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Abstract

Transition metatatalyzed couplingeactions are the predominant methods for cadashon
bond formation in synthetic chemistriNickelcatalyzed crosslectrophile coupling (XEC)
reactions havemerged as promisingalternative to conventional cressupling strategiethat
employ organometallic nucleophiles as coupfwagtnersNi-catalyzedXEC reactiondeature the
directcoupling of two electrophilesnabled by Ncatalysisthatrequires a stoichiometric source
of electronsfrom chemicalreductants or electroreductionfhis strategyoffers severalbenefits
such aghe utilization of stable and widelyavailablecarbonelectrophilesoperational simplicity,
andgreatfunctional group toleranc&€onsequentlynotable advancemenis Ni-catalyzed XEC
reactionshave been achievemer the past decadekhis thesisdescribes thefforts towardsthe
development mechanistic understanding, and applicatbNi-catalyzed XEGnethods

Chapter 1 provides laigh-level overview ofNi-catalyzed XEGeactionsincluding their frst
disclosuresdevelopment, andurrent state of the arReaction nrechansms and strategie$or
achieving crosselectivityin Ni-catalyzedXEC reactions are also discussed.

Chapter 2 discloses anelectrochemical method thatonvers lignin-derived aromatic
compounds into a collective of substituted biphehyNjlicarboxylic acidBPDA) derivativesvia
Ni- andNi/Pd-catalyzedXEC. T h e s yred nwegeeenmi ¢ a l and el ectrocher
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i mpl ement ati onTheresluat @aan BdraRiM ichgraved poly(vinylv e s

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

Chapter 3describeghe applicationof opencircuit potential measurements to determine the
redox potential®f metal reductastin organicsolutions Different organicsolvents and reaction
additivesare shownto significanty impactthe thermodynamigotentialsof metal reductants.
Fundamentaisights can be gained throutite study otherelationshipbetweenreductantedox
potentias and critical redox processes XEC reactiors. Finally, Ni-catalyzed XECGof N-alkyl-
2,4,6triphenylpyridinium reagents (Katritzky salts) with aryl halidesised to demonstrab®w
some of the limitations related to using metal reductants can be overcohighby tunable
electrochemical reduction

Chapter 4detailsthe development of generalstrategy forthe XEC of heteroarylchlorides
with aryl bromidewia Ni-catalysis Two sets ofeactionconditions (A and Bhave beeidentified
to enablethe coupling ofa variety ofheteraryl chlorides andryl bromide containing an array
of functional groups and steric environme@endition Ais particularly effective fothecoupling
of 2-chloropyridineswith aryl bromidesMechanistidnvestigations into condition Auggest Ni-
catalyzedn situaryl-zinc formation, followed by Ni-catalyzedcrosscoupling between anginc
and2-chloropyridinesConditionB is usuallypreferredfor the XEC of diazanheteroarylchlorides
with aryl bromidesin this case, geliminary studies reveal the synergistic effectslafand FeBg
to match the relative reactivity of the two coupling partners and achievetoggselectivity.

Collectively, the studiepresented hereiare envisioned tenable thautilization of a broader
scope of electrophilesn Ni-catalyzed XEC reactionsind facilitate a better mechanistic

understanding.
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Chapter 1.

An Overview of Nickel-Catalyzed CrossElectrophile Coupling



1.1.Introduction

Transition metatatalyzed crossoupling ha proven to be one of the most poweyfaliable
and commonly usetlansformationgn the organic chemilsjtoolkit Conventional crossoupling
featuresthe coupling of nucleophiles wittlectrophileenabled by a transition metal catalyst, with
palladium catalyststandingas the premierThesetechnologes allow theefficient andmodular
construction of carboncarbon and carbeheteroatom bondsand have found numerous
applicationsn the synthesis gfharmaceuticalsgrochemicalgolymers among other&  More
recently, nickelcatalyzed crosslectrophile coupling(XEC) has emerged as promising
alternativeto conventional crossoupling. Thisstrategy avoids the use of precigustal catalysts
andcircumvents the need farganometalliceagentghat have limitedstability andcommercial
availability. Insteadtwo electrophigésare coupledia nickelcatalysisunder reductive conditions.
Electrophiles areggenerallybenchstableand readily availabler accessibldrom commercial
sourcesAdditionally, nickel catalystscan engage in eithene or two-electron elementary steps
with a substrate ax secondhickel speciesopering a plethora of opportunities faeatalyst design

andmethodologydevelopmen(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 gfalladium and nickelcatalysis



1.2.Early Developmentof Nickel-M ediated Reductive Coupling

In 19701 1980s Semmelhack ando-workers disclosedthe homacoupling of aryl halides
mediated by stoichiometrhus(l,5-cyclooctadiene)nickel (Ni(COD),) at moderate temperatures
in DMF solvent(Figure 12A). The reaction conditioliwere compatible witliunctional groups
that would not survivein reactionwith arylmagnesium or anfithium reagentge.g., ketone,
aldehyde, ester, and nitrilédcidic functional groupghydroxyl, carboxylic acid)¥ailed to couple
under these conditiortd This method wataterextended to the homocoupling of alkenyl halides
andsuccessfully applied to thsynthesis otyclic biaryls It is worth noting thathe cyclization of
bis(iodoaryl)alkanes was found tde promoted bya different form of nickel(0),
tetrakis(triphenylphosphine)nickel (QYi(PPhs)4).141°

Following thesgrecedentsKumada an@o-workers in the late 190sachieveda Ni-catalyzed
aryl bromide homocouplingising stoichiometriczinc as an externaeductant(Figure 12B). In
this casenickel(0)wasin situ generated btirring Ni(PPR).Cl>, PPh, and Znin DMF for 30
min, after whicharyl halideswere addedSignificantrate acceleratiomas observedipon the
inclusion ofa catalytic amount opotassium iodideK]) as an additiveenabling the reaction to
proceed at room temperature to give 85% vyaedftér 24 h; the same reaction without Kl only
afforded24% yield after 24 Helectronrich and-deficientpara-substituted aryl bromiddémethyl,
methoxy ketone, est@wereshown to beoleratedwithin this reactiort®

In 1986 Périchon ando-workers reportecthe use of NBra(bpy) (bpy = 2,Rbipyridine)as the
catalyst for electrochemical homocoupliafjorganic halidesThe reaction was conducted in a
undivided cellby applying a constant potentiall(3 V vs SCE), usinga gold cathodand a
sacrificial magnesiumanode Crosscoupling of two aryl halidesising NiBr2(bpy) catalystwas

alsoevaluaté. Homo-coupledproducts werexclusivelyobtained when one aryl halidgasmuch



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
/©/ (COD) (1.0 equ) O NHp,  54% B \ Br
R DMF O OMe, 83% @ R=H 71% /©/
18 . 25-60 °C R CHO, 79% Me, 63% R
.8 equiv C(O)Me, 93%
(X=Br1) 54-93% yields CN, 81% R = OH, CO,H, NO,
Ni-Catalyzed reductive homocoupling
B

0 et DMF, 50 °C, 20 h OM 6% t, 24 h
. e,
equiv > wl K, 81%

58-89% yields C(O)Me, 58%
oY CO,Me, 83% wlo KI, 24%

gr Ni(PPh3);Cl; (5 mol%) standard
/©/ PPh3 (40 mol%) ©/Br conditions
89% o
Zn (1.0 equiv) + Kl (56 mol%
R ( q 73% ( 6) O
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%

Mg (+) | Au (=), undivided cell _ _ OMe
—5 mA/cm?, approx. 2.1 F/mol 3 4 5
1.0 equiv 1.0 equiv
o, O . o, . ©
Cl MeO Cl Cl Cl Cl Br
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 Ninediated reductive couplirgactions(A) Semmelhack reductive biaryl
synthesis mediated by stoichiometric nickel(0). (B) Kumadaadtéhlyzed aryl halide homocoupling. (C)
Product distribution imNi-catalyzedelectroreductive crossoupling of two aryl halides.

more reactive than the othée.g., iodobenzenand 4-bromotoluene)On the other handhé
coupling of arylhalides with similar reactivity (e.g., bromobenzeared4-bromotoluene) afforded
astatistical mixture of crossnd homecoupled product$’ Further investigationshowedhatthe
distribution of products could be perturbegvarying steric and electronic propertiesookearyl
halide coupling partner when the other coupling partner wastao-substituted arythloride
however,in most casedessthanstatistical yieldsof the crosscoupledproductswere obtained
(Figure 1.2C)*® Thesepreliminary studiesrevealed the difficulty of achieving selectiEC

betweerntwo aryl halides using single nickel catalyst.



In the earlyl990s Durandetti andco-workers demonstratedhat NiBr(bpy) wasan effective
catalyst forthe coupling of aryl halides with activated allgllectrophiles Aryl halides were
smoothly coupled with-chloro ketones and esteaad could be extended to coupling watimer
activated alkylelectrophiles, such as allylic acetatestidoro nitriles,and benzyl chloride¥:2°
The reaction was promoted lejectrolysisat a constant currenising a sacrificiahnode Alkyl
electrophiles were used in excesnd slowly added intothe reaction mixturehroughout

electrolysisdue to their high reactiv@stowardsnickel(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 Ncatalyzed XEQeactions(A) Electrochemical Ncatalyzed XEC of aryl
halides withactivated alkyl electrophile$B) Electrochemical Ncatalyzed XEC of heteroaryl halides with
aryl halides.

Built uponthese studieslectroreductive couplingf aryl halideswith 2-halopyridines was
achieved byGosminiandco-workers, employingNiBr2(bpy) as the catalystising a magnesium
or zinc anodg! Further studies found thasinga sacrificialiron anodecould enableXEC of aryl

halideswith more challenging heterocycles such ashBropyrimidine?? Functionalized 2



halopyridines were alssuccessfullycoupled with aryl halidesising the sadi cial iron anode
procesg® Using aniron anodeallowedin situ generation of FeBrthat was proposed ttimit
heterocycle ligation to the Ni catalybt theseeports thetwo electrophilesvere carefully paired
based on their reactivitiety achiee selectivecrosscoupling For example pyridyl bromides
wereused for coupling witlelectrondeficientaryl bromides, whilg@yridyl chlorides were chosen
for coupling withelectronrich arylbromides(Figure 1.3B)

Overall, thesestudies laid the groundwork for the futurgevelopmenbf Ni-catalyzedXEC
reactions Tremendousadvancements have been achiegette thenboth synthetically and
mechanistically The following content willfirst introduce theypical mechanisms proposed for
Ni-catalyzed XEC reactionfollowed bya summary ofhescope ofsubstrates that can be utilized
in thesereactions Generalstrategies for achieving seledtivin Ni-catalyzedXEC reactionswill
also be discussed
1.3.Mechanisms of NiCatalyzed XEC Reactions

A sequential oxidative addition mechanisnusiallyproposed foNi-catalyzedXEC of two
aryl electrophilesThe reaction initiates from the oxidative additiortted reduceahickel catalyst
(A) to the more reactive electrophikdfording an aryl-nickel(1l) intermediatgB). Upon reluction
by an external reductarthe resultannhickel(l) complexC performs a second oxidative addition
into the other electrophileto generatea diaryl-nickel(lll) complex (D). Subsequent reductive
elimination from D forms the desired produetnd a nickel(l) (E), which is then reduced to
regenerate the activieckel(0) catalys(Figure 1.4A) In this mechanism, Ni catalysts activate both
electrophiles via tweelectronoxidative additionpathways Therefore,t is crwial thatthe two
low-valentnickel specieqA andC) each selectively react with one of tbeupling partnersso

that crosscoupling can be achievedThis catalytic behaviorcan be attributed teeactivity



differences betweenthe two electrophileandthe alignmentof stericandelectronic propertiem
low-valent nickelintermediates?

The activation ofC(sp’) electrophilesby nickel catalysts in XECs generally proposetb
involve singleelectron transfer pathways and organic radical intermedilatea typical Ni-
catalyzedC(sp?)i C(sp’) XEC reaction, the arglectrophile is proposed to first react with nickel(0)
via oxidative addition to form an aryiickel(ll). This intermediate interceptle alkyl radical to
form a highvalent nicke(lll) complex, whichundergoes reductive elimination to generate the
product anda nickel(l) Activation of the alkylelectrophileby this nickel(l) intermediate then
allows the alkyl radical to enter the catalytic cycle and, in turn, genarates(Il), which re
enters the cycle via reductionnakel(0) (Figure 1.4B)In this mechanisipNi catalystsundergo
both twaelectron anaéne-electron activation pathwaydth theelectrophiles, allowingequential

activation of different electrophiles vifistinctmechanisms and imparting selectivity

Mechanisms of Ni-catalyzed XEC reactions

A B
(L)N{® R"—X (L)Ni® R"—X
/ A / A’
e o
R! X R!
a_ L . i
(LNi'—Y (LNI" LN (LNI"T
E B E' B
R2—Y
R2 - 2
R1/ e R
R' 1
LNl 1Mo 1 IR
LN\ 2 LN—R (LNI'—X (LN
P \—/ ¢ b ¢ ¢
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 14. Mechanistic models for iNcatalyzed XECreactions (A) Sequential oxidative addition
mechanism(B) Radicalchainmechanism.



