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Advances in nickel-catalyzed cross-coupling reactions have expanded the chemical space of

accessible structures and enabled new synthetic disconnections. The unique properties of Ni cat-

alysts facilitate the activation of traditionally inert substrates, tolerate alkyl coupling partners

that undergo decomposition via b-hydride (b-H) elimination with Pd, and enable stereoconver-

gent cross-couplings. The radical pathways accessed byNi catalysts have beenmergedwith pho-

toredox and electrochemical catalysis to achieve new reactivity. The growing utility of Ni catal-

ysis is, in no small part, due to advances in our fundamental understanding of the properties of Ni

catalysts and the mechanisms by which the reactions occur. This review highlights recent impor-

tant contributions to the field with an emphasis on studies that have afforded mechanistic

insight.

What Sets Nickel Apart?

Palladium-catalyzed cross-coupling reactions account for more than 40% of C–C bond-forming reac-

tions in pharmaceutical synthesis [1], owing to their predictable and controllable reactivity and selec-

tivity [2]. The reactivity of nickel in catalyzing cross-coupling reactions was discovered in the early

1900s, long before that of Pd in the 1950s [2], but only recently has its potential been exploited [3].

In addition to serving as a cheaper, Earth-abundant alternative to Pd, Ni can access various reaction

mechanisms, leading to distinct reactivity [4]. This review summarizes the characteristic properties of

Ni catalysts and their inherent reactivity in catalyzing cross-coupling reactions that have been discov-

ered in the past two decades, with a focus on the underlying reaction mechanisms.

Ni exhibits several unique properties compared with Pd (Figure 1A). First, various oxidation states

ranging from Ni(0) to Ni(IV) [5–7] are readily accessible, whereas Pd most commonly adopts Pd(0)

and Pd(II) states (Figure 1Ai). The open-shell electronic configurations of Ni [e.g., Ni(I), Ni(III)] are

more stable than its second and third row counterparts [8], which is likely a result of the higher pairing

energy of Ni due to a more condensed electron cloud [9]. Consequently, the activation of an electro-

phile by Ni can involve either the classic two-electron oxidative addition (see Glossary) or a single-

electron process to afford radicals (Figure 1Aii) [10]. Radical pathways are commonplace for enzy-

matic reactions occurring on cofactor F430 of methylcoenzyme M reductase (MCR) that contains a

Ni hydrocorphinate in its active site [11] and NiFe-hydrogenase [12]. The reduction potential [13]

and electronegativity of Ni [14] are significantly lower than Pd and the atomic radius of Ni is smaller

than that of Pd [15] (Figure 1Aiii,iv). b-H elimination occurs via an intermediate with a b-agostic inter-
action. The lower electronegativity of Ni results in a weaker agostic interaction relative to Pd and the

smaller radius of Ni leads to a more strained geometry in the transition state. Both factors contribute

to slower (b-H) elimination of Ni-alkyl compounds (Figure 1Av) [16–18]. Taken together, these prop-

erties lead to diverse mechanisms of Ni-catalyzed cross-coupling reactions, including two-electron

and single-electron pathways mediated by Ni(0), Ni(I), Ni(II), and Ni(III) intermediates, and provide

opportunities for achieving new products that are inaccessible with Pd (Figure 1B).

Two-Electron Redox Mechanism via Ni(0)/Ni(II)

Typical cross-coupling reactions with Csp2 electrophiles are expected to occur by the two-electron

mechanism via Ni(0)/Ni(II) intermediates (Figure 2A) [19], although early reports evidenced aryl rad-

icals and Ni(I) intermediates in a (PPh3)4Ni-catalyzed cross-coupling of aryl iodides [20]. For reactions

proceeding via Ni(0)/Ni(II)-mediated two-electron pathways, Ni(I) may hinder reactivity, serving as an

off-cycle species [21,22]. Concerted oxidative addition of Ni(0) to aryl halides is followed by transme-
talation with a nucleophile and subsequent reductive elimination (Figure 1Bi). Transmetalation of Zn
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reagents was determined to be the turnover-limiting step for an oxidative diarylation [23] and a

Suzuki–Miyaura coupling reaction [24]. In the Suzuki–Miyaura coupling, catalyst deactivation occurs

when Ni(II) intermediate 1 aggregates to form dimer 2 in the presence of OH– (Figure 2A) [24]. The

OH– is necessary to activate the boronate for transmetalation. The deactivation of Ni can be avoided

by applying bulky, electron-rich phosphine ligands (e.g., PCy3) at the expense of slower transmetala-

tion. Comparatively, Pd catalysts exhibit better compatibility with aqueous conditions than do Ni cat-

alysts due to the less exergonic dimerization of Pd catalysts. While basic conditions are usually

required to activate boronic acid nucleophiles, a base-free decarboxylative Suzuki–Miyaura coupling

was recently achieved with Ni catalysts [25].

