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ABSTRACT

Polymers have become ubiquitous in our everyday lives, and their various properties
(which arise from the functional motifs found within the material) have helped them find a
number of applications. Tuning material properties can be achieved either through
polymerizing unique monomers with distinct chemical (or structural) elements, or post-
polymerization modifications (which require the development of new synthetic
methodologies). The research reported herein aims to address both of these grand challenges
in materials science. We explore how the incorporation of metal and metalloid fragments
affects polymer synthesis and bulk material properties, as well as how these synthetic handles
can be subsequently engaged through further chemical transformation. Beyond this, we have
developed a new electrochemical methodology that enables both functionalization and
degradation of various polymeric substrates. These studies have allowed for the exploration
of new chemical space in polymer science, as well as presented new platforms by which

structure-property relationships can be interrogated.
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CHAPTER 1: INTRODUCTION



Overview - Synthesis and Modification of Soft Materials

Functional materials - materials that can exhibit a wide array of properties and
functions depending on their inherently modifiable structures - are becoming increasingly
popular among the materials science community. These materials can be leveraged for a wide
range of applications, such as 3D printing,12 energy harvesting and storage,3# artificial
muscles,>6 robotics,”® biomedical devices,?10 sensors,11.12 among others.13-17 Furthermore,
functional materials can be leveraged for structure-property studies.® Despite their wide
utility, the synthesis of these materials remains a challenge for materials scientists.
Overcoming this obstacle can be realized through research directed at exploring new chemical
space with respect to polymers. Being able to control the structures of polymers allows us to
control the physical properties of the materials, and therefore, the applications. Additionally,
this ability allows us to explore new polymer chemical space. Studying the methodologies and
mechanisms behind how new chemistries are paired with polymers is of great importance for
expanding these approaches to functional materials. Primarily, the routes to obtain functional
materials include polymerization of unique monomers and post-polymerization modification.
Each of these methods will be described in detail below, and in-depth studies have been
included in the following chapters. Specifically, we have focused on using metal carbenes as
monomers for polymerization and developing new methods for the modification of polymers.

A brief discussion of how each of these functional handles can be used is discussed below.

Synthesis and Applications of Metallopolymers

Since Staudinger’s initial report of polymerization,® many distinct polymers have been
investigated. Synthetic polymer chemists have identified a range of methods (anionic,
cationic, radical, and metathesis polymerization) that take advantage of intrinsically
polymerizable functional groups. The advent of these new polymerization techniques has
allowed for a diverse array of compounds to be labelled as “monomers.” However, accessing
functional materials is complicated by the reactivity of the new functional subunits; often, this
reactivity is eliminated or hindered in the polymerization process. Various organic compounds
are among the most common functional groups for polymerization, including olefins, esters,

amides, and others. These functional groups allow for tunability within the material. For
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example, many water purification plants take advantage of lower critical solution temperature
(LCST) behavior, utilizing poly-N-isopropylacrylamide (pNIPAm) as a flocculant for the removal
of solid wastes from water. Changing the molecular weight of the polymer, the substituents
on the N group, or the % acrylamide within the polymer allows for tuning of the materials
properties.

Beyond these organic moieties lie transition metals, which have provided rich synthetic
utility in both organic and inorganic methodology. Incorporation of metal moieties into
polymeric compounds can impart further properties with respect to electronics,2° optics,21-23
and conductivity and thermal stability?3 by taking advantage of the inherent reactivity of the
metal. While reports of utilization of transition metals as monomers have only recently
emerged, metal fragments have been incorporated into a variety of polymeric architectures
(linear,24 branched,?> and dendrimers;26 Figure 1.1). Beyond embedding metal species into
polymers, these materials hold promise for applications in electronic,27-29 stimuli-
responsive,30-32 and optical materials33-35 (among others39).

The first metallopolymer, poly(vinyl ferrocene) (1.1; Figure 1.2), was reported by
Arimoto in 1955.37 This polymer was reported to have stimuli-responsive behavior, possessing
the same redox properties as the monomer. Though this was a novel advance in polymer
chemistry, the synthesis of this material was conducted via an uncontrolled, anionic
mechanism. Over the next few decades, further attempts at incorporation of metal species
into polymers proved difficult (due to the poor solubility of the final materials and metal
leeching).3®8 In the 1990’s, new synthetic methodologies, such as reversible-addition
fragmentation chain-transfer (RAFT),39 atom transfer radical polymerization (ATRP),4041 and
ring opening metathesis polymerization (ROMP)#2-44 were developed, enabling facile
incorporation of metal subunits into polymers through their functional group compatibility.
Since these developments, many advances have been made with respect to metallopolymers,
and they have found applications in electronics,29:23 optics,*>46 catalysis,*” and medicine,*8
among others.49-51 Indeed, an excellent and comprehensive review by Newkome and
Schubert describes the numerous efforts reported regarding metallopolymer applications.4?
Despite these advances, there is still vast unexplored chemical space concerning

metallopolymers, which can be addressed by using metal moieties with synthetic versatility
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and unique material properties, allowing the field of metallopolymers to remain an area of
growing interest. A brief survey of relevant literature follows, including important advances in
metallopolymers as well as rationale for utilization of Fischer carbenes as monomers
(described in Chapters 2 and 3).

As stated, metallopolymers have found a broad range of applications due to their ability
to combine the inherent properties of polymers and metals. Figure 1.3 illustrates some of the
most common applications of metallopolymers, exemplifying their importance to the materials

community.

Metallopolymer Self-Assembly

Taking cues from biology’s micelles, self-assembly has been an important area of study
in polymeric materials. There are many different morphological conformations that can be
adopted by polymers, allowing for the utilization of these materials across a broad range of
applications such as drug delivery and conductive materials. Polymers often adopt various
morphological conformations due to their inherent makeup. For example, block copolymers
made from hydrophilic and hydrophobic blocks easily form micelles in solution. Further, self-
assembly can be triggered by various stimuli (e.g., light,52:53 sonication,5455 heat>6:57) during
polymer synthesis through polymerization-induced self-assembly. While these mechanisms
for self-assembly are well-studied, the utilization of metallopolymers for self-assembling
purposes can overcome many of the limitations with respect to self-assembly (e.g., particle
size, thermal stability) due to the metal’s ability to act as both a structural component and a
tunable element.58 Manners has accomplished significant work in the field of self-assembling
metallopolymers by utilizing a variety of metal-containing compounds as monomers and
exploring their applications. For example, polystyrene-block-polyferrocenylsilane copolymers
(1.2; Scheme 1.1) exhibit redox-controlled reversible self-assembly in nonpolar solutions to
provide micelles with the ferrocenylsilane block in the core.>® Because pNIPAm is often used
for water purification purposes due to its LCST behavior, further modification of this material
to impart self-assembly behavior is desirable. Yoshida synthesized pNIPAm-block-Ru(bpy)s
(1.3; Figure 1.4)to determine the effects of incorporation of the ruthenium species within the
polymer.60 This material was found to exhibit self-flocculating tendencies and retain the LCST

behavior found in pNIPAM homopolymers, however at different thresholds. The material was
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Figure 1.4. Block Copolymer 1.3



also found to respond to redox stimuli, corresponding to swelling and deswelling of the gel
with the Ru''/Ru'" cycle, and the development of these materials holds promise for optical,

rheological, and biomedical applications.

Optical Materials

Metallopolymers have found use in optical materials, allowing for the synthesis of
many light emitting devices. The ability to emit white light from a single material has proven
to be a challenge; however, the Wang group has reported the combination of a blue-
fluorescent polyfluorene with orange-fluorescent iridium complexes in the side chains (1.4;
Figure 1.5)to arrive at the desired emission of white light.61 The synthesis of these materials
was achieved by doping small amounts of the iridium complex into the polymer as a chelate
after the polymer was synthesized, and the efficiency of photoluminescence in these polymers
was directly related to the amount of iridium contained in the polymer network, with very low
(< 3 mol%) loadings of iridium providing the best emission properties. Along with this, Zhang
and Cao have reported utilization of a combination of green- and red- emitting polyfluorenes
(1.5; Figure 1.5) to achieve the emission of white light from metallopolymers.62 The materials
were synthesized via iterative Suzuki couplings to combine the green-emitting fluorene
backbone with a red-emitting iridium complex. The electroluminescence of these materials
was studied, and pure white light emissions could be achieved when loadings of the fluorene
unit were about 99.9 mol %. However, these materials exhibited lower electroluminescent
efficiency as compared to polymers with the fluorophore in the backbone and the phosphor
in the side chain. Finally, Shu and coworkers reported the synthesis of white light emitting
metallopolymers utilizing a balance of red-, green-, and blue-light emitting fluorene
components with an iridium complex (1.6; Figure 1.5).63 These materials exhibited moderate
electroluminescent efficiency for the emission of white light when compared to non-
conjugated platinum-containing polymers that are often used in polymer light emitting

devices.

Energy Storage and Conversion

Further, metallopolymers have been used in devices for both energy conversion and

energy storage. To this end, there has been significant work utilizing ferrocene moieties in
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polymers to take advantage of its inherent redox properties. Schubert and coworkers have
shown that poly(fluorenylethynylene) copolymers including pendant ferrocene moieties (1.7;
Figure 1.6) can be used as cathodic materials in electrochemistry.64 Importantly, Sonogashira
cross-coupling allowed for the synthesis of polymers ranging in number of active redox
centers. These materials showed excellent charge transport properties, and they could be
used in redox transformations for over 100 cycles while retaining high levels of electrical
discharge capacity. Another approach by Choi has utilized a polymer backbone that is
commonly used in organic thin film transistors - PFT2 (comprised of phenylene, fluorene, and
thiophene monomer units) - which was modified by addition of a phenyl bromide
functionalized ferrocene to incorporate the ferrocene into the polymer backbone during
synthesis (1.8; Figure 1.6).65> They were able to achieve the desired polymer in good yield
(89%), and CV analysis of the material revealed two reversible redox events (attributed to
ferrocene and the conjugated polymer backbone). This material tolerated on/off switching for
over 100 cycles and exemplified semi-conducting behavior. These reports exemplify the

numerous applications and advantages held by metallopolymers for energy.

Stimuli-Responsive Materials

In addition to optical- and electrochemical- stimuli, metallopolymers have been studied
as stimuli-responsive materials for sensor and device design. Recent reports have allowed the
incorporation of metals into polymers that react to a variety of stimuli, including temperature,
pH, light, and others. For example, Lawrence has reported a vinyl ferrocene-block-vinyl
anthracene copolymer (1.9; Figure 1.7)which can be utilized as a pH sensor.66 The material
showed good stability across a range of temperatures, and the non-pH-responsive ferrocenyl
moiety could be utilized as a non-drifting reference electrode for comparison with the pH-
responsive anthracene unit contained within the polymer. Another important example was
reported by Demas, who showed that a ruthenium-based star polymer (1.10; Figure 1.7)could
be used for oxygen sensing.6” The star architecture was selected because Demas speculated
it would provide higher degrees of homogeneity when compared to linear polymers. This
material was deposited onto glass in the film state and its luminescence properties were
measured via Stern-Vulmer quenching to measure its applicability as an oxygen sensor.

Though an improvement from previous systems,68:69 the ruthenium star polymer still could
10
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not achieve homogeneity within the system, leading to complex analysis of data received.

These examples suggest that metallopolymers hold promise as sensors.

Self-healing Materials

Self-healing materials are utilized for a variety of applications. Various functional
groups and strategies can be used to induce self-healing behavior in polymeric materials.
Various functional groups are utilized in self-healing materials due to their reactivity; these
functional groups are often copolymerized with reactive components as a means for
chemically induced cross-linking. For example, thiols are often appended as polymer side
chains, as redox manipulations can toggle the material between the free thiol and the dithiol
linkage.”0 In addition, cyclic side chains such as furan and maleimide can be utilized for Diels-
Alder to make these connections.”® Further, photochemical manipulations are often used for
self-healing to induce cross-linking in polymeric materials.”2 Self-healing properties have been
studied extensively with a variety of organic polymers, however, the incorporation of metal
containing fragments into these polymers has allowed for the expansion of the field due to
the availability of new bonding motifs and interactions at the molecular level.”3.74 Utilization
of zinc coordination complexes within poly(dimethylsiloxane) samples has allowed for self-
healing behavior to be observed (1.11; Scheme 1.2), as after elastically breaking the sample,
new cross-links were able to form between the zinc coordination sites, and the material
regained its elastic properties.”® Furthermore, the self-healing properties of manganese
containing metallopolymers (1.12; Scheme 1.2)have been studied by Schubert after
damaging with a scalpel or laser.”® The self-healing capabilities of the manganese terpyridine
polymer were greater than 75% in both cases, however, damage caused by the laser took
longer to heal as the material was completely sublimated away at the damage site. Palladium
hydrogels are often utilized as self-healing materials. For example, Yan has reported a carbon
monoxide (CO)-responsive palladium hydrogel (1.13; Scheme 1.2) that exhibits reversible
cross-linking when exposed to CO.77 The utilization of metals in self-healing materials has
helped expand the scope of these polymers, as well as improve their healing times and

strength.
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Scheme 1.2. Self-healing metallopolymers 1.11, 1.12, and 1.13
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Biological Applications

Metallopolymers have been utilized in biological applications in a variety of ways; as
biomedical devices and as drug delivery systems. For example, technetium and rhenium
tricarbonyl fragments have been added to dextran samples (1.14; Figure 1.8) for the targeting
of lymph nodes at the site of cancerous tumors with high efficacy and in vitro stability in animal
models.”8 Beyond this, metallopolymers have been utilized for their antibacterial properties.
Tang has reported the utilization of cobaltocenium containing polymers (1.15; Figure 1.8) as
effective leads in anti-MRSA technology.*® When coupling the cobaltocenium polymers with
antibiotics, the bioconjugated materials significantly outperformed either the antibiotics or the
metallopolymers alone in terms of efficacy against MRSA. These examples articulate the
importance of studies involving the incorporation of metallopolymers into biomedical

research, as the addition of metals could increase the efficacy of many drugs.

Metallopolymers in Catalysis

At the molecular level, metallopolymers have also found use in catalysis for synthetic
transformations. These transformations have involved cycloadditions, cross-couplings
reactions, hydrogen evolution, and enzymology, among others. Ward has reported the
enantioselective hydrogenation of acetamidoacrylic acid to acetamidoalanine with a rhodium
tagged biotin catalyst with > 92% ee.”® Further, Roelfes and coworkers developed a copper
tagged bovine pancreatic protein to carry out enantioselective Michael additions and diels-
alder reactions.8° The copper tagged bovine protein allowed for the transformation of a variety
of substrates to the desired compounds in good yield and moderate %ee (up to 85%) with low
catalyst loadings (10% bovine peptide). The development of artificial metalloenzymes for
synthetic transformations holds promise for greener routes in organometallic catalysis.81
Work by Arnold has investigated changes to cytochrome P450 for C-H activation to form new
C-N bonds.82-84 Hartwig has reported the utilization of cytochrome P450 for C-H activation via
carbene insertion.85 Finally, Hyster has reported the reduction of carbonyls via a Ru-based
reductase enzyme.86 Furthermore, the intrinsic reactivity of metals suggests that polymer
supported catalysts can increase recyclability and recovery of catalysts in metal-mediated

transformations. Specifically, immobilization of a palladium complex within a polystyrene
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support has allowed for recyclable utilization of catalysts for Sonogashira and Suzuki-Miyaura
cross-coupling chemistry, allowing for decreased catalyst loading and retention of catalytic
activity.8” These reports instill hope that utilization of metals in polymeric architectures will

allow for the application of new chemistry in polymeric architectures.

Fischer Carbenes

While each of these examples of the applications of metallopolymers show that there
are numerous ways these materials can be utilized, leveraging the inherent reactivity of these
transition metals has not been the focus, which is surprising due to the impact of transition
metal chemistry on synthetic transformations. Carbenes are often reactive intermediates that
allow a variety of synthetic transformations to occur (e.g., cyclopropanations® and
metathesis®?), but persistent carbenes have been incorporated into polymeric
architectures.?9.91 Fischer carbenes, specifically, have been largely overlooked for use in
polymeric materials, despite their stability and synthetic utility (e.g. cycloadditions,?2-94 acid-
base reactions,?59 benzannulations,®’-99 etc.). Incorporation of metallocarbenes into
polymers would allow for utilization of these reactive handles for post-synthetic modification
as well as use of these fragments for direct tailoring of the materials properties. The range of
synthetic applications that Fischer carbenes hold could ultimately be used for post-synthetic
modification of bulk materials. Therefore, access to well-defined metallocarbene-containing
polymers could yield new platforms for the development of functional materials.

Fischer reported the first tungsten metallocarbene in 1964,100 pbut other carbenes
containing chromium,191  molybdenum,192 rhodium,193 nickel,1%4 and iron1%4 were
subsequently reported. These complexes typically tolerate ambient atmosphere and retain
their synthetic utility for use in many reactions such as cycloadditions and metathesis. In
addition to their synthetic utility and ease of handling, Fischer carbenes are isolobal with
esters - leading to similar reactivity between the two functionalities. Fischer carbenes can be
accessed through a variety of methods: the Fischer route, a photochemical route, and the
Semmelhack-Hegedus route (Scheme 1.3). The Fischer route employs alkylation of the metal
carbonyl with an alkyllithium reagent, followed by the addition of a secondary alkylation
reagent, typically Meerwein salts, to achieve alkylation of the heteroatom (Scheme 1.3A).

Fischer carbenes can be access photochemically by causing photolytic cleavage of CO from
16



Scheme 1.3. Synthetic Routes for Accessing Fischer Carbenes.
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the metal center in the presence of an alkynol. The activated complex undergoes a
rearrangement to provide cyclic carbenes (Scheme 1.3B). Finally, the Semmelhack-Hegedus
route allows for the utilization of acid chlorides and amides as alkylating agents after a sodium
naphthalenide reduction of the metal carbonyl (Scheme 1.3C).

Development of Fischer carbene containing polymers is an area that holds promise for
discovery of new chemical space within materials science. The incorporation of these subunits
into polymeric architectures would lead to useful additions to the class of functional materials,
as these carbenes can serve as reactive groups or as persistent species. Fischer carbenes
have been added to polymers in a post-synthetic manner,195 however, the appendage of these
carbenes was limited to chain ends, providing very little incorporation of metal into the overall
material. Beyond this, there are only two examples of these metal species being utilized for
polymerization. Macomber and colleagues first reported the autopolymerization of a tungsten
vinyl carbene (1.16; Figure 1.9);196 unfortunately, the isolated polymer was an intractable
glass, only to be characterized after oxidative demetallation with DMSO to afford the
corresponding acrylate. In addition, Masuda later reported the synthesis of oligomeric species
via the polycondensation of a,w-bis-carbenes (1.17; Figure 1.9).107 These materials could only
be achieved with limited range of degree of polymerization (DP; < 25 repeats) and high
dispersity (D ~ 2.5). Beyond these limitations, the polymers were found to rapidly decompose
at elevated temperatures (90 °C). Given the absence of further reports of Fischer carbene
containing polymers in the literature, these examples (despite their flaws) instill hope that
Fischer carbene metallopolymers will find applications in materials science because their
synthetic utility could yield materials with wider applicability. For example, post-polymerization
modifications generally require lengthy reaction times or have difficulty achieving good
yield,198 but with the unique reactivity of carbenes, the difficulty of the task may be obviated.
As stated, polymers containing Fischer carbenes are known to undergo oxidative
demetallation with DMSO, to full conversion with high yield.196 Considering this example and
the wealth of opportunities for post-polymerization modifications imparted by the synthetic
utility of Fischer carbenes, these materials could provide an array of functional materials with

varying reactivity. The expansion of the metallopolymer field to include Fischer carbene-
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containing metallopolymers, in a broader sense, would add useful knowledge and applications
to our chemical repertoire (e.g. stimuli-responsive behavior and post-processible materials).
In sum, Fischer carbenes are metal complexes that have their own rich synthetic utility.
Additionally, these compounds are relatively easy to make, bench stable, and easy to purify.
The reactivity that Fischer carbenes possess arises from the isolobal analogy between these
metal carbenes and esters. Thus, we envision that Fischer carbenes can be incorporated into
polymers via common ester polymerization techniques. ROMP of Fischer carbene containing
monomers has been reported and is detailed in Chapter 2. Further investigation into the
mechanistic differences between ROMP of chromium and tungsten carbenes was conducted

and is reported in Chapter 3.

Post-Synthetic Modifications

While polymerization of unique monomers can provide new functional materials, the direct
modification of existing polymer scaffolds is a powerfully simple method for tuning material
properties. Post-synthetic modifications of polymers involve harnessing a polymer’s reactivity
to perform synthetic manipulations, and these studies have investigated the effects of
functionalization after polymerization, which has led to generation of new materials with
respect to both repeating unit and overall architecture. There have been many examples of
post polymerization modifications that modify polymer side chains, including diels-alder
reactions109 and thiol additions,110 among others.111.112 These examples further exemplify the
principle that structure dictates function, providing insight into how incorporation of new
functionalities into polymer backbones affects the overall materials properties. Many
examples involving the functionalization of polymer end groups utilize or etherifications to
append long chains to the ends of polymers. Other examples have shown that polymer end
groups can be utilized to grow brush polymers via controlled radical polymerizations. There
are also examples of appending a PEG chain to the terminal ends of a polymer to induce water
solubility or self-assembly in desirable solvents. These transformations all have some manner
of affecting overall material properties. The methodologies used in post-polymerization
modifications must be applied in much the same way that organic chemists undergo reaction

optimization. In a sense, these post-polymerization modifications are simply organic chemistry
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on macromolecules. Knowing this, there are other factors to consider beyond optimizing yield
and conversion. Oftentimes, post-polymerization modifications can lead to intractable
materials, or materials that have vastly different solubilities or behaviors than their starting
counterparts. These additional considerations must be handled carefully to allow for full
characterization of materials as well as looking forward to the application and processibility
of the materials in the future. In addition to their applied utility, synthesis of functional
materials is an important topic because it can eliminate the need for synthesis and
optimization of a unique polymer for every new application - which is achieved through a
diversity-oriented synthesis approach, where a reactive handle is installed at outset, and a
variety of other functionalities can be appended to the polymer to achieve the desired material
properties. A brief survey of relevant literature follows to highlight precedent and opportunities

for growth.

Post Polymerization Modifications Utilizing Pericyclic Reactions

Pericyclic reactions are powerful transformations that have been utilized for the
synthesis of a variety of small molecule targets due to their ability to generate both structural
and stereochemical complexity. The application of this class of reactions to polymers has been
accomplished through Diels-Alder reactions with various substrates. A subset of pericyclic
reactions - sigmatropic rearrangements - has been underutilized until recently. Roald
Hoffmann postulated that the use of sigmatropic rearrangements in polymers would amount
to a wide range of synthetic and materials applications and reported the computational work
to support his hypothesis (1.18; Scheme 1.4).113-117 Despite this, few of examples of
sigmatropic rearrangements on polymers have been reported. Zhukhovitskiy has reported
utilization of an Ireland-Claisen rearrangement in polymer architectures to provide new vinyl
polymers with pendent esters (1.19; Scheme 1.4) from polyester containing materials.118 The
process utilizes mild conditions to induce a sigmatropic rearrangement within the polymer
backbone as a form of skeletal editing. Furthermore, the Tg of the resultant materials changed
drastically when compared to the starting polymers. Swager has reported synthesis of
graphenic materials through a Johnson-Claisen rearrangement (1.20; Scheme 1.4).119
Graphene oxide was functionalized via an etherification, followed by the rearrangement. While

graphene oxide is considered an insulator, the functionalized material exhibited conductive
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Scheme 1.4. Pericyclic rearrangements in polymers
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behavior. In addition, the post-claisen materials could be harnessed for further
functionalization under various conditions. Further, the thermal Claisen rearrangement of
functionalized polyamides has been reported by Abetz (1.21; Scheme 1.4).120 These materials
exhibited reactivity that could be harnessed for further modification as well. Abetz has also
reported the thermal rearrangement of ortho-allyloxypolyimides.121 In this case, the thermal
rearrangement could be utilized to promote cross-linking of materials, leading to an increase
in the thermal stability of the materials. Though these examples are excellent, the scope of
these reactions is limited to Claisen and Claisen-type rearrangements. Harnessing the power
of these rearrangements could lead to significant advances in the field of polymer

modification.

Post Polymerization Modifications Utilizing C-H Activation

Post-polymerization modification has been utilized for many purposes, and these
transformations can greatly impact the properties of a polymer, even with low amounts of
functionalization, as shown by Leibfarth122 and Hillmyer.123 Recently, Leibfarth has
exemplified diversification of C-H bonds through radical chain transfer with a hydroxamate
catalyst (1.22; Scheme 1.5).124 Further, these reactions conditions could even be applied to
consumer plastics. Hillmyer and Hartwig have shown the Rh-catalyzed C-H activation of
polypropylenes to provide boronic ester functionalized materials that could be utilized for
further modification to provide alcohol functionalized polypropylene (1.23; Scheme 1.5). 123
This methodology is applicable towards both tactic and atactic materials and the newly
appended alcohol groups could be utilized to for appending further functionality to the side
chains. These examples show that minor changes in polymer architectures can lead to
massive changes in the materials properties, and therefore, applications. There are many
types of organic transformations that have been studied as means of post-polymerization
modification, among which are methods that append new functionalities to polymer side

chains, functionalize the polymer’s end group, and edit the polymer’s backbone.

