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 This thesis highlights the versatility of nickel as a transition metal that 

enables the activation of relatively inert chemical bonds and offers lower energy 

pathways to challenging bond formations. In this work, reaction development and 

mechanistic inquiry inform one another, enhancing our understanding of nickel 

catalysis. 

 Despite major advancements in C-heteroatom cross-coupling enabled by 

Ni-photoredox catalysis, the mechanisms of this form of catalysis are not well 

understood and are highly debated. Although mild Ni-photoredox C-N cross-

coupling had been reported for strong N-nucleophiles like alkylamines, such a 

reaction involving weak N-nucleophiles such as amides had not been reported. 

This work describes the development of an unprecedented Ni-photoredox-

catalyzed amide arylation reaction that proceeds under mild conditions. These mild 
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conditions enable access to a broad scope including base-sensitive functional 

groups and excellent preservation of epimerizable stereocenters. 

We hypothesized that this amide arylation reaction might proceed via an 

alternative mechanism to the self-sustaining Ni(I/III) cycle that is usually reported 

for Ni-photoredox C-N coupling. This is because our reaction utilizes a redox-

inactive base and weak N-nucleophiles, whereas the prior published methods in 

this arena couple strong N-nucleophiles and require redox-active bases as 

electron shuttles. A combined approach involving stoichiometric experiments with 

synthesized Ni complexes and the measurement of kinetic profiles of the catalytic 

reaction led us to propose an unusual Ni(0/II/III) cycle, which has a profound 

consequence for the rate-limiting step and the overall reaction kinetics. Kinetic 

studies probing the effect of nickel precatalysts of various oxidation states revealed 

a marked induction period with Ni(II) precatalysts, providing insight into the 

photochemical process that generates the active Ni(0) species. 

This thesis will also discuss the optimization and mechanistic investigation 

of a dual nickel/Lewis acid catalyst system that is capable of breaking carbon-

carbon bonds in cyclopropanes and benzonitriles in a catalytic cyanide transfer 

reaction. The mechanism by which the catalyst is able to activate nitriles as 

relatively nontoxic cyanide surrogates is explored. Extensive efforts towards the 

design of an optimal ligand for regioselective ring-opening cyanation utilizing the 

modular phosphinooxazoline (PHOX) platform are described herein. Ligand 
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optimization, mechanistic investigation, and determination of scope for this 

chemistry are ongoing. 
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Chapter 1: Nickel catalysis as a versatile addition to the synthetic toolkit 

1.1 Nickel: not just a palladium surrogate 

Palladium (Pd) is a privileged transition metal in catalysis and is especially 

valued for its ability to catalyze a variety of cross-coupling reactions. Pd-catalyzed 

cross-coupling reactions are among the most commonly used reactions in 

synthetic chemistry, providing robust methodologies for the formation of C-C and 

C-heteroatom bonds1–5. Nickel (Ni), a first-row transition metal, is situated directly

above Pd in group 10 of the periodic table and is often touted as a cheaper, Earth-

abundant replacement for Pd because both metals display similar cross-coupling 

reactivity1. Ni is able to catalyze a variety of classic Pd-catalyzed cross-coupling 

reactions including Suzuki6–23, Buchwald-Hartwig24–27, Heck28–33, Kumada34–40, 

Negishi41,42, Hiyama43–45, Stille46–49, and Sonogashira50–54 reactions. Although this 

Pd-like behavior is an attractive feature of Ni catalysis, recent advances in the field 

have revealed an abundance of catalytic transformations that are accessible to Ni 

catalysis but difficult or inaccessible with Pd catalysis. Some examples of these 

unique Ni-catalyzed transformations are C(sp3) cross-coupling1,55,56, cross-

electrophile coupling57, photoredox catalysis58, electrochemically-enabled 

catalysis27,59, difficult bond activations in cross-coupling1,9,55,60–64, ring-opening 

cross-coupling1,55, and intermolecular alkene difunctionalization reactions65,66. This 

is not an exhaustive list of the impressive and diverse chemistry that is accessible 
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with Ni catalysis. These modes of reactivity are afforded to Ni due to its unique set 

of fundamental properties1,55,67–69, which will be discussed in this chapter. 

The aim of this thesis is to underscore how Ni catalysis enables access to 

novel catalytic mechanisms for making and breaking chemical bonds, providing 

synthetic utility that is complementary to the classic Pd-catalyzed transformations. 

Despite the widespread adoption of diverse Ni-catalyzed methodologies, there is 

still much to be uncovered regarding the mechanisms of Ni catalysis, which are 

more poorly understood and often more complex than the mechanisms of Pd 

catalysis. Efforts to control and understand Ni-catalyzed reactions are complicated 

by the diverse reaction pathways accessible to Ni catalysts1,55. Advances in our 

understanding of the behavior of Ni complexes from both stoichiometric and 

catalytic experiments have proven to be crucial to the development of novel 

transformations in this field27,55,67,70–100. As such, Chapters 2-4 of this thesis will 

discuss the novel Ni-catalyzed methodologies developed by our group and our 

efforts to elucidate their mechanisms. 

 

1.2 Comparing the fundamental properties of nickel and palladium 

Ni can access a variety of closed- and open-shell electronic 

configurations55. As such, Ni catalytic cycles routinely go through oxidation states 

of 0, I, II, and III, whereas those of Pd are almost always limited to oxidation states 

of 0, II, and IV 1 (although rare exceptions involving oxidation states of I and III in 

Pd do exist101–105). Ni can cycle between its various oxidation states through either 

2



1- or 2-electron processes, whereas Pd is almost always limited to 2-electron redox

pathways1 (Table 1). An often invoked explanation for the higher stability of Ni(I) 

and Ni(III) relative to Pd(I) and Pd(III) is that valence electrons in first-row transition 

metals have a higher pairing energy than valence electrons in second- and third-

row transition metals106. The release of this pairing energy provides a 

thermodynamic incentive for the formation of open-shell species67. Pairing energy 

can also be understood as a consequence of atomic radius: because Ni has a 

smaller atomic radius than Pd107, it contains greater electron density near its 

nucleus, whereas Pd has a more diffuse electron cloud. This causes more 

repulsion between electrons occupying the same valence orbital in Ni, destabilizing 

closed-shell species67. 

3



The ability of Ni to cycle through a variety of oxidation states via either 1- or 

2-electron redox pathways provides access to a variety of unique reaction 

mechanisms. Both Ni and Pd can oxidatively add into electrophiles via a concerted, 

2-electron pathway. Additionally, Ni has access to a radical pathway of oxidative 

addition that involves a Ni(I) intermediate and mesolysis of the electrophile99,100. 

This radical oxidative addition provides an alternative pathway for Ni to engage 

alkyl halides11, which have higher kinetic barriers to oxidative addition than the 

corresponding aryl halides1. Ni’s access to radical pathways and open-shell 

configurations also renders it an effective radical trap for carbon-centered 

radicals55 (Figure 1a). Ni’s ability to trap alkyl radicals and react with alkyl halides 

is complemented by the relative stability of alkyl ligands on Ni. These Ni-alkyl 

species are less prone to β-hydride elimination than Pd-alkyl species55 (Table 1). 

β-hydride elimination is less kinetically favorable with Ni than with Pd due to a 

weaker agostic interaction, since Ni is smaller and relatively 

electropositive55,107,108. This enables Ni catalysis to be used in the cross-coupling 

of alkyl groups with an expansive chemical space of coupling 

partners6,10,11,40,41,43,46,47,50,56,57,59,109–122. 
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Another consequence of 

the 1-electron chemistry 

accessible to Ni is the 

involvement of Ni(III) 

intermediates in many catalytic 

cycles. Reductive elimination 

from open-shell Ni(III) to form 

C-C and C-heteroatom bonds is

known to have a relatively low 

kinetic barrier, enabling these 

bond formations to occur at room temperature72,73,88,123. These highly reactive 

Ni(III) intermediates can be accessed via 1- or 2-electron redox pathways. In 

contrast, reductive elimination from Ni(II), isoelectronic Cu(III), or Pd(II) often 

require elevated temperatures to overcome their kinetic barriers to reductive 

elimination123,124. Additionally, Ni(I) catalytic intermediates provide access to a 2-

electron redox cycle involving Ni(III)83,86. 

Ni’s access to 1-electron redox pathways (Figure 1c) has also enabled the 

emergence of cooperative Ni catalysis. Ni-photoredox catalysis has received a 

great deal of attention over the past decade due to its ability to enable impressive 

transformations such as mild C-heteroatom cross-coupling25,92,123–126, catalytic 

C(sp3)-H activation56,116–122, and the cross-coupling of in situ-generated radical 

species from radical precursor substrates which can be activated by single-

5



electron reduction or oxidation47,56,109–115. This field will be discussed in greater 

detail in Chapters 2 and 3 of this thesis. Similarly to photoredox catalysis, 

electrochemistry can be combined with Ni catalysis to leverage the 1-electron 

redox reactivity of Ni27,59. 

Ni’s redox promiscuity is 

a double-edged sword. 

Although it opens new avenues 

of reactivity, it also introduces a 

variety of catalyst deactivation 

pathways that one does not 

usually have to consider when 

studying Pd-catalyzed 

reactions (Figure 2). These 

deactivation pathways can 

involve any of the oxidation 

states available to Ni. Due to 

Ni’s ability to engage in 1-

electron redox events, catalyst speciation can occur via comproportionation 

(Figure 2a) or disproportionation27,84,86,90,127,128 (Figure 2b). Ni(0) is also much 

more prone to catalyst deactivation via oxidation than Pd(0) due to its low reduction 

potential69 (Figure 2c), which is problematic since a variety of Ni-catalyzed 

reactions require Ni(0) sources or Ni(0) active catalysts generated in situ from the 

6



reduction of Ni(II) precatalysts1. Ni(0) sources are typically less stable to oxygen 

than Pd(0) sources and their use is complicated by the need for gloveboxes129–131. 

Aggregation of Ni is a frequently encountered mode of catalyst deactivation and 

can be observed with Ni(0), Ni(I), and Ni(II) (Figure 2d-e). Ligand dissociation from 

active Ni(0) complexes can lead to the irreversible precipitation of “nickel black” 

aggregates69. Ni(I) dimers with bridging X-type ligands are remarkably stable89 and 

have been proposed as off-cycle species in Ni-catalyzed reactions84. Ni-catalyzed 

Suzuki cross-coupling is complicated by the formation of inactive hydroxo-bridging 

Ni(II) dimers since hydroxide is used as a base23. These dimers are not 

problematic for Pd-catalyzed Suzuki cross-coupling reactions because Pd is 

significantly less oxophilic than Ni23,132,133. All of the aforementioned factors are 

disadvantageous to Ni catalysis, leading to the formation of off-cycle species that 

limit catalytic turnover. The ease of catalyst deactivation in Ni-catalyzed reactions 

often necessitates relatively high catalyst loadings compared to Pd-catalyzed 

reactions69. These high loadings in Ni-catalyzed reactions can limit the practicality 

of using ligands that are expensive or synthetically challenging to access, thus 

negating the economic benefit of using an Earth-abundant metal like Ni for 

catalysis. 

A defining feature of Ni is that it is relatively electropositive compared to Pd 

and other late transition metals1,108. Consequently, Ni also has a lower reduction 

potential than Pd55. These fundamental properties affect the relative abilities of 

these two transition metals to activate chemical bonds towards oxidative addition 

7



and reductive elimination. Ni(0) is able to engage aryl and alkyl halides in oxidative 

addition with faster rates than those observed with Pd(0)55,99 (Table 1). 

Additionally, low-valent Ni can undergo oxidative addition with these substrates at 

lower temperatures than are required with Pd1,6,134, which is useful for cross-

coupling thermally sensitive substrates7. Ni can oxidatively add into a variety of 

covalent bonds that are relatively inert such as C-F bonds9,37,38, C-CN 

bonds36,39,61,135, C-H bonds in aldehydes64,136, C-O bonds in esters and ethers137–

142, C-N bonds in amides141, and strained rings42,62,75,143–148 (Figure 1b). Although 

Ni is better suited for oxidative addition than Pd, reductive elimination from Ni(II) is 

more difficult than from Pd(II)1,149 (Table 1). The difficult reductive elimination from 

Ni can be enabled via access to Ni(III) 73,123,127 or it can be promoted by ligands 

with finely tuned steric and electronic parameters26,127. 

 

1.3 Comparing ligand effects in nickel and palladium catalysis 

 Ligand choice is an important consideration in homogeneous transition 

metal catalysis. Because of Ni’s redox promiscuity, a variety of accessible reaction 

pathways may exist68,127. Characteristics like steric parameters and redox 

potentials can be tuned via minor changes to the structure and electronics of the 

ligand bound to Ni. Thus, ligand choice has a great influence on which reaction 

pathways are predominant when multiple pathways are available. This is crucial 

because some of these feasible reaction pathways may lead to undesired side 

products or unproductive off-cycle species which must be suppressed in order to 
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achieve efficient Ni catalysis. The diversity of reaction pathways available to Ni has 

been exploited in Ni-catalyzed systems that utilize ligand combinations wherein 

separate Ni-ligand complexes serve separate functions in intertwined catalytic 

cycles. In this manner, cross-selectivity in cross-electrophile couplings can be 

achieved in which each Ni-ligand complex selectively activates one of the two 

coupling partners59. 

In contrast to Ni-catalyzed reactions, Pd-catalyzed reactions often tolerate 

a variety of ligands with only minor differences in yield and product selectivity since 

they are not complicated by the same set of limiting factors that are associated 

with Ni catalysis68. Because Pd is typically limited to even-numbered oxidation 

states, redox-active N-containing ligands like polypyridines are not commonly 

9



paired with it. A variety of ligands, ligand-free Pd, and Pd aggregates of varying 

nuclearity can catalyze cross-coupling reactions150. 

Phosphines and N-heterocyclic carbenes (NHCs) are common to both Pd 

and Ni catalysis, although Ni catalysts are often found paired with polypyridine or 

other N-containing polydentate ligands127 (Figure 3). Pd- and Ni-catalyzed 

reactions that involve 2-electron redox pathways often rely on more strongly σ-

donating ligands (i.e., phosphines and NHCs)55. Phosphine ligands are not always 

effective for Ni catalysis due to Ni’s relatively small atomic radius, low 

electronegativity, and redox promiscuity127. Since low-valent Ni is better-suited for 

oxidative addition than Pd, ligands that promote reductive elimination are more 

10



important for Ni catalysis, whereas ligands that promote oxidative addition are 

often more important for Pd catalysis. In order to promote the challenging reductive 

elimination, Ni catalysts are often paired with sterically bulky or electron-poor 

ligands24,26. 

 Ni-catalyzed reactions that involve 1-electron redox pathways often use 

polypyridine ligands such as bipyridine (bpy) and terpyridine (terpy) derivatives, as 

well as other N-containing polydentate ligands such as bisoxazoline (BOX), 

bioxazoline (biOx), pyridyl oxazoline (PyrOx), and pyridine bisoxazoline (PyBOX) 

(Figure 3). These weaker N-containing ligands cause less ligand field-splitting 

relative to phosphines and NHCs, stabilizing open-shell electron configurations of 

catalytic intermediates55. This weaker field-splitting is also responsible for the 

redox activity often observed in these Ni-ligand complexes, leading to open-shell 

species that are stabilized by ligand-centered radicals, enabling facile access to 

radical mechanisms89,146,151,152. 

This dissertation will demonstrate how our group has used various classes 

of ligands with Ni to enable catalysis. Namely, we have employed bipyridine-type 

ligands for Ni-photoredox-catalyzed C-N cross-coupling (Chapters 2-3), and we 

have leveraged bisphosphine and phosphinooxazoline (PHOX) ligands for the 

activation of C-C bonds in Ni-catalyzed Lewis acid-assisted cross-coupling 

(Chapter 4). 
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1.4 Thesis overview 

 Chapters 2-4 of this thesis will discuss our contributions to the field of Ni 

catalysis during my doctoral studies under the supervision of Dr. Ana Bahamonde. 

This work encompasses both method development and mechanistic investigation. 

Chapter 2 will discuss our development of a remarkably mild C-N cross-coupling 

method that enables the arylation of poorly nucleophilic amides via Ni-photoredox 

catalysis. Chapter 3 will delve further into this chemistry with a thorough 

mechanistic investigation involving kinetic studies and stoichiometric experiments 

on Ni complexes that are proposed catalytic intermediates. Our investigation 

unveiled a previously undescribed mechanism involving a prolonged induction 

period before rapid product formation. Chapter 4 will discuss a different area of Ni 

catalysis that we have been exploring: Lewis acid-assisted activation of 

benzonitriles as cyanide sources for Ni-catalyzed cyanation reactions. Ligand 

optimization and mechanistic inquiry related to this project are ongoing, although 

great strides have been made towards taming and understanding this chemistry. 
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Chapter 2: Nickel-photoredox catalysis enables amide N-arylation under 

mild conditions 

 

2.1 Transition metal-catalyzed strategies for C-N cross-coupling of 

amides 

 Amides and other N-containing functional groups are ubiquitous in drugs, 

natural products, polymers, and biologically important macromolecules1. Out of the 

top 100 best-selling small molecule drugs of 2022, 91 contained at least one 

nitrogen atom, and 71 of these contained an amide functional group2. Because of 

the importance of amides and their derivatives, synthetic methods that form C-N 

bonds are an essential part of the synthetic chemist’s toolkit. Generally, the 

methods used to form C(sp3)-N bonds are different from those that are used to 

form C(sp2)-N bonds. The formation of C(sp3)-N bonds is relatively simple and 

usually does not require carefully designed transition metal catalysts. C(sp3)-N 

bond formation can be achieved via robust and simple protocols such as reductive 

amination, SN2 alkylation, and the Mitsunobu reaction3. Enantioselective 

processes to yield enantioenriched amides have also been developed4. 

In contrast, the formation of C(sp2)-N bonds poses a greater synthetic 

challenge since these bonds cannot be accessed via reductive amination or SN2 

reactions. Additionally, nucleophilic aromatic substitution to form C(sp2)-N bonds 

has poor functional group tolerance and a narrow scope5. Instead, transition metal 

catalysts are required to forge C(sp2)-N bonds from primary or secondary amides 
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with broad scope and high efficiency. Transition metal-catalyzed C(sp2)-N cross-

coupling to form secondary or tertiary amides is most often achieved via the Pd-

catalyzed Buchwald-Hartwig amination reaction (Scheme 1a)1,6. Cu-catalyzed 

cross-coupling to access C(sp2)-N bonds in functionalized amides has been known 

for much longer but is less robust than Pd catalysis, often requiring stoichiometric 

Cu for good yields or suffering from biaryl formation5,7,8. Thermally-driven Ni-

catalyzed C(sp2)-N cross-coupling to generate aryl amides has also been reported 

by the Stradiotto group (Scheme 1b)9, although this is a rare example of Ni-

catalyzed amide arylation. These transition metal-catalyzed strategies all activate 

an aryl halide coupling partner via oxidative addition. This is followed by ligand 

substitution of the halide ligand on the metal aryl halide complex by the weakly 

nucleophilic amide, thus producing a metal aryl amido complex which is able to 

form the C(sp2)-N cross-coupled product upon reductive elimination. 

One drawback of these thermally-driven Pd, Cu, and Ni-catalyzed methods 

is that they require elevated temperatures to trigger the difficult reductive 

elimination to render the desired C(sp2)-N amide bond6. As mentioned in Chapter 

1.2, C-N reductive elimination from Ni(II), isoelectronic Cu(III), and Pd(II) all require 

elevated temperatures to overcome a high kinetic barrier10. This can be 

problematic for substrates that are unstable at elevated temperatures in the 

presence of strong bases (e.g. substrates bearing epimerizable stereocenters or 

functional groups that can undergo hydrolysis). What separates Ni from Pd and Cu 

is that it has access to an alternative and facile pathway to C-N reductive 
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elimination via open-shell Ni(III), enabling the bond-forming step to occur at 

ambient temperature11. This alternative low-temperature pathway to C-N reductive 

elimination is enabled by Ni having access to 1-electron redox processes and is 

supported by stoichiometric11–14 and computational10 experimental results. In this 

manner, a Ni(II) aryl amido catalytic intermediate can be oxidized to Ni(III) by a 

competent oxidant, whether it be via stoichiometric oxidants11,14, photoredox 

catalysts13,15, or electrochemical oxidation16. In some cases, a Ni(I/III) catalytic 

cycle can be promoted such that single-electron oxidation in each catalytic 

turnover can be avoided13,17. 

Ni-photoredox catalysis presents a powerful strategy for enabling mild 

C(sp2)-N cross-coupling via highly reactive Ni(III) catalytic intermediates. Ni-

photoredox-catalyzed amine arylation was first reported by the MacMillan group in 

2016 15. This methodology was reported to be effective for arylating strong N-

nucleophiles like alkylamines and anilines at unprecedented low temperatures. 

However, one notable weakness of this catalytic system was that it was less 

effective for arylating N-nucleophiles of low nucleophilicity such as amides, 

carbamates, and imides. A single example of sulfonamide arylation was provided 

in the report but required elevated temperature, a strong base, and DMSO in order 

to produce the aryl sulfonamide product. The lack of reported protocols for Ni-

photoredox-catalyzed amide arylation under mild conditions intrigued our group, 

and so we sought to enable such a transformation (Scheme 1c). Such a catalytic 

system would circumvent the need for high temperatures and strong bases that 
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are used in the well-precedented and thermally-driven Pd-, Cu-, and Ni-catalyzed 

amide arylation protocols (Scheme 1a-b). Additionally, our envisioned reaction 

would complement the currently existing synthetic methodologies that can be used 

to access aryl amides since it would involve a retrosynthetic disconnection at the 

N-aryl bond instead of the N-carbonyl bond of the amide substrate. Most of the 

commonly employed methods to synthesize amides involve a retrosynthetic 

disconnection at the N-carbonyl bond, such as in the coupling of amines and 

carboxylic acids18, nucleophilic acyl substitutions19, rearrangements (e.g. 

Beckmann20 and Favorskii21), and transamidations22. 
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The difficulty of enabling amide arylation under mild conditions stems from 

the unique properties of the amide functional group. Amides can coordinate to 

transition metals via both their N and O atoms and readily form stable 2-amidate 

complexes that have been shown to inhibit reductive elimination23. Changes in 

oxidation state of ligated Ni complexes have also been shown to affect the 

coordination mode of amidate ligands24. The rate of reductive elimination from Pd 

complexes to form aryl amides was found to be accelerated when a bulkier ligand 

that promoted a 1-amidate coordination mode was employed25. Donation of the N 

atom’s lone pair of electrons into the carbonyl leads to amides being much weaker 

nucleophiles than alkyl- and arylamines. This reduced nucleophilicity of amides 

can be responsible for very slow rates of reaction when they are chosen as 

nucleophilic substrates26. Another consequence of the dampened nucleophilicity 

of amides is that there can be competition with other weak nucleophiles that may 

be present in the reaction media such as trace water. In this manner, diminished 

yields of aryl amide products can sometimes be attributed to undesired phenol 

production via the cross-coupling of water with the aryl halide substrate27,28. This 

problem is compounded by the fact that many amides are hygroscopic and only 

soluble in polar aprotic or protic solvents23, and these solvents are often 

hygroscopic and water-miscible. The formation of phenol is not a concern for 

cross-coupling alkyl- and arylamines because they are much more nucleophilic 

than water, leading to negligible competition. 
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The limited solubility of many amides in nonpolar solvents also complicates 

the development of cross-coupling reactions that involve amides, since the 

reaction solvent must be compatible with the catalyst system and also 

accommodate the limited solubility of the amide substrate. Polar aprotic solvents 

are often required to dissolve amides at ambient temperature, limiting the number 

of solvents that can be screened in a mild cross-coupling reaction involving these 

poorly soluble nucleophiles. Polar aprotic solvents often coordinate to transition 

metals, which may disrupt catalysis. Additionally, the transition metal catalyst(s), 

aryl halide coupling partners, and other reaction components may have very 

different solubility profiles than the highly polar amides, making it a challenge to 

find a suitable solvent or solvent combination to enable the desired cross-coupling 

reaction. 

Another challenge in enabling a mild Ni-photoredox amide arylation protocol 

is that all previously reported Ni-photoredox C-N coupling strategies are limited by 

the need for a strong organic base like DABCO or TMG to act as an electron shuttle 

between the photocatalyst (PC) and reaction intermediates13. These conditions are 

incompatible with base-sensitive substrates and can lead to undesired side 

reactivity occurring due to the propensity of these bases to facilitate hydrogen atom 

transfer when oxidized29–31. Herein, a Ni-photoredox catalyst system is used to 

promote amide arylation with a broad scope of coupling partners under mild 

temperatures and without a strong, redox-active base. 
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2.2 Initial results of Ni-photoredox-catalyzed amide arylation and 

optimization 

 The successful Ni-photoredox cross-coupling of amides and aryl bromides 

was first observed in the reaction between 2-pyrrolidone (1r) and methyl 4-

bromobenzoate (2a), which was chosen as a model system to study this reactivity. 

Upon receiving a gratifying initial result of low conversion to the desired aryl amide 

(Table 1, entry 1), control reactions were run to determine if all of the reaction 

components were necessary. When the photocatalyst was omitted but irradiation 

was maintained, the reaction did not proceed (Table 1, entry 2). When the Ni 

catalyst and ligand were omitted, the reaction did not proceed (Table 1, entry 3). 

When the reaction was thoroughly protected from light but contained all of the 

reaction components, the reaction did not proceed (Table 1, entry 4). Replacing 

the aryl bromide with the analogous aryl chloride led to greatly diminished yields 

(Table 1, entry 5). 
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 Solvent selection proved to be particularly crucial in order for cross-coupling 

to be observed. Trace or low conversion to product was observed in most of the 

solvents tested. The best yields were initially obtained in dimethylformamide (DMF) 

(Table 2, entry 4). Despite this encouraging result, it was soon identified that these 

reactions also led to substantial formation of the debrominated phenol side 

product, methyl 4-hydroxybenzoate, with ~25% conversion. Attempts to limit the 

cross-coupling of water by using molecular sieves as an additive or by using 

rigorously dried glassware did not succeed and the phenol was still observed. 
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A solution to the problem was found by using a combination of DMF and 

PhCF3 as the solvent (Table 2, entry 5). The solvent combination led to 

substantially higher yields of aryl amide than with either solvent alone, and it 

lowered conversion to undesired phenol to only ~10%. Notably, only trace aryl 

amide product was observed when PhCF3 was used by itself (Table 2, entry 3), 

owing to the poor solubility of benzamide in this solvent. We hypothesized that the 

beneficial effect of the presence of PhCF3 in the solvent combination with DMF 

could be explained by a known phenomenon in which coordination of Ni to a -

acidic, electron-poor arene increases the rate of reductive elimination32. 

Interestingly, optimal ratios of PhCF3 to DMF varied by substrate. For instance, the 
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reaction between 4-cyanobenzamide and methyl 4-bromobenzoate proceeded 

with highest yield with a 1:1 ratio of PhCF3 to DMF, whereas the analogous reaction 

with benzamide gave the highest yield when the solvent ratio was 3:1 PhCF3 to 

DMF (Table 3). This difference is likely due to the increased polarity of 4-

cyanobenzamide and its reduced solubility in nonpolar solvents. 

 Reaction temperature also had a significant effect on yield, with lower yields 

obtained at temperatures lower than ambient temperature (Table 2, entries 5-8). 

The greatest yields were achieved when the reaction was maintained at 30 °C 

under gentle heating (Table 2, entry 8). Temperatures higher than 30 °C produced 

equivalent or inferior yields. A temperature-controlled water bath was necessary to 

ensure that yields were reproducible, since the reaction is sensitive to subtle 

changes in temperature and different reaction vessels may be heated to different 

degrees by the incident blue light. Additionally, the fans commonly used in 
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photoredox setups were found to be unsuitable for reproducibly maintaining a 

constant reaction temperature. 

 

 Identification of a suitably mild base was necessary in order to identify a Ni-

photoredox system that could cross-couple base-sensitive substrates. To the best 

of our knowledge, all Ni-photoredox methods yet reported that form C-N bonds via 

reductive elimination from Ni(III) call for a strong, redox-noninnocent base. This 

difference will be discussed further in Chapter 3. Fortunately, K2CO3 (Table 4, 

entry 5) was identified as a suitable base for the Ni-photoredox amide arylation 
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reaction, outperforming a variety of other weak inorganic bases (Table 4, entries 

1-4, 7). Strong organic bases that are able to facilitate electron transfer processes, 

such as TMG, were also suitable for this transformation, although they were inferior 

to K2CO3 in terms of yield (Table 4, entry 6). 

K3PO4 was another inorganic base that was effective at enabling the 

reaction. Interestingly, K3PO4 that was thoroughly dried overnight at 150 °C was 

effective for the amide coupling reaction and avoided the formation of phenol side 

product (Table 4, entry 3). When K3PO4 was used from the bottle without being 

dried, the yield of the aryl amide increased to 70% despite an additional ~15% 

conversion to phenol (Table 4, entry 4). K2CO3 still produced higher yields of aryl 

amide despite consistently forming the phenol in ~10% conversion. Notably, even 

if K2CO3 is dried, it still produces water upon reacting with an acidic proton. The 

phenol becomes the dominant product when Na3PO4·12H2O is employed, with 

only trace conversion to the aryl amide observed (Table 4, entry 7). However, 

when DMF is removed from the system and an amide substrate that is soluble in 

PhCF3 is chosen, the desired amide arylation reaction is restored and phenol 

formation is no longer observed. Aryl amide (3r) was obtained in 69% yield when 

employing 2-pyrrolidone (1r), Na3PO4·12H2O, and PhCF3 as the only solvent 

(Table 4, entry 8) with only trace conversion to phenol. These results suggest that 

a small amount of water may be beneficial to the reaction despite the occurrence 

of phenol side products. However, this comes at the cost of the formation of the 
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pesky phenol side product, although it can easily be removed by basic extraction 

or flash chromatography. 

Optimization of the photocatalyst revealed that a variety of commonly used 

Ir, Ru, and organic photocatalysts led to no product formation or no more than 1 

catalytic turnover (Table 5, entries 1-5). However, two Ir photocatalysts: PC1 

(Table 5, entry 6) and PC2 (Table 5, entry 7), were found to enable catalytic 

turnover and forge the aryl amide product in greater yields. We observed that PC2 

produced diminished yields of the aryl amide product due to a competitive side 

reaction in which the DMF solvent was undergoing C(sp3)-H activation and 

subsequent arylation (presumably via HAT by Cl radicals generated from Ni-Cl 
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photolysis, a well-studied process33,34). PC1 did not suffer from the same side 

reaction, presumably because it is less oxidizing (E1/2(M*/M-) = +0.66 V vs. SCE in 

MeCN) than PC2 (E1/2(M*/M-) = +1.21 V vs. SCE in MeCN)35 and thus unable to 

promote the side reaction with the solvent. These results provided us with the 

important insight that using a more strongly oxidizing photocatalyst is not always 

preferable, since a more weakly oxidizing photocatalyst may be able to enable the 

desired reaction while avoiding unwanted side reactions that occur at higher 

potentials. 
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 A selection of bipyridine derivatives were screened as ligands for the amide 

arylation reaction, although all but one of these ligands produced yields that were 

no greater than 1 catalytic turnover (Table 6, entries 1-6). 4,4’-di-tert-

butylbipyridine (dtbbpy) greatly exceeded the performance of the other ligands, 

forming the desired product in 69% yield (Table 6, entry 7). The observation that 

even a subtle change in the ligand structure leads to a near complete loss in 

reactivity is an example of how Ni catalysis is sensitive to subtle changes in ligand 

identity. 

The reaction was also highly particular regarding the identity of the Ni(II) 

precatalyst. Intriguingly, employment of NiBr2(glyme) (Table 7, entry 1) in place of 

NiCl2(glyme) (Table 7, entry 2) led to a near complete loss of reactivity despite the 
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subtle change in halide identity. Most other Ni salts screened led to very poor 

product yields with one catalytic turnover or less (Table 7, entries 3-6), likely 

complicated by their reduced solubility and presence of hydrates. Apart from 

NiCl2(glyme), Ni(II) cyclohexanebutyrate was the only Ni(II) source that formed the 

aryl amide product with moderate yield (Table 7, entry 5), possibly due to it being 

anhydrous and highly soluble in PhCF3. 

 

2.3 Substrate scope 

 With the optimized reaction conditions in hand, the arylation of a diverse 

array of amides was tested (Figure 1). Since amide solubility varies greatly 

between substrates, the ratio of PhCF3 to DMF affected the conversion of each 

substrate differently. Use of either solvent alone almost always led to a significant 

decrease in yield, except for tert-butylcarbamate (3t). Moderate to high yields were 

obtained for electron-poor benzamides (3a-c). The reaction forming aryl amide 

product 3a was subjected to a 10x scale-up experiment (scalability is often a 

concern with photochemistry). Fortunately, 74% of the aryl amide product was 

obtained, a loss of only 5% yield compared to the smaller scale reaction. Low to 

moderate yields were obtained for the more electron-rich benzamides (3d-f). The 

higher yields obtained with electron-poor amides may be explained by their 

enhanced acidity, facilitating ligand exchange to form the nickel-amido catalytic 

intermediate that is prerequisite to produce C-N cross-coupling. In addition to 

aromatic amides, the reaction tolerates aliphatic primary amides, yielding the 
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corresponding N-aryl amides with good yields (3g-l). Amides with steric bulk 

adjacent to the carbonyl were able to undergo N-arylation (3j-l). A Z-olefin tethered 

to a primary amide could have its configuration preserved while arylating the amide 

under the mild conditions (3h). Unprotected phenols can be preserved with 

selective arylation of primary amides (3e). Gratifyingly, a variety of N-, O-, and S-

heterocycles (3l-o) were tolerated, furnishing the desired aryl amides in good 

yields. 

 To further investigate the tolerance of base-sensitive functional groups 

(which remain a challenge for other amide functionalization strategies), 

enantioenriched N-Boc-protected glutamine tert-butyl ester, which contains an 

epimerizable stereocenter, was tested as a substrate. We were delighted to isolate 

the expected aryl amide (3p) in moderate yield, and it was determined through 

chiral supercritical fluid chromatography that there was no quantifiable erosion of 

enantiomeric excess when compared to the starting material. This result highlights 

the mildness of this procedure and its potential application for derivatizing bioactive 

molecules. 

 Moving beyond primary amides, cyclic secondary amides were also suitable 

substrates for the reaction and were arylated in good yields (3q-r). The tolerance 

of this protocol to cyclic secondary amides that bear C(sp3)-H bonds adjacent to 

the amide N atom is especially interesting because C-H arylation at this position 

occurs under very similar Ni-photoredox conditions36. Luckily, the reaction 

conditions did not lead to the competitive formation of C-H arylated products on 
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these secondary amide substrates. The cross-coupling reaction was unsuccessful 

for most of the acyclic secondary amides tested (3x-z). Acetanilide was the only 

acyclic secondary amide that formed the arylated product with low yield (3w). 
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A variety of weak N-nucleophiles related to amides such as phthalimide 

(3s), Boc carbamate (3t), p-toluenesulfonamide (3u), and trifluoroacetamide (3v) 

were also able to undergo N-arylation with the Ni-photoredox reaction conditions. 

This methodology provides a route to protected anilines from aryl halides (3s-u). 

Despite tolerating a broad range of weak N-nucleophiles, the reaction occasionally 

led to O-arylation instead of N-arylation when a nucleophilic N and O atom were 

both present, as was observed with 2-pyridone (3aa) and (+/-)-mandelamide (3ab). 

If both a nucleophilic aniline and primary amide are present in the substrate, the 

aniline N atom selectively undergoes arylation (3ac). 

