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Abstract 

This dissertation will discuss advancements made toward understanding the 

intrinsic reactivity of nitrogenous ligands in nickel-catalyzed cross-electrophile coupling, 

as well as their impacts on reaction selectivities. 

Chapter 1 will introduce cross-electrophile coupling, highlight the importance of 

ligands in promoting diverse elementary steps, and discuss strategies to search for, 

understand, and improve ligand architecture. 

Chapter 2 describes our initial investigation utilizing descriptors from a diverse 

set of ligands and ligand-like molecules to predict reaction yield and selectivity. This 

investigation provided critical insight into experimental design, construction of a training 

set, and determining project outcomes. The results of these efforts informed our studies 

that are detailed in successive chapters. 

Chapter 3 summarizes the application of statistical methods to develop a model 

for selectivity in bipyridine-nickel-catalyzed cross-electrophile coupling. The resulting 

model was used to rationalize experimental outcomes, develop mechanistic insight, and 

design improved ligands in silico. 

Chapter 4 summarizes initial insights into the relationships between the structure 

of other classes of heterocycle-based L2 dinitrogen ligands and their corresponding 

experimental outcomes. These investigations provide a basis for understanding the 

performance of these ligands and expands on the insights described in Chapter 3. A plan 

for ongoing research informed by these results is proposed. 

Chapter 5 describes additional computationally informed projects that were 

undertaken by the author. These projects utilize computed catalyst structures and 
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energies to rationalize the impact of ligand binding on the reactivity of novel 2,2’-

bipyridine-6-carbonitrile ligands, as well as the relationship of ligand structure to 

selectivity in decarbonylative cross-electrophile coupling. 
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Chapter 1: An Introduction to Cross-Electrophile Coupling, Molecular 

Parameterization, and the Prediction of Reaction Outcomes 

1.1 General Introduction 

Nickel catalysis has emerged as a critical tool in modern synthetic organic 

chemistry. The suite of diverse single- and two-electron elementary steps promoted by 

nickel catalysts—in combination with ready tuning of reactivity—enables the 

substitution of nickel catalysts for precious metals and the development of novel 

methods.1 This diversity in reactivity is often controlled via the use of different classes of 

supporting ligands. Differences in donor atom, hybridization, charge, and denticity each 

drive the modulation of energies encompassing the various accessible oxidation states 

and geometries of the nickel center. These trends—which are often distinct from other 

transition metals—necessitate a diverse selection of supporting ligands and an equally 

diverse mechanistic understanding to determine their selection and design. While 

advances in mechanistic understanding have enabled improved initial selection of a 

ligand based on general classification, rapid selection of an optimal ligand remains 

challenging. This thesis describes the application of statistical methods to relate 

computationally derived molecular descriptors to reaction outcomes to facilitate 

improvements in selection and design of ligands for nickel catalysis. These efforts have 

enabled the in silico design of bipyridine ligands for nickel-catalyzed cross-electrophile 

coupling and provided key initial insights into the performance of related heterocycle-

based L2 dinitrogen ligands. 
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1.2  Nickel-Catalyzed Cross-Electrophile Coupling 

Nickel-catalyzed cross-electrophile coupling (XEC) is a useful method for the 

introduction of C(sp3) character into functionalized small molecules. Enabled by a 

mixture of single- and two-electron steps, a single catalyst can selectively activate two 

electrophilic coupling partners. The result, a cross-coupling that avoids carbon 

nucleophiles, enables more rapid and functional-group tolerant combinatorial synthesis. 

In particular, C(sp2)–C(sp3) XEC between aryl and alkyl electrophiles has risen as an 

attractive alternative to redox-neutral cross-couplings due to its avoidance of issues 

concerning: (1) the rate of oxidative addition of alkyl halides to low-valent palladium, (2) 

the low availability and stability of alkylmetal reagents, and (3) the prevalence of β-

hydride elimination from alkylpalladium complexes.2–4 These advantages have driven 

advances in scope to allow for the coupling of a variety of aryl (pseudo)halides with 

diverse alkyl radical precursors.5 

Despite advances in scope, the identification and development of new nitrogen-

based ligands for XEC is lagging relative to the diverse phosphorus-based ligands also 

used in XEC. As a result, prominent ligand architectures remain key features of almost 

all XEC reactions. Heterocycle-based L2 dinitrogen ligands such as 2,2’-bipyridines 

(bpys)A—and related phenanthrolines (phens)B—are the most common ligands employed 

in the XEC of aryl and alkyl electrophiles. Common mechanistic proposals suggest that 

bipyridine-nickel catalysts promote an aryl-first coupling in which rate-limiting alkyl 

 

A The abbreviation “bpy” can be used to refer either to 2,2’-bipyridine itself or other related molecules that 
build upon the 2,2’-bipyridine framework with substitution at one or more of the 3-, 3-’, 4-, 4’-, 5-, 5’-, 6-, or 
6’-positions. 
B  The abbreviation “phen” can be used to refer either to 1,10-phenanthroline itself or other related 
molecules that build upon the 1,10-phenanthroline framework with substitution at one or more of the 2-, 
3-, 4-, 5-, 6-, 7-, 8-, or 9-positions. 
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radical capture and reductive elimination determines selectivity for the desired product 

versus the aryl homodimer.3,6,7 While occasionally used in XEC reactions, and particularly 

in the alkylation of alkyl and acyl electrophiles,8–10 higher dentate terpyridines (tpys) and 

related ligands—such as 2,6-bis(pyrazol-1-yl)pyridine (bpp)—are most often employed 

in redox-neutral cross-couplings.11–13 These two classes of L2 and L3 N-heterocyclic 

ligands provide an implicit standard of reactivity by which new ligands are compared. 

The discovery of improved ligands can have a substantial impact on the utility, 

selectivity, and translatability of cross-coupling reactions. Our group undertook a high-

throughput campaign in collaboration with Pfizer to mine their heteroatom-rich 

compound library for new ligand classes.14 The result was the discovery of 

carboxamidine-based ligands—PyCam, PyBCam, and bpyCam—that enable improved 

experimental outcomes in many cases compared to traditional bpy, phen, and tpy 

ligands. In particular, these ligands have been used to couple complex N-heterocyclic 

substrates that perform poorly with bpy, phen, and tpy derivatives.14–18 The improved 

reactivity of these ligands also unlocked selective XEC of unactivated alkyl and aryl 

chlorides. While these ligands greatly expanded the accessible scope of XEC, a 

concomitant increase in mechanistic understanding and binding insight was not gained. 

Initial investigations show that while their reactivity often mirrors that of related bpy and 

tpy derivatives, the binding of pyridine carboxamidines—and particularly their N-cyano 

derivatives—is not equivalent.13,17 In order to better design, validate, and rationalize the 

reactivity of ligands for nickel catalysis, a better understanding is needed of the 

relationship between critical molecular features and reactivity. 
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1.3 Molecular Parameterization 

While fragment-based molecular parameterization has been a mainstay in organic 

mechanistic investigations since the pioneering work of Hammett and others,19–26 

adoption to metal catalysis was slower. Work by Tolman enabled an initial 

understanding into the steric and electronic properties of phosphines.27 Despite these 

advances, direct application of these parameters often lacks sufficient nuance to capture 

the dynamic nature of ligand binding, leading to incorrect reaction predictions. Further, 

such tabulated features are not common for nitrogen donors, leading to a gap in usable 

information, which limits the rationalization and prediction of new nitrogenous ligands. 

DFT-derived molecular descriptors offer a unique, focused insight into the 

electronic and steric environment of well-defined molecular catalysts, and have 

accelerated the acquisition, specificity, and accuracy of parameters. The correlation of 

these descriptors to reaction outcomes enables the incorporation of nuance that is often 

lost using fragment-based, tabulated features, or even large scale DFT-derived features 

such as solid angle. As a result of this nuance, the resulting models often provide superior 

robustness and predictivity. The application of these correlation methods has enabled the 

accelerated understanding, development, and commercialization of diverse 

phosphines,28,29 leading to wide developmental gap compared to N-heterocycle-based 

ligands. For example, the Doyle group utilized multivariate linear regression to develop 

improved “DinoPhos” ligands for nickel catalysis that enable improved reactivity based 

on large distal sterics while maintaining efficient bis-ligation.30,31 Further, work from the 

Sigman and Aspuru-Guzik labs has made a large-scale library of DFT and machine-

learning derived molecular features readily available for a large number of 

monophosphine ligands.32,33 While some descriptors for nitrogenous ligands have been 
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published, they are limited in their scope and depth.34–37 No such parameterization for 

bipyridines exists. 

Despite the lack of a large-scale library, the application of statistical methods to 

inform catalyst design for L2 dinitrogen ligands in d10 metal catalysis has seen some 

success. For example, the Sigman lab has published extensive work on the correlation of 

ligand molecular features to enantioselectivity in PyOx-catalyzed Heck reactions. C 

Further work by the Doyle lab has utilized steric and electronic descriptors to rationalize 

the improved performance of bisimidazoline (BiIm) ligands in comparison to related 

BiOx ligands.36,37 While these and other studies have offered insight into their unique 

reaction systems, their results are often only utilized to rationalize enantioselectivity or 

the rates of individual mechanistic steps.38 Thus far, no publications have offered a 

general model for selectivity in nickel catalysis, nor the ability to predict the reactivity of 

ligand classes not present in the training set. As such, in silico ligand evaluation remains 

elusive. As a result, limited modification of existing ligand structures or material and time 

intensive HTE campaigns remain the state of the art in ligand development. 

1.4  Goals 

The goal of this work was the generation of a general model of selectivity in nickel-

catalyzed cross-electrophile coupling. We sought to correlate DFT-derived molecular 

descriptors with a set of reaction outcomes from diverse ligands to understand the key 

molecular features that govern selectivity for the cross-coupled product over the two 

possible homodimeric products. The datasets utilized in this thesis incorporate variations 

 

C While this system utilizes a (PyOx)Pd catalyst and the authors considered molecular descriptors derived 
from palladium complexes, the computational dataset they generated for the unbound PyOx ligands is 
transferable to studies of systems catalyzed by other transition metals. 
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on privileged ligand classes, as well as new, untested heteroatom donors. We attempted 

to generate a general model that spanned multiple classes of ligands. The insight 

provided by such a model would enable the rapid testing of hypotheses in silico–

promoting more efficient, informed ligand design in order to: (1) improve on existing 

classes of ligands, and (2) identify new structures that offer similar reactivity based on a 

conserved mechanism. Further, having a general model allows for the rapid identification 

of outliers, which can be further investigated experimentally and computationally to 

rationalize their behavior in the model reactions. A final goal was to develop a 

computational dataset that would be translatable to a variety of nickel-catalyzed 

processes, enabling more accessible statistical analyses of reaction outcomes in the future. 
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Chapter 2: Efforts Toward Predicting Reaction Outcomes with Other Classes of 

Nitrogenous Ligands 

2.1 Introduction 

2.1.1 Ligand Selection 

Scheme 2.1 Initial Ligand Library Contained a Diverse Set of L2, LX, and L3 Ligands 

 

When designing an initial training set for correlations with experimental 

outcomes, it was unclear the extent to which observed trends would translate between 

molecules with different denticity, donor atoms, and hybridization. We took inspiration 

from existing classes of ligands and successful differentiation of reactivity to determine 

the classes of compounds to include (Scheme 2.1). Mixed donor-pincer ligands are 

common in redox-neutral cross coupling.39 These ligands, along with the success of non-

symmetric donor ligands such as carboxamidine-based ligands and bpp,14,18 led us to 

include a variety of non-symmetric donors, including mixed N-, S-, and O-donors. Recent 

work by Baran, Molander, and others have demonstrated the utility of LX donor ligands 

in nickel catalysis.40–43 These reports inspired the inclusion of LX donors based on 

carboxylates, thiolates, and phenoxides. Finally, conserved reactivity is often observed 

between ligands of different denticity.17,44,45 For example, both mono- and bis-ligated 

phosphine metal catalysts are common in redox-neutral cross coupling. Further, 

canonical L2 and putative L3 ligands—bpy and PyBCam—can be used in the same cross-



 8 

coupling with similar yield and distribution of side products.14 As such, we included L2 

and L3 ligands, as well as compounds that may display dynamic binding modes. Given 

the overarching goals of the study—to gain insight into the general features of successful 

catalysts, classify ligands based on DFT-derived features, and generate a general model 

for selectivity and reactivity in XEC—we felt that this diverse dataset offered an ideal 

opportunity to gain top-down insight into the different types of molecules that enable 

selective XEC. 

2.1.2 Computational Rationale 

Scheme 2.2 Comparison of Proposed Computational Model Species 

 

Many previous reports of statistical modelling of reaction outcomes have derived 

molecular features from optimized free-ligand structures.34–37 The exclusion of the metal 

center and additional ligands reduces computational intensity and enables direct 

observation of ligand features—donation of a lone pair can decrease the dynamic range 

of certain descriptors such as NPA charges. Despite these advantages, work by Doyle and 

coworkers demonstrated that inclusion of a metal center and even on-cycle intermediates 

can lead to improved predictivity and robustness.37 Faced with these options, we 

considered four possible species to utilize as the model structure (Scheme 2.2): (1) the 
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unbound ligand absent any metal, (2) (L)Ni0, (3) (L)NiII(X)2, and (4) (L)NiII(Ar)X. While 

computations of the free ligand offer significant increases in computational efficiency, the 

differences in ground-state and metal-bound geometries—e.g. bpy ligands have cis 

nitrogens when bound to a metal center, but trans nitrogens in the free ligand geometry; 

contrastingly, phenanthrolines are conformationally locked—and lack of nuance 

dissuaded us from utilizing these as our sole source of insight. (L)Ni0 structures were not 

utilized for two reasons: first, reactivity of the (L)Ni0 intermediate is often not a limiting 

factor in XEC; second, computational results demonstrate significant distortion of 

nickel(0) complexes when additional stabilizing ligands are excluded.46 As such, we 

hypothesized that additional, explicit solvent molecules would be necessary to gain a 

realistic insight into the structure of (L)Ni0, mitigating many of the computational 

benefits. While Doyle found that efficient correlations of were possible using descriptors 

derived from (L)NiII(X)2 complexes, we felt that the use of a downstream intermediate 

combined with the tetrahedral ground state would limit insight into the structure of the 

catalytic species present in the selectivity-determining step.37 We chose instead to utilize 

(L)NiII(Ar)Br complexes as our computational model. As the catalytic species that 

participates in the putative selectivity-determining radical capture step, we hypothesized 

that employing (L)NiII(Ar)Br as a computational model system would provide the most 

in-depth insight of the structures we considered. Further, these systems provide unique 

insight into differences in binding modes and nickel geometry that is ablated in 

(L)NiII(X)2, which is consistently tetrahedral. Despite these advantages, the use of this 

computational model system also introduced complexity, as we had to consider four 

possible geometries about the nickel: two isomers of square planar nickel and two non-

symmetric tetrahedral geometries, as distortion of the tetrahedral nickel center leads to 
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non-equivalent geometries (Scheme 2.3).D We decided that, for consistency, we would 

proceed to include only the lowest-energy square planar isomer and the lowest-energy 

tetrahedral structure.E 

Scheme 2.3 Geometric Considerations of Computed (L)NiII(Ph)Br Structuresa 

 
aEnergies are solvated single points computed with the method detailed in Section 3.4.5.1 and are 
presented relative to the lowest-energy isomer. 

2.2 Results and Challenges in Data Science 

Scheme 2.4 Obstacles of Our Initial Project Design 

 

We selected a model XEC reaction between a challenging heteroaryl halide and 

primary alkyl halide (Scheme 2.4). Experimental and computational workflow were 

fraught with subpar choices and inefficient workflows. The selection of ligands (examples 

 

D Additionally, this provides for an effective check that the lowest-energy optimized conformer has been 
computationally obtained. 
E For example, 2,2’-bipyridine favors a square planar (L)NiII(Ph)Br by 6.30 kcal/mol, whereas 6-methyl-
2,2’-bipyridine and 6,6’-dimethyl-2,2’-bipyridine favor a tetrahedral (L)NiII(Ph)Br by 2.28 kcal/mol and 7.97 
kcal/mol, respectively. These values are obtained from solvated SP energies; M06/cc-
pVTZ,SDD(Ni)//M06/cc-PVDZ,LANL2DZ(Ni); SMD=DMA. 
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in Scheme 2.1) used to collect a dataset used as an initial survey of reactivity gave rise to 

a low dynamic range of results: most outcomes provided < 50% yield of the cross product. 

Many conditions produced no detectable cross product. Of the observations 

corresponding to ligands that did produce the cross product, we noticed that either our 

sampling or analysis methods were inconsistent, leading to a decrease in the veracity of 

the dataset. In the analysis of our data, we were unsure of what energetic metric would 

be optimal to use in our modelling efforts as our experimental observable. Much of our 

other issues in using this dataset for modeling arose from the dissimilarity of the ligands. 

Our initial goal of diversifying our ligand library in terms of donor identity, donor 

hybridization, denticity, and ligand type (L or X) created a series of issues. We considered 

selectivity for the cross product over either the aryl or alkyl homodimer, but our 

evaluated ligands produced an inconsistent spectrum of byproduct distribution—some 

ligands primarily generated the alkyl homodimer, others primarily generated primarily 

the aryl homodimer, and some produced a mix of both alkyl and aryl homodimers. We 

also considered direct analysis of rate of product formation utilizing the method of initial 

rates; however, this method was unsuccessful as non-selective ligands often yielded high 

apparent rates due to unproductive catalyst turnover. Further, the large differences in 

initiation time and observed reaction rates led to inconsistent measurements of rate due 

to difficulties in consistent sampling these reactions on a 96-well plate scale.  

In retrospect, we needed to set boundaries for our ligand selection. In the 

intervening time, we observed that phosphine libraries such as kracken32 have separated 

true phosphines and related phosphorus-based ligands into separate categories, with 

further subcategories for denticity. Additionally, analyses of dinitrogen ligands often 

classify them into distinct classes: BiOx, BiIm, BOX, bpy, etc. While our initial efforts may 
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have been successful given a sufficiently large dataset with a large decision tree to 

partition our data into dissimilar subsets. This complexity would only mimic the intuition 

of practicing chemists, leading to long-form analyses that yielded answers as simple as 

“bipyridines do x, terpyridines do y”. We felt that this large-scale, high-effort, top-down 

approach was not amenable to our limited time, resources, and expertise. 

2.3 Insights Gained and Improved Project Structure 

Scheme 2.5 Improved Project Structure

 

Given the shortcomings of our initial project structure, we decided to leverage our 

newfound insight to reconstruct a more achievable—yet still impactful—project design, 

with changes made to both the experimental and computational design. First, we 

simplified the model reaction to the validated coupling of ethyl 4-bromobenzoate with 1-

bromo-3-phenylpropane (Scheme 2.5). While searches for new ligands that enable the 

coupling of difficult N-heterocycles have been successful in the past, the increased 

density of low-yielding results makes statistical measures less effective. This new model 

reaction has been successfully used in the translation of XEC to electrochemical 

systems,47,48 in the previous high-throughput campaign that yielded PyCam and PyBCam 

ligands,14 and in the discovery of heteroaryl carbonitrile ligands.49 Notably, this reaction 

provides a wide range of yield and selectivity based on the ligand employed. 

Additionally, the consistent distribution of side products enables the addressing of 

individual mechanistic problems via correlation and regressive techniques. 
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The largest modification to the project structure focused on the selection of ligands 

employed in the training set. The obstacles we previously encountered due to the 

diversity in binding mode, hybridization, charge, and identity of donor atoms,50 were 

avoided by the narrowing of focus to exclusively L2, sp2-hybridized dinitrogen donors. 

While less ambitious than our previous efforts, these ligands make up a majority of those 

commonly employed in nickel-catalyzed cross-electrophile coupling. As such, the 

identification of critical molecular features that govern the reactivity and selectivity 

promoted by these ligands would offer a significant advance in cross-electrophile and 

redox-neutral cross-couplings. We chose to exclude L3 ligands such as bpp, tpy, PyBCam, 

and bpyCam derivatives due to their tendency to promote different side product 

distributions, ionize halides, and support different oxidation states of nickel. With a scope 

of ligands defined, we searched for ligands amongst six individual classes that are 

validated in nickel-catalyzed XEC: (1) 2,2’-bipyrdines, which often serve as a standard of 

reactivity, (2) 1,10-phenanthrolines, which are related to bpys but display an extended p 

system, (3) pyridyl carboxamidines, which have been shown to offer improved selectivity 

and utility over equivalent bpy ligands, (4) pyridyl oxazoline ligands which offer diverse 

modulation of steric and electronic properties, (5) 2,2’-bioxazoline ligands which offer a 

conjugated p-system and C2 symmetry, and (6) bis(oxazoline) ligands, which are widely 

developed and utilized in asymmetric catalysis. Amongst these six classes, we selected 

ligands based on availability from commercial sources and internal inventory, making 

sure to gather ligands with variation in steric and electronic properties. The resulting 

suite of 78 ligands provides the basis for a bottom-up understanding of selectivity in 

nickel-catalyzed cross-electrophile coupling utilizing correlations of molecular 

descriptors to reaction outcomes. 
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The final modification to the project structure regarded the data science and 

modelling goals. Whereas we had previously made attempts to generate correlations 

with yield or the rate of cross-product formation, these two measures are greatly 

complicated by the prevalence of off-cycle pathways and ligands that display little 

productive reactivity. Instead, the conserved distribution of side products provided by 

the selected suite of catalysts—most prominently the aryl homodimer—enabled the 

direct modelling of selectivity for the desired product vs. the aryl homodimer. This 

decision more closely mirrors previous studies and allows for the generation of LFERs by 

converting the observed selectivity to a ∆∆G‡ via the Curtin-Hammett Equation. 34–37 

The results of this investigation are described in Chapters 3 and 4. Thus far, this 

narrower approach has enabled the successful generation of a model for selectivity in 

bipyridine-nickel catalyzed XEC, and the in silico design of improved ligands. Initial 

analysis of the additional ligand classes demonstrates promising results. We expect that 

continued work applying the statistical measures described here can enable a general 

understanding of selectivity that helps rationalize reaction outcomes amongst and 

between different classes of ligands. 

