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Abstract 

This dissertation will discuss the expansion of cross-electophile coupling reactions 

to allow for the formation of C–N bonds and the improvement of existing C(sp2)–C(sp3) 

bond-forming reactions by the development of improved catalysts. 

Chapter 1 will introduce the concepts of cross-electrophile coupling, compare and 

contrast them with redox-neutral cross-couplings, and identify key areas for 

improvement. 

Chapter 2 describes the development of the reductive arylation of nitroarenes with 

aryl halides and the investigation into the mechanism of this transformation. 

Chapter 3 translates computational and statistical methods to nickel-catalyzed 

cross-electophile coupling, allowing for the devleopment of improved 2,2’-bipyridine 

ligands, and describes their application to a variety of cross-electrophile coupling 

reactions. 

Chapter 4 discusses the identification and initial survey of reactivity of 2,2’-

bipyridine-6-carbonitrile ligands, and describes their similar yet distinct reactivity 

relative to their non-cyanated bpy analogues. 
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 1 

Chapter 1: Introduction to Reductive and Cross-Electrophile Couplings 

1.1 Cross-Coupling Reactions 

Transition metal-catalyzed C–C and C–N cross-coupling (XC) reactions are critical 

tools in modern synthetic organic chemistry. These reactions enable the construction of 

diverse structural features that were previously inaccessible or required multi-step 

synthetic sequences. The impact of these couplings—particularly palladium-catalyzed 

C(sp2)–C(sp2) and C(sp2)–N bond formations—is seen in the prevalence of individual 

molecular features in synthetic small molecules. For example, the increased accessibility 

of biaryl cores via Suzuki cross-coupling has been cited as a driving force in the 

“flattening” of drug molecules after the reaction’s adoption in medicinal chemistry.1–3 

Despite their utility, synthetic sequences employing these reactions are complicated by 

the low commercial availability, bench-stability, and functional group compatibility of 

requisite carbon and nitrogen nucleophiles. This dissertation focuses on the expansion of 

cross-electrophile coupling (XEC) reactions, which offer an alternative method to 

traditional redox-neutral cross-couplings. The two major goals of this work are: (1) 

applying the principles of cross-electrophile coupling to enable the formation of C–N 

bonds from abundant, stable nitroarenes, and (2) improving the selectivity and utility of 

cross-electrophile coupling reactions to match the best redox-neutral cross-couplings. 

Studies of the reactivity of low-valent palladium(0) and arylpalladium(II) 

complexes have contributed to a robust mechanistic schema that informs the 

modification, improvement, and translation of cross-coupling strategies to diverse 

combinations of electrophiles and nucleophiles. Many C–C cross-coupling reactions 

proceed via a similar mechanism in which: an C(sp2)–X electrophile—such as a 
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haloarene—is activated by oxidative addition of (L)Pd0, transmetalation with an 

organometallic species (R–[M]) converts the resulting (L)PdII(Ar)X intermediate into 

(L)PdII(Ar)R, and reductive elimination forms the desired C–C bond–regenerating 

(L)Pd0.4 Informed by this knowledge, improved catalysts and reagents have expanded 

the utility of cross-couplings to allow for the formation of diverse—C(sp2)–C(sp2), C(sp2)–

C(sp3), C(sp2)–N, C(sp2)–O, etc.—bonds. In particular, two major advances in the field of 

cross-coupling drove adoption in industrial applications: first, the development of 

organoboron nucleophiles, which display increased stability and functional group 

compatibility; and second, the identification of association-deprotonation pathways to 

allow for the arylation of nitrogen, oxygen, and sulfur nucleophiles.5–10 

Scheme 1.1 Cross-Coupling Overview 

 

Suzuki-Miyaura cross-coupling—the cross-coupling of an organic electrophile 

with organoboron nucleophiles—is the most common cross-coupling reaction in 

medicinal chemistry.5,11,12 Most often, Suzuki-Miyaura cross-coupling is employed to 

form to C(sp2)–C(sp2) bonds. Despite demand for increased C(sp3) character in drug 

molecules, applications of this method to form C(sp2)–C(sp3) bonds remain limited.1,13–15 
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The two possible strategies for the formation of C(sp2)–C(sp3) bonds via Suzuki-

Miyaura—the coupling of an alkyl electrophile with an arylboron reagent or the coupling 

of an aryl electrophile with an alkylboron reagent—face a series of separate and shared 

challenges. First, oxidative addition of palladium(0) to alkyl halides is significantly 

slower than to aryl halides.16,17 The resulting alkylpalladium is then prone to β-hydride 

elimination, leading to the formation of an undesired alkene.18 This is amplified by slow 

C(sp2)–C(sp3) reductive elimination, which increases the propensity for off-cycle 

pathways from the intermediate (L)PdII(Ar)Alk complex.19 Contrastingly, when an 

alkylboron reagent is used, the low availability and stability of alkylboron reagents 

negate many of the original benefits of Suzuki-Miyaura coupling.20,21 As a result, despite 

its prevalence in C(sp2)–C(sp2) bond formation, Suzuki-Miyaura coupling does not enjoy 

a place of privilege in C(sp2)–C(sp3) cross-couplings. Instead, a variety of alternative 

methodologies are utilized, including palladium-, nickel-, and iron-catalyzed cross-

couplings of organohalides with organoboron, organozinc, and organomagnesium 

reagents.22 

Scheme 1.2 C(sp3) Cross-Coupling Presents Several Obstacles 
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Amongst these methods, one enduring challenge is the low commercial 

availability, bench stability, and functional group tolerance of the requisite carbon 

nucleophile. As such, synthetic sequences employing these methods must incorporate a 

discrete C–H or C–X metalation step, as well as protection and deprotection steps to 

preserve sensitive functionalities, thereby lengthening and complicating the synthetic 

sequence.22 While not discussed here, related obstacles exist in the field of palladium-

catalyzed amine arylation (vide infra, Section 2.1). An ideal alternative would be the 

direct coupling of the organohalide precursor, circumventing many of these obstacles. 

1.2 Cross-Electrophile Coupling Reactions 

Nickel-catalyzed cross-electrophile coupling has emerged as a useful method for 

the formation of C(sp2)–C(sp2)23 and C(sp2)–C(sp3) bonds. These reactions utilize widely 

available, bench-stable carbon electrophiles in place of traditional carbon nucleophiles.24 

Most often, these reactions employ a C(sp2) electrophile, such as an aryl halide, and a 

C(sp3) electrophile, such as an alkyl halide. The reaction is balanced by the addition of a 

stoichiometric, terminal reductant—often zero-valent metals or organic reductants,25–27. 

Since the initial publications by the Weix,28 Gong,29 and Gosmini30 groups, cross-

electrophile coupling has grown to be a distinct reaction modality allowing for the 

incorporation of diverse C(sp2) and C(sp3) electrophiles. 

Initial concerns about selectivity centered around the apparent similarities in 

reactivity between aryl and alkyl halides. Indeed, in palladium-catalyzed cross-coupling 

reactions, both classes of molecules undergo two-electron oxidative addition to form a 

(L)PdII(R)X intermediate.18,31 However, a shift in the type of reactivity—enabled by using 

first-row transition metals in concert with heterocycle-based L2 and L3 nitrogen 

ligands—of these two classes of electrophiles allows for differentiation by different 
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elementary steps. In a typical proposed mechanism for cross-electrophile coupling 

between an aryl and alkyl halide, (L)Ni0 undergoes selective two-electron oxidative 

addition into the Ar–X bond despite the presence of the Alk–X coupling partner.32 The 

resulting (L)NiII(Ar)X complex can then oxidatively capture an in situ-generated alkyl 

radical, forming a high energy (L)NiIII(Ar)X(Alk) complex. Reductive elimination 

furnishes the desired Ar–Alk bond and an intermediate (L)NiI(X) complex. This nickel(I) 

intermediate can then undergo two- or single-electron steps to generate an alkyl radical 

or be directly reduced by a terminal reductant to regenerate the active (L)Ni0 catalyst. 

While the exact elementary steps and catalyst speciation may change based on the 

reaction conditions, the overarching principles of differentiating electrophiles via their 

propensity to undergo two- and single-electron steps have enabled the coupling of a suite 

of electrophiles to form C(sp2)–C(sp3) bonds. 

Scheme 1.3 Cross-Electrophile Coupling Overview 
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homodimer—which consumes two equivalents of the limiting reagent—presumably 

formed by disproportionation of the (L)NiII(Ar)X intermediate. Notably, the rate of aryl 

homodimerization is determined primarily by the ligand bound to the nickel catalyst. 

Early work in the Weix group identified 4,4’-dimethoxy- and 4,4’-di-tert-butyl-2,2’-

bipyridine as suitable catalysts to promote selectivity in aryl-alkyl coupling, whereas 

other 2,2’-bipyridines derivatives led to decreased yield and selectivity.24,28 As the scope 

and methods of cross-electrophile coupling expanded, methods to improve selectivity 

enabled the use of less electron-rich bipyridines, such as 2,2’-bipyridine—the canonical 

baseline of reactivity.33 

Altogether, this propensity for the formation of dimeric side products hampers 

wider application of cross-electrophile coupling. While existing strategies to promote 

selectivity (Section 3.1.1) are often sufficient, they also introduce complexity compared to 

redox-neutral cross-couplings and require knowledge that is less developed compared to 

their redox-neutral counterparts. An ideal approach to overcome this gap in catalytic 

development would be the design of improved ligands that yields more robust, stable 

(L)NiII(Ar)X intermediates. These ligands would enable more general, robust, and 

selective cross-electrophile couplings. 
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Chapter 2: Reductive Arylation of Nitroarenes with Chloroarenes: Reducing 

Conditions Enable New Reactivity from Palladium Catalysts 

 

 

 

 

 

 

 

 

 

 

This chapter has been published and reprinted with permission from Akana-Schneider, 

B. D.; Weix, D. J. Reductive Arylation of Nitroarenes with Chloroarenes: Reducing 

Conditions Enable New Reactivity from Palladium Catalysts. J. Am. Chem. Soc. 2023, 145 

(29), 16150–16159. DOI: 10.1021/jacs.3c04647. Copyright © 2023 American Chemical 

Society.  
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2.1 Introduction 

While cross-electrophile strategies have been applied to the formation of C(sp2)–

C(sp3)—and more recently C(sp2)–C(sp2)—bonds they have not been widely translated to 

other common redox-neutral cross-couplings, such as the formation of C(sp2)–N, C(sp2)–

O, and C(sp2)–S bonds. Unlike carbon nucleophiles—which require activation by 

metalation—amines, alcohols, and thiols possess native nucleophilicity in organic 

molecules. This Lewis basicity can be leveraged to promote association-deprotonation 

steps, enabling the formation of metal amide species that yield the desired bond via 

reductive elimination. Despite significant advances in catalyst design and substrate 

scope, obstacles related to substrate availability and synthesis still exist for these 

nucleophiles, mirroring the drawbacks of carbon nucleophiles described above (vide 

supra, Section 1.1). 

Scheme 2.1 Synthetic Approaches to Diarylamines 

 
aCommercial availability of coupling partners was gathered via a search of the eMolecules database—via 
Reaxys—performed on 7/18/18. Aryl and heteroaryl coupling partners were specified as ARY–FG and 
HAR–FG (where FG represents the functional group in question, e.g., Cl, Br, NO2) respectively. While the 
exact number of commercial coupling partners changes in magnitude depending on the database 
searched (e.g., PubChem Commercial Substances via Reaxys, Reaxys Commercially Available Filter, etc.), 
the trends observed are consistent. 
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2.1a)—is one of the most-used reactions in medicinal chemistry.5,11,34 Buoyed by the 

importance of amines in pharmaceuticals, the abundance of starting materials, and wide 

functional group tolerance, the success of amine arylation has made secondary 

diarylamines a common feature in medicinal and materials chemistry, despite their rarity 

in natural products.35 One key advantage of this chemistry is the ability to access a wide 

variety of aryl electrophiles; for example, advances in catalyst design have allowed for 

the use of more widely available chloroarenes instead of aryl bromides (Scheme 2.1b).10,36–

39 While there are many commercially available primary anilines, an analysis of industrial 

chemical reactions reveals that the synthesis of anilines by nitroarene reduction is 

common.5,11,40 Indeed, a recent study on the most-used reactions in medicinal chemistry 

found that reduction of a nitroarene to a primary aniline was the most-used reduction. 

An obvious, but underdeveloped, alternative to this synthetic sequence is the direct, 

reductive arylation of nitroarenes with aryl chlorides (Scheme 2.1a). Despite its potential 

synthetic utility, this proposed reaction faces numerous challenges, such as managing a 

net six-electron reduction of the nitro group, resolving the disparate reactivity of the 

relatively inert chloroarene, and the high reactivity of the many possible nitrogen 

intermediates. 

Strategies for the reductive arylation of nitroarenes have thus far relied on the in-

situ conversion of the nitroarene to a transient, electrophilic nitrosoarene, which is 

trapped with a nucleophilic carbon source (Ar-[M]) or aryl radical.41 In general, the 

propensity of nitrosoarenes to undergo deleterious over-reduction and dimerization 

necessitates the use of more reactive nucleophilic carbon sources such as aryl Grignard 

reagents.42–46 Despite recent advances enabling the use of less reactive arylboronic acids,47–

54 arylboronic acids are less available than chloroarenes (~180× fewer commercially 
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available, Scheme 2.1b), adding synthetic complexity. Engagement of aryl chlorides 

would be simplest via oxidative addition to low-valent palladium or nickel catalysts, but 

the resulting arylpalladium and arylnickel intermediates are not known to form new C–

N bonds with nitroarenes. 

Scheme 2.2 Strategies for Nitroarene Arylation 

 

Recent work by Xue and coworkers has described the arylation of nitroarenes with 

bromoarenes via the photo-assisted generation of aryl radicals (Scheme 2.2a).55 While an 

advance over the use of pre-formed aryl nucleophiles, the aryl radical intermediates limit 

compatibility with heterocycles and even more powerful reductants would be needed to 

extend this strategy to chloroarenes.56–62 Harvey and Hu have reported on the reductive 

acylation of nitroarenes.63,64 Unlike the known arylation reactions, this reaction proceeds 

via activation of an intermediate azoarene to form a reactive mixed nickel/zinc-imido 

complex. While the reactivity of these imido intermediates has been limited to acylation 

reactions, the intermediacy of an azoarene intermediate offers advantages over 

nitrosoarenes (vide infra). In contrast to nickel, palladium-catalyzed reductive arylation 
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or acylation of nitroarenes is unknown. Instead, palladium-catalyzed cross-couplings of 

nitroarenes feature C–NO2 oxidative addition (Scheme 2.2b).65–69 

Herein we demonstrate how the same palladium catalysts that favor C–NO2 

oxidative addition and promote C–N bond formation with amines68,69 reveal new 

reactivity when subjected to reducing conditions: catalyzing the N-arylation of azoarenes 

via an association-reductive palladation sequence. The N-functionalization of azoarenes 

using arylpalladium(II) intermediates is notable because the N=N bond of azoarenes is 

generally considered inert towards arylpalladium(II) intermediates;70 even functioning as 

a useful directing group for C–H bond activation.71–79 Our studies show that C–N bond 

formation occurs via reductive dimerization of nitroarenes to azoarenes, followed by 

diarylation to form a tetra-arylhydrazine, and reductive cleavage of the hydrazine to 

form two molecules of product. This dimerization-functionalization-cleavage strategy 

avoids over-reduction that can plague nitrosoarenes, and changes the way that we view 

reactions of palladium(II) complexes with azo compounds.  
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2.2 Results and Discussion 

Table 2.1 Standard Conditions and Effects of Select Deviationsa 

 

Entry Deviation 2.3a (%)b 
1 None 92 
2 XPhos instead of BrettPhos 86 
3 rac-BINAP instead of BrettPhos 1 
4 No HFIP 0 
5 TFE instead of HFIP 9 
6 2-Butanol instead of HFIP 29 
7 PdCl2 instead of Pd(OAc)2 81 
8 Pd2(dba)3 instead of Pd(OAc)2 87c 
9 Zn instead of Mn 89 
10 Benchtop setup with no exclusion of air or water (capped) 90d 

aReactions were assembled in a nitrogen filled glovebox at a 0.25 mmol scale in 0.5 mL of DMF. bYields 
were determined by SFC-MS analysis. c2.5 mol% Pd2(dba)3 used instead of 5 mol% Pd(OAc)2. dReaction 
set up at 0.5 mmol scale in 1 mL of DMF. 

We began by examining the reductive arylation of nitrobenzene (2.1) with 4-

chlorobenzotrifluoride (2.2) (Table 2.1). Preliminary studies quickly established two key 
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common bidentate phosphines, such as rac-BINAP did not. Serendipitously, we found 

that alcohols modulate the extent of arylation, promoting conversion of intermediates to 

the desired product and preventing overarylation of the desired diarylamine. Tuning the 

pKa of the alcohol is critical, as less acidic additives such as 2,2,2-trifluoroethanol (TFE) 
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provided the under-arylated 1,1,2-triarylhydrazine (2.4) as the major arylated product. 

As will be discussed in more detail below, the alcohol facilitates two proton transfers: 

mediating the arylation of 2.4 via association-deprotonation as the conjugate base and 

providing the desired product from the diarylamide (2.7), thereby preventing 

overarylation to triarylamine.A Besides these two variables, we found that many other 

components of the reaction conditions were flexible. A variety of palladium(II) and 

palladium(0) precatalysts provided similar results, although Pd(OAc)2 was chosen due 

to its high solubility. Manganese powder was optimal, however zinc flake gave similar 

yields, despite it being a weaker reducing agent. The reactions were generally run under 

air-free conditions using dry, degassed solvents, but similar yields were obtained using 

wet DMF, under an air headspace when set up on the benchtop. 

Given the impact of mechanistic understanding on reaction design, the importance 

of palladium catalysis, and the unique N-arylation observed in these conditions, we 

undertook a mechanistic investigation. We sought to: identify the catalytic species 

responsible for nitroarene reduction; confirm the identity of the active nitrogenous 

coupling partner; determine the mechanism by which N-arylation occurs; and establish 

the role of the alcohol in controlling the extent of arylation. Based on observations in 

catalytic reactions and specific mechanistic experiments described below, we propose the 

mechanism seen in Scheme 2.3.  

 
A Triarylamine was observed in early optimization efforts utilizing electron-rich chloroarenes when a 
proton source was omitted.  
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Scheme 2.3 Key Aspects of the Proposed Mechanism of the Palladium-Catalyzed 
Reductive Arylation of Nitroarenes 
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such as dinitrogen.83 Reductive elimination forms the C–N bond of Ar1(Ar2)N–NH(Ar2) 

(2.4). 

The second arylation of 2.4 occurs via an amine-arylation sequence involving 

oxidative addition of 2.2 to 2.I, association-deprotonation of 2.4 to 2.II, and C–N reductive 

elimination from intermediate 2.IV to yield a transient 1,1,2,2-tetraarylhydrazine (2.6). 

The weak N–N bond of 2.6 then undergoes rapid homolysis,84,85 followed by reductive 

capture by Mn, yielding manganese bisdiarylamide (2.7). Final protonation furnishes the 

desired product (2.3a) and prevents deleterious transmetalation onto 2.II, stopping over-

arylation to form Ar2N(Ar1)2 (over-arylation not depicted in Scheme 2.3). 

Table 2.2 Reduction of Nitrobenzene is Catalyzed by in situ-generated MnCl2
a
 

 

Catalyst Conversion at 15 min (%)b Conversion at 90 min (%)b 
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not require the addition of a stoichiometric, oxophilic Lewis acid. We considered whether 
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Mn
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N N
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2.8
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2.5

N N

O

N
O
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Pd(0), Pd(II), or residual Mn salts catalyzed the Mn powder reduction step (Table 2.2). 

Neither inclusion of the optimal Pd(OAc)2/BrettPhos precatalyst pair (not pictured), nor 

palladium(0) precursor (cod)Pd(CH2TMS)2, enabled reduction of nitrobenzene. While the 

addition of catalytic amounts of oxidative addition Pd(II) complex 2.II did allow for 

reduction of nitrobenzene, the observed induction period led us to conclude that catalyst 

modification is necessary and 2.II is not directly responsible for catalysis. Indeed, 

addition of catalytic MnCl2—the byproduct of reductive decomposition of 2.II by Mn—

unlocked reduction of nitrobenzene. Based on these results, we concluded that the 

coupling reaction is autocatalytic, with initial, slow decomposition of small amounts of 

2.II turning on the productive pathway, which in turn produces more MnCl2 (Figure 2.1). 

Scheme 2.4 Evaluation of Possible Coupling Partnersa,b,c,d,e

 

aReactions were assembled in a nitrogen filled glovebox at a 0.50 mmol scale in 1.0 mL of DMF. bYields 
were determined by 19F NMR. cYields were determined by SFC-MS analysis. d0.75 mmol of aniline. e0.375 
mmol of azobenzene. 

Over the course of catalytic reactions and discrete reduction studies, we observed 

two probable nitrogenous coupling partners: azobenzene (2.5) and aniline (2.8). While 

both coupling partners are rapidly arylated under reaction conditions at similar rates 

(Scheme 2.4), under these reducing conditions azoxybenzene (2.9) and azobenzene (2.5) 

form at higher concentration than aniline (Table 2.2 and Figure 2.9). Indeed, the reductive 

dimerization of nitrobenzene to form azobenzene is well known.81,87,91 These observations, 

combined with the high rate of N-arylation of azobenzene (Scheme 2.4b, Figure 2.13), and 

differences in reaction outcomes between electron-poor anilines and electron-poor 

B. Both Aniline and Azobenzne are Arylated Rapidly

[N] Cl
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BrettPhos (5 mol%)
HFIP (1.75 equiv)
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H
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Pd(OAc)2 (5 mol%)
BrettPhos (5 mol%)
HFIP (1.75 equiv)
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+
CF3OMe
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81%b 2.3b R = OMe

N

R
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nitroarenes (Figure 2.12) led us to conclude that while reductive amine arylation can 

occur under these conditions, it is a beneficial, convergent side reaction and that double 

N-arylation of azobenzene is the major pathway. 

Scheme 2.5 Possible N-Arylation Pathways to Form Triarylhydrazine (2.4) from 
Azoarene and Arylpalladium(II) 

 

The N=N bond of azoarenes is typically inert to palladium catalysis, even serving 

as a directing group for C–H functionalization.71–75 While limited examples of 

palladium(0)-mediated reductive functionalization of azo compounds have been 

reported;92,93 catalytic, N-arylation from palladium oxidative addition complexes is 

unknown. As such, we sought to determine the elementary step by which arylation 

occurs, with the aim to better understand this coupling and expand the catalytic schema 

used to design new reactions. We envisioned three possible mechanisms by which 

palladation of azobenzene might occur: direct migratory insertion of the Pd–C bond 

across the N=N bond (Scheme 2.5ii); reduction of 2.II to form a reactive palladium(I) 

intermediate that can capture azobenzene (Scheme 2.5iii); and association-reduction of 

azobenzene in a reductive transmetalation process (Scheme 2.5i). 

To establish a baseline for reactivity, we reacted 2.II with excess azobenzene 2.5 

(Scheme 2.6a). In the absence of a reductant, no N-arylated products were observed 
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(Figure 2.14), indicating that direct migratory insertion (Scheme 2.5, pathway ii) is not 

probable. Only addition of manganese enabled arylation, as 2.3a and 2.4 were observed 

in reactions containing stoichiometric or excess reductant. These results suggest that 

either reduction of 2.II, azobenzene (2.5), or their association complex is necessary for 

arylation to occur. 

Scheme 2.6 Additional Mechanistic Studies Support Double N-Arylation of 
Azobenzenea,b 

 

aReactions were assembled in a nitrogen-filled glovebox. Yields were determined by SFC-MS analysis. b5 
mol% Pd(OAc)2, 5 mol% BrettPhos, 1.75 equiv HFIP, 8 equiv Mn, 1 ml DMF, 100 °C, 16 h. 

We utilized cyclic voltammetry to distinguish between pathways involving the 

reduction of 2.II and azobenzene 2.5. While reductive decomposition of 2.II does occur 

under reducing conditions (Scheme 2.4a), CV confirmed that irreversible reduction only 

occurs at very reducing potentials (-2.23 V vs. Fc/Fc+). Contrastingly, direct, reversable, 

single-electron reduction of azobenzene is thermodynamically plausible under the 
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reaction conditions (-1.80 V vs. Fc/Fc+). These data indicate that either direct reduction 

of azobenzene occurs – the resulting radical anion then exchanging for the chloride ligand 

on 2.II – or that association of azobenzene to the Lewis acidic 2.II enables reduction. We 

predict that association-reduction is the dominant pathway, as substituting manganese 

for the much less reducing zinc leads to little change in yield (89% vs 92%) and 

hydrazobenzene—the product of direct reduction of azobenzene—is not arylated under 

the optimized conditions (Figure 2.17). 

The intermediacy of 2.4 was confirmed by replacing nitrobenzene with 2.4 in the 

optimized reaction conditions (Scheme 2.6b). Arylation yielded diarylamine 2.3a in 

excess of the consumption of 2.4 (0.075 mmol of 2.4 consumed, 0.1 mmol of 2.3a 

produced). While consumption of 2.4 was low, this result also confirms that direct 

reductive cleavage of the N–N bond of 2.4 (yielding an equivalent of 2.3a and aniline 2.8) 

is not operable. We hypothesize that the low conversion was due to the presence of an 

extra equivalent of protons compared to nitroarene or azoarene arylation reactions. This 

results in inefficient association-deprotonation of 2.4 and eventual reductive catalyst 

degradation. 

Finally, we sought to rationalize the role of the alcohol in determining selectivity. 

As seen in Table 2.1, the exclusion of a proton source from reactions completely stops the 

formation of 2.3a. However, its exclusion neither prevents reduction of nitrobenzene nor 

arylation of the resulting azoarene, as 2.4 is still observed. We propose that balancing the 

acidity and the steric profile of the alcohol is necessary to manage the protonation of 

intermediates and the binding of the alkoxide to 2.II. Formation of palladium(II) alkoxide 

complexes is a known intermediate or off-cycle pathway in amine arylation reactions.94–

96 Indeed, we found that 2.II is more stable under reducing conditions in the presence of 
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an alcohol (Figure 2.11). Employing the less acidic and sterically demanding 

trifluoroethanol in place of HFIP in arylations of nitrobenzene yielded 2.4 as the major 

product. We hypothesized that inefficient arylation of 2.4 is caused by exchange of 2,2,2-

trifluoroethoxide for chloride on 2.II, yielding an unreactive, stable, palladium(II) 

alkoxide that prevents association of 2.4. Deprotonation of associated 2.4 is most likely 

not a limiting factor, as 2,2,2-trifluoroethoxide is more basic than 1,1,1,3,3,3-

hexafluoroisopropoxide. Indeed, utilizing 2-butanol as the proton source in place of TFE 

yields increased conversion of 2.4 into 2.3a. These results indicate that balancing the 

association of the alkoxide to 2.II—via the use of an electron-poor, secondary alcohol—

enables arylation of 2.4, provides protons to quench the reactivity of the final product, 

while also stabilizing 2.II under reducing conditions. 

