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Abstract  

Transition metal-catalyzed coupling reactions are the predominant methods for carbon-carbon 

bond formation in synthetic chemistry. Nickel-catalyzed cross-electrophile coupling (XEC) 

reactions have emerged as a promising alternative to conventional cross-coupling strategies that 

employ organometallic nucleophiles as coupling partners. Ni-catalyzed XEC reactions feature the 

direct coupling of two electrophiles enabled by Ni-catalysis that requires a stoichiometric source 

of electrons from chemical reductants or electroreduction. This strategy offers several benefits, 

such as the utilization of stable and widely available carbon electrophiles, operational simplicity, 

and great functional group tolerance. Consequently, notable advancements in Ni-catalyzed XEC 

reactions have been achieved over the past decades. This thesis describes the efforts towards the 

development, mechanistic understanding, and application of Ni-catalyzed XEC methods. 

Chapter 1 provides a high-level overview of Ni-catalyzed XEC reactions, including their first 

disclosures, development, and current state of the art. Reaction mechanisms and strategies for 

achieving cross-selectivity in Ni-catalyzed XEC reactions are also discussed. 

Chapter 2 discloses an electrochemical method that converts lignin-derived aromatic 

compounds into a collective of substituted biphenyl-4,4ǋ-dicarboxylic acid (BPDA) derivatives via 

Ni- and Ni/Pd-catalyzed XEC. The synergy between chemical and electrochemical conditions is 

highlighted, showing that high-throughput experimentation with chemical reductants enables rapid 
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catalyst discovery while electrochemistry improves reaction yields and/or facilitates 

implementation on larger scale. The resultant BPDA derivatives exhibit improved poly(vinyl 

chloride) (PVC) plasticizer performance and reduced toxicity relative to a commercial plasticizer. 

Chapter 3 describes the application of open-circuit potential measurements to determine the 

redox potentials of metal reductants in organic solutions. Different organic solvents and reaction 

additives are shown to significantly impact the thermodynamic potentials of metal reductants. 

Fundamental insights can be gained through the study of the relationship between reductant redox 

potentials and critical redox processes in XEC reactions. Finally, Ni-catalyzed XEC of N-alkyl-

2,4,6-triphenylpyridinium reagents (Katritzky salts) with aryl halides is used to demonstrate how 

some of the limitations related to using metal reductants can be overcome by highly tunable 

electrochemical reduction. 

Chapter 4 details the development of a general strategy for the XEC of heteroaryl chlorides 

with aryl bromides via Ni-catalysis. Two sets of reaction conditions (A and B) have been identified 

to enable the coupling of a variety of heteroaryl chlorides and aryl bromides containing an array 

of functional groups and steric environments. Condition A is particularly effective for the coupling 

of 2-chloropyridines with aryl bromides. Mechanistic investigations into condition A suggest a Ni-

catalyzed in situ aryl-zinc formation, followed by a Ni-catalyzed cross-coupling between aryl-zinc 

and 2-chloropyridines. Condition B is usually preferred for the XEC of diazaheteroaryl chlorides 

with aryl bromides. In this case, preliminary studies reveal the synergistic effects of NaI and FeBr2 

to match the relative reactivity of the two coupling partners and achieve high cross-selectivity. 

Collectively, the studies presented herein are envisioned to enable the utilization of a broader 

scope of electrophiles in Ni-catalyzed XEC reactions and facilitate a better mechanistic 

understanding.  
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Chapter 1. 

An Overview of Nickel-Catalyzed Cross-Electrophile Coupling 
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1.1. Introduction  

Transition metal-catalyzed cross-coupling has proven to be one of the most powerful, reliable, 

and commonly used transformations in the organic chemistǋs toolkit. Conventional cross-coupling 

features the coupling of nucleophiles with electrophiles enabled by a transition metal catalyst, with 

palladium catalysts standing as the premier. These technologies allow the efficient and modular 

construction of carbon-carbon and carbon-heteroatom bonds and have found numerous 

applications in the synthesis of pharmaceuticals, agrochemicals, polymers, among others.1ï8 More 

recently, nickel-catalyzed cross-electrophile coupling (XEC) has emerged as a promising 

alternative to conventional cross-coupling. This strategy avoids the use of precious-metal catalysts 

and circumvents the need for organometallic reagents that have limited stability and commercial 

availability. Instead, two electrophiles are coupled via nickel-catalysis under reductive conditions. 

Electrophiles are generally bench-stable and readily available or accessible from commercial 

sources. Additionally, nickel catalysts can engage in either one- or two-electron elementary steps 

with a substrate or a second nickel species, opening a plethora of opportunities for catalyst design 

and methodology development (Figure 1.1).9ï12 

 
Figure 1.1. Common features of palladium- and nickel-catalysis.  
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1.2. Early Development of Nickel-Mediated Reductive Coupling 

In 1970ï1980s, Semmelhack and co-workers disclosed the homocoupling of aryl halides 

mediated by stoichiometric bis(l,5-cyclooctadiene)nickel(0) (Ni(COD)2) at moderate temperatures 

in DMF solvent (Figure 1.2A). The reaction conditions were compatible with functional groups 

that would not survive in reaction with aryl-magnesium or aryl-lithium reagents (e.g., ketone, 

aldehyde, ester, and nitrile). Acidic functional groups (hydroxyl, carboxylic acid) failed to couple 

under these conditions.13 This method was later extended to the homocoupling of alkenyl halides 

and successfully applied to the synthesis of cyclic biaryls. It is worth noting that the cyclization of 

bis(iodoaryl)alkanes was found to be promoted by a different form of nickel(0), 

tetrakis(triphenylphosphine)nickel(0) (Ni(PPh3)4).
14,15 

Following these precedents, Kumada and co-workers in the late 1970s achieved a Ni-catalyzed 

aryl bromide homocoupling using stoichiometric zinc as an external reductant (Figure 1.2B). In 

this case, nickel(0) was in situ generated by stirring Ni(PPh3)2Cl2, PPh3, and Zn in DMF for 30 

min, after which aryl halides were added. Significant rate acceleration was observed upon the 

inclusion of a catalytic amount of potassium iodide (KI) as an additive, enabling the reaction to 

proceed at room temperature to give 85% yield after 24 h; the same reaction without KI only 

afforded 24% yield after 24 h. Electron-rich and -deficient para-substituted aryl bromides (methyl, 

methoxy, ketone, ester) were shown to be tolerated within this reaction.16 

In 1986, Périchon and co-workers reported the use of NiBr2(bpy) (bpy = 2,2ǋ-bipyridine) as the 

catalyst for electrochemical homocoupling of organic halides. The reaction was conducted in an 

undivided cell by applying a constant potential (ï1.3 V vs. SCE), using a gold cathode and a 

sacrificial magnesium anode. Cross-coupling of two aryl halides using NiBr2(bpy) catalyst was 

also evaluated. Homo-coupled products were exclusively obtained when one aryl halide was much  
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Figure 1.2. Early examples of Ni-mediated reductive coupling reactions. (A) Semmelhack reductive biaryl 

synthesis mediated by stoichiometric nickel(0). (B) Kumada Ni-catalyzed aryl halide homocoupling. (C) 

Product distribution in Ni-catalyzed electroreductive cross-coupling of two aryl halides. 

more reactive than the other (e.g., iodobenzene and 4-bromotoluene). On the other hand, the 

coupling of aryl halides with similar reactivity (e.g., bromobenzene and 4-bromotoluene) afforded 

a statistical mixture of cross- and homo-coupled products.17 Further investigations showed that the 

distribution of products could be perturbed by varying steric and electronic properties of one aryl 

halide coupling partner when the other coupling partner was an ortho-substituted aryl chloride; 

however, in most cases, less-than-statistical yields of the cross-coupled products were obtained 

(Figure 1.2C).18 These preliminary studies revealed the difficulty of achieving selective XEC 

between two aryl halides using a single nickel catalyst. 
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In the early 1990s, Durandetti and co-workers demonstrated that NiBr2(bpy) was an effective 

catalyst for the coupling of aryl halides with activated alkyl electrophiles. Aryl halides were 

smoothly coupled with Ŭ-chloro ketones and esters and could be extended to coupling with other 

activated alkyl electrophiles, such as allylic acetates, Ŭ-chloro nitriles, and benzyl chlorides.19,20 

The reaction was promoted by electrolysis at a constant current using a sacrificial anode. Alkyl 

electrophiles were used in excess and slowly added into the reaction mixture throughout 

electrolysis, due to their high reactivities towards nickel(0) (Figure 1.3A). 

 
Figure 1.3. Early examples of Ni-catalyzed XEC reactions. (A) Electrochemical Ni-catalyzed XEC of aryl 

halides with activated alkyl electrophiles. (B) Electrochemical Ni-catalyzed XEC of heteroaryl halides with 

aryl halides.  

Built upon these studies, electroreductive coupling of aryl halides with 2-halopyridines was 

achieved by Gosmini and co-workers, employing NiBr2(bpy) as the catalyst, using a magnesium 

or zinc anode.21 Further studies found that using a sacrificial iron anode could enable XEC of aryl 

halides with more challenging heterocycles such as 2-chloropyrimidine.22 Functionalized 2-
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halopyridines were also successfully coupled with aryl halides using the sacrifi cial iron anode 

process.23 Using an iron anode allowed in situ generation of FeBr2 that was proposed to limit 

heterocycle ligation to the Ni catalyst. In these reports, the two electrophiles were carefully paired, 

based on their reactivities, to achieve selective cross-coupling. For example, pyridyl bromides 

were used for coupling with electron-deficient aryl bromides, while pyridyl chlorides were chosen 

for coupling with electron-rich aryl bromides (Figure 1.3B). 

Overall, these studies laid the groundwork for the future development of Ni-catalyzed XEC 

reactions. Tremendous advancements have been achieved since then, both synthetically and 

mechanistically. The following content will first introduce the typical mechanisms proposed for 

Ni-catalyzed XEC reactions, followed by a summary of the scope of substrates that can be utilized 

in these reactions. General strategies for achieving selectivity in Ni-catalyzed XEC reactions will 

also be discussed. 

1.3. Mechanisms of Ni-Catalyzed XEC Reactions 

A sequential oxidative addition mechanism is usually proposed for Ni-catalyzed XEC of two 

aryl electrophiles. The reaction initiates from the oxidative addition of the reduced nickel catalyst 

(A) to the more reactive electrophile, affording an aryl-nickel(II)  intermediate (B). Upon reduction 

by an external reductant, the resultant nickel(I) complex C performs a second oxidative addition 

into the other electrophile to generate a diaryl-nickel(III) complex (D). Subsequent reductive 

elimination from D forms the desired product and a nickel(I) (E), which is then reduced to 

regenerate the active nickel(0) catalyst (Figure 1.4A). In this mechanism, Ni catalysts activate both 

electrophiles via two-electron oxidative addition pathways. Therefore, it is crucial that the two 

low-valent nickel species (A and C) each selectively react with one of the coupling partners, so 

that cross-coupling can be achieved. This catalytic behavior can be attributed to reactivity 
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differences between the two electrophiles and the alignment of steric and electronic properties in 

low-valent nickel intermediates.12 

The activation of C(sp3) electrophiles by nickel catalysts in XEC is generally proposed to 

involve single-electron transfer pathways and organic radical intermediates. In a typical Ni-

catalyzed C(sp2)ïC(sp3) XEC reaction, the aryl electrophile is proposed to first react with nickel(0) 

via oxidative addition to form an aryl-nickel(II). This intermediate intercepts the alkyl radical to 

form a high-valent nickel(III)  complex, which undergoes reductive elimination to generate the 

product and a nickel(I). Activation of the alkyl electrophile by this nickel(I) intermediate then 

allows the alkyl radical to enter the catalytic cycle and, in turn, generates nickel(II), which re-

enters the cycle via reduction to nickel(0) (Figure 1.4B). In this mechanism, Ni catalysts undergo 

both two-electron and one-electron activation pathways with the electrophiles, allowing sequential 

activation of different electrophiles via distinct mechanisms and imparting selectivity.12 

 
Figure 1.4. Mechanistic models for Ni-catalyzed XEC reactions. (A) Sequential oxidative addition 

mechanism. (B) Radical chain mechanism. 
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Variations on these general mechanisms have been proposed as the field continues to grow. For 

instance, mounting evidence suggests that aryl electrophiles are activated by nickel(I) instead of 

nickel(0) when nickel is complexed with nitrogen-based ligands.24ï26 Additionally, radicals can be 

generated from a separate co-catalytic cycle or from single-electron reduction of C(sp3) 

electrophiles by chemical reductants or electroreduction.12 These variations greatly expand the 

ways to modulate reactivity and selectivity in XEC reactions, but inevitably introduce subtle 

differences into the reaction mechanisms that are not always distinguishable without extensive 

studies. The use of different ligands, solvents, additives and whether or not a co-catalyst is involved 

in the reaction may result in changes in the mechanism. Nonetheless, the mechanistic models 

described above build the framework for understanding the origin of cross-selectivity in Ni-

catalyzed XEC reactions and provide guidance for reaction design and optimization. 

