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ABSTRACT: This work studies the mechanism and application of the novel diastereospecific ion-pairing
polymerization (DIPP) effected by a catalyst system comprising chiral zirconocene bis(ester eaotES)!)-
Zr[OC(OPr=CMey] [1, EBI = CyHy(Ind);] and 2 equiv of Lewis acid Al(gFs)s. The 1/2AI(CgFs)s system
effectively promotes DIPP of functionalized alkenes such as methyl methacrylate (MMA), producing polymers
having various stereoregularities, including isotactic, syndiotactic, and isolastindiotactic multiblock
microstructures, depending on the [monomer]/[catalyst] ratio employed. Our detailed investigations into the
polymerization characteristics and kinetics, 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 1/2AI(CgFs)3 system. This mechanism consists of four manifeldespecific, syndiospecific, anion-
monomer exchange, and chain-transfer donvaarsl satisfactorily explains the formation of various polymer
stereomicrostructures under given conditions. The most significant part of this overall mechanism is for the
production of the isotactib-syndiotactic stereomultiblock structure, which is made possible by two pathways
that can interconvert diastereospecific propagating manifolds: exchange between the coordinated anion and
monomer as well as chain transfer. This unique polymerization technique has also been applied to the
copolymerization of MMA with methacrylates having longer alkyl chains, leading to functionalized polymeric
materials with tunable properties that are controlled by their stereomicrostructures and nature of the comonomer.

Introduction diverse tacticities, including atactiatf), isotactic {t-), syndio-
tactic (st), and isotactids-syndiotactic it-b-st) stereoblock£h)
emicrostructure%:4 Our particular interest in the production of
poly(functionalized alkene)s with various stereomultiblock
polymerization of nonpolari-olefins with metallocene and microstructur'es rests on a common bglief th'at introduction 'of
related catalysts An ongoing paradigm shift on utilization of ~ N€W stereomlcrostru_ctures to fupctlonallzed vinyl polymers will
highly active, readily accessible, and highly versatile group 4 '€ad to new materials properties and thus potentially new
metallocene and related complexes for the polymerization of @pplications; a testament of this belief was nicely demonstrated
polar functionalized alkenes has paid increasing attention to thePY Past examples such as polypropylene tRijthit- andat-
polymerization of methacrylatéscrylates® and acrylamide$; PPs are thermoplastic materials, litt-at sbPP is a particularly
owing to the catalyst structure diversity and tunability, most of useful thermoplastic elastomein the case of P(MMA), the
these polymerization systems exhibit a high degree of control Stereochemistry adds another dimension to its materials proper-
over polymer structures (microstructure and architecture). This ties: a stereocomplexby definition, a crystalline polymer
shift, however, is typically accompanied by a switch of the complex between a pair of diastereomeric macromolecules
polymerization mechanism, i.e., from migratory insertion po- can be formed between highi andstP(MMA) blends in a
lymerization of a-olefins to coordinative (anionic) addition typical 1:2 ratio either in the solid state, when annealed, or in
polymerization of functionalized alkenes. suitable solvent$ This self-assembled, double-stranded helical

The resulting functionalized polar vinyl polymers such as complex exhibits enhanced physical and mechanical properties
p0|y(methy| methacry]ate) P(MMA) have Stereogenic centers when Compared to the individual tactic pOlymerS. Therefore,
in the repeating units, and the physical and mechanical propertieghe production oft-b-st ssP(MMA)8is of great interest because
of these po|ymers depend |arge|y on their Stereochenﬁﬁw_ diastereomeric P(MMA) chains in the stereoblock composite
virtue of the nature of ligand and metal as well as the become chemically linked, and thus stereocomplex formation
stereochemical control mechanism, group 4 metallocene andof helical structures is expected to be more facile and diverse
related complexes have demonstrated their ability to control (€.g., intermolecular vs intramolecular stereocomplex formation).
stereoregulation of the polymerization of methacrylates and  To this end, we communicated earlier a novel diastereospe-
acrylamides, leading to production of the polymers having cific jon-pairing polymerization (DIPP) that produces miilsi-

b-st sbP(MMA).2" That initial system employed a catalyst
* Corresponding author. E-mail: eychen@lamar.colostate.edu. mixture containing chiral zirconocenium methyl cations paired

Organometallic and polymer chemistry has recently experi-
enced phenomenal scientific and commercial successes in th
production of revolutionary polyolefin materials by (co)-
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with both methyl borate and methyl aluminate anions, eag-, to tetramethylsilane, whered¥ NMR spectra were referenced to
(EBI)ZrMe*[MeB(CsFs)s Jo.dMeAl(CsFs)3 ]o.s Which is gener- external CFG. Elemental analyses were performed by Desert
ated by activation ofac-(EBI)ZrMe, with a 1:1 ratio of Lewis ~ Analytics, Tucson, AZ.

acids E(GFs)s (E = B, Al). The polymerization of MMA by Methyl methacrylate (MMA)n-butyl methacrylate (BMA), and
such a system was proposed to proceed in a diastereospecifi@ €thylhexyl methacrylate (EHM) were purchased from Aldrich,

. .. . . . . . Alfa Aesar, and TCl America, respectively, and purified b
lon-pairing fashlgn, in which the ZrB™ ion pair produces the degassing and drying over Cafbr 2 d[;ys fol?/owed b)[/) vacuum g
it-block via the zirconium ester enolate cation and the/&r- distillation; final purification of MMA involved titration with neat

ion pair affords thestblock via the enolaluminate anion, jn.octyl)aluminum to a yellow end poihfollowed by a second

whereas the exchange of growing diastereomeric polymer chainsyacuum distillation. The purified monomers were stored in brown

occurs via a neutral zirconocene bis(ester enolate) intermediateglass bottles in a-30 °C freezer inside the glovebox. 2,6-Birt-

to yield it-b-st multiblock P(MMA). butyl-4-methylphenol (butylated hydroxytoluene, BHT-H) was
Details of the DIPP mechanism, however, remained unknown Purchased _from Aldrich Chemical Co. and recrystallized from

before the current work. Additionally, that early system affords Neéxanes prior to use. _

only short blocks with an average lengthibfandstsequences Tris(pentafluorophenyl)borane B{Es); was obtained as a

. . . ; : research gift from Boulder Scientific Co. and further purified by
of approximately five. Accordingly, our continued studies of recrystallization from hexanes a0 °C. Tris(pentafluorophenyl)-

this unique DIPP over the past 3 years have been focused on,_ o Al(GFs)s, as a 0.5 toluene adduct AKE.)s(CHg)os Was
mechanistic aspects of the polymerization as well as develop-5renared by the reaction of B(E:); and AlMe; in a 1:3 toluene/
ment of the DIPP system with higher efficiency and degree of hexanes solvent mixture in quantitative yiéfthis is the modified
control over diastereomeric blocks. We recognized that the synthesis based on literature proceddfedlthough we have
polymerization by the early system employing the chiral experienced no incidents when handling this mategiet:a caution
zirconocenium methyl cations paired with mixed methyl borate should be exercisge@specially when dealing with the unsolvated
and methyl aluminate anions commences with slow initiation form, because of its thermal and shock sensitivity. The alane
steps that involve transfers of methyl groups to the activated €mployed in this work is the toluene adduct. The AKgsMMA
monomers by the Zr cation and by the Al Lewis acid to generate 2dduct” was prepared by addition of excess MMA to a toluene
cationic zirconocenium ester enolate and anionic enolaluminatefsc’lut'On of the alane followed by removal of the volatiles and drying

