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Abstract

Transition metal-catalyzed coupling reactions are the predominant methods for carbon-carbon
bond formation in synthetic chemistry. Nickel-catalyzed cross-electrophile coupling (XEC)
reactions have emerged as a promising alternative to conventional cross-coupling strategies that
employ organometallic nucleophiles as coupling partners. Ni-catalyzed XEC reactions feature the
direct coupling of two electrophiles enabled by Ni-catalysis that requires a stoichiometric source
of electrons from chemical reductants or electroreduction. This strategy offers several benefits,
such as the utilization of stable and widely available carbon electrophiles, operational simplicity,
and great functional group tolerance. Consequently, notable advancements in Ni-catalyzed XEC
reactions have been achieved over the past decades. This thesis describes the efforts towards the
development, mechanistic understanding, and application of Ni-catalyzed XEC methods.

Chapter 1 provides a high-level overview of Ni-catalyzed XEC reactions, including their first
disclosures, development, and current state of the art. Reaction mechanisms and strategies for
achieving cross-selectivity in Ni-catalyzed XEC reactions are also discussed.

Chapter 2 discloses an electrochemical method that converts lignin-derived aromatic
compounds into a collective of substituted biphenyl-4,4'-dicarboxylic acid (BPDA) derivatives via
Ni- and Ni/Pd-catalyzed XEC. The synergy between chemical and electrochemical conditions is

highlighted, showing that high-throughput experimentation with chemical reductants enables rapid



catalyst discovery while electrochemistry improves reaction yields and/or facilitates
implementation on larger scale. The resultant BPDA derivatives exhibit improved poly(vinyl
chloride) (PVC) plasticizer performance and reduced toxicity relative to a commercial plasticizer.

Chapter 3 describes the application of open-circuit potential measurements to determine the
redox potentials of metal reductants in organic solutions. Different organic solvents and reaction
additives are shown to significantly impact the thermodynamic potentials of metal reductants.
Fundamental insights can be gained through the study of the relationship between reductant redox
potentials and critical redox processes in XEC reactions. Finally, Ni-catalyzed XEC of N-alkyl-
2,4,6-triphenylpyridinium reagents (Katritzky salts) with aryl halides is used to demonstrate how
some of the limitations related to using metal reductants can be overcome by highly tunable
electrochemical reduction.

Chapter 4 details the development of a general strategy for the XEC of heteroaryl chlorides
with aryl bromides via Ni-catalysis. Two sets of reaction conditions (A and B) have been identified
to enable the coupling of a variety of heteroaryl chlorides and aryl bromides containing an array
of functional groups and steric environments. Condition A is particularly effective for the coupling
of 2-chloropyridines with aryl bromides. Mechanistic investigations into condition A suggest a Ni-
catalyzed in situ aryl-zinc formation, followed by a Ni-catalyzed cross-coupling between aryl-zinc
and 2-chloropyridines. Condition B is usually preferred for the XEC of diazaheteroaryl chlorides
with aryl bromides. In this case, preliminary studies reveal the synergistic effects of Nal and FeBr»
to match the relative reactivity of the two coupling partners and achieve high cross-selectivity.

Collectively, the studies presented herein are envisioned to enable the utilization of a broader
scope of electrophiles in Ni-catalyzed XEC reactions and facilitate a better mechanistic

understanding.
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Chapter 1.

An Overview of Nickel-Catalyzed Cross-Electrophile Coupling



1.1. Introduction

Transition metal-catalyzed cross-coupling has proven to be one of the most powerful, reliable,
and commonly used transformations in the organic chemist'’s toolkit. Conventional cross-coupling
features the coupling of nucleophiles with electrophiles enabled by a transition metal catalyst, with
palladium catalysts standing as the premier. These technologies allow the efficient and modular
construction of carbon-carbon and carbon-heteroatom bonds and have found numerous
applications in the synthesis of pharmaceuticals, agrochemicals, polymers, among others.*® More
recently, nickel-catalyzed cross-electrophile coupling (XEC) has emerged as a promising
alternative to conventional cross-coupling. This strategy avoids the use of precious-metal catalysts
and circumvents the need for organometallic reagents that have limited stability and commercial
availability. Instead, two electrophiles are coupled via nickel-catalysis under reductive conditions.
Electrophiles are generally bench-stable and readily available or accessible from commercial
sources. Additionally, nickel catalysts can engage in either one- or two-electron elementary steps
with a substrate or a second nickel species, opening a plethora of opportunities for catalyst design

and methodology development (Figure 1.1).%12

Palladium-catalysis vs nickel-catalysis

redox-neutral cross-coupling cross-electrophile coupling (XEC)
Pd° Pd" Pd" Ni® Nit Ni' Ni'"
usually diamagnatic often paramagnatic
R—Ni"*2—X
R+—X + Pd" ——— (R+—Pd™2—X R+—X + Ni <

R) Nim'—X

predominantly two-electron processes one- and two-electron processes
R'—X + R*—[M]—=— (R} —R? R'"—X + R*—Y —=>(RI—R?

limited availability excellent availability
unstable bench-stable

Figure 1.1. Common features of palladium- and nickel-catalysis.



1.2. Early Development of Nickel-Mediated Reductive Coupling

In 1970-1980s, Semmelhack and co-workers disclosed the homocoupling of aryl halides
mediated by stoichiometric bis(l,5-cyclooctadiene)nickel(0) (Ni(COD),) at moderate temperatures
in DMF solvent (Figure 1.2A). The reaction conditions were compatible with functional groups
that would not survive in reaction with aryl-magnesium or aryl-lithium reagents (e.g., ketone,
aldehyde, ester, and nitrile). Acidic functional groups (hydroxyl, carboxylic acid) failed to couple
under these conditions.*® This method was later extended to the homocoupling of alkenyl halides
and successfully applied to the synthesis of cyclic biaryls. It is worth noting that the cyclization of
bis(iodoaryl)alkanes was found to be promoted by a different form of nickel(0),
tetrakis(triphenylphosphine)nickel(0) (Ni(PPhs)4).141°

Following these precedents, Kumada and co-workers in the late 1970s achieved a Ni-catalyzed
aryl bromide homocoupling using stoichiometric zinc as an external reductant (Figure 1.2B). In
this case, nickel(0) was in situ generated by stirring Ni(PPh3).Clz, PPhs, and Zn in DMF for 30
min, after which aryl halides were added. Significant rate acceleration was observed upon the
inclusion of a catalytic amount of potassium iodide (KI) as an additive, enabling the reaction to
proceed at room temperature to give 85% yield after 24 h; the same reaction without KI only
afforded 24% yield after 24 h. Electron-rich and -deficient para-substituted aryl bromides (methyl,
methoxy, ketone, ester) were shown to be tolerated within this reaction.*®

In 1986, Périchon and co-workers reported the use of NiBrz(bpy) (bpy = 2,2'-bipyridine) as the
catalyst for electrochemical homocoupling of organic halides. The reaction was conducted in an
undivided cell by applying a constant potential (1.3 V vs. SCE), using a gold cathode and a
sacrificial magnesium anode. Cross-coupling of two aryl halides using NiBr2(bpy) catalyst was

also evaluated. Homo-coupled products were exclusively obtained when one aryl halide was much



Reductive coupling mediated by stoichiometric Ni°

A
R from Ar-Br from Ar-| not compatible
X i i R=H 82%
Ni(COD), (1.0 equiv ’ o
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R DMF O OMe, 83% @ R=H 71% /©/
. 25-60 °C R CHO, 79% Me, 63% R
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(X=Br1) 54-93% yields CN, 81% R = OH, CO,H, NO,
Ni-Catalyzed reductive homocoupling
B

g Ni(PPh),Cl, (5 mol%) standard
/©/ PPh; (40 mol%) ©/Br conditions O
R =H, 89% 0
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Ni-Catalyzed reductive cross-coupling

c OMe .
NiBry(bpy) (20 mol%) MeO _
N Cl bpy (40 mol%) Do OMe
R * Kl (2.5 equiv), NMP (0.2 M N NN O
= X (2.5 equiv), (0. ), rt R% R%
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o, O . o, . ©
Cl MeO Cl Cl Cl Cl Br
3:4:5 3:4:5 3:4:5 3:4:5 3:4:5 3:4:5
5:19:4.2 1.3:6.9:0.75 59:4.0:4.7 82:34:34 1.8:13 :26 12:82:35

Figure 1.2. Early examples of Ni-mediated reductive coupling reactions. (A) Semmelhack reductive biaryl
synthesis mediated by stoichiometric nickel(0). (B) Kumada Ni-catalyzed aryl halide homocoupling. (C)
Product distribution in Ni-catalyzed electroreductive cross-coupling of two aryl halides.

more reactive than the other (e.g., iodobenzene and 4-bromotoluene). On the other hand, the
coupling of aryl halides with similar reactivity (e.g., bromobenzene and 4-bromotoluene) afforded
a statistical mixture of cross- and homo-coupled products.t’” Further investigations showed that the
distribution of products could be perturbed by varying steric and electronic properties of one aryl
halide coupling partner when the other coupling partner was an ortho-substituted aryl chloride;
however, in most cases, less-than-statistical yields of the cross-coupled products were obtained
(Figure 1.2C).*® These preliminary studies revealed the difficulty of achieving selective XEC

between two aryl halides using a single nickel catalyst.



In the early 1990s, Durandetti and co-workers demonstrated that NiBrz(bpy) was an effective
catalyst for the coupling of aryl halides with activated alkyl electrophiles. Aryl halides were
smoothly coupled with a-chloro ketones and esters and could be extended to coupling with other
activated alkyl electrophiles, such as allylic acetates, a-chloro nitriles, and benzyl chlorides.!%%
The reaction was promoted by electrolysis at a constant current using a sacrificial anode. Alkyl

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

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

Ni-Catalyzed XEC of Ar—X with activated Alk—Y
A

NiBry(bpy) (2.5 mol%) other Alk=Y

X "Bu,NBF, (15 mM), DMF (0.25 M)
R + CI ) )\
Pz R rtor 70 °C
X AUZn (+) | Ni (=)

undivided cell, -0.2 A

i - i AcO
1.0 equiv 1:1-3.1 equiv (slow addition of Alk—Cl) X
(X=8Br1) (R* = Me, OMe)
Ni-Catalyzed reductive heteroaryl-aryl coupling
B
NiBr,(bpy) (10 or 13 mol%) _ classes of heteroaryls

NN FeBr; (0 or 30 mol%) T—R?
R'-Het X X SN
pZ electrolyte, DMF, rt or 60 °C R-Het R1-L ‘

Mgizn/Fe (+) | Ni (-) e [N N/)\CI

1.0 equiv 1.0 equiv undivided cell, -0.2 A

(X=CI,Br; Y=CI,Br, 1)

o o Y o

X=Cl,Y=Br X=Br, Y=Br X=ClLY=I X=Cl,Y=Br X=ClLY=I
77% 60% 72% 50% 65%

Figure 1.3. Early examples of Ni-catalyzed XEC reactions. (A) Electrochemical Ni-catalyzed XEC of aryl
halides with activated alkyl electrophiles. (B) Electrochemical Ni-catalyzed XEC of heteroaryl halides with
aryl halides.

Built upon these studies, electroreductive coupling of aryl halides with 2-halopyridines was
achieved by Gosmini and co-workers, employing NiBrz(bpy) as the catalyst, using a magnesium
or zinc anode.?! Further studies found that using a sacrificial iron anode could enable XEC of aryl

halides with more challenging heterocycles such as 2-chloropyrimidine.?? Functionalized 2-



halopyridines were also successfully coupled with aryl halides using the sacrificial iron anode
process.?® Using an iron anode allowed in situ generation of FeBr; that was proposed to limit
heterocycle ligation to the Ni catalyst. In these reports, the two electrophiles were carefully paired,
based on their reactivities, to achieve selective cross-coupling. For example, pyridyl bromides
were used for coupling with electron-deficient aryl bromides, while pyridyl chlorides were chosen
for coupling with electron-rich aryl bromides (Figure 1.3B).

Overall, these studies laid the groundwork for the future development of Ni-catalyzed XEC
reactions. Tremendous advancements have been achieved since then, both synthetically and
mechanistically. The following content will first introduce the typical mechanisms proposed for
Ni-catalyzed XEC reactions, followed by a summary of the scope of substrates that can be utilized
in these reactions. General strategies for achieving selectivity in Ni-catalyzed XEC reactions will
also be discussed.

1.3. Mechanisms of Ni-Catalyzed XEC Reactions

A sequential oxidative addition mechanism is usually proposed for Ni-catalyzed XEC of two
aryl electrophiles. The reaction initiates from the oxidative addition of the reduced nickel catalyst
(A) to the more reactive electrophile, affording an aryl-nickel(I1) intermediate (B). Upon reduction
by an external reductant, the resultant nickel(l) complex C performs a second oxidative addition
into the other electrophile to generate a diaryl-nickel(111) complex (D). Subsequent reductive
elimination from D forms the desired product and a nickel(l) (E), which is then reduced to
regenerate the active nickel(0) catalyst (Figure 1.4A). In this mechanism, Ni catalysts activate both
electrophiles via two-electron oxidative addition pathways. Therefore, it is crucial that the two
low-valent nickel species (A and C) each selectively react with one of the coupling partners, so

that cross-coupling can be achieved. This catalytic behavior can be attributed to reactivity



differences between the two electrophiles and the alignment of steric and electronic properties in
low-valent nickel intermediates.?

The activation of C(sp®) electrophiles by nickel catalysts in XEC is generally proposed to
involve single-electron transfer pathways and organic radical intermediates. In a typical Ni-
catalyzed C(sp?)—C(sp®) XEC reaction, the aryl electrophile is proposed to first react with nickel(0)
via oxidative addition to form an aryl-nickel(Il). This intermediate intercepts the alkyl radical to
form a high-valent nickel(I11) complex, which undergoes reductive elimination to generate the
product and a nickel(l). Activation of the alkyl electrophile by this nickel(l) intermediate then
allows the alkyl radical to enter the catalytic cycle and, in turn, generates nickel(ll), which re-
enters the cycle via reduction to nickel(0) (Figure 1.4B). In this mechanism, Ni catalysts undergo
both two-electron and one-electron activation pathways with the electrophiles, allowing sequential

activation of different electrophiles via distinct mechanisms and imparting selectivity.*2

Mechanisms of Ni-catalyzed XEC reactions

A B
(L)N{® R"—X (L)Ni® R"—X
_ A Al
e o
R! X R!
a_ N . i
(LNi'—Y (L)Ni S LN (L)Nl”\x
E B E' B’
R2—Y
R2 - 2
R1/ e R
R! 1
LNl 1Mo 1 IR
(L)Ni g2 (L)NI'—R (LNI—X (L)N|”'< \
° \—/ ¢ b cr ®
Y—R? 1
R\R2
R' = aryl, R? = alkyl
R' = aryl, R? = aryl, R" # R? Ni"" cycle is also viable
Ni"" cycle is also viable +R2 may be generated by reductants or co-catalysts

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



Variations on these general mechanisms have been proposed as the field continues to grow. For
instance, mounting evidence suggests that aryl electrophiles are activated by nickel(l) instead of
nickel(0) when nickel is complexed with nitrogen-based ligands.?*2® Additionally, radicals can be
generated from a separate co-catalytic cycle or from single-electron reduction of C(sp®)
electrophiles by chemical reductants or electroreduction.'? These variations greatly expand the
ways to modulate reactivity and selectivity in XEC reactions, but inevitably introduce subtle
differences into the reaction mechanisms that are not always distinguishable without extensive
studies. The use of different ligands, solvents, additives and whether or not a co-catalyst is involved
in the reaction may result in changes in the mechanism. Nonetheless, the mechanistic models
described above build the framework for understanding the origin of cross-selectivity in Ni-
catalyzed XEC reactions and provide guidance for reaction design and optimization.

1.4. Scope of Ni-Catalyzed XEC Reactions

Cross-electrophile coupling as a general concept materialized with the seminal report in 2010
from Weix and co-workers, disclosing a dual-ligand nickel-catalyzed reductive coupling between
aryl halides and unactivated alkyl halides at 1:1 substrate ratio (Figure 1.5A).2” Tremendous efforts
have been made since then to expand the scope of substrates that can be utilized in XEC reactions,
which can be broadly categorized into three classes: (a) C(sp?) and C(sp®) halides, (b) carbon
electrophiles that are readily converted from corresponding nucleophiles, and (c) small molecules
(e.g., CO?%, SO,%) and heteroatom electrophiles (e.g., Si***3, Ge*, B®). The following content
will highlight the recent progress on Ni-catalyzed XEC reactions involving the first two classes of
substrates.

The majority of Ni-catalyzed XEC reactions have been focused on the construction of C(sp?)—

C(sp®) bonds as the inherent differences of C(sp?) and C(sp®) electrophiles can lead to robust cross-



selectivity. In many cases, the coupling between aryl halides and alkyl halides can be achieved in
high yields and selectivity.'? For instance, aryl iodides, bromides and activated aryl chlorides can
be smoothly coupled with primary and secondary alkyl bromides, usually promoted by a nickel

Ni-Catalyzed C(sp?)—C(sp?) XEC reactions
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Figure 1.5. Ni-Catalyzed C(sp?)-C(sp®) XEC reactions using metal reductants. (A) Seminal report from
Weix and co-workers on XEC of aryl halides with alkyl halides. (B) Representative examples. (C) Ligands

used in reactions illustrated in (A) and (B).
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catalyst complexed with bidentate nitrogen ligands in the presence of halide salts.®*® Highly
reactive methyl iodides are shown to be compatible coupling partners with aryl halides.>® XEC of
unactivated aryl chlorides with alkyl chlorides has been achieved by including halide additives and
employing a uniquely selective pyridyl carboxamidine ligand.*® Ligands of this type are also
shown to enable coupling of challenging heteroaryl halides with alkyl halides.*>*? The coupling of
aryl bromides with highly reactive tertiary alkyl bromides can be difficult but has been achieved
using Ni(acac)2 (acac = acetylacetonate) catalyst in the presence of NHC (N-heterocyclic carbene)
additives, pyridine-type ligands, and chloride salts.**** These reactions were conducted using a
heterogeneous chemical reductant, typically zinc or manganese (Figure 1.5B). More recently,
electrochemical Ni-catalyzed XEC methods have been developed for construction of C(sp?)—C(sp°)
bonds, wherein sacrificial anodes or homogeneous chemical reductants are used to provide the

reducing equivalents (see Section 1.5 for more discussion).

X
©/ R/\X other carbon electrophiles

N N A N N LR Ey Ey 0
o Br | it e "N Toms T ots T oTe o /_\RZ
Ph o)
:HJ\OMS HJJ\OT JJJJ\OTf ﬁ}fo P HJiN HH\O O Ar
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J o @) N OMe Y Ts
Ph—\= o N N
N © Ph AN AN
IO N R Ar
o) /A o2
_— NMe;OTf

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

Besides organohalides, carbon electrophiles can be obtained through a convenient functional
group conversion from the corresponding nucleophiles (Figure 1.6). Alkyl alcohols and phenols
can be converted to sulfonate esters (often known as pseudohalides) and other oxygen electrophiles
(e.g., alkyl oxalates)* . Alkyl amines can become accessible substrates by conversion into

pyridinium salts (often known as Katritzky salts)**->! or occasionally ammonium salts®. Organic
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carboxylic acids have been primarily activated as N-hydroxyphthalimide esters (NHP esters)®®>4,
with isolated examples showing other possibilities such as 2-pyridyl esters®. Epoxides and
aziridines can be readily used as radical precursors upon reductive ring opening.>®>’

The utilization of these electrophiles not only allows Ni-catalyzed XEC to cover a broader
chemical space, but also provides opportunities for achieving cross-selectivity via different
activation mechanisms (Figure 1.7). For example, methyl tosylates as a less reactive methyl source
than methyl iodides can be compatible coupling partners in the XEC with alkyl and aryl
bromides.>®*® Gong and co-workers have achieved XEC of alkyl oxalates with aryl halides,
wherein Zn/MgCl. triggers a Barton-type C—O bond radical scission of the oxalates that is further
promoted by Ni catalysts.*” Watson and co-workers, in collaboration with Merck, have showed
that XEC of amino acid pyridinium salts with aryl bromides could enable efficient synthesis of
noncanonical amino acids and diversification of peptides.®° Katritzky salts are proposed to undergo
single-electron reduction by an external reductant, rather than a reduced Ni catalyst, to generate
alkyl radicals.>® This feature allows Hazari and co-workers to modulate the rates of alkyl radical
formation from Katritzky salts by using organic reductants with different reduction potentials and
achieve XEC of highly reactive benzylic Katritzky salts with aryl iodides using a milder reductant,
TME (tetrakis(morpholino)ethylene), compared to TDAE (tetrakis(dimethylamino)ethylene).®
Baran, Kawamata, and co-workers have developed an electrochemical Ni-catalyzed C(sp)—-C(sp®)
reductive coupling method that utilizes two NHP esters as coupling partners, termed as doubly
decarboxylative coupling (dDCC). In this case, NHP esters are proposed to be reduced by the
cathode or low-valent nickel species.®? They later reported an improved reaction condition to allow
modular construction of complex molecular architectures, showcased in the synthesis of a series

of natural products.5®
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Ni-Catalyzed XEC reactions using non-halide electrophiles
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Figure 1.7. Ni-Catalyzed XEC reactions using non-halide electrophiles

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

stereoconvergent XEC reactions (Figure 1.8).%* This concept has been demonstrated by Reisman
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and co-workers in several Ni-catalyzed asymmetric C(sp?)—C(sp®) reductive coupling reactions,
including acylation, vinylation, and arylation of benzylic chlorides, vinylation of benzylic NHP
esters, and arylation of a-chloronitriles and a-chloroesters.®® Weix and co-workers have shown
that regioselective ring opening of epoxides can be achieved to generate radicals for coupling with
aryl halides in the presence of a Ni catalyst and a co-catalyst, wherein iodide co-catalysis results
in opening at the less hindered position via an iodohydrin intermediate and titanocene co-catalysis

"_mediated radical

results in opening at the more hindered position, presumably via Ti
generation.®® Employing a chiral titanocene co-catalyst can then render this transformation
enantioselective.’® Aziridines can be reductively activated in a similar manner. Doyle and co-
workers have reported the Ni-catalyzed XEC of styrenyl aziridines with aryl iodides in the
presence of Nal additives, which is amenable to asymmetric catalysis using a chiral bi-oxazoline
(BiOX) ligand. In this case, aziridine rings open at the less hindered position to give linear cross-
coupled products.®’ It is worth mentioning that the same group then adopted a Ni/Ti co-catalysis
strategy to enable a branch-selective, although non-enantioselective, XEC between 2-alkyl
aziridines and (hetero)aryl iodides.®” Asymmetric Ni-catalyzed C(sp®)-C(sp®) XEC reactions can
be achieved, albeit within a limited scope. Baran and co-workers have disclosed an
enantioselective version of dDCC reaction employing a chiral pyridine-2,6-bisoxazoline (PyBOX)
ligand on nickel, in the presence of MgBr. and FeBrs additives. This method is restricted to the
coupling of NHP esters from malonate half amides and primary carboxylic acids.®® Shu and co-
workers have demonstrated the enantioconvergent XEC of unactivated alkyl halides with -
bromoamides, promoted by a chiral nickel bisoxazoline (BOX) catalyst in the presence of a large

excess of Znl, additives. Mechanistic studies suggest that Znl> can activate p-bromoamides

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

arylation of a-chloronitriles
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Figure 1.8. Ni-Catalyzed enantioselective XEC reactions.
Ni-Catalyzed XEC reactions between two carbon electrophiles with the same hybridization are

more challenging due to difficulties in differentiating the two electrophiles and suppressing the
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competing homocoupling pathways. Weix and co-workers have uncovered a Ni/Pd co-catalytic
system for C(sp?)—C(sp?) reductive coupling of aryl bromides with aryl triflates, wherein the Ni
and Pd catalysts each favors activation of one of the coupling partners (see Section 1.5 for more
discussion).” This strategy has been extended to the XEC of aryl chlorides and aryl tosylates with
aryl triflates to access biaryls and biheteroaryls,’*"* as well as XEC of vinyl bromides and vinyl
triflates to access 1,3-dienes.’”® Stahl, Beckham, and co-workers have later applied this Ni/Pd co-
catalysis method to the electrochemical XEC of lignin-derived aromatic monomers.”® Gong and
co-workers have pioneered the development of Ni-catalyzed C(sp®)—C(sp®) reductive coupling
methods, featuring Bopinz (bis(pinacolato)diboron) reductant as the critical element to enable
coupling of secondary and hindered primary halides with primary bromides by leveraging the
subtle steric and reactivity differences of the two coupling partners.”” This strategy was also
adopted by Wang and co-workers to enable XEC of primary alkyl halides or tosylates with a-
fluoro alkyl bromides using a B2(neo). (bis(neopentyl glycolato)diboron) reductant.”®"® Allylation
of secondary alkyl halides with allyl carbonates by Ni-catalysis has been reported by Gong and
co-workers using a zinc reductant, which was later expanded to include tertiary alkyl halides.&8
Cernak and co-workers have disclosed the XEC of alkyl NHP esters with alkyl Katritzky salts,
wherein sequential substrate addition, a binary solvent system, and an electron-deficient bipyridine
ligand on nickel all contributed to the final successful coupling.2? Shu and co-workers have
reported a ligand-controlled regiodivergent XEC of &-bromoamides and alkyl bromides by
employing a BOX, bipyridine, or PyBOX ligand on nickel to access -, y-, or 5-alkylated amide
products, respectively.® More recently, several electrochemical methods have been developed for
Ni-catalyzed C(sp®)-C(sp®) reductive coupling, but mostly utilized a large excess of one of the

coupling partners (3.0 equiv) to obtain good yields.6263688485 One example, reported by Cantillo
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Ni-Catalyzed C(sp?)—-C(sp?) and C(sp®)-C(sp°®) XEC reactions
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d N 0 go PN N AN
= 107 X KF (1.0 equiv) R Ni° P40
Zn (2.0 equiv), DMF, 40 °C = favors activation favors activation
1.0 equiv 1.0 equiv 53-94% yields at C-Br at C-OTf
Nil, (10 mol%) o
L15 (10 mol% i—B i
DU ( 6) 1o (L15)Ni'—E (L1SNI—(
Br LiOMe (2.5 equiv)
Bapin (2.0 equiv), NMP, 40 °C favors activation ~ favors activation
1.0 equiv 1.5 equiv 15-85% yields at 2° C-Br at 1° C-Br
Ni(cod), (10 1%
)\ Zr:((?o)é((‘uw;n%,\;; condition A condition B
X X = I, condition A /\#\ L16 (15 mol%) L6 (10 mol%)
X = Br. condition B Cul (30 mol%) | MgCl, (1.5 equiv)
35°C,6h 80°C,12h
R1/\/\0002Me * NiBro(dme) (10 mol%)
R? MgCl, (1.0 equiv) condition C condition D
N Zn (3.0 iv), DMA, 25 °C
A\ n (3.0 equiv) 1 : L16 (15 mol%) 1 (15 mol%)
Br R'=H, R? = Ar, condition C RTS pyridine 2,6-diaminopyridine
) ~ R'=Alk, R? = H, condition D R2 (30 mol%) (30 mol%)
2.0 equiv 1.0 equiv
Ph . .
0 )\Q NiBr;(dme) (20 mol%) order of addition:
1 N L17 (20 mol%)
+ N
NHPI | P Mn (2.0 equiv) NHP ester, Katritzky salt
NHBoc Ph CH Ph  dioxane/MeCN (1/1), 60 °C NHBoc NiBry(dme), L17
4 then dioxane, then MeCN, Mn
1.0 equiv 1.0 equiv 41-81% yields
Br o) INi] (10 mol%) X
)\/\)’L /R2+ ‘ L (12 mOI% )/\/\)L /\)/\/LL
’Tj Br/\ Mn (3 0 equiv)
R1 solvent, rt
1.0 equiv 3.0 equiv L18 L19 L20
(1° or 2° Alk—Br) DMA MeOH/TFE (1/1) MeOH
NiBry(dme) (10 mol%)
P ] L1 (15 mol%) ~ Br®
+ AN N
OTs Br NaBr (75 or 100 mM), DMA, rt ! OTs %’ Br
Al (+) | GC (=), undivided cell °0Ts
1.0equiv  1.3-2.0 equiv —4 mA, 3.0 F/mol

N J }

0 Dy ol

R%=CF3 R*=H, L17
R%=H, R* = Me, L19

11-78% yields

Ar’

}{

Ar' = 9-anthryl, Ar2 = 1-naphthyl

Ar1

Figure 1.9. Ni-Catalyzed C(sp?)—C(sp?) and C(sp®)~C(sp®) XEC reactions.
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and co-workers, has demonstrated a selective coupling of alkyl tosylates and alkyl bromides via
Ni-catalysis with NaBr electrolyte, wherein 1.3-2.0 equiv of alkyl bromides were used and NaBr
supported a tosylate—bromide exchange process (Figure 1.9).84
1.5. General Strategies for Achieving Cross-Selectivity in Ni-Catalyzed XEC Reactions

The proliferation of nickel-catalyzed cross-electrophile coupling reactions is not only attributed
to the continuing efforts to expand the scope of viable electrophiles but also dependent on the
discovery of new approaches to achieve cross-selectivity by leveraging the differences between
electrophilic coupling partners. These approaches can be divided into three categories: (a)

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

X CFs
Ph. Ph /@ Ph Ph Ph Ph
/
P E F\C P =S
i - >
| s

Fe P Fe Ni'—€X) + 1/2 Ar,
> p
7\

Fe N
CeDs /N
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/P\ Me “Ar ©_/F{
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Figure 1.10. Aryl electrophile oxidative addition to nickel(0): rates and influencing factors.
Substrate-based differentiation may be one of the most common approaches to achieve cross-
selectivity in Ni-catalyzed XEC reactions. Specifically, the rate of electrophile (R—X) activation
can be tuned by manipulating the identity of the electrophilic handle (X) and the inherent steric
and electronic properties of the substrate (R). Nelson, Sproules, and co-workers have conducted a
systematic study on the influence of electrophilic handles on oxidative addition rates of aryl

electrophiles to a Ni°%(COD)(dppf) (dppf = 1,1’-bis(diphenylphosphino)ferrocene) complex in
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benzene-d6 solvent. The results show that rates of oxidative addition of aryl halides to Ni° follow
the trend of Ar-1 >> Ar-Br > Ar—Cl >> Ar—F, consistent with the bond strengths of the C—X bonds.
Oxidative addition of sulfonate esters to Ni°(COD)(dppf) were all slower than aryl chlorides,
following the trend of Ar—Cl > Ar-OTs > Ar-OTf.8¢ Substituents on the substrates can also impact
the rates of oxidative addition. Generally, electron-deficient aryl electrophiles undergo faster
oxidative addition than the corresponding electron-rich substrates, and a more hindered aryl
electrophile undergoes slower oxidative addition.?®%¢8" Additionally, aldehyde and ketone
substituents on aryl chlorides were shown to promote the oxidative addition rates by coordinating
with the low-valent nickel catalyst (Figure 1.10).28 These features allow for fine tuning of the
substrate pairs in Ni-catalyzed C(sp?)—C(sp?) reductive coupling reactions, as discussed in Section
1.2. More recently, Lautens and co-workers have achieved the XEC of heteroaryl chlorides with
aryl chlorides at 1:1.5 substrate ratio (Figure 1.11). The reaction is proposed to follow a sequential
oxidative addition mechanism, wherein heteroaryl chlorides preferentially react with nickel(0) due
to their electron-deficiency, and oxidative addition of aryl chlorides to heteroaryl-nickel(l) is
favored, possibly because of the steric matching. Aryl bromides were used instead of chlorides for

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

Nil, (10 mol%)

(o e ot (00 SRk
U . = , = - e‘ 0
N P MgCl; (2.0 equiv) R‘Ae \ R X Br R = 2-Ma. 47%

Me Zn (2.0 equiv), DMF, 85 °C
1.0 equiv 1.5 equiv R
X=CI,B G
( ) XA XA
(L8)N J N =
@[ Yo — 2 \>—N|” L8) L, C[ \>—N| (L8) C[ S—Ni'"(L8)
N \
Me HetAr—CI Ar-X Me X
more electron-deficient less sterically hindered
faster activation faster activation

Figure 1.11. Ni-Catalyzed XEC of heteroaryl chlorides and aryl halides by Lautens and co-workers.
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The activation rates of alkyl electrophiles generally follow the trend of Alk—I > Alk—-Br > Alk—
Cl and 3° Alk—-X > 2° Alk—X > 1° Alk—X in reactions with nickel(I) complexed with nitrogen-
based ligands.®*! Additionally, various oxygen electrophiles (e.g., sulfonate esters, oxalates) and
nitrogen electrophiles (NHP esters, Katritzky salts) provide abundant opportunities for tuning
substrate reactivities. For example, Weix and co-workers have reported the XEC of strained ring
NHP esters with aryl iodides or bromides, wherein the backbones of NHP esters were strategically
modified to tune their reactivities (Figure 1.12). More electron-rich NHP esters were harder to
reduce and provided improved yields in XEC reactions with less reactive aryl bromides.%?

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

alternative handle to control the rate of radical generation.5!

NiBry(dme) (7 mol%)

o ;2 NHPI il L21 (7 mol%)
5 J Zn (2.0 equiv), DMA, rt
1.0 equiv 1.0 equiv
(X=1,Br)

modification on NHP ester backbones

f#\?]/o\ 0 o P
N N
(0]
(0] (0]
Cl
OMe
more difficult reduction
E,vs Fc/Fc* -1.21V -1.59V -1.69V -1.70 V -1.74V
XEC yields < 1% 20% 47% 62% 53%

with 4-CN-PhBr

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

Modulating the reactivity of alkyl electrophiles can also be achieved through a sulfonate ester—
halide exchange process between alkyl sulfonate esters and halide salts under reaction conditions.
This strategy allows in situ generation of alkyl halides in low concentrations to provide a slow and

steady supply of alkyl radicals into the catalytic cycle, thus enabling the rate matching of radical
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generation with the activation of the other coupling partner and effectively limiting the rapid
dimerization pathway.%88499 For example, Shu and co-workers have conducted a series of
control reactions to support the proposal of a mesylate—iodide exchange process in the coupling of
alkyl mesylates with alkenyl triflates (Figure 1.13). Trace quantities of alkyl iodides were observed
during the XEC reaction employing Nil: as the pre-catalyst and replacing Nil> with NiCl, or NiBr»
led to significantly decreased yields. A direct mesylate—iodide exchange reaction was also proved
viable in the reaction of alkyl mesylate with stoichiometric Nal without nickel catalyst, which
afforded the corresponding alkyl iodide in quantitative yield.*® Similarly, halide—halide exchange
could convert less reactive alkyl chlorides into more reactive alkyl bromides and iodides, as

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

Nil, (10 mol%)

R? O, L22 (15 mol%)
R1\/K * ‘ TRS :
OMs ~_- Mn (3.0 equiv)

DMA, 100 °C, 12 h

1.8 equiv 1.0 equiv
O (f Nil
o~ | (rom I2) PN (LZZ)NII
Ph OMs Ph | ————> Ph
°OMs low concentrgt/on
more reactive
Nal (1.0 equiv) standard condition: 87%

PR NiCl, instead of Nily: < 5%
o NiBr, instead of Nil,: 15%
100% yield slow addition of Alk—I: 63%

DMA, 100 °C, 12 h

Figure 1.13. Tuning reactivity of alkyl mesylates by mesylate—iodide exchange.

Catalyst-based differentiation of the two electrophilic coupling partners represents another
powerful strategy for achieving cross-selectivity in Ni-catalyzed XEC reactions. This strategy
typically features the use of a nickel catalyst and a co-catalyst that each preferentially reacts with
one of the electrophiles. The co-catalyst can be another nickel catalyst bearing a different ligand
or a different transition metal catalyst. As briefly mentioned in Section 1.4, Weix and co-workers

have disclosed a dual-ligand Ni-catalyzed XEC reaction between aryl iodides and alkyl iodides,
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wherein a bipyridine ligand and a bisphosphine ligand were used together to provide best cross-
selectivity. The origin of the synergistic effect was not clear, but control reactions suggested that
the bipyridine ligand played a more important role in this reaction while the bisphosphine ligand
only slightly increased the yield.?” They later demonstrated the utility of another dual-ligand
system in electroreductive Ni-catalyzed C(sp?)—-C(sp®) coupling in collaboration with a Pfizer
process team (Figure 1.14). The reaction utilizes a combination of two ligands, 4,4'-di-tert-butyl-
2,2'-bipyridine (L1) and 4.,4',4"-tri-tert-butyl-2,2":6',2"-terpyridine (L6). Using the nickel
bipyridine catalyst alone predominantly leads to proto-dehalogenation and homocoupling of aryl
bromides, whereas the nickel terpyridine catalyst predominantly forms the alkyl dimer and cross-
coupled product. Selective coupling can be achieved, however, by using L1 and L6 together with
varied L1:L6 ratios so that aryl bromides and alkyl bromides can be activated at comparable rates.
As the aryl bromide becomes more electron-rich, the optimal ratio shifts to have more of the nickel
bipyridine catalyst.°>% The optimal L1:L6 ratio can also be dependent on other reaction

parameters, such as solvents, supporting electrolytes, and current densities.*>°’

NiBr,3H,0 (10 mol%)

NS B ‘ L1+ L6 (11 mol%) ‘ O O\ /N\
‘/ B DIPEA (4.0 equiv) N \ / N
"BusNPFs (20 mM), MeCN, 70 °C R'T N'
1.0 equiv 1.0 equiv graphite (+) | Ni () (L1)Ni® (L6)Ni'

o 2
(1° or 2° Alk-Br)  undivided cell, 1.3 mA/cm activates Ar—Br  activates Alk—Br

Ph CO,Et CO,Et
XEC product
EtOZC F3C Me

optimal L1:L6 ratio 100% L6 L1:L6=1:3 L1:L6 = 1:1

Figure 1.14. Bipyridine/terpyridine dual-ligand system for Ni-catalyzed C(sp®)~C(sp®) XEC reaction.
In the previous dual-ligand systems, the combined quantities of the two ligands are

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

to nickel can be employed, triggering a dynamic ligand exchange process that can offer avenues
to access nickel species with different reactivities. Sevov and co-workers have demonstrated this
concept in electroreductive Ni-catalyzed C(sp?)—C(sp®) coupling, utilizing an electrochemically
inactive Ni°(PrQ). complex (PrQ = 'Pr-Quinazolinap, L23) that selectively reacts with aryl
electrophiles through 2e~ processes and an electrochemically active nickel/bpp complex (bpp =
2,6-bispyrazolylpyridine, L11) that selectively reacts with alkyl bromides through 1e™ processes
(Figure 1.15). The reaction is initiated by 1e~ electroreduction of Ni'(bpp)Br2 followed by rapid
ligand exchange with 'PrQ with concomitant reduction to generate Ni°('PrQ).. This Ni® complex
selectively reacts with aryl electrophiles via oxidative addition and forms a [(bpp)Ni''(aryl)]Br

intermediate by ligand rebound in the presence of free or weakly-ligated bpp ligands. Subsequent
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reaction of this Ni''(aryl) with the alkyl radical forms the product and a low-valent Ni'(bpp)Br
complex, which is responsible for radical generation from alkyl bromides. Consequently, this
strategy allows the XEC of aryl (pseudo)halides (X = CI, Br, OTf) and vinyl triflates with tertiary

alkyl bromides, which can be challenging under previously reported coupling conditions.*®
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Figure 1.16. Baran and Engle dual-ligand system for electroreductive Ni-catalyzed C(sp)—C(sp®) coupling.

Baran, Engle, and co-workers have also reported an electrochemical method that exploits a
dynamic ligand exchange process to construct arylated quaternary carbon centers through Ni-
catalyzed XEC of tertiary NHP esters with (hetero)aryl halides (Figure 1.16). The optimal catalytic
system features the combination of NiCl>-6H20 salt, BINAP ligand (L24), and pyridine (Py)
ligand in a 1:5:20 ratio. The proposed mechanism excludes the involvement of a nickel(0) species;

instead, it suggests that Ni''(Py)2Xz (X = halide) is electroreduced to Ni'(Py).X, followed by ligand
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exchange with BINAP and radical capture to form a [(BINAP)Ni'(alkyl)]X complex. This
complex is then reduced to Ni'(alkyl), which reacts with aryl halides via oxidative addition
followed by reductive elimination to afford the product. The key to successful coupling can be
attributed to the active pyridine-stabilized nickel(l) species that are sustained during the reaction

and the BINAP ligand that minimizes the B-migration pathway.%®

Alkyl radical generation from Co co-catalysis

A 1
R
® Ne——N N—[——=N  homol °N N
+ 26 N — _— OmOySIS N _—
T I 1l —_— I
Vitamin By, ——— /C!o 7_\1>\ —_— /C?\/ ~ /C!o\/ + R1/8
: R \i< Z——N X© +e N——N
L L L
° N N N R —N eN N
homolysis
N = — N
Co'(Pc) - / Colﬁ—_\ > Co'” / —_— co' / " 1/8
N N e AN R
= “ Q NZ—N x© +e NN
Pc = phthalocyanine
R”>X = R Br R NOTs A~ Cl A~ COMs  Ar” “OP(OEY)
Ni/Co Co-catalytic XEC reaction
B .
B NiBry(L1) (Y mol%)
Br r | N e Co"(Pc) (Z mol%) | N e
Pz TDAE (1.2 equiv) 7
dioxane, 80 °C
1.2-2.0 equiv 1.0 equiv
Y=1,2=25 Y=1,Z2=25 Y=2,Z2=5 Y=1,Z=5 Y=5,2=2 Y=10,Z2=10
70% 86% 67% 70% 71% 41%
Br Y=25 Br Y=0
+ _—
l Br” " CO,Et
1.0 equiv 1.2 equiv formed in situ 1.6 equiv 70%

Figure 1.17. Mechanism (A) and application (B) of cobalt co-catalysis in Ni-catalyzed XEC reactions.
Inclusion of a non-nickel-based transition metal catalyst can provide a mechanistically distinct
pathway for activating electrophiles in XEC reactions. Cobalt co-catalysis is an attractive approach

to activate alkyl electrophiles because it generates radicals after two-electron nucleophilic
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substitution rather than single-electron transfer. This not only allows for fine tuning of alkyl radical
generation by changing the ligands on cobalt or the cobalt catalyst loading, but also enables
activation of oxygen electrophiles that are unreactive towards single-electron transfer due to the
strength of the C—O bonds, such as alkyl sulfonate and phosphate esters (Figure 1.17A).190-103 |
a comprehensive study by Hazari, Zultanski, and co-workers, a broad scope of alkyl and aryl
electrophiles are tolerated within the Ni/Co co-catalytic system by modulating the nickel-to-cobalt
ratios based on the reactivities of coupling partners. They further demonstrate the utility of this
system in selective one-pot three-component XEC reactions of bromo(iodo)arenes with two
distinct alkyl halides (Figure 1.17B).1% Additionally, titanocene has been used as an effective
transition metal co-catalyst to activate epoxides and N-acyl aziridines through a Ti''-mediated
radical ring-opening process.>%:66:67

Weix and co-workers have disclosed a Ni/Pd co-catalysis strategy for C(sp?)—C(sp?) reductive
coupling (Figure 1.18). The XEC reaction of aryl bromides with aryl triflates utilizes a Ni°(bpy)
complex that reacts faster with aryl bromides than aryl triflates and a Pd°(dppp) (dppp = 1,3-
bis(diphenylphosphino)propane) complex that preferentially reacts with aryl triflates. The
resultant [(bpy)Ni'"(Art)]Br complex is transient due to its reactivity towards transmetallation,
whereas [(dppp)Pd"(Ar?)]OTf is persistent since it is stable to self-reactivity. Transmetallation
then occurs between Ni"(Arhand Pd"(Ar?), leading to the key Pd"(Ar)(Ar?) intermediate, which
undergoes reductive elimination to give the cross-coupled product. Inclusion of a salt additive,
potassium fluoride (KF), is beneficial for this reaction, presumably by improving the selectivity of
the palladium catalyst for aryl triflates over aryl bromides.” Variations on ligands and additives
can extend this method to the coupling of other C(sp?) electrophiles. For example, in the XEC of

aryl chlorides with aryl triflates, lithium chloride (LiCIl) was found to accelerate the reduction of
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nickel(l) to nickel(0) and counteract autoinhibition of reduction at zinc(0) by zinc(ll) salts.”* In
the XEC of heteroaryl halides with heteroaryl triflates, a terpyridine ligand was used instead of
bipyridine in reactions involving electron-deficient heteroaryl halides.”* Additionally, a zinc(I1)-
mediated shuttling can be operative in the XEC of vinyl bromides with vinyl triflates and the XEC
of aryl tosylates with aryl triflates, wherein zinc(ll) salts facilitate the transfer of vinyl or aryl

groups from nickel(1l) to palladium(l1).”2"
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Figure 1.18. Weix Ni/Pd-catalyzed C(sp®)-C(sp?) reductive coupling.
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Figure 1.19. Sevov synergistic catalyst/mediator pairings for electroreductive C(sp?)-C(sp?) coupling.

Finally, a few more studies will be discussed to demonstrate other feasible strategies for
achieving cross-selectivity in Ni-catalyzed XEC reactions. For example, Sevov and co-workers
have designed a series of coordinatively-saturated nickel complexes as redox-active mediators to
facilitate a selective electrochemical Ni-catalyzed XEC of aryl bromides with alkyl bromides.

These mediators serve as overcharge protectors to shuttle electrons from the cathode to the anode
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when the rate of reduction exceeds the rate of coupling, thus preventing deleterious catalyst
overreduction or degradation pathways.'* The appropriate pairing of mediator with nickel catalyst
is critical for effective coupling: the system likely works best in cases where the onset potentials
of catalyst and mediator are approximately equal. Preliminary studies have identified four
catalyst/mediator pairs that span a wide voltaic window, each featuring a different type of ligands
on the nickel catalyst. These catalytic systems were applied to the XEC of a range of (hetero)aryl
electrophiles with primary and secondary alkyl bromides and showed complementary reactivities

(Figure 1.19).1%
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Figure 1.20. AgNP-functionalized cathode enables XEC of NHP esters with alkenyl iodides.
Baran and co-workers have shown how functionalized cathodes can be used to improve yields
and selectivity in electrochemical Ni-catalyzed XEC of NHP esters with alkenyl iodides (Figure
1.20). Silver nanoparticles (AgNPs) were electrodeposited onto the surface of RVC cathode (RVC
= reticulated vitreous carbon) prior to the XEC reaction. This AgNP layer on the cathode has
several beneficial effects: (a) it prevents adsorption of reduced nickel catalysts to electrode surface

that causes passivation, (b) it supports a mild operating potential at the cathode to prevent catalyst
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overreduction and decomposition, and (c) it slows mass transport and reduction of NHP esters at
the electrode surface.'% This strategy has later been applied to other Ni-catalyzed electroreductive
XEC reactions involving NHP esters, 6399107108
1.6. Concluding Remarks

Nickel-catalyzed cross-electrophile coupling has proved to be a versatile, reliable, and
operationally efficient strategy for constructing carbon-carbon bonds. Previous efforts have
focused on the expansion of accessible chemical space and improvement of cross-selectivity in
Ni-catalyzed XEC reactions. Moving forward, this field can greatly benefit from advances in one
or more of the following directions: (a) exploration of new ligands, catalysts, and co-catalysts that
invoke improved or new reactivities, (b) fundamental investigations into the elementary steps
involved in Ni-catalysis (e.g., oxidative addition, transmetallation, electron transfer, ancillary
ligand exchange), and (c) new technologies that facilitate these synthetic and analytical studies.
Specifically, the combined use of high-throughput experimentation (HTE), which efficiently
generates extensive datasets, with computational tools capable of utilizing these data to construct
predictive models, holds great potential for discovering new ligands and catalysts.'%3 This
process can be simplified by performing in silico HTE screening followed by experimental testing,
which greatly improves the efficiency.!#!%> Synthesis of key nickel intermediates or accessing
transient, highly reactive nickel species using new techniques can provide opportunities for
investigating their reactivities and speciation under conditions that are relevant to Ni-catalyzed
XEC reactions.?526879L116-120 £ rthermore, the merger of electrochemistry and Ni-catalysis,
although in its infancy, has already demonstrated its unique value in developing Ni-catalyzed XEC
reactions. The myriad reaction parameters that can be tuned in electrochemical systems, such as

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

scope of substrates.'?*-123 |t is anticipated that advances in these directions will propel the future

development of Ni-catalyzed XEC reactions.
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2.1. Abstract

Lignin-derived aromatic chemicals offer a compelling alternative to petrochemical feedstocks,
and new applications are the focus of extensive interest. 4-hydroxybenzoic acid (H), vanillic acid
(G) and syringic acid (S) are readily obtained via oxidative depolymerization of hardwood lignin
substrates. Here, we explore the use of these compounds to access biaryl dicarboxylate esters that
represent bio-based, less toxic alternatives to phthalate plasticizers. Chemical and electrochemical
methods are developed for catalytic reductive coupling of sulfonate derivatives of H, G, and S to
access all possible homo- and cross-coupling products. A conventional NiCla/bipyridine catalyst
is able to access the H-H and G-G products, but new catalysts are identified to afford the more
challenging coupling products, including a NiCly/bisphosphine catalyst for S-S and a
NiClz/phenanthroline/PdCl./phosphine cocatalyst system for H-G, H-S, and G-S. High-
throughput experimentation methods with a chemical reductant (Zn powder) are shown to provide
an efficient screening platform for identification of new catalysts, while electrochemical methods
can access improved yields and/or facilitate implementation on larger scale. Plasticizer tests are
performed with poly(vinyl chloride), using esters of the 4,4’-biaryl dicarboxylate products. The
H-G and G-G derivatives, in particular, exhibit performance advantages relative to an established

petroleum-based phthalate ester plasticizer.
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Figure 2.1. Summary of this work.
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2.2. Introduction

Lignin represents the largest source of biomass-derived aromatic chemicals and is an ideal
supplement or alternative to petroleum-based feedstocks.’™ Significant progress has been made in
lignin depolymerization into aromatic monomers,*~® but methods for conversion of lignin-derived

monomers (LDMs) into value-added chemicals are still in the nascent stages of development.' 0

In connection with efforts focused on oxidative lignin depolymerization,** 3

we recognized that
some of the most common products, 4-hydroxybenzoic acid (H), vanillic acid (G) and syringic
acid (S), could serve as precursors to biaryl dicarboxylates (Figure 2.2).1* The parent analog,
biphenyl-4,4'-dicarboxylic acid (BPDA), has been the focus of commercial interest as a monomer
for polyesters and as the core structure for non-phthalate plasticizers for poly(vinyl chloride)
(PVC).1518 Existing methods for the synthesis of BPDA use petroleum-based precursors in multi-
step routes (e.g., involving oxidative coupling, alkylation, and/or dehydrogenation steps, paired
with autoxidation of alkyl groups into carboxylic acids), and they often afford a mixture of
regioisomers.'®1%2! Reductive coupling of phenol derivatives represents a different route to BPDA
derivatives that accesses a single product regioisomer. The biomass-derived H compound provides
a means to access the same BPDA analog currently sourced from petroleum, while the G and S

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

properties (e.g., as a PVC plasticizer).
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Figure 2.2. Lignin is an abundant biomass-derived source of aromatics that represent potential precursors
to commercially important biaryl-4,4'-dicarboxylates.

We postulated that the H, G, and S products of lignin depolymerization could be readily
converted to aryl sulfonates amenable to reductive cross-coupling. Ni-catalyzed coupling of aryl
electrophiles to access biaryls was first reported in the 1970s, and the field advanced significantly
in subsequent decades.?? 3! These reactions typically feature stoichiometric metal reductants, such
as Zn powder, but important electrochemical precedents also exist. Several examples provide an
important foundation for the present work. In 1995, Percec et al. demonstrated that a Ni/PPh;
catalyst system with Zn reductant promotes homocoupling of aryl sulfonates to biaryls (Figure
2.3A).32 Shortly thereafter, Jutand and co-workers achieved homocoupling of aryl triflates with
phosphine-ligated Pd or Ni catalysts. This study included a single example of electrochemical Ni-
catalyzed homocoupling, using 1-naphthyl triflate as the substrate (Figure 2.3A).2%3%33 In recent
years, Weix and co-workers have developed methods for selective cross-coupling of aryl
electrophiles with a co-catalyst system containing both Ni and Pd in the presence of Zn as the
reductant.3*3 The groups of Weix®’ and Kramer/Lian® independently reported reductive cross-
coupling of two different aryl sulfonates by pairing Pd/bisphosphine and Ni/diimine co-catalysts

[diimine = substituted 2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen) derivatives] with Zn
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(Figure 2.3B). To date, no electrochemical methods to our knowledge have been reported for
reductive cross-coupling of phenol derivatives (Figure 2.3C).3%42

Chemical and electrochemical conditions have complementary advantages for reductive
coupling reactions. Chemical conditions are more straightforward to implement on small scale,
owing to their use of standard laboratory equipment, and they are more amenable to high-
throughput experimentation (HTE) techniques for catalyst discovery and reaction optimization.
Electrochemical methods offer advantages for large scale applications by avoiding the challenges
of handling dense metal-powder reagents and creating opportunities to improve sustainability.
Although advances have been made in the development of electrochemical reactors for parallel

reaction screening,*>44

chemical HTE methodology retains substantially improved efficiency and
is compatible with smaller quantities of reagents. In this context, we postulated that HTE screening
methods using chemical reductants could enable rapid identification of promising catalyst systems
and conditions for subsequent development of electrochemical methods. The results outlined
below validate this hypothesis and achieve successful chemical and electrochemical conditions for
all possible homo- and cross-coupling permutations between H-, G-, and S-derived reaction
partners. Additional important outcomes of this study include (a) identification of mono- and
bidentate phosphine ligands that lack precedent in Ni-catalyzed reductive coupling reactions, (b)
successful adaptation of catalysts from chemical to electrochemical conditions, with matching or
superior performance, (c) the first demonstration of Ni/Pd co-catalyzed reductive biaryl cross-
coupling under electrochemical conditions, and (d) data showing that biaryl dicarboxylic esters

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

to a commercial phthalate-based plasticizer.*®
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Figure 2.3. Precedents relevant to reductive coupling of lignin-derived aryl sulfonates.

