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ABSTRACT: Asymmetric coordination polymerization of 13 acrylamide and methacrylate monomers of four
different classes has been investigated using chiral ansa-zirconocenium ester enolate catalyst (S,5)-
(EBDZr*(THF)[OC(OPr)=CMe,][MeB(C¢Fs)3]~ [(S,5)-1), EBI = C,Hu(17°-Ind),] and its enantiomer (R,R)-1.
This polymerization system is built upon four advanced features of polymerization including living, stereospecific,
coordination, and asymmetric core elements, thus efficiently converting prochiral N,N-diaryl acrylamides at ambient
temperature to optically active, stereoregular polymers with solution-stable, single-handed helical secondary
structures. Kinetic studies show that the polymerization of N, N-diaryl acrylamides by 1 proceeds via a monometallic,
coordination-conjugate addition mechanism. Investigation into polymer chain-length effects on optical activity
of the chiral polymers reveals two opposite trends, depending on the polymer secondary structure (i.e., helical vs
random coil conformation). Examination of the polymerization scope shows that the formation of optically active
poly(acrylamide)s due to solution-stable helical conformations with an excess of one-handed helicity is dictated
by the sterics and rigidity of the monomer repeat units; while diaryl acrylamides can readily achieve such
conformations, unsymmetrically substituted diaryl acrylamides give the chiral polymers with much higher optical
activity than the symmetrically substituted ones. It is also possible for N,N-dialkyl acrylamides to lead to chiral
helical polymers. Extensive asymmetric block copolymerization studies of MMA with acrylamides and other
methacrylates have also been carried out, producing optically active, high-molecular-weight methacrylate-b-
acrylamide stereoblock copolymers in which the acrylamide block can be either helical or nonhelical; in sharp
contrast, all high-molecular-weight methacrylate-b-methacrylate di- or triblock copolymers produced by the

3405

enantiomeric catalysts 1 are optically inactive.

Introduction

Optically active chiral polymers are not only fundamentally
interesting, due to the rich and complex architecture of mac-
romolecular chirality as compared to that of small molecules,
but also technologically important because their unique chiral
arrays give rise to a number of potential, and in some cases
commercially implemented, applications.' In the case of ster-
eoregular vinyl polymers® with configurational main chain
chirality derived from 1-substituted or nonsymmetric 1,2-
disubstituted vinyl monomers (i.e., technologically most im-
portant polymers) without chiral side groups, such enantiomer-
ically pure or enriched polymers cannot be optically active
because the entire polymer chain (by the infinite chain model)
contains a mirror plane (for isotactic polymers) or a glide mirror
plane and translational mirror planes perpendicular to the chain
axis (for syndiotactic polymers), and thus are achiral." Low-
molecular-weight (MW) isotactic oligomers of propylene,’
1-butene,* and other a-olefins® produced by optically active
ansa-zirconocene catalysts showed measurable optical activity,
but high-MW isotactic polypropylene (it-PP) produced by the
similar enantiomeric chiral catalyst did not have a detectable
optical activity in solution and in the melt.® As a polymer chain
becomes long enough its chain-end groups impose negligible
effects on the chiroptical properties of the polymer; thus, an
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enantiomerically pure or enriched polymer of low enough MW
and containing nonequivalent chain-end groups can be optically
active, as shown by the above oligomeric a-olefin examples.
Whulff et al. determined at which degree of polymerization (P,)
the optical activity of enantiomerically pure or enriched isotactic
poly(methyl methacrylate), POMMA), in a random-coil confor-
mation with different chain ends, is still observable ([0]%546 =
—3.0° to —0.5° for M,, = 3050—26 050) as a result of elimina-
tion of the mirror plane by the chain-end groups;’ only at a
very high P, (>300) does the optical activity become negligible,
and the polymer then becomes cryptochiral. On the other hand,
Okuda and co-workers recently employed enantiomerically pure
nonmetallocene titanium catalysts for the asymmetric polym-
erization of styrene and found that P, at which optically active
isotactic oligomeric styrenes ([a]*’p = £ 5.9—1.5°) became
cryptochiral with no measurable optical activity in solution is
rather low (<45).® In short, it appears that polar functionalized
vinyl polymers such as P(MMA) develop the cryptochiral
phenomenon at a considerably higher degree of polymerization
than that for nonpolar polyolefins.

Three major strategies that do not rely on chain-end groups
or chiral auxiliaries to eliminate reflection elements of symmetry
of stereoregular vinyl polymers have been developed for the
synthesis of high-MW, chiral polymers derived from prochiral
vinyl monomers. First, chiral template-mediated polymerization
utilizes styrene derivatives carrying optically active, removable
mannitol template groups at the 4-position to radically copo-
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Chart 1. Synthesis of Right- And Left-Handed Rigid Helical Poly(N,N-diaryl acrylamide)s and Their Rigid Rod—Random Coil
Block Copolymers With MMA
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lymerize with styrene and subsequently convert the copolymer
to an optically active polystyrene ([a]%365 = —0.5 to —3.5°).°
The optical activity was attributed to the presence of chiral dyads
(in this case, the dyad has an (S,S) configuration) separated by
atactic sequences, and other optically active vinyl polymers and
copolymers of complex configurational architectures can be
prepared in a similar manner.'® Second, asymmetric cyclopo-
lymerization of 1,5-hexadiene with enantiomerically pure zir-
conocene'! or Salan—zirconium'? catalysts produces optically
active poly(methylene-1,3-cyclopentane), the optical activity of
which is due to the presence of predominantly trans isotactic
structures devoid of mirror planes of symmetry.'' Third,
asymmetric anionic polymerization of functionalized vinyl
monomers containing bulky side groups (e.g., triarylmethyl
methacrylates'® and N,N-diaryl acrylamides'#) with chiral
organolithium initiators affords optically active polymers with
rigid one-handed, solution-stable helical conformations rendered
by steric repulsion of the bulky side groups of the highly
isotactic polymers accessible through the helix-sense-selective
polymerization.'> This strategy of using such bulky vinyl
monomers has also been extended to asymmetric radical
polymerization leading to optically active isotactic helical
polymers.'® Many stereoregular vinyl polymers can have a
secondary structure of helical conformations in the solid state
(e.g., it-PP); however, they adopt on-average random-coil
conformations in solution due to the fast solution dynamics of
the polymer chain with low helix inversion barriers. Thus, it-
PP produced by an optically active zirconocene catalyst exhibits
a large optical rotation in suspension, but the optical activity is
lost when the polymer is completely dissolved or heated.®
Likewise, the large optical activity of helical poly(trityl meth-
acrylate) almost vanishes with only a very small residual rotation
when the bulky trityl groups are replaced with the methyl groups
to give random-coil cryptochiral P(MMA)."* Although the
optical activity is lost, the enantiomeric nature of the polymer
is maintained; thus, treatment of enantiomeric i--P(MMA) with
achiral syndiotactic PIMMA) forms a double-stranded helical
stereocomplex,'” a chiral superstructure.'®

