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Abstract

This thesis centers on the development and application of functional group transfer reagents (FGTRS)
for the radical-mediated difunctionalization of alkenes, utilizing either radical-polar crossover (RPC) or
radical ligand transfer (RLT) mechanisms. To promote green and sustainable synthesis, techniques such
as photoredox catalysis, electrochemistry, and mechanochemistry are employed to generate reactive

radical species under mild conditions. Here’s a concise overview of each chapter’s content in the thesis:

Chapter 1 introduces alkene reactivity, functionalization, and key synthetic strategies, highlighting
mechanisms such as Markovnikov and anti-Markovnikov addition, as well as the importance of
functional group transfer reagents (FGTRs). The chapter also outlines foundational tools for

transformations, including photochemistry, electrochemistry, and mechanochemistry.

Chapter 2 narrows in on organic nitrating reagents, discussing their properties, reactivity, and

applications for targeted functionalization in synthesis.

Chapter 3 details a dual photoredox-cobalt catalyst system for difunctionalizing unsaturated
hydrocarbons, focusing on the challenging synthesis of 1,2-halonitroalkanes using N-nitrosuccinimide
as a nitryl radical source in radical ligand transfer (RLT) reactions. A cobalt-free, net-neutral

radical/polar crossover approach further broadens nucleophile compatibility.

Chapter 4 builds on the previous chapter, introducing a strategy for carbo-heterofunctionalizing alkenes
via radical-polar crossover, using geminal bromonitroalkanes with O-centered nucleophiles to

synthesize a variety of 1,3-nitro-functionalized products.

Chapter 5 presents an efficient anti-Markovnikov hydronitration approach for synthesizing terminal
nitroalkanes. Using N-nitrosuccinimide and a hydrogen atom transfer (HAT) mediator, this photoredox

method achieves regioselective addition, also enabling chain extension using bromonitroalkanes.

Chapter 6 introduces an electrochemical method for generating nitryl radicals from ferric nitrate using
simple, cost-effective electrodes, facilitating broad nitration protocols compatible with various

substrates. This scalable, electricity-driven approach underscores its sustainable synthesis potential.

Chapter 7 builds on electron catalysis from Chapter 6 by introducing a mechanochemical protocol for
alkene difunctionalization using ferric nitrate and catalytic TEMPO. This method achieves selective 1,2-
nitronitrooxylation of alkenes under solvent-free conditions, highlighting mechanochemistry’s role in

radical-driven transformations.



Abstract

Chapter 8 utilizes ball-milling for solvent-free synthesis of halogenated compounds. Through iron-
mediated RLT catalysis, it enables selective dihalogenation of alkenes, producing vicinal dihalides with
high selectivity and substrate compatibility, demonstrating mechanochemistry’s utility in

functionalizing unsaturated hydrocarbons.

This compressed summary captures each chapter’s focus, emphasizing advancements in sustainable,

radical-based methodologies for alkene functionalization.

R:' /R‘ Rn R‘
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Chapter 1

Chapter 1.

General Introduction

Parts of this Chapter is adapted from the following publication in peer reviewed journal:

S. Patra, V. Valsamidou, D. Katayev, “Simplifying Nitration Chemistry with Bench-stable Organic
Nitrating Reagents”, CHIMIA, 2024, 28, 32-39. DOI:org/10.2533/chimia.2024.32.



Chapter 1

1. Alkenes and availability

Alkenes are a fundamental class of hydrocarbons defined by the presence of at least one carbon-carbon
double bond (C=C).! The carbons in this bond are sp? hybridized, meaning each carbon combines one
s-orbital with two p-orbitals, leaving one unhybridized p-orbital perpendicular to the plane. The sp?
orbitals overlap to form a C—C o-bond, while the p orbitals overlap to form a weaker C—C =-bond,
resulting in a double bond (Figure 1A). The weaker n-bond makes alkenes highly reactive with a range
of reagents, making them versatile intermediates in organic synthesis. In nature, alkenes often exist as
parts of more complex molecules, such as unsaturated fatty acids like oleic and linoleic acids, which are
found in plant oils and animal fats (Figure 1B).2 Terpenes, another class of natural compounds with
multiple alkene units, are responsible for the aromas of many plants and have significant biological roles
(Figure 1C).2 Industrially, alkenes are primarily derived from the refining of petroleum and natural gas.
Ethylene and propylene, the simplest alkenes, are produced in large quantities via steam cracking, where
larger hydrocarbons are broken down at high temperatures.* In addition to natural sources, alkenes can
be synthesized through various methods, including dehydrohalogenation of alkyl halides, dehydration
of alcohols, and the Wittig reaction, which transforms carbonyl compounds into alkenes.>*! Alkenes
also play important roles in biological systems, such as forming the structure of unsaturated fatty acids

that are critical for cell membranes and metabolic pathways.*2

A. B. C.
o OH
\/\/\/\/=\/\/\/\)J\OH | |
oleic acid | |
(o}
WMOH linalool limonene myrcene

[l-bond  p-orbital anti-inflammatory stress relief anti-cancer
linoleic acid

Figure 1. Alkene’s reactivity and its presence in natural products.
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2. Reactivity of alkenes

Alkenes, though relatively stable, are more reactive than alkanes due to their carbon—carbon zn-bond,
which is highly accessible and susceptible to addition reactions.***® This reactivity enables a wide range
of transformations, including addition, oxidation, polymerization, and cycloaddition, making alkenes
essential in organic synthesis and industrial applications.’* They serve as key feedstocks for
manufacturing plastics like polyethylene and polypropylene and are pivotal in reactions such as
hydroboration-oxidation, ozonolysis, and the Heck reaction, contributing to the development of
pharmaceuticals and fine chemicals.}’-?> Their reactivity is influenced by substitution patterns, with
terminal alkenes being more reactive than internal ones, and electron-withdrawing or donating groups
further modulating their behavior. While challenges like regioselectivity and stereoselectivity persist,

the availability, versatility, and reactivity of alkenes make them indispensable in chemistry.

This thesis focuses on the development and application of catalytic strategies for difunctionalization of
alkenes through the introduction of key functional groups. Although alkenes are highly versatile in
reactivity, the first chapter will specifically explore various addition reactions to alkenes, with an

emphasis on radical-mediated processes.

2.1. Difunctionalization strategies of alkenes

The addition of electrophile-nucleophile (E—Nu) pairs across carbon—carbon multiple bonds is one of
the most widely utilized and versatile chemical transformations. These addition reactions are particularly
well-suited to meet the current demands of "green chemistry"?® because they can achieve 100% atom
economy?"?® or atom efficiency,?® making them highly efficient and sustainable processes. The alkene
difunctionalization process can be broadly divided into two major categories: classical two-electron

methods and single-electron transfer (SET) methods for olefin functionalization.

2.1.1. Electrophilic addition or classical 2e—methods

In classical two-electron difunctionalization, both electrons from the w-bond of the alkene are involved
in the formation of new bonds. These methods typically proceed via ionic or polar mechanisms, where
an electrophile adds to the electron-rich n-bond of the alkene, followed by nucleophilic attack (Figure
2). Common examples include hydrohalogenation, halogenation, hydration, and dihydroxylation
reactions. These reactions are highly efficient and reliable for introducing two different functional
groups across the double bond in a single step, allowing for the rapid transformation of simple alkenes

into more complex, functionalized molecules.
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Figure 2. Electrophilic difunctionalization of alkenes.

When the electrophile (E) is hydrogen (H), reactions typically follow Markovnikov addition, where
hydrogen attaches to the less substituted carbon, and the electrophile binds to the more substituted
(Figure 3). In contrast, in anti-Markovnikov addition, the process is reversed. In H-Nu addition reactions
with aliphatic olefins, protonation of the double bond forms a carbocation intermediate. For
unsymmetrical alkenes, this can lead to two pathways—Markovnikov or anti-Markovnikov—depending
on which carbon is protonated. Often, anti-Markovnikov additions occur via radical mechanisms (Figure
3).

Markovnikov addition
R
A - 7 :>K/ H Ve ./l\/ H

Anti-Markovnikov addition
R _ R R
N - :K X BN

Figure 3. General concept of Markovnikov vs anti-Markovnikov addition.
Markovnikov addition

Markovnikov addition refers to a principle in organic chemistry that governs the regioselectivity of
electrophilic addition reactions to alkenes. Formulated by Vladimir Markovnikov in 1869, the rule
states: “When a hydrocarbon of unsymmetrical structure combines with a halogen hydroacid, the
halogen adds itself to the less hydrogenated carbon atom, that is, to the carbon atom which is more under
the influence of other carbon atoms™.2%3! This preference arises because the intermediate carbocation
that forms during the reaction is more stable when it is located on the more substituted carbon atom,
which can better stabilize the positive charge. Markovnikov's rule is widely applied in the synthesis of
various organic compounds, particularly in the formation of alcohols, alkyl halides, and other
functionalized hydrocarbons, and plays a crucial role in guiding the outcome of addition reactions in

organic chemistry. The key factor in determining which carbocation is formed lies in the stability of the
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intermediates. Carbocations can be classified based on the number of alkyl groups attached to the
positively charged carbon atom, where tertiary carbocations (three alkyl groups) are more stable than
secondary carbocations, and secondary carbocations are more stable than primary carbocations (Figure
4). This effect arises from the electron-donating nature of alkyl groups, which help to stabilize the
positive charge on the carbon atom.

regioslectivity of Markovnikov products depend on stability of carbocation

CHj

H C)Jr\/H > \+/\H > ~_H
3
positive charge on more positive charge on less
sutstituted carbon. sutstituted carbon.
more stable less stable

Figure 4. Stability of carbocations.

According to Markovnikov's rule, in electrophilic addition reactions, the proton attaches to the carbon
with more hydrogen atoms, forming a more stable carbocation intermediate. In the case of an
unsymmetrical alkene like butene, protonation occurs at the terminal carbon, resulting in a secondary
carbocation (CHsCH-CH'CHs) rather than a less stable primary one (CHsCH2CH:"). The formation of
this secondary carbocation happens with a lower activation energy (AE;) than the formation of the
primary carbocation, making it the preferred pathway. This is shown in the energy diagram (Figure 5),
where the protonation step (the rate-determining step) has a lower energy barrier for the formation of
the secondary carbocation and reacts rapidly with the nucleophile, leading to the final, more stable
product.®® The reaction's outcome is controlled by both kinetic factors (faster intermediate formation)
and thermodynamic factors (stability of the final product). Understanding these factors is crucial in
predicting regioselectivity in unsymmetrical alkene reactions. This dual control highlights the
importance of understanding the energy profiles and transition states in electrophilic addition reactions,

particularly when dealing with unsymmetrical alkenes.
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Figure 5. Energy diagram of the Markovnikov addition reaction.
Anti-Markovnikov addition

Anti-Markovnikov addition refers to a regioselective reaction where, in contrast to Markovnikov's rule,
the hydrogen atom (H") in an electrophilic addition attaches to the carbon of the alkene with fewer
hydrogen atoms, while the electrophile (e.g., a halogen or hydroxyl group) bonds to the carbon with
more hydrogen atoms. This behavior is often seen in reactions involving radical mechanisms or specific
catalysts. A well-known example is hydroboration-oxidation, where boron initially adds to the less
substituted carbon, and subsequent oxidation produces alcohols (Figure 6A). Although Markovnikov's
original rule applies to hydrogen halides, it has since been expanded to describe polar additions more
generally. When E # H, the modern interpretation is that "the electrophile tends to add to the least
substituted carbon (primary > secondary > tertiary)."*®* Therefore, in reactions like hydroboration,
hydrosilylation, or hydrostannation—where H acts as the nucleophile—an anti-Markovnikov product is
formed. Another key example is the radical addition of hydrogen bromide (HBr) to alkenes in the
presence of peroxides, which proceeds through a radical mechanism, leading to the attachment of the
bromine to the less substituted carbon (Figure 6B). Anti-Markovnikov additions are valuable in
synthetic organic chemistry as they allow for the formation of products with different regioselectivity
than traditional Markovnikov processes, expanding the scope of possible functional group

transformations.
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A. hydroboration-oxidation of alkenes
CHj B,Hg

H H
oxidise
H5C CH HsC CH
—_ > 3 3 3 3

BH, OH

B. radical addition of hydrogen bromide (HBr) to alkenes
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Figure 6. Examples of anti-Markovnikov addition reactions.
2.1.2. Radical addition or 1e~ methods

Radical, or one-electron, addition to alkenes is a powerful and versatile method in organic synthesis,
especially for radical difunctionalization (Figure 7).34%° Unlike traditional two-electron mechanisms that
involve electron pair transfers, radical addition proceeds via single-electron transfer (SET), creating
reactive radical intermediates. In this process, a radical species adds to one of the carbon atoms in the
alkene’s m-bond, forming a carbon-centered radical Int-1, which can then undergo further reactions,
such as coupling with a second reagent or atom transfer. This enables the introduction of two functional
groups across the double bond in a single transformation. One-electron addition to alkenes can follow
two key pathways: oxidation, where the alkene forms a radical cation (often through photochemical or
electrochemical oxidation), or reduction, where the alkene is reduced to form a radical anion. The radical
cation is highly reactive and can react with nucleophiles, while the radical anion reacts with electrophiles
to introduce functional groups. These processes offer unique advantages, such as exceptional regio- and
stereoselectivity, often producing products that are difficult to obtain through classical two-electron
methods. Radical-mediated reactions also proceed under mild conditions and tolerate a wide range of
functional groups, making them valuable in constructing complex molecular architectures and

indispensable in modern organic synthesis.
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Figure 7. General methods for 1e addition to alkenes.