2.4 Experimental 

2.4.1 Ligand Key 

Listed below is our initial ligand library that was explored computationally and 

experimentally, with the experiments summarized in Section 2.2. Many of the ligands 

listed here are also present in subsequent chapters and are listed separately there with 

their associated computational and experimental datasets.  
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Figure 2.1 Ligands and Ligand-Like Molecules from Initial Ligand Library 
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2.4.2 Computational Details 

All computations were performed using the Gaussian 16, Rev. C.01 suite using defaults 

unless noted otherwise.51 Optimized structures are visualized using GaussView 6.0.10.52 

The “ultrafine” integration grid setting was used in all computations. Initial optimization 

and parameterization53 was performed at the M06/cc-pVTZ,SDD(Ni)//M06/cc-

pVDZ,LANL2DZ(Ni) level of theory.54–58 The frequency keyword “noraman” was used 

in all frequency calculations to increase computational efficiency. Corrections for the 

solvation energies were obtained from the difference between single points with the SMD 

continuum solvation model for DMA (N,N-dimethylacetamide)59 and a gas phase single 

point, both using M06/cc-pVTZ, SDD (Ni). Conformers of higher energy were accounted 

for in all cases. Stationary points were characterized as ground states by the absence of 

negative eigenvalues (zero imaginary frequencies) in frequency analysis at the same level 

of theory as the geometry optimization. 

We have chosen to not include the primary data for this ligand set due to changes in the 

computational method and rationale to better accommodate triplet nickel(II) geometries 

(Section 3.4.5.1). Further, inconsistencies in charge of the calculated nickel complexes 

make direct comparison of many of the computational results difficult. 
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Chapter 3: Computational Methods Enable the Prediction of Improved Catalysts for 

Nickel-Catalyzed Cross-Electrophile Coupling 

 

 

 

 

 

 

 

 

 

The work described in this chapter has been published and is reprinted in its adapted 

form with permission from Akana, M. E.; Tcyrulnikov, S.; Akana-Schneider, B. D.; Reyes, 

G. P.; Monfette, S.; Sigman, M. S.; Hansen, E. C.; Weix, D. J. Computational Methods 

Enable the Prediction of Improved Catalysts for Nickel-Catalyzed Cross-Electrophile 

Coupling” J. Am. Chem. Soc. 2023. DOI: 10.1021/jacs.3c09554. Copyright © 2023 American 

Chemical Society.  
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3.1 Introduction 

Scheme 3.1 Bipyridines Enable Diverse ReactivityF 

 

Heterocycle-based, L2 dinitrogen ligands are critical enabling components of 

many transition metal-catalyzed C–C, C–N, and C–O bond forming reactions. These 

ligands—typified by 2,2’-bipyridine (bpy)—enable reactivity distinct from phosphine 

ligands by promoting a diverse set of 1- and 2-electron-processes.60–63 In particular, bpy 

ligands have become a fixture of nickel-catalyzed cross-electrophile,64 

metallophotoredox,65 and electrochemical66–68 couplings, and are often the implicit 

standard by which the reactivity of other ligands are gauged. The increased demand for 

more diverse and robust cross-coupling reactions has driven the incorporation of an 

increasingly modified suite of substituted bpy ligands (Scheme 3.1A). Despite this 

diversification and their impact on numerous fields, in-depth systematic study of the 

effects of critical molecular features on the reactivity of bipyridines remains limited. 

Ni-catalyzed C(sp2)-C(sp3) cross-electrophile coupling XEC—an attractive method 

for the incorporation of C(sp3) character into a variety of molecules2,69,70—is dependent on 

 

F All data are from Reaxys search on 6/27/23 for 2,2’-bipyridine with GH group attached to all carbons. 
Only data from past 25 years (1998–6/7/23) are depicted. Ligands erroneously classified as bpys (e.g. tpys) 
and molecules predominantly used in OLEDs or materials chemistry were excluded. 
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the selection of an appropriate ligand, most often a derivative of 2,2’-bipyridine (bpy). 

While extensive optimization and expansion of this reaction manifold has enabled the 

use of new substrate classes, dimerization of the C(sp2) component remains problematic. 

Slow radical capture and reductive elimination can allow for reductive degradation of an 

intermediate arylnickel(II) species (Scheme 3.1B).6,71 Approaches to mitigate this issue 

often focus on either increasing the rate of radical generation—in an effort to accelerate 

the productive pathway—or decreasing the rate of disproportionation of the arylnickel 

intermediate. 

Methods from Weix,17,47,48 Sevov,18 and others2 have demonstrated the use of a 

mixed-catalyst system where one catalyst is exclusively responsible for generation of an 

alkyl radical, and another engages the C(sp2) coupling partner and facilitates formation 

of the desired C–C bond. An alternative approach is the addition of stoichiometric 

additives—such as phthalimide or pyridine derivatives—which passivate open sites of 

the arylnickel intermediate, slowing the rate of deleterious disproportionation.2,72,73 While 

these and other modifications have proven effective in many cases, they also introduce 

complications—such as mistuned catalyst ratios and decreased atom economy, 

respectively. A more attractive approach would be the systematic development of a more 

selective catalyst, which would enable more robust, efficient, and general reactions. 

Further, this catalyst could be used in combination with the above methods to improve 

rate or engage otherwise inaccessible substrate pools. 

The underlying issue in exploring this option is that bpy-based catalysts lack the 

extensive developmental schema possessed by phosphines. There are significantly fewer 

known and commercially available bipyridine ligands, which limits the rate and breadth 

of methodology development as new ligands must often be synthesized prior to being 
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tested. Thus far, approaches to overcome this developmental gap have focused on 

general surveys of reactivity,38,61 hypothesis-driven skeletal modifications,74 or high-

throughput experimentation (HTE) campaigns to identify new classes of ligands,14 often 

with the goal of expanding reaction scope to access more challenging substrates. More 

frequently, HTE is employed to identify an optimal catalyst from a pre-existing suite of 

ligands with validated reactivity.16,75 While these methods have provided a basis of 

understanding for the reactivity of specific catalysts, they have yet to deliver a sufficiently 

detailed model of reactivity to enable the validated identification or tailored design of 

improved catalytic systems. 

In this context, statistical methods that correlate computationally-derived 

molecular features to reaction outcomes have accelerated the design, selection, and 

commercialization of optimal phosphine-ligated catalysts.29,33,76 Thus far, the translation 

of these methods to L2 dinitrogen ligands remains limited. Most often, the resulting 

statistical models are utilized to rationalize enantio- or site-selectivity. For example, the 

Sigman group has reported the use of multivariate linear regression to rationalize and 

design improved 2-(2-pyridyl)oxazoline ligands in enantioselective Heck arylations.34,35 

Additionally, Doyle and coworkers have utilized a similar workflow to explain the 

improved enantioselectivity provided by 2,2’-biimidazoline ligands compared to related 

bioxazolines—specifically exploring correlations with descriptors from (L)NiF2 and 

(L)Ni(Ar)Cl complexes—where they noted improved correlations when parameters were 

sourced directly from the catalytic intermediate involved in the stereodetermining step.37 

Based on the general success of these approaches, we hypothesized that a similar data 

science workflow could be applied to more general obstacles of selectivity and robustness 

in nickel-catalyzed cross-electrophile couplings. 
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Herein, we describe the application of modern computational and statistical 

methods to construct correlations of reaction performance in cross-electrophile couplings 

as a function of the bipyridine ligand. The resulting models communicate two key 

features of a successful catalyst: a square planar (L)NiII(Ar)Br intermediate and a strongly 

donating ligand. This model is robust and predictive, allowing for the interpolative and 

extrapolative prediction of performance for untested bipyridine ligands. Additionally, 

we designed a suite of improved 4,4’-bis(dialkylamino)-2,2’-bipyridine ligands in silico, 

which were predicted to provide significant improvements in selectivity for the desired 

product. In action, these new ligands facilitate the high yielding coupling of a variety of 

alkyl and aryl electrophiles. We expect that the expanded application of the improved 

ligands identified in this study will enable the accelerated development of new cross-

coupling reactions. 

3.2 Results and Discussion 

Scheme 3.2 Model Reaction and Initial Data Processing Efforts 

 

We initially selected the cross-electrophile coupling of primary alkyl and aryl 

bromides as a prototypical model reaction for exploring the impact of ligand structure on 
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reaction performance (Scheme 3.2A). This coupling provides a consistent set of 

byproducts—primarily the aryl homodimer (3.4)—where selectivity is determined by the 

relative concentrations of 3.3 to 3.4 at 24 h; this ratio of product to aryl homodimer is 

converted to an expression of energy, ∆∆G‡, via the Curtin-Hammett equation, 

ΔΔ𝐺‡ = −𝑅𝑇𝑙𝑛 *
[𝟑. 𝟑]
[𝟑. 𝟒]0 

As such, negative values of ∆∆G‡ are obtained for reactions that selectively form 

3.3 over 3.4. This validated coupling has been used as a model system in several ligand 

identification studies and for the translation of XEC methods to other reductive 

systems.14,49 

We gathered an initial dataset by evaluating a suite of substituted bipyridines and 

related ligands in 96-well plates (20 μmol scale). This ligand suite resulted in a wide 

dynamic range of results (2–82% yield of 3.3G) and confirmed that the yield of the desired 

product is primarily determined by the selectivity for the cross-product (3.3) over the aryl 

homodimer (3.4) (Figure 3.3). 

Given the diversity in substitution patterns in the ligand suite (4,4’-, 5,5’-, 6-, or 

6,6’-(di)substituted), it was readily apparent that tabulated molecular descriptors (i.e., 

Hammett or Charton values) would be insufficient for modelling selectivity. To gain 

insight into the intrinsic characteristics of each catalyst	 and adequately describe this 

diversity, we generated a library of DFT-optimized (L)NiII(Ph)Br catalysts from which we 

would derive molecular parameters.51,53–55,57–59,77 

 

G These results span a range of 3.51 kcal/mol in ∆∆G‡. 
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We hypothesized that parameters derived directly from the oxidative addition 

complex—the intermediate that presumably is responsible for defining selectivity—

would provide unique insight into the structure of selective catalysts.37 Further, the 

resulting dataset should be translatable to other nickel-catalyzed cross-couplings of 

haloarenes. We obtained a variety of electronic (e.g. NPA charges of atoms in the primary 

coordination sphere, nickel d-orbital energies and occupancies, etc.) and steric 

parameters for each catalyst in both the square planar and tetrahedral geometry.42 This 

computational dataset offers detailed insight into the electronic and steric structure of 

each catalyst and is provided in full as a supplementary file. 

Initial linear correlations between the experimental results and computational 

descriptors yielded poor results that did not adequately incorporate a grouping of 

observations that gave ≤ 10% yield of 3.3. We hypothesized that two separate features 

may lead to low selectivity via distinct mechanisms. Indeed, classification of yield of 3.3 

using a single node decision tree with a threshold value of 10% yield revealed a reactivity 

cliff based on the difference in energy between the tetrahedral and square planar 

geometries of the (L)NiII(Ph)Br complex (Scheme 3.2B).31 Sterically hindered 6- and 6,6’-

(di)substituted ligands promote a tetrahedral geometry in the ground state and rapidly 

dimerize the aryl bromide, leading to low selectivity.78 Contrastingly, ligands with 4,4’- 

or 5,5’-subsitition yield (L)NiII(Ph)Br complexes with a square planar ground state and 

tended to result in yields > 10% of 3.3 across a range of selectivities. 

Bipyridine ligands with 6,6’-disubstitution and related phenanthrolines are 

known to display reactivity distinct from their unhindered analogues (Scheme 3.2C).79 

While differences in speciation may play a role, large 5,5’-disubstituted ligands—which 

display similar reactivity to other unhindered bipyridines—suggest that reliable mono-
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ligation is not the selectivity-determining factor.74 Instead, we hypothesized that the 

ability of these ligands to support stable nickel(I) intermediates enables access to 

decomposition from (L)NiI(Ar).80  

Based on the results of the yield classification, we curated the scope of the training 

set to 4,4’- and 5,5’-disubstituted bipyridines. Using this dataset, we found several 

univariate correlations between molecular descriptors and selectivity (Scheme 3.2D and 

Figure 3.16). Amongst the best correlations, we found a robust univariate model for 

selectivity based on the chemical potential, μ, of the catalyst. As the average of the HOMO 

and LUMO energies, μ increases with increased donation of the ligand. This is reflected 

in the qualitative trend that ligands bearing electron-donating ligands in the 4,4’-

positions yielded the highest selectivity. 

Scheme 3.3 Collinear Variables Decrease Specificity 

 

Despite this initial success, the specificity and translatability of the model 

remained unclear. We found that the best univariate correlations (Scheme 3.3; 19 

examples where R2 > 0.70 and p-value < 0.01) existed between directionally oriented, 

highly collinear descriptors (Figure 3.17). The collinearity in the parameters caused by 

the symmetric bipyridine structures led to convolution of the computational dataset. As 

such, we hypothesized that the introduction of non-symmetrically substituted 
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bipyridines would serve to decrease the number of collinear directional descriptors by 

exaggerating the lack of electronic symmetry in the square planar (L)NiII(Ph)Br complex. 

Further, we hypothesized that addition of non-symmetric bipyridines would 

differentiate directional or atom-specific descriptors (e.g., NPA charge of a single 

nitrogen donor) from additive parameters (e.g., μ or d-orbital energies). To test this 

hypothesis, we constructed a suite of non-symmetric and select symmetrically 

substituted bpys, which were subsequently evaluated on a larger scale (0.125 mmol, 

Scheme 3.4A). 

Scheme 3.4 A Tailored Dataset Enables a More Robust Model 

 

Univariate correlations utilizing this new dataset revealed that many of the strong 

correlations that we had previously observed were not maintained with the introduction 

of non-symmetric ligands. In fact, the previous best correlation involving μ was 

significantly weakened (R2 of the univariate correlation decreased from 0.97 to 0.75, 

Scheme 3.4B). This is due to selectivity being solely determined by the least donating 

pyridine unit; for example, 4-methoxy-4'-(trifluoromethyl)-2,2'-bipyridine (3.L7) yields 

selectivity similar to 4,4’-bis(trifluoromethyl)2,2’-bipyridine (3.L9), rather than 4,4’-
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dimethoxy-2,2’-bipyridine (3.L2). This observation, combined with the consistent 

arrangement of the donor atoms in the low-energy isomer of the (L)NiII(Ph)Br complex 

led to delineation of the parameters (Scheme 3.4C). 

Using these results, we identified a univariate correlation for selectivity of 3.3 over 

3.4 in the model cross-electrophile coupling reaction (Scheme 3.4D), which relies on the 

NPA charge of the ipso carbon of the phenyl ligand. Using this model, a virtual screen 

was performed with the goal of external validation of this correlation as well as 

extrapolating the model for improved selectivity. Several ligands were thus synthesized 

and evaluated whereby the model was able to predict the performance of new bipyridine 

ligands. The robustness of this model in predicting of both symmetric and non-symmetric 

bipyridines is due to the consistent alignment of the least electron-rich pyridine ring—

which determines selectivity—trans to the phenyl in the low-energy isomer. As the 

nitrogen trans to Cipso becomes more donating, the NPA charge of Cipso decreases, and 

selectivity rises. 

This model is robust—LOO = 0.88, k5-fold = 0.87—and predictive (predR2 = 0.98) of 

both an interpolated and extrapolated observations. The use of computational 

parameters derived directly from a catalytic intermediate offers a distinct advantage over 

the use of tabulated descriptors—such as Hammett parameters. First, the model 

effectively predicts the selectivity of 5,5’-disubstituted bpy derivatives, as DFT gauges p-

donation across the bpy backbone. Second, the model accurately predicted the selectivity 

of non-symmetrically substituted ligands without direct intervention; this is attributable 

to the consistent orientation of the donor atoms in the low energy isomer. Further, the 

specificity of DFT-derived parameters can provide more impactful mechanistic insight. 
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Osakada and co-workers found that the rate of disproportionation of 

bpyNiII(Ar)Br was higher for electron-rich haloarenes and lower for electron-poor 

haloarenes.81 This would suggest that a more negative NPA charge of Cipso leads to a 

higher rate of disproportionation.82 Our results suggest the opposite is true under 

reducing conditions. We hypothesize that under reducing conditions, direct 

disproportionation is not the dominant mechanism by which 3.4 forms. Instead, we 

propose that dimerization occurs primarily via the reduction of (L)NiII(Ar)Br to form 

(L)NiI(Ar). This is supported by the observation that 6,6’-disubstituted bipyridines—

which are known to form stable nickel(I) complexes—and electron-poor bipyridines—

which also have recently been shown to form (L)NiI(Ar) complexes—both lead to rapid 

dimerization of 3.1a.38,83 Further computational and experimental investigation is needed 

to investigate the mechanism by which this occurs, but is beyond the scope of this work. 

Table 3.1 Ligands Designed in Silico Outperform State-of-the-art Bipyridinesa 

 

Entry L 3.3 (%) Selectivity (3.3:3.4) ∆∆G‡ (kcal/mol) 
1 3.L1 49 2:1 -0.5 
2 3.L2 61 7:1 -1.19 
3 3.L3 82 23:1 -1.91 
4 3.L4 88 25:1 -1.95 
5 3.L5 79 39:1 -2.22 

aAlk = 3-Phenylpropyl. Reactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 1.25 
mL of DMA. Yields and selectivity were determined by GC-FID. 

Via extrapolation from the model, we designed a series of improved 4,4’-

bis(dialkylamino)-2,2’-bipyridines in silico (Table 3.1). After synthesizing these ligands, 



 32 

we found that the model had correctly predicted the over fivefold increase in selectivity 

that they enabled (from 7:1 to 39:1 of 3.3:3.4 for 3.L2 and 3.L5 respectively). Further, the 

ability to predict selectivity in silico eliminated unnecessary synthetic effort, as we had 

initially hypothesized that 4,4’,5,5’-tetramethoxy-2,2’-bipyridine (3.L31) might offer an 

increase in selectivity; but the model predicted that this ligand—accessed via six steps 

from commercial sources—would only provide a modest improvement over the common 

3.L2. As such, we did not pursue the synthesis of 3.L31. 

Table 3.2 Benchmarking of Improved Bipyridines in the XEC of Aryl Halidesa 

 

Entry X Result with 3.L5 
(3.3%, 3.3:3.4) 

Result with 3.L2 
(3.3%, 3.3:3.4) 

1 Cl 93, 311:1 85, 17:1 
2 Br 79, 39:1 61, 7:1 
3 I 87, 96:1 76, 29:1 

aAlk = 3-Phenylpropyl. Reactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 1.25 
mL of DMA. Yields and selectivity were determined by GC-FID. 

Table 3.3 NMe2bpy Enables the Coupling of Alkyl Chloridesa 

 

Entry L 3.3 (%) Selectivity (3.3:3.4) 
1 3.L1 4 1:114 
2 3.L2 11 1:9 
3 3.L5 62 25:1 

aAlk = 3-Phenylpropyl. Reactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 1.25 
mL of DMA. Yields and selectivity were determined by GC-FID. 

To investigate the generality of these improved bipyridine ligands, we evaluated 

the cross-electrophile coupling of a variety of aryl and alkyl halides. We found that both 

the overall and relative selectivity—an almost 20-fold increase from 17:1 to 311:1 

compared to 3.L2—significantly improved when coupling less reactive and more 

X

EtO2C
Br Alk

Alk

EtO2C
+

NiCl2(dme) (10 mol%)
L (11 mol%)
NaI (25 mol%)
TFA (10 mol%)
Zn0 (4.0 equiv)
DMA (0.1 M), 32 °C(1.2 equiv)

3.1 3.2a 3.3
(0.125 mmol)

Cl

EtO2C
Cl

Alk
Alk

EtO2C
+

NiCl2(dme) (10 mol%)
L (11 mol%)
LiI (1.0 equiv)
TFA (10 mol%)
Zn0 (4.0 equiv)
DMA (0.1 M), 80 °C(1.2 equiv)

3.1b 3.2b 3.3
(0.125 mmol)
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abundant chloroarenes (Table 3.2). Additionally, using modified conditions, we were 

able to leverage the stability of the (L)NiII(Ar)X intermediate to effectively couple 

unreactive chloroalkanes (Table 3.3), whose coupling has thus far been inaccessible 

utilizing bipyridine ligands.84,85 These results suggest that 3.L5 may be widely applicable 

in providing more robust couplings in known XEC systems. 

Table 3.4 NMe2bpy Increases the Efficiency of Existing Coupling and Unlocks New 
Substrate Pairingsa 

 

Entry X 3.3 (%) Selectivity (3.3:3.4) 
1 Br 98 84:1 
2 Cl 55 7:1 
3 Cl 86b 8:1 

aAlk = 3-Phenylpropyl. Reactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 735 
μL of NMP. Yields and selectivity were determined by GC-FID. b20 mol% of NiCl2(dme) and 22 mol% of 
3.L5 were used. 

We were also able to directly substitute 3.L5 for 3.L2 in the reported coupling of 

N-alkyl 2,4,6-triphenylpyridiniums with aryl bromides (Table 3.4).86 We found that the 

use of this ligand yielded the desired product in 98% yield. This extended the observed 

trend in yield from the published optimization in the original report—3.L1<3.L2<3.L5. 

While arylation of N-alkylpyridiniums is well-known for bromoarenes, effective 

coupling of chloroarenes remains elusive. We hypothesized that the increased electron-

density of 3.L5 may allow for more rapid oxidative addition into chloroarenes. We found 

that the equivalent chloroarene coupled in 55% yield using the same conditions and 

increasing the catalyst loading—leveraging the low rate of aryl dimerization afforded by 

this catalyst, which should be increased at higher catalyst concentrations—led to 86% 

yield. Together, these results demonstrate that the use of this improved ligand can be 

X

EtO2C

N Alk Alk

EtO2C
+

NiCl2(dme) (10 mol%)
L5 (11 mol%)
MgCl2 (1.0 equiv)
Mn0 (2.0 equiv)
NMP (0.17 M), 80 °C(1.2 equiv)

3.1 3.2c 3.3
(0.125 mmol)

Ph

Ph Ph

BF4
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applied to improve other XEC reactions and couple previously inaccessible combinations 

of substrates. 

