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Controlled Polymerization of Methacrylates to High Molecular Weight
Polymers Using Oxidatively Activated Group Transfer Polymerization
Initiators
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Receied September 6, 2007; Reed Manuscript Receéd October 28, 2007

ABSTRACT: Oxidative activation of group transfer polymerization initiator silyl ketene acetals with a catalytic
amount of the olefin polymerization activator §eB(CsFs),4 directly affords the first methyl methacrylate addition
product, the highly active propagating species that contains both the nucleophilic and electrophilic catalyst sites
to promote the controlled methacrylate polymerization via cooperative catalysis.

Introduction Scheme 1. Associative, Dissociative, and Bimolecular Pathways
for the Methyl Methacrylate (MMA) Polymerization Using a
Polymerization of acrylic monomers such as methyl meth- Silyl Ketene Acetal (SKA)
acrylate (MMA) by a silyl ketene acetal (SKA) and a nucleo- \
philic or Lewis acid catalyst was termed group transfer oSR. o Ny R‘,"’si“\"R
polymerization (GTP}Y; this was named such based on the >:< ® _Nu, \  OSiR, patha_ Meor | R
initially postulatedassociatie propagation mechanism in which OMe >_<0Me MMA }/ﬁ\
the silyl group remains attached to the same polymer chain and (S pathb A OMe
is simply transferred intramolecularly to the incoming monomer \2etivation Rs RySiNu MMA !
through hypervalent anionic silicon species (path a, Scherhe 1). . o ¥ /o sKkA [N__9°1 wm ¥
However, it has been recently concludddat several lines of >—<O O>—< - >_<0Me “““ .
key experimental evidence now suppordiasociatve mecha- / A R B wva
nism?3 which involves ester enolate anions as propagating ) e RsSiv @ 5
species and a rapid, reversible complexation (termination) of >:<03'R3 Phac” >_/<O SKA P SiRs
small concentrations of enolate anions with SKA or its polymer OmMe Pathc OMe mMeo” . OMe

homologue (path b). GTP can readily produce poly(methyl
methacrylate) (PMMA) with a number-average molecular
weight (M) of <20 000 in a controlled fashion at> ambient
temperatures, but its synthesis of PMMA in the 60 000 range
is difficult.2 We reasoned that a combination of a SKA with a
silyl cation “RsSi™, which can be either added externally or
generated internally via direct oxidative activation of SKA (vide
infra), could promote cooperative catalysis involvindpiano-
lecular, actvated monomepropagation (path c), thus potentially
affording PMMA of a low to highM, on demand. From a
propagation mechanism point of view, path c closely resembles
that by the isoelectronic enolaluminate/alane fpair the

zirconocene enolate/zirconocenium pair. ) i .
pa in a controlled fashion at ambient temperature, and (d) that the

_ Activati_on of the inactivg SKA or monomer is the crit?cal catalyst loading can be as low as 0.025 mol % (based on the
first step in all the mechanisms shown above. It can be viewed monomer).

that paths a and b involveductive actvation of SKA, whereas
path ¢ representsxidative activation of SKA using a trityl salt. Experimental Section
Trityl salts are known to catalyze aldol condensations and

Michael reactions involving nucleophiles such as silyl enol lati . ; o . ; .
ations of air- and moisture-sensitive materials were carried out in
ethers or SKA and substre}tes such as acetqls, aldehydlaﬁ,jor flamed Schlenk-type glassware on a dual-manifold Schlenk line,
unsaturated ketonésthe trityl catalyst used in these reactions o 4 high-vacuum line (typically from 18to 107 Torr), or in an
was proposed to activate the substrate via interaction betweengrgon-filled glovebox (typically<1.0 ppm oxygen). NMR-scale
the trityl cation and alkoxy (or acyloxy) or carbonyl oxygen of  reactions (typically in a 0.02 mmol scale) were conducted in sealed
the substraté Trityl tetrakis(pentafluorophenyl)borate (TTPB), NMR tubes. High performance liquid chromatography (HPLC)
PhCB(CsFs)4,” is an important activator for metal-catalyzed grade organic solvents were first sparged extensively with nitrogen
olefin polymerizatior? Trimethylsilyl triflate catalyzes aldol ~ during the filling the 20 L solvent reservoir and then dried by

condensations of enol silyl ethers and acetaishile the passage through activated alumina [for diethyl ether, (gt
tetrahydrofuran (THF), and Gi&l,] followed by passage through

Q-5 supported copper catalyst (for toluene and hexanes) stainless
* Corresponding author. E-mail: eychen@lamar.colostate.edu. steel columns. Benzerdy-and toluenedg were dried over sodium/

combination of BSIOTf with B(CsFs)3 mediates efficient GTP
of acrylates initiated by SKA?