Having an effective understanding of the mechanism by which the reaction 

proceeds, we proceeded to investigate the scope accessible using these initial conditions 

(Scheme 2.7). Arylation of nitroarenes bearing synthetically valuable electron-donating 

groups such as a methyl ether (2.3b), methylenedioxy (2.3c), or an unprotected secondary 

amine (2.3d) all proceeded in high yield. In contrast to photochemical alternatives to this 

method,55 easily oxidized tertiary alkylamines (2.3e) were also well-tolerated. Nitroarenes 

bearing a silyl protected aliphatic alcohol (2.3f) or substitution in the 2-position (2.3g) 

were also arylated effectively. Additionally, the optimized conditions enabled the 

arylation of a variety of nitroheteroarenes, which are not tolerated in photochemical 

methods due to the reactivity of aryl radicals.55,57,97–99 We found that common heterocycles 

such as protected and unprotected indoles (2.3h, 2.3i), pyridine (2.3j), and protected 

pyrazole (2.3k) were all tolerated. 
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Scheme 2.7 Substrate Scope for the Palladium-Catalyzed Reductive Arylation of 
Nitroarenes with Aryl Chloridesa,b,c,d,e 

 

aReactions were conducted at 0.5 mmol scale in DMF (1 mL). Isolated yields after purification are shown. 
bReaction conducted at 2.0 mmol scale. cReaction set up on the benchtop using standard air-free 
technique. d10 mol% each of Pd(OAc)2 and BrettPhos. eTFE instead of HFIP. 

We found that the introduction of an electron-withdrawing ethyl ester (2.3l) 

significantly decreased the yield of the desired diarylamine. As the major byproduct was 

the corresponding primary aniline, we hypothesize that direct reduction of an 

intermediate electron-poor nitrosoarene may occur faster than reductive dimerization. 

Despite this limitation, the diarylamine derived from arylation of electron-poor 
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chemotherapeutic flutamide (2.3m) was isolated in 15% yield. Again, the primary aniline 

derived from flutamide was isolated as the major byproduct. These results suggest that 

modification of the reaction conditions to avoid over-reduction or engage the aniline 

directly in amine-arylation may be successful in over-coming this limitation. 

A variety of electron-poor chloroarenes were effectively engaged using the 

optimized conditions. We successfully coupled chloroarenes bearing carboxylic acid 

derivatives including nitriles (2.3n, 2.3t), a methyl ester (2.3o), and a primary amide 

(2.3p). The reaction was amenable to increased scale and a benchtop setup while 

maintaining good yield (2.3n was synthesized at 2.0 mmol scale on the benchtop using 

standard air-free technique). Other oxidized functionalities that could be reduced were 

well tolerated, such as an acetophenone (2.3q), an unprotected benzaldehyde (2.3r), and 

a sulfone (2.3s). Further, activation of ortho-substituted chloroarenes yielded secondary 

diarylamines with either an electron-withdrawing nitrile (2.3t) or electron-donating 

methyl (2.3u) group in the two-position. 

We found that two modifications were necessary to effectively couple electron-

rich chloroarenes: increasing the catalyst loading from 5 to 10 mol% and replacing HFIP 

with the less acidic TFE. These conditions enabled the coupling of chloroarenes bearing 

electron-donating methyl and trifluoromethyl ethers (2.3v, 2.3w), as well as simple alkyl 

substituents (2.3u, 2.3x). We hypothesize that these two changes overcome sluggish 

arylation of the 1,1,2-triarylhydrazine intermediate afforded from the initial N-arylation 

of the azoarene and stabilize the critical oxidative addition intermediate (2.II). The 

decreased Lewis acidity of arylpalladium complexes bearing electron-rich aryl 

substituents most likely makes association and deprotonation of the hydrazine 

intermediate significantly less favorable. Utilizing TFE can have two beneficial effects. 
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First, the more associating 2,2,2-trifluoroethoxide anion may extend catalyst lifetime, 

forming a reservoir of stable palladium(II) alkoxide. Second, the more basic alkoxide may 

enable deprotonation of the hydrazine intermediate. 

These modified conditions also allowed for the coupling of an electron-rich 3-

chloropyridine, yielding diheteroarylamine (2.3y). The increased catalyst loading is also 

beneficial when coupling other heteroaryl chlorides, regardless of the electron density in 

the ring (2.3z). Together, these results demonstrate the synthetic utility, functional group 

tolerance, and electronic and steric limitations of this method. 

2.3 Conclusions 

In conclusion, we developed the first method for the reductive arylation of 

nitroarenes with chloroarenes. This method relies on a new dimerization-arylation-

fragmentation mechanism that avoids deleterious overreduction of reduced nitrogenous 

intermediates. N-arylation of the typically inert azoarene intermediate is unlocked by the 

reducing conditions. Diarylation of the N=N bond of the azoarene activates it towards 

reductive cleavage. The resulting reaction tolerates a range of synthetically relevant 

functionalities, steric crowding, and heterocyclic cores. We expect that the mechanistic 

results in this study will provide a basis for rapid development of this new approach to 

diarylamines. For example, we are currently pursuing the expansion of this method to 

allow for arylation of nitroarenes with aryl tosylates. Based on mechanistic 

understanding, we have increased the yield by: (1) changing the pre-catalyst to PdCl2, 

which increases the conversion of the nitroarene, and (2) employing the more associating 

2-butanol in place of HFIP, which stabilizes the palladium catalyst (Table 2.3).  
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Table 2.3 Initial Optimization of Nitroarene Arylation with Tosylates 

 

Entry X Alcohol 2.3a (%)b 
1 OAc HFIP 18 
2 Cl 2-Butnaol 40 

aReactions were assembled in a nitrogen filled glovebox at a 0.25 mmol scale in 0.5 mL of DMF. bYields 
were determined by SFC-MS analysis.  

2.4 Experimental 

2.4.1 General Information 

2.4.1.1 Reagents 

Metals and Catalysts 

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

additional purification unless otherwise noted. Palladium(II) acetate was purchased from 

Chem-Impex International or Strem. Palladium(II) chloride was purchased from Alfa 

Aesar. Tris(dibenzylideneacetone)dipalladium(0) was purchased from Sigma Aldrich. 

[(2-Di-cyclohexylphosphino-3,6-dimethoxy-2′,4′,6′-triisopropyl-1,1′-biphenyl)-2-(2′-

amino-1,1′-biphenyl)]palladium(II) methanesulfonate (BrettPhos Pd G3) was purchased 

from Sigma Aldrich. Dichloro(cycloocta-1,5-diene)palladium(II) was synthesized 

according to the literature procedure and analyzed by elemental analysis and NMR.100 

Characterization data matched those reported in the literature. Zinc flake (-325 mesh) was 

purchased from Alfa Aesar. Manganese powder (-325 mesh) was purchased from Alfa 

Aesar. 

Ligands 

NO2

(1.5 equiv)

TsO
Pd(X)2 (5 mol%)
BrettPhos (5 mol%)
Alcohol (1.75 equiv)
Mn (8 equiv)
DMF, 100 °C, 16 h

H
N

+
CF3CF3

2.112.1 2.3a
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Ligands were stored and handled in a nitrogen-filled glovebox and used without further 

purification. 2-Di-cyclohexylphosphino-3,6-dimethoxy-2′,4′,6′- triisopropyl-1,1′-biphenyl 

(BrettPhos) was purchased from Chem-Impex International or Sigma Aldrich. 2-

Dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (XPhos) was purchased from Matrix 

Scientific. 1,1'-Bis(diphenylphosphino)ferrocene (dppf) was purchased from Strem. (±)-

2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl (rac-BINAP) was purchased from Alfa 

Aesar. 

Solvents 

All solvents were anhydrous and stored in a nitrogen-filled glovebox unless specified 

otherwise. N,N-Dimethylformamide (DMF) was purchased from Sigma Aldrich. N,N-

Dimethylacetamide (DMA) was purchased from Sigma Aldrich. 

Other Reagents 

Nitroarenes, chloroarenes, alcohol additives, and other reagents were purchased from 

commercial sources, stored on the benchtop, and used without further purification unless 

otherwise specified. 

2.4.1.2 Methods 

NMR Spectroscopy 

1H, 13C, 19F, and 31P NMR spectra were acquired on 400 and 500 MHz Bruker Avance III 

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

referenced to tetramethylsilane (TMS) in CDCl3 (δ = 0.00 ppm) or to the residual CH2Cl2 

solvent peak (δ = 5.32 ppm). Signals for arising from 1,4-disbstituted arenes (e.g. 2.3b) 

are most accurately characterized as AA’BB’ patterns; however, minimal second order 
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coupling is observed in these spectra—little to no line broadening or shoulder peaks are 

observed. As such these signals are reported as doublets, with the apparent J value 

included. 13C, 19F, and 31P chemical shifts are absolute referenced to 1H NMR data. 

Coupling constants (J) are reported in Hertz. 

High Resolution Mass Spectrometry 

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

Quadrupole-Orbitrap via flow injection with electrospray ionization or via M&M Mass 

Spec Consulting ASAP-MS by the Paul Bender Chemical Instrumentation Center facility 

at the University of Wisconsin-Madison. 

Supercritical Fluid Chromatography Mass Spectrometry (SFC-MS) 

SFC-MS analyses were performed on a Waters ACQUITY UPC2 equipped with an 

ACQUITY UPC2 PDA and ACQUITY QDa detector. A Daicel DCpack SFC-A column 

(3mm ID × 150 mm L, 3 μm PS) was used for separations. The eluent was a mixture (97:3 

CO2/MeOH) with a flow rate of 2 mL/min at 40 °C with an automated back pressure of 

1500 psi. 

Gas Chromatography 

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

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

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

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

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

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

min and the FID temperature was 325 °C. 



 27 

Flash Chromatography 

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

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

μm particle size). Products were visualized via UV or vanillin stain. 

Elemental Analysis 

Analysis was performed via a PerkinElmer 2400 Series II Analyzer by the CENTC 

Elemental Analysis Facility at the University of Rochester, funded by NSF CHE-0650456 

to the CENTC. 

Electrochemical Measurements 

Cyclic voltammetry and differential pulse voltammetry were performed in a nitrogen 

filled glovebox utilizing a Pine Research WaveNowXV potentiostat. The working electrode 

was a 3.0 mm glassy carbon electrode that was polished with an alumina slurry prior to 

being rinsed, dried, and taken into the glovebox. The counter electrode was a 0.5 mm 

diameter platinum wire. Measurements were made in anhydrous DMF from Sigma 

Aldrich which was opened and stored in a glovebox. All measurements were acquired at 

32 °C. 

2.4.2 Preparation of Starting Materials and Organometallic Complexes 

2.4.2.1 Synthesis of Nitroarene Starting Materials 

 O
N

NO2
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4-(4-nitrophenyl)morpholine (2.1e) was synthesized according to the literature 

procedure and characterization data matched those reported in the literature.101 

1H NMR (500 MHz, CDCl3) δ 8.15 (d, J = 9.4 Hz, 2H), 6.84 (d, J = 9.4 Hz, 2H), 3.86 (dd, J = 

5.9, 4.0 Hz, 4H), 3.37 (dd, J = 5.9, 4.0 Hz, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 155.0, 139.1, 125.9, 112.7, 66.4, 47.2. 

 

tert-butyldimethyl((4-nitrobenzyl)oxy)silane (2.1f) was synthesized according to the 

literature procedure and characterization data matched those reported in the literature.102 

1H NMR (500 MHz, CDCl3) δ 8.15 (d, J = 9.0 Hz, 2H), 6.90 (d, J = 9.1 Hz, 2H), 1.00 (s, 9H), 

0.26 (s, 6H). 

13C{1H} NMR (126 MHz, CDCl3) δ 161.6, 142.0, 125.8, 120.1, 25.5, -3.6, -4.4. 

 

1-benzyl-5-nitro-1H-indole (2.1h) 

To a 25 mL round-bottom flask was added 5-nitro-1H-indole (755.6 mg, 5.0 mmol), 

potassium carbonate (947.1 mg, 5.5 mmol), and DMF (6.7 mL). The flask was sealed with 

a rubber septum and the contents were heated to 100 °C. Benzyl bromide (891.4 mg, 5.5 

mmol) was added dropwise through the septum. The reaction was stirred at 100 °C 

overnight, allowed to cool to rt, and was poured over 1 M HCl (25 mL). The mixture was 

extracted with ethyl acetate (3 × 20 mL). The combined organic layers were then washed 

NO2

TBSO

N
Bn

NO2
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with water, saturated aq. NaHCO3, and brine prior to being dried over Na2SO4. Following 

filtration and concentration, the resulting residue was purified by column 

chromatography (20 g of silica gel, 1 CV 5% EtOAc, then 5–25% EtOAc/hexanes across 

15 CV) to yield 1h (808.1 mg, 3.203 mmol, 64%, Rf = 0.275 in 10% EtOAc/hexanes) as a 

yellow solid. Characterization data matched those reported in the literature.103 

1H NMR (500 MHz, CDCl3) δ 8.61 (d, J = 2.2 Hz, 1H), 8.08 (dd, J = 9.1, 2.3 Hz, 1H), 7.37 – 

7.26 (m, 5H), 7.10 (dd, J = 8.0, 1.6 Hz, 2H), 6.73 (dd, J = 3.2, 0.8 Hz, 1H), 5.37 (s, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 141.8, 139.1, 136.2, 131.4, 129.0, 128.1, 127.9, 126.7, 118.3, 

117.5, 109.6, 104.4, 50.6. 

 

4-nitro-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole (2.1k) was synthesized according to 

the literature procedure and characterization data matched those reported in the 

literature.104 

1H NMR (500 MHz, CDCl3) δ 8.36 (s, 1H), 8.09 (s, 1H), 5.41 (dd, J = 9.1, 2.8 Hz, 1H), 4.15 – 

4.01 (m, 1H), 3.73 (ddd, J = 11.6, 9.7, 3.7 Hz, 1H), 2.17 (ddd, J = 11.5, 5.8, 3.0 Hz, 1H), 2.06 

– 1.93 (m, 2H), 1.86 – 1.61 (m, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 135.5, 127.0, 88.4, 67.8, 30.7, 24.7, 21.6. 

2.4.2.2 Synthesis of 1,1,2-Triarylhydrazine Byproduct 

 

N
N

THP

NO2

Br
1) n-BuLi (11 mmol)
THF/hexanes
-78 °C, 2h
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CF3CF3

2.4a

HN



 30 

1,2-diphenyl-1-(4-(trifluoromethyl)phenyl)hydrazine (2.4a) was prepared by the 

addition of 4-(trifluoromethyl)phenyl lithium to azobenzene.105 

To an oven dried 50 mL round-bottom flask was added 4-bromobenzotrifluoride (2.48 g, 

11.0 mmol). The flask was sealed with a rubber septum and purged with nitrogen. 

Anhydrous THF (10 mL) was added and the solution was cooled to -78° C. n-BuLi (1.6 M 

in hexanes, 7.5 mL) was added drop-wise at -78 °C over the course of 20 min. The reaction 

was stirred at -78° C for 2 h. Azobenzene (1.82 g, 10.0 mmol) was added to a separate 

oven-dried 100 mL round-bottom flask. The flask was sealed and purged with nitrogen 

for 5 min while stirring. Anhydrous THF (20 mL) was added to the flask and the solution 

was cooled to -78 °C. The solution of 4-(trifluoromethyl)phenyl lithium was then 

transferred to the solution of azobenzene drop-wise via cannula. After addition was 

complete, the reaction was stirred at -78 °C for 2 h, then was warmed slowly to rt, at 

which it was stirred for an additional 10 h. After stirring for 10 h, the mixture was poured 

over 100 mL of water, and extracted into ethyl acetate (3 × 75 mL). The combined organic 

layers were then washed with water, dried over anhydrous MgSO4, filtered, and 

concentrated. The crude product was purified by column chromatography (80 g of silica, 

1 CV hexanes, then 0-10% EtOAc/hexanes across 15 CV) to yield the product as a viscous 

orange liquid that crystallized upon standing in 20% yield (648.0 mg). 

1H NMR (500 MHz, CDCl3) 1H NMR (500 MHz, CDCl3) δ 7.45 (d, J = 8.6 Hz, 2H), 7.32 (d, 

J = 4.2 Hz, 4H), 7.21 (dt, J = 8.4, 3.5 Hz, 4H), 7.12 (p, J = 4.4 Hz, 1H), 6.91 – 6.79 (m, 3H), 

6.19 (s, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 150.0, 146.8, 145.1, 129.6, 129.5, 126.4 (q, J = 3.8 Hz), 

124.8, 124.5 (q, J = 271.0 Hz), 122.58 (q, J = 32.6 Hz), 121.9, 120.5, 115.9, 112.4.  
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19F{1H} NMR (377 MHz, CDCl3) δ -61.56. 

HRMS-ESI (m/z): [M-H]- calcd for C19H14F3N2
-, 327.1115; found, 327.1116. 

2.4.2.3 Synthesis of Palladium Complexes 

 

bis(trimethylsilylmethyl)-(cycloocta-1,5-diene) palladium(II) was synthesized 

according to the literature procedure and characterization data matched those reported 

in the literature.106 

1H NMR (500 MHz, C6D6) δ 5.15 (s, 4H), 2.02 – 1.74 (m, 8H), 0.78 (s, 4H), 0.35 (s, 16H). 

13C{1H} NMR (126 MHz, C6D6) δ 112.1, 29.2, 11.8, 3.9. 

 

BrettPhos-(4-trifluoromethylphenyl)-chloro palladium(II) (2.II) was synthesized via 

modification of the literature procedure.107 

In a nitrogen-filled glovebox, an oven-dried 20 mL vial equipped with a PTFE-coated stir 

bar was charged with bis(trimethylsilylmethyl)-(cycloocta-1,5-diene) palladium(II) (194.5 

mg, 0.500 mmol, 1.00 equiv) and BrettPhos (268.4 mg, 0.500 mmol, 1.00 equiv). 

Anhydrous THF (5.00 mL) was added to the vial, followed by 4-chlorobenzotrifluoride 
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(90.3 mg, 0.500 mmol, 1.00 equiv). The vial was sealed with urea cap bearing a 

polyethylene conical seal. The reaction was stirred in the glovebox for 24 h. After stirring, 

the vial was removed from the glovebox and the solvent removed under reduced 

pressure. The resulting residue was resuspended in pentane, and the resulting 

suspension filtered. The resulting solid was triturated with pentane to yield the product 

(320.8 mg, 0.3894 mmol, 78% yield) as a light green solid. 

1H NMR (500 MHz, CD2Cl2, mixture of rotamers, 4.5:1 major/minor) δ 7.53 (d, J = 8.0 Hz, 

2H, minor), 7.25 (d, J = 8.0 Hz, 2H, major), 7.13 (d, J = 7.95 Hz, major), 7.18 – 7.09 (m, 3H, 

minor), 7.09 – 7.06 (m, 2H), 6.95 – 6.85 (m, 2H, major), 4.33 (s, 3H, minor), 3.82 (s, 3H, 

major), 3.62 (s, 3H, minor), 3.37 (s, 3H, major), 3.02 (hept, J = 6.9 Hz, 1H, major), 2.94 (hept, 

J = 6.8 Hz, 1H, minor), 2.73 (qt, J = 11.9, 2.4 Hz, 2H, major), 2.52 (hept, J = 6.5 Hz, 2H, 

major), 2.36 (hept, J = 6.6 Hz, 2H, minor), 1.90 – 1.62 (m, 8H), 1.59 (d, J = 6.7 Hz, 6H, major), 

1.51 – 1.42 (m, 1H), 1.36 (d, J = 6.9 Hz, 6H, major), 1.29 – 1.10 (m, 9H), 0.93 (d, J = 6.7 Hz, 

6H, minor), 0.88 (dt, J = 12.8, 3.5 Hz, 2H, major), 0.83 (d, J = 6.7 Hz, 6H, major). 

13C{1H} NMR (126 MHz, CD2Cl2) δ 157.2, 156.5, 154.8, 152.2, 152.0, 151.9, 149.1, 146.9, 

138.1, 137.3, 133.1, 124.1, 122.2, 121.5, 113.6, 111.2, 111.0, 60.8, 54.8, 54.7, 54.3, 36.2, 36.0, 

35.2, 35.0, 34.5, 34.3, 31.3, 30.8, 29.3, 27.8, 27.7, 27.5, 26.6, 26.5, 26.3, 26.2, 26.0, 25.2, 25.1, 

24.4, 24.1, 23.7, 23.1. 

19F{1H} NMR (377 MHz, CD2Cl2) δ -62.07, -62.27. 

31P{1H} NMR (162 MHz, CD2Cl2) δ 47.24, 38.11. 

HRMS-ESI (m/z): [LPdAr]+ calcd for C42H57F3O2PPd+, 787.3078; found, 787.3092. 

Elemental Analysis: Anal. calcd for C42H57F3O2PPd: C, 61.24; H, 6.97. Found: C, 60.114; 

H, 6.601. 
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BrettPhos-(4-methoxyphenyl)-chloro palladium(II) (2.IIa) was synthesized via 

modification of the literature procedure.107 

In a nitrogen-filled glovebox, an oven-dried 20 mL vial equipped with a PTFE-coated stir 

bar was charged with bis(trimethylsilylmethyl)-(cycloocta-1,5-diene) palladium(II) (389.0 

mg, 1.000 mmol, 1.00 equiv) and BrettPhos (536.8 mg, 1.000 mmol, 1.00 equiv). 

Anhydrous THF (10.00 mL) was added to the vial, followed by 4-chloroanisole (178.2 mg, 

1.250 mmol, 1.250 equiv). The vial was sealed with urea cap bearing a polyethylene 

conical seal. The reaction was stirred in the glovebox for 24 h. After stirring, the vial was 

removed from the glovebox and the solvent removed under reduced pressure. The 

resulting residue was resuspended in pentane, and the resulting suspension filtered. The 

resulting solid was triturated with pentane to yield the product (393.0 mg, 0.5000 mmol, 

50% yield) as an ochre solid. 

1H NMR (500 MHz, CDCl3, mixture of rotamers, 1.7:1 major/minor) δ 7.25 – 7.19 (d, 8.8 

Hz, 2H, minor), 7.06 (s, 2H, major), 7.02 (d, J = 9.0 Hz, 1H, minor), 7.02 (s, 2H, minor), 6.97 

(d, J = 9.1 Hz, 1H, minor), 6.92 (d, J = 7.0 Hz, 2H, major), 6.88 (d, J = 2.7 Hz, 1H, minor), 

6.86 (d, J = 2.8 Hz, 1H, minor), 6.81 (d, J = 8.8 Hz, 1H, major), 6.61 (d, J = 8.5 Hz, 2H, 

minor), 6.56 (d, J = 8.6 Hz, 2H, major), 4.33 (s, 3H, minor), 3.82 (s, 3H, major), 3.69 (s, 3H, 

minor), 3.69 (s, 3H, major), 3.59 (s, 3H, minor), 3.37 (s, 3H, major), 3.02 (hept, J = 6.9 Hz, 

1H, major), 2.92 (hept, J = 6.9 Hz, 1H, minor), 2.76 (q, J = 12.1 Hz, 2H, major), 2.49 (hept, 
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J = 6.7 Hz, 2H, major), 2.32 (hept, J = 6.7 Hz, 2H, minor), 1.93 – 1.82 (m, 3H), 1.81 – 1.62 

(m, 6H), 1.59 (d, J = 6.7 Hz, 6H, major), 1.47 – 1.41 (m, 3H), 1.37 (d, J = 6.9 Hz, 6H, major), 

1.26 (d, J = 7.0 Hz, 6H, minor), 1.24 (d, J = 7.0 Hz, 6H, minor), 1.21 – 1.09 (m, 2H), 0.99 (q, 

J = 12.6 Hz, 2H, major), 0.91 (d, J = 6.6 Hz, 6H, minor), 0.82 (d, J = 6.7 Hz, 6H, major), 0.61 

(q, J = 13.0 Hz, 2H, minor). 

13C{1H} NMR (126 MHz, CDCl3, the spectrum is complicated due to the presence of 

rotamers and 31P coupling) δ 156.8, 156.5, 156.4, 156.3, 154.6, 154.6, 153.9, 153.8, 152.1, 

152.0, 151.2, 149.0, 146.7, 138.8, 138.7, 137.2, 137.2, 136.7, 136.6, 133.4, 130.3, 128.2, 125.7, 

125.5, 124.1, 123.7, 121.3, 119.6, 118.8, 118.6, 117.1, 117.0, 113.1, 113.1, 113.0, 113.0, 113.0, 

113.0, 110.8, 110.8, 110.6, 110.6, 68.0, 60.5, 55.2, 54.9, 54.6, 54.4, 36.1, 35.9, 35.2, 35.0, 34.5, 

34.3, 31.3, 30.8, 30.7, 29.4, 27.9, 27.8, 27.7, 26.7, 26.6, 26.4, 26.3, 26.1, 26.1, 25.4, 25.3, 25.3, 

25.3, 24.7, 24.5, 24.0, 23.3. 

31P{1H} NMR (162 MHz, CDCl3) δ 47.05, 38.18. 

HRMS-ESI (m/z): [LPdAr]+ calcd for C42H60O3PPd+, 748.3325; found, 748.3327. 

2.4.3 Additional Control and Deviation from Standard Conditions Experiments 

Figure 2.1 Timecourse of Optimized Reaction 
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In a nitrogen-filled glovebox, an oven-dried 1 dram vial equipped with a PTFE-coated 

stir bar was charged with palladium(II) acetate (5.6 mg, 0.025 mmol, 0.050 equiv), 

BrettPhos (13.4 mg, 0.0250 mmol, 0.0500 equiv), 1,3,5-trimethoxybenzene (30.0 mg, 0.178 

mmol, as an internal standard), and manganese (219.8 mg, 4.000 mmol, 8.000 equiv). DMF 

(1.000 mL) was added to the vial, followed by nitrobenzene (66.7 μL, 92.3 mg, 0.750 mmol, 

1.50 equiv), and 4-chlorobenzotrifluoride (76.9 μL, 90.3 mg, 0.500 mmol, 1.00 equiv). The 

vial was sealed with a Thermo Scientific Mininert valve with an auxiliary rubber septum. 

The reaction was removed from the glovebox and HFIP (91.9 μL, 147.0 mg, 0.8750 mmol, 

1.750 equiv) was added through the valve via gas-tight syringe. The reaction was then 

placed on a pre-heated stir plate where it was stirred (100 °C, 1250 rpm). 

Aliquots were taken from the ongoing reaction, while stirring, by opening the valve and 

withdrawing 10 μL of the reaction mixture via gas-tight syringe. The aliquots were 
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immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 mL of diethyl 

ether. The organic layer was then passed through a short (1.5 cm in a pipette) silica plug. 

Samples were analyzed by SFC-MS and GC-FID to determine the concentration of each 

reagent using 1,3,5-trimethoxybenzene as an internal standard. 

While omitted from the graph for clarity, we also observe slow—7.5 × 10-4 M/min—

formation of 4% of 4,4’-bis(trifluoromethyl)biphenyl over the first 30 min of the reaction. 

We hypothesize that this and MnCl2 are byproducts of necessary decomposition of 2.II 

that enables the initiation of nitroarene reduction. 

Figure 2.2. Omission Control Experiments 

 

Entry Omission Yield (%) 
1 None 92 
2 Pd(OAc)2 0 
3 BrettPhos 0 
4 HFIP 0 
5 Mn 0 

Procedure for the standard conditions: In a nitrogen-filled glovebox, an oven-dried 1 

dram vial equipped with a PTFE-coated stir bar was charged with palladium(II) acetate 

(2.8 mg, 0.015 mmol, 0.050 equiv), BrettPhos (6.7 mg, 0.0125 mmol, 0.050 equiv), 1,3,5-

trimethoxybenzene (15.0 mg, 0.0892 mmol, as an internal standard), and manganese 

(109.9 mg, 2.000 mmol, 8.000 equiv). DMF (500 μL) was added to the vial, followed by 

nitrobenzene (38.5 μL, 46.1 mg, 0.375 mmol, 1.50 equiv), and 4-chlorobenzotrifluoride 

(33.4 μL, 45.1 mg, 0.250 mmol, 1.00 equiv). The vial was sealed with a phenolic screw cap 

bearing a PTFE-backed silicone septum and removed from the glovebox. HFIP (45.9 μL, 

73.5 mg, 0.4375 mmol, 1.75 equiv) was added to the vial through the septum via gas-tight 
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syringe. The reaction was placed on a pre-heated stir plate where it was stirred (100 °C, 

1250 rpm) for 16 h. 

