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Abstract

Metal-free Methods Utilizing Single-electron Oxidations
Kelli A. Ogawa

Chairperson of the Supervisory Committee:
Professor Andrew J. Bodyston
Department of Chemistry
Redox transformations are critically important steps in organic syntheses; however, they
often require stoichiometric reagents or metal catalysts. Growing interest in “greener”
alternatives to traditional processes motivated our group to develop methods that achieve
single-electron oxidations under metal-free conditions. This dissertation describes our
work toward developing metal-free methods that avoid the use of stoichiometric oxidants,
high cell potentials, toxic metal reagents, and produces minimal byproducts. Towards the
goal of increasing atom efficiency and reducing waste, we developed a method that
integrates organocatalysis with electro-organic synthesis to achieve efficient aldehyde
transformations. This method was successfully demonstrated for the one-pot conversion
of aldehydes to esters and thioesters. The optimization of the thioesterification reaction
emphasized the importance of taking the redox potentials of azolium precatalysts into
consideration when developing N-heterocyclic carbene (NHC) catalyzed reactions. This
led us to systematically characterize the redox properties of a series of azolium and

azolinium salts, including benzothiazolium, thiazolinium, thiazolium, triazolium,

imidazolium, and imidazolinium salts. The series includes a broad range of N-aryl



thiazolium salts that collectively demonstrate the ability to fine tune the reduction
potential of the thiazolium ring via electronic modification to the N-aryl moiety.
Additionally, a novel class of N-aryl thiazolinium salts has been synthesized and
characterized. In contrast to what has been observed from imidazolium and
imidazolinium counterparts, saturation of the thiazolium backbone to give thiazolinium
salts results in more facile electrochemical reduction. Finally, we developed a method to
achieve ring-opening metathesis polymerization (ROMP) mediated by oxidation of
organic initiators in the absence of any transition-metals. Radical cations, generated via
one-electron oxidation of vinyl ethers, were found to react with norbornene to give
polymeric species with microstructures essentially identical to those traditionally
obtained via metal-mediated ROMP. We found that vinyl ether oxidation could be
accomplished under mild conditions using an organic photoredox mediator. This led to
high yields of polymer and generally good correlation between M, values and initial
monomer to catalyst loadings. Moreover, temporal control over reinitiation of polymer
growth was achieved during on/off cycles of light exposure. This method demonstrates

the first metal-free method for controlled ROMP.
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Chapter 1 — Organocatalyzed Anodic Oxidation of Aldehydes™**

Section 1: Introduction

1.1.a Electro-organic Chemistry

Electro-organic chemistry (EOC) has emerged as one of the most powerful methods
for executing redox transformations of organic compounds.*® The diverse synthetic
capabilities that have been developed in this area stem from the ability to use bulk
electrolysis to generate highly reactive, even potentially hazardous, intermediates under
mild reaction conditions. For example, highly reactive radical cations and anions can
typically be generated under neutral conditions at room temperature. Moreover, EOC is
often found to be a more environmentally friendly alternative to traditional redox
approaches due largely to the replacement of stoichiometric redox reagents with electrical
current. This green approach helps to maximize atom efficiency and minimize toxic
reagents, such as heavy metals, in the waste stream. Many of the general principles and
synthetic applications of EOC have been reviewed, with particular focus on direct bulk
electrolysis, indirect electrolysis using redox mediators, and application of

electroauxiliaries.* Recently, there has been a resurgence of interest in the integration of

! Reproduced with permission from Finney, E. E.; Ogawa, K. A.; Boydston, A. J. "Organocatalyzed Anodic
Oxidation of Aldehydes"J. Am. Chem. Soc. 2012, 134, 12374 — 12377. Copyright 2012 American
Chemical Society.
% Reproduced with permission from Ogawa, K. A.; Boydston, A. J. "Anodic Oxidation of Aldehydes to
Thioesters" Org. Lett. 2014, 16, 1928 — 1931. Copyright 2014 American Chemical Society.
® Reproduced with permission from Ogawa, K. A.; Boydston, A. J. "Recent Developments in
Organocatalyzed Electro-organic Chemistry" Chem. Lett., 2015, 44, 10 — 16. Copyright 2015 The Chemical
Society of Japan.



organocatalysis with EOC to achieve oxidative transformations (Figure 1.1), which

constitutes the focus of this review.

Figure 1.1: Generalized depiction of organocatalyzed anodic oxidation.
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What differentiates organocatalyzed EOC from more traditional approaches are the
manner in which the electroactive species is generated and the concentration of that
species. For example, most approaches to bulk electrolysis involve oxidation or reduction
of a substrate that is in an electroactive form throughout the reaction; it is not altered in
situ prior to the electrochemical event.

To put the development of organocatalyzed EOC into context, we will first consider
some of the basic techniques and principles of electrosynthesis, with a focus toward the
use of coulometry to achieve anodic oxidations.*** The electrolysis experiments can be
performed using either a controlled-current or controlled-potential approach. In both
techniques, electrical current is passed between a working and counter electrode. The
oxidation and balancing reduction reactions occur at the working and counter electrode,
respectively. In controlled-potential experiments, a reference electrode is also used to

accurately maintain the voltage of the working electrode. The substrate is then oxidized
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and converted to product over time. The decrease in substrate concentration is
accompanied by a decrease in the passing current and therefore reaction rate. In
controlled-current coulometry, the current demand is held constant throughout the
electrolysis and the voltage is gradually increased (for oxidations) to compensate for the
depleting concentration of substrate. Since the current remains constant, the rate of
substrate consumption can also be maintained provided all electron flow is associated
with the desired electrolysis reaction (i.e., a high Faradic efficiency is observed). In either
a controlled-potential or —current approach, it is clear that the redox potentials of the
substrate in comparison with all other species in solution must be carefully considered in
order to achieve high chemoselectivity.

Electroauxiliaries can be a powerful tool for achieving high chemoselectivity. Key
examples of such functional groups include organothio groups (thioacetals),®
organostannanes,’ silyl groups,® enol ethers,” and germyl groups.’® These functional
groups manifest lowered oxidation potentials which lead to their more selective
electrolysis. Notably, electroauxiliaries are traditionally installed stoichiometrically.
Following electrolysis, the remnants of the electroauxiliary can either be further
derivatized or removed.

Redox mediators are another attractive tool for achieving efficient anodic
oxidations.! A redox mediator facilitates indirect electrolysis by undergoing
electrochemical oxidation at the heterogeneous electrode surface, and then chemically

oxidizing the desired substrate in solution (Figure 1.2). The ability to regenerate the
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active form of the mediator in situ permits its use in catalytic quantities; therefore
reducing energy consumption and chemical waste. By shifting away from a
heterogeneous electron transfer to a homogenous process, higher rates and selectivities
can be achieved. The use of redox mediators enables the oxidation to be carried out under

milder oxidation conditions than those required for direct electrochemical oxidation.

Figure 1.2: Idealized depiction of a one-electron oxidation facilitated by a redox mediator.

anode . .
mediator (red) electroactive substrate
/\ ® ®
e [mediator] (ox) [intermediate] —,. product

The most commonly used organic redox mediators include triarylamines, !

1212 and N-oxyl radicals.’**®* Among these, the most extensively studied

triarylimidazoles,
are the triarylamines. These compounds provide access to a wide range of oxidation
potentials and a variety of applications such as oxidative cleavage of C-S bonds,
functionalization of aromatic side chains, and oxidative fluorodesulfurization, have been
reported.

As an exciting parallel to the installation of electroauxiliaries and use of mediators to
facilitate anodic oxidation, organocatalyzed EOC can be viewed as the in situ formation
of electroauxiliaries via interaction of an organocatalyst and substrate to generate an

electroactive intermediate. To clarify, we view the distinguishing features of

organocatalyzed EOC to be the use of an organocatalyst to directly augment the redox

12



potential of the substrate, and in situ electrolysis of the catalytically-generated
intermediate.* This differs from EOC using redox mediators, which do not change the
redox potential of the substrate. This emerging branch of catalyzed anodic oxidations
requires overcoming challenges associated with outcompeting homogenous side reactions
with heterogeneous oxidations at the anode and reduced current flow due to low
concentrations of the electroactive species. With careful tuning of the reaction conditions
and electrochemical cell, highly efficient transformations have been achieved. By
integrating organocatalysis with electro-organic synthesis, the need for stoichiometric
redox reagents and high cell potentials are avoided and minimal byproducts are produced.
Although only a few examples have been reported thus far, the advantages associated
with this burgeoning field are expected to be of great interest to a broadening community.
1.1.b Cyanide Mediated Aldehyde Oxidations

The first demonstrated example of organocatalyzed anodic oxidations was
reported by Chiba et al. in 1982 (Figure 1.3).°> They investigated cyanide mediated
anodic oxidation of aldehydes. Specifically, methyl esters were formed via oxidative
esterification of aromatic and aliphatic aldehydes in MeOH in the presence of sodium
cyanide. Controlled-current experiments were performed using a NaCN/MeOH solution
and platinum electrodes. Notably, side products from competing reactions that have been
shown to be catalyzed by NaCN, such as benzoin condensation, were observed in only

trace amounts. A variety of unactivated, sterically hindered, and electron-deficient
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aldehydes gave good yields while aliphatic aldehydes gave a mixture of products due to

competing aldol condensation reactions.

Figure 1.3: Representative examples of anodic oxidations of aldehydes in the presence of NaCN in MeOH.
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Various mechanisms were considered such as direct oxidation of the aldehyde
substrate and oxidation of a cyanohydrin intermediate. Control experiments using
NaClO, or tetraethylammonium p-toluenesulfonate instead of NaCN as electrolytes
yielded only trace amounts of ester. In addition, electrochemical studies suggested that
the electroactive species was likely not the aldehyde. For example, benzaldehyde was
found to oxidize at 2.3 V vs SCE in a LiCIO4#/CH3CN solution, whereas changing the
electrolyte solution to a NaCN/MeOH mixture decreased the oxidation potential to 1.7 V
vs SCE. This decrease in oxidation potential was thought to be the result of cyanohydrin
formation prior to oxidation, similar to the MnO,-mediated oxidation mechanism
described by Corey in 1968 (Scheme 1.1). The method developed by Corey, which has

recently been expanded to include N-heterocyclic carbene (NHC) catalysts, typically
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utilizes up to 20 molar equivalents of MnO,. The stoichiometric oxidant is replaced by

electrical current in Chiba’s approach, thus reducing the amount of by-products.

Scheme 1.1: Cyanohydrin formation.
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Collectively, these results support a mechanism in which the aldehyde substrate
reacts first with cyanide anion to form the cyanohydrin intermediate, which undergoes
subsequent oxidation to give the acyl nitrile. Although the use of catalytic (sub-
stoichiometric) quantities of cyanide were not explicitly demonstrated, this report was the
first to suggest that organocatalyzed anodic oxidations were feasible. Variants using
substoichiometric organocatalysts were later reported by Jang, Diederich, and Boydston,
as discussed below.

1.1.c Amine Catalyzed a-oxyaminations of Aldehydes via Anodic Oxidation

Enamine catalysis is an attractive avenue for organocatalyzed EOC due to the wealth
of knowledge regarding amine-based organocatalysts, the disparate oxidation potentials
of aldehyde substrates and enamine intermediates, and the ability to access
enantioselective variants via chiral amine catalysts. Capitalizing on these attributes, Jang
and coworkers reported an amine catalyzed a-oxyamination of aldehydes in 2009."

Specifically, they developed methods involving anodic oxidation of catalytically

15



generated enamines, and in situ trapping of the ensuing radical cations with TEMPO as

depicted in Scheme 1.2.

Scheme 1.2: Generalized depiction of organocatalytic enamine formation, anodic oxidation, and coupling
with TEMPO.
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Previous methods of a-oxyamination of aldehydes via enamine catalysis used metal-
based oxidants, such as ceric ammonium nitrate (CAN) and Cp,FeBF, in stoichiometric
amounts.'®*? Single-electron oxidation of the enamine intermediate by the stoichiometric
oxidant generates a radical cation intermediate, which then couples with a nucleophilic
partner to give the desired product. Inspired by the reactivity of these radical cations Jang
et al. replaced the stoichiometric metal oxidants with electrochemical oxidation.

Cyclic voltammetry experiments were performed to determine the selectivity of the
oxidation and were found to be consistent with one-electron oxidation of the enamine. No
redox wave was observed in cyclic voltammograms (CVs) of their initial aldehyde
substrate, hydrocinnamaldehyde, up to 2 V vs Ag wire pseudoreference. In the CV of
preformed enamine, an irreversible oxidation peak was observed at 0.71 V vs Ag wire,
which was less than that observed from the pyrrolidine catalyst (1.41 V) alone. Similarly,
a mixture of hydrocinnamaldehyde and pyrrolidine in a 2:1 ratio displayed an irreversible

oxidation peak at 0.72 V vs Ag wire.
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After confirming the feasibility of a selective oxidation, control experiments were
conducted to rule out the possibility of a TEMPO™ pathway involving oxidation of
TEMPO followed by electrophilic addition of TEMPO" to an enolate or enamine
intermediate.?® None of the a-oxyaminoaldehyde product was obtained when preformed
enolate or enamine was generated in the presence of TEMPO®. These results were
consistent with a mechanism involving formation and anodic oxidation of enamine
intermediates.

Figure 1.4: Representative examples of the a-0xyamination of aldehydes using anodic oxidation.
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With these results at hand, Jang and coworkers were able to achieve a-oxyamination
of aliphatic aldehydes using pyrrolidine as an organocatalyst and controlled-current
electrolysis (Figure 1.4). Notably, an enantioselective variant was also demonstrated
using a chiral sec-amine catalyst providing good yields and enantioselectivities (Figure.

1.5).
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Figure 1.5: Enantioselective a-oxyamination of aldehydes using anodic oxidation.
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1.1.d Amine Catalyzed o-alkylations of Aldehydes Using Anodic Oxidation

Jang and coworkers extended their work on organocatalyzed EOC to include a-
alkylation of aldehydes via anodic oxidation of enamines (Figure 1.6).2' Notably,
previous examples of a-alkylations of aldehydes involved photoredox metal catalysts
([Ru(bpy)s]**; bpy = bipyridine), or stoichiometric organic oxidants (2,3-dichloro-5,6-
dicyanobenzoquinone) to promote the desired redox transformation.?**® These methods
involve the one-electron oxidation of the coupling partner or preactivation prior to attack
of the enamine and do not involve the direct oxidation of the enamine intermediate. In
contrast to these previous methods, Jang et al. envisioned tandem one-electron oxidations
of the enamine intermediate and nucleophilic coupling partner to generate radical
intermediates. The resulting radicals species would then couple to form the desired C-C
bond.

Jang’s enantioselective a-alkylation of aldehydes (Figure 1.6) was conducted using

20 — 50 mol % of a chiral sec-amine catalyst and controlled-current conditions. A series
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of aliphatic aldehydes were successfully coupled with xanthene; however, poor yields
and enantioselectivities were obtained with cycloheptatriene as the coupling partner in
place of xanthene. Increasing the catalyst loading to 50 mol% with hydrocinnamaldehyde
as the substrate resulted in a minor increase in yield (68% yield using 20 mol% catalyst
and 74% vyield using 50 mol% catalyst). Additionally, the yield listed for octanal was

obtained with 50 mol% catalyst.

Figure 1.6: Representative examples of the electro-organocatalyzed a-alkylation of aliphatic aldehydes.
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To determine the selectivity of the electrochemical oxidation, the electrochemical
properties of all substrates and the reaction mixture were evaluated using cyclic
voltammetry. The individual substrates exhibited irreversible oxidation peaks at 2.7, 1.4,
and 2.0 V vs Ag wire for the aldehyde, pyrrolidine, and xanthene, respectively. The CV
of a mixture of aldehyde and pyrrolidine (2:1 ratio) showed an oxidation peak at 0.8 V vs
Ag wire, which was consistent with the oxidation of the enamine intermediate. Finally,

the CV of a mixture of all three substrates exhibited three oxidation peaks at 0.8, 2.3, and
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2.9 V vs Ag wire. These oxidation potentials supported the selective electrochemical
oxidation of the enamine intermediate.

The presence of radical intermediates was further supported using two control
experiments. The addition of a radical inhibitor (2,6-di-tert-butyl-4-methylphenol)
suppressed product formation and the use of an aldehyde substrate containing a
cyclopropyl ring resulted in the consumption of the cyclopropyl group. These two results
supported the formation of radical intermediates, although the cationic xanthene pathway

could not be definitively ruled out.