In this contribution, we report a new polymerization system
based oroxidative actation of SKA with the catalyst P¥CB-
(CeFs)s. The four most remarkable features about this new
activation/polymerization system include (a) that it directly
affords the first MMA addition product, the highly active
propagating specieS, (b) that it provides dual activation for
both SKA and subsequently the monomer, (c) that it produces
low to highM,, (> 10°) PMMA with a narrow molecular weight
distribution [polydispersity index PDIMw/M;) = 1.04-1.12]

Materials, Reagents, and MethodsAll syntheses and manipu-
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potassium alloy and vacuum-distilled or filtered, wheregd<Br,
CD.Cl,, and CDC} were dried over activated Davison 4-A
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produced 1 equiv o2 and PRCH at —50 °C with no TTPB left.
IH NMR (CD ,Cl,, 300 MHz, —80 °C) for [Ph,C=C(CH=

molecular sieves. NMR spectra were recorded on either a Varian CH),CHCMe,C(OMe)=0-:-SiMes] [B(C¢Fs)4] (1). 6 7.34-7.25

Inova 300 (FT 300 MHz!H; 75 MHz, 13C; 282 MHz,%F) or a
Varian Inova 400 spectrometer. Chemical shifts fair and 13C

(m, 6H, m,pH of Ph), 7.07 (d, 4H,0-H of Ph), 6.66 (d,J = 10.2
Hz, 2H, C(QH=CH),CH), 5.54 (dd,J = 10.2 and 3.9 Hz, 2H,

spectra were referenced to internal solvent resonances and areC(CH=CH),CH), 4.21 (s, 1H, ™e), 3.53 (t,J = 3.9 Hz, 1H,

reported as parts per million relative to SiMehereas®F NMR
spectra were referenced to external GfCl

MMA (99%) and n-butyl methacrylate (BMA; 99%) were
purchased from Aldrich Chemical Co. The monomers were first
degassed and dried over Gablvernight, followed by vacuum
distillation, and final purification of MMA involved titration with
neat trig-octyl)aluminum (Strem Chemicals) to a yellow end pHint
followed by distillation under reduced pressure. The purified
monomers were stored in brown bottles inside20 °C glovebox
freezer. Butylated hydroxytoluene (BHH, 2,6-ditert-butyl-4-
methylphenol) was purchased from Aldrich Chemical Co. and
recrystallized from hexanes prior to use. Tris(pentafluorophenyl)-
borane B(GFs); and TTPB were obtained as a research gift from
Boulder Scientific Co.; B(6Fs); was further purified by recrys-
tallization from hexanes at+30 °C, whereas TTPB was used as
received. Methyl trimethylsilyl dimethylketene acetMe$KA,
95%), diisopropylamine X99%), methyl isobutyrate (99%), tri-

C(CH=CH),CH), 1.31 (s, 6H, ®ey), 0.62 (s, 9H, Ve3). 1°F NMR
(CD.Cl,, 282 MHz,—80°C) for 1. ¢ —132 (d,J = 12.7 Hz, 8F,
o-F of GsFs), —161 (t,J = 21.0 Hz, 4F p-F of CgFs), —165 (m,
8F, m-F of CgFs).

1H NMR (CD ,Cl;, 300 MHz, —50°C) for [Me 3SiOC(OMe)=
CMeCHCMe,C(OMe)=0-:-SiMes] [B(C¢Fs)4] (2). 0 4.07 (s, 3H,
COOMe), 3.41 (s, 3H=C(OSiMe&)OMe), 2.26 (br, 2HCH,), 1.53
(s, 3H,=CMe), 1.28 (s, 6H, Bley), 0.65 (s, 9H, GMes), 0.20 (s,
9H, =C(0OSMe;)OMe). %F NMR (CD,Cl,, 282 MHz, —50 °C)
for 22 6 —132 (d,J = 11.3 Hz, 8F,0-F of GsFs), —161 (t,J =
20.3 Hz, 4F p-F of CgFs), —165 (m, 8F,m-F of GgFs).

Attempts to grow single crystals & from a CHCl,/hexanes
solvent mixture gave oily precipitates. However, laying a hexane
solution of 2 equiv ofMeSKA in the presence of a few drops of
THF onto a CHCI, solution of TTPB in the presence of a few
drops of THF at—30 °C for 1 week resulted in colorless crystals
of [Me3Si(THF)]+[B(C6F5)4]7 3). 1H NMR (CD.Cl,, 300 MHz,

ethylsilane (99%), and chlorotriethylsilane (99%) were purchased 23 °C): 6 4.46 (s, br. 4Ha-CH,, THF), 2.33 (s, br. 4HB-CH,,

from Aldrich and dried over Cajlifollowed by vacuum distillation.
Methyl Triethylsilyl Dimethylketene Acetal (B'SKA). Modified
literature proceduré3were used to prepaf@SKA. In an argon-

