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ABSTRACT: This contribution reports the first successful coordination—addition polymerization of N,N-
dialkylmethacrylamides and the first example of kinetic resolution of a racemic methacrylamide by chiral
metallocene catalysts. The polymerization of methacryloyl-2-methylaziridine (MMAz) by rac-(EBI)Zr"-
(THF)[OC(O'Pr)=CMe,][MeB(C¢Fs);]~ (1) is stereospecific and also exhibits a high degree of control over
polymerization. This polymerization follows first-order kinetics in both concentrations of monomer and catalyst,
consistent with a monometallic propagation mechanism involving the fast step of intramolecular conjugate addition
within the catalyst—monomer coordination complex leading to the eight-membered-ring resting intermediate.
Substituents on the highly strained aziridine ring stabilize the aziridine moiety against thermally induced cross-
linking through its ring-opening reaction; thus, the polymer derived from methacryloyl-tetramethyleneaziridine
(MTMAZz) exhibits greatly enhanced resistance toward thermal cross-linking over poly(MMAz), marking 57 and
42 °C higher onset cross-linking and maximum cross-linking temperatures, respectively. Enantiomeric catalyst
(S,5)-1 demonstrates experimentally and theoretically its ability to kinetically resolve the racemic MM Az monomer
with a low stereoselectivity factor s of 1.8. Polymerizability of several methacrylamide monomers has been
investigated via a combined experimental and theoretical (DFT) study that examines the degree of conjugation
between the vinyl and carbonyl double bonds, relative polymerization reactivity, and relative energy for the

formation of amide—enolate intermediates.

Introduction

There is increasing interest in the utilization of technologically
important, single-site cationic group 4 metallocene catalysts,'
which have been extensively investigated and successfully
employed for the (co)polymerization of nonpolar vinyl mono-
mers (a-olefins in particular),” for polymerizations of polar,
functionalized vinyl monomers including methacrylates,®
acrylates,*®*¢~* acrylamides,’®”>* and methyl vinyl ketone.>*
The polymerization of (meth)acrylates has also been studied
computationally.>> % Certain catalyst structures exhibit a high
degree of control over polymerization characteristics (activity
and efficiency; polymer molecular weight, MW; MW distribu-
tion, MWD; livingness) and stereochemistry (polymer tacticity
and stereocontrol mechanism), enabling the ambient-temperature
synthesis of highly isotactic poly(methacrylate)s (=95%

m)> 13334344 and poly(acrylamide)s (>99% mm)’° > using
chiral Cy-ligated zirconocenium complexes as well as highly
syndiotactic poly(methacrylate)s (>94% rr)® using chiral Cy-
ligated zirconocenium complexes. An important exception here
is the inability of such coordination metallocene catalysts to
polymerize N,N-dialkylmethacrylamides such as N,N-dimeth-
ylmethacrylamide (DMMA),*? although they can polymerize
acrylamides such as N,N-dimethylacrylamide (DMAA) rapidly
in a stereospecific and living fashion.’*~>*

The nonpolymerizability of DMMA has also been previously
noted in anionic polymerizations by organolithium initiators,*®
which was attributed to a twisted, nonconjugated monomer
conformation between the vinyl and carbonyl double bonds,
caused by steric repulsions between the a-methyl group or the
vinyl proton and the N-methyl group of DMMA. As compared
to other polymerizable conjugated monomers such as DMAA,
this twisted DMMA monomer conformation results in a less
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effective st overlap between these two functional groups and
thus leads to unstable amide enolate intermediates upon nu-
cleophilic attack by the initiator. This hypothesis was supported
by MNDO calculations®® and NMR studies;** the calculations
reveal an energy minimum for the twisted confirmation that lies
~4.0 kcal/mol below either the s-cis or s-trans conformation,
while the 'H and '*C NMR studies show that the NMR features
(chemical shifts and peak separations) for the vinyl protons and
carbonyl carbons of the nonpolymerizable N, N-dialkylmethacry-
lamides more closely resemble those of nonconjugated vinyl
monomers than those of polymerizable, conjugated monomers.
Introduction of the highly strained, three-membered aziridine
ring into the monomer structure provided a clever solution to
the nonpolymerizability of N,N-dialkylmethacrylamides; Oka-
moto and Yuki® reported in 1981 successful anionic and radical
polymerizations of N-methacryloylaziridine with "Buli or
PhMgBr at —78 °C and with AIBN, and most recently Ishizone
and co-workers®® reported living anionic polymerization of
N-methacryloyl-2-methylaziridine (MMAz) with 1,1-diphenyl-
3-methylpentyllithium or diphenylmethylpotassium in the pres-
ence of LiCl or Et,Zn at low temperatures (—40 to —78 °C).

Three unique features about MMAz and its analogous
methacrylamide monomers can be appreciated. First, based on
our DFT calculations (vide infra), linking the two N-alkyl groups
into a small three-membered ring alleviates the nonbonding
interaction incurred to DMMA, giving rise to the desired planar,
s-cis (C=C/C=O0) conjugated conformation for MMAz and
thereby solving the nonpolymerizability issue with N, N-dialkyl-
methacrylamides. Second, the pendant strained aziridine ring
provides needed reactivity toward further polymer functional-
ization or chain cross-linking, through its ring-opening reactions,
for stable polymer network structures.®® Third, MMAz is a
racemic monomer, which can be tested for kinetic resolution
polymerization, with appropriate enantiomeric catalysts, poten-
tially leading to the enantiomeric monomer with appreciable
% ee and the optically active polymer which predominately
incorporates the other enantiomer from the racemic monomer
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Chart 1. Chemical Structures of the Catalysts Employed and the Monomers Investigated in This Study
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pool. These three reasoned unique features about MMAz
prompted our current research using chiral metallocene catalysts,
including C,-ligated ester enolate complex rac-(EBI)Zr*-
(THF)[OC(O'Pr)=CMe,][MeB(C¢Fs);]~ [1; EBI = C,Hu(1-
indenyl),]*'*>* and Ci-ligated alkyl complex (CGC)TiMe "MeB-
(CeFs)3~ [2; CGC = Me,Si(57°-CsMe,)(‘BuN)],' 7% as we have
previously demonstrated their remarkable ability to precisely
control the polymerization of methacrylates and acrylamides
and also to render asymmetric, living polymerization when
enantiomeric catalysts 1 are employed.’®>' Accordingly, this
study was designed to address the following four fundamental
questions: (1) Can such coordination metallocene catalysts,
which have been shown not to polymerize nonconjugated
methacrylamides such as DMMA,>> polymerize conjugated
methacrylamides such as MMAz? (2) If the answer to the
polymerizability question is positive, then is the polymerization
well-controlled and can the enantiomeric catalysts effect kinetic
resolution of the racemic MMAz monomer? (3) Can we design
other conjugated methacrylamide monomers with effective vinyl
and carbonyl 7 overlap and thus good polymerizability, thereby
allowing for a study of the polymer structure—property (e.g.,
thermal stability) relationship? (4) What determines polymer-
izability of methacrylamides? Chart 1 summarizes the catalysts
employed and the scope of the methacrylamide monomers
investigated in this study toward addressing the above four
fundamental questions.

