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ABSTRACT: This contribution reports the first chemo-
selective, stereospecific, and living polymerization of polar
divinyl monomers, enabled by chiral ansa-zirconocenium
catalysts through an enantiomorphic-site controlled coordina-
tion—addition polymerization mechanism. Silyl-bridged-ansa-
zirconocenium ester enolate 2 has been synthesized and
structurally characterized, but it exhibits low to negligible
activity and stereospecificity in the polymerization of polar
divinyl monomers including vinyl methacrylate (VMA), allyl methacrylate (AMA), 4-vinylbenzyl methacrylate (VBMA), and
N,N-diallyl acrylamide (DAA). In contrast, ethylene-bridged-ansa-zirconocenium ester enolate 1 is highly active and
stereospecific in the polymerization of such monomers including AMA, VBMA, and DAA. The polymerization by 1 is perfectly
chemoselective for all four polar divinyl monomers, proceeding exclusively through conjugate addition across the methacrylic
C=C bond, while leaving the pendant C=C bonds intact. The polymerization of DAA is most stereospecific and controlled,
producing essentially stereoperfect isotactic PDAA with [mmmm] > 99%, M, matching the theoretical value (thus a quantitative
initiation efficiency), and a narrow molecular weight distribution (D = 1.06—1.16). The stereospecificity is slightly lower for the
AMA polymerization but still leading to highly isotactic poly(allyl methacrylate) (PAMA) with 95—97% [mm]. The
polymerization of VBMA is further less stereospecific, affording PVBMA with 90—94% [mm], while the polymerization VMA is
least stereospecific. Several lines of evidence from both homo- and block copolymerization results have demonstrated living
characteristics of the AMA polymerization by 1. Mechanistic studies of this polymerization have yielded a monometallic
coordination—addition polymerization mechanism involving the eight-membered chelating intermediate. Post-functionalization
of isotactic polymers bearing the pendant vinyl group on every repeating unit via the thiol—ene “click” reaction achieves a full
conversion of all the pendant double bonds to the corresponding thioether bonds. Photocuring of such isotactic polymers is also
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successful, producing an elastic material readily characterizable by dynamic mechanical analysis.

B INTRODUCTION

Since the discovery of Ziegler—Natta polymerization, metal-
mediated coordination polymerization has evolved into
arguably the most powerful technique for controlling the
polymerization stereochemistry." In the polymerization of vinyl
monomers, the metal-mediated coordination polymerization
can be categorized into coordination—insertion and coordina-
tion—addition polymerizations. The coordination—insertion
polymerization is typically catalytic in both fundamental
monomer enchainment and polymer chain production and is
applied to nonpolar olefins as well as copolymerization of
nonpolar and polar olefins.” In comparison, the coordination—
addition polymerization concerns conjugated polar olefins such
as acrylics and is commonly living or quasi-living, thus
noncatalytic in polymer chain production,’ although the
catalytic coordination—addition polymerization of acrylics has
recently been established by zirconocenium-hydridoborate ion
pairs via a hydride-shuttling chain-transfer mechanism.*
Polymers bearing active vinyl groups attached to the main
chain can be readily post-functionalized through the retaining
vinyl groups to a variety of useful functional materials.’
However, polymerization of divinyl monomers with complete
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chemoselectivity by safeguarding one of the reactive vinyl
groups while selectively polymerizing the other has been a
challenging task. Vinyl methacrylates, such as allyl methacrylate
(AMA) that exhibits a large reactivity difference (r,/r, = 30)
between the conjugated (r; = 1.8) and nonconjugated (r, =
0.06) vinyl groups, appear to be good candidates for achieving
complete chemoselective polymerization, but its radical
polymerization® still cannot maintain the chemoselectivity
throughout the entire reaction process, especially in the later
stage of the polymerization when additions to the pendant
nonconjugated double bonds also occur, resulting in gelation
due to formation of cross-linked network structures.” The
radical polymerization of vinyl methacrylate (VMA, r, = 18, r, =
0.011) in the presence of a suitable aluminum Lewis acid
achieved the chemoselectivity up to 85% monomer conversion
to produce a soluble polymer,”® and anionic polymerization of
VMA showed high chemoselectivity.” For polar divinyl
monomers with a similar reactivity for both vinyl groups such
as 4-vinylbenzyl methacrylate (VBMA; r, = 1.04 for the
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Figure 1. Schematic representation of the hypothesis for isotactic acrylic polymers carrying pendant vinyl groups to be synthesized by stereospecific
coordination—addition polymerization of polar divinyl monomers with chiral zirconocenium catalysts and subsequently post-functionalized via the
thiol—ene “click” reaction and photocuring to advanced functional materials.