; . : L S in vacuo; when no isolation is needed, this adduct can be prepared
diastereospecific propagating species; these slow initiation stepsDy direct mixing of Al(GFe)s with MMA. Literature procedures

hampered our mechanistic studies and also resulted in theyere employed for the preparation of the following compounds
formation of ill-controlled polymer products. Subsequently, we and metallocene complexes: MeAl(BHE (EBI)H, [EBI = C,H4
reasoned that a new system consisting of the preformed (Ind),],23 rac-(EBI)Zr(NMe,),,%4 rac-(EBI)ZrMe,,4 andrac-(EBI)-
propagating intermediate, zirconocene bis(ester enolate) complexZr[OC(OPr=CMey], (1).%

rac-(EBI)Zr{OC(OPr=CMe;],,% and 2 equiv of strongly Lewis Isolation of [rac-(EBI)Zr(OC(OMe) =C(Me)CH,C(Mey)C-
acidic alane Al(GFs)s, should form rapidly, in the presence of ~ (O'Pr)=0)]*[(C¢Fs)sAl ~OMe—AI(C¢Fs)3] ~ (2). In an argon-filled
MMA, the diastereospecific propagating species in a single fast glovebox, a 30 mL glass reactor was charged Mit(80.3 mg,
reaction, thus eliminating those slow initiation steps in the earlier 9:05 mmol), Al(GFs):"MMA (62.8 mg, 0.10 mmol), and 15 mL
system. As a result, the nell2Al(CeF=); catalyst system should of CH2C|2- The resulting yeIIovy solution was stirred for 24.h at
lead to a DIPP process with higher efficiency and enhanced ambient temperature, after which the orange-red suspension was

trol | it h teristios: v i tant filtered. The solvent of the filtrate was removed, and the resulting
control over polymerization charactenistics, equally important egjqe was extensively dried in vacuo, affording 63.3 mg (76%)

is the excellent opportunity, offered by this controlled system, 4 complex2 as an orange-red solid. The cation portion2ofs

to investigate the kinetics and mechanism of DIPP. With these jdentical to the cyclic ester enolate zirconocenium cation that is
goals in mind, we present here a full account of our efforts to paired with the methylborate aniomac-(EBI)Zr{OC(OMe)=
understand the polymerization control, stereoregulation, active C(Me)CH,C(Me;)C(OPr)=0]*[MeB(C¢Fs)3] ~, which was derived
species, kinetics, and mechanism of DIPP, using 1t2I- from the single MMA addition taac-(EBI)Zr*(THF)[OC(OPry=
(CeFs)3 system for the polymerization and copolymerization of CMez][MeB(CqFs)s]~ and spectroscopically/analytically (but not

MMA and other alkyl methacrylates under systematically varied Structurally) characterize. Accordingly, single crystals o
conditions. suitable for X-ray diffraction studies were grown from toluene at

—30 °C inside the freezer of the glovebox.
. : IH NMR (CD,Cly, 21 °C) for 2: ¢ 8.06 (d,J = 8.4 Hz, 1H),
Experimental Section 7.95 (d,J = 8.4 Hz, 1H), 7.387.23 (m, 6H), 6.31 (d) = 3.3 Hz.
Materials and Methods. All syntheses and manipulations of  1H), 6.27 (d,J = 3.3 Hz, 1H), 6.23 (dJ = 3.3 Hz, 1H), 5.95 (d,
air- and moisture-sensitive materials were carried out in flamed J= 3.0 Hz, 1H), 4.34 (sept] = 6.4 Hz, 1H, GiMe,), 4.12-3.97
Schlenk-type glassware on a dual-manifold Schlenk line, a high- (m, 4H, CH,CH,), 4.05 (s, br, 3H, AlMe), 3.14 (s, 3H, Me),
vacuum line (typically 165—10~7 Torr), or in an argon or nitrogen- ~ 2.28 (s, br, 2H, €ly), 1.52 (s, 3H=CMe), 1.40 (d,J = 6.3 Hz,
filled glovebox (typically<1.0 ppm oxygen and moisture). NMR-  3H, CHMe,), 1.29 (d,J = 6.3 Hz, 3H, CHVley), 1.26-1.16 (m,
scale reactions (typically in a 0.02 mmol scale~.7 mL of an 6H, CMe,). 1% NMR (CD.Cl,, 21°C): ¢ —119.36 (d, 12Fp-F),
NMR solvent) were conducted in Teflon-valve-sealed J. Young- —154.19 (t, 6Fp-F), —162.17 (m, 12Fm-F).
type NMR tubes. HPLC grade organic solvents were sparged Isolation of rac-(EBI)Zr[OC(OMe) =C(Me)CH,C(Me,)C-
extensively with nitrogen during filling of the 20 L solvent reservoir  (O'Pr)=0-Al(C4Fs)z]2 (3). In an argon-filled glovebox, a 60 mL
and then dried by passage through activated alumina (for THB, Et  glass reactor was charged witt{12.1 mg, 0.02 mmol), Al(€Fs)3*
and CHCI,) followed by passage through Q-5-supported copper MMA (25.1 mg, 0.04 mmol), and 25 mL of hexanes. The resulting
catalyst (for toluene and hexanes) stainless steel columns. Benzeneyellow suspension was stirred for 30 min at ambient temperature,
ds and tolueneds were degassed, dried over sodium/potassium alloy, after which the reaction mixture was filtered. The filtrate was
and filtered before use, whereas Ch@hd CDCl, were degassed  concentrated under reduced pressure@®b mL and subsequently
and dried over activated Daviso4 A molecular sieves. NMR cooled to—30 °C inside the freezer of the glovebox over 2 h. The
spectra were recorded on either a Varian Inova 300 (FT 300 MHz, supernatant was quickly decanted, and the solid collected was
1H; 75 MHz, 13C; 282 MHz, %) or a Varian Inova 400 extensively dried in vacuo to give 28.0 mg (76%) of comeas
spectrometer. Chemical shifts féid and13C spectra were refer- a yellow power. Anal. Calcd for gHsgAlF300gZr: C, 51.59; H,

enced to internal solvent resonances and are reported as ppm relativ8.14. Found: C, 51.42; H, 2.84. CDV
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IH NMR (CgDg, 21°C) for 3: 6 7.28 (d,J = 8.4 Hz, 2H), 7.06
(d,J= 8.4 Hz, 2H), 6.96-6.85 (m, 4H), 5.99 (dJ = 3.0 Hz, 2H),
5.80 (d,J = 3.0 Hz, 2H), 5.19 (sept] = 6.4 Hz, 2H, GiMey),
3.23 and 3.10 (m, 4H, 8,CH,), 2.99 (s, 6H, Me), 2.31 (G,
4H, CH,), 1.28 (s, 6H=CMe), 1.12 (d,J = 6.0 Hz, 12H, CH\e,),
0.86 (M, 12H, Ble&y). 13C NMR (CgDg, 21°C): 3 189.0 [C(O'Pr)=
0], 158.35 (@C(OMe)y=), 150.33 (d,"Jc—¢ = 211.0 Hz, GFs),
142.06 (d,3Jc—r = 251.6 Hz, GFs), 137.29 (dNc—F = 251.5 Hz,
CeFs), 132.14, 125.78, 124.81, 123.73, 122.71, 122.39, 121.08,
115.18, 103.02 (a total of 9 resonances for the indenyl carbons),
79.91 ECMey), 78.22 (CCHMey), 54.35 (CCH3), 45.90 CH,),
41.79 CMey), 29.09 CH,CH,), 24.45 (OCHVe,), 23.56 (OCHVe,),
20.65 (Mey), 17.36 ECMe). 1% NMR (CgDg, 21°C): 6 —122.90
(d, 12F,0-F), —152.07 (t, 6F p-F), —161.20 (m, 12Fm-F).

Generation of rac-(EBI)Zr[OC(OMe) =C(Me)CH,C(Me;)C-
(O'Pr)=0-Al(C ¢Fs)3] [OC(OPr)=CMe,] (4). In an argon-filled
glovebox, a 60 mL glass reactor was charged wit(iL8.2 mg,
0.03 mmol), Al(GFs)3*MMA (18.8 mg, 0.03 mmol), and 30 mL
of hexanes. The resulting yellow suspension was stirred for 10 min
at ambient temperature, after whith NMR of an aliquot showed
an incomplete consumption @f Accordingly, a second portion of
Al(CgFs)3*MMA (0.01 mmol) was added, and the mixture was
stirred for another 20 min. The reaction mixture was filtered, and
the filtrate was concentrated under reduced pressure2tanL.
The concentrated filtrate was left inside—e0 °C freezer of the
glovebox. The supernatant was quickly decanted, and the solid
collected was extensively dried in vacuo to give 27.8 mg of the
product as a yellow solid. NMR spectra of the product showed
formation of the title complex, but accompanied by40% of
complex3 (i.e., the 1:2 ratio reaction product); repeated attempts
to separate them by recrystallization were unsuccessful.

