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Abstract

The union of photoredox and nickel catalysis has resulted in a renaissance in radical chemistry as 

well as in the use of nickel-catalyzed transformations, specifically for carbon-carbon bond 

formation. Collectively, these advances address the longstanding challenge of late-stage cross-

coupling of functionalized alkyl fragments. Empowered by the notion that photocatalytically-

generated alkyl radicals readily undergo capture by Ni complexes, wholly new feedstocks for 

cross-coupling have been realized. Herein, we highlight recent developments in several types of 

alkyl cross-couplings that are accessible exclusively through this approach.
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Nickel in the limelight:

Nickel/photoredox dual cross-coupling is a rapidly developing method that enables alkyl carbon-

carbon bond formation. This Minireview discusses the progress of this field by highlighting 

various types of bond formations that have recently been developed.
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1. Introduction

Reactions for the controlled, catalytic formation of carbon-carbon bonds are crucial for 

modern organic synthesis. In an idealized sense, they enable a rapid, convergent assembly of 

molecular complexity.[1] Toward this goal, numerous elegant and robust methods for C-C 

coupling, such as Pd-catalyzed cross couplings,[2] Ru-mediated olefin-metathesis,[3] and C–

H functionalization,[4] have been developed. Among such transformations, the formation of 

C–C bonds at sp3-hybridized centers is a particularly desirable construct because of its 

potential to provide rapid access to 3D-rich architectures and, akin to the Suzuki sp2-sp2 

coupling, impact the way that novel chemical space is accessed.[5] A significant limitation of 

many state-of-the-art cross-coupling methods is the inability to access sp3-hybridized carbon 

centers, particularly in complex molecular environments.[6] Although some success has been 

achieved,[7] the use of forcing conditions and/or the pre-formation of more reactive coupling 

partners are needed for productive reactivity, thereby limiting functional group compatibility 

when attempting to forge this type of bond.[8] The challenges encountered when attempting 

sp2–sp3 cross-coupling prompted the exploration of alternate mechanistic paradigms.

Photoredox catalysis converts visible light into chemical energy under benign conditions by 

using a photoexcitable catalyst, which is typically a transition metal complex (1–3, Figure 1) 

or a highly conjugated organic molecule such as 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-

dicyanobenzene (4CzIPN, 4).[9] Upon absorption of light and interconversion to a triplet 

excited state, these catalysts engage in sequential single electron transfer (SET) events to 

return to their ground state by either an oxidative or reductive quenching cycle (Figure 2). In 
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stark contrast to classical means of free radical generation, photoredox catalysis enables the 

mild, catalytic generation of reactive C(sp3)-hybridized radicals in a regulated manner. 

These high-energy intermediates can thus be tamed and utilized for targeted transformations.

In 2014, alkyl radicals were first shown to be viable partners in Ni-catalyzed cross-coupling, 

funneling into a cycle to assemble new C(sp3)–C(sp2) bonds (Figure 3).[10] The development 

of this paradigm was the culmination of several concepts. First, the intermediacy of carbon-

centered C(sp3)-hybridized radicals in Ni-catalyzed coupling processes such as reductive 

cross-electrophile couplings had been well-documented.[11] Second, the pioneering reports 

on palladium- and copper photoredox dual catalysis suggested transition-metals could 

readily be accommodated in photocatalytic cycles.[12] Finally, the rich chemistry of Ni-

catalyzed cross-couplings[13] implied that an array of ligands and electrophiles would be 

compatible with such a dual catalytic reaction.

This new coupling paradigm offered a solution to the challenge of conducting two-electron 

alkyl cross-couplings by subdividing the process into multiple, lower barrier single electron 

steps (Figure 2). These steps can be partitioned into two distinct, yet interconnected, 

catalytic cycles – a photoredox cycle and a cross-coupling cycle. In the cross-coupling cycle, 

capture of a photoredox-generated radical species by ligated Ni0 (D) to generate a NiI 

intermediate (E) and subsequent oxidative addition of an aryl halide onto this species 

provides a NiIII intermediate (F) (Figure 3).[14] This NiIII intermediate (F) could also be 

accessed through the reverse order of events (oxidative addition followed by radical 

capture), depending on the nature of the electrophile. In any event, reductive elimination of 

the carbon fragments provides the desired product along with a NiI halide species (G), 

which is reduced back to Ni0 (D) by the reduced photocatalyst in the photoredox cycle.