THF), 0.66 (s, 9H, Me)°F NMR (CD.Cl,, 282 MHz, 23°C): ¢
—132 (s, br. 8Fp-F of GsFs), —162 (t,J = 20.3 Hz, 4F,p-F of
CeFs), —166 (s, br. 8Fm-F of CgFs). Colorless crystals of the ethyl

filled glovebox, a 200 mL Schlenk flask was equipped with a stir derivative [EtSi(THF)]"[B(CsFs)4]~ (4) were obtained from the
bar and charged with 100 mL of THF and 5.00 mL (3.61 g, 35.7 reaction off'SKA + TTPB in the same manneld NMR (CD,-
mmol) of diisopropylamine. The flask was sealed with a rubber Cl,, 300 MHz, 23°C): 6 4.51 (s, br, 4H0a-CH,, THF), 2.36 (s,
septum, removed from the glovebox, and interfaced to a Schlenk br, 4H, 5-CH,, THF), 1.10 (s, br, 15H, Et)!°*F NMR (CD.Cl,,

line. The resulting solution was cooled to°Q, and 23.4 mL of
n-butyllithium (1.6 M in hexane, 37.5 mmol) was added dropwise
via a syringe. After being stirred at @ for 30 min, 4.09 mL of
methyl isobutyrate (3.64 g, 35.7 mmol) was added to this solution.
The reaction mixture was stirred at°C for 30 min, after which
11.98 mL (71.4 mmol) of chlorotriethylsilane was added. The
mixture was allowed to warm slowly to room temperature and
stirred fa 3 h atthis temperature. All volatiles were removed in
vacuum, and hexanes~p0 mL) were added. The resulting

282 MHz, 23°C): 6 —132 (s, br, 8Fp-F of CgFs), —162 (t,J =
21.2 Hz, 4F p-F of GgFs), —166 (s, br, 8Fm-F of CsFs).

General Polymerization Procedures.Polymerizations were
performed either in 30-mL oven-dried glass reactors inside the
glovebox or in 25-mL oven- and flame-dried Schlenk flasks
interfaced to the dual-manifold Schlenk line. Two different po-
lymerization procedures were employed for comparative studies.
In method A procedures, SKA and TTPB were premixed in a 2/1
molar ratio in toluene or CkCl, and stirred for 5 min (to generate

precipitates were filtered off under an argon atmosphere; the solventin situ the active specie®), followed by addition of monomer to
of the filtrate was removed in vacuo, and the resulting residue was start the polymerization. In method B procedures, SKA and

vacuum-distilled (4546 °C, 0.4 Torr) to give 6.15 g (79.8%) of
EISKA as a colorless liquidtH NMR (C¢Dg, 300 MHz, 23°C): 6
3.35 (s, 3H, Me), 1.69 (s, 3H=CMe), 1.66 (s, 3H=CMe), 1.02
(t, J= 7.8 Hz, 9H, CHCHj), 0.69 (q,J = 7.8 Hz, 6 H,CH,CHy).
Variable-Temperature NMR Studies of the Reaction of
MeSKA with TTPB: In Situ Generation of Ph,C=C(CH=
CH),CHCMe,C(OMe)=0---SiMe3][B(CsFs)s] (1) and Active
Species MgSiOC(OMe)=CMeCH,CMe,C(OMe)=0---SiMe3]-
[B(CsFs)4] (2). In an argon-filled glovebox, an NMR tube was
charged with 3.5 mg (0.02 mmol) &#SKA and 0.3 mL of CB@-
Cl,. This NMR tube was sealed with a rubber septum, removed
from the glovebox, and cooled to78 °C. A 0.3 mL CDCl,
solution of TTPB (18.5 mg, 0.02 mmol) was slowly added to this
tube via a syringe. This reaction mixture was keptfch at—78
°C. NMR Spectra were recorded fronB0 °C to room temperature
by 10 °C intervals after having equilibrated at each temperature
for at least 15 min. Compouridwas formed cleanly at-80 °C; at
temperatures —70 °C, it began to convert to compou2dvhich
was obtained cleanly at50 °C, but is somewhat unstable at
temperatures —40 °C. The reaction in a 2/1*SKA/TTPB ratio

monomer were premixed and the polymerization was started by
addition of TTPB. For polymerizations usingsGtH as the source

of the catalyst ESi*, the method A procedures involved premixing
of Et3SiH and TTPB in a 1/1 molar ratio in toluene or g&l, and
stirring for 10 min to generate in situ the catalyst&EB(CsFs)4,*
followed by addition of monomer containing the SKA initiator to
start the polymerization. On the other hand, the method B
procedures involved premixing of 8iH, SKA, and monomer,
followed by addition of TTPB to start the polymerization. After
the measured time interval, the polymerization was quenched by
addition of 5 mL of 5% HCIl-acidified methanol. The quenched
mixture was precipitated into 100 mL of methanol, stirred for 1 h,
filtered, washed with methanol, and dried in a vacuum oven at 50
°C overnight to a constant weight.

