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ABSTRACT: This paper reports the homopolymerization and block copolymerization of methacrylates
by the cationic titanium methyl complex, CGCTiMe"MeB(C¢Fs);~ (1, CGC = Me;Si(MesCs)(t-BuN)), as
well as the synthesis and methyl methacrylate (MMA) polymerization of three new neutral and cationic
CGC Ti ester enolate complexes. Unlike the isostructural, cationic CGC Zr methyl complex, which is
inactive for polymerization of MMA, CGC Ti methyl complex 1 effects living polymerizations of MMA
and BMA (BMA = n-butyl methacrylate) at ambient temperature, producing syndiotactic PMMA ([rr] =
82%, P, = 0.90) and PBMA ([rr] = 89%, P, = 0.95). Sequential copolymerization using 1 and starting
from either MMA or BMA produces the well-defined, syndiotactic diblock copolymer PMMA-b-PBMA
with narrow molecular weight distribution (M/M, = 1.08). On the other hand, copolymerizing MMA
and BMA simultaneously affords the homogeneous random copolymer PMMA-co-PBMA. Two neutral
CGC Ti ester enolate complexes, CGCTiCI[OC(O'Pr)=CMe;] (2) and CGCTiMe[OC(O'Pr)=CMe;] (4), have
been synthesized, and the molecular structure of 4 has been determined by X-ray crystallography. The
reaction of 4 and B(CgsFs)s* THF (THF = tetrahydrofuran) in methylene chloride readily generates the
cationic CGC Ti ester enolate complex, CGCTi*(THF)[OC(O'Pr)=CMe,] [MeB(CsFs)3]~ (5). All three CGC
Ti ester enolate complexes have been investigated for MMA polymerization; of particular interest are
the polymer characteristics (molecular weight, molecular weight distribution, and syndiotacticity) of the
PMMA formed by 5, which are remarkably similar to those of the PMMA by 1, suggesting that the cationic
ester enolate 5 is an appropriate model for the propagating species involved in the MMA polymerization
by the alkyl cation 1. The microstructures of PMMA have been analyzed at the pentad level, and the
polymerization mechanism has also been discussed.

Introduction

Metallocene-mediated methyl methacrylate (MMA)
polymerization marked its beginning with three inde-
pendent reports of the effective MMA polymerization
metallocene complexes: chloro-metallocene enolates
Cp2MCI[OC(OMe)=CMe;] (M = Zr, Ti) by Farnham and
Hertler,! lanthanocenes such as (CsMes),SmMe(THF)
by Yasuda et al.,? and zirconocene dimethyl Cp,ZrMe,
(in combination with zirconocenium activator [Cp,ZrMe-
(THR)]T[BPhy]") by Collins and Ward.® Specifically
regarding the intensively investigated zirconocene-
mediated MMA polymerization, Collins and co-workers
subsequently showed that a two-component system,
which consists of a neutral zirconocene ester enolate
initiator such as Cp,ZrMe[OC(OtBu)=CMe,] and a
cationic catalyst such as [Cp2Zr(THF)Me]"[BPh4]~, po-
lymerizes MMA in a living fashion to syndiotactic rich
poly(methyl methacrylate) (PMMA).* This polymeriza-
tion follows a group-transfer-type® bimetallic propagat-
ing mechanism.*26 For MMA polymerization mediated
by single-component, bridged (ansa-) zirconocenium
complexes, however, a monometallic, 1,4-conjugated
addition pathway that involves a cationic ansa-zir-
conocene ester enolate propagating species has been
proposed.” This propagation mechanism is similar to
that proposed for MMA polymerization mediated by the
isoelectronic, neutral lanthanocenes.?

Three recent reports’®%10 investigated the synthesis
of block copolymers of methacrylates utilizing the living
nature of the zirconocene-mediated methacrylate po-
lymerization. We reported the synthesis of isotactic-b-
syndiotactic stereodiblock PMMA starting from the
construction of the isotactic block using the chiral ansa-
zirconocenium cation.”® Most recently, Hadjichristidis
and co-workers reported the synthesis of well-defined
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block copolymer PBMA-b-PMMA [PBMA = poly(n-butyl
methacrylate)] using a three-component initiator system
composed of a metallocene dimethyl, a borane or borate
cocatalyst, and a large excess of ZnEt,.° The order of
monomer addition is critical in this sequential block
copolymerization; if MMA was first polymerized fol-
lowed by BMA, a mixture of homopolymers resulted.
Additionally, Gibson et al. showed that, if a single,
achiral cationic zirconocene alkyl complex was used, it
did not allow block copolymerization of methacrylates.10

As compared to the intensively investigated MMA
polymerization by zirconocenes, MMA polymerization
by titanocenes drew much less attention. Titanocene
dichloride Cp,TiCl, (plus excess AlEts) was used to
copolymerize MMA and acrylonitrile with a proposed
ionic coordination mechanism.* Farnham and Hertler
used Cp,TiCI[OC(OMe)=CMe,] to polymerize MMA,
affording PMMA with polydispersity index (PDI) rang-
ing from 3.14 to 4.30.! Saegusa and co-workers em-
ployed similar titanocene mono- or bis-enolates, but
combined them with activators such as AgN(SO,CF3);
and [PhNHMe;]"[B(CsFs)4]~, affording PMMA with PDI
ranging from 2.1 to 2.5.12 Most recently, Marks and co-
workers reported that a three-component initiator sys-
tem composed of (CsMes)TiMes, PhsCT[B(CeFs)4]~, and
Zn is also effective for MMA polymerization, producing
syndiotactic PMMA with racemic triad [rr] ~ 70% and
PDI ~ 2.0.13 Exploring group 4 metallocenes for polym-
erization of other functionalized olefinic monomers,
Erker and co-workers showed that the B(CgFs)3 adducts
of titanocene (and zirconocene) ketone enolates are
effective initiators for polymerization of methyl vinyl
ketone.'*