The inherently mild nature of this reaction has permitted unprecedented retrosynthetic 

disconnections to be established. Even more impressive than its mild conditions, this dual 

catalytic system is extraordinarily modular. An array of radical precursors originating from 

feedstock chemicals such as organoboron reagents, carboxylic acids, aldehydes, and 

organosilanes has been employed in these transformations (Figure 3, bottom). Since the 

initial disclosures in this area, the general pathway depicted in Figure 3 has been adapted for 

the arylation, vinylation, acylation, and alkylation of these alkyl radical precursors. Because 

of the relative “blindness” of the reaction pathway to the origin of the radical, even alkyl 

radicals arising from hydrogen atom transfer (HAT) processes can be employed in these 

cross-couplings.

Owing to the sheer volume of recent literature on transition metal/photoredox dual catalysis 

and the existence of several relevant reviews,[9,15] we have chosen to focus the scope of this 

Minireview on photoredox reactions that use C(sp3) radicals to forge carbon-carbon bonds 

through a Ni-catalyzed cross-coupling cycle. Photoredox reactions that accomplish carbon-

heteroatom coupling or that employ other metals are therefore excluded. Processes that form 

carbon-carbon bonds through non-metal catalyzed photoredox mechanisms such as the 

Giese addition,[16] proton-coupled electron transfer (PCET),[17] radical/polar crossover 

processes,[18] the Minisci reaction,[19] or cycloadditions,[20] although useful in their own 

right, are also not discussed.
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2. Alkyl-aryl cross-couplings

A longstanding challenge for transition-metal cross-coupling has been the construction of 

alkyl-aryl linkages under mild conditions and with broad functional group tolerance. The 

seminal work in the field of Ni/photoredox dual catalysis reported methods for the cross-

coupling of alkyl radical precursors with aryl halides.[10] Subsequently, multiple strategies 

for C(sp3) radical generation have been developed. Some approaches rely on redox-active 

groups, such as alkyltrifluoroborates, carboxylates, bis(catecholato)silicates, and 1,4-

dihydropyridines, to achieve programmed reactivity (Figure 3), and others utilize the innate 

reactivity of substrates (via hydrogen or halogen atom transfer) to generate alkyl radicals. 

Radicals originating from the oxidation of sulfinate salts,[21] xanthates,[22] and α-

silylamines[23] have also been employed in this cross-coupling strategy, although they are 

not discussed in this review.

2.1. Couplings with alkyltrifluoroborates

Alkyltrifluoroborates are a class of readily prepared, bench-stable reagents that have gained 

prominence over the past two decades.[24] The enhanced polarity of the carbon-boron bond 

in these salts allows the controlled, in situ hydrolytic generation of boronic acid derivatives 

that would be difficult or impossible to isolate. Despite the advantages of these reagents, the 

palladium-mediated cross-coupling of alkyltrifluoroborates is beset by the characteristic 

limitations of C(sp3) cross-coupling; namely, the forcing conditions required (elevated 

temperatures, stoichiometric base) and the susceptibility of these species to undergo β-
hydride elimination.

To bypass the challenges associated with alkyl cross-couplings using traditional methods, a 

seminal report described a visible light-enabled cross-coupling of benzyltrifluoroborates 

with a variety of aryl- and heteroaryl bromides (Table 1, Entry 1).[10a] Oxidative 

fragmentation of these trifluoroborates (Ered = +1.10 V vs SCE, on average) gives rise to a 

C-centered radical, which subsequently combines with the Ni catalyst through an 

energetically barrierless, single-electron metalation process. Density functional theory 

(DFT) calculations suggest that although either radical capture or oxidative addition could 

occur first to arrive ultimately at the same NiIII complex (F), the lower energy pathway 

proceeds via radical capture followed by oxidative addition (Figure 3). Furthermore, DFT 

calculations indicate that the stereodetermining step in the catalytic cycle is reductive 

elimination.[14] Because of the stereoablative nature of the radical generation, 

stereoconvergent cross-coupling reactivity is possible through dynamic kinetic resolution of 

the NiIII intermediates (F) with reversibility to H (Figure 3). Modest enantioselectivity (65% 

ee) has been achieved with secondary benzylic trifluoroborates and a chiral nickel 

bis(oxazoline) catalyst,[14] but a general solution to accomplish enantioselective cross-

coupling remains challenging.

