6822

Macromolecules 2005, 38, 6822—6832

Mechanism and Scope of Stereospecific, Coordinative-Anionic
Polymerization of Acrylamides by Chiral Zirconocenium Ester and
Amide Enolates

Wesley R. Mariott and Eugene Y.-X. Chen*
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523-1872
Received May 24, 2005; Revised Manuscript Received May 27, 2005

ABSTRACT: The mechanism and scope of the isospecific, coordinative-anionic polymerization of
acrylamides, including N,N-dimethylacrylamide (DMAA), N,N-dimethylmethacrylamide (DMMA), and
N-isopropylacrylamide (IPAA), using chiral ansa-zirconocenium ester and amide enolates, are reported.
The zirconocenium ester enolate, rac-(EBD)Zr" (THF)[OC(O‘Pr)=CMes] [MeB(CsF'5)s]~ [1; EBI = CoH4(Ind)o],
effects highly isospecific and living polymerization of DMAA via a monometallic, intramolecular
coordinative-conjugate-addition mechanism, with the resting intermediate during a “catalytic” propagation
cycle being the cyclic amide enolate. The results leading to these key conclusions were derived from
investigations of polymerization kinetics, polymer microstructures and chain-end groups, and block
copolymerization behavior as well as modeling and isolation of the active propagating species. Specifically
regarding the active species modeling, isolation, and characterization, neutral chiral amide enolate rac-
(EBDZrMe[OC(NMez)=CMes] (2) has been synthesized and structurally characterized and its corre-
sponding cationic complex rac-(EBD)Zr"(THF)[OC(NMeg)=C(Me)s] [MeB(CsF5)s]~ (8) isolated; cation 3 is
highly active for DMAA polymerization, serving as a structural model for the active propagating species.
Both ester and amide enolates 1 and 3 are inactive for polymerizations of DMMA and IPAA; however, 1
equiv of IPAA or DMMA is readily added to 1 or 3, forming the eight-membered-ring cyclic amide enolates
rac-(EBDZr"[OC(NH!Pr)=CHCH;C(Me2)C(O'Pr)=0][MeB(CcF5)s]~ (4) or rac-(EBD)Zr [OC(NMes)=C(Me)-
CH2C(Mez)C(NMe2)=0][MeB(CgF'5)s]~ (5), which correspond to the structures of the first acrylamide
addition products and the resting propagation intermediates.

Introduction

An important yet still challenging goal in polymeriza-
tions of many prochiral, functionalized vinyl monomers
is to achieve a high degree of control over the stereo-
chemistry of the polymerization of such monomers. One
example in this context is the polymerization of N,N-
dimethylacrylamide (DMAA); both anionic and radical
polymerizations of DMAA with initiators (and additives)
that can promote tacticity control yielded poly(NV,IN-
dimethylacrylamide) [P(DMAA)] with only moderate
isotacticities {[mm] = 54—81%}.17¢ Butler and co-
workers first reported the polymerization of DMAA
using an anionic initiator (EtLi) in toluene, affording
crystalline isotactic P(DMAA);! the crystalline P(DMAA)
produced by s-BuLi was later analyzed by McGrath et
al. using 'H and *C NMR and was shown to exhibit an
isotacticity of ~81%.2 Xie and Hogen-Esch found that
the P(DMAA) produced by PhsCLi or (PhosCCHsCHo-
CPhy)Lis in THF at —78 °C was also isotactic-rich ([mm]
= 54%).2 Nakahama and co-workers used anionic initia-
tors modified with Lewis acids such as EtoZn and Et3B
to effect the tacticity of the resulting P(DMAA);* they
found that the presence of such Lewis acid additives
typically reduces the P(DMAA) isotacticity and thus
enhances the syndioselectivity of anionic polymeriza-
tion. The trend is reversed, however, for radical poly-
merizations where Lewis acids such as M(OTf)s (M =
Y, Sc, Yb) are shown to enhance isotacticity of the
polymer, as demonstrated by the work of Okamoto and
co-workers.5 Most recently, Matyjaszewski et al. utilized
this Lewis acid effect to synthesize atactic-b-isotactic
stereoblock P(DMAA) by adding Y(OTf); at a given time
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to an atom-transfer radical polymerization (ATRP) of
DMAA, initially started without the Lewis acid.®

Recognizing the difficulty and complications in achiev-
ing high degrees of stereochemical control over the
polymerization of acrylamides using anionic or radical
initiators, we recently explored the possibility of ac-
complishing this goal using a coordination polymeriza-
tion mediated by chiral ansa-metallocenium complexes.”
A large number of investigations have been directed
toward studies of the polymerization of alkyl methacry-
lates, especially methyl methacrylate (MMA), by group
4 metallocene and related complexes, including achiral
zirconocenes,® chiral ansa-zirconocenes,? achiral ti-
tanocenes,!% chiral ansa-titanocenes,!! half-sandwich
titanium complexes,!2 and constrained geometry tita-
nium and zirconium complexes;!3 the polymerization of
MMA by zirconocenes has also been examined compu-
tationally.* Despite these major advances in the po-
lymerization of methacrylates using group 4 metallocene
complexes, it is significant to note here that, to the best
of our knowledge, there is only one open publication on
the polymerization of acrylamides using metallocene
complexes,” in which we communicated the isospecific
coordination polymerization of DMAA. Using this po-
lymerization mediated by the well-defined, isolated
chiral ansa-zirconocenium ester enolate complex, rac-
(EBDZr(THF)[OC(OiPr)=CMe;] [MeB(C¢F5)s]~ [1; EBI
= CoHy(Ind)2], we synthesized P(DMAA) with unprec-
edented isotacticity ([mm] > 99%).

In our continuing studies of the polymerization of
acrylamides using chiral ansa-zirconocenium complexes,
we focus here on the mechanism and scope of this
polymerization and present a full account of our efforts
to better understand the polymerization control, ste-
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reoregulation, comonomer selectivity, active species, and
kinetics, utilizing two complementary initiating complex
structures, chiral ansa-zirconocenium ester enolate com-
plex 1, and chiral ansa-zirconocenium amide enolate
complex rac-(EBDZr"(THF)[OC(NMeg)=C(Me)q] [MeB-
(CeF5)3]l™ (8). Key findings of this study include (a) the
living polymerization of DMAA by 1 proceeds via a
monometallic, coordinative conjugate addition mecha-
nism; (b) sequential block copolymerization of MMA and
DMAA leads to the formation of the well-defined, highly
isotactic block copolymer P(IMMA)-b-P(DMMA), with a
procedure starting from the MMA polymerization, but
not starting from the DMAA polymerization; (c) neither
complex 1 nor 3 is active for the polymerization of N,NN-
dimethylmethacrylamide (DMMA) or N-isopropylacry-
lamide (IPAA), but 1 equiv of IPAA or DMMA can be
readily added to 1 or 3, forming the corresponding
single-monomer-addition products—eight-membered-
ring cyclic amide enolate complexes; and (d) polymeri-
zation of DMAA by 3 proceeds in a manner similar to
that by 1, indicating that the amide enolate 3 is a
suitable structural model for the active propagating
species derived from the polymerization acrylamides.

