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Abstract

Characteristics of methyl methacrylate (MMA) polymerization using oscillating zirconocene catalysts, (2-Ph-Ind),ZrX, (X = Cl,
1; X = Me, 2), mixtures of rac- and meso-zirconocene diastereomers, (SBI)ZrMe, [3, SBI = Me,Si(Ind),] and (EBI)ZrMe, [4, EBI =
C,Hy(Ind),], as well as diastereospecific metallocene pairs, rac-4/Cp,ZrMe, (5) and rac-4/CGCTiMe, [6, CGC = Me,Si(Me,Cs)(t-
BuN)], are reported. MMA polymerization using the chloride catalyst precursor 1 activated with a large excess of the modified methyl
aluminoxane is sluggish, uncontrolled, and produces atactic PMMA. On the other hand, the polymerization by a 2/1 ratio of 2/
B(CgFs)3 or 2/Ph;CB(CgFs), is controlled and produces syndiotactic PMMA. Mixtures of diastereomeric ansa-zirconocenes 3 or 4
containing various rac/meso ratios, when activated with B(CgF5)3, yield bimodal PMMA,; this behavior is attributed to the meso-
diastereomer that, in its pure form, affords bimodal, syndio-rich atactic PMMA. For MMA polymerization using diastereospecific
metallocene pairs, rac-4/5 and rac-4/6, the isospecific catalyst site dominates the polymerization events under the conditions employed
in this study, and the aspecific and syndiospecific sites are largely nonproductive, thereby forming only highly isotactic PMMA.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A growing number of publications have been devoted
to the investigation of the polymerization of methyl
methacrylate (MMA) by group 4 metallocene and re-
lated catalysts; such complexes used for these studies
have included achiral zirconocenes [1], chiral ansa-zirco-
nocenes [2], achiral titanocenes [3], chiral ansa-titanoc-
enes [4], half-sandwich titanium complexes [5], and
constrained geometry titanium and zirconium com-
plexes [6]. Furthermore, this polymerization has been
examined computationally [7]. Three important attri-
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butes of this polymerization explain why it has attracted
increasing attention. First, there is a paradigm shift in
terms of scientific curiosity on utilizing highly active,
electro-deficient transition metal complexes for polymer-
ization of polar functionalized alkenes. Second, group 4
metallocene complexes with considerably diverse struc-
tural motifs are readily, and in many cases commer-
cially, available, thanks to comprehensive studies of
their roles in coordination polymerization of nonpolar
olefins. Third, these complexes, when used in a suitable
initiating form, typically exhibit a high degree of control
over polymerization, especially the stereochemistry of
polymerization.

These recent advances [1-7], enabled by group 4
metallocene complexes, have resulted in the production
of poly(methyl methacrylate) (PMMA) having various
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stereo-microstructures, including atactic, isotactic, syn-
diotactic, as well as isotactic-b-syndiotactic stereo-
diblock and -multiblock PMMAs [5a]. We have been
especially interested in the production of stereoblock
PMMA microstructures using metallocene and related
complexes through various unique strategies [2c,2g,5a].
In the present study, we became interested in unbridged
bis(2-aryl-substituted indenyl) zirconocenes such as (2-
Ph-Ind),ZrCl,, which can oscillate between achiral
(meso-like) and chiral (rac-like) configurations; when
activated with methyl aluminoxane, they have been
known to produce atactic-b-isotactic stereomultiblock
polypropylene [8]. Thus, it is of interest to examine if
such oscillating metallocene catalysts can also produce
PMMA with stereomultiblock microstructures. Further-
more, polymerization of MMA using a mixture of rac-
and meso-diastereomeric ansa-zirconocene catalysts
may offer an intriguing possibility of generating stereo-
block microstructures, provided that the diastereomers
produce diastereomeric polymer chains and that the
growing polymer chains can exchange infrequently be-
tween the two diastereomeric catalyst centers on the
polymerization time scale. By the same reasoning, using
diastereospecific catalyst pairs consisting of an isospeci-
fic/aspecific or isospecific/syndiospecific combination for
MMA polymerization may also produce PMMA with
unique stereomicrostructures. To address these funda-
mentally interesting questions, the present contribution
investigates the MMA polymerization behavior of the
following three classes of group 4 metallocenes (Scheme
1): oscillating catalysts 1 and 2, mixtures of diastereo-
meric rac- and meso-zirconocene catalysts 3 and 4, as
well as diastereospecific catalyst pairs, rac-4/5, an iso-
specific/aspecific pair, and rac-4/6, an isospecific/syndio-
specific pair.