Overall, this suite of 4,4’-bis(dialkylamino)-2,2’bipyridines offers a significant 

increase in selectivity over the common state-of-the-art bipyridine ligands. Despite their 

utility and presence in the development of novel photocatalysts, application of any of 

these ligands to nickel catalysis is relegated to ineffective entries in optimization tables 

and a single use of 3.L5 on a particularly challenging substrate.87 We expect that the 

relatively modest increase in yield when using 3.L2 in lieu of 3.L1 in combination with 

the difficulty in synthesizing novel, electron-rich bipyridines made these ligands an 

unattractive target for synthetic efforts. We hope that this study will accelerate the 

adoption of these ligands into the canon of bpy ligands in nickel catalysis. Currently, only 

the highest performing catalyst, 3.L5 is commercially available for a reasonable price. 

While we found them to be slightly less selective, 3.L3 and 3.L4 may offer benefits in 

solubility or selectivity in specific applications. Thus far, we have not identified any 

bipyridine ligands that are predicted to provide a significant increase in selectivity over 

3.L5. While small improvements may be possible, we expect that the next frontier in 

ligand design for XEC lies in the identification of new classes of ligands and alternative 

reaction pathways that avoid existing mechanistic obstacles. 

3.3 Conclusions 

In conclusion, we have applied modern computational and statistical methods to 

develop a model for selectivity in nickel-catalyzed cross-electrophile coupling. The two 

resulting models—a binary classification of a ligands’ applicability based on the ground 

state of their (L)NiII(Ph)Br complex and a linear relationship between the NPA charge of 

the ipso carbon of the low energy (L)NiII(Ph)Br complex—enable the prediction of the 
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performance of a variety of substitution patterns with diverse functionalities. This study 

also highlighted the importance of designing a diverse, informative training set to 

minimize collinearity in computational parameters, and maximize interpretability. The 

use of parameters derived from a representative on-cycle intermediate enable strong 

models and mechanistic insight. These results suggest that, in contrast to previous 

stoichiometric studies under redox-neutral conditions, the primary dimerization 

pathway in XEC may proceed via degradative reduction of (L)NiII(Ar)X. 

Using our model, we were able to design a suite of improved 4,4’-

bis(dialkylamino)-2,2’-bipyridines. These ligands display significant improvements in 

selectivity and yield compared to the current state-of-the-art bipyridines. Further, they 

can be easily substituted into other cross-electrophile couplings to increase the yield and 

allow access to more diverse coupling partners. We expect that adoption of these 

ligands—in combination with existing strategies—will enable more robust, selective, and 

widely applicable cross-electrophile couplings. 

This study translates modern statistical techniques—which are common in the 

analysis of phosphines and enantioselective catalysis—to nickel-catalyzed XEC. Overall, 

the expanded use of diverse statistical and computational tools will bolster experimental 

insight and enable more efficient and impactful ligand design and selection. The dataset 

that we used to generate these models persists and should be applicable to a variety of 

nickel-catalyzed processes. We have made the entire dataset, including parameters for 

common bipyridines and ligands that exist only in silico available as a supplementary 

spreadsheet. We hope that this dataset will make application of these methods more 

accessible to other researchers. 
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3.4 Experimental 

3.4.1 General Information 

3.4.1.1 Reagents 

Metals and Catalysts 

Nickel(II) chloride dimethoxyethane, NiCl2(dme), was purchased from Sigma-Aldrich. 

Zinc flake (-325 mesh) and manganese powder (-325 mesh) were purchased from Alfa 

Aesar. Palladium(II) acetate was purchased from Chem-Impex International. All metals 

and catalysts were stored in a nitrogen-filled glovebox and used without additional 

purification. 

Ligands 

4,4’-Bis(trifluoromethyl)-2,2’-bipyridine and 4,4’-bis(dimethylamino)-2,2’-bipyridine 

were purchased from Ambeed. 2,2’-bipyridine was purchased from Sigma-Aldrich. 4,4’-

dimethoxy-2,2’-bipyridine was purchased from Ambeed or Sigma-Aldrich. Dimethyl 

([2,2’-bipyridine]-4,4’-dicarboxylate) was purchased from AstaTech. 4,4’-di-tert-butyl-

2,2’-bipyridine was purchased from Sigma-Aldrich; reactions utilizing this ligand 

sourced from Ambeed and TCI America provided consistently lower selectivity. 

Additional ligands were acquired from commercial sources or internal inventories at 

Pfizer or UW-Madison. Ligands were stored and handled in a nitrogen-filled glovebox 

and used without further purification. 

Substrates 

Ethyl 4-bromobenzoate was purchased from Oakwood. Ethyl 4-chlorobenzoate was 

purchased from Alfa Aesar. Ethyl 4-iodobenzoate was purchased from Matrix Scientific. 
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1-Bromo-3-phenylpropane was purchased from TCI America. 1-Chloro-3-phenylpropane 

was purchased from Sigma-Aldrich. Unless otherwise specified, all substrates were 

purchased from commercial sources, stored on the benchtop, and used without further 

purification. 

Solvents 

N,N-Dimethylacetamide (DMA), N-methylpyrrolidone (NMP), toluene, and DMSO were 

purchased from Sigma-Aldrich. All solvents were anhydrous and stored in a nitrogen-

filled glovebox unless otherwise specified. 

Other Reagents 

Sodium iodide and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich. 4,4’’-

Dimethyl-1,1’-biphenyl was purchased from Thermo Fisher Scientific. Other reagents, 

substrates, and solvents were purchased from commercial sources, stored on the 

benchtop, and used without further purification unless otherwise specified. 

3.4.1.2 Methods 

NMR Spectroscopy 

1H, 13C, and 19F NMR spectra were acquired on 400 and 500 MHz Bruker Avance III NMR 

instruments. NMR chemical shifts are reported in ppm. 1H chemical shifts are referenced 

to tetramethylsilane (TMS) in CDCl3 (δ = 0.00 ppm). 13C and 19F chemical shifts were 

absolute referenced to the accompanying 1H spectrum. Coupling constants (J) are 

reported in Hertz. 

High Resolution Mass Spectrometry 
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Mass spectrometry data was collected on a Thermo Scientific Q Exactive Plus Hybrid 

Quadrupole-Orbitrap via flow injection with electrospray ionization by the Paul Bender 

Chemical Instrumentation Center facility at the University of Wisconsin-Madison. 

Gas Chromatography 

GC analyses were performed on an Agilent 7890A GC equipped with dual DB-5 columns 

(20 m × 180 μm × 0.18 μm), dual FID detectors, and H2 as the carrier gas. A sample volume 

of 1 μL was injected at a temperature of 300 °C and a 100:1 split ratio. The initial inlet 

pressure was 20.3 psi but varied as the column flow was held constant at 1.8 mL/min for 

the duration of the run. The initial oven temperature of 50 °C was held for 0.46 min 

followed by a temperature ramp of 65 °C/min up to 300 °C. The total run time was 5.0 

min and the FID temperature was 325 °C. 

Flash Chromatography 

Flash chromatography was performed on a Teledyne ISCO Rf-200 (detection at 254 and 

280 nm) equipped with an 80 g Teledyne ISCO Redisep Rf Gold silica gel column (20–40 

μm particle size) or on a Biotage Isolera One (detection at 210 nm and 400 nm) equipped 

with a 25 g KPsil column (40-63 μm particle size). Products were visualized by UV.  
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3.4.2 Ligand Key and Preparation of Ligands 

3.4.2.1 Ligand Key 

Figure 3.1 Bipyridine Ligand Key 

 

N N
3.L1

N N
3.L2

OMeMeO

N N
3.L3

NN

N N
3.L4

NN

N N
3.L5

NMe2Me2N

N N
3.L6

N N
3.L7

OMeF3C

N N
3.L8

OMe

N N
3.L9

CF3F3C

N N
3.L10

N N
3.L11

N N
3.L12

N N
3.L13

N N
3.L14

N N
3.L15

N N

N

3.L16

N

N

N

N

3.L17
N N
3.L18

N N
3.L19

N N
3.L20

N N
3.L21

N N
3.L22

N N
3.L23

N N
3.L24

O O

OEt
O

CF3F3C

O
EtO

O
OEt

MeMe

Et Et

MeO OMe

N

Me Me Me

Br Br Br

Me Me

CN

O
MeO OMe



 40 

 

3.4.2.2 Preparation of Ligands 

 

4-(2-bromopyridin-4-yl)morpholine (3.L3a) 

An oven-dried 1 dram vial equipped with a PTFE-coated stir bar was sealed with a 

phenolic screw cap bearing a PTFE-backed silicone septum. Using anhydrous technique, 

the vial was charged with 2-bromo-4-fluoropyridine (414.3 μL, 704.0 mg, 4.000 mmol, 
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1.000 equiv), DMSO (1.5 mL), DIPEA (1034.0 mg, 8.0000 mmol, 2.0000 equiv), and 

morpholine (415.3 μL, 418.2 mg, 4.800 mmol, 1.200 equiv). The reaction was stirred at 100 

°C for 1 h, allowed to cool to rt, and poured over DI water (50 mL). The mixture was 

extracted with EtOAc (3 × 30 mL). The combined organic layers were then washed with 

water (2 × 100 mL) and brine (2 × 100 mL) prior to being dried over Na2SO4, filtered, and 

concentrated to yield 3.L3a (819.6 mg, 3.371 mmol, 84%) as an off-white solid. 

1H NMR (500 MHz, CDCl3) δ 8.03 (d, J = 6.0 Hz, 1H), 6.82 (d, J = 2.4 Hz, 1H), 6.60 (dd, J = 

6.0, 2.5 Hz, 1H), 3.86 – 3.80 (m, 4H), 3.32 – 3.26 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.7, 150.0, 143.6, 111.2, 107.6, 77.2, 77.0, 76.7, 66.2, 

46.1. 

HRMS-ESI (m/z): [M+H]+ calcd for C9H12BrN2O+, 243.0128; found, 243.0126. 

 

4,4’-dimorpholino-2,2’-bipyridine (3.L3) was prepared by modification of the literature 

procedure.88 

In a nitrogen-filled glovebox, an oven-dried 1 dram vial equipped with a PTFE-coated 

stir bar was charged with nickel(II) bromide dimethoxyethane (30.9 mg, 0.100 mmol, 

0.100 equiv), 4,4’-bis(trifluoromethyl)-2,2’-bipyridine (29.2 mg, 0.100 mmol, 0.100 equiv), 

and DMF (1.000 mL). The vial was sealed with a phenolic screw cap bearing a PTFE-

backed silicone septum and placed on a stir plate (1000 rpm, rt) for 20 min. After stirring 

the vial was unsealed, and 4-(2-bromopyridin-4-yl)morpholine (243.1 mg, 1.000 mmol, 

N N

NN

O O
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1.000 equiv) was added, followed by manganese (164.8 mg, 3.000 mmol, 3.000 equiv). The 

vial was resealed, removed from the glovebox, and placed on a pre-heated stir plate 

where the contents were stirred (100 °C, 1000 rpm) for 24 h. After stirring, the reaction 

mixture was allowed to cool to rt and was poured over 100 mL of saturated Na4EDTA 

solution. The mixture was stirred for 20 min. After stirring, the mixture was diluted with 

50 mL of water and extracted with DCM (3 × 30 mL). The combined organic layers were 

dried over Na2SO4, filtered, and concentrated. The resulting residue was purified by 

column chromatography (80 g of silica gel, 1 CV of DCM, then 0–30% iPrOH/DCM across 

25 CV) to yield 3.L3 (79.7 mg, 0.244 mmol, 49%) as a light brown solid. 

1H NMR (500 MHz, CDCl3) δ 8.36 (d, J = 5.9 Hz, 1H), 7.89 (d, J = 2.6 Hz, 1H), 6.68 (dd, J = 

5.9, 2.7 Hz, 1H), 3.91 – 3.79 (m, 4H), 3.41 (dd, J = 5.9, 4.0 Hz, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.1, 156.1, 149.6, 108.1, 105.6, 66.5, 46.4. 

HRMS-ESI (m/z): [M+H]+ calcd for C18H23N4O2
+, 327.1816; found, 327.1811. 

 

4,4’-di(pyrrolidin-1-yl)-2,2’-bipyridine (3.L4) was synthesized according to the literature 

procedure and characterization data matched those reported in the literature.89 

1H NMR (500 MHz, CDCl3) δ 8.27 (d, J = 5.8 Hz, 2H), 7.54 (d, J = 2.5 Hz, 2H), 6.38 (dd, J 

= 5.8, 2.5 Hz, 2H), 3.49 – 3.30 (AA’XX’, 8H), 2.07 – 1.97 (AA’XX’, 8H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.9, 152.6, 148.9, 106.7, 104.3, 47.1, 25.4. 

N N

NN
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ethyl isonicotinate (3.L6a) was synthesized according to the literature procedure and 

characterization data matched those reported in the literature.90 

1H NMR (500 MHz, CDCl3) δ 8.78 (d, J = 4.5 Hz, 2H), 7.85 (d, J = 4.6 Hz, 2H), 4.42 (q, J = 

7.2 Hz, 2H), 1.42 (t, J = 7.2 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 165.1, 150.6, 137.6, 122.8, 61.8, 14.2. 

 

ethyl [2,2’-bipyridine]-4-carboxylate (3.L6) was synthesized according to the literature 

procedure and characterization data matched those reported in the literature.91 

1H NMR (500 MHz, CDCl3) δ 8.93 (dd, J = 1.6, 0.9 Hz, 1H), 8.82 (dd, J = 4.9, 0.9 Hz, 1H), 

8.73 (ddd, J = 4.7, 1.8, 0.9 Hz, 1H), 8.42 (dt, J = 8.0, 1.1 Hz, 1H), 7.88 (dd, J = 5.0, 1.6 Hz, 

1H), 7.84 (td, J = 7.7, 1.8 Hz, 1H), 7.35 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 4.46 (q, J = 7.1 Hz, 

2H), 1.44 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 165.3, 157.3, 155.4, 149.9, 149.3, 138.9, 137.0, 124.1, 122.8, 

121.3, 120.4, 61.8, 14.3. 

HRMS-ESI (m/z): [M+H]+ calcd for C13H13N2O2
+, 229.0972; found, 229.0969. 

N

OEtO

N N

O
OEt



 44 

 

4-(trifluoromethyl)pyridine 1-oxide (3.L7a) was synthesized according to the literature 

procedure and characterization data matched those reported in the literature.91 

1H NMR (500 MHz, CDCl3) δ 8.28 (d, J = 6.5 Hz, 2H), 7.51 (d, J = 6.6 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 139.8, 126.6 (q, J = 35.7 Hz), 123.0 (q, J = 3.7 Hz), 122.4 

(q, J = 271.8 Hz). 

19F{1H} NMR (377 MHz, CDCl3) δ -63.61. 

 

4’-methoxy-4-(trifluoromethyl)-[2,2’-bipyridine] 1-oxide (3.L7b) was prepared by 

modification of the literature procedure.91 

In a nitrogen-filled glovebox, 2 oven-dried 1 dram vials equipped with PTFE-coated stir 

bars were each charged with palladium(II) acetate (11.2 mg, 0.0500 mmol, 0.0500 equiv), 

4-(trifluoromethyl)pyridine N-oxide (326.2 mg, 2.000 mmol, 2.000 equiv), potassium 

carbonate (276.4 mg, 2.000 mmol, 2.000 equiv), tri-tert-butylphosphine (12.1 mg, 0.0598 

mmol, 0.0600 equiv, in 2 mL of toluene), and 2-bromo-4-methoxypyridine (188.0 mg, 

1.000 mmol, 1.000 equiv). The vials were sealed with phenolic screw caps bearing PTFE-

backed silicone septa and removed from the glovebox. The reactions were stirred at rt for 

15 min, then at 100 °C overnight. The reactions were allowed to cool to rt, poured over a 
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plug of Celite (pre-wetted with DCM), and further rinsed with DCM (50 mL). The 

combined filtrate was concentrated, and the resulting residue was purified by column 

chromatography (80 g of silica gel, 10% acetone/hexanes for 1 CV, then 10–40% 

acetone/hexanes across 20 CV) to yield 3.L7b (262.5 mg, 0.9715 mmol, 50%) as a light tan 

solid. 

1H NMR (500 MHz, CDCl3) δ 8.62 (d, J = 2.6 Hz, 1H), 8.60 (d, J = 2.8 Hz, 1H), 8.55 (d, J = 

5.6 Hz, 1H), 8.36 (d, J = 6.9 Hz, 1H), 7.46 (dd, J = 6.9, 2.8 Hz, 1H), 6.92 (dd, J = 5.6, 2.5 Hz, 

1H), 3.93 (s, 3H).  

13C{1H} NMR (126 MHz, CDCl3) δ 166.0, 150.4, 149.6, 147.7, 141.5, 126.8 (q, J = 35.5 Hz), 

125.1 (q, J = 3.9 Hz), 122.6 (q, J = 272.2 Hz), 121.3 (q, J = 3.5 Hz), 111.4, 111.3, 55.4. 

19F{1H} NMR (377 MHz, CDCl3) δ -63.56. 

HRMS-ESI (m/z): [M+Na]+ calcd for C12H9F3N2NaO2
+, 293.0508; found, 293.0502. 

 

4-methoxy-4’-(trifluoromethyl)-2,2’-bipyridine (3.L7) was prepared by modification of 

the literature procedure.91 

A 100 mL three-neck flask equipped with a PTFE-coated stir bar was connected to a 

nitrogen manifold via a three-way adapter, the side necks were sealed with rubber septa. 

The flask was evacuated and backfilled with nitrogen three times. Under positive 

pressure of nitrogen, Pd/C (5 wt%) was added through the side neck (50.0 mg, 0.0235 

mmol, 0.0470 equiv, in 15 mL of MeOH), and the vessel containing the Pd/C solution was 

washed with MeOH (5 mL) and the washings were added to the reaction flask. 4’-

N N

CF3MeO
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methoxy-4-(trifluoromethyl)-[2,2’-bipyridine] 1-oxide (135.1 mg, 0.5000 mmol, 1.000 

equiv, in 15 mL of MeOH) was added to the flask, and a hydrogen balloon was connected 

to the top of the three-way adapter. The flask was evacuated and backfilled with nitrogen 

three times before it was evacuated once more and refilled with hydrogen from the 

balloon. The reaction was stirred at rt for 2 h. After the reaction was confirmed complete 

by TLC, the flask was evacuated and backfilled with nitrogen three times. The reaction 

mixture was poured over Celite—pre-wetted with MeOH—in a sintered funnel. The flask 

was rinsed with MeOH (2 × 50 mL), the rinse was added to the funnel, and the filter cake 

was rinsed with MeOH (50 mL, whilst avoiding drying the cake). The filtrate was 

concentrated under reduced pressure to yield 3.L7 (116.5 mg, 0.4583 mmol, 92%) as a 

brown solid. 

1H NMR (500 MHz, CDCl3) δ 8.83 (d, J = 5.0 Hz, 1H), 8.69 (d, J = 2.0 Hz, 1H), 8.52 (d, J = 

5.6 Hz, 1H), 8.02 (d, J = 2.6 Hz, 1H), 7.52 (dd, J = 5.0, 1.6 Hz, 1H), 6.89 (dd, J = 5.6, 2.6 Hz, 

1H), 3.96 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 166.8, 157.4, 156.5, 150.5, 149.9, 139.3 (q, J = 34.1 Hz), 

123.0 (q, J = 273.3 Hz), 119.2 (q, J = 3.5 Hz), 117.1 (q, J = 3.7 Hz), 111.4, 106.5, 55.4. 

19F{1H} NMR (377 MHz, CDCl3) δ -64.74. 

HRMS-ESI (m/z): [M+H]+ calcd for C12H10F3N2O+, 255.0740; found, 255.0737. 

 

4-methoxy-2,2’-bipyridine (3.L8) 

N N

OMe
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In a nitrogen-filled glovebox, an oven-dried 1 dram vial equipped with a PTFE-coated 

stir bar was charged with tris(dibenzylideneacetone)dipalladium(0) (27.5 mg, 0.0300 

mmol, 0.0300 equiv), tri-tert-butylphosphine (20.2 mg, 0.100 mmol, 0.100 equiv), 

Tributyl(2-pyridyl)tin (405.0 mg, 1.100 mmol, 1.100 equiv), and 1,4-dioxane (3.000 mL). 2-

Bromo-4-methoxypyridine (188.0 mg, 1.000 mmol, 1.000 equiv) was added to the vial 

prior to it being sealed with a phenolic screw cap bearing a PTFE-backed silicone septum. 

The vial was removed from the glovebox and placed on a pre-heated stir plate (90 °C, 

1000 rpm), for 16 h. The reaction mixture was allowed to cool to rt and was poured over 

Celite—pre-wetted with DCM—in a sintered funnel, and the filter cake was rinsed with 

DCM (50 mL). The filtrate was then concentrated and purified by column 

chromatography (25 g of silica gel, 1 CV of 40% EtOAc/hexanes, then 40–80% 

EtOAc/hexanes across 20 CV) to yield 3.L8 (126.8 mg, 0.6809 mmol, 68%) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 8.68 (ddd, J = 4.9, 1.8, 1.0 Hz, 1H), 8.49 (d, J = 5.7 Hz, 1H), 

8.40 (dt, J = 8.0, 1.1 Hz, 1H), 7.98 (d, J = 2.6 Hz, 1H), 7.81 (td, J = 7.7, 1.8 Hz, 1H), 7.31 (ddd, 

J = 7.5, 4.8, 1.2 Hz, 1H), 6.85 (dd, J = 5.6, 2.6 Hz, 1H), 3.96 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 166.7, 158.1, 156.0, 150.3, 149.0, 136.9, 123.8, 121.3, 110.9, 

106.0, 55.3. 

HRMS-ESI (m/z): [M+H]+ calcd for C11H11N2O+, 187.0866; found, 187.066. 

 

4,4’-diethyl-2,2’-bipyridine (3.L14) was obtained as a byproduct of the oxidative 

coupling of 4-ethylpyridine to form 4,4’,4’’-triethyl-2,2’:6’,2’’-terpyridine. We recommend 

synthesis of 3.L14 via dimerization of 2-bromo-4-ethylpyridine.88 
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EtEt



 48 

In a nitrogen-filled glovebox, an oven-dried, 1 L, three-neck flask was charged with 

freshly distilled 4-ethylpyridine (40.00 g, 373.3 mmol, 1.000 equiv) and anhydrous DMA 

(200 mL). 10% Pd/C was added to the flask (5.36 g, 5.04 mmol, 0.0135 equiv), followed 

by manganese(IV) oxide (41.00 g, 471.6 mmol, 1.260 equiv). The flask was sealed and 

removed from the glovebox. On the bench, the flask was equipped with a reflux 

condenser, an internal thermometer, and an overhead stirrer via the three necks. The 

contents were placed under an argon atmosphere via an inlet at the top of the condenser. 