Section 2: Results and Discussion

1.2.a N-heterocyclic Carbene Catalyzed Anodic Oxidation of Aldehydes to Esters

The use of NHCs to mediate aldehyde oxidations has garnered considerable attention
from the synthetic community.?* NHCs react with aldehydes to give direct addition
adducts (A) in equilibrium with the Breslow intermediate (B), as depicted in Scheme
1.3.% Each of these species can undergo subsequent oxidation to give an activated ester
in the form of an acyl azolium cation (C), and a number of chemical oxidants for this
transformation have been demonstrated. In the presence of nucleophilic species, the acyl
azolium is converted to the desired carboxylic acid derivative (D) with concomitant

regeneration of the NHC catalyst.
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Scheme 1.3: Generalized pathways of NHC-catalyzed aldehyde oxidations.
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Diederich and coworkers demonstrated that MeFl can be used as an oxidant in
catalytic amounts by regenerating the oxidized form electrochemically during the
reaction (Scheme 1.4).%*° They achieved high yields and good Faradaic efficiencies in
MeOH solutions to produce methyl esters from aromatic and aliphatic aldehydes. This
study established that the overall biomimetic transformation can be facilitated
electrochemically, provided the right combination of substrate, catalyst, and co-catalyst is
employed. For example, the best yields were obtained using a supramolecular approach
to the NHC catalyst structure, which overcame limitations in the reactivity of more
common thiazolylidene-based NHC catalysts.

Scheme 1.4: NHC-catalyzed and Flavin-mediated oxidative esterification of aldehydes.
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In 2012, our group investigated the use of NHC catalysts to accomplish direct anodic
oxidation of the Breslow intermediate, absent redox mediators, and an expanded scope of

alcohol coupling partners.?” Although direct bulk electrolysis of Breslow intermediates
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were previously unknown, cyclic voltammetry studies of Breslow intermediates derived
from thiazolium precatalysts showed that these intermediates have much lower oxidation
potentials than their parent aldehydes (-0.9 V and > 2 V vs SCE, respectively).?®

As depicted in Figure 1.7, we envisioned in situ formation of the Breslow
intermediate followed by two-electron anodic oxidation to produce an electrophilic 2-
acylazolium species. Nucleophilic attack from the alcohol produces an ester with
concomitant regeneration of the NHC catalyst. Oxidations at the anode are balanced by

the formation of H; gas at the cathode.

Figure 1.7: Proposed catalytic cycle for NHC-catalyzed anodic oxidation of aldehydes.
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Our initial setup for bulk electrolysis of p-tolualdehyde involved using a 3-neck
round-bottom flask as an undivided cell, RVC anode, Pt wire cathode, and BusNCIO,4
(0.045 M) as supporting electrolyte. The cell potential was maintained at +0.1 V vs
Ag/AgNO;. We found potentiostatic experiments to be more successful than using a
constant current, which may be expected at low concentrations of anolyte." Considering
the propensity for competitive (hemi)acetal formation at high alcohol concentrations,*

we introduced the alcohol (BnOH) in stoichiometric amounts relative to aldehyde. Initial
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screenings revealed DBU and CH3;CN to be an optimal base and solvent combination
(THF, DME, DMSO, and DMF as solvents gave similar results).

An initial catalyst screen indicated that thiazolylidenes were more effective than
their imidazolylidene, triazolylidene, and acyclic diaminocarbene counterparts. We
speculate that the better performance of the thiazolylidene-derived catalysts may be
attributed to more favorable access to the Breslow intermediate in comparison with
NHCs bearing an additional ring substituent at the 1-position (i.e., NR in place of S).
Although observation of aldehyde-derived Breslow intermediates remains challenging,?
it is expected that those comprising thiazoles would encounter less A strain than those
derived from classes of NHCs bearing additional exocyclic substituents.

Using our initial conditions, oxidation of p-tolualdehyde proceeded in 46% yield
after 48 h using 10 mol% of 4-methyl-3-(2,4,6-trimethylphenyl)thiazolium perchlorate as
precatalyst. Analysis of the product mixture revealed a significant amount of benzil-type
product. Notably, aerobic oxidation of benzoins is catalyzed by NHC/DBU combinations,
presumably proceeding through the corresponding enol(ate) of the benzoin species.*
Interestingly, under N, atmosphere and without an applied cell potential, we still
observed benzil products. Further experiments indicated perchlorate as the culprit
oxidant. Changing the electrolyte to BusNBr (TBAB) and thiazolium counterion to
tetrafluoroborate improved the yield of ester to 94% after 48 h. Benzoin-type product was
still observed by *H NMR spectroscopy, but was confirmed to be equilibrating under the

reaction conditions (see experimental).
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Electrode materials and dimensions are an important consideration in bulk
electrolyses.* Increasing the surface area of the counter electrode from Pt wire (ca. 7.2
cm?) to a Pt basket (ca. 20 cm?) gave nearly quantitative formation of the desired ester
after 17 h. Excellent yields were maintained when the RVC anode (surface area = 40
cm?) was replaced with an inexpensive graphite drawing stick (0.6 x 0.6 x 7.5 cm,
submerged surface area = 4.5 cm?). We observed gas formation at the cathode consistent
with the production of H,, as expected considering the low hydrogen overvoltage of the
Pt cathode."  This mechanistic detail was further confirmed by trapping of the gas
formed in the headspace of the electrochemical cell with Vaska’s complex to form the
corresponding dihydride (see experimental).®! Using a carbon cathode in place of Pt
resulted in decreased reaction efficiency. Notably, no ester production was observed in
the absence of thiazolium precatalyst or DBU.

We next focused on the scope of aldehyde and alcohol substrates; key data are
summarized in Table 1.1. In general, good to excellent yields were obtained for most
aldehydes. Substitution at the ortho position was tolerated (entries 2 and 3), and excel-
lent chemoselectivity was observed in the presence of electrophilic groups such as
carboxylic acid (entry 4), cyano (entries 5 and 6) and ester (entry 26) functionalities.
Other electron-deficient benzaldehydes were also viable, such as 4-fluoro-, 4-chloro-, and
4-bromobenzaldehyde (entries 7, 8, and 9, respectively). In general, in the presence of an
N-(2,4,6-trimethylphenyl)-substituted catalyst, electron-deficient aldehydes displayed an

increased extent of benzoin formation that severely inhibited efficient ester production.
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Taking advantage of the increased electrophilicity of the aldehydes, however, permitted
the use of a bulkier NHC catalyst. Specifically, the N-(2,6-diisopropylphenyl) analogue
shepherded reactivity away from benzoin condensation and furnished high yields of ester
products in short reaction times. Not surprisingly, 4-nitrobenzaldehyde yielded a mixture
of products containing only ca. 10% of the desired ester, likely due to reductive coupling
of the nitroarene.*

Although anodic oxidation of electron-rich heteroaromatic 2-furfural proceeded in
good vyield (97%, entry 12), electron-rich benzaldehydes such as 4-methoxy- and 4-
dimethylaminobenzaldehyde were sluggish to react even at elevated temperatures. These
latter results are consistent with other approaches toward NHC-catalyzed oxidation of
electron-rich benzaldehydes that are considered deactivated toward formation of the
Breslow intermediate.?®** Moving the electron-donating group out of conjugation with
the aldehyde (i.e., 3-anisaldehyde, entry 13) restored reactivity and the desired ester was
obtained in 87% isolated yield.

Oxidation of nonaromatic cyclohexane carboxaldehyde also proceeded smoothly
(entry 14), as did oxidation of a,B-unsaturated cinnamaldehyde and 4-
methoxycinnamaldehyde (entries 15 and 16, respectively). This latter substrate class
indicated to us that the electrochemical oxidation of the Breslow intermediate was
sufficiently rapid to avoid competitive reaction pathways such as Stetter reactions,

lactone formation, and conjugate reduction.>*
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Table 1.1: Substrate scope of NHC-catalyzed anodic oxidation of aldehydes.?

A BEY

—\ (10 mol%)
Me
O DBU, R'OH, TBAB, CH;CN j\
R~ “H 9graphite anode, Pt cathode R” DOR'

undivided cell, +0.1 V vs. Ag/AgNO3

entry R R’ Ar | time (h)® | FE (%)°| vyield (%)°

1 4-MeCgH4 Bn Mes 17 74 98 (97)
2 2,4-Me,CgH3 Bn Mes 22 91 94 (93)
3 2,4-Cl,C¢H3 Bn DiPP 7 93 91

4 4-CO,HCgH, Bn Mes 15 49 97

5 4-CNCgH4 Bn DiPP 2 99 65

6 3-CNCgH4 Bn DiPP 6 91 94
7 4-FICeH, Bn Mes 14 82 97 (92)
8 4-ClCgH,4 Bn DiPP 8 98 98

9 4-BrCeHy Bn DiPP 8 94 98
10 4-1CgH,4 Bn DiPP 7 83 88
11 2-pyr Me DiPP 4 83 71 (60)
12 2-fur Bn Mes 5 92 97 (91)
13 3-MeOCgH4 Bn Mes 11 97 92 (87)
14 Cyclohexyl Bn Mes 56 99 87 (85)
15 Cinnamyl Bn Mes 7 99 90 (83)
16 4-MeO-cinnamyl Bn Mes 27 72 98
17 4-MeCgH,4 Et Mes 12 70 98 (95)
18 4-MeCgH4 2-PhEt Mes 36 50 72 (70)
19° 4-MeCgH,4 s-Bu Mes 24 97 45
20 4-MeCg¢H4 t-Bu Mes 4 0 0
21 4-MeCgH,4 allyl Mes 36 49 72 (66)
22 2,4-Me,CeH3 allyl Mes 13 91 91 (83)
23 4-MeCgH4 propargyl | Mes 13 97 96 (89)
24 4-MeCgH4 4-pentynyl | Mes 25 85 88 (74)
25 4-MeCgH,4 MesSiEt | Mes 30 98 96 (94)
26 4-MeCgH,4 o .. | Mes 24 72 91 (90)

®Reactions conducted in dry CH3;CN (15 mL) at RT in a 3-neck flask under N, with a graphite anode, Pt
basket cathode, 0.150 M RCHO, 0.165 M ROH, 0.150 M DBU, 0.015 M thiazolium salt, 0.045 M TBAB,
and constant cell potential of +0.1 V (vs Ag/AgNO3). Mes = 2,4,6-trimethylphenyl, DiPP = 2,6-
diisopropylphenyl. "Reactions were monitored by "H NMR spectroscopy until ester production had ceased.
‘Faradaic efficiencies assuming two-electron oxidations. “Determined by *H NMR spectroscopy using
1,3,5-trimethoxybenzene as internal standard (average of two runs); isolated yields in parentheses.
*Reaction conducted at 45 °C.
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A range of alcohols were found to be compatible (Table 1.1, entries 17 — 26). As
expected, s-BuOH (entry 19) displayed lower reactivity than did primary alcohols, and no
ester product was obtained when t-BuOH was employed (entry 20). Functionalized and
activated alcohols such as benzyl alcohol, allyl alcohol, propargyl alcohol, 4-pentyn-1-ol,
and 2-(trimethylsilyl)ethanol each furnished the corresponding esters in good to excellent
yields.

To improve the overall practicality of the organocatalyzed anodic oxidations, we
considered replacement of the potentiostat with a simple battery, similar to what has been
demonstrated for constant-current oxidations.*® Our initial conditions involved oxidation
of p-tolualdehyde to benzyl toluate using a two-electrode setup driven by commercial
batteries (Table 1.2). Use of a 6 V lantern battery (entry 1) failed to produce ester
product, possibly due to destructive oxidation of the NHC catalyst. Reducing the voltage
(1.5 V AA-cell, entry 2) gave the desired ester in 22% yield. Increasing the current while
maintaining the voltage by assembling multiple batteries in parallel and using D-cell
batteries led to improved reaction efficiencies (entries 3 — 6), although ester production
remained modest. Switching to a to 1.2 V NiCd battery (entry 7) resulted in a more

promising 67% yield after 26 h.
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Table 1.2: NHC-catalyzed anodic oxidation of aldehydes using batteries as a voltage source.?

entry battery arrangement time (h)® | yield (%)°
1 1 x 6V, lantern battery 24 0
2 1x15V, AA-cell 48 22
3 2 x 1.5V, AA-cell (parallel) 24 31
4 4 x 1.5V, AA-cell (parallel) 36 32
5 1x15V, D-cell 24 50
6 2 x 1.5V, D-cell (parallel) 48 56
7 1 x 1.2 V, rechargeable NiCd 26 67

®Reactions conducted at RT in a cylindrical vial under N, with 0.045 M TBAB, 0.150 M aldehyde, 0.165
M ROH, 0.150 M DBU, 0.015 M 4-methyl-3-(2,4,6-trimethylphenyl)thiazolium tetrafluoroborate in
CH3CN. PReactions were monitored by *H NMR spectroscopy until ester production had ceased.
“Determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard.

To achieve the necessary controlled potential, we assembled a simple voltage
divider (Figure 1.8) consisting of a 10 Q resistor in parallel with the reaction cell, which
together were in series with a 100 Q resistor. Two 1.5 V D-cell batteries were arranged in
parallel as the voltage source. This setup gave a measured voltage of +0.14 V across the
cell during the experiment and furnished benzyl toluate in 78% isolated yield after 27 h at
RT, and 85% isolated yield after 27 h at 45 °C. Similar success at 45 °C was achieved for
4-chlorobenzaldehyde (40 h, 90% vyield), cinnamaldehyde (20 h, 94% vyield), 4-

methoxycinnamaldehyde (40 h, 93% vyield), and nicotinaldehyde (6 h, 58% vyield).

Figure 1.8: Circuit diagram for the organocatalyzed anodic aldehyde oxidation using a voltage divider and
batteries.
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In summary, we have demonstrated the organocatalyzed anodic oxidation of

aldehydes at low controlled potentials. This process involves formation of electroactive
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intermediates which can be viewed as -catalytically-generated electroauxiliaries.
Application of this approach provides a direct conversion of aldehydes to esters that
circumvents the need for stoichiometric exogenous oxidants, high potentials, or redox
mediators, and produces minimal byproducts. This ester formation reaction is successful
for a broad range of aldehyde and alcohol coupling partners. Additionally, we have
shown that the process is successful using simplified electrochemical equipment such as
alkaline batteries, resistors, and graphite sticks in place of potentiostats and more
expensive electrodes.
1.2.b N-heterocyclic Carbene Catalyzed Anodic Oxidation of Aldehydes to Thioesters
Although direct aldehyde-to-ester conversions have received the greatest focus,
access to a range of other functional groups have also been reported.*” Among them,
direct thioesterifcation of aldehydes has received relatively little attention, which is
unfortunate considering the importance of thioesters as synthetic intermediates and

biologically active compounds.®*

Despite the superficial similarities with more familiar NHC-catalyzed oxidative
esterification of aldehydes, thioester formation poses unique challenges due to potentially
deleterious formation of disulfides. This not only consumes the thiol coupling partner, but
may also lead to rapid irreversible sulfenylation of NHC catalysts, as reported by
Rastetter.** While Yadav recently reported the successful use of diaryl disulfides in
aldehyde thioesterifications (Scheme, 1.5); it is unclear if moderate to good yields are

attainable with lower than 30 mol % catalyst loadings.®
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Scheme 1.5: Representative methods for conversion of aldehydes to thioesters using NHC catalysts and
stoichiometric oxidants, in comparison with the present work.

Previous work:
Bn ©

N® Cl
L
N

Bn

o]
R)kH DBU, ArS-SAr R
DEAD (oxidant)

R = vinyl or aryl

This work:

® . 9
A~ s BF,
Me

o

(10 mol %)
DMAP, R'SH o

SAr

9
BF,

L
N—CgFs5
o N/®
R*H Et;N, R'SH R

phenazine (oxidant)
R = vinyl, alkyl, or aryl

o
M

SR'

N

R” "H Bu4NBr, CH3CN, 45 °C
graphite anode, pt cathode
undivided cell, +0.1 V vs Ag/AgNO3

R = alkyl or aryl

The delicate reactivity of thiols and thiolates signifies the importance of selecting
a compatible oxidant. This task was highlighted in the report by Takemoto, in which

phenazine emerged as an optimal stoichiometric oxidant after screening several

candidates (Scheme 1.5).%%¢ Notably, each reported general method of NHC-catalyzed

aldehyde thioesterification requires a stoichiometric exogenous oxidant. This reduces

overall efficiency, can limit chemoselectivity, and may give deleterious byproducts (e.g.,

hydrazides are produced from hydrazobenzenes when azobenzene is used as an

oxidant).*®"
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Figure 1.9: Proposed catalytic cycle for NHC-catalyzed anodic oxidation of aldehydes to thioesters.
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We recently demonstrated a highly atom-efficient method of NHC-catalyzed
oxidative esterification via integration of organocatalysis and electrosynthesis.?” This
approach enables one-pot oxidative couplings without the need for stoichiometric
oxidants, which we speculated would provide an improved method of thioester synthesis.
The catalytic cycle (Figure 1.9) involves in situ deprotonation of a thiazolium pre-
catalyst (A) to give the active NHC catalyst B. Reaction of the NHC with aldehyde
substrates leads to an equilibrium mixture strongly favoring the addition adduct C over
the electroactive Breslow intermediate D. While oxidation of (pseudo)benzylic alcohols
such as C have been demonstrated, the oxidation potentials measured via cyclic
voltammetry and used herein for potentiostatic oxidation are consistent with oxidation of
the Breslow intermediate D. The irreversible anodic oxidation of D provides acyl
thiazolium species E, which is intercepted by the thiol substrate to give the thioester
product (F) and regenerate the active catalyst B. Notably, oxidations at the anode are

balanced by the formation of H; gas at the cathode.
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We began our attempts at direct thioesterification by applying the conditions we
previously developed for esterifications. Specifically, reactions were conducted in an
undivided cell using a graphite anode and Pt basket cathode, with DBU and CH3CN as
base and solvent, respectively. After screening a series of azolium precatalysts, we found
4-methyl-3-(2,4,6-trimethylphenyl)thiazolium tetrafluoroborate (A-Mes) and 4-methyl-3-
(2,6-diisopropylphenyl)thiazolium tetrafluoroborate (A-DiPP) to be most effective (see
experimental). Unfortunately, these conditions gave only 26% yield of thioester when p-
tolualdehyde and butanethiol were used in the initial screenings. Analysis of the reaction
mixture revealed that the remainder of the butanethiol had been oxidized to the
corresponding disulfide. We speculated that electrochemical oxidation of either the thiol
or thiolate anion was a likely cause. Notably, the Breslow intermediates display two one-
electron oxidations clustered around -1.0 V and -0.8 V vs SCE; butanethiol and
butanethiolate anion display oxidation potentials at +1.12 and -0.85 V vs SCE,
respectively. This suggested to us that cell potentials capable of oxidizing the Breslow
intermediate would also be capable of oxidizing thiolates, but that thiols would not be

readily oxidized.

