rate and the polymer MW. Several lines of strong
evidence were presented to argue against radical and cationic
mechanisms for the copolymer formation.>® As a neutral
catalyst, 153 disfavors competing cationic polymerization of
vinyl ethers; furthermore, its high barrier to chain walking**
leads to formation of linear polymers.

It has been a challenging goal to develop metal catalysts
that can copolymerize vinyl halides CH,CH=CHX (X = F,
Cl, Br) with olefins through a coordination—insertion mech-
anism, as several early®® or late®>% metal catalyst systems
have been found unsuccessful at performing thistask, largely
due to the following: (a) rapid B-X elimination of
[M]CH,CHXR species formed by 1,2-insertion of a vinyl
halide into aM—R bond,***~5%7 the process of which affords
inactive M—X species and thus terminates the polymeriza-
tion, (b) low insertion activity of [M]JCHXCH,R species
formed by 2,1-insertion of avinyl halide,>® and (c) compet-
ing radical pathways by catalyst-derived radicals. 5502 As
compared with other vinyl halides, vinyl fluoride (VF) is
less susceptible to free radical polymerization and j-F
elimination may be less favorable due to the high C—F bond
strength. Indeed, using the catalyst system 153, Jordan and
co-workers disclosed successful copolymerization of E and
VF in toluene at 80 °C to produce fluorinated, linear high-
density PE (T, ~ 130 °C) with low levels of VF (up to 0.45
mol %) incorporation (Figure 29).5%®° The 2-Et-Ph catalyst is
more active and produces higher MW copolymer than the
Ph and 2-OMe-Ph catalysts, but all three catalysts incorporate
similarly low levels of VF. Increasing VF in the feed brings
about a higher level of VF incorporation at the expense of
polymer yield and MW.

Chen

Scheme 38. Alternating Copolymerization of CO with MA
and Vinyl Acetate by [P,O7]Pd(I1) Catalysts
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Catalytic coordination—insertion copolymerization of E
and AN has also been accomplished using catalyst 153 by
Nozaki and co-workers, who produced moderate MW linear
PE with up to 9 mol % AN incorporation (Figure 29).51°
Owing to the slow rate of this reaction, the copolymerization
was typically carried out in toluene at 100 °C under 30 atm
Pe for 120 h using 0.01 mmol of the Pd catayst; the
copolymerization follows the same trend as the copolymer-
izations using other polar vinyl monomers: increasing the
comonomer (AN) feed boosts the polar monomer incorpora-
tion at the expense of polymerization activity and MW. The
incorporated AN units are distributed within the polymer
backbone and at the chain (initiating and terminating) ends
in roughly equal amounts. Chain initiation was proposed to
proceed via insertion of E into a Pd—Me bond or 2,1-AN
into a Pd—H bond, while chain transfer occurs preferentially
after the AN insertion.

6.3. Polar—Polar Copolymers

Following theinitial report by Drent, Pugh, and co-workers
that in situ generated neutral Pd(I1) catalysts incorporating
the chelating phosphine-sulfonate] P,O~] ligands copolymer-
ize E and CO to give high MW, nonalternating E/CO
copolymers®' Nozaki and co-workers found that this
fantastic catalyst system, either prepared in situ by mixing
the phosphine—sulfonic acid ligand with Pd(dba),, or pre-
formed catalyst 154 (Scheme 38), also copolymerizes vinyl
acetate (VA) and CO to give dternating copolymers with
M, reaching 41,000 (PDI = 1.7).5*2 This copolymer is not
head-to-tail regiocontrolled, but copolymerization of MA
with CO using catalyst 155 affords regiocontrolled alternating
copolymers (Scheme 38).53 Evidence was provided to
support the nonradical, coordination—insertion copolymer-
ization processes for both VA/CO and MA/CO copolymer-
izations.

Tg=120°C  Ty=44°C
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M, =1.50x 10% PDI = 1.03
I* = 81%, mm = 94%

M, =5.02x 10* PDI = 1.08
*=97%, rr = 86%

Figure30. Stereodiblock methacrylate copolymers synthesized by
chiral group 4 metallocene catalysts.



Coordination Polymerization of Polar Vinyl Monomers

Tg=63°C

T =313°C

[a]?p = 5.5°

Chemical Reviews, 2009, Vol. 109, No. 11 5205
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Figure 31. Amphiphilic stereodiblock copolymer PMMA-b-PDMAA produced by racemic 86 in CH,Cl, at 23 °C as well as optically
active stereodiblock copolymers of MMA and acrylamides produced by enantiomeric 86.