2. Experimental
2.1. Materials and methods

All syntheses and manipulations of air- and moisture-
sensitive materials were carried out in flamed Schlenk-
type glassware on a dual-manifold Schlenk line, a
high-vacuum line (107°~10~7 Torr), or in an argon-filled
glovebox (<1.0 ppm oxygen and moisture). NMR-scale
reactions (typically in a 0.02 mmol scale) were con-
ducted in Teflon-valve-sealed J. Young-type NMR
tubes. HPLC grade organic solvents were sparged with
nitrogen during filling the solvent reservoir and then
dried by passage through activated alumina (for Et,O,
THF, and CH,Cl,) followed by passage through Q-5-
supported copper catalyst (for toluene and hexanes)
stainless steel columns. Benzene-ds, toluene-ds, and
THF-d3 were dried over sodium/potassium alloy and
vacuum-distilled or filtered. NMR spectra were recorded
on either a Varian Inova 300 (FT 300 MHz, 'H; 75
MHz, '*C; 282 MHz, 19F) or a Varian Inova 400 spec-
trometer. Chemical shifts for '"H and '*C spectra were
referenced to internal solvent resonances and are re-
ported as parts per million relative to tetramethylsilane,
whereas '"F NMR spectra were referenced to external
CFCls.

Methyl methacrylate (MMA) was purchased from
Aldrich Chemical Co.; MMA was first degassed and
dried over CaH, overnight, followed by vacuum distilla-
tion; final purification involved titration with neat tri(n-
octyl)aluminum to a yellow end point [9] followed by
distillation under reduced pressure. The purified MMA
was stored in a —30 °C glovebox freezer.

Tris(pentafluorophenyl)borane, B(C¢Fs);, was ob-
tained as a research gift from Boulder Scientific Co.
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and further purified by recrystallization from hexanes at
—35 °C. Triisobutylaluminum-modified methylalumox-
anes (MMAO) was purchased from Azko-Nobel,
whereas Ph;CB(CgFs)s was prepared according to the
literature procedure [10]. Tris(pentafluorophenyl)alane,
Al(CgF5)s, as a 0.5 toluene adduct based on the elemen-
tal analysis for the vacuum-dried sample, was prepared
from the exchange reaction of B(C4Fs); and AlMe; in
a 1:3 toluene/hexanes solvent mixture in quantitative
yield according to the literature procedure [11], which
is the modified synthesis of the alane first disclosed by
Biagini et al. [12]. Extra caution should be exercised
when handling this material because of its thermal and
shock sensitivity.