A wide array of alkyltrifluoroborates can be cross-coupled with aryl- and heteroaryl 

bromides using the dual catalytic manifold, including secondary alkyltrifluoroborates, which 

have relatively high reduction potentials (Ered = +1.50 V vs SCE).[25] Based on this 

outcome, a unified approach toward the arylation of secondary alkyl β-trifluoroborato 
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carbonyl substrates was designed as a complementary approach to existing synthetic routes 

(Table 1, Entry 3).[26]

A major feature of this Ni/photoredox dual catalytic cross-coupling method is the 

orthogonality of the single electron oxidation of alkyltrifluoroborates to the palladium-

mediated activation of arylboron reagents.[27] This was leveraged in an iterative cross-

coupling approach, wherein rapid diversification of borylated arenes such as 17 was realized 

(Table 1, Entry 5).[28]

In an effort to target pharmaceutically relevant structural motifs, conditions for coupling α-

alkoxy-,[29] α-amino-,[30] α-hydroxyalkyl-,[31] and α-trifluoromethyltrifluoroborates[32] 

were developed (Table 1, Entries 4–8). In the latter case, the reaction represents the first 

general route toward unsymmetrical 1,1-diaryl-2,2,2-trifluoroethanes such as 26. The 

intrinsically low nucleophilicity of α-CF3 organoboron reagents and the propensity for β-
fluoride elimination rendered conventional Pd-catalyzed cross-coupling protocols 

unfeasible.[33] Other organoboron derivatives can be employed in these couplings, as 

illustrated by a protocol for the cross-coupling of benzylboronic pinacol esters in continuous 

flow by Ley and coworkers.[34]

More recently, a strategy was reported for the installation of challenging arylated quaternary 

carbon centers using tertiary alkyltrifluoroborates (Scheme 1).[35] High-throughput 

screening[36] was critical for identifying a unique ligand, 2,2,6,6-tetramethylheptanedione 

(TMHD), that enabled the cross-coupling of these sterically-hindered radical species. 

Although the aryl halide scope was limited to electron-withdrawing and electron-neutral 

arenes (likely because of poor oxidative addition rates), the types of 3o alkyl fragments that 

could be installed relevant precedents for the coupling of tertiary pinacol boronates with 

electron-rich arenes.[37]

2.2. Couplings with carboxylic acid radical precursors

Concurrent with the efforts to activate alkyltrifluoroborates using Ni/photoredox dual 

catalysis, carboxylic acids were demonstrated to undergo single-electron oxidative 

decarboxylation to generate C(sp3)-centered radicals under a parallel mechanistic manifold.
[10b] Carboxylic acids are highly attractive as radical precursors because of their synthetic 

accessibility and widespread commercial availability. Although transition-metal-catalyzed 

decarboxylative cross-couplings using aryl carboxylic acids are well-documented,[38] 

engaging aliphatic carboxylic acids in these two-electron pathways can be challenging. To 

overcome this limitation, a single electron approach was undertaken by using NiCl2(dme)/

dtbbpy in combination with the photocatalyst [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) 2 (Figure 1) 

to forge the desired C(sp2)-C(sp3) bond. This protocol is effective with secondary-, 

benzylic-, α-amino-, and α-oxy carboxylic acids with aryl iodides, -bromides, and -

chlorides (Scheme 2A). An enantioselective arylation of α-amino acids was subsequently 

reported.[39] By employing ligand 37 (Scheme 2B), the stereoconvergent synthesis of 

benzylamine 36 was accomplished.