The low reduction potentials and electronegativity of Ni suggest that Ni(0) is highly reducing and can

facilitate oxidative addition. This effect is enhanced by strong s-donor ligands [e.g., alkyl phosphines,

N-heterocyclic carbenes (NHCs)] (see Box 1). Bulky, electron-rich NHC ligands enforce a coordina-

tively unsaturated 14-electron (NHC)2Ni(0) complex that further increases the oxidative-addition

reactivity [26]. As a result, Ni(0)(PR3)n or Ni(0)(NHC)n complexes can activate typically inert

(A) (B)

Figure 1. Fundamental Properties of Nickel Catalysts and Consequences in Catalysis.

(A) Comparison of the properties of Ni and Pd. (B) Commonmechanisms of Ni-catalyzed cross-coupling reactions. (i) Two-electron redox pathway mediated

by Ni(0) and Ni(II) intermediates. (ii) Two-electron redox pathway mediated by Ni(I) and Ni(III) intermediates. (iii) One-electron redox pathways.
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electrophiles, including aryl chlorides [27], aryl ethers [28], sulfamates [29], alkyl and aryl fluorides [30],

epoxides [31], aziridines [32], amides [33], nitriles [34], and esters via both decarbonylation [35] and C–

O bond cleavage [36] (Figure 2B). Oxidative addition is the turnover-limiting step of most cross-

coupling reactions of challenging electrophiles [21,37]. The oxidative addition of a (dcpe)Ni(0)

(dcpe = dicyclohexylphosphinoethane) 4 to pivalate 5 has been directly observed and characterized

to afford Ni(II) 6 [38].

The slow b-H elimination of Ni-alkyl complexes (Figure 1Av) has expanded the scope of cross-

coupling to Csp3 electrophiles [39] that typically suffer from side-reactions associated with b-H elim-

ination when Pd catalysts are employed. The stereospecific couplings of benzylic and allylic ethers

and esters [40,41] give access to allylic diarylmethanes and arylmethanes with biological activity,

such as analogs to the antibreast-cancer drug tamoxifen [42]. With NHC or bisphosphine ligands,

oxidative addition occurs via an SN2 pathway, where nucleophilic attack of Ni to the benzyl ether re-

sults in inversion at the benzylic position (Figure 2C) [43]. The following sequence of transmetalation

and concerted reductive elimination leads to overall inversion of the stereochemistry at the benzylic

position. Conversely, when PCy3 is used as a ligand in conjunction with a benzyl ester, concerted

oxidative addition is facilitated by a more flexible ligand-Ni-substrate angle and results in retention

of stereochemistry, leading to retention of stereochemistry in the cross-coupling product [44]. Finally,

in a cross-electrophile coupling, Pd and Ni catalysts separately activate aryl triflates 7 and aryl bro-

mides 8, respectively [45], giving rise to biaryls 9 that are ubiquitous in pharmaceuticals (Figure 2D).

Two-Electron Redox Mechanism via Ni(I)/Ni(III) Intermediates

A number of two-electron redox pathways are mediated by Ni(I)/Ni(III) intermediates (Figure 1Bii),

such as the Suzuki coupling catalyzed by (NHC)2Ni(I)-Br (Figure 2E) [46], due to the more reducing

properties of Ni complexes relative to Pd and the stability of Ni(I) and Ni(III) species. Characterization

of the key oxidative-addition step of (IPr)Ni(I)(NPh2) 10 to aryl halides [47] to form Ni(III) species 11, as