Interestingly, our investigations also revealed results consistent with an azolium-
mediated oxidation of thiolates. Specifically, in the absence of an applied voltage, the
combination of a thiazolium cation and thiolate anion resulted in efficient formation of

disulfides (Table 1.3).
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Table 1.3: Investigation into disulfide formation.?

additive, base

MSBu BuSSBu
CDsCN, RT, 2 h
entry additive MSBu base % BuSSBu”
1 A-Mes HSBu None 0
2 None HSBu DBU 0
3 A-Mes HSBu DBU 25
4 None NaSBu None 0
5 A-Mes NaSBu None 15
6 None HSBu DMAP 0
7 A-Mes HSBu DMAP 4

®Reactions conducted at rt in a screw cap NMR tube under N, with 0.150 M A-Mes (as indicated), 0.150 M
MSBu, and 0.150 M base in CD,CN. "Determined by 'H NMR spectroscopy using 1,3,5-
trimethoxybenzene as internal standard.

In the absence of either reactant, no disulfide was observed (entries 1 and 2).
DBU was found to be a sufficiently strong base to facilitate thiolate and thus disulfide
formation (entry 3). Similarly, sodium butanethiolate was easily oxidized in the presence
of the thiazolium salt (entries 4 and 5). In an attempt to minimize thiolate formation, we
investigated DMAP and found that disulfide was formed to a much lesser extent (entry
7).

We further investigated the influence of base strength and concentration during
the anodic oxidation to form thioesters (Table 1.4). After 2 h, DBU (100 mol % relative
to aldehyde) gave 57% yield of disulfide (entry 1) and only trace amounts of thioester.
Use of K,CO3; or DMAP each resulted in improved yields of thioester (entries 2 and 3,
respectively), with DMAP giving 21% vyield of thioester while producing 10% yield of

disulfide. To further minimize thiolate formation, we reduced the amount of DMAP to 50
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mol % (entry 4). Although the yield of thioester dropped to only 11% in the 2 h run, the
ratio of thioester to disulfide (2.75:1) was improved in comparison with those having
higher base loadings. With the exception of pyridine (entry 6), which was found to be
completely ineffective, we continued to observe greater yield of thioester than disulfide
when maintaining a 50 mol % base loading (entries 7 — 10).

Table 1.4: Base screen for NHC-catalyzed anodic oxidation of aldehydes to thioesters.?

O A-Mes (10 mol %), base, BuSH o

H TN
BusNBr, CH4CN, 45 °C, 2 h

graphite anode, Pt cathode
undivided cell, +0.1 V vs Ag/AgNO3

entry base (M) % thioester” % BuSSBU”
1 DBU (0.15) <1 57
2 K,CO3(0.15) 15 15
3 DMAP (0.15) 21 10
4 DMAP (0.075) 11 4
5 DBU (0.075) 3 58
6 Pyridine (0.075) 0 0
7 K,COj3 (0.075) 5 3
8 DIPEA (0.075) 20 13
9 DABCO (0.075) 15 10
10 NEt; (0.075) 30 12

®Reactions conducted at 45 °C in a three-neck flask under N, with a graphite anode, Pt basket cathode,
0.045 M BuyNBr, 0.150 M aldehyde, 0.300 M R’SH, and constant cell potential of +0.1 V (vs Ag/AgNO3).
"Determined by GC-MS and *H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard.

We next explored the aldehyde and thiol substrate scope; key results are depicted
in Scheme 1.6. Unactivated and ortho-substituted aldehydes gave good yields of
thioester, as did cyclohexane carboxaldehyde. In general, electron-deficient aldehydes
proceeded in good to excellent vyields, including heteroaromatic 2-

pyridinecarboxylaldehyde. Attempts with a,p-unsaturated aldehydes were met with
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limited success. In addition to butanethiol, we found that other primary thiols such as
benzyl, 2-chlorobenzyl, and 2-furfuryl each gave good yields of the desired thioester.

Additionally, cyclohexanethiol gave the secondary thioester in 63% yield.

Scheme 1.6: Substrate scope of NHC-catalyzed anodic oxidation of aldehydes to thioesters.?
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®Reactions conducted at 45 °C in a three-neck flask under N, with a graphite anode, Pt basket cathode,
0.045 M BuyNBr, 0.150 M aldehyde, 0.300 M R’SH, 0.075 M DMAP, and constant cell potential of +0.1 V
(vs Ag/AgNOs). For 1 — 5 and 6 — 11 precatalysts A-Mes and A-DiPP were used, respectively. Reaction
times ranged from 8 — 44 h and were monitored by ‘H NMR spectroscopy and GC-MS until production of
thioester had ceased. Yields were determined by GC-MS using 1,3,5-trimethoxybenzene as internal
standard (average of two runs); isolated yields in parentheses. See supporting information for experimental
details.

In summary, we have demonstrated a direct conversion of aldehydes to thioesters.
This integrated organocatalyzed electrosynthetic approach achieves efficient anodic
oxidation of catalytically generated species and circumvents the need for stoichiometric

exogenous oxidants, high cell potentials, or redox mediators while producing minimal
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byproducts. Optimization of the strength and concentration of base was essential for
minimizing unwanted disulfide formation and achieving efficient thioesterification. This
thioesterification reaction provides good to excellent yields for a broad range of aldehyde

and thiol substrates.

Section 3: Conclusions

The growing use of electrochemical techniques in organic synthesis has led to the
development of novel integrative methods. By integrating organocatalysis with
electrosynthesis, highly efficient alternatives to traditional oxidation methods have been
developed that involve the efficient anodic oxidation of catalytically generated species. A
notable challenge in this area is the need to efficiently oxidize catalytically-generated
intermediates present in very low concentrations. This has been partially addressed
through the use of redox mediators, high catalyst loadings, and optimization of catalyst
reactivity. Organocatalyzed anodic oxidations circumvent the use of stoichiometric
exogenous oxidants and high cell potentials, and produce minimal byproducts. In recent
examples, relatively low catalyst loadings have been successful for oxidative
esterification and thioesterification of aldehydes, with H, gas as the only stoichiometric
byproduct. We anticipate that the incentives of environmentally friendly and synthetically
versatile oxidative transformations will lead to expanded scope and application of

organocatalyzed EOC.
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Section 4: Experimental

General Considerations

DME and THF were obtained from a solvent purification system. *H and *C NMR
spectra were recorded on a Bruker AVance 300 MHz spectrometer. Chemical shifts are
reported in delta (8) units, expressed in parts per million (ppm) downfield from
tetramethylsilane using the residual protio-solvent as an internal standard (CDCls, *H:
7.26 ppm and *C: 77.0 ppm; DMSO-ds, *H: 2.49 ppm and *3C: 39.5 ppm). All GC-MS
experiments were taken on a Hewlett Packard 5971A mass spectrometer/5890 gas
chromatograph with electron impact ionization. Electrochemical experiments were
performed on either a CH Instruments 1100B potentiostat or an EZ Stat-Basic
potentiostat using a 25 mL 3-neck round bottom flask as an undivided cell equipped with
a graphite working electrode (General’s brand), Pt counter electrode (Premier Lab
Supply), and Ag/0.01 M AgNQOs3 (0.1 M tetrabutylammonium bromide in CH3;CN) double
junction reference electrode. The working electrode potential was +0.1 V vs. Ag/AgNO:s.
For electrolyses performed using batteries in place of a potentiostat, commercial batteries
and resistors were used and voltages were measured using a multi-meter. No reference
electrode was used for bulk electrolyses using batteries. The 4-methyl-3-(2,4,6-
trimethylphenyl)thiazolium and 3-(2,6-diisopropylphenyl)-4-methylthiazolium
precatalysts were prepared according to literature procedures.** Additionally, (4-(1,3-

dioxolan-2-yl)phenyl)methanol*? and 4-iodobenzaldehyde*® were prepared according to
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literature procedures. All other reagents and solvents were obtained from commercial
sources and stored in the drybox.

General procedure for bulk electrolysis (esterification). In
the drybox, a 3-neck round bottom flask was charged with a
magnetic stir bar, thiazolium precatalyst (0.225 mmol) and
anhydrous CH3CN (15 mL). To the solution was added

tetrabutylammonium bromide (0.675 mmol) and aldehyde (2.25

mmol). The electrode leads were fitted through rubber septa and
the electrodes inserted into the flask. The distance between the lower (closest) ens of tAe
electrodes were: C anode — Pt cathode: 0.3 cm, C anode — reference electrode: 0.2 cm,
Pt cathode — reference electrode: 0.9 cm. The flask was sealed with the rubber septa, and
the electrochemical cell was then removed from the dry box and placed under a positive
pressure of N,. To the stirred solution was added alcohol (2.36 mmol) and DBU (2.25
mmol). The solution typically changed from colorless to red-orange upon addition of
DBU. The electrodes were connected to the potentiostat and bulk electrolysis was started
with constant stirring.

Aliquots (0.1 mL) were removed with a disposable syringe, a known quantity of
1,3,5-trimethoxybenzene was added as an internal standard, and the mixture was
analyzed by *H NMR spectroscopy in DMSO-ds. When ester formation ceased as judged
by *H NMR spectroscopy, the electrolysis was stopped. The cell and the electrodes were

rinsed with solvent, and the combined solutions were concentrated under reduced
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pressure. The residue was then extracted with ethyl acetate (4 x 15 mL). The combined
extracts were then washed with H,O (2 x 50 mL), and then dried over Na,SO,4. When all
of the aldehyde was consumed and a volatile alcohol used, the extraction was sufficient
to isolate the ester; however, when aldehyde was still present or a higher boiling alcohol
was used, the extraction was followed by flash chromatography on silica gel using a
mixture of ethyl acetate and hexanes. *H and **C NMR spectra for new compounds are
reported below; other spectra were consistent with literature data: benzyl 4-
methylbenzoate,** terephthalic acid monobenzyl ester,*® benzyl 4-cyanobenzoate,*
benzyl 3-cyanobenzoate,*’ benzyl 4-fluorobenzoate,*® benzyl 4-chlorobenzoate,* benzyl
4-bromobenzoate,”® benzyl 4-iodobenzoate,® benzyl cyclohexanecarboxylate,®* benzyl
trans-cinnamate,” benzyl trans-4-methoxycinnamate,™ benzyl 3-methoxybenzoate,
ethyl 4-methylbenzoate,*® allyl 4-methylbenzoate,”” propargyl 4-methylbenzoate.>
Reactions were found to be equally successful without the use of a drybox when
proper air-free handling was performed. In open air, reaction progress typically ceased
within 2 h for p-tolualdehyde oxidation (< 20% yield of benzyl toluate as determined by
'H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard). In the
absence of a drybox, a typical procedure was as follows: an oven-dried 3-neck round
bottom flask containing a magnetic stir bar was fitted with electrodes and rubber septa as
described above and cooled under N, atmosphere. Solid reagents were added under a

positive pressure of Ny, followed by CH;CN and liquid reagents each by syringe. The
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electrodes were connected to the potentiostat and bulk electrolysis was started with
constant stirring.

Benzyl 2,4-dimethylbenzoate

'H NMR (300 MHz, CDCl3) 8 = 2.35 (s, 3 H) 2.59 (s, 3 H) 5.33 (s, 2 H) 7.01 - 7.09 (m, 2
H) 7.31 - 7.48 (m, 5 H) 7.88 (d, J =7.7 Hz, 1 H). **C NMR (500 MHz, CDCl3) & = 21.2,
21.8, 66.1, 126.3, 127.95, 127.99, 128.38, 128.41, 130.81, 132.39, 136.2, 140.4, 142.4,
167.0.

Benzyl 2,4-dichlorobenzoate

'"H NMR (300 MHz, CDCls) & = 5.37 (s, 2 H) 7.29 (dt, J = 8.5, 1.9 Hz, 8 H) 7.36 - 7.49
(m, 43 H) 7.83 (dd, J = 8.5, 1.45 Hz, 1 H). *C NMR (500 MHz, CDCls) & = 67.6, 127.1,
128.2, 128.5, 128.6, 128.8, 131.2, 132.8, 135.2, 135.5, 138.5, 164.6.

Benzyl 2-furoate

'H NMR (300 MHz, CDCls3) 6 = 5.35 (s, 2 H) 6.50 - 6.56 (m, 1 H) 7.21 (dd, J = 3.4, 1.0
Hz, 1 H) 7.33 - 7.44 (m, 5 H) 7.58 (dd, J = 1.7, 0.8 Hz, 1 H). *C NMR (500 MHz,
CDCl3) 6 =66.3, 111.7, 118.0, 128.17, 128.20, 128.4, 135.4, 144.4, 146.3, 158.3.
2-Phenylethyl 4-methylbenzoate

'"H NMR (300 MHz, CDCl3) & = 2.41 (s, 3 H) 3.07 (t, J = 7.0 Hz, 2 H) 4.52 (t, J = 7.0 Hz,
2 H) 7.24 - 7.34 (m, 7 H) 7.88 - 7.94 (m, 2 H). **C NMR (300 MHz, CDCls) & = 21.5,

35.1,65.2, 126.4, 127.4, 128.4, 128.8, 128.9, 129.4, 137.8, 143.3, 166.4.
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Allyl 2,4-dimethylbenzoate

'H NMR (300 MHz, CDCl3) & = 2.35 (s, 3 H) 2.59 (s, 3 H) 4.79 (dt, J = 5.5, 1.4 Hz, 2 H)
5.25 - 5.33 (m, 1 H) 5.40 (dg, J = 17.2, 1.6 Hz, 1 H) 5.97 - 6.12 (m, z1 H) 7.01 - 7.09 (m,
2 H) 7.84 - 7.91 (m, 1 H). *C NMR (400 MHz, CDCls) & = 21.4, 21.8, 65.1, 118.0,
126.4, 126.5, 130.8, 132.47, 132.49, 140.4, 142.5, 167.1.

(4-pentyn-1-yl) 4-methylbenzoate

'H NMR (300 MHz, CDCl3) & = 1.97 - 2.00 (m, 2 H) 2.35 - 2.39 (m, 2 H) 2.41 (s, 3 H)
439 - 443 (m, 2 H) 7.21 - 7.26 (m, 2 H) 7.90 - 7.96 (m, 2 H). *C NMR (500 MHz,
CDCl3) 6 =15.3, 21.5, 27.6, 63.1, 69.0, 83.0, 127.3, 129.0, 129.5, 143.5, 166.4.
2-(Trimethylsilyl)ethyl 4-methylbenzoate

'H NMR (500 MHz, CDCl3) & = 0.00 (s, 9 H) 1.02 - 1.08 (m, 2 H) 2.29 (s, 3 H) 4.29 -
436 (m, 2 H) 7.12 (d, J = 7.8 Hz, 2 H) 7.85 (d, J = 8.3 Hz, 2 H). **C NMR (500 MHz,
CDCl) 6 =-1.6,17.2, 21.4, 62.7, 127.8, 128.8, 129.4, 143.1, 166.6.
4-(Carbomethoxy)benzyl 4-methylbenzoate

'H NMR (300 MHz, CDCl3) & = 2.41 - 2.46 (m, 3 H) 3.93 (s, 3 H) 5.41 (s, 2 H) 7.24 -
7.28 (m, 2 H) 7.51 (d, J = 8.2 Hz, 2 H) 7.98 (d, J = 8.2 Hz, 2 H) 8.03 - 8.09 (m, 2 H). *C
NMR (500 MHz, CDCl3) § =21.9, 52.2, 62.7, 127.0, 127.5, 129.1, 129.7, 129.79, 129.83,
141.2, 144.0, 166.3, 166.7.

