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ABSTRACT

In recent years, sustainable routes for chemical synthesis have garnered renewed
interest. As the world continues to fight pollution and rising costs, it is imperative that new
routes of synthesis that continuously fight the issues of pollution and waste are discovered,
defined and explored. While traditional synthesis routes that require energy input typically
require the burning of fossil fuels to produce heat, the amount of resources that go into the
production of these fossil fuels and the sequestration of its waste to minimize its impact on
the carbon footprint is enormous. Furthermore, sustainable chemistry research aims to
decrease and minimize waste produced by traditional synthesis methods by increasing
selectivity, removing the utilization of halogenated and/or volatile solvents and decreasing

waste produced by harmful and/or expensive byproducts of these reactions.

The second chapter of this dissertation details the photochemical oxidation of
aniline derivatives for the synthesis of azobenzene molecules. This research has provided
a route for azobenzene synthesis that obtains unprecedented selectivity while utilizing light
as a renewable energy source. Furthermore, this reaction scheme replaces traditional
sacrificial electron acceptors with oxygen showing that the only waste produced is
hydrogen peroxide. Throughout this chapter, the mechanism is explored to show the unique
radical coupling mechanism and that oxygen is not involved in the oxidation of the aniline
products.
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Carbon-nitrogen bonds are utilized for many pharmaceutical and material purposes.
The third chapter in this dissertation explores the relationship between nitrogen
heterocycle’s pKa and how the electrochemical generation of their anions provide unique
reactivity and selectivity for the purpose of synthesizing new carbon-nitrogen bonds. It is
also explained throughout this chapter the relationship between the electrolyte and anion
reactivity as well as the electronic properties of the electrophile and their effect on the

success of the nucleophilic substitution.

The last project discussed herein is the development of an understanding in the
benzidine rearrangement method. This method of synthesizing aromatic carbon-carbon
bonds has been of interest in the past due to its unique ability to form bonds without the
utilization of expensive transition metal catalysts. The mechanism by which this
rearrangement occurs is hypothesized to be via an intramolecular mechanism. The
electronic effects and functionality of a wide range of substituents is explored seeking to

understand how these factors affect the overall success of benzidine rearrangement.
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CHAPTER 1: INTRODUCTION



1.1 Catalysis for sustainable synthesis

Traditional methods of chemical synthesis for the purpose of nitrogen-nitrogen,
carbon-nitrogen and carbon-carbon aromatic bonds for applications in the pharmaceutical,
materials and agricultural industries typically focus on the utilization of Transition Metal |
catalysts and harsh conditions such as high temperatures, strong acids/bases and
halogenated/carcinogenic solvents. While these synthesis methods are widely used due to
the depth of understanding and ease of industrial application that has been obtained over
years of research, there is a renewed focus on sustainability during the production of these

molecules as well as during the disposal of the waste.

The movement towards a greener synthesis process requires the development and
expansion of new synthesis routes that limit these hazardous byproducts and the extreme
temperatures that are required via traditional synthesis methods. This improvement on
traditional synthesis methods can occur in several aspects of the reaction design. Therefore,
it is imperative to gain insights into new reactivity and applications for green synthesis
routes. The focus of this dissertation is to explore green synthesis route applications and
their advantages for new synthetic applications and to add understanding to the previously
reported benzidine rearrangement. The routes being explored are the photocatalytic
oxidation of aryl amines to form azobenzene molecules (Figure 1.1a), the electrochemical
activation of nitrogen containing heterocycles for the purpose of synthesizing new carbon-
nitrogen bonds (Figure 1.1b) and the exploration of the benzidine rearrangement (Figure
1.1c) and its ability to form new carbon-carbon bonds based on its electronic and steric

properties.
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Figure 1.1: The selective photo-oxidative
coupling of azobenzene (a). The anion pool
synthesis of carbon-nitrogen bonds (b). The
classical benzidine rearrangement (c).

There are three different projects that will be discussed in this dissertation. The first
project discussed will show how we used light as a sustainable energy source in order to
be the first report to our knowledge of oxidatively coupling amines with complete
selectivity. The second project will show reactivity trends that have been determined for
the anion pool synthesis method that allows for the rational design of green electrochemical
synthesis routes of carbon-nitrogen bonds. The last project will explore the reactivity of
the benzidine rearrangement based on electronics and functionality of substituents in order

to synthesize difficult to access benzidines with desirable substituents.



1.2 The photocatalytic oxidation of amines

The first project in my dissertation attacks the waste and fossil fuel consumption issues
that plague traditional chemical synthesis compounds. To the best of my knowledge, this
project is the first report of the photocatalytic oxidative coupling of aryl amines into the
highly desirable azobenzene compound with almost complete selectivity and focuses on
understanding the mechanism by which this process occurs. The synthesis of azobenzene
compounds has experienced progress in the photocatalytic and electrochemical synthesis
of azobenzene compounds. Many issues still plague these methods, however, such as low
selectivity between nitrosobenzene and azobenzene products, the requirement of sacrificial
electron donors, and the requirement for inert atmospheres to allow reduction to occur. As
such, this project has focused on the oxidative coupling of arylamines to eliminate the need
for inert atmospheric conditions as well as the need for sacrificial electron donors. This
study explores a readily available iridium photocatalyst, Ir(dF-CFs-ppy)2(dtbpy)*, where
dF-CF3-ppy was 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine and dtpby was 4,4’-
tert-butyl-2,2’-bipyridine, and its ability to oxidatively couple a wide substrate scope of
arylamines while obtaining a high degree of selectivity. This synthesis method successfully
circumvents the need for extreme temperature control and provides needed insight into the
tunability of a photocatalyst for specific system requirements, thus offering exciting
possibilities for industrial applications while keeping the green chemistry principles in

mind.

1.3 Traditional synthesis of azobenzene compounds

Azobenzene compounds are aromatic compounds that are connected via a nitrogen-

nitrogen double bond. This unique compound is of great importance due to the unique

4



photo-chemical and photo-optical properties it possesses. The formation of azobenzene
compounds is one of the most important reactions in the pharmaceutical industry today as
approximately 70% of molecules utilized in the pharmaceutical industry contain at least
one azo bond.! Additionally, compounds utilizing the azobenzene bond have found
heightened interest in pharmaceutical research due to possible applications in photo-
switchable drugs.? These compounds are also of great interest in the materials industry due
to their vibrant color and great stability when exposed to large quantities of light which is
allowed by their ability to tautomerize. Furthermore, these compounds are used in optical

storage due to their unique cis to trans conformation switching properties.*

z N
NaN®@ o © Ph-R Sy P
!
/@ O /@
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b TN ! Catalyst @N
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= Heat

Major Azo Product Minor Azoxy Product

Z 3
NH N Uk
A 2 y X SN
© 2 RO fl::::l = R+ =

Figure 1.2: The three traditional methods of azobenzene
synthesis: a) diazotization b) reductive coupling of
nitrobenzenes c) oxidative coupling of anilines.

Traditional synthesis of azobenzene compounds occurs in one of three ways. These
three manners are the utilization of diazonium salts (Figure 1.2a), reductive coupling of
nitrobenzene (Figure 1.2b), or the oxidative coupling of aniline derivatives (Figure 1.2c).
During the oxidative coupling of amines and the reductive coupling of nitrobenzenes, a

transition metal catalyst is typically utilized along with heat to catalyze the reaction.



Furthermore, both the oxidative coupling and reductive coupling methods require either a

sacrificial electron acceptor or a sacrificial electron donor respectively.

When utilizing the diazonium salt method, the diazonium salt is synthesized first by
treating the starting aromatic amine with a strong acid, namely nitrous acid. This nitrous
acid is typically developed in situ and at low temperatures by mixing sodium nitrate and
excess acids such as hydrochloric acid or sulfuric acid. This formed diazonium salt acts as
a week electrophile that reacts with electron rich nucleophiles and generally offers
acceptable yields of the desired azobenzene product. This method is typically preferred in
industrial applications due to the ease of application and relatively high yields that may be

obtained.
1.4 Challenges facing traditional azobenzene synthesis

While azobenzene compounds are widely used in industrial applications, there are still
issues when it comes to sustainability and trying to conduct their synthesis while keeping
green chemistry principles in mind. The first issue that must be addressed is the
applicability of any synthesis method in industrial applications. Beginning with the
oxidative coupling of amines to azobenzenes, this method allows for a broad substrate
scope to be achieved. As recently reported, utilizing an octahedral molecular sieve of
manganese oxide (OMS-2), high yields have been obtained (Figure 1.3).° Recently it has
been reported that the synthesis of a broad substrate scope of symmetrical azobenzenes
oxidatively utilizing potassium persulfate and polyethylene glycol 200 as catalysts with the
addition of a base.® However, to achieve such yields, high heats had to be utilized along
with long reaction times and halogenated solvents. Other research has recently focused on

the ability to oxidatively couple aniline derivatives at milder temperatures but typically
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involve the utilization of a metal catalyst like gold nanoparticles and lower yields at low
concentrations.” While the oxidative coupling synthesis method typically shows promising
yields with a broader substrate scope, it also involves the synthesis of exotic transition
metal catalysts, high temperatures and long reaction times with halogenated solvents and

harsh base, thus limiting applications to renewable chemistry.

AN OMS-2 LN N
R PhCl, 0.8 MPa O, R—

180 °C, 24 h

95/99 96/83 97/81
/@/ O F
o F
91/94 >99/92 (59%) B6/87

“ Reaction conditions: 1 mmeol aniline, 20 mg OMS-2, 2 mL PhCl,
0.8 MPa 0 160 °C, 24 h. The conversion and selectivity were
determined by GC-MS. The data in parenthesis is the isolated yield.

Figure 1.3: Yields obtained utilizing an OMS-2 catalyst
and high temperatures as reported.*

With the reductive coupling synthesis method, substrate scope is typically limited to
electron deficient substituents and is generally limited when attempting to activate electron
neutral or electron rich substituents. Nevertheless, a lot of research has gone into the
improvement of the substrate scopes available to each synthesis method and impressive
strides have been made. When speaking of reductive coupling of nitroaniline compounds,

recent reports have shown that a broad substrate scope can be achieved in acceptable yields



(Figure 1.4).2 However, this method generally is two steps and lacks the desired selectivity

as azoxybenzene is an additional product.

Therefore, when looking at how to decrease waste in the synthesis of these compounds,
many issues still persist. For the intent of increasing applicability of these synthesis
methods, many different complex transition metal complexes have been synthesized to

improve selectivity and ease reaction conditions.®*!

One-pot synthesis of a variety of enzene derivatives from .
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Figure 1.4: Reported procedure for the reductive
coupling of nitrobenzenes for the purpose of azobenzene
synthesis.®

Although diazonium salt is widely preferred in industrial applications, many issues still
persist and must be resolved (Figure 1.5). As previously stated, the first step of the
diazotization process is the forming of a diazonium salt which is typically done in situ.
This portion of the reaction is extremely difficult to isolate safely and, thus, the
diazotization process is generally proceeded with without any diazonium salt isolation.

Furthermore, due to the diazonium salt reactivity, the salt must be held at extremely low



temperatures in inert atmospheres to prevent degradation or explosive reactions of the
initial salt. Even when steps like this are taken, however, diazonium salt degradation still
occurs. This leads to undesirable reactivity as well as waste prior to a reaction is ever begun.
It must be mentioned, however, that recent strides have been made in the increasing of
diazonium salt stability. In fact, recent reports have shown promise in utilizing diazonium
salts in sensory materials for phenol substrates and shows that in an aqueous solution, these

compounds remained stable for up to 13 days.*?
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Figure 1.5: Many stability issues remain with
diazonium salts, thus leading to a need to replace them
with more stable alternatives.*?

Another issue that plagues traditional synthesis methods is high fossil fuel energy
consumption. During the traditional synthesis methods, extreme temperatures are typically
utilized to push these reactions forward and stabilize intermediates long enough for the
desired reaction to occur.> 4 The heat utilized in these reactions is created by burning large
quantities of fossil fuels. Furthermore, the diazotization synthesis method requires
extremely low temperatures to preserve the diazonium salt and prevent unwanted
reactivity.’® These extreme temperatures require great precision to all for the reaction to
move forward as desired. As such, it is imperative that routes requiring less precise control
of temperatures is found so that waste may be limited and energy consumption may be

reduced.