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, 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 Et,O, THF, and CH,Cl,) followed
by passage through Q-5-supported copper catalyst (for toluene and
hexanes) stainless steel columns. Benzene, benzene-dg, and toluene-
ds were degassed, dried over sodium/potassium alloy, and vacuum-
distilled or filtered, whereas C¢DsBr, CDCl3, and CD,Cl, 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 !*C spectra were referenced to internal solvent
resonances and are reported as parts per million relative to
tetramethylsilane, whereas '’F NMR spectra were referenced to
external CFCl;. High-resolution mass spectrometry (HRMS) data
were collected using Agilent 6220 accurate time-of-flight LC/MS
spectrometer.

Cyclohexene oxide, 2-methylaziridine, "BuLi (1.6 M in hexanes),
indene, 1,2-dibromoethane, tetrachlorozirconium, triflic acid, lithium
dimethylamide, diisopropylamine, sodium azide, sodium hydride,
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1,1,3,3-tetramethylguanidine, (25,4S)-pentanediol (99% ee, [a]*p
+39.8 (c = 10, CHCl3), (2R,4R)-pentanediol (97% ee, [a]*'p —40.4
(c = 10, CHCl;), (CF550,),0, BPhCl,, MeMgl (3.0 M in diethyl
ether), 1,2-dibromobenzene, and trifluoroacetic acid were purchased
from Aldrich. Methacryloyl chloride, acryloyl chloride, triethy-
lamine, N,N-dimethylaniline, N-methylpyrrolidone, diethyl oxalate,
carbazole, and 2,6-dimethylpyridine were purchased from Alfa
Aesar. Trimethylaluminum (neat) was purchased from Strem
Chemical Co., and isopropyl isobutyrate was purchased from TCI
America. All commercial reagents were used as received unless
indicated as follows. Cyclohexene oxide, indene, 1,2-dibromoet-
hane, 1,2-dibromobenzene, N, N-dimethylaniline, methacryloyl chlo-
ride, and acryloyl chloride were degassed using three freeze—pump—thaw
cycles, while 2-methylaziridine, diisopropylamine, diethyl oxalate,
(CF5S0,),0, and BPhCl, were vacuum-distilled. The reagents 2,6-
dimethylpyridine, triethylamine, and isopropyl isobutyrate were
degassed and dried over CaH, overnight, followed by vacuum
distillation. 1,4-Dioxane (Fisher) was degassed, dried over sodium/
potassium alloy, and vacuum-distilled.

MTMAz MMPy

Tris(pentafluorophenyl)borane, B(C¢Fs);, was obtained as a
research gift from Boulder Scientific Co. and further purified by
recrystallization from hexanes at —35 °C inside a glovebox. 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 com-
plexes: cyclohexenime,67 LiOC(O"Pr)=CMez,55 (EBDH,.°® rac-
(EBI)Zr(NMe,),,%° rac-(EB)ZtMe,,*® rac-(EBI)ZrMe(OTf¥),'? rac-
(EBD)ZrMe[OC(OPry=CMe,],"* rac-(EBI)Zr*(THF)[OC(O'Pr)=
CMe;][MeB(C¢Fs)3]~ (1),"* (R,R)- and (S,S)-(EBI)ZrCl,,”° (R,R)-
and (S,5)-(EBI)ZrMe,,”*>" (R,R)- and (S,S)-(EBI)ZrMe(OTf),*"
(R.R)- and (S,S)-(EBI)ZrMe[OC(OPr)=CMe,],”’°”" (R,R)- and
(8,8)-1,>%°" (CGC)TiMe,,”" and CGCTiMe™MeB(CsFs);~ (2).”>

Monomer Preparations. Literature procedures were employed
to prepare monomers methacryloyl-2-methylaziridine (MMAz),%°
acryloyl-2-methylaziridine (AMAz),°® and a-methylene-N-meth-
ylpyrrolidone (MMPy).”* Methacryloyl cyclohexenimine or meth-
acryloyl tetramethyleneaziridine (MTMAz) was prepared by re-
acting cyclohexenimine with methacryloyl chloride in the presence
of triethylamine. Specifically, a 200 mL Schlenk flask was loaded
with cyclohexenimine (2.40 g, 24.7 mmol), triethylamine (2.49 g,
24.7 mmol), and CH,Cl, (50 mL) and then capped with a septum.
The solution of the mixture was cooled to 0 °C under positive N;
flow before the dropwise addition of methacryloyl chloride (2.58
g, 24.7 mmol) via syringe. The reaction mixture was gradually
warmed to room temperature, while being stirred for 15 h, after
which the volatiles were removed in vacuo, affording a white solid.
Et,0 (100 mL) was added to the solid, and the resulting suspension
was filtered through a medium porosity glass frit. The solvent of
the filtrate was removed via roto-vap, and the residual monomer
was purified by distillation, drying over CaH, overnight, and
vacuum distillation (bp = 52—54 °C, 1 atm), affording 1.66 g
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(40.7%) of MTMAZz as a colorless oil. '"H NMR (CDCls, 23 °C):
05.99 and 5.55 (s, 2H, CH,=), 2.61—2.59 (m, 2H, CH), 1.97—1.78
(m, 4H, CH,), 1.90 (s, 3H, CH3), 1.49—1.36 (m, 2H, CH,),
1.19—1.17 (m, 2H, CH,). 3C NMR (CDCls, 23 °C): 6 180.9
(C=0), 139.5 (C=CH,), 128.8 (C=CH.,), 36.39 (NCHCH,), 23.65
(CHCH,CH,), 19.74 (CHCH,CH,), 18.38 (CMe). HRMS (APCI):
mlz caled for CoH;gNO: [M + H]': 166.12264; found: 166.12296.

