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ABSTRACT 

Transition metal-catalyzed cross-coupling reactions have proven to be a powerful 

technology for the modular construction of carbon-carbon and carbon-heteroatom bonds 

over the last half century. More recently, reductive cross-coupling catalyzed by nickel has 

emerged as a complementary synthetic approach that couples electrophilic fragments and 

is rendered catalytic by the inclusion of a terminal reductant. These reactions are 

advantageous because the use electrophiles as coupling partners which display greater 

stability, functional group tolerance, and commercial availability over the corresponding 

nucleophilic coupling partners. Additionally, Ni catalysts are less prone to β-hydride 

elimination compared to later transition metals which enables C(sp3)–C(spn) couplings. 

The challenge with using coupling partners of the same polarity is developing a catalyst 

that can activate each electrophile in a mechanistically distinct way in order to get high 

levels off cross-selectivity, over statistical mixtures of cross- and homocoupled products. 

Herein, we describe a mechanistic investigation on Ni-catalyzed cross-electrophile 

couplings developed in our lab; specifically, the asymmetric reductive alkenylation of N-

hydroxyphthalimide (NHP) esters and benzylic chlorides. Investigations of the redox 

properties of the Ni-bis(oxazoline) catalyst, the reaction kinetics, and mode of electrophile 

activation show divergent mechanisms for these two related transformations. Notably, the 

mechanism of C(sp3) activation changes from a Ni-mediated process when benzyl 

chlorides and Mn0 are used to a reductant-mediated process that is gated by a Lewis acid 

when NHP esters and tetrakis(dimethylamino)ethylene is used. Kinetic experiments show 

that changing the identity of the Lewis acid can be used to tune the rate of NHP ester 

reduction. Spectroscopic studies support a NiII–alkenyl oxidative addition complex as the 
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catalyst resting state. DFT calculations suggest an enantiodetermining radical capture step 

and elucidate the origin of enantioinduction for this Ni-BOX catalyst. 

Efforts to expand the scope of coupling partners in XEC reactions to include novel 

classes of electrophiles, such as N-alkyl imines, are also described. The preparation of 

heterobenzylic amines by a Ni-catalyzed reductive cross-coupling between heteroaryl 

imines and C(sp3) electrophiles is reported. This umpolung-type alkylation proceeds under 

mild conditions, avoids the pre-generation of organometallic reagents, and exhibits good 

functional group tolerance. Mechanistic studies are consistent with the imine substrate 

acting as a redox-active ligand upon coordination to a low-valent Ni center. The resulting 

bis(2-imino)heterocycle·Ni complexes can engage in alkylation reactions with a variety of 

C(sp3) electrophiles, giving heterobenzylic amine products in good yields. 

 

 

 

 

 

 

 

 

 

 

 

 



 xiv 

PUBLISHED CONTENT AND CONTRIBUTIONS 

 

Portions of the work described herein were disclosed in the following publications: 

 

1. Turro, R. F.; Brandstätter, M.; Reisman, S. E. Nickel-Catalyzed Reductive Alkylation 

of Heteroaryl Imines**. Angew. Chem. Int. Ed. 2022, 61, e202207597, Copyright © 2022 

Wiley-VCH GmbH. This article is available online at: 

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202207597 

 

R. F. T. contributed to the design of the reaction, conducted experiments, and participated 

in preparation of the supporting data and writing of the manuscript.  

 

2. Turro, R. F.; Wahlman, J. L. H.; Tong, Z. J.; Chen, X.; Yang, M.; Chem. E. P.; Hong, 

X.; Hadt, R. H.; Houk, K. N., Yang, Y. F.; Reisman, S. E. Mechanistic Investigation of Ni-

Catalyzed Reductive Cross-Coupling of Alkenyl and Benzyl Electrophiles.  J. Am. Chem. 

Soc. 2023, Accepted Manuscript. DOI pending, Copyright © 2023 American Chemical 

Society.  

 

R. F. T. contributed to design of mechanistic experiments, conducted experiments, and 

participated in preparation of the supporting data and writing of the manuscript.  

  



 xv 

TABLE OF CONTENTS 

 

CHAPTER 1  1 

Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross-

Electrophile Couplings 

 

1.1 INTRODUCTION ......................................................................................................... 1 

1.2 Background and Scope .................................................................................................. 4 

1.2.1 Evolution of Selective Ni-Catalyzed XEC ............................................................. 4 

1.2.2 Proposed Mechanisms of Substrate Activation by Ni in XEC  .............................. 6 

1.2.3 Mechanistic Models of Ni-Catalyzed XEC Reactions ........................................... 9 

1.2.4 General Strategies for Cross-Selective XEC Reactions ....................................... 13 

1.3 Tuning of the Electrophilic Coupling Handle ............................................................. 14 

1.3.1 Coupling Handle Modifications for Changing C(sp2)–X Activation Rates ......... 15 

1.3.2 Coupling Handle Modifications for Changing C(sp3)–X Activation Rates ......... 19 

1.4 Modulating Electrophile Activation Rates with Ni Catalysts and Co-Catalysts ......... 26 

1.4.1 Dual Ni Catalyst Systems ..................................................................................... 27 

1.4.2 Transition Metal Co-Catalysts for C(sp3)–X Activation ...................................... 32 

1.4.3 Transition Metal Co-Catalysts for C(sp2)–X Activation ...................................... 37 

1.5 Modulating Electrophile Activation with Reductants ................................................. 40 

1.5.1 Leveraging Reduction Mechanisms for Selectivity ............................................. 41 

1.5.2 Selectivity in Electroreductive Systems ............................................................... 45 

1.5.3 Coupled Reductant Oxidation with Substrate Activation .................................... 50 

 



 xvi 

 

1.6 CONCLUDING REMARKS ...................................................................................... 54 

1.7 NOTES AND REFERENCES .................................................................................... 57 

 

CHAPTER 2  80 

Mechanistic Investigation of Ni-Catalyzed Reductive Cross-Coupling of Akenyl and 

Benzyl Electrophiles 

 

2.1 INTRODUCTION ....................................................................................................... 80 

2.2 Background and Scope ................................................................................................ 81 