Recently, to combat the issues of non-renewable fuels being utilized, the photocatalytic
reduction of nitrobenzene compounds to synthesize azobenzenes and azoxybenzenes has
been reported.'® While this route has shown promise when utilizing a renewable energy
source, it lacks complete selectivity and requires careful handling of the photocatalyst as it
is unstable in air. While this is a promising step into the sustainable synthesis of azobenzene
compounds, air sensitivity and selectivity remain priorities when speaking of applicability
and green chemistry principles, respectively. Additionally, it is important to remember that
currently all three routes typically require the utilization of carcinogenic solvents, high
pressures, or a sacrificial electron donor or acceptor. This provides challenges when
discussing safe waste disposal and the effect these solvents may have on industrial workers
and the environment. While there are methods that are established in the azobenzene
synthesis industry, there are also many viable solutions for improving these synthesis
methods moving forward and making the processes greener. In this dissertation, | will be
discussing one of those possible solutions that has the potential to decrease waste, increase
selectivity and broaden the substrate scope all while remaining air stable: photochemical

synthesis.
1.5 Photochemistry background

Photochemistry is a growing field due to its ability to potentially use sunlight in order
to catalyze reactions forward, replacing the need for the utilization of fossil fuel energy.
Recently, photochemistry has made an impact in a broad range of reactions including in
uses in Metal Organic Frameworks,'” in 3D resin printing,'® and in solar energy®® as a

promising method of replacing traditional fossil fuel consumption for energy purposes.
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Photocatalysis works in a one electron transfer mechanism. A photocatalyst begins in
its ground state and a light is shined on the photocatalyst to excite it. At this point, the
excited electron enters into the lowest unoccupied molecular orbital and the photocatalyst
is able to either reduce a substrate by donating the excited electron, or it is able to oxidize
a substrate by accepting an electron from the substrate. Once the substrate is oxidized or
reduced, it is allowed to react with another substrate and form the desired product. In order
for the photocatalyst to be considered a catalyst, however, it must be able to either be
reduced or oxidized to the original ground state photocatalyst so that it may repeat this
cycle. As such, there are three main components of the reaction that must be looked at
when optimizing for specific reactions: the photocatalyst, the sacrificial electron donor or

acceptor and the substrates with which you wish to react.

Much of photochemistry focuses on the design of new photocatalysts that are made
with exotic ligand moieties or focus on attempting to conduct photochemical reactions with
catalysts containing less toxic, more abundant transition metal centers. The research that
will be discussed in this dissertation focuses on the improvement of selectivity and
reduction of waste utilizing the aforementioned Ir(dF-CF3-ppy)2(dtbpy)* photocatalyst for
the purpose of azobenzene synthesis applications. It is this reduction in waste and increase
in selectivity that allows for a great understanding of how to further improve existing

synthesis methods with a drive towards a greener future.

1.6 Elucidating reactivity trends for the anion pool synthesis method

The second project discussed herein focuses on the exploration and understanding of
the anion pool method for the synthesis of carbon-nitrogen bonds that are prevalent and

desirable in the pharmaceutical and materials industries. The anion pool method was
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developed by the Vannucci Research Group as a new electrochemical route to form these
carbon-nitrogen bonds via nucleophilic substitution. This synthesis method has previously
been shown to be able to react with highly activated anhydride compounds with impressive
selectivity (Figure 1.6). As this method is still young, a further understanding of this
process is needed to further improve its applicability. However, utilizing electrochemical
energy instead of expensive TM catalysts and fossil fuels for energy allows for the

limitation of pollutants produced from the reaction.

Anion pool
approach

N 100%
o, Selective

Room Temp.
Base Free

Figure 1.6: The anion pool approach has shown
unique selectivity to the Ny site justifying a deeper
understanding of its potential uses. Reprinted from
reference.?°

In the anion pool method, nitrogen heterocyclic anions are generated during an
electrolysis period to produce a pool of anions. During a second step, the electrophile is
added into the reaction mixture during the relaxation period to allow for a nucleophilic
substitution and the production of aromatic carbon-nitrogen bonds. This chapter explores
important aspects of the reaction that must be understood when utilizing it as a synthesis
method, namely the importance of the pKa of the nitrogen containing substrate and its effect
on overall reactivity trends. Also shown is the effect the strength of the carbon-fluorine
bond has on the overall yields as well as exploration into the effect that the electrolyte has
on the stabilization of the generated anion and the effects that the sterics of the electrolyte

have in allowing the reaction to move forward. The understanding, exploration and
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utilization of the anion pool method offers a promising avenue for the synthesis of highly
desirable carbon-nitrogen containing compounds while maintaining a green chemistry

centric focus.
1.7 Traditional methods for C-N bond synthesis

The formation of carbon-nitrogen bonds has been of interest for many vyears.
Compounds containing carbon-nitrogen bonds are desirable in materials and medicinal
chemistry along with other industries.?! Ullmann-type coupling was discovered over 100
years ago and has been used for as long to synthesize desired carbon-nitrogen bonds. This
reaction finds frequent utilization in surface-confined polymerization, pharmaceutical
reactions and agrochemical synthesis.?? Although novel ligand design is often required,
recent reports have found photochemical applications that allow for promising yields up to

77% utilizing a copper/copper(l1) oxide catalyst system.??

Nucleophilic substitutions of activated compounds have also been explored as a
promising method for the formation of carbon-nitrogen bonds for the purpose of forming
new osmium clusters for organic material synthesis as well as showing promise when
cleaving sp? carbon-fluorine bonds.?* Other recent research has shown progress in utilizing
less activated substrates for the purpose of the synthesis of N-arylated compounds via

ladderization of fluorinated aromatic compounds.?

Over the past thirty years, the Buchwald-Hartwig synthesis method has grown in
popularity due to the generally facile conditions of this reaction.?® The breakthrough

advances in the Buchwald-Hartwig catalyst designs have allowed for the utilization of new
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biaryl ligands to advance at mild temperatures of 60 °C.?” Many catalysts that have been

developed have also allowed for a wider substrate scope to be obtained.
1.8 Challenges facing traditional C-N bond synthesis

While there are several tools in the toolbox for the synthesis of carbon-nitrogen bonds,
there is still a desire to broaden the scope of tools. While these traditional methods show
promise when looking at asymmetric and ring closure syntheses, several issues remain.
Traditional Ullmann-type coupling utilizes a copper catalyst and high reaction
temperatures. While the copper catalyst has traditionally led to unpredictable yields, recent
advances in copper catalyst chemistry has led to improved catalyst stability and
efficiency.?’” Although there has been great progress in the design of copper catalyst for
the purpose of Ullmann-type coupling, harsh reaction conditions are still commonly
required for the reaction to move forward successfully.?® However, with harsh reaction
conditions, there leads a limited substrate scope that may be utilized successfully.
Furthermore, one of the issues that has constantly been of issue with Ullman-type coupling

reactions is the unpredictability of product yields.

While Buchwald-Hartwig amination is widely used in industrial and academic settings,
there has been a recent renewed interest in finding new ways to synthesize carbon-nitrogen
bonds due to the desire to utilize more readily available and less-expensive substrates. A
lot of research has gone into decreasing catalyst loading for these types of reactions so that
they may be less expensive and greener. In this dissertation it is suggested that the
utilization of electrochemical methods offer a unique and transformative manner of which

to synthesize carbon-nitrogen bonds.
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1.9 Electrochemistry background

Electrochemistry has garnered a lot of recent attention with regards to green chemical
synthesis research. Recent research has shown that electrochemical synthesis has shown
promise in a wide variety of applications including the formation of ammonia in both solid
and liquid electrolyte cells,?® the synthesis of ceramic thin films and coatings,? and in
water-splitting reactions utilizing water-splitting photoelectrochemical cells (PECs).*
Electrochemical synthesis involves a closed circuit of continuous electrons that either
reduce a substrate, or allow for the oxidation of a substrate, depending on which direction
the current is running. As such, electrochemical synthesis can be thought of as a single-
electron synthesis process that requires a great amount of conductivity in the solution to
push forward. In terms of electrochemical synthesis methods, there are two methods of
which scientists traditionally achieve reactivity: bulk electrolysis and split cell electrolysis.
While bulk electrolysis is generally preferred due to ease of use, split cell electrolysis
typically offers greater reaction control. The focus throughout this portion of my

dissertation will be on split cell electrolysis utilizing a two-step synthesis approach.

In split cell electrolysis, there are two cells divided by a membrane. Additionally, there
are two electrodes that allow the circuit to close and a reference electrode to measure the
reaction potential at the counter electrode. At the anode, an oxidation reaction occurs while
at the cathode, a reduction reaction occurs. The method that will be utilized here is the
anion pool method which, as the name suggests, focuses on the reduction of a substrate to
provide unique reactivity. Therefore, throughout the remainder of this dissertation, the
“working” electrode may be used interchangeable with the “cathode” as this is the electrode

where the work of interest is being performed.
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1.10 Anion pool and its potential

The anion pool synthesis method was developed by the Vannucci Research Group and
is analogous to the cation pool synthesis method developed by Yoshida et al.*! This anion
pool synthesis method is an electrochemical synthesis method that utilizes a nitrogen
containing heterocycle that is reduces in order to act as a nucleophile in a nucleophilic
substitution reaction. The start of the reaction occurs when the nitrogen containing
heterocycle is reduced during the electrolysis period and stabilized by the electrolyte
forming the pool of anions that the reaction is named after. After the electrolysis period is
complete, an electrophile is added to the solution and a nucleophilic attack occurs forming

a new nitrogen-carbon bond (Figure 1.7).

@@f e
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Figure 1.7: General reaction scheme of the
anion pool two-step synthesis method.

The Vannucci Research Group has previously reported the ability of this
electrochemical synthesis method to activate highly active compound such as anhydride
substrates.?’ Additionally, it has been reported that the anion pool synthesis method
provides unique selectivity. However, since this is a new approach for electrochemical
synthesis, a reaction trend has not yet been established. As such, part of this dissertation
focuses on the formation of such a reactivity trend so that the limitations of the current

method may be understood and further improved upon.
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1.11 Determination of benzidine reactivity based on electronics and functionality

The last portion of this dissertation focuses on understanding the reactivity of the
benzidine rearrangement for the synthesis of carbon-carbon bonds. In recent years, the
Suzuki-Miyaura coupling reaction has taken over the field for its ability to form carbon-
carbon bonds with outstanding selectivity. While this method allows for great reactivity, it
utilizes a transition metal catalyst that requires strategic design and typically requires great
control to prevent unwanted reactivity. Additionally, many applications still require that
substrate functionality be expanded on the aromatic substrates. When additional
functionality like amines or nitro groups are added to the aromatic substrate and added into
a reaction containing transition metal catalysts, there is the issue of the reactant acting as a
ligand and poisoning the original transition metal catalyst, thus preventing the reaction
from moving forward. This reaction offers an inexpensive and complex transition metal
catalyst free system to synthesize sp?-sp? carbon-carbon bonds while maintaining unique
functionality that is desirable in pharmaceuticals and materials industries. This study
explores the traditional benzidine rearrangement and its limitations based on the electronic

effects and functionality of the substrate substituents.
1.12 Traditional synthesis methods of C-C bonds

Aromatic molecules containing carbon-carbon bonds are of great importance in the
pharmaceutical and materials industries. These carbon-carbon bonds are seen in everyday
life in the make-up of human DNA to the formation of diamonds and in computer hardware.
Due to their unique thermal and mechanical properties, aromatic compounds containing
one or more sp2-sp? carbon-carbon bonds are of great interest in materials. Additionally,

these compounds have unique redox properties that widen their application into electronic
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devices and OLED applications. Furthermore, due to their prevalence in the human
genomic makeup, aromatic compounds containing at least one carbon-carbon bond have
been used for many medical applications including in the fight against certain lung-cancers
as well as their uses in synthesizing compounds used to fight blood clotting disorders

during pregnancy.