MCBz was prepared by reacting carbazole with methacryloyl
chloride in THF in the presence of triethylamine. Specifically, a
500 mL Schlenk flask was loaded with carbazole (10.8 g, 64.6
mmol), triethylamine (6.54 g, 64.60 mmol), and 200 mL of THF.
The solution was cooled to 0 °C under positive N, flow before the
dropwise addition of methacryloyl chloride (6.75 g, 64.59 mmol).
The reaction mixture was gradually warmed to room temperature
while being stirred for 24 h, after which the suspension was filtered
through a medium porosity glass frit, the solvent of the filtrate was
removed via roto-vap, and the resulting product was purified by
three recrystallizations from a toluene/hexanes solution mixture,
affording a white solid (1.67 g, 10.9%) of MCBz. 'H NMR (CDCls,
23 °C): 6 8.14 (d, J = 6.3 Hz, 2H, Ar), 8.01 (d, J = 5.7 Hz, 2H,
Ar), 7.49—7.37 (m, 4H, Ar), 5.69 and 5.63 (s, 2H, CH,=), 2.26 (s,
3H, CH;). *C NMR (CDCl;, 23 °C): 6 170.6 (C=0), 141.5
(C=CH,), 138.4 (NCCH, Ar), 125.9 (CCCH, Ar), 122.4 (C=CH,),
126.8, 123.4, 119.7, and 115.8 (Ar), 19.24 (CMe). HRMS (APCI):
mlz caled for Ci¢HuNO: [M + H]': 236.10699; found: 236.10699.

General Polymerization Procedures. Polymerizations were
performed in 30 mL oven-dried glass reactors inside the glovebox.
In a typical polymerization procedure at ambient temperature,
predetermined amounts of B(CgFs);*THF and the appropriate
precatalyst were premixed in 10 mL of CH,Cl, (for AMAz
polymerizations) or 2 mL of CH,Cl, (for MMAz and MTMAz
polymerizations). For polymerizations with the (CGC)TiMe, pre-
catalyst at 60 °C, (CGC)TiMe, (7.80 mg, 23.8 umol), B(C4Fs);
(12.2 mg, 23.8 umol), and 2 mL of 1,2-dichlorobenzene were added
to a 25 mL Schlenk flask, which was capped with a septum. The
flask was brought out of the box and connected to a Schlenk line
and heated to 60 °C. After 10 min, the monomer (AMAz, 3.2 mmol;
MMAz, 3.2 mmol; MTMAz, 1.5 mmol) was added via syringe and
allowed to stir for a predetermined time interval. Polymerizations
were stopped by pouring the solutions into a 10-fold excess of Et,0,
and polymers were isolated by filtration or centrifugation, washed
with Et,O, and dried in vacuo at ambient temperature.

Kinetics of MMAz Polymerization. Kinetic experiments for
the polymerization of MMAz were carried out in 30 mL reactors
inside of the glovebox at room temperature using a similar
procedure as already described above, except that, at appropriate
time intervals, 0.1 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” CDCl; mixed
with 250 ppm of BHT-H. The quenched aliquots were analyzed
by 'H NMR for monomer conversion. The monomer conversion
of MMAZ?z at time # was determined by comparing the methyl singlet
centered at 1.95 ppm of the unreacted monomer to the methyl peaks
on the aziridine ring (monomer and polymer) and the methyl peak
from the polymer main chain, which are centered at 1.30 ppm.
Specifically, percent monomer conversion was calculated by the
formula (A;30 — A1.95)/(A130 + A19s) X 100, where Aj 3 is the total
integral for the peaks centered at 1.30 ppm and A, s is the total
integral for the peak centered at 1.95 ppm.

Kinetic Resolution of (Meth)acryloyl-2-methylaziridines. The
kinetic resolution of (meth)acryloyl-2-methylaziridines was carried
out in 30 mL reactors inside of the glovebox at ambient temperature
using a similar procedure as already described above, except
employing the enantiomeric catalyst (S,5)-1. At predetermined time
intervals 0.1 mL (MMAz) or 0.2 mL (AMAz) aliquots were
withdrawn from the polymerization reaction using a syringe and
quickly quenched into 1 mL septum cap sealed vials containing
0.6 mL of undried “wet” CDCl; mixed with 250 ppm of BHT-H.
The quenched aliquots were analyzed by 'H NMR for monomer
conversion. The aliquots were then filtered through a silica column
to completely remove polymer and catalyst residues, as confirmed
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by '"H NMR and HPLC. The solvent was removed via roto-vap
and the % ee of the monomer was measured using an Agilent 1100
Series HPLC with a flow rate of 1.0 mL/min. MMAz was analyzed
with a Chiracel OB-H column at 25 °C (80:20 hexanes:'PrOH, 1.0
mL/min, major enantiomer: 6.4 min, minor enantiomer: 7.8 min).
AMAz was analyzed with a Chiracel AS-H column at 25 °C (97:3
hexanes:'PrOH, 1.0 mL/min, major enantiomer: 11.2 min, minor
enantiomer 10.4 min).