We have recently developed the living, stereospecific, and
coordination polymerization of functionalized vinyl monomers
such as methacrylates utilizing the highly active racemic (R,R)/
(S,S) ansa-zirconocenium catalyst, rac-(EBI)Zr"(THF)-
[OC(O'Pr)=CMe,][MeB(CeFs)3]~ [rac-1; EBI = CHu(n’-
Ind),], under ambient conditions.'® The polymers produced were
highly isotactic (>95% mm for POIMMA); >99% mm for P(n-
butyl methacrylate), P(BMA), and had narrow molecular weight
distributions MWD = M/M, = 1.03). The polymerization of
methacrylates by rac-1 is enantiomorphic-site controlled, pro-
ceeding through a monometallic, intramolecular Michael addi-
tion mechanism via eight-membered-ring cyclic ester enolate

r—N N

@”“‘w\@f b 11-'

resting intermediates.”® The coordination polymerization of
acrylamides such as N,N-dimethyl acrylamide (DMAA) by this
highly active catalyst system also proceeds in a living, isospe-
cific, site-controlled manner, producing high-MW poly(N,N-
dimethyl acrylamide), P(DMAA), with a narrow MWD of M,/
M, = 1.07, a quantitative isotacticity of mm > 99%, and a high
melting transition temperature of T;,, > 307 °C.>' Most recently,
we have built the fourth, asymmetric element into our polym-
erization system and successfully developed asymmetric coor-
dination polymerization of N,N-diaryl acrylamides such as N,N-
diphenyl acrylamide (DPAA) and N-phenyl-N-(4-tolyl)acryl-
amide (PTAA) using enantiomeric catalysts (S,5)-1 and (R,R)-1
to produce the corresponding optically active, one-handed helical
poly(N,N-diaryl acrylamide)s, P(DPAA) and P(PTAA), as well
as their rigid rodlike block copolymers with random-coil
P(MMA) blocks (Chart 1).%?

Among the three major strategies developed for the synthesis
of chiral vinyl polymers overviewed above, the asymmetric
anionic polymerization using chiral organolithium initiators,
pioneered by Okamoto and co-workers,'*'* also deals with
functionalized vinyl monomers (which bear bulky side groups).
However, such polymerization must be carried out at low
temperatures (—78 °C or lower) to achieve an appreciable level
of polymerization control, as well as the polymer isotacticity
and optical activity. Furthermore, in the chiral-initiator-control-
led polymerization the enchaining monomer experiences varied
degrees of asymmetric induction as a function of the growing
chain length, giving rise to a large disparity in stereoregularity
and optical activity of the polymer; even in the chiral-ligand-
controlled anionic polymerization, such disparity still exists.'**
In comparison, the recently developed asymmetric coordination
polymerization system?>* exhibits the following three advanced
features: (a) the living/controlled polymerization can be achieved
at ambient temperature, (b) it exhibits a high degree of control
in polymerization stereospecificity, which is much less sensitive
to polymerization temperature because of its site-control nature,
and (c) the reaction proceeds in a manner such that each
enchaining monomer must coordinate to the chiral catalyst center
before enchainment and is regulated by the same degree of chiral
induction of the same asymmetric catalyst center, thereby
producing chiral polymers of uniform asymmetric induction.

In our continuing studies of the asymmetric coordination
polymerization of polar vinyl monomers such as acrylamides
and methacrylates using enantiomeric chiral ansa-zirconocenium
catalysts (S,5)-1 and (R,R)-1 and following our initial com-
munication,?? the current contribution focuses on the mechanism
and scope (Chart 2) of this polymerization system and presents
a full account of our investigation into (a) characteristics and
kinetics of the polymerization of diaryl acrylamides, (b) effects
of the chain length of helical and nonhelical poly(acrylamide)s
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Chart 2. List of Acrylamide and Methacrylate Monomers
(Grouped into Four Classes) Investigated in the Current
Asymmetric Coordination Polymerization Study
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on optical activity, (c) the necessity of the N,N-diaryl side groups
to render solution-stable helical conformations, (d) strategies to
render solution solubility of rigid helical homopolymers by
forming block copolymers with randomly coiled MMA blocks
and by substitution in the aryl rings with a long-chain alkyl
group, and (e) the ability of these enantiomeric catalysts to
produce nonhelical, optically active block copolymers.

Experimental Section

Solvents 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, or in an argon- or nitrogen-filled glovebox. HPLC grade
organic solvents were sparged extensively with nitrogen during
filling of the solvent reservoir and then dried by passage through
activated alumina (for THF, Et,O, and CH,Cl,) followed by passage
through Q-5-supported copper catalyst (for toluene and hexanes)
stainless steel columns. Toluene-ds and benzene-ds were degassed,
dried over sodium/potassium alloy, and filtered before use, whereas
CDCl3, CD,Cly, and 1,2-C¢H4Cl, were degassed and dried over
activated Davison 4 A molecular sieves. NMR spectra were
recorded on either a Varian Inova 300 (FT 300 MHz, 'H; 282 MHz,
9F) or a Varian Inova 400 spectrometer. Chemical shifts for 'H
were referenced to internal solvent resonances and are reported as
parts per million relative to tetramethylsilane, whereas '°F NMR
spectra were referenced to external CFCls.

Commercial Reagents. Diethylene glycol dimethyl ether, n-BuLi
(1.6 M in hexanes), butylated hydroxytoluene (BHT-H, 2,6-di-tert-
butyl-4-methylphenol), p-toluidine, indene, 1,2-dibromoethane,
tetrachlorozirconium, triflic acid, lithium dimethylamide, diisopro-
pylamine, piperidine, triethylamine, aniline, sodium azide, 1,1,3,3-
tetramethyl guanidine, (25,4S5)-pentanediol (99% ee, [0]*p =
+39.8, ¢ = 10, CHCl3), (2R, 4R)-pentanediol (97% ee, [a]*!p =
—40.4, ¢ = 10, CHCl3), (CF3S0,),0, PhBCl,, MeMgI (3.0 M in
diethyl ether), 1,2-dibromobenzene, and CF;COOH were purchased
from Sigma-Aldrich. Diphenylamine, acryloyl chloride, copper(I)
iodide, iodobenzene, N,N-dimethyl aniline, pyrrolidine, and 2,6-
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dimethylpyridine were purchased from Alfa Aesar. Trimethylalu-
minum (neat) and tri(n-octyl)aluminum (neat) were purchased from
Strem Chemical Co., whereas isopropyl isobutyrate and N-methyl
aniline were purchased from TCI America. The above commercial
reagents were used as received, except for the reagents described
below. Diethylene glycol dimethyl ether, indene, 1,2-dibromoethane,
N,N-dimethyl aniline, acryloyl chloride, and iodobenzene were
degassed using three freeze—pump-thaw cycles. p-Toluidine,
(CF5S0,),0, and PhBCI, were vacuum-distilled. 2,6-Dimethylpy-
ridine, isopropyl isobutyrate, aniline, diisopropylamine, piperidine,
triethylamine, and pyrrolidine were degassed and dried over CaH,
overnight, followed by vacuum distillation. BHT-H was recrystal-
lized from hexanes prior to use. 1,4-Dioxane (Fisher Scientific) was
degassed, dried over sodium/potassium alloy, and vacuum-distilled.
Tris(pentafluorophenyl)borane B(C¢Fs); was obtained as a research
gift from Boulder Scientific Co. and further purified by recrystal-
lization from hexanes at —30 °C.