H NMR (CgDg, 21 °C) for 4: 6 7.35 (m, 2H), 7.257.05 (m,
3H), 6.89 (m, 3H), 6.39 (dJ = 3.0 Hz, 1H), 6.05 (dJ = 3.0 Hz,
1H), 5.96 (d,J = 3.0 Hz, 1H), 5.87 (dJ = 3.0 Hz, 1H), 5.19
(sept,J = 6.4 Hz, 1H, GHHMe,), 3.65 (septd = 6.4 Hz, 1H,
CHMey), 3.31 and 3.16 (m, 4H, 18,CH,), 2.97 (s, 3H, Me), 2.34
(Oas, 2H, CH,), 1.73 and 1.44 (s, 3H=CMey), 1.31 (s, 3H,=
CMe), 1.23 (d,J = 6.3 Hz, 3H, CHMe;,), 1.16 (d,J = 6.0 Hz, 6H,
CHMe,), 1.07 (d,J = 6.3 Hz, 3H, CHViey), 0.89 (m, 6H, ®/ey).
19F NMR (GsDg, 21 °C): 0 —122.87 (d, 12Fp-F), —152.14 (t,
6F, p-F), —161.25 (m, 12Fm-F).

Isolation of [rac-(EBI)Zr(OC(O iPr)=CMe,)] '[O=C(O'Pr)C-
(Me2)B(CeFs)3]~ (5). In an argon-filled glovebox, a 20 mL glass
reactor was charged with(18.2 mg, 0.03 mmol), B(€Fs)s (15.4
mg, 0.03 mmol), and 2 mL of CiZl,. The resulting dark red
solution was stirred for 30 min at ambient temperature, after which
it was filtered. The filtrate was first analyzed by NMR showing
the clean formation 05, then the solvent of which was removed
in vacuo to give 24.9 mg of complex(72%) as a red solid. Anal.
Calcd for GoHaBF1504Zr: C, 55.87; H, 3.79. Found: C, 55.85;
H, 3.60.

IH NMR (CD,Cly, 21 °C) for 5: ¢ 8.06 (d,J = 8.4 Hz, 1H),
7.94 (d,J = 8.4 Hz, 1H), 7.39-7.22 (m, 6H), 6.29 (d) = 3.0 Hz,
3H), 5.97 (dJ = 3.0 Hz, 1H), 4.33 (sepfl = 6.4 Hz, 1H, GiMe,),
4.14-3.95 (m, 4H, ®&,CH,), 3.62 (s, br, 1H, EIMe,), 1.54 (s,
3H, =CMe;,), 1.38 (d,J = 6.0 Hz, 3H, CHMe,), 1.27 (d,J = 6.0
Hz, 6H, CHMe,), 1.21 [s, br, 9HMe's for =CMe, (3H), CHMe,
(3H), and Qe (3H)], 1.02 (s, br, 3H, ®ley). 1°F NMR (CD.Cl,,
21°C): 6 —132.30 (d,%J—r = 19.5 Hz, 6F,0-F), —163.09 (t,
3J—r = 19.5 Hz, 3F,p-F), —165.94 (m, 6F,mF). 13C NMR
(CD4Cl,, 21°C, only key resonances shown):192.47 C(OPry=
0], 150.08 [CC(O'Pry=], 69.02 (CCHMe,).

General Polymerization Procedures.Polymerizations were
performed in 25 mL flame-dried Schlenk flasks interfaced to the
dual-manifold Schlenk line. In a typical procedure, a predetermined
amount of Al(GFs); was first dissolved in MMA (9.35 mmol)
inside a glovebox, and the polymerization was started by rapid
addition of this in-situ-prepared alan®MA solution via a gastight
syringe to a 10 mL CkLCI; solution of1 under vigorous stirring at
the preequilibrated bath temperature. (The amount of MMA was
fixed for all polymerizations, and the amounts of Alfg); and1
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were adjusted according to the ratios specified in the polymerization
tables.) After the measured time interval, the polymerization was
quenched by the addition of 5 mL of 5% HCl-acidified methanol.
The quenched mixture was precipitated into 100 mL of methanol,
stirred for 1 h, filtered, washed with methanol, and dried in a
vacuum oven at 50C overnight to a constant weight.

Polymerization Kinetics. Kinetic experiments were carried out
in stirred 25 mL Schlenk flasks at a given temperature using stock
solutions of the catalyst. Aliquots (0.2 mL) were taken at appropriate
time intervals, treated, and analyzed according to literature
proceduregb 15

Polymer Characterizations. Glass transition temperaturegy)
of the polymers were measured by differential scanning calorimetry
(DSC) on a DSC 2920, TA Instruments. Samples were first heated
to 180°C at 20°C/min, equilibrated at this temperature for 4 min,
and cooled to—60 °C at 20 °C/min. After being held at this
temperature for 4 min, the samples were then reheated t6@80
at 10°C/min. All Ty values were obtained from the second scan,
after removing the thermal history. Gel permeation chromatography
(GPC) analyses of the polymers were carried out at@@nd a
flow rate of 1.0 mL/min, with CHG as the eluent, on a Waters
University 1500 GPC instrument equipped with fouri® PL gel
columns (Polymer Laboratories) and calibrated using 10 PMMA
standards. Chromatograms were processed with Waters Empower
software (version 2002). NMR spectra for the polymers were
recorded in CDGland analyzed according to literature proceddtes.

X-ray Crystallographic Analysis of 2. Single crystals of
complex2 grown from toluene were quickly covered with a layer
of Paratone-N oil (Exxon, dried and degassed at k20 Torr
for 24 h), after the mother liquors were decanted, and then mounted
on a thin glass fiber and transferred into the cold nitrogen stream
of a Bruker SMART CCD diffractometer. The structure was solved
by direct methods and refined using the Bruker SHELXTL program
library by full-matrix least-squares d? for all reflections!” All
non-hydrogen atoms were refined with anisotropic displacement
parameters, whereas hydrogen atoms were included in the structure
factor calculations at idealized positions. There is a toluene molecule
found in the lattice. Selected crystallographic data 26C;Hs:
CreHasAl 2F300sZr, triclinic, space grougl, a = 10.3530(6) Ab
= 16.3085(10) A,c = 21.7857(13) A, = 83.8880(10), 8 =
80.7960(10), y = 76.1090(10), V = 3515.9(4) &R, Z = 2, Dcarca
= 1.658 mg/m, R1 = 0.0531 [ > 20(l)], wR2 = 0.1134.

Results and Discussion

Polymerization Characteristics. Table 1 summarizes rep-
resentative results of MMA polymerization by th&Al(CeFs)3
system in CHCI, in a [MMA] o/[1]o ratio ranging from 600 to
1500. It must be noted here that the catalyst ARgJs and the
solvent CHCI, are incompatible if directly mixed as GBI,
decomposes Al(gFs)3 via chloride abstraction to form ¢Es)o-

AICI that has been structurally characterized as a dimer in the
solid state'® Conversely, CHCl, presents no problems for
reactions using the alane in the form of a base adduct such as
Al(CgFs)3 THF and Al(GFs)s*MMA. Additionally, direct con-

tact of Al(CsFs)s with 1 leads to rapid decomposition as well.
Thus, in the present polymerization system, it is critical that
Al(C¢Fs)3 be first mixed (dissolved) in large excess MMA (the
amount of which depends on the [MM#]1], ratio employed)
followed by addition to a CbCl, solution of 1 to start the
polymerization. (All elementary reactions involving these
reagents when mixed in different sequences will be thoroughly
discussed later.) As can be seen from Table 1, the polymerization
at 22°C with a relatively high concentration of] = 1.50 mM,
which corresponds to a [MMA][1], ratio of 600, is rapid and
produces essentiallgtP(MMA) with nearly constanst ([rr]