Samarocene [Cp*,SmH], is a highly active and efficient
catalyst for the synthesis of well-defined diblock copolymers
(PDI = 1.04) of MMA with ethyl, isopropyl, and tert-butyl
methacrylates at 0 °C.%” Owing to the livingness of the
lanthanocene-catalyzed polymerizations of both methacry-
lates and acrylates, Yasuda and co-workers utilized
Cp*,SmMe(THF) for the successful synthesis of well-defined
MMA-"BA diblock copolymer (PDI = 1.05) as well as
MMA (hard)—"BA (soft)—MMA (hard) triblock copolymers
(PDI = 1.09), one of which, (MMA)g—("BA)72—(MMA)_q,
was shown to exhibit good el astic properties with an ultimate
elongation of 163% and compression set of 58%.” An ABC
triblock, (MMA),s—(ethyl acrylate) ,s—(ethyl methacrylate).e,
showed atensile modulus of 119 MPa and an elongation of
276%. The ABA triblock copolymer can be synthesized by
either a three-step monomer addition sequence at 0 °C
starting with the first feed of MMA, followed by "BA and
the last feed of MMA, or a two-step sequence starting again
with the first feed of MMA, but followed by a mixed feed
of "BA and MMA, thanks to much higher reactivity of this
system toward "BA than MMA 3% The synthesis of the well-
defined ABA triblock copolymers containing both meth-
acrylate and acrylate segments has also been accomplished
in a two-step block copolymerization procedure using the
divalent samarocene initiator Cp* ,Sm or Cp*,Sm(THF),; the
polymerization begins with the polymerization of monomer
B to construct the middle block of the triblock, followed by
polymerization of monomer A to grow simultaneously the
two outer A blocks from the macromonomeric diinitiators
derived from the first polymerization.>*

Well-defined (PDI = 1.03), highly isotactic (94% mm)
stereodiblock methacrylate copolymer it-PMMA-b-it-PBMA
(Figure 30) was synthesized in an efficient (I* = 81%) and
convenient (RT) manner, using catalyst 86.1% Investigations
of statistical copolymerization of MMA and BMA with the
same catalyst yielded monomer reactivity ratios of ryya =
0.62 and rgya = 0.72 (the Kelen—Tdds method), indicating
that the copolymer formed instantaneously, has a somewhat
alternating character (ryma x rewa = 0.45).1%8 Syndiotactic
stereodiblock copolymer st-PMMA-b-st-PBMA (PDI = 1.08)
was synthesized in a highly efficient fashion (I* = 97%)
using the Cgligated cationic catayst (CGC)TiMetMeB-
(CeFs)s~ (106).2° Syndio-rich atactic, hign MW block
copolymers of MMA with other alkyl methacrylates were
also synthesized by the three-component system, Cp.ZrM e,/
B(CsFs)s/Et,Zn (excess), but MWD was broader (PDI =
1.39).176 Using this three-component system, graft copoly-
mers with the PMMA backbone and polystyrene, polyiso-
prene, or poly(dimethylsiloxane) branches were synthesized
by copolymerizing MMA with methacryloyl macromono-
mers separately prepared by anionic polymerization.>® The
synthesis was further extended to other complex macromo-
lecular architectures®'® and statistical copolymers of MMA
with other alkyl methacrylates®”5!8 utilizing this metallocene-
based catalyst system.

M,=7.4x10% PDI =119 M,=36x10% PDI=114
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Figure 32. Triblock methacrylate copolymer and MMA-b-lactone
diblock copolymer synthesized by group 4 metalocene and
lanthanocene catalysts.

Methacrylate—acrylate diblock copolymer PMMA-b-
P("BA) has been synthesized using the (CGC)TiMe&y/B(CgFs)3
catalyst system at T, = 20 and 80 °C.3*° The block copolymer
features a syndiotacticity of 80% rr for the PMMA block
and 75% rr for the P("BA) block. The studies indicate that
an initial PMMA block of a minimal length of 50 MMA
units is needed for achieving high conversion of the "BA
block due to the nonliving nature of the acrylate polymer-
ization by this catalyst system. The polymerization system
consisting of Me,C=C(OMe)OSi'Bus/[PhsC][B(CsFs)4] (0.09
equiv) carried out at 25 °C in CH,Cl, or toluene produced
well-defined methacrylate—acrylate diblock copolymer PM-
MA-b-P("BA) with a quantitative I* and alow PDI value of
1.09.%%* The diblock copolymer PMMA-b-P("BA) with a PDI
value of 1.18 was prepared by catalyst 86 at 23 °C.%" Block
copolymers of MMA with "BA and 'BA were also prepared
by the three-component system consisting of rac-(EBI-
)ZrMe/[HNMe,Ph][B(CsFs)4]/ZnEtL, at 0 °C.3

