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Abstract
Electroorganic oxidation reactions are appealing because protons, rather than undesirable

stoichiometric chemicals, act as the terminal oxidant. Direct electrochemical oxidation of an
organic molecule generates a high-energy radical cation. The high potentials required to produce
these species frequently cause decomposition of reagents and/or reactions with ancillary functional
groups. Proton-coupled electron-transfer (PCET) mediators are a specialized class of organic
molecules that undergo facile electron transfer at an electrode to generate an active oxidant that
subsequently removes at least one electron and one proton from substrate. This mediated strategy
bypasses the formation of high-energy intermediates, thereby reducing the electrode potentials
needed for analogous direct electrolysis reactions.

The first part of this thesis serves as an introduction to electrochemistry and mediated
electrosynthesis. In Chapter 1, mediated electrosynthesis is broadly described for a general
audience. Specific examples from my research are used to showcase the chemoselectivity afforded
by PCET electrochemical mediators. In Chapter 2, an undergraduate laboratory exercise based on
a classic electrochemical reaction, the Shono oxidation, is explained. The experiments in this lab

demonstrate that direct electrochemical oxidation of amines is not compatible with electron-rich



functional groups. In Chapter 3, the exploration of aminoxyl-mediated 2e /H" hydride transfer
mechanism and quantification of electrocatalytic rates forms the basis for an undergraduate
laboratory exercise.

The second part of this thesis presents a study of mediated electrolysis for enabling organic
synthesis. In Chapter 4, electrochemical aminoxyl-mediated oxidation of secondary piperidines
is employed to generate pharmaceutically-relevant a-cyanopiperidines. Use of an aminoxyl
hydride-transfer mediator allows the reactions to proceed at low applied potentials, thereby
enabling broad functional group tolerance. In Chapter 5, strategies for the oxidation of lignin, a
complex polymer found in non-edible biomass, and subsequent depolymerization to valuable
aromatic chemicals are summarized. In Chapter 6, the stability and oxidative driving force for a
series of electrochemical e /H* hydrogen atom transfer radical mediators are evaluated. The long
lifetimes and selectivity for secondary benzylic alcohol oxidation, even in the presence of sugars,
indicate that oximes are well-suited to oxidative conversion of heterogeneous biomass. In Chapter
7, oxime-mediated oxidation of lignin facilitates the conversion of biomass to high-quality
polysaccharides and promising yields of aromatic chemicals. The stability of the electrogenerated
radical enables the reaction to be conducted off-electrode using scalable and sustainable

electrochemical flow reactor technologies.
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Chapter 1: Control is the Goal! Using Electricity and Mediators to Make
Molecules

This work is an introductory chapter for a general audience.



| wrote this chapter to describe the context and some findings of my doctoral research to
my family and friends who are part of a broad, non-specialist audience because | want to share my
science with everyone in my life. I would like to thank the Wisconsin Initiative for Science
Literacy (WISL) at UW-Madison for providing this platform, and for sponsoring and supporting
the creation of this chapter. | am especially grateful to Professor Bassam Shakhashiri, Elizabeth
Reynolds, and Cayce Osborne for their valuable feedback and encouragement.

It’s hard to imagine a world without electricity; we use it to power everything from smart
watches to city lights. We’re also familiar with the idea of storing electrical energy in batteries.
But did you know that electricity is also used to make the chemicals found in everyday items?!
The field of electrochemistry, a compound word formed from “electricity” and “chemistry”, uses
electrical energy to drive chemical reactions that do not happen spontaneously. Electricity is
the movement of small, negatively charged bits of energy called electrons, and the atoms that make
up molecules are made of electrons and central positively charged bits called protons. In Figure
1.1 the electrons are shown as little yellow circles joined with their best friend, the bigger gray
proton circle. The bonds between atoms in a molecule are made of the shared electrons. The yellow
electron circles in Figure 1.1 are also joined with a big red square, which represents all the other
atoms and bonds that make up the rest of the molecule.

When you think of chemical reactions, you probably imagine a scientist adding a liquid
to another liquid or powder in a glass container. Electrochemical reactions are similar, but they
need a little something extra to conduct electricity through liquid. Two pieces of electrically
conductive material like metal or graphite are added into the container liquid and chemicals. The
ends of the conductive pieces sticking out of the solution are attached to a piece of equipment that

modulates the electricity coming out of a typical wall socket to the amount of electrical energy



needed for the reaction. Both pieces of conductive material are needed to conduct an
electrochemical reaction, like a battery needs both a positive and negative end, but often the
electrochemical reaction of interest is only occurring at one of the pieces and any reactions at the
other piece can largely be ignored. Figure 1.1 shows just the one piece of conductive material as
a big gray bar attached to the source of electricity, although we don’t actually use lightning.

Electrical energy applied to these conductive pieces can directly add or remove one or
more electrons from a target molecule. Figure 1.1 shows one electron being removed from the red
block molecules at the conductive surface. Notice that the proton is not removed with its electron
best friend. These “direct” electrochemistry reactions have been around since the 1800’s and are
performed on large scale by chemical companies in the process of making Nylon, a plastic used in
swimsuits and carpets. The direct transfer of a single electron from most carbon-based
molecules incurs a high energetic cost because electrons and their atomic proton counterparts
are happier and more stable moving together as the element hydrogen (one electron and one
proton) or the negatively charged version known as a hydride (two electrons and one proton).
Figure 1.1 shows that after direct electrochemical removal of an electron the lonely proton (gray
circle) leaves the molecule (red square) quickly afterwards.

The high energetic cost means that a relatively large amount of electrical energy, measured
as voltage, is required to remove or add a single electron without its proton friend to or from a
molecule. For simple molecules containing few atoms and bonds, like the molecule used for
making Nylon, direct electrochemistry works well because it doesn’t matter how much energy you
use to separate the electron and proton couple. Imagine the electrical energy as a big
sledgehammer. Using the sledgehammer to pound one nail into a simple wooden board might be

overkill, but it’ll work. Now imagine trying to pound just one nail in the center of a board full of



nails using just the sledgehammer and it becomes clear that the high voltage required by direct
electrochemistry fails for selective addition or removal of a desired electron from more complex
molecules.

Scientists over the last 40 years worked hard to overcome the limitations of direct
electrochemistry and find a toolbox that has a smaller hammer. They searched for, and found, a
handful of relatively simple molecules that were able to undergo direct electron transfer at low
voltages. This small group of molecules are not themselves valuable as target molecules and cannot
be converted into new or valuable chemicals. However, some of these special molecules could
also transfer one or more electrons and its coupled proton together from interesting target
molecules. This subset of specialized molecules is known as proton-coupled electron-transfer
mediators and are shown as blue diamonds in Figure 1.1.

The use of mediators has been used to develop an entirely new type of electrochemistry!
The full process of transferring an electron from the target molecule (red square) to the mediator
(blue diamond) and then to the electrical source shown in Figure 1.1 is aptly named “indirect” or
“mediated” electrochemistry. Figure 1.1 also shows that after direct electrochemistry removes an
electron from the mediator (blue square), it transfers an electron and proton from the target
molecule (red square) and regenerates the initial form of the mediator. Therefore, the mediator
molecule is not used up during the reaction.

Indirect reactions employing proton-coupled electron-transfer mediators can
operate at much lower energy than direct electrochemistry, which is like trading that big
sledgehammer for a standard claw hammer. The voltage hammer is small and only sufficient to
add or remove electrons from the mediator. The mediator is then able to transfer only one set of

coupled electrons and protons from the target molecule, even if the target molecule is complex and



contains many types of atoms and bonds. Furthermore, molecules are also kind of like puzzle
pieces in that they have a specific shape that fits well with only some parts of other molecules.
Both traits enable mediators to be selective in the electrons and protons they remove from complex
molecules.

The selectivity of indirect reactions can be used to enable new types of chemical
reactions.

Direct Indirect

@ Target Molecule @ Target Molecule

— —t-

Mediator

Example 1
Figure 1.1. The direct electrochemical removal of an electron (yellow circle) from a target

molecule (red square) and indirect removal an electron (yellow circle) and proton (gray circle)
using a mediator (blue diamond).

Let’s examine an example from my own research. Science is rarely carried out without
the collaboration and support of other scientists. | conducted this research under the mentorship of
my coworker Alastair Lennox. The research that we completed together showcases the power of
electrochemical mediators for making molecules that could be used in the discovery of new drugs.

Pharmaceutical chemists create the large and very complex molecules typically used for
drugs by sequentially adding molecules to one small molecule in the same way that small pieces
are glued together to build a model airplane. Piperidine is a simple molecule that is often found as
part of the larger molecular structure of many commercial drugs. Removing electrons and a proton

from piperidine allows another molecule to be attached to piperidine. Since this kind of attachment



to piperidine may need to occur later in the drug building process, the ability to remove electrons
from only the piperidine part of a complex molecule is highly desirable and may enable the design
of new life-saving drugs.

To start this project, the first thing that we did was throw out the sledgehammer. Piperidine
undergoes direct electrochemical removal of electrons using approximately 0.85 volts of electrical
energy. Other parts of complex drug-like molecules that may be found alongside piperidine could
also undergo electron transfer at or around this voltage. Using a high voltage sledgehammer to
remove electrons from piperidine may affect the other parts of the molecule capable of undergoing
electron transfer. Remember all those nails in the board? These other parts may be crucial to how
the drug works in the body, so we wanted a way to lower the voltage and facilitate the selective
removal of electrons from piperidine in complex molecules.

A mediator seemed like it might be perfect for this job! First, we required a mediator that
undergoes direct electrochemical removal of electrons at voltages lower than any part of the target
piperidine-containing molecules. We selected four similar mediators with slightly different
molecular structures labeled as 1-4 in Table 1.1 that we suspected, based on work done by other
scientists, could undergo direct electrochemical transfer of electrons at low voltages. We added
each mediator to some liquid, inserted, the conductive pieces into the liquid, and measured the
voltage needed to remove electrons from each of the four mediators. Direct electron transfer
occurred between 0.19 and 0.43 volts for all the mediators. The mediator that undergoes direct
electron transfer at the lowest voltages (as shown in Table 1.1) was the most desirable because
any part of a target molecule with a higher energetic requirement for direct electron transfer
wouldn’t be affected. Basically, the tinier the voltage hammer, the easier it is to hit only the

mediator. But, we couldn’t just pick a mediator based on voltage. The mediator also must



successfully transfer two electrons and a proton (a hydride) from a simple piperidine-containing
molecule.

Unlike voltage, which can be measured directly, the hydride transfer reaction between the
mediator and piperidine had to be measured indirectly. Since hydride transfer enables the
attachment of another molecule (green square) to piperidine (red square), we simply measured the
amount of conjoined product (attached red and green squares) produced from the indirect
electrochemical reaction with each mediator in Table 1.1. An indirect reaction that converted all
the piperidine to the conjoined product (100%) would indicate that the mediator is perfectly
successful for indirect transfer from piperidine. Mediators 2 and 3 give only small amounts of
product. These mediators have a molecular structure that likely does not fit well with piperidine,
like two puzzle pieces that don’t match. Mediator 1 results in the formation of less product than
mediator 4, but it also requires much less energy for direct electron transfer.

Table 1.1. Mediator comparison of required voltage and amount of product for indirect
electrochemistry of piperidine.

&
‘ Piperidine
R

@ B:B-B:B

Mediator Product
Voltage Product
Mediator 1 0.19 54
Mediator 2 0.23 10
Mediator 3 0.32 24
Mediator 4 0.43 81

We chose to test mediator 1 for the indirect proton-coupled electron-transfer of more

complex piperidine-containing molecules. Many different piperidine-containing molecules were



able to be converted to the desired product, meaning that the only part of the molecule primarily

engaging in electron transfer was piperidine! A method for making these products had never been

reported before, we published a paper in a scientific journal letting other scientists know that

mediators enable the production of molecules that could be useful for making new drugs.
Example 2

This example from my research showcases the power of electrochemical mediators for
facilitating the production of valuable chemicals from wood.

The part of wood we’re most familiar with is the part of wood used to make paper. During
the paper making process, the rest of the wood is removed and burned to generate the heat needed
for processing more wood into paper. One of these “waste” components is an incredibly complex
molecule called lignin, which is made up of many smaller molecules linked together into a long
chain. Imagine lignin as a series of blocks each tied together with string. Chemically cutting certain
ties between the molecules has been shown by other researchers to produce many valuable
molecules that may replace chemicals typically derived from non-renewable fossil fuels.

Unfortunately, the chemical process of separating lignin from the part of wood used for
paper damages the lignin linkages and prevents them from being cut, which is akin to taking all
the strings and tying the blocks together in one big knot. The removal of two electrons and one
proton from lignin could protect the lignin from being damaged during the wood separation
process and will facilitate the subsequent chemical severing of the linkages in isolated lignin.
However, the part of wood used for paper making can also undergo electron transfer. Once this
occurs, it can no longer be used for paper making. Making just the molecules you want, and few

or none of the ones you don’t, is one of the biggest challenges in chemistry.



Wood is an amalgamation of very complex molecules, and the analysis of such a complex
mixture is... complex. Since we knew that we may have to conduct many reactions and analyze
the products of those many reactions, we decided to start with reactions using simplified
molecules, known as models, that would likely react similarly to the real thing. The simplified
lignin model molecule is a type of alcohol, and the simplified lignin model is a sugar. Sugars can
also be considered a type of alcohol, but the bonds that form this alcohol are slightly different than
the ones in the lignin model.

The mediators from Example 1 undergo electron transfer at low voltages and can transfer
two electrons and a proton from a target molecule, so we thought those mediators might be perfect
for this reaction too! Looking through some articles published in scientific journals saved us from
wasting our time conducting these reactions in the lab. Other researchers had already demonstrated
that those mediators will affect both the lignin and the part of wood used for paper.

Instead, the literature indicated that we should look at a proton-coupled electron-transfer
mediator that transfers only one electron and one proton. As expected, we found that this mediator
also undergoes direct electron transfer at a much lower potential than the direct electrochemical
removal of electrons from either of the models. We’ve successfully exchanged the sledgehammer
for the smaller hammer!

We then evaluated the ability of the mediator to remove one electron and one proton from
the lignin model molecule. Since two electrons (yellow circles) and two protons (gray circles) must
be removed from the alcohol to generate the product (green square), two mediator molecules (blue
diamond) are required to transform one model alcohol (red square) to product as shown in Figure
1.2. The indirect electrochemical reaction of the mediator with the lignin model alcohol generated

product. No product was formed in the indirection electrochemical reaction of the mediator with
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the sugar model and all the sugar model was recovered at the end of the reaction. Therefore, the

mediator does not transfer a hydrogen atom (one electron and one proton) as shown in Figure 1.2.

— Lignin Model

Y
' ¢-+~Xl-*+¢-—l+0:+

— Mediator Product

@ Sugar Model

L 4l N2 B
Co. X

Figure 1.2. The indirect electrochemical reaction of lignin and sugar model molecules.

Encouraged by the reaction of the mediator with the lignin model, and lack of reaction
with the sugar, we decided it was time to try the indirect electrochemical reaction with actual wood.
The complicated analysis of the reaction products indicated that many of the alcohols in lignin
linkages had been converted to the protected form, and no changes were detected in the part of the
wood used for paper! Despite the immense chemical complexity of wood, mediators enabled
the transformation of just one part of the many complex molecules in wood.

Scientists around the world are becoming increasingly interested in the ability of indirect
electrochemistry to make new molecules or make known molecules in more efficient or
environmentally friendly ways. Although the chemical reactions described in examples 1 and 2
will likely never be used directly in the commercial production of drug molecules or valuable
chemicals from wood, future researchers may be able to improve upon these strategies to enable

commercial applications. To further that goal, I’ve helped develop indirect electrochemistry lab
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experiments for undergraduate students, graduate students, and industrial scientists. These
educational labs will be used for many years at multiple institutions and companies to provide
other researchers with the knowledge and skills to develop their own new electrochemical

reactions.
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Chapter 2: Exploring Electrosynthesis: Bulk Electrolysis and Cyclic
Voltammetry Analysis of the Shono Oxidation
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2.1. Abstract
As electrochemistry continues to gain broader acceptance and use within the organic
chemistry community, it is important that advanced undergraduate students are exposed to
fundamental and practical knowledge of electrochemical applications for chemical synthesis.
Herein, we describe the development of an undergraduate laboratory experience that introduces
synthetic and analytical electrochemistry concepts to an advanced organic chemistry class.
Experiments focus on the electrooxidative a-functionalization of carbamates, more generally
known as the Shono oxidation, and include cyclic voltammetry analysis of two cyclic carbamates
and a constant current bulk electrolysis reaction. The exercise offers students an authentic
experience in organic electrochemistry, lays a practical and theoretical foundation for future
engagement with concepts in electrochemistry and redox chemistry, and strengthens fundamental
organic chemistry skills.

2.2. Introduction
The field of organic electrochemistry has recently received increased attention and

undergone a “renaissance” of new methods and technologies.

! The organic chemistry community’s newfound interest in electrochemistry builds upon
a rich history of using electricity to drive organic reactions. Examples range from Faraday’s
electrolysis of acetic acid reported in 1834 to contemporary multi-ton per year syntheses of
industrial chemicals.?'3 Despite the important role of electrosynthesis and electrochemical
techniques in the field of organic chemistry, authentic lab experiments are largely absent from the
undergraduate organic chemistry curriculum.#® In the context of organic electrochemistry’s
history and recent resurgence, it would be valuable for undergraduate students to learn about basic
electrochemistry concepts and techniques and gain experience working with electrochemical

instruments in the laboratory.
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Several publications describe experimental protocols for an undergraduate-level organic
electrochemistry laboratory that focus on synthetic applications.®-° Some of these protocols,
however, require complex or hazardous equipment, such as divided H-type electrolysis cells or
mercury pool electrodes that are impractical for undergraduate lab courses, or use equipment that
is not authentic to academic or industrial organic electrosynthesis. Furthermore, few undergraduate
organic electrochemistry lab experiences incorporate both the synthetic and analytical applications
afforded by electrochemical tools.** An undergraduate laboratory module that combines bulk
electrolysis and analytical electrochemistry experiments, along with analysis of the authentic data,
would be a valuable pedagogical experience.

Herein, we report an organic electrochemistry laboratory module for an advanced
undergraduate organic chemistry laboratory course. The experiments within the module explore
the oxidative a-functionalization of cyclic carbamates, a classic electrosynthesis reaction
commonly referred to as the Shono oxidation (Scheme 2.1A).%2 This reaction was selected due to
its broad use,*® functionally simple electrolysis setup,* and the relative difficulty in accessing the
same reactivity and products with other oxidation strategies.*>*® Following an introductory lecture
on basic concepts in organic electrochemistry, students gain hands-on experience in performing
cyclic voltammetry (CV) experiments where they assess the electrochemical oxidation potentials
of two carbamates as potential substrates for the Shono oxidation (Scheme 2.1B). Following the
CV lab exercise, students perform electrochemical a-methoxylation of N-Boc-pyrrolidine and
calculate the yield of the reaction by *H NMR spectroscopy using an internal standard in a
concentrated solution of the crude reaction mixture. Students are asked to complete a written
laboratory report that addresses specific questions about the data generated from the CV and bulk

electrolysis experiments. The learning objectives (LO) for this project are for students to (a) gain
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familiarity with basic electrochemistry concepts and equipment in the context of organic chemistry
(LO1), (b) use electroanalytical techniques to inform electrosynthesis methods (LO2), and (c)
build on standard organic chemistry laboratory skills (LO3), including determination of reaction
yield by analysis of authentic *H NMR spectroscopy data.

Course materials, including the instructional manual, assessment questions, yield (%)
practice, and a list of necessary equipment, are provided in the Supporting Information. Additional
tutorials on electrochemistry theory, techniques, and tools are available in the literature.’

Scheme 2.1. The Shono oxidation.
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2.3. Educational Context
The module described here was introduced to CHEM 346, a semester-long undergraduate

course at University of Wisconsin-Madison. In the course, students learn advanced laboratory

methods in organic synthesis. Up to 36 senior-level undergraduates (typically chemistry majors)
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are enrolled each semester. The students typically meet for two four-hour laboratory sessions per
week, and each session begins with a brief instructor-led discussion.8

Recorded lecture videos and written introductory content in a lab manual are provided to
the students before the laboratory exercises. For this module, students are also provided with
materials to practice calculating a reaction yield based on *H NMR analysis of a crude reaction
mixture containing an internal standard. This ungraded practice is designed to prepare students for
the percent yield analysis of the Shono oxidation that is included as part of the graded laboratory
assessment.’® Assessment for each exercise is accomplished through a written laboratory report
formatted as a journal article that addresses specific aspects of the experimental data.®

The organic electrochemistry module described here was conducted in the Fall 2020 and
2021 semesters and was introduced approximately halfway through the course. Due to limited in-
person instruction during the COVID-19 pandemic, the second part of the 2020 laboratory module
was demonstrated with a video recording of the instructors performing the bulk electrolysis
reaction, and students were given electronic copies of NMR spectra. Student pairs were assigned
a 40-minute in-person session to perform the CV experiments with an instructor. For the 2021
semester, student pairs performed both the bulk electrolysis and CV analysis experiments in-
person under the guidance of the course instructors.

2.3.1. Cyclic Voltammetry Analysis
Instructors prepare separate solutions of anisole 1, piperidine carbamate 2, anisole

piperidine carbamate 3, and ferrocene in tetrabutylammonium hexafluorophosphate electrolyte
solution. The solutions are transferred to individual CV cells, which are placed in a fume hood
along with rinsing solutions, electrodes and electrode holder, and an electrode polishing pad. A
potentiostat and laptop interface are located next to the fume hood. The complete CV cell setup

includes the glass cell, a polymer electrode holder, a glassy carbon disk working electrode (3 mm
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diameter), a platinum coil counter electrode, and a Ag/Ag+ reference electrode. Instructors set the
CV experiment parameters in the potentiostat software to the appropriate scan rate and potential
range.®

Students work in pairs under supervision of a course instructor to obtain cyclic
voltammograms of each of the analyte solutions. Students polish the working electrode after each
experiment. After all CV data are collected, students polish and clean the electrodes to prepare the
experimental set-up for the next pair. Students export the CV data as .csv files and copy the .csv
data to a .xIsx template for data analysis.?° The .xIsx template converts the current and potential
units from amps (A) and volts (V) to microamps (nA) and millivolts (mV) and references the
potentials of the cyclic voltammograms of 1, 2, and 3 against the measured half wave potential
(Exr) of ferrocene.?! Detailed experimental procedures for this CV analysis and the synthesis of 3
are provided in the Supporting Information.

2.3.2. Bulk Electrosynthesis
Instructors prepare undivided electrolysis cells consisting of a 3-dram glass vial, septum

cap, a graphite rod working electrode, and a stainless-steel counter electrode. The experimental
procedure directs students to add tetraethylammonium p-toluene sulfonate and a Teflon-coated stir
bar to an undivided electrolysis cell, followed by methanol (5 mL) and N-Boc-pyrrolidine (0.25
mmol). Tetraethylammonium p-toluene sulfonate is the electrolyte, N-Boc-pyrrolidine is the
substrate, and methanol serves as both solvent and nucleophile. (Figure 2.1). The cell is secured
on a stir plate and the stir rate increased until rapid convection is observed. A current of 15 mA is
applied for 67 minutes (corresponding to 2.5 Faradays/mol substrate) using a power supply. When
the electrolysis is complete, students transfer the solution to a round bottom flask and concentrate
using a rotary evaporator. Students add 1,3-5-trimethylbenzene (0.072 mmol) as the internal

standard to the crude material and dissolve the mixture in CDClsto prepare a sample for *H-NMR
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spectroscopic analysis. Detailed experimental procedures for this bulk electrosynthesis and cell
fabrication are provided in the Supporting Information.

i 15 mA, 2.5 F mol™
{ \ 0.1 M [E4N][OTs] O\
—+ OMe + H,

N MeOH (50 mM) N
2\ Graphite : Stainless Steel 2\
0~ "OfBu Undivided cell 0™ Ofu

Figure 2.1. Electrochemical a-methoxylation of N-Boc-pyrrolidine.

Students are asked in the assessment to use computational methods to predict the chemical
shifts of the expected Shono oxidation product to assist their analysis of the *H NMR spectrum of
the crude reaction solution. Using the WebMO interface, students are asked to optimize the
structure of the expected Shono oxidation product in Gaussian 09 using the B3LYP/6-31G(d) level
of theory and basis set. The optimization requires approximately 3 hours of computational time.
An NMR calculation is then performed on the optimized geometry.19 Students in the course have
experience in computational chemistry and the WebMO interface from pre-requisite courses.??

2.4, Hazards
Appropriate personal protective equipment, such as disposable gloves, goggles, closed-

toe shoes, and a lab coat, must be worn. Students were required to wear face masks during the
laboratory exercises as a precaution against transmission of SARS-CoV-2. Procedures must be
performed in a fume hood or similarly ventilated workspace. Liquid and solid waste must be
disposed into sealed and appropriately labeled containers. The organic solvents and substrates
used in these experiments are flammable and should be handled in a well-ventilated fume hood.
Chlorinated solvents are carcinogens and skin irritants. Specific safety information for reagents is
available in the appropriate SDS. Electrical equipment can provide an electric shock hazard, and

instructors should inspect students’ experimental setups before an electric current is applied.
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2.5. Results and Discussion
Students first watch a pre-recorded lecture video, or attend a live pre-laboratory
discussion, and read the introduction of the associated lab chapter.!® This material includes
discussion of:

e Redox reactions, defining reduction and oxidation in terms of electron transfer. A
chromium oxide alcohol oxidation is presented as a canonical organic redox
reaction.

e Electron transfer at electrode surfaces, emphasizing that redox reactions can occur
at electrode surfaces, but that the individual reduction and oxidation steps are
separated in space. The relationship between change in free energy (AG) and cell
potential (AE) is also discussed.

e The equipment and reagents required for electrochemical experiments. Definitions
of working and counter electrodes are provided, as well as discussion on the role of
reference electrodes and electrolyte.

e Common analytical and synthetic electrochemical experiments, including constant
current and constant potential electrolyses and cyclic voltammetry. An introductory
discussion of why chemically and electrochemically reversible cyclic
voltammograms are “duck-shaped” is also provided.

e Historical background for the Shono oxidation, providing information about the
development of the reaction and its application in organic chemistry since the
1970s.

The introductory content presents students with sufficient theoretical and practical context to

perform and study organic redox reactions in electrochemical experiments.
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Following this introduction, students perform electrochemical analysis of anisole 1 and
the piperidine carbamates 2 and 3. The CV experiments are based on a recent study of an aminoxy|-

mediated Shono-type oxidation 23

wherein the direct electrochemical oxidation of cyclic
carbamates was found to be unsuccessful if the carbamate substrate contains an electron-rich
functional group. In the report, CV analysis and bulk electrolysis results suggested that preferential
electrochemical oxidation of the electron-rich functional group, rather than the carbamate
functional group, leads to unproductive consumption of substrate. Students’ CV analyses of 1-3
reproduces the CV analysis in the literature report (Figure 2.2). The similar electrochemical
oxidation potentials of 1 (1420 mV) and 3 (1280 mV) are both lower than that of the carbamate 2
(1610 mV) and indicate that electrochemical oxidation of 3 likely occurs at the anisole functional
group rather than the carbamate. Students are challenged to use their CV analysis and relevant
literature23 to predict how substrates 2 and 3 would react under the bulk electrolysis conditions

used for the Shono oxidation. Of the two substrates, only oxidation of 2 generates the necessary

iminium intermediate capable of reacting with methoxide to form the Shono product.
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Figure 2.2. Cyclic voltammograms (0.1 V/s) in [NBus][PFs] (0.1 M) acetonitrile solution of
anisole 1, piperidine carbamate 2, anisole piperidine carbamate 3 (5 mM) referenced to Fc/Fc™.

The analysis of the CV data is also intended to give students insight into the mechanism
of the Shono oxidation reaction. At the potential needed to initiate single electron transfer from
the carbamate substrate, an initial electron transfer (ET) step generates a radical cation that
immediately undergoes a second ET and proton transfer (PT) to form an iminium intermediate
(Figure 2.3). The result is an oxidative CV peak during the forward scan (from 0 V to 1.9 V)
corresponding to a chemically irreversible, 2 e transfer process.?* As the potential is scanned in
the reverse direction (from 1.9 V back to 0 V), the radical cation is no longer available to undergo
electrochemical reduction at the same potential because it has already reacted to form the iminium
cation, and thus no current is observed. The formation and trapping of the iminium intermediate
are the basis for the Shono bulk electrolysis reaction.

0~ 0O o~ 0O

Me (o) OMe

Me

Figure 2.3. Electron transfer - proton transfer - electron transfer (ET-PT-ET) mechanism for
electrochemical oxidation of piperidine carbamate 2.

After CV analysis, students perform a Shono oxidation under constant current bulk
electrolysis in an undivided electrolysis cell. The specific reaction is the electrochemical o-
methoxylation of N-Boc-pyrrolidine. The process begins with electron transfer - proton transfer -
electron transfer (ET-PT-ET) of the substrate to form the iminium intermediate, which is then
trapped by a methoxide nucleophile to form the product (Figure 2.4).122% Methoxide is produced

by reductive generation of Hz() at the cathode.
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Figure 2.4. Mechanism of electrochemical a-methoxylation of N-Boc-pyrrolidine.

The amount of charge passed in the cell during an electrolysis can be used to determine
the efficiency with which electrons are used to generate the desired product. A Faraday (F) is the
amount of charge carried by one mole of electrons and is equal to 96,485 Coulombs (C). The
Shono oxidation is a 2e” reaction. Therefore, a minimum of 2 Faradays per mole of substrate are
needed to convert all the substrate to product. The amount of charge passed during a reaction can
be determined from the electrolysis current, duration of the electrolysis, and quantity of substrate.®
In the electrolysis protocol described here, the actual quantity of charge during the electrolysis is
2.5 F per mole of substrate. The excess charge is passed to account for competing electrochemical
oxidation of methanol solvent as substrate concentration decreases. The role of electrons as a
stoichiometric reagent, including relevant equations, is discussed with students during the pre-lab
lecture.

In addition to exposing students to contemporary analytical and synthetic electrochemical
techniques, an advantage of this module it that electrolysis can be carried out with inexpensive and
readily accessible materials. The electrolysis cell consists of a glass dram vial, a septum cap,
graphite and steel rod electrodes, and a Teflon-coated stir bar. At the time of construction, each

cell was prepared for less than 2.50 USD per cell, and all the materials required for the set-up, or
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direct substitutes, could be purchased online through typical retail outlets. A power source rated
to provide >15mA current can be purchased from most department and hardware stores and
typically costs less than 70 USD. The supporting electrolyte (tetraethylammonium p-toluene
sulfonate) and substrate are inexpensive and commercially available. All other glassware and
equipment are standard in an organic chemistry teaching lab. Information about the equipment and
setup for the bulk electrolysis reaction can be found in the Supporting Information.

Students analyzed the outcome of their bulk electrolyses by *H NMR spectroscopy and
were asked to assign all signals in the spectrum arising from the electrolyte, product, and internal
standard (Figure 2.5). A 'H NMR spectrum of pure electrolyte is provided to assist with the
assignment of the electrolyte peaks. Computational methods are used to assist assignment of
signals from the Shono oxidation product. The signals from the aromatic protons of the internal
standard (Hg) and an a H-atom of the product (Ha) enable the most accurate integrations for each
species (i.e., these signals do not overlap with others) and should be used for calculating yield
(%).1° The average yield for the reaction is 72% (range 36-86%), and no leftover starting material
is observed in the *H NMR spectrum of the crude reaction mixture. Students may also use the
reaction yield and the charge passed during the electrolysis (60 C) to determine the Faradaic

efficiency of the reaction,?® but they were not required to do so in the lab assessment.
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Figure 2.5.'H NMR spectrum of the crude Shono reaction mixture (CDCls, 400 MHz).

2.6. Assessment
Conceptual learning objective LO1 was assessed indirectly (not for credit) during the lab

session by asking students to identify important pieces of electrochemical equipment and discuss
their utility with the lab instructor. Most (92%) students were able to identify the basic features of
reversible (ferrocene) and irreversible (substrate) cyclic voltammograms. Key aspects of safe and
effective set-up are noted by instructors during the initial CV portion of the lab, including ensuring
that electrodes are not touching each other or other conductive materials before beginning an
experiment. During the bulk electrolysis session, most students independently performed these
safety measures before the set-ups were checked by an instructor. Learning objectives LO2 and

LO3 were assessed directly using student reports written in ACS journal style. Students are asked
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to analyze the shapes of the reversible and irreversible CV traces they collect for substrates 1-3
and comment on the implications of these data for the effectiveness of a Shono oxidation with
these (or similar) substrates. A majority (72%) of students used the cyclic voltammetry data to
correctly identify the substrate that is easiest to oxidize, and nearly half (43%) of the students
correctly identified the substrate that would lead to a desired Shono product when subjected to
bulk electrolysis conditions. Students justified their conclusions based on the CV data and related
literature.?® All students generated the desired o-methoxylated Shono product. Many students
correctly assigned the relevant *H NMR signals from the product (68%), internal standard (94%),
and electrolyte (84%) in the crude mixture, and 75% correctly calculated the yield (%) of their
reaction.

2.7. Conclusions
This laboratory exercise introduces organic electrochemistry to advanced undergraduate

students. The exercise incorporates electrochemical analysis techniques and synthetic electrolysis,
providing students with an authentic and well-rounded learning experience. The flexible in-class,
virtual, or hybrid approach is readily adaptable to a variety of class sizes, and the inexpensive
synthesis equipment lends itself to adoption at a range of institutions. The written assessment
requires students to build upon experiences from previous lab modules and incorporates
fundamental organic chemistry analysis skills in an electrochemical context.
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3.1. Abstract
Organic electrosynthesis is an increasingly popular tool for driving and probing redox
reactions. Recent advances in this field often employ an electrocatalyst to enhance the selectivity
and efficiency of electrochemical reactions. A laboratory experiment was developed to introduce
students to relevant mechanistic techniques in electrochemistry for analysis of electrocatalytic
reactions using aminoxyl-catalyzed alcohol oxidation as a case study. This lab activity employs
cyclic voltammetry for qualitative assessment of catalytic turnover prior to introducing students to
chronoamperometry, an underutilized technique that facilitates quantitative determination of the
rate of catalysis. Students identify and rationalize the important features of a reversible electron
transfer and a catalytic reaction in a cyclic voltammogram, probe the origin of scan rate effects on
these traces, and calculate turnover frequency using a series of chronoamperograms. The method
employs safe and readily available reagents: basic aqueous buffer solution, alcohol substrate, and
an inexpensive organic aminoxyl catalyst. Student data presented herein were obtained from a
course attended by undergraduate students, graduate students, and pharmaceutical chemists.
Electrochemistry is one of the oldest and most fundamental methods to promote and
analyze redox reactions.! Recent advances in the electrosynthesis of organic compounds
demonstrate that electrochemistry is a powerful tool to access unique reactivity and investigate
complex mechanisms.?-8 Investigation of these redox reactions and their coupled chemical
reactions can play a valuable role in improving electrochemical reactions and chemical reactions
that involve electron transfer and/or redox steps.® Cyclic voltammetry (CV) is the most widely
used electrochemical technique for studying electrode processes.®*? The flexible time window and
forward and reverse scans of CV make it a powerful technique to study the mechanism of reactions
that occur at an electrode surface; however, extracting quantitative information from CV data can

be complicated.®®* Chronoamperometry (CA) is another standard electrochemical technique for
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understanding electrode reaction processes. 1> Although CA data contain less mechanistic
information than CV data, the former can be more straightforward to analyze than CV data to
obtain quantitative information from electrochemical processes. * CA is comparatively
underexplored in instructional electrochemistry curricula and limited to theoretical discussions.’
The present article outlines laboratory experiments to demonstrate how CA represents a versatile
complement to CV for analysis of electrochemical reactions.

In a CA experiment, the electrode potential steps from a potential where no electron
transfer occurs (Einit) to one at which a faradaic process occurs (Eapp). The resulting current is
monitored as a function of time (Figure 3.1b).*® In the case of an oxidative electrochemical
reaction (Error! Reference source not found. 3.1a), Eapp is sufficiently more positive than E° (large
AE is applied) where the rate of electron transfer no longer influences the current.'® In the case of

a reductive reaction, Eapp Would be more negative than E°.
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Figure 3.1. Applied potential waveform (a) and the resulting current-time trace (b) for a
chronoamperometric experiment of a general oxidation reaction.

The current is controlled (limited) by the flux of the redox-active species to the electrode
(Figure 3.1b) or the kinetics of the reaction that (re)generates the redox-active species.'®>2° Under
these limiting conditions, extracting quantitative information from the CA for electrode processes
is straightforward. When the current is controlled by diffusion, the diffusion coefficient of the

electroactive species can be derived on the basis of the Cottrell equation (eq 1).
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| = nFAZ Y2CADAY2 Y2 1)
In this equation, I is current (amperes, A), n is the number of electrons transferred in the half
reaction, F is the Faraday constant (96,485 C mol ™), A is the area of the electrode (in cm?), Da and
Ca are the diffusion coefficient (cm2 s 1) and the initial (bulk) concentration of electroactive
species (mol cm™), and t is time (s).!>2! When the current is reaction controlled, quantitative
information about the reaction kinetics can be derived by analysis of the amperometric responses.
The goal of this experiment is to introduce students to electroorganic chemistry and to teach
students how to employ CV for mechanistic investigation of catalysis and CA for quantitative
analysis of catalytic turnover rates.

2,2,6,6-Tetramethylpiperidin-N-oxyl (TEMPO) and its derivatives represent a class of
organic radicals (Scheme 3.1a) known as aminoxyl radicals that find widespread applications as
catalysts for the oxidation of organic molecules.??* Oxidation of aminoxyl compounds results in
formation of the corresponding oxoammonium species (Scheme 3.1a), which is the reactive form
of the catalysts. Oxoammonium oxidizes the substrate, herein alcohol, and undergoes reduction to
hydroxylamine (Scheme 3.1b). The turnover of these catalysts may be accomplished by using
stoichiometric oxidants such as oxygen or bleach (Scheme 3.1b).252% Aminoxy! radicals undergo
facile redox reactions at electrode surfaces (Scheme 3.1a).2” Aminoxyl-catalyzed electrochemical
oxidation reactions generate hydrogen gas as the sole byproduct of the oxidation reactions and
avoid stoichiometric chemical oxidants altogether (Scheme 3.1c).?”- 2 Moreover, the
electrochemical activity of aminoxyl radicals provides insights into the origin of their reactivity
and structure—reactivity correlations.>0-3
Scheme 3.1. Structures and oxidation reaction of ACT and TEMPO (a), Anelli—-Montonari

oxidation (b), and TEMPO-catalyzed electrochemical alcohol oxidation (c) with blue arrows
showing the catalytic turnover.
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In this report, we describe a study of electrochemical alcohol oxidation catalyzed by 4-
AcCNH-TEMPO (ACT). This laboratory exercise introduces students to the interdisciplinary
concepts of electroorganic chemistry, electrocatalysis, organocatalysis, and kinetic analysis. In
contrast to many undergraduate education resources that focus only on examining direct electron
transfer to and from inorganic molecules using CV,12** this experiment teaches students to conduct
a mechanistic investigation of an electrocatalytic organic reaction. The experiment is well-suited
for upper-level undergraduate laboratory courses, including physical chemistry, organic chemistry,
instrumental analysis, and electro chemistry. The procedure has been successfully completed by
16 graduate students and scientists from pharmaceutical companies as part of the “Organic
Electrochemistry Short Course”® lab section held during summer 2019 and by 12 students in the

University of Missouri—Kansas City physical chemistry lab during spring 2020.
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3.2. Experimental Overview
A variety of aminoxyl radicals, including TEMPO, are capable of catalyzing alcohol
oxidation under both chemical and electrochemical conditions. For this laboratory experiment, the
catalyst is the low-cost aminoxyl derivative ACT that has been shown to be one of the most
effective aminoxyls for electrochemical oxidation of alcohols.®® Sufficiently basic conditions (pH
8—11) are required for fast oxidation of alcohols by oxoammonium. Aqueous carbonate buffer is
a suitable reaction medium, and the pH can easily be adjusted by changing the ratio of
carbonate/bicarbonate. For this experiment, identical quantities of carbonate and bicarbonate are
used, resulting in a pH 10 solution.?®*® This electrolyte provides simple and safe reaction
conditions that avoid the need for more costly organic electrolytes and bases, making this
experiment ideal for educational purposes. The substrate 1,2-isopropylideneglycerol (solketal) is
a protected form of glycerol and is soluble in the buffered aqueous solution conditions.*3” The
reversible electrode reaction for ACT and its corresponding oxoammonium (ACT™) under these
experimental conditions results in a well-defined voltammetric signal (Figure 3.2, trace a) that
may be analyzed by students.® Electrochemical oxidation of ACT also exhibits an ideal diffusion-
controlled chronoamperometric response (Figure 3.2, trace c). The substantial changes in
voltammetric (Figure 3.2, trace b) and chronoamperometric (Figure 3.2, trace d) responses of
ACT in the presence of solketal match diagnostic criteria for electrocatalytic behavior.15 We will
show that the enhancement of the oxidative CA current and the additional charge during the CA
experiment can be used to derive the turnover frequency (TOF) 3° of ACT-catalyzed
electrochemical oxidation of solketal. The experimental procedure outlined below was readily
completed by students within a 3 h laboratory period. All experiments were performed at ambient

temperature (ca. 25 °C).
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Figure 3.2. Cyclic voltammograms (left) and chronoamperograms (right) of 1.0 mM ACT in the
absence (red traces, a and c) and presence of 4 mM solketal (blue traces, b and d). Solution
conditions: aqueous solution with NaHCO3/Na>COs electrolyte (0.1/0.1 M, pH 10), scan rate for
cyclic voltammetry 10 mV s1, and applied potential for chronoamperometry 0.8 V vs Ag/AgCl.

A typical experiment was carried out in the following manner. After making the buffer
solutions, the students conducted an initial voltammetric experiment with a solution of ACT. After
observation of the oxidation and reduction peaks, the potential range was adjusted for further
voltammetric experiments. For the CA experiment, the initial voltage (Einit, cf. Figure 3.1) should
be a value at which no oxidation was observed for the CV experiment, or approximately 200 mV
less than oxidation peak potential of ACT. The applied potential to measure the oxidation current
(Eapp) should be 100—150 mV more positive than the oxidation peak potential, which was
determined by the students from the initial CV experiment. CV data at various scan rates and CA
data were collected for solutions containing ACT in the absence and presence of various
concentrations of solketal. The CA experiment and one CV experiment were then conducted with
a buffered solution containing only solketal as a “blank” experiment. The same CA and CV
experiments were also performed for ACT in the presence of 4 mM of solketal in a NaCl solution,
instead of carbonate/bicarbonate buffer, to examine the effect of basic conditions on this catalytic

reaction.
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3.3. Experimental Procedure
The students were given a 0.2 M stock solution of solketal and were asked to prepare the
following additional stock solutions: 10 mL of 20 mM ACT solution, 100 mL of 0.2 M NaHCO3
solution, 100 mL of 0.2 M NaCOs solution, and 50 mL of 0.2 M NacCl solution. The required
solutions for electrochemical studies were prepared by mixing the required volumes of solketal
stock solution, 0.5 mL ACT, 4 mL stock solution of NaHCO3, and 4 mL stock solution of Na2COs
followed by dilution with deionized water in a 10 mL volumetric flask. To study the effect of base,
a separate solution was prepared with unbuffered electrolyte as follows: 0.2 mL stock solution of
solketal, 0.5 mL ACT, 8 mL stock solution of NaCl, followed by dilution with deionized water in
a 10 mL volumetric flask. The blank solution where no ACT was added was prepared as follows:
0.2 mL stock solution of solketal, 8 mL stock solution of NaCl, followed by dilution with deionized
water in a 10 mL volumetric flask. The entire contents of each solution were transferred and
analyzed independently in the electrochemical cell. A Pine Wavenow XV 100 Potentio/Galvano-
Stat and a Pine Low Volume Three Electrode Cell were used to perform the electrochemical
experiments.“®*3 The cell was equipped with a Ag/AgCI (internal solution 3 M KCI) reference
electrode, a Pt wire counter electrode, and a glassy carbon disk (2 mm) as the working electrode.**-
4" The reference and working electrodes should be placed close together to minimize solution
resistance. The working electrode was polished using alumina powder on a polishing pad before
each chronoamperometric experiment.*8

3.4. Hazards
Proper laboratory attire, gloves, and approved safety goggles should be worn in the

laboratory at all times. Sodium carbonate, bicarbonate, and solketal can cause eye irritation.

Solketal is flammable and should be kept away from heat or open flame. 4-Acetamido-TEMPO
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(ACT) has oral toxicity. All chemicals should be handled carefully. Flush eyes or skin with plenty
of water for at least 15 min in the case of contact.

3.5. Results and Discussion
We initiated the CV and CA study of ACT in the absence of solketal to examine an

electrochemically reversible redox reaction. The CV of ACT shows one anodic peak
corresponding to oxidation of ACT to the corresponding oxoammonium (ACT™) and a cathodic
peak for the reduction of electrogenerated ACT™ to ACT (Figure 3.3a). The potential difference
between the cathodic peak and anodic peaks, also known as the peak to peak separation, is 59 mV,
and the anodic to cathodic peak current ratio is near unity. The peak height of both the anodic and
cathodic peaks, Ip (A), is best described by the Randles—Sev¢ik equation (at 25 °C):
lp = 2.69 x 10°n¥2ADYZ Cactv 12 (2)

In this equation, n is the number of electrons, A is the electrode surface area (cm?), Dacr is the
diffusion coefficient of ACT (cm?s™1), Cacr is the concentration of ACT in the bulk solution (mol
cm %), and v is the scan rate of voltammetric experiment (V s2).4° Plotting the peak currents versus
the square root of scan rate (Figure 3.3b) shows a linear correlation: evidence of an electron
transfer process involving freely diffusing redox species.®® These CV features agree with the
characteristics of a reversible, one-electron reaction at the electrode. The CA of ACT in the
absence of solketal shows that the current—time profile follows the diffusion-controlled correlation

described by the Cottrell equation (Figure 3.3c).%*
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Figure 3.3. Cyclic voltammograms (a) of 1.0 mM ACT at different scan rates; scan rates (mV s~
1) are depicted for each CV. The blank CV (black dashed trace) is the CV of 4 mM solketal
substrate in the absence of ACT at a scan rate of 80 mV s, The plot of anodic and cathodic peak
currents versus square root of scan rate (b). Solution conditions: aqueous solution with
NaHCO3/Na>CO3 electrolyte 0.1/0.1 M, and pH 10.