= 68—71%) andnht (heterotactic, finr] = 22—24%) indices vs
monomer conversion (runs—10, Table 1). Number-average
molecular weights Nl,) of the resulting polymers at VariOlEDV
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Table 1. Selected MMA Polymerization Results by the 1/2Al(gFs)s Systent

temp time 10°MP
run no. L] (mM) [MMA] o [1]o (°C) (min) conv (%) (g/mol) PDP (Mw/My) [mni© (%) [mr]¢ (%) [rr]c (%)
1 1.56 600 22 1 38 2.08 1.54 6.6 22.1 71.3
2 2 45 2.24 1.50 7.0 23.1 69.9
3 3 52 2.15 1.54 7.2 22.7 70.1
4 4 56 2.37 1.47 7.2 22.6 70.2
5 5 60 2.37 1.48 7.8 23.7 68.5
6 6 67 2.34 1.51 6.9 24.0 69.1
7 7 72 2.50 1.50 8.3 23.7 68.0
8 8 76 2.56 1.49 8.9 22.6 68.5
9 9 82 2.82 1.47 8.7 23.4 67.9
10 10 88 2.92 1.43 8.6 23.7 67.7
11 117 800 22 1 7 0.66 1.32 325 19.0 48.5
12 5 16 0.95 1.38 36.7 18.2 45.1
13 10 24 1.37 1.36 40.7 17.1 42.2
14 15 32 1.77 1.34 42.4 16.5 41.1
15 20 40 2.26 1.30 42.7 16.7 40.6
16 25 48 2.63 1.27 443 16.0 39.7
17 30 55 3.04 1.25 447 15.9 394
18 35 62 3.32 1.24 445 16.2 39.3
19 40 70 3.46 1.23 44.2 16.4 39.4
20 46 75 4.05 1.22 45.0 16.1 38.9
21 50 81 4.04 1.22 44.2 16.3 39.5
22 60 91 4.64 1.20 41.9 16.8 41.3
23 70 100 5.05 1.20 40.0 17.4 42.6
24 117 800 0 2 17 0.83 1.61 18.7 19.4 61.9
25 10 25 1.48 1.38 21.7 17.9 60.4
26 20 38 221 1.32 21.2 18.0 60.8
27 30 49 291 1.27 22.9 18.5 58.6
28 40 57 3.46 1.24 215 18.1 60.4
29 55 71 4.18 1.24 21.3 18.0 60.7
30 70 86 4.93 1.24 22.0 18.8 59.2
31 104 95 5.80 1.24 20.7 18.1 61.2
32 0.935 1000 22 5 12 0.90 1.31 38.5 17.6 43.9
33 7 14 1.09 1.33 41.4 18.2 40.4
34 10 23 1.40 1.33 46.2 16.8 37.0
35 15 29 1.85 1.32 45.7 17.1 37.3
36 20 34 2.12 1.35 47.8 16.3 35.9
37 30 46 2.89 1.30 475 15.8 36.7
38 45 62 3.91 1.27 50.2 15.5 343
39 75 84 5.01 1.34 54.1 14.4 315
40 120 94 5.55 1.23 56.0 13.8 30.2
41 180 98 6.10 1.34 60.9 12.6 26.5
42 0.935 1000 0 4 15 0.60 1.31 39.0 18.8 42.2
43 10 21 0.99 1.25 40.6 15.8 43.6
44 20 31 1.52 1.24 42.0 15.7 423
45 30 42 2.01 1.24 433 15.0 41.7
46 45 45 2.78 1.20 41.0 15.6 43.4
47 60 52 3.36 1.19 43.7 14.9 414
48 90 66 4.22 1.18 47.2 14.2 38.6
49 120 77 5.15 1.18 48.8 13.8 374
50 181 88 5.73 1.19 52.5 13.0 345
51 240 92 5.97 1.20 54.4 125 33.1
52 0.78 1200 22 2 12 0.58 1.32 52.9 18.2 28.9
53 6 14 1.40 1.41 64.8 13.7 215
54 10 20 2.10 1.43 69.3 12.3 18.4
55 15 24 2.54 1.52 70.1 121 17.8
56 20 28 3.21 1.47 71.3 12.2 16.5
57 30 43 4.19 1.43 71.0 121 16.9
58 45 58 5.50 1.38 73.9 10.9 15.2
59 60 67 5.98 1.34 73.4 10.8 15.8
60 90 82 6.90 1.34 71.6 11.7 16.7
61 120 89 6.95 1.38 725 11.3 16.2
62 150 93 7.87 1.37 74.7 10.6 14.7
63 0.62 1500 22 5 9 2.16 117 77.2 12.7 10.1
64 11 18 3.72 1.28 80.1 11.3 8.6
65 20 22 5.24 1.38 84.1 9.1 6.8
66 30 31 6.65 141 81.5 10.6 7.9
67 45 43 8.06 1.42 80.3 11.0 8.7
68 60 53 9.46 1.44 81.7 10.4 7.9
69 90 64 9.88 1.54 80.9 10.7 8.4
70 120 72 9.65 1.61 81.2 10.6 8.2

a Carried out in Schlenk flasks on a Schlenk line using an external temperature-control bath, 10 miChf ENumber-average molecular weighty)
and polydispersity index (PDI) determined by GPC relative to PMMA standards in £FHTacticity (methyl triad distribution) determined Bi# NMR
spectroscopy. CDV
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Figure 1. Plot of M, and PDI of P(MMA) by thel/2Al(CgFs)s system
{[MAA] ¢/[1]o = 800; 22°C} vs monomer conversion.

80 100

conversions indicate that approximately two polymer chains
were produced per Zr center. For example, at 67% conversion,
the measured/, was 2.34x 10* compared to the calculated
M, of 2.01 x 10* based on 2[MMAJ/[I]o = 600, giving an
initiator efficiency |* = My(calcd)Mp(exptl), whereMy(calcd)
= MW(MMA) x [MMA]d[l]o x conversion %] of 86%.
Likewise, thel* was calculated to be 87% at a conversion of
82%; thesd* values are typical of those MMA polymerizations
by the metallocene systeth All polymers produced exhibit
unimodal molecular weight distributions (MWD) with polydis-
persity indices (PDE My/M,) ranging from 1.43 to 1.54.

The polymerization in a [MMAJ/[1], ratio of 800 at 22C
is considerably slower and achieves quantitative monomer
conversion in 70 min (runs 123, Table 1), but thé/,, data
of the resulting polymers are still consistent with the production
of two polymer chains per Zr center. However, the polymeri-
zation at this ratio is more controlled in terms of an observed
linear increase of the polymév, with monomer conversion,
which is coupled with relatively small and nearly constant PDI
values (Figure 1). More significantly, the polymers produced
exhibitit-b-st skmicrostructure$,with enriched in bottst ([rr]
= 40-45%) andit ([mm = 43—39%) contents as well as
reducedht contents (fnr] = 16—17%). The polymers produced
are unimodal with relatively narrow MWDs as measured by
GPC in either THF (stereocomplex solvent) or Ckli@ho
complex solvent), exhibit singl&y values ranging from 93 to
99°C, and show practically no change in stereomicrostructures
(triad distributions) with quantitative recovery yields after they
have been extracted by boiling absolute ethanobfag h [it-
P(MMA) of medium molecular weightM, < 5 x 10% is
soluble in hot ethand]; the combined above evidence supports
the conclusion that these polymers produced byltBal(CgFs)3
system under these conditions &@ré-st multiblock P(MMA),
implying that the polymerization occurs in a diastereospecific
fashion. Polymerizations at® (runs 24-31, Table 1) behave
similarly, except that the resulting polymers hav20% more
st contents than those produced at 22

A further decrease in the concentration bfto reach a
[MMA] ¢/[1]o ratio of 1000 further slows down the polymeri-
zation at 22°C (runs 32-41, Table 1); however, thkl, data
of the resulting polymers are still consistent with the production
of two polymer chains per Zr center. Under this condition, there
is a gradual increase ihcontent from fnm = 39% to 61% as
monomer conversion increases from 12% to 98%, and con-
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Figure 2. Plot of M, and PDI of P(MMA) by thel/2Al(CgFs); system
{[MAA] ¢/[1]o = 1000; 22°C} vs monomer conversion.
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Figure 3. Selected zero-order plots of [MM]o vs time for the
polymerization of MMA by 1/xAl(CeFs)s in CH,Cl, at 22 °C.
Conditions: [MMA]/[AI] o/[Zr]o = 800/2/1 @), 800/3/1 (), 800/4/1
(a), and 800/5/1 4).

versely thest content decreases fromr] = 44% to 27%; in

the same conversion window, thecontent remained relatively
low ([mr] = 18—13%). The polymerization also shows a linear
increase of the polymeM, vs monomer conversion with
relatively small, nearly constant PDI values (Figure 2). Using
the same analytical procedures employed for the polymers
produced at the 800:1 ratio, all polymers produced at the 1000:1
ratio are confirmed to b#-b-st multiblock P(MMA), but they
have considerably longérsequences. Polymerizations at@
(runs 42-51, Table 1) produce polymers with similar charac-
teristics. Polymerizations under a further reduced catalyst
concentration in MMAY/[1]o ratio of 1200 (runs 5262) give
polymers with increasingly morié contents thaist contents in

the it-b-st skP(MMA) product, with mni reaching ~70%.
Lastly, when the catalyst concentration is further reduced to
such that the MMAJ/[1], ratio = 1500, the resulting polymers
are essentiallyt-P(MMA) with nearly constanit content of
[mm ~80%.