Upon forming the transient alkyl radical intermediate (Int-1), three possible pathways can deliver the
desired difunctionalized products: radical-polar crossover (oxidative or reductive), radical-radical
coupling, or transition-metal-mediated coupling. Radical-polar crossover (RPC) is a key concept that
merges radical and ionic chemistry (Figure 8).41** In oxidative RPC, a radical is oxidized to a cation,
which then undergoes ionic reactions like nucleophilic attack, often driven by photoredox catalysis.
Reductive RPC involves the reduction of a radical to form an anion, leading to ionic processes such as
electrophilic trapping. RPC enhances synthetic flexibility, enabling reactions like alkene
functionalization and nitration. Radical-radical coupling involves the direct bonding of two radicals to
form covalent bonds.*>* This method is highly efficient, often occurring under mild conditions with
minimal byproducts, and is valuable in polymerization and natural product synthesis, offering broad
versatility for complex molecule construction. Transition-metal-mediated or catalyzed coupling in
radical functionalization of alkenes enables selective addition of functional groups.*%° Metals like
copper, iron, or nickel facilitate radical generation and control bond formation. This approach, especially
in photoredox catalysis, offers high selectivity and mild conditions, expanding applications in

pharmaceuticals and material science.
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Figure 8. Possible difunctionalization strategies for alkyl radical intermediate (Int-1).
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3. Functional group transferring reagents (FGTRS)

3.1. Functional groups and their importance

Functional groups are specific atoms or groups of atoms within a molecule that dictate its characteristic
chemical reactions. They play a fundamental role in determining a compound's reactivity, polarity, and
behavior. Common functional groups include hydroxyl (-OH), carbonyl (-C=0), amino (-NHz), and
nitro (-NO2), each imparting unique properties. Modifying or introducing functional groups is a core
strategy in organic synthesis, allowing chemists to design complex molecules. These groups define
molecular properties, influencing aspects like physical characteristics and chemical reactivity (Figure
9). For instance, adding a carboxyl group (-COOH) to hexane transforms it from a nonpolar hydrocarbon
to hexanoic acid, a water-soluble, acidic molecule. Similarly, introducing a nitro group (-NO-) to toluene
increases the molecule's electron-withdrawing character, reducing the reactivity of the aromatic ring
toward electrophilic substitution and making it more reactive in nucleophilic substitution reactions.
When acetic acid is reacted with methanol to form methyl acetate, the transition from a carboxylic acid
to an ester result in a less polar, less water-soluble compound, with lower boiling points—properties
valuable in applications such as solvents and fragrances. In each case, the functional group profoundly

impacts the molecule's reactivity and utility in industrial or biological processes.

nonpolar polar, water-soluble
o} O : : H NO,
H3C)]\O/H ——CHz—> H3CJI\O/CH3 more reactive in more reactive in
polar nonpolar : electrophilic nucleophilic
lower boiling point higher boiling point 1 substitution reactions substitution reactions;

Figure 9. Representative effects of functional groups in small molecules.

Introducing or modifying functional groups (FGs) can dramatically influence a molecule's properties,
particularly in fields like pharmacology, where they affect potency and selectivity (Figure 10).
Functional groups play a critical role in dictating how compounds behave in both chemical reactions
and biological systems, impacting everything from reactivity to physical attributes. In medicinal
chemistry, they determine how drugs interact with biological targets, affecting efficacy, selectivity, and
stability. For example, the "magic methyl effect” refers to the addition of a methyl group, which often
enhances a molecule's potency and binding affinity compared to its unmethylated counterpart. Similarly,
the trifluoromethyl (-CFs) group can transform a molecule's bioactivity. In fluoxetine (Prozac), a
commonly used SSRI, the trifluoromethyl group boosts its ability to cross the blood-brain barrier,
increases lipophilicity, and enhances metabolic stability, making the drug more effective with fewer

doses.
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Fluorine also plays a crucial role in drug design. In fluorouracil (5-FU), a chemotherapeutic drug, the
replacement of hydrogen with fluorine in uracil transforms the molecule into an antimetabolite that
disrupts DNA synthesis in cancer cells, inhibiting their growth. This small fluorine substitution prevents

normal cell division by interfering with enzymatic processes.

Nitro groups can similarly drive biological activity. For instance, nitrofurantoin, used to treat urinary
tract infections, derives its potency from the nitro group, which generates reactive intermediates that
damage bacterial DNA. Nifurtimox, an antiparasitic drug for treating Chagas disease, relies on the nitro
group to produce toxic radicals that inhibit Trypanosoma parasites. Chloramphenicol, an antibiotic, also
depends on its nitro group to bind to bacterial ribosomes and impede protein synthesis. Without the nitro
group, these compounds would lose much of their therapeutic efficacy, highlighting the essential role of

functional groups in drug design and activity.
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Figure 10. Effect of functional groups in drug molecules.®%2
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3.2. Functional group transfer reagents

Functional group transfer reagents are indispensable tools in organic chemistry, allowing for the
selective addition, modification, or exchange of functional groups within a molecule. Reagents like
Grignard reagents, organolithiums, and boron-based compounds (e.g., boranes) enable the efficient
introduction of functional groups such as hydroxyl, halides, or alkyl chains. Oxidizing agents such as
permanganate or chromate can add oxygen-containing groups, while reducing agents like lithium
aluminum hydride can remove or convert functional groups to less oxidized states. The precise control
over functional group modifications is especially critical in pharmaceuticals, where little changes in the
structure can dramatically impact a drug’s efficacy. FGTRs enhance synthesis efficiency by reducing
steps and optimizing processes, making them vital in the development of new compounds across

industries such as medicine, agrochemicals, and material science.

In functional group transfer reagents, the second component, aside from the functional group itself, is
typically called the leaving group, carrier group, or redox auxiliary (Figure 11). This part helps to deliver
the functional group to the target substrate and is often discarded or transformed during the reaction. For
instance, in organolithium reagents (R-Li), the alkyl or aryl group (R) is the functional group, while
lithium acts as the carrier. The carrier group is crucial for the reagent’s reactivity and selectivity during
functionalization. Depending on the activation energy source and the functional group transfer reagent
(FGTR) used, three types of reactive functional groups can typically be generated: radical, electrophilic,
and nucleophilic species (Figure 11). However, this thesis specifically focuses on the generation of
active radical functional groups through various energy-efficient and sustainable methods. These radical
species are then employed in radical relay difunctionalization of alkenes, enabling the selective
introduction of multiple functional groups in a single process. By concentrating on radical chemistry,
this work aims to explore novel reactivity patterns and expand the scope of difunctionalization strategies

in a more environmentally friendly and resource-efficient manner.
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Figure 11. Types of reactive functional groups.
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3.3. Toolboxes for radical relay functional group transfer

Radical relay functional group transfer has emerged as a powerful and versatile strategy in modern
synthetic chemistry, enabling the efficient construction of complex molecular architectures. This process
involves the generation of reactive radical intermediates that mediate the transfer of functional groups
in a controlled manner. Unlike traditional two-electron pathways, radical-based methods offer distinct
advantages, including mild reaction conditions, tolerance of diverse functional groups, and the ability
to engage otherwise inert bonds. To harness the full potential of radical relay for functional group
transfer, several advanced toolboxes have been developed, particularly in the areas of photochemistry,
electrochemistry, and mechanochemistry. These approaches provide chemists with a diverse set of
techniques for generating and manipulating radicals, thus expanding the scope of radical-mediated

reactions in organic synthesis.

3.3.1. Photochemistry

Photochemistry, which involves the use of light to initiate chemical reactions, has become one of the
most prominent and widely used tools for radical relay functional group transfer.>*%” The key advantage
of photochemistry lies in its ability to generate radical species under mild, energy-efficient conditions
by harnessing the power of photons. The use of visible light to drive organic transformations has grown
significantly over the past decade due to several key advancements. Increased emphasis on energy-
efficient reactions has made visible light an ideal reaction component. The development of affordable,
high-intensity LEDs and advances in flow chemistry with transparent reactors have improved scalability
and reproducibility, making photocatalysis more accessible. Classical photochemistry, using ultraviolet
light for direct excitation of organic compounds, has been a well-established field for over a century.
However, it was often viewed by many researchers as a specialized and challenging technique. This
perception has shifted with the advent of visible light, photoredox catalysts, and sensitizers. Reaction
setups for visible light photochemistry are similar to traditional thermal chemistry, differing mainly in
the light source. Visible light, with lower energy than UV, often leads to more selective, predictable,
and controllable reactions. This has renewed interest in radical and radical ion intermediates, making
visible-light-mediated photoredox reactions a powerful tool in organic synthesis. The use of visible light
to drive organic transformations dates back over a century. Italian chemist Giacomo Ciamician,
alongside Paul Silber, pioneered photochemical reactions with visible light in the early 1900s (Figure
12).%8 By the 1980s and 1990s, photoredox catalysis was being explored further in organic synthesis.
Alain Deronzier demonstrated the first visible-light Pschorr cyclization,®® while Ganesh Pandey®
developed near-visible light photocatalytic cycloadditions. Researchers like Angelo Albini, Vincenzo
Balzani, Janine Cossy, and Frederick Lewis also contributed significantly to the study of photoinduced

electron-transfer steps in organic chemistry.
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Figure 12. Use visible light for chemical reactions with the help of sunlight on the balcony of the
Chemical Institute of the University of Bologna, Italy.5!

Photochemical reactions can be categorized in various ways, depending on parameters such as reactivity,
catalytic activity, conceptual framework, or even practical application (Figure 13). One approach is to
classify them by reactivity, where reactions are grouped based on the type of intermediates formed or
the nature of the reactivity. For example, radical-based reactions involve free radicals, while radical ion-
based reactions feature radical cations or anions, often seen in photoredox catalysis. Reactions can also
involve pericyclic mechanisms such as [2+2] cycloadditions, or proceed through energy transfer
between a photocatalyst and a substrate. Another way to categorize photochemical reactions is by
catalytic activity, which distinguishes between catalyzed and non-catalyzed processes. In photocatalytic
reactions, light-absorbing catalysts facilitate the transformations; these include organometallic catalysis,
where metal complexes like ruthenium or iridium play a key role, and organic photocatalysis, where
organic dyes such as eosin Y act as catalysts. Conversely, non-catalytic photochemical reactions involve
direct light excitation of the substrate, like UV-induced photodimerization. Reactions can also be
classified by conceptual frameworks, including photoredox reactions that rely on light-induced electron
transfer, energy transfer reactions, where excited-state energy is transferred to the substrate, and atom
transfer reactions, in which excitation leads to the transfer of atoms such as hydrogen or halogen. Other
notable categories include photoisomerization, where light induces changes between different isomers,
and photocycloadditions, where unsaturated molecules form cyclic products under light exposure.
Classifications can also be based on the source of light used in the reactions. For example, UV-induced
reactions rely on ultraviolet light for direct molecular excitation, whereas visible-light photocatalysis
uses photosensitizers or catalysts activated by visible light. Additionally, photochemical reactions can
be grouped by reaction type, distinguishing between processes like bond formation (e.g., C—C bond
formation via radical addition) and bond cleavage (e.g., photooxidation or decarboxylation), as well as
functional group transformations like photohalogenation or photoreduction. Photochemical reactions
can also be categorized by the nature of the substrates, such as organic photochemistry involving organic

molecules, inorganic photochemistry involving metal complexes, and biomolecular photochemistry as
15
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seen in DNA photodamage or photosynthesis. Lastly, a practical classification can be based on industrial
or practical applications, including environmental photochemistry for pollutant degradation, synthetic
organic photochemistry for complex molecule synthesis, and materials science, where photochemistry
plays a role in creating polymers, semiconductors, or photoresponsive materials.
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by application Synthetic Organic Photochemistry
Materials Science

Figure 13. Types of photochemical reactions.

by source of [ight—»I

Each of these mechanisms plays a crucial role in converting photon energy into chemical reactivity,
driving selective molecular transformations that expand the toolkit of modern synthetic chemistry.
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3.3.1.1. Visible-light Photoredox catalysis

Among the categories discussed, visible-light photocatalysis is a powerful and environmentally friendly
approach in organic chemistry that harnesses visible light to drive chemical reactions and is applied in
Chapters 3, 4, and 5.

