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ABSTRACT: Mechanistic studies of isospecific polymerization of methacrylates by a cationic, chiral ansa-
zirconocene ester enolate complex, rac-(EBI)Zr*(THF)[OC(O‘Pr)=CMes] [MeB(CsF'5)s3]~ [1; EBI = CoH,-
(Ind)ql, are reported. Complex 1 effects isospecific and living (co)polymerization of methyl methacrylate
(MMA) and n-butyl methacrylate (BMA), producing highly isotactic homopolymers and block copolymers
with narrow molecular weight distributions and high initiator efficiencies. Investigations of statistical
copolymerizations of MMA and BMA have yielded monomer reactivity ratios of ryma = 0.62 and rgya =
0.72 (the Kelen—T1iidds method), indicating that the copolymer formed instantaneously has a somewhat
alternating character. Studies of MMA polymerization kinetics have shown that propagation is first order
in both concentrations of the monomer and the active species. The single MMA addition product, rac-
(EBDZrMe[OC(OMe)=C(Me)CH;C(Mes) C(OiPr)=0] (8), has been isolated from the reaction between the
neutral rac-(EBI)ZrMe[OC(OPr)=C(Me),] (2) and MMA; however, subsequent MMA additions do not
proceed, unless the single addition product is further treated with B(CgF5); to generate the eight-
membered-ring cyclic ester enolate species, rac-(EBI)Zr*[OC(OMe)=C(Me)CH2C(Me;)C(OPr)=0][MeB-
(C6F'5)3]~ (4), which corresponds to the structure of the intermediate for the single MMA addition product
of 1. All results presented here are consistent with the conclusion that isospecific polymerization of
methacrylates by 1—which models the proposed isospecific propagating species for the methacrylate
polymerization by chiral ansa-zirconocene complexes—is enantiomorphic site controlled and proceeds in
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a monometallic, intramolecular Michael addition mechanism.

Introduction

Polymerization of methacrylates by group 4 metal-
locene and related complexes!~7 has attracted increasing
attention due to the following important attributes of
this polymerization: (1) there is a paradigm shift in
terms of scientific curiosity on utilizing highly active,
electrodeficient transition-metal complexes for polym-
erization of polar monomers; (2) group 4 metallocene
complexes with considerably diverse structural motifs
are readily, and in many cases commercially, available,
thanks to comprehensive studies of their roles in
coordination polymerization of nonpolar olefins; and (3)
these complexes, when used in a suitable initiating form
(e.g., ester enolates), typically exhibit a high degree of
control over polymerization, especially the stereochem-
istry of polymerization.

Collins and co-workers showed that a two-component
system consisting of an achiral neutral zirconocene ester
enolate complex, CpaZrMe[OC(O‘Bu)=CMes], as initia-
tor, and a cationic zirconocene complex, [CpoZrMe-
(THF)]*[BPhy4] ™, as catalyst, polymerizes methyl meth-
acrylate (MMA) in a living fashion to syndiotactic-rich
poly(methyl methacrylate) (PMMA).J The mechanistic
studiesfi revealed a group-transfer-type® bimetallic
propagation involving the rate-limiting, intermolecular
Michael addition of the zirconocene enolate to the
activated MMA by the cationic zirconocene (Scheme 1).
Both monometallic and bimetallic mechanisms were
initially considered and studied by Collins and co-
workers,' using appropriate cationic and neutral eno-
late precursors, and later examined theoretically by
Sustmann and co-workers,’ although in the parent
[CpoZr] system, the bimetallic pathway is more com-
petitive.
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Regarding the mechanism for the stereospecific MMA
polymerization by chiral ansa-zirconocene complexes,
Collins and co-workers?° suggested 10 years ago, based
on the experiments with rac- vs optically pure ansa-
zirconocene alkyl initiators, that the propagation mech-
anism may be different than the bimetallic mechanism
established for the two-component, achiral system
mentioned above. Marks and co-workers? employed the
isolated u-Me dinuclear metallocenium initiators which
could potentially function by either the bimetallic or
monometallic mechanism. Hocker and co-workersZh
investigated the kinetics of isospecific MMA polymeri-
zation using a chiral, Ci-symmetric ansa-zirconocene
alkyl initiator, [Me;CCp(Ind)ZrMe(THF)] " [BPhy]~; the
kinetic results were fitted to a monometallic mechanism
in which a fast associative active-site epimerization
occurs after each propagating step (i.e., monomer ad-
dition always takes place on the same lateral coordina-
tion site of the Zr center®d). However, the alkyl complex
used for this study is not the active propagating species,
and slow initiation and termination reactions can
complicate the polymerization and kinetic results. Fur-
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thermore, mechanistic studies of isospecific polymeri-
zation of methacrylates using chiral, Ce-symmetric
ansa-zirconocene complexes have been a challenge
because of the synthetic difficulty in isolating the
cationic ansa-zirconocene ester enolate that models the
proposed active propagating species.22-6d

We?2 recently reported the synthesis and structure
of chiral ansa-zirconocene mono- and bis-ester enolates
as well as the isolation of the cationic, chiral ansa-
zirconocene ester enolate complex rac-(EBI)Zr"(THF)[OC-
(O'Pr)=CMeg] [MeB(CgF'5)3]~ (1) (Scheme 2). Complex 1
is highly active and isospecific for the well-controlled
polymerization of methacrylates. The central objective
of the present study was to carry out mechanistic
studies of isospecific polymerization of methacrylates
using this well-characterized, cationic chiral ansa-
zirconocene ester enolate that models the proposed
active, isospecific propagating species A (Scheme 2). Our
current studies have conclusively shown that the MMA
polymerization by the cationic, chiral ansa-zirconocene
ester enolate 1 is enantiomorphic-site controlled and
proceeds in a monometallic, intramolecular Michael
addition mechanism via cyclic ester enolate intermedi-
ate (resting state) B which is simulated by the isolated
cyclic ester enolate complex 4 (Scheme 2). This mech-
anism resembles that proposed by Yasuda and co-
workers? for the MMA polymerization initiated by
isoelectronic, neutral lanthanocenes.