Post-Polymerization Modification: Boron-Containing Materials

Beyond organic monomers and metal moieties are main group elements. Metalloids

have been incorporated into polymers to impart uniqgue chemical and physical properties in
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Scheme 1.5. Polyolefin upcycling through C-H activation
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the same manner as their organic and metallic counterparts. Boron,125-127 sjlicon,128.129
germanium,130.131 grsenic,132.133 gntimony, 134 and tellurium135.136 have all been incorporated
into polymer networks with a host of unique applications. Of these, borylated polymers are
particularly attractive candidates for functional materials (due to the rich synthetic utility of
boron). Boron-containing functionalities have been used in many synthetic transformations,
such as hydroboration,137-140 as well as many multicomponent reactions such as
Petasis141.142  gnd Zweifel'*3 chemistry, and even more to include Matteson
homologations144-146 and Suzuki cross coupling chemistry.147-149 Each of these reactions has
had a profound impact on the synthetic community, yet the application of these
transformations to polymer architectures has been limited.

There has been significant work in the field of boron containing polymers with far
reaching impacts in a variety of applications,?27 including biomedical research,3 stimuli-
responsive materials,126 and storage.125 Beyond this, utilizing the unique chemical properties
that are inherently possessed by boron containing materials has proven useful as of late in
synthetic transformations in polymer chemistry. The extension of these powerful
transformations into polymer synthesis could have a great impact on the various
functionalities available to polymer chemists for the investigation of how various
functionalities impact polymer properties.

Several reports have utilized bromide-functionalized polymers to promote Suzuki-
Miyaura cross-coupling with small molecule boronates. Holdcroft showed the functionalization
of polythiophenes (1.24; Scheme 1.6) with high degrees of functionalization (99%) and 11
different substrates.150 Later, Magenau reported cross-coupling with polyacrylamides (1.25;
Scheme 1.6) with 11 substrates, achieving up to 90% functionalization.151 Finally, Sumerlin
reported the functionalization of styrenyl bromides (1.26; Scheme 1.6) with 4 boronic ester
substrates with high degrees of functionalization (95%).152

Recently, Jacobs and Brantley reported the polymerization of allenyl boronate
systems.153 |n this report, an allenyl boronic ester was polymerized with a Ni catalyst (ref for
endo) to high yield and conversion (1.27; Scheme 1.6). These materials exhibited living
character, allowing for construction of complex architectures (block copolymers).

Furthermore, these polymers were amenable to post-polymerization modification via Suzuki-
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Scheme 1.6. Examples of Suzuki cross-coupling in polymer architectures
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Miyaura coupling. Thermal and mechanical properties could also be modulated via
incorporation of other monomers, making these materials excellent candidates for functional
materials. The utility of these materials has exemplified the importance of synthesizing
polymers with C—B motifs incorporated within.

Afterwards, Jacobs and Brantley reported the diversification of polymeric materials
through Suzuki-Miyaura coupling on phenyl boronic ester containing polymers.154 The
borylated polystyrenes could be prepared in good yield and conversion (1.28; Scheme 1.6).
The Suzuki-Miyaura coupling is reported with a substrate scope including 12 different targets,
showing that a wide range of aromatic, heteroaromatic, and vinylic substrates could be
utilized, while observing high conversions and mass recoveries in most cases. Furthermore,
the coupled products could be used for a second round of synthetic transformations. These
borylated polystyrenes have provided access to functional materials through the
diversification of polymer scaffolds, allowing for the alleviate of the need to polymerize unique
monomers each time a new polymer is needed, as well as expand the methodology toolbox
for synthetic polymer chemists in achieving high degrees of post-polymerization modification
in a robust manner.

One particular transformation that utilizes boron-containing functionalities is the
Brown Allylation.1%5 Brown first reported this rearrangement reaction in 1982,156 and further
investigations have shown how asymmetric variants can be utilized.157.158 One of the most
important features within the mechanism for the allylation is that there is a chair-like transition
state between the aldehydes and the allylic boronates. These reactions can also form
homoallylic amines through the utilization of imines. Since Brown’s seminal report, this
transformation has been employed in a variety of syntheses including antibiotics. Despite the
simplicity of this powerful transformation, it has yet to be applied to polymeric architectures.
Therefore, we envision the use of allylic boronate esters to promote rearrangements in

polymer scaffolds. The progress in these endeavors is detailed in Chapter 4.

Electrochemical Post-Polymerization Modification

Another way to modify polymers after they have been synthesized is through the
development of methodologies for the functionalization of polymers. Polymer functionalization

is  currently accomplished through  enzymolysis,159.160  ozonolysis,161.162  and
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photochemistry,163.164 among various other chemical and physical methods.165166 Each of
these examples has their pros and cons, due to the amount of time necessary for the
transformation, the use of harsh chemicals or temperatures, or the lack of widely available
resources.

Electrochemistry is a powerful tool for chemists and has been utilized for many
applications and transformations. Pioneering groups such as Song Lin and Phil Baran have
laid the groundwork for applying electrochemistry to organic synthesis. These synthetic
transformations have allowed organic chemists to access a variety of functionalizations. While
these discoveries have helped expand the chemical space available to synthetic organic
chemists, these methodologies have yet to be applied to synthetic polymer chemistry - an
area where functionalization and modification of material structure allows for significant
changes in material function and application.

Electrochemical organic synthesis has been a blossoming area of research in the 21st
century.167-169 The various potentials and electrode materials available have made the
synthesis of new organic compounds feasible, including many functional groups and chemical
architectures. In terms of oxidations, amines, 170171 amides,172173 alcohols,174175
carbonyls,176-178 and various acids179:180 can be anodically oxidized with good conversion and
recovery. On the other hand, reductions have also been quite popular. Reduction of aldehydes
and ketones,181 esters and amides, 182183 gand alkenes184185 have all been reported with high
fidelity and facile workup. Furthermore, the sequential pairing of anodic oxidation and
cathodic reduction has allowed for the synthesis of new compounds (e.g., nitriles, ethers) in a
one-pot approach. Even still, there has been a great body of work showing that
electrochemical transformations give rise to facile umpolung chemistry.186-188 Given the
broad synthetic utility available to organic chemists via electrochemistry, the scarcity of
electrosynthetic transformations that have been applied to polymer chemistry is quite
surprising.

Matyjaszewski has reported eATRP (Scheme 1.7),189190 in which the active copper
species that aids in polymerization is toggled between its charge states via electrochemical
charge. The utilization of eATRP has allowed for polymerization of monomers that are sensitive

to heat or light. Aside from this report, electrochemical methodology on polymers is limited.
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The utilization of electrochemistry for synthetic polymer chemistry has been largely limited to
conducting materials, rather than synthetic transformations of polymers. Currently, examples
that do include the synthetic transformations of polymers includes cyanations (1.29; Scheme
1.8) and chlorinations (1.30; Scheme 1.8) in the film state.191-194 These examples allowed
for functionalization in modest yields (17% and 72%, respectively) and were able to be
conducted heterogeneously. In addition, Duan reported tandem hydrolysis-electrolysis of PET
(1.31; Scheme 1.8) to provide H> fuel.195 We discovered that electrochemical editing of soft

polymers can enable both functionalization and polymer degradation (Chapter 5).

Research Objectives

Here, we explore new chemical space with respect to polymeric materials. The impact
of this work will allow synthetic polymer chemists to explore new reactivity and methodologies,
as well as provide new materials with potential applications impacting a wide range of
occupations. The overall objective of this research is to determine how incorporation of unique
synthetic building blocks into polymer architectures affects material properties. Specifically,
Fischer carbenes will be used for the polymerization of unique monomers, Brown allylation
chemistry will be studied as a post-synthetic modification on boron-containing polymers, and
electrochemistry will be studied as a new methodology for the manipulation of polymer
backbone modifications.

In Chapter 2, a summary of the initial work towards the ring opening metathesis
polymerization of Fischer carbenes is described. We want to understand the effects of
incorporation of Fischer carbenes on material properties, as well as harness their reactivity
for modification of polymeric materials. In Chapter 3, divergent reactivity between chromium
and tungsten carbenes in ROMP is investigated. A deeper mechanistic understanding of the
difference between these carbenes is in progress. Chapter 4 details the investigation of post
polymerization modifications utilizing Brown allylations. The design, synthesis, and utilization
of a model polymer scaffold has been investigated. The effects of electronics and sterics with
respect to substrate scope is also analyzed. In Chapter 5, the development of an
electrochemical method for polymer degradation and functionalization is described. The

impact of electrochemical polymer modification has been determined.
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Scheme 1.8. Electrochemical modifications of polymers
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CHAPTER 2: SYNTHESIS AND REACTIVITY OF METALLOCARBENE-
CONTAINING POLYMERS
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the document in conjunction with Dr. Johnathan N. Brantley, the PI for this work.

Abstract

Metallopolymers are an emerging class of materials with potential utility as semiconductors,
catalysts, optical device components, and stimuli responsive networks. While polymer
frameworks have been decorated with an array of organometallic moieties, the incorporation
of metallocarbenes has been largely overlooked. Here, we report ring-opening metathesis
polymerization as a strategy for the synthesis of Fischer carbene containing polymers. High
degrees of polymerization were observed (> 800 repeats), and the isolated materials
exhibited exceptional solubility and thermal stability. The tungsten carbene subunits were
readily incorporated into block copolymers and could be modified through subsequent
transformations. Moreover, the metallocarbene polymers were found to release carbon
monoxide upon exposure to light or oxygen, which is unusual for tungsten carbene complexes
These metallocarbene-containing polymers could represent new platforms for the

development of functional materials.

Introduction

The design of polymers with bespoke physical or chemical properties has long served
as an impetus for innovation in materials science. Embedding tunable structural elements
within polymeric architectures is particularly enticing, as these motifs can be engaged through
post-synthetic transformations to rapidly access structural (or functional) diversity.1-2 While
purely organic moieties have traditionally been leveraged for creating functional networks,
organometallic complexes have emerged as attractive alternatives.3 Metal complexes have

been incorporated into an array of polymer architectures,*7 and the resultant
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metallopolymers hold promise for use in electronic,8-19 stimuli responsive,11-13 optical,14-16
and other functional materials.17.18

Despite these successes, opportunities to advance metallopolymer synthesis and
design remain. For example, these materials are often prepared via polymerization of a ligand
architecture and subsequent doping with a metal salt. This strategy inherently complicates
the synthesis of materials with precisely tailored microstructures (e.g., gradient homo- or
heterometallic polymers). Moreover, the incorporation of reactive metallic groups is an
enticing strategy for accessing polymers with intrinsic dispositions toward structural tailoring.
Salient examples include toggling a metallopolymer’s redox state to promote self-assembly,1°-
21 or harnessing dynamic ligand binding for self-healing.22-24 These reports (and others®25-
27) illustrate that exploring new chemical space in metallopolymers is imperative for realizing
materials with unique functions and properties.

Metallocarbenes, particularly Fischer-type complexes,28-33 are promising (albeit,
underexplored) candidates for reactive components within metallopolymers.34-37 Given their
broad synthetic utility and functional group tolerance,38 Fischer carbene-containing polymers
could exhibit highly tunable structures and properties; unfortunately, the reliable
polymerization of a Fischer carbene complex has proven elusive.3940 Macomber originally
reported the autopolymerization of a tungsten vinyl carbene,*! but the resulting glass could
only be characterized following oxidative demetallation (Scheme 2.1). Nomura later disclosed
the synthesis of oligomeric species via the polycondensation of «,w-bis-carbenes.*2 These
materials exhibited low degrees of polymerization (< 25 repeats), high dispersity (B ~ 2.5),
and rapidly decomposed at modest temperatures (90 °C). Although encouraging, these initial
discoveries are conspicuous in their relative isolation. Indeed, we are unaware of any
subsequent effort to improve upon these results to realize a functional material containing
Fischer carbene complexes.

Given the isolobal relationship between Fischer carbenes and esters, we envisioned
these complexes could exhibit polymerization tendencies reminiscent of common ester-
containing monomers. In light of this, as well as the established compatibility between Fischer
carbenes and metathesis catalysts,*344 we pursued ring opening metathesis polymerization

(ROMP) as a strategy for accessing metallocarbene-containing polymers (Scheme 2.1).
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Scheme 2.1. Synthetic Strategies to Access Metallocarbene-Containing Polymers
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Materials and Methods

General Considerations

Unless otherwise noted, solvents were dried on an MBraun solvent purification system with
3A molecular sieves and degassed with three freeze-pump-thaw cycles. All other reagents
were obtained from commercial sources and used without further purification. Oxygen and
water sensitive manipulations were performed in a nitrogen filled MBraun glovebox or using
standard Schlenk techniques. All polymerizations were performed in a N2 filled glovebox. 1H
and 13C NMR data were collected on a Varian 500 MHz NMR or a Varian 300 MHz NMR
spectrometer. Chemical shifts (8) are reported in ppm using the residual solvent as reference.
IR spectra were collected on a Thermo Scientific Nicolet iS5 spectrometer with an ATR iD7
attachment (germanium crystal) for solid samples and a Transmission iD1 attachment with
flow cell for liquid samples. UV-visible absorbance spectra were recorded using an Agilent Cary
100 series UV-Vis spectrophotometer. The CFL emission spectrum was obtained using an
Ocean Optics USB4000 detector with a slit of 25 ym and an integration time of 6000 us.
Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA Q500 and Dynamic
Mechanical Analysis (DMA) data were collected on a TA Instruments DMA Q800 with a film
tension clamp. Size Exclusion Chromatography (SEC) data were collected on an Omnisec
Resolve and Omnisec Reveal System using triple detection with detectors in series: UV, light
scattering, viscometer, and refractive index and three Viscotek styrene divinylbenzene
copolymer columns (in series T3000, T4000, and T5000) at a flow rate of 1 mL/min and
thermostatted to 30°C using either tetrahydrofuran (THF) or chloroform (CHCI3) as the eluent.

Molecular weight and dispersity data from triple detection are reported.

Synthetic Considerations

Synthesis of 2.1

W(CO); Tungsten carbene 2.1 was prepared in two steps according to a modification

oet | of the procedure reported by Wulff (Scheme 2.2).4% A dry Schlenk flask was

charged with a Teflon stir bar, cis-1-bromo-1-propene (1.35 mL, 15.9 mmol),
and diethyl ether (Et20, 100 mL) before cooling the solution to -78 °C for 10 minutes. Tert-

60



Scheme 2.2. Synthesis of 2.1
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butyllithium (1.5 M in pentane, 21 mL, 31.7 mmol) was added dropwise, and the reaction was
stirred at -78 °C for 1.5 hours. In a separate Schlenk flask, a suspension of tungsten
hexacarbonyl (8.35 g, 23.8 mmol) in THF (100 mL) and Et20 (100 mL) was cooled to -78 °C
for 15 minutes. The cold propenyl lithium solution was then cannula transferred to this
suspension under a flow of N2. Following complete addition of the lithiate, the reaction mixture
was warmed to room temperature with stirring over the course of 2.5 hours. The solvent was
evaporated under vacuum, and triethyloxonium tetrafluoroborate (7.52 g, 39.6 mmol) was
added to the resultant residue in a mixture of hexanes/water (11:4 v/v). The mixture was
stirred at room temperature for 10 minutes, extracted with hexanes (3 x 50 mL), washed with
water (3 x 50 mL), and dried over sodium sulfate. The crude product was purified via silica gel
chromatography (hexanes as eluent). The isolated material (1.32 g, 2.7 mmol) was stirred
with cyclopentadiene (5 mL, 59 mmol) for 2 hours at room temperature. The excess
cyclopentadiene was evaporated in vacuo, and the crude product was purified via silica gel
chromatography (hexanes as eluent) to afford 2.1 as an orange solid (0.84 g, 11% yield).
Characterization data were in agreement with previous reports.#®> Consistent with previous
reports, 2.1 was obtained as a mixture of diastereomers (80:20 endo:exo) that could not be
further separated (Figure 2.21 and Figure 2.22).45

Synthesis of 2.5 for CO Detection

Rh complex 2.5 was prepared via an adapted procedure from

PhaP” _(o Sancen6n.*647 A dry Schlenk flask was charged with a Teflon stir bar,
A°°":,)“_R(|:/‘°A° rhodium (I1) acetate dimer (75 mg, 0.17 mmol), and triphenylphosphine (89
th mg, 0.34 mmol). Glacial acetic acid (5 mL) was degassed via three freeze-

pump-thaw cycles and added to the reaction vessel. The reaction was stirred at reflux (120
°C) for 2 hours under N2. The reaction was cooled to room temperature, diluted with water (5
mL), and the product was extracted with CHCIz (3 x 10 mL). Excess triphenylphosphine was
crystallized away using methanol. The product was obtained as a purple solid (95 mg, 58%
yield). Characterization data were in agreement with previous reports (Figure 2.1, Figure 2.14,
Figure 2.23 and Figure 2.24).48
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2.5+ (CO) was prepared via an adapted procedure from Sancenon.#6:47 COg
Ph,P 0"(0 was generated ex situ by adding formic acid (3.6 pL, 85%, 0.0811 mmol)

/ P
ACOZRNRICO | to sulfuric acid (1 mL, 18.4 M) and bubbled through a solution of 2.5 (4.46

(o) (o]
th mg, 4.6 ymol) in CD2Cl2 using the apparatus shown in Figure 2.18. The

solution of 2.5 changed from violet to orange, and IH NMR spectroscopic analysis was
consistent with complete conversion to 2.5 (CO). Characterization data were in agreement

with previous reports (Figure 2.1, Figure 2.15, Figure 2.25 and Figure 2.26).46:47

2.5+ (C0)2 was prepared via an adapted procedure from Sancenon4647 by

thll’ o_,( bubbling a large excess of COyg) through a solution of 2.5 in CD2Cl, for
Vi (0}

°°‘R,h_R|“/‘°° several minutes. Characterization data were in agreement with previous
o, (o)
ghz reports (Figure 2.1, Figure 2.16, Figure 2.27 and Figure 2.28).46:47

General Polymerization Procedure

In a N2 filled glovebox, a stock solution of 2.4 was prepared in methylene chloride
(CH2Cl2, 3.98 mM) and cooled to -35 °C. A solution of 2.1 in CH2Cl2 (0.025 M) was added to
avial and cooled to -35 °C for 10 minutes, after which an aliquot of the catalyst stock solution
was added. The amount of catalyst solution added depended upon the desired [2.1]0:[2.4]0
ratios (Table 2.1). Polymerizations were conducted at -35 °C for 3 hours unless otherwise
noted in Table 2.1. Polymerizations were quenched with benzaldehyde, and the resultant
polymeric material was precipitated from methanol twice. SEC data for the isolated polymers
are reported in Figure 2.2. 1H and 13C NMR spectra for the precipitated material were collected
in CDCl3 (Figure 2.30 and Figure 2.31, respectively). IR spectroscopic analysis of 2.P1 was
consistent with incorporation of W(CO)s fragments into the polymer (Figure 2.3).

Synthesis of Block Copolymers with Norbornene

In a N2 filled glovebox, a solution of 2.1 (54.9 mg, 0.11 mmol) in CH2Cl> (4 mL, 0.025

M) was cooled to -35 °C, and a solution of 2.4 (0.15 mL, 6.88 mM in CH2Cl2) was added. The

polymerization was conducted at -35 °C for 2 hours, after which time an aliquot (0.25 mL)
was removed for analysis by SEC (Scheme 2.3). Norbornene (50.6 mg, 0.54 mmol) was added
as a solution in CH2Cl2 (2 mL) to the reaction vessel and allowed to react at -35 °C for 2 hours.

The polymerization was quenched with benzaldehyde, and the resultant copolymer was
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Table 2.1. Selected Molecular Weight Data for 2.P1

Entry Mp2 Target MpP DP be Yield (%)
1d 17,800 24,400 36 1.23 96
2e 43,500 48,800 90 1.15 95
3d 131,100 244,000 268 1.29 59
4f 234,500 488,000 480 1.32 55
58 405,400 488,000 830 1.28 52

aMeasured by SEC. PCalculated using [2.1]o:[ 2.4]o x 488.15. °Calculated using Mu/Mp.
dConditions: =35 °C; [2.1]o = 0.025 M (0.102 mmol total); 3.5 h. eConditions: =35 °C; [2.1]o
=0.025 M (2.40 mmol total); 3.5 h. fConditions: =35 °C; [2.1]o = 0.05 M (0.102 mmol total);
5 h. gConditions: =35 °C; [2.1]o = 0.1 M (0.102 mmol total); 5 h.

1 | =——18,000
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[=2]
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Figure 2.2. SEC Data for 2.P1 with THF as Eluent
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precipitated from methanol twice. The isolated copolymer (65.8 mg; 62% yield) was analyzed
via IH NMR spectroscopy (Figure 2.32) and SEC (Scheme 2.3).
Oxidative Demetallation of 2.P1

A 1 dram vial was charged with a Teflon stir bar, 2.P1 (39.5 mg; 0.08 mmol), and THF (0.5

mL). A solution of ceric ammonium nitrate (75.2 mg; 0.14 mmol) in H20 (0.1 mL) was added
dropwise to the solution of 2.P1 at room temperature. The reaction was mixed by inversion,
the sides of the vial were washed with THF (0.1 mL), and the reaction was stirred at room
temperature for 1 h. A second portion of ceric ammonium nitrate (75.2 mg; 0.14 mmol) was
added as a solution in H20 (0.1 mL). The reaction was mixed by inversion, the sides of the vial
were washed with THF (0.1 mL), and the reaction was stirred at 30 °C for 16 h. Volatiles were
removed under reduced pressure, and the yellow residue was washed with THF (3 x 0.5 mL).
The residue was then washed with H20 (1.0 mL) and centrifuged. The aqueous supernatant
was decanted, and the pellet was dissolved in THF (1.0 mL). All organic washings were
combined and filtered through a 0.45 um syringe filter and concentrated under reduced
pressure. The concentrated solution was then added to MeOH (2.0 mL) and the precipitated
solid was collected. The precipitate was washed with H20 (3 x 0.5 mL), MeOH (3 x 0.5 mL),
and then dried in vacuo to afford a white powder (7.2 mg; 51% yield). 1H NMR spectroscopic

analysis confirmed complete consumption of the carbene moieties (Figure 2.33).

Results and Discussion

Polymerization Studies and Material Characterization

Tungsten carbene 2.1 was selected for our initial polymerization studies (Scheme
2.1).45 We surmised that, in addition to providing a handle for metathesis, the norbornyl
substituent of 2.1 would enhance the solubility of the final metallopolymer. Polymerization of
2.1 was initially attempted using Ru catalysts (2.2a, 2.2b, and 2.3)49:50 due to their ease of
handling and established ubiquity in ROMP (Scheme 2.1).51-53 In general, a solution of 2.1 in
deuterated chloroform (CDCls, 0.5 mL) was added to a J-Young tube and frozen. Solid catalyst
(2.2a, 2.2b, or 2.3; [2.1]0:[Catalyst]o ratios indicated in Table 2.2) was added to the frozen
solution, and the sides of the tube were rinsed with additional CDClz (0.2 mL). The frozen

mixture was subjected to three freeze-pump-thaw cycles, and allowed to warm to room
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Table 2.2. Initial Catalyst Screen for Polymerization of 1

Entry Catalyst [1]o:[Catalyst]o Time Temp  Atmosphere Conversion

1 2.2a 40:1 3h 20 °C N2 0%

2 2.2a 40:1 1.5h 30°C N2 0%

3 2.2a 74:1 18h 50°C N2 0%

4 2.2a 74:1 18h 60 °C N2 0%

6 2.2a 40:1 18 h 70 °C N2 Decomp
7 2.2a 83:1 18h 20 °C co 0%

8 2.2a 83:1 6 h 50 °C co 0%

9 2.2a 83:1 4h 60 °C co 0%
10 2.2a 83:1 12 h 70 °C Cco Decomp
11 2.2a 40:1 2wks 20 °C N2 0%
12 2.2b 39:1 1h 20 °C N2 0%
13 2.3 38:1 1h 20 °C N2 0%
14 2.3 38:1 1.5h 30°C N2 0%
15 2.3 38:1 18h 70°C N2 Decomp
16 2.3 38:1 2wks 20 °C N2 0%
17 2.4 43:1 2h 20 °C N2 100%
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temperature under an atmosphere of N2. Polymerization progress at a variety of temperatures
was monitored using H NMR spectroscopy (Table 2.2). However, no polymer was observed
under a variety of reaction conditions (even after extended reaction periods of 2 weeks; Table
2.3 and Table 2.2).54 To circumvent potential deligation of CO from 2.1, polymerizations were
also attempted under an atmosphere of CO (Table 2.2). In each case, no reaction (or monomer
decomposition) was observed (Table 2.2 entries 1-15).

We note that Ru catalysts are known to decompose to catalytically inactive species in
the presence of C0.55-58 To explore whether or not this could explain the lack of reactivity
observed with 2.1, 2.2a (16.7 mg, 0.02 mmol) was added to a J-Young tube, dissolved in
deuterated methylene chloride (CD2Cl2, 0.8 mL), and analyzed by 1H NMR spectroscopy
(Figure 2.4, red). 2.1 (12.6 mg, 0.034 mmol) was then added to the reaction vessel, the
solution was degassed via three freeze-pump-thaw cycles, and the reaction was warmed to
room temperature under N2 over the course of 5 min. The sample was analyzed by H NMR
spectroscopy (Figure 2.4, green) which indicated no reaction had occurred. After 4 hours at
room temperature, the sample was analyzed via *H NMR spectroscopy (Figure 2.4, teal). The
aromatic region showed the formation of new species that were consistent with CO-induced
decomposition of 2.2a%6 (also confirmed by comparison to a sample of 2.2a that was
independently exposed to excess CO; Figure 2.4, purple). We speculate that slow (or
reversible) insertion of Ru catalysts into 2.1, combined with poisoning of the catalysts by CO,
is at least partially responsible for the lack of reactivity we observe (Table 2.2 and Figure
2.29). Polymerization of 2.1 was observed, however, using catalyst 2.4. In a N2 filled glovebox,
solid catalyst 2.4 was added to a solution of 2.1 in CD2Cl2, and the polymerization progress
was monitored via 1H NMR spectroscopy. Initial experiments yielded high dispersity polymers
with M,’s that exceeded the expected value. Cooling and diluting the polymerization lowered
the dispersity and yielded polymers with M,’s more consistent with the expected value. (Table
2.3, entries 1-8). The optimized conditions for polymerization of 2.1 were determined to be
0.025 M, at -35 °C for 3.5 hours (Table 2.3, entry 9).

