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Cationic group 4 metallocene and related complexes have

attracted increasing attention from both academia and industry
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highly syndiotactic PMMA through enolaluminate formation and
monomer activation with tris(pentafluorophenyl)alane.

Polymerization of MMA using chiral zirconocenium cations
paired with weakly coordinating borate anions derived filGm
symmetricansazirconocenes produces highly isotactic PMMA
via an enantiomorphic-site control mechani@&ns¢d9In sharp
contrast, polymerization of MMA using the same zirconocenium
cation, but paired with an aluminate anion, affords syndiotactic
PMMA (Table 1). As can been seen from the talvbe-(SBI)-
ZrMetMeB(CsFs)s~ (1, SBI = Me;Si(°-Ind),)'° produced iso-
tactic PMMA (%[mm = 92.7) (run 1). The triad distribution is
consistent with a site-control mechanismr(2[mr] = 1.1).
Unexpectedly, use ofac-(SBI)ZrMetMeAl(CgFs)z~ (2)'* pro-
duced syndiotactic-rich PMMA (runs 2 and 3). Triad tests suggest

because they are structurally well-defined, typically highly active, that the stereochemistry of the polymerization is predominately

single-site olefin polymerization catalysts which produce poly-
olefins with controlled microstructurésThe ultimate and largely
unmet challenge in this field, however, is the discovery of new
catalytic systems for the controlled polymerization of polar
functional monomers and copolymerization of these monomers
with simple olefinsg> Noteworthy successes in this regard include
the discoveries by Collins et &land Yasuda et dl.that
zirconocenes’ and lanthanocengare efficient initiators for the
controlled homopolymerization of methacrylic monomers, par-
ticularly methyl methacrylate (MMA). Either a neutral metal (Zr
or Sm) enolate or a cationic Zr enolate is believed to participate

in the propagation with a mechanism analogous to group-transfer

polymerization (GTPY.We communicate here a new reaction
pathway for metallocene-initiated MMA polymerization using
zirconocenium aluminates as well as an efficient synthesis of
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chain-end controlled (4f][mn{/[mr]> = 0.8 and 0.9 for runs 2
and 3, respectively). Consistent with syndiotactic microstructures,
PMMASs produced by? haveT, values of 112.5 and 127°C at

T, of 23 and 0°C, which are considerably higher than that of
isotactic PMMA produced by (Ty = 55.9°C). Polymerizations

by 1 and2 are well-controlled even at ambient polymerization
temperature, affording PMMAs with narrow molecular weight
distributions of 1.12-1.32. Control runs usingac-(SBl)ZrMe,

(3) or Lewis acids M(GFs); (M = B, Al) alone did not produce
any isolable polymers under the same polymerization conditions.

Evidence that the MMA polymerization by zirconocenium
aluminates undergoes a different mechanism involving enolalu-
minates derives from several lines. First, the polymerization of
MMA was followed in NMR-scale reactions with bofi and
19F NMR being monitored from-40 °C to room temperature. In
MMA polymerization initiated byl, 1% NMR spectra revealed
that the initial weakly coordinated anion MeBg&)s~ in 1 became
a free, noncoordinated ani®nafter addition of MMA which
remained unchanged throughout the polymerization (Figure 1),
consistent with the polymerization mechanism involving a cationic
zirconocene enolafeé In sharp contrast, for MMA polymerization
initiated by?2, the MeAl(GsFs);~ anion transformed into a number
of different aluminate anions during the polymerization and then
into a single anion structure near completion of the polymerization
(Figure 1), indicative of the direemnion involvementn the poly-
merizationt* These aluminate structures were identified to be free,
noncoordinated anion MeAl@Es);~ (A), MMA—AI(CqFs)3 ad-
duct B, Figure 2), and enolaluminate anions Me(R)C-
(OMe)OAI(CsFs)s™ (C, D).*

Second, low-temperature NMR studies reveal that the MMA-
separated ion-paiA formed spontaneously upon mixiryand
MMA equilibrates with3 andB (eq 1) before the polymerization
takes place. The origin of this key step, which results in a different
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Table 1. MMA Polymerization Results and Polymer Properties