After stirring, a 30 μL aliquot was taken from the reaction via gas-tight syringe. The 

aliquot was immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layer was then passed through a short (1.5 cm in a 

pipette) silica plug. Samples were analyzed by SFC-MS to determine the concentration of 

2.3a using 1,3,5-trimethoxybenzene as an internal standard. 

Figure 2.3. Effects of Deviation from Standard Conditions 

 

Entry Deviation Yield (%) 
1 none 92 
2 PdCl2 instead of Pd(OAc)2 81 
3 Pd2(dba)3 instead of Pd(OAc)2 87 
4 XPhos instead of BrettPhos 86 
5 rac-BINAP instead of BrettPhos 1 
6 TFE instead of HFIP 9 
7 2-butanol instead of HFIP 29 
8 6.0 equiv of Mn 91 
9 Zn instead of Mn 89 
10 DMA instead of DMF 85 
11 80 °C 79 

Procedure for the standard conditions: In a nitrogen-filled glovebox, an oven-dried 1 

dram vial equipped with a PTFE-coated stir bar was charged with palladium(II) acetate 

(2.8 mg, 0.0125 mmol, 0.05 equiv), BrettPhos (6.7 mg, 0.0125 mmol, 0.05 equiv), 1,3,5-

trimethoxybenzene (15.0 mg, 0.0892 mmol, as an internal standard), and manganese 

(109.9 mg, 2.000 mmol, 8.00 equiv). DMF (500 μL) was added to the vial, followed by 

nitrobenzene (38.5 μL, 46.1 mg, 0.375 mmol, 1.50 equiv), and 4-chlorobenzotrifluoride 

(33.4 μL, 45.1 mg, 0.250 mmol, 1.00 equiv). The vial was sealed with a phenolic screw cap 

bearing a PTFE-backed silicone septum and removed from the glovebox. HFIP (45.9 μL, 
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73.5 mg, 0.4375 mmol, 1.75 equiv) was added to the vial through the septum via gas-tight 

syringe. The reaction was placed on a pre-heated stir plate where it was stirred (100 °C, 

1250 rpm) for 16 h. 

After stirring, a 30 μL aliquot was taken from the reaction via gas-tight syringe. The 

aliquot was immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layer was then passed through a short (1.5 cm in a 

pipette) silica plug. Samples were analyzed by SFC-MS to determine the concentration of 

2.3a using 1,3,5-trimethoxybenzene as an internal standard. 

Deviations were made by employing: palladium(II) chloride (2.2 mg, 0.0125 mmol, 0.05 

equiv, Figure 2.3 Entry 2) in place of palladium(II) acetate; 

tris(dibenzylideneacetone)dipalladium(0) (5.7 mg, 0.0063 mmol, 0.025 equiv, Figure 2.3 

Entry 3) in place of palladium(II) acetate; XPhos (6.0 mg, 0.0125 mmol, 0.05 equiv, Figure 

2.3 Entry 4) in place of BrettPhos; rac-BINAP (7.8 mg, 0.0125 mmol, 0.05 equiv, Figure 2.3 

Entry 5) in place of BrettPhos; 2,2,2-trifluoroethanol (31.5 μL, 43.8 mg, 0.4375 mmol, 1.75 

equiv, Figure 2.3 Entry 6) in place of HFIP; 2-butanol (40.2 μL, 32.4 mg, 0.4375 mmol, 1.75 

equiv, Figure 2.3 Entry 7) in place of HFIP; 6 equiv of manganese (82.4 mg, 1.500 mmol, 

Figure 2.3 Entry 8) instead of 8 equiv; zinc flake (130.8 mg, 2.000 mmol, 8.00 equiv, Figure 

2.3 Entry 9) in place of manganese; DMA (500 μL, Figure 2.3 Entry 10) in place of DMF; 

or heating the reaction to 80 °C (Figure 2.3 Entry 11) instead of 100 °C.  
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Figure 2.4. Effects of Decreased Catalyst Loading 

 

Entry X mol% Yield (%) 
1 1 31 
2 1a 36 
3 2 90 
4 5 92 

aThe palladium precatalyst and ligand were pre-stirred to ensure ligation. 

Procedure for catalyst screening: In a nitrogen-filled glovebox, oven-dried 1 dram vials 

equipped with PTFE-coated stir bars were charged with palladium(II) acetate (0.6 mg, 

0.0025 mmol, 0.01 equiv, Figure 2.4 Entry 1; 1.1 mg, 0.0050 mmol, 0.02 equiv, Figure 2.4 

Entry 3; 2.8 mg, 0.0125 mmol, 0.05 equiv, Figure 2.4 Entry 4), BrettPhos (1.3 mg, 0.0025 

mmol, 0.01 equiv, Figure 2.4 Entry 1; 2.7 mg, 0.005 mmol, 0.02 equiv, Figure 2.4 Entry 3; 

6.7 mg, 0.0125 mmol, 0.05 equiv, Figure 2.4 Entry 4), 1,3,5-trimethoxybenzene (15.0 mg, 

0.0892 mmol, as an internal standard), and manganese (109.9 mg, 2.000 mmol, 8.00 equiv). 

DMF (500 μL) was added to the vials, followed by nitrobenzene (38.5 μL, 46.1 mg, 0.375 

mmol, 1.50 equiv), and 4-chlorobenzotrifluoride (33.4 μL, 45.1 mg, 0.250 mmol, 1.00 

equiv). The vials were sealed with phenolic screw caps bearing PTFE-backed silicone 

septa and were removed from the glovebox. HFIP (45.9 μL, 73.5 mg, 0.4375 mmol, 1.75 

equiv) was added to the vials through the septa via gas-tight syringe. The reactions were 

placed on a pre-heated stir plate where they were stirred (100 °C, 1250 rpm) for 16 h. 

For Figure 2.4 Entry 2, an oven-dried 1 dram vial equipped with a PTFE-coated stir bar 

was charged with palladium(II) acetate (0.6 mg, 0.0025 mmol, 0.01 equiv, Figure 2.4 Entry 

2), BrettPhos (1.3 mg, 0.0025 mmol, 0.01 equiv, Figure 2.4 Entry 2), and 1,3,5-

trimethoxybenzene (15.0 mg, 0.0892 mmol, as an internal standard). DMF was added to 

the vial and the contents were stirred for 15 min at rt. Nitrobenzene (38.5 μL, 46.1 mg, 
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0.375 mmol, 1.50 equiv), 4-chlorobenzotrifluoride (33.4 μL, 45.1 mg, 0.250 mmol, 1.00 

equiv), and manganese (109.9 mg, 2.000 mmol, 8.00 equiv) were added to the vial prior 

to it being sealed with a phenolic screwcap bearing a PTFE-backed silicone septum. The 

vial was then removed from the glovebox and HFIP(45.9 μL, 73.5 mg, 0.4375 mmol, 1.75 

equiv) was added to the vial through the septum via gas-tight syringe. The reaction was 

placed on a pre-heated stir plate where it was stirred (100 °C, 1250 rpm) for 16 h. 

After stirring, a 30 μL aliquot was taken from each reaction via gas-tight syringe. The 

aliquots were immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layers were then passed through a short (1.5 cm in a 

pipette) silica plug. Samples were analyzed by SFC-MS to determine the concentration of 

2.3a using 1,3,5-trimethoxybenzene as an internal standard. 

Figure 2.5. Effects of Using a Palladacycle Precatalyst 

 

Entry Catalyst X mol% Yield (%) 
1 Pd(OAc)2/BrettPhos 5 92 
2 BrettPhos Pd G3 1 76 
3 BrettPhos Pd G3 5 92 

Procedure for catalyst screening: In a nitrogen-filled glovebox, oven-dried 1 dram vials 

equipped with PTFE-coated stir bars were charged with either palladium(II) acetate (2.8 

mg, 0.0125 mmol, 0.05 equiv, Entry 1) and BrettPhos (6.7 mg, 0.0125 mmol, 0.05 equiv, 

Figure 2.5 Entry 1), or BrettPhos Pd G3 (2.3 mg, 0.0025 mmol, 0.01 equiv, Figure 2.5 Entry 

2; 11.3 mg, 0.0125 mmol, 0.05 equiv, Figure 2.5 Entry 3). The vials were then charged with 

1,3,5-trimethoxybenzene (15.0 mg, 0.0892 mmol, as an internal standard) and manganese 

(109.9 mg, 2.000 mmol, 8.00 equiv). DMF (500 μL) was added to the vials, followed by 

nitrobenzene (38.5 μL, 46.1 mg, 0.375 mmol, 1.50 equiv) and 4-chlorobenzotrifluoride 
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(33.4 μL, 45.1 mg, 0.250 mmol, 1.00 equiv). The vials were sealed with phenolic screw 

caps bearing PTFE-backed silicone septa and were removed from the glovebox. HFIP 

(45.9 μL, 73.5 mg, 0.4375 mmol, 1.75 equiv) was added to the vials through the septa via 

gas-tight syringe. The reactions were placed on a pre-heated stir plate where they were 

stirred (100 °C, 1250 rpm) for 16 h. 

After stirring, a 30 μL aliquot was taken from each reaction via gas-tight syringe. The 

aliquots were immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layers were then passed through a short (1.5 cm in a 

pipette) silica plug. Samples were analyzed by SFC-MS to determine the concentration of 

2.3a using 1,3,5-trimethoxybenzene as an internal standard. 

These results demonstrate that Buchwald palladacycle precatalysts can be utilized under 

these conditions despite the lack of a strong base. As shown in Figure 2.5 Entry 2, the 

reliable ligation and speciation afforded by these catalysts may be useful when lower 

catalyst loadings are necessary, such as during large scale reactions. 

Figure 2.6. Water and Air Tolerance on the Benchtop 

 

Entry Setup Yield (%) 
1 Rigorously anhydrous and air free 99a 
2 Sparged, wet solvent and nitrogen headspace 87b 
3 Wet solvent and air headspace 90c 

Manganese was stored in a vial on the benchtop for over 2 years. aAnhydrous DMF was sourced from 
Sigma Aldrich in a Sure/SealTM bottle. bDMF from a 4-liter bottle was sparged for 30 min while 
sonicating. cDMF was sourced from a 4-liter bottle stored on the bench. 

Setup for Figure 2.6 Entry 1: An oven-dried 1 dram vial equipped with a PTFE-coated 

stir bar was charged with palladium(II) acetate (5.6 mg, 0.025 mmol, 0.05 equiv), 

BrettPhos (13.4 mg, 0.025 mmol, 0.05 equiv), 1,3,5-trimethoxybenzene (30.0 mg, 0.178 
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mmol, as an internal standard), and manganese (219.8 mg, 4.000 mmol, 8.00 equiv). The 

vial was sealed with a phenolic screw cap bearing a PTFE-backed silicone septum and 

connected to a nitrogen manifold and a bubbler. The flask was purged with nitrogen for 

5 min. The bubbler was disconnected prior to anhydrous DMF (1.000 mL) being added 

to the vial using air-free technique. Nitrobenzene (66.7 μL, 92.3 mg, 0.750 mmol, 1.50 

equiv), 4-chlorobenzotrifluoride (76.9 μL, 90.3 mg, 0.500 mmol, 1.00 equiv), and HFIP 

(91.9 μL, 147.0 mg, 0.8750 mmol, 1.75 equiv) were added through the septum under 

positive pressure of nitrogen via gas-tight syringe. The vial was disconnected from the 

manifold and placed on a pre-heated stir plate where it was stirred (100 °C, 1250 rpm) for 

16 h. 

Setup for Figure 2.6 Entry 2: A 1 dram vial equipped with a PTFE-coated stir bar was 

charged with palladium(II) acetate (5.6 mg, 0.025 mmol, 0.05 equiv), BrettPhos (13.4 mg, 

0.025 mmol, 0.05 equiv), 1,3,5-trimethoxybenzene (30.0 mg, 0.178 mmol, as an internal 

standard), and manganese (219.8 mg, 4.000 mmol, 8.00 equiv). The vial was sealed with 

a phenolic screw cap bearing a PTFE-backed silicone septum and connected to a nitrogen 

manifold and a bubbler. The flask was purged with nitrogen for 5 min. The bubbler was 

disconnected prior to sparged, wet DMF (1.000 mL) being added to the vial. Nitrobenzene 

(66.7 μL, 92.3 mg, 0.750 mmol, 1.50 equiv), 4-chlorobenzotrifluoride (76.9 μL, 90.3 mg, 

0.500 mmol, 1.00 equiv), and HFIP (91.9 μL, 147.0 mg, 0.8750 mmol, 1.75 equiv) were 

added through the septum under positive pressure of nitrogen via gas-tight syringe. The 

vial was disconnected from the manifold and placed on a pre-heated stir plate where it 

was stirred (100 °C, 1250 rpm) for 16 h. 

Setup for Figure 2.6 Entry 3: A 1 dram vial equipped with a PTFE-coated stir bar was 

charged with palladium(II) acetate (5.6 mg, 0.025 mmol, 0.05 equiv), BrettPhos (13.4 mg, 
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0.025 mmol, 0.05 equiv), 1,3,5-trimethoxybenzene (30.0 mg, 0.178 mmol, as an internal 

standard), and manganese (219.8 mg, 4.000 mmol, 8.00 equiv). DMF (1.000 mL) was 

added to the vial, followed by nitrobenzene (66.7 μL, 92.3 mg, 0.750 mmol, 1.50 equiv), 4-

chlorobenzotrifluoride (76.9 μL, 90.3 mg, 0.500 mmol, 1.00 equiv). The vial was sealed 

with a phenolic screw cap bearing a PTFE-backed silicone septum. HFIP (91.9 μL, 147.0 

mg, 0.8750 mmol, 1.75 equiv) was added through the septum via syringe. The vial was 

then placed on a pre-heated stir plate where it was stirred (100 °C, 1250 rpm) for 16 h. 

After stirring, a 30 μL aliquot was taken from each reaction via gas-tight syringe. The 

aliquots were immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layers were then passed through a short (1.5 cm in a 

pipette) silica plug. Samples were analyzed by SFC-MS to determine the concentration of 

2.3a using 1,3,5-trimethoxybenzene as an internal standard. 

These results demonstrate that the optimized reaction conditions are tolerant of both wet 

solvent and an ambient air headspace (2.5:1 ratio of headspace to reaction volume). We 

hypothesize that the excess reductant in the system ensures that the catalyst remains on 

cycle, even in the presence of oxygen. While we chose to proceed using rigorous 

anhydrous and air-free techniques to avoid any inconsistency in reactivity, we expect that 

they are not necessary in most cases. 

2.4.4 Nitroarene Reduction Studies 

Figure 2.7. Effects of Different Catalyst Types on Nitroarene Reduction 
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In a nitrogen-filled glovebox, three oven-dried 1 dram vials, each equipped with a PTFE-

coated stir bar, were charged with the appropriate catalyst or mixture—

bis(trimethylsilylmethyl)-(cycloocta-1,5-diene) palladium(II) (9.7 mg, 0.025 mmol, 0.033 

equiv) and BrettPhos (13.4 mg, 0.025 mmol, 0.033 equiv), 2.II (20.6 mg, 0.025 mmol, 0.033 

equiv) or manganese(II) chloride (3.1 mg, 0.025 mmol, 0.033 equiv)—1,3,5-

trimethoxybenzene (30.0 mg, 0.178 mmol, as an internal standard), and manganese (219.8 

mg, 4.000 mmol, 5.33 equiv). DMF (1.000 mL) was added to each vial, followed by 

nitrobenzene (66.7 μL, 92.3 mg, 0.750 mmol, 1.00 equiv). The vials were sealed with 

Thermo Scientific Mininert valve screw caps with auxiliary rubber septa. The reactions 

were removed from the glovebox and placed on a pre-heated stir plate where they were 

stirred (100 °C, 1250 rpm) for 90 min. 

Aliquots were taken from the ongoing reactions, while stirring, by opening the valve and 

withdrawing 10 μL of the reaction mixture via gas-tight syringe. The aliquots were 

immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 mL of diethyl 

ether. The organic layer was then passed through a short (1.5 cm in a pipette) silica plug. 
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Samples were analyzed by SFC-MS to determine the concentration of nitrobenzene using 

1,3,5-trimethoxybenzene as an internal standard. 

Figure 2.8 Effects of Catalyst Loading on Nitroarene Reduction 

 

 

In a nitrogen-filled glovebox, four oven-dried 1 dram vials, each equipped with a PTFE-

coated stir bar, were charged with the appropriate amount of manganese(II) chloride (1.6 

mg, 0.0125 mmol, 0.0167 equiv; 3.1 mg, 0.025 mmol, 0.033 equiv; 23.6 mg, 0.1875 mmol, 

0.25 equiv; 94.4 mg, 0.750 mmol, 1.00 equiv), 1,3,5-trimethoxybenzene (30.0 mg, 0.178 

mmol, as an internal standard), and manganese (219.8 mg, 4.000 mmol, 5.33 equiv). DMF 

(1.000 mL) was added to each vial, followed by nitrobenzene (66.7 μL, 92.3 mg, 0.750 

mmol, 1.00 equiv). The vials were sealed with Thermo Scientific Mininert screw caps with 

auxiliary rubber septa. The reactions were removed from the glovebox and placed on a 

pre-heated stir plate where they were stirred (100 °C, 1250 rpm) for 90 min. 
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Aliquots were taken from the ongoing reactions, while stirring, by opening the valve and 

withdrawing 10 μL of the reaction mixture via gas-tight syringe. The aliquots were 

immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 mL of diethyl 

ether. The organic layer was then passed through a short (1.5 cm in a pipette) silica plug. 

Samples were analyzed by SFC-MS to determine the concentration of nitrobenzene using 

1,3,5-trimethoxybenzene as an internal standard. 

These results demonstrate a positive kinetic order in manganese(II) chloride, which 

explains the autocatalysis observed in Figure 2.1. We do not fully understand the 

induction period observed when using stoichiometric manganese(II) chloride. However 

inhibition of reduction at zinc surfaces has been observed in the presence of 

stoichiometric zinc(II) chloride.108 

Figure 2.9. Products of Nitroarene Reduction 
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In a nitrogen-filled glovebox, two oven-dried 1 dram vials, each equipped with a PTFE-

coated stir bar, were charged with an appropriate amount of manganese(II) chloride (23.6 

mg, 0.1875 mmol, 0.250 equiv, left graph; 94.4 mg, 0.750 mmol, 1.00 equiv, right graph), 

1,3,5-trimethoxybenzene (30.0 mg, 0.178 mmol, as an internal standard), and manganese 

(219.8 mg, 4.000 mmol, 5.33 equiv). DMF (1.000 mL) was added to each vial, followed by 

nitrobenzene (66.7 μL, 92.3 mg, 0.750 mmol, 1.00 equiv). The vials were sealed with 

Thermo Scientific Mininert screw caps with auxiliary rubber septa. The reactions were 

removed from the glovebox and placed on a pre-heated stir plate where they were stirred 

(100 °C, 1250 rpm) for 90 min. 

Aliquots were taken from the ongoing reactions, while stirring, by opening the valve and 

withdrawing 10 μL of the reaction mixture via gas-tight syringe. The aliquots were 

immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 mL of diethyl 

ether. The organic layer was then passed through a short (1.5 cm in a pipette) silica plug. 

Samples were analyzed by SFC-MS to determine the concentration of each reagent using 

1,3,5-trimethoxybenzene as an internal standard. 

The mass balance of reductions is typically high (80%) until only azobenzene (2.5) 

remains, at which point reduction to hydrazobenzene (2.10) occurs. 2.10 is not observed 

in catalytic arylation reactions and is most likely not a productive intermediate (Figure 

2.17). We found the concentration of 2.10 difficult to track in the presence of other reduced 

intermediates; as such it is not pictured here. 

Figure 2.10. Effects of Various Chloride Salts on Nitroarene Reduction 
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Entry Catalyst X mol% Recovered 2.1 (mmol) 
1 MnCl2 3.3 0.22 
2 LiCl 6.7 0.17 
3 NaCl 6.7 0.40 
4 n-Bu4NCl 6.7 0.66 
5 none none 0.74a 

aNo products of reduction were observed. 

In a nitrogen-filled glovebox, four oven-dried 1 dram vials, each equipped with a PTFE-

coated stir bar, were charged with one of: manganese(II) chloride (3.1 mg, 0.025 mmol, 

0.033 equiv, Figure 2.10 Entry 1), lithium chloride (2.1 mg, 0.050 mmol, 0.067 equiv, Figure 

2.10 Entry 2), sodium chloride (2.9 mg, 0.050 mmol, 0.067 equiv, Figure 2.10 Entry 3), or 

tetrabutylammonium chloride (14.0 mg, 0.050 mmol, 0.067 equiv, Figure 2.10 Entry 4). 

1,3,5-trimethoxybenzene (30.0 mg, 0.178 mmol, as an internal standard) and manganese 

(219.8 mg, 4.000 mmol, 5.33 equiv) were added to each vial. DMF (1.000 mL) was then 

added, followed by nitrobenzene (66.7 μL, 92.3 mg, 0.750 mmol, 1.00 equiv). The vials 

were sealed with phenolic screw caps bearing PTFE-backed silicone septa. The reactions 

were removed from the glovebox and placed on a pre-heated stir plate where they were 

stirred (100 °C, 1250 rpm) for 90 min. 

After stirring, a 30 μL aliquot was taken from each reaction via gas-tight syringe. The 

aliquots were immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layers were then passed through a short (1.5 cm in a 

pipette) silica plug. Samples were analyzed by SFC-MS to determine the concentration of 

each reagent using 1,3,5-trimethoxybenzene as an internal standard. 

Figure 2.11. Effects of Alcohol Additive and Arene Electronics on the Induction Period 
of Nitrobenzene Reduction 
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In a nitrogen-filled glovebox, three oven-dried 1 dram vials, each equipped with a PTFE-

coated stir bar, were charged with the appropriate catalyst—2.II (20.6 mg, 0.025 mmol, 

0.033 equiv) or 2.IIa (19.6 mg, 0.025 mmol, 0.033 equiv)—1,3,5-trimethoxybenzene (30.0 

mg, 0.178 mmol, as an internal standard), and manganese (219.8 mg, 4.000 mmol, 5.33 

equiv). DMF (1.000 mL) was added to each vial, followed by nitrobenzene (66.7 μL, 92.3 

mg, 0.750 mmol, 1.00 equiv). The vials were sealed with Thermo Scientific Mininert screw 

caps with auxiliary rubber septa. The reactions were removed from the glovebox and 

HFIP (91.9 μL, 147.0 mg, 0.8750 mmol, 1.17 equiv) was added to one reaction containing 

2.II through the valve via gas-tight syringe. The vials were then placed on a pre-heated 

stir plate where they were stirred at 100 ° C and 1250 rpm. 

Aliquots were taken from the ongoing reactions, while stirring, by opening the valve and 

withdrawing 10 μL of the reaction mixture via gas-tight syringe. The aliquots were 

immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 mL of diethyl 

ether. The organic layer was then passed through a short (1.5 cm in a pipette) silica plug. 
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Samples were analyzed by SFC-MS to determine the concentration of nitrobenzene using 

1,3,5-trimethoxybenzene as an internal standard. 

The extended induction period observed when nitrobenzene (2.1) is reduced in the 

presence of 2.II and HFIP may suggests that the addition of an alcohol extends the 

lifetime of 2.II under reducing conditions, delaying the formation of MnCl2, the 

presumed active reduction catalyst. It is unclear if this extension is due to association of 

neutral HFIP to 2.II or if anionic hexafluoroisopropoxide is formed via reaction of HFIP 

with either Mn0 or trace MnO on the surface of the reductant. We hypothesize that 

formation of larger amounts of alkoxides throughout the course of catalytic arylation 

reactions leads to accessible palladium(II) alkoxide (2.II-HFIP). Similarly, an extended 

induction period is observed with an electron-rich oxidative addition complex 2.IIa is 

used. This may explain the lower overall reactivity of electron-rich chloroarenes, as 

initiation to the catalytic cycle may be delayed, and the lower Lewis acidity of the 

intermediate 2.IIa may make association of the intermediate 1,1,2-triarylhydrazine 

sluggish. 

2.4.5 Studies on the Mechanism of N-Arylation 

Figure 2.12. Competition Experiments between Anilines and Azobenzene 

 

Entry Aniline Derivative 2.3a (%) 2.3b, 2.3aa, or 2.3l (%) 
1 8a 11 81 
2 8b 7 91 
3 8c 13 89 
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In a nitrogen-filled glovebox, three oven-dried 1 dram vials, equipped with PTFE-coated 

stir bars, were charged with palladium(II) acetate (5.6 mg, 0.0250 mmol, 0.05 equiv), 

BrettPhos (13.4 mg, 0.0250 mmol, 0.05 equiv), the appropriate aniline—p-anisidine (61.6 

mg, 0.500 mmol, 1.00 equiv, Figure 2.12 Entry 1), 4-fluoroaniline (47.5 μL, 55.6 mg, 0.500 

mmol, 1.00 equiv, Figure 2.12 Entry 2), or benzocaine (82.6 mg, 0.500 mmol, 1.00 equiv, 

Figure 2.12 Entry 3)—azobenzene (91.1 mg, 0.500 mmol, 1.00 equiv), and manganese 

(219.8 mg, 4.000 mmol, 8.00 equiv). DMF (1.000 mL) was added to the vials, followed by 

4-chlorobenzotrifluoride (76.9 μL, 90.3 mg, 0.500 mmol, 1.00 equiv) and 1,3-

bis(trifluoromethyl)benzene (38.8 μL, 53.5 mg, 0.250 mmol, 0.50 equiv, as an internal 

standard). The vials were then sealed with Thermo Scientific Mininert screw caps with 

auxiliary rubber septa. The reactions were removed from the glovebox and HFIP (91.9 

μL, 147.0 mg, 0.8750 mmol, 1.75 equiv) was added to each through the valve via gas-tight 

syringe. The reactions were then placed on a pre-heated stir plate (100 °C, 1250 rpm). 

Aliquots were taken from the ongoing reaction, while stirring, by opening the valve and 

withdrawing 50 μL of the reaction mixture via gas-tight syringe. The aliquots were 

immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.0 mL of diethyl 

ether. The organic layer was then passed through a short (1.5 cm in a pipette) silica plug. 

Samples were analyzed by 19F NMR (10 second relaxation delay) to determine the 

concentration of the possible arylation products using 1,3-bis(trifluoromethyl)benzene as 

an internal standard. 

These experiments show that when present in high concentrations, aniline derivatives 

are selectively arylated in the presence of azobenzene. Notably, this selectivity is not 

affected by the electron-density of the aniline derivative. As a result, the arylation of the 

electron-poor aniline derivative 2.8c occurs in high yield, contrasting the low yield 
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observed for the arylation of the corresponding nitroarene (29% vide infra). This suggests 

that aniline arylation occurs via a different mechanism than nitroarene arylation. We 

hypothesize that the observed selectivity is mainly due to the preferential association of 

the aniline nitrogen compared to the azobenzene nitrogen to the oxidative addition 

complex 2.II. 

Figure 2.13. Investigation of the Feasibility of Nitrogenous Coupling Partners 
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mL) was added to the vials, followed by 4-chlorobenzotrifluoride (76.9 μL, 90.3 mg, 0.500 

mmol, 1.00 equiv). Aniline (68.5 μL, 69.8 mg, 0.750 mmol, 1.50 equiv) was added to the 

vial not containing azobenzene. The vials were then sealed with Thermo Scientific 

Mininert screw caps with auxiliary rubber septa. The reactions were removed from the 

glovebox and HFIP (91.9 μL, 147.0 mg, 0.8750 mmol, 1.75 equiv) was added to each 

through the valve via gas-tight syringe. The reactions were then placed on a pre-heated 

stir plate (100 °C, 1250 rpm). 