CVs of ACT in the presence of solketal were then considered to show the characteristics
of an electrocatalytic mechanism (Figure 3.4). Compared to the CV of ACT alone, two significant
differences were observed for the CV of ACT in the presence of solketal. First, the cathodic peak
disappears, indicating that ACT" reacts with solketal and does not persist as the oxidized form.
Therefore, it is not present and able to be reduced at the electrode in the reverse scan. Second, the
anodic peak current exhibits an increase in magnitude. This increase indicates that the reduced
form of ACT (i.e., the hydroxylamine form, ACTH), generated upon reaction of oxoammonium
with substrate, can be oxidized again at the electrode surface on the time scale of the CV scan. It
should be noted that solketal does not undergo direct electron transfer within this potential range
(Error! Reference source not found.3a, black dashed trace). Thus, the enhancement in oxidation
current does not arise from direct oxidation of solketal at the electrode. If the reaction between
excess solketal and ACT"continuously generates ACTH, the CV traces will exhibit a plateau
current instead of a peak. Under these conditions, the current is controlled by the kinetics of the

reaction between solketal and ACT™ and is called the reaction-controlled current. The scan rate
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shows a minimal influence on the current (Figure 3.4a). Instead, these reaction-controlled currents

now depend on solketal concentration as demonstrated in Figure 3.4b.%2

80 - 90 -
a 1%% b
80 49 mM solketal 25 1 mMACT
+ +
—_ 1 mM ACT ’___60 X mM solketal
< 40 7 <
= 3
- 1mMACT | =
20 No Solketal 30 -
0 { rredl o
-20 . T ‘ 0 - T ‘
0.30 0.50 0.70 0.90 0.30 050 0.70 0.90
E (V) vs Ag/AgCI E (V) vs Ag/AgClI

Figure 3.4. Cyclic voltammograms of 1.0 mM ACT in the absence (dotted line) and presence of
9 mM solketal at different scan rates (25-120 mV s™1) (a) and cyclic voltammograms of 1.0 mM
ACT in the presence of various concentrations of solketal (b). Scan rate for dotted trace is 80 mV
s, and for traces in part b, it is 25 mV s Solution conditions: aqueous solution with
NaHCO3/Na>CO3 electrolyte 0.1/0.1 M, and pH 10.

After collecting information about the electrochemical reaction mechanism using CV, CA
analysis was performed for the quantitative analysis of the reaction kinetics. The CAs of ACT in
the presence of various concentrations of solketal are shown in Error! Reference source not found.
3.5a. The total consumed charge (Q) for each CA experiment was derived by integrating the
current-time trace.®® For the “ACT-only” solution, the consumed charge (Qa) is related to the
number of ACT molecules in the electrode diffusion layer that are oxidized to ACT". In the
presence of solketal, ACT" reacts with solketal to generate the corresponding carbonyl product
and ACTH (Figure 3.5b), and the latter is reoxidized at the electrode surface via a two-electron,

one-proton oxidation process.>*



39

80 A

16 mM

60 Q; = 1116 uC
9 mM

<
mM
20 1
no solketal
Q, =122 uC
| blank——= :

0 é (1I§J ‘II5 2IO
t(s

Figure 3.5. Chronoamperograms for a blank solution and ACT in the absence and presence of

various concentrations of solketal (a) with applied chronoamperometry potential of 0.8 V vs

Ag/AgCI. The consumed charges are shown on each chronoamperogram; the consumed charge for

the blank solution is 12 uC (not depicted on its plot). Proposed mechanism for ACT-catalyzed

electrochemical solketal oxidation (b).

The total consumed charge (Qr) contains the initial charge required for ACT oxidation
(Qn) plus the charge consumed as a result of catalytic turnover of ACTH at the electrode surface,
Qc, such that Qt = Qc + Qa. The ratio of Qc to Qa is proportional to the turnover numbers (TONS)
of ACT under these conditions. To precisely determine TOFs, the consumed charged for a blank
solution (Qg) needs to be subtracted from Qa to account for nonfaradaic charging of the electrode.*
Considering the number of electrons corresponding to one turnover (n = 2) and the conversion
factor of the time unit for turnover frequency (1 h or 3600 s) over the CA experiment time (t), the
TOF can be calculated as shown in eq 3:

_ (QT—QA) x 3600
(QA _QB) Xnxt

TOF 3)

The unit of the resulting TOF value is per hour (h™1). The TOFs derived from the CA experiments
in Figure 3.5a are shown in Table 3.1. The voltammetric and chronoamperometric studies of the
reaction under neutral conditions were performed to demonstrate the effect of base on the reaction

kinetics. As demonstrated in entry 5 of Table 3.1, the catalytic activity of ACT in the absence of
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base is negligible.>® The presence of base favors formation of the alkoxide adduct between ACT*
and solketal and favors the electrochemical oxidation of ACTH.30:%7

Table 3.1. TOF (h) of ACT for different concentrations of solketal in the absence and presence
of base.

Entry Solketal concentration TOF (hY)e
1 2 mM? 346
2 4 mM2 548
3 9 mM2 802
4 16 mM? 1024
5 4 mMP 36

2 Reaction Conditions: aqueous solution with NaHCO3/Na,COs
electrolyte 0.1/0.1 M, pH 10, 1.0 mM ACT, applied potential 0.8 V,
experiment duration 20 sec.

b Reaction Conditions: aqueous solution with NaCl electrolyte 0.2 M, pH
6.7, 1.0 MM ACT.

¢"Turnover Frequency”, defined as the molecules of solketal converted
per molecule of catalyst per hour. The standard deviation of reported
TOFs (h™?) for four groups of students were (8-14%).

The CA and CV experiments demonstrated here form the basis for several inquiry
laboratories or an undergraduate research project. For example, CV analysis of ACT under a range
of basic buffers pH 8—11 visually demonstrates the basicity—reactivity relationship. CA analysis
of the reaction between ACT and diverse substrates, such as secondary benzylic alcohols and
primary and secondary aliphatic alcohols, is a simple and quantitative way to explore substrate
structure-reactivity relationships. Experimenting with electronically/ structurally distinct aminoxyl
catalysts, such as commercially available TEMPO or 9-azabicyclo-[3.3.1]nonane N-oxyl (ABNO),
allows a research student to begin making connections between catalyst structure and activity.30

3.6. Conclusion
This lab allows students to explore the concepts of chronoamperometry, cyclic

voltammetry, and electrocatalysis. The operationally simple experiments give students experience
in voltammetric and chronoamperometric analysis of both direct and mediated (catalytic) electron

transfer reactions. The emphasis on chronoamperometry provides students with an example of how
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a simple electrochemical technique can be used for quantitative analysis of a catalytic reaction and
for the derivation of the turnover frequency (TOF). The pedagogically rich protocol reported
herein is an example of an interdisciplinary experiment that is well-suited for incorporation into
various upper-level undergraduate laboratory courses, including instrumental analysis, physical
chemistry, organic chemistry, and electrochemistry.
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potentiostat represents a barrier, a homemade potentiostat provides a cost-effective option.
Examples of the latter are included in refs 41-43. Moreover, lower cost potentiostats are
available for educational purposes. One example of an open-source potentiostat is Rodeostat:
https://iorodeo.com/collections/cheapstat-open-source-potentiostat, accessed September 4,
2020.

Meloni, G. N. J. Chem. Educ. 2016, 93, 1320—-1322.

Li, Y. C.; Melenbrink, E. L.; Cordonier, G. J.; Boggs, C.; Khan, A.; Isaac, M. K.; Nkhonjera,
L. K.; Bahati, D.; Billinge, S. J.; Haile, S. M.; Kreuter, R. A.; Crable, R. M.; Mallouk, T. E.
J. Chem. Educ. 2018, 95, 1658—1661.

Glasscott, M. W.; Verber, M. D.; Hall, J. R.; Pendergast, A. D.; McKinney, C. J.; Dick, J. E.
J. Chem. Educ. 2020, 97, 265-270.

The three required electrodes are also commercially available from different vendors. The
more cost-effective options for educational purpose are homemade electrodes. For examples,
see refs 45-47.

King, D.; Friend, J.; Kariuki, J. J. Chem. Educ. 2010, 87, 507-5009.
Masse R. C.; Gerken J. B. J. Chem. Educ. 2015, 92, 110—115.
Schmidt, B.; King, D.; Kariuki, J. J. Chem. Educ. 2018, 95, 2076—2080.

For details of polishing and other experimental conditions, see the Supporting Information.
Based on the observed results, polishing the electrode once is enough to perform all the CV
and CA experiments for each solution. Discarding the data for the first experiment conducted
after polishing and repeating it without polishing results in more reproducible responses.

The voltammetric currents normalized by square root of the scan rate should be identical to
a reversible electron transfer at various scan rates. The students were asked to normalize the
CV currents and compare them: see Student’s Handout in Supporting Information.
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The plot of peak current (Ip) as a function of the square root of scan rate should be linear.
The slope of the line is proportional to the diffusion coefficient of electroactive species. See
Supporting Information, Section B.6, and Figure B.4. The plot of anodic and cathodic peak
currents versus square root of scan rate. Solution conditions: aqueous solution with
NaHCO3/Na2CO3 electrolyte 0.1/0.1 M, and pH 10..

When the current is diffusion-controlled it should be inversely proportional to t¥2. An
example of a linear correlation was plotted by students and is shown in Figure B.2 and
Figure B.3 (Supporting Information). The diffusion coefficient derived from amperometric
results, based on the Cottrell equation, is in good agreement with the value derived from
voltammetric analysis, See Supporting Information, Section B.6 and Figure B.3.

Based on the proposed mechanism, the height of the anodic peak is proportional to the
concentration of solketal and the number of catalytic cycles. The slope of the linear plot for
the anodic plateau current versus the square root of the solketal concentration is proportional
to the rate constant of the chemical reaction between ACT" and solketal. See ref 37 and
Figure B.5 and Figure B.6 (Supporting Information).

All the chronoamperometric measurements must be taken in exactly the same timeframe to
enable subtraction and division of the consumed charge for different chronoamperograms.
To derive the consumed charge for each plot, see Section B.8 of Supporting Information and
the Supporting Information Excel file. The optimal time for a chronoamperometry
experiment is 15-20 sec. See ref 15.

Taitt, B. J.; Bender, M. T.; Choi, K.-S. ACS Catal. 2020, 10, 265-275.

Since solketal is not electroactive at this potential range (e.g. Figure 3.3a), the blank
experiment can be a solution consisting only of supporting electrolyte/buffer or may include
solketal.

Examples of more results by students are presented in Table B.2 and Table B.3 of the
Supporting Information.
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Chapter 4: Electrochemical Aminoxyl-Mediated a-Cyanation of Secondary
Piperidines for Pharmaceutical Building Block Diversification

This work is published: Lennox, A. J. J.; Goes, S. L.; Webster, M. P.; Koolman, H. F.; Djuric, S.
W., Stahl, S. S. J. Am. Chem. Soc. 2018, 140, 11227-11231.
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4.1. Abstract
Secondary piperidines are ideal pharmaceutical building blocks owing to the prevalence
of piperidines in commercial drugs. Here, we report an electrochemical method for cyanation of
the heterocycle adjacent to nitrogen without requiring protection or substitution of the N—H bond.
The reaction utilizes ABNO (9-azabicyclononane N-oxyl) as a catalytic mediator. Electrochemical
oxidation of ABNO generates the corresponding oxoammonium species, which promotes
dehydrogenation of the 2° piperidine to the cyclic imine, followed by addition of cyanide. The
low-potential, mediated electrolysis process is compatible with a wide range of heterocyclic and
oxidatively sensitive substituents on the piperidine ring and enables synthesis of unnatural amino
acids.

4.2. Introduction
Strategic building blocks are commonly used in drug discovery to create or modify

bioactive core structures, and efficient methods for diversification of commercially available
building blocks could have broad impact in medicinal chemistry.! Piperidines are the most
common heterocycle found in FDA-approved drugs? owing to their favorable pharmacokinetic
properties that contribute to improved clinical success (Scheme 4.1A).2 Secondary piperidines
represent ideal targets for chemical modification, and effective methods could greatly expand this
pool of available building blocks. Whereas C—H functionalization adjacent to nitrogen in cyclic
amines has been the focus of considerable attention,* the vast majority of precedents use N-
protected (i.e., N-acyl) or N-aryl/alkyl 3° amine derivatives that are less versatile as
pharmaceutical building blocks.>® Amine protection/deprotection hampers efficient utilization of
the former substrates, whereas fixed substitution of the N-aryl/alkyl derivatives limits
incorporation of these compounds into more complex structures. Here, we report an

electrochemical method for oxidative a-cyanation of diverse 2° piperidines. The method is enabled
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by the use of ABNO (9-azabicyclononane N-oxyl) as a catalytic mediator that exhibits broad
functional group compatibility.

Nitriles are versatile functional groups that are readily converted into other substituents,
including carboxylic acids, amides, ketones and amines, among others.’ This versatility underlies
the extensive efforts directed toward o-cyanation of piperidine and other amine derivatives
(Scheme 4.1B).2 Synthetically useful precedents, however, are limited to activated substrates (e.g.,
tetrahydroisoquinolines) and the 3° amine/ amide derivatives noted above. No general methods
are available for analogous cyanation of 2° piperidines,® reflecting the susceptibility of cyclic
imines to undergo decomposition.1%?

Precedents for electrochemical oxidation of amines typically feature 3° derivatives®?
and/or are initiated by outer sphere single-electron transfer (ET). Subsequent rapid proton and
electron transfer (PT—ET) affords an iminium ion.** We recently showed that use of an aminoxyl
mediator bypasses this conventional ET-PT-ET sequence by undergoing electrochemical
oxidation to an oxoammonium species that promotes direct hydride transfer from the substrate.4®
The aminoxyl-mediated reactions operate at much lower electrode potentials (by >1 V), thereby
greatly expanding the functional group compatibility and substrate scope. Here, we demonstrate
that analogous principles may be applied to enable efficient a-cyanation of 2° piperidines bearing
diverse pharmaceutically relevant substituents (Scheme 4.1C).

Scheme 4.1. Context and Strategy for a-Cyanation of 2° Piperidines.
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4.3. Results and Discussion
We initiated our studies by investigating the redox behavior of 4-phenylpiperidine 1a by

cyclic voltammetry (CV) in the absence and presence of ABNO (Figure 4.1).%° Substrate 1a
exhibits an irreversible anodic CV feature at 739 mV (Figure 4.1, green trace; all potentials are
reported relative to Fc/Fc™), whereas ABNO, which was selected as a low-potential sterically
unhindered aminoxyl mediator,!’ exhibits a reversible CV trace with E1, = 195 mV (Figure 4.1,
gray trace). CV analysis of a solution containing both 1a and ABNO reveals a significant increase
in the anodic feature at the ABNO redox potential, with a corresponding decrease in the cathodic

feature (Figure 4.1, red trace). This behavior implicates reaction of ABNO™ with the substrate and
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electrochemical regeneration of ABNO* on the CV time scale (cf. Scheme 4.1C). Complete
disappearance of the anodic feature corresponding to 1a under these conditions is consistent with
consumption of the substrate from the electrode surface via reaction with ABNO™. The large
difference between the anodic peak potentials of ABNO and la (AEp, > 500 mV; cf. green vs red
trace) highlights the lower electrode potential that arises when substrate oxidation proceeds via

ABNO-mediated hydride transfer, rather than electrode-initiated electron transfer.

100 Ph
\OVH + ABNO
80 /

60

40 E/V (vs Cp,Fed*)

Figure 4.1. CVs (0.1 V/s) in MeCN (5 mL) and NaClO4 (0.1 M) of: ABNO (1 mM) (gray trace);
4-phenyl piperidine (2 mM) (green trace); ABNO (1 1a mM) and 4-phenyl piperidine (2 mM)
(red trace).

Efforts then shifted to bulk electrolysis studies in order to explore optimal conditions for
substrate cyanation. The reactions were conducted under constant-current conditions (1-3 mA) in
an undivided cell with a graphite rod working electrode and Pt wire counter electrode. TMSCN
was used as an easily handled source of cyanide nucleophile. Initial attempts to perform direct
oxidation of the substrate at the electrode (i.e., in the absence of a mediator) resulted in only low
yield of the desired product 2a (19%, Table 4.1, entry 1). Inclusion of 10 mol % ABNO in the
reaction, under otherwise identical conditions, nearly doubled the yield of 2a (37%, entry 2). One
equivalent of hexafluoroisopropanol (HFIP) was included in the reaction as a proton source to

facilitate production of H at the cathode (cf. BH" in Scheme 4.1C), which also generates an



51

alkoxide base that can promote proton-coupled oxidation of ABNO-H to ABNO" at the anode (cf.
Scheme 4.1C).*° Consistent with this hypothesis, the yield improved considerably upon adding
HFIP, 1 equiv; 54% yield, entry 3) as an additive (see below for further discussion).

Table 4.1. Bulk electrolysis optimization data.

Pre-catalyst il

(10 mol%) o
H  TMSCN (1.5 equiv.) CN
NH MeCN, Additive NH
1a Electrolyte (0.1 M) 2a
Entry Pre-catalyst Additive Current Yield/%?
(equiv.) (mA)

1 — — 1 19

2 ABNO — 1 37

3 ABNO HFIP? (1) 1 54

4 TEMPO HFIP (1) 1 10

5 ACT HFIP (1) 1 24
A KetoABNO | HRIPC) o8

7 ABNO HFIP (1) 3 66

8 ABNO H,0 (1) 3 68

9 ABNO MeOH (1) 3 79
10 ABNO MeOH (0.5) 3 84

11 ABNO MeOH (0.5) 3 74°¢
12 ABNO MeCH (0.5) 2 747
ABNO*  TEMPO* OY ACT* o keto-ABNO*
S, o o

+ +
S e S

A

T
200 mv 300 mvV 400 mV 500 mV
Eqpt™ vs CpFe®*

Testing of other aminoxyl mediators clearly indicated the importance of steric effects as
the primary indicator of mediator effectiveness.?° Specifically, TEMPO and 4-acetamidoTEMPO
(ACT) have higher redox potentials than ABNO, but they afforded lower yields of 2a (entries 4
and 5). KetoABNO exhibited the highest yield, but, as its higher redox potential could interfere
with functional-group compatibility, we explored further optimization of the reaction with ABNO
as the mediator. Increasing the electrolysis current from 1 to 3 mA led to an increase in yield from
54% to 66% (entries 3 and 7). Further improvement was achieved by replacing HFIP with MeOH
as the protic additive and reducing the stoichiometry to 0.5 equiv, ultimately affording 84% yield

of 2a (entries 7—-10). To ensure reproducibility, the optimized reaction conditions were directly
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implemented in two commercially available bulk electrolysis cells, one from BASi and the
ElectraSyn 2.0 unit from IKA, with the former conducted on 1 g scale (entries 11 and 12). Both
reactions afforded 2a in good yield.

Analysis of the constant current electrolysis traces provides valuable insights into the
ABNO-mediated reactions (Figure 4.2). Under the optimized reaction conditions (red trace), the
electrode potential needed to sustain 3 mA current is low (approximately 150-250 mV) and is
stable throughout the entire reaction. In the absence of MeOH (blue trace), a low potential is
observed only when the charge passed is less than that needed for electrochemical oxidation of
ABNO to ABNO". The increase in potential beyond this point (to approximately 600—700 mV) is
attributed to the lack of an effective Brensted base (i.e., no methoxide is available) to support
proton-coupled oxidation of ABNOH to ABNO*. In the absence of both MeOH and ABNO (green
trace), amuch higher electrode potential is needed to support the 3 mA current. The initial observed
potential is similar to that expected from the CV studies (cf. Figure 4.1); however, this potential
rises significantly during the reaction, possibly arising from fouling of the electrode by reactive
intermediates generated in the direct electrolysis process.?* The reaction yield correlates inversely
with the potential needed to sustain the reaction, demonstrating the benefit of pairing a mediator

with an appropriate proton shuttle in the undivided cell.
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Figure 4.2. Bulk electrolysis in MeCN, TBAPFs (0.1 M), TMSCN (1.5 equiv), and 1a (0.3 mmol)
with/without ABNO (10 mol %) and/or MeOH (0.5 equiv).'® MB = mass balance.

The optimized conditions were then tested on a broad collection of commercially available
2° piperidines (Table 4.2A). 4-Substituted piperidines are especially readily available, and good-
to-excellent yields of the corresponding a-cyanopiperidines were obtained for substrates bearing
a diverse array of functional groups, including aryl, aryl halide, aryl ether, amide, ester, pyridine
and related heteroaryl derivatives, and azoles, among other groups (3a—3r). The method even
tolerates an unprotected 2° alcohol (3x), indicating that amine oxidation is favored over the well-
established aminoxyl-mediated alcohol oxidation.™ The products were primarily isolated as the p-
toluenesulfonic acid salts. Analytically pure electrolyte salt (TBAPFg) was also recovered from
the reaction mixture and reused. High diastereoselectivity, often reflecting only a single
diastereomer, is observed in all cases where the substituent is large enough to bias the ring
conformation (3a—3p, 3s). The favored anti relationship between the cyano group and substituent
was confirmed by NOE measurements and X-ray crystallography. The observed stereochemistry

is rationalized by axial attack of cyanide on the intermediate imine and aligns with stereochemical
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models that have been reported by Houk?? and Cieplak.?® A mixture is observed in two cases when
the substituent is smaller (3x, 3y) and in a bicyclic pyrrolidine substrate (3ad). The latter result
demonstrates that the method is applicable to heterocycles beyond piperidines, as further
exemplified by the reaction of the parent pyrrolidine, (3ac), an azepane (3ab), and morpholine
(3u). Piperidine substitution in the 2- and 3- positions leads to highly regioselective cyanation at
the less hindered position, suggesting that steric accessibility overrides thermodynamic
considerations (3s, 3v, 3w). This observation is also evident from the selectivity observed with the
azepane derivative 3ab, where the benzylic position is avoided in favor of the more accessible site.

For a substrate containing both an unprotected and a Boc-protected 2° piperidine,
cyanation only occurred on the unprotected piperidine ring (3q). On the other hand, 2° piperidine
substrates bearing 5- or 6-membered cyclic 3° alkylamine substituents undergo preferential
cyanation on the alkylamine ring (3z, 3aa), presumably reflecting the enhanced hydricity of the
C—H bonds at this site.'® Ineffective substrates primarily corresponded to substrates that were not
soluble in the reaction medium.*®

The relevance of this method for medicinal chemistry is evident from a number of
substrates that feature functional groups directly corresponding to active pharmaceuticals and drug
candidates in Scheme 1A. Examples include risperidone (3j),?* two receptor antagonists (3p and
3r)%2 and the HIV drug, Nelfinavir (3i).2” Each of the corresponding a-cyanation products was
isolated in diastereomeric purity. The low potential and mild conditions that make this method
applicable to building block diversification also make it amenable to late-stage functionalization,
as revealed by the cyanation of the antidepressant Amitifadine (3ad), which proceeded in 48%

yield.
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The hydrolysis of the nitriles to carboxylic acids provides an efficient means to generate
non-natural amino acids. To demonstrate this concept, several cyanation products were subjected
directly to hydrolysis conditions, without isolation, to generate the corresponding carboxylic acid
derivatives in excellent yields (4a—d, Table 4.2B).?®

Table 4.2. Substrate Scope for Electrochemical a-Cyanation of 2° Piperidines (A) and
Cyanation/Hydrolysis to Generate Pipecolic Acids (B)?.

I
A. 10-20 mol% ABNO | 1) Remove electrolyte
1.5 equiv TMSCN + CN 2) TsOH CN
R0 )05 equivMeOK ‘Y 3)wash Y
e = R+ - =R
'\/NH 0.1 M TBAPFg, MeCN \._-NH S NHy
3 mA, 2 F/mol 2 3 TsO
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P8 o w8
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4.4. Conclusion
In summary, we have developed a highly effective, user-friendly method for

electrochemical a-cyanation of 2° piperidines. This class of molecules represents an especially

important class of pharmaceutical building blocks. Use of ABNO as a hydride-transfer mediator



56

allows the reactions to proceed at low electrode potentials, thereby tolerating a broad array of
important functional groups. C—H functionalization methods and related reactions of this type that
enable direct building block diversification should have considerable utility in medicinal chemistry
and drug discovery.
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5.1. Abstract
Lignin is the largest source of bio-derived aromatic chemicals, and oxidative conversion
of this polymeric material can generate valuable oxygenated aromatic compounds. Oxidative
depolymerization of lignosulfonate feedstocks under alkaline conditions is used commercially for
vanillin production. Recent studies have led to other oxidation methods that access different
aromatic products from lignin in good yields. A particularly effective strategy that accesses some
of the highest yields of aromatic monomers to date features a two-step process in which the
oxidation of specific alcohol groups in lignin is followed by an oxidative, reductive, or redox-
neutral step that cleaves the polymer into aromatic monomers and oligomers. Studies of model
compounds have provided crucial mechanistic insights and contributed to the development of
effective lignin depolymerization methods. This review provides a general overview of lignin
depolymerization methods, followed by a survey of oxidation-depolymerization methods that
access oxygenated aromatic monomers in good yields.

5.2. Introduction
Increasing global demand for sustainable alternatives to organic chemicals derived from

coal and petroleum is driving efforts to leverage biomass-derived feedstocks. Lignin is a
significant component of lignocellulosic biomass and represents an abundant source of
functionalized, renewable aromatics that could be used directly as valuable products or
transformed into fuels or chemicals. Many tons of lignin are produced as a byproduct of the pulp
and paper and biofuel industries that prioritize acquisition of cellulose;! however, the majority of
this material is burned as low value fuel to provide energy.? Strategies to convert lignin into value-
added chemicals could play an important role in supporting the economic viability of future

biorefineries.
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Lignin is a non-repeating, mostly linear biopolymer created by radical coupling of
monolignols, consisting of p-hydroxy-3-phenylpropanolderived building blocks. 3 Lignin is
composed of different quantities of para-hydroxyphenyl (H), guaiacyl (G) and syringyl (S)
aromatic subunits linked via C—C and C-O bonds comprising $-O-4, a-O-4, B-1, B-5, B-B, and 5-
5 units (Figure 5.1). Many plant sources contain other aromatic units, such as p-hydroxybenzoate,
appended to the alcohols in these linker units. The relative abundance of each type of subunit and
linkage varies between plant species, and the amount of lignin can vary from 15% to 35% of the
overall biomass weight.* Multiple methods have been developed to extract lignin from biomass,
including Kraft, enzymatic, organosolv, and mild acidolysis methods,® and each can lead to
modifications of the lignin structure that influence subsequent depolymerization. Some methods
of lignin depolymerization, such as pyrolysis, use harsh conditions to break many inter-unit
linkages and generate a wide array of small-molecule products.® Other depolymerization methods
are tailored to cleave specific linkages and lead to a smaller distribution of products. The f-O-4
ether unit is the most common linkage in lignin (40-70 wt%) and is among the most readily
cleaved. It contains comparatively weak C—C/C—-O bonds with bond dissociation energies (BDE)
as low as 67.0 kcal/mol.” The prevalence and reactivity of B-O-4 lignin units have made them a
target for many depolymerization strategies and provide a basis for generation of S- and G-derived
aromatic products in up to 45-55% (hardwoods) or 20-30% (softwood) monomer yields,®° often
supplemented by p-hydroxybenzoate and other aromatic groups appended to the naturally

occurring polymer.
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Figure 5.1. Lignin structure (top) and bond strengths (bottom) with typical lignin linkages.

Reduction methods have been the focus of extensive attention for lignin depolymerization.
These have been reviewed elsewhere,®1%! put reductive catalytic fractionation (RCF) methods
are particularly noteworthy because they are capable of producing near theoretical yields of
aromatics in one step.'?'® These methods combine heterogeneous supported metal catalysts with
solubilized lignin or raw biomass under elevated temperature (180-250 °C) and H> pressure (5—
15 MPa). RCF conditions lead to hydrogenation and hydrogenolysis pathways that stabilize
reactive lignin intermediates and prevent lignin degradation and condensation in the process of

generating propylphenol-derived aromatics.
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Oxidative lignin depolymerization strategies are appealing because they provide access to
a different set of value-added aromatics relative to those obtained from reduction methods. A
prominent example is vanillin, an aromatic aldehyde derived from the G subunit that is widely
used in the flavor, fragrance, and cosmetic industries.*® It has been produced commercially through
oxidative lignin depolymerization using copper-based catalysts under strong alkaline conditions.?’-
22Recent research has focused on identifying new oxidative depolymerization strategies to generate
other lignin-derived aromatics.?*?* Oxidized aromatics derived from lignin have strategic benefits
for microbial funneling of product mixtures into a single value-added chemical, owing to the
higher solubility of these precursors in the aqueous growth media. 2 ?® Research into the
development of oxidative lignin depolymerization processes has featured two general strategies:
top-down and bottom-up (Figure 5.2). Top-down strategies directly use raw lignocellulosic
biomass or extracted lignin as the feedstock in efforts to develop new depolymerization methods.
In contrast, bottom-up strategies start with well-defined model compounds in an effort to identify
new catalytic methods and characterize mechanisms of reactions capable of cleaving strategic
linkages in lignin, such as B-O-4 units. Successful examples are then tested on authentic lignin
samples to assess their efficacy with complex feedstocks. This review provides a brief overview
of methods that have been developed for oxidative conversion of lignin and related models into
aromatic monomers, followed by an extensive presentation of two-step alcohol oxidation-bond
cleavage methods that have proven to be particularly effective for lignin conversion into
oxygenated aromatic monomers. These processes correspond to bottom-up strategies originating
from systematic studies of reactions with model compounds that were successfully translated to

depolymerization of lignin in high yield.?’-?
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TOP-DOWN LIGNIN VALORIZATION

Empirically optimize process for highest
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BOTTOM-UP LIGNIN VALORIZATION

Figure 5.2. Top-down and bottom-up strategies for lignin depolymerization.

5.3. Top-Down vs. Bottom-Up Strategies for Lignin Depolymerization
5.3.1. Top-Down Strategies for Efficient Aromatic Monomer Production
Top-down strategies for lignin depolymerization (

Figure 5.2) empirically optimize methods to obtain monomers from biomass or extracted
lignin, frontloading challenges associated with using a complex polymer substrate, such as
solubility, source variation, and product analysis. Intermediates generated during reactions with
the complex feedstock are difficult to detect or characterize, and thus limit mechanistic insights

that could be used to guide process optimization. Nonetheless, top-down approaches provide the
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most direct test of the utility of different methods for lignin conversion into aromatic monomers.
Top-down strategies have led to several effective oxidative methods to obtain vanillin from lignin.
In the 1940s, stoichiometric oxidants under basic conditions were found to convert lignin materials
into vanillin (Figure 5.3A—i/ii).2%3! Mechanistic studies implicate a single-electron-transfer (SET)
pathway that generates radicals in alkaline solution, which result in homolytic cleavage of the C,—
Cp bond of B-O-4 linkages to form the aldehyde product (Figure 5.3B).>%23% As a representative
protocol, nitrobenzene (2-4 M NaOH, 160-180 °C, 2-3 h) yields up to 16 wt% vanillin from
softwood sulfite lignin as the major product.?>** The cost and toxic by-products of nitrobenzene
relegate its use to laboratory scale applications, for example, to quantify the f-O-4 linkages and/or
the relative amounts of uncondensed H, G, and S units of various lignin sources.*® CuO was also
identified as an effective oxidant, although it was used at rather high loading (up to 600 wt%) and
the vanillin is slowly converted to vanillic acid under the oxidizing alkaline conditions.?%%
Molecular oxygen (O) is an ideal oxidant, and high yields of vanillin are possible by
controlling the O partial pressure, reaction temperature, and reaction pH in the presence of CuSO4
as a catalyst (Figure 5.3A-iii).%” A variation of this method was developed by Borregaard for
conversion of lignosulfonates, which provides the basis for commercial production of bio-based
vanillin.2%2238 QOther variations of this method have been used for direct treatment of raw biomass,

enabling direct conversion to low molecular weight chemicals.3%-4
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Figure 5.3. (A) Typical reaction conditions to depolymerize lignin or lignosulfonates through (i)
nitrobenzene, (ii) copper-based catalyst, or (iii) commercial vanillin production used by
Borregaard; (B) proposed mechanism of vanillin formation under alkaline oxidative conditions.

5.3.2.

Bottom-Up Strategy for Mechanistic Insight into Lignin Depolymerization

Bottom-up lignin depolymerization (Figure 5.2) refers to studies that start with low

molecular weight model substrates containing representative fragments of native lignin (e.g., B-O-

4 units). These lignin-like models allow for straightforward testing and analysis of chemical

reactivity and facilitate mechanistic studies. Numerous homogeneous transition-metal catalysts

have been used for selective cleavage of C—C and C-O bonds in f-O-4 model compounds via
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oxidative and redox neutral pathways (Figure 5.4). As summarized in Figure 5.5 and elaborated

below, a number of these methods generate aromatic monomers in good yield.
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Figure 5.5. Yields of aromatic monomer products through selective bond cleavage of $-O-4 model
compounds via different metal complex catalysts listed in Figure 5.4,

Naturally occurring enzymes, such as Fe and Mn-based peroxidases, contribute to fungal
degradation of lignin,*>*3 and biomimetic Fe, Mn, and Co porphyrins have been widely tested as
synthetic catalysts for lignin and lignin-model degradation (Figure 5.4A-i). Various oxidants such
as H>O, tert-butyl hydroperoxide (tBuOOH), and oxone have been used to generate high-valent
metal-oxo reactive species.?®** The metal-oxo species are proposed to promote SET from electron-
rich phenol and non-phenolic compounds to generate a radical cation that initiates further reaction
and degradation of the lignin material. Early studies showed that sterically hindered porphyrins
mimic enzyme activity and limit oxidative degradation of the porphyrin scaffold.*®*® More

recently, Ying and coworkers demonstrated that cobalt-containing deuteroporphyrin derivatives
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with tethered disulfide groups (Figure 5.4A-ii) depolymerize phenolic lignin models, accessing
>90% yield of monomers from Cg-O cleavage monomers with oxone as the oxidant (Figure
5.5A).4" A lower yield of guaiacol monomer reflects overoxidation of the phenol, resulting in ring
cleavage. Subsequent application of this catalyst to various lignin samples generated significant
quantities (>30 wt% in several cases) of a lignin oil containing H/G/S-derived aromatics and
aliphatic material.

Bergman and Ellman showed that a Ru-based complex, Ru(H)2(CO) (PPhs)(xantphos)
(Error! Reference source not found. 5.4B-i) effects C—O bond cleavage in simplified -O-4 model
compounds that lack the -C,H,OH functional group.*® The catalyst mediates tandem catalytic
dehydrogenation/C—O bond cleavage in a redox-neutral process. Incorporation of the C,H.OH
fragment that is present in lignin, however, blocks dehydrogenation and prevents subsequent C-O
bond cleavage.*®>° Modified methods from other groups, using KOH addition or acetylation of the
y-hydroxyl group, were able to overcome this problem.%*°2 A Ru-triphos catalyst system (Figure
5.4B-ii) was developed by Klankermayer and coworkers to cleave the C,—Cg bond in 3-O-4 model
compounds containing a -C,H>OH moiety. The process involves primary alcohol dehydrogenation
followed by retro-aldol reaction to achieve C—C bond cleavage (Figure 5.5B-ii).%

Oxovanadium catalysts have been used for cleavage of lignin model compounds in both
redox-neutral and oxidative methods.>* Toste and coworkers used Schiff-base vanadium catalysts
(Figure 5.4C-i) to generate monomeric enone and guaiacol products from dimeric and trimeric -
0-4 models (Figure 5.5C-i). The authors proposed that the reaction is initiated by hydrogen atom
transfer (HAT) from the 3-O-4 secondary alcohol, followed by subsequent homolysis of the Cg—O
bond>®> When the catalytic oxovanadium system was applied to organosolv grass lignin, a decrease

in the lignin polymer molecular weight was observed and selective f-O-4 degradation was
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demonstrated by 2D NMR spectroscopy, but less than 3 wt% yield of identified monomers was
recovered.>® Under similar reaction conditions using V-quinolinate catalysts (Figure 5.4C-ii),
Hanson, Silks, and coworkers propose an oxidative mechanism in which the catalyst promotes
SET oxidation of phenolic model compounds to generate a phenoxy radical, followed by
subsequent Caryi—C, bond cleavage (Figure 5.5C-ii).>” Baker et al. showed that V-quinolinate
complexes catalyze oxidation of mixed-hardwood organosolv lignin, decreasing the average
molecular weight by 77%, although monomer yields were not reported.>® Other types of vanadium-
based catalysts, (dipic) VV(O)OIiPr (Figure 5.4C-iii) and V-bisphenolate (Figure 5.4C-iv) are less
selective and generate a mixture of C,—Cp and redox-neutral Cg—O bond cleavage products
depending on substrate structure and reaction conditions.>®°

A binuclear Rh complex, reported by Li and Wang (Figure 5.4D), was used to cleave a
series of lignin model compounds and authentic lignin via hydrogen-transfer methods. Rh-
catalyzed dehydrogenation of the benzylic alcohol produces a ketone intermediate that undergoes
subsequent Cg—O bond cleavage (110 °C, Ar, NaOH) to afford 61-64% guaiacol and 59-61%
methyl- and ethylarene products (Error! Reference source not found. 5.5D).6* Almost complete
deconstruction of raw basswood powder sample resulted in 26.6 wt% aromatic oil, although
monomer yields of only 2.3 wt% (based on the starting raw basswood powder) were generated.
Bruijnincx and coworkers used Sc(OTf)z as a Lewis acid catalyst to promote cleavage of ether
bonds. When paired with Rh-catalyzed decarbonylation of aliphatic aldehydes, a Rh/Sc(OTf)3
catalyst system provided stable aromatic product mixtures. This chemistry led to good yields of
methylarenes (51%) and guaiacols (88%) from model compounds and also accessed aromatic

monomers from pine (6.8 wt%) and poplar (9.8%) sawdust.5?
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Cobalt-Schiff base complexes have been studied extensively for phenol oxidation with
0.,.53%4 Bozell and coworkers have investigated Co(salen) complexes (Figure 5.4E) that react with
O to form a superoxide adduct that can abstract a hydrogen atom from phenols, generating a
phenoxyl radical that can induce cleavage of Cayi—Ca bonds in the lignin models.®>% Catalysts
from a family of unsymmetrical Co-Schiff base complexes, each bearing a bulky heterocyclic
nitrogen base on the ligand (Figure 5.4E-ii), convert phenolic lignin models to benzoquinones in
yields up to 64% (Figure 5.5E-ii).%® When applied to organosolv poplar lignin, however, only
small quantities of monomers were obtained due to the low phenolic content of organosolv lignin.

Copper/nitroxyl catalyst systems for aerobic alcohol oxidation®” have been investigated
with lignin model compounds. Initial studies by Baker, Wu, Hanson and coworkers used 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) as the nitroxyl catalyst in combination with CuCl,
pyridine, and O at 100 °C. Limited activity for aerobic oxidative cleavage of simplified lignin
models was attributed to instability of the active copper catalyst (Figure 5.4F).5*%° Use of
stoichiometric CuCl/TEMPO with an S/G lignin 3-O-4 dimer led to 89% conversion to cleavage
products, albeit with only 7-43% yield of monomeric aromatic products (Figure 5.5F). A
modified Cu/bpy/ TEMPO catalyst system (bpy=2,2’-bipyridine),® investigated by Stahl and
coworkers,?’ is somewhat more effective and will be revisited below.

This brief survey of catalytic methods is not comprehensive, but it illustrates the types of
bottom-up strategies that have been pursued using well-defined model compounds. The attempts
to achieve direct conversion of dimeric models into aromatic monomers in a single step has led to
mixed success, and oxidative methods derived from these studies have not (yet) led to lignin
depolymerization strategies that are competitive with reductive methods or previously known

oxidative methods (cf. Section 5.3.1 and Figure 5.3).
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5.4. Sequential Oxidation-Cleavage Methods for Lignin Depolymerization
5.4.3. Concepts and Initial Discovery of the Alcohol Oxidation-Cleavage Strategy
Bottom-up approaches to lignin depolymerization necessarily incorporate uncertainty

because the model compounds lack the complexity intrinsic to natural biomass or extracted lignin
samples. But, studies of relevant model compounds provide a means to access valuable insights
that could be applied to biomass conversion. This principle is illustrated by a different bottom-up
strategy initiated within the Stahl laboratory in 2011. The central hypothesis in this approach was
that selective oxidation of either alcohol within the B-O-4 unit of lignin could facilitate a
subsequent cleavage step to generate monomeric aromatic products (Figure 5.6A). For example,
oxidation of the primary (1°) alcohol would form an aldehyde susceptible to retro-aldol cleavage,
while the oxidation of the secondary (2°) benzylic alcohol could be cleaved by various redox and
non-redox reaction pathways. Computational studies of lignin suggest that alcohol oxidation
weakens the B-O-4 C-O bond by 12-13 kcal/mol, thereby facilitating homolytic cleavage

pathways for lignin depolymerization (Figure 5.6B).76%-71
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Figure 5.6. Sequential oxidation-cleavage strategies (A) selectively oxidize B-O-4 alcohol groups
to weaken the C-O ether bond (B) to facilitate subsequent bond cleavage in a separate step.

Stahl and coworkers tested the reaction of numerous common stoichiometric oxidants and
catalytic alcohol oxidation methods with a B-O-4 dimeric model compound, and methods
employing nitroxyl catalysts proved to be the most effective (Figure 5.7A).2" Nitroxyl catalysts,
such as TEMPO and 4-acetamido-TEMPO (ACT), undergo reversible 1 e electrochemical
oxidation to the corresponding oxoammonium and a quasi-reversible 1 e/1 H" reduction to
hydroxylamines.’”> The TEMPO radical is generally unreactive with organic species, but various
chemical and electrochemical oxidation methods may be used to generate the reactive
oxoammonium species from the nitroxyl or hydroxylamine form of the catalyst. ® The
oxoammonium, generated in situ or isolated as a salt, mediates hydride transfer oxidation of
alcohols. This reactivity is evident in the reaction with stoichiometric Bobbitt’s salt, which
oxidizes the 2° benzylic alcohol to the corresponding ketone in 97% vyield. In contrast, use of
TEMPO/bleach (NaOCI) under mildly basic conditions leads to preferential oxidation of the more
sterically accessible 1° alcohol, affording the aldehyde product in 49% yield, with only 4% yield
of the benzylic ketone. An aerobic Cul /TEMPO catalyst system also shows selectivity for 1°
alcohol oxidation, and, while proceeding in only moderate yield, induces retro-aldol reactivity to
generate aromatic monomers as the major products. Two other aerobic oxidation methods,
employing (FeNO3)s/TEMPO and ACT/HNO3/HCI, led to good yields and selectivity for
formation of the ketone, with the latter method generating a 94% vyield of ketone. The
ACT/HNOs/HCI oxidation condition was then tested on poplar lignin extracted using cellulolytic
enzyme lignin (CEL), which retains much of the native lignin structure. Analysis of the oxidized

lignin by 2D heteronuclear single quantum coherence (HSQC) NMR spectroscopy suggests that
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nearly all of the benzylic alcohols adjacent to G and S aromatic units are oxidized in the final lignin

material.

(a) Alcohol Oxidation
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Figure 5.7. (A) Selective primary or secondary alcohol oxidation through various reaction
systems; (B) different bond cleavage methods on secondary alcohol oxidized lignin models.

An oxidized B-O-4 model compound bearing a benzylic ketone was shown to undergo
cleavage into aromatic monomers under oxidizing, reducing, and redox-neutral conditions (Figure

5.7B).2"28 Alkaline hydrogen peroxide led to partial degradation of the phenol monomer,?” while
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a redox neutral transformation in the presence of aqueous formic acid/formate led to the best results
(Figure 5.7B).?8 Excellent yields of both products were obtained from S-, G-, and H-derived p-O-
4 dimer models (89-92% isolated yield of diketone monomer).

ACT/HNOs/HCI oxidation of poplar CEL, followed by treatment with formic
acid/formate, induced lignin depolymerization to afford >60 wt% yield of low molecular weight
aromatic compounds, including a 52 wt% yield of characterized aldehyde, carboxylic, and
diketone aromatics (Figure 5.8).28 These results were later extended to lignin samples obtained
from other biomass sources (poplar, maize, and maple) and extracted by different methods,
including mild acidolysis,* y-valerolactone/dilute sulfuric acid (GVL),"” extractive ammonia
(EA)’®"" and copper-catalyzed alkaline hydrogen peroxide (Cu-AHP).”® Aromatic yields of 3—
42% were obtained when this two-step oxidation-depolymerization sequence was applied to these
different lignin samples, with the best yield of aromatics obtained from a poplar sample extracted

via mild acidolysis (42%) or Cu-AHP conditions (31%).%°

(a) Sequential Oxidation/Cleavage of Aspen lignin
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Figure 5.8. (A) Depolymerization of aspen lignin with formic acid following oxidation; (B)
monomer distribution from depolymerization of oxidized aspen lignin.

This sequential oxidation-cleavage method demonstrated the best yields of aromatics to

date for a lignin depolymerization method originating from a bottom-up strategy. These results



76

provided a foundation for numerous other studies employing a two-step sequence to access

aromatic monomers from lignin. These studies include the development of different alcohol

oxidation methods, including those with selectivity for the 2° and 1° positions in 3-O-4 units

(Sections 5.4.4 and 5.4.6), and different methods for bond cleavage/depolymerization from the

oxidized lignin and lignin model compounds (Section 5.4.7). A summary of these various methods

is provided in Figure 5.9.
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Figure 5.9. Overview of the sequential oxidation-cleavage approaches applied in real lignin.

5.4.4. Secondary Alcohol Oxidation

Oxidation methods that exhibit selective oxidation of 2° alcohols in lignin include those

employing TEMPO, N-hydroxyphthalimide (NHPI), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ), and transition-metal catalyst systems. Some of these oxidants are used in stoichiometric

quantities, while others are components of catalyst systems.
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5.4.4.1. TEMPO and TEMPO Derivatives
TEMPO derivatives are among the most effective reagents and catalyst systems available

for 2° alcohol oxidation in lignin.?’ As noted above, Stahl and coworkers showed that
stoichiometric Bobbitt’s salt and ACT/HNO3/HCI (O2, MeCN/H:0, 45 °C, 20 h) produced up to
97% yields of oxidized lignin model compounds (Figure 10A and B).?” Meier et al. obtained
similar results, albeit with somewhat lower yields, for similar model compounds using modified

catalytic conditions (TEMPO/NaNO2/HCI/NaCl, O, dichloromethane, 19 h).”

