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ABSTRACT 

        The worldwide reliance on fossil fuels for energy and petrochemicals poses a massive 

environmental hazard. Furthermore, many chemical processes rely on precious metals that 

have low abundance on Earth and are threatened. As the world population grows rapidly, 

these factors pose an increasing threat to our planet and new chemical processes are needed 

that employ earth-abundant catalysts and alternative chemical currencies such as light and 

electricity derived from renewable sources.  

Chapter 2 discusses an in-depth mechanistic study of the photoinduced, copper-

mediated cross-coupling of aryl thiols with aryl halides. This reaction employs light energy 

and an earth-abundant metal to achieve bond formation through a pathway distinct from that 

of thermal reactions. In particular, I focus on the stoichiometric photochemistry and 

subsequent reactivity of a [CuI(SAr)2]
 – complex (Ar = 2,6-dimethylphenyl). A broad array 

of experimental techniques furnish data consistent with a pathway in which a photoexcited 

[CuI(SAr)2]
-* complex undergoes SET to generate a CuII species and an aryl radical, which 

then couple through an in-cage radical recombination. 

Chapter 3 discusses the surface attachment of a P3
BFe complex to a carbon electrode, 

and the electrochemical generation of ammonia from N2 by the surface-appended species 

(P3
BFe = tris-phosphinoborane). Ammonia production is achieved industrially by the 

combination of N2 and H2, the latter of which is derived from methane with concomitant 

production of CO2. Alternative chemical processes, such as the use of energy derived from 

electricity, are vital for the decreasing the carbon footprint of ammonia production. Synthetic 

modification of a previously-reported P3
BFe complex by addition of three pyrene substituents 

onto the catalyst backbone allows non-covalent attachment onto a graphite surface. The 
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resulting functionalized electrode shows good stability towards iron desorption under 

highly reducing conditions, and produces 1.4 equiv NH3 per iron site. The data presented 

provide the first demonstration of electrochemical nitrogen fixation by a molecular complex 

appended to an electrode. 
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1
C h a p t e r  1  

INTRODUCTION 

1.1 Motivation 

Over the current century, rapidly growing world population and increased energy 

usage in the developing world is projected to lead to at least a three-fold increase of 

worldwide energy usage.1 The majority of energy currently comes from non-renewable 

sources that produce CO2 emissions, contributing to climate change.2 While renewable 

energy alternatives exist for providing electricity with a low carbon footprint, many chemical 

processes are reliant on fossil-fuel feedstocks such as natural gas.3  

            Furthermore, many important chemical processes rely on precious metals such as Pd, 

Rh, and Ir.4, 5 These metals have low abundance on earth and their continued usage is not 

sustainable based on projected worldwide growth. Due to the use of precious metals and 

fossil-fuel based chemical feedstocks in many vital chemical processes, there is an urgent 

need to develop new chemical methods that use earth-abundant metals and incorporate 

alternative sources of energy such as sunlight and electricity.6 

The use of alternative chemical processes opens up new methods for bond formation 

based on divergent reactivity.7 The development on new strategies for difficult bond 

formation reactions also opens up the possibility of discovering new transformations 

unachievable with previous methods. To better apply these new chemical methods to broader 

classes of reactions, we seek to understand the mechanism of these transformations and 

identify key reaction steps that we can alter through reaction design. The design and study 
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of photochemical and electrochemical reactions mediated by earth-abundant metals will 

lead to a greater understanding of reaction pathways operative in these classes of reactions. 

 However, many barriers exist to elucidating pathways of photochemical and 

electrochemical reactions. Photochemical reactions are often complex, and common 

spectroscopic methods that are suitable for thermally-driven reactions are not always 

applicable to their study. Electrochemical transformations can be difficult to control due to 

the interfacial and heterogeneous nature of electron transfer. Multi-electron, multi-proton 

redox processes are also complex due to the vast number of possible reaction pathways that 

can be spanned. Despite these difficulties, improvement and study of electrochemical and 

photochemical reactions is necessary to better employ renewable energy sources for 

chemical reactions. This thesis will discuss the study of photochemical bond formation 

reactions and development of an electrochemical N2 reduction system. 

1.2 Copper-Mediated Cross Coupling and Photochemistry 

 

Scheme 1.1: Copper-mediated Ullmann coupling.  

