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ABSTRACT 

Travis Peter Varner: Stereoselective Cationic Polymerization of Vinyl Ethers  

Through Asymmetric Ion-Pairing Catalysis 

(Under the direction of Frank Leibfarth) 

 

I. Background and Introduction 

The thermomechanical properties of macromolecules can be directly linked to their tacticity, 

the relative stereochemistry of repeat units. Herein, the importance of polymer tacticity and strategies 

for stereoselective polymer synthesis are described. A brief discussion on stereoselective 

coordination–insertion, coordination–addition, anionic, and cationic polymerization methodologies is 

included. 

II. Mechanistic Insight into Using a Chiral Lewis Acid 

We recently demonstrated asymmetric ion pairing catalysis as an effective approach to 

achieve stereoselective cationic polymerization of vinyl ethers through the use of a chiral Lewis acid. 

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. 

III. Substrate Scope and Copolymerization Using a Chiral Lewis Acid 

An evaluation of monomer substrates with systematic variations in steric parameters and 

functional group identities established key structure−reactivity and structure—property relationships 

for stereoselective polymerization facilitated by our chiral Lewis acid. This methodology also allowed 

for successful stereoselective copolymerization, enabling the systematic tuning of both glass 

transition and melting temperature in copolymers derived from alkyl vinyl ethers. Collectively, these 
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results highlight the diverse material properties and expanded chemical space that can be accessed by 

this method. 

IV. Catalyst and Monomer Chirality 

Catalyst and monomer chirality were thoroughly probed in the cationic polymerization of 

vinyl ethers enabled by both our chiral Lewis acid system, as well as a novel single component 

Brønsted acid system based on an imidodiphosphormidate (IDPi) scaffold. In the context of 

investigating the axial chirality of both catalyst scaffolds, we found that using differing enantiomeric 

ratios of either catalyst did not result in a change to polymer tacticity. Subsequent studies expanding 

the monomer scope to include enantioenriched vinyl ethers were then performed, enabling the 

systematic studying of match-mismatch effects within a polymerization.  

V. Using Chiral Hydrogen Bond Donors 

Herein, we report the targeted binding of triflate anions with chiral squaramides for the 

stereoselective cationic polymerization of vinyl ethers. Kinetic investigations reveal a ligand 

deceleration effect, while temperature dependent stereoselectivity analyses confirm the need for low 

reaction temperatures. Further, this work represents the first example of anion binding catalysis 

applied to cationic polymerization, thereby introducing a new mechanistic framework for the 

continued exploration of stereoselective polymerizations as a whole.  
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To forging a life worth living 
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CHAPTER 1: BACKGROUND AND INTRODUCTION 

1.1 Importance of the Control of Tacticity  

This chapter was adapted in part with permission from ACS Macro Lett. 2020, 9, 

1638−1654.1 

Much research effort in the field of polymer science has focused on obtaining synthetic 

control over polymer structure (Figure 1.1). In the past several decades, synthetic chemists have 

developed multiple methods of controlled polymerization to regulate molecular weight and dispersity. 

These strategies for precision polymer synthesis have enabled the realization of more complex 

polymer compositions, including block copolymers, comb copolymers, and bottle brush copolymers. 

By expanding the synthetic toolbox amenable to polymer chemists, the structure space of material 

properties has likewise dramatically expanded as well.  While these past successes are certainly 

worthy of celebration, it is also important to note that advancements in the control of one aspect of 

polymer structure, tacticity, has lagged far behind. 

 
Figure 1.1. Aspects of polymer structure that can be controlled synthetically. 

 

The stereochemical architecture, or tacticity, of a polymer is often a primary determinant of 

its material properties. As an illustrative example, atactic polypropylene is a viscoelastic fluid of little 
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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 

However, with the exception of iPP and a handful of other polymers, detailed and systematic studies 

of how main-chain stereochemistry influences physical and mechanical properties are lacking.3 This 

is largely a consequence of the lack of stereoselective polymerization methodologies that result from 

the challenges of biasing facial addition at each monomer enchainment event. 

 
Figure 1.2. The Bovey formulism 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. 

 

1.2 Coordination—Insertion Polymerization  

By far, the most noteworthy example of stereoselective polymerization is coordination–

insertion polymerization. Its use to synthesize iPP represents the largest volume application of 

asymmetric catalysis.4 Even though industrial iPP production is still dominated by heterogeneous 

catalysts, the discovery of homogeneous single-site transition metal catalysts for stereoselective -

olefin polymerization has provided key mechanistic insight into the origin of stereocontrol.5–8 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 -olefin building blocks.9–11 The coordination–insertion polymerization mechanisms often 

utilized to synthesize isotactic poly(α-olefins) rely on the symmetry and ligand geometry of an 

organometallic complex covalently bound to the growing polymer chain end to facially bias each 

monomer addition event.12 By fine tuning the ligands, polyolefins with >99% mmmm (see Figure 1.2 
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regarding the Bovey formulism used to describe polymer tacticity) can be produced through 

enantiomorphic site control, whereby the catalyst controls each monomer facial addition event.13 

This type of stereocontrolled polymerization methodology can be amenable to minor changes 

in the alkyl substitution of α-olefin monomers. Despite these impressive advances, a long-standing 

goal has been to incorporate polar functionality into polyolefins to enhance their interfacial 

properties.14,15 An intrinsic challenge arises from the irreversible binding of Lewis basic heteroatoms 

with the electrophilic early transition metal catalysts traditionally used for stereoselective -olefin 

polymerization, which often precludes copolymerization with polar monomers.16 Numerous research 

groups have investigated protecting group strategies to allow for the copolymerization of polar 

monomers with their non-polar hydrocarbon analogues. Trimethylsilyl groups, aluminum species, and 

borane monomers have been utilized to incorporate polar repeat units after post-polymerization 

reactions.14 However, these methods generally require the synthesis of exotic monomers containing a 

several carbon spacer between the polar group of interest and the olefin. In addition, the overall 

incorporation of these polar monomers is generally less than 5% due to a significant reactivity 

mismatch with nonpolar olefins.  

In attempts to circumvent the need for a protecting group approach, late transition metal 

catalysts (typically nickel or palladium) that are more amenable to the direct copolymerization of 

polar vinyl comonomers with ethylene or α-olefins have been explored.15,17–19 Detailed mechanistic 

insight elucidating the effects of modulating ligand stereoelectronics has enabled the synthesis of 

linear, high-molecular weight polyolefins bearing polar functionality. Yet, the incorporations of 

repeat units bearing Lewis basic functionality are routinely low. Furthermore, efficient control of 

polymer tacticity while incorporating a variety of polar monomers remains a staggering hurdle. 

1.3 Coordination–Addition Polymerization  

Despite the limitations of interfacing heteroatom-containing polar monomers with the 

catalysts used for the coordination–insertion polymerization of nonpolar α-olefins, one research thrust 
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that has seen considerable success is coordination–addition polymerization (CAP). The use of highly 

active, electron-deficient single-site metal catalysts with enolizable monomers (e.g., methacrylates, 

acrylamides, etc.) results in a substrate-directed change in mechanism. In the case of CAP, conjugate 

addition is the key step that facilitates monomer enchainment. For reference, a generic mechanism for 

CAP is shown in Figure 1.3. Coordination of a vinyl monomer, such as methyl methacrylate (MMA), 

to the cationic ester enolate complex 1.1 is followed by fast intramolecular Michael addition to 

generate eight-membered ester enolate chelate 1.2.20,21 This complex serves as the resting state during 

the propagation catalytic cycle. Next, a rate-determining associative displacement of the coordinated 

ester in 1.2 results in ring-opening of the chelate and subsequent coordination of an additional MMA 

molecule to regenerate the active species.  

 
Figure 1.3. The isotactic coordination–addition polymerization of methyl methacrylate using catalyst 

1.1. R = Me or iPr. P = polymer. RDS = rate-determining step. 

 

An array of catalysts has been investigated in stereoselective CAP, with lanthanide- and 

group IV-based metallocene complexes generally exhibiting the most success. To achieve 

stereoselectivity in coordination–insertion polymerization, there must be a strong bias for one 

enantioface of a prochiral α-olefin monomer to react because a stereocenter is set immediately upon 

monomer insertion.22 In CAP, however, monomer enchainment yields a prochiral ester enolate chain-

end, and the stereochemistry is not set until that chain-end reacts with another prochiral monomer.23,24 

The symmetry of the catalyst complex is crucial for designing a stereoselective coordination–

addition strategy. Although there are exceptions,25–29 C2-symmetric30–36 and C1-symmetric28,33,37–40 

complexes predominantly engender isotactic polymers, while C2v-symmetric37,40 and Cs-symmetric 

complexes41,42,51,52,43–50 typically give rise to syndiotactic polymers. Steric interactions between the 

ligands, chain-end, and monomer may all help to facilitate a transition state the leads to 
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stereoselectivity.23,24,39,53–59 One particularly privileged catalyst scaffold is the C2-symmetric ethylene-

bridged-ansa-zirconocenium ester enolate 1.1 (Figure 1.3). This complex has been shown to 

polymerize various methacrylate,20,35,60–62 acrylamide,36,56,63,64 and methacrylamide56 monomers to 

yield highly-isotactic (≥94% mm) polymers via enantiomorphic site control.  

By probing the mechanism of this process, CAP has recently made several more significant 

advancements in the past decade focused on chemoselectivity, stereocomplexation, and biorenewable 

monomers. Leveraging the requirement for activation of the carbonyl to facilitate conjugate addition, 

methacrylates and acrylamides bearing pendant vinyl groups have been shown to undergo 

chemoselective vinyl addition exclusively through the respective methacrylate or acrylamide 

moiety.61,65 The unreacted vinyl group has subsequently been explored as a handle for post-

polymerization functionalization.59,61,66 

In addition to chemoselectivity, stereoselective CAP has also provided interesting materials 

through stereocomplexation. Stereocomplexed poly(MMA) exists as a triple-helix structure (a double 

helix of isotactic poly(MMA) surrounded by a single helix of syndiotactic poly(MMA)) formed 

through van der Waals interactions.67–71 This supramolecular structure exhibits a significantly higher 

crystallinity and Tm when compared to its individual stereoregular components.67,68,71  Chen and 

coworkers recently used a mixture of C2- and Cs-symmetric zirconocene bis(ester enolate) catalysts in 

one pot to combine both synthesis and fabrication of stereocomplexed poly(MMA) into a rapid 

single-step method.60 Polymer chain exchange between reactive centers was not evident, and real-

time dynamic light scattering indicated that efficient stereocomplexation had occurred in situ as 

polymer chains were growing. More recently, stereoselective living CAP and stereocomplexation 

have been employed to generate thermoplastic elastomers.62 Using catalyst 1.1, isotactic ABA 

triblock copolymers were synthesized with stereocomplexing isotactic poly(MMA) composing the 

two “hard” end-blocks and non-stereocomplexing isotactic poly(RMA) (where RMA is butyl, hexyl, 

or isodecyl methacrylate), composing the “soft” mid-block. Subsequent blending of the triblock 
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copolymer with syndiotactic poly(MMA) resulted in the generation of stereocomplexes that aggregate 

the end-blocks to form crystalline domains and act as strong physical crosslinks. 

Finally, recent advances in stereoselective CAP have resulted in an expanded monomer scope 

that includes biorenewable monomers,72 particularly the biomass-derived β-methyl-α-methylene-γ-

butyrolactone (βMMBL). This cyclic monomer gives rise to a glassy thermoplastic with greater 

organic solvent resistance than polymers formed from acyclic methacrylates. A variety of rare-

earth58,73 and group 457,74 metal complexes yield highly isotactic (91–99% mm) poly(βMMBL) while 

demonstrating varying polymerization activity. The obtained materials exhibited increasing Tg values 

concomitant with increasing degrees of stereoselectivity, with the highest tacticity examples (i.e., 

99% mm) reaching a Tg of 304 °C (Figure 1.4). The observed substrate dependence of the method 

combined with support from computational studies suggest that the formation of an isotactic 

microstructure chiefly originates from steric interactions involving the methyl group on the β-carbon 

of the coordinated monomer and the last inserted βMMBL unit of the chain.  

 
Figure 1.4. Stereoselective CAP of the biomass derived βMMBL and obtained high performance 

materials. 

 

1.4 Anionic Polymerization  

The overwhelming majority of stereoselective anionic polymerizations rely on a chain-end 

control mechanism for stereoinduction, whereby the stereochemistry of the last enchained monomer 

unit heavily biases the facial addition of each subsequently enchained monomer (Figure 1.5). In one 

of the most notable examples, tert-butyllithium (tBuLi) is used as an initiator.75 Equimolar quantities 

of MgBr2 formed during the preparation of the tBuLi initiator actually proved to be the key to 

obtaining high isospecificity (97% mm). The magnesium Lewis acid was hypothesized to coordinate 
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to the Lewis basic carbonyls present near the chain end found, encouraging meso diad formation via 

chain-end control.76 More recently, Al-based additives,77–85 chiral ligands,86,87 and even chiral 

initiators88–90 have been utilized to synthesize stereoregular polymer structures from anionic 

polymerization. 

 
Figure 1.5. Illustration of anionic polymerization via chain-end controlled stereoselective 

propagation. 

 

1.5 Cationic Polymerization  

To put into perspective the difficulty associated with achieving the stereoselective cationic 

polymerization of prochiral polar vinyl monomers, it is helpful to analyze the propagating chain-ends 

of common vinyl polymerization mechanisms. (Figure 1.6). Coordination–insertion polymerization 

of α-olefins, which represents the most widely developed stereoselective vinyl polymerization 

method, features a covalent, organometallic chain end with a well-defined ligand environment. 

Ligand geometry of the transition metal sterically biases facial addition of incoming monomers to 

achieve precise control over polymer tacticity. Stereoselective anionic vinyl polymerization, where 

the chain-end carbanion adopts a trigonal pyramidal geometry with the lone pair occupying a sp3-

hybridized orbital, offers a structured stereochemical environment at the chain end and, therefore, has 

been successfully exploited for a variety of stereoselective polymerization methods. In this case, the 

stereochemistry of each repeat unit is established upon monomer addition. In contrast, cationic and 

radical vinyl polymerizations feature planar sp2-hybridized carbenium (empty p-orbital) and carbon 

centered radical (singly occupied p-orbital) chain ends, respectively, which are not stereochemically 

defined. As such, an additional propagation event is required in order to establish their 

stereochemistry. The prochiral chain end exhibited in cationic and radical propagation mechanisms is 
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responsible, in part, for the difficulty associated with the development of stereoselective 

polymerizations that utilize these methodologies. 

 
Figure 1.6. Comparison of chain-end stereochemistry between common polymerization mechanisms 

illustrating the increasing difficulty in controlling tacticity as the chain-end stereochemistry becomes 

less defined. 

 

Despite these challenges, Schildknecht, who studied the cationic polymerization of vinyl 

ethers, was one of the first researchers to consider how synthetic polymer stereochemistry could 

influence material properties. In the late 1940s,91,92 he discovered that polymerization of isobutyl 

vinyl ether (iBVE), at cold temperatures (e.g., −78 °C) using BF3·OEt2 gave rise to semicrystalline 

polymers that were substantially harder and tougher than those prepared previously (Figure 1.7A). 

The authors correctly hypothesized at the time that the cis/trans relationship between adjacent pendant 

alkoxy chains was directly responsible for the differences in polymer crystallinity and, by extension, 

the observed property differences. Natta and coworkers later utilized X-ray diffraction to confirm that 

semicrystalline poly(vinyl ether)s were indeed isotactic, while amorphous analogs lacked such 

stereoregularity.93–95 Since then, a number of Ziegler-type catalysts,94–100 non-metallocene and 

metallocene transition metal catalysts,101,102 metal-sulfate complexes,103–105 and others106–108 have been 

explored to facilitate semistereoselective polymerization of vinyl ethers.  