Variations orthese general mechanisms have lgeposed as the field continues to gréwer
instancemountingevidence suggesthataryl electrophilesreactivated by nickel(l)nstead of
nickel(0)whennickel iscomplexed withitrogenbasedigands?# 26 Additionally, radicak can be
generatedfrom a separate ecatalytic cycle or fromsingleelectron reduction of G()
electrophiles bychemicalreductants or electroreductiéhThese variations greatly expand the
ways tomodulatereactivity andselectivity in XEC reactionsbut inevitably introduce subtle
differences into the reaction mechanisms that are not alwaysgdistiable without extensive
studiesThe usef different ligands, solventadditivesandwhetheror nota cecatalyst is involved
in the reactiormay result inchangesn the mechanismNonetheless,hie mechanistic models
describedabovebuild the framework forunderstanding therigin of crossselectivity in Ni-
catalyzedXEC reactionsaandprovideguidance forreaction design and optimization
1.4.Scope ofNi-Catalyzed XEC Reactions

Crosselectrophile coupling as a general concept materialized with thealeraportin 2010
from Weix andco-workers, disclosingaduatligandnickelcatalyzed reductive coupling between
aryl halides and unactivated alkiblidesat1:1 substrate ratigFigure 1.5A)?’ Tremendous efforts
have been madance therio expand the scope sfibstrates that can be utilizedd&C reactions
which can be broadly cajerized into three classes) (C(sp?) and Cép’) halides, b) carbon
electrophiles that are readitpnverted from corresponding nucleophiles, andifall molecules
(e.9.,CO*%30 SO®Y) and heteroatom electrophiles (e.g%2&} Ge*, B®). The following content
will highlight therecent progressn Ni-catalyzed XEC reactions involvirtge first two classesf
substrates

The majority of NicatalyzedXEC reactions have bedocused on the construction ofSgf)i

C(sp’) bonds as the inherent differences d§i£){and Cép’) 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 selectivit}? 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

A
X Nil;-nH,0 (10.7 mol%)
Rt S RN L1 (5 mol%), L2 (5 mol%) R N
= pyridine (10 mol%) =

Mn (2.0 equiv), DMPU, 80 °C
1.0 equiv 1.0 equiv 38-88% yields

(X, Y = Br, |, but not two Br)
B
X X X R2
R1— + Y/\RZ —_— R1—;
= metal =

reductant
A A X
R‘li‘ R‘Ii‘ R1—‘
= = =
X=Y=8Br
_ X=Y=Br X=Y=Br
Nil,'nH,0 (5 mol%)
L3 or L4 (5 mol%) : - o : o
pyridine (5 mol%). Nal (25 mol%) NiCly(dme) (2.5 12 mol%) Ni(acac), (5 or 10 mol /o)0
Zn (2.0 ) DMPU. 60 °C L4 (5-20 mol%) NHC1 or NHC2 (0 or 30 mol%)
n (2.0 equiv), ’ 4-ethylpyridine (50 mol%) DMAP or pyridine (0.3 or 1.0 equiv)
_ Y _ NaBF, (50 mol%) MgCl, (1.0 or 1.5 equiv)
Ar = heteroaryl; X = Br, Y = Cl, Br Mn (2.0 equiv), MeOH, 60 °C Zn (2.0 equiv), DMA, 25 °C
NiCly(dme) or Nil, (5 mol%)
PyCam or PyBCam (5 mol%)
Nal (25 mol%), TFA (10 mol%)
Zn (2.0 equiv), DMA, 60 °C Ar = heteroaryl, X =Y = Br X=1Y=8Br
—y= Nily (10 mol% .
X=y=Cl i ((10 mol%o)) Ni(acac), (5 mol%)
NiBr; or Nil, (10 mol%) 4-ethylpyridine (50 mol%) . 3Fpy(1.0equv)
L5 (10 mol%) MgCl, (1.0 equiv) LiClI (3.0 rquw): MgCl, (1.0 equiv)
LiCI (1.0 equiv) Mn (2.0 equiv), DMA, 60 °C Zn (2.0 equiv), DMA, 25 °C
Zn (2.0 equiv), NMP, 80 °C
c ., 4
Bu Bu MeO OMe (I:I\\I’((ﬁ\n/clm
— § \> — — HN N __NH
v M S "
=N N PhyP PPh, =N N =N N NH NH
L1 L2 L3 L4 L5
A R’ R’ A R’
[T\ ® T\ e ~r | ! ! | |
 _N NZ; N N2 | ~ _N N& ~ _N
IPr=~\o" " ipr Bu” N\ "By _ N N
cl® cl® N NH, NH, NH,
NHC1 NHC2 3-F-py pycam R =H.CN  pipcam

Figure 15. Ni-CatalyzedC(sp’)i C(sp’) XEC reactionsusing metal reductantgA) Seminal report from
Weix andco-workers on XEC of aryl halides with alkyl halidg®) Representative examples. (C) Ligands

used in reactions illustrated in (A) and (B).
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catalystcomplexed with bidentate nitrogen liganish the presence diialide salts.*¥38 Highly
reactive methyl iodides are shownti® compatible coupling partners with amgllides.3® XEC of
unactivatedaryl chlorideswith alkyl chlorideshasbeen achieved byncluding halide additives and
employing a uniquely selectivepyridyl carboxamidindigand®® Ligands of this type aralso
shown to enable coupling of challenging heteroaryl halidtssalkyl halides*#2The couplingof
aryl bromides withhighly reactive tertiary alkyl bromidesanbe difficult but hasbeen achieved
usingNi(acac) (acac =acetylacetonajecatalystin the presence MHC (N-heterocycliccarbeng
additives,pyridinetype ligands and chloride salt$®4* These reactionswere conductedising a
heterogeneoushemical reductant, typically zinar manganesgFigure 1.5B) More recently,
electrochemicalNi-catalyzedXEC method have been developéar construction oC(sp?)i C(sp)
bonds wherein sacrificial anodeor homogeneoushemical reductantare used tgrovide the

reducing equivalds (seeSection 1.5or 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
s .
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-batalyzed XEGeactions
Besidesorganohalidesgarbonelectrophiles can be obtained througborvenientfunctional
group conversiofirom thecorresponding nucleophilésigure 1.6) Alkyl alcohols and phenols
can be converted gulfonate ester®ften known as pseudohalidesid otheoxygen electrophiles
(e.g., alkyl oxalates)*®4’. Alkyl amines can becomeaccessible substrates by conversion into

pyridinium salts(often known a¥atritzky salt3*® 5! or occasionallyammonium salf&. Organic
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carboxylic acidshave been primarilactivated adN-hydroxyphthalimide esters (NHP estéfs},
with isolated examples showingther possibilities such a&pyridyl ester®®. Epoxides and
aziridinescan be readily used aadical precursoraponreductive ring openingf->’

The utilization of theselectrophilesnot only allowsNi-catalyzedXEC to cover a broader
chemical space, but algorovides opportunities foachieving crosselectivity via different
activationmechanismgFigure 1.7) For examplemethyltosylates as a less reactive methyl source
than methyliodides can becompatible coupling partners irthe XEC with alkyl and aryl
bromides’®*® Gong andco-workers have achievedXEC of alkyl oxalates with aryhalides
whereinZn/MgCl, triggersaBartont y p e babDdradical scission aheoxalateghat isfurther
promoted by Ni catalystd.Watson andco-workers, in collaboration with Merckhaveshowed
that XEC of amino acid pyridinium saltsvith aryl bromidescould enableefficient synthesis of
noncanonical amino acids and diversificatiopeptide<® Katritzky saltsare proposed tondergo
singleelectron reductiomy an externalreductant rather than aeduced Ni catalystp generate
alkyl radicals®® This feature allow$lazariandco-workers to modulatethe rates of alkyl radical
formationfrom Katritzky saltdy using organic reductantsth different reduction potentiakEnd
achieveXEC of highly reactivebenzylic Katritzky saltsvith aryl iodidesusing a mil@rreductant,
TME (tetrakismorpholindethylene), compared to TDAE tétrakis(dimethylamino)ethylepé*
Baran Kawamataandco-workers havedevelopedinelectrochemical NcatalyzedC(sp’)i C(sp’)
reductive coupling methothat utilizes two NHP esters as coupling partners, termethasly
decarboxylative couplingdDCC). In this caseNHP estersare proposed to beeduced by the
cathode or lowvalent nickel specie¥.They latereported an improved reaction conditiorallow
modularconstruction otomplex molecular architectureshowcasedh the synthesis o series

of natural product§®
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Ni-Catalyzed XEC reactions using non-halide electrophiles

NiCl,(dme) (10 mol%)

L6 (10 mol% X
R B+ Ts0 ( ) R MMe wo-Me o Me
MeOLi (2.5 equiv)
Bopin, (2.0 equiv) ) _
1.0 equiv 1.56qUiV  NMP/iPr,0 (7/3), 40 °C, 16 h  11-74% yields OTs X=ClorBr
Nil, (5 mol%) .
e Me L7 (7 mol%) oeMe
R P + TsO~ R

MgCl, (1.5 equiv)

_n _Me _Me
_ L TsO %’ X

) "BuyNI (1.0 equiv)
2.0equiv  zp

€]
i OTs X=Clorl
(2.0 equiv), DMA, 45 °C 56-95% yields

. .o Ni(TMHD), (10 mol%)
N 3\ J\H/OMe 4-MeO-pyridine (3.0 equiv)
i .,
O R® O MgCl, (3.0 equiv)
1 4 oau 0 LiCl (3.0 equiv)
4 equiv

Zn (3.0 equiv), DMA, 25 °C ~ 41-67% yields

1.0 equiv

1.0 equiv

R JYOMBQ g

Zn-promoted

o)
R2HN NiBry(dme) (10 mol%) R2HN Ph
Br %OR L8 or L9 (12 mol%) \;)kOR N
@/(/ ) - - : R2 N, reductant 2/8
SN BuyNI (0 or 1.0 equiv)

X *)n l ——»R
TDAE or Zn or Mn (2.0 equiv) Wd Ph” g & Ph homolysis
DMA, 80 °C = BF,
1.5 equiv 1.0 equiv
R = 2-OMe, R? = 4B
N ' ° AN NiBro(L1) (10mol%) ar OMe, Y
N . R1-L q )
! — O/\ reductant (1 2 equw) ! = _— TDAE (—111 V) 29% yleld
Ph DMA, 80 °C, 24 h
1.0 equiv 1.2 equiv Fa

TME (-0.85 V): 90% yield
50-94% yields

(V vs Fc/Fc*)

1st generation

R R R
conditions 2
R1/\n/NHPI + R2»\[(NHPI R1/\/R
o) R’

(0]
1.0 equiv

—_ =

—_—

2nd generation
. i 0,
3.0 equiv NiCl,(dme) (20 mol%) ["1%'2("?191) (58 m°|'of’)
(1° or 2° alkyl NHP esters) L£10 (20 mol% or L11 (20 mol%})
( 0 mo o) o
Nal (0.2 M), DMF, rt AGNO; (50 mol%)
0 2 W, DM "Bu,NBF, (0.1 M), NMP, rt
: AR Mg (+) | RVC (-)
R/\[f s undivided cell undivided cell
R —4 mA, 4 F/mol
g ~CO,, ~Nphth~

-4 mA, 4.5 F/mol

OMe
D DX
a \ o L ®
D QD
s NH 2HCI NH N N =N N=
R° = Me, L7
L6 L11

R3=H, L8 L9 L10

Figure 1.7. Ni-Catalyzed XEQeactionausing norhalide electrophiles

Formation of radicals fromracemic C(sp’) electrophiles providesopportunities for

stere@onvergentXEC reactiongFigure 1.8)* This concephas been demonstratbg Reisman
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and co-workers in severalNi-catalyzedasymmetricC(sp?)i C(sp’) reductive coupling reactions
including acylation, vinylationandarylation of benzylic chloridesjinylation of benzylic NHP
estersand ar y |-chloronitrites andi}chloroester§® Weix andco-workers have shown
thatregioselectiveing opening of epoxides can be achietegenerateadicalsfor couplingwith
aryl halidesin the presence of a Ni catalyst andcecatalyst wherein odide cecatalysis results
in opening at the less hindered position via an iodohydrin intermextidtganocene cacatalysis
results in opening at the more hindered position, presumably Vam&diated radical
generatior?® Employing a chiral titanocene amtalyst can then render this transformation
enantioselectivé® Aziridines can bereductivdy activated in a similamanner Doyle andco-
workers have reported the NtatalyzedXEC of styrenyl aziridines with aryl iodidem the
presence of Nal additiveshichis amenable to asymmetric catalysis using a chirakbizoline
(BiOX) ligand In this case, aridine rings open at the less hindered position to give lineass
coupled product?’ It is worth mentioning thathe same grouthenadopted a Ni/Tto-catal\sis
strategy to enable branchselective although non-enantioselective XEC between 2-akyl
aziridines and lfetero)aryliodides®” AsymmetricNi-catalyzedC(sp’)i C(sp’) XEC reactionscan
be achieved albeit within a limited scopeBaran andco-workers have disclosed an
enantioselective version of dDCC reaction employing a cyradiine-2,6-bisoxazoling PyBOX)
ligand on nickel, in the presence of MgBind FeBs additives.This method is restricted the
coupling of NHP esters from malonate half amides and primary carboxylic &c8fsu andco-
workers have demonstratethe enantioconvergenKEC of unactivated alkyl halides with-
bromoamidespromoted bya chiral nickel bisoxazoling BOX) catalystin the presence & large
excess of Znl additives. Mechanistic studies suggest thatl, can activate b-bromoamides

through coordination to the amideoup, which also weakly binds Ni center during catalysfs.
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Ni-Catalyzed enantioselective XEC reactions

arylation of a-chloronitriles

O
-/
PAI'Z N /
Bn
Ar = 3,5-diMe-4-OMe-Ph

other transformations

R3
O\l)\fo
| \J
N  N—
R BOX R
0 0
s~ N N~ _s
(X=Br,1) (Y =Cl, NHP ester) BiOX
Br NiCl,(dme)/L8 (10/10 mol%) HO,
A Ti]* 9
1 . OCY [Til* (10 mol%) \
= Et3N-HCI (1.0 equiv) L6 iCl,
Mn (2.0 equiv), DMPU, rt R
1.0 equiv 1.0 equiv 59-99% yields
(Y =0, NTs) 78-95% ee
NiCly(dme) (15 mol%) Ar
| Ts 2 o) o}
A L12 9
RIT + N (18 mol%) N NHTs — j
= Ar Nal (2.0 equiv) R1f; N N™ "™,
TMSCI (20 mol%) %
n (3.0 equiv), THF, —=10 °C
3.0 equiv 1.0 equiv 45-88% yields
75-94% ee L12
o o NiCl,(dme) (20 mol%)
NHPI L13 (24 mol%)
+R
ArHN)H)J\NHPI /\gf MgBr, (3.0 equiv) ArHN
Et FeBr; (0.5 equiv)
_ _ LiBr (0.2 M), DMA, 0 °C ’
1.0 equiv 2.0 equiv Mg (+) | RVC (=), undivided cell 33-67% yields y
-4 mA, 4.5 F/mol 84-91% ee -