Glossary
b-Hydride (b-H) elimination: the
process by which an alkyl group
that is bonded to a metal center
and has a hydrogen atom
attached to the carbon b to the
metal center can be converted
into an alkene and a metal
hydride.
Agostic interaction: the donation
of electron density from the b-C–H
to the metal d orbital in a metal-
alkyl complex.
Cross-electrophile coupling: a C–
C bond-forming reaction between
two different electrophiles (often
organic halides) under reductive
conditions.
N-Heterocyclic carbenes (NHCs):
a persistent six-electron carbon
center that is stabilized by adja-
cent nitrogen atoms in a ring
system.
Oxidative addition: a process that
increases the oxidation state and
coordination number of the metal
center by the insertion of a metal
into a covalent bond of a
substrate.
Single-electron transfer: a pro-
cess involving themovement of an
electron from one atom or mole-
cule (donor) to another (acceptor),
which changes the oxidation state
of the atoms or molecules.
Stereoconvergent: describes a
transformation that converts any
mixture of two stereoisomers of
starting material into one stereo-
isomer of product.
Stereospecific: describes a trans-
formation that retains or inverses
the stereocenter of the substrate
by certain mechanism (e.g., the
SN2 reaction).
Transmetalation: transfer of li-
gands from one metal center to
another.
Turnover-limiting step: the reac-
tion with the slowest rate constant
in a catalytic cycle, which limits the
frequency of the entire catalytic
cycle, or ‘turns over’.
Valence tautomers: isomeric
compounds in which electrons
occupy different orbitals without
migration of atoms or groups.

Box 1. Ligands in Nickel Catalysis

Reactions proceeding through two-electron redox pathways (see Figure 1Bi,ii in main text) utilize strong s-

donor ligands, such as bidentate and monodentate phosphine and NHC ligands (Figure I). A large portion

of Ni-catalyzed cross-coupling reactions proceeding through radical pathways employ bidentate and triden-

tateN-ligands, including bipyridine (bpy), bioxazoline (biOx), terpyridine (terpy), and pyridine-bioxazoline (py-

box) (see Figure 1Biii in main text). These weak-field ligands relative to phosphines lead to lower ligand field-

splitting energy that promotes the formation of paramagnetic species. The redox activity of these chelating

ligands may stabilize the open-shell Ni intermediates, and a variety of chiral pybox, box, and biOX ligands

are readily available for asymmetric catalysis.

Figure I. Common Ligands for Nickel-Catalyzed Cross-Coupling Reactions.
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(See figure legend at the bottom of the next page.)
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well as a study on the oxidative addition of a Ni(I)-amino complex with alkyl halides [48], reveals that

Ni(I)-mediated oxidative addition can be facile. The reductive elimination from Ni(III) complexes has

been characterized in the context of C–C [6] and C–halogen bond formations [49].

A two-electron process on the paramagnetic Ni(I)/Ni(III) platform has been observed in a trans-selec-

tive reductive cycloisomerization of dienes (Figure 2F) [50]. The redox-active a-diimine ligand stabi-

lizes Ni(I) intermediates (e.g., 12) by delocalizing the unpaired electron to the ligand p* orbitals to

form Ni(II) valence tautomer 13. The electron-rich, formally Ni(I) intermediate 12 can undergo oxida-

tive addition with Et2SiH2 to give Ni(III) 14. Oxidative addition outcompetes b-H elimination that oc-

curs with Ni(II) to form the unsaturated cycloisomerization product 15 [51]. The electron-paramag-

netic-resonance (EPR) spectrum of a frozen reaction mixture displays a Ni(III) species, consistent

with Ni(III) 14 as the catalyst resting state.

Radical Mechanisms

Slow b-H elimination of Ni-alkyl intermediates and the application of bidentate and tridentate ligands

has greatly expanded the scope of cross-coupling reactions to primary, secondary, and tertiary alkyl

halides [3,39], pseudohalides [52], and carboxylates [53] as well as redox-active esters [54] and sul-

fones [55] (Figure 3A). These reactions often adopt N-containing chelating ligands (Box 1). The

vast majority of Ni-catalyzed cross-coupling reactions with Csp3 electrophiles involve single-electron
transfer pathways and organic radical intermediates (Figure 1Biii). The sequence of electrophile and

nucleophile activation may be system dependent, leading to two possible pathways. All cases

commence with a Ni(I)–halide intermediate (highlighted in the center of Figure 1Biii). In the ‘radical

rebound cycle’, the Ni(I)–halide first undergoes transmetalation with the nucleophile to form a

Ni(I)–carbyl intermediate that interacts with the alkyl electrophile to generate a radical. Combination

of the radical with Ni(II) forms a Ni(III) intermediate that undergoes subsequent reductive elimination.

In the ‘radical chain pathway’, the Ni(I)–halide intermediate initiates the formation of a radical from

the alkyl electrophile prior to transmetalation with the nucleophile.