We have been investigating MMA homopolymeriza-
tion> and block copolymerization with propylene® using
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ansa-titanocenes and related complexes such as chiral
ansa-titanocene imido complexes!®® and a technologi-
cally significant olefin-polymerization constrained ge-
ometry catalyst!’—CGCTiMe, [CGC = Me;Si(Me4Cs)(t-
BuN)].17° The central objective of this investigation is
to study titanocene initiators that can effect living and
stereospecific polymerization of alkyl methacrylates, for
the synthesis of well-defined stereoregular block copoly-
mers and a understanding of the propagating species
responsible for the polymerization activity and stereo-
regulation. We report here the first living polymeriza-
tion of alkyl methacrylates initiated by a cationic
titanium alkyl complex—CGCTiMe*MeB(CsFs)s~ (1),
Chart 1.18 Titanium methyl cation 1 effects living
polymerization of MMA and BMA at room temperature
(RT), producing syndiotactic PMMA ([rr] = 82%, P, =
0.90) and PBMA ([rr] = 89%, P, = 0.95). The living
nature of this polymerization allows for the synthesis
of the well-defined syndiotactic diblock copolymer of
MMA and BMA with a small PDI value of 1.08 via
sequential copolymerization starting from either MMA
or BMA. The syndiotactic random copolymer can also
be prepared from the one-pot copolymerization. The
study of the independently synthesized CGC Ti ester
enolates indicates the cationic CGC Ti ester enolate is
a suitable model for the propagating species involved
in MMA polymerization by complex 1.

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, on a high-vacuum line (1075 to 1077 Torr), or in an argon-
filled glovebox (<1.0 ppm oxygen and moisture). NMR-scale
reactions (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 of the solvent reservoir and then dried by passage
through activated alumina (for diethyl ether, tetrahydrofuran
(THF), and methylene chloride) followed by passage through
Q-5 supported copper catalyst (for toluene and hexanes)
stainless steel columns. Benzene-ds, toluene-dg, and THF-dg
were dried over sodium/potassium alloy and vacuum-distilled
or filtered, whereas CD,Cl, and CDCIl; 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 reported as parts per
million relative to tetramethylsilane, whereas °F NMR spectra
were referenced to external CFCl;. Elemental analyses were
performed by Desert Analytics, Tucson, AZ.

Isobutyric acid, thionyl chloride, n-BuLi (1.6 M in hexanes),
and MeMgBr (3.0 M in diethyl ether) were purchased from
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Aldrich Chemical Co. and used as received. Trimethylalumi-
num (neat) was purchased from Strem Chemical Co. and
methyllithium (1.6 M in diethyl ether) from Acros.

Methyl methacrylate (MMA) and n-butyl methacrylate
(BMA) were purchased from Aldrich Chemical Co.; both
monomers were first degassed and dried over CaH; overnight,
followed by vacuum distillation. 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 freezer inside the glovebox.

Tris(pentafluorophenyl)borane, B(CsFs)s, was obtained as a
research gift from Boulder Scientific Co. and further purified
by recrystallization from hexanes at —30 °C. The borane—THF
adduct, B(C¢Fs)s* THF, was prepared by addition of THF to a
toluene solution of the borane followed by removing the
solvents and drying in vacuo. Me;Si(CsMes)('BuN)TiMe,
(CGCTiMe,),"° CGCTiMe*MeB(CsFs):™ (1),2° and lithium iso-
propylisobutyrate [Li(IPIB)]?* were prepared according to
literature procedures.

Synthesis of CGCTIiCI[OC(O'Pr)=CMe;] (2). In an argon-
filled glovebox, a 50 mL flame-dried Schlenk flask was
equipped with a magnetic stir bar and charged with CGCTiCl,
(0.30 g, 0.81 mmol) and 20 mL of THF. The flask was removed
from the glovebox, interfaced to a Schlenk line, and cooled to
—70 °C. To this flask was added a 10 mL THF solution of
LiOC(O'Pr)=CMe; (0.14 g, 1.05 mmol). The reaction mixture
was allowed to warm slowly to ambient temperature and
stirred for 14 h, upon which time the solution turned from
bright yellow to dark red. Volatiles were removed in vacuo to
give a dark red oily residue. The flask was brought back into
the glovebox, and 20 mL of hexanes was added. The resulting
suspension was filtered through a pad of Celite, and the
solvent of the red filtrate was removed under reduced pressure
to produce 0.30 g of the crude product as a sticky oil.
Recrystallization of this crude material from hexanes at —30
°C yielded 0.24 g (64%) of the pure complex 2 as an orange-
red microcrystalline solid. Anal. Calcd. for C;,H4NO,SICITi:
C, 57.19; H, 8.73; N, 3.03. Found: C, 57.33; H, 8.66; N, 3.30.