Literature procedures were employed for the prepara-
tion of the following metallocene complexes: (2-Ph-
Ind),ZrX, (X =Cl, 1; X = Me, 2) [13], rac-(SBI)ZrMe,
[rac-3, SBI = Me,Si(Ind),] [14], rac-(EBI)ZrMe,; [rac-4,
EBI = C2H4(Ind)2] [15], szZrMez (5) [16], and CGC-
TiMe, [6, CGC = Me,Si(MeyCs)(--BulN)] [17]. A diaste-
reomeric mixture of rac- and meso-(SBI)ZrMe, was
synthesized according to Herrmann’s procedures [18],
followed by methylation with MeMgBr. The meso-en-
riched diastereomeric mixture of rac- and meso-(EBI)-
ZrMe, was obtained by Resconi’s improved, two-step
synthesis [19]. Crystalline fractions of (SBI)ZrMe, con-
taining various rac/meso ratios were collected by frac-
tional recrystallization of the diastereomeric mixture
from a toluene/hexanes mixture at —35 °C. Spectroscop-
ically pure meso-(SBI)ZrMe, and meso-(EBI)ZrMe, frac-
tions were obtained from the sixth crystalline fraction of
the recrystallization. The corresponding active cationic
species generated from the abstractive reactions of the
metallocene dimethyl complexes with M(CgFs)3
(M =B, Al) are known: rac-(SBI)ZrMe"MeM (CgFs),
[20], rac-(EBI)ZrMe"MeM(CgFs); [2a,20], Cp,ZrMe*
MeB(CsFs); [21], and CGCTiMe"MeB(CgFs); [22]; in
situ generation of the cationic species derived from the
oscillating metallocene 2 is described as follows.

2.2. Reaction of (2-Ph-Ind),ZrMe, and B(CsFs);

(2-Ph-Ind)>,ZrMe, (0.02 mmol), B(Cg¢Fs); (0.02
mmol), and ~0.7 mL toluene-dg were mixed in a 4-mL
vial, and the resulting orange yellow solution was loaded
into a J. Young NMR tube via pipette. The mixture was
allowed to react at ambient temperature for 15 min be-
fore the NMR spectra were recorded. All spectroscopic
data clearly show the formation of the corresponding
cationic species: (2-Ph-Ind),ZrMe"MeB(C¢Fs); (7).
No decomposition was detected when a toluene solution
of 7 was left in the NMR tube over a period of 24 h at
room temperature.

"H NMR (C;Dg, 23 °C) for 7: 6 7.11 (m, 6H), 7.00
(m, 4H), 6.82 (s, br. 2H), 6.68 (s, br. 2H), 6.62 (m,
4H), 6.09 (s, br. 2H), 5.85 (s, br. 2H), —0.37 (s, 3H,

Zr-Me), —0.40 (s, br. 3H, B-Me). "’F NMR (C,Ds,
23°C): 6 —132.60 (d, *Jgpr=22.6 Hz, 6F, o-F),
—159.78 (t, *Jp_g = 19.7 Hz, 3F, p-F), —164.75 (m, 6F,
m-F).

The above reaction was repeated but with a 2:1 Zr:B
ratio. The formation of a small amount of the u-Me-
bridged dinuclear cation, [(2-Ph-Ind),ZrMe(u-Me)
MeZr(2-Ph-Ind),] "MeB(CFs); (8), was apparent:
—1.14 (s, 6H, Zr-Me), —1.79 (s, 3H, Zr—Me-Zr); other
spectral data for 8 are similar to those of the monomeric
cation 7. There were no observable spectral changes be-
tween 20 min and 24 h of reaction time, and thus an
equilibrium has been reached, resulting in a molar ratio
of 7/8 = 10/1 in the mixture still containing excess, unre-
acted dimethyl precursor 2.

2.3. General polymerization procedures

Polymerizations were performed either in 30-mL,
oven- and flame-dried vacuum flasks inside the glove-
box, or in 25-mL oven- and flame-dried Schlenk flasks
interfaced to a dual-manifold Schlenk line. In a typical
procedure, a metallocene complex (or a complex mix-
ture in a desired ratio) and an activator in a predeter-
mined ratio (see polymerization tables for details) were
loaded into the flask in the glovebox. Toluene was added
(10 mL total volume) and the mixture was stirred for 10
min to generate the active, cationic catalysts. MMA
(1.00 mL, 9.35 mmol) was quickly added via pipette
(for polymerizations in the glovebox) or gastight syringe
(for polymerizations on the Schlenk line), and the sealed
flask was kept with vigorous stirring at the pre-equili-
brated bath temperature. After the measured time inter-
val, the polymerization was quenched by the addition of
5 mL of 5% HCl-acidified methanol. The quenched mix-
ture was precipitated into 100 mL of methanol, stirred
for >1 h, filtered, washed with methanol, and dried in
a vacuum oven at 50 °C overnight to a constant weight.

