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Abstract 

Photoredox-Catalyzed Site-Selective Functionalization of Primary Amine Derivatives 

Melissa A. Ashley 

 

Given the prevalence of primary amines in biologically active molecules, an important area of 

research is devoted to creating methods to site-selectively functionalize their C(sp3)-H bonds. For 

simple aliphatic primary amines, many of these C-H bonds are chemically indistinguishable due 

to their similar electronics and sometimes, steric environments.  Through strategic choice of 

activating group, site-selective functionalization at both a- and d- positions is achieved.  Exploiting 

inductive effect allows for a photoredox-catalyzed a-C(sp3)-H alkylation of 

trifluoromethanesulfonamides.   In the case of trifluoroacetamides, functionalization is directed to 

a distal C(sp3)-H site via [1,5]-hydrogen atom transfer which results in a formal d-

aminomethylation and d-cyanation.  Lastly, by subjecting primary amines to an electron-rich 

benzaldehyde activating group, we leverage C-N bonds as a functional handle for deaminative 

radical cross-couplings. 
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Chapter 1: An Introduction to Photoredox Catalysis 

1.1 A Brief Introduction to Photochemistry 

Photochemistry is a powerful tool for addressing challenging transformations. Fascinatingly, 

sunlight contains the energy to overcome high thermodynamic barriers associated with breaking 

strong bonds.  The sun emits a distribution of radiation, described by the electromagnetic spectrum, 

which extends from high energy gamma rays to low energy radio waves.  While there are many 

uses for all areas of the electromagnetic spectrum, organic chemists have primarily focused on a 

small fraction of the spectrum, spanning from ultra-violet to visible light radiation since many 

organic molecules interact with photons of these wavelengths via excitation (Figure 1.1).  

Excitation involves promoting an electron from a lower energy orbital to a higher energy orbital 

and can often provide the means for bypassing high activation barriers (Scheme 1.1).1  As shown 

in Scheme 1.1, the generation of an excited reagent may proceed to product formation in an 

Figure 1.1 Electromagnetic Spectrum and Absorption Ranges of Organic Molecules.  
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exothermic, downhill process, which is the fundamental basis of photochemistry.  Due to the 

abundance of sunlight and the specificity of electronic transitions within organic molecules, 

photochemistry enables mild reaction conditions that target specific, light-absorbing, functional 

groups (Figure 1.1) to give rise to highly strained components2 or homolysis of strong bonds 

(Scheme 1.1).3  After decades of advancement in the field of photochemistry, organic chemists 

turned their focus toward catalytic processes.  The optical properties of Ru(bpy)2Cl2 have been 

known since the early 1900s; however, it was not until the turn of the century that organic chemists 

began harnessing the redox properties of transition metal polypyridyl complexes.4   

Scheme 1.1 Photochemical Processes and Early Examples. 
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1.2 Photophysical Processes and Properties of Photoredox Catalysts 

There are multiple pathways of relaxation an excited electron can proceed by to reach its 

ground state (Figure 1.2).5  If an excited species does not engage in productive quenching, either 

radiative or non-radiative decay from (S1) or (T1) will occur.  These relaxation pathways can be 

further classified into spin allowed (S1 Ą S0) or spin forbidden (T1 Ą S0) processes.  From S1, the 

compound can relax back to S0 via spin allowed processes, fluorescence/thermal relaxation, or 

undergo intersystem crossing (ISC) to a nearby triplet state.  Relaxation pathways from T1 

experience larger lifetimes due to the spin forbidden nature of these processes.  Many photoredox 

catalysts engage in productive chemistry from the excited triplet due to this increased lifetime 

allowing for sufficient time for a bimolecular event to occur.6 

F

F

  

In photocatalysis, an excited donor species, often a photocatalyst, can embark upon various 

transformations, the most common being energy transfer photosensitization or electron transfer 

Figure 1.2 Jablonski  Diagram and Time -Scale of Photophysical Processes. 
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photoredox catalysis (Figure 1.3).  This can occur through either a Förster resonance energy 

transfer or Dexter energy transfer.7  Förster energy transfer occurs via ñthrough-spaceò interactions 

and over long distances.  The excited donor species forms a complex with the acceptor where the 

relaxations from the excited state of the donor provides the energy to promote a HOMO-

LUMO excitation within the acceptor while conserving electron spin angular momentum.  Dexter 

energy transfer can occur from either the excited singlet or triplet state and requires the donor and 

acceptor to be in close proximity.  Through physical contact, electrons are simultaneously 

exchanged between the excited donor state to acceptor to produce an excited acceptor molecule.  

The last common pathway for an excited donor molecule to proceed through is single electron 

transfer, discussed in more detail in the following section. 

Figure 1.3 Common Photochemical Transformations from an Excited Donor State.  
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1.3 General Mechanism ï Photoredox-Catalysis 

During an electron transfer process, an excited photocatalyst will either act as a reductant or 

oxidant depending on the electronic character of its reacting partner.  Upon excitation of 

photocatalyst, for example, [Ir(dF-CF3-ppy)2dtbbpy]PF6 (Figure 1.4), the excited IrIII*  S1 is 

generated through metal-to-ligand charge transfer (MLCT).8  This excited state will then undergo 

Figure 1.4 Generic Photoredox Catalytic Cycle . 
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intersystem crossing to the excited T1.  Due to its heteroleptic structure, the HOMO will reside 

primary at the metal center and the LUMO will be delocalized around the dtbbpy ligand.9  This 

excited state is characterized as both a stronger oxidant and stronger reductant than its ground state 

species allowing for the IrIII*  triplet to proceed through a reductive quenching cycle, and act as an 

oxidant, or an oxidative quenching cycle and act as a reductant.10 

1.4 A Brief History of Photoredox Catalysis in Organic Synthesis 

Whereas photoredox catalysis has proven valuable for water splitting,11 carbon dioxide 

reduction,12 and widespread application in inorganic and materials chemistry,13 it was not until the 

1970s when researchers began examining photoredox catalysis to address problems in synthesis.  

Landmark transformations that signify modern photoredox catalysis include a photoredox 

catalyzed reductive desulfuration by Kellogg in 1978,14 a photocatalytic Pschorr reaction by 

Derozier in 1984,15 and a reductive decarboxylative Giese reaction by Okada in the early 90s 

 

Scheme 1.2 Seminal Transformation s in Organic Photoredox Catalysis.  
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(Scheme 1.2).16  In addition to these key contributions, pioneering studies were completed by 

Fukuzumi and Tanaka,17 in addition to Pac during the same time period.18 

Interestingly, it was not until the early 2000s that the field of photoredox catalysis saw a sharp 

increase of activity, often attributed to three key reports by the Yoon,19 MacMillan,20 and 

Stephenson21 groups (Scheme 1.3).  In 2008, Yoon and co-workers reported a Ru(bpy)3Cl2 

catalyzed [2+2] enone cycloaddition, in which the excited state of the ruthenium catalyst performs 

a single-electron reduction of the enone. Notably, the Lewis acidic lithium-ion is proposed to assist 

this redox event.  A stepwise radical anion cycloaddition leads to cyclobutane products in high 

yields.  Concurrently, in 2008, MacMillan and co-workers merged photoredox and organocatalysis 

to perform an asymmetric alkylation of aldehydes.  The formation of alkyl radicals was achieved 

Scheme 1.3 Landmark Examples Signifying the Beginning of Modern Photoredox . 
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via a single-electron reduction event of alkyl bromides.  Radical addition into enamine coupling 

partners and subsequent oxidation and hydrolysis events delivers enantioenriched targets.  The 

following year, Stephenson and co-workers reported a photoredox-catalyzed reductive 

dehalogenation of bromopyrroloindoline.  Single electron reduction of the carbon-halogen bond 

and subsequent hydrogen-atom abstraction from either iPr2NEt/HCO2H or Hantzch ester quench 

the radical and provides the reduced products.  By the late 2000ôs and early 2010ôs, modern 

photoredox catalysis began to be considered a commonly employed, powerful method.22 

1.5 Organic Compounds: Redox Potentials and Bond Dissociation 

Strengths 

A common aspect among early organic photoredox-catalyzed transformations was the use of 

a ruthenium photocatalyst.  The growth of the field is linked to the expansion of available 

polypyridyl metal complexes and the ability to finetune the luminescence properties of these 

species to manipulate their oxidizing/reducing power.23  Iridium photocatalysts soon became 

preferred due to their superior photophysical properties.  Compared to ruthenium catalysts, iridium 

has a larger redox range and greater photonic input (~10-15 kcal/mol). 