2.3 Investigation of Homogenous ARA Reaction ............................................................. 83 

2.3.1 Redox Properties of L3·NiX2 Precatalyst ............................................................ 83 

2.3.2 Reactivity of Reduced Precatalyst with Substrates .............................................. 85 

2.3.3 Kinetics of TDAE-Mediated ARA ....................................................................... 87 

2.4 Determining the Catalyst Resting State ....................................................................... 91 

2.4.1 Using EPR to Detect a Paramagnetic Catalyst Resting State ............................... 91 

2.4.2 NMR Reaction Monitoring For Diamagnetic Resting State ................................ 92 

2.4.3 Mechanistic Summary of TDAE Mediated Reaction ........................................... 93 

2.5 Mechanism of NHP ester Activation ........................................................................... 94 

2.5.1 NHP Ester Reduction ........................................................................................... 94 

2.5.2 Additive Effects on Rate of NHP Ester Reduction by TDAE .............................. 95 

2.5.3 Reevaluating Optimized ARA Conditions ........................................................... 97 

2.6 Investigation of Heterogenous ARA Reaction ............................................................ 98 

2.6.1 Kinetic Studies on ARA with Benzyl Chlorides .................................................. 98 



 xvii 

2.6.2 Stoichiometric Experiments ............................................................................... 100 

2.6.3 Mechanistic Summary of Mn-Mediated Reaction ............................................. 101 

2.7 Computational Investigation on the Origin of Enantioselectivity ............................. 102 

2.8 Concluding Remarks ................................................................................................. 104 

2.9 Experimental Section ................................................................................................. 105 

2.9.1 Materials and Methods ....................................................................................... 105 

2.9.2 Synthetic Procedures .......................................................................................... 106 

2.9.3 Kinetics and Time Course Experiments ............................................................. 108 

2.9.4 Mechanism of Substrate Activation Experiments .............................................. 125 

2.9.5 Catalyst-Mediated 201 Activation Control Experiments ................................... 141 

2.9.6 Cyclic Voltammetry Experiments ...................................................................... 142 

2.9.7 NMR Reaction Monitoring ................................................................................. 147 

2.9.8 EPR Experiments ................................................................................................ 155 

2.9.9 Catalyst Loading Study (Figure 2.15) ................................................................ 166 

2.9.10 Computational Data .......................................................................................... 172 

2.10 NOTES AND REFERENCES ................................................................................ 211 

 

CHAPTER 3  222 

Nickel-Catalyzed Reductive Alkylation of Heteroaryl Imines 

 

3.1 INTRODUCTION ..................................................................................................... 222 

3.2 Development of a Reductive Alkylation of Heteroaryl Imines ................................. 223 

3.2.1 Background and Motivation ............................................................................... 223 

3.2.2 Reaction Design and Redox-Active Iminopyridines .......................................... 227 



 xviii 

3.2.3 Optimization of Alkylation Reaction ................................................................. 229 

3.2.4 Scope of Alkylation Reaction with Mn Reductant ............................................. 231 

3.2.5 Optimization and Scope of Electroreductive Alkylation .................................... 235 

3.3 Mechanistic Studies ................................................................................................... 236 

3.3.1 Investigating the Redox-Active Substrate-Catalyst Complex ............................ 236 

3.3.2 Redox Properties of Substrate-Catalyst Complex .............................................. 238 

3.3.3 Electroanalytical Experiments ............................................................................ 241 

3.4 Conclusion and Future Directions ............................................................................. 242 

3.5 Experimental Section ................................................................................................. 243 

3.5.1 Materials and Methods ....................................................................................... 243 

3.5.2 Optimization Experiments .................................................................................. 244 

3.5.3 Substrate Synthesis ............................................................................................. 262 

3.5.4 Nickel-Catalyzed Alkylation of Heteroaryl Imines ............................................ 253 

3.5.5 Characterization of Reaction Products ............................................................... 265 

3.5.6 Investigating Imine Homocoupling .................................................................... 300 

3.5.7 Probing the Intermediacy of an Organomanganese Intermediate ...................... 302 

3.5.8 Stoichiometric Ni0 Alkylation ............................................................................ 304 

3.5.9 Synthesis of (271)2MCl2 Complexes 322 and 323 ............................................. 304 

3.5.10 Synthesis of (271)2NiI Complex 324 ................................................................ 306 

3.5.11 Alternative Radical Generation Approaches for Alkylation ............................ 310 

3.5.12 Electroanalytical Experiments .......................................................................... 312 

3.5.13 Effect of Reaction Components on 322 ............................................................ 316 

3.5.14 UV/vis and Spectroelectrochemistry ................................................................ 323 



 xix 

3.5.15 Optimization of Electrocatalytic Imine Alkylation .......................................... 328 

3.5.16 DFT Calculations of Substrate-Catalyst Complex ........................................... 335 

3.5.17 Qualitative MO Diagram of 321 BS(2,2) ......................................................... 352 

3.5.18 X-Ray Crystallography ..................................................................................... 353 

3.5.19 Elemental Analysis of Commercial Mn0 .......................................................... 357 

3.6 NOTES AND REFERENCES .................................................................................. 359 

 

APPENDIX 1  368 

Spectra Relevant to Chapter 3 

 

 

ABOUT THE AUTHOR 513 

  



 xx 

LIST OF ABBREVIATIONS 

 

– minus 
% percent 
° degrees 
+ plus 
< less than 
= equals 
>  greater than 
∝ proportional to 
~ approximately 
λ lambda (wavelength) 
a alpha 
A ampere 
Å angstrom(s) 
[a]D angle of optical rotation of plane-polarized light 
Ac acetyl 
acac acetylacetonate 
AcOH acetic acid 
Anal. combustion elemental analysis 
anti opposite or same side 
approx approximately 
aq aqueous 
Ar aryl group 
ArF perfluorinated aryl group 
atm atmosphere(s) 
AU arbitrary units 
avg average 
b beta 
BHT 2,6-di-tert-butyl-4-methylphenol (“butylated hydroxytoluene”) 
BiOX bi(oxazoline) 
BiM bi(imidazoline) 
Bn benzyl 
Boc tert-butoxycarbonyl 
BOX bis(oxazoline) 



 xxi 

bp boiling point 
bpy 2,2'-bipyridine 
br broad 
BS broken symmetry calculations 
Bu butyl 
Bz benzoyl 
/C supported on activated carbon charcoal 
°C degrees Celcius 
13C carbon-13 isotope 
c concentration of sample for measurement of optical rotation 
calc’d calculated 
CAM cerium ammonium molybdate 
Cbz benzyloxycarbonyl 
cis on the same side 
cm centimeters 
cm–1 wavenumber(s) 
CoPc cobalt(II) phthalocyanine 
COSY homonuclear correlation spectroscopy 
Cp cyclopentyldienyl 
CV cyclic voltammetry 
d chemical shift in ppm 
D deuterium 
d deutero or dextrorotatory 
d doublet 
D heat or difference 
DCM dichloromethane 
DEAD diethyl azodicarboxylate 
DFT Density Functional Theory 
DG change in Gibb's free energy 
DHA dihydroanthracene 
DHPs dihydropyridines 
DIBAL diisobutylaluminum hydride 
diglyme diethylene glycol dimethyl ether 
DIPEA N,N-diisopropylethylamine 
DMA N,N-dimethylacetamide 
DMAP 4-(dimethylamino)pyridine 
dme 1,2-dimethoxyethane 