Due to the prevalence of carbon-carbon bonds in the biomedical application, it follows
that biological enzymes would be well suited to catalyze the synthesis of carbon-carbon
bonds. As such, enzymes such as transketolase from Escherichia coli has been used for
asymmetric carbon-carbon bond synthesis.? This is of particular interest as biocatalyst do
not contain chemicals in a manner that would be toxic to the body. Furthermore, these
biocatalysts can be easily grown in a laboratory setting with little cost. However, as seen
with many biocatalysts, they require specific environments that must be extremely
controlled in order to remain intact. That leads to difficulties when keeping them catalytic

and stable in many industrial applications.

Another method that is taught in organic synthetic chemistry for the formation of
carbon-carbon bonds is the Grignard reaction. This reaction first requires the creation of a
Grignard reagent from an organic halide reacting with magnesium in order to make an
organic magnesium halide reaction. This reaction was so important that in 1912 its
discoverer, Francois Auguste Victor Grignard, was awarded the Nobel Prize in Chemistry
for his work. While this reaction is well established and still of interest, it too requires a

controlled environment as it is extremely moisture sensitive.>®

While there are several methods that may be utilized to synthesize compounds

containing aromatic sp?-sp? carbon-carbon bonds, the most widely utilized method
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currently is the Suzuki-Miyaura coupling method. This method has been so impactful that
its discoverers were awarded the Nobel Prize in 2010 for the impact this reaction has had
on the field of organic synthesis. This reaction allows for desirable yields when cross-
coupling an aryl halide with a boronic acid while utilizing a palladium catalyst and base.*
While this reaction is of high importance and interest, other methods provide unique and

desirable reactivity as well. One of these reactions is the benzidine rearrangement.
1.13 Benzidine rearrangement

The benzidine rearrangement was first discovered in 1862 by August von Hofmann.
Since its discovery there has been ample research to determine whether this reaction is an
intermolecular or intramolecular reaction.®® As it is now widely accepted that the benzidine
rearrangement is in fact an intramolecular reaction, this dissertation does not delve further
into this mechanism. Instead, the research presented herein is designed to further
understand the role that the electronics and functionality of substituents play on the success
of the rearrangement. However, on the basis of how the benzidine rearrangement works, it
is well known that the reduction of the azobenzene compound to the hydrazine intermediate
occurs first. After this step, it is widely accepted that in the presence of a strong acid and
added heat, there is an intramolecular radical transfer to either the para-, meta-, or ortho-
position of the benzene ring. Concurrently, the proton at this given position transfers to the

hydrazine nitrogen and a new carbon-carbon bond is formed (Figure 1.8).
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Figure 1.8: Traditional benzidine rearrangement as
discovered by August von Hofmann

It is shown herein that the benzidine rearrangement occurs well without any
substituents on the azobenzene compound or with substituents like chlorine which offers
an electron donating and withdrawing effect. However, as substituents are added that are
more electron donating and contain very little electron withdrawing properties, the yields
decrease. Additionally, when functionality of the substituents is increased (i.e. a nitro- or
amino- substituent) yields decrease. This dissertation aims to form a relative understanding
and reactivity trend relating yields to the electron donating effect and functionality of the

substituents on the azobenzene utilized.
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CHAPTER 2: PHOTOCATALYTIC OXIDATIVE COUPLING OF
ARYLAMINES FOR THE SYNTHESIS OF AZOAROMATICS AND

THE ROLE OF O2 IN THE MECHANISM!

ISitter, J. D. and A. K. Vannucci, 2021. Journal of the American Chemical Society. 143,
2938-2943. Reprinted here with permission of the publisher.
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2.1 Abstract

The photocatalytic oxidative coupling of aryl amines to selectively synthesize
azoaromatic compounds has been realized. Multiple different photocatalysts can be used
to perform the general reaction, however, Ir(dF-CF3z-ppy)2(dtbpy)*, where dF-CF3z-ppy is
2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine and dtpby is 4,4'-tertbutyl-2,2'-
bipyridine showed the greatest range of reactivity with various amine substrates. Both
electron rich and electron deficient amines can be coupled with yields up to 95% under
ambient air atmosphere. Oxygen was deemed to be essential for the reaction and is utilized
in the regeneration of the photocatalyst. Fluorescence quenching and radical trap
experiments indicate an amine radical coupling mechanism that proceeds through a
hydrazoaromatic intermediate before further oxidation occurs to form the desired

azoaromatic products.
2.2 Introduction

Azoaromatic compounds are vital in many industries, including the textile, medical,
optical storage, and dye industries.**3° These compounds are traditionally synthesized via
diazotization, which generates unstable diazonium intermediates and stoichiometric waste,
and requires harsh conditions and high energy inputs as shown in Figure 2.1a.*C More
sustainable synthesis routes for azoaromatic compounds that produce higher product yields
(>90%) and limit stoichiometric waste continues to be a research goal.** 4> Advances in
the understanding and sustainability of azoaromatic synthesis have been made recently
with electro-** and photo-catalytic***" reductive coupling of nitrobenzenes. While
impressive azoaromatic substrate scopes have been achieved, these processes can still

require sacrificial inorganic salts as electron donors.*® Product selectivity to the desired
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azoaromatics, instead of azoxyaromatics or nitrosobenzene, has also proven difficult
(Figure 2.1b).*® It has been shown, however, that product selectivity in photocatalytic
systems can be tuned by judicious choice of the light source.** 4’ Lastly, due to the
reductive coupling nature of these catalytic systems, the reactions must be performed under
inert atmosphere to avoid non-productive side reactions with molecular oxygen.
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Figure 2.1: Comparison of routes for azoaromatic
synthesis.

We thus hypothesized a possible photocatalytic oxidative coupling of aryl amines
for the synthesis of azoaromatics (Figure 2.1c). This hypothesis was inspired by recent
reports on the photocatalytic formation of aryl amines in which the proposed mechanism
involves the oxidation of aryl amines.*® %° Furthermore, photocatalytic oxidative coupling
would use renewable light energy input, avoid solid stoichiometric waste from sacrificial
electron donors, and be operable under ambient air conditions. Oxidative coupling has been
widely explored,>-5 used for N-N bond forming reactions,>* %° and has shown the use of
sustainable O; as oxidant.®® Chemical oxidation of amines for the synthesis of azobenzenes
has been reported, but often these processes require elevated temperatures and peroxide

oxidants.5” % Alternatively amines can be oxidized to nitroso- or nitro-compounds and
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subsequently coupled to amines for the synthesis of azobenzenes.>® Synthesis directly from
widely available amine starting materials however, could circumvent product selectivity

issues that have been observed starting from nitrosobenzene compounds.
2.3 Results and Discussion

Multiple reactions were performed to achieve and optimize the photocatalytic
oxidative coupling of aryl amines. Optimization reactions were carried out with p-anisidine
as the substrate and are summarized in Table 2.1. Exploration for a suitable photocatalyst
(PC) for this reaction examined Eosin Y, Ru(bpy)s®*, where bpy = 2,2"-bipyridine, 9-
mesityl-10-methylacridinium, and Ir(dF-CFs-ppy)2(dtbpy)* (Ir), where dF-CF3z-ppy is 2-
(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine and dtpby is 4,4'-tertbutyl-2,2'-
bipyridine. As shown in Table 2.1, all four possible PCs gave good product yields, with
the acridinium PC giving the lowest yield at 42% and Ir the highest yield at 94%.
Subsequent investigations showed that changing the starting substrate from the electron
rich p-anisidine to electron deficient amines caused the catalytic proficiency of Eosin Y
and Ru(bpy)s?* to greatly decrease. Conversely, Ir, in which the Ir excited state is a
stronger oxidant, maintained catalytic proficiency over a wide range of amine substrates.
The acridinium PC, however, generates the strongest excited-state oxidant, however, the
acridine neutral species is a poor reductant, and thus regeneration of the acridinium ground-

state via oxidation by molecular oxygen is likely inefficient.

The oxidation of amine substrates is accompanied by the subsequent loss of a
proton, therefore, the addition of base to the reaction was determined to be advantageous
for obtaining optimal yields. Despite limited solubility in acetonitrile solution, K3POa

resulted in the highest yields of desired products when compared to potassium acetate and
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pyrrolidine base. Increasing the concentration of K3sPO4 beyond 3 equivalents relative to
the substrate concentration led to a decrease in yields which can be contributed to excess

solid KsPOys interfering with penetration of the light source into the reaction solution.

Table 2.1: Optimization of Reaction Conditions

5 mol% Ir

NH2 3eq. K3PO4
% =450 nm_ MeO N
il Ny N OMe
MeO

Acetonitrile
24 hr.

Deviation from Standard %
Conditions? Yield®

none 94
4 hrs. 88
Eosin Y instead of Ir 64
Ru(2,2'-bipyridine)s(PFe)2 instead 82
of Ir

Acridinium instead of Ir 42

Potassium Acetate instead of KsPO4 44

pyrrolidine instead of K3PO4 72
1 eq. of K3PO4 36
4 eq of K3POq4 82
No base 7
No hv 0
No photocatalyst 0
Under N2 atmosphere 0
Under Oz atmosphere (4 hrs.) 99

aStandard conditions: 25 mM p-anisidine), 5 mL
acetonitrile, under air atmosphere. PYields
determined by GC-MS.
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As anticipated, removing the PC or the light source resulted in no product formation
or any conversion of the starting substrate. Purging the reaction solution with N2 also
resulted in a complete shutdown of product formation. Therefore, a reaction was performed
in which the reaction solution was purged with molecular oxygen and sealed under an O>
atmosphere. This O saturated reaction led to an increase in product yield for the 4-hour

reaction.

With the optimized conditions established, the range of possible amines suitable for
photocatalytic oxidative coupling was explored. For the products reported in Figure 2.2,
both GC-MS and NMR analysis of the reaction mixtures did not show any evidence of over
oxidized azo-products such as azoxy-compounds nor was the formation of nitrobenzenes
observed. These results illustrate the selectivity of this photocatalytic approach. All non-
quantitative yields were mixtures of desired product and starting material. Figure 2.2 also
reports the yields for two separate photocatalytic oxidative coupling reaction conditions.
Azoaromatic products can be obtained in 4-hour reaction times by purging the reaction
solutions with O, This photocatalytic reaction can also be adequately performed in 24
hours when performed in ambient air and the results of those reactions are shown in
parentheses in Figure 2.2. In general, electron rich amines couple with good to excellent
yields. Substituted azoaromatic products were also obtained starting from ortho- meta- and
para-anisidine (rxns. 1 — 3 in Figure 2.1) and from the sterically encumbered trimethyl
aniline (rxn. 4, Figure 2.1). Azoaromatic products were also obtained from electron neutral
(aniline, rxn. 5) and electron deficient amines (4-flouroanaline, rxn. 7). For the halogenated
anilines (rxns. 7 — 9), no observed side products for C-X bond activation were observed

further illustrating the high selectivity of this reaction.
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7, Yield: 31% (58%) 8, Yield: 35% (55%) 9, Yield: 27% (26%)

10, Yield: 75% (89%)

Figure 2.2: Photocatalytic oxidative coupling
of arylamines. Yields are reported for reactions
performed under an Oz atmosphere for 4 hours.
Yields in parentheses are 24-hour reactions
open to ambient air. General conditions: 1.25
mM Ir, 25 mM amine, 3 equiv. KsPOsin 5 mL
of acetonitrile irradiated with a blue LED light.