Control experiment forming benzil in the absence of an applied potential. In the
drybox, a vial was charged with DME (15 mL) and a stir bar. To the vial were added

sequentially ~ p-tolualdehyde  (0.27 mL, 225 mmol), 4-methyl-3-(2,4,6-
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trimethylphenyl)thiazolium perchlorate (71.5 mg, 0.225 mmol), benzyl alcohol (0.25 mL,
2.36 mmol), DBU (0.34 mL, 2.25 mmol), and lithium perchlorate (71.8 mg, 0.675 mmol,
30 mol% with respect to p-tolualdehyde). Upon addition of perchlorate, a white solid
precipitated from the solution. The solution was stirred for 2 h, and the vial was brought
out of the drybox. The white solid was collected via vacuum filtration and characterized
as 4,4’-dimethylbenzil by *H NMR spectroscopy (yield: 95% based on perchlorate).>® An
analogous experiment using 0.225 mmol of lithium perchlorate (10 mol% with respect to
p-tolualdehyde) gave 9% vyield of 4,4’-dimethylbenzil based on perchlorate.

Control experiment showing the equilibration between benzoin and aldehyde. In the
drybox, CD3CN (0.5 mL) was added to a screw cap NMR tube. To the tube were added
sequentially 4,4’-dimethylbenzoin (18.02 mg, 0.075 mmol), 4-methyl-3-(2,4,6-
trimethylphenyl)thiazolium tetrafluoroborate (2.29 mg, 0.008 mmol),
tetrabutylammonium bromide (7.25 mg, 0.023 mmol), 1,3,5-trimethoxybenzene (internal
standard, 8.20 mg, 0.049 mmol), and DBU (0.01 mL, 0.075 mmol). The solution was
monitored by *H NMR spectroscopy. As shown in Figure 1.10, the mole fraction of 4,4’-
dimethylbenzoin was initially 1.0 and decreased over time with concomitant increase in
the concentration of p-tolualdehyde. No other products were observed, and mass balance
as judged by NMR spectroscopy was in accordance with a 2:1 benzoin/aldehyde

stoichiometry.
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Figure 1.10: Equilibration of 4,4’-dimethylbenzoin to p-tolualdehyde under reaction conditions consistent
with anodic aldehyde oxidations, but without electrodes or applied voltage.
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Cyclic Voltammetry. Representative cyclic voltammograms are depicted in Figure 1.11,
with Eox values for Breslow intermediates listed in Table 1.5. The general procedure was
as follows: In the drybox, a 3-neck round bottom flask was charged with a magnetic stir
bar and CH3CN (15 mL), and tetrabutylammonium tetrafluoroborate (1.50 mmol). For
CVs of each aldehyde, the indicated aldehyde (0.075 mmol) was added to the mixture.
Alternatively, for CVs of the Breslow intermediates in the absence of alcohol, aldehyde
(3.75 mmol), thiazolium precatalyst (0.075 mmol), and DBU (0.15 mmol) were added to
the mixture. The flask was equipped with a Pt wire anode, Pt wire cathode, and
Ag/AgNO; reference electrode (0.01 M AgNO3/0.1 M tetrabutylammonium
tetrafluoroborate in CH3CN) and then the apparatus was sealed using rubber septa. The

electrochemical cell was then removed from the drybox and the solution was placed
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under a positive pressure of N, and stirred at room temperature or in an ice bath for the
aldehydes and Breslow intermediates, respectively. Stirring was stopped prior to
connecting to the potentiostat. The cyclic voltammograms for the aldehydes were
typically taken from -1.0 V to +3.0 V vs. Ag/NO3 and the cyclic voltammograms for the
Breslow intermediates were typically taken from -1.4 V to +0.6 V vs. Ag/AgNO; with a
sweep rate of 0.10 V/s. Ferrocene (0.15 mmol) was added as an internal standard after

each voltammogram.>® All potentials are reported in V vs. SCE.

Figure 1.11: Cyclic voltammograms using conditions as described above.
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Table 1.5: Potentials (vs. SCE) of Breslow intermediates determined by cyclic voltammetry as described
above.

aldehyde used Eoxi Eox2
p-tolualdehyde -0.86 -0.54
2,4-dimethylbenzaldehyde -0.88 -0.48
2,4-dichlorobenzaldehyde -0.86 -0.38
4-cyanobenzaldehyde -0.78 -0.35
4-fluorobenzaldehyde -0.84 -0.49
2-pyridinecarboxaldehyde -0.83 -0.38
2-furaldehyde -0.89 -0.50
3-methoxybenzaldehyde -0.87 -0.51
cyclohexanecarboxaldehyde -0.94 -0.60
trans-cinnamaldehyde -0.79 -0.42

Current-time plots during bulk electrolysis. Representative current versus time plots
are given below. The corresponding overall aldehyde-to-ester conversion is depicted on
each graph. Large spikes in current during the electrolyses corresponded to aliquots being

withdrawn from the reaction mixtures.
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Anodic oxidations using alkaline batteries. In the drybox, thiazolium precatalyst (0.225
mmol) TBAB (0.675 mmol) added to a 25 mL 3-neck round bottom flask. To the flask
was added dry CH3;CN (15 mL), aldehyde (2.25 mmol), and benzyl alcohol (2.36
mmol[]. The vial was fitted with a graphite stick anode and Pt wire coil cathode, capped
with a rubber septum, and brought out of the drybox. The solution was stirred under N,
and DBU (2.25 mmol) was added to the mixture via syringe. The electrodes were
connected to the battery source through a voltage regulator to maintain a potential of ca.
+0.14 V as determined using a multi-meter connected across the graphite and Pt
electrodes. Aliquots were taken as described above.

Detection of H, gas produced during the reaction. Anodic oxidation of p-tolualdehyde
in the presence of benzyl alcohol was conducted using a potentiostat as described above.

Separately, IrCI(CO)(PPhs), (Vaska’s complex, 39 mg, 0.05 mmol) was dissolved in
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CsDs (0.6 mL) in a screw-cap NMR tube. The tube was sealed with a septum-lined
screw-cap under N, atmosphere. The atmosphere in the electrochemical cell was bubbled
through the NMR tube containing Vaska’s complex via cannula, with an exit needle
inserted into the NMR tube. The solution in the NMR tube was monitored by *H and 3'P

NMR spectroscopy. All spectra were consistent with literature data.®*®"%2
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Normalized Intensity
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General procedures for bulk electrolysis (thioesterification): In a nitrogen-filled
drybox, a 3-neck round bottom flask was charged with a magnetic stir bar,
tetrabutylammonium  bromide (0.675 mmol, 0.045 M), 4-methyl-3-(2,4,6-
trimethylphenyl)thiazolium tetrafluoroborate (A-Mes) (0.229 mmol, 0.10 equiv),
aldehyde (2.29 mmol, 1.0 equiv), and anhydrous CH3CN (15 mL). The electrode leads
were fitted through rubber septa and the electrodes inserted into the flask. The flask was
sealed with the rubber septa, and the electrochemical cell was then removed from the dry
box and placed under a positive pressure of N,. To the stirred solution was added thiol
(4.58 mmol, 2.0 equiv) and 4-dimethylaminopyridine (DMAP) (1.15 mmol, 0.50 equiv).
The solution typically changed from colorless to orange upon addition of DMAP. The
electrodes were connected to the potentiostat and bulk electrolysis was started with
constant stirring.

Aliquots (0.1 mL) were removed with a disposable syringe, a known quantity of
1,3,5-trimethoxybenzene was added as an internal standard, and the mixture was
analyzed by 'H NMR spectroscopy in CDCl; and tandem gas chromatography-mass
spectrometry (GC-MS). When thioester formation ceased as judged by 'H NMR
spectroscopy, the electrolysis was stopped. The cell and the electrodes were rinsed with
solvent, and the combined solutions were concentrated under reduced pressure. The
residue was then extracted with ethyl acetate (4 x 15 mL). The combined extracts were
then washed with H,O (2 x 50 mL), and then dried over Na,SO,. The extraction was

followed by flash chromatography on silica gel using a (10:90) mixture of ethyl acetate
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and hexanes to provide the product. *H and **C NMR spectra for new compounds are
reported below; other spectra were consistent with literature data: S-butyl-
cyclohexanecarbothioate® and S-benzyl-3-methoxythiobenzoate.*
S-butyl-4-methylthiobenzoate *H NMR (300 MHz, CDCl3) & = 7.88 (d, J = 9.0 Hz, 2
H) 7.24 (d, 3 = 9.0 Hz, 2 H) 3.07 (t, J = 6.0, 6.0 Hz, 2 H) 2.40 (s, 3 H) 1.66 (m, 2 H) 1.48
(m, 2 H) 0.96 (t, J = 6.0, 9.0 Hz, 3 H). *H and *C NMR spectra were consistent with
literature data.®> LRMS: calculated for C1,H;50S: 208.09; found: 208.05.
S-butyl-2,4-dimethylthiobenzoate *H NMR (300 MHz, CDCl3) § = 7.73 (m, 1 H) 7.06
(m, 2 H) 3.03 (t, J = 9.0, 6.0 Hz, 2 H) 2.48 (s, 3 H) 2.35 (s, 3 H) 1.66 (M, 2 H) 1.48 (m, 2
H) 0.96 (t, J = 9.0, 6.0 Hz, 3 H). *C NMR (125 MHz, CDCl3) & = 194.0, 142.0, 136.9,
134.9, 132.3, 128.7, 126.3, 31.7, 29.2, 22.1, 21.3, 20.6, 13.6. LRMS: calculated for
C13H150S: 222.11; found: 222.10.

S-butyl-3-methoxythiobenzoate *H NMR (300 MHz, CDCl3) § = 7.59 (d, J = 9.0 Hz, 1
H) 7.47 (m, 1 H) 7.34 (t, J = 9.0, 6.0 Hz, 1 H) 7.11 (m, 1 H) 3.85 (s, 3 H) 3.07 (t, J = 9.0,
6.0 Hz, 2 H) 1.66 (m, 2 H) 1.46 (m, 2 H) 0.95 (t, J = 9.0, 6.0 Hz, 3 H). *C NMR (125
MHz, CDCl3) 6 = 192.0, 159.7, 138.5, 129.5, 119.7, 119.6, 111.4, 55.4, 31.5, 28.8, 22.0,
13.6. LRMS: calculated for C12H160,S: 224.09; found: 224.10.
S-butyl-4-fluorothiobenzoate *H NMR (300 MHz, CDCl3) & = 8.00 (dd, J = 6.0, 3.0
Hz, 2 H) 7.12 (t, J = 9.0, 9.0 Hz, 2 H) 3.08 (t, J = 6.0, 9.0 Hz, 2 H) 1.66 (m, 2 H) 1.46 (m,

2 H) 0.95 (t, J = 9.0, 6.0 Hz, 3 H). *C NMR (125 MHz, CDCl5) § = 190.5, 166.8, 164.8,
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133.6, 129.7, 139.6, 115.7, 1155, 31.5, 28.8, 22.0, 13.5. LRMS: calculated for
C11H13FOS: 212.07; found: 212.00.

S-butyl-3-chlorothiobenzoate *H NMR (300 MHz, CDCl3) 6 = 7.94 (m, 1 H) 7.85 (m, 1
H) 7.54 (m, 1 H) 7.39 (t, J = 9.0, 6.0 Hz, 1 H) 3.09 (t, J = 9.0, 6.0 Hz, 2 H) 1.67 (m, 2 H)
1.45 (m, 2 H) 0.96 (t, J = 9.0, 6.0 Hz, 3 H). *C NMR (125 MHz, CDCl;) & = 190.9,
138.7, 134.8, 133.0, 129.8, 127.2, 125.3, 31.5, 28.9, 22.0, 13.6. LRMS: calculated for
C11H13CIOS: 228.04; found: 228.00.

S-butyl-2-pyridinecarbothioate *"H NMR (300 MHz, CDCls) & = 8.66 (m, 1 H) 7.93 (m,
1 H) 7.82 (m, 1 H) 7.47 (m, 1 H) 3.02 (t, J = 6.0, 9.0 Hz, 2 H) 1.64 (m, 2 H) 1.43 (m, 2
H) 0.91 (t, J = 6.0, 6.0 Hz, 3 H). *C NMR (125 MHz, CDCl3) & = 193.6, 151.9, 149.0,
137.1, 127.6, 120.2, 31.2, 28.2, 22.0, 13.5. LRMS: calculated for C1oH13NOS: 195.07;
found: 195.00.

S-(2-chloro)benzyl-3-methoxythiobenzoate *H NMR (300 MHz, CDCls3) § = 7.52 (m, 2
H) 7.42 (m, 1 H) 7.32 (m, 2 H) 7.19 (m, 2 H) 7.08 (m, 1 H) 4.39 (s, 2 H) 3.80 (s, 3 H).
3C NMR (125 MHz, CDCl3) & = 191.3, 160.0, 138.3, 135.8, 134.5, 131.5, 129.9, 129.8,
129.1, 127.3, 120.3, 120.2, 111.7, 55.7, 31.6. LRMS: calculated for Ci5H13ClO,S:
292.03; found: 292.00.

S-furfuryl-3-methoxythiobenzoate *H NMR (500 MHz, CDCl3) & = 7.58 (d, J = 10 Hz,
1 H) 7.48 (br, 1 H) 7.36 (t, J = 5.0, 10 Hz, 2 H) 7.12 (m, 1 H) 6.32 (br, 2 H) 4.36 (s, 2 H)

3.85 (s, 3 H). *C NMR (125 MHz, CDCl3) & = 190.6, 159.7, 150.3, 142.2, 137.9, 129.6,
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120.0, 119.9, 111.4, 110.6, 108.1, 55.4, 25.8. LRMS: calculated for C13H;,03S: 248.05;
found: 248.00.

S-cyclohexyl-3-methoxythiobenzoate *H NMR (300 MHz, CDCls) § = 7.57 (d, J = 9.0
Hz, 1 H) 7.48 (m, 1 H) 7.34 (t, J = 6.0, 9.0 Hz, 1 H) 7.10 (m, 1 H) 3.85 (s, 3 H). 3.72 (br,
1 H) 2.03 (br, 2 H) 1.74 (br, 2 H) 1.51 (br, 4 H) 1.32 (br, 2 H). *C NMR (125 MHz,
CDCI3) 6 =191.7, 159.6, 138.8, 129.5, 119.7, 119.5, 111.3, 55.4, 42.6, 33.1, 26.0, 25.6.
LRMS: calculated for C14H130,S: 250.10; found: 250.10.

Control experiments for disulfide formation. Sodium thiolate was formed via
deprotonation of the 1-butane thiol (8.0 pL, 0.075 mmol, 1.0 equiv) with NaH (95%, 1.9
mg, 0.075 mmol, 1.0 equiv) in 0.25 mL CD3CN. A screw cap NMR tube was sealed
under a N, atmosphere with a Teflon lined cap. A (0.023 g, 0.075 mmol, 1.0 equiv) was
dissolved in 0.25 mL of CD3CN and transferred into the NMR tube. Either a
combination of 1-butane thiol (8.0 pL, 0.075 mmol, 1.0 equiv) and corresponding base
(0.075 mmol, 1.0 equiv) or sodium thiolate (0.075 mmol, 1.0 equiv) were dissolved in
0.25 mL CD5CN and then added via syringe. Disulfide formation was monitored by *H
NMR spectroscopy and quantified using 1,3,5-trimethoxy benzene as an internal
standard.

General procedures for catalyst screen. In a drybox, a 3-neck round bottom flask was
charged with a magnetic stir bar, precatalyst (0.225 mmol, 0.10 equiv) and anhydrous
CH3CN (15 mL). To the solution was added tetrabutylammonium bromide (0.218 g,

0.675 mmol, 0.045 M), p-tolualdehyde (0.27 mL, 2.25 mmol, 1.0 equiv), and 1,3-
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bis(2,4,6-trimethylphenylimidazolinium chloride (0.077 g, 0.225 mmol, 0.10 equiv). The
electrode leads were fitted through rubber septa and the electrodes inserted into the flask.
The flask was sealed with the rubber septa, and the electrochemical cell was then
removed from the dry box and placed under a positive pressure of N,. To the stirred
solution was added 1-butane thiol (0.48 mL, 4.50 mmol, 2.0 equiv) and DMAP (0.138 g,
1.13 mmol, 0.50 equiv). The electrodes were connected to the potentiostat and bulk
electrolysis was started with constant stirring.

Aliquots (0.1 mL) were removed with a disposable syringe, a known quantity of
1,3,5-trimethoxybenzene was added as an internal standard, and the mixture was

analyzed by 'H NMR spectroscopy in CDCl;and GC-MS. See Table 1.6 for results.