 xxii 

DMEDA N,N′-dimethylethylenediamine 
DMF N,N-dimethylformamide 
DMP Dess-Martin periodinane 
DMPU 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 
DMS dimethylsulfide 
DMSO dimethylsulfoxide 
dppf 1,1'-bis(diphenylphosphino)ferrocene 
dpph 1,6-bis-(diphenylphosphino)hexane 
dr diastereomeric ratio 
dtbbpy 4,4'-di-tert-butyl-2,2'-bipyridine 
E trans (entgegen) olefin geometry or potential 
e.g. for example (Latin: exempli gratia) 
E+ electrophile 
EA elemental analysis 
EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
ee enantiomeric excess 
EI electron impact 
Epa anodic peak potential 
Epc cathodic peak potential 
Epc/2 cathodic half peak potential 
E1/2 reduction potential 
EPR electron paramagnetic resonance 
equiv equivalent(s) 
er enantiomeric ratio 
ESI electrospray ionization 
Et ethyl 
et al. and others (Latin: et alii) 
Et2O diethyl ether 
Et3N triethylamine 
etc and the rest (Latin: et cetera) 
EtOAc ethyl acetate 
EtOH ethanol 
19F fluorine-19 isotope 
FAB fast atom bombardment 
Fc ferrocene 
Fc+ ferrocenium cation 



 xxiii 

FD Field Desorption 
FID flame ionization detector 
FTIR fourier transform infrared spectroscopy 
G gauss 
g gram(s) 
g-value dimensionless magnetic moment value 
g/mL grams per milliliter 
GC gas chromatography or glassy carbon 
GHz gigahertz 
1H proton 
h hour(s) 
HAT hydrogen atom transfer 
HC homocoupling 
Het hetero 
HMBC heteronuclear multiple-bond correlation spectroscopy 
HMDS hexamethyldisilazide 
HOMO highest occupied molecular orbital 
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrometry 
HSQC heteronuclear single quantum coherence spectroscopy 
hu irradiation with light 
Hz hertz 
i current 
i-Bu iso-butyl 
i-Pr isopropyl 
i-Pr2NH diisopropyl amine 
i-PrAc isopropyl acetate 
i-PrOH isopropanol 
i.e. that is (Latin: id est) 
in situ in the reaction mixture 
IPA isopropanol 
IR infrared 
J coupling constant in Hz 
K Kelvin 
k rate constant 
k0 initial rate constant 
kc equilibrium constant 



 xxiv 

kcal kilocalorie(s) 
kg kilogram(s) 
kobs observed reaction rate 
KOtBu potassium tert-butoxide 
L liter 
l levorotatory 
LC-MS liquid chromatography–mass spectrometry 
LDA lithium diisopropylamide 
LED light emitting diode 
ln natural logarithm 
log logarithm 
LRMS low resolution mass spectrometry 
LUMO lowest unoccupied molecular orbital 
M metal or Molar 
m multiplet or meter(s) 
[M] parent mass 
m meta 
M-1 inverse molarity 
m.p.  melting point 
m/z mass-to-charge ratio 
mCPBA meta-chloroperbenzoic acid 
Me methyl 
MeCN acetonitrile 
MeI methyl iodide 
MeOH methanol 
mg milligram(s) 
mg/mL milligrams per milliliter 
MHz megahertz 
MIDA methyliminodiacetic acid 
min minute(s) 
μ micro 
µL microliter(s) 
mL milliliter(s) 
mL/min milliliters per minute 
mM millimolar 
mm millimeter(s) 
µm micrometer(s) 



 xxv 

mm Hg millimeters mercury 
mmol millimole(s) 
mol mole(s) 
mol % mole percent 
Ms methanesulfonyl (mesyl) 
MS molecular sieves 
MsCl methanesulfonyl chloride 
MSD mass selective detector 
14N nitrogen-14 isotope 
n number 
ν scan rate 
n-Bu norm-butyl 
n-BuLi norm-butyl lithium 
n-Hex norm-hexyl 
n-Pr norm-propyl 
NaOTf sodium triflate 
NBS N-bromosuccinimide 
Nf perfluorobutanesulfonyl 
NHP N-hydroxyphthalimide 
NIR near infrared 
nm nanometer(s) 
NMP N-methyl pyrrolidinone 
NMR nuclear magnetic resonance 
Nuc– nucleophile 
o ortho 
31P phosphorus-31 isotope 
p para 
p-TsOH para-toluenesulfonic acid 
Pc phthalocyanine 
PDT product 
pH hydrogen ion concentration in aqueous solution 
Ph phenyl 
phen 1,10-phenanthroline 
PhH benzene 
PhMe toluene 
PHOX phosphinooxaozoline 
Phth phthalimide 



 xxvi 

Pin pinacol 
pm picometer(s) 
PMP para-methoxyphenyl 
ppm parts per million 
Pr propyl 
psi pounds per square inch 
Py pyridine 
PyBOX pyridine bis(oxazoline) 
pyr pyridine 
q quartet 
quant. quantitative 
R generic (alkyl) group 
R rectus (right) 
R2 coefficient of determination 
RCC reductive cross-coupling 
ref reference 
RVC reticulated vitreous carbon foam 
RF pefluorinated alkyl 
Rf retention factor 
RF response factor 
RPKA reaction progress kinetic analysis 
rpm revolutions per minute 
rr regioisomeric ratio 
RS Randles-Sevcik 
rt room temperature 
s Hammett coefficient 
s singlet or seconds 
S sinister 
sat. saturated 
SCE saturated calomel electrode 
SFC supercritical fluid chromatography 
STD standard 
syn same side 
T temperature 
t triplet or time 
t-Bu tert-butyl 
t-BuLi tert-butyl lithium 