NiBry(dme) (10 mol%)
Br O L14 (12 mol%)

R" ©
+ R2/\| R2
R1J\)LNHAr Znl, (9.0 equiv) \)\)LNHAr y J

Mn (3.0 equiv)
isobutanol/2-pentanol (1/3), rt B
1.0 equiv 3.0 equiv 49-93% yields Bn L14 Bn
84-92% ee Ar' = 4-Ph-CgH,

Figure 1.8. Ni-Catalyzed enantioselective XE€actions
Ni-CatalyzedXEC reactions between two carbon electrophiles with the same hybridiaation

more challenging due tdifficulties in differentiatingthe two electrophiles anduppressing the
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competing homocoupling pathwayd/eix andco-workers have uncovered Ni/Pd coecatalytic
system forC(sp?)i C(sp?) reductive couplingf aryl bromides with aryl triflatgsvhereinthe Ni
and Pdcatalyss eachfavors activation of onef the coupling partnes (see Section 1.5 for more
discussion)® This strategy halseen extended tihe XECof aryl chloridesand aryltosylateswith
aryl triflatesto accesdiaryls and biheteroaryfé'  as well asxEC of vinyl bromides and vinyl
triflates to acces$,3-dienes’ Stahl, Beckam, ancco-workers have later applied this Ni/Pd-co
catalysis methodto theelectrochemicaKEC of lignin-derived aromatic monomef$Gong and
co-workers havepioneeredthe development oNi-catalyzedC(sp’)i C(sp’) reductive coupling
methods featuring B2pinz (bis(pinacolato)diboronreductantas the critical elementto enable
coupling of secondaryand hindered primary halides with primary bromideg leveraging the
subtle steric and reactivity differences of the two coupling parfiéfhis strategywas also
adopted bywang andco-workers to enable XEC ofprimary alkyl halidesor tosylatesv i t -h
fluoro alkyl bromidesusing aBz(neo) (bis(neopentyl glycolato)diborgmeductant®’°Allylation
of secondanalkyl halides with allylcarbonatedy Ni-catalysishas been reported bong and
co-workers usinga zinc reductantwhich waslater expandedo includetertiary alkyl halide$°8!
Cernak andco-workers have disclosethe XEC ofalkyl NHP esterswith alkyl Katritzky salts
whereinsequentiasubstrate additior binary solvent systerand an electredeficient bipyridine
ligand on nickel all contributed to the finasuccessful coupling? Shu andco-workers have
reported a ligandontrolled regiodivergent XECof U-bromoamidesand alkyl bromidesby
employing aBOX, bipyridine, orPyBOX ligand on nickel to access, 2-, or U-alkylated amide
products respectively?®> More recently, several electrochemical methioalge been developdolr
Ni-catalyzedC(sp’)i C(sp’) reductive couplingbut mostly utilizeda large excess of one of the

coupling partners (3.0 equiv) to obtajoodyields®253688480ne examplereported byCantillo
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Ni-Catalyzed C(sp?)—-C(sp?) and C(sp®)-C(sp°®) XEC reactions

NiBry(dme)/L8 (5/5 mol%)

- % PdCl,/dppp (5/5 mol%) gz N N
d N 0 go PN N AN
Z 0 N KF (1.0 equiv) 114 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 RS 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®=CF; R*=
R3 = H, R* = Me, L19

H, L17

11-78% yields

Ar’

}{

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

Ar1

Figure 19. Ni-CatalyzedC(sp?)i C(sp?) andC(sp’)i C(sp’) XEC reactions
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andco-workers, has demonstrated selectivecouplingof alkyl tosylatesand alkylbromidesvia
Ni-catalysiswith NaBr electrolyte whereinl1.3i 2.0 equiv ofalkyl bromides were used and NaBr
supportedatosylaté bromide exchangprocesgFigure 1.9*
1.5.General Strategies forAchieving Cross-Selectivity in Ni-Catalyzed XEC Reactions

The proliferation ohickelcatalyzedcrosselectrophile coupling reactiomsnotonly attributed
to the contining efforts to expand the scope of viable electrophiles alsodependent othe
discovery of newapproacheso achievecrossselectivity by leveraging thealifferences between
electrophilic coupling partnersThese approaches can devided into three categories: (a)

substratebased differentiation, (b) catalysased 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
—COD ©_/R X @—P\

PH Ph Kobs PH Ph PH Ph

kops trend: | > Br> Cl > OTs > OCO,Et > OTf > OCONEt, > OSO,NMe, > OPiv > OMe = F

electronic effect steric effect coordinating group effect
Ph\ /Ph Ph\ /Ph
X X X X 4: :>_ 4: :>_ =
P\ o 9 ring walk P\ ,5 Y}
> > = Fe /NI ——Ik —> Fe /NI W
EWG EDG R
/P\ Me “Ar ©_/F{
Ph Ph Ph Ph

Figure 1.10. Aryl electrophile oxidative additioto nickel(0): rates and influencing factors
Substratébased differentiatiomay be one ofhe mostcommonapproache$o achieve cross
selectivityin Ni-catalyzed XEC reactions. Specificalthe rate of electrophiléRi X) activation
can be tuned bynanipulatingthe identity of the electrophilicdhandle (X) and the inheresteric
andelectronicpropertiesof the substrate (RNelson, Sproules, armb-workers haveconducted a
systematicstudy onthe influence of electrophilic handles oxidative addition rates of aryl

electrophiles to aNi%COD)Xdppf) (dppf = 1,1Npis(diphenylphosphino)ferroceneomplexin
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benzenal6 solventThe resultshowthatrates of oxidative addition of aryl halidesNi° follow
the trend ofAri | >> Ari Br > Ari Cl >> Ari F, consistent with the bond strengths of tfiX®@onds.
Oxidative addition of gifonate esterso Ni°(COD)(dppf) were all slower than aryl chlorides,
following the trend of AirCl > Ari OTs > Aii OTf.8% Substituents on thsubstratesanalsoimpact
the rates of oxidative addition. Generalbiectrondeficient aryl electrophilesindergofaster
oxidative addition than the corresponding electrich substratesand a more hindered aryl
electrophile underges slower oxidative additiof®®8” Additionally, ddehyde and ketone
substituent®n aryl chloridesvereshown topromote the oxidative addition rates dyordinating
with the lowvalentnickel catalyst(Figure 1.10§2 These featureallow for fine tuning of the
substrate pairs iNi-catalyzedC(sp?)i C(sp?) reductivecouplingreactionsas discussed in Section
1.2. More recently, Lautens and-workers have achievethe XEC of heteroaryl chloridesith
aryl chloridesat 1:1.5 substrate ratigFigure 1.11) The reaction is proposed to follow a sequential
oxidative addition mechanisrwhereinheteroaryl chlorides preferentialtgact with nickel(Oflue
to their electrondeficiency and oxidative addition of aryl chlorideto heteroaryhickel(l) is
favored possiblybecause of thsteric matchingAryl bromides were useidstead of chloridefor

electronrich substrateto promoteoxidative additiorratesandimprove yields®

X Nil, (10 mol%)
N, = L8 (10 mol%) X = Cl, R = 4-CO,Me, 90%
Y—Cl + 1R - X = Cl, R = 2-Me, 0%
N N MgCl, (2.0 equiv) R X = Br, R = 2-Me, 47%
Me Zn (2.0 equiv), DMF, 85 °C
1.0 equiv 1.5 equiv R
X =Cl, Br 7
( ) XA XA
(L8 > NG
@[ S—ci _(LONE \>—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 chloridaad arylhalidesby Lautens ando-workers.



19

The activation rates oflkyl electrophiles generally follow the trend ofk&l > Alki Br > AlkT
Cland3° AlkT X > 2° Alki X > 1° AIKT X in reactiors with nickel(l) complexd with nitrogen
based ligand®°1 Additionally, various oxygen electrophilgs.g., sulfonatesters oxalatesand
nitrogen electrophilegNHP esters, Katritzky saltg)rovide abundant opportunities for tuning
substrate reactivitie§.or exampleWeix andco-workers have reported the XEC etrained ring
NHP estersvith aryl iodides or bromidesvhereinthe backbongof NHP estersverestrategically
modified to tunetheir reactivities(Figure 1.12) More electrorrich NHP estersvere harder to
reduceand provided improved yieldsm XEC reactios with less reactive aryl bromidés.
Similarly, altering theancillary aromatic substituents on Katritzky sattould provide an

alternativehandle to control the rate of radical generaffon

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

fr%]/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

Modulatingthe reactivity of alkyl electrophilesan also bachievedhroughasulfonate estér
halideexchange processetween alkyl sulfonate estexsdhalidesaltsunder reaction conditions
This strategy allows situgeneration of alkyl halides in low concentratidngrovidea slow and

steady supply of alkyl radicals into the catalytic cytteis enabling the rate maiog of radical
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generationwith the activation of the other coupling partner aftectively limiting the rapid
dimerization pathway?8493%For example,Shu andco-workers have conducted a series of
control reactionso support the proposal of a mesyiatelide exchange process in the coupling of
alkyl mesylates witlalkenyl triflateg Figure 1.13)Trace quantitiesf alkyl iodides were observed
during theXEC reactionemploying NIz as thepre-catalyst andeplacing Nik with NiCl> or NiBr

led to significantly decreased yields directmesylatéiodide exchangeeactionwasalsoproved
viable in the reaction ofilkyl mesylate with stoichiometric Natithout nickel catalyst, which
affordedthe corresponding alkyl iodida quantitativeyield.®® Similarly, halide halide exchange
could convert less reactive alkyl chlorides into more readilgl bromides and iodides, as

demonstrated by Weix amd-workers in the XEC of aryl chlorides witbrimaryalkyl chlorides*

Nil, (10 mol%)
R? TO -+, L22 (15 mol%)
R1\/k + ‘ —R3®
OMs NP Mn (3.0 equiv)
DMA, 100 °C, 12 h
1.8 equiv 1.0 equiv
1© (from Nil,) (L22)Ni
i
Ph” " OMs Ph "N ———— pp
°OMs low concentrgtion
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 medates bymesylatéiodide exchange

Catalystbased diffeentiation of the two electrophilic coupling partneepresentsanother
powerful strategy for achieving cresslectivity in Ni-catalyzed XEC reactiong his strategy
typically features the use ofreckel catalyseanda co-catalystthateachpreferentially reastwith
one of the electrophilehe cocatalyst can bermthernickel catalysbearinga different ligand
or adifferent transition metal catalygis briefly mentioned in Section 1.4, Weix acaworkers

have disclosed a duigand Nicatalyzed XEC reactiobetween aryl iodides and alkyl iodides
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whereina bipyridine ligandanda bisphosphine ligandvere usedogether to providéestcross
selectiviy. The origin of the synergistic effect was not cldar control reactions suggested that
the bipyridine ligandplayed a more important role in this reaction whilellgphosphine ligand
only slightly increased the yiefd. They later demonstratetthe utility of another dualigand
systemin electroeductive Ni-catalyzedC(sp?)i C(sp’) couplingin collaboration witha Pfizer
process tearfFigure 1.14)Ther eact i on wuti |l i zes a cdr-terbbutylat i on
2 ,-ldpMiidine (L1) and Atri-#erNputdl-8j, 2 Njte@yWging (.6). Using the nickel
bipyridine catalystalonepredominantlyleads toproto-dehalogenan and homocoupling dryl
bromideswhereas the nickeerpyridinecatalyst predominantly forms tlagkyl dimerandcross
coupledproduct.Selective couplingan beachieved howeverpy usingL 1 andL 6 togethemwith
variedL1:L6 ratiosso thataryl bromidesand alkyl bromidesan be activated at comparable rates.
Asthearyl bromide becomes more electrooh, theoptimal ratio shifts tdthave more othenickel
bipyridine catalyst®® The optimalL1:L6 ratio can also be dependent omther reaction

parameterssuch asolvents supporting electrolys, andcurrentdensities’> %’

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/terpyridineduakligand system for NcatalyzedC(sp)i C(sp’) XEC reaction
In the previous dualigand systemsthe combinedquantities of the two ligands are

approximately equivalent to that of the nickelirce Alternatively, an excess of ligands compared
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NiCly(dme) (10 mol%)

) X L23 (10 mol%)
R1 X . >\ (L11)MnCl, (10 mol%) 1 rz\J)\
AN Br KPFg (0.1 M), DMF, rt R .