The ‘radical rebound mechanism’ is supported by the isolation of (terpy)Ni(I)–Me (terpy = 2,20:60,200-

terpyridine) 17 as an intermediate derived from transmetalation of a Ni(I)-halide 16 [56] and is verified

by computational studies [57]. The reaction of 17with alkyl iodide 18 forms a radical 19 that combines

with Ni(II) to generate Ni(III) 20 (Figure 3A). Closer investigation of the alkyl halide activation by a (tBu-

Xantphos)Ni(I)–Ar complex 21 distinguishes a concerted halogen-atom abstraction mechanism from

other possible pathways, such as oxidative addition, outer-sphere electron transfer, and inner-sphere

electron transfer mechanisms [10]. A separate study of a Kumada coupling reaction catalyzed by (pin-

cer)Ni catalyst 24 points to an analogous mechanistic variant where transmetalation of the nucleo-

phile occurs prior to electrophile activation via bimolecular oxidative addition [58]. First, transmeta-

lation of Ni(II) 25 with RMgCl gives a Ni(II)–alkyl species 26. Halogen-atom abstraction of alkyl

bromide by 26 generates Ni(III) 28 and a radial that combines with another molecule of 26 to give

Ni(III) species 29. Reductive elimination delivers the product and Ni(I) complex 30. Comproportiona-

tion of 30 with Ni(III) 28 regenerates Ni(II) 25. Measurement of the distribution of cyclized to linear

products as a function of catalyst loading (when a radical clock substrate is employed) reveals that

the radical escapes the solvent cage and recombines with Ni.

The radical mechanism is operative in stereoconvergent reactions, where the stereocenters of

racemic secondary alkyl electrophiles can be erased and reset on binding to a chiral Ni catalyst (Fig-

ure 3B). This concept has been extended to propargyl carbonates, a-haloketones, boronate nucleo-

philes in the synthesis of chiral alcohols and carbamates [3], and a-silyl bromides in the synthesis of

Figure 2. Ni-Catalyzed Cross-Coupling Reactions via Two-electron Pathways Mediated by Ni(0)/Ni(II) and Ni(I)/Ni(III) Redox Pairs.

(A) Cross-coupling of Csp2 nucleophiles and electrophiles. Transmetalation is identified as the turnover-limiting step. (B) Activation of conventionally ‘inert’

bonds by Ni(0). (C) Stereospecific coupling reactions of esters and ethers. (D) Dual Ni/Pd-catalyzed cross-electrophile coupling of Csp2 electrophiles. (E)

Biaryl cross-coupling via Ni(I)/Ni(III) intermediates. (F) Reductive diene cyclization catalyzed by Ni(I)/Ni(III) redox pairs that account for the chemo- and

stereoselectivity.
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chiral alkyl silanes containing heterocycles and polar functional groups [59]. Kinetic studies, in com-

bination with stoichiometric investigations of isolated organometallic intermediates 31 and 32, reveal
that racemic propargyl bromide 33 is activated by Ni(I) 35 to generate a radical [60]. Transmetalation

of 36 gives 37, which combines with radical 34. The facial selectivity of this radical coordination to Ni is

controlled by chiral ligands and serves as the enantiodetermining step. In this ‘radical chain mecha-

nism’ (Figure 1Biii) where electrophiles are activated prior to nucleophiles, it appears to be important

to stabilize the free radical intermediate, such as 34, with a-substituents.

(A) (B)

Figure 3. Ni-Catalyzed Cross-Coupling Reactions Proceeding by Radical Pathways.

(A) Cross-coupling of alkyl electrophiles with alkyl or aryl nucleophiles. The ‘radical rebound’ mechanism has been characterized in three systems: a (terpy)

Ni(I)-Me mediated electrophile activation, a (t-BuXantphos)Ni(I)Ar-mediated electrophile activation via a concerted pathway, and a (N,N,N)Ni-catalyzed

Kumada coupling. (B) Stereoconvergent cross-coupling reactions with alkyl electrophiles. The ‘radical chain’ mechanism has been characterized in a

(pybox)Ni-catalyzed stereoconvergent coupling.
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Reductive Cross-Electrophile Coupling

Cross-electrophile coupling reactions under reducing conditions can bypass the need for the pre-

generation of air-sensitive organometallic coupling reagents (Figure 4A) [61]. The greater availability

of electrophiles relative to nucleophiles indicates that a broader scope of structures is accessible.

Typical reductants are zero-valent metals such as Zn and Mn. Organic reductants [e.g., tetrakis(dime-

thylamino)ethylene (TDAE)] can provide strong reducing power but are more expensive [62]. Electro-

chemical reduction has also been demonstrated with tertiary amines as the sacrificial reductants [63].

