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ABSTRACT: Unlike the living polymerization of methacrylates and acrylamides by the monometallic propa-
gating, chiralansazirconocenium ester enolatac-(EBI)Zr*(THF)[OC(OPr=CMe,][MeB(C¢Fs)3] ~ [1; EBI =
C.H4(Ind);], the polymerization of acrylates such adutyl acrylate §-BA) by 1 proceeds in an uncontrolled
fashion to only moderate monomer conversions, producing pd@y) with three types of chain structuresne

major linear and two minor cyclig-ketoester-terminated polyBA) chains. The combined polymerization, chain
structure, and model reaction studies have shown the presence of substantial chain termination processes in this
system that prevent it from achieving high monomer conversions and producing only the living linear chain
structure. The proposed overall three-step mechanism, involving isomerization of the cyclic reactive intermediate,
backbiting cyclization to eliminate an alcohol, and chain termination by the alcohol, explains the catalyst
deactivation pathways as well as the resulting polymer chain structures. Chain transfer reactions involving acidic
a-protons are insignificant as compared to backbiting cyclizations involving the activated antepenultimate ester
group of the growing polymer chain, which is the chief catalyst deactivation pathway for the current monometallic
catalyst system.

Introduction these systems are scarce, and only limited success has been
met. Soga and Defilgemployed a three-component system

Since the initial discovery of metallocene-based systems for consisting ofrac-(EBI)ZrMe,/[PhCl[B(CoFe)l/MeAI(BHT)

the polymerization of alkyl methacrylatégarticularly methyl .
metﬁagrylate (MMA), Wit% a patent gisclfsure by F)érnhan): and [EB! = CaHy(Ind)z; BHT = 2,6-diert-butyl-4-methylphenoxy]
Hertlercin 1988 as well as two independent journal publications fOr the polymerization of the sterically hindereert-butyl
by Yasuda et al® and Collins and Ward in 1992, the field acrylate {-BA), affording P¢BA) with moderate to broad
has attracted increasing attention due to the demonstratedWDs (Mw/Mn = 1.23-2.20) in low to moderate polymer
remarkable versatility of these systems in terms of catalyst Yields (6-60%) with extended reaction times (2Z4 h). Collins
structures and polymerization characteristics. The polymerization @nd co-worker® investigated the polymerization of the un-
of alkyl methacrylates mediated by group 4 metallocene and hinderedh-butyl acrylate §-BA) by a two-component bimetal-
related complexes, including achiral zirconocehelsiral ansa lic system consisting of the well-defined catalyst {Zp Me-
zirconocene$,achiral titanoceneX;# chiral ansatitanocene$, (THR)[BPhy]~ and initiator CpZrMe[OC(OBu)=CMey]; a
half-sandwich titanium complexésand constrained geometry monomer conversion of 55% and a polymer MWDN{,/M,
titanium and zirconium complexéshas been extensively and = 2.02 were observed for the polymerization af® in a
computationall§ studied. When used in suitable initiating [n-BA]/[initiator] ratio of ~100, with higher conversions and
complex forms (e.g., metallocene ester enolates), these systemkwer polymer MWDs being achieved only at lower polymer-
are living, allowing for control over polymer number-average ization temperatures. This process is not living, and analysis of
molecular weights Nl,) and molecular weight distributions  the low-molecular-weight P¢BA) by matrix-assisted laser
(MWD = My/Mp)**9kas well as the synthesis of well-defined  desorption/ionization time-of-flight mass spectroscopy (MAEDI
block copolymerg!3a£72A high degree of control over polymer  TOF MS) led to two proposed modes of chain termination
tacticity®” and the production of stereoblock P(MM#Jare  processes, the predominate of which involves the backbiting
also possible using appropriate chiral metallocene complexes.cyciization of the growing polymer chain. Most recently, a third

While the polymerization of alkyl methacrylates by group 4 report on the polymerization of acrylatesBA and n-BA) by
metallocene and related complexes has been extensively inHadjichristidis et al. appearé@which employed Soga’s three-
vestigated and considerable success achi&éviedeports on component systems, including &pMe,/B(CgFs)s/ZnEtb, rac-
the polymerization of alkyl acrylateghat pontain an active (EBI)ZrMe,/B(C¢Fs)s/ZnEb, andrac-(EBI)ZrMez/[HNMe,Ph]-
o-proton as opposed to a methyl group in methacrytabss [B(CeFs)al/ZnEL,; the polymer yields obtained from these

polymerizations oh-BA andt-BA for 24 h did not exceed 30
* Corresponding author. E-mail: eychen@lamar.colostate.edu. and 32%, respectively, in any case, regardless of the catalyst
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system or polymerization conditions employed. The results from  Methyl methacrylate (MMA) was purchased from Aldrich
the above three reports clearly indicate the presence of considerChemical Co. and purified by first degassing and drying over£CaH
able chain termination processes in the po|ymerization of OVerni_ght, fO“O\.Ned. by \{aCUUm dlStl”atlon, flnal purification of
oa-proton-containing acrylates by group 4 metallocene com- MMA involved titration with neat trig-octyl)aluminum to a yellow
plexes; this observation is in sharp contrast to the isoelectronic, €Nd point* followed by a second vacuum distillatiom:Buty!

. i acrylate 0-BA) was purchased from Acros and purified by first
n_?':jgal oLgar?oIan'([jhanldehcorlnplexes |SUCh @A@)ZSTMelk | degassing and drying over Cablvernight followed by distillation
(THF) whienh me late the living polymerization of alkyl  qer reduced pressure. The purified monomers were stored in
acrylates.' However, the polymerization of acrylates using a prown glass bottles over activated Davisé A molecular sieves

well-defined single-component, chiral monometallic propagating (for n-BA) in a —30 °C freezer inside the glovebox.
zirconocenium ester enolate system, which has been shown to  Tris(pentafluorophenyl)borane, B¢E)s, was obtained as a
behave similarly to lanthanocenes, serving as both catalyst andresearch gift from Boulder Scientific Co. and further purified by
initiator for the polymerization of methacrylaté&?has not been recrystallization from hexanes &at30 °C. The (GFs)sB:THF ad-
experimentally investigaté®land is the focus of this current ~ duct was prepared by addition of THF to a toluene solution of the
contribution. borane followed by removal of the volatiles and drying in vacuo.
We have recently elucidated mechanisms for the polymeriza- Literature procedures were employed for the preparation of the