Zn (+) | Ni (=), undivided cell e
1.5-2.0 equiv 1.0 equiv -3 mA, 4.0 F/mol

(X = Br, Cl, OTf) (1°, 2°, or 3° Alk=Br)

>\ (L11)Ni"Br, C
+e” =

ligand exchange
- - \‘ ~

L1 (L23),Ni°

Br

(L11)Ni'Br (L11)Ni'Br

.t

X
electrochemically electrochemically \©
active cycle inactive cycle

(1€~ reactions) (2e™ reactions)
| 0
®
?1 (L11)Ni"@ '-2{" (L23)Ni"
(L1 )N?”@ ha ligand rebound -
Br® \
L11

Figure 1.15. Sevovduatligand system foelectroreductivéNi-catalyzedC(sp?)i C(sp’) coupling

to nickel can be employetriggeringa dynamic ligand exchange procdhatcanoffer avenues
to access nickel speciasth differentreactivities Sevovandco-workers havedemonstrated this
concept inelectroreductiveNi-catalyzedC(sp?)i C(sp’) coupling utilizing an electrochemically
inactive NP('PrQ). complex (PrQ ='Pr-Quinazolinap,L23) that selectively reacts with aryl
electrophiles through 2grocessesindan electrochemically activieickel/bpp complexkipp =
2,6-bispyrazolylpyriding L 11) that selectively reacts with alkyl bromides through d@cesses
(Figure 1.15) The reactioris initiated by 1€ electroreductiorof Ni" (bpp)Br followed by rapid
ligand exchange witlPrQwith concomitant reduction tgenerateNi°(PrQ).. This Ni® complex
selectively reacts with aryl electrophiles via oxidative additiod forms a [(bpp)Ni(aryl)]Br

intermediateby ligand rebound in the presencefiae or weakly-ligated bpp ligandsSubsequent
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reactionof this Ni'(aryl) with the alkyl radical forms the product aadow-valent Ni(bpp)Br
complex, which is responsible for radical generafimm alkyl bromides Consequently, this
strategy allows the XEC @iryl (pseudo)halides{(= Cl, Br, OTf) and vinyl triflates with tertiary

alkyl bromideswhich can be challengingnderpreviously reportedouplingconditions>®

NiCl,-6H,0 (25 mol%)

X L24 (5 mol%)
X ~ o . s
10 : pyridine (1.0 equiv) :

AgNO; (1.0 equiv), NMP, rt R!—t

0 Mg (+) | RVC (=), undivided cell N~ PPh,
1.0 equiv 1.5 equiv —-12 mA, 4.5 F/mol
(X=1,Br, Cl)
)\ L24
(L24)Ni" +e
X
Py
.| 24
(L24)Ni'X X~ (L24)Ni.g\
L24 Py (PY)oNi"X,
X
| electrochemically active
(Py)oNi'X key for catalyst turnover
e J& - ){WNHPl Py
) "
(Py),Ni"X X (L24)Ni”)\
2 2 | )\ %
(L24)Ni™
Py minimizes B—H elimination
L24 and migratory insertion
(L24)Ni""X,
Py

(L24)r\fi'x
Py ©>\

Figure 1.16. Baran and Englduatligand system foelectroreductivéNi-catalyzedC(sp’)i C(sp’) coupling

Baran, Engle, ando-workers have alsaeported an electrochemical methibdit exploits a
dynamic ligand exchange processconstruct arylated quaternary carbon centers through Ni
catalyzed XEC of tertiary NHP esters with (hetero)aryl haljBiegire 1.16)Theoptimal catalytic
system features theombinationof NiCl,-6H.O salt BINAP ligand (L24), and pyridine(Py)
ligand in al:5:20ratio. The proposed mechanism excludes the involvement of a nickel(0) species

instead, isuggests that NPy).X. (X = halide) is electroreduced to'{fy).X, followed by ligand
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exchange withBINAP and radical capture to form a [(BINAP)Nalkyl)]X complex. This
complex is then reduced to 'lilkyl), 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 pyridirgtabilized nickel(l) species thate sustained during the reaction

andthe BINAP ligand that minimizethe b-migration pathway®

Alkyl radical generation from Co co-catalysis

A 1
€] I/R
_ N———N - N homolysis N
+2e N = — —
T I 1l —_—
Vitamin By, ——— /C!o mx—> /Co\/ ~ > / ° \/ + R1/8
N~——N R \ N——N X© +e ——N
L L L
e R! o
_ N——N [N homolysis N N
+e AN _— — N _—
Co'(Pc) - / co' 7‘\ > Co'” / —_— co' / " 1/8
. N N —_— N R
NN R Q NZ—N x© +e NN
Pc = phthalocyanine
0
R”>X = R Br R NOTs A~ Cl A~ COMs  Ar” “OP(OEY)
Ni/Co Co-catalytic XEC reaction
B .
5 NiBry(L1) (Y mol%)
Br r | N co'(Pc) (Z mol%) | N
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% 1% 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) obbalt cecatalyss in Ni-catalyzed XEC reactions
Inclusion ofanonnickelbasedransition metal catalyst can provide a mechanistically distinct
pathway foractivatingelectrophiles in XEC reaction€obalt cecatalysisis an attractivapproach

to activate alkyl electrophilebecause it generates radicals aftwo-electron nucleophilic
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substitutiorrather than singtelectron transfeiThis not onlyallows for fine tuning of alkyl radical
generation bychanging the ligands on cobalt or the cobalt catalyst loading, butakdes
activation ofoxygenelectrophiles that are unreactit@vards singleslectron transfer due to the
strength of the 0O bonds, such aslkyl sulfonateandphosphate este(gigure 1.17A)109103|n
a comprehensive study by Hazari, Zultanski, aodvorkers, a broad scope dlkyl and aryl
electrophilesaretoleratedwithin theNi/Co co-catalytic systemby modulating thenickekto-cobalt
ratiosbased on the reactivities of coupling partné@isey further demonstratée utility of this
systemin selective ongot threecomponentXEC reactions of bromo(iodo)arenes with two
distinct alkyl halidegFigure 1.17B)% Additionally, titanocenehas been used as affective
transition metal ceatalystto activateepoxidesand N-acy! aziridines through a fi-mediated
radical ringopening proces¥:56.67

Weix andco-workers have disclosed a Ni/Pd-catalysis strategy fa€(sp?)i C(sp?) reductive
coupling (Figure 1.18). The XEC reaction of aryl bromides with aryl triflates utilizeS(agy)
complex thatreactsfasterwith aryl bromidesthan aryl triflatesand aPd(dppp) (dppp =1,3
bis(diphenylphosphino)propanecomplex that preferentially reacts with aryl triflates. The
resultant[(bpy)Ni"(Ar1)]Br complex is transientlue to its reactivity towardsansmetallation
whereas ([dppp)Pd(Ard)]OTf is persistensince it is stable to setbactivity. TransmetHation
then occurs betweeaNi'" (ArhandPd'(Ar?), leading to the key P¢Arh)(Ar?) intermediatewhich
undergoeseductive elimindbn to give thecrosscoupled productinclusion of a salt additive,
potassium fluorid€KF), is beneficial for this reactiogpresumably by improving the selectivity of
the palladium catalyst for aryl triflat@ver aryl bromids.”° Variations on ligands and additives
canextend thismethod tathe couplingof otherC(sp?) electrophilesFor examplein the XEC of

aryl chlorides with aryl triflatedjthium chloride CiCl) was found to acceleratbe reduction of
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nickel(1l) to nickel0) and counteract autoinhibition of reductiorzatc(0) by zinc(ll) salts’* In
the XEC of heteroaryhalideswith heteroaryl triflatesa terpyridine ligand was used instead of
bipyridine in reactiors involving electrordeficientheteroaryl halide$* Additionally, a zinc(ll)-
mediatedshuttlingcan beoperativen the XEC ofvinyl bromideswith vinyl triflatesandthe XEC
of aryl tosylateswith aryl triflates whereinzinc(ll) salts facilitate thdéransfer ofvinyl or aryl

groupsfrom nickel(ll) to palladium(11).727°

B NiBry(dme)/L8 (5/5 mol%)
r PdCl,/dppp (5/5 mol%) N
o KF (1.0 equiv) Ph2P\/\/PPh2
n (2.0 equiv), DMF, 40 °C

d
1.0 equiv 1.0 equiv PPP
(L8)N'"] lg (dppp)Pd"” I!
SBr ot
-
TfO
(L8)Ni® (dppp)Pd°
Zn"BroTf / ‘
OTf
2
70 (L8)NI"\Br (dppp)Pd'
O Cl e OTs . .
R+ R'=7 LiBr (4 equiv)
= =

= -
(LNi'X, (LN° (LN ZnX, (Le)Pd™_
LiCl (2 equiv)
R3=R*=1Bu, L6 (,_N)Nlu/ (Ar')ZnX )Pd../
R3=Cl, R* = H, L25

promote Ni' reduction o )
at Zn® surface slower oxidative addition Ly: N-ligand, Lp: P-ligand, X = Br, OTs or OTf

Figure 1.18. Weix Ni/Pd-catalyzedC(sp)i C(sp) reductivecoupling
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[Ni-1]-[Ni-4] (2.5 mol%)

e Br . : M1-M3 (5 mol%) ‘
L~ B KPFg (0.1 M), DMA, rt N
Zn (+) | Ni (=), undivided cell Rt

1.0 equiv 1.25 equiv constant current, 2.5 F/mol

(1° or 2° Alk—Br)

il
Br d
X
Rt )\ | l (L)Ni(Ar)
= Br M
p roductiye _ _ Short circuit _
(L)Ni catalysis +e +e Koot < i e
kcat > = ‘ ;
H TR
] Me 110 N AN X ‘
R 1N
7 L Rt
R _ prevents overreduction of (L)Ni(Ar) =
[Ni]/M pairs (onset potential reported, vs Fc/Fc*) XEC results

b OPh
) /@/\/
/ SN EtO,C
Y \ g a:98% b: 87%
N— N|—OAc (L26),N o) N’N{ (L26),Ni c:37% d: 12%
oy CC .
»
Q \@ N CO,Et

a:51% b:70%

(L26)NiOAc, [Ni-1] M1 (L27)NiBr,, [Ni-2] M1 c 36% d: 26%
-1.65V -1.71V -1.75V -1.71V
X
c d (l/\/@
; N
Bu N N Pr a:62% b:55%
| N\ c:85% d:68%
> N\ ./Br . O N\ _/Br .
/NI\ (L22),Ni(PFg), /NI\ (L11),Ni(PFg),
= IN Br | NN Br o
tBU X = )'LN
(L1)NiBr,, [Ni-3] M2 (L28)NiBr,, [Ni-4] M3 a:19% b: 20%
-1.61V -1.50V -1.37V -1.39V c:75% d: 88%

Figure 1.19. Sevovsynergisticcatalystmediatorpairings forelectroreductiveC(sp?)i C(sp’) coupling
Finally, a few morestudieswill be discussed to demonstrab¢her feasiblestraegies for
achieving crosselectivity in Nicatalyzed XEC reactiongor exampleSevov andco-workers
havedesigned a series obordinativelysaturatedickel complexesasredoxactive mediatorso
facilitate a selectiveelectrochemicaNi-catalyzedXEC of aryl bromides with alkyl bromides.

Thesemediators serve as/ercharge protectote shuttle electrons from the cathode to the anode
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when the rate of reduction exceeds the rate of couptings preventingdeleteriouscatalyst
overreductioror degradation pathway$%! Theappropriateairing ofmediatomwith nickel catalyst

is critical for effective couplingthe system likely works best cases wherthe onset potentials
of catalyst andmediator are approximately equalPreliminary studies have identifieaur
catalyst/mediatopairsthatspan a wide voltaic windoveach featuring different type of ligands
onthenickel catalystThesecatalytic systemwere applied to the XEC @afrangeof (hetergaryl
electrophiles with primary and secondary alkyl bromialed showed complementary reactivities

(Figure 1.19)1%°

i T Vow s )
+ \ : \ w/ AgNOj: 52%
Ph/\)J\NHPI I COzH  glectroreduction Ph COH o AgNO3: 19%

6 7 8
I—{ l—Mg anode |—1 l—Mg anode |—{ l—Mg anode

6

6 (1.0 equiv), 7 (1.5 equiv) _ <

NiCl,-6H,0 (10 mol%) (L8)NICIy Ph/\g
L8 (10 mol%) prevents

catalyst adsorption slow diffusion
DMF, -6 mA, 2.0 F/mol of NHP. ester

RVC RVC ﬁozH

i
= Ag nanoparticles (AgNPs) (L8)Ni N
+e”
Ecathode (vs AQ/AGCI)

RS 115 v ovgﬁreefgéfion
w/o AgNPs: -1.66 V. RVC

lower overpotential

AgNO3 (0.3 equiv)
DMF, -6 mA, 0.3 F/mol

cathode
cathode

Figure 1.20. AgNP-functionalized cathode enables XEC of NHP esters alkényliodides.