Aliquots were taken from the ongoing reaction, while stirring, by opening the valve and 

withdrawing 10 μL of the reaction mixture via gas-tight syringe. The aliquots were 

immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 mL of diethyl 

ether. The organic layer was then passed through a short (1.5 cm in a pipette) silica plug. 

Samples were analyzed by SFC-MS and GC-FID to determine the concentration of 2.3a 

using 1,3,5-trimethoxybenzene as an internal standard. 

Figure 2.14. Necessity of Reductant in N-Arylation 

 

Entry Additive X equiv 2.3a 2.4 
1 none N/A Not observed Not observed 
2 MnCl2 2 Not observed Not observed 
3 HFIP 35 Not observed Not observed 
4 Mn 2 20% 4% 
5 Mn 160 Not observed 120%  
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mg, 0.1875 mmol, 15.00 equiv). The appropriate solid additive was then added to each 

vial—manganese(II) chloride (3.1 mg, 0.025 mmol, 2.00 equiv, Figure 2.14 Entry 1) or 

manganese (1.4 mg, 0.025 mmol, 2.00 equiv, Figure 2.14 Entry 4; 111.9 mg, 2.00 mmol, 160 

equiv, Figure 2.14 Entry 5). The vials were sealed with phenolic screw caps bearing PTFE-

backed, silicone septa and removed from the glovebox. HFIP (45.9 μL, 73.5 mg, 0.4375 

mmol, 35 equiv, Figure 2.14 Entry 3) was added to one vial through the septum via gas-

tight syringe. The reactions were then placed on a pre-heated stir plate (100 °C, 1250 rpm) 

where they remained for 90 min. 

After stirring, a 30 μL aliquot was taken from each reaction via gas-tight syringe. The 

aliquots were immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layers were then passed through a short (1.5 cm in a 

pipette) silica plug. Samples were analyzed by SFC-MS to identify any arylation products 

present. The yields of products were not quantified due to the low concentration. 

We hypothesize that conversion of 2.4 to 2.3a occurs in Figure 2.14 Entry 5 due to the low 

excess of manganese. As there is no proton source, the resulting manganese hydrazide 

can transmetallate onto 2.II, enabling further arylation. In the case of Figure 2.14 Entry 5. 

The association-reduction of azobenzene most likely outcompetes transmetalation when 

an excess of manganese is present, leading to the exclusive formation of 2.4. The high 

mass balance observed in Figure 2.14 Entry 5 is most likely due to instrument variance as 

the quantitative yield of 2.4 is only 4.9 mg. The absence of 2.3a and 2.4 in Figure 2.14 

Entries 1–3 was confirmed via searching directly for the m/z of each product.  
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Figure 2.15. Electrochemical Studies 

 

Electrochemical measurements were performed in a nitrogen-filled glovebox at 32 °C. 

Electrodes used were: a Ag/AgNO3 reference electrode, a glassy carbon working 

electrode, and a platinum wire counter electrode. The reference electrode was filled with 

10 mM AgNO3, 100 mM TBAPF6 in MeCN. The working and counter electrodes were 

immersed in the analyte solution without a frit. A ferrocene standard (10 mM ferrocene, 

100 mM TBAPF6, in DMF) was analyzed prior to other measurements. The CVs of 2.5 and 

2.II were gathered with a sweep rate of 100 mV/s and are referenced to the E1/2 of the 

ferrocene standard. The applied voltages were not corrected for IR compensation. Plots 

were constructed utilizing IUPAC conventions. 

The reduction potentials for 2.5 were measured as -1.802 and -2.491 V vs. Fc/Fc+. DPV 

was utilized to confirm the observed irreversible reduction (EDP, H 50 mV, TDP, W 10 ms, TDP, 

P 500 ms, EDP, I 10 mV, TDP, PRE (t’) 3 ms, TDP, POST (t) 3 ms). 
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A single irreversible reduction of 2.II was measured at -2.229 V vs. Fc/Fc+ and confirmed 

by DPV (EDP, H 50 mV, TDP, W 10 ms, TDP, P 50 ms, EDP, I 10 mV, TDP, PRE (t’) 3 ms, TDP, POST (t) 3 

ms). 

Figure 2.16. 1,1,2-Triarylhydrazine Arylation 

 

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

stir bar was charged with palladium(II) acetate (5.6 mg, 0.0250 mmol, 0.05 equiv), 

BrettPhos (13.4 mg, 0.0250 mmol, 0.05 equiv), 1,3,5-trimethoxybenzene (30.0 mg, 0.178 

mmol, as an internal standard), 1,2-diphenyl-1-(4-(trifluoromethyl)phenyl)hydrazine 

(74.3 mg, 0.375 mmol, 0.75 equiv), and manganese (219.8 mg, 4.000 mmol, 8.00 equiv). 

DMF (1.000 mL) was added to the vial, followed by nitrobenzene (66.7 μL, 92.3 mg, 0.750 

mmol, 1.50 equiv). The vial was sealed with a phenolic screw cap bearing a PTFE-backed 

silicone septum. The reaction was removed from the glovebox and HFIP (91.9 μL, 147.0 

mg, 0.8750 mmol, 1.75 equiv) was added through the valve via gas-tight syringe. The 

reaction was then placed on a pre-heated stir plate where it was stirred (100 °C, 1250 rpm) 

for 16 h. 

After stirring, a 30 μL aliquot was taken from the reaction via gas-tight syringe. The 

aliquot was immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layer was then passed through a short (1.5 cm in a 

pipette) silica plug. The sample was analyzed by SFC-MS to determine the concentration 

of reagents using 1,3,5-trimethoxybenzene as an internal standard. 
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From this result we made two conclusions. First, the production of 2.3a exceeding the 

consumption of 2.4 supports the hypothesis that 2.4 is an intermediate in the production 

of 2.3a. Second, the low total consumption of 2.4 suggests that liberating 2.3a occurs only 

via arylation of 2.4 and N–N cleavage of the resulting 1,1,2,2-tetraarylhydrazine product 

and not via N–N cleavage and arylation of the resulting aniline. We hypothesize that the 

low total consumption of 2.4 is due to the low nucleophilicity of 2.4 leading to slow 

arylation. In the absence of a productive pathway—either in the form of arylation of 2.4 

in this case or 2.5 in the optimized coupling—reductive decomposition of 2.II leads to 

catalyst deactivation. It is also probable that the excess 1.5 equiv of protons compared to 

the optimized nitroarene arylation also contributes to this outcome. 

Figure 2.17. Hydrazobenzene Arylation 

 

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

stir bar was charged with palladium(II) acetate (5.6 mg, 0.0250 mmol, 0.05 equiv), 

BrettPhos (13.4 mg, 0.0250 mmol, 0.05 equiv), 1,3,5-trimethoxybenzene (30.0 mg, 0.178 

mmol, as an internal standard), hydrazobenzene (69.1 mg, 0.375 mmol, 0.75 equiv), and 

manganese (219.8 mg, 4.000 mmol, 8.00 equiv). DMF (1.000 mL) was added to the vial, 

followed by nitrobenzene (66.7 μL, 92.3 mg, 0.750 mmol, 1.50 equiv). The vial was sealed 

with a phenolic screw cap bearing a PTFE-backed silicone septum. The reaction was 

removed from the glovebox and HFIP (91.9 μL, 147.0 mg, 0.8750 mmol, 1.75 equiv) was 

added through the valve via gas-tight syringe. The reaction was then placed on a pre-

heated stir plate where it was stirred (100 °C, 1250 rpm) for 90 min. 

N
H

(0.75 equiv)

Cl
Pd(OAc)2 (5 mol%)
BrettPhos (5 mol%)
HFIP (1.75 equiv)
Mn (8 equiv)
DMF, 100 °C, 90 m

H
N

+
CF3CF3

2.10 2.3a
(0.50 mmol)

H
N

2.2
not observed
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After stirring, a 30 μL aliquot was taken from the reaction via gas-tight syringe. The 

aliquot was immediately quenched in 1.0 mL of 0.1 M citric acid and extracted into 1.5 

mL of diethyl ether. The organic layer was then passed through a short (1.5 cm in a 

pipette) silica plug. The sample was analyzed by SFC-MS to determine the concentration 

of reagents using 1,3,5-trimethoxybenzene as an internal standard. 

This result demonstrates that 2.10 is not a likely intermediate in the reductive coupling 

of nitroarenes with chloroarenes. While 2.10 is observed in reduction studies, it is often 

only observed after azobenzene (2.5) is the only remaining species that can be easily 

reduced. 

2.4.6 General Procedures 

2.4.6.1 General Procedure A: Isolation Scale in a Glovebox (Electron-poor 

Chloroarenes) 

 

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

stir bar was charged with palladium(II) acetate (5.6 mg, 0.025 mmol, 0.05 equiv), 

BrettPhos (13.4 mg, 0.025 mmol, 0.05 mmol), chloroarene (if solid, 0.500 mmol), and 

nitroarene (if solid, 0.750 mmol). Manganese powder (219.8 mg, 4.000 mmol, 8.00 equiv) 

and DMF (1 mL) were then added, followed by chloroarene (if liquid, 0.5 mmol) and 

nitroarene (if liquid, 0.75 mmol). The vial was then sealed with a phenolic screw cap 

bearing a PTFE-backed silicone septum and removed from the glovebox. 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) (91.9 μL, 147.0 mg, 0.875 mmol, 1.75 equiv) was added to 

NO2

(1.5 equiv)

Cl
Pd(OAc)2 (5 mol%)
BrettPhos (5 mol%)
HFIP (1.75 equiv)
Mn (8 equiv)
DMF (1 ml), 100 °C, 16 h

R1 EWG

H
N

R1 EWG+

(0.5 mmol)
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the vial through the septum via gas-tight syringe. The reaction was then placed on a pre-

heated stir plate, where it was stirred (1250 rpm) at 100 °C for 16 h. 

After stirring, the reaction mixture was allowed to cool to rt and was poured over 45 mL 

of 0.1 M citric acid solution in a separatory funnel. The vial was then rinsed with 5 mL 

each of diethyl ether and 0.1 M citric acid, and the washings were added to the separatory 

funnel. The mixture was extracted with diethyl ether (3 × 30 mL). The combined organic 

layers were then dried over anhydrous Na2SO4 and filtered directly into a flask containing 

Celite, and concentrated. The immobilized residue was purified by column 

chromatography to yield the desired product. 

2.4.6.2 General Procedure B: Isolation Scale in a Glovebox (Electron-rich 

Chloroarenes) 

 

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

stir bar was charged with palladium(II) acetate (11.2 mg, 0.05 mmol, 0.1 equiv), BrettPhos 

(26.8 mg, 0.05 mmol, 0.1 mmol), chloroarene (if solid, 0.500 mmol), and nitroarene (if 

solid, 0.750 mmol). Manganese powder (219.8 mg, 4.000 mmol, 8.00 equiv) and DMF (1 

mL) were then added, followed by chloroarene (if liquid, 0.5 mmol) and nitroarene (if 

liquid, 0.75 mmol). The vial was then sealed with a phenolic screw cap bearing a PTFE-

backed silicone septum and removed from the glovebox. 2,2,2-Trifluoroehtanol (TFE) 

(63.0 μL, 87.5 mg, 0.875 mmol, 1.75 equiv) was added to the vial through the septum via 

gas-tight syringe. The reaction was then placed on a pre-heated stir plate, where it was 

stirred (1250 rpm) at 100 °C for 16 h. 

NO2

(1.5 equiv)

Cl
Pd(OAc)2 (10 mol%)
BrettPhos (10 mol%)
TFE (1.75 equiv)
Mn (8 equiv)
DMF (1 ml), 100 °C, 16 h

R1 EDG

H
N

R1 EDG+

(0.5 mmol)
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After stirring, the reaction mixture was allowed to cool to rt and was poured over 45 mL 

of 0.1 M citric acid solution in a separatory funnel. The vial was then rinsed with 5 mL 

each of diethyl ether and 0.1 M citric acid, and the washings were added to the separatory 

funnel. The mixture was extracted with diethyl ether (3 × 30 mL). The combined organic 

layers were then dried over anhydrous Na2SO4 and filtered directly into a flask containing 

Celite, and concentrated. The immobilized residue was purified by column 

chromatography to yield the desired product. 

2.4.6.3 General Procedure C: Preparative Scale Glovebox Procedure 

 

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

stir bar was charged with palladium(II) acetate (22.5 mg, 0.10 mmol, 0.05 equiv), 

BrettPhos (53.7 mg, 0.10 mmol, 0.05 mmol), chloroarene (if solid, 2.0 mmol), and 

nitroarene (if solid, 3.0 mmol). Manganese powder (879.0 mg, 16.0 mmol, 8.00 equiv) and 

DMF (4 mL) were then added, followed by chloroarene (if liquid, 2.0 mmol) and 

nitroarene (if liquid, 3.0 mmol). The vial was then sealed with a phenolic screw cap 

bearing a PTFE-backed silicone septum and removed from the glovebox. HFIP (367.6 μL, 

588.1 mg, 3.5 mmol, 1.75 equiv) was added to the vial through the septum via gas-tight 

syringe. The reaction was then placed on a pre-heated stir plate, where it was stirred (1250 

rpm) at 100 °C for 16 h. 

After stirring, the reaction mixture was allowed to cool to rt and was poured over 90 mL 

of 0.1 M citric acid solution in a separatory funnel. The vial was then rinsed with 10 mL 

each of diethyl ether and 0.1 M citric acid, and the washings were added to the separatory 

NO2

(1.5 equiv)

Cl
Pd(OAc)2 (5 mol%)
BrettPhos (5 mol%)
HFIP (1.75 equiv)
Mn (8 equiv)
DMF (4 ml), 100 °C, 16 h

R1 EWG

H
N

R1 EWG+

(2.0 mmol)
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funnel. The mixture was extracted with diethyl ether (3 × 50 mL). The combined organic 

layers were then dried over anhydrous Na2SO4, filtered directly into a flask containing 

Celite, and concentrated. The immobilized residue was purified by column 

chromatography to yield the desired product. 

2.4.6.4 General Procedure D: Preparative Scale Benchtop Procedure 

 

A 50 mL round bottom flask equipped with a PTFE-coated stir bar was charged with 

palladium(II) acetate (22.5 mg, 0.10 mmol, 0.05 equiv), BrettPhos (53.7 mg, 0.10 mmol, 

0.05 equiv), chloroarene (if solid, 2.0 mmol), nitroarene (if solid, 3.0 mmol), and 

manganese (879.0 mg, 16.0 mmol, 8.00 equiv). The flask was then sealed with a septum 

and connected to both a nitrogen manifold and a bubbler via two needles inserted 

through the septum. The flask was purged with nitrogen for 5 min. The needle connecting 

the bubbler was then removed and anhydrous DMF, chloroarene (if liquid, 2.0 mmol), 

nitroarene (if liquid, 3.0 mmol), and HFIP (367.6 μL, 588.1 mg, 3.5 mmol, 1.75 equiv) were 

added to the flask under positive pressure of nitrogen. The reaction was then 

disconnected from the nitrogen manifold and immersed in a pre-heated oil bath, where 

it was stirred at 1000 rpm and 100 °C overnight. 

After stirring overnight, a 40 μL aliquot was taken via gas-tight syringe, quenched in 1 

mL 0.1 M citric acid, and extracted into 1.5 mL of diethyl ether. The organic layer was 

then passed through a short (1.5 cm in a pipette) silica plug and analyzed via SFC-MS to 

check for complete consumption of chloroarene. 

NO2

(1.5 equiv)

Cl
Pd(OAc)2 (5 mol%)
BrettPhos (5 mol%)
HFIP (1.75 equiv)
Mn (8 equiv)
DMF (4 ml), 100 °C, 16 h

R1 EWG

H
N

R1 EWG+

(2.0 mmol)
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After the reaction had reached completion, the reaction was allowed to cool to rt, and the 

contents were poured into a 500 mL separator funnel containing 150 mL of 0.1 M citric 

acid solution. The flask was then washed with 0.1 M aq. citric acid (2 × 10 mL) and diethyl 

ether (2 × 10 mL) and the washings were added to the separatory funnel. The mixture 

was then extracted with diethyl ether (3 × 120 mL), the combined organic layers were 

dried over anhydrous Na2SO4, and filtered directly through 20 grams of celite. The 

solvent was then removed under reduced pressure, and the immobilized residue was 

purified via column chromatography 

2.4.7 Specific Procedures and Product Characterization 

 

N-phenyl-4-(trifluoromethyl)aniline (2.3a) 

General Procedure A was followed using nitrobenzene (92.3 mg, 0.75 mmol, 1.5 equiv) 

and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude product was 

purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 0–10% 

EtOAc/hexanes across 15 CV) to afford the product (92.1 mg, 0.388 mmol, 78% yield, Rf 

= 0.37 in 10% EtOAc/hexanes) as a white solid. 

General Procedure C was followed using nitrobenzene (369.2 mg, 3.0 mmol, 1.5 equiv) 

and 4-chlorobenzotrifluoride (361.1 mg, 2.0 mmol, 1.0 equiv). The crude product was 

purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 0–10% 

EtOAc/hexanes across 15 CV) to afford the product (378.4 mg, 1.595 mmol, 80% yield, Rf 

= 0.50 in 20% EtOAc/hexanes) as a white solid. Characterization data match those 

reported in the literature.109 

H
N

CF3
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1H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 8.2 Hz, 2H), 7.37 – 7.29 (m, 2H), 7.15 (d, J = 8.6 

Hz, 2H), 7.08 – 7.02 (m, 3H), 5.91 (s, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 146.8, 141.2, 129.6, 126.7 (q, J = 3.8 Hz), 124.6 (q, J = 

270.8 Hz), 123.0, 121.7 (q, J = 32.6 Hz), 120.1, 115.3. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.45. 

HRMS-ESI (m/z): [M+H]+ calcd for C13H11F3N+, 238.08381; found, 238.0836. 

 

4-methoxy-N-(4-(trifluoromethyl)phenyl)aniline (2.3b) 

General Procedure A was followed using 4-nitroanisole (114.9 mg, 0.75 mmol, 1.5 equiv) 

4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude product was purified 

via column chromatography (80 g of silica gel, 1 CV hexanes, then 0–10% EtOAc/hexanes 

across 15 CV) to afford the product (102.5 mg, 0.384 mmol, 77% yield, Rf = 0.24 in 10% 

EtOAc/hexanes) as a white solid. Characterization data match those reported in the 

literature.109 

1H NMR (500 MHz, CDCl3) δ 7.41 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 

8.8 Hz, 2H), 6.85 (d, J = 8.4 Hz, 2H), 5.71 (s, 1H), 3.82 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.5, 148.6, 133.7, 126.7 (q, J = 3.8 Hz), 124.8 (q, J = 270.5 

Hz), 124.3, 120.5 (q, J = 32.6 Hz), 114.8, 113.8, 55.6. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.25. 

HRMS-ESI (m/z): [M-H]- calcd for C14H11F3NO-
, 266.0798; found, 266.0798. 

H
N

CF3MeO



 64 

 

N-(4-(trifluoromethyl)phenyl)benzo[d][1,3]dioxol-5-amine (2.3c) 

General Procedure A was followed using 1,2-(methylenedioxy)-4-nitrobenzene (125.3 

mg, 0.75 mmol, 1.5 equiv) and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). 

The crude product was purified via column chromatography (80 g of silica gel, 1 CV 

hexanes, then 0–10% EtOAc/hexanes across 15 CV) to afford the product (113.7 mg, 0.404 

mmol, 81% yield, Rf = 0.28 in 10% EtOAc/hexanes) as a pale-yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.42 (d, J = 8.3 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 6.78 (d, J = 

8.2 Hz, 1H), 6.71 (d, J = 2.2 Hz, 1H), 6.62 (dd, J = 8.2, 2.2 Hz, 1H), 5.97 (s, 2H), 5.70 (s, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 148.4, 148.2, 144.3, 135.0, 126.7 (q, J = 3.8 Hz), 124.7 (q, 

J = 270.4 Hz), 120.8 (q, J = 32.6 Hz), 115.5, 114.1, 108.7, 104.5, 101.3. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.34. 

HRMS-ESI (m/z): [M-H]- calcd for C14H9F3NO2
-
, 280.0591; found, 280.0590. 

 

N1-phenyl-N4-(4-(trifluoromethyl)phenyl)benzene-1,4-diamine (2.3d) 

General Procedure A was followed using 4-nitrodiphenylamine (160.7 mg, 0.75 mmol, 

1.5 equiv) and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 

H
N

CF3

O

O

H
N

CF3PhHN
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0–10% EtOAc/hexanes across 15 CV) to afford the product (98.1 mg, 0.299 mmol, 60% 

yield, Rf = 0.18 in 10% EtOAc/hexanes) as an off-white solid. 

1H NMR (500 MHz, CDCl3) δ 7.43 (d, J = 8.4 Hz, 2H), 7.27 (t, J = 7.9 Hz, 2H), 7.12 – 7.06 

(m, 4H), 7.03 (d, J = 7.9 Hz, 2H), 6.95 – 6.88 (m, 3H), 5.76 (s, 1H), 5.64 (s, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 148.2, 143.6, 139.3, 134.5, 129.4, 126.7 (q, J = 3.8 Hz), 

124.7 (q, J = 270.5 Hz), 123.4, 120.7 (q, J = 32.5 Hz), 119.7, 117.2, 114.1. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.30. 

HRMS-ESI (m/z): [M-H]- calcd for C19H14F3N2
-
, 327.1115; found, 327.1114. 

 

4-morpholino-N-(4-(trifluoromethyl)phenyl)aniline (2.3e) 

General Procedure A was followed using 1-morpholino-4-nitrobenzene (156.1 mg, 0.75 

mmol, 1.5 equiv) and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80 g of silica gel, 1 CV 10% 

EtOAc/hexanes, then 10–30% EtOAc/hexanes across 15 CV) to afford the product (128.4 

mg, 0398 mmol, 80% yield, Rf = 0.50 in 25% EtOAc/hexanes) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.41 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 

8.9 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 5.72 (s, 1H), 3.94 – 3.84 (m, 4H), 3.17 – 3.11 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 148.4, 148.1, 133.3, 126.6 (q, J = 3.8 Hz), 124.7 (q, J = 

270.5 Hz), 123.7, 120.5 (q, J = 32.6 Hz), 116.9, 113.8, 66.9, 49.8. 

H
N
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19F{1H} NMR (377 MHz, CDCl3) δ -61.25. 

HRMS-ESI (m/z): [M-H]- calcd for C17H16F3N2O-
, 321.1220; found, 321.1218. 

 

4-(((tert-butyldimethylsilyl)oxy)methyl)-N-(4-(trifluoromethyl)phenyl)aniline (2.3f) 

General Procedure A was followed using tert-butyl-dimethyl((4-nitrobenzyl)oxy)silane 

(200.6 mg, 0.75 mmol, 1.5 equiv) and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 

equiv). The crude product was purified via column chromatography (80 g of silica gel, 1 

CV hexanes, then 0–10% EtOAc/hexanes across 15 CV) to afford the product (132.8 mg, 

0.348 mmol, 70% yield, Rf = 0.35 in 10% EtOAc/hexanes) as a yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.45 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 

8.4 Hz, 2H), 7.00 (d, J = 8.4 Hz, 2H), 5.88 (s, 1H), 4.71 (s, 2H), 0.95 (s, 9H), 0.11 (s, 6H). 

13C{1H} NMR (126 MHz, CDCl3) δ 147.1, 139.9, 136.3, 127.5, 126.7 (q, J = 3.8 Hz), 124.6 (q, 

J = 270.8 Hz), 121.4 (q, J = 32.7 Hz), 120.3, 126,28,59–6115.0, 64.7, 26.0, -5.2. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.44. 

HRMS-ESI (m/z): [M-H]- calcd for C20H25F3NOSi-
, 380.1663; found, 380.1663. 

 

2-methyl-N-(4-(trifluoromethyl)phenyl)aniline (2.3g) 
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General Procedure A was followed using 2-nitrotoluene (102.9 mg, 0.75 mmol, 1.5 equiv) 

and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude product was 

purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 0–10% 

EtOAc/hexanes across 15 CV) to afford the product (74.0 mg, 0.295 mmol, 59% yield, Rf 

= 0.43 in 10% EtOAc/hexanes) as a yellow oil. Characterization data match those reported 

in the literature.110 

1H NMR (500 MHz, CDCl3) δ 7.43 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 6.8 Hz, 1H), 7.19 (t, J = 

7.7 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 6.84 (d, J = 8.3 Hz, 2H), 5.58 (s, 1H), 2.24 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 147.9, 139.2, 131.4, 131.3, 127.0, 126.7 (q, J = 3.8 Hz), 

124.7 (q, J = 270.6 Hz), 124.4, 122.5, 121.0 (q, J = 32.7 Hz), 114.7, 17.9. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.34. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H13F3N+
, 252.0995; found, 252.0989. 

 

1-benzyl-N-(4-(trifluoromethyl)phenyl)-1H-indol-5-amine (2.3h) 

General Procedure A was followed using 1-benzyl-5-nitro-1H-indole (189.2 mg, 0.75 

mmol, 1.5 equiv) and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 

0–20% EtOAc/hexanes across 13 CV) to afford the product (106.7 mg, 0.291 mmol, 58% 

yield, Rf = 0.15 in 10% EtOAc/hexanes) as a yellow solid. 

H
N

CF3N
Bn
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1H NMR (500 MHz, CDCl3) δ 7.45 (d, J = 2.0 Hz, 1H), 7.38 (d, J = 8.4 Hz, 2H), 7.34 – 7.21 

(m, 5H), 7.15 (d, J = 3.2 Hz, 1H), 7.13 (d, J = 6.9 Hz, 1H), 6.99 (dd, J = 8.7, 2.1 Hz, 1H), 6.85 

(d, J = 8.5 Hz, 2H), 6.49 (d, J = 3.1 Hz, 1H), 5.81 (s, 1H), 5.30 (s, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 149.4, 137.3, 134.0, 133.0, 129.4, 129.3, 128.8, 127.7, 126.8, 

126.5 (q, J = 3.8 Hz), 124.9 (q, J = 270.4 Hz), 119.9 (q, J = 32.6 Hz), 118.9, 115.4, 113.5, 110.5, 

101.5, 50.3. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.17. 

HRMS-ESI (m/z): [M+H]+ calcd for C22H18F3N2
+

, 367.1417; found, 367.1410. 

 

N-(4-(trifluoromethyl)phenyl)-1H-indol-5-amine (2.3i) 

General Procedure A was followed using 5-nitroindole (121.6 mg, 0.75 mmol, 1.5 equiv) 

and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude product was 

purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 0–30% 

EtOAc/hexanes across 15 CV) to afford the product (107.9 mg, 0.391 mmol, 78% yield, Rf 

= 0.10 in 10% EtOAc/hexanes) as a white solid. Characterization data match those 

reported in the literature.111 

1H NMR (500 MHz, CDCl3) δ 8.15 (br, 1H), 7.47 (d, J = 2.3 Hz, 1H), 7.44 – 7.34 (m, 3H), 

7.24 (t, J = 2.8 Hz, 1H), 7.04 (dd, J = 8.6, 2.1 Hz, 1H), 6.87 (d, J = 8.4 Hz, 2H), 6.52 (t, J = 2.5 

Hz, 1H), 5.85 (s, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 149.5, 133.4, 133.2, 128.6, 126.6 (q, J = 3.8 Hz), 125.2, 

124.9 (q, J = 270.5 Hz), 119.9 (q, J = 32.5 Hz), 119.3, 115.3, 113.5, 111.8, 102.6. 
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19F{1H} NMR (377 MHz, CDCl3) δ -61.15. 