2.4. Polymer characterizations

Glass transition temperatures (7,) of the polymers
were measured by differential scanning calorimetry
(DSC) on a DSC 2920, TA Instrument. Samples were
first heated to 180 °C at 20 °C/min, equilibrated at this
temperature for 4 min, and cooled to 0°C at 20 °C/
min. After being held at this temperature for 4 min,
the samples were then reheated to 200 °C at 10 °C/
min. All T, values were obtained from the second scan,
after removing the thermal history. Polymer molecular
weights and molecular weight distributions were mea-
sured by gel permeation chromatography (GPC) analy-
ses carried out at 40 °C, a flow rate of 1.0 mL/min, and
with THF as the eluent, on a Waters University 1500
GPC instrument or a Polymer Laboratory-210 instru-
ment. The instrument was calibrated with 10 PMMA
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or PS standards, and chromatograms were processed
with Waters Empower software. '"H NMR spectra for
the analysis of PMMA microstructures were recorded
in CDCl; and analyzed according to the literature [23].

3. Results and discussion

3.1. MMA polymerization using oscillating metallocene
catalysts 1 and 2

Results of MMA polymerization by 1 and 2 in tolu-
ene at 23 °C are summarized in Table 1. As shown in Ta-
ble 1, polymerizations of MMA by the chloride 1 in a
[MMAJ[MMAO]J/1] ratio of 1000/500/1 are sluggish;
the isolated polymer yields were only 6% for a 2-h reac-
tion (run 1) and 17% for a 24-h reaction (run 2). The
PMMAs produced have low molecular weights
(M, <10.2 kg/mol) and broad molecular weight distri-
butions (PDI = M,,/M,, > 1.48), indicative of an uncon-
trolled polymerization. More importantly, the polymers
produced are atactic with typical methyl triad distribu-
tions of [mm] = 30.3%, [mr] =45.8%, and [rr] = 23.9%
(run 1); this tacticity is also consistent with a measured
T, value of 97 °C for a typical atactic PMMA sample.

A large excess of MMAO and related alkyl aluminox-
ane activators present in MMA polymerizations can
complicate the polymerization results, especially with a
long reaction time, because alkyl aluminoxanes have
been found to slowly polymerize MMA to PMMA with
large PDI values [24]. To avoid any potential complica-
tions brought about by MMAO, we subsequently em-
ployed B(C¢Fs); and Ph;CB(CgFs)s activators for
MMA polymerizations by the dimethyl catalyst precur-
sor 2 because neither activator itself is capable of poly-
merizing MMA. The reaction of 2 and B(CgFs); (1:1
ratio) in toluene cleanly and quantitatively generates

Table 1

Results of MMA polymerization by (2-Ph-Ind),ZrX, (X = Cl, 1; Me, 2)*

Y. Ning et al. | Journal of Organometallic Chemistry 690 (2005) 6263-6270

the corresponding cationic species: (2-Ph-Ind),
ZrMe"MeB(CgFs); (7, see Section 2). On the other
hand, the same reaction but with a 2/B(C¢F5); ratio of
2/1 produces a mixture containing both the monomeric
cation 7 and the dinuclear cation [(2-Ph-Ind),ZrMe
(1-Me)MeZr(2-Ph-Ind),] "MeB(CsFs); (8). When the
equilibrium was reached, the molar ratio of 7/8 in the
mixture was approximately 10/1, and thus the monoca-
tion 7 is and the neutral dimethyl 2 are predominate spe-
cies in the mixture.