: b . : following compounds and metallocene complexes: (EB[EBI
tions of alkyl methacrylatés®and acrylamide’$ mediated by = CoHa(Ind)],25 rac-(EBI)Zr(NMe,),,16 rac-(EBI)ZrMe,, 6 rac-
the well-defined, single-component chigsazirconocenium (EBI)ZrH(THF)[OC(OPr=CMe,][MeB(CeFs)s] ~ (1).32P

ester enolateicompleyac-(EB.I)Zﬁ(THF)[OC(OPr)=(;Me2]- Modified Synthesis ofrac-(EBI)ZrMe[OC(O 'Pr)=CMe3]. In
[MeB(CsFs)s] ~ (1). Our combined studies of synthesis, polym- 4 argon-filled glovebox, a 50 mL Schlenk flask was equipped with
erization, kinetics, as well as polymer microstructures and chain 3 magnetic stir bar, charged with 0.567 g (1.50 mmobgof(EBI)-
structures have shown that the polymerization of methacrylateszrMe, and 30 mL of toluene, capped with a septum, removed from
and acrylamides byl proceeds in a living fashion through a the glovebox, and interfaced to a Schlenk line. The flask was cooled
monometallic, enantiomorphic site-control mechanism, affording to 0 °C in an ice bath under positive nitrogen pressure before the
the corresponding highly isotactic polymers. The objective of addition of 1.6 mL (1.6 mmol, 1.0 M in hexanes) TMSOTf via
the current study was to investigate the polymerization of dastight syringe to the above vigorously stirred solution. The
acrylates using this well-defined chiral, monometallic propagat- "€action mixture was stirred atC for 1 h before being allowed
ing zirconocenium ester enolate system. To this end, we haveto warm to ambient temperature and stirred for an additional 21 h.

. o ; ; . An aliquot of the reaction mixture revealedl3% unreactedac-
studied the polymerization ai-BA by 1 in detail, obtained (EBI)ZrMe; remaining, and therefore an additional 0.22 mL (0.22

unambiguous evidence for chain termination reactions occurfing mmel, 1.0 M in hexanes) of TMSOTf was added to the reaction

in this polymerization that prevent high monomer conversions, mixture via gastight syringe. The reaction mixture was allowed to
as well as elucidated the mechanism of these reactions that arestir for an additiona4 h in awarm water bath. The volatiles were

responsible for the overall catalyst deactivation. removed in vacuo, and the resulting residue was dried before being
) ] taken into the glovebox, where the product was extracted into 40
Experimental Section mL of toluene and filtered through a pad of Celite. The filtrate

Materials and Methods. All syntheses and manipulations of ~Was transferred to a 60 mL reactor and cooled-80 °C in the
air- and moisture-sensitive materials were carried out in flamed freezer of the glovebox before the addition of 0.205 g [1.50 mmol,
Schlenk-type glassware on a dual-manifold Schlenk line, a high- 1 equiv based omac-(EBI)ZrMe;] of Me,C=C(OPr)OLi to the
vacuum line, or in an argon-filled glovebox. NMR-scale reactions Vigorously stirred solution. The reaction mixture was allowed to
were conducted in Teflon-valve-sealed J. Young-type NMR tubes. gradually warm to ambient temperature and stirred for 24 h before
HPLC grade organic solvents were sparged with nitrogen during being filtered through a pad of Celite. The volatiles of the filtrate
filling of the solvent reservoir and then dried by passage through were removed in vacuo, and the resulting yellow powder was dried,
activated alumina (for THF and GBI,) followed by passage  affording 0.665 g [90%, based aac-(EBI)ZrMe;] of the spec-
through Q-5-supported copper catalyst (for toluene and hexanes)troscopically pure title complex. The spectroscopic data are the same
stainless steel columns. Benzetgand tolueneds were dried over  as those reported in the literatife.
sodium/potassium alloy and filtered before use, whereas ¢arl Isolation of the Initiation (Single n-BA Addition) Product of
CD,Cl, were dried over activated Davisa@ A molecular sieves.  1: rac-(EBI)Zr T[OC(O"Bu)=CHCH ,C(Me,)C(O'Pr)=0][MeB-
NMR spectra were recorded on either a Varian Inova 300 (FT 300 (CeFs)]~ (2). In an argon-filled glovebox, a 30 mL glass reactor
MHz, H; 75 MHz, 13C; 282 MHz, *F) or a Varian Inova 400  was charged with 29.5 mg (0.060 mmol) raic-(EBI)ZrMe[OC-
spectrometer. Chemical shifts féil and 13C spectra were refer-  (O'Prj=CMe,], 35.0 mg (0.060 mmol) of (§Fs):B-THF, and 10
enced to internal solvent resonances and are reported as parts penL of CHxCl; this solution was allowed to stir for 10 min at
million relative to tetramethylsilane, where¥6 NMR spectra were ambient temperature, cleanly generatlfg To this in situ generated
referenced to external CFLCI and vigorously stirred CkCl, solution of1 was added 8.6L (0.060

n-Butyllithium (1.6 M in hexanes), diethyl malonate (DEM), mmol) n-BA at ambient temperature. The color of the resulting
diisopropylamine, 2,6-diert-butyl-4-methylphenol (butylated hy-  mixture changed instantaneously from dark orange to light orange.
droxytoluene, BHT-H), ethyl acetoacetate (EAA), lithium dimethyl- The solution was allowed to stir for 30 min at ambient temperature
amide, methyl isobutyrate (MIB), and zirconium tetrachloride were before the volatiles were removed in vacuo, yielding a sticky light
purchased from Aldrich Chemical Co., trimethylaluminum (neat) orange solid. The crude product was washed withBmL hexanes
from Strem Chemical Co., methyllithium (1.6 M in diethyl ether) and dried in vacuo to give 62.0 mg (91%) of the title complex as
from Acros, and dimethyl malonate (DMM), dimethyl succinate an orange powder. The spectroscopic data of the isolated product
(DMS), ditert-butyl malonate (DBM), and trimethylsilyl trifluo- are the same as those obtained by the in situ generation method
romethanesulfonate (TMSOTTf) from Alfa Aesar. These reagents listed as follows, except for the absence of signals for THF, which
were used as received, except for the following reagents that werewas removed upon drying of the isolated product. Anal. Calcd for
further treated or purified: the amine was degassed using threeCssHaBF1s0.Zr: C, 56.24; H, 3.92. Found: C, 56.16; H, 3.82.
freeze-pump-thaw cycles; BHT-H was recrystallized from hex- IH NMR (CD.Cl,, 23°C) for rac-(EBI)Zr"[OC(O'Bu)=CHCH,C-
anes; all esters including DBM, DEM, DMM, DMS, EAA, and  (Me;)C(OPr=0][MeB(CsFs)]~ (generated in situ)o 8.16 (d,J
MIB were purified by first degassing and drying over GaH = 8.7 Hz, 1H), 7.85 (dJ = 8.7 Hz, 1H), 7.38-7.09 (m, 6H), 5.94
overnight, followed by vacuum distillation and stored over activated (d,J = 3.0 Hz, 1H), 5.83 (dJ = 3.0 Hz, 1H), 5.61 (dJ = 3.0 Hz,