The reaction also tolerated a variety of substituted (hetero)aryl bromides as 

electrophilic coupling partners (Figure 2). Electron-poor aryl bromides performed 

best under the reaction conditions, rendering the aryl amide products in high yields 

(3a, 3ad-ah). Electron-neutral and electron-rich aryl bromides were also tolerated 

but were found to require slightly elevated temperatures and longer reaction times 

to form the aryl amide products in low to good yields (3ai-ap). This behavior is 

consistent with other literature reports that demonstrate slower rates of oxidative 

addition for electron-rich aryl halides37. A sterically demanding ortho-substituted 

aryl bromide was also cross-coupled with good yield (3an), although longer 

reaction times were required (likely due to a slower rate of oxidative addition, as 

has been observed previously37). Heteroaryl bromides were also cross-coupled in 

low to moderate yields (3aq-as), although the cross-coupling was complicated by 

the presence of coordinating heteroatoms which can bind to the Ni center. 
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 Another interesting observation was that when 4-chlorobromobenzene was 

used as the aryl halide coupling partner, the bromide was selectively functionalized 

and the chloride was retained, forming 3ah. This is also despite a 2:1 stoichiometry 

of amide to aryl halide used in the reaction. Such selectivity could be synthetically 

useful if the aryl chloride were to be functionalized in a subsequent cross-coupling 

step. Electron-rich styrenes could also be formed with the cross-coupling 

methodology, although these products were very unstable (3at). The reaction also 

tolerates vinyl bromides, forming the product 3au in 50% yield with a 30:70 ratio of 

E/Z diastereomers despite the starting -bromostyrene having an 87:13 ratio of 

E/Z diastereomers. This indicates that the reaction system preferentially 

isomerizes E-olefins to Z-olefins, which agrees with the complete stereoretention 

of the Z-isomer observed in product 3h. When attempting to cross-coupling an 

arene with both bromide and boronic acid functional groups, the aryl amide product 

was formed, however the boronic acid group underwent protodeborylation, forming 

3aj instead of the desired 3aw. Extremely electron-rich (3av) or extremely electron-

poor (3ax) aryl bromides were not tolerated, in addition to unprotected tertiary 

alkylamines (3ay). 

 

2.4 Initial mechanistic hypothesis 

 At this point in our investigation of this mild Ni-photoredox amide arylation 

chemistry, we had few results to base our mechanistic hypotheses on, although 

literature precedent suggested the necessity of access to Ni(III) for mild C-N bond 

50



formation, as 

discussed in 

Chapter 2.1. 

Our initial 

mechanistic 

hypothesis was 

that in situ-

generated Ni(0) 

I would undergo 

oxidative 

addition with aryl halide (2) to form Ni(II) oxidative adduct II. Because K2CO3 is not 

sufficiently basic to directly deprotonate amides, amide (1) coordination to the Ni 

center likely occurs before deprotonation to produce catalytic intermediate III. This 

Ni(II) aryl amido complex can then be oxidized to Ni(III) intermediate IV via 

photoinduced electron transfer to an excited photocatalyst. This unstable Ni(III) 

intermediate would undergo rapid reductive elimination to generate the C(sp2)-N 

cross-coupling product (3). Lastly, both the Ni catalyst and photocatalyst are 

regenerated upon electron transfer from the reduced photocatalyst to Ni(I) 

intermediate V, regenerating I. 

In an initial attempt to challenge this hypothesis, we considered that 

reductive elimination could instead occur from a putative ground-state Ni(II) aryl 

amido complex. Testing this hypothesis was simple since the necessary control 
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experiments were performed when the transformation was first observed by our 

group. Because no reactivity was observed in the absence of either light or 

photocatalyst, oxidative addition from ground-state Ni(II) was unlikely. Additionally, 

the reaction did not proceed in the absence of Ni catalyst, or in the absence of both 

Ni and photocatalyst. It is worth noting that reductive elimination from an excited-

state Ni(II) aryl amido complex in an energy transfer-mediated process could not 

be ruled out at this point, although the fact that the reaction did not proceed in the 

absence of photocatalyst under both 390 and 427 nm irradiation is weak evidence 

against an energy transfer (EnT) mechanism. The necessity of both photocatalyst 

and light suggested that a photoinduced electron transfer event was occurring in 

the catalytic cycle38. 

 Because of the drastic differences in properties between strong and weak 

N-nucleophiles, we considered the possibility of alternative mechanisms for the Ni-

photoredox-catalyzed arylation of weak N-nucleophiles. Chapter 3 of this thesis 

will describe a much more in-depth investigation of the mechanism of this reaction 

in which we interrogate our mechanistic hypothesis against alternative pathways. 

 

2.5 Conclusion 

 In summary, we have developed a methodology for amide arylation which 

is effective at ambient temperature and avoids the use of redox-active or strong 

bases. A wide scope is enabled by these mild reaction conditions, which allows for 

the tolerance of a variety of base-sensitive functional groups like phenols and 
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epimerizable stereocenters. Notable weaknesses of this methodology include the 

long reaction times required with electron-rich aryl bromides and the lack of 

reactivity observed with most acyclic secondary amides, although these could 

potentially be overcome by future efforts to identify more reactive forms of nickel 

or specialized ligands that enable these transformations. The use of Ir, one of the 

least abundant elements in the Earth’s crust, as a photocatalyst is another 

weakness since it negates the benefits of using an Earth-abundant metal like Ni. 

Identification of a suitable organic photocatalyst could greatly reduce the overall 

cost and environmental impact of this chemistry.  

Despite these weaknesses, our publication of this work represents the first 

example of Ni-catalyzed amide arylation at ambient temperature and with a weak 

base. This study shows how Ni-photoredox catalysis can be used to overcome the 

low nucleophilicity of the amide functional group by accelerating the elusive C-N 

reductive elimination step. 

 

2.6 Experimental section 

2.6.1 Synthesis of (S)- and (R)-Boc-Gln-Ot-Bu (1p): 

 

 A modified procedure to achieve a Steglich esterification was followed.39 A 

50 mL round-bottom flask was charged with a stir bar and oven dried. The round-
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bottom flask was taken out of the oven, evacuated, and backfilled with nitrogen 

gas. Once the reaction vessel was cooled to room temperature, Boc-Gln-OH (739 

mg, 3.0 mmol) of the desired enantiomer was added under constant nitrogen 

efflux. 1.42 mL (15 mmol) of dry t-butanol was injected, followed by 12 mL of 

dichloromethane. Once the Boc-Gln-OH was fully dissolved, 4-

dimethylaminopyridine (37 mg, 0.30 mmol) and N,N’-dicyclohexylcarbodiimide 

(743 mg, 3.6 mmol) were added under constant nitrogen efflux. The reaction was 

stirred for 16 hours at room temperature under nitrogen pressure. After the reaction 

was complete, the crude mixture was filtered through a Büchner funnel. The solid 

N,N’-dicyclohexylurea that collected on top of the filter paper was rinsed with an 

additional 20 mL of dichloromethane, and the filtrate was collected and evaporated 

onto silica in order to dry load a flash column. The product ((S)-1p) was isolated 

by flash column chromatography (silica, 25% acetone in dichloromethane) as a 

white solid (461 mg, 51% yield); Rf = 0.21 (25% acetone in dichloromethane). 1H 

NMR (400 MHz, CDCl3)  6.38 (bs, 1H), 5.47 (bs, 1H), 5.27 (bd, J = 7.8 Hz, 1H), 

4.24 – 4.14 (bm, 1H), 2.40 – 2.24 (m, 2H), 2.21 – 2.14 (m, 1H), 1.92 – 1.81 (m, 

1H), 1.46 (s, 9H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3)  174.8, 171.5, 156.2, 

82.6, 80.2, 53.5, 32.2, 29.8, 28.4, 28.1. HRMS (ESI-TOF) m/z calculated for 

C14H26N2O5 (M)+: 302.1842, found 302.1838. Melting point: 109-111 °C. For (S)-

1p 82:19 er determined by analytical SFC, TrefoilTM CEL1 column, 40 °C, 

MeOH:CO2 = 3:97, 1.5 mL/min, tR (major): 14.19 min, tR (minor): 12.77 min; []D
20 
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= + 21 ± 2 (c = 0.02155 g/mL, MeCN). Refer to the characterization entry for aryl 

amide product 3p for chiral separation chromatograms (Chapter 2.6.3). 

 

2.6.2 Amide arylation general procedure: 

N-Arylation of amides (general procedure A): 

 A 10 mL Schlenk tube was charged with a magnetic stir bar and capped 

with a 14/20 ground glass stopper. The reaction vessel was evacuated and dried 

with a heat gun for 5 minutes, then the vessel was refilled with nitrogen gas. Solid 

reagents were then added to the Schlenk tube through a weighing paper cone 

while constant efflux of nitrogen gas maintained inert conditions in the reaction 

vessel. The Schlenk tube was charged with 4,4’-di-tert-butyl-2,2’-dipyridyl (8.1 mg, 

0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (3.7 mg, 0.004 mmol), NiCl2(glyme) (4.4 mg, 0.02 

mmol), K2CO3 (55 mg, 0.4 mmol), aryl bromide 2 (0.2 mmol), and amide 1 (0.4 

mmol). After the addition of the solids, the reaction vessel was evacuated and 

refilled with nitrogen gas 3 times. 1.0 mL of solvent was added to the reaction 

vessel under constant efflux of nitrogen gas. The ground glass stopper was coated 

in vacuum grease before sealing the reaction vessel, and the stopper was 

subsequently wrapped in parafilm. The reaction vessel was placed 1 inch in front 

of a 427 nm Kessil LED lamp while being submerged in a temperature-controlled 

water bath in a crystallizing dish held at a constant 30 °C (unless specified 

otherwise). The reaction was stirred at 450 rpm. 
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 After 24 hours (unless specified otherwise), the lamp was shut off and the 

reaction vessel was removed from the water bath. The crude reaction mixture was 

filtered through a short celite plug using acetone (unless specified otherwise). The 

crude filtrate was evaporated and subsequently redissolved in methylene chloride. 

2-3 mL of silica were added to this methylene chloride solution, and the suspension 

was slowly evaporated at <100 rpm until dryness to adsorb the crude material onto 

the silica. The crude material adsorbed onto silica was used to dry load a flash 

chromatography column in order to isolate the aryl amide product Pure hexanes 

were used both for making the silica slurry and as the initial mobile phase to 

prevent the product from diffusing into the eluent during dry loading. An eluent 

specific to each substrate was used to elute the product. 

 

N-Arylation of amides (general procedure B, for oily or sticky amide substrates): 

 A 10 mL Schlenk tube was tared on a scale, then charged with amide 1 (0.4 

mmol). The reaction vessel was charged with a stir bar and capped with a 14/20 

ground glass stopper. The reaction vessel was not dried with a heat gun. Next, the 

reaction vessel was evacuated and refilled with nitrogen gas. The solvent was 

added to the reaction vessel under constant efflux of nitrogen gas. Solid reagents 

were then added to the Schlenk tube through a weighing paper cone while 

constant efflux of nitrogen gas maintained inert conditions in the reaction vessel. 

The Schlenk tube was charged with 4,4’-di-tert-butyl-2,2’-dipyridyl (8.1 mg, 0.03 

mmol), Ir(dtbbpy)(ppy)2PF6 (3.7 mg, 0.004 mmol), NiCl2(glyme) (4.4 mg, 0.02 
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mmol), K2CO3 (55 mg, 0.4 mmol), and aryl bromide 2 (0.2 mmol). The ground glass 

stopper was coated in vacuum grease before sealing the reaction vessel, and the 

stopper was subsequently wrapped in parafilm. The reaction vessel was placed 1 

inch in front of a 427 nm Kessil LED lamp while being submerged in a temperature-

controlled water bath in a crystallizing dish held at a constant 30 °C (unless 

specified otherwise). The reaction was stirred at 450 rpm. The workup and column 

chromatography were performed in the same manner as in general procedure A. 

 

General extraction procedure: 

 The purified amide containing phenol side product was extracted with 20 

mL of EtOAc and 20 mL of 5% sat. NaOH. The organic layer was washed with 20 

mL of sat. NH4Cl and dried over Na2SO4. The dried organic layer was evaporated 

to afford the aryl amide product free of phenol impurity. 

 

2.6.3 Characterization: 

Amide scope: 

methyl 4-benzamidobenzoate (3a) 

Following general procedure A, benzamide (1a, 48.5 

mg, 0.4 mmol) and methyl 4-bromobenzoate (2a, 

43.0 mg, 0.2 mmol) were employed using 3:1 

PhCF3:DMF as solvent. Purification of the residue by flash chromatography (silica, 

30% EtOAc in hexanes) afforded a mixture of 3a and methyl 4-hydroxybenzoate; 
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Rf = 0.40 (30% EtOAc in hexanes). The general extraction procedure was followed 

to afford 3a (40.4 mg, 79% yield) as a white solid. 

 

This reaction was also conducted at a 2 mmol scale. The same procedure was 

followed to afford 3a (40.4 mg, 74% yield) as a white solid. 

 

1H NMR (400 MHz, CDCl3):  8.20 (bs, 1H), 8.03 (d, J = 8.8 Hz, 2H), 7.86 (d, J = 

7.5 Hz, 2H), 7.75 (d, J = 8.8 Hz, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.46 (t, J = 7.5 Hz, 

2H), 3.90 (s, 3H). 13C NMR (101 MHz, CDCl3)  166.8, 166.1, 142.3, 134.6, 132.3, 

131.0, 129.0, 127.2, 125.9, 119.4, 52.2. HRMS (ESI-TOF) m/z calculated for 

C15H14NO3 (M+H)+: 256.0968, found 256.0963. Melting point: 169-172 °C. The 

characterization data matches previous reports.40 

 

methyl 4-(4-cyanobenzamido)benzoate (3b) 

Following general procedure A, 4-

cyanobenzamide (1b, 58.5 mg, 0.4 mmol) and 

methyl 4-bromobenzoate (2a, 43.0 mg, 0.2 

mmol) were employed using 1:1 PhCF3:DMF 

as solvent. Purification of the residue by flash chromatography (silica, 20% EtOAc 

in hexanes until methyl 4-hydroxybenzoate side product elutes, then 40% EtOAc 

in hexanes) afforded 3b (36.5 mg, 65% yield) as a white solid; Rf = 0.10 (20% 

EtOAc in hexanes), 0.43 (40% EtOAc in hexanes). 1H NMR (400 MHz, DMSO-d6) 
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 10.78 (bs, 1H), 8.11 (d, J = 8.7 Hz, 2H), 8.04 (d, J = 8.7 Hz, 2H), 7.98 (d, J = 9.0 

Hz, 2H), 7.94 (d, J = 9.0 Hz, 2H), 3.84 (s, 3H). 13C NMR (101 MHz, DMSO-d6)  

165.8, 164.7, 143.2, 138.6, 132.5, 130.2, 128.7, 124.7, 119.7, 118.3, 114.1, 52.0. 

HRMS (ESI-TOF) m/z calculated for C16H11N2O3 (M-H)-: 279.0776, found 

279.0780. Melting point: 240-244 °C. The characterization data matches previous 

reports.41 

 

methyl 4-(4-(trifluoromethyl)benzamido)benzoate (3c) 

Following general procedure A, 4-

trifluoromethylbenzamide (1c, 75.7 mg, 0.4 

mmol) and methyl 4-bromobenzoate (2a, 43.0 

mg, 0.2 mmol) were employed using 1:1 

PhCF3:DMF as solvent. Purification of the residue by flash chromatography (silica, 

20% EtOAc in hexanes) afforded a mixture of 3c and methyl 4-hydroxybenzoate; 

Rf = 0.24 (20% EtOAc in hexanes). The general extraction procedure was followed 

to afford 3c (40.7 mg, 63% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) 

 10.77 (bs, 1H), 8.16 (d, J = 8.5 Hz, 2H), 8.00 – 7.94 (m, 4H), 7.92 (d, J = 8.5 Hz, 

2H), 3.84 (s, 3H). 13C NMR (101 MHz, DMSO-d6)  165.8, 164.9, 143.3, 138.4, 

131.6 (q, J = 31.8 Hz), 130.2, 128.8, 125.4 (q, J = 3.8 Hz), 124.7, 123.9 (q, J = 

273.2 Hz), 119.7, 52.0. 19F NMR (376 MHz, CDCl3)  -64.3. HRMS (ESI-TOF) m/z 

calculated for C16H13F3NO3 (M+H)+: 324.0842, found 324.0827. Melting point: 

225-226 °C. 
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methyl 4-(2-naphthamido)benzoate (3d) 

Following general procedure A, 2-

naphthamide (1d, 68.5 mg, 0.4 mmol) and 

methyl 4-bromobenzoate (2a, 43.0 mg, 0.2 

mmol) were employed using 1:1 PhCF3:DMF 

as solvent. Purification of the residue by flash chromatography (silica, 30% EtOAc 

in hexanes) afforded a mixture of 3d and methyl 4-hydroxybenzoate; Rf = 0.38 

(30% EtOAc in hexanes). The general extraction procedure was followed to afford 

3d (32.2 mg, 53% yield) as a white solid. 1H NMR (400 MHz, CDCl3):  8.37 (s, 

1H), 8.22 (bs, 1H), 8.07 (d, J = 8.6 Hz, 2H), 7.91 (m, 4H), 7.80 (d, J = 8.7 Hz, 2H), 

7.64 – 7.53 (m, 2H), 3.92 (s, 3H). 13C NMR (101 MHz, CDCl3)  166.8, 166.0, 

142.4, 135.1, 132.7, 131.8, 131.1, 129.2, 129.1, 128.3, 128.0, 127.9, 127.3, 126.0, 

123.6, 119.4, 52.2. HRMS (ESI-TOF) m/z calculated for C19H16NO3 (M+H)+: 

306.1125, found 306.1120. Melting point: 197-198 °C. The characterization data 

matches previous reports.42 

 

methyl 4-(4-hydroxybenzamido)benzoate (3e) 

Following general procedure A, 4-

hydroxybenzamide (1e, 59.9 mg, 0.4 mmol) 

and methyl 4-bromobenzoate (2a, 43.0 mg, 

0.2 mmol) were employed using 3:1 

PhCF3:DMF as solvent. Purification of the residue by flash chromatography (silica, 
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50% EtOAc in hexanes) afforded 3e (34.5 mg, 64% yield) as a white solid; Rf = 

0.29 (50% EtOAc in hexanes). 1H NMR (400 MHz, DMSO-d6)  10.30 (s, 1H), 

10.18 (s, 1H), 7.94 (s, 4H), 7.88 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 1H), 3.83 

(s, 3H). 13C NMR (101 MHz, DMSO-d6)  165.9, 165.5, 160.9, 144.1, 130.1, 130.0, 

125.0, 123.9, 119.4, 115.0, 51.9. HRMS (ESI-TOF) m/z calculated for C15H14NO4 

(M+H)+: 272.0918, found 272.0918. Melting point: 244-245 °C. 

 

Methyl 4-(4-methoxybenzamido)benzoate (3f) 

Following general procedure A, 4-

methoxybenzamide (1f, 60.5 mg, 0.4 mmol) 

and methyl 4-bromobenzoate (2a, 43.0 mg, 

0.2 mmol) were employed using 1:1 

PhCF3:DMF as solvent. Purification of the residue by flash chromatography (silica, 

20% EtOAc in hexanes until methyl 4-hydroxybenzoate side product elutes, then 

40% EtOAc in hexanes) afforded 3f (24.1 mg, 42% yield) as a white solid; Rf = 

0.13 (20% EtOAc in hexanes), 0.43 (40% EtOAc in hexanes). 1H NMR (400 MHz, 

CDCl3):  8.05 (d, J = 8.8 Hz, 2H), 7.91 (bs, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.73 (d, 

J = 8.8 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 3.91 (s, 3H), 3.88 (s, 3H). 13C NMR (101 

MHz, CDCl3)  166.8, 165.4, 162.9, 142.5, 131.1, 129.2, 126.8, 125.8, 119.2, 

114.3, 55.7, 52.2. HRMS (ESI-TOF) m/z calculated for C16H16NO4 (M+H)+: 

286.1074, found 286.1069. Melting point: 209-210 °C. The characterization data 

matches previous reports.43 
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methyl 4-butyramidobenzoate (3g) 

Following general procedure A, butyramide (1g, 

34.8 mg, 0.4 mmol) and methyl 4-bromobenzoate 

(2a, 43.0 mg, 0.2 mmol) were employed using 3:1 

PhCF3:DMF as solvent. Purification of the residue by flash chromatography (silica, 

20% EtOAc in hexanes until methyl 4-hydroxybenzoate side product elutes, then 

30% EtOAc in hexanes) afforded 3g (28.3 mg, 64% yield) as a white solid; Rf = 

0.16 (20% EtOAc in hexanes), 0.29 (30% EtOAc in hexanes). 1H NMR (400 MHz, 

CDCl3):  7.99 – 7.85 (bs, 3H), 7.62 (d, J = 8.8 Hz, 2H), 3.88 (s, 3H), 2.36 (t, J = 

7.4 Hz, 2H), 1.74 (sext, J = 7.4 Hz, 2H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (101 

MHz, CDCl3)  172.0, 166.9, 142.5, 130.9, 125.4, 119.0, 52.1, 39.8, 19.1, 13.8. 

HRMS (ESI-TOF) m/z calculated for C12H16NO3 (M+H)+: 222.1125, found 

222.1125. Melting point: 130-131 °C. The characterization data matches previous 

reports.44 

 

(Z)-methyl 4-(tricos-13-enamido)benzoate (3h) 

Following general procedure A, cis-13-

docosenoamide (1h, 135.0 mg, 0.4 mmol) 

and methyl 4-bromobenzoate (2a, 43.0 

mg, 0.2 mmol) were employed using 3:1 PhCF3:DMF as solvent. Purification of the 

residue by flash chromatography (silica, 20% EtOAc in hexanes) afforded 3h (56.2 

mg, 60% yield) as a white solid; Rf = 0.28 (20% EtOAc in hexanes). 1H NMR (400 
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MHz, CDCl3):  7.97 (d, J = 8.7 Hz, 2H), 7.84 – 7.77 (bs, 1H), 7.62 (d, J = 8.7 Hz, 

2H), 5.33 (m, 2H), 3.88 (s, 3H), 2.37 (t, J = 7.6 Hz, 2H), 2.00 (q, J = 6.6 Hz, 4H), 

1.70 (p, J = 7.5 Hz, 2H), 1.51 – 1.11 (m, 28H). 1.02 – 0.75 (m, 3H). 13C NMR (101 

MHz, CDCl3)  172.1, 166.8, 142.5, 130.9, 130.0, 130.0, 125.4, 118.9, 52.1, 38.0, 

32.0, 29.9, 29.8, 29.8, 29.7, 29.7, 29.6, 29.6, 29.5, 29.4, 29.4, 27.3, 25.6, 22.8, 

14.2. HRMS (ESI-TOF) m/z calculated for C30H50NO3 (M+H)+: 472.3785, found 

472.3799. Melting point: 78-81 °C. 

 

methyl 4-(2-phenylacetamido)benzoate (3i) 

Following general procedure A, 2-

phenylacetamide (1i, 54.1 mg, 0.4 mmol) and 

methyl 4- bromobenzoate (2a, 43.0 mg, 0.2 mmol) 

were employed using 3:1 PhCF3:DMF as solvent. Purification of the residue by 

flash chromatography (silica (20% EtOAc in hexanes until methyl 4-

bromobenzoate side product elutes, then 30% EtOAc in hexanes) afforded 3i (35.5 

mg, 66% yield) as a white solid; Rf = 0.12 (20% EtOAc in hexanes), 0.28 (30% 

EtOAc in hexanes). 1H NMR (400 MHz, CDCl3)  7.94 (d, J = 8.8 Hz, 2H), 7.66 (bs, 

1H), 7.52 (d, J = 8.8 Hz, 2H), 7.41 – 7.35 (m, 2H), 7.35 – 7.29 (m, 3H), 3.87 (s, 

3H), 3.73 (s, 2H). 13C NMR (101 MHz, CDCl3)  169.6, 166.7, 142.0, 134.1, 130.8, 

129.6, 129.4, 127.9, 125.8, 119.0, 52.2, 44.9. HRMS (ESI-TOF) m/z calculated for 

C16H16NO3 (M+H)+: 270.1125, found 270.1123. Melting point: 156-157 °C. The 

characterization data matches previous reports.45 
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methyl 4-(2,2-diphenylacetamido)benzoate (3j) 

Following general procedure A, 2,2-

diphenylacetamide (1j, 84.5 mg, 0.4 mmol) and 

methyl 4- bromobenzoate (2a, 43.0 mg, 0.2 mmol) 

were employed using 3:1 PhCF3:DMF as solvent. Purification of the residue by 

flash chromatography (silica, 20% EtOAc in hexanes) afforded a mixture of 3j and 

methyl 4-hydroxybenzoate; Rf = 0.16 (20% EtOAc in hexanes). The general 

extraction procedure was followed to afford 3j (47.1 mg, 68% yield) as a white 

solid. 1H NMR (400 MHz, CDCl3):  7.95 (d, J = 8.8 Hz, 2H), 7.83 (bs, 1H), 7.53 (d, 

J = 8.8 Hz, 2H), 7.38 – 7.27 (m, 10H), 5.08 (s, 1H), 3.88 (s, 3H). 13C NMR (101 

MHz, CDCl3)  170.7, 166.7, 142.0, 138.8, 130.9, 129.1, 129.0, 127.7, 125.9, 

119.1, 60.1, 52.2. HRMS (ESI-TOF) m/z calculated for C22H20NO3 (M+H)+: 

346.1440, found 346.1441. Melting point: 185-186 °C. 

 

methyl 4-(cyclohexanecarboxamido)benzoate (3k) 

Following general procedure A, 

cyclohexanecarboxamide (1k, 50.9 mg, 0.4 mmol) 

and methyl 4- bromobenzoate (2a, 43.0 mg, 0.2 

mmol) were employed using 1:1 PhCF3:DMF as solvent. Purification of the residue 

by flash chromatography (silica, 30% EtOAc in hexanes) afforded a mixture of 3k 

and methyl 4-hydroxybenzoate; Rf = 0.36 (30% EtOAc in hexanes). The general 

extraction procedure was followed to afford 3k (27.7 mg, 53% yield) as a white 
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solid. 1H NMR (400 MHz, CDCl3)  7.99 (d, J = 8.8 Hz, 2H), 7.61 (d, J = 8.8 Hz, 

2H), 7.41 (bs, 1H), 3.89 (s, 3H), 2.25 (tt, J = 11.7, 3.5 Hz, 1H), 2.00 – 1.91 (m, 2H), 

1.89 – 1.79 (m, 2H), 1.74 – 1.67 (m, 1H), 1.61 – 1.48 (m, 2H), 1.37 – 1.18 (m, 3H). 

13C NMR (101 MHz, CDCl3)  174.8, 166.8, 142.5, 131.0, 125.5, 118.9, 52.2, 46.8, 

29.7, 25.7. HRMS (ESI-TOF) m/z calculated for C15H20NO3 (M+H)+: 262.1438, 

found 262.1436. Melting point: 160-161 °C. The characterization data matches 

previous reports.46 

 

tert-butyl 4-((4-(methoxycarbonyl)phenyl)carbamoyl)piperidine-1-

carboxylate (3l) 

Following general procedure A, tert-butyl 4-

carbamoylpiperidine-1-carboxylate (1l, 91.3 

mg, 0.4 mmol) and methyl 4-bromobenzoate 

(2a, 43.0 mg, 0.2 mmol) were employed using 3:1 PhCF3:DMF as solvent. The 

crude reaction mixture was flushed through the celite plug with hot acetone due to 

the poor solubility of the product at room temperature. Purification of the residue 

by flash chromatography (silica, 50% EtOAc in hexanes) afforded 3l (41.9 mg, 58% 

yield) as a white solid; Rf = 0.33 (50% EtOAc in hexanes). 1H NMR (400 MHz, 

CDCl3)  8.15 (bs, 1H), 7.96 (d, J = 8.8 Hz, 2H), 7.62 (d, J = 8.8 Hz, 2H), 4.21 – 

4.07 (m, 2H), 3.87 (s, 3H), 2.73 (t, J = 13.5 Hz, 2H), 2.42 (tt, J = 11.6, 3.8 Hz, 1H), 

1.89 – 1.80 (m, 2H), 1.72 (dtd, J = 13.5, 11.6, 4.3 Hz, 2H), 1.44 (s, 9H). 13C NMR 

(101 MHz, CDCl3)  173.3, 166.8, 154.8, 142.5, 130.9, 125.5, 119.0, 80.0, 52.2, 
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44.3, 43.2 (bs), 28.6, 28.5. HRMS (ESI-TOF) m/z calculated for C19H25N2O5 (M-

H)-: 361.1770, found 361.1780. Melting point: 194-197 °C. 

 

methyl 4-(nicotinamido)benzoate (3m) 

Following general procedure A, nicotinamide (1m, 

48.9 mg, 0.4 mmol) and methyl 4- bromobenzoate 

(2a, 43.0 mg, 0.2 mmol) were employed using 3:1 

PhCF3:DMF as solvent. Purification of the residue by flash chromatography (silica, 

100% EtOAc) afforded 3m (39.8 mg, 78% yield) as a white solid; Rf = 0.41 (100% 

EtOAc). 1H NMR (400 MHz, DMSO-d6)  10.75 (bs, 1H), 9.12 (dd, J = 2.3, 0.9 Hz, 

1H), 8.78 (dd, J = 4.8, 1.7 Hz, 1H), 8.31 (ddd, J = 7.9, 2.3, 1.7 Hz, 1H), 7.98 (d, J 

= 9.1 Hz, 2H), 7.94 (d, J = 9.1 Hz, 2H), 7.59 (ddd, J = 7.9, 4.8, 0.9 Hz, 1H), 3.84 

(s, 3H). 13C NMR (101 MHz, DMSO-d6)  165.8, 164.6, 152.4, 148.8, 143.3, 135.6, 

130.3, 130.2, 124.6, 123.5, 119.6, 52.0. HRMS (ESI-TOF) m/z calculated for 

C14H13N2O3 (M+H)+: 257.0921, found 257.0917. Melting point: 197-198 °C. 

 

methyl 4-(furan-2-carboxamido)benzoate (3n) 

Following general procedure A, furan-2-

carboxamide (1n, 44.4 mg, 0.4 mmol) and methyl 

4-bromobenzoate (2a, 43.0 mg, 0.2 mmol) were 

employed using 3:1 PhCF3:DMF as solvent. Purification of the residue by flash 

chromatography (silica, 20% EtOAc in hexanes until methyl 4-hydroxybenzoate 
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side product elutes, then 40% EtOAc in hexanes) afforded 3n (37.8 mg, 77% yield) 

as a white solid; Rf = 0.12 (20% EtOAc in hexanes), 0.37 (40% EtOAc in hexanes). 

1H NMR (400 MHz, CDCl3)  8.35 (bs, 1H), 8.02 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 

8.8 Hz, 2H), 7.48 (dd, J = 1.8, 0.8 Hz, 1H), 7.24 (dd, J = 3.5, 0.8 Hz, 1H), 6.54 (dd, 

J = 3.5, 1.8 Hz, 1H), 3.88 (s, 3H). 13C NMR (101 MHz, CDCl3)  166.7, 156.2, 

147.5, 144.7, 141.8, 131.0, 125.9, 119.1, 116.0, 112.9, 52.1. HRMS (ESI-TOF) m/z 

calculated for C13H12NO4 (M+H)+: 246.0761, found 246.0759. Melting point: 141-

142 °C. The characterization data matches previous reports.41 

 

methyl 4-(thiophene-2-carboxamido)benzoate (3o) 

Following general procedure A, furan-2-

carboxamide (1o, 50.9 mg, 0.4 mmol) and methyl 

4- bromobenzoate (2a, 43.0 mg, 0.2 mmol) were 

employed using 3:1 PhCF3:DMF as solvent. Purification of the residue by flash 

chromatography (silica, 20% EtOAc in hexanes until methyl 4-hydroxybenzoate 

side product elutes, then 25% EtOAc in hexanes) afforded 3o (37.5 mg, 72% yield) 

as a white solid; Rf = 0.11 (20% EtOAc in hexanes), 0.22 (25% EtOAc in hexanes). 

1H NMR (400 MHz, CDCl3)  8.12 (bs, 1H), 8.01 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 

8.8 Hz, 2H), 7.68 (dd, J = 3.8, 1.1 Hz, 1H), 7.56 (dd, J = 5.0, 1.1 Hz, 1H), 7.10 (dd, 

J = 5.0, 3.8 Hz, 1H), 3.90 (s, 3H). 13C NMR (101 MHz, CDCl3)  166.8, 160.2, 

142.0, 139.0, 131.6, 131.0, 129.0, 128.1, 125.9, 119.4, 52.2. HRMS (ESI-TOF) m/z 
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calculated for C13H12NO3S (M+H)+: 262.0533, found 262.0529. Melting point: 

161-164 °C. The characterization data matches previous reports.47 

 

(S)-methyl 4-(5-(tert-butoxy)-4-((tert-butoxycarbonyl)amino)-5-

oxopentanamido)benzoate (3p) 

Following general procedure B, (S)-Boc-

Gln-Ot-Bu (1p, 120.9 mg, 0.4 mmol) and 

methyl 4-bromobenzoate (2a, 43.0 mg, 

0.2 mmol) were employed using 1.1 mL of 10:1 PhCF3:DMF as solvent and reacted 

for 48 h. Purification of the residue by flash chromatography (silica, 3:1 

DCM:acetone) afforded 3p (50.2 mg, 58% yield) as a clear, highly viscous oil; Rf = 

0.21 (3:1 DCM:acetone). 1H NMR (400 MHz, CDCl3)  9.31 (bs, 1H), 7.98 (d, J = 

8.6 Hz, 2H), 7.69 (d, J = 8.6 Hz, 2H), 5.41 (d, J = 8.0 Hz, 1H), 4.25 – 4.14 (m, 1H), 

3.88 (s, 3H), 2.49 – 2.43 (m, 2H), 2.30 – 2.21 (m, 1H), 1.93 – 1.82 (m, 1H), 1.45 

(s, 9H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3)  171.3, 171.2, 166.9, 156.8, 

142.9, 130.9, 125.3, 118.9, 83.0, 80.8, 53.3, 52.1, 34.4, 30.7, 28.4, 28.1. HRMS 

(ESI-TOF) m/z calculated for C22H33N2O7 (M+H)+: 437.2283, found 437.2281. 

81.5:18.5 er (identical to the er of the starting amide 1n) determined by analytical 

SFC, TrefoilTM AMY1 column, 40 °C, MeOH:CO2 = 8:92, 1 mL/min, tR (major): 5.08 

min, tR (minor): 6.13 min; [α]D
20 = – 102 ± 13 (c = 0.0225 g/mL, MeCN). 
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Separation of enantiomers by SFC: 

Arylated products 3p: TrefoilTM AMY1 column, 40 °C, MeOH:CO2 = 8:92, 1 mL/min, 

tR (major): 5.08 min, tR (minor): 6.13 min for (S)-3p and tR (major): 6.09 min, tR 

(minor): 5.11 min for (R)-1p. 