The contents were heated to reflux (162 °C) for 8 days. After the reaction was determined 

complete by TLC, the reaction mixture was allowed to cool to rt, diluted in DCM, and 

passed twice through a sintered glass funnel. The residue was washed with additional 

DCM until the washings were colorless. The filtrate and washings were combined, 

washed with DI water (2 × 400 mL), dried over MgSO4, filtered, and concentrated. The 

resulting mixture was separated by vacuum distillation to yield 4-ethylpyridine (19 g, 177 

mmol, bp 56 °C at 15 mmHg) and 4,4’-diethyl-2,2’-bipyridine (4.6 g, 22 mmol, obtained 

as a low-melting, light yellow solid, bp 130 °C at 0.5 mmHg). The pot residue was purified 

by sublimation (170–180 °C at 2.5 mmHg) to yield 4,4’,4’’-triethyl-2,2’:6’,2’’-terpyridine. 

1H NMR (500 MHz, CDCl3) δ 8.56 (dd, J = 4.9, 0.8 Hz, 2H), 8.25 (dd, J = 1.7, 0.8 Hz, 2H), 

7.14 (dd, J = 5.0, 1.7 Hz, 2H), 2.73 (q, J = 7.6 Hz, 4H), 1.30 (t, J = 7.7 Hz, 6H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.2, 154.0, 149.0, 123.3, 120.8, 28.4, 14.4. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H17N2
+, 213.1386; found, 213.1383. 
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5,5’-dimethoxy-2,2’-bipyridine (3.L15) was prepared by modification of the literature 

procedure.88 

In a nitrogen-filled glovebox, an oven-dried 1 dram vial equipped with a PTFE-coated 

stir bar was charged with nickel(II) chloride dimethoxyethane (30.0 mg, 0.137 mmol, 

0.0500 equiv), 4,4’-bis(trifluoromethyl)-2,2’-bipyridine (47.9 mg, 0.164 mmol, 0.0600 

equiv) and DMF (1.000 mL). The vial was sealed with a phenolic screw cap bearing a 

PTFE-backed silicone septum and placed on a stir plate, where it was stirred at rt for 20 

min. After this time, the cap was removed and 2-bromo-5-methoxypyridine (510.4 mg, 

0.2730 mmol, 1.000 equiv, in 800 μL of DMF) was added, followed by manganese powder 

(300.0 mg, 5.460 mmol, 2.000 equiv). The vial was resealed with the screw cap and placed 

on a pre-heated stir plate (60 °C, 1000 rpm), where it was stirred overnight. 

After stirring, the reaction mixture was transferred to an Erlenmeyer flask and diluted 

with a saturated solution of tetrasodium EDTA (100 mL). The mixture was stirred for 20 

min before being transferred to a separatory funnel containing water (50 mL). The 

mixture was extracted with DCM (3 × 50 mL). The combined organic layers were dried 

over Na2SO4, filtered, concentrated, and the resulting residue was purified by column 

chromatography (25 g of silica gel, 1 CV of 40% EtOAc/hexanes, then 40–80% 

EtOAc/hexanes across 15 CV) to yield 3.L15 (196.8 mg, 0.9101 mmol, 67%) as a white 

solid. 

1H NMR (500 MHz, CDCl3) δ 8.33 (d, J = 2.9 Hz, 1H), 8.25 (d, J = 8.7 Hz, 1H), 7.30 (dd, J = 

8.8, 3.0 Hz, 1H), 3.91 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 155.5, 149.0, 136.6, 121.1, 120.9, 55.7. 
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3.4.3 General Procedures 

3.4.3.1 General Procedure A: Evaluation of Ligands in High-Throughput 

Format 

 

Stock solutions were prepared and stored in a nitrogen-filled glovebox. Separate stock 

solutions of nickel(II) chloride dimethoxyethane (48.3 mg, 0.220 mmol) and NaI (82.4 mg, 

0.550 mmol) were each prepared in 5.5 mL of EtOH. A stock solution of aryl halide (0.200 

M, 1.00 equiv), alkyl halide (0.240 M, 1.20 equiv), and 2,2’-dimethylbiphenyl (as an 

internal standard; 0.050 M, 0.25 equiv) were prepared in DMA. A 20.0 mM stock solution 

of TFA was prepared in DMA. 

Stock ligand screening plates were prepared in a nitrogen-filled glovebox. A slurry of 

each ligand (110 μmol) was prepared in 2.5 mL of MeOH. While stirring, 50 μL (2.2 μmol) 

aliquots of each ligand slurry were taken and dispensed into the 1 mL wells of 96-well 

plates. The contents were heated uncovered overnight at 40 °C to evaporate the solvent. 

After this time, the plates were sealed and stored in a desiccator under inert atmosphere 

until needed for screening. 

For screening, in a nitrogen-filled glovebox, each well of a pre-prepared 96-well plate—

containing 2.2 μmol of the desired ligand—was charged with nickel(II) chloride 

dimethoxyethane (2.0 μmol, 0.10 equiv, in 50 μL of EtOH) and NaI (5.0 μmol, 0.25 equiv, 

in 50 μL of EtOH), evaporating the solvent after each addition. Zinc flake (5.2 mg, 80 

μmol, 4.0 equiv) was dispensed into each well via a Mettler-Toledo QX96 solid handling 

robot, followed by a magnetic stir bar. Aryl halide (20.0 μmol, 1.00 equiv), alkyl halide 

Ar X Alk X +Ar Alk Ar Ar+

NiCl2(dme) (10 mol%)
L (11 mol%)
NaI (25 mol%)
TFA (10 mol%)
Zn0 (4.0 equiv)
DMA (0.1 M), 25 °C

(1.2 equiv)(2.0 µmol)
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(24.0 μmol, 1.20 equiv), and 2,2’-dimethylbiphenyl (5.0 μmol, 0.25 equiv) were added as 

a solution in DMA (100 μL). Finally, TFA (2.0 μmol, 0.10 equiv, in 100 μL of DMA) was 

added to each vial. The plate was left uncovered and placed into a tumble stirrer, where 

it was stirred (250 rpm) at rt. 

Aliquots were taken at 15, 30, 45, 60, 75, and 195 min to determine the concentrations of 

the product and side products, and at 24 h to establish the final yield. Each aliquot (15 

μL) was obtained by sampling the stirring reactions of the 96-well plate with a 12-channel 

autopipette. Each aliquot was diluted into 750 μL of MeCN /DMSO (3:1), removed from 

the glovebox, and analyzed by UPLC. The concentrations of the starting materials, 

desired product, and aryl homodimer were determined as calibrated ratios of 

absorbances against the internal standard. 

3.4.3.2 General Procedure B: Evaluation of Ligands in 1-Dram Vials 

 

Stock solutions were prepared in a nitrogen-filled glovebox. A stock solution of nickel(II) 

chloride dimethoxyethane (274.6 mg, 1.250 mmol) in DMA was prepared in an oven-

dried 25 mL volumetric flask. This solution was stored in a sealed 20 mL vial in the 

glovebox and stirred immediately prior to use. A stock solution of 4,4’-dimethylbiphenyl 

(1500.0 mg, 8.2300 mmol), aryl halide (12.500 mmol), and alkyl halide (15.000 mmol) in 

DMA was prepared in an oven-dried 25 mL volumetric flask. This solution was stored in 

a sealed 20 mL vial in the glovebox and stirred immediately prior to use. Additionally, 

separate stock solutions of sodium iodide (183.6 mg, 1.225 mmol) and TFA (57.0 mg, 0.500 

Ar X Alk X +Ar Alk Ar Ar+

NiCl2(dme) (10 mol%)
L (11 mol%)
NaI (25 mol%)
TFA (10 mol%)
Zn0 (4.0 equiv)
DMA (0.1 M), 32 °C

(1.2 equiv)(0.125 mmol)
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mmol) in DMA were prepared in oven-dried 5 mL volumetric flasks. These solutions 

were prepared fresh each time screening was performed. 

In a nitrogen-filled glovebox, an oven-dried 1 dram vial equipped with a PTFE-coated 

stir bar was charged with the ligand (0.014 mmol, 0.11 equiv), nickel(II) chloride 

dimethoxyethane (2.70 mg, 0.0125 mmol, 0.100 equiv, in 250 μL DMA), and DMA (500 

μL). The vial was then sealed with a phenolic screw cap bearing a PTFE-backed silicone 

septum and placed on a stir plate, where it was stirred (1000 rpm) at 30 °C for 30 min. 

After this time, the cap was removed and sodium iodide (4.70 mg, 0.0313 mmol, 0.250 

equiv, in 125 μL of DMA) was added, followed by a mixture of: aryl halide (0.125 mmol, 

1.00 equiv); alkyl halide (0.150 mmol, 1.20 equiv); and 4,4’-dimethylbiphenyl (as an 

internal standard; 15.0 mg, 0.0823 mmol, 0.658 equiv, in 250 μL of DMA). Zinc flake (32.7 

mg, 0.500 mmol, 4.00 equiv) was added to the vial. The contents of the vial were briefly 

swirled to incorporate the zinc and TFA (1.40 mg, 0.0125 mmol, 0.100 equiv, in 125 μL of 

DMA) was added. The vial was resealed with the screw cap and placed on a pre-heated 

stir plate, where it was stirred (1000 rpm) at 32 °C. 

Aliquots were taken at 0, 15, 30, 45, 60, 75, 90, 120, and 180 min to determine the 

concentrations of the product and side products, and at 24 h to establish the final yield. 

The aliquot (20 μL) was obtained by removing the screw cap and sampling the stirring 

reaction with an autopipette. The aliquot was diluted into 1000 μL of ethyl acetate, 

removed from the glovebox, and quenched with 1 mL of deionized water. The organic 

layer was then passed through a short (1.5 cm in a pipette) silica plug and analyzed by 

GC-FID. Concentrations of the reactants, desired product, and side products were 

determined as calibrated ratios of the area of the analyte peak compared to the area of the 

internal standard peak. 
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3.4.4 Results of Ligand Screens 

3.4.4.1 High-Throughput Ligand Screens 

Figure 3.2 Results of High Throughput Ligand Screeningab 

 

Ligand 3.3 (%) 3.4 (%) ∆∆G‡ 
3.L1 61 16 -0.78 
3.L2 82 5 -1.68 
3.L9 4 38 1.39 
3.L10 3 37 1.52 
3.L11 4 38 1.38 
3.L12 45 22 -0.41 
3.L13 45 22 -0.44 
3.L14 69 13 -1.00 
3.L16 73 9 -1.22 
3.L17 52 6 -1.32 
3.L18 21 18 -0.09 
3.L19 2 19 1.38 
3.L20 2 36 1.84 
3.L22 9 34 0.82 
3.L23 70 11 -1.12 

aGeneral Procedure A was followed using ethyl 4-bromobenzoate and 1-bromo-3-phenylpropane. 

Figure 3.3 Correlation Between Concentration of 3.3 and 3.4 

 

Br

EtO2C
Br Ph

EtO2C

Ph+

NiCl2(dme) (10 mol%)
L (11 mol%)
NaI (25 mol%)
TFA (10 mol%)
Zn0 (4.0 equiv)
DMA (0.1 M), 32 °C

+ EtO2C CO2Et

(1.2 equiv)
3.1a 3.2a 3.3 3.4

(20 µmol)
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The yield of the desired product, 3.3, is determined primarily by the selectivity for 3.3 

over the aryl homodimer 3.4. Notable exceptions include 3.L19, which experienced 

catalyst deactivation—we observed remaining 3.1a—and ligands based on N-

heterocycles other than pyridine (3.L18, vide supra). Together, these results demonstrate 

that modelling for selectivity of 3.3 over 3.4 is a valid way to improve the efficiency and 

utility of C(sp2)–C(sp3) cross-electrophile coupling. 

3.4.4.2 Focused Ligand Screens 

Figure 3.4 Performance of the Training and Validation Set in the Model Reactionab 

 

 

Ligand 3.3 (%) 3.4 (%) ∆∆G‡ 
3.L1 49 21 -0.50 
3.L2 61 9 -1.19 
3.L3 82 4 -1.91 
3.L4 88 4 -1.95 
3.L5 79 2 -2.22 
3.L6 13 25 0.39 
3.L7 13 38 0.66 
3.L8 40 16 -0.56 
3.L9 11 25 0.49 
3.L11 14 27 0.41 
3.L12 34 25 -0.18 
3.L14 53 14 -0.83 
3.L15 47 20 -0.51 

aReactions were set up according to General Procedure B using ethyl 4-bromobenzoate (28.6 mg, 0.125 
mmol, 1.00 equiv) and 1-bromo-3-phenylpropane (30.0 mg, 0.150 mmol, 1.20 equiv). bNumbers in boldface 
were used for model training and numbers in italics were used for model validation.  

Br

EtO2C
Br Ph

EtO2C

Ph+

NiCl2(dme) (10 mol%)
L (11 mol%)
NaI (25 mol%)
TFA (10 mol%)
Zn0 (4.0 equiv)
DMA (0.1 M), 32 °C

+ EtO2C CO2Et

(1.2 equiv)
3.1a 3.2a 3.3 3.4

(0.125 mmol)

H

EtO2C

3.5

Ph

3.6

Ph
H Ph

3.7
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Figure 3.5 Effects of Stirring and TFA Additiona 

 

Entry X Stir Rate (rpm) 3.3 (%) 3.5 (%) 
1 10 1000 68 7 
2 5 1000 63 10 
3 0 1000 69 7 
4 10 300 65 15 
5 5 300 66 13 
6 0 300 36 12 

aReactions were set up according by modification of General Procedure B using ethyl 4-bromobenzoate 
(28.6 mg, 0.125 mmol, 1.00 equiv), 1-bromo-3-phenylpropane (30.0 mg, 0.150 mmol, 1.20 equiv), and 4,4’-
dimethoxybipyridine (3.L2) (3.0 mg, 0.014 mmol, 0.11 equiv). For reactions using 5 or 0 mol% of TFA, 
additional DMA was added to maintain a consistent reaction volume. 

The differences in selectivity and yield between the high-throughput and focused ligand 

screens are due to formation of the dibrominated product (3.5) in the focused ligand 

screens. We considered that the change in stirring method—from tumble stirring to 

traditional magnetic stir bars—may mechanically activate the zinc, encouraging the 

formation of an organozinc. While less likely, we also considered direct 

protodemetalation of (L)NiII(Ar)Br by residual TFA. We found that slower stir rates had 

little effect on either the rate or yield of the model reaction with 3.L2 in the presence of 

TFA. Only when TFA was omitted did the stir rate impact the rate and yield of the 

reaction. These results suggest that another mechanism is responsible for the formation 

of 3.5. Notably, we found that the majority of 3.5 forms between the 3 and 24 h timepoints, 

when the majority of the productive coupling has already taken place.  

Br

EtO2
C

Br Ph
EtO2C

Ph+

NiCl2(dme) (10 mol%)
L2 (11 mol%)
NaI (25 mol%)
TFA (X mol%)
Zn0 (4.0 equiv)
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Figure 3.6 Benchmarking of Improved Bipyridines in the Coupling of Aryl Halides with 
Alkyl Bromidesa 

 

Entry X L 3.3 (%) Selectivity (3.3:3.4) 
1 Cl 3.L2 85 17:1 
2 Cl 3.L5 93 311:1 
3 Br 3.L2 61 7:1 
4 Br 3.L5 79 39:1 
5 I 3.L2 76 29:1 
6 I 3.L5 87 96:1 

aGeneral Procedure B was followed using: ethyl 4-chlorobenzoate (23.1 mg, 0.125 mmol, 1.00 equiv, Entries 
1 and 2), ethyl 4-bromobenzoate (28.6 mg, 0.125 mmol, 1.00 equiv, Entries 3 and 4), or ethyl 4-iodobenzoate 
(34.5 mg, 0.125 mmol, 1.00 equiv, Entries 5 and 6); 1-bromo-3-phenylpropane (30.0 mg, 0.150 mmol, 1.20 
equiv); and 4,4’-dimethoxybipyridine (3.L2) (3.0 mg, 0.014 mmol, 0.11 equiv, Entries 1, 3, and 5) or 4,4’-
bis(dimethylamino)-2,2’-bipyridine (3.L5), (3.3 mg, 0.014 mmol, 0.11 equiv, Entries 2, 4, and 6). Reactions 
were stirred for 24 h prior to sampling. 

These results demonstrate a general increase in selectivity when employing 3.L5 in place 

of 3.L2. The shift in selectivity trends when coupling ethyl 4-iodobenzoate may be due to 

a shift in mechanism or due to significant acceleration of alkyl radical formation is the 

presence of stoichiometric iodide salt byproducts. 

Figure 3.7 Decreasing Catalyst Loading Increases Selectivitya 

 

Entry X mol% L 3.3 (%) Selectivity (3.3: 3.4) 
1 10 3.L2 85 17:1 
2 10 3.L5 93 311:1 
3 5 3.L2 89 25:1 
4 5 3.L5 96 364:1 

aReactions were performed by modification of General Procedure B, using ethyl 4-chlorobenzoate (23.1 mg, 
0.125 mmol, 1.00 equiv), 1-bromo-3-phenylpropane (30.0 mg, 0.150 mmol, 1.20 equiv), and either 4,4’-
dimethoxybipyridine (3.L2)—(3.0 mg, 0.014 mmol, 0.11 equiv, Entry 1) or (1.5 mg, 6.9 μmol, 0.055 equiv, 
Entry 3)—or 4,4’-bis(dimethylamino)-2,2’-bipyridine (3.L5)—(3.3 mg, 0.014 mmol, 0.11 equiv, Entry 2) or 
(1.8 mg, 6.9 μmol, 0.055 equiv, Entry 4). For reactions with 5 mol% loading of NiCl2(dme) (Entries 3 and 4), 
125 μL of NiCl2(dme) stock solution was used and an additional 125 μL of DMA was added to maintain a 
consistent reaction volume. Reactions were stirred for 24 h prior to sampling. 
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(0.125 mmol)



 57 

These results demonstrate that further improvements in selectivity and efficiency may be 

achieved by decreasing the concentration of the catalyst. This improvement is consistent 

with similar observations in the coupling of (Z)-vinyl bromides and supports a 

mechanism of biaryl formation involving either disproportionation or ligand transfer 

between two nickel centers.92 Based on other observed electronic and steric trends, we 

hypothesize that aryl homodimerization occurs via disproportionation of (L)NiI(Ar) or 

ligand transfer between (L)NiI(Ar) and (L)NiII(Ar)Br. 

Reactions set up with significantly lower catalyst loadings (<1 mol%) gave low 

conversion of the aryl halide. We hypothesize that issues with catalyst speciation and 

initiation, or competitive zinc insertion may be the cause. Previous reports employing 

pre-ligated (L)NiIII2 and manganese did not appear to encounter these issues.92 We 

hypothesize that these solutions could be combined with application of 3.L5 to yield 

further increases in selectivity.  
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Figure 3.8 Coupling of Aryl and Alkyl Chloridesa 

 

Entry L Salt X mol% 3.3 (%) Selectivity (3.3:3.4) 
1 3.L2 NaI 25 11 0.5:1 
2 3.L5 NaI 25 25 2:1 
3 3.L5 NaI 50 40 7:1 
4 3.L1 NaI 100 2 0.003:1 
5 3.L2 NaI 100 16 0.2:1 
6 3.L5 NaI 100 52 14:1 
7 3.L1 NaI 200 3 0.007:1 
8 3.L2 NaI 200 21 0.5:1 
9 3.L5 NaI 200 55 19:1 
10 3.L5 LiI 50 52 12:1 
11 3.L1 LiI 100 4 0.009:1 
12 3.L2 LiI 100 11 0.1:1 
13 3.L5 LiI 100 62 25:1 
14 3.L1 LiI 200 3 0.006:1 
15 3.L2 LiI 200 30 1:1 
16 3.L5 LiI 200 51 15:1 

aReactions were set up by modification of General Procedure B using ethyl 4-chlorobenzoate (23.1 mg, 0.125 
mmol, 1.00 equiv), 1-Chloro-3-phenylpropane (23.2 mg, 0.150 mmol, 1.20 equiv), and either, 4,4’-di-tert-
butyl-2,2’-bipyridine (3.L1) (3.7 mg, 0.014 mmol, 0.11 equiv, Entries 4, 7, 11, and 14), 4,4’-
dimethoxybipyridine (3.L2) (3.0 mg, 0.014 mmol, 0.11 equiv, Entries 1, 5, 8, 12, and 15) or 4,4’-
bis(dimethylamino)-2,2’-bipyridine (3.L5) (3.3 mg, 0.014 mmol, 0.11 equiv, Entries 2, 3, 6, 9, 10, 13, and 16). 
All reactions were set up by adding solid LiI or NaI directly to the precatalyst solution along with an 
additional 125 μL of DMA. The mixture was then stirred at rt until the salt was dissolved prior to starting 
materials being added. Reactions were stirred for 24 h prior to sampling. 