Davism 4 A molecular sieves inside the glovebox. 1H), 5.44 (d,J = 3.0 Hz, 1H), 4.61 (sept) = 6.3 Hz, 1H’CDV
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OCHMey), 4.31-4.03 (m, 2H, ®,CH,), 3.92-3.78 (m, 2H,
CH,CHy), 3.74 (s, br, 4Hp-CH,, free THF derived fronti), 2.15
(d, J = 15.0 Hz, 1H, ®&i,), 1.88-1.82 (m, 1H, G 4H, 5-CHy,
free THF), 1.69-1.56 (m, 2H, OCHCH,CH,CHj), 1.43-1.31 (m,
2H, OCHCH,CH,CHj), 1.38 (d,J = 6.3 Hz, 3H, OCHVe,), 1.25
(s, 3H, V), 1.20 (d,J = 6.3 Hz, 3H, OCH\ey), 1.18 (s, 3H,
CMey), 0.94 (t,J = 7.5 Hz, 3H, OCHCH,CH,CHj3), 0.49 (s, br,
3H, BMe). The proton signals for Od,CH,CH,CH; and =CH
could not be assigned with confidence due to overlap with other
peaks1°F NMR (CD.Cl,, 23°C): 6 —131.50 (d2J-—r = 20.0 Hz,
6F,0-F), —163.64 (t,3J-—¢ = 20.3 Hz, 3F p-F), —166.20 (m, 6F,
m-F).

Generation ofrac-(EBI)Zr *(THF)(O'Bu)[MeB(C¢Fs)] ~ (3). An
authentic sample3] of cationic zirconocengert-butoxide com-
plexes” was prepared using modified literature proceddfesn
an argon-filled glovebox, a 25 mL Schlenk flask was loaded with
rac-(EBI)ZrMe, (200 mg, 0.530 mmol) and 15 mL of toluene; the
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IH NMR (CD.Cl,, 23°C) for 5: ¢ 8.00 (d,J = 8.7 Hz, 1H),
7.96-7.92 (m, 1H, overlapping withl), 7.50-7.14 (m, 6H,
overlapping withl), 6.69 (d,J = 3.3 Hz, 1H), 6.26 (m, 2H), 6.08
(d,J=3.3 Hz, 1H), 4.15-3.80 (m, 4H, ®&1,CH,, overlapping with
1), 3.67 (s, 3H, ™e), 1.45 (s, 3H=CMe,), 1.35 (s, 3H=CMe,),
0.49 (s, br, 3H, Ble). %F NMR (CD,Cl,, 23°C): 6 —131.51 (d,
8Jr—F = 20.0 Hz, 6F0-F), —163.55 (t,%Jr—¢ = 20.3 Hz, 3Fp-F),
—166.16 (m, 6FmM-F).

A similar procedure was followed for the reaction dfand
DMM, which resulted in a rapid consumption of all starting
materials and the appearance of a new set of resonances consistent
with the formation of the corresponding protonolysis prodtaut;
(EBI)Zr[OC(OMe)y=CHC(OMe}=0][MeB(CsFs)3] ~ (6), and the
readily identifiable free isopropyl isobutyrate coproddet.NMR
(CD.Cl,, 23°C) for 6: 0 7.80 (d,J = 8.7 Hz, 2H), 7.76-7.15 (m,
6H), 6.62 (d,J = 3.3 Hz, 2H), 6.26 (dJ) = 3.3 Hz, 2H), 4.05
3.29 (m, 4H, ®1,CHy), 3.43 (s, 6H, ™e), 0.49 (s, br, 3H, Ble).

flask was sealed with a septum, removed from the glovebox, and (The =CH proton could not be assigned with confidence due to

suspended in a 23C water bath A 5 mL toluene solution of
‘BuOH (70.7 mg, 0.954 mmol) was added to the above stirred
solution via a gastight syringe. The reaction was stirred at@3
for 1.3 h before the volatiles were removed in vacuo. The resulting
light yellow powder was dried in vacuo, affording 140 mg (73%)
of rac-(EBI)ZrMe(OBu). Next, the isolatedac-(EBI)ZrMe(OBu)

(7.3 mg, 0.02 mmol) was mixed with an equimolar amount of
(CeFs)3B-THF (11.7 mg, 0.02 mmol) in 0.7 mL of CITl, to cleanly
generate the corresponding cationic spec#ss$ a bright yellow
homogeneous solution.

IH NMR (CD,Cl,, 23°C) for rac-(EBI)ZrMe(OBu): 6 7.74 (dd,
1H), 7.44 (dd, 1H), 7.33 (dt, 1H), 7.23 (dt, 1H), 7-1@.96 (m,
4H), 6.36 (d,J = 3.3 Hz, 1H), 6.30 (dJ = 3.3 Hz, 1H), 6.02 (d,

J = 3.3 Hz, 1H), 5.82 (dJ = 3.3 Hz, 1H), 3.63-3.51 (m, 1H,
CH,CHy), 3.49-3.25 (m, 3H, ¢1,CH,), 0.82 (s, 9H, ®e3), —1.13
(s, 3H, ZMe). IH NMR (CD.Cl,, 23°C) for 3: 6 8.04-7.99 (m,
1H), 7.88-7.83 (m, 1H), 7.5+7.22 (m, 6H), 6.58 (dd, 1H), 6.41
(d, J = 3.6 Hz, 1H), 6.29-6.23 (m, 2H), 4.06:3.76 (m, 4H,
CH,CHy), 3.74-3.66 (m, 2H,0-CH,, THF), 3.49-3.42 (m, 2H,
o-CHp, THF), 2.11-1.82 (m, 4H3-CH,, THF), 1.01 (s, 9H, ®ey),
0.49 (s, br, 3H, B1e). 1F NMR (CD.Cl,, 23°C): 6 —131.51 (d,
3Jr—F = 21.2 Hz, 6F0-F), —163.61 (t,3J-—F = 20.3 Hz, 3Fp-F),
—166.21 (m, 6FmM-F).