In contrast, rapid polymerization of 2.1 was achieved using Schrock-type catalyst 2.4
(Table 2.4).5° Polymerizations conducted at 20 °C (0.15 M) reached complete conversion

within 10 min, as determined by 1H NMR spectroscopy. The reaction mixture was quenched
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Table 2.3. Optimization of Polymerizaation of 2.1 Using Catalyst 2.4

Entry [2.1]0? Catalyst [2.1]o: Time Temp Expected Mn D
(M) Addition [ 2.4]o (h) (°C) Mhn
1 0.1 Solid 41:1 2 20 20,000 320,000 3.05
2 0.1 Solid 206:1  0.33 20 100,500 465,000 1.60
3 0.25 Solid 29:1 0.33 20 14,000 102,700 2.27
4 0.05 Solid 35:1 0.33 20 17,000 122,200 2.12
5 0.025 Solid 51:1 0.33 20 25,000 283,300 4.29
6 0.025 Solid 46:1 1 0 22,500 66,600 2.21
7 0.025 Solid 30:1 3 0 14,500 49,300 1.82
8 0.025 Solid 33:1 15 -35 16,000 72,100 1.33
9 0.025  Solution®  49:1 3.5 -35 24,000 17,500 1.36
(@ Solution in CH2Cl>
() [2.4]0 = 3.98 mM in CH2Cl>
Table 2.4. Catalyst Screening for Polymerization of 2.1
Entry Catalyst? Time Temperature Atmosphere  Conversion
1 2.2a 3h 20°C N2 0%
2 2.2a 2 weeks 20°C N2 0%
3 2.2b 1h 20°C N2 0%
4 2.3 1h 20°C N2 0%
5 2.4 10 min 20°C N2 100%

aSee Scheme 2.1.
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with benzaldehyde and added to methanol to precipitate any polymer, and the isolated
material was analyzed using size exclusion chromatography (SEC). The polymer displayed high
dispersity (B = 2.27), and the calculated number-average molecular weight (M,) far exceeded
the targeted value (c.f. 102,700 versus 19,500 Da). These data suggested that deleterious
secondary metathesis reactions could be operative; thus, we hypothesized that conducting
polymerizations at reduced temperatures and under higher dilution might mitigate these
issues.60 Indeed, polymerization of 2.1 at lower concentrations (0.025 M) and temperatures
(—=35 °C) afforded the desired metallocarbene-containing polymer, 2.P1, with low dispersity
and calculated M, values that agreed with the theoretical values (Table 2.3).

Having established general reaction conditions, we successfully prepared materials
exhibiting a wide range of molecular weights (M, = 17,870-405,400 Da; b < 1.4) in modest
to excellent yield (52-96%; Table 2.1). Given the relatively high molecular weight of the
monomer, we emphasize that the M, values determined by SEC correspond to high degrees
of polymerization (DP = 36-830). We also note that access to high DP materials required
more concentrated conditions (although this was accompanied by premature precipitation of
the polymer in some cases; see Table 2.4). As anticipated, these metallopolymers were
soluble in common organic solvents (e.g., chloroform, tetrahydrofuran, methylene chloride).
Since these materials were easily processed, we sought to characterize some of their physical
properties in more detail. Thermogravimetric analysis (TGA) revealed a relatively high
decomposition onset temperature of 135 °C (Figure 2.5).4142 The 12% mass change at 135
°C is consistent with the mass loss observed after loss of 2 CO per repeat unit. The mechanical
properties of 2.P1 were also investigated using dynamic mechanical analysis (DMA), but films
of the brittle material yielded at low strain (< 1%; Figure 2.6). The modulus of these materials
was determined to be 1.7 GPa, which is significantly higher than unfunctionalized

polynorbornene (0.09 GPa) and similar to polystyrene and polymethylmethacrylate.61

Block Copolymer Synthesis and Post Polymerization Modifications

We also explored the more general utility of our carbene materials. For example, block
copolymers of 2.1 and norbornene were easily prepared by sequential monomer addition
(Scheme 2.3). The resultant copolymer was isolated in good yield (62%), and we observed

nearly quantitative chain extension via SEC (Scheme 2.3). This result suggests that 2.1 may
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be compatible with common ROMP monomers, which is critical for creating hybrid
organic/inorganic materials with precisely tailored microstructures. The carbene moieties of
2.P1 could also be leveraged for post-synthetic modifications (Scheme 2.3). For example,
demetallation with ceric ammonium nitrate proceeded smoothly to afford ester-containing
polymers (Figure 2.7 and Figure 2.33).62 IR analysis revealed the carbene CO stretches were
no longer present in the material, and a new stretch at 1734 cm™ (consistent with the
formation of ester moieties) was observed (Figure 2.7). This reactivity is in agreement with
known demetallations of Fischer carbenes using ceric ammonium nitrate.62 The ability to
engage the carbene center and install orthogonal functional groups (which could, in turn, be
elaborated through further synthetic manipulations) suggests that metallocarbene-containing

polymers could be powerful platforms for developing tunable materials.

CO Release Experiments

Given the abundance of W(CO)s fragments in 2.P1, we hypothesized it could exhibit
selectively triggered carbon monoxide (CO) release. The potent antimalarial®® and
antimicrobial®* properties of CO have long been known; however, recent studies have
demonstrated that CO can limit reperfusion injury®> and aid recovery following organ
transplants.66 As such, CO-releasing materials (CORMSs), which represent alternatives to
gaseous CO, have emerged as promising platforms for developing CO therapy.6” In contrast
to the behavior of chromium Fischer carbenes,%869 CO extrusion from tungsten carbenes is
rare.”0 Agostic interactions between tungsten and alkoxy substituents, however, have been
reported to facilitate expulsion of CO,’t and we envisioned that analogous stabilization within
2.P1 could enable CO release. Since TGA revealed negligible mass loss below the
decomposition temperature of 2.P1 (Figure 2.5), we decided to explore photolytic CO release.
SEC Analysis of Irradiated Polymer

2.P1 was analyzed by SEC in CHCIs (M, = 86,690 Da; Figure 2.8). 2.P1 was then
dissolved in THF (10 mg/mL) and irradiated for 3 hours at 20 °C (vide supra). The solvent was

removed under vacuum, and the material was dissolved in CHCI3z and analyzed by SEC (M, =
78,010 Da; Figure 2.8). The change in mass of 8,680 Da corresponds to 10% of the total
mass of the polymer. A mass loss of 12% corresponds to loss of 2 CO moieties from each

repeat unit, and 6% mass loss correspond to loss of 1 CO moiety from each repeat unit.
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Infrared Spectroscopy Measurements

Initially, we sought to quantify CO extrusion using infrared (IR) spectroscopy. The CO
stretching frequencies of the carbene motif (1967 and 1944 cm~1) were monitored at various
2.P1 concentrations (0.096-1.0 mg/mL in tetrahydrofuran (THF); 0.98-10 mM CO), and a
calibration curve was constructed using the band at 1944 cm~1 and the Beer—Lambert Law
(which afforded a linear correlation; Figure 2.9A).72 A validation sample of 2.P1 (0.801 mg/mL
in THF, 8.2 mM CO) was analyzed using IR spectroscopy (Figure 2.9A), after which the sample
was irradiated using a 33 W compact fluorescent lamp (CFL; emission spectrum is shown in
Figure 2.19) placed 6” from the sample for 3 hours. The sample was kept at 20 °C to preclude
thermal contributions to CO release. The post-irradiated sample was analyzed using IR
spectroscopy, and the measured change in the CO absorbance was consistent with loss of ~
1.8 equivalents of CO per repeat unit (Figure 2.9A). As expected, the intensity of the CO
stretches decreased upon irradiation, and the calculated change in CO concentration was
consistent with a loss of ~1.8 equiv of CO per repeat unit (Figure 2.9A). This value was in good
agreement with the measured change in M, for a post-irradiated sample of 2.P1 (AM,, = 8,680
Da; Figure 2.8).

Demonstration of CO Release from 2.P1 using 2.5

Given that it is unusual for tungsten carbenes to release CO,7971 we sought to further
validate this observation. Rhodium complex 2.5, which exhibits a colorimetric response to CO
binding,*6:47 was selected to confirm CO release from our polymers using UV-vis spectroscopy
(Figure 2.9B; Figure 2.1, Figure 2.10-Figure 2.13). In general, a 2.P1 sample was added to a
septum-capped vial and dissolved in THF ([CO]o = 0.85 M). In a separate cuvette, 2.5 was
dissolved in CHCI3 (2.1 umol), and analyzed using UV-vis spectroscopy. The two vessels were
then connected with a glass manifold as shown in Figure 2.18. The 2.P1 sample was
irradiated for 3 h (vide supra), after which the headspace in the vial was transferred to the
cuvette using a gentle stream of N2 for 3 minutes. The CHCI3z solution was then analyzed using
UV-vis spectroscopy to identify the relative amounts of 2.5, 2.5 (CO0), and 2.5 ¢ (CO)2, (which
is consistent with the known CO-binding properties of 2.5;47 Figure 2.9B, Figure 2.1, Figure

2.10-Figure 2.13). Microsoft Excel was used to obtain relative percentages of each species by

76



0y

p -
e
gy
[~

w . o2
g 0.14 :f:v:::e 02 g 3
:_ (X1 s I
£ 012 a1 E y=13.008x
= 25 & R*=0,9984
'E 0.1 ° -
N R
3 0.08 e
= 0.06 . I
3
H 0.04 e Calibration Curve
8 . e Before Irradiation
5 0.02 o After Iradiation
3 I |
< 0 &
0 0.002 0.004 0.006 0.008 0.01 0.012
[CO] (M)
B 3
52.5 PhyP Phy 5 Ph,P’(@
5 Aco—nln’—klr' oRe =2 AcO-RA-RI-CO + oc—n:n/—Rh’—oco
g ? =2 oo K
s Ph Ph Ph,
o
g 1.5 25 2.5+(CO) 2.5+(CO),
T
% 1 e Original
@
a A
2 o5 Headspace Added
0
380 430 480 530 580

Wavelength (nm)

Figure 2.9. Determination of CO Release from 2.P1. (A) Calibration curve for CO release
measurement via IR spectroscopy. Inset shows the CO stretching frequencies of a 2.P1
sample before (black) and after (red) irradiation. (B) UV-vis spectra for CO sensor 2.5 (violet)

showing binding of CO released from 2.P1 (red).

77



w

25
% — Measured
: 2 = 2.5+(CO),
W e 2.5¢(CO)
-~ 1.5
3 — 2.5
c
g 1 - e = SUMMation
)
3
< 0.5

0

380 430 480 530 580

Wavelength (nm)

Figure 2.10. Deconvoluted UV-vis Spectrum of 2.5 after Transfer of Headspace from 2.P1

Solution

Irradiated under Aerobic Conditions. Spectrum is Consistent with an 81:19 Mixture

of 2.5¢(C0O) and 2.5+ (C0O)2

e
-
N

e
-

0.08

0.06

Absorbance (arb. units)
e
g

0.02

— Measured

e charge transfer band
— 2.5+(CO)

— D5

- == SUummation

380 430 480 530 580
Wavelength (nm)

Figure 2.11. Deconvoluted UV-vis Spectrum of 2.5 after Transfer of Headspace from 2.P1

Solution

Irradiated under Anaerobic Conditions. Spectrum is Consistent with 71:29 Mixture of

2.5¢(CO)and 2.5

78



— Measured
g 04 harge transfer band
: = Charge transfer ban
£ 0.35 -

° _2-50(co)
£ 03

— 2.5

- = summation

380 430 480 530 580
Wavelength (nm)

Figure 2.12. Deconvoluted UV-vis Spectrum of 2.5 after Transfer of Headspace from 2.P1

Solution Kept in the Dark under Aerobic Conditions. Spectrum is Consistent with 85:15
mixture of 2.5¢(CO) and 2.5

79



0.25

2
£ 02
=
a == Qriginal
S
S 015 -—=Headspace Added
3
c
S 01
-
[}
(7]
Q
< 0.05

0

380 430 480 530 580

Wavelength (nm)

Figure 2.13. UV-vis Spectrum of 2.5 after Transfer of Headspace from 2.P1 Solution Kept in
the Dark under Anaerobic Conditions. Overlay of 2.5 before (purple) and after (red) Transfer

of Headspace Shows No Change

80



deconvolution of the UV-vis spectra.”? The band width and Amax were held constant
(determined using data in Figure 2.1), and the fitting was calculated by minimizing the
residuals with a X2 analysis using the solver function.
Irradiation of 2.P1 under Aerobic Conditions

In air, 2.P1 (162.9 mg, M, = 86,690 Da) was dissolved in THF (3 mL) and connected

to a cuvette containing a solution of 2.5 (2.05 mg, 2.1 uymol) in CHCI3 (3 mL) using a glass
manifold (Figure 2.18). The solution of 2.P1 was held at 20 °C and irradiated 3 hours (vide
supra). After irradiation, N2 was bubbled through the apparatus for 3 minutes to transfer any
CO from the headspace of the solution of 2.P1 to the solution of 2.5. The UV-vis absorption
profile of 2.5 following this treatment was measured and compared to the initial spectrum
(Figure 2.10). Deconvolution of the spectrum (Figure 2.10) was consistent with conversion of
2.5 to a mixture of 2.5¢(CO) (81%) and 2.5+ (C0O)2 (19%).
Irradiation of 2.P1 under Anaerobic Conditions

In a N2 filled glovebox, 2.P1 (21.6 mg, 86,690 Da) was dissolved in THF (3 mL). The

2.P1 solution was held at 20 °C and irradiated for 3 hours (vide supra). After irradiation, the
vessel containing the 2.P1 solution was connected to a cuvette containing a solution of 2.5
(0.441 mg, 0.46 umol) in CHCI3 (2.5 mL) using a glass manifold (Figure 2.18). N2 was bubbled
through the apparatus for 3 minutes to aid transfer of CO from the 2.P1 solution to the solution
of 2.5. The UV-vis absorption profile of 2.5 following this treatment was measured and
compared to the initial spectrum. Deconvolution of the spectrum (Figure 2.11) was consistent
with conversion of 2.5 to a mixture of 2.5 (29%) and 2.5 (CO) (71%).
Determination of CO Release from 2.P1 under Aerobic Conditions without Irradiation

In air, 2.P1 (151.9 mg, 86,690 Da) was dissolved in THF (3 mL). The 2.P1 solution was

wrapped tightly with aluminum foil to eliminate exposure to light, and the vial was held at 20
°C for 3 hours. After 3 hours, the vessel containing the 2.P1 solution was connected to a
cuvette containing a solution of 2.5 (1.793 mg, 1.9 umol) in CHCIz (3 mL) using a glass
manifold (Figure S14). N2 was bubbled through the apparatus for 3 minutes to aid transfer
of CO from the headspace of the 2.P1 solution to the solution of 2.5. The UV-vis absorption

profile of the solution of 2.5 was then measured and compared to the profile obtained before
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the headspace treatment. Deconvolution of the spectrum (Figure 2.12) was consistent with
conversion of 2.5 to a mixture of 2.5 (15%) and 2.5 (CO) (85%).
Measurement of CO Release from 2.P1 under Anaerobic Conditions without Irradiation

In a N2 filled glovebox, 2.P1 (10.0 mg, 86,690 Da) was dissolved in THF (3 mL). The

2.P1 solution was wrapped tightly with aluminum foil to eliminate exposure to light, and the

sample was held at 20 °C for 3 hours. After 3 hours, the vessel containing the 2.P1 solution
was connected to a cuvette containing a solution of 2.5 (1.124 mg, 1.1 umol) in CHCl3 (3 mL)
using a glass manifold (Figure 2.18). N2 was bubbled through the apparatus for 3 minutes to
aid transfer of CO from the headspace of the 2.P1 solution to the solution of 2.5. The UV-vis
absorption profile of the solution of 2.5 was then measured and compared to the profile
obtained before the headspace treatment. No change was observed between the two spectra
(Figure 2.13).

Control experiments revealed negligible CO release in the absence of light under an
inert atmosphere. Interestingly, however, aerobic conditions were found to induce CO release
(even without irradiation; Figure 2.12). The mechanism of CO release under aerobic conditions
is unclear at present, as the stimulus could be either H20 or 02.74 Collectively, these data
support the conclusion that our tungsten carbene polymers expel CO under the action of light
or molecular oxygen. Although such behavior is unusual for tungsten carbenes (and is the
subject of ongoing investigation), the ability to trigger CO release using orthogonal stimuli

could afford new avenues of exploration in CORMs.

Summary

In sum, we have demonstrated the successful preparation of well-defined,
metallocarbene-containing polymers using a metathesis polymerization strategy. These
unique materials exhibited stimuli responsive behavior (e.g., CO release), were readily
integrated with other polymeric scaffolds, and could be leveraged for post-synthetic
modifications. Moreover, these polymers could address limitations in current methodologies
for synthesizing metallopolymers (e.g., controllable incorporation of metal species, enhanced
thermal stability and solubility, tunable metal sites). As such, we envision these results will

serve as inspiration for the development of related functional materials.
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Appendix

UV-vis absorbance data for CO release studies

Data corresponding to 2.5 and additional support for CO release experiments are
shown in Figure 2.14 - Figure 2.20.

Thermomechanical Data

Representative thermomechanical data for 2.P1 (M, = 116,000 Da) are shown in
Figure 2.5 and Figure 2.6. The TGA thermogram of a powdered sample indicated an initial
decomposition onset temperature of 135 °C (Figure 2.5). Negligible mass loss was observed
below this temperature. A rectangular film of the same polymer was cast from CHCIlz (20 w%
P1) and analyzed using DMA (with a film tension clamp). The Young’s modulus of the material
was found to be ~ 1.7 GPa, and the material yielded at 0.86% strain (Figure 2.6).
Determination of Molar Absorptivity of 2.5 ¢ (CO)

CO release from 2.P1 was demonstrated using UV-vis spectroscopy. Known CO
detector 2.5 exhibits unique absorption profiles upon binding of C0.4647 These profiles can
be directly correlated to the number of CO ligands bound to the metal (Figure 2.1). Although
2.5 has been reported to selectively bind CO, the change in Lewis acidity after binding one CO
ligand [which affords 2.5 ¢ (CO)] significantly decreases the binding affinity for the second CO
ligand; thus, conversion of 5 to the bis-CO adduct 2.5 ¢ (CO)2requires a large excess of C0.46:47
The molar absorptivity (¢) of 2.5<(CO) has not previously been reported; 2.5¢(CO) was
prepared as described above (vide supra), and the molar absorptivity was determined using
the Beer-Lambert Law (g5.co) = 325 M1 cm1; Figure 2.17). Each data point in Figure 2.17
was collected in triplicate.

UV-vis Spectroscopic Analysis of 2.1 and 2.P1

The UV-vis absorption profile of 2.1 was obtained in THF and compared to the profile
of 2.P1 (55,000 Da in THF; Figure 2.20). The observed UV-vis spectrum from 2.P1 is
consistent with the SEC UV-vis profile of the material at the elution volume of the polymer
(Figure 2.20 inset).

NMR Spectra
All NMR spectra for compounds listed in the chapter are shown in Figure 2.21 - Figure 2.33.
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Figure 2.18. Apparatus for Irradiation of 2.P1 and Transfer of CO from Headspace to a Solution
of 2.5
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Figure 2.19. Emission Spectrum of 33 W Compact Fluorescent Lamp
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Abstract

Ring opening metathesis polymerization (ROMP) is one of the preeminent methodological
tools available to polymer scientists. As such, a detailed understanding of the factors that
promote (or suppress) ROMP activity is critical for designing next-generation catalysts and
materials. Ruthenium- and molybdenum based ROMP catalysts typically exhibit substrate
selectivity, which is governed by a combination of factors. We previously reported lack of
activity with ruthenium catalysts when polymerizing tungsten monomers, despite achieving
synthesis with a molybdenum catalyst. However, we have observed polymerization of
chromium monomers with ruthenium catalysts. Intrigued by this observation, we wanted to
understand the origin of this divergent behavior. Through a combination of experimental and
computational efforts, we were able to identify key interactions explaining why ruthenium
polymerization is inactive with tungsten carbenes. Steric congestion during propagation
hinders the insertion of additional monomers. Furthermore, we were able to exploit these
interactions to design a monomer that would enable polymerization by adding a methylene

spacer and eliminating steric congestion between the monomer and the ruthenium center.

Introduction

Olefin metathesis has emerged as one of the preeminent C-C bond forming strategies
available to synthetic chemists. Indeed, a wide range of transformations (e.g., ethenolysis,1-4
cross metathesis,5-8 acyclic diene metathesis,®-12 ring closing metathesis,813-15 and ring
opening metathesis16-19) involve olefin metathesis processes along their reaction
coordinates. The ubiquity (and, perhaps more importantly, the reliability) of olefin metathesis
has enabled significant advancements across fields that range from total synthesis20%-21 and
drug discovery?2-24 to polymer synthesis.25-29 As such, understanding the mechanistic

nuances of olefin metathesis is imperative for facilitating access to next-generation materials.
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Although reports of olefin metathesis first emerged in the 1950s, Calderon was the
first to determine that metathesis fundamentally involved the cleavage and reformation
olefinic bonds.3031 Detailed mechanistic studies by Chauvin,32 Grubbs,33 Katz,34-42
Schrock,*142 and others#3-48 soon followed, and these efforts were crucial to the design of
more effective catalysts. Since this time, further studies on the mechanism of olefin
metathesis have been widely reported,*9-51 and many well-defined materials can be achieved
through utilization of metathesis chemistry. The wealth of knowledge provided by these
studies has allowed for the improvement of catalyst design. Reliable catalysts that can be
used to make well-defined materials have been produced. For example, variation of ligands
in the ruthenium type catalysts allowed for investigation of initiation rate and its effect on
polymer properties.52 In addition, controlling the stereoselectivity of ROMP catalysts has been
accomplished through the implementation of rigid ligands that direct the orientation of
incoming monomers.53

Ring opening metathesis polymerization (ROMP) has caused the rapid expansion of
the scope of polymer synthesis, and exponentially more so with the reports of well-defined
metathesis catalysts by Schrock and Grubbs. Schrock-type catalysts are highly active but must
be handled in an inert and dry atmosphere, while Grubbs-type catalysts exhibit high functional
group compatibility and can be handled on the benchtop. Though these catalysts are quite
different and exhibit different selectivities, they operate under the same mechanism reported
by Chauvin. Knowing the impact of various factors on polymerization initiation and
propagation allows for the synthesis of controlled materials of varying microstructures.
Catalyst activity can be reduced via functional group chelation5054-57 steric effects,>8:59 and
poisoning (Scheme 3.1).60-63 Although steric effects are known to influence polymerization
rate in ROMP, there is no clear steric barrier for ROMP monomers,5° in contrast with vinyl
addition polymerization, in which there is a clear difference between the polymerization rates
of endo- and exo- isomers, to the point that polymerization of purely endo- isomers can be
unachievable.t4 In consideration of our observation and the difference between these two
mechanisms, we sought to conduct a similar analysis of the reaction coordinate for ROMP, as
understanding the structure-property relationships in the context of ROMP is critical for

synthesis of next-generation materials.
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Scheme 3.1. Examples of Factors Affecting Polymerization Rate with Ruthenium Catalysts
Metathesis-slowing Events
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Results and Discussion

We previously found that 3.1w did not polymerize (starting material recovered) under
the action of Grubbs-type catalysts (i.e., G1, G2, G3, GZ, or HG2); however, polymerization of
2.1 was observed with Schrock’s molybdenum catalyst (see Chapter 2). For example, when
2.1 (0.05 mmol) was reacted with G3 (0.001 mmol), no polymerization was observed via 1H
NMR spectroscopy or SEC analysis. As we have previously shown that 2.P1 releases CO, we
hypothesized that CO-poisoning of catalyst was responsible for the lack of ROMP activity.6”
However, polymerizations conducted in the dark under N2 (which should avoid CO release
from 2.1; Chapter 2) also yielded no polymer. As pyridines can also induce CO-release from
Fischer-type carbenes upon coordination,%8:69 we suspected this might provide an alternative
mechanism by which CO could be released from 3.1w to poison the catalyst. Specifically, the
deligation of 3-bromopyridine from G3 (which is necessary for polymerization to occur) could
promote CO release even in the absence of light. To test this hypothesis, 3.1 was dissolved in
DCM (0.011 mmol, 0.011 mM), and the reaction vessel was foiled prior to sparging with N»
for 30 seconds. To test for background CO-release, the headspace of the vessel was
transferred to a UV-vis cell containing a solution of 2.5 70.71 jn DCM (0.011 mmol, 0.004 mM).
Analysis of the resulting solution by UV-vis absorbance spectroscopy revealed no detectable
CO. 3-bromopyridine (0.011 mmol) was then added to the foiled solution of 3.1, and the
reaction headspace was again transferred to the solution of 2.5 after 30 min. Analysis of the
resulting solution via UV-vis spectroscopy revealed no detectable release of CO (Figure 3.1).
Furthermore, 1H NMR spectral studies supported the conclusion that the exogenously added
3-bromopyridine was not binding to 3.1, as equimolar mixtures of 3.1 and 3-bromopyridine in
CDCls resulted in negligible changes to the heteroaromatic proton resonances (6 = 7.17 vs
7.22; Figure 3.3). Collectively, these experiments suggested that CO poisoning was most likely
not responsible for our inability to polymerize 3.1w with Grubbs-type catalysts.