Experimental Section

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 (10-°>—10-7 Torr), or an argon-filled
glovebox (<1.0 ppm oxygen and moisture). NMR-scale reac-
tions (typically in a 0.02 mmol scale) were conducted in Teflon-
valve-sealed J. Young-type NMR tubes. HPLC grade organic
solvents were first saturated with nitrogen during filling the
solvent reservoir and then dried by passage through activated
alumina (for EtoO, THF, and CH.Cly) followed by passage
through Q-5-supported copper catalyst (for toluene and hex-
anes) stainless steel columns. Benzene-ds, toluene-dg, and
THF-dgs were dried over sodium/potassium alloy and vacuum-
distilled or filtered, whereas C¢D5Br, CDCl3, and CD2Cl; were
dried over activated Davison 4 A molecular sieves. NMR
spectra were recorded on either a Varian Inova 300 (FT
300 MHz, 'H; 75 MHz, 13C; 282 MHz, °F) or a Varian Inova
400 spectrometer. Chemical shifts for 'H and 3C spectra
were referenced to internal solvent resonances and are re-
ported as parts per million relative to tetramethylsilane,
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whereas 1°F NMR spectra were referenced to external CFCl;.
Elemental analyses were performed by Desert Analytics,
Tucson, AZ.

Methyl methacrylate (MMA) and n-butyl methacrylate
(BMA) were purchased from Aldrich Chemical Co. The mono-
mers were first degassed and dried over CaHs overnight,
followed by vacuum distillation, and final purification involved
titration with neat tri(n-octyl)aluminum to a yellow end point!®
followed by distillation under reduced pressure. The purified
monomers were stored in a —30 °C glovebox freezer. 2,6-Di-
tert-butyl-4-methylphenol (butylated hydroxytoluene, BHT-H)
was purchased from Aldrich Chemical Co. and recrystallized
from hexanes prior to use.

Tris(pentafluorophenyl)borane, B(CsF5)s, was obtained as a
research gift from Boulder Scientific Co. and further purified
by recrystallization from hexanes at —35 °C. The (CgF'5)3B-
THF adduct was prepared by addition of THF to a toluene
solution of the borane followed by removing the solvents and
drying in vacuo. Neutral chiral ansa-zirconocene ester enolate
rac-(EBI)ZrMe[OC(O‘Pr)=CMes] (2) and cationic ester enolate
rac-(EBD)Zr"(THF)[OC(O'Pr)=CMe;] [MeB(C¢F5)3]~ (1) were
prepared according to literature procedures.?® Complex 1 can
also be cleanly and quantitatively generated via in situ mixing
of 2 with (C¢F5)sB-THF in CH2Cl; at room temperature.

Isolation of rac-(EBI)ZrMe[OC(OMe)=C(Me)CH,C-
(Me2)C(OPr)=0] (3) from the Reaction of Neutral Eno-
late 2 with MMA. In an argon-filled glovebox, a 30 mL glass
reactor was charged with 100 mg (0.203 mmol) of 2, 20.4 mg
(0.203 mmol) of MMA, and 10 mL of CH3Cls. The resulting
bright yellow solution was stirred for 3 h at ambient temper-
ature, after which the solvent was removed in vacuo affording
a sticky yellow oil. This oily product was redissolved in 4 mL
of hexanes and stored at —30 °C for 2 days. No solids or
crystals were observed, so the solution was concentrated to
one-half of its volume. The concentrated solution was left in a
freezer inside the glovebox at —30 °C for 16 h, yielding a yellow
microcrystalline solid. The yellow solid collected after filtration
was dried to give 0.048 g of the first crop of the product.
Subsequent concentration of the filtrate and recrystallization
yielded an additional 0.041 g of the product. The total yield
was 0.089 g (74%). Anal. Calcd for C33H4004Zr: C, 66.90; H,
6.82. Found: C, 66.19; H, 6.53.