Generation of rac<(EBI)Zr 1{[OC(Me)=CHC(=0)(OEt)][MeB-
(CeFs)3]~ (4). In an argon-filled glovebox, to a solution of complex
2 (7.4 mg, 6.5umol) in 0.6 mL of CDCIl, was added ethyl
acetoacetate (0,8L, 6.5 umol) via micropipet, and the resulting
mixture was briefly mixed before being transferred to a J. Young-
type NMR tube for'H and'°F NMR analyses. The NMR spectra

clearly showed the complete disappearance of both starting materials

and are consistent with the formation of the protonolysis product,
complex 4, and the corresponding coproduBuOCEQO)CH,-
CH,C(Mey)C(=0)OPr.

IH NMR (CD.Cl,, 23 °C) for 4: 6 7.50-7.05 (m, 8H), 6.87
(m, 1H), 6.65 (m, 1H), 6.25 (m, 1H), 6.03 (m, 1H), 5.38 (s, 1H,
=CH), 4.21-3.89 (m, 4H, G1,CH,), 1.98 (s, 3H, O®e), 0.46 (s,
br, 3H, BMe). (The CEt protons could not be assigned with
confidence due to overlap with both ethylene bridging and the
coproduct"BuO peaks.}°F NMR (CD.Cl,, 23 °C): 6 —131.56
(d, 83— = 19.2 Hz, 6F,0-F), —163.76 (t,%Jr—r = 20.3 Hz, 3F,
p-F), —166.33 (m, 6Fm-F).

Chain Transfer Model Reactions of 1 with Methyl Isobu-
tyrate and Dimethyl Malonate. In an argon-filled glovebox, to a
CD,Cl; solution of1 (0.020 mmol) was added 2:& of MIB (0.020

mmol) at ambient temperature. The solution was quickly transferred

to a Teflon-valve-sealed J. Young-type NMR tube, and'thand

19 NMR were monitored owea 5 hperiod. The reaction mixture
gave NMR spectra consistent with the formation of the protonolysis
productrac-(EBI)Zr(L)[OC(OMe)=CMe;][MeB(CsFs)3] ~ [5, L

= isopropy! isobutyrate (PIB), MIB, or THF] as well as the presence
of the unreacted starting material in a 1:2 ratio; there was no
noticeable change in this ratio after 5 h.

overlap with other peaksfF NMR (CD.Cl,, 23°C): 6 —131.53
(d, 3\][:4: = 18.9 Hz, 6F,0-F), —163.59 (t,Spr;: = 20.3 Hz, 3F,
p-F), —166.19 (m, 6FmM-F).

General Polymerization Procedures.Polymerizations were
performed either in 30 mL glass reactors inside the glovebox or in
25 mL Schlenk flasks interfaced to a dual-manifold Schlenk
line. In a typical procedure, for polymerizationsreBA using the
in situ generated, 10.3 mg (20.2mol) of rac-(EBI)ZrMe[OC-
(OPr=CMe;] and 12.2 mg (20.9«mol) of (C¢Fs)sB-THF were
dissolved in 5 mL of CHCl, in a 25 mL Schlenk flask and allowed
to stir 10 min at ambient temperature to cleanly generate the cationic
zirconocenium ester enolatéd before being suspended in a
preequilibrated bath at the desired temperatw@A (0.3 mL, 2.09
mmol) was quickly added via gastight syringe, and the sealed flask
was kept with vigorous stirring at the bath temperature. After the
desired time interval, the polymerization was quenched by the
addition of 5 mL of 5% HCI-acidified methanol followed by
removal of the volatiles in vacuo and drying in a vacuum oven at
50 °C overnight to a constant weight. Polymer conversions were
monitored, either throughout the course of the polymerization or
immediately before quenching, by removing 0.2 mL aliquots of
the reaction mixture via syringe and quickly quenching into 4 mL
vials containing 0.6 mL of undried “wet” CDghtabilized by 250
ppm of BHT-H. The quenched aliquots were analyzedhNMR
to obtain conversion data. For NMR scale polymerization reacs,
(EBI)ZrMe[OC(CPr=CMe,] (0.02 mmol) and (GFs)sB-THF (0.02
mmol) were dissolved in 0.7 mL of GBI, or tolueneds and
allowed to mix for 10 min at ambient temperature before the
addition of a predetermined ratio of monomer. These polymeriza-
tions were monitored byH NMR to obtain conversion data.

For the sequential copolymerization of MMA ameBA, 11.5

mg (23.4umol) of rac-(EBI)ZrMe[OC(OPr=CMe;] and 13.7 mg
(23.4umol) of (CsFs)sB-THF were dissolved in 5 mL of C}€l,

in a 30 mL glass reactor and allowed to stir 10 min at ambient
temperature, generatirigin situ. MMA (0.5 mL, 4.67 mmol) was
quickly added to the vigorously stirred solution bfn CH,ClI, at
ambient temperature via a pipet, and the polymerization mixture
was allowed to stir for 15 min before the additionreBA (0.34

mL, 2.34 mmol). The reactor was kept with vigorous stirring at
ambient temperature for 30 min before the copolymerization was
quenched by the addition of 5 mL of 5% HCl-acidified methanol.
The quenched mixture was precipitated into 100 mL of methanol
and stirred for 30 min before the polymer was filtered off, washed
with methanol, and dried in a vacuum oven at®&overnight to

a constant weight.

For the chain transfer polymerization of MMA b¥ using
enolizable esters as chain transfer reagents (CT&s{EBI)ZrMe-
[OC(OPr=CMe;] (18.7 umol) and (GFs)sB-THF (18.7 umol)
were dissolved in 5 mL of CkCl, and allowed to stir 10 min at
ambient temperature to generdteA solution of a predetermined
ratio of a CTR in MMA (9.35 mmol) was added to the catalyst
solution via a pipet, and the polymerization was allowed to stir for
30 min at ambient temperature before being quenched bydg%
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addition of 5 mL of 5% HCIl-acidified methanol. The quenched
mixture was precipitated into 100 mL of MeOH and allowed to
stir for 30 min before the polymer was filtered off, washed with
MeOH, and dried in a vacuum oven at 8D overnight to a constant
weight.

Polymer Characterizations. The low-molecular-weight P(BA)

sample was analyzed by matrix-assisted laser desorption/ionization 3

time-of-flight mass spectroscopy (MALBITOF MS); the experi-
ment was performed on an Ultraflex MALBITOF mass spec-
trometer (Bruker Daltonics) operated in reflector 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 1uL of both sample and matrix (dithranol, 10 mg/mL in THF).