Alcohols, activated in situ with oxalyl chloride, have also been used in alkyl-aryl cross-

coupling (Scheme 2C).[40] The oxalic acid redox handle functions analogously to carboxylic 
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acids. After deprotonation and single-electron oxidation, two successive decarboxylations 

occur to form an alkyl radical that is engaged in cross-coupling. More recently, innovative 

approaches to engage alkyl carboxylic acids in Ni/photoredox cross-coupling have been 

developed, including those that use a TiO2 photocatalyst (Scheme 2D)[41] or flow chemistry.
[42]

2.3. Couplings with alkyl bis(catecholato)silicates

Alkyltrifluoroborates and carboxylic acids that result in primary, non-stabilized radicals are 

challenging to oxidize, and consequently, their use in Ni/photoredox cross-coupling is 

sometimes challenging.[9a] New classes of radical precursors with lower oxidation potentials 

were therefore sought. Specifically, molecules were designed in which a redox-active group 

would provide an “antenna” for SET processes to occur, facilitating a homolytic scission of 

a C–C bond. One class of precursor that was readily identified were alkyl 

bis(catecholato)silicates. Although encumbered by suboptimal atom-economy, these 

reagents are bench-stable, crystalline solids or powders that possess low oxidation potentials 

(Ered = +0.75 V vs SCE), allowing the use of less oxidizing (and inexpensive) 

photocatalysts.[43]

In 2015 a Ni/photoredox-catalyzed C(sp2)-C(sp3) cross-coupling between 4-

bromobenzonitrile and a series of alkyl bis(catecholato)silicates possessing potassium 18-

crown-6 counterions was reported.[44] These silicate coupling partners incorporated a variety 

of functional groups, including esters, nitriles, oxiranes, and halides (Scheme 3A).[45] 

Concurrent with these studies, cross-coupling protocols with bis(catecholato)silicates 

bearing more practical and less expensive (albeit more acidic) alkylammonium counterions 

(analogous to the previously reported aryl variants,[46] Scheme 3B) was developed.[47] 

Couplings with these reagents display exquisite chemoselectivity when dihalogenated arenes 

were used as coupling partners (Scheme 3C).[48] This class of radical precursors has also 

been cross-coupled with borylated aryl bromides[49] as well as aryl triflates, tosylates, and 

mesylates.[50]

2.4. Couplings with dihydropyridine radical precursors

Another type of radical precursor that has been investigated are 4-alkyl-1,4-dihydropyridines 

(DHPs). DHPs are typically bench-stable solids that can be prepared in a single step from 

the corresponding aliphatic aldehyde, the widespread commercial availability of which make 

DHPs highly accessible radical feedstocks.[51] These heterocyclic species can be thought of 

as residing at a thermodynamic local minimum, primed to become fully aromatic pyridines 

through a facile photoredox-catalyzed oxidation (Eox = +1.05 V vs SCE, on average).[52,53] 

Indeed, many long-utilized methods for the synthesis of substituted pyridines pass through 

DHP intermediates and require stoichiometric oxidants to achieve aromaticity. It therefore 

comes as no surprise that photocatalytic SET oxidation occurs with ease.[52c] DHPs bearing 

4-alkyl substituents readily undergo oxidative fragmentation to extrude alkyl radicals,[53] 

and these radicals have been shown to participate in transformations such as aromatic 

substitution.[54]
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Two groups, [55,56] have reported the cross-coupling of aryl halides and alkyl DHPs. One 

employed a basic additive to deprotonate the DHP and form a more easily oxidized anionic 

species (Scheme 4A). The second was able to omit the basic additive by employing the more 

oxidizing 4CzIPN photocatalyst 4 (Figure 1). Both sets of conditions allow the cross-

coupling of various alkyl radicals with either aryl bromides or -iodides. Saccharide-derived 

DHPs can also be used in the Ni/photoredox cross-coupling cycle to afford reversed C-aryl 

glycosides such as 53 (Scheme 4B).[57] The latter substrate would be prone to β-elimination 

using traditional cross-coupling methods. A recent report indicated the possibility of direct 

photoexcitation of DHPs to trigger the formation of alkyl radicals in the absence of a 

photocatalyst (Scheme 4C).[58]

2.5. Hydrogen atom transfer in the dual catalytic manifold

A key feature of Ni/photoredox dual catalysis is the relative “blindness” of the Ni cross-

coupling cycle to the origin of the alkyl radical coupling partner. This allows compatibility 

with unique methods for alkyl radical generation, such as hydrogen atom transfer (HAT).
[17b,59] HAT processes exploit the innate reactivity of saturated heterocycles possessing 

homolytically labile C–H bonds adjacent to heteroatoms. Regioselective hydrogen atom 

abstraction provides a heteroatom-stabilized radical that enters into a Ni cross-coupling 

cycle. The major significance of this approach is that radical generation via HAT obviates 

the need for a pre-functionalized alkyl radical precursor, thus enabling highly atom 

economical cross-coupling processes.