 xxvii 

taut. tautomerize 
TBA tetra-n-butylammonium 
TBABr  tetra-n-butylammonium bromide 
TBACl  tetra-n-butylammonium chloride 
TBAF tetra-n-butylammonium fluoride 
TBAI  tetra-n-butylammonium iodide 
TBAX tetra-n-butylammonium salt 
TBDPS tert-butyldiphenylsilyl 
TBDPSCl tert-butyldiphenylsilyl chloride 
TBS tert-butyldimethylsilyl 
TBSCl tert-butyldimethylsilyl chloride 
TDAE tetrakis(dimethylamino)ethylene 
TD-DFT time-dependent density functional theory 
TEA triethylamine 
temp temperature 
TEMPO 2,2,6,6-tetramethylpiperidine 1-oxyl 
TEOA triethanolamine 
TES triethylsilyl 
Tf trifluoromethanesulfonyl 
Tf2O trifluoromethanesulfonic anhydride 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TIPS triisopropylsilyl 
TLC thin layer chromatography 
TMEDA N,N,N',N'-tetramethylethylenediamine 
TMHD 2,2,6,6-tetramethyl-3,5-heptanedione 
TMS trimethylsilyl 
TMSBr trimethylsilyl bromide 
TMSCl trimethylsilyl chloride 
TMSOTf trimethylsilyl trifluoromethanesulfonate 
TOF time-of-flight 
Tol tolyl 
terpy 2,2';6',2"-terpyridine 
tR retention time 
trans on the opposite side 
TS transition state 
Ts para-toluenesulfonyl (tosyl) 



 xxviii 

TTF tetrathiafulvalene 
UV ultraviolet 
V volt(s) 
vide infra see below 
vide supra see above 
Vmax  maximum rate 
vs. versus 
VTNA Variable Time Normalization Analysis 
W watt(s) 
w/ with 
wt% weight percent 
X anionic ligand or halide or chiral auxillary 
XAT x-atom abstraction 
XC cross-coupled 
XEC cross-electrophile coupling 
Xmajor fraction of mixture as major enantiomer 
Xminor fraction of mixture as minor enantiomer 
Z cis (zusammen) olefin geometry 

 

 

 

 

 

 

 

 

 

  



Chapter 1 – Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross-
Electrophile Couplings 
   
 

1 

 

 

 

 

 

 

Chapter 1 

Mechanistically-Guided Strategies for Developing Selective Ni-

Catalyzed Cross-Electrophile Couplings 

 

1.1 INTRODUCTION 

Transition metal-catalyzed cross-coupling reactions have proven to be one of the most 

powerful developments in synthetic chemistry over the last few decades. This technology 

has enabled the efficient and selective formation of carbon–carbon and carbon–heteroatom 

bonds with applications ranging from bioactive pharmaceuticals and agrochemicals, to 

materials science, as well as electronics. 1  More recently, cross-electrophile coupling 

(XEC) reactions have emerged as a complementary method to couple electrophilic 

fragments. These electrophilic fragments, usually organic halides, make up a class of 

compounds that are abundant from commercial sources or can be readily synthesized; 

making them an attractive alternative to organometallic nucleophiles used in traditional, 

redox-neutral, cross-coupling reactions which are less stable and less tolerant of functional 
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groups. In the context of cross-coupling, electrophiles are substrates that undergo C-X 

activation through a reductive mechanism such as oxidative addition or single-electron 

reduction. As a consequence of using two electrophiles, a stoichiometric reductant is 

needed in order to render the process catalytic.2  

Figure 1.1. Comparison of Ni and Pd as catalysts in cross-coupling reactions. 

 

Nickel has proven to be an effective transition-metal catalyst for XEC reactions. This 

is due to the favorable properties of the metal in terms of reactivity, cost, and sustainability 

relative to 2nd or 3rd row transition metals popular in traditional cross-couplings. Ni has 

accessible odd-electron oxidation states (Ni0/I/II/III/IV) meaning it can engage in either one 

or two-electron elementary steps with a substrate. Compared to Pd (Pd0/II, E0 = 0.95 V vs. 

SHE), there is a greater driving force for oxidation of Ni (Ni0/II, E0 = –0.26 V vs. SHE) 

making substrate reduction reactions, like oxidative addition, facile. Additionally, 

intermediate Ni-alkyl complexes are less prone to β-hydride elimination making Ni 
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amenable to C(sp3)–C(spn) couplings.3 The intrinsic reactivity of Ni makes it attractive for 

XEC reactions as it can activate substrates through a variety of mechanisms; however, its 

promiscuity can make the design of a general and selective catalyst challenging (Figure 

1.1).4  

Figure 1.2. General scheme for Ni-catalyzed XEC reactions. 

 

The challenge that arises from using two electrophilic coupling partners (1 and 2) is 

achieving high levels of cross-selectivity over statistical mixtures of cross- (3) and 

homocoupled (4-5) products. A cross-selective reaction is achieved by using a catalyst 

system that activates each electrophile through a distinct mechanism, such that the 

activation of 1 then 2 can outcompete sequential activation of two equivalents of 1 or 2 

(Figure 1.2).5 This poses a challenge when designing or optimizing XEC reactions due to 

the ambiguity in how modifying reaction parameters influences the relative rates of 

electrophile activation (e.g., how electronic perturbations on a ligand may impact the 

reduction of one coupling partner over the other). Over the last decade of research on XEC 

reactions, several mechanistically-guided strategies have emerged to achieve remarkable 

selectivity, enabling exceptionally mild methods for modular construction of strategic 

bonds. 
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1.2 Background and Scope 

1.2.1 Evolution of Selective Ni-Catalyzed XEC 

Scheme 1.1. Early examples of reductive couplings using Ni. 

 

Early investigations of Ni in reductive coupling reactions were performed by 

Semmelhack and coworkers through the 1970-1980s. These examples utilized 
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but demonstrated functional group tolerance (7) not seen with traditional couplings that 

employ organometallic coupling partners (Scheme 1.1a).6,7,8 Following these early reports, 

Kumada and coworkers in the late 1970s demonstrated that aryl bromide homocoupling 

could be made catalytic in Ni when Zn0 is used as a stoichiometric reductant. Kumada also 

observes a significant rate acceleration upon the inclusion of KI as an additive enabling the 

reaction to proceed at room temperature to give 8 in 85% yield (Scheme 1.1b).9 It was not 

until 1986 that Périchon and coworkers observed the first cross-coupled products in an 

electroreductive coupling using aryl bromides (9 and 10) with similar reactivity, albeit as 

a statistical mixture of cross- (11) and homocoupled (8 and 12) products.10 Subsequent 

reports showed the distribution of products (15-17) could be perturbed as a function of 

varying steric and electronic properties of an aryl halide coupling partner 13 when the other 

coupling partner was an ortho-substituted aryl halide 14 (Scheme 1.1c).11  

Scheme 1.2. Early example of Ni-catalyzed XEC and proposed mechanism. 