(a) Stoichiometric Bobbitt's Salt
(X = AcNH) Ref. Stahl and Stephenson
X

RIS ° | i
(b) 0,/NO/HCI I T
X /HO -

Ref. Stahl and Meier
(c) 0,/VOSO,

X
Ref. Wang !
(d) Oxone/Mill e}
(X = OH) Ref. Bolm R S | Do anr
1
I}I = HO =
OH

Figure 5.10. TEMPO and its derivatives mediated benzylic alcohol oxidation in lignin and its
models.

Wang and coworkers developed an aerobic system using VOSOs as a co-catalyst to
generate the oxoammonium species (Figure 10C), followed by aerobic C—C bond cleavage over
a Cu/1,10 phenanthroline (phen) catalyst for production of aromatic acids and phenols. Oxidation
of non-phenolic B-O-4 lignin models (20% VOSO4/TEMPO, 0.4 MPa Oz, MeCN, 90 °C, 6 h)
generated the corresponding 3-O-4 ketone product in 53% yield, together with a 20% yield of the
retro-aldol cleavage product 2-phenoxyacetophenone. When the VOSO4/TEMPO system was
tested on organosolv Alcell lignin, 2D HSQC NMR analysis revealed partial oxidation of the f3-
0-4 linkages in lignin. Details on the cleavage step are elaborated below (see Section 5.4.7.2).8°

Bolm et al. achieved benzylic oxidation (>94% yield) of non-phenolic $-O-4 lignin model

compounds through mechanochemical methods using catalytic amounts of HO-TEMPO/KBr in
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the presence of oxone as terminal oxidant (20% HO-TEMPO/KBr, 25 Hz, 90 min) (Figure 10D).8
Dimeric models containing phenols oxidatively cleaved under these conditions, likely reflecting
oxone-promoted generation of phenoxy radicals that led to formation of benzoguinone (82-91%)
and guaiacol (76-82%) products.

Optimized reaction conditions were applied to organosolv beechwood lignin. Gel
permeation chromatography (GPC) analysis and HSQC NMR and IR spectroscopic data supported
a high degree of oxidation and some cleavage of B-O-4 linkages of lignin.

Stephenson and coworkers developed a sequential alcohol oxidation-photochemical
reductive cleavage method using stoichiometric Bobbitt’s salt for the alcohol oxidation step
(Figure 10A).22 Initial efforts to use catalytic ACT/HNO3s/HCI oxidation method?’ were not
compatible with the subsequent photochemical cleavage step, elaborated below in Section 5.4.7.3.
Non-phenolic -O-4 dimers were oxidized, the reaction was filtered, solvent was removed, and the
mixture was subjected to depolymerization conditions without further purification. Hegg and
coworkers explored a sequential oxidation/depolymerization method with poplar lignin extracted
using the Cu-AHP method.®® Although some alcohols are oxidized during the oxidative Cu-AHP
extraction process (CuSOa/bpy, H202, NaOH, 30 °C), treatment of the extracted lignin with
Bobbitt’s salt led to an approximately five-fold increase in oxidation at the benzylic position, as
revealed by HSQC-NMR spectroscopic analysis. The latter material proved much more
susceptible to cleavage by a biomimetic thiol-mediated process than the lignin obtained directly
from the Cu-AHP process (see Section 5.4.7.3 for discussion of the cleavage process).

5.4.5. NHPI
NHPI is the stable precursor to another type of nitroxyl mediator, phthalimide N-oxyl

(PINO), used in organic oxidation reactions (Figure 5.11). Unlike TEMPO, the imidoxyl radical

PINO is generated from NHPI in situ. Although it has limited stability in solution, PINO mediates
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efficient HAT from weak C—H bonds, such as those in benzylic alcohols.”?8* A number of different
NHPI oxidation methods have been employed to achieve NHPI/PINO-catalyzed oxidation of

lignin and lignin model compounds (Figure 5.11).

(a) Electrochemistry
Ref. Shirashi and Stephenson

(b) Surface Bound Ru(ll)- R
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(c) Benzophenone 0 transfer
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Ref. Zh - = S PINO R RS
HO' HO

(d) 0,/NO,/DDQ _J " (and Op)
Ref. Wang PINO o

Figure 5.11. NHPI mediated benzylic alcohol oxidation in lignin and its models. DDQ = 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone.

Shiraishi and coworkers reported an NHPI-mediated electrochemical oxidation of a non-
phenolic f-O-4 dimer into the C,-ketone derivative in excellent yield (93%; conditions: LiClOg,
2,6-lutidine, MeCN, 0.7 V vs. Ag/Ag") (Figure 5.11A).% The lutidine base facilitates
electrochemical reoxidation of NHPI to PINO. Stephenson et al. used a similar NHP1/2,6-lutidine
electrocatalytic oxidation method,® and showed that inclusion of Oz in the reaction mixture led to
increased yield of the ketone for a series of model compounds. O reacts rapidly with benzylic
radicals generated by PINO-mediated HAT, contributing to oxidation at this site.®”-® Analysis of
simplified model compounds suggested excellent reactivity and selectivity for benzylic alcohol
oxidation; no primary alcohol oxidation was detected. Pine dioxosolv-lignin was subjected to
electrochemical NHPI oxidation using a modified acetone:DMSO (98:2) solvent system to
solubilize the lignin, and characteristic signals for oxidation of -O-4 to the C,-ketone were
observed by HSQC NMR spectroscopy. This reactivity was paired with a photochemical reduction
process to achieve partial depolymerization of the lignin (see Section 5.4.7.3 for the cleavage step).

A photo-electrochemical variant of NHPI-catalyzed alcohol oxidation in lignin and lignin model
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compounds was recently developed by Leem et al. using electrode-immobilized Ru'"-polypyridyl
complexes (Figure 5.11B).%°

Aromatic ketones, such as benzophenone and its derivatives, have been widely used for
photochemically initiated HAT, including reactions with weak O—H bonds.®!'®? Zhang and
coworkers utilized donor-substituted aromatic ketones 4,40-bis(diphenylamino)benzophenone
(DPA-BP) to generate PINO through chemical photocatalysis (Figure 5.11C).%3 The DPA-BP/
NHPI/O2 photocatalytic system exhibits good reactivity and selectivity for the aerobic oxidation
of phenolic and non-phenolic B-O-4 lignin models. The benzylic ketone products were obtained in
excellent isolated yields (81-99%).

Finally, the combination of NHPI, DDQ, and Oz is a known catalyst system for oxidation
of benzylic C—H bonds.** Wang and coworkers supplemented this co-catalyst mixture with a NOx
source to achieve oxidation of benzylic ketones from p-O-4 model compounds in 35-45% yields

(Figure 5.11D).%

5.4.5.1. DDQ
DDQ is a common reagent for dehydrogenation of benzylic alcohols.®® Lignin oxidation

with stoichiometric or catalytic DDQ has been proposed to be initiated by SET, HAT, or hydride
transfer, 9"+ %8 although the reaction mechanisms have seldom been the focus of specific
investigation. Aerobic oxidation of the benzylic alcohol in lignin $-O-4 model compounds was
developed by employing NOx-based co-catalysts (e.g., NaNO>, tert-butyl nitrite (tBuONO),
HNO3) to promote re-oxidation of the reduced quinone (2,3-dichloro-5,6-dicyanohydroquinone,
DDQH,).**1%1 Moody et al. reported oxidation of lignin model compounds at ambient temperature
using catalytic amounts of DDQ and NaNO- or tBuONO under visible light irradiation, affording

excellent yield (>92%) of the benzylic ketone in 3-O-4 model compounds (Figure 5.12A and
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B).1%2 Photoexcitation of DDQ to a long-lived triplet state was proposed to initiate electron transfer

from the substrate.13
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Figure 5.12. DDQ-mediated benzylic alcohol oxidation in lignin and its models.
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Westwood et al. applied the DDQ/tBUONO catalytic system for the oxidation of simple
B-O-4 model compounds and polymeric models at elevated temperature (80 °C) rather than
promoting the reaction with light. The reactions produce ketones with high yield and complete
selectivity.%* The optimized catalytic conditions were applied to the oxidation of organosolv birch
lignin, and the desired -O-4 ketone was identified by 2D HSQC NMR spectroscopy. This study
was the first to use DDQ in the sequential oxidation/depolymerization of authentic lignin. 6 wt%
aromatic monomers were isolated following a Zn-mediated reductive cleavage method, elaborated
in Section 5.4.7.3 below (Figure 5.12A). The same group oxidized organsolv beech lignin with
varying amounts of stoichiometric DDQ (i.e., no re-oxidation method was employed), and used
2D HSQC NMR analysis to track linkage reactivity with increasing amounts of oxidant (Figure
5.12C).1% This stoichiometric DDQ-based method generated oxidized lignin with six hardwood
dioxosolv lignins, including those from beech, oak, maple, hickory, cherry, and birch, and the
protocol was validated at 20 g scale. on transfer from the substrate.'%®

DDQ is also capable of oxidizing benzylic ethers.®®1% Luterbacher and coworkers have

developed an aldehyde-protecting group strategy that enables much higher yields of lignin to be
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extracted via acidolysis from various biomass sources.'%” They subsequently showed that the
acetal-protected lignin is amenable to stoichiometric or catalytic DDQ-promoted oxidation of the
benzylic position to afford the corresponding oxidized lignin. % The oxidation method was
demonstrated on a series of B-O-4 model compounds and then applied to the oxidation of acetal-
protected birch and genetically modified, poplar lignin enriched in syringyl units. A number of
subsequent studies have employed stoichiometric DDQ and catalytic DDQ/tBUONO or NaNO2/O-
catalyst systems to carry out lignin oxidation.”®% Bugg et al. generated oxidized lignin from
multiple plant sources using stoichiometric DDQ oxidation and evaluated the monomer yield from
a Zn-based depolymerization method.''° The best results were obtained with poplar organosolv
lignin, which had the highest B-O-4 content of the investigated lignins. Other examples will be

discussed in Section 5.4.7.2 in connection with depolymerization studies of these materials.

5.4.5.2. Additional Oxidation Methods
Several other metal-catalyzed methods have been evaluated for lignin (model) oxidation.

Meier et al. investigated the use of meso-tetraphenylporphyrin iron(l11) chloride (TPPFeCl) and
tBuOOH for catalytic oxidation of benzylic alcohols in lignin model compounds.’®*'* Ball-milling
treatment in KOH and toluene resulted in an increase in the carbonyl content in Kraft lignin, and
the mechanochemical processing with TPPFeCl-catalyzed oxidation has a synergistic, positive
effect on the depolymerization of lignin. When the TPPFeCI/tBUuOOH oxidation method was
applied to Kraft lignin, 2D HSQC NMR spectra suggested that the f-O-4 benzylic alcohol groups
were oxidized, and a Baeyer-Villiger oxidation method was used in a subsequent depolymerization
method to generate aromatic monomers (cf. Section 5.4.7.2).

Deng, Fu, and coworkers employed Cp*Ir catalysts bearing a cooperative bipyridone

ligand to promote dehydrogenation of B-O-4 lignin model compounds (Figure 5.13).1!2 These
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reactions promote thermal dehydrogenation of the benzylic alcohols, generating H.. Good

conversions and yields were observed with a series of model compounds.

Ir” }1 0
>\ o /N 0 o
N  N= Ar)K[ “AF

N/ N\ 7

Figure 5.13. Transition metal mediated secondary alcohol oxidation in lignin models using
[Ir(Cp*)L], where L = 2,20 -bipyridine-6,60 -diol.

Samec and coworkers demonstrated the selective oxidation of benzylic alcohols in lignin
model compounds using carbon supported Pd nanoparticles under mild conditions (Figure
5.14A).113114 Use of oxidizing conditions led to benzylic ketone formation without cleavage of C—
O or C-C bonds or dehydrogenation of the y 1° alcohol. Zhang, Wang and coworkers studied
cerium oxide-supported Pd catalyst (Pd/CeO2) for the aerobic oxidation of various model
compounds, in addition to a source of organosolv lignin. Low yields of monomers were obtained

from the latter process: vanillin (5.2%), guaiacol (0.87%) and 4-hydroxybenzaldehyde (2.4%).1%
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(a) Pd/C mediated benzylic alcohol oxidation
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Figure 5.14. Heterogeneous catalyst-mediated secondary alcohol oxidation in lignin model
compounds using (A) Pd/C, (B) Pd/ZnInzSs, and (C) Au/Li-Al LDH.
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ZnlnyS4 is a ternary chalcogenide semiconducting material with a band gap that supports
photochemistry with visible light irradiation. Wang et al. found that Pd/ZnIn,Ss promoted
oxidation of benzylic alcohols with lignin models upon illumination with 455 nm light under
ambient conditions (Figure 5.14B). This step was paired with TiO2-mediated photochemical
cleavage (365 nm illumination) of the models into aromatic monomers.8%-116

Crocker et al. employed the heterogeneous catalyst Au/Li—Al layered double hydroxide
(LDH) to catalyze aerobic oxidation of dimeric lignin models with 1 atm O and observed excellent
activity for benzylic alcohol oxidation in p-O-4 models (Figure 5.14C).1" The high surface area
and strong basicity of the Li—Al LDH support facilitated substrate adsorption and reaction on the
Au surface. Lignin, one sample sourced from the y-valerolactone extraction method” and another

from the Kraft process, were subjected to aerobic oxidation conditions with this catalyst. Alkaline
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hydrolysis of the resulting oxidized lignin materials led to lignin depolymerization, with monomer
yields as high as 40% for y-valerolactone extracted lignin and 10% for Kraft lignin.

5.4.6. Primary Alcohol Oxidation
Under basic conditions, oxoammonium generated from TEMPO or ACT mediates alcohol

oxidation by an inner sphere mechanism that favors reaction with sterically unhindered primary
alcohols.” This selectivity was demonstrated by using bleach/TEMPO conditions at pH 9 (cf.
Figure 5.7A).%” The Cu/TEMPO-catalyzed aerobic oxidation method, which features a different
mechanism,!!® also shows selectivity for primary alcohol oxidation.?’

Bolm et al. reported that the hypervalent iodine reagent diacetoxyiodo benzene (DAIB),
in combination with TEMPO, leads to selective oxidation of non-phenolic 3-O-4 primary hydroxyl
groups to aldehydes in 43% yield (Figure 5.15A).11° Stoichiometric DIAB and a TEMPO catalyst
were used to oxidize organosolv beech lignin. A reduction of C,-H, signals was revealed by 2D
HSQC NMR analysis, corresponding to an increase in carbonyl chemical shifts typical for
aldehydes. Depolymerization of this material is presented in Section 5.4.7.1 below.

X OH

(a) Phl(OAc),
Ref. Bolm
(b) Electrochemistry

(X=AcNH) Ref. Stahl
and Takano \O R + H*

Y =Hor OH

Figure 5.15. Mechanism of TEMPO mediated primary alcohol oxidation of a lignin model
compound.

The groups of Takano and Stahl have used electrochemical methods to support TEMPO-
catalyzed oxidation of lignin and/or lignin model compounds. Stahl et al. used ACT as the mediator

for the oxidation of B-O-4 model substrates lacking free phenols under basic conditions (5% ACT,
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pH 10, 70:30 H20:MeCN, 0.8 V vs. Ag/AgCl). Higher turnover frequencies were observed for
models containing primary alcohols with B-ether fragments, similar to those in the f-O-4 unit in
lignin.1?® A systematic comparison of various 1° and 2° alcohol substrates shows that 1° alcohols
are much more reactive under these conditions, and B-O-4 models with both types of alcohols
undergo selective oxidation of the primary alcohol to the carboxylic acid in >90% yield (Figure
5.15B). Takano and coworkers observed comparable yields and selectivity with similar B-O-4
model compounds under modified conditions 90:10 dioxane:phosphate buffer (pH 7, 20 mol%
ACT) conditions.*?! Stahl and coworkers also tested the reactivity of a mild-acidolysis poplar
lignin material under their optimized reaction conditions. 2D HSQC NMR spectroscopy showed a
decrease in characteristic f-O-4 primary alcohol - and y- signals, with no change to the secondary
alcohol signals. An acid-base titration of oxidized lignin revealed an approximately 12-fold
increase in acidic functionality, attributed to the introduction of carboxylic acid functional groups
in the polymer. Some lignin cleavage is observed by GPC during the oxidation step, but the
oxidized polymer was also amenable to depolymerization under acidic conditions, as described
below (see Section 5.4.7.1).

Lancefield, Bruijnincx and coworkers reported an efficient catalytic dehydrogenation
system using a Cp*Ir-bipyridonate complex (same as that in Figure 5.13) in a 1,4-dioxane/water
solution at pH 11. This approach exhibited selectivity for primary over secondary alcohol
dehydrogenation and led to cleavage of the C,—Cp bond. This catalytic system was applied to
enzyme-extracted lignin and dioxosolv softwood lignins and led to significant reduction in the
lignin molecular weight and low yields of mono-aromatic compounds.?2

5.4.7. Bond Cleavage Methods
The two-step oxidation/depolymerization strategy allows for systematic optimization of

the two steps, whereby selective oxidation of the primary or secondary alcohols in the backbone
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may be subjected to different conditions that enable efficient cleavage of the Cg—O aryl, C,—Cg, Or
other bonds in the linkers between aromatic units. A variety of methods, including oxidative,
reductive, and redox-neutral reactions, have been developed for this second-step in the process
(Figure 16). Secondary alcohol oxidation has been paired with both redox and non-redox
depolymerization methods, while primary alcohol oxidation has been typically paired with redox-

neutral processes.

Reductive Cleavage i Jl : fj\OM Oxidative Cleavage
78% 95%
Meo (R'=CH3, R?=CH,CH,CH3) (R'=CH,OH, R2=H)
Meier et al. Zhang et al.
HO
:@)L MeO

93 96% 83-94% Baeyer-
(R'=CH,0H, R?=H) Villiger rxn
Stephenson et al.
88% 42%
(R'=CH,0H, R?=H)
Stahl et al.

[ir}/visible
light

Dakin rxn

92% ZniNH,CI
0

(R'=CH,OH, R?=H)
Westwood et al.

HCOOH

HCOONa
W MeO
MeO ) 96% 87%
(R'=CH,0H, R?=H)
MeO Stahl et al.
98% OMe MeO
(R'=R2%=H) Redox-Neutral Cleavage
Hegg et al.
Me
87% 79%

(R'=CH,OH, R?=H)
Wang et al

2-mercapto
-ethanol

Figure 5.16. Different bond cleavage patterns in lignin model with C, ketone structure.

5.4.7.1. Redox-Neutral Cleavage
A retro-aldol reaction following selective primary alcohol oxidation enables cleavage of

the C,—Cp bond, resulting in lignin depolymerization.>® In some cases, this reactivity proceeds
directly under the oxidative reaction conditions (cf. Figure 5.7A), while other cases (emphasized
here) feature treatment of the oxidized lignin under modified conditions to promote cleavage.

Lignin model compounds with terminal C,-aldehydes undergo facile retro-aldol under basic
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conditions to generate benzylaldehyde and an aryl ether fragment (Figure 5.17A). Bolm and
coworkers use DL-proline as an organocatalyst to promote this reactivity at ambient temperature,
generating veratraldehyde and guaiacol in 70% and 26% vyields, respectively.!'® Treatment of
oxidized organosolv beech lignin (cf. Section 5.4.6) led to reduction in the molecular weight of

the polymer, consistent with bond cleavage in the backbone.
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lignin.
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Stahl and coworkers explored acidic conditions to promote depolymerization of poplar
lignin containing C,-carboxylic acids. This approach generated up to 30 wt% yields of monomeric
aromatic compounds from an oxidized poplar lignin sample.'?® Various aqueous acids proved
effective (HCI, H2SO4, and HCO2H) for cleavage of the oxidized model compounds, but the
highest monomer yields from lignin were obtained with a 9:1 mixture of HCO2H and H20. These
products can arise from acid-induced elimination of the benzylic hydroxyl group to afford a vinyl
ether that is susceptible to hydrolysis, resulting in generation of Hibbert’s ketone-like a-keto-acid
and phenol aromatic monomers (Figure 5.17B).*?® Subsequent decarboxylation of the keto-acid
generates the observed aromatic monomer containing an aliphatic aldehyde. The aldehyde is
susceptible to subsequent aldol condensation, resulting in the formation of by-products. The latter
condensation reactions present major challenges for lignin depolymerization methods that generate
aliphatic aldehydes, although strategies to protect the aldehydes and minimize the byproduct
formation have been developed.!?*

Westwood and coworkers developed an N-heterocyclic carbene (NHC)-mediated internal
redox esterification method for depolymerizing oxidized lignin containing C,-aldehydes
(generated from a modified method of Einhorn et al.)'® (Figure 5.17C).*?® Incorporation of
butylethers at the C, position of lignin during the “butanosolv” extraction method supports this
process as it prevents the competing retro-aldol reaction. The proposed mechanism involves initial
formation of a Breslow-type intermediate from the reaction of the NHC with the C,-aldehyde,
followed by elimination of the phenolate and formation of the enol intermediate. Tautomerization
leads to an acylazolium that reacts with butanol.*?’ The process takes advantage of the inherent
structure of the B-aryl ether units present in the butanosolv lignin and delivers novel functionalized

aromatic monomers in modest yield (6 wt%).
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Redox-neutral processes also support cleavage of lignin oxidized at the 2° benzylic
alcohol position (see Section 5.4.4 for oxidation conditions). Stahl and coworkers showed that
aqueous formic acid/formate supports bond cleavage of such structures. In an application with
poplar CEL, ACT/HNO3/HCI oxidation of the lignin followed by HCO,H/HCO2Na treatment led
to a 52 wt% vyield of aromatic monomers. Diketones are the major product of this reaction (cf.
Figure 5.8), and mechanistic studies supported the mechanism shown in Figure 5.18. Acylation
of the 1° C,-OH group generates a formic ester intermediate that undergoes formate-induced
elimination to generate the aryl vinyl ether species. Hydrolysis of the vinyl ether releases the
phenol and diketone products (Figure 5.18).28 This redox neutral process is noteworthy because it
avoids degradation of phenols that can occur under oxidative cleavage conditions. As noted in
Section 5.4.3, this method was also used successfully in the oxidation/depolymerization of lignin

samples from various biomass sources and pretreatment protocols.?®
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Figure 5.18. Mechanism of formic acid-mediated redox-neutral bond cleavage method on
secondary alcohol oxidized lignin model.




91

The formic acid/formate depolymerization method developed by Stahl et al. has been
employed in other two-step oxidation/depolymerization methods to afford aromatic monomers
from oxidized lignin with benzylic ketones. Luterbacher and coworkers employed a
HCO2H/HCO2Na depolymerization step following DDQ-mediated oxidation of their extracted
acetal-protected lignin (see Section 5.4.5.1).1%® A yield of up to 36% aromatic monomers
(diketones, carboxylic acids, and aldehydes) was obtained from propylidene acetal protected birch
lignin by using a two-step DDQ oxidation/HCO,H-HCO2Na depolymerization sequence. A 52%
yield of monomers was obtained with F5H poplar lignin (a genetically modified poplar with high
syringyl content). The syringyl propanedione monomer was the major product in both cases,
consistent with the mechanism shown in Figure 5.18. Mobley and Crocker found that the
HCO2H/HCO2Na depolymerization process was most effective for conversion of DDQ-oxidized

Kraft pine lignin.®°

5.4.7.2. Oxidative Cleavage
Oxidative conditions also support cleavage of oxidized lignin; however, these methods

are susceptible to further oxidation and/or oxidative degradation of the monomeric products. This
reactivity was noted above in the use of H.O, under basic conditions to cleave benzylic ketone
model compounds, resulting in an 88% yield of veratric acid but only 42% yield of guaiacol
(Figure 5.7B).2"% Baeyer-Villiger oxidation methods provide an alternative strategy for cleavage
of the oxidized lignin (models) (Figure 5.19). Meier et al. employed in situ generated performic
acid to convert benzylic ketones into esters,”® and ester hydrolysis resulted in 78% of aromatic
acids from models resembling oxidized f-O-4 structures. The corresponding aldehyde and phenol
cleavage products were not recovered, likely reflecting their oxidative degradation under the
reaction conditions. Oxidized Kraft lignin was subjected to these cleavage conditions (8 eq. H2O»,

4 eq. HCOOH, DCE, 50 °C, 24 h), and the resulting aromatic carboxylic acids were esterified in a



92

work-up step to give a 10 wt% yield of methyl ester products.'** Major products included methyl
vanillate 7.8 wt% and methyl 5-carbomethoxyvanillate 2.2 wt%. Zhang et al. used modified
Baeyer-Villiger conditions, and paired this method with alcoholysis (K.COgs, 45 °C, MeOH) to
achieve high yields (>90%) in the cleavage of various model compounds to phenol and methyl

benzoate derivatives (Figure 5.19B).1%8

O
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Figure 5.19. Baeyer-Villiger bond cleavage for 3-O-4 linkages.

A variety of aerobic cleavage methods have also been explored using organometallic
catalysts. Lignin models oxidized to the ketone by Wang et al. were subjected to oxidative cleavage
by a variety of Cu salts bearing nitrogen donor ligands.®’ The Cu(OAc)2/1,10-phenanthroline
complex led to selective C.—Cg bond cleavage to form aromatic acids in 92% yield under mild
conditions (0.4 MPa O, 150 °C, MeOH, 6 h). Deng et al. employed polyoxometalates (POM) as
a regenerable catalyst to depolymerize pre-oxidized dioxosolv lignin. The optimized oxidative
conditions (150 °C, 10 bar Oz, MeOH) used a phosphomolybdic acid (HsPMo012040) catalyst to
generate monomer yields up to 33 wt%. Aromatic monomers account for 19.4 wt% of these
products, with other products derived from aromatic ring-opening. Overoxidation also converts
low molecular weight depolymerization products to CO, CO2, and H20.1%°

Su and coworkers reported a mechanochemical approach for selective cleavage of Cg—O
bonds and C.—Cp bonds of lignin f-O-4 ketones via NaOH-promoted oxidation under milling
conditions (5 equiv. NaOH, 25 Hz milling, 2 h).**° In contrast to other oxidative cleavage methods,

the yield of phenol (87-92%) is always 13-22% higher than the yield of the corresponding
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aromatic acid. Dioxosolv birch lignin milled with DDQ/NaNO: (see Section 5.4.5.1 for oxidation
conditions) led to a 9.1 wt% yield of aromatic monomers. When the lignin was independently
oxidized with the DDQ/tBUONO conditions of Westwood (see Section 5.4.5.1 for oxidation
conditions),'® mechanochemical cleavage generated a 15.5 wt% yield of aromatic monomers,

with syringate as the major product (7.5 wt%).

5.4.7.3. Reductive Cleavage
Oxidized B-O-4 fragments with the benzylic ketone correspond to O-aryl acyloin

derivatives that are susceptible to reductive cleavage. Zinc is an effective reductant in these
reactions,'®1133 and could initiate single electron transfer or direct two-electron reactivity (Figure
5.20A). This reactivity was among those demonstrated by Stahl and coworkers using 3-O-4 model
compounds in their initial report on two-step oxidation/depolymerization of lignin.?® Westwood
and co-workers used Zn/NH4Cl at 80 °C after DDQ-mediated oxidation of benzylic alcohol in both
lignin and model compounds.’® The approach generates B-hydroxy phenyl ketone products in
>80% vyield for different types of B-O-4 model compounds, and modest yields of phenolic
monomers were also obtained from the oxidation/reductive depolymerization of birch lignin. Deng
and Fu et al. used this method for lignin depolymerization following Cp*Ir-catalyzed
dehydrogenation of benzyl alcohols in lignin (cf. Figure 5.13).1%2

Reductive cleavage of oxidized lignin and lignin model compounds also may be achieved
via photoredox-initiated SET. Stephenson and coworkers reported that an [Ir(ppy)2(dtbbpy)]PFs
photocatalyst (ppy = 2-phenylpyridine, dtbbpy = 4,40-di-tert-butyl-2,20-bipyridyl) under blue
LED irradiation could promote C,—O bond cleavage, generating phenols (yield >70%) and f-
hydroxyaryl ketones (yield >81%) from oxidized lignin model compounds (Figure 5.20B).82%¢
Bond cleavage is proposed to proceed via fragmentation of the ketone radical anion generated by

SET from the photocatalyst. N,N-diisopropylethylamine (DIPEA) and formic acid provide a source
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of reducing equivalents for the reaction. Modest yields of aromatic monomers were also obtained
from a two-step oxidation/photoreductive cleavage sequence when applied to purified dioxosolv
pine lignin (2.4 wt% guaiacol and phenyl ketone monomers were recovered) (Figure 5.20A).
The latter process was implemented as a batch-to-flow sequence involving electrochemical NHPI-
mediated lignin oxidation in batch, followed by photochemically initiated reductive cleavage in
flow.2® Zhang and coworkers expanded on this work by developing a thiol-functionalized
mesoporous cellular silica foam (MCF) with immobilized Ir(ppy)z(bpy) photocatalyst.3* The
Ir(ppy)2(bpy)-MCF material was effective for the reductive cleavage of oxidized lignin B-O-4
model compounds under mild reaction conditions (yield >90%). The photocatalyst could be reused

at least six times without a significant drop in performance.
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Figure 5.20. Mechanisms of reductive bond cleavage methods.
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Wang and coworkers showed that oxidized lignin models are amenable to hydrogenolytic
cleavage with a NiMoSyx catalyst. The Cg—OPh bond is cleaved without hydrogenation of the
aromatic ring or the Ca ketone to afford phenols and benzylic ketones. The authors propose direct
cleavage of the Cs—OPh bond on the NiMoSx catalyst surface. This process was combined with an
initial oxidation step using a NaNO./DDQ/NHPI oxidation system to afford a 32% vyield of
aromatic monomers from birch powder.®®

Wood-digesting bacteria feature enzymes that use thiol-containing tripeptide glutathione
as a redox active cofactor to promote aryl ether cleavage in lignin. Examples include the Lig
enzymes E, P, F (etherases) and G (lyase) Sphingobium sp. strain SYK 6.1*>13% In this context,
Hegg and coworkers demonstrated complementary chemical reactivity, exploiting the nucleophilic
and reductive reactivity of small organic thiols to cleave aryl alkyl ether linkages in oxidized lignin
model compounds (Figure 5.20C). Organic thiols, such as B-mercaptoethanol and dithiothreitol
can promote cleavage in nearly quantitative yields with certain f-O-4 model compounds in
acetonitrile containing K2COj3 as a basic additive.’*” They further employed small thiols (such as
propanedithiol, 2-mercaptoethanol, and dithiothreitol) to support cleavage of model polymers and
oxidized lignin materials bearing the Ca-ketone functionality. Thiol-dependent depolymerization
is proposed to proceed via Sn2 attack adjacent to the ketone to release a phenol. The thiol is
regenerated by nucleophilic attack of another thiol on the S-atom of the thioether to form a
disulfide and ketone. Poplar lignin derived from a Cu-AHP extraction method”® was oxidized using
Bobbitt’s salt (cf. Figure 5.10) and then incubated with [-mercaptoethanol. This
oxidation/reductive cleavage sequence resulted in approximately 65% reduction of the lignin

molecular weight.®
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5.5. Conclusions and Future Outlook
Lignin valorization remains a persistent challenge that is complicated by the complex
structure of lignin and the difficulty in obtaining high-quality native-like lignin materials from
biomass fractionation methods. Nonetheless, new methods for conversion of lignin into low
molecular weight aromatic chemicals continue to emerge. The content outlined herein highlights
the merits of bottom-up strategies to address this long-standing challenge. Consideration of the
fundamental reactivity of individual functional groups prevalent in lignin—1° aliphatic and 2°
benzylic alcohols—has enabled the development of sequential oxidation/depolymerization
methods that successfully convert lignin into oxygenated aromatic chemicals. These efforts greatly
benefitted from fundamental studies of well-defined model compounds that incorporate structural
features directly present in lignin, especially those present in the common B-O-4 linkage. The
development of selective, high-yielding methods for oxidation of the 1° or 2° alcohol in these
compounds sets the stage for systematic development of various bond cleavage pathways that are
enabled by the initial oxidation step. Insights gained from the well-defined model compounds were
then translated into successful lignin depolymerization methods employing similar two-step
methods. This approach has been used with a diverse array of lignin materials derived from
different biomass plant sources, albeit favoring hardwoods, and different pretreatment/lignin-
extraction methods. An appealing feature of this sequential depolymerization strategy is the ability
to optimize each step independently, allowing the overall process to be optimized more effectively
for individual feedstocks to maximize the yield of aromatic monomers.
Future work will benefit from studies focused on cleaving a broader array of linkages, as
the majority of studies to date have focused on the alcohol containing f-O-4 unit. Although the B-
O-4 fragment is prevalent in lignin, the development of methods capable of cleaving other linkages

could greatly improve the monomer yield.
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Another future priority will be the development of improved methods for direct oxidative
catalytic fractionation (OCF) of biomass,** %8 13° resembling existing methods for RCF.1?8
Essentially all processes for lignin extraction damage the native lignin, generating recalcitrant
subunits that limit the yields of aromatics that may be obtained from lignin. For example, under
acidic conditions commonly used for lignin extraction, protonation of the benzylic alcohol in the
B-O-4 unit can lead to the loss of water and formation of a benzyl cation that can cross-link the
lignin polymer (i.e., via Friedel-Crafts alkylation). This reactivity converts a 3-O-4 fragment,
which is amenable to cleavage, into a new fragment that blocks depolymerization. OCF methods
that oxidize the benzylic alcohol while lignin is still integrated within the biomass could provide a
means to “protect” the lignin, while generating a material that is more amenable to
depolymerization once the lignin is separated from the sugar. This concept and related approaches
take Sequential oxidation-depolymerization strategies *' inspiration from the two-step
oxidation/depolymerization studies outlined herein and could provide the basis for cost-effective
valorization of whole biomass.
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Chapter 6: Fundamental Studies of N-Oxyl Radicals: Assessment of Stability,
Bond Strength, and Time-Delayed Alcohol Oxidation

This work was performed with Mohammad Rafiee and Shannon S. Stahl.
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6.1. Abstract
Electrochemical studies of the pH, concentration, and time-dependent degradation and O—
H bond strength and were conducted using a variety of N-oxyl radicals mediators, including five
oximes. The relationship between stability and oxidative driving force is assessed. Stable oxime
mediator violuric acid (VA) enables further probing into the alcohol oxidation mechanism and
demonstrates utility for time-delayed addition of alcohol substrate to stoichiometric
electrochemically generated radical.

6.2. Introduction
N-oxyl radicals represent a special class of stabilized organic radicals that are privileged catalysts

and mediators for selective alcohol oxidation reactions.>? Among the most popular members of
this class of radicals, phthalimide N-oxyl (PINO) radical can rapidly abstract weak C-H bonds like
those found in secondary benzylic alcohols (Scheme 6.1). PINO, generated in situ from N-
hydroxyphthalimide (NHPI), has proven effective for chemical and electrochemical oxidation of
secondary aliphatic and benzylic alcohols and diols.? Basic conditions are typically favored in
these reactions to promote rates of catalyst regeneration and hydrogen atom transfer (HAT),
despite facilitating base-catalyzed decomposition of the radical.*®

Scheme 6.1. NHPI-mediated oxidation of alcohols.
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The conditions required for high turnover of NHPI limit the use of NHPI for specialized

applications involving insoluble secondary alcohol substrates.® Lignin is a polymeric component

of biomass and contains a secondary benzylic alcohol as part of the primary linkage between units.
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NHPI-mediated oxidation of soluble, isolated lignin facilitates depolymerization to high yields of
aromatic monomers.” However, the oxidation of lignin in whole cell biomass, which is insoluble
under desirable mild, agueous conditions, relies on diffusion of the mediator into the substrate.
Much of the work in this area, particularly for the oxidative delignification of biomass, is devoted
to exploring other N-oxyl radical mediators,891011121314151617

Aminoxyl benzotriazole N-oxyl (BtNO) and iminoxyl violuric acid N-oxyl (VANO)
radicals have emerged as attractive mediators for HAT from insoluble substrates containing
benzylic secondary alcohol functionalities. 8 The latter belongs to a class of persistent c-radicals.
Radical lifetimes on the order of hours or even days are reported for sterically hindered iminoxyl
radicals under various conditions. %%2! Fundamental studies of N-oxyl mediated secondary
benzylic alcohol oxidation reveal that VANO exhibits the slowest rates of alcohol oxidation in
comparison to imidoxyl mediators. > Thermodynamic data collected for these and other N-oxyl
radicals collected under different experimental conditions cannot be compared directly, 2 and few
fundamental studies of water soluble iminoxyls other than VANO exist.*°

The tunable oxidation potential and well-defined surface of glassy carbon electrodes used
for electrochemical generation of N-oxyl radicals are well-suited for standardized fundamental
analysis of radical stability. Electrochemically determined redox potentials can also be used for
accurate measurements of mediator O-H bond strength. 2*For HAT mediators, this is a measure of
the thermodynamic driving force for HAT. Further, on/off control of electrochemical radical
generation enables independent analysis of the radical and subsequent chemical steps.

Herein, we use cyclic voltammetry (CV) to analyze the pH and concentration dependent
stability and bond dissociation free energy (BDFE) of radicals generated from a selection of

imidoxyl, aminoxyl, and iminoxyl mediators (Figure 6.1). Stable oxime mediator violuric acid
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(VA) enables further probing into the alcohol oxidation mechanism and enables time-delayed
addition of alcohol substrate to stoichiometric electrochemically generated radical. This type of
“oxidant pool” reaction is traditionally used for the electrochemical synthesis of stable hypervalent
iodine reagents®®and the generation of oxoammonium using bleach. 2Addition of alcohol substrate

to VANO generated up to 2 h prior to substrate addition yields ketone products in excess of 75%.

_OH
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[0} [0} \
( I§ iﬁ ( IN\ O\\H\fo
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Figure 6.1. Mediators investigated in this study and typical redox states.

6.3. Results and Discussion
6.3.1. Radical Stability and Bond Dissociation Free Energy Studies
Cyclic voltammograms of iminoxyls VA, DVA, MAN, DAN, and CyAN and imidoxyls NHPI

and NHSI reveal pH-dependent redox features for the electrochemical oxidation of mediators
(Med-H) to N-oxyl radical (Med") and, in some cases, the reduction of electrogenerated Med" to
Med-H at the electrode surface (Figure 6.2a). By varying the identity of the buffering electrolyte,
it is possible to maintain well-buffered conditions across a wide pH range while performing CV

experiments.
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a) Cyclic Voltammetry of HAT Mediators
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Figure 6.2. Cyclic voltammograms of (a) 1 mM HAT mediators (NHPI, NHSI, HOBt, VA, DVA,
MAN salt, DAN, and CyAN) in 0.1 M pH 5 acetate buffer at a scan rate of 20 mV/s, and peak
current ratio analysis over (b) pH range 3-10.5 and (c) concentration range 1-10 mM.

The ratio of the magnitude of the anodic to cathodic CV current (I¢/1) is an indication of
the chemical stability of the electrogenerated radicals. As the potential is scanned forward at a set
rate towards more positive potentials, the Med-H is oxidized to Med". During the reverse scan
towards more negative potentials, the radical generated during the reverse scan is reduced at the
electrode surface. Radicals that have undergone a chemical reaction to form a new species cannot
be reduced at the same potential during the reverse scan, leading to a classic electrochemical-
chemical wave. The extent of chemical degradation is dependent on the scan rate. Reversible to
quasi-reversible CV’s (I¢/l. > 0.7) demonstrate relatively high Med" stability and quasi-irreversible
or irreversible CVs (Ic/la < 0.2) indicate poor radical stability on the CV timescale.

Base catalyzed decomposition of the PINO radical to electrochemically inactive dimer

and trimer molecules has been reported in the literature, 2?8 and explains a general decrease in

imidoxy| radical stability with increasing pH (Figure 6.2b). At pH 7, imidoxyl mediators become
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irreversible while all tested iminoxyls maintain some radical stability on the CV timescale (20
mV/s) until pH 10.5. The pH-dependent stability of iminoxyl mediators does not correlate to the
pKa of the mediator (cf. Table 6.1), unlike the imidoxyls.?® The stability of VA is pH independent.
The CV data for NHPI, VA, and DVA are consistent with the pH-dependent CV features reported
under similar buffer-aqueous conditions.!%?"2

The CV shape for DAN at pH 3-5 indicates an acidic chemical step may precede the first
electrochemical step. At these pH, Ic/la should not be considered an accurate measure of radical
stability. 3%

The CVs for DVA, MAN, CyAN, NHPI, NHSI, and DAN (only pH 5-7) indicate a shift
within error of the 59 mV per pH unit intrinsic to HAT processes. VA has three reported pKas
corresponding to the O—H and two N-H bonds in the molecule. Without further collection of data
at pHs below the first reported pKa at 4.5, a trend of 59 mV per pH unit could not be established.
Above the mediator pKa,, the Med’/Med™ redox potential is pH insensitive, as would be expected
from a process that does not produce or consume protons (SI).

To simulate stability measurements of mediators under typical 5-10 mM concentrations
(10 mol%) used for alcohol oxidation reactions with NHPI,%! additional CVs were collected at pH
5 for 2, 5, and 10 mM mediator (Figure 6.2c). Imidoxyl mediators NHSI and NHPI show complete
irreversibility at 5 mM and 10 mM respectively, and iminoxyl mediators show little to no decrease
in stability with increasing mediator concentration.

The presence of both relevant oxidation and reduction peaks at low pH for all mediators
except HOBLt allows for the estimation of a thermodynamically significant midpoint potential.
Midpoint potentials used for DAN at pH 5 and 7 give rise to the same calculated BDFE (within

0.1 kcal/mol). In the case of HOBt, which does not exhibit a Med’/Med-H reduction at any
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potential, differential pulse voltammetry (DPV) was used to determine the midpoint potential (S1).
These potentials were used to determine the bond dissociation free energy of the mediator O-H
bonds.

Using the equation for the determination of the bond dissociation free energy (eq 1),%*

BDFE (Med-H) = 23.06(Epn Med-H/Med") + 1.37(pH) + 52.8 kcal/mol 1)

the relative O-H bond strength of each mediator can be determined from the pH-dependent
Med-H/Med" redox potential versus NHE in a buffered aqueous solution of known pH. Midpoint
potentials are an average of three repeat values. The pKa for each mediator was determined by
NMR spectroscopy, except for VA and DAN, and is within the pKai range determined
voltametrically (SI). A correction factor of 52.8 kcal/mol for the E°(H*/H") in aqueous solvent is
applied.?* Relative uncertainties for this data are < 0.3 kcal/mol and absolute uncertainties are
approximated as + 1 kcal/mol (SI).

Calculated BDFE data and the paired stability data illustrate a generally inverse
relationship between the thermodynamic driving force for HAT and radical stability. All cyclic
iminoxyls and DAN have BDFE’s in the range of 83-85 kcal/mol (Table 6.1, Entries 1-3 and 5).
Imidoxyls and HOBt exhibit higher BDFE’s and correspondingly lower pH- and concentration-
dependent radical stability (Table 6.1, Entries 6-8). Interestingly, the iminoxyl CyAN has a
comparable BDFE to NHPI (Table 6.1, Entry 4), but shows greater radical stability in CV studies.
Reliable and comparable literature values for well-known N-oxyls 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO)/ITEMPOH and the related 9- azabicyclo[3.3.1]nonane-N-oxyl
(ABNO)/ABNOH derivative have been included for reference. 32

Table 6.1. Comparative bond dissociation free energies for N-oxyl mediators in H2O.



112

o

H
TEMPO
67.82¢c ,
BDFEGL |—o }
v |
(kcal/mol) 70 75 85
NI,OH N’OH
[
Nadlhed
ABNO HNTNH 0 0
71.00¢ I A
VA MAN
79.9 81.3

Entry Mediator  E'2(mV v. NHE): pH pKa; BDFE (kcal/mol)

1 VA 988; 3.2 3.8¢ 80.0
2 DVA 981; 3.2 5.29 79.8
3 MAN 1044; 3.2 4.65 81.3
4 CyAN 1231; 3.2 4,94 85.6
5 DAN 924: 5 7-9° 80.6
6 NHPI 1066; 5.1 6.85 84.5
7 NHSI 1245; 5 6.15 88.5
8 HOBt 1124; 3.1 4.63 83.0

astahl, S. S. et al. J. Org. Chem., 2018, 83, 7323-7330. PMayer, J. M. et
al. Chem. Rev. 2010, 110, 6961-7001. “Corrected using C; = 52.8
kcal/mol. 9pKa reported by Kim, H-C., Mickel, M., and Hampp in N.
Chem. Phys. Lett. 2003, 371, 410-416. ®pKa range determined
voltametrically.

HOBt represents the only exception to the general BDFE v. radical stability trend,
exhibiting a lower BDFE and lower radical stability as compared to CyAN, NHPI, and NHSI.
Benzotriazole N-oxyl (BtNO) decomposition, presumably to benzotriazole, has been reported to
be faster in the presence of H-bond donors. #Quasi-reversible CVs of HOBt have been recorded
at scan rates of 2 V/s, and a half-life of 110 s in MeCN was reported by Galli and coworkers,
indicating a rapid radical decay on typical CV timescale. 3

Electrochemical radical generation and subsequent radical decay were measured under
relevant bulk electrolysis conditions for lignin-first biomass oxidation. Using constant current

electrolysis, a 10 mM mediator solution in mixed 1:1 pH 1 ag.: MeCN was oxidized at 5 mA for
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2.1 F/mol and the electrochemical generation of radical was monitored by microelectrode linear
sweep voltammetry (LSV) (SI). The mediator solution was transferred to a rotating disk electrode
(RDE) cell, and the decay in current arising from the reduction of radical concentration was
measured beginning at 1.5 min after the end of bulk electrolysis. The measured current is
proportional to the concentration of the radical and fixed at 1 for the initial point of data collection.
Measurable quantities of NHSI, HOBt, and CyAN could not be generated using this method,
reflecting general trends of instability observed by CV for mediators with high BDFE.
Normalized current plots of time-dependent radical decay further illustrate the instability
of PINO as compared to iminoxyl radicals and support the stability trends observed in the CV
studies (Figure 6.3). VA and the closely related DVA both show long radical lifetimes as
compared to PINO. Although CV and half-life!® measurements at high pH in aqueous solution
show a decrease in DVANO stability as compared to VA, both studies demonstrate DVANO is
more stable under highly acidic conditions. A slow initial decay phase, followed by a faster rate of
decay indicates a complicated degradation mechanism. DANO degradation may be controlled by
the formation of head-to-tail dimers, as is observed with other linear oximes.? MAN exhibits only

slightly better stability than PINO.
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Figure 6.3. Normalized currents obtained from rotating disk electrode linear sweep
voltammograms of a 10 mM radical solution generated from bulk electrolysis (graphite working
electrode, Pt wire counter electrode, 3 M KCI Ag/AgCl reference electrode; 5 mA; 2.1 F/mol) of
VA (red), DVA (yellow), DAN (green), MAN salt (blue), and NHPI (black). Glassy carbon
working electrode, Pt wire counter electrode, 3 M KCI Ag/AgCI reference electrode; 10000 rpm,
20 mV/s; 1.5 minutes between end of bulk electrolysis and start of data collection.