A Selected Real Polymerization Exampleln a argon-filled
glovebox, a 30-mL, oven-dried glass reactor was charged wigh Ph
CB(CsFs)4 (10.8 mg, 11.7«mol) in 10 mL of CH,Cl,. MeSKA (4.7
uL, 23.4umol) was added at ambient temperatur@$ °C). After
the resulting mixture was stirred for 5 min, MMA (1.00 mL, 9.35
mmol) was rapidly added to the reactor via a syringe to start the

yielded the same species as the above 1:1 reaction; however, thg@olymerization with a ratio of [MMA]/[MeSKA]/[PhsCB(CsFs)4]

1:1 reaction initially producedl at —80 °C, which was then
completely converted to 0.5 equiv @fat —50 °C, along with 0.5
equiv of PRCH [CD,Cl,, 300 MHz,—50°C: 6 7.27 (t, 6H,m-H

of Ph), 7.20 (t, 3H,p-H of Ph), 7.10 (d, 6H,0-H of Ph), 5.55 (s,
1H, CH)], and 0.5 equiv of the recovered TTPB [gT),, 300 MHz,
20°C: 6 8.27 (t, 3H,p-H of Ph), 7.88 (m, 6H,m-H of Ph), 7.67
(d, 6H,0-H of Ph)]. On the other hand, the 2:1 ratio reaction initially
gave 1 along with the unreactedf*SKA at —80 °C and then

= 800:2:1. The reaction was stirred at ambient temperature for 2
h, after which a 0.2 mL aliquot was withdrawn from the reaction
mixture using a syringe and quickly quenched into 1 mL vials
containing 0.6 mL of undried “wet” CDGImixed with 250 ppm
BHT—H. The reactor was taken out of the box, and the reaction
was quenched by addition of 5 mL of 5% HCl-acidified methanol.
The quenched mixture was precipitated into 100 mL of methanol,
stirred for 1 h, filtered, washed with methanol, and dried in a
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Table 1. Results of Methyl Methacrylate (MMA) Polymerization Catalyzed by MeC=C(OMe)OSiMes + Et3SiH + PhsCB(CgFs)4*

run no. [E£Si*] (mol %) M1/l 0 solvent 16M,° (g/mol) PDP (My/Mp) 1*¢ (%) [mni9 (%) [mr]4 (%) [rr19 (%)
1e 0.25 143 toluene 1.88 1.05 76 3.0 33.9 63.1
2f 0.25 143 toluene 2.06 1.05 69 3.0 32.4 64.6
3¢ 0.25 143 CHCl, 2.44 1.05 59 2.3 28.7 69.0
4f 0.25 143 CHCl, 2.15 1.05 67 2.2 28.0 69.8
5f 0.13 143 CHClI, 1.96 1.04 73 2.3 29.1 68.6

aCarried out in 10 mL of solvent at room temperature2b °C) for 1 h with quantitative monomer conversion (by NMR) achieved for all the runs;
[MMA] o = 0.94 M; [E&Si*] was generated by in situ mixing of §%iH and PBCB(CsFs)a. ® Number average molecular weightl{) and polydispersity
index (PDI) determined by gel permeation chromatography relative to PMMA standards in.CH@iator efficiency (*) = Mp(calcd)Mn(exptl), where
Mn(caled) = [MW(MMA)I(IMMA] o/[1] o)(conversion %)d Tacticity determined byH NMR spectroscopy in CDGI(methyl triad distribution:mm 1.22

ppm;mr, 1.02 ppmjr, 0.85 ppn#d). € Et;SiH and PBCB(CsFs)4 Were premixed

and stirred for 10 min followed by addition of MMA containing the initiator

SKA. TEt;SiH, Me;C=C(OMe)OSiMe, and MMA were premixed before addition of B (CsFs)a.

vacuum oven at 50C overnight to a constant weight. The quenched
aliquot was analyzed byH NMR to give 100% monomer
conversion (see the Polymerization Kinetics section below for

ment parameters. All hydrogen atoms were included geometrically
with Ui, tied to the Ui, of the parent atoms and refined
isotropically. In a unit cell, two independent ion pairs were

details). The isolated and dried polymer was also analyzed by GPCdisclosed.

to give M, = 1.19 x 10° g/mol, PDI= 1.07. The dried polymer
was also analyzed b{H NMR tacticity measurementH NMR
(CDCls, 300 MHz, 23°C) for PMMA: ¢ 3.60 (s, Q/e), 2.05 (d,
CHy), 1.99-1.90 (m, (), 1.82 (s, G2), 1.48 (d, ¢Hy), 1.22 (s,
Me, [mn] = 2.0%), 1.02 (s, Me,rpr] = 27.7%), 0.85 (s, Merf]
= 70.3%).