These results demonstrate that when alkyl radical formation is slow, 3.L5 offers 

improvements in selectivity over the previous state-of-the-art ligand 3.L3. The increased 

stability of (3.L5)NiII(Ar)Cl provides sufficient intermediate lifetime to enable generally 

selective reactions without the formation of significant amounts of 3.4. While the use of 

increased amounts of LiI (>2.00 equiv) may enable the use of 3.L3 with similar yields and 

selectivity, this would decrease the overall mass efficiency of the reaction.  
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Figure 3.9 Coupling of N-Alkyl 2,4,6-Triphenylpyridinium Salts with Aryl Halides 

 

Entry L X Y mol% 3.3 (%) Selectivity (3.3:3.4) 
1 3.L5 Br 10 98 84:1 
2 3.L5 Cl 10 55 7:1 
3 3.L5 Cl 20 86 8:1 
4 3.L1 Cl 20 65 5:1 
5 3.L2 Cl 20 49 3:1 

Reactions were set up by modification of the literature procedure.86 In a nitrogen-

filled glovebox, 5 oven-dried 1 dram vials equipped with PTFE-coated stir bars were 

charged with 4,4’-bis(dimethylamino)-2,2’-bipyridine (3.L5)—(3.3 mg, 0.014 mmol, 0.11 

equiv, Entries 1 and 2) or (6.7 mg, 0.028 mmol, 0.22 equiv, Entry 3)—4,4’-di-tert-butyl-

2,2’-bipyridine (3.L1) (7.4 mg, 0.028 mmol, 0.22 equiv, Entry 4), or 4,4’-

dimethoxybipyridine (3.L2) (6.0 mg, 0.028 mmol, 0.22 equiv, Entry 5); nickel(II) chloride 

dimethoxyethane—(2.7 mg, 0.0125 mmol, 0.10 equiv, Entries 1 and 2) or (5.5 mg, 0.025 

mmol, 0.20 equiv, Entries 3–5)—4,4’-dimethylbiphenyl (as an internal standard; 15.0 mg, 

0.0823 mmol, 0.658 equiv), magnesium(II) chloride (11.9 mg, .125 mmol, 1.00 equiv), 

manganese powder (13.7 mg, 0.250 mmol, 2.00 equiv), and 2,4,6-triphenyl-1-(3-

phenylpropyl)-pyridin-1-ium tetrafluoroborate (77.0 mg, .150 mmol, 1.20 equiv). NMP 

(735 μL) was added to each vial, followed by the appropriate aryl halide—either ethyl 4-

bromobenzoate (28.6 mg, 0.125 mmol, 1.00 equiv, Entry 1) or ethyl 4-chlorobenzoate (23.1 

mg, 0.125 mmol, 1.00 equiv, Entries 2 and 3). The vials were sealed with phenolic screw 

caps bearing PTFE-backed silicone septa, removed from the glovebox, and placed on a 

pre-heated stir plate (80 °C, 1000 rpm) for 24 h. An aliquot (20 μL) was taken from each 

reaction via gas-tight syringe The aliquots were diluted into 1000 μL of ethyl acetate and 

quenched with 1 mL of deionized water. The organic layers were then passed through 
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short (1.5 cm in a pipette) silica plugs and analyzed by GC-FID. Concentrations of the 

reactants, desired product, and side products were determined as calibrated ratios of the 

area of the analyte peak compared to the area of the internal standard peak. 

These results demonstrate that 3.L5 also offers benefits in existing reactions (Entry 1) and 

new combinations of substrates (Entries 2 and 3). The observed improvements when 

increasing the catalyst loading from 10 to 20 mol% suggest that selectivity and yield are 

governed by the rate of oxidative addition to the chloroarene. Radical formation from 

3.2c most likely proceeds via direct reduction by manganese and fragmentation of the 

resulting radical anion.93 As such, the stability of (L)NiII(Ar)X most likely plays a small 

role in the overall selectivity of the reaction compared to the rate of formation of 

(L)NiII(Ar)X. Compared to the other reactions in our work, the alkyl radical precursor is 

the more reactive of the two substrates and generating sufficient (L)NiII(Ar)X to capture 

the resulting alkyl radical is critical to providing high yield and selectivity. We 

hypothesize that the formation of 3.4 occurs after the complete consumption of 3.1. 

3.4.5 Computational Details 

3.4.5.1 General Computational Method 

All computations were performed using the Gaussian 16, Rev. C.01 suite using defaults 

unless noted otherwise.51 Optimized structures are visualized using GaussView 6.0.10.52 

The “ultrafine” integration grid setting was used in all computations. Each structure was 

calculated by performing geometry optimizations with the unrestricted M06 functional54 

and the cc-pVDZ basis set,55,56 as well as the LANL2DZ effective core potential57 for Ni. 

The frequency keyword “noraman” was used in all frequency calculations to increase 

computational efficiency. Gas phase single point energies were obtained using UM06/cc-
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pVTZ, SDD (Ni).58 Corrections for the solvation energies were obtained from the 

difference between single points with the SMD continuum solvation model for DMA 

(N,N-dimethylacetamide)59 and a gas phase single point, both using UM06/cc-pVTZ, 

SDD (Ni). Conformers of higher energy were accounted for in all cases and are not 

included in the discussion. Stationary points were characterized as ground states by the 

absence of negative eigenvalues (zero imaginary frequencies) in frequency analysis at the 

same level of theory as the geometry optimization. 

3.4.5.2 Descriptors and Guide to Parameter Spreadsheet 

Descriptors were collected from DFT output files using Python scripts created by the 

Sigman Group (University of Utah). An explanation of each of the descriptor categories 

is enumerated below. To account for common nickel(II) coordination geometries, square 

planar singlet and tetrahedral triplet geometries were considered, as well as the unbound 

ligand in the absence of a metal. We performed a manual conformational search to 

identify the lowest energy structure, and descriptor values for each of the coordination 

geometries and free ligand were generated. Descriptors associated with the square planar 

(L)NiII(Ph)Br structures are denoted with the suffix “.sqpl”, and those associated with the 

tetrahedral structures have the suffix “.tet” appended. We also considered using 

parameters from the overall lowest energy conformer, denoted “.lowestgeom”, a 

weighted average of the two conformers based on the energies of the square planar 

singlet and tetrahedral triplet geometries at 25 °C, denoted “.boltz”, and unbound ligand 

optimizations, denoted with the suffix “.free”. All computed data is associated with the 

parent ligand common in each structure. For a full list of computed parameter values, see 

the Excel spreadsheet included in the supplemental information. A guide to the 

parameter list is included below, with column references to the parameter library. 
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Figure 3.10 Atom Numbering Scheme for Free Ligand, (L)Ni(Ph)Br Square Planar, and 
(L)Ni(Ph)Br Tetrahedral DFT-Optimized Structures 

 

Atom numbering was conserved for atoms common and relevant to all square planar 

structures, namely Ni1, Br2, N3 (binding nitrogen always trans to the phenyl ligand), N4 

(binding nitrogen always trans to the bromine ligand), and C5 (Cipso of the phenyl ligand). 

For tetrahedral geometries, Ni1, Br2, and C5 were conserved across all structures, and an 

attempt was made to maintain consistency in the numbering scheme (relative to the 

analogous square planar geometries) for N3 and N4, especially for the non-symmetric 

bipyridine ligands. For the unbound ligand, the donor nitrogens are numbered N1 and 

N2; no attempt was made to standardize atom numbering beyond the donor atoms, as 

we did not have a numbering schema in place at the time these geometries were 

computed. 

Figure 3.11 Guide to Parameter Spreadsheet 
Descriptor Column 

General Information 
Manuscript ligand label (L) A 
Internal ligand number (for authors’ use) B 
Ligand name C 
CAS registry number D 
Net charge E 

Structural Information 
Substitution pattern F 
LXZ notation G 
Thermochemistry  
Free ligand thermochemistry in Hartrees H–Q 
Square planar thermochemistry in Hartrees AT–BC 
Tetrahedral thermochemistry in Hartrees DU–ED 
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Difference in TZ solvated SP energies of (L)Ni(Ph)Br complexes, 
E(Tetrahedral) – E(Square Planar) in kcal/mol 

AS 

Computed Structural Information 
Relevant distances for catalyst structural features of interest common to every 
computed catalyst structure were gathered from the Gaussian output and are provided 
in Angstroms (Å) or degrees (°). 
Ni1– Br2 distance BQ, ER, 

HI, JZ 
Ni1–N3 distance BR, ES, 

HJ, KA 
Ni1–N4 distance BS, ET, 

HK, KB 
Ni1–Cipso distance BT, EU, 

HL, KC 
N3–Ni1–N4 bite angle BU, EV, 

HM, 
KD 

Br2–Ni1–Cipso ancillary ligand angle BV, 
EW, 
HN, KE 

Plane angle between the planes defined by N3–Ni1–N4 and Br2–Ni1–Cipso BW, EX, 
HO, KF 

Descriptors 
Dipole moment R, BD, 

EE, GV, 
JM 

Energy of the HOMO in Hartrees S, BE, 
EF, 
GW, JN 

Energy of the LUMO in Hartrees T, BF, 
EG, GX, 
JO 

Difference between HOMO and LUMO energies in Hartrees U, BG, 
EH, GY, 
JP 

mu (μ) is the average of the HOMO and LUMO energies, and describes the 
chemical potential94 

V, BH, 
EI, GZ, 
JQ 

eta (η) is half of the difference between the HOMO and LUMO energies, and 
provides information about the hardness of a molecule95  

W, BI, 
EJ, HA, 
JR 

omega (ω) is the square of μ divided by two times η, and describes the 
electrophilicity index95 

X, BJ, 
EK, HB, 
JS 

The quadrupole moment is a tensor, whereas the amplitude is a scalar value. 
xx component of quadrupole moment Y, BK, 

EL, HC, 
JT 
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yy component of quadrupole moment Z, BL, 
EM, 
HD, JU 

zz component of quadrupole moment  
quadrupole amplitude AB, BN, 

EO, HF, 
JW 

Isotropic polarizability in Debye AC, BO, 
EP, HG, 
JX 

Anisotropic polarizability in Debye AD, BP, 
EQ, 
HH, JY 

The energies and occupancies of the d-orbitals of nickel are provided for each d-orbital. 
dxy occupancy BX, EY, 

HP, KG 
dxy energy BY, EZ, 

HQ, KH 
dxz occupancy BZ, FA, 

HR, KI 
dxz energy CA, FB, 

HS, KJ 
dyz occupancy CB, FC, 

HT, KK 
dyz energy CC, FD, 

HU, KL 
dx2-y2 occupancy CD, FE, 

HV, 
KM 

dx2-y2 energy CE, FF, 
HW, 
KN 

dz2 occupancy CF, FG, 
HX, KO 

dz2 energy CG, FH, 
HY, KP 

Partial charges according to natural population analysis (NPA) were obtained with the 
NBO 7.053 module within Gaussian. To obtain a more holistic picture of the ligand 
impact on the nickel center, the average, minimum, maximum, and range of the NPA 
charges for the two ligated nitrogens (N3 and N4) were also tabulated. 
NPAN1 (free ligand) AE 
NPAN2 (free ligand) AF 
Average of the charges of NPAN1 and NPAN2 (free ligand) AG 
Minimum of the charges of NPAN1 and NPAN2 (free ligand) AH 
Maximum of the charges of NPAN1 and NPAN2 (free ligand) AI 
Range of the charges of NPAN1 and NPAN2 (free ligand) AJ 
NPANi1 CH, FI, 

HZ, KQ 
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NPABr2 CI, FJ, 
IA, KR 

NPAN3 CJ, FK, 
IB, KS 

NPAN4 CK, FL, 
IC, KT 

NPACipso CL FM, 
ID, KU 

Average of the charges of NPAN3 and NPAN4 CM, 
FN, IE, 
KV 

Minimum of the charges of NPAN3 and NPAN4 CN, FO, 
IF, KW 

Maximum of the charges of NPAN3 and NPAN4 CO, FP, 
IG, KX 

Range of the charges of NPAN3 and NPAN4 CP, FQ, 
IH, KY 

NMR shifts are commonly represented isotropically, but can also be represented as the 
eigenvalues of the NMR anisotropic shielding tensor. Both the isotropic and anisotropic 
NMR shifts for nickel are omitted due to the use of an effective core potential. 
Isotropic NMR shift of N1 (free ligand) AK 
Isotropic NMR shift of N2 (free ligand) AL 
xx component of anisotropic NMR shift of N1 (free ligand) AM 
yy component of anisotropic NMR shift of N1 (free ligand) AN 
zz component of anisotropic NMR shift of N1 (free ligand) AO 
xx component of anisotropic NMR shift of N2 (free ligand) AP 
yy component of anisotropic NMR shift of N2 (free ligand) AQ 
zz component of anisotropic NMR shift of N2 (free ligand) AR 
Isotropic NMR shift of Br2 CQ, FR, 

II, KZ 
Isotropic NMR shift of N3 CR, FS, 

IJ, LA 
Isotropic NMR shift of N4 CS, FT, 

IK, LB 
Isotropic NMR shift of Cipso CT, FU, 

IL, LC 
xx component of anisotropic NMR shift of Br2 CU, FV, 

IM, LC 
yy component of anisotropic NMR shift of Br2 CV, 

FW, IN, 
LE 

zz component of anisotropic NMR shift of Br2 CW, 
FX, IO, 
LF 

xx component of anisotropic NMR shift of N3 CX, FY, 
IP, LG 

yy component of anisotropic NMR shift of N3 CY, FZ, 
IQ, LH 
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zz component of anisotropic NMR shift of N3 CZ, GA, 
IR, LI 

xx component of anisotropic NMR shift of N4 DA, GB, 
IS, LJ 

yy component of anisotropic NMR shift of N4 DB, GC, 
IT, LK 

zz component of anisotropic NMR shift of N4 DC, 
GD, IU, 
LL 

xx component of anisotropic NMR shift of Cipso DD, GE, 
IV, LM 

yy component of anisotropic NMR shift of Cipso DE, GF, 
IW, LN 

zz component of anisotropic NMR shift of Cipso DF, GG, 
IX, LO 

We hypothesized that the capture of an alkyl radical by (L)NiII(Ph)Br—the presumed 
selectivity determining step—may be impacted by the steric confinement of the 
primary confinement of the primary coordination sphere of the nickel. As such, we 
collected percent buried volume (%Vbur) values at a range of 2.0–5.0 Å in 0.5 Å steps, 
to describe the steric confinement of the coordination sphere about nickel.96–98 The 
buried volume quantifies the occupation of a sphere of a set radius. %Vbur was 
determined for the [(L)NiII(Ph)Br] complex and for [(L)NiII]+2—generated by deletion of 
the Ph- and Br- ligands from the optimized structure. 
%Vbur with a 2.0 Å radius DG, 

DN, 
GH, 
GO, IY, 
JF, LP, 
LW 

%Vbur with a 2.5 Å radius DH, 
DO, GI, 
GP, IZ, 
JG, LQ, 
LX 

%Vbur with a 3.0 Å radius DI, DP, 
GJ, GQ, 
JA, JH, 
LR, LY 

%Vbur with a 3.5 Å radius DJ, DQ, 
GK, GR, 
JB, JI, 
LS, LZ 

%Vbur with a 4.0 Å radius DK, 
DR, GL, 
GS, JC, 
JJ, LT, 
MA 

%Vbur with a 4.5 Å radius DL, DS, 
GM, 
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GT, JD, 
JK, LU, 
MB 

%Vbur with a 5.0 Å radius DM, 
DT, 
GN, 
GU, JE, 
JL, LV, 
MC 

3.4.5.3 Threshold Analysis 

Threshold analysis was performed using the workflow and scripts and developed by the 

Sigman and Doyle groups.31 This method utilizes a single node decision tree to identify 

which, if any, descriptor value(s) that will accurately categorize outputs. The descriptors 

used for these analyses are those discussed in Section 3.4.5.2. The algorithm was 

performed using a plot step size of 0.02 and a y_cut of 10. The y_cut, or yield cutoff, was 

set based on the yield of one catalytic turnover for our system, which would be ~10% 

yield. From this y_cut, we are designating outputs below y_cut as having “inactive” 

catalysts, whilst outputs greater than y_cut will be considered to have “active” catalysts. 

Outputs are plotted in a 2x2 confusion matrix with the quadrants divided into true and 

false categorizations of positives and negatives, with the quadrant assignments taking 

the form of (actual, predicted). Outputs corresponding to yields < 10% (< y_cut) are 

depicted in red; conversely, outputs corresponding to yields ≥ 10% (≥ y_cut) are depicted 

in green.  
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Figure 3.12 Confusion Matrix Definitions 

 

Figure 3.13 Threshold Analysis with Only Bipyridine-Based Ligands 

a)  
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b)  

a) Threshold with class_weight = {0:1,1:20}. b) Threshold with class_weight = ‘balanced’. 

Figure 3.14 Threshold Analysis with Full HTE Dataset 

a)  
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b)  

a) Threshold with class_weight = {0:1,1:20}. b) Threshold with class_weight = ‘balanced’. 

Figure 3.15 Threshold ∆E Decision Value and Statistical Accuracy Metrics 
Figure Y_cut 

(% Yield) 
Class Weight Threshold 

(∆E Tet-SqPl) 
Accuracy F1 MCC 

3.12a 10 {0:1,1:20} -0.81 0.77 0.82 0.59 
3.12b 10 'balanced' -0.81 0.77 0.82 0.59 
3.13a 10 {0:1,1:20} -6.98 0.67 0.78 0.33 
3.13b 10 'balanced' -0.81 0.73 0.80 0.43 

Distortion in the square planar geometry leads to poor yield classification results for 6- 

and 6,6’-(di)substituted bipyridine derivatives using descriptors gathered from the 

square planar geometry. While occasional effective classification was observed—e.g., Ni–

N3 square planar bond distance—these provide less direct mechanistic insight than ∆E 

(the tetrahedral/square planar energy gap). 

For the ∆E descriptor, the use of ‘balanced’ class weighting in Figure 3.14b allows for a 

better threshold—at the same descriptor cutoff as in Figure 3.13a, as we have one 

observation classified as a false negative (cuproine, 3.L18). The behavior of cuproine in 

this analysis prompted us to take a closer look at the timecourse data, where we observed 

that the aryl halide is being consumed in the first 75 min, but no product is formed. At 
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some point after the first 75 min, product is formed, but not with a commensurate amount 

of aryl homodimer. These observations suggest that this ligand promotes a different 

mechanism for the desired bond formation. We hypothesize that the extended π system 

promotes the formation of an arylzinc reagent, which then undergoes in situ Negishi 

cross-coupling with the alkyl halide. Based on these observations, we chose to remove 

this ligand from further analyses, along with 2,2’-bipyrazine—as it is also not a true 2,2’-

bipyridine—for the sake of internal consistency. 

The various confusion matrices with ∆E tell the same story, namely that substitution in 

the 6-position enforces a tetrahedral ground state and rapid dimerization of the aryl 

halide. 

3.4.5.4 Parameterization Modeling Overview 

In the parameterization modeling, variations of bidentate nitrogenous ligands, L, were 

considered in two formats: as the unbound ligand in the absence of a metal, and as a 

subset of the catalyst as the nickel(II) oxidative addition complex, (L)Ni(Ph)Br (see Figure 

3.10 for representative computed structures that were parameterized for modeling). For 

the nickel complexes, the simplified aryl halide—bromobenzene—was utilized for 

consistency and breadth of applicability to other aryl halide systems whilst being 

representative of the model reaction system. 

Reactions were run in duplicate, and the reported values are the average of the two runs 

at 24 h elapsed time. 

Model Target 

Selectivity was defined as the ratio of the averaged concentrations of cross-coupled 

product, [3.3], to aryl homodimer, [3.4], at 24 h, where each reaction was performed in 
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quadruplicate (high-throughput dataset) or duplicate (focused ligand screen dataset). 

The observed selectivity of each catalyst (Figure 3.2, Figure 3.4) was converted to relative 

free energies (with gas constant R = 1.98588·10-3 kcal/mol and temperature T = 298.15 K—

for high-throughput ligand screens—or T = 305.15 K—for focused ligand screens) and 

used as the target in the subsequent modeling. 

∆∆𝐺‡ = −𝑅𝑇𝑙𝑛 2
[𝟑. 𝟑]
[𝟑. 𝟒]3 

Modeling Workflow 

Linear regression model development was performed using Python based on 

observations found from analysis of univariate correlations. Due to apparent changes in 

mechanism and byproduct distribution, ligands based on N-heterocycles other than 

pyridine were removed. The 1-parameter models were internally validated with leave-

one-out (LOO) and k-fold (k = 5) cross-validation. The number of resulting univariate 

correlations was pruned to only consider significant correlations (p-value < 0.01). Each of 

the resulting correlations were used to predict the selectivity of 4 ligands (4,4’-

dimorpholino-2,2’-bipyridine 3.L3, 4,4’-di(pyrrolidin-1-yl)-2,2’-bipyridine 3.L4, 4,4’-

bis(dimethylamino)-2,2’-bipyridine 3.L5, and 5,5’-dimethoxy-2,2’-bipyridine 3.L15) for 

which we did not have any prior experimental observations; these four validation 

samples served as an external validation of our predictions. Moving into modeling, the 

training set for model development was comprised of a set of 4-, 4,4’-, and 5,5’-

substituted-2,2’-bipyridines (5 and 9 training samples for modelling of the high-

throughput and focused screening datasets, respectively). 6-, and 6,6’-subsituted ligands 

were removed based on the results of threshold analysis (vide supra, Section 3.4.5.3). 
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3.4.5.5 Univariate Correlations and Models Using High-Throughput 

Experimental Results 

Figure 3.16 Univariate Correlations from High-Throughput Screening Results 

 

We observed a variety of strong univariate correlations from this dataset; however, many 

of the descriptors that were examined were collinear (vide infra, Figure 3.17). As such, 

the top three univariate correlations are listed here. 

Figure 3.17 Collinearity Heatmap of All Univariate Correlations from High-Throughput 
Screening Results 

x Descriptor R2 p-value 
1 E(HOMO) 0.78 3.46E-03 
2 E(LUMO) 0.92 1.41E-04 
3 μ 0.92 1.41E-04 
4 ω 0.75 5.46E-03 
5 E(dxz) 0.92 1.68E-04 
6 E(dyz) 0.91 2.32E-04 
7 E(dz2) 0.93 1.10E-04 
8 NPABr2 0.74 5.91E-03 
9 NPAN3 0.74 5.82E-03 
10 NPAN4 0.82 1.99E-03 
11 NPAavg(N3,N4) 0.79 3.00E-03 
12 NPAmin(N3,N4) 0.74 5.82E-03 
13 NPAmax(N3,N4) 0.82 1.99E-03 
14 NMR(δiso)N3 0.8 2.66E-03 
15 NMR(δiso)N4 0.78 3.60E-03 
16 NMR(δiso)Cipso 0.7 9.67E-03 
17 NMR(δyy)Br2 0.85 1.12E-03 
18 NMR(δxx)N3 0.73 7.13E-03 
19 NMR(δxx)Cipso 0.89 4.13E-04 
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Provided in this table are all the univariate correlations from this dataset where R2 > 0.70 

and p-value < 0.01. In the collinearity heatmap, the diagonal represents a descriptor’s 

collinearity with itself; off-diagonal correlations represent the collinearity of one 

parameter with another. We noted that these best univariate correlations demonstrated a 

high degree of collinearity (both proportionally and inversely collinear). 