Gel permeation chromatography (GPC) analyses of the polymers™

were carried out at 40C and a flow rate of 1.0 mL/min, with

1

Table 1.n-BA Polymerization Results by Chiral Zirconocenium
Ester Enolate Complex ®

run time temp conv 10M.° PDIP |*c
no. [-BAlJ[le (min) (°C) (%) (g/mol) (Mu/Mn) (%)
1 25 10 23 57 4.5 1.27 41
2 50 10 23 44 6.7 1.41 42
100 10 23 47 9.2 1.38 65
100 10 0 52 14.0 1.51 48
5 100 30 —22 63 12.8 1.26 63

aCarried out in CHCI, using an external temperature-control bath at
the indicated temperaturésNumber-average molecular weightl{) and
polydispersity index (PDI) determined by GPC relative to PMMA standards
in CHCls. ¢ Initiator efficiency (*) = My(calcd)Mn(exptl), whereMp(calcd)
MW(n-BA) x [n-BA]o/[1]o x conversion (%).

CHCl; as the eluent, on a Waters University 1500 GPC instrument Young-type NMR tubes in toluengs at high catalyst loadings

equipped with four Gem PL gel columns (Polymer Laboratories)

([n-BA]o/[1]o = 10—20) proceeded to high conversions (+00

and calibrated using 10 PMMA standards. Chromatograms were 92%) within 10 min; as the (fBA]o/[1]o ratio increases to 100,
processed with Waters Empower software (2002); number-averagethe conversions dropped drastically to 40%, even after extended

molecular weight and polydispersity of polymers are given relative
to PMMA standards. NMR spectra of the resulting polymers were
recorded in CDGland analyzed according to literature procedéfes.

Results and Discussion

Polymerization of n-Butyl Acrylate by 1. The literature
route to the chirahnsazirconocene precatalysic-(EBI)ZrMe-
[OC(OPr=CMe,]® was considerably revised to allow for a

reaction times, with maximum conversions being reached
typically within the first 10 min. Preparative-scale polymeriza-
tions ofn-BA in CH,Cl, at 23°C {[n-BA]o/[1]o = 25, 50, 100

in the stirred reactors also gave low monomer conversions
between 44 and 57% (runs-B, Table 1). Kinetic profiling of
the polymerization ofi-BA at [n-BA]¢/[1]o = 100 by'H NMR
analysis of reaction mixture aliquots revealed a maximum
conversion of only 47% reached within the first 10 min, with

semi-one-pot approach starting from the zirconocene dimethyl no further conversion after extended polymerization times (run
precursor. As can be seen in Scheme 1, the revised synthesig). Lowering of the reaction temperature to 0 an22 °C only

involves the reaction ofac-(EBl)ZrMe, with 1.2 equiv of
TMSOTTf in toluene followed by removal of the volatiles and
drying (to remove any remaining excess TMSOTT) to giae-
(EBIZrMe(OTf), which was subsequently treated with 1 equiv
of Me,C=C(OPr)OLi, affording the pureac-(EBI)ZrMe[OC-
(O'Pr=CMey] in 90% isolated yield (based orac-(EBI)-
ZrMey). This yield is substantially higher than the overall yield
of 54% obtained from the previously reported three-step
proces® involving transformations fromac-(EBI)ZrMe; to
rac-(EBI)Zr(OTf), to rac-(EBI)ZrMe(OTf) torac-(EBI)ZrMe-
[OC(OPr=CMey]. The chiral cationicansazirconocene ester
enolate complex can be either isolatélor cleanly generated
in situ by mixing rac-(EBI)ZrMe[OC(OPr=CMe;] with
(CeFs)3B-THF in CH,Cl, at room temperaturé& The cationl

is stable in a solution of C}Cl, at room temperature;
subsequently, the in situ generateih CH,Cl, was used for
all polymerization and model reaction studies.

slightly increases the maximum conversions to 52% and 63%,
respectively (runs 4 and 5). The isolatedBA) samples have
relatively broad MWDs withM,,/M,, values ranging from 1.26
to 1.51. Additionally, the measured, values are considerably
higher than the expecteil, values, giving low initiator
efficiencies of <65%. These results clearly show that the
polymerization of n-BA by 1 proceeds only to moderate
conversions with low to moderate initiator efficiencies in even
a low monomer/initiator ratio of[n-BA]o/[1]o < 100}, indica-
tive of the presence of chain termination reactions that prevent
high monomer conversions.

Polymer Chain Structures of P(-BA) Produced by 1.
Analysis of a low-molecular-weight R8A) sample by MALDH
TOF mass spectrometry provided unambiguous evidence for
the presence of chain termination/transfer reactions in the
polymerization ofn-BA by 1. As can be seen in Figure 1, the
mass spectrum of the RBA) sample consists of one major

We have previously demonstrated that the methacrylate (A) and two minor B and C) series of mass ions, with the

polymerization by complex., which models the isospecific

spacing of the mass ions within each series being that of the

active propagating species for the methacrylate polymerization, mass of the R(BA) repeat unit (Vz = 128). A plot of m/z

proceeds in a living fashion via a monometallic propagation,

values for serie# in the MALDI—TOF mass spectrum vs the

enantiomorphic site-control mechanism, enabling the efficient number ofn-BA repeat unitsif) afforded a straight line with a

synthesis of highly isotactic homopolymers having narrow
MWDs with typical My/M, values of 1.03-1.05 and high
initiator efficiencies as well as stereodiblock copolymers with
well-defined structure®PIn sharp contrast, the polymerization
of n-BA by this well-defined complex is not controlled.
Polymerizations oh-BA carried out in Teflon-valve-sealed J.

slope of 128.03 and an intercept of 153.34 (Figure 2); the slope
corresponds to the mass of theBA monomer, whereas the
intercept is the sum of the masses ofN&om the added Nal)

and the chain-end groups which corresponds to a formula of
C7H140,. This analysis clearly shows that the polymer for series
A has a structural formula #rOCEO)C(Mey)—(n-BA),—H, CDV
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Figure 1. MALDI —TOF mass spectrum of the low-molecular-weighb-B@) produced byl in CH.CI, at 23°C (R = "Bu); the sample was

analyzed as quenched without purification.
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Figure 2. Plot of m/z values of serie#\ from Figurel vs the number
of n-BA repeat units If).

where the initiation chain enérOCE&O)C(Mey)—] is derived
from the initiating isopropy! isobutyrate group in compléx
and the termination chain end (H) from either the acidic workup

molecules for serie® and C, respectively, resulting in the
formation of two corresponding cyclic structures at different
stages of the polymerization (vide infra).