6.3.2. Mediated Oxidation of Secondary Benzylic Alcohols
The high stability of VANO under acidic conditions allows for near-stoichiometric

electrochemical generation of radical in situ, which opens new avenues for probing the proposed
sequential HAT steps for mediated alcohol oxidation. The KIE, Hammet correlations, and oxidized
products of probe substrates in an HOBt, NHPI, or VA mediated O>/laccase system were consistent
with rate-limiting HAT from alcohol.'® Subsequent cleavage of the O-H bond from the radical
intermediate may also be radical-mediated, but this step has not yet been probed directly for HAT
mediators.}>%> To exclude any mechanistic role of oxygen (Figure 6.4), a N, purged solution
containing 2 equivalents of VA was electrolyzed at 5 mA in N2 atmosphere. The VANO solution
was added to 4-methoxy-a-methylbenzyl alcohol substrate 1 in N2 atmosphere. The mixed solvent

facilitated solubility of substrate and mediator, resulting in 80% yield of carbonyl product 2. The
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yield for a reaction performed in air is the same (85%). When one equivalent of VA substrate is
oxidized and allowed to react with one equivalent of alcohol substrate in air, 44% yield, slightly
less than theoretical yield, was achieved, demonstrating that VANO mediates both HAT steps even

in the presence of Os.
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Figure 6.4. RDE analysis of reaction of benzyl alcohol substrate with VANO radical provides
further support for previously proposed hydrogen atom transfer mechanism. Glassy carbon
working electrode, Pt wire counter electrode, 3 M KCI Ag/AgCI reference electrode; 1000 rpm,
20 mV/s; NMR vyields against a 1,3,5-trimethoxybenzene internal standard.

The inverse relationship between radical stability and driving force for HAT of the

examined radical mediators both affect the activity for alcohol oxidation. NHPI-mediated
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oxidation of 1 resulted in < 5% ketone product due to low concentration of electrogenerated radical
and rapid radical decomposition during the 1.5-minute gap between electrolysis and addition
(Figure 6.5a). DAN and MAN produced similar results. Conversely, VA and DVA achieved high
yields of 85% and 85% yield respectively. To further probe the effect of radical stability on alcohol
oxidation to simulate extended diffusion into a biomass substrate, the gap between electrolysis and
addition to substrate 1 was either shortened to 0.5 minute or extended to 5, 10, 30, 60, or 120
minutes (Figure 6.5b). Yields dropped ~ 13% over 2 h, which closely follows to the ~ 10% decay
in radical concentration observed over 2 h (see Figure 6.3).

h
50/50 H,0/MeCN

* 0.1 MHcl, RT
N-OH = A 2Fmal . NV ©

t (min) ‘

J OH O
5 N-O° +/©/j\ —— 2 N-OH +/©)‘\
MeO MeO
2 2

Mediator t (min) Yield%
VANO 1.5 85%
DVANO 1.5 84%
DANO 1.5 <5%
MANO 1.5 < 5%
_PINO 15 . <5%_
VANO 0.5 86%
VANO 5 85%
VANO 10 83%
VANO 30 81%
VANO 60 79%
VANO 120 75%

Figure 6.5. Yield data for alcohol oxidation mediated radicals electrochemically generated from
VA, DVA, DAN, MAN, and NHPI and mediated by VANO after addition between 0.5 and 120
minutes.

6.4. Conclusion
Herein, we have evaluated the stability, O-H bond strengths, and activity towards simple

alcohol oxidation of eight mediators, including five oximes. The results establish comparable
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metrics of stability and bond dissociation energy and illustrate a general inverse trend between
radical mediator stability and driving force for HAT. The participation of HAT mediator VA in
each bond making/breaking step of alcohol oxidation is demonstrated for the first time here, which
may contribute to the stronger correlation between off-electrode alcohol oxidation yields and
mediator stability (as opposed to BDFE). Future studies will employ VA for the oxidative pre-
treatment of lignin in biomass to facilitate the production of bio-derived aromatics.
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Chapter 7: Electrochemical Oxidative Stabilization in Mild Aqueous
Conditions Enhances Lignin Monomer Production During Biomass
Depolymerization

This work was performed with Chris Holland, Eric, P. Weeda, Rashi Bhatnagar, Suraj

Omolabake, Thatcher W. Root, and Shannon S. Stahl.
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7.1. Abstract
Lignocellulosic fractionation conditions are commonly used to isolate polysaccharides
from lignin, but they often lead to modification of benzylic alcohols in the lignin backbone and
degradation of lignin. Oxidative pretreatment of biomass could stabilize the benzyl alcohols,
preventing degradation during fractionation and promote lignin depolymerization to oxygenated
aromatics. Herein, we demonstrate an oxidative lignin stabilization method using an
electrochemical mediator, violuric acid (VA), under mild conditions to enable selective off-
electrode oxidation of lignin in heterogeneous biomass. This active stabilization process is a
promising strategy for generating high yields of oxygenated aromatic monomers, and preliminary
data results in 15.6 wt% yield of monomers from lignin. The oxygenated aromatics derived from
this process have appealing features for use in polymer synthesis and/or biological funneling to
value-added products, and preliminary results indicate polysaccharides are not modified during
oxidative stabilization.

7.2. Introduction
Lignocellulosic biomass is an abundant and sustainable biochemical feedstock comprised

of polysaccharides and a structurally complex biopolymer known as lignin. As the most abundant
and least recalcitrant biomass component, polysaccharide production remains a cornerstone of
biomass conversion efforts in the pulp and paper and bioethanol industries.? However, lignin
represents the largest natural source of renewable aromatic chemicals and 15 to 30 weight percent
(wt %) of the non-edible biomass.® Lignin valorization is, therefore, crucial to economic viability
of biorefineries.*’” Growing interest in complete valorization of biomass has translated to few
marketable processes owing to the lack of compatible lignin depolymerization and polysaccharide
upgrading methods.8-1° Conventional fractionation of lignin and polysaccharides results in

crosslinking, the formation of recalcitrant C-C bonds that prevent the depolymerization of lignin
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into aromatic monomers.” Benzyl alcohols present in the lignin backbone can undergo facile
generation of carbocation intermediates under acidic conditions or the formation of quinone
methide and/or epoxides under alkaline conditions, leading to lignin degradation (Figure 7.1A).
The oxidative pretreatment of biomass is a lignin-first, active alcohol stabilization
strategy®! to prevent lignin degradation during fractionation and facilitate depolymerization of
lignin to oxygenated aromatics. The chemical functionalization of the benzyl alcohol via acetal
formation during fractionation has been shown to improve yields of oxygenated monomers
produced after subsequent oxidation and depolymerization steps.?''® Oxidative of the benzyl
alcohol in the prevalent B-O-4 linkage similarly stabilizes this reactive site, preventing crosslinking
during lignin extraction (Figure 7.1A).1 Furthermore, selective oxidation of undamaged alcohols
performed on isolated lignin (Figure 7.1B) has been shown to weaken the ether linkages in the
polymer backbone towards subsequent oxidative, reductive, or redox-neutral cleavage to
oxygenated monomers (Figure 7.1C).*® An oxidative pretreatment strategy prepares the lignin for
both downstream fractionation and depolymerization by providing the advantages of alcohol
stabilization and ether C-O bond weakening in one step (Figure 7.1D). In comparison to oxidative
catalytic fractionation methods designed to oxidize, fractionate, and depolymerize in one step, an
electrochemical pretreatment strategy allows each unit process to be optimized independently.
Thus, the benefits of oxidation can be obtained using milder temperatures, pressures, and

solvents®!’ that are more desirable for economically viable biorefinery processes.*®
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Figure 7.1. Overview of selective lignin oxidation approaches: (A) condensation or stabilization
of lignin. (B) Previous oxidative lignin conversion from biomass approaches and (C) monomers
produced from oxidative biomass conversion. (D) This oxidative biomass conversion approach via
selective benzylic alcohol oxidation. Biomass icon courtesy of Matthew Wisniewski (Wisconsin
Energy Institute).

7.3. Results and Discussion

Inspired by these mediated electrochemical oxidation methods, we initiated the present
study to explore the prospects of active oxidative stabilization of lignin for enhanced monomer
production. Electrochemistry is a sustainable and scalable method for oxidations and can be
operated under aqueous conditions in flow. Direct electrochemical oxidation of lignin suffers from
electrode fouling due to the polymerization of oxidized phenolic groups on the electrode surface.*®
Instead, an organic molecule known as an electrochemical mediator can mediate the transfer of
electrons between the electrode and a packed bed reactor filled with heterogeneous biomass

(Figure 7.2). Violuric acid (VA) is a mediator known to undergo facile electrochemical oxidation
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at an electrode to produce a stable radical (VANO), which is well suited to oxidation of
heterogeneous alcohols. The long radical lifetime enables VANO generation at the electrode,
travel to the reactor, and diffusion into the heterogeneous substrate. VANO transfers a hydrogen
atom (HAT) from the secondary benzylic alcohol to form the corresponding carbon centered

radical and regenerate VA. Oxidation by a second equivalent of VANO forms the ketone.

Biomass
In-Line Monitoring

Cathodic
Reservoir

Anodic
Reservoir

Anodic Half Reaction Cathodic Half Reaction

(0]

(aq)

Figure 7.2. Overview of electrochemical oxidative stabilization of lignin: schematic of flow
reactor and electrochemical half reactions in aqueous solution.

The effect of the oxidative pretreatment can be observed by two-dimensional
heteronuclear single-quantum coherence nuclear magnetic resonance (2D HSQC NMR) spectra of
whole cell biomass (Table 7.1).2° In comparison to untreated washed poplar biomass, biomass
treated under the oxidative conditions shows distinct structural changes. Diagnostic peaks for the
oxidation of S- and G-derived benzylic ketones, as well as the loss of native S- and G- peaks, are

observed in the aromatic region of oxidatively treated biomass. The extent of oxidation has been



125

reported as the ratio between the integrations of the peak arising from the oxidized S subunit
(S’2/6) and all S peaks (S’2/6 and S2/3). Integrations are determined relative to the integrations of
signals arising from methoxy groups on lignin which are not expected to vary between samples of
the same wood source or treatment conditions. Relating peak integration to the concentration of
chemical groups in a sample without account for different relaxation between different parts of the
biopolymer results in a comparative, rather than quantitative, measurement of sample oxidation.?*

We examined NE-19 poplar (Populus nigra charkowiensis x P. nigra caudina) wood
(particle size, 0.35-0.84 mm; moisture content, 5.6%) under a variety of oxidative pretreatment
conditions (Table 7.1). The reactions were conducted in recirculating flow using a divided cell
(membrane, Nafion; anode, graphite; cathode, stainless steel). Testing of acidic and neutral buffer
conditions clearly indicated the importance of maintaining the solution pH around the pK, of the
VANO (3.8)(Table 7.1, Entry 2). Decreasing the solution pH to 1 (Table 7.1, Entry 1), although
expected to increase the radical lifetime, primarily promotes degradation of the benzyl alcohol.
This degradation can be observed indirectly as a general decrease in Sit. Unfortunately, attractive
neutral pH conditions did not work well (Table 7.1, Entry 3). Attempts to increase the rate of
VANO HAT by elevating the temperature of the packed bed reactor were successful, revealing an
interpolated maximum at 43-45°C (Table 7.1, Entries 4-6). Further improvements were achieved
by reducing the cell voltage (Table 7.1, Entries 7-9). Mediator degradation, measured by
electrochemical analysis at the reactor outlet (working; carbon fiber microelectrode; counter; Pt
wire; reference; Ag/AgCl), decreases as the applied potential decreases. Similar results can be
achieved using 1 mA current. We speculate that low voltages or current may prevent build-up of
radical in the anodic reservoir, thus reducing proposed higher-order degradation pathways, or

prevent the overoxidation of VANO. These optimized conditions are very similar to the ones used
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by Hampp and coworkers for the electrochemical VA-mediated oxidative delignification of Kraft
softwood pulp (pH 4, 50°C, 1.7 or 5V, 200-400 g pulp).??

Table 7.1. Optimization of oxidative lignin stabilization.

Oxidation
h HO Ligning,
* VA o
W °
OMe
Biomass - OMe
Ligning”
Entry 9

T ) 105

S’2/6={:e-ﬁf>ff)-/i S2/6
o - B N 110

G2Cq> 162
PB3/5 ‘" ns
G564
125
_ I 130
=== PB2/6 CL T PB2I6
135
8.0 7.5 7.0 6.5 8.0 7.5 7.0 6.5 ppm
0. - 0. %
_ . I [ o To .

6 ‘.G.::I.l: 6 -GI_. 2 6/@2 6 o 5 /“:12 Unassigned

LS e G Meo” ~Fome Meo™ * “onte 5[35,_ s Pyridine

O-q O.p Og O OH

Entry pH T(°C) Ecen (V) Biomass (% wiw) §'1S 1ot
0 NA NA NA NA 0.09
1 1 RT 1.8 1.7 0.19
2 45 RT 1.8 1.7 0.58
3 7 RT 1.8 1.7 0.30
4 45 34 1.8 1.7 0.66
5 4.5 50 1.8 17 0.69
6 45 65 1.8 1.7 0.57
7 45 RT 2.0 1.7 0.47
8 45 RT 1.5 1.7 0.68
9 4.5 RT 1.3 1.7 0.71

The partial or full loss of signals arising from pendant p-hydroxybenzoate (PHBA) groups
is observed all examined oxidative treatment conditions (Table 1). Cleavage of the pendant PHBA
esters on lignin has been previously observed under acidic conditions.? We were unable to recover

these monomers upon extraction of the mediator solution post-treatment.
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Following oxidative pretreatment, the oxidized lignin will be extracted from the
polysaccharides using mild-acidolysis or mild base and subjected to redox-neutral formic
acid/sodium formate depolymerization.”?*?> The oxygenated lignin derived products, such as
those shown in Figure 7.1, represent appealing feedstocks for microbial conversion and biological
funneling or as protein inhibitors.2¢-28 Preliminary work was conducted under unoptimized
oxidative treatment conditions in a pooled-radical batch set-up, followed by direct
depolymerization of oxidized biomass, resulted in 15.6 wt% oxygenated monomers from biomass
(Figure 7.3). The primary products from this early work are carboxylic acids and diketones
derived from the S and G lignin subunits. Compared to the wt% monomer yields obtained by other
three-step pretreatment, oxidation, and hydrolysis processes'’ (mild acidolysis, 6.2; CUAHP, 9.8;
GVL, 12.9; and propionaldehyde protection/acidolysis, 31), the 15.6 wt% of monomers obtained
under even unoptimized conditions is very promising.

Analysis of the polysaccharide residue and overall mass balance for this full process will
also be conducted. We expect the polysaccharides to be retained during oxidative pre-treatment
owing to the excellent selectivity of VANO for secondary alcohols in the presence of dextrose.
Solid state analysis of biomass obtained from preliminary, unoptimized oxidative treatment

demonstrated that the sugars were not degraded during the treatment process.
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Figure 7.3. Preliminary data for the oxidative stabilization of lignin in batch and depolymerization
to monomers.

7.4, Conclusions

These results suggest that electrochemical oxidative stabilization of is a promising route
to valuable aromatic chemicals. We expect process can be used to generate valuable bifunctional
oxygenated aromatic monomers from lignin in parallel with high-quality polysaccharide solids
amenable to further upgrading under mild conditions. Further work will demonstrate the maximum
yields of attainable monomers and provide a full characterization of polysaccharides and mass

balance.
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Appendix A: Exploring Electrosynthesis: Bulk Electrolysis and Cyclic

Voltammetry Analysis of the Shono Oxidation Supporting Information
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A.l.  Equipment and Hazards
Reagents
Anisole (CAS 100-66-3), acetonitrile (CAS 75-05-8), silver nitrate (CAS 7761-88-8), N-

Boc-pyrrolidine (97%, CAS 86953-79-9), tetraethylammonium p-toluenesulfonate ([NEts][p-
TsOH])(CAS 733-44-8), 1,3,5-trimethylbenzene (CAS 108-67-8), and deuterated chloroform
(CAS 865-49-6) were purchased from Millipore Sigma. Tetrabutylammonium
hexafluorophosphate (CAS 3109-63-5) was purchased from Millipore Sigma or Chem-Impex Int’l
Inc. Piperidine-1-carboxylic acid methyl ester (98%, CAS 1796-27-6) was purchased from Combi-
blocks. Ferrocene was purchased from Chem-Impex Int’l Inc. 4-anisylpiperidine-1- carboxylic
acid methyl ester (CAS 1789303-60-1) was prepared by F. Wang via the reaction of 4-(4-
Methoxyphenyl)piperidine hydrochloride (CAS 6748-48-7) with methyl chloroformate (CAS 79-
22-1).1 All electrochemical experiments were performed under ambient conditions and no effort
was made to exclude moisture or air.

Equipment
Cyclic Voltammetry
Potentiostat. A source of electrons capable of recording a cyclic voltammogram (CV)

using a 3-electrode cell set-up including a non-aqueous reference electrode (see below).
Electrochemical CV experiments in this lab were conducted using a WaveNow® potentiostat from
Pine Research Instrumentation, Inc.

Computer Interface. A separate or integrated apparatus linked to the potentiostat that
allows the user to set experiment parameters and record data. Electrochemical CV experiments in
this lab were controlled and monitored using Pine Research Instrumentation, Inc. Aftermath Data
OrganizerSoftware® and a Dell. Inc. laptop.

Cell. A vessel for holding the reaction solution and the three electrodes. The CV

experiments in this lab were collected using a cell (MF-1208) and cell cap (MF-3849) from BASi.
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Glassy Carbon Disk Electrode. The working electrode for performing the reaction of
interest with a well-defined surface area. The CV experiments in this lab were collected using a
3.0 mm diameter glassy carbon disk electrode (MF-2012) from BASI.

Counter Electrode. The counter electrode used to balance the reaction occurring at the
working electrode. The CV experiments in this lab were collected using a homemade platinum
wire counter electrode fabricated by the department glassblower. A similar platinum wire counter
electrode can also be purchased from BASi (MW-1033). Stainless steel is also an acceptable
alternative to Pt wire for these experiments.

Non-Aqueous Reference Electrode. The glass tube with a porous frit filled with a solution
containing solvent, electrolyte, and AgNOs (10 mM) and cap with silver wire. The electrolyte and
solvent should be the same as used in the analysis solution. The Ag/Ag* redox couple of the
reference electrode is used to measure the potential at the working electrode. The CV experiments
in this lab were collected using a non-aqueous reference electrode (MF-2602) reference electrode
from BASI. The porous frit can be ceramic or CoralPor®. Although aqueous Ag/AgCl reference
electrodes can sometimes be used for CV experiments conducted in non-aqueous solution, they
are not recommended for recording accurate redox potentials.

Electrode Polishing Materials. A pad and abrasive suspension used for restoring a clean
and uniform working electrode surface. The working electrode in this lab was polished using 0.05
pm alumina (CF-1050) and velvet polishing pads (MF-1040) from BASi. The polishing
suspension was applied to the fabric pads attached to the underside of glass plates or petri dishes.

Bulk Electrolysis
Power Supply. A source of electrons capable of applying 15 mA. Electrochemical bulk

electrolysis experiments were conducted using a Dr. Meter 30 V/5 A DC bench power supply
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(BO0O8DJBQC) from Amazon. A potentiostat capable of running a 15 mA bulk electrolysis or
chronopotentiometry experiment is an acceptable alternative.

Cell. A vessel for holding the reaction solution and two electrodes. The bulk electrolysis
experiment in this lab was conducted in a 3-dram vial (71000-176) from VWR and with a SURE-
LINKTM septa (CG-4910-16) cap from Chemglass Life Sciences.

Carbon Electrode. A large surface area carbon electrode for performing the reaction of
interest. The bulk electrolysis experiment in this lab was conducted using a 0.125” diameter fine-

extruded graphite rod (NC001295) from the Graphite Store (www.graphitestore.com). Reticulated

vitreous carbon (RVC) is an acceptable alternative to graphite. Graphite rods containing a binder
or with a diameter much smaller than 0.125” should be tested under the reaction conditions before
use.

Counter Electrode. The electrode used to balance the reaction at the working electrode.
The bulk electrolysis experiment in this lab was conducted using a 0.045” diameter stainless-steel
rod cathode (59801589) from MSC. Platinum and carbon are acceptable alternatives to stainless
steel.

Magnetic Stir Bar. A source of convection in the cell. The bulk electrolysis experiment in
this lab was conducted with a 10 mm PTFE-coated stir bar.

Bulk Electrolysis Cell Preparation

The cell was assembled by breaking the graphite rod into approximately 3 pieces and
cutting the stainless-steel rod into approximately 4” pieces. Using the stainless-steel rod or a
needle, the septa in the cap was punctured and the graphite rod was inserted through the cap. The
stainless-steel rod was inserted through the cap approximately 3/16” away from the graphite rod.
The stir bar was added to the vial and the cap-electrode assembly was attached. The height of the

electrodes was adjusted until the end was 1-2 mm above the stir bar. The cap was removed and


http://www.graphitestore.com/
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graphite rod was wrapped, beginning near the underside of the cap, with PTFE tape. The tape on
the graphite rod was overlapped until the tape pushed against the stainless-steel, making the
electrodes parallel to one other. Then the tape was wrapped once or twice around both electrodes
near the underside of the cap to secure them together and maintain the interelectrode distance at
approximately 3/16” (Figure A.1). The PTFE tape was not in contact with or immersed in solution

during the reaction.

Figure A.1. Electrochemical bulk electrolysis cell used by students.

An alternative electrochemical synthesis cell was constructed and used during a pilot
version of the lab. The alternative cell employs a non-aqueous reference electrode and Pt wire

counter electrode (Figure A2
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). The use of a reference electrode means that this set-up must be used with a potentiostat rather

than a power source.

Figure A.2. Example of alternative electrochemical bulk electrolysis cell used by instructors
during lab development.

Hazards
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Appropriate personal protective equipment, including disposable gloves, goggles, closed-
toe shoes, and a lab coat, must be worn. Procedures must be performed in a fume hood or similarly
ventilated workspace. Liquid and solid waste must be disposed into sealed and appropriately
labeled containers. Safety information for all reagents is available via the appropriate SDS.
Electrical equipment can represent an electric shock hazard. Instructors should take care when
setting the power supply current limit and inspect students’ experimental setups before an electric
current is applied.

A.2.  Instructor Notes
Materials Provided to Students
Reaction Video. Narrated video recording of instructors performing the Shono bulk electrolysis

reaction using an alternative set-up: potentiostat as the source of electrons, homemade glass cell,
graphite rod working electrode, Pt wire as the counter electrode, and non-aqueous Ag/Ag*
reference electrode.

Laboratory Manual Chapter and Assessment Questions. An introductory discussion of
electrochemical concepts and techniques, standard equipment, and an overview of the Shono
reaction, instructions for performing the CV and bulk experiments, and assessment questions to be
addressed in a formal laboratory report.

Lecture Video. Video recording of a short (~15 minutes) presentation that discusses important
concepts from the introductory content of the Laboratory Manual Chapter and provides additional
information on the Shono reaction.

Lecture Slides. The slides used for the Lecture Video presentation.

Optional Background Reading. Literature for additional information related to organic
electrosynthesis and electrochemical techniques.

Safety Data Sheets. Basic properties and hazard information for each chemical used during the lab.
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Excel Template for CV Data. A .xIsx file for analyzing CV data.

Stock CV Data. Unprocessed example student CV data.

Stock *H NMR Spectrum. Unprocessed example student *H NMR data of the crude Shono
oxidation reaction mixture using 1,3,5-trimethylbenzene as internal standard.

Yield (%) Practice. An overview of reaction conditions for mediated electrochemical alcohol
oxidation and procedure for calculating yield (%) from *H NMR data of crude reaction mixture
using an internal standard, unprocessed *H NMR data, and answer key for calculation of yield (%).

Setting up the CV Experiment
Two identical experiment stations were prepared in separate instructional lab hoods. Four

Solutions of 5 mM anisole (1), 5 mM piperidine-1-carboxylic acid methyl ester (2), 5 mM 4-
anisylpiperidine-1- carboxylic acid methyl ester (3), and 1 mM ferrocene in acetonitrile were
prepared for each station. All the solutions included 0.1 M [NBus][PFs] as supporting electrolyte.
The solutions were prepared on the day of the lab exercise and stored in four separate cyclic
voltammetry cells sealed with parafilm. After students analyzed one of these solutions using cyclic
voltammetry, the cell was resealed with parafilm and was used by the subsequent groups.

Two reference electrodes were prepared for the experiment. At least 24 hours before the
laboratory experiment, the electrodes were placed in a solution of 0.1 M [NBu4][PFe] in CH3CN.
The day of the experiment, a solution of 10 mM AgNOs and 0.1 M [NBu4][PFs] in CH3CN was
prepared and was used to fill the reference electrode.

During setup, the instructor should collect cyclic voltammograms of one of the substrate
solutions and a “blank” solution (0.1 M [NBu4][PFg] in CH3CN). This allows the instructor to
ensure that all the equipment is functioning properly, check that the cyclic voltammogram potential
windows specified in the laboratory manual are sufficient, and identify any peaks in the potential

window that are unrelated to substrate oxidation. Variance in the potential of the prepared



140

reference electrode may require the instructor to adjust the potential window for the CV scans and
to communicate that change to students. If there is enough time allotted for the experiment, the
instructor can skip that step and instead help the students adjust the potential window themselves
by increasing or decreasing the switching (also known as vertex) potential, shown as E in Figure
A.7, as needed. Ideally the solvent and electrolyte will not provide any significant current in the
selected potential window. However, redox-active contaminants in the electrolyte/solvent or the
selection of a potential window that overlaps with potentials for solvent oxidation may result in
observable peaks. Provide the CV trace of the blank solution to students for use in interpreting
their data during the assessment and briefly discuss the source of these background peaks as the
students analyze the substrate solutions during the lab.

Polishing electrodes for the CV experiment
During the pre-laboratory discussion or after the student pairs collected their first cyclic

voltammogram, the instructor demonstrated how to clean and polish the glassy carbon disk
working electrode.? A velvet-textured polishing pad was wetted with DI water and a few drops of
alumina slurry. The glassy carbon disk electrode was first rinsed with acetone followed by DI
water. Then, holding the electrode so that the disk is parallel to the polishing pad, the disk is pushed
gently onto the pad and swept over the pad in a figure-eight motion. After several seconds of
polishing, the carbon disk electrode is rinsed with DI water, acetone, and then allowed to dry under
air (or a stream of compressed air, if available). Additional alumina slurry does not need to be
added before every polish, and a few more drops of alumina slurry should only be added to the
pad if the polished electrode does not become shiny after polishing.

After the demonstration, students are allowed to polish the electrode. The instructor
should monitor their technique and correct any errors (e.g., attempting to polish the brass connector

at the top of the glassy carbon electrode). Only the glassy carbon disk electrode needs to be
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polished. The reference electrode and platinum coil should be rinsed with acetone and allowed to
air dry between cyclic voltammetry experiments. The clean reference electrode should not be
allowed to dry for longer than a few minutes before it is immersed in the reaction or electrolyte
soaking solution.

Setting the current limit for the bulk electrolysis
Before using the green POWER button to turn on the power supply, make sure that the

button labelled STOP/OUT is set to the STOP position to prevent current from flowing once the
unit is powered (Figure A.3). Press the POWER button. Ensure that the digital display reads 0.00
A and 0.00 V are being applied. Connect the red and black leads together. Ensure that the leads
are not in contact with a person or other conductive material. Depress the STOP/OUT button to
the OUT position to start the flow of electricity through the leads. Use the coarse and fine voltage
knobs to increase the voltage to maximum. Use the coarse and fine current knobs to decrease the
current to 0 A. Use the fine current knob to increase the current to 15 mA. The C.C. light (constant
current) should be lit. Depress the STOP/OUT button to the STOP position and wait until the
digital display reads 0.00 A and 0.00 V are being applied. Disconnect the red and black leads from

each other. Any subsequent adjustment of the current knobs will adjust the set current.
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Figure A.3. Power supply used for bulk electrolysis reaction.

Notes on running bulk electrolysis
It is important to ensure that the working electrode and lead are not in contact with the

counter electrode or lead. During the instructor’s check of the student electrolysis set-ups, use
small pieces of rubber or other non-conductive, non-flammable material to prevent the electrodes
or leads from creating a short circuit if necessary.

The a-methoxylated N-Boc-pyrrolidine Shono product can undergo hydrolysis reaction or
an elimination reaction in the crude reaction mixture. Therefore, it is recommended that the bulk
electrolysis reaction mixture is worked-up and submitted for *H NMR analysis on the same day as
the bulk electrolysis occurs.

It is important that the mesitylene NMR standard is added to the crude reaction residue

after the methanol has been removed from the crude reaction mixture. In some instances, it was
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observed that adding mesitylene prior to the solvent removal step led to unreasonably high NMR
yields, indicating likely loss of mesitylene during solvent removal with a rotary evaporator.

Notes on recording video
The bulk electrolysis oxidation of N-Boc-pyrrolidine in methanol was conducted in the

alternative synthesis cell while an instructor was wearing a chest-mounted GoPro video recorder.
Background noise from the fume hood was significant, and it is recommended that audio is
recorded later as a voiceover while editing the video.

A.3.  Student Laboratory Manual Chapter and Assessment Questions
A.3.1. Introduction to Organic Electrochemistry and the Electrochemical Shono Oxidation
Introduction

Electrochemistry is a powerful method to study and drive redox reactions i.e. reactions in

which a chemical species gains or loses one or more electrons. Though electrochemistry is most
typically applied in inorganic and analytical chemistry, it is also a valuable technique for organic
chemists. The first recorded electrochemical organic reaction was performed in the late 1830s
when chemist Michael Faraday electrolyzed acetic acid to form ethane and CO.. Since then,
electrochemical synthesis of organic compounds has been used in widespread applications, from
synthesis of fine chemicals and pharmaceuticals to the multi-ton scale preparation of adiponitrile,
a precursor to Nylon-66. Over the past five years, organic electrochemistry has experienced a
renaissance and is garnering broad interest within the organic chemistry community.>® Renewed
academic and industrial focus on electrochemistry is due, in part, to recent innovations in
reactivity, selectivity, and energy efficiency. Ongoing efforts to educate organic chemists about
electrochemical techniques and make equipment for electroorganic synthesis more accessible and
standardized have also contributed to increased interest.

Reduction and Oxidation Reactions
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Reduction and oxidation reactions are processes in which a substrate gains or loses one or
more electrons, respectively. Consider, for example the two-electron oxidation of 2-propanol to
acetone using chromic acid (Scheme A.1).

Scheme A.1. a) Chromic acid oxidation of 2-propanol to acetone: b) Redox half-reactions for the
overall process.
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In this reaction the alcohol is oxidized to the corresponding ketone via a chromate ester,
losing two protons and two electrons in the process. Every oxidation reaction is balanced by a
corresponding reduction process; that is, oxidation of one substrate must be coupled to reduction
of another substrate in solution so that there is no net change in the number of electrons in the
reaction. In this case, the chromium species is reduced from Cr(V1) to Cr(IV) by the electrons
given up from the alcohol. Cr(V1) and Cr(IV) are a redox couple, an oxidized (reduced) species
and it’s corresponding reduced (oxidized) form, respectively. All reduction and oxidation reactions
must be paired in this way; thus, the overall process is referred to as a redox reaction and involves
two or more redox couples.

Electrochemical Electron Transfer
The same principles of electron transfer apply to an electrochemical organic redox

reaction, but with two key differences. The first is that electron transfer takes place at a conductive

surface (an electrode) at which an electric potential is applied, rather than between molecules in
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the bulk solution. The second difference is that the reduction and oxidation reactions occur at two
different electrodes and are thus separated in space rather than between molecules in close contact.

The driving force for electron transfer from the species in solution to the conductive
electrode is controlled by the voltage applied to the electrode. When the energy of the electrode is
lower than the energy of the highest occupied molecular orbital (HOMO) of a species in solution,
it is thermodynamically favorable for the electron to be transferred from the HOMO to the
electrode, which results in the species being oxidized. Conversely, when the voltage applied at
the electrode is lower than the energy of the lowest occupied molecular orbital (LUMO) of the
species, it becomes favorable for the LUMO to gain an electron, which results in the species being
reduced. The energy required to oxidize or reduce a molecule is described by the following
equation:

AG =-nFAE (1)

where the change in free energy (AG) is related to the number of electrons required to
oxidize or reduce the species (n) and the cell potential (AE) with units of voltage (voltage =
joule/coloumb). Faraday’s constant (F = 96,485 C/mol) is a unit conversion factor equal to the
total electric charge carried by one mole of electrons.

The above describes the process of electron transfer at a single electrode. Every
electrochemical cell, however, has two electrodes, one where the oxidation reaction occurs (the
anode) and another where the corresponding reduction reaction occurs (the cathode). A schematic
of an electrochemical redox process is shown in Figure A.4, using the conversion of 2-propanol
to acetone as an example (see Scheme A.1). Oxidation of the alcohol to the corresponding ketone

takes place at the anode, and protons in solutions are reduced to hydrogen at the cathode.
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Figure A.4. Balanced redox reaction for the electrochemical oxidation of 2-propanol and reduction
of protons.

Electrochemical Equipment
As alluded to above, specific items of equipment are required to run an electrochemical

reaction. The main items are a source of electrons, a series of electrodes, and an electrolysis cell
(Figure A.5). The electrolysis cell is the vessel in which an electrochemical reaction is performed
and can range from a simple round bottom flask to the more complex apparatus as seen in the lab

video.

Source of
Electrons
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Electrode (RE)

N
™~
™~
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Figure A.5. The components of an electrochemical cell.
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The source of electrons provides the electrical energy needed to drive electron transfer at
the electrode surfaces. A potentiostat allows the application of variable (rather than fixed)
potentials or currents to an electrochemical cell. Modern potentiostats interface with a computer,
thus enabling control of various experimental parameters, the design of new electrochemistry
experiments, and recording of experiment data. A potentiostat is required for many analytical
electrochemistry experiments and can be used to drive bulk electrolysis reactions. A power source,
like a simple battery, is a source of electrons that does not allow variation of the potential of the
electrochemical cell. Power sources are used for bulk electrolysis reactions but cannot be used for
most analytical experiments.

Electrodes are where electron transfer occurs during an electrochemical reaction. The
terms anode and cathode refer to which half of a redox reaction is occurring at a given electrode.
Additional terms used by electrochemists are working electrode (WE) and counter electrode (CE).
The redox reaction of interest occurs at the WE (it can either be a reduction or oxidation reaction)
and the balancing redox reaction takes place at the CE. For example, during the oxidation of 2-
propanol to acetone (Figure A.4), the anode is the WE and the cathode is the CE. The working
and counter electrodes are usually constructed from carbon (graphite, cloth, fibers, felt, glassy) or
platinum, although other materials can be used.

All electrochemical experiments require an electrolyte, which is an ionic species (such as
NaCl or BusNPFe) dissolved in the reaction solvent. The electrolyte allows charged species
(protons, radical cations, etc.) to migrate within the electrolysis cell.

Only the relative potential between two electrodes can be known in an electrochemical
experiment. The relative potential between a WE and CE can be highly variable and depends not

only on the reaction occurring at each electrode but also on non-chemical parameters (e.g. physical
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distance between the electrodes, surface area of the electrodes, etc.). Unless these variables are
carefully controlled, the cell potential for a given electrochemical reaction can vary between
nominally identical experimental setups, thus making the experiment difficult to reproduce with
precision and accuracy. Inclusion of a reference electrode (RE) allows the potential of the WE to
either be measured or fixed relative to a standard redox couple. A typical redox couple used in
reference electrodes is Ag%/Ag?, typically consisting of a silver wire immersed in a solution of
silver(1) ions (AgNO3z for nonaqueous solutions; AgCl for aqueous solutions) in an electrolyte
solution. The RE has a porous glass tip to minimize leaking of the solution in the electrochemical
cell into the RE (which could impact the potential of the Ag®/Ag' couple), but also allows some
ion exchange to balance any charge that is passed at the RE.

Common Electrochemical Experiments
All electrochemical experiments involve manipulation of potential or current and time.

Potential and current are dependent variables, thus many electrochemical experiments involve
application of a specific potential to an electrolysis cell via a potentiostat and monitoring how the
current varies over time (or vice versa).
Constant Potential Electrolysis

In an electrochemical reaction performed at a constant potential (Figure A.6, left), the
potential at the WE is fixed and the current is allowed to vary. An RE must be used in this process
because it provides a fixed value by which the potential at the WE can be maintained during the
reaction. As the substrate is consumed by reaction at the WE, less material is available as the
reaction proceeds and thus the monitored current decreases over time.
Constant Current Electrolysis

In an electrochemical reaction performed at a constant current (Figure A.6, right), the

current that is maintained at the WE is set by the experimenter. The potential at the WE adjusts to
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match the potential of the most easily oxidized (or reduced) substrate in the electrolysis solution.

The substrate is consumed by reaction at the WE, thus less substrate is available to undergo

reaction at the WE. To maintain the set current, the potential at the WE increases over time.
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Figure A.6. Constant potential (left) and constant current (right) electrolysis traces for an
electrochemical oxidation reaction.

Cyclic Voltammetry

Cyclic voltammetry is an analytical electrochemistry technique.” In this process, the

potential at the WE is scanned from a starting potential (E1) to another potential (E2) and back to

the original potential (Ez = E1) (see Figure A.7, left). The current at the WE is monitored during

the scan as a function of potential (see Figure A.7, right). A non-zero current indicates that

electron transfer occurred at the corresponding potentials.
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Figure A.7. Cyclic voltammetry potential waveform (input, left) and resulting cyclic
voltammogram (right) for a reversible redox couple, AR®/A*  with a half-wave potential of 0.5
V.

In the cyclic voltammogram (CV) shown in Figure A.7, the shape of the current-potential
curve provides information about the electrochemical reactions occurring at the WE. As the
potential is scanned in the positive direction from E1 to E> (red line), the current starts to increase
to a positive value at approx. 0.45 V and reaches the highest current at approx. 0.55 V (also known
as the oxidative peak potential). This change in current indicates that a molecule is being oxidized
at the WE. When the potential is switched and scans toward the negative direction from E to Es
(blue line), the current decreases to a negative value. The potential corresponding to the most
negative current in this peak is the reductive peak potential. The oxidized species that was
generated at the WE during the first half of the experiment is now being reduced at the WE.

Cyclic voltammograms that exhibit a symmetrical “duck-shaped” waveform are typical
of redox processes where the electrochemically generated species are stable (or are not consumed

in further reactions) and can be reduced during the return scan. In contrast, the shape of the CV is

not symmetrical if the oxidized species generated during the forward scan either decomposes under
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the experimental conditions or reacts to form a new species that cannot be reduced during the
returning scan.

A common misconception is that the chemical reactions happening during CV
experiments can change the concentration of substrates in the bulk solution being analyzed.
However, a WE with a relatively small surface area (i.e. less than 7 mm?) is used during these
experiments. Using a WE with such a small surface area prevents any change in the concentration
of substrates in the bulk solution (in a bulk electrolysis experiment where the goal is to transform
substrate to useful quantities of product, WE surface areas are typically >> 1 cm?).

The mathematics of the kinetic and thermodynamic processes that govern the shape of
CVs were established by Irving Shain and his student Richard Nicholson in the 1960s.% At the
time, Shain was a professor of chemistry at UW-Madison and later served as Chancellor of the
University. The Shain Tower of the chemistry building is named in his honor.

Shono oxidation
Cyclic voltammetry and bulk electrolysis are both useful techniques for designing and

executing electrochemical synthesis reactions. As an analytical technique, cyclic voltammetry can
be used to characterize the electrochemical behavior of molecules, determine the mechanism of
chemical and electrochemical reactions, monitor species generated during chemical or
electrochemical reactions, or determine kinetic parameters like the rate of electrocatalytic
reactions. As synthesis techniques, constant current and constant potential bulk electrolysis
provide controlled methods to drive electron transfer needed to achieve a redox reaction.

The Shono oxidation is a synthetic electrochemical method for the functionalization of
carbamate compounds (Scheme A.2). It was first reported by Tatsuya Shono at Kyoto University
in 1975.% In this reaction, a carbamate is electrochemically oxidized at the anode to an iminium

intermediate which is trapped by a nucleophile that is generated in situ by reduction of a precursor
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at the cathode. The Shono reaction has been used in total synthesis and for the generation of
metabolites.

Scheme A.2. Shono electrochemical oxidation of N-Boc-pyrrolidine to the corresponding a-
functionalized compound.
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The electrochemical oxidation of the carbamate substrate proceeds in two steps (Scheme
A.3). In the first step, the carbamate undergoes a one-electron oxidation at the anode to generate
the corresponding radical cation. A second (easier) oxidation and a deprotonation at the a-position
yields an electrophilic iminium cation intermediate. In the original Shono oxidation reaction,
methoxide anion was generated from the methanol electrolyte/solvent and served as the
nucleophile to react with the iminium cation and generate the corresponding a-methoxylated
carbamate product.

Scheme A.3. Overview of the electrochemical Shono oxidation.
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Various non-electrochemical methods for the oxidative a-functionalization of carbamates
have been reported, however they generally require strong oxidants or are limited in carbamate
scope (i.e. the a-methylene group must also be benzylic).2%! Likewise, the a-functionalization of

unprotected 2° amines (such as piperidine and morpholine) is challenging.*?
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The Shono oxidation is an example of a synthetic electrochemical reaction that is widely
used due to its versatility and robustness. Though the process is generally applied to form a-
methoxylated carbamates, the methoxy group is relatively labile and can be readily replaced with
other nucleophiles in the presence of a Lewis or Brgnsted acid, expanding the product scope.*®
Furthermore, the reaction can be performed in the absence of a nucleophile at low temperatures to
form a “pool” of the reactive iminium intermediate, which can then be trapped by addition of a
nucleophile to the reaction solution after the electrolysis.** The reaction can work with cyclic
carbamates of a range of ring sizes and with acyclic carbamates.

Summary and Goals

The purpose of this project is to introduce students to common electrochemistry
techniques in the context of the Shono oxidation.

The initial part of the project will use cyclic voltammetry to measure the oxidation
potentials of anisole (1), piperidine-1-carboxylic acid methyl ester (2) and 4-anisylpiperidine-1-
carboxylic acid methyl ester (3) as potential substrates for a Shono oxidation (Figure A.8). The
pedagogical goals include a) learning how to perform a cyclic voltammetry experiment, b)

interpretation of CV data, and c) using CV data to inform electrosynthesis methods.

Figure A.8. Substrates to be analyzed by cyclic voltammetry

The second part, observed in the video posted on the course website, involves a Shono

oxidation of N-Boc pyrrolidine to the corresponding a-methoxy compound using constant current
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electrolysis. The pedagogical goals include a) learning how to perform an electrosynthesis
reaction, b) determination of the redox reactions occurring in the electrolysis cell, and c)
interpretation of 'H NMR data to determine the yield (%) of a reaction.

Experimental Procedure
Part 1- Cyclic voltammetry

To the electrolysis cell containing the reference ferrocene solution (1 mM ferrocene, 100
mM tetrabutylammonium hexafluorophosphate in 10 mL MeCN), insert a glassy carbon working
electrode and a platinum wire coil counter electrode through the cap into the solution (5-10 cm
from cell bottom). The working electrode should be placed in the center hole of the cap. Remove
the Ag/Ag™ reference electrode from the storage solution, rinse the tip with acetone, let the acetone
on the RE evaporate, and insert the reference electrode into the reference solution. Attach the
red/orange lead to the working electrode, the green lead to the counter electrode, and the white
lead to the reference electrode.

File > New Archive/Save Archive/Export
[]er commens anwvas v
o 5 0 o B

L sy Ferrocene CV Parameters
rameters|
=/ parameters for Cyclic Voltammetry Run

0 (SN 0613402) - & Audit |+ (32 Create copy (5 AutaFill

d Ranges Filters Post Experiment Conditions

100] | mvs ~ | ScanRate

s
javeNow (SN 4812104) idle
1 Pine WaveDriver 20 (SN 0613402) idle
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Using the Aftermath software, click “File > New Archive” at the top of the software
window. An archive named “Archive [date]” will appear. Right click on this archive, select “Save
Archive As...”, and save the archive on the desktop with the name “Last name, Chem346”. In the
Aftermath experiment window, drag the “Ferrocene CV Parameters” experiment under the
“TEMPLATE Chem346” archive into your archive. The parameters should already be set to
perform a cyclic voltametric study over the potential range -200 — 400 mV (vs. Ag/Ag*) at a sweep
rate of 100 mV/s. After having a TA check your experimental setup, click “Perform”. Once the
experiment is finished, a new experiment will appear underneath “CV Parameters” called “CV
Experiment (#)”. Right click on “CV Experiment (#)” and select “Rename” in the pop-up window.
Name the experiment “Last name, Ferrocene”.

Remove the leads from the electrodes. Remove the counter and reference electrodes from
solution, rinse the electrodes with acetone, let the acetone on the RE evaporate, and insert the
electrodes into the electrolysis cell containing the solution of substrate 1 (5 mM anisole, 100 mM
tetrabutylammonium hexafluorophosphate in 10 mL MeCN). Remove the working electrode from
solution. Rinse the working electrode first with acetone and then deionized water. Your TA will
demonstrate how to polish the electrode. After polishing, rinse the electrode with DI water,
followed by acetone, and insert it into the anisole solution after the electrode is dry.

In the Aftermath software program, drag the “Substrate CV Parameters” experiment under
the “TEMPLATE Chem346” archive into your archive. The parameters should already be set to
perform a cyclic voltametric study over the potential range 0.0 — 2.0 V (vs Ag/Ag®) at a sweep rate
of 100 mV/s. Collect a CV of anisole (compound 1, Figure A.8) and name the experiment “Last

name, Anisole”.
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After collecting the CV of 1, rinse/polish the electrodes. Collect and save CVs of solutions
containing substrates 2 and 3 (both 5 mM in substrate and 100 mM tetrabutylammonium
hexafluorophosphate in 10 mL, MeCN) (Figure A.8).

Once all four CVs have been obtained, rinse all three electrodes, replace the reference
electrode in the storage solution, and polish and rinse the working electrode. Set these electrodes
aside for the next group.