2.3. Results and Discussion

Ni-Catalyzed Homocoupling of LDMs. The methyl esters of H, G, and S are readily converted
into electrophiles by reaction of the phenols with sulfonyl chlorides, RSO2CI [R = methyl (Ms) or
tosyl (Ts)], or triflic anhydride (T20). Initial studies evaluated the electrochemical homocoupling
of methyl 3-methoxy-4-((methylsulfonyl)oxy)benzoate (G—OMSs). The two possible byproducts
are denoted as the Ar—H and ArO—H species, derived from reductive cleavage of the C-O or the
S-O bond of the G-OMs substrate. A combination of NiCl>(dme)/bpy has been used previously
for reductive homocoupling of Ar—X species?®% and this catalyst system was tested initially in an
undivided cell with LiBr as the electrolyte and stainless steel as the anode. However, these

conditions only afforded the G-G product in 29% yield, with a significant amount of byproduct
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and unreacted starting material (Table 2.1, entry 1). Use of increased bpy ligand loading (bpy:Ni
= 3:1) stabilizes the catalyst*® and leads to a higher yield of the desired product (72%), together
with the Ar—H byproduct (27%; Table 2.1, entry 2). Other sacrificial anodes were tested in an
effort to optimize the yield of biaryl product (Table 2.1, entries 3-5). Significant reductive C-O
cleavage was also observed when Al or Zn was used as the anode (Table 2.1, entries 3 and 4). This
C-O cleavage is rationalized by previous observations that aryl-Ni species can transfer an aryl
group to Zn?*, generating aryl-zinc species that are susceptible to protonolysis and Ar—H byproduct
formation.®”#” Electrolysis in an undivided cell using a Mg anode proved ineffective (Table 2.1,
entry 5). In this case, reductive S—O bond cleavage was favored, likely reflecting single-electron
reduction of the sulfonyl group at the Mg surface.®® These considerations prompted us to test a
sacrificial anode with a divided cell configuration that would avoid the contact of substrate with
the anode surface and minimize the presence of Lewis acidic metal ions in the cathodic chamber.
This hypothesis was validated by observation of a 92% G-G product yield when using a Mg anode
in a divided cell (Table 2.1, entry 7). This outcome is noteworthy because it is significantly better
than that achieved when performing the same reaction under previously reported chemical
conditions®? or optimized variations thereof with Zn powder as the reductant (48% and 59% G-G
yields, respectively; Table 2A.1). Use of analogous conditions with H-OMs as the substrate leads
to near-quantitative yield of the biaryl H-H product (Table 2.1, entry 8). This outcome was
achieved, even when lowering the Ni catalyst loading to 1 mol%. Use of a stainless-steel anode in
an undivided cell retained good yield (Table 2.1, entry 9). The latter conditions are readily
implemented in a recirculating flow electrolysis cell with a parallel-plate reactor. This approach
was used to conduct a larger scale reaction (11 g, 48 mmol H-OMs), accessing the H-H product

in 80% yield with 2 mol% Ni catalyst (see Section 2A.1V of Appendix A for details).
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Table 2.1. Optimization of electrochemical Ni-catalyzed reductive homocoupling.?

LBr(1equiv) '  (5/15mol%)
DMF (0.4 M), rt ' LiBr (1 equiv)
' DMF (0.4 M), rt
Entry Ar—X Cell type Anode Ar—H (%) ArO-H (%) Yield (%)
1° undivided  stainless-steel 42 0 29
2 undivided stainless-steel 27 0 72
3 OMe undivided Al 20 0 20
OMs
4 undivided Zn 95 2
MeO,C
5 oM undivided Mg 7 37
6 divided stainless-steel 7 4 80
7 divided Mg 8 0 92 (90)
8¢ OMs divided Mg 0 0 99 (97)
o MeOC" oms undivided  stainless-steel 10 0 89
OMe
oTf L.
10 divided Mg 2 1 3
MeO,C OMe

S-OTf

2See Appendix A for full experimental details. Yields are determined by *H NMR analysis of the crude
reaction mixture using mesitylene as an internal standard, yields shown in parentheses are isolated. ® 5
mol% bpy. The rest of the mass corresponds to recovered starting material. 1 mol% Ni catalyst.

The catalyst and conditions identified for homocoupling of H-OMs and G-OMs proved

ineffective with the more sterically demanding syringic acid derivative S—-OMs. Only trace

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

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

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

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

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

(Tables 2A.2-2A.8). DPEPhos was the only ligand that showed modest success; even the closely
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A: Ni-Catalyzed Homocoupling of S-OTf with Zn Reductant®

OMe = Z
oTf
NiCly(dme)/L (10/12 mol%)
Zn (2.0 equiv)
MeOzC

OMe LiCl (1.5 equiv)
S-OTf DMF (0.25 M), rt MeO,C
Entry Ligand Conversion (%)  ArH (%) ArOH (%) Yield (%)
1 bpy 75 26 32 8
2 phen 74 29 34 6
3 4,4-dPhbpy 82 30 35 10
4 ‘Butpy 100 38 40 0
5 DPEPhos 82 54 11 16
6 XantPhos 62 33 18 0
70 DPEPhos 98 37 8 38
gb.e DPEPhos 100 39 5 55

B: Electrochemical Ni-Catalyzed Homocoupling of S-OTf

Vapp = —1.7V
OMe + (vs Fc/Fc*) =
OTf
SS RVC
NiCly(dme) (2.5 mol%)
MeO,C OMe DPEPhos (3 mol%)  MeO,C
LiCI (1.5 equiv)
$-OTf DMSO (0.4 M), 60 °C S-S: 78% (75%)
By
O e SN oW e
— t t
=N N _N N PPh, PPh, PPh, PPh,
4,4’-dPhbpy Butpy DPEPhos XantPhos

Figure 2.4. Ni-catalyzed reductive homocoupling of S—OTf: translating conditions optimized with Zn
reductant (A) to electrochemical conditions (B). See Appendix A for full experimental details. “ Yields are
determined by "H NMR analysis of the crude reaction mixture using mesitylene as an internal standard,
yields shown in parentheses are isolated. ” 60 °C.  DMSO solvent.

related, conformationally more rigid XantPhos ligand was completely ineffective (Figure 2.4A,
entries 5 and 6). Increasing the temperature to 60 °C led to an increase in conversion and product
yield (Figure 2.4A, entry 7), and changing the solvent to DMSO led to a 55% yield of S-S (Figure
2.4A, entry 8). The outcome improved even further when the conditions were adapted to an
undivided electrochemical cell with a stainless-steel anode: the desired dimer S-S was generated
in 78% yield (Figure 2.4B; see Table 2A.9 for full screening data). This improved electrochemical
outcome was achieved, even though the NiCl2/DPEPhos catalyst loading was lowered to 2.5

mol%.
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Optimization of Ni/Pd-Catalyzed Cross-Coupling. The Ni-only catalyst systems noted above
were evaluated in the cross-coupling of H, G, and S sulfonates; however, these reactions led to
poor selectivity and yields of the desired products (Table 2A.10). These complications prompted
us to evaluate the recently disclosed dual Ni/Pd co-catalyst systems.>>-3 For example, the method
of Weix and co-workers, which employs Ni/Pd chloride salts in combination with 4,4'-diphenyl-
bpy (4,4'-dPhbpy) and 1,4-bis(diphenylphosphino)butane (dppb) and Zn as a chemical reductant,
supports cross-coupling of aryl triflates and tosylates.®” Efforts to translate this catalyst system to
electrochemical cross-coupling of G and S sulfonates were unsuccessful, regardless of the
sulfonate activating groups: biaryl products formed in < 15% yield and favored the homocoupling
products (Figure 2A.5). Consequently, we again elected to use the high throughput
experimentation platform with Zn as the chemical reductant to evaluate modified conditions. Initial
studies focused on cross-coupling of G and S sulfonates, evaluating different combinations of
ligands, solvents, additives, sulfonate activating groups, and Ni/Pd ratios, and the results were
visualized in Figure 3A (see Tables 2A.11-2A.14 for full screening). The size of the circles in
these charts corresponds to the yield, while the color reflects the hetero:homo coupling ratio
(darker blue reflects higher selectivity). Among the most noteworthy outcome from these
experiments is the beneficial effect of bulky biaryl dialkyl monophosphine ligands ("Buchwald
ligands"#®). The utility of these ligands could reflect their ability to promote the difficult reductive
elimination steps.*® CyJohnPhos was the most effective ligand under screening conditions with Zn
powder as the reductant (Figure 2.5A). Subsequent studies revealed that CyJohnPhos decomposes
under electrochemical reaction conditions. In contrast, SPhos is stable and supports good

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

that the highest yields were obtained with 10 mol% Ni and a Pd loading ranging from 0.5-5 mol%.

A: HTE Optimization of Ni/Pd-Catalyzed Cross-Coupling of S and G Sulfonates ‘ B: Electrochemical Ni/Pd-Catalyzed Cross-Coupling of Aryl Sulfonates®
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Figure 2.5. Ni/Pd-catalyzed reductive cross- coupllng of lignin-derived aryl sulfonates. A. HTE
optimization of G/S cross-coupling. Left chart: S-OTf:G-OTs = 1:1; right chart: DMSO solvent, S—
OTF:.G-OTs = 1:1.25. The Hetero:Homo coupling ratio is defined as G-S yield/(G-G yield + S-S yield).
B. Optimization of electrochemical Ni/Pd-catalyzed cross-coupling. See Appendix A for full experimental
details. 2 Yields determined by UPLC-MS analysis using 1,3,5-trimethoxybenzene as an internal standard,
yields shown in parentheses are isolated. ® RVC cathode. ¢L1 = 4,4'-dPhbpy, L2 = dppb (3.6 mol%), DMA
instead of DMSO, 60 °C.

We then initiated electrochemical studies to access cross-coupled products G-S, H-S, and H-
G, starting with a co-catalyst composed of 10 mol% NiCly(dme)/phen and 5 mol%
PdCIl>(MeCN)2/SPhos (Figure 2.5B). Promising performance was identified with a reticulated
vitreous carbon (RVC) cathode, sacrificial iron anode, and a constant applied potential of —1.8 V
vs. Fc/Fc*. Inclusion of 0.5 equiv ZnCl; significantly improved the reaction outcome (Figure 2.5B,

entries 1 and 2), consistent with previous evidence that Zn?* salts mediate transmetallation between

Ni and Pd centers.3"4%5 Increasing the phosphine ligand loading from 1.1 to 2.0 equiv with respect
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to Pd stabilized the Pd catalyst. These initial conditions afforded the desired product G-S in 62%
yield with 23% homo-coupled byproducts, similar to the yields obtained in the chemical screening
studies with Zn as a chemical reductant. It is not surprising that the reaction selectivity varies
somewhat between chemical and electrochemical conditions. One important factor is that the
cathode potential will not directly match the reduction potential of Zn, and variations in substrate
consumption (i.e., via byproduct formation) will lead to differences in the selectivity between
chemical and electrochemical conditions. Also, because the selectivity is dictated by pairing of the
Ni and Pd catalytic cycles, different rates of catalyst turnover at the Zn surface (chemical) vs.
cathode surface (electrochemical) will affect the hetero:homo coupling selectivity. Adjusting the
Ni:Pd ratio from 2:1 to 3.3:1 and using a Ni foam cathode instead of RVC increased the G-S
product yield to 75% (Figure 2.5B, entries 3-5). Slight modification of these conditions accessed
the H-S cross-coupling product in 72% vyield (Figure 2.5B, entry 8). Analogous conditions were
less effective for cross-coupling of the less sterically demanding H and G sulfonates (Figure 2.5B,
entry 9), but adaptation of the chemical catalyst system reported by Weix and co-workers proved
effective for the cross-coupling of H-OMSs/G-OTs, accessing H-G in 71% vyield (Figure 2.5B,
entry 11). This reaction represents the first selective cross-coupling (under chemical or
electrochemical conditions) of aryl mesylate/aryl tosylate partners, which are significantly more
economical than aryl triflates.

Plasticizer properties of lignin-derived biaryls. The above results provide access to all
possible homo- and cross-coupled BPDA derivatives of H, G, and S. These structures provide the
basis for testing of these materials as plasticizers for PVC and comparison of their performance
relative to the existing petroleum-derived incumbent, di(2-ethylhexyl) phthalate (DEHP). Each of

the BPDA methyl esters was subjected to Ti(OBu)s-promoted transesterification with 2-
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ethylhexanol to afford the corresponding DEH-BPDA derivatives, designated H-HP-, H-GPL, H-
SPL, G-GPL, G-SPL, and S-SPL. The thermal properties of these structures were characterized by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) (Figure 2A.9,
Table 2A.15). DEHP and the DEH-BPDA derivatives were then individually integrated with PVC
at 10 wt%, and the materials were analyzed by TGA and DSC to measure their glass transition
temperature (Tg) and the temperature at which the polymer degrades with 10% or 50% loss of its
original weight (Tq10, Taso) (Figures 2A.10 and 2A.11, Table 2A.16). The former metric reflects
the ability of the plasticizer to soften PVC, while the latter metrics reflect the thermostability of
the plasticized materials. Preferred plasticizers will achieve lower T4 and higher Ta10/Taso Values.
The results, summarized in Figure 2.6, show that the different plasticizers lower the T4 of PVC
from 83.0 °C to 52.1-61.0 °C. The greatest effect is observed with DEHP, G-GP- and G-SPt,
which lead to Ty values of 52.1, 54.4 and 54.6 °C, respectively. Meanwhile, H-GP- and G-GP-
show a notable enhancement in thermostability, with these plasticized materials exhibiting even
higher Tq10 (278 and 281 °C) than PVC itself (272 °C), The same series of compounds were then
evaluated using tools developed by the US Environmental Protection Agency' to predict their
potential toxicity®! and their metabolic and environmental transformation® (see Section 2A.V11 of
Appendix A for details). The results assign these materials to the lowest hazard category with
respect to acute toxicity to mammals (> 5,000 mg/kg), and the lignin-derived BPDAS arising from
hydrolysis of the esters are predicted to be metabolized more easily than phthalic acid. Further
experimental studies will be needed to validate this assessment, but these results and the promising
performance characteristics in Figure 2.6 reinforce the potential performance-advantaged

properties of bio-based plasticizers derived from these BPDAS.
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Figure 2.6. Thermal analysis of lignin-derived biaryl plasticizers. From left to right: unplasticized PVC, 10
wit% plasticized PVC with DEHP, and 10 wt% plasticized PVVC with lignin-derived biaryl plasticizers.

2.4. Conclusion

The results above demonstrate the utility of Ni- and Ni/Pd-catalyzed cross-electrophile coupling
to convert lignin-derived aromatic compounds into a collective of substituted biphenyl
dicarboxylic acids. All possible combinations of H, G, and S monomers have been prepared, with
symmetrical dimers accessed using a Ni-only catalyst system and the unsymmetrical dimers
accessed using Ni/Pd cocatalyst systems. The results highlight the synergy between chemical and
electrochemical reduction methods. HTE screening methods with a chemical reductant offer
advantages for identification of effective catalyst compositions. For example, chemical HTE
methods identified Ni/DPEPhos catalyst and Ni/phen/Pd/SPhos cocatalyst systems, which lacked
precedent for homo- and cross-biaryl coupling, respectively. In each case, the chemical reaction
conditions were successfully translated to electrochemical conditions, often resulting in improved

performance. The beneficial effect of bulky phosphine ligands with the S-derived monomers has
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important implications for other cross-electrophile coupling reactions with sterically congested
aryl electrophiles, beyond those studied here. Finally, the new BPDA derivatives bearing methoxy
substituents, which are intrinsic to lignin-based aromatics, exhibit appealing plasticizer properties
that merit further investigation and development.
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Chapter 3.
Zinc and Manganese Redox Potentials in Organic Solvents and Their

Influence on Nickel-Catalyzed Cross-Electrophile Coupling

The content presented in this Chapter is reproduced from a submitted manuscript: Zhi-Ming Su,
Ruohan Deng, and Shannon S. Stahl. Zinc and Manganese Redox Potentials in Organic Solvents

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

Zinc and manganese are widely used as reductants in synthetic methods, such as nickel-
catalyzed cross-electrophile coupling (XEC) reactions, but their redox potentials are unknown in
organic solvents. Here, we show how open-circuit potential measurements may be used to
determine the thermodynamic potentials of Zn and Mn in different organic solvents and in the
presence of common reaction additives. The impact of these Zn and Mn potentials is analyzed for
a pair of Ni-catalyzed reactions, each showing a preference for one of the two reductants. Ni-
catalyzed coupling of N-alkyl-2,4,6-triphenylpyridinium reagents (Katritzky salts) with aryl
halides are then compared under chemical reaction conditions, using Zn or Mn reductants, and
under electrochemical conditions performed at applied potentials corresponding to the Zn and Mn
reduction potentials and at potentials optimized to achieve the maximum yield. The collective

results illuminate the important role of reductant redox potential in Ni-catalyzed XEC reactions.
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Figure 3.1. Summary of this work.
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3.2. Introduction

Transition metal-catalyzed coupling reactions are the predominant methods for carbon-carbon
bond formation in synthetic chemistry.! 3 Ni-catalyzed cross-electrophile coupling (XEC)
reactions have been the focus of growing development and application, motivated by their use of
non-precious-metal catalysts and access to more diverse and lower-cost reagents relative to
reactions that employ organometallic nucleophiles as coupling partners (Figure 3.2A).42 Initial
applications developed in the 1990s featured aryl halides and activated alkyl halides as coupling
partners,® 2 but the available methods have expanded significantly and now include an array of
other synthetically useful substrates.®316

Ni-catalyzed XEC reactions require a stoichiometric source of electrons to support the overall
cross-coupling reaction, and electron transfer is featured in key steps in the catalytic mechanisms.
For example, reduction of the Ni catalyst to low-valent intermediates is needed to initiate oxidative
addition or halogen-atom transfer from the organic electrophiles. Various reductants have been
used to promote these reactions,’’~28 but heterogeneous zinc or manganese metal powders are the
most widely used.® The choice of Zn or Mn as the reductant can significantly impact the reaction
outcome. This behavior is illustrated by two representative XEC reactions reported recently by
Shu and co-workers (Figure 3.2B).2%% In the first example, cross-coupling of a vinyl acetate and
an alkyl bromide proceeds effectively with Zn, but not with Mn, as the reductant (93% and 18%
yields, respectively).” The second example, which features cross-coupling of aryl triflates and
benzylic alcohols activated in situ to generate benzyl oxalates, shows the opposite trend, with
higher yields obtained with Mn rather than Zn (82% and 15% yields, respectively).?? Observations
could be qualitatively rationalized by the reduction potentials of Zn and Mn, relative to the redox

potentials needed to promote individual steps in catalytic mechanisms with different Ni catalyst
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systems and/or substrates.>* 32 The thermodynamic potentials of Zn and Mn in organic solvents,

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

conditions have not been explored.
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Figure 3.2. Metal reductants in Ni-catalyzed XEC. (A) General depiction of Ni-catalyzed C(sp’)-C(sp’)
cross-electrophile coupling (XEC) reactions. (B) Selected examples of Ni-catalyzed XEC reactions
showing the impact of metal reductants on product yields. (C) Pourbaix diagrams for Zn and Mn in aqueous
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be used to determine the redox potentials of Zn and Mn in organic solvents. (D) Schematic diagram
illustrating open-circuit potential measurement of thermodynamic potentials of metal reductants. Dme =
1,2-dimethoxyethane, bpy = 2,2'-bipyridine, dmbpy = 5,5'-dimethyl-2,2"-bipyridine, DMO = dimethyl
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The thermodynamic potentials and speciation of Zn and Mn are well defined in aqueous
solution from pH 0-14, as depicted in their Pourbaix diagrams (Figure 3.2C);**% however, the
potentials from these diagrams are not straightforwardly translated to organic solvents. The redox
potentials for Zn and Mn, —0.76 V and —1.18 V, respectively, versus the standard hydrogen
electrode (SHE), are commonly cited in the XEC literature. In many cases, these values are
adjusted by simple mathematical conversion from SHE to a reference electrode or reference
potential used in an organic solvent, such as the saturated calomel electrode, SCE, or
ferrocene/ferrocenium, Fc/Fc'.% Values obtained by this approach are fraught with complications,
however, as they fail to account for the influence of the solvent or reaction additives on the Zn>""°
and Mn*"? potentials. A direct approach to evaluate redox potentials of Zn and Mn in organic
solvents could have significant value.

Open-circuit potentials (OCPs) represent thermodynamic potentials that are unaffected by
electrochemical kinetics.®” OCP measurements are widely used in other scientific disciplines, for
example, to study the metal corrosion,®3® develop potentiometric sensors,*® and analyze batteries
in electrochemical energy storage (Figure 3.2C).*' Similar measurements in the context of
synthetic organic chemistry are exceedingly rare, with historical examples limited to studies of
alkali metals.*? A systematic study of the thermodynamic potentials of Zn and Mn in organic
solvent could contribute significantly to the fundamental understanding and development of Ni-
catalyzed XEC reactions that employ these reductants .

Here, we report OCP measurements that directly analyze the thermodynamic potentials of Zn
and Mn reductants in organic solvents (Figure 3.2D). The results reveal the impact of solvents and
additives on the reduction potentials of heterogeneous metal reductants, and they enable direct

comparison of these values with the potentials of substrates, catalysts, and other homogeneous
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redox-active species in organic reactions. The implications of these measurements are illustrated
through a pair of studies that correlate the Zn and Mn reduction potentials with the product yields
associated with these reductants and redox potentials of the Ni complexes used in the catalytic
reactions. Finally, we analyze the XEC reaction of N-alkyl-2,4,6-triphenylpyridinium reagents
(Katritzky salts) with aryl halides using Zn and Mn as heterogeneous reductants. The results are
directly compared to the performance of these reactions with constant-potential electrolysis
reactions conducted at variable potentials, including electrochemical potentials that match the
thermodynamic potentials of Zn and Mn under the reaction conditions. The results of this analysis
show how control over the reduction potential of a chemical reagent or an electrode has significant
impact on the outcome of Ni-catalyzed XEC reactions.
3.3. Results and Discussion

Measurement of thermodynamic potentials of Zn and Mn. OCPs are measured without
passing current or applying an external voltage, and we initiated our study by measuring OCPs for
zinc and manganese relative to a reference electrode (Ag/AgNO3) under a variety of conditions
relevant to Ni-catalyzed XEC reactions (Figure 3.3A). A three-electrode set-up was used to enable
determination of the Fc¢/F¢™ redox potential (used for referencing the OCP) in the same
solution.’”*® Eight solvents commonly used in Ni-catalyzed XEC reactions were selected for OCP
measurement to probe the influence of solvent on the Zn and Mn reduction potentials (Figure 3.3B):
dimethylformamide (DMF), dimethylacetamide (DMA), N-methyl-2-pyrrolidone (NMP), N,N'"-
dimethylpropyleneurea (DMPU), 1,3-dimethyl-2-imidazolidinone (DMI), dimethyl sulfoxide
(DMSO0), acetonitrile (MeCN), and tetrahydrofuran (THF). Zn** or Mn?* salts were included in
the solution (10 mM) to ensure well-defined thermodynamic conditions for the redox process of

interest (i.e., M = M?"+ 2¢7). The OCPs measured in the different solvents were converted to
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formal thermodynamic potentials versus Fc/Fc' (E°') by correcting for the non-standard-state
concentration of the M?" ions (see Section 3B.II of Appendix B for details). The redox potential of
[Ni(bpy)s3]Cl> was also measured in each of these solvents to provide a benchmark for Ni-based

redox potentials (black data, Figure 3.3B).
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Figure 3.3. Formal thermodynamic potentials of Zn and Mn. (A) Experimental set-up for open-circuit
potential measurements. (B) Solvent effects on the formal thermodynamic potentials of Zn and Mn and the
redox potential of [Ni(bpy);]Cl: (“ see Figure 3B.8). (C) Comparison of the results of chemical and
electrochemical Ni/'Bubpy-catalyzed coupling of benzyl chloride and phenyl iodide. (D) Additive effects
on the formal thermodynamic potentials of Zn and Mn.

The Zn and Mn reduction potentials show modest variation in a series of amide and urea
solvents (DMF, DMA, NMP, DMPU, and DMI): AE°’ <50 mV for Zn, AE®" <80 mV for Mn. The
Mn potentials in DMSO and THF are similar to the corresponding potentials observed in amide

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

corresponding potentials in amide solvents. The Zn and Mn potentials change substantially in
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MeCN, increasing by up to 260—-370 mV relative to those measured in DMSO and amide solvents.
The redox potentials of Zn and Mn are more positive than those of [Ni(bpy)3]Clz, although the
difference is rather small for Mn in DMSO and amide solvents (AE°’ <90 mV). A somewhat larger
difference is evident for Zn in these solvents (AE°' <270 mV).

The unique behavior of MeCN has important implications for Ni-catalyzed XEC reactions. The
high reduction potentials observed for Zn and Mn in MeCN likely explain why XEC reactions are
rarely conducted with these reductants in MeCN.!”* For example, Weix and co-workers evaluated
a series of solvents, including MeCN, for the cross-coupling of benzyl chloride with phenyl iodide.
Efficient cross-coupling was observed in DMA with Zn as the reductant, affording 82% yield of
diphenylmethane, while only 15% yield was observed in MeCN (Figure 3.3C).?* This result could
be rationalized by unfavorable thermodynamics for Zn reduction of the Ni catalyst in MeCN.
Support for this hypothesis was obtained by conducting constant-potential electrolysis experiments
in DMA and MeCN, applying potentials associated with the reduction potential of Zn in each
solvent. At an applied potential of —1.07 V, the Zn reduction potential in MeCN, negligible current
was observed in DMA with > 90% unreacted starting materials remained after 36 h, while a 23%
yield of product was observed in MeCN. At the more reducing potential of —1.35 V, the Zn
reduction potential in DMA, sustained current and moderate-to-good product yields were observed
in both solvents (50% in DMA, 78% in MeCN; see full screening data in Table 3B.4). These
observations show how solvent effects on the reduction potential of metallic reductants can have
a significant influence on the outcome of reductive coupling reactions.

DMF is one of the most common solvents used for XEC reactions, and additives, such as LiCl,
LiBr, among others, are often included in the reaction mixture.® OCP measurements for Zn and

Mn in the presence of various additives (200 mM) in DMF show that the Zn and Mn reduction
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potentials can change by nearly 300 mV (Figure 3.3D), depending on the additive identity. Halide
ions, especially chloride salts, shift the Zn and Mn reduction potentials to more negative values
relative to those recorded in the presence of weakly coordinating anions. The influence of halide
ions was further probed in MeCN and THF, and a similar phenomenon was observed. One
exception is a shift in the Mn potential to a slightly more positive value in the presence of Lil
relative to that measured in the presence of "BusNPFs. As the quantity of these additives is
commonly screened in the development of XEC reactions,***> OCP measurements were performed
with different concentrations of chloride salts. The results show that Zn becomes more reducing at
higher chloride concentration (AE®’" = 360 mV from [Cl'] = 0-1.2 M; see Figure 3B.3). These
observations show that halide ions could have a significant influence on XEC reactions by
changing the potential of the metal reductant. For example, the significantly lower reduction
potentials of Zn and Mn in the presence of chloride salts in MeCN and THF could provide new
opportunities to develop XEC reactions in these non-amide solvents. In another aspect, LiCl has
been reported to accelerate Ni-catalyzed XEC reactions, and this behavior was attributed to the

1.6 The results in

kinetic influence of chloride and/or lithium ions on Ni'! reduction by Zn meta
Figure 3.3D, however, show that Zn is a stronger reductant in the presence of LiCl, highlighting
an important, but previously unrecognized, thermodynamic contribution to this reaction. It is worth
noting that the methodology outlined herein can be readily extended to the study of other
conditions, such as those using mixed solvents (e.g., DMF/THF) or other additives (e.g.,
trimethylsilyl chloride) (see Tables 3B.1 and 3B.2 for full data).

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

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

potentials measured for these metals together with redox potentials of the Ni catalysts used in the
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reactions provide a foundation for understanding the origin of the preferred reductant. We elected
to explore this approach using two reactions reported by Shu and co-workers depicted in Figure
3.1B. The cross-coupling of alkenyl acetates and alkyl bromides proceeds effectively with Zn, but
not with Mn, as the reductant (Figure 3.4A).%° This reaction was proposed to be initiated by
reduction of Ni'! to Ni', followed by coordination and oxidative addition of the alkenyl acetate to
form an alkenyl-Ni'"' species. One-electron reduction of this species to give an alkenyl-Ni'" species
and reaction with an alkyl radical was then proposed to generate the desired product. The cross-
coupling of benzyl alcohols with aryl triflates uses dimethyl oxalate (DMO) to convert the alcohol
to an oxalic ester electrophile, and this reaction proceeds effectively with Mn, but not with Zn, as
the reductant (Figure 3.4B).3° The reaction was proposed to be initiated by reduction of Ni'! to Ni’,
in this case, followed by reaction of Ni°’ with the benzyl oxalate to afford a benzyl-Ni'! species.
One-electron reduction of this species to give a benzyl-Ni' and oxidative addition of aryl triflate
was then proposed to afford the desired product.

Analysis of these reactions was initiated by recording CVs of the Ni catalysts in their
corresponding reaction solvents (DMA, DMF). CVs were obtained in the presence and absence of
alkenyl acetate or benzyl oxalate, the substrates proposed to initiate reaction with their respective
catalysts (Figures 3.4C and 3.4D; see Figures 3B.9 and 3B.10 for CVs involving both coupling
partners). For the first reaction, the CV of the Ni catalyst alone reveals two quasi-reversible redox
couples, reflecting sequential one-electron reduction of Ni''. In the presence of 10 equiv alkenyl
acetate, a new reduction peak is evident at —1.29 V, more positive than the original Ni'"! feature.
An increased current is observed for the peak at —1.46 V and, even more significantly, at —1.73 V
(Figure 3.4C). The reduction potentials of Zn and Mn, determined from OCP measurements under

the same conditions, are —1.31 V (Zn) and —1.55 V (Mn). These data suggest that the preference
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for Zn as the reductant for this reaction reflects the ability of Zn to reduce Ni'" to Ni! without
significant generation of Ni’. The reduction potential of Mn is sufficiently close to Ni"® potential
to generate Ni°, which was shown to promote alkyl-alkyl and vinyl-vinyl homocoupling in addition

to the formation of other side products.?’
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Figure 3.4. Correlation of Zn and Mn redox potentials with Ni-based redox processes in Ni-catalyzed XEC.
(A) Reductive cross-coupling of styrenyl acetate with an alkyl bromide using a Ni/dmbpy catalyst (dmbpy
= 5,5'-dimethyl-2,2'-bipyridine). (B) The net cross-coupling of benzyl alcohol with aryl triflate using
dimethyl oxalate to activate the alcohol using a Ni/mixed-ligand catalyst system (ligands: phen = 1,10-
phenanthroline, dppf= 1,1'-bis(diphenylphosphino)ferrocene). (C) CV analysis of Ni/dmbpy in the absence
and presence of the substrate. (D) CV analysis of Ni/dppf/phen in the absence and presence of the substrate.

A similar approach was adopted to analyze the cross-coupling of benzyl alcohol and aryl triflate
(Figure 3.4D), using a benzyl oxalate directly as the coupling partner to facilitate the CV analysis.
This reaction features two different ancillary ligands, dppf or phen (dppf = 1,1'-
bis(diphenylphosphino)ferrocene; phen = 1,10-phenanthroline), and the CV trace of the Ni catalyst
shows multiple reduction peaks. The first peak at —1.37 V is attributed to one-electron reduction

of Ni"" to Ni', while assignments of the peaks at lower potentials, —1.56 V and —1.86 V, are

complicated by the mixture of ligands present. Addition of benzyl oxalate (20 equiv) to the solution
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leads to a small increase in current at potentials lower than approximately —1.60 V, relative to the
Ni-only CV. The reduction potentials of Zn (-1.36 V) and Mn (-1.55 V), determined by OCP
measurements under these conditions, suggest that the preference for Mn as the reductant for this
reaction arises from the need to access the lower-potential Ni species in this reaction, unlike the
first reaction, which leads to deleterious reactivity at lower potentials. These results, for the first
time, show how redox potentials of metal reductants in organic solvents correlate with catalyst
redox potentials in XEC reactions.

Comparison of Ni-catalyzed XEC reactions using chemical (Zn, Mn) and electrochemical
reduction. Metallic Zn and Mn are effective reductants for many reductive cross-coupling
reactions, but their individual redox potentials are not necessarily optimal for every reaction, while
electrochemical potentials can be tuned continuously over a wide range.*” The OCP measurements
outlined herein enable the first direct comparison of chemical and electrochemical Ni-catalyzed
XEC reactions at reduction potentials of Zn and Mn under the reaction conditions, and these results
may be compared with electrochemical reactions conducted at other applied potentials. Reactions
with N-alkyl-2,4,6-triphenylpyridinium reagents (Katritzky salts)*>48-5! represent a compelling
target for exploration of these issues because they exhibit variable performance in Ni-catalyzed
XEC reactions when using homogenous organic reductants with different reduction potentials.?

Two Katritzky salts, one with a 1° alkyl and one with a 2° alkyl substituent (1 and 2,
respectively), were investigated in XEC reactions with six different (hetero)aryl bromides (Figure
3.5). Previously reported thermochemical conditions using Mn as the reductant*” were used as the
starting point for development of electrochemical conditions for the coupling of 1 and 2 with ethyl
4-bromobenzoate (Conditions A and B, Figure 3.5; see Table 3B.5 for evaluation of different cell

configurations, electrode materials, and electrolytes). Good results were observed under constant
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potential conditions in an undivided cell with a Ni foam cathode and sacrificial Fe anode. Each

pair of substrates was then compared under four reaction conditions: two thermochemical

conditions using metallic Zn and Mn powder as the reductant, and two electrochemical conditions

conducted at applied potentials corresponding to £°'zy (—1.31 V) and E°'mn (—1.55 V) determined

from OCP measurements with Zn and Mn under the reaction conditions. A fifth condition was then

used for each substrate pair, based on optimization of the applied potential (see Figures 3B.5 and

3B.6 for optimization details).
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Figure 3.5. Cross-electrophile coupling reactions of alkyl Katritzky salts with aryl bromides. Reactions
were conducted thermochemically with Zn or Mn as the reductant, or electrochemically at varied applied
potential. See Appendix B for full experimental details. Yields determined by '"H NMR spectroscopy;
isolated yields are shown in parentheses. “ LiBr (2 equiv) instead of KPFs.” Aryl chloride was used instead

of aryl bromide.
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The data in Figure 3.5 show how thermochemical and electrochemical reduction methods
perform at the same potential (£°'z, and £°'mn). For example, coupling product 1a was obtained in
72% yield with Zn and a 62% yield under electrochemical conditions at the Zn potential (—1.31
V). Significantly lower yields were observed with Mn (27%) and under electrochemical conditions
at the Mn potential (0%; —1.55 V). Quantitative differences between electrochemical and
thermochemical conditions can arise from various factors, for example, differences in the mass
transport behavior of dissolved species interacting with suspended metal particles versus a solid-
state electrode, and differences in the redox-active surface area of the metal powders and electrodes,
that could alter the outcome. Additionally, the composition of reaction mixtures will evolve as the
reaction progresses through the release of metal salts that alter redox equilibria. Thus, the
electrochemical reduction at E°'z, and E°'wmn represents only a first-order approximation of the
potential supplied by the stoichiometric metal reductant. Nonetheless, the results in Figure 3.5
show good qualitative agreement between thermochemical and electrochemical results obtained at
the Zn potential of substrates 1a—f and 2f, and at the Mn potential for all substrates. Notable
differences were observed for many of the XEC reactions of 2 at the Zn potential: negligible
quantities of 2a—e were observed under thermochemical conditions, while the corresponding
electrochemical conditions (at £°zy) led to moderate-to-good product yields. Further analysis of
this behavior showed that soluble Zn'" salts, generated in the reactions that used metallic Zn,
convert the aryl bromide into the proto-dehalogenation byproduct, likely via the formation of
protolytically sensitive aryl-zinc species (see Table 3B.6).4>2

The reactions of each substrate pair were then evaluated at different applied potentials, and the
results showed that higher yields could be obtained at potentials other than E°'z, or E°'wmn in all

cases. For example, 1a was generated in 81% yield at —1.25 V, a redox potential higher than £°'z,
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and E°'mn. A survey of the results shows that the optimal potential changes for each reaction, and
even the position of the optimal potentials relative to the Zn and Mn potentials changes. For the
six reactions performed with the 1° Katritzky salt 1, only 1a performs best at a potential higher
than E£°'zn. Four products (1b, 1¢, 1e, 1f) exhibit an optimal yield at a potential between Zn and
Mn, and one (1d) maximizes at a potential more negative than E°'mn (Figure 3.5). With the 2°
Katritzky salt 2, three of the products afford the highest yields at a potential higher than £°'z, (2a,
2e, 2f), while three are optimal at potentials between Zn and Mn (2b, 2c¢, 2d).

The results in Figure 3.5 have important implications for Ni-catalyzed XEC reactions. Large-
scale applications of these reactions with chemical reductants are already complicated by
challenges in using metal-powder reagents (non-uniform particle properties/reactivity, difficulty
in suspending dense powders in reactors®®) or air-sensitive organic reductants®. The data in Figure
3.5 show that the quantized/non-tunable redox potentials of chemical reagents will limit
opportunities to optimize the reaction performance. Each of these challenges may be addressed by
using electrochemistry to supply the electrons needed in the reaction.

3.4. Conclusion

The results outlined above document thermodynamic potentials of Zn and Mn reductants in
organic solutions for the first time, revealing the influence of different solvents and additives on
the reduction potentials. These data are ideally paired with cyclic voltammetry studies to gain
fundamental insights into the relationship between the redox potential of the reductant and critical
redox processes in the reaction. The approach used here is readily adapted to other reduction and
reductive coupling reactions, including those using different metal reductants, solvents, and
reaction conditions. Access to the Zn and Mn reduction potentials also provided the first

opportunity to directly compare the influence of chemical versus electrochemical reduction
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methods on the reaction outcome. Good qualitative agreement is observed from reactions
conducted at the same potential (e.g., at £°'z, or E°'vn), but the optimization studies show that the
best performance is often observed at reduction potentials different from the specific potentials
accessible from the chemical reductants. These results highlight the importance of tuning the
reductant redox potential when optimizing Ni-catalyzed XEC, and presumably other reductive
coupling, reactions. The tunability of electrochemistry will offer significant advantages in the
future development of these reactions.
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Chapter 4.
Selective Ni-Catalyzed Cross-Electrophile Coupling of Heteroaryl Chlorides

with Aryl Bromides at 1:1 Substrate Ratio

The content presented in this Chapter is reproduced from a manuscript in preparation: Zhi-Ming
Su, Darren L. Poole, Mohammad Rafiee, Robert S. Paton, Daniel J. Weix, and Shannon S. Stahl.
Selective Ni-Catalyzed Cross-Electrophile Coupling of Heteroaryl Chlorides with Aryl Bromides

at 1:1 Substrate Ratio.
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4.1. Abstract

Nickel-catalyzed cross-electrophile coupling (XEC) reactions of (hetero)aryl electrophiles
represent appealing alternatives to palladium-catalyzed methods for biaryl synthesis, but they often
generate significant quantities of homocoupling and/or proto-dehalogenation side products. In this
study, an informer library of heteroaryl chloride and aryl bromide coupling partners is used to
identify Ni-catalyzed XEC conditions that access high selectivity for the cross-product when using
equimolar quantities of the two substrates. Two different catalyst systems are identified that show
complementary scope and broad functional-group tolerance, and time-course data suggest the two
methods follow different mechanisms. A NiBrz/terpyridine catalyst system with Zn as the
reductant converts the aryl bromide into an aryl-zinc intermediate that undergoes in situ coupling
with 2-chloropyridines, while a NiBr2/bipyridine catalyst  system with
tetrakis(dimethylamino)ethylene as the reductant uses FeBr, and Nal as additives to achieve

selective cross-coupling.
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Figure 4.1. Summary of this work.
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4.2. Introduction

Nitrogen-containing biaryls are prevalent in biologically active compounds, pharmaceuticals,
and agrochemicals,' and these structures are commonly accessed by transition metal-catalyzed
cross-coupling reactions.*!” Conventional biaryl cross-coupling features the coupling of
(hetero)aryl organometallic reagents, Ar—[M] ([M] = zinc, magnesium, stannane, silicon, or boron
species), with (hetero)aryl electrophiles, Ar—X (X = (pseudo)halides), enabled by palladium or
other transition-metal catalysts. The complementary polarity and different activation mechanisms
of the nucleophilic and electrophilic coupling partners can lead to highly selective cross-coupling
of the two substrates, even when used in a 1:1 stoichiometry. Nonetheless, several factors have
been motivating efforts to develop new methods to access biaryl structures. Aryl-organometallic
coupling partners are much less readily available than aryl electrophiles, limiting access to
structural diversity. This issue is especially relevant to medicinal chemistry and high-throughput
screening efforts that target rapid access to diverse compounds, but it also impacts large-scale
applications arising from the higher cost and operational complexities associated with
organometallic reagents. The instability of heteroaryl organometallic reagents can limit their use
in cross-coupling reactions. This issue is most prominently evident in the "2-pyridyl problem", a
term commonly used to describe challenges associated with preparation and use of 2-pyridyl and
related heteroaryl organometallic reagents.'®!® Finally, while palladium catalyst systems are the
most widely used for cross-coupling, the increasing and fluctuating cost of palladium underlies
growing interest in the development of non-precious-metal catalyst systems (Figure 4.2A).

Nickel-catalyzed cross-electrophile coupling (XEC) represents an attractive alternative to
palladium-catalyzed cross-coupling for forming C(sp®)-C(sp?) bonds, as it directly utilizes stable

and widely available carbon electrophiles as coupling partners, and nickel is an earth abundant,
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Figure 4.2. Heteroaryl-aryl core structures are commonly encountered in bioactive molecules (A). Existing
coupling methods typically use Pd-based catalyst, but Ni-catalyzed methods would offer compelling
alternatives, if they could overcome selectivity challenges (B). This study targets the development of Ni-
catalyzed cross-electrophile coupling methods that are compatible with equimolar substrate ratios (C).

non-precious metal that is much less expensive than palladium.?®2* A central challenge of this

strategy is selectively accessing the cross-coupled product over the two homo-coupled products



78

due to the subtle differences between two coupling partners.>*?> Only a small number of reports
have explored Ni-catalyzed heteroaryl-aryl XEC reactions, and they typically exhibit limited
substrate scope and a moderate-to-poor cross-selectivity (Figure 4.2B).263 In these precedents,
two approaches were generally adopted to improve the yield of the cross-coupled product. The
first uses an excess of one of the coupling partners (up to 3 equiv) to improve the yield of cross-
coupled products with respect to the limiting reagent. This approach, however, often generates
significant quantities of homo-coupled dimers from the excess reagent, introducing undesirable
waste and complicating product isolation. In the second approach, the (pseudo)halide substituents
on the two electrophiles are adjusted on a case-by-case basis until the two coupling partners show
comparable reactivity and improved cross-selectivity. For instance, aryl iodides are effective with
more reactive heteroaryl chlorides, while aryl bromides or chlorides may be used to achieve
selective coupling with less reactive heteroaryl chlorides. These approaches are often implemented
simultaneously to maximize the yield of cross-coupled products. Ideally, one could identify
effective catalyst systems that achieve general XEC reactivity with different coupling partners, and
the present study was initiated to explore this possibility (Figure 4.2C). Specifically, we targeted
high cross-selectivity using an equimolar ratio of the coupling partners. We prioritized reactions
with 2-chloro-substituted aromatic heterocycles, including pyridines, pyrimidines, pyrazines, and
pyridazines, which present unique challenges in conventional cross-coupling reactions with
organometallic nucleophiles.
4.3. Results and Discussion

Reaction optimization using an informer library. Precedents for Ni-catalyzed heteroaryl-aryl
XEC reactions show strong similarity among the catalyst systems employed. Early studies by

26-28

Gosmini?®2® and subsequent studies by Léonel>*? utilized electrochemical reduction, while more
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recent reports by Lautens®® and Surgenor®* used Zn or Mn chemical reductants. Each of these
reports used NiXo/bpy (X = Br or I, bpy = 2,2'-bipyridine) catalyst systems. Gosmini and Léonel
noted a beneficial effect of FeBr, on reactions with heteroaryl electrophiles that contain two or
more nitrogen atoms in the ring (e.g., pyrimidine, pyrazine, and pyridazine), wherein FeBr, was
proposed to limit catalyst poisoning by the heterocycle through coordination to Ni.?’

Building on these reports, we initiated reactivity studies with a reaction system comprising a
(bpy)NiBr; catalyst (10 mol%), Zn as the reductant, and DMF as the solvent (Figure 4.3A). A panel
of six different heteroaryl chlorides (Het—Cl, 1a—1f) and two aryl bromides (Ar-Br, 2a and 2b)
were used as an "informer library"** to evaluate XEC reactivity with equimolar quantities of the
Het—Cl and Ar—Br substrates. With the diazaheteroaryl substrates 1e¢—1f, 30 mol% FeBr> was
included in the reaction (see Table 4C.1 and Section 4C.1II of Appendix C for full screening data).
The majority of the reactions led to poor or modest yields of the desired XEC (Figure 4.3D-1), with
more than half affording < 20% yields. The reactions typically proceed to high conversion, but
they favor formation of homo-coupled dimers and/or proto-dehalogenation byproducts (Table
4C.1). This outcome highlights the predominant challenge facing such reactions, particularly when
using a 1:1 ratio of the electrophilic coupling partners.

Results from XEC reactions using the adapted literature condition highlight the need for new
catalyst systems. We initiated the reaction optimization by evaluating a series of nitrogen-based
ligands for the coupling of 2-chloropyridine (1a) with ethyl 4-bromobenzoate (2b) (Figure 4.3B).
Reactions catalyzed by Ni complexed with bidentate nitrogen ligands showed that a hindered
ligand, 6,6'-dimethyl-2,2'-bipyridine (L4), slightly increased the yield of the cross-coupled product
3ab, compared to other bipyridine or phenanthroline ligands evaluated (L1 to L4; see full ligand

screening in Table 4C.2). Tridentate ligands were also evaluated, and Ni complexed with a
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Figure 4.3. Reaction optimization. See Section 4C.II of Appendix C for experimental details. Yields are
determined by 'H NMR spectroscopy of the crude reaction mixture using 1,3,5-trimethoxybenzene as an
internal standard. Cross-selectivity ratio reflects 'H NMR yields of cross-coupled product:(heteroaryl dimer
+ aryl dimer). (A) Illustration of (adapted) literature conditions and informer library substrates. (B)
Optimization of XEC of 1a with 2b. (C) Optimization of XEC of 1c¢ with 2a. (D) Use informer library to
test the generality of the adapted literature condition, condition A, and condition B. “ Used 10 mol% Ni
catalyst and added 30 mol% FeBr, when 1 contains more than one nitrogen atom in the ring.” 7 mol% Ni

catalyst.

hindered, electron-poor L6 afforded 3ab in 62% yield. Reducing the loading of the Ni/L6 catalyst

to 7 mol% further improved the result (83%). NMR analysis of the crude mixture indicates that

the C—Br bond on L6 remains intact during the reaction. Use of the Ni/L6 catalyst system results
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in more than a ten-fold increase in the cross-selectivity relative to the original Ni/L1 catalyst (from
1:2.0 to 5.7:1). This catalyst system, designated "condition A", was then evaluated with the other
substrates in the informer library (using 30 mol% FeBr; with 1c—1f). Significantly improved
outcomes were observed for many of the substrate pairs, with good-to-excellent results obtained
from XEC of 2-chloropyridines 1a and 1b with 2a and 2b, and from the reactions of pyrimidine
¢, pyrazine 1e, and pyridazine 1f with 2b (Figure 4.3D-i1). The reduced yields in the remaining
reactions correlated with formation of significant quantities of proto-dehalogenation byproducts
(Table 4C.4).

To achieve effective coupling of the substrates that reacted poorly under condition A, we
explored new modified reaction conditions for the XEC of 2-chloropyrimidine (1¢) and 4-
bromoanisole (2a) (Figure 4.3C; see Tables 4C.5—4C.7 for additional screening data). Switching
the ligand from L1 to L2 slightly increased the yield from 19% to 28% (entries 1 and 2). Addition
of 3 equiv of Nal enhanced the aryl bromide conversion and led to a higher yield of 3ca (43%,
entry 3), but a significant quantity of the proto-dehalogenation byproduct of 2a (2a—H) was
observed. This side reaction was attributed to the use of Zn as the reductant, as soluble Zn"' salts
generated during the reaction could form protolytically sensitive aryl-zinc species in situ.>%’
Formation of the proto-debromination byproduct 2a—H was suppressed upon replacing Zn with

tetrakis(dimethylamino) ethylene (TDAE), a mild organic reductant,®

and changing from DMF to
dioxane as the solvent led to an 85% yield of 3ca, with full conversion of both coupling partners
(entries 4 and 5). Reducing the TDAE loading and reaction concentration led to the optimal yield
(91%, entry 6), and these conditions were designated "condition B". No product was observed

when replacing TDAE with Zn or replacing L2 with L6 under optimized condition B, implicating

key differences between conditions A and B, as elaborated below. The condition B catalytic method
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was then evaluated with the other substrates in the informer library (Table 4C.8). The yields
obtained from the reaction of 2a with 1¢—1f and 2b with 1¢—1d showed significant enhancement
under condition B (Figure 4.3D-ii1). Collectively, the informer library data show that conditions A
and B exhibit complementary reactivity, enabling successful outcomes with all 12 XEC reactions
(Figure 4.3D-iv).

Reaction scope. With the optimal conditions in hand, we examined the coupling of a variety of
heteroaryl chlorides and aryl bromides containing an array of functional groups and steric
environments (Figure 4.4). Coupling reactions of 2-chloropyridine (1a) with aryl bromides bearing
different substituents, ranging from electron-rich (—-NMey) to electron-deficient (—CF3), were all
effective under condition A, affording the cross-coupled products in high yields (3aa—3af). The
tolerance of the boronic ester allows room for further diversification (3ag). Sterically hindered aryl
bromide 2h was smoothly coupled with 1a, using 10 mol% Ni complexed with L3 instead of L6.
Electron-donating and -withdrawing groups at different positions of the pyridine ring were
compatible with the reaction conditions (3ga, 3gb, 3hb, 3ib, 3bb, 3ba, 3ja).

The reaction also shows broad scope with diazaheteroaryl chlorides. Unsubstituted 2-
chloropyrimidine (1¢) and 2-chloropyrazine (1e) can be coupled with an array of electronically
diverse aryl bromides (2a, 2b, 2d, 2e, 2i). Exclusive activation of the C—Cl bond at C2 position of
Im showed great site-selectivity of this method. Variations of substituents on the 2-
chloropyrimidine or 2-chloropyrazine ring were tolerated (3ka, 31b, 3mb, 3da, 3db, 3pa, 3pb,
3qa, 3qb). 4-Chloropyrimidine and 3-chloropyridazine derivatives can be coupled with electron-

rich, -neutral, and -deficient aryl bromides under condition A or B (3na, 3nb, 3re, 3fa, 3fb, 3se).