Scheme 1. Synthetic Route to rac-(SBBI)Zr*(THF)[OC(O'Pr)=CMe,][MeB(C4F;),]~ (2)
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methacrylic C=C bond and r, = 0.85 for the styrenic C=C
bond), their radical polymerizations can lead to gelation even at
the early stage of the reaction.'® Group transfer polymerization
of VBMA yielded PVBMA with a broad molecular weight
distribution (D) of 8.2, due to polymerization of some styrenic
double bonds as well."" Anionic polymerization of VBMA by
resonance-stabilized initiators such as 1,1-diphenylhexyl lithium
and trityl potassium was controlled and selective toward
polymerizing the polar double bonds at =78 °C, but such
desired characteristics were lost when the reaction was carried
out at higher temperatures (—20 °C or above)."> Most recently,
the complete chemoselective polymerization of AMA, VBMA,
and VMA has been achieved at room temperature (RT)
utilizing the Lewis pair (LP) cooperativity in the LP
polymerization'® by N-heterocyclic carbene (NHC) and N-
heterocyclic carbene olefin (NHO) based LPs consisting of
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NHC/B(C¢Fs);'* and NHC or NHO/AI(C(F;)3," producing
uncross-linked, soluble functional polymers with D < 1.6.
Ideally, polymerization of such polar divinyl monomers
should be not only chemoselective, but also stereospecific and
living, thus offering an opportunity to synthesize advanced
functional polymeric materials with both well-controlled chain
structures and stereochemistry, two essential features affecting
the physical and mechanical properties of the polymers. To
meet this challenge, we hypothesized that chiral ansa-
zirconocenium ester enolate complexes, which are known to
polymerize alkyl methacrylates''® and acrylamides'” in a
stereospecific and living fashion, should be chemoselective,
stereospecific, and living in polymerization of polar divinyl
monomers, due to their catalyst site-controlled coordination—
addition mechanism that should involve exclusive conjugate
addition across the methacrylic double bond that is most
activated via coordination of the conjugated carbonyl to the
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Figure 2. X-ray crystal structure of rac-(SBBI)Zr*(THF)[OC(OPr)=CMe,][MeB(C4F;);]~ (2) with thermal ellipsoids drawn at the 40%
probability. Selected bond lengths (A) and angles (deg): Zr(1)—O(1) 2.202(16), Zr(1)—0(2) 1.943(15), Zr(1)—Cp(1) 2.537(av.), Zr(1)—Cp(2)
2.552(av.), C(50)—C(51) 1.332(3), B(1)—C(1) 1.675(4), B(1)—C(7) 1.650(4), B(1)—C(13) 1.659(4), B(1)—C(19) 1.641(4); O(2)—Zr(1)—
0O(1) 92.69(6), C(1)—B(1)—C(7) 103.4(2), C(1)-B(1)—C(13) 113.1(2), C(7)-B(1)—C(13) 113.1(2).

cationic Zr center, thus leaving the pendant C=C bonds intact
(Figure 1). Such well-defined polymers could be post-
functionalized via the thiol—ene “click” reaction'® and/or
photocuring to advanced functional materials.

B RESULTS AND DISCUSSION

Synthesis and Structure of rac-(SBBI)Zr*(THF)[OC-
(O'Pr)=CMe,][MeB(C4Fs);]~ (2). Chiral ethylene-bridged-
bis(indenyl)-ansa-zirconocenium ester enolate rac-(EBI)-
Zr*(THF)[OC(O'Pr)=CMe,] [MeB(C(F);]~ [1, EBI
ethylene-bis(17>-indenyl)]"* has been a workhorse catalyst for
stereospecific and living coordination—addition polymerization
of polar conjugated alkenes or a,f-unsaturated esters and
amides (acrylic monomers), which enabled the synthesis of
highly isotactic poly(methacrylate)s,'>'® poly(ac?rlamide)s,”
and poly(f-methyl-a-methylene-y-butyrolactone)'® as well as
optically active helical poly(N,N-diarylacrylamide)s.** In the
case of the coordination—insertion polymerization of propy-
lene, it has been shown that catalysts based on silyl-bridged-
bis(substituted indenyl)-ansa-zircononcenes are superior to
those ethylene-bridged analogues in both activity and stereo-
specificity.”' Interestingly, for coordination—addition polymer-
ization of methyl methacrylate (MMA), an opposite trend was
observed, with the ethylene-bridged-bis(indenyl)-based catalyst
producing poly(methyl methacrylate) (PMMA) having a higher
isotacticity (96% mm) than that (90% mm) produced by the
silyl-bridged-bis(indenyl)-based catalyst.”> Hence, we were
interested in examining if substituents on the indenyl rings
could render a chiral silyl-bridged-ansa-zircononcenium ester
enolate catalyst to exhibit superior catalytic performance to the
ethylene-bridged catalyst 1 in the coordination—addition
polymerization of polar divinyl monomers.

Using the general procedure previously established for the
synthesis of 1,'1%23 Scheme 1 outlines the synthetic route to
the new chiral, silyl-bridged-ansa-zirconocene ester enolate rac-
(SBBI)Zr*(THE) [OC(OPr)=CMe,][MeB(C(Fs),]~ [2,
SBBI = (dimethyl)silyl-bis(benz[e]-#>-indenyl)]. Starting from
the neutral ligand bis[3,3’-(3-H-benz[e]indenyl)]dimethyl-
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g 21 . . . .
silane,”* the corresponding C,-chiral zirconocene amide

complex, rac-(SBBI)Zr(NMe,), was prepared as orange
crystals in 68% yield, using the modified procedure for the
stereoselective amine-elimination approach to the ethylene-
bis(indenyl) derivative, rac-(EBI)Zr(NMe, ),.>* Next, alkylation
of the amide complex with excess AlMe; led to the
corresponding dimethyl complex rac-(SBBI)ZrMe,. Treatment
of the dimethyl derivative with Me;SiOTf afforded the methyl
triflate complex rac-(SBBI)ZrMe(OTf) as orange crystals,
which was subsequently reacted with Me,C=C(O'Pr)OLi to
form the methyl ester enolate precatalyst, rac-(SBBI)ZrMe-
[OC(O'Pr)=CMe,] (pre-2) in 86% yield (Figure S6). In the
final step, the cationic ester enolate 2 was cleanly and
quantitatively generated by in situ mixing of pre-2 with
(C¢Fy);B-THF in CD,Cl, at RT (Figure S7), following the
procedure established for generation of cation 1.'>'® After
methide abstraction by the borane, the methyl group
downfield-shifted drastically in '"H NMR from & —0.78 ppm
(C,Dg) when attached to Zr in pre-2 to § 0.48 ppm (CD,Cl,)
now attached to B of the anion [MeB(C(F;);]” in 2; this
chemical shift is identical to that observed in cation 1'* and
nearly identical to that reported for the unassociated, free
[MeB(C4Fs);]~ anion (6 0.51 ppm in CD,CL,).*® The
noncoordinating nature of the anion [MeB(C¢Fs);]™ in 2 is
also established by the 'F NMR spectrum in which a small
chemical shift difference of <3 ppm between the para- and
meta-fluorines is diagnostic of the noncoordinating [MeB-
(C¢Fs);]™ anion®>*® [A(m,p-F) = 2.6 ppm in 2].