At the top of the Aftermath software window, click “File > Save Archive”. Then click
“File > Export”. Check the box next to your archive and click “Export.” Click “Browse” and select
the “Desktop” and click “Open”. Click “Export”. This process should save the data to a folder
called “Last name, Chem346” on the Desktop in a format that can be opened in Microsoft Excel.

Open the exported folder and double-click on the subfolder containing CV data for
ferrocene. Open the “Voltammogram” folder and open the “Current vs Potential” Excel file. On
the desktop, click the Excel titled “TEMPLATE Chem346” Excel. Click on the “Ferrocene” tab at
the bottom of the Excel. Copy and paste the data from “Current vs Potential” into the highlighted
section. Close the “Current vs Potential” Excel file. In the “TEMPLATE Chem346” Excel file,
click the “Substrates” tab. Transfer the data from anisole, N-Boc-piperidine, and N-Boc-4-(4-
methoxyphenyl)piperidine to the “TEMPLATE Chem346” Excel. Save the Excel file on the
Desktop as “Last name, Chem 346”. Your Excel file should contain a plot of the three CVs and a
list of the oxidation peak potentials, all referenced to Fc/Fc* (the ferrocene/ferrocenium couple).

Part 2 - Shono oxidation of N-Boc pyrrolidine

h
(P e F L
Boc Et,;N[OTs], MeOH Boc

Undivided cell, Carbon:Steel
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To an undivided electrolysis cell, add tetraethylammonium p-toluene sulfonate (150.7 mg,
0.5 mmol, 0.1 M) and a Teflon-coated stir bar. Bring the cell and top to the hood and add methanol
(5 mL). Using a micropipette, add N-Boc-pyrrolidine (44 pL, 0.25 mmol, 0.05 M). Before
removing the cell from the hood, screw the lid containing the graphite rod working electrode and

stainless-steel counter electrode onto the cell.

Secure the cell on the stir plate and increase the stir rate until good convection is observed.
Attach the red lead to the working electrode and the black lead to the counter electrode, making
sure that the metal leads are not touching each other. After having a TA check your experimental
setup, depress the start/stop button in the center of the potentiostat and set a timer for 67 min (2.5
F/mol) or note the time when the reaction is started. The power supply should read 15 mA and the
constant current light should be red within a few seconds of starting the reaction. When the reaction

is finished, push the stop/start button at the center of the power supply to stop the reaction.



158

r"" = ———
Dr. Meter DC POWER SUPPLY PS-305DM |

When the electrolysis is complete, transfer the electrolysis solution to a round bottom
flask, rinsing the cell and electrodes with methanol. Remove the solvent in vacuo using a rotary
evaporator. Using a micropipette, add 10 pL 1,3-5-trimethylbenzene (0.072 mmol) to the crude
material, dissolve the sample in CDCIs and obtain a *H-NMR spectrum.

Report requirements

Present your report, data, and spectra according to ACS journal style.

Abstract (5 pts)
Summarize the key findings of the CV study and Shono oxidation in a brief abstract (it

might be prudent to write this section after you have completed the data analysis).

Introduction (15 pts)

Briefly outline the goal(s) of this study in terms of the chemistry and analysis taking place.
(5 pts).
Literature analysis (10 pts)

Read the paper Angew. Chem. Int. Ed. 2018, 57, 6686 and briefly outline i) a major
limitation of the Shono oxidation that impacts substrate scope and ii) results discussed in the paper

that overcome this limitation. Cite the paper in the ACS style.
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Experimental (15 pts total)
Rewrite the Shono oxidation experimental procedure in past tense and include the exact
masses, volumes, etc. you used in the lab (5 pts). Include an appropriate reaction scheme and
summary of the *H NMR (10 pts) of the crude product.

Results & Discussion (60 pts total)
Use this section to present your experimental and theoretical data and outline the overall

meaning of the results/data. (5 pts) Tables are useful for showing multiple data sets simultaneously.
The following subsections should be included (they do not need a separate heading; instead they
should be woven into the narrative).

Data analysis (30 pts)

Show the individual cyclic voltammograms of anisole (1), piperidine-1-carboxylic acid
methy| ester (2), and 4-anisylpiperidine-1-carboxylic acid methyl ester (3) on a single, labeled CV
plot. Reference the potential axis (x-axis) to the ferrocene CV data. Indicate the peak potential of
each CV. (10 pts)

Compare the shape of the CVs of substrates 1-3 to the CV of ferrocene. What do the
differences (if any) indicate? Briefly discuss possible reasons for this difference (the Angew.
Chem. paper cited above may be useful for this question) (10 pts)

Use the CV data to rank compounds 1-3 in order of ease of electrochemical oxidation.
Based on this ordering, briefly explain which of the two piperidine-based substrates would be best
suited for a Shono oxidation. (10 pts)

WebMO (10 pts)

Optimize the structure of the Shono oxidation product (B3LYP/6-31G(d), C1 symmetry,

~3 hr to optimize) and perform an NMR calculation on the optimized structure. Be sure that the

Boc group is in the syn conformation (see NMR assignment key). Show the experimental and
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B3LYP-predicted *H NMR shifts in a single table (use the average of the individual shifts for any
H atoms you expect to be equivalent). The results of this calculation will be useful during your
analysis of the *H NMR spectrum of the crude product. Include an image of the Shono product
next to the NMR table and include the six-digit WebMO job number for each calculation at the
end of the assignment.

NMR (15 pts)

Use the B3LYP *H NMR chemical shift estimates to assign all signals in the experimental
'H NMR spectrum of the Shono oxidation product mixture (CDCls) according to the key below.
Note that some signals may overlap, in which case label the composite signal using the appropriate
1H labels. Use the signals from the internal standard and product to calculate the yield (%) of the
Shono oxidation reaction. Show all work for the yield (%) calculation.

In addition to data for the crude product, *H NMR spectra (CDCl3) of the N-Boc
pyrollidine substrate and the [EtsN][OTs] electrolyte are available on the course website.
Interpretation of these spectra is not required for credit but will assist in the assignment of each
signal in the *H NMR spectrum of the crude Shono reaction product.

Assignment key for 'H NMR spectrum
Use the key shown below to assign all signals in the *H NMR data of the Shono oxidation

product.
Hd HC Me (Hk)
&OMe(Hb) Me (Hp) H; H,
He~N" H, Hg Et3N/\H‘
)\O\ ® ] Hn,
O BuH Me Me ©80;

product internal standard electrolyte salt
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Note that the N-Boc group can rotate about the axis of the N-C(O) bond. In solution, the
conformational isomers (rotamers) of N-Boc pyrrolidine are in equilibrium, therefore Ha
experiences different chemical environments that depend on this equilibrium
Conclusion (5 pts total)

Use this section to summarize the outcome of the study. (5 pts) The following subsection should
be included (it does not need a separate heading; instead it should be woven into the narrative).

A.4.  Optional Addendum to Student Laboratory Manual Chapter and Assessment
Questions

When employing bulk electrolysis techniques, electrochemists commonly report the
amount of charge passed in the cell during the electrolysis. The Faraday constant (96,485
Coulombs/mol e) represents the amount of charge (C) in one mole of electrons and can be used
to relate the charge passed during an electrolysis to the moles of electrons transferred during the
electrolysis. In electrolysis reactions, electrons are transferred in stoichiometric quantities. In the
Shono oxidation (as in most organic redox reactions), transfer of two moles of electrons per mole
of the carbamate substrate are required. The moles of electrons transferred during a reaction per
moles of substrate added to the cell is also referred to as the Faraday’s per mole (F/mol). The
amount of charge passed during a reaction can be described by:

Current (amp, A) x Time (second, s) = Charge (coulomb, C) 2

The quantity of electrons transferred during a reaction can be determined from the total
charge applied during the reaction:

Total Charge (C)

¢ (mol) = 96785 (C mol e @)
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In “Experimental Procedure (Part 2 - Shono Oxidation of N-Boc pyrrolidine)”

Increase the stir rate until good convection is observed. Connect the potentiostat leads to
the electrolysis cell electrodes, taking care to make sure the correct leads are connected to the
correct electrodes and that the leads are not contacting any other conductive materials. Standard
connections for all Pine potentiostats are described below:

Red: working, anode (here: graphite rod)

White: reference (here: Ag/Ag”™ electrode)

Green: counter, cathode (here: Pt wire)

Black: ground (attach to a clamp or other convenient conducting material)

After having a TA check your experimental setup, open the AfterMath program. Open the
“Shono Oxidation” archive. The archive will contain the conditions for a bulk electrolysis
experiment and will either be set up for a constant current experiment (15 mA) or a constant
potential (1.5 V) experiment. The parameters have been set to stop the electrolysis once 60

Coulombs have been passed.
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In “Report Requirement (Data Analysis)” (p. 20)

Calculate the moles of electrons passed in the Shono oxidation. Show all work for the
calculation and report the answer with three significant figures. How does this compare to the
theoretical quantity of electrons required for the reaction? What do the differences (if any)
indicate? Briefly discuss possible reasons for this difference. (10 pts)

A5. Grading Key
Abstract (5 pts)
Summarize the key findings of the CV study and Shono oxidation in a brief abstract (it might be

prudent to write this section after you have completed the data analysis).

Grade 5, 3, 1, or 0 pts for a coherent summary of the CV data including: the best Shono oxidation
substrate for bulk electrolysis based on CV analysis and the outcome of the Shono bulk electrolysis
reaction (product, yield (%)).

Introduction (15 pts)
Briefly outline the goal(s) of this study in terms of the chemistry and analysis taking place. (5 pts).

Grade 5, 3, 1, or 0 pts based on a coherent summary of lab goals.

Literature analysis (10 pts)
Read the paper Angew. Chem. Int. Ed. 2018, 57, 6686 and briefly outline i) a major limitation of

the Shono oxidation that impacts substrate scope, and ii) results discussed in the paper that
overcome this limitation. Cite the paper in the ACS style. (10 pts)

Wang, F.; Rafiee, M.; Stahl, S. S. Electrochemical Functional-Group-Tolerant Shono-type
Oxidation of Cyclic Carbamates Enabled by Aminoxyl Mediators. Angew. Chem. Int. Ed. 2018,

57, 6686-6690. 2 pts fully correct citation
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A major limitation of a typical Shono oxidation is the low compatibility of functional groups on
the carbamate (2 pts). This is because the high electrode potentials required to initiate direct
electrochemical oxidation of the substrate (1 pt) can lead to decomposition/undesired reactivity (1
pt).

The results described in the ACIE paper show that use of an aminoxyl radical lowers the potential
at which the oxidation takes place (2 pts). The aminoxyl radical acts as a hydride-transfer mediator
(1 pt) to generate the required iminium cation at lower applied potentials (1 pt) than are required
for direct oxidation of the substrate in the classical Shono oxidation.

Experimental (15 pts total)
Rewrite the Shono oxidation experimental procedure in past tense and include the exact masses,

volumes, etc. you used in the lab (5 pts). Include an appropriate reaction scheme and summary of

the 'H NMR (10 pts) of the crude product.

L) (.

N > N
Boc Et,N[OTs], MeOH '

Undivided cell, carbon: steel

To an undivided electrolysis cell was added tetraethylammonium p-toluene sulfonate (xx mg, xx
mmol) and a Teflon-coated stir bar. Methanol (~5 mL) was added, followed by N-Boc-pyrrolidine
(44 pL, 0.25 mmol, 0.05 M). The graphite working electrode and stainless-steel counter electrode
were added to the cell and the reaction mixture stirred rapidly. The electrodes were activated, and
the reaction stirred for 67 min (2.5 F/mol). After this time, the mixture was transferred to a round
bottom flask and the solvent removed in vacuo. To the residue was added 1,3-5-trimethylbenzene
(10 pL, 0.072 mmol), and the mixture dissolved in CDCla.

IH NMR (d, ppm): 5.10 (m, 1H), 3.45 (s, 3H), 3.41 (m, 2H), 2.09-1.66 (M, 4H), 1.47 (s, 9H).
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5 pts scheme (3, 1, or 0 pts)
5 pts coherent and correct procedure (3, 1, or 0 pts)
5 pts NMR data (3, 1, or 0 pts)

Results & Discussion (60 pts total)
Use this section to present your experimental and theoretical data, and outline the overall

meaning of the results/data. (5 pts) Tables are useful for showing multiple data sets simultaneously.
The following subsections should be included (they do not need a separate heading; instead they
should be weaved into the narrative).

Grade 5, 3, 1, or 0 pts based on coherent summary of the data.

Data analysis (30 pts)

Show the individual cyclic voltammograms of anisole (1), piperidine-1-carboxylic acid methyl
ester (2), and 4-anisylpiperidine-1-carboxylic acid methyl ester (3) on a single, labelled CV plot.
Reference the potential axis (x-axis) to the ferrocene CV data. Indicate the peak potential of each

CV. (10 pts)
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4 pts single correct labeled plots showing CVs of all three substrates

Approximate peak potential values are as follows (all vs. Fc):

Anisole (1) = 1420 mV

Piperidine-1-carboxylic acid methyl ester (2) = 1610 mV

4-Anisylpiperidine-1-carboxylic acid methyl ester (3) = 1280 mV

2 pts per reasonably close value (= 0.5 V) (6 pt total)

Compare the shape of the CVs of substrates 1-3 to the CV of ferrocene. What do the differences
(if any) indicate? Briefly discuss possible reasons for this difference (the Angew Chem paper cited
above may be useful for this question) (10 pts)

Ferrocene exhibits a reversible CV that is “duck-shaped” (2 pts). This duck shape indicates that

the ferrocene/ferrocenium (Fc/Fc*) redox couple is reversible (2 pts), that ferrocenium is stable
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under these conditions on the time scale of the CV experiment, and that the kinetics of electron
transfer at the electrode surface are relatively fast.

The CVs of the organic substrates are irreversible (4 pts). A likely cause is the formation of either
an aryl- or carbamate-based radical cation or iminium cation (1 pt) at the electrode surface results
in a secondary reaction(s) so that the radical cation or iminium cation is not present at the electrode
surface to be electrochemically reduced (1 pt). They can also back this statement up with
information about how well the Shono oxidation of compounds 2 and 3 proceed based on the
Angew. Chem. Int. Ed. article.

Use the CV data to rank compounds 1-3 in order of ease of electrochemical oxidation. Based on
this ordering, briefly explain which of the two piperidine-based substrates would be best suited for
a Shono oxidation. (10 pts)

4-Anisylpiperidine-1-carboxylic acid methyl ester (3) is easiest to oxidize/has the lowest oxidation
potential/requires the least positive electrode potential to undergo oxidative electron transfer,
followed by anisole (1), then piperidine-1-carboxylic acid methyl ester (2).

2 pts each correct ordering (6 pts total)

Compound 2 is better suited to the Shono oxidation than compound 3 (2 pts) because it does not
have an incompatible functional group (1 pt). If the reaction were run with compound 3, electron
transfer would likely occur at the aryl group/an aryl radical cation would be generated.

(1 pt). (4 pts total)

WebMO (10 pts)
Optimize the structure of the Shono oxidation product (B3LYP/6-31G(d), C1 symmetry, ~3 hr to

optimize) and perform an NMR calculation on the optimized structure. Be sure that the Boc group
is in the syn conformation (see NMR assignment key). Show the experimental and B3LYP-

predicted *H NMR shifts in a single table (use the average of the individual shifts for any H atoms
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you expect to be equivalent). The results of this calculation will be useful during your analysis of
the *H NMR spectrum of the crude product. Include an image of the Shono product next to the
NMR table and include the six-digit WebMO job number for each calculation at the end of the

assignment.

Atom Calc. NMR shift Exp.
NMR shift
Ha 5.10 511
Hb (3.27+3.30+3.44)/3 = 3.45
3.34
Hec (1.56+1.80)/2 = 1.68 ~1.66 -
2.1
Hyg (2.24+1.58)/2=1.91 ~1.66-2.1
He (3.31+3.19)/2 = 3.25 ~3.41
H¢ [(1.25)+(1.62)+(1.57)]/3 1.47
=148

1 pt coherent table

1 pt WebMO image of product

8 pts all correct calculated signals
(6 pts one error/omission)

NMR (15 pts)
Use the B3LYP H NMR chemical shift estimates to assign all signals in the experimental H

NMR spectrum of the Shono oxidation product mixture (CDCls3) according to the key below. Note

that some signals may overlap, in which case label the composite signal using the appropriate *H
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labels. Use the signals from the internal standard and product to calculate the %yield of the Shono
oxidation reaction. Show all work for the yield (%) calculation.

In addition to data for the crude product, *H NMR spectra (CDCIls) of the N-Boc pyrollidine
substrate and the [EtsN][OTs] electrolyte are available on Canvas. Interpretation of these spectra
is not required for credit but will assist in the assignment of each signal in the *H NMR spectrum

of the crude Shono reaction product.

b e Me (Hy)
&OME (Hp) Me (Hh) H; H
He N Ha ,/J:::/ Hg Et;N /\H_
)\o ,n‘\ ,_/:,‘\ @ ' Hm
°© eu (Hy) Me™ = Me ©80,
Product Internal Standard Electrolyte
T
2
>
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| V! Hb I~ N | Hj
H; Hy
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H.
j\‘ H.&H,
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f1 (ppm)
10 pts all correct assignments
(8 pts one error/omission)
(6 pts two errors/omissions)

(4 pts > two omissions)
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Ha Integration

Product (mmol) = 0.072 (mmol) x !

Hg Integration
3

Yield (%) = G5 mme < 100

5 pts correct yield (%) calculation

(3 pts if yield is approximately correctly but the calculation incorporates odd signals (Hs or Hn))
(1 pt for incorrect yield calculation)

Conclusion (15 pts total)

Use this section to summarize the outcome of the study. (5 pts) The following subsection should
be included (it does not need a separate heading; instead it should be weaved into the narrative).
Grade 5, 3, 1, or 0 pts based on coherent summary of the findings.

A.6. Alternative Set-Up Addendum to Grading Key

In “Report Requirement”

Data Analysis (10 pts)

Calculate the moles of electrons passed in the Shono oxidation. Show all work for the calculation

and report the answer with three significant figures. How does this compare to the theoretical
quantity of electrons required for the reaction? What do the differences (if any) indicate? Briefly
discuss possible reasons for this difference. (10 pts)

60 C
96485 C/mol x 0.00025 mol

2.49 F/mol =

5 pts total
(no units = 2 pts)

(-1 wrong sig figs)

The Shono reaction is a 2e” oxidation reaction, so 2 F/mol is theoretically required to convert all

substrate to product (1 pt). 2.5 F/mol is passed in the cell during the reaction, indicating that at
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least 0.5 F/mol are not involved in product formation (1 pt). The electrochemical side-reaction is

likely oxidation of the MeOH solvent (3 pt). They can include bulk electrolysis traces to support

their conclusions.

Constant Current Bulk Electrolysis (15 min)
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A.7.  Practice Exercise: Yield Calculation from *H NMR Using Internal Standard
CHEM 346 How to Calculate %Yield Using *H NMR Data NOT FOR CREDIT
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The following exercise is a guide on how to use *H-NMR data to calculate the yield (%)
of product in a crude sample of reaction mixture. The electrochemical alcohol oxidation reaction
featured here uses violuric acid (VA) as an electrochemical mediator (catalyst) to convert 4-
methoxy-a-methylbenzyl alcohol to 4'-methoxyacetophenone. The aromatic compound 1,3,5-
trimethoxybenzene is the internal standard.

Use the procedure below and the 'H NMR data file posted on the course website to

calculate the yield (%) of 4'-methoxyacetophenone in the crude reaction mixture.

||-| ' _OH
0.9 V vs. Ag/AgCI : N
OH  Carbon anode: Pt cathode *+ o] o) o MeO OMe
10 mol% violuric acid _ i
> HN_ _NH
50:50 Aq. Buffer: Acetone | \n/
MeO RT, Rxn End: < 0.05 uA MeO | o) OMe
0.5 mmol i VA Internal standard
Procedure

To an undivided electrolysis cell, add a Teflon stir bar, a solution of 4-methoxy-a-
methylbenzyl alcohol (75.7 mg, 0.5 mmol) in 10 mL 1:1 acetone:0.1 M sodium acetate/acetic acid
buffer, and VA (8.76 mg, 0.05 mmol). Insert a graphite rod working electrode, a platinum wire
coil counter electrode, and a Ag/AgCI reference electrode into the solution. Apply a constant
potential of 0.9 V until the current is less than 0.05 uA. When the electrolysis is complete, add
1,3-5-trimethoxybenzene (16.5 mg) to the reaction solution, dissolve an aliquot of the reaction
solution in CD3CN and obtain a *H-NMR spectrum.

Notes

Integration of the signal(s) from the internal standard and product are used to determine

the ratio of standard and product. The amount of product (mmol) is calculated by using this ratio

and the known amount of added standard according to the equivalent equations shown below.

Product integration # H atoms

P )= 1) x x
roduct (mmol)= Standard (mmol) # H atoms Standard integration
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Product integration
# H atoms
Standard integration
# H atoms

Product (mmol)= Standard (mmol) x

The percent yield is the ratio between the amount of product (mmol) and starting material
(mmol) converted to a percentage

The reaction solvent was not evaporated before preparing the NMR sample so large
signals from water and acetone are present in the spectrum.

The signal from residual CH3CN in CD3CN (the NMR solvent) appears at 1.94 pp

IH NMR (400 MHz, CDsCN):
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1H NMR, NMR Solvent: CD3CN
Standard: 1,3,5-Trimethoxybenzene
Product: 4-metho>%acetophenone
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1H NMR
NMR Solvent: CD3CN
Standard: 1,3,5-Trimethoxybenzene H Acetone
Product: 4-methoxyacetophenone Hc d L
HC}\ H Hd
Ho O Hy ¢
Hp
Product
Hd
Hb He
CD,CN
H,0
8‘.0 I 7‘.6I 7I.4I 7I.2l Tf'I.OI 6‘.8I 6I.(5I 6l.4I 6I.2I 6.0
fl (ppm)
M H, M H,
T N T 3 o
8 2 8 R
Ir\: I r\\- fﬂ' I 1 1 T I EI E T
0 7.5 7.0 6.0 5.5 5.0 4.5 3.0 2.5 1.5

Answer key.
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Signal He is from the standard and has a clear baseline. Signal He has an integration of
3.00 corresponding to three equivalent H-atoms on the aromatic ring. Product signals Ha and Hp
also have a clear baseline and are close to standard signal He. These two product signals
correspond to the two pairs of equivalent protons on the aromatic ring, with integration value of
7.05 and 7.18, respectively.

The integration and corresponding number of hydrogen atoms can be used to determine
the ratio between the standard and product. The amount of product can be calculated using this
ratio and the known amount of added standard. Using signals Hy and He:

Standard ( - mass standard (mg) B 16.5 mg — 0.0981 i
A O™ 2 olar mass standard (mg/mmol) ~168.19 mg/mmol_ ’ o

Product integration # H atoms
Product (mmol)= Standard (mmol) x

X
# H atoms Standard integration

7.18 3
Product (mmol)=0.0981 mmol x — X 300 - 0.352 mmol

Alternately,

Product integration

_ # H atoms
Product (mmol)= Standard (mmol) x Standard integration
# H atoms
7.18
Product (mmol)=0.0981 (mmol) x go = 0.352 mmol
3

The percent yield is the ratio between the amount of product (in mmol) and substrate (in
mmol) converted to a percentage.

Yield (%)= Product (mmol) < 100
teld (%0)= Substrate (mmol)

Yield (% _0.352 mmol Product X 100="70.4%
ield (%) 0.50 mmol Substrate e
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Signal Ha is also valid to use in the calculation, and the %yield would be slightly different.

7.05 3
x —— =(.346 mmol

Product (mmol)=0.0981 mmol x 5 700

Vield (% _ 0.346 mmol Product % 100= 69.2%
ield (%)= 0.50 mmol Substrate ettt

A.8.  Links to High-Resolution Lecture and Experimental Videos
Below are links to high-resolution video files of prelab lectures and experimental

procedures relevant to Shono oxidation laboratory exercises. The videos were recorded in
September 2020 in preparation for an on-line or hybrid version of the CHEM 346 laboratory
course. The links are embedded in UW-Madison’s Kaltura media space. The raw video files (mp4)
and lecture slides are available from the author upon request

Lecture:

https://mediaspace.wisc.edu/media/ CHEM%20346%20Cyclic%20Voltammetry%20and%20Electro

synthesis.mp4/1 30d2zz95

Shono Oxidation Bulk Electrolysis:

https://mediaspace.wisc.edu/media/ CHEM+346+Electrochemical+Shono+Oxidation/] 4x54un0

b

A.9.  Spectral Data
!H NMR data were obtained on a Bruker SampleJet instrument (1H 400 MHz) in CDCl3

solution. All NMR data were processed using the MestReNova program. Chemical shift values

are reported in parts per million (ppm) relative to CHCI3z (6 = 7.26 ppm) in CDCls.


https://mediaspace.wisc.edu/media/CHEM%20346%20Cyclic%20Voltammetry%20and%20Electrosynthesis.mp4/1_30d2zz95
https://mediaspace.wisc.edu/media/CHEM%20346%20Cyclic%20Voltammetry%20and%20Electrosynthesis.mp4/1_30d2zz95
https://mediaspace.wisc.edu/media/CHEM+346+Electrochemical+Shono+Oxidation/1_4x54un0b
https://mediaspace.wisc.edu/media/CHEM+346+Electrochemical+Shono+Oxidation/1_4x54un0b
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'}1 N

Boc Et4N[OTs], MeOH
Undivided cell, Carbon:Pt

|
Boc

Crude reaction mixture with 1,3,5-trimethylbenzene as internal standard
'H NMR (400 MHz, CDCly):
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A.10. Computational Methods and Linked Job Output
All calculations were performed in Gaussian 16 using WebMO® as the user interface at

the B3LYP level of theory and 6-31G(d) basis set.
All computational data are available via an HTML-export from WebMO to allow students
and instructors direct access to the data. These data are provided as a series of direct links viewable

in a web browser (right click on the job number in Table A.1 and select “Open Hyperlink™).
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The raw output file from the calculation is available by clicking the “Raw Output” button
in the HTML linked file (see example in Figure A.9). The raw output files for each job are also

available within a separate zip file (“Raw WebMO Output Files”) in the supporting information.

Table A.1. Link to computational jobs.

Job Job Name
Number
648285 Shono Product (R)-Syn
697487 Shono Product  (R)-Syn
(NMR)?

8Calculated NMR chemical shifts are located by scrolling into the Calculated Quantities field in the linked output.

Isotropic chemical shifts should be used (see Figure A.10).

WebMO Job Summary

648285: Shono product (R)-syn, Opt+VibFreq faster - Gaussian

Molecule Viewer Data Viewer
File Edit View Cleanup Calculate Lookup Help

View - Rotate (drag = rotate XY: alt-drag = rotate Z)
['Raw Output |

Figure A.9. Image highlights location of “Raw Output” button to access raw output data file for
job 648285


https://www2.chem.wisc.edu/deptfiles/OrgLab/WebMO/job_648285.html
https://www2.chem.wisc.edu/deptfiles/OrgLab/WebMO/job_697487_1.html

Calculated Quantities

Collapse all

v Overview

Route #N B3LYP/6-31G(d) NMR Geom=Connectivity
Stoichiometry ~ CyoHgNO;

Symmetry c1

Basis 6-31G(d)

RB3LYP Energy -672.955684392 Hartree

Dipole Moment 5 o570 Debye >

Server batch (710954)

CPU time 652.3 sec

~ Rotational Constants

Constant Frequency (GH2) Frequency (cm)

a 1.2278397 0.04095632386

b 0.4159141 0.01387340104
0.3574558 0.01192344205

Absolute NMR Shifts

1 c* 46.7136  39.9635

2 N 141.3326 105.5016

3 cC 87.4764  33.9909

4 C 342129 247096

5 ¢ 257041  20.9815

6 H* 22354 87066

5y 1.5806  10.1070

8 W 15594 86611

9 H* 18023  9.1931

10 H* 51024  3.1047

1n 0 266.5274 87.9925

12 C 544368 68.8867

Figure A.10. Image highlights location of Absolute NMR shifts in data file for job 697487
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Appendix B: Deriving the Turnover Frequency of Aminoxyl-Catalyzed
Alcohol Oxidation by Chronoamperometry: An Introduction to Organic

Electrocatalysis Supporting Information
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B.1.  Introduction
Oxidation reactions of alcohols are among the most important and widely used functional
group transformation reactions in organic chemistry. Cyclic voltammetry (CV) and
chronoamperometry (CA) are useful techniques in electrochemistry which give qualitative and
quantitative information for electron transfer reactions. In this laboratory experiment,
electrochemical oxidation of solketal, as the alcohol substrate, catalyzed by 4-acetamido-TEMPO,
is explored using CA and CV techniques. The description of the CV and CA techniques and
catalyzed electrochemical oxidation of alcohols can be found in the included student handout
(Section B.9).

B.2.  Note for Instructors
Chemical reagents
e 4-Acetamido-2,2,6,6-tetramethylpiperidine 1-Oxyl Free Radical (ACT), CAS 14691-89-

5, 98.0+%, TCI America, was purchased from Fisher Scientific. LD50 for ACT is unkno

e wn but it has reported 2000mg kg1 for its derivative, TEMPO.

e Sodium Bicarbonate (Powder/Certified ACS), CAS# 497-19-8, Fisher Chemical, was
purchased form Fisher Scientific.

e Sodium Carbonate Anhydrous (Powder/Certified ACS), Fisher Chemical, CAS# 144-55-
8, was purchased form Fisher Scientific.

e Solketal, (1,2-1sopropylideneglycerol) 97%, Alfa Aesar™, CAS# 100-79-8, was
purchased from Fisher Scientific.

e Alumina Powder Gamma, Type DX, 0.05 um Particles, was purchased from Fisher

Scientific.

Deionized water was used for making the solutions

Apparatus and labware
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e Pine Wavenow XV 100 Potentiostat

e Mettler Toledo Precision Balance (readability of 1 milligram)

e Six —eight 10 mL volumetric flasks,

e Volumetric pipettes

e Pine glass low volume electrochemical cell with Electrode holder
e Pine glassy carbon working electrode, 3 mm diam., with o-ring

e Pine Pt wire counter electrode, with o-ring

e Pine 3M KCI Ag/AgCl reference electrode, with o-ring

The o-rings were used to adjust the height of immersed electrode in the solution and avoid
contact with bottom of cell.
e Metal alligator clamps
e BASI Electrochemical Polishing pad
e Water wash bottle
e Rinse beaker and waste container
Other Notes
Pine equipment was utilized for this laboratory experiment. The potentiostat is controlled
by a PC laptop with Windows OS using Aftermath software. However, it is not necessary to have
a Pine Potentiostat, and any other potentiostat works for this experiment. The three required
electrodes are also commercially available from different vendors. The guide for using the
software and analyzing the data is described on the Pine website (the link and instructions are listed
in the students’ handout). Aftermath has a function that calculates the consumed charge for each
CA experiment. Two kinds of data analysis can be employed for this experiment. Students utilized

Aftermath Software for data analysis in our lab sections. However, this is not necessary and if this
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software is not accessible, data can be extracted to Excel for further analysis, see section B.8. and
the Supporting Information Excel file.

The alumina powder, Gamma, Type DX, 0.05 um Particles, was mixed with DI water to
make the polishing slurry. The shape of the catalytic CVs may appear slightly different when using
other forms of alumina or other polishing slurries. The surface of glassy carbon disk when its

polished should be shiny as shown in Figure B.1.

)
e

N

Figure B.1. Demonstration of shiny surface of polished glassy carbon (GC) electrode

B.3.  Safety
Proper laboratory attire should be worn in the laboratory at all times, including gloves,

close-toed shoes, and approved safety goggles. Specific precautions for chemicals in this
experiment are mentioned in the hazards section and should be referenced; students should also be
aware of how to properly dispose of chemical waste.

B.4.  Experimental Procedure and making the Stock Solution

e To prepare 10 mL 20 mM stock solution of ACT, the students were given solid ACT, and
in a typical experiment they weighed 0.041 g of ACT to be dissolved in DI water.

e To prepare 100 mL 0.2 M NaHCOs stock solution, the students were given solid NaHCOs,
and in a typical experiment they weighed 1.68 g of NaHCO3 to be dissolved in DI water.

e To prepare 100 mL 0.2 M Na2COs stock solution, the students were given solid Na,COs,

and in a typical experiment they weighed 2.12 g of Na2COs to be dissolved in DI water.



188

The students were given 10 mL 0.2 M stock solution of solketal, and this solution was
prepared by dissolution of 0.248 g of solketal in 100 mL DI water. Aqueous solution of solketal is
not stable and should be prepared daily.

The preparation of the other required solutions for the experiments can be found in detail
within the student handout.

B.5.  Additional Electrochemical Data and the Results by Students
The practical time for a chronoamperogram is ten to twenty seconds under "Cottrell

conditions™. During the first few second(s) of experiments, non-faradaic current, potentiostatic
limitations, and limitations in the recording device can make it difficult to identify the faradaic
current precisely. For the measurements longer than twenty seconds, convective disruption of the
diffusion layer may occur due to the buildup of density gradients and stray vibrations.

The chronoamperogram of ACT in the absence of solketal, where the current-time profile

follows the diffusion-controlled correlation, is described by the Cottrell equation

1/ 1
ot /2 (egn. 1S)

I = nFAT™"/2CaerD

where 1 is current (A), n is the number of electrons transferred in the half reaction, F is
Faraday's Constant (96,485 C mol ™), A is the area of the electrode, Dacr is the diffusion coefficient
of ACT (cm? s ), Cacr is the initial (bulk) concentration of ACT (mol cm~2), and t is time (s). This
form of the equation is specific to planar diffusion at an inlaid disk electrode. Current is plotted as
a function of t 2. Examples of linear correlation as plotted by students are shown in Figure B.2.
Deviation from the linear trend is observed occasionally (e.g. Figure B.2d) and is mostly due to

variations in polishing. Discarding the data for first experiment conducted after polishing and

repeating it without polishing results in more reproducible responses.
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Figure B.2. Four examples of the plotted data (by four individual groups) for post analysis of
chronoamperometic responses. The plots show the correlation of current as a function of t*?which
is supposed to be linear. Solution conditions: 1.0 mM ACT in aqueous solution with
NaHCO3/Na>CO3 electrolyte (0.1/0.1 M, pH 10). Applied potential for chronoamperometry is 0.8
V vs Ag/AgCl.

B.6.  Deriving the Diffusion Coefficient of ACT

Based on Equation 1S, under Cottrell conditions, plotting | (current) vs. t™/2 should give
a linear plot (see Figure B.3) where the slope gives the diffusion coefficient (D) of ACT. In

practice, the Cottrell equation simplifies to | = kDYt "2, where k is the collection of constants for

a given system (n, F, A, C and n‘1/2). Then, the value of D can be derived from the slope of the
line. Figure B.3 shows the chronoamperogram of ACT and its linear version as a function of t /2,
The current for the time between 1.6 to 20 s was used (blue plots in Figure B.3) and the first 1.4 s

(shown in red) was eliminated. The derived D value for ACT was 6.69 x 10° cm?s™.
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Figure B.3. Chronoamperogram (a) and the plot of current as a function of t¥/2 (b) for 1.0 mM
ACT in aqueous solution with NaHCO3/Na>COs (0.1/0.1 M, pH 10). Applied potential for
chronoamperometry is 0.8 V vs Ag/AgCI.

The value of D can also be derived from the current vs square root of scan rate plot, Figure
B.4. In practice, this plot is described by the Randles-Sevéik equation, I, = kKDY2vY2 where v is
scan rate (V s 1) and D (cm? sY) is the diffusion coefficient, the value of D can be derived from
the slope of the line. The derived value of D for ACT was 6.85 x 10° cm?s?, in agreement with

value derived by analysis of chronoamperometric plots.

1.8E-05 A
y = 4.87E-05x - 3.64E-07
R? = 9.94E-01

1.2E-05 A
<
2

6.0E-06 -

0.0E+00 T T T

0.0 0.1 0.2 0.3 0.4

vii2 (V1 123—1 /2)

Figure B.4. The plot of anodic and cathodic peak currents versus square root of scan rate. Solution
conditions: aqueous solution with NaHCO3/Na.COs electrolyte 0.1/0.1 M, and pH 10.

B.7.  Deriving the Kinetic Information from Voltammetric Results
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Deriving kinetic information from a voltammetric experiment is also possible. But, scan
rate dependence/independence of voltammetric responses in the absence and presence of substrate
makes it difficult to simply derive the turnover frequency (TOF) by measuring the ratio of
consumed charges of the voltammograms. The voltammetric currents for an electrocatalyst are
diffusion-controlled in the absence of substrate but independent of scan rate in the presence of
substrate. One option to derive the Kinetic information by cyclic voltammetry is to plot the catalytic
peak current in the presence of various concentrations of substrate as a function of the square root
of substrate concentration (Figure B.6 and Figure B.7). In circumstances where the anodic peak
current is limited by the kinetics of the catalytic reaction, there is a linear correlation between the

square root of substrate concentration and catalytic current as described by Egn. 2S

Iear = nFACACT(Dsolketalkobscsoletal)1/2 (eqn. 2S)

where Icat is the anodic catalytic current, Cact and Csolketar are the bulk concentrations of
ACT and solketal (mol cm3), and n, F and A represent the number of transferred electrons in a
catalytic cycle, the Faraday constant, and the electrode surface area, respectively. Dsoiketal denotes
the diffusion coefficient of solketal (cm? s™).123 This linear trend can be used to prove that the peak
current is controlled by the reaction kinetics. The slopes can be used to compare catalytic activities
under different conditions and for different substrates or catalysts.®

Examples of the quantitative results by students are represented here. Figure B.7 is an
example of an experiment and data analysis that produced unexpected trends. The students in this
group concluded that volumetric flasks were marked and analyzed in wrong order. Careful labeling

of the solution is crucial for getting accurate results.
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Table B.1. Turnover frequency (TOF) of ACT for oxidation of solketal.

Solketal Turnover
concentration (mM)  Frequency (h)

2 mM 346

4 mM 548

9 mM 802

16 mM 1024

Reaction Conditions: aqueous
solution with NaHCOs3/Na2COs
electrolyte 0.1/0.1 M, pH 10, 1.0 mM
ACT.

y = 24.084x - 5.954

80 - Rz = 0.9997

60 -
<
=
= 40

20 -

0 : .
0.0 2.0 4.0 6.0
C1IZ (mM112)

Figure B.5. Plot of the anodic peak current of cyclic voltammograms as a function of square root
of concentration of solketal (C™?). Solution conditions: 1.0 mM ACT in aqueous solution with
NaHCO3/Na>COs electrolyte (0.1/0.1 M, pH 10).
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Table B.2. Turnover frequency (TOF) of ACT for oxidation of solketal.

Solketal Turnover
concentration (mM)  Frequency (h)

2 mM 345

4 mM 359

9 mM 694

16 mM 879

Reaction Conditions: aqueous
solution with NaHCOs3/Na2COs
electrolyte 0.1/0.1 M, pH 10, 1.0 mM

ACT.
y = 21.675x + 3.5676
80 1 R? = 0.989
60 -
<
-
= 40
20 -
0 T T
0.0 2.0 4.0 6.0
C1/2 (mM1/2)

Figure B.6. Plot of the anodic peak current of cyclic voltammograms as a function of square root
of concentration of solketal (C™?). Solution conditions: 1.0 mM ACT in aqueous solution with

NaHCO3/Na>COs electrolyte (0.1/0.1 M, pH 10).
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Table B.3. Turnover frequency (TOF) of ACT for oxidation of solketal.

Solketal Turnover
concentration (mM)  Frequency (h)

2 mM 543

4 mM 618

9 mM 658

16 mM 262

Reaction Conditions: aqueous
solution with NaHCO3/Na2COs
electrolyte 0.1/0.1 M, pH 10, 1.0 mM
ACT. The data presented for 16 mM (in
red) doesn’t obey expected trend).

70
y =12.761x + 21.383
60 - R2=0.994

50
— 40 A
= 30 H

20 Excluded

10 H

0.0 2.0 4.0 6.0
C112 (mM1IZ)
Figure B.7. Plot of the anodic peak current of cyclic voltammograms as a function of square root

of concentration of solketal (C™2). Solution conditions: 1.0 mM ACT in aqueous solution with
NaHCO3/Na>CO3 electrolyte (0.1/0.1 M, pH 10).

B.8.  Consumed Charge for Chronoamperometry Experiment
The consumed charge for each data point of the chronoamperogram equals the current at

each time interval (Figure B.8, cell C3). For example, cell B3 in Figure B.8 is multiplied by
corresponding time interval (i.e. the difference between the recorded times depicted in A3 and
A4). The summation of these consumed charge is the total amount charge for each

chronoamperogram (Figure B.8, cell D3). See the Excel file in Supporting Information.
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Figure B.8. Demonstration of charge calculation in Excel for the chronoamperogram.

B.9. Summary of Assessment
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This assessment was done at University of Missouri-Kansas City (UMKC) for Physical

Chemistry Laboratory Course. The Following questions were the basis for assessment. Students

included answers to these questions in their laboratory reports. We did not ask students to derive

the diffusion coefficient (D) by analysis of voltammetric and chronoamperometric data. At the

suggestion of reviewers, discussion of deriving the value of D from chronoamperometric and

voltammetric results were added.

The summary of the assessment results is in italicized Arial font:

1. Obtain the following graphs for the ACT-only voltammetric data:

a) CV curves (overlaid over one another) at the four scan rates.

b) Plot ACT Peak Current vs scan rate.

c) Then plot ACT Peak current vs the square root of scan rate.

Q1: What trends do you notice? What do these trends imply?

Summary of Assessment: All the students were able to produce the requested plots and

describe the linear correlation between the peak current and square root of scan rate. Most of

the students recognized the correlation based on Randles-Sevéik, and a few of them explained

the underlying logic (i.e. the diffusion-controlled process is at different time scales for CVs

with different scan rate).
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2. Make a plot of the normalized CV curves (overlaid over one another) at the four scan rates.
(Hint: Normalized CVs are derived by dividing the currents from the entire CV curve by the
square root of scan rate.)

Q2: What differences do you notice between the Non-Normalized CV'’s versus the Normalized
CV’s?

Summary of Assessment: All the voltammograms after normalization had same heights (with
less than 8% standard deviation) and most of the students identified and reported the scan rate
independence of the normalized voltammograms.

3. Make a graph of the CV curves (overlaid over one another) for the ACT in the presence of 4
mM solketal at the four scan rates.

a) Plot ACT Peak Current vs scan rate.
Q3: What trends do you notice? What do these trends imply?

4. Open the data for all CVs of ACT-solketal solutions collected at a scan rate of 50 mV s,
Obtain the following graphs:

a) Plot the peak currents vs the concentration of solketal.

b) Plot the peak current vs the square root of the concentration of solketal.

Q4: What trends do you notice? What does this tell you about the kinetics of this reaction?
Summary of Assessment for 3 and 4: The students recognized that the voltammetric currents
became independent of scan rate and depended on the concentration of solketal (substrate).
All the students were able to relate the peak current and solketal concentration, but some of
them didn’t point out the effect of reaction kinetics clearly.

Notel: As directed by one of the reviewers, the equation that shows the effect of the rate

constant of catalytic reaction on peak current was added to the student’s handout.
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lear = MFACcqr(DsubkobsCoup) 2
This will help the students to address the relationship between concentration of kons (and
concentration of solketal and) and anodic peak current (Figure B.2—B4)
Note2: One of the student groups didn’t observe the linear trend between the voltammetric and
chronoamperometric currents. The results by this group are presented in Table B.3 and
Figure B.7. The students noticed this unexpected trend while they were in the lab. They
students stated that the catalytic voltammetric and chronoamperometric currents should
increase in proportion to concentration of substrate. The trend of their data doesn 't follow the
expected trend. After discussing with the instructors, comparing their results with other
groups’ results, and inspecting the results, the students concluded the 2 mM solution was
mislabeled as a 16 mM solution.
Calculate the TOF (h't) for ACT in the presence of 2, 4, 9 and 16 mM solketal.
All the students were able to calculate the TOF of ACT at different concentrations of solketal.
Except for one group (discussed above), all the TOFs increased with increasing solketal
concentrations. Statistical analyses of the TOFs shows 8% to 14% standard deviation for
different groups at same concentration of ACT and solketal (solutions prepared individually
by each group).
Make a plot of the normalized CV curves (overlaid over one another) at the four scan rates.
Q5: What differences do you notice between the Non-Normalized CV'’s versus the Normalized
CV’s? Explain the difference between the trends in the absence and presence of solketal.
All the students were able to conclude that when the catalytic current does not increase as scan
rate increases, a decreasing current trend is observed when the catalytic current is normalized

by scan rate. They distinguished the difference between the normalized currents in the absence
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and presence of solketal, but they didn’t clearly explain the reason for these differences in
these trends. This question may be answered more clearly by adding the equation for catalytic
current and its related discussion. See section A of student’s handout.

Survey

This survey was done from the attendees of “Organic Electrochemistry Short Course by

M. Rafiee and S. S. Stahl at University of Wisconsin—Madison.
1. Why did you attend the lab portion of this short course? Did the labs fulfill your

expectations?

“Understand new methods”

“Learn electrochemical experiments”

“General interest”

“Applications of electrochemistry on organic synthesis”

“Hands on experience”

“To see what was all needed for setup”

“How do organic chemists think?”

“Ask software questions, wide breadth of experiments, correct misconceptions (not really)”

“To get exposed to more advanced analytical techniques and mechanistic/kinetic questions”

2. Was the lab manual clear? If not, how could it be improved?
Overall, they liked the lab manual and its combination with in-person instruction.
They have asked for more technical techniques, more photos in handout, and a table for
trainees to input data.

3. Was the allotted time appropriate for the experiments in the manual?

All answered this question “yes”.
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. Was there enough time to ask questions?

All answered this question “yes”.

Did you feel that the teaching assistants were available and knowledgeable?

All answered this question “yes’ and one of them answered: “Lot’s of TAs!”.

Did the data analysis help you better understand what was going on during the experiments?

All answered this question “yes’ and one of them answered: “helped visualize it”.

How likely would you be to recommend this lab to others?

“In 2019, anyone interested in organic chemistry for a career should have baseline

experimental understanding of organic electrochemistry, which this lab provides”

“Great exposure!”

“Good for a beginner “

“Recommend to my friends”

To what extent do you agree with the following statement? “The lab experiments helped me

understand the topics covered in the lecture sessions in a practical way.” Please circle one

number.