Sx

X
“condition LY
AorB ‘ Het

el \ORZ
Cl

1 equiv 1 equiv

cross-selectivity

NMR yield (isolated yield)

~— Condition A’

83

NiBry(dme)/L6 (7 mol%)

Zn (2 equiv), DMF (150 mM), 60 °C
[~ ConditionB ————
NiBr,(dme)/L2 (10 mol%)

FeBr; (30 mol%), Nal (3 equiv)

TDAE (1.2 equiv), dioxane (75 mM), 60 °C

tmg%

Ligands ——

Het-Cl = 2-pyridyl chlorides
NMe, CO,Et Bpin Me
3ag

A: 80% (77% A: 92% (87% A: 90% (82% A: 78% (71% A: 83% (79% A: 75% (71% A: 68% (66%) A: 87% (84%

4.8:1 13.1:1 11.2:1 5.4:1 3.6:1 8.5:1 15.8:1

/C(©/ /CKQ/COZB\CQ/COZB/CQ/COZELC(@/COZB/C(@/ CKQ/

3gb
A: 83% (77%)" A: 59% (54%) A: 76% (72%) A: 86% (80%) A: 68% (65%) A: 76% (72%) A: 91% (85%)
16.6:1 N.A. 15.2:1 21.5:1 2.8:1 21.7:1 13:1

omatic Het-Cl

Nl i e

B: 91% (83%)

B: as% (81%) B: 90% (84%) B: ss% (sz%) A: 66% (54%) B: so% (74%) B: ss% (84%)

13:1 16:1 18:1 12.6:1 8.5:1 18.8:1 11.7:1
OMe CO,Et
CO,Et OMe | CO,Et
Y©/ 8 Y\K©/ Y\(C/ & i
e 4o
o
3na 3nb 3db 3oe
B: 84% (eo%) B: 82% (80%) A: 75% (72%)° B: 76% (75% B: 65% (62%) B: 77% (72%)
7.9:1 16.4:1 8.3:1 10.1:1 8.1:1 7.3:1
OMe 'Bu CO,Et CN OMe COzEt
N/\(©/ N/\(©/ N/\(© N/\(©/ N/\(©/ N/\(©/ N‘ A
bN bN k;N bN bN =N 2N
3ea 3ed 3ee 3eb 3ei OMe 3pa OMe  3pb
B: 75% (72%) B: 82% (78%) B: 80% (77%) A: 82% (79%)° A: 68% (66%)° B: 87% (83%) A: 51% (48%)°
2.8:1 6.3:1 4.7:1 11.4:1 12.4:1 14.5:1 5.1:1
E
N N J:
o o 5 L@ o
N
3qa 3ab 3fb - 3se
B: 85% (79%) A: 82% (75%)° B: 66% (64% B: 55% (53%) A: 65% (62%)° B: 50% (45%)
10.6:1 28.3:1 8.2:1 1.5:1 N.A. 2.5:1

fused Het-Cl or Ar-Br

CO,Et CO,Et CO,Et OMe
=N N N=oN

B: 41% (39%)

A: 52% (50%)

A: 68% (65%) B: 81% (77%) B: 67% (62%)°

N.A. 3.8:1 N.A. 5.6:1 5.0:1
MeOZC MeOZC N
N
. - T
N-N
WN
3yk 3zn F
B: 72% (67%) B: 63% (59%) A: 48% (41%) B: 74% (70%) B: 52% (45%)
5.5:1 3.5:1 2.21 N.A. N.A.

Figure 4.4. Synthetic scope of heteroaryl chlorides coupling with aryl bromides with conditions A and B.
Cross-selectivity ratio reflects 'H NMR yields of cross-coupled product:(heteroaryl dimer + aryl dimer).
See Section 4C.III of Appendix C for experimental details. “ Used 10 mol% Ni catalyst and added 30 mol%
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FeBr, when 1 contains two or more nitrogen atoms in the ring. ” L3 instead of L6, 10 mol% Ni catalyst.
Added 2 equiv LiCL

The coupling of 1n with 2a was effective under condition A, while its coupling with 2b was
effective under condition B. Several more examples showcased this complementary reactivity
accessible with conditions A and B (cf. 3pa and 3pb, 3qa and 3qb, 3fa and 3fb).

The reaction conditions can be extended to the XEC of heteroaryl chlorides with aryl bromides
in which one or both substrates features a fused bicyclic structure. Multi-substituted 2-
chloropyridines can be coupled with fused aryl bromides (3yk, 3yl). The reactions of electron-
deficient and -rich aryl bromides with fused bicyclic heteroaryl chlorides afforded the cross-
coupled products in moderate to high yields (3tb, 3ub, 3vb, 3wb, 3xa, 3wj). Heteroaryl chlorides
with multiple nitrogen atoms in the ring can increase the likelihood of catalyst poisoning, but three
such structures were shown to undergo effective coupling (3xa, 3zm, 3zn).

Overall, an average isolated yield of 70 + 12% was achieved across 51 products containing 12
heteroaryl core structures, highlighting the efficacy and generality of conditions A and B for
heteroaryl-aryl XEC.

Time-course analysis and mechanistic features of reaction condition A. The reductive
coupling of 2-chloropyridine (1a) and ethyl 4-bromobenzoate (2b) was used to probe the reaction
time course of XEC under condition A (Figure 4.5A). Organometallic intermediates were probed
by quenching reaction aliquots with iodine, an established protocol that converts aryl-zinc and
aryl-nickel species into aryl iodides.’’3° Specifically, 2-pyridyl-NiX or —ZnX species are
converted into 2-iodopyridine (1a—I), and Ar—NiX or —ZnX (Ar = p-CO:Et-CsHa) species are
converted into ethyl 4-iodobenzoate (2b-I). These aryl iodides (1a—I and 2b—I) and other catalytic
reaction products (3ab, 1aa, 2bb) were analyzed and quantified by 'H NMR spectroscopy at each

time point.
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The time-course data in Figure 4.5B reveal rapid formation of 2b-I during the first 40 min of
the reaction, along with fast depletion of the aryl bromide (2b). Small quantities of the aryl dimer
(2bb) are also detected during this period. In contrast, substrate 1a is slowly consumed and 1a-I
is not observed at early stages of the reaction. The cross-coupled product (3ab) begins forming
slowly at 20 min and then accelerates after 40 min, as 2b—I reaches a maximum concentration.
Formation of 3ab ceases upon depletion of 2b—I and 1a, reaching a final yield of 81%. The two
homo-coupled dimers (1aa, 2bb) form in < 10% yields.

The nickel catalyst is present only in 7 mol% with respect to the substrate, so the build-up of
2b-I to 72% is attributed to formation of a 2b-derived organozinc species in situ. To probe this
hypothesis, 2b was subjected to the same reaction conditions in the absence of 1a and quenched
with iodine, resulting in a 75% yield of 2b—I. The aryl-zinc species appears to be relatively stable,
as the quantity of 2b—I decreased by only 10% when the product mixture was allowed to sit for 2
h (Figure 4C.2A). A similar test of 1a in the absence of 2b led to no evidence for pyridyl-zinc
species (via formation of 1a-I). This mixture instead generated significant quantities of the homo-
coupled dimer 1aa (69% yield, Figure 4C.2B). No direct reaction of Zn with 2b (or 1a) was
observed in the absence of the Ni catalyst (Table 4C.3).

A further test was conducted by stirring substrate 2b under condition A for 40 min in the absence
of 1a. Analysis of an aliquot of this solution using the iodine quench revealed the formation of 2b—
Iin 75% yield (Figure 4.5C, step 1). Then, one equivalent of 1a was added to the reaction mixture,
and the solution was stirred for an additional 3 h. The 73% yield of the cross-coupled product 3ab
obtained from this stepwise sequence (Figure 4.5C, step 2) indicates that the second Negishi-like

coupling step is very efficient.
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Figure 4.5. Mechanistic studies on reaction condition A. lodine quenching experiments (A), time-course
plot (B), stepwise reactions (C), and proposed mechanism (D) for XEC of 1a with 2b under condition A.
See Section 4C.1V of Appendix C for experimental details. Yields are determined by 'H NMR spectroscopy
of the crude reaction mixture using 1,3,5-trimethoxybenzene as an internal standard.

The formation of an aryl-zinc intermediate from 2b is consistent with previous observations
that aryl-zinc species can be formed from aryl halides under reductive conditions with a different

t.%0 This precedent and the data summarized above support a mechanism for

Ni/terpyridine catalys
nickel-catalyzed heteroaryl-aryl coupling under condition A that is outlined in Figure 4.5D. A
reduced nickel catalyst A undergoes oxidative addition of aryl bromide to form an aryl-nickel
intermediate B, followed by transmetallation to ZnX5 salts derived from the reductant to form aryl-
zinc species D and nickel salt C. The aryl-zinc species accumulate in the reaction mixture before
they undergo transmetallation to a pyridyl-nickel species F, arising from oxidative addition of 2-

chloropyridine to A. The resultant nickel complex E reductively eliminates to form the cross-

coupled product and regenerates the low-valent nickel catalyst A. This decoupled sequence enables
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differentiation between the two coupling partners, which leads to high XEC yields and cross-
selectivity.

Time-course analysis and mechanistic features of reaction condition B. We next sought to
gain insights into the XEC mechanism associated with condition B, using 1c¢ and 2a as coupling
partners. The use of TDAE as the reductant, rather than Zn, excludes the possibility of aryl-zinc
formation under these conditions. The contributions of Nal and FeBr» to the reaction were probed
through time-course experiments of the reaction in the absence and presence of these additives.
The data show that both substrates exhibit minimal reactivity when either of the two additives is
excluded from the reaction mixture (Figures 4.6-i and 4.6-i1). In the presence of both Nal and
FeBr,, the consumption of two coupling partners proceeds at a similar rate, leading to steady
formation of the cross-coupled product (3ca) with minimal formation of two homo-coupled
byproducts 1cc and 2aa (Figures 4.6-iii). In all three experiments, 1¢ appears to react slightly more
quickly than that of 2a, and more 1cc is observed than 2aa.

The time-course data show that both FeBr, and Nal are needed to support effective reactivity.
A similar beneficial effect of FeBr, was observed by Gosmini and co-workers when studying
analogous reactions under electrochemical conditions.?’” They proposed that heterocycle
coordination to FeBr; prevents poisoning of the Ni catalyst. Related effects could be evident here,
but FeBr alone cannot support the reaction. We postulate that Nal could activate the aryl bromide
substrate through Ni-catalyzed halide exchange, as has been observed by others.*!*> Although the
iodide analog of 2a (i.e., 2a—I) is not observed during the reaction, it could form transiently and
undergo rapid reaction. To probe this hypothesis, we conducted two additional time-course
experiments using 4-iodoanisole (2a-I) instead of 2a and Nal (Figures 4.6-iv and 4.6-v). Aryl

iodide 2a—I is consumed faster than heteroaryl chloride 1¢ in the absence and presence of FeBr»,
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contrasting the relative rates displayed in the XEC of aryl bromide 2a with 1¢.** Slow reactivity is
observed with both substrates in the absence of FeBr», possibly reflecting inhibition of the reaction
by the heteroaryl substrate (Figures 4.6-iv). Efficient conversion of 2a-I is observed in the
presence of FeBr, affording a 62% yield of the cross-coupled product 3ca and 16% yield of the
homo-coupled dimer 2aa (accounting for 32% of 2a—I) (Figures 4.6-v). These results indicate that
2a-1 is too reactive to achieve high cross-selectivity. On the other hand, in situ formation a
transient aryl iodide in the presence of Nal could support the requisite balance in reactivity between

the two coupling partners.
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Figure 4.6. Time-course experiments for XEC of 1¢ with 2a or 2a—I under condition B. See Section 4C.IV
of Appendix C for experimental details. Yields are determined by 'H NMR spectroscopy of the crude
reaction mixture using 1,3,5-trimethoxybenzene as an internal standard.
4.4. Conclusion

The results outlined above introduce two highly effective Ni-only catalyst systems to support

XEC that accesses heteroaryl-aryl structures. Both reaction conditions (A and B) enable XEC with

a 1:1 ratio of heteroaryl chloride and aryl bromide substrates, and they exhibit high cross-
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selectivity, good functional group tolerance, and compatibility with multiple different aromatic
heterocycles. The reactions show complementary reactivity, and mechanistic studies provide
evidence for different XEC pathways for the reactions under conditions A and B. XEC condition
A uses a sterically hindered terpyridine ligand on the Ni catalyst, which promotes in situ formation
of aryl-zinc species that undergo subsequent coupling with the heteroaryl electrophile. XEC
condition B leverages synergistic contributions of FeBr, and Nal additives to match the relative
reactivity of the two coupling partners and achieve high cross-selectivity. Together, these methods
achieve general XEC reactivity and provide access to an unprecedented scope of nitrogen-
containing biaryls.
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Appendix A. Supporting Information for Chapter 2

2A.1. General Experimental Considerations
Solvents and reagents

All solvents (anhydrous) and reagents were purchased from commercial sources and used as
received without further purification. Starting materials were purchased from MilliporeSigma,
Alfa Aesar, and Combi-Blocks. Zn powder (average 4—7 micron) was purchased from Alfa Aesar.
Nickel salts, palladium salts, and ligands were purchased from MilliporeSigma or Alfa Aesar.
Anhydrous solvents were purchased from MilliporeSigma and handled in a nitrogen-filled glove
box.
Electrodes

All electrode materials were purchased from commercial sources and used as received. RVC
foams (pore size 30 ppi) were purchased from Ultramet. Ni foams (1.6 mm thickness, 80-110
pores per inch, average hole diameter 0.25 mm, > 99.9 wt% purity) were purchased from MTI. Fe
rods (5 mm diameter) were purchased from American-Scientific. Other metal electrodes (Zn, Mg,
Al) were purchased from MilliporeSigma. Glassy carbon working electrodes (MF-2012) and non-
aqueous reference electrodes (MF-1085) were purchased from BASI. Pt wires were purchased
from MilliporeSigma and custom-made as Pt counter electrodes (~ 4 cm, 5-7 spiral coils).
Characterization of products

'H and *3C NMR spectra were recorded on Bruker 400 or 600 MHz spectrometers. Chemical
shifts are given in parts per million (ppm) relative to residual solvent peaks in the *H and 3C NMR
spectra or are referenced as noted. The following abbreviations (and their combinations) are used
to label the multiplicities: s (singlet), d (doublet), t (triplet), m (multiplet) and br (broad). High-

resolution mass spectra were obtained using a Thermo Q ExactiveTM Plus by the mass
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spectrometry facility at the University of Wisconsin. UPLC-MS analysis was conducted on a
Waters-Acquity. Chromatographic purification of products was accomplished by chromatography
on silica gel 60 M (particle size 40-63 pum, 230-400 mesh) from MACHEREY-NAGEL Inc. Thin-
layer chromatography (TLC) was performed on Silicycle silica gel UV254 pre-coated plates (0.25
mm). Visualization of the developed chromatogram was performed by using UV lamps or KMnO4
stain.
Electrochemical experiments

All cyclic voltammetric (CV) and chronoamperometric (CA) experiments were performed
using Nuvant Array PGStats or a Pine WaveNow PGstat. The CV experiments were carried out in
a three-electrode cell configuration with a glassy carbon (GC) working electrode (3 mm diameter),
and a platinum wire counter electrode (~ 4 cm, 5-7 spiral coils). The working electrode potentials
were measured versus Ag/AgNOs reference electrode (internal solution, 0.1 M BusNPFg and 0.01
M AgNOs in DMF). The redox potential of ferrocene/ferrocenium (Fc/Fc*) was measured (under
same experimental conditions) and used to provide an internal reference. The potential values were
then adjusted relative to Fc/Fc*, and electrochemical studies in organic solvents were recorded
accordingly. The GC working electrode was polished with alumina powder (5 um) before each
experiment. All solutions used for CV analysis were prepared 30 min before the experiments and
kept under nitrogen atmosphere using a thin Teflon tube to allow continuous nitrogen bubbling.
Bulk electrolysis experiments were performed in custom-built undivided or divided cells, with
RVC or Ni foam working electrodes, Mg, Fe or stainless-steel counter electrodes and Ag/AgNOs

(internal solution, 0.1 M BusNPFg and 0.01 M AgNOs in DMF) for a reference electrode.
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2A.11. General Procedure for Aryl Sulfonate Esters Syntheses (GP 1)

R’ R'
OH MsCl/TsCl/Tf,0 (1.2 equiv) OSO,R
Et3N (1.5 equiv)
MeO R2 DCM (250 mL), rt MeO R2
O R'=HorOMe o
R2 = H or OMe R = CH3, p-CH3Ph, or CF3
50 mmol

The following procedure was adapted from precedents reported in literatures.'? To a 500 mL
round-bottom flask was added the substrate (50 mmol, 1.0 equiv) and anhydrous DCM (200 mL).
EtsN (10.4 mL, 75 mmol, 1.5 equiv) was then injected into the solution. Another 200 mL round-
bottom flask was charged with the sulfonating reagent (60 mmol, 1.2 equiv) and anhydrous DCM
(50 mL), mixed thoroughly, then this solution was added dropwise to the 500 mL flask. The
reaction mixture was stirred at room temperature and stopped when full conversion was observed
via TLC. The DCM solution was washed with 300 mL water and 300 mL brine sequentially. The
aqueous layers were collected and extracted with 200 mL DCM. The organic layers were
combined, dried over anhydrous Na»>SO4, and concentrated in vacuo. The crude product was
purified by column chromatography to furnish the desired product (eluent: hexane/ethyl acetate,
2/1).
2A.111. General Procedures for Bulk Electrolysis
Electrochemical reductive homocoupling in a divided cell (GP 2)

NiCly(dme) (1 or 5 mol%)
bpy (3 or 15 mol%)

OMs LiBr (0.4 M)
MeO R DMF (5 mL), rt, N,
constant potential = 1.7 V (vs. Fc/F¢*)  MeO

O R=HorOMe Mg (+) || RVC (=), divided cell

2.0 mmol

To the cathodic chamber of the divided cell (Figure 2A.1) was added NiClz(dme) (4.4 or 22

mg, 1 or 5 mol%), LiBr (174 mg, 2 mmol, 1.0 equiv), 2,2"-bipyridyl (9.4 or 47 mg, 3 or 15 mol%),
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substrate (2 mmol, 1.0 equiv), and anhydrous DMF (5 mL). Then to the anodic chamber of the
divided cell was added LiBr (174 mg, 1.0 equiv) and anhydrous DMF (5 mL). The cathodic
chamber was then installed a RVC cathode and a Ag/AgNOs reference electrode, and the anodic
chamber was installed a Mg anode. The two chambers were sealed with rubber septa, respectively,
and to each chamber was introduced a thin Teflon tube to allow continuous nitrogen bubbling. The
reaction mixture was stirred at 1000 rpm for 30 min to allow full dissolution of LiBr and exclusion
of adventitious oxygen. After that, the reaction mixture was electrolyzed under a constant potential
of -1.7 V (vs. Fc/Fc*) for 18 h at room temperature. The resultant solution was directly
concentrated in vacuo. The crude product was purified by column chromatography to furnish the

desired product (eluent: hexane/ethyl acetate, 3/1).

Figure 2A.1. Graphic illustration of the divided cell before (left) and after (right) assembly.
Electrochemical reductive homocoupling in an undivided cell (GP 3)
OMe NiCly(dme) (2.5 mol%)

DPEPhos (3 mol%)
oTf LiCl (0.6 M)
MeO OMe DMSO (0.4 M), 60 °C, N,
constant potential = —1.7 V (vs. Fc/Fc*)  MeO

© SS (+) | RVC (-), undivided cell

2.0 mmol
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To the undivided cell (Figure 2A.2) was added NiCl>(dme) (11 mg, 2.5 mol%), DPEPhos (32
mg, 3 mol%), LiCl (125 mg, 3 mmol, 1.5 equiv), and substrate (2 mmol, 1.0 equiv). The cell was
then introduced in a nitrogen-filled glove box and installed a RVC cathode, a Ag/AgNO3 reference
electrode, and a stainless steel anode. Anhydrous DMSO (5 mL) was injected into the cell with a
5 mL syringe. The cell was sealed with a rubber septum and removed from the glove box. A thin
Teflon tube was introduced immediately into the cell to allow continuous nitrogen bubbling. The
reaction mixture was stirred at 1000 rpm for 30 min to allow full dissolution of LiCl and exclusion
of adventitious oxygen. After that, the reaction mixture was electrolyzed under a constant potential
of 1.7 V (vs. Fc/Fc*) for 24 h at 60 °C. The resultant solution was directly concentrated in vacuo.
The crude product was purified by column chromatography to furnish the desired product (eluent:
hexane/ethyl acetate, 3/1).

Electrochemical reductive cross-coupling in an undivided cell (GP 4)

NiCly(dme) (x mol%)
Ligand 1 (1.2x mol%)
Ry o PdCl,(MeCN), (y mol%)

| OMe — .
. Ligand 2 (1.2y or 2y mol?
RO 78\ . WOR igand 2 (1.2y or 2y mol%)
— 0 MeO | LiBr (4.0 equiv.), ZnCl, (50 mol%)
R> Solvent (0.4 M), 60 or 80 °C, N,

Constant potential = -1.8 V (vs. Fc/Fc*)
Fe (+) | RVC/Ni foam (-), undivided cell

2.0 mmol 2.0 or 2.5 mmol

Under nitrogen atmosphere, NiCl2(dme) (22 or 44 mg, 5 or 10 mol%), Ligand 1 (6 or 12 mol%),
and anhydrous solvent (1 mL) was added to a 1.5-dram vial capped with a Teflon septum. Another
1.5-dram vial was charged with PdCIl2(MeCN)2 (10.4 ~ 26 mg, 2 ~ 5 mol%), Ligand 2 (4 ~ 10
mol%), and anhydrous solvent (1 mL) under nitrogen. The two vials were stirred for 30 min so
that the ligands are well complexed with the metal.

To the undivided cell (Figure 2A.2) was added the two coupling partners (2 or 2.5 mmol, 1.0
or 1.25 equiv) and the cell was introduced in a nitrogen-filled glove box and installed a Ni foam

or RVC cathode, a Ag/AgNO:s reference electrode, and an iron rod anode. The cell was then
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charged with LiBr (695 mg, 8 mmol, 4.0 equiv), ZnCl> (136 mg, 1 mmol, 0.5 equiv), the two
catalyst solutions and anhydrous solvent (3 mL), sealed with rubber septum, and removed from
the glove box. A thin Teflon tube was introduced immediately into the cell to allow continuous
nitrogen bubbling. The reaction mixture was stirred at 1000 rpm for 30 min to allow full dissolution
of LiBr and exclusion of adventitious oxygen. After that, the reaction mixture was electrolyzed
under a constant potential of —1.8 V (vs. Fc/Fc*) for 36 or 48 h at 60 or 80 °C. The resultant solution
was directly concentrated in vacuo. The crude product was purified by column chromatography to

furnish the desired product (eluent: hexane/ethyl acetate, 3/1).

Figure 2A.2. Graphic illustration of the undivided cell befor (left) and after (right) assembly.
2A.1V. General Procedures for Flow Electrolysis

For the electrochemical flow reactions, a commercial Micro Flow Cell (purchased from
ElectroCell) with an electrode area of 10 cm? was used, the active reactor volume is 5 mL, and a
Pine WaveNow PGstat or Bipotentiostat BP-300 was used as power supply. The undivided flow
cell consists of PTFE end frames, stainless steel plate (316L) as the anode, stainless steel plate and
graphite plate overlay together as the cathodic electron collector. The flow cell also contains the

flow frames and gaskets. RVC with approx. dimensions = 3.5 x 3.0 x 0.5 cm was used to increase
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the surface area of cathode and as a turbulence material for diffusion. All electrolysis reactions
were performed in DMF solutions. A magnetic stir bar was used in the reservoirs and the reaction
mixture was stirred (600 rpm) during flow electrolysis reactions. The reaction mixture is pumped
through the system via peristaltic pump with a flow rate of 40 mL/min. The components of the

electrochemical cell are shown in Figure 2A.3.

Figure 2A.3. Graphic illustration of the components of the undivided flow cell reactor. Figure adapted with
permission from Ref. 3, Copyright 2021, Org. Process Res. Dev.

(e}
NiCly(dme) (1 mol%), bpy (3 mol%)

OMs LiBr (0.4 M) OMe
MeO
DMF (30 mL), rt, N,
MeO

0 constant current = —100 mA
SS (+) | RVC (-), undivided cell
2,76 g flow electrolysis 6]
12 mmol

12 mmol scale: To a 100 mL round-bottom flask was injected a solution containing NiCl2(dme)
(26.4 mg, 0.12 mmol, 1 mol%), LiBr (1044 mg, 12 mmol, 1.0 equiv), 2,2'-bipyridyl (56.4 mg, 0.36
mmol, 3 mol%), methyl 4-((methylsulfonyl)oxy)benzoate (2.76 g, 12 mmol, 1.0 equiv), and
anhydrous DMF (30 mL). A thin Teflon tube was introduced immediately into the flask to allow
continuous nitrogen bubbling. This solution was pushed via a peristaltic pump to pass through the

undivided flow cell, with a flow rate of 40 mL min™* and electrolyzed at a constant current of —
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100 mA at room temperature until full conversion of the substrate was determined by TLC. The
resultant solution was directly concentrated in vacuo and analyzed by *H NMR using mesitylene

as an internal standard to give the NMR yield (87%).

0]
NiCly(dme) (2 mol%), bpy (6 mol%)

OMs LiBr (0.4 M) OMe
MeO
DMF (120 mL), rt, N, O

0 constant cell potential = -2.1V  MeO
SS (+) | RVC (=), undivided cell
1.0g flow electrolysis o
48 mmol

48 mmol scale: To a 250 mL three-neck round-bottom flask was injected a solution containing
NiClz2(dme) (106 mg, 0.48 mmol, 1 mol%), LiBr (4.17 g, 48 mmol, 1.0 equiv), 2,2"-bipyridyl (226
mg, 1.44 mmol, 3 mol%), methyl 4-((methylsulfonyl)oxy)benzoate (11.0 g, 48 mmol, 1.0 equiv),
and anhydrous DMF (120 mL). A thin Teflon tube was introduced immediately into the flask to
allow continuous nitrogen bubbling. This solution was pushed via a peristaltic pump to pass
through the undivided flow cells, with a flow rate of 40 mL min™* and electrolyzed at a constant
cell potential of —2.1 V at room temperature. Two flow cells were connected in parallel via copper
wire to increase the electrode surface area in total. An additional amount of catalyst (1 mol%) (106
mg NiClz(dme), 226 mg 2,2"-bipyridyl dissolved in 5 mL DMF) was injected into the reaction
mixture via a syringe after 24 h of electrolysis without stopping the reaction. Electrolysis was
conducted until full conversion of the substrate was determined by TLC. The resultant solution
was directly concentrated in vacuo and analyzed by *H NMR using mesitylene as an internal

standard to give the NMR vyield (80%).
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up.

2A.V. Optimization of Reaction Conditions
Optimization of Ni-catalyzed reductive homocoupling using Zn reductant

To a 1-dram vial fitted with cross-shaped stir bar was added NiCl>(dme), the appropriate ligand,
additive, substrate (0.4 mmol, 1.0 equiv), and Zn dust (52 mg, 0.8 mmol, 2.0 equiv, unless
otherwise noted). This vial was transferred into a nitrogen-filled glove box, then additive and
solvent (1 mL, unless otherwise noted) were added. The vial was capped with a screw cap fitted
with a PTFE-faced silicone septum, then removed from the glovebox and heated in a sand bath to
the desired temperature with stirring (1000 rpm) for 15-27 h. The reaction mixture was then cooled
to room temperature and diluted with DMF (3 mL). Mesitylene (1.0 equiv) was added to the crude
material. Then a 100 uL aliquot of the solution was filtered through a 2-cm silica gel plug in a
Pasteur pipette into a vial. 500 pL CDClIs was also added to the pipette and eluted into the same
vial. The resultant sample was analyzed by *H NMR spectroscopy and the yields were determined

using mesitylene as the internal standard.
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Table 2A.1. Optimization of thermochemical Ni-catalyzed reductive homocoupling of G-OMs.?

side products

o]
MeO OMe R Ren
OMs NiCly(dme) (2.5 mol%)/bpy (3 mol%) R - OH
MeO Additive (4.0 equiv), Zn (2.0 equiv) O +M(OMs)s MeO
OMe RT, No, DMF, 24 h MeO OMe
OMe o
o]

e}

Entry Additive Concentration (M) MB Conversion C-Hbp C-OH bp Product
10 LiBr 0.4 93% 100% 90% 0% 3%
2¢ Et,NI 1.0 94% 63% 3% 0% 45%
3 NaBr 0.25 95% 100% 86% 3% 6%
4 NaBr 0.5 93% 100% 79% 3% 1%
5 NaBr 0.5 92% 100% 76% 4% 12%
6 NaBr 0.25 98% 48% 27% 16% 3%
79 LiBr 0.25 94% 33% 7% 18% 2%
8 KBr 0.25 97% 100% 38% 0% 59%
9¢ LiBr 0.25 95% 100% 59% 20% 16%
107 LiBr 0.25 99% 92% 40% 15% 36%

2 Yields were determined by *H NMR spectroscopy using mesitylene as the internal standard. ®5 mol%
NiCl,(dme), 15 mol% bpy, 0.4 M LiBr, 0.4 M G-OM:s. ° Following the Percec condition*: 10 mol%
Ni(PPhs).Clz, 1.5 equiv EtNI, 1.7 equiv Zn dust, THF, 1.0 M G-OM:s, 67 °C. ¢< 5% yield was obtained
with 8 more bpy derivatives (shown is with 2,2"-bipyridine). ¢ With 1,10-Phen as ligand. " With 2,9-
dimethyl-1,10-Phen as ligand.

Table 2A.2. Conditions screening focused on nitrogen-based ligands for S/S homocoupling.?

side products

OMe OMe
OTf NiCly(dme) (10 mol%)/Ligand (12 mol%) R S
LiCl (1.5 equiv), Zn (2.0 equiv) MeO
MeO OMe Ny, rt, DMF (0.4 M), 15 h OMe
o 0
Ligand Substrate Conversion MB C-H bp C-OH bp Product — — \_/ \_/
N N - -
1 25% 75% 91% 26% 32% 8% NN Q N N Q \ N
2 14% 86% 90% 50% 25% 1% 1 2 3
3 26% 74% 95% 29% 34% 6% = =\ e _@_@_Me Me Me
Van Wy, — =
4 23% 7% 94% 31% 39% 1% P Y N N Way,
Me Me N N
5 33% 67% 93% 27% 23% 10% 4 5 .
6 47% 53% 102% 25% 23% 7% MeQ OMe Ph Ph  1Bu tBu
7 36% 64% 94% 27% 26% 5% V= V=Y V=P
8 18% 82% 93% 30% 35% 10% NN NN NN
7 8 9
9 15% 85% 90% 35% 35% 5% MeO OMe Me Me
10 55% 45% 103% 22% 25% 1% &% \——/ — —
Vi N
1 1% 99% 87% 79% 6% 1% NN Q NN Q IR
Me Me
12 9% 91% 92% 64% 12% 7% 10 “ 12

2 Yields were determined by *H NMR spectroscopy using mesitylene as the internal standard.
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Table 2A.3. Conditions screening focused on nitrogen-based ligands for S/S homocoupling.?

OMe
+ M(OTf)2 “ﬁ

side pmducts —‘

OMe
OTf NiCly(dme) (10 mol%)/Ligand (12 mol%)
LiCI (1.5 equiv), Zn (2.0 equiv)
MeO.
OMe Na, rt, DMF (0.4 M), 15 h
o}
Ligand Substrate Conversion MB C-H bp C-OH bp
1 15% 85% 82% 29% 35% 3%
2 46% 54% 97% 24% 24% 3%
3 30% 70% 101% 44% 27% 0%
4 61% 39% 98% 14% 22% 1%
5 0% 100% 95% 88% 4% 3%
6 60% 40% 99% 18% 21% 0%
7 0% 100% 78% 38% 40% 0%
8 46% 54% 97% 19% 32% 0%
9 43% 57% 86% 16% 27% 0%
10 7% 93% 70% 36% 27% 0%
1 9% 91% 86% 45% 32% 0%
12 42% 58% 90% 32% 16% 0%

NMe; NMea Mesht "
es es

Me,N)*N N/*NMe# .

10

2Yields were determined by *H NMR spectroscopy using mesitylene as the internal standard.

Product o [ [
Vs \
\ N+ N J Me” N7 NG N
oH oH

l\. ‘\
=N N~

% | | "
ot 8 ) N
W Ry 1y

Table 2A.4. Conditions screening focused on phosphine-based ligands for S/S homocoupling.?

OMe
OTf NiCly(dme) (10 mol%)/Ligand (12 mol%)
LiCl (1.5 equiv), Zn (2.0 equiv)
MeO
OMe Ny, rt, DMF (0.4 M), 15 h
(@]

Ligand Substrate Conversion MB C-Hbp C-OH bp Product
1 37% 63% 89% 22% 29% 1%
2 49% 51% 86% 17% 20% 0%
3 42% 58% 91% 20% 29% 0%
4 47% 53% 83% 15% 21% 0%
5 80% 20% 94% 6% 8% 0%
6 44% 56% 93% 20% 29% 0%
7 42% 58% 90% 19% 29% 0%
8 35% 65% 70% 13% 22% 0%
9 31% 69% 80% 21% 28% 0%

10 7% 23% 93% 5% 9% 2%
11 36% 64% 84% 21% 27% 0%
12 57% 43% 97% 14% 26% 0%
13 52% 48% 96% 16% 28% 0%
14 44% 56% 7% 12% 21% 0%
15 43% 57% 82% 17% 22% 0%
16 38% 62% 89% 33% 18% 0%
17 36% 64% 87% 33% 18% 0%
18 32% 68% 94% 48% 9% 5%
19 18% 82% 99% 54% 1% 16%
20 55% 45% 94% 13% 26% 0%

OMe
+ M(OTf), \H/CE

side products

.

PPhy  (4-CF3Ph)P  (4-Me-Ph)sP (4-OMe-Ph)
1 2 3

P (Fs-Ph)P

Ph,P(2-MeO-Ph)  PhyP(2-pyridyl)  (2- furyl)zP
6 7
Di(1-adamantyl)-n-Butyl phosphine

10

ArP. PAr;

2! hv 2
11,n=1,Ph
12,n=2,Ph

13, n =2, 4-CF3-Ph PPhQ PPhy
14,n=3, Ph
15,n=4, Ph 16
dppf
PP o

PPhy PPhy

18 19 (DPEphos)

2Yields were determined by *H NMR spectroscopy using mesitylene as the internal standard.

3‘

No ligand

20

PPhy
PPhy
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Table 2A.5. Conditions screening focused on ligand loading and additives for S/S homocoupling.?

side products

OMe OMe
OTf NiCly(dme) (10 mol%)/DPEPhos (xx mol%)
MeO LiCl (1.5 equiv), Zn (2.0 equiv) +M(OTf,
OMe Ng, rt, DMF (0.4 M), 15 h
o
Entry Ligand loading (xx mol%) MB Conversion C-H bp C-OH bp Yield
1 8 mol% 82% 82% 44% 3% 17%
2 12 mol% 83% 82% 46% 4% 15%
3 15 mol% 92% 75% 46% 8% 13%
4 20 mol% 84% 59% 36% 12% 6%
50 12 mol% 93% 69% 55% 3% 4%
6° 12 mol% 82% 7% 54% 2% 3%
7¢ 12 mol% 93% 61% 38% 12% 4%
8¢ 12 mol% 99% 74% 72% 0% 1%

2Yields were determined by *H NMR spectroscopy using mesitylene as the internal standard. ® LiBr instead
of LiCl. °"BusNBr instead of LiCl. ° "BusNCI instead of LiCl. ® "BusNI instead of LiCl.

Table 2A.6. Conditions screening focused on temperature and solvents for S/S homocoupling.?

side products

OMe OMe
OoTf NiCly(dme) (10 mol%)/DPEPhos (12 mol%) 7\/@
MeO LiCl (1.5 equiv), Zn (2.0 equiv) +M(OTRH;
OMe Temp., No, DMF (0.4 M), 15-27 h
o]
Entry Temperature Solvent MB Conversion C-H bp C-OH bp Yield
1 t DMF 83% 82% 46% 4% 15%
2 ~40°C DMF 85% >99% 58% <3% 24%
3 ~50°C DMF 90% >99% 49% 5% 36%
4 ~60°C DMF 85% 98% 37% 8% 38%
5 ~70°C DMF 93% 91% 42% 10% 32%
6 ~80°C DMF 73% >99% 35% 26% 12%
7 rt CH;CN 6% >99% 2% 0% 4%
8 ~60°C CH4CN 87% >99% 73% 0% 10%
9 rt THF 90% 58% 45% 3% 0%
10 ~60°C THF 76% 98% 66% 1% 7%
1 rt DMA 88% 75% 37% 7% 19%
12 ~60°C DMA 82% 89% 32% 10% 29%

2Yields were determined by *H NMR spectroscopy using mesitylene as the internal standard.
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Table 2A.7. Conditions screening focused on additive loadings for S/S homocoupling.?

side products
OMe OMe
OTf NiClp(dme) (10 mol%)/DPEPhos (12 mol%) f
Me® LiCl (m equiv), Zn (2.0 equiv) M(OTf), eO
OMe 70°C, Np, DMF (0.4 M), 15 h
0]
Entry m MB Conv. C-H bp C-OH bp Yield

1 1.0 94% 99% 75% 1% 17%
2 1.5 93% 91% 42% 10% 32%
3 2.5 103% 93% 49% 22% 25%
4 4.0 81% >99% 36% 36% 9%
5 6.0 79% >99% 31% 40% 8%

2Yields were determined by *H NMR spectroscopy using mesitylene as the internal standard.

Table 2A.8. Conditions screening focused on molecular sieves and solvents for S/S homocoupling.?

side products
OMe OMe
OTf NiCly(dme) (10 mol%)/Ligand (12 mol%) =
MEOT/@ LiCl (1.5 equiv), Zn (2.0 equiv) + M(OThH, eO —‘
OMe 60 °C, N, solvent (0.4 M), 20 h
@]
Entry Ligand Mol. sieves (100 mg) Solvent Conv. C-H bp C-OH bp Yield

1 DPEPhos No DMF 77% 29% 23% 27%
2 DPEPhos No DMA 74% 29% 7% 33%
3 DPEPhos Yes DMF 85% 30% 15% 36%
4 DPEPhos Yes DMA 83% 37% 7% 37%
5 DPEPhos Yes DMSO 100% 32% 5% 55%
6 DPEPhos Yes NMP 58% 20% 15% 17%
7 DPEPhos Yes DMPU 100% 32% 61% 0%
8 DCEPhos Yes DMF 39% 15% 19% 0%
9 DCEPhos Yes DMA 34% 13% 17% 0%
10 DCEPhos Yes DMSO 35% 14% 30% 0%
1" DCEPhos Yes NMP 67% 1% 35% 0%
12 DCEPhos Yes DMPU 47% 41% 8% 2%

2Yields were determined by *H NMR spectroscopy using mesitylene as the internal standard.

Optimization of electrochemical Ni-catalyzed reductive S/S homocoupling

To a divided/undivided cell (Figures 2A.1, 2A.2) was added NiClz(dme), DPEPhos, LiCl (125
mg, 3 mmol, 1.5 equiv), and methyl 3,5-dimethoxy-4-(((trifluoromethyl)sulfonyl)oxy)benzoate
(688 mg, 2 mmol, 1.0 equiv). The cell was then introduced in a nitrogen-filled glove box and

installed a RVC cathode, a Ag/AgNO3 reference electrode, and a sacrificial anode. Anhydrous
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DMSO (5 mL) was injected into the cell with a 5 mL syringe. The cell was sealed with a rubber
septum and removed from the glove box. A thin Teflon tube was introduced immediately into the
cell to allow continuous nitrogen bubbling. The reaction mixture was stirred at 1000 rpm for 30
min to allow full dissolution of LiCl and exclusion of adventitious oxygen. After that, the reaction
mixture was electrolyzed under a constant potential of —1.7 \V (vs. Fc/Fc*) for 24 h at 60 °C. The
reaction mixture was then cooled to room temperature and diluted with DMF (25 mL). Mesitylene
(278 uL, 2 mmol, 1.0 equiv) was added to the crude material. Then a 150 pL aliquot of the solution
was filtered through a 2-cm silica gel plug in a Pasteur pipette into a vial. 500 uL CDClIs was also
added to the pipette and eluted into the same vial. The resultant sample was analyzed by *H NMR
spectroscopy and the yields were determined using mesitylene as the internal standard. The results
are summarized in Table 2A.9. We postulated that the metal salts from anode oxidation could serve
as an overcharge protector in an undivided cell to prevent overreduction of redox-active species in

the solution,® thus explaining the poor results in entries 6 and 7.
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Table 2A.9. Optimization of electrochemical Ni catalyzed reductive S/S homocoupling.?

OMe NiCly(dme) (X mol%)

DPEPhos (1.2X mol%)
OTf LiCl (0.6 M)
MeO OMe DMSO (Q.4 M), 60 °C, N, .
constant potential @ —1.7 V (vs. Fc/Fc™) MeO

© Anode (+) | RVC (-)
2.0 mmol
Entry  Cell type Anode X Mass balance (%) Ar—H (%) ArO-H (%) Yield (%)
1 undivided stainless steel 10 95 18 2 73
2P undivided stainless steel 5 103 16 2 75
3 undivided stainless steel 5 99 22 0 72
4 undivided Fe 5 95 20 0 65
5 undivided stainless steel 2.5 100 12 0 78
6% undivided stainless steel \ 97 34 0 0
7¢ divided Fe 5 88 11 1 12
g¢ divided Mg 5 100 0 0 0

2Yijelds were determined by 'H NMR spectroscopy using mesitylene as the internal standard. ® Added 500
mg 4 A molecular sieves. ¢ No Ni catalyst. ® The rest of the mass corresponds to unreacted starting material.

Ni-only catalyzed reductive cross-coupling

To a 1-dram vial fitted with cross-shaped stir bar was added NiCl>(dme) (2.2 mg, 5 mol%), the
appropriate ligand, two coupling partners (0.2 mmol, 1.0 equiv), and Zn dust (26 mg, 0.4 mmol,
2.0 equiv). This vial was transferred into a nitrogen-filled glove box, then LiBr (87 mg, 0.2 mmol,
1.0 equiv) and DMA (1 mL) were added. The vial was capped with a screw cap fitted with a PTFE-
faced silicone septum, then removed from the glovebox and heated in a sand bath to 60 °C with
stirring (1000 rpm) for 17 h. The reaction mixture was then cooled to room temperature and diluted
with DMA (3 mL). Mesitylene (27.8 pL, 0.2 mmol, 1.0 equiv) was added to the crude material.
Then a 100 pL aliquot of the solution was filtered through a 2-cm silica gel plug in a Pasteur
pipette into a vial. 500 pL CDCl3 was also added to the pipette and eluted into the same vial. The
resultant sample was analyzed by *H NMR spectroscopy and the yields were determined using

mesitylene as the internal standard. The results are summarized in Table 2A.10.
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Table 2A.10. Ni-only catalyzed reductive cross-coupling of LDMs.?

R
| ! OMe .
x—{ "\ NiCly(dme) (5 mol%)
— o) Ligand (m mol%)

) — Zn (2.0 equiv), LiBr (0.4 M)
}—@x‘ DMA (0.4 M), 60 °C, N,
MeO |

R, 1:1ratio

Entry Ligand m Ar—X Ar=X' Yield (%) Hetero:Homo
1 bpy 15 H-OMs G-OTs 7 2.0
2° bpy 30 H-OTs S-OTf 48 1.1
3 bpy 15 G-OTs S-OTf 0 N.A.
4 DPEPhos 6 H-OMs G-OTs 14 1.3
5 DPEPhos 6 H-OTs S-OTf 27 19
6 DPEPhos 6 G-OTs S-OTf 0 N.A.

2 Yields were determined by *"H NMR spectroscopy using mesitylene as the internal standard. ® 10 mol%
NiClz(dme).

Optimization of electrochemical Ni/Pd-catalyzed reductive cross-coupling

Under nitrogen atmosphere, NiClz2(dme) (22 mg, 5 mol%), 4,4’-dPhbpy (37 mg, 6 mol%), and
DMA (1 mL) was added to a 1.5-dram vial capped with a Teflon septum. Another 1.5-dram vial
was charged with PdCI2(MeCN)2 (26 mg, 5 mol%), dppb (51 mg, 6 mol%), and DMA (1 mL)
under nitrogen. The two vials were stirred for 30 min so that the ligands are well complexed with
the metal.

To the undivided cell (Figure 2A.2) was added the two coupling partners (2 mmol, 1.0 equiv)
and the cell was introduced in a nitrogen-filled glove box and installed a Ni foam cathode, a
Ag/AgNOs reference electrode, and an iron rod anode. The cell was then charged with LiBr (695
mg, 8 mmol, 4.0 equiv), ZnCl, (136 mg, 1 mmol, 0.5 equiv), the two catalyst solutions and DMA
(3 mL), sealed with rubber septum, and removed from the glove box. A thin Teflon tube was

introduced immediately into the cell to allow continuous nitrogen bubbling. The reaction mixture
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was stirred at 1000 rpm for 30 min to allow full dissolution of LiBr and exclusion of adventitious
oxygen. After that, the reaction mixture was electrolyzed under a constant potential of —1.8 V (vs.
Fc/Fc*) for 36 h at 60 °C. The reaction mixture was then cooled to room temperature and diluted
with DMA (30 mL). 1,3,5-trimethoxybenzene (168 mg, 1 mmol, 0.5 equiv) was added to the crude
material. Then a 150 uL aliquot of the solution was filtered through a 2-cm silica gel plug in a
Pasteur pipette into a vial. 500 puL CDClz was also added to the pipette and eluted into the same
vial. The resultant sample was analyzed by *H NMR spectroscopy and the yields were determined
using 1,3,5-trimethoxybenzene as the internal standard. The results are summarized in Figure

2A.5.

OMe
, NiCly(dme) (5 mol%)
X 2
4,4-dPhbpy (6 mol%) MeO CO,Me
PdCI,(MeCN), (5 mol%)

ZnCl, (0.5 equiv)
OMe DMA (0.4 M), 60 °C, N, G-S

1:1 ratio Fe (+) | Ni foam (=), undivided cell
Constant potential = -1.8 V (vs. Fc/Fc*)

MeO,C OMe dppb (6 mol%)
X LiBr (4 i OMe
/@[ iBr (4.0 equiv) MeO,C OMe
MeOZC

= Ph Entry Ar—X Ar-X' Yield (%) Hetero:homo
1 G-OMs S-OTs 3 1:3.7
Nx PPh, _
(E 2 G-OTs S-OTs 15 1:4
3 G-OTf S-OTs 4 1:10
NS PPh,
| _ 4 G-OMs S-OTf 0 N.A.
Ph 5 G-OTs S-OTf 14 1:1.6
4,4'-dPhbpy dppb 6 G-OTf S-OTf 8 1:4.2

Figure 2A.5. Electrochemical Ni/Pd-catalyzed G/S cross-coupling. Yields were determined by *H NMR
spectroscopy using 1,3,5-trimethoxybenzene as the internal standard.

Optimization of Ni/Pd-catalyzed reductive cross-coupling (HTE Optimization)

OMe
OTf ,q MeO CO,Me
MeO,C OMe  NiCly(dme)/L1 (x/1.1x %) g
OMs PdCIa(MeCN)/L2 (y/1.1y %) OMe
MeOZC

Zn (2 equiv)
/@: additive (4 equiv) OMe
MeO,C OMe solvent (0.4 M), 60 °C G-s
1:1 ratio
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To a 2-dram vial fitted with cross-shaped stir bar was added NiCl,(dme) and appropriate
nitrogen-based ligand. This vial was then transferred into a nitrogen-filled glove box and solvent
was added. In a separate 2-dram vial fitted with a cross-shaped stir bar was added PdCl>(MeCN).
and appropriate phosphine ligand. This vial was then transferred into a nitrogen-filled glove box
and solvent was added. These stock solutions were stirred for 1 h. To a 96-well optimization block
(Analytical Sales and Services) with 1-mL glass vial inserts (Analytical Sales and Services) fitted
with stainless-steel stir bars (V&P scientific) in a nitrogen-filled glove box, was dispensed
appropriate quantities of the stock solutions of the catalysts (concentrations of stock solutions were
adjusted so that around 10 uL of each stock solution was dispensed). The blocks were then aged
for 15 min. To a 2-dram vial fitted with a cross-shaped stir bar was added both aryl sulfonate
coupling partners (0.40 M, 1.0 equiv), LiBr (1.60 M, 4 equiv), Zn dust (0.80 M, 2.0 equiv), and
solvent. This mixture was then stirred vigorously for 5 min. To the aged 96-well optimization
block, 50 uL of a suspension containing the two aryl sulfonates (20 mmol, 0.40 M), LiBr (80
mmol, 1.6 M), and Zn dust (40 mmol, 0.80 M) in solvent was dispensed to each vial from the
rapidly stirred 2-dram vial containing substrate, LiBr, and Zn. The plate was then sealed with a
screwdriver and placed in a zip lock bag inside the glove box. The plate was then removed from
the glove box and agitated on a tumble stirrer (V&P Scientific) at 60 °C for 20 h. The block was
then diluted with a solution of 1,3,5-trimethoxybenzene in 3:1 MeCN/DMSO (10 mmol, 0.067 M,
150 mL) and sampled (5 pL) into an HPLC collection block (Analytical Sales and Services) pre-
filled with 3:1 MeCN/DMSO (200 pL). The HPLC collection block was then analyzed utilizing
UPLC-MS (Waters-Acquity) analysis and yields were determined with respect to 1,3,5-
trimethoxybenzene utilizing calibration curves. Data was then visualized on Tableu®. Changes

were made to this procedure to minimize the number of operations for each variable that was
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evaluated. It is worth noting that CyJohnPhos gave a higher selectivity in Zn-mediated chemical
screening but was ineffective under electrochemical conditions, furnishing the desired product in
only 14% yield. UPLC-MS analysis of the reaction mixture in this case revealed the presence of
significant quantities of CyJohnPhos phosphine oxide suggesting the possibility of an
electrochemical catalyst decomposition pathway not observed with Zn as the terminal reductant.
Thus, SPhos was used in the co-catalyst system presented in Figure 2.5B.

Separate stock solutions for each ligand were prepared before addition to the 96-well plate to

ensure pre-complexation. Ligand structures are shown below:

L13-R, =R, = Rs = Rg= H, R; = Cy CyJohnPhos
L14-R,=R, = OMe , Rs = Rg = H, R; = Cy SPhos

L15-R,= R, = Oi-Pr, Rs = Rg = H, R; = Cy RuPhos
L1-R.=H.b 4= Rq »Rs=Re=H, Ry
Ri L2 21 _ g’MeNZiOMebpy L16 - R,= R, = Rs = i-Pr, Rg = H, R; = Cy XPhos
ot ! = T = = j- = =
‘ N L3R, = tBy, dtbbpy L17-R,= R, = Rg= i-Pr, Rg = H, R; = +-Bu tBuXPhos

L18 - R4 = R4 = Rs = i-Pr, Rg = OMe, R; = Cy BrettPhos
L19 - R, = R4 = R5 = i-Pr, Rg = OMe, R; = t-Bu tBuBrettPhos
Rs L20-R,=NMe,, Ry = Rs = Rg = H. Ry = Cy DavePhos

N7 xR L4-R;=Ph, dPhbpy

PPh, PPh,  PPh, PPh,

L5-R, = Ry = H, phen Adm 0 o
L6 - R, = R3 = Me, Meyphen | P O O
At \we

L7 - R, = H, R3 = OMe, dOMephen !

L8 - R, = H, R3 = Ph, bathophen ! Mé Me
‘ L21 - CataCxium A  L22 - DPEPhos L23 - Xantphos
e PP e é_Bu
P < PP +Bu” “t-Bu
L24 - dppb L25 - dppf L26 - Pt-Bus

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

HN Y Me\N/%
_ Me, ) NN L27 - TPA
HN N N |
G\ L1 - bimid QN L12-N,N-dMeb imid Z Hﬁ
N~
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Table 2A.11. Ligand, additive, and solvent screening for G/S cross-coupling.?

Solvent / Palladium Ligand / Nickel Ligand G-S Yield (%)
DMA DMSO 0
L22, DPEphos L24, dppb L22, DPEphos L24, dppb 20
40
L22, L22, L22, L22, 60
Additive L1,Bpy L5 Phen DPEphos L1,Bpy L5 Phen DPEphos L1,Bpy L5 Phen DPEphos L1,Bpy L5 Phen DPEphos
70
@ @ o
Hetero:Homo
" .
0 10
LiBr
NaCl
NaBr

2Yields were determined by UPLC using 1,3,5-trimethoxybenzene as the internal standard.
Here, the Hetero:Homo ratio is defined as [cross-coupled product yield/sum of the two
homocoupled byproduct yields] and applies to Tables 2A.11 to 2A.14.

Table 2A.12. Ligand screening for G/S cross-coupling.?

Nickel Ligand G-S8 Yield (%)

0
Palladium L2, 4.4 L3, L4, L8, L9, 4.4' 4" L10, L12, dMe L22, 20
Ligand L1,bpy  dOMebpy 4.4-dtbbpy 4,4'-dPhbpy L5, phen bathophen  tibtpy  Py-bzimid L11, biimid  biimid ~ DPEPhos L27, TPA

40
L15, RuPhos 60

80
L18, BrettPhos Hetero:Homo

.
0 16

L21,
CataCxium A ¢
122, DPEPhos @ .
L23, Xantphos
L24, dppb
125, dppf ° [ ] ® [ o .
L26, tBu3P

2Yields were determined by UPLC using 1,3,5-trimethoxybenzene as the internal standard, DMSO
solvent.
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Table 2A.13. Ligand and solvent screening for G/S cross-coupling.

