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ABSTRACT: The control of the tacticity of synthetic polymers
enables the realization of emergent physical properties from readily
available starting materials. While stereodefined polymers derived
from nonpolar vinyl monomers can be efficiently prepared using
early transition metal catalysts, general methods for the stereo-
selective polymerization of polar vinyl monomers remain under-
developed. We recently demonstrated asymmetric ion pairing
catalysis as an effective approach to achieve stereoselective cationic
polymerization of vinyl ethers. Herein, we provide a deeper
understanding of stereoselective ion-pairing polymerization
through comprehensive experimental and computational studies.
These findings demonstrate the importance of ligand deceleration
effects for the identification of reaction conditions that enhance stereoselectivity, which was supported by computational studies that
identified the solution-state catalyst structure. An evaluation of monomer substrates with systematic variations in steric parameters
and functional group identities established key structure−reactivity relationships for stereoselective homo- and copolymerization.
Expansion of the monomer scope to include enantioenriched vinyl ethers enabled the preparation of an isotactic poly(vinyl ether)
with the highest stereoselectivity (95.1% ± 0.1 meso diads) reported to date, which occurred when monomer and catalyst
stereochemistry were fully matched under a triple diastereocontrol model. The more complete understanding of stereoselective
cationic polymerization reported herein offers a foundation for the design of improved catalytic systems and for the translation of
isotactic poly(vinyl ether)s to applied areas.

■ INTRODUCTION

The stereochemistry of vinyl polymers has a profound effect on
their material properties.1 As an illustrative example, atactic
polypropylene is a viscoelastic fluid of little utility, whereas
isotactic polypropylene (iPP) is a low-cost thermoplastic used
in automotive, packaging, and structural applications at a
volume exceeding 50 million metric tons annually.2 Even
though industrial iPP production is still dominated by
heterogeneous catalysts, the discovery of homogeneous
single-site transition metal catalysts for stereoselective α-olefin
polymerization has provided key mechanistic insight into the
origin of stereocontrol.3−6 This fundamental understanding
has enabled the tailoring of catalyst coordination environment
to precisely control polyolefin microstructure, leading to a
dazzling array of thermomechanical properties from only a few
α-olefin building blocks.1,7,8 Despite these impressive advances,
a long-standing goal has been to incorporate polar functionality
into polyolefins to enhance their interfacial properties.9,10 An
intrinsic challenge arises from the irreversible binding of Lewis
basic heteroatoms with the electrophilic early transition metal
catalysts traditionally used for stereoselective α-olefin polymer-
ization, which often precludes copolymerization with polar

monomers.11 Late transition metal catalysts have been
developed that succeed in copolymerizing polar vinyl
monomers with ethylene, but their stereoselective copoly-
merization with α-olefins is rare.7,9,12−19

The stereoselective homopolymerization of polar vinyl
monomers is an attractive, but underdeveloped, approach to
derive differentiated properties from underutilized yet readily
available building blocks.1 One method that has demonstrated
considerable success is stereoselective coordination−addition
polymerization using electron-deficient single-site metal
catalysts.20 This mechanism proceeds through an eight-
membered ring ester enolate chelate to stabilize the catalyst
resting state, thereby limiting the scope of the polymerization
to enolizable monomers. Steric interactions between the
ligands, chain end, and monomer dictate stereoselective
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monomer addition; thus, catalyst structure can require
extensive optimization for each substrate of interest.21−25

Due to these limitations, the polymerization of polar vinyl
monomers is typically conducted by radical or ionic
mechanisms, where the propagating chain-end is a prochiral
reactive intermediate with no obvious mode for biasing facial
addition of monomer. Stereoselective polymerization, in the
context of these methods, has traditionally been accomplished
by chain-end control, whereby the stereochemistry of the last
enchained monomer influences the facial addition of the next
monomer (Figure 1A).5,26−29 While this approach provides

stereoregular polymers in a number of cases, the level of
stereoselectivity achieved is intrinsically linked to the steric
demands of each individual substrate and therefore not broadly
applicable, even within a monomer class.
Drawing inspiration from many biosynthetic pathways that

involve asymmetric additions into oxocarbenium ions,30−34 we
recently reported a general approach for the stereoselective
cationic polymerization of vinyl ethers (Figure 1B). In this
system, stereoselectivity arises as a result of a chiral Lewis acid
counterion derived from TiCl4(THF)2 and a 3,3′-substituted-
1,1′-bi-2-naphthol (BINOL)-based phosphoric acid.35 Analysis
of triad tacticity using Markovian statistics suggested an
overwhelming preference for catalyst-controlled stereoselectiv-
ity, otherwise known as enantiomorphic site control.5,36−39 In
contrast to alternative methods for stereoselective vinyl ether
polymerization,27,40−48 our catalyst-controlled approach was
broadly applicable to a variety of alkyl vinyl ether monomers,
whose homopolymerization and copolymerization49 resulted in
diverse thermomechanical properties.
The expansion of the scope and utility of this method