IH NMR (CgDs, 23 °C) for Me;Si(MesCs)(t-BuN)TiCI[OC-
(O'Pr)=CMe;] (2): 6 4.61 (sept, J = 6.0 Hz, 1H, CHMe,), 2.25
(s, 3H, CsMey), 2.08 (s, 3H, CsMey), 2.03 (s, 3H, CsMey), 1.90
(s, 3H, CsMey), 1.80 (s, 3H, =CMey), 1.77 (s, 3H, =CMey), 1.39
(s, 9H, tBu), 1.24 (d, J = 6.3 Hz, 3H, OCMe,), 1.18 (d, I = 6.0
Hz, 3H, OCMey), 0.56 (s, 3H, SiMe,), 0.51 (s, 3H, SiMe;,). 13C
NMR (CgDg, 23 °C): 0 154.3 ((TiOC), 136.81, 135.37, 132.27,
102.3 (CsMey), 89.83 (=CMe;), 69.56 (OCMe;), 60.44 (NCMej3),
32.57 (NCMez), 22.36 (OCMe,), 21.50 (OCMe;), 17.88
(=CM62), 17.13 (=CM€‘2), 15.66 (C5Me4), 14.46 (C5M64), 12.77
(CsMey), 10.23 (CsMey), 6.28 (SiMey), 5.62 (SiMey,).

Synthesis of CGCTiMeCI (3). In an argon-filled glovebox,
a 30 mL glass reactor was equipped with a magnetic stir bar,
charged with 2 (0.20 g, 0.43 mmol) followed by 20 mL of
toluene, and wrapped with aluminum foil. To this reactor, with
vigorous stirring, was added 0.51 mL of AlMe; (0.99 M in
hexanes, 0.51 mmol). The reaction mixture was stirred at
ambient temperature for 14 h, upon which time the mixture
turned from red orange to brownish yellow. Volatiles were
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removed in vacuo to give the crude product as a brownish oil;
recrystallization of this crude material from hexanes at —30
°C yielded 0.11 g (89%) of the pure complex 3 as a yellow
microcrystalline solid. Anal. Calcd for C16H3zoNSICITi: C, 55.24;
H, 8.69; N, 4.03. Found: C, 54.93; H, 8.47; N, 3.73.

H NMR (C¢Dg, 23 °C) for Me;Si(Me4Cs)(t-BuN)TiMeCl (3):
6 2.00 (S, 3H, C5M€‘4), 1.99 (S, 3H, C5Me4), 1.91 (S, 3H, C5Me4),
1.88 (s, 3H, CsMey), 1.50 (s, 9H, tBu), 0.85 (s, 3H, TiMe), 0.45
(s, 3H, SiMe;), 0.36 (s, 3H, SiMe,). *C NMR (C¢Ds, 23 °C): o
136.29, 134.35, 133.23, 101.5 (CsMey), 59.39 (NCMe3), 53.13
(TiMe), 33.69 (NCMej3), 15.28 (CsMe,), 14.90 (CsMey), 12.48
(CsMey), 11.89 (CsMes), 5.67 (SiMey), 5.61 (SiMey).

Synthesis of CGCTiMe[OC(O'Pr)=CMe;] (4). In an argon-
filled glovebox, a 20 mL reactor was equipped with a magnetic
stir bar and charged with 3 (0.15 g, 0.43 mmol) in 10 mL of
toluene followed by addition of a 10 mL toluene solution of
LiOC(O'Pr)=CMe,, (0.105 g, 0.78 mmol). The flask was
wrapped with aluminum foil, and the reaction mixture was
stirred for 16 h at ambient temperature. Volatiles were
removed in vacuo to give an orange oil, and 20 mL of hexanes
was added to precipitate LiCl. The resulting suspension was
filtered through a pad of Celite, and the solvent of the filtrate
was removed under reduced pressure to give the crude product
as a yellow oil. Recrystallization of the crude product from
hexanes at —30 °C yielded 0.11 g (58%) of the pure complex 4
as yellow crystals. These crystals were suitable for X-ray
diffraction analysis; thus, complex 4 was characterized by
X-ray crystallography (vide infra).

'H NMR (C¢Dg, 23 °C) for Me,Si(Me4Cs)(t-BuN)TiMe[OC-
(O'Pr)=CMe;] (4): 6 4.32 (sept, J = 6.0 Hz, 1H, CHMe,), 2.16
(s, 3H, CsMey), 2.06 (s, 3H, CsMey), 1.92 (s, 3H, CsMey), 1.79
(s, 3H, CsMey), 1.83 (s, 3H, =CMey), 1.74 (s, 3H, =CMe;), 1.40
(s, 9H, tBu), 1.20 (d, J = 2.4 Hz, 3H, OCMe,), 1.18 (d, J = 2.4
Hz, 3H, OCMe), 0.53 (s, 3H, SiMey), 0.52 (s, 3H, TiMe), 0.51-
(s, 3H, SiMey). *H NMR (CD,Cly, 23 °C): ¢ 4.15 (sept, J = 6.0
Hz, 1H, CHMey), 2.15 (s, 3H, CsMey), 2.04 (s, 3H, CsMey), 2.02
(s, 3H, CsMey), 1.79 (s, 3H, CsMey), 1.55 (s, 3H, =CMe,), 1.52
(s, 3H, =CMe,), 1.31 (s, 9H, tBu), 1.13 (s br, 3H, OCMe), 1.11
(s br, 3H, OCMey), 0.53 (s, 3H, SiMe;), 0.51(s, 3H, SiMe,), 0.13
(s, 3H, TiMe). 23C NMR (CgDs, 23 °C): 0 154.7 (TiOC-), 131.81,
131.59, 130.24, 101.64 (CsMes), 88.31 (=CMe,), 68.41 (OCMe,),
58.22 (NCMej3), 40.66 (TiMe), 33.72 (NCMes), 22.12 (OCMe,),
21.79 (OCMey), 17.88 (=CMe,), 17.18 (=CMe,), 15.13 (CsMe.),
14.32 (C5ME4), 11.84 (C5Me4), 9.84 (C5Me4), 6.52 (SIMez), 5.89
(SiMey).