1.4. Scope of Ni-Catalyzed XEC Reactions 

Cross-electrophile coupling as a general concept materialized with the seminal report in 2010 

from Weix and co-workers, disclosing a dual-ligand nickel-catalyzed reductive coupling between 

aryl halides and unactivated alkyl halides at 1:1 substrate ratio (Figure 1.5A).27 Tremendous efforts 

have been made since then to expand the scope of substrates that can be utilized in XEC reactions, 

which can be broadly categorized into three classes: (a) C(sp2) and C(sp3) halides, (b) carbon 

electrophiles that are readily converted from corresponding nucleophiles, and (c) small molecules 

(e.g., CO2
28ï30, SO2

31) and heteroatom electrophiles (e.g., Si32,33, Ge34, B35). The following content 

will highlight the recent progress on Ni-catalyzed XEC reactions involving the first two classes of 

substrates. 

The majority of Ni-catalyzed XEC reactions have been focused on the construction of C(sp2)ï

C(sp3) bonds as the inherent differences of C(sp2) and C(sp3) electrophiles can lead to robust cross-
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selectivity. In many cases, the coupling between aryl halides and alkyl halides can be achieved in 

high yields and selectivity.12 For instance, aryl iodides, bromides and activated aryl chlorides can 

be smoothly coupled with primary and secondary alkyl bromides, usually promoted by a nickel 

 
Figure 1.5. Ni-Catalyzed C(sp2)ïC(sp3) XEC reactions using metal reductants. (A) Seminal report from 

Weix and co-workers on XEC of aryl halides with alkyl halides. (B) Representative examples. (C) Ligands 

used in reactions illustrated in (A) and (B). 
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catalyst complexed with bidentate nitrogen ligands in the presence of halide salts.36ï38 Highly 

reactive methyl iodides are shown to be compatible coupling partners with aryl halides.39 XEC of 

unactivated aryl chlorides with alkyl chlorides has been achieved by including halide additives and 

employing a uniquely selective pyridyl carboxamidine ligand.40 Ligands of this type are also 

shown to enable coupling of challenging heteroaryl halides with alkyl halides.41,42 The coupling of 

aryl bromides with highly reactive tertiary alkyl bromides can be difficult but has been achieved 

using Ni(acac)2 (acac = acetylacetonate) catalyst in the presence of NHC (N-heterocyclic carbene) 

additives, pyridine-type ligands, and chloride salts.43,44 These reactions were conducted using a 

heterogeneous chemical reductant, typically zinc or manganese (Figure 1.5B). More recently, 

electrochemical Ni-catalyzed XEC methods have been developed for construction of C(sp2)ïC(sp3) 

bonds, wherein sacrificial anodes or homogeneous chemical reductants are used to provide the 

reducing equivalents (see Section 1.5 for more discussion). 

 
Figure 1.6. Common carbon electrophiles in Ni-catalyzed XEC reactions. 

Besides organohalides, carbon electrophiles can be obtained through a convenient functional 

group conversion from the corresponding nucleophiles (Figure 1.6). Alkyl alcohols and phenols 

can be converted to sulfonate esters (often known as pseudohalides) and other oxygen electrophiles 

(e.g., alkyl oxalates)45ï47. Alkyl amines can become accessible substrates by conversion into 

pyridinium salts (often known as Katritzky salts)48ï51 or occasionally ammonium salts52. Organic 
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carboxylic acids have been primarily activated as N-hydroxyphthalimide esters (NHP esters)53,54, 

with isolated examples showing other possibilities such as 2-pyridyl esters55. Epoxides and 

aziridines can be readily used as radical precursors upon reductive ring opening.56,57 

The utilization of these electrophiles not only allows Ni-catalyzed XEC to cover a broader 

chemical space, but also provides opportunities for achieving cross-selectivity via different 

activation mechanisms (Figure 1.7). For example, methyl tosylates as a less reactive methyl source 

than methyl iodides can be compatible coupling partners in the XEC with alkyl and aryl 

bromides.58,59 Gong and co-workers have achieved XEC of alkyl oxalates with aryl halides, 

wherein Zn/MgCl2 triggers a Barton-type CīO bond radical scission of the oxalates that is further 

promoted by Ni catalysts.47 Watson and co-workers, in collaboration with Merck, have showed 

that XEC of amino acid pyridinium salts with aryl bromides could enable efficient synthesis of 

noncanonical amino acids and diversification of peptides.60 Katritzky salts are proposed to undergo 

single-electron reduction by an external reductant, rather than a reduced Ni catalyst, to generate 

alkyl radicals.50 This feature allows Hazari and co-workers to modulate the rates of alkyl radical 

formation from Katritzky salts by using organic reductants with different reduction potentials and 

achieve XEC of highly reactive benzylic Katritzky salts with aryl iodides using a milder reductant, 

TME (tetrakis(morpholino)ethylene), compared to TDAE (tetrakis(dimethylamino)ethylene).61 

Baran, Kawamata, and co-workers have developed an electrochemical Ni-catalyzed C(sp3)ïC(sp3) 

reductive coupling method that utilizes two NHP esters as coupling partners, termed as doubly 

decarboxylative coupling (dDCC). In this case, NHP esters are proposed to be reduced by the 

cathode or low-valent nickel species.62 They later reported an improved reaction condition to allow 

modular construction of complex molecular architectures, showcased in the synthesis of a series 

of natural products.63 
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Figure 1.7. Ni-Catalyzed XEC reactions using non-halide electrophiles. 

Formation of radicals from racemic C(sp3) electrophiles provides opportunities for 

stereoconvergent XEC reactions (Figure 1.8).64 This concept has been demonstrated by Reisman 
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and co-workers in several Ni-catalyzed asymmetric C(sp2)ïC(sp3) reductive coupling reactions, 

including acylation, vinylation, and arylation of benzylic chlorides, vinylation of benzylic NHP 

esters, and arylation of Ŭ-chloronitriles and Ŭ-chloroesters.65 Weix and co-workers have shown 

that regioselective ring opening of epoxides can be achieved to generate radicals for coupling with 

aryl halides in the presence of a Ni catalyst and a co-catalyst, wherein iodide co-catalysis results 

in opening at the less hindered position via an iodohydrin intermediate and titanocene co-catalysis 

results in opening at the more hindered position, presumably via TiIII -mediated radical 

generation.56 Employing a chiral titanocene co-catalyst can then render this transformation 

enantioselective.66 Aziridines can be reductively activated in a similar manner. Doyle and co-

workers have reported the Ni-catalyzed XEC of styrenyl aziridines with aryl iodides in the 

presence of NaI additives, which is amenable to asymmetric catalysis using a chiral bi-oxazoline 

(BiOX) ligand. In this case, aziridine rings open at the less hindered position to give linear cross-

coupled products.57 It is worth mentioning that the same group then adopted a Ni/Ti co-catalysis 

strategy to enable a branch-selective, although non-enantioselective, XEC between 2-alkyl 

aziridines and (hetero)aryl iodides.67 Asymmetric Ni-catalyzed C(sp3)ïC(sp3) XEC reactions can 

be achieved, albeit within a limited scope. Baran and co-workers have disclosed an 

enantioselective version of dDCC reaction employing a chiral pyridine-2,6-bisoxazoline (PyBOX) 

ligand on nickel, in the presence of MgBr2 and FeBr3 additives. This method is restricted to the 

coupling of NHP esters from malonate half amides and primary carboxylic acids.68 Shu and co-

workers have demonstrated the enantioconvergent XEC of unactivated alkyl halides with ɓ-

bromoamides, promoted by a chiral nickel bisoxazoline (BOX) catalyst in the presence of a large 

excess of ZnI2 additives. Mechanistic studies suggest that ZnI2 can activate ɓ-bromoamides 

through coordination to the amide group, which also weakly binds to Ni center during catalysis.69 
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Figure 1.8. Ni-Catalyzed enantioselective XEC reactions. 

Ni-Catalyzed XEC reactions between two carbon electrophiles with the same hybridization are 

more challenging due to difficulties in differentiating the two electrophiles and suppressing the 
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competing homocoupling pathways. Weix and co-workers have uncovered a Ni/Pd co-catalytic 

system for C(sp2)ïC(sp2) reductive coupling of aryl bromides with aryl triflates, wherein the Ni 

and Pd catalysts each favors activation of one of the coupling partners (see Section 1.5 for more 

discussion).70 This strategy has been extended to the XEC of aryl chlorides and aryl tosylates with 

aryl triflates to access biaryls and biheteroaryls,71ï74 as well as XEC of vinyl bromides and vinyl 

triflates to access 1,3-dienes.75 Stahl, Beckham, and co-workers have later applied this Ni/Pd co-

catalysis method to the electrochemical XEC of lignin-derived aromatic monomers.76 Gong and 

co-workers have pioneered the development of Ni-catalyzed C(sp3)ïC(sp3) reductive coupling 

methods, featuring B2pin2 (bis(pinacolato)diboron) reductant as the critical element to enable 

coupling of secondary and hindered primary halides with primary bromides by leveraging the 

subtle steric and reactivity differences of the two coupling partners.77 This strategy was also 

adopted by Wang and co-workers to enable XEC of primary alkyl halides or tosylates with Ŭ-

fluoro alkyl bromides using a B2(neo)2 (bis(neopentyl glycolato)diboron) reductant.78,79 Allylation 

of secondary alkyl halides with allyl carbonates by Ni-catalysis has been reported by Gong and 

co-workers using a zinc reductant, which was later expanded to include tertiary alkyl halides.80,81 

Cernak and co-workers have disclosed the XEC of alkyl NHP esters with alkyl Katritzky salts, 

wherein sequential substrate addition, a binary solvent system, and an electron-deficient bipyridine 

ligand on nickel all contributed to the final successful coupling.82 Shu and co-workers have 

reported a ligand-controlled regiodivergent XEC of ŭ-bromoamides and alkyl bromides by 

employing a BOX, bipyridine, or PyBOX ligand on nickel to access ɓ-, ɔ-, or ŭ-alkylated amide 

products, respectively.83 More recently, several electrochemical methods have been developed for 

Ni-catalyzed C(sp3)ïC(sp3) reductive coupling, but mostly utilized a large excess of one of the 

coupling partners (3.0 equiv) to obtain good yields.62,63,68,84,85 One example, reported by Cantillo 
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Figure 1.9. Ni-Catalyzed C(sp2)ïC(sp2) and C(sp3)ïC(sp3) XEC reactions. 
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and co-workers, has demonstrated a selective coupling of alkyl tosylates and alkyl bromides via 

Ni-catalysis with NaBr electrolyte, wherein 1.3ï2.0 equiv of alkyl bromides were used and NaBr 

supported a tosylateïbromide exchange process (Figure 1.9).84 

1.5. General Strategies for Achieving Cross-Selectivity in Ni-Catalyzed XEC Reactions 

The proliferation of nickel-catalyzed cross-electrophile coupling reactions is not only attributed 

to the continuing efforts to expand the scope of viable electrophiles but also dependent on the 

discovery of new approaches to achieve cross-selectivity by leveraging the differences between 

electrophilic coupling partners. These approaches can be divided into three categories: (a) 

substrate-based differentiation, (b) catalyst-based differentiation and (c) others. 