HRMS-ESI (m/z): [M+H]+ calcd for C15H12F3N2
+ 277.0947, found 277.0943. 

 

2,6-dimethoxy-N-(4-(trifluoromethyl)phenyl)pyridin-3-amine (2.3j) 

General Procedure A was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 

0–20% EtOAc/hexanes across 15 CV) to afford the product (95.5 mg, 0.320 mmol, 64% 

yield, Rf = 0.47 in 20% EtOAc/hexanes) as a yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.52 (d, J = 8.2 Hz, 1H), 7.43 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 

8.4 Hz, 2H), 6.32 (d, J = 8.2 Hz, 1H), 5.68 (s, 1H), 3.97 (s, 3H), 3.92 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 158.6, 155.0, 147.8, 133.0, 126.6 (q, J = 3.8 Hz), 124.7 (q, 

J = 270.6 Hz), 120.9 (q, J = 32.6 Hz), 116.9, 114.0, 100.2, 53.8, 53.6. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.35. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H14F3N2O2
+, 299.1002; found, 299.0997. 

 

1-(tetrahydro-2H-pyran-2-yl)-N-(4-(trifluoromethyl)phenyl)-1H-pyrazol-4-amine (2.3k) 
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General Procedure A was followed using 4-nitro-1-(tetrahydro-2H-pyran-2-yl)-1H-

pyrrazole (147.9 mg, 0.75 mmol, 1.5 equiv) and 4-chlorobenzotrifluoride (90.3 mg, 0.50 

mmol, 1.0 equiv). The crude product was purified via column chromatography (80 g of 

silica gel, 1 CV 3% EtOAc/hexanes, then 30–50% EtOAc/hexanes across 15 CV) to afford 

the product (44.5 mg, 0.143 mmol, 29% yield, Rf = 0.09 in 30% EtOAc/hexanes) as a yellow 

solid. 

1H NMR (500 MHz, CDCl3) δ 7.59 (s, 1H), 7.50 (s, 1H), 7.40 (d, J = 8.6 Hz, 2H), 6.76 (d, J = 

8.1 Hz, 2H), 5.39 – 5.30 (m, 2H), 4.08 (ddt, J = 11.1, 3.6, 1.9 Hz, 1H), 3.71 (ddd, J = 13.7, 8.8, 

3.0 Hz, 1H), 2.18 – 2.01 (m, 3H), 1.78 – 1.56 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 149.4, 136.2, 126.7 (q, J = 3.8 Hz), 124.7 (q, J = 270.6 Hz), 

123.6, 123.0, 120.25 (q, J = 32.6 Hz), 112.8, 88.1, 67.8, 30.4, 24.9, 22.4. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.23. 

HRMS-ESI (m/z): [M+H]+ calcd for C15H17F3N3O+, 312.1318; found, 312.1312. 

 

ethyl 4-((4-(trifluoromethyl)phenyl)amino)benzoate (2.3l) 

General Procedure A was followed using ethyl 4-nitrobenzoate (146.4 mg, 0.75 mmol, 1.5 

equiv) and 4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude product 

was purified via column chromatography (80 g of silica gel, 1 CV 10% EtOAc/hexanes, 

then 10–30% EtOAc/hexanes across 15 CV) to afford the product (44.7 mg, 0.145 mmol, 

29% yield, Rf = 0.56 in 25% EtOAc/hexanes) as a white solid. 
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1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 8.6 Hz, 2H), 7.55 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 

8.3 Hz, 2H), 7.10 (d, J = 8.5 Hz, 2H), 6.18 (s, 1H), 4.36 (q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 

3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 166.2, 145.9, 144.6, 131.4, 126.8 (q, J = 3.8 Hz), 124.3 (q, 

J = 271.1 Hz), 123.6 (q, J = 32.8 Hz), 123.4, 117.8, 116.5, 60.7, 14.4.  

19F{1H} NMR (377 MHz, CDCl3) δ -61.80. 

HRMS-ESI (m/z): [M+H]+ calcd for C16H15F3NO2
+, 310.1049; found, 310.1046. 

 

N-(3-(trifluoromethyl)-4-((4-(trifluoromethyl)phenyl)amino)phenyl)isobutyramide 

(2.3m) 

General Procedure A was followed using flutamide (207.2 mg, 0.75 mmol, 1.5 equiv) and 

4-chlorobenzotrifluoride (90.3 mg, 0.50 mmol, 1.0 equiv). The crude product was purified 

via column chromatography (80 g of silica gel, 1 CV 10% EtOAc/hexanes, then 10–30% 

EtOAc/hexanes across 15 CV) to afford the product (29.1 mg, 0.075 mmol, 15% yield) as 

a pale-yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 2.5 Hz, 1H), 7.68 (dd, J = 8.9, 2.6 Hz, 1H), 7.48 (d, 

J = 8.3 Hz, 2H), 7.41 (d, J = 8.8 Hz, 1H), 6.98 (d, J = 8.3 Hz, 2H), 5.99 (s, 1H), 2.53 (p, J = 6.9 

Hz, 1H), 1.27 (d, J = 6.9 Hz, 6H). 

13C{1H} NMR (126 MHz, CDCl3) δ 175.4, 146.3, 135.6, 133.3, 126.8 (q, J = 3.8 Hz), 124.4 (q, 

J = 270.9 Hz), 124.4, 123.8 (q, J = 273.0 Hz), 123.2, 122.6 (q, J = 32.9 Hz), 122.0 (q, J = 29.7 
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Hz), 118.7 (q, J = 5.5 Hz), 116.2, 36.6, 19.5. The resonance corresponding to the amino-

substituted carbon of the flutamide-derived ring is not observed. The resonance is 

expected to be a quartet with J = 30 Hz. 

19F{1H} NMR (377 MHz, CDCl3) -61.64, -61.69. 

HRMS-ESI (m/z): [M+H]+ calcd for C18H17F6N2O+, 391.1240; found, 391.1235. 

 

4-((2,6-dimethoxypyridin-3-yl)amino)benzonitrile (2.3n) 

General Procedure A was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 4-chlorobenzonitrile (68.8 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 

0–25% EtOAc/hexanes across 15 CV) to afford the product (103.8 mg, 0.407 mmol, 81% 

yield, Rf = 0.50 in 20% EtOAc/hexanes) as a yellow solid. 

General Procedure D was followed using 2,6-dimethoxy-3-nitropyridine (552.5 mg, 3.0 

mmol, 1.5 equiv) and 4-chlorobenzonitrile (361.1 mg, 2.0 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (160 g of silica gel, 2 CV hexanes, then 

0–25% EtOAc/hexanes across 30 CV) to afford the product (359.8 mg, 1.409 mmol, 70% 

yield, Rf = 0.50 in 20% EtOAc/hexanes) as a yellow solid. 

1H NMR (500 MHz, CDCl3) δ 7.50 (d, J = 8.1 Hz, 1H), 7.45 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 

8.8 Hz, 2H), 6.33 (d, J = 8.2 Hz, 1H), 5.77 (s, 1H), 3.97 (s, 3H), 3.93 (s, 3H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 159.4, 155.6, 148.9, 134.3, 133.7, 120.0, 115.6, 114.0, 101.0, 

100.5, 53.8, 53.6. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H14N3O2
+, 256.1081; found, 256.1079. 

 

methyl 4-((2,6-dimethoxypyridin-3-yl)amino)benzoate (2.3o) 

General Procedure A was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and methyl 4-chlorobenzoate (85.3 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80 g of silica gel, 1 CV hexanes, then 

0–25% EtOAc/hexanes across 20 CV) to afford the product (114.1 mg, 0.396 mmol, 79% 

yield, Rf = 0.22 in 20% EtOAc/hexanes) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 8.8 Hz, 2H), 7.55 (d, J = 8.3 Hz, 1H), 6.82 (d, J = 

8.8 Hz, 2H), 6.33 (d, J = 8.2 Hz, 1H), 5.79 (s, 1H), 3.97 (s, 3H), 3.92 (s, 3H), 3.86 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 167.0, 158.7, 155.0, 149.0, 133.1, 131.5, 120.5, 116.7, 113.5, 

100.2, 53.8, 53.6, 51.6. 

HRMS-ESI (m/z): [M+H]+ calcd for C15H17N2O4
+, 289.11828; found, 289.1180. 

 

4-((2,6-dimethoxypyridin-3-yl)amino)benzamide (2.3p) 
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General Procedure A was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 4-chlorobenzamide (77.8 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80g of silica gel, 1 CV 70% 

EtOAc/hexanes, then 70–100% EtOAc/hexanes across 15 CV) to afford the product (65.2 

mg, 0.239 mmol, 48% yield, Rf = 0.21 in 80% EtOAc/hexanes) as a light brown solid. 

1H NMR (500 MHz, CDCl3) δ 7.68 (d, J = 8.6 Hz, 2H), 7.54 (d, J = 8.3 Hz, 1H), 6.85 (d, J = 

8.7 Hz, 2H), 6.33 (d, J = 8.2 Hz, 1H), 5.76 (s, 1H), 5.71 (br, 2H), 3.97 (s, 2H), 3.92 (s, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 168.9, 158.6, 154.9, 148.3, 132.9, 129.2, 123.4, 116.9, 113.9, 

100.2, 53.8, 53.6. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H16N3O3
+, 274.11862; found, 274.1181. 

 

1-(4-((2,6-dimethoxypyridin-3-yl)amino)phenyl)ethan-1-one (2.3q) 

General Procedure A was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 4’-chloroacetophenone (77.3 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80g of silica gel, 1 CV hexanes, then 

0–20% EtOAc/hexanes across 15 CV) to afford the product (81.9 mg, 0.301 mmol, 60% 

yield) as a yellow solid. 

1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.3 Hz, 1H), 6.83 (d, J = 

8.8 Hz, 2H), 6.33 (d, J = 8.3 Hz, 1H), 5.84 (s, 1H), 3.97 (s, 3H), 3.93 (s, 3H), 2.52 (s, 3H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 196.3, 158.8, 155.1, 149.3, 133.4, 130.6, 128.5, 116.4, 113.4, 

100.2, 53.8, 53.6, 26.1. 

HRMS-ESI (m/z): [M+H]+ calcd for C15H17N2O3
+, 273.1234; found, 273.1229. 

 

4-((2,6-dimethoxypyridin-3-yl)amino)benzaldehyde (2.3r) 

General Procedure A was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 4-chlorobenzaldehyde (70.3 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80g of silica gel, 1 CV hexanes, then 

0–40% EtOAc/hexanes across 15 CV) to afford the product (88.0 mg, 0.341 mmol, 68% 

yield, Rf = 0.19 in 20% EtOAc/hexanes) as a yellow solid. 

1H NMR (500 MHz, CDCl3) δ 9.77 (s, 1H), 7.72 (d, J = 8.6 Hz, 2H), 7.56 (d, J = 8.2 Hz, 1H), 

6.86 (d, J = 8.6 Hz, 2H), 6.35 (d, J = 8.2 Hz, 1H), 5.91 (s, 1H), 3.97 (s, 3H), 3.93 (s, 3H).  

13C{1H} NMR (126 MHz, CDCl3) δ 190.3, 159.2, 155.4, 150.7, 134.1, 132.1, 128.2, 115.8, 113.7, 

100.4 53.8, 53.6. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H15N2O3
+, 259.1077; found, 259.1076. 

 

2,6-dimethoxy-N-(4-(methylsulfonyl)phenyl)pyridin-3-amine (2.3s) 

N
H
N

MeO O

H

OMe

N
H
N

SMeO
Me

O O

OMe



 76 

General Procedure A was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 4-chlorophenyl methyl sulfone (95.3 mg, 0.50 mmol, 1.0 equiv). The 

crude product was purified via column chromatography (80g of silica gel, 1 CV hexanes, 

then 0–20% EtOAc/hexanes across 15 CV) to afford the product (126.9 mg, 0.412 mmol, 

82% yield, Rf = 0.37 in 20% EtOAc/hexanes) as a brown solid. 

1H NMR (500 MHz, CDCl3) δ 7.72 (d, J = 8.8 Hz, 2H), 7.52 (d, J = 8.3 Hz, 1H), 6.86 (d, J = 

8.7 Hz, 2H), 6.35 (d, J = 8.2 Hz, 1H), 5.84 (s, 1H), 3.97 (s, 3H), 3.93 (s, 3H), 3.01 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 159.5, 155.7, 149.9, 134.5, 129.5, 129.3, 115.6, 113.7, 100.5, 

53.8, 53.6, 45.0. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H17N2O4S+, 309.09035; found, 309.0900. 

 

2-((2,6-dimethoxypyridin-3-yl)amino)benzonitrile (2.3t) 

General Procedure A was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 2-chlorobenzonitrile (68.8 mg, 0.50 mmol, 1.0 equiv). The crude 

product was purified via column chromatography (80g of silica gel, 1 CV hexanes, then 

0–20% EtOAc/hexanes across 15 CV) to afford the product (109.0 mg, 0.427 mmol, 85% 

yield, Rf = 0.55 in 20% EtOAc/hexanes) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 8.2 Hz, 1H), 7.47 (dd, J = 7.6, 1.5 Hz, 1H), 7.32 

(ddd, J = 8.7, 7.2, 1.6 Hz, 1H), 6.82 (d, J = 8.6 Hz, 1H), 6.78 (td, J = 7.5, 1.0 Hz, 1H), 6.33 (d, 

J = 8.2 Hz, 1H), 6.04 (s, 1H), 3.96 (s, 3H), 3.93 (s, 3H). 

N
H
N

MeO

CNOMe



 77 

13C{1H} NMR (126 MHz, CDCl3) δ 159.7, 156.1, 148.3, 135.2, 133.9, 133.0, 118.5, 117.6, 115.3, 

112.9, 100.5, 97.8, 53.8, 53.6. 

HRMS-ESI [(m/z): M+H]+ calcd for C14H14N3O2
+, 256.1081; found, 256.1077. 

 

2,6-dimethoxy-N-(o-tolyl)pyridin-3-amine (2.3u) 

General Procedure B was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 2-chlorotoluene (63.3 mg, 0.50 mmol, 1.0 equiv). The crude product 

was purified via column chromatography (80g of silica gel, 1 CV hexanes, then 0–15% 

EtOAc/hexanes across 15 CV) to afford the product (71.8 mg, 0.294 mmol, 59% yield, Rf 

= 0.76 in 20% EtOAc/hexanes) as a clear, colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 8.2 Hz, 1H), 7.16 (d, J = 7.4 Hz, 1H), 7.09 (t, J = 

7.7 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.84 (t, J = 7.3 Hz, 1H), 6.26 (d, J = 8.2 Hz, 1H), 5.31 (s, 

1H), 3.99 (s, 3H), 3.90 (s, 3H), 2.27 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.9, 153.4, 142.3, 130.8, 129.5, 126.7, 126.4, 120.6, 120.1, 

115.5, 99.6, 53.7, 53.5, 17.7. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H17N2O2
+, 245.12845; found, 245.1282. 

 

2,6-dimethoxy-N-(4-methoxyphenyl)pyridin-3-amine (2.3v) 
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General Procedure B was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 4-chloroanisole (71.3 mg, 0.50 mmol, 1.0 equiv). The crude product 

was purified via column chromatography (80g of silica gel, 1 CV hexanes, then 0–15% 

EtOAc/hexanes across 15 CV) to afford the product (79.0 mg, 0.304 mmol, 61% yield, Rf 

= 0.43 in 20% EtOAc/hexanes) as a clear, colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.31 (d, J = 8.2 Hz, 1H), 6.95 (d, J = 8.3 Hz, 2H), 6.83 (d, J = 

8.9 Hz, 2H), 6.22 (d, J = 8.2 Hz, 1H), 5.42 (s, 1H), 3.99 (s, 3H), 3.88 (s, 3H), 3.78 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.1, 154.5, 152.4, 137.0, 126.5, 121.8, 120.0, 114.7, 99.3, 

55.6, 53.8, 53.4. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H17N2O3
+, 261.12337; found, 261.1231. 

 

2,6-dimethoxy-N-(4-(trifluoromethoxy)phenyl)pyridin-3-amine (2.3w) 

General Procedure B was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 1-chloro-4-(trifluoromethoxy)benzene (98.3 mg, 0.50 mmol, 1.0 

equiv). The crude product was purified via column chromatography (80g of silica gel, 1 

CV hexanes, then 0–20% EtOAc/hexanes across 15 CV) to afford the product (124.0 mg, 

0.395 mmol, 79% yield, Rf = 0.42 in 20% EtOAc/hexanes) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.46 (d, J = 8.2 Hz, 1H), 7.06 (d, J = 8.7 Hz, 1H), 6.86 (d, J = 

9.0 Hz, 2H), 6.29 (d, J = 8.2 Hz, 1H), 5.54 (s, 1H), 3.97 (s, 3H), 3.91 (s, 3H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 157.8, 154.2, 143.4, 142.1, 131.0, 122.3, 120.6 (q, J = 255.7 

Hz), 118.5,116.2, 99.9, 53.7, 53.5. 

19F{1H} NMR (377 MHz, CDCl3) δ -58.41. 

HRMS-ESI (m/z): [M+H]+ calcd for C14H14F3N2O3
+, 315.0951; found, 315.0944. 

 

N-(4-(tert-butyl)phenyl)-2,6-dimethoxypyridin-3-amine (2.3x) 

General Procedure B was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 4-tert-butyl-1-chlorobenzene (84.3 mg, 0.50 mmol, 1.0 equiv). The 

crude product was purified via column chromatography (80g of silica gel, 1 CV hexanes, 

then 0–10% EtOAc/hexanes across 15 CV) to afford product (119.7 mg, 0.4180 mmol, 84% 

yield, Rf = 0.65 in 20% EtOAc/hexanes) as a pale yellow oil. The product was 95% pure; 

the impurity was 3,3'-(1-(4-(tert-butyl)phenyl)hydrazine-1,2-diyl)bis(2,6-

dimethoxypyridine). 

1H NMR (500 MHz, CDCl3) δ 7.48 (d, J = 8.2 Hz, 1H), 7.26 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 

8.6 Hz, 2H), 6.25 (d, J = 8.2 Hz, 1H), 5.53 (s, 1H), 3.98 (s, 3H), 3.89 (s, 3H), 1.30 (s, 9H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.7, 153.1, 143.2, 141.5, 128.6, 126.1, 120.2, 116.4, 99.4, 

53.7, 53.4, 34.1, 31.5. 

HRMS-ESI (m/z): [M+H]+ calcd for C17H23N2O2
+, 287.1754; found, 287.1749. 
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2,6-dimethoxy-N-(6-methoxypyridin-3-yl)pyridin-3-amine (2.3y) 

General Procedure B was followed using 2,6-dimethoxy-3-nitropyridine (138.1 mg, 0.75 

mmol, 1.5 equiv) and 5-chloro-2-methoxypyridine (71.8 mg, 0.50 mmol, 1.0 equiv). The 

crude product was purified via column chromatography (80g of silica gel, 1 CV hexanes, 

then 0–20% EtOAc/hexanes across 15 CV) to afford the product (72.9 mg, 0.279 mmol, 

56% yield, Rf = 0.31 in 20% EtOAc/hexanes) as a yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.31 (d, J = 8.2 Hz, 1H), 6.95 (d, J = 8.9 Hz, 2H), 6.82 (d, J = 

8.9 Hz, 2H), 6.21 (d, J = 8.2 Hz, 1H), 5.43 (s, 1H), 3.99 (s, 3H), 3.88 (s, 3H), 3.77 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.1, 154.5, 152.4, 137.0, 126.5, 121.8, 120.0, 114.7, 99.3, 

55.6, 53.7, 53.4. 

HRMS-ESI (m/z): [M+H]+ calcd for C13H16N3O3
+, 262.1186; found, 262.1183. 

 

N-(2,6-dimethoxypyridin-3-yl)-5-(trifluoromethyl)pyridin-2-amine (2.3z) 

General Procedure A was followed using palladium(II) acetate (11.2 mg, 0.05 mmol, 0.1 

equiv), BrettPhos (26.8 mg, 0.05 mmol, 0.1 equiv), 2,6-dimethoxy-3-nitropyridine (138.1 

mg, 0.75 mmol, 1.5 equiv) and 2-chloro-5-(trifluoromethyl)pyridine (90.8 mg, 0.50 mmol, 

1.0 equiv). The increased catalyst loading was necessary to ensure complete conversion 

of the heteroaryl chloride. The crude product was purified via column chromatography 
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(80g of silica gel, 1 CV hexanes, then 0–20% EtOAc/hexanes across 15 CV) to afford the 

product (36.0 mg, 0.120 mmol, 24% yield, Rf = 0.34 in 20% EtOAc/hexanes) as a white 

solid. 

1H NMR (500 MHz, CDCl3) δ 8.42 (m, 1H), 8.15 (d, J = 8.3 Hz, 1H), 7.62 (dd, J = 8.8, 2.4 

Hz, 1H), 6.69 (s, 1H), 6.61 (d, J = 8.8 Hz, 1H), 6.35 (d, J = 8.3 Hz, 1H), 3.99 (s, 3H), 3.92 (s, 

3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 158.6, 158.3, 153.9, 145.9 (q, J = 4.4 Hz), 134.4 (q, J = 3.3 

Hz), 133.2, 124.4 (q, J = 270.4 Hz), 117.0 (q, J = 33.0 Hz), 115.7, 108.0, 100.2, 77.2, 77.0, 76.7, 

53.8, 53.6. 

19F{1H} NMR (377 MHz, CDCl3) δ -61.37.  

HRMS-ESI (m/z): [M+H]+ calcd for C13H13F3N3O2
+, 300.0954; found, 300.0949. 

2.4.8 Comments and FAQ 

Which conditions should I use? 

If using an electron-poor chloroarene, use 5 mol% catalyst loading and HFIP as the proton 

source. If using an electron-rich chloroarene, use 10 mol% catalyst loading and TFE as the 

proton source. If using a heteroaryl chloride, use 10 mol% catalyst loading regardless of 

electronics and choose the proton source as above. The presence of N-heterocycles on the 

nitroarene does not appear to necessitate any changes in conditions. 

Can I use a different palladium precatalyst instead of Pd(OAc)2? 

To the best of our knowledge, this reaction appears to work with almost any common 

palladium precatalyst, including PdCl2, Pd2(dba)3, Pd(OAc)2, and Buchwald 
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palladacycles. The use of an exogenous reductant enables facile initiation, mitigating 

many of the issues that necessitate specific precatalysts in other cross-couplings. 

Comments on Isolation and Purification 

We found that aqueous workup in 0.1 M citric acid was particularly effective at breaking 

the emulsion caused by the presence of manganese salts and particles following catalytic 

reactions. Even when using 0.1 M citric acid, a slight emulsion still forms at the boundary 

of the organic and aqueous layer; we found it best to carry this emulsion with the aqueous 

layer. 

We found it best to dry-load the crude product on Celite prior to column 

chromatography. Attempts to dry load on silica gel led to apparent rapid oxidation of the 

product and any aniline formed during the reaction. While we did not quantify the extent 

or rate of this oxidation, we decided that it was prudent to avoid it altogether by using 

Celite. We did not observe any significant decomposition of the products during column 

chromatography. Wet loading was also effective. 

Typically, the product and the 1,1,2-triarylhydrazine byproduct have identical Rf in TLC 

analysis. We were able to resolve the two via SFC-MS to determine the makeup of the 

reaction mixture, but caution against GC-FID analysis when the carrier gas is H2; as any 

trace metals on the column can enable hydrogenation of the N–N bond, leading to 

erroneously high apparent yields. We did not observe any decomposition of the 1,1,2-

triarylhydrazine on a GC-MS utilizing He as the carrier gas. When using auto-columns 

with inline detection for purification, any 1,1,2-triarylhydrazine typically elutes directly 

after the desired product and can often be distinguished by the ratio of absorbances at 
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254 and 280 nm; the desired product absorbs more strongly at 280 nm, the 1,1,2-

triarylhydrazine absorbs more strongly at 254 nm. 

In cases where the amount of 1,1,2-triarylhydrazine is significantly complicating the 

isolation of the desired product or is reducing the yield to unacceptable levels, we had 

success employing a reductive quench adapted from work by Sapountzis and Knochel 

(cleaving the N–N bond liberates additional diarylaniline and aniline).112 We expect that 

this quench would be most useful when coupling electron-rich chloroarenes, which tend 

to yield more 1,1,2-triarylhydrazine. A general procedure is provided below. The catalyst 

loading and proton source should still be adjusted based on the starting materials as in 

Section 2.4.8. 

General Procedure for Reactions with a Reductive Quench 

In a nitrogen-filled glovebox, an oven-dried test tube (15 × 85 mm) was charged with a 

PTFE-coated stir bar, palladium(II) acetate (11.2 mg, 0.05 mmol, 0.1 equiv), BrettPhos 

(26.8 mg, 0.05 mmol, 0.1 equiv), chloroarene (if solid, 0.500 mmol), and nitroarene (if 

solid, 0.750 mmol). Manganese powder (219.8 mg, 4.000 mmol, 8.00 equiv) and DMF (1 

mL) were then added, followed by chloroarene (if liquid, 0.5 mmol) and nitroarene (if 

liquid, 0.75 mmol). The tube was then sealed with a rubber septum (14/20) and removed 

from the glovebox. 2,2,2-Trifluoroehtanol (TFE) (63.0 μL, 87.5 mg, 0.875 mmol, 1.75 equiv) 

was added to the tube through the septum via gas-tight syringe. The reaction was then 

immersed in a pre-heated oil bath, where it was stirred (1250 rpm) at 100 °C for 16 h. 

Reductive quench. After stirring, the reaction mixture was cooled to 60 °C, uncapped, 

and manganese (274.7 mg, 5.00 mmol, 10.00 equiv) was added. The tube was then 

recapped and connected to a bubbler via a needle inserted through the septum. While 
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stirring, a mixture of trifluoroacetic acid (1 mL) and acetic acid (5 mL) was added slowly 

through the septum, taking care to not allow the gas formation to force the reaction 

mixture out of the needle into the bubbler. After addition, the reaction was left to stir at 

60 °C for 1 h. 

Workup. After stirring, the reaction mixture was allowed to cool to rt and poured onto a 

mixture of crushed ice (15 g) and 10 mL of 2 M NaOH solution. The mixture was extracted 

with diethyl ether (3 × 30 mL). The combined organic layers were washed with saturated 

NaHCO3 solution and brine. The organic layer was then dried over anhydrous Na2SO4, 

filtered directly into a flask containing Celite, and concentrated. The immobilized residue 

was purified by column chromatography to yield the desired product. 

Figure 2.18. Limitations in Scope for First-Generation Conditions 

 

All reactions were set up according to General Procedure A unless otherwise specified. For reactions 
stating 0% yield, no product was observed by SFC-MS analysis. aIsolated yield. bGeneral Procedure B was 
followed. The yield vs. 1,3,5-trimethoxybenzene as an internal standard is provided. This is an assay yield 
and is not intended to be quantitative. It is included to demonstrate that while the product is produced, it 
is not made in high yield. 

As seen in the low yield of 2.3l (not pictured in this figure), electron-poor nitroarenes 

perform poorly in this reaction. The major observed side product is the corresponding 

aniline derivative. 

Unprotected aliphatic and aromatic alcohols shut down the desired reaction completely 

as seen in 2.3aa. While the desired product can be obtained by protecting aliphatic 

alcohols as the TBS ether as seen in 2.3f (not pictured in this figure), a larger TIPS group 
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(2.3ac) is required to protect phenols. Even then, the TIPS group is relatively unstable 

under the reaction conditions leading to a low isolated yield. Methyl ethers were well-

tolerated. 

2,6-disubstitution of either the nitroarene (2.3ad) or the chloroarene (2.3ag) leads to 

significantly decreased yield.  