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 DMF (for
PMMAZz samples produced by 1) or CHCI; (for all other samples)
as the eluent, on a Waters University 1500 GPC instrument
equipped with four 5 um PL gel columns (Polymer Laboratories)
and Wyatt miniDAWN TREOS multiangle (45°, 90°, 135°) light
scattering detector. LS data were processed with Wyatt Astra
Software (version 5.3.2.15), and dn/dc values were determined
assuming 100% mass recovery of polymers with known concentra-
tions.

Maximum rate decomposition temperatures (71,,x) and decom-
position onset temperatures (T,nset) Of the polymers were measured
by thermal gravimetric analysis (TGA) on a TGA 2950 thermo-
gravimetric analyzer, TA Instruments. Polymer samples were heated
from ambient temperature to 600 °C at a rate of 20 °C/min. Values
for Ty, Were obtained from derivative (wt %/°C) versus temperature
(°C) plots while Typser and Tepg values (initial and end temperatures)
were obtained from wt % versus temperature (°C) plots. Glass
transition temperatures (7Ty) and cross-linking temperatures (7¢) of
the polymers were measured by differential scanning calorimetry
(DSC) on a DSC 2920, TA Instruments.

Computational Details. The Amsterdam Density Functional
(ADF) program’® was used to obtain all the results discussed in
this work. The electronic configuration of the molecular systems
was described by a triple-§ STO basis set on Zr (ADF basis set
TZV).”** A triple-C STO basis set, augmented by one polarization
function, was used for main group atoms (ADF basis sets TZVP).”*?
The inner shells on Zr (including 3d), C, N, and O (1s) were treated
within the frozen core approximation. Energies and geometries were
evaluated using the local exchange-correlation potential by Vosko
et al.,”> augmented in a self-consistent manner with Becke’s”®
exchange gradient correction and Perdew’s’” correlation gradient
correction (BP86 functional). All geometries were localized in the
gas phase. However, since methacrylamide polymerization is usually
performed in a rather polar solvent, such as CH,Cl,, we performed
single-point energy calculations on the final geometries to take into
account solvent effects. The ADF implementation of the conductor-
like screening model (COSMO)”® was used. A dielectric constant
of 8.9 and a solvent radius of 2.94 A were used to represent CH,Cl,
as the solvent. The following radii, in angstroms, were used for
the atoms: H 1.16, C 2.00, N 1.40, O 1.50, and Zr 2.40. All the
reported energies include solvent effects.

Results and Discussion

Polymerization of Methacrylamide MMAz. We have previ-
ously reported that the living/controlled polymerization of N,N-
dialkyl- and N,N-diarylacrylamides by catalyst 1 proceeds via
a monometallic, site-controlled, coordination (conjugated)—
addition mechanism through eight-membered-ring amide enolate
intermediates (Scheme 1).°°°? The resting state during a
propagation “catalysis” cycle is the cyclic amide enolate, and
associative displacement of the coordinated penultimate amide
group by incoming acrylamide monomer to regenerate the
catalyst—monomer complex is the rate-determining step, giving
rise to the propagation kinetics that is first order in both
concentrations of the monomer and the catalyst. We also noted
that the methacrylamide DMMA is not polymerized by such
metallocene catalysts.>>

As a control to examine whether the reactive aziridine ring
incorporated in the predictably polymerizable MMAz would
remain intact under our metallocene polymerization conditions
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Scheme 1. Initiation and Propagation Steps Involved in the
Polymerization of Acrylamides by rac-1
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Table 1. Results of Polymerization of (Meth)acrylamides by 1 at
Ambient Temperature®

@

run time conv® M, PDI¢ I
no. monomer [M]/[1] (min) (%) (kg/mol) (M /M, (%)
1 AMAz 100 <1 100 13.1 1.02 87
2 MMAz 100 60 85.3 12.3 1.01 89
3 MMAz 200 60 81.3 22.3 <1.01 92
4 MMAz 400 60 83.9 80.9 <1.01 52
5 MTMAz 100 60 93.9 25.1 1.02 65

< Carried out in 10 mL (for AMAZz) or in 2 mL (for MMAz and MTMAZz)
of CH,Cl, at ambient temperature (~23 °C). ® Monomer conversion
measured by '"H NMR. ¢ Determined by light scattering. ¢ Initiator efficiency
I* = M,(calcd)/M,(exptl), where M,(calcd) = MWM) x [M]/[1] x
conversion (%) + MW of chain-end groups.
or not, we first investigated the polymerization of the acrylamide
AMAZz (which also adopts a stable conjugated s-cis conforma-
tion as predicted by DFT) with chiral, racemic catalyst 1 in
CH,Cl, at room temperature. The polymerization of 100 equiv
of AMAz by 1 equiv of 1 is rapid, achieving quantitative
monomer conversion in <1 min; it proceeds exclusively via
C—C bond formation, as shown by the disappearance of the
monomer vinyl protons, while leaving the aziridine ring intact,
as confirmed by 'H NMR of the resulting polymer. The polymer
obtained has a My, of 13.1 kg/mol (by LS detector) with a narrow
MWD of 1.02 (run 1, Table 1), giving an initiator efficiency
(I*) of 87%. Hence, the polymerization of AMAz is fast,
efficient, and controlled, and it involves no ring-opening of the
aziridine ring under the current conditions.

Having established the inertness of the aziridine ring toward
the metallocene polymerization conditions, we subsequently
investigated the polymerization of the methacrylamide MMAz
by 1. Gratifyingly, like the polymerization of AMAz, the
polymerization of MMAZz by 1 is effective and controlled (runs
2—4 vs run 1, Table 1), although the latter polymerization is
considerably slower even with a 5-fold increased concentration
and did not achieve a high initiator efficiency at a higher [M]/[1]
ratio of 400. Nonetheless, the MMAz polymerization by 1
exhibits a high degree of control in [M]/[1] ratios of <200,
producing the well-defined polymer without ring-opening of the
aziridine moiety within the MMAz repeat unit. As expected,
this polymerization by the isospecific catalyst 1 yields the highly
isotactic polymer with no detectable stereodefects, as shown
by the '*C NMR spectrum of the polymer (Figure 1).