 
Figure 1.10. Aryl electrophile oxidative addition to nickel(0): rates and influencing factors. 

Substrate-based differentiation may be one of the most common approaches to achieve cross-

selectivity in Ni-catalyzed XEC reactions. Specifically, the rate of electrophile (RïX) activation 

can be tuned by manipulating the identity of the electrophilic handle (X) and the inherent steric 

and electronic properties of the substrate (R). Nelson, Sproules, and co-workers have conducted a 

systematic study on the influence of electrophilic handles on oxidative addition rates of aryl 

electrophiles to a Ni0(COD)(dppf) (dppf = 1,1ǋ-bis(diphenylphosphino)ferrocene) complex in 
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benzene-d6 solvent. The results show that rates of oxidative addition of aryl halides to Ni0 follow 

the trend of ArïI >> ArïBr > ArïCl >> ArïF, consistent with the bond strengths of the CïX bonds. 

Oxidative addition of sulfonate esters to Ni0(COD)(dppf) were all slower than aryl chlorides, 

following the trend of ArïCl > ArïOTs > ArïOTf.86 Substituents on the substrates can also impact 

the rates of oxidative addition. Generally, electron-deficient aryl electrophiles undergo faster 

oxidative addition than the corresponding electron-rich substrates, and a more hindered aryl 

electrophile undergoes slower oxidative addition.26,86,87 Additionally, aldehyde and ketone 

substituents on aryl chlorides were shown to promote the oxidative addition rates by coordinating 

with the low-valent nickel catalyst (Figure 1.10).88 These features allow for fine tuning of the 

substrate pairs in Ni-catalyzed C(sp2)ïC(sp2) reductive coupling reactions, as discussed in Section 

1.2. More recently, Lautens and co-workers have achieved the XEC of heteroaryl chlorides with 

aryl chlorides at 1:1.5 substrate ratio (Figure 1.11). The reaction is proposed to follow a sequential 

oxidative addition mechanism, wherein heteroaryl chlorides preferentially react with nickel(0) due 

to their electron-deficiency, and oxidative addition of aryl chlorides to heteroaryl-nickel(I) is 

favored, possibly because of the steric matching. Aryl bromides were used instead of chlorides for 

electron-rich substrates to promote oxidative addition rates and improve yields.89 

 
Figure 1.11. Ni-Catalyzed XEC of heteroaryl chlorides and aryl halides by Lautens and co-workers. 
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The activation rates of alkyl electrophiles generally follow the trend of AlkïI > AlkïBr > Alkï

Cl and 3° AlkïX > 2° AlkïX > 1° AlkïX in reactions with nickel(I) complexed with nitrogen-

based ligands.90,91 Additionally, various oxygen electrophiles (e.g., sulfonate esters, oxalates) and 

nitrogen electrophiles (NHP esters, Katritzky salts) provide abundant opportunities for tuning 

substrate reactivities. For example, Weix and co-workers have reported the XEC of strained ring 

NHP esters with aryl iodides or bromides, wherein the backbones of NHP esters were strategically 

modified to tune their reactivities (Figure 1.12). More electron-rich NHP esters were harder to 

reduce and provided improved yields in XEC reactions with less reactive aryl bromides.92 

Similarly, altering the ancillary aromatic substituents on Katritzky salts could provide an 

alternative handle to control the rate of radical generation.61 

 
Figure 1.12. Tuning reactivity of NHP esters by backbone modification. 

Modulating the reactivity of alkyl electrophiles can also be achieved through a sulfonate esterï

halide exchange process between alkyl sulfonate esters and halide salts under reaction conditions. 

This strategy allows in situ generation of alkyl halides in low concentrations to provide a slow and 

steady supply of alkyl radicals into the catalytic cycle, thus enabling the rate matching of radical 
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generation with the activation of the other coupling partner and effectively limit ing the rapid 

dimerization pathway.58,84,93,94 For example, Shu and co-workers have conducted a series of 

control reactions to support the proposal of a mesylateïiodide exchange process in the coupling of 

alkyl mesylates with alkenyl triflates (Figure 1.13). Trace quantities of alkyl iodides were observed 

during the XEC reaction employing NiI2 as the pre-catalyst and replacing NiI2 with NiCl2 or NiBr2 

led to significantly decreased yields. A direct mesylateïiodide exchange reaction was also proved 

viable in the reaction of alkyl mesylate with stoichiometric NaI without nickel catalyst, which 

afforded the corresponding alkyl iodide in quantitative yield.93 Similarly, halideïhalide exchange 

could convert less reactive alkyl chlorides into more reactive alkyl bromides and iodides, as 

demonstrated by Weix and co-workers in the XEC of aryl chlorides with primary alkyl chlorides.40 

 
Figure 1.13. Tuning reactivity of alkyl mesylates by mesylateïiodide exchange. 

Catalyst-based differentiation of the two electrophilic coupling partners represents another 

powerful strategy for achieving cross-selectivity in Ni-catalyzed XEC reactions. This strategy 

typically features the use of a nickel catalyst and a co-catalyst that each preferentially reacts with 

one of the electrophiles. The co-catalyst can be another nickel catalyst bearing a different ligand 

or a different transition metal catalyst. As briefly mentioned in Section 1.4, Weix and co-workers 

have disclosed a dual-ligand Ni-catalyzed XEC reaction between aryl iodides and alkyl iodides, 
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wherein a bipyridine ligand and a bisphosphine ligand were used together to provide best cross-

selectivity. The origin of the synergistic effect was not clear, but control reactions suggested that 

the bipyridine ligand played a more important role in this reaction while the bisphosphine ligand 

only slightly increased the yield.27 They later demonstrated the utility of another dual-ligand 

system in electroreductive Ni-catalyzed C(sp2)ïC(sp3) coupling in collaboration with a Pfizer 

process team (Figure 1.14). The reaction utilizes a combination of two ligands, 4,4ǋ-di-tert-butyl-

2,2ǋ-bipyridine (L1) and 4,4ǋ,4ǌ-tri-tert-butyl-2,2ǋ:6ǋ,2ǌ-terpyridine (L6). Using the nickel 

bipyridine catalyst alone predominantly leads to proto-dehalogenation and homocoupling of aryl 

bromides, whereas the nickel terpyridine catalyst predominantly forms the alkyl dimer and cross-

coupled product. Selective coupling can be achieved, however, by using L1 and L6 together with 

varied L1:L6 ratios so that aryl bromides and alkyl bromides can be activated at comparable rates. 

As the aryl bromide becomes more electron-rich, the optimal ratio shifts to have more of the nickel 

bipyridine catalyst.95,96 The optimal L1:L6 ratio can also be dependent on other reaction 

parameters, such as solvents, supporting electrolytes, and current densities.95,97 

 
Figure 1.14. Bipyridine/terpyridine dual-ligand system for Ni-catalyzed C(sp2)ïC(sp3) XEC reaction. 

In the previous dual-ligand systems, the combined quantities of the two ligands are 

approximately equivalent to that of the nickel source. Alternatively, an excess of ligands compared  
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Figure 1.15. Sevov dual-ligand system for electroreductive Ni-catalyzed C(sp2)ïC(sp3) coupling. 

to nickel can be employed, triggering a dynamic ligand exchange process that can offer avenues 

to access nickel species with different reactivities. Sevov and co-workers have demonstrated this 

concept in electroreductive Ni-catalyzed C(sp2)ïC(sp3) coupling, utilizing an electrochemically 

inactive Ni0(iPrQ)2 complex (iPrQ = iPr-Quinazolinap, L23) that selectively reacts with aryl 

electrophiles through 2eï processes and an electrochemically active nickel/bpp complex (bpp = 

2,6-bispyrazolylpyridine, L11) that selectively reacts with alkyl bromides through 1eï processes 

(Figure 1.15). The reaction is initiated by 1eï electroreduction of Ni II(bpp)Br2 followed by rapid 

ligand exchange with iPrQ with concomitant reduction to generate Ni0(iPrQ)2. This Ni0 complex 

selectively reacts with aryl electrophiles via oxidative addition and forms a [(bpp)NiII(aryl)]Br 

intermediate by ligand rebound in the presence of free or weakly-ligated bpp ligands. Subsequent 
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reaction of this NiII(aryl) with the alkyl radical forms the product and a low-valent NiI(bpp)Br 

complex, which is responsible for radical generation from alkyl bromides. Consequently, this 

strategy allows the XEC of aryl (pseudo)halides (X = Cl, Br, OTf) and vinyl triflates with tertiary 

alkyl bromides, which can be challenging under previously reported coupling conditions.98 

 
Figure 1.16. Baran and Engle dual-ligand system for electroreductive Ni-catalyzed C(sp3)ïC(sp3) coupling. 

Baran, Engle, and co-workers have also reported an electrochemical method that exploits a 

dynamic ligand exchange process to construct arylated quaternary carbon centers through Ni-

catalyzed XEC of tertiary NHP esters with (hetero)aryl halides (Figure 1.16). The optimal catalytic 

system features the combination of NiCl2·6H2O salt, BINAP ligand (L24), and pyridine (Py) 

ligand in a 1:5:20 ratio. The proposed mechanism excludes the involvement of a nickel(0) species; 

instead, it suggests that NiII(Py)2X2 (X = halide) is electroreduced to NiI(Py)2X, followed by ligand 
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exchange with BINAP and radical capture to form a [(BINAP)NiII(alkyl)]X complex. This 

complex is then reduced to NiI(alkyl), which reacts with aryl halides via oxidative addition 

followed by reductive elimination to afford the product. The key to successful coupling can be 

attributed to the active pyridine-stabilized nickel(I) species that are sustained during the reaction 

and the BINAP ligand that minimizes the ɓ-migration pathway.99 

 
Figure 1.17. Mechanism (A) and application (B) of cobalt co-catalysis in Ni-catalyzed XEC reactions. 

Inclusion of a non-nickel-based transition metal catalyst can provide a mechanistically distinct 

pathway for activating electrophiles in XEC reactions. Cobalt co-catalysis is an attractive approach 

to activate alkyl electrophiles because it generates radicals after two-electron nucleophilic 
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substitution rather than single-electron transfer. This not only allows for fine tuning of alkyl radical 

generation by changing the ligands on cobalt or the cobalt catalyst loading, but also enables 

activation of oxygen electrophiles that are unreactive towards single-electron transfer due to the 

strength of the CïO bonds, such as alkyl sulfonate and phosphate esters (Figure 1.17A).100ï103 In 

a comprehensive study by Hazari, Zultanski, and co-workers, a broad scope of alkyl and aryl 

electrophiles are tolerated within the Ni/Co co-catalytic system by modulating the nickel-to-cobalt 

ratios based on the reactivities of coupling partners. They further demonstrate the utility of this 

system in selective one-pot three-component XEC reactions of bromo(iodo)arenes with two 

distinct alkyl halides (Figure 1.17B).103 Additionally, titanocene has been used as an effective 

transition metal co-catalyst to activate epoxides and N-acyl aziridines through a TiIII-mediated 

radical ring-opening process.56,66,67 

Weix and co-workers have disclosed a Ni/Pd co-catalysis strategy for C(sp2)ïC(sp2) reductive 

coupling (Figure 1.18). The XEC reaction of aryl bromides with aryl triflates utilizes a Ni0(bpy) 

complex that reacts faster with aryl bromides than aryl triflates and a Pd0(dppp) (dppp = 1,3-

bis(diphenylphosphino)propane) complex that preferentially reacts with aryl triflates. The 

resultant [(bpy)NiII(Ar1)]Br complex is transient due to its reactivity towards transmetallation, 

whereas [(dppp)PdII(Ar2)]OTf is persistent since it is stable to self-reactivity. Transmetallation 

then occurs between Ni II(Ar1)and PdII(Ar2), leading to the key PdII(Ar1)(Ar2) intermediate, which 

undergoes reductive elimination to give the cross-coupled product. Inclusion of a salt additive, 

potassium fluoride (KF), is beneficial for this reaction, presumably by improving the selectivity of 

the palladium catalyst for aryl triflates over aryl bromides.70 Variations on ligands and additives 

can extend this method to the coupling of other C(sp2) electrophiles. For example, in the XEC of 

aryl chlorides with aryl triflates, lithium chloride (LiCl ) was found to accelerate the reduction of 
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nickel(II) to nickel(0) and counteract autoinhibition of reduction at zinc(0) by zinc(II) salts.71 In 

the XEC of heteroaryl halides with heteroaryl triflates, a terpyridine ligand was used instead of 

bipyridine in reactions involving electron-deficient heteroaryl halides.74 Additionally, a zinc(II)-

mediated shuttling can be operative in the XEC of vinyl bromides with vinyl triflates and the XEC 

of aryl tosylates with aryl triflates, wherein zinc(II) salts facilitate the transfer of vinyl or aryl 

groups from nickel(II) to palladium(II).72,75 

 
Figure 1.18. Weix Ni/Pd-catalyzed C(sp2)ïC(sp2) reductive coupling. 
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Figure 1.19. Sevov synergistic catalyst/mediator pairings for electroreductive C(sp2)ïC(sp3) coupling. 