Polymerization Kinetics. Kinetic experiments were carried out
in a stirred glass reactor at ambient temperata25°C) inside
the glovebox using stock solutions of the reagents and the
procedures described in the literatdt&pecifically, at appropriate
time intervals, 0.2 mL aliquots were withdrawn from the reaction
mixture using a syringe and quickly quenched into 1 mL vials
containing 0.6 mL of undried “wet” CDGImixed with 250 ppm
BHT—H. The quenched aliquots were analyzed'ByNMR. The
ratio of [MMA], to [MMA]; at a given timet, [MMA] o/[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\@ signal) and PMMA
(centered at 3.4 ppm for theM@e signals) according to [MMAY}
[MMA] : = 2A3.43As + 6.1, WhereAg 4 is the total integral for the
peaks centered at 3.4 ppm (typically in the region-832 ppm)
andAs »16.1 is the total integral for both peaks at 5.2 and 6.1 ppm.
Apparent rate constant&af,) were extracted from the slopes of
the best fit lines to the plots of [M[M] o vs time.

Polymer Characterizations. Polymer M, and polydispersity
index My/M,) were measured by gel permeation chromatography
(GPC) analyses carried out at 4C and a flow rate of 1.0 mL/
min, with CHCE as the eluent on a Waters University 1500 GPC
instrument equipped with one PLgel®n guard and three PLgel
5 um mixed-C columns (Polymer Laboratories; linear range of
molecular weight= 200—2 000 000). The instrument was calibrated

X-ray crystal structural data for compl&« Cz;H17BF,00Si, M,
= 824 035,T = 100(2) K, A = 0.710 73 A, crystal dimensions
0.44 x 0.26 x 0.07 mmd, triclinic, P-1, a = 10.1347(4) Ab =
17.4222(7) Ac = 19.6456(8) Ao = 67.543(23, 5 = 80.967(23,

y = 81.909(2}, V = 3153.6(2) B, Z = 4, pcacd = 1.736 mg/m,
6 range for data collectior= 1.99-31.57, 61 876 reflections
collected, 19 840 uniqueR(; = 0.0325), goodness-of-fit oR2 =
0.993, finalR; = 0.0423 andvR, = 0.0953 withl > 24(l), residual
electron density extremes 0.440 and—0.392 e A3,

Results and Discussion

MMA Polymerization by MeSKA + EtsSiH + TTPB. We
initially achieved the controlled MMA polymerization via path
c using initiatoMeSKA and catalyst [ESi(toluene)} (generated
in situ from the reaction of EBiH + TTPB in toluené?d),
affording PMMA with PDI= 1.05, initiator efficienciesIf) in
the range of 59-76%, and syndiotacticityrf] = 64% (toluene)
or 69% (CHCI,), Table 1. Premixing of BSiH and TTPB is
not required, and TTPB can be added last for achieving similar
polymerization results. Control runs using each of these three
reagents alone or combinations of two reagent pairsS{B{
TTPB or E§SiHMeSKA pairs) showed no polymerization
activity.

Polymerization of MMA by MeSKA + TTPB. Surprising
results were revealed when we carried out a control of the last
possible combination using theSKA/TTPB pair (no E#-
SiH): it is highly active for controlled methacrylate polymer-

with 10 PMMA standards, and chromatograms were processed with ization! Thus, addition of 1 equiv of TTPB to a GEl solution

Waters Empower software (version 20021 NMR spectra for
the analysis of PMMA and PBMA microstructures were recorded
in CDCl; and analyzed according to the literatdté®
Determination of [M]/[I] Ratios for Initiator Efficiency ( 1*)
Calculation of the System byMeSKA/TTPB. Because of the
unigue oxidative activation of*SKA by TTPB (i.e., 1 equiv of
TTPB consumes 2 equiv dfeSKA to generate 1 equiv of the
propagating SKA, vide infra), the actual monomer-to-initiator ratio
[MI/1] is not the apparent [MJy/[SKA], ratio and is affected by
the amount of TTPB used. For a polymerization inx@dMA] o/
y[MeSKA]o/4TTPB] ratio, thetotal equivalency of the propagating
SKA =y —2z+ z=y — z giving a [M]/[I] ratio of X/(y — 2).
X-ray Crystallographic Analysis of [Me 3Si(THF)] *[B(CsFs)4] ™
(3). Single crystals suitable for X-ray diffraction were quickly

covered with a layer of Paratone-N oil (Exxon, dried and degassed

at 120°C/1078 Torr for 24 h) after the mother liquor was decanted

and then mounted on a thin glass fiber and transferred into the

cold nitrogen stream of a Bruker SMART CCD diffractometer. The

containing 400 equiv of MMA and 2 equiv #SKA achieved
97% MMA conversion in 20 min at 28C, affording PMMA
with M, = 3.87 x 10%, PDI = 1.10, and ffr] = 69%. The
measuredVl, value (against PMMA standards) is double what
is calculated based on the apparent [MME}FKA] ratio of
200; however, the unigue activation mechanism of this system
(vide infra) gives the actual monomer-to-initiator ratio [M]/[l]
of 400 (see Experimental Section), for a quantitative initiator
efficiency. Under the same conditions, quantitative BMA
conversion was achieved in 60 min, yielding PBMAMf, =
5.44 x 10%, PDI = 1.06, fr] = 80%, and again a quantitative
initiator efficiency. HighM, (1.86 x 10°) PMMA was readily
obtained using a [M]/[I] ratio of 1600.