 Additionally, the introduction of iridium heteroleptic complexes allows for the fine-tuning of 

oxidation and reduction capabilities.  While transition metal polypyridyl complexes are still widely 

utilized, there has been an emergence of organic chromophores.24  The well-studied photoinduced 

electron transfer processes of these conjugated organic dyes are now being harnessed in 

photoredox-catalyzed transformations.  Whereas these catalysts provide a more environmentally-

conscious option, they can often be plagued by shorter excited state lifetimes, decreasing the 

likelihood to promote desired photochemical reactivity.  Ruthenium photocatalyst Ru(bpy)3Cl2 has 

an excited state singlet lifetime of 100-300 femtoseconds (fs) and an excited state triplet lifetime 
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of 1100 nanoseconds (ns).25  Organic catalysts, which often participate in a PET process from the 

excited singlet state, are characterized by fluorescence lifetimes of 2-20 ns.26  Given the significant 

advancements in catalyst design, targeting specific functional groups to undergo single-electron 

Figure 1.5 Electrochemical Series of Common Organic Functionalities and 

Photocatalysts - Reductive . 
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Figure 1.6 Electrochemical Series of Common Organic Functionalities and 

Photocatalysts - Oxidative.  
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transformation is achievable given the available reductive (Figure 1.4) and oxidative (Figure 1.5) 

redox ranges of both transition-metal and organic photocatalysts.27 

1.6 Radical Philicity: Classification and Reactivity 

When analyzing radical reactivity, these open-shell species can be classified as either 

electrophilic or nucleophilic (Scheme 1.4).28  Although there are exceptions to this qualitative 

trend, radicals that form a stable anion upon reduction, such as tert-butoxy radical, are classified 

as electrophilic.  Radicals in which an oxidation event forms a stable cation, such as tert-butyl 

radical, are denoted as nucleophilic.  Classifying radicals as either nucleophilic or electrophilic 

also depicts their reactivity during a reaction.  In 2019, Knowles and co-workers performed a 

photoredox-catalyzed intermolecular anti-Markovnikov hydroamination between primary amines 

and unactivated alkenes.29  The key carbon-carbon bond-forming step occurs when the p-system 

adds into the electrophilic nitrogen radical cation.  Contrarily, a recent publication by Noël and co-

Scheme 1.4 Classifying Radical Philicity.  
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workers demonstrate a photoredox-catalyzed radical coupling process in which alkenes act as the 

electrophilic source.30  Using TBADT as a dual photo/HAT catalysts, the generated nucleophilic 

carbon-centered radicals couple with various Michael acceptors.  Analyzing radical philicity aids 

in designing reaction conditions, coupling partners, and exogenous reagents that may be needed to 

turn over a catalytic cycle.  In the Giese reaction, nucleophilic radicals add across electron-

deficient olefins such as acrylates and enones.  By contrast, electron-rich alkenes are more likely 

to act in a nucleophilic fashion and couple with electrophilic radicals.31 

Radical stability can be predicted through analysis of bond dissociation energies (Figure 1.7).32  

The weaker the bond strength, the more stable the resulting radical.  Contrarily, bonds that are 

difficult to homolyze often result in high energy, reactive radical intermediates. 

1.7 Hydrogen Atom Transfer  

Hydrogen atom transfer (HAT) reactivity is dictated not only by the strength of the hydrogen 

bond but also the identity of the abstractor (Figure 1.8).  The active HAT reagent can either be 

Figure 1.7 Bond Dissociation Energies of Common Organic Functionalities.  
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formed via direct excitation or through a redox event.  The excited states of tetra-n-

butylammonium decatungstate (TBADT) and benzophenone (BP) often directly engage in HAT, 

allowing these reagents to act as both a photo and HAT catalyst.  In contrast, most HAT catalysts 

are formed via interaction with an exogenous photocatalyst, often through an oxidation event.  In 

the field of dual photoredox-HAT catalysis, the majority of reactions employ electrophilic HAT 

reagents. Transformations that implement a nucleophilic hydrogen atom abstractor remain 

challenging due to degradation pathways and often weak hydrogen bonds.33  Hydrogen atom 

transfer can be further classified as either a BDE-driven process, polarity-driven process, or a 

directed HAT event (Scheme 1.5).   

BDE-Driven HAT: Nicewiczôs and Alexanianôs azidation of tert-butylcyclohexane demonstrates 

a BDE-driven process to functionalize the weakest C-H.34  An oxygen-centered radical, formed 

upon single-electron oxidation of the tribasic phosphate, abstracts the 3º C(sp3)-H over stronger 1º 

and 2º present in the molecule.     

Polarity-Matched HAT: Work by the MacMillan group demonstrates a polarity matched process 

where the HAT catalyst will activate the site with favorable electronics within the transition state.35  

In this example, the electrophilic quinuclidine HAT catalyst abstracts, the stronger, more hydridic 

a-nitrogen C-H (~92 kcal/mol) is abstracted in the presence of weaker bonds (benzylic a-oxygen 

C-H ~ 86 kcal/mol) due to the polarity-matched nature of the transition state.   

Figure 1.8 Selected Examples of Hydrogen Atom Transfer Catalysts and Reagents.  
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Directed HAT: The last classification is directed hydrogen atom transfer, as implemented in our 

groupôs photoredox-catalyzed d-functionalization of trifluoroacetamides.36 Single-electron 

oxidation produces a nitrogen-centered radical which undergoes a [1,5]-HAT to direct 

functionalization at the distal position in a site-selective manner.. A summary of factors affecting 

the selectivity witnessed during HAT catalyzed transformations can be found in Figure 1.9.37 

Scheme 1.5 Classification of Hydrogen Atom Transfer E vents. 
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1.8 Proton-Coupled Electron Transfer 

Transitions in which both an electron and proton are exchanged in an elementary step(s), are 

considered proton-coupled electron transfers (PCETs).  If this exchange happens simultaneously, 

the event is classified as a concerted PCET, versus the alternative stepwise process (Figure 1.10).  

Central to many biological redox processes,38 PCET has only recently gained popularity, or 

acknowledgment rather, within the synthetic community.39  The coupling of these two elementary 

steps allows for the homolytic cleavage of strong hydrogen bonds and reduction/oxidation often 

considered thermodynamically challenging.  Protonation/deprotonation can potentially drastically 

alter redox potentials and vice versa, the oxidized/reduced form of a reagent can significantly 

change its pKa.
40 PCET lowers the energetic barrier to activation and often proceeds at a faster rate 

when compared to the stepwise processes containing two elementary steps.41 

Figure 1.9 Factors Affecting HAT.  
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1.9 Dual Photoredox and Transition Metal Catalysis 

C(sp3) centers have often been considered challenging to activate via transition metal catalyzed 

cross-coupling reactions.  These C(sp3)-derived organometallic reagents can suffer from 

degradation/undesired pathways, exhibit challenging transmetallation steps during the catalytic 

cycle due to steric hindrance, and can  sometimes be considered difficult to handle.42  The 

emergence of photoredox catalysis provides a mild method for producing alkyl radicals while 

circumventing the challenges facing traditional alkyl reagents used for C(sp3) activation.  Carbon-

centered radicals are known to be trapped by Ni(II) species,43 formed via oxidative addition of 

Ni(0) catalyst into aryl, alkenyl, or alkyl halides.  With this key precedent, the groups of Molander, 

Doyle, and MacMillan sought to intercept these Ni(II) intermediates with a radical coupling 

partner produced via a photoredox-mediated oxidative pathways.  Subsequent reductive 

elimination generates the desired product, and the reduced photocatalyst in solution would 

regenerate the active Ni(0) catalyst.  Simultaneously, these groups demonstrated the feasibility of 

merging the two catalytic cycles in a dual photoredox and nickel catalyzed decarboxylative cross-

coupling with aryl halides (Doyle and MacMillan; Scheme 1.6)44 and the C(sp3)-C(sp2) cross-

Figure 1.10 Concerted Proton -Coupled Electron Transfer . 
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coupling between alkyl trifluoroborates and aryl bromides (Molander).45  It is important to mention 

that the mechanism described above is likely oversimplified.  Given recent work from Molander 

and Gutierrez, it seems likely that many of these reactions operate via either a Ni(0)/Ni(II) or 

Ni(I)/Ni(III) catalytic cycle depending on the identity of the carbon-centered radical.46 

Nonetheless, it remains a useful way of describing how these reactions work until more conclusive 

mechanistic studies appear. 

Since these seminal publications, many groups have expanded upon this methodology to 

perform dual photoredox/nickel catalyzed cross couplings starting from a variety of radical 

Scheme 1.6 Dual Photoredox Nickel Catalysis.  
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precursors (halides,47 silicates,48 sulfinates,49 oxalates,50 redox active pyridines,51 

dihydropyridines,52 hydrocarbons53)54 and have translated dual photoredox/TM catalysis beyond 

nickel (Pd,55 Cu,56 Au57). 

1.10 Summary 

Photochemistry and photoredox catalysis allow for the selective generation of reactive radical 

intermediates under mild conditions by by-passing high activation energies.   Productive pathways 

can be achieved by either an energy transfer event (Förster resonance or Dexter) or a single electron 

transfer (SET).  The merging of photoredox catalysis with various other methods, such as hydrogen 

atom transfer catalysis and transition metal catalysis, has allowed for new reactivity and selectivity. 
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Chapter 2: Photoredox-Catalyzed Site-Selective a-C(sp3)-H 

Alkylation of Primary Amine De rivativ es  

This work was completed in collaboration with Dr. Chiaki Yamauchi, Dr. John C. K. Chu, and 

Shinya Otsuka 

2.1 A Brief Overview of Methods to Functionalize a-C(sp3)-H Bonds of 

Amines. 