Finally, a few more studies will be discussed to demonstrate other feasible strategies for 

achieving cross-selectivity in Ni-catalyzed XEC reactions. For example, Sevov and co-workers 

have designed a series of coordinatively-saturated nickel complexes as redox-active mediators to 

facilitate a selective electrochemical Ni-catalyzed XEC of aryl bromides with alkyl bromides. 

These mediators serve as overcharge protectors to shuttle electrons from the cathode to the anode 
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when the rate of reduction exceeds the rate of coupling, thus preventing deleterious catalyst 

overreduction or degradation pathways.104 The appropriate pairing of mediator with nickel catalyst 

is critical for effective coupling: the system likely works best in cases where the onset potentials 

of catalyst and mediator are approximately equal. Preliminary studies have identified four 

catalyst/mediator pairs that span a wide voltaic window, each featuring a different type of ligands 

on the nickel catalyst. These catalytic systems were applied to the XEC of a range of (hetero)aryl 

electrophiles with primary and secondary alkyl bromides and showed complementary reactivities 

(Figure 1.19).105 

 
Figure 1.20. AgNP-functionalized cathode enables XEC of NHP esters with alkenyl iodides. 

Baran and co-workers have shown how functionalized cathodes can be used to improve yields 

and selectivity in electrochemical Ni-catalyzed XEC of NHP esters with alkenyl iodides (Figure 

1.20). Silver nanoparticles (AgNPs) were electrodeposited onto the surface of RVC cathode (RVC 

= reticulated vitreous carbon) prior to the XEC reaction. This AgNP layer on the cathode has 

several beneficial effects: (a) it prevents adsorption of reduced nickel catalysts to electrode surface 

that causes passivation, (b) it supports a mild operating potential at the cathode to prevent catalyst 
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overreduction and decomposition, and (c) it slows mass transport and reduction of NHP esters at 

the electrode surface.106 This strategy has later been applied to other Ni-catalyzed electroreductive 

XEC reactions involving NHP esters.63,99,107,108 

1.6. Concluding Remarks  

Nickel-catalyzed cross-electrophile coupling has proved to be a versatile, reliable, and 

operationally efficient strategy for constructing carbon-carbon bonds. Previous efforts have 

focused on the expansion of accessible chemical space and improvement of cross-selectivity in 

Ni-catalyzed XEC reactions. Moving forward, this field can greatly benefit from advances in one 

or more of the following directions: (a) exploration of new ligands, catalysts, and co-catalysts that 

invoke improved or new reactivities, (b) fundamental investigations into the elementary steps 

involved in Ni-catalysis (e.g., oxidative addition, transmetallation, electron transfer, ancillary 

ligand exchange), and (c) new technologies that facilitate these synthetic and analytical studies. 

Specifically, the combined use of high-throughput experimentation (HTE), which efficiently 

generates extensive datasets, with computational tools capable of utilizing these data to construct 

predictive models, holds great potential for discovering new ligands and catalysts.109ï113 This 

process can be simplified by performing in silico HTE screening followed by experimental testing, 

which greatly improves the efficiency.114,115 Synthesis of key nickel intermediates or accessing 

transient, highly reactive nickel species using new techniques can provide opportunities for 

investigating their reactivities and speciation under conditions that are relevant to Ni-catalyzed 

XEC reactions.25,26,87,91,116ï120 Furthermore, the merger of electrochemistry and Ni-catalysis, 

although in its infancy, has already demonstrated its unique value in developing Ni-catalyzed XEC 

reactions. The myriad reaction parameters that can be tuned in electrochemical systems, such as 

electrode materials, electrolytes, reaction vessel configurations, modes of electrolysis, provide 
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additional entries into the modulation of catalyst reactivities and accommodation of a broader 

scope of substrates.121ï123 It is anticipated that advances in these directions will propel the future 

development of Ni-catalyzed XEC reactions. 
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2.1. Abstract 

Lignin-derived aromatic chemicals offer a compelling alternative to petrochemical feedstocks, 

and new applications are the focus of extensive interest. 4-hydroxybenzoic acid (H), vanillic acid 

(G) and syringic acid (S) are readily obtained via oxidative depolymerization of hardwood lignin 

substrates. Here, we explore the use of these compounds to access biaryl dicarboxylate esters that 

represent bio-based, less toxic alternatives to phthalate plasticizers. Chemical and electrochemical 

methods are developed for catalytic reductive coupling of sulfonate derivatives of H, G, and S to 

access all possible homo- and cross-coupling products. A conventional NiCl2/bipyridine catalyst 

is able to access the HïH and GïG products, but new catalysts are identified to afford the more 

challenging coupling products, including a NiCl2/bisphosphine catalyst for SïS and a 

NiCl2/phenanthroline/PdCl2/phosphine cocatalyst system for HïG, HïS, and GïS. High-

throughput experimentation methods with a chemical reductant (Zn powder) are shown to provide 

an efficient screening platform for identification of new catalysts, while electrochemical methods 

can access improved yields and/or facilitate implementation on larger scale. Plasticizer tests are 

performed with poly(vinyl chloride), using esters of the 4,4ǋ-biaryl dicarboxylate products. The 

HïG and GïG derivatives, in particular, exhibit performance advantages relative to an established 

petroleum-based phthalate ester plasticizer. 

 
Figure 2.1. Summary of this work.  
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2.2. Introduction  

Lignin represents the largest source of biomass-derived aromatic chemicals and is an ideal 

supplement or alternative to petroleum-based feedstocks.1ï9 Significant progress has been made in 

lignin depolymerization into aromatic monomers,4ï9 but methods for conversion of lignin-derived 

monomers (LDMs) into value-added chemicals are still in the nascent stages of development.1ï3,10 

In connection with efforts focused on oxidative lignin depolymerization,11ï13 we recognized that 

some of the most common products, 4-hydroxybenzoic acid (H), vanillic acid (G) and syringic 

acid (S), could serve as precursors to biaryl dicarboxylates (Figure 2.2).14  The parent analog, 

biphenyl-4,4ǋ-dicarboxylic acid (BPDA), has been the focus of commercial interest as a monomer 

for polyesters and as the core structure for non-phthalate plasticizers for poly(vinyl chloride) 

(PVC).15ï18 Existing methods for the synthesis of BPDA use petroleum-based precursors in multi-

step routes (e.g., involving oxidative coupling, alkylation, and/or dehydrogenation steps, paired 

with autoxidation of alkyl groups into carboxylic acids), and they often afford a mixture of 

regioisomers.16,19ï21 Reductive coupling of phenol derivatives represents a different route to BPDA 

derivatives that accesses a single product regioisomer. The biomass-derived H compound provides 

a means to access the same BPDA analog currently sourced from petroleum, while the G and S 

compounds that have methoxy substituents will afford BPDA derivatives that could have favorable 

properties (e.g., as a PVC plasticizer). 
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Figure 2.2. Lignin is an abundant biomass-derived source of aromatics that represent potential precursors 

to commercially important biaryl-4,4ǋ-dicarboxylates. 

We postulated that the H, G, and S products of lignin depolymerization could be readily 

converted to aryl sulfonates amenable to reductive cross-coupling. Ni-catalyzed coupling of aryl 

electrophiles to access biaryls was first reported in the 1970s, and the field advanced significantly 

in subsequent decades.22ï31 These reactions typically feature stoichiometric metal reductants, such 

as Zn powder, but important electrochemical precedents also exist. Several examples provide an 

important foundation for the present work. In 1995, Percec et al. demonstrated that a Ni/PPh3 

catalyst system with Zn reductant promotes homocoupling of aryl sulfonates to biaryls (Figure 

2.3A).32 Shortly thereafter, Jutand and co-workers achieved homocoupling of aryl triflates with 

phosphine-ligated Pd or Ni catalysts. This study included a single example of electrochemical Ni-

catalyzed homocoupling, using 1-naphthyl triflate as the substrate (Figure 2.3A).29,30,33 In recent 

years, Weix and co-workers have developed methods for selective cross-coupling of aryl 

electrophiles with a co-catalyst system containing both Ni and Pd in the presence of Zn as the 

reductant.34ï36 The groups of Weix37 and Kramer/Lian38 independently reported reductive cross-

coupling of two different aryl sulfonates by pairing Pd/bisphosphine and Ni/diimine co-catalysts 

[diimine = substituted 2,2ǋ-bipyridine (bpy) or 1,10-phenanthroline (phen) derivatives] with Zn 
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(Figure 2.3B). To date, no electrochemical methods to our knowledge have been reported for 

reductive cross-coupling of phenol derivatives (Figure 2.3C).39ï42 

Chemical and electrochemical conditions have complementary advantages for reductive 

coupling reactions. Chemical conditions are more straightforward to implement on small scale, 

owing to their use of standard laboratory equipment, and they are more amenable to high-

throughput experimentation (HTE) techniques for catalyst discovery and reaction optimization. 

Electrochemical methods offer advantages for large scale applications by avoiding the challenges 

of handling dense metal-powder reagents and creating opportunities to improve sustainability. 

Although advances have been made in the development of electrochemical reactors for parallel 

reaction screening,43,44 chemical HTE methodology retains substantially improved efficiency and 

is compatible with smaller quantities of reagents. In this context, we postulated that HTE screening 

methods using chemical reductants could enable rapid identification of promising catalyst systems 

and conditions for subsequent development of electrochemical methods. The results outlined 

below validate this hypothesis and achieve successful chemical and electrochemical conditions for 

all possible homo- and cross-coupling permutations between H-, G-, and S-derived reaction 

partners. Additional important outcomes of this study include (a) identification of mono- and 

bidentate phosphine ligands that lack precedent in Ni-catalyzed reductive coupling reactions, (b) 

successful adaptation of catalysts from chemical to electrochemical conditions, with matching or 

superior performance, (c) the first demonstration of Ni/Pd co-catalyzed reductive biaryl cross-

coupling under electrochemical conditions, and (d) data showing that biaryl dicarboxylic esters 

prepared from LDMs exhibit improved PVC plasticizer performance and reduced toxicity relative 

to a commercial phthalate-based plasticizer.45 



42 

 

 

Figure 2.3. Precedents relevant to reductive coupling of lignin-derived aryl sulfonates. 