The initial kinetic profiling of the MMA polymerization was
performed at a [M]/[1] ratio of 800 at 28C in CH,Cls. In the
first approach, 2 equiv 0f'*SKA and 1 equiv of TTPB were

structures were solved by direct methods and refined using the Prémixed and stirred for 5 min, followed by addition of 800

Bruker SHELXTL program library by full-matrix least-squares on
F2 for all reflections!® All non-hydrogen atoms were located by
difference Fourier synthesis and refined with anisotropic displace-

equiv of MMA to start the polymerization (method A). A plot
of the PMMA M, ((2.05 x 1) to (1.19 x 1(%)) vs MMA
conversion (2.1% to 100%) gave a linear relationstip £



Macromolecules, Vol. 41, No. 1, 2008

120000 [

30000 |

Conversion (%)

Figure 1. Plots of the poly(methyl methacrylate) number-average
molecular weight ) and polydispersity index (PDI) vs methyl
methacrylate (MMA) conversion. Conditions: 26, 10 mL of CH-

Cl,, [monomer]/[initiator] = 800, method A (2 equiv of M€=
C(OMe)OSiMeg and 1 equiv of PY¥CB(CsFs)4 were premixed and stirred
for 5 min, followed by addition of 800 equiv of MMA to start the
polymerization).
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Figure 2. Plots of the poly(methyl methacrylate) number-average
molecular weight ,) and polydispersity index (PDI) vs methyl
methacrylate (MMA) conversion. Conditions: 28, 10 mL of CH-

Cl, [monomer]/[initiator]= 800, method B (800 equiv of MMA and

2 equiv of MeC=C(OMe)OSiMeg were premixed before addition of

1 equiv of PRCB(CsFs)s).

0.996), whereas the molecular weight distribution (MWD)
remains narrow for all conversions (PB11.04-1.08), Figure

1. Thel* values range from 64% to 82%, and the final isolated
polymer has arf] value of 70%.
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In the second approach, 800 equiv of MMA and 2 equiv of
MeSKA were premixed before addition of 1 equiv of TTPB to
start the polymerization (method B). The overall characteristics
of the polymerization by method B are similar to those observed
by method A, except for slightly higher PDI values and
essentially quantitative® values for method B (Figure 2). This
comparative study implies that the active species generated from
MeSKA + TTPB is somewhat unstable in the absence of
monomer or polymer.

We subsequently examined solvent and SKA structure effects
on polymerization. Methacrylate polymerizations in toluene are
similarly active and controlled. Using method A in a [M]/[I]
ratio of 400 at 25°C, quantitative monomer conversion was
achieved in<40 min (MMA) or <60 min (BMA), affording
the corresponding polymer with PBA 1.04 (for both polymers)
andl* = 75% and 92%, respectively. Donor solvents such as
THF shut down the polymerization, in contrast to the nucleo-
phile-catalyzed GTP which routinely employs THF as a solvent.
Replacing"eSKA with E'SKA resulted in lower polymerization
activity.

Oxidative Activation of MéSKA by TTPB Leading to
Active Species.To probe the structure of the active species
derived from the activation of SKA with TTPB, we first
examined 1:1 and 2:1 ratio reactions’'68KA + TTPB in CD,-

Cl, at room temperature, which yielded an orange-yellow
solution and a colorless solution, respectively. However, both
reactions produced identical speciés(R = Me, Scheme 1)
and PRCH as the main products; there was still 0.5 equiv of
TTPB left in the 1:1 reaction, accounting for its observed color,
and both reactions showed complex NMR features due to the
presence of other species. To determine if the other species
present were derived from the reaction itself or decomposition
of C, we carried out variable temperature NMR studies of both
ratio reactions. For the 1:1 reaction -aBO0 °C, electrophilic
additionof PhsC™, via the para-carbon of Ph, ¥§SKA cleanly
forms the addition product (Scheme 2); the unactivated form
of 1 (i.e., without the MgSiB(CsFs)4 moiety attached) was
previously generated from the reaction66KA + PhCCIO,

at 25°C .17 However, in startling contrast to its unactivated form,

1 begins to convert t@ at —70 °C, with concomitant formation

of PhsCH, and is completely transformed ®(0.5 equiv) at
—50°C, plus 0.5 equiv of PCH and 0.5 equiv of the released
TTPB (Figure 3).