VT NMR Experiments for in Situ Generation of
CGCTIi™(THF)[OC(O'Pr)=CMe;] [MeB(C¢Fs)s]~ (5). In an
argon-filled glovebox, a Teflon-valve-sealed J. Young-type
NMR tube was charged with 4 (8.8 mg, 0.02 mmol) and
B(CeFs)s* THF (11.7 mg, 0.02 mmol). The NMR tube was
removed from the glovebox, interfaced to a high vacuum line,
and degassed at ambient temperature. A separate vacuum
tube was charged with CD,Cl, and degassed at —78 °C;
approximately 0.7 mL of CD,Cl, was condensed into the NMR
tube at —78 °C to give an orange suspension which, upon
gentle shacking, formed an orange red homogeneous solution.
The NMR tube was detached from the high vacuum line and
kept in a —78 °C bath before the NMR experiments. The
formation of the red solution upon mixing 4 and B(CeFs)s* THF
indicated the reaction took place even at —78 °C. The reaction
was monitored by *H and °F NMR spectroscopy starting from
a precooled probe temperature of —60 °C and ending at 23 °C.
Indeed, this reaction was already complete within 15 min on
going from —78 to —60 °C, with the observed spectroscopic data
being consistent with the structure of the cationic ester enolate
complex 5. Upon warming to above —40 °C, despite evidence
of minor decomposition, complex 5 largely preserved, even
after 4 h at 23 °C. The use of a stoichiometric amount of THF
(from B(CgFs)s* THF) was critical for the direct observation of
the cationic ester enolate complex; the reaction of 4 with
B(CsFs)s in CD,Cl, gave a mixture of products even at —60
°C

IH NMR (CD,Cl,, 23 °C) for Me;Si(Me.Cs)(t-BuN)Ti+
(THF)[OC(O'Pr)=CMe,][MeB(CsFs)s]~ (5): 6 4.09 (sept, J =
4.5 Hz, 1H, CHMey), 3.78 (m, 4H, CH,CHS), 2.23 (s, 3H, CeMey),
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Table 1. Crystal Data and Structure Refinements for 4
Co3H43NOLSITi

empirical formula

formula weight 441.57
temp/K 173(2)
wavelength/A 0.710 73
cryst syst monoclinic
space group P21/n

alA 15.212(3)
b/A 9.1575(19)
c/A 18.012(4)
a/deg 90

Bldeg 90.050(4)
yldeg 90

vol/A3 2509.1(9)
z 4

density (calcd)/(mg/m3) 1.169

abs coeff/mm=1 0.406
F(000) 960

cryst size/mms3 0.40 x 0.20 x 0.18

g range for data collection/deg 1.75—32.26

index ranges —16 < h =16, —10 = k = 10,
-20=<1=<20

reflecns collected 15551

independ reflecns 3613 [Rint = 0.0655]

data/restraints/params 3613/0/254

goodness-of-fit on F2 1.007

final R indices [I > 20(1)] R; =0.0537, R, = 0.1378
R indices (all data) R1 = 0.0683, Ry, = 0.1488
extinction coeff 0.0095(13)

largest diff. peak and hole/(e A=3) 0.501 and —0.494

2.11 (s, 3H, CsMey), 2.10 (s, 3H, CsMey), 2.09 (s, 3H, CsMey),
1.93 (m, 4H, CH,CH,), 1.67 (s, 3H, =CMe,), 1.64 (s, 3H,
=CMe,), 1.29 (s, 9H, tBu), 1.21 (d, J = 2.1 Hz, 3H, OCMe,),
1.18 (d, J = 2.1 Hz, 3H, OCMe,), 0.86 (s, 3H, SiMe,), 0.82 (s,
3H, SiMey), 0.46 (s br, 3H, BMe). *°F NMR (CD,Cl,, 23 °C): 6
—131.60 (d, 33— = 22.6 Hz, 6F, 0-F), —163.66 (t, 3Jr—r = 20.9
Hz, 3F, p-F), —166.27 (m, 6F, m-F).

X-ray Crystallographic Analysis of 4. Single crystals
suitable for X-ray diffraction studies were obtained by slow
recrystallization from hexanes at —30 °C. After the mother
liquor was decanted in the glovebox, the crystals were quickly
covered with a layer of Paratone-N oil (Exxon, dried and
degassed at 120 °C/(107¢ Torr) for 24 h), mounted on thin glass
fibers, and transferred into the cold nitrogen steam of a
Siemens SMART CCD diffractometer. The structures were
solved by direct methods and refined using the Siemens
SHELXTL program library.??> The structures were refined by
full matrix weighted least-squares on F? for all reflections. All
non-hydrogen atoms were refined with anisotropic displace-
ment parameters, whereas hydrogen atoms were included in
the structure factor calculations at idealized positions. Selected
crystal data and structural refinement parameters are col-
lected in Table 1.

