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Abstract

Helical polymers with a defined main-chain atropoisomeric conformation are important materials
in high value applications such as nonlinear optics and chiral separations. Currently, no methods
exist for the cationic helix-sense-selective polymerization of prochiral vinyl monomers, which
limits access to a number of potentially valuable optically active helical polymers. Here, we
demonstrate the first stereoselective cationic helix-sense-selective polymerization of a prochiral
vinyl monomer, which provides access to optically active helices of poly(A~vinylcarbazole).
Chiral bis(oxazoline)-scandium Lewis acids serve as chiral counterions to polymerize A-
vinylcarbazole into highly isotactic (up to 94% meso triads) polymers. Mechanistic investigations
uncovered the distinct phenomenon that are responsible for independent control of conformational
(i.e., helicity) and configurational (i.e., tacticity) stereochemistry. Polymer helicity was strongly
influenced by the stereoselectivity of the first monomer propagation, whereas polymer tacticity
was dictated by the thermodynamically controlled conformation of the growing polymer chain
end. Overall, this method expands the suite of accessible helical polymers through helix-sense-
selective polymerization and provides mechanistic insight into how polymer tacticity and helicity
can be controlled independently.

Optically active helical polymers are an important class of materials that are currently
used in commercial applications for chiral separations, biomimetics, and optoelectronics.!
The function of these materials is a direct result of their main-chain atropoisomeric
conformation.12 The synthesis of optically active helical polymers from readily available
vinyl monomers can be accomplished using helix-sense-selective polymerization (HSSP)
strategies. Such methods have allowed for the simultaneous conformational (i.e., helicity)
and configurational (i.e., tacticity) control of absolute polymer stereochemistry, which has
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parallels with modern methods in asymmetric catalysis that enable simultaneous control of
product enantio- and diastereoselectivity.3-6

To date, HSSP methods have been limited to a few highly stereoselective asymmetric
coordination—insertion, anionic, and radical approaches (Figure 1A).”12 No examples of

a stereoselective HSSP of a prochiral vinyl monomer that proceed through a cationic
mechanism have been reported, presumably due to the inherent challenge of controlling
enantiofacial addition of a vinyl monomer onto a prochiral sp? hybridized carbenium ion.13
Asymmetric ion-pairing catalysis has proven to be a successful conceptual approach to
control enantiofacial addition of nucleophiles to prochiral reactive intermediates in small
molecule synthesis.14-16 Recently, asymmetric ion-pairing catalysis has demonstrated utility
in cationic polymerization for the control of polymer tacticity, but has not achieved the
ability to also control polymer helicity.1317-20 The development of stereoselective HSSP
cationic polymerizations remains a fundamental challenge that, if achieved, would expand
the suite of accessible optically active helical polymers.

Atactic poly(A-vinylcarbazole) (poly(NVC)) is an industrially and academically relevant
polymer made by either cationic or radical polymerization.2! The unique optical properties,
hole-transport abilities, and high decomposition temperature of poly(NVC) enable
applications in light emitting diodes and photorefractive materials.22-24 Recently, Aoshima
and coworkers developed a Lewis acid catalyzed method to synthesize isotactic poly(NVC)
with a percent meso triad (% mm) content up to 94%, but the method lacked the appropriate
conformational control to form enantioenriched helical polymers and required extended
reaction times at —78 °C to reach moderate molecular weights.25> Given these limitations,
we identified the HSSP of poly(NVC) as an opportunity to solve an outstanding challenge
in polymer synthesis while also generating new materials for structure—stereoselectivity—
property evaluation. We hypothesized that asymmetric ion-pairing catalysis could serve

as an overarching conceptual approach to mediate enantiofacial addition to the prochiral
iminium ion chain end and control helicity and tacticity in tandem.

