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Conspectus: Transition-metal cata-
lyzed cross-coupling reactions are fun-
damental reactions in organic chemistry, 
facilitating strategic bond formations for 
accessing natural products, organic mate-
rials, agrochemicals, and pharmaceuticals. 
Redox chemistry enables access to elusive 
cross-coupling mechanisms through sin-
gle-electron processes as an alternative to 
classical two-electron strategies, which 
are predominated by palladium catalysis. 
The hallmark of this redox platform is the 
systematic modulation of transition-metal oxidation states by a photoredox catalyst or at a heterogeneous electrode sur-
face. Electrocatalysis and photocatalysis enhance transition metal catalysis’ capacity for bond formation through electron- 
or energy-transfer processes. Cross-coupling conditions promoted by electrocatalysis and photocatalysis are mild and bond 
formation proceeds with exceptionally high chemoselectivity and wide functional group tolerance. The interfacing of abun-
dant first-row transition-metal catalysis with electrocatalysis and photocatalysis has brought about a paradigm shift in 
cross-coupling technology. In particular, the merger of Ni catalysis with electro- and photochemistry ushered in a new era 
for carbon-carbon and carbon-heteroatom cross-couplings. We have developed enabling photo- and electrochemical meth-
ods throughout our research experience in industry (BMS, AstraZeneca), academia (Professor Baran, Scripps Research), and 
cross-disciplinary collaborative environments. In this Account, we will outline recent progress from our past and present 
labs in photo- and electrochemically mediated Ni-catalyzed cross-couplings. By highlighting these cross-coupling methodol-
ogies, we will also compare mechanistic features of both electro– and photochemical strategies for forging C(sp2)–C(sp3), 
C(sp3)–C(sp3), C–O, C–N, and C–S bonds. In each case study where we did not specifically develop both approaches, we will 
highlight related work from others for education. Through these side-by-side comparisons, we hope to demystify the subtle 
differences between the two complementary tools to enact redox control over transition metal catalysis. Finally, building off 
the collective experience of ourselves and the rest of the community, we propose a user guide to photo- and electrochemi-
cally-driven cross-coupling reactions to aid the practitioner in rapidly applying such tools in their synthetic designs.
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INTRODUCTION 

The tremendous advancements in organic chemistry 
and the success of the chemical science industries in the past 
century can be credited to catalysts based on transition metals 
such as palladium, platinum, cobalt, rhodium, gold, ruthenium, 
and rare earth metals. However, the past decade has also wit-
nessed a renaissance in using cheap and abundant first-row 
transition metals such as Ni, Cu, and Fe as catalysts in organic 
synthesis. Numerous academic and industrial processes now 
involve first-row transition metals catalysts supported with 

cheap ligand frameworks.1 The seminal reports of Baran,2-3 
MacMillan,4 Doyle,5 Molander,6 Weix,7-9 Lin,10-11 Fu,12 Reis-
man,13 Diao,14-15 and others16-17 in merging redox perturba-
tion (photochemical, electrochemical, and purely chemical) 
with catalysis are pivotal to the resurgence and mechanistic 
understanding of first-row transition metal-based catalysis.  

Owing to the wide range of oxidation states in which 
first-row metals can exist, their reactivity towards radical 
intermediates allows them to forge bonds from easy-to-access 
radical precursors. For the sake of illustration, consider a gen-
eral C(sp2)–C(sp3) linkage. Following conventional retrosyn-
thetic analysis along the lines of polar bond disconnections 
would lead to powerful cross-coupling tactics such as Suzuki, 
Kumada-Corriu, Negishi, and Stille most often mediated by a 
palladium catalyst (Figure 1A).18-20 In such cases, the nucleo-
philic component is either introduced as a C(sp2) anion equiv-
alent (organomagnesium, organozinc, organoboron, etc.) 
which can impact chemoselectivity and functional group com-
patibility. Alternatively, a C(sp2) electrophile in the presence 
of an exogenous can be used in a cross-electrophile coupling.21 
In contrast, following a radical disconnection leads the practi-
tioner to building blocks such as carboxylic acids and alkyl 
esters pioneered by Baran and MacMillan as well as alkyl hal-
ides popularized by Weix, Gong, and Molander.18-20 While the 
emergence of radical-based cross couplings has expanded the 
range of chemical space accessible in the synthesis of fine 
chemicals, there yet lie limitations. Whether following a polar 
or radical disconnection, the use of thermally driven cross-
couplings relies on the energy needed for the reaction being a 
core component of the starting materials. However, the high 
reactivity of starting materials can be detrimental to the over-
all functional group compatibility of the process and strongly 
influence synthetic design necessitating unattractive protect-
ing group strategies.22-23  
 A similar limitation can be found in widely employed 
C-heteroatom cross-coupling reactions (Figure 1B). Ullman, 
Buchwald-Hartwig, and Chan-Evans-Lam remain powerful 
synthetic tools, yet the harsh conditions needed for challeng-
ing elementary steps compromise overall functional group 
compatibility in the pursuit of densely functionalized architec-
tures.24-25 The merger of transition metal catalysis with pho-
tochemical and electrochemical modulation has become a 
popular strategy to overcome such limitations (Figure 1C).26-

29 By either oxidizing or reducing a metal catalyst, a photo- or 
electrocatalyst can coax reactivity towards otherwise reluc-
tant functionality with tight control of chemoselectivity. In 
addition, the redox perturbation of a metal catalyst’s oxidation 
state can permit entry to elusive catalytic cycles and lower the 
energy barriers to challenging elementary steps. Combining 
the reactivity properties of redox control with broad access to 
radical intermediates has expanded the toolkit of the modern 
chemist to access valuable chemical space from simple, safe, 
and often readily available starting materials. Specifically, 
photochemistry and electrochemistry both have had profound 
impacts on C(sp2)–C(sp3), C(sp3)–C(sp3), and C–Heteroatom 
cross-coupling. In addition to these tactics, the use of metallic 
reductants such as Zn and Mn to drive reductive cross-
coupling has emerged as an alternative answer to such chal-
lenges.30 While such reactions have similar mechanistic fea-
tures and practical advantages, they are outside the scope of 
our labs’ work and will not be discussed. 