Single crystal X-ray diffraction analysis confirmed the
molecular structure of 2 as depicted in Scheme 1, featuring
the unassociated ion pair consisting of the THEF-stabilized
zirconocene ester enolate cation and the methyl borate anion
(Figure 2). The coordinated THF is datively bonded to Zr with
a Zr(1)—O(1) distance of 2.202(16) A, whereas the ester
enolate ligand is covalently bonded to Zr with a Zr(1)—O(2)
distance of 1.943(15) A. The C(50)=C(51) double bond in
the ester enolate moiety is characterized by a bond distance of
1.332(3) A and sums of the angles 359.9° and 360.0° around
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C(50) and C(51), respectively, for sp>-hybridized C(50) and
C(51) with a trigonal-planar geometry. The average B—C(aryl)
distance (1.661 A) is identical to that observed in the
noncoordinating [MeB(C4F;s);]~ anion,” but the B—C-
(methyl) distance [1.641(4) A] is slightly shorter than that
[1.663(5) A] reported for the [MeB(C¢Fs);]™ anion that is still
coordinated to the cationic Zr center.

Polymerization Characteristics of Polar Divinyl Mono-
mers by Chiral Zirconocene Catalysts. Previous reports
from our group have shown that the polymerization of acrylic
monomers such as alkyl methacrylates and N,N-dialkyl or diaryl
acrylamides by cationic, C,-ligated chiral ansa-zirconocene
complexes such as 1 is isospecific and living, which proceeds
through a monometallic, catalyst-site-controlled coordination—
addition polymerization mechanism via eight-membered-ring
ester or amide enolate intermediates.'>”'*2% In this work, we
utilized such isospecific catalysts to polymerize acrylic
monomers carrying a pendant C=C double bond, including
VMA, AMA, VBMA, and N,N-diallyl acrylamide (DAA), aiming
to achieve the chemoselective, stereospecific, and living
polymerization of such monomers (Figure 3).

@[MSB(CGFs)e]
) S

1

AMA

Figure 3. Chemoselective and stereospecific polymerization of polar
divinyl monomers and structures of monomers, catalysts, and
polymers (only one example shown).

Selected results for the polymerization of the four
representative polar divinyl monomers by catalyst 1, which is
generated by in situ mixing of rac-(EBI)ZrMe[OC(OPr)=
CMe,] (pre-1) and (CFs);B-THF in CH,Cl, or toluene at
RT,IS’16 are summarized in Table 1. First, control experiments
were performed by mixing each monomer (200 equiv) with the
pre-1 and the activator (C4F;);B-THF individually in CH,Cl,,
followed by stirring each mixture at RT for 24 h. No monomer
conversion or gel formation was detected from those control
runs, indicating that neither the neutral precatalyst nor the
activator itself can promote the polymerization. Second, initial
polymerization scanning revealed that the cationic 2 exhibited
low stereospecificity even for the parent monomer MMA and
low to negligible activity for polymerization of the current polar
divinyl monomers (Table S1). Hence, the subsequent polymer-
ization studies focused exclusively on catalyst 1.

Next, we examined the polymerization of VMA in [VMA]/
[1] ratios ranging 100—400 or with 1.0—0.25 mol % catalyst
loadings (runs 1-3, Table 1). These reactions were
homogeneous in CH,Cl, and proceeded to high conversions
(>99%) without signs of gel formation. The polymerizations
were rapid, achieving quantitative or near quantitative
conversion in short times (5—15 min). The number-average
molecular weight (M,) of the resulting PVMA increased from
20.6 kg/mol to 35.7 kg/mol to 64.0 kg/mol with an increase in
the [VMA]/[1] ratio from 100 to 200 to 400, respectively,
while the molecular weight distribution remained relatively
narrow (D = 1.18—1.29, Figure 4), showing some character-
istics of a living polymerization. The PVMA materials produced
by 1 are completely soluble in common organic solvents such
as CHCI;, toluene, and DMF, showing no signs of cross-
linking. The materials exhibited a glass-transition temperature
(T,) between 44 and 49 °C and showed an onset
decomposition temperature (T;) of 279 °C and a two-step
decomposition window accompanied by two maximum rate
decomposition temperatures (T,,,,) of 324 and 411 °C (Figure
S2). Significantly, '"H NMR spectrum of the isolated PVMA
revealed complete disappearance of the methacrylic =CH,
proton signals at 6 6.23 and 5.68 ppm and complete retention
of the pendant vinyl group —CH=CH, proton signals
centered at & 4.88, 4.60, and 7.14 ppm (Figure S13), indicating

Table 1. Selected Results of Polymerization of Polar Divinyl Monomers by Catalyst 1°

run no. M [M]/[1] solvent time (min) conv.? (%) M,° (kg/mol) D (M,,/M,) [mm]? (%)  [mr]? (%)  [rr]? (%) T,° (°C)
1 VMA 100 DCM S 99 20.6 1.18 50.9 29.6 19.5 44.5
2 VMA 200 DCM 10 929 35.7 1.18 S1.4 28.8 19.8 442
3 VMA 400 DCM 15 97 64.0 1.29 52.8 28.0 19.2 49.0
4 AMA 48 Tol S 97 8.50 1.19 95.6 2.9 1.5 —13.0
S AMA 97 Tol 7 95 158.5 1.18 95.5 3.0 1.5 =57
6 AMA 193 Tol 15 93 332 1.19 95.8 2.8 1.4 =2.7
7 AMA 300 Tol 4S5 97 43.8 1.18 97.0 2.0 1.0 -0.3
8 AMA 400 Tol 90 96 59.8 1.25 96.3 2.5 12 0.0
9 VBMA 100 DCM 15 75 15.3 1.18 90.0 6.4 3.6 44.5
10 VBMA 100 DCM 30 95 31.3 2.94 90.0 6.9 3.1 48.2
11 VBMA 100 Tol 30 99 27.1 3.03 93.6 4.3 2.1 57.0
12 VBMA 200 Tol 60 75 30.0 1.42 92.8 4.8 2.4 61.0
13 DAA 101 DCM 30 99 183 1.06 >99 - - -
14 DAA 202 DCM 120 97 30.2 1.16 >99 - - -

“Conditions: solvent (DCM CH,Cl, or Tol = toluene) = S mL; ambient temperature (~23 °C). n.d. = not determined. *Monomer (M)
conversion measured by '"H NMR. CNumber average molecular weight (M,) and polydispersity (D) determined by gel-permeation chromatography

(GPC) relative to PMMA standards.