Formation of2 can be explained by Michael addition '¥-
SKA to the MeSit-activated MMA generated by vinylogous
hydride abstractiorof MeSKA with PheC* (Scheme 2), given
that1 reversibly releas€$°SKA and TTPB above-70°C. Such

® © .
OSiMe; cp.Cl MesSi~._ [B(CeFslal osiM Me,SiO
>=< +Ph3CB(CSF5)4_—2°2>0.5 [PhsCB(CeFs)s + PhaCH] + 0.5 P Mes
OMe s0%C MeO d OMe
% Me,Sit
2
(O=)COMe OMe =CMe CMe,
Ph,CH
/ML Ph,CH CHDCI, l
I . w
T T T
8 7 6 5 4 3 2 1 ppm

Figure 3. 'H NMR spectrum for in situ generation &from the 1:1 ratio reaction of ME=C(OMe)OSiMg and PRCB(CsFs), at —50 °C in
CD,Cl,; this spectrum also contains a small amount of hexanes (peaks marked wijhbesught forward from the starting reagents, and the
unlabeled small peaks are attributed to the other isomer and minor impurities due to decompogtidheo®:1 reaction gives the same product
with all the 1 equiv of PECB(CsFs), added being consumed.
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A\ M) =5

Figure 4. X-ray crystal structure of [M&Si(THF)]*[B(CeFs)4] ~ (3) with
thermal ellipsoids drawn at the 50% probability level. Selected bond
lengths [A] and angles [deg]: SiO 1.784(1), S+C(1) 1.841(2), S+

C(2) 1.843(2), S+C(3) 1.836(2), B-C(11) 1.657(2), B-C(21) 1.659-

(2), B—C(31) 1.654(2), B-C(41) 1.657(2); C(1ySi—C(2) 113.53(10),
C(1)-Si—C(3) 114.04(10), C(%Si—C(3) 114.09(9), G-Si—C(1)
105.56(8), G-Si—C(2) 104.56(7), ©-Si—C(3) 103.61(7).

1.1 4

y=-0.0105x +1.0013

03 - R?=0.998
0.2 —_—
0 10 20 30 40 50 60 70
Time (min)

Figure 5. Zero-order plot of [MJ[M]o vs time for the methyl
methacrylate (MMA) polymerization by the ME@=C(OMe)OSiMe
(MeSKA) + PhCB(CsFs)s (TTPB) system in ChCl, at 25°C using
method A in a MMANMeSKA/TTPB ratio= 800/2/1: [MMA], = 0.935
M, [MeSKAJo = 2.34 mM, [TTPB} = 1.17 mM.

H™~ abstraction was observed in the silyl enol etfielPh:CBF4
reaction leading taon,(-unsaturated ketones and also in the
zirconocendert-butyl enolatet TTPB reaction leading to the
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Figure 6. Zero-order plot of [M{[M]o, vs time for the methyl
methacrylate (MMA) polymerization by the M@=C(OMe)OSiMg
(MeSKA) + PhCB(CsFs)s (TTPB) system in ChCI, at 25°C using
method B in a MMAFeSKA/TTPB ratio= 800/2/1: [MMA], = 0.935
M, [MeSKA]o = 2.34 mM, [TTPB} = 1.17 mM.

Scheme 2. Oxidative Activation of M@C=C(OMe)OSiMe; by
PhsCB(CsFs)4: Initiation Step

. ®
_ OSiMe; _g0oc Ph O~"SiMes
+ PhgCB(CgFs)s [B(CsF5)al
OMe , Ph OMe
Ll
1
H 50 ocl - 0.5 PhsCH
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(]
B(CgF SiMe . €]
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H ) ~  ©O7SiMes ® .
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OMe

=
OMe MeO OMe

24>

possible structural characterizations yielded oily precipitates and
were also plagued by its thermal instability Bt> —40 °C.
However, single crystals of its silyloxonium analogue, trimethyl-
silylated tetrahydrofuran (THF) oxonium salt [N&i(THF)]™-
[B(CeFs)4]~ (3), were obtained by slow mixing of a hexane
solution of MeSKA and a CHCI, solution of TTPB in the
presence of a small amount of THF a80 °C. Although3

was previously generated in situ from the reaction os8El

+ TTPB + THF in CD.,Cl, at —78 °C and reported to be only
stable below-20 °C,2 this in situ low-temperature crystalliza-
tion technique allowed for growing single crystals and subse-
quent structural characterization &f by X-ray diffraction
analysis. The solid-state structure€onsists of two indepen-
dent ion pairs in a unit cell with similar metric parameters, only
one of which is shown in Figure 4 and briefly discussed here.
The four-coordinate Si center adopts a distorted tetrahedral
geometry with the sum of the-€Si—C angles being 341°7

formation of a zirconocene-carboxylate dication after subsequentand the Si atom sits above the Measal plane by 0.463 A.

elimination of methane and isobutel¥d.ikewise, the 2:1 ratio
reaction showed initial formation df (plus the unreacte¥s-

SKA) at —80 °C, followed by generation of 1 equiv &and
PhCH at—50°C (no TTPB left). Unlike its unactivated for#d,

The average €Si—C angle of 114 in 3 compares to 1193
11#, 115, 117, and 118 observed in [MgSi(py)]TI—,%*
[EtsSi(toluene)[B(CeFs)4] ~, 13 [PrSi(MeCN)[F[BrsCBgHs] —,22
IPSi(BreCBy11He),2% and [M&Si][C2HsCB11F11],24 respectively.