Polymerization Procedures and Polymer Character-
izations. All polymerizations with cationic titanium methyl
complex 1 were performed in 25 mL, oven- and then flame-
dried vacuum flasks inside an argon-filled glovebox. Separate
stock solutions of CGCTiMe; and B(CgsFs)3 (9.34 mM in 50 mL
toluene) were first prepared. In a typical procedure, CGCTiMe;
(5.0 mL, 46.7 umol) and B(CsFs)s (5.0 mL, 46.7 umol) were
mixed in the flask and stirred for 10 min to cleanly generate
CGCTiMe*MeB(CsFs)s~ (1). MMA (1.00 mL, 9.35 mmol) or
BMA (1.48 mL, 9.35 mmol) was quickly added, and the flask
was sealed. For block copolymerizations, a second quantity of
MMA or BMA was added after the completion of the first block
(9 h for MMA, 12 h for BMA), plus a 30 min delay, and the
polymerization was continued. After the measured time in-
terval, the flask was removed from the glovebox and quenched
by adding 5 mL of 5% HCl-acidified methanol. The quenched
mixture was precipitated into 100 mL of methanol, stirred for
1 h, filtered, and washed with methanol. The polymer collected
was dissolved in 5 mL of methylene chloride, precipitated into
100 mL of methanol, filtered, and dried in a vacuum oven at
50 °C overnight to a constant weight. PMMA- and PMMA-
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Table 2. MMA and BMA Homo- and Copolymerization Results by 12

entry no. polymer type time (h) yield (%) 103Mp(caled) 103My(found) PDI - Tg¢(°C) [rr] (%) [mr] (%) [mm] (%)
1 PMMA 9 98 20.0 23.6 1.09 117 81.8 16.7 1.5
2 PBMA 12 98 28.4 31.7 1.12 38 89.0 11.0 0.0
3 PBMA 16 97 28.4 31.9 1.12 88.9 111 0.0
4 PMMA-b-PMMA 9.5-9.5 >99 40.1 41.2 1.08 129 81.1 17.2 1.7
5 PMMA-b-PBMA 9.5—-12.5 >99 48.5 50.2 1.08 120 86.4 13.1 0.5
6 PBMA-b-PMMA 16—-9.5 >99 48.5 50.9 1.09 38 84.9 14.6 0.5
7 PMMA-co-PBMA 24 >99 24.2 28.8 1.08 72 86.6 13.1 0.4
a [monomer]o/[1]o = 200 for entries 1—3 and 7; [monomer]o/[1]o = 400 for entries 4—6.
containing copolymers obtained are white powdery materials, 2.4 10* T T ; { T | 20
whereas PBMA is a glassy solid.
For MMA polymerizations with CGC Ti ester enolate
complexes, two different approaches—activated catalyst and 2210* - 41.8
activated monomer—were used. In the activated catalyst oM,
approach, B(CgFs)s* THF and complex 4 were premixed in CH»-
Cl, and stirred for 10 min to generate 5 in situ followed by 2.010% - -4 1.6
addition of MMA to start the polymerization. In the activated c 3
monomer approach, B(CsFs); and MMA were premixed in CH,- = o
Cl; or toluene followed by addition of the neutral ester enolate 1.810* - —4 1.4
initiator 4 to start the polymerization. The workup procedure
was the same as the above-described polymerization procedure
using complex 1, except that the polymer after quenching and 1.6 10% —&—PDI +1.2
precipitation was not redissolved in CH,Cl, and reprecipitated N
into methanol. “ * A
Glass transition temperatures (Tg) of the polymers were 1.410* ' : : ' ' ' 1.0

measured by differential scanning calorimetry (DSC) on a DSC
2920, TA Instrument. Samples were first heated to 180 °C at
10 °C/min, equilibrated at this temperature for 4 min, and
cooled to —35 °C at 10 °C/min. After being held at this
temperature for 4 min, the samples were then reheated to 180
°C at 10 °C/min. All T4 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 using 10 PMMA standards, and
chromatograms were processed with Waters Empower soft-
ware. 'H and C NMR spectra for the analysis of PMMA and
PBMA microstructures were recorded in CDCl; and analyzed
according to the literature.®

Results and Discussion

Living and Syndioselective Polymerization of
Methacrylates by CGCTiMe*tMeB(CsFs)s™ (1). Evi-
dence that polymerizations of MMA and BMA by 1 in
toluene at ambient temperature proceed in a living,
syndioselective fashion derives from several lines. First,
the degree of polymerization control in the homopolym-
erization of MMA was demonstrated by a linear increase
of number-average molecular weight (M,) with an
increase in monomer conversion and by a small, insen-
sitive molecular weight distribution (PDI ranging from
1.08 to 1.09) to conversion (Figure 1). The PMMA
obtained has a syndiotacticity of [rr] ~ 82% (entry 1,
Table 2). A deviation of the found M;, (23 600) from the
calculated M, (20 000) upon a quantitative monomer
conversion is attributed to a small consumption of the
highly sensitive 1 by the solvent or atmosphere (no
scavengers or other additives were used in the current
polymerization system).

Polymerization of BMA proceeds in the same con-
trolled fashion, producing syndiotactic ([rr] ~ 89%,
Figure 2) and high Tg4 (38 °C) PBMA?* (entry 2, Table
2). The stability of the living PBMA polymer chain at
RT was also examined. After all the monomer was
consumed, an extended reaction time (4 h) afforded
virtually the same PBMA as the polymerization quenched
immediately after the completion (entry 3 vs 2).

30 40 50 60 70 80 90 100
Conversion (%)

Figure 1. M, and PDI of PMMA as a function of monomer
conversion.

Second, reinitiation of a second 200 equiv of MMA—
after the first 200 equiv of MMA had been consumed,
plus a 30 min delay—approximately doubled M, of
PMMA, but PDI and syndiotacticity of PMMA did not
change (entry 4 vs 1). The T4 (129 °C) of the PMMA
from the reinitiation experiment is, however, 12 °C
higher than that of the PMMA from the polymerization
of the first 200 equiv MMA, reflecting a significant effect
of My, on Ty for relatively small molecular weight PMMA
samples.