@Tacticity measured by 'H or *C NMR in CDCl,. “Glass-transition temperature (T,) measured by DSC.
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Figure 4. Representative GPC traces of the polymers produced and
associated D values.

that the polymerization proceeded exclusively through
conjugate addition across the methacrylic double bond.
However, the PVMA produced is only an isotactic-biased
material, with [mm] = 51-53%. In comparison, polymerization
of alkyl methacrylates such as n-butyl methacrylate by catalzrst 1
produces highly isotactic polymer with [mm] up to 99%." In
short, the coordination—addition polymerization of VMA by
catalyst 1 is controlled and chemoselective, but it lacks high
stereospecificity thus producing only iso-biased PVMA.

In sharp contrast, the polymerization of AMA by catalyst 1 is
not only controlled and completely chemoselective but also
highly stereospecific. Thus, varying the [AMA]/[1] ratio from
48 to 400 (runs 4—8, Table 1), the polymerization in toluene
achieved high conversions and produced the corresponding
poly(allyl methacrylate) (PAMA) with gradually increased M,
from 8.5 kg/mol to 59.8 kg/mol, while the D remained narrow
(from 1.11 to 1.25, Figure 4). The initiation efficiency [I* =
M, (calcd)/M, (exptl), where M, (caled) = MW(M) x [M]/[1]
X conv (%) + MW of chain-end groups] of this polymerization
was relatively high (71—84%). The isolated PAMA is soluble in
common organic solvents and exhibited a T, ranging from —13
to 0 °C which gradually increased as M, increased (runs 4—8,
Table 1). This polymer is rather stable if stored at RT in dark,
but cross-linking occurred within 24 h of exposure to ambient
laboratory light conditions, after which addition of CHCI; to

the sample revealed the formation of insoluble cross-linked
fractions. Hence, the samples of this polymer were stored in
brown bottles at —20 °C to preserve the integrity of the
polymer for further functionalization studies (vide infra).
Polymerizations carried out in CH,Cl, yielded PAMA materials
with similar characteristics to those produced in toluene, but
the activity was lower.

The chemoselectivity of the AMA polymerization by 1 is
perfect, as evidenced by the complete retention of the vinyl
groups (8 5.91, 5.31, and 520 ppm in 'H NMR, Figure S).
Significantly, the AMA polymerization is also highly stereo-
specific, producing it-PAMA with a high isotacticity of [mm]
95—97% (Figure S) and 2[rr]/[mr] = 1, indicative of the
enantiomorphic-site controlled mechanism. Furthermore, the
BC NMR spectrum of the polymer provided corroborated
evidence for the formation of the highly isotactic it-PAMA
(Figure 6). It is intriguing that the placement of the sp’-

mmmm
mmmm

_J

176.0

L

Figure 6. *C NMR spectra (CDCl;, 50 °C) showing the C=0
pentad (mmmm) region of the highly isotactic PAMA (left) and highly
isotactic PDAA (right).

175.0 174.0 176.0 175.0 174.0

hybridized (bulkier) CH, group between the ester oxygen atom
and the sp*-hybridized (less bulky) vinyl moiety in the case of
AMA had such a profound effect on the polymerization
stereospecificity (relative to VMA without the CH, group),
highlighting the importance of the sterics and orientation of the
ester OR group of the methacrylate monomer in the transition-
state structure that determines the stereospecificity of the
metallocene-catalyzed polymerization.”®

Chemoselective polymerization of VBMA is especially
challenging for free radical or anionic polymerization, due to
similar reactivity ratios between the methacrylic C=C bond (r,

: 9 I CH;
i i i [mm] =97%
CH; O O O CH;
cu o2 } L/> é )
A M it-PAMA | mrrr
:>_ CH3
o
CH, (>°
CH= =CH, l Y.
“M AMA
65 60 55 50 45 40 35 30 25 20 15 1.0 O0.5ppm

Figure S. Overlay of 'H NMR (CDCl,, 25 °C) spectra of the monomer AMA and polymer it-PAMA.
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= 1.04) and styrenic C=C bond (r, = 0.84).” However, the
metallocene-catalyzed coordination—addition polymerization
readily promotes the chemoselective polymerization of
VBMA. For example, the VBMA polymerization in a
[VBMA]/[1] ratio of 100 in CH,Cl, (runs 9—10) and toluene
(run 11, Table 1) achieved high (95%) to almost quantitative
(99%) conversion while maintaining a homogeneous solution
with no gelation or precipitation to yield completely soluble
polymers. Subsequent analysis of the isolated material by 'H
NMR showed that the methacrylate vinyl protons (& 5.57 and
6.14 ppm) completely disappeared while the vinylbenzyl
moiety (§ 5.18, 5.6, and 6.61 ppm) was left intact (Figure
S16). Note that the integration for the signals corresponding to
the vinylbenzyl group matched with those of the main-chain
aliphatic backbone, implying the vinylbenzyl moiety was
retained in every repeating unit. Although the PVBMA
obtained at 75% conversion had a narrow polydispersity D =
1.18 (Figure 4) and a quantitative I* of 100% (run 9), the
PVBMA produced at near quantitative conversions of 95% or
99% started to show much higher D values of ~3, indicating
possible polymerization of the styrenic moiety by the cationic
catalyst after the complete or nearly complete conversion of the
methacrylic C=C bond. In addition, thermal cross-linking of
the isolated PVBMA can be observed even in the solid state
when stored at RT. Indeed, analysis of PVBMA by differential
scanning calorimetry (DSC) showed a thermal cross-linking
exothermic peak with an onset temperature and a peak
maximum of 119 and 164 °C, respectively. Importantly, the
resulting PVBMA is isotactic, with [mm] = 90.0%—93.6%. A
test of the polymer stereoerrors gave 2[rr]/[mr] 1,
confirming the same enantiomorphic-site controlled mecha-
nism as that described for AMA polymerization.