While the previously mentioned catalytic systems laid a strong initial foundation, 

stereoselective cationic polymerization to furnish materials with high degrees of tacticity (≥90% m) 

remained challenging. In response, multiple groups continued to design more elaborate catalyst 

systems. While there is other modern work relating to the stereoregular cationic polymerization of 
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styrenics, N-vinylcarbazole, and oxazolidinone monomers, the bulk of the focus in the literature and 

in this dissertation will be on vinyl ethers. For example, Sawamoto and coworkers developed a class 

of phenoxy-bound titanium Lewis acid catalysts (Figure 1.7B).109,110 When used in combination with 

alkyl chloride initiators in nonpolar solvents, this led to significant improvements in stereoselectivity 

during the polymerization of iBVE. Specifically, the authors found that the sterically bulky isopropyl 

groups at the 2,6-positions of the phenoxy ligand were key to achieving highly isotactic (90−92% m) 

poly(iBVE). However, similarly high levels of stereocontrol were not observed when exploring 

monomers bearing alternate pendant side chains, such as n-butyl (76% m), tert-butyl (69% m), iso-

propyl (88% m), n-propyl (78% m), and ethyl (64% m) pendant groups.  

Sawamoto and coworkers additionally investigated various combinations of protic and Lewis 

acids for the stereoselective polymerization of vinyl ethers.111 In the polymerization of iBVE, modest 

levels of isotacticity (68−86% m) were achieved using SnCl4 combined with a bulky phosphoric acid 

ligand (Figure 1.7C). While typical environmental factors such as solvent dielectric and reaction 

temperature influenced the degree of stereoinduction, phosphoric acids bearing long alkyl chains (i.e., 

n-decyl) outperformed phenyl, benzyl, and shorter alkyl chains. Despite being outperformed by the 

previously described Ti−phenoxy complex, this example was a demonstration that counterion 

structure can have a substantial effect on stereoselectivity during cationic polymerization. 

Building upon this precedent, our group recently sought to apply the principles of asymmetric 

ion-pairing catalysis to cationic polymerization through the design of chiral counterions to induce 

enantiofacial monomer addition (Figure 1.7D).112 Counterions derived from the combination of  

enantiopure 1,1-bi-2-naphthol (BINOL)-based phosphoric acids with a Ti-based Lewis acid enabled 

the synthesis of highly isotactic poly(vinyl ether)s in a catalyst-controlled manner. This chiral Lewis 

acid system was able to override the conventional chain-end stereochemical control seen in all 

previous methods of stereoselective cationic polymerization. Further, this general method led to 

highly isotactic (88−95% m) materials from a wide variety of vinyl ether monomers.  A series of 
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experiments showed that the obtained materials display the tensile properties of commercial 

polyolefins, but adhere more strongly to polar substrates by an order of magnitude, indicating their 

promise for next-generation polar thermoplastics. 

 
Figure 1.7. Selected examples of stereoselective cationic polymerization. 

1.6 Outlook 

In order to obtain more complete control over polymer structure and properties, ongoing 

research in stereoselective polymerization will continue. Additional methods for stereoregular 

polymer synthesis for a variety of monomers and polymerization mechanisms must be pursued. 

Likewise, the properties of the stereodefined polymers must also be thoroughly studied in order to 

enable the application of these materials. In this dissertation, three new synthetic strategies towards 
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the stereoselective cationic polymerization of vinyl ethers are discussed: a chiral Lewis acid, a chiral 

Bronsted acid, and a chiral hydrogen bond donor. Chapter 2 focuses on the mechanistic probing of the 

chiral Lewis acid system, while Chapter 3 expands the same method for the stereoselective homo- 

and copolymerization of a wide variety of vinyl ether monomers. Chapter 4 discusses the role of 

catalyst and monomer chirality in both the chiral Lewis acid system, as well as the chiral Bronsted 

acid system. Finally, Chapter 5 reports the use a of chiral hydrogen bond donor to enable the first 

example of anion binding catalysis applied to stereoselective cationic polymerization. 
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CHAPTER 2: MECHANISTIC INSIGHT INTO USING A CHIRAL LEWIS ACID 

2.1 Introduction 

  This chapter was adapted in part with permission from J. Am. Chem. Soc. 2020, 142, 17175–

17186.1 

  Due to the limitations of coordination—insertion and coordination—addition polymerization, 

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 2.1A).2–6 While this 

approach provides stereoregular polymers in a number of cases, the level of stereoselectivity achieved  

 
Figure 2.1. Approaches for the stereoselective polymerization of vinyl ether monomers. 
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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 synthetic pathways that involve asymmetric additions into 

oxocarbenium ions,7–11 we recently reported a general approach for the stereoselective cationic 

polymerization of vinyl ethers (Figure 2.1B). In this system, stereoselectivity arises as a result of a 

chiral Lewis acid counterion derived from TiCl4(THF)2 and 3,3’-bis(3,5-bis(trifluoromethyl)phenyl)-

1,1’-binaphthyl phosphate.12 In the polymerization of isobutyl vinyl ether (iBVE), the integration of 

the backbone methylene resonances via 13CNMR (39 to 42 ppm, CDCl3) revealed a polymer with 

91% m (Figure 2.2), a dramatic improvement over the analogous control polymerization absent of the 

chiral phosphate ligand (73% m). Further analysis of triad tacticity using Markovian statistics 

suggested an overwhelming preference for catalyst-controlled stereoselectivity, otherwise known as 

enantiomorphic site control.2,13–16 In contrast to alternative methods for stereoselective vinyl ether 

polymerization,4,17–25 our catalyst-controlled approach was broadly applicable to a variety of alkyl 

vinyl ether monomers, whose polymerization resulted in diverse thermomechanical properties. 

 
Figure 2.2. Differences in salient 13C NMR resonances observed in atactic (69% m) and isotactic 

(91% m) poly(iBVE) samples. 

 

  Expanding the scope and utility of this method necessitates deeper mechanistic 

investigations, similar to those which have enabled the recent advancements in photocontrolled 

cationic polymerization.26–32 As such, our current mechanistic hypothesis is depicted in Figure 2.3. 

Addition of chiral BINOL-based phosphoric acid (R)-2.1 to a solution of TiCl4 in toluene results in 
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ligand exchange to generate a chiral Lewis acid (R)-2.2 concomitant with the release of HCl (Step I). 

Upon addition of vinyl ether monomer to this reaction solution, Markovnikov addition of HCl to the 

vinyl ether yields alkyl chloride 2.3, which has been previously validated as an initiating species (Step 

II).12 Chloride abstraction from 2.3 generates an anionic titanium species (R)-2.4 along with 

oxocarbenium ion 2.5 (Step III), which serves as the active species for propagation. A low dielectric 

solvent facilitates a tight ion pair between (R)-2.4 and 2.5, enabling selective facial addition of each 

incoming monomer to the prochiral chain end (Step IV). Finally, chloride transfer from the anionic 

titanium species (R)-2.4 caps the polymer chain end and regenerates the active catalyst (Step V).        

 

Figure 2.3. Proposed mechanism for the stereoselective polymerization of vinyl ethers. 

  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 analyses, and computational studies to probe the elementary steps of the 

polymerization and to gain insight into catalyst solution structure. The culmination of data reveals key 
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criteria for stereoselectivity in vinyl ether polymerization and ultimately informs an expansion of the 

monomer scope of this method.  

2.2 Kinetic Analysis 

Comparative analysis of vinyl ether polymerization kinetics identified key mechanistic 

insight 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)-2.2 ([iBVE] = 0.38 M, [(R)-2.1] = 5.0 mM, [TiCl4] = 1.0 mM) was 

compared to a control polymerization catalyzed by achiral TiCl4 in the absence of Brønsted acid (R)-

2.1. Our mechanistic hypothesis includes the endogenous formation of HCl, and thus initiating 

species 2.3, under the stereoselective polymerization conditions. Since this does not happen in the 

polymerization catalyzed by TiCl4 alone, 2.3 was synthesized separately and added to the 

polymerization ([iBVE] = 0.38 M, [2.3] = 5.0 mM, [TiCl4] = 1.0 mM).  

Initial rates of the two polymerizations displayed pseudo-first order reaction kinetics in both 

cases, consistent with previous observations for cationic polymerization.33–35 The rate constant of 

conditions that result in stereoselective polymerization, kobs = 1.0 x 10-3 s-1, was eight times slower 

than that of the control polymerization, kobs = 8.0 x 10-3 s-1 (Figure 2.4A). This significant decrease in 

rate observed with the addition of (R)-2.1 represents a case of ligand decelerated catalysis.36–39 The 

observed ligand deceleration fits with two notable previously reported empirical observations. First, 

the addition of TiCl4 to a solution of iBVE and (R)-2.1 resulted in diminished stereoselectivity (82% 

m), compared to an analogous reaction where TiCl4 and (R)-2.1 were pre-mixed and iBVE was 

subsequently introduced (87% m). Second, the addition of excess ligand (R)-2.1 resulted in increased 

stereoselectivity, with at least five equivalents of (R)-2.1 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 non-stereoselective background reaction.    
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Figure 2.4. A) Kinetic analysis of iBVE polymerization (2.25 mmol scale) at -78 °C under 

stereoselective conditions (blue squares; [iBVE] = 0.38 M, [(R)-2.1] = 5.0 mM, [TiCl4] = 1.0 mM) 

and control conditions (red circles; [iBVE] = 0.38 M, [2.3] = 5.0 mM, [TiCl4] = 1.0 mM). Data 

reported is the median kobs achieved for each set of conditions. B) Arrhenius analysis of 

stereoselective polymerization conditions (blue squares; [iBVE] = 0.38 M, [(R)-2.1] = 5.0 mM, 

[TiCl4] = 1.0 mM) and control polymerization conditions (red circles; [iBVE] = 0.38 M, [2.3] = 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. 

 

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 2.4B). 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)-2.1 to TiCl4. Additionally, the low values for Ea in both polymerizations 

corroborate the rapid kinetics observed in cationic vinyl ether polymerization. 
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2.3 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 stereoselectivity, an Eyring analysis40–44 

was performed according to a modification of the Eyring equation (Equation 2.1) by plotting the 

natural log of the ratio of meso:racemo diads vs. the reciprocal temperature at which the 

polymerizations were conducted (Figure 2.5A).  

 ln (
% 𝑚

% 𝑟
) =

−ΔΔH‡

RT
+

ΔΔS‡

R
 (2.1) 

From the Eyring analysis, the difference in the energy between diastereomeric transition 

states (G‡) can be extracted. We chose to use (R)-2.2 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)-2.1 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. 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.45  

The linear relationship observed for both the stereoselective and control polymerizations 

demonstrate 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 G‡ 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.45,46 The 

polymerization facilitated by chiral Lewis acid (R)-2.2 at -78 °C was found to have a G‡ of –0.73 

kcal/mol and a corresponding stereoselectivity of 87% m, confirming a preference towards meso diad 

formation. Therefore, addition of (R)-2.1 to TiCl4 increases the kinetic barrier differentiating meso vs. 

racemo addition by 0.30 kcal/mol, resulting in an increase of 16% m (Figure 2.5B).   
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Figure 2.5. A) Eyring analysis of both the stereoselective polymerization (blue squares; [iBVE] = 

0.38 M, [(R)-2.1] = 5.0 mM, [TiCl4] = 1.0 mM) and the control polymerization (red circles; [iBVE] = 

0.38 M, [2.3] = 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.    

 

 Accurate determination of G‡ 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).40,47,48 To probe the magnitude of contributions 
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from alternative reaction pathways, the experimental tacticity observed at –78 °C was used to 

calculate G‡ according to Equation 2.2. Using this energetic value, a theoretical % m versus 

temperature line was graphed assuming a purely two-state model.  

 ∆∆𝐺‡ = −𝑅𝑇 ln(
% 𝑚

% 𝑟
) (2.2) 

 As shown in Figure 2.5C, the agreement between the experimental and theoretical data is 

strong at colder temperatures, indicating that a majority of monomer addition is influenced by chiral 

counterion (R)-2.4. 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)-2.1 (vide supra).   

The small energetic difference that favors stereoselectivity and the known oxophilicity of 

titanium Lewis acid complexes motivated us to investigate whether dynamic non-linear effects, 

resulting from catalyst–product or catalyst–substrate interactions, cause stereoselectivity to vary 

during the course of the polymerization.49 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 2.6, 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 (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.   
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Figure 2.6. 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. 

 

2.4 Computational Analysis of Catalyst Structure 

An understanding of the solution state structure of (R)-2.2 would inform the future 

optimization of stereoselective cationic polymerization methodology. In an initial attempt to probe the 

ligand sphere of (R)-2.2, we performed a series of iBVE polymerizations with varying ratios of (R)-

2.1:TiCl4 (Figure 2.7).  A molar excess of (R)-2.1 relative to TiCl4 was found to be required for 

effective stereoinduction during monomer addition. While equimolar amounts of (R)-2.1 and TiCl4 

resulted in poly(iBVE) with 76% m, an increase to 84% m was observed upon using a two-fold excess 

of (R)-2.1 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,50 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 super-

stoichiometric (R)-2.1 relative to TiCl4.  
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Figure 2.7. Tacticity analysis of poly(iBVE) obtained using varying ratios of (R)-2.1:TiCl4. 

Polymerizations performed on a 0.76 mmol scale. a Number average molecular weight and dispersity 

as characterized via Gel Permeation Chromatography (GPC). b Percent meso diads as characterized 

via 13C NMR integration.  

 

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)-2.1-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)-2.1. 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)-2.1)3, where one equivalent of HCl has been released, and the (R)-2.1 

ligands all exist on the same plane of an overall octahedral geometry (Figure 2.8). This structure 

bearing multiple phosphate ligands is consistent with our previous data whereby multiple equivalents 

of the (R)-2.1 ligand were necessary to achieve highly isotactic PVEs. Additionally, we previously 

hypothesized that HCl released upon (R)-2.1 ligation to TiCl4 acts as an endogenous initiating species, 

again agreeing with this computationally derived structure. 
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Figure 2.8. A) Three-dimensional ball and stick model of the lowest energy conformation of (R)-2.1 

ligand interacting with TiCl4, upon release of 1 eq. of HCl. B) Bond-line representation of the same 

complex. 

 

2.5 Conclusion 

Comprehensive kinetic, experimental, and computational studies have provided valuable 

knowledge regarding the stereoselective cationic polymerization of vinyl ethers facilitated by catalyst 

2.2. Comparative kinetic studies revealed the importance of ligand deceleration effects in the design 

of reaction conditions and catalysts to achieve highly stereoselective 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, while at increased temperatures the 

presence of alternative titanium complexes resulted in diminished isotacticity. A computational 

investigation of the solution-state structure of (R)-2.2 revealed the likely preferred catalyst structure 
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that consists of three chiral phosphoric acids ligated to titanium, which was supported by 

experimental observations. 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 this work informing future 

catalyst and materials design related to stereoselective polymerization. 
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CHAPTER 3: SUBSTSRATE SCOPE AND COPOLYMERIZATION 

USING A CHIRAL LEWIS ACID 

3.1 Hompolymerization of Alkyl Vinyl Ethers 

  This chapter was adapted in part with permission from the following two manuscripts: ACS 

Macro Lett. 2019, 8, 1559−15631 and J. Am. Chem. Soc. 2020, 142, 17175–17186.2 

Understanding the scope of catalyst (R)-2.2 with a diversity of monomers connects the 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 polymerizations at –78 

°C and used TiCl4(THF)2 as a Lewis acid. The ratio of (R)-2.1 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 polymerization. In addition to ethyl vinyl ether (EVE), n-

propyl vinyl ether (nPrVE), and n-butyl vinyl ether (nBVE), which were shown in our previous work 

to engender isotactic PVEs,3 the polymerization of octyl vinyl ether (OcVE) also yielded an isotactic 

material (94% m). Despite demonstrating a slightly higher level of isotacticity as chain length 

increased, a corresponding decrease in the melting temperature (Tm) of the materials was observed 

(Figure 3.1). This observation suggests that the conformational flexibility of the side chains has an 

impact on polymer crystallization within this series.4 

 The steric properties of branched alkyl vinyl ether monomers demonstrated a pronounced 

influence on the stereoselectivity achieved with catalyst (R)-2.2 (Figure 3.1). 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  
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Figure 3.1. Representative structure-property and structure-reactivity profiles for a variety of vinyl 

ethers. Polymers prepared using optimized reaction conditions ([VE] = 0.38 M, [(R)-2.1] = 5.0 mM, 

[TiCl4(THF)2] = 1.0 mM) at –78 °C in 4:1 hexane:toluene on a 0.76 mmol scale. 