Experimental Section

Materials and Methods. All syntheses and manipulations
of air- and moisture-sensitive materials were carried out in
flamed Schlenk-type glassware on a dual-manifold Schlenk
line, a high-vacuum line (107°—10~7 Torr), or in an argon-filled
glovebox (typically <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 sparged with nitrogen during filling of
the solvent reservoir and then dried by passage through
activated alumina (for Et:O, THF, and CHyCly) followed by
passage through Q-5-supported copper catalyst (for toluene
and hexanes) stainless steel columns. Benzene-ds, toluene-ds,
and THF-ds were dried over sodium/potassium alloy and
vacuum-distilled or filtered, whereas C¢DsBr, CDCl3, CDQCI%,
and o-dichlorobenzene 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 reso-
nances 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.

Diisopropylamine, triflic acid, n-butyllithium (1.6 M in
hexanes), N,N-dimethylisobutyramide, lithium dimethylamide,
and tetrachlorozirconium were purchased from Aldrich Chemi-
cal Co. and used as received, except for the amine and the
amide which were degassed using three freeze—pump—thaw
cycles. Trimethylaluminum (neat) was purchased from Strem
Chemical Co. and methyllithium (1.6 M in diethyl ether) from
Acros. 2,6-Di-tert-butyl-4-methylphenol (butylated hydroxy-
toluene, BHT-H) was purchased from Aldrich Chemical Co.
and recrystallized from hexanes prior to use.

Methyl methacrylate (MMA) was purchased from Aldrich
Chemical Co., whereas N,N-dimethylacrylamide (DMAA), N,N-
dimethylmethacrylamide (DMMA), and N-isopropylacrylamide
(IPAA) were purchased from TCI America. MMA, DMAA, and
DMMA were first degassed and dried over CaH, overnight,
followed by vacuum distillation; final purification of MMA
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 brown bottles over
activated Davison 4 A molecular sieves (for DMAA and
DMMA) in a —30 °C freezer inside the glovebox. IPAA was
recrystallized from a toluene/hexanes solvent mixture and
stored in a —30 °C freezer inside the glovebox.
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Tris(pentafluorophenyl)borane, B(CsF5)s, was obtained as a
research gift from Boulder Scientific Co. and further purified
by recrystallization from hexanes at —35 °C. The (CgF'5)3B-
THF adduct was prepared by addition of THF to a toluene
solution of the borane followed by removal of the volatiles and
drying in vacuo. Literature procedures were employed for the
preparation of the following compounds and metallocene
complexes: (EBDH; [EBI = CoHy(Ind)ql,'® rac-(EB)Zr(NMes)s, '
rac-(EBI)ZrMes,'” rac-(EBI)ZrMe*MeM(C¢F5)s~ (M = B, Al),1892
rac-(EBI)Zr(OTf)s,*? rac-(EBI)ZrMe(OTY), rac-(EBI)ZrMe[OC-
(O'Pr)=CMesl,** and rac-(EBD)Zr"(THF)[OC(O‘Pr)=CMes,]
[MeB(CgF'5)3]~ (1).%2 The lithium amide enolate LiIOC(NMeg)=
CMe; was prepared according to a modified literature proce-
dure of Rathke and co-workers.

Synthesis of rac-(EBI)ZrMe[OC(NMez)=CMez:] (2). In
an argon-filled glovebox, a 30 mL glass reactor was equipped
with a magnetic stir bar, charged with 20 mL of toluene, and
cooled to —30 °C. To this prechilled reactor, with vigorous
stirring, was added 0.30 g (0.58 mmol) of rac-(EBI)ZrMe(OTf)
followed by addition of 0.07 g (0.58 mmol) of lithium amide
enolate LiOC(NMe2)=CMez. The resulting suspension was
stirred for 1 day at ambient temperature, after which it was
filtered through a pad of Celite. The solvent of the filtrate was
removed in vacuo, yielding 0.27 g (96%) of the spectroscopically
pure 2 as a yellow powder. Anal. Caled for Co7H31NOZr: C,
68.02; H, 6.55; N, 2.94. Found: C, 67.75; H, 6.51; N, 2.89.

H NMR (CgDs, 23 °C) for 2: 6 7.42 (d, J = 9.2 Hz, 1H),
7.18—6.80 (m, 7H), 6.37 (d, J = 3.2 Hz, 1H), 6.14 (d, J = 3.2
Hz, 1H), 5.83 (d, J = 3.2 Hz, 1H), 5.62 (d, J = 3.2 Hz, 1H),
3.20—2.80 (m, 4H, CH,CH>), 2.22 (s, 6H, NMe,), 1.91 (s, 3H,
=CMey), 1.31 (s, 3H, =CMe,), —0.53 (s, 3H, ZrCH;). 13C NMR
(CeDs, 23 °C): 0 156.42 [OC(NMey)=], 127.70, 126.77, 125.95,
124.97,124.71, 124.55, 124.29, 123.24, 122.76, 121.93, 121.18,
118.94, 115.86, 114.33, 111.38, 105.10, 102.97, 95.54 (18
resonances for indenyl-ring carbons), 95.14 (=CMey), 42.48
(NMe,), 30.68 (ZrCHs), 28.39 (CH,CHy), 27.60 (CH.CHy), 19.10
(=CMey), 18.68 (=CMey).

Synthesis of rac-(EBD)Zr"(THF)[OC(NMez)=CMe:][MeB-
(C6F5)3]™ (3). In an argon-filled glovebox, a 30 mL glass reactor
was equipped with a magnetic stir bar, charged with 100 mg
(0.210 mmol) of 2, 123 mg (0.210 mmol) of (C¢F5);B-THF, and
5 mL of CHyCly. The resulting dark red solution was allowed
to stir for 20 min at ambient temperature before the solvent
was removed in vacuo, affording a sticky orange-red residue.
This residue was washed with 3 x 2 mL of hexanes and dried
under vacuum for 2 h, yielding 214 mg (96%) of the analytically
pure title compound as an orange-red powder. Anal. Caled for
CaoHs9BF5sNOyZr: C, 55.48; H, 3.71; N, 1.32. Found: C, 55.74;
H, 4.00; N, 1.38.

'H NMR (CDCly, 23 °C) for 3: 4 8.12 (d, J = 8.4 Hz, 1H),
7.95(d, J = 8.8 Hz, 1H), 7.50—7.16 (m, 6H), 6.31 (m, 2H), 6.23
(m, 2H), 4.12 (m, 2H, CH,CHy), 3.85 (m, 2H, CH;CH>), 3.76
(s, br, 2H, o-CH,, THF), 3.46 (s, br, 2H, o-CH,, THF), 2.38 (s,
6H, NMe), 2.04 (s, br, 2H, 5-CH,, THF), 1.88 (s, br, 2H, 3-CHs,
THF), 1.51 (s, 3H, —CMey), 1.40 (s, 3H, —CMe,), 0.51 (s, br,
3H, BCHj3). 1F NMR (CDyClg, 23 °C): 6 —131.50 (d, 3Jr-r =
24.3 Hz, 6F, o-F), —163.51 (t, ®Jy_r = 18.4 Hz, 3F, p-F),
—166.13 (t, 3Jr-r = 18.4 Hz, 6F, m-F). 13C NMR (CDyCl,, 23
°C): 0 155.83 [OC(NMey)=], 148.83 (d, 'Jc—r = 238.4 Hz, CsF5),
138.03 (d, Je-r = 249.2 Hz, CeF5), 136.94 (d, Jo-r = 237.7
Hz, Ce¢F5), 133.44, 133.30, 128.47, 128.11, 127.80, 127.54,
126.72, 126.10, 124.65, 124.36, 123.99, 123.63, 123.26, 121.62,
118.56, 117.62, 104.41, 103.85 (18 resonances for indenyl-ring
carbons), 102.05 (=CMey), 78.62 (a-CHy, THF), 42.29 (NMe,),
31.11 (CH2CHy), 30.32 (CH2CHy), 26.63 (5-CH,, THF), 19.41
(=CMey), 17.45 (=CMe,), 10.11 (BCHsy).