The ubiquity of amines in natural products and pharmaceutical targets has prompted a surge in 

the development of methods which functionalize amines. Methods which accomplish the direct 

functionalization of a-C(sp3)-H bonds are particularly impactful.  The main existing methods for 

a-functionalization of amines are a-lithiation, metal-catalyzed C-H activation, iminium-ion 

formation, as well as a-amino radical formation (Scheme 2.1).1   

a-Lithiation:  a-lithiation methods transform amines to a-amino anions and react with a variety 

of electrophilic partners.  Often, this method requires multiple steps, starting with the initial 

lithiation, and followed by either trapping with an electrophile directly or undergoing 

transmetallation, as in Campos and co-workersô research on a-arylation of Boc-protected 

pyrrolidines.2   

Metal-Catalyzed C-H Activation: Direct methods to achieve a-functionalization of amines are 

especially attractive since they remove the requirement of harsh pre-activation conditions, seen in 

lithiation chemistry.  There have been several important advances in this area harnessing 

transition-metal catalysis, yet challenges remain when using this approach, such as issues with 

regioselectivity and undesired reactivity (i.e. b-hydride elimination).  Transition-metal-catalyzed 
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C-H activation occurs either by an inner sphere oxidative-addition pathway, or concerted 

metalation-deprotonation, as well as through outer sphere mechanisms involving 

carbenoid3/nitrenoid4 insertion into the a-C(sp3)-H bond.5  As seen in the transformation by Yu 

and co-workers, a directing group is often required to coordinate to the metal-center and direct 

activation to occur at the a-C-H bond.6  In this example, coordination of the thioamide substrate 

to the Pd metal center and oxidative addition into the a-C-H bond forms a stable 5-membered 

Scheme 2.1 Recent Site-Selective Methods to Activate d-C(sp3)-H Bonds of Amines.  
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palladacycle7 which will readily undergo efficient cross-coupling with aryl boronic acids.  

Subsequent removal of thioamide directing group results in a formal a-arylated pyrrolidine. 

Iminium-Ion and a-Amino Radical Formation: The last two modes of activation are iminium-

ion and a-amino radical formation.  While these transformations can occur via traditional methods, 

recent approaches have employed photoredox catalysis for its mild reaction conditions for amine 

oxidation.  In 2012, our group demonstrated a dual N-heterocyclic carbene and photoredox-

catalyzed asymmetric a-acylation of tetrahydroisoquinoline derivatives.8   The excited state of 

Ru(III) performs a single-electron oxidation of a tertiary amine and subsequent a-hydrogen atom 

abstraction leads to iminium ion formation, which is intercepted with the Breslow intermediate.  If 

the oxidized samine undergoes a subsequent deprotonation instead of HÅ abstraction, a-amino 

radical formation will occur, as seen in MacMillan and co-workersô photoredox-catalyzed a-

arylation of N-phenylpiperidine.9  

2.2 Overview of a-Amino Radical Formation via Photoredox-Catalysis. 

The majority of photoredox-catalyzed a-C(sp3)-H functionalization of amines occur through an 

a-amino radical intermediate.10  Pioneering work includes transformation from Stephenson,11 

Nishibayashi,12 Yoon,13 Pandey and Reiser,14 among others.15 The various methods to produce this 

Scheme 2.2 Triethylamine Case Study ɬ Amine Characteristics upon Single -

Electron Oxidation . 
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reactive intermediate include either an oxidation-deprotonation pathway, hydrogen atom transfer, 

reduction of imines, or preinstallation of a photocleavable functionality (Scheme 2.2).   

Oxidation-Deprotonation: The oxidation-deprotonation pathway is often dominant under 

oxidizing conditions due to the acidity of the a-C-H bond upon oxidation.  Amines, such as 

triethylamine, frequently serve as sacrificial reductants in photoredox-catalysis due to their ease 

of oxidation.  Upon single-electron oxidation of the nitrogen lone pair, acidification of the a-C-H 

of the radical cation occurs.  Nicewicz and co-workers take advantage of this pathway in their a-

alkylation of Boc-protected secondary amines (Scheme 2.3).  This single-electron oxidation event 

also dramatically weakens the a-C-H bond.  If there is no suitable base present, the a-C-H bond 

Scheme 2.3 Various  Methods fo r a-Amino Radical Formation.  
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of the radical cation will undergo homolysis leading to iminium ion formation, as seen in our 

groupôs a-acylation of tertiary amines (Scheme 2.1). 

Hydrogen Atom Transfer: The second type of a-amino radical formation employs a hydrogen-

atom transfer catalyst to abstract a-C(sp3)-H bonds.  Our group has recently reported the selective 

a-functionalization of primary aliphatic amines, in the presence of even weaker bonds, to afford 

g-lactams under dual photoredox and HAT catalysis.  In this work, we utilize CO2 as an activating 

group to promote a favorable electrostatic interaction between the quinuclidinium cation and 

carbamate anion (Scheme 2.3) during the HAT event.16 

Reduction of Imine: In contrast to forming a-amino radicals via oxidative-deprotonation or HAT 

pathways, under reductive conditions, a-amino radicals can be formed from imine precursors.17  

The innate electrophilic nature of imines can sometimes complicate their use under photoredox 

conditions by radical addition into the imine;18 however, tuning the reaction conditions to cater to 

a single-electron reduction event can reverse its philicity via formation of a nucleophilic a-amino 

radical.  MacMillan and co-workers couple benzylic ethers to a variety of Schiff bases through a 

proposed radical-radical coupling mechanism between the nucleophilic Ŭ-amino-radical and a-

ether radicals (Scheme 2.3).19  While N-benzylideneaniline substrates were able to undergo direct 

single-electron transfer using strongly reducing [Ir(ppy)2(dtbbpy)]PF6 , the majority of imines 

exhibit reduction potentials beyond the range of most photocatalysts, and often require assistance 

through either protonation of addition of a Lewis acid.20   

Pre-installation of a Photocleavable Functionality: The last common mode of a-amino radical 

formation can either be via a reductive or oxidative event of a preinstalled photocleavable 

functionality.  MacMillan and co-workers take advantage of the natural structure of amino acids. 

Boc-protected proline carboxylate will undergo a single-electron oxidation and subsequent 
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extrusion of CO2 leads to formation of an a-amino radical (Scheme 2.3).21  Successive addition 

into vinyl sulfones and elimination of a sulfinyl radical delivers the desired allylic amine.  N-

(acyloxy)phthalimides have been employed for analogous decarboxylative radical formation under 

reductive conditions.22  

2.3 Challenges with the a-Functionalization of Primary Amine Derivatives 

The formation of a-amino radicals using visible-light photoredox catalysis has garnered 

significant attention as a mild method to construct C-C bonds.23 Electron-rich tertiary amines can 

be oxidized to generate nitrogen radical cations, allowing facile access to a-amino radicals after 

deprotonation of the a-C-H bond.24 Despite great advances, this area still faces several challenges. 

Competitive N-alkylation events for primary and secondary amines can hinder the formation of a-

amino radicals (Figure 2.1).25 To address this, a cleavable functionality at the a-position may be 

pre-installed to circumvent undesired reactivity  (Scheme 2.4).26 We recognized, however, that 

pre-installation of silanes, carboxylic acids, or triflruoroborate salts may additional new 

challenges, especially in multi-step synthetic planning. For this reason, we explored the impact of 

different activating groups on nitrogen, instead of carbon, which promote selective a-alkylation 

of primary amine derivatives through C-H bond activation. 

Figure 2.1 Tertiary and Secondary Amines under Oxidative Conditions . 
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2.4 Initial Discovery and Optimization 

We sought to develop a protocol for amine C-H functionalization in which the site-selectivity 

can be achieved through the judicious choice of the directing group on nitrogen. Independently, 

our group and the Knowles group demonstrated the robustness of d-C-(sp3)-H alkylation through  

[1,5]-hydrogen atom transfer.27 Utilizing triflu oroacetamides, amidyl radicals are formed under 

oxidative conditions to remotely activate the d-C-H bond, an undesirable pathway for a-

derivatization. We reasoned that using a more acidifying functionality could pivot reactivity 

towards the activation of a-C-(sp3)-H bonds by leveraging the following effect:  a change in the 

nature of the protecting group results in a change in the bond strength and pKa of the N-H.28 

Scheme 2.4 Pre-installed Cleavable Functionality to Direct  a-Functionalization . 
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After surveying a variety of amine protecting groups, we gratifyingly observed promising 

reactivity and selectivity using trifluoromethanesulfonamides (Tf) (Table 2.1). We were delighted 

to observe a-functionalization of 1 in 50% yield with benzyl acrylate in the presence of a carbonate 

base, [Ir(dF-CF3-ppy)2(dtbbpy)PF6], and blue light (Table 2.1, Entry 1). A superior yield was 

 

 

obtained when using [Ir(dF-Me-ppy)2(dtbbpy)PF6]
29 as the photocatalyst, and subjecting 

quinuclidine to the reaction conditions (77%, Table 2.1, Entry 6). Control experiments confirmed 

photocatalyst, base, and light were all essential for successful a-alkylation of triflamide 1. No 

product was obtained when using trifluoroacetamidyl, tosyl, or acyl nitrogen protecting groups. 