Polymerization Kinetics. MMA polymerizations by the
1/2Al(CeFs)3 system with relatively high catalyst concentrations
of [1] = 1.17 mM (i.e., [MMA]/[1]o < 800) at 22°C follow
zero-order kinetics in [MMA] (Figure 3); this kinetic behavior
holds true for the polymerizations at’C despite the expected
lower rates. Varying the equivalency of Al{g)s; employed
did not alter this kinetic order (Figure 3), and analyses of the
resulting polymer by th&/xAl(CgFs)3; system x = 2—5) showed
similar polymervl, and PDI values at nearly the same monoregv
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Figure 5. Selected first-order plots of In([MIM]:) vs time for the
polymerization of MMA by 1/xAl(CeFs)s in CH.Cl,. Conditions:
[MMA] o/[Al] o/[Zr]o = 1000/3/1 at 22C (@), 1000/2/1 at 22C (#),
1200/2/1 at 22C (»), and 1000/2/1 at OC (a).

60

conversions although th&t content of the resulting P(MMA)
gradually increased from40% to~60% whenx was varied
from 2 to 5. A double-logarithm plot (Figure 4) of the apparent
rate constantskgpy, which were obtained from the slopes of
the best-fit lines to the plots of [MMAJMMA] ¢ vs time, as a
function of [Al(CsFs)s], was fit to a straight line of slope=
1.9(2). Hence, the kinetic order with respect to [AJF€)3], given

lon-Pairing Polymerization of Functionalized Alkene$209

assisted 1,5-H sigmatropic shift 8fH of the isopropoxy group

to the=CMe; carbon followed by elimination of propylene and
formation of the carboxylate bridged ion pé&inn the current
polymerization system, however, at no time does the free Al-
(CeFs)3 exist because it is always in the form of an adduct with
either MMA or the ester group of the polymer chain. Thus, the
fourth elementary reaction consider is the reactiorl afith

the adduct Al(GFs)s*MMA, which is precisely related to the
current polymerization system and identical to our practice (i.e.,
we premix the alane with excess MMA to form the adduct
before addition to a CkCl, solution of1 to start the polym-
erization; vide supra). Significantly, unlike the complex de-
composition reactions observed upon mixing.@ind Al(GsFs)s,

the reaction ofl with Al(CsFs)3*MMA yielded no such complex
decomposition products, but clean and characterizable species.
Thus, the reaction ofl with 2 equiv of Al(GFs)s*MMA in
CH,ClI, for 24 h (to ensure a complete conversioriaind other
related species shown in Scheme Rtat ambient temperature
afforded ion pair2 as an orange-red crystalline solid in 76%
isolated yield. The cation portion @fis identical to the living,
highly isospecific, cyclic ester enolate zirconocenium cation that
is paired with the methyl borate aniaac-(EBI)Zr[OC(OMe)=
C(Me)CHC(Mey)C(OPr=0]*[MeB(CsFs)3] ~, which was de-
rived from the single MMA addition taac-(EBI)Zrt(THF)-
[OC(OPr=CMe;][MeB(CeFs)3]~ and previously isolated as
well as spectroscopically/analytically (but not structurally)
characterized® the cation is also an isoelectronic structure of
the neutral samarium complex @es),Sm(MMA).H, which
was isolated from the reaction of the samarium hydride precursor
with 2 equiv of MMA and crystallographically characteriz€d.

X-ray diffraction analysis of single crystals @fconfirmed
the molecular structure inferred from spectroscopic and analyti-
cal data, featuring unassociated cation and anion pairs (Figure
6). The structural motif of the cation is indeed that of the
proposed chiralnsazirconocenium center incorporating the
rac-(EBI) ligand and eight-membered-ring cyclic ester enolate
moiety2° whereas the anion is a methoxy-bridged dialuminate
in which the bridging oxygen adopts a trigonal-planar geometry
with a sum of the angles around the oxygen of 359Fhe
covalent Zr-enolate oxygen bond [Z0O(2) = 1.987(3) A] is
noticeably shorter than the dative Zgzarbonyl oxygen bond
[Zr—O(1) = 2.117(3) A] by 0.13 A, whereas the enolate

by the slope of 1.9(1), reveals that propagation is approximately carbor-oxygen single bond [C(22)0(2) = 1.361(5) A] is

second order in [Al(gFs)s] under the concentration regime
defined above.

On the other hand, MMA polymerizations by th2Al(CgFs)3
system with relatively low zirconocene concentrations 4f [
< 0.935 mM (i.e., [MMA}/[1]o = 1000) at 22C follow strictly
first-order kinetics in [MMA] (Figure 5). As can be seen from
this figure, the first-order kinetics within this concentration
regime is invariant of both th&Al(C¢Fs)s ratio (with 2 equiv
of the alane or greater) and reaction temperature.

Elementary Reactions.There are four possible elementary
reactions to consider in the current polymerization system
containing the monomer MMA as well as catalysts zirconocene
bis(ester enolate) and Lewis acid Al(GFs)s. First, there was
no reaction between MMA and under the polymerization
conditions employed (in CKLI, at ambient temperature up to
several hours). Second, mixing of MMA and AHE&s)s spon-
taneously forms the adduct Al§Es)s*MMA. Third, direct
contact ofl with Al(CgFs)s in toluene led to the formation of
a mixture of unidentified species. Decomposition of the
analogous mono-ester enolate comptex;:(EBI)ZrMe[OC(C-
Pr=CMe;], by Al(CsFs)3 was reported to occur via the alane-

longer than the &0 double bond [C(29Y0(1) = 1.247(4) A]

by 0.11 A. The C(22¥C(24) double bond is characterized by
a bond distance of 1.322(6) A and a sum of the angles around
C(22) of 360.0 for a trigonal-planar geometry. Interestingly,
the O(1)-Zr—0(2) angle of 97.4(F)in 2 is identical to that
observed in the precursor bis(ester enolatg)despite its
formation of the eight-membered-ring cyclic ester enolate moiety
that adopts an unusual conformation in which both the enolate
oxygen atom O(2) and the methylene carbon atom C(25) are
located above the plane defined approximately by the remaining
ring atoms. On the other hand, unlike the partial double-bond
character for the Z+O bond in1 where the oxygen is partly
sp-hybridized due to a.p-d, interaction between zirconium
and enolate oxygefithe Zr—enolate oxygen bond iis purely

a single bond, as evidenced by its bond length and a small Zr
0(2)—-C(22) vector angle of 125.2(2) presumably as a
consequence of the eight-membered-ring conformation. This
unigue ring conformation places the C(27) atom, equivalent of
the growing polymer chain (which would make the C(26) the
chiral penultimate chain end), in the coordination sphere voids

of the rac-(EBI) ligand structure, facing away from theBCCDV
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Scheme 1
i oPr OAI (CoFe)s |
Pro Al(CeFs)s
OF ¢ )
@ 2 r( . 2 CD,Cl,
o __ <-20°C
Y< / 0\ X -OMe

O'Pr OA' (CeFs)3

CH,Cl,| R.T. R.T.