Chain Termination Reactions in the Acrylate Polymeri-
zation by 1. To examine whether the-BA monomer would
decompose catalydtor not, we carried out the stoichiometric
reaction oin-BA and1, which clearly shows the rapid, complete
disappearance of the BA vinyl signals and the appearance of
a new set of resonances corresponding to the formation of the
single n-BA addition (chain initiation) productrac-(EBI)-
Zr'[OC(O"Bu)=CHCH,C(Mey)C(OPr=0][MeB(CsFs)]~ (2;
Scheme 2); analogous single MMN;isopropylacrylamide, and
N,N-dimethylmethacrylamide addition products have been pre-
viously isolated and characterizé&L32Next, we examined the
catalytic competency of speci2wia its isolation and subsequent
use for the polymerization of 500 equiv of MMA, which led to
quantitative formation of highly isotactic P(MMA) having a
narrow MWD (PDI= 1.03), with polymerization characteristics
being similar to those obtained directly Hy These results
clearly indicate a facile initiation process for the polymerization
of n-BA by 1 via conjugate addition to generate the highly active
propagating specie® and suggest that chain termination
reactions must occur during the propagating steps with the
growing P-BA) chain bound to the metal center.

As evidenced by the MALDITOF mass spectrum, the

after the polymerization or a chain termination process during polymerization oh-BA by 1 produces R{tBA) exhibiting three

the polymerization (vide infra). Hence, the peaks in sefes
correspond to the linear (living if terminated during the workup)
polymer chains produced by compléx

The remaining two minor series of peak® énd C) in the

types of chain structures, for which the mechanism of formation
is proposed in Scheme 3. Linear chain structdrecan be
produced by the same mechanism previously established for
the polymerization of MMA, which proceeds through the cyclic

MALDI —TOF mass spectrum maintain a respective spacing of ester enolate intermediaf® (resting state§? this is a living

mass ions that corresponds to the repeat unit ofBX) (m/z
= 128); however, they do not exhibit a linear chain structure
similar toA. A closer examination of these minor series of mass

process, giving the well-defined living linear chain structure.
However, this linear chain structure can also be produced from
a chain-termination step involving the reaction between resting

ions revealed a relationship to the linear polymer chain structure intermediateD and "BuOH generated by the backbiting cy-

mass ions (serie8) through the loss of one and tw&uOH

clization (vide infra). Cyclic structure® andC are derived fromCDV
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six-membered-ring zirconoceniufaketoester enolatg, which
is produced from intramolecular backbiting cyclizations involv-

locene-mediated polymerization of methacrylates, presumably
due to sterics at the-C of the enolate moiety and the absence

ing the activated antepenultimate ester group of the growing of the readily enolizable acidia-proton (cf. structureD’).

polymer chain. Specifically, cyclic intermediateé and its
coproduct ROH (R= "Bu in this example, Scheme 3) are

formed by a single backbiting cyclization via ten-membered-

ring cyclic ester enolate intermedidD®; this process requires

Increasing the steric protection of the carbonyl carbon of alkyl
acrylates apparently does not play a measurable role in sup-
pressing the backbiting cyclization in the current system because
the polymerization otert-butyl acrylate behaves similarly to

ring-expansion isomerization of eight-membered-ring intermedi- that of then-butyl acrylate polymerization. The acrylate-derived

ateD to ten-membered ring homologi¥, allowing for more

cyclic f-ketoester structure exists predominately in its enol form,

thermodynamically favorable formation of a six-membered-ring and the proton of such an enol form in cyclic structuBesr C
transition state for nucleophilic attack of the enolate carbon onto produced in the current system can be readily identified in the
the antepenultimate ester carbonyl carbon. An intermolecular 'H NMR spectrum of the P(BA) produced with two small

polymer termination involving intermediat® and a dead

peaks at 12.21 and 12.46 pph?! Reinitiation of a cyclic

polymer chain is unlikely because this pathway would utilize S-ketoester-terminated polyacrylate chain eBeype structure)
the unactivated ester group of another polymer chain. Hydrolysis and subsequent formation of multiple cyclje-ketoester-

of E during the acidic workup procedure yields cyglicketo-
ester-terminated polgBA) B, whereas the ROH formed from

terminated polyacrylate chain end3-fype structure) have been
previously observed in the anionic polymerizationneBA by

the backbiting cyclization deactivates the active propagating a three-component system consisting of eti¥ithioisobutyrate/

speciesD to give also linear chaiA and the inactive zir-
conocenium alkoxide species. Further additiomoéquiv of
monomer to less reactiVie (vs D) followed by a second back-
biting cyclization gives the observed doubly cydfidketoester-
terminated polyf-BA) C (after acidic workup) and also results
in further catalyst deactivation.

Backbiting cyclization leading to a cyclig-ketoester-
terminated polyacrylate chain end (i.e., tyBestructure) is
ubiguitous in the anionic polymerization of acrylat@such a
backbiting cyclization typically does not occur in the metal-

tetralkylammonium halide/trialkylaluminui?. What needs to
be further confirmed in this overall mechanism, however, are
the products of the backbiting cyclization and the reaction
involving resting intermediat® and ROH.

The backbiting cyclization via intermedia® could produce
two possible product pairs, regardless how it occurs: (a) a
cationic zirconocenium alkoxide complex and cygli&etoester
(B) pair or (b) a cationic zirconocenium cycljé-ketoester
enolate E) and ROH pair. On the basis oKp values of the
p-ketoester{14) vs ROH (30)2° the E/ROH pair is expecte(&:DV
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to be the thermodynamic products. To determine the productsblock copolymer R§{BA)-b-P(MMA). Furthermore, the unre-

of the reaction between resting intermedi&teand ROH, an
authentic sample of cationic zirconocenitent-butoxide com-

actedn-BA in the first step substantially affects the polymer-
ization of MMA in the second step. For example, in statistical

plex 3 was prepared, and a model reaction was carried out copolymerizations of MMA anah-BA by 1, only 1 mol % of

(Scheme 4). Thus, treatment of the singlBA addition product

2 (which models intermediat®) with ‘BuOH readily generates
the cationic zirconoceniurtert-butoxide complex3; a control
experiment showed complékto be inactive toward polymer-
ization of n-BA over 24 h. Furthermore, to test whether
zirconocenium cyclig-ketoester enolaté can undergo further
n-BA addition, or not, complex2 was treated with ethyl
acetoacetate (EAA) to generate in situ cy@liketoester enolate
4 (as a model for structurg). Upon addition of 10 equiv of
n-BA, 4 consumed only~18% of the monomer within the initial
10 min without further monomer consumption over 24 h; this
experiment implies thée is still active forn-BA addition, but

it is much less active thab, satisfactorily accounting for the
formation of a much smaller amount of doubly cyclieke-
toester-terminated polg{BA), structureC (vs B).

n-BA in the feed significantly deactivates the catalyst, and 10
mol % of n-BA shuts down the polymerization! This phenom-
enon can be attributed to the facile termination via backbiting
cyclization whenever the unhindered enolate is formed (i.e.,
when an-BA molecule is enchained}. Although these com-
plications prevented us from estimating the percentage of chains
that are still living prior to workup, it is evident that at least a
fraction of such living polymer chains contributes to the
formation of structureA as a result of the workup quench.
Overall, the results from the above analysis, model reaction,
and polymerization studies are consistent with the overall chain
termination mechanism shown in Scheme 3 for the acrylate
polymerization by the current monometallic system.