Following the lead of this catalyst activation study,
we carried out MMA polymerizations using 2 via in situ
activation with B(C¢Fs); (runs 3 and 4) and with
Ph3;CB(CgFs)4 (runs 5 and 6). As can be seen in Table
1, the polymerization of MMA by the dimethyl 2 in a
[MMAJ/[2J/[B(CgFs);] ratio of 400/1/1 is as sluggish as
the polymerization using 1 via in situ activation with
MMAO. The isolated polymer yield was only 4% for a
2-h reaction (run 3), but the PMMA produced has
a moderate molecular weight of M, = 32.4 kg/mol and
a broad molecular weight distribution of PDI =1.67,
giving a low initiator efficiency I* (I* = M(calcd)/
M (exptl), where M (calcd) = MW(MMA) X [MMAYJ/
[2] x conversion%) of only 5%. All results indicate an
uncontrolled polymerization under these conditions;
however, the PMMA produced is syndio-rich atactic
([rr] = 65.8%).

The MMA polymerization, using a [MMA]/[2)/
[B(CgFs);] ratio of 400/2/1 (run 2), afforded an 88%
polymer yield in a 24 h time period, producing PMMA
with a slightly higher syndiotacticity ([rr] = 69.6%); the
measured 7, value of 128 °C is consistent with this tac-
ticity. Significantly, the experimentally determined M,
of 32.4 kg/mol is approximately double what might be
expected on the basis of a monomer-to-initiator
{{IMMAYJ/[2]} ratio of 200 and a monomer conversion
value of 88% (i.e., the calculated M, =17.6 kg/mol),

Run no. [Zr]y (mM) [Cocatalystl, (mM) Time (h) Yield (%) [mm]® %) [mr]> %) [rr]° (%) T,°(°C) 10*M," (gfmol) PDI* (M,/M,)

1 1 MMAO 2 6 30.3 45.8 23.9 97 1.02 1.48
1.87 935

2 1 MMAO 24 17 23.7 41.6 34.7 93 0.74 1.50
1.87 935

3 2 B(CeFs); 2 4 6.2 27.9 65.9 - 3.24 1.67
4.68 4.68

4 2 B(C4Fs)s 24 88 32 272 69.6 128 3.24 1.13
9.36 4.68

5 2 Ph;CB(C4Fs)4 2 3 6.8 27.5 65.7 - 3.12 1.43
4.68 4.68

6 2 Ph;CB(C4Fs)4 24 69 2.4 23.3 74.3 128 3.19 1.15
9.36 4.68

# All polymerizations were carried out in 5 mL toluene at 23 °C; [MMA] = 1.87 M.

® Tacticity (methyl triad distributions) determined by "H NMR spectroscopy in CDCls.

¢ Glass transition temperature (7,) determined by DSC from second scans.

4 Number-average molecular weight (M,) and polydispersity index (PDI) determined by GPC relative to PMMA standards.
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giving a much improved initiator efficiency of 54%. This
evidence, coupled with a low PDI value of 1.13, argues
that the polymerization using a 2:1 ratio of 2/B(C4Fs);
occurs via a bimetallic mechanism [1j] and is controlled.
Results of the MMA polymerization by 2 activated with
Ph;CB(C¢Fs)4 are similar to those obtained from 2 acti-
vated with B(C4F5)3, with only small variations in poly-
mer yield, as well as in PMMA tacticity, molecular
weight, and polydispersity values.