Getting Involved in Photoredox Catalysis 

The perturbation of chemical and transition metal 
reactivity with light has long been appreciated by the commu-

Figure 1. A) Conventional cross-coupling approaches using 
two-electron and single-electron disconnections. B) Con-
ventional C-Heteroatom cross-coupling approaches. C) 
Impact of photochemistry and electrochemistry on modern 
catalysis and products accessible through such tactics 
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nity.31-33 Seminal work by Marcus,34 Okada,35-36 Barton,37 Fag-
noni,38-39 Mattay,40 Tanaka,41 Fukuzumi,42 Schuster,43-45 and 
others46 served to build the foundation upon which the resur-
gence of photochemical methodologies of the past decade is 
built. Inspired by the recent work by MacMillan, Doyle, and 
Molander, we became interested in the exploration of Ni-
catalyzed decarboxylative cross-coupling with aryl halides 
enabled by visible-light with an eye towards applications in 
drug discovery.4, 6 Following those disclosures, we conducted 
preliminary mechanistic investigations of the dual-catalyzed 
reactions. Those efforts led to uncovering the unexpected 
tolerance of the cross-coupling regime to molecular oxygen.47 
We also studied how different solvents and light wavelengths 
affect coupling efficiency. We then developed other Ni-based 
metallaphotoredox cross-coupling methodologies for forging 
C–C, C–S, C–N, and C–O bonds. We have also contributed to the 
overall mechanistic understanding of metallaphotoredox 
cross-couplings. Our mechanistic findings highlight (i) that the 
photoredox catalyst allows access to Ni(I)-species, which 
promotes certain cross-couplings, (ii) reductive-elimination of 
a Ni(II) aryl alky complex is the rate-limiting step in C(sp2)–
C(sp3) cross-coupling, (iii) Ni(0)-species is not always in-
volved in the cross-coupling reactions, (iv) the energy-
transfer process plays an essential role in C-heteroatom cross-
coupling reactions. With the knowledge that energy transfer 
processes are involved in metallaphotoredox C–heteroatom 
cross-coupling reactions, we collaborated with Professor 
Zachary Hudson and designed organic materials for energy 
transfer photocatalysis. Although it is outside the scope of this 
account, we have also developed energy transfer-mediated, 
inter-, and intramolecular, dearomatizing, and non-
dearomatizing [2+2] cycloaddition reactions.48-51   

Getting Involved in Electrochemistry 

Electrocatalysis has only recently become a practical 
tool for organic synthesis through a vibrant renaissance build-
ing off the pioneering work of Perichon,52-53 Shono,54 Little,55 
Yoshida,56 Moeller,57-58, and others.59-60 Electrochemical oxida-
tion or reduction allows precise tuning of reaction conditions 
to match substrate needs and limit side reactions from classi-
cal reagents that operate in fixed potential windows. The elec-
trocatalytic strategy represents an eco-friendly and economi-
cally sustainable method because it provides a more selective 
source of electron transfer as opposed to chemical reagents, 
generates less waste, and works under mild conditions. Elec-
trochemistry and electrocatalysis have advanced significantly 
over the last ten years, with improvements in instrumentation 
facilitating implementation in both academic and industrial 
settings. An academic-industrial collaboration between our 
labs at Bristol Myers Squibb and Baran’s lab was established 
to advance Ni electrocatalysis in the context of drug discovery. 
The collaboration with Baran’s lab quickly led to the identifi-
cation of general platforms for electrochemical Ni-catalyzed 
C(sp2)–C(sp3), C(sp3)–C(sp3), and C–O cross-couplings. 

C(sp2)–C(sp3) Decarboxylative Arylation 

To further advance metallaphotoredox C(sp2)–
C(sp3) cross-coupling, broaden its industrial applicability, and 
gain a better understanding of its mechanism, we reinvesti-
gated the decarboxylative cross-coupling reaction of α-amino 
acids with aryl halides (Figure 2A-C).61 This reaction is desir-
able in medicinal chemistry because it uses abundant and 
cheap α-amino acids feedstock as diverse alkyl inputs. The 
optimization of the reported metallaphotoredox conditions 