Chain Transfer Reactions in the Acrylate Polymerization
by 1. An investigation into reactions of the well-defined

Last, the termination mechanism proposed in Scheme 3 showszirconocenium ester enolate complexes, includingnd its

that linear chairA can be produced by either the post-polym-
erization acidic methanol quench of living intermedi&teor
in-polymerization termination of intermediate by "BuOH

singlen-BA addition produc®, with various types of enolizable
estersS-diesters, ang-ketoesters will not only provide direct
evidence for possible chain transfer reactions but also shed light

generated from the backbiting cyclization, the latter process of on whether certain types of enolizable esters could potentially
which was demonstrated by the above model reaction. To showserve as chain transfer reagents (CTRs) for the development of
that the former process also contributes to the formatioA,of  an efficient chain transfer polymerization of (meth)acrylates
the behavior of the block copolymerization starting out with mediated by group 4 metallocene complexes. An important
n-BA and finishing with MMA was investigated. The hypothesis feature of the current monometallic propagating system is that
is that if the former process is operative, then there must be athe zirconocenium complex employed is bifunctional; it can be
fraction of the living propagating species (prior to workup) that called either catalyst or initiator because a single complex serves
is preserved and competent for initiation of MMA polymeri- as both initiator (containing the nucleophilic initiating group)
zation to yield a diblock copolymer at least at lowBA] o/[ 1]o and catalyst (activating the enchaining monomer via coordina-
ratios. Thus, after a polymerization of 20 equivreBA by 1 tion). Thus, it is a catalyst when emphasizing the fundamental
in CH,Cl, at 23°C for 10 min, 200 equiv of MMA was added catalytic event of monomer enchainment, but it is not a “true”
and allowed to react for 1 h, yielding a polymer product that catalyst when the catalytic production of polymer chains is
contains~10 mol % of the MMA units in 10% isolated polymer  concerned. In efforts to transform zirconocene complexes into
yield based on the total monomer feed. The content of the MMA “true” catalysts, Carpentier and co-work&rinvestigated the
units in the polymer product increased+89 mol % when the feasibility of using enolizable ketones and thiols as CTBRs
sequential copolymerization was carried out 400 Owing to approach that had been employed by Nodono &t tal.effect
substantial chain termination reactions during the polymerization the chain transfer polymerization of MMA with organolan-
of n-BA, the resulting polymer products have low molecular thanide complexes such ass\es),SmMe(THF)-for MMA
weights with multimodal GPC molecular weight distributions polymerization mediated by the efrMe,/B(CgFs)s system.

and are presumably mixtures of homopolymen-BA) and Thus, stoichiometric reactions of the cationic ester eno&a&/
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process indicated to be involved in the polymerization-&A
by the bimetallic propagating systethwere also considered
in the current monometallic propagating system. Scheme 6

these organic acids resulted in the formation of the undesired, shows two possible pathways for proton-transfer involving the
inactive Zr-aldol product when enolizable ketones were used resting intermediat®: intramolecular proton shift to the enolate

and the corresponding thiolates such as;ep(SBu)(THF)]-
[MeB(CgFs)3]~ when thiols were employed. Although the
resultingtert-butyl thiolate complex is still active for reinitiation
of MMA polymerization, its poor initiation efficiency largely
limited the effectiveness oBuSH as a CTR in the MMA
polymerization by the GjZrMe,/B(CsFs)s system; hence, other

oxygen (i.e., formal cleavage of the Zenolate bond by the
acidic a-proton) to give structur& and intermolecular proton
transfer from a dead polymer chain to the enolate oxygen to
give similar structurés, along with a release of a newly formed
dead chain. In the intramolecular route, it is also possible other
acidic a-protons further down the polymer chain can transfer

types of organic acids are called for, in order to achieve effective the protons in the similar fashion, whereas in the intermolecular

chain transfer polymerization.

The equimolar reaction of and methyl isobutyrate (MIB)
in CD,Cl, at ambient temperature resulted in the formation of
an equilibrium mixture consisting of both the protonolysis
product,rac-(EBI)Zr*(L)[OC(OMey=CMe;][MeB(CeFs)3] ~ (5,
L = PIB, MIB, or THF, Scheme 5), and the starting materials
in an approximate ratio of 1:2, with no noticeable change in
this ratio after 5 h. On the other hand, monitoring the equimolar
reaction ofl with dimethyl malonate (DMM) in CBCl, by H

pathway, proton transfer involving twid molecules is less likely
considering the sterics and charge repulsion between these two
molecules. As compared to a tertiawyC of the terminal ester
enolate in structur®, the resulting structurels andG bear a
quaternary-C in the terminal F) or internal G) ester enolate
moiety.

Structuresk and G derived from proton transfer, if indeed
formed on the polymerization time scale, could potentially
exhibit different reactivity toward further chain growth from

NMR clearly shows the rapid disappearance of the peaks duethat of D. However, the reactivity of structurE should be
to the starting materials and the appearance of a new set ofcomparable with that db because structurallly is equivalent
resonances consistent with the formation of the correspondingto 1 and thusD. Furthermore, structuré closely resembles

protonolysis productrac-(EBI)Zrt[OC(OMe)=CHC(OMe)=
O][MeB(CsFs)3]~ (6), and the readily identifiable free isopropyl
isobutyrate (PIB) coproduct. ThéH NMR spectrum of6
exhibits an average&, symmetry in solution, suggesting a
delocalized “acac”-type structure.

that of the MMA propagating cyclic ester enolate structdre
(Scheme 7) that is modeled by the isolated single-MMA-addition
product3® which has been shown to exhibit similar activity
toward polymerization oh-BA to that obtained by compleX
that models structurB. Specifically, after a complete consump-