 

Shortly after their initial report, Périchon and coworkers attained greater cross-
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19.12 Subsequent electroanalytical experiments suggest that the origin of selectivity in this 

case is due to a change in the relative rates of electrophile activation at different oxidation 

states of Ni where a Ni0 complex 20 preferentially reacts with aryl halides and the 

subsequent nickelate complex 21 would react with 18 (Scheme 1.2).13 These studies in the 

1980s and 1990s laid the foundation for how the field would come to think about XEC 

reactions going forward. Although redox-neutral cross-couplings dominated the literature 

in the 1990s and 2000s, reductive couplings would undergo a renaissance in the early 2010s 

that continues to this day. 

1.2.2 Proposed Mechanisms of Substrate Activation by Ni in XEC 

Mechanistic studies on the oxidative addition of reduced Ni complexes into C–X bonds 

constitute an ongoing area of research that predates Ni-catalyzed XEC. It is evident that 

there are numerous pathways that could be operative for a given combination of substrates, 

ligand environment, and reductant.3 The evidence and origin of these mechanistic nuances 

are beyond the scope of this review and unnecessary as a guiding principle in reaction 

optimization. Instead, we will focus on a practical overview of general mechanisms that 

have been proposed for C(sp2) and C(sp3) electrophile activation in XEC reactions.  

The mechanisms of C(sp2)–X oxidative addition with Ni have been proposed to 

proceed through both one- and two-electron mechanisms. These reactions have been 

studied extensively for aryl 22 electrophiles but are underexplored for the corresponding 

alkenyl 23 or acyl 24 electrophiles. In the context of catalytic couplings as well as 

stoichiometric reactions, oxidative addition with aryl halides have been proposed from both 

Ni0 and NiI.14,16,43,15 Proposed C–X activation mechanisms can be summarized as either a 
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concerted oxidative addition16,17,43, polar SNAr,18 or a stepwise SRN119 mechanism (Figure 

1.3a).  

Figure 1.3. Mechanisms of oxidative addition into C(sp2)–X bonds. 

 

Reactions involving oxidative addition from a NiI complex (26) yield a high-valent 

NiIIIAr (27) via a radical or two-electron mechanism (Figure 1.3a). This electron-poor 
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reductant to give NiII (28).20 ,101 Alternatively, oxidative addition from Ni0 25 would 

directly furnish complex 28. Deleterious C(sp2)–C(sp2) homocoupling reactions have been 
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Subsequent reduction of oxidative addition complex 28  to a NiI–Ar 29 has been proposed 

in Ni-catalyzed XEC reactions, and is a key step in sequential activation mechanisms (vide 

infra).3,22  Alternatively, 29 can undergo a second oxidative addition of C(sp2)–X and 

furnish NiIII species 31 which can undergo reductive elimination to give biaryl product 32 

(Figure 1.3b).  

Figure 1.4. Mechanisms of oxidative addition into C(sp3)–X bonds. 
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an alkyl radical intermediate 33 that either rapidly recombines or will escape the solvent 

cage to be intercepted by another Ni complex (Figure 1.4). In this review, cases will also 

be discussed where the Ni–C(sp3) bond is formed by capture of a free radical that was 

generated through a non-Ni mediated process,69,33,34,118,83 or by transmetalation of an in situ 

generated organometallic species.35  

1.2.3 Mechanistic Models of Ni-Catalyzed XEC Reactions 

From studies on Ni-catalyzed XEC reactions, several mechanistic frameworks have 

emerged that can be used to rationalize reactivity during reaction development. Here, we 

will define two general categories that encompass proposed mechanisms of Ni-catalyzed 

XEC: 1) sequential activation36 and 2) parallel activation.37 Practically, these models are 

not always distinguishable without extensive mechanistic studies as the difference can 

come down to accessibility of certain oxidation states for the Ni catalyst, or whether the 

reduction of a given catalytic intermediate is kinetically feasible.38 These models can be 

useful for honing in on challenging processes in a XEC that are responsible for their poor 

performance such that hypothesis-driven modifications to the reaction conditions can be 

made in subsequent optimization experiments.   

In a NiI/III sequential activation mechanism, a reduced Ni catalyst (26) is proposed to 

activate the more reactive electrophile 1 via oxidative addition to give 34. This high-valent 

intermediate 34 is then reduced to NiI (36) by the terminal reductant which can react with 

the other electrophile 2 via oxidative addition. The resulting NiIII (37) can then undergo 

reductive elimination to regenerate 26 and furnish product 3 (Figure 1.5a). For this to be 

cross-selective, the oxidative addition of 1 by 26 must outcompete pathways leading to 
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homocoupling that can arise from 26 reacting with 2 or 36 reacting with 1. The preference 

for 26 reacting with 1 over 2 has been attributed to matching of the steric and electronic 

properties of reduced Ni intermediates 26 and 36 modulating their respective reactivities 

towards oxidative addition of either 1 or 2 (Figure 1.5b).3,27,39 

Figure 1.5. Sequential activation mechanism. 
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26) can activate the other electrophile. In either case, the origin of cross-selectivity can be 

explained by comparable rates of converting electrophiles 1 and 2 to their corresponding 

activated intermediates 35 and 40 in combination with slow homocoupling of the activated 

intermediate 35 derived from the more reactive electrophile (Figure 1.6). This framework 

is analogous to the persistent radical effect40 and the terminology has been extended to 

cross-coupling as the persistent metal effect (PME).41  

Figure 1.6. Parallel activation mechanism. 

 

These models can be used to interpret the reaction outcomes in a Ni-catalyzed XEC 
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activation needs to be accelerated (Figure 1.7a).  

Figure 1.7. Ni-catalyzed XEC principles of cross-selectivity relevant to optimization. 
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B–B, respectively) at the end of the reaction then it is not clear which one is activated faster 

as one could be completely consumed before the other starts converting. This can be 

investigated by monitoring the electrophile conversion over time to gauge the relative 

activation rates. Reaction monitoring like this is certainly more resource intensive and may 

not be feasible for every set of conditions tested, but can be informative for calibrating 

optimization efforts and generating mechanistic hypotheses (Figure 1.7b). 