Isolation of rac-(EBI)Zr [OC(NH:Pr)=CHCH,C(Me.)C-
(O'Pr)=0]1[MeB(C¢F5)3]1- (4): The Single IPAA Addition
Product of 1. In an argon-filled glovebox, a 30 mL glass
reactor was charged with 49.2 mg (0.100 mmol) of rac-(EBI)-
ZrMe[OC(O'Pr)=CMes], 58.4 mg (0.100 mmol) of (C¢F5)3B-
THF, and 10 mL of CHCls; this solution was allowed to stir
for 10 min at ambient temperature, cleanly generating 1 in
situ.?’ To this vigorously stirred solution of 1 in CHyCl; was
added 11.3 mg (0.100 mmol) of IPAA at ambient temperature.
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The color of the resulting mixture changed instantaneously
from dark orange to bright yellow. The solution was stirred
for 1 h, after which the volatiles were removed in vacuo to
afford a sticky yellow solid. This crude product was washed
with 3 x 2 mL hexanes and dried in vacuo to give 0.103 g
(86%) of the pure title complex as a yellow powder. Anal. Caled
for CsoHysBF15sNOsZr: C, 55.92; H, 3.88; N, 1.25. Found: C,
56.02; H, 4.19; N, 1.20.

TH NMR (CD.Cly, 23 °C) for 4 (generated in situ): 6 8.08
(d, J = 8.4 Hz, 1H), 7.81 (d, J = 8.4 Hz, 1H), 7.36—7.02 (m,
6H), 5.88 (d, J = 3.0 Hz, 1H), 5.79 (d, J = 3.0 Hz, 1H), 5.60 (d,
J = 3.0 Hz, 1H), 5.46 (d, J = 3.0 Hz, 1H), 4.85 (d, J = 8.1 Hz,
1H, =CH), 4.65 (sept, J = 6.3 Hz, 1H, OCHMe»), 4.30—3.96
(m, 2H, CH;CHy), 3.87—3.74 (m, 2H, CH;CH>), 3.68 (t, br, 4H,
o-CH,, free THF derived from 1), 3.59 (sept, J = 6.6 Hz, 1H,
HNCHMe), 1.97 (d, J = 13.8 Hz, 1H, CH,), 1.82 (t, 4H, 5-CH,,
free THF), 1.75 (d, J = 13.8 Hz, 1H, CH,), 1.37 (d, J = 6.0 Hz,
3H, NCHMe,), 1.22 (s, 3H, CMe,), 1.20 (d, J = 6.0 Hz, 3H,
OCHMe,), 1.19 (d, J = 6.0 Hz, 3H, OCHMe,), 1.14 (s, 3H,
CMes), 1.05 (d, J = 6.0 Hz, 3H NCHMes), 0.49 (s, br, 3H, BMe).
YF NMR (CDCly, 23 °C): 6 —131.45 (d, 2Jw—r = 19.8 Hz, 6F,
o-F), —163.58 (t, %Jr-r = 19.5 Hz, 3F, p-F), —166.14 (m, 6F,
m-F). 3C NMR (CDCls, 23 °C): ¢ 185.59 [C(O'Pr)=0], 171.40
[OC(NHMegy)=], 148.77 (d, *Jc-r = 229.0 Hz, C¢F5), 138.00 (d,
IJo-r = 234.5 Hz, C¢F5), 136.90 (d, *Jc-r = 238.1 Hz, CeF5),
133.10, 130.60, 128.62, 128.36, 127.91, 127.51, 125.43, 124.57,
122.66, 122.52, 121.82, 121.39, 120.20, 119.44, 113.61, and
99.86 (indenyl carbons), 97.38 (—CH), 73.76 (a-CHg, free THF),
68.35 (OCHMey), 43.47 (HNCHMey), 42.54 (CHy), 39.54 (CMe),
31.82 (CMey), 30.91 (5-CH,, free THF), 27.25 (CMe,), 26.35
(CH>CHo), 26.12 (CH2CHo), 23.79, 22.51, 21.82, 20.93 (HNCH-
Me;, OCHMes), 10.80 (BMe).

Isolation of rac-(EBI)Zr [OC(NMez)=C(Me)CH.C-
(Me2)C(NMez)=0][MeB(CsF5)3]1- (5): The Single DMMA
Addition Product of 3. In an argon-filled glovebox, a 30 mL
glass reactor was charged with 28.5 mg (0.060 mmol) of 2, 35.0
mg (0.060 mmol) of (C¢F5)sB-THF, and 5 mL of CHyCly; this
solution was allowed to stir for 10 min at ambient temperature,
cleanly generating 3 in situ (vide supra). To this vigorously
stirred solution of 3 in CH,Cl, was added 7.3 uL (0.060 mmol)
of DMMA at ambient temperature. The color of the resulting
mixture changed instantaneously from dark red to light
orange. The solution was stirred for 30 min, after which the
volatiles were removed in vacuo to afford a sticky yellow solid.
This crude product was washed with 5 x 2 mL hexanes and
dried in vacuo to give 62.8 mg (95%) of the title complex as an
orange powder.

H NMR (CD,Cls, 23 °C) for 5: 6 7.93 (d, J = 8.4 Hz, 1H),
7.75 (d, J = 8.4 Hz, 1H), 7.30—7.00 (m, 6H), 5.99 (d, J = 2.8
Hz, 1H), 5.71 (m, 2H), 5.56 (d, J = 2.8 Hz, 1H), 3.88—3.62 (m,
4H, CH,CH,), 3.23, 2.65, and 2.62 (s, 12H, NMe,), 2.01 (d, J =
16.8 Hz, 1H, CH,), 1.85 (d, J = 16.8 Hz, 1H, CH>), 1.47 (s, 3H,
=CMe), 1.39 (s, 3H, CMey,), 1.38 (s, 3H, CMey), 0.50 (s, br, 3H,
BMe). ¥F NMR (CDCly, 23 °C): 6 —131.42 (d, 3Jp-r = 19.2
Hz, 6F, o-F), —163.48 (t, 3Jr-r = 20.3 Hz, 3F, p-F), —166.07
(m, 6F, m-F). 3C NMR (CDyCls, 23 °C): ¢ 180.56 [C(NMeg)=
0], 168.85 [OC(NMey)=], 148.90 (d, 'Jc-r = 237.1 Hz, CcF5),
138.01 (d, Jc-r = 243.0 Hz, C¢F5), 136.97 (d, *Jc-r = 248.0
Hz, C¢F5), 132.18, 130.37, 127.41, 126.80, 126.62, 126.27,
123.29, 122.88, 122.69, 122.50, 122.07, 115.83, 112.55, 103.40
(indenyl carbons), 101.56 (=CMe), 47.36 [C(NMe3)=O0], 41.35
(CHp), 41.11 and 40.65 [OC(NMez)=], 38.14 (CMey), 30.36
(CMey), 29.27 and 28.98 (CH.CH,), 28.49 (CMe,y), 22.11
(=CMe), 10.80 (BMe).