 

was observed when the branch point was placed alpha 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 alpha 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 discernable 

melting temperature. 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)-2.4 (Step IV in 

Figure 2.2). 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.5–7  
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3.2 Copolymerization of Alkyl Vinyl Ethers 

The identity of the alkyl side chain functionality had a distinct impact on the thermal 

properties of the obtained polymers. PVEs bearing linear alkyl substitution maintained a lower Tm of 

65-76 °C, while those with branched alkyl substitution possessed a higher Tm up to 140 °C (Figure 

3.2). We envisioned leveraging this disparity of thermal properties between vinyl ether substituents to 

prepare semicrystalline thermoplastics with tunable thermomechanical properties. Herein, the 

generality of catalyst (R)-2.2 is demonstrated through systematic evaluation of the stereoselective 

copolymerization of alkyl vinyl ether monomers. The introduction of comonomers does not influence 

the stereoselectivity of catalyst (R)-2.2; rather, it enables the realization of semicrystalline 

thermoplastics derived from polar vinyl monomers with tunable thermal properties. Considering the 

disparate thermal properties exhibited by isotactic PVEs bearing linear and branched alkyl 

substituents, we chose to first explore the copolymerization of nBVE with iBVE (Figure 3.3). The 

optimized reaction conditions produced high molecular weight materials (Mn > 70 kg mol−1) via an 

uncontrolled chain-growth polymerization. In order to tune the ultimate incorporation of nBVE in the 

resulting copolymers, reactions were performed using a variety of molar feed ratios of nBVE (f Bu)  

relative to iBVE. As shown in Figure 3.4A, distinct 1H NMR resonances were observed for iBVE (δ  

 
Figure 3.2. Differential scanning calorimetry second-heating-scan curves (10 °C/min) for select 

isotactic PVEs. 
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3.25−2.05 ppm, CDCl3) and nBVE (δ 1.40−1.30 ppm, CDCl3) repeat units, which were integrated 

relative to each other in order to determine the mole fraction of nBVE (FBu). Analysis of the 13CNMR 

enabled the determination of stereoselectivity by comparing the integration of the region 

corresponding to the racemo diads (δ 42.0−41.0 ppm, CDCl3) to the region corresponding to the meso 

diads (δ 40.4−39.2 ppm, CDCl3) (Figure 3.4B). Catalyst (R)-2.2 enabled the preparation of 

poly(iBVE-co-nBVE) with high degrees of isotacticity (91−94% m) for all copolymer compositions, 

demonstrating the generality of (R)-2.2 for stereoselective copolymerization of multiple alkyl vinyl 

ethers. This substrate tolerance represents an improvement over previous work where 

stereoselectivity was sensitive to even slight changes in monomer structure.8,9 

 
Figure 3.3. Reaction scheme depicting the stereoselective copolymerization of iBVE and nBVE 

using (R)-2.2 and a summary of copolymerization experiments. a Mole fraction of nBVE in the 

monomer feed. b Mole fraction of nBVE in copolymer determined by 1H NMR integration. c Mn 

indicates the number average molecular weight of the polymer. Dispersity was calculated according 

to Ð = Mw/Mn where Mw is weight average molecular weight. d Tg and Tm obtained from a second 

heating scan (10 °C/min) after the thermal history was removed.  
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Figure 3.4. (A) 1H NMR (CDCl3) spectra of poly(iBVE) (top), poly(iBVE-co-nBVE) (middle), and 

poly(nBVE) (bottom) highlighting the distinct resonances observed for iBVE (red sphere) and nBVE 

(blue sphere) repeat units. (B) Observed differences of the backbone methylene 13C NMR (CDCl3) 

resonances in an isotactic poly(iBVE-co-nBVE) made using (R)-2.2 and an atactic poly(iBVE-co-

nBVE) made using trifluoromethanesulfonic acid. 

 

Next, we sought to investigate the relationship between f Bu and FBu through kinetic analysis. 

Although values of FBu did not scale proportionally to f Bu, increasing f Bu resulted in increased FBu 

which enabled the preparation of copolymers with predetermined FBu values. In order to gain a deeper 

understanding of the reaction, a series of copolymerizations where f Bu = 0.50 were quenched at 

various time points to evaluate reaction kinetics. As shown in Figure 3.5, iBVE was consumed at a 

slower rate (kobs = 4.4 × 10−4 s−1) relative to the consumption of nBVE (kobs = 7.8 × 10−4 s−1) 

throughout the copolymerization. Previous explorations of vinyl ether copolymerization, in particular 
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those initiated by trifluoromethanesulfonic acid or boron trifluoride diethyl etherate, observed the 

opposite reactivity trend, whereby the more sterically hindered comonomer was consistently 

incorporated at a faster rate.10,11 The catalyst-controlled stereoselectivity exhibited in polymerizations 

mediated by (R)-2.2 suggests a close interaction between the chiral anion and the propagating chain 

end, which we hypothesize to be interrupted by sterically demanding side chains. The relatively slow 

rate of iBVE consumption observed during copolymerization with nBVE is thus likely related to an 

adverse steric interaction between iBVE and (R)-2.2. Comonomer consumption plateaus at a 

combined monomer conversion of ∼65% after 30 min (see Appendix B) which, combined with the 

aforementioned rates, is consistent with the observed FBu values. 

 
Figure 3.5. Plot of −ln[VE] versus time of the copolymerization of iBVE and nBVE. Conversions of 

iBVE (■) and nBVE (●) monitored independently by 1H NMR (CDCl3). VE = vinyl ether. [iBVE]0 = 

0.19 M. [nBVE]0 = 0.19 M.  

 

Each of the obtained poly(iBVE-co-nBVE) samples were semicrystalline thermoplastics at 

room temperature. As shown in Figure 3.6, differential scanning calorimetry (DSC) analysis at a scan 

rate of 10 °C/min with data taken from the second heating cycle revealed the copolymers exhibited Tg 

and Tm values that span the range between those of poly(iBVE) (Tg = −20 °C, Tm = 138 °C) and 

poly(nBVE) (Tg = −53 °C, Tm =65 °C). The Tg values observed by DSC scale with FBu as predicted by 

the Fox equation12,13 and remain well below room temperature. The apparent Tm values decrease 

linearly with increasing FBu as expected but reach an inflection point at approximately FBu = 0.7, 
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which we hypothesize is due to a switch in the composition of the crystalline regions from iBVE 

repeat units to nBVE repeat units. Accordingly, as incorporation of nBVE increases from this point 

(i.e., FBu > 0.7) a slight increase in Tm is observed, likely resulting from decreasing contributions from 

iBVE “defects” within the nBVE crystalline phase. Regardless, the observed trends afford the ability 

to rationally tune both Tg and Tm by selecting the appropriate f Bu and highlight the general utility of 

vinyl ether copolymerizations facilitated by (R)-2.2. 

 

Figure 3.6. (A) Plot of Tm obtained by DSC as a function of molar incorporation of nBVE (FBu). 

Solid lines highlight observed trends. (B) Plot of Tg obtained by DSC as a function of FBu. Dashed 

line indicates Tg values predicted using the Fox equation. 
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In an effort to explore the substrate scope of this methodology, we next performed a series of 

copolymerizations using EVE as a comonomer with iBVE. Similar to the iBVE/nBVE comonomer 

pair, utilizing a variety of EVE molar feed ratios (f Et) resulted in isotactic copolymers (91−93% m) 

with tunable degrees of EVE incorporation (FEt) (see Appendix B). The obtained FEt values were 

again consistently higher than f Et, likely due to a kinetic phenomenon similar to that described above. 

The Tg values exhibited by poly(iBVE-co-EVE) decreased as expected with increasing FEt but 

appeared to plateau at Tg = −37 °C when FEt ≥ 0.5. Similarly, the observed Tm values decreased 

linearly with increasing FEt from 138 °C until plateauing at ∼40 °C when FEt ≥ 0.5. No Tm was 

reliably observed in the second heating cycle by DSC when FEt ≥ 0.3, although these materials 

crystallized slowly at room temperature and exhibited obvious first-order transitions in the first 

heating cycle.  

3.3 Copolymerization of Functional Vinyl Ethers with Isobutyl Vinyl Ether 

The polymerization of vinyl ether substrates that contain polar functional groups would 

expand the potential utility of isotactic PVEs. To interrogate the functional group compatibility of 

catalyst (R)-2.2, 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 

remaining isoelectronic at the vinyl ether. Initial trials indicated that none of the monomers in Figure 

3.7 underwent homopolymerization using catalyst (R)-2.2, presumably due to deleterious interactions 

of Lewis basic functionality on the substrates with the oxophilic Ti Lewis acid.14  

The above described previous demonstration of stereoselective copolymerization of vinyl 

ethers1 using catalyst (R)-2.2 inspired the exploration of functional group rich vinyl ethers as 

comonomers in the same 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 
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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.15,16 When fMOVE = 0.20 or below (Figure 3.7 entries 1-2, see 

Appendix B 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,17–20 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 stereoselective 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, phenyl ether substituents 

were tolerated better than 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 
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Figure 3.7. 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. 

 

catalyst (R)-2.2. 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 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 
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an ester-containing monomer that performed better in the stereoselective copolymerization. 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)-2.2 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.  

To further diversify the scope of materials that can be made through this methodology, we 

also explored performing a post-polymerization modification reaction with one of these copolymers. 

Deprotection of the acyl functional group of isotactic poly(iBVE-co-AcOVE) using NaOH efficiently 

yielded copolymer 3.1 which features repeat units containing free hydroxyl groups (Figure 3.8A). As 

shown in Figure 3.8B, the gel permeation chromatography (GPC) traces for the starting copolymer 

material and 3.1 closely overlap indicating the reaction proceeds without appreciable byproduct 

formation. Subsequent coupling with 1-pyrenebutyryl chloride yielded pyrene-appended copolymer 

3.2, as evidenced by 1H and 13C NMR, as well as GPC in conjunction with a photodiode array (PDA) 

detector (Figure 3.8C). This material exhibited a slightly increased Tg of −16 °C relative to the 

starting copolymer material and remained a high-melting thermoplastic with a Tm of 126 °C, but was 

now fluorescent under UV irradiation (Figure 3.8D). 
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Figure 3.8. (A) Reaction scheme depicting deprotection of isotactic poly(iBVE-co-AcOVE) and 

postfunctionalization of 3.1 to generate 3.2. (B) Overlay of GPC traces before and after each step 

depicted in A. (C) Photodiode array (PDA) trace at 13.9 min retention time (RT) confirming the 

structure of 3.2. (D) Visual representation (photo) highlighting the solid-state fluorescence of 3.2 

observed under 365 nm irradiation. 

 

3.4 Conclusion 

In summary, we have demonstrated catalyst (R)-2.2 to be general to a wide variety of vinyl 

ether substrates. We first established structure—reactivity and structure—property relationships in 

simply alkyl vinyl ethers by probing monomers with systematic variations in steric parameters. 

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. Second, we leveraged this methodology to prepare a series of 

isotactic vinyl ether-based copolymers. Through judicious choice of comonomer pairs, the thermal 

properties of the resulting materials can be rationally tuned by modulating the relative incorporation 

of each comonomer. Finally, we have shown the tolerance of this method towards aryl, ether, and 

ester functionality. The ability to copolymerize these monomers without sacrificing the control of 

tacticity and desirable thermal properties represents a practical approach toward polar, high 

performance thermoplastics. 
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CHAPTER 4: CATALYST AND MONOMER CHIRALITY 

4.1 Using a Chiral Lewis Acid 

4.1.1 Investigating Ligand Chirality in Chiral Lewis Acid Mediated Polymerizations 

  Parts of this chapter were adapted with permission from the following manuscript: J. Am. 

Chem. Soc. 2020, 142, 17175–17186.1 

A key aspect of stereoselective vinyl ether polymerization by (R)-2.2 is that it proceeds by 

enantiomorphic site control,2,3 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 polymerizations4–11 and thus we endeavored to study this phenomenon in more depth. 

We hypothesized that the axial chirality of the (R)-2.1 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 system, we polymerized iBVE in 

our optimized reaction conditions with differing enantiomeric ratios of the phosphoric acid ligand 2.1 

(Figure 4.1), and in all cases, the tacticity of the resultant polymer was not affected. A similar 

phenomenon was recently observed by Aoshima and coworkers in the cationic polymerization of 

vinyl ethers using a titanium Lewis acid ligated with α,α,α’,α’-tetraaryl-1,3-dioxolane-4,5- 

dimethanol (TADDOL),12 wherein they hypothesized that the catalyst remains with the same polymer 

chain-end throughout propagation. While this could presumably be occurring herein, the difficulty 
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Figure 4.1. Nonlinear effects analysis showing no significant change in polymer tacticity when using 

ligand 2.1 of differing enantiomeric ratios. Polymerizations performed on a 0.75 mmol scale. 

 

understanding the exact catalyst solution structure, the probability that the stereochemistry of a ligand 

on titanium may influence the binding of subsequent enantiomers, and the dynamic nature of ligands  

on titanium complicate quantitative correlations. In response to these intriguing results, we sought out 

a complementary experimental approach (see section 4.1.2) to further probe the influence of ligand 

stereochemistry on reaction outcome. 

4.1.2 Investigating Monomer Chirality in Chiral Lewis Acid Mediated Polymerizations 

We hypothesized that the absolute stereochemistry of the phosphoric acid ligands in catalyst 

2.2 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 

enantioenriched 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,13,14 triple diastereoselection represents a case of match–mismatch catalysis that 

remains underexplored.15–18 In cases of triple diastereoselection, the interaction of three stereocenters 
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adds the possibility of a partially matched case, in addition to a fully matched and fully mismatched 

case.19   

To probe potential match–mismatch effects in the stereoselective 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 

beta to the ether oxygen. A control polymerization initiated by triflic acid generated a polymer of 

70% m (Figure 4.2). We reasoned that the non-coordinating 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 discernable role on the stereoselectivity of polymerization. (S)-MBVE was subsequently 

subjected to reaction conditions using either enantiomer of phosphoric acid ligand 2.1. In the presence 

of catalyst (R)-2.2, a polymer with 89.6 ± 0.1% m is produced, while in the presence of catalyst (S)-

2.2, a polymer with 92.5 ± 0.5% m is produced. These levels of stereoselectivity are similar to those 

observed when using (R)-2.2 or (S)-2.2 in the polymerization of iBVE (91% m with either enantiomer 

of 2.1). Regarding (S)-MBVE, the lack of stereoselectivity without the presence of 2.1 and the high 

stereoselectivity achieved in the presence of either enantiomer of 2.1 indicates a preference for the 

reaction outcome to be dictated by the catalyst, which supports the enantiomorphic site control we 

observe using (R)-2.2 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. Our thorough analysis of tacticity, calculating standard deviations from 0.1 to 0.5, 

demonstrates the reproducibility of our synthetic methodology and 13C NMR measurements, 

justifying the significance of these results.  

In a complementary set of experiments, (S)-sec-butyl vinyl ether ((S)-SBVE) was synthesized 

to serve as a monomer with a stereocenter alpha to the oxygen. Polymerization initiated by triflic acid 

resulted in a PVE with 88% m (Figure 4.2). Compared to the polymerization of achiral iPVE under  
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Figure 4.2. Match-mismatch effect analysis. Polymerizations performed on a 0.76 mmol scale. The 

polymerizations of the two chiral monomers with (R)-2.2 and (S)-2.2 were conducted three times. 

Standard deviation values were calculated from subsequent 13C NMR analysis of the three individual 

polymer samples. 