To rationalize the observed trends in product yields from Figure 2.2 (high yields
for electron rich amines, lower yields for electron deficient amines), and trends of chosen
photocatalyst (high yields for the strong oxidant Ir and lower yields for weaker PC
oxidants) we compared the oxidation potentials of the amines to the reduction potentials of
the excited-state PCs. Cyclic voltammetry was used to determine the irreversible oxidation
potentials for each of the amine substrates and this potential represents the oxidation of
neutral amine substrates to the corresponding radical cations. Our data agrees with the few
oxidation potentials we could find in the literature.® The largest magnitude oxidation
potentials are roughly 0.94 V versus the saturate calomel electrode (SCE) and are

associated with 4-chloro- and 4-iodo-analine. These substrates also result in low yields (8
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and 9 in Figure 2.2) when Ir is the PC and in no yields when Eosin Y or Ru(bpy)s are used
as the PC. The magnitude of the excited-state reduction potentials (PC*/PC") for Ir, Eosin
Y, and Ru(bpy)s are 1.21 V, 0.78 V, and 0.77 V versus SCE respectively. Thus the
oxidation of 4-iodo-analine by Eosin Y* and Ru(bpy)s* is thermodynamically uphill by
roughly 0.15 V and explains the lack of observed oxidation products. With respect to the
Ir PC, higher energy amine radical cations, such as 4-iodo-analine compared to para-
anisidine, should be more efficient at unwanted back electron transfer from the radical
cations to Ir. Thus, if back electron transfer has an effect on product yields, a direct
correlation between amine oxidation potentials and product yields should be observed.
Figure A.29 does show a linear trend between amine oxidation potentials and product

yields and explains the observed trend in Figure 2.2.

The control reactions in Table 2.1 showed that O» was required for catalysis, likely
as the oxidant required to regenerate the ground-state PC. Oxygen may play additional
roles in the catalytic mechanism, such as the formation of nitroso or nitro intermediates,
but no oxygenated side products were observed. Amine and nitroso compounds are known
to thermally react to form azo compounds.®® 62 To examine this possibility, reactions with
equal mixtures of aniline and nitrosobenzene or nitrobenzene respectively were performed
as shown in Figure A.1 and discussed in detail in the SI. The reactions containing
oxygenated starting materials resulted in product distributions that were quite different
from the product distributions obtained from reactions containing only aryl amine starting
material. These results thus eliminate the possibility of oxygenated monomer intermediates

during the catalytic cycle.
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The evidence for the lack of oxygenated intermediates coupled with the
requirement for O to be present in the reaction mixture implies that Oz is involved in the
regeneration cycle of the Ir photocatalyst. Previous reports on the photocatalytic oxidative
coupling of benzylamine to form imines have shown that O, can act as a sacrificial electron
acceptor and be converted to H20..% To test for the presence of H2O; in the reaction
mixtures, hydrogen peroxide strips with ppm sensitivity were used. As shown in Figure
A.2, the indicator strips only changed color and detect H.O2 when a reaction was performed
under standard conditions. These results indicate that O is reduced to H.O> during the
photocatalytic mechanism and helps explain the major role for O in the reaction mixture.
Furthermore, a reaction was performed in which O2 was replaced by Pt(IV)Cle* as the
sacrificial oxidant. Under an N2 atmosphere, with one equivalent of Pt(IV)Cle?, 45% yield
of product 4 was obtained. This further illustrates the role of O as the sacrificial oxidant,

as well as shows that inexpensive, renewable O may be the superior reaction additive.

+
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Figure 2.3: The proposed
reductive quenching pathway
with amine acting to quench
the photocatalyst.

PC* +

The lack of observed oxygenated intermediates also implies the amines are directly
oxidized to amine radicals by the photocatalyst through the reductive quenching shown in
Figure 2.3. Previous reports have shown that amine radical formation can selectively result
in N-N bond forming reactions.>* Fluorescence quenching experiments and a Stern-Volmer
analysis were performed on the quenching between the Ir and p-anisidine, aniline, and 4-

fluoroaniline respectively to examine how the electron density of the amine affected the
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fluorescence of the excited state photocatalyst. The results, presented in Figures 2.4 and
A.3 — A7, show electron transfer quenching with 10° — 10® M/s quenching rate
coefficients in each experiment. Furthermore, as the electron density of the amines
increased in the order of 4-fluoraniline < aniline < p-anisidine the slope of the Stern-
Volmer plot increased. The increased slope indicates increased electron transfer Kinetics

and correlates well with electron density of the amine substrate.
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Figure 2.4: Fluorescence quenching data and
Stern-Volmer plot for the quenching of Ir with
p-anisidine. Conditions: 1.25x10° M Ir with
indicated concentrations of substrate in
acetonitrile solvent.

Additionally, quenching studies were performed with added K3PO4 base to further
understand the role of base in the catalytic mechanism. The Stern-VVolmer plots created
from the quenching data with added base (Appendix A) show that the magnitude of the
quenching kinetics is not significantly changed. This suggests that the base is not directly
involved in the quenching mechanism, either through direct quenching of the photocatalyst
or through a proton coupled electron transfer oxidation of the amine substrate.®* The KsPOx4
base likely just acts as a proton shuttle and accepts a proton from the amine radical cation

substrates.
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The fluorescence quenching experiments support the formation of amine radical
cation intermediates; thus, radical trap experiments were performed to gain insight into the
nature of the possible radical intermediates. 5,5'-dimethylpyrroline-1-oxide (DMPO) was
used for the detection of photocatalytically generated amine radicals.®® Standard reaction
conditions as described in Table 2.1 under ambient atmosphere were used for the
photocatalytic oxidative coupling of p-anisidine. The addition of a stoichiometric amount
of DMPO occurred after 5 minutes of reaction. An aliquot of the reaction mixture was then
transferred to a room temperature EPR instrument. The EPR spectrum, shown in Figure
A.8, has g-values and a splitting pattern consistent with an amine-based radical trapped by
DMPO.5 %6 |t is worth noting that the radical trap experiments do not differentiate between
the trapping of amine radicals as shown in Figure A.8 or the trapping of amine radical
cations, followed by deprotonation as has been previously shown.®” Either possible amine

species, however, does support the formation of amine radicals.

A likely mechanism for the formation of azobenzene molecules is shown in Figure
2.5. Amine radicals are generated through reductive quenching of the excited state
photocatalyst. Radical coupling forms the nitrogen-nitrogen bond and the hydrazobenzene
intermediate. This intermediate is then further oxidized by another photocatalyst cycle to
the desired azobenzene product. The oxidation of the hydrazobenzene intermediates is
likely facile as it has been reported that hydrazobenzenes can readily oxidize under ambient
conditions.® It is worth noting that for reactions performed under an N2 atmosphere, when
exposed to oxygen post-reaction, azobenzene products were still not detected. Hence, while
02 may aid in the oxidation of hydrazobenzene to azobenzene, O, must also play another

role in the catalytic cycle. The critical role of oxygen then arises in the regeneration of the
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ground state photocatalyst. With the formation of each azobenzene molecule generating 4
equivalents of protons and 4 equivalents of electrons, and the indirect detection of H,O»,
the fate of the reduced O is the formation of hydrogen peroxide. This highlights a green
chemistry aspect of this approach as O acts as a sacrificial electron acceptor and generates

relatively benign H202 by-product.

base
N-—JQR
RNH,

-2¢e”
- 2H*
2RNH — RHN—NHR
baseH*

PC = Eosin Y, Ru(bpy);2*, or 1 for
O;' X2 electron rich amines
PC = 1 for electron deficient amines

O,

Figure 2.5: Proposed mechanism for the
photocatalytic oxidative coupling of amines for
the synthesis of azoaromatics.

2.4 Conclusions

The first example of a photocatalytic system for the oxidative coupling of
arylamines for the synthesis of azoaromatics has been described. With the proper
photocatalyst, electron-rich and electron-deficient amines can be coupled to form a variety
of azoaromatic products. The catalytic system highlights a couple green chemistry
principles®® such as using renewable visible light as the energy input and utilizing
renewable O as a sacrificial electron acceptor. Mechanistic studies support nitrogen-based
amine radical intermediates that couple to form hydrazobenzene intermediates which are
further oxidized to the azoaromatic final products. Oxygenated by-products such as
azoxybenzenes were not observed in post reaction mixtures. In addition, nitroso- and nitro-
benzenes were shown to be inept for azoaromatic formation under the developed reaction
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conditions. Overall, this study gives insight into the photocatalytic oxidation of amines and

how to potentially control nitrogen-bond forming reactions.
2.5 Experimental

Materials. All reagents used were used as received from the manufacturer without

further purification.

Instrumentation. Gas Chromatography-Mass Spectrometry (GC—MS) analysis was
performed on a Shimadzu QP-2010S with a 30 m long Rxi-5 ms (Restek) separation
column with a 0.25 mm id. The oven temperature program was 40 °C for 0.5 min, followed
by a 10 °C/min ramp to 280 °C and held for 2 min.

NMR spectroscopy was performed using a Bruker Avance Il HD 400. Data were
processed using Bruker TopSpin software. *H NMR spectroscopy was performed using a
400 MHz instrument using deuterated chloroform or deuterated acetone as the solvent with
a calibrated peak at 7.26 or 2.05 ppm, respectively. **C NMR was conducted on a 400 MHz
instrument set to a frequency of 75 MHz using chloroform or methylene chloride as the
solvent and a calibrated solvent peak at 77.33 for deuterated chloroform or 206.7 and 29.9
ppm for deuterated acetone.

Emission spectra were obtained utilizing an Edinburgh FS5 fluorescence
spectrometer equipped with a 150 W continuous wave xenon lamp source for excitation.
The samples were all degassed and then the emission measurements were collected on the
sample utilizing a 1.0 cm quartz cuvette with the SC-05 standard cuvette module.

EPR spectroscopy was performed using an X-band Bruker EMXplus spectrometer
(Bruker Bio Spin, Billerica, MA) equipped with an Oxford Instruments ESR900

(Oxfordshire, UK) liquid helium continuous flow cryostat.
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General procedure synthesis of symmetrical azo compounds. To a clean, 20-mL
reaction vial, 25 mM of the aniline reactant was dissolved in 2.5 mL of acetonitrile. To
this, 39.8 mg of K3PO4 (75 mM) and 3.5 mg of (Ir[dF(CFs3)ppy]2(dtbyp))PFs catalyst (5
mol %) was dissolved. The reaction vial was then closed to prevent solvent evaporation,
and a blue light was placed up to the reaction vessel. The light source used for all
experiments was a 34 W Kessil HI50W-BLUE light exciting at 400—500 nm with a
maximum intensity at 480 nm. A fan was run over the reaction mixture to keep the reaction
at room temperature the entire time. The reaction was then stirred at 260 rpm for 4 hrs or
24 hrs. The reaction was then isolated using preparatory thin-layer chromatography. All
separations occurred via preparative-scale TLC. The solvent used were ethyl acetate and
hexanes of ACS grade or better (>99%). The isolated product was then air dried overnight

and submitted for proton and carbon NMR.

General procedure for the synthesis of symmetrical azo compounds with Oz purge.
To a clean, 20-mL reaction vial, 25 mM of the aniline derivative was dissolved in 2.5 mL
of acetonitrile. To this, 39.8° mg of KsPOs (75 mM) and 35 mg of
(Ir[dF(CF3)ppy]2(dtbyp))PFs catalyst (5 mol %) was dissolved. The reaction vial was then
purged with O for 15 minutes, closed, and a blue light was placed up to the reaction vessel.
The light source used for all experiments was a 34 W Kessil HI50W-BLUE light exciting
at 400—500 nm with a maximum intensity at 480 nm. A fan was run over the reaction
mixture to keep the reaction at room temperature the entire time. The reaction was then
stirred at 260 rpm for 4 hrs or 24 hrs. The reaction was then isolated using preparatory thin-

layer chromatography. All separations occurred via preparative-scale TLC. The solvent
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used were ethyl acetate and hexanes of ACS grade or better (=99%). The isolated product

was then air dried overnight and submitted for proton and carbon NMR.

Fluorescence Quenching Experiments. Fluorescence quenching experiments were
conducted with 1.25 x 10° M (Ir[dF(CFs)ppy]2(dtbyp))PFs in acetonitrile at room
temperature with added substrate as indicated in the Stern-Volmer plots. For quenching
experiments with added KsPQ4 base, the concentration of the base was 2.5x10* M. The
solutions were irradiated at 385 nm, and fluorescence were measured at 420 nm. Data can

be found in the Appendix A.