2.5 Scope of a-Functionalization of Trifluoromethanesulfonamides 

With optimized conditions in hand, we sought to investigate the alkene scope with n-propyl 

trifl amide as the substrate (Scheme 2.5). Both acrylates devoid of a-substituents (2-5) as well as 

 

Table 2.1 Optimization of a-Alkylation of Trifluoromethanesulfonamides . 

l  
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methyl-methacrylate (6) give product in acceptable yields. Acrylates containing b-substituents  (7) 

lead to a moderate drop in reactivity (33%) except in the case of highly activated dimethyl fumarate 

(8), which proceeds in moderate yield (53%). In addition to acrylates, enones provide the desired 

a-functionalization (9-10). Additional Michael-acceptors including vinyl sulfone, vinyl 

phosphonates and acrylonitrile are well tolerated leading to products 11-14. Dimethylacrylamide 

is incorporated with a slightly compromised yield (15, 38%). Of note is the successful use of 

electron-deficient styrene derivatives as coupling partners as well as heteroarene-substituted 

olefins to produce substrates 16-19.30 

Scheme 2.5 a-Alkylation  Olefin Scope.  
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We examined the amine scope using either tert-butyl acrylate or ethyl acrylate as the coupling 

partner (Scheme 2.6). Substrates containing secondary a-C(sp3)-H bonds (20-22) provide product 

in good yields, whereas tertiary (23-24) a-positions show lower levels of reactivity. Interestingly, 

methyl-triflamide (25) as substrate leads to a 34% yield of the dialkylated product as nearly the 

sole product. Altering the ratio of triflamide and olefin coupling partner did not suppress di-

alkylation. We reasoned the second alkylation event occurs at a faster rate due to the resulting 

Scheme 2.6 a-Alkylation Trifluoroacetamide  Scope. 
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radical stability from the first (primary carbon radical) versus second hydrogen atom abstraction 

event (secondary carbon radical). Nearby electron-withdrawing groups create a more difficult 

alkylation event (26, 34%) presumably due to decreased hydridicity of the triflamide a-C-H bond. 

Absence of over-alkylation in the formation of products 20 and 21 can be attributed to this mode 

of deactivation in conjunction with a sterically demanding environment. Furthermore, the 

formation of fully branched 23 and 24 proceeds in lower yield. This methodology also proved 

tolerant of heterocyclic derivatives (27-28).  

To demonstrate the robustness of our site-selective a-alkylation, we sought to functionalize 

sulfonamides bearing additional potential sites of activation. A glucose derivative containing 

multiple abstractable tertiary C-(sp3)-H bonds affords the desired a-functionalization selectively 

to form 35 in 68% yield. The inclusion of primary (34) and secondary Boc-protected amines (33) 

provide a competitive site for a-functionalization. Previous work from MacMillan demonstrates a 

quinuclidine radical cation can abstract a hydrogen atom from these sites.31 Gratifyingly, alkylation 

occurs site-selectively at the a-C(sp3)-H triflamide site. A lysine-derived triflamide also 

participates delivering 32 as a single constitutional isomer in 58% yield. Preference for the 

selective formation of a-amino radicals over [1,5]-HAT pathways is further demonstrated with 

products 29-31. This selectivity is quite remarkable considering our previous work with 

trifluoroacetamide directing groups which activate the d-C-H bond via [1,5]-HAT.  

2.6 Mechanistic Interrogations 

Several mechanistic experiments proved enlightening. Stern-Volmer quenching studies 

(Figure 2.2) reveal a strong kinetic preference for the single electron oxidation of quinuclidine 

(E1/2 red = 1.1 V vs SCE in DMF) over the triflamide anion (E1/2 red  = 1.2 V vs SCE in DMF) by the 



34 

 

excited state [Ir(dF-Me-ppy)2(dtbbpy)PF6]. A deuterium labelling experiment reveals a lack of 

appreciable deuteration at the position alpha to the ester suggesting that a chain transfer mechanism 

by direct HAT from another molecule of substrate to the enoyl radical is a minor pathway at best.  

Taken together, we propose the following mechanism to explain these observations. Under 

quinuclidine conditions, a dual HAT-photoredox catalytic cycle is proposed (Scheme 2.7).32 The 

Figure 2.2 Stern-Volmer Quenching Study . 

 

Scheme 2.7 Proposed Catalytic Cycle and Deuterium Labeling Study . 
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highly electrophilic quinuclidinium abstracts an activated hydridic a-hydrogen of the triflamide 

anion to deliver a-amino radical anion.33 Subsequent radical trapping by an electron-deficient 

olefin coupling partner will furnish a carbon-centered radical.   Single electron reduction of the 

resulting radical by the reduced iridium photocatalyst (E1/2 red = IrIII /Ir II = -1.42 V vs SCE) and a 

final protonation event affords the desired product, closing the catalytic cycle. 

 

More significant, perhaps, is the question of mechanism in the presence of phosphate as a base 

(Table 2.1, entry 3). While phosphate has been implicatesd as a potential HAT catalyst,34 we 

believe its dominant role is to deprotonate the acidic triflamide forming the anion in high 

concentration. A control experiment revealed that the potassium salt of the triflamide undergoes 

the a-alkylation reaction in the absence of added phosphate or quinuclidine in similar yield 

Scheme 2.8 Proposed Catalytic Cycle ɬ Triflamaid e as the Active HAT Reagent . 
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(Scheme 2.8). As mentioned above, Stern-Volmer studies support triflamide oxidation by the 

excited state of the photocatalyst. Thus, we suggest the N-centered triflamidyl radical undergoes 

intermolecular HAT from another molecule of triflamide anion delivering the C-centered radical 

(Scheme 2.8).  

2.7 Mechanistic Interrogations ï a vs. d selectivity 

We then became curious as to how under analogous conditions, our groupôs previous 

methodology employing trifluoroacetamides as a primary amine activating group lead to d-

functionalization, whereas triflamides led to a-functionalization.  This divergence in reactivity can 

be attributed to: (1) N-H bond strength, (2) N-H pKa, and (3) a-C-H bond strength (Scheme 2.9).  

Under phosphate conditions, trifluoroacetamides at equilibrium are largely protonated, thus, a-C-

Scheme 2.9 Mechanistic Dichotomy: a- vs. d- Functi onalization via inter - vs. intra - 

molecular HAT.  
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H bond activation is minimized when compared to their triflimide counter-parts. The 

trifl uoroacetamide nitrogen-centered radical will experience a larger driving force for 

intramolecular [1,5]-HAT due to nitrogen radical stability and the absence of activated a-C- H 

bonds in solution.  Computational studies suggest the nitrogen radical from a trifluoroacetamide 

is less stable than that from a triflimide, supporting the notion of a larger driving force to undergo 

intramolecular HAT.28  The more stable nitrogen-centered radical present on triflamide acts as an 

intermolecular hydrogen atom abstractor due to the activation of the a-C-H bond by the anionic 

charge and equilibrium lying toward the deprotonated state in solution.  This pivot in reactivity 

allows for the selective functionalization of both a- and d-C-H bonds depending on the installed 

nitrogen protecting group.  

To test whether trifluoroacetamides could undergo a-functionalization by activating this site, 

the potassium salt of 2,2,2-trifluoro-N-propylacetamide was subjected to the reaction conditions 

Scheme 2.10 a-Functionalization of Trifluoroacetamides via intermolecular HAT . 
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without any exogenous base (Scheme 2.10).  Ensuring that equilibrium lay to the deprotonated 

state, by stoichiometric deprotonation, a-alkylation of trifluoroacetamides ensued via an 

intermolecular hydrogen-atom transfer event from the nitrogen center trifouoroacetamidyl radical. 

2.8 Summary 

In summary, we have developed a site-selective, visible-light driven photocatalyzed a-

functionalization of primary amines.  The use of a trifluoromethanesulfonyl group on nitrogen 

allows full deprotonation of the N-H bond and renders the a-C-H bond more hydridic and 

susceptible to intermolecular hydrogen atom transfer. Our reaction allows the formation of a C-C 

bond at the a-position of primary amines derivatives through coupling a-amino radicals and 

electron-deficient alkenes. 
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Chapter 3: Photoredox-Catalyzed Site-Selective d-Functionalization 

of Trifluoroacetamides 

3.1 Site-Selective d-C(sp3)-H Functionalization of Primary Amine Derivatives 

The site-selective functionalization of C(sp3)-H bonds has been a longstanding challenge 

within the synthetic community. Chemists often rely on steric and electronic bias within substrates 

to achieve selectivity. When considering a simple aliphatic amine (Scheme 3.1), C-H bonds a to 

Scheme 3.1 Challenges and Current Methods fo r d-C(sp3)-H Functionalization of Primary 

Amine s and Primary Amine Derivatives  
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amines, are electronically biased.  The steric environment also affects which C(sp3)-H bond is 

activated, where the kinetic preference is to activate the less sterically hindered C-H.  A selectivity 

issue arises for the vast majority of C-H bonds along aliphatic chains because they are chemically 

indistinguishable, leading to difficult site-selective functionalization.  Given the prevalence of 

amines in pharmaceuticals and biologically active molecules, the ultimate goal is to create a library 

of methods to activate each position along the chain of amines selectively.  Current methods for 

d-C(sp3)-H functionalization rely on a directed approach via transition-metal catalysis or hydrogen 

atom transfer (Scheme 3.1). 