Monomers (a Total of 13). Methyl methacrylate (MMA) and
n-butyl methacrylate (BMA) were purchased from Sigma-Aldrich,
while 2-ethylhexyl methacrylate (EHM) and N,N-dimethyl acryla-
mide (DMAA) were purchased from TCI America; the above four
monomers were first degassed, dried over CaH, overnight and then
vacuum transferred. Further purification of MMA involved titration
with neat tri(n-octyl)aluminum to a yellow end point,* followed
by distillation under reduced pressure. Literature procedures were
used to prepare monomers N,N-diphenyl acrylamide (DPAA),**
N-phenyl-N-(4-tolyl) acrylamide (PTAA),'** and N-(4-hexylphe-
nyl)-N-phenyl acrylamide (HPPA).'** DPAA and PTAA were
purified by three recrystalizations from a toluene/hexanes solvent
mixture, whereas HPPA was purified by silica gel chromatography
(eluent: hexane/diethyl ether = 3:1) and dried over CaH, overnight,
followed by vacuum distillation. Other acrylamide monomers were
prepared and purified in a similar manner. Specifically, N,N-
diisopropyl acrylamide (DIPA), N-methyl-N-phenyl acrylamide
(MPAA), N-phenyl acrylamide (PAA), acryloyl pyrrolidine (APY),
and acryloyl piperidine (APP) were prepared by reacting 2 equiv
of the appropriate amine with 1 equiv of acryloyl chloride in toluene
at 0 °C and gradually warming the reaction mixtures to room
temperature overnight with vigorous stirring. N-Ethyl acrylamide
(EAA) was prepared by purging a solution of acryloyl chloride in
toluene with ethylamine at 0 °C and then warming the reaction
mixture to room temperature overnight with vigorous stirring.
MPAA was purified by three recrystallizations from a toluene/
hexanes solvent mixture, while DIPA, APY, APP, and EAA were
purified by distillation and drying over CaH, overnight followed
by additional vacuum distillation. PAA was purified by recrystal-
lizations first from acetone and then from CH,Cl,. All purified
monomers were stored in brown bottles kept inside a —30 °C
glovebox freezer.

Noncommercial Reagents or Intermediates. The (C¢Fs);B - 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: LiOC(OPr)=
CMe;, [Li(IPIB)],*® (EBI)H,,*® rac-(EBI)Zr(NMey),,>” rac-(EBI)-
ZtMe,,”” rac-(EBI)ZrMe(OTY),"® rac-(EBI)ZrMe[OC(O'Pr)=C-
Me;1,'° rac-(EBI)Zr(THF)[OC(OPr)=CMe,]|[MeB(C¢Fs);]~(1),"°
(8,8)-(EBI)ZrCl,,%® and (R,R)-(EBI)ZrCl,.?®

Synthesis of Enantiomeric Catalysts 1. Scheme 1 outlines the
entire 11-step synthesis of (S,5)-1 starting from enantiopure 2,4-
pentanediol to S,S-(EBI)ZrCl,,® followed by subsequent conver-
sions to (S,5)-(EBI)ZrMe, using Me,Mg, to (S,5)-(EBI)ZrMe(OTf)
using TMSOTT, to neutral methyl ester enolate precatalyst (S,S)-
(EBD)ZrMe[OC(O'Pr)=CMe,] {(S.S)-pre-1, [a]*p = +290°, ¢ =
0.49 g/dL, CH,Cl,} using Li(IPIB), and finally to cationic ester
enolate catalyst (S,S)-(EBD)Zr"(THF)[OC(OPr)=CMe,][MeB-
(CeFs)3]™ {(S.9)-1, [0]®p = —69.7°, ¢ = 0.98 g/dL, CH,Cl,} using
(C6Fs)3B < THF. The procedures for the last four steps were identical
to those already published for the racemic diastereomers, including
the methylation step® and the final three steps.'®° The synthesis
of the (R,R) enantiomer follows the identical procedures for the
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Scheme 1. Outlined Overall Synthesis of Enantiomeric Catalysts (S,5)-1 and (R,R)-1
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(S.,5) enantiomer, leading to neutral methyl ester enolate precatalyst
(R,R)-(EB)ZrMe[OC(O'Pr)=CMe,] (R,R-pre-1, [a]*p = —285°,
¢ =0.49 g/dL, CH,Cl,) and last cationic ester enolate catalyst (R,R)-
(EBI)Zr*(THF) [OC(O'Pr)=CMe,][MeB(C¢Fs);]~ {(R,R)-1, [a]*p
= +69.8°, ¢ = 0.98 g/dL, CH,Cl, after methide abstraction by
(C¢Fs);B+THF. The spectroscopic data for enantiomeric 1 are
identical to those already reported for rac-1."° It is worth noting
that in the step of the preparation of dimethyl zirconocenes (S,S)-
(EBD)ZrMe, and (R,R)-(EBI)ZrMe,, the ether-solvated magnesium
salt coproducts were inseparable from the desired dimethyl
complexes by repeated recrystallization from various solvents or
filtration over Celite; however, treatment of the crude product
mixture under high vacuum (10*—10° torr) at 80 °C for 6 h,
followed by dissolution of the residue in toluene, filtration, and
drying of the filtrate in vacuo afforded the clean dimethyl
complexes.

General Polymerization Procedures. Polymerizations were
performed in 30-mL glass reactors inside the glovebox for the
reactions carried out at ambient temperature (~23 °C). In a typical
procedure for homopolymerization, predetermined amounts of
B(CgFs);* THF and the appropriate precatalyst in a 1:1 molar ratio
were premixed in 5 mL of CH,Cl, and stirred for 10 min to cleanly
generate the corresponding cationic catalyst.?° A monomer was
quickly added either as a solid or by pipet to the vigorously stirring
solution, and the reaction was allowed to proceed for 3 h with
continuous stirring. Polymerizations of DIPA and APY, which did
not occur at ambient temperature, were carried out at 80 °C and
performed in 25-mL Schlenk flasks equipped with stir bar and
septum cap. Predetermined amounts of B(C¢Fs);+THF and the
appropriate precatalyst were dissolved in 5 mL of 1,2-dichloroben-
zene and stirred for 10 min at ambient before addition of monomer.
Thereafter, the charged Schlenk flask was taken out of the glovebox
and immersed in an oil bath that was pre-equilibrated at 80 °C,
and the reaction proceed for 1 h with vigorous stirring. After the
measured time interval, a 0.2 mL aliquot was taken from the
reaction mixture via syringe and quickly quenched into a 4 mL
vial containing 0.6 mL of undried “wet” CDCl; stabilized by 250
ppm of BHT-H; the quenched aliquots were later analyzed by 'H
NMR to obtain monomer conversion data. The polymerization was
immediately quenched after the removal of the aliquot 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 or
centrifuged, washed with methanol, and dried in a vacuum oven at
50 °C overnight to a constant weight. P(DMAA) and P(APY) were
precipitated into 100 mL of diethyl ether and stirred for 1 h. The
product was obtained as a sticky solid and dried in a vacuum oven
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at 50 °C overnight to a constant weight; the polymer was redissolved
in a minimum of methylene chloride, precipitated into a 10-fold
excess of diethyl ether, stirred for 1 h, filtered, washed with diethyl
ether, and dried in a vacuum oven at 50 °C overnight to a constant
weight.

The amounts of the monomers employed for the polymerizations
are listed as follows. DPAA, 4.48 mmol; PTAA, 0.85 mmol; HPAA,
0.39 mmol; MPAA, 3.10 mmol; DIPA, 3.22 mmol; APY, 4.25
mmol; APP, 3.7 mmol; PAA, 1.36 mmol; EAA, 2.0 mmol; DMMA,
9.34 mmol; MMA, 9.34 mmol; BMA, 9.34 mmol; and EHM, 9.34
mmol. The amount of the precatalyst, in combination with 1 equiv
of the activator B(C¢Fs);*THF, was adjusted according to the
[monomer]/[catalyst] ratio specified in the polymerization tables.
For block copolymerizations of MMA with a second monomer,
after in situ generation of the catalyst in the identical fashion as
described above, 400 equiv of MMA was quickly added via pipet
and vigorously stirred for 10 min (for a quantitative MMA
conversion) before the addition of the second monomer. The
polymerization of the second monomer proceeded for 3 h with
continuous stirring.