The chemoselectivity and stereospecificity of catalyst 1
toward polymerization of polar divinyl monomers is further
demonstrated by investigation into the polymerization
characteristics of the acrylamide monomer DAA. Specifically,
the polymerization with a [DAA]/[1] ratio of 101 in CH,Cl,
achieved 99% conversion in 30 min (run 13), producing the
corresponding soluble poly(N,N-diallyl acrylamide) (PDAA)
with M, = 18.3 and D = 1.06 (Figure 4). The run at a higher
[DAA]/[1] ratio of 202 in CH,Cl, proceeded in a similar
controlled fashion, affording PDAA with M, = 302 and D =
1.16 as well as a quantitative I* value of 99% (run 14).
Although the activity of the DAA polymerization is the slowest
of the series, quantitative or near quantitative DAA conversion
can be achieved in all the tested ratios without any sign of
polymer cross-linking or degradation in solution. PDAA
showed a high Ty of 445 °C and a single decomposition
window with a high T, of 469 °C (Figure SS). Importantly,
the quantitative chemoselectivity and stereospecificity of this
polymerization were confirmed by the analysis of the 'H
(Figure S12) and C NMR (Figure 6) spectra of the isolated
material.

Livingness, Kinetics, and Mechanism of Polymer-
ization. Three lines of key evidence, summarized below
using the AMA polymerization by 1 as an example, clearly
showed living characteristics of this polymerization. First, the
M, of PAMA increased linearly (R* = 0.996) with an increase in
the [AMA]/[1] ratio from S0 to 400 (Figure 7), while the D
remained narrow (from 1.11 to 1.25). Second, a plot of the
polymer M, vs monomer conversion at a fixed [AMA],/[1],
ratio 300 also gave a straight line (R* = 0.995), which was
coupled with the small D values (Figure 8). Third, block
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Figure 7. Plot of M, and D of it-PAMA produced by 1 vs [AMA],/
[1], ratio (toluene, 23 °C).
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Figure 8. Plot of M, and P of it-PAMA produced by 1 vs monomer
conversion with a [AMA],/[1], ratio of 300 (toluene, 23 °C).

copolymerizations by 1 allowed the synthesis of the well-
defined block copolymers PMMA-b-PAMA and PMMA-b-
PDAA with unimodal, narrow MW distributions (P = 1.14—
1.28). The block copolymerizations were started by polymer-
ization of MMA (200 equiv, 100% conversion in 30 min),
followed by AMA (200 equiv, 97% conversion, 60 min) or
DAA (200 equiv, 99% conversion, 120 min) polymerization,
producing in both cases well-defined block copolymers PMMA-
b-PAMA (P = 128) and PMMA-b-PDAA (D = 1.14). The
measured M,’s of the resulting PMMA-b-PAMA and PMMA-b-
PDAA were 65.6 kg/mol and 69.8 kg/mol, respectively,
corresponding to an I* value of ~70% for both cases. As a
quantitative or near quantitative conversion was achieved for
both monomers in the block copolymerization, the molar
composition of the block copolymers measured by 'H NMR
was the same as the molar feed ratio (1:1). Also as expected,
two T,’s were observed for PMMA-b-PAMA, characteristic of
each of the component segments: Ty(1) = 56.6 °C for the it-
PMMA block, T,(2) = 6.5 °C for the it-PAMA block. Both
block copolymers are also highly isotactic, similar to their
respective isotactic homopolymers. It is worth noting here that
reversing the addition sequence of both block copolymeriza-
tions resulted in formation of either a block-/homopolymer
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mixture or only a homopolymer, due to a change of the basicity
and the coordination strength to the metal center of the
incoming monomer relative to the last coordinated monomer
unit in the chelating catalyst resting state (e.g, B in Figure 1),
which determines whether the second monomer can ring-open
the chelate to be polymerized or not, characteristic of the
metallocene-mediated coordination—addition block copolymer-
ization (i.e., monomers can only be copolymerized in order of
increasing coordination strength).3a’17

Next, we examined the kinetics of AMA polymerization by
catalyst 1, revealing the polymerization is first order with
respect to monomer concentration [AMA] for all the [AMA],/
[1], ratios investigated (48—322, Figure 9). A double logarithm

R?=0.962

R?=10.994

R?=0.992

R?=0.993

2.5

N
L

R?=0.999

Ln([AMA]/[AMA])

-
L

0.5+

0 T T T T T T
4 6 8
Time (min)

Figure 9. Semilogarithmic plots of In{[AMA],/[AMA],} vs time for
the polymerization of AMA by 1 in toluene at 23 °C. Conditions:
[AMA], = 0.697 M; [1], = 14.44 mM (@), 7.22 mM (<), 5.41 mM
(A), 3.61 mM (O0), 2.89 mM (@), and 2.16 mM (O).