X-ray Crystallographic Analysis of 2. Single crystals
suitable for X-ray diffraction studies were grown by recrys-
tallization from hexanes at —30 °C inside a freezer of the
glovebox for 3 days and then quickly covered with a layer of
Paratone-N oil (Exxon, dried and degassed at 120 °C/10~¢ Torr
for 24 h) after decanting the mother liquor. A crystal was then
mounted on a thin glass fiber and transferred into the cold
nitrogen steam of a Bruker SMART CCD diffractometer.
Crystals of 2 were twinned by 180° rotation about the a axis.
Identification of the twin law and deconvolution of the twinned
diffraction patterns were accomplished by means of the Bruker
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software.?!2 The structure was solved by direct methods and
refined by using the Bruker SHELXTL program library.?'» The
structure was refined by full-matrix least-squares on F? for
all reflections, with two batch scale factors included to allow
refinement against the deconvoluted data from the twinned
crystal. All non-hydrogen atoms were refined with anisotropic
displacement parameters, whereas hydrogen atoms were
included in the structure factor calculations at idealized
positions. The asymmetric unit of 2 contained two discrete
molecules with similar structures. Selected crystallographic
data for 2: 927H31N0Zr, monoclionic, space group P2°1/c, a =
16.3387(9) A, b = 7.5650(4) A, ¢ = 36.764(2) A, B =
94.242(1)°, V = 4531.7(4) A3, Z = 8, Dcaica = 1.398 mg/m?, GOF
= 1.104, R1 = 0.0523 [I > 20(I)], wR2 = 0.1052 (all data).

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 a dual-manifold Schlenk line. In a typical
procedure, for polymerizations using the in situ generated 1,
a 2.5 mL stock solution of rac-(EBI)ZrMe[OC(OPr)=CMe,]
(24.3 umol) in CH5Cl; was mixed in a flask with a solution of
(C6F5)3B-THF (24.3 umol) in 2.5 mL of CH3Cl; and stirred for
10 min to cleanly generate the cationic zirconocenium ester
enolate 1. DMAA (1.00 mL, 9.70 mmol) was quickly added via
pipet (for polymerizations in the glovebox) or gastight syringe
(for polymerizations on the Schlenk line), and the sealed flask
was kept with vigorous stirring at the preequilibrated bath
temperature. For polymerizations using the isolated active
species 3, 24.3 umol of 3 was dissolved in 5 mL of CHyClz in a
25 mL Schlenk flask. DMAA (1.00 mL, 9.70 mmol) was quickly
added via gastight syringe, and the sealed flask was kept with
vigorous stirring at the preequilibrated bath temperature.
After the measured time interval, polymerizations were
quenched by the addition of 5 mL of 5% HCl-acidified
methanol. The quenched mixture was precipitated into 100
mL of diethyl ether and stirred for 30 min, and the solvent
was decanted off. An additional 75 mL of diethyl ether was
used to wash the polymer and then decanted. The P(DMAA)
product was obtained as a sticky solid and dried in a vacuum
oven at 50 °C overnight to a constant weight. The polymer
was dissolved in minimum CHsClz or MeOH, precipitated into
a 10-fold excess of diethyl ether, stirred for 30 min, filtered,
washed with diethyl ether, and dried in a vacuum oven at 50
°C for 48 h to a constant weight. The P(DMAA) polymers
obtained are white fibrous materials.

Polymerization Kinetics. The procedures already devel-
oped for the kinetic studies of methacrylate polymerization?
were modified for the kinetic experiments of acrylamide
polymerization. The experiments were carried out in stirred
Schlenk flasks at 23 °C using the same polymerization
procedure as already described above, except that, at appropri-
ate time intervals, 0.2 mL aliquots were withdrawn from the
reaction mixture via syringe and quickly quenched into 1 mL
vials containing 0.6 mL of undried “wet” CDCl; stabilized by
250 ppm of BHT-H. The quenched aliquots were analyzed by
'H NMR. The ratio of [DMAA], to [DMAA]; at a given time ¢,
[DMAA]yY/[DMAA],, was determined by integration of the peaks
for DMAA (6.3—6.1 and 5.7—5.5 ppm for the vinyl proton
signals) and P(DMAA) (centered at 2.5 ppm for the methine
proton signal) according to [DMAA]y/[DMAA]; = (A25/As56+6.2)
+ 1, where Ay is the total integrals for the peaks centered at
2.5 ppm (typically in the region 2.3—2.6 ppm) and Aj;gs+62 is
the total integrals for the vinyl protons in the regions 5.7—5.5
and 6.3—6.1 ppm. Apparent rate constants (k.p,) were ex-
tracted from the slopes of the best fit lines to the plots of
In([DMAA]/[DMAA],) vs time.

Polymer Characterizations. The low-molecular-weight
P(DMAA) sample was analyzed by matrix-assisted laser
desorption/ionization time-of-flight mass spectroscopy (MALDI-
TOF MS); the experiment was performed on an Ultraflex
MALDI-TOF mass spectrometer (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 1 uL of both
sample and matrix (dithranol, 10 mg/mL in MeOH).
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Chart 1. Polymerization of DMAA by 1, Producing P(DMAA) (Left) with [mm] >99% (Middle: *C NMR Spectrum
in D,0 at 80 °C), and PDI = 1.07 (Right: GPC Trace)
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P(DMAA): [mm] >99%; PDI = 1.07; T, > 306 °C

Methods and procedures for characterizations of the polymer
glass transition temperature (7)) and melting transition
temperature (T},), maximum rate decomposition temperature
(T'max), number-average molecular weight (M), and molecular
weight distribution (M/M,) as well as microstructures (‘H
NMR m/r dyads and C mm/rr+mr triads) were previously
described.”?°

Results and Discussion

The first stereospecific coordination polymerization of
DMAA was effected by the chiral ansa-zirconocenium
ester enolate 1, which produces P(DMAA) with unprec-
edented isotacticity ([mm]) of >99%, high M, of ~10°
g/mol, low polydispersity index (PDI = M/M,) of 1.07,
T of >306 °C, and Tnax of >420 °C (Chart 1).7 However,
mechanistic details about the DMAA polymerization by
chiral ansa-zirconocenium enolates and the scope of this
polymerization for other acrylamides were unknown
and, thus, became the focus of the present study.