necessitated more comprehensive mechanistic investigations,
similar to those that catalyzed the recent advancements in
photocontrolled cationic polymerization.50−56 As such, our

current mechanistic hypothesis is depicted in Figure 2.
Addition of chiral BINOL-based phosphoric acid (R)-1 to a
solution of TiCl4 in toluene results in ligand exchange to
generate a chiral Lewis acid (R)-2 concomitant with the release
of HCl (Step I). Upon the addition of vinyl ether monomer to
this reaction solution, the Markovnikov addition of HCl to the
vinyl ether yields alkyl chloride 3, which was previously
validated as an initiating species (Step II).35 Chloride
abstraction from 3 generates an anionic titanium species (R)-
4 along with oxocarbenium ion 5 (Step III), which serves as
the active species for propagation. A low dielectric solvent
facilitates a tight ion pair between (R)-4 and 5, enabling
selective facial addition of each incoming monomer to the
prochiral chain end (Step IV). Finally, chloride transfer from
the anionic titanium species (R)-4 caps the polymer chain end
and regenerates the active catalyst (Step V).
While our initial work established ion-pairing catalysis as a

successful conceptual approach for stereoselective cationic
polymerization, a deeper understanding of polymerization
mechanism and catalyst identity is required to design improved
systems and expand ion-pairing catalysis to a broader range of
building blocks. Herein, we use a combination of kinetic
investigations, temperature dependent stereoselectivity anal-
yses, and computational studies to probe the elementary steps
of the polymerization and to gain insight into catalyst solution
structure. Collectively, the data reveals key criteria for
stereoselectivity in vinyl ether polymerization and ultimately
informs an expansion of the monomer scope of this method.

■ RESULTS AND DISCUSSION
Kinetic Analysis of Stereoselective Vinyl Ether

Polymerization. An analysis of vinyl ether polymerization
kinetics identified key mechanistic insights that informed the
selection of optimal stereoselective reaction conditions.
Isobutyl vinyl ether (iBVE) was selected as a representative
vinyl ether substrate for comparative analysis, and kinetic
studies were conducted using in situ infrared (IR) spectroscopy
to monitor the disappearance of the olefin signal at 1610 cm−1

throughout the course of the reaction. The stereoselective
polymerization of iBVE using chiral Lewis acid (R)-2 ([iBVE]
= 0.38 M, [(R)-1] = 5.0 mM, [TiCl4] = 1.0 mM) was
compared to a control polymerization catalyzed by achiral
TiCl4 in the absence of Brønsted acid (R)-1. Our mechanistic
hypothesis includes the endogenous formation of HCl and
thus initiation of species 3 under the stereoselective polymer-
ization conditions. Since this does not happen in the
polymerization catalyzed by TiCl4 alone, 3 was synthesized
separately and added to the polymerization ([iBVE] = 0.38 M,
[3] = 5.0 mM, [TiCl4] = 1.0 mM). The Bovey formulizm is
used to describe polymer tacticity, where meso diads (m) and
racemo diads (r) are used to indicate enchainment that leads to
isotactic diads and syndiotactic diads, respectively.
Initial rates of the two polymerizations displayed pseudo-first

order reaction kinetics in both cases, consistent with previous
observations for cationic polymerization.57−59 The rate
constant of the conditions that resulted in stereoselective
polymerization, kobs = 1.0 × 10−3 s−1, was eight times slower
than that of the control polymerization, kobs = 8.0 × 10−3 s−1

(Figure 3A). This significant decrease in rate observed with the
addition of (R)-1 represents a case of ligand decelerated
catalysis.60−63 The observed ligand deceleration fits with two
notable previously reported empirical observations. First, the
addition of TiCl4 to a solution of iBVE and (R)-1 resulted in

Figure 1. Approaches for the stereoselective polymerization of vinyl
ether monomers.
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diminished stereoselectivity (82% m), compared to an
analogous reaction where TiCl4 and (R)-1 were premixed
and iBVE was subsequently introduced (87% m). Second, the
addition of excess ligand (R)-1 resulted in increased stereo-
selectivity, with at least five equivalents of (R)-1 compared to
TiCl4 required to obtain the highest selectivity. In both of
these observations, the quantity of free TiCl4 is minimized,

thus suppressing the faster, undesired nonstereoselective
background reaction.
Quantitative comparisons of the energy required for

monomer addition were obtained by monitoring the kinetics
of polymerization by in situ IR at different temperatures. An
Arrhenius plot of the natural log of kobs as a function of
reciprocal temperature yielded a straight line and allowed the
derivation of the activation energy (Ea) for polymerization
(Figure 3B). A significant increase in Ea was observed for the
stereoselective polymerization (Ea = 4.01 kcal/mol) relative to
the control reaction (Ea = 2.32 kcal/mol). This quantitative
data fits our hypothesis of ligand decelerated catalysis upon
addition of (R)-1 to TiCl4. Additionally, the low values for Ea
in both polymerizations corroborate the rapid kinetics
observed in cationic vinyl ether polymerization.