In 2016, two groups reported that Ni/photoredox cross-couplings can be initiated by 

hydrogen atom abstraction of ethers (Table 2, Entries 1–2).[60,61] Experimental evidence 

suggests that the couplings proceed through stable and isolable NiII aryl halide oxidative 

addition complexes (I, Figure 4A). Photoexcitation of these complexes in the presence of 

ethers or amines, typically as the solvent, promotes C–H cleavage to form the coupled 

product. Dioxolane 59 is also amenable to HAT/cross-coupling, which provides a mild and 

redox-neutral method to access masked aldehydes (Table 2, Entry 3).[62]

An alternative approach to accomplish HAT-initiated dual catalytic cross-coupling is the use 

of an amine reagent to conduct targeted H-atom abstraction (Figure 4B). Thus, quinuclidine 

derivatives were used to accomplish C-H arylation of pyrrolidine derivatives (Table 2, Entry 

5).[63,64] This strategy has been extended to the C-H arylation of free alcohols. The latter 

transformation required the use of ZnCl2 as a Lewis acid activator to achieve efficient 

hydrogen atom transfer (Table 2, Entry 6).[65] Alternative HAT agents, such as 

photoexcitable polyoxometalates, have been recently described.[66]

2.6. Net reductive alkyl-aryl couplings

Although most Ni/photoredox dual catalytic reactions occur through a redox neutral 

pathway, several net reductive transformations have been reported. These transformations 

are conceptually similar to Ni-catalyzed reductive cross-electrophile couplings.[11] By using 

a photoredox catalyst as an electron shuttle, the stoichiometric manganese and zinc 

reductants that are typically used can be replaced by stoichiometric amines, Hantzsch esters, 

or silanes as terminal reductants. The process proceeds through a similar series of 
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mechanistic steps as the redox-neutral variants (Figure 5). The major distinction is that the 

photocatalyst cycle is turned over by a stoichiometric reductant and that the alkyl bromide is 

reduced by a Ni0 intermediate to generate the alkyl radical for metalation.

To effect the photocatalytic, net-reductive cross-electrophile coupling of alkyl bromides and 

aryl halides, silanes and amines have been used as terminal reductants (Table 3). In the first 

entry, oxidation of tris(trimethylsilyl)silane was employed as an electron source to enable 

the reductive generation of radicals from alkyl bromides. The reaction could proceed by 

either direct reduction of the alkyl halide or, more likely, halogen atom abstraction. Overall, 

both pathways result in a net reductive catalytic cycle. This method was used to couple 

heteroaryl bromides with various functionalized 1°, 2°, and even 3° alkyl bromides.[67] 

Other reductive systems employ amines as terminal reductants to achieve couplings similar 

to those of alkyl bromides, although with a considerably more narrow heteroaryl halide 

scope.[68] Notably, in Entry 4 the use of bathocuproine 76 as a Ni ligand promotes sequential 

β-hydride elimination and migratory insertion events to form a more stabilized benzylic NiII 

complex that generates diarylmethine 75 upon reductive elimination.[69] In addition to alkyl-

aryl cross-couplings, reductive Ni/photoredox conditions have been developed for the 

homocoupling of aryl halides[70] and alkyl halides,[68a] as well as the carboxylation of both 

aryl- and alkyl bromides.[71]

3. Alkyl-alkenyl cross-couplings

Although Pd-mediated cross-coupling with alkenyl halides is a well-established synthetic 

method, couplings of this type have only been sparsely studied using the Ni/photoredox dual 

catalytic paradigm. In 2015, an alkyl-vinyl cross coupling of this type was disclosed.[72] The 

procedure involved the generation of alkyl radicals from carboxylic acids using iridium 

photocatalyst 2. Many of the substrates employed in the alkenylation benefitted from α-

heteroatom stabilization (as in proline derivative 29), but alkenylation of secondary alkyl and 

benzylic carboxylic acids was also demonstrated (Table 4, Entry 1). Related strategies for 

the hydroalkylation of alkynes have also been developed,[73] whereby unactivated alkynes 

undergo Ni-mediated coupling with alkyl radical precursors (Table 4, Entries 2,3). When 

differentially substituted alkynes were employed in the transformation, the additions took 

place with good regio- and E:Z selectivity.