Kinetics of DPAA Polymerization. Kinetic experiments for the
polymerization of DPAA were carried out in 30 mL reactors inside
of the glovebox at ambient temperature (~23 °C) using a similar
procedure as that already described above, except that, at appropriate
time intervals, 0.2 mL aliquots were withdrawn from the reaction
mixture using a syringe and quickly quenched into 1 mL septum
cap sealed vials containing 0.6 mL of undried “wet” CDClymixed
with 250 ppm of BHT-H. The quenched aliquots were analyzed
by 'H NMR to determine monomer conversions. Specifically,
predetermined amounts of B(C¢Fs);* THF and rac-1in a 1:1 molar
ratio were premixed in 5 mL of CH,Cl, and stirred for 10 min
before 2.24 mmol DPAA was added as a solid. Owing to the
insolubility of P(DPAA), 0.746 mmol toluene was added to the
reaction solution to act as an internal standard and the percent of
the unreacted DPAA at a given time ¢, was determined by
integration of the peaks for DPAA (6.5 ppm for one of the vinyl
protons) and toluene (2.09 ppm for the methyl protons) according
to the percent of unreacted DPAA = (Ags/Az09) x 100, where
A is the total integrals for the peaks centered at 6.5 ppm and
A, 0 is the total integral for the peak centered at 2.09 ppm. Apparent
rate constants (k,p,) were extracted by linearly fitting a line to the
plot of In([DPAA]y/[DPAA],) vs time ¢. The polymerization became
heterogeneous at high monomer conversions (the conversion at
which the heterogeneity becomes apparent depends on the initial
[DPAA]/[Zr] ratio employed), which eliminated the ability to
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perform the NMR analysis of the aliquots taken at higher monomer
conversions.

Polymer Characterizations. Gel permeation chromatography
(GPC) and light scattering (LS) analyses of the polymers were
carried out at 40 °C and a flow rate of 1.0 mL/min, with CHCl; as
the eluent, on a Waters University 1500 GPC instrument coupled
with a Waters RI detector and a Wyatt miniDAWN Treos LS
detector. The GPC instrument is equipped with one PLgel 5 um
guard and three PLgel 5 um mixed-C columns (Polymer Labora-
tories; linear range of molecular weight = 200-2 000 000), and
calibrated with 10 P(MMA) standards. Chromatograms were
processed with Waters Empower software (version 2002); number-
average molecular weight (M,) and polydispersity (M,/M,) of
polymers were given relative to P(IMMA) standards. Weight-average
molecular weight (M,,) was obtained from the analysis of the LS
data which was processed with Wyatt Astra Software (version
5.3.2.15), and dn/dc values were determined assuming 100% mass
recovery of polymers with known concentrations. The insoluble
P(DPAA) samples produced by rac-1 were converted to the CHCls-
soluble poly(methyl acrylate) derivative for their GPC analysis,
using literature procedures.'**

Maximum rate decomposition temperatures (7,x) and decom-
position onset temperatures (7onset) Of the polymers were measured
by thermal gravimetric analysis (TGA) on a TGA 2950 Thermo-
gravimetric Analyszer, TA Instrument. Polymer samples were
heated from ambient temperatures to 600 °C at a rate of 20 °C/
min. Values for T,,x were obtained from derivative (wt %/°C) vs
temperature (°C), while 7oy Values (initial and end temperatures)
were obtained from wt % vs temperature (°C) plots.

Optical rotations were measured on an Autopol III Automatic
Polarimeter at 23 °C. The measurements were conducted on 0.2
g/dL polymer solutions, 0.49 g/dL enantiomeric precatalyst solu-
tions, and 0.98 g/dL enantiomeric cationic catalyst solutions.
Polymer samples were dissolved in CHCl; except homopolymer
P(DPAA), P(PTAA), P(MPAA), and P(APP) samples which were
dissolved in CHCl; with addition of a small amount of
CF;COOH,'** and the enantiomeric catalysts in CH,Cl,. On the
basis of multiple measurements on selected polymer samples, the
errors associated with specific rotations of the chiral polymer
solutions range from 5% to 10%, depending on the magnitude of
the specific rotation values. Circular dichroism (CD) spectra were
obtained from an Aviv model 202 CD spectrometer. CD analysis
was conducted on polymer solutions with concentrations of 0.2
g/dL. Block copolymers were dissolved in THF, while homopoly-
mers were dissolved in CHCI;, except P(DPAA), P(PTAA),
P(MPAA), and P(APP) samples which were dissolved in CHCl;
with addition of a small amount of CF;COOH.

Results and Discussion

Kinetics of DPAA Polymerization. Our previous mecha-
nistic studies have demonstrated that the coordination polym-
erization of N,N-dialkyl acrylamide DMAA by rac-1 proceeds
in a monometallic, site-control, coordination-conjugate addition
mechanism through eight-membered-ring cyclic amide enolate
intermediates (i.e., structure A, Scheme 2).?' The resting state
during a “catalytic” propagation cycle is the cyclic amide enolate
A and associative displacement of the coordinated penultimate
amide group by incoming acrylamide monomer to regenerate
the active species is the rate-determining step, giving rise to
the propagation kinetics that is first order in both concentrations
of the monomer and the catalyst.

To examine if the polymerization of N,N-diaryl amides
follows the same scheme established for N,N-dialkyl amides,
kinetics of the DPAA polymerization by rac-1 was investigated,
the results of which are summarized in Figure 1. The kinetic
experiments employed the [DPAA]/[rac-1]y ratios ranging from
50 to 400; however, insolubility of the polymer hampered the
efforts to perform accurately the NMR analysis of the aliquots
taken at high conversions for the larger [DPAA]o/[rac-1] ratio
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Scheme 2. Proposed Initiation and Propagation Steps in the
Polymerization of Acrylamides by rac-1
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Figure 1. Semilogarithmic plots of In([DPAA]o/[DPAA],) vs time for
the polymerization of DPAA by rac-1 in CH,Cl, at ambient temperature
(~23 °C). Conditions: [DPAA]y = 0.448 M; [rac-1]o = 8.95 mM (A),
4.47 mM (A), 2.24 mM (O), 1.12 mM (m).
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Figure 2. Plot of In(kyp) vs In[1] for the DPAA polymerization by
rac-1 in CH,Cl, at ambient temperature.

runs. Nevertheless, the available data collected clearly show that
propagation is first order in [DPAA] for all the [DPAA]y/[rac-
1]o ratios investigated in this study (Figure 1). Furthermore, a
double logarithm plot (Figure 2) of the apparent rate constants
(kapp), obtained from the slopes of the best-fit lines to the plots
of In([DPAA]y/[rac-1]p) vs time, as a function of In[rac-1]y was
fit to a straight line (R? = 0.994) of slope 0.987. Thus, the kinetic
order with respect to [rac-1], given by the slope of ~1 (0.987),
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Table 1. Selected Results of Polymerization of N,N-Diaryl
Acrylamides by 1¢

[monomer] Catalyst yield® 10* My, MWD [o]®p?

run no. monomer /1] form (conv) (g/mol) (My/M,) (deg)
1 DPAA 200 rac 97 3.97 1.03
2 DPAA 50 rac 96 1.16 1.13 0.0
3 DPAA 50 S.S 96 —15.5
4 DPAA 50 RR 96 +19.5
5 PTAA 50 rac  (100) 0.0
6 PTAA 50 S8 (100) —159
7 PTAA 50 R.R  (100) +180
8 HPPA 50 S,S (100)  19.8 1.25 +152
9 HPPA 50 RR (100) 18.1 1.38 —161

¢ Carried out in 5 mL of CH,Cl, at ambient temperature for 3 h. ® Isolated
polymer yield or monomer conversion in parenthesis, (conv), measured by
'"H NMR. ¢ Determined by GPC relative to POMMA) standards for runs 1
and 2 which were based on the poly(methyl acrylate) derivatives, or by LS
for runs 8 and 9. ¢ Determined by polarimetry (c = 2 g/dL in CHCl3; DPAA
and PTAA polymer samples were dissolved in CHCI3 with a small amount
of CF3COOH, while HPPA polymer samples were dissolved in CHCI3 only.
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Figure 3. TGA derivative plot of P(DPAA) produced by rac-1 (run 1,
Table 1).

reveals that the propagation is also first order in catalyst
concentration, indicating that the N,N-diaryl amide polymeri-
zation catalyst 1 follows the same mechanism as that of the
N,N-dialkyl amide polymerization shown in Scheme 2.