EPR Experiments. Solvent used was dichloromethane as acetonitrile absorbs
microwaves. A reaction was set up under standard, ambient air conditions with aniline as
the substrate. Reaction was performed for 5 minutes at which point 25 mM 5,5-dimethyl-
1-pyrroline N-oxide was added to trap the radical. The reaction was then run for an
additional 30 minutes and 100 pL reaction mixture was place into a quartz EPR tube.

Spectra were recorded at room temperature. MatLab was used to fit the spectra.

Experiments with nitrobenzene and nitrosobenzene. To a 20 mL reaction vial, 25
mM total of the indicated starting material in Figure A.1 was dissolved in 5 mL of
acetonitrile. To this, 398 mg of KsPOs (75 mM) and 35 mg of
(Ir[dF(CF3)ppy]2(dtbyp))PFs catalyst (5 mol %) was dissolved. The reaction vial was then
closed, and a blue light was placed up to the reaction vessel. A fan was run over the reaction
mixture to keep the reaction at room temperature the entire time. The reaction was then
stirred at 260 rpm for 4 hrs. The reaction mixture was then determined utilizing GC-MS.

For reaction 1 in Figure A.1, a 1:1 mixture of aniline and nitrosobenzene was
dissolved in acetonitrile and subjected to the standard reaction conditions under ambient
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atmosphere as described in Table 2.1. A GC-MS analysis of the reaction solution after 24
hours of light irradiation showed a 3:1 product mixture of azoxybenzene:azobenzene. This
product mixture is considerably different from the observed products when starting with
only amines and thus rules out the possibility of nitrosobenzene intermediates in the
catalytic mechanism. When reaction 1 in Figure A.1 is performed at room temperature

without light irradiation, no substrate consumption or product formation was observed.

Next, a reaction containing equal mixtures of aniline and nitrobenzene (reaction 2,
Figure A.1) was performed under standard conditions. For this reaction, the consumption
of aniline was observed with the concurrent formation of azobenzene product. The

nitrobenzene substrate, however, was not consumed in the reaction.

For the reaction containing nitrosobenzene (reaction 3 Figure A.1l), GC-MS
analysis did not detect any azobenzene product. Instead roughly 50% of the nitrosobenzene
was converted to nitrobenzene. In addition, a small amount of azoxybenzene was formed.
This product mixture is entirely different from the products obtained with amine reactants
and indicates that nitrosobenzene is not a prominent intermediate in the photocatalytic

oxidative cross-coupling of aryl amines.

The attempted reaction containing only nitrobenzene (reaction 4, Figure A.1) did
not appear to result in any conversion of nitrobenzene as determined by GC-MS analysis.
This result is consistent with the results presented in Scheme 1 of this chapter which also
showed that nitrobenzene is inert towards the reaction conditions and further rules out

nitrobenzene as an intermediate in the performed photocatalytic reaction.
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CHAPTER 3: INSIGHTS INTO REACTIVITY TRENDS FOR
ELECTROCHEMICALLY GENERATED ANIONIC NITROGEN

NUCLEOPHILES?

2Sitter, J. D., Lemus-Rivera, E. L. and A. K. Vannucci, 2023. Submitted to Organic &
Biomolecular Chemistry.
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3.1 Abstract

Electrochemistry is currently of great interest due its potential in synthesizing much
needed products while limiting reactant and energy input and providing potentially unique
selectivity. Our group has previously reported the development of the “anion pool”
synthesis method. As this is a new and unique method for organic synthesis, it is important
to understand the reactivity trends and limitations this method provides. In this report we
explore the reactivity trends of a series of nitrogen-containing heterocycles under reductive
electrochemical conditions. Benzylic halides were utilized as model substrates to probe the
reactivity of electrochemically reduced nitrogen-containing heterocycles. By generating
nitrogen-centered anions during electrolysis and maintaining them in a “pool”, unique
reactivity is observed when followed by the addition of an electrophile. This two-step
method allows for sp® C-X bonds to be broken and C-N bonds formed. It is discussed herein
a general reactivity trend correlating between the pKa value of the parent nitrogen-
containing heterocycle. Generally, as the pKa of the heterocycle increases, the strength of
the resulting anion nucleophile likewise increases. Following that logic, the stronger
nucleophiles can activate more thermodynamically stable sp® C-X bonds forming the
desired C-N cross-coupled products. Additionally, it is shown that the stability of the anion
generated is imperative when obtaining high yields and the stability and reactivity of the

anions are affected by the choice of electrolyte and temperature.
3.2 Introduction

Electrochemical synthesis has garnered renewed interest in recent years as a tool to
access new synthetic routes™ while also being able to adhere to green chemistry

principles.’”t As a synthesis route, it is able to avoid harsh chemical oxidizers and reducers
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and elevated temperature by accessing single electron redox reactions at electrode surfaces
under applied potentials.”? In addition, electrochemical simulation programs can help
elucidate reaction mechanisms and kinetics.”>"* Recent reviews and reports highlight the
versatility of electrochemical synthesis.”" For example, electrochemical synthesis has
been recently used to selectively synthesize N-N bonds in pyrazolidine-3,5-diones and
benzoxazoles allowing for the avoidance of typically high temperature and multi-step
processes used in these compounds traditional synthesis routes.’”® More recently, the
usefulness of electrochemical synthesis has been shown when performing the oxidation of
methylarenes utilizing a hydrogen atom-transfer (HAT) agent to increase substrate scope
and functional group compatibility.”® 8 Highlighting sustainability, electrochemical
reduction was utilized to perform Mizoroki-Heck coupling of aryl halides with a nickel
catalyst, thus preventing the utilization of an expensive palladium catalyst for the same
route.®! In addition, early work on electrochemical cross-coupling®? has been advanced by

chemical reductive cross-coupling,® then re-adapted to electrochemical cross-coupling.®*

Within the past few years, our group has developed a catalyst-free electrochemical
synthesis method for the formation of C-N bonds. This method has been dubbed the “anion
pool” synthesis and it took inspiration from the cation pool synthesis method that was first
reported by Suga and Y oshida.®® 8 In the anion pool method for electrochemical synthesis,
a nitrogen containing reactant is reduced in the cathodic chamber during electrolysis as
shown in Figure 3.1. During electrolysis, a half of an equivalent of hydrogen gas is released
per equivalent of reactant.®” Once enough current has been passed to successfully create a
“pool” of nucleophilic anions, a carbon electrophile is added to the cathodic chamber

leading to a nucleophilic substitution reaction to form C-N bonds. Previous reports have
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shown that ferrocene can be used as a recyclable component in the anodic chamber to

balance the overall redox reaction.®

Figure 3.1: Schematic of the anion pool
synthesis method showing the
electrochemical  formation of anionic
nitrogen-containing nucleophiles.

The formation of C-N bonds is highly important for use in the pharmaceutical
industry as 75% of pharmaceutical compounds contain at least one nitrogen containing
heterocycle.®® C-N bond formation has been attempted via many different methods.
Primarily, Buchwald-Hartwig amination has been utilized for the selective formation of sp?
C-N bonds.*® This route offers good selectivity and overall yields, thus making it highly
desirable via industrial applications. Another route that has recently been explored has
resulted from advances in photoredox coupling have led to the construction of important
sp? and sp® C-N bonds utilizing ruthenium, iridium, copper and nickel catalysts.%*
Furthermore, ionic liquids as electrochemical solvents have been explored for the purpose
of synthesizing desired C-N bonds. Recently, basic ionic liquids have been used for the
purpose of C-N bond formation utilizing Huenig’s base.®” The anion pool synthesis method

provides yet another tool in the C-N bond synthesis toolbox and offers a simple, potentially
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green approach that circumvents the need for expensive catalysts. This method was also
the first to achieve completely selective N1-acylation of indazoles,®® thus justifying further

exploration of this relatively new method.

While the anion pool approach may offer advantages for the formation of C-N
bonds in chemical synthesis, to date this method has mainly been utilized with highly
reactive electrophiles such as anhydrides. For the purpose of promoting reactivity with
wider variety of electrophiles, we must first develop a fundamental understanding of
reactivity trends with regard to the anionic nitrogen-containing nucleophiles. In this report,
reactivity trends are elucidated for nitrogen-containing heterocycle anions based on pKa
values and extended conjugation of the parent protic heterocycle. The effect the electrolyte
has on the reaction as well as the electrophilicity of the halogenated substrates is also

explored.
3.3 Results and Discussion

The anion pool method has been previously established by our group as a means to
electrochemically generate anionic nitrogen nucleophiles capable of reacting with carbon
electrophiles and forming C-N bonds without the need for a metal catalyst.8” While we
have shown this approach is applicable for selective acylation and ester formation,® %
fundamental insights into anion formation and reactivity trends have not yet been
established. These reactivity trends are necessary for the rational design of new electro-
synthetic routes. With this in mind, we chose to study a series of nitrogen-containing
heterocycles with a pKa value range between 16 and 23 in acetonitrile solution. These seven
orders of magnitude range of acidity should give a wide range of reactivity of the

subsequent nitrogen anion generated upon electrochemical reduction as shown in Figure
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3.1. We also chose benzylic halides as a model set of substrates to probe the reactivity of
the nitrogen anions. The carbon electrophiles in benzylic halides are less activated than the
anhydride substrates utilized in previous reports but should offer ample reactivity to probe

trends in the nitrogen containing substrates.

The first step in anion pool synthesis is the generation and buildup of reactive
anionic species (Figure 3.1). Preventing decomposition of the anion, or unwanted reactivity
with solvent or electrolyte, is obviously important for the success of this two-step
electrosynthesis process. Previous reports have eluted to the importance of electrolyte in
achieving desired reactivity.®® Therefore, it is imperative to understand how the electrolyte
may interact with or stabilize the reactive anions. To determine how electrolyte cation size
and steric hindrance affect this method, the anion pool coupling between 1H-indole and
benzylic bromide was explored using three different electrolytes suitable for use in
acetonitrile solvent as shown in Table 3.1. As described in the experimental section, the
first step of the anion pool synthesis is a constant current electrolysis of the heterocycle,
and the second step is the addition of the benzylic halide. For each experiment in Table 3.1
all variables were kept constant with the exception of electrolyte used. The results in Table
3.1 show that the electrolyte with the smallest cation, LiClO4, led to no product yield,
whereas the largest electrolyte cation, NbusPFs, led to the highest product yield and the
intermediate cation size, KPFg, led to intermediate yield. These results indicate that smaller
cations likely over-stabilize the nitrogen anions generated in the first step and prevent
efficient reactivity with the carbon electrophiles. Similar reactivity trends of nitrogen
nucleophiles with various cation sizes have previously been reported.®® Furthermore, the

NbusPFe electrolyte contains hydrogen atoms that could be susceptible to deprotonation by
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strong bases. However, no reactivity between the anionic indole intermediate and the
electrolyte was observed by GC-MS analysis of the post reaction mixture. This indicates
that the conjugate bases of the nitrogen containing heterocycles examined here are not

strong enough bases to deprotonate the electrolyte or acetonitrile solvent.

Table 3.1. Optimization of electrolyte for anion
pool synthesis reaction involving nitrogen
heterocycles.

G010 5.,
O — O

Electrolyte % Yield
LiClO4 0
KPFs 49
BusNPFg 77

Reaction conditions: Room temperature, 0.1 M
electrolyte, 0.375 mmol of indole, excess benzyl
bromide in acetonitrile. 0.75 mmol Fe added to
anodic chamber. RVC anode and cathode.

Utilizing NbusPFs as the electrolyte, a range of nitrogen heterocycles was explored
utilizing benzylic bromide as the model electrophile (Table 3.2). The reaction variables in
Table 3.2 were kept constant with exception of the heterocycles and the corresponding pKa
values in acetonitrile solution.??® 11 As shown in Table 3.2, a clear correlation can be seen

between the pKa value of the parent heterocycle and the overall yield of the product in the
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pKa range of 16 — 21. The pKa values of the parent heterocycle are a measure of the electron
density of the nitrogen atoms, and thus should directly correlate with the reactivity of the

corresponding nucleophiles.