 

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 4.2). In the 

presence of catalyst (R)-2.2, a polymer with 91.8 ± 0.3% m is produced while in the presence of 

catalyst (S)-2.2, a polymer with 95.1 ± 0.1% m is produced. We hypothesize the use of (R)-2.2 results 

in a partially matched case. For the polymerization catalyzed by (S)-2.2, a fully matched system 

appears to be evident that enables both substrate and catalyst stereocontrol to contribute to the 

reaction outcome. These synergistic effects result in isotactic poly((S)-SBVE) at 95.1 ± 0.1% m, the 

highest stereoselectivity ever reported for a vinyl ether polymerization.  

In the analysis of isotactic PVEs derived from enantioenriched monomers, the quantification 

of % m with low standard deviations between 0.1 and 0.5 demonstrates the significance, accuracy, 
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and reproducibility of both our synthetic methodology 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. In poly((S)-SBVE), a more 

pronounced relationship between tacticity and thermal properties is observed. Poly((S)-SBVE) with 

91.8 ± 0.3% m lacks a Tm, while poly((S)-SBVE) with 95.1 ± 0.1% m shows a Tm at 137 °C. This 

suggests that there exists a critical threshold of isotacticity required to enable this material to undergo 

reversible crystallization. Altogether, the upshot of this 13C NMR and DSC data is two-fold. First, it 

allows for more confident differentiation between the partially and fully matched cases. Second, it 

spurs our efforts to continue pursuing methodologies that enable exceedingly high levels of 

stereoregularity. 

The results presented herein indicate that placing a stereocenter alpha to the vinyl ether 

results in 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,19 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 

stereochemically matched catalyst–monomer interactions represent a viable approach to push the 

stereoselectivity of ionic polymerizations to unprecedented levels. 

4.2 Using a Chiral Imidodiphosphorimidate (IDPi) 

4.2.1 Introduction and Background 

 Our work using a chiral Lewis acid, as well as previous work by the Sawamoto and Aoshima 

groups, have all relied exclusively on ligated titanium complexes.20–22 Subsequently, the polymers 

made from these approaches can also suffer from the presence of residual metal species, leading to 

environmental concerns and deterioration of material properties.23–26 Additionally, in our work, a 
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large excess of equivalents of the BINOL-derived phosphate ligand is needed to form the anionic 

species responsible for stereoinduction. Therefore, complementary methods that provide access to 

isotactic poly(vinyl ethers) without the required use of a transition metal or superstoichiometric 

amounts of chiral ligand could enable expand innovation and application of this class of 

thermoplastics.   

 Due to their high acidity, trifluoromethanesulfonic acid27 and 

pentacarbomethoxycyclopentadiene acids28 have already been successfully employed in the cationic 

polymerization of vinyl ethers, albeit the resulting materials are atactic and amorphous. Thus, we 

hypothesized the development of a single-component chiral Brønsted acid initiating species with the 

acidity necessary to initiate polymerization, and a chiral conjugate base capable of directing the 

stereochemistry of monomer addition. Inspired again by the field of asymmetric small molecule 

catalysis,29,30 imidodiphosphormidates (IDPis)31 were explored as a chiral Brønsted acid scaffold for 

this purpose. Screening and reaction optimization led to the realization of IDPi 4.1, suitable for the 

isotactic polymerization of a variety of alkyl vinyl ethers with high stereoselectivity and high 

molecular weights (Mn > 100 kg/mol). 

 To compare substrates against one another under conditions that achieve high 

stereoselectivity, we conducted all polymerizations at –78 °C in 20:1 methylcyclohexane:toluene with 

a monomer and 4.1 concentration of 0.2 M and 0.5 mM, respectively. Alkyl vinyl ether monomers 

with linear side chains were explored first and found to be well-tolerated in the stereoselective 

polymerization (Figure 4.3B). The polymerization of n-propyl vinyl ether (nPrVE) engendered a 

polymer with 85% m, while the polymerization of n-butyl vinyl ether (nBVE) and n-hexyl vinyl ether 

(nHVE) resulted in polymers with 87% m. Further increasing the length of the linear alkyl 

substitution, as in octyl vinyl ether (OcVE), also resulted in the concomitant increase in 

stereoselectivity (90% m). 
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Figure 4.3. A) Reaction scheme showing optimized reaction conditions and IDPi 4.1. MeCy = 

methylcyclohexane. MePh = toluene. B) Representative structure-reactivity profiles for a variety of 

vinyl ethers with linear alkyl substitution. C) Representative structure-reactivity profiles for a variety 

of vinyl ethers with branched alkyl substitution. 

 

The steric properties of branched alkyl vinyl ether monomers demonstrated a pronounced 

influence on the stereoselectivity achieved with the optimized IDPi 4.1 (Figure 4.3C). 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 (91 and 90% m, respectively), a large decrease 

in isotacticity was observed when the branch point was placed alpha to the vinyl ether in iPVE (71% 

m). Likewise, the presence of a quaternary center alpha to the vinyl ether, such as in tert-butyl vinyl 
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ether (tBVE), proved to be detrimental to stereoselectivity, resulting in poly(tBVE) with 58% m. 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 hypothesis 

indicates that facial addition in these polymerizations is biased by the close association of the cationic 

chain-end with conjugate base counterion of the IDPi catalyst. 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.30,32,33 

4.2.2 Investigating Counteranion Chirality in IDPi Mediated Polymerizations 

 We hypothesized that the axial chirality of 4.1 could serve an influential role in 

stereoselective polymerization. Further, we also posited that the probing of these effects in the single 

component IDPi catalyst scaffold could be more straightforward than in the case of catalyst 2.2, 

whose dynamic ligands complicated experimental design and analysis. Thus, we polymerized iBVE 

in our optimized reaction conditions with differing enantiomeric ratios of 4.1 (Figure 4.4), and in all 

cases, the tacticity of the resultant polymer was not affected. Because similar results were seen by 

Aoshima12 and our work with catalyst 2.2,1 we again sought out a complementary experimental 

approach (see section 4.2.3) to further probe the influence of the anion’s axial chirality on tacticity. 

 
Figure 4.4. Nonlinear effects analysis showing no significant change in polymer tacticity when using 

IDPi 4.1 of differing enantiomeric ratios.  
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4.2.3 Investigating Monomer Chirality in IDPi Mediated Polymerizations 

 We hypothesized that the absolute stereochemistry of the imidodiphosphormidate scaffold 

may play a role in the stereochemical outcome of polymerizations using monomers bearing pendant 

enantioenriched substitution through a match–mismatch effect. To probe potential match–mismatch 

effects in the stereoselective polymerization of vinyl ethers, we again investigated two substrates with 

stereogenic centers placed in differing proximity to the vinyl ether. (S)-MBVE, possessing a 

stereocenter beta to the ether oxygen, generated a polymer of 70% m when initiated with triflic acid 

(Figure 4.5). In the presence of either (R)-4.1 or (S)-4.1, a polymer with 90% m was produced, 

identical to the level of stereoselectivity observed when using IDPi 4.1 in the polymerization of  

iBVE. Unlike the polymerization of (S)-MBVE with both enantiomers of catalyst 2.2, we do not 

observe fully matched and partially matched cases herein.  

 
Figure 4.5. Match-mismatch effect analysis. IDPi 4.1 catalyzed polymerization of two chiral 

monomers and their achiral analogs. 
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In a complementary set of experiments, (S)-sec-butyl vinyl ether ((S)-SBVE) was used as a 

monomer with a stereocenter alpha to the oxygen. Polymerization initiated by triflic acid resulted in a 

PVE with 88% m (Figure 4.5). Compared to the polymerization of achiral iPVE under identical 

conditions (71% m), an effect of internal substrate control is at play in the polymerization of (S)-

SBVE, engendering high isotacticity without the use of a chiral coutneranion. To probe the influence 

of counteranion stereochemistry on polymerization outcome, (S)-SBVE was subjected to the reaction 

conditions using either enantiomer of IDPi 4.1 (Figure 4.5). In the presence of (R)-4.1 or (S)-4.1, a 

significant difference in polymer tacticity (86 and 85% m, respectively) is not observed, suggesting 

that match–mismatch effects were not consequential to the outcome of the polymerization.  

4.3 Conclusion 

Catalyst and monomer chirality were thoroughly probed in the cationic polymerization of 

vinyl ethers enabled by both catalyst 2.2 and 4.1. In turn, these investigations revealed new 

possibilities in the pursuit of highly isotactic polymers. In the context of investigating the axial 

chirality of our catalyst scaffolds, we found using that differing enantiomeric ratios of either catalyst 

did not result in a change to polymer tacticity. However, drawing concrete conclusions from these 

analyses are often complicated by a myriad of factors, including the fact that we are not setting only a 

single stereocenter in the product; rather, we are setting hundreds and can only accurately evaluate the 

product’s relative stereochemistry (% m). There also exists the likely possibility for polymer chain 

exchange between catalysts of differing chirality. Specific to the system involving catalyst 2.2, data 

evaluation is further problematic as there are likely multiple chiral ligands, possibly of different 

handedness, coordinated to a single titanium center. 

In regards to investigating monomer chirality, we found that match–mismatch effects were 

not consequential to the outcome of the polymerization when using catalyst 4.1. However, when 

using catalyst 2.2, we synthesized 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. While more remains to be 
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discovered regarding the influence of both catalyst and monomer chirality on vinyl ether 

polymerizations, these results indicate that stereochemically matched catalyst–monomer interactions 

represent a viable approach to push the stereoselectivity of ionic polymerizations to unprecedented 

levels.   
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CHAPTER 5: USING CHIRAL HYDROGEN BOND DONORS 

5.1 Introduction 

 Although our previous work using a chiral Lewis acid derived from TiCl4(THF)2 and 3,3’-

bis(3,5-bis(trifluoromethyl)phenyl)-1,1’-binaphthyl phosphate provided substantial advancements,1–3 

there are two notable drawbacks. First, the use of titanium is required; residual metal species present 

in polymeric products are environmentally unfriendly and can often deteriorate polymer properties.4–7 

Second, a large excess of equivalents of the BINOL-derived phosphate ligand is needed to form the 

anionic species responsible for stereoinduction. Thus, we wanted to pull inspiration from alternative 

strategies in asymmetric ion pairing catalysis to both address these limitations and expand the 

synthetic toolbox used for accessing isotactic polymers. 

 In the asymmetric synthesis of small molecules, the ability of neutral hydrogen bond donors 

to bind anions has been recently leveraged to enable enantioselective additions in reactions 

proceeding through ion-pair intermediates.8 This specific subset of ion pairing catalysis, termed 

anion-binding catalysis, relies on the binding of a chiral hydrogen bond donor to the counteranion of a 

cationic intermediate, forming a chiral complex suitable for facilitating nucleophilic enantiofacial 

discrimination.9–19 In one particular early example, Jacobsen employed a chiral thiourea catalyst to 

facilitate the ionization of 1-chloroisochroman and the subsequent enantioselective addition of a silyl 

ketene acetal (Figure 5.1B).10 Systematic interrogation of the thiourea scaffold revealed that the 

identity of the two stereocenters could allow for either a detrimental or complementary influence on 

the reaction stereoselectivity. In a more recent example, Jacobsen used a chiral squaramide to 

enhance the Lewis acidity of a silyl triflate, enabling an asymmetric Mukaiyama aldol reaction from a 

more stable acetal starting material (Figure 5.1C).17 In these two examples, the aryl identity of 

arylpyrrolidine group was found to exhibit a strong influence on both reactivity and  
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Figure 5.1. A) Previous work towards the stereoselective cationic polymerization of vinyl ethers by 

Sawamoto (bulky anion) and Leibfarth (chiral anion). Ar=bis(trifluoromethyl)phenyl. PA=(R)-3,3’-

bis(3,5-bis(trifluoromethyl)phenyl)-1,1’-binaphthyl phosphate. B and C) Selected examples of small 

molecule asymmetric anion binding catalysis by Jacobsen. D) This work applying the principles of 

asymmetric anion binding catalysis to stereoselective cationic polymerization. 

 

enantioselectivity, suggesting that this aromatic group may engage in stabilizing interactions with the 

oxocarbenium ion; therefore, we hypothesized that this foundation in anion binding catalysis could be 

translated to also enable the stereoselective cationic polymerization of vinyl ethers, which proceeds 

through the same cationic intermediate. Herein is reported the targeted binding of triflate anions with 

chiral squaramides for the stereoselective polymerization of vinyl ethers (Figure 5.1D).  

5.2 Screening of Scaffold and Reaction Conditions 

 Given the literature precedent for chiral hydrogen bond donors binding strongly to 

sulfonates,17,20,21 we first explored interfacing these motifs in the trifluoromethanesulfonic acid-
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initiated polymerization of vinyl ethers.22 Rapid kinetics have been previously exhibited with this 

initiator.23 Thus, we also thought it important to devise reaction conditions that allowed for binding 

between the hydrogen bond donor and trifluoromethanesulfonate anion, prior to exposure to monomer 

for propagation. For this concern and the ease of experimental preparation, we devised a novel 

initiating system comprising an isochroman acetal and trimethylsilyl thrifluoromethanesulfonate 

(Figure 5.2). Addition of a chiral hydrogen bond donor to a solution of these reagents forms 

methoxytrimethylsilane, an isochroman-derived cationogen, and a trifluoromethanesulfonate-

squaramide complex.10,17 Subsequent addition of monomer to this solution thereby enables 

propagation.  

 

Figure 5.2. Polymerization mechanism for the reaction conditions described herein. 

 We next began assessing the viability of different classes of hydrogen bond donors within 

this reaction scheme. No polymerization was observed with thioureas (see Appendix D). Presumably, 

rapid addition of the Lewis basic thiocarbonyl into the oxocarbenium ion prevents propagation.24 

Fortunately, squaramides did interface well with this strategy and permit polymerization. We next 

performed an initial reaction condition optimization study (see Appendix D), leading to the use of a 

1000:1:1:1 molar ratio of monomer/isochroman acetal/ trimethylsilyl 

thrifluoromethanesulfonate/squaramide in 1:3 methylcyclohexane/diethyl ether at -78 °C (Figure 

5.3). Low temperature and low dielectric solvents are used to promote the formation of a tight ion pair 

between the prochiral oxocarbenium chain end and the trifluoromethanesulfonate-squaramide 

complex, thereby encouraging selective monomer facial addition.3,8  
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Figure 5.3. Variations in the chiral squaramide scaffold were screened in the polymerization of a 

model substrate, isobutyl vinyl ether (iBVE). Theoretical Mn=100 kDa.  

 

 Using these optimized reaction conditions, we next screened variations in the squaramide 

scaffold against a model bio-derived25–29 substrate, isobutyl vinyl ether (iBVE). Aryl-substituted 

amido squaramides possessing benzyhydryl (5.1), 2-naphthalenyl (5.2), and 1-pyrenyl substituents 

(5.3) showed moderate stereoselectivities of 77-78% m, 6-7% m above that seen in an analogous 

control polymerization absent of chiral hydrogen bond donor (Figure 5.3). Placing an additional 

stereocenter onto the phenyl (5.4) and 2-naphthalenyl (5.5 and 5.6) amide moieties led to overall 

improvements in stereoselectivity (76-83% m). Within this series, the relative stereochemistry of the 
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squaramide scaffold proved to be important. Diastereomeric squaramides 5.5 and 5.6 produced 

poly(iBVE) with 78 and 83% m, respectively. 

 Encouraged by these results, we next wanted to explore an arylpyrrolidino squaramide 

framework. The Jacobsen group has seen success with this scaffold which contains a rigidified aryl 

component. In the context of cationic polymerization, however, varied results were achieved. Both 9-

anthracenyl derivative 5.7 and fully substituted 2-naphthyl derivative 5.10 yielded poly(iBVE) with 

82% m. Phenyl derivative 5.9 shows only moderate stereoselectivity at 78% m. Finally, a dramatic 

decrease in stereoselectivity (68% m) was observed when using heterocyclic 3-dibenzofuranyl 

derivative 5.8.  