TH NMR (C¢Ds, 23 °C) for 8: 6 7.32—6.84 (m, 8H), 6.31 (d,
J =3.1Hz, 1H), 6.07 (d, J = 3.1 Hz, 1H), 6.05 (d, J = 3.1 Hz,
1H), 5.56 (d, J = 3.1 Hz, 1H), 5.09 (sept, J = 6.3 Hz, 1H,
CHMes), 2.99 (s, 3H, OMe), 2.88—2.52 (m, 4H, CHyCHy), 2.64
and 2.56 (dd, 1H each, CHy), 1.41 (s, 3H, =CMe), 1.38 (d, J =
3.9 Hz, 6H, CMe,), 1.12 (d, J = 6.3 Hz, 6H, CHMe,), —0.58 (s,
3H, Zr—Me). 'TH NMR (CDsCl,, 23 °C) for comparison: 6 7.76
(d, J = 8.8 Hz, 1H), 7.46 (d, J = 8.8 Hz, 1H), 7.34—7.05 (br,
6H), 6.47 (d, J = 3.2 Hz, 1H), 6.36 (br, J = 3.2 Hz, 1H), 5.91
(br, 2H), 4.91 (sept, J = 6.4 Hz, 1H, CHMey), 3.77—3.42 (m,
4H, CH2,CHy), 2.94 (s, 3H, OMe), 2.12 and 2.08 (dd, 1H each,
CHy), 1.22 (d, J = 4 Hz, 6H, CMey), 1.15 (b, 9H, CHMe; and
=CMe), —0.92 (s, 3H, Zr —Me). 3C NMR (C¢Ds, 23 °C): o
177.65 [C(O'Pr)=0], 157.51[0C(OMe)=], 127.09, 126.98, 125.91,
124.81, 124.70, 124.63, 124.05, 123.70, 122.68, 122.03,
121.84, 120.46, 118.75, 115.49, 113.74, 111.57, 105.20, 103.27
(18 resonances for Ind-ring carbons), 82.51 (=CMe), 66.79
(OCHMey), 54.31 (OCHj), 42.96 (CMey), 42.35 (CHy), 31.82
(Zr—Me), 28.16 (CH2,CHy), 27.17 (CH,CHy), 25.79 (CMe), 21.69
(CHMey), 16.91(=CMe).

Isolation of rac-(EBI)Zr [OC(OMe)=C(Me)CH.C(Me,)C-
(O'Pr)=0]1[MeB(C¢F5)3]- (4): the Single MMA Addition
Product of 1. In an argon-filled glovebox, a 30 mL glass
reactor was charged with 30 mg (0.050 mmol) of 3 and 5 mL
of CHoCls. Into a second 20 mL glass reactor was placed 29.5
mg (0.050 mmol) of (C¢F5)sB-THF and 5 mL of CH2Cly; this
solution was then added to the stirred solution of 3 via pipet
at ambient temperature. The color of the resulting mixture
changed instantaneously from bright yellow to dark orange.
The solution was stirred for 15 min, after which the volatiles
were removed in vacuo to afford a viscous orange-red oil. This
crude product was washed repeatedly with hexanes (5 x 4 mL)
and dried to give 0.044 g (81%) of the pure product as an
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orange solid. Several attempts to grow single crystals of 4 were
unsuccessful. Anal. Caled for C5:H4BF1;04Zr: C, 55.44; H,
3.65. Found: C, 55.23; H, 3.83.

H NMR (CD.Cls, 23 °C) for 4: 6 8.07 (d, J = 8.4 Hz, 1H),
7.96 (d, J = 8.4 Hz, 1H), 7.38—7.23 (m, 6H), 6.31 (d, J = 3.3
Hz, 1H), 6.28 (d, J = 3.3 Hz, 1H), 6.22 (d, J = 3.3 Hz, 1H),
5.95 (d, J = 3.3 Hz, 1H), 4.34 (sept, J = 6.4 Hz, 1H, CHMey,),
4.11-3.99 (m, 4H, CH,CHy), 3.14 (s, 3H, OMe), 2.28—2.20 (m,
2H, CHy), 1.51 (s, 3H, =CMe), 1.42 (s, 6H, CMes), 1.31 (d, J =
6.3 Hz, 6H, CHMe,), 0.54 (s, br, 3H, B—Me). YF NMR
(CDsClg, 23 °C): 6 —131.43 (d, 3Jr—r = 19.5 Hz, 6F, o-F),
—163.54 (t, 3Jp-r = 19.5 Hz, 3F, p-F), —166.29 (m, 6F,
m-F).13C NMR (CD,Cl,, 23 °C): ¢ 192.37 [C(OPr)=0], 153.72
[OC(OMe)=], 128.26, 128.09, 127.77, 127.31, 127.07, 126.29,
125.93, 124.42, 124.09, 123.67, 123.40, 122.74, 121.23, 118.11,
116.91, 116.34, 106.53, 104.04 (18 resonances for Ind-ring
carbons; carbons for the Cg¢Fs groups omitted due to C—F
coupling), 82.45 (=CMe), 77.04, 71.39, 43.93, 40.18, 30.27,
26.19 and 24.15 (CHyCHy), 21.91 and 20.80 (OCHMey), 17.07
(=CMe), 9.95 (B—Me).

General Polymerization Procedures. Polymerizations
were performed either in 30 mL, oven- and flame-dried vacuum
flasks inside the glovebox or in 25 mL oven- and flame-dried
Schlenk flasks interfaced to the dual-manifold Schlenk line.
In a typical procedure, a 2.5 mL stock solution of 2 (23.3 umol)
in CH>Cly was mixed in a flask with a solution of (Cg¢F5)3B-
THF (23.3 umol) in 2.5 mL of CH3Cl; and stirred for 10 min
to cleanly generate the cationic zirconocene ester enolate 1.
MMA (1.00 mL, 9.35 mmol) or BMA (1.48 mL, 9.35 mmol) was
quickly added via pipet (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
preequilibrated bath temperature. For block copolymeriza-
tions, a second portion of MMA or BMA was added after the
completion of the first block, and the polymerization was
continued. For statistical copolymerization of MMA and BMA,
a mixture of MMA/BMA with predetermined molar ratios of
80/20, 70/30, 60/40, 50/50, and 20/80 was added to a solution
of 1 in a [MMA + BMA]y/[1]p = 1000/1. After the measured
time interval, the polymerization was quenched by the addition
of 5 mL of 5% HCl-acidified methanol. The statistical copoly-
merizations were quenched at low conversions (ca. <5%). 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 50 °C overnight to a constant weight.