Unlike traditional photochemical processes that require high-energy ultraviolet (UV) light, visible-light
photocatalysis harnesses lower-energy light, which is both more abundant and safer. Photoredox
catalysis is a technique in synthetic chemistry where light, through the action of a photocatalyst, drives
chemical reactions by promoting electron transfer events. The term "photoredox" combines "photo™
(light) and "redox" (reduction-oxidation), highlighting the light-induced electron transfer
mechanism.®?%® When a photocatalyst like Ir(ppy)s (tris(2-phenylpyridine)iridium(111)) absorbs visible
light, it enters an excited state, allowing it to either donate or accept electrons. This electron transfer
generates reactive intermediates—such as radicals, cations, or anions—which then participate in
subsequent chemical transformations. Ir(ppy)s is particularly favored for its excellent photophysical
properties, making it a highly efficient and versatile tool in visible-light-driven synthetic reactions.
Understanding its molecular orbital (MO) transitions is key to grasping how it mediates these

transformations. (Figure 14).%4
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Figure 14. Molecular orbital depiction of Ir(ppy)s photocatalyst.
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The photocatalyst Ir(ppy)s, or tris(2-phenylpyridine)iridium(lll), is a widely used organometallic
complex in photoredox catalysis due to its excellent photophysical properties, governed by its molecular
orbitals (MOs) and electronic transitions. The iridium (Ir**) center is coordinated to three phenylpyridine
(ppy) ligands, creating a molecular orbital arrangement where the metal d-orbitals form the HOMO and
the ligands’ w-orbitals form the LUMO. When irradiated with visible light (around 450 nm), an electron
from the Ir 5d HOMO is excited to the ligands' 1 LUMO, undergoing a metal-to-ligand charge transfer
(MLCT), which generates a long-lived excited state. In this state, Ir(ppy)s can act as either a reductant
by donating an electron (becoming oxidized to Ir(ppy)s*) or as an oxidant by accepting an electron and
returning to its ground state. This redox versatility enables Ir(ppy)s to participate in both oxidative and
reductive radical generation. After redox reactions, the complex returns to its ground state via interaction
with a donor or acceptor. Its strong redox potentials—reductive (~ —1.73 V vs SCE) and oxidative (~
+0.31 V vs SCE)—make Ir(ppy)s an effective photocatalyst for a wide range of photoredox
transformations in organic synthesis (Figure 14).

Photoredox catalytic reactions typically proceed via one of two main pathways: oxidative or reductive
guenching cycle (Figure 15). In the oxidative quenching pathway, the excited photocatalyst ([PC"]*)
donates an electron to an oxidant or substrate, resulting in its oxidation to [PC™*]. The photocatalyst
then returns to its ground state by accepting an electron from a reductant. Conversely, in the reductive
guenching pathway, the excited photocatalyst accepts an electron from a reductant or electron-rich
substrate, forming [PC™], and is restored to its ground state by donating an electron to an oxidant. These
alternating redox states enable a wide range of chemical transformations, including bond formation and
radical reactions. In photoredox catalysis, substrates can experience one of three general redox
outcomes, whether the electron transfer (ET) occurs in the photoinduced electron transfer (PET) step or
the catalyst turnover step: net oxidative, net reductive, or net redox-neutral. In a net oxidative reaction,
an external oxidant accepts electrons during either the PET or turnover step. Conversely, net reductive
reactions involve an external reductant donating electrons at these stages. Net redox-neutral reactions
are more complex, typically involving return electron transfer with the oxidized or reduced catalyst,

sometimes aided by a redox-active co-catalyst.
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Figure 15. Oxidative and reductive quenching cycles.

These intermediates can then participate in selective bond formation or cleavage reactions. Visible-light
photocatalysis has gained significant attention for its ability to facilitate various transformations,
including C—C bond formation, oxidation, reduction, and functionalization of alkenes. Its advantages
include mild reaction conditions, high selectivity, and the potential to design more sustainable, energy-
efficient chemical processes. Due to its broad applicability, visible-light photocatalysis has become a
crucial tool in modern synthetic chemistry, as reflected in its use in cutting-edge research and industrial

applications.

In radical relay functional group transfer, photochemical approaches enable the selective activation of
specific bonds, allowing for precise functionalization of alkenes, alkynes, and other unsaturated
systems.® Photocatalysts, such as iridium and ruthenium complexes, are frequently employed to
mediate the transfer of functional groups, including halogens, nitro, and trifluoromethyl groups.%®
Additionally, photochemical methods allow for dual catalytic systems, where a photocatalyst works in
tandem with another catalyst (e.g., metal catalysis) to perform complex transformations. The tunability
of light and photocatalyst design has made photochemistry a crucial toolbox in the radical relay

functionalization landscape.
3.3.1.2. Electron donor-acceptor (EDA) complex

Recently, a photochemical approach distinct from traditional photoredox catalysis has emerged,
focusing on the intrinsic interaction between an electron acceptor substrate and a donor molecule, which
leads to the formation of an electron donor-acceptor (EDA) complexes capable of light absorption.57-°
This interaction can trigger an intramolecular single-electron-transfer (SET) event, generating radical
intermediates under mild conditions. Although the photophysics of EDA complexes have been
extensively studied since the 1950s, their application in chemical synthesis has been limited until

recently, with growing interest among chemists opening new avenues in synthetic chemistry.

19



Chapter 1

An EDA complex, or charge-transfer complex, is formed through the interaction between an electron-
rich donor and an electron-deficient acceptor, leading to partial electron transfer and stabilization via
electrostatic attraction. When excited by visible or ultraviolet light, these complexes can produce radical
ion pairs, facilitating challenging reactions through a process known as photoinduced electron transfer.
This mechanism is essential in modern synthetic chemistry, allowing for reactions such as oxidation,
cycloaddition, and radical formation under milder conditions, thereby minimizing the need for external
catalysts.

EDA complexes are increasingly recognized in green chemistry, photoredox catalysis, polymer
synthesis, and organic photovoltaic materials. They may show photolytic reactivity even without a
photoredox catalyst, often indicated by a color change upon mixing reactants. Pioneering work by
Kochi’®7 laid the groundwork for further advancements by researchers like Melchiorre,”*"” who have
utilized EDA complexes for catalyst-free photolytic transformations with visible light, taking advantage

of these complexes’ ability to absorb lower-energy photons.
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3.3.2. Electrochemistry

The term “electricus” was first coined by William Gilbert in 1600, marking the beginnings of
electrochemistry (Figure 16).”®7° In 1786, Luigi Galvani's experiment with frog legs led to Alessandro
Volta's development of the first electric battery.®° Michael Faraday's 1834 laws of electrolysis and
Hermann Kolbe's first organic electrosynthesis in 1848 laid the groundwork for electrochemical
applications in chemical reactions.t- QOver the following century, electrosynthesis advanced, giving
rise to industrial processes like the Monsanto adiponitrile process and key reactions such as Shono
oxidation and electrofluorination.® In the late 20th century, Yoshida introduced electro auxiliaries to
selectively lower the electrochemical potential of substrates, and the concept of using redox mediators

for indirect electrolysis was formalized by Steckhan in the 1980s.9-%3
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Figure 16. Selective milestones of electrochemistry in organic synthesis.

Pioneering researchers like Little,**°" Schafer,%% Lund,%°? Moeller,%2% Amatore,'* Jutand,*® and
Yoshidal?”1% played a crucial role in advancing electrosynthesis as a sustainable and powerful method
in organic chemistry. The resurgence of electrosynthesis is driven by its unique ability to enable highly
selective reactions through electrochemical or photoelectrochemical mechanisms, bypassing the need
for stoichiometric redox reagents and minimizing byproducts (Figure 17).19%112 The development of
commercial electrochemical equipment has made this approach more accessible, while its mild
conditions, often using protic solvents, enhance environmental sustainability.'*!* Electrochemistry
also offers precise control over reactivity and chemoselectivity via applied potential, unlocking new
reaction pathways and enabling resource-efficient transformations, especially in pharmaceuticals and

materials science.!®®
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Figure 17. Electricity replacing stoichiometric redox reagents.
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Direct electrolysis enables molecules to undergo electron transfer directly at the electrode surface
(Figure 18).1% In contrast indirect electrolysis, utilizing redox mediators, can further enhance efficiency
and selectivity, avoiding unwanted side reactions and enabling better control over reaction processes
(Figure 18). The combination of electrosynthesis with other catalytic methods, such as transition metal
catalysis or electrophotochemistry, has led to novel reaction pathways and bond functionalizations,
expanding the scope of modern organic synthesis. Indirect electrosynthesis, in particular, improves
reaction outcomes by using a redox mediator to facilitate electron transfer, providing advantages in
reaction efficiency and selectivity.'” Common redox mediators such as N-hydroxyphthalimide (NHPI),
quinuclidine, quinones, TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxy), potassium ferrocyanide, and
ferrocene (FeCpz) have proven to be highly effective in facilitating various organic transformations,
particularly alkene functionalizations (Figure 18). These mediators act as electron carriers, enabling
smoother electron transfers and improving reaction efficiency. Their use has been integral in the
synthesis of complex molecules, helping to achieve greater selectivity and control over reaction

conditions and minimizing byproduct formation, while also promoting desired transformations.
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Figure 18. Electricity replacing stoichiometric redox reagents.

Electrochemically driven radical relay difunctionalization of alkenes is an emerging and sustainable
strategy for constructing complex molecules.!®1¥° This method utilizes electrochemical setups to
generate radicals directly at the electrode surface, bypassing the need for traditional chemical oxidants
or reductants, and thus minimizing the formation of waste byproducts. In this process, the electric current
serves as the primary reagent, enabling precise control over radical generation and transfer. The radical
is initially formed at one position of the alkene, which then "relays"” to a different site, facilitating the
introduction of two distinct functional groups across the alkene in a highly controlled manner. Lin and
colleagues made significant strides in the electrochemically driven radical relay difunctionalization of

alkenes with their innovative approach to diazidation, yielding vicinal diazides (Figure 19).1%° In this
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method, the azidyl radical (Nse) is anodically generated from sodium azide (NaNs) and subsequently
adds across the alkene's C=C bond, forming two new C—N bonds and releasing hydrogen gas and sodium
acetate as byproducts. The reaction is catalyzed by manganese(Il) bromide (MnBr2) in combination with
electrochemical conditions. This technique showcases broad substrate versatility and excellent
functional group tolerance, making it applicable to terminal, internal, and cyclic alkenes. It also
demonstrates compatibility with various functional groups, including alcohols, aldehydes, enolizable
ketones, carboxylic acids, amines, sulfides, and alkynes, whose oxidation potentials exceed the catalytic
voltage of Mn(Il)-Ns, thus preventing interference. The reaction mechanism involves anodically
coupled electrolysis, where the azido anion reacts with Mn" to form a Mn'-N; intermediate. This is
oxidized to Mn''-Ns, which selectively reacts with the alkene, ensuring controlled radical generation
and preventing undesirable side reactions such as azide radical dimerization. This method has proved

effective for synthesizing vicinal diazides across a wide range of substrates.
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Figure 19. Example of electrochemical diazidation of alkenes.

Several electrochemical radical-mediated difunctionalization reactions of alkenes have since been
developed, including silyl-oxygenation, azidooxygenation, chlorotrifluoromethylation,
heteroaryltrifluoromethylation, and dichlorination.?2% In Chapter 6 of this thesis, we explore a unified,
modular protocol for the electrochemical conversion of unsaturated hydrocarbons into nitro group-
containing building blocks. This process employs inexpensive ferric nitrate as a nitrating reagent under
electrochemically induced conditions, providing an efficient method for the functionalization of alkenes

with nitro groups, and expanding the toolbox of radical-mediated alkene transformations.
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3.3.3. Mechanochemistry

The earliest recorded instance of mechanochemistry dates back to 314 B.C., when Theophrastus, a
student of Aristotle, described the grinding of cinnabar with acetic acid in a copper mortar to produce
elemental mercury (Figure 20).12° Although records are sparse, mortars were a staple in alchemists' and
early chemists' labs until they were replaced by glassware. Mechanochemistry began gaining systematic
attention in the 19th century. In 1820, Michael Faraday observed silver production when grinding zinc
and silver chloride.’?” Later, Walther Spring and Matthew Carey Lea explored mechanochemical
processes, demonstrating that poor solubility in reactants like barium sulfate could be overcome by
grinding solid-state reactants.!?® In 1893, Ling and Baker synthesized halogen derivatives of
quinhydrone using grinding with liquid assistance, a method now called liquid-assisted grinding
(LAG).1® The term "mechanochemistry” was officially introduced by Wilhelm Ostwald in 1919, and
further defined by G. Heinicke in 1984, recognizing it as a distinct branch of chemistry alongside
thermochemistry, photochemistry, and electrochemistry. 30131
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reduction of AgCl introduction of the First book solely focused International top 10 emerging
term Mechanochemistry on mechanochemistry Mechanochemical technologies in chemistry

Association (IMA)
Figure 20. Timeline of mechanochemistry.

The shift from fossil fuels to cleaner energy sources is accelerating due to the depletion of fossil fuels
and their environmental impact.**? Renewable energy options like hydropower, wind, solar, biomass,
ocean, and geothermal energy are sustainable and eco-friendly, but their intermittent nature poses
challenges.®**13* Mechanochemistry, which uses mechanical energy for chemical reactions, is a
promising method for synthesizing energy conversion materials.® Techniques include using mortar and
pestle, ball mills, and extruders (Figure 21). Automated ball mills, such as planetary and mixer mills,
offer better reproducibility and control, making mechanochemistry a valuable tool in energy conversion

research.
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Figure 21. Schematic representations of the three main modes of mechanical activation: (a) grinding
with mortar and pestle; (b) vibration milling; (c) & (d) planetary ball milling.

In ball mills, mechanochemistry transfers energy to reactants through the collision of milling balls,
offering a solvent-free and sustainable method. By eliminating the need for solvents, it reduces waste
and improves energy efficiency, as no heating, cooling, or pumping is required.®*® Additionally, the lack
of solubility constraints allows for a broader range of reactants, enabling reactions that would otherwise
be limited by solvent requirements. Although mechanochemistry typically involves solid-state reactions,
it can also be applied to gas and liquid reactants, further expanding its versatility and environmental
benefits.’¥” Key parameters affecting reactions include milling time, frequency, filling degree, ball size
and quantity, ball material, and reaction temperature.®142 |onger milling times increase yield but risk
product degradation and equipment abrasion. Higher milling frequencies accelerate reactions but raise
vessel temperatures and wear. Optimizing the filling degree, ball size, and humber of balls improves

reaction efficiency, while controlling the temperature can alter product outcomes.