 In addition to stereoselectivity, observing trends in reactivity also aids in uncovering the 

influence that the squaramide has on the polymerization. For instance, the control polymerization 

absent of squaramide is not living. Deleterious side reactions, such as chain transfer by monomer and 

chain transfer by counteranion, serve to broaden dispersity and suppress the ability to target polymer 

molecular weight.30–35 However, in most cases when a squaramide was present, we observed a 

decrease in dispersity and obtained polymers closer to the targeted Mn (100 kDa). This suggests that 

the hydrogen bonding of the squaramide decreases the basicity of trifluoromethanesulfonate, thereby 

reducing the amount of chain transfer by counteranion. In regard to stereoinduction, analysis is 

complicated by the fact that we are setting hundreds of stereocenters in a single polymer chain, but 

we can only accurately evaluate the relative stereochemistry (% m) of the product. Despite this 

constraint, we found that the identity of the pendant aryl group and the relative stereochemistry of the 

squaramide scaffold were influential components in achieving high stereoselectivity. In order to more 

thoroughly probe the mechanism and scope of this method, squaramide 5.6 was chosen as the optimal 

chiral hydrogen bond donor for the ensuing studies. 

5.3 Kinetic and Stereoselectivity Analyses 

 To gain further insight into the influence of the squaramide, we first investigated the rate of 

two polymerizations: the stereoselective polymerization of iBVE using 5.6 ([iBVE]=0.5 M, 
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[isochroman acetal] = 0.5 mM, [TMS-OTf] = 0.5 mM, [5.6] = 0.5 mM) and the atactic control 

polymerization of iBVE in the absence of 5.6 ([iBVE]=0.5 M, [isochroman acetal] = 0.5 mM, [TMS-

OTf] = 0.5 mM). Polymerizations were quenched at five second intervals, and distinct 1H NMR 

resonances for iBVE and an internal standard were integrated relative to each other in order to 

determine monomer conversion. Pseudo-first order reaction kinetics were displayed by the initial 

rates of the two polymerizations.22,36,37 The rate constant of the stereoselective polymerization, kobs = 

9.8 × 10−3 s−1, was approximately 1.5 times slower than that of the control polymerization, kobs = 1.5 × 

10−2 s−1 (Figure 5.4). This slight decrease in rate observed with the addition of 5.6 is consistent with 

previous reports of negative catalysis in which a hydrogen bond donor shuts down the background 

reaction by binding to all of the trifluoromethanesulfonate anion present in solution.20 As a result, the 

reaction is then forced through a slower, stereoselective pathway. The decreased rate also agrees with  

a model of ligand decelerated catalysis, described in our previous reports of stereoselective cationic 

polymerization.3 Attempts to fully suppress any amount of the faster, undesired atactic background 

reaction by utilizing a slight excess of squaramide were unsuccessful, leading to the shutdown of 

polymerization (see Appendix D). 

 
Figure 5.4. Kinetic analysis of iBVE polymerizations under both the stereoselective reaction 

conditions (blue squares; [iBVE]=0.5 M, [isochroman acetal]=0.5 mM, [TMS-OTf]=0.5 mM, 

[squaramide 5.6] =0.5 mM) and the control reaction conditions (red circles; [iBVE]=0.5 M, 

[isochroman acetal]=0.5 mM, [TMS-OTf]=0.5 mM). Each data point reported shows the average and 

standard deviation of three individual experiments. 

 

 We next performed temperature dependent stereoselectivity analyses on both the 

stereoselective and control polymerization. In the control polymerization absent of 5.6, a concomitant 
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linear decrease in stereoinduction was observed as temperature was increased (Figure 5.5). This 

linearity demonstrates that the overall mechanism does not change between −78 °C and −40 °C.38 

However, in the stereoselective polymerization, a dramatic drop from 83% m to 75% m occurs when 

the reaction temperature is increased from -78 °C to -61 °C. While this again confirms the need for 

low temperatures to achieve stereocontrol, it also suggests that there are likely a variety of 

noncovalent interactions at play giving rise to the observed stereoinduction at -78 °C. Increasing the 

temperature thereby has a detrimental effect on one or more of the governing interactions, which 

quickly erodes stereoselectivity. 

 
Figure 5.5. Temperature dependence on stereoselectivity of both the stereoselective polymerization 

(blue squares; [iBVE]=0.5 M, [isochroman acetal]=0.5 mM, [TMS-OTf]=0.5 mM, [squaramide 5.6] 

=0.5 mM) and the control polymerization (red circles; [iBVE]=0.5 M, [isochroman acetal]=0.5 mM, 

[TMS-OTf]=0.5 mM). 

 

5.4 Alkyl Vinyl Ether Substrate Scope 

 In an effort to explore the substrate scope of this methodology, we applied chiral squaramide 

5.6 to the polymerization of several commercially available vinyl ethers with varying alkyl 

substitution. The preparation of isotactic materials was achieved when the monomeric alkyl 

substitution was linear, such as in propyl vinyl ether (nPrVE, 80% m) and butyl vinyl ether (nBVE, 

82% m). Introducing a branch point at the position β to the oxygen, for example in iBVE, did not 

negatively impact the stereoselectivity of the polymerization (83% m). However, decreased 

isotacticity was observed when a branch point was placed α to the oxygen, as in isopropyl vinyl ether 
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(iPVE, 71% m) and the fully substituted tert-butyl vinyl ether (tBVE, 65% m). Because facial 

addition in these polymerizations is biased by the close association of the cationic chain end with the 

anionic counterion-squaramide complex,8 we therefore hypothesize that an increase in steric bulk 

close to the oxocarbenium ion disrupts this tight ion pair and reduces the stereoselectivity of 

monomer addition.3 

 
Figure 5.6. Representative structure-reactivity profiles for a variety of alkyl vinyl ethers synthesized 

with the stereocontrolled reaction conditions using squaramide 5.6. 

 

5.5 Polymer Thermal Properties 

 With the substrate scope expanded, we subsequently also wanted to examine the thermal 

properties of these materials through differential scanning calorimetry (DSC). Overlaid DSC traces of 

poly(iBVE) samples of 83% m (synthesized via the stereoselective polymerization conditions) and 

71% m (synthesized via the control polymerization conditions) further highlight the dramatic 

influence that this increase in stereoselectivity has on material properties (Figure 5.7). Poly(iBVE) 

with 71% m is amorphous, but increasing the isotacticity by 12% m produces a semicrystalline 

polymer, exhibiting cold crystallization and a Tm at 89 °C.  
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Figure 5.7. Dynamic scanning calorimetry second-heating-scan curves (5 °C/min) of poly(iBVE) 

with 71% m and 83% m. 

 

5.6 Conclusion 

 Using chiral squaramides to target the binding of triflate anion in cationic polymerization 

affords poly(vinyl ethers) with up to 83% m, engendering sufficient stereoregularity to produce a 

semicrystalline thermoplastic with a melting temperature of 89 °C. Kinetic investigations reveal a 

ligand deceleration effect, while temperature dependent stereoselectivity analyses confirm the need 

for low reaction temperatures. Further, this work represents the first example of anion binding 

catalysis applied to cationic polymerization, thereby introducing a new mechanistic framework for the 

continued exploration of stereoselective polymerizations as a whole. 
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2 

General Considerations 

The following compounds were prepared according to previously reported literature 

procedures: (R)-3,3’-bis(3,5- bis(trifluoromethyl)phenyl)-1,1’-binaphthyl phosphate ((R)-2.2),1 and 

tetrachlorobis(tetrahydrofuran)titanium(IV) (TiCl4(THF)2).2 All vinyl ether monomers were dried 

over CaH2 and distilled under vacuum prior to storage in a N2-filled glovebox freezer before further 

use. Unless otherwise noted, solvents were dried and degassed using a Pure Process Technology 

solvent purification system and then subsequently stored over molecular sieves (3Å) in a N2-filled 

glovebox. Other reagents whose syntheses are not described below were purchased from commercial 

sources and used without further purification. All syntheses were performed under inert atmosphere 

(N2 or Ar) using flame-dried or oven-dried glassware unless specified otherwise. NMR spectra were 

recorded using a Bruker DRX 400 MHz, Bruker AVANCE III 500 MHz, or Bruker AVANCE III 600 

MHz CryoProbe spectrometer. Chemical shifts δ (ppm) are referenced to tetramethylsilane (TMS) 

using the residual solvent as an internal standard (1H and 13C). For 1H NMR: CDCl3, 7.26 ppm. For 

13C NMR: CDCl3, 77.16 ppm. Coupling constants (J) are expressed in hertz (Hz). The use of 13C 

NMR to quantify tacticity of several poly(vinyl ethers) has been established and reported 

previously.3,4  

Macromolecular Characterization  

Gel permeation chromatography (GPC) was performed on a Waters 2695 separations module 

liquid chromatograph equipped with either four Waters Styragel HR columns (WAT044225, 

WAT044231, WAT044237, and WAT054460) arranged in series or two Agilent Resipore columns 

(PL1113-6300) maintained at 35 °C, and a Waters 2414 refractive index detector at room 

temperature. GPC was also performed on a Tosoh EcoSEC Elite GPC system equipped with a 

TSKgel Super HM-M (17392) column maintained at 40 °C with an RI detector. Tetrahydrofuran was 

used as the mobile phase at a flow rate of 0.5 mL/min (Tosoh GPC) or 1.0 mL/min (Waters GPC). 

Molecular weight and dispersity data are reported relative to polystyrene standards.  
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Syntheses and Characterization Data 

 

 

Synthesis of α-chloroethyl isobutyl ether (2.3): This compound was prepared according to a 

modified literature procedure.5 A flame-dried 100 mL storage flask equipped with a Teflon screw-cap 

was charged with 0.2 mL isobutyl vinyl ether (1.53 mmol) and 29.8 mL hexane (0.05 M) under an 

atmosphere of N2. The mixture was cooled to 0 °C in an ice bath and bubbled with dry HCl(g). The dry 

HCl(g) was prepared by drop-wise addition of 15 mL concentrated HCl into concentrated 30 mL 

H2SO4, and adventitious water removed by passing through a glass bubbler filled with concentrated 

H2SO4. After complete generation of HCl(g) (~15 min), the mixture was bubbled with dry N2 for 15 

min to remove any excess HCl from solution. An aliquot was analyzed by 1H NMR to ensure 

complete conversion of isobutyl vinyl ether. 

 

General Homopolymerization Procedure Using (R)-2.2 (0.76 mmol scale): Polymerizations were 

performed in 8 mL septum-capped reaction vials prepared in a N2-filled glovebox. An oven-dried 8 

mL septum-capped vial equipped with a stir bar was charged with vinyl ether monomer (0.76 mmol) 

and hexane (1.6 mL). A separate 8 mL septum-capped vial equipped with a stir bar was charged with 

0.2 mL of a 0.05 M stock solution of 2.1 in MePh (0.01 mmol) and 0.2 mL of a 0.01 M stock solution 
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of TiCl4(THF)2 in MePh (0.002 mmol). Both vials were removed from the glovebox and cooled to -78 

°C in a dry ice/acetone bath. After stirring at -78 °C for 20 min, the entire MePh solution was 

transferred via dry syringe to the vial containing monomer solution. The reaction was stirred at -78 °C 

for 2 h, after which 0.33 mL of Et3N/MeOH solution (10% v/v) was added to quench the 

polymerization. Upon warming to room temperature, the mixture was washed with 1N HCl, and all 

volatiles removed in vacuo. The crude polymer was dissolved in minimal (~1 mL) THF and 

precipitated into 50 mL of cold MeOH, filtered, and washed with cold MeOH. This procedure was 

repeated two times and the resulting purified polymer was dried under vacuum for at least 12 h to a 

constant weight.  

Kinetics via In Situ Infared Spectroscopy 

General Instrument Remarks: Reaction monitoring by in situ 

infrared spectroscopy was carried out using a MettlerToledo 

ReactIR™ 15 instrument with a SiComp™ silicon tip probe, 

liquid N2 MCT detector, and the iCIR software 4.3. A MePh 

reference spectrum was automatically subtracted. The 

disappearance of the isobutyl vinyl ether alkene stretch at 1610 

cm–1 was monitored for all kinetics experiments. Fifty scans 

were averaged together to produce an IR spectrum time point 

every fifteen seconds. All reactions were run on a 2.25 mmol scale in a three neck 25 mL round 

bottom flask with a magnetic stir bar at 600 rpm. Two of the three necks were fitted with septa. The 

SiComp™ silicon tip probe was fitted into the third neck with a greased ground glass joint adaptor to 

ensure an anhydrous environment (see attached image to the right). 

Representative Reaction Set-Up for Stereoselective Polymerization Using (R)-2.2: A three neck 

25 mL round bottom flask equipped with a magnetic stir bar, two septa, and the SiComp™ silicon tip 

probe (vide supra) was flame-dried, backfilled with inert atmosphere (argon or N2), and flame-dried 

again. A sustained vacuum was then pulled on the reaction set-up for at least 30 minutes. Meanwhile, 
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in a N2 filled glovebox, an 8 mL septum-capped vial equipped with a stir bar was charged with 0.60 

mL of a 0.05 M stock solution of (R)-2.1 in MePh (0.030 mmol) and 0.6 mL of a 0.01 M stock 

solution of TiCl4 in MePh (0.006 mmol). In a separate 8 mL septum-capped vial equipped with a stir 

bar was added 0.3 mL isobutyl vinyl ether. Both vials were then removed from the glovebox. The 

reaction vessel set-up was then backfilled with inert atmosphere and charged with 4.2 mL hexane and 

1.2 mL of the MePh solution containing (R)-1 and TiCl4. Then, both the reaction set-up and the vial 

containing isobutyl vinyl ether were cooled to -78 °C via a dry ice/acetone bath and allowed to stir for 

20 minutes. Then, the recording of IR spectra was started and 0.3 mL (2.3 mmol) of pre-chilled 

isobutyl vinyl ether was immediately added to the round bottom flask. When the signal from the 

monomeric alkene had either disappeared or stopped decreasing in intensity, the reaction was 

quenched via the addition of 1.0 mL of Et3N/MeOH solution (10% v/v).  

Representative Reaction Set-Up for Control Polymerization Absent of (R)-2.1: A three neck 25 

mL round bottom flask equipped with a magnetic stir bar, two septa, and the attached SiComp™ 

silicon tip probe (vide supra) was flame-dried, backfilled with inert atmosphere (Ar or N2), and 

flame-dried again. A sustained vacuum was then pulled on the reaction set-up for at least 30 minutes. 

Meanwhile, in a N2 filled glovebox, to an 8 mL septum-capped vial equipped with a stir bar was 

added 0.6 mL of a 0.050 M stock solution of isobutyl vinyl ether chloride 2.3 (0.030 mmol). In a 

second separate 8 mL septum-capped vial equipped with a stir bar was added 0.3 mL isobutyl vinyl 

ether. Both vials were then removed from the glovebox. The three neck reaction vessel set-up was 

then backfilled with inert atmosphere and charged with 4.2 mL hexane, 0.6 mL MePh, and 0.6 mL of 

a 0.01 M stock solution of TiCl4 (0.006 mmol) in MePh. Then, the reaction set-up and both vials 

containing isobutyl vinyl ether and 2.3 were cooled to -78 °C via dry ice/acetone baths and allowed to 

stir for 20 minutes. Then, the recording of IR spectra was started, immediately followed by the 

simultaneous addition of pre-chilled 0.3 mL (2.3 mmol) of isobutyl vinyl ether and 0.6 mL of the 0.01 

M stock solution of TiCl4. When the signal from the monomeric alkene had either disappeared or 
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stopped decreasing in intensity, the reaction was quenched via the addition of 1.0 mL of Et3N/MeOH 

solution (10% v/v). 

Pseudo-First Order Kinetics:  

 The cationic polymerization of vinyl ethers, including isobutyl vinyl ether, facilitated by 

catalyst 2.2 may be represented as:  

𝑀 + 𝐶
                      
→       𝑃 

Under the assumption that there are negligible side-reactions taking place in the formation of 

polymer (P), vinyl ether monomer (M) will always be present in a large excess over the catalyst (C). 