We next sought to ascertain whether or not 3.1¢r would exhibit analogous recalcitrance
toward ROMP with G3. A sample of 3.1¢r (0.15 mmol, 0.15 mM) was prepared in CDCl3z, and
G3 (0.003 mmol) was added to the solution at 20 °C in the dark under N2. To our surprise, H
NMR spectral analysis of the reaction mixture revealed complete consumption of the vinyl
protons in 3.1¢r (6 = 5.69) occurred within 5 min, and new vinyl resonances consistent with
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polymerization (6 = 5.07) were observed. Furthermore, precipitation of the sample from
methanol provided yellow polymeric material (M, =57,000; b = 2.70; Figure 3.2) in 62% yield.
Surprised by this difference in reactivity, we set out to understand the origin of this
phenomenon in greater detail.

Having established that catalyst poisoning via CO-release was an unlikely explanation
for the inability to polymerize 3.1w, we sought to determine if off-cycle species were forming
during initiation or propagation. In an initial study, a mixture of G3 (0.01 mmol) and 3.1w
(0.01 mmol) in CDCl3 was analyzed by 2H NMR spectroscopy. The sample was held under N2
in the dark to prevent CO-release during the experiment. The ruthenium carbene resonance
(6 = 19.11 ppm) drastically decreased after 1 h, and the NMR spectrum itself became so
complex as to preclude more detailed analysis (Figure 3.3). Further, a new signal that could
be attributed to the ring-opened product could be observed at 4.87 ppm while the vinyl signals
from 3.1w (6.14 and 5.69 ppm) were completely consumed. In another experiment, 3.1w
(0.009 mmol, 0.012 mM) was dissolved in CDClz with G3 (0.009 mmol) and analyzed via 1H
NMR, followed by iterative sequential addition of single equivalents of 3.1w (4 total
equivalents of 3.1w). These spectra indicated the same drastic decrease in the ruthenium
carbene resonance (6 = 19.11 ppm), suggesting catalyst decomposition, however, signals
consistent with insertion of the catalyst into the olefin were also present (Figure 3.4). In
comparison, an analogous experiment with 3.1¢cr was conducted, in which 3.1¢r (0.01 mmol,
0.015 mM) was dissolved in CDClsz with G3 (0.01 mmol). The ruthenium carbene signal (19.11
ppm) remained consistent throughout the experiment, and the vinyl signals from 3.1¢r (6.14
and 5.66 ppm) disappeared and the signal for the ring opened product (5.09 ppm) appeared
(Figure 3.5), consistent with control experiments between norbornene and G3 (Figure 3.18).
The differences in these spectra suggest that the decomposition pathway present in 3.1w is
inactive with 3.1cr.

We also sought to determine if these monomers were having adverse effects on
propagation. 3.1w (0.011 mmol; 0.016 mM) was dissolved in CDClz with G3 (0.011 mmol)
and a 1H NMR spectrum was collected to confirm initiation. An aliquot of this sample (0.0016
mmol) was added to an additional 40 equivalents of 3.1w in CHCIsz and the solution was held

in the dark at 20 °C under N2 for 1 h. The solution was quenched with ethyl vinyl ether added
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to methanol to precipitate any polymeric material (9% recovery; Figure 3.6A). SEC analysis of
the isolated material indicated poor control over the polymerization as well as large amounts
of oligomeric species. An analogous experiment with 3.1¢r provided well-defined polymeric
material as observed by SEC in 40% recovery (Figure 3.6B). These data suggest that the
barrier to insertion of additional monomers is much higher with 3.1w than with 3.1cr. To
confirm that we were not inadvertently making an inactive species, an experiment between
3.1w and norbornene was conducted. 3.1w (0.01 mmol, 0.015 mM) was dissolved in CDCls
with G3 (0.01 mmol) and a *H NMR spectrum was collected to confirm initiation, followed by
addition of the sample to a solution of norbornene (1.18 mmol). The reaction was held in the
dark at 20 °C under N2 for 20 minutes before precipitation from methanol. Polymeric material
was isolated via filtration in 53% recovery and analyzed by SEC and UV-vis to reveal
incorporation of the UV profile consistent with 3.1w had been incorporated into the polymer
(Mn,=77,700 Da, b = 1.96; Figure 3.7). While promising, this data does not conclusively prove
whether 3.1w is located at the chain end or incorporated throughout the polymer.

Kinetic analyses for the polymerizations of 3.1w and 3.1cr were initially conducted
using variable temperature (VT)-NMR (-35 to +5 °C). 1H NMR spectra were collected prior to
adding catalyst solution, and additional spectra were collected over the course of the
polymerization (Figure 3.8). The vinyl signals for 3.1 (6 = 5.69) were monitored over the course
of the polymerization, and the observed change in integration was used for determination of
Kobs.”2 The observed rate was consistent with first order kinetics and Kops for 3.1cr was
determined to be -0.016 s, while Kops for tungsten monosubstituted was determined to be
0. The kinetics data was also used to construct an Eyring plot in order to determine the
activation parameters for the polymerization of 3.1¢r (AH*cr = 18.45 kcal mol?; AS#¢, =-0.003
kcal mol1, Figure 3.9). As no polymerization was observed for 3.1w across our selected
temperature range, we could not determine activation parameters for this monomer.

To gain a deeper understanding of the observed phenomena, we turned our attention
to computational studies. All quantum chemical calculations were carried out using density
functional theory (DFT) in the ORCA 5.0 software package.”374 The accuracy of DFT
calculations is inherently dependent on the approximation employed in the density functional.

The Becke-Perdew density functional (BP86)75:76 was utilized with Grimme’s D3 dispersion
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correction and the Becke-Johnson damping (D3-BJ)77 for all geometry optimizations and
calculation of the analytic Hessian. Single point calculations were carried out after
optimization with B3LYP-D3(BJ).”® Single point calculations employed the conductor-like
polarizable continuum model (CPCM)’® using the chloroform solvent potential. All
optimizations utilized the def2-SVP basis and all single points utilized the def2-TZVPP basis
set.80 All optimizations utilized the resolution of identity (RI) approximation,81 and single
points utilized the RIJ-chain of spheres (RIJCOSX) approximation.82 The relative free energies
shown in Figure 3.10, are all obtained using the thermal corrections from BP86-D3(BJ) and
the electronic energy from CPCM-B3LYP-D3(BJ). This level of theory was chosen based on a
study using G3.83 Calculation of transition state energies for propagation steps revealed
similar values for insertion of additional monomers for both metals (Figure 3.10). Throughout
the initiation process, the difference in energy between 3.1w and 3.1¢r remains the same, with
3.1w being lower in energy throughout this process. However, upon insertion of a second
monomer unit into the initiated chain end, the energetic barrier increases, and 3.1w is
observed to become higher in energy (PTS1; Figure 3.10). The calculated activation
parameters from both experimental and computational studies are in agreement
(experimental: AG¥cr = 19.33 kcal mol? vs. theoretical: AG#c, = 16.85 kcal molt. AGHw = 18.32
kcal mol1). Further investigation into the origin of the difference between these two complexes
is needed. Our hypothesis remains that there is steric encumbrance preventing propagation
with tungsten carbenes.

Based on our computational results, we postulate that sterics are responsible for the
observed phenomenon, in addition to deleterious side reactions with between 3.1w and G3.
With respect to this hypothesis, we sought to find the root of the difference between the
Grubbs-type and Schrock-type catalysts. With respect to both catalysts, the tacticity of the
polymer is driven by chain end control.84 The Schrock-type catalysts are well known to exhibit
stereogenic metal control to favor one isomer and tacticity per monomer (cis-syndiotactic),
while the ruthenium catalysts in question do not provide this same selectivity.85 The barrier to
rotation of the carbene around the Ru=C bond has been calculated previously, and was

determined to be extremely low, leading to a lack of preference for one isomer over the
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other.”2 We postulate that due to the cis-syndiotactic nature of addition provided by the
Schrock catalyst, the steric hindrance from the buttressing carbenes is eliminated. In order to
test the computational predictions, we surmised that we could simply reduce the steric
penalty by moving the tungsten farther from the ruthenium center. We hypothesized that the
importance of steric congestion with these monomers could be tested and thus designed
monomer 3.5 (Scheme 3.2). A Diels-Alder reaction between acrylonitrile and cyclopentadiene
at 20 °C for 16 h affords the norbornene carbonitrile (3.2, 76% yield, 50% endo), which was
purified via silica column with 95:5 hexanes:EtOAc in 93% purity. The carbonitrile was then
reduced to the amine with LiAlHs (3.3, 81%). Finally, 3.3 was condensed with the phenyl
ethoxy carbene (3.4) to provide the desired aminocarbene (3.5). We then subjected 3.5w
(0.11 mmol) to polymerization with G3 (0.002 mmol) at room temperature for 1 h and
observed polymeric material following precipitation from methanol (72% yield, 161,400 Da,
1.10 b, Figure 3.11). While nitrogen containing monomers are commonly difficult to
polymerize due to their chelation to the ruthenium center, we speculate that the bulkiness of

the tungsten blocks the chelation and allows for polymerization activation.
Materials and Methods

General Considerations

Unless otherwise noted, solvents were dried on an MBraun solvent purification system with
3A molecular sieves and degassed via three freeze-pump-thaw cycles. All other reagents were
obtained from commercial sources and used without further purification. Oxygen and water
sensitive manipulations were performed in a nitrogen filled MBraun glovebox or using
standard Schlenk techniques. Polymerizations were performed in an No-filled glovebox or in
an NMR spectrometer. 1H and 13C NMR data were collected on a Varian 300 MHz NMR or a
Bruker 500 MHz NMR spectrometer. Chemical shifts (8) are reported in ppm using the
residual solvent as reference. IR spectra were collected on a Bruker Alpha Il FT-IR with
Platinum ATR accessory. UV-visible absorbance spectra were recorded using an Agilent Cary
100 series UV-Vis spectrophotometer. Thermogravimetric analysis (TGA) was performed on a
TA Instruments TGA Q500 and Dynamic Mechanical Analysis (DMA) data was collected on a
TA Instruments DMA Q800 with a film tension clamp. Size Exclusion Chromatography (SEC)
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Scheme 3.2. Synthesis of 3.5
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Figure 3.11. SEC data from triple detection for initial polymerization of 3.5
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data were collected on an Omnisec Resolve and Omnisec Reveal System using triple detection
or conventional calibration with detectors in series: UV, light scattering, viscometer, and
refractive index and three Viscotek styrene divinylbenzene copolymer columns (in series:
T3000, T4000, and T5000) at a flow rate of 1 mL/min and thermostatted to 30 °C using
tetrahydrofuran (THF) as the eluent. Molecular weight and dispersity data are reported using

triple detection or conventional calibration against polystyrene standards.
Synthetic Considerations

Synthesis of 3.1

Tungsten and chromium carbenes 3.1 were prepared in two steps according to a modification
of the procedure reported by Wulff (Scheme 3.3).65 A dry Schlenk flask was charged with a
Teflon stir bar, vinyl bromide (15.9 mmol), and diethyl ether (Et20, 100 mL) before cooling the
solution to -78 °C for 10 minutes. Tert-butyllithium (1.5 M in pentane, 21 mL, 31.7 mmol)
was added dropwise, and the reaction was stirred at -78 °C for 1 hour. In a separate Schlenk
flask, a suspension of metal carbonyl (8.35 g, 23.8 mmol) in and Et20 (100 mL) was cooled
to -78 °C for 15 minutes. The cold vinyl lithium solution was then cannula transferred to the
suspension of metal carbonyl under a flow of N2. Following complete addition of the lithiate,
the reaction mixture was warmed to room temperature with stirring over the course of 2.5
hours. The solvent was evaporated under vacuum, and triethyloxonium tetrafluoroborate
(7.52 g, 39.6 mmol) was added to the resultant residue in a mixture of hexanes/water (11:4
v/v). The mixture was stirred at room temperature for 10 minutes, and dried over sodium
sulfate. The crude product was used without purification and stirred with cyclopentadiene (5
mL, 59 mmol) for 0.5 hours at room temperature. The excess cyclopentadiene was
evaporated in vacuo, and the crude product was purified via silica gel chromatography
(hexanes as eluent) to afford 3.1 as an orange solid (0.84 g, 11% yield). Characterization data
were in agreement with previous reports. Consistent with previous reports, 3.1 was obtained
as a mixture of diastereomers (90:10 endo:exo) that could not be further separated (Figure
3.12).
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Scheme 3.3. Synthesis of 3.1
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Synthesis of 3.2

A pressure flask was equipped with stir bar and dicyclopentadiene (9.30 g, 70.3 mmol)
was added followed by acrylonitrile (9.5 mL, 145 mmol) and heated to 170 °C for 16 h. The
reaction was cooled to room temperature and purified on silica column with 95/5
hexanes/EtOAc. The reaction resulted in a 50:50 mixture of endo- and exo- isomers that could
be separated via column in > 94% purity with some mixed fractions. Endo-: 4.108 g, > 95%
pure by NMR. Exo-: 2.8609 g, > 95% pure by NMR. Mixed: 4.9154 g. total yield 11.8843 g,
71% yield. TH NMR spectra are consistent with previous reports (Figure 3.13-Figure 3.14).
Synthesis of 3.3

The norbornene carbonitrile (pure isomer) was subjected to reduction via lithium
aluminum hydride (LiAlH4). A dry Schlenk flask was charged with stir bar, LiAlHs (2.2171 g,
55.5 mmol), and Et20 (100 mL). Norbornene carbonitrile (5.7261 g, 48.1 mmol) was added
dropwise and the reaction was allowed to stir at room temperature overnight. The reaction
was then cooled to O °C and H20 (2.5 mL) was added slowly, followed by NaOH (15% by mass,
2.5 mL), then H20 (7.5 mL). The reaction was stirred for 15 minutes at room temperature,
then sodium sulfate was added and the mixture was stirred another 15 minutes. The reaction
was filtered to remove solids and concentrated under vacuum. The amine product was
distilled under vacuum (85 °C, 30 mmHg) to yield 4.8027 g (81%) of clear, colorless liquid.

NMR spectra are consistent with previous reports.

Synthesis of 3.4

3.4 was prepared following an adapted procedure reported by Fischer.66 Metal hexacarbonyl
(3.0313 g, 8.6 mmol) was added to a dry Schlenk flask with stir bar and Et20 (40 mL) and
cooled to -78 °C. Phenyllithium (4.6 mL, 1.9 M) was added dropwise, and the reaction was
allowed to stir at -78 °C for 1 h. The solvent was evaporated under vacuum and
triethyloxonium tetrafluoroborate (1.6217 g, 8.5 mmol) was added with a mixture of hexanes
and water (20 mL, 50/50 mixture) and stirred vigorously for 10 min. The product was
extracted with hexanes (2 x 20 mL) and washed with brine (2 x 20 mL), followed by purification
via silica gel chromatography with hexanes to give 2.8274 g (72% yield) of red solid. NMR

spectra were in agreement with previous reports (Figure 3.5).
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Synthesis of 3.5

The phenyl amino carbene was synthesized by adding the 3.4 (1.2259 g, xx mmol) to
a vial with DCM (5 mL) and adding the 3.3 (403.1 mg). The reaction was stirred at 30 °C for
3 h. The solvent was evaporated under vacuum and the product was purified via silica gel
chromatography with 95/5 hexanes/EtOAc. Starting material was recovered as the first
compound off the column, followed by the product which was isolated as mixture of two

rotamers. 995.3 mg, 69% yield. A representative 1H NMR spectrum is provided in Figure 3.16.

Polymerization Studies and Material Characterization

General Polymerization Kinetics Collection and Analysis Procedures

In an N> filled glovebox, 3.1 was dissolved in CDClz and mesitylene was added as an
internal standard and added to a septa capped NMR tube, sealed with electrical tape. The
sample was allowed to equilibrate at the appropriate temperature in the spectrometer and an
initial spectrum was collected. A stock solution of Grubbs 3 Generation Catalyst was
prepared in CDCIls. An aliquot of catalyst solution was injected into the sample and *H NMR
spectra of the reaction were collected at appropriate intervals for 30-50 minutes. Monomer
consumption was monitored via integration of vinyl peaks in the monomer compared to the

aromatic peak in mesitylene.

Chain Extension Experiments with Carbenes from Carbene Initiated Chain Ends

Grubbs 3 generation catalyst (11.0 mg) was added to an NMR tube with CDClz (0.7
mL) and mesitylene (1 yL) as an internal standard and an NMR spectrum was taken. A solution
of monosubstituted chromium carbene in CDClz (3.6 mgin 0.1 mL) was added and a spectrum
was taken. The sample was kept away from light and held at 20 °C for 1 h and another
spectrum was taken. An aliquot (0.1 mL) was taken from the NMR sample and added to a
DCM solution of chromium monosubstituted carbene (31.1 mg in 0.3 mL) and held at 20 °C
for 1 h. The sample was quenched with ethyl vinyl ether and concentrated to minimal volume
before precipitation from MeOH to yield 11.8 mg of yellow-orange polymer. SEC of this
material indicates that propagation occurs from the active chain end when initiated with

chromium carbene and additional chromium carbene is added.
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CO Detection Control - Addition of Pyridine to 3.1¢r

Rhodium complex was added to a quartz UV-vis cell with septa cap and sparged with
No, followed by collection of a UV-vis spectrum. Chromium monosubstituted was added to a
septa cap vial with DCM and foiled to keep away from light and sparged with N2. The two
containers were connected with a glass manifold and 3-bromopyridine (1 equiv.) was added.
The sample was held at 20 °C for 1 h, sparged with N2 for 30 sec and a UV-vis spectrum was

collected. The experiment was repeated with the tungsten carbene.

Summary

In conclusion, we have provided a fundamental study on metathesis chemistry which
could have far-reaching impacts. Probing the steric barrier to polymerization with ruthenium
catalysts has been conducted with metallocarbenes. We have discovered that a steric wall
does in fact exist for ruthenium metathesis catalysts, as supported by both experimental and
computational data. Our work also provides insight into simple design elements that can be

considered for turning on metathesis when bulky groups are used.
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Abstract

Chemoselective editing of soft materials through post-synthetic manipulations is a powerful
strategy for tailoring polymer properties. The expanding sphere of chemical space that can be
accessed through modern synthetic methodologies is an undeniably attractive frontier for
polymer modification studies. However, there also exists an untapped wealth of established
synthetic methods that are routinely underutilized with polymeric substrates (despite holding
promise as selective editing tools). The Brown allylation reaction has left an indelible mark on
synthetic chemistry, but this highly reliable transformation has not be explored within the
context of post polymerization modification. Here, we report that allylic boronate esters can
be readily incorporated within soft polymers in moderate yield (55-75%) across a range of
molecular weights (12,000 Da - 75,000 Da). The resultant materials are competent
substrates in the Brown allylation, and they readily react with exogenous aldehydes to afford

homoallylic alcohols in excellent yield (50-95%).

Introduction

Design of functional polymers remains an area of active exploration in materials
science. Many advances have been made in the synthesis of these materials, and post
polymerization modifications are at the forefront of polymer functionalization methods.12
These modifications allow for the synthesis of soft materials without the need for designing
new monomers. Utilization of the powerful synthetic tools available for small molecule
systems can allow polymer chemists to achieve new materials with previously inaccessible
functionalities due to their incompatibility with current polymerization technologies. The post-
polymerization modification of polymers can occur at various sites within the material such as
the end group, side chain, or backbone, however, functionalization of soft materials can be
difficult to implement in many cases as the incorporation of synthetic handles remains a

challenge. There have been many reports that overcome the difficulty in implementation of
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post-polymerization functionalization. Leibfarth has reported C-H activation methodologies
with a variety of substrates, allowing for the upcycling of polyolefin materials.3-¢ We have
recently reported the Skattebgl rearrangement in polymer architectures as a method of
polymer backbone editing.” Zhukhovitskiy has reported skeletal editing of polymers via
sigmatropic rearrangements,®? providing insight into how retrosynthesis can be applied to
polymeric materials. Despite these advances, there is still room for expansion of the post-
synthetic modification toolkit. Transformations that readily modify both the polymer backbone
and side chains are underutilized, and many chemo- and stereoselective reactions have been
overlooked despite the structure-property relationship held by polymeric materials.

Brown allylations remain among the powerful synthetic transformations imparted by
boron-containing substrates. This methodology allows for the conversion of allylic boronate
systems to homoallylic alcohols.19-12 Brown allylations are amenable to a variety of substrates
and have been utilized in many total syntheses to date, further exemplifying their broad
utility.13 Despite these reports, use of Brown allylations in polymer chemistry has been
overlooked. Due to the broad functional group compatibility intrinsic to the Brown allylation,
many new motifs could be easily installed into polymeric architectures. Furthermore, these
reactions implement the use of aldehydes to provide alcohols in the final product. The intrinsic
reactivity of aldehydes makes polymerization of these functional groups difficult, however the
abundance of aldehyde reagents would allow for a library of functionalized polymers to be
synthesized. In addition to their ability to add structural complexity to molecular scaffolds,
Brown allylations can proceed in an asymmetric fashion with high enantioselectivity. However,
application of this transformation to polymeric architectures would require a polyaldehyde or
a polyallylic boronate. The former is difficult to synthesize, while the latter has yet to be
reported. The recent advances that incorporate boron-containing functionalities into
polymeric materials provide a benchmark for further exploration. 14-17
Boron-containing materials can impart various properties and applications for soft materials
(e.g. sensorsl?18 or vitrimers19:20), However, there is significant potential for expansion of
post-polymerization methodologies as well, such as multicomponent,21.22 cross coupling,23.24
and cyclization reactions,2526 among others.27-29 Given this potential, studies have shown

that application of these transformations to soft materials holds great promise for the
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expansion of polymer chemical space. For example, Hartwig and Hillmyer reported the
hydroboration-oxidtion of polyolefins (Scheme 4.1).3° Klausen has reported the oxidation-
lactonization of borylated polymers (Scheme 4.1).31 Beyond these, our group has reported
Suzuki-Miyaura cross coupling in styrenyl boronates has reported as a means of joining
divergent synthesis with polymer chemistry (Scheme 4.1).32 Combining these advances with
the advantages imparted by Brown allylations would allow for the generation of a library of
new materials. We have focused on the synthesis of a polyallylic boronate as our polymer
scaffold for implementation of this transformation.

Careful design of our target scaffold was required, as radical and ionic polymerizations
are difficult to achieve with allylic systems.33-35 In contrast, ROMP catalysts are well-known to
be compatible with monomers containing allylic functional groups. Thus, we envisioned
chemoselective polymerization of a norbornadiene (wherein one of the olefins was part of the
allylic boronate system) could be achieved, provided the boronate was sufficiently bulky. Our
initial target for such a monomer was prepared through the Diels-Alder reaction between
allenyl Bpin and cyclopentadiene (200 °C for 4 h), which afforded 4.1 in excellent yield (80%;
Scheme 4.2).36 With our target monomer in hand, we then undertook a preliminary reactivity
screen with established ROMP catalysts (G1, G2, G3, HG2). G3 was selected, as it provided
the best control over molecular weight and dispersity (Table 4.1 and Figure 4.1). A variety of
molecular weights could be achieved through polymerization of 4.1 (xx% yield, 12,000 -
75,000 Da, b = 2.40), and 4.P1 is soluble in common organic solvents (DCM, THF, toluene,
CHCIs, etc). TH and 11B NMR spectroscopic characterization of the resultant polymer was
consistent with the presence of the expected allylic boronate motifs in the repeating unit (6 =
1.18 ppm).

Having synthesized our target scaffold, we turned our attention to preliminary reactivity
studies with exogenous aldehydes. We selected benzaldehyde as our model substrate due to
its characteristic *H NMR resonances (6 = 7.86, 7.61, 7.51) and UV-Vis absorbance profile
(Amax = 254 nm), both of which facilitated monitoring of reaction progress. Initial studies
combined 4.P1 (0.086 mmol) and benzaldehyde (0.1 mmol) in anhydrous toluene (0.08 mM)
at 120 °C37 for 3 h under N2, but little conversion was observed via *H NMR spectroscopy.

After the addition of molecular sieves (either powdered or spherical) to the reaction,38:39 full

146



Scheme 4.1. Synthetic manipulations of boron-containing polymers
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Scheme 4.2. Synthesis of 4.1
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Figure 4.1. Catalyst screening for the polymerization of 4.1

Table 4.1. SEC data for catalyst screening for the polymerization of 4.1

Entry Catalyst Theoretical M, Measured M, b Yield
1 G1 34,800 Da 12,500 Da 2.09 65%
5 G2 35,900 Da 47,800 Da 2.78 70%
3 G3 37,000 Da 43,000 Da 2.29 56%
4 HG2 17,600 Da 30,000 Da 2.25 44%
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consumption of the exocyclic vinyl signals (6 = 4.89-4.63) was observed after 3.5 h. As both
spherical and powdered sieves afforded similar conversion to the desired product, we
selected spherical sieves for all subsequent studies (as they simplified our workup procedure;
vide infra).