2.3. Results and Discussion 

Ni-Catalyzed Homocoupling of LDMs. The methyl esters of H, G, and S are readily converted 

into electrophiles by reaction of the phenols with sulfonyl chlorides, RSO2Cl [R = methyl (Ms) or 

tosyl (Ts)], or triflic anhydride (Tf2O). Initial studies evaluated the electrochemical homocoupling 

of methyl 3-methoxy-4-((methylsulfonyl)oxy)benzoate (GïOMs). The two possible byproducts 

are denoted as the ArïH and ArOïH species, derived from reductive cleavage of the CïO or the 

SïO bond of the GïOMs substrate. A combination of NiCl2(dme)/bpy has been used previously 

for reductive homocoupling of ArïX species29,30 and this catalyst system was tested initially in an 

undivided cell with LiBr as the electrolyte and stainless steel as the anode. However, these 

conditions only afforded the GïG product in 29% yield, with a significant amount of byproduct 
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and unreacted starting material (Table 2.1, entry 1). Use of increased bpy ligand loading (bpy:Ni 

= 3:1) stabilizes the catalyst 46 and leads to a higher yield of the desired product (72%), together 

with the ArïH byproduct (27%; Table 2.1, entry 2). Other sacrificial anodes were tested in an 

effort to optimize the yield of biaryl product (Table 2.1, entries 3ï5). Significant reductive CïO 

cleavage was also observed when Al or Zn was used as the anode (Table 2.1, entries 3 and 4). This 

CïO cleavage is rationalized by previous observations that aryl-Ni species can transfer an aryl 

group to Zn2+, generating aryl-zinc species that are susceptible to protonolysis and ArïH byproduct 

formation.37,47 Electrolysis in an undivided cell using a Mg anode proved ineffective (Table 2.1, 

entry 5). In this case, reductive SïO bond cleavage was favored, likely reflecting single-electron 

reduction of the sulfonyl group at the Mg surface.33 These considerations prompted us to test a 

sacrificial anode with a divided cell configuration that would avoid the contact of substrate with 

the anode surface and minimize the presence of Lewis acidic metal ions in the cathodic chamber. 

This hypothesis was validated by observation of a 92% GïG product yield when using a Mg anode 

in a divided cell (Table 2.1, entry 7). This outcome is noteworthy because it is significantly better 

than that achieved when performing the same reaction under previously reported chemical 

conditions32 or optimized variations thereof with Zn powder as the reductant (48% and 59% GïG 

yields, respectively; Table 2A.1). Use of analogous conditions with HïOMs as the substrate leads 

to near-quantitative yield of the biaryl HïH product (Table 2.1, entry 8). This outcome was 

achieved, even when lowering the Ni catalyst loading to 1 mol%. Use of a stainless-steel anode in 

an undivided cell retained good yield (Table 2.1, entry 9). The latter conditions are readily 

implemented in a recirculating flow electrolysis cell with a parallel-plate reactor. This approach 

was used to conduct a larger scale reaction (11 g, 48 mmol HïOMs), accessing the HïH product 

in 80% yield with 2 mol% Ni catalyst (see Section 2A.IV of Appendix A for details). 
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Table 2.1. Optimization of electrochemical Ni-catalyzed reductive homocoupling.a 

 

Entry ArïX Cell type Anode ArïH (%) ArOïH (%) Yield (%) 

1b 

 

undivided stainless-steel 42 0 29 

2 undivided stainless-steel 27 0 72 

3 undivided Al 20 0 20 

4 undivided Zn 95 2 3 

5 undivided Mg 7 37 4 

6 divided stainless-steel 7 4 80 

7 divided Mg 8 0 92 (90) 

8c 

 

divided Mg 0 0 99 (97) 

9c undivided stainless-steel 10 0 89 

10 

 

divided Mg 2 1 3 

a See Appendix A for full experimental details. Yields are determined by 1H NMR analysis of the crude 

reaction mixture using mesitylene as an internal standard, yields shown in parentheses are isolated. b 5 

mol% bpy. The rest of the mass corresponds to recovered starting material. c 1 mol% Ni catalyst. 

The catalyst and conditions identified for homocoupling of HïOMs and GïOMs proved 

ineffective with the more sterically demanding syringic acid derivative SïOMs. Only trace 

quantities of SïS product were obtained (Table 2.1, entry 10). To facilitate evaluation of modified 

conditions, we used a 24-well screening platform with Zn powder as a chemical reductant. The 

triflate derivative SïOTf  was found to be more reactive than the mesylate (Table 2A.2), and this 

substrate was tested with dozens of nitrogen- and phosphine-based ligands. Selected results are 

summarized in Figure 2.4A, with full screening data provided in Section 2A.V of Appendix A 

(Tables 2A.2ï2A.8). DPEPhos was the only ligand that showed modest success; even the closely 
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Figure 2.4. Ni-catalyzed reductive homocoupling of SïOTf: translating conditions optimized with Zn 

reductant (A) to electrochemical conditions (B). See Appendix A for full experimental details. a Yields are 

determined by 1H NMR analysis of the crude reaction mixture using mesitylene as an internal standard, 

yields shown in parentheses are isolated. b 60 ÁC. c DMSO solvent. 

related, conformationally more rigid XantPhos ligand was completely ineffective (Figure 2.4A, 

entries 5 and 6). Increasing the temperature to 60 °C led to an increase in conversion and product 

yield (Figure 2.4A, entry 7), and changing the solvent to DMSO led to a 55% yield of SïS (Figure 

2.4A, entry 8). The outcome improved even further when the conditions were adapted to an 

undivided electrochemical cell with a stainless-steel anode: the desired dimer SïS was generated 

in 78% yield (Figure 2.4B; see Table 2A.9 for full screening data). This improved electrochemical 

outcome was achieved, even though the NiCl2/DPEPhos catalyst loading was lowered to 2.5 

mol%.  
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Optimization of Ni/Pd-Catalyzed Cross-Coupling. The Ni-only catalyst systems noted above 

were evaluated in the cross-coupling of H, G, and S sulfonates; however, these reactions led to 

poor selectivity and yields of the desired products (Table 2A.10). These complications prompted 

us to evaluate the recently disclosed dual Ni/Pd co-catalyst systems.35ï38 For example, the method 

of Weix and co-workers, which employs Ni/Pd chloride salts in combination with 4,4ǋ-diphenyl-

bpy (4,4ǋ-dPhbpy) and 1,4-bis(diphenylphosphino)butane (dppb) and Zn as a chemical reductant, 

supports cross-coupling of aryl triflates and tosylates.37 Efforts to translate this catalyst system to 

electrochemical cross-coupling of G and S sulfonates were unsuccessful, regardless of the 

sulfonate activating groups: biaryl products formed in Ò 15% yield and favored the homocoupling 

products (Figure 2A.5). Consequently, we again elected to use the high throughput 

experimentation platform with Zn as the chemical reductant to evaluate modified conditions. Initial 

studies focused on cross-coupling of G and S sulfonates, evaluating different combinations of 

ligands, solvents, additives, sulfonate activating groups, and Ni/Pd ratios, and the results were 

visualized in Figure 3A (see Tables 2A.11ï2A.14 for full screening). The size of the circles in 

these charts corresponds to the yield, while the color reflects the hetero:homo coupling ratio 

(darker blue reflects higher selectivity). Among the most noteworthy outcome from these 

experiments is the beneficial effect of bulky biaryl dialkyl monophosphine ligands ("Buchwald 

ligands"48). The utility of these ligands could reflect their ability to promote the difficult reductive 

elimination steps.48 CyJohnPhos was the most effective ligand under screening conditions with Zn 

powder as the reductant (Figure 2.5A). Subsequent studies revealed that CyJohnPhos decomposes 

under electrochemical reaction conditions. In contrast, SPhos is stable and supports good 

reactivity. Further chemical screening evaluated different Ni:Pd ratios in a co-catalyst system 
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derived from NiCl2(dme)/phen and PdCl2(MeCN)2/SPhos (Figure 2.5A). These studies showed 

that the highest yields were obtained with 10 mol% Ni and a Pd loading ranging from 0.5ï5 mol%. 

 
Figure 2.5. Ni/Pd-catalyzed reductive cross-coupling of lignin-derived aryl sulfonates. A. HTE 

optimization of G/S cross-coupling. Left chart: SïOTf :GïOTs = 1:1; right chart: DMSO solvent, Sï

OTf :GïOTs = 1:1.25. The Hetero:Homo coupling ratio is defined as GïS yield/(GïG yield + SïS yield). 

B. Optimization of electrochemical Ni/Pd-catalyzed cross-coupling. See Appendix A for full experimental 

details. a Yields determined by UPLC-MS analysis using 1,3,5-trimethoxybenzene as an internal standard, 

yields shown in parentheses are isolated.  b RVC cathode. c L1 = 4,4ǋ-dPhbpy, L2 = dppb (3.6 mol%), DMA 

instead of DMSO, 60 ºC. 

We then initiated electrochemical studies to access cross-coupled products GïS, HïS, and Hï

G, starting with a co-catalyst composed of 10 mol% NiCl2(dme)/phen and 5 mol% 

PdCl2(MeCN)2/SPhos (Figure 2.5B). Promising performance was identified with a reticulated 

vitreous carbon (RVC) cathode, sacrificial iron anode, and a constant applied potential of ï1.8 V 

vs. Fc/Fc+. Inclusion of 0.5 equiv ZnCl2 significantly improved the reaction outcome (Figure 2.5B, 

entries 1 and 2), consistent with previous evidence that Zn2+ salts mediate transmetallation between 

Ni and Pd centers.37,49,50 Increasing the phosphine ligand loading from 1.1 to 2.0 equiv with respect 
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to Pd stabilized the Pd catalyst. These initial conditions afforded the desired product GïS in 62% 

yield with 23% homo-coupled byproducts, similar to the yields obtained in the chemical screening 

studies with Zn as a chemical reductant. It is not surprising that the reaction selectivity varies 

somewhat between chemical and electrochemical conditions. One important factor is that the 

cathode potential will not directly match the reduction potential of Zn, and variations in substrate 

consumption (i.e., via byproduct formation) will lead to differences in the selectivity between 

chemical and electrochemical conditions. Also, because the selectivity is dictated by pairing of the 

Ni and Pd catalytic cycles, different rates of catalyst turnover at the Zn surface (chemical) vs. 

cathode surface (electrochemical) will affect the hetero:homo coupling selectivity. Adjusting the 

Ni:Pd ratio from 2:1 to 3.3:1 and using a Ni foam cathode instead of RVC increased the GïS 

product yield to 75% (Figure 2.5B, entries 3ï5). Slight modification of these conditions accessed 

the HïS cross-coupling product in 72% yield (Figure 2.5B, entry 8). Analogous conditions were 

less effective for cross-coupling of the less sterically demanding H and G sulfonates (Figure 2.5B, 

entry 9), but adaptation of the chemical catalyst system reported by Weix and co-workers proved 

effective for the cross-coupling of HïOMs/GïOTs, accessing HïG in 71% yield (Figure 2.5B, 

entry 11). This reaction represents the first selective cross-coupling (under chemical or 

electrochemical conditions) of aryl mesylate/aryl tosylate partners, which are significantly more 

economical than aryl triflates. 

Plasticizer properties of lignin-derived biaryls. The above results provide access to all 

possible homo- and cross-coupled BPDA derivatives of H, G, and S. These structures provide the 

basis for testing of these materials as plasticizers for PVC and comparison of their performance 

relative to the existing petroleum-derived incumbent, di(2-ethylhexyl) phthalate (DEHP). Each of 

the BPDA methyl esters was subjected to Ti(OBu)4-promoted transesterification with 2-
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ethylhexanol to afford the corresponding DEH-BPDA derivatives, designated HïHPL, HïGPL, Hï

SPL, GïGPL, GïSPL, and SïSPL. The thermal properties of these structures were characterized by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) (Figure 2A.9, 

Table 2A.15). DEHP and the DEH-BPDA derivatives were then individually integrated with PVC 

at 10 wt%, and the materials were analyzed by TGA and DSC to measure their glass transition 

temperature (Tg) and the temperature at which the polymer degrades with 10% or 50% loss of its 

original weight (Td10, Td50) (Figures 2A.10 and 2A.11, Table 2A.16). The former metric reflects 

the ability of the plasticizer to soften PVC, while the latter metrics reflect the thermostability of 

the plasticized materials. Preferred plasticizers will achieve lower Tg and higher Td10/Td50 values. 