The major challenge of reductive couplings is achieving selectivity for cross-coupling of different

electrophiles over homocoupling [64]. Ni catalysts can undergo both two-electron and single-elec-

tron activation pathways for electrophiles, allowing sequential activation of different electrophiles

via different mechanisms and imparting selectivity (Figure 1Aii). Csp2 electrophiles are expected to

undergo oxidative addition with Ni(0), whereas the activation of Csp3 electrophiles proceeds via

(A)

(B)

Figure 4. Reductive Cross-Electrophile Coupling Reactions.

(A) The general scope of cross-electrophile coupling and the ‘radical chain’ mechanism for a (bpy)Ni catalyst in combination with Mn. (B) Stereoconvergent

cross-coupling going through a ‘sequential reduction’ mechanism.
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radical formation [10]. The scope of Csp2 electrophiles includes aromatic halides, acyl halides, acids,

and esters [65]. The scope of Csp3 electrophiles extends to radical precursors beyond alkyl halides

and pseudohalides [61], including epoxides [66], aziridines [67], phosphates [68], N-hydroxyphthali-

mide (NHPI) esters [69], and oxalates [70]. Additionally, cocatalysts (e.g., Co, Ti) have been utilized

to facilitate radical formation [68]. Chiral titanocenes in combination with (bpy)Ni have facilitated

the enantioselective coupling of epoxides with Csp2 electrophiles [66].

Mechanistic investigations (i.e., radical clock tests, kinetics, organometallic studies) on Csp3-Csp2

cross-electrophile coupling reactions with (bpy)NiBr2 as the catalyst and Mn as the reductant are

consistent with a radical chain mechanism (Figure 4A) [71]. In this mechanism, the Csp3 electrophile

is activated prior to the Csp2 electrophile. Ni(I) 42 initiates radical formation from the Csp3 electro-

phile to form Ni(II) 43. On reduction, Ni(0) 39 undergoes oxidative addition to the Csp2 electrophile

to formNi(II) 40, which combines with the organic radical to formNi(III) 43, followed by reductive elim-

ination to give the product and Ni(I) 42. Key data supporting this cycle include: the faster oxidative

addition of Ni(0) to aryl halides than alkyl halides; stoichiometric activation of aryl and alkyl halides

byNi(II) species; and the increase of the ratio of cyclized to uncyclized products from cyclizable radical

probes with higher catalyst loadings, implying unbound free radicals.

The formation of radicals from Csp3 electrophiles provides opportunities for stereoconvergent

reductive coupling reactions (Figure 4B). This concept has been demonstrated by the coupling of

aryl bromides and acyl chlorides with various benzylic chlorides [72]. The asymmetric coupling of azir-

idines with iodoarenes invokes a ‘sequential reduction’ pathway, where oxidative addition of the Csp2

electrophile by Ni(0) 44 occurs prior to the reduction of Ni(II) 45 to Ni(I) 46. Activation of the Csp3 elec-

trophile forms a radical that scrambles the stereocenter [67]. On binding of the radical to Ni, Ni(III) 47
forms and proceeds to undergo reductive elimination. The resulting Ni(I) 48 is further reduced to Ni(0)

44. Recent computational studies reveal close barriers for the radical chain mechanism and ‘sequen-

tial reduction mechanism’ and do not allow differentiation between them [73].

Alkene Carbofunctionalization

While Pd-catalyzed Heck reactions restore the olefin functionality via b-H elimination, the slow b-H

elimination of Ni-alkyl intermediates has allowed the development of 1,2-dicarbofunctionalization,

hydroarylation, and hydroalkylation reactions of alkenes. 1,2-Dicarbofunctionalizations of alkenes

typically use alkyl halides as the electrophile and organozinc reagents as the nucleophile (Figure 5A)

[54]. Other nucleophiles include Mg reagents [74] and boron reagents [75]. The olefin scope has been

primarily limited to vinylarenes [76] andMichael acceptors [54] until the recent development of direct-

ing-group (DG) strategies, which have expanded the scope to include terminal aliphatic alkenes [77].

Computational analysis reveals that the reaction goes through a two-electron redox pathway medi-

ated by Ni(0) 49 and Ni(II) 50 intermediates [77]. A remaining challenge is to expand the scope of ole-

fins to internal alkenes. Such reactivity has been achieved by tethering an electrophile to the olefin to

give cyclized products via intramolecular 1,2-dicarbofunctionalization, but intermolecular examples

are lacking.