Following the reaction period, the solution was cooled to 20 °C for workup, which
proved difficult. Initially, we utilized direct acidolysis via addition of 0.1 M HCI, 10% acetic acid
in THF, or precipitation from acidic (0.1 M HCI) methanol caused the materials to turn brown-
black and become insoluble. Subsequently, filtration of the material over silica with THF
mediated the workup, however significant reduction in mass recovery was observed, and full
cleavage of the boronate was not achieved. We ultimately discovered that we could
successfully hydrolyze the boronate ester conducting the reaction in THF and adding this
solution to excess 0.1 M HCI to afford a precipitate, which was stirred vigorously for 0.5 h prior
to centrifugation. The residue was redissolved in THF and precipitated from hexanes at -78
°C. Analysis of the resultant material via TH NMR spectroscopy revealed that all pinacol was
removed from the system (6 = 1.12 ppm). Additionally, analysis of 1B NMR spectra indicated
that any boron-containing functionalities had been removed.

After establishing optimal conditions with our model system, we sought to determine
the scope of aldehyde coupling partners compatible with this system. We selected a variety of
aromatic aldehydes with varying electron densities (Scheme 4.3). Overall, screening of these
aldehydes revealed that conversion from the boronic ester to the homoallylic alcohols
proceeded with moderate-to-high conversion (70-95%) and good mass recovery (50-82%).
Electron rich aldehydes (e.g., 4.3-4.7) provided higher mass recovery and conversion when
compared to electron poor aldehydes (e.g., 4.9-4.14). Investigation of how sterics affect the
conversion was observed in substrates 4.3-4.5 and 4.10-4.11, by changing the substitution
of the aromatic ring. We observed a decrease in conversion with sterically hindered
substrates. Heteroaromatic substrates furfural (4.8) and pyridine carbaldehydes (4.14-4.15)
are planned, which could give rise to further functionalization such as Diels-Alder or sensing

materials (pH-responsive).

Materials and Methods

General Considerations
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Scheme 4.3. Substrate Scope for Post-Polymerization Brown Allylation
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Unless otherwise noted, solvents were dried on an MBraun solvent purification system with
3A molecular sieves and degassed with three freeze-pump-thaw cycles. All other reagents
were obtained from commercial sources and used without further purification. Oxygen and
water sensitive manipulations were performed in a nitrogen (N2) filled MBraun glovebox or

using standard Schlenk techniques. All polymerizations were performed in a N2 filled glovebox.
1H and 13C NMR data were collected on a Bruker 500 MHz, Varian 500 MHz or Varian 300
MHz NMR spectrometer. Chemical shifts (8) are reported in ppm using the residual solvent as
reference. IR spectra were collected on a Bruker Alpha Il FT-IR with Platinum ATR accessory.
Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA Q500 and Dynamic
Mechanical Analysis (DMA) data were collected on a TA Instruments DMA Q800 with a film
tension clamp. Size Exclusion Chromatography (SEC) data were collected on an Omnisec
Resolve and Omnisec Reveal System using triple detection or conventional calibration with
detectors in series: UV, light scattering, viscometer, and refractive index and three Viscotek
styrene divinylbenzene copolymer columns (in series T3000, T4000, and T5000) at a flow
rate of 1 mL/min and thermostatted to 30 °C using tetrahydrofuran (THF) as the eluent.
Molecular weight data are reported using either triple detection or conventional calibration

relative to polystyrene standards.

Synthetic Considerations

Synthesis of 4.1

4.1 was synthesized according to a modified procedure by Pelegrinet et al.36
Allenyl boronic acid pinacol ester (1 g, 6 mmol) was added to a pressure flask
with Teflon stir bar, toluene (20 mL), BHT (66.3 mg, 0.3 mmol), and

cyclopentadiene (2.5 mL, 30 mmol). The reaction was heated to 180 °C for 4 h. The solution
was concentrated under vacuum, followed by vacuum distillation at 130 °C to produce the
pure material as a colorless liquid consisting of a mixture of diastereomers (50:50 endo:exo)

in 80% yield. Characterization data were in agreement with previous reports (Figure 4.8).

Polymerization Optimization and Considerations

Polymerization of 4.1 was initially attempted with Ru catalysts (G1, G2, G3, HG2). The

results of the catalyst screen are shown in Table 4.1. G3 was selected to carry out further
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polymerization studies. The exocyclic boronic ester was polymerized via ROMP with Grubbs
3rd generation catalyst. 4.1 (160 mg, 0.69 mmol) was added to a vial with DCM (6.5 mL) and
degassed via 3 FPT cycles. Grubbs 3rd generation catalyst (5.4 mg, 0.0067 mmol) was added
and the reaction was allowed to stir at room temperature for 1 h. The polymerization was
quenched with ethyl vinyl ether and precipitated from MeOH twice. The polymeric material

was isolated in 49% yield. 1H NMR spectra are provided in Figure 4.9.

Brown allylation Methodology and Substrate Scope

General Procedure for Post Polymerization Brown allylation

4.P1 was added to a septa capped vial with 4 A molecular sieves, and Teflon stir bar. Solid
aldehydes were added at this time. The atmosphere was evacuated and replaced with N2. THF
was added to the vial. Liquid aldehydes were added after the solvent. The reactions were
heated at 120 °C for 3 h. After cooling to 20 °C, the reaction mixture was concentrated to
minimal volume and precipitated from 0.1 M HCI. The residue was redissolved in THF and
precipitated from hexanes at -78 °C. The solid polymer was isolated and dried in vacuo for 1

h for spectral characterization and then dissolved in THF for storage.

Substrate Scope and Characterization

Q)

HO

&

4.P2: Using the protocol above, benzaldehyde was employed as the aldehyde.
SEC data is provided in Figure 4.2 (14,800 Da; b = 4.60). 1H and 13C NMR

=

spectra are provided in Figure 4.10 and Figure 4.11, respectively.

Q 4.P4: Using the protocol above, m-tolualdehyde was employed as the

"l aldehyde. 1H spectra are provided in Figure 4.12.
HO

0
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Figure 4.2. SEC data for Brown allylation with benzaldehyde. Red indicates 4.P1, and purple
indicates 4.P2.
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4.P5: Using the protocol above, o-tolualdehyde was employed as the aldehyde.
Although this experiment was conducted, the final product was insoluble in

common organic solvents, and therefore SEC and NMR data were not

@ collected.

Q 4.P6: Using the protocol above, p-hydroxybenzaldehyde was employed as the
HO

aldehyde. Although this experiment was conducted, the final product was

not collected.

@ insoluble in common organic solvents, and therefore SEC and NMR data were
(0]

Q 4.P7: Using the protocol above, p-anisaldehyde was employed as the
" aldehyde. SEC data is provided in Figure 4.3. 1H NMR spectra are provided
HO @ in Figure 4.13.
0_
Q 4.P9: Using the protocol above, p-trifluoromethylbenzaldehyde was
n employed as the aldehyde. SEC data is provided in Figure 4.4. 1H and 13C
HO

NMR spectra are provided in Figure 4.14 and Figure 4.15, respectively.

F3

4.P10: Using the protocol above, o-nitrobenzaldehyde was employed as the
aldehyde. SEC data is provided in Figure 4.5. 1H and 13C NMR spectra are
provided in Figure 4.16 and Figure 4.17, respectively.

Q 4.P11.: Using the protocol above, p-nitrobenzaldehyde was employed as the
aldehyde. SEC data is provided in Figure 4.6.

NO,
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Figure 4.3. SEC data for Brown allylation with anisaldehyde. Red indicates 4.P1, and purple
indicates 4.P8.
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Figure 4.4. SEC data for brown allylation with p-trifluoromethylbenzaldehyde. Red indicates
4.P1 and purple indicates 4.P9.
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Figure 4.5. SEC data for Brown allylation with o-nitrobenzaldehyde. Red indicates 4.P1, and
purple indicates 4.P10.
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Figure 4.6. SEC data for Brown allylation with p-nitrobenzaldehyde. Red indicates 4.P1, and
purple indicates 4.P11
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4.P12: Using the protocol above, p-chlorobenzaldehyde was employed as
Q n | the aldehyde. Although this experiment was conducted, the final product
HO was insoluble in common organic solvents, and therefore SEC and NMR
@ data were not collected.
C

Q 4.P13: Using the protocol above, p-bromobenzaldehyde was employed as
the aldehyde. SEC data is provided in Figure 4.7. 1H and 13C NMR spectra

S

HO are provided in Figure 4.18 and Figure 4.19, respectively.

Summary

Development of post-polymerization technologies that allow for the modification of soft
materials requires robust reactions compatible with a variety of substrates. Harnessing these
reactions to selectively edit polymer scaffolds to generate chemo- and stero- diversity could
allow for the development of new materials. We have found that allylic boronates can be
readily incorporated into polymers, and these motifs undergo brown allylations with a wide
range of (hetero)aromatic aldehydes. We anticipate that our work will inspire the design of

other intrinsically tunable materials.
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Figure 4.7. SEC data for Brown allylation with p-bromobenzaldehyde. Red indicates 4.P1, and
purple indicates 4.P13
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Figure 4.9. 1H NMR spectrum for 4.P1 in CDCl3
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Figure 4.10. 1H NMR spectrum for 4.P2 in CDCls. A denotes methanol. * denotes water.
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Figure 4.11. 13C NMR spectrum for 4.P2 in CDCls.
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Figure 4.13. 1H NMR spectrum for 4.P7 in CDCls. A denotes BHT. * denotes methanol.
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Figure 4.15. 13C NMR spectrum for 4.P9 in CDCls.
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Figure 4.16. 1H NMR spectrum for 4.P10 in CDCls. A denotes BHT. * denotes water.
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Abstract

Synthetic methods that edit soft polymer back-bones are critical technologies for tailoring the
structures and properties of macromolecules. Developing strategies that leverage
underexplored reaction manifolds are vital for accessing new chemical (and functional) space
in soft materials. Here, we report a mild electrochemical approach that enables both
degradation and functionalization of synthetic polymers. We found that bulk electrolysis
(under either homogeneous or heterogenous conditions) promoted facile, chemoselective
chain scission in a variety of olefin-containing materials. Polymer degradation could also be
coupled with functionalization (e.g., azidation) to afford new species that could serve as

macromonomers.

Introduction

Synthetic macromolecules have revolutionized nearly every aspect of human society
since their discovery by Staudinger.1-3 The inextricable link between polymer structure and
bulk material properties has long served as the impetus for exploring new chemical space for
monomer design. However, there is growing interest in developing synthetic tools that directly
edit the structures of polymeric substrates (thereby circumventing the need to design esoteric

monomers to achieve functionality). In practice, however, many such transformations can be
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difficult to implement on macromolecules. As such, there is a critical need to expand the
repertoire of reaction manifolds that facilitate editing of soft polymers.

Notwithstanding this synthetic challenge, there have been significant achievements
toward the direct chemical tailoring of polymer scaffolds (both via functionalization and chain
scission; Despite this somewhat limited scope of exploration, electrochemistry could unlock
new chemical space in soft polymer backbone editing. For example, anodic oxidation of
electron rich olefins is known to generate radical cations that can participate in a variety of
transformations (e.g., nucleophile trapping,2137:38 cyclizations,21:38-40 Scheme 5.1). In a
seminal report, Hartwig and Hillmyer disclosed the rhodium catalyzed borylation of branched
polyolefins.45 Similarly pioneering work from Coates and Goldman demonstrated that iridium
pincer complexes could embed reactive alkenes throughout branched polyolefins via catalytic
dehydrogenation.6”7 More recently, Leibfarth has reported C-H activation strategies for the
functionalization of polyolefins.8-10 Advancements have also been realized in polymer
deconstruction technologies. Pyrolysis is the most widely used method for de-grading soft
materials;11-14 however, this approach exhibits low energy efficiency and poor
chemoselectivity. As such, alternative processes that leverage catalytic manifolds are
increasingly the focal points of intense research (Despite this somewhat limited scope of
exploration, electrochemistry could unlock new chemical space in soft polymer backbone
editing. For example, anodic oxidation of electron rich olefins is known to generate radical
cations that can participate in a variety of transformations (e.g., nucleophile trapping,21.37.38
cyclizations,21.38-40 Scheme 5.1). Elegant examples of polyolefin hydrogenolysis have been
reported by Basset,1> Delferro and colleagues,16 and Scott.1” More recent efforts have also
explored polymer chain scission through metathesis. Huang and coworkers reported a tandem
dehydrogenation/cross metathesis strategy to convert polyethylene to short hydrocarbons.18
Similarly, Pilard and Khosravi described the degradation of polybutadiene and polyisoprene
via cross metathesis using Grubb’s 2nd generation catalyst.19.20

While promising, the narrow scope of reaction manifolds represented in these
precedents highlight the lingering opportunities to explore new chemical space in polymer
editing. Indeed, exploring methods that leverage underutilized chemistries could significantly

advance efforts toward tailoring the structures and properties of soft materials.
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Scheme 5.1. Selected Examples of Modern Polymer Upcycling and Degradation Strategies
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Electrosynthetic methods are emerging as attractive tools for mediating chemical
transformations, and mild electrochemical conditions for selective functionalizations are well
established.21-24 Surprisingly, however, the application of electrosynthesis toward polymer
modification is somewhat limited. While Matyjaszewski has reported electrochemically-
mediated atom transfer radical polymerization (eATRP),2526 examples of electrochemically
modifying synthetic polymers are limited to chlorinations or cyanations of n-conjugated
scaffolds in the film state.27-36

Despite this somewhat limited scope of exploration, electrochemistry could unlock new
chemical space in soft polymer backbone editing. For example, anodic oxidation of electron
rich olefins is known to generate radical cations that can participate in a variety of
transformations (e.g., nucleophile trapping,2137:38 cyclizations,21.38-40 cycloadditions,21.37.38
and B-scission41-44), This reactivity compliments the more traditional olefin chemistry that is
routinely used for polymer modification (e.g., via additions,*5-47 thiol-ene chemistry,48
ozonolysis,*® and others®0:51); thus, electrochemical modifications hold enormous potential
for tailoring materials. We hypothesized that entropic factors would favor (-scission pathways
in @ macromolecular substrate, thereby driving backbone cleavage. We also surmised that
any reactive intermediates following the initial oxidation step could be trapped with exogenous
reagents to prepare functionalized materials. Thus, electrosynthesis would represent a unified

approach for backbone editing of olefin-containing polymers.

Results and Discussion

To explore these ideas, we selected polynorbornene (5.1; prepared via ring-opening
metathesis polymerization (ROMP)) as the model substrate for our preliminary studies. We
synthesized samples of 5.1 using a Z-selective Grubbs catalyst,52 as the high cis-olefin content
was anticipated to simplify subsequent characterization. Cyclic voltammetry revealed that
oxidation of 5.1 occurred at 2.2 V (1.1 V vs Fc/Fc*), consistent with the oxidation potential of
unactivated olefins.53 To test whether chain scission accompanied oxidation, a solution of 5.1
(0.039 M in DCM) was initially electrolyzed in an undivided cell under a constant,
unreferenced potential (Ecen = 2.5 V) for 1 h. Following electrolysis, the reaction was filtered

through a short silica plug and concentrated to dryness. The electrolyzed polymer was isolated
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as a white solid with good mass recovery (84%). Consistent with our hypothesis, analysis of
the isolated material by size exclusion chromatography (SEC) revealed a significant reduction
in the calculated number average molecular weight (AM, = -982 kDa; Figure 5.1). A brief
survey of electrode materials revealed that a graphite/zinc (anode/cathode) combination
afforded large reductions in molecular weight after electrolysis for 1 h.54

To better understand the degradation behavior of our model system, we monitored
molecular weight as a function of electrolysis time. A solution of 5.1 (0.036 M in DCM) was
stirred under constant potential (Ecen = 2.5 V), and 0.1 mL aliquots were removed every 10
min over the course of 1 h for SEC analysis (Figure 5.2A). As expected, the retention volume
increased with increasing electrolysis time; however, we also observed the growth of a high
M, species (which we attributed to interchain radical recombination). This conclusion was
further supported by a Mark-Houwink analysis, which was consistent with branch formation in
the degraded polymer samples (Figure 5.3). A plot of M, vs electrolysis time showed a
monotonic decrease in molecular weight, which suggested that chain scission occurred
randomly along the polymer backbone (Figure 5.4). Thus, we surmised that the rate of chain
cleavage could be calculated according to Equation 5.1 developed by Malhotra and
coworkers:5556 where K'=kons/Mo, Mo is the molecular weight of the repeat unit, M; is the initial
M; of the polymer, M; is the M, following electrolysis for time t, and kops is the rate constant of
polymer cleavage. A representative plot of 1/M:-1/M; vs electrolysis time is shown in Figure
5.2B, and we were delighted to observe the expected linear correlation (kobs = 2.82 x 103 min-
1+9.42 x 104 min?),

Equation 5.1:

— = 1K't
My  M;

We hypothesized that the addition of a hydrogen atom transfer reagent would quench
the anodically generated radical cation, thereby inhibiting chain scission. As expected, the
addition of excess 9,10-dihydroanthracene®’ significantly decreased the rate of polymer
degradation (Kobs = 6.59 x 104 min1 + 2.82 x 104 min1; Figure 5.5).58 Additionally, tH NMR

spectral analysis of electrolyzed 5.1 revealed the presence of aldehydic end groups (6 = 9.61),
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Figure 5.1. SEC data from conventional calibration for electrochemical degradation of 5.1.
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which would be consistent with water addition to the expected cationic chain end following (-
scission of a radical cation (Figure 5.53). To further implicate radical cation intermediates in
the observed process, we also explored the impact of chemical oxidants on polymer M.
Specifically, we employed organic photoredox catalysts (e.g., 9-mesityl-10-methyl acridinium
salts) that have been shown to oxidize unactivated olefins to radical cations in their excited
state (Scheme 5.2).59 Consistent with our mechanistic hypothesis, a significant reduction in
molecular weight (AM, = -696 kDa; Figure 5.6) was observed when a sample of 5.1 was
irradiated in the presence of an acridinium photooxidant. Collectively, these data implicate
the intermediacy of radical cations along the reaction coordinate for polymer chain scission.

Having established the electrochemical degradation of 5.1, we sought to determine if
our method could be generalized to other olefin-containing polymers. A solution of cis-1,4-
polyisoprene (0.062 M in DCM) was stirred under the optimized conditions described
above.f0 SEC analysis following electrolysis for 1 h revealed a significant reduction in
molecular weight (cf. AM, = -546 kDa; Figure 5.7). Furthermore, cis-1,4-polybutadiene also
exhibited a reduction in molecular weight (AM, = -147 kDa; Figure 5.8) despite requiring
longer reaction time (16 h). Finally, poly(cyclooctene) (prepared via ROMP) could be
electrolytically degraded (AM, = -25 kDa; Figure 5.9), albeit at higher voltage (Ecen = 3.2 V).

As the Eox of C(sp3)-H bonds is significantly higher than that of C(sp2)-C(sp2) bonds
(cf. ~3.0 V vs. ~2.2 V),53 we hypothesized that polymers with saturated backbones would
remain unperturbed under our reaction conditions (which could be leveraged for
chemoselective modifications). To test this, a solution of 5.1 and polystyrene (1:1 by mass)
was subjected to bulk electrolysis for 2 h. An aliquot was then removed from the reaction and
analyzed by SEC (Figure 5.10). Gratifyingly, we observed a reduction in the M, of 5.1 with
minimal change in the M, of polystyrene. Furthermore, visualization of the SEC data using UV-
detection at 261 nm (a Amax Of polystyrene) revealed that no detectable polystyrene had
coupled to the degraded 5.1 (Figure 5.11).

Encouraged by these successes with homogenous systems, we also explored
heterogeneous electrochemical degradations. As 5.1 exhibited negligible solubility in MeCN,

this solvent was selected for a preliminary experiment. Stirring a solid sample of 5.1 in MeCN
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Scheme 5.2. Photoredox-mediated degradation of 5.1
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Figure 5.6. SEC data from triple detection for photoredox-mediated degradation of 5.1. Solid
trace represents polymer pre-irradiation and dotted trace represents polymer post-irradiation.
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Figure 5.9. SEC data from triple detection for the electrochemical degradation of
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under constant potential and temperature (3.2 V and 23 °C) resulted in a clear reduction in
molecular weight after 16 h (AM, = -207 kDa; Figure 5.12). As with our homogenous
experiments, longer electrolysis times (up to 63 h) resulted in higher degrees of degradation
(AM, = -1,402 kDa). To confirm the heterogenous nature of this reaction, a solid sample of
5.1 was stirred in MeCN-ds for 63 h at 23 °C. The mixture was then separated by filtration,
and the filtrate was analyzed by 1H NMR spectroscopy (which did not reveal any detectable
5.1; Figure 5.13).

Coupling chemical modification to degradation could also afford new products with
intrinsic value (e.g., as macromonomers or macroinitiators for accessing new polymeric
species). Recently, the Lin lab demonstrated that unactivated olefins could be azidated under
mild, electrochemical conditions.61 We envisioned that azidating the products of chain
scission would create privileged scaffolds for further reactivity (e.g., 1,3-dipolar
cycloadditions,52:63 Staudinger ligations,%4 aza-Wittig reactions,%> and others®6). To explore
this concept, 5.1 (0.04 M in DCM) was initially electrolyzed in an undivided cell (Ecen = 3.2 V)
in the presence of MnBr2 (20 mol%) and trimethylsilyl azide (TMS-Ns; 7.0 equiv.).67

Following electrolysis for 1 h, the reaction mixture was filtered through neutral alumina
and added dropwise to MeOH to precipitate any polymeric material. The resultant white solid,
5.2, was recovered following centrifugation in excellent yield (98%). Analysis of 5.2 by IR
spectroscopy revealed a new stretch consistent with azidation (c.f. 2099 cm; AM, = -773
kDa; Figure 5.14).

Control experiments performed in the absence of (i) MnBr2 or (ii) electrolysis afforded
negligible functionalization. While other azide sources (e.g., NaNs or N(Bu)sN3) proved
ineffectual under our reaction conditions, a variety of electrode combinations were found to
facilitate azidation. We ultimately selected an RVC/platinum (anode/cathode) electrode
combination, given that IH NMR conversion was greatest with this combination (Figure 5.15
and Table 5.1). As with electrochemical degradation, the selected conditions were suitable to
azidate a variety of olefin-containing polymer substrates (Figure 5.16-Figure 5.21). To
estimate the degree of azidation, a low molecular weight sample of 5.1 (prepared using
Grubbs 3rd generation catalyst;6869 M, = 6,800 Da) was subjected to azidation under the

conditions described above.5” The 1H NMR spectrum of the precipitated material (5.2)
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Table 5.1. Electrode screen for electrochemical azidation of 5.1

Entry Electrode combination Azidation Observed via IR  Conversion (%)2

(anode/cathode)
1 RVC/Pt yes 20.5
2 RVC/Zn yes 14.7
3 RVC/Ni yes 19.8
4 RVC/Mg yes 14.6
5 RVC/Ni foam yes 14.2
6 graphite/Zn yes 4.2
7 graphite/Pt yes 8.3

aAverage of two experiments; conversion determined using NMR spectroscopy as described

above
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Figure 5.19. SEC data from triple detection for cis-1,4-polyisoprene before (black trace) and
after azidation (dotted red trace).
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displayed a new broad resonance at 6 = 3.84 ppm, which was consistent with the expected
methine of the azidated material (Figure 5.64).61.70 Integration of this signal relative to the
unfunctionalized methylenes in the cyclopentyl ring of the repeating unit was consistent with
~30% azidation per polymer chain (Figure 5.72). To corroborate this estimation, 5.2 was
reacted with 1-ethynyl pyrene in the presence of Cul to afford triazole-functionalized 5.3
(Figure 5.22 and Figure 5.23). Integration of the new diagnostic aromatic resonance in the 1H
NMR spectrum of 5.3 was consistent with ~24% azidation per polymer chain (Figure 5.75).
Finally, the total pyrene content of 5.3 was estimated using UV-vis spectroscopy and the Beer-
Lambert law, which was consistent with ~29% azidation per polymer chain (Figure 5.24).
Averaging these conversions gave a conservative estimate of ~27% azidation per polymer
chain under our conditions.