Starting amides 1p: TrefoilTM CEL1 column, 40 °C, MeOH:CO2 = 3:97, 1.5 mL/min, 

tR (major): 14.19 min, tR (minor): 12.77 min for (S)-1p and tR (major): 12.45 min, tR 

(minor): 14.38 min for (R)-1p. 
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Secondary amide and other weakly nucleophilic N-nucleophile scope: 

methyl 4-(2-oxoazetidin-1-yl)benzoate (3q) 

Following general procedure A, 2-azetidinone (1q, 28.4 

mg, 0.4 mmol) and methyl 4- bromobenzoate (2a, 43.0 

mg, 0.2 mmol) were employed using 3:1 PhCF3:DMF 

as solvent. Purification of the residue by flash chromatography (silica, 20% EtOAc 

in hexanes until methyl 4-hydroxybenzoate side product elutes, then 40% EtOAc 

in hexanes) afforded 3q (25.8 mg, 63% yield) as a white solid; Rf = 0.13 (20% 

EtOAc in hexanes), 0.34 (40% EtOAc in hexanes). 1H NMR (400 MHz, CDCl3):  

8.00 (d, J = 8.9 Hz, 2H), 7.37 (d, J = 8.9 Hz, 2H), 3.88 (s, 3H), 3.66 (t, J = 4.6 Hz, 

2H), 3.15 (t, J = 4.6 Hz, 2H). 13C NMR (101 MHz, CDCl3)  166.6, 164.9, 142.1, 

131.1, 125.3, 115.7, 52.1, 38.4, 36.6. HRMS (ESI-TOF) m/z calculated for 

C11H12NO3 (M+H)+: 206.0811, found 206.0808. Melting point: 128-129 °C. 
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methyl 4-(2-oxopyrrolidin-1-yl)benzoate (3r) 

Following general procedure A, 2-pyrrolidone (1r, 34.0 

mg, 0.4 mmol) and methyl 4- bromobenzoate (2a, 43.0 

mg, 0.2 mmol) were employed using 3:1 PhCF3:DMF 

as solvent. Purification of the residue by flash chromatography (silica, 30% EtOAc 

in hexanes until methyl 4-hydroxybenzoate side product elutes, then 50% EtOAc 

in hexanes) afforded 3r (31.6 mg, 72% yield) as a white solid; Rf = 0.11 (30% 

EtOAc in hexanes), 0.26 (50% EtOAc in hexanes). 1H NMR (400 MHz, CDCl3)  

8.01 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 8.9 Hz, 2H), 3.88 (s, 3H), 3.87 (t, J = 7.7 Hz, 

2H), 2.61 (t, J = 7.7 Hz, 2H), 2.16 (quint, J = 7.7 Hz, 2H). 13C NMR (101 MHz, 

CDCl3)  174.7, 166.7, 143.5, 130.5, 125.5, 118.7, 52.1, 48.6, 33.0, 17.9. HRMS 

(ESI-TOF) m/z calculated for C12H14NO3 (M+H)+: 220.0968, found 220.0969. 

Melting point: 123-124 °C. The characterization data matches previous reports.48 

 

methyl 4-(1,3-dioxoisoindolin-2-yl)benzoate (3s) 

Following general procedure A, phthalimide (1s, 

58.9 mg, 0.4 mmol) and methyl 4-bromobenzoate 

(2a, 43.0 mg, 0.2 mmol) were employed using 3:1 

PhCF3:DMF as solvent. The crude reaction mixture was flushed through the celite 

plug with hot methanol instead of acetone due to the poor solubility of the product. 

Purification of the residue by flash chromatography (silica, 10% EtOAc in hexanes) 

afforded a mixture of 3s, methyl 4-hydroxybenzoate, and residual phthalimide; Rf 
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= 0.09 (10% EtOAc in hexanes). Although this Rf is quite low, it was necessary in 

order to elute the diaryl ether side product before the desired product since the 

diaryl ether cannot be removed by extraction. The general extraction procedure 

was followed to afford 3s (40.4 mg, 72% yield) as a white solid. 1H NMR (400 MHz, 

CDCl3)  8.18 (d, J = 8.9 Hz, 2H), 7.97 (dd, J = 5.5, 3.0 Hz, 2H), 7.82 (dd, J = 5.5, 

3.0 Hz, 2H), 7.60 (d, J = 8.9 Hz, 2H), 3.95 (s, 3H). 13C NMR (101 MHz, CDCl3)  

166.9, 166.5, 136.0, 134.8, 131.7, 130.6, 129.4, 126.1, 124.1, 52.5. HRMS (ESI-

TOF) m/z calculated for C16H10NO4 (M-H)-: 280.0615, found 280.0621. Melting 

point: 193-198 °C. The characterization data matches previous reports.49 

 

methyl 4-((tert-butoxycarbonyl)amino)benzoate (3t) 

Following general procedure A, tert-butyl carbamate 

(3t, 46.9 mg, 0.4 mmol) and methyl 4- 

bromobenzoate (2a, 43.0 mg, 0.2 mmol) were employed using PhCF3 as solvent 

and reacted for 48 h at 40 °C. Purification of the residue by flash chromatography 

(silica, 10% EtOAc in hexanes) afforded 3t (29.2 mg, 58% yield) as a white solid; 

Rf = 0.06 (10% EtOAc in hexanes). Although this Rf is quite low, it was necessary 

in order to elute the impurities before the desired product. 1H NMR (400 MHz, 

CDCl3)  7.96 (d, J = 8.8 Hz, 2H), 7.43 (d, J = 8.8 Hz, 2H), 6.82 (bs, 1H), 3.88 (s, 

3H), 1.51 (s, 9H). 13C NMR (101 MHz, CDCl3)  166.9, 152.4, 142.9, 131.0, 124.4, 

117.5, 81.3, 52.1, 28.4. HRMS (ESI-TOF) m/z calculated for C13H16NO4 (M-H)-: 
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250.1085, found 250.1088. Melting point: 169-172 °C. The characterization data 

matches previous reports.50 

 

methyl 4-(4-methylphenylsulfonamido)benzoate (3u) 

Following general procedure A, p-toluenesulfonamide 

(1u, 68.5 mg, 0.4 mmol) and methyl 4- bromobenzoate 

(2a, 43.0 mg, 0.2 mmol) were employed using 3:1 PhCF3:DMF as solvent. The 

crude reaction mixture was flushed through the celite plug with hot methanol 

instead of acetone due to the poor solubility of the product. Purification of the 

residue by flash chromatography (silica, 20% EtOAc in hexanes until methyl 4-

hydroxybenzoate side product elutes, then 25% EtOAc in hexanes) afforded 3u 

(45.4 mg, 74% yield) as a white solid; Rf = 0.11 (20% EtOAc in hexanes), 0.22 

(25% EtOAc in hexanes). 1H NMR (400 MHz, DMSO-d6)  10.80 (bs, 1H), 7.81 (d, 

J = 8.8 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 8.8 

Hz, 2H), 3.77 (s, 3H), 2.32 (s, 3H). 13C NMR (101 MHz, DMSO-d6)  165.7, 143.7, 

142.6, 136.4, 130.6, 129.8, 126.7, 124.2, 118.1, 51.9, 21.0. HRMS (ESI-TOF) m/z 

calculated for C15H14NO4S (M-H)-: 304.0651, found 304.0646. Melting point: 199-

201 °C. The characterization data matches previous reports.51 
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methyl 4-(2,2,2-trifluoroacetamido)benzoate (3v) 

Following general procedure A, 2,2,2-

trifluoroacetamide (1v, 45.2 mg, 0.4 mmol) and 

methyl 4- bromobenzoate (2a, 43.0 mg, 0.2 mmol) 

were employed using 3:1 PhCF3:DMF as solvent. Purification of the residue by 

flash chromatography (silica, 20% EtOAc in hexanes) afforded 3v (43.9 mg, 89% 

yield) as a white solid; Rf = 0.30 (20% EtOAc in hexanes). 1H NMR (400 MHz, 

CDCl3)  8.22 (bs, 1H), 8.07 (d, J = 8.9 Hz, 2H), 7.68 (d, J = 8.9 Hz, 2H), 3.92 (s, 

3H). 13C NMR (101 MHz, CDCl3)  166.4, 155.1 (q, J = 38.4 Hz), 139.3, 131.2, 

127.9, 120.0, 115.7 (q, J = 289.9 Hz), 52.4. 19F NMR (376 MHz, CDCl3)  -76.9. 

HRMS (ESI-TOF) m/z calculated for C10H7F3NO3 (M-H)-: 246.0384, found 

246.0392. Melting point: 123-126 °C. The characterization data matches previous 

reports.44 

 

methyl 4-(N-phenylacetamido)benzoate (3w) 

Following general procedure A, acetanilide (1w, 54.1 

mg, 0.4 mmol) and methyl 4- bromobenzoate (2a, 

43.0 mg, 0.2 mmol) were employed using 3:1 

PhCF3:DMF as solvent. Purification of the residue by flash chromatography (silica, 

25% EtOAc in hexanes) afforded 3w (10.8 mg, 20% yield) as a colorless oil; Rf = 

0.22 (25% EtOAc in hexanes). 1H NMR (400 MHz, CDCl3)  8.00 (d, J = 8.6 Hz, 

2H), 7.42 (t, J = 7.5 Hz, 2H), 7.37 – 7.30 (m, 3H), 7.28 – 7.23 (m, 2H), 3.89 (s, 3H), 
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2.07 (s, 3H). 13C NMR (101 MHz, CDCl3)  170.6, 166.5, 147.0, 142.7, 130.6, 

129.9, 128.4, 128.0, 126.3, 126.1, 52.3, 24.3. HRMS (ESI-TOF) m/z calculated for 

C16H16NO3 (M+H)+: 270.1126, found 270.1126. The characterization data matches 

previous reports.52 

 

Aryl bromide scope: 

N-(4-benzoylphenyl)benzamide (3ad) 

Following general procedure A, benzamide (1a, 48.5 

mg, 0.4 mmol) and 4-bromobenzophenone (2ad, 52.2 

mg, 0.2 mmol) were employed using 3:1 PhCF3:DMF 

as solvent and reacted at 40 °C for 48 h. Purification of the residue by flash 

chromatography (silica, 30% EtOAc in hexanes) afforded a mixture of 3ad and 

phenol side product; Rf = 0.32 (30% EtOAc in hexanes). The general extraction 

procedure was followed to afford 3ad (53.4 mg, 89% yield) as a white solid. 1H 

NMR (400 MHz, CDCl3)  8.78 (bs, 1H), 7.90 – 7.85 (m, 2H), 7.82 (d, J = 9.0 Hz, 

2H), 7.78 (d, J = 9.0 Hz, 2H), 7.75 – 7.71 (m, 2H), 7.59 – 7.54 (m, 1H), 7.52 – 7.43 

(m, 3H), 7.42 – 7.36 (m, 2H). 13C NMR (101 MHz, CDCl3)  196.1, 166.4, 142.4, 

137.8, 134.5, 133.1, 132.4, 132.2, 131.7, 130.0, 128.8, 128.4, 127.4, 119.5. HRMS 

(ESI-TOF) m/z calculated for C20H16NO2 (M+H)+: 302.1176, found 302.1170. 

Melting point: 153-155 °C. The characterization data matches previous reports.53 
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N-(4-(trifluoromethyl)phenyl)benzamide (3ae) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and 4-bromobenzotrifluoride (2ae, 28.0 µL, 

0.2 mmol) were employed using 3:1 PhCF3:DMF as 

solvent. Purification of the residue by flash chromatography (silica, 20% EtOAc in 

hexanes) afforded 3ae (36.7 mg, 69% yield) as a white solid; Rf = 0.29 (20% EtOAc 

in hexanes). 1H NMR (400 MHz, DMSO-d6)  10.59 (bs, 1H), 8.03 (d, J = 8.4 Hz, 

2H), 7.98 (d, J = 7.3 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 7.62 (t, J = 7.3 Hz, 1H), 7.55 

(t, J = 7.3 Hz, 2H). 13C NMR (101 MHz, DMSO-d6)  166.1, 142.9, 134.5, 131.9, 

128.5, 127.8, 125.9 (q, J = 3.6 Hz), 124.4 (q, J = 272.7 Hz), 123.6 (q, J = 32.3 Hz), 

120.1. 19F NMR (376 MHz, CDCl3)  -63.4. HRMS (ESI-TOF) m/z calculated for 

C14H11F3NO (M+H)+: 266.0788, found 266.0783. Melting point: 205-208 °C. The 

characterization data matches previous reports.54 

 

N-(3-(trifluoromethyl)phenyl)benzamide (3af) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and 3-bromobenzotrifluoride (2af, 27.9 µL, 0.2 

mmol) were employed using 3:1 PhCF3:DMF as solvent 

and reacted at 40 °C for 48 h. Purification of the residue by flash chromatography 

(silica, 20% EtOAc in hexanes) afforded 3af (42.8 mg, 81% yield) as a white solid; 

Rf = 0.34 (20% EtOAc in hexanes). 1H NMR (400 MHz, CDCl3)  8.34 (bs, 1H), 

7.93 (s, 1H), 7.88 – 7.81 (m, 3H), 7.56 – 7.50 (m, 1H), 7.46 – 7.34 (m, 4H). 13C 
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NMR (101 MHz, CDCl3)  166.4, 138.6, 134.4, 132.3, 131.5 (q, J = 32.6 Hz), 129.7, 

128.9, 127.2, 124.0 (q, J = 273.4 Hz), 123.6, 121.2 (q, J = 4.0 Hz), 117.2 (q, J = 

4.1 Hz). 19F NMR (376 MHz, CDCl3)  -64.0. HRMS (ESI-TOF) m/z calculated for 

C14H11F3NO (M+H)+: 266.0787, found 266.0784. Melting point: 108-110 °C. The 

characterization data matches previous reports.55 

 

N-(4-cyanophenyl)benzamide (3ag) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and 4-bromobenzonitrile (2ag, 36.4 mg, 0.2 

mmol) were employed using 3:1 PhCF3:DMF as solvent. 

Purification of the residue by flash chromatography (silica, 20% EtOAc in hexanes 

until phenol side product elutes, then 30% EtOAc in hexanes) afforded 3ag (30.7 

mg, 69% yield) as a white solid; Rf = 0.15 (20% EtOAc in hexanes), 0.30 (30% 

EtOAc in hexanes). 1H NMR (400 MHz, DMSO-d6)  10.66 (bs, 1H), 8.01 (d, J = 

8.9 Hz, 2H), 7.97 (d, J = 7.2 Hz, 2H), 7.82 (d, J = 8.9 Hz, 2H), 7.62 (t, J = 7.2 Hz, 

1H), 7.55 (t, J = 7.2 Hz, 2H). 13C NMR (101 MHz, DMSO-d6)  166.2, 143.5, 134.4, 

133.1, 132.1, 128.5, 127.9, 120.2, 119.1, 105.4. HRMS (ESI-TOF) m/z calculated 

for C14H11N2O (M+H)+: 223.0866, found 223.0862. Melting point: 169-171 °C. The 

characterization data matches previous reports.6 
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N-(4-chlorophenyl)benzamide (3ah) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and 1-bromo-4- chlorobenzene (2ah, 38.3 mg, 

0.2 mmol) were employed using 3:1 PhCF3:DMF as 

solvent and reacted at 40 °C for 96 h. Purification of the residue by flash 

chromatography (silica, 20% EtOAc in hexanes) afforded 3ah (28.2 mg, 61% yield) 

as a white solid; Rf = 0.32 (20% EtOAc in hexanes). 1H NMR (400 MHz, DMSO-

d6)  10.38 (bs, 1H), 7.95 (d, J = 7.2 Hz, 2H), 7.83 (d, J = 8.9 Hz, 2H), 7.60 (t, J = 

7.2 Hz, 1H), 7.53 (t, J = 7.2 Hz, 2H), 7.41 (d, J = 8.9 Hz, 2H). 13C NMR (101 MHz, 

DMSO-d6)  165.7, 138.2, 134.7, 131.7, 128.5, 128.4, 127.7, 127.3, 121.8. HRMS 

(ESITOF) m/z calculated for C13H11ClNO (M+H)+: 232.0525, found 232.0516. 

Melting point: 192-194 °C. The characterization data matches previous reports.56 

 

N-(4-fluorophenyl)benzamide (3ai) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and 1-bromo-4-fluorobenzene (2ai, 21.8 µL, 0.2 

mmol) were employed using 3:1 PhCF3:DMF as solvent and 

reacted at 50 °C for 5 days. Purification of the residue by flash chromatography 

(silica, 20% EtOAc in hexanes) afforded 3ai (17.0 mg, 40% yield) as a white solid; 

Rf = 0.30 (20% EtOAc in hexanes). 1H NMR (500 MHz, DMSO-d6)  10.32 (s, 1H), 

7.95 (d, J = 7.4 Hz, 2H), 7.80 (dd, J = 8.9, 5.0 Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H), 

7.53 (t, J = 7.4 Hz, 2H), 7.20 (t, J = 8.9 Hz, 2H). 13C NMR (151 MHz, DMSO-d6)  
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165.5, 158.3 (d, J = 240.3 Hz), 135.6 (bs), 134.8, 131.6, 128.4, 127.7, 122.2 (d, J 

= 8.0 Hz), 115.2 (d, J = 22.2 Hz). 19F NMR (376 MHz, DMSO-d6)  -120.2 (tt, J = 

8.9, 4.5 Hz). The characterization data matches previous reports.57 

 

N-phenylbenzamide (3aj) 

Following general procedure A, benzamide (1a, 48.5 mg, 0.4 

mmol) and bromobenzene (2aj, 21.0 µL, 0.2 mmol) were 

employed using 3:1 PhCF3:DMF as solvent and reacted at 40 °C 

for 48 h. Purification of the residue by flash chromatography (silica, 20% EtOAc in 

hexanes) afforded 3aj (25.7 mg, 65% yield) as a white solid; Rf = 0.35 (20% EtOAc 

in hexanes). 1H NMR (400 MHz, CDCl3)  7.98 (bs, 1H), 7.89 – 7.81 (m, 2H), 7.65 

(d, J = 7.4 Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.4 Hz, 2H), 7.41 – 7.31 

(m, 2H), 7.15 (t, J = 7.4 Hz, 1H). 13C NMR (101 MHz, CDCl3)  166.0, 138.1, 135.1, 

131.9, 129.2, 128.9, 127.2, 124.7, 120.4. HRMS (ESI-TOF) m/z calculated for 

C13H12NO (M+H)+: 198.0914, found 198.0909. Melting point: 163-165 °C. The 

characterization data matches previous reports.7 

 

N-(p-tolyl)benzamide (3ak) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and 4-bromotoluene (2ak, 34.2 mg, 0.2 mmol) 

were employed using 3:1 PhCF3:DMF as solvent and 

reacted at 50 °C for 96 h. Purification of the residue by flash chromatography 
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(silica, 20% EtOAc in hexanes) afforded 3ak (28.0 mg, 66% yield) as a white solid; 

Rf = 0.24 (20% EtOAc in hexanes). 1H NMR (400 MHz, CDCl3)  8.00 (bs, 1H), 

7.84 (d, J = 7.2 Hz, 2H), 7.56 – 7.48 (m, 3H), 7.43 (t, J = 7.2 Hz, 2H), 7.15 (d, J = 

8.2 Hz, 2H), 2.33 (s, 3H). 13C NMR (101 MHz, CDCl3)  165.9, 135.5, 135.2, 134.3, 

131.8, 129.6, 128.8, 127.2, 120.5, 21.0. HRMS (ESI-TOF) m/z calculated for 

C14H14NO (M+H)+: 212.1070, found 212.1069. Melting point: 159-161 °C. The 

characterization data matches previous reports.57 

 

N-(4-pentylphenyl)benzamide (3al) 

Following general procedure A, benzamide (1a, 

48.5 mg, 0.4 mmol) and 4-pentylbromobenzene 

(2al, 35.7 µL, 0.2 mmol) were employed using 3:1 

PhCF3:DMF as solvent and reacted at 50 °C for 96 h. Purification of the residue by 

flash chromatography (silica, 10% EtOAc in hexanes) afforded 3al (35.4 mg, 66% 

yield) as a white solid; Rf = 0.22 (10% EtOAc in hexanes). 1H NMR (400 MHz, 

CDCl3)  7.89 – 7.82 (m, 3H), 7.57 – 7.50 (m, 3H), 7.47 (t, J = 7.3 Hz, 2H), 7.17 

(d, J = 8.4 Hz, 2H), 2.59 (t, J = 7.8 Hz, 2H), 1.62 (p, J = 7.8 Hz, 2H), 1.40 – 1.27 

(m, 4H), 0.89 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3)  165.8, 139.5, 135.6, 

135.2, 131.9, 129.1, 128.9, 127.1, 120.4, 35.5, 31.6, 31.3, 22.7, 14.2. HRMS (ESI-

TOF) m/z calculated for C18H22NO (M+H)+: 268.1697, found 268.1697. Melting 

point: 118-120 °C. 
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N-(3,5-dimethylphenyl)benzamide (3am) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and 5-bromo-m-xylene (2am, 27.2 µL, 0.2 

mmol) were employed using 3:1 PhCF3:DMF as solvent 

and reacted at 50 °C for 96 h. Purification of the residue 

by flash chromatography (silica, 20% EtOAc in hexanes) afforded 3am (35.1 mg, 

78% yield) as a white solid; Rf = 0.35 (20% EtOAc in hexanes). 1H NMR (400 MHz, 

CDCl3)  7.99 (bs, 1H), 7.88 – 7.83 (m, 2H), 7.55 – 7.48 (m, 1H), 7.47 – 7.40 (m, 

2H), 7.29 (s, 2H), 6.79 (s, 1H), 2.30 (s, 6H). 13C NMR (101 MHz, CDCl3)  165.9, 

138.8, 137.9, 135.2, 131.8, 128.8, 127.1, 126.4, 118.2, 21.5. HRMS (ESI-TOF) m/z 

calculated for C15H16NO (M+H)+: 226.1227, found 226.1222. Melting point: 144-

145 °C. The characterization data matches previous reports.58 

 

N-(o-tolyl)benzamide (3an) 

Following general procedure A, benzamide (1a, 48.5 mg, 0.4 

mmol) and 2-bromotoluene (2an, 24.1 µL, 0.2 mmol) were 

employed using 3:1 PhCF3:DMF as solvent and reacted at 50 

°C for 7 days. Purification of the residue by flash chromatography (silica, 20% 

EtOAc in hexanes) afforded 3an (31.9 mg, 76% yield) as a white solid; Rf = 0.31 

(20% EtOAc in hexanes). 1H NMR (400 MHz, CDCl3)  7.91 – 7.85 (m, 3H), 7.81 

(bs, 1H), 7.58 – 7.52 (m, 1H), 7.51 – 7.44 (m, 2H), 7.27 – 7.20 (m, 2H), 7.12 (td, J 

= 7.4, 1.3 Hz, 1H), 2.32 (s, 3H). 13C NMR (101 MHz, CDCl3)  165.9, 135.8, 135.0, 
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131.9, 130.7, 129.8, 128.9, 127.2, 126.9, 125.6, 123.5, 17.9. HRMS (ESI-TOF) m/z 

calculated for C14H14NO (M+H)+: 212.1070, found 212.1068. Melting point: 138-

139 °C. The characterization data matches previous reports.59 

 

N-(4-methoxyphenyl)benzamide (3ao) 

Following general procedure A, benzamide (1a, 48.5 

mg, 0.4 mmol) and 4-bromoanisole (2ao, 25.0 µL, 0.2 

mmol) were employed using 3:1 PhCF3:DMF as solvent 

and reacted at 50 °C for 7 days. Purification of the residue by flash chromatography 

(silica, 20% EtOAc in hexanes) afforded 3ao (20.0 mg, 44% yield) as a white solid; 

Rf = 0.24 (20% EtOAc in hexanes). 1H NMR (400 MHz, CDCl3)  7.91 – 7.79 (m, 

3H), 7.57 – 7.49 (m, 3H), 7.46 (t, J = 7.3 Hz, 2H), 6.89 (d, J = 9.0 Hz, 2H), 3.81 (s, 

3H). 13C NMR (101 MHz, CDCl3)  165.8, 156.8, 135.2, 131.8, 131.1, 128.9, 127.1, 

122.3, 114.4, 55.6. HRMS (ESI-TOF) m/z calculated for C14H14NO2 (M+H)+: 

228.1019, found 228.1013. Melting point: 159-162 °C. The characterization data 

matches previous reports.60 

 

N-(3,4-dimethoxyphenyl)benzamide (3ap) 

Following general procedure A, benzamide (1a, 48.5 

mg, 0.4 mmol) and 4-bromoveratrole (2ap, 28.8 µL, 0.2 

mmol) were employed using 3:1 PhCF3:DMF as solvent 

and reacted at 50 °C for 7 days. Purification of the residue by flash chromatography 
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(silica, 20% EtOAc in hexanes) afforded 3ap (19.4 mg, 38% yield) as a white solid; 

Rf = 0.30 (20% EtOAc in hexanes). 1H NMR (500 MHz, DMSO-d6)  10.12 (s, 1H), 

7.95 (d, J = 7.3 Hz, 2H), 7.58 (t, J = 7.3 Hz, 1H), 7.52 (t, J = 7.3 Hz, 2H), 7.49 (s, 

1H), 7.35 (d, J = 8.7 Hz, 1H), 6.93 (d, J = 8.7 Hz, 1H), 3.76 (s, 3H), 3.74 (s, 3H). 

13C NMR (101 MHz, DMSO-d6)  165.1, 148.4, 145.2, 135.1, 132.7, 131.4, 128.4, 

127.5, 112.3, 111.9, 105.5, 55.7, 55.4. The characterization data matches previous 

reports.61 

 

N-(pyridine-2-yl)benzamide (3aq) 

Following general procedure A, benzamide (1a, 48.5 mg, 0.4 

mmol) and 2-bromopyridine (2aq, 19.1 µL, 0.2 mmol) were 

employed using 3:1 PhCF3:DMF as solvent and reacted at 50 

°C for 5 days. Purification of the residue by flash chromatography (silica, 25% 

EtOAc in dichloromethane) afforded 3aq (13.2 mg, 33% yield) as a colorless oil; 

Rf = 0.28 (25% EtOAc in dichloromethane). 1H NMR (400 MHz, CDCl3)  8.71 (bs, 

1H), 8.40 (d, J = 8.4 Hz, 1H), 8.28 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 7.97 – 7.89 (m, 

2H), 7.77 (ddd, J = 8.4, 7.4, 1.9 Hz, 1H), 7.61 – 7.54 (m, 1H), 7.54 – 7.46 (m, 2H), 

7.08 (ddd, J = 7.4, 4.9, 1.0 Hz, 1H). 13C NMR (101 MHz, CDCl3)  166.0, 151.7, 

147.8, 138.8, 134.4, 132.4, 129.0, 127.4, 120.0, 114.4. The characterization data 

matches previous reports.62 
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N-(pyridine-3-yl)benzamide (3ar) 

Following general procedure A, benzamide (1a, 48.5 mg, 0.4 

mmol) and 3-bromopyridine (2ar, 19.3 µL, 0.2 mmol) were 

employed using 3:1 PhCF3:DMF as solvent and reacted at 40 

°C for 48 h. Purification of the residue by flash chromatography (silica, 3:1 

DCM:EtOAc) afforded 3ar (26.0 mg, 66% yield) as a light-yellow solid; Rf = 0.11 

(3:1 DCM:EtOAc). The low Rf is necessary in order to elute the residual benzamide 

before the product. 1H NMR (400 MHz, CDCl3)  8.69 (d, J = 2.6 Hz, 1H), 8.52 (bs, 

1H), 8.36 – 8.27 (m, 2H), 7.89 (d, J = 7.4 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.46 (t, 

J = 7.4 Hz, 2H), 7.30 (dd, J = 8.3, 4.8 Hz, 1H). 13C NMR (101 MHz, CDCl3)  166.5, 

145.3, 141.6, 135.3, 134.3, 132.4, 129.0, 128.1, 127.4, 124.0. HRMS (ESI-TOF) 

m/z calculated for C12H11N2O (M+H)+: 199.0865, found 199.0864. Melting point: 

116-118 °C. The characterization data matches previous reports.63 

 

N-(pyrimidin-5-yl)benzamide (3as) 

Following general procedure A, benzamide (1a, 48.5 mg, 0.4 

mmol) and 5-bromopyrimidine (2as, 31.8 mg, 0.2 mmol) were 

employed using 3:1 PhCF3:DMF as solvent and reacted at 40 

°C for 48 h. Purification of the residue by flash chromatography (silica, 3:1 

DCM:EtOAc) afforded 3as (6.7 mg, 17% yield) as a white solid; Rf = 0.11 (3:1 

DCM:EtOAc). The low Rf is necessary in order to elute the residual benzamide 

before the product. 1H NMR (500 MHz, CDCl3)  9.21 (s, 2H), 8.98 (s, 1H), 8.75 
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(bs, 1H), 7.94 (d, J = 7.5 Hz, 2H), 7.57 (t, J = 7.5 Hz, 1H), 7.47 (t, J = 7.5 Hz, 2H). 

13C NMR (151 MHz, CDCl3)  166.5, 153.9, 148.4, 133.3, 133.3, 132.7, 129.0, 

127.6. 

 

N-(4-vinylphenyl)benzamide (3at) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and 4-bromostyrene (2at, 26.2 µL, 0.2 mmol) 

were employed using 3:1 PhCF3:DMF as solvent and 

reacted at 40 °C for 48 h. The 4-bromostyrene was added in 2 portions (13.1 µL, 

0.1 mmol each). The first addition of 4-bromostyrene was at the beginning of the 

reaction and the second addition was after 24 h. Purification of the residue by flash 

chromatography (silica, 20% EtOAc in hexanes) afforded 3at (12.9 mg, 29% yield) 

as a light-yellow solid; Rf = 0.30 (20% EtOAc in hexanes). 1H NMR (500 MHz, 

DMSO-d6)  10.32 (s, 1H), 7.96 (d, J = 7.6 Hz, 2H), 7.79 (d, J = 8.6 Hz, 2H), 7.69 

(t, J = 7.6 Hz, 1H), 7.53 (t, J = 7.6 Hz, 2H), 7.47 (d, J = 8.6 Hz, 2H), 6.70 (dd, J = 

17.6, 10.9 Hz, 1H), 5.77 (d, J = 17.6 Hz, 1H), 5.20 (d, J = 10.9 Hz, 1H). 13C NMR 

(101 MHz, DMSO-d6)  165.4, 139.4, 137.3, 135.0, 131.5, 128.4, 127.9, 127.6, 

126.7, 120.4, 119.7. The product decomposes before melting. The characterization 

data matches previous reports.64 
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(E/Z)-N-styrylbenzamide (3au) 

Following general procedure A, benzamide (1a, 48.5 mg, 

0.4 mmol) and -bromostyrene (2au, 25.7 µL, 0.2 mmol, 

87:13 E/Z) were employed using 3:1 PhCF3:DMF as solvent 

and reacted at 40 °C for 48 h. Purification of the residue by flash chromatography 

(silica, 10% EtOAc in hexanes) afforded 3au (22.2 mg, 50% yield, 30:70 E/Z) as a 

yellow oil; Rf (Z-isomer) = 0.24 (10% EtOAc in hexanes); Rf (E-isomer) = 0.10. 1H 

NMR (Z-isomer, 400 MHz, CDCl3)  8.38 (bd, J = 11.1 Hz, 1H), 7.81 – 7.72 (m, 

2H), 7.57 – 7.51 (m, 1H), 7.49 – 7.41 (m, 4H), 7.38 – 7.33 (m, 2H), 7.31 – 7.26 (m, 

1H), 7.21 (dd, J = 11.2, 9.5 Hz, 1H), 5.90 (d, J = 9.5 Hz, 1H). 1H NMR (E-isomer, 

400 MHz, CDCl3)  7.90 (bs, 1H), 7.88 – 7.83 (m, 2H), 7.74 (dd, J = 14.7, 10.8 Hz, 

1H), 7.59 – 7.54 (m, 1H), 7.52 – 7.47 (m, 2H), 7.40 – 7.29 (m, 4H), 7.23 – 7.18 (m, 

1H), 6.26 (d, J = 14.5 Hz, 1H). The characterization data matches previous 

reports.65,66 
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Chapter 3: Mechanistic investigation of the catalytic mechanism of Ni-

photoredox amide N-arylation 

 

3.1 Introduction 

 In recent years, Ni-photoredox dual catalysis has emerged as a robust 

platform for a variety of C-heteroatom cross-coupling reactions1–5. Although the 

suite of Ni-photoredox C-heteroatom coupling methods reported thus far 

accommodate a broad scope, reports describing in-depth mechanistic studies of 

such reactions remain uncommon6–11. Previous reports proposed that the low 

temperature reductive elimination in these dual Ni photocatalyst (PC) systems is 

enabled by access to either excited Ni(II) species2,5,6,12–18 (via energy transfer, or 

EnT) or oxidized Ni(III) species3,4,6,18–24 (via photoinduced electron transfer, or 

PET). This is in contrast to thermally-driven Ni-catalyzed C-heteroatom coupling, 

which requires elevated temperatures to promote the endothermic reductive 

elimination from Ni(II)2,25. 

 Most studies of Ni-photoredox C-N coupling systems published thus far 

have proposed the intermediacy of Ni(III) to enable facile reductive elimination4,7,10. 

In fact, C-N reductive elimination triggered by 1-electron oxidation of Ni(II) alkyl 

amido complexes had been known for decades before the advent of Ni-photoredox 

catalysis, with seminal work from Hillhouse & Koo demonstrating that such 

complexes could undergo oxidatively-induced reductive elimination when treated 

with a variety of stoichiometric chemical oxidants21. DFT calculations further 
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support facile C-N reductive elimination from Ni(III) with a drastic reduction in the 

kinetic barrier to reductive elimination for both alkylamines and amides2. 

Alternatively, EnT mechanisms involving excited Ni(II) species to enable the 

difficult C-N reductive elimination have been proposed26,27. It is also possible that 

reductive elimination in these EnT systems is occurring from Ni(III) rather than 

Ni(II) since Förster-type EnT has been shown to provide access to highly reactive 

Ni(III) intermediates in similar C-O coupling platforms via metal-to-ligand charge 

transfer (MLCT)17. 

 Within the field of mild Ni-photoredox C-N cross-coupling, our group 

published a report describing a Ni-photoredox-catalyzed amide arylation reaction, 

which was the subject of Chapter 2 of this thesis28. The main advantage of this 

methodology is that it circumvents the high temperatures required in other 

transition metal-mediated amide arylation strategies29–38. Additionally, it was the 

first report of a general Ni-photoredox C(sp2)-N coupling reaction utilizing amides 

as nucleophiles. To further leverage the mildness of this transformation and 

accommodate both temperature- and base-sensitive substrates, we identified 

conditions that employ weak inorganic bases instead of the strong alkoxide bases 

that are commonly used in amide functionalization reactions. This facilitated 

access to a broad substrate scope which included amides with epimerizable 

stereocenters that underwent N-arylation with excellent stereoretention. A major 

consequence of choosing weak, inorganic bases for Ni-photoredox catalysis is that 

they are not known to act as electron shuttles. This is unlike many soluble organic 
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tertiary amine bases (e.g., DABCO, quinuclidine, TMG) which have been shown to 

facilitate electron transfers between photocatalyst and Ni catalyst 4,6,10,39. These 

organic bases are often selected for Ni-photoredox C-heteroatom cross-coupling 

reactions due to their unique redox properties. 

We posited that the operative mechanism of this Ni-photoredox amide 

arylation reaction may be divergent from those previously reported for C-N cross-

coupling due to the relatively low nucleophilicity of the amide functional group 

(compared to other N-nucleophiles) and the absence of a redox-active base. All 

prior published Ni-photoredox C-X cross-coupling methods require a redox-active 

base, unlike the redox-inactive and insoluble phosphates and carbonates that were 

most effective for our amide arylation  
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reaction. As shown in Chapter 2, redox-active bases like TMG produced lower 

yields than the optimal inorganic, redox-innocent bases. Heterogeneous 

photoredox systems, although uncommon in C-heteroatom cross-coupling, are still 

often encountered in other types of Ni-photoredox reactions3,40–42. The study of 

these heterogeneous photochemical systems is complicated by light scattering 

from the insoluble base, altering the effective photon flux. Thus, heterogeneity 

prevents the accurate determination of quantum yield for these reactions. This 

issue could be circumvented by instead choosing a soluble base, although most 

soluble bases are redox-active amines that could exert a great influence on the 
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mechanism being studied. Instead, we decided to study the original heterogeneous 

conditions to better understand the optimized amide arylation reaction. 

Based on the preceding mechanistic studies, we envisioned that the 

dominant mechanism of the amine arylation reaction would fall into one of four 

mechanistic manifolds (Figure 1). The simplest mechanistic hypothesis involves 

oxidative addition to Ni(0) and a thermally-driven reductive elimination from Ni(II) 

(Figure 1a). This mechanism can be discarded since the reaction only proceeds 

at ambient temperature under blue light irradiation and in the presence of a 

photocatalyst, implicating the involvement of the photocatalyst in either an EnT or 

PET process that is necessary for productive coupling. Thus, three mechanistic 

hypotheses could not yet be ruled out: an EnT-driven Ni(0/II) cycle (Figure 1b), a 

PET-driven Ni(I/III) cycle (Figure 1c), or a PET-driven Ni(0/II/III) cycle (Figure 1d). 