The living and isospecific nature of catalyst 86 toward
polymerization of both methacrylates and acrylamides en-
abled the synthesis of the well-defined isotactic PMMA-b-
PDMAA stereodiblock copolymer (Figure 31).%%% This
amphiphilic block copolymer, prepared from starting the
polymerization of MMA followed by the DMAA polymer-
ization, exhibits a Ty characteristic of the it-PMMA com-
ponent segment (Ty = 63 °C) and a T, characteristic of the
it-PDMAA component segment (T,, = 313 °C). Owing to
the high crystallinity of the highly isotactic PDMAA block,
there is no apparent Ty, but adistinct Tp, for this component
segment. Interestingly, the sequential block copolymerization
starting from polymerization of DMAA followed by polym-
erization of MMA, or the statistical copolymerization using
a 1:1 DMAA/MMA monomer feed, afforded only ho-
mopolymer PDMAA. Detailed studies indicate that the
observed copolymerization behavior was attributed to the
inability of MMA to displace the coordinated, more basic
amide oxygen of the cyclic amide enolate intermediate, thus
failing to enter the coordination site of the Zr center.
Opticaly active, stereodiblock acrylamide-b-methacrylate
and unsymmetric acrylamide-b-acrylamide copolymers (Fig-
ure 31) have also been synthesized using the enantiomeric
catalyst 86.3% It isworth noting here again that enantiomeric,
high MW, nonhelical homopolymers of methacrylates and
acrylamides as well as diblock or triblock copolymers of
methacrylates, produced by the enantiomeric catalysts 86,
are optically inactive due to their cryptochirality (cf. section
4.3).
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Figure 33. Pictorid illustration of DIPP, where An® = anion, FG
= functional group, Mt® = cation, and P = growing chain.
Reprinted with permission from ref 521. Copyright 2003 American
Chemical Society.

Stereomultiblock copolymers of MMA with akyl meth-
acrylates were synthesized using a hybrid catalyst system
consisting of rac-(EBI)Zr[OC(O'Pr)=CMe,], (156) with 2
equiv of Al(CeFs); at ambient temperature in a one-pot
fashion.®® Likewise, the hybrid metallocene/Lewis acid
catalyst system, Cp,Zr[OC(O'Pr)=CMey,]./2Al(CsFs)s, has
been utilized for the synthesis of well-defined diblock and
triblock (M, = 7.40 x 10% M,/M, = 1.19, Figure 32)
copolymers of methacrylates in sequential block copolym-
erization procedures at room temperature.?’

Well-defined block copolymers of MMA with lactones (e-
caprolactone and 6-valerolactone) have also been synthesize
by Cp*,SmMe(THF)%® and Cp,ZrMey/B(CsFs):>® catalyst
systems. For example, polymerizing 0.7 mol % MMA for
30 min by Cp*,SmMe(THF) followed by addition of 1.0
mol % &-CL gave block copolymer PMMA-b-PCL (Figure
32) with M,, = 3.61 x 10% M,/M,, = 1.14, and the [MMA]/
[e-CL] ratio of 0.88to 1 (as aresult of incomplete conversion
of the lactone). The lactone homopolymer was not observed
in this block copolymerization sequence; however, areverse
addition sequence yielded only lactone homopolymer.

7. lon-Pairing Polymerization

lon-pairing polymerization (IPP)% was termed as a po-
lymerization reaction that utilizes compatible and dually

rac-(EBI)ZrMe*MeB(CgFs)s

Chen

Scheme 39. Proposed Switching of the Growing
Diastereomeric Polymer Chains between Cationic and
Anionic Sites"®
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active ion pairs, Mt®---An®, in which both the cation and
the anion can independently catalyze the polymer chain
growth in a single polymerization reaction. Furthermore,
cations and anions of the ion pair can exhibit different
stereoselectivity, and growing chains at the cationic and
anionic sites can undergo infrequent exchange between the
two sites, thereby covalently linking the polymer chains
produced at both sitesto afford functionalized vinyl polymers
with unique stereomultiblock microstructures. PP funda
mentally departs from conventional ionic polymerization
processes because both the cation and the anion of the ion
pairs in the | PP system serve as active centers for the same
polymerization reaction, each bringing different reactivity
and/or stereoselectivity to the polymer products. If the cations
and the anions of such a system exhibit different stereospeci-
ficity (e.g., isospecificity and syndiospecificity for the cationic
and anionic sites, respectively), diastereospecific ion-pairing
polymerization (DIPP) is created, producing polymers with
unique it-b-st stereomultiblock microstructures.®?* Figure 33
shows three key events involved in an exemplary DIPP
polymerization reaction: isospecific polymerization by the
cation, syndiospecific polymerization by the anion, and
switching of the growing polymer chains between the
cationic and anionic sites. To effect an IPP, the cations and
anions in dually active ion pairs must be compatible with
each other (chemically and kinetically) and the growing
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Figure 34. Stereoblock copolymerization reaction sequence (left column) and the resulting polymer microstructure (pentad distributions)
shown by the *C NMR spectrum of the C=0 region (right column). Reprinted with permission from ref 522. Copyright 2002 American
Chemical Society.
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Scheme 40. Proposed Overall Mechanism of DIPP by the 156/2AI(C¢Fs); Catalyst System?®
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polymer chains must undergo infrequent exchange between
the cationic and anionic sites. When two sites are diaste-
reospecific, the PP system becomes a DIPP system.