The observed sharply different MMA polymerization
behavior between the 1:1 2/B(C¢Fs); and 2:1 2/B(CgF5)3
systems can be explained by the competition between the
monometallic and bimetallic propagation mechanisms
shown in Scheme 2. In the MMA polymerization by a
1:1 ratio of 2/B(C¢Fs);, which clearly generates the cat-
ion 7, a slow initiation step involves methyl transfer to
the coordinated MMA in the 7- MMA adduct, leading
to cationic zirconocene enolate A [1j]. Subsequent events
involve MMA binding to A and repeated intramolecular
Michael additions involved in B and its homologues in
propagation steps, producing PMMA via a monometal-
lic propagation mechanism. On the other hand, in the
MMA polymerization by a 2:1 ratio of 2/B(C4Fs)s,
which affords a mixture containing predominately the
monocation 7 and the unreacted neutral dimethyl 2, a
fast methyl transfer reaction between A and 2 produces
neutral methyl zirconocene enolate C [1j] and 7 (which is
then trapped by MMA in the form of the 7- MMA ad-
duct). (The dinuclear cation 8 can be considered as the
precursor of 7- MMA and 2 in the presence of MMA
[21].) Subsequent events involve rapidly repeated inter-
molecular Michael additions of C and its homologues
to 7- MMA in propagation steps, leading to PMMA
via a bimetallic propagation mechanism. For the present
unbridged bis(indenyl) zirconocene system, it is clear
that the bimetallic pathway is more competitive and
controlled than a monometallic one, the result of which
is consistent with that obtained from the parent [Cp,Zr]

system [la].
4;* C £®/ ‘% MMA
r\/‘\

7*MMA

TMMA JMMA
(), s Q {(&/
Zr\
X

7

PDI = 1.67
propagation
%\‘} \, MMA I =5%
MeO

3.2. MMA polymerization using mixtures of
diastereomeric metallocene catalysts

Table 2 summarizes the results of MMA polymeriza-
tions by mixtures of diastereomeric zirconocenes 3 and 4
in toluene at 25 °C. As can be seen in Table 2, the poly-
merization of MMA by pure rac-3, activated with
B(CgF5)s, produces isotactic PMMA ([mm] = 90.4%)
with a low PDI value of 1.12 and occurs via an enantio-
morphic-site control mechanism {[2[r7]/[mr] = 0.95, run
1}. On the other hand, diastereomeric mixtures with
rac/lmeso ratios = 1/1 (run 2), 1/3.5 (run 3), and 1/8.7
(run 4) afford bimodal polymers (Fig. 1), and the isotac-
ticity, in terms of the [mm] values, decreases as the meso-
isomer content is increased.

Interestingly, pure meso-diasteromers themselves,
meso-3 (run 5) and meso-4 (run 6), produce bimodal,
syndio-rich atactic PMMAs. We first suspected that
the meso-diastereomers used for the polymerization
studies were perhaps contaminated with a trace
amount of the rac-diastereomer; however, 'H NMR
spectra (Fig. 2) of the meso-diastereomer showed a
complete absence of the rac-diastereomer. Thus, the
formation of bimodal polymers using meso-diastereo-
mers is presumably attributed to the co-existence of
two independent polymerization processes (i.e., mono-
metallic mechanism vs bimetallic mechanism). On basis
of the same reasoning, the diastereomeric mixtures con-
taining various percentages of the meso-diastereomer
will also produce bimodal polymers, as was observed
here.

It is worth noting that, when activated with Al(C4Fs);
instead of B(C¢Fs)3, the same meso-diastereomers, dia-
stereomeric mixtures, or rac-diastereomers uniformly
produce unimodal, syndiotactic PMMA via a chain-
end control mechanism (runs 7-10). This phenomena
is due to the fact that the AI(C¢Fs)s-activated MMA
polymerization involves a bimetallic polymerization
mechanism via anionic enolaluminate propagating

OMe

PMMA monometallic

VS.
\J\®S A PMMA bimetallic
MMA PDI =1.13 | propagation
I =54%

7*MMA

Scheme 2.
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Table 2
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Results of MMA polymerization by mixtures of diastereomeric zirconocenes *