Table 1.6: Catalyst screen

precatalyst (10 mol %)

o (o]
TBAB, base (0.075 M), CH3;CN, BuSH
H 45°C, 2 h, graphite anode, pt cathode s
undivided cell, +0.1 V vs Ag/AgNO3

precatalyst base (0.075 M) % thioester % disulfide
& DMAP <1 0
o
/
BF, NEt; 0 0
%ﬁ@%

@
Me\N%\N,Me

B NEt 0 0
Me\ﬁé\N,Me
-
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2. DMAP 3 4

=Ng
N N-pp
o DMAP 5 7
N N5
° NEts 0 5
Me\Né\S

DMAP 1 0
Ph\Né\s
By DMAP 4 3
o N8
o < cio, DMAP 9 4
s
e
Fc \ BE 2 DMAP 0 12
\Q\ﬁ”\s
oo BE DMAP 2 6
s
BF, DMAP 1 3

2, DMAP 11 4
gﬁﬁs
5

General procedures for base screen. In the drybox, a 3-neck round bottom flask was
charged with a magnetic stir bar, A (0.069 g, 0.225 mmol, 0.10 equiv) and anhydrous

CH3CN (15 mL). To the solution was added tetrabutylammonium bromide (0.218 g 0.675
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mmol, 0.045 M) and p-tolualdehyde (0.27 mL, 2.25 mmol, 1.0 equiv). The electrode
leads were fitted through rubber septa and the electrodes inserted into the flask. The flask
was sealed with the rubber septa, and the electrochemical cell was then removed from the
dry box and placed under a positive pressure of N,. To the stirred solution was added 1-
butane thiol (0.48 mL, 4.50 mmol, 2.0 equiv) and base (2.25 mmol, 1.0 equiv 1.13 mmol,
0.5 equiv). The electrodes were connected to the potentiostat and bulk electrolysis was
started with constant stirring.

Aliquots (0.1 mL) were removed with a disposable syringe, a known quantity of
1,3,5-trimethoxybenzene was added as an internal standard, and the mixture was
analyzed by *H NMR spectroscopy in CDClzand GC-MS.

General procedures for cyclic voltammetry. In the drybox, a 3-neck round bottom
flask was charged with a magnetic stir bar and anhydrous CH3;CN (15 mL),
tetrabutylammonium tetrafluoroborate (0.494 g, 1.50 mmol, 0.10 M), and substrate
(0.023 g, 0.075 mmol, 5.0 mM) were added (sodium butane thiolate was made in situ
with 8 pL 1-butane thiol and 19 mg 95% NaH, 0.075 mmol, 5.0 mM). The flask was
equipped with a glassy carbon anode (3 mm diameter), Pt basket cathode, and
AQ/AgNO; reference electrode (0.01 M  AgNO3/0.1 M tetrabutylammonium
tetrafluoroborate in CH3CN) and then the apparatus was sealed using rubber septa. The
electrochemical cell was then removed from the drybox and the solution was placed
under a positive pressure of Nyand stirred at room temperature. Stirring was stopped

prior to connecting to the potentiostat. The cyclic voltammogram was typically taken
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with a sweep rate of 0.10 V/s. Ferrocene (0.15 mmol) was added as an internal standard
after each voltammogram.® All potentials are reported in V vs. SCE. See Figure 1.12 —

1.14.

Figure 1.12: Cyclic voltammogram of 4-methyl-3-(2,4,6-trimethylphenyl) thiazolium tetrafluoroborate
(A).
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Figure 1.13: Cyclic voltammogram of 1-butane thiol.
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Figure 1.14: Cyclic voltammogram of sodium 1-butane thiolate.
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Chapter 2 — Electrochemistry of Azolium/Azolinium Salts*

Section 1: Introduction

Figure 2.1: Generalized structures of azolium and azolinium cations used in this study.
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The azolium cation (Figure 2.1) is a versatile centerpiece for multiple
applications in organic chemistry. Of particular note is their use as synthetic precursors to
N-heterocyclic carbenes (NHCs),? ionic liquids for various synthetic reactions® and
electrochemical procedures,” redox reagents or mediators,> and building blocks for
organic materials.® The electrochemical behavior of azolium salts is thus of particular
interest since it impacts each of these areas, and continued tabulation of redox properties
of new azolium species is necessary to expand beyond this scope. For example, we
recently observed undesirable thiolate oxidation by thiazolium-based NHC precursors,
which may be avoided in future studies through judicious selection of azolium
precatalysts based upon their reduction potentials.® Unfortunately, few studies have been

reported on the electrochemical behavior of azolium salts, with specific noteworthy

* Reproduced with permission from Ogawa, K. A.; Boydston, A. J. "Electrochemical Characterization of
Azolium Salts" Chem. Lett. 2014, 43, 907 — 909. Copyright 2014 The Chemical Society of Japan.
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examples by Pichon, Clyburne, Coughlin, and Sun.” To our knowledge, C2-unsubstituted
thiazolium salts, which are commonly used precursors to thiazolylidene-based NHCs,
were not investigated. Moreover, N-aryl thiazolinium salts are unreported in the
literature, although their N-alkyl counterparts have received limited attention.”"® Herein,
we describe a systematic comparison of reduction potentials of various classes of azolium
cations, including a series of electronically varied thiazolium species, and introduce the

first report of N-aryl thiazolinium salts.
Section 2: Results and Discussion

To address the paucity of reported thiazolinium compounds, we prepared N-aryl
thiazolinium iodides 6a and 6b as depicted in Scheme 2.1. Previously reported N-alkyl
thiazolinium salts, which were used as chiral ionic liquids and Brgnsted acid catalysts,
were prepared by alkylation of thiazoline precursors.*® It was not obvious to us,
however, that this approach could be used to access the desired N-aryl analogues. Our
initial attempts at synthesizing the N-aryl thiazolinium moieties via cyclization of 2-
aminoethane thiols (8) with (EtO)sCH and Bransted acids were unsuccessful,’ as were
double alkylation approaches via 9, which are similar to those reported by Grubbs for the
synthesis of imidazolinium salts.’® A successful route was finally realized via iodine-
catalyzed cyclization of 8 with (EtO)sCH. This reaction is envisioned to be facilitated by
stabilization of iodonium species via complexation with the orthoester, as described by

Shono and coworkers.** This approach provided the desired thiazolinium iodides (6) in
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moderate to good yields after purification by recrystallization, although attempts to

improve the yield by increasing the amount of I, were not fruitful.

Scheme 2.1: Synthesis of thiazolinium iodides.
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8b, Ar = DiPP 6b, 30% yield

Mes = 2,4,6-trimethylphenyl, DiPP = 2,6-diisopropylphenyl.

Each of the thiazolinium iodides were characterized by single crystal X-ray
diffraction analysis (Figure 2.2). The N-C-S bond angle in each thiazolinium ring was
found to be ca. 122°, which is about 10° greater than that reported for thiazolium rings.*?
The C-S-C bond angles were found to be ca. 90°, which is consistent with reported
thiazolium systems. Additionally, the bond lengths within the thiazolinium moieties were

consistently longer than those reported in thiazolium analogues, as expected.

Figure 2.2: Molecular structures obtained via single crystal X-ray analysis of (left) 6a, and (right) 6b.
Ellipsoids drawn at the 50% probability level, CH,ClI, solvent molecules and iodide counter ions have been
removed for clarity.
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We evaluated the redox properties of each azolium salt in the series using cyclic
voltammetry. Our setup involved an undivided cell, glassy carbon working electrode (3
mm diameter), platinum basket counter electrode, and Ag/AgNO; reference electrode.
Each cyclic voltammogram (CV) was taken with a sweep rate of 100 mV/s.
Measurements were carried out in CH3CN (0.005 M in azolium salt) using BusNBF,4
(0.10 M) as supporting electrolyte under N, atmosphere. Ferrocene (0.010 M) was added
as an internal standard after CVs were collected. Irreversible reduction peaks were
observed in the CVs of each azolium species, and representative examples are shown in
Figure 2.3. The irreversibility is likely ascribed to one-electron reduction of the azolium

species followed by rapid loss of hydrogen to give the corresponding NHC.

Figure 2.3: CVs of representative azolium salts, corrected to Fc/Fc+ redox couple (ferrocene added as an
internal standard). Colors correspond to structures shown in figure 2.4.
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Interesting comparisons can be made from the series of azolium salts; a summary of
the half-wave reduction potentials (Ey,) are presented in Figure 2.4 and tabulated in
Table 2.1. We note that the relative order and values of Ey, were consistent with those

observed by Pichon for the five classes of azolium species studied in common. For
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example, benzannulation increases Ej, by ca. 200 mV when comparing imidazolium (2)
to benzimidazolium (3), and thiazolium (5a) to benzothiazolium (7a) cations. In general,
small (ca. 50 — 100 mV) shifts in Ej;, were observed upon changing from N-alkyl to N-
aryl groups within the same class of azolium species (cf. 5e and 5h), consistent with
previous studies.”

Interestingly, we discovered that the thiazoliniums 6a and 6b were easier to reduce
than their unsaturated thiazolium counterparts with the same N-aryl groups (5¢ and 5d).
Specifically, the N-aryl thiazolinium salts displayed Ej, values of -1.42 and -1.45 V,
whereas the N-aryl thiazolium cations showed E;;, values between -1.50 and -1.60 V.
This was surprising to us considering the relative difficulty in reducing the corresponding
saturated imidazolinium species 1, which could not be reduced within the solvent
window in our studies and those previously reported by Pichon. We speculate that this
may indicate different secondary reaction rates following one-electron reduction of the
varying classes of azolium cations.

Within the series of N-aryl thiazolium salts (5a — j), a noticeable electronic influence
was observed upon variation of the N-aryl ring. The N-phenyl thiazolium (5h) exhibits an
Eir of -1.50 V, and incorporation of inductively electron donating groups such as 2,6-
diethylphenyl (DEP, 5b), 2,4,6-trimethylphenyl (Mes, 5c), and 2,6-diisopropylphenyl
(DIPP, 5d) shifts the E;, ca. 100 mV more negative. In contrast, electron deficient 4-
(trifluoromethyl)phenyl (5i) and 2,4,6-trichlorophenyl (5j) groups shifted the Ej, ca. 100

mV more positive. The > 200 mV range of E;/, values for this set is nearly as broad as
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that observed across the span of benzothiazolium, thiazolinium, and thiazolium salts

combined.

Figure 2.4: Half-wave reduction potentials of azolium salts (counterions omitted for clarity). Values in
parentheses are E,, values (V vs SCE) for the corresponding cation. Mes = 2,4,6-trimethylphenyl, DiPP =
2,6-diisopropylphenyl, PMP = p-methoxyphenyl, DEP = 2,6-diethylphenyl. Colors correspond to CVs in
figure 2.3.
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Somewhat surprisingly, incorporation of a p-methoxyphenyl (PMP) group at nitrogen
(59g) resulted in little change in Ey/, in comparison with the N-phenyl analogue (5h). This
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result may be due to the inability of the 5g system to adopt coplanarity of the N-aryl and

thiazolium rings, due in part to the backbone methyl group of the latter. In contrast, PMP

substitution on the triazolium (4a) did result in a more negative Ej» (-1.82 V) in

comparison with phenyltriazolium analogue 4b (Ei, = -1.78 V), which in turn was harder

to reduce than pentafluorophenyl variant 4c (Ey, = -1.72 V).

Table 2.1: Half-wave reduction potentials of azolium/azolinium salts.

azolium/azolinium class compound E (V vs SCE)
imidazolinium 1 n.d.
imidazolium 2 -2.23
benzimidazolium 3 -2.08
triazolium 4a -1.82
4b -1.78
4c -1.72
thiazolium 5a -1.59
5b -1.60
5¢c -1.59
5d -1.59
5e -1.56
5f -1.55
5¢ -1.51
5h -1.50
5i -1.39
5] -1.38
thiazolinium 6a -1.45
6b -1.42
benzothiazolium 7a -1.35
7b -1.32
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Section 3: Conclusions

In summary, the redox properties of a broad series of azolium salts were
systematically investigated via cyclic voltammetry. The series includes several
commonly used classes of azolium species for direct comparison, and an expanded set of
thiazolium salts that demonstrate the extent to which electronic modification of the N-aryl
moiety can be used to tune the reduction potential of the thiazolium ring. A new class of
N-aryl thiazolinium salts were prepared and characterized by cyclic voltammetry and
single crystal X-ray analysis. Saturation of the azolium backbone was found to have a
significantly different effect on the thiazolium versus imidazolium moiety. Our
electrochemical studies may aid in the development of azolium-based materials, NHC
precatalysts, electrosynthesis of NHCs, and correlation of electrochemical properties and

other fundamental reactivities.

Section 4: Experimental

General Considerations Acetonitrile (CH3CN) was dried over calcium hydride and
distilled prior to use. Electrochemical experiments were performed on a CH Instruments
1100B potentiostat using a 25 mL 3-neck round bottom flask as an undivided cell
equipped with a glassy carbon working electrode (3 mm diameter), Pt counter electrode
(Premier Lab Supply), and Ag/0.01 M AgNO3; (0.1 M tetrabutylammonium
tetrafluoroborate  in  CH3CN) reference electrode. The  4-methyl-3-(2,4,6-

trimethylphenylthiazolium, 3-(2,6-diisopropylphenyl)-4-methylthiazolium, 2-phenyl-
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6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium, and 2-(4-methoxyphenyl)-6,7-
dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium salts were prepared according to literature
procedures.”*** All other reagents and solvents were obtained from commercial sources
and stored in a drybox.

General procedures for the synthesis of thiazolium tetrafluoroborates. Procedures
for the synthesis of N-aryl thiazolium perchlorate salts as reported by Glorius were used
with some modifications.!

The corresponding aniline (94 mmol) and 20 M aqueous NaOH (96 mmol) were
dissolved in 60 mL of dimethylsulfoxide (DMSO). The solution was cooled in an ice
bath and carbon disulfide (94 mmol) was added dropwise. After addition of carbon
disulfide, the ice bath was removed and the solution was stirred for 1 h. The solution was
then cooled in an ice bath and chloroacetone (94 mmol) was added dropwise. After
addition of chloroacetone, the ice bath was removed and stirred for 12 h. The solution
was then cooled in an ice bath and 60 mL of water was added. The solids that
precipitated upon addition of water were collected via filtration and dissolved in 90 mL
of ethanol and 6 mL of hydrochloric acid. The resulting solution was heated at reflux for
1 hour and then placed in an ice bath. The solids that precipitated upon cooling were
collected via filtration and suspended in 100 mL of glacial acetic acid. Hydrogen
peroxide (300 mmol) was added dropwise and the solution was stirred at room
temperature for 30 min. The solution was concentrated under reduced pressure and the

resulting residue was dissolved in 50 mL of methanol. To this solution, sodium
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tetrafluoroborate (395 mmol) in 150 mL of methanol/water (1:2 v/v) was added. The
solution was then cooled in an ice bath and the solids that precipitated were collected via
filtration. The solids were then dissolved in chloroform and any remaining solids were
removed by filtration through a sintered glass funnel. The filtrate was concentrated under
reduced pressure and dried on high vacuum to give the corresponding thiazolium
tetrafluoroborate.

4-methyl-3-(2,4,6-trichlorophenyl) thiazolium tetrafluoroborate

Obtained in 39% yield. *H NMR (500 MHz, DMSO-ds) & = 10.63 (s, 1 H) 8.40 (s, 1 H)
8.22 (s, 2 H) 2.30 (s, 3 H). *C NMR (125 MHz, DMSO-dg) & = 163.7, 145.8, 137.9,
132.7,130.5, 129.7, 123.9, 12.15.

4-methyl-3-(4-trifluoromethylphenyl) thiazolium tetrafluoroborate

Obtained in 21% yield. *"H NMR (500 MHz, DMSO-dg) & = 10.43 (s, 1 H) 8.22 (s, 1 H)
8.13 (d, J = 10.0 Hz, 2 H) 8.02 (d, J = 5.0 Hz, 2 H) 2.34 (s, 3 H). *C NMR (125 MHz,
DMSO-dg) 6 =161.4, 146.1, 139.7, 131.6, 131.3, 127.8, 127.2, 122.0, 13.5.
4-methyl-3-(4-methoxyphenyl) thiazolium tetrafluoroborate

Obtained in 16% yield. *H NMR (500 MHz, DMSO-dg) & = 10.32 (s, 1 H) 8.17 (s, 1 H)
7.67 (d, J=5.0 Hz, 2 H) 7.22 (d, J = 5.0 Hz, 2 H) 3.87 (s, 3 H) 2.32 (s, 3 H). *C NMR
(125 MHz, DMSO-dg) 6 = 161.0, 160.7, 146.4, 129.2, 127.6, 121.4, 114.9, 55.8, 13.6.
4-methyl-3-(2,6-diethylphenyl) thiazolium tetrafluoroborate

Obtained in 56% vyield. *H NMR (500 MHz, CDCl3) § = 9.82 (s, 1 H) 8.24 (s, 1 H) 7.56

(t, J = 10.0, 5.0 Hz, 1 H) 7.35 (d, J = 5.0 Hz, 2 H) 2.23 (s, 3 H) 2.20 (m, 2 H) 2.13 (m, 2
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H) 1.13 (t, J = 10.0, 5.0 Hz, 6 H). *C NMR (125 MHz, CDCls) & = 159.9, 146.7, 139.8,
133.5,132.4,127.9, 123.2, 23.8, 14.2, 13.5.