The above model reaction results also imply that enolizable tion of 200 equiv of MMA by1, 100 equiv ofn-BA was added
esters such as MIB and DMM would not be suitable as effective to yield block copolymer product P(MMAR-P(n-BA) that
chain transfer reagents for the polymerization of (meth)acrylates contains 15 mol % of th@-BA units based oftH NMR; this

due to either inefficient chain transfer in the case of MIB or
sluggish reinitiation in the case of DMM; to effect catalytic

composition corresponds to a 454BA conversion, the value
of which is consistent with that observed for the independent

production of polymer chains, added CTRs must cleave or homopolymerization of 100 equiv ofBA by 1 at 23°C (i.e.,

exchange the Zrenolate bond (i.e., growing polymer chain)
in a facile fashion on the polymerization time scale as well as
efficiently reinitiate the polymerization. Indeed, the MMA
polymerization byl in the presence of 1, 5, 10, 20, and 50
equiv (vsl) of MIB did not effect chain transfer polymerization.
Within the MIB series, only small variations in activity with
nearly constantrfin] (93%) and PDI (1.03) values as well as
no change irM, up to 20 equiv of MIB were observed. For the
series ofg-diesters (dimethyl-, diethyl-, and ¢ért-butyl mal-
onates), 10 equiv of CTR loadings resulted in diminished activity
or complete shutting down of the polymerization, while at lower
CTR loadings initiator efficiencies were much lower than
expected for a chain transfer polymerization system.

Chain transfer reactions involving activation of protons in
the a-position to the ester group of the polymer chain, the

47%; run 3, Table 1). Extraction of the bulk polymer product
with methanol at ambient temperature for extended tireel2(

h) resulted in a quantitative recovery of the insoluble polymer
that has the same molar ratio of the MMA andBA units in

the copolymer within experimental errors, confirming that it is
the true copolymer product. (Note that low to medium molecular
weight homopolymer RP{BA) produced in this system is
completely soluble in methanol.) The measukégdand PDI of
the copolymer product are 50K and 1.18, respectively, giving
an overall initiator efficiency 0f-52% (based on 100% MMA
and 45%n-BA conversions); this proportions to &80%
efficiency for the MMA polymerizatiof? and a~65% for the
n-BA polymerization, again consistent with the independent
homopolymerization of-BA. There is a bimodal distribution
of the obtained copolymer, however, as indicated by two s%
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Table 2. MMA Polymerization Results by 1 in the Presence of DMS
(as Dead Chain Model}

run MMA/DMS/1 time temp vyield 10M, PDI I*
no. (molarratio) (min) (°C) (%) (g/mol) (Mw/Mpn) (%)
1 500/1/1 30 23 92 56.8 1.03 81
2 500/5/1 30 23 88 55.6 1.03 80
3 500/10/1 30 23 88 57.5 1.03 77
4 500/20/1 30 23 87 56.4 1.04 77
5 500/50/1 30 23 86 58.3 1.11 74

aSee Table 1 footnotes for explanations of the abbreviations listed in
this table.

Scheme 8
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(model for dead chains)

peaks (PDI= 1.04 for each peak) within a relatively broad
overall peak (PDE 1.18) on the GPC trace; the formation of
this ill-defined block copolymer structure is anticipated due to

the presence of the chain termination/transfer processes for th
n-BA polymerization as described above. In short, the possible d

intramolecular proton transfer process, if indeed occurring in

this monometallic system, should apparently neither deactivate
the catalyst nor affect the apparent rate of further chain growth.
To directly assess the reactivity of the internally located ester

enolate of structur& derived from the proposed intermolecular

proton transfer (Scheme 6) remains a challenge because it

reactivity is complicated by possible main chain mobility and
entanglement issues. However, the model reaction betdeen
and dimethyl succinate (DMS), a-diester, shows none to

marginal reaction over a 14 h period; this is further backed by

the results from the chain-transfer-type polymerization of MMA
by 1 in the presence of various amounts of DMS. As can be
seen from Table 2, addition of up to 50 equiv @)sof DMS

S

M,=5.0x10% PDI=1.18

Conclusions

The well-defined monometallic propagating, chir@hsa
zirconocenium ester enolate complg&xeffects living polym-
erization of methacrylates and acrylamides; in sharp contrast,
the polymerization of acrylates such aBA mediated byl
proceeds in an uncontrolled fashion to only moderate conver-
sions, producing PEBA) with one major linear structuré as
well as two minor cyclic f-ketoester-terminated RBA)
structuresB and C. Our investigations into polymerization
characteristics, polymer chain structures, and model reactions
have yielded unambiguous evidence for the presence of
termination processes in this polymerization system that prevent
it from achieving high monomer conversions and producing all
living chains. The proposed overall three-step mechanism
adequately explains these catalyst deactivation pathways and
the resulting polymer chain structures. Some of the key features
about this mechanism are summarized as follows.

First, isomerization of the eight-membered-ring zirconoce-
nium ester enolate propagating spediegresting state) to its
ten-membered-ring homologu# followed by intramolecular
backbiting cyclization involving the antepenultimate ester group
of the growing polymer chain generates the much less active
six-membered-ring zirconoceniufitketoester enolate species
E [which leads to cycligs-ketoester-terminateB after acidic

G“Norkup] and"BuUOH. Second, the in situ eliminaté@uOH

eactivates propagating specigso yield the inactive zircono-
cenium alkoxide species and linear chan Third, further
addition of monomer tcE followed by a second backbiting
cyclization gives doubly cycli@-ketoester-terminate@ (after

the acidic workup), accompanied by additional catalyst deac-
tivation and chain termination as shown above. Overall, the lack
of steric protection at the unhinderedC of the ester enolate
moiety in the propagating species facilitates the backbiting
cyclization, whereas the active (readily enolizabteproton
provides access for elimination 6BuOH that subsequently
terminates the chain.

Model reactions and polymerization studies show that possible
chain transfer reactions involving acidéicprotons are insig-

neither deactivated the catalyst nor effected chain transfer Nificant as compared with backbiting cyclizations in the current

polymerization, with only small variations in isolated polymer
yield, M, PDI, andl*. On the basis of these findings, it is

monometallic catalyst system. With the catalyst deactivation
pathways being identified and the mechanism of which under-

evident that the possible intermolecular proton transfer in the Stood, it is envisioned that strategies, such as prevention of
current System appears to be too slow on the polymerization isomerization of the active CyChC ester enolate I‘eStIng state by
time scale (note that polymerizationBA is even faster than ~ Virtue of ligand design, can be developed to overcome these
MMA) to affect chain transfer to polymer. If such chain transfer Side reactions and thus render a living/controlled polymerization
is facile relative to chain growth, polymer chain branching would ©f acrylates mediated by group 4 metallocene catalysts.
occur. To provide additional support to the conclusion that
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