Table 3.2: Anion pool C-N bond forming
reaction yields versus pKa values of parent
heterocycle.

Br .
Nucleophile + ©/\ Nucleophlle/\©

Heterocycle Nucleophile K %
PRa vield
@' " @‘e 230 45
B NH — Ne
ES\ 21.0 77
’ !NH ’ !N@ 199 79
—N —N
\NH \N@
19.0 49
N::\ N==\ o
NH N
16.4 0

Reaction conditions: Room temperature, 0.1 M
BusNPFg, 0.375 mmol of nitrogen containing
heterocycle, excess benzyl bromide in
acetonitrile. 0.75 mmol Fe added to anodic
chamber. RVC anode and cathode.
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Up to a pKa value of 21, this trend appears to hold as product yields in the reaction
between the nitrogen nucleophiles and the carbon electrophile increase as pKa values
increase. However, for pyrrole, with a pKa value of 23, the trend is broken and product
yields decrease. This break in the reactivity trend may be due to the anionic pyrrole
nucleophile being unstable under the reaction conditions during the anion pool formation

during the first step.

With these results, it can be inferred that there is an upper limit with regard to the
parent heterocycle pKa values and its observed reactivity at room temperature. This may
occur due to the anion pool method being a two-step process and thus the generated
nucleophile must be stable long enough for the electrophile to be added at a later time. This
hypothesis was tested by utilizing pyrrole as the nucleophile and comparing the effects of
cooling down the reaction during electrolysis to 0 °C. Previous reports of electrochemically
generating pools of cations have shown that temperature can help stabilize ion formation.
It was found that the cooling of the reaction during the electrolysis period resulted in an
increased yield of desired C-N cross-coupled product of 91%, thus supporting the
hypothesis that stability of the nucleophilic anion plays a vital role in overall reaction

yields.

To further explore the pKa reactivity trend, a 5,6-substituted indazole was tested
under the standard reaction conditions in Table 3.2. The pKa value for 6-bromo-5-methoxy-
1H-indazole is not reported, however, the electron donating properties of the methoxy
group, and to a lesser extent the bromide group, should increase the electron density of this
molecule compared to 1H-indazole. Therefore, the pKa of 6-bromo-5-methoxy-1H-

indazole should be > 19 and if the observed pKa reactivity trends hold product yields from
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the anion pool coupling of the substituted indazole with benzyl bromide should be greater
than the yields observed for unsubstituted 1H-indazole (49%, Table 3.2). To our delight,
the 5,6-substituted indazole resulted in an 86% product yield in the anion pool coupling
with benzyl bromide. This result further supports the observed pKa reactivity trend and

likely brackets the pKa of 6-bromo-5-methoxy-1H-indazole between 21 and 23.
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Figure 3.2: Plot of pKa of parent heterocycle
versus % yield of anion pool reaction with
benzyl bromide. Red point is pyrrole reaction
runat 0 °C.

A summary of the pKa reactivity trends can be observed in the plot shown in Figure
3.2. The black squares represent product yields obtained with room temperature
electrolysis and the red square was a product yield obtained with an electrolysis performed
at 0 °C as previously described. A near linear trend is observed for heterocycles with pKa
values between 16 and 22. At a pKa value of 23, the stability of the anionic nitrogen
nucleophile may inhibit reactivity and alternate reaction conditions, such as lower

temperatures, are required to obtain optimal yields. These trends provide the basis for the
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anion pool methodology that allows for the implementation of improvements on this

method in future experiments.

Table 3.3. Summary of % vyields in the reactions of
carbazole anion nucleophile with various benzylic halide

electrophiles.
Q11_R,

NH ———= N~ + 1, H,

S
Qe QT
S — G

Rxn. Electrophile % Yield

cl
1 ©/\ 92

Br
2 ©/\ 79
Br
3 /@A 60
Br
Br
4 82
F,;C
Br
MeO
Cl
6 89
FiC
(of
MeO

Reaction conditions: Room temperature, 0.1 M BusNPFe,
0.375 mmol of carbazole, excess benzyl bromide in
acetonitrile. 0.75 mmol Fe added to anodic chamber. RVC
anode and cathode.
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With electrolyte and heterocycle trends generally established, reactivity trends with
respect to the carbon electrophile coupling partner were explored. Carbazole was chosen
as the model heterocycle due to its relatively high product yield in Table 3.2, but with room
for potential increase in yields. The range of benzylic electrophiles explored for this study
and their corresponding C-N coupled product yields are shown in Table 3.3. Amongst the
substrates studied, those substrates that could be considered more electrophilic, with a
potentially higher 8" on the benzylic carbon, resulted in higher yields. While benzylic
bromide showed promising yields, when replaced with a benzylic chloride, yields were
improved. This could be attributed to the chlorine atom being more electron withdrawing
than the bromine atom on the benzylic sp® carbon. Benzylic substrates containing electron
withdrawing substituents also consistently led to high product yields. Conversely, when an
electron donating groups such as OMe were present on the benzylic substrate, yields were
significantly lower compared to unsubstituted benzylic halides. Additionally, the substrate
4-bromo benzyl bromide showed complete selectivity towards the sp® benzylic carbon.
This result highlights a potential advantage of the anion pool approach to target specific
carbon-halogen bonds in complex molecules. Alternatively, the lack of reactivity towards
sp? C-halogen bonds indicates that more reactive nitrogen nucleophiles are likely necessary

to achieve C-N cross-coupling analogous to Buckwald-Hartwig coupling.

In terms for electrochemical efficiency, the Faradaic yields of the reactions reported
here scaled directly with product yields. The charge passed during the anion pool
generation first step was limited to the charge required to generate enough anions to
perform the subsequent reaction with the benzylic halides. Passing excess charge during

the electrolysis did not result in increased product yields. Furthermore, the atom economy,
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which is a measure of how many atoms in the reactants are incorporated into the
products,® for reaction 1 in Table 3.3 is 87.5%, which is comparable to many “green”
chemistry processes. In addition, we performed reaction 2 in Table 3.3 again, but with a
concentration 16 times greater and were able to obtain a 57% product yield, which indicates
this reaction can be performed under a range of substrate concentrations. Performing
reactions at high concentrations helps improve the process mass index (PMI) of the
reaction. PMI is a more direct measure of overall reaction efficiency compared to atom
economy and the PMI for reaction 2 was calculated as 81.4 where PMI values under 100

are considered “green” reaction in commercial pharmaceutical processes.'%% 104

3.4 Conclusions

Reactivity trends and general principles for the anion pool electrochemical
synthesis method have been established. These trends are essential for the rational design
of electrochemical synthesis methodology focusing on the reductive activation of
substrates. In general, the reactivity of electrochemically generated anionic nitrogen
nucleophiles correlated with the pKa value of the corresponding protonated heterocycles.
For heterocycles with a pKa value under 17, for example benzimidazole (16.4), reactivity
with highly activated electrophiles such as acetic anhydride has been previously reported.
However, reactivity with less activated electrophiles such as benzylbromide was not
observed in this study. Whereas anionic nitrogen nucleophiles with parent pKa values
greater than 23 showed a lack of stability at room temperature and controlled reactivity
required lowered temperatures. Alternating the cation size in the reaction electrolyte also
offers a route to control reactivity, as smaller cations greatly stabilized the anionic

nucleophiles. Overall, the anion pool method for the coupling of nitrogen heterocycles and
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carbon electrophiles has been shown as an efficient route and the trends reported here
should lead to future studies involving coupling of sp?-carbon electrophiles to amines and

heterocycles.
3.5 Experimental

Materials. Anhydrous acetonitrile 99.8%, was used for all reactions. All solutions
used for electrochemical measurements contained 0.1 M tetrabutylammonium
hexafluorophosphate (nBusPF6) further purified via recrystallization from ethanol and
dried under vacuum at 80 °C for 24 h. For reactions containing lithium perchlorate
(LiClOs4), the electrolyte was purified via recrystallization in hot acetonitrile and dried
under vacuum at 80 °C for 24 h. For reactions containing potassium hexafluorophosphate
(KPFe), the electrolyte was purified via recrystallization in alkaline deionized water and
dried under vacuum at 80 °C for 24 h. All other chemicals were received from the

manufacturer without further purification.

Instrumentation. Gas Chromatography-Mass Spectrometry (GC—MS) analysis was
performed on a Shimadzu QP-2010S with a 30 m long Rxi-5 ms (Restek) separation
column with a 0.25 mm id. The oven temperature program was 40 °C for 0.5 min, followed

by a 10 °C/min ramp to 280 °C and held for 2 min.

NMR spectroscopy was performed using a Bruker Avance 11l HD 400. Data were
processed using Bruker TopSpin software. *H NMR spectroscopy was performed using a
400 MHz instrument using deuterated dimethyl sulfoxide as the solvent with a calibrated

peak at 2.50 ppm, respectively. 3C NMR was conducted on a 400 MHz instrument set to
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a frequency of 75 MHz using deuterated dimethyl sulfoxide as the solvent and a calibrated

solvent peak at 39.52.

General procedure synthesis of products. In an inert atmospheric environment and
to a clean, h-cell with 25-mL reaction vials on each side, 0.375 mmol of the nitrogen
containing compound was dissolved in 20 mL of acetonitrile on the cathodic side along
with 0.1 M of electrolyte and a 1 mm magnetic stir-bar. To the anodic side, 0.75 mmol of
ferrocene was added and dissolved in 20 mL of acetonitrile along with 0.1 M of electrolyte
and a 1 mm magnetic stir-bar. The reaction was then closed and the pressure was
equilibrated utilizing a rubber hose connecting the two reaction sides. In each cap was
placed a carbon mesh electrode that was suspended in the solution with a stainless-steel
wire. The reaction was placed onto a magnetic stir plate and the stir rate was set to 360
rpm. The electrolysis began at -3 mA and was run for 97.5 minutes. The electrophile was
then added to the cathodic side of the reaction and the current was dropped to -0.5 mA for
the relaxation period of 2 hours. The reaction was then isolated using preparatory thin-layer
chromatography. All separations occurred via preparative-scale TLC. The solvent used
were ethyl acetate, dichloromethane and hexanes of ACS grade or better (>99%). The

isolated product was then air dried overnight and submitted for proton and carbon NMR.

Procedure for the synthesis of products at 0 °C. In an inert atmospheric
environment and to a clean, h-cell with 25-mL reaction vials on each side, 0.375 mmol of
the nitrogen containing compound was dissolved in 20 mL of acetonitrile on the cathodic
side along with 0.1 M of electrolyte and a 1 mm magnetic stir-bar. To the anodic side, 0.75
mmol of ferrocene was added and dissolved in 20 mL of acetonitrile along with 0.1 M of

electrolyte and a 1 mm magnetic stir-bar. The reaction was then closed and the pressure
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was equilibrated utilizing a rubber hose connecting the two reaction sides. In each cap was
placed a carbon mesh electrode that was suspended in the solution with a stainless-steel
wire. The reaction was placed into an ice bath and onto a magnetic stir plate and the stir
rate was set to 360 rpm allowing the reaction to cool for 10 minutes. The electrolysis began
at -3 mA and was run for 97.5 minutes. The electrophile was then added to the cathodic
side of the reaction, the reaction was warmed up to room temperature and the current was
dropped to -0.5 mA for the relaxation period of 2 hours. The reaction was then isolated
using preparatory thin-layer chromatography. All separations occurred via preparative-
scale TLC. The solvent used were ethyl acetate, dichloromethane and hexanes of ACS
grade or better (>99%). The isolated product was then air dried overnight and submitted

for proton and carbon NMR.