plot (Figure 10) of the apparent rate constants (k,y,,), obtained
from the slopes of the best-fit lines to the plots of In([AMA],/
[AMA],) vs time, as a function of In[1],, was fit to a straight
line (R* = 0.995) with a slope of 1.1. 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. These
results indicate that the resting state in the proposed
monometallic propagation “catalysis” cycle (Scheme 2) is the
cyclic ester enolate B, which was structurally modeled by the
isolated cationic cyclic ester enolate complex 3 (vide infra) and
that associative displacement of the coordinated ester group by
incoming monomer to regenerate the active species A is the
rate-determining step (ie, B — A, Scheme 2). These key
features of the mechanism are the same as those already shown
for the coordination—addition polymerization of alkyl meth-
acrylates.>"°

The above-proposed mechanism suggests the possibility to
isolate the first-monomer-addition product 3 serving as the
structural model of the resting intermediate B, since the
monomer addition is fast relative to the monomer coordination
in the propagation “catalysis” cycle depicted in Scheme 2.
Accordingly, we carried out the stoichiometric reaction between
the cationic ester enolate 1 (itself also a structural model for the
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active species A) and 1 equiv of AMA in CD,Cl, at RT.
Monitoring the reaction by 'H NMR revealed rapid
consumption of AMA upon its addition, but the signals
corresponding to Zr species suggested coexistence of two
separate species, 3 and 3-THF (Figure S8). Signals character-
istic of 3 are a septet at 0 4.34 ppm for —OCHMe, of the
coordinated isopropyl ester group [—C(OPr)=0], a sharp
singlet at 0 1.57 ppm for =CMe, and two doublets at 6 1.40
and 128 ppm for —OCHMe,. The chemoselective Michael
addition of AMA is confirmed by the observation of the fully
intact allyl group in 3 with its characteristic signals at 6 5.87,
5.29, 5.23, and 3.83 ppm. However, the color of the mixture
changed from bright red to orange upon standing at RT for
several hours, indicating the spontaneous evolution of the
reaction. Indeed, the 'H NMR spectrum confirmed the
formation of 3-THF as the major product, which corresponds
to the cleavage (opening) of the eight-membered chelate in 3
by the free THF present in the solution, as evidenced by the
observations of: (a) the markedly downfield shifting of
—OCHMe, from 6 4.36 in 3 to 4.96 ppm in 3-THF for the
noncoordinated isopropyl ester group; (b) the upfield shifting
of signals corresponding to the coordinated THF molecule in
3-THF (§ 3.66 and 3.52 ppm for a-CH,, § 1.87 ppm for -
CH,, vs signals at § 3.88 and 1.96 ppm for the free THF); and
(c) the appearance of only one doublet for —OCHMe, of the
noncoordinated isopropyl ester group, which was also upfield
shifted from the coordinated analogue to 6 1.25 ppm.

Being isostructural to complex 1 and active species A,
complex 3-THF was isolated in the preparative scale as a bright
yellow powder. The coordinated THF molecule was not
removed even after extensive drying in vacuo for 8 h at RT or
heating at 80 °C for 1 h in C¢DsBr, indicating the strong
coordination of THF to the cationic Zr center; the bound THF
was not displaced by the added AMA, explaining the inability of
this species to polymerize AMA. The polymerization of AMA
by 1 was completely shut down when carried out in THF. On
the other hand, the discrete complex 3 can be generated by in
situ mixing of AMA-B(C4F;); and rac-(EBI)ZrMe[OC(O'Pr)=
CMe, ] in the absence of THF. A kinetic competence check was
performed by addition of 10 equiv of AMA to the in situ
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Scheme 2. Proposed Mechanism (Propagation Catalysis Cycle) for the Chemoselective and Stereospecific Polymerization of
AMA by rac-1 As Well As Structures of 1, 3, 3*THF, and 4 As Synthetic Structural Models for Active Species A and Resting-State
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Figure 11. 'H (bottom) and '°F NMR (top) spectra (CD,Cl,, 0 °C) of the isolated 4. Residual NMR and hexanes solvent peaks are labeled as * and

O, respectively.

generated 3, which was accompanied by instantaneous
formation of it-PAMA, thereby confirming the role of 3 as
the resting propagating intermediate in the polymerization of
AMA by catalyst 1.

Isolation of the chelating amide enolate intermediate 4
derived from the stoichiometric reaction of 1 and DAA went
more smoothly, thanks to its thermal stability and the inability
of THEF to ring-open the chelate, thus cleanly generating the
spectroscopically and analytically pure product 4. Multinuclear
(Figure 11 and Figure S9) and multidimensional (Figures 10
and 11) NMR spectra are consistent with the proposed
structure, analogous to the previously isolated eight-membered
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chelate from the reaction of 1 and N,N-dimethylacrylamide.'”
Notably, the '"H NMR signal for —-OCHMe, (8 3.72 ppm, sept)
attached to the enolate ligand in 1 is downfield shifted to 0 4.65
ppm for —OCHMe, now attached to an ester group in 4, which
is consistent with the *C NMR chemical shift differences for
the C(O) carbon: 154.1 ppm for the enolate in 2 [OC-
(OPr)=] and & 185.0 ppm for the ester in 4 [C(O'Pr)=0].
More importantly, the chemoselective Michael addition of the
monomer through the conjugated double bond is confirmed by
the presence of the intact —-N(CH,CH=CH,), moiety in 4, as
evidenced by (a) "H NMR: § 5.79 and 5.55 ppm (NCH,CH=
CH,); 8 531, 5.24, and 5.11 ppm (NCH,CH=CH,); 6 3.91,
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Scheme 3. Post-Functionalization of it-PAMA and it-PDAA via the Thiol-Ene Click Chemistry
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Figure 12. Overlay of '"H NMR (CDCl,, 23 °C) spectra of it-PAMA, it-PAMA-SR1, and it-PAMA-SR2.