Stereoselectivity Analysis. Our previous optimization
studies demonstrated a temperature effect on stereoselective
polymerization, wherein lower temperatures resulted in
enhanced stereoselectivity. In order to gain a quantitative
understanding of the influence of temperature on stereo-
selectivity, an Eyring analysis64−68 was performed according to
a modification of the Eyring eq (eq 1) by plotting the natural
log of the ratio of meso:racemo diads vs the reciprocal
temperature at which the polymerizations were conducted
(Figure 4A)

m
r

ln
%
%

H
RT

S
R

= −ΔΔ + ΔΔ‡ ‡i
k
jjj

y
{
zzz (1)

From the Eyring analysis, the difference in the energy
between diastereomeric transition states (ΔΔG‡) can be
extracted. We chose to use (R)-2 as the chiral Lewis acid for
these studies, which achieves 87% m at −78 °C. While the use
of a chiral Lewis acid derived from (R)-1 and TiCl4(THF)2
achieves higher tacticity (91% m at −78 °C), this system is
more temperature sensitive and did not result in high
molecular weight polymers over a broad temperature range,
which made temperature dependent analysis impractical.

Figure 2. Proposed mechanism for the stereoselective polymerization of vinyl ethers.

Figure 3. (A) Kinetic analysis of iBVE polymerization (2.25 mmol
scale) at −78 °C under stereoselective conditions (blue squares;
[iBVE] = 0.38 M, [(R)-1] = 5.0 mM, [TiCl4] = 1.0 mM) and control
conditions (red circles; [iBVE] = 0.38 M, [3] = 5.0 mM, [TiCl4] =
1.0 mM). Data reported is the experimental data for the median kobs
for each set of conditions. (B) Arrhenius analysis of stereoselective
polymerization conditions (blue squares; [iBVE] = 0.38 M, [(R)-1] =
5.0 mM, [TiCl4] = 1.0 mM) and control polymerization conditions
(red circles; [iBVE] = 0.38 M, [iBVE-Cl] = 5.0 mM, [TiCl4] = 1.0
mM) performed on a 2.25 mmol scale. Data reported at each
temperature is the average of three individual polymerizations.
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Polymerizations were not evaluated above −40 °C because the
reaction results in only oligomeric products, presumably due to
a high degree of chain transfer events commonly observed in
cationic polymerizations.69

The linear relationship observed for both the stereoselective
and control polymerizations demonstrates that neither the
overall mechanism nor the rate-determining step changes
between −78 °C and −40 °C. The control polymerization
catalyzed by TiCl4 achieves 71% m at −78 °C, which results in
a ΔΔG‡ of −0.43 kcal/mol; the significant stereoinduction is
attributed to a chain-end control effect, which is commonly
observed for Lewis acid catalyzed polymerizations of vinyl
ethers.69,70 The polymerization facilitated by chiral Lewis acid
(R)-2 at −78 °C was found to have a ΔΔG‡ of −0.73 kcal/mol
and a corresponding stereoselectivity of 87% m, confirming a
preference toward meso diad formation. Therefore, addition of
(R)-1 to TiCl4 increases the kinetic barrier differentiating meso

vs racemo addition by 0.30 kcal/mol, resulting in an increase of
16% m (Figure 4B).
Accurate determination of ΔΔG‡ in this context assumes

that only two diastereomeric reaction pathways contribute to
the outcome of the reaction (i.e., the addition of a monomer to
the polymer chain end to achieve either a meso or racemo
diad).64,71,72 To probe the magnitude of contributions from
alternative reaction pathways, the experimental tacticity
observed at −78 °C was used to calculate ΔΔG‡ according
to eq 2. Using this energetic value, a theoretical % m vs
temperature line was graphed assuming a purely two-state
model

G RT
m
r

ln
%
%

ΔΔ = −‡ i
k
jjj

y
{
zzz (2)