 The coupling of nucleophiles and electrophiles catalyzed by copper dates back to the 

early 20th century, making it the first example of metal-catalyzed cross-coupling (Scheme 

1.1).8, 9 These early coupling reactions required harsh reaction conditions and showed limited 

functional group tolerance, leading to these methods being superseded by catalytic reactions 

based on precious metals such as palladium.10 In the early 21st century, it was discovered that 

the addition of chelating ligands, typically bidentate nitrogen donors, led to enhanced 

reactivity at lower temperatures with broader functional group tolerance relative to ligand-
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free conditions (Scheme 1.2).11 Over the last 15 years, there has been a significant growth 

in the use and number of reports of copper-catalyzed reactions.12 

 

Scheme 1.2: Copper-catalyzed, ligand-accelerated Ullmann coupling.  

 Copper complexes have also been noted for their desirable photophysical properties, 

such as long excited-state lifetimes and highly reducing excited states.13 Our group has 

studied a number of P- and N-coordinated CuI complexes that access highly-reducing excited 

states, and we sought to employ these complexes to achieve copper-mediated bond formation 

reactions through single-electron redox processes.14–17 In 2012, we reported the copper-

catalyzed coupling of carbazole with aryl halides through a radical pathway (Figure 1.1).18 

This approach has been successfully expanded to a number of nucleophiles and electrophiles, 

yet many mechanistic questions remained (and still remain) unanswered. 

Figure 1.1: (A) Photoexcitation of a CuI–amide to access a highly reducing excited state. 

(B) Photoinduced C–N cross-coupling catalyzed by a CuI–amide. 

1.3 Mechanism of Copper-mediated Coupling Reactions 

Despite the long history of copper-catalyzed coupling reactions, very little was 

understood about the pathways operative in these reactions until recently. This lack of 
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understanding provided an obstacle to reaction discovery and optimization, as chemists 

were not able to make rational choices in testing substrates and ligands. 

Early mechanistic work on thermal copper-catalyzed coupling reactions 

demonstrated that CuI–nucleophile complexes are key reaction intermediates, and that these 

intermediates can react with electrophiles.19 Several mechanisms have been proposed for this 

step, including (i) oxidative addition to generate a CuIII intermediate, (ii) halogen atom 

transfer to generate a CuII–halide and electrophile radical, (iii) single-electron transfer (SET) 

to generate a CuII complex and electrophile radical, and (iv) σ-bond metathesis through a 4-

centered transition state (Figure 1.2).  

 

Figure 1.2: Possible pathways for ligand-accelerated Ullmann coupling reactions.  

 A number of radical clock and radical trapping experiments have disfavored 

mechanisms involving the formation of a free electrophile radical (Figure 1.3).19, 20 However, 

these studies do not exclude the possibility of short-lived radical intermediates that undergo 

rapid recombination. Mechanistic studies on the reaction of iodobenzene and both methanol 

and methylamine concluded that both iodine atom transfer and single electron transfer 

mechanisms were accessible, with the preferred pathway depending on the nature of the 

nucleophile and ancillary ligand.21 While evidence exists for all pathways mentioned, most 
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proposals favor oxidative addition to generate a CuIII species.22 The Ribas and Stahl groups 

demonstrated the viability of this oxidative addition mechanism by stoichiometrically 

demonstrating the synthesis of a macrocyclic CuIII complex that undergoes reductive 

elimination to form a C–N bond (Scheme 1.3).23 It is likely that different mechanisms may 

be operative in thermal Ullmann coupling reactions depending on the reaction conditions, or 

that multiple pathways may be accessible even in a single reaction. 

 

Figure 1.3:  Radical clock experiments disfavoring the intermediacy of an aryl radical in 

the copper-catalyzed C–N (left) and C–S (right) coupling reactions. 

 

Scheme 1.3: Model chemistry demonstrating the viability of a CuI/CuIII cycle based on 

oxidative addition and reductive elimination for C–N coupling. 

 In the photoinduced arylation of carbazole by a copper phosphine complex, early 

evidence supports a mechanism involving photoexcitation of a bis-phosphine copper 

carbazolide species as the first step.18 Complexes of this type can be quenched by 

iodobenzene, and EPR data of a frozen reaction mixture revealed the presence of a CuII 

species, consistent with photoinduced single-electron transfer (SET) from CuI to 

iodobenzene to form a CuII species and an aryl radical (Figure 1.4). Radical cyclization 
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experiments supported the intermediacy of an aryl radical, but the mechanism of the bond 

formation step was not determined. 