Polymerization Kinetics. Kinetic experiments were car-
ried out in stirred Schlenk flasks at 23 °C using the similar
procedure as already described above, except that, at appropri-
ate time intervals, 0.2 mL aliquots were withdrawn from the
reaction mixture using syringe and quickly quenched into 1
mL vials containing 0.6 mL of undried “wet” CDCl; stabilized
with 250 ppm of BHT-H. The quenched aliquots were analyzed
by '™H NMR. The ratio of [MMA], to [MMA]; at a given time ¢,
[MMA]y/[MMA];, was determined by integration of the peaks
for MMA (5.2 and 6.1 ppm for the vinyl signals; 3.4 ppm for
the OMe signal) and PMMA (centered at 3.4 ppm for the OMe
signals) according to [MMA]y/[MMA], = 2A34/3A52+61, Where
As 4 is the total integrals for the peaks centered at 3.4 ppm
(typically in the region 3.2—3.6 ppm) and As52:61 is the total
integrals for both peaks at 5.2 and 6.1 ppm. Apparent rate
constants (kap,) Were extracted from the slope of the best fit
line to the plot of In([MMA]y/[MMA];) vs time.

Polymer Characterizations. The low-molecular-weight
PMMA sample was analyzed by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectroscopy (MALDI-TOF
MS); the experiment was performed on an Ultraflex MALDI—
TOF mass spectrometer (Bruker Daltonics) operated in linear,
delayed extraction, positive ion mode using a Nd:YAG laser
at 355 nm and 25 kV accelerating voltage. A thin layer of a
1% Nal solution was first deposited on the target plate,
followed by 1 uL of both sample and matrix (dithranol, 10
mg/mL in THF).

Glass transition temperatures (T) of the polymers were
measured by differential scanning calorimetry (DSC) on a DSC
2920, TA Instrument. Samples were first heated to 180 °C at
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20 °C/min, equilibrated at this temperature for 4 min, and
cooled to —40 °C at 20 °C/min. After being held at this
temperature for 4 min, the samples were then reheated to 180
°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 measured by
gel permeation chromatography (GPC) analyses carried out
at 40 °C, at a flow rate of 1.0 mL/min, and with THF as the
eluent, on a Waters University 1500 GPC instrument. The
instrument was calibrated with 10 PMMA standards, and
chromatograms were processed with Waters Empower soft-
ware. 'H NMR spectra for the analysis of PMMA and PBMA
microstructures were recorded in CDCl; and analyzed accord-
ing to the literature .11

Results and Discussion

The isolated cationic, chiral ansa-zirconocene ester
enolate complex 122 is highly active and isospecific for
polymerization of methacrylates, and this polymeriza-
tion initiated by 1 occurs in a living fashion and is
enantiomorphic-site controlled (2[rr]/[mr] = 1.0). To
simplify the polymerization kinetics experimental pro-
cedures, we investigated the possibility of in situ
generation of 1. Indeed, the instantaneous, clean, and
quantitative generation of 1 was achieved upon mixing
of the neutral methyl zirconocene ester enolate 2 with
(CgF5)sB-THF in CHyCl; at room temperature (Scheme
3). Complex 1 is stable in a solution of CHyCly (which
is the solvent used in the polymerization kinetic studies)
at room temperature, and no decomposition was de-
tected over a period of 6 h at room temperature. (Note
that the polymerization time scale of the present study
is typically less than 30 min.) Subsequently, the in situ
generated cation 1 in CH2Cly was used for MMA
polymerization kinetic studies.

Scheme 3

0 _Me (CgF5)3B-THF @ /(QMeg(Cer)s
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It is important to point out that the remarkable
ambient-temperature stability/isolability of the cationic
ester enolate 1 and its high efficacy as initiator appear
to be a result of combinations of right choices of alkyl
ester enolate, bridged indenyl ancillary, and external
donor ligands. In the absence of a donor ligand such as
THF, the cationic zirconocene ester enolate species de-
composes rapidly.?2 Cationic zirconocene tert-butyl ester
enolate complexes decompose at ambient or subambient
temperatures, even in the presence of THF, to carboxy-
late complexes via elimination of isobutylene.'2b6d After
many prior attempts, we finally resided at the isopropyl
isobutyrate ligand for its combined sterics and electron-
ics to effectively prevent the potential formation of
dimeric zirconocene ester enolates and elimination of
an alkene, although the latter process does occur when
the strongly Lewis acid Al(CgF'5)3 is used in the reaction.2?
Furthermore, even with the isopropyl isobutyrate ligand
and in the presence of THF, the cationic titanium ester
enolate complex with the “constrained geometry” liga-
tion is not isolable at ambient temperature.62

MMA Polymerization Results and Kinetics. Typi-
cal results of MMA polymerization by 1 in CHyCl, at
23 °C are summarized in Table 1. As shown in Table 1,
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Table 1. MMA Polymerization Results by Cationic, Chiral
Zirconocene Ester Enolate Complex 1¢

run [1] [MMA]y/ time conv 104M,® PDI® [I* [mm]d
no. (mmol/L) [1lo  (min) (%) (g/mol) (My/M,) (%) (%)