Baran andco-workers have shown hotunctionalized cathodes can be used to improgtels
andselectivity inelectrochemicaNi-catalyzedXEC of NHP esters with alkenyl iodidéEigure
1.20) Silver nanoparticle$AgNPs) were electrodeposited onto thierface oRVC cathode (RVC
= reticulatedvitreouscarbor) prior to the XEC reactionThis AgNP layer on thecathodehas
severabeneficialeffecs: (a)it preventsadsorption of reduced nickel catalysts to electrode surface

that causes passivation, (b¥itpportsa mild operating potential at the cathodeptevent catalyst
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overreductionand decompositigrand(c) it slowsmass transport and reductionNifiP estersat
the electrode surfac€® This strategy halsterbeen applied to othéi-catalyzed electroreductive
XEC reactions involving NHP estet$%9.107.108
1.6.Concluding Remarks

Nickel-catalyzed crosselectrophile couplinghas proved to bea versatile,reliable and
operationally efficient strategy foconstructingcarboncarbon bondsPrevious efforts have
focusedon the exparsion of accessible chemical space danmgprovement ofcrossselectivityin
Ni-catalyzed XEC reactiond/loving forward, this fielccangreatlybenefitfrom advances in one
or more of the following directionga) exploration of ewligands catalystsand cecatalystghat
invoke improvedor new reactivities (b) fundamentalinvestigations intahe elementary steps
involved in Nicatalysis (e.g.pxidative additiontransmetallation, electron transfemcillary
ligand exchange and(c) new technologiethat facilitatethesesynthetic and analytitatudies.
Specifically, the combined use of higihroughput experimentation (HTE), which efficiently
generates extensive datasets, with computational tools capable of utilesegata toconstruct
predictive modelsholds great potentiafor discovering new ligands and cataly$t$!'3 This
process cahe simplified byperforning in silico HTE screenindollowed byexperimentatesting
which greatly improves the efficiency*1® Synthesisof key nickel intermediates or accessing
transient, highly reactive nickel speciasing newtechniquescan provide opportunities for
investigating their reactivities and speciatiemder conditions that are relevant to-dditalyzed
XEC reactiong>26:87.9L11820 £y rthermore, e merger of electohemistry and Nicatalysis
although in its infancyhasalreadydemonstrateds unique valuen developingNi-catalyzed XEC
reactions The myriadreactionparametershat can be tuned ielectrochemicasystemssuch as

electrode materials, electrolytagaction vessel configurations, modes of electrolysisvide
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additional entries intahe modulationof catalyst reactivities and accommodatioina broader

scope of substratés® 23|t is anticipated thaadvances in these directions willopelthe future

development of Ncatalyzed XEC reactions.
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Chapter 2.
Ni- and Ni/Pd-Catalyzed Reductive Coupling of LigninDerived Aromatics to

Access Bibhased Plasticizers

Thecontent presented in this Chaptereproducedvith permissiorfrom a published manuscript
Zhi-Ming Su, JackTwilton, CarolineB. Hoyt, Fei Wang, Lisa Stanley, Heather BViayes, Kai
Kang, DanielJ. Weix, Gregg T. Beckham, andShannon S. StahNi- and Ni/PdCatalyzed
Reductive Coupling of Ligniberived Aromatics to Access Biased Plasticizer&CS Cent. Sci.

20239, 1 5 9Qogdyweght2023 American Chemical Society.
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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 interdstdrbxybenzoic acidH), vanillic acid
(G) and syringic acidS) 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 bidased, less toxic alternatives to phthalate plasticizers. Chemicalestrdchemical
methods are developéalr catalytic reductive coupling of sulfonate derivative$ofG, andSto
access all possible homand crossoupling products. A conventional NigZbipyridine catalyst
is able to access thdi H andGi G products, but new catalysts are identified to afford the more
challenging couplingproducts, including a Ni@bisphosphine catalyst folSiS and a
NiClz/phenanthroline/Pd@phosphine cocatalyst system féfiG, Hi'S, and Gi'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 implemiemtain larger scale. Plasticizer tests are
performed with poly(vinyl chloride), using esters of theNpjaryl dicaboxylate products. The
Hi G andGi G derivatives, in particular, exhibit performance advantages relative to an established

petroleumbased phthalate ester plasticizer.
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2.2.Introduction
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A: Homocoupling of aryl sulfonates (Percec, Jutand)
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2.3.Results and Discussion
Ni-Catalyzed Homocoupling of LDMs.The methyl esters &f, G, andSare readily converted
into electrophiles by reaction of the phenols with sulfonyl chlorides,.RHB = methyl (Ms) or
tosyl (Ts)], or triflic anhydride (T4O). Initial studies evaluated the electrochemical homocoupling
of methyl 3methoxy4-((methylsulfonyl)oxy)benzoate5f OMs). The two possible byproducts
are denoteas the ArH andArOi H species, derived from reductive cleavage of th® Gr the
Si O bond of theGi OMs substrateA combination of NiCl(dme)/bpy has been used previously
for reductive homooupling of Aii X specie$®*°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 th&1 G product in 29% vyield, with a significant amount of byproduct
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and unreacted starting materidbple2.1, entry 1).Use of increased bpy ligand loading (bpy:Ni

= 3:1) stabilizes the cataly$tand leads to a higher yield of the desipedduct (72%), together
with the Air H byproduct (27%Table 2.1, entry 2). Other sacrificial anodes were tested in an
effort to optimize the yield of biaryl productdble2.1, entries 85). Significant reductive GO
cleavage was also observed when Al or Zn was used as the anbtk2(1, entries 3 and 4). This
Ci O cleavage is rationalized by previous observations thaitNargpecies can transfer an aryl
group to ZR*, generating arytincspecies that are susceptible to protonolysis ainéli Ayproduct
formation3’#’ Electrolysis in an undivided cell using a Mg anode proved ineffecliablé¢ 2.1,
entry 5). In this case, reductivé @ bond cleavage was favored, likely reflecting sirgjctron
reduction of the sulfonyl group at the Mg surfd¢&hese 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 as validated by observation of a 929G product yield when using a Mg anode

in a divided cell (Tabl.1, entry 7). This outcome is noteworthy because it is significantly better
than that achieved when performing the same reaction under previouslyedepbemical
condition$? or optimized variations thereof with Zn powder as the reductant (48% anG5@%
yields, respectivelyTable 2A1). Use of analogous conditions witi OMs as the substrate leads

to nearquantitative yield of the biaryHi H product Table 2.1, entry 8). This outcome was
achieved, even when lowering the Ni catalyst loading to 1 mol%. Use of a staitelelsanode in

an undivided cell retained good vyieldaple 2.1, entry 9). The latter conditions are readily
implemented in a recirculating flow electrolysis cell with a pargillate reactor. This approach
was used to conduct a larger scale reaction (11 g, 48 Min@Ms), accessing theli H product

in 80% yield with 2 mol% Ni catalyst (s&ection2A.IV of Appendix Afor details).
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Table 2.1. Optimization of electrochemical Nicatalyzed reductive homocoupling.

Vapp = —1.7 V (vs Fc/Fc*)
i NiCly(dme)/bpy
LiBr(1equiv) |  (5/15mol%) |=
DMF (0.4 M), rt ' LiBr (1 equiv)
' DMF (0.4 M), t
Entry Ari X Cell type Anode AriH (%) ArOiH (%) 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 Me02C 1 oms undivided  stainless-steel 10 0 89
OMe
OTf L.
10 divided Mg 2 1 3
MeO,C OMe

S-OTf

2SeeAppendix Afor full experimental details. Yields are determined*HyNMR analysis of the crude
reaction mixture using mesitylene as an internal standard, yields shown in parentheses are”iSolated.
mol% bpy. The rest of the mass corresponds to recoséaeithg material’l mol% Ni catalyst.

The catalyst and conditions identified for homocouplingHdfOMs and Gi OMs proved
ineffective with the more sterically demanding syringic acid derivaBv®Ms. Only trace
guantities ofSi S product were obtained @ble2.1, entry 10). To facilitate evaluation of modified
conditions, we used a 24ell screening platform with Zn powder as a chemical reductant. The
triflate derivativeSi OTf was found to be more reactive than the mesylBablé 2A.3, and this
substrate was tested with dozens of nitregerd phosphinebased ligands. Selected results are

summarized in Figure.2A, with full screening data provided Bection 2AV of Appendix A

(Tables2A.2i 2A.8). DPEPhos was the only ligand that showed mosiestess; even tlabosely
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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%)

LiCI (1.5 equiv)
$-OTf DMSO (0.4 M), 60 °C S-S: 78% (75%)
By
Ph Ph O O
=N N PPh, PPh, PPh, PPh,
4,4’-dPhbpy Butpy DPEPhos XantPhos

Figur &icatdal yzed reductiQ@Tef hammcduwpgliingg cofndi ti ons
reductant (A) to elecAppemdmixc &lul ¢ o rXipi&ireemeE st Bl .ed
det er mittheNddMRoyanal ysis of the crude reaction mixtu
yields shown in padedOMOsso | areati.sol at ed.

related conformationally more rigid XantPhos ligand was completely ineffective (Figd#es 2

entries 5 and 6). Increasing the temperature to 60 °C led to an increase in conversion and product
yield (Figure 24A, entry 7), and changing the solvent to DMSO led to a 55% yie$il ®{Figure

2.4A, entry 8). The outcome improved even further when the conditions were adapted to an
undivided electrochemical cell with a stainks$sel anode: the desired din®IS was generated

in 78% yield (Figure 2B; seeTable2A.9 for full screening data). This improved electrochemical
outcome was achieved, even though the MBREPhos catalyst loading was lowered to 2.5

mol%.



46

Optimization of Ni/Pd-Catalyzed CrossCoupling. The Nionly catalyst systems noted above
were evaluated in therosscoupling ofH, G, andS sulfonates; however, these reactions led to
poor selectivity and yields of the desired produdtsb{e2A.10). These complications prompted
us to evaluate the recently disclosed dual Ni/Rdatalyst system®’ % For example, the method
of Weix andco-workers, which employs Ni/Pd chloride salts in combination withiNgligheny}
bpy (4,MNjPhbpy) and 1:4is(diphenylphosphino)butane (dppb) and Zn as a chemical reductant,
supports crossoupling of aryl triflates and tosylatéSEfforts to translat this catalyst system to
electrochemical crossoupling of G and S sulfonates were unsuccessful, regardless of the
sul fonate activating groups: biaryl product s
products Figure 2A.5). Consequently, we again elected to use thigh throughput
experimentation platform with Zn as the chemical reductant to evaluate madifidiions. Initial
studies focused on cressupling of G and S sulfonates, evaluating different combinations of
ligands, solvents, addies, sulfonate activating groups, and Ni/Pd ratios, and the results were
visualized in Figure 3A (se€ables2A.11i 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 benefal effect of bulky biaryl dialkyl monophosphine ligands ("Buchwald
ligands*®). The utility of these ligands could refldgbeir ability to promote the difficult reductive
elimination step4® CyJohnPhos was the most effective ligand under screening conditions with Zn
powder aghe reductant (Figur2.5A). 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 incatalyst system
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derived from NiC}(dme)/phen and Pd&MeCN)/SPhos (Figur®.5A). These studies showed

that the highest yields were obtained with 10 mol% Ni and a Pd loading ranging fidammtBa

A: HTE Optimization of Ni/Pd-Catalyzed Cross-Coupling of S and G Sulfonates ‘ B: Electrochemical Ni/Pd-Catalyzed Cross-Coupling of Aryl Sulfonates®

OMe
Vapp = —1.8 V (vs Fc/Fc®)

oTf 'q MeO. CO,Me ! :
O ! NiCly(dme)/phen (10/12 mol%) 1.0equiv 125 equiv
! 0,
MeO,C OMe  NiClp(dme)/L1 (x/1.1x %) + Pdc'z(""ezi"(‘:)é’(sszh;zlgi’;° mol%) =
PAChL(MeCN),/L2 (y/1.1y %) OMe | L oy y
Zn (2 equiv) MeO,C OMe I

OTs
G v I DMSO (0.4 M), 80 °C
| |Btr(é44e'\%uve)0 c , Fe Ni foam
MeO,C OMe solvent (0.4 M), 60 ° |
2 G-S 1 MeO CO,Me CO,Me CO,Me
Solvent / Ni Ligand (x = 5) ‘ Pd Catalyst L2 = SPhos) \ /©/
o pHen NIGatEVSt oo ymot 25mot 5 moik 3 = G- ‘Zi H- ‘?71
:,d:"?)a”d phen  dOMephen bathophen  phen  SOMephen bathophen, (L1 = phen) ! OMe OMe
CylohnPhos ° 3‘ el ° 1
o ' i Entry Deviation 7 Hetero:
o 125 mi Y from above (%) (%) (%)  Homo
DavePhos | 1
15 mts [ ) ! b S-OTf G-OTs None 14 9 62 27
RuPhas ° ' |

XPhos o mot: ! 2t S-OTf G-OTs No ZnCl, 7 0 36 5.1
-8 Yield (%) Hatero:Homo | G-SYield (%) Heters Homo 3 3b  S-OTf G-OTs 2 mol% [Pd] 6 13 38 2.0

o . — ' 0 . | i
® ? " ! =oe i 4 S-OTf G-OTs 3 mol% [Pd] 10 7 65 3.8
ji - 5 S-OTf G-OTs 3 mol% [Pd] 10 0 75(70) 75
Variables Evaluated ! 6 S-OTf H-OTs None 4 0 43 10.8
«NilLigand -«PdLigand -« Solvent -« Additive - CatalystLoading < Aryl Sulfonate 3 75 S_OTf H-OTs 2 mol% [Pd] 4 16 51 26

2 3 !
L1: R R2 R Csz | gt S-OTf H-OTs 2 mol% [Pd], 10 17 72(11) 27
— J \ | Ar-X:Ar-X'=1:1
R! 1 1
\ N/ A= R ' 9 G-OTs H-OMs 2 mol% [Pd] 33 17 47 0.9

R“ H, CyJohnPhos

R'=R2=H, phen = OMe, R H, SPhos | 10° G-OTs H-OMs 3 mol% [Pd] 6 16 62 2.8
R' = H, R? = OMe, dOMephen 4 |

= 0i-Pr, R* = H, RuPhos 3 mol% [Pd],
R' = H, R? = Ph, bathophen Ra R* = iPr. XPhos ;. M° G-0Ts H-OMs , yArx =1251 10 6 71(70) 34

Figure 2.5. Ni/Pd-catalyzed reductive crosgsoupling of ligninderived aryl sulfonatesA. HTE
optimization of G/S crossoupling. Left chart:Si OTf:Gi OTs = 1:1; right chart: DMSO solven&i
OTf:Gi OTs = 1:1.25. The Hetero:Homo coupling ratio is defineda$ yield/(Gi G yield + Si Syield).
B. Optimization of electrochemical Ni/Rehtalyzed crossoupling. Seé\ppendix Afor full experimental
details.? Yields determined by UPL®IS analysis usind,3,5trimethoxybenzenas an internal standard,
yields shown in parentheses are isolatd®VC cathodeL1 = 4,A\jiPhbpy, L2 = dppb (3.6 mol%),NDA
instead of DMSO, 60 °C.