Procedure for PMI calculations for amidation. A separate experiment was setup in
an H cell using equivalent volumes of solvent and electrolyte quantity. The volume of
acetonitrile used for both cathode and anode was 2.5 mL each. Each compartment
contained 70 mM electrolyte. The cathode compartment contained 0.75 mmol of carbazole
and anode compartment contained 0.25 mmol ferrocene. After electrolysis was completed,

0.36 mmol of benzyl bromide was added to permit nucleophilic substitution.
Mass of carbazole = 0.0608 g

Mass of benzyl bromide = 0.0622 g

Mass of solvent =3.93 g

Mass of electrolyte = 0.1356 ¢

Mass of Ferrocene = 0.0465 ¢
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Mass of the amide = 0.062 g

PMI = total mass/mass of products = 4.235/0.052 = 81.44
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CHAPTER 4: INVESTIGATION INTO THE BENZIDINE

REARRANGEMENT REACTION
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4.1 Abstract

Due to its importance in pharmaceuticals and materials, the development of new
and efficient ways for the construction of carbon-carbon bonds is an ever-evolving field of
synthetic chemistry. Metal catalyzed cross-coupling reactions is the most common method
of synthesis utilized by modern chemist to form carbon-carbon bonds. However, prior to
the development of transition metal catalyzed carbon-carbon bond formation, the benzidine
rearrangement was a promising route of obtaining the carbon-carbon bond. This benzidine
rearrangement reaction forms biphenyl amine products which leads to interesting
applications due to highly functional substituents. This research aims to understand and
establish reactivity trends for the formation of substituted biphenyl amines via the
utilization of the benzidine rearrangement reaction. It has been found that while chlorine
substituents offer good reactivity and product yield, other halides like a fluorine and iodine
substituent offer far less promise. This is likely due to the difficulties in synthesizing the
parent azobenzene molecule as well as the unique donating and withdrawing effects
attributed to the chlorine substituent. Furthermore, it has been found that electronically rich
azobenzene molecules are able to rearrange but with less apparent yields. Another major
effect that has been observed on poor overall yields is azobenzene substituent functionality.
When the additional functional groups, like amines, are protected and then exposed to the
heats necessary to form the rearranged product, ring closure has been observed as the main
product thus leaving this route impractical for industrial applications. This report has been
able to establish a general trend between electron density of the parent azobenzene
compound as well as the functionality of said compounds and the overall rearrangement

yields.
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4.2 Introduction

The formation of aromatic carbon-carbon bonds is one of the most desirable bonds
to make for industrial purposes. It’s thermal and mechanical properties have been of use in
the material industries® for years while more recently certain aromatic compounds with
amine substituents are being explored for the purpose of OLED application due to their
unique redox properties.1® More recently, aromatic compounds containing carbon-carbon
bonds have been of interest in the fight against non-small cell lung cancers that were
previously thought to be incurable.X” In recent years, the Suzuki-Miyaura reaction has
become the de facto leader when speaking of carbon-carbon synthesis in pharmaceuticals,
agrochemicals and polymers. It was such an important discovery that its discovery led to
the awarding of the Nobel Prize in 2010. While this reaction is and will remain an
important tool in the aromatic carbon-carbon bond formation toolbox, it does have its

limitations.
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Figure 4.1: The traditional catalytic cycle when conducting
Suzuki-Miyaura coupling with a palladium(ll) catalyst.



Metal catalyzed cross-coupling reactions are a set of reactions that include the
Suzuki-Miyaura coupling reaction and have the distinct advantage of being able to form a
wide range of carbon-carbon bonds.1% The Suzuki-Miyaura coupling reaction in particular
utilizes a base and a palladium catalyst to synthesize new biphenyl compounds from aryl
halides (Figure 4.1). Typically, however, the reaction is thought to be extremely oxygen
sensitive, and the addition of the substrates require precise control for the reaction to work
as desired.!®® Additionally, the reaction is limited to substituents that would not act as a
ligand to the palladium catalyst as amine substituted aryl compounds are well known to be
good ligands for transition metal complexes. The addition of amine aryl-halides
compounds to the reaction mixture would likely lead to competition between the amine of
the aryl halide and the halide substituent during the oxidative addition step of the reaction.
If the equilibrium lies towards the coordination of the amine substrate rather than the halide
coordination, the palladium catalyst would be rendered useless for cross-coupling reactions

(Figure 4.2).

Bra_

LnPd'\
H5N

Figure 4.2: Competition
between coordinating

substituents of a
palladium square planar
catalyst.

The benzidine rearrangement is a reaction that was discovered by August von
Hofmann in 1862 and is ubiquitously used when referring to the replacement of a hydrazine

nitrogen-nitrogen bond with a new sp? carbon-carbon bond.*% 't One way that this can be
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achieved is via the oxidative coupling of aryl amines to an azobenzene (Figure 4.3a)
compound followed by the reduction of the azobenzene compound to a hydrazine (Figure
4.3b). After the reduction is completed, the addition of a strong acid and heat complete the

benzidine rearrangement (Figure 4.3c).
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Figure 3: Traditional benzidine rearrangement as
discovered by August von Hofmann

Since this time, benzidine products have become widely used in the materials'?,
dyes!3, pharmaceuticals and OLEDs.!** Although the exact mechanism of the benzidine
rearrangement is not known, it is hypothesized to occur via a intramolecular pathway.*'%
115 Much research has been conducted to fully understand the mechanism of this
rearrangement. Recent Density Functional Theory (DFT) calculations have surmised that
utilizing a Frustrated Lewis Pair (FLP), the mechanism must be intramolecular and further
depends on the bond torsion angle of the resulting adduct.'® Other reports have focused
on understanding the mechanism of the benzidine rearrangement and the role that the

concentration of acid plays in the reaction determining that there are possibly two
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mechanisms of reaction that occur simultaneously as the rate of rearrangement has been
found to have been both first and second degree with respect to acid concentration.'’” Our
research hopes to add to the understanding of the mechanism of reaction for the benzidine
rearrangement by focusing on and determining the reactivity trend of the rearrangement
based on the electronics and functionality of the azobenzene substituents. While the
benzidine rearrangement has been extensively used and studied, the understanding of

reaction trends and experimental design is important for the ease of experimental design.

Thus far, we have shown successful rearrangements with electron deficient azo
compounds and electron rich compounds, but not with highly functional amine or nitro
substituted molecules. The goal of this chapter is to better layout the limitations of current
substrate scopes and to understand why these limitations exist in order to help with a
fundamental understanding of reaction trends so that the process can be further improved

upon in the future.
4.3 Results and Discussion

To first understand the techniques from prior benzidine rearrangement reports, the
synthesis of azobenzene from aniline followed by the hydrogenation of a standard
azobenzene and its subsequent rearrangement were attempted as previously reported. Once
unsubstituted azobenzene was on hand and confirmed via GC-MS, the reduction of the
azobenzene compounds to their hydrazine compound was attempted exactly as previously
reported in literature.’® The reduction of azobenzene utilizing zinc and ammonium
chloride resulted in the quantitative yield of hydrazine. Following the hydrogenation of
azobenzene to hydrazobenzene, the rearrangement was conducted by following a

previously reported procedure.''%!2 Yields obtained for the desired benzidine product as
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estimated via LC-MS was 60% between 3,3’- and 4,4’ rearranged product which was

within experimental error when compared to previous reported yields.

Table 4.1: Figure showing scopes of products
synthesized.
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07 oH
4 5
cl 1 NO,
NS, NSy NSy
cl I NO,
6 7 8

Products synthesized following previously
stated procedure. Reaction run for 12 hours
prior to separations.

Once previous methods of synthesis were successfully repeated utilizing
unsubstituted azobenzene as a standard, a broad range of azobenzene compounds were
explored to determine how electronics and functionality would affect the rearrangement
reaction. Prior to the rearrangement reaction the parent azobenzene compounds were
synthesized (Table 4.1) in the manner previously stated and separated via column
chromatography. These products were then utilized in the previously stated hydrazine and
benzidine rearrangement reactions. The reactions were then submitted LC-MS for general

yields to then determine relative reaction success (Table 4.2). Overall, yields were about

10% from previously reported rearrangement yields.

Many lessons were learned regarding the substituent on the parent azobenzene
compound and its readiness to rearrange successfully. The presence of the chlorine
substituent allowed for successful rearrangement of the azobenzene compound with the
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LC-MS offering evidence of the proper fragmentation in masses that suggest both a 4,4’-
and a 3,3’- rearrangement. However, the rearrangement of the 2,2’-iodoazobenzene led to

no yields of the desired product due to the activation of the iodo substituents.

Table 4.2: Yields estimated via LC-MS.

R

NH;
i : J
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0%
A I
HN" S0 OxyH NH,
NH; NH; E O
T i [
N
Y O HO O HoN
o
HoN HoN
o
0%+ 9% 0%
cl | NO,
NH, NH, NH,
cl l O 1 E O O:N E O
HzN HN HoN
78 % 0% 0%

Yield is total yield of 2, 3, and 4 substituted rearranged
products. *Yield estimated via GC-MS. **Ring closed
product gave 68 % yield but no desired ring opened product
was obtained.

As far as oxygen containing molecules, the methoxy substituted azobenzene
unsurprisingly let to decreased yields when compared to the unsubstituted benzidine
product. Next, a weaker electron donating group, 2,2’-(diazene-1,2-diyl)dibenzoic acid,
was attempted and led to surprising results although in lower yields than the 2-2’-
dichloroazobenzene. Expectedly, when 2, 2’-nitroaminoazoxybenzene was utilized, no
product was observed. This was likely due to the extreme electron withdrawing effects of

the substituents making it difficult to initially reduce to a hydrazobenzene or, more likely,
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the added functionality of the groups that could then react with the reductant prior to
reacting with neighboring nitro substituents or similarly reduced amine substituents from
its neighboring benzene molecule. Similarly, when 2,2’-aminoazobenzene was utilized, no
product was observed under varying conditions of temperature, time and reductant
equivalents. This is likely due to the extreme electron donating effect and added
functionality of the amine group resulting in reactions with itself or neighboring
azobenzene compounds. To eliminate other routes of reactivity, a protecting ketone group
was attached to the free amine. This was to provide steric bulk to the molecule and prevent
ring closure. Once the rearrangement was attempted, the mass spectrometry suggested that
there was rearrangement, but that the ketone led to a ring closure condensation reaction
thus eliminating the desired functionality of having free amines on the benzidine

compound.

4.4 Conclusion

While the benzidine rearrangement has long been of interest due to its unique ability
to provide intramolecular formations of C-C bonds, it still provides difficulty when
understanding overall reactivity trends and how to improve them. While the halogenated
substituents rearranged successfully, the dichlorobenzene product that resulted is not
allowed to be used in major industrial applications in most of the world due to it being a
known carcinogen. While trying to replicate the results of the rearrangement with electron
donating substituents, the resulting rearrangement was difficult to obtain desirable yields.
This is likely due to the electron donating effect and/or the added functionality of certain
substituents interfering with the intramolecular pathway of rearrangement. While the

addition of sterically hindering moieties like ketones provide higher rearrangement yields,

62



the reaction of these molecules resulted in the undesirable effect of ring closure. These
trends suggest that while benzidine rearrangements may be realized with both electron rich
and deficient substituents, electronics and functionality play a major role in overall yields.
The electronic effect on overall yields support that this is indeed likely to be an

intramolecular pathway.
4.5 Materials and Methods

All solvents were used without distillation and as received directly from the
manufacturer. All reactions for the azobenzene compounds and subsequent benzidine
rearrangement utilized materials as received from the manufacturer without further

purification.

Instrumentation. NMR spectroscopy was performed using a Bruker Avance |1l HD
400. Data were processed using Bruker TopSpin software. *H NMR spectroscopy was
performed using a 400 MHz instrument using deuterated dimethyl sulfoxide as the solvent

with a calibrated peak at 2.50 ppm, respectively.