Me()>':<i;}0 o MI(CeFe)s

Figure 6. Molecular structure o2. Selected bond lengths (A): ZO(1)= 2.117(3), ZF0O(2) = 1.987(3), C(293-0(1) = 1.247(4), C(29-0(3)
=1.303(4), C(22y0O(2)= 1.361(5), C(22)-0(4) = 1.373(5), C(22)-C(24)= 1.322(6), Al(1)-O(5) = 1.846(3), Al(2y-O(5) = 1.831(3). Selected
bond angles (deg): Z0(1)—C(29) = 159.9(3), Zr-O(2)—C(22) = 125.2(2), O(1}Zr—0(2) = 97.4(1), Al(1)-O(5)—Al(2) = 138.6(2).

rings of the bridged indenyl ligands and also avoiding the steric while there are four sets (doublets) of signals for the fogr C
congestion with the vinyl methyl C(23) atom with approximately ring protons in'H NMR of complex2 (C; symmetry), there
a trans arrangement between these two groups. This interplayare only two sets of signals for the fours-@ng protons in
between the chirality of theC, ligand and the growing complex3 as a consequence 6f symmetry. The enolateleO
penultimate chain end as well as the vinyl methyl group group exhibits similar chemical shifts in both complexé8(14
presumably determines how the incoming MMA approaches ppm in2 vs 2.99 ppm ir3), but the seconeO group in2 is
and ring opens this active resting cyclic enolate intermestiate linked to two Al centers in the aniond(4.05 ppm). The
the rate-limiting step of the polymerizati#s-and thus the coordinated isopropyl ester groupC(OPr)=0] also gives rise
isospecificity of this cation. to sharply different chemical shifts, depending on whether the
Monitoring the reaction of + 2[Al(CeFs)3:MMA] in CD - carbonyl oxygen is coordinated to Zr2or Al in 3; specifically,
Cl, by VT NMR revealed, upon mixing of these two reagents the 'H NMR signal for —OCHMe; (sept, 4.34 ppm) i is
—78 °C, spontaneous formation of a deep red solution, considerably downfield shifted to 5.19 ppm (sept) f8dCHMe,
characteristic of zirconocenium dication format#a?P spec- in 3. Lastly, the'®F NMR chemical shift difference further
troscopic data are also consistent with formation of intermediate confirms their structural assignments; a further upfield shift for
A, shown in Scheme 1, comprising the zirconocenium dic®88n  the para- and metafluorines and a smaller chemical shift
paired with enolaluminate anioA3This dicationic intermediate  difference between theara- and metafluorines in ion pair2,
is thermally unstable; on warming to abouR0 °C, it begins as compared to those observed in neutral com@gxare
to undergo esterenolate isomerization to form yellowish neutral  consistent with the anionic nature of the aluminate méfety
zirconocene bis(ester enolate) compdar which both terminal 2 vs the datively coordinated neutral alane moiety in complex
ester carbonyl oxygen atoms are coordinated to &HJs. 3 that shows a nearly identick= NMR spectrum to Al(GFs)s:
Further standing of the resulting yellow solution3t ambient MMA. It is noteworthy that, owing to this transformation in
temperature induced a graduate transformation of neutral polar solvents such as GEI, (the conversions o8 to 2 in
complex3to cationic compleX as outlined in Scheme 1. These CD,Cl, at 23 °C were 8% and 36% for 20 min and 2 h,
two complexes can be readily distinguished'lyand'°F NMR; respectively), isolation of the yellow neutral comp(@in pureCDV
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state was achieved only from thke + 2[Al(CeFs)3:MMA] Two possible pathways for converting neutral com@ao
reaction in hexanes at ambient temperature for 30 min, the cationic complex2 are proposed in Scheme 3. Pathway i
conditions of which suppressed the formation2of proceeds via enolateester isomerization, formally abstraction
We also investigated the reaction bfwith 1 equiv of Al- of the enolate moiety by the alane, to the cationic ester enolate

(CeFs)3*MMA in CH Cl,, which was found to occur analogously  intermediate analogous Bthat undergoes methoxide abstrac-
to the 1:2 ratio reaction. Under this ratio, however, both tion by the alane followed by elimination of a ketene and ring
dicationic A and monocationicB intermediates (plus the closure to form comple®. On the hand, pathway ii proceeds
remaining unreacted) were generated at low temperatures, via a nonionic intermediate derived from migration of the alane
WhiCh, Upon Warming to ambient temperature, Ied to formation from the Carbonyl Oxygen to the eno'ate methoxy oxygen to
of a mixture containing neutral complex8sand4 as well as  effect methoxide abstraction there followed by the ketene
the cationic complex2 (Scheme 2), depending on how long  gjimination and ring closure to giv& The observed significant
the solution mixture was kept at this temperature. Complexes ate acceleration in noncoordinating polar solventChover

3 and 4 can be readily distinguished b¥H NMR (see {5 ene and no conversion in nonpolar hexane solvent suggest
Experimental Section), most notably, the splitting pattern of the 4 pathway i is presumably operative.

rac-(EBI) moiety due to differences in symmetr@for 3 vs ) )
i Temperature and Lewis Acid Effects.When the polymer-

C, for 4) and the type of the ®r group present due to . ! .
differences in linkage (identical two estefRD groups in3 vs ization temperature decreased from 22-#0 °C at the constant

different one ester and one enolatéPOgroups in ford); catalyst concentration [ = 1.17 mM) and ratio ((MMA}/
however, isolation of comples in pure state by separation of ~ [All o[1]Jo = 800/2/1), the time required for achieving quantita-
these two complexes in a preparative scale proved unfeasiblefive monomer conversion increased gradually from 70 to 120

When the reaction of with 1.3 equiv of Al(GFs)*MMA (to min, and the resulting polymestcontfent and molecular weight
ensure a complete consumptionidfvas carried out in hexanes ~ increased gradually to afford essentiay>(MMA) at —20 ([rr]
(to suppress the formation o), the formation of4 was = 81%) and—40°C ([rr] = 83%), as shown in Table 2. These

accompanied by~40% of 3; attempts to separate them by results imply that, as the reaction temperature decreases, the
recrystallization were unsuccessful. Nevertheless, the observabimolecular propagation process brought about by the Al catalyst
tion for the formation of intermediatB and complex4 adds that produces thst-blocks becomes increasingly more competi-
additional important pieces to the overall polymerization mech- tive than the monometallic propagation process operated by the
anism described later. Zr catalyst that yields thé-blocks. CDV
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Table 2. Comparisons of the P(MMA) at Quantitative Conversions
at Varied Temperatures®

run temp 10°Mp PDI [mni [mr] [rr]
no. (°C) (g/mol)  (Mu/My) (%) (%) (%)
1 22 5.05 1.20 40.0 17.4 42.6
2 0 5.80 1.26 21.4 18.8 59.8
3 —20 6.37 1.54 2.7 16.2 81.1
4 —40 7.05 1.87 3.1 13.8 83.1

aSee Table 1 footnotes for explanations of the abbreviations listed in
this table; conditions: 1] = 1.17 mM, [MMA]d/[Al] o/[1]o = 800/2/1.