We then initiated electrochemical studies to access-cagsled product&i S, Hi' S, andH1
G, starting with a ceaatalyst composed of 10 mol% Ni@me)/phen and 5 mol%
PdCh(MeCN)/SPhos (Figure.5B). Promisingperformance was identified with a reticulated
vitreous carbon (RVC) cathode, sacrificial iron anode, and a constant applied potarii8l \éf
vs. Fc/FE. Inclusion of 0.5 equiv Zn@kignificantly improved the reaction outcome (FigRreB,

entries 1 and 2), consistent with previous evidence tifasaits mediate transmetallation between

Ni and Pd center¥#%°° Increasing the phosphine ligand loading from 1.1@@8uiv with respect
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to Pd stabilized the Pd catalyst. These initial conditions afforded the desired Bo@inot62%

yield with 23% homecoupled 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 $atftat the
cathode potential will not directly match the reduction potential of Zn, and variations in substrate
consumption (i.e., via lproduct 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 sufamical) vs.
cathode surface (electrochemical) will affect the hetero:homo coupling selectigjtistidgthe

Ni:Pd ratio from 2:1 to 3.3:1 and using a Ni foam cathode instead of RVC increas&i She
product yield to 75% (Figur.5B, entries 85). Slight modification of these conditions accessed

the Hi S crosscoupling product in 72% yield (Figu&5B, entry 8). Analogous conditions were

less effective for crossoupling of the less sterically demandid@gndG sulfonates (Figur@.5B,

entry 9), but adaptation of the chemical catalyst system reported by Weix-aradkers proved
effective for the crossoupling ofHi OMs/Gi OTs, accessindgdi G in 71% vyield (Figure2.58,

entry 11). This reaction represents the first selective ecospling (under chemicabr
electrochemical conditions) of aryl mesylate/aryl tosylate partners, which are significantly more
economical than aryl triflates.

Plasticizer properties of ligninderived biaryls. The above results provide access to all
possible homoand crossoupled BPDA derivatives ¢, G, andS. These structures provide the
basis for testing of these materials as plasticizers for PVC and comparison of their performance
relative to the existing petroleuderived incumbent, di¢2thylhexyl)phthalate (DEHP). Each of

the BPDA methyl esters was subjected to Ti(QBupmoted transesterification with -2
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ethylhexanol to afford the corresponding DBBIRDA derivatives, designatéti HP-, HT GP-, Hi

SPL, GiGPL, Gi S, andSi SPt. The thermal properties of these structures were characterized by
thermogravimetric analysis (TGA) and differential scanning calorimetry (D&Qure 2A.9,
Table2A.15). DEHP and the DEHBPDA derivatives were then individually integrated with PVC

at 10 wt%, and thenateriab were analyzed by TGA and DSCrwasuredheir glass transition
temperature (J) and the temperature at which theypmoér degrades with 10% or 50% loss of its
original weight (TG0, Taso) (Figures2A.10 and2A.11, Table2A.16). The formemetric reflects

the ability of the plasticizer to soften PVC, while the lattatrics reflect the thermostability of

the plasticizedmateriab. Preferred plasticizers will achieve loweyand higher §10Taso values.

The results, summarized in Figu2es, show that the different plasticizers lower thgof PVC

from 83.0 °C to 521161.0 °C. The greatest effect is observed with DEEPGP- and Gi S™,

which lead to § values of 52.1, 54.4 and 54.6 °C, respectively. MeanwHil&"- and Gi G-

show a notable enhancement in thermostability, with these plasticized materials exhibiting even
higher Ta10 (278 and 281 °C) than PVC itself (272 °The same series of compounds were then
evaluated using tools developed by the US Environmental Protection Agerprgdict their
potential toxicity* and their metabolic and environmental transforméatiseeSection2A.VII of
Appendix Afor detailg. The results assign these materials to the lowest hazard category with
respect to acute toxicity to mammals (> 5,000 mg/kg), and the {agrined BPDAs arising from
hydrolysis of the esters are predicted to be metabolized more easily than phthalkuebier
experimental studies will be needed to validate this assessment, but these results and the promising
performance characteristics in Figu&6 reinforce the potential performaneevantaged

properties of biebased plasticize derived from these BPDAs.



50

R = CO,R
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O. VS. \ N A \
R | P Ra
(e} RO,C
' DEHP
' common PVC plasticizer lignin-derived plasticizers
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Figure 2.6. Thermalanalysis of ligninderived biaryl plasticizers. From left to right: unplasticized PVC, 10
wt% plasticized PVC with DEHP, and 10 wt% plasticized PVC with ligienived biary! plasticizers.

2.4.Conclusion

The results above damonKiait Bhd ¢ zadhkeccturtoosgsh it lye od o
to convaeretri Yedniamr omati c compounds i nto a ¢
di carboxylic acids. HG,] @&®mdnsa nbe res choanbe nbaet & no npsr
symmetrical di mero®nhgceasad yssi sygsaemMi and th
accessed using Ni/Pd cocatalyst systems. The
el ectrochemical TEdsctmetmh ondest hwidtish a chemi cal
advantages for identi ficatiPPnr odx aenipfleec,t i ocvlee ni
met hods identified Ni/DPEPhos catalyst and Ni
precedentanfdo rb rheosnyol coupll ngeacbhspasti veéhg. ch
conditions were successfully transl ated to el

performance. The beneficial eS&Sdercitved hoash dkme p:
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i mportant i mpl i calte oinrso dloirl eotcheuplcirnogssr eacti o
aryl electrophiles, beyond those studied here
Ssubstituents, whi-bcahs ead ea rkchmabtiincssa,ppeeal i hgnphas-
that merit further i1 nvestigation and devel opm
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Chapter 3.
Zinc and ManganeseRedox Potentials in Organic Solvents andT heir

Influence onNickel-Catalyzed Cross-Electrophile Coupling

The contenpresented in this Chapter is reprodufiedn a submittedmanuscript Zhi-Ming Su,
Ruohan DengandShannon S. StalZinc andManganes®edoxPotentials inOrganic Solvents

andTheir Influence orNickel-CatalyzedCrossElectrophileCoupling
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3.1. Abstract

Zinc and manganese are widely used as reductants in synthetic methods, such as nickel
catalyzed crosslectrophile coupling (XEC) reactions, but their redox potentials are unknown in
organic solvents. Here, we show how opacuit potential measurementsagn 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 Nicatalyzed reactions, each showing a gmafice for one of the two reductants: Ni
catalyzed coupling oN-alkyl-2,4,6triphenylpyridinium 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 Zzm and M
reduction potentials and at potentials optimized to achieve the maximum yield. The collective

results illuminate the important role of reductant redox potential-cahilyzed XEC reacti@n

_ZnorMn_

solvent & additive effects mechanistic study reaction development

soven ! 1 B Ar'=X + Alk=Y

W Ar2=X + Alk-Y

solvent 2 | |
solvent 3 | |
additive 1] |

additive 2 | |

additive 3 | |

Current
Yield

M Zn ! !
H Mn E"MnE®zn

E°' (V vs Fc/Fc*) Potential Zn Mn  E-chem

Figure 3.1. Summary of this work.
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3.2.Introduction
Transi t-canamgztad coupling reactions-carédonhe
bond formati arhe mnits®tNicyatt lad tyiz-eelde cctrroospshi | e coupl

reactions have been the focus of growing deve

nomr e cmetusas| catalysts and accceossst troe amgeernd sdirwve
reactionsg tohgtanemelt@l | i ¢ nucl &dphudApt®s3nasi ab uj
applications developed in the 1990s featured
par t%®eus, the available methods have expanded
other syntheti c3 y useful substrates.

Nicat al yzed XEC reactions require a stoichior
cresosupling reacttriaoms f earndi se |l feecatrorned i n key st
For exampl e, reductivan enft timd eNimecda taaleyss ti st m el
addition-adromhalragesrd er from the organieeml| ect
used to pr omot'®b thtee see orgeeancetoiusn sz,i nc or mangane
most wi dBheh wisceed.of Zn or Mn as the reductant
out come. This behavior is illustrated by two

Shu caomnar &(fir gu2B¥>*°3 n the firsdowxlaimpd eqf ca owisny |

an al kyl bromi de proceeds effectively with Zn
yields, P &shmee csteicwenldy )e.x a mp | ec,o uwh iicnhg foefa taurryels t
benzylic al domhalost gemteirvadteedoenzyl oxal at es, S

higher yields obtained with Mn rat®esetwani dn:
could be qualitatively rationalized by the re

potentials neededgi doabpbremepse in catalytic mec
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NI

systems and¥3%Irh es ubhsetrrmeotdeysn.ami ¢ potentials of
however, are not Known, and factors that i n

conditions have not been explored.

A @ common reducing agents:
/X /Y —

- S r— > _
reducing
agent + E-chem |= others...

X, Y = halides, sulfonates, redox-active esters, pyridiniums, etc.

OAc NiBr,(dme) (10 mol%) CO,Et
2! o 2
NN dmbpy (15 mol%) 7 N\ — @—Pth
+ Br CO,Et P P W, Fe
reductant (4 equiv. _
DMA, 40 °C, 24 h 18% N N = "Ph
Zn Mn

(Shu, 2022)

1.0 equiv. 3.5 equiv. dmbpy dppf

Ni(dppf)Cl, (10 mol%) o)
OTf dppf (10 mol%), phen (2 mol%) OMe \ .
HO’ DMO (3 equiv.) ~ ~
/©/ - > ® 82% / o
MeO,C OMe reductant (3 equiv.) 15% —N N= 5
Zn Mn DMO

+

DMF, 80 °C, 30 h

1.5 equiv. 1.0 equiv. (Shu, 2021) MeO,C phen
Cc P
0 Mn20.3 open-circuit potenial St L . _ .
, v rarely studied in organic synthesis Nl ! open-circuit potenial/voltage applications in...
n. .
~ 30, ‘
Zn2+ g (‘5“ ’ metal  water A—
<
—~ = | N —
u N T Mn2+ Mn(OH), N + A
» -0.76 Mn 0,
@
g
a f
w 4 -1.18 E orE =2 e Sl
Zn0 R Mn(OH);™ > zn OF E'pp = o PrODE
&
O: Mn° solvent effect? additive effect?... ,0 - (=)
1 N 0+ " -
P0 2 4 6 8 10 12140 2 4 6 8 10 12 14 0, Q
pH pH
Zn/Mn in aqueous solution: [ " Zn/Mn in organic solvents: electrochemical sensor battery
pH-dependent redox potentials and speciation temeee- s redox potentials unknown corrosion study development analysis
D o
E Open Circuit Potenial measurement
l o o o (o]
Ref Metal Pt )]\ J]\ JJ\
ef
Mg HT N NN N
N W Zn open circuit potential l l K)
w DMA DMF NMP DMPU
(0]
------------ - N e o
Mn open circuit potential - N— g CHACN
P (0)
= metal ions DMI DMSO THF MeCN
= counter ions Time LiCl, LiBr, NaBr, "BuyNCl, KPFg, "BusNPFg, ...

Figu2MeBradduct anatsaliywzeNd XEC. (A)cGermémpdPIESPECHi ct i «
credssctrophile coup(lBPed eCXEQA) enrxaapdlewnesadf XNEC 1 ec

showing the impact of metal reductants on product
sol uatnidomn il |l ustapat isomt afd eccouninto np o,t ean ttieaclh/nvi oglutea ¢ eh
be used to determine the redox pot(éd)t iSaclhse maft i £n
il lustr-atfrogi oppoatenti al measurement of thermodyn

1, -2i met hoxyet habneg,yrbpy ne,-didn2ebBphi®iNpy 65i 8 Njn e, DMO =
oxal at e, phenart hlr,ollDi,MeéNg ( dippliensy |l phosphino)ferroc
hydrogen el*ecfeodeceRhel Ferroceni um.
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The thermodynamic potentials and speciation
solutionilfoaromspHe®@icted i nFitgeer*> Powe beai x Wh
potentials from these diagrams are not straig
potentials filor¥&Enidlad® Mn, respectively, ver su
el ectrode (SHE) , are commonly <cited in the X
adjusted by simple ma$HE matai craelf ed emwer seiloenc tfr
potenti al used i n an organic sol vent, such
ferrocene/ ferWateeisumpbt Bc hEd by this approach
however, as they fail to account for tHhé® infl
and?NMAotentials. A direct approach to evaluat
solvents could have significant value.

Opecni rcuit potreenpgrieas esnt( OGChPesrymodynami ¢ potent
el ectrochefOCEle akiunemieaosuss eatrtetsami det yf i c di sci
example, to stud¥°delel mpt abt eo¥a mnmtdmgza esreinesso
in electrochemi(cRailgue teSBognyR2 Csitr ornaegaes ur ement s i n
synt het ich emiagrdemiyecx ceedi ngl y r ar e, with histor
al kal i*2Amestyasltse.mattihce stthueedymoafy nazm campdtMmtial ®r
solvent could contribute significantly -to the
catalyzedcXEONns that employ these reductants
Her e, we report OCP measurements that direct
and Mn rieducrtggannisc geaabbevVBamtrsequl ts reveal the i
additives on the reduction potentials of het e

comparison of these values with the potenti al
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redaocxtdspreeci es in organic reactions. The iIimplic
through a pair of studies that <correlate the
associated with these reductanes @aanedr riedoxheoa
reactions. Finally, w eN-a & 2y, lldy,iz8e p l enrey | XpEyOr i rde anci tui
(Katritzky salts) with aryl hali des wusing Zn
directly conrpfacgrema ntcoe tohfe tpheese-poteamct i @lns elwe @t
reactions conducted at variable potential s, [
thermodynamic potentials of Zn and Mn s8nder t|
show how control over the reduction potenti al
i mpact on t heataltyoene XECNieacti ons.