1,2-Dicarbofunctionalization reactions of alkenes have been pursued with two electrophiles under

reductive conditions. Cross-electrophile selectivity has been achieved in the reductive 1,2-aryl-alkyl-

ation of allylic acetates and amines to afford products such as 51 (Figure 5B) [62], with the Csp3 elec-

trophile scope limited to tertiary iodides [62]. Chiral box ligands have been used to accomplish an

asymmetric intramolecular olefin difunctionalization to afford 5- and 6-membered carbocycles and

heterocycles [78]. The enantioselective intermolecular diarylation of vinylarenes with aryl bromides

affords a library of a,a,b-triarylethanes, including 52 [79]. A comprehensive mechanistic study on

the two-component reductive alkyl-arylation of alkenes reveals a sequential reduction pathway

[80]. Kinetic data suggest that the reductions of Ni(II) species 53 and 54 by Zn are the turnover-limiting

steps under optimized conditions. Organometallic studies, in combination with electrochemical in-

vestigations, reveal that Zn is insufficient for reducing Ni(II) to Ni(0), but instead affords Ni(I)–Br 55
and Ni(I)–Ar 56. Csp2 and Csp3 electrophiles are independently activated by different Ni(I) species
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(See figure legend at the bottom of the next page.)
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via distinct mechanisms. (phen)Ni(I)–Br 55 selectively activates ArBr via oxidative addition, facilitated

by the sterically accessible Ni(I)–Br center. By contrast, the increased steric bulk of (phen)Ni(I)–Ph 56
hinders oxidative addition, but the electron-rich Ni center can promote halogen-atom abstraction of

the alkyl bromide to give radicals. This sequence of electrophile activation accounts for the selectivity

observed in cross-electrophile coupling reactions.

Hydroarylations of alkenes with Csp2 nucleophiles mostly proceed through two-electron pathways

mediated by Ni(0)/Ni(II) or Ni(I)/Ni(III) intermediates (Figure 5C). Since the early observation of hydro-

arylation of activated alkenes, the olefin scope has been expanded to a,b-unsaturated ketones, alde-

hydes [81], and dienes [82]. Hydroarylation reactions proceeding through two-electron pathways via

Ni(I)/Ni(III) intermediates disregard the position of the olefin in the substrate but form C–C bonds

from themost stable benzylic organonickel intermediate via reversible chain walking [83]. Asymmetric

variants have been achieved by intramolecular hydroarylation of indoles to form indoline products 63
[84], the coupling of vinylarenes with aryl boron reagents [85], and the coupling of 1,3-dienes with

enolates [86]. Most hydroalkylation reactions are conducted with electrophiles under reductive con-

ditions and proceed through radical pathways. Hydroalkylations of unactivated olefins are facilitated

by metal hydride cocatalysts, such as (Salen)Co–H [87] and (dpm)Mn–H (dpm = dipivaloylmethane)

[88]. A detailed mechanistic study reveals that [Co]–H 59 inserts into the olefin to form an alkyl-[Co]

60, which transmetalates to Ni(III) 61 to afford 62, followed by reductive elimination [89]. Asymmetric

hydroalkylation is rare but has been accomplished through the stereoconvergent coupling of olefins

with a-bromoamides mediated by Ni–H and radical intermediates [90].

The Merger of Ni with Photoredox Catalysis and Electrocatalysis

The stability of Ni-centered radicals and the ability of Ni to bind to organic radicals have inspired the

development of coupling reactions that use a wide range of radical precursors. Traditionally, radicals

are formed from peroxides, azobisisobutyronitrile (AIBN), and tin hydrides. Modern studies have

discovered transition-metal, electrocatalytic, and photocatalytic means to initiate radical formation

(Figure 6A). Oxidative and reductive quenching of light-excited photoredox catalysts by electrophiles

and nucleophiles, respectively, have broadened the scope of radical precursors to trifluoroborate

salts, carboxylates, silicates, and dihydropyridines [91]. Alkyl halides [92] and phthalimides [63] are

versatile radical precursors that can be activated electrocatalytically, photocatalytically, and by tran-

sition metals. Oxalates have found utility in both transition-metal and photocatalytic reactions [93].

Dual photoredox-Ni catalysis is particularly useful in light of the large library of available alcohols

and carboxylates. Reductive coupling reactions can also be driven with photocatalysis and allow

the use of amines [94] and silanes [95] as reductants in place of more commonly encountered hetero-

geneous reductants (e.g., Zn, Mn).