Strongly Disagree 1 2 3 4 5
Strongly Agree

Average of 16 answers was 4.56

To what extent do you agree with the following statement? “I now feel more equipped to

execute and troubleshoot an organic electrosynthesis reaction.” Please circle one number.

Strongly Disagree 1 2 3 4 5
Strongly Agree

Average of 16 answers was 4.14
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B.10. Student Handouts
Example of the handout prepared for students is provided.

Electrochemical Solketal Oxidation Catalyzed by 4-Acetamido-TEMPO, Deriving TOF and
TON by Chronoamperometric Experiments

Introduction
Oxidation reactions of alcohols are among the most important and widely used functional

group transformation reactions in organic chemistry. These oxidation reactions are known to be
thermodynamically favored, using a variety of oxidants. However, they are kinetically sluggish
and require relatively harsh oxidants, such as chromium and manganese oxide. It is known,
however, that performing these reactions under catalytic conditions is kinetically favorable and
enables the use of milder oxidants, including air (oxygen) and bleach (NaOCI) with minimal or no
hazardous side products. The prominent examples of catalysts used for alcohol oxidations are
2,2,6,6-tetramethylpiperidin-N-oxyl (TEMPQ) and its derivatives, known as aminoxyl radicals.
The Anelli-Montonari oxidation, which employs bleach and TEMPO, is known to be especially
effective for alcohol oxidation (Scheme B.1A).*®> Aminoxyl radicals (1, see Scheme B.1) undergo
facile redox reactions at electrode surfaces to form oxoammonium species (2, see Scheme B.1),
enabling them to mediate alcohol oxidation under electrochemical conditions (Scheme B.1B). The
oxoammonium reacts with alcohols to generate the corresponding carbonyl product and reduced
catalyst (2, see Scheme B.1), which is turned over at the electrode surface (Scheme B.1C).
Electrochemical alcohol oxidation methods using organic aminoxyl mediators have advanced
considerably in recent years, and they provide a compelling alternative to the more traditional

chemical methods. ©
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Scheme B.1. Anelli-Montonari oxidation. B. electrode reaction and structure of ACT and
TEMPO, and C. TEMPO catalyzed electrochemical Alcohol oxidation.

Electroactivity of the aminoxyl radicals not only provides a sustainable route for alcohol
oxidation by avoiding the use of any external oxidant, but also offers a unique mechanistic tool for
the study of the redox reactions and their coupled chemical reactions by measuring the current
flowing through the electrode surface.” In this experiment you will learn about two methods —
Cyclic Voltammetry (CV) and Chronoamperometry (CA) — and their application to the study of
the efficiency of catalysts for alcohol oxidation.

Cyclic Voltammetry
Cyclic Voltammetry (CV) experiments are among the most widely used electrochemistry

techniques today. CV provides both qualitative and quantitative information about electrochemical

systems and is well established as a fast and reliable characterization tool. CV provides
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considerable information about the thermodynamics of redox processes and the Kinetics of
heterogeneous electron transfer.

During a CV experiment, the working electrode potential is swept linearly between final
and initial values, and the corresponding current is measured. A cyclic voltammogram is obtained,
showing current vs. potential. The observed current is a measure of the electroactive species that
is being transformed at the electrode surface. For example, consider the following reaction:

Red & Ox + ¢

with a formal potential E° (Red is the reduced species, Ox is the oxidized species). If a potential
sweep is started sufficiently more negative to E° and swept positively, a current will flow. As the
potential of the electrode approaches E°, Red starts oxidizing to Ox, and an anodic current will
begin to increase, until an anodic peak is reached. The peak is caused by the formation of the
diffusion layer near the electrode surface. As oxidation takes place a concentration gradient is
created, which leads to an increased flux (mass transfer) to the surface of the electrode. As the
swept potential passes E°, the concentration of Red at the surface of the electrode is nearly zero,
as Red has consumed to form Ox, and the reaction is mass transfer controlled. The same, but
reverse process takes place in the reverse sweep, as a similar concentration gradient is made as
reduction takes place. The concentration of Ox molecules at the surface of the electrode is now
high, since they were generated in the forward sweep. Therefore, Ox is reduced back to Red
once the swept potential begins to approach E° again. A similarly shaped, but inverted, cathodic
peak will form as the potential is swept in the reverse direction.

The peak height of both the anodic and cathodic peaks, 1, in amperes (A), is best described

by the Randles-Sevéik equation (at 25 ‘C),2

I, = 2.69E5 n”2AD"2Cv />
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where n is the number of electrons, A is the electrode area (cm?), D is the diffusion coefficient
(cm? s71), C is the concentration (mol cm=2), and v is the sweep rate of voltammetric experiment
(V s™). Accordingly, the peak height is proportional to the square root of scan rate. Such a
dependence on scan rate indicates that the reaction is diffusion-limited (or mass-transfer
controlled). %10

Deriving the kinetic information from voltammetric experiment is possible. One option to
derive the kinetic information by cyclic voltammetry is to plot the catalytic peak current, in the
presence of various concentrations of substrate, as a function of the square root of substrate
concentration. For example, consider the following reactions:

Cat < Catox + €
Catox + Sub —> Cat + Subox

In circumstances where the anodic peak current is limited by the kinetics of the catalytic

reaction, there is a linear correlation between the square root of substrate concentration and

catalytic current as described here:

leat = MFACcat(DsuvkonsCoun) 2
lcat is the anodic catalytic current, Cearand Csup are the bulk concentrations of electroactive catalyst
and substrate (mol cm~3), and n, F and A represent the number of transferred electrons in a catalytic
cycle, the Faraday constant, and the electrode surface area. Dsun denotes the diffusion coefficient
of substrate (cm? s7%).22 This linear trend can be used to prove that the peak current is controlled
by the reaction kinetics. The slopes can be used for comparison of catalytic activities under
different conditions and for different substrates or catalysts.

Chronoamperometry
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Chronoamperometry (CA) is a potential step method, as opposed to the potential sweep
method of cyclic voltammetry. It is also known as bulk electrolysis. More simply,
chronoamperometry is the measurement of current vs time at a constant applied potential.

Consider the same reaction as before:

Red < Ox + ¢~

As was stated previously, if the potential is sufficiently beyond E®°, the concentration of
Red is effectively zero. Therefore, in CA, if the potential is “stepped” immediately to that high E
value, then mass transport is entirely diffusion controlled, much like the current that flows in a CV
curve after the potential of the electrode is swept past E°. Therefore, the current-time curve that
CA produces will reflect the change in the concentration gradient near the surface of the electrode.

Accordingly, the current will decay with time, as described the by Cottrell equation:®

I(t) = nFAn"l/ZD;/ZCS t=/2
where I(t) is current, n is the number of electrons transferred in the half reaction, F is Faraday's
Constant (96,485 C mol?), A is the area of the electrode, Do is the diffusion coefficient, Co is the
initial concentration, and tis time. From chronoamperometry, it is possible to determine the
amount of charge that is passed during a given time, which could be used to determine a number
of kinetic parameters.®1°

Experimental
Materials
e 4-Acetamido-TEMPO (ACT) (CAS 14691-89-5), 231.30 g mol™, oral toxicity

e 0.2 M NaHCOs solution (CAS 497-19-8), 84.01 g mol™?, eye irritant
e 0.2 M NayCOjs solution (CAS 144-55-8), 105.99 g mol 2, eye irritant

e 0.2 M stock solution of Solketal (1,2-1sopropylideneglycerol) (CAS 100-79-8) 132.16 g

mol, 1.063 g mL?, flammable, eye irritant
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Six — eight 10 mL volumetric flasks

Volumetric pipettes

Pine glass electrolysis cell

Pine glassy carbon working electrode, 3 mm diam., with o-ring
Pine Pt wire counter electrode, with o-ring

Pine 3 M KCI Ag/AgCI reference electrode, with o-ring
Electrode holder

Metal clamp

Polishing pad

Polishing solution

Water wash bottle

Rinse beaker and waste container

Pine Wavenow XV 100 Potentiostat

Make Solutions

You will be given a 0.2 M stock solution of solketal. You need to prepare the following

stock solutions:

ACT (10 mL of 20 mM solution)
NaHCOs3 (100 mL of 0.2 M solution)

Na>COs3 (100 mL of 0.2 M solution).

Now, prepare a blank solution. Label a 10 mL volumetric flask. Add 4 mL of 0.2 M

NaHCOz and 4 mL of 0.2 M Na2COs to the flask using a volumetric pipette. Then add solketal to
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give a concentration of 4 mM in 10 mL. Fill the flask to the mark with DI water and invert the
flask until the solution is well mixed.

Prepare a 1.0 mM ACT solution. Label a 10 mL volumetric flask. Add 0.5 mL of the ACT
stock solution to the flask by volumetric pipette. Then add 4 mL 0.2 M NaHCOz and 4 mL 0.2 M
Na2COs solutions to the flask. Fill the flask to the mark with DI water and invert the flask until the
solution is well mixed.

Prepare 1.0 mM ACT solutions with solketal added. Make sure to label all flasks. All
solutions should be made in a 10 mL volumetric flask with 4 mL 0.2 M NaHCOs and 4 mL 0.2 M
Na,COs. Make four ACT — Solketal solutions with the following final concentrations of solketal:
2 mM, 4 mM, 9 mM, and 16 mM. The concentration of ACT in all four flasks should be 1.0 M.

Initial Voltammetric Study
Transfer the entire contents of the ACT-only solution into the voltammetric cell. (Note:

The applied potentials will not be sufficiently negative to necessitate sparging the solution with
inert gas to remove O). Place the electrode holder on the cell and place the polished GC working
electrode and platinum wire counter electrode in the large holes in the cap. Remove the reference
electrode from the storage solution, rinse the tip of the electrode with DI water, and place the
reference electrode in the small hole in the cap (Figure B.9). The reference and working electrodes
should be placed close together to minimize solution resistance. Adjust the depth of electrode
immersed in solution using the o-rings. Attach the alligator clip leads of the Wavenow Pine

Potentiostat to the electrodes of the cell.
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Figure B.9. Pine Research cell setup for electrochemical analysis.

***Always conduct a quick visual check of your cell set-up just before running an
experiment! Make sure the electrode connections are not touching and that all electrodes are
completely immersed in the solution.***

Open the Aftermath software and turn on the potentiostat. You should be able to see the
interface as shown in Figure B.10. Using File/New archive option, make your own archive and

save it in a new folder for your group in the C:Drive > AfterMath Data Files. In the experiment

menu, choose CV experiment, and adjust the CV parameters as necessary (Hints: because this is
an oxidation reaction first, you should scan in the positive direction. The suggested scan rate for
primary data is 100 mV s.) Click Perform when you are prepared to run the experiment. Rename

the experiment once the CV is finished. Once the experiment is finished, a new experiment will

appear underneath “CV Parameters” called “CV Experiment (#)”. Right click on “CV Experiment
(#)” and select “Rename” in the pop-up window. A good name might be “ACT, 100mV s %, 0-1.2

V”, for example.
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Figure B.10. Aftermath software interface for cyclic voltammetry analysis

After seeing the oxidation and reduction peaks you can now adjust the potential range,

ideally between 350 mV less than reduction peak potential and 350 mV more than oxidation peak

potential. Return to the “CV Parameters” and adjust the potential window around the peak of

interest (Figure B.11). Double check that the entered potentials correspond with the correct units.

Collect a CV using the adjusted potential window conditions. Always remember to rename the

experiment right after you run it!
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Figure B.11. A CV displayed on Aftermath Software.

Polish the Working Electrode
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Since electrochemistry is a surface technique, a clean and uniform surface at the working
electrode is required for accurate and reproducible measurements. Therefore, polishing the
electrode before running CA experiments is crucial. First, rinse the tip of the working electrode
with DI water. For all rinsing steps, make sure the liquid touches the shiny, disc shaped surface of
the electrode. Next, put a few drops of the polishing slurry on the polishing pad. Add some water
to the polishing pad to wet the surface. Firmly press the tip of the electrode to the polishing pad
and move the electrode in a figure eight motion (Figure B.12), keeping the electrode perpendicular
to the polishing pad, for approximately 20 motions. After polishing, rinse the tip of the electrode

with DI water. Allow the electrode to dry before performing your analyses. Do not dry the

electrode surface with absorbent materials to avoid scratching the surface of the electrode!

S

Figure B.12. Polishing the working electrode.

Chronoamperometry and Voltametric Studies of the ACT Solution
After polishing your electrode run your CA experiments (Figure B.13). In the experiment

menu, choose the CA experiment, and adjust the CA parameters as necessary (Hints: you should
run the CA experiment for 20 seconds, and the potential should be 100 — 150 mV more positive to
the oxidation peak potential determined from the CVs that were just collected.) Click Perform

when you are prepared to run the experiment.
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Figure B.13. Aftermath software interface for chronoamperometric analysis.

Make sure to rename your file when the experiment is finished running. (Hint: It may be
worth looking at other plots based on this data for your data analysis.)

After your CA experiment, collect CV’s at 25, 50, 80, 120 mV s 1, with the same potential
range as your initial CV experiment. (Hint: Observe the effect of scan rate on peak current.)

Conduct Chronoamperometric and Voltammetric Studies of ACT Catalyzed Solketal Oxidation
Repeat the same chronoamperometric and voltammetric experiment for all four ACT —

Solketal solutions (2, 4, 9, and 16 mM of Solketal). Rinse the cell and electrodes with DI water
after each new solution. Make sure to polish the working electrode in between each solution, right
before running the CA experiment. Always remember to rename each experiment.

Then, run the CA experiment and one CV experiment at 80 mV s for the blank (solketal
only) solution.

Study the Effect of Base
Run the CA experiment and one CV experiment at 80 mV s for 1.0 mM ACT in the

presence of 4 mM of Solketal in a NaCl solution instead of carbonate/bicarbonate buffer (8 mL of
0.2 M NaCl instead of 4 mL 0.2 M NaHCO3 and 4 mL 0.2 M Na>COs solutions).

Data Analysis
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After collecting all CA and CV data, export your data for later analysis. At the top of the
Aftermath software window, click “File > Save Archive”. Then click “File > Export”. Check the
box next to your archive name. Click “Export”. This will allow you to export your data to a flash
drive, and it can be opened in Excel as a .csv file. (Hint: There may be some analysis you can do
in lab or by using the Aftermath software, which should be available for free to use on your
personal computer.)

Correlation of Peak Current and Voltammetry Scan Rate
To determine the oxidation (anodic) and reduction (cathodic) peak currents, the baseline

current for each peak must first be determined. The baseline current for each peak is usually
determined by fitting a line to the plateau current before a peak (Figure B.14). The difference
between the current at the peak potential and the baseline current is the peak current (Icathodic Or
lanodic). In this experiment, we will approximate the baseline current. Use the same CV data files
to determine the oxidation (anodic) peak currents based on an approximate baseline current (using
Excel or the Aftermath  software, more info can be found  here:

https://pineresearch.com/shop/kb/software/software-help-and-support/using-aftermath/peak-

height/).

Eanod!c peak

Current (uA)

15 Ecathodic peak
Potential (V vs. Ag/AgCl)

Figure B.14. Determining the oxidation (anodic) and reduction (cathodic) peak current.
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Obtain the following graphs for the ACT-only voltammetric data:

1) Make a graph of the CV curves (overlaid over one another) at the four scan rates.

2) Plot ACT Peak Current vs scan rate.

3) Then plot ACT Peak current vs the square root of scan rate.

What trends do you notice? What do these trends imply?

4) Make a plot of the normalized CV curves (overlaid over one another) at the four scan rates.
(Hint: Normalized CVs are derived by dividing the currents from the entire CV curve by the square
root of scan rate.)

What differences do you notice between the Non-Normalized CV'’s versus the Normalized CV’s?

Normalized CVs of Solketal Oxidation
Open the data for the CVs of the ACT- 4 mM solketal solution at all four scan rates. Obtain the

following graphs for these voltammetric data:

1) Make a graph of the CV curves (overlaid over one another) at the four scan rates.

2) Plot ACT Peak Current vs scan rate.

3) Then plot ACT Peak current vs the square root of scan rate.

What trends do you notice? What do these trends imply?

4) Make a plot of the normalized CV curves (overlaid over one another) at the four scan rates.
What differences do you notice between the Non-Normalized CV's versus the Normalized CV’s?
Explain the difference between the trends in the absence and presence of solketal.

CV Analysis with Differing Solketal Concentrations
Open the data for all CVs of ACT-solketal solutions collected at a scan rate of 50 mV s*. Obtain

the following graphs:
1) Plot the peak currents vs the concentration of solketal.

2) Plot the peak current vs the square root of the concentration of solketal.
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What trends do you notice? What does this tell you about the kinetics of this reaction?

Turnover Frequency Using Differing Solketal Concentration
Calculate the TOF (h!) of ACT for the ACT catalyzed solketal oxidation using the following

equation:

_ (QmM solketal — QACT) X 3600
TOF =
(Qact — Qblank) X1 Xt

TOF = turnover frequency, units of h~1

QmM solketal = total charge for reactions with ACT and solketal, units of Coloumb

Qplank = total charge for blank solution (background charge), units of Coloumb

Qact = total charge for reaction with ACT (no solketal), units of Coloumb

n = number of electrons required for reaction

t = total reaction time, units of seconds

For the ACT catalyzed oxidation of solketal, n = 2 electrons and the chronoamperogram reactions
ran for 20 seconds. The constant 3600 is included to convert the TOF from s™ to h™. Calculate the
TOF (h') for ACT in the presence of 2, 4, 9 and 16 mM solketal.
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Appendix C: Electrochemical Aminoxyl-Mediated a-Cyanation of Secondary
Piperidines for Pharmaceutical Building Block Diversification Supporting

Information
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C.1. General Experimental Details
Reagents

Organic solvents were obtained from an LC Technology Solutions Inc. solvent
purification system using columns containing molecular sieves under argon and purged for 15-20
min with N2 gas before use. All commercially available organic compounds were used as received
unless otherwise specified. 4-(4-bromophenyl)piperidine (1b), 4-(4-methoxyphenyl) piperidine
hydrochloride (1c), 4-(3-methylphenyl)piperidine hydrochloride (1d), 2-(4-piperidinyl)-1,3-
benzoxazole (1f), 4-hydroxy-4-phenylpiperidine (1h), perhydroisoquinoline (1i), 6-fluoro-3-(4-
piperidinyl)benzisoxazole (1j), 2-(5-piperidin-4-yl-1,2,4-oxadiazol-3-yl)pyrazine (1k), 4-(5-
phenyl-1,3,4-oxadiazol-2-yl)piperidine (1l), 1-(piperidin-4-ylcarbonyl)piperidine hydrochloride
(1n), piperidine (1t), morpholine (1u), 2-(trifluoromethyl)piperidine (1v), 4-hydroxypiperidine
(1x), 4-piperidinopiperidine (1z), pyrrolidine (lac), 2,2,6,6-Tetramethylpiperidine 1-oxyl
(TEMPO), 9-Azabicyclo[3,3,1]nonan-3-one-9-oxyl (ketoABNO), sodium perchlorate, potassium
hexafluorophosphate, tetraethylammonium tetrafluoroborate, tetrabutylammonium
tetrafluoroborate, potassium tetrafluoroborate, tetrabutylammonium hexfluorophosphate,
hydrochloric acid, p-toluenesulfonic acid monohydrate, methanol-d4, benzene-d6, acetonitrile-d3,
dimethyl sulfoxide-d6, and dioxane were purchased from Millipore Sigma. 4-(piperidin-4-
yl)pyridine (1g), tert-butyl 3,9-diazaspiro[5.5]undecane-3-carboxylate (1q), methyl 2-
piperidinecarboxylate (1w), 4-trifluoromethyl piperidine (1y), and 4-(1-pyrrolidinyl) piperidine
(1aa) were purchased from Ark Pharm. 4-phenyl piperidine (1a) and hexafluoroisopropanol were
purchased from Combi-blocks. 2-(piperidin-4-yl)-1,3-benzothiazole (10), and 4-(3-
piperidinyl)pyrimidine (1s) 2,3,4,5-tetahydro-1H-2-benzazepine (1ab) were purchased from
Enamine. 4-Acetamido-2,2,6,6-tetramethylpiperidine 1-oxyl was purchased from TCI. 1-(3,4-

dichlorophenyl)-3-azabicyclo[3.1.0]hexane hydrochloride (1ad) was purchased from Advanced
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ChemBlocks Inc. 4-[3-(2,4-dichlorophenyl)-1H-pyrazol-5-yl]piperidine (1m) was purchased from
Key Organics / BIONET. 1-benzylpiperidine and ferrocene was purchased from Alfa Aeser.
Trimethylsilyl cyanide was purchased from Matrix Scientific. 4-(3-isopropyl-1,2,4-oxadiazol-5-
yDpiperidine hydrochloride (1e) was purchased from ChemBridge Corporation. 9-
Azabicyclononane N-oxyl (ABNO) was received from Merck.

Before being subjected to the reaction conditions, 1c, 1d, 1e, 1p and lad were converted
to the free base (100-300 mg of the salt was dissolved in 1-3 mL of 1 M aqueous sodium hydroxide
solution, stirred and extracted 3x with DCM. The organic solution was dried with Na>SQg, filtered
and concentrated). 2'-chloro-4',5'-dihydrospiro[piperidine-4,7'-thieno[2,3-c]pyran] (1r)* and 1-
(piperidin-4-y1)-3-propyl-1,3-dihydro-2H-benzo[d]imidazol-2-one (1p)? were prepared according
to literature procedures.

Instruments and techniques
1H, 13C, and °F NMR spectra were recorded on Bruker 400 and 500 MHz spectrometers.

Chemical shifts are given in parts per million (ppm) relative to residual solvent peaks in the H
and *C NMR spectra and relative to CFCls in the 1°F NMR spectra. Coupling constants, J, were
calculated in MestReNova to the nearest 0.1 Hz. The following abbreviations (and their
combinations) are used to label the multiplicities: s (singlet), d (doublet), t (triplet), g (quartet),
quin (quintet), sext (sextet), h (heptet), m (multiplet), br (broad) and app (apparent). Structural
assignment was achieved using 1H-1H COSY, HSQC, HMBC and TOCSY analysis where
appropriate and the relative stereochemistry was assigned by nOe experiments. High-resolution
mass spectra were obtained using a Thermo Q ExactiveTM Plus by the mass spectrometry facility
at the University of Wisconsin. Chromatographic purification of products was accomplished by
chromatography on Silicycle P60 silica gel (particle size 40-63 um, 230-400 mesh) using Teledyne

Isco Combiflash Rf or Biotage Isolera One flash chromatography systems. Thin-layer
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chromatography (TLC) was performed on Silicycle silica gel UV254 pre-coated plates (0.25 mm).
Visualization of the developed chromatogram was performed by using UV lamps and KMnO4
stain.

All cyclic voltammetric, chronoamperometric and chronopotentiometric measurements
were performed at room temperature using a Pine WaveNow PGstat. The CV experiments were
carried out in a three-electrode cell configuration with a glassy carbon (GC) working electrode (3
mm diameter, unless otherwise stated) and a platinum wire counter electrode. The potentials were
measured versus an Ag/AgNOs (0.01 M) reference electrode (all electrodes from BASI) and
recorded against a ferrocene/ferrocenium reference. The GC working electrode was polished with
alumina before each experiment. Bulk electrolysis experiments were performed in custom-built
undivided cells made of Teflon, with graphite rod working electrodes, platinum wire counter
electrodes and Ag/AgNOs (0.01 M) for a reference electrode. The graphite rod working electrode
and the platinum wire counter electrode were both sonicated for 1 min in water before being
washed with distilled water and then acetone. The graphite rod was then very lightly rubbed down
with a Kimwipe before use.

C.2.  Reaction Optimization
I—{l

Conditi +
H onditions cN
NH NH

1a 2a
Entry Catalyst Solven Electrolyte TI\/IS_CN Addi_tive Current  Yield/%

(mol%) t equiv. (equiv.) /mA a
1 - MeCN NaClO4 1.5 - 1 19
2 ABNO (20) MeCN NaClO4 1.5 - 1 37
3° ABNO (20) MeCN NaClO4 1.5 HFIP (1) 0 0
4 ABNO (20)  MeCN NaClO4 1 HFIP (1) 1 52
5 ABNO (20) MeCN NaClO4 1.5 HFIP (1) 1 54
6 ABNO (20) MeCN NaClO4 3 HFIP (1) 1 43
7 ABNO (20)  MeCN KBF4 1.5 HFIP (1) 1 22
8 ABNO (20) MeCN KPFe 1.5 HFIP (1) 1 53
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9 ABNO (20) MeCN TBAPFs 15 HFIP (1) 1 54
10 ABNO (20) MeCN TBABF4 15 HFIP (1) 1 55
11 ABNO (20) THF TBABF4 15 HFIP (1) 1 52
12 ABNO (20) DCM TBABF4 15 HFIP (1) 1 16
13 ABNO (20) MeOH TBABF4 15 HFIP (1) 1 44
14 TEMPO (10) MeCN TBABF4 15 HFIP (1) 1 10
15 ACT (10) MeCN TBABF4 15 HFIP (1) 1 24
16 AZADO (10) MeCN TBABF4 15 HFIP (1) 1 62
KetoABNO

17 (10) MeCN TBABF4 15 HFIP (1) 1 81
18 ABNO (10) MeCN TBABF4 15 HFIP (1) 1 57
19 ABNO (10) MeCN TBAPFs 15 HFIP (1) 3 66
20 ABNO (10) MeCN TBAPFs 15 H20 (1) 3 68
21 ABNO (10) MeCN TBAPFs 15 MeOH (1) 3 79
22 ABNO (10) MeCN TBAPFs 15 MeOH (1.5) 3 74
23 ABNO (10) MeCN TBAPFs 15 MeOH (0.5) 3 84
24° ABNO (10) MeCN TBAPFs 15 MeOH (0.5) 3 0
25 ABNO (10) MeCN TBAPFs 15 MeOH (0.5) 3 799 (77)¢
26 ABNO (10) MeCN TBAPFs 15 MeOH (0.5) 3 72f

MR (*H NMR) yields against a mesitylene internal standard. PStirred for five days at room
temperature. “Preformed HBF salt of 1a was used as the starting material; %with 20 mol% 2,6-
Lutidine; © with 1 equiv. 2,6-Lutidine; 'with 20 mol% pyridine.

C.3.  Optimized Procedure for the Electrochemical Cyanation of Secondary Amines

Bulk electrolysis Work-up

I
ABNO (1(0-20 moI%);) h 1) Remove electrolyte
TMSCN (1.5 equiv.) + CN 2) TsOH CN
Rm MeOH (0.5 equiv.) R_/\( 3) wash R—/\r
L NH “vecn (L NH o NH*
1 TBAPFg (0.1 M) 2 3 TsO

3mA

C.3.1. Bulk Electrolysis
Degassed MeCN (2 mL) was added to the secondary amine substrate (1 equiv., 0.3 mmol)

in a 1.5-dram vial and stirred vigorously. If necessary, heat and sonication was applied to aid
dissolution of the solid. The solution was transferred via pipette to the bulk electrolysis cell

containing a stir bar.
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In a separate vial was added tetrabutylammonium hexafluorophosphate (0.5 mmol, 193
mg), ABNO (10 mol%, 0.03 mmol, 4.2 mg, or 20 mol% 0.06 mmol, 8.4 mg), and degassed MeCN
(3 mL) and stirred until all solids were dissolved. This red solution was transferred in three batches
to the bulk electrolysis cell via the substrate-containing vial to ensure complete transfer of the
amine.

To this solution in the bulk electrolysis cell was first added methanol (0.5 equiv., 0.15
mmol, 6.1 uL) and then TMSCN (1.5 equiv., 0.45 mmol, 56 pL) with stirring. The three electrodes
were then inserted into the cell. A cut-off potential was added to the electrolysis method and the
value was calculated as follows: 0.5 V was added to the potential that was reached when 3 mA
was applied for a 20 s period. 3 mA was then applied until that cut-off potential was reached,
normally within 2-2.5 F/mol. The graphite rod was immersed 2 cm into the reaction solution, which
gives an electrode surface area of 4.3 cm?.

At the end of the reaction, mesitylene (0.33 equiv., 0.1 mmol, 13.6 uL) was added to the
cell and stirred, before a sample (50 uL) was removed, diluted with benzene-ds (0.4 mL) and
analyzed by *H NMR. If the 'H NMR indicated remaining starting material, then further portions
of ABNO (5 mol%, 0.015 mmol, 2.1 mg or 10 mol%, 0.03 mmol, 4.2 mg depending on substrate

conversion), TMSCN (0.5 equiv., 0.15 mmol, 19 pL) and methanol (0.5 equiv., 0.15 mmol, 6.1
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uL) were added and the bulk electrolysis run again. NMR product yield was calculated by
comparing the alpha cyanated proton (3.3-4.3 ppm) peak to mesitylene.

C.3.2. Work-Up
Electrolyte (NBusPFg) removal: The solution was transferred to a round-bottom flask and

concentrated under reduced pressure. Diethyl ether (ca. 5 x 4 mL) was used to extract the product
from the solid mixture via trituration: a portion of solvent was added to the flask, stirred until the
electrolyte crystallized out, and then filtered through a glass pipette filled with cotton wool into a
pre-weighed vial and stir bar, and repeated with further portions of Et,O. To ensure high product
purity, it is important at this stage to make sure that all the NBusPFs salt has been separated from
the solution. This can be confirmed by observing the formation of white crystals after cooling the
vial down to -20 °C in the freezer. If observed, the solution should be filtered an additional time.
The separated NBusPFs can be reused in subsequent reactions after drying under vacuum
overnight. (EA Calc: (CisHzsFsNP) C, 49.60; H, 9.37; N, 3.62; F, 29.42. Measured: C, 49.95; H,

9.58; N, 3.70; F, 29.13. Difference: C, 0.35; H, 0.21; N, 0.08; F, 0.29.)

Freeze and
filter again,

if necessary.
T netessalyy,.

1) Triturate
with Et,0
2) filter thru cotton

TsOH addition: The resulting solution was evaporated down to a volume of ca 2 mL. To
this was added a solution of tosic acid (30 % more than calculated NMR yield) in diethyl ether (2

mL) dropwise with rapid stirring, during which a precipitate formed. Rapid stirring continued for
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a further 10-20 min. The mixture was cooled in the freezer and the solid allowed to settle, before

the liquid was carefully removed from the solid via pipette.

1) Add TsOH in Et,0 dropwise
2) stir

Pipette
3) freeze P

off liquid

B

Wash: The solid product was briefly (3-4 mins) dried under vacuum before being washed

R
>

three times in the following cycle: Et,O (ca. 2 mL) was added, stirred, cooled in the freezer and
then pipetted off. To remove traces of remaining Et.O in the crystal lattice, MeCN (1 mL) was
added, stirred and evaporated. The product was then dried under high vacuum for 3-4 hours.

'H NMR analysis revealed that some compounds required further purification (indicated
next to the characterisation data). Thus, a small quantity (>0.5 mL) of cooled MeCN was added,
stirred, cooled in the freezer and carefully pipetted away from the insoluble product. If the product

was found to dissolve in MeCN, recrystallization with Et,O was necessary.

If necessary:

1) Wash solid 1) Wash solid

w/ Et,0 x3 w/ MeCN(/Et,0)
2) high vac 2) high vac
2y |

2 3a
The general procedure was followed using 20 mol% ABNO, which furnished 92 mg of a

white powder (87%) after purification by Et.O washes only. A literature search did not reveal any

previously documented characterization data.
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1H NMR (500 MHz, Methanol-ds) & 7.72 (d, J = 8.2 Hz, 2H), 7.39 — 7.31 (m, 2H), 7.30 — 7.25 (m,
3H), 7.24 (d, J = 8.2 Hz, 2H), 5.09 (dd, J = 4.7, 2.2 Hz, 1H), 3.60 (dt, J = 13.3, 3.6 Hz, 1H), 3.43
(td, J = 13.3, 3.2 Hz, 1H), 3.14 (it, J = 12.4, 3.8 Hz, 1H), 2.37 (s, 3H), 2.33 (dd app t, J = 14.8, 3.8,
2.2 Hz, 1H), 2.24 (ddd, J = 14.8, 12.4, 4.7 Hz, 1H), 2.14 (d app quin., J = 14.5, 3.0 Hz, 1H), 1.96
(dtd, J = 14.5, 12.7, 4.3 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) & 143.62, 143.42, 141.80, 129.99, 129.87, 128.43, 127.75,
126.95, 115.63, 45.99, 43.46, 37.84, 33.75, 30.46, 21.30.

HRMS (ESI*) Calc: [M*] (C12H15N2) 187.1230; measured: 187.1229 = 0.5 ppm difference.
IR (film) vmax/cm™: 2965, 2735, 2527, 1611, 1496, 1455, 1231, 1144, 1121, 1029, 1006.

C.3.4. Large Scale Reaction
The reaction was performed in a BASI bulk electrolysis cell using an RVC working

electrode (as pictured), steel mesh as the counter electrode (separated from the working electrode
by rubber O-rings), and Ag/AgNO3 (0.01 M) as the reference electrode solution. Degassed MeCN
(85 mL) was added to 4-phenylpiperidine 1a (1 equiv, 6.2 mmol, 1g), ABNO (10 mol%, 0.62
mmol, 86.9 mg), and TBAPFs (0.5 mol, 3.991g) and stirred vigorously. Sonication was applied to
aid dissolution of the solid. To this solution in the bulk electrolysis cell was first added methanol
(0.5 equiv., 3.1 mmol, 125.6 uL) and then TMSCN (1.5 equiv., 9.3 mmol, 1.16 mL) with stirring.
The three electrodes were then inserted, and the cell was sealed to prevent solvent evaporation. A
current of 15 mA was applied for 2 F/mol (26.1 h). Work-up of the reaction solution was performed
similarly to the standard method with a few exceptions: 5 x 20 mL diethyl ether washes were
performed during the electrolyte removal, a total of 40 mL diethyl ether was used addition of TSOH
(0.075 mM), and 3 x 20 mL diethyl ether and 3 x 15 mL MeCN washes were performed to purify

the product, which was formed as a light orange powder (1.6 g, 75% yield).
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C.3.5. ElectraSyn 2.0 Reaction:
The reaction was performed in an ElectraSyn 2.0 in a 10 mL vial using a graphite SK-50

working electrode and platinum plated counter electrode. Degassed MeCN (5 mL) was added to
4-phenylpiperidine 1a in the vial containing a stir bar and stirred vigorously. TBAPFe
hexafluorophosphate (0.5 mmol, 193 mg) and ABNO (10 mol%, 0.03 mmol, 4.2 mg, or 20 mol%
0.06 mmol, 8.4 mg) were added and stirred until all solids were dissolved. To this solution in the
cell was first added methanol (0.5 equiv., 0.15 mmol, 6.1 uL) and then TMSCN (1.5 equiv., 0.45
mmol, 56 uL) with stirring. The electrodes were then inserted into the cell. A current of 2 mA was
applied for 2 F/mol (402 min). This current setting was selected after observing the steady-state
current recorded when applying a potential of 200 mV vs. Fc*/Fc with the indicated electrodes. A

somewhat reduced value (2 mA) was then used for the bulk electrolysis experiment.
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At the end of the reaction, mesitylene (0.33 equiv., 0.1 mmol, 13.6 uL) was added to the
cell and stirred, before a sample (50 uL) was removed, diluted with benzene-ds (0.4 mL) and

analyzed by 'H NMR.

Br

@ o
- 0=S=0
Ho 3b

The general procedure was followed using 20 mol% ABNO, which furnished 103 mg of
a white powder (81%) after purification by EtoO washes only. A literature search did not reveal
any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds) § 7.72 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 8.5 Hz, 1H), 7.24 (d, J
=8.2 Hz, 2H), 7.20 (d, J = 8.5 Hz, 1H), 5.10 (dd, J = 5.0, 2.4 Hz, 1H), 3.60 (dt, J = 13.3, 3.7 Hz,
1H), 3.42 (td, J = 13.3, 3.3 Hz, 1H), 3.14 (tt, J = 12.4, 3.7 Hz, 1H), 2.37 (s, 3H), 2.35 - 2.29 (m,
1H), 2.26 — 2.18 (m, 1H), 2.17 — 2.08 (m, 1H), 1.99 — 1.87 (m, 1H).

13C NMR (126 MHz, Methanol-ds) & 143.38, 142.85, 141.84, 133.03, 129.88, 129.82, 126.95,
122.03, 115.51, 45.88, 43.34, 37.27, 33.41, 30.22, 21.31.

HRMS (ESI*) Calc: [M*] (C12H14BrN2) 265.0335; measured: 265.0333 = 0.8 ppm difference.

IR (film) vmax/cm™: 2965, 2729, 2522, 1605, 1490, 1231, 1144, 1121, 1029, 1006.
OMe

© 9_
: 0:S:0
H 3c

The general procedure was followed using 20 mol% ABNO, which furnished 96 mg of an
off-white powder (66%) after purification by 3x Et.O wash and 1x MeCN wash. A literature search

did not reveal any previously documented characterization data.
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IH NMR (500 MHz, Methanol-ds) § 7.72 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 7.18 (d, J
= 8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 5.07 (dd, J = 4.8, 2.3 Hz, 1H), 3.77 (s, 3H), 3.58 (dt, J =
13.4, 3.3 Hz, 1H), 3.42 (td, J = 13.4, 3.3 Hz, 1H), 3.09 (tt, J = 12.5, 3.7 Hz, 1H), 2.37 (s, 3H), 2.33
~2.27 (m, 1H), 2.23 - 2.14 (m, 1H), 2.14 — 2.08 (m, 1H), 1.98 — 1.85 (m, 1H).

13C NMR (126 MHz, Methanol-ds) 8 160.40, 143.46, 141.77, 135.57, 129.85, 128.72, 126.95,
115.64, 115.31, 55.72, 46.01, 43.50, 37.02, 34.00, 30.67, 21.30.

HRMS (ESI*) Calc: [M*] (C13H17N20) 217.1335; measured: 217.1334 = 0.4 ppm difference.

IR (film) vmad/cm™: 3444, 3363, 3006, 2833, 2729, 2522, 1611, 1513, 1461, 1248, 1207, 1179,
1121, 1035, 1012.

©/ (I)_
: 0=S=0
(NlCN

H2 3d

The general procedure was followed using 20 mol% ABNO, which furnished 60 mg of a
white powder (54%) after purification by Et2O washes and 1x MeCN wash. A literature search did
not reveal any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds) § 7.72 (d, J = 8.2 Hz, 2H), 7.24-7.21 (m 3H), 7.10-7.08 (m,
2H), 7.05 (d, J = 7.5 Hz, 1H), 5.08 (dd, J = 4.0, 2.1 Hz, 2H), 3.60 (dt, J = 13.3, 3.5 Hz, 1H), 3.43
(td, J =13.3, 3.2 Hz, 1H), 3.11 (tt, J = 12.4, 3.7 Hz, 1H), 2.37 (s, 3H), 2.34-2.30 (m, 4H), 2.25 —
2.17 (m, 1H), 2.17 — 2.08 (m, 1H), 2.01 — 1.86 (m, 1H).

13C NMR (126 MHz, Methanol-ds) § 143.52, 143.48, 141.75, 139.81, 129.89, 129.84, 129.11,
128.42, 126.96, 124.70, 115.59, 45.99, 43.49, 37.77, 33.80, 30.47, 21.45, 21.30.

HRMS (ESI*) Calc: [M*] (C13H17N2) 201.1386; measured: 201.1385 = 0.5 ppm difference.

IR (film) vmax/cm™: 2971, 2735, 2522, 2130, 1611, 1438, 1225, 1150, 1121, 1029, 1006.

Wale
I
OY/N 0=S=0
Hz 3e
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The general procedure was followed using 20 mol% ABNO, which furnished 90 mg of a

white powder (77%) after purification by Et20 washes and 1x MeCN wash. A literature search
did not reveal any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds) 6 7.71 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 5.07 (t, J
= 4.9 Hz, 1H), 3.65 (tt, J = 9.6, 4.1 Hz, 1H), 3.54 (dt, J = 13.5, 4.8 Hz, 1H), 3.47 (ddd, J = 13.5,
9.8, 3.7 Hz, 1H), 3.08 (h, J = 6.9 Hz, 1H), 2.64 (dt, J = 14.9, 4.0 Hz, 1H), 2.46 (dt, J = 9.4, 4.6 Hz,
1H), 2.43 — 2.38 (m, 1H), 2.37 (s, 3H), 2.10 (dtd, J = 14.3, 9.8, 4.3 Hz, 1H), 1.33 (d, J = 6.9 Hz,
6H).

13C NMR (126 MHz, Methanol-ds) & 179.81, 176.32, 143.42, 141.77, 129.84, 126.94, 115.29,
4454, 42.28, 30.42, 29.98, 27.95, 26.26, 21.30, 20.71.

HRMS (ESI*) Calc: [M™] (C11H17N20) 221.1397; measured: 221.1393 = 1.8 ppm difference.

IR (film) vmax/cm™: 2977, 2274, 1576, 1461, 1346, 1196, 1121, 1029, 1006.

Q o
Ny ©  o=s=0
Ha 3f

The general procedure was followed using 20 mol% ABNO, which furnished 94 mg of a

pale yellow powder (80%) after purification by Et,O washes only. A literature search did not reveal
any previously documented characterization data.
!H NMR (500 MHz, Methanol-ds) § 7.76 — 7.67 (m, 3H), 7.64 — 7.57 (m, 1H), 7.45 — 7.35 (m,
2H), 7.22 (d, J = 8.2 Hz, 2H), 5.12 (dd, J = 6.0, 4.4 Hz, 1H), 3.71 (tt, J = 9.1, 4.2 Hz, 1H), 3.60 —
3.45 (m, 2H), 2.70 (dddd, J = 14.8, 6.0, 4.2, 1.3 Hz, 1H), 2.58 (ddd, J = 14.8, 9.1, 4.4 Hz, 1H),
2.51-2.42 (m, 1H), 2.35 (s, 3H), 2.23 (dtd, J = 14.8, 9.1, 4.4 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) 8 167.05, 152.17, 143.43, 141.88, 141.74, 129.82, 126.94,
126.70, 125.89, 120.72, 115.47, 111.78, 44.54, 42.42, 31.74, 30.16, 26.29, 21.29.

HRMS (ESI*) Calc: [M™] (C13H14N30) 228.1131; measured: 228.1129 = 0.9 ppm difference.

IR (film) vmax/cm™: 2971, 2764, 2522, 1611, 1571, 1450, 1231, 1144, 1115, 1029, 1006.
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| &
=z 0=S=0
(Nj\CN

The general procedure was followed using 10 mol% ABNO, which furnished 69 mg of an

off-white powder (64%) after purification by Et2O washes and 1x MeCN washes. A literature
search did not reveal any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds) & 8.71 —8.56 (m, 2H), 7.75 — 7.66 (m, 2H), 7.71 (d, J = 8.1
Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 4.73 (dd, J = 4.6, 2.3 Hz, 1H), 3.35 (dt, J = 13.1, 3.2 Hz, 1H),
3.29 -3.21 (m, 1H), 3.23 - 3.12 (m, 1H), 2.26 (ddt, J = 13.8, 4.1, 2.3 Hz, 1H), 2.15 (td, J = 13.5,
13.0, 4.6 Hz, 1H), 2.07 (dt, J = 13.5, 2.9 Hz, 1H), 1.84 (qd, J = 12.6, 4.4 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) & 144.42, 141.32, 139.66, 127.73, 124.80, 123.53, 116.10,
44.22, 40.83, 36.94, 31.57, 29.18, 27.56, 19.17.

HRMS (ESI*) Calc: [M*] (C11H14N3) 188.1182; measured: 188.1182 = <0.1 ppm difference.

IR (film) vmax/cm™: 2974, 2724, 2107, 1597, 1494, 1420, 1279, 1167, 1116, 1031, 1002, 889, 816,
712,677, 561.

o
0=S=0
Nt "CN
Ha 3h

The general procedure was followed using 20 mol% ABNO, which furnished 85 mg of a

pale yellow powder (77%) after purification by Et.O washes only. A literature search did not reveal
any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds4)  7.71 (d, J = 8.2 Hz, 2H), 7.51 — 7.46 (m, 2H), 7.38 (dd, J =
8.6, 7.0 Hz, 2H), 7.32 - 7.28 (m, 1H), 7.23 (d, J = 8.2 Hz, 2H), 5.02 (dd, J = 6.0, 2.0 Hz, 1H), 3.77
(td, J =13.0, 3.1 Hz, 1H), 3.45 (dt, J = 13.0, 3.5 Hz, 1H), 2.51 (dd, J = 15.2, 5.7 Hz, 1H), 2.37 (s,
3H), 2.33 — 2.19 (m, 2H), 2.02 (dqg, J = 14.8, 2.8 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) & 147.27, 143.46, 141.75, 129.84, 129.64, 128.77, 126.95,
125.50, 116.43, 69.52, 42.76, 39.82, 37.77, 35.76, 21.30.
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HRMS (ESI*) Calc: [M*] (C12H15N20) 203.1179; measured: 203.1176 = 1.5 ppm difference.

IR (film) vmax/cm™: 3330, 3031, 2956, 2852, 2800, 2737, 2668, 2513, 1602, 1498, 1469, 1428,
1205, 1187, 1125, 1154, 1043, 1015.

2

The general procedure was followed using 10 mol% ABNO, which furnished 45 mg of a
white powder (45%) after purification by Et2O washes and 2x MeCN washes. A literature search
did not reveal any previously documented characterization data.

IH NMR (500 MHz, Methanol-ds) & 7.73 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H), 3.31 (d, J
=4.3 Hz, 1H), 2.93 (t, J = 12.5 Hz, 1H), 2.39 (s, 3H), 2.11 (dt, J = 14.7, 2.7 Hz, 1H), 1.94 — 1.63
(m, 5H), 1.56 (qt, J = 11.5, 3.4 Hz, 1H), 1.49 — 1.27 (m, 3H), 1.24 — 0.98 (m, 2H).

13C NMR (126 MHz, Methanol-ds) & 142.10, 140.30, 128.41, 125.55, 114.47, 46.32, 44.63, 39.34,
39.13, 38.58, 36.05, 32.08, 31.17, 28.65, 25.28, 25.01, 19.809.

IH NMR (500 MHz, DMSO-ds) 5 7.48 (d, J = 8.1 Hz, 2H), 7.12 (d, J = 7.8 Hz, 2H), 5.03 (dd, J =
5.0, 2.1 Hz, 1H), 3.24 (dd, J = 12.8, 3.4 Hz, 1H), 2.67 (t, 1H), 2.29 (s, 3H), 1.99 (dt, J = 14.5, 2.6
Hz, 1H), 1.80 — 1.50 (m, 5H), 1.42 — 1.14 (m, 4H), 1.11 — 0.88 (m, 2H).