Kinetics of DMAA Polymerization by 1. The
chiral ansa-zirconocenium ester enolate 1 can be either
isolated® or cleanly generated in situ by mixing of the
neutral methyl zirconocene ester enolate precursor, rac-
(EBI)ZrMe[OC(OPr)=CMey], with (C¢F5)sB-THF in CH,-
Cly at room temperature.2’ The cation 1 is stable in a
solution of CH3Cly at room temperature; subsequently,
the in situ generated 1 in CH2Cly; was used for the
DMAA polymerization and kinetic studies.

Typical results of DMAA polymerization by 1 in CHg-
Clg at 23 °C are summarized in Table 1. As shown in
Table 1, the polymerization of DMAA by 1 with [DMAA]y/
[1]p ratios = 400—1500 is rapid and efficient with
initiator efficiencies (I*) ranging from moderate 70% to
high 93% and produces P(DMAA) with low PDI values
ranging from 1.04 to 1.24. All P(DMAA) produced are
highly isotactic ([mm] > 99%). Several lines of evidence,
including the aforementioned polymerization charac-
teristics, the production of the well-defined diblock
copolymer P(MMA)-6-P(DMAA) with a small PDI value
of 1.07 (vide infra), and the observed linear increase of
the polymer M, with [DMAA]y/[1]y ratios and with
monomer conversion, which is coupled with the small,
nearly constant PDI values (Figure 1), clearly demon-
strate living characteristics of this polymerization.

Results of the polymerization kinetic studies using
complex 1 at 23 °C in CHyCly; with a broad range of
[DMAA]/[1]o ratios from 400 to 1500 clearly show that
propagation is first order in [DMAA] for all the [DMAA]y/

Chemical Shift (ppm) Retention Time (min)

Table 1. Selected DMAA Polymerization Results by
Chiral ansa-Zirconocenium Ester Enolate Complex 1 in
CH:Cl; at 23 °Ce

run [1] [DMAA]y/ time conv 10*M,> PDI? I#e
no. (mmol/L) [1]o (min) (%) (g/mol) (Mw/Mn) (%)
1 4.85 400 1 16 0.75 1.06 0.85
2 2 28 1.47 1.05 0.75
3 3 37 2.05 1.05 0.71
4 8 69 3.61 1.06 0.76
5 12 80 4.07 1.08 0.78
6 15 88 4.21 1.09 0.83
7 25 96 4.53 1.10 0.84
8 3.23 600 1 10 0.61 1.09 0.93
9 2 18 1.27 1.06 0.86
10 3 25 1.87 1.05 0.79
11 8 52 4.03 1.05 0.76
12 12 65 4.87 1.06 0.79
13 15 72 5.32 1.07 0.80
14 20 80 5.30 1.11 0.89
15 25 88 5.88 1.10 0.89
16 45 98 6.42 1.12 0.90
17 1.94 1000 2 9 1.13 1.08 0.80
18 3 13 1.78 1.07 0.73
19 5 28 2.98 1.06 0.91
20 14 46 6.25 1.07 0.74
21 20 56 7.25 1.11 0.77
22 30 78 10.30 1.09 0.75
23 40 84 10.24 1.13 0.81
24 60 95 13.03 1.11 0.72
25 1.62 1200 5 21 3.52 1.05 0.70
26 14 46 7.90 1.06 0.70
27 20 55 8.87 1.10 0.74
28 40 81 11.41 1.20 0.84
29 60 90 13.31 1.21 0.80
30 70 91 13.35 1.23 0.81
31 920 92 13.77 1.22 0.80
32 1.29 1500 2 8 1.26 1.06 0.90
33 5 17 3.12 1.05 0.80
34 8 23 4.79 1.04 0.70
35 14 37 7.29 1.05 0.74
36 20 45 8.83 1.07 0.76
37 30 58 10.46 1.11 0.83
38 40 68 11.61 1.16 0.87
39 50 75 13.48 1.17 0.82
40 100 90 15.85 1.24 0.84

@ All polymerizations were carried out in flame-dried Schlenk
flasks on a Schlenk line using an external temperature-control
bath set at 23 °C. ® M,, and PDI determined by GPC relative to
PMMA standards in CHCls. ¢ Initiator efficiency (I*) = My(caled)/
M, (exptl), where My(caled) = MW(DMAA) x [DMAA]y/[1]lp x
conversion.

[1]p ratios investigated in this study (Figure 2). A
double-logarithm plot (Figure 3) of the apparent rate
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Figure 1. Plot of M,, and PDI of PDMAA by 1 {[DMAA]y/[1]o
= 400; 23 °C} vs monomer conversion.
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Figure 2. Semilogarithmic plots of In{ [DMAA]/[DMAA];} vs
time for the polymerization of DMAA by 1 in CH,Cl; at 23 °C.

Conditions: [DMAA]o=1.94 M; [1], = 4.85 (#), 3.23 (W), 1.94
(x), 1.62 (%), and 1.29 mM (a).

constants (kapp), obtained from the slopes of the best-fit
lines to the plots of In([DMAA]/[DMAA];) vs time, as a
function of In[1] was fit to a straight line (R% = 0.998)
of slope = 1.1(1). The kinetic order with respect to [1],
given by the slope of 1.1(1), reveals that propagation is
also first order in [Zr], indicating a monometallic,
intramolecular coordinative-conjugate-addition propa-
gation mechanism.

Polymer Chain-End Groups. To identify the initia-
tion and termination chain-end groups and further
confirm the living nature of this polymerization, the low-
molecular-weight P(DMAA) produced by 1 in a [DMAA]y/
[1]p ratio of 20:1 was characterized by MALDI-TOF
mass spectrometry (Figure 4). The plot of m/z values in
the MALDI-TOF mass spectrum vs the number of
DMAA repeat units (n) yielded a straight line with a
slope 0f 99.07 and an intercept of 152.86 (Figure 5); the
slope corresponds to the mass of the DMAA monomer,
whereas the intercept is the sum of the masses of Na*
(from the added Nal) and the chain-end groups which
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Figure 3. Plot of In(k,yp) vs In[1] for the DMAA polymeriza-
tion by 1 in CH,Cl, at 23 °C.

correspond to a formula of C;H;40s. This analysis
clearly shows that the polymer has a structural formula
of PrOC(=0)C(Mez)—(DMAA),,—H, where the initiation
chain end [[PrOC(=0)C(Mes)—] is derived from the
initiating isopropyl isobutyrate group in complex 1 and
the termination chain end (H) from the HCl-acidified
methanol during the workup procedure.

Block Copolymerization of MMA and DMAA.
Sequential block copolymerization of MMA and DMAA
by 1 in CHoCl; at 23 °C with [MMA]/[DMAA]y/[1]y =
400/400/1, starting from polymerization of MMA fol-
lowed by polymerization of DMAA, afforded the well-
defined diblock copolymer P(MMA)-b6-P(DMAA) (Figure
6). The block copolymer has an M, of 1.33 x 10° g/mol
and a PDI value of 1.07. The molar composition of the
two monomer units in the block copolymer obtained
from the 'H NMR analysis is the same as the monomer
molar feed ratio (i.e., 1:1). Both blocks are highly
isotactic, with isotacticity of [mm] = 93% for the
P(MMA) block and of [mm] > 99% for the P(DMAA)
block. As can be seen in Figure 6, this block copolymer
exhibits a T, characteristic of the isotactic P(MMA)
component segment (T; = 63 °C) and a T, characteristic
of the isotactic P(DMAA) component segment (T, = 313
°C). Owing to the high crystallinity of the highly
isotactic P(DMAA) block, there is no apparent T, but a
distinct Thy, for this component segment; this is the same
as what has been observed for the highly isotactic
homopolymer P(DMAA).”