Run no. Catalyst Activator  Yield (%) M,° (kg/mol) PDI° (My/M,) [mm]°(%) [mrl° (%) [ri° (%) 2[rifmr]  Poye + Pop®
(raclmeso ratio) (Zr/B =1/1)
1 3 (1:0) B(C¢Fs)3 >99 28.4 1.12 90.4 6.5 3.1 0.95 0.55
2 3(1:0) B(C¢Fs)s >99 30.8 bimodal 86.3 7.8 5.9 - -
3 3(1:3.5) B(C4Fs)s 92 28.8 bimodal 70.9 13.6 155 - -
4 3(1:8.7) B(C¢Fs)s 85 29.4 bimodal 56.5 179 25.6 - -
5 3(0:1) B(C¢Fs)3 75 16.7 bimodal 11.5 33.1 55.4 - -
6 4 (0:1) B(CeFs)s >99 20.5 bimodal 12.0 36.3 51.7 - -
7 3 (1:0) Al(C¢Fs);  >99 28.8 1.19 4.3 35.1 60.6 3.45 1.02
8 3(1:0) AIl(C¢Fs);  >99 25.6 1.36 4.6 35.8 59.6 3.33 1.03
9 3(0:) Al(C¢Fs);  >99 27.9 1.28 35 32.1 64.4 4.01 1.02
10 4 (0:1) Al(C¢Fs);  >99 37.6 1.30 2.8 323 64.9 4.02 1.06

# Polymerization conditions: 46.7 pmol Zr; molar ratio [MMA]/[Zr])/[B] = 200:1:1; 10 mL toluene; 25 °C; 2 h.
° Determined by GPC relative to PMMA (entries 1, 7, and 9-10) or PS (entries 2-6, and 8) standards.

¢ Determined by '"H NMR spectroscopy.

4 p_.is the probability that the monomer adds in racemo fashion to a meso chain end and Py, is the probability that the monomer adds in meso

fashion to a racemo chain end.

—T —— —T— — —
8.00 10.00 12.00 14.00 16.00

Retention Time (min)

=
6.00

Fig. 1. A typical GPC trace showing a bimodal distribution of PMMA
produced by meso-diastereomers or diastereomeric mixtures.

centers, and the metallocene cation derived from methyl
transfer of the Zr-Me moiety to the alane-activated
MMA in the initiation step functions only as a charge-
compensating cation [2i,4a,5a,25]. As a result, the char-

Al

A

acteristics of the MMA polymerization activated by
Al(CgFs); are independent of the type of metallocene
precursors used.

3.3. MMA polymerization using diastereospecific
metallocene pairs

We also probed a third strategy for the possible pro-
duction of stereoblock PMMA — use of diastereospecific
metallocene catalyst pairs, the results of which are sum-
marized in Table 3. Chiral, C,-symmetric rac-4 is highly
isospecific [2], whereas achiral C,,-symmetric 5 [2i] and
C-symmetric 6 [6a] produce syndio-rich atactic and syn-
diotactic PMMA, respectively. We reasoned that, if the
growing diastereomeric polymer chains, derived from
the diastereospecific catalyst centers in the MMA poly-
merization using a diastereospecific metallocene pair
(e.g., rac-4/5 or rac-4/6 pair), can undergo infrequent ex-
change between the two diastereospecific catalyst sites,
then stereoblock microstructures could be generated.

As can be seen from Table 3, however, all polymer-
izations using the rac-4/5 pair in various ratios consis-
tently produce only isotactic PMMA (runs 1-4); a
mixture containing a large excess of 5 yield PMMA with
a broad molecular weight distribution (PDI = 2.66, run
5). The characteristics of the polymerization with the

e,

rrrrrrrrrrrrrrrrrrr [ rrrry T T[T T[T T T[T T T T

7 6 5 4 3

2 1 0 -1 -2 ppm

Fig. 2. 'H NMR spectrum of pure meso-(EBI)ZrMe, (C¢Dg).
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Table 3
Results of MMA polymerization by diastereospecific catalyst pairs®