HRMS (ESI*) Calc: [M*] (C10H17N2) 165.1386; measured: 165.1386= <0.1 ppm difference.

IR (film) vmax/cm™: 2980, 2920, 2851, 2475, 1705, 1586, 1494, 1447, 1347, 1245, 1157, 1113,
1070, 1028, 1000.

E

CN
3
The general procedure was followed using 20 mol% ABNO, which furnished 106 mg of
white powder (85%) after purification by Et.O washes only. A literature search did not reveal any

previously documented characterization data.
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IH NMR (500 MHz, Methanol-ds) & 7.94 (dd, J = 8.7, 5.1 Hz, 1H), 7.73 (d, J = 8.2 Hz, 2H), 7.48
(dd, J = 8.7, 2.2 Hz, 1H), 7.25 (d, J = 8.2 Hz, 2H), 7.23 (dd, J = 5.1, 2.2 Hz, 1H), 5.15 (app t, J =
4.9 Hz, 1H), 3.87 (tt, J = 9.6, 4.0 Hz, 1H), 3.66 — 3.49 (m, 2H), 2.68 (dt, J = 14.8, 4.0 Hz, 1H),
2.60 (ddd, J = 14.8, 9.6, 4.4 Hz, 1H), 2.52 — 2.41 (m, 1H), 2.38 (s, 3H), 2.16 (dtd, J = 14.2, 9.6,
4.4 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) & 164.63 (d, J = 250.1 Hz), 163.98 (d, J = 13.9 Hz), 158.66,
142.07, 140.32, 128.42, 125.55, 122.63 (d, J = 11.2 Hz), 116.67 (d, J = 1.4 Hz), 114.18, 112.71
(d, J=25.8 Hz), 96.83 (d, J = 27.5 Hz), 43.61, 41.30, 29.31, 28.28, 26.13, 19.88.

HRMS (ESI*) Calc: [M*] (C13H13FN30) 246.1037; measured: 246.1034 = 1.2 ppm difference.
IR (film) vmax/cm™: 2965, 2729, 2527, 1617, 1496, 1415, 1231, 1150, 1115, 1029, 1006.
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H2 3k

The general procedure was followed using 20 mol% ABNO, which furnished 85 mg of a
white powder (66%) after purification by Et2O washes only. A literature search did not reveal any
previously documented characterization data.
!H NMR (500 MHz, Methanol-ds) 5 9.34 (d, J = 1.5 Hz, 1H), 8.88 —8.75 (m, 2H), 7.71 (d, J = 8.1
Hz, 2H), 7.23 (d, J = 8.1 Hz, 2H), 5.16 (dd, J = 5.9, 4.3 Hz, 1H), 3.85 (tt, J = 8.8, 4.2 Hz, 1H),
3.64—-3.57 (m, 1H), 3.53 (ddd, J = 13.4, 9.3, 4.0 Hz, 1H), 2.80 — 2.70 (m, 1H), 2.61 (ddd, J = 14.9,
9.2, 4.4 Hz, 1H), 2.54 — 2.44 (m, 1H), 2.36 (s, 3H), 2.24 (dtd, J = 14.7, 9.1, 4.0 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) & 181.53, 167.65, 148.20, 146.27, 145.30, 143.35, 143.31,
141.80, 129.84, 126.95, 115.31, 44.37, 42.22, 30.50, 29.82, 26.05, 21.30.

HRMS (ESI*) Calc: [M™] (C12H13N6sO) 257.1145; measured: 257.1142 = 1.2 ppm difference.

IR (film) vmax/cm™: 2942, 2717, 2498, 1569, 1448, 1362, 1212, 1148, 1119, 1027, 1004.
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The general procedure was followed using 20 mol% ABNO, which furnished 87 mg of an

off-white solid (69%) after purification by Et.O washes only. A literature search did not reveal
any previously documented characterization data.
!H NMR (500 MHz, Methanol-ds) § 8.09 —8.04 (m, 2H), 7.71 (d, J = 8.1 Hz, 2H), 7.66 — 7.54 (m,
3H), 7.23 (d, J = 8.1 Hz, 2H), 5.10 (dd, J = 6.0, 4.4 Hz, 1H), 3.75 (tt, J = 8.9, 4.2 Hz, 1H), 3.59
(ddd, J =134, 6.2, 4.2 Hz, 1H), 3.52 (ddd, J = 13.4, 9.3, 3.7 Hz, 1H), 2.76 — 2.68 (m, 1H), 2.56
(ddd, J=14.8,9.2, 4.4 Hz, 1H), 2.50 — 2.42 (m, 1H), 2.36 (s, 3H), 2.27 — 2.19 (m, 1H).

13C NMR (126 MHz, Methanol-ds) & 167.72, 166.78, 143.44, 141.75, 133.39, 130.41, 129.83,
127.98, 126.95, 124.67, 115.34, 44.45, 42.31, 29.86, 29.57, 25.98, 21.29.

HRMS (ESI*) Calc: [M™] (C14H15N40) 255.1240; measured: 255.1238 = 0.8 ppm difference.

IR (film) vmax/cm™: 3063, 2637, 2499, 1588, 1571, 1548, 1450, 1254, 1225, 1150, 1115, 1029,
1006.

cl
cl
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HN
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The general procedure was followed using 20 mol% ABNO, which furnished 81 mg of a
light yellow solid (56%) after purification by EtoO washes and 2x MeCN wash. Note: product
could only be purified to 85% purity. A literature search did not reveal any previously documented
characterization data.

IH NMR (500 MHz, Methanol-ds) § 7.71 (d, J = 8.0 Hz, 2H), 7.60 (d, J = 2.1 Hz, 1H), 7.58 (d, J
= 8.3 Hz, 1H), 7.42 (dd, J = 8.3, 2.1 Hz, 1H), 7.23 (d, J = 8.0 Hz, 2H), 6.60 (s, 1H), 5.08 (t, J =
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4.2 Hz, 1H), 3.57 (dt, J = 13.3, 4.1 Hz, 1H), 3.49 — 3.42 (m, 1H), 3.38 (tt, J = 10.8, 3.8 Hz, 1H),
2.53 (dtd, J = 14.7, 3.9, 1.4 Hz, 1H), 2.36 (s, 3H), 2.36 — 2.22 (m, 2H), 2.08 — 1.97 (m, 1H).

13C NMR (126 MHz, Methanol-ds) & 143.45, 141.74, 135.89, 134.14, 132.67, 132.64, 131.11,
131.05, 129.83, 128.63, 128.56, 126.95, 115.64, 104.97, 45.28, 42.94, 32.53, 30.66, 28.85, 21.30.

HRMS (ESI*) Calc: [M*] (C1sH15CI2N4) 321.0668; measured: 321.0664 = 1.2 ppm difference.

IR (film) vmax/cm™: 3219, 3012, 2937, 2504, 2366, 1594, 1478, 1438, 1156, 1035, 1006.

o ) o
g 0=5=0
H2 3n

The general procedure was followed using 20 mol% ABNO, which furnished 71 mg of a
white powder (61%) after purification by Et2O washes and 1x MeCN wash. A literature search did
not reveal any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds) 6 7.71 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 5.10 (t, J
= 4.9 Hz, 1H), 3.64 — 3.49 (m, 4H), 3.48 — 3.38 (m, 2H), 3.28 (dt, J = 9.0, 4.6 Hz, 1H), 2.37 (s,
3H), 2.28 (ddd, J = 14.8, 9.0, 4.6 Hz, 1H), 2.22 (dt, J = 15.0, 4.3 Hz, 1H), 2.09 — 1.99 (m, 1H),
1.89 (dtd, J = 14.3, 9.4, 4.6 Hz, 1H), 1.69 (app g, J = 5.3 Hz, 2H), 1.67 — 1.59 (m, 2H), 1.58 — 1.51
(m, 2H).

13C NMR (126 MHz, Methanol-ds) & 172.21, 143.49, 141.71, 129.82, 126.96, 115.74, 47.86,
44.69, 44.25, 42.44, 33.46, 29.73, 27.79, 26.69, 25.78, 25.41, 21.30.

HRMS (ESI*) Calc: [M™] (C12H20N30) 222.1601; measured: 222.1597 = 1.8 ppm difference.

IR (film) vmax/cm™: 2931, 2856, 2660, 2522, 2043, 1622, 1438, 1231, 1150, 1121, 1029, 1006.

N.__ S o
Y 0=5:=0
Hz 30
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The general procedure was followed using 20 mol% ABNO, followed by the addition of
10 mol% ABNO and 0.5 equiv. TMSCN and the reaction run again. This furnished 67 mg of a
pale pink solid (56%) after purification by EtoO washes and 2x MeCN wash. A literature search
did not reveal any previously documented characterization data.

IH NMR (500 MHz, Acetonitrile-ds)  7.99 (d, J = 8.1 Hz, 1H), 7.97 (d, J = 8.1 Hz, 1H), 7.69 (d,
J=8.2Hz, 2H), 7.53 (ddd, J = 8.1, 7.2, 1.2 Hz, 1H), 7.44 (ddd, J = 8.1, 7.2, 1.2 Hz, 1H), 7.18 (d,
J=8.2 Hz, 2H), 5.06 (app t, J = 4.4 Hz, 1H), 3.72 — 3.64 (m, 1H), 3.60 (dt, J = 13.4, 4.3 Hz, 1H),
3.43 —3.35 (m, 1H), 2.67 — 2.58 (m, 2H), 2.39 (dg, J = 14.5, 3.7 Hz, 1H), 2.32 (s, 3H), 2.17 (dtd,
J=145,10.8, 4.1 Hz, 1H).

13C NMR (126 MHz, Acetonitrile-ds) 8 172.72, 153.77, 143.77, 141.30, 135.74, 129.80, 127.33,
126.74, 126.36, 123.67, 123.05, 115.50, 45.05, 42.62, 36.02, 31.50, 28.63, 21.31.

HRMS (ESI*) Calc: [M™] (C13H12N3S) 244.0903; measured: 244.0900 = 1.2 ppm difference.

IR (film) vmax/cm™: 2977, 2729, 2504, 2032, 1594, 1507, 1432, 1219, 1150, 1121, 1029, 1006.

Hz 3p
The general procedure was followed using 20 mol% ABNO, which furnished 78 mg of a

pale yellow powder (59%) after purification by Et:O washes and recrystallization with
MeCN/Et20. A literature search did not reveal any previously documented characterization data.

IH NMR (500 MHz, Methanol-ds) 8 7.73 (d, J = 8.1 Hz, 2H), 7.32 — 7.27 (m, 1H), 7.23 (d, J = 8.1
Hz, 2H), 7.12 — 7.03 (m, 3H), 4.75 (dd, J = 11.0, 4.8 Hz, 1H), 4.61 (tt, = 12.2, 4.2 Hz, 1H), 3.89
(ddt, J = 12.4, 4.9, 2.8 Hz, 1H), 3.80 (ddt, J = 12.4, 4.8, 2.6 Hz, 1H), 3.53 — 3.45 (m, 2H), 3.41 (td,
J=127, 3.0 Hz, 1H), 2.97 — 2.80 (m, 2H), 2.36 (s, 3H), 2.21 — 2.09 (m, 3H), 1.21 (t, J = 7.4 Hz,
3H).

13C NMR (126 MHz, Methanol-ds) & 156.12, 143.43, 141.82, 130.35, 129.88, 129.66, 126.97,
122.88, 122.49, 114.55, 110.63, 109.78, 66.89, 59.60, 53.63, 51.03, 27.50, 27.31, 23.14, 21.30,
10.34.

HRMS (ESI*) Calc: [M™] (C16H21N40) 285.1709; measured: 285.1704 = 1.8 ppm difference.



234

IR (film) vmax/cm™: 3167, 2942, 2660, 2360, 1692, 1484, 1386, 1207, 1156, 1115, 1029, 1006.
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The general procedure was followed using 10 mol% ABNO, which furnished 77 mg of a
white powder (58%) after purification by EtoO washes and 1x MeCN washes. A literature search
did not reveal any previously documented characterization data.

IH NMR (500 MHz, Methanol-ds) § 7.71 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 4.67 (dd,
J=12.2, 3.4 Hz, 1H), 3.55 — 3.36 (m, 6H), 3.24 (td, J = 13.2, 3.1 Hz, 1H), 2.38 (s, 3H), 2.31 (dd,
J=14.3,2.6 Hz, 1H), 1.93 (dd, J = 14.9, 2.6 Hz, 1H), 1.85 (dd, J = 14.5, 12.2 Hz, 1H), 1.64 — 1.53
(m, 3H), 1.52 — 1.46 (m, 4H), 1.45 (s, 9H).

13C NMR (126 MHz, Methanol-ds) 8 154.24, 141.33, 139.63, 127.71, 127.70, 124.82, 114.37,
79.07, 40.41, 39.08, 36.95, 34.61, 29.64, 29.05, 26.50, 19.17.

HRMS (ESI*) Calc: [M*] (C1sH26N302) 280.2020; measured: 280.2017 = 1.1 ppm difference.

IR (film) vmax/cm™: 2981, 2940, 2857, 2720, 2110, 1693, 1448, 1408, 1366, 1233, 1149, 1116,
1030, 1003.
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The general procedure was followed using 20 mol% ABNO, which furnished 97 mg of a
pale yellow fine powder (74%) after purification by Et,O washes and 1x MeCN wash. A literature
search did not reveal any previously documented characterization data.

IH NMR (500 MHz, Methanol-ds) § 7.72 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 6.77 (s,
1H), 5.00 (d, J = 5.5 Hz, 1H), 4.08 — 3.93 (m, 2H), 3.66 (td, J = 13.2, 3.1 Hz, 1H), 3.47 — 3.40 (m,

1H), 2.78 — 2.69 (M, 2H), 2.64 (dt, J = 16.3, 4.3 Hz, 1H), 2.37 (s, 3H), 2.27 — 2.22 (m, 1H), 2.20
(dd, J = 15.5, 5.8 Hz, 1H), 2.08 (ddd, J = 14.8, 13.2, 4.4 Hz, 1H).
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13C NMR (126 MHz, Methanol-ds) & 143.46, 141.76, 137.75, 136.12, 130.18, 129.85, 127.83,
126.97, 115.82, 70.87, 60.78, 42.44, 39.36, 36.14, 35.80, 26.74, 21.31.

HRMS (ESI*) Calc: [M*] (C12H14CIN20S) 269.0510; measured: 269.0505 = 1.9 ppm difference.

IR (film) vmax/cm™: 2969, 2722, 2641, 2485, 1615, 1449, 1239, 1146, 1120, 1072, 1004.

U,
L
N+ "CN
Ha 3s

The general procedure was followed using 20 mol% ABNO, which furnished 58 mg of a

white powder (55%) after purification by EtoO washes and 2x MeCN washes. A literature search
did not reveal any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds) § 9.16 (d, J = 1.4 Hz, 1H), 8.76 (d, J = 5.3 Hz, 1H), 7.71 (d, J
= 8.2 Hz, 2H), 7.54 (dd, J = 5.3, 1.4 Hz, 1H), 7.24 (d, J = 8.2 Hz, 2H), 4.95 (t, J = 4.4 Hz, 1H),
3.67 (d, J = 6.9 Hz, 2H), 3.36 — 3.32 (m, 1H), 2.37 (s, 3H), 2.31 - 2.16 (m, 3H), 2.13 — 2.01 (m,
1H).

13C NMR (126 MHz, Methanol-ds) & 169.85, 159.29, 158.66, 143.47, 141.75, 129.84, 126.95,
121.68, 115.57, 45.79, 45.40, 39.87, 26.46, 26.18, 21.30.

IH NMR (500 MHz, DMSO-dg) § 9.18 (d, J = 1.4 Hz, 1H), 8.79 (d, J = 5.2 Hz, 1H), 7.57 (dd, J =
5.2, 1.4 Hz, 1H), 7.48 (d, J = 8.0 Hz, 2H), 7.11 (d, J = 8.0 Hz, 2H), 5.02 (d, J = 4.1 Hz, 1H), 3.60
(dd, J = 12.8, 3.8 Hz, 1H), 3.27 (dd, J = 12.8, 11.3 Hz, 1H), 3.17 (tt, J = 11.3, 3.8 Hz, 1H), 2.29
(s, 3H), 2.21 — 2.14 (m, 1H), 2.14 — 2.02 (m, 2H), 1.86 — 1.74 (m, 1H).

13C NMR (126 MHz, DMSO-ds) & 167.97, 158.33, 157.68, 145.69, 137.62, 128.06, 125.49,
120.31, 115.95, 109.53, 44.01, 43.66, 25.12, 24.98, 20.80.

HRMS (ESI*) Calc: [M*] (C10H13N4) 189.1135; measured: 189.1133 = 1.1 ppm difference.

IR (film) vmax/cm™: 2971, 2729, 1576, 1455, 1398, 1207, 1121, 1035, 1012.

o
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The general procedure was followed using 10 mol% ABNO, which furnished 66 mg of an

off-white powder (80%) after purification by Et2O washes and 1x MeCN washes. A literature
search did not reveal any previously documented characterization data of this salt.
'H NMR (500 MHz, Methanol-ds) 6 7.71 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 4.64 (dd,
J=8.7,3.9 Hz, 1H), 3.40 (ddd, J = 13.2, 5.9, 3.3 Hz, 1H), 3.20 (ddd, J = 12.9, 8.8, 3.8 Hz, 1H),
2.37 (s, 3H), 2.20 (ddd, J = 14.8, 7.2, 3.7 Hz, 1H), 2.04 (dtd, J = 14.8, 8.9, 3.6 Hz, 1H), 1.94 — 1.66
(m, 4H).

13C NMR (126 MHz, Methanol-ds) & 141.34, 139.57, 127.68, 124.80, 113.93, 43.78, 42.83, 25.72,
20.55, 19.16, 19.009.

HRMS (ESI*) Calc: [M*] (CsH11N2) 111.0917; measured: 111.0917 = <0.1 ppm difference.

IR (film) vmax/cm™: 2980, 2766, 2727, 2642, 2550, 2489, 2444, 1677, 1606, 1494, 1454, 1359,
1285, 1222, 1144, 1115, 1029, 1004.
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The general procedure was followed using 10 mol% ABNO, which furnished 65 mg of a

light orange powder (78%) after purification by Et2O washes and 2x MeCN washes. A literature
search did not reveal any previously documented characterization data of this salt.

'H NMR (500 MHz, Methanol-ds) 6 7.71 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 4.78 (t, J
= 4.2 Hz, 1H), 4.08 (m, 2H), 3.96 (ddd, J = 13.1, 5.6, 3.5 Hz, 1H), 3.89 (ddd, J = 13.1, 7.6, 3.2 Hz,
1H), 3.45 (ddd, J = 13.3, 7.5, 3.5 Hz, 1H), 3.36 — 3.32 (m, 1H), 2.37 (s, 3H).

13C NMR (126 MHz, Methanol-ds) 8 141.27, 139.65, 127.71, 124.80, 112.41, 64.63, 62.87, 42.87,
41.00, 19.16.

HRMS (ESI*) Calc: [M™] (CsHgN20) 113.0709; measured: 113.0709 = <0.1 ppm difference.

IR (film) vmax/cm™: 2973, 2725, 2669, 2506, 1909, 1694, 1608, 1490, 1450, 1220, 1166, 1109,
1031, 1002.
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The general procedure was followed using 20 mol% ABNO, which furnished 56 mg of a

white powder (54%) after purification by Et2O washes and 1x MeCN wash. A literature search did
not reveal any previously documented characterization data.

'H NMR (500 MHz, Methanol-d4) & 7.71 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 4.65 — 4.54
(m, 1H), 3.88 — 3.71 (m, 1H), 2.37 (s, 3H), 2.08 — 1.93 (m, 3H), 1.91 — 1.72 (m, 2H), 1.64 — 1.47
(m, 1H).

13C NMR (126 MHz, Methanol-ds) § 143.36, 141.79, 129.82, 126.97, 126.11 (g, J = 279.0 Hz),
118.29, 55.52 (g, J = 30.5 Hz), 46.63, 27.76, 24.13 (q, J = 2.3 Hz), 21.30, 19.83,

HRMS (ESI*) Calc: [M*] (C7H10F3N2) 179.0791; measured: 179.0789 = 1.1 ppm difference.

IR (film) vmax/cm™: 2977, 2511, 2034, 1615, 1448, 1402, 1264, 1218, 1126, 1138, 1034, 1011.
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The general procedure was followed using 10 mol% ABNO, which furnished 34 mg of a

white powder (36%) after purification by Et2O washes. A literature search did not reveal any
previously documented characterization data.
IH NMR (500 MHz, Methanol-ds) & 7.71 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 4.98 (t, J
= 4.3 Hz, 1H), 4.33 (dd, J = 10.5, 3.8 Hz, 1H), 3.87 (s, 3H), 2.37 (s, 3H), 2.30 (dq, J = 14.8, 4.3
Hz, 1H), 2.14 (dqd, J = 14.1, 4.2, 1.3 Hz, 1H), 2.02 (ddt, J = 14.6, 9.6, 4.8 Hz, 1H), 1.91 (m, 2H),
1.82 (dtd, J = 14.7, 9.4, 8.8, 6.1 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) § 167.60, 141.38, 139.52, 127.65, 124.81, 113.46, 53.93,
51.87, 43.23, 24.66, 24.18, 19.15, 17.71.

HRMS (ESI*) Calc: [M™] (CgH13N202) 169.0972; measured: 169.0971 = 0.6 ppm difference.
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IR (film) vmax/cm™: 2956, 2818, 2768, 2960, 2575, 2511, 2420, 1747, 1598, 1484, 1444, 1360,
1310, 1253, 1219, 1149, 1120, 1035, 1006.

OH
Hy
CF3C02_ 3X
The general procedure was followed using 10 mol% ABNO, which furnished 37 mg of an

orange powder (53%) after purification by Et,O washes. A literature search did not reveal any
previously documented characterization data.
IH NMR (500 MHz, Methanol-ds) 8 4.77 (dd, J = 10.0, 4.1 Hz, 1H), 4.15 (tt, J = 5.4, 2.9 Hz, 1H),
3.42 (ddd, J =12.9, 10.9, 3.6 Hz, 1H), 3.36 — 3.28 (m, 1H), 2.28 — 2.12 (m, 2H), 2.00 — 1.88 (m,
2H), 1.88 — 1.76 (m, 1H).
F NMR (376 MHz, Methanol-ds) 6 -77.77.

13C NMR (126 MHz, Methanol-ds) & 160.80, 160.52, 117.08, 114.76, 114.45, 114.05, 59.51,
40.47, 38.84, 32.88, 29.25, 27.98.

IH NMR (500 MHz, DMSO-de) & 4.57 (dd, J = 9.1, 3.9 Hz, 1H), 3.74 (tt, J = 9.1, 3.0 Hz, 1H),
3.02 (ddd, J = 13.1, 9.4, 3.6 Hz, 1H), 2.99 — 2.91 (m, 1H), 1.97 — 1.85 (m, 1H), 1.83 — 1.70 (m,
1H), 1.66 — 1.52 (m, 1H), 1.45 — 1.27 (m, 1H).

HRMS (ESI*) Calc: 127.0866; measured: 127.0865 = 0.8 ppm difference.

IR (film) vmax/cm™: 3493, 2949, 2695, 2486, 1816, 1661, 1477, 1429, 1276, 1177, 1127, 1056.

The general procedure was followed using 10 mol% ABNO, which furnished 57 mg of a
white powder (59%) after purification by Et,O washes and 1x MeCN wash. A literature search did
not reveal any previously documented characterization data.

IH NMR (500 MHz, Methanol-ds) & 7.69 (d, J = 8.1 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 5.10 (dd,
J=4.9, 2.8 Hz, 1H), 3.58 (dt, J = 13.6, 3.7 Hz, 1H), 3.41 — 3.31 (m, 1H), 2.85 (m, 1H), 2.4 (dq,
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J=14.8,2.9 Hz, 1H), 2.35 (s, 3H), 2.20 (dp, J = 14.4, 3.1 Hz, 1H), 2.05 (ddd, J = 14.7, 12.5, 4.9
Hz, 1H), 1.77 (dtd, J = 14.2, 12.4, 4.4 Hz, 1H).

F NMR (376 MHz, Methanol-ds) & -75.95.

13C NMR (126 MHz, Methanol-ds) & 142.07, 140.31, 128.41, 125.54, 113.60, 43.24, 40.34, 35.19,
34.95, 24.77, 20.89, 19.89.

HRMS (ESI*) Calc: 179.0791; measured: 179.0788 = 1.7 ppm difference.

IR (film) vmax/cm™: 3092, 2978, 2628, 2499, 1590, 1495, 1461, 1406, 1362, 1336, 1260, 1223,
1149, 1111, 1064, 1031, 1002.

The general procedure was followed using 10 mol% ABNO, which furnished 29 mg of a

white powder (26%) after purification by EtoO washes and 1x MeCN washes. A literature search
did not reveal any previously documented characterization data.
!H NMR (500 MHz, Methanol-ds) & 7.71 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 4.22 (d, J
= 4.0 Hz, 1H), 3.40 (m, 2H), 3.22 — 2.85 (m, 3H), 2.69 (tt, J = 10.3, 3.6 Hz, 1H), 2.46 — 2.37 (m,
4H), 2.22 (dd, J = 14.7, 4.1 Hz, 1H), 2.07 (dt, J = 14.4, 3.2 Hz, 1H), 1.95 — 1.86 (m, 1H), 1.86 —
1.67 (m, 5H), 1.60 — 1.47 (m, 2H)

13C NMR (126 MHz, Methanol-ds) & 141.40, 139.54, 127.67, 124.80, 116.69, 56.22, 48.99, 44.20,
41.91, 41.83, 28.40, 25.24, 25.01, 24.33, 19.66, 19.15.

HRMS (ESI*) Calc: [M™] (C11H20N3) 194.1652; measured: 194.1652 = <0.1 ppm difference.
IR (film) vmax/cm™: 2946, 2830, 2745, 2538, 1918, 1625, 1449, 1388, 1330, 1213, 1160, 1117,
1031.

CNOSO
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The general procedure was followed using 10 mol% ABNO, which furnished 75 mg of a

white powder (71%) after purification by EtoO washes and 1x MeCN washes. A literature search
did not reveal any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds) 6 7.71 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.1 Hz, 2H), 4.13 (dd,
J=17.6,2.0 Hz, 1H), 3.41 — 3.32 (m, 2H), 3.13 - 3.01 (m, 3H), 2.71 (tt, J = 8.4, 3.5 Hz, 1H), 2.53
(dt, J =8.8, 6.9 Hz, 1H), 2.37 (s, 3H), 2.27 — 2.04 (m, 4H), 2.01 — 1.87 (m, 2H), 1.87 — 1.72 (m,
2H).

13C NMR (126 MHz, Methanol-ds) & 141.37, 139.59, 127.70, 124.80, 117.07, 53.70, 50.12, 47.67,
40.66, 40.62, 28.60, 26.79, 26.40, 20.82, 19.16.

HRMS (ESI*) Calc: [M*] (C10H1s8N3) 180.1495; measured: 180.1495 = <0.1 ppm difference.

IR (film) vmax/cm™: 2962, 2822, 2538, 2219, 2161, 1975, 1687, 1628, 1450, 1387, 1323, 1280,
1214, 1162, 1118, 1031, 1004.

N* “cN
H
2 3ab

The general procedure was followed using 20 mol% ABNO, which furnished 78 mg of an
off-white powder (76%) after purification by EtoO washes with extended sonication and stirring,
followed by recrystallization with MeCN/Et2O. A literature search did not reveal any previously
documented characterization data.

!H NMR (500 MHz, Methanol-ds) § 7.70 (d, J = 8.2 Hz, 2H), 7.43 — 7.35 (m, 2H), 7.34 — 7.28 (m,
2H), 7.23 (d, J = 8.2 Hz, 2H), 4.99 (dd, J = 9.2, 3.4 Hz, 1H), 4.53 (d, J = 14.6 Hz, 1H), 4.47 (d, J
=14.6 Hz, 1H), 3.23 — 3.07 (m, 2H), 2.48 — 2.40 (m, 1H), 2.37 (s, 3H), 2.28 — 2.15 (m, 1H).

13C NMR (126 MHz, Methanol-ds) & 143.51, 142.98, 141.69, 132.60, 131.90, 131.35, 130.86,
129.81, 128.67, 126.96, 116.12, 51.30, 51.03, 32.33, 30.68, 21.30.

HRMS (ESI*) Calc: [M™] (C11H13N2) 173.1073; measured: 173.1072 = 0.6 ppm difference.

IR (film) vmax/cm™: 2937, 2614, 2516, 2360, 2026, 1605, 1496, 1467, 1225, 1138, 1115, 1029,
1006.
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(?_
(—\\ 0=S=0
N+ CN
Ho

3ac
The general procedure was followed using 10 mol% ABNO, which furnished 61 mg of a

yellow solid (75%) after purification by EtoO washes. A literature search did not reveal any
previously documented characterization data of this salt.

'H NMR (500 MHz, Methanol-ds) 6 7.73 (d, J = 8.1 Hz, 2H), 7.27 (d, J = 8.1 Hz, 2H), 4.73 (t, J
= 7.5 Hz, 1H), 3.52 — 3.37 (m, 2H), 2.50 (dtd, J = 13.4, 7.8, 5.9 Hz, 1H), 2.39 (s, 3H), 2.29 (dq, J
=13.2, 7.4 Hz, 1H), 2.26 — 2.06 (m, 2H).

13C NMR (126 MHz, Methanol-ds) § 141.27, 139.73, 127.77, 124.82, 114.28, 45.94, 45.15, 29.06,
22.39, 19.20.

HRMS (ESI*) Calc: [M*] (CsHgN2) 97.0760; measured: 97.0760 = <0.1 ppm difference.

3ad
The general procedure was followed using 10 mol% ABNO, which furnished 61 mg of a

white powder (48%) after purification by EtoO washes and 1x MeCN washes. A literature search
did not reveal any previously documented characterization data.

'H NMR (500 MHz, Methanol-ds4) 6 7.71 (d, J = 7.9 Hz, 2H), 7.60 — 7.52 (m, 2H), 7.30 (dd, J =
8.4, 2.2 Hz, 1H), 7.24 (d, J = 7.9 Hz, 2H), 5.00 (s, 1H), 3.93 (d, J = 11.8 Hz, 1H), 3.76 (dd, J =
11.7,1.6 Hz, 1H), 2.60 (dd, J = 8.8, 4.5 Hz, 1H), 2.37 (s, 3H), 1.45 (ddd, J = 8.8, 7.2, 1.6 Hz, 1H),
1.25 (dd, J = 7.4, 4.5 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) & 141.31, 139.58, 136.70, 130.56, 129.97, 129.88, 128.77,
127.68, 126.46, 124.81, 113.93, 49.37, 48.55, 29.97, 26.33, 19.16, 12.96.

HRMS (ESI*) Calc: [M™] (C12H11N2Cl2) 253.0294; measured: 253.0293 = 0.4 ppm difference.
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IR (film) vma/cm™: 2968, 2723, 2667, 2621, 2585, 2532, 2464, 2164, 1937, 1937, 1620, 1555,

1448, 1381, 1226, 1203, 1141, 1032, 1007.

C.3.6. Coupling constant assignments

T T T T T T T T T H ’ | |
5.20 5.15 5.10 5.05 5.00
£1°(ppm) 3.14 N
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1.96
224 360

1.96 ppm 214H—

dtd

14.5

H

127(124&133) >0
——— 43 2.33 3.43
200 196 192 1.8 314

f1 (ppm)

Signals at 2.33 and 2.14 are those of the equatorial protons alpha to the phenyl ring and
show apparent splitting patterns that may possibly be due to the proximity of the phenyl ring or
longer range couplings that complicates their splitting pattern.

C.3.7. Determination of Stereochemistry
Nuclear Overhauser effect experiments were conducted to establish the relative

stereochemistry of the nitrile and substituent of the piperidine ring. Selective irradiation of the
benzylic proton, which appears as a tt, revealed an nOe cross peak to the axial proton alpha to
nitrogen. However, there was no cross-peak observed to the alpha cyano peak, thereby confirming
the nitrile moiety to sit in the axial position, and thus assume an anti-configuration to the

substituent in the 4-position.

Irradiated: H \_/ X NnOe observed

The coupling constants in the alpha-cyano proton provide additional evidence for it to be

in an equatorial position. The couplings to the neighbouring protons are in the range expected of
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equatorial-equatorial (~2—6 Hz) and equatorial-axial (~2—6 Hz) couplings and are not in the range
expected for a large axial-axial coupling (~10—14 Hz), according to the Karplus relation.?

C.4. Cyanation and Hydrolysis of Secondary Amines

Bulk electrolysis Work-up
| )R lectrolyt
ABNO (1020 moi%) '] ) Hydrolysis: 0
TMSCN (1.5 equiv.) + CN dioxane/conc. HCI (1:1) /\HJ\
R m MeOH (0.5 equiv.) R—/\( reflux, o/n R-L COH

SNH Thech N 3) Vac + DCM wash A
1 TBAPF (0.1 M) 2 ) Vac + was 4 Cr

3 mA

C.4.1. Bulk Electrolysis:
Same procedure as detailed above.

C.4.2. Work-Up
Removal of electrolyte salt: The solution was transferred to a round-bottom flask and

concentrated under reduced pressure. Diethyl ether (ca. 5 x 4 mL) was used to extract the product
from the solid mixture via trituration: a portion of solvent was added to the flask, stirred until the
electrolyte crystallized out and then filtered through a glass pipette filled with cotton wool into a
pre-weighed round-bottom flask and stir bar, and repeated with further portions of Et2O. To
generate high product purity, it is important at this stage to make sure that all the NBusPFs salt has
been separated from the solution. This can be confirmed by observing the formation of white
crystals after cooling the vial down to -20 °C in the freezer. If observed, the solution should be
filtered an additional time. The separated NBusPFs can be reused in subsequent reactions after
drying under vacuum overnight.

Hydrolysis: With the electrolyte salt (TBAPFg) removed, the solution was concentrated
under reduced pressure. To the residue was added dioxane (2 mL) and conc. HCI (2 mL) with
stirring. A condenser was fitted onto the round-bottom flask and heated to 95 °C for 12 hours. The

solution was allowed to cool and toluene (5 mL) was added, before being concentrated to dryness
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under reduced pressure. Further portions of toluene were added and then concentrated if necessary.
The solid mixture was washed with DCM (5 x 5 mL) and then dried under high vacuum for 4-5
hours.

C.4.3. Characterization Data
F

0

N

Z

OH
N

Ha" o
Cr 4a
The general hydrolysis procedure was followed using 20 mol% ABNO, which furnished

67 mg of a white crystalline solid (76%) after purification by DCM washes. A literature search did
not reveal any previously documented characterization data.

'H NMR (500 MHz, Methanol-ds) & 7.90 (dd, J = 8.8, 5.1 Hz, 1H), 7.46 (dd, J = 8.7, 2.1 Hz, 1H),
7.23 (td, J = 9.0, 2.1 Hz, 1H), 4.46 (dd, J = 9.4, 4.1 Hz, 1H), 3.82 (app p, J = 5.1 Hz, 1H), 3.53 —
3.44 (m, 1H), 3.41 (ddd, J = 13.2, 9.4, 3.9 Hz, 1H), 2.64 (dt, J = 14.6, 4.8 Hz, 1H), 2.49 (ddd, J =
14.4,9.4, 4.4 Hz, 1H), 2.34 (ddt, J = 14.1, 9.4, 4.5 Hz, 1H), 2.27 (dq, J = 14.7, 4.9 Hz, 1H).

13C NMR (126 MHz, Methanol-ds) § 170.60, 166.13 (d, J = 225.5 Hz), 165.08 (d, J = 10.5 Hz),
160.47, 124.04 (d, J = 11.3 Hz), 118.40, 114.05 (d, J = 25.8 Hz), 98.19 (d, J = 27.5 Hz), 54.89,
41.87,29.82, 29.74, 26.47.

HRMS (ESI*) Calc: [M™] (C13H14FN203) 265.0983; measured: 265.0979 = 1.5 ppm difference.

IR (film) vmax/cm™: 3329, 2919, 2758, 2493, 1732, 1611, 1490, 1415, 1357, 1259, 1110.

ca— |
S O
N OH
H2_+ 0
cl 4b

The general hydrolysis procedure was followed using 20 mol% ABNO, which furnished
72 mg of a dark green solid (82%) after purification by DCM washes. A literature search did not

reveal any previously documented characterization data.
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'H NMR (600 MHz, Methanol-ds) § 6.77 (s, 1H), 4.28 (dd, J = 12.9, 3.2 Hz, 1H), 4.06 — 3.95 (m,
2H), 3.47 - 3.34 (m, 2H), 2.68 (app q, J = 5.6 Hz, 2H), 2.62 (dt, J = 14.5, 2.9 Hz, 1H), 2.26 (d app
g,J=14.9, 2.6 Hz, 1H), 2.08 — 1.96 (m, 2H).

13C NMR (151 MHz, Methanol-ds) 5 170.87, 138.42, 135.72, 129.92, 127.72, 72.05, 60.97, 54.30,
40.96, 38.77, 34.95, 26.87.

HRMS (ESI*) Calc: [M™] (C12H1sCINO3S) 288.0456; measured: 288.0451 = 1.7 ppm difference.

IR (film) vmax/cm™®: 3115, 3029, 2937, 2810, 2337, 1744, 1403, 1259, 1207, 1184, 1075.

Br

v,
G

Hy,*
cr 4c¢
The general hydrolysis procedure was followed using 20 mol% ABNO, which furnished

87 mg of a pale purple powder (91%) after purification by DCM washes. A literature search did
not reveal any previously documented characterization data.
'H NMR (500 MHz, Methanol-ds) & 7.50 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 4.48 (dd,
J=5.4,3.1Hz, 1H), 3.51 — 3.37 (m, 2H), 2.84 (tt, J = 11.8, 3.6 Hz, 1H), 2.49 (dq, J = 14.5, 2.9
Hz, 1H), 2.20 (ddd, J = 14.4, 12.1, 5.4 Hz, 1H), 2.10 — 2.03 (m, 1H), 1.97 (dtd, J = 14.2, 11.7, 4.7
Hz, 1H).

13C NMR (126 MHz, Methanol-ds) & 170.26, 143.66, 132.94, 129.72, 121.73, 55.42, 42.73, 37.38,
32.40, 30.18.

HRMS (ESI*) Calc: [M*] (C12H15BrNO2) 284.0281; measured: 284.0276 = 1.8 ppm difference.

IR (film) vmax/cm™: 3110, 2931, 2793, 1732, 1571, 1450, 1403, 1202, 1000.

cr 4d
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The general hydrolysis procedure was followed using 20 mol% ABNO, which furnished
59 mg of a pale brown solid (82%) after purification by DCM washes. The spectroscopic data
collected for this compound are consistent, considering the difference in NMR solvents used, with
those published in the literature.*
'H NMR (500 MHz, Methanol-ds) 6 7.38 — 7.32 (m, 2H), 7.30 — 7.20 (m, 3H), 4.47 (dd, J = 5.2,
3.2 Hz, 1H), 3.54 — 3.37 (m, 2H), 2.84 (tt, J = 11.7, 3.6 Hz, 1H), 2.50 (dtd, J = 14.5, 3.3, 1.9 Hz,
1H), 2.22 (ddd, J = 14.5, 12.1, 5.2 Hz, 1H), 2.13 — 2.04 (m, 1H), 2.00 (dtd, J = 14.3, 11.7, 4.5 Hz,
1H).

13C NMR (126 MHz, Methanol-ds) & 170.38, 144.35, 129.90, 128.13, 127.64, 55.52, 42.84, 37.87,
32.69, 30.34.

HRMS (ESI*) Calc: [M*] (C12H16NO>) 206.1176; measured: 206.1173 = 1.5 ppm difference.
IR (film) vmax/cm™: 3110, 2925, 2798, 1726, 1576, 1427, 1386, 1248, 1225, 1196, 1161, 1098.

C.5.  Unsuccessful Substrates
Each of the following substrates did not undergo successful alpha-cyanation due to their

insolubility in the reaction medium.

O._OH ™ O‘O

" ’ \ S,
N 8T o HN N SN ~_~ HN_oO
;% 5 NH H/j & fj 07N E% RSN
H N H H N H H H N

Alpha-cyanated product was detected in the crude *H NMR spectrum obtained from

reactions of the following substrates, but pure products were not successfully isolated.

R 28t
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C.6.  X-Ray Crystallographic Data
C.6.1. Data Collection for Compound 3e [PhSO3’]
A colorless crystal with approximate dimensions 0.2 x 0.08 x 0.04 mm?® was selected

under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The
crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by
using a video camera.

The crystal evaluation and data collection were performed on a Bruker Quazar SMART APEXI|I
diffractometer with Mo K, (A = 0.71073 A) radiation and the diffractometer to crystal distance of
4.96 cm.®

The initial cell constants were obtained from three series of o scans at different starting
angles. Each series consisted of 12 frames collected at intervals of 0.5° in a 6° range about ® with
the exposure time of 10 seconds per frame. The reflections were successfully indexed by an
automated indexing routine built in the APEXII program suite. The final cell constants were
calculated from a set of 9958 strong reflections from the actual data collection.

The data were collected by using the full sphere data collection routine to survey the
reciprocal space to the extent of a full sphere to a resolution of 0.70 A. A total of 80903 data were
harvested by collecting 6 sets of frames with 0.5° scans in ® and ¢ with exposure times of 80 sec
per frame. These highly redundant datasets were corrected for Lorentz and polarization effects.
The absorption correction was based on fitting a function to the empirical transmission surface as
sampled by multiple equivalent measurements.®

C.6.2. Structure Solution and Refinement
The systematic absences in the diffraction data were uniquely consistent for the space

group Pbca that yielded chemically reasonable and computationally stable results of refinement.’
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A successful solution by the direct methods provided most non-hydrogen atoms from the
E-map. The remaining non-hydrogen atoms were located in an alternating series of least-squares
cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic
displacement coefficients. All hydrogen except the ammonium H atoms were included in the
structure factor calculation at idealized positions and were allowed to ride on the neighboring
atoms with relative isotropic displacement coefficients.

Atoms C13 and C14 are disordered over two positions each with the major component
occupancy of 54(3)%. The disorder was refined with restraints.

The final least-squares refinement of 264 parameters against 5675 data resulted in
residuals R (based on F? for 1>2¢) and wR (based on F? for all data) of 0.0478 and 0.1191,
respectively. The final difference Fourier map was featureless.

C.6.3. Crystal Data
[C11H17N4O][CsH503S] (M =378.44 g/mol): orthorhombic, space group Pbca (no. 61), a =

9.204(3) A, b =10.736(3) A, ¢ =37.751(9) A, V =3730.1(17) A3, Z =8, T =100.0 K, p(MoKa) =
0.204 mm?, Dcalc = 1.348 g/cm?®, 80903 reflections measured (6.67° < 20 < 61.074°), 5675
unique (Rint = 0.0572, Rsigma = 0.0286) which were used in all calculations. The final R1 was 0.0478

(I>20(I)) and WR2 was 0.1191 (all data).
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Figure C.1. A molecular drawing of 3e [PhSOs7] shown with 50% probability ellipsoids. All non-
ammonium H atoms and minor disorder components are omitted.

Figure C.2. A molecular drawing of the cation of 3e [PhSOz7] shown with 50% probability
ellipsoids. All H atoms are omitted by both disorder components are shown.

Table C.1. Crystal data and structure refinement for 3e [PhSO37].

Identification code stahl234

Empirical formula [C11H17N4O][CsH503S]
Formula weight 378.44

Temperature/K 100.0

Crystal system orthorhombic

Space group Pbca

alA 9.204(3)



b/A
c/A

(e]

o/
pre

V/°

Volume/A3

Z

Pealcg/cm?®

p/mm

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A

10.736(3)

37.751(9)

90

90

90

3730.1(17)

8

1.348

0.204

1600.0

0.2 x0.08 x 0.04

MoKa (A =0.71073)

6.67 t0 61.074
-13<h<12,-15<k<15,-53<1<53
80903

5675 [Rint = 0.0572, Rsigma = 0.0286]
5675/18/264

1.093

R1=10.0478, wR, =0.1148
R1=0.0569, wR, = 0.1191

0.58/-0.34
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Table C.2. Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement

Parameters (A?x10%) for 3e [PhSOs7]. Ueq is defined as 1/3 of of the trace of the orthogonalised

Uy, tensor.
Atom X y z U(eq)

17.02(9
s1 5401.1(4) 6558.3(3) 6861.9(2)

)
01 4196.0(11) 5809.5(10) 7005.5(3) 21.7(2)
02 4949.9(14) 7806.1(10) 6767.8(3) 27.6(2)
03 6668.5(12) 6497.7(11) 7092.2(3) 24.1(2)
c1 5918.4(15) 5801.0(12) 6465.8(4) 17.5(3)
C2 5220.6(18) 6117.3(15) 6152.6(4) 24.5(3)
C3 5584(2) 5482.8(17) 5843.4(4) 32.2(4)
c4 6631(2) 4560.8(16) 5848.4(4) 32.4(4)
Cc5 7320.1(19) 4244.1(15) 6162.3(4) 28.0(3)
Cc6 6964.4(16) 4867.6(13) 6474.2(4) 20.5(3)
04 -453.0(12) 6688(1)  5875.9(3) 23.9(2)
N1 1509.8(14) 6561.0(12) 7187.9(3) 19.4(2)
N2 -1325.6(15) 8515.2(12) 7347.4(4) 25.2(3)
N3 82.8(17) 6883.3(13) 5526.7(3) 27.8(3)
N4 1726.6(14) 7525.4(12) 5930.9(3) 22.9(3)
C7 545.0(16) 5617.7(13) 7014.1(4) 20.2(3)
cs 730.3(16) 5690.3(12) 6614.6(4) 18.7(3)



C9

C10

C11

Ci12

C13

Cil4

C15

C16

C17

C13A

C14A

340.7(15)
591.9(16)
1355.1(18)

2345(2)

1641(9)

2714(17)
1268.7(15)
1176.0(15)

-245.5(16)

1590(10)

3157(12)

254

7004.0(12) 6482.5(4) 16.2(2)
7101.6(12) 6093.2(4) 18.9(3)
7373.2(14) 5578.6(4) 24.0(3)
7744.9(16) 5282.6(4) 32.2(4)

4924.5(14 42.3(16

) )

9125(6) 5305(3) 60(2)

7406(10)

7982.0(12) 6672.7(4) 17.2(2)

7866.3(13) 7075.4(4) 18.3(3)

8229.4(13) 7223.8(4) 19.8(3)
4928.3(17

7867(16) 49(2)
)

8966(7) 5383(3) 47(2)

Table C.3. Anisotropic Displacement Parameters (A2x10%) for 3e [PhSOs]. The Anisotropic

displacement factor exponent takes the form: -2a°[h?a*?U1+2hka*b*Us2+...].