3.3.Results and Discussion

Measur ement of thermodynamO€CPpoarat mahsupobpéd .
passing current or applying an merasunahgvOCPai
zinc and manganese relativeg tumdaerr eaf evraan ced ye |
rel evamdt aloy Ne d XHQ uBfea c3tAied lex ¢ @ugpd evassetused t o
determinati onreafoxt lpot €af{ Fal (used for refer
sol B¥Eomght solvents -camamoyntgdu¥Ed@ i@adii ons w
measurement to probe the influence Fofgu3Etl Bent
di methyl formami de (DMF) Nmei#igthylaceoNNeNjdaMPD
di met hyl propyl endiumeihmilDMRWO) j diln8ne ( DMI ) , d
(DMSO), acetonitrile (MeCNjor Z#ndl t®twahgdr o€l
the solution (lO@emMned ot eaasmoaey wamilc conditio

interesz M’ .2e , TiMe OCPs measured in the diffe
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for mal ther modynami ¢ (EMo theyn t d arl rse cvteit rmgnsd fa aFrte/ tFice

concentr att

ons9d cstBiBaiAN pen @ ox

Betail s)

The re

[ (sbpewags al so measured in each of t heasxredsol v
redox ot entHiagudB)(.b3d.ack dat a
’
A B Conditions: 10 mM MBr, (M = Zn or Mn), 0.2 M "BusNPFg, solvent
\\ Eoce DMF -159] |-1.55  |-1.37 W
} /’/ DMA ~1.63] [-1.56 1-1.36 B v
NP o . W (Niopy)sICL?
) DMPU 71.59[ 148 ]-1.32
N, atmosphere Pt coil counter electrode oM 1. 59|
DMSO -1 58] [= 153[ Z143
10 mM MBr;, (M = Zn or Mn)
Ag/AGNO, 0.2 M electrolyte, solvent MeCN . :1'_5_9
reference electrode THE 71_74| .
metal working electrode magnetic stirring (600 rpm) _1]9 -1 l7 —1.I5 _1]3 —1.‘1 _0]9
formal thermodynamic potential (V vs Fc/Fc*)
Conditions: 10 mM MBr; (M = Zn or Mn), 0.2 M electrolyte, solvent
NiBry(dme) (7 mol%) X
,Bubpy 7 mol%) Licl -1.75] |- 165 H 2
7 Zequlv LiBr =y 63| ] 153 o wvn
Lil -1.59] - =143
1.0 equiv. 1.2 equiv. electroreductlon p _ P
q q VaON o DA LiPFg U] R 136
NaBr -1.62] [-1.52
Diphenylmethane yields in Zn-mediated XEC (Weix, 2016): KPE. ’1 55 T I 1.36 o
6 Ses) =1.
5% . "Bu,NCI -176[ |l:1fé4
o 1% "BuNBr —166]\ |—j.}5.2;
"BuyNI —1.61| —1.41
D'\;‘A MeICN "BuyNPFg ~1.55) -1.37
_ -1.35 -1.07 "Buy,NBF, -1.57( |-1.37
Zn formal thermodynamic potential (V vs Fc/Fc*) "Bu,NCl = 64' I- 1260
"Bu,NBr =i 52] 47
Diphenylmethane yields in electrochemical XEC: "BuNI -1 32‘] -1.32 MGl
° "Bu,NPFg BT -1.07
0%
78% i =17/ 1.62
@ (>90% unreacted SM) 23% Licl I \ II
LiBr —1 64 1.61
DMA MeCN DMA M i e
e eCN Lil ~158] "]-1.52
M ' "Bu,NPFg 54 T 1-1.25
-1.35 -1.07 —1.I9 -1 '.7 _1]5 _1]3 _1]1 —0.‘9

electrochemical applied potential (V vs Fc/Fc*)

formal thermodynamic potential (V vs Fc/Fc*)

Fi guB&oBmal t her modynami ¢ (pAot ebwxt p eartiuspnechfo-ad o parimd M
potenti al measurements. (B) Solvent effects on th
redox potent]i@iseef gyMNp.(BBZB Compari son of t he re
electrocBempaahl NXzed coupling of benzyl chl oride
on the formal thermodynamic potentials of Zn and
The Zn and Mn reduction potentials show mod

solvents (DMF, DMA, doEMp, 50MRVYqgEANA NRIA DY )f:or Mn.
Mn potentials in DMSO and THF are similar to

solvent s. The Zn potenti al i s more negative i

corresponding potentimland nMmmp dtee rstoil avlesnt ch anl
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MeCN, increasiBd@ mlmy uovupl adbi 260t o those measur e
The redox potentials of Zn and §rglaalkt mouwgh pt
di fference is rather smal IgEAgD r9 OMnmM)n. DWMS® nmemnch
di fference is evi de@EN f20r0 ZmV)i.n these solvent
The unique behavior of MeCHNahas$t yizmpgoXELnt eiam
high reduction potentials observed for Zn and
rarely conducted wit'F¥tohe 2 amedasy 6 Ade ¢ &v alnuwadte €d
a series of solvent s;coiunpcliundgi g NeQNMN,yI|If orhltohre
Efficiemtuupti oggs was observed in DMA with Zn as
di phenyl methane, whil ei mnM&QCIy nBG)EYTiha Isd rveassu | ab sc
be rationalized by wunfavorable thermodynamics
Support for this hypothesi-sowastoht aehedt byl §¢
in DMA and MeCN, appl windg podttenmteidallcd | @ns poit &t
solvent. At anilaPpl Vedthet @mt raduacti on potent
was oOobserved9i08% DMAewictd>starting materi al s
yield of product was observed inlMaENV, At hd h
reduction potential i n DMA,0 osdu ptraidruecd cyu rerl erst
inthosolvents (50% in DMA, 78 % Tiam3 Bd)e.C NT h esseee

observations show how sol vent effects on the

a significant influence on the outcome of red
DMF is one of the most rm®anomoinos,] vemd sa didietdi
Li Br, among ot hers, are oft0O€®P imeakudedienhst he

Mn in the presence of various addMnhiedesct(i2d®dm
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pot esctainalc hange byFingeu@Dkel, y3d®Q@® ndV n(g on t he addi
i ons, especially chiMoredectsiadst op anedretf ineelph e i Z e
relative to those recorded in the presence of
ions was further probed in MeCN and THF, and
exception is a shifghihytmer npepoitteinteé aVal we :
relative to thaetnme&BuNiPeke dAsi nt hteheqummdsd ty of 1
commonly screened in thé*OERPemeameneémeht XE®er ¢
with different concentrations of chloride sal:

hi gher chlorigENf c?6CemV' atcbodd [ gHi gsueree. 3Bh &8s e

obser vsantoow htaHatde i ons could have a significa
changing the potenti al of t he met al reduct an
potentials of Zn and Mn in the presence of ch

oportunities to devel eapmiXEC srod avcetnitosn.s linn atnhoet st
been report edcattoal ayczceedl eXrEaCt er eNaic t i otnrsi,b ua red tthoi
kinetic influence of chitedudei amd@pezZhiemal ab.
Fi gu3dbe Bowever, show that Zn is a stronger re
an i mportant, but previously unrecognized, 't he
noting that t he met hodol ogy outtlhienesdt ulde/r eoifn
conditions, such as those wusing mixed sol vel
trimethyl silTwalb8@dlsllormihde 3Buee dat a) .

Analyzing the pr efrerdauncc ea Adtastr ailZynzadr XMNG er eact
preferred rceadudtyaretd IXlECNir eacti ons can vary be

potentials measured for these metals together
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reactions provide a foundation for wunderstand
to explore this approach usdavgr & evibe pi€atgaud einrs
3.1BThecaumlsisng of al kenyl acetates and al kyl
not with Mn, HRisgu4hE’Theduatearctti on was propose
reductibo',fddl INNwed by coordination and oxi dat.

f or m anNldsl pkeecniyebd .e cQmeon reducti on of-Nitsipies isepse ci

and reaction with an al kyl radi cal was -t hen p
coupling of benzyl alcohols with aryl triflat
to an oxalic ester erlecdady hdflfegc tainde ltyhivei trhe al

the reMiugudBATh.e reaction was proposeldt a%Nibe i
in this case, f o9wiotwe dt hbey breenazcytli oowNadsfp eNeii € 8. a
Onel ectron reduction ofNlamdsoxsipeatiiesetaddi tvieo

was then proposed to afford the desired produ

Analysis of these reactions was initiated |
corresponding reaction solvents (DMA, DMF). C
al kenyl acetate or benzyl oxatabe, wthb shbbtTr

cat alFy gaBgiGa n 34D; Fegur®sa3d®d or CVs involving b
partners). For the first reacti onr,evtehresiChvl e fr e
coupl es, refleeltéangr crqueédnd ataith®m n@fr eNience of
acetate, a new redlc29 oY, pmarke i po ivti'fdeat t mdn
An increased currentili 46o0Wsandedevenilmrs8e pf/sialy
(Fi gaC)e Th.e reduction potentials ofemanasduNde

the same coInd3ilt iMntZzmw)ar®¥nd Mn). These data sug
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for Zn as the reductant for this'troeladitihomtr e
significant %geTnheer arteidounc toifonNipot enti &/fooenMhal s
to generahiecNi was s hoaMnk ylo & d ybitreywlmbkglupl ing

to the formation?®0f other side products.

A B
OAC B COEt TfGOCQMe Me 6C o MM
— 1% R 1%
COEt
Me
Keyatastyeps Me&—@—\ Q[HLOME
OH

OAc

/& )\ ﬁ/Ph Kegatasyeps
OAc oxi datdidve i o e uct|on NiLreductl
N XL —> —_— L! —»
INb al kemenp | exa(xl/Bl k IN L {@A
L=dmbpy

L=dp mfiphen

(03 D

20 10
10 Ni catalyst Ni catalyst :
— Ni cathlyutavkenyl acetate 0| — Ni ca{-Ziﬂexqsui)enzyl oxal at e
0 . ! H
10 -10
20 : 20
=30 {——oxidaudidianipnz
"?-40 '@'30
550 EAM: EA: 540 EA
o nDMA 7 D MA Aunb MP
60 =715 5/ =i1.3 v © siLss '
i . . 50 ‘ ZmDMF
70 product oweupl i ng <—>access»b\9136v
80 U del et suibsus at e 60 nogdccessible |
90 decomposition
-70 . RPN
10d . o catal ystiigenalfliycant
i1 oxi datdidiafNbn 80 c ur roebrste ravie .8 V
-2.1 -2 -19 -18 -17 -16 -15 -14 -13 -12 -11 -1 -0.9 -2.1 -2 -19 -18 -17 -16 -15 -14 -13 -12 -11 -1
Pot e\t ivasF tF ¢ Pot e\t ivasF ¢ c
Fi gusa@oRBrel ation of Zn ane aMre dr e dax xpoxrtecadtejsasdeds XvENT
(A) Reduetoiupwd innrgond styrenyl acetate with an al ky

= 5dimMg-2hbNjil pyri dine). -ddBYyplTihneg noeft bcernozsysl al cohol
di met hyl oxal ate to acti-lviag@end hea tad licypshto d S yusstpdnrg n a =
phenant hrol-bne(ddppenyl|l phbNjphino)ferrocene). (C)
and presence of the substrate. (D) CV analysis of
A similar approach wasoapdépthgdotfobamalyyzal cl
(Fi gudDe, 3using a benzyl oxalate directly as th
Thi s reacti on features t wo di fferent - ancil
s(di phenyl phosphi-mlogriaentrlorcelnien e ). eeaNn & cthlt éa 0G/\
shows multiple reductl.oh7 p\¥ aiks . a-¢Titheet tfu oresd r epdeuac
of '"WNo ', Niwhil e afsstpbemeretassoail.|Skwell . pddt ¥nt b Bk

complicated by the mixture of I|Iigands present
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|l eads to a small increase i n cilr.redntV, atrepat e v
Nionl y CV. The redudcl.i o W)oilemids k\h)s,( odfetZenr mi ne
measurements under these coodi Mmoas,tegygeddc

reaction arises frompbobhennieald Nib speessstihe

first reaction, which |l eads to deleterious re
ti me, showohemtiadsex of met al reductants in o
redox potentials in XEC reactions.

Compari ssoat afydNed XEC reactions using chemic

reducMevoall ic Zn and Mn are effecticweaupt eédygect
reactions, but their individual redox potenti :
el ectrochemical potential s ¢ a*hT hbee QQPh ende acsounrtei m
outlined herein enable the first di-catal xoeng a

XEC reactions at reduction potentials of Zn ar
may be compared wiatch i @lnesc tcroondhuemiedalatr ot her a
wi Nfal Ry, 14,rd phenyl pyridini um®® S raegpernedssen(tKaa ré¢ dam
target for exploration of these isswcuetsalbyezads

XEC reactions when using homogenous oragfanic r

Two Katritzky salts, one with a 1HRAanad ky]l a
respectively), were investigated in XHEQurreeact
35 . Previously reported ther mocH&mirealuseadn dist

starting point for development oflariive¢ thr ecihgimi
4-br omobenzoatAea n®Eo gl sceTBmd ef BrB. &val uati on of

configurations, el ectrode material s, and el ec
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potenti al conditions in an undivided cell wi t
pair of substrates was then compared wunder

conditions using metallic Zn and Mn powder as
conducted at appliedEAGL el i BEMNj(decdbE5r &3 pdedien g
from OCP measurements with Zn and Mn under t he
used for each substrate pair, basfeduorsofBBi Bi

3Bf@rpti midzdtaiidrs) .