Directed d-C(sp3)-H Activation via Transition-Metal Catalysis:  The use of directing groups in 

transition-metal catalyzed reactions allows for the distal functionalization of C-H bonds that are 

often difficult to distinguish otherwise.  A directing group (DG) can either be pre-installed or 

transiently generated during a reaction to direct reactivity toward a particular bond.  The synthetic 

utility of DGs have been demonstrated for numerous g-C(sp3)-H due to the ease of forming 5-

membered metallacycles upon coordination with the nitrogen center.1  In order to activate other 

distal positions, a directing groups and ligands must be tailored to favor expanded or contracted 

metallocycles.  As demonstrated by the Shi and Yu group (Scheme 3.1), through the strategic 

choice of DG, d-C(sp3)-H is feasible.  Shi and co-workers showcase a Pd-catalyzed d-alkenylation 

between picolinamide protected isoleucine methyl ester and alkyne coupling partners.2  Using a 

transiently installed DG, Yu and co-workers perform a d-selective Pd-catalyzed arylation of 

primary amines.3  Both transformations rely on a 5-membered chelate formation between the 

directing group and metal center to produce a 6-membered palladacycle, thereby activating the d-

site. 
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Directed d-C(sp3)-H Activation via HAT:  The formation of a nitrogen centered radical allows for 

Hofmann-Löffler-Freytag reactivity, in which a [1,5]-HAT event will translocate the radical from 

the nitrogen to the distal d-center, allowing for further reactivity.  Whereas early reports of this 

transformation often required forcing conditions or large excess of oxidant,4 Muñiz and co-workers 

use a catalytic amount of I2 in the presence of PhI(mCBA)2 to produce N-iodinated amides in situ.5  

Light irradiation promotes N-I bond homolysis, providing a nitrogen-centered radical to engage in 

a [1,5]-HAT event while initiating a chain reaction.  The d-centered radical will abstract iodine 

from another N-iodinated amide.  Oxidation of this alkyl halide gives rise to an I(III) intermediate, 

capable of displacement, leading to final pyrrolidine products. 

3.2 Photoredox-Catalyzed d-C(sp3)-H Functionalization of Primary Amine 

Derivatives 

Photoredox-catalysis allows for the formation of nitrogen-centered radicals under mild 

reaction conditions.  Taking advantage of the entropic driving force of [1,5]-HAT, many 

photoredox-catalyzed d-selective transformations have been created, either through 

prefunctionalization of the N-H bond or by direct nitrogen radical formation (Scheme 3.2). Yu 

and co-workers take a similar approach to that of the Muñiz group by the formation of N-

halogenated amides.  Under photoredox conditions, the N-Cl bond of N-chlorosulfonamides is 

reduced by the Ir(III) excited state to generate the nitrogen centered radical and chloride anion.6  

Subsequent [1,5]-HAT and oxidation of the resulting d-carbon-centered radical allowed for 

chloride trapping at this distal position.  If treated with sodium hydroxide, the cyclized products 

are obtained. 

Leonori and co-workers prefunctionalize the N-H bond with an oxidizable functionality to 

direct nitrogen-radical formation.7 Under basic conditions, the carboxylate will undergo a single-
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electron oxidation event, triggering a radical cascade leading to the release of CO2 and acetone 

while subsequently forming the reactive nitrogen radical species.  Subsequent [1,5]-HAT produces 

a d-carbon-centered radical, which is coupled to a variety of radical traps. 

 In contrast to selected transformation by the Yu and Leonori group, our group is focused on 

functionalizing the d-center while circumventing N-H prefunctionalization.  In work published 

alongside the Knowles group in 2016,8 we form a nitrogen-centered radical upon single-electron 

oxidation of a trifluoroacetamidyl anion.9  A subsequent [1,5]-HAT allowed for the coupling with 

electron-deficient olefins at this distal position.  Shortly after, in 2019, our group trapped the d-

centered radical with Ni to perform a dual photoredox/Ni catalyzed alkylation with alkyl 

Scheme 3.2 Jablonski Diagram an d Time -Scale of Photophysical Processes. 

 



47 

 

bromides.10  Since these publications, a long-standing goal in our group has been the expansion of 

radical coupling partners to introduce various functionality in a site-selective manner. 

3.3 Initial Exploration ï Expansion of Coupling Partners 

During the initial exploration of coupling partners, former Rovis graduate student Dr. John 

Chu screened a variety of well documented radical taps (Scheme 3.3).11  After initial attempts to 

improve reactivity, many of the yields remained low.  Optimizing reactions with new coupling 

partners was unsuccessful and can be rationalized through a comparison to electron-deficient 

olefins which were successful (previous work seen in Scheme 3.2).  Given that the carbon-centered 

radical formed after [1,5]-HAT from our trifluoroacetamidyl radical is nucleophilic, the radical 

trap should be electrophilic for two reasons: 1) to create a polarity matched regime for trapping 

Scheme 3.3 Expansion of Coupling Partners for d-Functionalization of Trifluoroacetamides . 
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the radical, and 2) to ensure that the resulting radical is reducible by the Ir(II).  Upon addition into 

acrylates, the resulting a-carbonyl radical is easily reduced to regenerate the ground state of the Ir 

photocatalyst.  Along these lines, the electron-deficient alkenes do not interact with the excited 

Ir(III)* directly, rather they wait patiently for to be Ir(II) generated.  When analyzing the various 

radical traps that gave promising initial reactivity, it was soon evident that many of these reagents 

quenched the excited photocatalyst directly, leading to undesired reactivity due to an unbalanced 

catalytic cycle.  We became focused on radical coupling traps that were sufficiently electrophilic 

and behave predictably under photoredox conditions.  

3.4 d-Aminomethylation Optimization and Proposed Mechanism 

Given the prevalence of nitrogen in various small molecules and pharmaceuticals, we screened 

a variety of radical traps to introduce amine functionality selectively at the d-site (azidating, 

aminating, and aminomethylating reagents; Scheme 3.3).  We observed initial desired reactivity 

for d-aminomethylation at a 13% yield (Scheme 3.4).  By switching the nitrogen activating group 

from triflamide to trifluoroacetyl, which preferentially engages in a [1,5]-HAT event under 

Scheme 3.4 Initial Optimization d-Aminomethylation of Trifluoroacetamides.  
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phosphate conditions (Chapter 2, Scheme 2.9), we saw a jump in yield to 40%.  Highlighted 

results from a solvent screen indicate unaccounted mass balance, especially in trifluorotoluene 

when compared to cyclohexane as solvent.  To understand this result, we probed reaction by NMR 

monitoring which revealed product degradation and benzaldehyde formation as by-product.  By 

analyzing the catalytic cycle, we can rationalize how benzaldehyde is created (Scheme 3.5).  The 

deprotonated trifluoroacetamide quenches the excited state of the Ir(III)* photocatalyst.  

Subsequent [1,5]-HAT will produce a nucleophilic d-carbon-centered radical, which readily adds 

across oxime coupling partners.  A final reduction and protonation event results in desired product 

formation while regenerating the ground state of the photocatalyst.  As seen in our previous work  

(Chapter 2, Scheme 2.10), the trifluoroamidyl nitrogen-centered radical can engage in an 

Scheme 3.5 Proposed Mechanism and Product Degradation Pathway ɬ d-Aminomethylation . 
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intermolecular HAT event when the [1,5]-pathway is inaccessible.  Under the reaction conditions, 

the product can still be deprotonated and oxidized.  We propose that this nitrogen-centered radical 

will undergo an intermolecular HAT event to abstract the activated a-oxygen, benzylic hydrogens 

present in the final product, leading to a radical cascade event to liberate by-product benzaldehyde.  

We proposed that by synthesizing an oxime coupling partner which minimize the presence of 

activated C-H bonds, we could deter this undesired pathway.  We envisioned doing so through 

extension of the alkyl chain, increasing the bond strength of the a-oxygen C-Hs.  When subjecting 

formaldehyde O-(3-phenylpropyl) oxime to reaction conditions, we saw an improvement of up to 

77% (Scheme 3.6).  Additionally, the remaining mass balance was accounted for, and no aldehyde 

by-product was detected. 

3.5 Scope 

With optimized conditions in hand, we examined the reaction scope of primary amine derivatives 

(Scheme 3.7).  Simple aliphatic derived trifluoroacetamides are well tolerated to the reaction 

conditions, proceeding in moderate to high yields.  When moving from d-3º centers to d-2º centers, 

we observed a drop in yield.  We attributed this to a more challenging [1,5]-HAT event, due to a 

less stable resulting radical, when compared to their 3º equivalent.  Despite this trend, we do obtain 

product formation for d-1º, albeit this site is electronically biased to push the intramolecular HAT 

event forward.  We then turned our attention to the expansion of the coupling partner beyond 

Scheme 3.6 Optimized Conditions ɬ d-Aminomethylation of Trifluoroacetamides.  
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paraformaldehyde derived oximes.  By introducing electron-deficient moieties, the d-carbon-

centered radical could be efficiently alkylated.  We attributed the diminished yield to interaction 

between the oxime directly with the Ir(III)*, a common undesired pathway for many radical 

coupling partners (Scheme 3.1). 