Herein, we report the first stereoselective cationic HSSP of a prochiral vinyl monomer,
namely NVC. Bis(oxazoline) (BOX) ligands proved enabling for the identification of a
chiral scandium Lewis acid that initiated cationic polymerization of NVC and served to
mediate enantiofacial addition of subsequent monomers to yield highly isotactic poly(NVC)
(up to 94% mm) under mild conditions. The chirality of the BOX ligand led to selective
helix formation, but conditions which improved tacticity did not always improve helicity and
vice versa, which contradicted previous observations for HSSP (Figure 1B).26 Mechanistic
investigations uncovered the distinct phenomenon responsible for independent control of
configurational and conformational stereochemistry. The mechanism of tacticity control
was investigated computationally and suggested it was dictated by a conformational bias
arising from sz—r interactions between the last enchained, electron-rich carbazole ring

and the prochiral, electron-poor carbazolium chain-end. Polymer helicity, conversely, was
strongly influenced by the stereoselectivity of the first monomer propagation, which was
confirmed through the synthesis of enantioenriched initiating species. Consequently, this
method represents an HSSP where the helicity was decoupled from polymer tacticity,
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and the mechanistic insight provides a conceptual framework for how to control them
independently.2’

We began our studies by exploring the polymerization of NVC at room temperature. A
control polymerization of NVC catalyzed by triflic acid (TfOH) generated poly(NVC)
with 57% mm. Given the noncoordinating nature of the triflate counterion, the modest
stereoselectivity observed is presumably due to chain-end control, whereby the last
enchained monomer influences the stereochemistry of subsequent monomer addition. We
identified substituted BOX ligand—metal complexes as promising chiral Lewis acids due
to their significant precedent in asymmetric small molecule catalysis and their modular
synthesis.28:29 Additionally, we hypothesized that hemiaminals of carbazole would be
competent initiators for cationic polymerization.30-32

The use of strong Lewis acids (Figure 2, entries 5-9) facilitated reactivity to produce
poly(NVC) with higher % mm compared to the triflic acid catalyzed polymerization, with
ligated Sc(OTf)-L1 yielding 84% mm. Lowering the monomer concentration to 0.12 M
enabled the synthesis of highly isotactic poly(NVC) with a tacticity of 92% mm at room
temperature and a moderate molecular weight (Figure 2, entry 9). Lowering the temperature
or decreasing the concentration further resulted in a decrease of isotacticity and a loss of
molecular weight control (Table S1, entry 8).

To investigate the role the ligand played in influencing tacticity, BOX ligands with diverse
steric properties and substitutions on the bridgehead position were evaluated (Figure 3).
With the exception of L7, all BOX-ligated scandium Lewis acids polymerized NVC to
complete conversion. Changing the bridgehead r-propyl groups of L1 to other alkyl or
cyclic substituents universally decreased tacticity (Figure S3), which we attributed to
poor solubility of the catalyst. Polymerization using the achiral BOX ligand L2 provided
poly(NVC) with 70% mm. The addition of methylene spacers between the oxazoline and
aryl substituent (L3 and L4), extending the size of the arene (L5), or an additional vicinal
phenyl ring (L9), resulted in decreases in isotacticity compared to L1. Branched aliphatic
substituents (S)-isopropyl (L6) and (S)-cyclohexyl (L8) yielded poly-(NVC) approaching
the isotacticity provided by L1. The inclusion of a fused Indane ring on the BOX

ligand framework (L10/L11) also resulted in high isotacticity (91% mm). Moreover, the
polymerization of NVVC with a racemic mixture of L10 and L11 produced a polymer with
91% mm, suggesting a lack of catalyst exchange between chain ends at room temperature,
limited catalyst clustering, or a prevailing chain-end stereocontrol mechanism (Table S1,
entry 18). Lowering the reaction temperature and concentration with L11 allowed the
synthesis of poly(NVC) with 94% mm and greater than 120 kDa M, (Table S1, entries
13-17).