Primary amines and anilines are not tolerated under these conditions (2.3af) as they 

couple competitively. Despite azobenzene arylation occurring faster than aniline 

arylation (Figure 2.13), competition experiments demonstrated that primary aniline 

derivatives outcompete nitroarenes when both are present in the same reaction (Figure 

2.12). This is most likely due to a low effective concentration of the active azoarene during 

the reaction and strong binding of primary anilines to BrettPhosPdII(Ar)Cl complexes. 

We suggest utilizing a benzyl protecting group if possible. 

Substrates bearing electron-poor aryl fluorides provide low yields of the desired product, 

2.3ae. We hypothesize that competitive SNAr may occur, where aniline or even the 

desired product acts as a nucleophile. 
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Chapter 3: Catalyst Design in Ni-Catalyzed Cross-Electrophile Couplings: 

Computational Methods Enable Improvements in Selectivity 

 

 

 

 

 

 

 

 

 

 

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

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

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

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

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

Chemical Society.  
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3.1 Introduction 

3.1.1 Selectivity in Nickel-Catalyzed Cross-Electrophile Coupling 

Scheme 3.1 Bipyridines Enable Diverse Reactivity 

 
aOccurrences	 and	 prevalence	 of	 2,2’-bipyridine	 ligands	 were	 gathered	 from	 a	 Reaxys	 structure	 search	
performed	on	6/28/23	for	2,2’-bipyridine	with	attached	GH	groups	in	each	available	position.	The	results	were	
filtered	to	exclude	higher	order	polypyridines	and	compounds	most	utilized	in	organic	light	emitting	diodes	
(MW	>	500).		

Despite distinct advantages compared to redox-neutral alternatives, widespread 

adoption of C(sp2)–C(sp3) cross-electrophile coupling is hampered by the prevalence of 

off-cycle pathways, particularly the formation of aryl homodimer. Slow oxidative radical 

capture and reductive elimination can allow for degradative reduction and 

disproportionation of the (L)NiII(Ar)X intermediate to form the aryl homodimer.32,113 Two 

major approaches are commonly employed to mitigate this side reaction: (1) accelerating 

the desired reaction by increasing the concentration of alkyl radical in solution, and (2) 

extending the lifetime of the (L)NiII(Ar)X intermediate (Scheme 3.1b). 

Increasing the rate of alkyl radical generation is an attractive approach to improve 

selectivity as it often is accompanied by an increase reaction rate. One common approach 

to achieve this is to employ a cocatalyst that is responsible for activating the C(sp3) 

coupling partner. For example, methods from Weix,114–116 Sevov,117 and others118 have 

employed separate L3-ligated nickel catalysts that selectively activate the alkyl coupling 
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partner, leading to improved selectivity. Other methods employ stoichiometric additives 

either alone or in combination with a separate catalyst to activate the radical precursor. 

One attractive advantage of this method is that it can enable the activation of less-reactive 

coupling partners, thereby broadening the scope of compatible substrate pools. While 

this method can be effective, it introduces complexity into the catalytic system, as tuning 

the catalyst ratio is necessary to avoid a flip in selectivity—radical recombination to form 

the alkyl homodimer can occur when the concentration of alkyl radical is too high in 

solution. 

Stabilization of the (L)Niii(Ar)X intermediate is typically achieved via the addition 

of additional catalytic ligands or stoichiometric additives.118,119 These can saturate open 

coordination sites on the square planar (L)Niii(Ar)X—preventing unwanted side 

reactions—or participate in ligand exchange yielding a more stable intermediate. For 

example, the MacMillan group showed that addition of stoichiometric phthalimide can 

expand the robustness of decarboxylative metallophotoredox couplings by forming a 

stable (L)NiII(Ar)phth complex.120 These complexes were found to be significantly more 

stable than their halide analogues, expanding the lifetime of the nickel intermediate. 

While this approach may be widely applicable, it is still unclear whether the resulting 

passivated nickel species will effectively participate in the diverse set of one-electron 

steps as their halide analogues. Further the use of stoichiometric additives decreases the 

mass efficiency of these reactions and complicates purification. 

Instead of the above strategies, an ideal approach would be the systematic 

development of a suite of improved ligands that form catalysts resistant to the most 

common off-cycle pathways. These ligands would provide inherent selectivity, 

expanding the applicability, robustness, and generality of C(sp2)–C(sp3) cross-
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electrophile couplings. Additionally, since they would undergo the same set of single- 

and two-electron steps as existing catalysts, these improved ligands should be 

employable in concert with existing strategies to further improve selectivity. 

3.1.2 Bipyridine Ligands and Methods for Improved Ligand Design 

Selection of an appropriate ligand is often the critical enabling point in the 

development and implementation of a cross-electrophile coupling reaction.1,118,121 Most 

often a derivative of 2,2’-bipyridine (bpy; Scheme 3.1a), these ligands are critical for 

enabling the diverse suite of single- and two-electron processes122–125 that have helped 

cement first-row transition metal-catalyzed processes as a unique class of reactions rather 

than simple, economically attractive alternatives to precious-metal catalysis. The 

increased demand for more diverse and robust cross-coupling reactions has driven the 

implementation of an increasingly diverse suite of substituted bpy ligands. Despite this 

diversification, in-depth, systematic studies of the effects of molecular structure on the 

reactivity of bipyridines remain limited. 

Bpy ligands are significantly less developed than phosphines. As such, the 

diversity of known bpy ligands is significantly lower than that of common phosphines. 

In fact, there are only one quarter as many commercially available nitrogen donors of any 

type compared to phosphorous donors. This inaccessibility of ligands hampers 

methodology development, as the breadth of accessible reactivity is limited to commonly 

available ligands. While new ligands can be accessed, they must be synthesized prior to 

testing, lengthening the experimental process. 

Several approaches have been employed to overcome this developmental gap. 

First, high-throughput experimentation (HTE) searching of pharmaceutical compound 
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libraries has yielded new classes of ligands that allow access to previously inaccessible 

coupling partners. For example, the Weix group discovered that pyridyl carboxamidines 

(PyCam, and the related PyBCam and bpyCam ligands) allow for the cross-electrophile 

coupling of unactivated chloroarenes, as well as difficult halo-N-heterocycles.126 Other 

approaches have centered on the skeletal modification of bipyridines to promote reliable 

mono-ligation,127 or general surveys of reactivity.123,128 More often, HTE approaches are 

used to identify the best ligand amongst a suite of ligands with validated reactivity.129,130 

These methods have offered understanding of the differences between N-donors and P-

donors, and the general reactivity of individual catalysts, but have yet to offer a detailed 

model of selectivity and reactivity. 

One attractive approach to the development of improved models of selectivity and 

reactivity is statistical modelling using DFT-derived molecular descriptors. This 

approach has revolutionized the design, selection, and commercialization of optimal 

phosphine ligands.131–133 Despite this success, translation of these methods to dinitrogen 

ligands remains limited. For example, the Sigman group has published extensive work 

on the use of multivariate linear regression to rationalize and design improved 2-(2-

pyridyl)oxazoline ligands in enantioselective Heck arylations.134,135 Additionally, the 

Doyle group have utilized a similar workflow to explain the improved enantioselectivity 

provided by 2,2’-biimidazoline ligands compared to related bioxazolines.136 While these 

studies provide significant insight into their respective systems, they focus only on 

enantioinduction, rather than overall yield or selectivity for off-cycle products. Based on 

the success of these studies, we hypothesized that a similar statistical approach could be 

applied to more general obstacles of selectivity and robustness in cross-electrophile 

couplings. 
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This chapter describes the application of modern computational and statistical 

methods to the development of a model of selectivity in bipyridine-nickel-catalyzed 

C(sp2)–C(sp3) cross-electrophile coupling. The resulting models provide key mechanistic 

insight into the source of selectivity in cross-electrophile coupling based on the geometric 

and electronic properties of the critical (L)NiII(Ar)X intermediate: (1) 6- and 6,6’-

(di)substituted bpy ligands promote a tetrahedral (L)NiII(Ar)Br intermediate in the 

ground state, which rapidly dimerizes the haloarene, and (2) the selectivity of bipyridine-

ligated catalyst is determined by the least donating of the two pyridine units, with 

strongly donating, symmetric ligands providing higher selectivity. This model is robust 

and predictive, allowing for the interpolative and extrapolative prediction of the 

selectivity of bipyridine ligands. Using this model to inform and validate our hypotheses, 

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

which demonstrate significant improvements in selectivity, robustness, and generality. 

3.2  Results and Discussion 

3.2.1 Model Development and Mechanistic Insight 

Scheme 3.2 Model Reaction and Initial Data Processing Efforts 
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We constructed an initial training set by employing common 4,4’-, 5,5’- and 6,6’-

bipyridines in a model cross-electrophile coupling reaction (Scheme 3.2a). This model 

coupling—the cross-electrophile coupling of aryl and primary alkyl bromides—has been 

used for ligand development and searching in previous efforts and in the translation of 

cross-electrophile coupling to other reductive systems.126,136 Notably, this reaction is 

known to provide a consistent set of byproducts, mainly the aryl homodimer; with the 

selectivity being determined mainly by the identity of the bipyridine ligand. When 

screened in 96-well plates (20 μmol scale), the training set yielded a wide range of yield 

and selectivity (2–82% yieldB). Further, these results confirmed that the yield of the model 

reaction is almost entirely a function of selectivity for the cross-product over the aryl 

homodimer. 

Due to the diversity in substitution pattern and the conjugated p-backbone of bpy 

ligands, we hypothesized that common tabulated molecular descriptors would be 

insufficient to model selectivity. Instead, we generated a library of DFT-optimized 

(L)NiII(Ph)Br catalysts from which we could derive molecular parameters.137–144 These 

molecular descriptors provide insight into the intrinsic characteristics of each catalyst.136 

We chose to derive molecular descriptors directly from the (L)NiII(Ph)Br intermediate—

which participates in the selectivity determining step—for two reasons: (1) previous 

studies have shown that using an on-cycle intermediate—rather than an unbound 

ligand—provides unique insight into the structure of the catalyst–leading to more robust 

models, and (2) the resulting dataset could be translated to a variety of bipyridine-nickel 

catalyzed processes, as the model intermediate is common to many different cross-

couplings. From these DFT-optimized structures, we calculated a variety of electronic 

 
B This corresponds to an energetic range of 3.51 kcal/mol in ∆∆G‡. 
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and steric parameters. Further, we also calculated the structure of the tetrahedral 

(L)NiII(Ph)Br complex, as access to this triplet geometry has been hypothesized as 

necessary for reductive elimination in some cases.145 

Initial statistical analysis centered around binary classification of results based on 

the molecular descriptors. This decision was informed by the observation that initial 

correlations consistently failed to account for several experimental observations where 

the observed yield and selectivity were low. This led us to hypothesize that there may be 

two different classes of catalyst within the experimental set, where different structural 

features were determining selectivity. Threshold analysis showed a shift in selectivity 

based on the ground state geometry of the (L)NiII(Ph)Br complex. 6, and 6,6’-

(di)substituted ligands were found to promote a tetrahedral ground state, and to rapidly 

dimerize the haloarene, leading to low selectivity (Scheme 3.2b, Scheme 3.2c).146 

Contrastingly, ligands with 4,4’- and 5,5’-disubstitution yielded a ground state square 

planar (L)NiII(Ph)Br complex, and provided a range of selectivity. 

6’- and 6,6’-(di)substituted bpys—and related phenanthrolines—are well known 

to display reactivity distinct from their unhindered analogues.147 This difference is most 

likely due to their ability to support stable, well-defined nickel(I) complexes. One notable 

observation This difference in reactivity has led to the widespread use of these ligands in 

classes of reactions where otherwise undesirable reaction pathways are preferred, such 

as insertion-elimination pathways in “chain-walking” functionalizations.147 We 

hypothesize that under reducing conditions, these ligands promote the reduction of the 

tetrahedral (L)NiII(Ar)Br to (L)NiI(Ar), which then undergoes rapid decomposition to 

form the aryl homodimer. about these ligands is that while their electrochemical 

properties are similar to that of L3 ligands—such as terpyridines—the selective 
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dimerization of the aryl halide in the presence of a C(sp3)–X electrophile differentiates 

their reactivity.128 

Scheme 3.3 Collinear Variables Decrease Specificity 

 

Following the identification of separate classes of ligands via threshold analysis, 

we limited the training set to 4,4’- and 5,5’-disubsittuted bipyridines. Utilizing this 

dataset, we found several strong correlations between molecular descriptors and 

observed selectivity (Scheme 3.2d). While we were able to find a robust single parameter 

model based on μ, the average of the HOMO and LUMO energies, the high collinearity 

between many descriptors (Scheme 3.3) led to uncertainty about the specificity and 

translatability of our model. This model did support the qualitative observation that more 

donating ligands yielded higher selectivity. However, the many similarly strong 

descriptor correlations made it difficult to determine if the critical feature determining 

selectivity was associated with the nickel center, a particular nitrogen donor, or the 

electronic character of one of the other ligands. 

The high collinearity in molecular descriptors was attributed to the symmetric 

nature of the ligands in the training set. To deconvolute the computational dataset, we 

designed a suite of non-symmetrically substituted 4- and 4,4’-(di)substituted bipyridines, 

making and effort to cover a suite of electronic properties on each pyridine unit. We 
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hypothesized that in the square planar (L)NiII(Ar)Br intermediate, directional 

parameters—such as the NPA charge of an individual nitrogen, carbon, or bromine 

atom—would be determined by only one of the pyridine units in the low energy isomer. 

Contrastingly, μ, which is centered on the nickel, should be determined by the average 

donation of the two rings. Further, we imagined several possible benefits of non-

symmetrically substituted bipyridines, such as accelerated reduction of donating-

withdrawing-bpy ligated, tetrahedral (L)NiII(X)2, and improved stability of (L)Ni0 due to 

the lower total electron density. 

Scheme 3.4 A Tailored Dataset Enables a More Robust Model 

 

In combination with select symmetric 4,4’-disubstituted bipyridines, we utilized 

the suite of non-symmetric bipyridines to construct a tailored ligand suite that we 

screened on a larger scale (0.125 mmol, Scheme 3.4a). Univariate correlations between the 

new dataset and molecular descriptors showed that the previous strongest correlations, 

utilizing μ, was significantly weakened (R2 decreased from 0.97 to 0.75) by the 

introduction of non-symmetric bipyridines (Scheme 3.4b). This suggested that nickel-

centered parameters were inferior to atom-specific or directional descriptors. This 
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supported our qualitative observation that selectivity is purely determined by the least 

donating pyridine unit (Scheme 3.4c). For example, 4-methoxy-4’-(trifluoromethyl)-2,2’-

bipyridine yields selectivity similar to 4,4’-bis(trifluoromethyl)-2,2’-bipyridine, not 4,4’-

dimethoxy-2,2’-bipyridine. This observation is explained by the consistent arrangement 

of ligands in the low energy isomer of the (L)NiII(Ph)Br complex. For non-symmetric 

bipyridines, the least donating pyridine is consistently trans to the phenyl structure in 

the low energy isomer. While the energy difference between the two isomers is often low 

(as little as 0.5 kcal/mol), the consistent arrangement of atoms allows for delineation of 

the molecular descriptors and provides a handle to build more robust models.  

Based on these results, we found a strong (R2 = 0.92), robust (k5-fold = 0.87) 

univariate model for selectivity in nickel-catalyzed cross-electrophile coupling (Scheme 

3.4d). This model relies on the NPA charge of the ipso carbon (Cipso) of the phenyl ligand. 

We found that this model allows for the prediction of symmetric and non-symmetric 

bipyridine ligands. Leave-one-out validation—an internal validation method—yielded a 

high Q2 (0.88), indicating that the model can accurately predict the selectivity of 

individual points when they are withheld from the regression. Further, external 

validation showed that the model is predictive via extrapolation and interpolation (predR2 

= 0.98).  

Notably, the use of molecular descriptors derived directly from the critical 

(L)NiII(Ar)Br intermediate offers several distinct benefits over tabulated electronic 

features such as Hammett (σ) constants. First, the model correctly predicts the selectivity 

of non-symmetrically substituted bipyridines without direct intervention. Second, the 

model allows for accurate prediction of the selectivity promoted by 5,5’-disubstituted 

bipyridines, despite none being included in the training set. While the positive σ m value 
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for the methoxy group (0.12) would suggest that 5,5’-dimethoxy-2,2’-bipyridine would 

perform more poorly than bpy, the model appropriately gauged the mitigation of the σ -

withdrawing effect by π-donation across the bipyridine backbone.148 Indeed, 5,5’-

dimethoxy-2,2’-bipyridine was accurately predicted to yield higher selectivity than bpy.  

This model also offers mechanistic insight. The commonly proposed mechanism 

for aryl homodimerization from (L)NiII(Ar)X is direct disproportionation to form 

(L)NiII(Ar)2. Osakada found that the rate of disproportionation was higher for electron-

rich haloarenes than electron-neutral or -poor haloarenes.149 This would suggest that a 

more negative charge on Cipso would lead to a higher rate of disproportionation.150 Our 

model suggests the opposite is true under reducing conditions. We hypothesize that 

under reducing conditions, aryl homodimerization occurs not via direct 

disproportionation of (L)NiII(Ar)X, but rather by reduction of (L)NiII(Ar)X to from 

(L)NiI(Ar) followed by decomposition. This is supported by the observation that 6,6’-

disubstituted bipyridines—which are known to form stable nickel(I) complexes—and 

electron-poor bipyridines—which also have recently been shown to form (L)NiI(Ar) 

complexes—both lead to rapid dimerization of the aryl halide.128,151 We imagine that 

formation of the aryl homodimer may occur via two possible pathways: (1) 

disproportionation of two (L)NiI(Ar) complexes to form (L)Ni0 and (L)NiII(Ar)2; or 

transmetalation between (L)NiII(Ar)Br and (L)NiI(Ar), forming (L)NiII(Ar)2 and (L)NiI(Br). 

While oxidative addition of Ar–X to (L)NiI(Ar) to form (L)NiIII(Ar)2X is also possible, we 

observed that selectivity increases as catalyst concentration decreases (Figure 3.7), 

indicating that two nickel centers are involved in the rate-determining step. Further 

computational and experimental investigation is needed to support these hypotheses.  
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Table 3.1 Ligands Designed In Silico Outperform State-of-the-art Bipyridinesa 

 

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

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

Using this model, we designed and validated a series of 4,4’-bis(dialkylamino)-

2,2’-bipyridines in silico that were predicted to have improved selectivity. After 

synthesizing these ligands, we found that they displayed an over five-fold increase in 

selectivity (from 7:1 to 39:1 for 3.L2 and 3.L5 respectively), demonstrating the impact of 

the model (Table 3.1). Further, the ability to test hypothesized ligands in silico can save 

synthetic effort. We had hypothesized that 4,4’,5,5’-tetramethoxy-2,2’-bpyridine (3.L24) 

would provide an increase in selectivity; however, the model predicted that this ligand—

which is made in six steps via the published synthesis—would provide little benefit over 

the common 3.L2 (Figure 3.16). In fact, we had already initiated the synthesis of this 

ligand—and failed alternative syntheses—when we developed the model and 

determined that it was not worth significant investment.  
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3.2.2 Applications of Improved Bipyridines 

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

 

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

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

1 Cl 93, 311:1 85, 17:1 
2 Br 79, 39:1 61, 7:1 
3 I 72, 25:1 90, 130:1 

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

To investigate the generality of the improved suite of ligands, we began by 

investigating the coupling of common aryl and alkyl halides (Table 3.2). We found that 

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

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

abundant chloroarenes. Further increases in selectivity (364:1) were achieved by 

decreasing the catalyst loading (Figure 3.7). Despite this success, we saw an inversion in 

selectivity when coupling the equivalent iodoarene, where 3.L2 outperformed 3.L5. These 

results demonstrate that in many validated couplings, our improved ligands, can be 

employed to enable more selective, higher yielding reactions. 

Table 3.3 NMe2bpy Enables the Coupling of Alkyl Chlorides 

 

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

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

X

EtO2C
Br Alk

Alk

EtO2C
+

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

3.1 3.2a 3.3
(0.125 mmol)

Cl

EtO2C
Cl

Alk
Alk

EtO2C
+

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

3.1b 3.2b 3.3
(0.125 mmol)
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We also hypothesized that the increased stability of (3.L5)NiII(Ar)X may enable the 

improved coupling of previously difficult substrate pools (Table 3.3). The coupling of 

chloroalkanes is an attractive method for late-stage cross-electrophile coupling, as 

primary alkyl chlorides are tolerated in a variety of other cross-couplings–including other 

cross-electrophile couplings.33 The coupling of chloroalkanes is complicated by the 

difficulty in their activation; the slow alkyl radical generation leads to significant amounts 

of aryl dimerization. While the Weix and MacMillan groups have both been successful in 

coupling chloroalkanes—either by the use of improved PyBCam ligands or 

stoichiometric silane reagents—the selective coupling of these substrates is unknown 

with a traditional bipyridine-nickel system.152,153 We found that by modifying the model 

system, we were able to couple an activated chloroarene and a primary chloroalkane in 

yields similar to other published methods (62%). This was accomplished by increasing 

the reaction temperature to 80 °C and using 1 equivalent of lithium iodide in place of 

catalytic sodium iodide. These two modifications enabled more facile radical generation 

via in situ conversion of the chloroalkane to the iodoalkane. Notably neither 3.L1, nor 

3.L2 yielded significant amounts of products. Even when 2.0 equiv of LiI were employed, 

the maximum yield obtained was 30%. These data clearly show the benefits afforded by 

the increased stability of (L)NiII(Ar)X when 4,4’-bis(dimethylamino)-2,2’-bipyridne is 

used.  
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Table 3.4 NMe2bpy Increases the Efficiency of Existing Coupling and Unlocks New 
Substrate Pairings 

 

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

aAlk = 3-Phenylpropyl. Reactions were assembled in a nitrogen filled glovebox at a 0.125 mmol 
scale in 735 μL of NMP. Yields and selectivity were determined by GC-FID. c20 mol% of NiCl2(dme) and 
22 mol% of 3.L5 were used. 

We also were able to substitute 4,4’-bis(dimethylamino)-2,2’-bipyridne for the 

optimal 4,4’-dimethoxy-bipyridine in the cross-electrophile coupling of N-alkyl-2,4,6-

pyridinium salts with bromoarenes (Table 3.4).154 We found that use of this ligand yielded 

the desired product in 98% yield. This result continues the electronic trend observed in 

the Watson group’s original optimization: 3.L1 < 3.L2 < 3.L5. While arylation of N-

alkylpyridiniums with bromoarenes is well known, coupling of chloroarenes remains 

elusive.117 This is most likely due to differential rates in the formation of (L)NiII(Ar)Cl and 

alkyl radical, as oxidative addition into the chloroarene is slower than a bromoarene, but 

radical generation occurs at the same rate, since reduction and fragmentation of the N-

alkylpyridnium is proposed to be driven by manganese, not the nickel catalyst. As such, 

we hypothesized that the highly donating 4,4’-bis(dialkylamino)-2,2’-bipyridine might 

accelerate oxidative addition. We found that substituting the equivalent chloroarene in 

the published conditions yielded the cross-product in 55% yield. We found that by 

doubling the catalyst loading, the yield increased to 86% yield. We hypothesize that the 

increase in the concentration of (L)NiII(Ar)Cl increases the rate of radical capture, 

improving selectivity. The inherent stability afforded by 3.L5 mitigates aryl dimerization, 

which is exacerbated at higher catalyst loadings—3.L1 and 3.L5 provide lower yields 

X

EtO2C

N Alk Alk

EtO2C
+

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

3.1 3.2c 3.3
(0.125 mmol)

Ph

Ph Ph
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(Figure 3.9). Together, these yields show that these improved ligands can be applied to 

other cross-electrophile couplings and allow combinations of substrates that were 

previously inaccessible. 

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

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

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

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

and a single use of 3.L5 on a particularly challenging substrate.155 We expect that the 

relatively low increase in yield from 3.L1 to 3.L2 combined with the difficulty in 

synthesizing novel, electron-rich bipyridines made these ligands an unattractive target 

for synthetic efforts. We hope that these results will accelerate the adoption of these 

ligands into the canon of bpy ligands in nickel catalysis. Currently, only our highest 

performing ligand, 3.L5 is commercially available for a reasonable price. While we found 

them to be slightly less selective, 3.L3 and 3.L5 may offer benefits in solubility or 

selectivity in specific applications. Additionally, we identified one additional ligand that 

is predicted to provide even higher selectivity than those screened in this work—4,4’-

bis(diethylamino)-2,2’-bipyridine (3.L26) (Figure 3.16). While we chose not to synthesize 

3.L26, it may be beneficial in certain applications. While additional improvements in bpy 

ligand donicity and selectivity may be possible via further innovation and structural 

modifications, we expect that these will be minimal compared to the large increases 

observed in this study. Instead, the next frontier in ligand design likely lies in the 

discovery and refinement of new ligand classes such as PyCams.  
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3.3 Conclusions 

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

develop a model for selectivity for cross-product and aryl homodimer in nickel-catalyzed 

cross-electrophile coupling. The two resulting models—a binary classification of a 

ligands’ applicability based on the ground state of their (L)NiII(Ph)Br complex and a 

linear relationship between the NPA charge of the ipso carbon of the low energy 

(L)NiII(Ph)Br complex—enable the prediction of the performance of a variety of 

substituted bipyridines with diverse functionalities. This study also highlighted the 

importance of designing a diverse, informative training set to minimize collinearity in 

computational parameters, and maximize interpretability. The use of parameters derived 

from a representative on-cycle intermediate enable strong models and mechanistic 

insight. These results suggest that, in contrast to previous stoichiometric studies under 

redox-neutral conditions, the primary dimerization pathway in cross-electrophile 

coupling may proceed via degradative reduction of (L)NiII(Ar)X. 

Using our model, designed a suite of improved 4,4’-bis(dialkylamino)-2,2’-

bipyridines. These ligands display significant improvements in selectivity and yield 

compared to the current common bipyridines. Further, they can be easily substituted into 

other cross electrophile couplings to increase yield and selectivity, as well as allow access 

to more diverse coupling partners. We expect that adoption of these ligands—in 

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

applicable cross electrophile couplings, driving adoption of cross-electrophile coupling 

in industrial and academic settings.  
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3.4 Experimental 

3.4.1 General Information 

3.4.1.1 Reagents 

Metals and Catalysts 

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

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

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

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

purification. 

Ligands 

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

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

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

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

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

sourced from Ambeed and TCI America provided consistently lower selectivity. Ligands 

were stored and handled in a nitrogen-filled glovebox and used without further 

purification. 

Substrates 

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

purchased from Alfa Aesar. Ethyl 4-iodobenzoate was purchased from Matrix Scientific. 

1-Bromo-3-phenylpropane was purchased from TCI America. 1-Chloro-3-phenylpropane 
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was purchased from Sigma-Aldrich. Unless otherwise specified, all substrates were 

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

purification. 

Solvents 

N,N-Dimethylacetamide (DMA), N-Methylpyrrolidone (NMP), Toluene, and DMSO 

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

nitrogen-filled glovebox unless otherwise specified. 

Other Reagents 

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

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

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

benchtop, and used without further purification unless otherwise specified. 

3.4.1.2 Methods 

NMR Spectroscopy 

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

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

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

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

reported in Hertz. 

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

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

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

Gas Chromatography 

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

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

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

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

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

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

min and the FID temperature was 325 °C. 

Flash Chromatography 

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

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

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

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

3.4.2.1 Ligand Key 

Figure 3.1 Bipyridine Ligand Key 
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3.4.2.2 Preparation of Ligands 

 

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

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

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

the vial was charged with 2-bromo-4-fluoropyridine (414.3 μL, 704.0 mg, 4.000 mmol, 

1.000 equiv), DMSO (1.5 mL), DIPEA (1034.0 mg, 8.0000 mmol, 2.0000 equiv), and 

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

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

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

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

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

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

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

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

46.1. 