resulted in the identification of a new set of conditions com-
prising of cheap and simple Ni catalyst system (H2O)6Ni(BF4)2 
and bipyridine (bpy). Running the reaction in DMA and irradi-
ating with violet-LEDs (λ = 400 nm) gave a higher yield of 
products compared to the combination of DMF and blue-LEDs 
(λ = 450 nm) used in the original report.4 With the use of new 
conditions, we were able to extend the scope to encompass α-
amino acids bearing pharmacophoric elements, which were 
previously unexplored coupling partners. α-amino acids bear-
ing broad functional groups, including heterocycles, success-
fully underwent decarboxylative arylation with a diverse set 
of aryl bromides. Some intriguing observations that triggered 
new mechanistic investigations were made during the scope 
studies, namely: (i) proto-debromination and olefin side-
products were observed in some reactions, and (ii) electron-
rich aryl bromides generally failed. Although beneficial effects 
have been observed in certain reactions,62 the inclusion of 
phthalimide as an additive in the reaction had little influence 
on the coupling with electron-rich arenes.63 Those observa-
tions prompted other questions about the accepted 
Ni(0)/Ni(II)/Ni(III)/Ni(I)/Ni(0) catalytic pathway, leading us 
to suspect that Ni could operate by an alternative pathway in 
this reaction. Results from experimental control reactions 
with Ni(II)-complexes, cyclic voltammetry (CV) and computa-
tional studies led us to propose an alternative mechanistic 
pathway for the decarboxylative arylation (Figure 2A). The 
dual-catalytic process begins with the SET oxidation of the 
carboxylate by the excited photocatalyst *IrIII (E1/2red[*IrIII/IrII] 
= +1.21 V vs. SCE (Saturated Calomel Electrode) in CH3CN) to 
generate an α-amino radical after CO2 extrusion. Concurrent 
with the photoredox cycle, the oxidative addition of a Ni(0) 
species into the aryl halide would produce a Ni(II)ArBr inter-
mediate. Distinct from previous proposals, the SET reduction 
of the Ni(II)ArBr complex (E1/2red −1.25 to (−1.37) V vs. SCE in 
CH3CN depending on Ar substitution) by IrII species 
(E1/2red[IrIII/IrII] = −1.37 V vs. SCE in CH3CN) is thermodynami-
cally feasible, forging a Ni(I)Ar species. The Ni(I)Ar species 
would rapidly intercept the α-amino radical, forming a 
Ni(II)Ar(R) adduct, which upon undergoing reductive elimina-
tion delivers the cross-coupled product with the concomitant 
release of Ni(0) species. Comprehensive Density Functional 
Theory (DFT) studies provide qualitative support for the via-
bility of the Ni(I)Ar intermediate and suggest that the reduc-
tive elimination from Ni(II)Ar(R) intermediate is turnover 
limiting. In addition to undergoing reductive elimination, 
Ni(II)Ar(R) can also engage in a competitive β-hydride elimi-
nation resulting in proto-debromination and olefin side-
products. While the previously discussed photochemical 
methodology and related work by MacMillan, Doyle, and oth-
ers have proven effective at promoting C(sp2)–C(sp3) from 
readily available carboxylic acids, key limitations hinder its 
broader utility in diverse drug discovery programs.4, 60, 61 
First, the range of aryl coupling partners that perform well in 
decarboxylative cross-couplings is limited to electron-
deficient arenes and heterocycles with few reports of elec-
tron-rich (hetero)arenes. Second, alkyl partners are generally 
limited to α-heteroatom carboxylic acids that generate stabi-
lized radicals. Recently, MacMillan reported that the addition 
of phthalimide expands the substrate scope to include unacti-
vated carboxylic acids.63 Notwithstanding, the intolerance of 
other functionalities such as electron-rich arenes and oxidiza-
ble tertiary amines presents a current substrate limitation of 
the photochemically driven process.64 

In contrast, a reductive coupling approach driven by 
electricity should offer a solution to such challenges. During a 
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terpene total synthesis campaign, Baran and coworkers dis-
covered that the addition of silver nitrate to an electrochemi-
cally driven decarboxylative alkenylation reaction allowed for 
a chemoselective electron transfer to the Ni catalyst in the 
presence of other reductively labile functional groups.65 This 
additive led to expanded functional group tolerance and al-
lowed for a streamlined series of natural product syntheses 
with minimal protecting groups. They postulated that silver 
nitrate in situ forms a silver nanoparticle (AgNP) layer on the 
cathode surface which protected against substrate and cata-
lyst cathodic degradation. Taken together, our labs envisioned 
that such reactivity benefits from electrochemistry in the pur-
suit of linear terpenes could have a similarly significant im-
pact on pharmaceutical synthesis (Figure 2D-F). Mechanisti-
cally, the electrochemically driven arylation with RAEs is dis-
tinct from that of photochemical arylation with acids. First, 
the silver nitrate is reduced to AgNP’s that deposit on the 
cathode surface before the catalytic cycle begins. Then, Ni(II) 
is reduced to a low valent Ni(I) complex that undergoes oxida-
tive addition to an aryl-halide to afford a Ni(III)-aryl(X)2 in-
termediate. Next, the Ni(III) species is reduced to a Ni(II)-
aryl(X) complex either by disproportionation with Ni(I) or 
through cathodic reduction. The Ni(II)-aryl(X) then captures 
an alkyl radical to form a Ni(III)-aryl(alkyl)(X) complex that 
undergoes reductive elimination to afford the desired aryl-

alkyl product and a Ni(I)X species. The resulting Ni(I)X species 
can reduce the RAE through a SET to afford an alkyl radical 
while concomitantly producing a Ni(II) species that re-enters 
the catalytic cycle.  
 The result of the collaborative effort led to the de-
velopment of a simple set of electrolytic conditions to furnish 
a range of C(sp2)–C(sp3) coupled products from readily avail-
able RAE and (hetero)aryl halides.66 The reaction tolerates 
molecular oxygen (air) and both electron-rich and electron-
deficient (hetero)aryl halides as suitable coupling partners, 
including those that bear sensitive and oxidizable functionali-
ties such as Lewis basic heteroatoms. Despite the perceived 
challenges of setting up electrochemical reactions,67 the ro-
bust nature of the coupling permitted a simple dump-and-stir 
procedure. Additionally, relying on electric current to propa-
gate the Ni-cycle allowed the reaction to be complete within 2 
hours in contrast to the typical >24-hour reaction times found 
in most photochemical variants. While mostly efficacious us-
ing aryl iodides and bromides, some electron-deficient aryl 
chlorides were found suitable as well. Furthermore, by lever-
aging a recirculating flow reactor, some reactions were per-
formed on decagram scale. The process is also amenable to 
parallel library synthesis using the IKA E-Hive setup, a com-
mercial medium throughput electrochemical reactor. Despite 
the expanded scope of decarboxylative arylation, limitations 

 

Figure 2. (A-F) Mechanistic and tactical overview of Ni-catalyzed C(sp2)-C(sp3) cross-couplings driven by photochemical and elec-
trochemical strategies. 
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include the poor reactivity of electron-rich aryl bromides and 
RAEs derived from tertiary carboxylic acids.  