Models generated for this high-throughput screening dataset utilized a 0.3 equidistant 

split, where 70% of the input observations—that evenly span the output variable, ∆∆G‡—

are assigned to the training set, whilst the remaining observations are assigned to the 

validation set. The algorithm used to select and partition observations into the training 

and validation sets is defined such that the highest and lowest values are partitioned into 

the training set rather than the validation set.  



 75 

Figure 3.18 Best 1-Parameter Model (μ) from High-Throughput Screening Results 

 

Our strongest model with this dataset was a 1-parameter model with μ (chemical 

potential), which is approximately the average of the HOMO and LUMO orbital 

energies.94 This model was trained on commonly employed common 4,4’-disubsituted-

2,2’-bipyridines. However, we were dissatisfied with the specificity it provided. We felt 

that designing a more tailored dataset would enable more insight into the catalytic system 

and lead to more effective predictions of reaction outcomes. 

3.4.5.6 Univariate Correlations and Models Using the Focused Ligand 

Experimental Results 

The training set consists of commonly employed common 4,4’-disubsituted-2,2’-

bipyridines, and a suite of non-symmetric 4- and 4,4’-substituted-2,2’-bipyridines. When 

designing non-symmetric ligands, an effort was made to cover a range and combination 

of electron-donating and -withdrawing characteristics.  
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Figure 3.19 Univariate Correlations from Focused Screening Resultsa 
Descriptor R2 p-value 
NMR(δxx)N3 0.93 2.61E-05 

NPACipso 0.92 5.19E-05 
NMR(δiso)N3 0.91 5.43E-05 

NPAN3 0.88 1.96E-04 
NMR(δyy)N3 0.85 4.08E-04 

NMR(δzz)Cipso 0.81 9.65E-04 
E(HOMO) 0.76 2.29E-03 

NMR(δxx)Cipso 0.76 2.25E-03 
μ 0.75 2.70E-03 

E(LUMO) 0.73 3.25E-03 
E(dz2) 0.73 3.52E-03 

NMR(δiso)Cipso 0.73 3.44E-03 
E(dyz) 0.72 3.82E-03 

NMR(δyy)Cipso 0.72 3.85E-03 
E(LUMO) - E(HOMO) 0.71 4.43E-03 

η 0.71 4.43E-03 
E(dxz) 0.71 4.16E-03 

aOnly descriptors from the square planar (.sqpl) computed dataset with univariate correlations where R2 > 
0.70 and p-value < 0.01 are listed here. Correlations with descriptors from the tetrahedral (.tet) dataset were 
not considered due to lack of catalytic relevance based on threshold analysis (vide supra, Section 3.4.5.3). 

Univariate correlations, initial modelling efforts, and prediction of selectivities of the 

ligands in the validation set were performed prior to the synthesis and testing of ligands 

in the validation set. We chose to employ an external validation set consisting of three 

extrapolated points (3.L3–3.L5) and a single interpolated point (3.L15). Notably, we chose 

to employ 5,5’-dimethoxy-2,2’-bipyridine 3.L15 as the interpolation point due to large 

differences in the predicted selectivity using the strongest univariate correlations.  
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Figure 3.20 Best 1-Parameter Models from Focused Screening Results 

 

 

We narrowed down our 1-parameter models with the focused ligand screening 

experimental results to one each: with NPACipso, the xx component of the anisotropic NMR 

shift of N3 (NMR(δxx)N3), and the isotropic NMR shift of N3 (NMR(δiso)N3). From these 

three models, we selected our best model from that which had the highest predicted R2 

(predR2) and the lowest associated mean absolute error: MAE = 0.200 for the NPACipso 

model, 0.219 for the NMR(δxx)N3 model, and 0.237 for the NMR(δiso)N3 model. Given that 

the training set did not include any 5,5’-disubstituted ligands, this finding also 

demonstrates transferability of this model to other substitution patterns present in the 

bpy class of ligands (exclusive of 6- or 6,6’-substitution). 
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Figure 3.21 1-Parameter Model (μ) Using Focused Screening Results 

 

When we revisited the descriptor used to generate the best 1-parameter model for the 

high-throughput screening results (vide supra, Figure 3.18), we noticed that this 

descriptor failed to appropriately account for non-symmetric ligands. This supports our 

hypothesis that the collinearity of descriptors within the initial dataset was limiting 

specificity and translatability of the model.  



 79 

Figure 3.22 Predicted Selectivity of In Silico Ligands Utilizing Optimal Model with 
NPACipso

ab 
Ligand NPACipso Predicted ∆∆G‡ (kcal/mol) 

L24 -0.14914 0.27 
L25 -0.14949 0.14 
L26 -0.12209 10.53a 
L27 -0.11857 11.87a 
L28 -0.11859 11.86a 
L29 -0.13008 7.50a 
L30 -0.15232 -0.94 
L31 -0.15321 -1.27 
L32 -0.17014 -7.70a 
L33 -0.13452 5.82a 
L34 -0.15111 -0.48 
L35 -0.15025 -0.15 
L36 -0.15438 -1.72 
L37 -0.14987 -0.01 
L38 -0.15415 -1.63 
L39 -0.15456 -1.79 
L40 -0.15278 -1.11 
L41 -0.15503 -1.96 
L42 -0.15407 -1.60 
L43 -0.15441 -1.73 
L44 -0.15042 -0.21 

aThese ligands are 6- or 6,6’-(di)substituted. bPredictions are made via the equation for the univariate 
correlation with descriptor NPACipso: ∆∆G‡ = 56.85698 + 379.41561 NPACipso. 

 The predicted selectivity was acquired from the equation resulting from a linear 

regression of the focused ligand screen training set without normalization of the 

descriptor. It is evident that this model of selectivity does not appropriately handle 

sterically constrained ligands. As such, for predicting the selectivity of new ligands, we 

first recommend removal of 6- or 6,6’-(di)substituted ligands, then applying this model. 

3.4.5.7 Alternative Models Using Free Ligand Parameters 

The training set is the same as in Section 3.4.5.6. Note that the numbering of atoms is not 

consistent between the free ligands and the nickel complexes (vide supra, Figure 3.10). 

As such, relative values of parameters provide stronger correlations than absolute 

parameters based on atom number. For example, the maximum NPA charge (NPAmax) 

provides a stronger correlation than the NPA charge of a specific nitrogen donor (NPAN1). 
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When comparing to models and correlations based on parameters sourced from nickel 

complexes, NPAmax would be equivalent to NPAN3 due to the numbering scheme in the 

nickel complex. 

Figure 3.23 Comparison of Univariate Correlations with Parameters from Unbound 
Ligand Descriptors 

Descriptor R2 p-value 
NPAmax 0.91 5.05E-07 

NMR(δxx)N1 0.91 3.73E-07 
NMR(δiso)N1 0.90 6.42E-07 
NMR(δyy)N1 0.90 8.24E-07 

NPAN1 0.83 1.64E-05 
NPAaverage 0.79 4.44E-05 

μ 0.72 2.37E-04 
ω 0.70 3.62E-04 

While reasonable, these correlations lose some nuance compared to the best models using 

parameters sourced from the nickel complex. In particular, the strongest model based on 

free ligands was unable to accurately predict the selectivity of the interpolated 5,5’-

dimethoxy-2,2’-bipyridine (3.L15). 
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Chapter 4: Insight into the Relationship Between the Structure of Common L2 

Dinitrogen Ligands and Selectivity in Cross-Electrophile Coupling 

4.1 Introduction 

The successes described in Chapter 3 provide a roadmap for the development of 

models for selectivity provided by other common classes of L2 dinitrogen ligands. We 

evaluated the reactivity of common phen, PyCam, PyOx, BiOx, and BOX ligands utilizing 

the same model reaction (Scheme 3.2A) and high-throughput workflow employed for 

bpy ligands (vide supra, Section 3.4.3.1). The initial results provided by these studies 

provide a consistent picture of reactivity via class-specific correlations. While low 

dynamic ranges of data—both in computed descriptors and observed experimental 

outcomes—limit the full generation of strong statistical models of selectivity, certain 

trends remain consistent. The goal of this work was to generate a set of class-specific 

models to inform a more general picture of reactivity for these critical ligands. While 

direct extension of the trends observed does not necessarily translate between classes, 

this is to be expected. In related work by the Doyle group, strong inter-class correlations 

were observed within BiOx and BiIm ligands, but translation between classes led to less 

strong and informative results.37 Rather, the correlation and subsequent principal 

component analyses helped distinguish between the more successful BiIm ligands and 

related BiOx ligands. We hypothesized that application of the same data science 

workflow that was successful for bpy ligands (Chapter 3) may help draw key distinctions 

between the remaining classes. 
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4.2 Results and Discussion 

4.2.1 Phenanthroline (phen) Ligands 

Due to similarities in structure and binding, phen ligands offer the simplest 

opportunity to translate the methods that were successful in bpys. Further, phen ligands 

are commonly used in a variety of base- and precious-metal catalysis. It is currently 

unclear what impact the extension of the p-system in the ligand backbone has on 

selectivity in XEC, and as such, we chose to begin our studies by treating phens as a 

separate class entirely. 

Scheme 4.1 Threshold Analysis of phen Ligands Reveals a Reactivity Cliff for Steric 
Hindrancea 

 
aThreshold generated with y_cut = 10 and class_weight = ‘balanced’. Decision threshold = -4.57, accuracy 
= 1.00, F1 score = 1.00, MCC = 1.00. 

 We began by utilizing binary classification of yields to categorize catalysts based 

on yield (Section 3.4.5.3). As in the related bpy system (Scheme 3.2A), we found a set of 

strong reactivity cliffs that suggest that sterically confined 2- and 2,9-(di)substituted 

phens promote a triplet, tetrahedral geometry in the (L)NiII(Ar)Br complex, and thus 

provide low selectivity (Scheme 4.1). An appropriate action moving forward would be to 
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remove sterically constrained ligands as we did in Chapter 3 or evaluate the use of 

computed metrics that take into account tetrahedral character (e.g., .boltz or .lowestgeom 

subsets of the computed library) when employing steric or electronic descriptors for 

classification. However, the success of classification utilizing the energy difference 

between the tetrahedral and square planar geometries makes the latter a less attractive 

option. Based on this result, we curated the training set to exclude ligands with 

substitution in the 2- and 9-positions. Utilizing the resulting dataset, we found no 

statistically sound correlations between computed features and experimental outcomes. 

There are two possible reasons for this lack of correlation: (1) we have not gathered the 

correct molecular descriptor(s) to describe the reactivity of phen ligands or (2) the 

experimental dataset either lacks sufficient dynamic range or is polluted with noise. We 

hypothesize that the latter effect (noise) is causing the lack of significant correlations 

based on the inclusion of both ligands with reactive functionalities and an over-

representation of related phen derivatives. 

Table 4.1 A Comparison of phens: Similar Electronics Yet Different Results 

 

Ligand 3.3 (%) ∆∆G‡ (kcal/mol) NPAN3 
0178_A 78 -1.20 -0.50920 
0231_A 25 0.07 -0.50904 

The correlations observed using this dataset are significantly weaker due to a 

number of confounding factors. First, reactive functionalities such as halides and alcohols 

are present on many of the ligands. For example, the most selective ligand 0178_A and 

the equivalent 4,7-dihydroxy-1,10-phenanthroline 0231_A provided significantly 

different yield and selectivity, despite possessing almost identical electronic 

characteristics (Table 4.2). Further, halogenated ligands provided a wide range of 

N N

OMeMeO

0178_A
N N

OHHO

0231_A
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observed yields that often did not follow the observed trends (Figure 4.2). Finally, the 

low dynamic range in electronic character of the tested ligands led to an 

overrepresentation of ligands in the center of the calculated parameter set. These ligands, 

mainly mono- and polymethylated phenanthrolines led to a cluster of datapoints that 

spread out the observed dataset and mitigated the impact of points near the top and 

bottom of selectivity, leading to overall worse trends. 

Despite these shortcomings, qualitative analysis of the dataset suggests that 

similar trends are present compared to bpy ligands–more electron-rich ligands promote 

higher selectivity. For example, both the best evaluated bpy (3.L2) and phen (0178_A) 

ligands in the initial dataset incorporated electron-donating methoxy groups and yielded 

similar yields and selectivities (Table 4.2). 

Table 4.2 General Electronic Trends Translate from bpy Ligands, but Reactive 
Functionalities Confound Analysis 

Entry Ligand 3.3 (%) ∆∆G‡ (kcal/mol) NPACipso 
1 3.L2 82 -1.68 -0.15298 
2 0178_A 78 -1.20 -0.50920 

To proceed with modelling of the reactivity of phen ligands, a more evenly 

dispersed, electronically diverse dataset is needed. We suggest that a specific training set 

be constructed to incorporate strongly and weakly donating ligands. Ligands with 

substitution in the 2- and 9- positions should be excluded based on the results of 

threshold analysis. Substitution on the 5- and 6- positions may be avoided, as 

modification of these positions is often synthetically difficult. Finally, the over-

representation of common functionalities—mainly alkyl substituents—should be 

reduced. In order to more accurately evaluate the effects of substitution and electronic 

structure on the selectivity of phen ligands, a more even distribution of ligands bearing 

electron-donating and -withdrawing groups in the 3-, 4-, 7-, and 8- positions should be 
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employed. Surveys of such ligands have been performed in other catalytic systems and 

phen equivalents of the improved bipyridine suite—3.L3, 3.L4, and 3.L5—have been 

previously reported to provide improved performance over 0178_A.99,100 We hypothesize 

that construction of such a dataset would enable the extension of the workflow that was 

successful in bpy ligands to phens. 

4.2.2 Pyridyl Carboxamidine (PyCam) Ligands 

PyCam ligands have been shown to provide improved selectivity and generality 

over related bipyridines or phenanthrolines. Despite these successes, the source of their 

improved selectivity is still unknown. We evaluated a series of PyCam and related 

ligands in the model reaction to identify trends in reactivity in the hope that 

distinguishing characteristics may arise that inform further structural and mechanistic 

hypotheses. 

Table 4.3 Observed Univariate Correlations for PyCam Ligands 
Descriptor Source Descriptor R2 p-value 

Square planar (.sqpl) dx2-y2 energy 0.63 1.96E-03 
Square planar (.sqpl) NPAN3 0.53 7.47E-03 
Square planar (.sqpl) NMR(δxx)N3 0.55 5.81E-03 

Tetrahedral (.tet) NMR(δxx)N3 0.73 4.18E-04 
Weighted (.boltz) NMR(δxx)N3 0.55 5.80E-03 

Unlike bpy and phen ligands, we did not perform threshold analysis on the 

PyCam dataset. None of the tested ligands performed below the threshold defined for 

the bpy and phen class (y_cut = 10, corresponding to 10 % yield and one turnover of 

cross-product). Thus, all members of the PyCam class would be classified as active. 

Further, we found that all of the tested PyCam ligands yielded square planar ground state 

geometries. We chose to search for correlations directly between the yield of the desired 

product rather than ∆∆G‡, as the dynamic range was wider. We found only weak 

correlations (Table 4.3) between the computed descriptors and experimental outcomes. 
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These correlations suggest that as with the ligands described above, more electron-rich 

PyCam donors provide improved reaction outcomes. However, the dataset is more 

difficult to derive meaningful trends from, as all the tested PyCam ligands were selective 

for 3.3 over 3.4. Even the electron-poor PyCam 0254_A (32% yield, ∆∆G‡ = -1.27) provided 

significantly better results than the equivalent bpy (3.L9, 4% yield, ∆∆G‡ = 1.39). While 

beneficial from a catalytic standpoint, these results led to a distribution of yields and 

selectivity where a lack of differentiation of datapoints at the top of the dataset leads to 

low interpretability, and other off-cycle pathways may convolute the experimental 

dataset at high observed selectivity. 

Table 4.4 N-cyanated PyCams Provide Lower Yield 

 
Entry R 3.3 (%) 

Y = H 
∆∆G‡ (kcal/mol) 

Y = H 
3.3 (%) 
Y = CN 

∆∆G‡ (kcal/mol) 
Y = CN 

1 H 91 -2.18 74 -1.70 
2 Et 84 -1.88 77 -2.01 
3 tBu 98 -2.73 83 -2.05 
4 OMe 93 -2.19 68 -2.56 

Despite these difficulties, several meaningful trends were observed. First, PyCam 

ligands based on heterocycles other than pyridine provided significantly reduced yield. 

For example, the lowest yielding PyCam derivatives, 0257_A and 0260_A are both based 

on diazines rather than pyridine. Additionally, in contrast to their successful application 

in other systems,17,84 we found that N-cyanated carboxamidine derivatives provided 

lower yields of 3 than their non-cyanated analogues in all cases (Table 4.4). It is still 

unclear if this effect is due to modulation of the donation of the carboxamidine subunit, 

or subtle withdrawing of electron-density form the pyridine. 

These results provide initial insight into the role of electronic parameters on the 

selectivity provided by PyCam ligands. While the overall high yield of these ligands 

N N

R
NH2

Y
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limited interpretability, general observations suggest that ligands utilizing electron-poor 

diazine cores and all forms of carboxamidine N-functionalization lead to decreases in 

selectivity and yield. Future work should employ a wider range of N-functionalized 

catalyst—ideally each heteroarene unit should be represented by both an N-cyanated and 

non-cyanated entry—and a more challenging substrate pair in the model reaction. These 

combined modifications should enable more insight into the role of the carboxamidine 

subunit in promoting selectivity and provide a wider dynamic range of experimental 

results.  

4.2.3 Pyridyl Oxazoline (PyOx) Ligands 

Table 4.5 Observed Univariate Correlations for PyOx Ligands 
Descriptor Source Descriptor R2 p-value 

Square planar (.sqpl) μ 0.87 6.87E-03 
Weighted (.boltz) μ 0.87 6.87E-03 
Weighted (.boltz) E(LUMO) 0.87 6.48E-03 
Tetrahedral (.tet) dxy energy 0.92 2.48E-03 

PyOx ligands are commonly used in palladium-catalyzed asymmetric heck 

reactions and offer a reliable introduction of chirality when utilized in nickel-catalyzed 

XEC reactions, enabling the translation of previously racemic functionalizations.101–103 

While many studies focus mainly on enantioinduction when employing PyOx ligands, 

we sought to determine if our methods could accurately predict selectivity for off-cycle 

pathways. As such, we tested a small number of PyOx ligands with variations in steric 

and electronic structure in our model reactions. We chose to forego formal threshold 

analysis, as the steric environment about PyOx ligands are integral to their utility in 

asymmetric coupling. However, we did observe that the two ligands that promoted a 

ground state tetrahedral geometry—both QuinOx ligands—provided low yields of 3.3. 

We searched for correlations utilizing yield in place of ∆∆G‡, as the two are highly 

correlated. We found a strong univariate correlation between μ and the observed yield of 
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3.3 (Table 4.5). We hypothesized that distortion of the square planar geometry of ligands 

based on QuinOx may lead to a decrease in the robustness of the correlation. To test this, 

we also searched for a correlation between the observed yield and a weighted average of 

μ for the square planar and tetrahedral (L)NiII(Ar)Br complexes. However, we found no 

improvements. Despite this, the strength of the correlation between either μ parameter 

and the experimental outcome, in combination with the similarities in electronic structure 

between bpy and PyOx ligands,104 suggest that significant improvements in the generality 

of PyOx ligands in XEC may be accomplished via the introduction of strong electron-

donating groups in the 4- or 5-positions of the pyridine subunit. Moving forward, we 

suggest that a dataset containing more diverse electronic variations in the pyridine 

backbone be constructed in order to better determine the effects of electronic modulation 

of both the pyridine and oxazoline subunits (Scheme 4.2). Further, other notable 

oxazoline derivatives such as 8H-Indeno[1,2-d]oxazole, should be included. This ligand 

set could be benchmarked in the enantioselective cross-electrophile coupling of aryl 

halides with secondary alkyl electrophiles. 

Scheme 4.2 Proposed Modifications of PyOx Ligands 
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4.2.4 Bioxazoline (BiOx) Ligands 

Table 4.6 Observed Univariate Correlations for BiOx Ligands 
 

Descriptor Source Descriptor R2 p-value 
Weighted (.boltz) E(LUMO) 0.91 0.01 
Weighted (.boltz) μ 0.92 9.45E-03 
Tetrahedral (.tet) η 0.90 0.01 

Square planar (.sqpl) NMR(δzz)Br2 0.91 0.01 
Weighted (.boltz) dxy occupancy 0.93 8.53E-03 

Bioxazoline (BiOx) ligands are commonly employed in asymmetric nickel 

catalysis.105 In particular, these—and related BiIm—ligands have been utilized in the 

enantioselective arylation of epoxides and aziridines. However, the difficulty in 

functionalization of the oxazoline core limits the scope of electronic variation accessible 

using these ligands. As such, much of the electronic and steric modulation is due to the 

4-substitutent. We evaluated a small set of BiOx ligands in the model reaction. We found 

strong correlations between molecular orbital descriptors such as μ or η and the observed 

yield of 3.3 (Table 4.6). Additionally, strong correlations were found using more localized 

descriptors, such as the occupancy of the dxy orbital of the nickel and an NMR tensor of 

the bromine. 

Despite the limited scope of the ligand set, the strength of the observed 

correlations indicates that the 4-substituents in BiOx ligands can have a large impact on 

activity and selectivity. Notably, the lack of any significant steric correlations (e.g. %Vbur) 

suggests that the critical effect of the 4-substituent is electronic in nature (although 

enantioselectivity is often governed by steric factors). Indeed, the least sterically confined 

BiOx ligand 0236_A provided a relatively low yield of 3.3. The highest yielding ligands 

bore a benzyl or phenyl substituent (0239_A and 0240_A, respectively). Given the strong 

correlation with μ, we hypothesize that the addition of electron density to these rings 

may increase selectivity for 3.3 over 3.4. Further investigations into the application of 
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these ligands in XEC should focus more closely on these benzyl and phenyl BiOx ligands, 

as they offer more facile modulation of the electronic character of the ligands. 