Third, sequential copolymerization of MMA and BMA
starting from polymerization of MMA afforded well-
defined block copolymer PMMA-b-PBMA, with M, near-
ing the calculated value (entry 5) and a single sharp
peak on the GPC trace (PDI = 1.08, Chart 1). The block
copolymer PMMA-b-PBMA exhibits two distinct Ty's
characteristic of each of the component segments (i.e,
Ty (1) = 120 °C for the s-PMMA block and Tg (2) = 44
°C for the s-PBMA block). The molar composition of two
monomer units in the block copolymer obtained from
the 'H NMR analysis (Figure 3) is the same as the
monomer molar feed ratio (i.e., 1:1). The syndiotacticity
of the block copolymer is collectively ~86%; this is an
overall value accounting for both blocks because of an
overlap in the methyl triad region of PMMA and PBMA
(Figure 3). However, the [rrrr] pentad in the C=O0 region
by 13C NMR can be resolved and distinguished for both
blocks (Figure 4).

The well-defined block copolymer was also prepared
from sequential copolymerization starting from polym-
erization of BMA. The PBMA-b-PMMA block copolymer
obtained from this sequence is almost the same as
PMMA-b-PBMA, except for a small variation in syn-
diotacticity and Ty (entry 6 vs 5). This experiment
further confirms that both PMMA and PBMA polymer
chains initiated by 1 are living under the conditions
employed in this study.
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Figure 2. *H NMR spectrum (CDCls) of syndiotactic PBMA: methyl and methylene triads.
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Figure 3. 'H NMR spectra (CDCIl3) of block and random
copolymers: nearly identical 1:1 MMA:BMA compositions and
peak assignments.

Last, copolymerizing MMA and BMA simultaneously
produced homogeneous random copolymer PMMA-co-
PBMA (entry 7). The GPC trace shows a single sharp
peak with PDI = 1.08 (Chart 1), and the NMR reveals
an overall syndiotacticity of ~86%, which is similar to
those of the block copolymers. A 1.1:1.0 MMA:BMA
molar composition of two monomer units in the copoly-
mer (Figure 3) is close to the monomer molar feed ratio
(2:1) used for this copolymerization. As direct evidence
for the formation of the homogeneous random copoly-
mer, PMMA-co-PBMA displays a single Tq = 72 °C; this
Ty compares well with a predicted value (68 °C) by the
Fox equation (1/Tq = W1/Ty(1) + W/T4(2)) for random
copolymers.

Synthesis of CGC Ti Ester Enolates and Struc-
ture of CGCTiMe[OC(O'Pr)=CMe;] (4). Collins and
co-workers showed that the cationic CGC Zr ester
enolate, which was generated by in situ mixing of
CGCZr[OC(O'Bu)=CMe;], and [(Et,0).H]"[B(3,5-
(CF3)2C6H3)4]~ at low temperatures, is active for MMA
polymerization but produces isotactic PMMA via an
enantiomorphic site control mechanism.” However, in
thecaseofcationicalkylinitiators, CGCTiMe™MeB(CsFs)3~
promotes living and syndioselective MMA polymeriza-
tion at ambient temperature (vide supra), whereas the
isostructural Zr complex (i.e., CGCZrMe*MeB(CgFs)37)
has no MMA polymerization activity under otherwise
identical conditions. To better understand the diaster-
eomeric PMMA formed by the CGC Ti and Zr initiators
and compare the polymerization behavior of CGC cat-
ionic ester enolate initiators, the synthesis of neutral
and cationic CGC Ti ester enolate complexes is needed.

Reaction of CGCTIiCl, with lithium isopropyliso-
butyrate [Li(IPIB)] in THF or toluene readily produces
CGCTICI[OC(O'Pr)=CMe;] (2) as a microcrystalline

Scheme 1

, S Lgpig)
i, Si TI\ —
~ \ / Cl
N
CGCTiCl, 2

orange red solid (Scheme 1). However, attempts to
prepare the CGC Ti bis-enolate complex using up to 3
equiv of Li(IPIB) were unsuccessful; the mono-enolate
2 was always the product at all [Li(IPIB)]/CGCTiCl,
ratios investigated (1—3), and there was no evidence for
the formation of the bis-enolate species, presumably
because the sterically crowded Ti center hinders the
introduction of a second ester enolate ligand.

Direct methylation of 2 with either MeMgBr or MeL.i
gave a product mixture containing the anticipated
methyl complex CGCTiMe[OC(O'Pr)=CMe,] (4) only as
a minor product. A major (75% by NMR), unidentified
product has nearly the same spectroscopic characteris-
tics as those of 2 (i.e., C; symmetry and no Ti—Me
moiety), but is definitely not 2. Varying the reaction
conditions (ratio, temperature, and solvent) did not
result in any marked changes in the ratio of the
products, and attempts to separate these two products
by repeated recrystallization were unsuccessful. These
experiments show that the route to 4 via direct methy-
lation of 2 is not feasible.