A mechanochemical reaction occurs when mechanical energy directly triggers a chemical
transformation. This energy, generated by methods such as ball milling, grinding, and extrusion, induces
phase changes, structural alterations, crystalline transformations, and surface activation, ultimately
leading to chemical reactions. The kinetic energy involved promotes material wear, fracture, and
refinement, increasing specific surface areas and enhancing component interactions at surfaces or
boundaries, where most reactions occur. Due to the unpredictable nature of mechanochemical outcomes,
it is a promising field for discovering novel chemical reactions. Ball milling has been widely studied in
various reactions, including olefin metathesis,}*® Suzuki-Miyaura coupling,***4  Negishi

coupling,**® Friedel-Crafts,**’ Sonogashira coupling,'*® C-H activation,'*° and Buchwald-Hartwig.!*

Recent advances suggest that mechanochemistry can offer alternative selectivity and withstand
conditions that are difficult in traditional solution-based methods, making it both an eco-friendly and
innovative approach for exploring new chemical transformations. Among the many advantages—such
as reduced solvent use, better yields, shorter reaction times, the ability to use insoluble starting materials,
and improved safety—two standout benefits are distinct reactivity and the potential for discovering new
reaction pathways. Certain chemical transformations are achievable through mechanochemical
processes that cannot occur in traditional solution-based methods. For instance, when -enaminones
react with chalcones in the presence of AlICls under mechanochemical conditions, they produce 1,4,6-
triaryl-1,4-dihydropyridine derivatives, whereas the same reaction in solution leads to the formation of

carbocycles (Figure 22).1%

25



Chapter 1

Q.. T .

AICI;

+ >

O
toluene, 80 °C, 8 h @\ HSBM, 30 Hz, rt, 1 h
0 " o

HC X 0N

1,3-dihydropyridine 1,4-dihydropyridine
Figure 22. Difference in reactivity between solid and solution phase chemistry.

Another example is the synthesis of N-(thiocarbamoyl)benzotriazoles, where anilines react with
bis(benzotriazolyl)methanethione . While these triazoles were initially thought to be intermediates, they
exhibited high reactivity in organic solvents, rapidly converting into isothiocyanates and benzotriazole.
However, using the liquid-assisted grinding (LAG) method allowed for the successful production of N-
(thiocarbamoyl)benzotriazoles in high yields with minimal milling time (Figure 23).152 These
compounds are important in organic synthesis due to their stability in solid form, even after a year of
storage, making them valuable precursors for the synthesis of symmetric and asymmetric thioureas. This
highlights mechanochemistry's unique capability to synthesize and stabilize highly reactive molecules

that are challenging to obtain via conventional methods.
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Figure 23. Difference in reactivity between solid and solution phase chemistry.

Over the past two decades, mechanochemistry has garnered renewed interest from synthetic chemists,
resulting in a significant increase in mechanochemical reactions. By utilizing ball milling or grinding
techniques, radical generation and functionalization can be achieved in solvent-free or low-solvent
environments, making mechanochemistry an appealing approach for sustainable chemistry. The ability
to conduct reactions under ambient conditions, without the need for extreme temperatures or pressures,
further enhances its appeal. Its growing application in radical relay functional group transfers
demonstrates its potential to unlock new reactivity, particularly in heterocyclic, polymeric, and
organometallic compounds. Despite these advantages, mechanochemical radical reactions for alkene
difunctionalization remain relatively rare, with only a handful of examples documented. One notable
case involves the activation of piezoelectric materials through ball milling, where the material mediates
electron transfer to and from small organic molecules. This innovative mechano-redox process serves

as a cost-effective and environmentally friendly alternative to photocatalytic chemistry for the oxidation
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of organic substrates. By fine-tuning milling parameters, optimal conditions for Atom Transfer Radical
Cyclization (ATRC) were discovered, leading to the efficient conversion of monobromoacetamides into
lactams with high yields (Figure 24A). This straightforward approach has expanded the applications of
mechanochemistry significantly.’>® In 2023, the Browne group reported a mechanochemical nickel-
catalyzed intramolecular difunctionalization of alkene-tethered aryl halides with alkyl halides (Figure
24B). This method enables the synthesis of 3,3-disubstituted heterocycles, specifically oxindoles, with
significantly shorter reaction times compared to traditional solution-phase methods. The process is
largely solvent-free, utilizing only minimal quantities of DMA in liquid-assisted grinding (LAG), and
eliminates the need for chemical activation of the terminal reductant (manganese) through mechanical
grinding. The reaction is scalable, producing over a gram of product, and achieves modest

enantioinduction when using a chiral PyrOx ligand.>
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Figure 24. A. Copper-catalyzed ATRC. B. Nickel-catalyzed intramolecular alkene difunctionalization.

Photochemistry, electrochemistry, and mechanochemistry each represent a unique and complementary
approach to radical relay functional group transfer. By leveraging the specific advantages of each
method—whether through light-induced catalysis, electrical redox control, or mechanical force—these

toolboxes expand the versatility and scope of radical chemistry in organic synthesis. Together, they
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provide chemists with powerful, efficient, and sustainable strategies for the precise functionalization of

complex molecules, driving advancements in fields ranging from pharmaceuticals to materials science.
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4. Nitration

Nitro compounds are indispensable in synthesizing nitrogen-containing molecules and are widely used
across various chemical sectors, including pharmaceuticals, dyes, energetic materials, and fertilizers
(Figure 1A provides selected examples). In synthetic chemistry, the nitro group serves as a critical
precursor for the formation of numerous compounds such as amines, hydroxylamines, aldehydes,
carboxylic acids, isocyanates, and various heterocycles.*> Advances in organometallic chemistry have
further enabled the use of the nitro group as a leaving entity in cross-coupling reactions, broadening its
applications. In recent years, nitro compounds have also become valuable in drug development, forming
the backbone of a range of biologically active molecules, including agents targeting anti-infective

diseases and parasitic infections like trypanosomatids.**

The exploration of nitro compounds has extended beyond classical redox transformations, now
incorporating denitrative cross-coupling reactions, radical processes, and asymmetric organocatalytic
transformations.t®-1%° Research is increasingly focused on developing nitration processes that are more
efficient and environmentally sustainable. Key innovations include continuous-flow nitration, transition
metal-catalyzed C(sp?)-H nitration, ipso-nitration reactions, and nitrative difunctionalizations,6%-16%
Comprehensive reviews on the synthesis of nitro compounds, especially through the nitration of
aliphatic and (hetero)aromatic compounds, offer valuable synthetic strategies for constructing C-C, C—
N, C-O, and C-S bonds as alternatives to traditional methods.*"™

Despite nearly two centuries of nitration research, there remains significant potential for developing
selective, mild, and sustainable nitration techniques. Research continues to prioritize innovations in
nitrating reagents, which fall into two main categories: inorganic (e.g., nitric acid) and organic reagents.
Although inorganic nitrating reagents have seen considerable advancement, the exploration of organic
nitrating reagents—despite a history spanning over 120 years—remains relatively limited.}"* This
account summarizes our group’s recent progress in designing and synthesizing organic nitrating reagents
and highlights their applications in catalytic nitration processes for unsaturated hydrocarbons, aromatic,

and (hetero)aromatic compounds.
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Figure 25. Importance of nitro compounds.
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Nitration reactions, which involve the introduction of a nitro group (-NO:) into organic compounds, can
be broadly categorized into three mechanistic classes: electrophilic nitration, radical nitration, and
nucleophilic nitration. Each class represents a unique pathway defined by the nature of the reactive
species involved and the specific mechanism by which the nitro group is transferred. Electrophilic
nitration typically involves nitronium ions (NO-") that react with electron-rich substrates, often in acidic
conditions. Radical nitration operates through radical intermediates and is commonly initiated by
oxidative conditions. Lastly, nucleophilic nitration involves negatively charged nitro species that
selectively react with electron-deficient substrates. These distinct mechanisms result in different
intermediate species and allow nitration to be tailored to a range of substrates and conditions, enhancing

the versatility of nitration processes.

4.1. Electrophilic nitration

Electrophilic nitration is one of the most common and widely studied nitration reactions, especially for
aromatic compounds (Figure 26). It involves the nitronium ion (NO:") acting as the electrophile, which
attacks electron-rich substrates like benzene. The nitronium ion is typically generated from a mixture of
concentrated nitric acid (HNOs) and sulfuric acid (H2SO.). This ion facilitates a substitution reaction on
the aromatic ring, preserving its stability and resulting in the formation of nitroaromatic compounds,
which are valuable intermediates in pharmaceuticals, dyes, and explosives. The reactivity of substrates
depends on their electron density, with electron-rich rings being more susceptible to nitration.
Historically, the first nitration of benzene was reported by Mitscherlich in 1834 using fuming nitric acid,
a method later improved by Sobrero in 1847 with a "mixed acid" (HNOs + H2SO4), which remains a
standard in both industrial and academic settings. In recent advancements, nitronium ion carriers like
nitronium tetrafluoroborate have been used to nitrate nitropyrroles under mild conditions. Additionally,
the Martin D. Eastgate group developed a novel heterogeneous pyrrole nitration method, using sodium
nitrate activated by SOs-pyridine in acetonitrile to form an insoluble nitronium sulfate intermediate
(Figure 26C).
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Figure 26. A. Generation of nitronium ion. B. Aromatic nitration. C. Examples of electrophilic nitration.

4.2. Radical nitration

Radical nitration involves the formation of nitroalkyl radicals that react with aliphatic or unsaturated
hydrocarbons, such as alkenes or alkynes (Figure 27). Unlike electrophilic nitration, which primarily
targets aromatic systems, radical nitration is more effective for non-aromatic, aliphatic substrates.
Common nitrating agents like nitrogen dioxide (NO:) or nitric oxide (NO) generate reactive radicals,
initiating a radical chain reaction. This process often requires light or heat to drive radical formation and
is commonly used to produce nitroalkanes, valuable intermediates in organic synthesis. Radical nitration
is particularly useful for nitrating alkanes and other inert molecules that resist electrophilic attack. The
approach gained prominence with the first nitration of paraffinic substrates proposed by A.l. Titov in
1937, using an NO2/N20O4 mixture with hydrocarbons.!? Later, the Yasutaka Ishii group successfully
nitrated alkanes and aromatic compounds using NO2 and HNOs under mild conditions, employing N-
hydroxyphthalimide (NHPI) as a catalyst.}”® Taniguchi and Maiti introduced synthetically viable
methods for radical nitration of alkenes, utilizing various reagents and decomposition techniques.*’41""
They demonstrated that the thermal decomposition of iron(IIl) nitrate (Fe(NOs)s) could efficiently
generate nitroalkenes, highlighting the role of iron salts in initiating radical pathways. Additionally, they
explored the use of metal ions such as silver (Ag*), which facilitated the nitration process by promoting
the formation of nitro radicals. Another notable approach involves the use of nitrites or tert-butyl nitrite
as radical sources, which successfully led to the nitration of alkenes under mild conditions.*’8% Recent
advances in radical nitration have broadened its application in organic synthesis, offering both metal-
catalyzed and metal-free methods to efficiently introduce nitro group. These methods provide high

regioselectivity for substrates like alkenes, yielding nitroalkanes, and aromatics, enhancing their
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reactivity for pharmaceutical and material applications. For alkynes, nitration leads to valuable
nitroalkenes, while 1,n-enynes produce multifunctional products. Additionally, selective C—H nitration
of alkanes has expanded the scope of hydrocarbon functionalization. These innovations make radical

nitration a versatile tool in drug development and materials science.
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Figure 27. Examples of radical nitration and generation of nitryl radical.

4.3. Nucleophilic nitration

Nucleophilic nitration, though less common than electrophilic or radical nitration, plays an important
role, particularly in heterocyclic chemistry. In this process, a nucleophile, such as a nitrite ion (NO2"),
attacks an electron-deficient substrate, often through nucleophilic substitution or addition (Figure 28).
This reaction is particularly relevant for halogenated compounds or activated alkyl halides, where the
nitrite anion can replace a halide group to form nitroalkanes. Nucleophilic nitration usually occurs under
milder conditions compared to electrophilic nitration and is useful for synthesizing nitro compounds
with specific regioselectivity and functional group tolerance. One of the most common methods for
preparing nitroalkanes involves converting alkyl halides using metal nitrites. In 1872, Meyer and Stuber
first reported the Victor-Meyer reaction, where amyl iodide and silver nitrite under reflux produced a
mixture of nitroalkane and alkyl nitrite.'® Herbert E. Ungnade later developed a simple procedure for
synthesizing nitroparaffins using silver nitrite and primary alkyl halides.*®2 Another widely used method,

the Kornblum reaction, employs sodium nitrite as the nitrating reagent. 8
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Figure 28. Examples of nucleophilic nitration.

4.4. Classification of nitrating reagents

Nitrating reagents can be broadly classified into two categories: inorganic and organic nitrating agents,
as outlined below.

4.4.1. Organic nitrating reagent

Despite nearly 200 years of research in nitration chemistry, there remain areas ripe for further
refinement. There is an ongoing need for more selective nitrating methodologies and notable
improvements in the sustainability of these processes. The behavior of nitrating reagents in specific
transformations often hinges on the nature of the NO: species involved, yet many reagents display dual

characteristics that vary based on factors like reaction conditions, activation method, and catalyst type.