Solvent / Ni Ligand G-S§ Yield (%)
DMA DMSO 0
Pd Ligand L5, phen L7, dOMephen L8, bathophen L5, phen L7, dOMephen L8, bathophen 20
40
113, CyJohnPhos . . 65
Hetero:Homo
L14, SPhos . |
0 10
L15, RuPhos [ ]
L16, XPhos
L17, tBuXPhos
119, tBuBrettPhos
L20, DavePhos
L24, dppb

2Yields were determined by UPLC using 1,3,5-trimethoxybenzene as the internal standard.

Table 2A.14. Catalyst loading screening for G/S cross-coupling.?

Pd Catalyst (L2 = SPhos) G-S Yield (%)
0
'\Il_'1c_ata'|1y5t 05mol% 1mol% 25mol% 5 mol% 20
(L1 = phen) "
60
1 mol% @ @ 80
Hetero:Homo
25 mol% e O —
0 14
5 mol% . .

10 mol% .

2Yields were determined by UPLC using 1,3,5-trimethoxybenzene as the
internal standard. This table is also presented in Figure 2.5A.
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2A.V1. Cyclic Voltammetry Studies

80

40

A
o

Current (pA)

[e]
o

-120 ——NiL=13 Ni/L = 1:2 ——NiL=23
——NiL=11.2 —NiL=11 —— NilL =43

-160
-2.5 -2 -1.5 -1 -0.5 0
Potential (V vs. Fc/Fc*)

Figure 2A.6. CVs of NiCly(dme) (denoted as Ni, 10 mM) in DMF with different loadings of bpy ligand
(denoted as L), with NaBr (0.4 M) as supporting electrolyte, under N, protection, scan rate = 100 mV/s.
Each experiment was scanned twice.

30

20

10

0

-10

-20

Current (pA)

-30

——>5 mM NiBr2(bpy)3

5 mM NiBr2(bpy)3 and 50 mM sub
50 ——5 mM NiBr2(bpy)3 and 25 mM sub
——5 mM NiBr2(bpy)3 and 10 mM sub

-40

-60
-2 -1.5 -1 -0.5 0
Potential vs. Fc/Fc™* (V)

Figure 2A.7. CVs of NiBrx(bpy)s (5 mM) in DMF with different loadings of substrate G-OMs (denoted
as sub), with LiBr (0.4 M) as supporting electrolyte, under N protection, scan rate = 20 mV/s. NiBr.(bpy)s
was synthesized according to literature reports for the ease of CV studies.®
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- -5
<
£
£
o -10
3 ——4 mM NiCl2(dme), 4.8 mM DPEPhos

15 ——4 mM NiCl2(dme), 4.8 mM DPEPhos, 8 mM S-OTf

——8 mM S-OTf
20
-2.5 -2 -1.5 -1 -0.5 0

Potential vs. Fc/Fc* (V)

Figure 2A.8. CVs of NiCly(dme) (4 mM) and DPEPhos (4.8 mM) in DMSO with or without substrate S—
OTf (8 mM), with LiBr (0.6 M) as supporting electrolyte, under N protection, scan rate = 20 mV/s.

2A.VII. Plasticizers
Synthesis and thermal properties of lignin-derived biphenyl plasticizers

Materials: 2-ethylhexanol, titanium butoxide, ethyl acetate, hexanes were purchased from
Sigma Aldrich and used as received. Poly(vinyl chloride) (PVC; unplasticized, 250 microns) was
purchased from Goodfellow and used as received.

Instruments: The chemical structures of the lignin biphenyl plasticizers were confirmed by *H
and 3C NMR on a Bruker Advance 111 HD 400 MHz NMR spectrometer using CDCls. The typical
relaxation time (T1) used was 10 s and the average number of transient scans was 16. The *C
NMR spectrum was also acquired in CDCIs with an average number of transient scans of 512.
Thermal properties of plasticized PVC films and plasticizers were studied using a TA Instruments
Q-500 thermal gravimetric analyzer (TGA) at a heating rate of 10 °C/min with a nitrogen flow of
60 mL/min up to 800 °C and a TA instruments Q-5000 digital scanning calorimeter (DSC) was

utilized at with a heating rate of 10 °C/min and a nitrogen flow rate of 60 mL/min.
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General procedure for synthesizing lignin-derived biphenyl plasticizers (GP 5): The following

procedure was adapted from previous literature reports synthesizing plasticizers.” To a 100 mL
round-bottom flask was added the lignin-derived BPDA methyl esters (H-H through S-S; 500
mg, 1.0 equiv), 2-ethyl hexanol (10 equiv) and titanium butoxide (1.5 wt%) were stirred and heated
to 150 °C for 2 h. The crude reaction was monitored by TLC for full conversion of the starting
material. The crude product was purified by column chromatography using a gradient of hexanes
to 10/1 hexane/ethyl acetate to furnish purified plasticizer as a transparent to slightly yellow tinted,
viscous oil.

Preparation of plasticized PVC films: The following procedure was adapted from previous

literature reports synthesizing polyesters.® Unplasticized poly(vinyl chloride) (UPVC) (100 mg)
was solubilized in 1 mL THF and 10 weight percent of each plasticizer was added and stirred for
30 min. The resulting solubilized polymer solution was cast in a mold and slowly evaporated for
48 h. The films were then placed in an ambient vacuum oven under reduced pressure for 24 h to

remove residual THF and the thin films were obtained for analysis.

100 — - H_HPL
- H_GPL
—_ H_sPL
80 —_ G_GPL
— G—SPL

N PL
60 — 58 .

40 —

Weight (%)

20 —

T I T T 1
100 200 300 400 500
Temperature (°C)

Figure 2A.9. Thermogravimetric analysis of DEH-BPDA derivatives (H-H! through S-SPt) at a heating
rate of 10 °C/min under nitrogen.

Table 2A.15. Thermogravimetric analysis of DEH-BPDA derivatives (H-HP- through S-SFL).
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Plasticizer Ta0 (°C)? Taso (°C)°
HeHPL 267 299
H-GPt 260 290
H-SPL 259 303
G_GP 272 307
G-S™ 273 305
S-sPL 280 316

4 Tq10 corresponds to the temperature at which 10% mass loss is observed.
b T 450 corresponds to the temperature at which 50% mass loss is observed.

— PVC + DEHP
— PVC + H-HPt
— PVC + H-GPL
— PVC + H-SPL
— PVC + G-GPt

PVC + G-SPL
— PVC + S-SPL

80

60 —

40 —

Weight (%)

20 —

I I I
100 200 300 400 500 600 700 800

Temperature {°C)
Figure 2A.10. Thermogravimetric analysis of PVC with 10 wt% DEH-BPDA derivatives (H-HP\ through
S-SPt) compared with DEHP at a heating rate of 10 °C/min in nitrogen.
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Figure 2A.11. Differential scanning calorimetry of PVC with 10 wt% DEH-BPDA derivatives (H-HP-
through S—SPt) compared with DEHP at a heating rate of 10 °C/min in nitrogen.

Table 2A.16. Thermal properties of PVC plasticized with 10 wt% DEH-BPDA derivatives (H-HP-
through S-S°\) and DEHP.

Polymer Tg(°C)  Taw (°C)*  Taso (°C)®  Char Yield (%)

PVC 83.0 272 311 6.5
PVC + DEHP 52.1 253 328 9.0
PVC + H-HP 57.8 270 325 7.4
PVC + H-GP* 55.5 278 329 6.1
PVC + H-SP 56.9 271 309 5.8
PVC + G-GP 54.4 281 327 6.0
PVC + G-SPt 54.6 270 329 8.2
PVC + S-SP 61.0 273 326 7.3

3 Ty corresponds to the temperature at which 10% mass loss is observed. ° Taso
corresponds to the temperature at which 50% mass loss is observed.

Toxicity predictions from EPA tools
Toxicity predictions were obtained from the EPA Toxicity Estimation Software Tool (TEST) °

and the human metabolism and environmental breakdown products were estimated with the EPA
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Chemical Transformation Simulator (CTS).1° We created in-house scripts in Python to allow high-

throughput workflow and analysis.

WE/OH
j}j 0o ﬁCﬁ 7 2-ethylhexanol
o o
o
8 N oH
OH
diethylhexyl phthalate (DEHP)

phthalic acid

\/\/K/OH N/VOH

dlethylhexyl G-G
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Figure 2A.12. Predicted metabolic and environmental transformations of plasticizers.

All plasticizers in this study were predicted by the EPA Chemical Transformation System to
hydrolyse to their component diacids and alcohols, both in the environment via abiotic hydrolysis
and in human via phase | metabolism. Toxicity predictions for these compounds in blue are
provided in Table 2A.17. None of these compounds were predicted to further react in the
environment via abiotic means, while 2-ethylhexanol and all diacids except for phthalic acid were

predicted to be further metabolized in humans (Figure 2A.13).
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Figure 2A.13. Predicted metabolites from 2-ethylhexanol and diacids. Main metabolic pathways predicted
by the EPA Chemical Transformation System. Colors are used to highlight metabolites common to multiple

diacids.
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Table 2A.17. Summary of EPA T.E.S.T. predictions.

Tests for human health impacts Tests for environmental impact
Develop. Ames Rat LDso | Bioconcent. [ Minnow LCsy |Daphnia LCs| T. pyriformis
Toxicity Mutagen mg/kg** Factor mg/L mg/L IGCso mg/L

Methylated Dimers

H-H 7,270 16 6.3 9.4

H-G 9,500 15 5.0 9.3

H-S 10,400 20 5.0 9.8

G-G 10,400 20 5.1 14

G-S 584 14 6.3 12

S-S 296 16 11 13

Plasticizers
DEHP 31,000 18
DEH H-H 36,200 37
DEH H-G 38,600 36
DEH H-S 40,900 37
DEH G-G 44,800 37
DEH G-S 47,400 37
DEH S-S 36,200 38
Oxoalcohol and Diacids

2-ethylhexanol 1,720 20
phthalic acid 5,130 0.5
H-H diacid 3,050 2.7
H-G diacid 3,430 2.1
H-S diacid 3,020 3.6
G-G diacid 3,240 2.8
G-S diacid 2,640 3.8
S-S diacid 3,010 3.6

Output from the Environmental Protection Agency (EPA) toxicity estimation software tool
(T.E.S.T.) provided predicted results for experimental tests. The tests for developmental toxicity
and Ames mutagenicity have either positive or negative outcomes, reported by the tool as true or
false, and negative/false is the desired outcome corresponding to the lowest hazard category (Table
2A.18). Each cell is colored according to the corresponding color for the hazard category shown
in Table 2A.18, with green corresponding to the lowest hazard and red to the highest. "N/A"
(colored gray) indicates that the EPA tool did not provide a prediction, which occurs when there
is insufficient training data for a confident prediction. Brief definitions of the hazard test names:

the bioconcentration factor is defined as the ratio of the chemical concentration in fish to that in
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water at steady state, and thus lower values correspond to lower hazard. Higher values correspond
to lower hazard for the remaining categories: oral rat 50 percent lethal dose (LDso), fathead
minnow 50 percent lethal concentration (LCso) after 96 hours of exposure, D. magna LCsxo after 48
hours, and 50 percent growth inhibition concentration (IGCso) after 48 hours for T. pyriformis.
Colors correspond to the hazard levels shown in Table 2A.18. Abbreviations: the methylated
dimers H-H through S-S correspond to the coupling products created from methylated 4-hydroxy
benzoic acid (H), vanillic acid (G), and syringic acid (S) monomers. Plasticizers: each
diethylhexyl (DEH) structure is shown as the parent molecules in Figure 2A.12. Oxoalcohol and
diacids: these structures are the product molecules shown in Figure 2A.12.
Table 2A.18. Hazard classifications for EPA T.E.S.T. predictions

Indicators Il 1 (lowest)

Developmental

. i "
toxin positive negative
Ames ositive negative

Mutagenicity P 8
) 50 to 500 500 to >5,000
® | <50 mgk !
Oral RatLDsy" | =50 mg/kg mg/ke 5,000 mg/kg
Bioconcentration 1000 to
>5000 <1000
Factor” - 5000
96 hour fathead
minnow LCsy
48 hour D. 1t0<10 10 to 100
.| <imgL o= 17 RS 100 mgL
magna LCsg mg/L mg/L

48 hour T.
pyriformis 1GCsy

& Protection of Environment; Code of Federal Regulations, Title 40, Chapter |, Subchapter E, Part 156,
Subpart D, § 156.62. ® United Nations, Globally harmonized system of classification and labelling of
chemical (GHS), sixth revised edition; ST/SG/AC.10/30/Rev.6; 2015. ¢ United States Environmental
Protection Agency, Persistent Bioaccumulative Toxic (PBT) Chemicals; Lowering of Reporting Thresholds
for Certain PBT Chemicals; Addition of Certain PBT Chemicals; Community Right-to-Know Toxic
Chemical Reporting; 40 CFR Part 372; 1999.
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2A.VII11. Compound Characterization Data

methyl 4-((methylsulfonyl)oxy)benzoate (H-OMSs)

(0]
>—®—OM5
MeO

From methyl 4-hydroxybenzoate (7.6 g, 50 mmol) and methanesulfonyl chloride (9.9 mL, 60
mmol), the title compound was prepared following GP 1 as a pale-yellow powder (11.1 g, 96%
yield). The spectroscopic data matched those reported in the literature.!

IH NMR (400 MHz, CDCls) & 8.15 — 8.07 (m, 2H), 7.40 — 7.32 (m, 2H), 3.93 (s, 3H), 3.19 (s,
3H).

13C NMR (101 MHz, CDCl3) 6 165.9, 152.4, 131.7, 129.2, 121.9, 52.4, 37.8.

HRMS (ESI*) Calc: [M+H]* (CoH1105S) 231.0322; measured: 231.0321 = 0.4 ppm difference.

methyl 4-(tosyloxy)benzoate (H-OTs)

0
>—©70Ts
MeO

From methyl 4-hydroxybenzoate (7.6 g, 50 mmol) and p-toluenesulfonyl chloride (11.4 g, 60
mmol), the title compound was prepared following GP 1 as a white powder (14 g, 93% yield). The
spectroscopic data matched those reported in the literature.!

IH NMR (400 MHz, CDCl3) 5 8.02 — 7.94 (m, 2H), 7.74 — 7.67 (m, 2H), 7.35 — 7.28 (m, 2H), 7.10
—7.02 (m, 2H), 3.90 (s, 3H), 2.45 (s, 3H).

13C NMR (101 MHz, CDCls) § 166.4, 153.0, 145.8, 132.0, 131.3, 129.9, 128.9, 128.5, 122.4, 52.3,
21.7.

HRMS (ESI*) Calc: [M+H]" (C1sH1505S) 307.0635; measured: 307.0630 = 1.6 ppm difference.
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methyl 3-methoxy-4-((methylsulfonyl)oxy)benzoate (G—OMs)

(0]
OMs
MeO

OMe
From methyl 4-hydroxy-3-methoxybenzoate (9.1 g, 50 mmol) and methanesulfonyl chloride (9.9
mL, 60 mmol), the title compound was prepared following GP 1 as a white powder (12.2 g, 94%
yield). The spectroscopic data matched those reported in the literature.?
IH NMR (600 MHz, CDCls)  7.71 — 7.65 (m, 2H), 7.37 (d, J = 8.1 Hz, 1H), 3.96 (s, 3H), 3.93 (s,
3H), 3.22 (s, 3H).
13C NMR (101 MHz, CDCls) 6 166.0, 151.4, 141.7, 130.1, 124.4, 122.8, 114.0, 56.3, 52.5, 38.7.

HRMS (ESI*) Calc: [M+H]" (C10H1306S) 261.0427; measured: 261.0426 = 0.4 ppm difference.

methyl 3-methoxy-4-(tosyloxy)benzoate (G-OTSs)

(0]

@OTS
MeO

OMe

From methyl 4-hydroxy-3-methoxybenzoate (9.1 g, 50 mmol) and p-toluenesulfonyl chloride
(11.4 g, 60 mmol), the title compound was prepared following GP 1 as a white powder (16 g, 95%
yield). The spectroscopic data matched those reported in the literature.!?
!H NMR (400 MHz, CDCl3) § 7.79 — 7.71 (m, 2H), 7.60 (dd, J = 8.4, 2.0 Hz, 1H), 7.51 (d, J = 1.9
Hz, 1H), 7.30 (d, J = 7.9 Hz, 2H), 7.22 (d, J = 8.4 Hz, 1H), 3.91 (s, 3H), 3.62 (s, 3H), 2.45 (s, 3H).
13C NMR (101 MHz, CDCl3) § 166.1, 151.7, 145.3, 141.9, 133.0, 129.8, 129.5, 128.6, 123.9,
122.3, 113.6, 55.8, 52.4, 21.7.

HRMS (ESI*) Calc: [M+H]" (C16H1706S) 337.0740; measured: 337.0736 = 1.2 ppm difference.

methyl 3-methoxy-4-(((trifluoromethyl)sulfonyl)oxy)benzoate (G-OTf)
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(0]
OoTf
MeO

OMe
From methyl 4-hydroxy-3-methoxybenzoate (9.1 g, 50 mmol) and trifluoromethanesulfonic
anhydride (10.1 mL, 60 mmol), the title compound was prepared following GP 1 as a yellow liquid
(14.4 g, 92% yield). The spectroscopic data matched those reported in the literature.®
IH NMR (400 MHz, CDCls) § 7.72 (d, J = 1.9 Hz, 1H), 7.68 (dd, J = 8.4, 1.9 Hz, 1H), 7.28 (d, J
= 8.5 Hz, 1H), 3.98 (s, 3H), 3.94 (s, 3H).
13C NMR (101 MHz, CDCls) 6 165.6, 151.3,141.8, 131.1, 122.8, 122.4,120.3, 117.1, 114.2, 56 4,
52.6.

HRMS (ESI*) Calc: [M+H]* (C10H10F306S) 315.0145; measured: 315.0141 = 1.3 ppm difference.

methyl 3,5-dimethoxy-4-((methylsulfonyl)oxy)benzoate (S—OMs)

OMe

(@)
OMs
MeO

OMe
From methyl 4-hydroxy-3,5-dimethoxybenzoate (10.6 g, 50 mmol) and methanesulfonyl chloride
(9.9 mL, 60 mmol), the title compound was prepared following GP 1 as a white powder (13 g,
89% yield).
H NMR (400 MHz, CDCls) 6 7.34 (s, 2H), 3.95 (s, 6H), 3.93 (s, 3H), 3.33 (s, 3H).
13C NMR (101 MHz, CDCls) § 166.1, 153.1, 131.6, 129.1, 106.4, 56.5, 52.6, 40.2.
HRMS (ESI*) Calc: [M+NH4]* (C11NH1807S) 308.0799; measured: 308.0796 = 1.0 ppm

difference.

methyl 3,5-dimethoxy-4-(tosyloxy)benzoate (S—OTSs)
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OMe

(0]
OTs
MeO

OMe

From methyl 4-hydroxy-3,5-dimethoxybenzoate (10.6 g, 50 mmol) and p-toluenesulfonyl chloride
(11.4 g, 60 mmol), the title compound was prepared following GP 1 as a white powder (16.5 g,
90% yield).

1H NMR (400 MHz, CDCl3) § 7.89 — 7.82 (m, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.26 (s, 2H), 3.91 (s,
3H), 3.73 (s, 6H), 2.46 (s, 3H).

13C NMR (101 MHz, CDCls3) § 166.1, 153.3,144.8, 134.7,131.6, 129.2, 129.0, 128.4, 106.3, 56.2,
52.5,21.7.

HRMS (ESI*) Calc: [M+NH4]" (C17NH2207S) 384.1112; measured: 384.1110 = 0.5 ppm

difference.

methyl 3,5-dimethoxy-4-(((trifluoromethyl)sulfonyl)oxy)benzoate (S-OTT)

OMe

(0]
OTf
MeO

OMe
From methyl 4-hydroxy-3,5-dimethoxybenzoate (10.6 g, 50 mmol) and trifluoromethanesulfonic
anhydride (10.1 mL, 60 mmol), the title compound was prepared following GP 1 as a white powder
(16 g, 93% yield).
IH NMR (400 MHz, CDCl3) § 7.34 (s, 2H), 3.95 (s, 6H), 3.94 (s, 3H).
13C NMR (101 MHz, CDCls) § 165.8, 152.3, 131.0, 130.2, 120.2, 117.0, 106.3, 56.6, 52.7.

HRMS (ESI*) Calc: [M+H]" (C11H12F307S) 345.0250; measured: 345.0246 = 1.2 ppm difference.

dimethyl [1,1'-biphenyl]-4,4’-dicarboxylate (H-H)
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(0]

O OMe
MeO O

o}
GP 2 was followed using H-OMs (460 mg, 2.0 mmol), NiCl(dme) (4.4 mg, 1 mol%), 2,2'-
bipyridyl (9.4 mg, 3 mol%), which furnished the title compound as a white powder (262 mg, 97%
yield). The spectroscopic data matched those reported in the literature.®
IH NMR (400 MHz, CDCl3) & 8.13 (d, J = 8.2 Hz, 4H), 7.69 (d, J = 8.2 Hz, 4H), 3.95 (s, 6H).
13C NMR (126 MHz, CDCl3) 6 166.8, 144.4,130.2, 129.7, 127.3, 52.2.

HRMS (ESI*) Calc: [M+H]" (C16H1504) 271.0965; measured: 271.0973 = 0.7 ppm difference.

dimethyl 2,2'-dimethoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (G-G)

o

OMe O OMe
MeO O OMe

o
GP 2 was followed using G-OMs (520 mg, 2.0 mmol), NiClz(dme) (22 mg, 5 mol%), 2,2’
bipyridyl (47 mg, 15 mol%), which furnished the title compound as a white powder (297 mg, 90%
yield). The spectroscopic data matched those reported in the literature.*
IH NMR (400 MHz, CDCls) 6 7.70 (dd, J = 7.8, 1.6 Hz, 2H), 7.64 (d, J = 1.5 Hz, 2H), 7.30 (d, J
= 7.8 Hz, 2H), 3.94 (s, 6H), 3.83 (s, 6H).
13C NMR (126 MHz, CDCls) § 166.9, 156.9, 131.8, 131.1, 130.9, 121.8, 111.9, 55.4, 52.2.

HRMS (ESI*) Calc: [M+H]" (C1sH190s) 331.1176; measured: 331.1174 = 0.6 ppm difference.

dimethyl 2,2',6,6'-tetramethoxy-[1,1"-biphenyl]-4,4’-dicarboxylate (S-S)
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OMe

GP 3 was followed to furnish the title compound as a pale-yellow powder (293 mg, 75% yield).
'H NMR (400 MHz, CDCls) & 7.34 (s, 4H), 3.94 (s, 6H), 3.77 (s, 12H).
13C NMR (151 MHz, CDCls) 6 167.0, 158.5, 131.0, 116.9, 105.6, 56.2, 52.2.

HRMS (ESI*) Calc: [M+H]* (C20H230s) 391.1387; measured: 391.1382 = 1.3 ppm difference.

dimethyl 2-methoxy-[1,1'-biphenyl]-4,4’-dicarboxylate (H-G)

0O

MeO
© O OMe
MeO O

(0]
GP 4 at 60 °C was followed using H-OMs (460 mg, 2.0 mmol), G-OTs (841 mg, 2.5 mmol),
NiCl2(dme) (44 mg, 10 mol%), 4,4’-dPhbpy (74 mg, 12 mol%), PdCI>(MeCN)2(15.6 mg, 3 mol%),
dppb (30.6 mg, 3.6 mol%), DMA (5 mL), a Ni foam cathode, which furnished the title compound
as a white powder (420 mg, 70% vyield). The spectroscopic data matched those reported in the
literature.®®
IH NMR (400 MHz, CDCl3) § 8.12 — 8.05 (m, 2H), 7.72 (dd, J = 7.9, 1.6 Hz, 1H), 7.66 (d, J = 1.5
Hz, 1H), 7.64 — 7.59 (m, 2H), 7.39 (d, J = 7.9 Hz, 1H), 3.95 (s, 3H), 3.94 (s, 3H), 3.88 (s, 3H).
13C NMR (101 MHz, CDCls) § 167.0, 166.8, 156.4, 142.2, 134.1, 131.0, 130.7, 129.5, 129.4,
129.1,122.3, 112.1, 55.8, 52.3, 52.2.

HRMS (ESI*) Calc: [M+H]" (C17H170s) 301.1071; measured: 301.1071 < 0.1 ppm difference.
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dimethyl 2,6-dimethoxy-[1,1’-biphenyl]-4,4’-dicarboxylate (H-S)

0O

MeO
© O OMe
MeO O OMe

(0]
GP 4 at 80 °C was followed using H-OTs (612 mg, 2.0 mmol), S-OTf (688 mg, 2.0 mmol),
NiCl2(dme) (44 mg, 10 mol%), phen (43 mg, 12 mol%), PdCI>(MeCN)2 (10.4 mg, 2 mol%), SPhos
(33 mg, 4 mol%), DMSO (5 mL), a RVC cathode, which furnished the title compound as a white
powder (468 mg, 71% yield).
'H NMR (400 MHz, CDCls) & 8.12 — 8.05 (m, 2H), 7.45 — 7.38 (m, 2H), 7.34 (s, 2H), 3.96 (s,
3H), 3.93 (s, 3H), 3.79 (s, 6H).
13C NMR (151 MHz, CDCls) § 167.1, 166.8, 157.3, 138.5, 131.0, 130.8, 129.0, 128.9, 123.0,
105.4,56.1, 52.4, 52.1.

HRMS (ESI*) Calc: [M+H]" (C1sH190s) 331.1176; measured: 331.1172 = 1.2 ppm difference.

dimethyl 2,2’,6-trimethoxy-[1,1"-biphenyl]-4,4’-dicarboxylate (G-S)

OMe

M
eO i o
0 O OMe
OMe

OMe
GP 4 at 80 °C was followed using G-OTs (841 mg, 2.5 mmol), S-OTf (688 mg, 2.0 mmol),
NiCl2(dme) (44 mg, 10 mol%), phen (43 mg, 12 mol%), PdCl2(MeCN). (15.6 mg, 3 mol%), SPhos
(49 mg, 6 mol%), DMSO (5 mL), a Ni foam cathode, which furnished the title compound as a

white powder (504 mg, 70% yield).
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IH NMR (400 MHz, CDCl3) § 7.71 (dd, J = 7.8, 1.6 Hz, 1H), 7.65 (d, J = 1.6 Hz, 1H), 7.34 (s,
2H), 7.22 (d, J = 7.8 Hz, 1H), 3.95 (s, 3H), 3.93 (s, 3H), 3.80 (s, 3H), 3.78 (s, 6H).

13C NMR (151 MHz, CDCls) § 167.1, 166.9, 157.7, 157.3, 131.8, 131.0, 130.7, 128.1, 121.7,
120.1, 111.9, 105.4, 56.2, 56.0, 52.3, 52.2.

HRMS (ESI*) Calc: [M+H]" (C19H2107) 361.1282; measured: 361.1278 = 1.1 ppm difference.

Bis(2-ethylhexyl) phthalate (DEHP)

From phthalic anhydride (500 mg, 1 equiv) and 2-ethyl hexanol (2.41 g, 10 equiv), using methane
sulfonic acid (1.5 wt%) instead of titanium butoxide, the title compound was prepared following
GP 5 at 130 °C as a transparent viscous oil (1.05 g, 80% yield).

IH NMR (400 MHz, CDCls, ppm): & 7.71 (dd, J = 5.6, 3.2 Hz, 2H), 7.53 (dd, J = 5.6, 3.2 Hz, 2H),
4.26 — 4.18 (m, 4H), 1.71 — 1.65 (m, 2H), 1.43 — 1.28 (m, 16H), 0.94-0.88 (m, 12H).

13C NMR (101 MHz, CDCls, ppm): § 11.5, 14.6, 23.5, 24.3, 29.4, 30.9, 39.2, 68.7, 129.3, 131.4,
133.0, 168.3.

HRMS (ESI*) Calc: [2M+Na]® (CasH760sNa) 803.5432; measured: 803.5422 = 1.2 ppm

difference.

Bis(2-ethylhexyl)[1,1"-biphenyl]-4,4'-dicarboxylate (H-HPL)
0]
O O/\(\/\
\/\j\/o O

)
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From dimethyl [1,1’-biphenyl]-4,4’-dicarboxylate (500 mg, 1 equiv) and 2-ethyl hexanol (2.41 g,
10 equiv), the title compound was prepared following GP 5 as a translucent viscous oil (794 mg,
92% yield).

IH NMR (400 MHz, CDCls, ppm): & 8.13 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 4.31 —
4.23 (m, 4H), 1.77 — 1.71 (m, 2H), 1.50 — 1.33 (m, 16H), 0.964 (t, J = 7.2 Hz, 6H), 0.913 (t, J =
6.8 Hz, 6H).

13C NMR (101 MHz, CDCls, ppm): § 11.2, 14.0, 23.0, 24.0, 29.0, 30.6, 38.9, 67.4, 127.2, 130.1,
144.3, 166.4.

HRMS (ESI*) Calc: [M+H]* (C30H4304) 467.3156; measured: 467.3149 = 1.5 ppm difference.

Bis(2-ethylhexyl) 2-methoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (H-GPL)

From dimethyl 2-methoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (500 mg, 1 equiv) and 2-ethyl
hexanol (2.17 g, 10 equiv), the title compound was prepared following GP 5 as a translucent
viscous oil (777 mg, 94% yield).

IH NMR (400 MHz, CDCls, ppm): & 8.09 (d, J = 11.3 Hz, 2H), 7.72 (dd, J = 2, 10.5 Hz, 1H), 7.68
(d, J = 1.8 Hz, 1H), 7.60 (d, J = 11.32 Hz, 2H), 7.38 (d, J = 10.4 Hz, 1H), 4.29 — 4.25 (m, 4H),
3.87 (s, 3H) 1.79 — 1.70 (m, 2H), 1.50 — 1.33 (m, 16H), 0.994 — 0.891 (m, 12H).

13C NMR (101 MHz, CDCls, ppm): & 11.07, 11.00, 14.02, 22.96, 23.98, 24.04, 28.98, 30.58,
30.62, 38.93, 55.71,67.25, 67.56, 112.05, 122.09, 129.36, 129.43, 129.52, 130.58, 131.39, 134.05,

142.13, 156.37, 166.36, 166.53.
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HRMS (ESI*) Calc: [M+H]" (C3s1H4s505) 497.3262; measured: 497.3252 = 2.0 ppm difference.

Bis(2-ethylhexyl) 2,6-dimethoxy-[1,1’-biphenyl]-4,4"-dicarboxylate (H-SPL)

From dimethyl 2,6-dimethoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (500 mg, 1 equiv) and 2-ethyl
hexanol (1.97 g, 10 equiv), the title compound was prepared following GP 5 as a translucent
viscous oil (733 mg, 92% yield).

IH NMR (400 MHz, CDCls, ppm):  8.12 — 8.05 (m, 2H), 7.45 —7.38 (m, 2H), 7.35 (s, 2H), 4.29-
4.25 (m, 4H), 3.79 (s, 6H), 1.79 — 1.69 (m, 2H), 1.49 — 1.29 (m, 16H), 0.994 — 0.954 (m, 12H).
13C NMR (101 MHz, CDCls, ppm): & 11.06, 14.58, 23.52, 24.52, 24.68, 29.54, 29.54, 31.14,
31.25, 39.48, 56.53, 65.85, 67.63, 68.31, 105.84, 123.46, 129.48, 129.81, 131.25, 131.92, 138.88,
157.85, 166.85, 167.22.

HRMS (ESI*) Calc: [M+H]* (C3s2H4706) 527.3367; measured: 527.3357 = 1.9 ppm difference.

Bis(2-ethylhexyl) 2,2'-dimethoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (G-GFL)

From dimethyl 2,2'-dimethoxy-[1,1"-biphenyl]-4,4'-dicarboxylate (500 mg, 1 equiv) and 2-ethyl
hexanol (1.97 g, 10 equiv), the title compound was prepared following GP 5 as a translucent

viscous oil (741 mg, 93% vyield).
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IH NMR (400 MHz, CDCls, ppm): 8 7.72 (dd, J = 2, 10.4 Hz, 2H), 7.66 (d, J = 1.8 Hz, 2H), 7.29
(d, J = 10.4 Hz, 2H), 4.28 — 4.26 (m, 4H), 3.83 (s, 6H), 1.78 — 1.68 (m, 2H), 1.53 — 1.33 (m, 16H),
0.990 — 0.893 (m, 12H).

13C NMR (101 MHz, CDCls, ppm): 8 11.1, 14.1, 23.0, 24.1, 29.0, 30.7, 39.0, 55.8, 67.5, 111.9,
121.7,131.1, 131.3, 131.7, 156.9, 166.6.

HRMS (ESI*) Calc: [M+H]* (C3s2H4706) 527.3367; measured: 527.3358 = 1.7 ppm difference.

Bis(2-ethylhexyl) 2,2’ 6-trimethoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (G-SFL)

From dimethyl 2,2',6-trimethoxy-[1,1"-biphenyl]-4,4'-dicarboxylate (500 mg, 1 equiv) and 2-ethyl
hexanol (1.81 g, 10 equiv), the title compound was prepared following GP 5 as a translucent
viscous oil (695 mg, 90% yield).

IH NMR (400 MHz, CDCls, ppm): & 7.70 (d, J = 7.8 Hz, 1H), 7.67 (d, J = 1.6 Hz, 1H), 7.35 (s,
2H), 7.22 (d, J = 7.8 Hz, 1H), 4.28 — 4.25 (m, 4H), 3.81 (s, 3H), 3.77 (5, 6H), 1.79 — 1.70 (m, 2H),
1.49 — 1.32 (m, 16H), 0.991 — 0.959 (m, 6H), 0.940 — 0.899 (M, 6H).

13C NMR (101 MHz, CDCls, ppm): & 11.1, 14.0, 23.0, 24.0, 24.1, 29.0, 30.6, 30.7, 39.0, 55.9,
56.1,67.2,67.6,105.3, 111.9, 120.0, 121.6, 128.0, 131.1, 131.4, 131.7, 157.2, 157.7, 166.5, 166.7.

HRMS (ESI*) Calc: [M+H]" (C3sH2907) 557.3473; measured: 557.3469 = 0.7 ppm difference.

Bis(2-ethylhexyl) 2,2',6,6'-tetramethoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (S-SPL)
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From dimethyl 2,2',6,6'-tetramethoxy-[1,1'-biphenyl]-4,4’-dicarboxylate (500 mg, 1 equiv) and 2-
ethyl hexanol (1.67 g, 10 equiv), the title compound was prepared following GP 5 as a slightly
yellow viscous oil (677 mg, 90% vyield).

IH NMR (400 MHz, CDCls, ppm): & 7.36 (s, 4H), 4.29 — 4.23 (m, 4H), 3.78 (s, 12H), 1.76 — 1.72
(m, 2H), 1.49 — 1.32 (m, 16H), 0.99 — 0.90 (m, 12H).

13C NMR (101 MHz, CDCls, ppm): & 166.6, 158.0, 131.4, 116.7, 105.5, 67.5, 56.2, 39.0, 30.8,
29.0,24.2,23.0, 14.1, 11.2.

HRMS (ESI*) Calc: [M+H]" (C3sHs10g) 587.3579; measured: 587.3573 = 1.0 ppm difference.
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2A.X. NMR Spectra of Compounds
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"H NMR (400 MHz, CDCly) of H-OTs
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"H NMR (400 MHz, CDCly) of G-OTs
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"H NMR (400 MHz, CDCl3) of G-OTf
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"H NMR (400 MHz, CDCls) of S-OTf
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"H NMR (400 MHz, CDCls) of H-H
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"H NMR (400 MHz, CDCls) of G-G
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"H NMR (400 MHz, CDCls) of $-8
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"H NMR (400 MHz, CDCl3) of G-8
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IH NMR (400 MHz, CDCls) of Bis(2-ethylhexyl) phthalate (DEHP)
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'H NMR (400MHz, CDCls) of Bis(2-ethylhexyl)[1,1'-biphenyl]-4,4'-dicarboxylate (H-H-)
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'H NMR (400 MHz, CDCls) of Bis(2-ethylhexyl) 2-methoxy-[1,1"-biphenyl]-4,4'-dicarboxylate (H-G4)
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'H NMR (400 MHz, CDCls) of Bis(2-ethylhexyl) 2,6-dimethoxy-[1,1"-biphenyl]-4,4'-dicarboxylate (H—
SPL)
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'H NMR (400 MHz, CDCls) of Bis(2-ethylhexyl) 2,2"-dimethoxy-[1,1"-biphenyl]-4,4'-dicarboxylate (G-
GPL)
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'H NMR (400 MHz, CDCls) of Bis(2-ethylhexyl) 2,2',6-trimethoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (G-
SPL)
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13C NMR (101 MHz, CDCI3) of Bis(2-ethylhexyl) 2,2',6-trimethoxy-[1,1'-biphenyl]-4,4"-dicarboxylate
(G-s™)
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'H NMR (400 MHz, CDCls) of Bis(2-ethylhexyl) 2,2’,6,6"-tetramethoxy-[1,1'-biphenyl]-4,4'-dicarboxylate
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Appendix B. Supporting Information for Chapter 3

3B.1. General Experimental Considerations
Solvents and reagents

All reagents were purchased from commercial sources and used as received without further
purification. Starting materials (amines and aryl halides) were purchased from MilliporeSigma,
Alfa Aesar, Thermo Scientific, TCI America, and Combi-Blocks. Zn powder (average 4—7 micron)
and Mn powder (~325 mesh) were purchased from Alfa Aesar. Electrolytes and additives (LiCl,
LiBr, Lil, LiPFs, NaBr, KPFg, "BusNCI, "BusNBr, "BusNI, "BusNPFe, "BusNBF4, ZnBrz2, MnBr>,
MgBr2, FeBrz, AlBr3) were purchased from MilliporeSigma, TCI America, and Thermo Scientific
and handled in a nitrogen-filled glove box, unless otherwise noted. Nickel salts and ligands were
purchased from MilliporeSigma or Alfa Aesar. Anhydrous solvents (DMF, DMA, DMSO, NMP,
MeCN, THF, DMPU, DMI) were purchased from MilliporeSigma and stored over activated 4 A
molecular sieves in a nitrogen-filled glove box.
Electrodes

All electrode materials were purchased from commercial sources and used as received. Ni
foams (1.6 mm thickness, 80-110 pores per inch, average hole diameter 0.25 mm, > 99.9 wt%
purity) were purchased from MTI. Fe rods (5 mm diameter, 99.8 wt% purity) were purchased from
American-Scientific. Zn foil (99.99% metals basis) was purchased from MilliporeSigma. Mn
pieces (99.95% metals basis) were purchased from Thermo Scientific. Mg plates (99.95% metals
basis) and Al plates (99.95% metals basis) were purchased from American-Scientific. Glassy
carbon working electrodes (MF-2012) and non-aqueous reference electrodes (MW-1085) were
purchased from BASI. Pt wires (0.5 mm diameter, 99.99% metals basis) were purchased from

MilliporeSigma and custom-made as Pt counter electrodes (~ 4 cm, 57 spiral coils).



157

Characterization of products

All proton (*H), carbon (**C), and fluorine (*°F) nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker 400 MHz at 25 °C (*H 400.1 MHz, *C 100.6 MHz, '°F 376.5 MHz) or
a Bruker 500 MHz at 25 °C (*H 500.1 MHz, 13C 125.7 MHz, '°F 470.6 MHz). Chemical shifts are
given in parts per million (ppm) relative to residual solvent peaks in the *H and *3C NMR spectra
or are referenced as noted. An absolute referencing method was used for *°F NMR chemical shifts,
based on the frequency of solvent peaks in the *H NMR spectra. The following abbreviations (and
their combinations) are used to label the multiplicities: s (singlet), d (doublet), t (triplet), m
(multiplet) and br (broad). High-resolution mass spectra were obtained using a Thermo Q
ExactiveTM Plus in the mass spectrometry facility at the University of Wisconsin (data were
collected by facility staff). Automatic normal phase column chromatography was performed using
reusable Silicycle SiliaSep premium cartridges (25 or 40 g, 25 pum) on a Biotage® Isolera. Thin-
layer chromatography (TLC) was performed on Silicycle silica gel UV254 pre-coated plates (0.25
mm). Visualization of the developed chromatogram was performed by using UV lamps (254 nm)
or KMnOQyg stain.
Electrochemical experiments

Cyclic Voltammetry (CV) experiments: All CV experiments were performed using a Pine

WaveNow PGstat without IR compensation under an N2 atmosphere. The experiments were
carried out in a three-electrode cell configuration with a glassy carbon (GC) working electrode, a
platinum wire counter electrode, and a Ag/AgNOs non-aqueous reference electrode (internal
solution, 0.1 M "BwNPFs and 0.01 M AgNOsz in DMF). The redox potential of
ferrocene/ferrocenium (Fc/Fc™) was measured (under same experimental conditions) and used to

provide an internal reference. The potential values recorded versus Ag/AgNO3s were then adjusted
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relative to Fc/Fc*, and electrochemical studies in organic solvents were reported accordingly. The
GC working electrode was polished with alumina powder (5 um) before each experiment. The
resultant voltammograms were plotted following IUPAC convention.

Open-Circuit Potential (OCP) measurements: All OCP measurements were performed using a

CH-600E potentiostat under an N2 atmosphere. The experiments were carried out in a three-
electrode cell configuration with a metal (Zn, Mn, Mg, Fe, or Al) as the working electrode, a
platinum wire counter electrode, and a Ag/AgNO3 reference electrode (internal solution, 0.1 M
"BusNPFg and 0.01 M AgNOs in DMF). The redox potential of ferrocene/ferrocenium (Fc/Fc™)
was measured (under same experimental conditions; when bromide or iodide salts were used as
the electrolyte, "BusNPFs was used instead for measuring Fc/Fc* potential, as Bro/Br~ and I2/l3~
redox waves overlap with Fc/Fc* redox wave) and used to provide an internal reference. The
potential values recorded versus Ag/AgNOz were then adjusted relative to Fc/Fc*, and
electrochemical studies in organic solvents were reported accordingly. The working electrodes
were polished using a smooth file before each experiment under nitrogen atmosphere. All solvents
were rigorously purged with nitrogen for 15 min before preparation of the solutions for OCP
analysis. The prepared solutions were stirred for 15 min under nitrogen atmosphere to allow full
dissolution of all reagents.

Bulk Electrolysis: All bulk electrolysis experiments were performed using a Pine WaveNow

PGstat. The experiments were performed in custom-built undivided cells, with Ni foam as a
working electrode, Fe rod as a counter electrode and Ag/AgNOs (internal solution, 0.1 M

"BusNPFs and 0.01 M AgNOs in DMF) as a reference electrode.
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3B.11. General Procedure for Open-Circuit Potential (OCP) Measurements

In a solution containing ZnBr; (11.2 mg, 10 mM), MnBr2 (10.7 mg, 10 mM), MgBr2 (9.2 mg,
10 mM), FeBrz (10.8 mg, 10 mM), or AlBr3z (13.3 mg, 10 mM), electrolyte (0.2 M, or otherwise
noted), and anhydrous solvent (5 mL), the corresponding metal electrode (polished using a smooth
file before every experiment) was used as the working electrode for OCP measurements, with a Pt
wire counter electrode and a Ag/AgNO:s reference electrode. While stirring at 600 rpm, the open-
circuit potential was measured and recorded after it remained stable (< 5 mV fluctuation over 1
min) (Figures 3B.1 and 3B.2). The measured potential versus Ag/AgNO3 was then adjusted to be
referenced versus Fc/Fc* and converted to the formal thermodynamic potential (E°’) using the

Nernst equation below.

E=p+ 00 ]
= +Tl_F n< [MO] )

Given that the measurements were made at room temperature (T = 298 K), and the number of
electrons involved in the redox process is two for Zn, Mn, Mg, Fe (n = 2) and three for Al (n = 3),
F is the Faraday constant (96485 C/mol), R is the universal gas constant (8.3145 J M K1), [M]
is the activity of the reduced form (defined as 1 for solid state), [M"*] is the activity of the oxidized
form (approximately equal to the concentration of the oxidized form in solution, 0.01 M), then the
Nernst equation (with all potentials relative to Fc/Fc*) becomes:

E°’=E +59mV T = 298 K (for Zn, Mn, Mg, Fe)
E=E +39mV T = 298 K (for Al)

Note: Zn and Mn are the most common metal reductants used in Ni-catalyzed cross-electrophile
coupling (XEC) reactions.! Mg is seldom used as metal reductant, although an in situ Grignard
reagent formation was proposed for the corresponding XEC reaction.>* Other common reducing

metals, such as Fe and Al, were also studied in organic solvents. Mixed solvents have proven



160

indispensable for achieving optimal outcomes in certain XEC reactions. Therefore, redox

potentials of Zn and Mn in mixed solvents were also measured. The results are tabulated in Tables

3B.1 and 3B.2.

Figure 3B.1. Picture of the undivided cell for OCP and CV experiments before (left) and after (right)
assembly (working electrode varies based on each experiment, shown is with Zn plate).
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Figure 3B.2. A typical trace obtained in OCP measurements (after conversion using the Nernst equation).

Conditions: Zn working electrode, 10 mM ZnBr,, 0.2 M "BusNPFs, DMF.

Table 3B.1. Formal thermodynamic potentials of Zn, Mn, Mg, Fe, and Al.

Entry Solvent Metal Additive E°' (V vs Fc/FcY)
1 DMF Zn "BusNPFs -1.37
2 DMA Zn "BusNPFs -1.36
3 DMSO Zn "BusNPFs -1.43
4 NMP Zn "BusNPFs -1.36




5 MeCN zZn "BusNPFs -1.07

6 THF Zn "BusNPFs -1.25

7 DMPU Zn "BusNPFs -1.32

8 DMI Zn "BusNPFs -1.33

9 DMF Mn "BusNPFs -1.55
10 DMA Mn "BusNPFs -1.56
11 DMSO Mn "BusNPFs -1.53
12 NMP Mn "BusNPFs -1.50
13 MeCN Mn "BusNPFs -1.19
14 THF Mn "BusNPFs -1.54
15 DMPU Mn "BusNPFs -1.48
16 DMI Mn "BusNPFg -1.50
17 DMF Zn LiCl -1.65
18° DMF zZn LiCl -1.68
19¢ DMF Zn LiCl -1.72
20¢ DMF Zn LiCl -1.72
21 DMF Zn LiBr -1.53
22 DMF Zn Lil -1.43
23 DMF Zn LiPFs -1.36
24 DMF Zn NaBr -1.52
25 DMF Zn KPFs -1.36
262 DMA Zn KPFs -1.31
272 DMF Zn "BusNCI -1.60
28 DMF Zn "BusNCI -1.64
29° DMF zZn "BusNCI -1.67
30° DMF Zn "BusNCI -1.70
31¢ DMF zZn "BusNCI -1.72
32¢ DMF Zn "BusNCI -1.72
33 DMF Zn "BusNBr -1.52
34 DMF Zn "BusNI -1.41
35 DMF Zn "BusNPFs -1.37
36 DMF Zn "BusNBF, -1.37
37 DMA Zn ZnBr; -1.33
38 DMPU zZn "BusNPFg -1.46
399 DMPU Zn "BusNPFs -1.47
40 DMF Mn LiCl -1.75
41 DMF Mn LiBr -1.63
42 DMF Mn Lil -1.59
43 DMF Mn LiPFs -1.58
44 DMF Mn NaBr -1.62
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45 DMF Mn KPFe -1.55
462 DMA Mn KPFs -1.55
47 DMF Mn "BusNCI -1.76
48 DMF Mn "BusNBr -1.66
49 DMF Mn "BusNI -1.61
50 DMF Mn "BusNPFs -1.55
51 DMF Mn "BusNBF4 -1.57
52f DMPU Mn "BusNPFs -1.65
53 DMF Mg "BusNPFs -2.19
54 MeCN Mg "BusNPFs -2.01
55 DMF Mg LiCl -2.45
56 DMF Mg LiBr -2.22
57 DMF Mg Lil -2.14
58 DMF Mg "BusNCI -2.39
59 DMF Fe "BusNPFg -0.81
60 MeCN Fe "BusNPFs -0.54
61 DMF Fe LiCl -1.04
62 DMF Fe LiBr -0.95
63 DMF Fe Lil -0.97
64 DMF Fe "BusNClI -1.00
65 DMF Al "BusNPFs -1.28
66 MeCN Al "BusNPFg -1.07
67 DMF Al LiCl -1.47
68 DMF Al LiBr -1.32
69 DMF Al Lil -1.31
70 DMF Al "BusNClI -1.51
71 MeCN Zn "BusNCI -1.60
72 MeCN Zn "BusNBr -1.47
73 MeCN Zn "BusNI -1.34
74 MeCN Mn "BusNCI -1.64
75 MeCN Mn "BusNBr -1.52
76 MeCN Mn "BusNI -1.32
77 THF Zn LiCl -1.62
78 THF Zn LiBr -1.61
79 THF Zn Lil -1.58
80 THF Mn LiCl -1.72
81 THF Mn LiBr -1.64
82 THF Mn Lil -1.52

20.1 M additive. 0.4 M additive. ¢ 0.8 M additive. ¢ 1.0 M additive. ¢ 1.2 M additive.

f Added 10 mM MesSiCl. 9 Added 20 mM MesSiCl.
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Table 3B.2. Formal thermodynamic potentials of Zn and Mn in mixed solvents.

Entry Solvent Metal Additive E°®' (V vs Fc/Fc?)
1 DMF/THF (1:1) Zn "BusNPFs -1.29
2 DMA/THF (1:1) Zn "BusNPFs -1.30
3 DMF/THF (1:1) Mn "BusNPFs -1.48
4 DMA/THF (1:1) Mn "BusNPFs -1.52

Note: Other common additives (NaCl, Nal, KCI, KBr, KI) were less soluble in DMF and not
included in this study.

The OCP measurements can be sensitive to trace oxygen dissolved in the electrolyte solution
(Table 3B.3). Therefore, rigorous N2 purging of the solvents before the preparation of the
electrolyte solution is required for OCP measurements.

Table 3B.3. The impact of dissolved oxygen to measured OCP.

Measured
Entry Additive/Solvent Metal Treatment potential® (V
vs Fc/Fc™)
. purged the solution with N> for 15 min in
1 LiCI/DMF (0.2 M z -1.71
Icy © ) : glovebox, then measured OCP
5 LICUDMF (0.2 M) 7n the same solution was brought out of 164

glovebox, then measured OCP

. the same solution was left in ambient
3 LICVDMF (0.2 M) Zn atmosphere for 1 h, then measured OCP -1.53

 Note that a Nernstian conversion was not applied here.
Discussion: For a well-defined, fully reversible redox couple Fc/Fc*, Dempsey et al. determined
its E12 to be —0.003 V (vs. F¢/Fc*) in MeCN via OCP measurement, which is consistent with the

theoretical value of 0 V. This E1» was acquired by extracting the intercept value from the linear fit

N
of the measured OCP data against In (%) (see Nernst equation) for multiple solutions

containing different concentrations of Fc and Fc*.* This corroborates the validity of OCP

measurement in determining thermodynamic potentials of redox couples in organic solvents.
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However, this exact method was not applicable to this study as (a) limited solubility of the metal
salts prevents measurements at high concentration, (b) the anions of the salts may affect the
thermodynamic potentials in a non-Nernstian way (see discussions in the main text and Figure
3B.3), and (c) the OCP measurement technique has a £ 5 mV inaccuracy while a ten-fold change

in concentration only results in a theoretical change of E by 29 mV.
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Figure 3B.3. Chloride concentration effect on Zn reduction potential in DMF. # 0.2 M "BusNPFs as
electrolyte.

3B.111. General Procedures for Reductive Coupling of Benzyl Chloride with lodobenzene

Electrochemical reductive coupling of benzyl chloride with iodobenzene

cl | NiBry(dme)/'Bubpy (7 mol%) Bu 'Bu
©/\ . \© KPF (1.0 equiv), DMA/MeCN, 40 °C N\ /T
Ni foam () | Fe (+), undivided cell — }\1 /
. 1.0 equiv 4 F/mol H
1.2 equiv 195 n(11m0| constant potential L _t?_u_b_FfY _______

In a nitrogen-filled glove box, NiBrz(dme) (27 mg, 7 mol%), ‘Bubpy (23.5 mg, 7 mol%), and
DMA or MeCN (5 mL) were added to a 2-dram vial. This solution was stirred at 800 rpm in the
glove box for 30 min to allow complexation of Ni with the ligand. To an undivided cell (Figure
3B.4) fitted with a cross-shaped stir bar was added KPFs (230 mg, 1.25 mmol, 1.0 equiv),
iodobenzene (139 pL, 1.25 mmol, 1.0 equiv), and benzyl chloride (172.5 pL, 1.5 mmol, 1.2 equiv)
under air. The cell was transferred into the glove box, followed by addition of the catalyst solution
and installation of a Ni foam cathode, a Ag/AgNOs reference electrode, and an Fe rod anode. The

cell was then sealed with a rubber septum before being removed from the glove box. A thin Teflon
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tube was introduced immediately into the cell to allow continuous nitrogen bubbling. The reaction
mixture was stirred at 1000 rpm for 10 min to allow full dissolution of all reagents and exclusion
of adventitious oxygen. After that, the Teflon tube was removed, and the top of the rubber septum
was sealed with silicone gel. The reaction mixture was electrolyzed under a constant potential (—
1.07 V to —1.40 V vs. Fc/Fc™) at the desired temperature (25 to 80 °C) until 4 F/mol of charge was
passed or otherwise noted.