Polymerization Mechanism. In sharp contrast to
the facile formation of the previously mentioned diblock
copolymer P(MMA)-b6-P(DMAA), the sequential block
copolymerization starting from polymerization of DMAA
followed by polymerization of MMA, or the statistical
copolymerization using a 1:1 DMAA:MMA monomer
pool, afforded only homopolymer P(DMAA)! The results
of the DMAA homopolymerization by 1 showed living
characteristics (vide supra); to further confirm the living
nature of the active propagating species derived from
the DMAA polymerization, a reinitiation experiment
was carried out (1 to A to B to C, Scheme 1). Note that
structures A, B, and C were modeled by isolated



Macromolecules, Vol. 38, No. 16, 2005

Polymerization of Acrylamides 6827

5 x104]
8
" 0
w4 [l
s g g
= ~ © ™ K
=125 5 8 8 2 ,
I\$F°!m
N - ® O
1 © < BB o N~
i < ~ o - o <
q e § 7 ~ov 0]
| > N 9 -~ S
4 © 9 ® « o
1.00 < @ 7 © g W =
| o - 8 9 3 o g
A= o o 9 2
- !9 < b4
+ R o @ D~
™ S @ 1 © w
o~ S 8 8 3 9 o N
1 ~ N ] NN
18 w - o K o X
0751 @ 2 N N @ N
I ¥ © I -
© 3 & © ©
18 ¢ & N e
@ « o & @
b & 8 o
®» @
S o
g §
o <
3 &
8 S o
g8 q
8 o~
S S 8% g
N Y 3 8 = 9 »n
s «
3 8o T 83
Q@ = «© O 2 9
N o= ~ ¢
® o s = <=
T ® L 9 =
'“ ‘“dh'l .l“.Ali.. o W ll‘?T?
T T —T — T —T —T T T T
1000 1500 2000 2500 3000 3500 4000

m/2

Figure 4. MALDI-TOF mass spectrum of the low-molecular-weight P(DMAA) produced by 1 in CH2Cl; at 23 °C with [DMAA]y/
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Figure 5. Plot of m/z values from Figure 4 vs the number of
DMAA repeat units (n).

50

0.2

0.0+

o
[N}
h

i-P(MMA)-b-i-P (DMAA)

63°C(1)

©
IS
1

Heat Flow (W/g)
o \ s
Y

-0.84

313°C

200 300

Temperature (°C)
Figure 6. DSC trace of diblock copolymer P(MMA)-b-P(D-
MAA) produced by 1 in CHyCl; at 23 °C.
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complexes (vide infra) and that the DMAA propagation
cycle (B <> C) is the same as that proposed for the MMA
polymerization,2? on the basis of the kinetic results.
Thus, after the first portion of DMAA was completely
consumed by 1, a 45 min delay was implemented before

addition of a second portion of DMAA. This polymeri-
zation sequence yielded highly isotactic P(DMAA)-b-
P(DMAA) in quantitative yield with an M,, greater than
double that of the individual block and a low PDI of 1.07,
further confirming the living nature of the active
propagating species B. On the basis of these results, the
inability of the living propagating species derived from
the DMAA polymerization by 1 to further polymerize
MMA can be attributed to either of the following two
scenarios: (a) MMA is unable to enter the preoccupied
coordination site of the cationic Zr center due to stronger
binding of the amide oxygen of the penultimate DMAA
unit to Zr than the ester oxygen of MMA to Zr (i.e., step
(iii), C — D, is not feasible), and subsequently MMA
cannot be activated for the polymerization to proceed;
or (b) MMA is able to displace the coordinated pen-
ultimate amide group and thus enter the coordination
site of the cationic Zr center, but the polymeric amide
enolate ligand derived from DMAA polymerization is not
active enough to undergo nucleophilic addition to the
activated MMA (i.e., step (iv), D — E, is not feasible).

To test these hypotheses, it became necessary to
independently synthesize the chiral ansa-zirconocene
amide enolate rac-(EBI)ZrMe[OC(NMez)=CMes] (2) and
the corresponding cationic complex rac-(EBI)Zr*(THF)-
[OC(NMeg)=CMey] [MeB(CgF'5)3]~ (3). Intuitively, the
amide enolate moiety in structure D should be more
nucleophilic than the ester enolate moiety in 1, and
thus, step (iv) is unlikely the reason for the inability of
the living propagating species B to further polymerize
MMA; however, ruling out this possibility requires an
independent study of the MMA polymerization behavior
using the isolated cationic amide enolate 3. Further-
more, complex 3 models the structure of the proposed
active propagating species B (Scheme 1). Therefore,
polymerization studies using complex 3 will offer unique
opportunities for a better understanding of the polym-
erization of acrylamides and copolymerization of acryl-
amides with MMA by metallocene complexes.

Scheme 2 outlines the reaction sequences leading to
2 and 3 through the ansa-zirconocene methyl triflate
intermediate rac-(EBI)ZrMe(OTY),%2 which was synthe-
sized utilizing the comproportionation reaction between
rac-(EBI)ZrMey and rac-(EBI)Zr(OTf)s, the latter of
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which was prepared from the reaction rac-(EBI)Zr-
(NMey)s with excess triflic acid (TfOH). The subsequent
reaction of rac-(EBD)ZrMe(OTf) with lithium amide
enolate LIOC(NMez)=CMey in toluene proceeds cleanly
to produce the chiral zirconocene amide enolate 2 in 96%
isolated yield. The 'TH NMR spectrum shows C; sym-
metry for 2 in solution, featuring four nonequivalent
protons for the Cs rings of the bis(indenyl) ligand (Figure
7, bottom), whereas the X-ray crystal structure of 2
reveals a unique s-trans conformation as to the Zr—Me
and C=C bonds about the nearly linear Zr—O—C vector
(Scheme 2). We have previously shown that metallocene
ester enolates adopt a s-cis conformation;?»132 the ob-
served s-trans conformation in the solid-state structure
of the amide enolate 2 is presumably a result of placing
the bulky NMe; group into the coordination sphere voids
of the rac-structure by minimizing the steric interac-
tions of the NMe; group with the indenyl phenyl ring.
Adopting such an s-trans conformation for the zircono-
cenium amide enolate impacts its polymerization be-
havior (vide infra).