For Ni-photoredox C-heteroatom coupling reactions that involve Ni(III) 

intermediates, mechanistic studies have consistently revealed a Ni(I/III) cycle 

rather than the commonly proposed Ni(0/II/III) cycle. In the context of both amine 

and alcohol arylation reactions enabled by Ni-photoredox systems, quantum yield 

measurements have revealed self-sustained Ni(I/III) “dark cycles”, in which the 

PET step serves only to initiate the catalytic cycle or to reintroduce off-cycle Ni 

species back into the Ni(I/III) manifold7,8. In contrast, a Ni(0/II/III) cycle would 

necessitate at least 1 PET event per catalytic turnover, which would produce a 

quantum yield of less than 1. Insights gleaned from these studies were later 

leveraged to design other Ni(I/III) cycles for C-heteroatom cross-couplings that 
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operate in the absence of PC or light by utilizing electrochemical or stoichiometric 

chemical reductants to promote the Ni(I/III) “dark cycle” 9,10. 

Our approach to probing the mechanism of the amide arylation reaction was 

multifaceted. To interrogate the catalytic cycle, we aimed to synthesize Ni 

complexes that were analogs of catalytic intermediates. The reactivity of these 

complexes under light irradiation, heating, chemical oxidation, and electrochemical 

oxidation could reveal the necessary trigger for C-N reductive elimination. We also 

wanted to test whether isolable reaction intermediates could be used as competent 

catalysts in the Ni-photoredox reaction at catalytic loadings. Additionally, the 

spectroscopic and electrochemical properties of these intermediate complexes 

could be studied to provide clues about the reaction mechanism. 

Since stoichiometric experiments of Ni complexes do not directly probe the 

original catalytic system, they are not conclusive on their own. To more directly 

observe the behavior of the Ni catalyst in the Ni-photoredox system, we measured 

the kinetic profiles of product formation for the catalytic amide arylation reaction 

under the normal catalytic conditions. This involved the measurement of kinetic 

profiles for parallel reactions varying stoichiometries of reaction components and 

other reaction parameters. This was a challenge since reproducibility in Ni-

photoredox systems can be impacted by small changes in parameters such as the 

distance from the source of irradiation, the intensity of irradiation, and the 

dimensions and UV-Vis absorption profile of the reaction glassware (see Chapter 

3.3). The goal of this study was to provide insights into the initial rate and to see if 
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there were any interesting features present in the early time points that may 

provide clues to elucidate the dominant mechanism. 

Since the reaction being studied uses a Ni(II) source, 1- or 2-electron 

reduction must be invoked to access the low-valent Ni(I) or Ni(0) intermediates that 

are necessary to perform oxidative addition with the electrophilic coupling partner 

and kick off the catalytic cycle, and we wanted to study the nature of this process. 

We sought to conduct kinetic trials with various Ni(II), Ni(I), and Ni(0) precatalysts 

(and combinations thereof) to determine if there are any identifiable off-cycle 

oxidation states and to learn about the nature of redox events occurring between 

the various Ni species in solution. Conveniently, commercially available Ni(0) and 

Ni(II) sources exist, and Ni(I) precatalysts can easily be synthesized following 

simple protocols43. To further test hypotheses regarding the oxidation state of the 

catalyst resting state, in situ EPR spectroscopy was employed. 

 

3.2 Stoichiometric experiments involving nickel(aryl)(amido) complexes 

 In order to differentiate between mechanisms 1b, 1c, and 1d (i.e. EnT vs. 

PET mechanisms for reductive elimination), we proceeded to probe the plausible 

steps in the catalytic cycle stoichiometrically. Specifically, we aimed to synthesize 

isolable Ni(II) aryl amido complexes, which we hypothesized would be relatively 

stable based on literature precedents that synthesized related Ni(II) aryl amido 

complexes7,21. In the amide arylation reaction being studied, these Ni(II) aryl amido 
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species are likely present in solution as either on-cycle species in a Ni(0/II/III) cycle 

or off-cycle species in a Ni(I/III) cycle. 

 

Since the 1H NMR spectra of Ni(II) complexes can be complex, we wanted 

to synthesize Ni(II) aryl amido complexes with fluorinated handles on both aryl and 

amido groups, allowing for complex formation to be monitored by 19F NMR 

spectroscopy. To synthesize the desired Ni(II) aryl amido complexes, the 

corresponding Ni(II) aryl bromide complexes were first made by stirring Ni(COD)2 

with a large excess of ortho-substituted aryl bromide, rendering the complexes 4a 

and 4b (Scheme 1). These Ni 

complexes were synthesized in the 

glovebox. When para-substituted 

4-bromobenzotrifluoride was 

stirred with Ni(COD)2, the resulting 

Ni(II) aryl bromide complex quickly 

decomposed and only 

homocoupled biaryl and Ni 
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aggregates were obtained. 

This demonstrates the need 

for an ortho-substituent to 

prevent undesired 

transmetalation between 

Ni(II) species in order to form 

a stable Ni(II) aryl bromide 

complex. The Ni(II) aryl amido 

complexes 5a and 5b could 

be accessed by stirring 4a or 

4b with trifluoroacetamide 

and K3PO4 (Scheme 1). All of 

these complexes were prone 

to speciation when they were 

dissolved, necessitating 

minimal workup (simple 

filtration and evaporation) in order to avoid partial decomposition of the desired 

complexes. This decomposition could be quantified by observing the 1H NMR 

signal of the free ligand, dtbbpy.  

These four complexes were characterized by 1H and 19F NMR spectroscopy 

and their mass ions were detected with HRMS. Additionally, a single crystal of 5b 

was grown. The X-ray structural analysis of this crystal was conducted by Veronica 

103



Carta, and revealed a distorted square planar geometry around the Ni center44 

(Figure 2). Both 5a and 5b appear orange in color in the solid state and have 

similar UV-Vis absorption profiles in acetonitrile solutions (Figure 3a). The Ni(II) 

aryl amido complexes were studied by cyclic voltammetry (Figure 3b) and 

irreversible oxidations were observed for both complexes (E1/2 = +0.19 V and +0.50 

V for 5a and 5b, respectively). The irreversible traces demonstrate that a reaction 

is occurring upon oxidation to Ni(III) (presumably, C-N reductive elimination). 

Next, the complexes 5a and 5b were subjected to chemical oxidants, blue 

LED irradiation, or 50 °C and no light to determine what conditions may be 

triggering the reductive elimination and form the aryl amide (Scheme 2). For both 

complexes, neither blue LED irradiation nor heating to 50 °C led to the formation 

of reductive elimination products. Complex 5a was relatively unstable and 

decomposed under these conditions, losing its red color after decomposition. 

Complex 5b retained its color and NMR spectra showed that it remained intact 

after heating and light irradiation. When the two amido complexes were treated 

stoichiometrically with the chemical oxidant acetylferrocenium tetrafluoroborate 

(E1/2 = +0.32 V vs. Ag/AgNO3 in CH3CN, Figure 21), different results were obtained 

for each complex. While complex 5b (E1/2 = 0.50 V vs. Ag/AgNO3) did not undergo 

any reaction when stirred with the oxidant, complex 5a (E1/2 = 0.19 V vs. 

Ag/AgNO3) underwent reductive elimination to form aryl amide 3b, isolated in 67% 

yield (Scheme 2). The redox potentials are in line with acetylferrocenium not being 

a sufficiently strong oxidant for Ni(II) complex 5b. This experiment demonstrates 
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that oxidation to Ni(III) is necessary to trigger reductive elimination at ambient 

temperature (i.e., oxidatively-induced reductive elimination). Exposure of complex 

5a to air also led to trace amounts of aryl amide being formed. The analogous 

catalytic Ni-photoredox cross-coupling reaction between 2-bromo-5-fluorotoluene 

(2b) and trifluoroacetamide (1b) also produced aryl amide 3b, but in lower yield 

(46% instead of 67%). When 2-bromobenzotrifluoride (2c) was chosen as the 

electrophilic coupling partner, no product formation was observed. This agrees with 

the lack of reactivity observed when the analogous Ni(II) aryl amido complex (5b) 

was exposed to the stoichiometric oxidant. 

 

The divergent reactivity of these two complexes can be understood in terms 

of their relative redox potentials, with 5b displaying a more positive oxidation 

potential than 5a, possibly due to 5b having a more electron-poor aryl ligand. As a 

result, oxidatively-induced reductive elimination will be more facile for 5a than for 
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5b. Additionally, both complexes display similar absorption at 427 nm (the 

wavelength of the narrow emission blue LEDs used in the catalytic reaction) 

despite having dramatically different reactivity. The observation of facile 

oxidatively-induced reductive elimination along with the lack of correlation between 

spectroscopic properties and complex reactivity both support the intermediacy of 

Ni(III) in the dominant catalytic cycle and provide evidence against a Ni(0/II) EnT-

mediated process. This is in line with our prior studies that also showed no catalytic 

reaction occurring when a higher energy 390 nm light source was used in the 

absence of the Ir photocatalyst28. 

 

 Aiming to further probe the intermediacy of Ni(II) aryl amido complexes in 

the catalytic reaction, the suitability of 5a as a precatalyst for the coupling of 1b 

and 2a was tested (Scheme 3). Amide 1b was chosen as the nucleophilic coupling 

partner to reduce the complexity of the product mixture due to the reversible nature 

of amide binding. After 24 hours of irradiation with blue light, two products were 

isolated. Product 3b was isolated in 7% yield (70% with respect to Ni precatalyst 
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loading), showing that an initial reductive elimination was required for conversion 

of the Ni(II) precatalyst 5a to the Ni(0) active catalyst. Product 3c was also obtained 

in 91% yield, demonstrating that the catalytic efficiency of 5a is comparable to that 

of NiCl2(glyme) (89% yield28). Complex 5a was also compared to Ni(0) and Ni(II) 

precatalysts in kinetic trials, which will be discussed in Chapter 3.3. 

 

3.3 Kinetic experiments probing nickel-photoredox amide arylation 

To further investigate the reaction mechanism and differentiate between 

mechanisms 1c and 1d, we set out to conduct a variety of kinetics experiments in 

which product formation over time was compared to the initial concentration of 

various reaction components. The reaction between 2-pyrrolidone (1a) and methyl 

4-bromobenzoate (2a) with K3PO4 as base was chosen as a model system (Figure 

4). Identification of a highly reproducible reaction setup was key to the generation 

of reliable kinetic measurements to compare multiple parallel reactions. To do so, 

all of the experiments were performed in identical Schlenk flasks that were 

positioned in pairs 1.5 cm away from the same two 427 nm Kessil lamps. In all of 

the experiments, one of the two reactions was varied to study the effect of different 

conditions on the reaction rate, while the other flask was kept constant with the 

generic reaction conditions to ensure that the different reaction sets could be 

compared. This assurance of reproducibility also confirmed that the two lamps 

provided similar intensities of blue light irradiation. Additionally, the experiments to 

study each reaction parameter were all performed simultaneously and utilized the 

107



same stock solutions. The stock solutions containing the Ni precatalysts and 4,4’-

di-tert-butyl-2,2’-bipyridine (dtbbpy) as the ligand were stirred for at least 10 

minutes to enable ligand exchange and dtbbpy complexation. This procedure was 

conducted in duplicate on different days to ensure that the results could be 

reproduced. 

 

 It quickly became apparent that all reactions performed with a Ni(II) 

precatalyst (NiCl2(glyme)) displayed an induction period in which no product 

formation was detected in the first 10 to 15 minutes of the catalytic amide arylation 
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reaction. The presence of an induction period could be in line with either a 

Ni(0/II/III) cycle or a Ni(I/III) cycle, in which the Ni(II) precatalyst is initially reduced 

to either Ni(I) or Ni(0) prior to on-cycle aryl bromide oxidative addition. 

 

 Varying the initial Ni(II) precatalyst loading between 2.5 and 20 mol% 

(Figure 4) revealed that the length of the induction period was dependent on the 

initial Ni(II) loading. A consistent trend was observed in which higher initial Ni(II) 

loadings produced longer induction periods. Upon completion of the induction 

period, initial rates of reaction were similar for all conditions tested between 5 and 

20 mol% Ni(II) loading, with the exception of 2.5 mol% Ni(II), which presented 

distinct behavior from higher Ni loadings with sluggish reactivity. It is important to 

note that the Ni to dtbbpy ligand ratio was kept constant at 1:1.5 to reduce the 

complexity stemming from catalyst speciation9,45. The observed elongation in 

induction period with higher initial loadings of Ni(II) precatalyst could be explained 

by one of the following hypotheses: aggregation of Ni that sequesters the 

supposedly active mononuclear complex (Figure 5a), the presence of 
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comproportionation or other bimolecular Ni processes that quench the active 

species (Figure 5b), or the presence of an inner filter effect in which strongly 

absorbing Ni intermediates formed during the induction period compete with the 

PC for light absorption (Figure 5c). 

 

 If the induction period is being caused by the formation of inactive dimers 

or other aggregate species, it is expected that these species would become more 

prevalent at higher Ni loadings. If such species are indeed being formed, then they 

are certainly not the active species, since faster rates of reaction would be 

observed, in contrast to the results shown in Figure 4. Halogen-bridged Ni(I) 
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dimers have previously been postulated in analogous Ni-photoredox C-O coupling 

reactions8. In order to determine if these inactive dimers were being formed in the 

reaction, the dtbbpy Ni(I) chloride dimer was synthesized following the procedure 

reported by Hazari & coworkers43. This dimer was found to be a suitable 

precatalyst, affording the aryl amide product 3a in 71% yield after 24 hours. The 

catalytic efficiency of this Ni(I) dimer was comparable to that of NiCl2(glyme) (72% 

yield after 24 hours28). We then measured the reaction profiles with varied the Ni(I) 

loading between 5 and 20 mol% (which corresponds to between 2.5 and 10 mol% 

loading of the dimer). To mimic the reaction conditions used with NiCl2(glyme), 

additional dtbbpy ligand was added to reactions that used the Ni(I) dimer in order 

to maintain a 1:1.5 Ni to ligand ratio. No induction period was observed using this 

Ni(I) precatalyst. Additionally, the reaction rate was unaffected by the initial loading 

of Ni(I) dimer, suggesting that zero-order kinetics were being observed with respect 

to Ni (Figure 6). The lack of induction period observed with the dimeric Ni(I) 

precatalyst contrasts the prolonged induction periods observed with equal loadings 

of Ni(II) precatalyst, suggesting that the formation of Ni(I) aggregates is not the 

cause of the induction period. Furthermore, the fast kinetics and absence of 

induction period observed when using the dimeric Ni(I) precatalyst indicate that 

this dimer can readily convert to an on-cycle active species under the conditions 

specified. Still, the formation of Ni(II) aggregates cannot be discarded as a 

contributor to the induction period observed with the Ni(II) precatalyst. 
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Next, we probed the possible involvement of Ni(0) species in catalysis. The 

induction periods and kinetic profiles of reactions initiated with the common Ni(0) 

precatalyst Ni(COD)2 were compared to the induction periods and kinetic profiles 

of reactions initiated with the common Ni(II) precatalyst NiCl2(glyme). It is important 

to note that catalytic reactions utilizing 10 mol% Ni(COD)2 and those utilizing 10 

mol% NiCl2(glyme) both produce similar yields of aryl amide after 24 hours of 

irradiation, allowing for comparison of these two nickel sources (and combinations 

thereof). We were surprised to observe a lack of induction period with the Ni(0) 

precatalyst (Figure 7), much like how there was no induction period observed with 
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the Ni(I) precatalyst. Reactions using the Ni(0) precatalyst also displayed faster 

kinetics than the reactions that was simultaneously studied using the Ni(II) 

precatalyst. This observation led us to hypothesize that if the reaction was being 

mediated by Ni(0) instead of Ni(I), the influence of initial Ni(II) loading on the 

induction period could be due to unproductive Ni(0)/Ni(II) comproportionation 

events that generate off-cycle Ni(I) species9. If these comproportionation events 

are indeed occurring, they should occur with faster rates at higher initial Ni(II) 

loadings, since the effective concentration of Ni(II) in solution would be higher if 

the solvent volume is held constant. Thus, comproportionation would reduce the 

concentration of purportedly active Ni(0) catalyst in the reaction media, stalling the 

initiation of the productive catalytic cycle. Although this evidence supports the 

hypothesis in Figure 5b, we still could not rule out the hypothesis in Figure 5c 

involving potential inner filter effects as an explanation for the observed induction 

period with Ni(II). 

Rapid Ni(0)/Ni(II) comproportionation has previously been demonstrated in 

stoichiometric experiments43. Still, we wanted to be sure that comproportionation 

between Ni(0) and Ni(II) species in solution was a feasible process, so we sought 

to confirm to viability of this pathway by using EPR spectroscopy. A 1:1 mixture of 

Ni(COD)2 and NiCl2(glyme) in PhCF3 produced a characteristic Ni(I) EPR signal 

within 2 minutes of stirring (Figure 24). EPR spectroscopy was also used to 

determine if Ni(I) intermediates are present in the catalytic reaction. To test for the 

presence of Ni(I) species in the reaction mixture during and after the induction 
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period, reactions with 20 mol% Ni loading were sampled at the 5- and 45-minute 

time points and immediately submersed in a dewar of liquid N2. No EPR signal 

was detected for either of the aliquots, suggesting that if Ni(I) species are present, 

they would not be the catalyst resting state and would exist in low concentration. 

Alternatively, EPR-silent Ni(I) dimers43 could explain the absence of an EPR signal 

in these experiments. 
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 Next, reaction profiles for mixtures of Ni(COD)2 and NiCl2(glyme) 

precatalysts were compared to those only containing Ni(COD)2. The fast kinetic 

profiles observed with the Ni(0) precatalyst allowed us to evaluate whether 

bimolecular quenching via comproportionation (Figure 5b) or inner filter effects at 

high Ni(II) loadings (Figure 5c) was responsible for the observed induction period. 

First, we compared the reactivity of 2 mol% Ni(0) to a mixture of 2 mol% Ni(0) and 

8 mol% Ni(II) (Figure 8, light blue and light red points, respectively). The reaction 

containing 2 mol% Ni(0) (Figure 8, light blue points) exhibited a profile similar to 

those measured for higher Ni(0) loadings (5 to 20 mol%, Figures 7-8). The reaction 

containing a mixture of 2 mol% Ni(0) and 8 mol% Ni(II) displayed slower reactivity 

than when 2 mol% Ni(0) was used alone. When the reaction containing 5 mol% 

Ni(0) (Figure 8, dark blue points) was compared to the reaction containing a 

mixture of 5 mol% Ni(0) and 5 mol% Ni(II) (Figure 8, dark red points), initial rates 

were similar with the Ni(0)+Ni(II) mixture being slightly slower. 
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 To corroborate this trend, these experiments were repeated with a slight 

increase in the distance between the lamp and the reaction flasks from 1.5 to 1.8 

cm, aiming to slow the overall kinetics of the reaction and magnify the differences 

between the reaction profiles at the early time points. The same trends were 

observed, with a notably longer induction period for the mixture of 2 mol% Ni(0) 

and 8 mol% Ni(II) (Figure 9, blue points). Curiously, the mixture of 5 mol% Ni(0) 

and 5 mol% Ni(II) (Figure 9, orange points) did not display an induction period, 

although one could have been present before the reaction was analyzed at the first 

time point. The shortening of the induction period at higher Ni(0)/Ni(II) ratios with 
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total Ni loading held constant could be consistent with Ni(0) being the active 

catalytic species since it would be less prone to unproductive comproportionation. 

At this point, additional kinetics experiments involving combinations of Ni(I) and 

Ni(II) precatalysts were required to interrogate the roles of Ni(0) and Ni(I) as on-

cycle or off-cycle species. 

 

 Various loadings of Ni(I) precatalyst were also compared to Ni(II) precatalyst 

and a combination of Ni(I) and Ni(II) precatalysts. 10 mol% Ni(I) (Figure 10, dark 

blue points) and 4 mol% Ni(I) (Figure 10, light blue points) displayed roughly 

identical kinetic profiles. This indicates that under both of these conditions, the 
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reaction is under zero-order kinetics with respect to the active low-valent form of 

Ni, whether that be Ni(I) itself or Ni(0) generated via disproportionation between 

Ni(I) species. An important piece of information was obtained when comparing 4 

mol% Ni(I) to a mixture of 4 mol% Ni(I) and 6 mol% Ni(II) (Figure 10, dark red 

points). Despite the latter reaction containing a higher total Ni loading, reaction 

kinetics were slightly slower than the reaction containing only the 4 mol% Ni(I). 

This supports the hypothesis that Ni(0) is the prerequisite low-valent oxidation 

state necessary to initiate the productive catalytic cycle because additional Ni(II) 

would reduce the concentration of active Ni(0) species in solution, producing 

slower reaction kinetics that could easily be observed. However, if any induction 

period was occurring in the Ni(I) + Ni(II) mixture, then it ended too quickly to be 

observed by the 5 minute time point. As expected, 10 mol% loading of Ni(II) 

precatalyst without added Ni(I) again displayed a prolonged induction period 

(Figure 10, green trace) compared to the reactions that were administered Ni(I) 

precatalyst. 
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 Another set of reactions was carried out to compare the reactivity of 10 

mol% Ni(0) to a mixture of 10 mol% Ni(0) and 10 mol% Ni(II) precatalysts (Figure 

11). Unlike previous experiments that compared Ni(0) loadings to the same Ni(0) 

loading with additional Ni(II), this experiment produced no difference in reaction 

profiles between the two conditions. This suggests that at high initial Ni(0) loadings 

in reactions that combine equal amounts of Ni(0) and Ni(II) precatalysts, there is 

enough surviving Ni(0) present despite the comproportionation events for the 

reaction to still be under saturation kinetics with respect to Ni(0). This is 

corroborated by the observation that even at initial Ni(0) loadings as low as 2 mol%, 
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there is still a high enough concentration of Ni(0) present in solution to be under 

saturation kinetics, displaying nearly identical reaction profiles for initial Ni(0) 

loadings up to 20 mol%. 

 

 In contrast to the zero-order kinetics observed for Ni, a marked effect of the 

light intensity on the reaction rate was observed (Figure 12). The induction period 

was also significantly longer at reduced blue light intensity. As a result, it would be 

expected that the addition of species that slow the reaction due to competitive light 

absorption would have an increasingly negative effect with increasing 

concentration of the chromophore competing with the PC for blue light absorption. 
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Although Ni(II) species are strongly absorbing at visible wavelengths, increasing 

the initial concentration of Ni(II) in Ni(0)/Ni(II) precatalyst mixtures from 5 mol% 

(Figure 11, blue points) to 10 mol% (Figure 11, yellow points) did not lead to a 

prolonged induction period. Thus, these results are not consistent with the 

hypothesis that the induction period is caused by inner filter effects. 

 Altogether, the results of the Ni precatalyst experiments support the 

hypothesis that unproductive comproportionation events between Ni(0) and Ni(II) 

are responsible for the induction periods observed under the standard reaction 

conditions that use NiCl2(glyme). At the beginning of the reaction, the Ni(II) 

precatalyst must be reduced to Ni(0) to enter the proposed Ni(0/II/III) productive 

cross-coupling cycle. Ni(0)-initiated catalytic cycles are often invoked in 

mechanistic proposals of Ni-photoredox-catalyzed reactions that use Ni(II) 

precatalysts3,4,40,46,47, but this process is poorly understood. There are a number of 

plausible hypotheses that could explain how this prerequisite reduction is 

achieved, but this was not the focus of our study. The induction periods observed 

at high Ni(II) loadings support the notion that the active Ni(0) that is being 

generated is quenched via comproportionation by the abundant Ni(II) before 

engaging the electrophilic  

121



 

coupling partner in oxidative addition. In other words, the buildup of Ni(0) species 

must be slow relative to the rate of comproportionation. At high Ni(0) loadings, little 

to no difference in kinetic profile was observed by adding Ni(II), which could mean 

that there are competitive kinetics between oxidative addition and 

comproportionation, and that there is a point where the concentration of Ni(0) is 

high enough to start displaying the zero-order kinetics observed in the absence of 

Ni(II) additives. Considering that Ni(0) loadings as low as 2 mol% display the same 

kinetic profile as that of 10 mol%, if at least one fifth of the Ni(0) undergoes 

oxidative addition instead of comproportionation, this would be consistent with the 
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aforementioned identical reaction rates for 10 mol% Ni(0) versus a mixture of 10 

mol% Ni(0) and 10 mol% Ni(II). 

 

Based on these results, it was hypothesized that the addition of a weak 

reductant should reduce the induction period. This was tested by comparing the 

kinetic profile of the standard reaction conditions using 10 mol% NiCl2(glyme) to 

another identical reaction that included 50 mol% triethylamine as an additive. The 

expected reduction of the induction period by adding a sacrificial reductant was 

observed, and after the induction periods, both reactions proceeded with similar 

rates (Figure 13). 
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The effect of light irradiation on the length of the induction period was also 

tested. Together with the model reaction, an identical reaction was monitored in 

which it was thoroughly protected from light for the first 10 minutes of irradiation 

(Figure 14). The dark reaction was still irradiated to ensure that the temperature 

was still similar to the reaction being irradiated. When the progress of both 

reactions was compared, the induction period persisted for an additional 10 

minutes for the reaction not exposed to light. The induction period for this reaction 

still ended approximately 10 minutes after the reaction was exposed to light. This 

suggests that photochemical processes are necessary to reduce Ni(II) to active 

Ni(0), and that this process is delayed in the absence of light. This is an important 

observation because it indicates that if non-photochemical processes are 

responsible for the reduction of the precatalyst, then these processes are much 

slower than the photochemical one. After the induction periods of both reactions 

were complete, the initial rates of product formation were nearly identical. 
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 In order to probe the catalyst resting state and turnover-limiting step, further 

kinetic experiments were set up to determine the effect of the stoichiometry of the 

various reaction components on the initial rate of reaction. The photocatalyst 

concentration did not appear to influence the induction period or reaction rate when 

varied between 0.5 and 4 mol% (Figure 15). With respect to the standard reaction 

conditions, increasing the concentration of amide (Figure 16) and aryl bromide 

(Figure 17) led to no appreciable change in either the induction period or the 

reaction rate. 
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 When reducing the concentration of either coupling partner by 50%, initial 

rates remained unchanged, although lower conversions to the aryl amide product 

were observed at longer reaction times. Interestingly, blue light irradiation was the 

only reaction component that did not display zero-order kinetics within the range 

of conditions tested, with faster rates measured at higher light intensity (Figure 

12). The observation of zero-order kinetics with respect to all other reaction 

components supports a mechanism in which the Ni(II) aryl amido intermediate 5 is 

the catalyst resting state and oxidatively-induced reductive elimination is the 

turnover-limiting step. To test this hypothesis, the progress of the catalytic reaction 
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between 2-bromo-5-fluorotoluene (2b) and trifluoroacetamide (1b) using 10 mol% 

Ni(COD)2 precatalyst was monitored by 19F NMR. After 20 minutes of irradiation, 

the Ni(II) aryl amido complex 5a was observed and integrated to 30% of the total 

Ni loading. Notably, the Ni(II) aryl bromide intermediate 4a was not detected. 

 

 We also compared the kinetic profile using 10 mol% Ni(II) aryl amido 

complex 5a to reactions using the same mol% loadings of Ni(COD)2 and 

NiCl2(glyme) (Figure 18). The reaction containing 5a showed a distinct profile 

compared to the other two traces. Two different regimes of slow kinetics at the 

beginning followed by fast kinetics were observed. During the first 12 minutes, the 
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formation of 3b at a slower rate was observed. Subsequently, after 10 minutes the 

formation of both 3b and 3a was observed. At this stage, the formation of 3b 

remained slower than the formation of 3a. It is hypothesized that the lower 

reactivity displayed when yielding 3b is due to the steric congestion around the Ni 

center in complex 5a. The ortho-substituted aryl group of 5a was introduced to 

slow bimolecular reactions like transmetalation (as mentioned in Chapter 3.2), 

allowing for tractable synthesis and isolation of these reactive complexes. It is 

believed that this design also slows other bimolecular processes, which in this case 

reduces the rate of oxidatively-induced reductive elimination. This lower reactivity 

of ortho-substituted aryl halides is also observed under catalytic conditions that 

use NiCl2(glyme) as the precatalyst in which reaction times vary from 24 hours for 

3c to 5 days for 3b. 
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 At this stage, we had gathered a compelling collection of evidence to 

support a Ni(0/II/III) cycle, but we could not yet definitively rule out a self-sustained 

Ni(I/III) cycle6,8,9,11. To further test which cycle was predominant, the reaction 

profiles obtained under Ni-photoredox conditions were compared to reaction 

profiles of reactions that utilize Zn as a chemical reductant under light-free 

conditions (Figure 19). This approach has been shown by the Nocera group to 

facilitate access to Ni(I/III) cycles in the context of alcohol, amine, and carboxylic 

acid arylations10. We initially tested the reactivity of the Zn system by replacing the 
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light irradiation and photocatalyst with various Zn loadings. After 24 hours of stirring 

at room temperature, reactions carried out with 10 mol% NiCl2(glyme) and 5 mol% 

Zn showed no reactivity, whereas the reaction carried out with the same Ni loading 

and 50 mol% Zn produced a 39% yield of aryl amide 3a. Thus, a 50 mol% Zn 

loading was chosen to study the effect of initial Ni(II) loading on the kinetic profiles. 

 

 As depicted in Figure 19, these unoptimized conditions generally lead to 

poor reactivity when compared to our optimized photochemical conditions. Using 

50 mol% Zn, an induction period is also observed, likely due to slow initial reduction 

of the Ni(II) precatalyst by the heterogeneous Zn reductant. It should be noted that 
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the original report of this Ni/Zn dual system includes redox-active bases, which are 

known to accelerate electron transfers10. When comparing the effect of Ni loading 

on the kinetic profiles, a slight reduction of the induction period and faster kinetics 

are observed for higher Ni loadings. Notably, this behavior is opposite to the trend 

observed for the photochemical reaction under study, which presents longer 

induction periods for higher Ni(II) loadings and zero-order kinetics in this range of 

Ni concentrations. The striking difference in the effect of Ni loading between these 

two catalytic systems strongly suggests that different reaction mechanisms are 

operative in each. 

 Therefore, it is proposed that, if operative, a Ni(I/III) manifold likely presents 

a minor contribution to the mechanistic landscape in our photochemical system. 

Critically, in a self-sustained Ni(I/III) cycle, one would expect that the use of 

Ni(0)/Ni(II) mixtures would outperform reactions carried out with a Ni(0) precursor. 

Here, the opposite effect was observed. The only way to reconcile this behavior 

with a Ni(I/III) cycle would be if catalytically inactive Ni(I) aggregates are formed at 

high concentrations of Ni(I)8,43. However, we have discarded this possibility by 

verifying that the Ni(I) chloride-bridged dimer is an excellent precatalyst for the Ni-

photoredox amide arylation reaction. Moreover, no Ni(I) EPR signal was detected 

during the catalytic reaction, suggesting that the concentration of mononuclear 

Ni(I) species is low. 
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3.4 Revised mechanistic proposal and synthetic applications of this 

knowledge 

 Based on the results described in Chapters 3.2 and 3.3, we have produced 

a revised catalytic cycle for the amide arylation reaction developed by our group, 

shown in Figure 20. A Ni(0/II/III) cycle is proposed herein. An induction period 

dependent on light intensity and Ni loading was observed when a Ni(II) precatalyst 

was employed. This induction period was explained by a series of 

photochemically-mediated reduction events, depicted by the green arrows 

between intermediates 6, 7, and 8, together with an unproductive 

comproportionation between 6 and 8 to generate off-cycle 7, portrayed by the blue 

arrows. This comproportionation is competitive with oxidative addition to generate 

Ni(II) aryl bromide adduct 4. Such adducts were stoichiometrically synthesized, 

demonstrating that they are easily accessed. 
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 Next, base-assisted ligand exchange forms Ni(II) aryl amido intermediate 5. 

In situ 19F NMR studies of catalytic reactions directly observed such amido 

complexes, as mentioned previously, providing evidence for their status as the 

catalyst resting 

state. These 

complexes were 

also synthesized 

from their 

corresponding 

Ni(II) aryl bromide 

adducts using the 

same K3PO4 base 

as the catalytic 

process, proving 

that these 

intermediates are 

stable enough to 

be isolated when designed to limit undesired bimolecular processes. A rate-limiting 

photochemical oxidation is proposed to generate Ni(III) intermediate 9, which can 

readily undergo reductive elimination as suggested by the irreversible cyclic 

voltammetry traces for 5 and the observed reactivity with acetylferrocenium 

tetrafluoroborate. After product formation, Ni(I) intermediate 10 is formed. This 
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species, along with Ni(I) intermediate 7, are likely in equilibrium with their halide-

bridged dimeric forms8,43. These halide-bridged Ni(I) dimers were revealed to be 

suitable precatalysts by our experiments. Dimer equilibria are not shown in Figure 

20 for simplicity. Subsequent electron transfer from the reduced PC to 10 is 

proposed to regenerate active Ni(0) complex 8, allowing both catalytic cycles to 

undergo catalytic turnover. 

 

 Finally, we aimed to leverage our newly obtained mechanistic 

understanding to further optimize the Ni-photoredox amide arylation protocol. In 

our original reaction optimization campaign, no effect on the product yield was 

observed when the Ni source was substituted from NiCl2(glyme) to Ni(COD)2 28. 

However, the kinetic studies detailed in this paper highlight that, unlike for Ni(II), 

similar kinetic profiles are observed when using Ni(0) loadings below 5 mol%. With 
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this in mind, we tested the effect of lowering the Ni loading on the reaction yield. 

Gratifyingly, a similar yield of aryl amide 3a was obtained for both 0.5 mol% Ni(0) 

and 10 mol% Ni(II), corresponding to a 20-fold decrease in catalyst loading (Table 

1, entries 1 and 2). 

 Encouraged by these results, the possibility of utilizing aryl chlorides as 

reaction partners with Ni(0) as the precatalyst was studied. Again, a striking 

difference between the use of Ni(II) and Ni(0) precatalysts was observed, with a 

dramatic increase in product yield from a trace conversion to 58% isolated yield 

(Table 1, entries 3 and 4). 

 

3.5 Conclusion 

 In summary, we have leveraged complementary insights from studies of 

both stoichiometric reactivity and catalytic reaction kinetics. The stoichiometric 

studies of nickel aryl amide complexes demonstrated the necessity of access to 

Ni(III) for low-temperature C-N reductive elimination to form aryl amides. The 

divergent reactivity of 5a and 5b was corroborated by differences in reactivity to 

generate the same products in catalytic reactions, which demonstrated higher 

reactivity for the Ni(II) aryl amido complex with the lower oxidation potential. UV-

Vis spectra and blue light irradiation of these Ni(II) aryl amido complexes provide 

evidence that is not consistent with an EnT mechanism due to major differences 

in reactivity despite similar absorption at 427 nm, the max of the blue LEDs used 

in the catalytic amide arylation reaction. 
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 Our studies of the reaction kinetics of the Ni-photoredox amide arylation 

provided evidence of a precatalyst-dependent induction period which was 

prolonged by excessive Ni(II) loadings. The precatalyst studies demonstrated that 

rapid Ni(0)/Ni(II) comproportionation generates off-cycle Ni(I) species. This 

enabled us to discount the dominance of a self-sustaining Ni(I/III) cycle, despite 

the fact that these heterogeneous reactions were not amenable to quantum yield 

measurements. The unusual observation of approximately zero-order kinetics with 

respect to all reaction components except light intensity led us to propose that 

oxidatively-induced reductive elimination is the turnover-limiting step and that Ni(II) 

aryl amido intermediate 5 is the catalyst resting state. This was corroborated by 

19F NMR which detected 5a but not 4a in catalytic reactions that generate aryl 

amide 3b. 