Monitoring of the MMAz polymerization by 1 in a [M]/[1]
ratio of 100 reveals a first-order dependence on [MMAz], a
linear increase in MW with monomer conversion, and narrow
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Figure 1. *C NMR showing the C=O0 region of the highly isotactic
poly(MMAZz) (run 4, Table 1) in CDCl; at 60 °C.
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Figure 2. Plots of M,, (by LS) and PDI of poly(MMAZz) versus MMAz
conversion in CH,Cl, at ambient temperature (~23 °C): [MMAz] =
1.59 M, [rac-1] = 15.9 mM.
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Figure 3. Semilogarithmic plots of In((MMAz]/[MMAZz],) vs time for
the polymerization of MMAz by 1 in CH,Cl, at ambient temperature
(~23 °C). Conditions: [MMAz], = 1.59 M; [1], = 15.9 mM (M), 7.99
mM (O), 5.33 mM (4), and 3.99 mM (A).

MWDs ranging from 1.14 to 1.01 (Figure 2). Kinetic experi-
ments employed the [MMAZz]y/[1], ratios ranging from 100 to
400, showing the first-order dependence on [MMAZ] for the
ratios (Figure 3). Furthermore, a double-logarithm plot (Figure
4) of the apparent rate constants (k,p,), obtained from the slopes
of the best-fit lines to the plots of In([MMAZz]y/[1]) vs time as
a function of In[1]y, was fit to a straight line (R*> = 0.99) with
a slope of 1.12. Thus, the kinetic order with respect to [1], given
by the slope of ~1, reveals that the propagation is also first
order in catalyst concentration, indicating that the polymerization
of MMAZz by catalyst 1 follows the same coordination—addition
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Figure 4. Plot of In(k,,) vs In[1] for the MMAZz polymerization by 1
in CH,Cl, at ambient temperature (~23 °C).
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Figure 5. DSC plots of poly(MMAZz) (blue), poly(AMAz) (red), and
poly(MTMAz) (green) acquired at a scanning rate of 10 °C/min.

mechanism as that of the acrylamide polymerization shown in
Scheme 1.

We also examined the MMAz polymerization using the Cy-
ligated titanium alkyl complex 2. The polymerization of 200
equiv of MMAZz by 1 equiv of 2 in CH,Cl, is sluggish at ambient
temperature, achieving only 62.6% monomer conversion in 27 h.
The polymer produced exhibits a narrow MWD of 1.17, but its
measured M,, of 108 kg/mol (by LS) is much larger than the
calculated according to the monomer to catalyst feed ratio of
200. The rate of this polymerization is significantly enhanced
when carried out at 60 °C in 1,2-dichlorobenzene, achieving
similar conversion (64.7%) in just 5 h. Again, the measured
M,, of 104 kg/mol for the resulting polymer is considerably
higher than the calculated, and the polymer produced at this
elevated temperature also has a broader MWD of 1.38. The
much higher MWs of these polymers afforded by 2 are
presumably related to slow initiation by the titanium—alkyl
ligand in 2, as compared to propagation by the titanium—amide
enolate ligand, while the broader MWD of the polymer produced
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at elevated temperature may be contributed to side reactions
such as noncoordination pathways (i.e., radical polymerization)
known for acrylamide polymerization by metallocene alkyl
complexes™ and partial ring-opening of the aziridine ring. The
syndiotacticity of the poly(MMAZz) cannot be accurately deter-
mined by '*C NMR due to the overlapping of the mr and rr
triad peaks in the C=0 region.

Thermal Properties of Methacrylamide Polymers Incorpo-
rating the Aziridine Ring. We reasoned that substituents on the
highly strained aziridine ring should sterically protect it against
ring-opening, thus making it less susceptible to thermally
induced cross-linking. To this end, we synthesized an additional
methacrylamide polymer, poly(MTMAz) with cyclic tetram-
ethylene substitution, for a comparative study. The MTMAz
monomer (Chart 1) was readily polymerized by 1 at ambient
temperature in a [M]/[1] ratio of 100, achieving 94% monomer
conversion in 1 h. The poly(MTMAZz) obtained has a M,, of
25.1 kg/mol and a narrow MWD of 1.02 (run 5, Table 1). This
polymer, together with poly(AMAz) and poly(MMAZz)s pro-
duced by 1, was analyzed by TGA and DSC.

TGA results showed that the methacrylamide polymers are
more resistant to thermal degradation than the acrylamide
derivative. Specifically, poly(MMAZz) and poly(MTMAz) exhibit
Tonset (initial) at 406 °C (Trax = 443 °C) and 391 °C (Thux =
435 °C), respectively, while poly(AMAz) has a Ty at a much
lower temperature of 337 °C (Th.x = 419 °C). Interestingly,
although all three polymers decomposed in a single decomposi-
tion process, the decomposition window for poly(AMAz) is
much larger than either poly(MMAZz) or poly(MTMAz). Thus,
poly(AMAZz) exhibits a Ty of 453 °C, while poly(MMAZz) and
poly(MTMAZz) show T¢,q of 464 and 446 °C, respectively.

DSC analyses determined a higher 7, of 92.9 °C for
poly(MMAz), as compared to a T, of 57.7 °C for poly(AMAz);
no noticeable glass transition was observable for poly(MTMAz).
We also utilized DSC (Figure 5) to monitor the temperature
(T, c for curing or cross-linking) required for inducing thermal
cross-linking of the polymers through ring-opening of the
aziridine ring.®® The onset temperature for cross-linking of
poly(AMAz) (118 °C) is lower than that of poly(MMAz (143
°C), but interestingly, the temperature for maximum cross-
linking of poly(AMAz) (206 °C) is higher than that of
poly(MMAZz) (189 °C), again reflecting a broad curing temper-
ature window for poly(AMAz). Most significantly, poly(MT-
MAZz) has a high onset 7. of 199 °C and maximum 7 of 231
°C, corresponding to the thermal enhancements of 57 and 42
°C in T. indices as compared to poly(MMAZz).