Figure 1.4: Early mechanistic studies of photoinduced, Cu-catalyzed cross-coupling. (A) 

Radical clock experiments demonstrating the intermediacy of an aryl radical. (B) 

Observation of a CuII species under catalytic conditions, which is proposed to be involved in 

C–N bond formation.  

 Following this report, a number of photoinduced copper-catalyzed cross coupling 

reactions were reported by our group, including N-alkylation,24, 25 S-arylation,26 O-

arylation,27 and C-alkylation reactions.28 These reactions did not require traditional ligands 

such as phosphines, and proceeded under varying conditions. We then sought to investigate 

the mechanism of these reactions to determine the factors affecting these ligand-free 

reactions and to characterize the mechanistic diversity of these reactions. In particular, we 

sought to determine the active species in these reactions, understand their photochemical 

properties, and better understand the nature of the coupling step. 

1.4 Reduction of N2 to NH3 by Molecular Catalysts 

The splitting of dinitrogen into ammonia is an essential process for worldwide 

agriculture, and is performed on a scale of 413 Tg N annually.29 Nitrogen is fixed naturally 

primarily by nitrogenase enzymes that reside in root nodules of plants such as soybeans and 
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other legumes.30 However, the amount of nitrogen fixed enzymatically falls significantly 

short of current worldwide demand.29, 31 

As a supplement to natural sources of fixed nitrogen, industrial ammonia production 

represents a significant cost for the efficient growth of various crops. Industrially, N2 is fixed 

by the Haber-Bosch process on a scale of 120 Tg N annually.31 The Haber-Bosch process 

employs an iron-based catalyst to convert H2 and N2 to ammonia at high temperature and 

pressure. While efficient, the Haber-Bosch process uses 2% of the global energy output and 

requires significant infrastructure. The majority of this energy input is employed for H2 

production through steam reforming and the water-gas shift reaction, which leads to CO2 

formation.29, 32 The low volumetric energy density of H2 also requires its on-site production 

and limits Haber-Bosch plants to areas that have large amounts of hydrocarbon fuels.33 

Development of scalable alternatives to the Haber-Bosch process that can be coupled to solar 

light or energy is important to the decentralized production of ammonia in the developing 

world, as well as to meeting the growing demand for ammonia-based fertilizer throughout 

the developed world.  

 As an alternative to the Haber-Bosch process, the fixation of N2 with protons and 

electrons has been proposed as a scalable and energy-efficient method.33 In particular, the 

reduction of dinitrogen with electricity derived from renewable sources is of particular 

interest. Significant progress has been made in the reduction of dinitrogen by transition metal 
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complexes over the past 50 years, although efficient catalytic reduction of N2 remains 

difficult. 

 

Figure 1.5: (A) The first example of N2 binding to a transition metal. (B) Protonation of a 

metal-bound N2 fragment to give N–H bond formation. (C) Catalytic reduction of N2 to 

ammonia by a molybdenum complex. 

 The binding of N2 to a transition metal center was first observed by Allen and Senoff 

at a RuII center in 1965.34 In 1972, protonation of a metal-bound N2 fragment was first 

reported by Chatt,35 to give a M=NNH2 species (Figures 1.5A, 1.5B). Catalytic reduction of 

N2 to ammonia was then first reported by Schrock in 2003 at a Mo center (Figure 1.5C).36 

This report was followed by a number of other reports of catalytic N2 reduction, including 

the reduction of N2 to NH3 by P3
BFe by our group.37, 38 Despite the rapidly growing number 
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of reports of N2 reduction by molecular complexes, chemical reductants and large driving 

forces are required in nearly every case.  

1.4.1 Viability of Electrochemical Reduction 

 

Figure 1.6: (A) Stoichiometric reduction of N2 to ammonia by a tungsten complex at a Hg 

pool electrode by Pickett. (B) Electrocatalytic reduction of N2 to ammonia by a molecular 

iron complex and a cocatalytic redox mediator by our group. 