General procedures for the synthesis of 2-amino alcohols and their corresponding 2-
aminoethyl iodides. Procedures for the synthesis of 2-aminoethanols and 2-aminoethyl

iodides as reported by Gilberston were used.™

I, PPhg,
OH imidazole,
Ar—NH B Ar< ~_OH CHoCl, 0°C Ar
2 peat, 90°C H H

The corresponding aniline (120 mmol) and 2-bromoethanol (90 mmol) were
heated to 90 °C for 12 h in a screw cap vial sealed with a Teflon-lined screw cap. The
resulting solid was treated with saturated sodium bicarbonate (NaHCO3) and extracted
with ethyl acetate (2 x 50 mL). The organic layers were washed with water (3 x 100 mL)
and dried over Na,SO,. The solvent was removed under reduced pressure and the
resulting residue was purified by flash column chromatography (20:80 ethyl
acetate:hexanes then 60:40 ethyl acetate:hexanes) to give the amino alcohol.

Triphenylphosphine (67 mmol), imidazole (67 mmol), and iodine (67 mmol) were
dissolved in 100 mL of dry dichloromethane (CH,Cl,) under N, atmosphere and cooled
in an ice bath. After this solution was stirred for 10 min, a solution of the amino ethanol
(61 mmol) dissolved in 40 mL of dry CH,CI, was added. The resulting mixture was
stirred for 45 min in an ice bath and then a saturated aqueous solution of Na,S,03; was
added. The top layer was extracted with ether, washed with water, and dried over

Na,SO,4. The solvent was removed under reduced pressure and the resulting solid was
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dissolved in a minimal amount of diethyl ether (Et,O) and filtered through a plug of silica
gel to give the 2-aminoethyl iodides. A small amount of triphenylphosphine oxide
remained, and the mixture was used directly in the next step without further purification.
Yields of thioacetates reported below are based upon the corresponding intermediate
aminoethanols (reported over two steps).

General procedures for the synthesis of 2-aminoethyl thioacetates and their

corresponding 2-amino ethane thiols.'®*’

(0}

[CRS) °
1) HCI (12 M), 60°C
Ar. I K S = . A ~_S L T 3 A, ~_SH
R R TROY N Y~ 2)sat aq. NaHCO, N

(o]

The corresponding 2-aminoethyl iodide (48 mmol) was dissolved in 150 mL of
CH3CN and then potassium thioacetate (56 mmol) was added. The resulting mixture was
stirred for 1 h at room temperature and then diluted with water (100 mL). The organic
layer was separated, washed with water (2 x 100 mL), and dried over Na,SO, giving the
pure 2-aminoethyl thioacetate.

The corresponding 2-aminoethyl thioacetate (47 mmol) was dissolved in 96 mL
aq. HCI (12 M). The resulting mixture was heated at 60 °C under N, atmosphere for 12
h. The mixture was then removed from heat, neutralized with saturated aqueous
NaHCOgs, and extracted with Et,0. The organic layers were combined, washed with
water (2 x 50 mL), and dried over Na,SO,4. The Na,SO, was filtered off from the organic
layers. Then the solvent was removed under reduced pressure giving the pure 2-

aminoethane thiols.
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2-(2,4,6-trimethylphenylamino)ethyl thioacetate
Obtained in 72% yield. *H NMR (300 MHz, CDCls) 6 = 6.83 (s, 2 H) 3.15 (m, 2 H) 3.06
(m, 2 H) 2.38 (s, 3 H) 2.27 (s, 6 H) 2.24 (s, 3 H). *C NMR (125 MHz, CDCl5) § = 142.3,
131.6, 129.8, 129.5, 47.7, 30.7, 30.0, 20.5, 18.4.
2-(2,4,6-trimethylphenylamino)ethyl thiol
Obtained in 90% vield. *H NMR (300 MHz, CDCl3) = 6.76 (s, 2 H) 3.04 (t, J = 6.0, 6.0
Hz, 2 H) 2.64 (m, 2 H) 2.22 (s, 6 H) 2.17 (s, 3 H). *C NMR (125 MHz, CDCls) & =
142.4,131.3, 129.7, 129.3, 50.9, 25.6, 20.4, 18.3.
2-(2,6-diisopropylphenylamino)ethane thioacetate
Obtained in 84% yield. *H NMR (300 MHz, CDCls) § = 7.09 (m, 3 H) 3.27 (m, 2 H) 3.12
(m, 4 H) 2.39 (s, 3 H) 1.24 (d, J = 6.0 Hz, 12 H). *C NMR (125 MHz, CDCl;) =
142.7,142.2,124.1, 123.6, 50.7, 30.7, 30.0, 27.7, 24.2.
2-(2,6-diisopropylphenylamino)ethane thiol
Obtained in 90% vyield. *H NMR (300 MHz, CDCl3) & = 7.15 (m, 3 H) 3.36 (m, 2 H) 3.10
(t, J = 6.0, 6.0 Hz, 2 H) 2.84 (t, J = 6.0, 6.0 Hz, 2 H) 1.30 (d, J = 6.0 Hz, 12 H). *C
NMR (125 MHz, CDCl3) 6 = 142.7, 142.3, 124.1, 123.6, 53.9, 27.6, 25.7, 24.2.
General procedures for the synthesis of N-aryl thiazolinium iodides. Procedures
similar to the procedures reported by Zhang for the cyclization of 1,2-phenylenediamines
were used with some modification for the cyclization of 2-aminoethane thiols.*®

o

[
2 (20 mol%), HC(OEt); &
=N

Ar SH
i N CHSCN, Ny, rt "8
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The corresponding 2-aminoethane thiol (24 mmol) was dissolved in 47 mL dry
CH3CN under inert atmosphere. Triethylorthoformate (47 mmol) and iodine (5 mmol)
were added to the solution. The resulting mixture was stirred in the dark at room
temperature for 2 h. The solvent was removed under reduced pressure and the residue
was triturated in Et;0. The solids were collected by filtration giving pure N-aryl
thiazolinium iodide.
N-(2,4,6-trimethylphenyl)thiazolinium iodide
Obtained in 75% yield. *H NMR (300 MHz, CDCl3) § = 10.30 (s, 1 H) 6.97 (s, 2 H) 4.83
(t, J = 6.0, 3.0 Hz, 2 H) 4.44 (t, J = 3.0, 6.0 Hz, 2 H) 2.36 (s, 6 H) 2.31 (s, 3 H). *C
NMR (125 MHz, CDCl3) 6 =184.7, 141.5, 133.3, 133.2, 130.2, 61.2, 33.9, 21.0, 18 .4,
N-(2,6-diisopropylphenyl)thiazolinium iodide
Obtained in 30% yield. 'H NMR (300 MHz, CDCls) & = 10.37 (s, 1 H) 7.49 (t, J = 6.0,
3.0 Hz, 1 H) 7.29 (d, J = 6.0 Hz, 2 H) 4.81 (t, J = 6.0, 6.0 Hz, 2 H) 4.54 (t, J = 6.0, 6.0
Hz, 2 H) 2.90 (m, 2 H) 1.32 (dd, J = 6.0, 3.0, 6.0, 9.0 Hz). **C NMR (125 MHz, CDCls)
0=185.2,144.4,132.7,132.0, 125.4, 63.2, 34.5, 29.1, 25.2, 24.2.
X-ray crystallography report for N-(2,4,6-trimethylphenyl) thiazolinium iodide. A
colorless needle, measuring 0.60 x 0.06 x 0.04 mm?® was mounted on a loop with oil.
Data was collected at -173°C on a Bruker APEX |1 single crystal X-ray diffractometer,
Mo-radiation.

Crystal-to-detector distance was 40 mm and exposure time was 30 seconds per

frame for all sets. The scan width was 0.5°. Data collection was 98.2% complete to 25°
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in 3. A total of 62202 reflections were collected covering the indices, h = -32 to 32, k =
-25t0 25, | =-18 to 18. 7769 reflections were symmetry independent and the Rjy =
0.0772 indicated that the data was of average quality (0.07). Indexing and unit cell
refinement indicated a C-centered monoclinic lattice. The space group was found to be
C 2/c (No.15).

The data was integrated and scaled using SAINT, SADABS within the APEX2
software package by Bruker.™

Solution by direct methods (SHELXS, SIR97?°) produced a complete heavy atom
phasing model consistent with the proposed structure. The structure was completed by
difference Fourier synthesis with SHELXL97.2%?? Scattering factors are from Waasmair
and Kirfel.? Hydrogen atoms were placed in geometrically idealised positions and
constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00
Angstrom. Isotropic thermal parameters Ueq Were fixed such that they were 1.2Ugq of
their parent atom Ueq for CH's and 1.5U¢q of their parent atom Ueq in case of methyl
groups. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares.

Sulfur — Carbon disorder at about 3:1 and similar of lodine plus a few percent of
additional disorder visible mainly in lodine was refined to remove almost all rest-electron
density. One of the two dichloromethane solvent molecules in the asymmetric cell
occupies infinite channels in the structure and appears heavily disordered.

The structure is of high quality and ready for publication. Figure 2.5 shows an

ORTEP of the asymmetric unit.?*
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Figure 2.5: ORTEP of the structure with thermal ellipsoids at the 50% probability level. Disorder omitted
for clarity.
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X-ray crystallography report for N-(2,6-diisopropylphenyl) thiazolinium iodide. A
colorless prism, measuring 0.50 x 0.30 x 0.20 mm?® was mounted on a loop with oil. Data
was collected at -173°C on a Bruker APEX Il single crystal X-ray diffractometer, Mo-
radiation.

Crystal-to-detector distance was 40 mm and exposure time was 10 seconds per
frame for all sets. The scan width was 0.5°. Data collection was 99.7% complete to 25°
in 9. A total of 102387 reflections were collected covering the indices, h =-12 to 12, k
=-201t0 20, | =-22 to 22. 10499 reflections were symmetry independent and the Rj,; =
0.0435 indicated that the data was of much better than average quality (0.07). Indexing
and unit cell refinement indicated a triclinic lattice. The space group was found to be P 1
(No.2).

The data was integrated and scaled using SAINT, SADABS within the APEX2
software package by Bruker.*

Solution by direct methods (SHELXS, SIR97%°) produced a complete heavy atom

phasing model consistent with the proposed structure. The structure was completed by
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difference Fourier synthesis with SHELXL97.*%?? Scattering factors are from Waasmair
and Kirfel.® Hydrogen atoms were placed in geometrically idealised positions and
constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00
Angstrom. Isotropic thermal parameters Ueq Were fixed such that they were 1.2Ugq of
their parent atom Ueq for CH's and 1.5Ugq of their parent atom Ueq in case of methyl
groups. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares.

Some minor disorder in terminal moieties and DCM solvent was addressed which
required introducing restraints.

The structure is of high quality and ready for publication. Figure 2.6 shows an

ORTEP of the asymmetric unit.

Figure 2.6: ORTEP of the structure with thermal ellipsoids at the 50% probability level. Disorder omitted
for clarity
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General procedures for cyclic voltammetry. Representative cyclic voltammograms are
depicted in Figure 2.7. The general procedure was as follows: In a drybox, a 3-neck
round bottom flask was charged with a magnetic stir bar, anhydrous CH3CN (15 mL),
and tetrabutylammonium tetrafluoroborate (1.50 mmol). The indicated azolium (0.075
mmol) was then added to the mixture. The flask was equipped with a glassy carbon
anode (3 mm diameter), Pt basket cathode, and Ag/AgNOs reference electrode (0.01 M
AgNO3/0.1 M tetrabutylammonium tetrafluoroborate in CH3CN) and then the apparatus
was sealed using rubber septa. The electrochemical cell was then removed from the
drybox and the solution was placed under a positive pressure of N, and stirred at room
temperature. Stirring was stopped prior to connecting to the potentiostat. The cyclic
voltammograms for the azolium salts were typically taken from -1.0 V to -2.5 V vs.
Ag/AgNO; with a sweep rate of 0.10 V/s. Ferrocene (0.15 mmol) was added as an
internal standard after each voltammogram.?® All potentials are reported in V vs. SCE.
Not all of the azolium salts were fully soluble in CH3CN. 4-methyl-3-phenylthiazolium
tetrafluoroborate and 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride showed poorer
solubility in CH3CN than did the other azolium salts. This resulted in lower observed

currents during cyclic voltammetry.
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Figure 2.7: Cyclic voltammograms of azolium salts.
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Chapter 3 -Metal-free Ring-opening Metathesis Polymerization®

Section 1: Introduction

3.1.a Metal-free Olefin Metathesis

The anodic oxidation of enol ethers to form radical cations has been extensively
studied.® These reactive intermediates are known to participate in intramolecular
cyclizations. Moeller and coworkers have studied the intramolecular reactivity of radical
cations generated from enol ether substrates. In 2001, enol ether radical cation
intermediates were intramolecularly trapped by an alcohol moiety to form
tetrahydrofuran type products (Scheme 3.1).' This electrochemical approach was used to
synthesize linalool oxide in high yield. Moeller’s group was also able to successfully
form acetals via oxidative cyclization of enol ether radical cations with intramolecular

trapping groups, such as alcohols and enol ethers (Scheme 3.2)."

Scheme 3.1: Representative oxidative cyclization of enol ether to form tetrahydrofurans.
MeO,

OMe
RVC anode/Pt cathode Me,,
Me OMe MeOH/THF (30:70) 07N\ Me
Ar 0.03 M EtzNOTS
HO Me

2 F/mol

74% yield

> Reproduced with permission from Ogawa, K. A.; Goetz, A. E.; Boydston, A. J. “Metal-free Ring-opening
Metathesis Polymerization” J. Am. Chem. Soc., 2015, 137, 1400 — 1403. Copyright 2015 American
Chemical Society.
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Scheme 3.2: Representative oxidative cyclization of enol ether to form acetals.
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The intermolecular reactivity of enol ether radical cations has also been studied
previously. In 2001, Chiba and coworkers reported the intermolecular [2 + 2]
cycloaddition of enol ethers following anodic oxidation (Scheme 3.3, top).X
Interestingly, 1 M LiCIO,4 in CH3NO, was the only electrolyte solution to provide any
measurable amount of the desired product. They proposed that the addition of the radical
cation to another olefin resulted in the formation of a cyclobutane radical cation and that
the fate of this intermediate depended upon the electronic nature of the starting enol
ether. Enol ethers containing neutral aryl rings or aliphatic groups gave no cyclized
product. However, substrates containing electron-rich aromatic systems gave cyclobutane
products in good yields due to the increased ability for intramolecular electron transfer
from the aromatic system to the cyclobutane radical cation. During the development of
this method, they noted that intermolecular cross coupling rather than cyclobutane
formation could be occurring when electron neutral aromatic and aliphatic systems were

employed.
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Scheme 3.3: (top) Formal [2 + 2] cycloaddition as reported by Chiba and coworkers (bottom) and
stoichiometric electrochemical olefin cross-metathesis as reported by Chiba and coworkers.

OMe MeO, ™S
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1 M LiCIO4/CHsNO, e

1.0 F/mol C4Hy

78% yield

Scheme 3.4: (top) Fate of the cyclobutane radical cation in electrochemical [2 + 2] cycloaddition (bottom)
and cross-metathesis.
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In 2006, Chiba reported the first example of metal-free electrochemical olefin
metathesis (Scheme 3.3, bottom).X They proposed that this reaction goes through a
similar cyclobutane radical cation intermediate as the cycloaddition reported previously.
The main difference being that cyclobutane intermediates formed from enol ethers with
electron neutral aromatic or aliphatic systems favored fragmentation over reduction with
fragmentation ultimately leading to metathesis (Scheme 3.4). This electrochemical
approach to cross-metathesis was successfully demonstrated with a limited set of olefins.

Notably, LiClO4 and CH3NO, once again emerged as the only electrolyte solution to
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provide measurable amounts of product. Although the ability to achieve cross-metathesis
under metal-free conditions was impressive, the substrate scope remained limited and no
further development of this method has been reported. Specifically, to the best of our
knowledge, enol ethers have not been employed in a catalytic fashion. We envisioned
expanding the scope of this method by developing a catalytic variant that would allow us
to achieve metal-free ring-opening metathesis polymerization (ROMP).

3.1.b Metal-mediated ROMP

Figure 3.1: Examples of transition metal-based alkylidene initiators.
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Metal-mediated ROMP is a commonly used polymerization technique in
academic as well as industrial settings and has led to breakthroughs in numerous areas
such as biomedical devices, drug delivery, photovoltaics, and the production of
materials.>* In general, ROMP can be used to achieve living polymerizations that
produce polymers of narrow dispersity. The versatility of this technology stems from the
development of well-defined transition metal initiators, specifically Ru- and Mo-based
alkylidene initiators (Figure 3.1). These initiators allow the incorporation of a broad

range of functional groups into polymer scaffolds. It is important to note that initiators
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with redox active ligands have also been developed.” These redox active ligands can be
electrochemically activated or inactivated; however, the mechanism of the
polymerization remains the same after initiator activation.

Although metal-mediated ROMP is one of the most widely used polymerization
techniques, the final polymer may contain residual metal and metallic byproducts which
can be problematic.®” Specifically, residual metal may lead to complications in biological
and optical applications. Additionally, the presence of metallic byproducts is known to
lower the oxidative stability of the final material. Numerous protocols have been
developed to combat these problems; however, these processes often require additional
processing steps or derivatization of the initiator as well as quantification by advanced
analytical techniques.® A metal-free approach to ROMP could provide a complimentary
method that would avoid the issues regarding residual metal. In this account, we will
discuss the development of the first metal-free ROMP method that can be achieved

electrochemically as well as photochemically.