1 4.66 400 1 35 1.62 1.04 086 95
2 2 54 2.52 1.04 0.87
3 25 62 3.20 1.04 0.76
4 3 70 3.49 1.05 0.80
5 4 79 3.88 1.05 0.81
6 5 87 4.35 1.05 0.80
7 6 92 4.40 1.05 084 95
8 3.73 500 1 32 1.76 1.04 090 95
9 2 50 3.00 1.04 0.83
10 3 64 3.80 1.05 0.84
11 3.5 170 4.22 1.04 0.83
12 4 75 4.37 1.05 0.85
13 5 80 4.43 1.06 0.90
14 6 86 4.76 1.06 0.90
15 8 93 4.97 1.07 093 95
16 3.11 600 1.5 27 2.34 1.05 069 93
17 3 51 3.86 1.05 0.79
18 4 61 4.56 1.05 0.80
19 6 71 5.12 1.07 0.83
20 8 86 6.04 1.07 0.85
21 12 95 6.70 1.08 085 93
22 2.32 800 1 14 1.45 1.05 077 94
23 2 29 2.47 1.04 0.93
24 3 43 4.16 1.05 0.82
25 4 52 4.78 1.06  0.87
26 12 78 6.64 1.09 0.93
27 15 89 6.83 1.08 0.96
28 20 92 7.06 1.09 096 94
29 1.87 1000 1 12 1.70 1.04 070 93
30 2 25 3.28 1.04 0.76
31 3 36 4.70 1.04 0.76
32 4 44 5.61 1.04 0.78
33 8 70 8.69 1.05 0.80
34 10 78 9.60 1.08 0.81
35 12 84 9.61 1.05 0.87
36 15 88 10.49 1.06 083 93
37 1.24 1500 2 22 3.84 1.04 0.85
38 4 31 6.78 1.05 0.70
39 8 54 9.21 1.09 0.88
40 12 70 13.44 1.06 0.78
41 15 74 14.27 111 0.77
42 20 78 14.54 112 0.80
43 25 79 14.76 1.13 0.80

@ All polymerizations were carried out in flame-dried Schlenk
flasks on a Schlenk line using an external temperature-control
bath set at 23 °C. ® Number-average molecular weight (M,) and
polydispersity index (PDI) determined by GPC relative to PMMA
standards. ¢ Initiator efficiency (I*) = My(caled)/Mpy(exptl), where
M(caled) = MW(MMA) x [MMA]y/[1]o x conversion (%). ¢ Isotac-
ticity ([mm] methyl triad distribution) determined by 'H NMR
spectroscopy.

the polymerizations of MMA by 1 in [MMA]y/[1], ratios
= 400—1000 are rapid and produce PMMA with high
isotacticity ([mm] = 93—95%), small polydispersity
indices (PDI = M./M, = 1.04—1.09), and initiator
efficiencies (I*) from moderate 70% to high 96%. For
the polymerization with a higher [MMA]y/[1], ratio
(i.e., 1500), there is a slight increase of the PDI value
up to 1.13 in the high monomer conversion (>74%)
regime. Nevertheless, several lines of evidence, includ-
ing the aforementioned polymerization results, the
production of the well-defined block copolymer of PMMA-
b-PBMA with a small PDI value of 1.03 (vide infra), and
the observed linear increase of the polymer M, with
[MMA]y/[1] ratios and with monomer conversion, which
is coupled with the small, nearly constant PDI values
(Figure 1), clearly show living characteristics of this
polymerization.

To further confirm the living nature of this polymer-
ization and also identify the initiation and termination
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Figure 1. Plot of M, and PDI of PMMA by 1 {[MMA]/[1], =
400; 23 °C} vs monomer conversion.

chain-end groups, the low-molecular-weight PMMA
produced by 1 was characterized by MALDI—-TOF mass
spectrometry (Figure 2). The plot of m/z values of the
major set of peaks in the MALDI-TOF mass spectrum
vs the number of MMA repeat units yielded a straight
line, giving a slope of 100.02 and an intercept of 153.73
(Figure 3); the slope corresponds to the mass of the
MMA monomer, whereas the intercept is the sum of the
masses of Na* (from the added Nal) and the end groups
which correspond to a formula of C7H1409. This analysis
clearly shows that the polymer has a structural formula
of [PrOC(=0)C(Mey)—(MMA),,—H], where the initiation
chain end [fPrOC(=0)C(Mes)—] is derived from the
initiating isopropyl isobutyrate group present in com-
plex 1 and the termination chain end (H) from HCI-
acidified methanol during the workup procedure. In
Figure 2 there also exists a minor series of peaks with
the m/z value of each peak differing from the major peak
by 42 (CsHg). A similar plot to Figure 3, but using the
minor peaks, yielded the same slope but a different
intercept of 111.87, corresponding to a polymer struc-
tural formula of [HOC(=0)C(Mez)—(MMA),,—H]-Na*,
where the chain end group [HOC(=0)C(Mez)—] is
presumably resulted from the acid-catalyzed loss of the
isopropyl group during the workup procedure.

Results of the polymerization kinetic studies using
complex 1 generated in situ from the reaction of 2 and
(CgF'5)3sB-THF at 23 °C in CHCl; (vide supra) and with
[MMA]/[1] ratios from 400 to 1500 clearly showed that
propagation is first order in [MMA] for all the [MMA]y/
[1]o ratios investigated in this study (Figure 4). A
double-logarithm plot (Figure 5) of the apparent rate
constants (kapp), which were obtained from the slopes
of the best-fit lines to the plots of In([MMA]y/[MMA],)
vs time, as a function of [1] was fit to a straight line (R2
=0.997) of slope = 1.1(1). The kinetic order with respect
to [1], given by the slope of 1.1(1), reveals that propaga-
tion is also first order in [Zr], indicating a monometallic
propagation mechanism.