Polymerization of N,N-Diaryl Acrylamides. Racemic cata-
lyst 1 was initially employed to examine the catalyst reactivity
toward N,N-diaryl acrylamides for rendering solution-stable
helical conformations of the corresponding highly isotactic
polymers. Thus, polymerization of 50 and 200 equiv of DPAA
in CHyCl, at ambient temperature using rac-1 proceeds to
quantitative monomer conversions (although the reaction started
to become heterogeneous after ~5 min), affording P(DPAA)
(runs 1 and 2, Table 1) with a high Tn, (maximum-rate-
decomposition temperature) of 484 °C in a narrow, one-step
decomposition window (Figure 3). The rigid helical structure
of highly isotactic P(DPAA)"* can be viewed in the space-filing
model of the most stable conformation as a 5, helix (Figure 4);
the P(DPAA) produced by the highly isospecific coordination
catalyst rac-1 is also insoluble in common organic solvents,
precluding its direct MW measurements by GPC. Accordingly,
it was converted to the soluble poly(methyl acrylate) derivative
by treatment with concentrated H,SO4 in MeOH at 90 °C for
24 h, followed by methylation with CH,N,.'"* The measured
MW and MWD (M,, = 3.97 x 10*, My,/M, = 1.03 and M, =
1.16 x 10% My /M, = 1.13 for [DPAA]y/[rac-1]p = 200 and
50, respectively) of the poly(methyl acrylate) derivative (runs
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Figure 4. MM2-calculated 5, helical structure of a 50-mer of isotactic
P(DPAA) viewed as a space-filling model (carbon, nitrogen, and oxygen
are grey, blue, and red, respectively; H atoms omitted).

1 and 2, Table 1) demonstrate the controlled/living nature of
the DPAA polymerization.

Subsequently, we polymerized DPAA with enantiomeric
catalysts (R,R)-1 and (S,5)-1, successfully affording optically
active P(DPAA)s with excess one-handed helicity (runs 3 and
4, Table 1). Thus, the enantiomeric catalysts produce polymers
of approximately opposite specific rotation to one another (see
Experimental Section for error information): [a]®p = —15.5°
by (S,9)-1, [a]?p = +19.5° by (R,R)-1, showing the enantio-
meric nature of the resulting polymers and determination of the
handedness of the polymer helix by the configuration of the
enantiomeric catalyst used. Furthermore, the P(DPAA) also
exhibits opposite optical rotation to those of the respective
neutral catalyst precursors used. Although the optically active
P(DPAA) shows the same sign of optical rotation as that of
each enantiomeric cationic zirconocenium catalyst, the pos-
sibility of the observed optical activity could arise from the
catalyst residue in its cationic form is eliminated by the careful
removal of the catalyst residue during postpolymerization
workup procedures (see Experimental Section), by circular
dichroism (CD) analysis that the catalyst did not exhibit any
absorption peaks in the region observed for the polymer (vide
infra), and also by control experiments that optically inactive,
nonhelical, high-MW polymers such as P(DMAA) and P(IMMA)
produced by either (R,R)-1 or (S,5)-1 always gave zero values
by polarimetry, following the same postpolymerization workup
procedures, which confirms the complete removal of the catalyst
or ligand residue using our procedure.

We also examined the possible modulation on optical activity
of the polymer by unsymmetrical substitution of the phenyl
groups of poly(V,N-diary acrylamide)s. To this end, we extended
this asymmetric coordination polymerization system to N-phen-
yl-N-(4-tolyl)acrylamide (PTAA). Specifically, polymerizations
of PTAA by rac-1, (S,5)-1, and (R,R)-1 are as effective as the
DPAA polymerization, producing rigid helical P(PTAA) whose
optical activity and screw-sense helices are determined by the
form of the catalyst employed—[a]?*p = 0.0°, —159°, and
+180° by rac-1, (S,5)-1, and (R,R)-1, respectively (runs 5-7,
Table 1). These results were further confirmed by their CD
spectra (Figure 5) which show no, positively signed, or
negatively signed Cotton effects in the characteristic region of
a r—sr* transition of the phenyl ring in the P(PTAA) produced
by rac-1, (5,5)-1, and (R,R)-1, respectively, and that the latter
two are near mirror images of each other. Of significance here
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Figure 5. CD spectra (CHCI3/CF;COOH) of P(PTAA) produced by
catalysts (S,5)-1 (red), rac-1 (green), and (R,R)-1 (blue).

are the observed ~10 times higher specific rotation values for
P(PTAA) than P(DPAA).

The stereoregular, rigid helical P(DPAA) and P(PTAA)
produced are insoluble in common organic solvents, precluding
their direct measurements of MW by GPC, as well as optical
activity by polarimetry and CD in common solvents such as
CHCI; (without addition of CF;COOH). We reasoned that it
would be possible for a polymer based on N-(4-hexylphenyl)-
N-phenyl acrylamide (HPPA)'** to overcome this issue because
the long-chain alkyl group on each repeat unit of the resulting
polymer should enhance its solubility, and furthermore, the
unsymmetrically substituted phenyl groups on N should give
rise to the polymer with a large specific rotation [e.g., P(PTAA)
vs P(DPAA)]. Accordingly, polymerization of 50 equiv of
HPPA was performed by catalysts (S,5)-1 and (R,R)-1, satis-
factorily leading to the optically active, one-handed helical
P(HPPA) that is soluble directly in CHCl5 (runs 8 and 9, Table
1); polymers of higher MWs were found to be insoluble in
CHCI;. The measured absolute MWs by light scattering are ~10
times higher than the calculated value strictly based on the
monomer to catalyst feed ratio, likely due to association of the
chains. Again, the enantiomeric catalysts produced P(HPPA)s
of opposite specific rotation, but interestingly, the specific
rotations of these polymers are opposite in sign to that of
P(DPAA) or P(PTAA) produced by the same enantiomeric
catalysts. It is currently unclear why there is alteration in sign
of specific rotation, but it is important to note that these results
do not give insight into the handedness of the helix, although it
is assumed that the handedness of P(HPPA) is the same as that
of P(DPAA) or P(PTAA) produced by the same enantiomeric
catalysts due to the enantiomorphic site-control mechanism of
the polymerization. Indeed, the CD analysis of the P(HPPA)
produced by rac-1, (S,5)-1, and (R,R)-1 showed no, positively
signed, and negatively signed Cotton effects, respectively
(Figure 6), which is the same as what was observed for P(PTAA)
(c.f. Figure 5). As in P(PTAA), P(HPPA) with two nonequiva-
lent aryl groups on amide N (i.e., unsymmetrical substitution)
shows much larger specific rotations as compared to P(DPAA)
with symmetrical substitution.