Tertiary C(sp2)–C(sp3) Decarboxylative Arylation 

 The construction of fully substituted carbon centers 
remains a challenge for modern C(sp2)-C(sp3) radical cross-
coupling. Often, the answer to this challenge is not a straight-
forward application of existing methods that excel at coupling 
primary and secondary alkyl partners. Inspired by this, we 
sought to develop a metallaphotoredox method for decar-
boxylative C(sp2)-C(sp3) cross-coupling of tertiary carboxylic 
acids with aryl halides (Figure 3A-C).68 Initial attempts with 
traditional bipyridyl-based Ni-catalysts led to trace product 
formation and a significant amount of ester byproduct. By 
employing high throughput experimentation (HTE), we identi-
fied Ni(TMHD)2 as a suitable catalyst that promotes the de-
sired tertiary cross-coupling selectively with complete sup-
pression of the esterification reaction. As depicted in Figure 
3A, we proposed that our cross-coupling follows a mechanism 
similar to what has been described for other related tertiary 
alkyl systems.69-70 DFT studies support that an outer sphere 
reductive elimination process between Ni(TMHD)ArX and the 
tertiary alkyl radical delivers the cross-coupled product.  

 
A wide range of tertiary radicals could be coupled to 

various aryl bromides in the preparative reaction (Figure 3B 
& 3D). While most examples were tertiary α-amino carboxylic 
acids, some examples of forging all-carbon quaternary centers 
were demonstrated, albeit in a substrate-dependent manner. 
This report represents one of the rare cases where tertiary all-
carbon carboxylic acids could be productively coupled under 
photoredox conditions, thus filling a critical gap in the litera-
ture.  

Several limitations hindered the broader application 
of our metallaphotoredox system. Heterocyclic aryl bromides 
were not tolerated, and the use of non-stabilized radicals was 
highly substrate dependent. Recalling the electrochemical 
AgNP approach, we wondered if the heightened functional 
group tolerance of that system could be leveraged to provide a 
complimentary electrochemical solution to tertiary decarbox-
ylative cross-coupling with the analogous RAEs (Figure 3D-F). 
In collaboration with the Baran lab, we found that the exten-
sion of our previous C(sp2)-C(sp3) methodology (vide supra) 
was a useful starting point to address tertiary couplings.71 
While modest yields of tertiary products were obtained, a 
significant amount of isomeric branched products were ob-
served, presumably the result of a stepwise β-hydride elimi

 

Figure 3. (A-F) Mechanistic and tactical overview of Ni-catalyzed tertiary C(sp2)-C(sp3) cross-couplings driven by photochemical 
and electrochemical strategies. 
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nation, re-insertion, and reductive elimination. The 
inclusion of BINAP suppressed this side reaction and boosted 
the yield. While the mechanism is expected to be homologous 
to the one outlined in Figure 2, mechanistic experiments are 
currently underway to explore the role of phosphine. With 
these altered conditions, RAEs derived from many diverse 
stabilized and unstabilized radical precursors were efficiently 
coupled with a range of (hetero)aryl bromides. Notably, the 
method broadly allows access to all carbon quaternary cen-
ters. Comparative studies between this method and the previ-
ously discussed photochemical approach reveal a complemen-
tary scope. In head-to-head comparisons, the photochemical 
method gives higher yields with α-amino carboxylic acids and 
benzenes. However, the electrochemical approach enabled a 

more diverse heteroarene scope with α-amino carboxylic ac-
ids albeit in lower yields. Electron-rich benzenes are not com-
petent in the electrochemical approach but are accessible in 
low yet synthetically tractable yields leveraging photochemis-
try and the corresponding aryl iodide. Unfortunately, such 
iodides were not competent in the electrochemical variant. 
When it comes to unactivated acids, the electrochemical 
method is more general and higher yielding than the photo-
chemical approach, but these nucleophilic radicals are unique-
ly susceptible to off-target Minisci reactivity with higher-order 
heterocycles. While no single method fills the gap in the litera-
ture, the two together grant the practitioner access to other-
wise elusive chemical space.

 

Figure 4.  (A-G) Mechanistic and tactical overview of Ni-catalyzed C(sp3)–C(sp3) cross-couplings driven by photochemical and 
electrochemical strategies. G) Selected examples of natural products made by dDCC
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C(sp3)–C(sp3) Radical Cross-Coupling  

The cross-coupling of two alkyl partners to forge a 
new C(sp3)–C(sp3) bond is a major challenge. Due to the in-
creasing sp3 character in novel therapeutics, methodologies 
that promote C(sp3)–C(sp3) cross-couplings of native func-
tionalities would have a profound impact on drug discovery.72-

73 To this end, several groups have undertaken the challenge 
of developing efficient alkyl-alkyl cross-coupling protocols.74 
Recently, MacMillan reported a metallaphotoredox C(sp3)–
C(sp3) cross-coupling methodology that provides access to 
complex, sp3-rich, and polycyclic frameworks. With that pho-
to-mediated methodology, they uncovered an elusive C(sp3)–
C(sp3) cross-coupling and employed alcohols (NHC-activated) 
and alkyl halides as the coupling partners (Figure 4A-C).75 
Mechanistically, the coupling begins with the photoexcited 
*Ir(III) oxidative fragmentation of the NHC-activated alcohol 
to produce a carbon-centered radical that is rapidly captured 
by Ni(0) affording Ni(I)-alkyl and Ir(II)-complexes. Subse-
quently, Ni(I) undergoes halogen-atom-abstraction 
(XAT)/oxidative addition with an alkyl halide to forge a Ni(III) 
intermediate, which upon reductive elimination produces the 
desired C(sp3)–C(sp3) bond with concomitant formation of 
Ni(I)X species that reenters the catalytic cycle. One advantage 
of the proposed mechanism is the activation of each alkyl 
partner by distinct mechanisms, which avoids excessive ho-
mocoupling (vide infra). The coupling protocol tolerates a 
range of functionalities including sulfides, anilines, and nitro-
gen-rich heterocycles. However, cross-couplings involving 
sterically demanding, large rings and oxidizable functionality 
were less efficient but still provided synthetic yields that are 
useful for medicinal chemistry efforts. 