Despite the recent, prolific success of photoredox-Ni dual catalysis, detailed mechanistic under-

standing remains elusive. Comparing the redox potentials of (dtbpy)Ni complexes 65 and 66 (dtbpy =
4,40-di-tBu-bpy) [96,97]with those of (bpy)3Ir(III) 67 [98], a common photosensitizer employed in dual

catalysis, reveals multiple possible redox processes between Ni at various oxidation states and 67 in

different states (Figure 6B). Typically proposed pathways comprise a photoredox cycle, mediated by

the photosensitizer, and the bond-formation cycle, mediated by Ni catalysts (Figure 6C,D). The pho-

tocatalytic cycle is relatively well understood from previous photophysical studies [98], but the sub-

strate cycle mediated by Ni remains elusive. Computational studies on the cross-coupling of benzyl

boronates with aryl bromides suggest that the photoredox cycle and the Ni catalysis cycle meet when

Figure 5. Ni-Catalyzed Alkene Functionalization Reactions.

(A) Redox-neutral alkene dicarbofunctionalization with organometallic nucleophiles. Directing groups are applied to facilitate a difunctionalization

mediated by Ni(0)/Ni(II) intermediates. (B) Reductive cross-electrophile alkene difunctionalization reactions. These reactions typically proceed through

‘radical chain’ and ‘sequential reduction’ mechanisms. A two-component coupling has been characterized to proceed through a sequential reduction

mechanism. Csp2 and Csp3 electrophiles are separately activated by Ni(I)–Br and Ni(I)–Ar species, respectively, via different mechanisms, accounting for

the cross-selectivity. (C) Hydroarylation and hydroalkylation reactions. Redox-neutral hydroarylation usually proceeds through two-electron pathways via

Ni(0)/Ni(II) intermediates, whereas reductive hydroalkylation undertakes radical pathways.
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Ni(I) 75 is reduced by 69 to form Ni(0) 71 (Figure 6C) [99]. The Ni catalysis cycle comprises two plau-

sible pathways: the benzylic radical 70, formed on activation of the benzyl boronate by excited [Ir] 68,
can combine with either Ni(0) 71 (red pathway) or Ni(II) 73 (blue pathway) (Figure 6C). An important

finding is that the Ni(III)-benzyl intermediate 74 undergoes reversible radical ejection to form 73 and

radical 70. In addition, this reversible radical ejection can scramble the stereocenter, and has pro-

found implications in identifying the enantiodetermining step of stereoselective reactions.

(A)

(C) (D)

(B)

Figure 6. Radical Precursors for Ni Catalysis and Ni-Photoredox Dual Catalysis.

(A) Radical precursors used in Ni-catalysis sorted by method of activation. (B) Redox potentials for Ni intermediates and a common Ir photoredox catalyst in

Ni-photoredox dual catalysis. (C) A computational study on Ni-photoredox dual catalysis, in which [Ir] acts as a reductant for Ni. (D) An experimental study on

Ni-photoredox dual catalysis, in which [Ir] acts as both a reductant and an oxidant for Ni.
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In addition to reducing Ni(I) to Ni(0), Ir photosensitizers can oxidize Ni intermediates. In the a-aryla-

tion of tetrahydrofuran, the excited Ir 68 is proposed to oxidize Ni(II) 76 to form Ni(III) 77 [100] (Fig-

ure 6D). Moreover, Ni itself can act as a photosensitizer [96,101]. Irradiation of 77 can induce homo-

lytic bond cleavage to generate halide radicals that can abstract weak hydrogen atoms from ether

[100] or alkane [102] substrates. Computational and ultrafast spectroscopic data reveal a long-lived

triplet excited state of the photoexcited Ni(II) 76, opening opportunities for Ni to catalyze photore-

dox cross-coupling reactions alone [96].

Nickel-catalyzed electroreductive coupling reactions have been pursued as an alternative tomethods

using heterogeneous metal powders [103]. The electrocatalytic coupling of a-chloroesters with aryl

halides produces chiral a-arylamides using chiral auxiliaries [104] and an asymmetric reductive

coupling of vinyl bromides and secondary alkyl chlorides affords excellent enantioselectivity [105].

Besides an early study on the electrocatalytic homocoupling of acyl and benzyl halides [106], the

mechanisms of Ni-catalyzed electroreductive coupling reactions have not been closely investigated.

It is reasonable to presume a mechanism similar to the corresponding variants using chemical reduc-

tants, but the electron transfer rate may change the turnover-limiting steps. The rate of electron trans-

fer can be determined by cyclic voltammetry (CV).