Block Copolymerization of N,N-Diaryl Acrylamides
with MMA. The following three reasons prompted us to
investigate the block copolymerizations of MMA with DPAA
and PTAA: (a) use of a large MMA block to help solubilize
the rigid helical acrylamide block, (b) further confirmation of
the living/controlled nature of this polymerization system, and
(c) production of the unique optically active, flexible random
coil—rigid helical block copolymers. The block copolymeriza-
tions were carried out in a ratio of [MMA]/[acrylamide][1] =
400:50:1 at ambient temperature by starting the polymerization

Polar Vinyl Monomers to Optically Active Polymers 3411

190 - \

140 - [\

CD (mdeg)

275 300 325 350 375
Wavelength (nm)

Figure 6. CD spectra (CHCls) of P(HPPA) produced by catalysts (S,S5)-1
(red), rac-1 (green), and (R,R)-1 (blue).

of MMA first, the results of which are summarized in Table 2.

Indeed, block copolymers P(MMA )4o0-b-P(DPAA)s) and
P(MMA )400-b-P(PTAA)sq are soluble in CHCl3, but the mea-
sured absolute MWs by light scattering are substantially higher
than the calculated value strictly based on the monomer-to-
catalyst-feed ratio, likely due to the association of the polymer
chains such as micelle formation. (The subscripted numbers
shown in the block copolymer formula represent only the
comonomer feed, and they do not necessarily or precisely reflect
on copolymer composition.) Significantly, the block copolymers
produced have narrow, unimodal MW distributions of M/M,
= 1.07-1.21, further confirming the living/controlled nature of
the present polymerization system. The block copolymer
composition is confirmed by TGA analysis (Figure 7) which
showed 20 wt % for the P(DPAA) block in the block copolymer
as compared to the calculated 18 wt % on the basis of
P(MMA )400-b-P(DPAA)sy or the monomer feed ratio. The
optical activity of these block copolymers also hinges on the
nature of the catalyst although, as expected, the specific rotation
value of the block copolymer is much smaller than the respective
homopolymer because of the weight fraction contribution of
the large, optically inactive P(MMA) block; while rac-1 afforded
the optically inactive copolymer (runs 10 and 13, Table 2),
(8,9)-1 and (R,R)-1 led to the copolymers of opposite optical
rotation (runs 11 and 14 vs runs 12 and 15, Table 2). These
results were further confirmed by their CD spectra (Figures 8
and 9) which show no, positively signed, and negatively signed
Cotton effects for the block copolymers produced by rac-1,
(8,9)-1, and (R,R)-1, respectively.

Effects of Chain Length on Optical Activity of Helical
Poly(acrylamide)s. Because of the cryptochiral phenomenon
of stereoregular vinyl polymers, only those low-MW, enantio-
meric oligomers exhibit measurable optical activity in solution,
and the optical activity of such oligomers increases with a
decrease in MW due to chain-end group effects (vide supra).
However, the optical activity of the rigid helical poly(NV,N-diaryl
acrylamide)s of the current study does not rely on chain-end
groups to eliminate reflection elements of symmetry, but rather
by secondary structure of stable helical conformation. Intuitively,
as the chain length of such polymers increases and the helical
structure becomes more pronounced, the optical activity should
rise. Thus, at shorter chain lengths the helix may not be fully
developed, resulting in lower optical activity, and chain-end
group effects on the chiroptical properties of the polymer
become more significant. To test this hypothesis, we conducted
the PTAA polymerization varying the [PTAA]/[(R,R)-1] ratio.
The insolubility of the resulting P(PTAA) in common organic
solvents prevented its direct MW analysis; thus, interpretation
of the specific rotations of these polymers as a function of MW
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Table 2. Results of Block Copolymerization of MMA with N,N-Diaryl Acrylamides by 1¢

run no. comonomer [M]/[co-M] /[1] catalyst form yield (%) 10* M," (g/mol) MWD? (M/M,) [0]Zp° (deg)
10 DPAA 400:50:1 rac >99 376 1.19 0.0
11 DPAA 400:50:1 S.S >99 358 1.15 —8.5
12 DPAA 400:50:1 R.R >99 264 1.21 +11.0
13 PTAA 400:50:1 rac >99 103 1.08 0.0
14 PTAA 400:50:1 S.S >99 111 1.09 —27.0
15 PTAA 400:50:1 R.,R >99 123 1.07 +32.0

“ Carried out in 5 mL of CH,Cl, at ambient temperature for 10 min of MMA polymerization followed by 3 h of acrylamide polymerization. * Determined
by LS. © Specific rotation measured in CHCls.
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Figure 9. CD spectra (THF) of PIMMA )400-b-P(PTAA)so produced by
catalysts (S,5)-1 (red), rac-1 (green), and (R,R)-1 (blue).

Figure 7. TGA derivative plot of P(MMA )490-b-P(DPAA )5y produced
by (S,5)-1 (run 11 in Table 2).
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Figure 8. CD spectra (THF) of P(MMA )40-b-P(DPAA)sy produced
by catalysts (S,5)-1 (red), rac-1 (green), and (R,R)-1 (blue).

(chain length) was based on the [PTAA]/[(R,R)-1] ratio em-
ployed because the controlled nature of this polymerization
system was confirmed by other means (vide supra). As depicted
in Figure 10, the specific rotation of the chiral polymer solution
(in CHCI3 with addition of a small amount of CF3COOH) indeed
increases with an increase in the monomer feed ratio (and thus
the polymer chain length). Of significance, when the [PTAA]/
[(R,R)-1] ratio is increased from 20 to 30 there is an enormous
climb in the [a]?p value by 113.2 °! This large increase in
specific rotation between these two ratios may correspond to
the formation of a well-defined helix and multiple turns in the
helix for the polymers synthesized with [PTAA]/[(R,R)-1] >
20. In comparison, when the [PTAA]/[(R,R)-1] ratio is increased
from 30 to 50, there is a much smaller increase in specific
rotation by 32.0°. We presently do not know, however, the
maximum specific rotation of this polymer can achieve because
higher MW P(PTAA)s become insoluble in CHCls/CF3COOH,
precluding their solution specific rotation measurements.
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Figure 10. Plot of specific rotation [a]*p values of P(PTAA) vs the
[PTAAJ/[(R,R)-1] ratio employed.

Table 3. Results of Polymerization of

N-(4-Hexylphenyl)-N-phenyl Acrylamide (HPPA) by (R,R)-1

10* My* MWD  [a]®p”
run no. [HPPAJ/[1]  conv (%) (g/mol) (My/IM,y,) (deg)
16 10 >99 1.04 1.00 +1.5
17 20 >99 2.16 1.01 —7.8
18 30 >99 4.65 1.23 —11.0
19 40 >99 7.74 1.75 —67.6
20 50 >99 18.1 1.38 —161

“ Determined by LS. * Specific rotation measured in CHCl.

The use of soluble low-MW P(HPPA) in CHCI; allowed
establishing a direct plot between MW and optical activity. To
this end, five P(HPPA) samples were prepared from the
polymerization using the [HPPA]/[(R,R)-1]) ratio = 10, 20, 30,
40, and 50 to produce the corresponding polymers with their
absolute M,, and MWD measured by LS, as well as specific
rotations measured by polarimetry in CHCl; being summarized
in Table 3. Again, the measured specific rotation (absolute value)
of the chiral polymer increases with an increase in the polymer
MW (chain length), Figure 11. However, surprisingly, the lowest
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Figure 11. Plot of specific rotation [ot]*p values of P(HPPA) produced
by (R.R)-1 vs M,,.