Organic nitrating reagents have substantially advanced the field by shifting from early inorganic
approaches toward selective, functional nitration in organic synthesis. Originally, nitration relied heavily
on nitric and sulfuric acids, which were effective for large-scale industrial applications (e.g., in the
production of TNT and nitrobenzene) but were unsuitable for sensitive or complex substrates. Over
time, the development of milder organic nitrating agents met the demand for controlled nitration,
enabling chemists to target delicate functional groups and intricate molecular structures that
conventional inorganic methods could not address. This evolution has significantly broadened the scope

and utility of nitration in synthetic chemistry.

The following chapter provides an in-depth exploration of various organic nitrating agents and their

applications.

4.4.2. Inorganic nitrating reagent

Inorganic nitrating reagents have been integral to nitration chemistry since the mid-19th century,
primarily through the "mixed acid" system that combines nitric and sulfuric acids to generate nitronium
ions (NO2") for nitrating aromatic compounds. This method, essential in industrial synthesis for products
like TNT and nitrobenzene, operates under rigorous conditions and produces a substantial amount of
acidic waste. To address these limitations, milder options such as nitronium salts (e.g., NO2BF4, NO2PFs)
and reagents like NO2 and N204 were developed, providing more controlled conditions and selectivity

for nitration.

In recent years, sustainable nitration strategies have emerged, focusing on reducing waste and improving
environmental compatibility. Techniques using solid acid catalysts, as well as electrochemical and

photochemical methods, have gained prominence for their potential to offer milder conditions, enhanced
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selectivity, and reduced environmental impact. These newer methods reflect the shift towards greener

and more efficient nitration approaches in synthetic chemistry.

4.4.3. New type of organic nitrating reagents

Between the 1960s and 1980s, a range of N-nitropyridinium and N-nitroquinolinium salts were explored
as nitrating agents, demonstrating effectiveness for synthesizing nitroaromatic compounds. Although
these reagents showed promise as sources of NO., their application was largely limited to simple arenes,
offering a restricted substrate range. A key limitation was their sensitivity to moisture and hygroscopic

nature, which required storage in dry, inert conditions or in situ generation.

Recently, the Katayev group developed a new class of nitro heterocyclic compounds to address these
challenges. These compounds are derived from core structures such as pyrrolidinone (1), succinimide
(11), phthalimide (111), and saccharin (IV, V), as well as a hypervalent iodine-based nitrooxylating
reagent (V1) (Figure 29). This advancement presents an improved approach for selective nitro-
functionalization under controlled conditions, broadening the scope and stability of nitrating reagents.
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Figure 29. Organic nitrating reagents developed in the Katayev group.
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5. Halogenation

Halogenation is a key reaction in organic chemistry, where one or more halogen atoms (fluorine,
chlorine, bromine, or iodine) are incorporated into an organic compound. This reaction significantly
alters the chemical and physical properties of the molecule, making it essential for organic synthesis.
Depending on the substrate and reaction conditions, halogenation can occur through various
mechanisms, such as free radical halogenation, electrophilic addition, or nucleophilic substitution. For
example, in radical halogenation of alkanes, a halogen atom replaces a hydrogen atom via a chain
reaction triggered by heat or light. In contrast, alkenes and alkynes typically undergo electrophilic
halogenation, where halogens like chlorine or bromine add across a double or triple bond, producing
vicinal dihalides. This transformation is widely applied in industrial chemistry, particularly in the
production of pharmaceuticals, agrochemicals, and polymers, as halogenated compounds often exhibit
increased bioactivity, stability, and reactivity.'® For instance, halogenated aromatics are critical
intermediates in the synthesis of dyes, solvents, and pharmaceuticals, facilitating further

functionalization and structural diversification.18®

5.1. Dihalogenation of alkenes

In classical dihalogenation of alkenes, halogens like Cl. or Brz. add across the C=C bond.'®18 The
reaction begins with the alkene attacking the halogen, forming a cyclic halonium ion (e.g., bromonium
or chloronium). This reactive intermediate is then opened by a nucleophilic attack from the halide ion
on the opposite side of the initial halogen bond, leading to the formation of a vicinal dihalide through
anti-addition (Figure 30). This ensures the halogens are added to opposite faces of the alkene, yielding
a trans product with anti-stereoselectivity. While the reaction doesn't generally show regioselectivity, in
cases of unsymmetrical alkenes or substituents, the halonium ion may form at the more electron-rich

carbon, affecting the product's structure.

X4 ® X, X2
o ./QX ! o/\,
X4
halonium ion X1=Cl, Br, |
X, =F, Cl, Br, |

Figure 30. Classical dihalogenation of alkenes via halonium ion.

The solvent choice in dihalogenation reactions significantly impacts the outcome. Polar solvents like
water or alcohols can act as nucleophiles, leading to halohydrin formation instead of dihalogenation
(Figure 31).'% For example, water can attack a halonium ion, forming a halohydrin (with one halogen
and one hydroxyl group added across the alkene). In contrast, nonpolar solvents such as carbon

tetrachloride promote selective dihalogenation by avoiding competing nucleophilic attacks.%0-19
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Figure 31. Solvents as nucleophiles.

Dihalogenation offers broad utility in organic synthesis, providing vicinal dihalides that are key
intermediates in further transformations like elimination to alkynes or nucleophilic substitutions (Figure
32).19%197 These products are crucial in synthesizing natural products, pharmaceuticals, and materials.
Despite its advantages, over-halogenation and challenges with regioselectivity, especially with electron-
withdrawing substituents, can complicate the reaction. Careful tuning of conditions is necessary to

prevent unwanted side products, like halohydrins.
.)\/Br

NaNj NaNj K,CO4 Acetone 1) Acetone, H,0O 1) Acetone, H,O
DMSO DMF H,O H,O 2) NBS, H,0 2) K,COg3, Acetone
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.)\/Br A .)\/OH .)\/Br .)K/Br —<]

Figure 32. Dihalides as key intermediates.

5.2. Radical-mediated dihalogenation of alkenes

Recent advancements in alkene dihalogenation have focused on catalytic methods and greener reaction
conditions. Metal-catalyzed approaches using transition metals like palladium, copper, and iron have
improved reaction efficiency and selectivity, reducing the need for excess halogenating agents and
minimizing environmental impact. Radical-mediated dihalogenation has also gained attention due to its
broader substrate scope and tolerance of varied conditions. In this mechanism, halogen radicals (X¢) are
generated via heat, light, or radical initiators, adding to the alkene to form vicinal dihalides. Radical
pathways allow for better regio- and stereoselective control, especially with bromine. Advances in
photoredox catalysis and electrochemistry now offer even greater precision in controlling reaction

conditions.

In 2017, Lin and co-workers developed a highly diastereoselective Mn-catalyzed dichlorination of
olefins, utilizing MgCl. as the chlorine source under electrochemical conditions (Figure 38).1% This

method showcased the power of electrochemical catalysis for efficient and selective olefin
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functionalization. Furthermore, photochemistry has been explored as a means of achieving
dihalogenation under milder and more sustainable conditions. Recently, the West group introduced a
versatile strategy for the photocatalytic difunctionalization of a broad spectrum of alkenes (Figure 33).%
Their approach, based on iron-catalyzed ligand-to-metal charge transfer and radical ligand transfer,
allows the use of inexpensive, safe nucleophiles to produce vicinal dichlorides. This method addresses
the limitations of substrate scope, harsh reaction conditions, and complex setups often encountered in

traditional thermal and electrochemical difunctionalization approaches.

¢l Mn''—ClI cr cl Fell—cl Cl
.)\/CI . ./\/CI . P ./\/CI Cl
Mn-catalyzed electrochemical dichlorination Fe-catalyzed photochemical dichlorination

Figure 33. Lin’s electrochemical and West’s photochemical dichlorination.

5.3. Halogenating reagents

Late-stage halogenation of bioactive compounds faces challenges due to functional group interference,
suboptimal selectivity in chemical methods, and complications from electron-withdrawing groups like
nitro and carboxyl. To address these issues, several strategies have been developed (Figure 34). The
Barluenga group introduced Py:IBF4, a reagent enabling efficient, stereoselective iodofunctionalization
of alkenes. The Snyder group developed Et2SX-SbClsX and IDSI for halenium-induced polyene
cyclization. Yang's group introduced CFBSA for aromatic chlorination, while the Baran group
developed Palau'chlor and N-X anomeric amides for efficient late-stage halogenation. Additionally,
reagents like tert-butyl hypochlorite, which is inexpensive and easily prepared, have shown good
performance in chlorination reactions. Common reagents like NXS and DXDMH, while more
accessible, suffer from lower reactivity and selectivity. Thus, activation strategies have been explored.
Protonation of the carbonyl group in NXS using Brgnsted acids or hydrogen-bond donors has been a
popular approach. For example, Olah's group employed BFs-H2O as an activator for electron-deficient

arenes, and HFIP has been utilized by various groups to promote halogenation reactions.
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Figure 34. Common halogenating reagents.

The reagents NXS (N-halosuccinimides, where X = CI, Br) and DXDMH (1,3-dihalo-5,5-
dimethylhydantoins, X = CI, Br) are widely recognized as electrophilic halogenating agents in organic
synthesis. These reagents generate electrophilic halogen species, which are key intermediates in many
halogenation reactions. However, the efficiency of these reactions is significantly influenced by the
solvent system used. In polar solvents or with appropriate additives, NXS and DXDMH release halogens
through heterolytic cleavage of the N-X bond, leading to electrophilic halogenation of substrates. Under
different reaction conditions—particularly when exposed to photochemical activation, heating, or
nonpolar solvents like diethyl ether—these reagents can undergo homolytic cleavage of the N—X bond
(Figure 35).2% This process generates halogen radicals (X¢), enabling radical-mediated halogenation
pathways. Such conditions allow for distinct reactivity patterns, broadening the versatility of these
reagents. Photochemically or thermally induced radical halogenation, for example, is useful for more
challenging transformations where traditional electrophilic pathways might fail, offering selectivity and

control in functionalization of substrates.

A. Typical electrophilic activation models of imide-type reagents
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+
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A\
X

/

Figure 35. Imide-type reagents as electrophilic and radical source of halogen.
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The selection of solvents, additives, and reaction conditions plays a crucial role in directing NXS and
DXDMH toward either electrophilic or radical halogenation pathways. Precise optimization of these
variables can greatly affect the reaction outcomes, making these reagents adaptable tools for achieving
specific synthetic objectives. The dual-mode reactivity of NXS and DXDMH enhances their utility in

various halogenation methods, where they can be strategically applied based on desired pathways.

Chapter 8 introduces a novel, solvent-free approach to activating these imide-based reagents through

mechanochemical conditions, generating halogen radicals (Cle or Bre). These radicals add to alkenes,
38
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yielding new alkyl radicals that are subsequently trapped by high-valent Fe—Nu species, resulting in
homo- or heterodifunctionalized products. This innovative method offers an alternative route for
selective radical addition and functionalization, expanding the application scope of NXS and DXDMH
in organic synthesis.
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6. Conclusion

This chapter provided a comprehensive overview of the reactivity and functionalization of alkenes,
focusing on key mechanisms and modern strategies in organic synthesis. It explores the importance of
two-electron and single-electron addition reactions, particularly in determining regioselectivity in
Markovnikov and anti-Markovnikov transformations. These mechanisms are crucial for understanding
the behavior of alkenes in electrophilic and nucleophilic reactions, helping to predict and control the
formation of new C—C and C—heteroatom bonds.

Functional group transfer reagents and difunctionalization strategies, especially through radical relay
methods, were emphasized for their versatility in introducing multiple functional groups simultaneously.
This approach proves invaluable in synthesizing complex molecules with high selectivity. Novel
reagents and catalysts developed for controlling radical intermediates were also discussed, expanding

the scope of these transformations.

Photochemical and electrochemical methods were analyzed for their ability to enable selective
difunctionalization of alkenes under mild conditions. Photochemistry leverages light energy, while
electrochemistry uses electric current to drive redox reactions, both offering green alternatives and

control in radical-mediated reactions like C—H activation and C—C bond formation.

Nitration chemistry was reviewed, covering electrophilic, nucleophilic, and radical nitration, with
special attention to novel reagents developed for radical nitration in our lab, which broaden the scope of
nitration beyond traditional approaches. Additionally, dihalogenation of alkenes, known for forming
vicinal dihalides, was highlighted as a fundamental reaction, particularly in recent advances using

catalytic, photochemical, and electrochemical methods to improve efficiency and selectivity.

Overall, the chapter illustrates significant advancements in radical-mediated processes and
electrochemical techniques, offering greener, more sustainable methods for alkene functionalization and
the construction of complex molecules. These developments underscore the evolving landscape of
organic synthesis, where innovation continues to enhance both efficiency and selectivity in chemical

transformations
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1. Abstract

Nitro compounds are vital raw chemicals that are widely used in academic laboratories and industries
for the preparation of various drugs, agrochemicals, and materials. Thus, nitrating reactions are of great
importance for chemists and are even being taught at schools as one of the fundamental transformations
in organic synthesis. Since the discovery of the very first nitrating reactions in the XIX century, progress
in this field has never stopped. Yet, for many years a classical electrophilic nitration approach using a
mixture of strong mineral acids was dominated in the field. However, in recent decades, significant
attention of researchers was dragged to new reactivity and new reagents that can provide access to nitro
compounds in a practical and straightforward way under mild reaction conditions. Organic nitrating
reagents have played a special role in this field since they open up enhanced reactivity. They also allow
nitration to be carried out in an eco-friendly and sustainable manner. This review provides the state of

the art in the development and application of organic nitrating reagents.