Kinetic Resolution of Methacrylamide MMAz. The above-
described success in the living/controlled polymerization of
racemic AMAz and MMAZz by the racemic catalyst 1 provided
a strong basis for our investigation into the potential capability
of the enantiomeric metallocene catalyst to discriminate between
two enantiomers of the chiral methacrylamide monomer.
Scheme 2 outlines the strategy of using enantiomeric catalyst
(S,5)-1 to preferentially polymerize one enantiomer from the
racemic MMAz poor under <50% conversion, thus producing
the chiral polymer enriched with this enantiomer while leaving

Scheme 2. Proposed Kinetic Resolution Polymerization of Racemic MMAz by Enantiomeric (S,S)-1
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Figure 6. Plot of % ee of the unreacted MMAz vs % monomer
conversion for the kinetic resolution of MMAz by enantiomeric catalyst
(8,5)-1 at ambient temperature.

Table 2. Relative Energies of Four Transition States for the
Polymerization of MMAz by (S,5)-1

E (kcal/mol)

transition state

S-chain/S-MMAz 0.0
S-chain/R-MMAz 0.2
R-chain/R-MMAz 1.1
R-chain/S-MMAz 0.7

the other enantiomer enriched in the unreacted monomer. To
follow this reasoning, we first examined kinetic resolution of
AMAZz using enantiomeric (S,5)-1 at ambient temperature by
taking an aliquot of the polymerization at a monomer conversion
of 53.5%. The unreacted monomer (after complete removal of
the polymer and the catalyst residue) was then analyzed by chiral
HPLC and found to have a low ee of 8.8%, giving a low
stereoselectivity factor, or s value,”® of 1.2. As this polymeri-
zation is extremely rapid and complete in <1 min even in dilute
conditions, a function of % ee vs monomer conversion was not
determined.

Next, we employed (S,5)-1 to determine its ability to
kinetically resolve MMAz. With the slower polymerization rate
of MMAz, we were able to analyze several aliquots from a
single polymerization reaction and compare the % ee values of
the unreacted monomer vs % monomer conversion (Figure 6).
In the case of MMAz, enantiomeric (S,S)-1 discriminates the
enantiomers of the monomer to a greater extent than with MAz,
although the kinetic resolution of MMAZz is still inefficient (~1.8
s values for all aliquots analyzed). Given the stereodifferentiation
rendered by a rather small methyl group at the remote 7y position
(in respect to the carbon—carbon double bond) of the monomer,
the kinetic resolution of MMAz by the enantiomeric catalyst 1
can be appreciated. It is reasoned that modified monomer
structures, inspired by the DFT calculations (vide infra), could
lead to a greatly enhanced kinetic resolution of such racemic
monomers, which will be a subject of our continued investiga-
tion in this area.

Enantioselectivity in the kinetic resolution of MMAz was
examined by DFT calculations. We first investigated enantio-
facial selectivity in the polymerization of the achiral N-
methacryloylaziridine. As anticipated, DFT calculations analo-
gous to those performed by some of us to rationalize the
enantioselectivity in the polymerization of methyl methacrylate
with C,-symmetric metallocenes,>®>” resulted in a AE%ereo O
~3.2 kcal/mol, which is in qualitative agreement with the highly
isotactic polymer obtained from the polymerization of MMAz.
The most favored transition state was then used to investigate
the kinetic resolution of the chiral racemic MMAz by adding a
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Figure 7. Transition states for the kinetic resolution of MMAz by (S,S)-
1. Hydrogen atoms were omitted for clarity.

methyl group on the aziridine ring of both the monomer and
the growing chain. Since two stereogenic C centers are
generated, we considered four possible transition states corre-
sponding to different combinations of the configuration on the
growing chain and on the monomer. These four transition states
are defined as R-chain/R-MMAz if R is the configuration of
both stereogenic C atoms, R-chain/S-MMAz if R and S are the
configuration of the stereogenic C atoms on the chain and on
the monomer, respectively, and so on. The relative stability of
these four transition states is reported in Table 2. In all cases
we considered a (S,S) coordination of the EBI ligand.

The numbers reported in Table 2 indicate that whatever is
the configuration of the stereogenic C atom of the aziridine ring
in the growing chain, there is no substantial selectivity in the
selection between the two enantiomers of MMAz. In fact, in
the case of an S-chain, addition of S-MMAz is favored by only
0.2 kcal/mol with respect to addition of R-MMAz, while in the
case of an R-chain, addition of S-MMAz is favored by only 0.4
kcal/mol with respect to addition of R-MMAz. Although the
most stable transition state corresponds to addition of S-MMAz
to an S-chain, it is clear that the small energy differences we
calculated are in qualitative agreement with the low kinetic
resolution obtained experimentally. The structures of the four
transition states, depicted in Figure 7, clearly show that in all
cases the methyl group on the aziridine ring can be placed quite
far away from the EBI ligand as well as from other atoms of
the chain and of the monomer, which explains the low efficiency
of the kinetic resolution of MMAz.

Polymerizability of Methacrylamides. Within two poly-
merizable methacrylamides (MMAz and MTMA?z) investigated
so far, the highly strained three-membered aziridine ring built
into the methacrylamide monomer structure is believed to render
their stable planar conjugated monomer conformations. Natural
questions are how the aziridine ring works in this function and
can one identify other moieties that function the same way.
Successfully addressing these questions will promote rational
design of polymerizable methacrylamides and thus substantially
expand the polymerizable methacrylamide monomer family.