1.2.4 General Strategies for Cross-Selective XEC Reactions 

In this review we will attempt to formalize general classes of strategies that researchers 

have employed to achieve selectivity in Ni-catalyzed XEC reactions. Specifically, these 

methods utilize a mechanistic hypothesis regarding the rate of electrophile activation in 

order to increase yields of cross-coupled products. This notably does not include the well-

established, and still frequently employed, strategy of using a large excess of one coupling 

partner to get high yields of cross-coupled product. This strategy is undoubtedly effective 

but typically results in concomitant formation of undesired homocoupled products, limiting 

the efficiency of these transformations. For this reason, examples that use greater than 2-

fold excess of one coupling partner are not considered successful examples of cross-

selective XECs in this review.   

Given the explosion in XEC literature that has evolved after Weix initially formalized 

XEC optimization strategies in 2014,5 the community’s understanding of how these 

reactions work has grown with the field. The principles that dictate how a given 

combination of substrates may perform in an XEC still hold true but recent advances have 

given synthetic chemists more options to modulate substrate reactivity in order to improve 
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cross-selectivity. These strategies will be classified as: 1) electrophilic coupling-handle 

modifications, 2) Ni-catalyst or co-catalyst design, 3) reductant or external driving force 

control (Figure 1.8). Each of these methods uses a mechanistically-driven hypothesis to 

accelerate the rate of activation of one electrophile over the other. These strategies are 

attractive in that they are readily accessible within a traditional reaction optimization 

campaign and do not require expensive mechanistic studies or extensive ligand design. 

Figure 1.8. Summary of strategies for cross-selective XEC reactions. 
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radical sequence (Figure 1.4). For a given combination of fragments in a cross-coupling, 

the reactivity of the electrophiles is directly modulated through the choice of coupling 

handles. Tuning the reactivity of the coupling handle is a complementary strategy to the 

later-discussed (Section 1.4) catalyst-based strategies, but obviates resource-intensive 

screening of catalysts which can be difficult to rationally design a priori. In these cases, 

selectivity is achieved through careful consideration of coupling partners that are 

synthetically accessible or can be generated in situ at a controlled rate.  

1.3.1 Coupling Handle Modifications for Changing C(sp2)–X Activation 

Rates 

While there continues to be major advances in our understanding the mechanism of Ni-

catalyzed XEC reactions, extensive studies on the relative rates of oxidative addition as a 

function of coupling handles across ligand-catalyst frameworks is limited. Kinetic studies 

using a bidentate phosphine Ni0 catalyst (L1Ni(COD)) with various aryl electrophiles 42 

have observed, in the case of aryl halides, that weaker Ar–X bonds undergo faster oxidative 

addition (I > Br > Cl >> F) via a concerted mechanism. Interestingly, sulfonates or esters 

were all slower than Ar-Cl following the trend Cl > OTs > CO2R > OTf  >> OMe (Figure 

1.9a).42  Studies on acyl 43 and alkenyl halides 44 have observed much faster reactivity 

over aryl substrates, although the quantitative rate was not determined for a more precise 

comparison (Figure 1.9b).43   
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Figure 1.9. Highlighted mechanistic studies on aryl halide oxidative addition. 
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point where the regioselectivity of polyhalogenated (hetero)arenes oxidative addition can 

be reliably predicted. 44 , 45  Additionally, substituents that can assist in the binding or 

association of the Ni catalyst with the C(sp2) electrophile can also effect a profound rate 

increase (Figure 1.9c).43 

Scheme 1.3. Selective C(sp2)-C(sp2) cross-couplings. 
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stoichiometry. This sequential activation mechanism leverages the fast oxidative addition 

into 2-chlorobenzimidazoles 52 as well as the slow homocoupling of the oxidative addition 

complex 54 due to the electron-deficient nature of the C bound to Ni and the steric 

environment. For less reactive aryl chlorides they demonstrate that the cross-selectivity can 

be recovered by moving to the more reactive Br coupling handle.46 This has also been 

leveraged in an electroreductive biaryl synthesis from heteroaryl chlorides and aryl 

bromides. Notably, the high cross-selectivity here is also attributed to the faster reduction 

of the electron-deficient NiII complex 53 to give NiI–heteroaryl 54. This complex is 

hindered and reactive enough to activate the electron-rich aryl bromide, outcompeting 

deleterious homocoupling processes (Scheme 1.3a).47  

The corresponding strategy can be used for the cross-coupling of alkenyl 

(pseudo)halides to make unsymmetrical dienes. Important considerations with alkenyl 

electrophiles are that 1) oxidative addition is faster,43 and 2) Ni insertion to C(sp2)-X bonds 

is more readily reversible for alkenyl halides compared to that of aryl halides.Error! Bookmark 

not defined. This means in systems with multiple halides, scrambling of the alkenyl halide can 

occur, thus accumulating the thermodynamic C–X species.48 In an example from Shu and 

coworkers, the more reactive bromide coupling handle was used on the more sterically 

hindered boron-substituted alkenyl electrophile 55 and the triflate handles were used on 

the more reactive alkenyl electrophile 56 to achieve impressive cross-selectivity. Evidence 

supports the interaction of the Bpin group with the adjacent Ni-center 58 which occupies a 

coordination site to stabilize the intermediate towards homocoupling (Scheme 1.3b).49 
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1.3.2 Coupling Handle Modifications for Changing C(sp3)–X Activation 

Rates 

Analogous principles from C(sp2)–X modifications can be applied to tune the reactivity 

of C(sp3) electrophiles. However, there are additional considerations with C(sp3) substrates 

because activation via an organic radical intermediate can occur depending on the 

substrate, coupling handle, and the catalyst. For C(sp3) halides, the rate of activation 

generally follows trends according to C–X bond strength (I > Br > Cl).50 In the cases where 

oxygen electrophiles are employed or when ligands that favor 2-electron pathways are 

used, the relative reactivity is dependent on the stability of the displaced coupling handle, 

similar to leaving group stability trends in organic SN2-type reactions.51  

There are many examples where modifications of the C(sp3) electrophile’s coupling 

handle improves cross-selectivity when the activation rate of the other substrate is vastly 

different than what the system was optimized for.  A informative case study of this in 

practice from Baran and coworkers is the Ni-catalyzed XEC of in situ generated anhydrides 

60 (from the corresponding carboxylic acid 59) with NHP esters 61 to make ketone 

products 62. This reaction is uniquely modular given both electrophiles are derived from 

carboxylic acids meaning either coupling fragment can be employed as the C(sp2) 

electrophile (59) or the C(sp3) electrophile (61) if it is pre-functionalized as the NHP ester 

to access the same product. The authors report a reactivity guide for how different alkyl 

electrophiles perform as either the “acyl electrophile” 60 or the “radical electrophile” 63 

across different substrate classes which reflects the combinations that are activated at 

similar rates (Figure 1.10a).52  
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Figure 1.10. Examples of changing C(sp3) coupling handle for different C(sp2) 

electrophiles. 
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reductive alkylation reaction, more hindered N-alkyl imine 69 produced significant 

quantities of homocoupled diamine 67 with 2º alkyl electrophiles (70), while the less 

hindered N-alkyl imine 68 exclusively produced the desired cross-coupled product 66. It 

was found that by using alkyl radical precursors that were easier to reduce than alkyl 

bromides or iodides (Ered = –2.06 V vs. SCE for 70 X = I),53 like NHP esters (Ered = –1.4 