O-nitrating
reagents nitrites
NO,

N-nitrating organic
reagents o_NOZ nitrates

organic

50



Chapter 2

2. Introduction

Nitro compounds are a keystone in the synthesis of nitrogen-containing molecules, which are essential
for all areas of the chemical industry: pharmaceuticals, dyes, explosives, herbicides, fertilizers, etc. (for
selected examples see Figure 1). In the context of synthetic chemistry, nitro group can serve as
precursors to amines, hydroxylamines, aldehydes, carboxylic acids, isocyanates, various heterocycles,
and as a leaving group in cross-coupling reactions.* In the recent decades, nitro compounds have also
found extensive applications as biologically active molecules present in living organisms.? They are
being used as anti-infective drugs® and for the treatment of trypanosomatid diseases,* among many
others.® Their metabolic pathways are also of great interest,® as well as nitration of biomolecules in vivo.”
Improvement in recent years is also related to novel synthetic applications of nitro group that go beyond
classical red-ox transformations, including but not limited to denitrative cross-couplings,® radical

reactions,®and asymmetric organocatalytic transformations.

OCF3
0,
K\N NLg
xT1,, W
Pretomanid Misonidazole Furazolidone
Anti-tuberculosis Radiosensitizer Antibacterial drug
S NO, Cl NO,
w 3 X °
e P~
07,0 Me NH,
“Me O,N Cl OH
Fenitrothion Nitrofen 2-Amino-3-nitrophenol
Insecticide Herbicide Hair dyes

NO, NO, ' Functional transfomations
NO, !
N‘\N O,N N ! -NH, -NHOH -CHO

NCO -N=N- -COOH
HO OH NO,

I
|
| Cross-coupling reactions
Azo violet Tetryl i c-C,C-0
Dye and pH indicator Explosive ‘ C-N.C-S

Figure 1. Importance of nitro compounds and nitro functional group.

Thus, with no surprise, many researchers around the globe are constantly contributing to the
development of nitration chemistry. Recent advances in the field have been documented,*! including the
progress on continuous flow nitration,? decarboxylative nitration,'® safe and sustainable nitration,*
transition-metal (TM) catalysed C(sp?)~H nitration,'® ipso-nitration reactions,’® and nitrative
difunctionalizations.!” In addition, several reviews cover the synthesis of nitro compounds of distinct
structures, such as aliphatic®® and aromatic'® compounds, alkenes,? alkynes,?! and porphyrins.?? These
reports provide a comprehensive understanding of synthetic tools available in the field up to date.
However, despite nearly 200 years of history of nitration reactions,?®there is still room for improvement.
Synthetic chemistry is still in need of selective nitrating strategies and significant advances in the

sustainability of nitration processes.
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To support the evolution in the development of new synthetic methods, it is equally important to have a
summary of those compounds that make nitration possible — nitrating reagents. They can be roughly
divided into two groups — inorganic and organic. Inorganic reagents, such as nitric acid,?* nitrogen oxides
(NxOy), nitronium? and nitrosonium salts,?” as well as metal nitrates and nitrites?® are already well-
established with a decent number of publications highlighting their properties.?® However, progress in
the field of organic nitrating reagents has not been addressed to date, despite their 120 years history.
Thus, given that the development of organic nitrating reagents is a rapidly growing field, which
constantly opens new horizons in nitration chemistry, herein, we would like to provide a summary and

analysis of this research topic.

While the reactivity of nitrating reagents, in a particular transformation, can be determined by the nature
of NO; species, some reagents exhibit mixed properties, which highly depend on the reaction conditions,
activation type, or the catalyst nature (Figure 2). This is especially common for organic nitrating

reagents.

Nitronium (NO,*) Nitryl (NO,") Nitrite (NO,")
LUMO: ’8‘ SOMO: HOMO:
HNO3/H2S04, NO,BF, N2O4 (9) === 2 NO4(g) XNO; (X = "BusN, Ag, Na)
AcONO2 NaNO3/SO3-py BUONO, Fe(NO3)s, NO/O, (NH4),Ce(NO3)s

L J J

Figure 2. Molecular orbitals of active NO; species. Adapted with permission from ref. 30. [Copyright
(2019) Wiley].

This review is divided based on the type of reagents and subdivided based on their structures and consists
of four main chapters. section 3 and 4 are dedicated to the organic molecules bearing a covalent bond
between nitrogen functionality and organic scaffold. They are subdivided as bench-stable organic
nitrating reagents and those which are being prepared in situ. Two subsequent chapters are dedicated to
ionic organic nitrating reagents. The relatively underdeveloped field of organic nitronium and
nitrosonium salts (compounds bearing organic anion) is discussed in section 5. Section 6 describes

reagents based on organic nitrates and nitrites (compounds bearing organic cation).

As it can be seen from the timeline containing the first applications of the common organic nitrating
reagents (Figure 3), there were three periods of interest related to these reagents. After the discovery of
acyl nitrates as nitrating reagents at the beginning of the XIX century, the main attention was given to
their use in the synthesis. These reagents were utilized as the first mild nitrating reagents to expand the
scope of nitration reactions. The second period of interest spanned between the ‘60s and ‘80s and was

related to the understanding of the nature of nitration processes. Based on these studies, specifically
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designed nitrating reagents were introduced. The current wave of interest in organic nitrating reagents
can be attributed to the use of tertbutylnitrite (TBN) as an indirect origin of the nitro group for the
preparation of nitro compounds, which had led to a foundation for the design of selective organic
nitrating reagents with unique reactivity.

NO,OTf NO, _

[ BF, RT*R "Bu,N*NO, o
1 X=8.5e,pP-R 1985 1990 420

(0]
N7 BF, o L
O. * 4 _O.
MEXO/NOZ E"°N0; - No, Me1973N02 19\78 0. -0 N NO, @N "
N” 2019 (1988,
1902 1920 (1900) 1965 | ( ) 2019
l 2009
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2021
| | | | \ | | | \ to be continued
| \ | | ‘ | ‘ | ‘
‘ | 2003 2013
[
1955 Cl M NO
1906 1968 1977 ey s 2014

,O\

.
N soH ©
oy, o 1981 N N—1—CO,CFs
Me+0Noz )k N°z RNNG, 0 1986 N A g
_NO ‘
Fac)ko * i B NO,
T r
D N-NO,
N Br Br
¢ NO,

Figure 3. Summary of common organic nitrating reagents. Indicated years show the first use of the
molecule as a nitrating reagent.
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3. Organic nitrating reagents

Apart from inorganic nitrating reagents, organic compounds in which the nitro or nitroso group is
covalently bound to carbon or heteroatom centres, have been extensively used as the source of nitro
group over the past several decades. It has been shown that these reagents exhibit diverse reactivity
under very mild reaction conditions and can deliver active species such as nitronium ion (NO2"), nitryl
radical (NO-’), and nitric oxide (NO"). The formation of these intermediates depends not only on the
structure of the reagent but also on the reaction conditions. In addition, this class of reagents possesses
several advantages, including but not limited to enhanced stability, excellent solubility, and potential
recyclability of their organic scaffold. Finally, organic nitrating reagents generate less chemical waste

compared to inorganic ones. The type of reagents discussed in this chapter are presented in Figure 4.

Organic nitrating reagents

_0 NO, PoN
RO R R™'NO;
2.1 Alkyl Nitrites 2.2 Nitro Alkanes 2.3 Alkyl Nitrates
o R
S
A LN\ O -
Ll:‘ —:yj\XIN*NOZ N '\“+ BF,
~ NO, NO,
2.4 N-Nitroamides 2.5 N-Nitropyrazole 2.6 N-Nitropyridinium salts

Figure 4. Organic nitrating reagents discussed in this section.

3.1. Alkyl nitrites

Alkyl nitrites are commercially available compounds, that are widely used in various synthetic
transformations for the preparation of N-containing structures.3* Among them, tert-butyl nitrite (TBN,
Scheme 1) is the most popular over the past 15 years. It is a versatile reagent and the least toxic among
other alkyl nitrites.®> TBN is a yellow, highly flammable and toxic liquid, which has great solubility in
most organic solvents and is commercially available (~ 100 mL — 50 $). TBN-mediated transformations
commonly proceed via radical pathways initiated by thermal, or aerobic conditions, as well as
irradiation. Therefore, in past years TBN has been used for numerous purposes in the field of synthetic
organic chemistry: in oxidation, nitrosation, oximation, diazotization, and nitration reactions.*

However, in the present review only TBN-involved nitration processes will be discussed.

Activation of TBN: - ----------oomoo

o. .0 activation /(') . [0]

Bu” N~ —_— Bu

TBN

Scheme 1. General activation of TBN.
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Efficient chemoselective nitration of phenols with TBN was reported by Savinov and co-workers in
2009 (Scheme 2).% This reaction preferentially provided mono-nitro derivatives of substituted phenols
in solution and on a solid support. Owing to the mild reaction conditions, the method demonstrated high
functional group tolerance. Although, polymer-supported substrates (2.3) can selectively be nitrated, it
is difficult to achieve such selectivity levels with other existing nitration methods. The proposed
mechanism for this transformation involves the reaction of the phenol derivative with TBN to form 2.i.
Follow up homolytic cleavage produces phenoxyl radical species which goes through resonance
stabilization to give 2.ii-2.iv. The coupling reaction with NO radical and subsequent oxidation gives 2.6

as the major product.

OH OH
R{j/ BUONO (3.0 eq) R{I
THF, rt NO,
21 2.2

R = alkyl, OH, OMe
Selected examples: -~ -~ === === == - s

NO,
OH HO]@/ F HO]@\ /@[OH
OO O,N O,N Bu MeO NO

2

75% 37% 83% 78%
o Q
Merrifield Resin
HO NO,
J Steps HO

1.'BUONO (10.0 eq)

0
H
THF, 12 h
BocHN N%o/\o P PR
I 2. LiOH, BocHN - oH

THF:MeOH:H,0 fo) B
(3:1:1) \©\
0B
23 n OBn

Proposed mechanism:--------------oooooomooo oo
’BuOH
2.ii 2.iii 2 iv

i OH OH
major @[ minor©/
NO, O,N
2.6 2.7

Scheme 2. Chemoselective nitration of polymer-supported substrate 2.3 and phenol derivatives.

+NOE>NO

In 2017, Liang and co-workers developed a similar water-promoted, radical-coupling process of phenols
3.1 with TBN at room temperature (Scheme 3).% This reaction required H.O as an additive to improve
the product yield. A variety of phenols and naphthols provided the desired o-nitro products in good to
excellent yields. The proposed mechanism involves the generation of '‘BuO radical directly from
'BUONO under aerobic conditions or by reaction with H,O. The subsequent reaction with phenol
derivative results in a phenoxyl radical formation. Finally, the radical-radical cross-coupling with NO;

takes place, leading to the formation of a C—N bond.
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H NO,
N BUONOM0 B OH
-~ _BuOTPY. -
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3. 3.2
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OH H
NO, NO, OH O NO
B
' NO, X

X =1(71%),

0, 0,
75% 81% 41% 40% F (65%)

Scheme 3. Water-promoted nitration of phenols.

Mono-nitration of aromatic sulfonamides (4.1) was achieved with TBN in acetonitrile by Arns and co-
workers (Scheme 4).%¢ This method offered nitroarenes in high yield even in presence of other potentially
reactive functionalities. The developed reaction conditions were further extended to phenols, but other

functionalized or unprotected anilines failed to give the corresponding nitro adducts.

NHTs 'BUONO NHTs
O,N
MeCN, 45 °C, 2.5-24 h

R
4.1 4.2

R =H, OMe, CO,Et, CN, CF3, Cl
Selected examples:--------------------ooooo oo

,@NHNS @/NHNS /@NHTS /@ENHTS
L NO, O,;N MeO NO, Me NO,
43% 46% 91% 94%

[ NO,
NHNs NHNs NHTs @OH /©/OH
: :Noz 0,N” : NO, O,N
| CFs CF, CF,

14% 26% 19% 13% 67%

Scheme 4. Water-promoted nitration of phenols.

Following a similar strategy, Kandasamy and co-workers introduced a protocol for TBN-mediated
nitration of N-alkyl anilines (5.1, Scheme 5).%" In this transformation, TBN played a dual role as a
nitrosating agent for amines and as a nitrating agent for the arene moiety. The subsequent denitrosation
of N-nitroso-N-alkyl nitroanilines (5.2) in acidic media resulted in the selective formation of N-alkyl

nitroanilines (5.3).
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RINH RiN,No RINH
BUONO (4.0 eq) ON HCl ON
—_— - 2 —_— 2
MeCN, 80 °C, 3 h CHZOH

R? R2 R?
5.1 5.2 5.3

R = alkyl, benzyl; R? = alkyl, halogen, alkoxy, halogen
Selected examples:-----------------oooooooo oo

"6 TS0 MO

81% 2% 0% 4% 3% 2%

Scheme 5. Nitration of N-alkyl amines. 26 h.

Later, the Jiang group modified Arns’s original protocol and applied it for aromatic amides (6.1, Scheme
6).% The combination of TBN and substoichiometric amounts of Cu(NOs).-3H,0 allowed to overcome
the previous limitations and exhibited efficient nitration of arylamides (Scheme 6, top part). A high level
of chemoselectivity was found regardless of steric and electronic effects of the substituents.
Interestingly, in the absence of copper salt, alkenyl nitration of acrylamides 6.3 occurred at room
temperature using 2.4 equivalents of TBN reagent (Scheme 6, bottom part).