Condition A (Katritzky salt 1)
N NiCly(dme)/Butpy (10 mol%), DMA, 60 °C
E"z chemical: Zn or Mn (2 equiv)

. &0
R ©/ 1ty - E-chem: KPFg (0.1 M), Ni foam (=) | Fe (+), undivided cell
T
=~

Condition B (Katritzky salt 2)

1.0 equi o
quiv @ o Ew Alkyl NiCl(dme)/‘Bubpy (7 mol%), DMA, rt
-155V = chemical: Zn or Mn (2 equiv)

Ph Ph -
@’ > E-chem: KPFg (0.1 M), Ni foam (=) | Fe (+), undivided cell
Na
4
Alkyl - BF, ¥ Eopima = }{O
2

Ph Alkyl = 2 Alkyl? =

1.4 equiv

Condition A Condition B

Alkyl! Alkyl! Alkyl? Alkyl?
1y Y iy = T
EtO,C O
1a 1b

yield yield yield

S
| o

N

12 2 2
mmkyl | A FsC A Alkyf
P N N
N Fio” #

3

2d 2e

E

Zn 0%

Ezn

-1.45V 44% (38%)

Mn 4%

E"v, @9%

yield yield yield

Fi gub.€r Beslsectrophile coupling reactions of al kyl
were conducted thermochemically with Zn or Mn as
potent Appendhiexe H ul | experiment al Hd eNMR | ssp e cttired sdcso

i solated yields a°teBsh¢@negni pArgnskcdaeds ofdeKWAS u
of aryl br omi de.
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The d&i gus®eho3w how ther mochemical and elect
perform at t [EAjasn&iNg . p dFtoe nteixalmp( €el,avacso ugpl ti anign epdr
72% yield with Zn and a 62% yield undkr3®l ect
V). Significantly | ower yields were observed \
at t he Mn pidt &/t iVa)l. (Qubafnetrietnacteisvebedt ween el e
t her mochemical conditions can arise from vari
transport behavior of dissolved species- inter
state el etéredees aancdt idhee o werdfoxce area of the m
t hat coul d alter ,t hteb sopuctsciotmeo n Adafavirld aocetailod ny emi ax
reaction progresses throught d@rher addxTahbugsu,iolft bn
el ectr oche ma€EMja nBMdruecptrieosneart ti so sdagdrpyr o x i mati on o

potenti al suppl i emetbayl tridanet iod leis s fird tyraece r 8 s u |

n

how good qualitativehamgirealmeand belt evetemo ¢ he mime
the Zn potentligfaaln2df asdbatr athees Mn potenti al f
di fferences were observed 2fadr trha&nyZnofpottreat XB
guanti2aewer @f observed wunder t her mochemi cal C
el ectrochemi cEddj) cloendd ittdi-gmasdle(r@attoed uct yields. F
this behavior shlewetdsthgeneonhubdei Znthe reac
convert the aryl -deerhamiodgeniani ont bhgppodtuot , [
protolytica#zliyncs spEiatic®éFBrey |

The reactions of each substrate pair were th
results showed that higher yi el B0 EAjuilnd alel ob

cases. F d avaesx agrepnleer,at edl . h5 8\,% a ired ddo xaBRjpt ent i
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anEWNjh A survey of the results shows that the
even the position of the opti mal potential s r
six reactions performedolng ¢ hf drhras 1te Ktatati ta kpy
t h&hsFour priddelet)s xhi bit an opti mal yield at
Mn , anty omaxi(mi zes at a poEMNEI @u5 enolViet meghe i
Katritzkyhsalet of the products affor &Wj(thee hi gh
22, while three are optimab2c@®l.potentials be
The reBiudg ugheaivde. | mport ant -ciammll iyzaetdi oXrEsC- freera cN i
scale applications of these reactions with
chall enges -powduesri nrge-angeéet hgdasrnt(incolne properti es/ r e
in suspending de)s eo-poavElietrisv é no F&e afcitenFdsgtda eit ra n
35 show that t h-eumaubalnet i zeddornompotential s of c |
opportunities to optimize the reaction perfor
using electrochemistry to supply the el ectron
3.4.Conclusion

The results outlined above document ther mod)
organic solutions for the first ti me, reveal.
the reduction potential s. Thoes e achanear ar et udeEee
fundament al insights into the relationship be"
redox processes in the reaction. The approach
reductive coupilmaolgudienactt obmse using different
reaction conditions. Access to the Zn and M

opportunity to directly compare the influenc
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met hods on the reaction outcome. Good qual it
conducted at t he EAjonEAN)p,0 theuntt itahle (oep tgi.mi zaatt i on
best performance is often observed at reduct.i
accessible from the chemical reductants. The:s
reduct ant e mrteidaolx wloe rc ad @t iymiedi XECNi and pr esums
coupling, reactions. The tunability of el ectr
future devel opment of these reactions.
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Chapter 4.
SelectiveNi-Catalyzed CrossElectrophile Coupling of Heteroaryl Chlorides

with Aryl Bromides at 1:1 Substrate Ratio

The content presented in this Chapter is reprodiroead a manuscript ipreparationZhi-Ming
Su, Darren L. PooleMohammad RafieeRobert S. Patoaniel J. WeixandShannon S. Stahl
SelectiveNi-Catalyzed Crosg&lectrophile Coupling oHeteroaryl Chlorides with Aryl Bromides

at 1:1 Substrate Ratio
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4.1. Abstract

Nickel-catalyzed crosslectrophile coupling (XEC) reactions of (hetero)aryl electrophiles
represent appealing alternatives to palladuzatalyzed methods for biaryl synthesis, but they often
generate significant quantities of homocoupling and/or piettalogenation 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-prosiict when using
equimolar quantities dhe two substrates. Two different catalyst systems are identified that show
complementary scope and broad functiegralup tolerance, and timmurse data suggest the two
methods follow different mechanisms. A NiBerpyridine catalyst system with Zn as the
reductant converts the aryl bromide into an-aigt intermediate that undergoes in situ coupling
with 2-chloropyridines, while a NiBfbipyridine catalyst system with
tetrakis(dimethylamino)ethylene as the reductant uses;FaRlr Nal as additives to achieve

selective crossoupling.

- =
R O£ e
R'—rHet + TRZ ——=—L——— AV
= A condition 11
Cl R'—Het
AorB 7 51 examples
1:1 substrate ratio 70 £ 12% iso. yield
. Condition A Condition B
= ‘ By Bu
YD 5
optimization using informer library © & —N N
000000 Br NiBry(dme) Br NiBry(dme)
000000 Zn FeBr, Nal TDAE

B high cross-selectivity ® complementary reactivity
m different mechanisms

Figure 4.1. Summary of this work.

- poor yield . - good yield
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4.2.Introduction

Nitr-ogemhai ning biaryls are prevalent in biol
and agrohenmi thkse structures are commahyyeac
creaesosupl i ng®f@arcvedmtnisanalcobphaing €teassres t hi
(hetero)aryl or ganMme(tfaM]l i=c zrienacg,esnntbspym eAyiow mn s
speci es), with (heiKe( ) &r lpseluadot) hap h idleesy,, Arr
ot her tnreanmasli tciadml ysts. The compl ementary pol a
of the nucleophilic andael keadopabi hicgohucpgl uipnegi a
of the two substrates, evé&donehberl ased savar dl
been motivating efforts to devel o-pr gna@mwo mett aalold
coupling partners are much | ess readily avali
structur al diiwe ressipteyc.i allhliys rieslseweant-t hoomgtpatr

screening efforts that target rapi d ascccaelses t ¢

applications arising from the hi gher cost i
orgwgaret all ic reagents. The instability of hete
i n ecroauspsl i ng reactions. Thi s i s spuyer iidsy Imopsrto bplrec

term commonly used to descratbhieor hamhpdyeu sdeyd o famanzd
related heteroaryl!® 8Ygahbwmet while pabhfadtsm c
most widely-cosuepdiihgr ¢hess ncreasing and fluct
growing interest ipr ecdmeotusd v eelad mhigygsdt ARsfy st ems  (
Ni c-kaet al y zeelde cctrroospshi | e coupling @KEEG)Yytnaepve s
pal | aditwrhy zceodu pcdrionsgs fHiCEFHr mpnedsi Clardtillyi zes st a

and wi delcyarabvbaaicltarbolpehi lpas taercou@nhidnagi ckel i s
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Representative Het—Ar structures in bioactive molecules

< >~o
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Ibrutinib O%W Rinskor
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Botryllazine A
(alkaloid) OH (BTK inhibitor)

Cross-coupling to access Het—-Ar

N X
M]

+
or
X
+

7 N\

tTR1

7 TN\

B equimolar reaction; selective, robust & versatile
B good mechanistic understanding

B precious metal catalysis

B limited stability & availability of (Het)Ar—[M]

2e”
O < v

R1—}He/t + « R?
up to 3 equiv

B earth abundant metal catalysis

B widely available & bench-stable substrates
B few precedents, limited mechanistic understanding
B often moderate to poor cross-selectivity 58.69

Goal of this work

P O e
R'—rHet + TRz —_— X
= cl X reductant R17}H§

W 1:1 substrate ratio W high cross-selectivity

W broad scope of (hetero)aryls B improved mechanistic understanding

Fi gu2ldetderarayrlylcore structures are commonly encoun
coupling met hodlsasteydpi catl &lpay satls,g z BPadt mMit hods woul d

alternatives, i f they coulTdhiosv esrtcuodnye tsaerlgeectisi viihtey
cat al yzeddeccdrroospshi | e coupling methods that are comp
nomrecious metal that is méd®A Ltessrakpehal ven

strategyl pmscieseghec-tbwplsed product-cowglred hgr d dvwo
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due to the subtle differehdasybatweah|twombeu
have expladraddy zMidarhydt eXxmo@riyé acttyiporesa,hi md 4 h eny

substrate sco-p® oan dsceal oescddi eyriatdfe>d . n2 B hese prece

t wo approaches were generally -adopted poodwmpt
first uses an excess of one of the coupling p
coupl ed pr odutcttse wliitrhi triensgoercaagent . This appr

significant gcuoaunptlietsli edsimmetrhbeomacess reagent, [

waste and complicating product isolation. 1In
on t heel etctor ophi |l es &rycasaajhasdied wmt ial ctalse t wo
comparable reactigsietegcanditmpré&oedi aosbasce, a

more reactive heteroar ylorcchhHloariiddees ,mawh ibe uasre
selective coupling withThese apprcbavkhebetereocaf
Simul t atnoe omaitiyhei 2¢é d -obupglreedsproduct s. |l deal |y
effective cat al ygetn esB&@d aatsi | ihtayc osicpha edgafefr esr, e mt
the present study was i rriitgaCe8pdetiof ecal by e wd

hi ghesed ecutsiivnigt yain e gt ihceod @alri matpartners. We pl

wit-th2ouwlbstituthed earoxcmetliecs , i ncludings pgnddin
pyridazines, which present urcioqupd i ocgalrlearcg @ ©
organometallic nucleophil es.

4.3.Results and Discussion
Reaction optimizationPuesdcaeademtad iathd @ eMierhydlt ieb 10
XEQ eacshowsstrong similarity among the catal

Gos mPPfaind subsequent?®4tt u deiil eese dbryorceh@onei ecvdolinl e mo r



79

recent r epcPrfatnsd bSyd? fugseandoeArs or Mn chemical redt
report sobupsye de NBbXp g r =bli 2,y2Njdi ne) catalyst syste
noted a beneficeamateadc¢tficcarsgolhe ctRler Bdnpehtielreos t hat
more natemgenthe ring (e.g., py,riwheewens pyr a
propobkenmhi tocatalyst poisoning by fhe heterocy
Buil di egreegpportvis i ni ti ated reactivity studies
(bpy) a¢iaBral yst (10 mol,8%ohd BPMFaas(thibguiBdad Auvpantl
of six different TGlltae ocamdg |t wdl anB iRebr2phiHied e s
were used as ahtdiavarmatre | XBCargadctivity wit
He C I anBdr Assubstrat ebet &\isoudbrsytlhiciaft d 3 @ zFRaeoldw% s

i ncl utdreed neact i40Ia n@le e 4iCoablp ge ICdidfxul | scr)eening
The majority of the reactions | ed #ddD3)powitbar
more than halOf i flohdedi mgacti ons typically pro
t hey favor hoooomapdi one r/edpra edteoch a | o ghepnract di uogntT a b | e
4C1) This outcome highlights the predominant ¢
using a 1:elercdtriophofl itcheoupling partners.
Results from XEC reactions using the adapted
catalyst systems. We initiated the r ebaacsteidon o
|l i gands f or 2-d thleo ramalyx(l iinwd tg i If o o b e he( o-a tgeuBrd e.
Reactions Niataebmpeédxddnwiaatke nitrogen | igands
' i gandli, mé&2 [BNNpy rLlidd, nel i(ght !l y i ncr ecaosuepd etdh ep ryoi deu
3ab compared the otrherhemiamy rhirdilLiltnée4 | $§géhdbki gaa

screeni Mdg®)l.e Tri dentate |l igands were aal so eval
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FiguBRedction ®&eeemtzani diC. | f ceoxfpeAppreemdiad h Riset ai | ¢
det er mitHn eNdsRp ¥ c t roofs ctohpey cr ude u s ielp gdt,iSome tnh x& ubreen z e n e
internalCr ssalnaataidyv iot'ffNeMR eysitesifdcoup $ & d( lpetodruacar yl di
+ aryl(A)Iimeuso f{ atdiappni ¢ k) at us eacadndinf ioomer. |[(iBor ary
Optimizati édawi ®2fb XEQ oOpt i mi 4 ariidan (WS XENC ocorfmer | i b
t etshe generaadaipttye do fl ittheer at ur e condi tUsoehdmod dn dNiit i or
catal pdttednB8ReBubkl®ont ai ns mor e att Wann tohhdemoni ivigrNd g e n
catal yst

hi nder edpoteBaé € bJadlbd? % yi el d. Reduci hgc athael yl sotad
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