An apparent design of a planar methacrylamide monomer is
to covalently link the a-methyl to one of the methyl groups on
N as in the monomer structure of MMPy (Chart 1) which was
shown to be radically polymerizable.”® Another approach is to
place sterically bulky, rigid aromatic groups on N for its
conjugation with the aromatic ring rather than with the carbonyl
group, which could prevent twisting of the C=C bond relative
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Chart 2. Definition of the Torsional Angles 6 and ® in
N,N-Dialkylmethacrylamides

0
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Table 3. DFT Calculated Torsional Angles and Energies of
Amide Enolate Formation

monomer 6 (deg) w (deg) E (kcal/mol)
DMAA 6.3 59.7 22.5
MMAz 9.7 66.5 19.6
AMAz 34 73.7 16.0
MTMAz 12.9 72.4 18.5
MMPy 6.0 1129 30.7
DMMA 131.0 46.5 25.6
MCBz 137.7 2.6 11.0

to the C=0 bond. To this end, we resided the monomer MCBz
(Chart 1). However, neither MMPy nor MCBz was polymerized
by 1, even with extended reaction times (24 h) or elevated
temperatures (80 °C). In radical polymerization using AIBN as
initiator, MMPy73 is less reactive than MMAZ,% which can be
explained by the effectiveness of conjugation between the vinyl
and carbonyl double bonds, derived from analysis of NMR
spectra of monomers as shown by Kodaira et al.** Specifically,
as effective conjugation in such a,f-unsaturated amide mono-
mers downfield-shifts the vinyl protons rendering the more
reactive C=C bond, comparing the vinyl proton 'H NMR
(CDCl;) chemical shifts in MMPy (6 5.81 and 5.19 ppm) vs
those in MMAz (6 6.09 and 5.63 ppm) suggests poor 7 overlap
between the vinyl and carbonyl double bonds in MMPys; this
also explains the inactivity of catalyst 1 toward MMPy in that
the C=C bond has low reactivity reflected by the upfield-shifted
vinyl protons.

Likewise, inspection of the NMR spectra of MCBz provides
insight into its nonpolymerizability by catalyst 1. First, in its
'H NMR, the vinyl protons have resonances at 5.69 and 5.63
ppm in CDCl;, as in the case of the nonpolymerizable DMMA
(0 5.19 and 5.03 ppm), corresponding to the much higher
magnetic field than the vinyl protons in the polymerizable
MMA:z. Second, if there is effective conjugation between the
vinyl and carbonyl double bonds, then in the '*C NMR there
shows a small Ad between the a- and 5-carbon chemical shifts.
Accordingly, the nonpolymerizable MCBz and DMMA have
A9 of 19.1 and 25.4 ppm, respectively, while the polymerizable
MTMAz, MMA, and MMAz have smaller Ad of 10.7, 10.8,
and 15.3 ppm, respectively.

To systematically rationalize the reactivity of the different
acrylamides listed in Chart 1, we performed DFT calculations
on these monomer molecules. To characterize the assumed
geometry, we use the torsional angle 6, defined as the
C=C—C=0 torsional angle (Chart 2), and the torsional angle
w, defined as the O=C—N—X¢ torsional angle, where Xc is
the middle point between the two C atoms bonded to the N
atom (Chart 2). According to this definition, if the C=C bond
and the N atom are conjugated to the C=O bond, then the 6
and w dihedral angles should be close to 0° and 90°, respec-
tively.

According to our DFT calculations, DMAA, MMAz, AMAz,
MTMAz, and MMPy assume a substantially planar geometry
based on their small 6 values (3.4°—12.9°, Table 3), whereas
DMMA and MCBz assume a strongly nonplanar geometry, as
indicated by their 6 value of 131.0° and 137.7°, respectively.
As described in the Introduction, DMMA is forced to assume
a nonplanar conformation at both the 6 and w angles because
of steric repulsion between the methacrylic methyl and one of
the N-bonded methyl groups.
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Scheme 3. Hypothetic Reaction Designed To Investigate the
Stability of the Amide—Enolate Chain
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Moving to the w angle, we found that with the exception of
MCBz, which presents an w angle close to 0°, all the monomers
present @ angles deviating considerably from 90° (see Table
3), which indicates somewhat limited conjugation of the N lone
pair to the C=0 bond. Moreover, in AMAz, MMAz, and
MTMAz the geometric constraint of the three-membered
aziridine ring forces an almost sp? hybridization at the N atom,
which results in remarkably reduced ring strain® but imposes
a pyramidal geometry at the N atom. Consequently, the lone
pair of the N atom is in a sp* atomic orbital that geometrically
cannot overlap properly with s orbitals of the C=O bond in
AMAz, MMAz, and MTMAz, suppressing conjugation between
the N atom and the C=0 bond. However, in terms of monomer
geometry the presence of the aziridine ring, as previously noted,
pulls the N substituents away from the methacryclic methyl
group, allowing for the monomers to assume a planar geometry
around the 6 angle. The w close to 0° of MCBz, which indicates
complete absence of conjugation between the N atom and the
C=0 bond, can be rationalized considering that the N atom
participates to the extended aromatic systems of the N-sub-
stituent.

Focusing on the 6 angle, our findings qualitatively correlate
with the proposal that nonplanar acrylamides, such as DMMA
and MCBz, are nonpolymerizable because of poor overlap
between the st orbitals of the vinyl C=C and carbonyl C=0O
bonds. The only exception here is represented by MMPy, which
is planar but nonpolymerizable by the current catalyst system.
In order to provide further insights into this issue, we also
investigated the enolate formation energies that can formally
be derived from the hypothetic reaction depicted in Scheme 3
in the case of DMMA. This reaction allows us to investigate
the acrylamide to enolate conversion without the steric bulkiness
of the (EBD)Zr ligand. The basic idea here is that the
amide—enolate is a good model of the amide—enolate chain
formed during the polymerization.

The energetic values E of the reaction shown in Scheme 3
are reported also in Table 3. First, all the E values are positive,
which means that the amide—enolates are less stable than
separated acrylamide and methane. Within this scheme, the
smaller is E the easiest is enolate formation and, consequently,
polymerization. Indeed, our calculations indicate that the
polymerizable DMAA, MMAz, AMAz, and MTMAz monomers
exhibit rather smaller E values compared to the nonpolymer-
izable DMMA and MMPy monomers. The only exception here
is represented by MCBz.