H BUONO (1.2 eq) NO; |,
N.__R’ c . 9 N.__R!'
x u(NO3);-3H20 (10 mol%) X
\ b \ hig
IF o MeCN, 80 °C, 2 h, air VG o
R 6.1 R 62

R = H, halogen, aryl, alkyl, OMe, OEt; R'= aryl, alkyl, OH, OMe

Selected examples:--------------oocooooo oo

=
NO; |, NO, |, ‘N NO, NO, |,
N N fﬁ/N @/N
o) o) ‘ v O ‘ v O

76% 42% 0% 76%
Proposed mechanism: -----------------o-o-ooooooooooo oo
(0] (0] (0]

NH R=aryloralkkyl R” 'NH R = alkenyl OZN/\)LNH

o;\@ <—z+ @
cu q\‘ e J

@@@ﬁ

6.iii

H § H
BuONO (2.4 e
&N (24 eq) N W/\/NOZ
o} MeCN, rt, 6 h, air 0o
6.3 6.4
R = H, halogen, aryl, alkyl, OMe, OEt up to 86% vyield

Scheme 6. Nitration of arylamides and acrylamides.

Functionalized azoarenes are versatile synthetic intermediates, in particular for the preparation of

pharmaceuticals, dyes, and photochemical switchers. Ranu group disclosed a palladium-catalysed
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nitration of E-azoarenes (7.1) through C—H activation strategy, which allowed the selective formation
of o-mononitration products 7.2 in presence of both electron-withdrawing and electron-donating groups
on the aromatic ring (Scheme 7).%° p-Substituted azoarenes resulted in yield’s decrease with an increase
in electronegativity (I>Br>CI>F), while an opposite trend was found for o-substituted derivatives
(F>CI>Br>1).

'BUONO (4 eq) NO,
N @R Pd(CH3CN),Cl, (10 mol%) N /©>R
R<©/ N 1,4-Dioxane, 90 °C, 20 h, air R N

71 7.2
R = alkyl, NO,, halide, OMe

Selected examples: - ---------------ooooooi oo

s Neull Toe
Ny Ny Ny
F Me FsC I
0%

56% 75%

Scheme 7. Pd-Catalysed nitration of azoarenes.

In 2016, Ribas and co-workers introduced the first cobalt-catalysed remote C—H nitration of 8-
aminoquinolines 8.1 (Scheme 8, a).“° The reaction required 4 equivalents of TBN and unexpected 5-
nitro-8-aminquinolines 8.2 as the major nitro products were obtained, while 7-nitro-8-aminoquinolines
were formed as by-products in most cases. The authors proposed a single electron transfer (SET) based
mechanism where interconversion of species 8.ii to 8.iii occurs intermolecularly. Tandem radical-radical
coupling with NO- followed by a concerted proton transfer/demetallation led to the formation of the
desired product. Later, the Hajra group showed a metal-free regioselective nitration of 8-aminoquinoline
amides (8.3), in which nitration afforded mainly C-7 nitro adducts 8.4 using 3 equivalents of TBN at

ambient temperature (Scheme 8, b).*
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a) Ribas, 2016

o Co(NO3),+ 6H,0 (20 mol%) o NO,
BUONO (4.0 eq)
R*LN —— R1LN
H | Acetic acid, rt, 18 h H |
N NS N NS
8.1 8.2
R' = alkyl, aryl

Selected examples: - --------------ooonoo oo

NO, o
o
2 CoX, RHKN
1 H ‘
RN N
H \ H . >

1 SET
R ) ‘ 8.iii
X=Co'—N
X g.ii
b) Hajra, 2018 O,N
0] . 0]
I BuONO (3.0 eq) L
RTN \ MeCN, rt, 8 h RTN \
H N& eumL H Ny
8.3 8.4
R = alkyl, aryl, alkoxy up to 85% yield

Scheme 8. Nitration of 8-aminoquinolines.

In 2017, Guo and co-workers developed an improved nickel-catalysed protocol for controlled
regioselective mono- and bis-nitration of aryloxazolines 9.1 (Scheme 9). Mono-nitration product 9.2 was
formed exclusively when Ni(acac), was used as the catalyst in PhCl, whereas, in the presence of
substoichiometric amounts of Nil, in DCE, bis-nitration 9.3 was observed.*’ This phenomenon can be
explained by the enhanced coordination ability of Nil, to the substrate and the increased solubility of a
mono-nitration product 9.2 in DCE. Similar to previous reports, a SET between 2-aryloxazoline moiety
and highly oxidative Ni(lll) species was postulated.

o NO,
Ni(acac), (1 mol%) )L
‘BUONO (3.0 eq) R ”
o PhCI, 80 °C,16 h N o
PR \_/ upto92%
R™ N 9.2
H
2
N™ O Nil, (10 mol%) 82N NO,
9.1 \\ 'BUONO (6.0 eq) L
R = alkyl, aryl DCE, 80 °C,16 h R N
N“ 0
\/ upto91%
9.3

Scheme 9. Nickel-catalysed mono- and bis-nitration of aryloxazolines.

Later, a cobalt-catalysed site-selective C—H nitration of indoles 10.1 was reported by Kapur group

(Scheme 10).* This is an efficient method for the selective incorporation of amino group at the C-2
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position of indoles occurring by reduction of their corresponding nitro adducts 10.3. The present method
involves easily detachable directing group (tert-butyl carboxylate) and demonstrates excellent
functional group tolerance. On the other hand, this protocol was unsuccessful with strong electron-
withdrawing groups such as CN, NO; and other N-protecting groups.

2
R% Co(NOa)y- 6H,0 R
’BuONO TFA, CH,CI
N—No, ———232 N—nNo,
K25208 0,, THF N 0°Ctort N
1 \ H
Boc
10.2

10.1
R'=H, Br, CI, Me
R? = alkyl, aryl, benzyl, H
Selected examples: - -------------oooooo oo

E:[\/\S—No2 mNOZ mNOZ E:[\/\g—No2
729, Boc 719 Bec 0%

Scheme 10. Cobalt-catalysed nitration of azoarenes.

Zhao et al. extended TBN-mediated arylnitration approach through the development of regioselective

C-3 nitration of quinoline N-oxides (11.1, Scheme 11).** The regioselectivity of this reaction was

determined by the enhanced stability of radical at C-4 position of quinoline N-oxide.

NO,
R D 'BUONO (3.5 eq) R |
e _— +
N MeCN, 100 °C, 24 h N
1.1 © 12 ©

R = H, alkyl, aryl, halogen, OMe
Selected examples:-----------------o-osooo oo

N0z N02
‘ + 2 /

’\\l \ \ \

o OMe O Me O 3

94% 41% 43% 82%
Proposed mechanism: ---------------------oooooooooooooooooooooooooooo

11 i

11 ii 11.|||

Scheme 11. Nitration of quinoline N-oxides.

Metal-free synthesis of nitroarenes from arylboronic acids (12.1) using TBN as nitrating reagent was
first reported by Beller’s group (Scheme 12).*° The reaction proceeds through a nitrosation step followed
by oxidation to the corresponding nitroarenes (12.2). Notably, the presence of aryl electron-withdrawing
substituents requires the addition of one equivalent of B(OH)s to obtain satisfying yields. Unfortunately,

this nitration protocol could not be extended to the ipso-nitration of aryl heteroaromatic derivatives.
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AN B(OH), 'BUONO (10.0 eq) N NO,
- R—
R _— 1,4-Dioxane, 80 °C, 16 h, air =

121 12.2
R =H, alkyl, CHO, halogen, OMe
Selected examples:- - - - - - - - - - - oo

oo oy ooy
Me MeO Br

87% 56% 62% 73% 76%

Scheme 12. Ipso-Nitration of arylboronic acids.

Soon after, the Taniguchi group used tert-butyl nitrite and oxygen to access nitrohydrins directly from
olefins (13.1, Scheme 13).% In the presence of water, tert-butyl nitrite is quickly hydrolyzed to nitrous
acid (HNOy), which further decomposes to NO, and NO radical species. On the other hand, nitro radicals
can be generated by direct oxidation of tert-butyl nitrite via peroxynitrite radical in presence of oxygen.
Based on the choice of the solvent, two different types of products could be observed. S-Nitro alcohols
(13.2) were formed as a major product in the mixed solvent system of hexane and water (1.1, v:v), while
in dichloromethane their nitrate esters (13.3) were obtained.

BUONO (3.0 eq) OH
Hexane-H,0 (1:1), air, rt R)\/NOZ
13.2
A
RTS up to 71%
R = alkyl, aryl ‘BUONO (3.0 eq)
131 H,0 (3.0 eq) ONO,
CH,Cly, Og, 1t R)\/Noz
13.3
up to 66%
Selected examples: ------------- - oo
OH HO Me HO Me HO Me
: J__no, Q)Q/NOZ Q)Q,Noz O)Q/Noz
MeO O,N F
34% 41% 60% 62%
ONO ONO
ONO, MeJ\ero ONO, (ij\/[ z
NO 2 NO
EtOQC)\/ 2 EtO,C Me BZO/\)\/ 2 NO,
30% 56% (dr, 65:35) 62% 52% (dr, 65:35)

Scheme 13. Oxidative radical nitration of alkenes.

A metal-free decarboxylative nitroolefin synthesis protocol was reported by Maiti group in 2013
(Scheme 14).*" In this method, a,f-unsaturated carboxylic acids 14.1 bearing B-(hetero)aromatic
substituents can be converted to the corresponding nitro-adducts in good to excellent yields under mild
conditions using a mixture of TBN and 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO). According to
the proposed mechanism, homolytic cleavage of the O—NO bond of TBN reagent leads to the generation
of nitroso radical, which further, in the presence of oxygen, can be oxidized to the corresponding nitryl
radical. Upon addition of NO; radical to the olefin, the benzylic radical intermediate 14.i can react with
TEMPO in two possible pathways to form radicals 14.ii and 14.iii. However, DFT studies showed that
intermediate 14.ii formation is more favourable by 5.0 kcal/mol when compared to 14.iii. Finally, anti-
elimination from species 14.ii exclusively yields E-isomer as a major product. A mixture of E and Z
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products is generated in the absence of TEMPO, which supports the plausibility of the mechanism.
Aliphatic carboxylic acids, e.g., cyclohex-1-enecarboxylic acid, unfortunately, failed to give the desired
product by Maiti’s protocol. In the same year, an improved copper-catalysed nitrodecarboxylation of
unsaturated carboxylic acids (14.3) was reported by Prabhu’s group.*® Apart from excellent functional
group tolerance, this method was found to be well compatible with heteroarene-derived «,f-unsaturated
carboxylic acids. Notably, in the presence of TEMPO, yields of the reaction drastically decreased, while
no product formation was found with butylated hydroxytoluene BHT (butylated hydroxytoluene). It was
suggested, that the reaction occurs through the formation of Cu(ll)-carboxylate salt 14.iv, which further
reacts with nitro radical. The subsequent decarboxylation resulted in the formation of E-nitroolefin
(14.4, Scheme 14).

‘BUONO, TEMPO
MeCN, air, 50° C

X COH 7 A X NO:
R<E>/V BUONO (2 eq) R

CuCl (10 mol%)
14.1 SN ar 50°C 14.2
R = H, CH,, OMe, halogen, aryl "¢~ @

Proposed mechanism with TEMPO: - -------------ommmomo oo

A
HO,C AT
. 8uO OTEMP
NO,
H Ar /\/NO2
‘\K Buon OzNﬁ — " o
H Co; TEMPO; CO,
/rllo%\ TEMPO 14ii
0,67 H Ar gauche
14. interaction OTEMP
without (-\:\r H ﬁ' Ar/\l
TEMPO 0N LH NO,
TEMPO; CO, @
(E,Z) mixture CO,
14.iii
Proposed mechanism with CuCl: -----------------------o-ooooooooooo oo
cu' cu" , . NO, -
! ar) R 1
RN cogm Nai/ N copcut N2 RN ) cui—» Y NO,
2 2 2 -CO, R?
R R R’ |
14.3 14.iv 14.v —Cu 14.4

Scheme 14. Nitration of cinnamic acid derivatives.

A significant progress in the synthesis of nitro olefins was disclosed by Maiti and co-workers in 2013.4°
The authors developed a stereoselective mono-nitration of olefins (15.1), which proceeds in the presence
of a mixture of TBN and TEMPO. A wide range of E-nitroolefins (15.2) with diverse functionalities
regardless of steric and electronic effects could be obtained in synthetically useful yields. In addition,
the protocol is amenable to the synthesis on a gram-scale without a significant decrease in product yield.
Unlike previous advances in the synthesis of nitro alkenes, this reaction condition tolerates various
aliphatic and heteroaromatic unsaturated molecules. It was postulated that TEMPO is likely responsible
for the radical abstraction of the hydrogen atom from the species 15.i, which is generated upon the

addition of a nitro radical to an olefin (Scheme 15).
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Scheme 15. Metal-free olefin nitration.