Work-up for condition screening: Upon completion of the reaction, the reaction mixture was

cooled to room temperature and diluted with DMA or MeCN (10 mL). Mesitylene (57.9 uL, 0.42
mmol, 0.33 equiv) was added to the crude material. Then a 100 pL aliquot of the solution was
filtered through a 2-cm silica gel plug in a Pasteur pipette into a vial. 400 uL CDCI3 was also added
to the pipette and eluted into the same vial. The resultant sample was analyzed by *H NMR
spectroscopy and yields were determined using mesitylene as the internal standard.

Work-up for product isolation: Upon reaction completion, the reaction mixture was cooled to

room temperature and diluted with water (25 mL). The solution was extracted with ethyl acetate
(50 mL x 2) and the organic layers were combined and washed with brine (50 mL). The resultant
organic solution was dried over anhydrous Na>SO4, then concentrated in vacuo. The obtained

residue was purified by flash column chromatography.

Figure 3B.4. Picture of the undivided cell before (left) and after (right) assembly.
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Reductive coupling of benzyl chloride with iodobenzene using Zn reductant

| 1 Bu ‘Bu
cl NiBry(dme)/'Bubpy (7 mol%) E —
+ /2
Zn (2.0 equiv) DNy }\1 /
1.2 equiv 1.0 equiv DMA/MeCN, 40 °C, 17 h E 4 !
d 0.25 mmol [ Bubpy

In a nitrogen-filled glove box, NiBr2(dme) (5.4 mg, 7 mol%), ‘Bubpy (4.7 mg, 7 mol%), and
DMA or MeCN (1 mL) were added to a 1-dram vial. This solution was stirred at 800 rpm in the
glove box for 30 min to allow complexation of Ni with the ligand, followed by sequential addition
of iodobenzene (27.8 pL, 0.25 mmol, 1.0 equiv), benzyl chloride (34.5 pL, 0.3 mmol, 1.2 equiv)
and Zn powder (33 mg, 0.5 mmol, 2.0 equiv). The vial was capped with a screw cap fitted with a
PTFE-faced silicone septum, then removed from the glove box and heated in a sand bath to 40 °C
with stirring (1000 rpm) for 17 h. The reaction mixture was then cooled to room temperature and
diluted with DMA or MeCN (2 mL). Mesitylene (19.3 pL, 0.083 mmol, 0.33 equiv) was added to
the crude material. Then a 100 pL aliquot of the solution was filtered through a 2-cm silica gel
plug in a Pasteur pipette into a vial. 400 pL CDCls was also added to the pipette and eluted into
the same vial. The resultant sample was analyzed by *H NMR spectroscopy and the yields were

determined using mesitylene as the internal standard.
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Table 3B.4. Optimization of (electro)chemical reductive coupling of benzyl chloride with
iodobenzene.?

o | NiBry(dme)/Bubpy (7 mol%) 1 Bu Bu
©/\ . \© KPF (1.0 equiv), DMA/MeCN, 40 °C N\
Ni foam () | Fe (+), undivided cell — }\1 //
. 1.0 equiv 4 F/mol H
1.2 equiv 1.5 ncwlmol constant potential L _t?_u_b_EY ______

Entry Solvent  Applied potential (V vs Fc/Fc*) Temp. (°C) Yield (%)

1 MeCN -1.20 80 34
2 MeCN -1.30 80 40
3 MeCN -1.35 80 58
4 MeCN -1.40 80 50
5 MeCN -1.35 40 78
6 MeCN -1.35 25 74
7° MeCN -1.07 80 11
8° MeCN -1.07 40 23
9 DMA -1.35 80 24
10 DMA -1.35 60 28
11 DMA -1.35 40 50
12¢ DMA -1.35 25 50
13°¢ DMA -1.07 80 12
14 DMA -1.07 40 0
159 MeCN Zn instead of e-chem 40 12
169 DMA Zn instead of e-chem 40 46

2 Yields were determined by 'H NMR spectroscopy using mesitylene as the internal
standard. ® 88% iodobenzene remained unreacted. ¢51% iodobenzene remained unreacted.
¢ Reaction time = 72 h. ¢ 71% iodobenzene remained unreacted. " >90% benzyl chloride and
iodobenzene remained unreacted; the reaction was stopped after 36 h. ¥ No KPFs, the
reaction was conducted at 0.25 mmol scale using Zn (2 equiv) as the reductant.

Discussion: The initial conditions are adapted from previous literature.> The thermochemical
coupling of benzyl chloride with iodobenzene was conducted using 2 equiv of Zn reductant, which
provide 4 equiv of e to the reaction medium. A total charge of 4 F/mol (of product) was chosen
for electrolysis to mimic the thermochemical reaction, even though only 2 F/mol should be needed.

We suspect that the surplus charge reduces Fe?* ions (from the sacrificial anode oxidation) at the
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cathode, evident from the presence of iron precipitates at the bottom of the cell after reaction (stuck
to the magnetic stir bar).

It is worth noting that the optimal yields under electrochemical conditions were obtained at 40
°C instead of 80 °C, as reported in the reaction using chemical reductants. This is attributed to fast
reduction of Ni complexes at cathode surface, as indicated by the larger current observed during
electrolysis at —1.35 V, 40 °C in MeCN (the current density was typically larger than 20 mA/cm?,
and the reaction completed in less than 5 h). At higher temperatures, homocouplings start to
dominate, thus decreasing the cross-coupled product yields.
3B.1V. Synthesis of Substrates

Synthesis of Katritzky salts
Ph Ph

N EtOH X

RAE Y Lo 88°C,4h Lo,
Ph™ "0 "Ph Ph™ "N~ "Ph
I

S
BF4

1.0 equiv
10 mmol

1.2 equiv

The Katritzky salts were synthesized according to a procedure described previously in the
literature.® To a 50 mL round bottom flask was added 2,4,6-triphenylpyrylium tetrafluoroborate
(3.97 g, 10 mmol, 1.0 equiv) and absolute EtOH (10 mL). Subsequently, amine (12 mmol, 1.2
equiv) was added and the reaction mixture was refluxed at 88 °C for 4 h. Upon reaction completion,
the mixture was cooled to room temperature and diluted with Et.O (30 mL). The resulting

precipitate was filtered off, washed with EtoO (10 mL x 2), and dried in vacuo to afford the

Katritzky salt.
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Synthesis of benzyl methyl oxalate

(0]
(0]
OH )J\H/OMe DMAP (1.2 equiv) OJ\WOMe
Cl DCM, rt, 30 min o
(6]
1.0 equiv .
5 mmol 1.2 equiv

Benzyl methyl oxalate was synthesized according to a procedure described previously in the
literature.” To a solution of DMAP (733 mg, 6 mmol, 1.2 equiv) in CH2Cl> (20 mL) was dropwise
added methyl chlorooxoacetate (552 pL, 6 mmol, 1.2 equiv) at 0 °C. After stirring at room
temperature for 5 min, a solution of benzyl alcohol (519 pL, 5 mmol, 1.0 equiv) in CHCl, (10
mL) was dropwise added and stirred for 30 min. Upon reaction completion, the reaction mixture
was diluted with water (20 mL), extracted with CH2Cl> (20 mL x 2) and the organic layers were
combined and washed with brine (30 mL). The resultant organic solution was dried over anhydrous
Na>SOs, then concentrated in vacuo. The obtained residue was purified by flash column
chromatography (10:90 ethyl acetate:pentane) to afford the product as a white solid (892 mg, 92%
yield). The spectroscopic data matched those reported in the literature.®
3B.V. Optimization of Electrochemical Reductive Coupling of Katritzky Salts with Aryl
Halides

In a nitrogen-filled glove box, NiCl>(dme), ‘Butpy, and DMA (5 mL) were added to a 2-dram
vial. This solution was stirred at 800 rpm in the glove box for 30 min to allow complexation of Ni
with the ligand. To an undivided cell (Figure 3B.4) fitted with a cross-shaped stir bar was added
electrolyte, 2,4,6-triphenyl-1-(3-phenylpropyl)pyridin-1-ium tetrafluoroborate (360 mg, 0.7
mmol, 1.4 equiv), and aryl bromide (0.5 mmol, 1.0 equiv) under air. The cell was transferred into
the glove box, followed by addition of the catalyst solution and installation of a Ni foam cathode,
a Ag/AgNO:3 reference electrode, and a sacrificial anode. The cell was then sealed with a rubber

septum before removing from the glove box. A thin Teflon tube was introduced immediately into
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the cell to allow continuous nitrogen bubbling. The reaction mixture was stirred at 1000 rpm for
10 min to allow full dissolution of all reagents and exclusion of adventitious oxygen. After that,
the Teflon tube was removed, and the top of the rubber septum was sealed with silicone gel. The
reaction mixture was electrolyzed under constant potential for 10-17 h at 60 °C with stirring (800
rpm). The reaction was automatically stopped by the potentiostat after 2.5 F/mol of charge was
passed to ensure full consumption of the aryl halides. The reaction mixture was then cooled to
room temperature and diluted with DMA (10 mL). 1,3,5-Trimethoxybenzene (28 mg, 0.17 mmol,
0.33 equiv) was added to the crude material. Then a 100 pL aliquot of the solution was filtered
through a 2-cm silica gel plug in a Pasteur pipette into a vial. 400 uL CDCl3 was also added to the
pipette and eluted into the same vial. The resultant sample was analyzed by *H NMR spectroscopy
and the yields were determined using 1,3,5-trimethoxybenzene as the internal standard.

Table 3B.5. An example of optimization of electrochemical reductive coupling of Katritzky salts with
aryl halides.?

Mﬁ Oy
Ph LB; ph Et0,C O onstant potential cegt 0,
1.4 equiv ;g iquic\)ll
Entry AFZS"\?S choltlf:f)'a' M;S;g?'?;)‘;e A—Ar (%)  Yield (%)
1 120 83 6 45
2 125 103 14 75
3 ~1.30 108 34 40
4 150 100 33 33
5 _155 110 55 0
& _1.25 110 12 70
7°¢ -1.25 92 6 50
g _1.25 110 9 20
% _1.25 03 35 23
10f -1.25 102 7 81

119 -1.25 89 4 6
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2Yields were determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as
the internal standard. ® 7 mol% Ni catalyst. ¢ Al anode. ¢ Zn anode. ¢ "BusNPFs (1.0
equiv) instead of LiBr. " KPFs (1.0 equiv) instead of LiBr. ¢ Divided cell with glass frit
separator.

Discussion: The initial conditions were adapted from previous literature.® Note that although
using LiBr gave a comparable yield as KPFs, bromide anions may participate in the catalytic
process instead of just serving as the supporting electrolyte. KPFs is considered as a more
appropriate electrolyte, due to its non-coordinating anion. For the coupling of secondary alkyl
Katritzky salts with aryl halides, we continued using KPFs as the electrolyte.

The optimization for the coupling of each pair of substrates generally proceeded according to
the following sequence:

(1) Reactions were first performed at the applied potentials corresponding to E®'z, and E°'wn,
and the potential that led to the higher yield was then used as a starting point for further
optimization (entries 1 and 2 in each table).

(2) Two experiments were then conducted, one 0.05-0.1 V above and one 0.05-0.1 V below,
the E°'zn and E®'mn potential (whichever led to the higher yield in step 1) (entries 3 and 4 of each
table, in most cases).

(3) The potential was incremented further in the direction that led to improved yield in step 2.
Optimization efforts were discontinued after yields appeared to be optimized within £ 50 mV
(entry 5, if present).

Optimization details for each of the products are summarized in Figures 3B.5 and 3B.6.
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/©/\/\Ph ©/\/\Ph /@/\/\Ph
Et0,C MeO

1a 1b 1c

Entry Applied potential (V vs Fc/Fc*)  Yield (%) Entry Applied potential (V vs Fc/Fc*)  Yield (%) Entry Applied potential (V vs Fc/Fc*)  Yield (%)

1 —1.31 (E) 62 1 ~1.31 (E%'2,) 61 1 ~1.31 (E%',) 52
2 —1.55 (E”yn) 0 2 —1.55 (E”yn) 54 2 —1.55 (E%yn) 73
3 _1.25 81 3 ~1.25 69 3 ~1.50 92
4 -1.40 45 4 -1.35 76 4 -1.60 55
5 -1.20 62 5 -1.40 88 5 —1.45 75
Vi Ph
| X Ph | X Ph
N7 MeO” N7 A
e
1d 1e O;K 1f

Entry Applied potential (V vs Fc/Fc*)  Yield (%) Entry Applied potential (V vs Fc/Fc*)  Yield (%) Entry Applied potential (V vs Fc/Fc*)  Yield (%)

1 ~1.31 (E*',) 0 1 ~1.31 (E°'20) 61 1 —1.31 (E%',) 57
2 ~1.55 (E*'vin) 35 2 ~1.55 (E°'vin) 54 2 —1.55 (E*'vn) 50
3 -1.60 50 3 -1.25 51 3 -1.25 30
4 -1.65 67 4 -1.40 78 4 -1.40 90
5 -1.70 40 5 -1.45 72 5 -1.50 59

Figure 3B.5. Optimization for electrochemical XEC reactions of alkyl Katritzky salt 1 with aryl bromides.
Yields were determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard.

; s¥e, e
EtO,C 2a

2b 2c

Entry Applied potential (V vs Fc/Fc*)  Yield (%) Entry Applied potential (V vs Fc/Fc*)  Yield (%) Entry Applied potential (V vs Fc/Fc*)  Yield (%)

1 131 (E720) 99 1 131 (E"20) 7 1 131 (E7zn) 82
2 —1.55 (E®'mn) 64
2 ~1.55 (E°'vn) 99 3 -1.25 55 2 ~1.55 (E°'vin) 83
4 -1.40 84
3 -1.30 99 5 -1.50 66 3 -1.50 92
o o o)
| X | X FsC ‘ X
N/2d FaC /Nze " /2f

Entry Applied potential (V vs Fc/Fc*)  Yield (%) Entry Applied potential (V vs Fc/Fc*)  Yield (%) Entry Applied potential (V vs Fc/Fc*)  Yield (%)

1 —1.31 (E*'z,) 33 1 -1.31 (E*2,) 19 1 —1.31 (E%21) 76

2 -1.55 (E° 9 2 -1.55 (E°! 16
%5 (€M) (E”n) 2 ~1.55 (E°'vin) 56

3 -1.25 31 3 -1.25 46
3 -1.25 88

4 -1.40 38 4 -1.40 20
5 -1.45 44 5 -1.20 26 4 -1.15 92

Figure 3B.6. Optimization for electrochemical XEC reactions of alkyl Katritzky salt 2 with aryl bromides.
Yields were determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard.
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& Current dropped to < 20 pA after 24 h of electrolysis, and the reaction was manually stopped; 2 F/mol of
charge was passed.

Table 3B.6. Zn salt effects in the cross-coupling of Katritzky salts with aryl halides. ?

OO\ Ph gy NiCly(dme)/Bubpy (7 mol%) oiBu Bu '
N‘® A . /©/ - KPFg (1.0 equiv), DII\/I-A, rt D __ :
_ Et0,C Ni foam (=) | Fe (+), undivided cell 3 \ /) :

Ph o Ph constant potential - _'\‘!Bubp'\)l( |
1.4 equiv g:g emqm”i;’l """""""""""
Entry A‘Z@"\‘f: Fp;f:f)'a' M;S:rg"’r"?;;e A—H (%) Yield (%)
-1.31 102 0 99
2 -1.55 100 0 99
3° -1.55 98 56 42
4° Zn instead of e-chem 100 82 0
5°¢ Mn instead of e-chem 103 0 99
6°d Mn instead of e-chem 99 0 99
7he Mn instead of e-chem 101 52 44

2Yields were determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as
the internal standard. Ar—H represents the proto-dehalogenation byproduct. ® ZnCl, (1.0
equiv) was added. © No KPFg, the reaction was conducted at 0.1 mmol scale using Zn
or Mn (2 equiv) as the reductant.  KPFe (1.0 equiv) was added.

3B.VI. General Procedures for Reductive Coupling of Katritzky Salts with Aryl Halides

Reductive coupling of Katritzky salts with aryl halides using Zn or Mn reductant

Ph/\/\ O/ NiCly(dme)/Butpy (10 mol%)
R
Zn/Mn (2.0 equiv)

DMA, 60 °C,17h

1.0 equiv
0.1 mmol

1.4 equiv

In a nitrogen-filled glove box, NiCl>(dme) (2.2 mg, 10 mol%), ‘Butpy (4.0 mg, 10 mol%), and
DMA (1 mL) were added to a 1-dram vial. This solution was stirred at 800 rpm in the glove box
for 30 min to allow complexation of Ni with the ligand, followed by sequential addition of 2,4,6-

triphenyl-1-(3-phenylpropyl)pyridin-1-ium tetrafluoroborate (72 mg, 0.14 mmol, 1.4 equiv), aryl

bromide (0.1 mmol, 1.0 equiv) and Zn powder (13 mg, 0.2 mmol, 2.0 equiv) or Mn powder (11
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mg, 0.2 mmol, 2.0 equiv). The vial was capped with a screw cap fitted with a PTFE-faced silicone
septum, then removed from the glove box and heated in a sand bath to 60 °C with stirring (1000
rpm) for 17 h. The reaction mixture was then cooled to room temperature and diluted with DMA
(2 mL). 1,3,5-Trimethoxybenzene (5.6 mg, 0.033 mmol, 0.33 equiv) was added to the crude
material. Then a 100 uL aliquot of the solution was filtered through a 2-cm silica gel plug in a
Pasteur pipette into a vial. 400 pL CDClIz was also added to the pipette and eluted into the same
vial. The resultant sample was analyzed by *H NMR spectroscopy and the yields were determined

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

o Ph it 4
O\ ~CIBr . . . o :Bu Bu}
S ‘ NiCly(dme)/‘Bubpy (7 mol%) \ — !
Ne + R'—t X /2 |
- % Zn/Mn (2.0 equiv) R ; N/
Ph™ O Ph DMA, 1t, 17 h L I =N N !
BF4 ! -

1.0 equiv
0.1 mmol

1.4 equiv

In a nitrogen-filled glove box, NiCl>(dme) (1.54 mg, 7 mol%), ‘Bubpy (1.88 mg, 7 mol%), and
DMA (1 mL) were added to a 1-dram vial. This solution was stirred at 800 rpm in the glove box
for 30 min to allow complexation of Ni with the ligand, followed by sequential addition of 2,4,6-
triphenyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-1-ium tetrafluoroborate (67 mg, 0.14 mmol, 1.4
equiv), aryl bromide or aryl chloride (0.1 mmol, 1.0 equiv) and Zn powder (13 mg, 0.2 mmol, 2.0
equiv) or Mn powder (11 mg, 0.2 mmol, 2.0 equiv). The vial was capped with a screw cap fitted
with a PTFE-faced silicone septum, then removed from the glove box and stirred (1000 rpm) at
room temperature for 17 h. The reaction mixture was then diluted with DMA (1 mL). 1,3,5-
Trimethoxybenzene (5.6 mg, 0.033 mmol, 0.33 equiv) was added to the crude material. Then a

100 pL aliquot of the solution was filtered through a 2-cm silica gel plug in a Pasteur pipette into

a vial. 400 pL CDCIs was also added to the pipette and eluted into the same vial. The resultant
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sample was analyzed by H NMR spectroscopy and the yields were determined using 1,3,5-
trimethoxybenzene as the internal standard.
Electrochemical reductive coupling of Katritzky salts with aryl halides

gr NiCly(dme)/Butpy (10 mol%)
ph/\/\ . R KPFg (1.0 equiv), DMA, 60 °C
Ni foam (=) | Fe (+), undivided cell

constant potential

1.0 equiv

1.4 equiv
0.5 mmol

General Procedure 1 (GP 1): In a nitrogen-filled glove box, NiCl>(dme) (11 mg, 10 mol%),

‘Butpy (20 mg, 10 mol%), and DMA (5 mL) were added to a 2-dram vial. This solution was stirred
at 800 rpm in the glove box for 30 min to allow complexation of Ni with the ligand. To an
undivided cell (Figure 3B.4) fitted with a cross-shaped stir bar was added KPFg (92 mg, 0.5 mmol,
1.0 equiv, unless otherwise noted), 2,4,6-triphenyl-1-(3-phenylpropyl)pyridin-1-ium
tetrafluoroborate (360 mg, 0.7 mmol, 1.4 equiv), and aryl bromide (0.5 mmol, 1.0 equiv) under
air. The cell was transferred into the glove box, followed by addition of the catalyst solution and
installation of a Ni foam cathode, a Ag/AgNOs reference electrode, and an Fe rod anode. The cell
was then sealed with a rubber septum before removing from the glove box. A thin Teflon tube was
introduced immediately into the cell to allow continuous nitrogen bubbling. The reaction mixture
was stirred at 1000 rpm for 10 min to allow full dissolution of all reagents and exclusion of
adventitious oxygen. After that, the Teflon tube was removed, and the top of the rubber septum
was sealed with silicone gel. The reaction mixture was electrolyzed under the desired constant
potential for 10-17 h at 60 °C with stirring (800 rpm). The reaction was automatically stopped by
the potentiostat after the desired amount of charge (specified in Section 3B.VI11 for each product)
was passed. Upon reaction completion, the reaction mixture was cooled to room temperature and

diluted with water (25 mL). The solution was extracted with ethyl acetate (50 mL x 2) and the
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organic layers were combined and washed with brine (50 mL). The resultant organic solution was
dried over anhydrous Na>SOs, then concentrated in vacuo. The obtained residue was purified by

flash column chromatography.

O\ ClBr NiCl,(dme)/'Bubpy (7 mol%) o E Bu ‘Bu E
KPFg (1.0 equiv), DMA, rt | — .

Ni foam (=) | Fe (+), undivided cell _ N 1 7\ N E

constant potential R—C P E —N N ,

1.0 equiv

14
equiv 0.5 mmol

General Procedure 2 (GP 2): In a nitrogen-filled glove box, NiClo(dme) (7.7 mg, 7 mol%),

‘Bubpy (9.4 mg, 7 mol%), and DMA (5 mL) were added to a 2-dram vial. This solution was stirred
at 800 rpm in the glove box for 30 min to allow complexation of Ni with the ligand. To an
undivided cell (Figure 3B.4) fitted with a cross-shaped stir bar was added KPFg (92 mg, 0.5 mmol,
1.0 equiv, unless otherwise noted), 2,4,6-triphenyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-1-ium
tetrafluoroborate (335 mg, 0.7 mmol, 1.4 equiv), and aryl bromide or chloride (0.5 mmol, 1.0
equiv) under air. The cell was transferred into the glove box, followed by addition of the catalyst
solution and installation of a Ni foam cathode, a Ag/AgNOs reference electrode, and an Fe rod
anode. The cell was then sealed with a rubber septum before removing from the glove box. A thin
Teflon tube was introduced immediately into the cell to allow continuous nitrogen bubbling. The
reaction mixture was stirred at 1000 rpm for 10 min to allow full dissolution of all reagents and
exclusion of adventitious oxygen. After that, the Teflon tube was removed, and the top of rubber
septum was sealed with silicone gel. The reaction mixture was electrolyzed under the desired
constant potential for 10-17 h at room temperature with stirring (800 rpm). The reaction was
automatically stopped by the potentiostat after the desired amount of charge (specified in Section
3B.VIII for each product) was passed. Upon reaction completion, the reaction mixture was diluted

with water (25 mL) and extracted with ethyl acetate (50 mL x 2). The organic layers were
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combined and washed with brine (50 mL). The resultant organic solution was dried over anhydrous
Na>SOs, then concentrated in vacuo. The obtained residue was purified by flash column
chromatography.

3B.VII. Cyclic Voltammetry Studies

150
100
50
3 0
I
o 50 ——ZnBr2, DMF
>
0_100 ZnBr2, MeCN
MnBr2, DMF
-150 MnBr2, MeCN
-200
3 25 2 15 1 0.5 0

Potential (V vs Fc/Fc*)

Figure 3B.7. CVs of metal salts (10 mM) in DMF (5 mL) or MeCN (5 mL), with "BusNPFs (0.2 M) as
supporting electrolyte, under N, atmosphere, at room temperature, scan rate = 20 mV/s, initially scanning
towards a more negative potential.

Discussion: The CV of ZnBr, in DMF or MeCN displays an ill-defined redox couple with a
large peak-to-peak separation and a sharp oxidation peak, indicating poor Kinetics for the Zn redox
and Zn electroplating on the working electrode during the sweep. The CV traces of MnBr. are
fully irreversible, again indicating poor kinetics for Mn redox under CV conditions. Overall, these
results suggest that CV is not a reliable tool for measuring the thermodynamic potentials of Zn and

Mn, and the derived redox potentials thereby may not be appropriate for use in relevant studies.
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Figure 3B.8. CVs of [Ni(bpy):]Cl. (4 mM) in various organic solvents, with "BusNPFs (0.1 M) as
supporting electrolyte, under N, atmosphere, at room temperature, scan rate = 100 mV/s, initially scanning
towards a more negative potential.

Discussion: [Ni(bpy)s]Cl displays a fully reversible 2-electron redox couple in DMF, DMA,
and DMSO, but a slightly disrupted peak in DMPU, DMI, and MeCN, possibly due to solvent
coordination to Ni center. CV traces in NMP and THF are not reversible, which can again be
attributed to solvent coordination or a slow re-coordination process of chlorides and ligands back
to Ni center. Therefore, no half potentials can be derived from CV traces of [Ni(bpy)z]Cl. in NMP
and THF. Given these considerations, half-peak potentials instead of half potentials were reported

in Figure 3.3B for consistency.
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Current (pA)

-70 ——Ni catalyst
-80
-90
-100 —— Ni catalyst + 35 equiv alkyl bromide
-110

——Ni catalyst + 10 equiv alkenyl acetate

21 -2 -19 -18 -17 -16 -15 -14 -13 -12 -11 -1 -09
Potential (V vs Fc/Fc*)
Figure 3B.9. CVs of Ni/dmbpy catalyst in the presence or absence of substrates for cross-coupling of
alkenyl acetate with alkyl bromide. Black trace: Ni catalyst [5 mM NiBry(dme) + 7.5 mM 5,5'-dimethyl-
2,2'-bipyridine]. Blue trace: Ni catalyst + 10 equiv 1-phenylvinyl acetate. Green trace: Ni catalyst + 35
equiv ethyl 4-bromobutanoate. Red trace: Ni catalyst + 10 equiv 1-phenylvinyl acetate + 35 equiv ethyl 4-
bromobutanoate. All CVs were recorded in DMA (5 mL), with KPFs (0.1 M) as supporting electrolyte,
under N2 atmosphere, at 40 °C, scan rate = 20 mV/s, initially scanning towards a more negative potential.

0
-20
-40
_. -60
£
= -80
1=
® -100
= Ni catalyst
O -120
—— Ni catalyst + 20 equiv benzyl oxalate
-140
— Ni catalyst + 30 equiv aryl triflate
-160
—— Ni catalyst + 20 equiv benzyl oxalate + 30 equiv aryl triflate
-180
2.1 -1.9 -1.7 -1.5 -1.3 -1.1 -0.9

Potential (V vs Fc/Fc?)

Figure 3B.10. CVs of Ni/dppf/phen catalyst system in the presence or absence of substrates for cross-
coupling of benzyl oxalate with aryl triflate. Black trace: Ni catalyst [2.5 mM NiCl.(dppf) + 2.5 mM dppf
+ 0.5 mM 1,10-phenanthroline]. Blue trace: Ni catalyst + 20 equiv benzyl methyl oxalate. Green trace: Ni
catalyst + 30 equiv methyl 4-(((trifluoromethyl)sulfonyl)oxy)benzoate. Red trace: Ni catalyst + 20 equiv
benzyl methyl oxalate + 30 equiv methyl 4-(((trifluoromethyl)sulfonyl)oxy)benzoate. All CVs were
recorded in DMF (5 mL), with KPFg (0.1 M) as supporting electrolyte, under N, atmosphere, at 80 °C, scan
rate = 20 mV/s, initially scanning towards a more negative potential.
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3B.VIIIl. Compound Characterization Data
2,4,6-triphenyl-1-(3-phenylpropyl)pyridin-1-ium tetrafluoroborate (1)
Ph = l Ph

Ph\/\/N X
® TOBF,
Ph

The spectroscopic data matched those reported in the literature.®

IH NMR (500 MHz, CDCls) 6 7.81 (s, 2H), 7.72 (td, J = 6.8, 1.3 Hz, 6H), 7.60 — 7.44 (m, 9H),
7.09 —7.03 (m, 3H), 6.65 — 6.62 (M, 2H), 4.40 — 4.34 (m, 2H), 2.09 (t, J = 7.1 Hz, 2H), 1.84 — 1.74
(m, 2H).

13C NMR (126 MHz, CDCls) & 156.4, 155.9, 138.8, 134.1, 132.6, 132.0, 131.0, 129.7, 129.3,
128.9, 128.5, 128.2, 127.7, 126.8, 126.2, 54.3, 32.3, 30.7.

HRMS (ESI*) Calc: [M]* (Cs2H2sN) 426.2216; measured: 426.2206 = 2.3 ppm difference.

2,4,6-triphenyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-1-ium tetrafluoroborate (2)
Ph._~_Ph
Na |
ol
(0] Ph
The spectroscopic data matched those reported in the literature.®
'H NMR (500 MHz, CDCl3) 6 7.76 — 7.73 (m, 6H), 7.70 — 7.66 (m, 2H), 7.64 — 7.54 (m, 6H), 7.53
—7.48 (m, 1H), 7.42 (dd, J = 8.5, 7.1 Hz, 2H), 4.87 (tt, J = 12.4, 3.2 Hz, 1H), 3.74 — 3.68 (m, 2H),
2.79 (td, J=11.7, 1.8 Hz, 2H), 2.06 (dt, J = 12.5, 2.4 Hz, 2H), 1.87 (qd, J = 12.2, 4.3 Hz, 2H).
13C NMR (126 MHz, CDCl3) & 157.2, 155.3, 134.0, 133.8, 132.0, 131.1, 129.6, 129.4, 129.0,

128.3, 128.2, 69.1, 67.8, 33.8.

HRMS (ESI*) Calc: [M]" (C2sH26NO) 392.2009; measured: 392.2002 = 1.8 ppm difference.



181

ethyl 4-(3-phenylpropyl)benzoate (1a)

/@/\/\Ph
EtO,C

GP 1 was followed using ethyl 4-bromobenzoate (114 mg, 0.5 mmol, 1.0 equiv) under reductive
electrolysis (-1.25 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound following
purification by flash column chromatography (2:98 ethyl acetate:pentane) as a colorless oil (105
mg, 78% yield). The spectroscopic data matched those reported in the literature.

IH NMR (500 MHz, CDCl3) § 7.96 (d, J = 8.3 Hz, 2H), 7.31 — 7.14 (m, 7H), 4.36 (q, J = 7.1 Hz,
2H), 2.69 (t, J = 7.7 Hz, 2H), 2.64 (t, J = 7.7 Hz, 2H), 2.01 — 1.92 (m, 2H), 1.38 (t, J = 7.1 Hz,
3H).

13C NMR (126 MHz, CDCls) § 166.7, 147.7, 141.9, 129.7, 128.45, 128.39, 125.9, 60.8, 35.44,
35.36, 32.6, 14.4.

HRMS (ESI*) Calc: [M+H]" (C18H2102) 269.1536; measured: 269.1534 = 0.7 ppm difference.

1,3-diphenylpropane (1b)

@/\Aph

GP 1 was followed using bromobenzene (78 mg, 0.5 mmol, 1.0 equiv) under reductive electrolysis
(~1.40 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound following purification by flash
column chromatography (0:100 ethyl acetate:pentane) as a colorless oil (79 mg, 81% yield). This
is the corrected yield that excluded the inseparable alkyl dimer byproduct (1.5% with respect to
the product based on *H NMR). The spectroscopic data matched those reported in the literature.
IH NMR (500 MHz, CDCls) & 7.26 (dd, J = 8.1, 6.8 Hz, 4H), 7.19 — 7.13 (m, 6H), 2.67 — 2.61 (m,

4H), 2.00 — 1.90 (m, 2H).
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13C NMR (126 MHz, CDCls) § 142.4, 128.5, 128.4, 125.8, 35.5, 33.0.

HRMS (ESI*) Calc: [M+H]" (C16H17) 197.1325; measured: 197.1323 = 1.0 ppm difference.

1-methoxy-4-(3-phenylpropyl)benzene (1c)

/@/\/\Ph
MeO

GP 1 was followed using 1-bromo-4-methoxybenzene (94 mg, 0.5 mmol, 1.0 equiv) under
reductive electrolysis (-1.50 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound
following purification by flash column chromatography (1:99 ethyl acetate:pentane) as a colorless
oil (98 mg, 87% yield). The spectroscopic data matched those reported in the literature.*

IH NMR (500 MHz, CDCl3) § 7.30 — 7.24 (m, 2H), 7.20 — 7.14 (m, 3H), 7.12 — 7.06 (m, 2H), 6.82
(d, J = 8.5 Hz, 2H), 3.78 (s, 3H), 2.63 (t, J = 7.7 Hz, 2H), 2.59 (t, J = 7.6 Hz, 2H), 1.92 (tt, J = 9.3,
6.8 Hz, 2H).

13C NMR (126 MHz, CDCl3) 6 157.8, 142.4, 134.4, 129.3, 128.5, 128.3, 125.7, 113.8, 55.3, 35.4,
34.5, 33.2.

HRMS (ESI*) Calc: [M+H]" (C16H190) 227.1430; measured: 227.1427 = 1.3 ppm difference.

3-(3-phenylpropyl)pyridine (1d)

‘\ Ph

b

N
GP 1 was followed using 3-bromopyridine (79 mg, 0.5 mmol, 1.0 equiv), LiBr (87 mg, 1.0 mmol,
2.0 equiv) instead of KPFs as electrolyte, under reductive electrolysis (-1.65 V vs Fc/Fc, 3.0

F/mol), which furnished the title compound following purification by flash column
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chromatography (20:80 ethyl acetate:pentane) as a pale-yellow oil (59 mg, 60% vyield). The
spectroscopic data matched those reported in the literature.!

IH NMR (500 MHz, CDCls) § 8.44 (s, 2H), 7.46 (dt, J = 7.8, 2.0 Hz, 1H), 7.27 (dd, J = 8.2, 6.9
Hz, 2H), 7.21 — 7.14 (m, 4H), 2.63 (dt, J = 10.5, 7.7 Hz, 4H), 1.95 (tt, J = 9.3, 6.9 Hz, 2H).

13C NMR (126 MHz, CDCl3) & 150.0, 147.3, 141.7, 137.5, 135.8, 128.4, 126.0, 123.3, 35.3, 32.6,
32.5.

HRMS (ESI*) Calc: [M+H]" (C14H16N) 198.1277; measured: 198.1275 = 1.0 ppm difference.

2-methoxy-5-(3-phenylpropyl)pyridine (1e)

‘\ Ph

=

MeO N

GP 1 was followed using 5-bromo-2-methoxypyridine (94 mg, 0.5 mmol, 1.0 equiv) under
reductive electrolysis (-1.40 V vs Fc/Fc*, 3.0 F/mol), which furnished the title compound
following purification by flash column chromatography (30:70 ethyl acetate:pentane) as a pale-
yellow oil (85 mg, 75% yield). The spectroscopic data matched those reported in the literature.
IH NMR (500 MHz, CDCl3) § 7.99 (d, J = 2.5 Hz, 1H), 7.41 (dd, J = 8.4, 2.5 Hz, 1H), 7.32 — 7.23
(m, 2H), 7.23 — 7.15 (m, 3H), 6.69 (d, J = 8.3 Hz, 1H), 3.93 (s, 3H), 2.65 (t, 2H), 2.57 (t, J = 7.6
Hz, 2H), 1.96 — 1.87 (m, 2H).

13C NMR (126 MHz, CDCl3) 8 162.7, 146.0, 141.9, 139.0, 130.0, 128.44, 128.39, 125.9, 110.5,
53.4,35.2,32.8, 31.5.

HRMS (ESI*) Calc: [M+H]" (C1sH1sNO) 228.1383; measured: 228.1379 = 1.8 ppm difference.

1-(5-(3-phenylpropyl)-1H-indol-1-yl)ethan-1-one (1f)
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N
o=
GP 1 was followed using 1-(5-bromo-1H-indol-1-yl)ethan-1-one (119 mg, 0.5 mmol, 1.0 equiv)
under reductive electrolysis (-1.40 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound
following purification by flash column chromatography (10:90 ethyl acetate:pentane) as a yellow
oil (118 mg, 85% yield). The spectroscopic data matched those reported in the literature.®
IH NMR (500 MHz, CDCls) & 8.32 (d, J = 8.6 Hz, 1H), 7.38 (d, J = 3.7 Hz, 1H), 7.36 (s, 1H),
7.30 — 7.25 (m, 2H), 7.21 — 7.15 (m, 4H), 6.57 (d, J = 3.7 Hz, 1H), 2.74 (t, J = 7.7 Hz, 2H), 2.66
(t, J = 7.6 Hz, 2H), 2.61 (s, 3H), 2.03 — 1.96 (m, 2H).
13C NMR (126 MHz, CDCls) & 168.5, 142.4, 137.8, 134.0, 130.7, 128.5, 128.3, 125.9, 125.8,
125.3,120.3, 116.3, 109.1, 35.43, 35.37, 33.4, 23.9.

HRMS (ESI*) Calc: [M+H]" (C19H1sNONa) 300.1359; measured: 300.1354 = 1.7 ppm difference.

ethyl 4-(tetrahydro-2H-pyran-4-yl)benzoate (2a)

/&C)
EtO,C

GP 2 was followed using ethyl 4-bromobenzoate (114 mg, 0.5 mmol, 1.0 equiv) under reductive
electrolysis (-1.30 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound following
purification by flash column chromatography (4:96 ethyl acetate:pentane) as a white solid (111
mg, 95% vyield). The spectroscopic data matched those reported in the literature.

IH NMR (500 MHz, CDCl3) § 7.99 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 4.36 (q, J = 7.1
Hz, 2H), 4.12 — 4.05 (m, 2H), 3.53 (td, J = 11.6, 2.4 Hz, 3H), 2.82 (tt, J = 11.8, 4.2 Hz, 1H), 1.89

~1.73(m, 4H), 1.38 (t, J = 7.1 Hz, 3H).
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13C NMR (126 MHz, CDCl3) § 166.5, 151.0, 129.9, 128.7, 126.8, 68.2, 60.8, 41.7, 33.6, 14.4.

HRMS (ESI*) Calc: [M+H]" (C14H1903) 235.1329; measured: 235.1326 = 1.3 ppm difference.

4-(naphthalen-1-yl)tetrahydro-2H-pyran (2b)

GP 2 was followed using ethyl 1-bromonaphthalene (104 mg, 0.5 mmol, 1.0 equiv) under
reductive electrolysis (-1.40 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound
following purification by flash column chromatography (5:95 ethyl acetate:pentane) as a white
powder (87 mg, 82% yield). The spectroscopic data matched those reported in the literature.™

IH NMR (500 MHz, CDCls) & 8.12 (d, J = 8.4 Hz, 1H), 7.88 (dd, J = 8.0, 1.5 Hz, 1H), 7.74 (d, J
= 8.0 Hz, 1H), 7.55 — 7.44 (m, 3H), 7.41 (dd, J = 7.2, 1.3 Hz, 1H), 4.20 — 4.13 (m, 2H), 3.71 (td, J
=115, 2.5 Hz, 2H), 3.60 (tt, J = 11.5, 4.0 Hz, 1H), 2.04 — 1.88 (m, 4H).

13C NMR (126 MHz, CDCl3) 6 141.5, 134.0, 131.1, 129.1, 126.8, 125.9, 125.7, 125.4, 122.8,
122.6, 68.7, 36.7, 33.8.

HRMS (ESI*) Calc: [M+H]" (C15H170) 213.1274; measured: 213.1272 = 0.9 ppm difference.

4-(naphthalen-2-yl)tetrahydro-2H-pyran (2c)

GP 2 was followed using ethyl 1-bromonaphthalene (104 mg, 0.5 mmol, 1.0 equiv) under

reductive electrolysis (-1.50 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound
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following purification by flash column chromatography (10:90 ethyl acetate:pentane) as a white
solid (94 mg, 89% vyield). The spectroscopic data matched those reported in the literature.*

IH NMR (500 MHz, CDCls) § 7.79 (dd, J = 8.9, 2.9 Hz, 3H), 7.63 (s, 1H), 7.43 (dqd, J = 8.0, 6.8,
1.5 Hz, 2H), 7.36 (dd, J = 8.5, 1.8 Hz, 1H), 4.14 — 4.08 (m, 2H), 3.56 (td, J = 11.7, 2.2 Hz, 2H),
2.90 (tt, J = 11.9, 4.0 Hz, 1H), 1.97 — 1.80 (m, 4H).

13C NMR (126 MHz, CDCl3) 6 143.3, 133.7, 132.3, 128.1, 127.7, 127.6, 126.0, 125.7, 125.4,
124.8, 68.5, 41.7, 33.9.

HRMS (ESI*) Calc: [M+H]" (C15H170) 213.1274; measured: 213.1273 = 0.5 ppm difference.

3-(tetrahydro-2H-pyran-4-yl)quinoline (2d)

GP 2 was followed using 3-bromoquinoline (104 mg, 0.5 mmol, 1.0 equiv) under reductive
electrolysis (-1.45 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound following
purification by flash column chromatography (50:50 ethyl acetate:pentane) as a white solid (41
mg, 38% yield). This is the corrected yield that excluded the inseparable aryl dimer byproduct (6%
with respect to the product based on *H NMR). The spectroscopic data matched those reported in
the literature.’

IH NMR (500 MHz, CDCls) 5 8.84 (d, J = 2.2 Hz, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 2.2
Hz, 1H), 7.80 (dd, J = 8.1, 1.4 Hz, 1H), 7.68 (ddd, J = 8.5, 6.8, 1.4 Hz, 1H), 7.54 (t, J = 7.5 Hz,
1H), 4.18 — 4.11 (m, 2H), 3.60 (td, J = 11.5, 2.7 Hz, 2H), 2.99 (it, J = 11.6, 4.4 Hz, 1H), 2.00 —

1.85 (m, 4H).
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13C NMR (126 MHz, CDCl3) 6 150.9, 147.2,138.2, 132.5, 129.2, 128.9, 128.2, 127.6, 126.7, 68.2,
39.2, 33.6.

HRMS (ESI*) Calc: [M+H]" (C14H1sNO) 214.1226; measured: 214.1224 = 0.9 ppm difference.

2-(tetrahydro-2H-pyran-4-yI)-5-(trifluoromethyl)pyridine (2e)

GP 2 was followed using 2-bromo-5-(trifluoromethyl)pyridine (113 mg, 0.5 mmol, 1.0 equiv),
LiBr (87 mg, 1.0 mmol, 2.0 equiv) instead of KPFg as electrolyte, under reductive electrolysis (—
1.25 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound following purification by flash
column chromatography (33:67 ethyl acetate:pentane) as a pale-yellow oil (39 mg, 42% vyield).
IH NMR (400 MHz, CDCl3) & 8.83 —8.79 (m, 1H), 7.89 — 7.84 (m, 1H), 7.30 (d, J = 8.2 Hz, 1H),
4.15—4.07 (m, 2H), 3.56 (td, J = 11.5, 2.8 Hz, 2H), 3.04 (tt, J = 11.2, 4.5 Hz, 1H), 1.98 — 1.83 (m,
4H).

13C NMR (126 MHz, CDCls) § 168.3 (d, J = 1.5 Hz), 146.3 (q, J = 4.1 Hz), 133.7 (9, J = 3.5 H2),
124.6 (g, J = 33.0 Hz), 123.7 (q, J = 272.1 Hz), 120.6, 67.9, 43.5, 32.1.

19F NMR (377 MHz, CDCl3) § -62.28.

HRMS (ESI*) Calc: [M+H]" (C11H13F3NO) 232.0944; measured: 232.0941 = 1.3 ppm difference.

4-(tetrahydro-2H-pyran-4-yl)-2-(trifluoromethyl)pyridine (2f)

(0]
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GP 2 was followed using 4-chloro-2-(trifluoromethyl)pyridine (91 mg, 0.5 mmol, 1.0 equiv) under
reductive electrolysis (-1.15 V vs Fc/Fc*, 2.5 F/mol), which furnished the title compound
following purification by flash column chromatography (33:67 ethyl acetate:pentane) as a
colorless oil (102 mg, 88% yield).

IH NMR (400 MHz, CDCl3) & 8.65 (d, J = 5.0 Hz, 1H), 7.55 (s, 1H), 7.36 (d, J = 5.1 Hz, 1H),
4.16 — 4.07 (m, 2H), 3.62 — 3.49 (m, 2H), 2.95 — 2.82 (m, 1H), 1.90 — 1.77 (m, 4H).

13C NMR (126 MHz, CDCl3) § 156.4, 150.2, 148.5 (q, J = 34.1 Hz), 124.7, 121.6 (q, J = 274.3
Hz), 119.0 (g, J = 2.8 Hz), 67.8, 40.9, 32.8.

F NMR (377 MHz, CDCls) 6 -67.96.

HRMS (ESI*) Calc: [M+H]" (C11H13sF3NO) 232.0944; measured: 232.0941 = 1.3 ppm difference.
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3B.X. NMR Spectra of Compounds
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Appendix C. Supporting Information for Chapter 4

4C.1. General Experimental Considerations
Solvents and reagents

All reagents were purchased from commercial sources and used as received without further
purification. Starting materials (heteroaryl and aryl halides) were purchased from MilliporeSigma,
Alfa Aesar, Thermo Scientific, Ambeed, AstaTech, and Combi-Blocks, or supplied by GSK.
Nickel(I1) bromide ethylene glycol dimethyl ether complex (NiBrz(dme)) was purchased from
MilliporeSigma. (2,2'-Bipyridine)nickel(Il) dibromide ((bpy)NiBrz) was purchased from
AstaTech. Ligands were purchased from MilliporeSigma, TCI America, and Alfa Aesar. Ammonia
solution (2.0 M in methanol) was purchased from Thermo Scientific. The Turbo Grignard reagent
(‘PrMgCI-LiCl, 1.3 M in THF) was purchased from MilliporeSigma. Metal reductants, Zn powder
(average 4—7 micron), Mn powder (-325 mesh), and Mg powder (-325 mesh), were purchased
from MilliporeSigma or Alfa Aesar. Organic reductant, tetrakis(dimethylamino)ethylene (TDAE),
was purchased from MilliporeSigma. Anhydrous salt additives (LiCl, LiBr, Lil, Nal, MgCl,
FeBr2, ZnClz, ZnBr2) were purchased from MilliporeSigma or Thermo Scientific. All reductants
and metal salts were stored and handled in a nitrogen-filled glove box and used as-is. Anhydrous
solvents (DMF, DMA, NMP, DMI, DMSO, 1,4-dioxane, THF) were purchased from
MilliporeSigma and stored over activated 4 A molecular sieves in a nitrogen-filled glove box.
Characterization of products

All proton (*H), carbon (*3C), and fluorine (**F) nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker 400 MHz at 25 °C (*H 400.1 MHz, *C 100.6 MHz, *°F 376.5 MHz) or
a Bruker 500 MHz at 25 °C (*H 500.1 MHz, *C 125.7 MHz, ‘°F 470.6 MHz), using CDClI3 (99.8

atoms% D, contains 0.03-1% (v/v) TMS) as the solvent. Chemical shifts are given in parts per
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million (ppm) relative to residual solvent peaks in the *H and *3C NMR spectra or are referenced
as noted. An absolute referencing method was used for °F NMR chemical shifts, based on the
frequency of solvent peaks in the *H NMR spectra. The following abbreviations (and their
combinations) are used to label the multiplicities: s (singlet), d (doublet), t (triplet), m (multiplet)
and br (broad). High-resolution mass spectra were obtained using a Thermo Q ExactiveTM Plus
in the mass spectrometry facility at the University of Wisconsin (data were collected by facility
staff). Automatic normal phase column chromatography was performed using reusable Silicycle
SiliaSep premium cartridges (40 g, 25 pm) on a Biotage® Selekt. Thin-layer chromatography
(TLC) was performed on Silicycle silica gel UV254 pre-coated plates (0.25 mm). Visualization of
the developed chromatogram was performed by using UV lamps (254 nm) or KMnQOyj stain.
4C.11. Reaction Optimization

Evaluation of Ni-catalyzed heteroaryl-aryl XEC with informer library

1N X Br = ) ! %Rz
Rghe  + N TR Zn reductant SN
ol n reductan R—Thet
1 2 =

3
0.15 mmol each

Reaction setup: In a nitrogen-filled glove box, NiBr2(bpy) (5.6 mg, 10 mol%), heteroaryl

chloride 1 (0.15 mmol, 1.0 equiv), aryl bromide 2 (0.15 mmol, 1.0 equiv), DMF (1 mL), and Zn
powder (19.5 mg, 0.30 mmol, 2.0 equiv) were sequentially added to a 1-dram vial equipped with
a PTFE-coated stir-bar. The vial was capped with a screw cap fitted with a PTFE-faced silicone
septum, then removed from the glove box and heated in a sand bath at 60 °C with stirring (1100
rpm) for 17 h.

For reactions using heteroaryl chlorides containing more than one nitrogen atom in the ring,

FeBr2 (9.7 mg, 0.075 mmol, 0.30 equiv) was added before the addition of Zn powder.
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Work-up for NMR analysis: After 17 h, the reaction mixture was cooled to room temperature

and quenched with 2 M NHaz/methanol solution (1 mL). The resultant mixture was stirred at 800
rpm for 30 min. A stock solution of 1,3,5-trimethoxybenzene was prepared (0.5 M), and 100 pL
of this stock solution (0.33 equiv relative to substrate) was added to the crude material. Then a 100
pL aliquot of the solution was diluted with 600 pL CDClz and filtered through a syringe filter
(PVDF membrane, 0.22 um pore size, 13 mm diameter) into an NMR sample tube. The resultant
sample was analyzed by *H NMR spectroscopy and yields were determined using 1,3,5-
trimethoxybenzene as the internal standard.

Table 4C.1. Results of XEC reactions under adapted literature condition using informer library
substrates.?

MeO OMe
= = Z N
(bpy)NiBr; (10 mol%) = Q\ m (\J\ /©/
A Br~ FeBr, (0 or 30 mol%) 1 R2 N™ ClI N™ ~CI N™ CINg  Br
1_0 12 > !
R'—rHet + TR N 1a 1b 1
= al N Zn (2 equiv), DMF

N c 2a
11,
60 °C, N, 17h el PMP\KN [/N‘ MeO._~ ‘ AN CO,Et
1 2 3 W N j\ N XE
N)\ Nl N> el Br
1e 1f 2b

0.15 mmol each Cl
1d

Cross-coupled

Entry 1 2 Conversion of 1/2 (%) Dimer of 1 (%) Dimer of 2 (%) product (%)
1 la 2a 100/100 20 22 62
2 la 2b 100/100 32 33 35
3 1b 2a 100/100 45 46 10
4 1b 2b 100/100 42 43 14
5P 1c 2a 95/100 30 9 19
6 1c 2b 97/100 22 25 40
7° 1d 2a 100/100 23 10 12
8P 1d 2b 100/100 11 18 44
o° le 2a 65/64 10 6 13
10 le 2b 100/100 15 24 49

11°¢ 1f 2a N.A./56 \ 2.5 3

120¢ 1f 2b N.A./100 \ 3 10

2 Yields are determined by 'H NMR spectroscopy of the crude reaction mixture using 1,3,5-
trimethoxybenzene as an internal standard. Yields of homo-coupled dimers are reported with respect to the
stoichiometry of the reaction, i.e., the maximal theoretical yield is 50%. Added 30 mol% FeBr; in entries
5-12. * Proto-dehalogenation products accounted for the remaining mass of 2. *NMR signals of 1f and its
dimer overlap with solvent peaks in the crude NMR.
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Discussion: Dimers and/or proto-dehalogenation products from 1c—1e may be ligated to Ni or
Zn ions in the reaction mixture and may not be completely extracted by the NHs/methanol solution
during work-up. Prolonged stirring of the reaction mixture after the addition of NHz/methanol
solution may result in displacement of —CI with —NH> on the heteroaryl chloride due to NHz attack,
likely via a nucleophilic aromatic substitution pathway. Additionally, control experiments in the
absence of the Ni catalyst showed that certain heteroaryl chlorides slowly decomposed at 60 °C in
the reaction mixture. Together, these factors may account for the poor mass balances of the
heteroaryl chlorides in some cases. Similar phenomena were observed in the experiments
described in the following sections.

General Procedure for optimization of condition A

Reaction setup: In a nitrogen-filled glove box, NiBrz(dme) (4.6 mg, 10 mol%, or otherwise

noted), ligand (10 mol%, or otherwise noted), and DMF (1 mL, or otherwise noted) were added to
a 1-dram vial equipped with a PTFE-coated stir-bar. This solution was stirred at 800 rpm in the
glove box for 30 min to allow complexation of Ni with the ligand, followed by sequential addition
of 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv), ethyl 4-bromobenzoate (24 pL, 0.15 mmol,
1.0 equiv) and Zn powder (19.5 mg, 0.30 mmol, 2.0 equiv). The vial was capped with a screw cap
fitted with a PTFE-faced silicone septum, then removed from the glove box and heated in a sand
bath at 60 °C with stirring (1100 rpm) for 17 h.