Section 2: Results and Discussion

3.2.a Electro-organic ROMP
In Chiba’s work, the key to achieving metathesis over cyclobutane formation was
lik

to favor fragmentation over reduction of the cyclobutane radical cation intermediate.

The ability to use the relief of ring strain to outcompete reduction would allow us to
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expand the scope of this electrochemical approach and access a new mechanism for
ROMP.

We envisioned initiating ROMP via one-electron oxidation of electron-rich vinyl
ethers (Scheme 3.5).° Oxidation of a vinyl ether would form radical cation intermediate
B that would go on to form a [2 + 2] complex with a strained cycloalkene giving
cyclobutane radical cation C. Fragmentation and opening of this complex would relieve
ring strain and form radical cation D. Further reaction with additional cycloalkene
monomers would result in the formation of polymeric species E with reactive radical
cation chain ends. Competitive reversible reductions of radical cations D and E are likely
to occur. These reversible reductions would lead to reiterative termination-initiation
cycles that would eventually lead to final polymer F. Inspired by the propensity for ring
strain to drive metal-mediated ROMP, we looked towards developing an electro-organic

approach to ROMP using vinyl ether initiators and strained cycloalkene monomers.

Scheme 3.5: Envisioned mechanism for metal-free ROMP.
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To begin our investigations, we chose readily available vinyl ethers (1a — c) and

norbornene (NB) as our model strained monomer due to its relatively high ring strain and
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frequent use in metal-mediated ROMP (Figure 3.2). Cyclic voltammograms of the
initiators exhibited irreversible oxidation peaks with oxidation potentials (Eox) ranging
from 1.43 — 1.30 V vs SCE, consistent with literature data (see experimental). We began
our electrochemical investigations using an undivided cell consisting of a 3-neck round
bottom flask, carbon fiber electrodes, and a nonaqueous Ag/AgNO; reference electrode
(Figure 3.3). As mentioned previously, Chiba’s group observed that 1 M LiC1O4/CH3NO,
was necessary for the success of their electrochemical [2 + 2] cycloadditions and olefin
metatheses. Building off of this observation, we used 1 M LiClO4/CH3NO; for the bulk
electrolyses of vinyl ether initiator 1a in the presence of NB. Notably, NB has limited
solubility in LiClIO4/CH3NO; with a saturated concentration of 0.5 M as determined by

'H NMR spectroscopy with an internal standard.

Figure 3.2: Monomer and initiators used in metal-free ROMP.

! OMe
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NB : 1a 1b 1c

Figure 3.3: Electrochemical cell set up for electro-organic ROMP.
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Our initial conditions were modeled after Chiba’s olefin metathesis and consisted
of a monomer concentration of 0.5 M and initiator concentration of 0.015 M.
Unfortunately, no polymer formation was observed in the bulk solution; however, during
the cleaning of the carbon fiber anode, we noticed that the surface of the anode was
coated with a white residue that was insoluble in acetone and methanol. This observation
led us to attempt characterization of the residue. Characterization of this residue using
'H-NMR spectroscopy was consistent with polynorbornene (PNB) synthesized using
metal initiators and gel-permeation chromatography (GPC) analysis revealed a number-
average molecular weight (M,) of 11.8 kDa (b = 2.2), confirming that the polymerization
had indeed taken place.

Although this initial result was exciting, the isolated yield of polymer was only
3%. This low yield was most likely due to the limited solubility of NB and insolubility of
the polymer in the LiClO4/CH3NO,. During electrolysis, the insolubility of PNB resulted
in the coating of the anode surface with growing polymer. The surface adhesion of the
polymer prevented further electrolysis of the initiator and resulted in the rapid decrease in
current to background levels prior to reaching 1 F/mol. We envisioned that moving to a
better solvent or finding conditions that would prevent the blockage of the anode would
be key to overcoming these challenges and improving the yield.

Solubility tests revealed that NB has increased solubility in CH3CN and is fully
soluble in CH,CI,, THF, and toluene while PNB is not soluble in CH3NO; and CH3;CN

but is soluble in THF and CH,Cl,. Looking towards solving the solubility issue, we
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investigated a variety of solvents containing 1 M LiCIO, as electrolyte (Table 3.1).

Lower concentrations of LiCIO, (0.1 M) in CH3CN gave similar yields to CH3NO,

(entries 2 — 3, Table 3.1). The use of THF as solvent and cosolvent (entries 4 — 5, Table

3.1) resulted in only trace amounts of polymer despite increased solubility of monomer

and polymer. Unfortunately, LiClO, is not fully soluble in CH,Cl; and toluene precluding

their use as solvents for the bulk electrolysis. Although the use of toluene as a cosolvent

was unsuccessful (entry 5, Table 3.1), CH,Cl; as cosolvent yielded similar results to pure

CH3NO:..
Table 3.1: Solvent screen for bulk electrolysis.?
entry solvent yield (%)
1 CH3NO; 3
2 CH3CN 1
3 CH3CN 4
4 THF trace
5 THF/CH3NO; (1:2) <1
6 toluene/CH3NO, (1:2.5) 0
7 CHCI,/CH3NO; (1:2) 4

Polymerizations conducted with LiCIO, (1.0 M) as supporting electrolyte, NB as the monomer (saturated

concentration of 0.5 M), initiator 1c, and a constant voltage of 1.00 V (vs Ag/AgNO3).

We also examined the influence of other electrolytes on the success of the

polymerization. Unfortunately attempts to use tetrabutylammonium salts (NBusX, X =
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ClO4, PFg, or BFy) as the electrolyte led to no polymer formation, whereas the use of

LiBF4, LiCl, and NaClO, were unsuccessful due to the insolubility of these salts in

CH3NO.. Ultimately, LiCIO4 emerged as the only successful electrolyte.

We next looked into the effect of the electrode material (Table 3.2). All other

carbon electrodes (entries 3 — 6, Table 3.2) were unsuccessful. Anodes made from silver

and copper (entries 8 — 9, Table 3.2) were incompatible with the oxidation potentials

used for the bulk electrolysis and platinum electrodes (entry 2 and 7, Table 3.2) were

found to be unsuccessful. In the end, we found that carbon fiber was the only electrode

material that resulted in polymer formation.

Table 3.2: Electrode screen for bulk electrolysis.?

entry anode cathode yield (%)
1 carbon fiber carbon fiber 3
2 carbon fiber platinum basket 0
3 RVC RVC 0
4 glassy carbon carbon fiber 0
5 carbon fiber glassy carbon 0
6 graphite graphite 0
7 platinum basket platinum basket 0
8 silver coll platinum basket 0
9 copper wire platinum basket 0




Polymerizations conducted in CH3NO, with LiClO, (1.0 M) as supporting electrolyte, NB as the monomer
(saturated concentration of 0.5 M), initiator 1c, and a constant voltage of 1.00 V (vs Ag/AgNQO3).

Following all of these reaction screens, it became apparent that carbon fiber
electrodes, LiClO4, and CH3NO, were crucial for the success of the electro-organic
ROMP. Attempts to increase the solubility of the polymer through the use of cosolvents
did not increase the vyields significantly. The inability to increase solubility while
maintaining the desired reactivity led us to consider other strategies to prevent the coating
of the anode during electrolysis. Decreasing the [M]o/[l]o ratio to 28/1 (limit of the
solubility of NB) and replacing the anode with a fresh electrode after the current reached
low levels improved the yield to 13%. Although this resulted in significantly higher
yields, the need to replace the anode 6 — 8 times throughout the electrolysis was not ideal.
We were able to achieve similar yields with only one anode replacement by sonicating
the cell in an ultrasonic bath throughout the electrolysis. With these optimized conditions
in hand, the electro-organic ROMP of NB and 1a gave 6.7 kDa PNB in 13% yield with a
cis/trans ratio of 1:2 (entry 1, Table 3.3). Similar yields were obtained using initiators 1b

and 1c (14% and 12% vyields, respectively).
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Table 3.3: Summary of results from the electro-organic ROMP of 1 and initiators 1a —c.?

entry initiator [M]o/[ 1o M (kDa) b yield (%)
1 la 28/1 6.7 15 13
2 1b 28/1 4.8 15 14
3 1c 28/1 6.2 14 12

Polymerizations conducted in CH3;NO, with LiCIO, (1.0 M) as supporting electrolyte, carbon fiber anode
and cathode, and constant voltage of 1.13, 1.09, or 1.00 V (vs Ag/AgNOs3). M, determined by GPC analysis
using multi-angle laser light scattering (MALS).

We were able to demonstrate the first example of electro-organic ROMP for the
polymerization of norbornene with various enol ether initiators. Although this proof of
concept was exciting, the yields remained low due to challenges associated with limited
solubility of the monomer, insolubility of the polymer, and inefficient heterogeneous
oxidation of the initiator at the surface of the anode. Attempts to overcome these
challenges resulted in mild success; however, the need to replace the electrodes and

sonicate the solution during electrolysis limited the practicality of this method.

3.2.b Photoredox-mediated ROMP

Although electro-organic ROMP was an exciting breakthrough, the need for an
incompatible electrolyte solution remained essential and ultimately limited the
practicality of this method. We began to explore other avenues that would fulfill two
main goals, homogeneous oxidations and compatibility with a wider range of solvents.
Inspired Dby recent reports utilizing photoredox mediators to achieve metal-free
polymerizations with spatiotemporal control, we investigated the viability of organic
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photoredox mediators in metal-frre ROMP." Notably, photoredox polymerization
strategies have focused almost exclusively on controlled radical addition polymerizations
in which a redox process is inherent in the activation/deactivation of the polymer chain
end. Traditional metal-mediated ROMP (Scheme 3.6), on the other hand, is redox-neutral
at all stages, and the metal complex is covalently attached to each chain end until

chemically cleaved at the end of the polymerization.?

Scheme 3.6: Generalized depiction of ROMP using transition metal alkylidene initiators.
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Photoredox mediators are also capable of achieving one-electron oxidations of
enol ethers and the reactivity of the resulting radical cations is consistent with previously
reported electrochemical approaches.! In 2013, Nicewicz and coworkers reported the
oxidative [2 + 2] cycloaddition of styrenes using an organic photoredox mediator
(Scheme 3.7).11 They proposed that the excited pyrylium facilitates the one-electron
oxidation of the styrene substrate. The resulting radical cation then goes on to form the
desired cyclobutane product in good vyields. Although the method of oxidation is
different, the reactivity of the radical cation intermediates is consistent with Chiba’s
work. Notably, oxidative [2 + 2] cycloadditions have also been accomplished using
metal-based photoredox mediators. Recently, Yoon’s group has reported the oxidative [2

+ 2] cycloadditions of styrenes, dienes, and enones using Ru and Ir-based photoredox
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mediators.™* These examples suggest that photoredox chemistry might be amenable to

metal-free ROMP.

Scheme 3.7: Representative example of organic photoredox-mediated [2 + 2] cycloadditon of styrenes.
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Figure 3.4: Photoredox mediators used in this study.
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Pyrylium and acridinium salts (2a — ¢, Figure 3.4) have been identified as good
candidates for facilitating photo-oxidation.** These mediators are capable of facilitating
electron transfer when in the photo-excited state, and were expected to be good oxidizers
for the vinyl ether initiators (1). Whereas the initiators 1a — c display oxidation potentials
in the range of 1.43 to 1.30 V vs SCE, the oxidizing power of excited state pyrylium and
acridinium cations have been calculated to be 1.74 and 2.06 V vs SCE, respectively.***?
To explore photoredox-mediated ROMP, we used an initial monomer concentration of

ca. 1.9 M in CH,Cl,, with a monomer to initiator (NB:1a) molar ratio of ca. 100:1. Using

a blue LED light source (A = 450 — 480 nm) in the presence of 2, the best yields were
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obtained from the pyrylium tetrafluoroborate salt 2a (Figure 3.5). In general, 2b gave

lower yields than 2a, and 2c failed to produce any detectable PNB.

Figure 3.5: Photoredox-mediated ROMP reaction setup with blue LEDs.

'4

The structure of the PNB was confirmed by *H NMR analysis in comparison with
an authentic sample prepared via traditional ROMP using the Grubbs 1%-generation
initiator (see experimental). The glass transition temperature (T4) of samples prepared by
either traditional or photoredox-mediated ROMP were also found to be consistent with
one another. Specifically, the Ty of PNB prepared by Ru-mediated ROMP (M, = 49.5
kDa) was found to be 53.3 °C, versus 49.5 °C for a sample prepared by the photoredox-
mediated approach (M, = 43.9 kDa).

Each initiator (1) gave PNB in good yield via the photoredox method (Table 3.4,
entries 1-3). Whereas 1a provides a distinguishable NMR handle (see experimental), the
majority of the polymerizations were conducted with 1c simply due to commercial
availability of this initiator. The amount of photoredox mediator 2a that was required for

successful polymerization was found to be quite low. Specifically, we observed
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consistent M,, values and % conversions when using mediator to initiator ratios (2a:1) of

0.03 to 0.25 (entries 3 —5).

Table 3.4: Polymerization results and GPC data for photoredox-mediated ROMP.

R XWwOR' (1)
> R "
LJ}/ / 2a, CH,Cl,, blue LED light n or

NB PNB
[NB]o |conversion| time

entrylinitiatorf NB:1:2% | (M) (%)° (min) Mn, theo [KDa]Mp, exp [kDa]| D
1| 1a |97:1:003] 19 | 88(73) | 30 8.0 151 |17
2 | 1b |97:1:003] 19 | 92(80) | 30 8.4 149 |16
3| 1c 10530:31 | 20 | 87(67) | 30 9.0 158 |16
4| 1c 105‘ o | 19 | so@e | 150 78 135 |14
5 | 1c 105‘ e | 19 | 0@y | 120 8.9 192 |16
6 | 1c |48:1:003] 1.8 | 95(78) | 60 43 81 |14
7 | 1c |57:1:003] 12 | 93(58) | 120 5.0 115 |14
8 | 1c | Pl | 53 | 51(29) | 120 | 236 222 |15
9 | 1c 495‘ 0:31 | 18 | 72(0) | 60 33.4 439 |15
10| 1c 10800:31 | 19 | eL(47) | 120 57.4 602 | 16
119 1c 105’0:31 | 19 | 53(29) | 2580 5.0 72 |13
12°] 1c [102:1:0.03| 1.9 | 88(53) | 90 8.5 155 | 1.4

%Initial molar ratio of NB, 1, and 2. "Initial concentration of NB. “Conversion of NB, as determined by 'H
NMR analysis; isolated yields after precipitation given in parentheses. “Reaction mixture exposed only to
ambient light from fume hood. *Reaction mixture exposed to blue LED light with half of the bulbs blocked
out. My e IS theoretical number-average molecular weight calculated from initial NB:1 ratio and %
conversion of NB. M, ¢ is experimental number-average molecular weight, calculated from a weight-
average molecular weight determined by GPC using multi-angle laser light scattering (MALLS).
Dispersities (P) determined by GPC analysis.

Higher loading of mediator did manifest some bimodality in the GPC traces, with

high MW shoulders appearing with increasing amounts of mediator. We speculate that
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this may be due to increased concentration of active chain ends and therefore greater
extent of chain-chain coupling. Additionally, the complexity of reversible chain end
deactivation/re-activation is likely influenced by the amount of mediator.

Varying the initial monomer to initiator ratio provided some degree of control
over the final M, (entries 3, 6 — 10). We observed a consistent correlation between the
theoretical and experimental M, values, with experimental values generally being greater
than expected for the given monomer to initiator ratios and % conversions. Dispersities
were found to vary between 1.3 and 1.7 across different experiments, and remained fairly
consistent during the course of each polymerization. We also found that the initial
monomer concentration could be varied, with even very high (5.3 M) concentrations
giving successful polymerizations (entry 8). This suggests that bulk polymerization using
liquid monomers may be possible in the future with this approach.

Importantly, the initiator, mediator, and light source were each found to be
required for the polymerization. In absence of blue LED light, but with exposure to
ambient lighting from the fume hood, we observed slow conversion to give PNB (entry
11). Similarly, using blue LED light with half of the bulbs blocked out also gave PNB at
an expected longer reaction time (entry 12). It is noteworthy that the reduced light
intensity in each case gave lower B in comparison with other experiments, although the
extent and origin of this trend are not yet clear. In complete absence of light, no PNB was

observed.
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During the course of the polymerization, we observed a gradual increase in M,
with increasing conversion of monomer, consistent with the chain growth nature of
ROMP (Figure 3.6). Although there was a positive correlation, the linearity was not as
precise as traditional “living” ROMP using, for example, Grubbs 3rd-generati0n
initiator.”** This could be ascribed to the relative rates of initiation and propagation in

the photoredox-mediated method, or any number of early termination events.