 

3.6 Efforts toward d-Cyanation 

During the initial screening of radicalphiles, we realized the introduction of a distal cyano 

group could provide the oxidized form of our aminomethylated products which is a valuable 

functionality.  After common cyanide sources did not lead to desired reactivity, we turned our 

attention to exotic isocyanides (Scheme 3.8). Radical addition across isocyanides is a commonly 

Scheme 3.7 d-Aminomethy lation Scope. 
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employed method for synthesizing heteroarenes since the intermediate imidoyl radical readily adds 

across conjugated systems. 12    We wondered if we could bias the fate of this imidoyl radical to 

engage in a b-scission even. If so, a formal cyanation event could occur.  Subjecting Ŭ-

methylbenzyl isocyanide to the reaction conditions produced the desired product in 25% yield 

while liberating a benzylic radical.  As stressed in section 3.1, to turn over the catalytic cyclic, it 

is imperative the resulting radical is reducible.  In this case, the resulting benzylic radical is 

challenging to reduce (E1/2 = -1.60 V vs. SCE), and much more likely to be oxidized (E1/2 = +0.37 

V vs. SCE).13  We then gained inspiration from acrylate coupling partners and used a cyanating 

reagent in which the resulting radical was a-carbonyl, reducible by the Ir(II) photocatalyst to turn 

the cycle over (Scheme 3.9).  Subjecting ethyl isocyanoacetate to the reaction conditions resulted 

in the desired product formation in a 15% yield.  Upon addition into the isonitrile moiety, 

Scheme 3.8 Initial Reactivity ɬ Photoredox-Catalyzed d-Cyanation.  
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subsequent b-scission leads to a 1º a-ester radical.  While promising initial reactivity, we suspected 

that the b-scission step may be sluggish since the resulting radical, albeit stabilized by the ester 

moiety, resides on a 1º carbon center. An improvement in yield was observed when further 

stabilizing this radical by moving to cyclohexyl-derived isocyanoacetate (35%).  After initial 

optimization, we observe the desired product in a 65% yield.  This work was completed with the 

help of visiting student Katharina Schlöegl. 

 

3.7 Summary 

 Using visible light, we have expanded the coupling partners for our photoredox-catalyzed d-

functionalization of trilfuoroacetamides.  Upon nitrogen-radical formation, a [1,5]-H AT directs 

reactivity to the distal site.  This nucleophilic carbon-centered radical then adds across oximes 

and isonitrile couple partners to produce formal aminomethylated and cyanated products. 
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Chapter 4: An Introduction into C -N Bond Activation 

4.1 Classification of Nitrogen-Containing Compounds 

Nitrogen-containing functionality is prevalent in a variety of agrochemicals, natural products, 

and pharmaceutical compounds.  Amines enable a host of molecular interactions within chemical 

biology; therefore, their placement within a small molecule is often meticulously designed.  The 

introduction of a nitrogen can drastically alter a compound's solubility, pharmacokinetics, 

pharmacodynamics, and interaction with biological targets. Since this privileged functionality has 

a profound impact on the overall characteristics of a molecule, extensive effort is devoted to 

method development for the synthesis of amines and amine derivatives.1  Given decades of 

advancement, nitrogen-containing compounds are now easily accessible and readily available.  For 

these reasons, a revolution in how organic chemists view the nitrogen functionality has begun.  

Instead of a perspective which views amines as a synthetic endpoint, they are now seen as 

functional handles for further diversification via C-N bond cleavage events.2 

Within the context of C-N bond activation, the nature of C-N bonds is often classified as 

unactivated or activated C-N bonds (Figure 4.1).  For activated species, the bond cleavage has 

Figure 4.1 Selected Examples of Nitrogen -Containing Compounds . 
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lower energetic barriers due to a large polarization of the C-N bond, as seen in quaternary 

ammonium salts3 and diazonium salts,4 or due to a strain release driving force, evident in triazoles 

and aziridine azaheterocycles.5  The cleavage of these activated bonds are relatively well 

understood, whereas the cleavage of unactivated C-N bonds in amines, amides, ureas, and other 

stable nitrogen-containing functionalities remains underexplored.  

4.2 Transiti on Metal Catalyzed Cleavage of C-N Bonds 

Transition metal-catalyzed C-N bond cleavage can be classified five distinct mechanistic 

pathways: (1) oxidative addition, (2) b-amino elimination, (3) dealkylation of ammonium species, 

(4) insertion/de-insertion mechanisms, (5) hydrolysis of imine/iminium species (Scheme 4.1). 

 

Scheme 4.1 Classification of Transition Metal  Catalyzed C-N Bond Cleavages. 
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Oxidative-Addition: In 2003, MacMillan and co-workers published the first Suzuki cross-coupling 

between aryltrimethylammonium triflates and aryl boronic acids.6  The trialkylammonium salts 

were easily obtained by the treatment of aniline derivatives with excess methyl triflate.  The C-N 

bond cleavage event is proposed to occur via oxidative addition.   

b-Amino Elimination: b-amino elimination pathways have been implemented to cleave the C-N 

bond of tertiary amines,7 as well as amide moieties.8  The Loh group demonstrated an 

intramolecular Mizoroki-Heck between aryl bromides and N-vinyl acetamide.9 After oxidative 

addition into the aryl halide, a 5-exo-cyclization primes the intermediate to undergo a b-amino 

elimination, formally cleaving the C-N bond.  

Dealkylation of Ammonium Species: The formation of quaternary ammonium salts often leads to 

dealkylation, with the driving force being neutralization of charged species.  Kuninobu, Takai, and 

co-workers reveal the de-methylation of tertiary amines to generate glycine derivatives.10  FeCl3 

activates the diazoacetate to nucleophilic attack from aniline, leading to the formation of the 

ammonium species and eliminating N2.  Protonating off the metal center primes the ammonium 

species to undergo C-N bond cleavage via the elimination of a methyl group.  

Insertion-deinsertion:  Upon cleavage of the N-CN bond of cyanamide through insertion-

deinsertion pathways, both a cyanating reagent and aminating reagent are generated.11  In 2011, 

Beller and co-workers demonstrated how cleaving the N-CN bond of N-cyano-N-tosyl-

sulfonamide liberates an electrophilic cyanide source.12  After transmetallation between the aryl 

boronic acid and rhodium catalyst, the CſN nitrogen will coordinate.  Subsequent insertion of the 

Rh-Ar into this cyano moiety and successive rearrangement leads to C-N bond cleavage to liberate 

the desired aryl nitrile product.  In addition to insertion/desertion pathways, cyanamide N-CN bond 

cleavage can occur via Lewis-assisted oxidative addition routes. 
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Hydrolysis of Iminium Species: CN bond cleavage via the formation of imine/iminium species is 

common among amines, diamines, and even amide functionalities.  These often-reactive 

intermediates are readily hydrolyzed under aqueous conditions.  In 2011, Huang and co-worker 

reported a palladium-catalyzed hydroaminocarbonylation of styrenyl coupling partners and 

aminals under an atmosphere of CO.13  The mechanistic proposal involves an acyl Pd species, 

formed upon insertion of alkene and CO into the palladium hydride, to assist in C-N bond cleavage 

of the diamine via the formation of am iminium byproduct.  The iminium species can then also be 

trapped by addition acyl Pd in solution, and a final reductive elimination leads to the desired 

product formation. 

4.3 Current Methods for Transition -Metal Catalyzed C-N Activation of 

Primary Amines 

While primary amines offer immense synthetic leverage, harnessing the C-N bond as a 

functional handle for deaminative transformations remains underutilized.  This can be attributed 

to the high C-N bond strength and inherent Lewis basicity of amines, often leading to unproductive 

reactivity. While a handful of examples accomplish this goal, most approaches are limited to allylic 

or benzylic amines (Scheme 4.2).14   

Cleavage vis Oxidative-Addition: Tian and co-workers activated the C-H bond of allylic amines 

by coordination with boronic acid.15  Oxidative addition into the activated C-N bond leads to C-N 

bond cleavage and formation of a palladium p-allyl.  Sulfinate salts then add across this allylic 

electrophile.  This electrophilic Pd p-allyl complex has been trapped by a variety of nucleophilic 

sources (boronates,16 phosphonium ylides,17 hypophosphorous/phosphinic acids,18 

malononitriles,19 hydrazines,20 nonallylic amines,21 and sulfonyl hydrazides22).  
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Cleavage via Hydrolysis of Iminium Species: C-N bond cleavage via hydrolysis of imine/iminium 

species is common when starting from tertiary amines since the a-C-H bond are easily oxidizable.  

This oxidation is more challenging in primary amine derivatives, resulting in more challenging 

imine formation.  Under aerobic conditions, Jiang and co-workers generated 2,4,6-trisubstituted 

pyridines from benzylic amine starting materials and ketone coupling partners.23   

Cleavage via Dealkylation of Ammonium Species: In the same body of work from Jian and co-

workers, they demonstrate when starting from pyridine-2-yl methylamine deaminative alkylation 

occurs.  They propose formation of an alkenyloxy-Cu species liberates HOTf allowing for 

protonation of the free amine to sufficiently weaken the C-N bond. Subsequent displacement of 

the ammonium moiety during intramolecular nucleophilic attack leads to alkylated product.  This 

approach to weaken the C-N bond through the formation of ammonium ion mirrors the activation 

of C-N bonds of quaternary ammonium salts.   