Work-up for NMR analysis: After 17 h, the reaction mixture was cooled to room temperature

and quenched with 2 M NHs/methanol solution (1 mL). The resultant mixture was stirred at 800
rpm for 30 min. A stock solution of 1,3,5-trimethoxybenzene in DMF was prepared (0.5 M), and
100 pL of this stock solution (0.33 equiv relative to substrate) was added to the crude material.

Then a 100 uL aliquot of the solution was diluted with 600 pL CDCl3 and filtered through a syringe
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filter (PVDF membrane, 0.22 pum pore size, 13 mm diameter) into an NMR sample tube. The

resultant sample was analyzed by *H NMR spectroscopy and yields were determined using 1,3,5-

trimethoxybenzene as the internal standard.

Bu 'Bu
7 N\ 7 N\ o 7 N\ 7 N\
=N N/ =N \N / =N N4 =N }\1 {
L1 L2 L3 L4
MeO,C CO,Me /\ _ 7\ /N —
/7\ \7/ =N }\1 / =N \N % =N \N %
N N Br Br
L7 L8 L9 L10
MeO OMe Ph Ph
7N (T 7N 7N 7N
=N }\1 / =N \N / =N }\1 / =N }\1 /
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I\ /N Bu 'Bu Bu 'Bu
I\
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Figure 4C.1. Ligands used for optimization of conditions A and B.
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Table 4C.2. Ligand evaluation for condition A.?

Br. COZEt
| X \©\ NiBry(dme)/L (10 mol%)

+
N7 e CO,Et  Zn (2 equiv), DMF B

! CO,Et

EtO,C ‘

60 °C, N5, 17 h _N
1a 2b 3ab 2bb
1 equiv 1 equiv
Entry Ligand laa (%) 2bb (%) 3ab (%)  Cross-selectivity
1 L1 34 34 35 1:2.0
2 L2 33 32 37 1:1.8
3 L3 29 27 47 1:1.2
4 L4 22.5 25 37 1:1.3
5 L5 31 30 39 1:1.6
6 L6 17 15 62 1.9:1
7 L7 33 39 17 1:4.2
8 L8 32 29 34 1:1.8
9 L9 25 17 50 1.2:1
10 L10 27 27 48 1:1.1
11 L16 36 35 18 1:4.0
12 L17 37 38 19 1:4.0
13 L19 20 12.5 53 1.6:1
14 L23 45 40 15 1:5.7
15 L24 30 25 40 1:14

2Yields are determined by *H NMR spectroscopy of the crude reaction mixture using 1,3,5-
trimethoxybenzene as an internal standard. Cross-selectivity is defined as 3ab NMR
yield:(1aa NMR yield + 2bb NMR vyield). Yields of homo-coupled dimers are reported
with respect to the stoichiometry of the reaction, i.e., the maximal theoretical yield is 50%.
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Table 4C.3. Further optimization and control reactions for condition A.2

B CO,Et CO,Et
r .
| X . \©\ NiBry(dme)/L6 (7 mol%) O
N7 el CO,Et 2N (2equiv), DMF A O
60 °C, Ny, 17 h _N O.C
1a 2b 3ab 2 2bb
1 equiv 1 equiv
Entry Variation from above laa (%) 2bb (%) 3ab (%) Cross-selectivity
1 none 9 55 83 5.7:1
2 10 mol% Ni catalyst, 2 mL DMF 9 8 73 4.3:1
3 5 mol% Ni catalyst 12 9 78 3.7:1
4° w/o ligand, 48 h 0 0 0 /
5¢ w/o Ni salt, 48 h 0 0 0 /
6° w/o Ni salt and ligand, 48 h 0 0 0 /
79 w/o Ni salt; 7 mol% ZnBr», 48 h 0 0 0 /
8° added 1 equiv BHT 12 7 82 4.3:1
9°  added 1 equiv 1,1"-diphenylethylene 8.5 3 86 7.4:1

2 Yields are determined by 'H NMR spectroscopy of the crude reaction mixture using 1,3,5-
trimethoxybenzene as an internal standard. Cross-selectivity is defined as 3ab NMR vyield:(1laa NMR
yield + 2bb NMR vyield). Yields of homo-coupled dimers are reported with respect to the stoichiometry
of the reaction, i.e., the maximal theoretical yield is 50%. ° 20% ethyl benzoate observed, 80% 2b and
100% 1a remained unreacted. ¢ No conversion. ¢ 3% ethyl benzoate observed, 97% 2b and 100% 1la
remained unreacted. ® 100% of the added radical scavenger remained intact after reaction.
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Table 4C.4. Results of XEC reactions under condition A using informer library substrates.?

Q Meof\/t f -
P A /@F
‘ condmon A TR?2 Br
RW—Het AN @
1
cl R'—Het PMP. \ CO,Et
3 - J\ XEC

o 15 mmol each 1': Cl
Entry 1 2 Conversion of 1/2 (%) Dimer of 1 (%) Dimer of 2 (%) Cross-coupled
product (%)

1 la 2a 100/100 15 2 92

2 la 2b 100/100 9 5.5 83

3 1b 2a 100/100 1 2.5 76

4 1b 2b 100/100 13 11 68

5P 1c 2a 70/62 4 4 2

6° 1c 2b 100/100 3.5 15 68

7¢ 1d 2a 100/100 22 10 11

8¢ 1d 2b 100/100 19 16 17

9¢ le 2a 25/30 10 2 0

10 le 2b 100/100 0 7 82
11%° 1f 2a N.A./54 N.A. 0 17
12¢¢ 1f 2b N.A./100 N.A. 15 65

2 Yields are determined by H NMR spectroscopy of the crude reaction mixture using 1,3,5-
trimethoxybenzene as an internal standard. Used 10 mol% Ni catalyst and added 30 mol% FeBr; in entries
5-12. P 28% pyrimidine byproduct was observed. ¢ Proto-dehalogenation products accounted for the
remaining mass of 2.9 Proto-dehalogenation products accounted for the remaining mass of both substrates.
* NMR signals of 1f and its dimer overlap with solvent peaks in the crude NMR.

General Procedure for optimization of Condition B

Reaction setup: In a nitrogen-filled glove box, NiBrz(dme) (4.6 mg, 10 mol%), ligand (10

mol%), and solvent (1 mL, or otherwise noted) were added to a 1-dram vial equipped with a PTFE-
coated stir-bar. This solution was stirred at 800 rpm in the glove box for 30 min to allow
complexation of Ni with the ligand, followed by sequential addition of 2-chloropyrimidine (17.2
mg, 0.15 mmol, 1.0 equiv), bromobenzene (15.7 uL, 0.15 mmol, 1.0 equiv) or 4-bromoanisole

(18.8 pL, 0.15 mmol, 1.0 equiv), FeBr2 (9.7 mg, 0.075 mmol, 0.30 equiv), salt additive, and the
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reductant. The vial was capped with a screw cap fitted with a PTFE-faced silicone septum, then
removed from the glove box and heated in a sand bath at 60 °C with stirring (1100 rpm) for 17 h.

Work-up for NMR analysis: After 17 h, the reaction mixture was cooled to room temperature

and quenched with 2 M NHz/methanol solution (1 mL). The resultant mixture was stirred at 800
rpm for 30 min. A stock solution of 1,3,5-trimethoxybenzene was prepared (0.5 M), and 100 pL
of this stock solution (0.33 equiv relative to substrate) was added to the crude material. Then a 100
pL aliquot of the solution was diluted with 600 pL CDCl3 and filtered through a syringe filter
(PVDF membrane, 0.22 um pore size, 13 mm diameter) into an NMR sample tube. The resultant
sample was analyzed by 'H NMR spectroscopy and the yields were determined using 1,3,5-

trimethoxybenzene as the internal standard.
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Table 4C.5. Ligand evaluation for condition B.?

\ Br NiBr,(dme)/L (10 mol%) N7 |
N FeBr, (30 mol%) N N x>
‘ /)\ + B X N
N > al Zn (2 equiv), DMF \ \
1c 3ce 1cc

60 °C, N5, 17 h
2e
1 equiv 1 equiv

2ee

Entry Ligand lcc (%) 2ee (%) 3ce (%) Cross-selectivity

1 L1 7 6 30 /

L2 5 7 42 /
3 L3 11 3.5 13 /
4 L6 20 20 2 /
5 L11 7 0 25 /
6 L12 11 \ 21 /
7 L13 6.5 4 40 /
8 L14 1 24 39 /
9 L15 9 6 32 /
10 L17 2 7 37 /
11 L18 7 2 26 /
12 L20 3 0 18 /
13 L21 0 0 2 /
14 L22 2.5 2 24 /
15 L24 3 3.5 30 /

2 Yields are determined by *H NMR spectroscopy of the crude reaction mixture using
1,3,5-trimethoxybenzene as an internal standard. Yields of homo-coupled dimers are
reported with respect to the stoichiometry of the reaction, i.e., the maximal theoretical
yield is 50%. 30-80% 2e and 0-55% 1c remained unreacted, varying due to different
ligands used. Proto-dehalogenation side products also accounted for some of the mass
balance. Therefore, cross-selectivity is not reported.
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Table 4C.6. Screening of reductants, additives, and solvents for condition B.?

Br NiBry(dme)/L2 (10 mol%)
| ~N FeBr, (30 mol%)
At
N~ el salt additive

reductant, solvent

2e 60 °C, Ny, 17 h
1 equiv 1 equiv
Entry '?ggg::/’;a R?S;;gm Solvent 1c (%) 1cc (%) 2e (%) 2ee (%) 3ce (%)
1 none Zn (2) DMF 0 5 33 7 42
2 none Mn (2) DMF 0 3 30 16 40
3 none TDAE (1.4) DMF 50 6.5 53 2 36
4 none TDAE (2.0) DMF 50 6 52 5 31
5P LiCl (2) TDAE (1.4) DMF 78 2.5 N.A. 0 5
6° LiBr (2) TDAE (1.4) DMF 35 6 N.A. 0 40
7°  MgCl (2) TDAE (1.4) DMF 58 0 57 0 0
8 Nal (2) TDAE (1.4) DMF 29 11 48 6 44
9° Nal (2) TDAE (2.4) DMF 20 7.5 36 7 50
10 Nal (3) TDAE (1.4) DMF 20 9.5 32 7.5 54
11 Nal (3) TDAE (1.4) DMA 15 10 40 8 54
12 Nal (3) TDAE (1.4) NMP 115 11 15 10 63
13 Nal (3) TDAE (1.4) DMI 10.5 12.5 10 13.5 56
14 Nal (3) TDAE (1.4) DMSO 69 5 55 0 8
15° Nal (3) Zn (2) DMF 0 17 0 13 51
16 Nal (3) TDAE (1.4)  1,4-dioxane 0 2.5 0 4 88
17¢ Nal (3) TDAE (1.2) 1,4-dioxane 0 2 0 3 90

2 Yields are determined by H NMR spectroscopy of the crude reaction mixture using 1,3,5-
trimethoxybenzene as an internal standard. Yields of homo-coupled dimers are reported with respect to the
stoichiometry of the reaction, i.e., the maximal theoretical yield is 50%. ® Benzene as the major side product
from 2e. ¢ Injected 1 equiv TDAE after 17 h and stirred for an additional 7 h. ¢ Used 2 mL dioxane instead
of 1 mL.
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Table 4C.7. Further optimization and control reactions for condition B.?

Br NiBry(dme)/L2 (10 mol%) OMe
fN \©\ FeBr, (30 mol%), Nal (3 equiv)
+
N/)\CI OMe TDAE (1.2 equiv), dioxane (2 mL) \H\
/ MeO
1cc

60 °C, Ny, 17 h
2a
1 equiv 1 equiv
Entry Variation from above 1c (%) lcc (%) 2a (%) 2aa (%) 3ca (%) Cros.sj
selectivity
1 none 0 2 0 5 91 13:1
2 4 equiv Nal 0 1.5 0 7.5 86 9.6:1
3 2 equiv Nal 0 3.5 0 5 90 10.6:1
4 1 equiv Nal 29 4.5 46 0 45 /
5 w/o Nal 65 4.5 86 0 15 /
6 w/o FeBr: 55 3.5 78 0 24 /
TDAE (1.4 equiv), .
7 dioxane (1 mL) 0 3 0 8 85 7.7:1
8 TDAE (1.4 equiv), DMF (1 mL) 37 7.5 57 0 38 5.1:1
9 THF instead of dioxane 0 7 0 16 75 3.3:1
10 Mn (2 equiv) instead of TDAE 95 0 93 0 0 /
11  Zn (2 equiv) instead of TDAE 80 0 93 0 0 /
Zn (2 equiv) instead of TDAE,
12 DMF (1 mL) instead of dioxane 4 9 0 4 43 /
13 Lil instead of Nal 0 2 0 7.5 84 8.8:1
14 L6 instead of L2 85 0 100 0 0 /
15 4-iodoanisole instead of 2a, 30 5 0 16 64 /
w/o Nal
16 2-iodopyrimidine instead of 1c, 0 40 100 0 0 /
w/o Nal
17 7 mol% Ni catalyst 0 4 0 7.5 81 7.0:1

? Yields are determined by 'H NMR spectroscopy of the crude reaction mixture using 1,3,5-
rimethoxybenzene as an internal standard. Cross-selectivity is defined as 3ca NMR vyield:(1cc NMR vyield
+ 2aa NMR vyield). Yields of homo-coupled dimers are reported with respect to the stoichiometry of the
reaction, i.e., the maximal theoretical yield is 50%. ® 47% anisole (proto-dehalogenation product from 2a)
was observed.
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Table 4C.8. Results of XEC reactions under condition B using informer library substrates.?*

) Q U Cx Br Q

‘ condmon B TR?2
RW—Het AN @
1
cl R'—Het PMP. \ CO,Et
3 \NJ\ XEC

0 15 mmol each - Cl
Entry 1 2 Conversion of 1/2 (%) Dimer of 1 (%) Dimer of 2 (%) Cross-coupled
product (%)
1 la 2a 57/100 3.5 25 50
2 la 2b 35/100 5 42 14
3P 1b 2a 80/100 0 32 17
4> 1b 2b 46/40 0 20 0
5 1c 2a 100/100 2 5 91
6 1c 2b 100/100 15 55 88
7 1d 2a 100/100 0 7.5 76
8 1d 2b 100/100 0 8 65
9 le 2a 100/100 14 13 75
10 le 2b 100/100 20 28 47
11 1f 2a 100/100 17 21 55
12° 1f 2b 100/100 40 24 17

2 Yields are determined by H NMR spectroscopy of the crude reaction mixture using 1,3,5-
trimethoxybenzene as an internal standard. Yields of homo-coupled dimers are reported with respect to the
stoichiometry of the reaction, i.e., the maximal theoretical yield is 50%. ° Proto-dehalogenation products
accounted for the remaining mass of 2.

4C.111. General Procedures for Scope Investigation

Condition A Ligands
2 NiBr,(dme)/L6 (7 mol%) =
@\ \O 7R Zn (2 equiv), DMF (150 mM), 60 °C Bu Bu - |
condlon it = A N A
cl it ! Het , Condition B 7 N\ ‘ |

AorB NiBry(dme)/L2 (10 mol%) . \ _N N~
FeBr, (30 mol%), Nal (3 equiv) N N
0.15 mmol each TDAE (1.2 equiv), dioxane (75 mM), 60 °C L2 Br L6 Br

General procedure for XEC reaction under condition A (GP 1)

Reaction setup: In a nitrogen-filled glove box, NiBr2(dme) (3.2 mg, 7 mol%), 6,6"-dibromo-
2,2":6',2"-terpyridine (L6, 4.1 mg, 7 mol%), and DMF (1 mL) were added to a 1-dram vial
equipped with a PTFE-coated stir-bar. This solution was stirred at 800 rpm in the glove box for 30

min to allow complexation of Ni with the ligand, followed by sequential addition of heteroaryl
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chloride 1 (0.15 mmol, 1.0 equiv), aryl bromide 2 (0.15 mmol, 1.0 equiv), and Zn powder (19.5
mg, 0.30 mmol, 2.0 equiv). The vial was capped with a screw cap fitted with a PTFE-faced silicone
septum, then removed from the glove box and heated in a sand bath at 60 °C with stirring (1100
rpm) for 17 h.

GP 1-1: For reactions using heteroaryl chlorides containing more than one nitrogen in the ring,
NiBrz(dme) (6.4 mg, 10 mol%), 6,6"-dibromo-2,2":6',2"-terpyridine (L6, 5.9 mg, 10 mol%) was
used as the catalyst. FeBrz (9.7 mg, 0.075 mmol, 0.30 equiv) was added before the addition of Zn

powder.

Work-up for NMR analysis: After 17 h, the reaction mixture was cooled to room temperature
and quenched with 2 M NHz/methanol solution (1 mL). The resultant mixture was stirred at 800
rpm for 30 min. A stock solution of 1,3,5-trimethoxybenzene was prepared (0.5 M), and 100 pL
of this stock solution (0.33 equiv relative to substrate) was added to the crude material. Then a 100
pL aliquot of the solution was diluted with 600 pL CDCl3 and filtered through a syringe filter
(PVDF membrane, 0.22 um pore size, 13 mm diameter) into an NMR sample tube. The resultant
sample was analyzed by H NMR spectroscopy and yields were determined using 1,3,5-
trimethoxybenzene as the internal standard.

Work-up for product isolation: The NMR sample was combined with the rest of the reaction

mixture, and the resultant solution was diluted with water (3 mL). The solution was extracted with
ethyl acetate (20 mL x 3) and the organic layers were combined and dried over anhydrous NazSOa,
then concentrated in vacuo. The obtained residue was purified by flash column chromatography.

General procedure for XEC reaction under condition B (GP 2)

Reaction setup: In a nitrogen-filled glove box, NiBr2(dme) (4.6 mg, 10 mol%), 4,4'-di-tert-

butyl-2,2"-bipyridine (L2, 4.0 mg, 10 mol%), and 1,4-dioxane (2 mL) were added to a 1-dram vial
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equipped with a PTFE-coated stir-bar. This solution was stirred at 800 rpm in the glove box for 30
min to allow complexation of Ni with the ligand, followed by sequential addition of heteroaryl
chloride 1 (0.15 mmol, 1.0 equiv), aryl bromide 2 (0.15 mmol, 1.0 equiv), FeBr2 (9.7 mg, 0.075
mmol, 0.30 equiv), Nal (67.5 mg, 0.45 mmol, 3.0 equiv), and TDAE (41.8 L, 0.18 mmol, 1.2
equiv). The vial was capped with a screw cap fitted with a PTFE-faced silicone septum, then
removed from the glove box and heated in a sand bath at 60 °C with stirring (1100 rpm) for 17 h.

Work-up for NMR analysis: After 17 h, the reaction mixture was cooled to room temperature

and quenched with 2 M NHz/methanol solution (1 mL). The resultant mixture was stirred at 800
rpm for 30 min. A stock solution of 1,3,5-trimethoxybenzene was prepared (0.5 M), and 100 pL
of this stock solution (0.33 equiv relative to substrate) was added to the crude material. Then a 100
pL aliquot of the solution was diluted with 600 pL CDCl3 and filtered through a syringe filter
(PVDF membrane, 0.22 um pore size, 13 mm diameter) into an NMR sample tube. The resultant
sample was analyzed by H NMR spectroscopy and yields were determined using 1,3,5-
trimethoxybenzene as the internal standard.

Work-up for product isolation: The NMR sample was combined with the rest of the reaction

mixture, and the resultant solution was diluted with water (3 mL). The solution was extracted with
ethyl acetate (20 mL x 3) and the organic layers were combined and dried over anhydrous Na;SOa,
then concentrated in vacuo. The obtained residue was purified by flash column chromatography.
4C.1V. Mechanistic Studies

Time-course experiments under condition A

Preparation of iodine quenching solution:! In a nitrogen-filled glove box, LiCl (127 mg, 3.0

mmol) and THF (6 mL) were added to a 4-dram vial equipped with a PTFE-coated stir-bar. The
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solution was stirred at room temperature overnight until all solids were dissolved. 1> (381 mg, 1.5
mmol) was then added, and the brown solution was stirred at room temperature for 1 h before use.

Reaction setup: In a nitrogen-filled glove box, NiBr2(dme) (3.2 mg, 7 mol%), 6,6"-dibromo-
2,2".6',2"-terpyridine (L6, 4.1 mg, 7 mol%), and DMF (1 mL) were added to a 2-dram vial
equipped with a PTFE-coated stir-bar. This solution was stirred at 800 rpm in the glove box for 30
min to allow complexation of Ni with the ligand, followed by sequential addition of 2-
chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv), or ethyl 4-bromobenzoate (24 uL, 0.15 mmol, 1.0
equiv), or both electrophiles, and Zn powder (19.5 mg, 0.30 mmol, 2.0 equiv). Finally, 1,3,5-
trimethoxybenzene (8.4 mg, 0.05 mmol, 0.33 equiv) was added to the solution. The vial was
capped with a screw cap fitted with a PTFE-faced silicone septum, then removed from the glove
box and heated in a sand bath at 60 °C with stirring (1100 rpm) for 3 h.

lodine guenching and NMR analysis: At each time point, a reaction aliquot (66.7 pL) was

extracted via a Hamilton syringe under positive N2 pressure, transferred into a 1-dram vial
equipped with a PTFE-coated stir-bar, and immediately quenched with iodine/LiCl solution (200
pL). The resultant mixture was stirred at room temperature for 15 min, at which point 2 M
NHas/methanol solution (100 uL) was added and the mixture was stirred for an additional 30 min.
Thena 100 uL aliquot of the solution was diluted with 600 uL CDClIs and filtered through a syringe
filter (PVDF membrane, 0.22 um pore size, 13 mm diameter) into an NMR sample tube. The
resultant sample was analyzed by *H NMR spectroscopy and yields were determined using 1,3,5-

trimethoxybenzene as the internal standard.
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Figure 4C.2.Time-course studies using only 2b (A) or only la (B) under condition A. Yields are
determined by *H NMR spectroscopy of the crude reaction mixture using 1,3,5-trimethoxybenzene as an
internal standard.

Preparation of organozinc reagents
The organozinc reagents were prepared according to procedures described previously in the
literature.

Synthesis of arylzinc bromide 2b-Zn?

Mg (2.5 equiv)
ZnCl, (1.1 equiv)

Br\©\ LiCI (1.5 equiv) Ban\©\
co,et THR0°Clort 17h COLEL

3.0 mmol 2b-Zn
1 equiv

Under nitrogen, ZnCl (450 mg, 3.3 mmol, 1.1 equiv), LiCl (191 mg, 4.5 mmol, 1.5 equiv), Mg
powder (180 mg, 7.5 mmol, 2.5 equiv), and anhydrous THF (6 mL) were added into an oven-dried
Schlenk flask equipped with a PTFE-coated stir-bar and stirred at room temperature for 30 min.
To this mixture was added dropwise ethyl 4-bromobenzoate (480 pL, 3.0 mmol, 1.0 equiv) via a
Hamilton syringe under positive N> pressure at 0 °C, and the mixture was warmed to room

temperature and stirred for 17 h. The reaction was monitored by NMR (the reaction aliquots were



222

quenched with iodine/LiCl solution before analysis). Upon completion of the reaction, the reaction
flask was transferred into a nitrogen-filled glove box, and the supernatant of the reaction mixture
was filtered through a syringe filter (PVDF membrane, 0.22 um pore size, 13 mm diameter) into
a 2-dram vial. The (4-(ethoxycarbonyl)phenyl)zinc bromide solution (2b-Zn) was titrated against
iodine/LiCl before use.

Synthesis of 2-pyridylzinc chloride 1a-Zn®

(1) 'PrMgCI-LiCl (1.05 equiv)

| N (2) ZnCl, (1.2 equiv) | N
~ —
N~ Br THF, rt N~ ZnCl
3.0 mmol 1a-Zn
1 equiv

Under nitrogen, 2-bromopyridine (286 pL, 3 mmol, 1.0 equiv) and anhydrous THF (2 mL) were
added into an oven-dried Schlenk flask equipped with a PTFE-coated stir-bar. The Turbo Grignard
reagent (PrMgCI-LiCl, 1.3 M in THF) (2.42 mL, 3.15 mmol, 1.05 equiv) was added dropwise via
a Hamilton syringe under positive N2 pressure at room temperature, and the mixture was stirred
for 3 h. The reaction was monitored by NMR (the reaction aliquots were quenched with
iodine/LiCl solution before analysis). Upon completion of the reaction, ZnCl> (2.0 M in THF, 1.8
mL) was added dropwise into the mixture via a Hamilton syringe under positive N2 pressure at
room temperature. The resultant mixture was stirred at room temperature for an additional 2 h. The
2-pyridylzinc chloride solution (1a-Zn) was titrated against iodine/LiCl before use.

Reactions with organozinc species
Cross-coupling of 1a with 2b-Zn

The reaction was carried out following GP 1 with the following modifications: The organozinc
2b-Zn (0.48 M in THF, 312 pL, 0.15 mmol) was used instead of 2b, with no or catalytic amount
of Zn powder (0 or 2.9 mg, 0 or 15 mol%).

Cross-coupling of 2b with 1a-Zn
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The reaction was carried out following GP 1 with the following modifications: The organozinc
la-Zn (0.45 M in THF, 333 uL, 0.15 mmol) was used instead of 1a, with no or catalytic amount
of Zn powder (0 or 2.9 mg, 0 or 15 mol%).

Stoichiometric reaction of 2b-Zn with NiBrz(dme)/L6

The reaction was carried out following GP 1 with the following modifications: Substrate 1a
was omitted, and a stoichiometric amount of NiBr2(dme)/L6 was used. The organozinc 2b-Zn
(0.48 M in THF, 312 pL, 0.15 mmol) was used instead of 2b.

Stoichiometric reaction of 1a-Zn with NiBrz2(dme)/L6

The reaction was carried out following GP 1 with the following modifications: Substrate 2b
was omitted, and a stoichiometric amount of NiBr2(dme)/L6 was used. The organozinc la-Zn
(0.45 M in THF, 333 pL, 0.15 mmol) was used instead of 1a.

Decoupled aryl-zinc formation/cross-coupling reaction

In a nitrogen-filled glove box, NiBrz(dme) (3.2 mg, 7 mol%), 6,6"”-dibromo-2,2".6",2"-
terpyridine (L6, 4.1 mg, 7 mol%), and DMF (1 mL) were added to a 1-dram vial equipped with a
PTFE-coated stir-bar. This solution was stirred at 800 rpm in the glove box for 30 min to allow
complexation of Ni with the ligand, followed by sequential addition of 1,3,5-trimethoxybenzene
(8.4 mg, 0.05 mmol, 0.33 equiv), ethyl 4-bromobenzoate (24 uL, 0.15 mmol, 1.0 equiv), and Zn
powder (19.5 mg, 0.30 mmol, 2.0 equiv). The vial was capped with a screw cap fitted with a PTFE-
faced silicone septum, then removed from the glove box and heated in a sand bath at 60 °C with
stirring (1100 rpm) for 40 min. A reaction aliquot (66.7 pL) was extracted via a Hamilton syringe
under positive N2 pressure and subjected to the iodine quenching and NMR analysis procedure
descried in Section 4.1. Substrate 2-chloropyridine (13.8 uL, 0.15 mmol, 1.0 equiv) was injected

into the mixture via a Hamilton syringe under positive N2 pressure. The reaction mixture was
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stirred at 60 °C for an additional 3 h, then subjected to the work-up for NMR analysis procedure

as described in GP 1, except that the stock solution of 1,3,5-trimethoxybenzene was not added.

A ‘B
CO,Et :
‘ CO,Et
@\ Brzn NiBr,(dme)/L6 (7 mol%) | Brzn NiBra(dme)/L6 (1 equiv) O z
+ ‘
“ Zn (0 or 15 mol%) S : \©\ DME/THE
N ‘
cl CO,Et DME/THE LN - ! COEt  go°C,17h N, O
1a 2b-Zn 60 °C, 17 h, N, a ! abp | 2b-Zn EtO,C 2bb
1 equiv 1 equiv 15 mol% Zn: 54%110.5% 2bb | 1 equiv 549
K 4 no Zn: 56%) 8.5% 2bb | 9 %
CO,Et } =
@\ Br. NiBry(dme)/L6 (7 mol%) ' @\ NiBry(dme)/L6 (1 equiv) - |
+ | X N
“ ( ]\ Zn (0 or 15 mol%) ~ ! N Nznal DMF/THF \
N~ znCl CO,Et DME/THE \ R : 60°C, 17 h N, _N
1a-Zn 2b 60 °C, 17 h, N 3ab : 1a-Zn 1aa
1 equiv 1 equiv 15 mol% Zn: 45%, 18% 1aa 1 equiv 30%
no Zn: 39%;21% 1aa !
C

Br NiBry(dme)/L6 (7 mol%) | ([M] NG
N e
Zn (2 equiv), DMF 60 °C,3h, N, X
CO,Et CO,Et |

60 °C, 40 min, N, _N
2b M = Nior Zn 73%
1 equiv 75% 11% 2bb
(determined by |, quenching of aliquot) 13% 1aa

Figure 4C.3. Reactions of organozinc reagents with substrates or Ni catalyst. Yields are determined by 'H
NMR spectroscopy of the crude reaction mixture using 1,3,5-trimethoxybenzene as an internal standard.
Yields of homo-coupled dimers are reported with respect to the stoichiometry of the reaction, i.e., the
maximal theoretical yield is 50%. (A) Reactions of la with 2b-Zn (top) and la-Zn with 2b (bottom)
catalyzed by NiBry(dme)/L6. (B) Stoichiometric reactions of 2b-Zn (top) or la-Zn (bottom) with
NiBr,(dme)/L6. (C) Decoupled aryl-zinc formation/cross-coupling reaction catalyzed by NiBr.(dme)/L6.

Discussion: As shown in Figure 4C.3A, external reductant is not needed for NiBr2(dme)/L6-
catalyzed Negishi coupling when organozinc is directly used. In the absence of reductant, the
reaction may be initiated by reduction of the Ni catalyst by organozinc, which eventually generates
low-valent Ni species and the corresponding (hetero)aryl dimers.* This is supported by the
generation of homocoupling dimers in the catalytic (Figure 4C.3A) and stoichiometric (Figure
4C.3B) reactions. The lower 3ab yields may be contributed to (a) the halide salts and THF solvents
introduced by the organozinc/THF solution and (b) decomposition and/or homocoupling of the
organozinc under reaction conditions.

The cross-coupling of pyridyl-zinc (1a-Zn) with 2b is also viable, albeit resulting in even lower

yields. Combining the results from Figure 4C.2B and 4C.3A, it seems that Ni/L6 is not capable of
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converting 2-chloropyridine to pyridyl-zinc but can be a catalyst for the direct coupling of 1a-Zn
and 2b.
Time-course experiments under condition B

Preparation of iodine quenching solution:! In a nitrogen-filled glove box, LiCl (127 mg, 3.0

mmol) and THF (6 mL) were added to a 4-dram vial equipped with a PTFE-coated stir-bar. The
solution was stirred at room temperature overnight until all solids were dissolved. 1> (381 mg, 1.5
mmol) was then added, and the brown solution was stirred at room temperature for 1 h before use.

Reaction setup: In a nitrogen-filled glove box, NiBr2(dme) (4.6 mg, 10 mol%), 4,4'-di-tert-

butyl-2,2’-bipyridine (L2, 4.0 mg, 10 mol%), and 1,4-dioxane (2 mL) were added to a 1-dram vial
equipped with a PTFE-coated stir-bar. This solution was stirred at 800 rpm in the glove box for 30
min to allow complexation of Ni with the ligand, followed by sequential addition of 2-
chloropyrimidine (17.2 mg, 0.15 mmol, 1.0 equiv), 4-bromoanisole or 4-iodoanisole (28 or 35.1
mg, 0.15 mmol, 1.0 equiv), FeBr2 (none, or 9.7 mg, 0.075 mmol, 0.30 equiv), Nal (none, or 67.5
mg, 0.45 mmol, 3.0 equiv) and TDAE (41.8 pL, 0.18 mmol, 1.2 equiv). Finally, 1,3,5-
trimethoxybenzene (8.4 mg, 0.05 mmol, 0.33 equiv) was added to the solution. The vial was
capped with a screw cap fitted with a PTFE-faced silicone septum, then removed from the glove
box and heated in a sand bath at 60 °C with stirring (1100 rpm) for 4 h.

lodine guenching and NMR analysis: At each time point, a reaction aliquot (133 pL) was

extracted via a Hamilton syringe under positive N2 pressure, transferred into a 1-dram vial
equipped with a PTFE-coated stir-bar, and immediately quenched with iodine/LiCl solution (200
ML). The resultant mixture was stirred at room temperature for 15 min, at which point 2 M
NHa/methanol solution (100 pL) was added and the mixture was stirred for an additional 30 min.

Then a 100 uL aliquot of the solution was diluted with 600 pL CDCl3 and filtered through a syringe
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filter (PVDF membrane, 0.22 pum pore size, 13 mm diameter) into an NMR sample tube. The
resultant sample was analyzed by *H NMR spectroscopy and yields were determined using 1,3,5-
trimethoxybenzene as the internal standard.

Note: For reactions using 4-iodoanisole as the coupling partner, iodine quenching was not
performed; instead, the reaction aliquot was directly quenched by 2 M NHs/methanol solution. The
rest of the procedure remains the same.

The role of FeBr»

XEC reactions were carried out under Condition A or B, in the presence or absence of FeBr,
following GP 1 or 2. The results are summarized in Figure 4C.4.

Discussion: The results in Figure 4C.4 show that the role of FeBr in the developed heteroaryl-
aryl XEC reactions may be more than just limiting heteroaryl ligation to the Ni catalyst. For
condition A, 30 mol% FeBr: is added when the heteroaryl chloride contains more than one nitrogen
in the ring. Comparing entries 3 and 4 in Figure 4C.4, omitting FeBr. in the coupling of 1e and 2b
resulted in significant aryl bromide proto-dehalogenation (42% 2b-H), which seems to suggest
that FeBr, could modulate the transmetallation between aryl-[M] and Ni species; without FeBra,
some amount of aryl-[M] remained unreacted in the solution and underwent protonolysis upon
reaction quenching. In the coupling of la and 2b, the inclusion of FeBr, promoted the
homocoupling dimer formation. For condition B, FeBr, seems not to have significant impact on
the reaction outcomes in the coupling of 1c with electron-neutral 2e or electron-deficient 2b
(entries 7-10, Figure 4C.4); however, omitting FeBr> in the coupling of 1c with electron-rich 2a
resulted in low conversion of both substrates and significantly decreased yield (entries 5 and 6,

Figure 4C.4).
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Overall, these differences imply a more dynamic role of FeBrz under conditions A and B, and

in-depth investigations are ongoing in our laboratory.

! =
10 X Br = ) @ %R2
R ﬁHe/t * P R? condition NN
Cl R'—Het
1 4

2 AorB 3
1 equiv 1 equiv
Condition A°® Ligands

NiBr,(dme)/L6 (7 mol%) =z
Zn (2 equiv), DMF (150 mM), 60 °C Bu 'Bu |
Condition B M | = N | =
NiBry(dme)/L2 (10 mol%) . N\ /) N N~
FeBr, (30 mol%), Nal (3 equiv) N N
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Figure 4C.4. XEC reactions in the presence or absence of 30 mol% FeBr,. Yields are determined by H
NMR spectroscopy of the crude reaction mixture using 1,3,5-trimethoxybenzene as an internal standard.
Yields of homo-coupled dimers are reported with respect to the stoichiometry of the reaction, i.e., the
maximal theoretical yield is 50%. “ Used 10 mol% Ni catalyst in entries 3 and 4.
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4C.V. Compound Characterization Data

N,N-dimethyl-4-(pyridin-2-yl)aniline (3ac)
NMe,

‘ /\N

GP 1 was followed using 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv) and 4-bromo-N,N-

dimethylaniline (30 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title

compound following purification by flash column chromatography (20:80 ethyl acetate:pentane)

as a yellow solid (22.9 mg, 77% vyield). The spectroscopic data matched those reported in the

literature.®

!H NMR (500 MHz, CDCls) & 8.62 (d, J = 4.9 Hz, 1H), 7.95 — 7.90 (m, 2H), 7.69 — 7.62 (m, 2H),

7.09 (ddd, J = 6.6, 4.8, 1.9 Hz, 1H), 6.83 — 6.77 (m, 2H), 3.02 (s, 6H).

13C NMR (126 MHz, CDCl3) 6 157.7,151.2, 149.5, 136.6, 127.8, 127.4, 120.7, 119.3, 112.4, 40.5.

2-(4-methoxyphenyl)pyridine (3aa)

OMe
O
GP 1 was followed using 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv) and 1-bromo-4-
methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (20:80 ethyl acetate:pentane)
as a white solid (24.2 mg, 87% vyield). The spectroscopic data matched those reported in the
literature.®

IH NMR (500 MHz, CDCls) & 8.65 (d, J = 4.9 Hz, 1H), 7.98 — 7.93 (m, 2H), 7.73 — 7.63 (m, 2H),

7.16 (ddd, J = 7.2, 4.9, 1.4 Hz, 1H), 7.02 — 6.97 (m, 2H), 3.86 (s, 3H).
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13C NMR (126 MHz, CDCls3) 6 160.6, 157.2, 149.7,136.8, 132.2, 128.3, 121.5,119.9, 114.2, 55.5.

2-(4-(tert-butyl)phenyl)pyridine (3ad)

Bu

X
_N

|
GP 1 was followed using 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv) and 1-bromo-4-(tert-
butyl)benzene (32 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (10:90 ethyl acetate:pentane)
as a colorless liquid (26 mg, 82% vyield). The spectroscopic data matched those reported in the
literature.®

IH NMR (500 MHz, CDCl3) & 8.68 (d, J = 4.8 Hz, 1H), 7.96 — 7.91 (m, 2H), 7.75 — 7.69 (m, 2H),
7.53 - 7.48 (m, 2H), 7.22 — 7.17 (m, 1H), 1.37 (s, 9H).

13C NMR (126 MHz, CDCl3) 3 157.6, 152.2, 149.8, 136.7, 126.7, 125.8, 121.9, 120.4, 34.8, 31 .4.

2-phenylpyridine (3ae)

N

GP 1 was followed using 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv) and bromobenzene
(23.6 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title compound
following purification by flash column chromatography (5:95 ethyl acetate:pentane) as a colorless
liquid (16.5 mg, 71% yield). The spectroscopic data matched those reported in the literature.®

IH NMR (400 MHz, CDCls) & 8.75 (d, J = 5.1 Hz, 1H), 8.08 — 8.01 (m, 2H), 7.83 — 7.74 (m, 2H),

7.56 — 7.49 (m, 2H), 7.49 — 7.43 (m, 1H), 7.29 — 7.23 (m, 1H).
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13C NMR (101 MHz, CDCls) 6 157.6, 149.8, 139.5, 136.8, 129.0, 128.8, 127.0, 122.2, 120.6.

ethyl 4-(pyridin-2-yl)benzoate (3ab)
CO,Et

A
GP 1 was followed using 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv) and ethyl 4-
bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (20:80 ethyl acetate:pentane)
as a white solid (26.9 mg, 79% vyield). The spectroscopic data matched those reported in the
literature.®

IH NMR (400 MHz, CDCl3)  8.72 (d, J = 4.8 Hz, 1H), 8.17 — 8.12 (m, 2H), 8.10 — 8.04 (m, 2H),
7.80 — 7.75 (m, 2H), 7.31 — 7.23 (m, 1H), 4.40 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) § 166.6, 156.4, 150.0, 143.5, 137.0, 130.8, 130.1, 126.9, 122.9,

121.1,61.2, 14.5.

2-(4-(trifluoromethyl)phenyl)pyridine (3af)
CF3
X
‘ _N
GP 1 was followed using 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv) and 1-bromo-4-
(trifluoromethyl)benzene (33.8 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (15:85 ethyl

acetate:pentane) as a white solid (23.8 mg, 71% vyield). The spectroscopic data matched those

reported in the literature.®
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IH NMR (400 MHz, CDCl3) § 8.73 (d, J = 4.8 Hz, 1H), 8.15 — 8.08 (m, 2H), 7.84 — 7.75 (m, 2H),
7.73 (d, J = 8.2 Hz, 2H), 7.30 (ddd, J = 6.7, 4.8, 1.6 Hz, 1H).

13C NMR (126 MHz, CDCl3) § 156.1, 150.1, 142.8, 137.1, 130.9 (q, J = 32.4 Hz), 127.3, 125.8
(0, J = 3.9 Hz), 124.3 (q, J = 272.0 Hz), 123.1, 121.0.

F NMR (377 MHz, CDCl3) 6 -62.57.

2-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]pyridine (3ag)
Bpin

A
GP 1 was followed using 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv) and 2-(4-
bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (42.4 mg, 0.15 mmol, 1.0 equiv) as
starting materials, which furnished the title compound following purification by flash column
chromatography (10:90 ethyl acetate:pentane) as a white solid (27.8 mg, 66% yield). The
spectroscopic data matched those reported in the literature.’

IH NMR (500 MHz, CDCl3) & 8.71 (d, J = 4.8 Hz, 1H), 8.03 — 7.98 (m, 2H), 7.94 — 7.90 (m, 2H),
7.79 - 7.72 (m, 2H), 7.24 (ddd, J = 6.7, 4.8, 2.1 Hz, 1H), 1.37 (s, 12H).

13C NMR (126 MHz, CDCl3) 3 157.4, 149.9, 142.0, 136.9, 135.4, 126.2, 122.5, 120.9, 84.0, 25.0.

2-(o-tolyl)pyridine (3ah)
Me
X
‘ _N

GP 1 was followed using 2-chloropyridine (13.8 pL, 0.15 mmol, 1.0 equiv) and 1-bromo-2-

methylbenzene (25.6 mg, 0.15 mmol, 1.0 equiv) as starting materials, NiBrz(dme) (6.43 mg, 10
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mol%) complexed with 6,6’-dimethyl-2,2'-bipyridine (2.76 mg, 10 mol%) as the catalyst, which
furnished the title compound following purification by flash column chromatography (25:75 ethyl
acetate:pentane) as a colorless liquid (21.3 mg, 84% yield). The spectroscopic data matched those
reported in the literature.®

IH NMR (400 MHz, CDCl3) & 8.67 (d, J = 4.9 Hz, 1H), 7.71 (td, J = 7.7, 1.8 Hz, 1H), 7.40 — 7.34
(m, 2H), 7.31 — 7.18 (m, 4H), 2.34 (s, 3H).

13C NMR (101 MHz, CDCl3) 8 160.2, 149.4, 140.6 136.2, 135.9, 130.9, 129.8, 128.4, 126.0, 124.2,

121.8, 20.4.

2-(4-methoxyphenyl)-5-(trifluoromethoxy)pyridine (3ga)

Me
/Cp/( )
N
3CO Z

GP 1 was followed using 2-chloro-5-(trifluoromethoxy)pyridine (29.6 mg, 0.15 mmol, 1.0 equiv)
and 1-bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, NiBrz(dme)
(6.43 mg, 10 mol%) complexed with 6,6’-dimethyl-2,2'-bipyridine (2.76 mg, 10 mol%) as the
catalyst, which furnished the title compound following purification by flash column
chromatography (2:98 ethyl acetate:pentane) as a white solid (31.1 mg, 77% vyield).

IH NMR (400 MHz, CDCl3) & 8.57 (d, J = 2.8 Hz, 1H), 7.96 — 7.91 (m, 2H), 7.70 (d, J = 8.7 Hz,
1H), 7.61 — 7.56 (m, 1H), 7.03 — 6.97 (m, 2H), 3.87 (s, 3H).

13C NMR (126 MHz, CDCls) 6 160.9, 156.0, 144.7 — 144.6 (m), 142.7, 130.8, 129.3, 128.4, 120.6
(g, J = 258.3 Hz), 119.6, 114.4, 55.5.

F NMR (377 MHz, CDCls) § -58.23.

HRMS (ESI*) Calc: [M+H]" (C13H11F3sNO2) 270.0376; measured: 270.0733 = 1.1 ppm difference.
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ethyl 4-(5-(trifluoromethoxy)pyridin-2-yl)benzoate (3gb)

/Cp/( > ( )2Et
N
3CO Z

GP 1 was followed using 2-chloro-5-(trifluoromethoxy)pyridine (29.6 mg, 0.15 mmol, 1.0 equiv)
and ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (5:95 ethyl
acetate:pentane) as a white solid (25.2 mg, 54% yield).

'H NMR (400 MHz, CDCls) & 8.65 (d, J = 2.8 Hz, 1H), 8.19 — 8.12 (m, 2H), 8.09 — 8.01 (m, 2H),
7.86 — 7.81 (m, 1H), 7.68 — 7.62 (m, 1H), 4.41 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) 6 166.4, 155.0, 145.6 (q, J = 1.8 Hz), 143.0, 142.1, 131.3, 130.3,
129.2,127.0, 121.6, 120.6 (g, J = 259.0 Hz), 61.3, 14.5.

F NMR (377 MHz, CDCls) § -58.14.

HRMS (ESI*) Calc: [M+H]" (C15H13F3sNO3) 312.0842; measured: 312.0838 = 1.3 ppm difference.

ethyl 4-(4-(trifluoromethyl)pyridin-2-yl)benzoate (3hb)
CO,Et

FaCu

‘ _N

GP 1 was followed using 2-chloro-4-(trifluoromethyl)pyridine (27.2 mg, 0.15 mmol, 1.0 equiv)

and ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished

the title compound following purification by flash column chromatography (10:90 ethyl

acetate:pentane) as a white solid (31.9 mg, 72% vyield). The spectroscopic data matched those

reported in the literature.®
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IH NMR (400 MHz, CDCl3) § 8.91 (d, J = 5.0 Hz, 1H), 8.21 — 8.15 (m, 2H), 8.14 — 8.08 (m, 2H),
7.98 (s, 1H), 7.53 — 7.48 (m, 1H), 4.42 (q, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, CDCl3) § 166.4, 157.8, 151.0, 142.1, 139.5 (q, J = 34.0 Hz), 131.8, 130.3,
127.1,123.0 (g, J = 273.3 Hz), 118.4 (g, J = 3.5 Hz), 116.7 — 116.6 (m), 61.3, 14.5.

F NMR (377 MHz, CDCl3) 6 -64.82.

ethyl 4-(5-(trifluoromethyl)pyridin-2-yl)benzoate (3ib)
CO,Et
‘ X

N
FoC7

GP 1 was followed using 2-chloro-5-(trifluoromethyl)pyridine (27.2 mg, 0.15 mmol, 1.0 equiv)
and ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (5:95 ethyl
acetate:pentane) as a white solid (35.4 mg, 80% yield). This is the corrected yield that excluded
the inseparable aryl dimer byproduct (3% with respect to the product based on *H NMR). The
spectroscopic data matched those reported in the literature.°

IH NMR (400 MHz, CDCl3) § 9.00 — 8.95 (m, 1H), 8.21 —8.15 (m, 2H), 8.14 — 8.08 (m, 2H), 8.05
—7.99 (m, 1H), 7.90 (dt, J = 8.3, 0.8 Hz, 1H), 4.42 (g, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, CDCls) 6 166.3, 159.6 (d, J = 1.7 Hz), 146.9 (q, J = 4.0 Hz), 142.0, 134.2
(g, J = 3.5 Hz), 131.9, 130.3, 127.3, 125.7 (q, J = 33.2 Hz), 123.8 (d, J = 271.7 Hz), 120.6, 61.4,
14 5.

F NMR (377 MHz, CDCl3) 6 —62.35.

ethyl 4-(5-methoxypyridin-2-yl)benzoate (3bb)
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CO,Et

GP 1 was followed using 2-chloro-5-methoxypyridine (21.5 mg, 0.15 mmol, 1.0 equiv) and ethyl
4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (20:80 ethyl acetate:pentane)
as a white solid (25.1 mg, 65% yield).

'H NMR (500 MHz, CDCls) & 8.41 (d, J = 2.9 Hz, 1H), 8.14 — 8.07 (m, 2H), 8.03 — 7.96 (m, 2H),
7.71(d, J =8.7 Hz, 1H), 7.27 (dd, J = 8.8, 3.0 Hz, 1H), 4.39 (g, J = 7.1 Hz, 2H), 3.90 (s, 3H), 1.40
(t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) 6 166.6, 155.5, 148.9, 143.3, 137.7, 130.1, 130.0, 126.3, 121.4,
121.2,61.1, 55.8, 14.5.

HRMS (ESI*) Calc: [M+H]" (C1sH16NO3) 258.1125; measured: 258.1123 = 0.8 ppm difference.

5-methoxy-2-(4-methoxyphenyl)pyridine (3ba)
OMe
‘ X

N
MeO Z

GP 1 was followed using 2-chloro-5-methoxypyridine (21.5 mg, 0.15 mmol, 1.0 equiv) and 1-
bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (15:85 ethyl
acetate:pentane) as a white solid (23.2 mg, 72% vyield). The spectroscopic data matched those
reported in the literature.*

IH NMR (500 MHz, CDCl3) & 8.36 (d, J = 3.0 Hz, 1H), 7.91 — 7.84 (m, 2H), 7.59 (d, J = 8.7 Hz,

1H), 7.23 (dd, J = 8.7, 3.0 Hz, 1H), 7.01 — 6.94 (m, 2H), 3.88 (s, 3H), 3.85 (s, 3H).
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13C NMR (126 MHz, CDCls) § 160.0, 154.5,150.1, 136.9, 132.0, 127.7, 121.6, 120.2, 114.2, 55.8,

55.5.

3-methoxy-2-(4-methoxyphenyl)pyridine (3ja)

OMe
OMe

X
_N

|
GP 1 was followed using 2-chloro-3-methoxypyridine (21.5 mg, 0.15 mmol, 1.0 equiv) and 1-
bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, NiBrz(dme) (6.43
mg, 10 mol%) complexed with 6,6'-dimethyl-2,2'-bipyridine (2.76 mg, 10 mol%) as the catalyst,
which furnished the title compound following purification by flash column chromatography (50:50
ethyl acetate:pentane) as a colorless liquid (27.4 mg, 85% yield). The spectroscopic data matched
those reported in the literature.!2

IH NMR (500 MHz, CDCl3) 6 8.30 (dd, J = 4.7, 1.3 Hz, 1H), 7.96 — 7.89 (m, 2H), 7.30 — 7.24 (m,
1H), 7.20 (dd, J = 8.3, 4.6 Hz, 1H), 7.02 — 6.96 (m, 2H), 3.89 — 3.86 (m, 6H).

13C NMR (126 MHz, CDCls) § 159.8, 153.5, 147.9, 141.4,130.8, 130.4, 122.4, 118.5, 113.5, 55.6,

55.4.

2-(4-methoxyphenyl)pyrimidine (3ca)

OMe
‘ ~N
[?N

GP 2 was followed using 2-chloropyrimidine (17.2 mg, 0.15 mmol, 1.0 equiv) and 1-bromo-4-
methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title

compound following purification by flash column chromatography (20:80 ethyl acetate:pentane)
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as a white solid (23.2 mg, 83% vyield). The spectroscopic data matched those reported in the
literature. '3

IH NMR (500 MHz, CDCl3) 6 8.74 (d, J = 4.8 Hz, 2H), 8.43 — 8.36 (m, 2H), 7.10 (t, J = 4.8 Hz,
1H), 7.03 - 6.97 (m, 2H), 3.87 (s, 3H).

13C NMR (126 MHz, CDCl3) 6 165.1, 162.5, 157.7, 130.8, 130.3, 118.9, 114.5, 55.9.

2-(4-(tert-butyl)phenyl)pyrimidine (3cd)

Bu
e,
‘ N
o

GP 2 was followed using 2-chloropyrimidine (17.2 mg, 0.15 mmol, 1.0 equiv) and 1-bromo-4-
(tert-butyl)benzene (32 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (10:90 ethyl acetate:pentane)
as a white solid (25.8 mg, 81% vyield). The spectroscopic data matched those reported in the
literature.'*

IH NMR (500 MHz, CDCl3) § 8.78 (d, J = 4.8 Hz, 2H), 8.40 — 8.34 (m, 2H), 7.55 — 7.49 (m, 2H),
7.14 (t, J = 4.8 Hz, 1H), 1.37 (s, 9H).

13C NMR (126 MHz, CDCls) 6 164.9, 157.3, 154.3, 135.0, 128.1, 125.7, 118.9, 35.0, 31.4.

2-phenylpyrimidine (3ce)

o~

GP 2 was followed using 2-chloropyrimidine (17.2 mg, 0.15 mmol, 1.0 equiv) and bromobenzene

(23.6 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title compound
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following purification by flash column chromatography (5:95 ethyl acetate:pentane) as a white
solid (19.7 mg, 84% yield). The spectroscopic data matched those reported in the literature.*®

IH NMR (500 MHz, CDCls) & 8.81 (d, J = 4.8 Hz, 2H), 8.49 — 8.41 (m, 2H), 7.54 — 7.46 (m, 3H),
7.19 (t, J = 4.8 Hz, 1H).