V vs. SCE),54 cross-coupling could then outcompete deleterious homocoupling for the 

more challenging sterically-hindered imines (Figure 1.10b).55  

Scheme 1.4. Controlled in situ generation of alkyl halide electrophile. 
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halide additive concentration enabling higher yields of cross-coupled products compared 

to using the alkyl iodide (72) as a coupling partner directly (Scheme 1.4).59 This has also 

been used to convert relatively unreactive halide precursors to more reactive halide 

electrophiles. Weix and coworkers utilized this halide exchange in the cross-coupling of 

challenging aryl chlorides with alkyl chlorides employing catalytic iodide to generate low 

concentrations of alkyl iodide in situ from the alkyl chloride.60  

Figure 1.11. Regioselective activation of strained heterocycles with additives.  
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radical intermediates (77 or 78) like other alkyl halides (Figure 1.11a).  

The Doyle group has leveraged this to achieve selective coupling to give arylated 

products at either the more substituted position, if benzylic, or less substituted position if 

aliphatic.64  This has also been used by Nevado and coworkers in an electroreductive 

alkenylation of aziridines. In this transformation, anodically-generated acid mediates the 

formation of β-amino halide from the aziridine (75, Y = NTs) as the active electrophile.65 

The regioselectivity here in these cases is dictated by the substitution of the heterocycle 

towards nucleophilic substitution where resonance stabilizing groups can direct addition to 

the more substituted position otherwise the more sterically accessible position is preferred. 

These examples exhibit great regioselectivity along with improved cross-selectivity over 

using the less stable β-halo amines of halohydrins directly (Figure 1.11b).  

Coupling handle-based rate-tuning has also been achieved by derivatizing or modifying 

a parent coupling handle. The Baran lab has popularized the use of redox-active radical 

precursors, like NHP esters or Barton esters, in Ni-catalyzed XEC reactions. They have 

used both the parent NHP ester as well as more reactive derivatives for a myriad of Ni-

catalyzed reactions, albiet in fairly unselective processes requiring >3 equivs of one 

component in some cases.66 Recently, the Weix group has used these derivatives 81 to 

rationally optimize a selective cross-couplings with aryl iodides 82. For less reactive aryl 

iodides they observed improved yields when more electron-rich (harder-to-reduce) NHP 

ester derivatives were employed. They could also extend the scope to include aryl bromides 

when electron-rich NHP ester derivatives are used (Figure 1.12a).67 
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Figure 1.12. Methods of controlling rate of NHP ester activation. 
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reductant, N,N’-tetrakis(dimethylamino)ethane (TDAE), in the reported asymmetric XEC 

of alkenyl bromides 84 with NHP esters 83.68  It was found that the TMSBr additive 

facilitates NHP ester activation by acting as a Lewis acid to give a species 85 that is easier 

to reduce such that SET from TDAE is kinetically competent. The rate of reduction can 

then be modulated by changing the Lewis acid where less hindered acids and better leaving 

groups led to faster radical generation (Figure 1.12b). This could then be used to lower the 

catalyst loading to 1 mol % of the chiral catalyst to achieve highly cross-selective coupling 

when a less reactive Lewis acid was used.69 Similar Lewis acid effects with NHP esters 

have been observed in other XECs that employ metal powder reductants.70  

Scheme 1.5. Additive-gated activation of aldehyde electrophiles 
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Accessing these products from a direct alkyl-alkyl coupling would be quite challenging 

due to the matched hybridization of the electrophiles,71 but by activating the aldehyde in 

situ to generate the alkyl–Ni intermediate 89 through an orthogonal mechanism to other 

pathways to access an alkyl–Ni.72 Silyl halides have also been used to trigger the generation 

of oxonium ions from the corresponding dialkyl acetals in Ni-catalyzed XEC to access 

similar products. 73  In related mechanistic studies, it was found the efficiency of this 

reaction is sensitive to the sterics of the halosilane, suggesting that the rate of acetal 

activation could also be tuned by the Lewis acid additive (Scheme 1.5). 74 

1.4 Modulating Electrophile Activation Rates with Ni Catalysts and 

Co-Catalyst 

A conceptually distinct strategy from the aforementioned substrate control-based 

approaches is to achieve selective reactions through catalyst-control. While there are many 

examples of Ni catalysts that alone can activate each electrophile in a mechanistically 

distinct way, this reactivity is challenging to predict as changes to the catalyst can impact 

the rate of activation for both electrophiles. Instead of relying on one Ni catalyst to activate 

both substrates, it can be enabling to employ a co-catalyst system where a Ni catalyst 

activates one electrophile and a different catalyst activates the other. The added complexity 

of optimizing two catalyst systems is offset by the ability to tune the activation rate of each 

electrophile independently. This is achieved by changing the chemical properties of the 

catalysts or their relative concentration to modulate the rate of one electrophile conversion 

to match the other.  
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1.4.1 Dual Ni Catalyst Systems 

The use of two Ni-catalysts in XEC reactions has proven to be a powerful technique 

for achieving high levels of cross-selectivity. This is typically done by using two ligands 

whose sum is approximately equal to the amount of nickel precatalyst that is added. In this 

case one ligand forms a catalyst that is optimal for the activation of one substrate and is 

slow to react with the other electrophile and vice versa. The substrate activation rates are 

then tuned by changing the relative ligand ratio and thus the concentration of each active 

catalyst in solution. Considerations about the speciation, equilibrium binding to Ni, and 

reduction potentials of each catalyst must be taken into account when designing these 

systems.  