On the other end of the spectrum, electrochemistry 
has embraced the challenge of C(sp3) radical cross-coupling 
for decades.76-77 The Kolbe reaction reported more than 170 
years ago, represents one of the first examples of electro-
chemically driven decarboxylative C(sp3)–C(sp3) cross-
couplings.78 However, this reaction was neglected by the syn-
thetic community owing to the highly oxidizing conditions and 
poor functional group tolerance.79 This report served as an 
inspiration for the Baran group in collaboration with our labs 
to develop a modern electrochemical solution to the challenge 
of C(sp3)–C(sp3) cross-coupling.80 Rather than relying on the 
harsh oxidation of carboxylic acids, we chose to explore a 
comparatively easier reduction strategy by engaging the cor-
responding RAEs as coupling partners (Figure 4D-F).81-82 Now 
referred to as doubly decarboxylative cross-coupling (dDCC), 
the process is initiated by the cathodic reduction of a Ni(II) 
precatalyst to Ni(I). The generated Ni(I) can then activate the 
RAE through a reductive fragmentation process to produce an 
alkyl radical and a Ni(II) species. At this point, the Ni(II) spe-
cies can either be reduced to provide a Ni(I) that is required to 
produce more alkyl radicals or accept an alkyl radical to form 
a Ni(III) species. These species can be further reduced and 
then trap another alkyl radical to form a Ni(III)R1R2(X) inter-
mediate, which upon reductive elimination can forge the de-
sired cross-coupled product and a Ni(I) species. An observable 
limitation of this coupling design is the lack of kinetic bias in 
the reduction of two different RAEs leading to a statistical 
distribution of cross-coupled and homo-coupled products. To 
overcome this synthetic limitation and minimize the produc-
tion of the less desirablehomo-coupled products, a larger ex-
cess of one of the partners was required (1.5–3.0 equivalents). 
Another scope limitation in the initial report was the intoler-
ance of α-heteroatom RAEs. When RAE substrates were used, 

cathodic reduction of the starting materials was observed 
with minimal formation of the desired cross-coupled product. 
As a mitigation strategy, the key silver nitrate additive from 
our previously developed C(sp2)–C(sp3) decarboxylative ary-
lation (vide supra) was leveraged and the in situ AgNP layer 
that forms on the cathode protects the reductively-labile RAE 
from cathodic reduction.  

With this new electrochemical cross-coupling plat-
form, elusive C(sp3)–C(sp3) linkages were accessed with high 
relevance to pharmaceuticals and natural products.83 As an 
example, this method was amenable to forging vicinal amines 
and alcohols to form 1,2-substituted alkanes with complete 
diastereoselectivity through ligand choice, a strategically 
powerful tool in natural product synthesis. Impressively, the 
alternate retrosynthetic disconnection enabled by this trans-
formation expedited access to several diverse natural prod-
ucts with a dramatic reduction in overall step count (Figure 
4G). Despite the breadth of chemical space that is accessible 
with this doubly decarboxylative protocol, the efficient en-
gagement of RAEs derived from tertiary carboxylic acids, and 
the achievement of an intramolecular variant of this coupling 
remain elusive. Overcoming the above challenges represents 
an attractive horizon being explored in our labs. 

C–S Cross-Coupling 

In 2016, we reported the first Ni-based metallapho-
toredox C–S cross-coupling reaction involving thiyl radicals 
(Figure 5A-C). Although it was known that thiols can be readi-
ly oxidized to thiyl radicals by a suitable photocatalyst, metal-
catalyzed cross-coupling of thiyl radicals with aryl halides was 
elusive.84-85 We reasoned that engaging thiyl radicals in C–S 
cross-coupling with aryl halides could solve several problems 
including catalyst deactivation by thiolate anions, poor func-
tional group tolerance, the need for specialized ligands, and 
harsh reaction conditions. Therefore, we developed an opera-
tionally simple metallaphotoredox C–S methodology.86 The 
coupling reaction is air tolerant with a broad scope allowing 
for the formation of a wide variety of thioethers in high effi-
ciency and remarkable chemoselectivity. This work, uniquely 
enabled by photoredox catalysis, also represents the first ex-
ample of heteroatom radicals engaging with a transition metal 
cross-coupling catalyst. Distinct from previously reported 
metallaphotoredox cross-couplings, a Ni(0) intermediate is 
not involved in this C–S cross-coupling, and the reaction is 
mediated by Ni(I)-species. Since the reaction is reliant on the 
use of a coordinating pyridine base, we postulated that the 
base may be stabilizing the coordinatively unsaturated Ni(I)X 
and/or Ni(I)-sulfide species, especially allowing the former to 
engage thiyl radicals. We proposed that visible light excitation 
of the Ir(III) photocatalyst generates a long-lived, and highly 
oxidizing triplet state *Ir(III) complex (E1/2 = +1.21 V vs. SCE). 
Single-electron oxidation of the thiol (E1/2 = +0.83 V vs. SCE 
for benzyl thiol) by the photoexcited *Ir(III) complex produc-
es a thiol radical cation with the concomitant formation of an 
Ir(II) complex. In the presence of a weak base, the thiol radical 
cation generates thiyl radicals that are trapped by Ni(I)X spe-
cies to generate a Ni(II)SR(X) complex, which can be reduced 
to a Ni(I)SR complex by the Ir(II) photocatalyst with concomi-
tant regeneration of the Ir(III) photocatalyst. The Ni(I)SR 
complex can then undergo oxidative addition into an aryl io-
dide to form a Ni(III)SR(X)Ar complex, which upon reductive 
elimination delivers the desired thioether product and a 
Ni(I)X species. This proposed mechanism has since been vali-
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dated by several groups and invoked in other C–heteroatom 
cross-coupling reactions.87-90 