13C NMR (126 MHz, CDCls) 6 164.9, 157.4, 137.7, 130.9, 128.8, 128.3, 119.2.

ethyl 4-(pyrimidin-2-yl)benzoate (3cb)

CO,Et
N\(©/
‘ N
@N

GP 2 was followed using 2-chloropyrimidine (17.2 mg, 0.15 mmol, 1.0 equiv) and ethyl 4-
bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (20:80 ethyl acetate:pentane)
as a white solid (28.1 mg, 82% vyield). The spectroscopic data matched those reported in the
literature.

IH NMR (500 MHz, CDCl3) & 8.83 (d, J = 4.8 Hz, 2H), 8.54 — 8.48 (m, 2H), 8.19 — 8.12 (m, 2H),
7.23 (t, J = 4.8 Hz, 1H), 4.41 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3)  166.5, 164.0, 157.5, 141.6, 132.4, 129.9, 128.2, 119.8, 61.3, 14.5.

4-(pyrimidin-2-yl)benzonitrile (3ci)

CN
‘ N
[?N

GP 1-1 was followed using 2-chloropyrimidine (17.2 mg, 0.15 mmol, 1.0 equiv) and 4-

bromobenzonitrile (27.3 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
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compound following purification by flash column chromatography (67:33 ethyl acetate:pentane)
as a white solid (17.4 mg, 64% vyield). The spectroscopic data matched those reported in the
literature. '3

IH NMR (500 MHz, CDCls) & 8.85 (d, J = 4.9 Hz, 2H), 8.59 — 8.55 (m, 2H), 7.79 — 7.76 (m, 2H),
7.27 (t, J = 4.9 Hz, 1H).

13C NMR (126 MHz, CDCl3) 6 163.1, 157.6, 141.7, 132.5, 128.8, 120.2, 118.9, 114.2.

4-methoxy-2-(4-methoxyphenyl)pyrimidine (3ka)

OMe
MeO N\(©/
‘ N
©

N

GP 2 was followed using 2-chloro-4-methoxypyrimidine (21.7 mg, 0.15 mmol, 1.0 equiv) and 1-
bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (20:80 ethyl
acetate:pentane) as a white solid (24.0 mg, 74% vyield). The spectroscopic data matched those
reported in the literature.®®

'H NMR (500 MHz, CDCls) & 8.45 (d, J = 5.7 Hz, 1H), 8.43 — 8.37 (m, 2H), 7.02 — 6.95 (m, 2H),
6.56 (d, J = 5.7 Hz, 1H), 4.07 (s, 3H), 3.87 (s, 3H).

13C NMR (126 MHz, CDCl3) 5 169.5, 164.3, 162.0, 157.4, 130.4, 129.9, 113.9, 105.5, 55.5, 53.5.

ethyl 4-(4-(trifluoromethyl)pyrimidin-2-yl)benzoate (3Ib)

CO,Et
jo

N



240

GP 2 was followed using 2-chloro-4-(trifluoromethyl)pyrimidine (27.4 mg, 0.15 mmol, 1.0 equiv)
and ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (10:90 ethyl
acetate:pentane) as a white solid (37.3 mg, 84% yield).

IH NMR (500 MHz, CDCls)  9.07 (d, J = 5.0 Hz, 1H), 8.61 — 8.55 (m, 2H), 8.20 — 8.14 (m, 2H),
7.55 (d, J = 5.0 Hz, 1H), 4.42 (g, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) & 166.3, 164.7, 159.8, 156.3 (q, J = 36.5 Hz), 140.1, 133.3, 130.0,
128.6, 120.6 (g, J = 275.3 Hz), 115.2 (g, J = 2.6 Hz), 61.4, 14.5.

F NMR (377 MHz, CDCls) § —-70.09.

HRMS (ESI*) Calc: [M+H]" (C14aH12F3N202) 297.0845; measured: 297.0844 = 0.3 ppm difference.

ethyl 4-(5-chloropyrimidin-2-yl)benzoate (3mb)

CO,Et
N
UQ
cl Z

N

GP 2 was followed using 2,5-dichloropyrimidine (22.2 mg, 0.15 mmol, 1.0 equiv) and ethyl 4-
bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (5:95 ethyl acetate:pentane) as
a white solid (23.6 mg, 60% yield).

IH NMR (500 MHz, CDCls)  8.77 (s, 2H), 8.51 — 8.44 (m, 2H), 8.18 — 8.12 (m, 2H), 4.41 (q, J
= 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3) & 166.9, 162.3, 156.4, 141.0, 133.2, 130.6, 130.5, 128.7, 61.8, 15.0.
HRMS (ESI*) Calc: [M+H]* (C13H12CIN20O2) 263.0582; measured: 263.0581 = 0.4 ppm

difference.
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4-(6-(4-methoxyphenyl)pyrimidin-4-yl)morpholine (3na)

OMe
o/ﬁ
K/Nw/\(©/
NN

GP 2 was followed using 4-(6-chloropyrimidin-4-yl)morpholine (29.9 mg, 0.15 mmol, 1.0 equiv)
and 1-bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which
furnished the title compound following purification by flash column chromatography (75:25 ethyl
acetate:pentane) as a white solid (32.6 mg, 80% yield).

'H NMR (500 MHz, CDCls) & 8.66 (d, J = 1.2 Hz, 1H), 7.97 — 7.90 (m, 2H), 7.00 — 6.93 (m, 2H),
6.79 (d, J = 1.2 Hz, 1H), 3.85 (s, 3H), 3.81 — 3.78 (m, 4H), 3.67 (m, 4H).

13C NMR (126 MHz, CDCls) & 163.5, 163.2, 161.9, 158.7, 130.8, 128.8, 114.6, 97.8, 67.0, 55.8,
44.7.

HRMS (ESI*) Calc: [M+H]" (C1sH18N302) 272.1394; measured: 272.1392 = 0.7 ppm difference.

ethyl 4-(6-morpholinopyrimidin-4-yl)benzoate (3nb)
CO,Et
NN
GP 1-1 was followed using 4-(6-chloropyrimidin-4-yl)morpholine (29.9 mg, 0.15 mmol, 1.0 equiv)
and ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (90:10 ethyl
acetate:pentane) as a white solid (33.8 mg, 80% vyield). The spectroscopic data matched those

reported in the literature.®



242

IH NMR (500 MHz, CDCl3) § 8.71 (d, J = 1.1 Hz, 1H), 8.15 — 8.09 (m, 2H), 8.05 — 7.99 (m, 2H),
6.89 (d, J = 1.2 Hz, 1H), 4.39 (q, J = 7.1 Hz, 2H), 3.83 — 3.78 (m, 4H), 3.72 — 3.68 (m, 4H), 1.40
(t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) § 166.9, 163.2, 162.9, 159.0, 142.6, 132.3, 130.4, 127.4, 99.5, 67.0,

61.7,44.7, 14.8.

2,5-bis(4-methoxyphenyl)pyrimidine (3da)

OMe
ST
‘ AN
&N
MeO

GP 2 was followed using 2-chloro-5-(4-methoxyphenyl)pyrimidine (33.1 mg, 0.15 mmol, 1.0
equiv) and 1-bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which
furnished the title compound following purification by flash column chromatography (20:80 ethyl
acetate:pentane) as a white solid (32.9 mg, 75% yield).

IH NMR (500 MHz, CDCls) & 8.93 (s, 2H), 8.46 — 8.39 (m, 2H), 7.59 — 7.52 (m, 2H), 7.08 — 6.98
(m, 4H), 3.89 (s, 3H), 3.87 (s, 3H).

13C NMR (126 MHz, CDCls) § 162.7, 161.8, 160.2, 154.7, 130.6, 130.1, 129.6, 127.8, 127.1,
114.9, 114.0, 55.43, 55.39.

HRMS (ESI*) Calc: [M+H]" (C1sH17N202) 293.1285; measured: 293.1283 = 0.7 ppm difference.

ethyl 4-(5-(4-methoxyphenyl)pyrimidin-2-yl)benzoate (3db)

CO,Et
ST
‘ N
Q&N
MeO
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GP 2 was followed using 2-chloro-5-(4-methoxyphenyl)pyrimidine (33.1 mg, 0.15 mmol, 1.0
equiv) and ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which
furnished the title compound following purification by flash column chromatography (20:80 ethyl
acetate:pentane) as a white solid (31.1 mg, 62% yield).

IH NMR (500 MHz, CDCl3) § 9.01 (s, 2H), 8.58 — 8.52 (m, 2H), 8.21 — 8.15 (m, 2H), 7.62 — 7.55
(m, 2H), 7.10 — 7.03 (m, 2H), 4.42 (g, J = 7.1 Hz, 2H), 3.88 (s, 3H), 1.43 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3) 6 166.4, 161.9, 160.5, 154.8, 141.4, 132.1, 131.9, 129.9, 128.0,
127.9, 126.6, 115.0, 61.1, 55.5, 14.4.

HRMS (ESI*) Calc: [M+H]* (C20H18N203) 335.1390; measured: 335.1388 = 0.6 ppm difference.

4-(4-methyl-6-phenylpyrimidin-2-yl)morpholine (3oe)

GP 2 was followed using 4-(4-chloro-6-methylpyrimidin-2-yl)morpholine (32.1 mg, 0.15 mmol,
1.0 equiv) and bromobenzene (23.6 mg, 0.15 mmol, 1.0 equiv) as starting materials, which
furnished the title compound following purification by flash column chromatography (20:80 ethyl
acetate:pentane) as a white solid (27.6 mg, 72% yield).

IH NMR (500 MHz, CDCl3) & 8.07 — 7.99 (m, 2H), 7.49 — 7.42 (m, 3H), 6.87 (s, 1H), 3.91 (dd, J
= 5.6, 4.0 Hz, 4H), 3.80 (dd, J = 5.6, 4.1 Hz, 4H), 2.41 (s, 3H).

13C NMR (126 MHz, CDCl3) 6 168.2, 164.1, 162.1, 137.9, 130.2, 128.6, 127.0, 105.7, 67.0, 44.4,
24.5.

HRMS (ESI*) Calc: [M+H]" (C1sH18N30) 256.1444; measured: 256.1443 = 0.4 ppm difference.
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2-(4-methoxyphenyl)pyrazine (3ea)

OMe
e
LN
GP 2 was followed using 2-chloropyrazine (17.2 mg, 0.15 mmol, 1.0 equiv) and 1-bromo-4-
methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (20:80 ethyl acetate:pentane)
as a white solid (20.1 mg, 72% vyield). The spectroscopic data matched those reported in the
literature.*3
IH NMR (500 MHz, CDCls) 6 8.97 (d, J = 1.5 Hz, 1H), 8.57 (dd, J = 2.5, 1.6 Hz, 1H), 8.43 (d, J
= 2.5 Hz, 1H), 8.01 — 7.95 (m, 2H), 7.06 — 6.99 (m, 2H), 3.87 (s, 3H).

13C NMR (126 MHz, CDCl3) 6 161.3, 152.7, 144.1, 142.2, 141.8, 129.0, 128.4, 114.6, 55.5.

2-(4-(tert-butyl)phenyl)pyrazine (3ed)

Bu
N/\p/
N

L

GP 2 was followed using 2-chloropyrazine (17.2 mg, 0.15 mmol, 1.0 equiv) and 1-bromo-4-(tert-
butyl)benzene (32 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (10:90 ethyl acetate:pentane)
as a white solid (24.8 mg, 78% vyield). The spectroscopic data matched those reported in the
literature.'’

IH NMR (500 MHz, CDCls) § 9.02 (d, J = 1.6 Hz, 1H), 8.61 (dd, J = 2.5, 1.6 Hz, 1H), 8.47 (d, J
= 2.5 Hz, 1H), 7.99 — 7.93 (m, 2H), 7.57 — 7.51 (m, 2H), 1.37 (s, 9H).

13C NMR (126 MHz, CDCl3) § 153.4, 153.0, 144.3, 142.7, 142.2, 133.7, 126.8, 126.2, 34.9, 31 .4.
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2-phenylpyrazine (3ee)

N/\(©

LN

GP 2 was followed using 2-chloropyrazine (17.2 mg, 0.15 mmol, 1.0 equiv) and bromobenzene
(23.6 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title compound
following purification by flash column chromatography (10:90 ethyl acetate:pentane) as a white
solid (18.0 mg, 77% yield). The spectroscopic data matched those reported in the literature.®

IH NMR (500 MHz, CDCls) § 9.04 (d, J = 1.5 Hz, 1H), 8.64 (dd, J = 2.5, 1.5 Hz, 1H), 8.51 (d, J
= 2.5 Hz, 1H), 8.05 — 7.99 (m, 2H), 7.56 — 7.45 (m, 3H).

13C NMR (126 MHz, CDCl3) 6 153.0, 144.3, 143.1, 142.4, 136.5, 130.1, 129.2, 127.1.

ethyl 4-(pyrazin-2-yl)benzoate (3eb)

CO,Et
N@

(N

GP 1-1 was followed using 2-chloropyrazine (17.2 mg, 0.15 mmol, 1.0 equiv) and ethyl 4-
bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (20:80 ethyl acetate:pentane)
as a white solid (27.0 mg, 79% vyield). The spectroscopic data matched those reported in the
literature.*

IH NMR (500 MHz, CDCls) § 9.08 (d, J = 1.5 Hz, 1H), 8.67 (dd, J = 2.5, 1.5 Hz, 1H), 8.56 (d, J
= 2.5 Hz, 1H), 8.21 — 8.15 (m, 2H), 8.13 — 8.06 (M, 2H), 4.42 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1

Hz, 3H).
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13C NMR (126 MHz, CDCl3) § 166.3, 151.8, 144.5, 143.8, 142.6, 140.5, 131.8, 130.4, 127.0, 61 4,

14.5.

4-(pyrazin-2-yl)benzonitrile (3ei)

CN
e
LN
GP 1-1 was followed using 2-chloropyrazine (17.2 mg, 0.15 mmol, 1.0 equiv) and 4-
bromobenzonitrile (27.3 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (50:50 ethyl acetate:pentane)
as a white solid (17.9 mg, 66% Yyield). The spectroscopic data matched those reported in the
literature.*3
IH NMR (500 MHz, CDCls) § 9.07 (d, J = 1.6 Hz, 1H), 8.69 (dd, J = 2.5, 1.5 Hz, 1H), 8.60 (d, J
= 2.4 Hz, 1H), 8.19 — 8.12 (m, 2H), 7.84 — 7.77 (m, 2H).

13C NMR (126 MHz, CDCl3) 6 150.8, 144.6, 144.4, 142.5, 140.6, 132.9, 127.6, 118.6, 113.7.

2-methoxy-6-(4-methoxyphenyl)pyrazine (3pa)

GP 2 was followed using 2-chloro-6-methoxypyrazine (21.7 mg, 0.15 mmol, 1.0 equiv) and 1-
bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (15:85 ethyl

acetate:pentane) as a white solid (26.9 mg, 83% vyield).
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IH NMR (500 MHz, CDCls) 5 8.54 (s, 1H), 8.09 (s, 1H), 8.03 — 7.96 (m, 2H), 7.04 — 6.97 (m, 2H),
4.05 (s, 3H), 3.87 (s, 3H).
13C NMR (126 MHz, CDCls) & 161.1, 159.9, 148.8, 132.8, 132.5, 128.9, 128.3, 114.4, 55.5, 53.4.

HRMS (ESI*) Calc: [M+H]" (C12H13N202) 217.0972; measured: 217.0972 < 0.1 ppm difference.

ethyl 4-(6-methoxypyrazin-2-yl)benzoate (3pb)

CO,Et
N/\(©/
%N

OMe
GP 1-1 was followed using 2-chloro-6-methoxypyrazine (21.7 mg, 0.15 mmol, 1.0 equiv) and
ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the
title compound following purification by flash column chromatography (20:80 ethyl
acetate:pentane) as a white solid (18.6 mg, 48% yield).
IH NMR (500 MHz, CDCls) § 8.64 (s, 1H), 8.21 (s, 1H), 8.17 — 8.13 (m, 2H), 8.12 — 8.08 (m, 2H),
4.41 (q, J = 7.1 Hz, 2H), 4.08 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, CDCls) § 166.3, 160.0, 147.8, 140.4, 134.8, 133.6, 131.5, 130.2, 126.8, 61.3,
53.6, 14.5.

HRMS (ESI*) Calc: [M+H]" (C14aH15N203) 259.1077; measured: 259.1076 = 0.4 ppm difference.

2-methoxy-3-(4-methoxyphenyl)pyrazine (3qa)

oM
OMe ©

N™ X
k&N
GP 2 was followed using 2-chloro-3-methoxypyrazine (21.7 mg, 0.15 mmol, 1.0 equiv) and 1-

bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
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the title compound following purification by flash column chromatography (15:85 ethyl
acetate:pentane) as a white solid (25.6 mg, 79% vyield). The spectroscopic data matched those
reported in the literature.®

IH NMR (500 MHz, CDCl3) & 8.20 (d, J = 2.6 Hz, 1H), 8.10 — 8.03 (m, 2H), 8.00 (d, J = 2.7 Hz,
1H), 7.02 — 6.96 (m, 2H), 4.04 (s, 3H), 3.86 (s, 3H).

13C NMR (126 MHz, CDCl») § 160.6, 157.9, 143.3, 138.4, 136.3, 130.8, 128.5, 113.7, 55.4, 53.8.

ethyl 4-(6-methoxypyrazin-2-yl)benzoate (3gb)

CO,Et
OMe

N
LN

GP 1-1 was followed using 2-chloro-3-methoxypyrazine (21.7 mg, 0.15 mmol, 1.0 equiv) and
ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the
title compound following purification by flash column chromatography (20:80 -ethyl
acetate:pentane) as a white solid (29.0 mg, 75% yield).

IH NMR (500 MHz, CDCls)  8.26 (d, J = 2.6 Hz, 1H), 8.16 — 8.11 (m, 4H), 8.10 (d, J = 2.6 Hz,
1H), 4.40 (q, J = 7.1 Hz, 2H), 4.05 (s, 3H), 1.41 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) § 166.5, 158.4, 142.2, 140.2, 140.0, 136.6, 130.9, 129.4, 129.2, 61.2,
53.9, 14.5.

HRMS (ESI*) Calc: [M+H]" (C14aH15N203) 259.1077; measured: 259.1075 = 0.8 ppm difference.

N-(6-phenylpyrazin-2-yl)pivalamide (3re)

At
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GP 2 with additional LiCl (12.7 mg, 0.30 mmol, 2.0 equiv) was followed using N-(6-
chloropyrazin-2-yl)pivalamide (32.0 mg, 0.15 mmol, 1.0 equiv) and bromobenzene (23.6 mg, 0.15
mmol, 1.0 equiv) as starting materials, which furnished the title compound following purification
by flash column chromatography (50:50 ethyl acetate:pentane, containing 0.5% v/v triethylamine)
as a white solid (24.5 mg, 66% yield).

IH NMR (500 MHz, CDCl3) & 9.51 (s, 1H), 8.78 (s, 1H), 8.01 (s, 1H), 7.99 — 7.95 (m, 2H), 7.54
—7.43 (m, 3H), 1.38 (s, 9H).

13C NMR (126 MHz, CDCl3) 6 177.1, 150.4, 147.6, 137.3, 136.0, 134.9, 130.1, 129.2, 127.0, 40.0,
27.6.

HRMS (ESI*) Calc: [M+H]* (C15H18N30) 256.1444; measured: 256.1443 = 0.4 ppm difference.

3-methoxy-6-(4-methoxyphenyl)pyridazine (3fa)

OMe

GP 2 was followed using 3-chloro-6-methoxypyridazine (21.7 mg, 0.15 mmol, 1.0 equiv) and 1-
bromo-4-methoxybenzene (28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished
the title compound following purification by flash column chromatography (20:80 ethyl
acetate:pentane) as a white solid (17.2 mg, 53% vyield). The spectroscopic data matched those
reported in the literature.?°

IH NMR (500 MHz, CDCl3) § 7.99 — 7.93 (m, 2H), 7.72 (d, J = 9.2 Hz, 1H), 7.04 — 6.98 (m, 3H),
4.17 (s, 3H), 3.86 (s, 3H).

13C NMR (126 MHz, CDCl3)  164.1, 160.9, 155.0, 128.9, 127.9, 126.7, 117.8, 114.5, 55.5, 54.9.
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ethyl 4-(6-methoxypyridazin-3-yl)benzoate (3fb)

CO,Et

GP 1-1 was followed using 2-chloro-3-methoxypyrazine (21.7 mg, 0.15 mmol, 1.0 equiv) and
ethyl 4-bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the
title compound following purification by flash column chromatography (20:80 -ethyl
acetate:pentane) as a white solid (24.0 mg, 62% vyield). The spectroscopic data matched those
reported in the literature.?°

IH NMR (500 MHz, CDCl3) & 8.36 (d, J = 8.5 Hz, 2H), 8.28 (d, J = 8.4 Hz, 2H), 8.02 (d, J = 9.2
Hz, 1H), 7.27 (d, J = 9.2 Hz, 1H), 4.61 (q, J = 7.1 Hz, 2H), 4.40 (s, 3H), 1.62 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, CDCls) § 166.4, 164.7, 154.4, 140.4, 131.3, 130.3, 127.3, 126.5, 117.8, 61.3,

55.1, 14.5.

3-(4-methylpiperazin-1-yl)-6-phenylpyridazine (3se)

X

N
N

A
GP 2 was followed using 3-chloro-6-(4-methylpiperazin-1-yl)pyridazine (31.9 mg, 0.15 mmol,
1.0 equiv) and bromobenzene (23.6 mg, 0.15 mmol, 1.0 equiv) as starting materials, which
furnished the title compound following purification by flash column chromatography (10:90
methanol:ethyl acetate) as a white solid (17.2 mg, 45% yield). This is the corrected yield that
excluded the inseparable heteroaryl dimer byproduct (2% with respect to the product based on *H

NMR).
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IH NMR (500 MHz, CDCls) § 8.03 — 7.96 (m, 2H), 7.65 (d, J = 9.6 Hz, 1H), 7.50 — 7.43 (m, 2H),
7.43 - 7.37 (m, 1H), 6.98 (d, J = 9.5 Hz, 1H), 3.78 — 3.73 (m, 4H), 2.62 — 2.55 (m, 4H), 2.38 (s,
3H).
13C NMR (126 MHz, CDCls) § 159.1, 151.3, 136.9, 129.0, 128.8, 126.1, 125.3, 113.0, 54.8, 46.3,
45.1.

HRMS (ESI*) Calc: [M+H]" (C15H19N4) 255.1604; measured: 255.1601 = 1.2 ppm difference.

ethyl 4-(quinolin-2-yl)benzoate (3tb)

CO,Et
v

‘ N
9P

GP 1 was followed using 2-chloroquinoline (24.5 mg, 0.15 mmol, 1.0 equiv) and ethyl 4-
bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (10:90 ethyl acetate:pentane)
as a white solid (20.8 mg, 50% vyield). The spectroscopic data matched those reported in the
literature.?

H NMR (500 MHz, CDCls) 8 8.25 (d, J = 8.5 Hz, 3H), 8.20 (s, OH), 7.91 (d, J = 8.6 Hz, 1H),
7.87 —7.81 (m, 1H), 7.75 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.56 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 4.43
(9, J = 7.1 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) § 166.6, 156.2, 148.4, 143.8, 137.1, 131.2, 130.2, 130.04, 130.03,

127.64, 127.58, 127.56, 126.9, 119.1, 61.2, 14.5.

ethyl 4-(isoquinolin-3-yl)benzoate (3ub)
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O CO,Et
B
_N

GP 1 was followed using 3-chloroisoquinoline (24.5 mg, 0.15 mmol, 1.0 equiv) and ethyl 4-
bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (5:95 ethyl acetate:pentane) as
a white solid (27.0 mg, 65% vyield).

'H NMR (500 MHz, CDCls) & 9.35 (d, J = 1.0 Hz, 1H), 8.23 — 8.19 (m, 2H), 8.19 — 8.15 (m, 2H),
8.13 (s, 1H), 8.00 (dt, J = 8.1, 1.0 Hz, 1H), 7.89 (dd, J = 8.3, 1.1 Hz, 1H), 7.72 (ddd, J = 8.2, 6.9,
1.2 Hz, 1H), 7.62 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 4.42 (g, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, CDCls) § 166.7, 152.7, 150.2, 143.8, 136.6, 130.9, 130.4, 130.2, 128.2,
127.74,127.72, 127.2,126.9, 117.5, 61.2, 14.5.

HRMS (ESI*) Calc: [M+H]" (C1sH16NO2) 278.1176; measured: 278.1173 = 1.1 ppm difference.

ethyl 4-(quinazolin-2-yl)benzoate (3vb)

CO,Et
T
N
L

N

GP 2 was followed using 2-chloroquinazoline (24.7 mg, 0.15 mmol, 1.0 equiv) and ethyl 4-
bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (10:90 ethyl acetate:pentane)
as a white solid (16.3 mg, 39% yield).

IH NMR (500 MHz, CDCls) & 9.49 (d, J = 0.9 Hz, 1H), 8.73 — 8.66 (m, 2H), 8.23 — 8.17 (m, 2H),
8.12 (dq, J = 8.4, 0.9 Hz, 1H), 7.98 — 7.90 (m, 2H), 7.65 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 4.43 (g, J

= 7.1 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H).
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13C NMR (126 MHz, CDCls) & 166.6, 160.7, 160.2, 150.9, 142.2, 134.5, 132.2, 130.0, 129.0,
128.6, 127.9, 127.3, 123.9, 61.3, 14.5.

HRMS (ESI*) Calc: [M+H]* (C17H15sN202) 279.1128; measured: 279.1127 = 0.4 ppm difference.

ethyl 4-(quinoxalin-2-yl)benzoate (3wb)

CO,Et
N
N

Ly :
N

GP 2 was followed using 2-chloroquinoxaline (24.7 mg, 0.15 mmol, 1.0 equiv) and ethyl 4-
bromobenzoate (34.4 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (15:85 ethyl acetate:pentane)
as a white solid (32.1 mg, 77% vyield). The spectroscopic data matched those reported in the
literature.??

IH NMR (500 MHz, CDCl3) & 9.36 (s, 1H), 8.31 — 8.26 (m, 2H), 8.26 — 8.20 (m, 2H), 8.20 — 8.16
(m, 1H), 8.16 — 8.11 (m, 1H), 7.83 — 7.75 (m, 2H), 4.43 (q, J = 7.1 Hz, 2H), 1.44 (t, J = 7.1 Hz,
3H).

13C NMR (126 MHz, CDCls) § 166.3, 150.8, 143.3, 142.4, 142.0, 140.9, 132.0, 130.7, 130.4,

130.2, 129.9, 129.4, 127.6, 61.4, 14.5.

6-(4-methoxyphenyl)imidazo[1,2-a]pyrazine (3xa)
OMe
T
N/ _N
GP 2 with additional LIiClI (12.7 mg, 0.30 mmol, 2.0 equiv) was followed using 6-

chloroimidazo[1,2-a]pyrazine (23.0 mg, 0.15 mmol, 1.0 equiv) and 1-bromo-4-methoxybenzene
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(28 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title compound following
purification by flash column chromatography (100% ethyl acetate) as a pale brown solid (20.9 mg,
62% yield).

IH NMR (500 MHz, CDCl3) § 9.15 (d, J = 1.5 Hz, 1H), 8.36 (d, J = 1.5 Hz, 1H), 7.88 — 7.82 (m,
2H), 7.80 (d, J = 1.1 Hz, 1H), 7.71 (d, J = 0.9 Hz, 1H), 7.05 — 6.97 (m, 2H), 3.86 (s, 3H).

13C NMR (126 MHz, CDCl3) 6 160.4, 143.2, 140.2, 139.8, 136.1, 129.0, 127.7, 114.5, 114.1,
113.9, 55.5.

HRMS (ESI*) Calc: [M+H]* (C13H12N30) 226.0975; measured: 226.0974 = 0.4 ppm difference.

2-(quinolin-6-yl)quinoxaline (3wj)

N
]
N:(C&j
N
C[/
N

GP 2 was followed using 2-chloroquinoxaline (24.7 mg, 0.15 mmol, 1.0 equiv) and 6-
bromoquinoline (31.2 mg, 0.15 mmol, 1.0 equiv) as starting materials, which furnished the title
compound following purification by flash column chromatography (100% ethyl acetate) as a white
solid (25.8 mg, 67% yield).

IH NMR (500 MHz, CDCl3) & 9.48 (s, 1H), 8.99 (dd, J = 4.2, 1.7 Hz, 1H), 8.65 (d, J = 2.0 Hz,
1H), 8.61 (dd, J = 8.8, 2.1 Hz, 1H), 8.32 (dd, J = 8.2, 1.5 Hz, 1H), 8.29 (d, J = 8.8 Hz, 1H), 8.23 —
8.18 (m, 1H), 8.17 — 8.13 (m, 1H), 7.80 (dddd, J = 20.2, 8.4, 6.9, 1.6 Hz, 2H), 7.49 (dd, J = 8.3,
4.2 Hz, 1H).

13C NMR (126 MHz, CDCls) § 151.7, 151.0, 149.2, 143.4, 142.5, 141.9, 137.0, 135.0, 130.74,
130.67, 130.0, 129.8, 129.4, 128.46, 128.35, 127.4, 122.0.

HRMS (ESI*) Calc: [M+H]" (C17H12N3) 258.1026; measured: 258.1025 = 0.4 ppm difference.
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methyl 2-methoxy-6-(1-methyl-1H-indol-3-yl)isonicotinate (3yk)

MeOzC
7 N\
=N \ N

MeC
GP 1 was followed using methyl 2-chloro-6-methoxyisonicotinate (30.2 mg, 0.15 mmol, 1.0 equiv)
and 3-bromo-1-methyl-1H-indole (31.5 mg, 0.15 mmol, 1.0 equiv) as starting materials, which
furnished the title compound following purification by flash column chromatography (25:75 ethyl
acetate:pentane) as a pale brown solid (26.2 mg, 59% vyield).

IH NMR (500 MHz, CDCls) & 8.48 — 8.42 (m, 1H), 7.75 (d, J = 1.1 Hz, 1H), 7.69 (s, 1H), 7.35 —
7.30 (m, 1H), 7.29 — 7.24 (m, 1H), 7.24 — 7.19 (m, 1H), 7.04 (d, J = 1.2 Hz, 1H), 4.08 (s, 3H), 3.92
(s, 3H), 3.82 (s, 3H).

13C NMR (126 MHz, CDCls) § 166.3, 164.6, 154.0, 140.5, 138.0, 129.6, 126.2, 122.5, 122.0,
120.9, 115.4, 111.5, 109.7, 106.4, 54.1, 52.7, 33.3.

HRMS (ESI*) Calc: [M+H]" (C17H17N203) 297.1234; measured: 297.1232 = 0.7 ppm difference.

methyl 2-methoxy-6-(1-methyl-1H-indazol-5-yl)isonicotinate (3yl)

MeOZC
7\ v

—n \
MeO

GP 1 was followed using methyl 2-chloro-6-methoxyisonicotinate (30.2 mg, 0.15 mmol, 1.0 equiv)

and 5-bromo-1-methyl-1H-indazole (31.7 mg, 0.15 mmol, 1.0 equiv) as starting materials, which

furnished the title compound following purification by flash column chromatography (50:50 ethyl

acetate:pentane) as a white solid (18.3 mg, 41% yield).
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IH NMR (500 MHz, CDCls) § 8.49 (dd, J = 1.7, 0.8 Hz, 1H), 8.17 (dd, J = 8.8, 1.6 Hz, 1H), 8.07
(d, J = 1.0 Hz, 1H), 7.94 (d, J = 1.2 Hz, 1H), 7.47 (dt, J = 8.8, 0.9 Hz, 1H), 7.23 (d, J = 1.1 Hz,
1H), 4.12 (s, 3H), 4.11 (s, 3H), 3.98 (s, 3H).
13C NMR (126 MHz, CDCls) § 166.0, 164.6, 156.1, 141.1, 140.5, 134.0, 131.4, 125.7, 124.7,
120.0, 111.9, 109.2, 108.9, 53.9, 52.8, 35.8.

HRMS (ESI*) Calc: [M+H]* (C16H16N303) 298.1186; measured: 298.1185 = 0.3 ppm difference.

4-(3-(pyrazolo[1,5-a]pyrimidin-5-yl)phenyl)tetrahydro-2H-pyran-4-carbonitrile (3zm)

e

a NC
NCJ/N o}
GP 2 was followed using methyl 5-chloropyrazolo[1,5-a]pyrimidine (23.0 mg, 0.15 mmol, 1.0
equiv) and 4-(3-bromophenyl)tetrahydro-2H-pyran-4-carbonitrile (39.9 mg, 0.15 mmol, 1.0 equiv)
as starting materials, which furnished the title compound following purification by flash column
chromatography (100% ethyl acetate) as a white solid (32.0 mg, 70% vyield).
IH NMR (500 MHz, CDCl3) & 8.74 (dd, J = 7.3, 0.9 Hz, 1H), 8.29 (t, J = 1.9 Hz, 1H), 8.15 (d, J
= 2.4 Hz, 1H), 8.02 (dt, J = 7.9, 1.3 Hz, 1H), 7.64 (ddd, J = 7.9, 2.1, 1.1 Hz, 1H), 7.58 (t, J = 7.8
Hz, 1H), 7.28 (d, J = 7.4 Hz, 1H), 6.75 (dd, J = 2.3, 0.9 Hz, 1H), 4.17 — 4.09 (m, 2H), 3.99 — 3.90
(m, 2H), 2.30 — 2.20 (m, 2H), 2.14 (m, 2H).
13C NMR (126 MHz, CDCls) § 155.3, 148.6, 145.9, 141.0, 138.3, 135.4, 129.9, 127.7, 127.3,
124.6,121.7, 105.4, 97.4, 65.2, 42.2, 36.8.

HRMS (ESI*) Calc: [M+H]" (C1sH17N40) 305.1397; measured: 305.1394 = 1.0 ppm difference.

5-(4-fluoro-1-isopropyl-2-methyl-1H-benzo[d]imidazol-6-yl)pyrazolo[1,5-a]pyrimidine (3zn)
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GP 2 was followed using methyl 5-chloropyrazolo[1,5-a]pyrimidine (23.0 mg, 0.15 mmol, 1.0
equiv) and 6-bromo-4-fluoro-1-isopropyl-2-methyl-1H-benzo[d]imidazole (40.7 mg, 0.15 mmol,
1.0 equiv) as starting materials, which furnished the title compound following purification by flash
column chromatography (100% ethyl acetate) as a white solid (20.9 mg, 45% yield).

IH NMR (400 MHz, CDCls3) § 8.69 (dd, J = 7.4, 0.9 Hz, 1H), 8.10 (dd, J = 15.0, 1.9 Hz, 2H), 7.59
(dd, J=11.4, 1.4 Hz, 1H), 7.25 (d, J = 7.5 Hz, 1H), 6.70 (dd, J = 2.3, 0.9 Hz, 1H), 4.74 (hept, J =
7.0 Hz, 1H), 2.67 (s, 3H), 1.70 (d, J = 7.0 Hz, 6H).

13C NMR (126 MHz, CDCl3) 6 155.9 (d, J = 2.6 Hz), 153.7 (d, J = 252.1 Hz), 153.5, 148.6, 145.8,
137.3 (d, J = 9.3 Hz), 135.2, 133.7 (d, J = 17.0 Hz), 131.9 (d, J = 6.8 Hz), 106.8 (d, J = 19.5 Hz),
106.4 (d, J = 3.5 Hz), 105.6, 97.0, 48.7, 21.7, 15.4.

F NMR (377 MHz, CDCls) 6 -128.27.

HRMS (ESI*) Calc: [M+H]* (C17H17NsF) 310.1463; measured: 310.1460 = 1.0 ppm difference.
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4C.VIIl. NMR Spectra of Compounds
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Appendix D. Pairing of Aqueous and Nonaqueous Electrosynthetic Reactions

Enabled by a Redox Reservoir Electrode

The content presented in this Appendix is reproduced with permission from a published
manuscript: Katelyn H. Michael, Zhi-Ming Su, Rui Wang, Hongyuan Sheng, Wenjie Li, Fengmeli
Wang, Shannon S. Stahl, and Song Jin. Pairing of Agqueous and Nonaqueous Electrosynthetic
Reactions Enabled by a Redox Reservoir Electrode. J. Am. Chem. Soc. 2022, 144, 22641-22650.

Copyright 2022 American Chemical Society.
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D.l. Abstract

Paired electrolysis methods are appealing for chemical synthesis because they generate valuable
products at both electrodes; however, development of such reactions is complicated by the need
for both half-reactions to proceed under mutually compatible conditions. Here, a modular
electrochemical synthesis (ModES) strategy bypasses these constraints using a "redox reservoir"
(RR) to pair electrochemical half-reactions across aqueous and nonaqueous solvents.
Electrochemical oxidation reactions in organic solvents, the conversion of 4-t-butyltoluene to
benzylic dimethyl acetal and aldehyde in methanol or the oxidative C—H amination of naphthalene
in acetonitrile, and the reduction of oxygen to hydrogen peroxide in water were paired using nickel
hexacyanoferrate as an RR that can selectively store and release protons (and electrons) while
serving as the counter electrode for these reactions. Selective proton transport through the RR is
optimized and confirmed to enable the ion balance, and thus the successful pairing, between redox
half-reactions that proceed with different rates, on different scales, and in different solvents

(methanol, acetonitrile, and water).

Modular Electrochemical Synthesis (ModES)

aromatic C~H amination or paired across H,0, production
methylarene oxidation solvents
MeCN . MeOH l_ih HNaNiHCE
FG =
o[
-2e° -2H* o =
R = e 4H"
'°';;;';,7 US| aveon e
<

.
O o
NH;
\_7 . By’

« Different organic oxidations + Different rates + scales + Different solvents « H* coupled

Figure D.1. Summary of this work.

NaNiHCF
using NiHCF Redox Reservoir (RR)
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D.II. Introduction

Electrochemical synthesis is the focus of increased attention, owing to its ability to avoid
elevated temperatures and pressures, eliminate stoichiometric chemical reagents, and reduce
chemical waste.® In typical electrosynthetic reactions, the desired chemical transformation taking
place at the working electrode is balanced by a sacrificial reaction that takes place at the
counter/auxiliary electrode. Anodic oxidations, such as conversion of a primary alcohol to a
carboxylic acid,’ are typically balanced by proton reduction to hydrogen gas at the cathode.
Cathodic reductions, such as the dimerization of acrylonitrile to adiponitrile,® are often balanced
by water oxidation to O at the anode. Smaller scale electrosynthetic reductions commonly use a
sacrificial metal anode, such as Zn or Fe. The nonproductive counter electrode reactions are
designed to balance the charge and avoid interference with the reaction of interest; however, it
would be ideal if the nonproductive reaction at the counter electrode could be replaced with a redox
reaction that generates a valuable product.®! Such "paired electrolysis" methods can improve the
efficiency, sustainability, and/or economics of large-scale applications.®*¢ A prominent example
of paired electrolysis developed by BASF (Badische Anilin- und Sodafabrik) features the
oxidation of 4-t-butyltoluene and the reduction of dimethyl-o-phthalate in a methanol solvent
(Figure D.2a).>"'8 The process is formally 100% atom efficient owing to its perfect methanol and
electron balance. Both products may be formed at the same rate under identical reaction conditions
(temperature, solvent, supporting electrolyte, etc.). This matching of reaction conditions and rates
presents a challenge to the development and widespread adoption of paired electrochemical

reactions, as the optimal conditions and rates of different reactions are seldom identical.8%1°
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a Paired Nonagq. Organic Electrosynthesis b Conventional Aqueous Electrolysis

4-t-butyltoluene oxidation with phthalic acid dimethyl H,0, production (HPR) with the oxygen evolution
ester reduction I reaction (OER)
-4e-, -4H*, +2MeOH +4e, +4H*, -2MeOH OER HPR
o
o ) (jd" H,0 H,0;
Bu ° S
o
OMe ¥ £ o -de- -4H* +2e" -20H-
ome /| S o”
: oL ©); 0,+2H,0
Bu
o __MeOH
Complicated Separation Membrane
c Modular Electrochemical Synthesis (ModES)
4-t-butyltoluene oxidation paired with HPR across solvents using NiHCF RR
3id 2k it
-
Z4e- -4H* +H,0, +2MeOH % >
A AS A H,0,
o ' 2
Bu 14 o}
OMe X = +2e" -20H
/@*om M\ 0,+2H,0
'Bu T
43
* Proton coupled  Different solvents « Different rates and scales

Figure D.2. Schematic illustration of RR-enabled ModES for paired oxidation of 4-t-butyltoluene in
methanol and reduction of oxygen to H.O- in water in comparison to conventional electrolysis processes.
(a) Schematic of the BASF paired electrolysis that takes place in methanol where two organic products are
synthesized simultaneously at both the cathode and anode. (b) In conventional electrochemical H,0-
production (HPR), the nonproductive OER takes place on the anode to charge balance the cathodic reaction.
This process requires a membrane to prevent H.O, decomposition on the anode. (¢) In the ModES process,
the anodic and cathodic processes take place in two undivided cells and an RR electrode serves as the
counter electrode for the process of interest, storing ions and charge and ensuring ion balance. This allows
the two reactions to take place in different solvents, with different scales and rates and without a
complicated separation process.

The challenges for achieving paired electrolyses can be alleviated by the recently described
redox reservoir (RR)-enabled modular electrochemical synthesis (ModES) method.?’ RRs are
solid-state battery materials that temporarily store/release ions and electrons to balance the
ion/electron transfer steps taking place at the working electrode. Therefore, RRs can serve as a
universal counter electrode, capable of pairing alternately with both cathodic and anodic half-
reactions. Implementation of this RR-based ModES concept relaxes the constraints of paired
electrochemical synthesis because the paired half-reactions may be carried out in different cells,
and at different times, locations, rates, and/or scales, to align with demand. The promises of the

ModES strategy have been demonstrated by the reports on decoupled water splitting, which can
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reduce the crossover of oxygen impurity in the produced hydrogen and provide a means to reduce
gas purification costs and safety hazards.?*~?" Moreover, RRs can enable the pairing of many
incompatible half-reactions to synthesize value-added chemicals such as the coproduction of
several high-value oxidants in aqueous media,?>?® which was not previously possible due to
product and membrane incompatibility. RRs could also enable electrosynthetic reactions to take
place in an undivided cell instead of the commonly used divided cell, bypassing the need for a
membrane or separator. To date, the ModES strategy has only been used to pair two redox half-
reactions in aqueous solutions, but it should also be compatible with nonaqueous solvents
commonly used in organic electrosynthesis. 510
To expand the flexibility and potential utility of ModES, we elected to investigate the use of a
solid-state RR to pair two electrosynthetic redox reactions conducted in different solvents. These
half-reactions include the methylarene oxidation reaction featured in the BASF process conducted
in methanol at the anode (eq 1 and Figure D.2a), and electrochemical hydrogen peroxide
production via two-electron reduction of O in water at the cathode (eq 2 and Figure D.2b).
4-tBuCgH4CH3 + 2 CH30H — 4-tBuCsH4sCH(OCH3), + 4 H" + 4 ¢~ (1)
02+2H0+2e — H02+20H" (2)
These important reactions are performed on very different scales industrially, 102 and 10° tons
per year for methylarene oxidation and H20> production, respectively. Electrochemical production
of H20- for disinfection, environmental applications, or as an oxidant for chemical synthesis is the
focus of growing interest as an alternative for the traditional chemical anthraquinone process that
requires high energy consumption, expensive catalysts, and multiple steps.?%-32 The susceptibility
of H20. to decomposition limits compatible half-reactions; therefore, the H.O> electrolyzer usually

has the oxygen evolution reaction (OER) as the anodic process separated by an expensive ion
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exchange membrane (Figure D.2b). The use of RRs in a ModES strategy could eliminate the
unproductive counter reactions and the need for ion exchange membranes, but RR electrodes that
can transfer the common ions involved in both half-reactions need to be developed to maintain the
ion balance and realize the sustained coproduction of chemicals.?833

Here, we demonstrate the pairing of these two half-reactions across aqueous and nonaqueous
solvents using a carefully designed RR that results in the following overall ModES reaction (eq 3
and Figure D.2c¢):

2 Oz + 4-tBuCeH4CH3 + 2 CH30H — 2 H20; + 4-tBuCsH4CH(OCHs3) (3)

The anodic methylarene oxidation reaction generates H* in the undivided cell and the RR
undergoes reduction with H* intercalation (Figure D.1c, left). Then, the RR electrode is transferred
to a separate undivided cell where it supports cathodic hydrogen peroxide production by
undergoing oxidation and release of H* (Figure D.1c, right), which neutralizes the OH™ produced
by H.O> production (egs 2 and 4).

02+2H0+2H"+2¢e - Hx02+2 H0 (4)

The overall process avoids contact between the supporting electrolytes of the two half-reactions,
while allowing for ion balance between two incompatible processes. We identify a Prussian blue
analogue (PBA) material, nickel hexacyanoferrate (NiHCF), that is compatible with both aqueous
and nonaqueous solvents as the RR to ensure selective transport of protons across the
electrochemical cells. After optimization of the RR material, reaction electrolytes, and ModES
process, continuous proton-balanced ModES cycles with pH stability that yield complete
conversion of methylarene in methanol and the production of H2O in water are achieved. To
further support the flexibility of the ModES strategy, the amination of naphthalene in acetonitrile

is paired with H202 production using the same NiHCF RR.
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D.I11. Results and Discussion

Synthesis and Electrochemical Performance of NiIHCF as a Redox Reservoir. The RR
materials for the ModES processes should be selected based on their ability to transport the
balancing ion, chemical and electrochemical stability in the appropriate electrolytes, their redox
potential, cycling capacity, and kinetics. For the ModES pairing herein, proton is the balancing
ion; therefore, we selected PBASs because they have been reported as proton battery materials.>*-3¢
The rigid open framework and large interstitial sites with a three-dimensional diffusion channel
along the <110> crystallographic directions in PBAs make them advantageous for intercalation of
ions in aqueous and nonaqueous solutions.*®3” PBAs are also inexpensive and can be synthesized
on a larger scale using a simple coprecipitation method. Various PBAs, including NiHCF and
CuHCEF, were tested for stability in a range of solvents commonly used in batteries and organic
electrochemical reactions. First, a small amount of PBA powder was added to the solvents to check
for solubility. If there was no visible dissolution, a cyclic voltammogram (CV) was taken to find
the formal potential of the PBA followed by cycling tests. NiHCF was found to be the most stable
PBA in nonaqueous solvents and undergoes redox in methanol, dimethylformamide, and
acetonitrile (Figure D.S1).

We synthesized the rhombohedral NiHCF crystals with occupied Na* following a reported
coprecipitation method.3® Scanning electron microscopy (SEM) images of the as-synthesized
crystals show well-faceted microcubes with an average size of approximately 2 pm (Figure D.3a,
inset). A powder X-ray diffraction pattern displays the characteristic doublet diffraction peaks of
the rhombohedral phase at (220), (440), and (660) compared to the standard pattern that represents
the cubic phase (JCPDS no. 52-1907) (Figure D.S2). The as-synthesized rhombohedral phase is

preferred due to its slightly higher capacity compared to the cubic (oxidized) phase and its larger



322

unit cell. *° Inductively coupled plasma optical emission spectroscopy (Table D.S1) and
thermogravimetric analysis (TGA, Figure D.S3) were conducted to determine the compositions of
Na, Ni, and Fe elements and the water content in the NaNiHCF sample to confirm the exact

formula to be Naz 20Ni[Fe(CN)s]1.04:2.2 H20.
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Figure D.3. Electrochemical characterizations of the NiHCF RR material in both agueous and methanol
solutions. (a) Galvanostatic charge—discharge tests in a methanol solution containing 0.1 M TBACIO4, 20
mM NiNOs3, and 0.01 M H,SO, with a NiHCF working electrode (WE) and counter electrode (CE). The
inset shows a representative SEM image of NiHCF crystals. (b) CVs of NiHCF in 0.1 M TBACIO, and
0.01 M H,SO4 in methanol at a scan rate from 0.1 to 5 mV/s. (c) Galvanostatic discharge curve of NiHCF
in methanol with 0.1 M TBACIO4, 20 MM NiNOs, and 0.01 M H,SO.. (d) Galvanostatic charge—discharge
tests in aqueous 0.5 M H,SO4 with a NiHCF WE and CE. (e) CVs of NiHCF conducted in 0.5 M H,SO, at
a scan rate of 0.5, 1, and 5 mV/s. (f) Galvanostatic charge curve of NiHCF in 1.7 M Na;SO4 and 1 mM
NaOH (pH = 11) after discharge in MeOH.

We then studied the electrochemical behaviors of the NiHCF electrode intercalating and
deintercalating proton in both methanol and aqueous solutions using a three-electrode setup. The
as-synthesized NiHCF was always oxidized before use to allow for intercalation of proton upon
reduction. When NiHCF (cubic phase) is reduced with the intercalation of proton rather than an
alkali metal cation, the crystal structure remains cubic and does not shift to rnombohedral (Figures

D.S4 and D.S5). Before all electrochemical tests, the NiHCF electrode was reduced and oxidized
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10 times (Figure D.S6) to activate the electrode. The charge/discharge rate of 1C (meaning the
material is fully discharged in 1 h, and a rate of nC means the battery is fully discharged in 60/n
min) was determined based on the capacity of NiHCF in neutral aqueous solutions (65 mAh g™).
The stability tests show that NiHCF can be cycled repeatedly using protons in methanol with only
1% decay over 50 cycles (Figure D.3a) and in water with a 9.76% decay after 50 cycles (Figure
D.3d). CVs of NiHCF at different scan rates show a reversible redox behavior with a NiHCF
working and counter electrode in an undivided cell (Figures D.3b and D.3e), following this
reaction:

NaNi(Fe3*(CN)s) + H' + &~ 2 HNaNi(Fe?" (CN)s) (5)

With proton intercalation, it is common to see multiple CV peaks, which is usually attributed
to the binding of protons with ligand and zeolitic water molecules.*®4! The potential window in an
acidic aqueous solution is —0.3 to 1.0 V vs SCE, and NiHCF has a formal potential of 0.5 V (Figure
D.3e). In methanol, the potential window is —0.9 to 1.1 V vs Fc/Fc* with a NiHCF counter
electrode (Figure D.3b).

With the desired half-reactions in mind, the RR stability bounds were tested. Hydrogen
peroxide production can occur over a wide pH range, so the redox performance of the RR electrode
was studied under different pH conditions. NiHCF was found to be stable to reduction in acidic to
neutral conditions but unstable in alkaline solutions (Figure D.S7). However, NiHCF was stable
to oxidation in weakly alkaline solutions. Therefore, we could select an aqueous H2O> production
supporting electrolyte with a pH from 0 to 11, in which oxidation of NiHCF will take place. For
the cell in which NiHCF reduction takes place, the aqueous supporting electrolyte could be acidic
to neutral. When undergoing reduction in methanol, NiHCF had more severe dissolution. It was

reported that excess Ni ions in solution help stabilize the Prussian blue structure, preventing Ni
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dissolution that results in leaching of the redox-active Fe from NiHCF.*? Therefore, we added 20
mM NiIiNOz into the methanol solution, which improved the cycling performance. Clear
improvement of lattice stability is evident by the lack of precipitate formation after 50 cycles of
reduction and oxidation in the methanol solution and 23 cycles of ModES (Figures D.S9 and
D.S10). Due to potential decomposition of H202 in the presence of nickel ions, Ni ions were not
added in the aqueous electrolyte, but no color change or precipitate was observed when running
H>0> production.

NiHCF has worse rate capabilities in methanol than aqueous solutions presumably due to the
reduced hydrogen bonding network.*® After studying different cycling currents, keeping the C rate
as low as possible during cycling in methanol proved to be essential for maintaining the capacity
of NiHCF. A discharging rate not exceeding 1C was selected for this half-reaction (Figure D.S8).
In aqueous solutions, the rate capabilities are improved by stronger intermolecular forces as well
as higher solution conductivity compared to organic solvents.?’ This means that aqueous half-
reactions can be run at a higher rate than the nonaqueous half-reactions. A representative
galvanostatic discharge curve of NiHCF (reduction) in methanol from 100 to 25% state of charge
(SOC) is shown in Figure D.3c. The corresponding galvanostatic charge curve (oxidation) in a pH
= 11 aqueous solution is shown in Figure D.3f.

Optimization of Half-Reactions. Literature precedents for the organic half-reaction, the
methylarene oxidation reaction, provide an important foundation for the work conducted here. 844
CVs, obtained in an acetonitrile solvent, highlight a comparison of redox potentials associated with
4-t-butyltoluene and its corresponding intermediate and product relative to that of MeOH (Figure

D.4a). The plots show that the methylarene reagent and methyl ether intermediate undergo
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oxidation at potentials below that of methanol, while the product dimethylacetal is oxidized at a

potential higher than that of methanol.
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Figure D.4. Electrochemical behaviors and product distributions of the separate electrochemical half-
reactions. (a) CV data relevant to methylarene oxidation. Conditions: 0.1 M TBAPFs in acetonitrile, glassy
carbon working electrode, Pt wire counter electrode, reference electrode Ag/AgNO; (10 mM AgNOs in
acetonitrile) corrected vs Fc/Fc*. Oxidation of methanol prevents overoxidation of the acetal and aldehyde
to the carboxylic acid. (b) Table for optimizing the product yield and distributions of methylarene oxidation
with graphite rod working and counter electrodes. Entries 1-6 show optimization of the half-reaction.
Entries 7 and 8 reflect conditions used to improve the anticipated performance of the RR. Entries 9 and 10
show the sensitivity of the reaction to excess proton concentration. (¢) Linear sweep voltammetry (LSV)
curve for the cathodic production of H,O; using an Fe-CNT working electrode with an area of 2 cm? at a
scan rate of 10 mV/s in O,-saturated 1.7 M Na,SO, (adjusted to pH = 11) with a Pt counter electrode.