In light of this finding, we realized that, for an
effective synthesis of 4, it is necessary to introduce the
methyl group before the ester enolate ligand. Accord-
ingly, CGCTiMeCl (3) was identified as a suitable
precursor for this purpose. Attempts to prepare CGC-
TiMeCl using conventional methods, including reactions
of CGCTiCl, with MeL.i or AlMe; and of CGCTiMe; with
EtsNH*CI~, gave inseparable mixtures containing CGC-
TiCl,, CGCTiMez, and CGCTiMeCl. However, the reac-
tion of the mono-enolate 2 with an excess of AlMes
cleanly produces 3 in an 89% isolated yield (Scheme 2).
Subsequent reaction of 3 with Li(IPIB) produces
CGCTiMe[OC(O'Pr)=CMe;] (4) in an 58% isolated yield
(Scheme 2). Combining these two reactions into a “one-
pot” reaction (i.e., without isolating intermediate 3) also
works with a much improved overall yield of 4 (81%),
but it is necessary to remove any residue AlMes before
addition of Li(IPIB) in the second step because AlMes
further reacts with 4 to produce CGCTiMes.
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Figure 4. 3C NMR (CDClg) spectrum of syndiotactic PMMA-b-PBMA: full spectrum and expanded pentad distributions in the

C=0 region.

Scheme 2

Table 3. Selected Bond Lengths (A) and Bond Angles

(deg) for 4

Ti—0O(1) 1.826(2) Ti—C(23) 2.131(4)
Ti—N 1.953(3) Ti—Cp(centroid) 2.035
C(19)—0(1) 1.347(4) C(19)-0(2) 1.377(4)
C(19)—C(20) 1.323(5) C(16)—0(2) 1.443(4)
Ti—0O(1)—C(19) 159.6(2) O(1)-Ti—N 111.64(12)
O(1)-Ti—C(23) 100.69(13) N—Ti—C(23) 105.19(14)
Cp(centroid)—Ti—N 107.7 0(1)—C(19)—C(20) 124.8(3)

O(1)—-C(19)—0(2)  113.8(3)  0O(2)—C(19)—C(20) 121.3(3)
The molecular structure of CGCTiMe[OC(O'Pr)=
CMe] (4) is shown in Figure 5; important bond lengths
and angles are tabulated in Table 3. Of particular
interest are a large Ti—O(1)—C(19) vector angle of 159.6-
(2)° and a short Ti—O(1) length of 1.826(2) A. In Cp-
based titanocene alkoxide, enolate, and carboxylate
complexes, the Ti—O—C vector angles and the Ti—O
lengths are in the ranges of 133—166° and 1.75—1.93
A, respectively, reflecting various degrees of the p,—d,
interaction between oxygen and the electron-deficient
titanium center.2® In an analogous titanium ester eno-
late complex, Cp,TiCl{ OC(OMe)=CMe,},?’ this z-type

Figure 5. Molecular structure of 4.

Ti—O interaction was considered relatively minor, as
judged by a small Ti—O—C vector angle of 141.5(8)° and
a Ti—O distance of 1.888(7) A. In short, comparing the
metric parameters in complex 4 with the literature
values clearly indicates the partial double-bond char-
acter for the Ti—O(1) bond in 4, where the oxygen is
partly sp-hybridized.

The C(19)=C(20) double bond is characterized by a
bond length of 1.323(5) A and a sum of the angles
around C(19) of 359.9° for a trigonal-planar geometry.
A Cp(centroid)—Ti—N angle of 107.7° is identical to that
of CGCTIiCl,,'7k indicative of a constrained geometry
about the Ti center.

MMA Polymerization by CGCTIiCI[OC(O'Pr)=
CMez] (2), CGCTiMe[OC(OPr)=CMe,] (4), and
[CGCTi*(THF)[OC(O'Pr)=CMe;][MeB(CsFs)3]~ (5).
Complex 2, either by itself or in combination with
activator Lit[B(CsFs)4] ™, is inactive for MMA polymer-
ization in toluene, THF, or a toluene/THF mixture.
Complex 4 by itself is also inactive for MMA polymer-
ization; however, premixing MMA with B(CgFs)s in
toluene followed by addition of 4 at a molar ratio of
[MMAY/[B(CgsFs5)3]/[4] = 200:1:1 produced PMMA in 62%
isolated polymer yield in 9 h at ambient temperature.
The PMMA formed has a M, = 3.06 x 10% a PDI of
1.14, and a syndiotacticity of [rr] = 77.1% ([mr] = 19.9%;
[mm] = 2.9%). The same polymerization, but carried out
in CH,Cl,, produced a similar polymer yield (60%) and
polymer characteristics (M, = 2.93 x 104 PDI = 1.12;
[rr] = 77.3%; [mr] = 19.6%; [mm] = 3.1%).

The primary interest here is to use the preformed
cationic CGC Ti ester enolate for MMA polymerization
studies. To this end, cationic CGC Ti ester enolate 5 is
generated by in situ mixing of 4 and B(CsFs)s* THF in
methylene chloride (Scheme 3). The use of a stoichio-
metric amount of THF (from B(CeFs)3-THF) is critical
for the formation of the stable cationic ester enolate
complex 5; however, the product is not isolable, presum-
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region.
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ably due to its poor thermal stability in the solid state.
Nevertheless, the solution NMR spectral characteristics
(see Experimental Section) are consistent with the
structure of the cation 5. Most notable are the dis-
appearance of the sharp Ti—Me peak in 4, the appear-
ance of the broad B—Me peak in 5, and the observed
>0.1 and >0.3 ppm downfield shifts for the =CMe, and
SiMe, methyl groups, respectively, on going from the
neutral enolate 4 to the cationic enolate 5. The chemical
shift for the methyl group in the [MeB(C¢Fs)3]~ anion
is 0.46 ppm in CD,Cl,, comparing well with that
reported for the free [MeB(CsFs)s]~ anion.?® The forma-
tion of the borate anion and its noncoordinating nature
in 5 are also established by 1°F NMR spectra in which
a small chemical shift difference of <3 ppm [A(m,p-F)
= 2.6 ppm in 5] between the para- and meta-fluorines
is diagnostic of the noncoordinating [MeB(CgFs)s]™
anion.28:2°