Based on our results, we propose the following mechanism for the observed reactivity
(Figure 5.25). Single electron oxidation of the olefin at the anode initially furnishes a radical
cation in the polymer backbone. This species subsequently undergoes [-scission, and
termination of the resultant radical and cation chain ends could occur via multiple pathways

(e.g., hydrogen atom transfer, radical recombination, or nucleophilic trapping).
Materials and Methods

General Considerations

Unless otherwise noted, solvents were dried on an MBraun solvent purification system with
3A molecular sieves and degassed via three freeze-pump-thaw cycles. Polybutadiene samples
(mixture of cis- and trans- 1,4-polybutadiene (My = 200,000-300,000); cis-1,4-polybutadiene
(Mw = ~200,000 Da); purified by filtration over basic alumina and precipitated from methanol)
were purchased from Sigma. All other reagents and materials were obtained from commercial
sources and used without further purification unless otherwise noted. Oxygen and water
sensitive manipulations were performed in a N2 filled MBraun glovebox or using standard
Schlenk techniques with oven- and flame- dried glassware. 1H and 13C NMR spectral data
were collected on a Bruker 500 MHz NMR, Varian 600 MHz NMR, Varian 500 MHz NMR, or

Varian 300 MHz NMR spectrometer. Chemical shifts (8) are reported in ppm using the residual
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Figure 5.22. Cartoon representation of azidation of a low M, sample of 5.1 and subsequent
Cu-mediated azide/alkyne coupling. A) IR spectra for 5.1 (blue), 5.2 (red), and 5.3 (green). B)
UV-vis absorbance spectra of 5.2 (red) and 5.3 (green). The absorbance spectrum of 1-ethynyl

pyrene is provided for reference (purple).
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Figure 5.23. SEC data from conventional calibration depicting Rl and UV signals (at 350 nm)

for 5.2 (A) and 5.3 (B) to confirm presence of pyrene moiety.
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solvent as reference. IR spectra were collected on a Bruker Alpha Il FT-IR with Platinum ATR
accessory. UV-visible absorbance spectra were recorded using an Agilent Cary 100 series UV-
Vis spectrophotometer. Ultra-centrifugation was conducted using a Beckman Coulter
Microcentrifuge 16 spun at 16,163 Xg for three 4-min cycles. Size Exclusion Chromatography
(SEC) data were collected on an Omnisec Resolve and Omnisec Reveal System using triple
detection with detectors in series: UV, light scattering, viscometer, and refractive index and
three Viscotek styrene divinylbenzene copolymer columns (in series T3000, T4000, and
T5000) at a flow rate of 1 mL/min and thermostatted to 30°C using tetrahydrofuran (THF) as
the eluent. Molecular weight and dispersity data from triple detection or conventional
calibration relative to polystyrene standards are reported. Matrix Assisted Laser Desorption
lonization Time of Flight Mass Spectrometry (MALDI-TOF MS) spectra were collected on a
Synapt G2-Si MALDI mass spectrometer with a quadrupole time-of-flight mass analyzer. Mass
accuracy was achieved by calibration against an external red phosphorus standard. lonization
was performed by a 355 nm laser operating at a firing rate of 2500 Hz. Spectra were averaged
over at least 100 scans. Polymer samples were prepared in THF (2-10 mg/mL) with silver
trifluoroacetate (AgTFA) as the cation source, and trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) as the matrix. All electrochemical transformations were
performed using an IKA ElectraSyn 2.0. Cyclic Voltammetry (CV) measurements were
performed on a CH instruments potentiostat using 0.05 mmol compound in 5 mL
dichloromethane (DCM) solution (0.01 M) with supporting electrolyte 0.2 M N(Bu)4BF4 using
silver as the reference electrode, along with gold working and tungsten counter electrodes at

a scan rate of 50 mVs1.
Synthetic Procedures

High M, cis-polynorbornene

A flame dried 50 mL Schlenk flask was charged with norbornene (316 mg; 3.36 mmol), THF
(10 mL), and a Teflon stir bar. The monomer solution was degassed via three cycles of freeze-
pump-thaw and cooled to -30 °C. A solution of Z-selective Grubbs catalyst (4.8 mg; 0.008
mmol in 0.25 mL THF) was prepared in an N2 filled glovebox and then added to the monomer

solution via syringe. The reaction temperature was maintained between -40 °C and -20 °C
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for 4 h, after which the polymerization was quenched with ethyl vinyl ether (0.5 mL; 5.26
mmol) in THF (18 mL). Polymeric material was precipitated from MeOH, collected on a medium
porosity fritted funnel, and dried in vacuo. The polymer was dissolved in minimal DCM,
precipitated from MeOH a second time, collected via filtration, and dried for 16 h in vacuo.
The title material was recovered as a white solid (241 mg, 76.2% yield) SEC data for polymers
utilized for electrochemical degradation and azidation studies is provided in Figure 5.26 and
Figure 5.27. Spectral data were consistent with literature reports, and representative 1H and
13C NMR spectra are shown in Figure 5.46 and Figure 5.47, respectively. Olefin E:Z ratios were
determined based on the relative integrations of the Z (6 = 5.22) and E (6 = 5.35) olefin

resonances.

Low M, polynorbornene

W A flame dried 25 mL Schlenk flask was charged with norbornene (500 mg; 5.31

mmol), DCM (20 mL), and a Teflon stir bar. A solution of Grubbs 3 generation
catalyst (140 mg; 0.16 mmol in 1 mL DCM) was added via syringe. The reaction was stirred
at 0 °C for 20 min, after which the polymerization was quenched with ethyl vinyl ether and
concentrated to minimal volume. The solution was passed over a plug of basic alumina twice
and concentrated to minimal volume for precipitation from MeOH before drying in vacuo. The
title material was recovered as a white powder (370 mg, 73% yield). SEC data for all polymers
utilized for electrochemical degradation and azidation studies is provided in Figure 5.28 and
Figure 5.29. Spectral data were consistent with literature reports, and representative 1H and

13C NMR spectra are shown in Figure 5.48 and Figure 5.49, respectively.

Polystyrene

A flame dried 25 mL Schlenk flask was charged with styrene (0.79 mL; 6.91 mmol;
uninhibited by passing through a plug of basic alumina), AIBN (recrystallized;”1 2.2

mg; 0.013 mmol), and THF (5 mL). The reaction solution was degassed via three cycles
of freeze-pump-thaw and then stirred at 80 °C for 16 h. The solution was concentrated to
minimal volume, and polymeric material was precipitated from MeOH, collected on a fine
porosity fritted funnel, and dried for 16 h in vacuo. The title material was recovered as a white

powder (160 mg, 22.3% yield; M, = 4,079 Da; b = 1.33 from triple detection). Spectral data
196



Normalized Rl Signal (arb. units)

15 17 19 21 23 25
Retention Volume (mL)

Figure 5.26. SEC data from triple detection for high M, cis-polynorbornenes used in this study.
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Figure 5.27. SEC data from conventional calibration for high M, cis-polynorbornenes used in

this study.
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were consistent with literature reports, and a representative *H NMR spectrum is shown in
Figure 5.50.

Poly(cyclooctene)

H;\/\/\/\ﬁh

A flame dried 25 mL Schlenk flask was charged with cis-cyclooctene (204

mg; 1.85 mmol), DCM (2.5 mL), and a Teflon stir bar. The monomer solution
was degassed via three cycles of freeze-pump-thaw, and a solution of Grubbs 29 generation
catalyst (3.5 mg; 0.004 mmol in 0.1 mL DCM) was added via syringe. The reaction was stirred
at 23 °C for 10 min, after which the polymerization was quenched with ethyl vinyl ether (0.1
mL; 1.05 mmol) and diluted with DCM (10 mL). The reaction mixture was filtered through a
plug of basic alumina and then concentrated to dryness. The residue was dissolved in minimal
DCM, and polymeric material was precipitated from MeOH, collected on a fine porosity fritted
funnel, and dried in vacuo. The polymer was dissolved again in minimal DCM, precipitated
from MeOH a second time, collected via filtration, and dried for 16 h in vacuo. The title
material was recovered as a white solid, (109 mg, 53.4% yield; M, = 113.3 kDa; b = 1.63
from triple detection) and stored as a 10 mg/mL solution in chloroform (CHCI3). Spectral data
were consistent with literature reports, and representative 1H and 13C NMR spectra are shown

in Figure 5.51 and Figure 5.52, respectively.
Experiments Related to Homogeneous Electrochemical Degradations of 5.1

Degradation of 1 in the Absence of Electrolysis

A 5 mL ElectraSyn vial was charged with 5.1 (9.0 mg; 0.096 mmol), a Teflon stir bar, and DCM
(2.8 mL). The mixture was stirred until all polymer was dissolved, and N(Bu)4BFs (47 mg;
0.143 mmol) was added. An ElectraSyn electrode shroud was equipped with electrodes
(graphite anode/zinc cathode) and screwed onto the vial. The solution was stirred without any
applied potential for 30 min. The reaction mixture was then concentrated to minimal volume,
and polymeric material was precipitated from MeOH prior to isolation by centrifugation. The
isolated material was then washed with MeOH (2 x 10 mL) and dried for 16 h in vacuo. SEC

analysis of the isolated material is shown in Figure 5.30; the change in molecular weight was
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Figure 5.30. SEC data from triple detection for degradation of 5.1 in the absence of
electrolysis. Solid trace represents the initial polymer, and the dotted trace represents

polymer isolated after the experiment.

200



minimal under these conditions when compared to experiments conducted with applied

potential.

Degradation of 1 using a Referenced Potential (2.18 V)

A 5 mL ElectraSyn vial was charged with 5.1 (5.8 mg; 0.062 mmol), a Teflon stir bar, and DCM
(3 mL). The mixture was stirred until all polymer was dissolved then N(Bu)sBF4 (30 mg; 0.092
mmol) was added. An ElectraSyn electrode shroud was equipped with electrodes (graphite
anode/zinc cathode, silver reference electrode) and screwed onto the vial. The solution was
electrolyzed using a “Referenced Potential Experiment” at 2.18 V for 1 h. The reaction mixture
was then concentrated to minimal volume, and polymeric material was precipitated from
MeOH prior to isolation by centrifugation. The isolated material was then washed with MeOH
(2 x 10 mL) and dried for 16 h in vacuo. SEC analysis of the isolated material (Figure 5.31)
showed a clear reduction in M,. 1H and 13C NMR spectra are shown in Figure 5.53 and Figure

5.54, respectively.

Analysis of 5.1 using Cyclic Voltammetry

In a No-filled glovebox, a 20 mL glass tube (equipped with a gold working electrode, tungsten
counter electrode, and silver reference electrode) was charged with 5.1 (4.7 mg; 0.05 mmol),
N(Bu)sBF24 (330 mg; 1.0 mmol), ferrocene (as an internal standard; 9.3 mg; 0.05 mmol), DCM
(5 mL), and a Teflon stir bar. The mixture was stirred until homogenous and analyzed using
cyclic voltammetry. An irreversible oxidation was observed at 2.18 V. (Figure 5.32; scan rate
50 mVs1; scan range -1 Vto 3.2 V).

Electrode Screen for Electrochemical Degradation of 5.1

A 5 mL ElectraSyn vial was charged with 5.1 (10 mg; 0.11 mmol), a Teflon stir bar, and DCM
(2.8 mL). The mixture was stirred until all polymer was dissolved, and N(Bu)sBF4 (54 mg; 0.17
mmol) was added. An ElectraSyn electrode shroud was equipped with various electrodes
(Table 5.2) and screwed onto the vial. The solution was electrolyzed using the “Constant
Potential” setting at 2.5 V. Following electrolysis for 30 min, the reaction mixture was

concentrated to minimal volume, and the polymeric material was precipitated from MeOH and
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Figure 5.31. SEC data from triple detection for referenced degradation of 5.1 (2.18 V). Solid
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Table 5.2. Electrode screen for the electrochemical degradation of 5.1.

Entry  Electrode combination (anode/cathode) Mn(before) (kDa) M (after) (kDa)

1 RVC/Zn 601 502
2 graphite/graphite 601 488
3a RVC/Pt 601 270; 22
4 graphite/Zn 601 229
5 graphite/Pt 601 172

aResulted in a bimodal trace. Molecular weight data from triple detection is given for each
peak.
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isolated by centrifugation. This material was then washed with MeOH (2 x 10 mL) and dried
for 16 h in vacuo. Results from the electrode screen are shown in Table 5.2. SEC data for the

electrolyzed polymers are shown in Figure 5.33.

Impact of Cell Potential on the Degradation of 5.1

A 5 mL ElectraSyn vial was charged with 5.1 (20 mg; 0.21 mmol), a Teflon stir bar, and DCM
(4.9 mL). The mixture was stirred until all polymer was dissolved, and N(Bu)sBF4 (104.9 mg;
0.32 mmol) was added. An ElectraSyn electrode shroud was equipped with electrodes
(graphite anode/zinc cathode) and screwed onto the vial. The solution was electrolyzed using
the “Constant Potential” setting at either 2.5 V or 3.2 V. Following electrolysis for 1 h, the
reaction mixture was filtered over a plug of silica and concentrated to dryness. The isolated
material was then washed with MeOH (2 x 10 mL) and dried for 16 h in vacuo. Regardless of
potential, the electrolyzed polymer was recovered as a white solid in > 80% yield (recovered
mass). Although the reduction in molecular weight was higher at 3.2 V, the post-electrolysis
material was highly insoluble (which complicated analysis). A lower potential of 2.5 V avoided

this issue and was used for subsequent degradation experiments (Figure 5.1).

Kinetic Analysis of the Electrochemical Degradation of 5.1

A 10 mL ElectraSyn vial was charged with 5.1 (30 mg; 0.32 mmol), a Teflon stir bar, and DCM
(8.8 mL). The mixture was stirred until all polymer was dissolved then N(Bu)sBF4 (158 mg;
0.48 mmol) was added. An ElectraSyn electrode shroud was equipped with electrodes
(graphite anode/zinc cathode) and screwed onto the vial. The solution was electrolyzed using
the “Constant Potential” setting at 2.5 V for 1 h. A 0.2 mL aliquot was removed via syringe
every 10 min and diluted to 1.0 mL with THF for SEC analysis. SEC data are shown in Figure
5.2A. The rate of chain cleavage was calculated according to Equation 5.1 and found to be
2.35 x 106 + 6.70 x 107. A plot of 1M1 - 1¢M;1 vs electrolysis time is shown in Figure
5.2B. Evolution of My, and evolution of M, over time are shown in Figure 5.4, Figure 5.34 and
Table 5.3. The appearance of a high molecular weight species via SEC (Figure 5.2A) was
rationalized by the formation of branched species through radical recombination. This
conclusion was further supported by Mark-Houwink analysis, which revealed a lower intrinsic

viscosity for the electrolyzed material that was consistent with branch formation (Figure 5.3).72
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Table 5.3. Kinetic study for the electrochemical degradation of 5.1.

Entry Electrolysis time (min) M2 (kDa) M2 (kDa)
1 0 366 781
2 10 264+14 70210
3 20 132+34 471+16
4 30 113+73 419432
5 40 115+39 386+45
6 50 110+43 378124
7 60 79165 279144
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Electrolysis of a Low M, sample of 5.1

A 10 mL ElectraSyn vial was charged with low M, 5.1 (27.1 mg; 0.29 mmol; 5,300 Da; 1.3 D),
a Teflon stir bar, and DCM (4.9 mL). The mixture was stirred until all polymer was dissolved,
and N(Bu)sBF4 (146 mg; 0.44 mmol) was added. An ElectraSyn shroud was equipped with
graphite/zinc (anode/cathode) electrodes and screwed onto the vial. The mixture was
electrolyzed using the “Constant Potential” setting at 2.5 V for 1 h. Following electrolysis, the
mixture was filtered through neutral alumina and concentrated to minimal volume. Polymeric
material was isolated in 83% yield by mass recovery. SEC data before and after electrolysis
are shown in Figure 5.35. TH NMR spectra before and after electrolysis are shown in Figure
5.55. MALDI-TOF analysis of the material isolated following electrolysis is shown in Figure
5.76. End group analysis of MALDI-TOF data was consistent with vinyl and phenyl groups (104
Da), as expected for ROMP polynorbornene synthesized with Grubbs 34 generation catalyst.
The MALDI-TOF signals are separated by an average of 94 Da, which is consistent with the
expected repeating unit from ROMP of norbornene. The absence of other repeating units

suggests that minimal addition of oxygen or water occurred during the electrolysis.
Experiments to Probe the Scope of Electrochemical Polymer Degradation

Electrochemical Degradation of cis-1,4-Polybutadiene

A 10 mL ElectraSyn vial was charged with cis-1,4-polybutadiene (25.1 mg; 0.465 mmol), a
Teflon stir bar, and DCM (9.8 mL). The mixture was stirred until all polymer was dissolved, and
N(Bu)sBF24 (229 mg; 0.695 mmol) was added. An ElectraSyn electrode shroud was equipped
with electrodes (graphite anode/zinc cathode) and screwed onto the vial. The solution was
electrolyzed using the “Constant Potential” setting at 2.5 V for 16 h. At this point, an aliquot
(0.1 mL) was removed for analysis by SEC (Figure 5.8). The reaction mixture was filtered over
a plug of silica and concentrated to dryness. The material was then washed with MeOH (2 x
10 mL) and dried for 16 h in vacuo to afford 13.1 mg of colorless solid (52% yield by recovered
mass). Representative 1H and 13C NMR spectra are shown in Figure 5.56 and Figure 5.57,

respectively.

Electrochemical Degradation of cis-1,4-Polyisoprene
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A 5 mL ElectraSyn vial was charged with cis-1,4-polyisoprene (21.3 mg; 0.313 mmol), a Teflon
stir bar, and DCM (4.7 mL). The mixture was stirred until all polymer was dissolved, and
N(Bu)sBF24 (154 mg; 0.468 mmol) was added. An ElectraSyn electrode shroud was equipped
with electrodes (graphite anode/zinc cathode) and screwed onto the vial. The solution was
electrolyzed using the “Constant Potential” setting at 2.5 V for 1 h. At this point, an aliquot
(0.1 mL) was removed for analysis by SEC (Figure 5.7). The reaction mixture was filtered over
a silica plug and concentrated to dryness. The material was then washed with MeOH (2 x 10
mL) and dried for 16 h in vacuo to afford 17.5 mg of colorless solid (82% yield by recovered
mass). Representative H and 13C NMR spectra are shown in Figure 5.58 and Figure 5.59,

respectively.

Electrochemical Degradation of Poly(cyclooctene)

A 5 mL ElectraSyn vial was charged with a 10 mg/ml solution of poly(cyclooctene) (25 mg;
0.227 mmol) in CHCI3, a Teflon stir bar, and N(Bu)sBF4 (112 mg; 0.340 mmol). An ElectraSyn
electrode shroud was equipped with electrodes (graphite anode/zinc cathode) and screwed
onto the vial. The solution was electrolyzed using the “Constant Potential” setting at 3.2 V for
16 h. At this point, an aliquot (0.1 mL) was removed for analysis by SEC (Figure 5.9). The
reaction mixture was concentrated to minimal volume, polymeric material was isolated by
centrifugation following precipitation from MeOH. The material was then washed with MeOH
(2 x 10 mL) and dried for 16 h in vacuo to afford 22.8 mg of colorless solid (91% yield by
recovered mass). Representative 1H and 13C NMR spectra are shown in Figure 5.60 and Figure

5.61, respectively.

Experimental Procedure for Selective Electrochemical Degradation of 5.1 in the Presence of

Polystyrene

A 5 mL ElectraSyn vial was charged with 5.1 (10 mg; 0.11 mmol), polystyrene (10 mg; 0.10
mmol), a Teflon stir bar, and DCM (3 mL). The mixture was stirred until all polymers were
dissolved, and N(Bu)sBFs (54 mg; 0.17 mmol) was added. An ElectraSyn electrode shroud
was equipped with electrodes (graphite anode/zinc cathode) and screwed onto the vial. Prior
to electrolysis, a 0.2 mL aliquot was removed via syringe and diluted to 1.0 mL with THF before

being analyzed by SEC. The solution was electrolyzed using the “Constant Potential” setting
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at 2.5V for 2 h. Following electrolysis, a 0.2 mL aliquot was removed via syringe and diluted
to 1.0 mL with THF for SEC analysis. SEC RI data before and after electrolysis are shown in

Figure 5.10, and UV-visualization of this data is shown in Figure 5.11.
Experiments to Confirm Radical Cation Formation

Electrochemical Degradation of 5.1 in the Presence of 9,10-Dihydroanthracene (DHA)

A 10 mL ElectraSyn vial was charged with 5.1 (20 mg; 0.21 mmol), a Teflon stir bar, and DCM
(8.8 mL). The mixture was stirred until all polymer was dissolved prior to the addition of
N(Bu)sBFs4 (105 mg; 0.32 mmol) and DHA (383 mg; 2.1 mmol). An ElectraSyn electrode
shroud was equipped with electrodes (graphite anode/zinc cathode) and screwed onto the
vial. The solution was electrolyzed using the “Constant Potential” setting at 2.5 V for 1 h. A
0.2 mL aliquot was removed via syringe every 10 minutes and diluted to 1.0 mL with THF for
SEC analysis (Figure 5.36). The calculated rate of scission in the presence of DHA (5.65 x 10-
7 min1) was found to be significantly slower than in the absence of DHA (2.35 x 10-¢ min1).
Overlayed rates of cleavage, evolution of M, and evolution of M, over time are shown in Figure
5.36-Figure 5.38 and Table 5.4.

Control Experiment: Electrolysis of DHA in the Absence of Polymer

A 10 mL ElectraSyn vial was charged with N(Bu)4BF4 (105 mg; 0.32 mmol), DHA (383 mg; 2.1
mmol), a Teflon stir bar, and DCM (8.8 mL). An ElectraSyn electrode shroud was equipped
with electrodes (graphite/zinc) and screwed onto the vial. The solution was electrolyzed using
the “Constant Potential” setting at 2.5 V for 1 h. Following electrolysis, the solution was
passed through a plug of silica twice and concentrated to dryness. The recovered solid (96%

yield by recovered mass) was analyzed by *H NMR spectroscopy (Figure 5.62).

Photoredox-Mediated Degradation of 5.1

A 2-dram vial equipped with septum cap was charged with 5.1 (14.2 mg; 0.150 mmol), 9-
mesityl-10-methylacridinium tetrafluoroborate (PC; 3 mg; 0.0075 mmol), DCM (0.9 mL), and
thiophenol (0.23 mL; 0.03 mmol; 0.13 M in DCM). The mixture was stirred until all polymer

was dissolved and then degassed via three freeze-pump-thaw cycles. The reaction mixture
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Figure 5.36. SEC data from triple detection showing the evolution of molecular weight as a

function of electrolysis time for the electrochemical degradation of 5.1 in the presence of DHA.
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Figure 5.37. M, (determined by triple detection SEC) as a function of electrolysis time for the

electrochemical degradation of 5.1 in the presence of DHA.
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Figure 5.38. M, (determined by triple detection SEC) as a function of electrolysis time for the

electrochemical degradation of 5.1 in the presence of DHA.

Table 5.4. Kinetic data for electrochemical degradation of 5.1 in the presence of DHA.

Entry Electrolysis time (min) M2 (kDa) Mz (kDa)

1 0] 366 781

2 10 329153 7051+94
3 20 272161 657+2.7
4 30 247141 677+100
5 40 281118 639120
6 50 253140 595182
7 60 25617 61868

aAverage of two experiments.

212



was irradiated at 450 nm with stirring for 1 h, after which point the mixture was filtered
through a pad of silica and concentrated to minimal volume. Polymeric material was
precipitated from MeOH, the mother liquor was decanted, and the remaining solid was
washed with MeOH (2 x 10 mL). This material was dried in vacuo for 16 h prior to 1H NMR
spectral (Figure 5.63) and SEC (Figure 5.6) analysis.

Experiments Related to Electrochemical Degradations of Heterogenous Samples of 5.1

Heterogenous Electrochemical Degradation of 5.1

A 5 mL ElectraSyn vial was charged with 5.1 (10 mg; 0.11 mmol), a Teflon stir bar, N(Bu)4BF4
(54 mg; 0.17 mmol), and acetonitrile (MeCN; 3 mL). An ElectraSyn electrode shroud was
equipped with electrodes (graphite anode/zinc cathode) and screwed onto the vial. The
suspension was electrolyzed using the “Constant Potential” setting at 3.2 V for 16 hours, at
which point a piece of undissolved polymer was removed from the vial and analyzed by SEC.
The suspension was stirred further under 3.2 V for another 47 h (total electrolysis time 63 h),
at which point the electrolyzed solid was collected by filtration and analyzed using SEC. The
bulk solution temperature was monitored using a thermometer, and the observed

temperature did not exceed 23 °C. SEC data are shown in Figure 5.12.

Confirmation of Heterogenous Conditions by NMR Spectroscopy

A 5 mL ElectraSyn vial was charged with 5.1 (10 mg; 0.11 mmol), a Teflon stir bar, N(Bu)4BF4
(54 mg; 0.17 mmol), and CD3sCN (3 mL). A 0.6 mL aliquot of the liquid was removed and
analyzed by *H NMR spectroscopy, and an ElectraSyn electrode shroud equipped with
electrodes (graphite anode/zinc cathode) was screwed onto the vial. The mixture was stirred
for 63 h at 23 °C without any applied potential. At this point, another 0.6 mL aliquot of the
liguid was removed and analyzed by 1H NMR spectroscopy. No proton resonances consistent

with 1 were observed in either aliquot (Figure 5.13).
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Experiments Related to Electrochemical Polymer Azidation

Electrochemical Azidation of 5.1

N; Using conditions adapted from Lin and coworkers,51 a 10 mL

x | | ElectraSyn vial was charged with 5.1 (20 mg; 0.21 mmol), a Teflon stir

bar, and DCM (4.8 mL). The mixture was stirred until all polymer was dissolved, and N(Bu)4BF4
(104.9 mg; 0.32 mmol) and MnBr2 (9.2 mg; 0.04 mmol) were added. An ElectraSyn shroud
was equipped with electrodes (RVC anode/platinum cathode) and screwed onto the vial. The
vial was wrapped with foil, and TMS-N3 (0.2 mL; 1.49 mmol) was added via syringe. The
mixture was electrolyzed using the “Constant Potential” setting at 3.2 V for 1 h. Five identical
reactions were run in parallel and combined prior to workup. Following electrolysis, the mixture
was filtered through a pad of neutral alumina and concentrated to minimal volume. Polymeric
material was precipitated from MeOH. Isolated material was dried in vacuo for 16 h to afford
87 mg (87% yield by recovered mass) of the azidated polynorbornene (5.2). Proper care
should be taken to ensure all electrodes are cleaned prior to use, as improper cleaning can
lead to variable results.”3.74 Representative IR spectra before and after azidation are shown
in Figure 5.22. Representative SEC data before and after azidation is shown in Figure 5.39
and Figure 5.40. Representative 1H and 13C NMR spectra are shown in Figure 5.64 and Figure
5.65, respectively.