By adapting the previously reported conditions, direct oxidation of 4-t-butyltoluene delivered a
68% yield of the corresponding dimethyl acetal in an undivided cell using graphite for both the
working and auxiliary electrodes (Figure D.4b, entry 1). The reaction was conducted at a constant
current of 20 mA, and the optimal yield was obtained after passing 8 F/mol of charge. The reaction
did not reach completion when the theoretical charge of 4 F/mol was passed (40% product yield
with 36% unreacted starting material, entry 2). A modest drop in yield was observed when more

charge was passed (56% yield at 10 F/mol, entry 3), and decreased yields were also observed at
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lower and higher current densities (entries 4 and 5). TBAPFs was not as effective a supporting
electrolyte as TBACIO4 (entry 6). In anticipation of pairing the methylarene oxidation reaction
with a proton-exchange RR, a small amount of water was added to the methanol to facilitate proton
transport within the RR. This modification resulted in partial hydrolysis of the dimethyl acetal, but
a comparable overall acetal/aldehyde yield was obtained (64%, entry 7). The influence of added
Ni(NOs). was tested to account for the stabilizing effect of Ni?* ions on the stability of the NiHCF
RR in methanol. The presence of 20 mM Ni(NOg)2 in the electrolyte had minimal impact on the
reaction yield (65% vyield, entry 8; Figure D.S11). On the other hand, control experiments
confirmed that moderate quantities of Bregnsted acid in the solution (10 and 50 mol % with respect
to the substrate) had a deleterious effect on the reaction, lowering the yield to 58 and 30%,
respectively (entries 9 and 10).

For H.O> production at the cathode, we used carbon-based catalysts as the working electrodes
due to their stability and good performance in neutral to alkaline conditions and their low cost.*
Following previous reports, annealed carbon felt?2°4¢ and iron-decorated carbon nanotubes*” (10
nm width) (Fe-CNT; Figure D.S12) were prepared and tested in neutral to weakly alkaline
solutions (Figures D.S13-D.S.15) with LSV in a divided cell with a Pt counter electrode to
measure the current density (Figure D.4c). We chose a solution of 1.7 M Na2SO4 adjusted to pH =
11 with 1 M NaOH for performing H20: electrosynthesis due to the high activity of H20»
production, reduced competition with OER, and the stability of the RR. Under these conditions,
the 2 cm? Fe-CNT cathode showed a current of —100 mA at 0.16 V vs RHE (reversible hydrogen
electrode, Figure D.4c). Various applied potentials were screened using chronoamperometry
(Figure D.S16), and the produced H>O> was quantified chemically using titration (see details in

the Supporting Information, Figure D.S17). The best current density and Faradaic efficiency (FE)
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were achieved using Fe-CNT electrodes on hydrophobic carbon fiber paper, similar to what was
previously reported.*” A potential of 0.244 V vs RHE was selected to ensure a high FE above 90%
when accumulating 200 ppm of H20: in a 30 mL cell.

Proton-Balancing Ability of the RR. The overall ModES reaction requires protons to be
transferred from the methylarene oxidation reaction cell in methanol to the cathodic H20-
production cell in water by the RR (Figure D.2c). Therefore, it is important to study the ability of
the RR electrode to transfer and balance protons. Protons have a smaller mass and ionic radius
compared to metal ions and exhibit the fastest diffusion kinetics via the Grotthuss mechanism,
which allows protons to be transferred via a hydrogen bonding network (Figure D.5a).344¢ Under
the Grotthuss proton conduction mechanism, zeolitic water in the PBA cages and ligand water in
anion vacancies can form a continuous hydrogen bonding network that allows for concerted
cleavage and formation of O—H bonds for proton transfer.®

In the beginning of the methylarene oxidation reaction process, there is a large excess of the
supporting electrolyte cation and an absence of protons in solution. If a metal cation that can be
intercalated into NiHCF, such as sodium, is present, it will compete with proton and result in ion
imbalance. Unlike conventional batteries in which there is a large excess of the ions causing the
redox, this ModES system requires the protons produced during anodic oxidation to be intercalated
into the RR electrode. Because the reaction yield of the methylarene oxidation reaction is affected
by high proton concentration (Figure D.4b, entries 9 and 10), an acidic electrolyte cannot be used
to alleviate ion competition. To manage this competition, we selected a tetrabutylammonium (TBA)
cation-based supporting electrolyte, TBACIO4, to ensure preferred intercalation of protons based

on the cation size (Figure D.5a). TBA* has an approximate diameter of 9.9 A *° which is larger
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than that of the NiHCF cage (5.1 A),* thus ensuring exclusion from the cage. In contrast, the

desolvated ionic diameter of Na* is 1.9 A, allowing it to compete with protons.
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Figure D.5. Proton-balancing ability of the NiHCF RR. (a) Schematic of the Grotthuss mechanism, size of
ions, and NiHCF cage illustrating the role of hydrogen bonding and the need to minimize ion competition.
(b) pH shifts showing the proton intercalation and deintercalation ability of the RR. A pH = 11 solution was
used in both the undivided and divided cells. The RR was reduced in 1 M H2SO4 in methanol and then
oxidized, releasing protons in the respective cells. H.O, production was performed at the working electrode
to ensure proton release. (c) Electrochemical quartz crystal microbalance measured mass change of proton
(de)intercalation of NiHCF in a 1:20 water-to-methanol solution of 1 mM H,SO., 20 mM NiNOs, and 0.1
M TBACIO, in comparison with sodium (de)intercalation in 0.1 M Na;SO, in methanol. Slope trends are
opposite of each other due to their differing (de)intercalation mechanisms. (d) The corresponding CVs
during the measurements of the mass changes in panel (c).

To further improve the proton uptake into the RR, we also varied the water-to-methanol ratio
as the solvent for the methylarene oxidation reaction. The addition of water enhances the kinetics
of proton intercalation by improving the hydrogen bonding network and improves the solution
conductivity compared to a purely methanol solution.%? Even though adding water introduces
competition between OER and the methylarene oxidation reaction, the benefits of improved

conductivity and kinetics outweigh the slight loss in FE and minimal decrease in product yield (cf.
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Figure D.4b). We found that the optimal water-to-methanol ratio is 1:20, which retained the
methylarene oxidation reaction product yield and FE while improving RR performance.

To evaluate the proton (de)intercalation by the NiHCF RR, we ran hydrogen peroxide
production in undivided and divided cells to monitor pH changes with the RR as the counter
electrode. In the divided cell, there is a glass frit dividing the working and counter electrode
chambers to slow down ion movement, primarily allowing the supporting electrolyte ions to pass
between the two chambers to maintain charge balance. As a result, pH shifts can be measured in
the two chambers immediately following the electrochemical experiment. The RR was first
reduced in methanol with 1 M H>SO4 as the supporting electrolyte. For the RR oxidation, the
supporting electrolyte was a 1.7 M Na>SO4 and 1 mM NaOH aqueous solution. In the divided cell,
an increase of 1.91 pH units was observed in the working electrode compartment due to the
hydroxide released during H202 production (Figure D.5b, red trace). In the counter electrode
compartment, there was a decrease of 7 pH units from the protons deintercalated from the NiHCF
RR (Figure D.5b, blue trace). In an undivided cell, all ions can diffuse through the cell and the
same supporting electrolytes were used for the RR reduction and oxidation. Only a small pH shift
of 0.45 pH units was observed in the undivided cell (Figure D.5b, gray trace) because the proton
deintercalated from the NiHCF neutralizes the hydroxide produced from H>O2 production. This
demonstrates that the NiHCF RR is capable of balancing the protons across solvents.

For further support that protons are the ions that are intercalated into the NiHCF RR, we
conducted operando electrochemical quartz crystal microbalance (EQCM) measurements during
cyclic voltammetry (Figures D.5c¢ and D.5d) to monitor the electrode mass change (see details in
the Supporting Information). In PBAs, cation (de)intercalation must be charge balancing the redox

process.> The EQCM results (Figure D.5c, red trace) show that during reduction (protonation) the



330

electrode experiences a frequency increase indicating a mass loss according to the Sauerbrey

equation:>*
Af, = - Zfitmen (6)
(1qpq)?
which simplifies to:
Af = —Cp * Am ()

where pq is the density of the quartz crystal (2.648 g/cm?3), g is the shear modulus of quartz (2.947
x 10 g/cm s?), fo is the resonant frequency of the fundamental mode of the crystal in Hz, Cr is the
sensitivity factor, n is the overtone, and Am and Af are the mass change and frequency change,
respectively. During oxidation (deprotonation), the frequency change is reversed for a mass gain.
This indicates that solvent movement dominates the mass change as it is reversibly inserted into
the lattice in a movement opposite to that of proton.*!,> Since the mass of a proton is much smaller
than that of the solvent molecules assisting with hydrogen bonding, the slopes are the opposite of
what is expected.* This was also observed when measuring NiHCF in an acidic aqueous solution
(Figure D.S18). In contrast, when measuring the frequency and mass change of NiHCF with
sodium ions as the intercalating ion in methanol, the expected mass change trend is observed
(Figure D.5c, blue trace). This is because sodium ions rely on ionic attraction for movement during
(de)intercalation and not a hydrogen bonding network like protons.

In summary, the slope of the mass change curves measured in an acidic methanol solution
(Figure D.5c, red trace) indicates that lattice water and solvent molecule rearrangement plays a
large role in the ion intercalation process, rather than being dependent on cation—anion attraction
as alkali metal ions would be (Figure D.5c, blue trace).>® This is indicative of proton movement
into and out of the NIHCF RR material. This proton (de)intercalation is reversible, indicated by

the electrode having the same mass when fully oxidized and reduced over multiple cycles (Figure
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D.5¢, red trace). Additionally, no mass change was observed when a bare Cr/Au-coated quartz
crystal was measured in the same potential range in the same solution (Figure D.S19), indicating
that the mass changes were due to the behavior of the NiHCF thin film.

Proton-Balanced ModES Production of 4-t-Butyl Benzyl Acetal/Aldehyde and H202. The
full cycle of ModES involves two half-reactions conducted sequentially in different electrolytes
with the RR switched between the two undivided cells (Figure D.6a) with a three-electrode
configuration. Before ModES cycling, the RR electrode (Figure D.S20) is fully oxidized in
aqueous solution. For the methylarene oxidation reaction step, the RR electrode is washed in water
and then in methanol multiple times and then dried (Figure D.6a). A current density of 22 mA/cm?
is applied to the graphite rod working electrode, while the RR is reduced to 25% SOC based on its
capacity in aqueous solution (34 C) in the optimized supporting electrolyte of 0.1 M TBACIO4
and 20 mM NiNOz in a methanol/water mixture (20:1; cf. Figure D.4b). The average potential on
the graphite rod is approximately 2.1 V vs Fc/Fc*. For the aqueous hydrogen peroxide production
step at pH = 11, the applied potential was set at 0.244 V vs RHE and the RR is oxidized back to
100% SOC with an average current density of 39 mA/cm?. The same amount of charge was passed
for the agueous and nonaqueous half-reactions.

After 23 cycles of continuous ModES operation, full conversion of 1 mmol 4-t-butyltoluene
was achieved, producing the aldehyde/acetal products in 52% vyield (Figures D.6b, D.6c, and
D.S21). This corresponds to an FE of 26%, which is similar to the FE in the control experiment
(34%; entry 8, Figure D.4b). Methylarene oxidation occurs progressively within the same 10 mL
cell throughout the ModES process. Modest solvent loss over time due to the repeated transfer of
the RR electrode between the two reaction cells likely contributes to the yield reduction relative to

the single-batch result in Figure D.4b. On the cathodic side, a fresh 30 mL aqueous Na>SO4
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Figure D.6. Modular electrosynthesis of 4-t-butylbenzylaldehyde in methanol and H,O; in aqueous solution
enabled by the proton-selective NiHCF RR. (a) Full schematic of the ModES process for pairing the
methylarene oxidation reaction and H.O- production. (b) Reaction schematic of methylarene oxidation to
4-t-butylbenzaldehyde and the acetal product resulting from 23 cycles of ModES with the resulting product
yields. (c) Potential of the NiHCF RR electrode during methylarene oxidation at the working electrode over
23 ModES cycles. (d) Reaction equation and pH after H,O- production for each cycle. The electrolyte had
a starting pH of 11 and shifted minimally during the production of 200 ppm H.O. showing pH stability over
the course of the ModES cycling. (e) FE and concentration of H,O, produced in the aqueous cell for each
ModES cycle. A new 30 mL solution was used for each cycle.

solution (1.7 M, adjusted to pH = 11) under continuous bubbling of oxygen gas was used for each
ModES cycle at a constant potential, producing an average of 186 ppm H20; (5.47 mM) with an
FE of 93.2% (Figure D.6e). Such accumulated concentration of H.O; is already useful for many
applications, such as disinfection and water treatment.®? There was only a 0.4-0.7 pH unit increase
per cycle during the cathodic reaction (Figure D.6d). Approximately 10% of protons released
during the oxidative reaction are not intercalated into the RR. Due to the sensitivity of the
methylarene oxidation reaction to excess protons, a small amount of base N,N-
diisopropylethylamine (20 puL) was added every four cycles to the organic reaction mixture to

neutralize the excess protons. X-ray diffraction confirmed that the phase and crystallinity of the
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NiHCF RR did not change after 23 cycles of ModES, ending in the fully oxidized state (Figure
D.S22).

Extension to Another Oxidation Reaction (Arene C-H Amination) and Organic Solvent
(Acetonitrile). With the understanding that the NiIHCF RR can be used to balance electrons and
protons across half-reactions in different solvents, we pursued pairing another oxidation reaction
with a different set of reaction conditions (Figure D.7a). Yoshida and co-workers have reported an
arene C—H amination reaction involving oxidative coupling of arenes with pyridine to afford
arylpyridinium products, which are then directly converted to the corresponding anilines upon
treatment with piperidine.>® The reported reactions are performed in acetonitrile using a divided
cell configuration. We first conducted the Yoshida amination reaction under the reported
conditions with a Pt cathode in divided and undivided cells to assess the influence of the cell
configuration (see experimental details in the Supporting Information). These reactions afforded
72% and 6% vyields of the 1-naphthylamine product, respectively (Figures D.S23 and D.S24). The
low yield in the undivided cell is attributed to the facile in situ reduction of the arylpyridinium
product at the Pt cathode.

We then repeated the reaction in an undivided cell in which the Pt cathode was replaced with
the NiHCF RR as the counter electrode (Figure D.7a, left side). Under otherwise identical
conditions, the reaction affords 1-naphthylamine in yields up to 67% (Figures D.7b and D.S25,
see full screening details in Table D.S2). It was necessary to include some cations in the acetonitrile
solution to facilitate the ion transport and support effective cycling of the RR. Due to the sensitivity
of this reaction to water, unlike the methylarene oxidation reaction described above, water could
not be used as a source of H* cations. Addition of 100 mM acetic acid to the reaction mixture led

to a 52% yield of product (Figures D.7b and D.S26). Speculating that acetic acid could hydrogen



334

a 8.8 mA/cm? '—l 40 mA/em?
0,+2H,0
®
CO— 00 g
b Capacity (C)
0 10 20 30 40 50
[ PRTET il n s le a1y I L | IR j
1.0{ ~
TBABF, (03M)  BF; “N7 NH,

0.2 mmol undivided cell 67% (Na)
8 mA, 3 F/mol 52% (H)

acetonitrile (10 mL) 1
0.5¢ preee s Q0 B )
graphite (+) 1 AR (~) 80°C 12h ]

— WE Na — RR Na
— WEH — RRH

Potential (V vs Fc/Fc")
o
o

Capacity (mAh)

Figure D.7. Modular electrosynthesis of 1-napthylamine in acetonitrile and H.O, in aqueous solution
enabled by the NiHCF RR. (a) Full schematic of the ModES process for pairing the oxidative C-H
amination of naphthalene and H,O production. (b) Potential evolution of the NiHCF RR counter electrode
and carbon felt working electrode during naphthalene amination with NaClO4 (blue and red traces,
respectively) and acetic acid (purple and green traces, respectively) added in the electrolyte. The inset shows
the reaction schematic for naphthalene amination and the resulting product yields.

bond with pyridine in solution and limit its effectiveness as a nucleophile, we tested sodium cations
for improving the reaction. The optimal yield (66%) was obtained from a reaction mixture initiated
with 16 mM NaClOas. The cell potential evolution during the discharge process (Figure D.7b, blue
RR Na trace) suggests that sodium ions are readily intercalated into the RR at the early stages of
the reaction, after which protons accumulated from oxidation of naphthalene undergo intercalation
into the RR. This anodic arene C—H amination can proceed in an undivided cell together with the
reduction of the RR electrode because the pyridinium intermediate does not decompose on the RR
electrode. This is supported by CVs on platinum that show an onset potential of reduction at —0.95

V vs Fc/Fc* in the presence of pyridinium (Figure D.S27). Figure D.7b shows that the RR electrode
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remains at a potential above —0.95 V for the majority of the electrolysis. In contrast, the reduction
of pyridinium has a similar potential to that seen for hydrogen evolution (Figures D.S27-D.S29).

Furthermore, the use of RRs to support the electrosynthesis of H20- in aqueous solution (Figure
D.7a, right half), following the oxidative amination of naphthalene in acetonitrile, was successful
and proceeded with an FE of 85%. This completes the ModES cycle and demonstrates the pairing
of aqueous H>O> production with another anodic organic electrosynthetic reaction in another
solvent beyond methanol, which was used in the methylarene oxidation reaction discussed above.
These results suggest the potential utility of the ModES strategy for general organic
electrosynthesis and also highlight the advantage that the use of RR can translate an electrolysis
reaction that requires a divided cell under conventional conditions into a reaction that proceeds
effectively in an undivided cell.
D.IV. Conclusion

In conclusion, we demonstrate the pairing of two electrosynthetic reactions across different
solvents: methylarene oxidation in methanol or naphthalene C—H amination in acetonitrile with
hydrogen peroxide production in water using an ion-balanced ModES strategy. These ModES
processes are enabled by a proton-selective NiIHCF RR material that (de)intercalates protons to
maintain pH stability for the electrochemical cells, allowing for effective methylarene oxidation
or arene C—H amination, and the accumulation of H>O». Careful experiments ensure and confirm
the selective transport of protons through NiHCF RR electrodes from the nonaqueous anodic cell
to the aqueous cathodic cell. Not only would these pairings of electrochemical reactions not be
possible without the RR because of the incompatible reaction media, but also the ModES process
eliminates the less productive auxiliary counter electrode reactions and the need for expensive and

cumbersome ion-selective membranes used in divided electrochemical cells. These pairings show
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the utility of ModES by enabling the synthesis of three chemicals (both inorganic and organic)
with flexibility in rate, scale, and reaction conditions.

To increase the utility of ModES in general organic electrosynthesis, the development of RR
materials that have high stability, solvent compatibility, selectivity for ion transport, and high
capacity is crucial. Higher capacity materials improve the practicality of ModES because many
organic electrochemical reactions require large amounts of charge. The emerging proton battery
materials*>®" would be suitable candidates, but they are commonly reported in aqueous systems,
so their solvent compatibility, stability, and ion selectivity need to be screened and further
improved. Flexible pairing of electrochemical syntheses of products that have incompatible
reaction conditions, different and variable market demand but similar local applications without
sacrificial half-reactions and expensive membranes could enhance the economic viability of
distributed electrochemical production.
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D.VII. Supporting Information
Experimental Section
Chemicals and materials

All chemicals were used as purchased without further purification. Nickel (I1) chloride
hexahydrate (NiClz-6H20, 99.9%), sodium ferrocyanide decahydrate (NasFe(CN)es-10H20,
>99%), sulfuric acid (H2S0a4, 95-98%), sodium sulfate (Na2SOa4, 99%), cerium sulfate (Ce(SOa4)2,
94%), sodium hydroxide (NaOH, 98%), isopropyl alcohol ((CH3).CHOH, 99.5%),
tetrabutylammonium perchlorate (98%), 4-tert-butylanisole (95%), iron (I11) nitrate nonahydrate
(Fe(NO3)3-9H20, 98%), and multi-walled carbon nanotube (MWCNT, 724769, > 95% carbon)
were purchased from Sigma Aldrich. Sodium citrate dihydrate (ACS reagent grade) was purchased
from ICN Biomedicals Inc. Carbon black (Super P Conductive, 99.0+%) was purchased from Alfa
Aesar. TUBALL BATT NMP 0.4% (a mixture of single-wall carbon nanotubes, 0.4 wt%;
polyvinylidene fluoride, 2 wt%; N-methyl-2-pyrrolidone, > 96.7 wt%) was purchased from
OCSiAl. Type 316 stainless steel (316 SS) mesh and AvCarb 1071 HCB carbon cloth were
purchased from Fuel Cell Store. Anhydrous methanol was purchased from Macron Fine Chemicals.
Deionized nanopure water (18.2 MQ-cm) from Thermo Scientific Barnstead water purification

systems was used for all experiments.
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Synthesis of NiIHCF

Nickel hexacyanoferrate (NiIHCF) was synthesized via a coprecipitation method previously
reported.?®® 100 mL of 0.1 M NiCl,-6H20 and 1 M sodium citrate dihydrate solution and 100 mL
of 0.1 M NasFe(CN)s-10H20 were simultaneously added dropwise to 100 mL H20 under vigorous
stirring. The molar ratio between Ni?* and citrate was 1:10. The solution was then stirred for
another 24 h at 80 °C to yield a light-green precipitate. This precipitate was centrifuged and then
rinsed with deionized water multiple times with a final wash in ethanol, then dried in a vacuum
oven at 60 °C overnight.
Synthesis of Fe-CNT Catalyst

The synthesis of Fe-CNT catalyst followed a previously reported impregnation and reduction
method with minor modifications.?®4’In a typical synthesis, a 7.5 mM iron nitrate stock solution
was first prepared by dissolving 30.3 mg Fe(NOz3)3-9H-0 into 10 mL nanopure water. The carbon
nanotube (CNT) suspension was prepared by mixing 50 mg multiple walled CNT (MWCNT) with
20 mL of ethanol via sonication for 1 h until a well dispersed suspension was achieved. Then 200
uL of 7.5 mM Fe®" solution was added dropwise into the CNT suspension under sonication for 30
min, making a raw atomic ratio of Fe:C around 0.1 at.%. Then the solvent was removed using a
rotary evaporator, and the as-prepared material was dried in a vacuum oven at 60 °C for 20 min to
further evaporate the residual solvent. The dried Fe(NO3)s/CNT powder was heated in a tube
furnace to 600 °C in 20 min under a flow of 100 sccm Ar gas (UHP, Airgas) and pressure of 1
Torr, and kept at the same temperature for another 40 min before cooling down to room

temperature.
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Fabrication of Redox Reservoir Electrode

The RR electrodes were prepared using a conventional slurry-casting method. Typically,
NiHCF powder (70 wt%) and super P conductive carbon (18 wt%) were ground with a mortar and
pestle for 30 min then stirred with SWCNT (2 wt%), and polyvinylidene fluoride (PVDF) (10 wt%)
from TUBALL BATT NMP (consisted of 0.4 wt% SWCNT, 2 wt% polyvinylidene fluoride, >
96.7 wt% N-methyl-2-pyrrolidone) at 800 rpm overnight at room temperature into a well dispersed
slurry. This slurry was cast onto a 316 SS mesh current collector, unless otherwise stated. The
prepared electrodes were dried in a vacuum oven at 60 °C for 12 h to remove the residual solvent.
The mass loading of active material was approximately 20 mg/cm?.
Materials Characterization

The size and morphology of the NiHCF product were characterized using a scanning electron
microscope (SEM, Zeiss SUPRA 55VP Scanning Electron Microscope) equipped with an energy
dispersive X-ray spectroscopy (EDS) detector. Powder X-ray diffraction (PXRD) patterns were
collected on a Bruker D8 Advance X-ray diffractometer with Cu-Ka radiation. Inductively coupled
plasma-optical emission spectrometer (ICP-OES, Agilent 5110) was utilized to determine the
compositions of Na, Ni, and Fe elements, and thermogravimetric analysis (TGA, TA Q500) was
used to determine the water content in NiHCF samples. The TGA analysis was done with a ramp
rate of 5 °C/min under an N2 atmosphere. The Fe-CNT catalyst was characterized using a transition
electron microscope (TEM, FEI Tecnai T12) operated at 120 keV with a Gatan CCD image system.
Electrochemical characterization

All the electrochemical measurements, except the methylarene oxidation reaction optimization
reactions, were carried out using a Bio-Logic SP-200 potentiostat or a Bio-Logic VMP-3

multichannel potentiostat. A three-electrode cell was used for measurements with a Pt or graphite
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counter electrode (Figures D.S30a and D.S30b) and an appropriate reference electrode: Ag/AgNOs
(internal solution, 0.1 M TBACIO4 and 0.01 M AgNO3 in methanol from BASI, or leak-free
Ag/Ag* reference from Innovative Instruments, Inc, Figure D.S30c) for organic conditions, SCE
in aqueous acidic/neutral conditions, Hg/HgO in aqueous alkaline solution. For non-aqueous
systems, the redox potential of ferrocene/ferrocenium was measured under the same experimental
conditions and used to provide an internal reference. Before all electrochemical tests, the NiHCF
RR electrodes were activated using a 10- to 15-cycle cyclic voltammogram or galvanostatic
charge-discharge tests at 1C rate where 1C is defined as 65 mAh g based on the demonstrated
capacity of NiHCF in 1.7 M NazSOsa.
Methylarene oxidation reaction optimization and characterization

All methylarene oxidation reaction optimization experiments were performed using a Pine
WaveNow PGstat. The CV experiments were carried out in a three-electrode cell configuration
with a glassy carbon (GC) working electrode (3 mm diameter), and a platinum wire counter
electrode (~ 1.0 cm, spiral wire, Figure D.S30a). The working electrode potentials were measured
versus a Ag/AgNO:s reference electrode (internal solution, 0.1 M TBANPFs and 0.01 M AgNO3
in MeCN). The GC working electrode was polished with alumina powder (5 pum) before each
experiment. Bulk electrolysis experiments were performed in custom-built undivided cells (Figure
D.S31a), with graphite rods (3 mm diameter, Figure D.S30b) as working and counter electrodes.

Product characterization: *H and 3C NMR (Nuclear Magnetic Resonance) spectra were

recorded on a Bruker 400 MHz spectrometer with a BBFO probe. Chemical shifts are given in
parts per million (ppm) relative to residual solvent peaks in the *H and *C NMR spectra or are
referenced as noted. The following abbreviations (and their combinations) are used to label the

multiplicities: s (singlet), d (doublet), t (triplet), m (multiplet) and br (broad). Chromatographic
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purification of products was accomplished with silica gel 60 M (particle size 40-63 pum, 230-400
mesh) from MACHEREY-NAGEL Inc. Thin-layer chromatography (TLC) was performed on
Silicycle silica gel UV254 pre-coated plates (0.25 mm). Visualization of the developed
chromatogram was performed by using UV lamps or KMnQOyj stain.

Condition screening: To the undivided cell was added 4-tert-butyltoluene (86 pL, 0.5 mmol,

1.0 equiv), electrolyte (0.5 mmol, 0.1 M), and anhydrous methanol solvent (5 mL). In some cases
Ni(NOz)2:6H20 (29.1 mg, 0.1 mmol, 20 mM), HCI (10 mM or 50 mM), and/or a small fraction of
water (water:methanol = 1:20) was added to the methanol solution. Two graphite rods were
inserted into the cell and sealed with a rubber septum. The reaction mixture was electrolyzed at a
constant current and current density and allowed to pass the required amount of charge while
undergoing stirring at 600 rpm. The reaction was stopped automatically by the potentiostat after
the set reaction time was achieved, and the resultant solution was directly concentrated in vacuo
and analyzed by *H NMR using mesitylene as an internal standard to calculate the NMR yield.

Product isolation under optimal condition - acetals: The resultant solution was directly

concentrated in vacuo and the crude was purified by column chromatography (eluent: hexane/ethyl
acetate, 12/1) to furnish the desired product as a yellow oil (70 mg, 67%). Spectroscopic data of
the product aligned well with reported literature.>®

IH NMR (400 MHz, CDCl3): § 7.35 — 7.17 (m, 4H), 5.36 (s, 1H), 3.33 (s, 6H), 2.61 (t, 2H),
1.62 — 1.56 (m, 2H), 1.35 (m, 2H), 0.92 (t, 3H).

13C NMR (101 MHz, CDCls): 5 143.2, 135.4, 128.3, 126.6, 103.4, 52.8, 35.4, 33.6, 22.3, 13.9.

Product isolation under optimal condition - aldehydes: The resultant solution was directly

concentrated in vacuo before hydrolysis was carried out to convert the acetal to the corresponding

aldehyde. The crude was then purified by column chromatography (eluent: hexane/ethyl acetate,
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15/1) to furnish the desired product as a pale-yellow oil (51 mg, 63%). Spectroscopic data of the
product aligned well with reported literature.>®

IH NMR (400 MHz, CDCl3): § 10.01 (s, 1H), 7.86 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 8.4 Hz, 2H),
1.39 (s, 9H).

13C NMR (101 MHz, CDCls): 6 192.13, 158.47, 134.08, 129.75, 126.01, 35.35, 31.07.

H20> production and detection

To prepare the Fe-CNT working electrodes, typically, 10 mg of as-prepared Fe-CNT catalyst
was mixed with 1 mL of ethanol and 100 pL of Nafion 117 solution (5%), and then sonicated for
2 h to get a well dispersed catalyst ink. Then 40 uL of the catalyst ink was drop-cast onto 4 cm?
Toray carbon paper (TGP-H-060, Fuel Cell Store) and then dried at room temperature (Figure
D.S30d). The mass loading of each electrode was around 0.2 mg.

H>0> production reaction was optimized in an H-cell with a glass frit (89057-578, ACE glass
Incorporated, USA) with Fe-CNT as the working electrode, a Pt wire as the counter electrode, and
a Hg/HgO reference electrode in 1.7 M Na2SOs solution adjusted to pH 11 with 1 M NaOH. Prior
to the measurements, the electrolyte was purged with O gas for 15 min. Linear sweep voltammetry
(LSV) was conducted with continuous O2 gas bubbling at 10 mV/s. Chronoamperometry (CA) was
conducted at different potentials (0.244 to 0.394 V vs RHE). All potentials measured against
Hg/HgO electrode were converted to the reversible hydrogen electrode (RHE) scale using Erxe =
EngHgo + 0.098 V + 0.059 x pH, where the pH values of solutions were determined using an Orion
810 BNUWP ROSS Ultra pH meter. For runs in 1.7 M Na>SOs, potentials were measured against
SCE and converted to the reversible hydrogen electrode scale using Erne = Esce + 0.241 V + 0.059

x pH. For ModES, an undivided cell configuration was used (Figure D.S31b).
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Product characterization: To determine the Faradaic efficiency (FE) of the hydrogen peroxide

production in weakly alkaline conditions, the concentration of the H>O. generated from
chronoamperometry (CA) was quantified by colorimetric titration with ceric sulfate. 66! A 4 mM
Ce(S0a4)2 solution was prepared by dissolving Ce(SO4)2 in 0.5 M H2SO4and diluted to 0.4 mM. A
calibration curve was constructed with every dilution by measuring the UV-Vis spectroscopy of
Ce(S04)2 solutions using a Cary 50 SCAN spectrometer with different concentrations at a
wavelength of 319 nm (Figure D.S17).

An appropriate volume of sample solution containing the produced H>0, was added into 5.0
mL 0.4 mM Ce(SO4). solution and measured by the UV-Vis spectroscopy to determine the

concentration of Ce**. The concentration of H202 could be determined by the following equations:
2 Ce*" +H,0, » 2C** +2H+ 0, Eq. S1

Vbefore*[ceg;fore] _(Vbefore"'AV)*[Ce;;ter]
AV2

[H20;](mM) = Eq. S2

Where Vyerore is the original volume of the 0.4 mM Ce** solution, [Cepyr,.e] and [Cept,, ]| are

the concentrations of Ce** before and after adding the H.O, solution, and AV is the amount of H,0
added to solution. Then, the Faradaic efficiency can be found by comparing these concentrations

according to the equation:

Q for H,O, production [HyOz] x V X 2 x 96485

FE (%) = x 100 =

Qinput Qinput

x 100 Eq. S3

where V, [H202], and Q. _are the volume of the solution, the concentration of produced H20»

input
and the input charge during the electrosynthesis, respectively.
Yoshida C—H amination reaction

The oxidative C—H amination of naphthalene was conducted using a procedure adopted from

the literature.®® The reaction was carried out in an undivided cell (4-dram vial; Figure D.S31c)



344

with one 1 cm? carbon felt square at the end of a graphite rod as the working electrode (Figure
D.S30e) and four 4 cm? RRs as the counter electrode (Figure D.S30f). NaClO4 (20 mg, 16 mM) or
acetic acid (concentration varies, as indicated in Table D.S2) was added to the solution. For control
experiments with a platinum counter electrode (Figure D.S30a), the same setup was used with the
exception of the replacement of the counter electrode (Figure D.S31d). Bulk electrolysis with a
constant current of 8 mA was conducted at 25 °C with magnetic stirring. 16 mAh of charge was
passed, equivalent to one cycle of RR reduction. The resulting solution was transferred to a 50 mL
round bottom flask and the solvent was removed under reduced pressure. Then piperidine (200 uL)
in acetonitrile (10 mL) was added and the mixture was stirred at 80 °C for 12 hours. The reaction
mixture was then cooled to room temperature and 1,3,5-trimethoxybenzene (11.2 mg, 0.067 mmol,
0.33 equiv) was added. Then a 100 pL aliquot of the solution was extracted and diluted with 400
uL CD3CN. The resultant sample was analyzed by *H NMR spectroscopy and the yields were
determined using 1,3,5-trimethoxybenzene as the internal standard. The results are summarized in
Table D.S2.

Additionally, the reaction was carried out in a divided cell as reported by Yoshida et al.>® In a
divided cell, naphthalene (22.5 pL, 0.2 mmol, 1.0 equiv), pyridine (0.5 mL) and BusNBF4 (197
mg, 0.3 M) in acetonitrile (10 mL) was added to the anodic chamber equipped with a carbon felt
(1 cm?) working electrode. To the cathodic chamber equipped with a Pt counter electrode,
trifluoromethanesulfonic acid (200 pL) and BusNBF4 (197 mg, 0.3 M) in acetonitrile (10 mL) was
added (Figure D.S31e). Bulk electrolysis with a constant current of 8 mA was conducted at 25 °C
with magnetic stirring. After 16 mAh of charge was passed, the resulting solution was transferred
to a 50 mL round bottom flask and the solvent was removed under reduced pressure. Then

piperidine (200 pL) in acetonitrile (10 mL) was added and the mixture was stirred at 80 °C for 12
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hours. The reaction mixture was then cooled to room temperature and 1,3,5-trimethoxybenzene
(11.2 mg, 0.067 mmol, 0.33 equiv) was added. Then a 100 pL aliquot of the solution was extracted
and diluted with 400 pL CDsCN. The resultant sample was analyzed by *H NMR spectroscopy
and 72% yield was determined using 1,3,5-trimethoxybenzene as the internal standard (Figure
D.S23).

Product isolation: The reaction mixture from the optimal condition experiment (entry 7, Table

D.S2) was further subjected to purification. The crude product was purified with preparative TLC
(Hexane/ethyl acetate = 1/1) to obtain 1-napthylamine as a brown solid (18.7 mg, 66%).
Spectroscopic data of the product align with reported literature.%?

IH NMR (500 MHz, CDCls) & 7.85 — 7.77 (m, 2H), 7.48 — 7.42 (m, 2H), 7.33 — 7.26 (m, 2H),
6.78 (dd, J = 6.9, 1.5 Hz, 1H), 4.14 (s, 2H).

13C NMR (126 MHz, CDCls) 6 142.1, 134.4, 128.6, 126.3, 125.8, 124.9, 123.7, 120.8, 119.0,
109.7.
Measurements on the ion-balance ability of the RR electrodes

The proton ion-balancing ability of the NIHCF RRs was evaluated in two different three-
electrode electrochemical configurations: an H-cell with a sintered glass frit (89057-758, ACE
glass Incorporated, USA) and an undivided cell. Both configurations use an Fe-CNT working
electrode, Hg/HgO reference electrode, and a NiHCF RR counter electrode. Before all tests, one 4
cm? NiHCF RR was reduced to intercalate protons. Hydrogen peroxide production was paired with
the RR oxidation in both set ups. The pH shift was recorded during the undivided electrolysis. In
the H-cell, the glass frit separated the RR oxidation and hydrogen peroxide production into

different chambers, and the pH shift in both chambers was recorded during the electrolysis.
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Electrochemical Quartz Crystal Microbalance (EQCM)

The electrode slurry used above for RR electrode preparation was diluted to 1 mg/mL active
material in isopropyl alcohol. A 1.38 cm? quartz crystal (Stanford Research Systems O100RX1,
p/n 6-613 Cr/Au, 5 MHz) was spray coated with an air brush to achieve an approximately 0.1 mg
loading. Operando EQCM measurements were conducted using a QCM200 Stanford Research
Systems digital controller during cyclic voltammetry.>>® The frequency change of the quartz
resonator (Af) was converted into a mass change (Am) of the slurry coated on the quartz crystal

based on the Sauerbrey equation:>*

Af, = —Zfestmn Eq. S4
(qpq)?
which simplifies to:
Af = —=Cy x Am Eqg. S5

where py is the density of the quartz crystal (2.648 g/lcm?), HUq is the shear modulus of quartz
(2.947 x 10 g/cm-s?), fo is the resonant frequency of the fundamental mode of the crystal in Hz,
Cs is the sensitivity factor, n is the overtone, and Am and Af are the mass change and frequency
change, respectively. An overtone of 1 of was used for all measurements. Cs was calculated by
measuring the mass and frequency of the crystal before and after coating in contact with the
supporting electrolyte of the measurement. The value of the calibration constant Cs used here is
41.0 Hz/pg.

To study the proton de(intercalation) of NiHCF in MeOH, the EQCM measurement was in 0.1
M TBACIO4 and 0.001 M HCIO4 in 1:20 water:methanol at 29.9 °C and the cyclic voltammogram
was measured at 4 mV/s with a leakless Ag/AgCl reference electrode and a NiIHCF RR CE that

was fully oxidized in 0.5 M H2SO4 before use.
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Demonstration of ion-balanced ModES process enabled by RR

To demonstrate the co-production of H.O> and 4-tert-butylbenzyaldehyde in an ion-balanced
ModES system, two electrochemical cells were used: the H20> cell (Celly,o,) containing 30 mL
1.7 M Na2SOq4 (adjusted to pH 11 using NaOH), and the cell for methylarene oxidation reaction
(Cellpaor) With 10 mL of 0.1 M TBACIO4 solution in methanol (see Figure D.6a in the main text
for the relevant scheme, Figures D.S31b and D.S31f for photos of the reaction setups). Four
NiHCF RR electrodes (2 x 2 cm? each) with a total active material loading of 340 mg (capable of
passing 34 Coulombs per ModES cycle) were used as the counter electrodes in both cells. In
Celly,o,, two Fe-CNT electrodes (mass loading of each electrode around 0.2 mg) were used back-
to-back as the working electrode and a Hg/HgO electrode was used as the reference electrode. A
potential of 0.244 V vs. RHE was applied for this half reaction while the electrolyte was
continuously bubbled with Oz gas to ensure the O saturation. In the Cellyaor, @ graphite rod with
a 3 mm diameter and submerged 9 mm and a leakless Ag/AgCl electrode were used as the working
electrode and the reference electrode, respectively. This methylarene oxidation reaction was run
at a current density of 22 mA/cm? while the solution was stirred at 600 rpm.

In the Celly,o,, the oxidation of RR from RR™ to RR% deintercalated H*, and the oxygen
reduction generated H>O> and OH". After passing 34 Coulombs of charge, the RR** electrode was
taken out of the Celly,,, washed with water, then ethanol and dried, then methanol to remove the
residual electrolyte, and then moved to the Celly;aor. In the Cellyaor, the RR%* was reduced to
RR"™ and intercalated H* passing 34 Coulombs of charge, while 4-tert-butyltoluene was oxidized
on the graphite rod electrode to produce the benzaldehyde. The RR™ electrode was washed with
methanol and the aqueous supporting electrolyte then moved back to Celly, o, to repeat the process.

During the ModES co-production, the RR electrode effectively transported the H* released during
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the methylarene oxidation reaction in methanol to balance the OH™ generated during hydrogen
peroxide production, without appreciable pH swing. During these ModES cycles, the RR
electrode's potential was also monitored, and the capacity of the RR electrode was controlled by
the potential and capacity restrictions to make sure the RR electrode was operated within the

desired potential windows. The pH shift in the Celly;,o,Was also recorded after the ModES cycles.

Quantification of the 4-tertbutyl toluene oxidation products after ModES cycles

'H NMR was used to quantify the products after 23 cycles of the 4-tert-butyltoluene oxidation
reaction. 40 pL of a 0.5 M trimethoxy benzene in MeOD was used as an internal standard. A
sample was prepared by combining 200 pL of the post ModES reaction mixture and 360 pL MeOD
to make a 600 pL solution. Each sample was measured with a relaxation time of 16 seconds, a
solvent suppression technique of pre-saturation with a composite pulse, and 24 scans. Doublet
aromatic peaks at 7.85 and 7.65 ppm were used to quantify the aldehyde, and doublet aromatic
peaks at 7.4 and 7.35 ppm were used to quantify the acetal produced (Figure D.S21).
Quantification of the 1-napthylamine product after ModES cycles

11.2 mg (0.33 equiv) of 1,3,5-trimethoxybenzene was added as an internal standard to the
reaction mixture after cooling to room temperature. 100 puL of the reaction mixture was diluted
with 400 pL deuterated acetonitrile to an NMR tube for *H NMR analysis. A doublet of doublets
(equivalent to 1 proton) at 6.78 ppm was used to quantify the yield of the reaction (Figure D.S23).

No solvent suppression techniques were used.
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Figure D.S1. Cyclic voltammograms (CVs) and galvanostatic charge/discharge (GCD) curves of the
NiHCEF electrode at a rate of 1C in 1 M NaClO, in acetonitrile, methanol, and dimethylformamide.
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Figure D.S2. Structural characterization of the NiHCF product. SEM image (left) and PXRD pattern (right)

of the as-synthesized NiHCF powder. The doublets indicate that the as synthesized NiHCF is rhombohedral.
The JCPDS standard pattern is of the cubic polymorph.

Table D.S1. Weight percentages of metal elements and water content in a NiHCF sample from ICP-
OES and TGA. The exact formula is Naz 2Ni[Fe(CN)e]1.04:2.2 H,0.

Na

Ni

Fe

H.O

(CN)s

14.10%

15.97% 15.57%

10.38%

43.53%
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Figure D.S3. TGA analysis of a NiHCF sample. The analysis was done with a ramp rate of 5 °C/min under

an N2 atmosphere.
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Figure D.S4. lllustration of the ion intercalation into NiHCF (left). NiHCF is synthesized in the fully
reduced form with sodium present in the interstitial cages. Before use, NiHCF is oxidized to release the
sodium ions. Then, protons are reversibly intercalated into NiHCF. The PXRD pattern supports that the
NiHCF remains cubic when reduced with proton (right).
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Figure D.S5. XRD pattern of the carbon cloth used as the current collector in Figure D.S4.
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Figure D.S6. Activation process of the NiHCF RR electrode. CV for 10 cycles for the redox to stabilize
before use.
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Figure D.S7. Cycling performance of the NiHCF RR in 1.7 M Na,SO, with pH = 11 (left) and 1.7 M
Na,SO,4 with pH = 6 (right) at a rate of 1C. At higher pH, a clear color change was observed over the cycling
showing the instability of the RR. At neutral pH, no obvious color change was observed over the cycling

showing superior stability. However, when only discharging the RR in pH 11, no obvious color change of
the solution was observed.
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Figure D.S8. Rate capabilities of NiIHCF RR in 0.1 M TBACIO4, 20 MM NiNOs, and 0.01 M H,SO; in
MeOH.
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Precipitate Formation in MeOH

Figure D.S9. Photographs of the electrolyte solution after 50 GCD cycles with NiHCF working and counter
electrodes without (left) and with (right) 20 mM NiNO; added. Clear dissolution of electrode material was
observed without the addition of NiNOs.

Figure D.S10. Photographs of the methylarene oxidation reaction solution without (left) and with (right)
20 mM NiNOs and the RR as the counter electrode. A dark blue precipitate was present if NiNO3z was not
added to stabilize the NiHCF crystal structure.

Methylarene Oxidation Process Using Graphite Rod Electrode
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Figure D.S11. Cell potential vs. time for the methylarene oxidation reaction with a graphite rod CE.
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Hydrogen Peroxide Production Process Using Fe-CNT

Figure D.S12. TEM images of carbon nanotube and Fe-decorated carbon nanotube catalysts for hydrogen
peroxide production.
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Figure D.S13. LSV in 1.7 M NazSOs solution (pH = 6) for hydrogen peroxide production (red) and FE for
CA runs at various applied potentials (blue) with carbon felt as the working electrode.
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Figure D.S14. LSV in 1.7 M Na;SO; solution (pH = 6) solution for hydrogen peroxide production with Fe-
CNT as the working electrode.
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Figure D.S15. LSV in 1.7 M Na,SOg solution (adjusted to pH = 11) for hydrogen peroxide production (red)
and FE for CA runs at various applied potentials (black) with carbon felt as the working electrode (the inset
shows a representative SEM image of the carbon felt used). The FE was high for low charge passed but
when enough charge was passed to produce 200 ppm H»O- the FE was consistently below 30%. Higher
current densities were needed for high FE.
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Figure D.S16. Chronoamperometry curves for hydrogen peroxide production in 1.7 M Na»SO4 solution
(adjusted to pH = 11) at various potentials vs. RHE with a RR CE.
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Figure D.S17. Absorption spectra of the standard solutions of CeSO4 in 0.5 M H,SO4 (left) and the resulting
calibration curve from the absorbance measured at 319 nm (right).
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EQCM Results
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Figure D.S18. EQCM measurements in 0.1 M Mg(NOs), and 1 mM HNOs in water. Mg(NOs3), was selected
as the supporting electrolyte because Mg?* ions do not intercalate into NiHCF.'* Each cycle begins with
reduction followed by oxidation. The slopes are also opposite of what is expected, with mass loss occurring
during reduction instead of mass gain due to the opposite movement of water molecules. During reduction
(proton intercalation), the mass increase after a mass decrease may be attributed to the insertion of H3;O".
During oxidation (proton deintercalation), the mass decrease seen after mass increase may be attributed to
the de(insertion) of H3O".
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Figure D.S19. EQCM measurements in 0.1 M TBACIO, and 1 mM H™ in 1:20 water:methanol. Each cycle

begins with oxidation followed by reduction. A bare Cr/Au coated quartz crystal was used as the working

electrode and no pattern of frequency and mass change was observed as a potential was applied.

YA




357

lon-Balanced ModES Process
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Figure D.S20. Photograph of a NiHCF RR eléctrode. The active material area is 2x2 cm?,
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Figure D.S21. NMR of the final products of the methylarene oxidation reaction after 23 ModES cycles.
The aromatic region is used to quantify the yield of the reaction. The aromatic peaks of the aldehyde are
downfield to the aromatic peaks of the acetal. No peaks corresponding to the starting material were observed.
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Figure D.S22. PXRD pattern of the NiHCF RR electrode in the fully oxidized state on SS mesh after the
ModES cycling (left). PXRD pattern of bare SS mesh (right).
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Figure D.S23. NMR of the 1-napthylamine product after working up the electrochemically generated
pyridinium. For the electrochemical step, a platinum counter electrode was used in a divided cell

configuration. The doublet of doublets at 6.78 ppm was used to quantify the yield of the reaction.
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Figure D.S24. NMR of the 1-napthylamine product after working up the electrochemically generated
pyridinium. For the electrochemical step, a platinum counter electrode was used in an undivided cell
configuration.
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added to the reaction vessel.
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Table D.S2. Summary of naphthalene amination experiments supporting the redox reservoir's ability
to allow for effective reaction in an undivided cell configuration.

\
H

TBABF,4 (0.3 M)
ACN (0.1 M)
OO pyrldme plpendlne
RR

carbon felt on graphlte (- )
undivided cell, 8 mA, 3 F/mol

Entry Variation from above Yield (%)
1 None 22
2 20 microL acetic acid added 30
3 40 microL acetic acid added 35
4 60 microL acetic acid added 52
5 70 microL acetic acid added 40
6 80 microL acetic acid added 41
7 20 mg NaClO, added 67 (66)
8 200 microL triflic acid added
9 Pt (+)
10 Pt (+) 200 microL triflic acid added 7
1 Pt (+) 60 microL acetic acid added 35

Yield determined by 'H NMR analysis of the crude reaction mixture after work up using 1,3,5-
trimethoxybenzene as an internal standard, yields shown in parentheses are isolated.
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Figure D.S26. NMR of the 1-napthylamine product after working up the electrochemically generated
pyridinium. For the electrochemical step, an RR counter electrode was used and 60 pL of acetic acid was
added to the reaction vessel.
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Figure D.S27. Cyclic voltammograms to determine the reduction potential of protons (HER onset potential)
and the pyridinium produced from naphthalene amination on platinum in acetonitrile. The red trace isa CV
taken before the naphthalene amination electrosynthesis is run with a platinum working electrode in the
cathodic compartment of the divided cell used for electrolysis in the presence of triflic acid to determine
the HER onset potential. The blue trace is a CV taken after the naphthalene amination is run in the anodic
compartment (working electrode compartment) without acid to measure the reduction potential of the
produced pyridinium. The purple trace is a CV taken after the naphthalene amination is run in the anodic
compartment with 100 uL of triflic acid added for comparison. 0.3 M KPF¢ was used as the supporting
electrolyte for all traces instead of TBABF4and Argon gas was bubbled before scanning CV at a scan rate
of 25 mV/s.
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Figure D.S28. Cyclic voltammograms to determine the reduction potential of protons (HER onset potential)
and the pyridinium produced from naphthalene amination on platinum in acetonitrile. The red trace isa CV
taken before the naphthalene amination electrosynthesis is run with a platinum working electrode in an
undivided cell in the presence of acetic acid to determine the HER onset potential. The blue trace is a CV
taken after the naphthalene amination is run in the anodic compartment (working electrode compartment)
of the divided cell used for electrolysis without acid to measure the reduction potential of the produced
pyridinium. The purple trace is a CV taken after the naphthalene amination is run in the anodic compartment
of the divided cell with 100 pL of acetic acid added for comparison. 0.3 M KPFswas used as the supporting

electrolyte instead of TBABF, for all traces and Argon gas was bubbled before scanning CV at a scan rate
of 25 mV/s.
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Figure D.S29. Potential evolution of the NiHCF RR counter electrode and carbon felt working electrode

during naphthalene amination with NaClO4 (blue and red traces, respectively) and acetic acid (purple and

green traces, respectively) added to the reaction vessel, with potential evolution of a platinum counter

electrode in an undivided configuration with acetic acid added shown in grey (working electrode potential
in orange).
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Electrodes and Reaction Setups

Figure D.S30. Photos showing the electrodes used during electrochemical experiments. (a) Pt wire
electrode. (b) 3 mm wide graphite rod used as the working electrode during methylarene oxidation. (c)
Leak-free reference electrode used in nonaqueous solvent during ModES. (d) Fe-CNT catalyst on carbon
paper used as catalyst for H,O production. (e) 1 cm? carbon felt square at the end of a graphite rod used as
the working electrode during naphthalene amination. (f) Four 4 cm? NiHCF RRs clipped for use as the
counter electrode during ModES.

Figure D.S31. Photos showing the cell setups used during electrosynthesis. (a) Custom built undivided cell
used for the optimization of methylarene oxidation reaction. (b) Undivided configuration setup used for
H>O; production. The cell is a plastic beaker purchased from VWR International, Inc and the Teflon cap is
custom made. (c) Undivided configuration setup for naphthalene oxidation. A 4-dram vial with the top cut
off is used as the reaction vessel. A 4-dram vial lid with holes for the electrodes is used as the cap. This
type of reaction vessel is used for all undivided configurations with the exception of H,O, production as
shown in b. (d) Undivided configuration setup used for control experiments with a platinum counter
electrode reported in Table D.S2. (e) Divided configuration setup for naphthalene C—H amination. A
divided cell with a glass frit is used with Teflon caps. (f) Undivided configuration setup used during ModES
for methylarene oxidation.
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