Atom Un

S1 18.39(16)
01 19.3(5)
02 37.0(6)

03 20.3(5)

U2

15.25(15)

20.1(5)
14.8(5)

32.8(6)

U2s Uis U

-1.47(11) 0.38(12)
0.32(11)

0.7(4)  57(4)  -0.3(4)
-05(4) 20(5) 2.8(4)

-4.3(4) -1.8(4)  -2.4(4)



C1

C2

C3

C4

C5

Cé6

o4

N1

N2

N3

N4

C7

C8

C9

C10

C11

Ci12

C13

Cil4

C15

C16

C17

19.3(6)
27.5(8)
42.3(10)
41(1)
28.4(8)
19.7(6)
28.1(6)
18.2(6)
27.0(7)
38.5(8)
24.3(6)
24.1(7)
23.3(7)
17.3(6)
23.1(7)
30.8(8)
39.8(10)
48(3)
91(5)
18.9(6)
17.3(6)

23.6(7)

16.7(6)
25.4(7)
37.4(9)
33.5(8)
23.4(7)
19.8(6)
27.4(5)
23.8(6)
24.6(6)
29.7(6)
24.6(6)
16.6(6)
14.4(6)
14.9(5)
14.9(6)
21.0(6)
32.1(8)
57(4)

32(2)

14.7(5)
19.1(6)

17.9(6)

16.5(6)
20.6(7)
16.9(7)
22.8(7)
32.2(8)
22.0(7)
16.3(5)
16.2(5)
23.9(6)
15.3(5)
19.7(6)
20.0(6)
18.3(6)
16.4(6)
18.8(6)
20.3(7)
24.6(7)
21.2(19)
55(4)
18.1(6)
18.5(6)

17.8(6)

-0.5(5)
3.1(5)
-0.3(6)
-9.6(6)
-5.9(6)
-0.3(5)
-1.0(4)
1.4(4)
-3.1(5)
0.0(5)
3.4(5)
3.2(5)
1.5(5)
1.2(4)
1.4(5)
3.3(5)
6.9(6)
15(2)
10(2)
-1.0(5)
-2.1(5)

-2.1(5)

1.8(5)
-1.9(6)
-0.8(7)
11.0(7)
11.3(6)
2.3(5)
-1.2(4)
0.1(4)
3.2(5)
1.9(5)
2.8(5)
1.6(5)
-0.3(5)
0.6(5)
-1.6(5)
4.5(6)
11.3(7)
10.5(17)
42(4)
1.7(5)
-0.1(5)

-0.5(5)

255

-3.6(5)
-3.2(6)
-11.4(7)
-13.3(7)
-4.6(6)
-2.0(5)
-3.7(4)
3.6(5)
-1.5(5)
1.5(6)
1.9(5)
0.2(5)
0.6(5)
-0.4(5)
2.6(5)
7.3(6)
9.9(7)
19(3)
-2(3)
-1.0(5)
0.1(5)

-2.1(5)
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C13A 44(3) 79(6) 24(2) 24(3) 5(2) 17(4)

C14A 61(4) 28(3) 51(4) 14(2)  27(3)  6(3)

Table C.4. Bond Lengths for 3e [PhSQOs].

Atom Atom Length/A  Atom Atom Length/A

s1 O1  14732(11) N3  C11 1.298(2)
s1 02  1.4468(12) N4  C10 1.2935(19)
s1 03  1.4563(12) N4  Cl1 1.383(2)
s1 Cl  1.7674(14) C7 C8  1.520(2)
c1 C2 13832  C8 C9  15383(19)
c1 C6 139002  C9 C10  1.4917(19)
C2 C3 13922 €9 C15 1.5320(19)
Cc3 C4  1.381(3) Cl1  Cl12 1.496(2)
C4 C5  1387(3) Cl2 Cl13 1.543(5)
c5 C6  1.394(2) Cl2 Cl4 1522(5)
04 N3  14229(17) C12  CI13A 1513(5)
04 Cl10  1.3397(18) Cl12  Cl4A 1.556(6)
N1 C7  14981(19) C15 C16 1.528(2)
N1 C16  1.4962(19) C16 C17 1.476(2)
N2 Cl7  1.140(2)

Table C.5. Bond Angles for 3e [PhSO37].



Atom

o1

02

02

02

03

03

C2

C2

Cé6

C1

C4

C3

C4

C1

C10

C16

Cil1

Atom

S1

S1

S1

S1

S1

S1

C1

C1

C1

C2

C3

C4

C5

Cé6

04

N1

N3

Atom

C1l

01

(OX]

C1

01

C1l

S1

C6

S1

C3

C2

C5

C6

C5

N3

C7

04

Angle/*

105.26(6)
112.30(7)
114.69(7)
107.19(7)
111.03(7)
105.59(7)
118.92(12)
121.10(13)
119.92(11)
118.91(16)

120.46(16)

120.42(15)

119.80(16)

119.31(14)

105.64(12)

112.78(11)

103.45(12)

Atom Atom

C10 C9

C10 C9

Ci5 C9

04 C10

N4 C10

N4 C10

N3 Ci1

N3 Ci1

N4 Ci1

Cl1 Ci12

Cll1 C12

Cl1 Ci12

Cl1 Ci12

Cl4 Ci12

C13AC12

Cl6 Ci15

N1 C16

Ato

C8

C15

C8

C9

04

C9

N4

Ci12

C12

C13

Cl4

C13

C14

C13

C14

C9

C15

Angle/®

110.35(11)
109.10(11)
110.28(11)
117.95(13)
113.97(13)
128.07(13)
114.57(14)
123.01(15)
122.42(16)
109.6(4)

110.7(3)

113.8(4)

109.6(4)

111.8(4)

111.3(5)

112.30(11)

110.32(11)
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c10 N4  Cl1 102.37(13) C17 C16 N1 108.77(12)
N1 c7  C8 109.47(11) C17 C16 C15 113.93(12)
C7 c8  C9 110.03(11) N2 C17 C16 178.07(16)

Table C.6. Hydrogen Bonds for 3e [PhSOs].

DH A dD-HYA dH-AJA dD-AYA  D-H-Ar
N1H1AO03'0.862(16)  1.871(16)  2.7226(17)  169.3(19)
N1H1BO1 0.874(16)  1.823(16)  2.6903(17)  171.9(19)

L1/2+X,+Y,3/2-Z2

Table C.7. Torsion Angles for 3e [PhSO3].

A B C D Angle/® A B C D Angle/*
S1 Cl C2 C3 -177.25(12) N4 Cl11C12C13 177.7(4)
S1 Cl C6 C5 177.45(11) N4 C11C12C14 -58.4(8)
O1S1 Cl1 C2 88.06(13) N4 Cl11C12C13A-162.7(7)
O1S1 Cl1 C6 -89.20(12) N4 Cl11C12C14A-37.3(5)
02S1 C1 C2 -31.69(14) C7 N1 C16C15 -56.11(15)
02S1 Cl C6 151.05(12) C7 N1 C16C17 69.53(14)
03S1 Cl1 C2 -154.40(12) C7 C8 C9 C10 177.13(12)
O3 S1 C1 C6 28.34(13) C7 C8 C9 C15 56.53(15)
Cl1C2 C3 C4 -05(2 C8 C9 C1004 82.98(15)

C2C1 C6 C5 0.3(2) C8 C9 CI10N4 -95.72(17)



C2C3 C4 C5

C3C4 C5 C6

C4C5 C6 C1

C6 C1 C2 C3

04 N3 CI11N4

04 N3 C11C12

N1 C7 C8 C9

N3 O4 C10N4

N3 O4 C10C9

N3 C11C12C13

0.8(3)
-0.6(2)
0.0(2)
0.0(2)
0.04(17)
-179.98(13)
-59.17(15)
-0.51(16)
-179.39(12)

-2.3(5)

N3 C11C12C14 121.6(8)

N3 C11 C12C13A17.4(8)

N3 C11 C12C14A142.7(5)

C8 C9

C15C16 -53.55(15)

C9 CI5C16N1  52.67(15)

C9 C15C16C17 -69.99(15)

C1004

C10N4

C10N4

C10C9

C11N4

C11N4

C15C9

C15C9

C16N1

N3 C11 0.26(15)
C11N3 -0.33(17)
C11C12 179.69(14)
C15C16 -174.89(11)
C1004 0.52(16)
C10C9  179.26(13)
C1004 -155.71(12)
CION4  25.59(19)

C7 C8 59.91(15)
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Table C.8. Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters
(A?x10%) for 3e [PhSO3].

Atom X

H2

H3

H4

H5

H6

4506.69

5109.13

6879.74

8032.75

7431.99

H1A 1450(20)

y

6756.26
5685.38
4140.96
3603.95
4656.94

6497(17)

z

6149.22
5627.55
5635.32
6164.76
6690.45

7415(4)

U(eq)

29

39

39

34

25

23



H1B 2403(18)
H7A -480.77
H7B 801
HSA 92.04
H8B 1748.46
H9 -707.93
H12A3094
H12 3268.16
H13A1474.7
H13B 2288.98
H13C 711.38
H14A1823.95
H14B 3398.3
H14C 3155.41
H15A 2294
H15B 940.53
H16 1930.86
H13D 1097.52
H13E 2308.96
H13F 873.7
H14D 2447.48

H14E 3778.69

6392(18)
5782.31
4772.23
5069.24
5494.74
7169.96
7075.46
7260.42
6504.78
7653.58
7843.29
9617.56
9341.41
9304.56
7887.64
8823.62
8425.34
7082.78
8055.21
8541.03
9623.17

9224.08

7126(5)
7077.72
7098.19
6499.02
6550.93
6533.35
5258.15
5306.22
4914.16
4730.97
4900.87
5278

5116.07
5535.71
6598.08
6601.33
7180.42
4871.03
4744.54
4939.94
5433.12

5185.14

23

24

24

22

22

19

39

39

64

64

64

89

89

89

21

21

22

74

74

74

70

70
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H14F 3757.45 8820.67 5593.2 70

Table C.9. Atomic Occupancy for 3e [PhSOzs].

Atom Occupancy Atom Occupancy Atom Occupancy

H12A0.46(3) H12 0.54(3) C13 0.54(3)
H13A0.54(3) H13B 0.54(3) H13C 0.54(3)
Cl4 0.54(3) H14A0.54(3) H14B 0.54(3)
H14C 0.54(3) C13A0.46(3) H13D 0.46(3)
H13E 0.46(3) H13F 0.46(3) C14A 0.46(3)
H14D 0.46(3) H14E 0.46(3) H14F 0.46(3)
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Data Collection for carboxylic acid 4a.

A colorless crystal with approximate dimensions 0.268 x 0.099 x 0.042 mm?® was selected under
oil under ambient conditions and attached to the tip of a MiTeGen MicroMount®©. The crystal was
mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a video
camera.

The crystal evaluation and data collection were performed on a Bruker Quazar SMART APEXI|I
diffractometer with Mo K, (A =0.71073 A) radiation and the diffractometer to crystal distance of
6 cm?® for the crystal screening and 5 cm for the data collection.

The initial cell constants were obtained from three series of ® scans at different starting angles.
Each series consisted of 15 frames collected at intervals of 0.4° in a 6° range about  with the
exposure time of 10 seconds per frame. The reflections were successfully indexed by an automated
indexing routine built in the APEXII program suite. The final cell constants were calculated from
a set of 9985 strong reflections from the actual data collection.

The data were collected by using the full sphere data collection routine to survey the reciprocal
space to the extent of a full sphere to a resolution of 0.70 A. A total of 36440 data were harvested
by collecting 5 sets of frames with 0.5° scans in  and ¢ with exposure times of 30 sec per frame.
These highly redundant datasets were corrected for Lorentz and polarization effects. The
absorption correction was based on fitting a function to the empirical transmission surface as
sampled by multiple equivalent measurements.

Structure Solution and Refinement

The systematic absences in the diffraction data were uniquely consistent for the space group P2:/n

that yielded chemically reasonable and computationally stable results of refinement.!
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A successful solution by the direct methods provided most non-hydrogen atoms from the E-map.
The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles
and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement
coefficients. All hydrogen atoms that do not participate in hydrogen bonding were included in the
structure factor calculation at idealized positions and were allowed to ride on the neighboring
atoms with relative isotropic displacement coefficients.

The asymmetric unit contains 2-carboxy-4-(6-fluoro-1,2-benzoxazol-3-yl)piperidin-1-ium cation,
a chloride, a water molecule and half molecule of dioxane. The dioxane molecule occupies a
crystallographic inversion center. The carboxylic acid hydrogen is equally disordered over two
positions and resides 50% of the time on oxygen O3 and 50% of the time the water molecule
oxygen O4, converting the water molecule into a hydronium.

The final least-squares refinement of 235 parameters against 4702 data resulted in residuals R
(based on F? for 1>2¢) and wR (based on F? for all data) of 0.0373 and 0.1015, respectively. The
final difference Fourier map was featureless.

Summary

Crystal Data for [Ci3H14FN203]"Cl.H20.1/2C4HgO> (M =362.78 g/mol): monoclinic, space
group P2i/n (no. 14), a= 16.188(2) A, b = 6.4618(8) A, ¢ = 16.639(2) A, p = 111.357(2)°, V =
1621.0(4) A%, Z =4, T =99.96 K, p(MoKa) = 0.275 mm™, Dcalc = 1.487 g/cm?®, 36440 reflections
measured (3.006° <20 < 60.104°), 4702 unique (Rint = 0.0366, Rsigma = 0.0223) which were used

in all calculations. The final Ry was 0.0373 (I > 20(I)) and wR2 was 0.1020 (all data).
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Ccl4

Cl5

. 05

Cl1i

Figure C.3. A molecular drawing of the asymmetric unit of 4a shown with 50% probability
ellipsoids. The H atoms at O3 and O4 pointing toward each other are 50% occupied.

¢iat
(]

Cll

Figure C.4. A molecular drawing of 4a shown with 50% probability ellipsoids. Symmetry code:
i1-x, -1-y, 1-z.



Crystal data and structure refinement for 4a

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

V/°
Volume/A3
Z
peaicg/cm?
w/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

stahl235

[C13H14FN203]"CI".H20.1/2C4HgO>

362.78

99.96

monoclinic

P21/n

16.188(2)

6.4618(8)

16.639(2)

90

111.357(2)

90

1621.0(4)

4

1.487

0.275

760.0

0.268 x 0.099 x 0.042
MoKa (= 0.71073)

3.006 to 60.104



Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F2

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A

222<h<22,-9<k<9,-23<1<23
36440

4702 [Rint = 0.0366, Rsigma = 0.0223]
4702/0/235

1.040

R1 = 0.0373, wR2 = 0.0986

R1 = 0.0422, WR; = 0.1020

0.51/-0.22
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Table C.10. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x10%) for 4a. Ueq is defined as 1/3 of of the trace of the orthogonalised Uy, tensor.

Atom

Cl1

F1

o1

02

03

N1

N2

C1

C2

C3

C4

X

1877.0(2)
7742.6(5)
6226.9(6)
3013.4(6)
4390.5(6)
5773.0(7)
3512.5(6)
6562.0(7)
7037.6(8)
7299.6(8)

7137.2(8)

y z
-2115.2(4) 6076.8(2)
15288.0(12) 8880.1(5)
9369.5(14) 7303.1(6)
2755.0(15) 6757.7(7)
2089.0(15) 6797.2(7)
7728.7(16) 7544.0(7)
6237.4(15) 7727.2(7)
10645.5(18) 7994.3(8)
12457(2) 8021.7(8)
13474.6(18) 8803.7(8)
12771.1(18) 9528.2(8)

U(eq)
17.17(8)
24.49(17)
19.34(18)
24.1(2)
22.9(2)
18.0(2)
13.85(18)
16.2(2)
18.6(2)
18.3(2)

18.4(2)



C5

Cé6

C7

C8

C9

C10

Cl11

Ci12

C13

04

05

Cl4

C15

6661.1(8)
6359.8(7)
5850.4(7)
5415.2(7)
4681.4(8)
3876.3(8)
4192.0(7)
5018.6(7)
3792.7(8)
3730.9(7)
4523.3(7)
5478.7(9)

4187.1(9)

10957.3(18)
9897.0(17)
8048.2(17)
6634.1(17)
7785.0(18)
8219.0(17)
5132.4(17)
4676.3(17)
3190.8(18)
-1237.1(16)
-3165.9(18)
-3183(2)

-4696(3)

9473.8(7)
8684.8(7)
8344.3(7)
8791.7(7)
9000.5(7)
8191.1(8)
7474.5(7)
8274.1(7)
6974.4(8)
5980.6(6)
4991.0(7)
5328.6(9)

4328.2(9)

16.8(2)
14.7(2)
14.8(2)
14.7(2)
16.1(2)
15.8(2)
13.5(2)
15.1(2)
16.5(2)
23.7(2)
31.6(2)
28.3(3)

29.6(3)
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Table C.11. Anisotropic Displacement Parameters (A2x10%) for 4a The Anisotropic displacement
factor exponent takes the form: -2n2[h?a*?Us1+2hka*b*Us2+...].

Atom U11

U2

Cll 18.62(14) 16.65(14)

F1

o1

02

(0K

N1

23.3(4)
19.4(4)
17.8(4)
20.1(4)

16.0(5)

18.6(3)
22.3(4)
23.6(4)
21.0(4)

19.7(5)

Uss
14.99(13)
31.0(4)
18.9(4)
29.5(5)
29.0(5)

20.0(5)

Uzs
-0.87(9)
-1.6(3)
-4.6(3)
-8.4(4)
-8.0(4)

-3.0(4)

Uis

4.62(10)

9.2(3)
10.1(3)
7.0(4)
10.5(4)

8.6(4)

Uz
1.06(9)
-7.9(3)
-5.8(3)
-3.4(3)
-1.2(3)

-3.9(4)



N2

C1

C2

C3

C4

C5

Cé6

C7

C8

C9

C10

Cil1

Ci12

C13

04

05

Cl4

C15

Table C.12. Bond Lengths for 4a.

11.7(4)
12.1(5)
13.7(5)
13.1(5)
17.0(5)
15.9(5)
11.7(5)
11.1(5)
13.2(5)
16.0(5)
15.4(5)
12.8(5)
12.8(5)
17.5(5)
22.1(5)
21.6(5)
20.7(6)

20.7(6)

Atom Atom

F1

o1

C3

N1

13.4(4)
18.2(5)
21.9(5)
14.7(5)
16.8(5)
17.0(5)
13.9(5)
15.7(5)
14.4(5)
17.5(5)
12.5(5)
12.1(5)
12.9(5)
15.8(5)
24.1(5)
37.7(6)
37.6(8)

41.1(8)

Length/A  Atom Atom Length/A
1.3554(14) C4

1.4281(13) C5

15.2(4)
18.3(5)
21.1(6)
25.3(6)
18.7(5)
14.9(5)
17.0(5)
16.8(5)
14.3(5)
15.4(5)
20.0(5)
15.0(5)
16.3(5)
15.6(5)
25.0(5)
33.6(6)
25.2(6)

22.7(6)

1.3875(17)

1.4017(16)

0.8(3)
-2.1(4)
1.2(4)
0.5(4)
-2.2(4)
0.7(4)
-0.1(4)
-1.7(4)
-0.5(4)
-2.7(4)
-1.5(4)
-1.2(4)
0.2(4)
0.3(4)
-5.2(4)
-12.9(4)
-9.8(6)

-7.8(6)

3.5(4)
5.4(4)
7.5(4)
4.6(4)
3.3(4)
2.6(4)
3.4(4)
4.0(4)
2.6(4)
6.4(4)
7.2(4)
4.2(4)
1.6(4)
5.1(4)
8.8(4)
7.8(4)
6.8(5)

2.7(5)

0.3(3)
0.1(4)
-0.8(4)
-1.5(4)
-0.9(4)
0.2(4)
0.9(4)
0.6(4)
-0.7(4)
-1.9(4)
0.1(4)
0.2(4)
0.8(4)
-0.4(4)
-0.7(4)
1.3(4)
-5.5(5)

-2.2(6)
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o1

02

03

N1

N2

N2

C1

C1

C2

C3

C1

C13

C13

C7

C10

Cl1

C2

C6

C3

C4

11-X,-1-Y,1-Z

1.3573(14)
1.2121(15)
1.3185(15)
1.3077(15)
1.5004(15)
1.4945(15)
1.3927(17)
1.3911(16)
1.3795(18)

1.4000(18)

C6

Cc7

C8

C8

C9

Cl1

Cl1

05

05

C14

Table C.13. Bond Angles for 4a.

Atom Atom Atom Angle/*

C1

C7

Cil1

o1

o1

Cé6

C3

F1

F1

o1

N1

N2

C1

C1

C1

C2

C3

C3

N1

o1

C10

C2

C6

C2

C1

C2

C4

107.51(9)
107.48(9)
111.17(9)
125.73(11)
110.30(10)
123.97(11)
114.08(11)
118.10(11)

117.31(11)

C7  1.4449(15)
C8 1.5058(16)
C9  1.5444(16)
C12 1.5335(16)
C10 1.5208(17)
Cl2 1.5332(15)
C13 1.5141(16)
C14 1.4405(17)
C15 1.4328(17)
C15! 1.507(2)
Atom Atom Atom Angle/*
C6 C7 C8 127.65(10)
C7 C8 (C9 110.83(9)
C7 C8 Cl2 113.49(9)
Cl2 C8 C9 108.94(9)
C10 C9 C8 111.77(9)
N2 C10 C9 110.33(9)
N2 Cl1l1 C12 110.30(9)
N2 Cl1l1 C13 109.86(9)
C13 Cl11 C12 112.37(9)
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C2

C5

C4

C1

C1

C5

N1

N1

C3

C4

C5

C6

C6

Cé6

C7

C7

C4

C3

Cé6

C5

C7

C7

Cé6

C8

11-X,-1-Y,1-Z

124.59(11)
119.49(11)
118.00(11)
119.83(11)
103.65(10)
136.52(11)
111.04(10)

121.27(10)

Cl1

02

02

(OX]

C15

05

05

Table C.14. Hydrogen Bonds for 4a.

D H

A d(D-H)YA

N2H2A Cl1'0.837(17)

N2H2B Cl120.856(17)

O4H4AACIL 0.89(2)

O4H4AB 05 0.92(2)

O3H3

04 0.92(5)

O4H4B 03 0.86(5)

d(H-A)/A
2.331(17)
2.379(18)
2.26(2)
1.82(2)
1.65(5)

1.70(5)

11/2-X,1/2+Y,3/2-Z; >+X,1+Y ,+Z

Table C.15. Torsion Angles for 4a.

A B C D Angle"

F1C3 C4 C5 177.92(10)

OL1N1 C7 C6 -0.31(13)

Cl2 C8

Cl13 O3

Cl13 C11

Cl3 Ci1

05 Cl4

112.54(9)

125.25(11)
123.08(11)
111.66(10)

110.34(11)

Cl4 C15' 109.95(12)

C15 C14! 110.64(11)

d(D-A)/A

3.1567(11)
3.2230(11)
3.1151(12)
2.7292(15)
2.5591(14)

2.5591(14)

D-H-A/°
169.3(15)
168.8(15)
160.3(18)
167.5(19)
171(4)

171(5)

A B C D Angle

C3 C4 C5 C6 -0.02(17)

C4 C5 C6 C1 1.69(17)
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O1N1

O1cC1

O1cC1

OlcC1

N10O1

N10O1

N1C7

C7

C2

Cé

C6

C1

C1l

C8

C8

C3

C5

C7

C2

Cé6

C9

177.70(9)
179.69(11)
178.56(10)
-1.07(12)
-178.74(11)
0.92(12)

-113.94(12)

N1C7 C8 C129.02(15)

N2C11C12C8

N2C11C1302

N2C11C1303

C101 N1 C7

Cic2

Cic2

Cl1C6

Cl1C6

C2C1

C2C1

C3

C3

Cc7

Cc7

C6

C6

F1

C4

N1

C8

C5

C7

C2C3 C4 C5

11-X,-1-Y,1-Z

-55.98(12)
6.08(16)
-175.14(10)
-0.36(12)
-177.99(10)
1.73(18)
0.85(13)
-177.00(11)
-1.77(18)
178.60(11)

-1.80(19)

C4

C5

C5

C6

C6

C6

C7

C7

C8

C9

C10N2

C10N2

C11N2

C5

Cé

Cé

C1

C7

Cc7

C8

C8

C9

C8

C12C8

C6

Cc7

Cc7

C2

C8

C8

C9

C7

N1

C8

C3

C9

C12

C10

Cl2C11

C10NZ2

Cl2C11

ClicCi12

C11C13

C10C9

C9

C10

C12C11C1302

C12C11C1303

C13C11C12C8

-178.85(12)
-178.68(13)
3.5(2)
0.07(17)
63.71(14)
-173.33(10)
71.37(12)
-70.64(12)
57.68(12)
53.36(12)
58.06(12)
-177.53(9)
-59.35(12)
-54.18(12)
129.28(12)
-51.94(13)

-178.94(9)

C1405 C15C14'58.11(17)

C1505 C14C15%-57.70(17)
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Atom X
H2A 3356(11)

H2B 3043(11)

H2  7169.89
H4  7351.36
H5  6542.86
H8  5878.14
HO9A 4498.45
HI9B 4920.81

H10A 3414.01
H10B 4046.76
H1l 4370.84
H12A 5471.71
H12B 4859.92
H4AA 3163(15)
H4AB 3921(13)
H14A 5703.72
H14B 5700.39
H15A 4377.39
H15B 3530.66
H3  4120(30)

H4B 3910(30)

y

5460(30)
6510(30)
12948.94
13529.67
10449.25
6192.66
6937.91
9109.57
8921.07
9150.8
6064.17
4008.1
3691.54
-1550(30)
-1860(30)
-2149.62
-2805.86
-4359.37
-4686.2
990(80)

-50(80)

z
8048(11)
7291(11)
7544.09
10053
9956.91
9350.48
9402.88
9291.14
8350.08
7805.13
7086.25
8091.05
8650.48
5870(13)
5582(13)
5797.21
4866.6
3841.35
4109.75
6460(30)

6220(30)
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U(eq)
17
17
22
22
20
18
19
19
19
19
16
18
18
35
35
34
34
36
36
44

44
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'H NMR (500 MHz, Methanol-da):
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Appendix D: Fundamental Studies of N-Oxyl Radicals: Assessment of
Stability, Bond Strength, and Time-Delayed Alcohol Oxidation Supporting

Information
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D.1.  General Information
Reagents
All commercially available chemicals were used without further purification. MAN was

prepared following a reported method. !

Instruments and Techniques
All buffer solution pH was measured by Orion Star benchtop pH Meter. All buffer

solutions used for CV were tested each day they were used for data collection.

Nuclear magnetic resonance (NMR) spectra were obtained using an internal solvent lock
on a Bruker Avance-400 spectrometer. For *H spectra, chemical shifts were referenced to the
center line of the residual solvent signals (MeCN-ds: 61.94; D20O-ds: 64.79). NMR vyield (%) was
determined using 1,3,5-trimethoxy benzene as internal standard.

Electrochemical reactions were acquired using a Pine WaveDriver 40 DC
Bipotentiostat/Galvanostat or WaveNow XV potentiostat. Reaction run under N2 atmosphere were
performed in a purge box using a wireless WaveNow XV potentiostat. All reactions were
referenced by 3.0 M KCI Ag/AgCl reference electrode (BASI). 5-15 mL glass cell with Teflon cell
tops (BASI) were fitted with a 3.0 mm glassy carbon working electrode (BASi), handmade Pt wire
counter electrode, and Ag/AgCl reference electrode. Handmade cells were used for bulk
electrolysis (Figure D.1). A piece of glass tube with a fine porosity E frit on the bottom were used
to separate the handmade Pt wire counter electrode from the graphite rod (graphitestore) or 11 um
carbon fiber microelectrode (BASi) working electrodes and Ag/AgClI reference. Radical decay
was monitored using an RDE set-up (BASI) fitted with 3.0 mM glassy carbon electrode (BASI),

Pt wire counter electrode (BASI), and Ag/AgCl reference electrode.
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Figure D.1. Divided bulk electrolysis cell.

D.2. CV of HAT Mediators
Buffers

The following buffers were prepared by adding 0.1 M of the acid (or base component) and
titrating with NaOH (or HCI) to the desired pH: pH 3 (0.1 M sodium citrate/citric acid), pH 5 (0.1
M sodium acetate/acetic acid, pH 7 (0.1 M monosodium/disodium phosphate), pH 9.5-10.5 (0.1
M carbonic acid/sodium bicarbonate). pH 1 solution was prepared by adding 0.1 M HCI to water.

Collected CVs
Pine Aftermath software was used to calculate the peak current and peak potential (Figure

D.2) from collected CVs (Figure D.2-D.9).
CVs collection of each mediator at pH 5 were repeated three different times on different

days to determine the standard deviation and error for the reported Eu.
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Cyclic Voltammogram

Peak Height: 18.79 pA
Peak Position: 694.2 mV

Peak Height: -16.27 pA
Peak Position: 633.1 mV
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Figure D.2. Example of CV analyzed using Pine Aftermath software.

CVs of VA, DVA, MAN, CyAN, DAN, NHPI, NHSI, and HOBt were collected at 20

mV/s, 50 mV/s, and 100 mV/s.
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Figure D.3. 1 mM VA, 20, 50, or 100mV/s; glassy carbon working electrode, Pt wire counter
electrode, 3 M KCI Ag/AgCl reference electrode; 0.1 M buffer: pH 3 (0.1 M sodium citrate/citric
acid), pH 5 (0.1 M sodium acetate/acetic acid, pH 7 (0.1 M monosodium/disodium phosphate), pH
9.5-10.5 (0.1 M carbonic acid/sodium bicarbonate), and pH 1 solution (0.1 M HCI to water).
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Figure D.4. 1 mM DVA; 20, 50, or 100mV/s; glassy carbon working electrode, Pt wire counter
electrode, 3 M KCI Ag/AgCl reference electrode; 0.1 M buffer: pH 3 (0.1 M sodium citrate/citric
acid), pH 5 (0.1 M sodium acetate/acetic acid, pH 7 (0.1 M monosodium/disodium phosphate), pH
9.5-10.5 (0.1 M carbonic acid/sodium bicarbonate), and pH 1 solution (0.1 M HCI to water).
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Figure D.5. 1 mM MAN; 20, 50, or 100mV/s; glassy carbon working electrode, Pt wire counter
electrode, 3 M KCI Ag/AgCl reference electrode; 0.1 M buffer: pH 3 (0.1 M sodium citrate/citric
acid), pH 5 (0.1 M sodium acetate/acetic acid, pH 7 (0.1 M monosodium/disodium phosphate), pH
9.5-10.5 (0.1 M carbonic acid/sodium bicarbonate), and pH 1 solution (0.1 M HCI to water).
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Figure D.6. 1 mM CyAN; 20, 50, or 100mV/s; glassy carbon working electrode, Pt wire counter
electrode, 3 M KCI Ag/AgCl reference electrode; 0.1 M buffer: pH 3 (0.1 M sodium citrate/citric
acid), pH 5 (0.1 M sodium acetate/acetic acid, pH 7 (0.1 M monosodium/disodium phosphate), pH
9.5-10.5 (0.1 M carbonic acid/sodium bicarbonate), and pH 1 solution (0.1 M HCI to water).
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Figure D.7. 1 mM NHPI; 20, 50, or 100mV/s; glassy carbon working electrode, Pt wire counter
electrode, 3 M KCI Ag/AgCl reference electrode; 0.1 M buffer: pH 3 (0.1 M sodium citrate/citric
acid), pH 5 (0.1 M sodium acetate/acetic acid, pH 7 (0.1 M monosodium/disodium phosphate), pH
9.5-10.5 (0.1 M carbonic acid/sodium bicarbonate), and pH 1 solution (0.1 M HCI to water).
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Figure D.8. 1 mM NHSI; 20, 50, or 100mV/s; glassy carbon working electrode, Pt wire counter
electrode, 3 M KCI Ag/AgCl reference electrode; 0.1 M buffer: pH 3 (0.1 M sodium citrate/citric
acid), pH 5 (0.1 M sodium acetate/acetic acid, pH 7 (0.1 M monosodium/disodium phosphate), pH

9.5-10.5 (0.1 M carbonic acid/sodium bicarbonate), and pH 1 solution (0.1 M HCI to water).
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Figure D.9. 1 mM HOBt; 20, 50, or 100mV/s; glassy carbon working electrode, Pt wire counter
electrode, 3 M KCI Ag/AgCl reference electrode; 0.1 M buffer: pH 3 (0.1 M sodium citrate/citric
acid), pH 5 (0.1 M sodium acetate/acetic acid, pH 7 (0.1 M monosodium/disodium phosphate), pH

9.5-10.5 (0.1 M carbonic acid/sodium bicarbonate), and pH 1 solution (0.1 M HCI to water).

Collected DPV
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Figure D.10. 1 mM HOBT; glassy carbon working electrode, Pt wire counter electrode, 3 M KCI
Ag/AgCI reference electrode; 0.1 M buffer: pH 3 (0.1 M sodium citrate/citric acid); pulse height:
100 mV, width: 0.01 s, period: 0.1 s, increment: 10 mV; pre- and post-pulse width: 0.003 s.

D.3. pKaAnalysis by NMR
A 1 mM solution DVA, MAN, CyAN, NHPI, NHSI, and HOBt in D20 was titrated with

DCI or NaOD. 1 mM BnOH was added as internal standard. The pH was recorded and corrected
for D,O. The sample analyzed by *H NMR, referenced to BnOH (4.60 ppm) and analyzed using
the multistart function in MATLAB to determine the equivalence point. The results are

summarized in (Figure D.11-D.15).
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Figure D.11. 1 mM DVA in D0 titrated from pH 2-10 using DCI or NaOD and analysis in R.
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Figure D.13. 1 mM CyAN in D0 titrated from pH 2-10 using DCI or NaOD and analysis in R.
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Figure D.14. 1 mM NHPI in DO titrated from pH 2-10 using DCI or NaOD and analysis in R.
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Figure D.15. 1 mM NHSI in DO titrated from pH 2-10 using DCI or NaOD and analysis in R.

D.4. Bulk Electrolysis
The radical pool bulk electrolysis experiments were conducted by bulk electrolysis of a

10 mM mediator solution in 1:1 MeCN: 0.1 M HCI (aq). Constant current electrolysis using the

graphite working electrode was conducted for 5-10 minutes. Immediately after electrolysis, an
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LSV was collected in the same cell using a carbon fiber microelectrode. Bulk electrolysis was
continued until monitoring showed that maximum oxidation current corresponding to maximum
radical generation was achieved.

Radical Degradation Experiments
After bulk electrolysis was used to generate a maximum amount of radical, the mediator

solution was transferred to an RDE cell with a rotation rate of 1000 rpm. Collection of LSV data

using this RDE set-up occurred 1.5 minutes after the pool was achieved by bulk electrolysis
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-30
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Figure D.16. An example of radical degradation data collected by LSV; 3.0 mm glassy carbon
working electrode, Pt wire counter electrode, Ag/AgCl reference electrode; 1000 rpm; 20 mV/s.

Oxidation of 4-methoxy-a-methylbenzyl alcohol
After bulk electrolysis was used to generate a maximum amount of radical, the mediator

solution was transferred to a cell containing pre-weighed substrate. The reaction was stirred no
radical could be detected by microelectrode LSV analysis. 1,3,5-trimethoxybenzene was added as
internal standard and an NMR sample of the crude mixture was prepared in MeCN-dz. No aldol

condensation products were observed under the conditions used for this study.
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Figure D.17. An example of LSV monitoring during radical pooling (red traces) and after addition
of substrate (blue traces). 10 mM VA; 1:1 MeCN: 0.1 M HCI (aq); 20 mV/s; graphite rod (working
electrode: generation), carbon fiber microelectrode (working electrode: monitoring), Pt wire
counter electrode; Ag/AgCl reference; divided cell.
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Appendix E: Electrochemical Oxidative Stabilization in Mild Aqueous
Conditions Enhances Lignin Monomer Production During Biomass

Depolymerization
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E.1.  Chemicals and Materials
All commercial chemicals were purchased and used as received without further

purification unless otherwise noted. Violuric acid monohydrate (26351-19-9, >97.0%), 1,4-
dioxane (123-91-1, > 99.0%), sodium hydroxide (1310-73-2, > 97.0%, pellet), sodium bicarbonate
( 144-55-8, > 99.7%), ethyl acetate (141-78-6, [ 99.8%), formic acid (64-18-6, [ 95.0%), and
magnesium sulfate (7487-88-9, > 99.5%) were purchased from Sigma Aldrich. Potassium chloride
electrolyte solution (7447-40-7, 3 mol/L) was purchased from Mettler Toledo. Glacial acetic acid
(64-19-7, 99.99%), sodium formate (141-53-7, 99.52%, white crystals) and hydrochloric acid
(7647-01-0, 37.10%) were purchased from Chem Impex International. NE-19 (Populus nigra
charkowiensis x P. nigra caudina) poplar was harvested on 2011-07-01 and obtained from the
Great Lakes Bioenergy Research Center in Madison, WI. The biomass was then coarsely ground
(e.g., 2-4 mm Wiley-milled) and washed in a Soxhlet extractor with subsequent 24 h ethanol and
toluene wash, with an additional 1,4-dioxane wash applied as noted in the text.

NMR spectra were acquired on a Bruker Biospin Avance 500 MHz spectrometer fitted
with a 5 mm TCI (triple resonance; 1H, 13C, 15N) gradient cryoprobe with inverse geometry
(proton coils closest to the sample). HSQC experiments were carried out using the following
parameters: acquired from 10 to 0 ppm in F2 (*H) with 1000 data points (acquisition time 100 ms),
200 to 0 ppm in F1 (**C) with 400 increments (F1 acquisition time 8 ms) of 72 scans with 500 ms
interscan delay; the d24 delay was set to 0.89 ms (1/8J, J = 145 Hz). The total acquisition time was
5h.

Solid State NMR (ssNMR) spectra were obtained with Bruker Avance-500 MHz NMR
spectrometer with a 1.2 mm magic-angle spinning ssSNMR probe and chemical shifts are reported
in parts per million (ppm). 2D NMR spectra were obtained with a Bruker Avance 600 MHz NMR

spectrometer equipped with a TCI-F cryoprobe and chemical shifts are reported in parts per million
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(ppm). Experiments were carried out using the following parameters: acquired from -155 to 341
ppm (3C) with 10 kHz MAS frequency and acquisition time 0.03 s with 4264 scans and a 3 s
relaxation delay.

HPLC/UV analysis on lignin-derived monomers was obtained on a Shimadzu Prominence
HPLC system equipped with SPD-M20A diode array detector and a Restek Ultra C18 column (150
mm x 4.6 mm ID — 3-micron particle size) at 35 °C. Solvent A was 0.1% formic acid in Millipure
water and solvent B was HPLC grade acetonitrile for the HPLC separations (flow rate 2 mL/min).
Monomer yields were calculated based on a 1,4-dimethoxybenzene internal standard.

E.2.  Experimental
E.2.1. Flow Reaction Set-Up
One end of a 1”7 x 2 1/8” or 1/2” x 10 1/8” diameter borosilicate glass tube was plugged

with glass wool. The tube is partially filled with 4 mm glass beads (Fisher Scientific) to a heigh of
approximately 3 cm (for %2 diameter tube) or 1 cm (for 1” diameter tube). 1 g of washed poplar
biomass is added to the tube and packed by tapping the tube lightly on the table. The rest of the
tube is filled with glass beads, and the end is plugged with glass wool. Both ends of the tube are
fitted with ultra-Torr fittings, and the reactor suspended vertically. The inlet and outlet tubes are
attached to the fittings, and a temperature probe is inserted into the top of the reactor through the
ultra-Torr fittings at a T-joint.

Typically, a 0.2 M acetic acid/sodium acetate buffer solution (pH 4.5) was prepared for
the anodic and cathodic reservoirs by adding 0.2 M acetic acid to water and titrating to pH 4.5
using NaOH. For reaction optimization using different buffer systems, 0.2 M phosphoric
acid/monosodium phosphate buffer (pH 7) was prepared using a similar method. A 0.2 M HCI

solution (pH 1) was also prepared for optimization. The anodic and cathodic reservoirs were filled
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with 600 ml buffer. 50 wt% (10 mM) violuric acid monohydrate was added to the anodic reservoir
and dissolved.

Once the reactor, flow cell, and reservoirs were prepared, all the components were
assembled around a Masterflex L/S peristaltic pump (Model 77800-60) fitted with three Masterflex
L/S Easy-Load 3 pump heads. Anodic: One end of a Masterflex C-flex tube was inserted into the
anodic reservoir, passed through the pump head, and attached to the anodic inlet of the flow cell
(Figure E.1). Another tube connects the anodic outlet of the flow cell to the inlet of the reactor.
The reactor outlet is connected to the small reservoir fitted with an 11 pm glassy carbon
microelectrode (BASI), Pt wire counter electrode, and 3.0 M KCI Ag/AgCI reference electrode
(BASI). The outlet tube of the small reservoir was passed through the pump head and connected
to the anodic reservoir. Cathodic: One end of a Masterflex C-flex tube was inserted into the
cathodic reservoir, passed through the pump head, and attached to the cathodic inlet of the flow

cell. Another tube connects the cathodic outlet of the flow cell to the cathodic reservoir.

Figure E.1. Graphic illustration of the components of the divided flow cell reactor. Interelectrode
distance between anode and cathode is 3.5 mm.

Solution is pumped through the flow reactor system at a rate of 3 mL/min. The temperature

probe and heat tape (HTS/Amptek Model ASR-051-020D-MP) were connected to the Parr 4848
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reaction controller and set to an output of 17.5 to achieve 43-45 °C in the reactor. The heat tape
was wrapped around the lower half of the reactor.

Two parallel reactions can be conducted using this set-up, as shown in Figure E.2.

Figure E.2. Flow reaction set up with three flow pumps, two columns, pair of anodic and cathodic
reservoirs and two flow cells.

A Pine WaveNow potentiostat was used to apply 1.5 V to the flow cell for 72 h once the
temperature reached steady state. A CH Instruments 600E potentiostat/galvanostat was used to
monitor the concentration of violuric acid (VA) and violuric acid N-oxyl radical (VANO) in the
small reservoir at the microelectrode. Linear sweep voltammograms0.4 — 1.0 V, 20 mV/s) were

collected every 30 minutes for the duration of the reaction.
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After the reaction was finished, the reactor was allowed to cool to room temperature and
the biomass and cell were washed with approximately 600 mL of DI water. The glass tube
containing biomass was disconnected from the reactor. The biomass was separated from the glass
beads and wool and transferred to a pre-weighed glass vial. The biomass was dried on a rotary
evaporator at room temperature overnight.

The dried biomass was ground for 2 min (2x1 min grinding) at 30 Hz using a Retsch
MM301 mixer mill with corrosion-resistant stainless-steel screw-top grinding jars (50 ml)
containing a single stainless steel ball bearing (30 mm). Ground biomass was used for 2D gel-
NMR HSQC analysis! and mild-acidolysis fractionation.

E.2.2. Mild-Acidolysis Fractionation?
1 g ground biomass was suspended in a dioxane/water mixture (9/1 v/v) containing 0.2 M

HCI. The suspension was refluxed and stirred for 45 min. The cooled mixture was gravity filtered
through Whatman filter paper (18.5 cm) to separate insoluble polysaccharides from lignin. The
insoluble polysaccharides were analyzed by ssNMR. The residue was washed three times with 15
mL of dioxane/water mixture. The pH of the resulting solution was adjusted to 3-4 by saturated
aqueous NaHCO3 solution. Then, the solution was concentrated by rotary-evaporation (45 °C),
taking care to stop before any insoluble lignin appeared. Lignin was precipitated by pouring the
concentrated solution into 40 mL of cold water. The precipitated lignin was isolated by
centrifugation (30 min at 1200 g, 4°C), washed with 40 mL of deionized water. The washed lignin
was dried by lyophilization and analyzed by 2D HSQC or depolymerized to monomers.

E.2.3. Formic Acid Depolymerization?
50 mg of oxidized lignin was added to a 15 mL thick-walled pressure tube. 37 mg

NaCO2H and 5 mL formic acid were added to the tube. The reaction was stirred behind a blast

shield at 110° C for 24 h. After the reaction was cooled to room temperature, the reaction was
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transferred to a round bottom flask and concentrated using a rotary evaporator until the mixture is
thick. Do not rotovap to dryness. The mixture was then transferred to a separatory funnel and
extracted 3x with 15 mL ethyl acetate and 1x with brine. The organic layer was dried over
magnesium sulfate and analyzed by UPLC.

Safety note: Heating formic acid above its boiling point causes pressure build-up during
the reaction, and extra care must be taken when opening the pressure tube after the reaction has
cooled. This depolymerization reaction should not be scaled-up due to these safety considerations.

E.2.4. Preliminary Radical Pool Batch Reaction
A 28 mM solution of VA and 0.5 M NaCl in 5 mL 0.1 M acetic acid/acetate buffer (pH

4.5) was prepared and heated to 70 °C. The divided cell was fitted with an RVC working electrode,
Pt wire counter electrode, and 3.0 M KCI Ag/AgCl reference electrode. The solution was
electrolyzed at 50 mA for 25 minutes under stirring. The solution was then transferred to a stirred
tank of 500mg (5% w/v) poplar biomass and allowed to reactor for 62 h. After the reaction, the
sample was dried using a rotary evaporator at room temperature and ground with mortar and pestle
in liquid N2. The resulting sample was analyzed by ss NMR.

E.3.  Analysis
E.3.1. 2D Gel-NMR HSQC
30-50 mg milled biomass is added to a 5 mm diameter NMR tube. The biomass is

distributed off the bottom of the tube (approximately 1” up the sides). A 4:1 mixture of DMSO-
ds:pyridine-ds was added. The tube was capped and sonicated until a homogeneous gel formed (1-
2 h). The central DMSO solvent peak was used as internal reference (6H 2.50 ppm). Integrations
are reported relative to the signal arising from methoxy functional groups in biomass.

E.3.2. 2D HSQC
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30-50 mg milled biomass is added to a 5 mm diameter NMR tube. A 4:1 mixture of
DMSO-ds:pyridine-ds was added.

E.3.3. ssNMR
The insoluble polysaccharides obtained from mild-acidolysis fractionation were ground

(with mortar and pestle or spatula) and added to a 4.0 mm silicon nitride thin wall rotor.
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