Subsequently, the in situ generated cation 5 in
methylene chloride at ambient temperature was used
for MMA polymerization. Using methylene chloride as
solvent and under conditions otherwise identical to
those of the MMA polymerization by 1, MMA polymer-
ization by 5 produced PMMA having a M, = 2.71 x 10%,
a PDI =1.12, and a syndiotacticity of [rr] = 80.0% ([mr]
= 18.0%; [mm] = 2.0%). These polymer characteristics
by 5 are remarkably similar to those by 1, suggesting
that the same propagating mechanism is operative for
both initiators and that the cationic CGC Ti ester
enolate 5 is an appropriate model for the propagating
species involved in the MMA polymerization by 1.

Microstructures and Mechanism. The triad-level
microstructure of the PMMA by both 1 and 5 is more
characteristic of chain-end control than site control, but

11y

N\ /T'\o%
o

the microstructure did not conform to pure chain-end
control. A triad test using 4[mm][rr]/[mr]? gave 1.76 and
1.98 for PMMA by 1 and 5, respectively, both deviating
significantly from unity for a pure chain-end control
mechanism. It should be noted that this is a very
sensitive test and may not be suitable for the analysis
of the microstructure where [mm] or [rr] is small.23
Accordingly, a Bernoulli statistic model was also tested
using the sum of two probabilities: Pnr and Pym.2% This
test gave Pyyr + Pym = 0.94 for PMMA by 1 and Py +
Prm = 0.92 for PMMA by 5 for predominant chain-end
control, but still noticeably deviating from Bernoullian
statistics (i.e., Pmyr + Pym = 1.0).

To examine if this deviation is due to the unsuitability
of analyzing triads for polymers with small [mm] or [rr]
values or if other models may apply, we analyzed the
microstructure of the PMMA by 1 at the pentad level
(Figure 6). It should be pointed out that one cannot use
a ratio of [rrrm]/[rrmr] = 1.00 for testing a chain-end
control mechanism because two pentads, rrmr and
mmrr, are inseparable in 133C NMR for PMMA. However,
with now accurate triad distributions deduced from the
pentads, we recalculated the two probabilities: Py =
0.907 and Pym = 0.096, the sum of which gave Py +
Prm = 1.003 for pure chain-end control. The trials to fit
the pentads to other models such as the penultimate
Markov and two-state Coleman—Fox3° models using
literature methods?32 yielded less conformity; therefore,
the chain-end control mechanism is concluded to be
responsible for the resulting microstructure.

The isostructural, cationic CGC Zr ester enolate
initiator produces highly isotactic PMMA via a site
control mechanism at low temperatures.”® A key ele-
ment in the proposed mechanism is one-site monomer



Macromolecules, Vol. 37, No. 9, 2004

addition; that is, C—C bond formation (by monometallic,
1,4-conjugated Michael addition) occurs predominantly
via the same, “locked” conformation imposed by slow
dissociation of the terminal ester group (relative to
associative displacement by MMA) and fast Michael
addition (relative to racemization at Zr by exchange of
free and bound MMA). In the case of the more sterically
crowded Ti initiator, dissociation of the terminal ester
group after each C—C bond formation is likely fast; the
inability to introduce a second bulky ester enolate ligand
to the CGC Ti center (vide supra) supports this point.
Accordingly, alternating MMA addition at both lateral
coordination sites is proposed for the Ti initiator, under
which mechanism and CGC ligation syndiotactic PMMA
should be formed. However, the chain-end control
characteristic of the polymerization by the apparently
chiral initiator 1 or 5 suggests racemization at Ti (by
exchanging free and bound MMA) is rapid compared to
the rate of propagation; the observation of no polymer-
ization activity for 5 at temperatures below 0 °C
indicates a higher activation barrier for MMA addition
by 5 than that by the isostructural Zr initiator, whereas
the observed time-average Cs-symmetry of 5 in THF-dg
at room temperature shows rapid racemization at Ti.
A possibility of a bimetallic mechanism for cationic
initiator 1 or 5 would require bringing two cationic Ti
centers in proximity for cross Michael addition involving
two cationic Ti centers; this is perhaps a less energeti-
cally favored pathway, although in this fashion mixed
chain-end and site control mechanisms are possible,
where their interplay might also explain the micro-
structure of the PMMA formed by 1 or 5.

In conclusion, unlike the isostructural, cationic CGC
Zr alkyl complex (i.e., CGCZrMe*MeB(CsFs)3™), which
is inactive for polymerization of methacrylates, the
cationic Ti alkyl complex 1 effects living and syndio-
selective polymerizations of MMA and BMA at ambient
temperature, allowing for the first synthesis of the well-
defined, syndiotactic block or random copolymers of
methacrylates using a cationic titanium complex. Fur-
thermore, unlike the isostructural, cationic CGC Zr
ester enolate complex, which produces isotactic PMMA
via enantiomorphic site control, the cationic Ti ester
enolate complex 5 produces syndiotactic PMMA via
chain-end control. The current finding—Ti complexes
behave drastically different from those of the isostruc-
tural Zr complexes in polymerization of methacrylates—
points to the significant effect of metal on metallocene-
mediated methacrylate polymerization activity and
stereoregulation.
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