The switching of a growing polymer chain from the
isospecific, cationic zirconocenium site to the syndioselective,
anionic aluminate site was demonstrated by the synthesis of
highly stereoregular it-b-st sb-PMMA (Figure 34).5% In this
sequential polymerization, the first MMA feed was polym-
erized with rac-(EBI)ZrMe*MeB(Cg¢Fs)s~ at RT to an
isotactic block viathe living, isospecific cationic zirconocene
enol ate propagating species. Next, the methyl zirconocenium
aluminate complex rac-(EBI)ZrMe*MeAl(CgFs)s~ was added
to convert the cationic enolate to the neutral methyl zir-
conocene enolate. After cooling to —78 °C, a second feed
of MMA was then added, and the polymerization was
reinitiated via Michael addition of the isotactic polymeric
enolate ligand at Zr to the activated MMA at Al, starting
the construction of a syndiotactic block viathe syndiospecific
enolaluminate propagating species. The resulting polymer
is both highly isotactic and syndiotactic, as evidenced by
the methy! triad distributions of [mm]/[rr]/[mr] = 46.4/45.7/
7.9 derived from the 'H NMR of the methyl triad region
and by a pentad distribution of [mmmm] = 42.8 and [rrrr]
= 39.6 derived from the **C NMR spectrum of the C=0
pentad region (Figure 34). The molecular weight of the
stereodiblock PMMA is approximately double that of the
two PMMA homopolymers.5??

The greater challenge was to switch the growing polymer
chains back and forth between diastereospecific cation Mt®
and anion An® centersin a one-pot polymerization of DIPP.
This has been achieved by employing a catalyst mixture
containing chiral zirconocenium methyl cations paired with

+

_156/2ACsFs);

R.T., one-pot

OMe

OR MeO

it-b-st sb-copolymers
R = "Bu; 2-ethylhexy!

both methyl borate and methyl aluminate anions, e.g., rac-
(EB')ZrM e+[M eB(C5F5)3_]05[M eA\l(CsF5)3_]ol5, which is gen-
erated by activating rac-(EBI)ZrMe, with a 1:1 ratio of Lewis
acids E(CgFs)s (E = B, Al).5?* The MMA polymerization
by such a system was proposed to proceed in a diastereospe-
cific ion-pairing fashion, in which the Zrt/B~ ion pair
produces the it-block via the zirconium ester enolate cation
and the Zr*/Al~ ion pair affords the st-block via the
enolaluminate anion, whereas the exchange of growing
diastereomeric polymer chains occurs via a neutral zir-
conocene bis(ester enolate) intermediate to yield it-b-st
stereomultiblock PMMA, sb-PMMA.. Scheme 39 illustrates
how the diastereomeric polymer chains can be switched back
and forth between the cationic and the anionic sites. In this
proposed reaction sequence, the chiral zirconocenium cation
renders it-blocks via a unimetallic propagation, whereas the
enolaluminate anion furnishes st-blocks via a bimetallic
propagation. The polymer chain exchange occurs via inter-
molecular Michael addition of the st-enolate chain in the
anionic enolaluminate propagating species to the Zr-activated
MMA in the cationic zirconocenium enolate species. Sub-
sequently, the it-polymeric enolate ligand in the resulting
neutral bis-enolate zirconocene intermediate immediately
attacks the MMA-alane adduct to form back to the same
ion-pairing propagating species, but each propagating species
is now carrying a diastereomeric block (denoted as Py« or
Piit)-)- I the propagation rates at both sites are compatible
and the chain exchange rate is comparable with the propagea-
tion rates, sh-PMMA is formed. Noteworthy here is that no
such sb-PMMA is produced using either cationic diaste-
reospecific metallocene pairs or cationic diastereomeric ansa-
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metall ocene mixtures, indicating growing polymer chains did
not undergo exchange between such diastereospecific cationic
sites. 1