The sense-selective formation of helices for samples of isotactic poly(NVC) was assessed
by circular dichroism (CD) spectroscopy. Owing to the C,-symmetry of the monomer and
pseudo mirror plane of the isotactic polymer, any optical activity would result from selective
helix formation.33-35 Analysis with CD spectroscopy in the wavelength ranges generally
associated with polymer tertiary structure (250-350 nm) displayed clear CD responses and
inversion coinciding with absorbance of the carbazole motif and lacked optical activity from
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the enantioenriched alpha chain-end, thus revealing the first example of a stereoselective
cationic vinyl HSSP (Figures S4-8, Tables S2-4). These helices of poly(NVC) were found
to be stable in tetrahydrofuran solution without significant deterioration of optical activity,
but did racemize upon extended heating in toluene (Figures S9—-S10). Ligand identity and
stereochemistry had a direct influence on the magnitude and sign of helicity ([€]) (Figure
3). For example, NVC polymerization with L10 and its enantiomer, L11, produced samples
of poly(NVC) with analogous isotacticities and magnitudes of helicity, but opposite CD
responses, indicating that intentional ligand design can be used to tune helicity. To our
surprise, and in contrast to previously reported examples of HSSP, there was no clear
relationship between conditions which improved tacticity and those that improved helicity
(Figure 3, Figure S5).26 For example, while poly(NVC) made using L8 demonstrated a
lower isotacticity than that made with L1, it had a 3 times higher response in the CD
spectrometer.

We sought to gain a mechanistic understanding for how tacticity and helicity arise
independently. The implication that helicity is not directly tied to tacticity could allow
conceptually different approaches toward catalysts design. We hypothesized that the high
levels of isotacticity arise from conformational control of the propagating iminium and are
derived from r-interactions between the electron-deficient carbazolium and the previously
enchained monomer.36 Density functional theory (DFT) was utilized to investigate the
chain-end reactive intermediate computationally. Ground state geometry optimizations using
cpecm(toluene)/B3LYP-d3/def2-svp were performed on poly(NVC) after a single monomer
addition in either the pro-meso or pro-racemo conformation. With no anion present, there
was a 0.9 kcal/mol preference for the pro-/meso conformation in the ground state, which we
presume is due to unfavorable gauche interactions in the pro-racemo stereoisomer (Figure
4A).

A more in-depth analysis of the conformational energy landscape was accomplished using
relaxed dihedral scans of the optimized pro-meso ground state structure (Figure 4B, (i))

at the cpcm(toluene)/B3LY P-d3/def2-tzvp level. To our surprise, intermediate structure (ii),
which adopts a geometry to reduce A(1,3) strain and gauche interactions, is higher in energy
compared to (i) and (iii) due to the strong orbital overlap between carbazole rings (-
stacking) being ablated (Figures S18, S19). We hypothesize that the lower energy coplanar
carbazole conformations (i) and (iii) hinder monomer attack from the posterior face; thus,
the conformation of the propagating iminium (pro-meso or pro-racemo) would dictate facial
selectivity for monomer addition and therefore the tacticity.

Thermodynamic data were extracted in the presence of the BOX-Sc(OMe)(OTf)3 counterion
(Figure 4C). An unsubstituted, achiral BOX ligand provided a similar thermodynamic
preference for the pro-meso conformation of the dimeric species compared a dimer with

no associated counterion. However, calculation of the dimer with an indane-substituted
chiral BOX complex as a counteranion favored the pro-meso conformer by 4.38 kcal/mol,
indicating that the substitution of the ligand strongly influences ground state conformation
through asymmetric ion-pairing interactions (Figure 4C, D).
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The mechanistic understanding gained from DFT suggests tacticity is influenced by
conformational control of the prochiral iminium chain-end, but the helicity-determining
steps were still unclear. We hypothesized that the enantioselectivity of the first propagation
event from the prochiral iminium ion may determine the magnitude and sign of helicity.
This step would be stereochemically distinct from every other propagation due to the lack
of 7—m interactions with a previously enchained monomer. If operative, molar ellipticity and
the percent enantiomeric excess (% eg) of the first stereocenter should be directly related.

To test this hypothesis, we sought to characterize how the enantioselectivity of only the first
propagation event influenced the magnitude of helicity by initiating the polymerization of
NVC using an enantioenriched initiating species, (+)-dCz (Figure 5A). Isotactic poly(NVC)
of 91% mm was prepared using either chiral initiator (+)-dCz or NVC-OMe and catalyst
[Sc-L11]. Initiating polymerization with (+)-dCz (69% e¢) resulted in an amplification of
CD response compared to initiation with NVC-OMe (Figure 5A, blue arrow). However,
when the enantiomeric ligand L10 was used with initiator (+)-dCz, an inversion of CD
response occurred compared to the polymerization initiated by NVC-OMe, indicating a
mismatch between the ligand and initiator chirality—while maintaining absorbances within
<5% of one another (Figure 5A red arrow, Figure S6). We then altered the magnitude of

% ee of the chiral initiator and observed an accompanying linear increase in CD response
for the absorbances at 296 and 265 nm (Figure 5B). The combination of these data indicate
that the stereoselectivity (% ee) of the first propagation event strongly influences the sign
and magnitude of helicity without affecting polymer tacticity, thus demonstrating an HSSP
where the tacticity and helicity are decoupled.