General procedure synthesis of azobenzene compounds. 0.5 M of amine substrate
was added to a clean 250-mL round bottom flask fitted with a 1” magnetic stir-bar. 2 M of
oxidant was then added to the reaction mixture followed by 50 mL of solvent. The reaction
was placed onto a reflux condenser and heated to 110 °C and allowed to run overnight at a
stir-rate of 360 rotations per minute (rpm). The reaction was then cooled down and the
solid was filtered off before the solvent was evaporated off. The remaining solid was
separated via column chromatography utilizing hexanes and ethyl acetate (3:1) to obtain

the solid product. The product was confirmed utilizing *H NMR.
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General procedure synthesis of rearranged products. 40 mM of zinc powder was
placed into a clean and dry 100-mL round bottom flask fitted with a 1” magnetic stir-bar.
To a separate clean round bottom flask, 5 mM of azobenzene, 40 mM of ammonium
chloride and 50 mL of solvent was added and sonicated until all solid was dissolved. Both
vessels were sealed and purged for 30 minutes. After the vessels were purged, the solution
was canula transferred to the reaction vessel with zinc and the reaction was allowed to stir
at 360 rpm until the red solution was colorless (approximately 30 minutes). The clear
reaction mixture was then canula transferred again into an empty 100 mL purged round
bottom that was fitted with a 1” magnetic stir bar in order to remove the majority of zinc
powder from the reaction. 1 mL of concentrated HCI was then added to the reaction mixture
and the reaction was heated to reflux for 2 hours at a stir rate of 360 rpm. The reaction was
then neutralized to a pH of 10 with a solution of saturated sodium hydroxide. The solvent
was then evaporated off and the sample was submitted for liquid chromatography-mass

spectrometry (LC-MS) analysis.
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CHAPTER 5: CONCLUSION AND FUTURE OUTLOOKS
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5.1 Conclusions

The work contained in this dissertation explored sustainable approaches to
synthesizing new nitrogen-nitrogen, carbon-nitrogen and carbon-carbon bonds. Utilizing
photo-, electro- and thermo-chemical means for the synthesis of these compounds,
mechanistic insights have been achieved that add fundamental understanding to new and

existing green chemistry synthesis routes.

The ability to oxidatively couple a wide range of azobenzene products utilizing
light as an energy source has been shown. This work has shown great selectivity for a broad
range of substrates that has previously not been achieved. Additionally, it has been shown
that oxygen is required to act as a sacrificial electron acceptor for the completion of the
catalytic cycle. The combination of the elimination of waste from fossil fuel consumption
combined with the sustainable aspects of high selectivity eliminating waste and the ability
to conduct the synthesis of these compounds without halogenated or hazardous waste is an
important discovery for the green synthesis of these compounds that provide promise for

further application.

Following the oxidative coupling of aniline derivatives, the reactivity trends of the
anion pool synthesis methods for the purpose of synthesizing new carbon-nitrogen bonds
was established. A direct correlation between nitrogen heterocycle’s pKa and their ability
to activate benzylic halides was shown as well as the limitations of high pKa’s and the
affect on the anion lifetime. This was counteracted by cooling the reaction down during
the electrolysis to increase the lifetime of the generated anion. Furthermore, the size of the
electrolyte cation was determined to play a major role in allowing the generated anion to

react with the added electrophile. Lastly, the relationship between the 8" charge on the
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benzylic carbon and the electrophilicity of the benzylic halide has been explored. This
research offers a sustainable route for the synthesis of carbon-nitrogen bonds without the
utilization of expensive transition metal catalysts and energy waste produced via traditional

carbon-nitrogen synthesis routes.

Lastly, the determination of the effect of electronics and substituent functionality
has been explored in the traditional benzidine rearrangement reaction. The increase in
electron density on parent azobenzene compounds was determined to significantly
decrease the desired product yield while electron-deficient parent azobenzene compounds
significantly improved overall yield. Once added functionality was added to the
azobenzene substituents, however, reactivity disappeared due to the formation of
undesirable side-products. Attempts to protect the functional amine substituents to prevent
unwanted reactivity resulted in higher yields for the rearrangement, but did not result in

the desired product. Instead, a ring-closure occurred for the rearranged product.

5.2 Future Works

While much progress has been made with regards to sustainable synthesis routes
for the purpose of synthesizing new nitrogen-nitrogen, carbon-nitrogen and carbon-carbon

bonds, the continued research into increasing reactivity and sustainability is imperative.

The synthesis of azobenzene compounds with high selectivity utilizing light as a
renewable energy source is important. One manner of progression for this process relies on
the development of a new photocatalyst that does not utilize expensive or toxic transition
metal catalyst centers. The ability to utilize an organic photocatalyst will lead to increased

applicability for large-scale applications. Additionally, the ability to make unsymmetrical
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azobenzene products will be explored. While symmetrical azobenzene compounds are
important, the ability to increase the diversity of products is essential when looking at wide-
scale adoption of synthesis methods. Unsymmetrical azobenzene compounds will also
allow for increased functionality via the addition of substituents that can be utilized to
further alter the chromophoric and medicinal properties of these compounds by either
altering the electronic properties or offering additional reactivity for substitutions to occur

selectively in following reactions.

The anion pool synthesis method is a promising route for increasing selectivity and
providing unique bond breakage that has previously only been successfully achieved via
the utilization of expensive transition metal catalysts and high temperatures. Future
research for this method will lie in the ability to stabilize anions of high pKa like aniline or
cyclohexylamine in order to provide enough basicity to activate sp? carbon-halogen bonds.
Additionally, the activation of sp? carbon-hydrogen bonds can be explored. The
stabilization of these anions can occur by exploring different stabilizing agents that can
then result in less reactive intermediates being formed. Another approach that can be
explored is the combining of the anion pool synthesis method with a flow system so that
once an anion is formed it is immediately transported to another cell to react with an
electrophile. The expansion of applicability that may be obtained from these reactions have

great potential implications on pharmaceutical and material synthesis processes.

The benzidine rearrangement has been a known reaction for years. While most of
the research focuses on trying to understand the exact mechanism by which it works, this
research has tried to understand the scopes of its applicability as a potential green synthesis

method for carbon-carbon bond synthesis. Future research will aim to determine if starting
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with asymmetric azobenzene compounds can compensate for some of the negative effects
that electron rich substituents have on the overall success of the reaction. That is to say if
one side of an asymmetric azobenzene contained a methoxy substituent while the other
contained a chlorine substituent, the effect on the overall success is still unknown.
Although current methods of carbon-carbon bond synthesis will likely not be replaced, the
benzidine rearrangement still has academic and industrial application if it is further

understood and optimized.
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Figure A.1: Control reactions involving nitrosobenzene or nitrobenzene.
4Conditions identical to standard reaction conditions described in Table 2.1.
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Figure A.2: Picture of the hydrogen peroxide test strips. A) Dry peroxide strip without
measurement. B) Peroxide strip tested at the beginning of a standard photocatalytic
reaction for the coupling of p-anisidine showing no detection of H20.. C) Peroxide
strip 4 hours into the photocatalytic reaction for the coupling of p-anisidine under an
O, atmosphere. The change in color in the strip indicates the presence of H,O> in the
reaction solution. D) Peroxide strip 4 hours into the photocatalytic reaction for the
coupling of p-anisidine under an N2 atmosphere. The lack of oxygen present in this
reaction prevents the possible formation of H20O and the peroxide strip does not
change color.
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Figure A.3: Fluorescence quenching data and Stern-Volmer plot for the quenching of
I'r with aniline.
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Figure A.4: Fluorescence quenching data and Stern-Volmer plot for the quenching of
Ir with 4-fluoroaniline.
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Figure A.5: Fluorescence quenching data and Stern-Volmer plot for the quenching of
Ir with p-anisidine with 2.5x10* M K3PO4 base added.
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Figure A.6: Fluorescence quenching data and Stern-Volmer plot for the quenching of
Ir with aniline with 2.5x10* M K3PO4 base added.
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Figure A.7: Fluorescence quenching data and Stern-Volmer plot for the quenching of
Ir with 4-fluoroaniline with 2.5x10* M K3PO4 base added.
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Figure A.8: Room temperature X-band (9.38 GHz) spectrum of reaction solution
containing p-anisidine, DMPO, K3PO4 and Ir in dichloromethane after 35 minutes of
irradiation with blue light with the proposed reaction leading to the EPR signal.
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Figure A.9: *H NMR spectra of product 2.1 in (CD3)2CO with solvent peak at 2.05
ppm.
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Figure A.10: 13C NMR spectra of product 2.1 in (CD3)>CO with solvent peak at 30.0
ppm.
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Figure A.11: *H NMR spectra of product 2.2.
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Figure A.12: 13C NMR spectra of product 2.2.
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Figure A.13: 'H NMR spectra of product 2.3.
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Figure A.14: 13C NMR spectra of product 2.3.
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Figure A.15: *H NMR spectra of product 2.4 in CDCls with solvent peak at 7.26 ppm.
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Figure A.16: 13C NMR spectra of product 2.4 in CDCls with solvent peak at 77.16
ppm.
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Figure A.17: *H NMR spectra of product 2.5.
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Figure A.18: 13C NMR spectra of product 2.5.
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Figure A.19: *H NMR of product 2.6.
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Figure A.20: 13C NMR of product 2.6.
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Figure A.21: *H NMR spectra of product 2.7.
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Figure A.22: 13C NMR spectra of product 2.7.
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Figure A.23: *H NMR spectra of product 2.8.
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Figure A.24: 3C NMR spectra of product 2.8.
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Figure A.25: *H NMR spectra of product 2.9.
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Figure A.26: 13C NMR spectra of product 2.9.
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Figure A.27: *H NMR spectra of product 2.10.
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Figure A.28: *C NMR spectra of product 2.10.
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Figure A.29: Plot of determined oxidation potential (V) as compared to product %

yield after 4 hours under optimized reaction conditions: 25 mM substrate, 75 mM
K3POy4, 5 mol% Ir PC, acetonitrile solution, Oz bubbled into solution for 15 minutes.
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Figure B.1: 'H NMR spectra of product 3.1.
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Figure B.2: *C NMR spectra of product 3.1.
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Figure B.3: *H NMR spectra of product 3.2.
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Figure B.4: 3°C NMR spectra of product 3.2.
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Figure B.5: 'H NMR spectra of product 3.3.
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Figure B.6: *C NMR spectra of product 3.3.
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Figure B.7: 'H NMR spectra of product 3.4.
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Figure B.8: *C NMR spectra of product 3.4.
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Figure B.9: 'H NMR spectra of product 3.5.
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Figure B.10: *C NMR spectra of product 3.5.
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Figure B.11: 'H NMR spectra of product 3.6.
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Figure B.12: *C NMR spectra of product 3.6.
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Figure B.13: F NMR spectra of product 3.6.
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Figure B.14: 'H NMR spectra of product 3.7.
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Figure B.15: *C NMR spectra of product 3.7.
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Figure B.16: 'H NMR spectra of product 3.8.
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Figure B.17: C NMR spectra of product 3.8.
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Figure B.18: Illustration of anion pool method in an H-Cell performed witha 0.1 M
solution of tetrabutylammonium hexafluorophosphate (BusNPFg) containing 0.375
mmol of carbazole in acetonitrile in the cathode side and 0.75 mmol of ferrocene on
anode side. Benzyl bromide (excess) was added after 1.625 hrs and current was
reduced to 0.5 mA. Reticulate Vitreous Carbon electrodes were employed as cathode
and anode.
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Figure C.1: LC-MS showing retention times of 2,2’-dichlorobenzidine rearrangement.
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Figure C.2: Mass Spectra of peak B of Figure C.1 showing mass fragmentation of
2,2’-dichlorobenzidine product.
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Figure C.3: LC-MS showing retention times of 4,4'-diamino-[1,1'-biphenyl]-3,3'-
dicarboxylic acid rearrangement.
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Figure C.4: Mass Spectra of peak F of Figure C.3 showing mass fragmentation of 4,4'-
diamino-[1,1'-biphenyl]-3,3'-dicarboxylic acid product.
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Figure C.5: LC-MS showing retention times of 2,2'-dimethyl-3H,3'H-5,5'-
bibenzo[d]imidazole rearrangement.
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Figure C.6: Mass Spectra of peak C of Figure C.5 showing mass fragmentation of 2,2'-
dimethyl-3H,3'H-5,5'-bibenzo[d]imidazole product.
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Figure C.7: LC-MS showing retention times of benzidine rearrangement.
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Figure C.8: Mass Spectra of peak A of Figure C.7 showing mass fragmentation of
benzidine product.
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