Block and Random Copolymerizations of MMA
with BMA and Monomer Reactivity Ratios. Se-
quential block copolymerization of MMA and BMA by
1 in CHyCly at 23 °C with a ratio of [MMA]y/[BMA]y/
[1]o = 500/500/1 afforded the well-defined block copoly-
mer PMMA-b-PBMA in quantitative yield (Table 2). The
initiator efficiency of the block copolymerization starting
from MMA polymerization (30 min) followed by BMA
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Figure 2. Portion of the MALDI-TOF mass spectrum of the low-molecular-weight PMMA produced by 1 at 23 °C in CHyCls.
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Figure 3. Plot of m/z values from the MALDI-TOF spectrum
vs the number of MMA repeat units (n).
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Figure 4. Semilogarithmic plots of In{[MMA]y/[MMA].} vs
time for the polymerization of MMA by 1 in CH3Cl; at 23 °C.
Conditions: [MMA], = 1.87 M, [1]p = 4.66 mM (<), 3.73 mM

(#); 3.11 mM (»), 2.32 mM (a), 1.87 mM (O), and 1.24 mM
(m).

polymerization (45 min) was 81%, and the block copoly-
mer showed a single sharp peak on the GPC trace with
PDI = 1.03 (run 1, Table 2). Both blocks are highly
isotactic, with collective isotacticity of [mm] = 94%; this
is an overall value accounting for both blocks because
of an overlap in the methyl triad region of PMMA and
PBMA. The isotactic block copolymer PMMA-b6-PBMA

25
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Figure 5. Plot of In(kay;) vs In[1] for the MMA polymerization
by 1 in CHxCl; at 23 °C.

exhibits two distinct Ty's characteristic of each of the
component segments (i.e., Ty(1) = 62 °C for the i-PMMA
block and T(2) = —11 °C for the i-PBMA block, Scheme
4). The molar composition of the two monomer units in
the block copolymer obtained from the 'H NMR analysis
is the same as the monomer molar feed ratio (i.e., 1:1),
upon quantitative monomer conversion. The well-
defined diblock copolymer was also prepared from
sequential copolymerization starting from polymeriza-
tion of BMA (run 2, Table 2). The isotactic PBMA-b-
PMMA block copolymer obtained from this sequence is
almost the same as PMMA-b-PBMA, except for a higher
initiator efficiency of 86% and a small variation in T
values for both blocks. This experiment further confirms
that both PMMA and PBMA polymer chains initiated
by 1 are living under the conditions employed in this
study.

Statistical copolymerizations of MMA and BMA were
carried out in a fixed [MMA + BMA]/[1] ratio of 1000/1
but varied feed ratios of [MMA]/[BMA] = 80/20, 70/30,
60/40, 50/50, and 20/80. To satisfy the differential
copolymerization equation for determination of mono-
mer reactivity ratios, all copolymerization reactions
were quenched at low conversions (ca. <5%).12 The
composition of the copolymers was determined by 'H
NMR,62 and the results were processed using both the
Fineman—Ross!? linearization and the Kelen—Tiidos'4
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Table 2. MMA and BMA Copolymerization Results by Chiral Zirconocenium Ester Enolate 1¢

runno. [1] (mM) [MMA]¢/[BMAly/[1]lo time (min) conv (%) 10*My(exptl) PDI (My/M,) 10*My(caled) I* (%) [mm] (%)
1 3.73 500:500:1 30, 45 >99 15.0 1.03 12.1 0.81 94
2 3.73 500:500:1 45, 30 >99 14.0 1.04 12.1 0.86 94

@ See Table 1 footnotes for explanations of parameters listed in the table.

Scheme 4
Tg=62°C

Tg=-11°C

i-PMMA-b-i-PBMA

nonlinear regression graphical methods. First, the Fine-
man—Ross plot (Figure 6, left) of X(1 — 1/Y) vs X%/Y,
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Figure 6. Fineman—Ross (left) and Kelen—T1idos (right) plots
for the statistical copolymer P(MMA-co-BMA).

where X = [MMA]/[BMA] (monomer feed ratio) and Y
= d[MMA]/d[BMA] (copolymer composition), yielded a
straight line (B2 = 0.997) with a slope of 0.65 and an
intercept of —0.78, giving monomer reactivity ratios of
rvmma = 0.65 and rgya = 0.78. Second, the Kelen—T1iidos
plot (Figure 6, right) of # vs &, where n = [X(Y — 1)/Y]/
[ + X%/Y] and & = (X%Y))/[a. + X%Y] in which the
parameter o serves to distribute the experimental data
uniformly and symmetrically between the limits of 0 and
1 and is determined from o = [(X¥Y)iow(X%/Y)hign] V2,
yielded a straight line (R? = 0.992) with a slope of 1.31
and an intercept of —0.69; this plot gave rymya = 0.62
(i.e., the extrapolated intercept when & = 1) and rpya =
0.72 (i.e., the product of o and the extrapolated intercept
when £ = 0). The monomer reactivity ratios are less
than unity for both monomers using both methods with
the product of the ratios (ryma x rsma) = 0.45 (the
Kelen—Tidos method), indicating that there is a greater
tendency for cross-propagation than for homopolymer-
ization and that the copolymer formed instantaneously
has a somewhat alternating character. It should be
noted here that these reactivity ratios obtained using
the cationic, chiral ansa-zirconocene ester enolate 1 are
substantially different from those obtained by conven-
tional free radical polymerization (ryma = 0.93, rema =
1.22),15 anionic polymerization (ryma = 1.04, rpma =
0.81),15 group-transfer polymerization (rya = 1.76,
rema = 0.67;15 rymva = 0.44, rgma = 0.26),16 and metal-
locene polymerization using CpsZrMeo/B(CsF5)s/ZnEts
(rmma = 1.20, rgya = 1.50),'4 reflecting the strong
influence of the nature of the active propagating centers
on the copolymerization and subsequently on the co-
polymer structure.