The results, summarized in Figure 2.6, show that the different plasticizers lower the Tg of PVC 

from 83.0 °C to 52.1ï61.0 °C. The greatest effect is observed with DEHP, GïGPL and GïSPL, 

which lead to Tg values of 52.1, 54.4 and 54.6 °C, respectively. Meanwhile, HïGPL and GïGPL 

show a notable enhancement in thermostability, with these plasticized materials exhibiting even 

higher Td10 (278 and 281 °C) than PVC itself (272 °C), The same series of compounds were then 

evaluated using tools developed by the US Environmental Protection Agency, to predict their 

potential toxicity51 and their metabolic and environmental transformation52 (see Section 2A.VII  of 

Appendix A for details). The results assign these materials to the lowest hazard category with 

respect to acute toxicity to mammals (> 5,000 mg/kg), and the lignin-derived BPDAs arising from 

hydrolysis of the esters are predicted to be metabolized more easily than phthalic acid. Further 

experimental studies will be needed to validate this assessment, but these results and the promising 

performance characteristics in Figure 2.6 reinforce the potential performance-advantaged 

properties of bio-based plasticizers derived from these BPDAs. 
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Figure 2.6. Thermal analysis of lignin-derived biaryl plasticizers. From left to right: unplasticized PVC, 10 

wt% plasticized PVC with DEHP, and 10 wt% plasticized PVC with lignin-derived biaryl plasticizers. 

2.4. Conclusion 

The results above demonstrate the utility of Ni- and Ni/Pd-catalyzed cross-electrophile coupling 

to convert lignin-derived aromatic compounds into a collective of substituted biphenyl 

dicarboxylic acids. All possible combinations of H, G, and S monomers have been prepared, with 

symmetrical dimers accessed using a Ni-only catalyst system and the unsymmetrical dimers 

accessed using Ni/Pd cocatalyst systems. The results highlight the synergy between chemical and 

electrochemical reduction methods. HTE screening methods with a chemical reductant offer 

advantages for identification of effective catalyst compositions. For example, chemical HTE 

methods identified Ni/DPEPhos catalyst and Ni/phen/Pd/SPhos cocatalyst systems, which lacked 

precedent for homo- and cross-biaryl coupling, respectively. In each case, the chemical reaction 

conditions were successfully translated to electrochemical conditions, often resulting in improved 

performance. The beneficial effect of bulky phosphine ligands with the S-derived monomers has 
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important implications for other cross-electrophile coupling reactions with sterically congested 

aryl electrophiles, beyond those studied here. Finally, the new BPDA derivatives bearing methoxy 

substituents, which are intrinsic to lignin-based aromatics, exhibit appealing plasticizer properties 

that merit further investigation and development.  
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Chapter 3. 

Zinc and Manganese Redox Potentials in Organic Solvents and Their 

Influence on Nickel-Catalyzed Cross-Electrophile Coupling 
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3.1. Abstract 

Zinc and manganese are widely used as reductants in synthetic methods, such as nickel-

catalyzed cross-electrophile coupling (XEC) reactions, but their redox potentials are unknown in 

organic solvents. Here, we show how open-circuit potential measurements may be used to 

determine the thermodynamic potentials of Zn and Mn in different organic solvents and in the 

presence of common reaction additives. The impact of these Zn and Mn potentials is analyzed for 

a pair of Ni-catalyzed reactions, each showing a preference for one of the two reductants. Ni-

catalyzed coupling of N-alkyl-2,4,6-triphenylpyridinium reagents (Katritzky salts) with aryl 

halides are then compared under chemical reaction conditions, using Zn or Mn reductants, and 

under electrochemical conditions performed at applied potentials corresponding to the Zn and Mn 

reduction potentials and at potentials optimized to achieve the maximum yield. The collective 

results illuminate the important role of reductant redox potential in Ni-catalyzed XEC reactions. 

 

Figure 3.1. Summary of this work.  



57 

 

 

3.2. Introduction  

Transition metal-catalyzed coupling reactions are the predominant methods for carbon-carbon 

bond formation in synthetic chemistry.1 ï3  Ni-catalyzed cross-electrophile coupling (XEC) 

reactions have been the focus of growing development and application, motivated by their use of 

non-precious-metal catalysts and access to more diverse and lower-cost reagents relative to 

reactions that employ organometallic nucleophiles as coupling partners (Figure 3.2A).4ï8 Initial 

applications developed in the 1990s featured aryl halides and activated alkyl halides as coupling 

partners,9ï12 but the available methods have expanded significantly and now include an array of 

other synthetically useful substrates.8,13ï16 

Ni-catalyzed XEC reactions require a stoichiometric source of electrons to support the overall 

cross-coupling reaction, and electron transfer is featured in key steps in the catalytic mechanisms. 

For example, reduction of the Ni catalyst to low-valent intermediates is needed to initiate oxidative 

addition or halogen-atom transfer from the organic electrophiles. Various reductants have been 

used to promote these reactions,17ï28 but heterogeneous zinc or manganese metal powders are the 

most widely used.8 The choice of Zn or Mn as the reductant can significantly impact the reaction 

outcome. This behavior is illustrated by two representative XEC reactions reported recently by 

Shu and co-workers (Figure 3.2B).29,30 In the first example, cross-coupling of a vinyl acetate and 

an alkyl bromide proceeds effectively with Zn, but not with Mn, as the reductant (93% and 18% 

yields, respectively).29 The second example, which features cross-coupling of aryl triflates and 

benzylic alcohols activated in situ to generate benzyl oxalates, shows the opposite trend, with 

higher yields obtained with Mn rather than Zn (82% and 15% yields, respectively).30 Observations 

could be qualitatively rationalized by the reduction potentials of Zn and Mn, relative to the redox 

potentials needed to promote individual steps in catalytic mechanisms with different Ni catalyst 
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systems and/or substrates.31ï33 The thermodynamic potentials of Zn and Mn in organic solvents, 

however, are not known, and factors that influence their potentials under typical reaction 

conditions have not been explored. 

 
Figure 3.2. Metal reductants in Ni-catalyzed XEC. (A) General depiction of Ni-catalyzed C(sp2)ïC(sp3) 

cross-electrophile coupling (XEC) reactions. (B) Selected examples of Ni-catalyzed XEC reactions 

showing the impact of metal reductants on product yields. (C) Pourbaix diagrams for Zn and Mn in aqueous 

solution and an illustration of common applications of open-circuit potential/voltage, a technique that could 

be used to determine the redox potentials of Zn and Mn in organic solvents. (D) Schematic diagram 

illustrating open-circuit potential measurement of thermodynamic potentials of metal reductants. Dme = 

1,2-dimethoxyethane, bpy = 2,2ǋ-bipyridine, dmbpy = 5,5ǋ-dimethyl-2,2ǋ-bipyridine, DMO = dimethyl 

oxalate, phen = 1,10-phenanthroline, dppf = 1,1ǋ-bis(diphenylphosphino)ferrocene, SHE = standard 

hydrogen electrode, Fc/Fc+ = ferrocene/ferrocenium. 
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The thermodynamic potentials and speciation of Zn and Mn are well defined in aqueous 

solution from pH 0ï14, as depicted in their Pourbaix diagrams (Figure 3.2C);34,35 however, the 

potentials from these diagrams are not straightforwardly translated to organic solvents. The redox 

potentials for Zn and Mn, ï0.76 V and ï1.18 V, respectively, versus the standard hydrogen 

electrode (SHE), are commonly cited in the XEC literature. In many cases, these values are 

adjusted by simple mathematical conversion from SHE to a reference electrode or reference 

potential used in an organic solvent, such as the saturated calomel electrode, SCE, or 

ferrocene/ferrocenium, Fc/Fc+.36 Values obtained by this approach are fraught with complications, 

however, as they fail to account for the influence of the solvent or reaction additives on the Zn2+/0 

and Mn2+/0 potentials. A direct approach to evaluate redox potentials of Zn and Mn in organic 

solvents could have significant value. 

Open-circuit potentials (OCPs) represent thermodynamic potentials that are unaffected by 

electrochemical kinetics.37 OCP measurements are widely used in other scientific disciplines, for 

example, to study the metal corrosion,38,39 develop potentiometric sensors,40 and analyze batteries 

in electrochemical energy storage (Figure 3.2C).41  Similar measurements in the context of 

synthetic organic chemistry are exceedingly rare, with historical examples limited to studies of 

alkali metals.42  A systematic study of the thermodynamic potentials of Zn and Mn in organic 

solvent could contribute significantly to the fundamental understanding and development of Ni-

catalyzed XEC reactions that employ these reductants . 

Here, we report OCP measurements that directly analyze the thermodynamic potentials of Zn 

and Mn reductants in organic solvents (Figure 3.2D). The results reveal the impact of solvents and 

additives on the reduction potentials of heterogeneous metal reductants, and they enable direct 

comparison of these values with the potentials of substrates, catalysts, and other homogeneous 
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redox-active species in organic reactions. The implications of these measurements are illustrated 

through a pair of studies that correlate the Zn and Mn reduction potentials with the product yields 

associated with these reductants and redox potentials of the Ni complexes used in the catalytic 

reactions. Finally, we analyze the XEC reaction of N-alkyl-2,4,6-triphenylpyridinium reagents 

(Katritzky salts) with aryl halides using Zn and Mn as heterogeneous reductants. The results are 

directly compared to the performance of these reactions with constant-potential electrolysis 

reactions conducted at variable potentials, including electrochemical potentials that match the 

thermodynamic potentials of Zn and Mn under the reaction conditions. The results of this analysis 

show how control over the reduction potential of a chemical reagent or an electrode has significant 

impact on the outcome of Ni-catalyzed XEC reactions. 

3.3. Results and Discussion 

Measurement of thermodynamic potentials of Zn and Mn. OCPs are measured without 

passing current or applying an external voltage, and we initiated our study by measuring OCPs for 

zinc and manganese relative to a reference electrode (Ag/AgNO3) under a variety of conditions 

relevant to Ni-catalyzed XEC reactions (Figure 3.3A). A three-electrode set-up was used to enable 

determination of the Fc/Fc+ redox potential (used for referencing the OCP) in the same 

solution.37,43 Eight solvents commonly used in Ni-catalyzed XEC reactions were selected for OCP 

measurement to probe the influence of solvent on the Zn and Mn reduction potentials (Figure 3.3B): 

dimethylformamide (DMF), dimethylacetamide (DMA), N-methyl-2-pyrrolidone (NMP), N,Nǋ-

dimethylpropyleneurea (DMPU), 1,3-dimethyl-2-imidazolidinone (DMI), dimethyl sulfoxide 

(DMSO), acetonitrile (MeCN), and tetrahydrofuran (THF). Zn2+ or Mn2+ salts were included in 

the solution (10 mM) to ensure well-defined thermodynamic conditions for the redox process of 

interest (i.e., M ᵶ M2+ + 2eï). The OCPs measured in the different solvents were converted to 
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formal thermodynamic potentials versus Fc/Fc+ (EÁǋ) by correcting for the non-standard-state 

concentration of the M2+ ions (see Section 3B.II of Appendix B for details). The redox potential of 

[Ni(bpy)3]Cl2 was also measured in each of these solvents to provide a benchmark for Ni-based 

redox potentials (black data, Figure 3.3B).  

 
Figure 3.3. Formal thermodynamic potentials of Zn and Mn. (A) Experimental set-up for open-circuit 

potential measurements. (B) Solvent effects on the formal thermodynamic potentials of Zn and Mn and the 

redox potential of [Ni(bpy)3]Cl2
 (a see Figure 3B.8). (C) Comparison of the results of chemical and 

electrochemical Ni/tBubpy-catalyzed coupling of benzyl chloride and phenyl iodide. (D) Additive effects 

on the formal thermodynamic potentials of Zn and Mn. 

The Zn and Mn reduction potentials show modest variation in a series of amide and urea 

solvents (DMF, DMA, NMP, DMPU, and DMI): ȹEÁǋ Ò 50 mV for Zn, ȹEÁǋ Ò 80 mV for Mn. The 

Mn potentials in DMSO and THF are similar to the corresponding potentials observed in amide 

solvents. The Zn potential is more negative in DMSO and more positive in THF, relative to the 

corresponding potentials in amide solvents. The Zn and Mn potentials change substantially in 
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MeCN, increasing by up to 260ï370 mV relative to those measured in DMSO and amide solvents. 