TBN can also act as an intermediate to facilitate the formation of new bonds in chemical
transformations. In 2013, Taniguchi and co-workers reported a protocol for triple functionalization of
alkenes using tert-butyl nitrite and molecular oxygen.>° The reaction proceeded through the sequence of
radical processes and involved a direct C(sp)—-H oxidation of aliphatic alkenes 16.1 to give y-lactols
16.2 in a single step (Scheme 16). The turnover point was the formation of alkoxy radical intermediate
16.iv, which evoked the subsequent 1,5-hydrogen shift to form intermediate 16.iv. In turn, the alkoxy
radical 16.vi was formed from intermediate 16.v through a similar pathway, previously proposed in
Barton reaction.® Oxidation of the alkoxy radical 16.vi in presence of molecular oxygen to aldehyde
16.vii and a following rapid intramolecular hemiacetalization led to the formation of the desired y-lactol.
The same group also reported an analogous multifunctionalization reaction of alkene using TBN and

water to form nitrate esters 16.3.52
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Scheme 16. Multifunctionalization of alkenes.
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Another example of nitrative difunctionalization process has been developed by Li and co-workers for
the synthesis of s-peroxyl nitroalkanes (17.2). The reaction is carried out in the presence of TBN and
tert-butyl hydroperoxide and is catalysed with manganese(lll) acetate.>® Similar to Taniguchi’s work,
this protocol represents a selective and simultaneous introduction of a nitro group and a peroxyl group
under mild conditions. Control experiments showed that the product formation is completely suppressed
in the presence of radical scavengers such as TEMPO and BHT. Based on DFT calculations and various

key experiments, a possible radical mechanism was postulated and is outlined in Scheme 17.
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Scheme 17. Manganese-catalysed nitration—peroxidation of alkenes.

In 2019, Liu and co-workers developed the oxynitration of acrylamides (18.1) under aerobic oxidation.>*
Unlike Jiao’s nitro-carbocyclization reaction of acrylamide, this method is compatible with
unsubstituted amines, while aerobic oxygen quenched the radical intermediate before possible C—H
functionalization. However, heteroaryl-substituted amides did not react under the standard conditions.
Unactivated alkenes also failed to produce the desired product, and instead, the starting material was
recovered. The yield of nitrohydrine 18.2 decreased to 8% when anhydrous solvent was used, which
suggests that water is essential for this reaction. In the presence of various radical scavengers, no reaction

took place. From these results, a radical-based mechanism was postulated (Scheme 18).
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R' = aryl, alkyl; R =H
R®=H ,Me

Selected examples: ----------------oo oo

2 ou 2 ou OH
Ph. Ph Ph.
N Me ~N Me N Ph
H H H

NO, NO, NO,
82% 65% 76%
o] N7
OH « \ OH OH
N Ph N Me N Me
Me H
NO, NO, NO,
trace trace 0%
Proposed mechanism: ------------o-ooooon oo
o . (o} (0] M
Ph. NO, N o N e |
N Me Ph N . Me 2 Ph N 00
H H H
18.i "NO, 18.ii NO,
‘BUONO
BuO
i M i M NO 1 Me ONO
e solvent-[H e, 2 e
Ph\HKtOH <_[] Ph\H)Kto -~ Ph\H)KtO/
NO, 18.iv NO2 18.ii NO2

Scheme 18. Oxynitration of acrylamides.

The group of Maiti has also contributed to the development of the stereoselective oxynitration reaction
of alkynes (19.1, Scheme 19).% This protocol can be used for a broad range of substrates and has an
exceptional functional group tolerance, delivering the corresponding products in good to excellent
chemical yields. Aliphatic terminal alkynes demonstrated poor reactivity, and diphenyl acetylene and
other aliphatic internal alkynes were unsuccessful under these reaction conditions. The formation of an
intermediate vinyl radical 19.i was suggested which, upon the reaction with TEMPO, gave the final
oxynitration product 19.2. These nitroaminooxylation products can be further converted to synthetically

important a-nitroketones in a single step.
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Scheme 19. Oxinitration of alkynes.

Almost at the same time, Mao and co-workers reported a similar intermolecular nitroaminoxylation of
terminal aromatic alkynes.*® A year later, the authors introduced a decarboxylative formation of E-( -
nitroolefinic alkoxyamines 20.2 from phenylpropiolic acids (20.1, Scheme 20).>" According to the
proposed mechanism, the reaction is initiated by the formation of silver carbonate followed by the
decarboxylation step. Subsequent reaction of Ag-acetylide 20.i with nitryl radical results in the
formation of benzylic radical intermediate 20.ii which is further trapped by TEMPO to 20.iii. After
protonation, the desired nitroaminoxylative product 20.2 is formed, regenerating the silver catalyst.
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Scheme 20. Decarboxylative nitroaminoxylation of arylpropiolic acids.

Song and co-workers designed a novel domino palladium-catalysed nitration of Meyer-Schuster
intermediates which were formed in situ from propargylic alcohols 21.1 under mild conditions (Scheme
21).%8 This approach has a very broad scope and is insensitive to the electronic nature of substituted

propargylic alcohols. Besides, the protocol can be scaled up to 1.1 g without efficiency loss. The
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proposed mechanism includes the formation of HNO, from 'BUONO and H,0O, which further promotes
the Meyer-Schuster rearrangement to generate the allene type intermediate 21.i. In presence of NO;
radical, allene intermediate converts into Pd(I11) species 21.ii and are subsequently oxidizes to Pd(IV)
21.iii. The reductive elimination leads to the formation of a-nitro enones 21.2 in good to excellent yields.

HO _, Pd(OAc), (10 mol%) o R?
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/R3 MeCN, 30 °C, 18 h Ar)H/LRS
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Scheme 21. Palladium-catalysed nitration of Meyer—Schuster intermediates.

Regioselective nitration of C(sp®)—H generally requires a higher temperature than C(sp?)—H nitration.
Therefore, the development of regio- and chemoselective nitration of aliphatic C—H bond is a very
challenging and attractive research area for synthetic chemists. In 2015, the Liu group has investigated
transition metal-catalysed C(sp®)~H functionalization of 8-methylquinolines (22.1).° The reaction
occurs under oxygen atmosphere in the presence of palladium acetate catalyst and TBN as the nitrating
agent (Scheme 22). The first C(sp®)—H nitration was reported by the same group in 2014, using AgNOs
as a nitro source.®®The nitration can be performed at gram-scale and was applied to the synthesis of
tetrahydroquinolin derivatives based on selective reduction of nitro group. According to the postulated
mechanism, the formation of binuclear palladacycle is assumed to proceed via the reaction of the
substrate, Pd(OAc), and NO radical under aerobic conditions. The direct addition of NO, to the
palladium center leads to the formation of Pd(111)-Pd(l111) and/or Pd(111)-Pd(IV) species (22.iii and 22.iv,
respectively). Subsequent reductive elimination assisted by another molecule of the substrate gives

nitrated product 22.2 and regenerates a binuclear palladacycle 22.i.
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Scheme 22. Palladium-catalysed C(sp3)—H nitration of 8-methylquinolines.

Later, Song and co-workers reported cobalt-catalysed chemo- and regioselective C(sp®)—H nitration
using TBN.®* With the optimized reaction conditions, a variety of 4-isopropyl-2-phenylpyridine
derivatives (23.1), regardless of both the position and electronic properties of the substituents, afforded
the desired C(sp®)—H nitration products 23.2 in good chemical yields (Scheme 23). Exceptions were 4-
methyl-2-phenylpyridine and 4-butyl-2-phenylpyrimidine, which did not undergo nitration under
standard conditions. Notably, a site-selective C(sp®)—H nitration was observed only in presence of
tertiary alkane chain adjusted to the pyrimidine ring. This selectivity can be interpreted by the
corresponding BDEs of C—H bonds.
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MeCN, Oy, 100 °C, 24 h
X
\ | R
=
23.1 23.2

R =H, alkyl, aryl, halogen, ester, NO,, OMe, OEt
Selected examples: ------------------oooooo oo

N__N N\fN N__N N__N N__N
Ney Z
\ /
80% 78% 74% 75% 0%

Scheme 23. Cobalt-catalysed C(sp®)—H nitration.
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Soon after, Wei and co-workers disclosed an effective metal-free method for the nitration of C(sp®)-H
bond of 2-oxindoles 24.1.%2 The reaction proceeds through a radical coupling pathway at ambient
temperature. A variety of 2-oxindoles bearing different functional groups smoothly undergo nitration
reaction in good to excellent yields (Scheme 24). Only traces of desired product was detected when the
reaction was carried out under nitrogen atmosphere. The reaction was also unsuccessful for

unsubstituted oxindoles at the C-3 position.

R2 R? NO,
SN BUONO (2.0 eq) x
1_1 B 1
R™—| o] ) X R 0
Z~N 1,4-Dioxane, air, rt Z~N
B3 B3
241 R 242 R

R'=H, Cl, Br, OMe; R? = alkyl, aryl
R® = H, Me, Bn, Ph, Boc
Selected examples: - --------------oiioooo o

Ph NO, Ph NO, Et NO, Ph No, NO,

N N N N N

H Boc H Bn Bn
92% 40% 50% 82% 0%

Scheme 24. Metal-free nitration of C(sp*)—H bonds of 2-oxindoles.

Cascade reactions are a powerful tool for synthetic organic chemists to make complex ring systems in
atom and step-economic ways. A cascade nitration/cyclization of 1,7-enynes 25.1 to quinolinone
derivatives was introduced by the Li group.® This transformation represents the first example of one-
pot synthesis of pyrrolo[4,3,2-de]quinolinone motif 25.2 which proceeds via alkene nitration, 1,7-enyne
6-exo-trig cyclization, C—H nitration and redox cyclization sequence, demonstrating remarkable
functional group tolerance (Scheme 25). It was suggested that intermediate 25.i, formed after the
sequential addition of nitro radical to the olefin and carbocyclization step 25.ii, can further react with
either NO or NO: radicals, leading to the formation of the corresponding species 25.iii and 25.iv. These
intermediates were detected by HRMS analysis. Subsequent reaction of the cationic intermediates 25.v
and 25.vii with nitroso or nitro radicals provides intermediates 25.vi and 25.viii, the redox reaction of
which affords the desired product 25.2. This mechanistic scenario was supported with radical quenching

and 80-labeling experiments.
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H R*

=
N /o ‘BUONO/H,0 _
‘// N)K% DMSO, air, 50 °C, 24 h
™
R RZ R3
25.1

R'=H, Me, CI; R? = H
R® = Me; R* = aryl
Selected examples: -------------------ooooooooooo oo

| N
Ph Ph s
HN ‘ HN ‘ HN ‘
O,N Me O,N Me O,N Me
NO NO NO
o o o
H Bn Me
trace 77% 60%
Proposed mechanism: ------------------------ooooooo
Ph
P Ph P Ph ‘
7 NO, 7 Me
(0] (0] -
NO,
N NN, N"So
Me Me Me Me Me
25.i N N 25.ii
i NO or NOZl i
O,N Ph
‘ Me
NO
NO
25.iii 1'Tl ° 2
(il x =
25.iv: x = 2 'l"e
HNO, NO,
redox O,
NO,
N (6]
Me

25.viii

Scheme 25. Cascade nitration/cyclization of 1,7-enynes 25.1 with TBN and HO.

Subsequently, C—C and C—N cascade bond formation reactions using TBN have been reported by Jiao
and co-workers (Scheme 26).5 This metal-free nitro-carbocylization of activated alkenes 26.1 delivered
nitro-containing oxindoles 26.2 through aryl C—H functionalization. Substrates with both electron-
donating and electron-withdrawing groups at the aryl ring were well tolerated under these reaction
conditions. However, in the case of phenyl methacrylates or allylphenyl ethers, no desired products were
observed. Mechanistic studies indicated that the reaction occurs via the addition of NO,, followed by

the intramolecular cyclization steps.
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Scheme 26. Metal-free nitro-carbocyclization.

In 2015, Liang and co-workers developed metal-free tandem nitration, cyclization of 1,6-enynes 27.1 to
form nitro substituted tetrahydropyridines 27.2. The reaction proceeded in the presence of TBN reagent
and TEMPO, involving the formation of two C—C and one C—N bond in a single chemical step.%® The
transformation has shown relatively good functional group compatibility and can be scaled up to gram
synthesis (Scheme 27). Based on experimental results and previous reports on nitrative cascade
reactions, the authors suggested a radical-based mechanism, in which the addition of NO; radical to an
alkyne followed by an intramolecular carbocylization and oxidative dehydrogenation yields the

corresponding nitrocarbocyclized product.

Me
)—Me BUONO (2.5 eq) Me
TEMPO (0.4 eq) . =
ERLLAI sl N )
X;® MeCN, 70 °C, 12 h 7 N\ Ay
— N\ /\R NO,
2741 27.2

R = H, alkyl, halogen
X =NTs, C(COOMe),
Selected examples:--------------------ooooo oo

Me Me Ph Me
S
TN ) SN 2\ | TSN ) o )
NO, NO, NO, NO,
62% 26% 0% 0%

Scheme 27. Nitro-carbocyclization of 1,6-enynes.

In 2018, Qiang Li and co-workers reported an interesting nitrative cyclization reaction of 1,6-enynes
28.1 with 'BUONO that proceeds under metal-free conditions and leads to the construction of 2-
pyrrolidinone 28.2 derivatives in a highly controlled manner (Scheme 28).% Based on various
mechanistic studies, it was postulated that the reaction involves the addition of NO, radical towards an
alkenyl group followed by 5-exo-dig cyclization/H abstraction sequence. The transformation
demonstrated a great functional group tolerance irrespective of steric and electronic effects and was

successfully used on a gram scale.
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