Erker and co-workers showed that the reaction of
zirconocene ketone enolates with B(CgF5)s forms direct
adducts via borane addition to the nucleophilic enolate
carbon center.22 However, the NMR-scale reaction of the
methyl zirconocene N, N-dimethylisobutyramide enolate
2 with (CgF5)sB-THF in CDyCl; at ambient temperature
cleanly produces the methide-abstraction product—the
cationic zirconocenium amide enolate 3 (Figure 7, top).
This conclusion is established chiefly by the observation
of the disappearance of the ZrMe signal (—0.53 ppm) in

(D
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addition

2 and the appearance of a characteristic, broad singlet
at 0.51 ppm for the BMe in 3; this chemical shift for
the methyl group in the [MeB(CgF'5)s]~ anion in CDyCly
is identical to that reported in the literature for the free
[MeB(CgF'5)s]~ anion.?? The noncoordinating nature of
the [MeB(CsF5)3]~ anion in 3 is also established by the
I9F NMR spectrum in which a small chemical shift
difference of <3 ppm [A(m,p-F) = 2.6 ppm in 3] between
the para- and meta-fluorines is diagnostic of the non-
coordinating [MeB(CgF5)3]~ anion.23:24 The preparative
scale reaction in CHyCly; at ambient temperature gave
the analytically pure cationic zirconocenium amide
enolate 3 in 96% isolated yield. The selectivity of the
methide abstraction over the possible borane addition
in the reaction of 2 with the borane seems to be
sterically directed; the reaction of the analogous but less
bulky methyl zirconocene N,N-dimethylpropanamide
enolate with (CgF5)3B-THF under identical conditions
yielded a messy product mixture, presumably due to a
scenario where both reaction modes (i.e., methide
abstraction by the borane and borane addition to the
C=C bond) are operative in this reaction.
Subsequently, we carried out polymerizations of
DMAA and MMA using the isolated cation 3 in CHyCly
at 23 °C, the key results of which are summarized in
Table 2. The polymerization of DMAA by 3 ([DMAA]/
[8]o = 400/1) proceeded in a manner similar to that of 1
and achieved a high monomer conversion of 96% in 30
min, producing highly isotactic P(DMAA) with a low
PDI value and essentially a quantitative initiator ef-
ficiency (run 1, Table 2). It is interesting to note,
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Figure 7. 'H NMR spectra (23 °C) of 2 (CgDs, bottom) and 3 (CDsCls, top).

Table 2. DMAA and MMA Polymerization Results by Chiral ansa-Zirconocenium Amide Enolate Complex 3¢

run no. monomer [3] (mmol/L) [monomer]y/[3]o time (min) conv (%) 10*M,, (g/mol) PDI (M,/My) I* (%)
1 DMAA 4.85 400 30 96 3.58 1.12 1.06
2 MMA 4.85 400 120 ~0

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

however, a subtle difference in the DMAA polymeriza-
tion behavior between 1 and 3: unlike the ester enolate
1, which does not exhibit any induction (initiation)
period (see Table 1 or Figure 2), the amide enolate 3
shows a ca. 5 min induction period, after which the
kinetic profile is similar to that of 1. This observed
difference between 1 and 3 can be directly related to
the difference in their preferred conformations—the s-cis
conformation (as to the Zr—monomer and C=C bonds
about the Zr—O—C vector) for the ester enolate vs the
s-trans conformation for the amide enolate (vide supra),
assuming that the cations (where the Zr<—monomer
bond displaces the Zr—Me bond in the neutral species)
adopt the same more stable conformation as the corre-
sponding neutral precursors. In this context, a conver-
sion from the preferred s-trans amide enolate confor-
mation to the s-cis amide enolate conformation shown
in B (Scheme 1) is required before the intramolecular
Michael addition can take place, accounting for the
observed induction period of the amide enolate 3. After
this induction period, the needed s-cis amide enolate
conformation ready for the facile C—C formation step
is preserved throughout the polymerization reaction
because the Michael addition is faster than the rate-
limiting monomer coordination step in the proposed
“catalytic” propagation cycle (Scheme 1).

As anticipated, the MMA polymerization using 3 in
CH,Cl; afforded no polymeric products over a 2 h period;
however, monitoring the equimolar reaction of 3 and
MMA via 'H NMR (CD2Cls, 23 °C) clearly shows the
disappearance of the MMA vinyl signals and the ap-
pearance of a new set of resonances consistent with the
formation of the single-MMA-addition product,?’ rac-
(EBDZr"[OC(OMe)=C(Me)CH2C(Me2)C(NMeg)=
O][MeB(CgF5)s]~ (i.e., structure E, Scheme 1). These
results indicate that the observed copolymerization

behavior can be attributed to the inability of MMA to
displace the coordinated, more basic amide oxygen of
the cyclic amide enolate intermediate C (i.e., step (iii)
is not feasible); this is further supported by the competi-
tive binding experiment which shows the ion pair rac-
(EBDZrMe*tMeB(CgF5);~ prefers to bind N-isoprop-
ylacrylamide over methyl isobutyrate in a 1:1:1 mixture.

Scope of Polymerization of Acrylamides. Poly-
merizations of N,N-dimethylmethacrylamide (DMMA)
and N-isopropylacrylamide (IPAA) using both ester and
amide enolates 1 and 3 were attempted, but neither
complex yielded polymer products. The lack of polym-
erizability of DMMA has also been previously noted in
anionic polymerizations by organolithium initiators,
which was attributed to insufficient stabilization of the
amide enolate intermediates as a result of nonbonding
interactions between the a-methyl group or the vinyl
proton and the N-methyl group;® such nonbonding
interactions are believed to cause twisting of the car-
bonyl—vinyl C—C single bond, leading to a twisted
monomer conformation for a less effective overlap of the
vinyl carbonyl  bonds (i.e., conjugation between two
bonds) than usually found in the planar conformation.2®
The problems associated with the polymerization of
TPAA by common anionic initiators seem more straight-
forward because of the presence of the acidic amide NH
hydrogen in IPAA. Nevertheless, the observed same
nonpolymerizability of DMMA or IPAA in coordination
polymerization using chiral ansa-zirconocenium eno-
lates could be due to the very same or a completely
different reason. To seek for this answer, we set out to
investigate stoichiometric reactions of 1 with IPAA and
3 with DMMA as well as subsequent reactions of their
products with an excess of monomer.

We initially reasoned that the lack of activity of the
TPAA polymerization by 1 was likely due to the presence
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of the acidic amide NH hydrogen in IPAA. However,
monitoring the reaction of 1 with 1 equiv of IPAA by
H and “F NMR in CDyCly shows facile addition of
TPAA to 1, with no evidence for catalyst decomposition,
but all evidence pointing to a clean formation of the
single TPAA addition product, rac-(EBI)Zr*[OC(NH-
Pr)=CHCH3C(Me2)C(O'Pr)=0][MeB(C¢F5)3]~ (4) (Fig-
ure 8).

The single IPAA addition product 4 is stable in CDs-
Cly at ambient temperature, and no decomposition was
detected over a period of 8 h at this temperature.
Subsequently, a preparative scale reaction afforded 4
in 86% isolated yield (Scheme 3). (Note that in the
preparative scale reaction the displaced THF can be
removed during drying the product in vacuo.) In the
presence of excess IPAA, no further IPAA additions took
place after the first IPAA addition to 1, even with an
extended reaction time (24 h). Attempts to polymerize
IPAA by mixing 1 with 400 equiv of IPAA in 1,2-
dichlorobenzene at temperatures from 23 to 80 °C, or
in bulk at 100 °C, afforded no polymer products.
Likewise, polymerizations of IPAA by 3 under varied
conditions also afforded no polymer products.