As such, pseudo-first-order kinetics are valid for rate calculations.6 In this scenario, the following rate 

law applies: 

𝑑[𝑃]

𝑑𝑡
= 𝑘[𝑀][𝐶]0 = 𝑘[𝑀] 

The integrated form of the rate equation is represented as: 

ln[𝑀] = ln[𝑀]0 − 𝑘𝑡 

This equation indicates that plotting -ln[M] versus t (s) should give a linear plot where k is 

equal to the slope of the line.  

Data Analysis: The isobutyl vinyl ether alkene stretch signal and time point data provided by the 

ReactIR™ 15 iCIR software was transferred to Excel for further analysis. The first acquired IR 

spectrum data point was disregarded in the determination of initial rate constants for two reasons: 1) 

the acquisition of scans was started immediately (~5 seconds) before the final addition of reagents to 

initiate the polymerization and 2) to account for adequate mixing of the reagents. The magnitude of 

the alkene stretch at 1610 cm-1 present in the second acquired data point was considered to be 0.38 M, 

the initial monomer concentration.  

The monomer concentration present immediately prior to quenching was found through the 

following protocol. After quenching (vide supra) and allowing the reaction set-up to warm to room 

temperature, an NMR sample was prepared with 0.1 mL of the quenched reaction solution and 0.5 
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mL of 0.0315 M 1,4-dimethoxybenzene in CDCl3. The unique proton signals from 1,4-

dimethoxybenzene allowed this to serve as an internal standard, against which the vinyl protons of 

isobutyl vinyl ether were integrated to calculate conversion. Knowing the % conversion allowed for 

the calculation of the monomer concentration present immediately prior to quenching. 

A total of seven data points (the second acquired IR spectrum data point through the eighth, spanning 

105 seconds) were typically used to calculate a first order rate. Analysis of the stereoselective 

polymerization using (R)-2.2 ([iBVE] = 0.38 M, [(R)-2.1] = 5.0 mM, [TiCl4] = 1.0 mM) was 

conducted three times at each temperature. Analysis of the control polymerization absent of (R)-2.1 

([iBVE] = 0.38 M, [2.3] = 5.0 mM, [TiCl4] = 1.0 mM) was also conducted three times at each probed 

temperature. Initial rate constants for all of these polymerizations can be seen below. 

 
Initial rate constants for the stereoselective polymerization conditions. 

 

 
Initial rate constants for the control polymerization conditions. 
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Eyring Analysis  

Temperature Dependence on Stereoselectivity: The polymers formed from the React-IR 

experiments (described in Section 2) were isolated and their resulting tacticity was characterized via 

13C NMR for the Eyring analysis seen in Figure 2.5A in the main text. Crude polymeric material from 

the control polymerization was washed with 1N HCl, and all volatiles were removed in vacuo. The 

resulting polymer was dried under vacuum for at least 12 h to a constant weight. Crude polymeric 

material formed from the stereoselective polymerization conditions was washed with 1N HCl, and all 

volatiles were removed in vacuo. The crude polymer was dissolved in 1–2 mL CH2Cl2 and filtered 

through a plug of SiO2 (4-5 cm) in a glass pipette eluting with additional CH2Cl2. After removing 

CH2Cl2 via rotary evaporation, the resulting purified polymer was dried under vacuum for at least 12 

h to a constant weight. A summary of all data is reported below. The % m reported at each 

temperature is an average of three polymer samples. 

 

 
Tacticity values of the stereocontrolled polymerization performed at different temperatures. 
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Tacticity values of the control polymerization performed at different temperatures. 

 

Theoretical Model of Stereoselectivity: Figure 2.5C in the main text compares experimental data to 

theoretical data of stereoselectivity strictly following a two-state model. In the two-state model based 

on the Eyring equation, the addition of a monomer to the polymer chain end facilitated by (R)-2.2 

assumes the contribution of only two predominating diastereomeric reaction pathways. Other 

diastereomeric reaction pathways involving (R)-2.2 do not significantly contribute to the 

stereoselectivity outcome. Additionally, other reaction pathways, in which monomer attack to the 

polymer chain end is facilitated by a Ti complex that is not the preferred catalyst, also do not 

significantly contribute to the stereoselectivity outcome. This theoretical data was calculated using 

both the ΔΔG‡ found at -78 °C (-0.724 kcal/mol) and the Eyring equation:  

 ∆∆𝐺‡ = −𝑅𝑇 ln(
% 𝑚

% 𝑟
) 

 

 



88 

 
Theoretical data modeled according to the Eyring equation and a two-state model. a calculated via a 

reorganization of the Eyring equation, 
% 𝑚

% 𝑟
= ⅇ

(
𝛥𝛥𝐺‡

−𝑅𝑇
)
. b calculated by solving for % m via the 

equation, 100 = % m + % r 

 

The deviation from theoretical data demonstrates that as temperature increases above -78 °C, 

other less stereoselective reaction pathways are present. These less stereoselective pathways could be 

a result of other diastereomeric reaction pathways or a Ti complex that is not the preferred catalyst. 

Stereoselectivity as a Function of Conversion 

In Figure 2.6 in the main text, polymerizations using the stereoselective reaction conditions 

([iBVE] = 0.38 M, [(R)-2.1] = 5.0 mM, [TiCl4] = 1.0 mM) are quenched at various time points to 

monitor the resulting molecular weight distribution and stereoselectivity at different % conversion. 

These polymerizations were performed on a 0.76 mmol scale, with the only difference being the 

reaction time. After quenching with 0.33 mL of Et3N/MeOH solution (10% v/v) at the designated 

time, the reaction vessel was allowed to warm up to room temperature. Then, an NMR sample was 

prepared with 0.1 mL of the quenched reaction solution and 0.5 mL of 0.0315 M 1,4-

dimethoxybenzene in CDCl3. The unique proton signals from 1,4-dimethoxybenzene allowed this to 

serve as an internal standard, against which the vinyl protons of isobutyl vinyl ether were integrated 

to calculate conversion. The rest of the crude reaction sample not used for NMR analysis was 

purified. That purified polymeric material was then used for 13C NMR and GPC analysis. 
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Computational Analysis 

All structures of the interaction of TiCl4 with the ligand x(R)-2.1 (x = 1, 2, and 3 equivalents) 

were optimized at the M067 level of theory using the mixed basis set def2-SVP for C, H, O, P, Cl, and 

F; and LAN2LDZ for Ti metal. All calculations were carried out using Gaussian16 program.8 The 

vibrational frequency calculations were carried out at the same level of theory in order to verify the 

nature of these complexes, as well as to compute vibrational partitions functions for use in free energy 

calculations. Gibbs free energies for all complexes were obtained by adding the zero-point vibrational 

energy (ZPVE) and thermal energy corrections from standard statistical mechanics approximations at 

298.15 K and 1 atm pressure, except that vibrational modes below 50 cm-1 were replaced with a value 

of exactly 50 cm-1 in vibrational partition function calculations. Further solvent single point 

calculations were carried out using the SMD solvation model,9 where the solvent is n-hexane ( 

=1.88) at the M06, MN15,10 and wB97XD11 level of theory along with mixed basis set 6-311+G(d,p) 

for C, H, O, P, Cl, and F; and def2-TZVP and SDD as a pseudopotential for Ti metal. The order of 

free energies of the conformations of all these complexes is identified as same with all these three 

methods. The Gibbs free energies (kcal mol−1) are used for discussion in the manuscript at the SMD(n-

hexane)/MN15/6-311+G(d,p), def2-TZVP and SDD(Ti)//M06/def2-SVP, LANL2DZ(Ti) level of theory. 

More detailed computational findings can be found at the following cited reference.12 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3 

General Considerations 

The following compounds were prepared according to previously reported literature 

procedures: octyl vinyl ether (OcVE),1 2-methoxy ethyl vinyl ether (MOVE),2 2-phenoxy ethyl vinyl 

ether (PhOVE),1 2-(vinyloxy)ethyl 4-methylbenzenesulfonate,3 2-acetoxy ethyl vinyl ether 

(AcOVE),4 2-benzoyloxy ethyl vinyl ether (BzOVE),5  (R)-3,3’-bis(3,5- bis(trifluoromethyl)phenyl)-

1,1’-binaphthyl phosphate ((R)-2.1),6 and tetrachlorobis(tetrahydrofuran)titanium(IV) (TiCl4(THF)2).7 

All vinyl ether monomers were dried over CaH2 and distilled under vacuum prior to storage in a N2-

filled glovebox freezer before further use. Unless otherwise noted, solvents were dried and degassed 

using a Pure Process Technology solvent purification system and then subsequently stored over 

molecular sieves (3Å) in a N2-filled glovebox. Other reagents whose syntheses are not described 

below were purchased from commercial sources and used without further purification. All syntheses 

were performed under inert atmosphere (N2 or Ar) using flame-dried or oven-dried glassware unless 

specified otherwise. NMR spectra were recorded using a Bruker DRX 400 MHz, Bruker AVANCE 

III 500 MHz, or Bruker AVANCE III 600 MHz CryoProbe spectrometer. Chemical shifts δ (ppm) are 

referenced to tetramethylsilane (TMS) using the residual solvent as an internal standard (1H and 13C). 

For 1H NMR: CDCl3, 7.26 ppm. For 13C NMR: CDCl3, 77.16 ppm. Coupling constants (J) are 

expressed in hertz (Hz). The use of 13C NMR to quantify tacticity of several poly(vinyl ethers) has 

been established and reported previously.8,9 Due to overlapping 13C NMR resonances, the tacticity of 

poly(isoamyl vinyl ether) was determined using band-selective heteronuclear single quantum 

coherence (HSQC) spectroscopy.10 

Macromolecular Characterization  

Gel permeation chromatography (GPC) was performed on a Waters 2695 separations module 

liquid chromatograph equipped with either four Waters Styragel HR columns (WAT044225, 

WAT044231, WAT044237, and WAT054460) arranged in series or two Agilent Resipore columns 

(PL1113-6300) maintained at 35 °C, and a Waters 2414 refractive index detector at room 
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temperature. GPC was also performed on a Tosoh EcoSEC Elite GPC system equipped with a 

TSKgel Super HM-M (17392) column maintained at 40 °C with an RI detector. Tetrahydrofuran was 

used as the mobile phase at a flow rate of 0.5 mL/min (Tosoh GPC) or 1.0 mL/min (Waters GPC). 

Molecular weight and dispersity data are reported relative to polystyrene standards.  

Melting-transition temperature (Tm) and glass-transition temperature (Tg) of precipitated and 

dried polymer samples were measured using differential scanning calorimetry (DSC) on a TA 

Instruments Discovery DSC. Unless specifically noted otherwise, values for Tm and Tg were obtained 

from a second heating scan after the thermal history was removed. All heating and cooling rates were 

10 °C/min.  

Syntheses and Characterization Data 

 

Synthesis of isoamyl vinyl ether (iAVE): A 50 mL oven-dried round-bottom flask equipped with a 

stir bar was charged with 6.20 mL isoamyl alcohol (56.9 mmol), 7.4 mL cyclohexyl vinyl ether (52.5 

mmol), and 258 mg of Hg(OAc)2 (0.810 mmol) under inert atmosphere. The reaction flask was fitted 

with a glass y-shaped adapter, thermometer, and short-path distillation head leading to a 25 mL 

round-bottom flask cooled to -78 °C in a dry ice/acetone bath to actively distill forming vinyl ether 

product. The reaction flask was heated in an oil bath incrementally until colorless liquid began to 

distill through the short-path (~150 °C oil bath, BP 90–95 °C). Heating continued at this temperature 

until distillation is complete (20–30 min), at which point reaction flask removed from oil bath and 

cooled to room temperature. The distilled product contained the desired vinyl ether that was 

contaminated with cyclohexyl vinyl ether and isoamyl alcohol. The mixture was stirred over CaH2 for 

12 h followed by fractional vacuum distillation to remove cyclohexyl vinyl ether and most of the 

isoamyl alcohol. The remaining alcohol was removed by passing through a short SiO2 plug eluting 

with n-pentane. Careful removal of solvent by rotary evaporation yielded the pure product as a 
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colorless oil (620 mg, 10%). BP: ~92 °C (760 torr). 1H NMR (600 MHz, CDCl3): δ 6.46 (dd, J = 14.3, 

6.8, 1H), 4.16 (dd, J = 14.3, 1.9, 1H), 3.96 (dd, J = 6.8, 1.9, 1H), 3.70 (t, J = 6.7, 2H), 1.73 (septet, J 

= 6.7, 1H), 1.55 (q, J = 6.8, 2H), 0.92 (d, J = 6.6, 6H) ppm. 13C NMR (151 MHz, CDCl3): δ 152.13, 

86.26, 66.56, 37.95, 25.14, 22.67 ppm. 

 

Synthesis of 2-methoxy-4-methyl-phenoxy ethyl vinyl ether (MOPhOVE): To an oven-dried 100 

mL round bottom flask equipped with a stir bar was added 2.18 mL (17.2 mmol) creosol, 4.75 g (34.4 

mmol) potassium carbonate, and 35 mL acetonitrile under inert atmosphere. The reaction vessel was 

cooled to 0 °C in an ice water bath, and 2-(vinyloxy)ethyl 4-methylbenzenesulfonate was added 

dropwise. Once the addition was complete, the ice water bath was removed, and the solution was 

allowed to warm to room temperature over 30 minutes. The reaction vessel was then heated to 50 °C 

in an oil bath and allowed to stir for 18 hours. Next, the reaction was removed from the oil bath, 

allowed to cool to room temperature, and volatiles were removed via rotary evaporation. The crude 

material was dissolved in dichloromethane and washed with water and brine. The dichloromethane 

was then removed via rotary evaporation, and the crude material was purified by SiO2 column 

chromatography with 9:1 hexane:EtOAc as the mobile phase to afford pure product as a colorless 

liquid in 21% yield. 1H NMR (400 MHz, CDCl3) δ 6.83 (d, J = 8.0, 1H), 6.74 – 6.63 (m, 2H), 6.55 

(dd, J = 14.3, 6.8, 1H), 4.27 – 4.18 (m, 3H), 4.09 – 4.01 (m, 3H), 3.85 (s, 3H), 2.30 (s, 3H). 13C NMR 

(151 MHz, CDCl3) δ 151.58, 149.43, 145.68, 131.49, 120.74, 114.40, 112.87, 86.65, 67.76, 66.16, 
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55.73, 20.98. IR (neat): 2940 (w), 1619 (m, C=C), 1512 (s), 1457 (m), 1414 (w), 1322 (m), 1265 (s, 

C-O), 1236 (s, C-O), 1199 (s, C-O), 1159 (s), 1142 (s), 1035 (s), 982 (s), 796 (s) cm−1. 