Alkyl bis(catecholato)silicate salts such as 83 have also been coupled to alkenyl halides 

using the dual catalytic method.[74] The characteristic lower oxidation potential of silicate 

radical precursors enabled the use of the less expensive Ru(bpy)3(PF6)2 3 (Figure 1) in these 

transformations. The reported protocol is effective with various alkenyl coupling partners, 

including less reactive alkenyl chlorides (Table 4, Entry 5).

4. Alkyl-acyl cross-couplings

Ketones are a versatile functional group, capable of accessing myriad chemical motifs. One 

convergent strategy for ketone synthesis is through direct acylation of alkyl fragments. 

Typically, such disconnections employ reactive, nucleophilic organometallic reagents (as in 

the Weinreb ketone synthesis), inherently limiting both the scope and functional group 
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compatibility of the transformation. Conversely, a catalytic method for the acylation of 

otherwise unreactive acyl and alkyl fragments would provide rapid access to complex 

molecules and mark a clear improvement over the traditional nucleophilic acyl substitution 

chemistry.

The ability of organonickel intermediates to engage acyl electrophiles in oxidative addition 

has been reported.[75] Building on this work, Ni/photoredox dual catalysis was employed to 

couple numerous acyl electrophiles with alkyl radical precursors. As a testament to the 

modularity of the catalytic system, multiple classes of both acyl electrophiles (acyl 

chlorides,[76] acyl imides,[77] anhydrides,[78] isocyanates,[79] and thioesters[78d]) and radical 

precursors have been engaged within the reaction manifold. Achieving selective acyl transfer 

when using mixed anhydrides can prove challenging because of the presence of two C(sp2)–

O bonds that must be differentiated by the Ni-catalyst. One strategy relies on the in situ 

formation of carbonic anhydrides (Table 5, Entries 4 and 5). In another approach, reactivity 

reminiscent of Tsuji-Trost chemistry is exploited to effect CO2 extrusion from a pre-formed 

mixed anhydride (Table 5, Entry 8). HAT strategies for acylation have also been reported, 

including the coupling of aldehydes with alkyl bromides[80] and the synthesis of alkyl 

thioesters.[81]

A Ni/photoredox-catalyzed cross-coupling of meso-anhydrides was reported to access 

phenylacetone derivatives such as 107 (Scheme 5).[78c] The key stereodetermining step is the 

oxidative addition of the chiral Ni species onto the meso-anhydride. Although the 

transformation was limited to aliphatic anhydrides and benzylic trifluoroborates as radical 

precursors, it is notable as one of the few enantioselective Ni/photoredox dual catalytic 

transformations.

5. Alkyl-alkyl cross-couplings

The ability to join two C(sp3)-hybridized alkyl fragments selectively is a highly desirable 

and longstanding challenge in C–C bond formation. Such couplings enable the rapid 

assembly of complex fragments that would otherwise require multiple oxidation/reduction 

manipulations to access. From the standpoint of Ni-catalyzed cross-coupling, alkyl-alkyl 

unions are particularly difficult because of the relative weakness of he Ni–C bond and 

propensity for radical rebound. Further, pairing these challenges with the problem of 

selective radical generation under photoredox conditions (to differentiate two alkyl radicals 

so as not to obtain a statistical mixture of products) suggested initially that C(sp3)–C(sp3) 

coupling under Ni/photoredox crosscoupling would be intractable.[82] To overcome these 

intrinsic barriers, the innate stabilization of radicals to differentiate two odd-electron species 

was exploited.[83] Coupling of a more persistent, stabilized a-heteroatom (N, O, S) radical 

with a nonstabilized alkyl bromide resulted in good selectivity for the crosscoupled product. 