Additionally, introduction of related BiIm ligands to the test set may expand the pool of 

available ligands and expand the range of accessible electronic character. 

4.2.5 Bisoxazoline (BOX) Ligands 

While common in a first-row transition metal catalyzed reactions, BOX ligands 

have seen limited application in XEC. The Reisman group has widely utilized IndaBox 

ligands in asymmetric XEC involving activated alkyl halides, but other applications of 

Box ligands for arylation of alkyl halides remains limited.105 A general survey of BOX 

ligands to account for trends in selectivity may enable further development of 

asymmetric XEC. As such, we surveyed a range of BOX ligands in the model reaction to 

evaluate their selectivity for 3.3 over 3.4. 

Scheme 4.3 Threshold Analysis of BOX Ligands from the Weighted Average of 
Tetrahedral and Square Planar (.boltz) Parameter Setsa 

 
aThreshold generated with y_cut = 10 and class_weight = ‘balanced’. Decision threshold = 3726.90, 
accuracy = 1.00, F1 score = 1.00, MCC = 1.00. 
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Scheme 4.4 Threshold Analysis of BOX Ligands from the Square Planar (.sqpl) 
Parameter Seta 

 
aThreshold generated with y_cut = 10 and class_weight = ‘balanced’. Decision threshold = 3225.97, 
accuracy = 1.00, F1 score = 1.00, MCC = 1.00. 

Given the ease of accessibility of a tetrahedral geometry for many (BOX)NiII(Ar)Br 

complexes, we performed a yield classification utilizing either a weighted average of 

parameters sourced from the square planar and tetrahedral complexes (.boltz, vide supra 

Section 3.4.5.2) or using the square planar parameter dataset (.sqpl). We found a strong 

reactivity cliff based on the NMR shift of the bromine atom, which accurately classified 

the least active and selective ligands (Scheme 4.3 for threshold generated from the 

weighted average parameters, for the threshold generated from the square planar 

parameters). These results suggest that utilizing weighted averages of parameters can 

provide insight into these catalyst systems that are more geometrically flexible. 

Table 4.7 Observed Univariate Correlations for BOX Ligands 
Descriptor Source Descriptor R2 p-value 

Square planar (.sqpl) NMR(δzz)N4 0.55 8.97E-03 
Weighted (.boltz) %Vbur, 2.0 Å 0.56 8.46E-03 

Using a curated dataset of ligands that were classified as active, we found two 

weak correlations (R2 > 0.5, p-value < 0.01; Table 4.7): (1) the weighted average of % 



 92 

buried volume at 2.0 Å taken from the tetrahedral and square planar complexes, and (2) 

the zz-component of the anisotropic NMR tensor for N4, taken from the square planar 

complex. While neither of these correlations are sufficient to explain the selectivity 

promoted by BOX ligands, the observation that the two parameters are not highly 

colinear (Scheme 4.5) suggests that both steric and electronic factors may play a role 

determining selectivity. Given these results, we suggest that further work be performed 

utilizing a more diverse suite of BOX ligands. Given the robust reactivity cliff that we 

observed, virtual screening can be employed to avoid the inclusion of ligands that will be 

inactive, reducing the resources necessary to construct an additional experimental 

dataset. Given sufficient experimental results, we expect that a better understanding of 

BOX ligands in XEC may be achieved. 

Scheme 4.5 Collinearity of NMR(δzz)N4 with %Vbur, 2.0 Åa 

 
aR2 = 0.67, p-value = 0.002. 
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4.3 Experimental 

4.3.1 General Information, Procedure, and Computational Details 

Please refer to the general information in Section 3.4.1, the general procedure in Section 

3.4.3.1, and the computational details in Section 3.4.5. All procedures are as referenced 

unless otherwise specified. 

4.3.2 1Ligand Key and Results of Ligand Screens 

Figure 4.1 phen Ligand Key 
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Figure 4.2 Results with phen Ligandsa 

 

Ligand 3.3 (%) 3.4 (%) ∆∆G‡ 
0109_A 32 29 -0.06 
0110_A 23 33 0.23 
0111_A 2 22 1.32 
0178_A 78 10 -1.20 
0220_A 33 28 -0.11 
0221_A 48 21 -0.48 
0222_A 34 28 -0.12 
0223_A 49 21 -0.49 
0224_A 71 9 -1.21 
0225_A 12 33 0.60 
0226_A 32 25 -0.16 
0228_A 52 20 -0.55 
0229_A 68 2 -2.19 
0230_A 45 23 -0.39 
0231_A 25 28 0.07 
0233_A 1 25 1.89 
0234_A 6 19 0.64 
0235_A 20 29 0.21 

aGeneral Procedure A was followed using ethyl 4-bromobenzoate and 1-bromo-3-phenylpropane. 

Figure 4.3 PyCam Ligand Key 
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Figure 4.4 Results with PyCam Ligandsa 

 

Ligand 3.3 (%) 3.4 (%) ∆∆G‡ 
0112_A 63 1 -2.58 
0114_A 84 4 -1.88 
0151_A 91 2 -2.18 
0152_A 74 8 -1.33 
0161_A 93 2 -2.19 
0164_A 68 1 -2.56 
0253_A 98 1 -2.73 
0254_A 45 21 -0.46 
0257_A 31 4 -1.27 
0258_A 74 4 -1.70 
0259_A 83 3 -2.05 
0260_A 19 0 -2.67 
0262_A 77 3 -2.01 
0264_A 40 17 -0.52 

aGeneral Procedure A was followed using ethyl 4-bromobenzoate and 1-bromo-3-phenylpropane. 

Figure 4.5 PyOx Ligand Key 
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Figure 4.6 Results with PyOx Ligandsa 

 

Ligand 3.3 (%) 3.4 (%) ∆∆G‡ 
0186_A 45 23 -0.40 
0241_A 48 15 -0.70 
0242_A 34 20 -0.32 
0243_A 43 19 -0.49 
0245_A 5 38 1.21 
0248_A 23 21 -0.06 
0250_A 5 35 1.16 

aGeneral Procedure A was followed using ethyl 4-bromobenzoate and 1-bromo-3-phenylpropane. 

Figure 4.7 BiOx Ligand Key 

 

Figure 4.8 Results with BiOx Ligandsa 

 

Ligand 3.3 (%) 3.4 (%) ∆∆G‡ 
0236_A 24 32 0.17 
0237_A 30 10 -0.65 
0238_A 17 10 -0.31 
0239_A 44 20 -0.46 
0240_A 41 17 -0.51 

aGeneral Procedure A was followed using ethyl 4-bromobenzoate and 1-bromo-3-phenylpropane.  
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Figure 4.9 BOX Ligand Key 

 

Figure 4.10 Results with BOX Ligandsa 

 

Ligand 3.3 (%) 3.4 (%) ∆∆G‡ 
0265_A 17 20 0.08 
0266_A 16 11 -0.26 
0267_A 19 18 -0.04 
0268_A 3 6 0.33 
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0272_A 2 2 0.04 
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0279_A 15 9 -0.34 
0281_A 41 9 -0.87 
0282_A 14 3 -0.85 
0283_A 14 17 0.11 
0284_A 11 14 0.17 

aGeneral Procedure A was followed using ethyl 4-bromobenzoate and 1-bromo-3-phenylpropane. 
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4.3.3 Results of Statistical Analysis 

Figure 4.11 Threshold Analysis of phen Ligandsa 

Parameter Decision Threshold Accuracy F1 MCC 
dxz Occupancy 1.94 0.78 0.85 0.56 

NMR(δzz)Br2 4193.54 0.94 0.97 0.79 
NMR(δiso)Cipso -17.64 0.89 0.93 0.72 
NMR(δiso)Br2 3255.33 0.94 0.97 0.79 

∆ in ∠N3–Ni–N4 and ∠Br2–Ni–Cipso 11.65 0.94 0.97 0.84 
NMR(δzz)Cipso 188.44 0.94 0.97 0.84 
NMR(δzz)N3 269.21 0.94 0.97 0.84 

NPACipso -0.14 0.94 0.97 0.84 
NPANi 0.68 0.94 0.97 0.84 

E(HOMO) -0.22 0.94 0.97 0.84 
dz2 Occupancy 1.95 0.94 0.97 0.84 
dyz Occupancy 1.92 0.94 0.97 0.84 

Ni–N4 Distance 1.96 0.94 0.97 0.84 
Ni–N3 Distance 2.04 0.94 0.97 0.84 
∠N3–Ni–N4 81.92 0.94 0.97 0.84 

∆E (Tetrahedral – Square Planar) -4.57 1.00 1.00 1.00 
NMR(δzz)N4 269.32 1.00 1.00 1.00 

NMR(δyy)Cipso -93.12 1.00 1.00 1.00 
Ni–Br2 Distance 2.29 1.00 1.00 1.00 
∠Br2–Ni–Cipso 86.35 1.00 1.00 1.00 

aThreshold analysis performed with y_cut = 10 (corresponding to a % yield cutoff of 10%, or one turnover), 
‘balanced’ class weight, and square planar subset of descriptor library. 
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Chapter 5: Miscellaneous Computational Efforts 

5.1 Identification of 2’2’-Bipyridine-6-Carbonitrile and Initial Efforts to Rationalize 

Their Experimental Outcomes 

5.1.1 Introduction 

In depth understanding of ligand reactivity and geometry offers distinct benefits 

in the prediction and design of new ligands that improve reaction outcomes. A less 

obvious benefit is the ability to rapidly identify experimental observations that contrast 

with the current model of selectivity and reactivity. When faced with these outliers, 

chemists must either reevaluate their logic and models or establish the molecular feature 

that differentiates the observed outlier. These discoveries, while serendipitous in their 

origin can yield new understandings of reactivity given careful investigation. Herein, we 

describe the identification of 2,2’-bipyridine-6-carbonitrile ligands, which display 

reactivity distinct from their parent bipyridines and provide a new point of modulation 

of reactivity in bipyridine-nickel catalyzed cross electrophile coupling.92,106 

5.1.2 Results and Discussion 

While classifying bpy ligands based on yield, we identified a single entry that 

displayed reactivity distinct from other entries. This ligand, 3.L23, was calculated to have 

an accessible tetrahedral state, which should promote low selectivity for the cross-

product. Additionally, the introduction of an electron-withdrawing nitrile group is 

predicted to reduce the NPA charge on Cipso, also decreasing selectivity. As such, 3.L23 

displays reactivity in contrast with both nodes of the decision tree described in Chapter 

3. Notably, the nitrile group had no effect on the yield compared to the equivalent 
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bipyridine 5.L1. This observation led us to reevaluate the reactivity of these ligands and 

investigate the effects of cyanation of common bipyridines.  

Table 5.1 Initial Observations from High-Throughput Screening Dataset: 6-Cyanation 
Alters Reactivity of Analogous Ligandsa 

 

Entry L 3.3 (%) Selectivity (3.3: 3.4) Rate (M/min)b 
1 5.L1 70 5.8:1 1.1E-04 
2 3.L23 70 6.7:1 3.4E-04 

aReactions were set up following General Procedure A outlined in Section 3.4.3.1, with data for 3.L23 taken 
from Figure 3.2. Yields and selectivity were determined by UPLC-MS. bRate was determined from 15–75 
min to account for any induction period. 

We synthesized a suite of 2,2’-bipyridine-6-carbonitirle ligands with a variety of 

electron-donating and -withdrawing groups in the 4,4’-positions. When we evaluated 

these ligands in a modified version of the model reaction to determine if the conserved 

reactivity between 5.L1 and 3.L23 was general (Table 5.2). We observed that the identical 

yield of these two ligands was serendipitous, as there was a significant shift in the yield 

of 3.3 for electron-rich and -poor bpy and bpyCN ligands. Interestingly, we saw an 

inversion of the electronic trends described previously in Chapter 3. While electron-rich 

bpy ligands yield the highest selectivity, electron-poor bpyCN ligands provide the highest 

yield of 3.3. Along with this shift in electronic trends, we observed a shift in the side 

product distribution. All bpyCN ligands yielded low amounts of 3.4 and instead yielded 

the alkyl homodimer 3.6 as the major side product. While we had previously observed 

this side product in other couplings, it only formed after the complete consumption of 

3.1a.  
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Table 5.2 A Evaluation of bpyCN Ligands Reveals a Reversed Trend for Selectivity and 
Reactivitya 

 

Entry Ligand 3.3 
(%) 

3.4 
(%) 

3.6 
(%) 

Selectivity Selectivity 
Number R Y (3.3:3.4) (3.3:3.6) 

1 3.L2 OMe H 67 6 20b 11:1 3.4:1 
2 4.L2 OMe CN 43 5 35 8.6:1 1.2:1 
3 3.L1 t-Bu H 44 21 26b 2.1:1 1.7:1 
4 4.L3 t-Bu CN 49 6 30 8.2:1 1.6:1 
5 4.L1 Me H 41 22 26b 1.9:1 1.6:1 
6 3.L23 Me CN 45 5 32 9.0:1 1.4:1 
7 3.L12 H H 38 25 16b 1.5:1 2.4:1 
8 4.L4 H CN 53 3 26 18:1 2.0:1 
9 3.L9 CF3 H 13 31 6b 0.42:1 2.2:1 
10 4.L5 CF3 CN 65 4 12 16:1 5.4:1 

aReactions were set up following General Procedure C outlined in Section 5.1.3.1.3. Yields and selectivity 
were determined by GC-FID. b3.6 was not observed until 3.1a was completely consumed. 

Additional analysis of reaction outcomes and rates confirmed the shift in the 

correlation of the reaction yield and electron-density of the bipyridine ligands. Further 

analysis of the rate of consumption of 3.1a showed that there was no electronic trend—r 

= -0.075—observed for bpyCN ligands.107 This contrasts strongly with bpy ligands, where 

the same trend is observed as in Chapter 3, electron-poor bpy ligands rapidly dimerize 

3.1a, leading to catalyst turnover and subsequently higher rates of consumption. A 

contrasting trend is observed in the rate of consumption of 3.2a, where more electron-

rich ligands consistently consume the bromoalkene more rapidly. This effect is stronger 

for bpyCN ligands, where electron-rich entries rapidly form the alkyl homodimer. This 

trend informs the observed yields for bpyCN ligands–electron-poor examples provide 

higher selectivity for 3.3 over 3.6, leading to higher yields. 
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Scheme 5.1 Electronic Trends for bpy and bpyCN Ligandsa 

 
aReactions were set up following General Procedure C outlined in Section 5.1.3.1.3.. Concentrations of all 
reagents were determined by GC-FID. Rates were determined from 0–30 min when the reaction rate was 
linear. For reactions that were complete in under 30 min, the rate was estimated from 0–15 min. 

Selectivity for 3.6 over 3.4 as the major byproduct of the model system is unusual 

for bpy ligands. However, the rapid activation of alkyl electrophiles is commonly 

observed for L3 ligands such as tpy or bpp derivatives.48 As such, we hypothesized that 

the pendent nitrile group in bpyCN ligands may act as an additional, weak donor, 

changing the denticity of these ligands. Indeed, when compared to canonical L2 and L3 

ligands, bpyCN 5.L4 provides side product distributions and rates of formation more 

similar to tpy 5.L6 rather than bpy 3.L12. This result suggested that bpyCN is in fact 

tridentate. However, when we evaluated 2,2’-bipyrdine-4-carbonitrile 5.L7, we found 

little change in yield or selectivity compared to the 6-carbonitrile analogue. This result 

suggests that bpyCN ligands provide reactivity distinct from similar pyridine-based L2 

and L3 ligands.  
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Table 5.3 bpyCN Ligands Possess Unique Reactivitya 

 

Entry Ligand 3.3 (%) 3.4 (%) 3.6 (%) 
1 3.L12 38 25 16b 

2 5.L4 55 3 26 
3 5.L6 32 5 23 
4 5.L7 55 12 20 

aReactions were set up following General Procedure C outlined in Section 5.1.3.1.3. Yields and selectivity 
were determined by GC-FID. b3.6 was not observed until 3.1a was completely consumed. 

Our current hypothesis is that dynamic interchange of the binding mode of bpyCN 

ligands enables a shift in the operative mechanism in the model XEC reaction. Given the 

results in Table 5.2 and Table 5.3, it is evident that the position of the nitrile functionality 

plays little role in the selectivity of reactions. This can indicate either rapid, dynamic 

interchange in binding modes, or that the ligand exclusively binds to the nitrile. Binding 

of aryl nitrile ligands to nickel is common in a number of fields. Hartwig and coworkers 

have shown that use of a benzonitrile supporting ligand can stabilize low-valent nickel 

compounds, enabling improved reaction outcomes.108,109 More recently, researchers at 

Boehringer Ingelheim published the use of pyridine-2-carbonitrile or 1-H-imidazole-5-

carbonitrile as ligands in the XEC of aryl halides with alkyl bromides.49 While they did 

not pursue further studies into the binding or reactivity of these ligands, these results 

suggest that these ligands may be more broadly applicable in XEC. Finally, Rousseaux 

and co-workers designed ligands with pendant benzonitrile functionalities that promote 

reductive elimination of sterically crowded C–C bonds in the Kumada cross-coupling of 

tertiary nucleophiles.110 These reports suggest that the benefits of bpyCN ligands may be 



 104 

broad, but do not provide a path to rationalize full exchange of binding modes between 

a bifunctional molecule.  

Scheme 5.2 Initial Computational Studies Suggest Flexibility in Denticity 

 

We are currently utilizing DFT to investigate the thermodynamics of different 

binding modes of bpyCN 5.L4 to nickel in a variety of oxidation states. While still 

incomplete, these studies suggest that both bpy-bound and CN-bound modes are 

accessible. We began by investigating the binding of both 5.L4 and 5.L7 to nickel(0) in the 

absence of additional supporting ligands. In accordance with previous finding, the singlet 

nickel(0) displayed significant distortion and was much higher in energy than the triplet 

geometry. We were unable to find a low energy, CN-bond isomer of either of these 

complexes. We hypothesized that the additional stability afforded by the bidentate bpy-

bound isomer prevented the formation of a 12-electron complex. To further match 

experimental conditions, which include a Lewis basic DMA solvent, we added two 

equivalents of N,N,N’,N’-tetramethylurea (TMU) as a symmetric, less conformationally 

labile solvent equivalent. Upon addition of two explicit solvent ligands to our 

calculations, we were able to identify a minimum in which the bpy ligand completely de-

ligated, and the nickel(0) center—supported by the donation of the lone pairs of the two 

oxygens on the solvent ligands—bound exclusively to the nitrile group. While higher in 

energy than the equivalent bpy-bound triplet geometry, the low calculated relative 

energy (7.07 kcal/mol) suggests that this geometry catalytically accessible. 
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Scheme 5.3 Computed Structures to Investigate Possible Binding Modes of 5.L4 

 

Notably, the energy gap between triplet bpy-bound, and singlet CN–bound 

geometries expanded when the two solvent ligands were exchanged for p-bound 

bromobenzene. In fact, the singlet, bpy-bound geometry was found to be the lowest 

energy isomer. Additional optimized geometries and energies—relative only to the other 

geometries and multiplicities of complexes containing the same molecules—are 

presented in Scheme 5.3. Some notable structures and multiplicities, such as CN-bound, 

bpyCNNi0(BrEt) have not yet been found. While this may be due to a shallow energy well, 
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further work may help inform a revised mechanistic picture for XEC catalyzed by these 

new ligands. Our computational work is ongoing and will continue to center around the 

thermodynamics of ligand binding modes. We expect that these studies, supplemented 

by spectroscopic analysis of discrete complexes, stoichiometric reactions to evaluate 

catalyst selectivity, and nitrogen knockout experiments will better establish the binding 

and reactivity of these ligands and enable the further development of alkyl-first XEC. 

5.1.3 Experimental 

5.1.3.1 General Information 

5.1.3.1.1 Reagents 

Metals and Catalysts 

Nickel(II) chloride dimethoxyethane, NiCl2(dme), was purchased from Sigma-Aldrich. 

Zinc flake (-325 mesh) was purchased from Alfa Aesar. 

Tetrakis(triphenylphosphine)palladium(0) was purchased from Oakwood Products. All 

metals and catalysts were stored in a nitrogen-filled glovebox and used without 

additional purification. 

Ligands 

2,2’-Bipyridine was purchased from Sigma-Aldrich. 4,4’-dimethoxy-2,2’-bipyridine was 

purchased from Ambeed or Sigma-Aldrich. 4,4’-Bis(trifluoromethyl)-2,2’-bipyridine was 

purchased from Ambeed. 4,4’-Di-tert-butyl-2,2’-bipyridine was purchased from TCI.H 

 

H These experiments were performed prior to the observation that 3.L1 purchased from different suppliers 
yielded different selectivity. It is unclear if the impurity was carried through the generation of 4.L3. 
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2,2’:6’,2’’-Terpyridine was purchased from Strem. Ligands were stored and handled in a 

nitrogen-filled glovebox and used without further purification. 

Substrates 

Ethyl 4-bromobenzoate was purchased from Oakwood. 1-Bromo-3-phenylpropane was 

purchased from TCI America. Unless otherwise specified, all substrates were purchased 

from commercial sources, stored on the benchtop, and used without further purification. 

Solvents 

Anhydrous N,N-Dimethylacetamide (DMA) was purchased from Sigma-Aldrich and 

stored in a nitrogen-filled glovebox. 

Other Reagents 

Sodium iodide and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich. 4,4’’-

Dimethyl-1,1’-biphenyl was purchased from Thermo Fisher Scientific. Other reagents, 

substrates, and solvents were purchased from commercial sources, stored on the 

benchtop, and used without further purification unless otherwise specified. 

5.1.3.1.2 Methods 

NMR Spectroscopy 

1H, 13C, and 19F NMR spectra were acquired on 400 and 500 MHz Bruker Avance III NMR 

instruments. NMR chemical shifts are reported in ppm. 1H chemical shifts are referenced 

to tetramethylsilane (TMS) in CDCl3 (δ = 0.00 ppm). 13C and 19F chemical shifts were 

absolute referenced to the accompanying 1H spectrum. Coupling constants (J) are 

reported in Hertz.  
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High Resolution Mass Spectrometry 

Mass spectrometry data was collected on a Thermo Scientific Q Exactive Plus Hybrid 

Quadrupole-Orbitrap via flow injection with electrospray ionization by the Paul Bender 

Chemical Instrumentation Center facility at the University of Wisconsin-Madison. 