Table 4. Selected Results of Polymerization of Non-Diaryl
Acrylamides by (R,R)-1¢

yield 10* M, MWD? [a]®p¢

run no. M/co-M [M]/[co-M /[1] (conv) (g/mol) (M/M,) (deg)
21  MPAA 50:1 97 +0.9
22  MPAA 30:1 (100) +1.7
23 MPAA 10:1 (100) +6.6
24  MPAA/MMA 50:400:1 (100)  21.2 1.01 +4.8
25 DMAA 50:1 >99 +6.0
26 DMAA 400:1 > 0.0
27 DMAA/MMA 400:400:1 >99 +5.5
28 DMAA/MPAA  400:100:1 >99 +6.3
29 DIPA/MMA 50:400:1 (100) 18.8 1.01 +2.7
30 APP 50:1 (100) +3.1

31 APP/MMA 50:400:1 (100)  10.0 129  +6.0

¢ Carried out in 5 mL of CH,Cl, at ambient temperature for 10 min (for
MMA and DMAA) or 3 h (for MPAA or APP), or in 5 mL of 0-C¢H4Cl,
at 80 °C for 1 h (for DIPA and APY). ® Determined by LS. ¢ Specific
rotation measured in CHCI3 for block copolymers and DMAA homopoly-
mers or in CHCI; with addition of a small amount of CF3COOH for MPAA
and APP homopolymers.

MW polymer sample showed a small, but positive, specific
rotation, whereas when the MW of P(HPPA) further increased
the specific rotation became largely negative. This observation
is most likely an effect of helix formation in that the small MW
polymer does not fully develop the solution-stable helix, and
thus, optical activity arises chiefly from the chirality in the main
chain and nonequivalent chain-end groups; with further increas-
ing MW the helix is more defined so that specific rotation is of
the same sign for the polymers of the same screw sense and
also becomes more largely negative with an increase in MW
(Figure 11).

Polymerization of Non-Diaryl Acrylamides. The above
success in converting prochiral N,N-diaryl acrylamides to
optically active, rigid helical polymers via asymmetric coordina-
tion polymerization brought forth a fundamental question of
whether two aryl groups on amide N are of necessity in
rendering a solution-stable helical conformation. To answer this
question, we investigated polymerizations of seven non-diaryl
acrylamides by systematic replacement of one or both phenyl
groups on N with H or alkyl groups of varying steric hindrance
(see Chart II for structures), including N-aryl-N-alkyl acrylamide
MPAA, N-aryl acrylamide PAA, N-alkyl acrylamide EAA, N,N-
dialkyl acrylamides DMAA and DIPA, and N,N-cyclic (CHy),
acrylamides APY (n = 4) and APP (n = 5). Selected poly-
merization results are summarized in Table 4.

Polymerizations of these nondiaryl acrylamides were first
examined using rac-1 to determine their reactivity toward the
current catalyst system and also serve as comparative examples
when analyzing the results by the enantiomeric catalysts. All
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Figure 12. Plot of specific rotation [0]*p values of P(MPAA) vs the
[MPAAJ/[(R,R-1)] ratio.

homopolymers or block copolymers produced by rac-1 gave
zero readings in polarimetry as expected, and these results were
not included in Table 4. POMPAA) produced by (R,R)-1 showed
a small specific rotation of +0.9° (run 21, Table 4) in a [MPAAY]/
[(R,R)-1] ratio of 50; the polymer was almost cryptochiral on
the basis of the [a]?*p values and also exhibited no Cotton
effects from its CD analysis, implying that a helical structure
was not formed. A further study of effects of the [MPAA]/
[(R,R)-1] ratio on optical activity of the resulting polymer (runs
21-23, Table 4) confirmed the above conclusion. Thus, in sharp
contrast to the optically active, rigid helical poly(N,N-diaryl
acrylamide)s, a decrease in the MPAA monomer feed ratio (thus
the polymer chain length) increases the specific rotation of the
polymer (Figure 12), characteristic of the small optical activity
due to configurational chirality relied on chain-end group effects
rather than helically conformational chirality (vide supra). A
block copolymer of 50 equiv of MPAA with 400 equiv of MMA
(run 24, Table 4) was also prepared to enable MW analysis
and examination of optical activity of the copolymer. Interest-
ingly, the enantiomeric copolymer P(MMA )400-b-P(MPAA )5
produced by (R,R)-1 had a specific rotation of +4.8°, which is
much larger than the specific rotation (+0.9°) of P(MPAA)
synthesized using the same amount of MPAA. This observation
is again contrary to all prior observations made for helical N,N-
diaryl acrylamide—random coil MMA block copolymers, further
supporting the conclusion that MPAA with only one phenyl
group on N cannot produce a polymer with solution-stable
helicity. Impressively, MM2 modeling of P(MPAA) drew the
same conclusion (i.e., a random-coil structure, Figure 13).

Consistent with the inactivity of rac-1 toward polymerization
of N-isopropyl acrylamide (containing an acidic N—H proton)
but high activity toward polymerization of DMAA,?' catalyst
(R,R)-1is unable to polymerize either PAA or EAA but rapidly
polymerizes DMAA to isotactic P(DMAA) that exhibited a
specific rotation of +6.0° in a [DMAA]/[(R,R)-1] ratio of 50
(run 25, Table 4). The enantiomeric P(DMAA) produced at a
higher ratio of [DMAAJ/[(R,R)-1] = 400 became cryptochiral
(zero optical rotation, run 26, Table 4) as expected; however,
the block copolymer P(DMAA )4p0-b-P(MMA )4 is optically
active with [a]?*p = +5.5° (run 27, Table 4), whereas each
respective homopolymer of the same composition is cryp-
tochiral. Likewise, the block copolymer P(DMA A )4¢o-b-P(M-
PAA) o is optically active with [a]*p = +6.5° (run 28, Table
4), whereas each respective homopolymer of the same composi-
tion is cryptochiral. These findings, along with the previously
observed much larger optical activity of the block copolymer
P(MMA )400-b-P(MPAA )50 than P(IMPAA )5y, point to an exciting
strategy for producing optically active, nonhelical polymers via
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Figure 13. MM2-calculated random-coil structure of a 50-mer of
isotactic P(MPAA) viewed as a wireframe model (carbon, nitrogen,
and oxygen are grey, blue, and red, respectively; H atoms omitted).

Figure 14. MM2-calculated approximately 6, helical structure of a 40-
mer of chiral isotactic P(APP) viewed as a space-filling model (carbon,
nitrogen, and oxygen are grey, blue, and red, respectively; H atoms
omitted).

block copolymer formation. More discussion on this subject is
described in next segment.

No polymerization occurred for DIPA or APY at ambient
temperature; however, they were readily polymerized by catalyst
1 in o-dichlorobenzene at 80 °C (control runs without the
catalyst showed no polymerization occurred at 80 °C up to 24 h).
The resulting P(DIPA), with even a small [DIPA]/[(R,R)-1] ratio
of 50 or 10, was insoluble in common solvents tested, inhibiting
direct analysis of its optical activity. Subsequently, we synthe-
sized the block copolymer P(MMA)4p-b-P(DIPA)sy using
(R,R)-1 that showed a specific rotation of +2.7° (run 29, Table
4); the enantiomeric block copolymer was further analyzed by
CD and showed no Cotton effects, implying that, like P(MPAA)
and P(DMAA), it does not form a helical structure. P(APY)
produced by (R,R)-1 in a [APYV/[(R,R)-1] ratio of 200 is
cryptochiral. However, according to MM2 modeling, the pip-
eridine derivative APP would render a helical conformation
(Figure 14). Accordingly, we polymerized APP using catalysts
1 achieving quantitative monomer conversions. The enantio-
meric homopolymer P(APP) and block copolymer P(IMMA )400-
b-P(APP)s exhibited small, but significant, specific rotations
of +3.1° and +6.0°, respectively (runs 30 and 31, Table 4),
initiating CD analysis for conformation of helical formation.
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Figure 15. CD spectra (CHCl;/CF;COOH) of P(APP) by catalysts rac-1
(green) and (R,R)-1 (blue).