In summary, we have disclosed the first stereoselective cationic HSSP of a vinyl monomer.
The optimized BOX-scandium Lewis acid catalyst allowed the synthesis of helical and
highly isotactic poly(NVC) through the ionization of a simple hemiaminal initiator.
Mechanistic investigations revealed that the stereoselective processes that endow tacticity
and helicity are not directly related, which provides design parameters to rationally control
helicity independently of tacticity for poly(NVC). During propagation, differences in pro-
meso and pro-racemo conformations strongly influence the resulting tacticity, whereas the
stereoselectivity of the first propagation determines the helicity of the polymer.
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A. Helix-sense-selective polymerization of vinyl monomers
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(A) Helix-sense-selective polymerizations of vinyl monomers. (B) Our approach for the

stereoselective cationic helix-sense-selective polymerization of A-vinylcarbazole.
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N 1.) [M-L1] (2 mol%) Me “i‘
\ NVC-OMe (2 mol%)
N PhMe, 23 °C, 10 min Cz N
: g
2.) n-BuLi; MeOH

Entry” Lewis Acid NVC(M)  %Conv.” M,(kgmol®)* mm(%)°
1 TfOH 0.24 >99 88 57
2 - 0.24 0 - -
3 Mg(OTf), - L1 0.24 0 = —
4 La(OTf), - L1 0.24 <5 33 -
5 Y(OTf); - L1 0.24 26 23 77
6 Yb(OTf), - L1 0.24 49 17 72
7 Sc(OTf)s 0.24 >99 76 69
8 Sc(OTf), - L1 0.24 >99 20 84
9 Sc(OTf); - L1 0.12 >99 19 92

onF’r nPro Me OMe
nPr_ nPr M(OTf), R \) I
%ro (0 83 equiv) SKN‘\ /,N /
S/ \J PhMe,24h ~ |Ph M Ph
Ph L1 (OTf)m NVC-OMe
[M-L1]

Figure 2.
4All polymerizations were run with 0.26 mmol of NVC and targeted an M, of 9.7 kDa.

BConversion into poly(NVC) was determined from crude 1H NMR. “Molar masses were
determined by GPC in THF at 1 mg/mL and reported compared to polystyrene standards.
dTacticity was determined by integrating the separated mm and mr/rr peaks by 1H NMR at
100 °C in C,D,Cly.
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Derivatization of di-n-Pr-bis(oxazoline) ligands. 2.4 mol % of L1-11 were mixed with 2.0
mol % of Sc(OTf)3 at room temperature for 24 h. Polymerization were ran at 0.12 M. @Units
for molar ellipticity are deg-cm2-dmol 1.
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A. Newman projections B. Relaxed dihedral scan of poly(NVC) dimer
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C. Computed thermodynamics of conformations in presence of Lewis acid

Me Me —le
(pro-meso) (pro-racemo)

X oo AT

s¢ N HHN
TfO"/\OTf
TfO OMe
Achiral BOX-[Sc]

Me Me

O SF AGpeso-Racemo

None +0.90 kcal/mol

TfO o \ O Achiral BOX-[Sc] +1.15 keal/mol

TfO OMe Chiral BOX-[Sc] +4.38 kcal/mol

Chlral BOX-[Sc]

Figure 4.
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D. Proposed mr-1r interactions
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Computational study on the stereochemical conformational control of chain-end

stereochemistry for investigating tacticity control.
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A. Circular dichroism spectroscopy: NVC-OMe vs. (+)-dCz
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Figure 5.

Mechanistic study of polymer helicity and its relationship to the stereoselectivity of the first

monomer propagation event.
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