 

General Homopolymerization Procedure Using (R)-2.2 (0.76 mmol scale): Polymerizations were 

performed in 8 mL septum-capped reaction vials prepared in a N2-filled glovebox. An oven-dried 8 

mL septum-capped vial equipped with a stir bar was charged with vinyl ether monomer (0.76 mmol) 

and hexane (1.6 mL). A separate 8 mL septum-capped vial equipped with a stir bar was charged with 

0.2 mL of a 0.05 M stock solution of 2.1 in MePh (0.01 mmol) and 0.2 mL of a 0.01 M stock solution 

of TiCl4(THF)2 in MePh (0.002 mmol). Both vials were removed from the glovebox and cooled to -78 

°C in a dry ice/acetone bath. After stirring at -78 °C for 20 min, the entire MePh solution was 

transferred via dry syringe to the vial containing monomer solution. The reaction was stirred at -78 °C 

for 2 h, after which 0.33 mL of Et3N/MeOH solution (10% v/v) was added to quench the 

polymerization. Upon warming to room temperature, the mixture was washed with 1N HCl, and all 

volatiles removed in vacuo. The crude polymer was dissolved in minimal (~1 mL) THF and 

precipitated into 50 mL of cold MeOH, filtered, and washed with cold MeOH. This procedure was 

repeated two times and the resulting purified polymer was dried under vacuum for at least 12 h to a 

constant weight.  
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General Copolymerization Procedure using (R)-2.2 (1.0 mmol scale): Copolymerizations were 

performed in 8 mL septum-capped reaction vials prepared in a N2-filled glovebox. An oven-dried 8 

mL septum-capped vial equipped with a stir bar was charged with an appropriate volume of a 1.0 M 

iBVE stock solution in hexane, an appropriate volume of a 1.0 M ROVE stock solution in hexane, 

and 1.1 mL hexane such that the total volume was 2.1 mL. A separate 8 mL septum-capped vial 

equipped with a stir bar was charged with 0.26 mL of a 0.05 M stock solution of (R)-2.1 in MePh 

(0.013 mmol) and 0.26 mL of a 0.01 M stock solution of TiCl4(THF)2 in MePh (0.0026 mmol). Both 

vials were removed from the glove box and cooled to -78 °C in a dry ice/acetone bath. After stirring 

at -78 °C for 20 min, the entire MePh solution was transferred via dry syringe to the vial containing 

monomer solution. The reaction was stirred at -78 °C for 4 h, after which 0.38 mL of Et3N/MeOH 

solution (10% v/v) was added to quench the polymerization. Upon warming to room temperature, the 

mixture was washed with 1N HCl, and all volatiles removed in vacuo. The crude polymer was 

dissolved in 1–2 mL CH2Cl2 and filtered through a plug of SiO2 (4-5 cm) in a glass pipette eluting 

with additional CH2Cl2. After removing CH2Cl2 via rotary evaporation, the resulting purified polymer 

was dried under vacuum for at least 12 h to a constant weight. 
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General Homopolymerization Procedure using CF3SO3H (0.76 mmol scale): Polymerizations 

were performed in 8 mL septum-capped reaction vials prepared in a N2-filled glovebox. An oven-

dried 8 mL septum-capped vial equipped with a stir bar was charged with vinyl ether monomer (0.76 

mmol), 0.2 mL MePh, and 1.6 mL hexane. The vial was removed from the glovebox and cooled to -

78 °C in a dry ice/acetone bath. After stirring at -78 °C for 20 min, 0.2 mL of anhydrous pre-chilled 

50 mM trifluoromethanesulfonic acid in MePh was added to initiate the polymerization. The reaction 

was stirred at -78 °C for 30 minutes, after which 0.33 mL of Et3N/MeOH solution (10% v/v) was 

added to quench the polymerization. Upon warming to room temperature, the mixture was washed 

with 1N HCl and all volatiles removed in vacuo. The resulting polymer was dried under vacuum for 

at least 12 h to a constant weight. 

 

Hydrolysis of poly(iBVE-co-AcOVE): An oven-dried 8 mL septum-capped vial equipped with a stir 

bar was charged with poly(iBVE-co-AcOVE) (0.215 g, 0.136 mmol AcVE repeat units) and dry THF 

(2.5 mL). NaOH (55 mg, 1.38 mmol), dissolved in EtOH (0.30 mL), injected into vial containing 

copolymer solution and mixture heated to 45 °C. After 16 hours, mixture cooled to RT and directly 

poured into ice-cold H2O. Pale yellow precipitate collected by filtration and subsequently triturated 

with excess MeOH by vigorously stirring for 30 min. The resulting material was dissolved in THF (1-

2 mL) and precipitated into ice cold H2O a second time. The pure, white copolymer was collected by 
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filtration and dried under vacuum for at least 12 h to a constant weight. Yield: 140 mg (77%). GPC: 

Mn = 37 kDa; Đ = 2.1. DSC: Tg = -16 °C, Tm = 131 °C. 

 

Functionalization of copolymer 3.1 with 1-pyrenebutyryl chloride: An oven-dried 8 mL septum-

capped vial equipped with a stir bar was charged with copolymer 3.1 (0.040 g, 0.026 mmol hydroxyl 

repeat units) and dry CH2Cl2 (5.0 mL). Triethylamine (18 µL, 0.130 mmol) added, followed by a 

solution of 1-pyrenebutyryl chloride (0.040 g, 0.130 mmol) in dry CH2Cl2 (1.0 mL). Mixture stirred at 

room temperature (RT) for 3 hours, at which point it was directly poured into ice-cold MeOH. Pale 

yellow precipitate collected by filtration, dissolved in THF (1 mL), precipitated into ice cold MeOH a 

second time. The pure, pale yellow copolymer was collected by filtration and dried under vacuum for 

at least 12 h to a constant weight. Yield: 33 mg (70%). Note: GPC analysis with photodiode array 

(PDA) detection (344 nm) confirms the presence of pyrene in copolymer 3.2. GPC: Mn = 47 kDa; Đ = 

2.3. DSC: Tg = -16 °C, Tm = 126 °C. 

Substrate Scope  

Homopolymerizations Using (R)-2.2: In Figure 3.1 in the main text, homopolymerizations using the 

stereoselective reaction conditions ([VE] = 0.38 M, [(R)-2.1] = 5.0 mM, [TiCl4] = 1.0 mM) were 

performed on a 0.76 mmol scale. The Mn, dispersity, tacticity, and Tm characterization of poly(EVE), 

poly(nPrVE), poly(nBVE), poly(iBVE), poly(iPVE), and poly(tBVE) made via these conditions have 

been previously reported.9 Below can be seen more complete characterization of poly(OcVE), 

poly(iAVE), and poly(tBVE). 
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Characterization of poly(OcVE), poly(iAVE), and poly(tBVE). 

Copolymerizations Using (R)-2.2: In Figure 3.7 in the main text, copolymerizations using the 

stereoselective reaction conditions ([iBVE + ROVE] = 0.38 M, [(R)-2.1] = 5.0 mM, [TiCl4] = 1.0 

mM) were performed on a 1.0 mmol scale. These polymerizations were quenched with 0.38 mL of 

Et3N/MeOH solution (10% v/v) after 4 hours, and the reaction vessel was subsequently allowed to 

warm up to room temperature. In order to determine % conversion, an NMR sample was prepared 

with 0.1 mL of the quenched reaction solution and 0.5 mL of 0.033 M 1,4-dimethoxybenzene in 

CDCl3. The unique proton signals from 1,4-dimethoxybenzene allowed this to serve as an internal 

standard, against which the vinyl protons of isobutyl vinyl ether were integrated to calculate 

conversion. The rest of the crude reaction sample not used for NMR analysis was purified. That 

purified polymeric material was then used for 1H NMR, 13C NMR, and GPC analysis. Distinct 1H 

NMR resonances were observed for iBVE and ROVE repeat units, which were integrated relative to 

each other in order to determine the mole fraction of ROVE (FROVE) incorporated into the final 

copolymer. For brevity and clarity, Figure 3.7 in the main text only included selected 

copolymerization examples of isobutyl vinyl ether with substituted oxyethylene vinyl ethers (ROVE, 

where R is a variable substituent). Herein, the data from all copolymerizations conducted can be seen 

below. 
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All copolymerizations which involved MOVE and PhOVE. 
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All copolymerizations which involved MOPhOVE, AcOVE, and BzOVE. 

 

 fEt
 FEt

 Mn
 (kg mol-1) Ð Tg (°C) Tm (°C) 

0.05 0.09 58 1.7 -26 132 

0.10 0.13 58 1.9 -25 132 

0.15 0.22 62 1.9 -29 107 

0.20 0.34 83 2.0 -32 66 

0.30 0.38 101 2.4 -33 50 

0.40 0.52 41 1.7 -37 39 

0.50 0.62 90 2.7 -37 40 

0.65 0.74 66 2.0 -37 Not observed 

0.8 0.83 51 1.8 -38 41 

0.9 0.91 82 2.6 -39 42 
Copolymerization of EVE with iBVE using (R)-2.2. 
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Kinetic Analyses 

The cationic polymerization of vinyl ethers, including iBVE, nBVE, EVE, and AcVE, 

facilitated by catalyst (R)-2.2 may be represented as:  

𝑀 + 𝐶
                      
→       𝑃 

Under the assumption that there are negligible side-reactions taking place, any of the above 

listed monomers (M) will always be present in a large excess over the catalyst (C). As such, pseudo-

first-order kinetics are valid for rate calculations. In this scenario, the following rate law applies: 

𝑑[𝑃]

𝑑𝑡
= 𝑘[𝑀][𝐶]0 = 𝑘[𝑀] 

The integrated form of the rate equation is represented as: 

ln[𝑀] = ln[𝑀]0 − 𝑘𝑡 

This equation indicates that plotting inverse ln[M] versus t (s) should give a linear plot where 

k is equal to the slope of the line. Figure 3.5 in the main text illustrates this relationship. 

During the copolymerization of iBVE and nBVE, significant overlap occurs in the 1H NMR 

spectrum that hinders the ability to monitor the relative consumption of each monomer independently. 

Peak deconvolution of the vinyl region (δ 6.40-6.48 ppm, CDCl3) using OriginPro 811 in the presence 

of an internal standard (i.e., 1,4-dimethoxybenzene), however, enables the accurate determination of 

individual monomer concentration at various time points (see below). A representative example can 

be also be seen in the spectra section of this appendix. 
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Summary of peak deconvolution data obtained from a copolymerization of nBVE with iBVE with fBu 

= 0.50 that was quenched at 20 min (t = 1200 s).  

 

 
 

Plot of % conversion versus time of the copolymerization (fBu = 0.50) of iBVE and 

nBVE. Conversions of iBVE (■) and nBVE (●) monitored independently by 1H NMR (CDCl3). 

[iBVE]0 = 0.19 M. [nBVE]0 = 0.19 M. 
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Spectra

 
Representative example of peak deconvolution using OriginPro 8 to determine the relative 

consumption of individual vinyl ether monomers. The aryl resonance of the 1,4-dimethoxybenzene 

internal standard can be seen at δ 6.8 ppm, while the overlapped vinyl resonances for iBVE and 

nBVE are between δ 6.40 – 6.48 ppm (expanded in inset). This example represents a 

copolymerization of nBVE with iBVE with fBu = 0.50 that was quenched at 20 min (t = 1200 s). Fitted 

peaks (green) and peak sum (red) are shown overlaid on the original spectrum (black).   
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4 

General Considerations 

The following compounds were prepared according to previously reported literature 

procedures: (R)-3,3’-bis(3,5- bis(trifluoromethyl)phenyl)-1,1’-binaphthyl phosphate ((R)-2.1),1 and 

tetrachlorobis(tetrahydrofuran)titanium(IV) (TiCl4(THF)2).2 All vinyl ether monomers were dried 

over CaH2 and distilled under vacuum prior to storage in a N2-filled glovebox freezer before further 

use. Unless otherwise noted, solvents were dried and degassed using a Pure Process Technology 

solvent purification system and then subsequently stored over molecular sieves (3Å) in a N2-filled 

glovebox. Other reagents whose syntheses are not described below were purchased from commercial 

sources and used without further purification. All syntheses were performed under inert atmosphere 

(N2 or Ar) using flame-dried or oven-dried glassware unless specified otherwise. NMR spectra were 

recorded using a Bruker DRX 400 MHz, Bruker AVANCE III 500 MHz, or Bruker AVANCE III 600 

MHz CryoProbe spectrometer. Chemical shifts δ (ppm) are referenced to tetramethylsilane (TMS) 

using the residual solvent as an internal standard (1H and 13C). For 1H NMR: CDCl3, 7.26 ppm. For 

13C NMR: CDCl3, 77.16 ppm. Coupling constants (J) are expressed in hertz (Hz). The use of 13C 

NMR to quantify tacticity of several poly(vinyl ethers) has been established and reported 

previously.3,4 Due to overlapping 13C NMR resonances, the tacticity of poly(isoamyl vinyl ether) was 

determined using band-selective heteronuclear single quantum coherence (HSQC) spectroscopy.5 

Macromolecular Characterization  

Gel permeation chromatography (GPC) was performed on a Waters 2695 separations module 

liquid chromatograph equipped with either four Waters Styragel HR columns (WAT044225, 

WAT044231, WAT044237, and WAT054460) arranged in series or two Agilent Resipore columns 

(PL1113-6300) maintained at 35 °C, and a Waters 2414 refractive index detector at room 

temperature. GPC was also performed on a Tosoh EcoSEC Elite GPC system equipped with a 

TSKgel Super HM-M (17392) column maintained at 40 °C with an RI detector. Tetrahydrofuran was 
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used as the mobile phase at a flow rate of 0.5 mL/min (Tosoh GPC) or 1.0 mL/min (Waters GPC). 

Molecular weight and dispersity data are reported relative to polystyrene standards.  

Melting-transition temperature (Tm) and glass-transition temperature (Tg) of precipitated and 

dried polymer samples were measured using differential scanning calorimetry (DSC) on a TA 

Instruments Discovery DSC. Unless specifically noted otherwise, values for Tm and Tg were obtained 

from a second heating scan after the thermal history was removed. All heating and cooling rates were 

10 °C/min.  

Syntheses and Characterization Data 

 

Synthesis of (S)-2-methylbutyl vinyl ether ((S)-MBVE): Prepared according to a modified 

literature procedure.6 In a N2-filled glovebox, to an oven-dried 100mL round bottom flask equipped 

with a stir bar was added 548 mg (1.72 mmol) mercury (II) acetate. The septum-capped round bottom 

flask was then removed from the glovebox and charged with 28.0 mL (107.5 mmol) dodecyl vinyl 

ether and 12.5 mL (116.1 mmol) (S)-(-)-2-methyl-1-butanol. The reaction was heated to 50 °C via an 

oil bath and allowed to stir for 3 hours. Then, the product was distilled under vacuum using a 

distillation short path. To remove small amounts of alcohol impurity, the material was then subjected 

to SiO2 column chromatography eluting with pentane. Pentane was then removed via rotary 

evaporation to afford (S)-MBVE as a colorless liquid in 40% yield. 1H NMR (500 MHz, CDCl3): δ 

6.48 (m, 1H), 4.16 (dd, J = 14.4, 1.7, 1H), 3.96 (dd, J = 6.8, 1.8, 1H), 3.54 (m, 1H), 3.46 (m, 1H), 

1.72 (m, 1H), 1.47 (m, 1H), 1.21 (m, 1H) 0.95-0.89 (m, 6H). 