Table 5. Results of Polymerization of Methacrylates by 1¢

run catalyst yield 10* M, MWD? [o]®p¢
no. M/co-M form (%) (g/mol) (My/M,) (deg)
32 MMA RR >99  0.66 1.05 +5.4
33 MMA RR  >99 1.07 1.03 +4.5
34 MMA RR >99 256 1.05 +0.9
35 MMA R.R >99 3.01 1.05 0.0
36 BMA S.s  >99 1.99 1.04 0.0
37 400MMA/400BMA S.S =99 163 1.07 0.0
38 400MMA/100BMA S.S 89 8.93 1.04 0.0
39 400MMA + 400BMA S,S 88 142 1.05 0.0
40 400MMA/400BMA/400EHM S,S >99 225 1.04 0.0

“ Carried out in 5 mL of CH,Cl, at ambient temperature for 10 min
(MMA), 30 min (BMA), and 1 h (EHM). ® Determined by GPC relative to
P(MMA) standards.  Determined by polarimetry (¢ = 2 g/dL in CHCI3).

Indeed, the CD spectra of P(APP) showed a large negative
Cotton effect in the characteristic region of a n—* transition
(Figure 15), thereby achieving the first chiral poly(V,N-
dialkylacrylamide) with solution-stable one-handed helicity.

To examine if the P(APP) produced by (R,R)-1 with solution-
stable one-handed helicity would racemize or not upon heating,
we refluxed the P(APP) in CHCI3/CF;COOH for 24 h and
quenched the hot solution by pouring it into liquid nitrogen.
After removal of all volatiles and drying of the residue, the
polymer was redissolved in CHCI3/CF3COOH (0.2 g/dL) to give
the same [a]*p value (+3.0°) as that of the P(APP) before heat
treatment (+3.1°, 0.2 g/dL), indicating no racemization took
place under the current heat treatment conditions. We also
synthesized P(APP) using (S,5)-1 and obtained the P(APP)
exhibiting opposite signs in both optical rotation and CD to those
of the P(APP) by the enantiomeric (R,R) catalyst.

Polymerization of Methacrylates. Our above-described
findings that optical activity was observed with the P(MMA)-
b-P(acrylamide) block copolymers, even when the acrylamide
homopolymers do not form a helical structure, led to a
hypothesis that in synthesizing block copolymers with
methacrylates, the mirror plane that exists in homopolymers
that renders them cryptochiral could be eliminated, giving
rise to optically active, nonhelical block copolymers. To
ensure that the optical activity that could arise from the block
copolymers was not influenced by chain-end groups, we
systematically investigated the optical activity of enantiomeric
P(MMA) to approximate the MW required to reach cryp-
tochirality from polymers produced by our catalyst system
(runs 32-35, Table 5). Similarly to the observations of Wulff,”
the POMMA) with M, = 2.56 x 10* g/mol (P, ~ 250) shows
minimal optical activity. A further increase in MW gives the
polymer without any optical activity. Ensuring that the second
block was also long enough to reach cryptochirality, we
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polymerized n-butyl methacrylate (BMA) by (S,5)-1 to find
the M, at which optical activity was not observed (run 36,
Table 5).

In contrast to the optically active PIMMA)-b-P(acrylamide)
block copolymers, the P(MMA )400-b-P(BMA )40 synthesized by
(8,9)-1 was, surprisingly, optically inactive (run 37, Table 5).
To perturb the symmetry of the block copolymer further, we
polymerized nonequivalent ratios of MMA and BMA by (S,5)-
1, but still leading to an optically inactive copolymer (run 38,
Table 5). Next, we produced random copolymer P(MMA )400-
co-P(BMA )40, and it was found also optically inactive (run 39,
Table 5). Lastly, we synthesized the ABC triblock methacrylate
copolymer of MMA, BMA, and 2-ethylhexylmethacrylate
(EHM) using (S,S5)-1; again, the well-defined triblock copolymer
(M,/M,, = 1.04) showed no optical activity (run 40, Table 5).
The sharp contrast between the optically active methacrylate-
b-acrylamide block copolymers and methacrylate-b-methacrylate
diblock or triblock copolymers may be explained by the
following analysis: with the methacrylate-b-methacrylate block
copolymers, the first nonequivalent atom from the asymmetric
carbon on the main chain, in comparison of the two different
monomer repeat units, is four atoms away, while the first
nonequivalent atom between the two different monomers within
the methacrylate-b-acrylamide block copolymers is attached
directly to the asymmetric carbon.

Conclusions

We have investigated the kinetics and scope of the metal-
locene-mediated asymmetric coordination polymerization of
acrylamide and methacrylate monomers using the enantiomeric
catalysts (S,5)-1 and (R,R)-1 to produce optically active,
stereoregular polymers of several different classes. Through
kinetic studies it has been shown that the polymerization of N,N-
diaryl acrylamides such as DPAA by 1 proceeds via a mech-
anism identical to the one already established for the polym-
erization of N,N-dialkyl acrylamides, namely a monometallic,
coordination-conjugate addition process. In analyzing how chain
length affects optical activity of polymers, we have shown that
increasing MW will increase the optical activity of polymers
which can form secondary structure of solution-stable helical
conformations, whereas for random-coil polymers an increase
in MW will gradually diminish the influence of chain-end groups
on the overall chiroptical properties of the polymer, resulting
in a decrease in optical activity to ultimately null when
cryptochirality is reached.

The formation of optically active poly(acrylamide)s due to
solution-stable helical conformations with an excess of one-
handed helicity is dictated by the sterics and rigidity of the
monomer repeat units. Diaryl acrylamides such as DPAA,
PTAA, and HPPA are readily polymerized by the enantiomeric
catalyst 1 to optically active helical polymers, with the unsym-
metrically substituted monomers (PTAA and HPPA) giving the
chiral polymers of much enhanced optical activity as compared
to the one derived from symmetrically substituted DPPA.
Introduction of the long-chain alkyl group to one the phenyl
rings (i.e., HPPA) not only accomplishes the unsymmetrical
substitution but also solves the solubility issue associated with
rigid helical homopolymers, enabling direct MW analysis of
such polymers by LS/GPC. All nondiaryl acrylamides investi-
gated in this study led to nonhelical polymers, except for APP
which was identified by MM2 modeling and successfully gave
rise to the first optically active, helical poly(N,N-dialkyl
acrylamide), P(APP).

We have also carried out extensive asymmetric block
copolymerization studies of MMA with N,N-diaryl acrylamides
to solve the solubility issue associated with helical homopoly-
mers of acrylamides, to further confirm the living/controlled
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nature of the present polymerization system toward such polar
monomers, and to produce the unique optically active, flexible
random coil—rigid helical stereoblock copolymers. We further
discovered that all the high-MW methacrylate-b-acrylamide
block copolymers produced by the enantiomeric catalysts 1 are
optically active, even when the MW of both blocks far exceeds
their cryptochiral MW and regardless of whether the acrylamide
comonomer employed can render solution-stable helical con-
formation or not. On the other hand, all the methacrylate-b-
methacrylate well-defined stereodiblock or triblock copolymers
produced by the enantiomeric catalysts 1 are optically inactive,
which is attributable to the similar structures of the methacrylate
repeat units placing the first nonequivalent atom between the
different methacrylate units too far away from the asymmetric
carbon center.
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