Scheme 1.6. Dual Ni-catalysis with bidentate phosphine and nitrogen catalysts. 
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iodides 91 and aryl iodides 90. In this report, a combination of a bidentate phosphine ligand 

L6 and a bidentate pyridine ligand L5 in a 1:1 ratio with ~2 equiv of NiII precatalyst. Here, 

I

90
1 equiv

n-hept I+

91
1 equiv

NiI2·nH2O (10.7 mol %)
L5 (5 mol %), L6 (5 mol %)

pyr (0.1 equiv), Mn0 (2 equiv)
DMPU, 80 ºC

n-hept

88% yield

NN

t-Bu t-Bu

PPh2Ph2P

L5
for C(sp3)
activation

L6
for C(sp2)
activation

Ni
N N I R Ni

N N

I
R Ni

P PAr
I +

Ni
P P

I Ar

+ +

matched
concentrations

Ni
N N + Ar

I Ni
N N

I Ar

mismatched
concentrations

faster than
L5Ni

L5Ni

L5Ni

91

90

fast

slower than
L6Ni

L6Ni90



Chapter 1 – Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross-
Electrophile Couplings 
   
 

28 

good selectivity is only seen when both ligands are employed and if one is omitted, 

significant quantities of homocoupled product is observed. The observed homocoupling 

trends suggests that the bidentate phosphine-ligated L6Ni catalyst is well-suited to activate 

the aryl electrophile 90 via a 2-electron oxidative addition,43 while the L5Ni complex 

preferentially reacts with the alkyl halide electrophile 91 via a radical mechanism. For 

particularly activated aryl iodides, it was found the phosphine ligand can be omitted, as 

oxidative addition with the L5Ni ligand is fast enough to match activation of 91 (Scheme 

1.6).75,76 

This strategy was used by Kishi and coworkers in a method for the coupling of alkyl 

iodides 92 with thiopyridine esters 93 to make ketone products 94. Here, they observe that 

the activation of the acyl electrophile 93 was fast with bidentate Ni complex L8Ni and 

alkyl halide 92 activation was slow. Conversely, a tridentate NiI complex L7Ni29 was found 

to rapidly react with the alkyl halide 92 and was relatively inert towards thioester  93 

activation. By using these independently prepared catalysts in a 1:1 ratio efficient cross-

coupling was achieved with 1:1 electrophile equivalency and catalyst loadings as low as 1 

mol % (Scheme 1.7a). Once optimized, this was applied in a convergent fragment coupling 

towards the synthesis of Halichondrin B, using significantly more complex substrates 96 

and 97. By modifying the conditions for these substrates to a 4:1 ratio of L8Ni: L7Ni the 

complex ketone product 98 was obtained in 80% yield on 100 mg scale (Scheme 1.7b).77 

 

 

 



Chapter 1 – Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross-
Electrophile Couplings 
   
 

29 

Scheme 1.7. Dual Ni-catalyzed XEC with application to complex molecule synthesis. 
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reaction in their dual catalytic system. Selective coupling was achieved by using a 

combination of tridentate L9 and bidentate L5 ligands with varied stoichiometric ratios of 

L9:L5 based on the substrate combination. The reaction could also be extended to more 

reactive 2° alkyl bromides 101 by increasing the relative amount of L5 (Scheme 1.8a).78  

A follow-up study from the Weix group achieved the same transformation in an undivided 

cell and highlights how the selectivity changes as a function of L9:L5 for several 

substrates. This provides a roadmap for how to extend this methodology to new substrates 

that are not included in the scope by performing a small screen varying 0 – 100% L9:L5 

to identify the ideal ligand ratio (Scheme 1.8b).79 

Another example of dual Ni catalysts in electrochemical XEC comes from Sevov and 

coworkers. This mechanistically-guided study identified the optimal combination of 

ligands to be bidentate P,N ligand L11 and tridentate L10NiBr2, for the coupling of aryl 

(pseudo)halides (102, X = Cl, Br, OTf) with 3° alkyl bromides (103). The design principle 

here is based on the observations that L10NiX2 is readily reduced at the cathode (–1.4 V 

vs. Fc0/+, 0.1 M KPF6 in DMF) to give a L10NiI complex (104) that can readily react with 

103 to give radical 105. This is in contrast to L11NiX2 which is difficult to reduce (no 

cathodic wave in solvent window), but the (L11)2Ni0 complex rapidly reacts with 102 and 

slowly reacts with 103. Spectroelectrochemical experiments reveal that ligand exchange is 

possible following reduction of L10NiX2 resulting in the formation of (L11)2Ni0 when L11 

is present in solution. Additionally, they show that following oxidation addition of 

(L11)2Ni0 to 102, the resulting complex (106) can undergo another ligand exchange with 

L10 to give 107 which is competent at capturing the hindered radical 105 to give product 
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108 (Figure 1.13). This leverages the dual ligand strategy to not only influence the relative 

concentration active catalyst in solution, but also the accessible oxidation states of Ni 

where Ni0 and NiI have can have different rates and mechanisms of oxidative addition.80  

Scheme.1.8. Dual Ni-catalyzed electroreductive coupling. 
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Figure 1.13. Dynamic ligand exchange for dual catalytic sequential activation.  
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orthogonal mechanisms invoked for Ni. Specifically, nucleophilic square planar CoI 

complexes 109 will rapidly react with alkyl electrophiles 110 to give an alkyl–CoIII 111 via 

an SN2 reaction. Reduction or photolysis of 111 triggers Co–C homolysis thus releasing an 

alkyl radical that can be captured by a Ni catalyst (Figure 1.14).81 This is complementary 

to Ni catalysis because it proceeds though an overall distinct mechanism to generate alkyl 

radicals and, unlike Ni, they are slow to react with C(sp2)–X electrophiles.25,26,27,28 This 

allows for more precise control of alkyl radical generation by making changes to the ligand 

on Co as well as the Co catalyst loading.  

Figure 1.14. Mechanism of alkyl radical generation with square-planar CoI catalysts.  
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They observed greater control over the rate of benzyl radical (118) formation when CoPc 

was used as the mesylate 112 activator in a 7:1 ratio of L5Ni:CoPc to successfully suppress 

formation of 116 and favor product 115. For less reactive benzyl electrophiles like 113, the 

concentration of CoPc had to be increased to compensate for the slower benzyl electrophile 

activation where ~1:1 Co:Ni was found to be optimal (Scheme 1.9).82  

Scheme 1.9. Dual Ni/Co arylation of benzyl electrophiles. 
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handle. In this system, alkylation first occurs at the CAr–I position with the more activated 

alkyl electrophile 122 then at the CAr–Br position with a less activated alkyl halide substrate 

123. This can be achieved in one pot with fine tuning of the catalyst concentrations or by 

supplementing the reaction after the first cross-coupling is complete with additional 

catalyst to change the ratio so that it is optimal for the second coupling (Scheme 1.10b).83 

Scheme 1.10. Varying catalyst ratios for different substrates in Ni/Co catalyzed XEC. 
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