In 2019, Pan disclosed an electrochemical version of 
the Ni-catalyzed C–S cross-coupling reaction (Figure 5D-F).91 
Using an undivided cell and constant potential conditions, a 
wide variety of alkyl/aryl thiols were coupled with aryl io-
dides. Like the photochemical conditions, the electrochemical 
method requires the use of a coordinating pyridine base. This 
report shows similar scope to ours owing to the mechanistic 
similarities between homogenous photocatalysis and paired 
electrolysis. The mechanism proposed for the electrochemical 
C–S cross-coupling is depicted in Figure 5D. While these pio-
neering photochemical and electrochemical C–S cross-
coupling methods were limited to aryl iodides, other groups 
have extended these methodologies to encompass aryl bro-
mides and chlorides.90, 92 

C–N Cross-Coupling 

The past three decades have witnessed major devel-
opments in Pd-catalyzed C–N cross-coupling of amines with 
aryl halides to form anilines, a common structure found in 
bioactive drug molecules. Many Pd-catalyzed methods rely on 
the use of sterically bulky ligands and elevated temperatures 
to facilitate reductive elimination from a destabilized metal 
center.24 We envisioned that a general and complementary 
method for C–N bond formation could be developed through 

the destabilization of a metal amido complex via either an 
electron or energy transfer process, thus providing an alterna-
tive approach to the use of structurally complex ligand sys-
tems and harsh conditions.93-97 

Building off our previous efforts in C–S cross-
coupling, we explored the engagement of aminyl radicals in 
Ni-catalyzed cross-coupling (Figure 6A-C). Gratifyingly, the 
arylation of anilines was achieved when pyridine was re-
placed with triethylamine.98 We proposed a mechanism that 
involves a Ni(I/II/III) catalytic pathway whereby a photoex-
cited *Ir(III) catalyst (E1/2 = +1.21 V vs SCE) oxidizes the ani-
line to form the anilinium radical cation, which upon deproto-
nation forms anilinium radical. Emission quenching studies 
show that aniline is a more effective quencher of the photo-
catalyst excited state than triethylamine. The trapping of the 
N–centered radical by a Ni(I) halide complex forms a Ni(II)-
amido complex. Reduction of the Ni(II) amido complex by 
Ir(II) gives a Ni(I)-amido complex that can undergo oxidative 
addition to the aryl halide to form a Ni(III)amido(Ar)(X) com-
plex with the concomitant regeneration of the Ir(III) photo-
catalyst. Reductive elimination from the Ni(III) complex af-
fords the desired product and Ni(I) complex. Distinct from C–S 
cross-coupling, Ni(0) catalysts are also competent catalysts in 
this reaction suggesting that an alternative mechanism such 
as energy transfer may also be operative (vide infra).17, 99 In 
the preparative reactions, several electronically diverse ani-
lines and sulfonamides could be chemoselectively cross-

 
Figure 5. (A-F) Mechanistic and tactical overview of Ni-catalyzed C(sp2)–S cross-couplings driven by photochemical and electro-
chemical strategies. 
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coupled with a variety of aryl iodides and bromides and the 
reactions possess high functional group tolerance.98 Limita-
tions of this photochemical approach are the inferior perfor-
mance of secondary anilines and alkylamines in the cross-
coupling. MacMillan lab in collaboration with Buchwald lab 
concurrently reported metallaphotoredox arylation of alkyla-
mines.100  

Contemporaneously with our efforts, the Baran lab 
developed an electrochemical approach leveraging paired 
electrolysis outside the scope of our existing collaborative 
efforts (Figure 6D-F).101-102 Intriguingly, the mechanistic un-
derpinnings of the electrochemically driven C–N cross-
coupling are distinct from the photochemical approach and 
access an orthogonal set of chemical space. While the photo-
chemical approach previously described excels at coupling 
anilines and poorly tolerates alkyl amines, the electrochemical 
approach follows the opposite trend. A careful analysis of the 
two mechanisms reveals the origin of this observation. Critical 
to the success of this reaction is the oxidation of Ni(II) to 
Ni(III) to promote a challenging reductive elimination. Addi-
tionally, by relying on a base-mediated nitrogen atom activa-
tion over a radical oxidative approach, the reaction covers a 
range of nucleophilic alkyl amines with otherwise unstable 
radical species. However, poorly nucleophilic nitrogen cou-
pling partners fail. Concerning the aryl coupling partner, a 
wide range of (hetero)aryl (pseudo)halides are tolerated. The 
Baran lab demonstrated several powerful applications of this 

reaction in preparing N-arylated oligonucleotides, polypep-
tides, and DNA-encoded libraries,103 which is a testament to 
the mild conditions of electrochemical redox control. Addi-
tionally, the reaction can be scaled to deliver decagram quan-
tities of a product by employing a recirculating flow setup.  

 
C–O Cross-Coupling  

Our previous strategy of forming C-, S-, and N-
centered radicals with photoexcited catalysts and engaging 
them in Ni-catalyzed cross-couplings is not amenable to C–O 
cross-coupling. Unlike carboxylates, thiols, and anilines, the 
high oxidation potentials of alcohols preclude them from the 
oxidation process with available photocatalysts.104 As detailed 
by Hillhouse and others, singlet state Ni(II) heteroatomic 
complexes tend not to undergo reductive elimination.96, 105 
However, SET oxidation of a Ni(II) Ar-heteroatomic complex 
or an EnT-induced excitation to its triplet state would pro-
mote reductive elimination (Figure 7A).99, 106 Triplet-triplet 
EnT is a powerful activation pathway in photocatalysis that 
unlocks new organic transformations and improves the effi-
ciency of metal-catalyzed cross-couplings. Many current re-
ports, however, still rely on precious metal-based complexes 
as EnT photosensitizers, with associated prohibitive costs and 
environmental impacts (Figure 7A).106-107 We recognized that 
photosensitizers exhibiting thermally activated delayed fluo-
rescence (TADF) could be an attractive fully organic alterna-