2 is somewhat unstable and starts decomposition to some extenThe three Si-C bonds in3 have an essentially identical bond

at T = —40 °C, which explains why the polymerization with
method B (in situ generation @in the presence of monomer)
always gives higherl* values than those by method A
(pregeneration o2 before addition of MMA).

Structure of Active Species Involved in theMeSKA +
TTPB System. Attempts to obtain single crystals & for

length [1.840 (av) A], so do the four-BC bonds [1.657 (av)
A]. The S0 bond length of 1.784(1) A is shorter than the
calculated value of 1.8427A by ~0.06 A but slightly longer
than that observed in BRIOCIO; [1.744(4) A]2® Overall, the
structural analysis 08 that simulates that o confirms the
formation of the silyloxonium borate salt consisting of the
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2.5 7 Scheme 3. Proposed Bimolecular, Activated-Monomer
3 Propagation Mechanism
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Figure 7 summarizes the kinetics of the polymerizations by
0.2 7 400MMA/2MeSKAIXTTPB (x = 0.5, 0.4, 0.2, and 0.1) at 25
K= 0,996 °C. There is no induction period observed and the zero-order
0 R’ =0.994 ' in [M] kinetics holds true for all the ratios used. The polym-
0 2‘0 4T0 6‘0 8'0 1(‘)0 0 140 erization is first order with respect to the catalyst B8g]
Time (min) concentration, given by the slope 1.09(8) from double
Figure 7. Zero-order kinetic plots for the methyl methacrylate (MMA) Iogarlthm plots. ofkapp @s a function Of, [T,TPB]' thereby
polymerization by the Mg=C(OMe)OSiMg (MeSKA) + PhCB- establishing activated monomer polymerization.
(CeFs)a (TTPB) system in CECl, at 25°C: [MMA], = 0.935 M; The polymerization is also first order in the propagating

[V*SKAJo = 4.67 mM; [TTPB] = 1.17 mM (), 0.934 mM ), 0.467 [SKA], given by the slope= 1.03 from a plot of InNkapy) VS

mM (M), 0.234 mM (J). Inset: plot of Inkapy) Vs IN[TTPBL. IN[SKA] (Figure 8). Overall, these findings are consispt‘gnt with

2 the propagation mechanism depicted in Scheme 3 in which the
C—C bond formation viantermolecularMichael addition of

the polymeric SKA to the silyl cation-activated MMA is the
rate-determining step (rds), and the release of the catalyst from
the ester group of the growing polymer chain to the incoming
MMA is relatively fast.

Conclusions

081 75 7 85 < 5 45 4 In summary, by a combined study of polymerization,
structure, and kinetics, we have developed the new polymeri-
zation system based on oxidative activation of the GTP initiator
SKA with a catalytic amount of the ubiquitous olefin polym-
erization activator PICB(CsFs)4. Remarkably, speciesderived
from the oxidative activation of SKA is the first MMA addition
product of the polymerization, the highly active propagating

0.6

[M]¢[M]o

0.4 4

0.2 4

0 R*=0.998 species structure containing both nucleophilic (SKA, which
R?=0895 R'=0994 R®=0995 attacks the activated monomer) and electrophilic®itg which
e . = B = RS activates the incoming monomer) catalyst sites, thereby promot-

ing controlled polymerization via cooperative catalysis. In

Time (min) L N .. .. . e
Figure 8. Zero-order kinetic plots for the methyl methacrylate (MMA) "’_‘dd'“o'_‘ to its mechanistic dIStInC.tlon in initiation and propaga-
polymerization by the MEE=C(OMe)OSiMe (VeSKA) + PhCB- tion, this metal-free system readily produces PMMA of low to
(CeFs)s (TTPB) system in ChCl; at 25°C: [MMA], = 0.935 M; high M, (>10°) with a narrow MWD (1.04-1.12) at ambient

[TTPB]o = 1.17 mM; MeSKA], = 7.02 mM (a), 4.68 mM (1), 3.51 temperature.
mM (), 2.34 mM (). Inset: plot of Inkapp VS IN[SKA] where [SKA]
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of the Petroleum Research Fund, administered by the American
Chemical Society. We thank Logan Garner for some initial
studies, Susie Miller for X-ray data collection, Dr. Hongping
Kinetics and Mechanism of MMA Polymerization by Zhu for crystal structure solution, Prof. Tom Rovis for discus-
MeSKA + TTPB. The uncovering of the activation/initiation  sjons, and Boulder Scientific Co. for the gift of B (CsFs)4.
pathway of this system has led to further elucidation of its
propagation mechanism with the aid of kinetics studies. The  Supporting Information Available: Crystallographic data for
polymerization follows zero-order kinetics in monomer con- 3 (CIF). This material is available free of charge via the Internet at
centration [M], regardless of the MMM?SKA/ TTPB ratio and ~ Nttp:/pubs.acs.org.
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times of that by method A (Figure 5 vs Figure 6). These results
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trimethylsilylated oxonium cation and the unassociated borate
anion.
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