Scheme 4.2 Transition Metal Catalyzed C -N Bond Cleavage of Primary Amines . 
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4.4 Activating the C-N Bond of Primary Amines through Pyridium Salt 

Formation  

The use of primary amines as alkyl precursors has garnered tremendous attention in recent 

years with the re-emergence of Katritzky salts.24 A trivial condensation between primary amines 

and 2,4,6-triphenylpyrylium tetrafluoroborate generates redox-active pyridinium salts (Scheme 

4.3).  In 2017, Watson and co-workers demonstrated the first transition metal-catalyzed 

deaminative cross-coupling of unactivated alkyl primary amines through the formation of 

Scheme 4.3 Activation of Primary Amines via Katritzky Salt Formation . 
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pyridinium salts.25  Since this seminal publication, the use of primary amines as alkyl precursors 

has garnered tremendous attention, and many groups have adapted and expanded upon 

methodology employing Katrizky Salts.  In addition to transition-metal catalyzed processes,26 the 

use of redox-active pyridinium salts has expanded into the area of photoredox-catalysis when 

Glorius and co-workers translated this mode of C-N activation to a photoredox-catalyzed 

deaminative Minisci reaction.27  With a single electron reduction potential of approximately -0.9 

V vs. SCE,28 the C(sp3)-N bond is homolyzed via a radical cleavage event to produce an alkyl 

radical as well as 2,4,6-triphenylpyridine.  Watson proposed a Ni(I) species reducing the Katritzky 

salt, whereas Glorius demonstrated the excited state of highly reducing iridium photocatalyst 

capable of triggering the radical cleavage event.  This methodology is compatible with photoredox-

catalysis and many groups have employed Katritzky salts as alkyl radical precursors.29  Soon 

thereafter, in 2019, Molander and co-workers merged the two methodologies to perform a dual 

Ni/photoredox-catalyzed deaminative reductive arylation between pyridinium salts and aryl 

bromides.30  Using triethylamine as a sacrificial reductant, this cross-electrophile coupling 

successfully tolerates various alkylamines and (hetero)aryl-coupling partners.   

Whereas transition-metal/photoredox-catalyzed processes dominate the vast majority of 

catalyzed deaminative C-N activations,31 Hong and co-workers have recently reported a-N-

heterocyclic carbene-catalyzed coupling between Katrizky salts and simple aldehyde starting 

materials.32  The C-N bond cleavage event is proposed to occur via a SET between the Breslow 

intermediate and pyridinium salt.  The resulting alkyl radical will then undergo radical-radical 

coupling with the newly formed ketyl radical.  Subsequent hydrolysis delivers the desired ketone 

and regenerates the NHC catalyst.  In this same publication, Hong and co-workers expand their 
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methodology to a three-component coupling reaction between Katritzky salts, alkenes, and 

aldehydes.   

In all such instances in which Katritzky salts are subjected to either transition-metal or 

photoredox-catalysis, the mode of activation occurs through a single electron reduction.  There is 

a single example where Loh and co-workers report a transition-metal-free deaminative vinylation 

in which the C-N bond is proposed to be cleaved under thermal conditions (Scheme 4.4).33  

Subsequent trapping with vinyl boronic acids leads to desired product formation.  Additionally, in 

2019, Aggarwal and co-workers demonstrated the Katritzky salt activation through the formation 

of electron-donor-acceptor (EDA) complexes (Scheme 4.4).34 An EDA complex between the 

pyridinium salt and B2Cat2 facilitated a photoinduced SET to reduce the Katritzky salt leading to 

C-N cleavage and oxidize B2Cat2 to initiate the reaction.  Using the same methodology, Aggarwal 

and co-workers performed a catalyst-free deaminative Giese reaction in which a photoinduced 

SET between the pyridinium salts and Hantzsch ester leads to C-N bond cleavage.35  

Scheme 4.4 Catalyst Free Deaminative Transformations using Katritzky Salts . 
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4.5 Summary 

A reinvigorated effort for C-N bond activation over the last several years has caused chemists 

to begin thinking of C-N bonds as alkylating reagents. While there are several established ways to 

activate C-N bonds for cleavage such as diazonium formation, our community requires additional 

methods to address the challenges facing this area. Current methods address activated amines, and 

commonly use harsh oxidants or acids. A shift towards transforming unactivated, simple amine 

building blocks into powerful alkylating reagents is ongoing. 

4.6 References 

 
1 Trowbridge, A. Walton, S. M. Gaunt, M. J. Chem. Rev. 2020, 120, 2613. 

2 (a) Ouyang, K.; Hao, W.; Zhang W. -X.; Xi, Z. Chem. Rev. 2015, 115, 12045. (b) Wang, Q.; Su, 

Y.; Li, L.; Huang, H. Chem. Soc. Rev. 2016, 45, 1257. (c) Desnoyer, A. N.; Love, J. A. Chem. Soc. 

Rev. 2017, 46, 197. (d) Li, G.; Chen, Y.; Xia, J. Chin. J. Org. Chem. 2018, 38, 1949. (e) Pound, S. 

M.; Watson, M. P. Chem. Commun. 2018, 54, 12286. 

3 Wang, Z. -X.; Yang, B. Org. Biomol. Chem. 2020, 18, 1057. 

4 (a) Roglans, A.; Pla-Quintana, A.; Moreno-MaŔas, M. Chem. Rev. 2006, 106, 4622.  (b) Taylor, 

J. G.; Moro, A. V.; Correia, C. R. D. Eur. J. Org. Chem. 2011, 1403. (c) Felpin, F.-X.; Nassar-

Hardy, L.; Le Callonnec, F.; Fouquet, E. Tetrahedron 2011, 67, 2815. (d) Mo, F.; Dong, G.; Zhang, 

Y.; Wang, J. Org. Biomol. Chem. 2013, 11, 1582. 

5 (a) Khumtaveeporn, K.; Alper, H. Acc. Chem. Res. 1995, 28, 414. (b) Huang, C.-Y.; Doyle, A. 

G. Chem. Rev. 2014, 114, 8153. (c) Khlebnikov, A. F.; Novikov, M. S. Tetrahedron 2013, 69, 

3363. (d) Dejaegher, Y.; Kuz'menok, N. M.; Zvonok, A. M.; De Kimpe, N. Chem. Rev. 2002, 102, 

29. (e) Alcaide, B.; Almendros, P.; Aragoncillo, C. Chem. Rev. 2007, 107, 4437. (f) Couty, F.; 

Evano, G. Synlett 2009, 3053. 



64 

 

 
6 Blakey, S. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2003, 125, 6046. 

7 (a) Trzeciak, A. M.; Ciunik, Z.; ZioğӢkowski, J. J. Organometallics 2002, 21, 132. (b) Yap, J. S. 

L.; Ding, Y.; Yang, X.-Y.; Wong, J.; Li, Y.; Pullarkat, S. A.; Leung, P.-H. Eur. J. Inorg. Chem. 

2014, 5046. (c) Hosokawa, T.; Kamiike, T.; Murahashi, S.-I.; Shimada, M.; Sugafuji, T. 

Tetrahedron Lett. 2002, 43, 9323. (d) Zou, B.; Jiang, H.-F.; Wang, Z.-Y. Eur. J. Org. Chem. 2007, 

4600. 

8 (a) Yao, M.-L.; Adiwidjaja, G.; Kaufmann, D. E. Angew. Chem., Int. Ed. 2002, 41, 3375. (b) 

Prakash, P.; Aparna, P. S.; Jijy, E.; Santhini, P. V.; Varughese, S.; Radhakrishnan, K. V. Synlett 

2014, 25, 275. 

9 Wang, M.; Zhang, X.; Zhuang, Y. -X.; Xu, Y. -He.; Loh, T. -P. J. Am. Chem. Soc. 2015, 137, 

1341. 

10 Kuninobu, Y.; Nishi, M.; Takai, K. Chem. Commun. 2010, 46, 8860. 

11 Prabhath, M. R. R.; Williams, L.; Bhat, S. V.; Sharma, P. Molecules 2017, 22, 615. 

12 Anbarasan, P.; Neumann, H.; Beller, M. Angew. Chem. Int. Ed. 2011, 50, 519. 

13 Zhang, G.; Gao, B.; Huang, H. Angew. Chem., Int. Ed. 2015, 54, 7657. 

14 (a) Ouyang, K.; Hao, W.; Zhang, W.-X.; Xi, Z. Chem. Rev. 2015, 115, 12045. (b) Wang, O.; Su, 

Y.; Li, L.; Huang, H. Chem. Soc. Rev. 2016, 45, 1257-1272. 