Stabilized radicals derived from carboxylates (Scheme 6A) or HAT processes (Figure 6B) 

were used in the cross-coupling. For select cases, non-stabilized secondary alkyl 

carboxylates could be used, with the quinuclidine catalyst preferentially abstracting the 

C(sp3)–H bonds a to the nitrogen in preference to those a to the oxygen or at benzylic 

positions.
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An alternative approach to alkyl-alkyl coupling is to activate the strained C–N bond in 

aziridines, across which Ni can perform oxidative addition (Scheme 6C).[84] The reaction 

was postulated to proceed through a bidentate oxidative addition complex, which could 

impart the desired selectivity for cross-coupling. These reports, along with other recent work 

in alkyl-alkyl transition-metal-catalyzed cross-coupling,[5] promises to have a profound 

impact in organic synthesis. However, further development in this area is required to form a 

broad range of alkyl-alkyl bonds selectively.

6. Conclusions and outlook

In the span of approximately four years, Ni/photoredox dual catalysis has become a 

workhorse for the construction of an array of carbon-carbon bonds. Many of the bond 

disconnections achievable by this method could not be plausibly accomplished using 

traditional cross-coupling approaches. This, combined with the mild and modular nature of 

these reactions, enables the rapid generation of diverse chemotypes that possess a range of 

unprotected functional groups. In this manner, Ni/photoredox dual catalysis is a major 

contribution to the modern vision of “ideal” organic synthesis,[85] wherein highly 

functionalized molecules can be prepared with minimal protection/deprotection or redox 

fluctuation steps. The active and near immediate uptake of Ni/photoredox cross-coupling in 

the industrial sector serves as a testament to both the utility and potential of this reaction 

paradigm.[41,86] Further opportunities for expansion include the development of additional 

radical precursors, general protocols for coupling at tertiary centers, enantioselective 

crosscoupling, and alkyl-alkyl couplings. Continued development in these areas will serve to 

augment further the impact of this rapidly growing field of research.
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Figure 1. 
Common photocatalysts for Ni/photoredox dual cross-coupling
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Figure 2. 
Photocatalyst excitation and quenching cycles. [PC] = photocatalyst.
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Figure 3. 
General mechanism of Ni/photoredox dual catalytic cycle
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Figure 4. 
Pathways for hydrogen atom transfer.

Milligan et al. Page 19

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 May 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Net reductive Ni/photoredox cross-coupling cycle.
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Scheme 1. 
Cross-coupling of tertiary alkyl fragments.[35] DMA = N,N-dimethylacetamide
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Scheme 2. 
Alkyl-aryl cross-coupling using carboxylic acids. DME = 1,2-dimethoxyethane. dtbbpy = 

4,4′-di-tert-butyl-2,2′-dipyridyl. DMF = N,N-dimethylformamide. CFL = compact 

fluorescent light. LED = light emitting diode. dFppy = 2-(2,4-difluorophenyl)pyridine. THP 

= tetrahydropyran. DMSO = dimethyl sulfoxide.
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Scheme 3. 
Alkyl-aryl cross-coupling using potassium and ammonium silicates. [Si] = 

bis(catecholato)silicate. COD = 1,5-cyclooctadiene. phen = 1,10-phenanthroline.
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Scheme 4. 
Alkyl-aryl cross-coupling using 1,4-dihydropyridines. ppy = 2-phenylpyridine. DMI = 1,3-

dimethyl-2-imidazolidinone. bpy = 2,2’-bipyridine dMeObpy = 4–4′-dimethoxy-2–2′-
bipyridine.
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Scheme 5. 
Desymmetrization of meso-anhydrides to effect acyl-alkyl cross-coupling.[78c]
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Scheme 6. 
C(sp3)–C(sp3) cross-couplings.
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Table 1.

Alkyl-aryl dual cross-couplings using alkyltrifluoroborates. Pin = 2,3-dimethylbutane-2,3-diol. Boc = tert-

butyloxycarbonyl.
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Table 2.

Alkyl-aryl dual cross-couplings mediated by hydrogen atom transfer. TBADT = tetrabutylammonium 

decatungstate
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Table 3.

Net reductive Ni/photoredox cross-couplings of alkyl bromides and aryl halides.
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Table 4.

Ni/photoredox dual-catalytic alkenylation methods.
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Table 5.

Acyl-alkyl cross-couplings. aFormed through the reaction of the corresponding acid with dimethyl 

dicarbonate. Cbz = carboxybenzyl.
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