As shown in Figure 4C, the agreement between the
experimental and theoretical data is strong at colder temper-
atures, indicating that a majority of monomer addition is
influenced by chiral counterion (R)-4. As temperature
increases, the deviation from theory grows, suggesting that
an increasing portion of monomer addition is the result of a Ti
species that is not the preferred catalyst. The contributions of
these less-stereoselective catalytic pathways are presumably
exaggerated due to the ligand-deceleration effect of (R)-1 (vide
supra).
The small energetic difference that favors stereoselectivity

and the known oxophilicity of titanium Lewis acid complexes
motivated us to investigate whether dynamic nonlinear effects,
resulting from catalyst−product or catalyst−substrate inter-
actions, cause stereoselectivity to vary during the course of the
polymerization.73 The experimental approach involved
quenching aliquots of a polymerization at various time points
and measuring reaction conversion and tacticity by 1H and 13C
NMR, respectively. As shown in Figure 5, the tacticity
remained constant at 87% m throughout the reaction,
indicating that the growing isotactic poly(vinyl ether) (PVE)
does not influence the ability of the catalyst to impart
stereoselectivity. Furthermore, measurement of the molar mass
(Mn) and dispersity (Đ) by gel permeation chromatography

Figure 4. (A) Eyring analysis of both the stereoselective polymer-
ization (blue squares; [iBVE] = 0.38 M, [(R)-1] = 5.0 mM, [TiCl4] =
1.0 mM) and the control polymerization (red circles; [iBVE] = 0.38
M, [iBVE-Cl] = 5.0 mM, [TiCl4] = 1.0 mM) performed on a 2.25
mmol scale. Each data point represents the average of three
polymerizations. (B) Representative reaction coordinate diagram
illustrating the greater energetic preference for meso diad formation
during stereoselective polymerization. (C) Theoretical model of
stereoselectivity assuming only two diastereomeric reaction pathways
and experimental data demonstrating the deviation from theory via
other less stereoselective pathways.

Figure 5. Monitoring the stereoselectivity of the polymerization as a
function of conversion. Polymerizations performed on a 0.76 mmol
scale. (a) Monomer conversion as determined by 1H NMR
integration relative to 1,4-dimethoxybenzene as an internal standard.
(b) Number-average molecular weight and dispersity as characterized
via GPC. (c) % m characterized via 13C NMR integration.
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(GPC) at the different time points demonstrated that this
polymerization proceeds by an uncontrolled chain-growth
mechanism with high molecular weights even at low
conversion. We hypothesize this phenomenon is due to fast
propagation compared to initiation.
Computational Analysis of Catalyst Structure. An

understanding of the solution state structure of (R)-2 would
inform the future optimization of stereoselective cationic
polymerization methodology. In an initial attempt to probe the
ligand sphere of (R)-2, we performed a series of iBVE
polymerizations with varying ratios of (R)-1:TiCl4 (Figure 6).

A molar excess of (R)-1 relative to TiCl4 was found to be
required for effective stereoinduction during monomer
addition. While equimolar amounts of (R)-1 and TiCl4
resulted in poly(iBVE) with 76% m, an increase to 84% m
was observed upon using a 2-fold excess of (R)-1 relative to
TiCl4. Further increasing this ratio enabled the preparation of
poly(iBVE) materials with increasing levels of isotacticity up to
87% m. This data, in combination with our previously reported
experimental observations and 31P NMR data,74 contribute to
a hypothesis where the complex responsible for the observed
stereoselectivity is ligated by multiple phosphate ligands. In
addition, the degree to which this desired complex exists in
equilibrium is aided by superstoichiometric (R)-1 relative to
TiCl4.
Given the dynamic nature of the proposed equilibrium

process, it remains difficult to directly probe the solution-state
structure of the chiral catalyst responsible for achieving highly
isotactic PVEs. Indeed, attempts to crystallize any (R)-1-
ligated Ti species were unsuccessful, and low-temperature
NMR studies provided only qualitative observations of catalyst
structure. Thus, we sought to utilize density functional theory
(DFT) to investigate the structure computationally. Geometry
optimizations using SMD(n-hexane)/MN15/6-311+G(d,p)
def2-TZVP and SDD(Ti)//M06/def2-SVP, LANL2DZ(Ti)
basis sets were performed on titanium tetrachloride in the
presence of one, two, or three equivalents of (R)-1. A number
of reasonable structures were found (see Figures S6−S8), and
analysis of the relative free energies of these structures revealed
the most optimal ligand geometry. The lowest energy

conformation computed was a conformer of TiCl3((R)-1)3,
where one equivalent of HCl has been released, and the (R)-1
ligands all exist on the same plane of an overall octahedral
geometry (Figure 7). This structure bearing multiple

phosphate ligands is consistent with our previous data whereby
multiple equivalents of the (R)-1 ligand were necessary to
achieve highly isotactic PVEs. Additionally, we previously
hypothesized that HCl released upon (R)-1 ligation to TiCl4
acts as an endogenous initiating species, again agreeing with
this computationally derived structure.