Table 3. Selected MMA Polymerization Results by the 1/
2MeAl(BHT) ; System?@

USSR EB USSR IS
12,00 14.00 16.00 18.00 20.00 22.00 24.00

1200 14.00 1600 18.00 20.00 22.00 24.00

run time conv 10°'Mp PDI [mm} [mr]  [rr] Retention Time (min) Retention Time (min)
0, 0, 0, 0,
no. () (%) (g/mol) (Mw/Mo) ) (%) (%) Figure 7. Representative GPC traces of P(MMA) by tH2AI(CeFs)s
1 05 10 2.42 1.84 79.7 146 57 system (left; PDI= 1.20 in this example) and by tH#2Cp,Zr[OC-
2 1 13 4.07 2.39 88.1 79 40 (OPr=CMe,)]*"MeB(CsFs)s~ system (right, multimodal MWD) both
3 2 22 720 2.39 884 7.9 3.7  ina[MAA]J[1]o = 800 at 22°C in CH,Cl,.
4 3 30 8.68 2.29 86.5 88 4.7
5 4 37 9.37 2.14 84.8 9.7 55 Scheme 4
6 5 43 157 1.54 858 95 47 PO
7 6 50 9.62; 4960 2.00;1.27 85.6 96 438 0 t-P(MMA)
8 8 61  9.70;2725 1.94;1.32 866 86 4.8 1+ BCoFs)s  cpcl ® /0)§( 00 MMA | [T =96-1%
9 10 69 109;1749 192,124 844 101 55 ) (©) Y QN ———— | [ =26%
10 12 78 1041008 192128 827 105 68 1+ /CGRK b Y > Mo pCeFels somin et | lM=18%
; ! N\ // Ay M,=1.80x10
1 15 85  9.56;507 209;12%2 851 96 53 o PDI=105
rI

aSee Table 1 footnotes for explanations of the abbreviations listed in 5

this table; conditions: 4] = 0.935 mM, [MMA]¢/[1]o = 1000, 22°C.P A
bimodal distribution with a small high-molecular-weight tail. (Table 3). Increasing the amount of MeAl(BHTtp 50 equiv
with respect tdl only moderately enhanced the polymerization
activity; for example, with a reaction time of 2 h, the conversion
reached 38%, which compared to a conversion of 22% with 2
equiv of MeAl((BHT),, although the resulting polymer exhibits

a higher isotacticity (hm = 91.7%, nr] = 5.5%, [r] = 2.8)
again conforming to a site-control mechanism. Lastly, methyl-

A seemingly analogous system comprisihg@nd B(GFs)s
(1 or 2 equiv) gave no formation of the-polymer but simply
highly it-P(MMA). To seek for an answer to this observation,
we examined the 1:1 ratio reaction bénd B(GFs)s and found
that it forms cationic zirconocene ester enotadeester borate
ion pair 5 (Scheme 4) as a result of apparent electrophilic . o
addigon of t(he borane t)o the nucleophilic eg?er enaiauarbor?, aluminoxane (MAO), behave§ 3|m||ar.|y t(,) Me’i“l((Blﬂ_)
reminiscent of the reaction of B{Es)s with the sterically MMA polymerizations byl in combination with metalloce-
unprotected bis(2-propenolato)zirconocene reported by Erker ethium-based Lewis acids, rather than AdtE)s, were also
al2! The reaction with 2 equiv of B(s)s affords the same investigated. Thus, the polymerization of 800 equiv of MMA
product with no indication of the possible bis-adduct formation. for 2 h by 1 + 2CpZr[OC(OPr=CMe,)] "MeB(CsFs)s~
The MMA polymerization by the isolated specigsindeed (generated by in-situ mixing of GErMe[OC(OPr=CMey)]
affords P(MMA) with high isotacticity of fin] = 96% by a  With B(CeFs)s) gave P(MMA) in 92% yield withsbrlike triad
site-control mechanism @[/[mr] = 1.0) and low polydispersity  distributions: n] = 45.0%, pnr] = 19.4%, andifr] = 35.6;
of PDI = 1.05, showing the similar polymerization behavior to however, the polymer obtained is not unimodal but exhibits a
the THF-coordinated cationansazirconocenium ester enolde,  trimodal MWD (Figure 7), presumably due to a mixture of
except for somewhat lower activity & Polymerizations by ~ Polymer products derived from the separate isospecific and
in-situ mixing of MMA with 1 or 2 equiv of B(GFs)s followed syndlospec[flc sites as we]l as the site-exchange process. The
by addition of complex. (i.e., activated monomer approach), Polymerization results using th&/2Cp,ZrMe"MeB(CeFs)s™
or by in-situ mixing of complex. with B(CsFs)s followed by system were _n_early identical, and this ppl_ymenzaﬂon behavior
addition of MMA (i.e., activated complex approach), gave Was not significantly affected by the mixing sequence of the
similarly highly it-P(MMA). Overall, the Lewis acid in the reagents. Thgge r.esu!ts. argue.that interconversion between
1/B(CeFs)s system functions only as a cation-forming agent, and dlastereospeuf_lc sites is ineffective (none or much slower than
neither the resulting anion nor the neutral borane participates the rate of chain formation).
in the polymer chain formation steps as do AJ); and its These above results clearly demonstrate that, among the Lewis
derived anions in th&/Al(CeFs)3 system. acids investigated in this study, only Al{&s)s is capable of

Replacing Al(GFs)s in the highly effective1/2AI(CeFs)s effecting simultaneoug- and st-polymer chain formations at
system with common trialkylaluminum reagents such as AlMe the cationic zirconocenium and anionic aluminate sites, respec-
(2 and 50 equiv) resulted in a completely inactive system for tively, rendering the rate of interconversion between two sites
MMA polymerization, while substituting Al(€Fs)s with MeAl- to be faster than the rate of chain formation and thus producing
(BHT), yielded an active system but with substantially lower it-b-st multiblock P(MMA) with unimodal MWDs.
activity. Additionally, the 1/2MeAI(BHT), system produce Polymerization Mechanism. On the basis of the above
simply it-P(MMA) with [mn] ranging from 80% to 87% and  detailed studies on the polymerization characteristics and
the triads conforming to a site-control mechanism, suggesting kinetics, elementary reactions, characterization and behavior of
that only the isospecific zirconocenium site is operative in this the isolated key intermediates, as well as temperature and Lewis
polymerization. Furthermore, the polymers produced at mono- acid effects, we proposed a mechanism, outlined in Scheme 5,
mer conversions50% afte 6 h showed bimodal molecular  for the DIPP of MMA by thel/2AI(CgFs)3 system. Specifically,
weight distributions with small high-molecular-weight tails this mechanism consists of four manifolds: isospecific, SC)EBV
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Scheme 5
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diospecific, anior-monomer exchange, and chain-transfer out because of the independently observed conversiétof

domains. In thest-block production manifold, the rate-limiting
step of the bimetallic propagation involves intermolecular
Michael addition of the bis(ester enolate) ligandslir(1 and

its homologues) to the activated monomer MM CgFs)3; the
resulting dicationic specieé rapidly isomerizes to either
monocationic specieB or neutral bis(ester enolat8) (3 and

its homologues) in which the coordinated alane catalyst is
released by the incoming monomer to complestR(MMA)
production cycle, following the kinetics of zero order in [MMA]
and second order in [Al] (cfSchemes 1 and 2). In the isotactic
block production manifold, the rate-limiting step is the associa-

2 within the polymerization time scale (vide supra). The high
catalyst concentration regime, for example, [MMAAI] o/[1]o

= 600/2/1, favors the bimetallic, syndiotactic manifold, produc-
ing predominatelystP(MMA). Conversely, the low catalyst
concentration regime, for example, [MM#]AI] o/[1]o = 1500/
2/1, favors the monometallic, isotactic manifold, producing
predominatelyit-P(MMA). The middle concentration regime
with the [MMA]/[Al] o[1]o ratio from 800/2/1 to 1200/2/1
affordsit-b-st multiblock P(MMA) with various amounts af
andst contents that are a function of relative rates of intercon-
version vs propagation of the two diastereospecific propagating

tive displacement of the coordinated penultimate ester group species; the rate of interconversion is regulated by the anion

of the growing chain in the cationic cyclic ester enolatg2

monomer exchange and chain-transfer processes.

and its homologues) by the incoming monomer to regenerate A check of the kinetic competence of the isolated two key

the active specie€ that participates in the fast propagating

steps via intramolecular Michael addition, following first-order

kinetics in [MMA]; this propagation cycle and kinetics are

identical to what have been demonstrated for the MMA
polymerization by the same cation but paired with the methyl
borate aniorf?