The redox potentials of Zn and Mn are more positive than those of [Ni(bpy)3]Cl2, although the 

difference is rather small for Mn in DMSO and amide solvents (ȹEÁǋ Ò 90 mV). A somewhat larger 

difference is evident for Zn in these solvents (ȹEÁǋ Ò 270 mV).  

The unique behavior of MeCN has important implications for Ni-catalyzed XEC reactions. The 

high reduction potentials observed for Zn and Mn in MeCN likely explain why XEC reactions are 

rarely conducted with these reductants in MeCN.17,24 For example, Weix and co-workers evaluated 

a series of solvents, including MeCN, for the cross-coupling of benzyl chloride with phenyl iodide. 

Efficient cross-coupling was observed in DMA with Zn as the reductant, affording 82% yield of 

diphenylmethane, while only 15% yield was observed in MeCN (Figure 3.3C).24 This result could 

be rationalized by unfavorable thermodynamics for Zn reduction of the Ni catalyst in MeCN. 

Support for this hypothesis was obtained by conducting constant-potential electrolysis experiments 

in DMA and MeCN, applying potentials associated with the reduction potential of Zn in each 

solvent. At an applied potential of ï1.07 V, the Zn reduction potential in MeCN, negligible current 

was observed in DMA with > 90% unreacted starting materials remained after 36 h, while a 23% 

yield of product was observed in MeCN. At the more reducing potential of ï1.35 V, the Zn 

reduction potential in DMA, sustained current and moderate-to-good product yields were observed 

in both solvents (50% in DMA, 78% in MeCN; see full screening data in Table 3B.4). These 

observations show how solvent effects on the reduction potential of metallic reductants can have 

a significant influence on the outcome of reductive coupling reactions. 

DMF is one of the most common solvents used for XEC reactions, and additives, such as LiCl, 

LiBr, among others, are often included in the reaction mixture.8 OCP measurements for Zn and 

Mn in the presence of various additives (200 mM) in DMF show that the Zn and Mn reduction 
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potentials can change by nearly 300 mV (Figure 3.3D), depending on the additive identity. Halide 

ions, especially chloride salts, shift the Zn and Mn reduction potentials to more negative values 

relative to those recorded in the presence of weakly coordinating anions. The influence of halide 

ions was further probed in MeCN and THF, and a similar phenomenon was observed. One 

exception is a shift in the Mn potential to a slightly more positive value in the presence of LiI 

relative to that measured in the presence of nBu4NPF6. As the quantity of these additives is 

commonly screened in the development of XEC reactions,44,45 OCP measurements were performed 

with different concentrations of chloride salts. The results show that Zn becomes more reducing at 

higher chloride concentration (ȹEÁǋ = 360 mV from [Clï] = 0ï1.2 M; see Figure 3B.3). These 

observations show that halide ions could have a significant influence on XEC reactions by 

changing the potential of the metal reductant. For example, the significantly lower reduction 

potentials of Zn and Mn in the presence of chloride salts in MeCN and THF could provide new 

opportunities to develop XEC reactions in these non-amide solvents. In another aspect, LiCl has 

been reported to accelerate Ni-catalyzed XEC reactions, and this behavior was attributed to the 

kinetic influence of chloride and/or lithium ions on NiII reduction by Zn metal.46 The results in 

Figure 3.3D, however, show that Zn is a stronger reductant in the presence of LiCl, highlighting 

an important, but previously unrecognized, thermodynamic contribution to this reaction. It is worth 

noting that the methodology outlined herein can be readily extended to the study of other 

conditions, such as those using mixed solvents (e.g., DMF/THF) or other additives (e.g., 

trimethylsilyl chloride) (see Tables 3B.1 and 3B.2 for full data). 

Analyzing the preference for Zn or Mn reductants in Ni-catalyzed XEC reactions. The 

preferred reductant in Ni-catalyzed XEC reactions can vary between Zn and Mn. The reduction 

potentials measured for these metals together with redox potentials of the Ni catalysts used in the 
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reactions provide a foundation for understanding the origin of the preferred reductant. We elected 

to explore this approach using two reactions reported by Shu and co-workers depicted in Figure 

3.1B. The cross-coupling of alkenyl acetates and alkyl bromides proceeds effectively with Zn, but 

not with Mn, as the reductant (Figure 3.4A).29 This reaction was proposed to be initiated by 

reduction of NiII to NiI, followed by coordination and oxidative addition of the alkenyl acetate to 

form an alkenyl-NiIII species. One-electron reduction of this species to give an alkenyl-NiII species 

and reaction with an alkyl radical was then proposed to generate the desired product. The cross-

coupling of benzyl alcohols with aryl triflates uses dimethyl oxalate (DMO) to convert the alcohol 

to an oxalic ester electrophile, and this reaction proceeds effectively with Mn, but not with Zn, as 

the reductant (Figure 3.4B).30 The reaction was proposed to be initiated by reduction of NiII to Ni0, 

in this case, followed by reaction of Ni0 with the benzyl oxalate to afford a benzyl-NiII species. 

One-electron reduction of this species to give a benzyl-NiI and oxidative addition of aryl triflate 

was then proposed to afford the desired product.  

Analysis of these reactions was initiated by recording CVs of the Ni catalysts in their 

corresponding reaction solvents (DMA, DMF). CVs were obtained in the presence and absence of 

alkenyl acetate or benzyl oxalate, the substrates proposed to initiate reaction with their respective 

catalysts (Figures 3.4C and 3.4D; see Figures 3B.9 and 3B.10 for CVs involving both coupling 

partners). For the first reaction, the CV of the Ni catalyst alone reveals two quasi-reversible redox 

couples, reflecting sequential one-electron reduction of NiII. In the presence of 10 equiv alkenyl 

acetate, a new reduction peak is evident at ï1.29 V, more positive than the original NiII/I feature. 

An increased current is observed for the peak at ï1.46 V and, even more significantly, at ï1.73 V 

(Figure 3.4C). The reduction potentials of Zn and Mn, determined from OCP measurements under 

the same conditions, are ï1.31 V (Zn) and ï1.55 V (Mn). These data suggest that the preference 
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for Zn as the reductant for this reaction reflects the ability of Zn to reduce NiII to NiI without 

significant generation of Ni0. The reduction potential of Mn is sufficiently close to NiI/0 potential 

to generate Ni0, which was shown to promote alkyl-alkyl and vinyl-vinyl homocoupling in addition 

to the formation of other side products.29 

 
Figure 3.4. Correlation of Zn and Mn redox potentials with Ni-based redox processes in Ni-catalyzed XEC. 

(A) Reductive cross-coupling of styrenyl acetate with an alkyl bromide using a Ni/dmbpy catalyst (dmbpy 

= 5,5ǋ-dimethyl-2,2ǋ-bipyridine). (B) The net cross-coupling of benzyl alcohol with aryl triflate using 

dimethyl oxalate to activate the alcohol using a Ni/mixed-ligand catalyst system (ligands: phen = 1,10-

phenanthroline, dppf = 1,1ǋ-bis(diphenylphosphino)ferrocene). (C) CV analysis of Ni/dmbpy in the absence 

and presence of the substrate. (D) CV analysis of Ni/dppf/phen in the absence and presence of the substrate. 

A similar approach was adopted to analyze the cross-coupling of benzyl alcohol and aryl triflate 

(Figure 3.4D), using a benzyl oxalate directly as the coupling partner to facilitate the CV analysis. 

This reaction features two different ancillary ligands, dppf or phen (dppf = 1,1ǋ-

bis(diphenylphosphino)ferrocene; phen = 1,10-phenanthroline), and the CV trace of the Ni catalyst 

shows multiple reduction peaks. The first peak at ï1.37 V is attributed to one-electron reduction 

of NiII to NiI, while assignments of the peaks at lower potentials, ï1.56 V and ï1.86 V, are 

complicated by the mixture of ligands present. Addition of benzyl oxalate (20 equiv) to the solution 
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leads to a small increase in current at potentials lower than approximately ï1.60 V, relative to the 

Ni-only CV. The reduction potentials of Zn (ï1.36 V) and Mn (ï1.55 V), determined by OCP 

measurements under these conditions, suggest that the preference for Mn as the reductant for this 

reaction arises from the need to access the lower-potential Ni species in this reaction, unlike the 

first reaction, which leads to deleterious reactivity at lower potentials. These results, for the first 

time, show how redox potentials of metal reductants in organic solvents correlate with catalyst 

redox potentials in XEC reactions.  

Comparison of Ni-catalyzed XEC reactions using chemical (Zn, Mn) and electrochemical 

reduction. Metallic Zn and Mn are effective reductants for many reductive cross-coupling 

reactions, but their individual redox potentials are not necessarily optimal for every reaction, while 

electrochemical potentials can be tuned continuously over a wide range.47 The OCP measurements 

outlined herein enable the first direct comparison of chemical and electrochemical Ni-catalyzed 

XEC reactions at reduction potentials of Zn and Mn under the reaction conditions, and these results 

may be compared with electrochemical reactions conducted at other applied potentials. Reactions 

with N-alkyl-2,4,6-triphenylpyridinium reagents (Katritzky salts)32,48 ï51  represent a compelling 

target for exploration of these issues because they exhibit variable performance in Ni-catalyzed 

XEC reactions when using homogenous organic reductants with different reduction potentials.26 

Two Katritzky salts, one with a 1Á alkyl and one with a 2Á alkyl substituent (1 and 2, 

respectively), were investigated in XEC reactions with six different (hetero)aryl bromides (Figure 

3.5). Previously reported thermochemical conditions using Mn as the reductant49 were used as the 

starting point for development of electrochemical conditions for the coupling of 1 and 2 with ethyl 

4-bromobenzoate (Conditions A and B, Figure 3.5; see Table 3B.5 for evaluation of different cell 

configurations, electrode materials, and electrolytes). Good results were observed under constant 



67 

 

 

potential conditions in an undivided cell with a Ni foam cathode and sacrificial Fe anode. Each 

pair of substrates was then compared under four reaction conditions: two thermochemical 

conditions using metallic Zn and Mn powder as the reductant, and two electrochemical conditions 

conducted at applied potentials corresponding to EÁǋZn (ï1.31 V) and EÁǋMn (ï1.55 V) determined 

from OCP measurements with Zn and Mn under the reaction conditions. A fifth condition was then 

used for each substrate pair, based on optimization of the applied potential (see Figures 3B.5 and 

3B.6 for optimization details). 