 Overall, we have provided the first mechanistic study of C-N Ni-photoredox 

cross-coupling that supports a divergent Ni(0/II/III) catalytic cycle rather than the 

commonly observed self-sustaining Ni(I/III) cycle7–9,11, showing how minor 

changes in reaction conditions can lead to the predominance of alternative 

mechanisms. It is hypothesized that the low nucleophilicity of the amide functional 

group and the absence of a redox-active base both play a role in the shift of 

mechanism. Our studies have provided a rare view into precatalyst-dependent 

induction periods in Ni-catalyzed reactions and the consequences of bimolecular 

reactions between Ni species of various oxidation states for the kinetics of Ni-

photoredox reactions. The stoichiometric studies conducted further corroborate 
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the conclusions made from the kinetic trials regarding the intermediacy of Ni(III) in 

mild C-N cross-coupling processes. We applied these mechanistic insights to 

reoptimize the Ni-photoredox amide arylation reaction, allowing for lower catalyst 

loadings and extending the scope to include aryl chlorides, which were previously 

unreactive. It is anticipated that this study will aid further development of Ni-

catalyzed C-heteroatom cross-coupling strategies by highlighting the influence of 

precatalyst and base identity, substrate nucleophilicity, and the redox potentials of 

intermediates and oxidizing species in order to enable difficult or slow reactions. 

 

3.6 Experimental section 

3.6.1 Synthesis and characterization of aryl amides (3): 

General procedure A (using NiCl2(glyme): An oven-dried 10 mL Schlenk tube was 

charged with a magnetic stir bar and capped with a 14/20 Suba-Seal® septum. 

The flask was evacuated and refilled with nitrogen gas three times, after which the 

septum was replaced with an oven-dried 14/20 ground glass stopper while under 

nitrogen gas pressure. Solid reagents were then added to the Schlenk tube 

through a weighing paper cone while constant efflux of nitrogen gas maintained 

inert conditions in the reaction vessel. The Schlenk tube was charged with 4,4’-di-

tert-butyl-2,2’-dipyridyl (8.1 mg, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (3.7 mg, 0.004 

mmol), NiCl2(glyme) (4.4 mg, 0.02 mmol), trifluoroacetamide (1b, 45.2 mg, 0.40 

mmol), and K2CO3 (55 mg, 0.40 mmol). After these solids were added, 

benzotrifluoride (0.75 mL, distilled under nitrogen gas and over oven-dried 3 Å 
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molecular sieves), N,N-dimethylformamide (0.25 mL, dispensed from solvent 

purification system), and 2-bromo-5-fluorotoluene (2b, 25.3 L, 0.20 mmol) were 

added under constant efflux of nitrogen gas. The ground glass stopper was coated 

in vacuum grease before sealing the reaction vessel, and the stopper was 

subsequently wrapped in parafilm. The reaction vessel was placed 1 cm in front of 

a 427 nm Kessil LED lamp while being submerged in a temperature-controlled 

water bath in a large crystallizing dish held at a constant temperature (50 °C for 3b 

and other ortho-substituted aryl bromides; electron-poor aryl bromides without an 

ortho-substituent only require 24 hours at 30 °C). The reaction was stirred at 450 

rpm. 

 

For 3b: After 120 hours at 50 °C, the lamp was shut off and the reaction vessel 

was removed from the water bath. The crude reaction mixture was filtered through 

a frit filter covered in Celite® using acetone. To this crude filtrate was added 2-3 

mL silica and the suspension was slowly evaporated at <100 rpm until dryness to 

adsorb the crude material onto the silica. The crude material adsorbed onto silica 

was used to dry load a flash chromatography column in order to isolate the aryl 

amide product. Pure hexanes was used for making the silica slurry. The column 

was initially run in pure hexanes before gradually transitioning to 10% ethyl acetate 

in hexanes (Rf = 0.22); this was to prevent the product from diffusing into the eluent 

during dry loading. The product 3b was obtained as a colorless oil (20.3 mg, 46% 

yield). 1H NMR (600 MHz, CDCl3)  7.80 (bs, 1H), 7.57 (dd, J = 8.8, 5.2 Hz, 1H), 
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6.99 – 6.90 (m, 2H), 2.26 (s, 3H). 13C NMR (101 MHz, CDCl3)  162.5, 160.0, 155.6 

(q, J = 74.7 Hz), 133.9 (d, J = 8.6 Hz), 128.6 (d, J = 3.1 Hz), 126.0 (d, J = 9.1 Hz), 

117.7 (d, J = 22.7 Hz), 116.0 (q, J = 289.9 Hz), 113.9 (d, J = 22.7 Hz), 17.7. 19F 

NMR (564 MHz, CDCl3)  -75.60, -114.26 (q, J = 7.5 Hz). HRMS (ESI-TOF) m/z 

calculated for C9H6F4NO (M-H)-: 220.0391, found 220.0400. 

 

General procedure B (using Ni(COD)2): An oven-dried 10 mL Schlenk tube, 

magnetic stir bar, and 14/20 Suba-Seal® septum were brought into the glovebox. 

A stock solution was made containing 4,4’-di-tert-butyl-2,2’-dipyridyl (dtbbpy, 16.1 

mg, 0.060 mmol), Ni(COD)2 (11.0 mg, 0.040 mmol), and 1.5 mL dry PhCF3: the 

dtbbpy was weighed into a 1-dram vial and dissolved in the solvent, which was 

then transferred to a second 1-dram vial containing the Ni(COD)2. The stock 

solution was tightly capped and stirred to slowly dissolve the Ni(COD)2, which 

formed a dark purple solution. After 30 minutes of stirring, 0.75 mL of the stock 

solution was added to the Schlenk tube, which was capped and brought out of the 

glovebox and onto the Schlenk line. The rubber septum was replaced with an oven-

dried 14/20 ground glass stopper while under nitrogen gas pressure. Solid 

reagents were then added to the Schlenk tube through a weighing paper cone 

while constant efflux of nitrogen gas maintained inert conditions in the reaction 

vessel. The Schlenk tube was charged with Ir(dtbbpy)(ppy)2PF6 (3.7 mg, 0.004 

mmol), methyl 4- bromobenzoate (2a, 43.0 mg, 0.20 mmol), and K3PO4 (84.9 mg, 

0.40 mmol). After these solids were added, N,N-dimethylformamide (0.25 mL, 
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dispensed from solvent purification system), and 2-pyrrolidone (1a, 30.4 µL, 0.40 

mmol) were added under constant efflux of nitrogen gas. The ground glass stopper 

was coated in vacuum grease before sealing the reaction vessel, and the stopper 

was subsequently wrapped in parafilm. The reaction vessel was placed 1 cm in 

front of a 427 nm Kessil LED lamp while being submerged in a temperature-

controlled water bath in a large crystallizing dish held at a constant 30 °C. The 

reaction was stirred at 450 rpm. After 24 hours, the reaction vessel was uncapped 

and ~ 3 mg dimethyl fumarate (internal standard) and 1 mL dichloromethane were 

added to the crude reaction mixture. An aliquot was taken for 1H NMR analysis, 

which demonstrated a 78% internal standard yield of 3a. Product spectra matched 

those previously reported for 3a28. 

 

When 0.5 mol% Ni(COD)2 and 0.75 mol% dtbbpy were employed, 3a was formed 

with a 73% internal standard yield. The Ni(0) stock solution procedure was 

modified so that the total stock volume was 2.0 mL PhCF3. 0.050 mL of this stock 

solution in addition to 0.7 mL dry PhCF3 were added to the reaction flask in the 

glovebox. 

When methyl 4-bromobenzoate (2a) was replaced with methyl 4-chlorobenzoate 

(using 10 mol% Ni(COD)2 and 15 mol% dtbbpy), 3a was formed with a 58% internal 

standard yield. 
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3.6.2 Kinetic experiments: 

Experimental setup and standard reaction conditions for the kinetic trials: 

 

Kinetics experiments were conducted in identical 

Schlenk tubes with two Schlenk tubes in front of each 427 

nm Kessil lamp and two lamps total so that there were 

four Schlenk tubes in total running experiments 

simultaneously. The same two lamps were used for all of 

the reported experiments. The Schlenk tubes containing 

the reaction mixtures were positioned side by side, 1.5 

cm in front of the light source. The 427 nm Kessil lamps were used at 100% light 

intensity and the reactions were stirred at 350 rpm. Among each pair of Schlenk 

tubes, one Schlenk tube contained the prototypical control reaction, and one 

Schlenk tube contained a new reaction condition to be tested. If the control reaction 

is labeled “A” and the new conditions to be tested are labeled “B” and “C”, then 

one pair of experiments in front of the first lamp would be “A” and “B” and the other 

pair of experiments in front of the second lamp would be “A” and “C”. If the control 

reactions “A” among each pair display consistent reaction profiles, then the kinetic 

profiles of experiments testing new conditions (“B” and “C”) would be considered 
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valid data. Small aliquots were taken at the indicated times by opening the flasks 

under positive N2 pressure to ensure that the inert atmosphere inside the Schlenk 

tubes were maintained. For every plot depicted, all reactions were carried out on 

the same day using the same stock solutions. This procedure was later repeated 

on a different day to ensure reproducibility and accuracy of the results. 

 

Two stock solutions were used to set up the reactions: 

• Stock solution A containing: 22.0 mg NiCl2(glyme) (0.1 mmol) and 40.3 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.15 mmol) dissolved in 1 mL dry DMF. The 

solution was stirred for 10 minutes to ensure full complexation of the Ni 

precatalyst. 

• Stock solution B containing: 18.4 mg Ir(dtbbpy)(ppy)2PF6 (0.02 mmol), 

215.3 mg aryl bromide 2a (1 mmol), 0.152 mL amide 1a (2 mmol), 0.5 mL 

dry DMF, and 3.75 mL dry PhCF3. The solution was stirred to ensure all 

reaction components were fully dissolved. 

 

Oven-dried Schlenk tubes were kept under N2 and charged with 84.9 mg K3PO4 

(0.4 mmol), 0.85 mL stock solution B, and 0.2 mL stock solution A. After irradiating 

for the indicated time, the amide 1a conversion was determined by 1H NMR 

analysis. These conditions account for the following amounts: NiCl2(glyme) (0.02 

mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl (dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 
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(0.004 mmol), K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 

0.30 mL dry DMF, and 0.75 mL dry PhCF3. 

 

As detailed below, for some measurements the solvent ratio was adapted from the 

standard conditions to ensure solubility and stability of all reactants in the prepared 

stock solutions. For those experiments, all reactions measured had the same 

solvent ratio and total volume. 

 

Rate dependence with respect to Ir photocatalyst stoichiometry (Figure 15): 

Reaction conditions: NiCl2(glyme) (0.02 mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl 

(dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.001 to 0.008 mmol), K3PO4 (0.4 

mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.70 mL dry DMF, and 

0.75 mL dry PhCF3. The solvent ratio was adapted from the standard conditions to 

ensure solubility of the photocatalyst in stock solution C. 

 

Prepared according to the general procedure, but the Ir photocatalyst was 

removed from stock solution B. A third solution (stock solution C) containing 

Ir(dtbbpy)(ppy)2PF6 (18.4 mg, 0.02 mmol) and 1 mL dry DMF was prepared. 

Different volumes of stock solution C, and dry DMF were added to the reactions to 

maintain a constant volume: 4 mol% Ir (0.4 mL stock solution C), 2 mol% Ir (0.2 

mL stock solution C and 0.2 mL dry DMF), 1 mol% Ir (0.1 mL stock solution C and 

0.3 mL dry DMF), 0.5 mol% Ir (0.05 mL stock solution C and 0.35 mL dry DMF). 
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Rate dependence with respect to amide 1a stoichiometry (Figure 16): 

Reaction conditions: NiCl2(glyme) (0.02 mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl 

(dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl 

bromide 2a (0.2 mmol), amide 1a (0.2 to 0.8 mmol), 0.30 mL dry DMF, and 0.75 

mL dry PhCF3.  

 

Prepared according to the general procedure, but the amide 1a was added 

individually: 1 eq of 2-pyrrolidone (1a, 0.0152 mL, 0.2 mmol), 2 eq of 2-pyrrolidone 

(1a, 0.0304 mL, 0.4 mmol), and 4 eq of 2-pyrrolidone (1a, 0.0608 mL, 0.4 mmol). 

 

Rate dependence with respect to aryl bromide 2a stoichiometry (Figure 17): 

Reaction conditions: NiCl2(glyme) (0.02 mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl 

(dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl 

bromide 2a (0.1 to 0.4 mmol), amide 1a (0.4 mmol), 0.30 mL dry DMF, and 0.75 

mL dry PhCF3.  

 

Prepared according to the general procedure, but the aryl bromide 2a was added 

individually: 0.5 eq of methyl 4-bromobenzoate (2a, 21.5 mg, 0.1 mmol), 1 eq of 

methyl 4-bromobenzoate (2a, 43.0 mg, 0.2 mmol), and 2 eq of methyl 4-

bromobenzoate (2a, 86.0 mg, 0.4 mmol). 
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Rate dependence with respect to light intensity (Figure 12): 

Reaction conditions: NiCl2(glyme) (0.02 mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl 

(dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl 

bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.3 mL dry DMF, and 0.75 mL dry 

PhCF3. 

Prepared according to the general procedure. The reaction depicted in grey was 

irradiated with 100% light intensity, whereas the blue reaction was irradiated with 

75% light intensity. 

 

Rate dependence with respect to NiCl2(glyme) loading (Figure 4): 

Reaction conditions: NiCl2(glyme) (0.005 mmol to 0.04 mmol), 4,4’-di-tert-butyl-

2,2’-dipyridyl (dtbbpy, 0.0075 to 0.06 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), 

K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.5 mL dry 

DMF, and 0.75 mL dry PhCF3. The solvent ratio was adapted from the standard 

conditions to ensure solubility of the Ni complex in stock solution A. 

 

Prepared according to the general procedure, the reactions contained varying 

amounts of stock solution A and added dry DMF to maintain a constant volume: 20 

mol% Ni (0.4 mL stock solution A), 15 mol% Ni (0.3 mL stock solution A and 0.1 

mL dry DMF), 10 mol% Ni (0.2 mL stock solution A and 0.2 mL dry DMF), 5 mol% 

Ni (0.1 mL stock solution A and 0.3 mL dry DMF), 2.5 mol% Ni (0.05 mL stock 

solution A and 0.35 mL dry DMF). 

145



Rate dependence with respect to [(dtbbpy)NiCl]2 (Figure 6): 

Reaction conditions: [(dtbbpy)NiCl]2 (0.005 mmol to 0.02 mmol), 4,4’-di-tert-butyl-

2,2’-dipyridyl (dtbbpy, 0.005 mmol to 0.02 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 

mmol), K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.3 

mL dry DMF, and 0.75 mL dry PhCF3. Additional dtbbpy was added to the mixture 

to maintain a consistent ratio of Ni to ligand (1:1.5) throughout all experiments. 

Two stock solutions were used to set up the reactions: 

• Stock solution A containing: 58.0 mg [(dtbbpyNiCl]2 (0.08 mmol) and 21.5 

mg 4,4’-di-tert-butyl-2,2’-dipyridyl (0.08 mmol) dissolved in 1 mL dry DMF. 

• Stock solution B containing: 21.9 mg Ir(dtbbpy)(ppy)2PF6 (0.024 mmol), 

258.0 mg aryl bromide 2a (1.2 mmol), 0.182 mL amide 1a (2.4 mmol), 0.3 

mL dry DMF, and 4.5 mL dry PhCF3. 

 

Oven-dried Schlenk tubes were kept under N2 and charged with 84.9 mg K3PO4 

(0.4 mmol) and 0.80 mL stock solution B. Varying amounts of dry DMF (0 mL to 

0.188 mL) and stock solution A (0.063 mL to 0.25 mL) were then added before 

turning on the lamps and stir plates. After irradiating for the indicated time, the 

amide 1a conversion was determined by 1H NMR analysis. 

 

Rate dependence with respect to Ni(0) or Ni(II) source (Figure 7): 

Ni(II) reaction conditions: NiCl2(glyme) (0.02 mmol to 0.04 mmol), 4,4’-di-tert-butyl-

2,2’- dipyridyl (dtbbpy, 0.03 to 0.06 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), 
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K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.5 mL dry 

DMF, and 0.75 mL dry PhCF3. 

 

Ni(0) reaction conditions: Ni(COD)2 (0.02 mmol to 0.04 mmol), 4,4’-di-tert-butyl-

2,2’-dipyridyl (dtbbpy, 0.03 to 0.06 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), 

K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.5 mL dry 

DMF, and 0.75 mL dry PhCF3. 

The stock solution solvents and overall solvent ratio were slightly modified to 

increase the solubility of Ni complexes. Three stock solutions were used to set up 

the reactions: 

• Stock solution A containing: 35.2 mg NiCl2(glyme) (0.16 mmol) and 64.4 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.24 mmol) dissolved in 1 mL dry DMF. 

• Stock solution A' containing: 44.0 mg Ni(COD)2 (0.16 mmol) and 64.4 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.24 mmol) dissolved in 2 mL dry PhCF3, 

which was prepared in the glovebox. 

• Stock solution B containing: 21.9 mg Ir(dtbbpy)(ppy)2PF6 (0.024 mmol), 

258.0 mg aryl bromide 2a (1.2 mmol), 0.182 mL amide 1a (2.4 mmol), 1.5 

mL dry DMF, and 1.5 mL dry PhCF3. 

 

The reactions were carried out according to the general procedure except 0.5 mL 

of stock B was added to each reaction. Reactions contained varying amounts of 

Ni stock solutions, and dry PhCF3 and DMF were added to maintain a constant 
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volume: Ni(0) 20 % (0.5 mL stock solution A’ and 0.25 mL dry DMF), Ni(0) 10 % 

(0.25 mL stock solution A’, 0.25 mL dry PhCF3, and 0.25 mL dry DMF), Ni(II) 20 % 

(0.25 mL stock solution A and 0.5 mL dry PhCF3), and Ni(II) 10 % (0.125 mL stock 

solution A and 0.5 mL dry PhCF3). 

 

Rate dependence with respect to different Ni(0)/Ni(II) mixtures (Figure 11): 

Ni(II) reaction conditions: NiCl2(glyme) (0.01 mmol to 0.02 mmol), 4,4’-di-tert-butyl-

2,2’- dipyridyl (dtbbpy, 0.015 to 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), 

K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.3 mL dry 

DMF, and 1.35 mL dry PhCF3. 

Ni(0) reaction conditions: Ni(COD)2 (0.01 mmol to 0.02 mmol), 4,4’-di-tert-butyl-

2,2’-dipyridyl (dtbbpy, 0.015 to 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), 

K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.3 mL dry 

DMF, and 1.35 mL dry PhCF3. 

 

The reactions were carried out according to the general procedure, contained 

varying amounts of Ni stock solutions, and added dry PhCF3 to maintain a constant 

volume: Ni(0) 10 % (0.4 mL stock solution A’ and 0.4 mL dry PhCF3), Ni(0) 10% + 

Ni(II) 10% (0.4 mL stock solution A’, 0.4 mL stock solution A), and Ni(0) 5% + Ni(II) 

5% (0.2 mL stock solution A’, 0.2 mL stock solution A, and 0.4 mL dry PhCF3). 
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Rate dependence with respect to different Ni(0)/Ni(II) mixtures (Figure 8): 

Reaction conditions: combinations of Ni(COD)2 and NiCl2(glyme) (0.004 mmol to 

0.04 mmol total Ni), 4,4’-di-tert-butyl-2,2’-dipyridyl (dtbbpy, 0.006 to 0.06 mmol), 

Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), 

amide 1a (0.4 mmol), 0.5 mL dry DMF, and 0.75 mL dry PhCF3. The stock solution 

solvents and overall solvent ratio were slightly modified to increase the solubility 

of Ni complexes. 

 

Three stock solutions were used to set up the reactions: 

• Stock solution A containing: 35.2 mg NiCl2(glyme) (0.16 mmol) and 64.4 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.24 mmol) dissolved in 2.5 mL dry DMF. 

• Stock solution A' containing: 27.5 mg Ni(COD)2 (0.1 mmol) and 40.3 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.15 mmol) dissolved in 2.5 mL dry PhCF3, 

which was prepared in the glovebox. 

• Stock solution B containing: 21.9 mg Ir(dtbbpy)(ppy)2PF6 (0.024 mmol), 

258.0 mg aryl bromide 2a (1.2 mmol), 0.182 mL amide 1a (2.4 mmol), 3.0 

mL dry DMF, and 1.5 mL dry PhCF3. 

 

The reactions were carried out according to the general procedure except 0.75 mL 

of stock B was added to each reaction. Reactions contained varying amounts of 

Ni stock solutions, and dry PhCF3 and DMF were added to maintain a constant 

volume: 2% Ni(0) (0.1 mL stock solution A’, 0.15 mL dry PhCF3, and 0.25 mL dry 
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DMF), 2% Ni(0) + 8% Ni(II) (0.25 mL stock solution A, 0.1 mL stock solution A’, and 

0.15 mL dry PhCF3), 5% Ni(0) (0.25 mL stock solution A’ and 0.25 mL dry DMF), 

and 5% Ni(0) + 5% Ni(II) (0.156 mL stock solution A, 0.25 mL stock solution A’, and 

0.094 mL dry DMF). 

 

Repetition of plot in Figure 8 with 1.8 cm lamp distance (0.3 cm farther) (Figure 

9): 

Ni(II) reaction conditions: NiCl2(glyme) (0.01 mmol to 0.016 mmol), 4,4’-di-tert-

butyl-2,2’- dipyridyl (dtbbpy, 0.015 to 0.024 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 

mmol), K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.3 

mL dry DMF, and 0.95 mL dry PhCF3. 

 

Ni(0) reaction conditions: Ni(COD)2 (0.004 mmol to 0.01 mmol), 4,4’-di-tert-butyl-

2,2’-dipyridyl (dtbbpy, 0.006 to 0.015 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), 

K3PO4 (0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.3 mL dry 

DMF, and 0.75 mL dry PhCF3. 

 

The reactions were carried out according to the general procedure, contained 

varying amounts of Ni stock solutions, and added dry PhCF3 to maintain a constant 

volume: Ni(0) 5 % (0.2 mL stock solution A’ and 0.2 mL dry PhCF3), Ni (0) 5% + Ni 

(II) 5% (0.2 mL stock solution A’, 0.2 mL stock solution A), Ni(0) 2 % (0.08 mL stock 
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solution A’ and 0.32 mL dry PhCF3), and Ni(0) 2% + Ni(II) 8% (0.08 mL stock 

solution A’, 0.32 mL stock solution A). 

 

While the solvent mixtures of the reaction profiles depicted in Figures S9 and S10 

are slightly different, it is hypothesized that the slower behavior displayed in by the 

reactions depicted in S10 is only due to the farther distance to the lamp. 

 

Rate dependence with respect to aryl bromide 2a (Figure 10): 

Reaction conditions: combinations of [(dtbbpy)NiCl]2 and NiCl2(glyme) (0.008 to 

0.02 mmol total Ni treating 1 mmol of Ni(I) dimer as 2 mmol of Ni), 4,4’-di-tert-butyl-

2,2’-dipyridyl (dtbbpy, 0.012 to 0.03 mmol total dtbbpy accounting for the dtbbpy 

already coordinated to the Ni(I) dimer), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 

(0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.5 mL dry DMF, 

and 0.75 mL dry PhCF3. 

 

The stock solution solvents and overall solvent ratio were slightly modified to 

increase the solubility of Ni complexes. Three stock solutions were used to set up 

the reactions: 

• Stock solution A containing: 43.9 mg NiCl2(glyme) (0.2 mmol) and 80.9 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.3 mmol) dissolved in 2.5 mL dry DMF. 
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• Stock solution A' containing: 43.5 mg [(dtbbpy)NiCl]2 (0.06 mmol) and 16.1 

mg 4,4’-di-tert-butyl-2,2’-dipyridyl (0.06 mmol) dissolved in 3.0 mL dry 

PhCF3, which was prepared in the glovebox. 

• Stock solution B containing: 21.9 mg Ir(dtbbpy)(ppy)2PF6 (0.024 mmol), 

258.0 mg aryl bromide 2a (1.2 mmol), 0.182 mL amide 1a (2.4 mmol), 1.5 

mL dry DMF, and 1.5 mL dry PhCF3. 

 

The reactions were carried out according to the general procedure except 0.50 mL 

of stock B was added to each reaction. Reactions contained varying amounts of 

Ni stock solutions, and dry PhCF3 and DMF were added to maintain a constant 

volume: 10% Ni(II) (0.25 mL stock solution A, 0.5 mL dry PhCF3), 4% Ni(I) (0.2 mL 

stock solution A’, 0.25 mL dry DMF, and 0.3 mL dry PhCF3), 4% Ni(I) + 6% Ni(II) 

(0.15 mL stock solution A, 0.2 mL stock solution A’, 0.3 mL dry PhCF3, and 0.1 mL 

dry DMF), and 10% Ni(I) (0.5 mL stock solution A’, 0.25 mL dry DMF). 

 

Effect of triethylamine additive on induction period (Figure 13): 

Reaction conditions: NiCl2(glyme) (0.02 mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl 

(dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl 

bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.3 mL dry DMF, and 0.75 mL dry 

PhCF3. The reaction with the triethylamine additive also contained 0.1 mmol of 

triethylamine, which was added individually after starting the irradiation. 

152



These experiments were prepared according to the general procedure. The 

reaction depicted in orange included 50 mol % triethylamine. 

 

Effect of dark period on induction period (Figure 14): 

Reaction conditions: NiCl2(glyme) (0.02 mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl 

(dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl 

bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.3 mL dry DMF, and 0.75 mL dry 

PhCF3. 

 

Prepared according to the general procedure, the reaction depicted in grey was 

irradiated from time = 0 minutes, whereas the reaction depicted in blue was set up 

alongside the model reaction but thoroughly covered with aluminum foil for the first 

10 minutes. 
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3.6.3 Cyclic voltammetry: 

All experiments were performed in the glovebox on the same day utilizing the same 

[0.1 M] TBAPF6 solution in acetonitrile. E1/2 calculations were performed by Ana 

Bahamonde. 

 

Figure 21: CV trace of 5 mM solution in [0.1 M] TBAPF6 in acetonitrile. Sweep 

rate: 100 mV/s, glassy carbon working electrode, Ag/AgNO3 reference electrode, 

Pt wire auxiliary electrode. E1/2 = 0.32 V. 
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Figure 22: CV trace of 5 mM solution in [0.1 M] TBAPF6 in acetonitrile. Sweep 

rates varied from 50 mV/s to 500 mV/s, glassy carbon working electrode, 

Ag/AgNO3 reference electrode, Pt wire auxiliary electrode. Ep,a = 0.59 V (measured 

at 50 mV/s). E1/2 = 0.19 V (estimated using scan rate dependence measurements 

following the reported procedure48. 

 
-0.00002 

0 

0.00002 

0.00004 

0.00006 

0.00008 

0.0001 

0.00012 

0.00014 

0.00016 

0.00018 

-0.5 0 0.5 1 

 otential ( ) 

50  mV/s 

 mV/s 100 

200  mV/s 

300  mV/s 

 mV/s 500 

N 

N 
Ni 

NH 

t - Bu 

t Bu - 

Me 

a 5 
O CF 3 

F 

155



 

Figure 23: CV trace of 5 mM solution in [0.1 M] TBAPF6 in acetonitrile. Sweep 

rates varied from 50 mV/s to 500 mV/s, glassy carbon working electrode, 

Ag/AgNO3 reference electrode, Pt wire auxiliary electrode. Ep,a = 0.75 V (measured 

at 50 mV/s). E1/2 = 0.50 V (estimated using scan rate dependence measurements 

following the reported procedure48. 
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3.6.4 E R experiments: 

Two stock solutions containing Ni(II) and Ni(0) complexes were prepared: 

• Stock solution A containing: 22.0 mg NiCl2(glyme) (0.1 mmol) and 40.3 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.15 mmol) dissolved in 2 mL dry PhCF3 and 

kept under nitrogen. 

• Stock solution A’ containing: 27.5 mg Ni(COD)2 (0.1 mmol) and 40.3 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.15 mmol) dissolved in 2 mL dry PhCF3 was 

prepared in the glovebox, taken out, and kept under nitrogen. 

 

0.5 mL of each of these solutions were added to a dried Schlenk flask and stirred 

under nitrogen. After 2 minutes, an aliquot of the solution was taken and added 

into an EPR tube kept under nitrogen. The tube was quickly cooled with liquid 

nitrogen and the frozen mixture was analyzed by EPR at 77 K (Figure 24). Both 

starting solutions containing Ni(0) and Ni(II) are EPR-silent. The EPR spectrum 

obtained highly resembles the (dtbbpy)Ni(I) spectra reported in the literature49. 
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A coupling reaction between 1 eq of methyl 4-bromobenzoate (2a, 43.0 mg, 0.2 

mmol) and 2 eq of 2-pyrrolidone (1a, 0.0304 mL, 0.4 mmol), was set up following 

the general procedure A (using NiCl2(glyme)): with 4,4’-di-tert-butyl-2,2’-dipyridyl 

(16.2 mg, 0.06 mmol, 30 mol%), NiCl2(glyme) (8.8 mg, 0.02 mmol, 20 mol%). 

Aliquots were collected after 5 and 45 minutes and analyzed by 1H NMR and EPR. 

The NMR analysis revealed no reaction after 5 minutes and 5% yield after 45 

minutes indicating that these samples were taking during and after the induction 

period, respectively. The EPR spectrum showed no signal in either case (Figure 

25, orange and yellow spectra). 

 

A coupling reaction between 1 eq of methyl 4-bromobenzoate (2a, 43.0 mg, 0.2 

mmol) and 2 eq of 2-pyrrolidone (1a, 0.0304 mL, 0.4 mmol), was set up following 

the general procedure B (using Ni(COD)2): with 4,4’-di-tert-butyl-2,2’-dipyridyl 

270 290 310 330 350 370 
Field (mT) 
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(16.2 mg, 0.06 mmol, 30 mol%), Ni(COD)2 (11.0 mg, 0.040 mmol, 20 mol%). An 

aliquot was collected after 5 minutes and analyzed by NMR and EPR. The NMR 

analysis revealed 35% yield. The EPR spectrum showed no signal (Figure 25, 

grey spectrum). 

 

 

3.6.5 Synthesis and characterization of (dtbbpy)Ni(aryl)Br complexes 4a 

and 4b: 

In the glovebox, a 20 mL scintillation vial was charged with a magnetic stir bar and 

Ni(COD)2 (110 mg, 0.40 mmol). A second 20 mL scintillation vial was charged with 

4,4’-di-tert-butyl-2,2’- dipyridyl (107 mg, 0.40 mmol) and 2 mL THF. Once the solid 

fully dissolved, the solution was transferred via pipet into the reaction vial which 

was then stirred at room temperature for 1 hour, during which the solution turned 

purple. Next, an excess quantity of ortho-substituted aryl bromide 2 (4.0 mmol) 

was added to the reaction mixture dropwise then stirred for 4 hours, resulting in a 
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red solution. Approximately half of the reaction volume was removed by 

evaporation before the product was precipitated by slow addition of n-pentane. The 

product 4 was collected on a fine frit, washed with additional n-pentane, and 

thoroughly dried. 

 

(dtbbpy)Ni(aryl)Br complex (4a) 

The general procedure was followed using 2-

bromo-5-fluorotoluene (2b) as aryl bromide. The 

resulting Ni(II) aryl bromide complex 4a was 

collected as an orange solid (202 mg, 98% yield). 1H NMR (400 MHz, C6D6)  9.69 

(d, J = 5.8 Hz, 1H), 8.03 (td, J = 6.7, 1.7 Hz, 1H), 7.22 (d, J = 6.2 Hz, 1H), 7.19-

7.17 (m, 2H), 7.02 – 6.96 (m, 2H), 6.60 (d, J = 5.6 Hz, 1H), 6.08 (dd, J = 6.2, 2.2 

Hz, 1H), 3.42 (s, 3H), 0.92 (s, 9H), 0.82 (s, 9H). 19F NMR (376 MHz, C6D6)  -126.7 

(q, J = 9.1 Hz). HRMS (ESI-TOF) m/z calculated for C26H31BrFN2NiO2 (M+HCOO)-

: 559.0913, found 559.0909. 

 

(dtbbpy)Ni(aryl)Br complex (4b) 

The general procedure was followed using 2-

bromobenzotrifluoride (2c) as aryl bromide. The 

resulting Ni(II) aryl bromide complex 4b was 

collected as an orange solid (186 mg, 84% yield). 

1H NMR (400 MHz, C6D6)  9.65 (bs, 1H), 8.64 (d, J = 7.6 Hz, 1H), 7.62 (d, J = 7.7 
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Hz, 1H), 7.20 – 7.10 (m, 4H), 6.92 (t, J = 7.5 Hz, 1H), 6.51 (bs, 1H), 6.01 (bs, 1H), 

0.89 (s, 9H), 0.80 (s, 9H). 19F NMR (376 MHz, C6D6)  -58.2. HRMS (ESI-TOF) 

m/z calculated for C26H29BrF3N2NiO2 (M+HCOO)-: 595.0725, found 595.0718. 

 

3.6.6 Synthesis and characterization of (dtbbpy)Ni(aryl)(amido) complexes 

5a and 5b: 

Potassium phosphate tribasic was thoroughly dried at 160 °C for 16 hours before 

being brought into the glovebox. In the glovebox, a 1-dram vial was charged with 

a magnetic stir bar, nickel(II) aryl bromide adduct 4 (0.080 mmol) and potassium 

phosphate tribasic (34.0 mg, 0.160 mmol). A second 1-dram vial was charged with 

trifluoroacetamide (1b, 9.5 mg, 0.084 mmol), 0.8 mL dichloromethane, and 0.2 mL 

THF. Once the amide was fully dissolved, this solution was transferred to the 

reaction vial via pipet. The reaction vial was capped and sealed with electrical tape, 

then stirred at room temperature in the glovebox for 32 hours. Once the reaction 

was complete, the crude reaction mixture was filtered through a fine frit and rinsed 

with dichloromethane (2 mL). The filtrate was evaporated to dryness to yield the 

product 5 as an orange solid. 
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(dtbbpy)Ni(aryl)(amido) complex (5a) 

The general procedure was followed using Ni(II) 

aryl bromide complex 4a. The resulting Ni(II) aryl 

amido complex 5a was collected as an orange 

solid (40.1 mg, 91% yield). 1H NMR (400 MHz, 

C6D6)  8.39 (d, J = 5.8 Hz, 1H), 7.90 (dd, J = 9.0, 6.7 Hz, 1H), 7.23 – 7.14 (m, 

2H), 7.06 (d, J = 2.1 Hz, 1H), 6.95 – 6.91 (m, 2H), 6.56 (dd, J = 5.9, 2.0 Hz, 1H), 

5.99 (dd, J = 6.2, 2.1 Hz, 1H), 4.09 (bs, 1H), 3.26 (s, 3H), 0.92 (s, 9H), 0.82 (s, 

9H). 19F NMR (564 MHz, C6D6)  -74.0, - 123.5 (q, J = 9.9 Hz). IR 1660 cm-1. HRMS 

(ESI-TOF) m/z calculated for C28H32F4N3NiO3 (M+HCOO)-: 592.1740, found 

592.1737. The purity of this complex was calculated to be 63% using 4-

(trifluoromethyl)benzonitrile as a 19F NMR internal standard. 

 

(dtbbpy)Ni(aryl)(amido) complex (5b) 

The general procedure was followed using Ni(II) 

aryl bromide complex 4b. The resulting Ni(II) aryl 

amido complex 5b was collected as an orange solid 

(44.6 mg, 96% yield). 1H NMR (400 MHz, C6D6)  

8.77 (d, J = 7.6 Hz, 1H), 8.23 (d, J = 5.9 Hz, 1H), 7.59 (dd, J = 7.8, 1.4 Hz, 1H), 

7.12 (d, J = 7.4 Hz, 1H), 7.06 (d, J = 1.9 Hz, 1H), 7.03 (d, J = 6.1 Hz, 1H), 6.99 (d, 

J = 2.1 Hz, 1H), 6.93 (t, J = 7.5 Hz, 1H), 6.50 (dd, J = 5.9, 1.8 Hz, 1H), 5.92 (dd, J 

= 6.1, 2.0 Hz, 1H), 4.19 (bs, 1H), 0.90 (s, 9H), 0.79 (s, 9H). 19F NMR (376 MHz, 
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C6D6)  -59.9, -75.6. IR 1662 cm-1. HRMS (ESI-TOF) m/z calculated for 

C28H30F6N3NiO3 (M+HCOO)-: 628.1550, found 628.1522. 