Runno. [catl] (mM) cat2 [catl]fcat2] [MMAJ[catl] Yield (%) M,° (kg/mol) PDI°(My/M,) [mm] (%) [mr]° (%) [ (%)
1 rac-4 (3.11)  5(2:1) 300:1 >99 59.7 1.18 94.0 3.7 2.3
2 rac-4 (2.34)  5(1:1) 400:1 >99 76.8 1.18 95.4 2.8 1.8
3 rac-4 (1.56) 5 (1:2) 600:1 >99 112 1.21 94.4 3.0 2.6
4 rac-4 (1.17) 5 (1:1) 800:1 >99 134 1.16 94.4 3.5 2.1
5 rac-4 (0.66) 5 (1:6) 1400:1 72 100 2.66 90.6 3.9 5.5
6 rac-4 (2.34) 6 (1:1) 400:1 >99 77.1 1.16 96.0 25 1.5
7 rac-4 (1.56) 6 (1:2) 600:1 >99 108 1.14 95.7 2.6 1.7
8 rac-4 (1.17) 6 (1:1) 800:1 >99 161 1.12 97.1 1.9 1.0
9 rac-4 (0.78) 6 (1:2) 1200:1 >99 260 1.09 96.2 2.5 1.3

& Polymerization conditions: molar ratio [(catl + cat2]/[B(C¢Fs)3] = 1:1; 10 mL toluene; 23 °C; 2 h.
°® Number-average molecular weight (M,) and polydispersity index (PDI) determined by GPC relative to PMMA standards.

© Methyl triad distributions determined by "H NMR spectroscopy.

rac-4/6 pair are similar to those observed for the rac-4/5
pair. Thus, under the conditions employed in the present
study, the isospecific site for both diastereospecific pairs
dominates the polymerization events, and the aspecific
(i.e. 5) and syndiospecific (i.e. 6) sites are largely
nonproductive.

4. Conclusions

To probe new strategies for the production of stereo-
block PMMA, we have investigated the behavior of the
MMA polymerization using three classes of group 4
metallocene catalysts, including oscillating catalysts 1
and 2, mixtures of diastereomeric zirconocene catalysts
3 and 4, as well as diastereospecific catalyst pairs rac-
4/5 and rac-4/6. These three systems were chosen for this
study because of their potential for exhibiting either cat-
alyst-site isomerization within the timescale of the
MMA polymerization or exchange of growing diaste-
reomeric polymer chains between diastereospecific cata-
lyst sites.

Although none of the three systems investigated gave
the desired stereoblock microstructures, several findings
of this study are significant. First, the MMA polymeri-
zation with a 2/1 ratio of 2/B(C4F5)3 or 2/Ph;CB(CgF's)4
— the reaction of which produces a mixture containing
predominately the monocation 7 and the unreacted 2 —
is controlled and produces syndiotactic PMMA,
whereas the MMA polymerization using the monomeric
cation alone is sluggish and uncontrolled. These results
are consistent with the conclusion that the bimetallic
propagating mechanism is more effective and controlled
than the monometallic one for the MMA polymeriza-
tion by the unbridged bis(indenyl) oscillating zircono-
cene catalysts.

Second, unlike pure rac-diastereomers, upon activa-
tion with B(CgF )3, pure meso-diastereomers yield bimo-
dal polymers. The formation of bimodal polymers with
meso-diastereomers suggests that the meso-orientation

of the bridged indenyl phenyl rings likely effects a com-
petition between two independent polymerization pro-
cesses — monometallic mechanism vs. bimetallic
mechanism.

Third, the isospecific catalyst site dominates the poly-
merization events in the MMA polymerization using
diastereospecific metallocene catalyst pairs, while the
aspecific and syndiospecific sites are largely nonproduc-
tive. This phenomena is, of course, catalyst concentra-
tion-dependent. One can reasonably assume that,
under suitable polymerization conditions, both catalyst
sites in a diastereospecific catalyst mixture can be simul-
taneously turned on. If such conditions are met, then the
question becomes: can growing diastereomeric polymer
chains exchange between two cationic, diastereospecific
catalyst sites? Research to answer this question is cur-
rently underway.
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