The dow initiation steps in this first-generation DIPP
system involved transfers of methyl groups to the activated
monomers by the Zr cation and by the Al Lewis acid to
generate cationic zirconocenium ester enolate and anionic
ester enolaluminate diastereospecific propagating species,
respectively, for DIPP; these slow steps hampered mecha-
nistic studies and also resulted in the formation of ill-defined
polymer products. On the basis of the hypothesis presented
in Scheme 39, Ning and Chen developed the second-
generation DIPP system that directly employs zirconocene
bis(ester enolate) complex rac-(EBI)Zr[OC(O'Pr)=CMe;],
(156), in combination with 2 equiv of Al(CgFs)s, for higher
efficiency and enhanced control over the polymerization.®®
Detailed investigations (polymerization characteritics, kinet-
ics, elementary reactions, characterization, and behavior of
the isolated key intermediates, as well as temperature and
Lewis acid effects) have yielded a mechanism for the DIPP
of MMA by the 156/2A1(C¢Fs)3 system (156 denotes the
starting bis-ester enolate 156 and its derived homologuesin
Scheme 40). This mechanism consists of four manifolds—an
isospecific cycle by the metallocenium cation, a syndiospe-
cific cycle by the enolaluminate anion, anion—monomer
exchange, and then chain transfer, with the latter two serving
to interconvert diastereospecific propagating manifolds.*®

The proposed overall mechanism is consistent with the
evidence collected and explains the formation of the various
polymer stereomicrostructures formed under given condi-
tions. This unique polymerization technique has also been
applied to stereoblock polymerization of other methacrylates
and stereoblock copolymerization of MMA with methacry-
lates having longer akyl chains, leading to functionalized
polymeric materials with tunable properties controlled by
their stereomicrostructures and the nature of the comono-
mer (Scheme 41).1% This IPP system has also been extended
to other catalysts such as Cp,Zr[OC(O'Pr)=CMey]./
2[Al(CgFs)3], which has been utilized for the synthesis of
well-defined homopolymers as well as diblock and triblock
copolymers of methacrylates.?®’

8. Summary and Outlook

The major promise for ever growing interest in the metal-
catalyzed coordination polymerization of polar or nonpolar
vinyl monomers can be attributed to (1) its precision in
catalyst-based stereochemical and architectural control and
(2) its ability to produce new classes of polymeric
materials—features unattainable by other means of poly-
merization, such as ionic or radical polymerization. To this
end, remarkable successes have been accomplished by each
of the two types of metal-catalyzed coordination polymer-
ization of polar vinyl monomers described in this review.
Specifically, coordination—addition polymerization of polar
vinyl monomers by single-site early metal and lanthanide
catalysts shows a dazzing display of a variety of stereo-
microstructures it can generate, in addition to its high activity
and high degree of control over polymer characteristics. On
the other hand, coordination—insertion copolymerization of
o-olefins with polar vinyl monomers by late metal catalysts
demonstrates some tantalizing versatilities incorporating a
wide range of polar vinyl monomers at controllable levels
into polyolefins with diverse topologies (e.g., linear, branched,

Chen

dendritic), thereby producing new classes of copolymers (e.g.,
filling the composition gap) unattainable by other means.

Ascan bereadily realized, no single type of polymerization
or catalyst system can meet al demanding needs and
challenges. In the opinion of this author, future research in
the area of metal-catalyzed coordination polymerization of
polar vinyl monomers will be largely directed toward
addressing the following five major unmet challenges: (1)
direct random copolymerization of polar—nonpolar vinyl
monomers by early or lanthanide catalysts (which will take
advantage of their remarkable activity, control, and versatility
already demonstrated for both respective homopolymeriza-
tions); (2) catalytic production of the stereochemically
controlled polar vinyl polymers by early or lanthanide
catalysts (which will render its economica production of
stereoregular, crystalline polar vinyl polymers); (3) stereo-
specific polymerization of polar vinyl monomers and copo-
lymerization with olefins by late metal catalysts (which has
been limited to early metal cataysts); (4) high MW polar
vinyl polymers and polar/nonpolar copolymers by late metal
catalysts (through the development of high-speed insertion
polymerization overcoming low insertion rates of polar vinyl
monomers into a metal—olefin bond or olefins into a
metal —polar monomer (chelating) bond); and (5) polymer-
ization or incorporation of biorenewable polar vinyl mono-
mers (for the synthesis of environmentally sustainable
polymers).
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