 

3.6.7 Stoichiometric oxidation of (dtbbpy)Ni(aryl)(amido) complex 5a: 

The oxidant acetylferrocenium tetrafluoroborate was prepared according to a 

literature procedure50. In the glovebox, two 1-dram vials were charged with 

magnetic stir bars. To vial A was added (dtbbpy)Ni(aryl)(amido) complex 5a (21.9 

mg, 0.025 mmol) and 0.8 mL MeCN. To vial B was added acetylferrocenium 

tetrafluoroborate (“AcFcBF4”, 12.6 mg, 0.040 mmol) and 0.8 mL MeCN. Both vials 

were capped and stirred at room temperature until the contents were dissolved. 

The cold well in the glovebox was chilled to -84 °C using an ethyl acetate/liquid 

nitrogen slurry. Vials A and B were moved onto a metal block to stir for five minutes 

in the cold well, allowing enough time for the contents to equilibrate to the cold 

temperature. Vials A and B were then uncapped, and the contents of vial B were 

added to vial A in portions, dropwise. The dark blue color of the AcFcBF4 solution 

rapidly changes to orange as it is added to the Ni(II) complex solution. Once the 

transfer was complete, the metal block was moved to stir at room temperature for 

16 hours, after which the solution was brought outside the glovebox for workup 

and product isolation. The crude material was evaporated to near-dryness and 

loaded on a short silica column. The product 3b was eluted with 10% ethyl acetate 

in hexanes (Rf = 0.22), and isolated as a colorless oil (3.7 mg, 67% yield). The 

product spectra were identical to those previously reported herein. 
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3.6.8 Catalytic cross-coupling reaction using 5a as precatalyst: 

An oven-dried 10 mL Schlenk tube equipped with a magnetic stir bar and 14/20 

Suba-Seal® septum was brought into the glovebox. To this flask was added 

(dtbbpy)Ni(aryl)(amido) complex 5a (16.4 mg, 0.02 mmol) and 0.75 mL dry PhCF3. 

The Schlenk tube was brought out of the glovebox and onto the Schlenk line. The 

rubber septum was replaced with an oven-dried glass cap under nitrogen efflux. 

The Schlenk tube was charged with Ir(dtbbpy)(ppy)2PF6 (3.7 mg, 0.004 mmol), 

methyl 4- bromobenzoate (2a, 43.0 mg, 0.20 mmol), trifluoroacetamide (1b, 45.2 

mg, 0.40 mmol), and K2CO3 (55 mg, 0.40 mmol). After these solids were added, 

N,N-dimethylformamide (0.25 mL, dispensed from solvent purification system) was 

added under constant efflux of nitrogen gas. The ground glass stopper was coated 

in vacuum grease before sealing the reaction vessel, and the stopper was 

subsequently wrapped in parafilm. The reaction vessel was placed 1 cm in front of 

a 427 nm Kessil LED lamp while being submerged in a temperature-controlled 

water bath in a large crystallizing dish held at a constant 30 °C. The reaction was 

stirred at 450 rpm. 

 

After 24 hours, the lamp was shut off and the reaction vessel was removed from 

the water bath. The crude reaction mixture was filtered through a frit filter covered 

in Celite® using acetone. To this crude filtrate was added 2-3 mL of silica and the 

suspension was slowly evaporated at <100 rpm until dryness to adsorb the crude 

material onto the silica. The crude material adsorbed onto silica was used to dry 
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load a flash chromatography column in order to isolate the aryl amide product. 

Pure hexanes were used for making the silica slurry. The column was initially run 

in pure hexanes before gradually transitioning to 10% ethyl acetate in hexanes (Rf 

(3b) = 0.22, Rf (3c) = 0.10); this was to prevent the product from diffusing into the 

eluent during dry loading. The product 3b was obtained as a colorless oil (3.0 mg, 

7% yield). The product 3c was obtained as a colorless crystalline solid (45.1 mg, 

91% yield). Both products matched previously reported spectra28. 

 

3.6.9 Kinetic profiles comparing 5a as precatalyst to Ni(COD)2 and 

NiCl2(glyme) (Figure 18): 

Ni(0) reaction conditions: Ni(COD)2 (0.02 mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl 

(dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl 

bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.5 mL dry DMF, and 0.75 mL dry 

PhCF3. 

 

Ni(II) reaction conditions: NiCl2(glyme) (0.02 mmol), 4,4’-di-tert-butyl-2,2’-dipyridyl 

(dtbbpy, 0.03 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl 

bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.5 mL dry DMF, and 0.75 mL dry 

PhCF3. 
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5a reaction conditions: 5a (0.02 mmol), Ir(dtbbpy)(ppy)2PF6 (0.004 mmol), K3PO4 

(0.4 mmol), aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.5 mL dry DMF, 

and 0.75 mL dry PhCF3. 

 

The stock solution solvents and overall solvent ratio were slightly modified to 

increase the solubility of Ni complexes. 

 

Three stock solutions were used to set up the reactions: 

• Stock solution A containing: 22.0 mg NiCl2(glyme) (0.1 mmol) and 40.3 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.15 mmol) dissolved in 3.75 mL dry PhCF3. 

• Stock solution A' containing: 27.5 mg Ni(COD)2 (0.1 mmol) and 40.3 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.15 mmol) dissolved in 3.75 mL dry PhCF3, 

which was prepared in the glovebox. 

• Stock solution A'’ containing: 41.2 mg 5a (0.05 mmol) dissolved in 1.88 mL 

dry PhCF3, which was prepared in the glovebox. 

• Stock solution B containing: 18.4 mg Ir(dtbbpy)(ppy)2PF6 (0.02 mmol), 

215.3 mg aryl bromide 2a (1 mmol), 0.152 mL amide 1a (2 mmol), 2.5 mL 

dry DMF. 

 

The reactions were carried out according to the general procedure. Additionally, 

0.5 mL of stock B was added to each reaction and 0.75 mL of the appropriate Ni 

stock solution (A, A’ and A’’) was added to each reaction. 
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3.6.10 Light-free experiments with Zn reductant: 

Light- and photocatalyst-free conditions with added Zn as described by Nocera10 

were probed to compare the reaction profiles of the light-free Ni(I/III) cycle to the 

Ni-photoredox Ni(0/II/III) cycle proposed herein. 

 

General procedure: An oven-dried 10 mL Schlenk tube was charged with a 

magnetic stir bar and capped with a 14/20 Suba-Seal® septum. The flask was 

evacuated and refilled with nitrogen gas three times, after which the septum was 

replaced with an oven-dried 14/20 ground glass stopper while under nitrogen gas 

pressure. The flask was fully wrapped in aluminum foil to prevent ambient light 

from entering. Solid reagents were then added to the Schlenk tube through a 

weighing paper cone while constant efflux of nitrogen gas maintained inert 

conditions in the reaction vessel. The Schlenk tube was charged with 4,4’-di-tert-

butyl-2,2’-dipyridyl (8.1 mg, 0.03 mmol), NiCl2(glyme) (4.4 mg, 0.02 mmol), methyl 

4-bromobenzoate (43.0 mg, 0.2 mmol), 325 mesh Zn dust (0.7 to 6.5 mg, 0.01 to 

0.1 mmol), and K3PO4 (84.9 mg, 0.4 mmol). After these solids were added, 

benzotrifluoride (0.75 mL, distilled under nitrogen gas and over oven-dried 3 Å 

molecular sieves), N,N-dimethylformamide (0.25 mL, dispensed from solvent 
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purification system), and 2-pyrrolidone (30.4 mL, 0.4 mmol) were added under 

constant efflux of nitrogen gas. The ground glass stopper was coated in vacuum 

grease before sealing the reaction vessel, and the stopper was subsequently 

wrapped in parafilm. The reaction was stirred at room temperature at 450 rpm. 

After 24 hours, the reaction vessel was uncapped and ~3 mg of dimethyl fumarate 

(internal standard) and 1 mL dichloromethane were added to the crude reaction 

mixture. An aliquot was taken for 1H NMR analysis, which demonstrated a 39% 

internal standard yield of 3a when 50 mol% Zn was used. No product was observed 

when only 5 mol% Zn was used. Product spectra matched those previously 

reported for 3a 28. 

 

Kinetics experimental information (Figure 19): 

Reaction conditions: NiCl2(glyme) (0.01 to 0.04 mmol), 4,4’-di-tert-butyl-2,2’-

dipyridyl (dtbbpy, 0.015 to 0.06), 325 mesh Zn dust (0.1 mmol), K3PO4 (0.4 mmol), 

aryl bromide 2a (0.2 mmol), amide 1a (0.4 mmol), 0.5 mL dry DMF, and 0.75 mL 

dry PhCF3. 

 

The stock solution solvents and overall solvent ratio were slightly modified to 

increase the solubility of Ni complexes. Two stock solutions were used to set up 

the reactions: 

• Stock solution A containing: 52.7 mg NiCl2(glyme) (0.24 mmol) and 96.6 mg 

4,4’-di-tert-butyl-2,2’-dipyridyl (0.36 mmol) dissolved in 1.6 mL dry DMF. 
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• Stock solution B containing: 172.0 mg aryl bromide 2a (0.8 mmol), 0.122 

mL amide 1a (1.6 mmol), 0.4 mL dry DMF, and 3.0 mL dry PhCF3. 

 

The light-protected reaction flasks were set up according to the general procedure 

for the light-free experiments. 325 mesh Zn dust (0.1 mmol) and K3PO4 (0.4 mmol) 

were added as solids to each reaction flask individually under N2 efflux before 

addition of the solvent and stock solutions. 0.85 mL of stock B was added to each 

reaction. Reactions contained varying amounts of Ni stock solution and dry DMF, 

which were added to maintain a constant volume: 5% Ni(II) (0.1 mL stock solution 

A and 0.3 mL dry DMF), 10% Ni(II) (0.2 mL stock solution A and 0.2 mL dry DMF), 

and 20% Ni(II) (0.4 mL stock solution A and no additional dry DMF). Aliquots taken 

for each timepoint were quickly diluted with approximately 0.6 mL CDCl3 and 

stored in a dark ice bath until 1H NMR spectra were ready to be acquired. 

 

3.6.11 X-ray crystallographic data of 5b: 

Data collection: 

Single crystals suitable for X-ray diffraction were grown by vapor diffusion of n-

pentane into dichloromethane. A yellow crystal (plate, approximate dimensions 

0.12 × 0.05 × 0.04 mm3) was placed onto the tip of a MiTeGen pin and mounted 

on a Bruker Venture D8 diffractometer equipped with a PhotonIII detector at 100.00 

K. The data collection was carried out using Mo K radiation ( = 0.71073 Å, IS 

micro-source) with a frame time of 12 seconds and a detector distance of 40 mm. 
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A collection strategy was calculated and complete data to a resolution of 0.82 Å 

were collected. The frames were integrated with the Bruker SAINT51 software 

package using a narrow-frame algorithm to 0.82 Å resolution. Data were corrected 

for absorption effects using the multi-scan method (SADABS)52. Please refer to 

Table S1 for additional crystal and refinement information. 

 

Structure solution and refinement: 

The space group P 21/n was determined based on intensity statistics and 

systematic absences. The structure was solved using the SHELX suite of 

programs53,54 and refined using full-matrix leastsquares on F2 within the OLEX2 

suite55. An intrinsic phasing solution was calculated, which provided most non-

hydrogen atoms from the E-map. Full-matrix least squares / difference Fourier 

cycles were performed, which located the remaining non-hydrogen atoms. All non-

hydrogen atoms were refined with anisotropic displacement parameters. The 

hydrogen atoms were placed in ideal positions and refined as riding atoms with 

relative isotropic displacement parameters, except the hydrogen on N1, which was 

refined freely. The final full matrix least squares refinement converged to R1 = 

0.0463 and wR2 = 0.1304 (F2, all data). The goodness-of-fit was 1.056. On the 

basis of the final model, the calculated density was 1.413 g/cm3 and F(000), 1208 

e-. 
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Crystal data and structure refinement for 5b: 

Empirical formula     C27 H29 F6 N3 Ni O 

Formula weight     584.24 

Crystal color, shape, size    yellow plate, 0.12 x 0.05 x 0.04 

mm3 

Temperature      100.00 K 

Wavelength      0.71073 Å 

Crystal system, space group   monoclinic, P 21/n 

Unit cell dimensions     a = 12.0239(9) Å       = 90°. 

       b = 20.0145(18) Å       = 

115.621(2)°. 

       c = 12.6542(10) Å       = 90°. 

Volume      2745.8(4) Å3 

Z       4 

Density (calculated)     1.413 g/cm3 

Absorption coefficient    0.772 mm-1 

F(000)       1208 

 

Data collection: 

Diffractometer     Bruker D8 Venture 

Theta range for data collection   1.953 to 25.350°. 
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Index ranges      -14<=h<=14, -24<=k<=24, -

15<=1<=15 

Reflections collected    85757 

Independent reflections    5028 [Rint = 0.1430] 

Observed reflections    3644 

Completeness to theta = 25.242°   100.0 % 

 

Solution and refinement: 

Absorption correction    Semi-empirical from equivalents 

Max. and min. transmission   0.7453 and 0.6547 

Extinction coefficient    0.0076(8) 

Solution      Intrinsic methods 

Refinement method     Full-matrix least-squares on F2 

Weighting scheme     w = [s2Fo2+ AP2+ BP]-1, with 

       P = (Fo2+ 2 Fc2)/3, A = 0.064, B = 

1.49 

Data / restraints / parameters   5028 / 0 / 354 

Goodness-of-fit on F2    1.056 

Final R indices [I>2s(I)]    R1 = 0.0463, wR2 = 0.1116 

R indices (all data)     R1 = 0.0735, wR2 = 0.1304 

Largest diff. peak and hole    0.496 and -0.562 e.Å-3 
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Chapter 4: Nickel-catalyzed activation of benzonitriles as low-toxicity 

cyanide surrogates for cyclopropyl ketone ring-opening cyanation 

 

4.1 Introduction to Ni-catalyzed C-C bond activation and the discovery of 

a rare Ni-catalyzed cross-coupling of electrophilic C-C bonds 

 As discussed in Chapter 1.2, low-valent Ni(0) is particularly effective for 

difficult bond activations. Ni(0) is a relatively nucleophilic transition metal due to its 

electropositivity1,2 and small atomic radius3. These properties facilitate the 

insertion of Ni into strong C-C 

and C-heteroatom bonds. 

Electron-rich ligands such as 

phosphines and NHCs are often 

paired with Ni to promote difficult 

oxidative additions4. A variety of 

-C-C bonds have been 

functionalized in Ni-catalyzed 

methodologies, including 

C(sp2/3)-C(sp2) bonds in 

ketones5–7 and esters8, C(sp2)-C(sp3) bonds in alkylidenecyclopropanes9–14, 

cyclobutenones15,16, and allylamines17, C(sp3)-C(sp3) bonds in vinyl 

cyclopropanes18–20,  cyclopropyl ketones (CPKs)21–27, cyclopropyl imines28, and 

alcohols29, and C(sp2/3)-C(sp) bonds in nitriles30–32 (Figure 1). 
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 Within this diverse chemical space of Ni-catalyzed C-C bond activation, we 

were particularly interested in reactions involving C(sp3)-C(sp3) bond cleavage in 

CPKs. These reactions have been shown by Ogoshi and coworkers to proceed via 

a 6-membered oxanickelacycle species21,33. These Ni intermediates have been 

used to couple CPKs to alkenes21,23 and alkynes27 forming cyclopentane 

derivatives and has also been leveraged for ring-opening alkylation22,25,26, 

arylation22, and 

borylation24 cross-

coupling reactions 

(Figure 2). These Ni-

catalyzed CPK ring-

opening reactions 

are often (though not 

always) enabled by 

the cooperation of a 

Lewis acid (LA). 

Due to the 

absence of reported 

Ni-catalyzed CPK ring-opening amination reactions, this transformation became 

the target of my studies. Attempts to generate the ring-opened secondary amine 

product with stoichiometric Ni(COD)2 and aniline failed. Instead, a different ring-

opened product was detected by 1H NMR. This product matched previously 
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reported NMR and IR characterization data for 3a and was isolated with a meager 

1% yield (Scheme 1). This nitrile product was hypothesized to be the result of 

oxidative addition into acetonitrile by Ni(0) and subsequent cross-coupling of the 

cyanide moiety with the ring-opened CPK, although the mechanism of this process 

was poorly understood at this point. 1.0 eq. of trimethylsilyl chloride (TMSCl) was 

employed as a Lewis acid to enhance the electrophilicity of the ketone (and, 

inadvertently, the nitrile also). We were excited by this serendipitous discovery of 

a Ni(0)/LA system that was able to activate both CPKs and nitriles in a productive 

cross-coupling reaction. Organic nitriles are relatively inert cyanide sources that 

are much safer to handle than HCN, trimethylsilyl cyanide (TMSCN), or the variety 

of cyanide salts and metal cyanide complexes that are commonly used as cyanide 

sources and which all liberate deadly HCN upon exposure to acidic conditions or 

workup34. 
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A thorough literature search revealed that a similar ring-opening cyanation 

of CPKs enabled by Cu, Lewis acid, photocatalyst, and visible light irradiation had 

already been reported35 (Scheme 2). However, this Cu-catalyzed reaction suffers 

from two major limitations: 1) a reduced scope due to the need for an additional 

radical-stabilizing aryl, alkenyl, or alkylnyl functional group on the cyclopropane 

ring and 2) a requirement for TMSCN as the cyanide source, which is highly toxic 

and much less challenging to activate than organic nitriles. Cyclopropyl phenyl 

ketone 1a was not amenable to the Cu/photochemical cyanation conditions, 

contrasting the Ni/LA system that we were studying which was able to cyanate this 

substrate. This scope divergence, together with other regioselectivity data that will 

be discussed later, is not consistent with the generation of an alkyl radical from 1a 

under the Ni/LA conditions of our reaction. Instead, a concerted oxidative addition 
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of low-valent Ni into the CPK species to form an oxanickelacycle intermediate is 

hypothesized to be more likely. 

 

Although a variety of Ni-catalyzed and Ni/LA-catalyzed alkylnitrile and 

benzonitrile activation reactions are known, they most often transfer the alkyl/aryl 

group to a coupling partner, undergo protodecyanation, or engage in 

carbocyanation reactions with -bond coupling partners32. Transfer of the cyanide 

functional group without transfer of the aryl or alkyl group from an organic nitrile to 

an organic substrate is less common, but has been reported in the context of aryl 
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(pseudo)halide cyanation36–40 and for the hydrocyanation of alkenes30 and 

alkynes30,31. 

An important literature precedent for Ni/LA-catalyzed cyanation chemistry 

comes from Morandi and coworkers, who first reported nitrile activation by a 

homogeneous Ni(0)/LA system in the context of olefin hydrocyanation30 (Figure 

3). Because the starting alkylnitrile is converted to an olefin byproduct, the reaction 

is reversible. The equilibrium can be shifted towards the products if a low molecular 

weight nitrile is employed, 

generating volatile 

hydrocarbons that escape 

the reaction media and drive 

the catalytic process forward. 

This olefin hydrocyanation 

method contrasts the harsh 

conditions used by the much 

older and industrially critical 

DuPont adiponitrile process, 

a Ni/LA-catalyzed process which uses highly toxic HCN to produce adiponitrile (a 

Nylon(6,6) precursor) from 1,3-butadiene41,42 (Scheme 3). The DuPont adiponitrile 

process is mechanistically similar to the Morandi catalytic transfer hydrocyanation 

reaction, except instead of an alkylnitrile, HCN is used. Ni(0) can undergo oxidative 

addition with HCN to directly access the Ni(II) hydrogen cyanide intermediate that 
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is required for olefin hydrocyanation. Although HCN is a powerful reagent for the 

hydrocyanation of olefins, it is incredibly toxic and volatile, unlike organic nitriles 

which are much less hazardous to work with. 

 

4.2 Optimization of the Ni/LA-catalyzed CPK ring-opening cyanation 

reaction 

 After obtaining the initial fleeting result of 1% conversion to the cyanation 

product 3a under 100 mol% Ni loading, our next goal was to render this process 

catalytic and 

produce high 

yields of cyanated 

product under low 

Ni loadings. This 

was not an easy 

task considering 

the extreme 

inefficiency of the 

ring-opening 

cyanation process 

at the onset of our 

investigation. 

Attempts to produce the cyanation product in acetonitrile solvent at 20 mol% Ni(0) 
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precatalyst loading did not produce a detectable amount of product (Table 1, entry 

1). Likewise, using 2.0 eq. acetonitrile and toluene as the bulk solvent at 20 mol% 

Ni loading also did not produce any detectable product (Table 1, entry 2). An 

encouraging result was obtained when the nitrile identity was switched to the 

aromatic nitrile, 4-trifluoromethylbenzonitrile (2a), which produced 9% yield of the 

desired open-chain nitrile (3a) with only a 2:1 nitrile:CPK stoichiometry (Table 1, 

entry 3). Benzonitrile activation by Ni(0)-phosphine complexes has previously 

been studied in stoichiometric experiments and is known to be accelerated by the 

addition of Lewis acids32,43–46. When conditions identical to Table 1, entry 3 were 

used without the Lewis acid (TMSCl), no product was detected. This demonstrates 

the necessity of the Lewis acid for activation of at least one of the coupling 

partners. Replacing the electron-poor 4-trifluoromethylbenzonitrile with the 

electron-rich 4-methoxybenzonitrile led to a significantly lower yield of 3% (Table 

1, entry 4). This lower reactivity is in line with the Hammett studies from Jones and 

coworkers, which revealed slower rates of oxidative addition for electron-rich 

benzonitriles than for electron-poor benzonitriles with a Ni(0)-phosphine 

complex47. This observation mirrors the slower oxidative addition kinetics of  

electron-rich aryl halides for both Ni(0)-phosphine48,49 and Ni(I)-bipyridine 

complexes50. A slower rate of oxidative addition with the electron-rich 4-

methoxybenzonitrile could explain the reduced yield of 3a, possibly due to 

competitive processes that lead to catalyst deactivation. 
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 A variety of Lewis acids were then screened to try to increase the yield of 

the nitrile product. Our intial  goal was to achieve >1 catalyst turnover to verify that 

catalysis was feasible. Replacing TMSCl with the analogous but slightly bulkier 

triethylsilyl chloride (TESCl) led to a similarly low yield (Table 2, entry 2) and the 

slightly more electrophilic trimethylsilyl bromide (TMSBr) (Table 2, entry 3) also 

produced similarly low yields of the nitrile product. Using trimethylsilyl iodide 

(TMSI) as the Lewis acid did not lead to any formation of the desired product, but 

instead led to a 41% yield of the open-chain alkyl iodide (Table 2, entry 4). 

Similarly, when AlCl3 was employed, no nitrile product was formed and instead a 

90% yield of the open-chain alkyl chloride was formed (Table 2, entry 5). It was 

later determined that these ring-opening halogenation reactions also proceeded in 

the absence of Ni catalyst, and that similar ring-opening halogenation reactions 

had previously been reported in the literature51,52. ZnCl2, a much weaker Lewis 

acid, was also ineffective for the cyanation reaction (Table 2, entry 6). A very 

encouraging yield of 21% was obtained when 1.2 eq. of trimethylsilyl 

trifluoromethanesulfonate (TMSOTf) was chosen as the Lewis acid, providing the 

first result in which the turnover number was at least 1. Additionally, this reaction 

produced butyrophenone (4) as an undesired side product in low yield (3%) (Table 

2, entry 7). Decreasing the stoichiometry of TMSOTf to only 0.2 eq. led to only 

trace formation of the desired nitrile product (Table 2, entry 8), and increasing the 

stoichiometry of TMSOTf to 2.0 eq. led to a complete loss of reactivity (Table 2, 

entry 9). 
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 At this point in our optimization campaign, it was apparent that achieving 

catalytic turnover of the Ni catalyst was a formidable barrier to improving the 

efficiency of the cyanation reaction. Although the mechanism of the reaction was 

largely unknown at this point, it was hypothesized that catalytic turnover was being 

prevented by the lack of a suitable sacrificial reductant. Our hypothesis was that 

two oxidative additions were occurring: one with the CPK and one with the 

benzonitrile. Additionally, we hypothesized that only one reductive elimination was 

needed to form the product. Because of this redox imbalance, Ni intermediates of 

higher oxidation states could not be reduced back down to their active low-valent 
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oxidation states without a source of additional electrons (a reductant). We 

envisioned that this reduction could be achieved through the use of a formate salt 

or silane as a hydride surrogate. A variety of formate salts were found to be 

incompatible with the reaction, shutting down product formation completely. Most 

of the silanes screened were incompatible with the reaction and either shut down 

reactivity or did not improve the yields. A major advancement was made when 

adding 1.0 eq. of diphenylsilane to the reaction, which increased the yield to 43% 

of 3a (corresponding to >2 turnovers) with an additional 15% yield of the undesired 

butyrophenone side product (Table 3, entry 3). The reaction was found to be 

sensitive to the stoichiometry of the added silane, and inferior yields of the desired 

product were obtained when 0.5 eq. (Table 3, entry 2) or 2.0 eq. (Table 3, entry 

4) of diphenylsilane were used. The yield of the undesired butyrophenone product 

appeared to increase with additional added silane, suggesting that the undesired 

product was not necessarily the result of protodemetalation and could also be due 

to an unproductive reaction between an oxanickelacycle intermediate and 

diphenylsilane. Attempts to increase the yield with the milder Lewis acid TMSCl by 

combining it with 1 to 4 eq. of diphenylsilane were unsuccessful, demonstrating 

the need for the stronger Lewis acid (TMSOTf) in order to achieve multiple catalytic 

turnovers. Temperatures lower than 110 °C did not result in improved yields under 

any of the conditions tested. Furthermore, reaction times longer than 6 h usually 

resulted in reduced yields of 3a and greater side product (4) formation. The 
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reaction performs equally well in both toluene and xylenes, but no product 

formation or very low yields were obtained in all other solvents screened. 

 The necessity of an electron-poor benzonitrile was once again tested under 

the improved reaction conditions employing diphenylsilane (Table 4). Replacing 

the para-trifluoromethyl group of 2a with a slightly less electron-poor para-methyl 

ester (2c) led to a modest decrease in the yield of 3a (Table 4, entry 2), and when 

the relatively electron-rich 4-fluorobenzonitrile (2d) was employed, the yield of the 

desired product declined sharply (Table 4, entry 3). Once again, this is consistent 

with the hypothesis that electron-poor benzonitriles are more labile cyanide 

sources and thus more effective for the reaction being studied. Isovaleronitrile (2e), 

the optimal cyanide surrogate from the Morandi group’s olefin hydrocyanation 

protocol30, was not suitable for the ring-opening cyanation reaction, yielding no 

desired nitrile product and only producing 8% yield of undesired butyrophenone 
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(Table 4, entry 4). This suggests that different mechanisms of nitrile activation and 

subsequent cyanide transfer are operative when comparing the Morandi olefin 

hydrocyanation reaction to the CPK ring-opening cyanation reaction being 

developed by our group. Notably, the Morandi group did not report screening any 

benzonitriles as cyanide surrogates for hydrocyanation. 

 

 Next, a variety of ligands were screened at 20 mol% Ni(COD)2 loading 

(Table 5). Prior catalytic methods that involve oxidative addition of Ni(0) into 

benzonitriles usually require phosphine ligands32, which are significantly more 

electron-donating than dtbbpy, the N,N bidentate ligand that we had been using up 

to this point. It was hypothesized that a more electron-donating ligand would help 

with the difficult C-C bond activation steps, possibly leading to improved catalytic 

efficiency. A variety of phosphine ligands of varying denticity and a P,N ligand were 
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screened under the optimal reaction conditions, in addition to a selection of 

polypyridine ligands. When no additional ligand was added to Ni(COD)2, very low 

yields of 3a and 4 were obtained (Table 5, entry 1). When dtbbpy (L1) was 

replaced with bathophenanthroline (L2), a lower yield of 3a was obtained with 

inferior product selectivity. Switching to the tridentate ligand terpy (L3) led to an 

even lower yield of 3a, and significantly higher yields of 4 were obtained. Sterically 

bulky bisphosphines with large bite angles (L4, L5) produced very low yields of 3a 

with a dramatic reversal in product selectivity towards 4. It is possible that when 

these bulky bisphosphine ligands are used, the catalyst is too sterically 

encumbered to accommodate both coupling partners on one metal center. It is also 

possible that crucial bimolecular steps in the dominant catalytic mechanism (such 

as transmetalation) could have a high kinetic barrier due to the steric encumbrance 

of these ligands, with catalyst deactivation occurring instead of the productive 

bimolecular step(s). Dppe (L6), a bidentate phosphine with a smaller bite angle 

and a less congested steric environment than L4 and L5, produced markedly 

different results, forming 3a in similar yield to L1 but with nearly perfect product 

selectivity, as only trace 4 was detected. The P,N bidentate phosphinooxazoline 

ligand (S)-i-Pr-PHOX (L7) also formed 3a with greater product selectivity than L1 

(Table 5, entry 9), and when the stoichiometry of diphenylsilane was increased to 

2.0 eq. (Table 5, entry 10), both the yield of 3a and the product ratio of 3a:4 were 

superior to that of the previously optimal ligand, dtbbpy (L1). This contrasts the 

lower yield of 3a and inferior product selectivity obtained when the stoichiometry 
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of diphenylsilane was increased from 1.0 to 2.0 eq. when using L1 (Table 5, 

entries 2-3). A variety of monodentate phosphine ligands (L8-L12, Table 5, 

entries 11-16) produced inferior yields of 3a when compared to L1, although many 

of these monodentate phosphines displayed good product selectivity. With these 

results in hand, (S)-i-Pr-PHOX (L7) was chosen as the ligand to continue the 

optimization campaign with since it gave the highest yield of 3a and a low yield of 

the side product 4. The excellent product selectivity obtained with dppe (L6) was 

also noted and we planned to screen both of these ligands again after further 

iterations of optimization. 

193



 

194



 At this point in the optimization campaign, great strides had been made 

bringing a reaction with only 1% yield at 100 mol% Ni loading up to 54% yield at 

20 mol% Ni loading, corresponding to a 270-fold increase in turnover number. 

Encouraged by this progress, we aimed to further increase catalytic efficiency for 

the desired nitrile product (3a), decrease butyrophenone (4) formation, and 

decrease the Ni loading. Based on the previous observation that the use of 

electron-poor benzonitriles led to greater yield and product selectivity, a selection 

of trifluoromethylated benzonitriles and cyanopyridines were screened in the ring-

opening cyanation reaction of 1a (Table 6). 3-trifluoromethylbenzonitrile (2f) 

produced similar results to 2a but with a slightly lower yield of 3a and worse product 

selectivity of 3a:4 (Table 6, entry 2). Switching to an even more electron-poor 

benzonitrile, 3,5-bis(trifluoromethyl)benzonitrile (2g) gave the highest yield of 3a 

obtained thus far at 62% with only 5% conversion to 4. Unsubstituted benzonitrile 

(2h) was also screened to see if simpler cyanide surrogates could be used in the 

reaction, but the yield and product selectivity were very low, possibly due to 

benzonitrile being relatively electron-rich compared to the well-performing 

trifluoromethylated benzonitriles (2a, 2f, and 2g). It was hypothesized that the 

enhanced ability of cyanopyridines to coordinate to the Ni center could help 

promote oxidative addition and thus facilitate the cyanide transfer process. 

However, the use of cyanopyridines 2i, 2j, and 2k gave very poor yields of 3a 

(Table 6, entries 5-7). Interestingly, formation of 4 could not be detected with these 

cyanopyridines. 
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 With the new optimal benzonitrile 2g in hand, the CPK ring-opening 

cyanation reaction was screened at lower Ni(COD)2 loadings (Table 7). 

Decreasing the Ni loading to 10 mol% led to a modest increase in formation of 3a 

(Table 7, entry 2). Further decreasing the Ni loading to 5 mol% led to another 

increase in the yield of 3a, now up to 75% with only 10% yield of 4 (Table 7, entry 

3). 5 mol% Ni(0) precatalyst was determined to be the optimal precatalyst loading, 

since the yield of 3a began to decrease again at 2.5 mol% Ni(0). The yield of 3a 

could be pushed even higher to 81% by decreasing the loading of 2g from 2.0 eq. 

to 1.5 eq. (Table 8, entry 2). The reaction was found to be very sensitive to the 
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stoichiometry of 2g, since only a 54% yield of 3a was obtained when using 1.0 eq. 

of 2g (Table 8, entry 3). 

 

 Good yields were now being achieved with the carefully determined optimal 

set of conditions. In order to determine if (S)-i-Pr-PHOX (L7) was still the optimal 

ligand under the newly identified conditions, a selection of the previously best-

performing ligands were compared, along with a few additional ligands from 

diverse ligand classes (Table 9). At this point, Nathan Coddington joined this 

project and conducted the experiments shown in Table 9, entries 3-7. Under this 

new set of conditions, the yield of 3a obtained with L7 was no longer  

197



significantly higher than that of dppe (L6). Additionally, formation of side product 4 

was not detected with L6. Because of the excellent result obtained with L6, it was 

of interest to see what result would be obtained if the central ethane linker of L6 

was lengthened by one methylene unit. When dppp (L13) was employed under the 

reaction conditions, much lower yields of 3a (46%) were obtained than with L6, 

and 4 was formed in 29% yield. This contrasts the exclusive formation of 3a under 

the same set of conditions with L6 despite the minor difference in structure 

between these two ligands. Dtbbpy (L1) still performed worse than L6 and L7 

under the current reaction conditions, although product selectivity for 3a was now 

better than the previous conditions that used a higher Ni loading and a suboptimal 

benzonitrile. A bisoxazoline (BOX) ligand was also screened under the reaction 

conditions (L14, Table 9, entry 5) and displayed excellent product selectivity 

despite a poor yield of 3a. The Buchwald ligand t-Bu-XPHOS (L15, Table 9, entry 

6) also provided excellent product selectivity despite a very low yield of 3a. When 
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(R)-BINAP (L16, Table 9, entry 7) was used in the cyanation reaction, 3a was not 

detected and 4 was formed in low yield, mirroring the unsuccessful results 

previously obtained with especially bulky bidentate phosphines (Table 5, entries 

6-7). 
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4.3 Initial probing of the CPK substrate scope 

 After the extensive optimization campaign described in Chapter 4.2, we 

were pleased to have achieved yields for the Ni-catalyzed ring-opening cyanation 

reaction in excess of 80% (corresponding to turnover numbers of >16) when 1a 

was used as the CPK substrate. In order to avoid overoptimizing for 1a, we aimed 

to test our optimized reaction conditions against more challenging CPK substrates 

bearing 1,2-disubstitution patterns on the cyclopropane ring. These disubstituted 

cyclopropane substrates could be accessed in 2-3 synthetic steps (substrate 

synthesis is described in detail in Chapter 4.7). Two constitutional isomers of the 

cyanated product can form from the disubstituted cyclopropane substrates due to 

the fact that Ni can oxidatively insert into either one of two cleavable C(sp3)-C(sp3) 

bonds (shown as the -bonds between the orange and green atoms and between 

the orange and pink atoms in substrates 1b-1d, Table 10). Due to the modular 

nature of the phosphinooxazoline (PHOX) ligand scaffold, a sufficiently challenging 

CPK substrate could be screened against a variety of in-house designed PHOX 

ligands. 

Dppe (L6) and (S)-i-Pr-PHOX (L7), the two best-performing ligands 

identified in Chapter 4.2, were screened against the more challenging substrates 

1b-1e (Table 10). The experiments described in Table 10, entries 5-7 and the 

synthesis of substrate 1d were conducted by Nathan Coddington. Two 

constitutional isomers of the cyanated product can form from the disubstituted 

cyclopropane substrates due to the fact that Ni can oxidatively insert itself into 
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either one of two cleavable C(sp3)-C(sp3) bonds (shown as the -bonds between 

the orange and green atoms and between the orange and pink atoms in substrates 

1b-1d, Table 10). These consitituonal isomers are denoted as the branched (3b-

b, 3c-b, 3d-b) and linear (3b-l, 3c-l, 3d-l) products. The branched product results 

from cleavage of the less sterically hindered C(sp3)-C(sp3) bond in a 1,2-

disubstituted cyclopropane substrate. 