Communications to the Editor

entry initiator To (°C) tp(h) yield (%) Mn®  Mw/M,® Tg¢(°C) [rr]¢ (%) [mr¢ (%) [mni¢ (%)
1 rac-(SBIl)ZrMetMeB(CsFs)s~ 23 2 80 30 300 1.13 55.9 2.6 4.7 92.7
2 rac-(SBI)ZrMe*MeAl(CeFs)s 23 2 100 39800 1.25 1125 60.4 35.7 3.9
3 rac-(SBI)ZrMe*MeAl(CeFs)s 0 4 100 73880 1.32 1271 60.8 34.6 4.6
4 (i) B(CeFs)s; (i) rac-(SBI)ZrMe, 23 2 80 28440  1.12 54.7 3.1 6.5 90.4
5 (i) Al(CeFs)s; (ii) rac-(SBI)ZrMe, 23 2 85 28770 1.19 1105 60.6 35.1 4.3
6 CpZrMe; + B(CsFs)s 23 1 100 66.7 30.8 25
7 CpZrMe; + Al(CeFs)s 23 1 100 62.1 34.0 3.9
8  MeC(Cp)(Flu)ZrMe + B(CsFs)3 23 16 0
9  MeC(Cp)(Flu)ZrMe + Al(CeFs)s 23 16 17 62.4 34.2 3.4
10 rac-Et(IndypZrMe; + B(CsFs)3 23 2 100 1.2 2.8 96.0
11 rac-Et(IndpZrMe; + Al(CsFs)s 23 2 100 60.2 35.8 4.0
12 '‘Buli 23 2 29 16163 21.7 7.4 14.7 77.9
13 ‘BulLi —78 10 80 53590 14.4 7.3 17.7 75.0
14 (i) 2Al(CeFs)s; (ii) BuLi 23 008 100 85800 1.73 1354 76.6 22.3 1.1
15 (i) 2AI(CeFs)s; (i) BuLi -78 4 84 59800 1.33 140.1 95.0 5.0 0.0
16 (i) 2B(GsFs)s; (il) BuLi 23 2
17  MeC=C(OMe)OLi 23 2 52 14695 18.8 10.7 22.5 66.8
18  MeC=C(OMe)OLi -78 10 0
19 (i) 2Al(CeFs)s; (i) Me,C=C(OMe)OLi 23 008 100 52100 1.08 127.2 78.4 20.6 1.0
20 (i) 2AI(CsFs)s; (i) Me,C=C(OMe)OLi  —78 1.75 46 37000 1.35 138.1 94.2 5.8 0.0
21 (i) 2B(GsFs)s; (i) Me,C=C(OMe)OLi 23 2 0

2 Polymerization conditions: 46 /mol of initiator (1); mole ratio MMA/I = 200; 10 mL toluene; solvent/[} = 10 v/v. ® Determined by GPC
relative to PMMA standard$.Determined by DSC from the second scébetermined by*H NMR spectroscopy.
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Figure 1. 1% NMR spectra of various borate and aluminate anions
involved in the polymerization in toluends

initiation pathway for2, is attributable to the high Lewis acidity
and oxophilicity of Al(GFs)z.*®
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Third, “activated monomer” polymerization was carried out
by adding3 to the MMA activated by B(gFs)s or Al(CgFs)s (runs

Figure 2. Crystallographic structure of MMAAI(CeFs); adduct.
Selected bond lengths and angles (A, deg)—@lL = 1.811(2); Ot
C19= 1.255(2); 02-C19 = 1.299(4); A-O1-C19 = 148.2(2).

‘BuLi and methyl lithioisobutyrate initiators. Thus, whereas
polymerizations initiated byBuLi or methyl lithioisobutyrate
exhibit low activity and are predominately isotactic with broad
molecular weight distributions (runs +23 and 1718), addition

of 2 equiv of the alane (one equiv. for generating enolaluminates
and the other for activating monomer) brings about much faster
and more controlled polymerization producing syndiotactic
PMMA with tacticity ranging from moderate 76.6% to high 95.0%

4 and 5). The same polymerization results were again obtained:and Tq from 127.2 to high 140.EC and,M./M;, from 1.73 to
the borane “activated monomer” polymerization produces isotactic 1-08, depending on polymerization temperature (runsiBland

PMMA while the alane “activated monomer” polymerization
affords syndiotactic-rich PMMA.

Fourth, while polymer tacticity is very sensitive to the
metallocene structure in MMA polymerizations activated with the
borane C,,-metallocene, runs-67; C+metallocene, runs-89;
Cometallocene, runs 1011), stereospecificity of MMA poly-

19-20). Interestingly, addition of the borane completely shuts
down the polymerization (runs 16 and 21).

In summary, several lines of evidence reported here suggest a
new polymerization pathway for metallocene-catalyzed polym-
erization of MMA which involves enolaluminates. In turn, studies
of countercation affects lead to the efficient synthesis of highly

merizations with the alane activation remains virtually unchanged Syndiotactic PMMA. Further studies on kinetics and mechanistic

upon variation of the metallocene structure.
Finally, highly active and syndiospecific polymerization sys-

tems are generated when the metallocenes are replaced witht

(15) This is also established by comparifg (dagduct— Omma) for CH;O
and CH groups of the following adducts: B§Es);*MMA (—0.04,—0.09),
(SBIl)ZzZrMe™MMA (—0.13,—-0.02), Al(GsFs)s*MMA (—0.29, —0.57), sug-
gesting the highest degree of activation by the alane in this series.

details of the polymerization are in progress.
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