Control Experiment: Azidation of 5.1 without Applied Potential

A 10 mL ElectraSyn vial was charged with 5.1 (10 mg; 0.11 mmol), a Teflon stir bar, and DCM
(2.8 mL). The mixture was stirred until all polymer was dissolved, and N(Bu)sBF4 (54 mg; 0.17
mmol) and MnBr2 (4.3 mg; 0.02 mmol) were added. An ElectraSyn shroud was equipped with
electrodes (graphite anode/zinc cathode) and screwed onto the vial. The vial was wrapped
with foil, and TMS-N3 (92 uL; 0.7 mmol) was added via syringe. The mixture was stirred without
any applied potential for 30 min, and the mixture was then filtered through a pad of neutral
alumina and concentrated to minimal volume. Polymeric material was precipitated from
MeOH and isolated by centrifugation. The recovered polymer was washed with MeOH (3 x 10
mL) before being dried in vacuo for 16 h. A very weak N3 stretch in the IR spectrum (2160-

2120 cm1; Figure 5.14) suggested that azidation occurs as a background process in the
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Figure 5.39. SEC data from conventional calibration for a low M, sample of 5.1 before (black)

and after (red) electrochemical azidation.
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Figure 5.40. SEC data from triple detection for a high M, sample of 5.1 before (black) and

after (red) electrochemical azidation.
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presence of MnBr2 with no applied potential. However, the intensity of the N3 stretch was
significantly increased with applied potential, consistent with the observations of Lin and

coworkers.61

Control Experiment: Azidation of 5.1 without MnBr»

A 10 mL ElectraSyn vial was charged with 5.1 (10 mg; 0.11 mmol), a Teflon stir bar, and DCM
(2.8 mL). The mixture was stirred until all polymer was dissolved, and N(Bu)sBF4 (54 mg; 0.17
mmol) was added. An ElectraSyn shroud was equipped with electrodes (graphite anode/zinc
cathode) and screwed onto vial. The vial was wrapped with foil, and TMS-N3 (92 uL; 0.7 mmol)
was added via syringe. The mixture was stirred using the “Constant Potential” setting at 3.2 V
for 30 min at which point the mixture was filtered through a pad of neutral alumina and
concentrated to minimal volume. Polymeric material was precipitated from MeOH and isolated
by centrifugation. The recovered polymer was washed with MeOH (3 x 10 mL) before being
dried in vacuo for 16 h. When compared to experiments conducted with MnBra, the Nz stretch
was noticeably weaker in the absence of MnBr2 (Figure 5.14). As such, all following azidation

experiments included MnBro.

Electrochemical Azidation of 6.1 at Low (2.5 V) and High (3.2 V) Potentials

A 10 mL ElectraSyn vial was charged with 5.1 (10 mg; 0.11 mmol), a Teflon stir bar, and DCM
(2.8 mL). The mixture was stirred until all polymer was dissolved, and N(Bu)sBF4 (54 mg; 0.17
mmol) and MnBr2 (4.3 mg; 0.02 mmol) were added. An ElectraSyn shroud was equipped with
electrodes (graphite anode/platinum cathode) and screwed onto the vial. The vial was
wrapped with foil, and TMS-N3 (92 pL; 0.7 mmol) was added via syringe. The mixture was
electrolyzed using the “Constant Potential” setting at either 2.5V or 3.2 V for 30 min. Following
electrolysis, the mixture was filtered through a pad of neutral alumina and concentrated to
minimal volume. Polymeric material was precipitated from MeOH, isolated by centrifugation,
and washed with MeOH (3 x 10 mL) before being dried in vacuo for 16 h. Regardless of
potential, 5.2 was recovered as a white solid in > 95% yield (by recovered mass). As 3.2 V
resulted in a stronger apparent Nz stretch in the IR spectrum (Figure 5.41), this potential was

used for all following azidation experiments.
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Electrochemical Azidation of 5.1 with Different Electrode Combinations

A 5 mL ElectraSyn vial was charged with 5.1 (20 mg; 0.21 mmol), a Teflon stir bar, and DCM
(4.9 mL). The mixture was stirred until all polymer was dissolved, and N(Bu)sBF4 (104.9 mg;
0.32 mmol) and MnBr2 (9.1 mg; 0.04 mmol) were added. An ElectraSyn shroud was equipped
with the desired electrode combination (see Table 5.1 for comprehensive list of electrode
combinations) and screwed onto the vial. The vial was wrapped with foil, and TMS-Nz (0.2 mL;
1.49 mmol) was added via syringe. The mixture was electrolyzed using the “Constant
Potential” setting at 3.2 V for 1 h. Following electrolysis, the mixture was filtered through a
pipet column of neutral alumina and concentrated to minimal volume. Polymeric material was
precipitated from MeOH before being dried in vacuo for 16 h. In all cases, polymeric material
was isolated in > 80% yield. IR spectra showing results of the electrode screen are provided
in Figure 5.15.

Electrochemical Azidation of cis-1,4-Polybutadiene

A 5 mL ElectraSyn vial was charged with 1,4-polybutadiene (31.0 mg; 0.573 mmol), a Teflon
stir bar, and DCM (3.1 mL). The mixture was stirred until all polymer was dissolved, and
N(Bu)sBF24 (283 mg; 0.860 mmol) was added followed by MnBr2 (23.6 mg; 0.115 mmol). An
ElectraSyn electrode shroud was equipped with electrodes (RVC anode/platinum cathode)
and screwed onto the vial. The vial was wrapped with foil, and TMS-Nz (0.52 mL; 4.0 mmol)
was added via syringe. The solution was electrolyzed using the “Constant Potential” setting at
3.2 V for 1 h. Following electrolysis, the mixture was filtered through a pipette column of
neutral alumina and concentrated to minimal volume. Polymeric material was precipitated
from MeOH, isolated by centrifugation, and washed with MeOH (3 x 10 mL) before being dried
in vacuo for 1 h. The azidated polymeric material was isolated as a colorless solid in 63%
yield. Representative IR spectra before and after azidation are shown in Figure 5.16.
Representative SEC data before and after azidation are shown in Figure 5.17. Representative

1H and 13C NMR spectra are shown in Figure 5.66 and Figure 5.67, respectively.

Electrochemical Azidation of cis-1,4-Polyisoprene

A 5 mL ElectraSyn vial was charged with cis-1,4-polyisoprene (28.0 mg as a 10 mg/mL

solution in CHCI3; 0.411 mmol), and a Teflon stir bar. N(Bu)4BF4 (203 mg; 0.615 mmol) was
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Figure 5.41. IR spectra for the electrochemical azidation of 5.1 at different potentials. Spectra
for unfunctionalized 5.1 (black), material following azidation at 2.5 V (blue), and material

following azidation at 3.2 V (red) are shown.
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added followed by MnBr2 (17.6 mg; 0.082 mmol). An ElectraSyn electrode shroud was
equipped with electrodes (RVC anode/platinum cathode) and screwed onto the vial. The vial
was wrapped with foil, and TMS-N3 (0.38 mL, 2.88 mmol) was added via syringe. The solution
was electrolyzed using the “Constant Potential” setting at 3.2 V for 1 h. Following electrolysis,
the mixture was filtered through a pipette column of neutral alumina and concentrated to
minimal volume. Polymeric material was precipitated from MeOH, isolated by centrifugation,
and washed with MeOH (3 x 10 mL) before being dried in vacuo for 1 h. The azidated polymeric
material was isolated as a pale-yellow solid in 92% yield. Representative IR spectra before
and after azidation are shown in Figure 5.18. Representative SEC data before and after
azidation are shown in Figure 5.19. Representative 1H and 13C NMR spectra are shown in

Figure 5.68 and Figure 5.69, respectively.

Electrochemical Azidation of Poly(cyclooctene)

A 5 mL ElectraSyn vial was charged with poly(cyclooctene) (28.0 mg as a 10 mg/mL solution
in CHCI3; 0.254 mmol), and a Teflon stir bar. N(Bu)4BF4 (125 mg; 0.381 mmol) was added
followed by MnBr2 (10.9 mg; 0.051 mmol). An ElectraSyn electrode shroud was equipped with
electrodes (RVC anode/platinum cathode) and screwed onto the vial. The vial was wrapped
with foil, and TMS-N3 (0.23 mL, 1.78 mmol) was added via syringe. The solution was
electrolyzed using the “Constant Potential” setting at 3.2 V for 1 h. Following electrolysis, the
mixture was filtered through a pipette column of neutral alumina and concentrated to minimal
volume. Polymeric material was precipitated from MeOH, isolated by centrifugation, and
washed with MeOH (3 x 10 mL) before being dried in vacuo for 1 h. The azidated polymeric
material was isolated as a white solid in 98% yield. Representative IR spectra before and after
azidation are shown in Figure 5.20. Representative SEC data before and after azidation are
shown in Figure 5.21. Representative 1H and 13C NMR spectra are shown in Figure 5.70 and

Figure 5.71, respectively.
Experiments to Estimate Degree of Azidation of 5.1

NMR Analysis of Low M, Azidated Material

A low molecular weight sample (Mn = 6,800 Da) of 5.1 was azidated under the
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electrochemical conditions described above (Scheme 5.3; note: a low molecular weight
sample was used to facilitate NMR spectral analysis). Following filtration, washing, and drying
as described above, the recovered sample of 5.2 was first analyzed by IR spectroscopy, which
confirmed azidation had occurred. The material was then analyzed by *H NMR spectroscopy.
A methylene resonance (6 = 1.35 ppm) on the cyclopentane ring of 5.1 was integrated relative
to a new broad signal at 6 = 3.84 ppm, which we assigned as the newly generated methine
signal in the azidated repeat unit. These integrations were consistent with ~30% azidation
(Scheme 5.3; Figure 5.72).

Cu-Mediated Cycloaddition for UV-vis Determination of Azide Content

A Schlenk tube was charged with 5.2 (34.9 mg, 0.37 mmol assuming unfunctionalized 5.1),
Cul (12.1 mg, 0.075 mmol), MesTREN (11.1 pL), 1-ethynyl pyrene (26.9 mg, 0.118 mmol),
toluene (2.5 mL), and Teflon stir bar (Scheme 5.4). The solution was degassed via 3 cycles of
freeze-pump-thaw and allowed to warm under N2. The reaction was heated to 100 °C for 61
h. The reaction was then cooled to room temperature and transferred to a separatory funnel
and washed with sat. NH4Cl (2 X 3 mL) and the NH4Cl layer was extracted with DCM (1 X 3
mL). The toluene layer was washed with brine (1 X 3 mL), and the organic layers were
combined and concentrated to dryness. The residue was dissolved in minimal DCM and
precipitated from acetone. The precipitated material (5.3) was isolated as a yellow solid
following two rounds of ultra-centrifugation (9 mg; 26% mass recovery). 5.3 was analyzed by
SEC, and visualization of the data using UV-detection at 350 nm (a Amax Of pyrene) was
consistent with successful labeling (Figure 5.23B). We note that 5.2 showed no absorbance
at this wavelength (Figure 5.23A). 1H NMR spectroscopic analysis of 5.3 revealed new
resonances (0 = 7.78 - 8.87) that were consistent with the desired pyrene labeling (Figure
5.75). Substituting the integration of these resonances into Equation 5.1 allowed us to
estimate the total amount of pyrene per polymer chain (~24%). There is a one-to-one

correspondence between pyrene content and the original azide content in 5.2.

Determination of % pyrene content in 5.3

7.2 mg of 5.3 (M, = 6065 Da) was dissolved in DCM (25 mL; 1.19 uM), and an aliquot (1 mL)

of this solution was removed and diluted to 25 mL of DCM (1.9 uM). This solution was analyzed
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Scheme 5.3. Azidation of 1 Under Optimized Conditions
MnBr, (20 mol%)

W . TMS-N; Bu,NBF,/DCM -
" (7eq) RVC(+)/Pt(-)

Ece" =32V

Scheme 5.4. Cu-Mediated Cycloaddition Between 2 and Ethynyl Pyrene

—_.O Cul (20 mol%) N
+ MegTREN {11.4 mol%) Yy

(0.32 eq.) PhMe, 100 °C, 61 h
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by UV-vis spectroscopy (the absorbance was determined to be 0.330). The equation of the
line from the pyrene calibration curve was used to determine the concentration of pyrene in
solution (9.296 uM; Equation 5.8). The concentration of pyrene in solution was assumed to
be the same as the concentration of pyrene repeat units in solution. Equation 5.9 was then

used to determine the percentage of pyrene repeat units in 5.3 (29%).

Summary

In conclusion, we have developed a mild electrochemical approach toward backbone
editing of olefin-containing polymers. Importantly, this strategy is chemoselective and can be
conducted under heterogenous conditions. Furthermore, the reactive intermediates
generated upon anodic oxidation can be intercepted using exogenous reagents to afford
functionalized macromonomers. We envision that electroediting of a wide range of non-olefin
containing substrates (e.g., polyolefins) should be possible when combined with catalytic
dehydrogenation. We believe this work represents a new opportunity to explore

electrochemistry as a viable strategy for polymer modification.
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Appendix

Determination of Faradaic Efficiency

Faradaic efficiency for the reaction was determined according to literature
precedent.”® Current during the reaction was determined by analysis of a solution of NBusBF4
in DCM (0.067 M) with a conductivity probe, and the conductivity was found to be 0.1680
Siemens meterst (S/m). This measurement was then converted to resistivity using Equation
5.2, and the current was found using Ohm’s law (Equation 5.3).

According to our proposed mechanism, the theoretical number of electrons per
cleavage = 1 (Zp), and the theoretical number of moles of product (N,) was assumed to be the
same as the moles of substrate used for the reaction. These values were used to determine
the theoretical charge (Qineo) for the reaction (Equation 5.4). The experimental charge (Qexp)
for the reaction was determined using Equation 5.5. Both Qieo and Qexp Were then used to
determine Faradaic efficiency (Equation 5.6).

We determined the Faradaic efficiency for the azidation of polynorbornene to be 9.5%,
and the faradaic efficiency for electrochemical degradation of olefin-containing polymers was
determined to be 7.5% at 2.5V or9.5% at 3.2 V.

Equation 5.2. Relationship between conductivity and resistivity, where o = conductivity in S/m

and p = resistivity in ohms.

=

Equation 5.3. Ohm’s law, where | = current in Amps seconds (A s), V = voltage, and p =

resistivity in ohms.
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Equation 5.4. Theoretical charge, where Qwmeo = theoretical charge passed through the
reaction in Coulombs (C), Z, = number of electrons used per product, N, = theoretical mol of

product, and F = Faraday’s constant (96,485 A s mol?1)

Qtheo =Z, X Ny X F

Equation 5.5. Experimental charge, where Qexp = experimental charge passed through the

reaction, | = currentin As, and t =time in s.

Qexp =1Xt

Equation 5.6. Faradaic efficiency (n), where Qexp = experimental charge passed through the

reaction in C, and Q:eo = theoretical charge passed through the reaction in C.

Equation 5.7. Determination of azide content by 1H NMR spectroscopy for 5.2. Ia is the
integration of the azidated methine proton (6 = 3.73-4.01 ppm), Ix is the integration of a set
of unfunctionalized methylene protons on the cyclopentane ring of polynorbornene (6 = 1.30-
1.44 ppm), Na is the theoretical maximum integration for the azidated methine proton (Na =
1.0), and Nx is the theoretical maximum integration (Nx = 2.0) of a set of unfunctionalized

methylene protons on the cyclopentane ring of polynorbornene.

224



Iy Ny
Ix Ny

Iy Ny
1+ 7))

Equation 5.8. Beer-Lambert’s Law, where c is the concentration of pyrene in uM.

0.330 =35545-1-c ¢ =9.296 uM

Equation 5.9. Conversion factors for determination of percentage of pyrene repeat units in

5.3, where RU,y is pyrene repeat units.

9.296 umol RU,, 1LDCM 3652 gRU,, 1mol5.3
1LDCM 1.9 umol 5.3 1molRU,, 6065g5.3

+100% = 29% RU,,,
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Figure 5.42. 1H NMR spectrum for cis-1,4-polybutadiene in CDCls. Spectrum taken following
filtration and reprecipitation. * denotes water
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Figure 5.43. 13C NMR spectrum for cis-1,4-polybutadiene in CDCls. Spectrum taken following

filtration and reprecipitation
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Figure 5.44. 1H NMR spectrum for cis-1,4-polyisoprene in CDCls
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Figure 5.45. 13C NMR spectrum for cis-1,4-polyisoprene in CDCl3
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Figure 5.46.1H NMR spectrum of high-cis polynorbornene in CDCls. * denotes water.
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Figure 5.47. 13C NMR spectrum of high-cis polynorbornene in CDCls.
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Figure 5.49. 13C NMR spectrum for low M, polynorbornene in CDCls.
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Figure 5.50. *H NMR spectrum for polystyrene in CDCls. A denotes tetrahydrofuran and ¢

denotes grease
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Figure 5.51. 1H NMR spectrum for poly(cyclooctene) in CDCls. * denotes water
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Figure 5.52. 13C NMR spectrum for poly(cyclooctene) in CDCls.
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Figure 5.53. 1H NMR overlay for 5.1 in CDCls following electrolysis. Red shows material before
electrolysis, and blue shows material after electrolysis. Inset contains enhanced baseline to

show new aldehydic resonance in post-electrolysis material. * denotes water, and A denotes

THF.
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Figure 5.54. 13C NMR spectrum for 5.1 in CDClIs following electrolysis.
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Figure 5.55. IH NMR overlay for a low M, sample of 5.1 before (red) and after (blue)

electrolysis. A denotes THF and * denotes methanol

238



-5.39
—2.09

>
~9.80
977

16.0 9.5 9.0

5
B
w
|
-
|
45 40 3.5
5

1 A L. .

110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
5

Figure 5.56. 1H NMR overlay for cis-1,4-polybutadiene in CDCIs following electrolysis. Red
shows material before electrolysis, and blue shows material after electrolysis. Insets contain
enhanced baselines to show new aldehydic (A) and vinyl (B) resonances in post-electrolysis

material. * denotes water
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Figure 5.57. 13C NMR spectrum for cis-1,4-polybutadiene in CDCl3 following electrolysis.
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Figure 5.58. 1H NMR overlay for cis-1,4-polyisoprene in CDCls following electrolysis. Red shows
material before electrolysis, and blue shows material after electrolysis. Inset contains
enhanced baseline to show new aldehydic resonances in post-electrolysis material. * denotes

water.
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Figure 5.59. 13C NMR spectrum for cis-1,4-polyisoprene in CDCI3 following electrolysis.
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Figure 5.61. 13C NMR spectrum for poly(cyclooctene) in CDCls following electrolysis.
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Figure 5.62. 1H NMR spectra for electrolysis of DHA control. 1) DHA prior to electrolysis. 2)

DHA following silica plug after electrolysis.
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Figure 5.64. 1H NMR spectrum for 5.2 in CDCls. * denotes water and A denotes grease.
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Figure 5.65. 13C NMR spectrum for 5.2 in CDCls.
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Figure 5.66. *H NMR spectrum for electrochemically azidated 1,4-polybutadiene in CDCls
following electrolysis. < denotes MeOH. Inset contains enhanced baseline to show new

signals consistent with azidation.
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Figure 5.67. 13C NMR spectrum for electrochemically azidated 1,4-polybutadiene in CDCl3

following electrolysis.
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Figure 5.68. 1H NMR spectrum for electrochemically azidated cis-1,4-polyisoprene in CDCl3
following electrolysis. < denotes MeOH. Inset contains enhanced baseline to show new

signals consistent with azidation.
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Figure 5.69. 13C NMR spectrum for electrochemically azidated cis-1,4-polyisoprene in CDCl3

following electrolysis.
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following electrolysis. % denotes MeOH.
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following electrolysis.
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cyclopentyl methylene and azidated methine resonances, respectively.
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Figure 5.74. 13C NMR spectrum for 5.3 in CDCls.
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coupled pyrene (red), azide methine (blue), and unfunctionalized methylene (purple).

255



100+ 1341.9125

1624.1478

18123054
1813.3099

1906.3848

2000.4657

20945425
& 2095.5437
2189.6235

22837017

2376.7783
377.7773
24718633

100

|
| ‘
[V \
, | \ gl (AN {IT it 1
mz
3400 3600 3800 4000 4200 4400 4600 4800 5000 5200 5400 5600 0 6600

1000

2000 3000

m{lu!n.:ﬂ)mu.mhmlllgmlh

5000

6000 7000 8000 9000

Figure 5.76. MALDI-TOF spectrum following electrolysis of a low M, 5.1. Inset shows expansion

of region from 4000-7000 m/z.

256



References

(1)

Staudinger, H. Uber Polymerisation. Berichte der deutschen chemischen Gesellschaft
(A and B Series) 1920, 53 (6), 1073-1085.
https://doi.org/10.1002/CBER.19200530627.

Mualhaupt, R. Hermann Staudinger and the Origin of Macromolecular Chemistry.
Angewandte Chemie International Edition 2004, 43 (9), 1054-1063.
https://doi.org/10.1002/ANIE.200330070.

Frey, H.; Johann, T. Celebrating 100 Years of “Polymer Science”: Hermann Staudinger’s
1920 Manifesto. Polymer Chemistry 2019, 11 (1), 8-14.
https://doi.org/10.1039/COPY90161B.

Kondo, Y.; Garcia-Cuadrado, D.; Hartwig, J. F.; Boaen, N. K.; Wagner, N. L.; Hillmyer, M.
A. Rhodium-Catalyzed, Regiospecific Functionalization of Polyolefins in the Melt. J Am
Chem Soc 2002, 124 (7), 1164-1165.
https://doi.org/10.1021/JA016763J/SUPPL_FILE/JA016763J_S1.PDF.

Bae, C.; Hartwig, J. F.; Boaen Harris, N. K.; Long, R. O.; Anderson, K. S.; Hillmyer, M. A.
Catalytic Hydroxylation of Polypropylenes. J Am Chem Soc 2005, 127 (2), 767-776.
https://doi.org/10.1021/JA044440S/SUPPL_FILE/JA044440SS120041019_09441
0.PDF.

Ray, A.; Zhu, K.; Kissin, Y. V; Cherian, A. E.; Coates, G. W.; Goldman, A. S.
Dehydrogenation of Aliphatic Polyolefins Catalyzed by Pincer-Ligated Iridium
Complexes.  Chemical = Communications 2005, No. 27, 3388-3390.
https://doi.org/10.1039/B502120K.

Ray, A.; Kissin, Y. V.; Zhu, K.; Goldman, A. S.; Cherian, A. E.; Coates, G. W. Catalytic Post-
Modification of Alkene Polymers: Chemistry and Kinetics of Dehydrogenation of Alkene
Polymers and Oligomers with Pincer Ir Complexes. Journal of Molecular Catalysis A:
Chemical 2006, 256 (1-2), 200-207.
https://doi.org/10.1016/J.MOLCATA.2006.04.017.

Williamson, J. B.; Czaplyski, W. L.; Alexanian, E. J.; Leibfarth, F. A. Regioselective C—H
Xanthylation as a Platform for Polyolefin Functionalization. Angewandte Chemie 2018,
130 (21), 6369-6373. https://doi.org/10.1002/ANGE.201803020.

257



(10)

(11)

Williamson, J. B.; Na, C. G.; Johnson, R. R.; Daniel, W. F. M.; Alexanian, E. J.; Leibfarth,
F. A. Chemo- and Regioselective Functionalization of Isotactic Polypropylene: A
Mechanistic and Structure-Property Study. J Am Chem Soc 2019, 141 (32), 12815-
12823. https://doi.org/10.1021/jacs.9b05799.

Fazekas, T. J.; Alty, J. W.; Neidhart, E. K.; Miller, A. S.; Leibfarth, F. A.; Alexanian, E. J.
Diversification of Aliphatic C-H Bonds in Small Molecules and Polyolefins through
Radical Chain Transfer. Science (1979) 2022, 375 (6580), 545-550.
https://doi.org/10.1126/SCIENCE.ABH4308/SUPPL_FILE/SCIENCE.ABH4308_SM.P
DF.

Hopewell, J.; Dvorak, R.; Kosior, E. Plastics Recycling: Challenges and Opportunities.
Philosophical Transactions of the Royal Society B: Biological Sciences 2009, 364
(1526), 2115-2126. https://doi.org/10.1098/RSTB.2008.0311.

Panda, A. K.; Singh, R. K.; Mishra, D. K. Thermolysis of Waste Plastics to Liquid Fuel: A
Suitable Method for Plastic Waste Management and Manufacture of Value Added
Products—A World Prospective. Renewable and Sustainable Energy Reviews 2010, 14
(1), 233-248. https://doi.org/10.1016/J.RSER.2009.07.005.

Miandad, R.; Barakat, M. A.; Aburiazaiza, A. S.; Rehan, M.; Nizami, A. S. Catalytic
Pyrolysis of Plastic Waste: A Review. Process Safety and Environmental Protection
2016, 102, 822-838. https://doi.org/10.1016/J.PSEP.2016.06.022.

Vollmer, I.; Jenks, M. J. F.; Roelands, M. C. P.; White, R. J.; van Harmelen, T.; de Wild, P.;
van der Laan, G. P.; Meirer, F.; Keurentjes, J. T. F.; Weckhuysen, B. M. Beyond
Mechanical Recycling: Giving New Life to Plastic Waste. Angewandte Chemie
International Edition 2020, 59 (36), 15402-15423.
https://doi.org/10.1002/ANIE.201915651.