It is tempting to suggest that the observed somewhat
alternating tendency in the copolymerization of MMA
and BMA by 1 is consistent with the proposed polym-
erization mechanism outlined in Scheme 2. Specifically,
in the rate-determining step (B + monomer — A), when
the last added monomer is BMA (i.e., a butyl enolate
B), the steric effects would argue that the associative
displacement of the coordinated methyl ester moiety
derived from the preceding MMA addition favors the
incoming MMA over BMA. On the other hand, when
the last added monomer is MMA (i.e., a methyl enolate
B), the electronic effects would argue that the associa-
tive displacement of the coordinated butyl ester moiety
favors the incoming BMA over MMA.

Isolation of the Single MMA Addition Product—
Eight-Membered Ring Intermediate 4. According to
the mechanism outline in Scheme 2, the intermediate
(resting state) after each MMA addition is the proposed
eight-membered-ring cationic zirconocene ester enolate
structure (i.e., structure B). In attempts to isolate the
cationic cyclic ester enolate 4 (Scheme 2), a complex
designed for modeling the structure B to perform a
check of its kinetic competence and hopefully obtain the
crystal structure, we carried out stoichiometric reactions
of the cationic zirconocene ester enolate 1, which was
generated in situ from the reaction of the neutral methyl
zirconocene ester enolate 2 with (CgF5)sB-THF (vide
supra), and MMA under varied conditions of tempera-
ture, solvent, and order of reagent addition sequence.
Serendipitously, one particular addition sequence led
us to the discovery of direct addition reaction of MMA
and the neutral methyl zirconocene enolate 2 to form
single MMA addition product rac-(EBI)ZrMe[OC-
(OMe)=C(Me)CH2C(Me3)C(OiPr)=0] (3) (Scheme 5).
Specifically, upon mixing 2 with MMA in a 1:1 ratio in
CDyCly at ambient temperature, a gradual disappear-
ance of the MMA monomer (but without PMMA forma-
tion) was observed; a subsequent preparative scale
reaction cleanly afforded the single MMA addition
product 3. In the presence of excess MMA, no further
MMA additions took place after the first MMA addition
to 2, even with extended reaction times (24 h).

This reaction of direct MMA addition to the neutral
2 proceeds presumably via a more reactive resonance
form of 2 (Scheme 5), which is consistent with the
observation that this reaction occurs in noncoordinating
polar solvents such as CHsCls but not in toluene, even
under elevated temperatures (>70 °C). An alternative
pathway via a direct Diels—Alder cycloaddition of the
ester enolate moiety at Zr to the free MMA molecule—
which forms an ortho ester intermediate followed by
ring rearrangements leading to 3—is also possible;
however, this pathway can hardly explain the observa-
tion that further MMA additions do not take place in
the current system.

The structure of 3 was proposed on the basis of the
spectroscopic and analytical characterizations (see Ex-
perimental Section), while many attempts to obtain its
crystal structure were unsuccessful. Nevertheless, both
IH and 13C NMR spectra of 3 feature characteristic
signals for a methyl zirconocene ester enolate structure
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Scheme 5
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(which differs from that of the precursor 2)%2 and
additionally an isopropyl ester group [—C(O‘Pr)=O0].
Specifically, the 'H NMR signal for —-CHMe; (sept, 3.70
ppm) attached to the enolate ligand in 2 is substantially
downfield shifted to 5.09 ppm (sept) for —CHMes now
attached to the ester group in 8; the 13C NMR chemical
shift difference confirms these assignments: 153.88 ppm
for the enolate C(O) carbon [(OC(O*Pr)=] in 2 vs 177.65
ppm for the ester C(O) carbon [C(OPr)=0] in 3. In
agreement with these spectroscopic changes on going
from 2 to 3, the added MMA now becomes a methyl ester
enolate ligand [i.e., —OC(OMe)=C(Me)CHy—] attached
to Zr in 3, which can be readily characterized by 'H
NMR [2.99 (OMe), 2.64 and 2.56 (CHy), 1.41 (=CMe)]
and by 13C NMR {157.51[0C(OMe)=], 82.51 (=CMe),
54.31 (OCHs), 42.35 (CHy), 16.91 (=CMe)}.