3.81, 3.64, and 3.32 ppm (NCH,CH=CH,)], and (b) “C
NMR: 5 132.3 and 131.5 ppm (NCH,CH=CH,); & 119.7 and
119.0 ppm (NCH,CH=CH,); & 48.85 and 48.66 ppm
(NCH,CH=CH,). The rotation of the allyl amide group
around the OC—N bond on the 'H NMR time scale at 25 °C
explains the broadening of its signals, but the peaks are
markedly sharper at 0 °C. Another advantage of recording the
"H NMR at 0 °C is the assignment of the CH signal on the
eight-membered ring chelating ligand, which was not detectable
at 25 °C due to the overlapping with the broad signals in the
olefinic region. At 0 °C the CH signal appeared at a much
higher field than expected (1.23 ppm), as it was clearly shown
by the correlation with the vicinal CH, protons in the 2D
correlation spectroscopy (Figure S10). Moreover, the 2D
HSQC NMR (Figure S11) supports the identification of the
corresponding carbon signal in the *C NMR spectrum, which
is also highly upfielded (37.69 ppm, Figure S9). These
spectroscopic results suggest that, at lower temperatures, the
CH moiety in complex 4 could be shielded by the N-allyl group
(restricted rotation at 0 °C) or complex 4 could be stabilized by
a resonance structure where the CH enolate carbon has a more
negative charge distribution (i.e., z-allyl type structure).
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Nevertheless, a kinetic competence check on the isolated
chelate 4 revealed that it polymerized 200 equiv of DAA rapidly
to produce PDAA with a narrow MW distribution of P = 1.17
and a high isotacticity of [mm] > 99%, similar to the
polymerization started directly with catalyst 1, thereby
confirming the role of the amide enolate 4 as the resting
propagating intermediate in the polymerization of DAA by
catalyst 1.

Post-Functionalization to Functional Materials. Post-
functionalization of isotactic polymers bearing the pendant
vinyl (—CH=CH,) functional group on every repeating unit
was performed through two approaches: the thiol—ene “click”
reaction and photocuring. The former approach has been
widely used and proven to be highly effective for functionaliza-
tion of ene-bearing polymers.'® We first examined functional-
ization of it-PAMA (M, = 59.8 kg/mol, D = 1.25) and it-PDAA
(M, = 183 kg/mol, D = 1.06) with two model thiols, 4-tert-
butylbenzylmercaptan (RSH1) and 1-adamantanethiol (RSH2),
using the click reaction with 2,2-dimethoxy-2-phenylacetophe-
none (DMPA) as the photoradical initiator under photo-
chemical conditions (RT, UV lamp centered at 350 nm) in
chloroform (Scheme 3). The efficiency of this reaction was
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Figure 13. Overlay of IR spectra of it-PAMA, it-PAMA-hv, and it-PAMA-SR3-hv.

monitored and confirmed by '"H NMR (Figure 12), showing a
full conversion of all the pendant double bonds in 2 h; this is
evidenced by complete disappearance of the "H NMR signals
corresponding to the olefinic protons in i-PAMA (6 5.91, 5.31,
and 520 ppm) and it-PDAA (6 5.69 and S.09 ppm) and
appearance of new signals due to the formation of the C—SR
bond, observed at § 2.46 (it-PAMA-SR1), 2.57 (it-PAMA-SR2),
3.24 (it-PDAA-SR1), and 3.60—2.29 ppm (it-PDAA-SR2,
overlapping with other peaks) for the thioether RSCH,—
protons. The stereochemistry of the resulting thiolated
polymers was found to be identical to the parent polymers,
with high isotacticity of >95% for it-PAMA-SR and >99% for it-
PDAA-SR in all the cases. However, the thiolated PAMA-SR
polymers, which are still soluble in common organic solvents,
exhibited much higher MW and D values (M, = 190 kg/mol, B
= 9.42 for itPAMA-SR1; M, = 106 kg/mol, D = 5.12 for it-
PAMA-SR2), indicative of some degree of light cross-linking
due to the nonselective radical initiation in the presence of the
high concentration of reactive C=C pendant groups. On the
other hand, it-PDAA underwent a much more controlled thiol—
ene “click” functionalization, as the MW of the resulting
thiolated polymer compares well with the calculated value for
both thiolate derivatives, although the D values became larger
after the thiol—ene reaction: M, = 36.4 kg/mol (vs the
calculated M, of 36.3 kg/mol) and D = 2.68 for i-PDAA-SR1;
M, = 36.2 kg/mol (vs the calculated M, of 35.1 kg/mol), D =
2.54 for it-PDAA-SR2. Worth noting here is that, when the
functionalization was performed using the radical thermoini-
tiation (ie, azobis(isobutyronitrile) as the initiator in 1,2-
dichlorobenzene, at 70 °C for 24 h), the conversion of all
pendant C=C bonds was complete, but the resulting polymer
showed a much higher degree of cross-linking with formation of
insoluble fractions.

To examine effects of the pendant group functionalization on
the polymer thermal properties, the thiol-functionalized
polymers were further characterized by thermal gravimetric
analysis and DSC, along with their parent polymers. The
thiolated it-PAMA materials with both 4-tert-butylbenzylmer-
captan (Tg =22.1 °C) and 1-adamantanethiol (Tg = 85.5 °C)
exhibited a much higher T, than the parent it-PAMA (T, = 0
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°C); the decomposition onset temperature was also substan-
tially enhanced from a Ty of 235 °C of the parent it-PAMA to a
T4 of 306 and 347 °C of it-PAMA-SRI and it-PAMA-SR2,
respectively (Figure S4). While the parent it-PDAA showed no
T, on its DSC trace, the thiolated analogues it-PDAA-SR1 and
itPDAA-SR2 revealed a T, of 42.9 and 146.1 °C, respectively,
but a noticeable decrease in Ty from 445 °C of the parent it-
PDAA to 317 and 405 °C of the thiolated derivatives was
observed (Figure SS). It is apparent from the above results that
the thiolated isotactic polymers bearing the adamantane group
exhibit a much higher T, and T; than the polymers carrying the
4-tert-butylbenzyl group.