15 Wu, X. -S.; Chen, Y.; Li, M. -B.; Zhou, M. -G.; Tian, S. -K. J. Am. Chem. Soc. 2012, 134, 14694. 

16 Li, M. B.; Wang, Y.; Tian, S. -K. Angew. Chem., Int. Ed. 2012, 51, 2968. 

17 Ma, X. -T.; Wang, Y.; Dai, R. -H.; Liu, C. -R.; Tian, S. -K. J. Org. Chem. 2013, 78, 11071. 

18 Wu, X. -S.; Zhou, M. -G.; Chen, Y.; Tian, S. -K. Asian J. Org. Chem. 2014, 3, 711. 

19 Li, M. -B.; Li, H.; Wang, J.; Liu, C. -R.; Tian, S. -K. Chem. Commun. 2013, 49, 8190. 

20 Wang, Y.; Xu, J. -K.; Gu, Y.; Tian, S. -K. Org. Chem. Front. 2014, 1, 812. 



65 

 

 
21 Wang, Y.; Li, M.; Ma, X.; Liu, C.; Gu, Y.; Tian, S. -K. Chin. J. Chem. 2014, 32, 741. 

22 Wang, T. -T.; Wang, F. -X.; Yang, F. -L.; Tian, S.-K. Chem. Commun. 2014, 50, 3802. 

23 Huang, H.; Ji, X.; Wu, W.; Huang, L.; Jiang, H. J. Org. Chem. 2013, 78, 3774. 

24 For a review, see: Correia, J. T. M.; Fernandes, V. A.; Matsuo, B. T.; Delgado, J. A. C.; de 

Souza, W. C.; Paixao, M. W. Chem. Commun. 2020, 56, 503-514. 

25 Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.; Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313-

5316. 

26 (a) Ni, S.; Li, C. -X.; Mao, Y.; Han, J.; Wang, Y.; Yan, H.; Pan, Y. Sci. Adv. 2019, 5. (b) Yu, C. 

-G.; Matsuo, Y. Org. Lett. 2020, 22, 950. (c) Baker, K. M.; Lucas Baca, D.; Plunket, S.; Daneker, 

M. E.; Watson, M. P. Org. Lett. 2019, 21, 9738. (d) Zhu, Z. -F.; Tu, J. -L.; Liu, F. Chem. Commun. 

2019, 55¸11478. (e) Jin, Y.; Wu, J.; Lin, Z.; Lan, Y.; Wang, C. Org. Lett. 2020, 22, 5347. (f) Wang, 

J.; Hoerrner, M. E.; Watson, M. P.; Weix, D. J. Angew. Chem. Int. Ed. 2020, 59, 13484. (g) 

Hoerrner, M. E.; Baker, K. M.; Basch, C. H.; Bampo, E. M.; Watson, M. P. Org. Lett. 2019, 21, 

7356. (h) Liao, J.; Basch, C. H.; Hoerner, M. E.; Talley, M. R.; Boscoe, B. P.; Tucker, J. W.; 

Garnsey, M. R. Watson, M. P. Org. Lett. 2019, 21, 2941. (i) Plunkett, S.; Basch, C. H.; Santana, 

S. O.; Watson, M. P. J. Am. Chem. Soc. 2019, 141, 2257. (j) Guan, W.; Liao, J.; Watson, M. P. 

2018, 50, 3231. (k) Liao, J.; Guan, W.; Boscoe, B. P.; Tucker, J. W.; Tomlin, J. W.; Garnsey, M. 

R.; Watson, M. P. Org. Lett. 2018, 20, 3030. (l) Cobb, K. M.; Rabb-Lynch, J. M.; Hoerrner, M. 

E.; Manders, A.; Zhou, Q.; Watson, M. P. Org. Lett. 2017, 19, 4355. 

27 Klauck, F. J. R.; James, M. J.; Glorius, F. Angew. Chem. Int. Ed. 2017, 56, 12336. 

28 Grimshaw. J.; Moore, S.; Trocha-Grimshaw, J. Acta Chem. Scand., Ser. B 1983, 37, 485. 

29 (a) Klauck, F. J. R.; Yoon, H.; James, M. J.; Lautens, M.; Glorius, F.  ACS Catal. 2019, 9, 236. 

(b) Zhang, M. -M.; Liu, F. Org. Chem. Front. 2018, 5, 3443. (c) Yang, Z. -K.; Xu, N. -X.; Wang, 



66 

 

 

C.; Uchiyama, M. Chem. Eur. J. 2019, 25, 5433. (d) Zhu, Z. -F.; Zhang, M. -M.; Liu, F. Org. 

Biomol. Chem. 2019, 17, 1531. (e) Wang, X.; Kuang, Y.; Ye, S.; Wu, J. Chem. Commun. 2019, 

55, 14962. (f) Xu, Y.; Xu, Z. -J.; Liu, Z. -P.; Lou, H. Org. Chem. Front. 2019, 6, 3902. (g) 

Schönbauer, D.; Carlo, S.; Noël, T.; Schnürch, M. Beilstein J. Org. Chem. 2020, 16, 809. 

30 Yi, J.; Badir, S. O., Kammer, L. M., Ribagorda, M.; Molander, G. Org. Lett. 2019, 21, 3346. 

31 For transition-metal free deaminative transformations, see: (a) Lübbesmeyer, M.; Mackay, E. 

G.; Raycrof, M. A. R.; Elfert, J.; Pratt, D. A.; Studer, A. J. Am. Chem. Soc. 2020, 142, 2609. (b) 

Zhao, F.; Li, C. -L.; Wu, X. -F. Chem. Commun. 2020, 56, 9182. 

32 Kim, I.; Im, H.; Lee, H.; Hong, S. Chem. Sci. 2020, 11, 3192. 

33 Hu, J.; Cheng, B.; Yang, X.; Loh, T. -P. Adv. Synth. Catal. 2019, 361, 4902. 

34 Wu, J.; He, L.; Nobel, A.; Aggarwal, V. K. J. Am. Chem. Soc. 2018, 140, 10700. 

35 Wu, J.; Grant, P. S., Li, S.; Nobel, A.; Aggarwal, V. K. Angew. Chem. Int. Ed. 2019, 58, 5697. 



67 

 

Chapter 5: Photoredox-Catalyzed Deaminative Alkylation via C-N 

Bond Activation of Primary Amines 

5.1 A Brief Overview of Alkylati ng Reagents 

Cross-coupling reactions are one of the most commonly employed methods to construct new 

carbon-carbon bonds.1  The coupling of C(sp3) centers often relies on unstable, highly reactive 

alkyl-organometallic reagents to achieve transmetallation events.2  Since the onset of photoredox-

catalysis, the emergence of radical alkyl precursors (Figure 5.1) has allowed for the construction 

of C(sp3)-C(sp2) and C(sp3)-C(sp3) under mild reaction conditions from a variety of simple starting 

materials.3  The most commonly utilized functional handles in this area are alkyl halides, and 

carboxylic acids due to their broad commercial availability (Figure 5.2).  Primary amines are 

rarely employed as alkyl precursors in cross-couplings, despite being present in a wide range of 

building blocks. Traditionally, organic chemists have focused on N-H functionalization of amines, 

such as reductive aminations4 or cross-couplings.5 Additionally, amines can be employed as 

directing groups for C-H activation to achieve a,6 b,7 g,8 and d9 C-H functionalization.  It was not 

until recently, with the advent of Katritzky salts, that their use as alkylating reagents has gained 

popularity.  Importantly, primary amines are as commercially available as alkyl halide and 

Figure 5.1 Common Radical Alkylating Reagents . 
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carboxylate precursors; therefore, we sought to harness the C-N bond for deaminative radical 

cross-coupling transformations.10 

5.2 Closer Analysis of Katritzky Pyridinium Salts. 

While amines offer immense synthetic leverage, harnessing the C-N bond as a functional handle 

for deaminative transformations remains underutilized. To achieve this, additional methods for C-

N functionalization of unactivated primary amines are required. Until recently, most approaches 

were limited to allylic or benzylic amines.11 The use of primary amines as alkyl precursors has 

garnered tremendous attention with the re-emergence of Katritzky salts.12 In 2017, the Watson 

Figure 5.2 Comparison of Commercial Availability between Alkyl Halides, Carboxylic Acids, 

and Primary Amines.  

 

Figure 5.3 Mechanistic Limitations of Katritzky Salts as an Activating Group . 
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group demonstrated the transformative power of using C-N bonds for a deaminative Suzuki-

Miyaura, in which the primary amine sources contained unactivated alkyl groups.13 Since this 

seminal publication, many research groups have used pyridinium salts for a variety of transition-

metal catalyzed14 and photoredox-catalyzed15,16 deaminative functionalizations.17 Notably, these 

salts are predominantly activated via a single-electron reduction (~-0.9 V vs. SCE18).19 The 

popularity of Katritzky salts as a functional handle is attributed to a catalyst-free, trivial activation 

step in which primary amines are condensed on pyrylium salts. However, this is limited to a-1Á 

and a-2Á amines, whereas more sterically encumbered a-3Á amines do not condense (Figure 

5.3).20  Our goal was two-fold: (1) create a method to activate C-N bonds of sterically congested 

primary amines and (2) liberate the alkyl radical via a non-reductive event, to provide a 

complementary approach to Katritzky salt activation.   

5.3 Initial Attempts for C-N Bond Cleavage via HAT  

Gaining inspiration from our previous work in which alkyl radicals were trapped with isocyanide 

coupling partners for a formal cyanation event (Scheme 3.9),21  we aimed to generate the same 

Scheme 5.1 Initial Reaction Design and Proof of Concept for the Formation of Imidoyl 

Radicals via HAT.  


















































































































































































































































































































































