The structure of 3 features a 5-coordinate Zr center
(two Cp rings, two chelating oxygen atoms, and a methyl
group; or a 9-coordinate Zr center considering a Cp
ligand as 3-coordinate). A second set of minor reso-
nances appears in 'H NMR at temperature <—20 °C,
presumably corresponding to a minor stereoisomer. It
should be noted here that Sustmann and co-workers”
showed by computations that the addition of methyl
acrylate to a methyl zirconocene ester enolate is feasible
under suitable conditions while evaluating the possibil-
ity of a neutral monomeric polymerization mechanism
and that such 5-coordinate neutral zirconocene struc-
tural motifs are not unusual.l” The cyclic ring structure
presented here for the current system can explain why
no further MMA additions take place after the first
MMA addition (i.e., formation of 3) with both steric and
electronic arguments. On the other hand, an alternative
structure where the terminal ester group is not coordi-
nated to Zr (i.e., the open chain structure) can hardly
explain why further MMA additions do not proceed.

Another exciting aspect of this reaction—besides the
direct addition of MMA to a neutral zirconocene ester
enolate—is that the further reaction of 3 with (CgF5)3B+
THF or B(CgF5); at ambient temperature in CHyCly
cleanly produces the corresponding cationic zirconocene
ester enolate species 4, although complex 4 can also be
obtained from the reaction of 1 and 1 equiv of MMA
under suitable conditions (Scheme 5). Cationic cyclic
ester enolate 4 is an isoelectronic structure of the
neutral samarium complex (CsMes)eSm(MMA)oH, which
has been isolated from the reaction of the samarium
hydride precursor with 2 equiv of MMA and crystallo-
graphically characterized.® Two NMR spectroscopic
characteristics of the isolated 4 are worth noting: first,
as compared to the neutral precursor, the 3C NMR

Dzr '
\\,'/k MMA, CH,Cl B(CoFss
o

xs MMA

no further reaction

Y

MeB(CeF5)3
L xs. MMA

isotactic PMMA

resonance for the ester C(O) carbon [C(O'Pr)=0] in 4
is substantially downfield shifted to 192.4 ppm (in
CDqCly); this chemical shift value is nearly identical to
that for the structurally characterized cationic complex
where the C(O) oxygen is coordinated to the similar
cationic zirconocene center (i.e., rac-(EBI)Zr™(Me)OC-
((Pr)OAI(CgF5)3~, albeit in a different NMR solvent:
190.2 ppm in CgDg),22 suggesting that the terminal iso-
propyl ester group is coordinated to the Zr™ center.
Second, the chemical shift for the methyl group in the
[MeB(CgF'5)3]~ anion is 0.54 ppm in CDyCly, which is
nearly identical to that reported in the literature for the
free [MeB(CgF5)3]~ anion (0.51 ppm in CDyCly).!® The
noncoordinating nature of the [MeB(CgF'5)s]~ anion in
4 is also established by 1°F NMR in which a small
chemical shift difference of <3 ppm [A(m,p-F) = 2.7 ppm
in 4] between the para- and meta-fluorines is diagnostic
of the noncoordinating [MeB(CgF'5)3]~ anion.!819

Much like the cationic species 1, the cationic cyclic
ester enolate 4 effects rapid further MMA additions
leading to highly isotactic and high-molecular-weight
PMMA. The significance of the isolated 4 is that it
corresponds to the structure of the eight-membered-ring
intermediate B after each C—C bond formation step,
thereby providing further direct evidence supporting the
proposed mechanism shown in Scheme 2.

Conclusions

Using the cationic, chiral ansa-zirconocene ester
enolate complex, rac-(EBD)Zr"(THF)[OC(OPr)=CMes]-
[MeB(CgF5)s]~ (1), which simulates the isospecific active
propagating species A (Scheme 2) in the methacrylate
polymerization by cationic, chiral ansa-zirconocene com-
plexes, we have shown that the methacrylate polymer-
ization by complex 1 is isospecific, living, and site-
controlled, enabling the synthesis of highly isotactic
homopolymers with narrow molecular weight distribu-
tions and block copolymers with well-defined structures.

The monomer reactivity ratios obtained from the
statistical copolymerization of MMA and BMA by 1
differ substantially from those obtained using other
types of active species, and the copolymer formed in-
stantaneously by 1 has a somewhat alternating char-
acter. Kinetic studies of the MMA polymerization have
shown that propagation is first order in both concentra-
tions of the monomer and the active species, indicating
a monometallic, intramolecular Michael addition propa-
gation mechanism via the cyclic ester enolate interme-
diate B (Scheme 2), which was modeled by the isolated
cationic cyclic ester enolate complex 4. The results imply
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that the resting state during a propagation “catalysis”
cycle is the cyclic ester enolate B and associative
displacement of the coordinated ester group by incoming
methacrylate monomer to regenerate the active species
A is the rate-determining step (i.e., B— A, Scheme 2).

The neutral methyl zirconocene ester enolate, rac-
(EBI)ZrMe[OC(O'Pr)=CMesy] (2), can also undergo facile
MMA addition in noncoordinating polar solvents, but
the reaction is completely halted after the single MMA
addition, forming the proposed structure 3. However,
when complex 3 is converted to the corresponding
cationic species 4 upon addition of the borane abstractor,
it rapidly and isospecifically adds more MMA to form
high-molecular-weight PMMA. The significance of these
reactions is at least twofold: first, the isolated cationic
cyclic ester enolate 4 corresponds to the structure of the
eight-membered-ring resting state B in a propagation
“catalysis” cycle. Second, the observed unique, direct
addition of MMA to the neutral ester enolate 2 opens a
possibility of designing neutral group 4 metallocene
enolate complexes as effective catalysts/initiators for
polymerization of functionalized alkenes; research to-
ward this goal is currently underway.
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