Substrate Scope. An understanding of the scope of
catalyst (R)-2 with a diversity of monomers connects kinetic
and computational studies to the performance of the method.
To compare substrates against one another under conditions
that achieve high stereoselectivity, we conducted all polymer-
izations at −78 °C and used TiCl4(THF)2 as a Lewis acid. The
ratio of (R)-1 to TiCl4(THF)2 was fixed at 5:1, and the
reactions were conducted at a monomer concentration of 0.38
M on a 0.76 mmol scale. Initially, commercially available alkyl
vinyl ether monomers with linear side chains were explored
and found to be well-tolerated in the stereoselective polymer-
ization. In addition to ethyl vinyl ether (EVE), n-propyl vinyl
ether (nPrVE), and n-butyl vinyl ether (nBVE), which were
previously shown to engender isotactic PVEs,35 the polymer-
ization of octyl vinyl ether (OcVE) also yielded an isotactic
material (94% m). Despite the demonstration of a slightly
higher level of isotacticity as chain length increased, a

Figure 6. Tacticity analysis of poly(iBVE) obtained using varying
ratios of (R)-1:TiCl4. Polymerizations performed on a 0.76 mmol
scale. (a) Number-average molecular weight and dispersity as
characterized via GPC. (b) Percent meso diads as characterized via
13C NMR integration.

Figure 7. (A) Three-dimensional ball and stick model of the lowest
energy conformation of (R)-1 ligand interacting with TiCl4, upon
release of 1 equiv of HCl. (B) Bond-line representation of the same
complex.
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corresponding decrease in the melting temperature (Tm) of the
materials was observed (Figure 8A). This observation suggests
that the conformational flexibility of the side chains has an
impact on polymer crystallization within this series.75

The steric properties of branched alkyl vinyl ether
monomers demonstrated a pronounced influence on the
stereoselectivity achieved with catalyst (R)-2 (Figure 8B). In
order to probe these effects systematically, the site of
branching was placed progressively closer to the ether through
the evaluation of isoamyl vinyl ether (iAVE), iBVE, and
isopropyl vinyl ether (iPVE). While iAVE and iBVE
demonstrated similar stereoselectivity (90 and 91% m,
respectively), a decrease in isotacticity was observed when
the branch point was placed α to the vinyl ether in iPVE (88%
m). Within this series, the Tm of the isotactic PVEs increased as
the branch point was placed progressively closer to the ether,
indicating that compact side chains lead to higher melting
isotactic PVEs. In contrast, the presence of a quaternary center
α to the vinyl ether, such as in tert-butyl vinyl ether (tBVE),
proved to be detrimental to stereoselectivity, resulting in
poly(tBVE) with 75% m and no discernible melting temper-
ature. This systematic screen of monomer steric parameters
implies that increasing steric hindrance close to the ether
oxygen results in a diminished stereoselectivity during
polymerization. Our proposed mechanism indicates that facial
addition in these polymerizations is biased by the close
association of the cationic chain-end with anionic counterion
(R)-4 (Step IV in Figure 2). Therefore, we hypothesize that an
increase in steric bulk close to the oxocarbenium ion disrupts
the tight ion pair and causes a decrease in the stereoselectivity
of monomer addition.76−78

The polymerization of vinyl ether substrates that contain
polar functional groups would expand the potential utility of

isotactic PVEs. To interrogate the functional group compat-
ibility of catalyst (R)-2, we identified a series of vinyl ether
monomers with functionality connected via an ethylene glycol
spacer. This approach provided a systematic comparison of
functional groups while they remained isoelectronic at the
vinyl ether. Initial trials indicated that none of the monomers
in Figure 9 underwent homopolymerization using catalyst (R)-
2, presumably due to deleterious interactions of Lewis basic
functionality on the substrates with the oxophilic Ti Lewis
acid.79

Our previous demonstration of stereoselective copolymer-
ization of vinyl ethers49 using catalyst (R)-2 inspired the
exploration of functional group rich vinyl ethers as
comonomers in the catalyst-controlled methodology. For
these copolymers, iBVE was used as a representative alkyl
vinyl ether comonomer and various substituted oxyethylene
vinyl ethers (ROVE, where R is a variable substituent) were
included at a specified molar fraction (fROVE) relative to iBVE.
In the isolated copolymer, distinct 1H NMR resonances of
iBVE and ROVE repeat units were integrated relative to each
other in order to determine the actual molar incorporation of
ROVE (FROVE).
We first investigated the functional comonomer 2-methoxy

ethyl vinyl ether (MOVE), which has been shown to chelate
with a growing cationic chain end and increase the rate of
polymerization under Lewis acid catalyzed conditions.80,81