 
Figure 3.5. Cross-electrophile coupling reactions of alkyl Katritzky salts with aryl bromides. Reactions 

were conducted thermochemically with Zn or Mn as the reductant, or electrochemically at varied applied 

potential. See Appendix B for full experimental details. Yields determined by 1H NMR spectroscopy; 

isolated yields are shown in parentheses.  a LiBr (2 equiv) instead of KPF6.
 b Aryl chloride was used instead 

of aryl bromide. 
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The data in Figure 3.5 show how thermochemical and electrochemical reduction methods 

perform at the same potential (EÁǋZn and EÁǋMn). For example, coupling product 1a was obtained in 

72% yield with Zn and a 62% yield under electrochemical conditions at the Zn potential (ï1.31 

V). Significantly lower yields were observed with Mn (27%) and under electrochemical conditions 

at the Mn potential (0%; ï1.55 V). Quantitative differences between electrochemical and 

thermochemical conditions can arise from various factors, for example, differences in the mass 

transport behavior of dissolved species interacting with suspended metal particles versus a solid-

state electrode, and differences in the redox-active surface area of the metal powders and electrodes, 

that could alter the outcome. Additionally, the composition of reaction mixtures will evolve as the 

reaction progresses through the release of metal salts that alter redox equilibria. Thus, the 

electrochemical reduction at EÁǋZn and EÁǋMn represents only a first-order approximation of the 

potential supplied by the stoichiometric metal reductant. Nonetheless, the results in Figure 3.5 

show good qualitative agreement between thermochemical and electrochemical results obtained at 

the Zn potential of substrates 1aïf and 2f, and at the Mn potential for all substrates. Notable 

differences were observed for many of the XEC reactions of 2 at the Zn potential: negligible 

quantities of 2aïe were observed under thermochemical conditions, while the corresponding 

electrochemical conditions (at EÁǋZn) led to moderate-to-good product yields. Further analysis of 

this behavior showed that soluble ZnII salts, generated in the reactions that used metallic Zn, 

convert the aryl bromide into the proto-dehalogenation byproduct, likely via the formation of 

protolytically sensitive aryl-zinc species (see Table 3B.6).45,52 

The reactions of each substrate pair were then evaluated at different applied potentials, and the 

results showed that higher yields could be obtained at potentials other than EÁǋZn or EÁǋMn in all 

cases. For example, 1a was generated in 81% yield at ï1.25 V, a redox potential higher than EÁǋZn 
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and EÁǋMn. A survey of the results shows that the optimal potential changes for each reaction, and 

even the position of the optimal potentials relative to the Zn and Mn potentials changes. For the 

six reactions performed with the 1Á Katritzky salt 1, only 1a performs best at a potential higher 

than EÁǋZn.
 Four products (1b, 1c, 1e, 1f) exhibit an optimal yield at a potential between Zn and 

Mn, and one (1d) maximizes at a potential more negative than EÁǋMn (Figure 3.5). With the 2Á 

Katritzky salt 2, three of the products afford the highest yields at a potential higher than EÁǋZn (2a, 

2e, 2f), while three are optimal at potentials between Zn and Mn (2b, 2c, 2d).  

The results in Figure 3.5 have important implications for Ni-catalyzed XEC reactions. Large-

scale applications of these reactions with chemical reductants are already complicated by 

challenges in using metal-powder reagents (non-uniform particle properties/reactivity, difficulty 

in suspending dense powders in reactors53) or air-sensitive organic reductants28. The data in Figure 

3.5 show that the quantized/non-tunable redox potentials of chemical reagents will limit 

opportunities to optimize the reaction performance. Each of these challenges may be addressed by 

using electrochemistry to supply the electrons needed in the reaction. 

3.4. Conclusion 

The results outlined above document thermodynamic potentials of Zn and Mn reductants in 

organic solutions for the first time, revealing the influence of different solvents and additives on 

the reduction potentials. These data are ideally paired with cyclic voltammetry studies to gain 

fundamental insights into the relationship between the redox potential of the reductant and critical 

redox processes in the reaction. The approach used here is readily adapted to other reduction and 

reductive coupling reactions, including those using different metal reductants, solvents, and 

reaction conditions. Access to the Zn and Mn reduction potentials also provided the first 

opportunity to directly compare the influence of chemical versus electrochemical reduction 
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methods on the reaction outcome. Good qualitative agreement is observed from reactions 

conducted at the same potential (e.g., at EÁǋZn or EÁǋMn), but the optimization studies show that the 

best performance is often observed at reduction potentials different from the specific potentials 

accessible from the chemical reductants. These results highlight the importance of tuning the 

reductant redox potential when optimizing Ni-catalyzed XEC, and presumably other reductive 

coupling, reactions. The tunability of electrochemistry will offer significant advantages in the 

future development of these reactions.  
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4.1. Abstract 

Nickel-catalyzed cross-electrophile coupling (XEC) reactions of (hetero)aryl electrophiles 

represent appealing alternatives to palladium-catalyzed methods for biaryl synthesis, but they often 

generate significant quantities of homocoupling and/or proto-dehalogenation side products. In this 

study, an informer library of heteroaryl chloride and aryl bromide coupling partners is used to 

identify Ni-catalyzed XEC conditions that access high selectivity for the cross-product when using 

equimolar quantities of the two substrates. Two different catalyst systems are identified that show 

complementary scope and broad functional-group tolerance, and time-course data suggest the two 

methods follow different mechanisms. A NiBr2/terpyridine catalyst system with Zn as the 

reductant converts the aryl bromide into an aryl-zinc intermediate that undergoes in situ coupling 

with 2-chloropyridines, while a NiBr2/bipyridine catalyst system with 

tetrakis(dimethylamino)ethylene as the reductant uses FeBr2 and NaI as additives to achieve 

selective cross-coupling. 

 
Figure 4.1. Summary of this work.  
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4.2. Introduction  

Nitrogen-containing biaryls are prevalent in biologically active compounds, pharmaceuticals, 

and agrochemicals,1ï3 and these structures are commonly accessed by transition metal-catalyzed 

cross-coupling reactions.4ï17 Conventional biaryl cross-coupling features the coupling of 

(hetero)aryl organometallic reagents, Arï[M] ([M] = zinc, magnesium, stannane, silicon, or boron 

species), with (hetero)aryl electrophiles, ArïX (X = (pseudo)halides), enabled by palladium or 

other transition-metal catalysts. The complementary polarity and different activation mechanisms 

of the nucleophilic and electrophilic coupling partners can lead to highly selective cross-coupling 

of the two substrates, even when used in a 1:1 stoichiometry. Nonetheless, several factors have 

been motivating efforts to develop new methods to access biaryl structures. Aryl-organometallic 

coupling partners are much less readily available than aryl electrophiles, limiting access to 

structural diversity. This issue is especially relevant to medicinal chemistry and high-throughput 

screening efforts that target rapid access to diverse compounds, but it also impacts large-scale 

applications arising from the higher cost and operational complexities associated with 

organometallic reagents. The instability of heteroaryl organometallic reagents can limit their use 

in cross-coupling reactions. This issue is most prominently evident in the "2-pyridyl problem", a 

term commonly used to describe challenges associated with preparation and use of 2-pyridyl and 

related heteroaryl organometallic reagents.18,19 Finally, while palladium catalyst systems are the 

most widely used for cross-coupling, the increasing and fluctuating cost of palladium underlies 

growing interest in the development of non-precious-metal catalyst systems (Figure 4.2A). 

Nickel-catalyzed cross-electrophile coupling (XEC) represents an attractive alternative to 

palladium-catalyzed cross-coupling for forming C(sp2)ïC(sp2) bonds, as it directly utilizes stable 

and widely available carbon electrophiles as coupling partners, and nickel is an earth abundant,  
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Figure 4.2. Heteroaryl-aryl core structures are commonly encountered in bioactive molecules (A). Existing 

coupling methods typically use Pd-based catalyst, but Ni-catalyzed methods would offer compelling 

alternatives, if they could overcome selectivity challenges (B). This study targets the development of Ni-

catalyzed cross-electrophile coupling methods that are compatible with equimolar substrate ratios (C). 

non-precious metal that is much less expensive than  palladium.20ï23 A central challenge of this 

strategy is selectively accessing the cross-coupled product over the two homo-coupled products 
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due to the subtle differences between two coupling partners.24,25 Only a small number of reports 

have explored Ni-catalyzed heteroaryl-aryl XEC reactions, and they typically exhibit limited 

substrate scope and a moderate-to-poor cross-selectivity (Figure 4.2B).26ï33 In these precedents, 

two approaches were generally adopted to improve the yield of the cross-coupled product. The 

first uses an excess of one of the coupling partners (up to 3 equiv) to improve the yield of cross-

coupled products with respect to the limiting reagent. This approach, however, often generates 

significant quantities of homo-coupled dimers from the excess reagent, introducing undesirable 

waste and complicating product isolation. In the second approach, the (pseudo)halide substituents 

on the two electrophiles are adjusted on a case-by-case basis until the two coupling partners show 

comparable reactivity and improved cross-selectivity. For instance, aryl iodides are effective with 

more reactive heteroaryl chlorides, while aryl bromides or chlorides may be used to achieve 

selective coupling with less reactive heteroaryl chlorides. These approaches are often implemented 

simultaneously to maximize the yield of cross-coupled products. Ideally, one could identify 

effective catalyst systems that achieve general XEC reactivity with different coupling partners, and 

the present study was initiated to explore this possibility (Figure 4.2C). Specifically, we targeted 

high cross-selectivity using an equimolar ratio of the coupling partners. We prioritized reactions 

with 2-chloro-substituted aromatic heterocycles, including pyridines, pyrimidines, pyrazines, and 

pyridazines, which present unique challenges in conventional cross-coupling reactions with 

organometallic nucleophiles. 

4.3. Results and Discussion  

Reaction optimization using an informer library. Precedents for Ni-catalyzed heteroaryl-aryl 

XEC reactions show strong similarity among the catalyst systems employed. Early studies by 

Gosmini26ï28 and subsequent studies by L®onel29ï32 utilized electrochemical reduction, while more 



79 

 

 

recent reports by Lautens33 and Surgenor34 used Zn or Mn chemical reductants. Each of these 

reports used NiX2/bpy (X = Br or I, bpy = 2,2ǋ-bipyridine) catalyst systems. Gosmini and L®onel 

noted a beneficial effect of FeBr2 on reactions with heteroaryl electrophiles that contain two or 

more nitrogen atoms in the ring (e.g., pyrimidine, pyrazine, and pyridazine), wherein FeBr2 was 

proposed to limit catalyst poisoning by the heterocycle through coordination to Ni.27  

Building on these reports, we initiated reactivity studies with a reaction system comprising a 

(bpy)NiBr2 catalyst (10 mol%), Zn as the reductant, and DMF as the solvent (Figure 4.3A). A panel 

of six different heteroaryl chlorides (HetïCl, 1aï1f) and two aryl bromides (ArïBr, 2a and 2b) 

were used as an "informer library"35 to evaluate XEC reactivity with equimolar quantities of the 

HetïCl and ArïBr substrates. With the diazaheteroaryl substrates 1cï1f, 30 mol% FeBr2 was 

included in the reaction (see Table 4C.1 and Section 4C.II of Appendix C for full screening data). 

The majority of the reactions led to poor or modest yields of the desired XEC (Figure 4.3D-i), with 

more than half affording < 20% yields. The reactions typically proceed to high conversion, but 

they favor formation of homo-coupled dimers and/or proto-dehalogenation byproducts (Table 

4C.1). This outcome highlights the predominant challenge facing such reactions, particularly when 

using a 1:1 ratio of the electrophilic coupling partners. 

Results from XEC reactions using the adapted literature condition highlight the need for new 

catalyst systems. We initiated the reaction optimization by evaluating a series of nitrogen-based 

ligands for the coupling of 2-chloropyridine (1a) with ethyl 4-bromobenzoate (2b) (Figure 4.3B). 

Reactions catalyzed by Ni complexed with bidentate nitrogen ligands showed that a hindered 

ligand, 6,6ǋ-dimethyl-2,2ǋ-bipyridine (L4), slightly increased the yield of the cross-coupled product 

3ab, compared to other bipyridine or phenanthroline ligands evaluated (L1 to L4; see full ligand 

screening in Table 4C.2). Tridentate ligands were also evaluated, and Ni complexed with a  
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Figure 4.3. Reaction optimization. See Section 4C.II of Appendix C for experimental details. Yields are 

determined by 1H NMR spectroscopy of the crude reaction mixture using 1,3,5-trimethoxybenzene as an 

internal standard. Cross-selectivity ratio reflects 1H NMR yields of cross-coupled product:(heteroaryl dimer 

+ aryl dimer). (A) Illustration of (adapted) literature conditions and informer library substrates. (B) 

Optimization of XEC of 1a with 2b. (C) Optimization of XEC of 1c with 2a. (D) Use informer library to 

test the generality of the adapted literature condition, condition A, and condition B. a Used 10 mol% Ni 

catalyst and added 30 mol% FeBr2 when 1 contains more than one nitrogen atom in the ring. b 7 mol% Ni 

catalyst. 

hindered, electron-poor L6 afforded 3ab in 62% yield. Reducing the loading of the Ni/L6 catalyst 

to 7 mol% further improved the result (83%). NMR analysis of the crude mixture indicates that 

the CïBr bond on L6 remains intact during the reaction. Use of the Ni/L6 catalyst system results 


























































































































































































































































































































































































































































































































































