Ronique Dufaud, V. A.; Basset, J.-M. Catalytic Hydrogenolysis at Low Temperature and
Pressure of Polyethylene and Polypropylene to Diesels or Lower Alkanes by a Zirconium
Hydride Supported on Silica-Alumina: A Step Toward Polyolefin Degradation by the
Microscopic Reverse of Ziegler + Natta Polymerization. Angew. Chem. Int. Ed 1998, 37
(6), 806-810. https://doi.org/10.1002/(SICl)1521-3773(19980403)37:6.

258



(16)

(20)

(21)

(22)

Celik, G.; Kennedy, R. M.; Hackler, R. A.; Ferrandon, M.; Tennakoon, A.; Patnaik, S.;
Lapointe, A. M.; Ammal, S. C.; Heyden, A.; Perras, F. A.; Pruski, M.; Scott, S. L.;
Poeppelmeier, K. R.; Sadow, A. D.; Delferro, M. Upcycling Single-Use Polyethylene into
High-Quality Liquid Products. ACS Central Science 2019, 5 (11), 1795-1803.
https://doi.org/10.1021/ACSCENTSCI.9B0O0722/SUPPL_FILE/OC9B00722_SI_003.P
DF.

Zhang, F.; Zeng, M.; Yappert, R. D.; Sun, J.; Lee, Y. H.; LaPointe, A. M.; Peters, B.; Abu-
Omar, M. M.; Scott, S. L. Polyethylene Upcycling to Long-Chain Alkylaromatics by
Tandem Hydrogenolysis/Aromatization. Science (1979) 2020, 370 (6515), 437-441.
https://doi.org/10.1126/SCIENCE.ABC5441/SUPPL_FILE/ABC5441_ZHANG_SM.PDF

Jia, X.; Qin, C.; Friedberger, T.; Guan, Z.; Huang, Z. Efficient and Selective Degradation
of Polyethylenes Into Liquid Fuels and Waxes Under Mild Conditions. Science Advances
2016, 2 (6), e1501591.
https://doi.org/10.1126/SCIADV.1501591/SUPPL_FILE/1501591_SM.PDF.
Solanky, S. S.; Campistron, |.; Laguerre, A.; Pilard, J. F. Metathetic Selective Degradation
of Polyisoprene: Low-Molecular-Weight Telechelic Oligomer Obtained from Both
Synthetic and Natural Rubber. Macromolecular Chemistry and Physics 2005, 206 (10),
1057-1063. https://doi.org/10.1002/MACP.200400416.

Smith, R. F.; Boothroyd, S. C.; Thompson, R. L.; Khosravi, E. A Facile Route for Rubber
Breakdown via Cross Metathesis Reactions. Green Chemistry 2016, 18 (11), 3448-
3455. https://doi.org/10.1039/C5GCO3075G.

Yan, M.; Kawamata, Y.; Baran, P. S. Synthetic Organic Electrochemical Methods Since
2000: On the Verge of a Renaissance. Chemical Reviews 2017, 117 (21), 13230-
13319. https://doi.org/10.1021/ACS.CHEMREV.7B00397.

Kingston, C.; Palkowitz, M. D.; Takahira, Y.; Vantourout, J. C.; Peters, B. K.; Kawamata,
Y.; Baran, P. S. A Survival Guide for the “Electro-Curious.” Accounts of Chemical
Research 2019, 53 (1), 72-83. https://doi.org/10.1021/ACS.ACCOUNTS.9B00539.
Little, R. D. A Perspective on Organic Electrochemistry. The Journal of Organic Chemistry
2020, 85 (21), 13375-13390. https://doi.org/10.1021/ACS.JOC.0C01408.

259



(30)

(31)

Pollok, D.; Waldvogel, S. R. Electro-Organic Synthesis - A 21st Century Technique.
Chemical Science 2020. https://doi.org/10.1039/D0SC01848A.

Magenau, A. J. D.; Strandwitz, N. C.; Gennaro, A.; Matyjaszewski, K. Electrochemically
Mediated Atom Transfer Radical Polymerization. Science (1979) 2011, 332 (6025),
81-84.
https://doi.org/10.1126/SCIENCE.1202357/SUPPL_FILE/MAGENAU_SOM.PDF.
Chmielarz, P.; Fantin, M.; Park, S.; Isse, A. A.; Gennaro, A.; Magenau, A. J. D.; Sobkowiak,
A.; Matyjaszewski, K. Electrochemically Mediated Atom Transfer Radical Polymerization
(EATRP). Progress in Polymer Science 2017, 69, 47-78.
https://doi.org/10.1016/J.PROGPOLYMSCI.2017.02.005.

Fabre, B.; Simonet, J. Post-Polymerization Electrochemical Functionalization of a
Conducting Polymer: Anodic Cyanation of Poly(p-Dimethoxybenzene). Journal of
Electroanalytical Chemistry 1996, 416 (1-2), 187-189.
https://doi.org/10.1016/S0022-0728(96)01014-5.

Qi, Z.; Rees, N. G.; Pickup, P. G. Electrochemically Induced Substitution of
Polythiophenes and Polypyrrole. Chemistry of Materials 1996, 8 (3), 701-707.
https://doi.org/10.1021/CM9504 16P.

Soudan, P.; Lucas, P.; Breau, L.; Bélanger, D. Electrochemical Modification of Poly(3-(4-
Fluorophenyl)Thiophene). Langmuir 2000, 16 (9), 4362-4366.
https://doi.org/10.1021/LA991676E.

Hayashi, S.; Inagi, S.; Hosaka, K.; Fuchigami, T. Post-Functionalization of Poly(3-
Hexylthiophene) via Anodic Chlorination. Synthetic Metals 2009, 159 (17-18), 1792-
1795. https://doi.org/10.1016/).SYNTHMET.2009.05.028.

Inagi, S.; Hayashi, S.; Hosaka, K.; Fuchigami, T. Facile Functionalization of a
Thiophene—Fluorene Alternating Copolymer via Electrochemical Polymer Reaction.
Macromolecules 2009, 42 (12), 3881-3883. https://doi.org/10.1021/ma900561f.
Hayashi, S.; Inagi, S.; Fuchigami, T. Efficient Electrochemical Polymer Halogenation
Using a Thin-Layered Cell. Polymer Chemistry 2011, 2 (8), 1632-1637.
https://doi.org/10.1039/C1PY00150G.

260



(33)

(38)

(39)

Shida, N.; Okazaki, D.; Kurioka, T.; Nishiyama, H.; Seferos, D. S.; Tomita, I.; Inagj, S.
Anodic Chlorination of Selenophene-Containing Polymers: Reaction Efficiency and
Selective  Reaction of Single Segment in Rod—-Rod Diblockcopolymer.
ChemElectroChem 2017, 4 (8), 1824-1827.
https://doi.org/10.1002/CELC.201700205.

Inagi, S.; Fuchigami, T. Electrochemical Post-Functionalization of Conducting Polymers.
Macromolecular  Rapid Communications 2014, 35 (9), 854-867.
https://doi.org/https://doi.org/10.1002/marc.201400023.

Kurioka, T.; Nishiyama, H.; Tomita, I.; Inagi, S. Improvement of Current Efficiency in
Anodic Chlorination of Poly(3-Hexylthiophene) by Using a Boron Trifluoride-Diethyl Ether
Complex. ChemElectroChem 2018, 5 (5), 753-755.
https://doi.org/https://doi.org/10.1002/celc.201701282.

Kurioka, T.; Shida, N.; Tomita, I.; Inagi, S. Post-Functionalization of Aromatic C-H Bonds
at the Main Chains of I-Conjugated Polymers via Anodic Chlorination Facilitated by Lewis
Acids. Macromolecules 2021, 54 (3), 1539-1547.
https://doi.org/10.1021/ACS.MACROMOL.0C02556/SUPPL_FILE/MAOC02556_SI_0O
01.PDF.

Wang, P.; Gao, X.; Huang, P.; Lei, A. Recent Advances in Electrochemical Oxidative
Cross-Coupling of Alkenes with H2 Evolution. ChemCatChem 2020, 12 (1), 27-40.
https://doi.org/10.1002/CCTC.201901773.

Chen, N.; Xu, H. C. Electrochemically Driven Radical Reactions: From Direct Electrolysis
to Molecular Catalysis. The Chemical Record 2021, 21 (9), 2306-2319.
https://doi.org/10.1002/TCR.202100048.

Moeller, K. D. Intramolecular Anodic Olefin Coupling Reactions: Using Radical Cation
Intermediates to Trigger New Umpolung Reactions. Synlett 2009, 2009 (8), 1208-
1218. https://doi.org/10.1055/S-0028-1088126/1D/11B.

Feng, R.; Smith, J. A.; Moeller, K. D. Anodic Cyclization Reactions and the Mechanistic
Strategies That Enable Optimization. Accounts of Chemical Research 2017, 50 (9),
2346-2352.

261



(46)

(47)

(48)

https://doi.org/10.1021/ACS.ACCOUNTS.7B00287/SUPPL_FILE/AR7B00287_SI_00
1.PDF.

Schmittel, M.; Burghart, A. Understanding Reactivity Patterns of Radical Cations.
Angewandte Chemie International Edition in English 1997, 36 (23), 2550-2589.
https://doi.org/10.1002/ANIE.199725501.

Baciocchi, E.; Bietti, M.; Lanzalunga, O. Mechanistic Aspects of B-Bond-Cleavage
Reactions of Aromatic Radical Cations. Accounts of Chemical Research 2000, 33 (4),
243-251. https://doi.org/10.1021/AR980014Y.

Baciocchi, E.; Bietti, M.; Lanzalunga, O. Fragmentation Reactions of Radical Cations.
Journal of Physical Organic Chemistry 2006, 19 (8-9), 467-478.
https://doi.org/10.1002/P0OC.1096.

Yoshida, J.; Shimizu, A.; Hayashi, R. Electrogenerated Cationic Reactive Intermediates:
The Pool Method and Further Advances. Chemical Reviews 2018, 118 (9),4702-4730.
https://doi.org/10.1021/acs.chemrev.7b00475.

Srivastava, V. K.; Basak, G. C.; Maiti, M.; Jasra, R. V. Synthesis and Utilization of
Epoxidized Polybutadiene Rubber as an Alternate Compatibilizer in Green-Tire
Composites. International Journal of Industrial Chemistry 2017, 8 (4), 411-424.
https://doi.org/10.1007/S40090-017-0130-3.

Wang, J.; Kouznetsova, T. B.; Kean, Z. S.; Fan, L.; Mar, B. D.; Martinez, T. J.; Craig, S. L.
A Remote Stereochemical Lever Arm Effect in Polymer Mechanochemistry. J. Am. Chem.
Soc 2014, 136, 15162-15165. https://doi.org/10.1021/ja509585¢.

Galan, N. J.; Brantley, J. N. General Access to Allene-Containing Polymers Using the
Skattebgl Rearrangement. ACS Macro Letters 2020, 13, 1662-1666.
https://doi.org/10.1021/ACSMACROLETT.0C00745/SUPPL_FILE/MZ0OC0O0745_SI_0O
01.PDF.

Justynska, J.; Schlaad, H. Modular Synthesis of Functional Block Copolymers.
Macromolecular Rapid Communications 2004, 25, 1478-1481.
https://doi.org/10.1002/marc.200400228.

262



(49)

(59)

(56)

Nor, H. M.; Ebdon, J. R. Ozonolysis of Natural Rubber in Chloroform Solution Part 1. A
Study by GPC and FTIR Spectroscopy. Polymer (Guildf) 2000, 41 (7), 2359-2365.
https://doi.org/10.1016/S0032-3861(99)00417-6.

Leitgeb, A.; Wappel, J.; Slugovc, C. The ROMP Toolbox Upgraded. Polymer (Guildf) 2010,
51 (14), 2927-2946. https://doi.org/10.1016/J.POLYMER.2010.05.002.

Ogba, 0. M.; Warner, N. C.; O’Leary, D. J.; Grubbs, R. H. Recent Advances in Ruthenium-
Based Olefin Metathesis. Chemical Society Reviews 2018, 47 (12), 4510-4544.
https://doi.org/10.1039/C8CSO0027A.

Keitz, B. K.; Fedorov, A.; Grubbs, R. H. Cis-Selective Ring-Opening Metathesis
Polymerization with Ruthenium Catalysts. J Am Chem Soc 2012, 134 (4), 2040-2043.
https://doi.org/10.1021/JA211676Y/SUPPL_FILE/JA211676Y_SI_001.PDF.
Fuchigami, T.; Atobe, M.; Inagi, S. Fundamentals and Applications of Organic
Electrochemistry, 1st ed.; John Wiley & Sons, Ltd, 2015.

RVC/Pt (anode/cathode) electrodes gave high degrees of degradation, but resulted in
biomodal sample populations. We ultimately elected to use graphite/Zn electrodes
because (i) they are low cost, abundant materials; (ii) these electrodes are easily
cleaned for multiple uses; and (iii) these electrodes provided good control over
degradation. Degradation was also observed when 1 was stirred at 2.18 V in a
referenced cell for 1 h (Figure 5.31).

Malhotra, S. L. Ultrasonic Modification of Polymers. Il. Degradation of Polystyrene,
Substituted Polystyrene, and Poly(n-Vinyl Carbazole) in the Presence of Flexible Chain
Polymers. Journal of Macromolecular Science: Part A - Chemistry 2006, 18 (7-8),
1055-1085. https://doi.org/10.1080/00222338208066479.

Malhotra, S. L. Ultrasonic Solution Degradations of Poly(Alkyl Methacrylates). Journal of
Macromolecular Science: Part A - Chemistry 1985, 23 (6), 729-748.
https://doi.org/10.1080/00222338608063419.

Warren, J. J.; Tronic, T. A.; Mayer, J. M. Thermochemistry of Proton-Coupled Electron
Transfer Reagents and Its Implications. Chemical Reviews 2010, 110 (12), 6961-
7001. https://doi.org/10.1021/CR100085K.

263



(63)

(64)

(65)

Control experiments suggested minimal oxidation of 9,10-dihydroanthracene occurred
under our conditions (Figure 5.62).

Romero, N. A.; Nicewicz, D. A. Mechanistic Insight into the Photoredox Catalysis of Anti-
Markovnikov Alkene Hydrofunctionalization Reactions. J Am Chem Soc 2014, 136 (49),
17024-17035.
https://doi.org/10.1021/JA506228U/SUPPL_FILE/JA506228U_SI_001.PDF.

RVC/Pt (anode/cathode) electrodes gave high degrees of degradation, but resulted in
biomodal sample populations. We ultimately elected to use graphite/Zn electrodes
because (i) they are low cost, abundant materials; (ii) these electrodes are easily
cleaned for multiple uses; and (iii) these electrodes provided good control over
degradation. Degradation was also observed when 1 was stirred at 2.18 V in a
referenced cell for 1 h (Figure 5.31).

Fu, N.; Sauer, G.S.; Saha, A.; Loo, A.; Lin, S. Metal-Catalyzed Electrochemical Diazidation
of Alkenes. Science (1979) 2017, 357 (6351), 575-579.
https://doi.org/10.1126/SCIENCE.AAN6206/SUPPL_FILE/AAN6206_FU_SM.PDF.
Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Click Chemistry: Diverse Chemical Function
from a Few Good Reactions. Angewandte Chemie International Edition 2001, 40,
2004-2021.

Meldal, M.; Tomge, C. W. Cu-Catalyzed Azide—Alkyne Cycloaddition. Chemical Reviews
2008, 108 (8), 2952-3015. https://doi.org/10.1021/CRO783479.

Schilling, C. I.; Jung, N.; Biskup, M.; Schepers, U.; Brase, S. Bioconjugation via Azide-
Staudinger Ligation: An Overview. Chemical Society Reviews 2011, 40 (9), 4840-
4871. https://doi.org/10.1039/COCSO0123F.

Palacios, F.; Alonso, C.; Aparicio, D.; Rubiales, G.; de los Santos, J. M. The Aza-Wittig
Reaction: An Efficient Tool for the Construction of Carbon-Nitrogen Double Bonds.
Tetrahedron 2007, 63 (3), 523-575. https://doi.org/10.1016/).TET.2006.09.048.
Huang, D.; Yan, G. Recent Advances in Reactions of Azides. Advanced Synthesis &
Catalysis 2017, 359 (10), 1600-1619. https://doi.org/10.1002/ADSC.201700103.
TMSN3s was selected as the azide source due to its superior solubility in DCM when

compared to NaN3 and N(Bu4)Ns. Reactions conducted at Ecen = 3.2 V resulted in a

264



(68)

(69)

stronger apparent azide stretch than reactions conducted at Ecen = 2.5 V (as determined
by IR spectroscopy; Figure 5.14). Although graphite/Zn promoted azidation, RVC/Pt
resulted in the highest azide yield (as determined by H NMR spectroscopy; Table 5.4).
To facilitate additional characterization of the azidated materials, we elected to use the
electrode combination that gave us the highest yield. A low M, material was used for
this study to facilitate NMR spectral analysis; however, lower rates of degradation were
observed for low M, polymers.

Sanford, M. S.; Love, J. A.; Grubbs, R. H. A Versatile Precursor for the Synthesis of New
Ruthenium Olefin Metathesis Catalysts. Organometallics 2001, 20 (25), 5314-5318.
https://doi.org/10.1021/0M010599R/SUPPL_FILE/OMO10599R_S.PDF.

Love, J. A.; Morgan, J. P.; Trnka, T. M.; Grubbs, R. H.; Bissell, A.; Boden, N.; Bushby, R.
J.; G Fishwick, C. W.; Holland, E.; Movaghar, B. A Practical and Highly Active Ruthenium-
Based Catalyst That Effects the Cross Metathesis of Acrylonitrile. Angewandte Chemie
International Edition 2002, 41, 4035-4037. https://doi.org/10.1002/1521-3757.
Wu, S. Y.; Guo, X. Q.; Zhou, L. P.; Sun, Q. F. Fine-Tuned Visible and Near-Infrared
Luminescence on Self-Assembled Lanthanide-Organic Tetrahedral Cages with Triazole-
Based Chelates. Inorganic  Chemistry 2019, 58 (10), 7091-7098.
https://doi.org/10.1021/ACS.INORGCHEM.9B0O0756/SUPPL_FILE/IC9B00756_SI_0O
01.PDF.

Armarego, W. L. F.; Chai, C. L. L. Purification of Laboratory Chemicals, 6th ed.; Elsevier,
2013. https://doi.org/10.1016/C2009-0-64000-9.

Mathers, R. T.; Damodaran, K.; Rendos, M. G.; Lavrich, M. S. Functional Hyperbranched
Polymers Using Ring-Opening Metathesis Polymerization of Dicyclopentadiene with
Monoterpenes. Macromolecules 2009, 42 (5), 1512-1518.
https://doi.org/10.1021/MA802441T/SUPPL_FILE/MA802441T_SI_001.PDF.
Schotten, C.; Nicholls, T. P.; Bourne, R. A.; Kapur, N.; Nguyen, B. N.; Willans, C. E. Making
Electrochemistry Easily Accessible to the Synthetic Chemist. Green Chemistry 2020, 22
(11), 3358-3375. https://doi.org/10.1039/DOGCO1247E.

265



Fu, N.; Sauer, G. S.; Lin, S. A General, Electrocatalytic Approach to the Synthesis of
Vicinal Diamines. Nature Protocols 2018 13:8 2018, 13 (8), 1725-1743.
https://doi.org/10.1038/s41596-018-0010-0.

General Guidelines for Cleaning Electrodes; 2021.

266



CHAPTER 6: SUMMARY AND OUTLOOK

267



Functional Materials

The synthesis of tunable materials continues to be an ongoing area of intense research
among polymer chemists. These materials hold promise for a wide array of applications due
to the nature of polymeric materials (e.g., lightweight, controllable molar mass, elasticity,
hardness). Utilization of new synthetic methodologies and the polymerization of metal-
containing fragments has allowed for the expansion of polymer chemical space. The research
described in this document has expanded polymer chemical space through the polymerization
of new monomers as well as the development of new methodologies for modification of

polymers.

Polymerization of Fischer Carbenes

In summary, we have reported the first example of well-defined Fischer carbene
containing polymers from ROMP. These materials exhibited increased thermal and ambient
stability when compared to previous examples by Macomber and Masuda. These polymers
were found to be stimuli-responsive and release CO upon exposure to light. Future
experiments with this system could include further CO-release studies to determine whether
the additional stimuli is oxygen or water. Specifically, CO-release experiments utilizing 2.5
could be carried out in which the 2.1 is held in the dark under N2 with the addition of water to
the solution as well as when 2.1 is held in the dark in anhydrous solvent under an atmosphere
of Ozg).

These metallocarbene polymers could be incorporated into more complex
architectures (e.g., block copolymers), and the metallocarbene motifs retained their intrinsic
chemical reactivity. During this study, we found that the tungsten carbenes did not polymerize
using Grubbs-type ruthenium catalysts, and in further studies we observed polymerization of
the analogous chromium carbenes with ruthenium catalysts. Therefore, we sought to
understand the fundamental origin of this divergent reactivity. Deeper understanding of the
phenomenon studied in chapter 3 could be further investigated through the synthesis of
carbenes without a methylene linker. Recent reports show that conversion of boronic ester
groups to amines is quite simple through the synthesis of a DABCO salt, and this process

proceeds with inversion of stereochemistry. Additionally, further stoichiometric experiments
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to determine the effect of the alkoxy substituted carbene 3.1w and the amino substituted
carbene 3.5w. Utilizing 3.4w eliminates propagation pathways and should allow for
investigation of the deleterious side-reactions noted in Chapter 3. An additional metathesis
inactive amino-carbene (analogous to 3.4) will need to be synthesized.

Future work concerning metallocarbene containing polymers could investigate the
material properties of these polymers. For example, the refractive indices of the norbornene
substituted tungsten and chromium carbenes have been observed to be variable dependent
upon molecular weight, an observation that is not typical of standard polymers. Therefore,
investigation into the range of refractive indices that can be observed from variation of
molecular weights could occur.

Additionally, the polymerization of Fischer carbenes should investigate the synthesis
of more complex polymers. We reported an example utilizing 2.1 and norbornene to make
hybrid organic-inorganic materials, but further investigations are possible. For example,
heterometallic statistical, block, and gradient copolymers could be synthesized. Synthesis of
an array of block copolymers with varying mol fractions of tungsten and chromium carbenes
should be easily accomplished through utilization of the Schrock catalyst (2.4). These
materials could possess interesting properties such as phase separation, modified thermal
and mechanical data, and variable optical properties. Finally, additional work to expand the
polymerization methods utilized can be conducted. Anionic, ring opening, radical, and vinyl
addition polymerizations can be studied to further determine how Fischer carbenes behave in
polymeric architectures, as well as the impact of these species on material properties.

Further studies should include the investigation of the reactivity of these carbenes.
There is vast synthetic utility imparted by Fischer carbenes; therefore, utilizing these reactive
handles to perform transformations on and with polymers could lead to valuable new
materials. Additionally, the metal species involved could impart divergent reactivity, as
tungsten and chromium carbenes have differing stabilities. This difference could allow for

chemoselective modification of Fischer carbene containing polymers.
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Post-polymerization Modifications

Brown Allylation Chemistry

Interest in Boron-containing polymers has seen rapid growth in recent years. These
materials have found a variety of applications. Our approach utilized brown allylation
chemistry to transform boronate esters into homoallylic alcohols. We were able to show that
our methodology was applicable to a wide range of aromatic and heteroaromatic aldehydes.
These materials could be isolated in good yield. The properties of the resultant materials have
yet to be investigated. Further studies to expand the work discussed in Chapter 4 could
include investigation of asymmetric allylations. For example, the transformation of 4.1 into
the tartrate ester could provide a chiral environment for asymmetric synthesis of these
materials. If synthesis of the tartrate proves difficult, other examples have shown chiral
phosphoric acids can be used to impart stereoselectivity; therefore, the utilization of these
compounds could aid in providing an asymmetric allyation.

Future work involving the utilization of allylation chemistry in polymers could seek to
transform boronate esters to homoallylic amines using imines. We should also seek
methodologies to expand the substrate scope from aromatic and heteroaromatic substrates
to include aliphatic substrates as well to study the impact of incorporation of alkyl chains on
polymer properties. Furthermore, these boron containing materials could undergo additional
reaction types, such as Petasis chemistry, to further diversify the toolbox of synthetic
methodologies for altering existing polymer frameworks. The ability to alter polymer
backbones has led to significant changes in polymer properties, and therefore, is breaking

new ground in terms of material applications.

Electrochemistry

Synthetic electrochemistry has blossomed as a field in recent years, but this powerful
methodological tool has found limited applications in materials science. Through the
utilization of polymer electrochemistry, we were able to both degrade and functionalize olefin-
containing polymers to high degrees. These reports hold promise for future endeavors, as a
step towards addressing the global plastic waste problem. Additionally, the utilization of

electrochemistry as a new methodology for polymer functionalization could provide facile
270



access to a variety of polymeric materials previously inaccessible. These new materials could
find applications in a number of areas.

Future work involving the application of synthetic electrochemistry on polymers could
seek to functionalize polyolefins through catalytic dehydrogenation followed by
electrochemical modification. Alternatively, preliminary studies from our group have shown
that functionalization of polyolefins is achievable under our conditions, without background
degradation. Additionally, other types of transformations could be investigated in olefin-
containing polymers, as well as in polyesters and polyurethanes. These transformations could
include oxidation or reduction at the benzylic position of polystyrenes, in carbonyl containing
polymers, or as a method to add new functionalities to existing polymer architectures.

The development of this methodology for polymer degradation and functionalization is
a new approach mechanistically. Radical cations are well known species in photoredox
catalysis. We envision utilization of photoredox catalysis as an improvement to this system,
and preliminary studies have shown that polymer degradation and functionalization is

significantly improved under those conditions.
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