 

As expected, higher b:l regioselectivities are obtained with 1c than with 1b 

for both ligands because the ethyl group of 1c is slightly larger than the methyl 

group of 1b, creating a greater difference in the steric environment around each of 
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the two cleavable -bonds in these CPK substrates. Although L6 and L7 provided 

similar results when cyclopropyl phenyl ketone (1a) was employed as the 

substrate, differences in the performance between these two ligands became more 

apparent with the more challenging disubstituted cyclopropanes 1b and 1c (Table 

10, entries 1-4). For both 1b and 1c, L6 led to much higher yields of 3b and 3c 

than were obtained using L7, although L7 displayed greater regioselectivity for the 

branched products (3b-b and 3c-b). 

CPK 1d was also screened against both L6 and L7 (Table 10, entries 5-6). 

Yields of 3d were much lower than those of 3b and 3c, possibly due to the steric 

encumbrance of the phenyl group. Interestingly, the regioselectivity of both ligands 

studied when reacted with 3d was biased towards the branched constitutional 

isomer as opposed to the linear constitutional isomer. This has mechanistic 

implications, since a linear product would be favored if alkyl radical intermediates 

were being formed due to the relative stability of benzylic radicals to secondary 

alkyl radicals53. Additionally, higher yields were obtained with substrates lacking 

radical-stabilizing functional groups. These data are again not consistent with the 

formation of alkyl radical intermediates in the dominant catalytic mechanism. 

We were also interested in the potential for enantioselectivity in the ring-

opening cyanation reaction with these chiral cyclopropane substrates since L7 

contains chiral information. Integration of UPC2 traces acquired from products 3c 

and 3d (Table 10, entry 4 and Table 10, entry 6) showed that the reaction was 
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racemic with respect to both constitutional isomers of 3c and for 3d-b, which was 

the only detected constitutional isomer of 3d. 

The necessity of the aryl ketone group in the substrate was probed by 

reacting methyl cyclopropyl ketone (1e) under the optimal conditions with L6 

(Table 10, entry 7). The reaction was incredibly inefficient with only 3% yield 

obtained for 3e, and the lack of effective stains for visualization on TLC combined 

with the relative volatility of this product made isolation much more difficult than for 

the phenyl ketone products. The low yields obtained for 3e were not unexpected, 

since Ogoshi and coworkers demonstrated in stoichiometric studies that Ni(0)-

NHC complexes undergo oxidative addition with cyclopropyl phenyl ketone much 

more rapidly than with cyclopropyl methyl ketone or cyclopropanecarbaldehyde33. 

Additionally, previously reported catalytic ring-opening reactions involving Ni and 

alkyl CPKs were limited to strained bycyclic aliphatic ketones22. The low yield 

obtained with substrate 1e could also be due to side reactions involving the readily 

enolizable methyl ketone, which could be converted to an undesired silyl enol ether 

by TMSOTf. 

Based on this initial probing of the scope of substrates amenable to the Ni-

catalyzed ring-opening cyanation reaction, it was determined that sterically bulky 

aryl CPKs are amenable to the reaction, and that alkyl CPKs show some reactivity 

but pose a greater challenge. We planned to revisit the substrate scope later after 

optimizing the PHOX ligand scaffold to convert 1c to 3c with superior yield and 

regioselectivity. 
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4.4 PHOX ligand optimization with the more challenging disubstituted 

cyclopropane substrate 1c 

 It was now apparent that there was still much room for improvement with 

respect to the yield and regioselectivity of the Ni-catalyzed, Lewis acid-assisted 

CPK ring-opening cyanation reaction. We elected to continue ligand optimization 

with the PHOX ligand scaffold using the substrate 1c which bears an ethyl 

substituent since it provided a regioselectivity that was more tractable for 

optimization than 1b (which displayed lower branched:linear selectivity with both 

L6 and L7 due to the small size of its methyl group) and 1d (which was a more 

sterically biased substrate and thus already highly regioselective). 

 PHOX ligands are highly versatile P,N bidentate ligands that have been 

used in a variety of Ni-catalyzed methodologies54. Their modular structure allows 

for the synthesis of a diverse library of ligands from simple starting materials, 

providing access to diverse substitution patterns at many different positions on the 

oxazoline ring, the linking benzene ring, and the diaryl phosphine fragment (Figure 

4a). Both synthetic routes used to synthesize PHOX ligands involve the coupling 

of three precursors: a benzonitrile, an aminoalcohol, and a chlorodiarylphosphine. 

Benzonitriles are cheap and abundant with diverse substitution patterns 

commercially available. Aminoalcohols are also abundant with many derived from 

the amino acid chiral pool, providing diverse substitution patterns and steric 

environments to the PHOX ligands that are made from them. Aminoalcohols 

bearing geminal disubstitution patterns can also be synthesized from amino esters 
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via Grignard addition to the carbonyl. Of the three coupling partners, the 

chlorodiarylphosphine is the most difficult to modify since few are commercially 

available, although chlorodiarylphosphines with various ortho-, meta-, and para- 

substitution patterns can be synthesized by treating secondary phosphine oxides 

with acetyl chloride55 or by Grignard addition to P(NEt2)Cl2 followed by treatment 

with HCl56. Alternatively, PHOX ligands can be synthesized by a Cu-catalyzed 

cross-coupling protocol developed by the Stoltz group involving secondary 

phosphines and aryl bromides57. 

The PHOX ligands synthesized in-house were accessed via one of two 

synthetic routes in 2-4 steps. Route A (Figure 4b) starts with 2-bromobenzonitrile 

or a derivative thereof, which undergoes lithium-halogen exchange and is reacted 

with a chlorodiarylphosphine to form a triarylphosphine with a nitrile at the ortho-

position of one of the arenes. This ortho-(diarylphosphino)benzonitrile is then 

condensed with an aminoalcohol in a ZnCl2-catalyzed reaction to form a Zn(II)-

PHOX complex. The PHOX ligand is finally liberated with just 0.99 eq. of bipyridine, 

which outcompetes the PHOX ligand for binding to Zn. Route B starts with a 

benzonitrile containing an ortho-hydrogen that is accessible for directed ortho-

metalation in the second step. This benzonitrile is coupled with an aminoalcohol to 
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form the oxazoline ring via a ZnCl2-catalyzed condensation reaction. The resulting 

oxazoline intermediate then undergoes directed ortho-metalation and the in situ-

generated organolithium intermediate is treated with a chlorodiarylphosphine 

electrophile to afford the free PHOX ligand58 (Figure 4b). In some instances, the 

PHOX ligand was inadvertently oxidized to the corresponding phosphinoxide 
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during the final step, although these oxides could be reduced to the desired PHOX 

ligand by heating the PHOX ligand to 140 °C in the presence of excess 

diphenylsilane. The synthesis of PHOX ligands will be discussed in greater detail 

in Chapter 4.7. 

 A variety of PHOX ligands were synthesized or purchased and screened in 

the reaction between 1c and 2g under the optimal conditions (Table 11). Starting 

with the previously optimal (S)-i-Pr-PHOX (L7) scaffold, substitution of the H atom 

para- to the oxazoline with an F atom (L17) produced identical regioselectivity but 

led to a dramatic increase in the yield of 3c from 45% to 70% (Table 11, entry 2). 

Replacing the -F group with -CF3 (L18) produced a similar yield and r.r. When the 

same position had an -OMe group installed, the r.r. remained similar although 

yields plummeted to just 9% (L19). L20 bears a different substitution pattern, with 

a -Cl group ortho- to the oxazoline. This substitution pattern provided a slightly 

worse r.r. than obtained with the previously discussed para-substituted (S)-i-Pr-

PHOX derivatives, but provided slightly higher yields than L7 (Table 11, entry 5). 

Replacing the i-Pr group of L7 with a t-Bu group (L21) led to a similar r.r. but a 

significantly improved yield (Table 11, entry 6). Installation of three CF3 groups 

para- to the P atom (L22) led to much lower yields and also a significantly worse 

regioselectivity. PHOX ligands bearing other alkyl groups on the oxazoline ring 

such as i-Bu (L23) or Bn (L24) produced much higher yields of 3c than L7, 

although the regioselectivity of these ligands were not significantly different. When 

a -Ph group was present at this position (L25), yields were slightly lower than with 
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L23 and L24, but the r.r. was significantly lower. When (S,R)-IndaPhox (L26) was 

used, the highest yields of 3c obtained thus far with a PHOX ligand were achieved  

 

(Table 11, entry 11). Although this yield was still similar to that achieved with the 

simple and commercially cheap dppe ligand (L6), the yield of 3c-b was significantly 

higher due to the improved (though still unsatisfactory) regioselectivity provided by 

208



the PHOX scaffold. It was hypothesized that the installment of an F atom at the 

same position as in L17 but on the IndaPHOX scaffold would lead to even further 

improved yields, as was the case when comparing L7 with L17. Surprisingly, the 

fluorinated L27 produced a much lower yield of 3a than L26, although the 

regioselectivity did not change (Table 11, entry 12). To probe whether a PHOX 

ligand bearing a sterically bulky disubstituted oxazoline would affect the 

regioselectivity, L28 was also screened under the same conditions (Table 11, 

entry 13). This ligand, bearing structural similarity to (S)-Ph-PHOX (L25) but with 

an extra -Ph group on the oxazoline ring, produced a similar r.r. to L25, but with a 

much lower yield. 

 Based on the data obtained thus far, contradictory trends emerge, although 

some key takeaways can be made. Varying the functional group present at the 

position para- to the oxazoline can have a great effect on the yield, but does not 

affect the regioselectivity. Installment of a fluorinated group para- to the oxazoline 

can have either a beneficial (L17, L18) or detrimental (L27) effect. In the single 

instance thus far where an electron-rich functional group was installed at this 

position (L19), the yield suffers greatly. The major challenge of this rational ligand 

optimization campaign is that we have not yet identified a substitution pattern that 

produces a regioselectivity that is significantly different to that of our initial PHOX 

ligand L7. All PHOX ligands screened thus far produce regioselectivities within the 

narrow range of 6:4 and 7:3. Attempts to disturb the steric environment of the 

PHOX ligand in order to influence the regioselectivity of the reaction, either by the 
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installment of phenyl groups on the oxazoline ring (L25 and L28), by ortho-

substitution on the central aromatic ring (L20), or by modifying the -PAr2 group 

(L22) have only small negative effects in the observed regioselectivity. 

Due to the modular nature of the PHOX ligand enabling access to diverse 

substitution patterns, there is still a large chemical space that we have not yet 

explored. We plan to synthesize PHOX ligands bearing diverse aryl and alkyl 

groups bonded to the central P atom, since we only have 1 entry so far (L22) that 

does not bear the -PPh2 moiety. This will be a challenge since this fragment of the 

PHOX molecule is the most difficult to vary due to the limited commercial 

availability of chlorodiarylphosphines, chlorodialkylphosphines, and their 

precursors. Bulky aryl groups, such as ortho-tolyl, could produce a significantly 

different steric environment than the generic phenyl groups. PHOX ligands bearing 

diverse substitution patterns ortho- to the oxazoline ring will also be screened, 

since only 1 ligand bearing this substitution pattern (L20) has been made thus far. 

A functional group bulkier than a -Cl atom could impose a significant influence on 

the Ni-ligand complex conformation, although these are synthetically challenging 

to access due to side reactions during the lithiation step and difficulties in coupling 

bulky phosphine and oxazoline fragments. We also plan to synthesize PHOX 

ligands bearing geminal-dialkyl substitution patterns adjacent to the oxygen of the 

oxazoline ring. The necessary aminoalcohols to synthesize such ligands can easily 

be accessed via Grignard addition to aminoesters. PHOX ligand synthesis and 

optimization is ongoing. 
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4.5 Mechanistic hypothesis, supporting experiments, and future work 

 We have only just started to unravel the mechanism of this newly developed 

CPK ring-opening cyanation reaction. As discussed previously, there is substantial 

stoichiometric and catalytic evidence in the literature for Ni(0) undergoing oxidative 

addition into benzonitrile and CPKs. Therefore, a reasonable catalytic mechanism 

should invoke the intermediacy of Ni(II) aryl cyanide and Ni(II) oxanickelacycle 

species (generated from the oxidative ring-opening of the CPK). 

 

It is interesting that we have only ever observed cyanide transfer rather than 

aryl group transfer to the CPK substrate. This implies that the X-type aryl ligand 

resulting from oxidative addition into the benzonitrile must be removed from the Ni 
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catalyst in a way that does not incorporate it into the nitrile product in order to 

enable catalyst turnover. Since we had previously only achieved catalytic yields 

(>1 turnover) when silane additives were present in the reaction, it was of interest 

to identify the side product of ArCN activation in the absence of cyclopropyl phenyl 

ketone (1a), both with and without added silane (Scheme 5a). When 1.0 eq. of 

diphenylsilane is used, 19F NMR spectroscopy reveals that 13% of 2a is converted 

to PhCF3. The absence of the formation of PhCF3 in the absence of diphenylsilane 

is evidence for the replacement of the cyanide group of the benzonitrile with a 

hydride. We plan to further confirm this hypothesis using deuterated 

diphenylsilane. The catalytic CPK ring-opening cyanation reaction was also 

monitored by 19F NMR (Scheme 5b), demonstrating a much higher yield of PhCF3 

(70% with respect to the limiting reagent). Since the yield of 3a in this reaction is 

54%, the yield of PhCF3 should be at least as high since at least 1 mmol of 

benzonitrile must be consumed per 1 mmol of 3a generated. The observation of a 

significantly higher yield of PhCF3 than 3a indicates some degree of inefficiency 

between the benzonitrile activation and cyanide transfer steps. 

Based on precedent from Weix and coworkers in which arylated or alkylated 

silyl enol ethers were formed from CPKs under similar Ni/LA conditions22, we 

suspected that the cyanation reaction that we developed was actually forming silyl 

enol ethers that were being hydrolyzed before isolation of the product. This 

hydrolysis could happen in situ by trace HOTf (from the reaction of TMSOTf with 

trace moisture) or it could happen upon aqueous workup. Although we could not 
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observe the silyl enol ether in crude aliquots of the catalytic reaction taken in 

CDCl3, we did observe partial incorporation of deuterium at the -position of the 

ketone of 3a, which is evidence for the intermediacy of a basic silyl enol ether or 

nickel enolate species. 

 

It was envisioned that a one-pot ,-difunctionalization reaction could be 

realized by the addition of a suitable electrophile to the in situ-generated silyl enol 

ether. To probe the feasibility of this, an experiment was conducted in which 2.0 

eq. of benzyl bromide were added 2 hours after the catalytic ring-opening 

cyanation reaction of 1a had begun (Scheme 6). We were pleased to observe a 

low yield of the desired cyanoalkylation product 5, in addition to a larger yield of 

the monofunctionalized nitrile product 3a. When 2.0 eq. of benzyl bromide were 

added with the rest of the reagents at the beginning of the reaction, neither 3a nor 

5 were observed, but rather an open-chain alkyl bromide was formed in which a 

bromine atom is installed instead of a cyano group at the -position, with bibenzyl 
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formed as a byproduct. Efforts to enable the one-pot difunctionalization reaction to 

proceed with higher yields are ongoing. 

 Based on the insights obtained from these experiments along with the 

literature precedents supporting the viability of the proposed intermediates, we 

propose the catalytic cycle depicted in Figure 5 as an initial mechanistic 

hypothesis. Starting from the Ni(0)-PHOX adduct Ni-1, Lewis acid-assisted 

oxidative addition with CPK 1 forms oxanickelacycle Ni-2. Since Ni(IV) is a highly 

unstable oxidation state and because of the already crowded steric environment 

of Ni-2, we propose a concurrent Lewis acid-assisted oxidative addition involving 

a second Ni-1 complex, which activates benzonitrile 2 to form Ni-3. Mechanistic 

studies regarding the nature of the cyanide transfer event are ongoing, and gaps 

in our knowledge regarding this are reflected in the catalytic cycle, indicated by the 

dotted blue arrows. One possible explanation for the cyanide transfer step to form 

Ni-4 is a direct transmetalation of the cyanide ligand from Ni-3 to Ni-2. If there is 

not a direct transmetalation between these two species, the transfer of the cyanide 

ligand could be achieved through in situ formation of TMSCN or HCN. The Ni 

species resulting after the transfer of cyanide to form Ni-4 is currently unknown, as 

well as the nature by which a benzene derivative, the byproduct of benzonitrile 

activation, is formed. 
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However, the mechanistic experiments discussed previously demonstrate that a 

competent silane as a hydride source is needed to form the benzene derivative 

byproduct. Additionally, catalytic control experiments demonstrated the necessity 

of diphenylsilane for catalyst turnover, as discussed in Chapter 4.2. Once Ni-4 is 

formed, reductive elimination yields cyanated product 3 and also regenerates Ni-

1. The formation of undesired side product 4 can be explained by the hydride 

transfer reaction of Ni-2 with diphenylsilane occurring instead of cyanide transfer 

from Ni-3. This leads to complex Ni-5, which forms 4 after reductive elimination, 

regenerating Ni-1. 
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 Experiments probing the mechanism of this cyanation reaction are ongoing, 

and we aim to fill in the gaps in our knowledge regarding this mechanistic puzzle. 

Perhaps the most enigmatic aspect of this mechanism is the nature of the cyanide 

transfer event. As discussed previously, the mechanism of cyanide transfer could 

involve either direct transmetalation between Ni species or the generation of some 

other CN-containing intermediate responsible for shuttling -CN ligands between 

metal centers. We plan to screen the catalytic reaction with TMSCN as the cyanide 

source instead of a benzonitrile derivative to probe whether TMSCN is a competent 

cyanide source for this chemistry. Such an experiment could only provide evidence 

against in situ formation of TMSCN and subsequent cyanide transfer; it could not 

provide evidence for it, since TMSCN could just be a competent alternative cyanide 

source (though far more toxic than benzonitriles). Stoichiometric experiments will 

be conducted to probe the feasibility of direct transmetalation of the cyanide ligand 

between the Ni(II) oxanickelacycle (Ni-2) and the Ni(II) aryl cyanide complex (Ni-

3) by mixing these complexes together under a variety of reaction conditions 

(various stoichiometries of each complex, Lewis acid, and silane in addition to 

various temperatures and concentrations). Similar Ni(II) oxanickelacycles21,33 and 

Ni(II) aryl cyanide complexes43,44,47 have previously been synthesized, although 

most examples of isolable complexes bear a highly electron-rich trialkylphosphine 

or NHC ligand. Synthesis of these oxidative addition adducts could also inform 

whether elevated temperatures (needed for the catalytic ring-opening cyanation 

reaction) are required for either of the two oxidative additions, or if the high 
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temperature is instead only needed to promote reductive elimination. Ideally, we 

would be able to synthesize the PHOX or dppe analogs of these complexes, since 

we know these ligands are effective for the CPK ring-opening cyanation reaction. 

The generation of kinetic profiles for the catalytic reaction could also provide clues 

regarding the nature of the cyanide transfer step. If transmetalation of the cyanide 

ligand is the turnover-limiting step, the rate law would be expected to be second-

order with respect to the initial Ni(0) loading. If the turnover-limiting step is 

unimolecular and involves a Ni complex intermediate (such as in reductive 

elimination), we should see first-order kinetics with respect to Ni(0) loading. The 

observation that choosing bulky bisphosphines (L4, L5, and L16) results in 

significant formation of 4 with negligible formation of 3a provides support for the 

transmetalation hypothesis, since these bulky ligands might hinder the 

transmetalation of the -CN ligand, resulting in the decomposition of nickelacycle 

Ni-2 by the pathway leading to the undesired product 4. 

 As discussed in Chapter 4.4, it has proven very difficult to achieve high 

levels of regioselectivity for 3c by modifying the structure of the PHOX ligands 

used, despite the successes attained in achieving higher yields from our PHOX 

ligand screening campaign. The nature of the regioselectivity-determining step is 

currently not understood, although it is most likely the oxidative addition with the 

CPK, since this will determine where the crucial C(sp3)-C(sp3) bond disconnection 

occurs. It is unusual that the regioselectivities obtained with PHOX ligands of 

diverse steric and electronic parameters all fall within the narrow r.r. range of 
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approximately 6:4 to 7:3. In addition to the future plans to probe a broader chemical 

space of PHOX ligand steric environments, we are also interested in whether we 

can influence the regioselectivity by decreasing the temperature of the reaction or 

by employing a bulkier Lewis acid. When the optimal reaction conditions employing 

(S)-i-Pr-PHOX (L7) and cyclopropyl phenyl ketone (1a) were combined with 

triethylsilyl trifluoromethanesulfonate (TESOTf) as the Lewis acid instead of 

TMSOTf, a 63% yield of 3a was obtained (accompanied by a 4% yield of 4), which 

was lower than the 81% yield obtained with the slightly smaller Lewis acid TMSOTf, 

but still proves the feasibility of using larger Lewis acids for this cyanation 

chemistry. Adding steric bulk to the LA-ketone adduct could help differentiate the 

steric environments around the two C(sp3)-C(sp3) bonds that Ni can oxidatively 

add into. Kinetic trials will reveal whether the r.r. changes over time. 

 We also plan to probe the role of diphenylsilane in the cyanation reaction. 

Kinetics trials will be important for determining the rate dependence on initial silane 

loading, as well as any potential effects on product selectivity or regioselectivity. 

We know that the silane is necessary for catalytic turnover and that its presence 

leads to the formation of a benzene byproduct from the starting benzonitrile. The 

mechanism by which diphenylsilane converts ArCN to ArH is not currently 

understood, although stoichiometric studies should help to reveal it. Additionally, 

the formation of side product 4 from 1a can be probed by stoichiometric 

experimentation by treating an analog of Ni-2 with diphenylsilane under various 

conditions. Deuterated diphenylsilane will also be purchased, and would be very 
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helpful for determining if any H atoms in the nitrile product or benzene byproduct 

come from hydrides delivered by the silane rather than from protons delivered by 

acidic workup. 

 Kinetic studies are also expected to be helpful to determine the role of the 

Lewis acid in the dominant catalytic mechanism. As discussed previously, Lewis 

acids are known to promote oxidative additions of low-valent Ni into the C-C bonds 

of both CPKs and nitriles. However, many catalytic reactions involving such C-C 

bond activations proceed in the absence of Lewis acids24–26,32. Typically, CPK 

activation by Ni without Lewis acids can occur at lower temperatures and with 

weaker ligands than benzonitrile activation by Ni without Lewis acids, although this 

is not always the case. Alternatively, potential mechanistic steps such as reductive 

elimination, transmetalation, or in situ generation of TMSCN could be promoted by 

the Lewis acid. Because of this, it is not clear which mechanistic step(s) require 

substrate coordination to the Lewis acid. It is possible that many steps are 

concurrently being promoted by the Lewis acid. This hypothesis will be challenged 

by stoichiometric studies. 

 This reaction is unusual in that Ni engages two different C-C bond 

electrophiles in oxidative addition. One plausible hypothesis to explain why this is 

able to occur is that the rates of the two oxidative additions are on a similar order 

of magnitude. If one oxidative addition occurs much more rapidly than the other, 

then catalysis may be arrested due to the lack of available free Ni(0) for the 

activation of the other coupling partner. This could explain why some ligands 
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produce larger yields of side product 4, which could be due to the oxidative addition 

of the CPK occurring much more rapidly to form Ni-2, which in the absence of Ni-

3 will undergo decomposition to form 4. In this way, catalysis could be interrupted 

without the formation of off-cycle species. Catalyst deactivation may also be 

occurring by the formation of insoluble Ni(CN)2 species, which are known off-cycle 

species that reduce catalytic efficiency in Ni-catalyzed olefin hydrocyanation 

reactions42. Such olefin hydrocyanation reactions have been shown to proceed 

through Ni(H)(CN) intermediates30, which could also be present in the 

cyclopropane ring-opening cyanation reaction being studied. These Ni(H)(CN) 

species could be important catalytic intermediates if the cyclopropyl ketone was 

being converted to an ,-unsaturated ketone in situ, although previously we had 

ruled out the intermediacy of such an ,-unsaturated phenyl ketone due to the 

lack of reactivity observed when (E)-1-phenylbut-2-en-1-one was used instead of 

cyclopropyl phenyl ketone 1a (Scheme 7). It is still possible that such Ni(H)(CN) 

complexes are necessary intermediates for the CPK ring-opening cyanation 

reaction. We plan to conduct stoichiometric experiments to probe the feasibility of 

generating these Ni(H)(CN) species from Ni(0) in the presence of benzonitrile and 

diphenylsilane, and we will test whether mixing these Ni(H)(CN) complexes with 

oxanickelacycle Ni-2 can afford the open-chain nitrile products (3). It is also 

possible that Ni(H)(CN) species are off-cycle intermediates that hinder the desired 

catalysis, especially since we do not observe the desired cyanation reactivity when 

alkylnitriles are used with catalytic Ni loadings. 
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 Another enigmatic issue is the apparent lack of enantioselectivity despite 

the use of PHOX ligands, which are commonly employed in enantioselective 

transformations. The fact that we are seeing racemic products for each 

constitutional isomer of both 1c and 1d could mean many things. One explanation 

could be that the oxidative addition into the racemic disubstituted CPK starting 

material and the reductive elimination to form the nitrile product are both concerted 

and stereoretentive. In this case, the only available mechanism for 

enantioenrichment would be a kinetic resolution in the CPK opening where the 

catalyst would show a preference to react with only one enantiomer. This is not 

observed as both product and starting CPK remain racemic. Alternatively, 

asymmetric catalysis could also arise from equilibrium processes between 

diastereomeric substrate-Ni(PHOX) adducts. It is also possible that the 

enantiodetermining step(s) are not under the influence of the ligand due to a lack 

of proximity between PHOX ligand and substrate in the key intermediates, or 

because of a lack of conformational control from the asymmetric PHOX ligand. 
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4.6 Conclusion 

 This chapter has outlined an optimization campaign which has transformed 

a stoichiometric reaction forming trace yield of an unusual product into a high-

yielding and catalytically efficient reaction. Interestingly, this process is able to cut 

and sew two different C-C bonds and circumvent the use of toxic cyanide sources 

for the synthesis of nitriles. Despite the advancements made, we still aim to further 

improve the yield, regioselectivity, and scope of this chemistry. Ligand optimization, 

mechanistic elucidation, and determination of the substrate scope are ongoing. 

The elucidation of this catalytic mechanism will provide insights into Ni/LA 

cooperative catalytic systems and their unusual ability to activate -C-C bonds. 

We hope to leverage these mechanistic insights to enable other types of catalytic 

cyanation reactions that use benzonitriles as low-toxicity HCN surrogates. 

 

4.7 Experimental section 

4.7.1 Synthesis of cyclopropyl ketones (1): 

Cyclopropyl ketones 1a and 1e were purchased from commercial vendors. 

Cyclopropyl ketones 1b, 1c, and 1d were synthesized according to the following 

procedures. 
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Synthesis and characterization of 1b: 

 

An oven-dried 100 mL 2-neck round bottom flask was charged with a magnetic stir 

bar and fitted with a 24/40 Suba-seal® septum. The flask was connected to a 

Schlenk line and the atmosphere in the reaction flask was replaced with nitrogen. 

Dry THF from a solvent purification system (21 mL) was injected into the reaction 

flask, then the flask was lowered into a brine/ice bath and stirred for 10 minutes to 

bring the solvent temperature down to 0 °C. PhMgBr (3.0 M in diethyl ether, 2.45 

mL, 7.35 mmol) was then injected into the reaction flask. Next, crotonaldehyde 

(20:1 E/Z, 0.58 mL, 7.0 mmol) was injected dropwise with vigorous stirring. The 

reaction was stirred at 0 °C for 30 minutes then quenched with saturated aqueous 

ammonium chloride (5 mL). The crude mixture was partially evaporated to remove 

most of the THF and diethyl ether. After partial evaporation, the crude mixture was 

extracted with diethyl ether (2 x 20 mL). The combined organic extracts were 

washed with 1M HCl (2 x 10 mL) then brine (2 x 10 mL) and dried over sodium 

sulfate. The washed organic extract was evaporated to produce a yellow oil 

containing the benzylic alcohol intermediate, (E)-1-phenylbut-2-en-1-ol, which was 

isolated by column chromatography. Pure hexanes was used for making the silica 

slurry. The column was initially run in pure hexanes before gradually transitioning 

to 5% ethyl acetate in hexanes (Rf  = 0.10). The racemic product, (E)-1-phenylbut-
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2-en-1-ol, was obtained as a colorless oil (655 mg, 63% yield). The Z-isomer of the 

product was not detected in the purified product by 1H NMR. 1H NMR (500 MHz, 

CDCl3)  7.40 – 7.32 (m, 4H), 7.28 (t, J = 6.7 Hz, 1H), 5.82 – 5.63 (m, 2H), 5.16 

(d, J = 5.4 Hz, 1H), 1.88 (bs, 1H), 1.73 (d, J = 6.1 Hz, 3H). The product matched 

previously reported spectra.59 

 

The next step of the synthesis used the oxidant IBX, which was synthesized 

according to a mild protocol reported in the literature60. 

 

The benzylic alcohol isolated in the previous step, (E)-1-phenylbut-2-en-1-ol (655 

mg, 4.42 mmol), was dissolved in EtOAc (5 mL) in a 100 mL round bottom flask 

equipped with a magnetic stir bar and condenser, which was open to air. IBX (3.72 

g, 13.3 mmol) was added to the reaction flask in one portion. The reaction was 

stirred at 80 °C for 16 hours. The crude mixture was filtered through a frit filter, then 

carefully evaporated to avoid the loss of the volatile ketone product. The ketone 

intermediate, (E)-1-phenylbut-2-en-1-one, was isolated by column 

chromatography. Pure hexanes was used for making the silica slurry. The column 

was initially run in pure hexanes before gradually transitioning to 5% ethyl acetate 

in hexanes (Rf  = 0.21). The product, (E)-1-phenylbut-2-en-1-one, was obtained as 

a colorless oil (304 mg, 47% yield). The Z-isomer of the product was not detected 

in the purified product by 1H NMR. 1H NMR (500 MHz, CDCl3)  7.93 (d, J = 7.8 

Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.08 (dq, J = 15.0, 6.7 
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Hz, 1H), 6.91 (dq, J = 15.2, 1.6 Hz, 1H), 2.01 (d, J = 6.8 Hz, 3H). The product 

matched previously reported spectra61. 

 

An alternative oxidation reaction involving MnO2 was also conducted according to 

a literature procedure62, but poor yields of <10% were obtained and the yields 

reported in the literature could not be reproduced. 

 

The cyclopropyl ketone product 1b was synthesized from (E)-1-phenylbut-2-en-1-

one via the Corey-Chaykovsky cyclopropanation reaction following a procedure 

adapted from the literature63. An oven-dried 2-neck round bottom flask equipped 

with a magnetic stir bar and fitted with a 24/40 vacuum adapter and 24/40 Suba-

seal® septum. The reaction apparatus was attached to the Schlenk line and the 

atmosphere in the reaction flask was replaced with nitrogen. Sodium hydride (60% 

dispersion in mineral oil, 100 mg, 2.49 mmol) and trimethylsulfoxonium iodide (508 

mg, 2.49 mmol) were added to the flask under nitrogen efflux, then the reactor was 

purged and refilled with nitrogen. The flask was charged with 5 mL of dry DMSO 

(added dropwise) at room temperature with stirring. Bubbles were observed, 

indicating the evolution of hydrogen gas. Once the evolution of hydrogen gas 

appeared to be complete, the reaction was stirred for an addition 15 minutes at 

room temperature. An oven-dried Schlenk flask fitted with a 14/20 Suba-seal® 

septum was charged with the ,-unsaturated ketone starting material ((E)-1-

phenylbut-2-en-1-one, 304 mg, 2.08 mmol), attached to the Schlenk line, and 
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purged and refilled with nitrogen gas. This Schlenk flask was charged with 2 mL of 

dry DMSO and manually swirled to dissolve the substrate. This solution was 

cannula transferred into the reaction flask containing the in situ-formed sulfur ylide, 

producing a bright red color (the color varies depending on the ,-unsaturated 

ketone substrate). The reaction was stirred for 24 hours at room temperature. The 

reaction was quenched with 10 mL of deionized water and extracted with diethyl 

ether (3 x 15 mL). The combined organic extracts were dried over sodium sulfate, 

decanted, and the ether was evaporated to obtain the crude product. The 

cyclopropyl ketone product 1b was isolated by column chromatography. Pure n-

pentane was used for making the silica slurry. The column was initially run in pure 

n-pentane before gradually transitioning to 2.5% ethyl acetate in n-pentane (Rf  = 

0.25). The racemic product was obtained as a colorless oil (236 mg, 71% yield). 

1H NMR (400 MHz, CDCl3)  7.99 (d, J = 6.9 Hz, 2H), 7.56 (t, J = 7.3 Hz, 1H), 7.47 

(t, J = 7.4 Hz, 2H), 2.40 (dt, J = 8.2, 4.3 Hz, 1H), 1.62 (dqd, J = 8.6, 6.1, 3.9 Hz, 

1H), 1.49 (ddd, J = 8.4, 4.6, 3.5 Hz, 1H), 1.23 (d, J = 6.0 Hz, 3H), 0.90 (ddd, J = 

7.7, 6.4, 3.4 Hz, 1H). The product matched previously reported spectra64. 

 

 

 

 

 

 

226



Synthesis and characterization of 1c: 

 

The ,-unsaturated ketone intermediate, (E)-1-phenylpent-2-en-1-one, was 

synthesized via a Wittig reaction using a commercially available, stabilized 

phosphonium ylide according to a literature procedure22. An oven-dried, 100 mL 2-

neck round bottom flask was equipped with a magnetic stir bar, 24/40 Suba-seal® 

septum, and 24/40 vacuum adapter. The reaction apparatus was quickly attached 

to the Schlenk line and the atmosphere in the flask was purged and refilled with 

nitrogen. Once the flask was cool to the touch, the solid phosphonium ylide 2-

(triphenylphosphoranylidene)acetophenone (3.80 g, 10.0 mmol) was added to the 

reaction flask under nitrogen efflux, and the reactor was again purged and refilled 

with nitrogen. The reactor was charged with 25 mL of dry dichloromethane from a 

solvent purification system and stirred until the phosphonium ylide was completely 

dissolved. Propionaldehyde (1.43 mL, 20.0 mmol) was then injected dropwise, and 

the reaction was stirred at room temperature for 48 hours. Once the reaction was 

complete, the solvent was evaporated to yield the crude product. The ,-

unsaturated ketone, (E)-1-phenylpent-2-en-1-one, was isolated by column 

chromatography. Pure hexanes was used for making the silica slurry. The column 

was initially run in pure hexanes before gradually transitioning to 5% ethyl acetate 
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in hexanes (Rf  = 0.23). The product was obtained as a colorless oil (1.39 g, 87% 

yield). 1H NMR (400 MHz, CDCl3)  7.93 (d, J = 7.0 Hz, 2H), 7.55 (t, J = 7.4 Hz, 

1H), 7.46 (t, J = 7.6 Hz, 2H), 7.11 (dt, J = 15.4, 6.4 Hz, 1H), 6.87 (dt, J = 15.4, 1.6 

Hz, 1H), 2.43 – 2.25 (m, 2H), 1.15 (t, J = 7.4 Hz, 3H). The product matched 

previously reported spectra65. 

 

1c was synthesized from (E)-1-phenylpent-2-en-1-one following the Corey-

Chaykovsky cyclopropanation procedure that was followed to synthesize 1b. The 

cyclopropyl ketone product 1c was isolated by column chromatography. Pure n-

pentane was used for making the silica slurry. The column was initially run in pure 

n-pentane before gradually transitioning to 2.5% ethyl acetate in n-pentane (Rf  = 

0.25). A crude aliquot showed 77% conversion to product by 1H NMR, but poor 

separation between starting material and product led to a lower isolated yield due 

to significant coelution. The pure racemic product was obtained as a colorless oil 

(509 mg, 34% yield). The fractions containing both starting material and product 

were saved (a second flash column could be conducted to isolate additional 1c). 