108 

 

Synthesis of (S)-sec-butyl vinyl ether ((S)-SBVE): Prepared according to a modified literature 

procedure.7 In a N2-filled glovebox, to an oven-dried 100mL round bottom flask equipped with a stir 

bar was added 765 mg (2.40 mmol) mercury (II) acetate. The septum-capped round bottom flask was 

then removed from the glovebox and charged with 39.1 mL (150 mmol) dodecyl vinyl ether and 15.0 

mL (163 mmol) (S)-(+)-2-butanol. The reaction was heated to 50 °C via an oil bath and allowed to 

stir for 3 hours. Then, the product was distilled under vacuum using a distillation short path. To 

remove small amounts of alcohol impurity, the material was then subjected to column 

chromatography with silica gel and pentane as the stationary and mobile phase, respectively. Pentane 

was then removed via rotary evaporation to afford (S)-MBVE as a colorless liquid in 48% yield. 1H 

NMR (400 MHz, CDCl3) δ 6.32 (dd, J = 14.2, 6.6, 1H), 4.26 (dd, J = 14.1, 1.6, 1H), 3.97 (dd, J = 6.6, 

1.5, 1H), 3.80 (sext, J = 6.2, 1H), 1.62 (m, 1H), 1.51 (m, 1H), 1.20 (d, J = 6.5, 3H), 0.92 (t, J = 7.5, 

3H). 
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Synthesis route to 3,3'-bis(3,5-bis(trifluoromethyl)phenyl)-[1,1'-binaphthalene]-2,2'-diol and 

((3,5-bis(trifluoromethyl)phenyl)sulfonyl)phosphorimidoyl trichloride 

 

The synthesis of intermediates towards IDPi 4.1 is described above. Each intermediate was 

prepared according to previously reported literature procedures: 4.3,8 4.4,8 4.5,9 4.6,9 and 4.7.10 
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Synthesis of IDPi 4.1: To a 25-mL schlenk tube (a vessel to allow a slight build-up of pressure) 

equipped with a magnetic stir bar in a glove box under inert atmosphere (N2) was added the BINOL 

derivative 3,3'-bis(3,5-bis(trifluoromethyl)phenyl)-[1,1'-binaphthalene]-2,2'-diol (500 mg, 0.704 

mmol), ((3,5-bis(trifluoromethyl)phenyl)sulfonyl)phosphorimidoyl trichloride (299 mg, 0.697 mmol) 

and toluene (7.00 mL). N-Ethyl-N-isopropylpropan-2-amine (485 µL, 2.79 mmol) was added all at 

once and the resultant opaque yellow solution was allowed to stir for 30 min at ambient temperature 

in the glove box. 4-Dimethylaminopyridine (10.6 mg, 0.0871 mmol) followed by 

hexamethyldisilazane (73.0 µL, 0.349 mmol) were added to the reaction mixture in quick succession 

and the mixture was allowed to stir for 10 minutes at ambient temperature in the glove box. The 

Schlenk tube containing the reaction mixture was closed, removed from the glove box, and heated to 

140 °C in a silicon oil bath and was stirred for 4 days. After 4 days, the now cloudy yellow reaction 

was allowed to cool to room temperature and was diluted with EtOAc (10 mL). The diluted reaction 

mixture was filtered through celite and purified via flash chromatography (9:1 hexanes/EtOAc to 1:1 

hexanes EtOAc. After purification, the catalyst was acidified by stirring in a biphasic solution of 6 M 

HCl(aq)/CH2Cl2 (20 mL, 20 mL respectively) for two hours. The layers were separated and 

concentrated in vacuo. To prevent the IDPi from being inactivated, rather than using a drying agent, 

the residual water was removed by stripping with toluene (5 mL, 3x). The catalyst was stored as a 

0.01 M solution in toluene in a glove box freezer (-35 °C) under inert atmosphere (N2). 
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General Homopolymerization Procedure Using (R)-2.2 (0.76 mmol scale): Polymerizations were 

performed in 8 mL septum-capped reaction vials prepared in a N2-filled glovebox. An oven-dried 8 

mL septum-capped vial equipped with a stir bar was charged with vinyl ether monomer (0.76 mmol) 

and hexane (1.6 mL). A separate 8 mL septum-capped vial equipped with a stir bar was charged with 

0.2 mL of a 0.05 M stock solution of 2.1 in MePh (0.01 mmol) and 0.2 mL of a 0.01 M stock solution 

of TiCl4(THF)2 in MePh (0.002 mmol). Both vials were removed from the glovebox and cooled to -78 

°C in a dry ice/acetone bath. After stirring at -78 °C for 20 min, the entire MePh solution was 

transferred via dry syringe to the vial containing monomer solution. The reaction was stirred at -78 °C 

for 2 h, after which 0.33 mL of Et3N/MeOH solution (10% v/v) was added to quench the 

polymerization. Upon warming to room temperature, the mixture was washed with 1N HCl, and all 

volatiles removed in vacuo. The crude polymer was dissolved in minimal (~1 mL) THF and 

precipitated into 50 mL of cold MeOH, filtered, and washed with cold MeOH. This procedure was 

repeated two times and the resulting purified polymer was dried under vacuum for at least 12 h to a 

constant weight.  
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General Hompolymerization Procedure Using IDPi 4.1: In a glove box under inert atmosphere, to 

an 8 mL septum-capped vial equipped with a stir bar was added 4.2mL of methylcyclohexane and 

0.25 mL of 10mM IDPI 4.1 catalyst stock solution in toluene. In a separate 8 mL septum-capped vial 

equipped with a stir bar was added 50 mg (0.500 mmol) iBVE and 0.5mL of MeCy. Both of these 

capped vials were then removed from the glove box and cooled to -78 °C in a dry ice/acetone bath 

over 15 min. A dry syringe was then used to transfer all of the monomer solution to the vial 

containing catalyst 4.1. The reaction was allowed to stir at -78 for 1 h. Then, the reaction was 

quenched with 500 µL of 10% Et3N in MeOH, washed with 1M HCl, and the volatiles were removed 

under reduced pressure. 

 

General Homopolymerization Procedure using CF3SO3H (0.76 mmol scale): Polymerizations 

were performed in 8 mL septum-capped reaction vials prepared in a N2-filled glovebox. An oven-

dried 8 mL septum-capped vial equipped with a stir bar was charged with vinyl ether monomer (0.76 

mmol), 0.2 mL MePh, and 1.6 mL hexane. The vial was removed from the glovebox and cooled to -

78 °C in a dry ice/acetone bath. After stirring at -78 °C for 20 min, 0.2 mL of anhydrous pre-chilled 

50 mM trifluoromethanesulfonic acid in MePh was added to initiate the polymerization. The reaction 

was stirred at -78 °C for 30 minutes, after which 0.33 mL of Et3N/MeOH solution (10% v/v) was 

added to quench the polymerization. Upon warming to room temperature, the mixture was washed 
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with 1N HCl and all volatiles removed in vacuo. The resulting polymer was dried under vacuum for 

at least 12 h to a constant weight.  
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APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 5 

General Considerations 

The following compounds were prepared according to previously reported literature 

procedures: squaramide 5.1,1 squaramide 5.4,2 squaramide 5.9,3 squaramide 5.10,4 1-

methoxyisochroman,5 1-(3,5-bis(trifluoromethyl)phenyl)-3-((S)-1-((R)-2-(4-fluorophenyl)pyrrolidin-

1-yl)-3,3-dimethyl-1-oxobutan-2-yl)thiourea5, 1-(3,5-bis(trifluoromethyl)phenyl)-3-

cyclohexylthiourea,6 and α-chloroethyl isobutyl ether.7 Other squaramides reported in the main text 

were made through similar synthetic approaches as those listed previously. All vinyl ether monomers 

were dried over CaH2 and distilled under vacuum prior to storage in a N2-filled glovebox freezer 

before further use. Unless otherwise noted, solvents were dried and degassed using a Pure Process 

Technology solvent purification system and then subsequently stored over molecular sieves (3Å) in a 

N2-filled glovebox. Other reagents whose syntheses are not described in Section 1.3 were purchased 

from commercial sources and used without further purification. All syntheses were performed under 

inert atmosphere (N2) using flame-dried or oven-dried glassware unless specified otherwise. NMR 

spectra were recorded using a Bruker DRX 400 MHz, Bruker AVANCE III 500 MHz, or Bruker 

AVANCE III 600 MHz CryoProbe spectrometer. Chemical shifts δ (ppm) are referenced to 

tetramethylsilane (TMS) using the residual solvent as an internal standard (1H and 13C). For 1H NMR: 

CDCl3, 7.26 ppm. For 13C NMR: CDCl3, 77.16 ppm. Coupling constants (J) are expressed in hertz 

(Hz). The use of 13C NMR to quantify tacticity of several poly(vinyl ethers) has been established and 

reported previously.8,9  

Macromolecular Characterization  

Gel permeation chromatography (GPC) was performed on a Waters 2695 separations module 

liquid chromatograph equipped with either four Waters Styragel HR columns (WAT044225, 

WAT044231, WAT044237, and WAT054460) arranged in series or two Agilent Resipore columns 

(PL1113-6300) maintained at 35 °C, and a Waters 2414 refractive index detector at room 

temperature. GPC was also performed on a Tosoh EcoSEC Elite GPC system equipped with a 
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TSKgel Super HM-M (17392) column maintained at 40 °C with an RI detector. Tetrahydrofuran was 

used as the mobile phase at a flow rate of 0.5 mL/min (Tosoh GPC) or 1.0 mL/min (Waters GPC). 

Molecular weight and dispersity data are reported relative to polystyrene standards.  

Melting-transition temperature (Tm) and glass-transition temperature (Tg) of precipitated and 

dried polymer samples were measured using differential scanning calorimetry (DSC) on a TA 

Instruments Discovery DSC. Unless specifically noted otherwise, values for Tm and Tg were obtained 

from a second heating scan after the thermal history was removed.  

Syntheses and Characterization Data 

 

General Procedure for Control Polymerization: Polymerizations were performed in 8 mL septum-

capped reaction vials prepared in a N2-filled glovebox. An oven-dried 8 mL septum-capped vial 

equipped with a stir bar was charged with 0.75 mmol vinyl ether monomer, 0.225 mL diethyl ether, 

and 1.125 mL methylcyclohexane. A separate 8 mL septum-capped vial equipped with a stir bar was 

charged with 0.45 mL of a 5.5 mM stock solution of isochroman acetal in diethyl ether. A separate 8 

mL septum-capped vial equipped with a stir bar was charged with 0.2 mL of a 50 mM trimethylsilyl 

thrifluoromethanesulfonate solution in diethyl ether. The three vials were removed from the glovebox 

and cooled to -78 °C in a dry ice/acetone bath. After stirring at -78 °C for 20 min, 0.05 mL of the 

trimethylsilyl thrifluoromethanesulfonate solution was transferred via dry syringe to the vial 

containing the isochroman acetal solution. To initiate polymerization, 0.15 mL of the newly formed 

solution (that is now 5 mM with respect to methoxytrimethylsilane, an isochroman-derived 

cationogen, and trifluoromethanesulfonate) was transferred via dry syringe to the vial containing the 

monomer solution. The reaction was stirred at -78 °C for 20 minutes, after which 0.20 mL of 
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Et3N/MeOH solution (10% v/v) was added to quench the polymerization. Upon warming to room 

temperature, the mixture was washed with 1N HCl, and all volatiles removed in vacuo. The crude 

polymer was dissolved in 1–2 mL CH2Cl2 and filtered through a plug of SiO2 (4-5 cm) in a glass 

pipette eluting with additional CH2Cl2. The resulting purified polymer was dried under vacuum for at 

least 12 h to a constant weight. 

 

General Procedure for Polymerization with a Squaramide: Polymerizations were performed in 8 

mL septum-capped reaction vials prepared in a N2-filled glovebox. An oven-dried 8 mL septum-

capped vial equipped with a stir bar was charged with 0.75 mmol vinyl ether monomer, 0.225 mL 

diethyl ether, and 1.125 mL methylcyclohexane. A separate 8 mL septum-capped vial equipped with 

a stir bar was charged with 0.0025 mmol squaramide and 0.45 mL of a 5.5 mM stock solution of 

isochroman acetal in diethyl ether. A separate 8 mL septum-capped vial equipped with a stir bar was 

charged with 0.2 mL of a 50 mM trimethylsilyl thrifluoromethanesulfonate solution in diethyl ether. 

The three vials were removed from the glovebox and cooled to -78 °C in a dry ice/acetone bath. After 

stirring at -78 °C for 20 min, 0.05 mL of the trimethylsilyl thrifluoromethanesulfonate solution was 

transferred via dry syringe to the vial containing the isochroman acetal/squaramide solution. To 

initiate polymerization, 0.15 mL of the newly formed solution (that is now 5 mM with respect to 

methoxytrimethylsilane, an isochroman-derived cationogen, and trifluoromethanesulfonate-

squaramide complex) was transferred via dry syringe to the vial containing the monomer solution. 

The reaction was stirred at -78 °C for 20 minutes, after which 0.20 mL of Et3N/MeOH solution (10% 

v/v) was added to quench the polymerization. Upon warming to room temperature, the mixture was 

washed with 1N HCl, and all volatiles removed in vacuo. The crude polymer was dissolved in 1–2 
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mL CH2Cl2 and filtered through a plug of SiO2 (4-5 cm) in a glass pipette eluting with additional 

CH2Cl2. The resulting purified polymer was dried under vacuum for at least 12 h to a constant weight. 

 

General Procedure for Attempted Polymerization with Thiourea: Polymerizations were 

performed in 8 mL septum-capped reaction vials prepared in a N2-filled glovebox. An oven-dried 8 

mL septum-capped vial equipped with a stir bar was charged with 0.75 mmol vinyl ether monomer, 

1.20 mL solvent, and 0.15 mL of a 5 mM α-chloroethyl isobutyl ether solution. A separate 8 mL 

septum-capped vial equipped with a stir bar was charged with 0.15 mL of a 5 mM thiourea solution. 

These two vials were removed from the glovebox and cooled in a cold bath. After stirring at cold 

temperatures for 20 min, the contents of the thiourea solution vial were transferred via dry syringe to 

the vial containing the monomer solution. The reaction was stirred at cold temperature for 20 minutes, 

after which 0.20 mL of Et3N/MeOH solution (10% v/v) was added to quench the polymerization. 

Upon warming to room temperature, the mixture was washed with 1N HCl, and all volatiles removed 

in vacuo.  
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Optimization Studies 

 
Attempted polymerizations of iBVE using an α-chloroethyl isobutyl ether initiator and a thiourea 

catalyst. NR = no reaction. 

 

 
Attempted polymerizations of iBVE using an α-chloroethyl isobutyl ether initiator and a chiral 

thiourea catalyst. NR = no reaction. 
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Attempted polymerizations of iBVE interfacing a chiral thiourea with an isochroman acetal derived 

cationogen. NR = no reaction. 

 

 
Screening solvent at -40 °C in the polymerization of isobutyl vinyl ether using squaramide 5.1 and an 

isochroman acetal derived cationogen. 
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Screening solvent at -78 °C in the polymerization of isobutyl vinyl ether using squaramide 5.1 and an 

isochroman acetal derived cationogen. 

 

 

 
Attempted polymerizations of isobutyl vinyl ether with an isochroman acetal derived cationogen and 

molar excess of squaramide 5.6. NR = no reaction. 

 

Kinetic Studies 

Representative Polymerization & NMR Sample Preparation for Kinetic Analysis: 

Polymerizations for kinetic analyses were set up as originally described above. Instead of quenching 

with 0.20 mL of Et3N/MeOH solution (10% v/v) after 20 minutes, however, these polymerizations 

were quenched after 5, 10, 15, or 20 s. The monomer concentration present immediately prior to 

quenching was found through the following protocol. After quenching (vide supra) and allowing the 

reaction set-up to warm to room temperature, an NMR sample was prepared with 0.1 mL of the 
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quenched reaction solution and 0.5 mL of a 42.6 mM 1,4-dimethoxybenzene solution in CDCl3. The 

unique proton signals from 1,4-dimethoxybenzene allowed this to serve as an internal standard, 

against which the vinyl protons of isobutyl vinyl ether were integrated to calculate conversion. 

Knowing the % conversion allowed for the calculation of the monomer concentration present 

immediately prior to quenching. 

A total of five data points (spanning 20 seconds) were used to calculate a first order rate 

constant (as represented in Figure 5.3 in the main text). Analysis of the stereoselective 

polymerization using squaramide 5.6 ([iBVE]=0.5 M, [isochroman acetal]=0.5 mM, [TMS-OTf]=0.5 

mM, [squaramide 5.6] =0.5 mM) and the control reaction conditions ([iBVE]=0.5 M, [isochroman 

acetal]=0.5 mM, [TMS-OTf]=0.5 mM) was conducted three times at each 5 s interval.   

Pseudo-First Order Kinetics: The cationic polymerization of vinyl ethers, including isobutyl vinyl 

ether, may be represented as:  

𝑀 + 𝐶
                      
→       𝑃 

Under the assumption that there are negligible side-reactions taking place in the formation of 

polymer (P), vinyl ether monomer (M) will always be present in a large excess over the catalyst (C). 

As such, pseudo-first-order kinetics are valid for rate calculations.10 In this scenario, the following 

rate law applies: 

𝑑[𝑃]

𝑑𝑡
= 𝑘[𝑀][𝐶]0 = 𝑘[𝑀] 

The integrated form of the rate equation is represented as: 

ln[𝑀] = ln[𝑀]0 − 𝑘𝑡 

This equation indicates that plotting -ln[M] versus t (s) should give a linear plot where k is 

equal to the slope of the line. Figure 5.3 in the main text illustrates this relationship. 
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Temperature Dependence on Stereoselectivity 

 
Temperature dependence on stereoselectivity of both the stereoselective polymerization and the 

control polymerization. The experimental data seen in Figure 5.4 in the main text as the data 

portrayed here. 
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Substrate Scope 

 
Representative structure-reactivity profiles for a variety of alkyl vinyl ethers synthesized with the 

stereocontrolled reaction conditions using squaramide 5.6. 
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