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

N

N

Br

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

procedure.156 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

N N

NN

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

 

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

procedure and characterization data matched those reported in the literature.157 

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

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

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

 

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

characterization data matched those reported in the literature.158 

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

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

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

 

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

procedure and characterization data matched those reported in the literature.11159 

N N

NN

N

OEtO

N N

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

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

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

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

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

121.3, 120.4, 61.8, 14.3. 

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

 

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

procedure and characterization data matched those reported in the literature.159 

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

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

(q, J = 271.8 Hz). 

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

 

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

modification of the literature procedure.159 

N

CF3

O

N N

CF3MeO

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

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

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

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

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

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

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

15 min, then at 100 °C overnight. The reactions were allowed to cool to rt, poured over a 

single plug of Celite (pre-wetted with DCM), and further rinsed with DCM (50 mL). The 

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

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

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

solid. 

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

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

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

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

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

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

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

 N N

CF3MeO
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4-methoxy-4’-(trifluoromethyl)-2,2’-bipyridine (3.L7) was prepared by modification of 

the literature procedure.159 

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

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

The flask was evacuated and backfilled with nitrogen 3 times. Under positive pressure of 

nitrogen, Pd/C (5 wt%) was added through the side neck (50.0 mg, 0.0235 mmol, 0.0470 

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

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

(trifluoromethyl)-[2,2’-bipyridine] 1-oxide (135.1 mg, 0.5000 mmol, 1.000 equiv, in 15 mL 

of MeOH) was added to the flask, and a hydrogen balloon was connected to the top of 

the three-way adapter. The flask was evacuated and backfilled with nitrogen three times 

before it was evacuated once more and refilled with hydrogen from the balloon. The 

reaction was stirred at rt for 2 h. After the reaction was confirmed complete by TLC, the 

flask was evacuated and backfilled with nitrogen three times. The reaction mixture was 

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

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

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

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

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

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

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

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

123.0 (q, J = 273.3 Hz), 119.2 (q, J = 3.5 Hz), 117.1 (q, J = 3.7 Hz), 111.4, 106.5, 55.4. 
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19F{1H} NMR (377 MHz, CDCl3) δ -64.74. 

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

 

4-methoxy-2,2’-bipyridine (3.L8) 

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

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

mmol, 0.030 equiv), tri-tert-butylphosphine (20.2 mg, 0.100 mmol, 0.100 equiv), 

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

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

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

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

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

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

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

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

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

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

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

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

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

106.0, 55.3. 

N N

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

 

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

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

synthesis of L14 via dimerization of 2-bromo-4-ethylpyridine.156 

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

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

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

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

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

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

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

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

complete by TLC, the contents were allowed to cool to rt, diluted in DCM, and passed 

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

until the washings were colorless. The filtrate and washings were combined, washed with 

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

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

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

melting, light yellow solid, bp 130 °C at 0.5 mmHg). The pot residue was purified by 

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

N N

EtEt



 116 

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

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

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

HRMS-ESI (m/z): [M+H]+ calcd for C14H17N2
+, 213.1386; found, 213.1383. 

 

5,5’-dimethoxy-2,2’-bipyridine (3.L15) was prepared by modification of the literature 

procedure.156 

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

stir bar was charged with nickel(II) chloride dimethoxyethane (30.0 mg, 0.137 mmol, 0.050 

equiv), 4,4’-bis(trifluoromethyl)-2,2’-bipyridine (47.9 mg, 0.164 mmol, 0.060 equiv) and 

DMF (1.0 mL). The vial was sealed with a phenolic screw cap bearing a PTFE-backed 

silicone septum and placed on a stir plate, where it was stirred at rt for 20 min. After this 

time, the cap was removed and 2-bromo-5-methoxypyridine (510.4 mg, 0.2730 mmol, 1.00 

equiv, in 800 μL of DMF) was added, followed by manganese powder (300.0 mg, 5.460 

mmol, 2.00 equiv). The vial was resealed with the screw cap and placed on a pre-heated 

stir plate (60 °C, 1000 rpm), where it was stirred overnight. 

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

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

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

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

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

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

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

solid. 

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

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

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

3.4.3 General Procedures 

3.4.3.1 General Procedure A: Ligand Screening in High-Throughput 

Format 

 

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

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

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

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

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

of TFA was prepared in DMA. 

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

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

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

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

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

until needed for screening. 

Ar X Alk X +Ar Alk Ar Ar+

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

(1.2 equiv)(2.0 µmol)
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For screening, in a nitrogen-filled glovebox, each well of a pre-prepared 96-well plate—

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

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

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

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

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

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

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

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

it was stirred (250 rpm) at 25 °C. 

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

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

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

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

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

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

absorbances against the internal standard. 

3.4.3.2 General Procedure B: Ligand Screening in 1-Dram Vials 

 

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

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

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

Ar X Alk X +Ar Alk Ar Ar+

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

(1.2 equiv)(0.125 mmol)
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glovebox and stirred immediately prior to use. A stock solution of 4,4’-dimethylbiphenyl 

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

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

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

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

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

were prepared fresh each time screening was performed. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

reaction with an autopipette. The aliquot was diluted into 1000 μL of ethyl acetate, 
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removed from the glovebox, and quenched with 1 mL of deionized water. The organic 

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

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

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

internal standard peak. 

3.4.4 Results of Ligand Screens 

3.4.4.1 High-Throughput Ligand Screens 

Figure 3.2 Results of High Throughput Ligand Screening 

 

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

General Procedure A was followed using ethyl 4-bromobenzoate and 1-bromo-3-

phenylpropane.  

Br

EtO2C
Br Ph

EtO2C

Ph+

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

+ EtO2C CO2Et

(1.2 equiv)
3.1a 3.2a 3.3 3.4

(20 µmol)
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Figure 3.3 Correlation Between Concentrations of 3.3 and 3.4 

 

The yield of the desired product, 3.3, is determined primarily by the selectivity for 3.3 

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

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

heterocycles other than pyridine (3.L18, Figure 3.2).  

Together, these results demonstrate that modelling for selectivity of 3.3 over 3.4 is 

a valid way to improve the efficiency and utility of C(sp2)–C(sp3) cross-electrophile 

coupling.  
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3.4.4.2 Focused Ligand Screens 

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

 

 

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

Reactions were set up according to General Procedure B using ethyl 4-bromobenzoate 

(28.6 mg, 0.125 mmol, 1.00 equiv) and 1-bromo-3-phenylpropane (30.0 mg, 0.150 mmol, 

1.20 equiv).  

Figure 3.5 Effects of Stirring and TFA Addition 

 

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

Br

EtO2C
Br Ph

EtO2C

Ph+

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

+ EtO2C CO2Et

(1.2 equiv)
3.1a 3.2a 3.3 3.4

(0.125 mmol)

H

EtO2C

3.5

Ph

3.6

Ph
H Ph

3.7

Br

EtO2
C

Br Ph
EtO2C

Ph+

NiCl2(dme) (10 mol%)
L2 (11 mol%)
NaI (25 mol%)
TFA (X mol%)
Zn0 (4.0 equiv)
DMA (0.1 M), 32 °C

+

(1.2 equiv)
3.1a 3.2a 3.3

(0.125 mmol)

H

EtO2C

3.5
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Reactions were set up according by modification of General Procedure B using ethyl 4-

bromobenzoate (28.6 mg, 0.125 mmol, 1.00 equiv), 1-bromo-3-phenylpropane (30.0 mg, 

0.150 mmol, 1.20 equiv), and 4,4’-dimethoxybipyridine (3.L2) (3.0 mg, 0.014 mmol, 0.11 

equiv). For reactions using 5 or 0 mol% of TFA, additional DMA was added to maintain 

a consistent reaction volume. 

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

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

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

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

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

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

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

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

reaction.  

These results suggest that another mechanism is responsible for the formation of 3.5. 

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

the majority of the productive coupling has already taken place.  
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Figure 3.6 Benchmarking of Improved Bipyridines in the Coupling of Aryl Halides with 
Alkyl Bromides 

 

Entry X L 3.3 (%) Selectivity (3.3:3.4) 
1 Cl 3.L2 85 17:1 
2 Cl 3.L5 93 311:1 
3 Br 3.L2 61 7:1 
4 Br 3.L5 79 39:1 
5 I 3.L2 90 130:1 
6 I 3.L5 72 25:1 

General Procedure B was followed using: ethyl 4-chlorobenzoate (23.1 mg, 0.125 mmol, 

1.00 equiv, Entries 1 and 2), ethyl 4-bromobenzoate (28.6 mg, 0.125 mmol, 1.00 equiv, 

Entries 3 and 4), or ethyl 4-iodobenzoate (34.5 mg, 0.125 mmol, 1.00 equiv, Entries 5 and 

6); 1-bromo-3-phenylpropane (30.0 mg, 0.150 mmol, 1.20 equiv); and 4,4’-

dimethoxybipyridine (3.L2) (3.0 mg, 0.014 mmol, 0.11 equiv, Entries 1, 3, and 5) or 4,4’-

bis(dimethylamino)-2,2’-bipyridine (3.L5), (3.3 mg, 0.014 mmol, 0.11 equiv, Entries 2, 4, 

and 6). Reactions were stirred for 24 h prior to sampling. 

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

of 3.L2. The shift in selectivity trends when 3.L2 is used to couple ethyl 4-iodobenzoate 

may be due to a shift in mechanism or due to significant acceleration of alkyl radical 

formation is the presence of stoichiometric iodide salt byproducts.  

X

EtO2C
Br Ph

EtO2C

Ph+

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

+ EtO2C CO2Et

(1.2 equiv)
3.1 3.2a 3.3 3.4

(0.125 mmol)
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Figure 3.7 Decreasing Catalyst Loading Increases Selectivity 

 

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

Reactions were performed by modification of General Procedure B, using ethyl 4-

chlorobenzoate (23.1 mg, 0.125 mmol, 1.00 equiv), 1-bromo-3-phenylpropane (30.0 mg, 

0.150 mmol, 1.20 equiv), and either 4,4’-dimethoxybipyridine (3.L2)—(3.0 mg, 0.014 

mmol, 0.11 equiv, Entry 1) or (1.5 mg, 6.9 μmol, 0.055 equiv, Entry 3)—or 4,4’-

bis(dimethylamino)-2,2’-bipyridine (3.L5)—(3.3 mg, 0.014 mmol, 0.11 equiv, Entry 2) or 

(1.8 mg, 6.9 μmol, 0.055 equiv, Entry 4). For reactions with 5 mol% loading of NiCl2(dme) 

(Entries 3 and 4), 125 μL of NiCl2(dme) stock solution was used and an additional 125 μL 

of DMA was added to maintain a consistent reaction volume. Reactions were stirred for 

24 h prior to sampling. 

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

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

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

mechanism of biaryl formation involving either disproportionation or ligand transfer 

between two nickel centers.33 Based on other observed electronic and steric trends, we 

hypothesize that aryl homodimerization occurs via disproportionation of (L)NiI(Ar) or 

ligand transfer between (L)NiI(Ar) and (L)NiII(Ar)Br. 

Reactions set up with significantly lower catalyst loadings (<1 mol%) gave low 

conversion of the aryl halide. We hypothesize that issues with catalyst speciation and 

Cl

EtO2C
Br Ph

EtO2C

Ph+

NiCl2(dme) (X mol%)
L (1.1X mol%)
NaI (25 mol%)
TFA (10 mol%)
Zn0 (4.0 equiv)
DMA (0.1 M), 32 °C

+ EtO2C CO2Et

(1.2 equiv)
3.1b 3.2a 3.3 3.4

(0.125 mmol)
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initiation, or competitive zinc insertion may be the cause. Previous reports employing 

pre-ligated (L)NiIII2 and manganese did not appear to encounter these issues.33 We 

hypothesize that these solutions could be combined with application of 3.L5 to yield 

further increases in selectivity. 

Figure 3.8 Coupling of Aryl and Alkyl Chlorides 

 

Entry L Salt X mol% 3.3 (%) Selectivity (3.3:3.4) 
1 3.L2 NaI 25 11 0.5:1 
2 3.L5 NaI 25 25 2:1 
3 3.L5 NaI 50 40 7:1 
4 3.L1 NaI 100 2 0.003:1 
5 3.L2 NaI 100 16 0.2:1 
6 3.L5 NaI 100 52 14:1 
7 3.L1 NaI 200 3 0.007:1 
8 3.L2 NaI 200 21 0.5:1 
9 3.L5 NaI 200 55 19:1 

10 3.L5 LiI 50 52 12:1 
11 3.L1 LiI 100 4 0.009:1 
12 3.L2 LiI 100 11 0.1:1 
13 3.L5 LiI 100 62 25:1 
14 3.L1 LiI 200 3 0.006:1 
15 3.L2 LiI 200 30 1:1 
16 3.L5 LiI 200 51 15:1 

Reactions were set up by modification of General Procedure B using ethyl 4-

chlorobenzoate (23.1 mg, 0.125 mmol, 1.00 equiv), 1-Chloro-3-phenylpropane (23.2 mg, 

0.150 mmol, 1.20 equiv), and either, 4,4’-di-tert-butyl-2,2’-bipyridine (3.L1) (3.7 mg, 0.014 

mmol, 0.11 equiv, Entries 4, 7, 11, and 14), 4,4’-dimethoxybipyridine (3.L2) (3.0 mg, 0.014 

mmol, 0.11 equiv, Entries 1, 5, 8, 12, and 15) or 4,4’-bis(dimethylamino)-2,2’-bipyridine 

(3.L5) (3.3 mg, 0.014 mmol, 0.11 equiv, Entries 2, 3, 6, 9, 10, 13, and 16). All reactions were 

set up by adding solid LiI or NaI directly to the precatalyst solution along with an 

Cl

EtO2
C

Cl Ph
EtO2C

Ph+

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

+ EtO2C CO2Et

(1.2 equiv)
3.1 3.2a 3.3 3.4

(0.125 mmol)
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additional 125 μL of DMA. The mixture was then stirred at rt until the salt was dissolved 

prior to starting materials being added. Reactions were stirred for 24 h prior to sampling. 

These results demonstrate that when alkyl radical formation is slow, 3.L5 offers 

improvements in selectivity over the previous state-of-the-art ligand 3.L3. The increased 

stability of (L5)NiII(Ar)Cl provides sufficient intermediate lifetime to enable generally 

selective reactions without the formation of significant amounts of 3.4. While the use of 

increased amounts of LiI (>2.00 equiv) may enable the use of 3.L3 with similar yields and 

selectivity, this would decrease the overall mass efficiency of the reaction. 

Figure 3.9 Coupling of N-Alkyl 2,4,6-Triphenylpyridinium Salts with Aryl Halides 

 

Entry L X Y mol% 3.3 (%) Selectivity (3.3:3.4) 
1 3.L5 Br 10 98 84:1 
2 3.L5 Cl 10 55 7:1 
3 3.L5 Cl 20 86 8:1 
4 3.L1 Cl 20 65 5:1 
5 3.L2 Cl 20 49 3:1 

Reactions were set up by modification of the literature procedure.154 In a nitrogen-filled 

glovebox, 3 oven-dried 1 dram vials equipped with PTFE-coated stir bars were charged 

with 4,4’-bis(dimethylamino)-2,2’-bipyridine (3.L5)—(3.3 mg, 0.014 mmol, 0.11 equiv, 

Entries 1 and 2) or (6.7 mg, 0.028 mmol, 0.22 equiv, Entry 3)—4,4’-di-tert-butyl-2,2’-

bipyridine (3.L1) (7.4 mg, 0.028 mmol, 0.22 equiv, Entry 4), or 4,4’-dimethoxybipyridine 

(3.L2) (6.0 mg, 0.028 mmol, 0.22 equiv, Entry 5); nickel(II) chloride dimethoxyethane—

(2.7 mg, 0.0125 mmol, 0.10 equiv, Entries 1 and 2) or (5.5 mg, 0.025 mmol, 0.20 equiv, 

Entries 3–5)—4,4’-dimethylbiphenyl (as an internal standard; 15.0 mg, 0.0823 mmol, 0.658 

equiv), magnesium(II) chloride (11.9 mg, .125 mmol, 1.00 equiv), manganese powder 

(13.7 mg, 0.250 mmol, 2.00 equiv), and 2,4,6-triphenyl-1-(3-phenylpropyl)-pyridin-1-ium 

X

EtO2C

N Ph

EtO2C

Ph+

NiCl2(dme) (Y mol%)
L (1.1Y mol%)
MgCl2 (1.0 equiv)
Mn0 (2.0 equiv)
NMP (0.17 M), 80 °C

+ EtO2C CO2Et

(1.2 equiv)
3.1 3.2c 3.3 3.4

(0.125 mmol)
PhPh

Ph BF4
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tetrafluoroborate (77.0 mg, .150 mmol, 1.20 equiv). NMP (735 μL) was added to each vial, 

followed by the appropriate aryl halide—either ethyl 4-bromobenzoate (28.6 mg, 0.125 

mmol, 1.00 equiv, Entry 1) or ethyl 4-chlorobenzoate (23.1 mg, 0.125 mmol, 1.00 equiv, 

Entries 2 and 3). The vials were sealed with phenolic screw caps bearing PTFE-backed 

silicone septa, removed from the glovebox, and placed on a pre-heated stir plate (80 °C, 

1000 rpm) for 24 h. 

An aliquot (20 μL) was taken from each reaction via gas-tight syringe The aliquots were 

diluted into 1000 μL of ethyl acetate and quenched with 1 mL of deionized water. The 

organic layers were then passed through short (1.5 cm in a pipette) silica plugs and 

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

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

of the internal standard peak. 

These results demonstrate that 3.L5 also offers benefits in existing reactions (Entry 1) and 

new combinations of substrates (Entries 2 and 3). The observed improvements when 

increasing the catalyst loading from 10 to 20 mol% suggest that selectivity and yield are 

governed by the rate of oxidative addition to the chloroarene. Radical formation from 

3.2c most likely proceeds via direct reduction by manganese and fragmentation of the 

resulting radical anion.160 As such, the stability of (L)NiII(Ar)X most likely plays a small 

role in the overall selectivity of the reaction compared to the rate of formation of 

(L)NiII(Ar)X. Compared to the other reactions in our work, the alkyl radical precursor is 

the more reactive of the two substrates and generating sufficient (L)NiII(Ar)X to capture 

the resulting alkyl radical is critical to providing high yield and selectivity. We 

hypothesize that the formation of 3.4 occurs after the complete consumption of 3.1. 
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3.4.5 Computational Details and Selection of Model Target 

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

unless noted otherwise—at the UM06/cc-pVTZ,SDD(Ni)//UM06/cc-

pVDZ,LANL2DZ(Ni) level of theory with the SMD continuum solvation model for DMA 

(N,N-dimethylacetamide).137–143,161 The Gaussian keywords “ultrafine” and “noraman” 

were used to ensure accuracy whilst improving computational efficiency. Conformers of 

higher energy were accounted for in all cases and are not included in the discussion. 

Stationary points were characterized as ground states by the absence of negative 

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

as the geometry optimization. To account for common nickel(II) coordination geometries, 

square planar singlet and tetrahedral triplet geometries were considered, as well as the 

unbound ligand in the absence of a metal. Bromobenzene was utilized as a simplified aryl 

halide in computed nickel complexes. 

Figure 3.10 Atom Numbering Scheme for Free Ligand, (L)Ni(Ph)Br Square Planar, and 
(L)Ni(Ph)Br Tetrahedral DFT-Optimized Structures 

 

Atom numbering (Figure 3.10) was conserved for atoms common and relevant to all 

square planar structures, namely Ni1, Br2, N3 (binding nitrogen always trans to the 

phenyl ligand), N4 (binding nitrogen always trans to the bromine ligand), and C5 (Cipso 
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of the phenyl ligand). For tetrahedral geometries, Ni1, Br2, and C5 were conserved across 

all structures, and an attempt was made to maintain consistency in the numbering 

scheme (relative to the analogous square planar geometries) for N3 and N4, especially 

for the non-symmetric bipyridine ligands. For the unbound ligand, the donor nitrogens 

are numbered N1 and N2; no attempt was made to standardize atom numbering beyond 

the donor atoms, as we did not have a numbering schema in place at the time these 

geometries were computed. 

Descriptors were collected from DFT output files using Python scripts created by the 

Sigman Group (University of Utah) and the Paton Group (Colorado State University), as 

well as NBO 7.0.144,162 

Selectivity was defined as the ratio of the averaged concentrations of cross-coupled 

product, [3.3], to aryl homodimer, [3.4], at 24 h, where each reaction was performed in 

quadruplicate (high-throughput dataset) or duplicate (focused ligand screen dataset). 

The observed selectivity of each catalyst (Figure 3.2, Figure 3.4) was converted to relative 

free energies with the equation 

ΔΔ𝐺‡ = −𝑅𝑇𝑙𝑛 )
[𝟑]
[𝟒]. 

and used as the target in the subsequent modeling.  

3.4.6 Data Science Workflow 

3.4.6.1 Threshold Analysis 

Threshold analysis was performed using the workflow and scripts and developed by the 

Sigman and Doyle groups.137–143,146,161 The algorithm was performed using a plot step size 

of 0.02, a y_cut of 10 (corresponding to ~10% yield), and a “balanced” class weight. 
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Figure 3.11 Threshold Analysis with Full HTE Dataset 

 

Threshold = -0.81 with ∆E (E(Tetrahedral Ni)-E(Square Planar Ni)) in kcal/mol. Accuracy = 0.73, F1 = 
0.80, and MCC = 0.43. 

The yield analysis revealed that substitution in the 6-position enforces a tetrahedral 

ground state, which promotes rapid downstream dimerization of the aryl halide. As a 

result, these ligands were excluded from further analysis. 

3.4.6.2 Modeling Workflow 

Regressive studies correlating molecular descriptors to reaction outcomes were 

performed using Python scripts developed by the Sigman group. Univariate correlations 

were limited to those with R2 > 0.70 and p-value <0.01; 1-parameter models were 

internally validated with leave-one-out (LOO) and k-fold (k = 5) cross-validation and 

externally validated with 3.L3, 3.L4, 3.L5, 3.L15 (for which we did not have any prior 

experimental observations). Training sets were comprised of 4-, 4,4’-, and 5,5’-

(di)substituted-2,2’-bipyridines (5 HTE and 9 focused screening observations). HTE and 

focused screening observations were not combined for the generation of univariate 

correlations nor models. 



 132 

3.4.7 Univariate Correlations and Models 

We observed a variety of strong univariate correlations from the HTE dataset; however, 

many of the descriptors that were examined were collinear. We hypothesized that the use 

of symmetrically substituted ligands in the training set resulted in spurious collinearity 

in seemingly unrelated parameters. 

Figure 3.12 Best 1-Parameter Model (μ) from High-Throughput Screening Results 

 

Our strongest model with this dataset was a 1-parameter model with μ (chemical 

potential), which is approximately the average of the HOMO and LUMO orbital 

energies.163 However, we were dissatisfied with the specificity it provided. We felt that 

designing a more tailored dataset would enable more insight into the catalytic system 

and lead to more effective predictions of reaction outcomes. When designing non-

symmetric ligands, an effort was made to cover a range and combination of electron-

donating and -withdrawing characteristics.  
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Figure 3.13 Univariate Correlations from Focused Screening Results 
Descriptor R2 p-value 
NMRδxx)N3 0.93 2.61E-05 
NPACipso 0.92 5.19E-05 

NMR(δiso)N3 0.91 5.43E-05 
NPAN3 0.88 1.96E-04 

NMR(δyy)N3 0.85 4.08E-04 
NMR(δzz)Cipso 0.81 9.65E-04 

E(HOMO) 0.76 2.29E-03 
NMR(δxx)Cipso 0.76 2.25E-03 

μ 0.75 2.70E-03 
E(LUMO) 0.73 3.25E-03 

E(dz2) 0.73 3.52E-03 
NMR(δiso)Cipso 0.73 3.44E-03 

E(dyz) 0.72 3.82E-03 
NMR(δyy)Cipso 0.72 3.85E-03 

E(LUMO) - E(HOMO) 0.71 4.43E-03 
η 0.71 4.43E-03 

E(dxz) 0.71 4.16E-03 
Figure 3.14 Best 1-Parameter Models from Focused Screening Results 

 

The external validation set for the focused screening models consists of three extrapolated 

points (3.L3–3.L5) and a single interpolated point (3.L15). We selected our best model 

(Scheme 3.4d) from that which had the highest predicted R2 (and the lowest associated 

mean absolute error: MAE = 0.200 for the NPACipso model, 0.219 for the NMR(δxx)N3 model, 

and 0.237 for the NMR(δiso)N3 model; Figure 3.14). This finding demonstrates the 

transferability of this model to other substitution patterns present in the bpy class of 
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ligands (exclusive of 6- or 6,6’-substitution), as the focused screen training set did not 

contain any 5,5’-disubstituted ligands. 

Figure 3.15 1-Parameter Model (μ) Using Focused Screening Results 

 

When we revisited the descriptor used to generate the best 1-parameter model for the 

high-throughput screening results (Figure 3.12), we noticed that this descriptor failed to 

appropriately account for non-symmetric ligands (Figure 3.15). This supports our 

hypothesis that the collinearity of descriptors within the initial dataset was limiting 

specificity and translatability of the model. 

Figure 3.16 Predicted Selectivity of In Silico Ligands Utilizing Optimal Model with 
NPACipso 

Ligand NPACipso Predicted ∆∆G‡ (kcal/mol) 
3.L24 -0.15321 -1.27 
3.L25 -0.15456 -1.79 
3.L26 -0.15503 -1.96 

Selectivity was predicted from the equation for the univariate correlation with Cipso 

(Figure 3.16) without normalization of the descriptor. It is evident that this model of 

selectivity does not appropriately handle this type of ligand. As such, for predicting the 

selectivity of new ligands, we first recommend removal of 6- or 6,6’-(di)substituted 

ligands, then applying this model. 
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Chapter 4: Identification of Novel 2,2’-Bipyridine-6-Carbonitrile Ligands 

4.1 Introduction 

Identification of new classes of ligands is an active area of research in nickel-

catalyzed cross-couplings. New ligands can enable improvements in the coupling of 

existing substrate pools, accessibility to previously inaccessible substrate classes, and 

generally more robust couplings.126,153,164,165 Often, these new ligand classes exist and are 

contextualized as structural (backbone) modifications of previously known L2 and L3 

ligands, where electronic modulation of substituents follows existing trends (vide supra, 

Section 3.1.2). An illustration of this concept can be seen in the case of PyCams—which 

were introduced as an alternative to and thus far appear to provide reactivity similar to 

bpys.126 However, the identification of new ligand classes that exhibit contrasting 

reactivity is less common. To enable the development of increasingly diverse cross-

coupling reactions, new ligands that expand upon the suite of accessible elementary steps 

are needed; ideally, these ligands will not detrimentally impact existing elementary steps 

that have driven the adoption of nickel-catalyzed processes whilst they enable new 

avenues of reactivity. 