Gas Chromatography 

GC analyses were performed on an Agilent 7890A GC equipped with dual DB-5 columns 

(20 m × 180 μm × 0.18 μm), dual FID detectors, and H2 as the carrier gas. A sample volume 

of 1 μL was injected at a temperature of 300 °C and a 100:1 split ratio. The initial inlet 

pressure was 20.3 psi but varied as the column flow was held constant at 1.8 mL/min for 

the duration of the run. The initial oven temperature of 50 °C was held for 0.46 min 

followed by a temperature ramp of 65 °C/min up to 300 °C. The total run time was 5.0 

min and the FID temperature was 325 °C. 

Flash Chromatography 

Flash chromatography was performed on a Teledyne ISCO Rf-200 (detection at 254 and 

280 nm) equipped with an 80 g Teledyne ISCO Redisep Rf Gold silica gel column (20–40 

μm particle size) or on a Biotage Isolera One (detection at 210 nm and 400 nm) equipped 

with a 25 g KPsil column (40-63 μm particle size). Products were visualized by UV. 

5.1.3.1.3 General Procedure C: Evaluation of Ligands in 1-Dram Vials 

 

Stock solutions were prepared in a nitrogen-filled glovebox. A stock solution of nickel(II) 

chloride dimethoxyethane (274.6 mg, 1.250 mmol) in DMA was prepared in an oven-

Ar X Alk X +Ar Alk Ar Ar+

NiCl2(dme) (10 mol%)
L (11 mol%)
NaI (25 mol%)
TFA (10 mol%)
Zn0 (2.0 equiv)
DMA (0.1 M), 32 °C

(1.2 equiv)(0.125 mmol)



 109 

dried 25 mL volumetric flask. This solution was stored in a sealed 20 mL vial in the 

glovebox and stirred immediately prior to use. A stock solution of 4,4’-dimethylbiphenyl 

(1500.0 mg, 8.2300 mmol), aryl halide (12.500 mmol), and alkyl halide (15.000 mmol) in 

DMA was prepared in an oven-dried 25 mL volumetric flask. This solution was stored in 

a sealed 20 mL vial in the glovebox and stirred immediately prior to use. Additionally, 

separate stock solutions of sodium iodide (183.6 mg, 1.225 mmol) and TFA (57.0 mg, 0.500 

mmol) in DMA were prepared in oven-dried 5 mL volumetric flasks. These solutions 

were prepared fresh each time reactions were performed. 

In a nitrogen-filled glovebox, an oven-dried 1 dram vial equipped with a PTFE-coated 

stir bar was charged with the ligand (0.014 mmol, 0.11 equiv), nickel(II) chloride 

dimethoxyethane (2.70 mg, 0.0125 mmol, 0.100 equiv, in 250 μL DMA), and DMA (500 

μL). The vial was then sealed with a phenolic screw cap bearing a PTFE-backed silicone 

septum and placed on a stir plate, where it was stirred (1000 rpm) at 30 °C for 30 min. 

After this time, the cap was removed and sodium iodide (4.70 mg, 0.0313 mmol, 0.250 

equiv, in 125 μL of DMA) was added, followed by a mixture of: aryl halide (0.125 mmol, 

1.00 equiv); alkyl halide (0.150 mmol, 1.20 equiv); and 4,4’-dimethylbiphenyl (as an 

internal standard; 15.0 mg, 0.0823 mmol, 0.658 equiv, in 250 μL of DMA). Zinc flake (16.4 

mg, 0.250 mmol, 2.00 equiv) was added to the vial. The contents of the vial were briefly 

swirled to incorporate the zinc and TFA (1.40 mg, 0.0125 mmol, 0.100 equiv, in 125 μL of 

DMA) was added. The vial was resealed with the screw cap and placed on a pre-heated 

stir plate, where it was stirred (1000 rpm) at 32 °C. 

Aliquots were taken at 0, 15, 30, 45, 60, 75, 90, 120, and 180 min to determine the 

concentrations of the product and side products, and at 24 h to establish the final yield. 

The aliquot (20 μL) was obtained by removing the screw cap and sampling the stirring 
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reaction with an autopipette. The aliquot was diluted into 1000 μL of ethyl acetate, 

removed from the glovebox, and quenched with 1 mL of deionized water. The organic 

layer was then passed through a short (1.5 cm in a pipette) silica plug and analyzed by 

GC-FID. Concentrations of the reactants, desired product, and side products were 

determined as calibrated ratios of the area of the analyte peak compared to the area of the 

internal standard peak. 

5.1.3.2 Ligand Key and Preparation 

5.1.3.2.1 Ligand Key 

Figure 5.1 Ligand Key 

 

5.1.3.2.2 Preparation of Ligands 

 

4,4’-dimethyl-2,2’-bipyridine (5.L1) was obtained as a byproduct of the oxidative 

coupling of 4-methylpyridine to form 4,4’,4’’-trimethyl-2,2’:6’,2’’-terpyridine. For an 

analogous procedure, see the preparation of 3.L14. Characterization data match those of 

commercial samples. 
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4,4'-dimethoxy-[2,2'-bipyridine] 1-oxide (5.L2a) was prepared by modification of the 

literature procedure.17 

A 100 mL round-bottom flask equipped with a PTFE-coated stir bar was charged with 

4,4’-dimethoxy-2,2’-bipyridine (2162.4 mg, 10.000 mmol, 1.0000 equiv). The flask was 

placed in a water bath and TFA (6.5 mL) was added. Hydrogen peroxide (30 wt%, 15.000 

mmol, 1.5000 equiv, 1610.0 μL) was added in a steady stream. The resulting solution was 

left to stir at rt overnight. Additional aliquots of hydrogen peroxide (30 wt%, 5.000 mmol, 

0.5000 equiv, 537.0 μL) were added daily until the starting material was completely 

consumed as determined by SFC–MS. The reaction was then diluted with chloroform (20 

mL) and neutralized via the addition of 6 M NaOH. The biphasic mixture was transferred 

to a separatory funnel, and the organic layer isolated. The organic layer was washed with 

6 M NaOH (2 × 10 mL), dried over MgSO4, filtered, and the filtrate was concentrated to 

yield a mixture of the starting material and desired product. The product was used 

without further characterization or purification. 

 

4,4'-di-methoxy-[2,2'-bipyridine]-6-carbonitrile (5.L2) was prepared by modification of 

the literature procedure.17 

N N

MeO OMe

O

N N

MeO OMe

CN
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A flame-dried 50 mL round-bottom flask equipped with a PTFE-coated stir bar was 

charged with 4,4'-di-methoxy-[2,2'-bipyridine]-1-oxide (464.5 mg, 2.000 mmol, 1.000 

equiv). The flask was sealed with a rubber septum and purged with nitrogen for 5 min. 

Under positive pressure of nitrogen, anhydrous DCM (5 mL) was added to the flask. The 

reaction was then cooled to 0 °C and trimethylsilyl cyanide (992.1 mg, 10.00 mmol, 5.000 

equiv, 1251 μL) was slowly added over the course of 5 min via syringe. Afterwards, 

benzoyl chloride (562.3 mg, 4.000 mmol, 2.000 equiv, 465.0 μL) was added dropwise over 

the course of 5 min. The reaction mixture was allowed to warm to rt while stirring for 24 

h. After stirring, a 10% solution of NaHCO3 in H2O was slowly added until gas evolution 

ceased, and the resulting biphasic mixture was stirred at rt for 24 h. The mixture was 

poured into a separatory funnel and the organic layer was set aside. The aqueous layer 

was extracted with DCM (2 × 10 mL), and the combined organic layers were dried over 

MgSO4, filtered, and concentrated. The resulting residue was purified by column 

chromatography (40 g of silica gel, 35% EtOAc/hexanes for 1 CV, then 35–60% 

EtOAc/hexanes across 25 CV) to yield the product (192.2 mg, 0.7972 mmol, 40%) as a 

light pink solid. 

1H NMR (500 MHz, CDCl3) δ 8.47 (d, J = 5.6 Hz, 1H), 8.20 (d, J = 2.4 Hz, 1H), 8.02 (d, J = 

2.6 Hz, 1H), 7.23 (d, J = 2.4 Hz, 1H), 6.89 (dd, J = 5.7, 2.6 Hz, 1H), 4.00 (s, 3H), 3.97 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 166.9, 166.8, 159.3, 155.9, 150.2, 133.9, 117.4, 116.4, 111.9, 

108.7, 106.7, 56.0, 55.5. 

HRMS-ESI (m/z): [M+H]+ calcd for C13H12N3O2
+, 242.0924; found, 242.0924. 



 113 

 

4,4'-di-tert-butyl-[2,2'-bipyridine]-6-carbonitrile (5.L3) was synthesized according to the 

literature procedure and characterization data matched those reported in the literature.17 

 

2,2’-bipyridine-6-carbonitrile (5.L4) was synthesized by a former lab member and 

characterization data matched those reported in the literature. 

1H NMR (500 MHz, CDCl3) δ 8.70 (dd, J = 1.8, 0.9 Hz, 1H), 8.68 (dd, J = 8.2, 1.1 Hz, 1H), 

8.47 (dt, J = 8.1, 1.1 Hz, 1H), 7.95 (t, J = 7.9 Hz, 1H), 7.86 (td, J = 7.8, 1.8 Hz, 1H), 7.70 (dd, 

J = 7.6, 1.1 Hz, 1H), 7.38 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.7, 154.0, 149.3, 137.9, 137.2, 133.2, 128.1, 124.8, 124.2, 

121.6, 117.4. 

 

4,4'-bis(trifluoromethyl)-[2,2'-bipyridine] 1-oxide (5.L5a) 

To a 50 mL round-bottom flask equipped with a PTFE-coated stir bar was charged with 

4,4'-bis-(trifluoromethyl)-2,2'-bipyridine (1460.9 mg, 5.0000 mmol, 1.0000 equiv). The 

flask was submerged in a water bath and TFA (3.25 mL) was added. While stirring, 

hydrogen peroxide was added in a steady stream (30 wt%, 7.500 mmol, 1.500 equiv, 850.3 

N N

tBu tBu

CN

N N
CN

N N

F3C CF3

O
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μL). The resulting solution was left to stir at rt overnight. The reaction was then diluted 

with chloroform (10 mL) and neutralized via the slow addition of 6 M NaOH. The 

mixture was then transferred to a separatory funnel and the organic layer isolated. The 

organic layer was then washed with 6 M NaOH (2 × 5 mL), dried over MgSO4, filtered, 

and concentrated. The resulting residue was purified by column chromatography (ISCO, 

40 g silica, 1 CV hexanes, then 0–40% acetone/hexanes across 25 CV) to yield the desired 

product (271.9 mg, 0.8823 mmol, 18% yield) as a white solid. The remaining mass balance 

was recovered as the equivalent 1,1’-dioxide. 

1H NMR (500 MHz, CDCl3) δ 9.36 – 9.31 (m, 1H), 8.94 (d, J = 5.0 Hz, 1H), 8.63 (d, J = 2.2 

Hz, 1H), 8.40 (d, J = 6.8 Hz, 0H), 7.63 (dd, J = 5.0, 0.9 Hz, 1H), 7.52 (dd, J = 6.8, 2.8 Hz, 1H). 

13C{1H} NMR (126 MHz, CDCl3)  δ 150.2, 149.5, 146.4, 141.6, 139.1 (q, J = 34.4 Hz), 126.9 

(q, J = 35.6 Hz), 125.0 (q, J = 4.0 Hz), 122.6 (q, J = 273.6 Hz), 122.5 (q, J = 272.1 Hz), 122.0 

(q, J = 3.5 Hz), 121.1 (q, J = 3.8 Hz), 120.6 (q, J = 3.5 Hz). 

19F{1H} NMR (377 MHz, CDCl3) δ -63.61, -64.69. 

HRMS-ESI (m/z): [M+H]+ calcd for C12H7F6N2O+, 309.0457; found, 309.0451. 

 

4,4'-bis-(trifluoromethyl)-[2,2'bipyridine]-6-carbonitrile (5.L5) was prepared by 

modification of the literature procedure.17 

A flame-dried 50 mL round-bottom flask equipped with a PTFE-coated stir bar was 

charged with 4,4'-bis-(trifluoromethyl)-[2,2'-bipyridine]-1-oxide (154.1 mg, 0.5000 mmol, 

1.000 equiv). The flask was sealed with a rubber septum and purged with nitrogen for 5 

N N
CN

F3C CF3
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min. Under positive pressure of nitrogen, anhydrous DCM (3 mL) was added to the flask. 

The reaction was then cooled to 0 °C and trimethylsilyl cyanide (248.0 mg, 2.500 mmol, 

5.000 equiv, 312.8 μL) was slowly added over the course of 5 min. Following this, benzoyl 

chloride (140.6 mg, 1.000 mmol, 2.000 equiv, 116.2 μL) was added dropwise over the 

course of 5 min. The reaction mixture was allowed to warm to rt while stirring for 24 h. 

After this time, a 10% solution of NaHCO3 in H2O was slowly added until gas evolution 

stopped, and the resulting biphasic mixture was stirred at rt for 24 h. The mixture was 

then poured into a separatory funnel and the organic layer set aside. The aqueous layer 

was extracted with DCM (2 × 10 mL), and the combined organic layers were dried over 

MgSO4, filtered, and concentrated. The resulting residue was purified by column 

chromatography (40 g of silica gel, hexanes for 1 CV, then 0–20% EtOAc/hexanes across 

15 CV) to yield the product (147.4 mg, 0.4670 mmol, 93%) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 8.98 (d, J = 0.8 Hz, 1H), 8.92 (d, J = 5.0 Hz, 2H), 8.74 (d, J = 

0.9 Hz, 1H), 7.96 (d, J = 1.4 Hz, 1H), 7.67 (dd, J = 4.6, 1.4 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.9, 154.0, 150.6, 141.2 (q, J = 35.4 Hz), 140.1 (q, J = 

34.7 Hz), 134.5, 124.3 (q, J = 3.5 Hz), 122.6 (q, J = 273.6 Hz), 121.8 (q, J = 274.1 Hz), 121.1 

(q, J = 3.5 Hz), 120.5 (q, J = 3.6 Hz), 117.7 (q, J = 3.7 Hz), 116.0. 

19F{1H} NMR (377 MHz, CDCl3) δ -64.79, -64.85. 

HRMS-ESI (m/z): [M+H]+ calcd for C13H6F6N3
+, 318.0460; found, 318.0455. 

 

2,2’-bipyridine-4-carbonitrile (5.L7) 

N N

CN
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In a nitrogen-filled glovebox, an oven-dried 50 mL two-neck flask equipped with a PTFE-

coated stir bar was charged with tetrakis(triphenylphosphine)palladium(0) (138.7 mg, 

0.1200 mmol, 0.06000 equiv) and 2-bromoisonicotinonitrile (366.0 mg, 2.000 mmol, 1.000 

equiv). The flask was sealed with a rubber septum and removed from the glovebox. The 

flask was equipped with a condenser via the top neck and the flask was purged with 

nitrogen. Anhydrous toluene (20 mL) and 2-(tributylstannyl)pyridine (809.9 mg, 2.200 

mmol, 1.100 equiv, 712.3 μL) were added, then the contents were heated to reflux and 

stirred for 4 days. After stirring, the reaction mixture was allowed to cool to rt and was 

filtered through a plug of Celite pre-wetted with DCM, and the filter cake was washed 

with DCM (3 × 25 mL). The filtrate was concentrated, and the resulting residue was 

purified by column chromatography to yield the product (200.7 mg, 1.108 mmol, 55%) as 

a white solid. 

1H NMR (500 MHz, CDCl3) δ 8.84 (dd, J = 4.9, 0.9 Hz, 1H), 8.73 – 8.69 (overlapping signals, 

2H), 8.43 (dt, J = 8.0, 1.1 Hz, 1H), 7.86 (td, J = 7.8, 1.8 Hz, 1H), 7.52 (dd, J = 5.0, 1.6 Hz, 1H), 

7.38 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.6, 154.1, 150.0, 149.5, 137.2, 124.8, 124.7, 123.0, 121.4, 

121.3, 116.7.  
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5.1.3.3 Results of Ligand Screens 

Figure 5.2 Evaluation of bpy, bpyCN, and tpy Ligandsa 

 

Entry Ligand 3.3 (%) 3.4 (%) 3.6 (%) 
1 3.L2 67 6 20b 

2 3.L1 44 21 26b 

3 5.L1 41 22 26b 

4 3.L12 38 25 16b 

5 3.L9 13 31 6b 

6 5.L2 43 5 35 
7 5.L3 49 6 30 
8 3.L23 45 5 32 
9 5.L4 53 3 26 
10 5.L5 65 4 12 
11 5.L6 32 5 23 
12 5.L7 55 12 20 

aReactions were assembled in a nitrogen filled glovebox according to General Procedure C with ethyl 4-
bromobenzoate and 1-bromo-3-phenylpropane. Yields and selectivity were determined by GC-FID. b3.6 
was not observed until after complete consumption of 3.1a. 

5.1.3.4 General Computational Method 

Please refer to the general information in Section 3.4.1, the general procedure in Section 

3.4.3.1, and the computational details in Section 3.4.5. All procedures are as referenced 

unless otherwise specified. All energies are provided in kcal/mol and are normalized 

relative to the lowest-energy isomer. 

5.1.3.5 Computational Results 

Optimized geometries and energies can be found in Scheme 5.3. 
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5.2 Initial Studies on the Impact of Ligand Structure in Decarbonylative Cross-

Electrophile Coupling 

5.2.1 Introduction 

Decarbonylative XEC offers an attractive method to generate alkylnickel species 

via a two-electron pathway. This approach offers a direct translation of successful 

strategies for C(sp2)–C(sp3) XEC to C(sp3)–C(sp3) bond formation while avoiding non-

selective radical–radical couplings, or the in situ generation of alkyl nucleophiles. 

Recently, our group and others have published methods for the decarbonylative XEC of 

benzoic acid derivatives and alkyl electrophiles.111,112 Unpublished work in the group has 

worked to translate this chemistry to alkanoic acid derivatives, enabling a general two- 

and one-electron C(sp3)–C(sp3) XEC. Over the course of these studies, distinct trends were 

observed relating the ligand identity with the proportion of alkyl–alkyl cross-coupled 

product, and acyl-alkyl product. This ketone derivative results from inefficient CO 

extrusion from the intermediate (L)NiII(Acyl)X complex. As decarbonylation, and CO 

extrusion have been shown to be reversible, we hypothesized that a brief computational 

campaign investigating the thermodynamic equilibrium between acylnickel and 

alkylnickel may help rationalize the effect of ligand structure on the reaction outcome.  

5.2.2  Results 

We investigated the equilibrium between [(L)NiII(Acyl)]+ and [(L)NiII(Alk)]+ for 

three ligands, bpp, 6-pyrrazol-1-yl-2,2’-bipyridine, and tpy. Experiments had 

demonstrated that amongst this series, the proportion of alkyl–alkyl to acyl-alkyl cross-

coupled product decreased. First, we established that all catalytically relevant species 

assume a singlet multiplicity in the ground state (Scheme 5.4). We then went on to 
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investigate the thermodynamic equilibrium for each ligand. Indeed, in accordance with 

the experimental observations, the equilibrium with bpp as the ligand favored the 

[(L)NiII(Alk)]+ complex the most. Notably, decarbonylation and CO extrusion from the 

[(L)NiII(Acyl)]+ complex was not favorable with any of the studied ligands. This may 

inform the high temperatures and large reaction headspace necessary to drive the 

equilibrium and acquire reasonable amounts of alkyl-alkyl cross-coupled product. 

However, the relatively small differences in energy do not account for the large 

differences in selectivity for the desired product over the equivalent ketone. It is currently 

unclear if this is due to chelation effects in the experimental substrate, or other 

unaccounted for factors. One possibility is that the reaction proceeds through an 

intermediate reduction from [(L)NiII(Acyl)]+ to (L)NiI(Acyl) intermediate. Given recent 

work by Doyle and Sigman which specifically highlights the stability of nickel(I) 

complexes using these ligands, it would be beneficial to also investigate the equilibrium 

between (L)NiI(Acyl) and (L)NiI(Alkyl).38 If the energetic differences are exacerbated in 

this lower oxidation state, this may inform further experimental mechanistic study.  
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Scheme 5.4 Initial DFT Studies of Decarbonylation Equilibria 

 

5.2.3 Discussion and Future Work 

Further studies into this critical equilibrium is warranted. Informed by 

electrochemical work, we will investigate the decarbonylation of (L)NiI(Acyl) complexes 

to determine if computational values better match experimental observations. DFT-

optimized structures and energies cannot easily mirror the dynamic exchange of CO from 

the nickel center to the reaction solvent, and into the reaction headspace, they do support 

experimental observations. Further, given the observed trend, it is possible that a 

statistical model may be developed to relate molecular descriptors of either the acylnickel 

or alkylnickel complex with the observed selectivity for alkyl–alkyl or acyl–alkyl XEC. 

This model can then be utilized to design and validate improved ligands for this coupling 

via virtual screening. 
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5.2.4 Experimental 

5.2.4.1 General Computational Method 

All computations were performed using the Gaussian 16, Rev. C.01 suite using defaults 

unless noted otherwise.51 Optimized structures are visualized using GaussView 6.0.10.52 

The “ultrafine” integration grid setting was used in all computations. Each structure was 

calculated by performing geometry optimization with the unrestricted M06 functional54 

and the cc-pVDZ basis set,55,56 as well as the LANL2DZ effective core potential57 for Ni. 

The frequency keyword “noraman” was used in all frequency calculations to increase 

computational efficiency. Gas phase single point energies were obtained using M06/cc-

pVTZ, SDD(Ni).58 Corrections for the solvation energies were obtained from the 

difference between single points with the SMD continuum solvation method for THF 

(tetrahydrofuran)59 and a gas phase single point, both using M06/cc-pVTZ,SDD(Ni). 

Conformers of higher energy were accounted for in all cases and are not included in the 

discussion. Stationary points were characterized as ground states by the absence of 

negative eigenvalues (zero imaginary frequencies) in frequency analysis at the same level 

of theory as the geometry optimization. All energies are provided in kcal/mol. 
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