While most examples of molecular N2 fixation have utilized relatively strong 

chemical reductants as the electron source, there has been long-standing interest in using 

alternative electron sources in N2 fixation. Reduction of dinitrogen to ammonia without 

stoichiometric chemical reductants is necessary for coupling ammonia production to sunlight 

or electricity. In 1985, Pickett and coworkers demonstrated the stoichiometric reduction of 

N2 to NH3 at an electrode mediated by a tungsten phosphine complex (Figure 1.6A).39–41 

Recently, our group has demonstrated the electrocatalytic reduction of N2 at low temperature 

by a tris-phosphinoborane iron catalyst (P3
BFe, Figure 1.6B).42, 43 This was followed by the 

Berben group’s report of stoichiometric N2 electroreduction by an aluminum complex at 
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lower overpotential.44 These electroreductions demonstrate the viability of a molecular 

electrochemical strategy to reduce N2 to ammonia. 

1.5 Surface Attachment of Molecular Electrocatalysts 

Electrocatalysis is fundamentally important for securing our energy future and 

producing chemical fuels from renewable energy.45 Catalysis by synthetic transition metal 

complexes offer significant advantages over heterogeneous materials, including the ability 

to control interactions in their coordination sphere and the multitude of spectroscopic 

techniques available to study mechanism. These mechanistic understandings can allow 

rational alteration of catalysts to increase activity and stability. 

 A number of difficulties arise when soluble molecular complexes are employed as 

electrocatalysts in solution:46 only a small portion of the added catalyst is electrochemically 

active at a given time, deleterious bimolecular pathways can occur, catalyst can diffuse into 

both chambers of the electrochemical cell, and mechanistic study of molecular 

electrocatalysts presents numerous challenges. To avoid these difficulties, molecular 

catalysts can be immobilized on an electrode surface. While appealing, catalyst 

immobilization presents its own challenges. Most immobilization techniques require 

significant modification to the original catalyst synthesis, and may not be broadly applicable. 
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It is then difficult to determine the nature of the metal sites on the electrode, and the 

resulting catalyst activity may differ from that of the freely diffusing catalyst. 

 

Figure 1.7: Overview of common strategies for surface attachment of molecular 

electrocatalysts. 

 Surface immobilization can be achieved by a number of approaches by using various 

types of catalyst-surface interactions, including both covalent and non-covalent attachment 

(Figure 1.7). Common covalent strategies include reduction of an aryl diazonium, Cu-

catalyzed alkyne-azide click reaction, and alkyne oxidation. Common non-covalent 

strategies include adsorption of phosphonates on metal oxide layers and adsorption of pyrene 

moieties onto graphitic carbon surfaces. Covalent attachment methods generally require the 

incorporation of reactive functional groups and harsh redox processes that may interfere with 

catalyst synthesis, while adsorption on metal oxide layers allow limited electrode materials 

to be used. 

 A number of electrocatalytic reactions relevant to the generation of chemical fuels 

from electricity have been demonstrated by surface-attached molecular catalysts. The 

hydrogen evolution reaction (HER) has been heavily studied, as it is the simplest fuel-
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forming reaction. A broad number of attachment strategies have been demonstrated for 

HER by an immobilized catalyst.46 The CO2 reduction reaction (CO2RR) has also been 

explored; the harsher and more reducing conditions required for CO2RR have however 

limited the applicability of many strategies. Adsorption of pyrene-containing catalysts has 

been most broadly successful,47–50 although other strategies have been successfully 

demonstrated.51–57  

1.6 Chapter Summaries 

 Chapter 2 discusses an in-depth mechanistic study of the photoinduced, copper-

mediated cross-coupling of aryl thiols with aryl halides. In particular, I focus on the 

stoichiometric photochemistry and subsequent reactivity of a [CuI(SAr)2]
 – complex (Ar = 

2,6-dimethylphenyl). A broad array of experimental techniques furnish data consistent with 

a pathway in which a photoexcited [CuI(SAr)2]
-* complex undergoes SET to generate a CuII 

species and an aryl radical, which then couple through an in-cage radical recombination. 

 Chapter 3 discusses the surface attachment of a P3
BFe complex to a carbon electrode, 

and the electrochemical generation of ammonia from N2 by the surface-appended species. 

Synthetic modification of a previously-reported P3
BFe complex by addition of three pyrene 

substituents onto the catalyst backbone allows non-covalent attachment onto a graphite 

surface. The resulting functionalized electrode shows good stability towards desorption 

under highly reducing conditions, and produces 1.4 equiv NH3 per iron site. The data 
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presented provide the first demonstration of electrochemical nitrogen fixation by a 

molecular complex appended to an electrode. 
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