 
Figure 6. (A-F) Mechanistic and tactical overview of Ni-catalyzed C(sp2)–N cross-couplings driven by photochemical and electro-
chemical strategies. 
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tive in EnT photocatalysis and collaborated with Professor 
Zachary Hudson to explore TADF materials in Ni-catalyzed C–
heteroatom cross-couplings. That collaboration led to the 
design of SACR-IPTZ, an imidazophenothiazine (IPTZ)-based, 
fully organic material, with a  high triplet energy and excep-
tionally long-lived excited triplet state (τ = 367 μs).108  SACR-
IPTZ was designed to use structural constraint and the heavy 
atom effect (sulfur atom) to improve excited-state lifetimes 
and spin-orbit coupling for utility in EnT photocatalysis. 
SACR-IPTZ efficiently promoted Ni-catalyzed C–O (etherifica-
tion and esterification), C–N cross-couplings (Figure 7C), and 
other chemical reactions. DFT calculations indicated that the 
triplet energies of the Ni(II)-heteroatomic com

plexes involved in the reductive elimination step are much 
lower (ET = 19.6 - 24 kcal/mol) than the triplet energy of 
SACR-IPTZ (ET = 63.9 kcal/mol), which is a requirement for 
an EnT process (Figure 7C). The dual catalytic cycles are illus-
trated in Figure 7A.   

In addition to our work in photochemically driven C–
O cross-coupling, a collaboration with the Baran group yielded 
a complimentary electrochemical approach (Figure 7E-G).109 
The explicit mechanism of this electrochemical variant is still 
uncertain but is expected to follow a similar paired electroly-
sis mechanism as the electrochemical C–N coupling (vide su-
pra). Control experiments suggest the need for paired elec-
trolysis to carry out the reaction suggesting both oxidative 

 

Figure 7. (A-G) Mechanistic and tactical overview of Ni-catalyzed C(sp2)–O cross-couplings driven by photochemical and electro-
chemical strategies. (D) An imidazophenothiazine-based TADF material, SACR-IPTZ with ultra long-lived excited states for energy 
transfer mediated Ni-catalyzed C(sp2)–heteroatom cross-couplings. 
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and reductive events are critical to the overall bond-forming 
process. The preparative electrochemical C–O cross-coupling 
employs a cheap Ni(II) precatalyst and di-tert-butyl bipyridyl 
(dtbbpy) ligand framework and proceeds in a user-friendly 
undivided cell setup. The addition of molecular sieves to the 
reaction significantly improved the performance as trace wa-
ter was found to be deleterious. The reaction tolerates a wide 
range of aryl bromide and alcohol coupling partners used in 
excess. Owing to the mild oxidative environment of the anode, 
tertiary alkyl amines are tolerated. Such functionality was 
shown to be a critical hindrance to the performance of photo-
chemically driven couplings in head-to-head comparisons. 
Additionally, select substrates were scaled to decagram quan-
tities and many applications to pharmaceutically relevant 
motifs were exemplified. While a powerful electrochemical 
approach to C–O coupling, limitations include the inability to 
couple tertiary alcohols and electron-rich azoles. Alternate 
bond disconnections could afford these challenging chemo-
types leveraging electrogenerated cations also developed by 
the Baran group.110-111 However, such highly oxidizing meth-
ods and the weak nucleophilicity of phenoxides may hamper 
such efforts. 

Tactical Overview of Photochemically and Electrochemi-
cally Driven Cross-Couplings 

Throughout this account, the unique strengths of 
photochemical and electrochemical approaches toward modu-
lating Ni-catalysishave been demonstrated. While the litera-
ture is replete with several reports of unique transformations 
leveraging both tactics, it is still unclear how to choose an 
appropriate mode of activation. This is especially the case in 
drug discovery as medicinal chemistry is often performed 
across the entire span of electron-rich benzenes and electron-
deficient heterocycles with a wide range of different alkyl and 
heteroatomic fragments. Over the past decade, several strate-
gies towards C(sp2)–C(sp3),4, 6, 61-63, 66, 68, 70-71, 112-129 C(sp3)–
C(sp3),74-75, 80, 83, 130-135 and C-heteroatom86, 89, 91-92, 98, 100-101, 107, 

136-142 cross-couplings have been enabled by photo- and elec-
trochemistry.4, 63 Throughout our experience in developing Ni-
catalyzed photo- and electrochemically-driven C–C and C–
heteroatom cross couplings, we, as well as others, have no-
ticed several reactivity trends.143 To aid the community in 
discerning the appropriate tactic, we have assembled a user 
guide to help navigate photo- and electrochemically-driven 
cross-coupling reactions as well as to highlight useful technol-
ogies developed by others in the field (Figure 8).  
 In consideration that assigning rank can be highly 
subjective, we have opted for a qualitative approach to cate-
gorizing the proposed substrate union’s likelihood of success. 
In green, there is plenty of precedent of that substructure be-
ing achievable in good yield (>50% yield) barring the compe-
tition of other functional groups. In yellow, there are fewer 
reports of that substructure present or the general yield in 
accessing that substructure is moderate (20% to 50% yield). 
In red, the target substructure is a current limitation or 
stretch of the method (<20% yield). Finally, grey represents 
cases where there is no report of such a cross-coupling being 
achieved either photo- or electrochemically. If anything, the 
red and grey indications are meant to highlight exciting areas 
for future research efforts. Notably absent, and outside the 
scope of these accounts, is the plethora of contemporary 
methodologies that forge similar bonds using organic or me-
tallic reductants and oxidants. Rather than describe every 
possible pairing, key observations from this guide and their 

implications on the frontiers of first-row transition metal ca-
talysis will be highlighted.  