The proposed structure for 4 was based on the
spectroscopic and analytical characterizations (see Fig-
ure 8 and Experimental Section), while attempts to
obtain its crystal structure were unsuccessful. Never-
theless, both 'H and 3C NMR spectra of 4 feature
characteristic signals for a zirconocenium amide enolate
structure and additionally an isopropyl ester group
[-C(OPr)=0]. Specifically, the 'TH NMR signal for

—OCHMes (3.73 ppm) attached to the enolate ligand in
192 is substantially downfield shifted to 4.65 ppm (sept)
for —OCHMe; now attached to the ester group in 4; the
13C NMR chemical shift difference confirms these as-
signments: 154.07 ppm for the enolate C(O) carbon
[(OC(OPr)=] in 1% vs 185.59 ppm for the ester C(O)
carbon [C(OPr)—O0] in 4. In agreement with these
spectroscopic changes for the reaction of 1 + TPAA —
4, the added IPAA becomes an isopropyl amide enolate
ligand [i.e., —OC(NHPr)=CHCH,—] attached to Zr in
4, which can be readily characterized by 'H NMR [4.85
(=CH), 3.59 (HNCHMey), 1.97 and 1.75 (CH3), 1.37 and
1.05 (HNCHMe5)] and by 3C NMR {171.40 [OC(NH:-
Pr)=l, 97.38 (=CH), 43.47 (HNCHMe,), 42.54 (CH2)}.

The single IPAA addition product 4 does not effect
further TPAA additions, but it rapidly polymerizes
DMAA to highly isotactic P(DMAA), much like the
cationic complexes 1 and 3. Thus, the inability of 1, 3,
or 4 to polymerize IPAA is likely due to sterics of IPAA
vs DMAA, not because of the reactivity of the cyclic
amide enolate 4. The significance of isolating the cyclic
zirconocenium amide enolate species 4 is that it corre-
sponds to the structure of the eight-membered-ring
propagating intermediates (i.e., structures A and C,
Scheme 1) involved in the acrylamide polymerization,
thereby providing further direct evidence supporting the
proposed monometallic, coordination polymerization of
acrylamides by zirconocenium enolates proposed in
Scheme 1.

The reaction of 8 with DMMA was also investigated
in the same manner as the reaction of 1 with IPAA.
Significantly, the single DMMA addition product (5) was
isolated in quantitative yield (Scheme 4; see Experi-
mental Section for spectroscopic data). Upon addition
of another equivalent DMMA, no further addition took
place, and the added second equivalent DMAA remains
as free monomer in solution. The reaction of 3 with
TPAA follows a similar pattern. These results indicate
that initiations via conjugate addition occur readily;
however, propagation steps involving further monomer
additions are problematic, primarily due to steric rea-
sons that keep the incoming monomer from entering the
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Scheme 4
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coordination site at the metal via ring opening of the
chelate amide enolate intermediate.

MeB(CGF5)3

Conclusions

We have investigated the mechanism and scope of the
metallocene-mediated isospecific coordinative-anionic
polymerization of acrylamides, using the chiral zircono-
cenium ester and amideenolates 1 and 3. The ester
enolate complex 1 effects the highly isospecific2® and
living polymerization of DMAA producing P(DMAA)
with remarkably high [mm], Tw, and Twax values.
Kinetic studies of the DMAA polymerization by 1 have
shown that propagation is first order in both concentra-
tions of the monomer and the active species. These
results, coupled with those from the studies of the
isolation and characterization of several model com-
plexes, demonstrate that this DMAA polymerization
proceeds via a monometallic, coordinative-conjugate-
addition mechanism through cyclic amide enolate in-
termediates (i.e., structure C, Scheme 1). The results
imply that the resting state during a “catalytic” propa-
gation cycle is the cyclic amide enolate C and associative
displacement of the coordinated amide group by incom-
ing acrylamide monomer to regenerate the active species
B is the rate-determining step.

Success in the production of the well-defined isotactic
diblock copolymers of methacrylates and acrylamides
hinges on the comonomer addition sequence. Thus,
sequential block copolymerization starting from polym-
erization of MMA by 1, followed by polymerization of
DMAA, produces isotactic diblock copolymer P(MMA)-
b-P(DMAA). However, owing to the inability of MMA
to enter the coordination site of Zr that is preoccupied
by the amide group of the penultimate DMAA unit, only
homopolymer P(DMAA) is produced when the monomer
addition sequence is reversed.

To confirm the proposed active propagating structure
for the polymerization of acrylamides, we have synthe-
sized model zirconocene amide enolate complexes: neu-
tral chiral amide enolate 2 and the corresponding
cationic species 3. Much like the ester enolate species
1, except for the initiation behavior, the isolated amide
enolate species 3 effects facile DMAA polymerization
leading to highly isotactic and high-molecular-weight
P(DMAA) with high initiator efficiency, thereby serving
as a suitable structural model for the living active
propagating species (i.e., structure B, Scheme 1).

Unlike DMAA, sterically hindered acrylamides such
as DMMA and TPAA are not polymerized by either
chiral zirconocenium ester enolate 1 or amide enolate
3, primarily due to steric reasons incurred in the
propagation step. However, initiation occurs readily,
supported by the observation of the facile additions of
1 equiv of IPAA to 1 and 1 equiv of DMMA to 3,
generating the isolable eight-membered-ring cyclic amide
enolates 4 and 5, respectively; these cyclic amide eno-
lates correspond to the structures of the first acrylamide
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addition product of 1 (i.e., structure A, Scheme 1) and
the resting propagation intermediate (i.e., structure C,
Scheme 1). An interesting question naturally emerged
in light of these results is, can these monomers (DMMA
and IPAA) be polymerized by more sterically open
catalysts or by rendering polymerization reactions to
proceed via different mechanisms? Research seeking for
an answer to this question is currently underway.
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The P(DMAA)s produced from the chiral ansa-zirconocenium
ester and amide enolates employed in this study exhibit no
measurable [mr] + [r7] triad sequences from 3C NMR spectra
and are essentially stereodefect free within this detection
limit ([mm] > 99%, Chart 1). For this reason, we could not
directly determine, on the basis of spectroscopic data avail-
able, whether this polymerization is enantiomorphic-site or
chain-end controlled. In addition, the [mr] and [rr] sequences
in the carbonyl carbon region of lower tactic P(DMAA)
samples produced by other initiators are not well-resolved.
However, we have previously determined that, using the
P(MMA)s by the chiral enolate 1, which show a small amount
of stereodefects suitable for such an analysis, the polymeri-
zation is enantiomorphic-site controlled.2 Because meth-
acrylate and acrylamide polymerizations by these chiral ansa-
zirconocenium enolates proceed via essentially the same
mechanisms (monometallic, intramolecular coordinative-
conjugation addition) and because the P(DMAA) produced by
an achiral analogue, CpeZr™(THF)[OC(OEt)=CMeg][MeB-
(CeF'5)3]7, is virtually atactic ([m]/[r] = 58/42]), we conclude
that the polymerization of DMAA by chiral ansa-zircono-
cenium enolates is most likely enantiomorphic-site controlled.
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