There are two apparent pathways to interconvert two dias-
tereospecific propagating manifolds. The first is the anion
monomer exchange process through monocationic spBdies
which the enolaluminate anion is displaced by MMA to form
active specie€, providing direct interconversion between active
speciesA andC. The second is the chain transfer going from
the resting stat® to 2' also throughB but with concomitant
release of a ketene-terminated polymer chain $cheme 3)

resting intermediates has also been carried out. As expected,
the MMA polymerization by2 alone indeed produces onily
P(MMA), and the result of the MMA polymerization i8/hinges

on its concentration and thus the [MM#]3]o ratio; in a low
ratio of 400, predominatelgtP(MMA) was produced withrf]

= 70.2%, nr] = 22.7%, and fnn] = 7.1%, but in a higher
ratio of 800,it-b-stmultiblock P(MMA) was produced withnfir]

= 18.0% and approximately equal amounts wf and [mm
tacticities. These results are nearly identical to those derived
from the polymerization by th&/2Al(CeFs)3 system. Overall,
these experimental observations and those discussed in the
previous sections concerning the polymerization byit2al-
(CeFs)3 system are consistent with the mechanism depicted in
Scheme 5.

which could be instantaneously trapped by the enolate moieties Application to Copolymerization. Homopolymers of MMA

present in the system (e.d., or 3') to regenerate a (ketone)

are glassy materials with a wide range of the above-ambient-

enolate; the contribution of this chain-transfer process may be temperaturely values as a function of stereomicrostructures:

minimal under the current conditions, but its role cannot be ruled

it, ~50°C; it-b-st ~90°C; at, ~105°C; st ~130°C. To extendCDV
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Table 4. Alkyl Methacrylate Polymerization and Copolymerization Results by the 1/2Al(GFs)s System?2

run monomer

no. (comonomer) [M#/[1]o time (h) conv (%) 16M° (g/mol) PDP (Mw/My) [mni¢ (%) [mr] (%) [rr] (%) Ty (°C)
1 BMA 800 2 96 5.25 1.36 39.5 6.6 53.9 -7

2 BMA 1200 3 94 18.9 1.44 88.2 3.9 7.9 —14

3 BMA(MMA) 800 1.3 95 4.72 121 44.8 12.8 424 37
4 BMA(MMA) 1200 3 95 12.2 1.35 79.1 6.0 15.0 19
5 EHM 800 2 98 9.12 1.59 78.3 5.9 15.8 —26

6 EHM 1200 4 98 20.7 1.37 86.1 0.0 139 -29

7 EHM(MMA) 800 14 99 5.61 1.31 35.6 13.1 51.3 20
8 EHM(MMA) 1200 3.7 94 11.3 1.42 81.4 8.0 11.6 -3

aSee Table 1 footnotes for explanations of the abbreviations listed in this tapte;l[.17 and 0.78 mM for [monomey]1]o = 800 and 1200, respectively;
for all copolymerizations, the monomer molar feed ratidl:1; 10 mL of CHCl,, 22 °C.

the utility of the above demonstrated DIPP process bylLthal- properties of the resulting functionalized polymers by regulating
(CsFs)3 system to the production of functionalized elastomeric the stereomicrostructure of the polymer and the nature of
materials with lowTy's, we also examined its polymerizations comonomer.
of methacrylates with longer alkyl chains, such mbutyl
methacrylate (BMA) and 2-ethylhexyl methacrylate (EHM), as Conclusions
well as copolymerizations of MMA with BMA and EHM.
Investigation into the ability of thel/2Al(CeFs); system to
producesb-structures of these longer-chain alkyl methacrylate
homopolymers, especially thesb-copolymers with MMA, is
of great interest as the programmable stereomicrostructure
should lead to tunable materials physical and mechanical
properties of these homopolymers aiEcopolymers, the latter

f which can ntially offer mbination of materials . . . .
gropergesct?nogtzti?latb?e%rgmeho?nggol)?mg: cE)Iercl)ds oarltiteareso- 't'b'SthIt'bIQCk microstructures, depeno!mg on thg [mOF‘Omer]’
random copolymers. [catalys'g] ratio employeq. Qur deta}lleq investigations into 'the

Polymerization of BMA in a [BMA}/[AI] o[1]o ratio of 800/ ponmerlz_at|o_n characterlstlc_s and kln_etlcs, elemeqtaw reactions,

2/1 in CHCI, at ambient temperature produces P(BMA) with characterization and b_eha\(|or of the isolated key |nte_rme_d|ates,
aTyof —7 °C and a triad distribution ofrf] = 53.9%, nr] = temperature a_nd Lewis qmd effects, as ngl as applications to
6.6%, and fnn] = 39.5% (run 1, Table 4), consistent with the copolymerization have yielded a m.echanls.m for 'the DIP'I'D of
it-b-st multiblock microstructure. The considerably lowet MMA by the 1/2Al(CqFs)s System, which consists of isospecific,
content of only 6.6%, compared to a typical value o] = synd_|ospeC|f|<_:, anioftmonomer excha_nge, an(_j chaln-transf_er
16% of P(MMA) produced under identical condition, shows mamfplds. This mechanlsm satisfactorily explamg the formgltlon
much longer diastereo-blocks in the resulting P(BMA), with of various polymer stereomlcrostryctures under given cond|t|qqs
an averaget sequenceNm ~ 13 andst sequenceN; ~17, and reve_als two. pathwa_lys to interconvert dlastereospe_mﬁc
estimated usingdn = 1 + 2[mni/[mf and N, = 1 + 2[rr]/ propagating mann‘oldsanlon—monome_r exchange aI:ld chain
[mi].152As in the MMA polymerization with this ratio, th¥l, transfer (see Scheme-5jor the production of the muliit-b-st

of P(BMA) is consistent with the production of two polymer sbstructures_. From a brogder perspec;i\{e, t_his_ DIPP_system
chains per Zr center, and increasing the ratio to 1200 yields thePresents unique catioranion cooperativity in ion-pairing
polymer with predominatelit frequency fini = 88.2% and a catalygls that involves participation from both_the cation ar!d
T, of —14°C (run 2, Table 4). Copolymerization of BMA with the anion as cfa\t.alysts for the same reaction, with each bringing
MMA shows the same characteristics, producing-st sb different reactivity and stereoselectivity to the products.
copolymers (Scheme 6) with either nearly eqitaland st The current DIPP system also presents at least two potentially
sequences (runs 3) or predominahtsequences (run 4), significant advantages over other polymerization systems from
depending on the monomer/catalyst ratio employed. The 1:1 @ practical, industrial point of view. First, there is practically
molar composition of the two monomer units measured in the N0 need to remove inhibitors typically present in the function-
copolymers produced is identical to the monomer feed ratio, alized vinyl monomers by distillation or other techniques, as
and theT, values of the copolymer are consistent with their required for processes such as radical polymerization. (Although
stereomicrostructures. the results reported in the current study were derived from the
Polymerizations of EHM (runs 5 and 6) and its copolymer- €xperiments employing stringently purified monomers for
izations with MMA (runs 7 and 8) are similarly successful, ©obvious reasons of eliminating any possible effects of o_ther
producingsb-polymers and copolymers Wiﬂ"b's varying from reagents on our system, selected separate experiments using the
—29 to 20 °C, depending on the stereomicrostructure and commercial-grade MMA, i.e., simple storage over molecular
comonomer. With these successful polymerization and copo- sieves without removal of the inhibitor, showed that the
lymerization examples using long-chain alkyl methacrylates, it Polymerization activity was not noticeably affected.) Second,
is envisioned that copolymerizations of MMA with methacry- the DIPP system is a simple process, but it can offer diverse
lates with even longer alkyl chains, such as octadecyl meth- Polymer products having various stereomicrostructures, namely
acrylate (its homopolymer has B of about—100 °C), can the industrially desirable approacbne catalyst system, multiple
further lowerTy of the resulting polymer products for targeted materials.
elastomeric applications. Overall, these studies demonstrate the
ability of the current DIPP system to extend its application to ~ Acknowledgment. Funding for this work was provided by
polymerization and copolymerization of long-chain alkyl meth- the National Science Foundation and Colorado State University.
acrylates, thereby providing an access to fine-tune the thermalWe thank Boulder Scientific Co. for the gift of B{Es)s. CDV

We have demonstrated that the catalytic system comprising
the readily available chiral zirconocene bis(ester enolate)
(EBI)Zr[OC(OPr=CMey], (1) and 2 equiv of the Lewis acid

SAI(C6F5)3 effectively promotes the novel diastereospecific ion-
pairing polymerization (DIPP) as well as copolymerization of
functionalized alkenes such as methacrylates, producing poly-
mers having a range of stereoregularities, includingt, and
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Supporting Information Available: Crystallographic data for
2. This material is available free of charge via the Internet at http://
pubs.acs.org.
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