The relative stability of the enolate intermediates can be easily
rationalized considering that a formal C=C double bond is
localized on the internal C—C bond of the monomers. The
amide—enolate from DMMA, E = 25.6 kcal/mol, is destabilized
by the same steric interactions that impose a nonplanar geometry
in the monomer. The amide—enolate from MMPy, E = 30.7
kcal/mol, is destabilized by having the C=C bond moved into
the six-membered ring, which introduces higher ring stain. In
the DMAA, AMAz, MMAz,and MTMAZz derived amide—enolates,
E =16.0—22.5 kcal/mol, the geometric constraint of the three-
membered-aziridine ring, as discussed above, prevents the N
atom to assume a sp” planar geometry, so that the N atom is
not conjugated to the C=C bond, and no steric interactions
between the N substituents and other groups are introduced.
MCBz, with a E = 11.0 kcal/mol, presents the only exception.
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Figure 8. Transition state for the Michael addition in MCBz polym-
erization by 1

Scheme 4. Reaction Used To Estimate Steric Effects in MCBz
Polymerization by 1
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This low E value is associated with the participation of the N
atom to the extended aromatic systems of the N-substituent.
As noted above, this interaction effectively removes participation
of N atom of MCBz to the amide bond, which reduces the
energy loss in the monomer to enolate transformation. According
to this chemical framework, MCBz should be a highly poly-
merizable monomer. However, MCBz is by far the monomer
with the bulkier N group, which suggests that the experimental
nonpolymerizability of MCBz could be connected to severe
steric repulsion between the bulky aromatic N-substituent and
the metallocene skeleton. To investigate better this point, we
investigated the transition state of the Michael addition step in
the case of MCBz (see Figure 8).

Visual inspection reveals several short distances between
atoms of the bulky N-substituent of both the growing chain and
the monomer with other atoms. The remarkable steric pressure
in the transition state revealed in Figure 8 is also evident by
comparison with the stable transition states of MM Az depicted
in Figure 7. Energetically, to reach the transition state for
Michael addition from separated (EBI)Zr—(amide—enolate) and
monomer (Scheme 4) is ~17 kcal/mol more expensive for
MCBz than for MM Az, which is another indication of the highly
destabilizing steric interactions in the case of MCBz polymer-
ization.

Concluding this part, our DFT results suggest that DMAA,
AMAz, MMAz, and MTMAz are polymerizable monomers
toward conjugate addition polymerization due to stability of the
resulting amide enolate chain. As for the nonpolymerizable
DMMA, MMPy, and MCBz monomers, DMMA is nonpolym-
erizable because of steric repulsion between the N-substituents
and the methyl group in the methacrylic position, MMPy is
nonpolymerizable because of ring strain in the amide—enolate
growing chain, and MCBz is nonpolymerizable because of steric
repulsion between the large N-substituent and the EBI skeleton
during the Michael addition step.
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Conclusions

We reported in this contribution the first successful coordina-
tion—addition polymerization of N,N-dialkylmethacrylamides
by metallocene catalysts. The polymerizable methacrylamides
investigated in this study are MMAz and MTMAz, both of
which incorporate the highly strained three-membered aziridine
ring. The geometric constraint of the aziridine ring forces an
almost sp* hybridization at the N atom that adopts a pyramidal
geometry and suppresses conjugation between the N atom and
the C=0 bond, thereby effectively pulling the N-substituents
away from the methacryclic methyl group and allowing for the
monomers to assume a planar geometry with substantial
conjugation between the vinyl and carbonyl double bonds.

The polymerization of MMAz by chiral zirconocenium
catalyst 1 is highly stereospecific and exhibits a high degree of
control over polymerization. Kinetic studies showed that the
methacrylamide polymerization proceeds in the same manner
as the acrylamide polymerization by 1, with intramolecular
conjugate addition within the catalyst—monomer complex being
the fast step and associative displacement of the coordinated
penultimate amide group within the eight-membered-ring amide
enolate resting intermediate by incoming monomer to regenerate
the catalyst—monomer complex being the rate-determining step.

Excitingly, we demonstrated experimentally and theoretically
the capability of enantiomeric catalyst 1 for kinetic resolution
of the racemic MMAz monomer. The stereoselectivity factor
(s ~ 1.8) is currently low but still appreciative, given the small
aziridine methyl group at the remote y position (in respect to
the C=C bond) of the monomer. On the basis of these results,
we reasoned that modified racemic monomer structures such
as those incorporating 1,2-disubstituted aziridines could impose
much more pronounced stereodifferentiation and thus greatly
enhance kinetic resolution of such racemic methacrylamide
monomers by the chiral metallocene catalysts. The research
directed to this effort is underway.

We also investigated the scope of the polymerizable meth-
acrylamide monomers for two purposes. First, the substituent
on the highly strained aziridine ring was explored to module
thermally induce cross-linking process occurring through ring-
opening of the aziridine ring. To this end, we found that
poly(MTMAz) with the cyclic tetramethylene substitution
greatly enhance resistance toward thermal cross-linking as
marked by an enhancement of 57 °C in onset 7, and 42 °C in
maximum 7, over poly(MMAz) with the methyl substitution.
Second, pendant moieties other than aziridines were explored
to overcome the propensity for N,N-disubstituted methacryla-
mides to assume the twisted confirmation. Although neither of
the monomers tested (MMPy and MCBz) derived from two
different designs are polymerizable using metallocene catalyst
1, analysis of their 'H and '3C NMR features and comparing
them with the known conjugated polymerizable o.,3-unsaturated
ester and amide monomers provided insight into their nonpo-
lymerizability or relative reactivity. These studies, combined
with DFT calculations on the monomer geometry and relative
energy for the formation of amide—enolate intermediates, show
that nonpolymerizable methacrylamides either do not exhibit
conjugation between the C=C and C=0 bonds (e.g., DMMA,
MCBz) or have high energy for the amide—enolate formation
(e.g., MMPy).
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