When fMOVE = 0.20 or below (Figure 9 entries 1−2, see SI for
additional experiments), high monomer conversions (>73%)
and isotactic copolymers (89−91% m) were observed, with
FMOVE remaining similar to fMOVE. Attempts to achieve higher
incorporations of MOVE by increasing fMOVE, however, led to
significant decreases in overall monomer conversion and
tacticity (entries 3−4).
We next investigated phenoxy ethyl vinyl ether (PhOVE),

which represents a phenyl ether functionality that is less Lewis
basic than the alkyl ether in MOVE. A consistent increase in
FPhOVE was observed as fPhOVE increased, albeit concomitant
with a decrease in the overall monomer conversion (entries 5−
9). Notably, FPhOVE reached a maximum of 0.22 while retaining
high isotacticity (90% m), demonstrating the promise of
incorporating significant amounts of phenyl ether functionality
into isotactic PVEs. Since phenyl ethers are prominent in
numerous small molecule derivatives of lignin,74,82−84 we chose
to study a vinyl ether monomer derived from creosol as a
representative lignin derivative. The vinyl ether monomer 2-
methoxy-4-methyl-phenoxy ethyl vinyl ether (MOPhOVE)
was synthesized from creosol and subjected to the stereo-
selective polymerization conditions (entries 10−13). At
fMOPhOVE = 0.05, copolymerization proceeds to 50% conversion
and yields a copolymer of FMOPhOVE = 0.04 and 92% m. An
interesting phenomenon was observed where increasing
fMOPhOVE has little influence on FMOPhOVE or isotacticity.
Overall, the phenyl ether substituents were tolerated better
than the methyl ether groups and enabled the incorporation of
the lignin derived MOPhOVE into isotactic PVE copolymers.
Carbonyl groups represent a functional group class with a

rich array of accessible chemistry. Acetoxy ethyl vinyl ether
(AcOVE) was investigated as the simplest ester-containing
vinyl ether monomer for stereoselective polymerization.
AcOVE demonstrated a pronounced poisoning effect on
catalyst (R)-2.While addition of fAcOVE = 0.01 as a comonomer
with iBVE resulted in a material with 2 mol % AcOVE while
retaining high levels of isotacticity (92% m) and monomer

Figure 8. Representative structure−property and structure−reactivity
profiles for a variety of vinyl ethers. Polymers prepared using
optimized reaction conditions ([iBVE] = 0.38 M, [(R)-1] = 5.0 mM,
[TiCl4(THF)2] = 1.0 mM) at −78 °C in 4:1 hexane/toluene on a 0.76
mmol scale.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c08254
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/jacs.0c08254?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08254?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08254?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08254?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08254?ref=pdf


conversion (70%), the inclusion of higher concentrations of
AcOVE had a negative effect on both overall monomer
conversion and tacticity (entries 15−16). Benzoyloxy ethyl
vinyl ether (BzOVE) represented an ester-containing mono-
mer that performed better in the stereoselective copolymeriza-
tion. The copolymerization of BzOVE and iBVE resulted in
copolymers with moderate conversions (18−38%) and high
isotacticities (92−93% m) with FBzOVE values up to 0.09.
BzOVE incorporation higher than 9 mol % decreased both
conversion and tacticity (entry 19). Overall, the culmination of
these experiments demonstrates that catalyst (R)-2 can
successfully incorporate functional vinyl ether monomers
through copolymerization. We observed that Lewis basic
functionality in comonomers can reduce overall catalyst
efficiency and stereoselectivity; however, this can be mitigated
to an extent by incorporating phenyl groups that increase the
steric environment and decrease the overall Lewis basicity of
oxygen-rich vinyl ethers.

Role of Chirality. A key aspect of stereoselective vinyl
ether polymerization by (R)-2 is that it proceeds by
enantiomorphic site control,5,26 whereby a stereochemical
error during monomer enchainment is corrected during
subsequent monomer addition. This implies that the catalyst
is primarily responsible for achieving facial discrimination
during monomer enchainment, and it can override the
influence of the stereochemistry of the last enchained
monomer unit. While enantiomorphic site control is
commonly observed in coordination−insertion polymerization
approaches, it is rarely reported in ionic polymerizations;85−92

therefore, we endeavored to study this phenomenon in more
depth.
We hypothesized that the axial chirality of the (R)-1 ligand

serves an influential role in stereoselective polymerization.
However, the difficulty understanding the exact catalyst
solution structure and the dynamic nature of ligands on
titanium complicate experimental design and analysis. In an
attempt to initially explore the role of ligand chirality in our