To investigate the photocuring approach, we subjected it-
PAMA to controlled cross-linking conditions under UV (350
nm) photoradical initiation with DMPA in chloroform inside a
Luzchem photoreactor for 10 min. This approach produced an
elastic, translucent but colorless thin film (it-PAMA-hv). The
FT-IR spectrum of the film showed the same features as those
of the un-cross-linked polymer; of particular interest here are
the absorption bands corresponding to the pendant C=C
bonds in the cross-linked film [3083 (=CH, str.); 1648 (C=C
str.); 983 and 927 (=CH & oop) cm™'], indicating that a
significant proportion of olefinic groups did not participate in
the photocuring process that yielded the film (Figure 13). The
thermal mechanical property of this material was characterized
by dynamic mechanical analysis (DMA), and the resulting
curves of storage modulus (E’), loss modulus (E”), and tan &
(E"/E’) vs temperature are shown in Figure 14. This analysis
gave values of E’ = 2.674 GPa and E” = 71.91 MPa at —100 °C
or E' =292.6 MPa and E” = 199.0 MPa at 25 °C. The T, of this
photocured it-PAMA-hv obtained from the peak maxima on the
tan 6 curve is 36.5 °C, which is about 30 °C higher than that of
the parent it-PAMA. The T, if taken as the peak value on the
E” curve, is lower (17.9 °C). When the photocuring of it-
PAMA was carried out in the presence of 0.5 equiv of a
bifunctional thiol (1,6-hexanedithiol, RSH3), a brittle material
(i-PAMA-SR3-hv, Scheme 3) was obtained instead, which was
not suitable for DMA analysis in the tension film mode for a
comparative study. Interestingly, the analysis of it--PAMA-SR3-
hv by FT-IR revealed no absorption bands attributable to the
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Figure 14. Thermal mechanical spectrum of it--PAMA-hv obtained by
DMA analysis.

olefinic groups (Figure 13), indicating a complete consumption
of the pendant C=C bonds. Hence, a combination of
photocuring with the thiol—ene “click” reaction in the presence
of a photoradical initiator and a dithiol can completely cure the
it-PAMA carrying the pendant C=C bonds.

B CONCLUSIONS

In summary, this work has developed the first chemoselective,
stereospecific, and living polymerization of polar divinyl
monomers using a chiral ansa-zirconocenium ester enolate
catalyst. The perfect chemoselectivity is originated from the fact
that the polymerization proceeds exclusively through conjugate
addition across the methacrylic double bond, which is most
activated via coordination of the conjugated carbonyl to the
cationic Zr center, while leaving the pendant C=C bonds
intact. The stereospecificity is due to an enantiomorphic-site
controlled, coordination—addition polymerization mechanism
enabled by the chiral ansa-zirconocenium ester enolate catalyst,
whereas the living nature of the polymerization is brought
about by the fast chain initiation through the ester enolate
ligand and the lack of problematic chain transfer or termination
events, thanks to the chelating resting intermediate involved in
the propagation “catalysis” cycle. Key conclusions drawn from
our study of the four subareas of the subject are summarized
below.

Catalyst Structure. Although only two chiral C,-ligated
ansa-zirconocenium ester enolate catalysts have been inves-
tigated in this study, the two catalysts have yielded drastically
different results. While the newly synthesized and structurally
characterized silyl-bridged-ansa-zirconocenium ester enolate 2
exhibits low to negligible activity and stereospecificity in the
polymerization of the current polar divinyl monomers, the
ethylene-bridged-ansa-zirconocenium ester enolate 1 is highly
active and stereospecific in the polymerization of such
monomers. These results showed remarkable sensitivity of
the polymerization activity and stereospecificity to a subtle
catalyst structure change.

Monomer Structure. The polymerization by catalyst 1 is
completely chemoselective for all four representative polar
divinyl monomers investigated in this study. The resulting
polymers exhibit controlled MW and low D values, with the
polymerization of DAA showing the highest degree of control
over the polymer M, (nearly identical to the theoretical value)
and D values (1.06—1.16). The DAA polymerization is also
most stereospecific, producing essentially stereoperfect isotactic
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PDAA with [mmmm] > 99%, followed by AMA polymerization,
which still led to highly isotactic PAMA with 95—97% [mm].
The polymerization of VBMA is further less stereospecific,
while the polymerization VMA is least selective. The drastically
different stereochemical control over VMA and AMA, where
the only structural difference between the two monomers is an
additional CH, group inserted into the ester oxygen atom and
the vinyl carbon in AMA, suggests that the subtle steric
difference affects the orientation of the ester OR group and
thus its steric interactions with the ligand framework of the
catalyst in the transition state determining the stereochemistry
of the addition.

Kinetics and Mechanism. We obtained three lines of key
evidence from both homo- and block copolymerization
experiments to demonstrate living characteristics of the AMA
polymerization by 1. The results of the AMA polymerization
kinetics are consistent with the proposed monometallic
coordination—addition polymerization mechanism. Synthetic
efforts have generated or isolated the first monomer-addition
products, 3, 3-THF, and 4, serving as suitable structural models
for active species A and resting-state chelate B (Scheme 2) as
well as for performing kinetic competence checks, thus
providing additional support for the proposed mechanism.

Post-Functionalization. We employed the thiol—ene
“click” reaction and photocuring approaches to post-function-
alize isotactic polymers (i-PAMA and it-PDAA) bearing the
pendant vinyl group on every repeating unit. For the thiol—ene
reaction, a full conversion of all the pendant double bonds to
the corresponding thioether bonds has been achieved for both
isotactic polymers, whereas the reaction with it-PDAA is more
controlled for the MW of the resulting thiolated polymer. The
photocuring approach in the presence of a photoradical
initiator produced an elastic material readily characterizable
by DMA. Performing the photocuring of it-PAMA in the
presence of 1,6-hexanedithiol produced completely cured it-
PAMA with all pendant C=C bonds consumed or cross-
linked.
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