Figure 3.6: Plot of M, (circles) and B (triangles) vs % conversion of monomer using initial NB:1c of (top)
100:1 and (bottom) 500:1.
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Mechanistically, we envision oxidation of the vinyl ether via electron transfer to

the excited pyrylium cation to give the vinyl ether radical cation (e.g., A = B, Scheme
3.5). Notably, the propagating radical cation chain end likely forms a dynamic redox
couple with the reduced pyrylium species. The reversibility would manifest an ability for
the radical cation chain end to be reduced to terminate polymerization, and then oxidize

and reinitiate upon exposure to light. We investigated this temporal control by monitoring
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the polymerization with intermittent exposure to blue LED light. As shown in Figure 3.7,
polymerization ceased in the dark and was reinitiated upon exposure to blue light.
Specifically, we observed little to no further conversion of monomer in the dark as
determined by *H NMR spectroscopy, and no significant changes in M, as judged by
GPC analysis (Figure 3.8). This suggested to us that the pyrylium cation and vinyl ether
form a dynamic redox couple. Furthermore, the correlation between % conversion and
increasing M, during the alternating light/dark cycles is consistent with chain end
activation/deactivation cycles, as opposed to photo-mediated initiation of new polymer

chains upon re-exposure to light.

Figure 3.7: Plot of % conversion of monomer vs time, solid lines indicate periods of exposure to blue LED

light. Dotted lines indicate periods in the dark, data point labels indicate M, values (kDa). Initial conditions:
NB:1la =100:1, [NB]p = 1.9 M.
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Figure 3.8: GPC traces for light/dark cycles during photoredox-mediated ROMP. From right to left
(decreasing retention time) the sequence of GPC traces corresponds to increasing % conversion of
monomer. The solid lines represent GPC traces following exposure to blue LED light and the dotted lines
refer to GPC traces of periods in the dark immediately following a period of light (colors are coordinated).
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Section 3: Conclusions

In summary, we have developed the first protocol for achieving metal-free
ROMP. The approach utilizes one-electron oxidation of electron-rich vinyl ethers to
initiate the process, which can be achieved either electrochemically or via photoredox-
mediated processes. A photoredox approach enabled high yields of polymerization in
short reaction times under mild conditions. This demonstration may lead to a
complementary approach to synthesizing ROMP polymers via a metal-free protocol, with
the potential to offer unique synthetic control over end group functionality. The success
of the photoredox mediation may also provide new opportunities for spatiotemporal
control over production of ROMP-based polymers and materials.

Overall, our projects focused on developing greener alternatives to traditional
methods in synthetic organic chemistry by discovering new reactivity and strategies at the

interface of organocatalysis and redox chemistry. In doing so, we have introduced a
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series of aldehyde oxidations that require neither transition metal reagents nor
stoichiometric, sacrificial oxidants. Evolution of this project later arrived at the first
demonstrated method for achieving ring-opening metathesis polymerization without
using metal-based catalysts or initiators. This new polymerization strategy has opened the
door for new capabilities in polymer and materials science. The mechanism, product
properties, temporal control, and many other features of metal-free ROMP differ
significantly from those arising from traditional methods. We hope that this discovery
sparks new expansive and upward growth for creative applications of ROMP and cross
metathesis.

Section 4: Experimental

Materials and Methods. Acetonitrile (CH3CN) and nitromethane (CH3NO;) were dried
over calcium hydride and distilled prior to use. Dichloromethane (CH,Cl,) and
tetrahydrofuran (THF) were obtained from a solvent purification system. 'H and **C
NMR spectra were recorded on Bruker AVance 300 MHz or 500 MHz spectrometers.
Chemical shifts are reported in delta () units, expressed in parts per million (ppm)
downfield from tetramethylsilane using the residual protio-solvent as an internal standard
(CDClg, *H: 7.27 ppm and **C: 77.0 ppm). Data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, dd= doublet of doublets, br = broad, m = multiplet),
coupling constants (Hz) and integration. UV-visible spectroscopy data were collected on
an Agilent 8453 UV-vis spectrophotometer. Gel permeation chromatography (GPC) was
performed using a GPC setup consisting of: a Shimadzu pump, 3 in-line columns, and
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Whyatt light scattering and refractive index detectors with tetrahydrofuran (THF) as the
mobile phase. Number-average molecular weights (M,) and weight-average molecular
weights (My,) were calculated from light scattering. All polymerizations were carried out
under an inert atmosphere of nitrogen in standard borosilicate glass vials purchased from
Fisher Scientific with magnetic stirring unless otherwise noted. Irradiation of
photochemical reactions was done using a 2 W Miracle blue LED indoor gardening bulb
purchased from Amazon. Electrochemical experiments were performed on a CH
Instruments 1100B potentiostat using a 25 mL 3-neck round bottom flask as an undivided
cell. Cyclic voltammetry experiments were done using a glassy carbon working electrode
(3 mm diameter), Pt counter electrode (Premier Lab Supply), and Ag/0.01 M AgNO; (0.1
M tetrabutylammonium tetrafluoroborate in CH3CN) reference electrode. Electro-organic
ROMP experiments were done using a carbon fiber (Zoltek) working electrode, carbon
fiber counter electrode, and Ag/0.01 M AgNO; (0.1 M tetrabutylammonium
tetrafluoroborate in CH3CN) reference electrode. Ty values were determined using a
Perkin-ElImer DMA 8000. Analysis was performed on powdered samples held
within material pockets supplied by Perkin-Elmer. Samples were analyzed using the
Single-Cantilever Geometry Fixture with the following settings: heating rate = 3.0
°C/min, frequency = 1 Hz, static force = 1.0 N. Reported Ty values refer to the
temperature corresponding to the peak of the tan delta curve. Initiators 1a and 1b were
prepared according to literature procedures.’® The pyrylium tetrafluoroborate (2a) and

perchlorate (2b) salts were prepared according to literature procedures.’> All other
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reagents and solvents were obtained from commercial sources and used as received
unless otherwise noted.
General procedure for the preparation of initiators 1a and 1b. Procedures for the

synthesis of enol ether initiators as reported by Stambuli were used.*

Scheme 3.8: Preparation of initiators 1a and 1b.

1) KOtBu, THF
PhsP” " OMe ST’ RiSome + R OMe
R on

A solution of potassium tert-butoxide (5.1 g, 45.0 mmol, 1.5 equiv.) in 10 mL of dry THF
was slowly added to a solution of (methoxymethyl)triphenylphosphonium chloride (15.4
g, 45.0 mmol, 1.5 equiv.) in 40 mL of dry THF. After stirring the red solution at 23°C for
45 min, a solution of the corresponding aldehyde (30.0 mmol, 1.0 equiv.) in 10 mL of dry
THF was slowly added and allowed to stir at 23°C for an additional 2 h. The solvent was
removed under vacuum and the residue was diluted with hexanes. The organic layer was
washed with water (3 x 100 mL) and dried over Na,SO4. The solvent was removed under
reduced pressure and the resulting residue was purified by filtering through a plug of
silica with diethyl ether as the eluent. In some cases, residual triphenylphosphine was
removed by stirring overnight with 10 equiv of iodomethane and filtration through a plug
of silica with diethyl ether as the eluent.

1-methoxy-4-phenyl butene (1a).
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Prepared according to the above procedure in 92% yield (1:2 cis to trans ratio); spectral
data were consistent with literature values.

2-cyclohexyl-1-methoxyethylene (1b).

O/\NOMe

Prepared according to literature procedures in 82% yield (1:2 cis to trans ratio).” *H
NMR (300 MHz, CDCls) & = 6.29 (d, J = 12 Hz, 1 H, trans) 5.79 (d, J = 6.0 Hz, 0.5 H,
cis) 4.70 (dd, J = 6.0 Hz, 9 Hz, 1 H, trans) 4.24 (dd, J = 3 Hz, 6 Hz, 0.5 H, cis) 3.58 (s,
1.5 H, cis) 3.50 (s, 3 H, trans) 2.42 (m, 0.5 H, cis) 1.88 (m, 1 H, trans) 1.68 (m, 4 H,
cis/trans) 1.16 (m, 9 H, cis/trans). *C NMR (125 MHz, CDCls) & = 145.7, 144.5, 113 .4,

109.7, 59.5, 55.8, 36.9, 34.4, 35.4, 33.4, 26.2, 26.1, 26.0
Scheme 3.9: Preparation of 2,4,6-tri-(p-methoxyphenyl) pyrylium tetrafluoroborate (2a).

OMe

(o] (o]
BF3* Et,0, 100°C A
H + Me ———— | I
(o]
MeO MeO O O
MeO - OMe
BF4

To a flask containing p-anisaldehyde (6.1mL, 50.3 mmol, 1 equiv) and p-acetylanisole
(15.07g, 100.4 mmol, 2 equiv) was added BF3*Et,O (15.0mL, 121.5 mmol, 2.4 equiv)
dropwise over 5 min. The solution was heated in an oil bath set to 100 °C. After 2 h, the
reaction was removed from heat. Once at room temperature, the crude material was

diluted with acetone (200 mL) and Et,O (250 mL) and filtered to give a rust-colored
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solid. The solids were washed with warm acetone (175 mL) and dried under vacuum to
give the pyrylium tetrafluoroborate as an orange solid (5.01 g, 20%). Spectral data
matched those previously reported.

Preparation of 2,4,6-tri-(p-methoxyphenyl) pyrylium perchlorate (2b).

OMe

X
®
(J 6, U
clo
MeO 4 OMe

Prepared according to literature procedures in 10% vyield, spectral data were consistent
with literature values.'’

General procedure for cyclic voltammetry of initiators 1a — 1c. Representative cyclic
voltammograms are depicted in Figure 3.9 — 3.11. The general procedure was as follows:
In a drybox, a 3-neck round bottom flask was charged with a magnetic stir bar, anhydrous
CH3NO; (15 mL), and lithium perchlorate (15.0 mmol). The indicated initiator (0.075
mmol) was then added to the mixture. The flask was equipped with a glassy carbon
anode (3 mm diameter), Pt basket cathode, and Ag/AgNOs; reference electrode (0.01 M
AgNO3/0.1 M tetrabutylammonium tetrafluoroborate in CH3CN) and then the apparatus
was sealed using rubber septa. The electrochemical cell was then removed from the
drybox and the solution was placed under a positive pressure of N,and stirred at room
temperature. Stirring was stopped prior to connecting to the potentiostat. The cyclic

voltammograms for the initiators were typically taken from 0.5 V to 2.5 V vs. Ag/AgNQO;
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with a sweep rate of 0.10 V/s. Ferrocene (0.15 mmol) was added as an internal standard

after each voltammogram.'® All potentials are reported in V vs. SCE.

Figure 3.9: Cyclic voltammogram of initiator 1a.

O/\/\NOMe 5

Current (LA)

T T T T + -25
1.9 1.7 1.5 13 11 0.9

Potential (V vs SCE)

Figure 3.10: Cyclic voltammogram of initiator 1b.

O/\VOMe -5

Current (LA)

19 17 15 1.3 1.1 0.9
Potential (V vs SCE)
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Figure 3.11: Cyclic voltammogram of initiator 1c.
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General procedure for electro-organic ROMP. Electro-organic ROMP experiments
were done using a carbon fiber (Zoltek) working electrode, carbon fiber counter
electrode, and Ag/0.01 M AgNO; (0.1 M tetrabutylammonium tetrafluoroborate in
CH3CN) reference electrode in a double junction chamber (Figure 3.12). The carbon
fiber electrodes were 40 mm in length (excluding the copper lead) and 15 mm of the
carbon fiber was submerged in the electrolyte solution during electrolysis. In the drybox,
a 3-neck round bottom flask was charged with a magnetic stir bar, lithium perchlorate
(15.0 mmol) and CH3NO; (15 mL). To the solution was added norbornene (23.2 mmol,
100 equiv.) and initiator (0.23 mmol, 1 equiv.). The electrodes were attached onto the cell
and the apparatus was sealed using rubber septa. The electrochemical cell was then
removed from the dry box and placed under a positive pressure of N,. The electrodes
were connected to the potentiostat and bulk electrolysis with a constant potential of 1.43

V vs SCE was started with constant stirring. After the current reached background levels,
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the electrolysis was stopped and hydroquinone (2.3 mmol, 10 equiv) was then added to
the solution. The carbon fiber electrodes were removed and soaked in THF. The
quenched solution and electrode soaks were added to rapidly stirring methanol to
precipitate the polymer. The resulting solids were redissolved in THF, passed through a
syringe filter (2 um) to remove any carbon fiber particulates, and reprecipitated into
methanol. The resulting solids were dried under vacuum and analyzed by '‘H NMR
spectroscopy and GPC.

Figure 3.12: a) Undivided electrochemical cell with carbon fiber working and counter electrodes, double

junction chamber (for the reference electrode), and Ag/AgNO; reference electrode. b) Carbon fiber

electrode with copper lead bound with Teflon tape.

a)

General procedure for photoredox mediated ROMP. All polymerizations were set up

i b)

in a drybox under an inert atmosphere of nitrogen. Irradiation of the sealed vials with
blue LEDs was done outside of the drybox. A 2-dram vial was equipped with a magnetic
stir-bar, 2,4,6-tri-(p-methoxyphenyl) pyrylium tetrafluoroborate (2a, 3.0 — 25.0 mol %),

and norbornene (48 — 1000 equiv. relative to 1). The solvent, CH,Cl, (1.8 — 1.9 M), and
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initiator 1 (1 equiv.) were added to the vial. The vial was sealed with a Teflon-coated
screw cap and brought out of the drybox. The mixture was irradiated for the indicated
period of time. The reaction progress and M, were monitored by *H NMR spectroscopy
and GPC, respectively. Upon completion, hydroquinone (5 equiv.) was added to the
reaction mixture, which was then passed through a short plug of alumina. The polymer
solution was then added dropwise into an excess of methanol (MeOH) or dry acetonitrile
(CH3CN) to cause precipitation of the polymer. Note: As a control, the same setup was
performed outside the drybox, and then the reaction mixture sparged with N, for 15
minutes before irradiation. This led to a significant decrease in polymer formation (only
~ 30 % conversion of monomer as determined by *H NMR spectroscopy) compared to

reactions setup inside the drybox.
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NMR Spectra for Structural Comparisons:

Figure 3.13: 'H NMR spectra of (top) polynorbornene (M, = 49.3 kDa; B = 1.2, cis/trans = 1:8)
synthesized using Grubbs 1%-generation initiator, and (bottom) polynorbornene (M, = 10.1 kDa; B = 1.5 by

GPC and M, = 12.7 kDa by NMR,; cis/trans = 1:2) synthesized via metal-free ROMP using initiator 1a.

T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
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Figure 3.14: Zoomed in *H NMR spectra of (top) polynorbornene (M, = 10.1 kDa; B = 1.5) synthesized

via metal-free ROMP using initiator 1a, and (bottom) initiator 1a.
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Figure 3.15: '"H NMR spectra of (black) polynorbornene (M, = 10.1 kDa; B = 1.5) synthesized via metal-

free ROMP using initiator 1a, and (red) initiator la.
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Figure 3.16: Zoomed in *H NMR spectra of (black) polynorbornene (M, = 10.1 kDa; © = 1.5) synthesized

via metal-free ROMP using initiator 1a, and (red) initiator 1a.
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Representative GPC traces:

Figure 3.17: GPC trace of polymer corresponding to Table 3.4, entry 1 of the main text.
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Figure 3.18: GPC trace of polymer corresponding to Table 3.4, entry 2 of the main text.
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Figure 3.19: GPC trace of polymer corresponding to Table 3.4, entry 3 of the main text.
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Figure 3.20: GPC trace of polymer corresponding to Table 3.4, entry 4 of the main text.
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Figure 3.21: GPC trace of polymer corresponding to Table 3.4, entry 5 of the main text.

RI signal intensity

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time (min)

Figure 3.22: GPC trace of polymer corresponding to Table 3.4, entry 6 of the main text.
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Figure 3.23: GPC trace of polymer corresponding to Table 3.4, entry 7 of the main text.
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Figure 3.24: GPC trace of polymer corresponding to Table 3.4, entry 8 of the main text.
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Figure 3.25: GPC trace of polymer corresponding to Table 3.4, entry 9 of the main text.
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Figure 3.26: GPC trace of polymer corresponding to Table 3.4, entry 10 of the main text.
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Figure 3.27: GPC trace of polymer corresponding to Table 3.4, entry 11 of the main text.
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Figure 3.28: Each GPC trace corresponds to a data point in Figure 3.6, top, from the main text. From right

(longest retention time) to left (shortest retention time), the sequence of GPC traces corresponds to

increased % conversion of monomer as shown in Figure 3.6, top.
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Figure 3.29: Each GPC trace corresponds to a data point in Figure 3.6, bottom, from the main text. From
right (longest retention time) to left (shortest retention time), the sequence of GPC traces corresponds to

increased % conversion of monomer as shown in Figure 3.6, bottom.
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UV-Visible Spectroscopy Data:

Figure 3.30: UV-visible spectrum of a 1.4*10™* M solution of pyrylium 2a. Measurements were taken in
dichloromethane using a quartz cuvette with a 1 cm pathlength. The measured extinction coefficient of 2a

was 5400 Mt cm™.
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Figure 3.31: UV-visible spectrum of polynorbornene synthesized via metal-free ROMP using initiator 1b.

Measurements were taken in dichloromethane using a quartz cuvette with a 1 cm pathlength.
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