Mechanistically, photochemistry has an advantage 
over electrochemistry in the oxidative activation of native 
functionalities to form radicals. The Ni reduction and oxida-
tive activation do not need to overcome significant diffusion to 
engage in productive photocatalysis. On the other hand, elec-
trochemistry excels at sequential reductive activation pro-
cesses. The localized cathodic generation of the key low valent 
Ni species for substrate activation is easy to attain with the 
physical separation of redox events in electrochemistry. As 
the couplings become more ambitious, the critical limitations 
of Ni-catalysis, regardless of activation methods, are unveiled. 
For instance, Ni struggles with cross-couplings of sterically 
demanding alkyl radicals independent of the redox strategy. 
However, the differences between the two modes of activation 
reveal staggering differences when starting material access 
and preparation are considered. When considering the availa-
ble starting materials for a proposed synthetic sequence, elec-
trochemistry with RAEs appears superior in forging (het-
ero)aryl C(sp2)-C(sp3) linkages with Med-Chem relevant elec-
tron-rich heteroarenes. The interference of oxidizable het-
eroatoms and the requirement of stabilized radicals severely 
limit an oxidative activation approach from the corresponding 
alkyl carboxylic acid, despite being a slightly more accessible 
starting material since no pre-functionalization is required 
compared to RAEs. However, these limitations of photochem-
istry are ameliorated by switching starting materials. Alkyl 
halides and alcohols appear to offer expanded scope com-
pared to their acid counterparts at the cost of substrate syn-
thesis/availability. For instance, the scope of the NHC-
activated alcohol C(sp2)-C(sp3) cross-coupling is comparable 
to state-of-the-art RAE chemistry despite requiring a boutique 
activating handle. 121 
 Secondary to starting materials accessibility is con-
sideration of the synthetic goal. Within drug discovery, there 
are two key objectives i) make enough of a substance quickly 
to interrogate an initial biological hypothesis (mg-scale re-
gime) and, if that compound is exciting, ii) scale up to enable 
PK across species, PD/efficacy studies, and clinical trials 
(>decagram needed). Photo- and electrochemistry now offer 
complementary use cases in modern drug discovery in achiev-
ing these key objectives. Photochemistry is easier to scale 
down to mg-amounts of material. Owing to the latest im-
provements in instrumentation, photochemical reactions can 
be run in 24 - 384 microwell HTE plates on nano- to milligram 
scale for library studies and rapid SAR (Structure Activity 
Relationship) exploration.144 On the other hand, scaling down 
electrochemical reactions is challenging owing to the hetero-
geneous variables (electrode surface/submersion) that need 
to be considered. Recently, the emergence of high throughput 
electrochemical reactors is likely to address this practical 
gap.145 On the other end of the scale regime, electrochemistry 
is more scalable than photochemistry. Many of the largest 
chemical processes are electrochemically driven due to the 
fine control of reaction parameters, low cost of energy input, 
and reproducibility.146 Photochemistry still suffers from light 
permeation on a large scale and the prohibitive cost of pre-
cious metal-based photocatalysts. That being said, flow tech-
nologies for photochemistry along with the discovery of new 
organic-based photocatalysts have emerged as promising 
solutions to these challenges.147  

Considering the various attributes between the two 
modes of activation, we encourage researchers in the field to 
place themselves in the position of the end user of their techn
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Figure 8. User guide for tactic choice in photochemically and electrochemically driven cross-coupling reactions. 
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ologies. If a reaction permits access to unprecedented chemi-
cal space yet is limited to 15% yield, then such a reaction is 
useful in the initial testing of a biological hypothesis (early 
medicinal chemistry) but punts the problem if that compound 
does become a drug candidate and reliable multi-kilogram 
amounts are routinely needed (early process chemistry). Con-
trarily, if a method is routinely high yielding but limited to a 
certain substrate class, the explorable chemical space for SAR 
is limited. While limitations initially exist with new methodol-
ogies and technologies, academic-industrial partnerships are 
critical to addressing them, thereby fostering innovation, and 
promoting cross-disciplinary research endeavors. 

Conclusion and Outlook 

 The merger of photochemical and electrochemical 
technologies with transition metal catalysis has led to a wa-
tershed of new tools for the synthetic community that would 
have otherwise been impossible a decade ago. The powerful 
nature of these redox tools to coax elusive reactivity out of 
first-row transition metals has been highlighted throughout 
our efforts in C–C and C-heteroatom cross-couplings. By com-
paring the mechanistic and substrates scope features of the 
two strategies, chemical practitioners can form a strong basis 
upon which mode of activation is best fit for a proposed syn-
thetic target with the assistance of a tactical guide. The practi-
cal utility of redox control enacted by photochemistry and 
electrochemistry is compelling and will certainly grow as a 
tool for developing more powerful transformations so long as 
efforts in understanding the mechanistic underpinnings of the 
current limitations are undertaken. We hope that this account 
inspires the next generation of researchers to confront fun-
damental challenges in first-row transition metal catalysis 
through cross-disciplinary collaborative efforts. 
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ABBREVIATIONS 

AgNP – silver nanoparticle 

bpy – 2,2’-bipyridine 

DCC – Decarboxylative cross-coupling 

dDCC – Doubly decarboxylative cross-coupling 

DFT – Density Functional Theory 

DMA – N, N’-dimethylacetamide 

DMF – N, N’-dimethylformamide 
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EnT – energy transfer 

HTE – high throughput experimentation 

NHC – N-heterocyclic carbene 

PD – pharmacodynamics  

PK – pharmacokinetics  

RAE – Redox active ester 

SAR – Structure-activity relationship 

SCE – Saturated Calomel Electrode 

SET – Single electron transfer 

TADF – thermally activated delayed fluorescence 

TMHD - 2,2,6,6-tetramethyl-3,5-heptanedionate 

XAT – Halogen atom transfer. 
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