Figure 9. Structure−reactivity analysis of functional comonomers bearing Lewis basic sites. Polymerizations performed on a 1.0 mmol total vinyl
ether monomer scale. (a) Molar fraction of the functional comonomer (ROVE) relative to iBVE in the initial reaction solution prior to initiation
(i.e., fROVE = 0.05 is 5 mol % ROVE and 95 mol % iBVE). (b) Mole fraction of ROVE in final copolymer as determined by 1H NMR integration.
(c) Monomer conversion as determined by 1H NMR integration relative to 1,4-dimethoxybenzene as an internal standard. (d) Number-average
molecular weight and dispersity as characterized via GPC. (e) Percent meso diads as characterized via 13C NMR integration.
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system, we polymerized iBVE in our optimized reaction
conditions with differing enantiomeric ratios of the phosphoric
acid ligand 1 (see Figure S12), and in all cases, the tacticity of
the resultant polymer was not affected. A similar phenomenon
was recently observed by Aoshima and co-workers in the
cationic polymerization of vinyl ethers using a titanium Lewis
acid ligated with α,α,α’,α’-tetraaryl-1,3-dioxolane-4,5- dimetha-
nol (TADDOL),48 wherein they hypothesized the initiating
catalyst remains with the polymer chain-end throughout
propagation. While this could presumably be occurring herein,
the difficulty in understanding the exact catalyst solution
structure and the dynamic nature of ligands on titanium
complicated quantitative correlations. In response to these
intriguing results, we sought out a complementary exper-
imental approach to further probe the influence of ligand
stereochemistry on reaction outcome.
We hypothesized that the absolute stereochemistry of the

phosphoric acid ligands in catalyst 2 may play a role in the
stereochemical outcome of polymerizations using monomers
bearing pendant enantioenriched substitution through a
match−mismatch effect. The polymerization of an enantioen-
riched monomer with a chiral catalyst to yield an isotactic
polymer represents a case where a triple diastereoselection
model may be operative. Each monomer enchainment event
involves two chiral reactants (i.e., the attacking monomer and
the chain end bearing a pendant stereocenter) and one chiral
catalyst. While double diastereoselection has been probed in
detail in small molecule asymmetric catalysis,93,94 triple
diastereoselection represents a case of match−mismatch
catalysis that remains underexplored.95−98 In cases of triple
diastereoselection, the interaction of three stereocenters adds
the possibility of a partially matched case, in addition to a fully
matched and fully mismatched case.72

To probe potential match−mismatch effects in the stereo-
selective polymerization of vinyl ethers, we synthesized two
substrates with stereogenic centers placed in differing
proximity to the vinyl ether. The first monomer, (S)-2-
methylbutyl vinyl ether ((S)-MBVE), possesses a stereocenter
β to the ether oxygen. A control polymerization initiated by
triflic acid generated a polymer of 70% m (Figure 10). We
reasoned that the noncoordinating triflate counteranion
enabled the best assessment of the influence of monomer
chirality on the resulting tacticity of the material, absent from
counterion effects. This stereoselectivity is analogous to the
polymerization of achiral iBVE under the same conditions
(71% m), which demonstrates that the stereochemistry of this
substrate plays no discernible role on the stereoselectivity of
polymerization. (S)-MBVE was subsequently subjected to
reaction conditions using either enantiomer of phosphoric acid
1. In the presence of catalyst (R)-2, a polymer with 89.6 ±
0.1% m is produced, while in the presence of catalyst (S)-2, a
polymer with 92.5 ± 0.5% m is produced. These levels of
stereoselectivity are similar to those observed when using (R)-
2 or (S)-2 in the polymerization of iBVE (91% m with either
enantiomer of 1). Regarding (S)-MBVE, the lack of stereo-
selectivity without the presence of 1 and the high stereo-
selectivity achieved in the presence of either enantiomer of 1
indicates a preference for the reaction outcome to be dictated
by the catalyst, which supports the enantiomorphic site control
we observe using (R)-2 with achiral monomers. We
hypothesize that these results represent fully matched (92.5
± 0.5% m) and partially matched (89.6 ± 0.1% m) examples of
stereoselective polymerization.