1H NMR (500 MHz, CDCl3)  8.02 (d, J = 8.1 Hz, 2H), 7.58 (t, J = 7.3 Hz, 1H), 7.49 

(t, J = 7.5 Hz, 2H), 2.46 (dt, J = 8.2, 4.2 Hz, 1H), 1.60 (dtd, J = 13.0, 6.6, 3.9 Hz, 

1H), 1.53 – 1.41 (m, 3H), 1.04 (t, J = 7.4 Hz, 3H), 0.97 – 0.91 (m, 1H). The product 

matched previously reported spectra22. 
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Synthesis and characterization of 1d: 

 

1d was synthesized from (E)-chalcone by Nathan Coddington following the Corey-

Chaykovsky cyclopropanation procedure that was followed to synthesize 1b and 

1c. Catalytic reactions involving 1d were conducted by Nathan Coddington. The 

cyclopropyl ketone product 1d was isolated by column chromatography. Pure n-

pentane was used for making the silica slurry. The column was initially run in pure 

n-pentane before gradually transitioning to 5% ethyl acetate in n-pentane (Rf  = 

0.20). The racemic product was obtained as a white solid (78.7 mg, 71% yield). 1H 

NMR (500 MHz, CDCl3)  8.00 (d, J = 7.6 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.47 (t, 

J = 7.6 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 7.24 (t, J = 7.4 Hz, 1H), 7.19 (d, J = 7.5 

Hz, 2H), 2.91 (dt, J = 8.9, 4.6 Hz, 1H), 2.71 (ddd, J = 10.1, 6.6, 4.0 Hz, 1H), 1.93 

(dt, J = 9.3, 4.8 Hz, 1H), 1.57 (td, J = 7.3, 4.1 Hz, 1H). The product matched 

previously reported spectra66. 

 

4.7.2 Synthesis and characterization of -cyanoketones (3): 

General procedure for the ring-opening cyanation of cyclopropyl ketones using 

benzonitriles as cyanide surrogates: The reactions were conducted in the glovebox 

in 20 mL scintillation vials bearing small stir bars. The reaction also works outside 

of the glovebox, but yields are lower and side product formation is higher. Xylenes 
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solvent was thoroughly degassed with 4 freeze-pump-thaw cycles outside of the 

glovebox followed by 10 minutes of sparging with N2 inside the glovebox for the 

best and most reproducible results. A hot plate equipped with an aluminum hot 

block for 20 mL scintillation vials was preheated to 110 °C. All stock solutions were 

used within 1 hour of being prepared. Two stock solutions were made in the 

glovebox according to the following procedure: 

 

Stock solution A: 14.9 mg (0.04 mmol) of (S)-i-Pr-PHOX (L7) or another bidentate 

ligand was weighed into a tared 1-dram vial. 4.0 mL of degassed/sparged xylenes 

were added to this 1-dram vial, which was capped and gently agitated to dissolve 

the ligand. 11.0 mg (0.04 mmol) of Ni(COD)2 was weighed into a second tared 1-

dram vial. The ligand solution was carefully transferred to the vial containing the 

solid Ni(COD)2 via a glass Pasteur pipette, producing a color change from colorless 

to dark green upon coordination of the PHOX ligand to Ni(0). This solution was 

capped, shaken, and set aside while the other stock solution was being made. 

 

Stock solution B (example using 1a): 5.0 mL of degassed/sparged xylenes were 

added to a tared 20 mL scintillation vial. This was followed by the addition of 69 L 

(0.5 mmol) of cyclopropyl phenyl ketone (1a), 126 L (0.75 mmol) of 3,5-

bis(trifluoromethyl)benzonitrile (2g), and 186 L (1 mmol) of diphenylsilane. This 

solution was capped, shaken, and dispensed into the reaction vials soon after 

mixing. 
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The reaction vial (a 20 mL scintillation vial containing a small stir bar) was charged 

with 1.08 mL of stock solution B followed by 21.8 L (0.12 mmol) of trimethylsilyl 

trifluoromethanesulfonate (TMSOTf). The reaction vial was immediately capped 

after addition of the Lewis acid and gently agitated for 15 seconds to ensure 

complete mixing of the reaction solution. The reaction vial was then quickly 

uncapped to add 0.5 mL of stock solution A, which immediately produced an 

orange or amber-colored solution. The reaction vial was capped, sealed with 

electrical tape, and placed on an aluminum hot block preheated to 110 °C and 

stirred at 450 rpm for 6 hours. The order of additions is important because the Ni 

complex decomposes when TMSOTf is added to it before being mixed with stock 

solution B. After the reaction was complete, it was allowed to cool and taken out of 

the glovebox, then exposed to air and quenched with ~1 mL of dichloromethane 

and 1 drop of deionized water. The crude mixture was stirred for 10 minutes at 

room temperature outside of the glovebox, then 4 to 5 mg of dimethyl fumarate 

was added as internal standard to the crude mixture, which was then shaken 

thoroughly to ensure that the internal standard fully dissolved. Acquisition of crude 

1H NMR spectra allows for quantification of the IS yield of all products. Nitrile 

products 3 were isolated by partial evaporation of the crude (to remove 

dichloromethane) followed by direct loading of the xylenes-containing mixture onto 

a silica column for flash chromatography. 
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The -cyanoketone product 3a was isolated by column 

chromatography. Pure n-pentane was used for making the 

silica slurry. The column was initially run in pure n-pentane 

before gradually transitioning to 20% ethyl acetate in n-pentane (Rf  = 0.19). The 

racemic product was obtained as a white solid (14.0 mg, 81% yield using L7). 1H 

NMR (500 MHz, CDCl3)  7.97 (d, J = 7.9 Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H), 7.49 (t, 

J = 7.7 Hz, 2H), 3.19 (t, J = 6.8 Hz, 2H), 2.54 (t, J = 7.0 Hz, 2H), 2.13 (p, J = 6.9 

Hz, 2H). The product matched previously reported spectra67. HRMS (ESI-TOF) 

m/z calculated for C11H10NO (M-H)-: 172.0768, found 172.0776. 

 

The -cyanoketone product 3b was isolated by column 

chromatography. Pure n-pentane was used for making the 

silica slurry. The column was initially run in pure n-pentane 

before gradually transitioning to 10% ethyl acetate in n-

pentane (Rf  = 0.12). The product was obtained as a 

colorless oil (14.3 mg, 76% yield using L6; 55:45 3b-b:3b-

l). 1H NMR (3b-b) (500 MHz, CDCl3)  7.96 (d, J = 8.3 Hz, 2H), 7.59 (t, J = 7.4 Hz, 

1H), 7.48 (t, J = 7.6 Hz, 2H), 3.12 (dd, J = 17.5, 7.4 Hz, 1H), 3.02 (dd, J = 17.6, 5.8 

Hz, 1H), 2.62 (dq, J = 12.9, 6.4 Hz, 1H), 2.52 (d, J = 5.4 Hz, 2H), 1.20 (d, J = 6.8 

Hz, 3H). 1H NMR (3b-l) (500 MHz, CDCl3)  7.97 (d, J = 8.4 Hz, 3H), 7.59 (t, J = 

7.3 Hz, 2H), 7.48 (t, J = 7.5 Hz, 4H), 3.29 – 3.15 (m, 2H), 2.88 – 2.77 (m, 1H), 2.11 
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(dq, J = 13.1, 7.5 Hz, 1H), 2.02 – 1.90 (m, 1H), 1.39 (d, J = 7.0 Hz, 3H). The product 

matched previously reported spectra68. 

 

The -cyanoketone product 3c was isolated by column 

chromatography. Pure n-pentane was used for making the 

silica slurry. The column was initially run in pure n-pentane 

before gradually transitioning to 10% ethyl acetate in n-

pentane (Rf  = 0.15). The product was obtained as a 

colorless oil (16.6 mg, 83% yield using L6; 57:43 3b-b:3b-

l). 1H NMR (3c-b) (500 MHz, CDCl3)  7.96 (d, J = 7.6 Hz, 2H), 7.59 (t, J = 7.4 Hz, 

1H), 7.48 (t, J = 7.6 Hz, 2H), 3.09 (d, J = 6.5 Hz, 2H), 2.63 – 2.50 (m, 2H), 2.39 

(hept, J = 6.5 Hz, 1H), 1.58 (p, J = 7.3 Hz, 2H), 0.99 (t, J = 7.4 Hz, 3H). 1H NMR 

(3c-l) (500 MHz, CDCl3)  7.98 (d, J = 7.6 Hz, 2H), 7.59 (t, J = 7.3 Hz, 1H), 7.48 (t, 

J = 7.6 Hz, 2H), 3.29 – 3.14 (m, 2H), 2.68 (ddt, J = 10.7, 7.7, 5.5 Hz, 1H), 2.18 – 

2.06 (m, 1H), 1.95 (dddd, J = 13.4, 10.2, 7.5, 5.7 Hz, 1H), 1.71 (dqd, J = 13.7, 9.0, 

8.2, 4.0 Hz, 2H), 1.12 (t, J = 7.4 Hz, 3H). 

 

The -cyanoketone product 3d was isolated by column 

chromatography. Both the reaction setup and product 

isolation were conducted by Nathan Coddington. Pure n-

pentane was used for making the silica slurry. The column was initially run in pure 

n-pentane before gradually transitioning to 20% ethyl acetate in n-pentane (Rf  = 
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0.31). The product was obtained as a pale-yellow oil (4.0 mg, 16% yield using L6; 

only the branched constitutional isomer (3d-b) was isolated; the linear 

constitutional isomer (3d-l) was not detected). 1H NMR (3d-b) (600 MHz, CDCl3) 

 7.95 (d, J = 7.7 Hz, 2H), 7.59 (t, J = 7.3 Hz, 1H), 7.47 (t, J = 7.4 Hz, 2H), 7.39 – 

7.32 (m, 4H), 7.29 (t, J = 6.7 Hz, 1H), 3.76 (p, J = 6.6 Hz, 1H), 3.54 (dd, J = 17.8, 

8.2 Hz, 1H), 3.47 (dd, J = 17.7, 5.5 Hz, 1H), 2.91 – 2.77 (m, 2H). The product 

matched previously reported spectra69. 

 

The -cyanoketone product 3e was isolated by column 

chromatography. Both the reaction setup and product 

isolation were conducted by Nathan Coddington. Pure n-

pentane was used for making the silica slurry. The column was initially run in pure 

n-pentane before gradually transitioning to 50% ethyl acetate in n-pentane (Rf  = 

0.40). The product was visualized with phosphomolybdic acid stain. The product 

was obtained as a colorless oil (0.3 mg, 3% yield using L6). 1H NMR (3d-b) (500 

MHz, CDCl3)  2.65 (t, J = 7.0 Hz, 2H), 2.43 (t, J = 7.0 Hz, 2H), 2.18 (s, 3H), 1.92 

(p, J = 7.0 Hz, 2H). The product matched previously reported spectra70. 
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4.7.3 Synthesis and characterization of ,-difunctionalized ketone (5): 

 

For the synthesis of the ,-difunctionalized ketone (5), the 

general procedure for the ring-opening cyanation reaction 

was followed, with a slight modification. Stock solution A 

was made with dtbbpy (L1) at 4x concentration of ligand and Ni(COD)2 in order to 

produce a 20 mol% Ni(ligand) stock solution. After 2 hours of stirring at 110 °C, 

benzyl bromide (2.0 eq.) was added in one portion and the reaction was stirred at 

110 °C for an additional 4 hours. The product was isolated by column 

chromatography. Pure n-pentane was used for making the silica slurry. The column 

was initially run in pure n-pentane before gradually transitioning to 10% ethyl 

acetate in n-pentane (Rf (5) = 0.17, Rf (3a) = 0.10); this was to prevent the product 

from diffusing into the eluent during dry loading. The product 5 was obtained as a 

colorless oil (2.5 mg, 9% yield). The product 3a was also isolated as a colorless oil 

(8.6 mg, 50% yield). 1H NMR (5) (400 MHz, CDCl3)  7.94 (d, J = 7.1 Hz, 2H), 7.62 

– 7.44 (m, 6H), 7.16 (d, J = 6.7 Hz, 2H), 4.01 – 3.87 (m, 1H), 3.12 (dd, J = 13.8, 

6.3 Hz, 1H), 2.72 (dd, J = 13.8, 8.0 Hz, 1H), 2.42 – 2.15 (m, 4H). HRMS (5) (ESI-

TOF) m/z calculated for C18H18NO (M+H)+: 264.1383, found 264.1374. 
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4.7.4 Synthesis and characterization of PHOX ligands: 

The following PHOX ligands were purchased from commercial vendors: L7, L20, 

L21, L22, L23, L26, and L28. The following PHOX ligands were synthesized by 

the author according to the procedures outlined in this section: L17, L18, L19, L24, 

L25, and L27. Both routes A and B were adapted from literature procedures58. 

 

Route A to synthesize PHOX ligands: 

 

An oven-dried 250 mL Schlenk flask was charged with a 

magnetic stir bar, fitted with a 24/40 Suba-seal® septum, and put 

on the Schlenk line. The atmosphere inside the reaction flask 

was replaced with nitrogen. A chiller and acetone bath in a Dewar were assembled, 

and the chiller was set to -78 °C. 2-bromobenzonitrile (500 mg, 2.75 mmol) was 

added to the Schlenk flask through a weighing paper cone under nitrogen efflux. 

37 mL of dry THF from a solvent purification system were injected into the Schlenk 

flask and stirred at room temperature until the 2-bromobenzonitrile was fully 

dissolved. Once dissolved, the reaction flask was lowered into the cold bath and 

stirred for 15 minutes to cool down the reaction mixture. Next, 1.19 mL of 2.38 M 

n-BuLi in hexanes was injected into the reaction flask, dropwise. The reaction was 

stirred at -78 °C for 10 minutes. During this time, a second oven-dried Schlenk 
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flask (10 mL size) was fitted with a 14/20 Suba-seal® septum and put on the 

Schlenk line. The atmosphere inside this second Schlenk flask was replaced with 

nitrogen. 2.5 mL of dry THF followed by 0.49 mL chlorodiphenylsilane were injected 

into this smaller Schlenk flask, which was gently stirred by hand until the 

chlorodiphenylsilane fully mixed with the THF solvent. This mixture was slowly 

cannula transferred to the reaction flask, dropwise. The reaction was stirred for 3 

hours longer at -78 °C, then it was allowed to slowly warm to room temperature 

while stirring for 16 hours. The reaction was then uncapped and 15 mL of deionized 

water were added to quench the reaction. The reaction was poured into a 250 mL 

round-bottom flask and evaporated with a rotary evaporator to remove most of the 

THF solvent, leaving an aqueous layer with a thin organic layer containing the 

crude product, 2-(diphenylphosphino)benzonitrile. 40 mL of ethyl acetate were 

added to the round-bottom flask containing the crude product, then the 

heterogeneous mixture was poured into a separatory funnel, shaken, and the 

organic layer was collected. The aqueous layer was extracted with 20 mL of ethyl 

acetate. The organic extracts were combined, dried over sodium sulfate, decanted, 

and evaporated to yield the crude product. 2-(diphenylphosphino)benzonitrile was 

isolated by recrystallization from methanol (541 mg, 69% yield). 1H NMR (400 MHz, 

CDCl3)  7.71 (ddd, J = 7.0, 2.8, 1.4 Hz, 1H), 7.47 (td, J = 7.7, 1.5 Hz, 1H), 7.44 – 

7.36 (m, 7H), 7.34 – 7.29 (m, 4H), 7.04 (ddd, J = 7.6, 3.4, 1.0 Hz, 1H). 31P NMR 

(243 MHz, CDCl3)  -8.5. The product matched previously reported spectra71. 
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A 10 mL 2-neck round-bottom flask was charged with a stir 

bar and fitted with a 14/20 Suba-seal® septum and a 14/20 

condenser. 2-(diphenylphosphino)benzonitrile (156 mg, 0.542 

mmol) was added to the reaction flask, which was purged with 

nitrogen and kept under nitrogen pressure from the top of the condenser. ZnCl2 

(96 mg, 0.71 mmol) was quickly weighed (it is very hygroscopic and difficult to 

transfer once it becomes wet) and added under nitrogen efflux. Next, 

phenylglycinol (97 mg, 0.71 mmol) was added to the reaction flask under nitrogen 

efflux. 5 mL of chlorobenzene were injected into the reaction flask. The reaction 

was stirred at 135 °C for 6 days, adding additional chlorobenzene as needed to 

prevent the reaction from “drying up”. Argon balloons were used to maintain an 

inert environment. After 6 days, the crude reaction mixture was evaporated. The 

product, ((S)-Ph-PHOX)ZnCl2, was isolated by column chromatography. The 

column was initially run in 1:1 ethyl acetate:hexanes before gradually transitioning 

to 100% ethyl acetate (Rf  = 0.40). The product was isolated as an orange 

crystalline solid (63.9 mg, 25% yield). The Zn complex was not characterized and 

the crude material was immediately brought to the next step. 

 

 

((S)-Bn-PHOX)ZnCl2 was isolated following the same 

procedure that was followed for ((S)-Ph-PHOX)ZnCl2. The 

aminoalcohol used was phenylalaninol (111 mg, 0.733 mmol, 
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1.3 eq.), and the reaction was run on a 0.564 mmol scale. The product, ((S)-Bn-

PHOX)ZnCl2, was isolated by column chromatography. The column was initially 

run in 1:1 ethyl acetate:hexanes before gradually transitioning to 100% ethyl 

acetate (Rf  = 0.40). The product was isolated as a white crystalline solid (186 mg, 

68% yield). The Zn complex was not characterized and the crude material was 

immediately brought to the next step. 

 

Unfortunately, route A to access PHOX ligands led to 

formation of undesired phosphinoxides for both of the ligands 

synthesized with this method. An oven-dried, 50 mL 2-neck 

round bottom flask was equipped with a magnetic stir bar, 

14/20 Suba-seal® septum, and 14/20 vacuum adapter. The reaction apparatus 

was quickly attached to the Schlenk line and the atmosphere in the flask was 

purged and refilled with nitrogen. ((S)-Ph-PHOX)ZnCl2 (63.9 mg, 0.135 mmol) and 

2,2’-bipyridine (20.9 mg, 0.134 mmol) were added under nitrogen efflux, then 6 mL 

of dry dichloromethane were injected into the reaction flask. The reaction was 

stirred at room temperature for 1 hour. The reaction mixture was partially 

evaporated, then transferred directly onto a silica flash column. The column was 

run in 100% ethyl acetate (Rf  = 0.13). The product, L25=O, was isolated as a white 

solid (34.5 mg, 60% yield). 1H NMR (400 MHz, CDCl3)  8.03 (dd, J = 7.2, 3.6 Hz, 

1H), 7.77 – 7.67 (m, 5H), 7.57 – 7.41 (m, 13H), 4.99 (t, J = 9.7 Hz, 1H), 4.30 (t, J 

= 9.3 Hz, 1H), 3.89 (t, J = 8.8 Hz, 1H). 31P NMR (162 MHz, CDCl3)  29.8. 
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L24=O was isolated using the same procedure used to isolate 

L25=O. The rxn was run in a 100 mL round-bottom flask with 

24/40 fittings. The same equivalents of 2,2’-bipyridine (59.0 

mg, 0.378 mmol, 0.99 eq.) were used, and the reaction was 

run on a 0.382 mmol scale. 18 mL of dry dichloromethane solvent were used. The 

column was run in 100% ethyl acetate (Rf  = 0.15). The product, L25=O, was 

isolated as a white solid (117.8 mg, 70% yield). 1H NMR (600 MHz, CDCl3)  7.90 

(dd, J = 8.3, 3.7 Hz, 1H), 7.70 (ddd, J = 28.7, 11.9, 7.9 Hz, 4H), 7.59 (t, J = 7.5 Hz, 

1H), 7.54 – 7.43 (m, 8H), 7.25 (t, J = 7.4 Hz, 2H), 7.19 (t, J = 7.4 Hz, 1H), 7.10 (d, 

J = 7.4 Hz, 2H), 4.21 – 4.11 (m, 1H), 3.81 (t, J = 8.8 Hz, 1H), 3.62 (t, J = 8.1 Hz, 

1H), 2.99 (dd, J = 13.7, 5.5 Hz, 1H), 2.40 (dd, J = 13.8, 8.9 Hz, 1H). 31P NMR (243 

MHz, CDCl3)  29.5. 

 

Route B to synthesize PHOX ligands: 

 

An oil bath was preheated to 140 °C. An oven-dried 25 mL round-bottom flask was 

charged with a magnetic stir bar and fitted with a 14/20 Suba-seal® septum and 

14/20 condenser connected to the Schlenk line at the top. The reaction apparatus 
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was purged of air and refilled with nitrogen. ZnCl2 (0.05 eq.) and para-substituted 

benzonitrile (1.1 eq.) were added to the reaction through a weighing paper cone 

under nitrogen efflux. Chlorobenzene (~1.0 M) was injected into the reaction, which 

was stirred at room temperature until the benzonitrile dissolved. Next, an 

aminoalcohol (1.0 eq.) was injected into the reaction apparatus in one portion, then 

the reaction was lowered onto the oil bath and stirred at 140 °C for 3 days. The 2-

phenyl-2-oxazoline intermediates were isolated by column chromatography. 

 

The 2-phenyl-2-oxazoline intermediates were used in a second step in which the 

PHOX products were accessed via directed ortho-metalation. An oven-dried 100 

mL Schlenk flask was charged with a magnetic stir bar, fitted with a 24/40 Suba-

seal® septum, and put on the Schlenk line. The atmosphere inside the reaction 

flask was replaced with nitrogen. A chiller and acetone bath in a Dewar were 

assembled, and the chiller was set to -45 °C. The 2-phenyl-2-oxazoline 

intermediate (1.0 eq.) was added to the Schlenk flask through a weighing paper 

cone under nitrogen efflux. Dry THF (0.1 M) from a solvent purification system was 

injected into the Schlenk flask and stirred at room temperature until the solid 2-

phenyl-2-oxazoline intermediate was fully dissolved. Once dissolved, the reaction 

flask was lowered into the cold bath and stirred for 15 minutes to cool down the 

reaction mixture. Next, n-BuLi in hexanes (1.15 eq.) was injected into the reaction 

flask, dropwise. The reaction was stirred for 2.5 hours. During this time, a second 

oven-dried Schlenk flask (10 mL size) was fitted with a 14/20 Suba-seal® septum 
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and put on the Schlenk line. The atmosphere inside this second Schlenk flask was 

replaced with nitrogen. Dry THF (0.5 M) followed by chlorodiphenylsilane (1.5 eq.) 

were injected into this smaller Schlenk flask, which was gently stirred by hand until 

the chlorodiphenylsilane fully mixed with the THF solvent. At this point, TMEDA 

(2.0 eq.) was injected into the reaction flask, dropwise, at -45 °C. The reaction was 

stirred for 10 minutes at this temperature before slow cannula transfer of the 

contents of the Schlenk flask containing the chlorodiphenylsilane solution. The 

reaction was stirred for 19 hours longer and was allowed to slowly warm to room 

temperature while stirring under nitrogen or argon pressure. The reaction mixture 

was poured into a 250 mL round-bottom flask and evaporated with a rotary 

evaporator (at 30 °C to limit oxidation) to remove most of the solvent from the crude 

PHOX product. If the crude solidified, a small amount of dichloromethane was 

added to facilitate loading the column. Column chromatography was conducted 

less than 1 hour after exposing the crude mixture to air to limit oxidation of the 

PHOX ligand. 

 

The reaction was run on a 3.95 mmol scale using L-

valinol and 4-fluorobenzonitrile as starting materials. 

Pure hexanes was used for making the silica slurry. The 

column was initially run in pure hexanes before gradually transitioning to 5% ethyl 

acetate in hexanes (Rf  = 0.16). The product ((S)-2-(4-fluorophenyl)-4-isopropyl-

4,5-dihydrooxazole) was obtained as a colorless, crystalline solid (607 mg, 82% 
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yield). 1H NMR (600 MHz, CDCl3)  8.00 (bs, 2H), 7.09 (t, J = 8.4 Hz, 2H), 4.44 

(bs, 1H), 4.15 (bd, J = 28.9 Hz, 2H), 1.89 (bs, 1H), 1.03 (d, J = 6.8 Hz, 3H), 0.94 

(d, J = 6.7 Hz, 3H). 19F NMR (564 MHz, CDCl3)  -108.6. The product matched 

previously reported spectra72. 

 

The reaction was run on a 2.93 mmol scale using (S)-2-

(4-fluorophenyl)-4-isopropyl-4,5-dihydrooxazole as the 

oxazoline substrate. Pure n-pentane was used for 

making the silica slurry. The column was initially run in 

pure n-pentane before gradually transitioning to 5% ethyl 

acetate in n-pentane (Rf  = 0.13). The product (L17) was obtained as a pale-yellow 

oil (191 mg, 17% yield). 1H NMR (500 MHz, CDCl3)  7.93 (ddd, J = 9.1, 5.7, 3.7 

Hz, 1H), 7.30 (dd, J = 11.2, 3.8 Hz, 10H), 7.00 (td, J = 8.2, 2.6 Hz, 1H), 6.57 (dt, J 

= 9.9, 3.0 Hz, 1H), 4.16 – 4.10 (m, 1H), 3.91 – 3.77 (m, 2H), 1.45 (h, J = 6.6 Hz, 

1H), 0.79 (d, J = 6.7 Hz, 3H), 0.68 (d, J = 6.7 Hz, 3H). 19F NMR (376 MHz, CDCl3) 

 -109.9 (q, J = 8.0 Hz). 31P NMR (162 MHz, CDCl3)  -5.1. The product matched 

previously reported spectra73. 

 

The reaction was run on a 3.95 mmol scale using L-

valinol and 4-(trifluoromethyl)benzonitrile as starting 

materials. Pure hexanes was used for making the 

silica slurry. The column was initially run in pure hexanes before gradually 
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transitioning to 5% ethyl acetate in hexanes (Rf  = 0.20). The product ((S)-4-

isopropyl-2-(4-(trifluoromethyl)phenyl)-4,5-dihydrooxazole) was obtained as a 

colorless, crystalline solid (528 mg, 57% yield). 1H NMR (400 MHz, CDCl3)  8.13 

(bd, J = 4.3 Hz, 2H), 7.68 (d, J = 8.1 Hz, 2H), 4.50 (t, J = 7.8 Hz, 1H), 4.30 – 4.10 

(m, 2H), 2.03 – 1.83 (m, 1H), 1.05 (d, J = 6.8 Hz, 4H), 0.95 (d, J = 6.7 Hz, 3H). 19F 

NMR (376 MHz, CDCl3)  -64.3. The product matched previously reported 

spectra74. 

 

The reaction was run on a 2.05 mmol scale using (S)-4-

isopropyl-2-(4-(trifluoromethyl)phenyl)-4,5-

dihydrooxazole as the oxazoline substrate. The column 

was run in 100% ethyl acetate (Rf  = 0.20). The product 

(L18=O) was obtained as a yellow oil (194 mg, 21% yield). 1H NMR (400 MHz, 

CDCl3)  8.02 – 7.90 (m, 2H), 7.78 (d, J = 8.1 Hz, 1H), 7.72 – 7.59 (m, 4H), 7.47 – 

7.37 (m, 6H), 3.79 (dd, J = 9.8, 8.3 Hz, 1H), 3.63 (t, J = 8.6 Hz, 1H), 3.49 – 3.38 

(m, 1H), 1.53 – 1.39 (m, J = 6.7 Hz, 1H), 0.78 (d, J = 6.7 Hz, 3H), 0.69 (d, J = 6.7 

Hz, 3H). 19F NMR (376 MHz, CDCl3)  -64.4. 31P NMR (162 MHz, CDCl3)  29.4. 

 

The reaction was run on a 7.18 mmol scale using L-

valinol and 4-methoxybenzonitrile as starting 

materials. Pure hexanes was used for making the 

silica slurry. The column was initially run in pure hexanes before gradually 
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transitioning to 10% ethyl acetate in hexanes (Rf  = 0.11). The product ((S)-4-

isopropyl-2-(4-methoxyphenyl)-4,5-dihydrooxazole) was obtained as a white, 

foamy solid (664 mg, 45% yield). 1H NMR (400 MHz, CDCl3)  7.94 (d, J = 8.4 Hz, 

2H), 6.91 (d, J = 8.9 Hz, 2H), 4.41 (t, J = 8.3 Hz, 1H), 4.12 (dq, J = 16.9, 7.7 Hz, 

2H), 3.85 (s, 3H), 1.96 – 1.83 (m, J = 6.7 Hz, 1H), 1.03 (d, J = 6.8 Hz, 3H), 0.93 

(d, J = 6.8 Hz, 3H). The product matched previously reported spectra73. 

 

 

The reaction was run on a 3.86 mmol scale using (S)-4-

isopropyl-2-(4-methoxyphenyl)-4,5-dihydrooxazole as 

the oxazoline substrate. Pure n-pentane was used for 

making the silica slurry. The column was initially run in 

pure n-pentane before gradually transitioning to 10% 

ethyl acetate in n-pentane (Rf  = 0.17). The product (L19) was obtained as a white 

solid (382 mg, 25% yield). 1H NMR (600 MHz, CDCl3)  7.96 (bs, 1H), 7.36 – 7.29 

(m, 10H), 6.88 (d, J = 8.7 Hz, 1H), 6.37 (s, 1H), 4.14 – 4.11 (m, 1H), 3.97 – 3.80 

(m, 2H), 3.62 (s, 3H), 1.51 (bs, 1H), 0.81 (d, J = 6.4 Hz, 3H), 0.69 (d, J = 6.4 Hz, 

3H). 31P NMR (243 MHz, CDCl3)  -4.4. The product matched previously reported 

spectra73. 
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The reaction was run on a 7.0 mmol scale using 

(1S,2R)-1-amino-2,3-dihydro-1H-inden-2-ol and 4-

fluorobenzonitrile as starting materials. Pure 

hexanes was used for making the silica slurry. The column was initially run in pure 

hexanes before gradually transitioning to 20% ethyl acetate in hexanes (Rf  = 0.24). 

The product ((3aS,8aR)-2-(4-fluorophenyl)-8,8a-dihydro-3aH-indeno[1,2-

d]oxazole) was obtained as a white solid (910 mg, 51% yield). 1H NMR (400 MHz, 

CDCl3)  8.00 (bs, 2H), 7.63 (bs, 1H), 7.33 – 7.27 (m, 3H), 7.07 (t, J = 8.7 Hz, 2H), 

5.77 (d, J = 7.9 Hz, 1H), 5.56 (t, J = 7.2 Hz, 1H), 3.54 (dd, J = 18.0, 6.8 Hz, 1H), 

3.39 (d, J = 18.5 Hz, 1H). 19F NMR (376 MHz, CDCl3)  -106.0 (p, J = 8.3 Hz). The 

product matched previously reported spectra75. 

 

 

The reaction was run on a 3.60 mmol scale using 

(1S,2R)-1-amino-2,3-dihydro-1H-inden-2-ol as the 

oxazoline substrate. Pure n-pentane was used for 

making the silica slurry. The column was initially run in 

pure n-pentane before gradually transitioning to 5% 

ethyl acetate in toluene (Rf  = 0.39). The product (L27) was obtained as a white 

solid (286 mg, 18% yield). 1H NMR (400 MHz, CDCl3)  7.96 (bs, 1H), 7.33 – 7.17 

(m, 13H), 7.12 (t, J = 6.8 Hz, 1H), 7.00 (td, J = 8.2, 2.6 Hz, 1H), 6.50 (dt, J = 9.8, 

3.0 Hz, 1H), 5.54 (d, J = 7.9 Hz, 1H), 5.20 (t, J = 7.4 Hz, 1H), 3.30 (dd, J = 18.0, 
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6.9 Hz, 1H), 3.05 (d, J = 17.9 Hz, 1H). 19F NMR (376 MHz, CDCl3)  -109.7. 31P 

NMR (162 MHz, CDCl3)  -4.3. 

 

Procedure for the reduction of PHOX oxides: 

 

Some PHOX ligands were prone to oxidation and were isolated as the 

phosphinoxide. Fortunately, these phosphinoxides could be cleanly converted to 

the desired P(III) PHOX compounds by reduction with diphenylsilane following a 

procedure adapted from the literature58. An oil bath was preheated to 140 °C. An 

oven-dried Schlenk bomb was charged with a magnetic stir bar and the PHOX-

oxide starting material and connected to the Schlenk line. The atmosphere was 

replaced with nitrogen. Diphenylsilane (20.0 eq.) was added to the reaction under 

nitrogen efflux. The reaction was sealed off from the Schlenk line before it was 

lowered into the oil bath. Two blast shields were placed on either side of the oil 

bath to protect the user and the Schlenk line from a potential explosion due to 

pressure buildup. After 16 hours of stirring at 140 °C, the reaction was lifted off the 

hot oil bath and allowed to cool to room temperature. The crude reaction mixture 

was loaded directly onto a silica column for purification by flash chromatography. 
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The reaction was run on a 0.269 mmol scale using L24=O 

as the PHOX-oxide substrate. Pure n-pentane was used for 

making the silica slurry. The column was initially run in pure 

n-pentane before gradually transitioning to 15% ethyl 

acetate in n-pentane (Rf  = 0.27). The product (L24) was 

obtained as a colorless oil (96.1 mg, 85% yield). 1H NMR (400 MHz, CDCl3)  7.91 

(ddd, J = 7.6, 3.5, 1.6 Hz, 1H), 7.68 (d, J = 7.7 Hz, 1H), 7.45 – 7.36 (m, 11H), 7.29 

(t, J = 7.3 Hz, 2H), 7.22 (t, J = 7.3 Hz, 1H), 7.11 (d, J = 7.0 Hz, 2H), 6.92 (ddd, J = 

7.7, 4.4, 1.5 Hz, 1H), 4.38 (tdd, J = 9.3, 7.4, 5.0 Hz, 1H), 4.06 (t, J = 8.9 Hz, 1H), 

3.81 (t, J = 7.9 Hz, 1H), 2.97 (dd, J = 13.8, 5.0 Hz, 1H), 2.15 (dd, J = 13.8, 9.3 Hz, 

1H). 31P NMR (162 MHz, CDCl3)  -4.6. The product matched previously reported 

spectra58. 

 

 

The reaction was run on a 0.082 mmol scale using L25=O 

as the PHOX-oxide substrate. Pure n-pentane was used for 

making the silica slurry. The column was initially run in pure 

n-pentane before gradually transitioning to 10% ethyl 

acetate in n-pentane (Rf  = 0.21). The product (L25) was 

obtained as a colorless oil (20.5 mg, 62% yield). 1H NMR (600 MHz, CDCl3)  8.09 

– 8.00 (m, 1H), 7.69 – 7.63 (m, 3H), 7.43 – 7.35 (m, 9H), 7.24 (s, 3H), 6.96 (s, 3H), 
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5.24 (t, J = 9.5 Hz, 1H), 4.58 (t, J = 9.3 Hz, 1H), 3.98 (t, J = 8.5 Hz, 1H). 31P NMR 

(243 MHz, CDCl3)  -5.3. The product matched previously reported spectra58. 

 

The reaction was run on a 3.60 mmol scale using 

(1S,2R)-1-amino-2,3-dihydro-1H-inden-2-ol as the 

oxazoline substrate. Pure n-pentane was used for 

making the silica slurry. The column was initially run in 

pure n-pentane before gradually transitioning to 5% 

ethyl acetate in toluene (Rf  = 0.39). The product (L27) was obtained as a white 

solid (286 mg, 18% yield). 1H NMR (400 MHz, CDCl3)  8.16 (bdd, J = 7.8, 3.1 Hz, 

1H), 7.63 (d, J = 8.6 Hz, 1H), 7.39 – 7.26 (m, 11H), 7.11 (s, 1H), 4.24 (bs, 1H), 3.96 

(bs, 2H), 1.59 (bs, 1H), 0.85 (d, J = 6.7 Hz, 3H), 0.74 (d, J = 6.8 Hz, 3H). 19F NMR 

(376 MHz, CDCl3)  -64.6. 31P NMR (162 MHz, CDCl3)  -4.3. The product matched 

previously reported spectra76. 
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