Activation of C(sp)3 electrophiles is an area of interest in nickel-catalyzed cross-

couplings. L3-ligated nickel catalysts are frequently employed due to their capacity to 

participate in the SET process of alkyl radical generation. An alternative strategy is the 

use of electron-deficient olefins to promote an SN2-style oxidative addition to alkyl 

electrophiles.166–168 While this approach has seen implementation in redox-neutral cross 

couplings, application of similar ligands in cross-electrophile couplings has thus far been 

limited. We propose that the resulting nickel complexes struggle to participate in the 
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diverse single- and two-electron elementary steps necessitated by cross-electrophile 

coupling, leading to low selectivity. An attractive approach would be the identification 

of a catalyst that incorporates the benefits of the most common heterocycle-based L2 

dinitrogen catalysts whilst also allowing for the distinct reactivity of p-bound nickel. This 

chapter discusses our identification and initial survey of the reactivity of 2,2’-bipyridine-

6-carbonitrile ligands in contrast to their non-cyanated bpy analogues. We hypothesize 

that the introduction of the nitrile group to these ligands allows for dynamic changes in 

ligand binding based on the oxidation state of the nickel throughout the mechanistic 

cycle. While we have not yet had an opportunity to conduct an in-depth investigation of 

these ligands, we expect that our strategies outlined in this chapter may enable further 

diversification of these modified 2,2’-bipyridine ligands and their application to new 

transformations.33,169  

4.2 Results 

Table 4.1 6-Cyanation Changes Ligand Reactivity 

 

Entry L 3.3 (%) Rate (M/min)b 

1 4.L1 70 1.1 × 10-4 

2 3.L23 70 3.4 × 10-4 

aReactions were assembled in a nitrogen filled glovebox at a 20 μmol scale in 200 μL of DMA. Data is taken 
from Figure 3.2. Yields and selectivity were determined by UPLC-MS. bRate was determined from 15–75 
min to account for any induction period.  

During the studies described in Chapter 3, we identified a single bipyridine—4,4'-

dimethyl-2,2'-bipyridine-6-carbonitrile (3.L23)—that produced the same yield as its non-
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6-substituted analogue, 4,4’-dimethyl-2,2’-bipyridine (4.L1), with a concomitant increase 

in rate despite substitution by a nitrile in the 6-position (Table 4.1). This finding directly 

contradicted both nodes of the two node-decision tree (Scheme 3.2b) utilized to predict 

the selectivity provided by bipyridines. Our initial expectations of this ligand were: (1) 

the low ∆E between the tetrahedral and square planar geometries should enable more 

rapid reduction of the (L)NiII(Ar)Br via the accessible tetrahedral geometry, and (2) the 

introduction of the nitrile—a strong electron-withdrawing group—to one of the pyridine 

rings should decrease the NPA charge of Cipso, leading to decreased selectivity. This 

discrepancy led us to hypothesize that these ligands may promote a different mechanism 

than canonical bipyridines (Scheme 3.2b, Section 3.2.1). However, it remained unclear if 

the increase in rate and conserved yield of the cross-product was a generalizable trend or 

merely a coincidental outcome.  

To investigate the behavior of cyanation in the 6-position of 2,2’-bipyridines, we 

synthesized a suite of 4,4'-di(substituted)-2,2'-bipyridine-6-carbonitrile ligands (4.L2–

4.L5). These bpyCN ligands are accessed via a two-step oxidation, deoxygenative-

cyanation sequence (Section 4.4.2.2) from the parent 4,4’-disubstituted-2,2’-bipyridine. 

We surveyed the reactivity of these ligands by evaluating their performance relative to 

their non-cyanated analogues in a modified version of the cross-electrophile coupling 

utilized in Chapter 3 (Table 4.2).  
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Table 4.2 bpyCN Ligands Display Inverted Selectivity and Reactivity 

 

Entry Ligand 3.3 (%) 3.4 (%) 3.6 (%) 
R Y 

1 OMe H 67 6 20b 

2 OMe CN 43 5 35 

3 t-Bu H 44 21 26b 

4 t-Bu CN 49 6 30 

5 Me H 41 22 26b 

6 Me CN 45 5 32 
7 H H 38 25 16b 
8 H CN 53 3 26 
9 CF3 H 13 31 6b 
10 CF3 CN 65 4 12 

aReactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 1.25 mL of DMA. Yields 
and selectivity were determined by GC-FID. b3.6 was not observed until after complete consumption of 
3.1a. 

We found that the bpyCN ligands display distinct reactivity from canonical 

bipyridines. First, we observed a shift in the resulting byproduct distribution, as the 

bpyCN ligands provided the alkyl homodimer (3.6) as the major byproduct rather than the 

aryl homodimer (vide supra, Section 3.1.1). Further, we observed an inversion in the 

electronic trends of the ligand: while electron-rich bpy ligands (3.L2) provided the highest 

yield of the cross-product (3.3), electron-poor bpyCN ligands (4.L5) provided the highest 

yields of cross-product. These observations conferred support to our hypothesis that 

these ligands promote a different mechanism or altered the selectivity determining step.  
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Scheme 4.1 Electronic-trends Reveal that bpyCN Ligands Activate C(sp3)–X  

 

aReactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 1.25 mL of DMA. 
Concentrations of all reagents were determined by GC-FID. Rates were determined from 0–30 min when 
the reaction rate was linear. For reactions that were complete in under 30 min, the rate was estimated from 
0–15 min. 

Further insight was obtained from the construction of Hammett plots (Scheme 

4.1), wherein the rate of consumption of each coupling partner was related to the 

electronic character of the bipyridine core These plots revealed that—in contrast to 

traditional bipyridines—the electronics of the bipyridine backbone in bpyCN ligands has 

no effect on the rate of consumption of the bromoarene. As the increase in turnover of 

bpy-nickel catalysts is attributed to regeneration of (L)Ni0 upon deleterious 

homodimerization to form aryl dimer; this result suggests that either: (1) bpyCN ligands 

form (L)NiII(Ar)Br complexes that do not undergo deleterious reduction and 

disproportionation, or (2) activation of the bromoarene does not occur in the rate limiting 

span. We hypothesize that the latter scenario best fits our present observations, informed 

by the observation that a Hammett plot of the rate of bromoalkane consumption reveals 

that electron-rich bpyCN ligands rapidly activate—and subsequently dimerize—the 

bromoalkene. 

 The observed preferential reactivity of bpyCN-nickel catalysts with the 

bromoalkane in the presence of bromoarene led us to hypothesize that the pendent nitrile 
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group may act as a third donor, forming an L3-ligated nickel center. Indeed, when we 

compared bpyCN (4.L4) to 2,2’;6’,2’’-terpyridine (4.L6) in the model reaction, we observed 

rapid formation of the alkyl homodimer in both cases. While this supported our initial 

hypothesis, we remained unsure if the geometry of the bpyCN enabled efficient overlap of 

the p system with the nickel center. To further test our hypothesis, we synthesized and 

evaluated 2,2’-bipyridine-4-carbonitrile, which delivered similar yield and selectivity to 

the 6-carbonitrile analogue. This result clearly demonstrated that bpyCN ligands are 

distinct from both bipyridine and L3 donors and that the placement of the cyano group 

has little effect on the selectivity of the cross-coupling. 

Table 4.3 bpyCN Ligands Provide Unique Reactivity 

 

Entry Ligand 3.3 (%) 3.4 (%) 3.6 (%) 
1 3.L12 38 25 16b 

2 4.L4 55 3c 26 
3 4.L6 32 5d 23 
4 4.L7 55 12d 20 

aReactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 1.25 mL of DMA. Yields 
and selectivity were determined by GC-FID. b3.6 was not observed until after complete consumption of 
3.1a. c3.4 was not observed until after complete consumption of 3.2a. d3.4 was formed concurrently with 3.3 
and 3.6.  
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Scheme 4.2 Computational Studies Indicate Dynamic Binding Changes 

 

We are currently undertaking computational and mechanistic experiments to 

survey the reactivity of bpyCN ligands and investigate the source of selectivity. We 

currently hypothesize that the pendant nitrile enables dynamic interchange in binding 

modes depending on the oxidation state of the nickel center. Initial computational 

experiments indicate that de-ligation of the bipyridine backbone is thermodynamically 

accessible in the nickel(0) oxidation state, leading to a p-bound nickel-nitrile complex 

(Scheme 4.2). This initial result informs our current hypothesis that in low oxidation 

states, bpyCN ligands promote oxidative addition of the alkyl coupling partner via a p-

bound, sterically unhindered nickel(0) complex. Further studies are needed to firmly 

establish the binding characteristics and reactivity of bpyCN. 

4.3 Discussion and Future Work 

The addition of nitrile groups to existing ligand classes has been an effective 

method for the development of new redox-neutral and cross-electrophile couplings. For 

example, a recent publication by researchers at Boehringer Ingelheim identified 2-

pyridine-carbonitrile as an efficient ligand for the cross-electrophile coupling of primary 
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alkyl and aryl bromides.170 Further, they found that the related 1-H-imidazole-5-

carbonitile enabled the efficient cross-electrophile coupling of neopentyl bromides. While 

they did not characterize the binding of these ligands, we hypothesize that the decreased 

steric requirements of the ligand, in combination with the increased reactivity of cyano-

(bi)pyridine-ligated nickel complexes with C(sp3)–X electrophiles may enable more facile 

activation of the sterically demanding neopentyl coupling partner. Similarly, the 

Rousseaux group recently developed a class of benzonitrile-containing pyrazole-based 

ligands that promote the cross-coupling of tertiary organomagnesium reagents with 

iodoarenes.171 Mechanistic investigations demonstrated that the pendent nitrile promoted 

reductive elimination by withdrawing electron-density from the (L)Nin(Ar)Alk 

intermediate, accelerating reductive elimination. The nitrile group most likely also 

stabilizes low-valent nickel intermediates. This stabilization of low-valent nickel is well 

known and has driven the incorporation of benzonitrile as an additional ligand in a 

variety nickel-catalyzed processes.172–174 Further, related electron-poor p systems, such as 

stilbenes have been used to synthesize air stable nickel(0) precatalysts175 and promote 

oxidative addition into challenging C(sp3) electrophiles.166,176–178 These studies suggest that 

the nitrile group in bpyCN ligands may play a number of roles, from enabling more facile 

reductive elimination to stabilizing the low-valent nickel(0) intermediate. Given these 

precedents, our continuing investigations will center on: (1) establishing whether the 

bipyridine backbone is necessary to promote the observed reactivity via nitrogen 

knockouts, (2) determining the ligation mode of bpyCN ligands in nickel(0) and nickel(II) 

complexes, (3) determining the mechanism by which the nickel catalyst activates and 

dimerizes the haloalkane, and (4) surveying the reactivity of bpyCN-ligated nickel 

complexes in the cross electrophile coupling of diverse alkyl coupling partners. We 
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expect that application of these and other mixed L2-p ligands may enable the marriage of 

single-electron dependent cross-electrophile couplings with substrates most often 

confined to redox-neutral nickel-olefin catalysis. 

4.4 Experimental 

4.4.1 General Information 

4.4.1.1 Reagents 

Metals and Catalysts 

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

Zinc flake (-325 mesh) was purchased from Alfa Aesar. 

Tetrakis(triphenylphosphine)palladium(0) was purchased from Oakwood Products. All 

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

additional purification. 

Ligands 

2,2’-Bipyridine was purchased from Sigma-Aldrich. 4,4’-dimethoxy-2,2’-bipyridine was 

purchased from Ambeed or Sigma-Aldrich. 4,4’-Bis(trifluoromethyl)-2,2’-bipyridine was 

purchased from Ambeed. 4,4’-Di-tert-butyl-2,2’-bipyridine was purchased from TCI.C 

2,2’:6’,2’’-Terpyridine was purchased from Strem. Ligands were stored and handled in a 

nitrogen-filled glovebox and used without further purification. 

Substrates 

 
C These experiments were performed prior to the observation that 3.L1 purchased from different suppliers 
yielded different selectivity. It is unclear if the impurity was carried through the generation of 4.L3. 
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Ethyl 4-bromobenzoate was purchased from Oakwood. 1-Bromo-3-phenylpropane was 

purchased from TCI America. Unless otherwise specified, all substrates were purchased 

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

Solvents 

Anhydrous N,N-Dimethylacetamide (DMA) was purchased from Sigma-Aldrich and 

stored in a nitrogen-filled glovebox. 

Other Reagents 

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

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

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

benchtop, and used without further purification unless otherwise specified. 

4.4.1.2 Methods 

NMR Spectroscopy 

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

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

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

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

reported in Hertz. 

High Resolution Mass Spectrometry 

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

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

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

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

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

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

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

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

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

min and the FID temperature was 325 °C. 

Flash Chromatography 

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

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

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

with a 25 g KPsil column (40-63 μm particle size). Products were visualized by UV. 

4.4.2 Ligand Key and Preparation 

4.4.2.1 Ligand Key 

Figure 4.1 Ligand Key 
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4.4.2.2 Preparation of Ligands 

 

4,4’-dimethyl-2,2’-bipyridine (4.L1) was obtained as a byproduct of the oxidative 

coupling of 4-methylpyridine to form 4,4’,4’’-trimethyl-2,2’:6’,2’’-terpyridine. For an 

analogous procedure, see the preparation of 3.L14. Characterization data match those of 

commercial samples. 

 

4,4'-dimethoxy-[2,2'-bipyridine] 1-oxide (4.L2a) was prepared by modification of the 

literature procedure.115 

A 100 mL round-bottom flask equipped with a PTFE-coated stir bar was charged with 

4,4’-dimethoxy-2,2’-bipyridine (2162.4 mg, 10.000 mmol, 1.00 equiv). The flask was 

placed in a water bath and TFA (6.5 mL) was added. Hydrogen peroxide (30 wt%, 15.000 

mmol, 1.50 equiv, 1610 μL) was added in a steady stream. The resulting solution was left 

to stir at rt overnight. Additional aliquots of hydrogen peroxide (30 wt%, 5.000 mmol, 

0.50 equiv, 537 μL) were added daily until the starting material was completely 

consumed as determined by SFC–MS. The reaction was then diluted with chloroform (20 

mL) and neutralized via the addition of 6 M NaOH. The biphasic mixture was transferred 

to a separatory funnel, and the organic layer isolated. The organic layer was washed with 

6 M NaOH (2 × 10 mL), dried over MgSO4, filtered, and concentrated to yield a mixture 

N N

Me Me

N N

MeO OMe

O
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of the starting material and desired product. The product was used without further 

characterization or purification. 

 

4,4'-di-methoxy-[2,2'-bipyridine]-6-carbonitrile (4.L2) was prepared by modification of 

the literature procedure.115 

A flame-dried 50 mL round-bottom flask equipped with a PTFE-coated stir bar was 

charged with 4,4'-di-methoxy-[2,2'-bipyridine]-1-oxide (464.5 mg, 2.000 mmol, 1.000 

equiv). The flask was sealed with a rubber septum and purged with nitrogen for 5 min. 

Under positive pressure of nitrogen, anhydrous DCM (5 mL) was added to the flask. The 

reaction was then cooled to 0 °C and trimethylsilyl cyanide (992.1 mg, 10.00 mmol, 5.000 

equiv, 1251 μL) was slowly added over the course of 5 min via syringe. Afterwards, 

benzoyl chloride (562.3 mg, 4.000 mmol, 2.000 equiv, 465.0 μL) was added dropwise over 

the course of 5 min. The reaction mixture was allowed to warm to rt while stirring for 24 

h. After stirring, a 10% solution of NaHCO3 in H2O was slowly added until gas evolution 

ceased, and the resulting biphasic mixture was stirred at rt for 24 h. The mixture was 

poured into a separatory funnel and the organic layer was set aside. The aqueous layer 

was extracted with DCM (2 × 10 mL), and the combined organic layers were dried over 

MgSO4, filtered, and concentrated. The resulting residue was purified by column 

chromatography (40 g of silica gel, 35% EtOAc/hexanes for 1 CV, then 35–60% 

EtOAc/hexanes across 25 CV) to yield the product (192.2 mg, 0.7972 mmol, 40%) as a 

light pink solid. 

N N

MeO OMe

CN
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1H NMR (500 MHz, CDCl3) δ 8.47 (d, J = 5.6 Hz, 1H), 8.20 (d, J = 2.4 Hz, 1H), 8.02 (d, J = 

2.6 Hz, 1H), 7.23 (d, J = 2.4 Hz, 1H), 6.89 (dd, J = 5.7, 2.6 Hz, 1H), 4.00 (s, 3H), 3.97 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 166.9, 166.8, 159.3, 155.9, 150.2, 133.9, 117.4, 116.4, 111.9, 

108.7, 106.7, 56.0, 55.5. 

HRMS-ESI (m/z): [M+H]+ calcd for C13H12N3O2
+, 242.0924; found, 242.0924. 

 

4,4'-di-tert-butyl-[2,2'-bipyridine]-6-carbonitrile (4.L3) was synthesized according to the 

literature procedure and characterization data matched those reported in the literature.115 

 

2,2’-bipyridine-6-carbonitrile (4.L4) was synthesized by a former lab member via 

modification of the literature procedure and characterization data matched those 

reported in the literature. 

1H NMR (500 MHz, CDCl3) δ 8.70 (dd, J = 1.8, 0.9 Hz, 1H), 8.68 (dd, J = 8.2, 1.1 Hz, 1H), 

8.47 (dt, J = 8.1, 1.1 Hz, 1H), 7.95 (t, J = 7.9 Hz, 1H), 7.86 (td, J = 7.8, 1.8 Hz, 1H), 7.70 (dd, 

J = 7.6, 1.1 Hz, 1H), 7.38 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.7, 154.0, 149.3, 137.9, 137.2, 133.2, 128.1, 124.8, 124.2, 

121.6, 117.4. 

N N
CN

N N
CN
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4,4'-bis(trifluoromethyl)-[2,2'-bipyridine] 1-oxide (4.L5a) 

To a 50 mL round-bottom flask equipped with a PTFE-coated stir bar was charged with 

4,4'-bis-(trifluoromethyl)-2,2'-bipyridine (1460.9 mg, 5.0000 mmol, 1.0000 equiv). The 

flask was submerged in a water bath and TFA (3.25 mL) was added. While stirring, 

hydrogen peroxide was added in a steady stream (30 wt%, 7.500 mmol, 1.500 equiv, 850.3 

μL). The resulting solution was left to stir at rt overnight. The reaction was then diluted 

with chloroform (10 mL) and neutralized via the slow addition of 6 M NaOH. The 

mixture was then transferred to a separatory funnel and the organic layer isolated. The 

organic layer was then washed with 6 M NaOH (2 × 5 ml), dried over MgSO4, filtered, 

and concentrated. The resulting residue was purified by column chromatography (ISCO, 

40 g silica, 1 CV hexanes, then 0–40% acetone/hexanes across 25 CV) to yield the desired 

product (271.9 mg, 0.8823 mmol, 18% yield) as a white solid. The remaining mass balance 

was recovered as the equivalent 1,1’-dioxide. 

1H NMR (500 MHz, CDCl3) δ 9.36 – 9.31 (m, 1H), 8.94 (d, J = 5.0 Hz, 1H), 8.63 (d, J = 2.2 

Hz, 1H), 8.40 (d, J = 6.8 Hz, 0H), 7.63 (dd, J = 5.0, 0.9 Hz, 1H), 7.52 (dd, J = 6.8, 2.8 Hz, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 150.2, 149.5, 146.4, 141.6, 139.1 (q, J = 34.4 Hz), 126.9 (q, 

J = 35.6 Hz), 125.0 (q, J = 4.0 Hz), 122.6 (q, J = 273.6 Hz), 122.5 (q, J = 272.1 Hz), 122.0 (q, J 

= 3.5 Hz), 121.1 (q, J = 3.8 Hz), 120.6 (q, J = 3.5 Hz). 

19F{1H} NMR (377 MHz, CDCl3) δ -63.61, -64.69. 

HRMS-ESI (m/z): [M+H]+ calcd for C12H7F6N2O+, 309.0457; found, 309.0451. 

N N

F3C CF3

O



 150 

 

4,4'-bis-(trifluoromethyl)-[2,2'bipyridine]-6-carbonitrile (4.L5) was prepared by 

modification of the literature procedure.115 

A flame-dried 50 mL round-bottom flask equipped with a PTFE-coated stir bar was 

charged with 4,4'-bis-(trifluoromethyl)-[2,2'-bipyridine]-1-oxide (154.1 mg, 0.5000 mmol, 

1.000 equiv). The flask was sealed with a rubber septum and purged with nitrogen for 5 

min. Under positive pressure of nitrogen, anhydrous DCM (3 mL) was added to the flask. 

The reaction was then cooled to 0 °C and trimethylsilyl cyanide (248.0 mg, 2.500 mmol, 

5.000 equiv, 312.8 μL) was slowly added over the course of 5 min. Following this, benzoyl 

chloride (140.6 mg, 1.000 mmol, 2.000 equiv, 116.2 μL) was added dropwise over the 

course of 5 min. The reaction mixture was allowed to warm to rt while stirring for 24 h. 

After this time, a 10% solution of NaHCO3 in H2O was slowly added until gas evolution 

stopped, and the resulting biphasic mixture was stirred at rt for 24 h. The mixture was 

then poured into a separatory funnel and the organic layer set aside. The aqueous layer 

was extracted with DCM (2 × 10 mL), and the combined organic layers were dried over 

MgSO4, filtered, and concentrated. The resulting residue was purified by column 

chromatography (40 g of silica gel, hexanes for 1 CV, then 0–20% EtOAc/hexanes across 

15 CV) to yield the product (147.4 mg, 0.4670 mmol, 93%) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 8.98 (d, J = 0.8 Hz, 1H), 8.92 (d, J = 5.0 Hz, 2H), 8.74 (d, J = 

0.9 Hz, 1H), 7.96 (d, J = 1.4 Hz, 1H), 7.67 (dd, J = 4.6, 1.4 Hz, 2H). 

N N
CN

F3C CF3
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13C{1H} NMR (126 MHz, CDCl3) δ 157.9, 154.0, 150.6, 141.2 (q, J = 35.4 Hz), 140.1 (q, J = 

34.7 Hz), 134.5, 124.3 (q, J = 3.5 Hz), 122.6 (q, J = 273.6 Hz), 121.8 (q, J = 274.1 Hz), 121.1 

(q, J = 3.5 Hz), 120.5 (q, J = 3.6 Hz), 117.7 (q, J = 3.7 Hz), 116.0. 

19F{1H} NMR (377 MHz, CDCl3) δ -64.79, -64.85. 

HRMS-ESI (m/z): [M+H]+ calcd for C13H6F6N3
+, 318.0460; found, 318.0455. 

 

2,2’-bipyridine-4-carbonitrile (4.L7) 

In a nitrogen-filled glovebox, an oven-dried 50 mL two-neck flask equipped with a PTFE-

coated stir bar was charged with tetrakis(triphenylphosphine)palladium(0) (138.7 mg, 

0.1200 mmol, 0.06000 equiv) and 2-bromoisonicotinonitrile (366.0 mg, 2.0000 mmol, 1.000 

equiv). The flask was sealed with a rubber septum and removed from the glovebox. The 

flask was equipped with a condenser via the top neck and purged with nitrogen. 

Anhydrous toluene (20 mL) and 2-(tributylstannyl)pyridine (809.9 mg, 2.200 mmol, 1.100 

equiv, 712.3 μL) were added, then the contents were heated to reflux and stirred for 4 

days. After stirring, the reaction mixture was allowed to cool to rt and was filtered 

through a plug of Celite pre-wetted with DCM, and the filter cake was washed with DCM 

(3 × 25 mL). The resulting filtrate was concentrated, and the residue purified by column 

chromatography to yield the product (200.7 mg, 1.108 mmol, 55%) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 8.84 (dd, J = 4.9, 0.9 Hz, 1H), 8.73 – 8.69 (overlapping signals, 

2H), 8.43 (dt, J = 8.0, 1.1 Hz, 1H), 7.86 (td, J = 7.8, 1.8 Hz, 1H), 7.52 (dd, J = 5.0, 1.6 Hz, 1H), 

7.38 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H). 

N N

CN
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13C{1H} NMR (126 MHz, CDCl3) δ 157.6, 154.1, 150.0, 149.5, 137.2, 124.8, 124.7, 123.0, 121.4, 

121.3, 116.7. 

4.4.3 Results of Ligand Screens 

Figure 4.2 Results of Screening bpy, bpyCN, and tpy Ligands 

 

Entry Ligand 3.3 (%) 3.4 (%) 3.6 (%) 
1 3.L2 67 6 20b 

2 3.L1 44 21 26b 

3 4.L1 41 22 26b 

4 3.L12 38 25 16b 

5 3.L9 13 31 6b 

6 4.L2 43 5 35 
7 4.L3 49 6 30 
8 3.L23 45 5 32 
9 4.L4 53 3 26 
10 4.L5 65 4 12 
11 4.L6 32 5 23 
12 4.L7 55 12 20 

aReactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 1.25 mL of DMA. Yields 
and selectivity were determined by GC-FID. b3.6 was not observed until after complete consumption of 
3.1a. 

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

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

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

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

(1500.0 mg, 8.2300 mmol), ethyl 4-bromobenzoate (2,863.4 mg, 12.500 mmol), and alkyl 

halide (2,986.4 mg, 15.000 mmol) in DMA was prepared in an oven-dried 25 mL 

volumetric flask. This solution was stored in a sealed 20 mL vial in the glovebox and 

stirred immediately prior to use. Additionally, separate stock solutions of sodium iodide 

(183.6 mg, 1.225 mmol) and TFA (57.0 mg, 0.500 mmol) in DMA were prepared in oven-

Br

EtO2C
Br Ph

EtO2C

Ph+

NiCl2(dme) (10 mol%)
L (11 mol%)
NaI (25 mol%)
TFA (10 mol%)
Zn0 (2.0 equiv)
DMA (0.1 M), 32 °C(1.2 equiv)

3.1a 3.2a 3.3
(0.125 mmol)

Ph

3.6

Ph+ EtO2C CO2Et

3.4

+
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dried 5 mL volumetric flasks. These solutions were prepared fresh each time reactions 

were set up. 

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

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

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

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

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

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

equiv, in 125 μL of DMA) was added, followed by a mixture of: ethyl 4-bromobenzoate 

(28.6 mg, 0.125 mmol, 1.00 equiv); 1-bromo-3-phenylpropane (30.0 mg, 0.150 mmol, 1.20 

equiv); and 4,4’-dimethylbiphenyl (as an internal standard; 15.0 mg, 0.0823 mmol, 0.658 

equiv, in 250 μL of DMA). Zinc flake (16.3 mg, 0.250 mmol, 2.00 equiv) was added to the 

vial. The contents of the vial were briefly swirled to incorporate the zinc and TFA (1.40 

mg, 0.0125 mmol, 0.100 equiv, in 125 μL of DMA) was added. The vial was resealed with 

the screw cap and placed on a pre-heated stir plate, where it was stirred (1000 rpm) at 32 

°C. 

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

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

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

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

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

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

GC-FID. Concentrations of the reactants, desired product, and side products were 
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determined as calibrated ratios of the area of the analyte peak compared to the area of the 

internal standard peak. 

4.4.3.1 Electronic Trends and Calculation of r 

Figure 4.3 Observed Electronic Trends 

 

aReactions were assembled in a nitrogen filled glovebox at a 0.125 mmol scale in 1.25 mL of DMA. 
Concentrations of all reagents were determined by GC-FID. Rates were determined from 0–30 min when 
the reaction rate was linear. For reactions that were complete in under 30 min, the rate was estimated from 
0–15 min.  

Entry Ligand Class Substrate r R2 

1 bpy 3.1a 0.74 0.84 

2 bpyCN 3.1a -0.075 0.02 

3 bpy 3.2a -0.30 0.76 

4 bpyCN 3.2a -0.45 0.75 

Hammett plots are not shown. However, the results of rate transformation and regression 

are listed below. Note that the low value of R2 for entry 2 indicates a weak regression and 

that the value of r is 0. 

4.4.4 Computational Details 

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

unless noted otherwise—at the UM06/cc-pVTZ,SDD(Ni)//UM06/cc-

pVDZ,LANL2DZ(Ni) level of theory with the SMD continuum solvation model for DMA 

(N,N-dimethylacetamide).137–143,161 The Gaussian keywords “ultrafine” and “noraman” 

were used to ensure accuracy whilst improving computational efficiency. Conformers of 
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higher energy were accounted for in all cases and are not included in the discussion. 

Stationary points were characterized as ground states by the absence of negative 

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

as the geometry optimization. 
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