In a complementary set of experiments, (S)-sec-butyl vinyl
ether ((S)-SBVE) was synthesized to serve as a monomer with
a stereocenter α to the oxygen. Polymerization initiated by
triflic acid resulted in a PVE with 88% m (Figure 10).
Compared to the polymerization of achiral iPVE under
identical conditions (71% m), a pronounced influence of
substrate stereochemistry is observed. To probe the influence
of catalyst stereochemistry on polymerization outcome, (S)-
SBVE was subjected to the reaction conditions using either
enantiomer of the chiral phosphoric acid (Figure 10). In the
presence of catalyst (R)-2, a polymer with 91.8 ± 0.3% m is
produced while in the presence of catalyst (S)-2, a polymer
with 95.1 ± 0.1% m is produced. We hypothesize the use of
(R)-2 results in a partially matched case. For the polymer-
ization catalyzed by (S)-2, a fully matched system appears to
be evident that enables both substrate and catalyst stereo-
control to contribute to the reaction outcome. These
synergistic effects result in isotactic poly((S)-SBVE) at 95.1
± 0.1% m, which represents the highest stereoselectivity ever
reported for a vinyl ether polymerization.
In the analysis of isotactic PVEs derived from enantioen-

riched monomers, the quantification of % m with standard
deviations between 0.1 and 0.5 demonstrates the significance,
accuracy, and reproducibility of both our synthetic method-
ology and 13C NMR measurements. This difference in
stereoselectivity is further highlighted when considering the
thermal properties of these polymers. Differential scanning
calorimetry (DSC) analysis at a scan rate of 10 °C/min with
data taken from the second heating cycle revealed that
poly((S)-MBVE) with 89.6 ± 0.1% m shows a Tm at 98 °C,
while poly((S)-MBVE) with 92.5 ± 0.5% m shows a Tm at 104
°C (see Figures S58−S59). In poly((S)-SBVE), a more
pronounced relationship between tacticity and thermal proper-
ties is observed. Poly((S)-SBVE) with 91.8 ± 0.3% m lacks a

Figure 10. Match-mismatch effect analysis. Polymerizations per-
formed on a 0.76 mmol scale. The polymerizations of the two chiral
monomers with (R)-2 and (S)-2 were conducted three times, and
standard deviation for m (%) were calculated from 13C NMR analysis
of the three individual polymer samples.
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Tm, while poly((S)-SBVE) with 95.1 ± 0.1% m shows a Tm at
137 °C (see Figures S63−S65). This suggests that achieving a
fully matched system is required to enable this polymer to
undergo reversible crystallization.
The results presented herein indicate that the placement of a

stereocenter α to the vinyl ether results in the substrate
stereocontrol having a larger influence on reaction outcome
than if the stereocenter is more remote from the reactive
center. This structure−selectivity relationship is commonly
observed in asymmetric transformations of small molecules
that are governed by double diastereocontrol,72 providing
support to our observations. While more remains to be
discovered regarding the influence of ligand chirality on vinyl
ether polymerizations, these results indicate that stereochemi-
cally matched catalyst−monomer interactions represent a
viable approach to push the stereoselectivity of ionic
polymerizations to unprecedented levels and discover differ-
entiated material properties from readily available building
blocks.

■ CONCLUSION
Comprehensive kinetic, experimental, and computational
studies have provided valuable knowledge regarding the
stereoselective cationic polymerization of vinyl ethers facili-
tated by catalyst 2. Comparative kinetic studies revealed the
importance of ligand deceleration effects in the design of
reaction conditions and catalysts to achieve highly stereo-
selective polymerizations. Evaluation of the temperature
dependence on stereoselectivity showed that the preferred
catalyst structure resulted in a 0.73 kcal/mol preference for
meso diad formation at −78 °C compared to polymerization
catalyzed by TiCl4 alone, while at increased temperatures, the
presence of alternative titanium complexes resulted in
diminished isotacticity. A computational investigation of the
solution-state structure of (R)-2 revealed the likely preferred
catalyst structure that consists of three chiral phosphoric acids
ligated to titanium, which was supported by experimental
observations. An expansion of the substrate scope of
stereoselective vinyl ether polymerization was enabled by
probing monomers with systematic variations in steric
parameters and functional group identities. Increasing the
alkyl chain length for linear substituents resulted in increasing
isotacticity and decreasing Tm values, while increasing the
steric bulk of branched alkyl substituents in proximity to the
vinyl ether decreased isotacticity. The method was also found
to be tolerant of aryl, ether, and ester functionality in
stereoselective copolymerizations. Lastly, we demonstrated
the synergistic relationship between monomer and catalyst
stereochemistry through an analysis of match−mismatch
effects operating under a triple diastereoselection model.
Placement of the stereocenter α to the vinyl ether resulted in
the highest reported level of isotacticity in a poly(vinyl ether)
to date (95.1 ± 0.1% m). This comprehensive study enabled
both a significantly deeper understanding of the stereoselective
cationic polymerization of vinyl ethers and established a
broader platform for accessing advanced polar polymeric
materials. We envision that this work will inform future catalyst
and materials design related to stereoselective polymerization.
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