Concluding Remarks

Ni is relatively stable in open-shell oxidation states, can readily access single-electron pathways, and

is electron rich in its low-valent states. These properties have been exploited in the growing field of

Ni-catalyzed cross-coupling reactions. Recent efforts have begun to unfurl the diverse and complex

mechanisms by which Ni-catalyzed reactions occur. Future mechanistic studies will provide insight to

address synthetic limitations, design new catalysts, and troubleshoot large-scale process

applications.

An important outstanding question to address is why nitrogen-containing ligands (e.g., redox active

ligands) are successful with Ni catalysts (see Outstanding Questions). Recent work has just started to

tackle this issue [107]. Characterization of critical intermediates would illuminate their electronic

structures, but isolation of open-shell d9 Ni(I) and d7 Ni(III) intermediates remains challenging. In

situ EPR and NMR, can be used to identify intermediates when isolation is not possible [107]. The

redox potentials of possible intermediates can be better compared with systematic CV measure-

ments. Mechanistic understanding of the Ni-photoredox dual catalysis is insufficient, and reaction

design would benefit from an understanding of how transition metal cycle is merged with the photo-

catalytic cycle.

The greatest advances in Ni catalysis are likely to be in the fields of stereoselective coupling, reduc-

tive coupling, Ni-photoredox dual catalysis, and electrocatalysis. There is a large chemical space to

explore with respect to stereoconvergent coupling. Radical pathways are yet to be applied to asym-

metric functionalization of alkenes. Reductive coupling reactions obviate the need for stoichiometric

organometallic reagents but face issues of selectivity when the hybridization of the electrophiles is

the same. A challenge is to achieve biaryl and alkyl–alkyl cross-electrophile coupling in a way that

does not use a large excess of one reactant and suppresses homocoupling byproducts. Photoredox

chemistry has been dominated by expensive, precious-metal-based photocatalysts, but as new

radical precursors are discovered, opportunities arise to use less expensive organic photocatalysts

or even to use Ni compounds as photocatalysts [101]. Few Ni-mediated electrochemical reactions

have been reported and only one enantioselective example exists [95], so there is significant potential

for innovation and discovery in this field. The ability to exclude stoichiometric organometallic re-

agents and the intermediacy of nonpolar radical intermediates engender greater air and water

compatibility, possibly enabling the use of ‘greener’ solvents like alcohols or mixtures with water.

Aqueous phase coupling reactions could enable biological applications, such as modifications of

proteins and DNA [108]. These reactions rely on the ability of Ni catalysts to generate or accept

radical species, so an advanced knowledge of these processes will be imperative for driving the field

forward.

Outstanding Questions

What is the precise role of nitrogen-

based ligands in promoting radical

processes at the Ni center?

What is the enantiodetermining

step for Ni-catalyzed asymmetric

alkene functionalization reactions

and can the scope be expanded?

Can cross-electrophile selectivity

be achieved to prepare biaryl and

dialkyl products?

What makes different reductants

effective in reductive coupling

reactions?

Can high enantioselectivity be

achieved in photoredox-Ni dual

catalysis?

Can electrochemical-Ni dual catal-

ysis access new reactivity and selec-

tivity that is beyond known

methods with chemical reductants?

How amenable are Ni-catalyzed

cross-coupling conditions for

chemical biology applications?

12 Trends in Chemistry, Month 2019, Vol. xx, No. xx

Trends in Chemistry



References
1. Magano, J. and Dunetz, J.R. (2011) Large-scale

applications of transition metal-catalyzed couplings
for the synthesis of pharmaceuticals. Chem. Rev.
111, 2177–2250

2. Seechurn, C.C.C.J. et al. (2012) Palladium-catalyzed
cross-coupling: a historical contextual perspective
to the 2010 Nobel Prize. Angew. Chem. Int. Ed. 51,
5062–5085

3. Fu, G.C. (2017) Transition-metal catalysis of
nucleophilic substitution reactions: a radical
alternative to SN1 and SN2 processes. ACS Cent.
Sci. 3, 692–700

4. Tasker, S.Z. et al. (2014) Recent advances in
homogeneous nickel catalysis.Nature 509, 299–309

5. Lin, C.-Y. and Power, P.P. (2017) Complexes of Ni(I):
a ‘‘rare’’ oxidation state of growing importance.
Chem. Soc. Rev. 46, 5347–5399

6. Zheng, B. et al. (2014) Organometallic nickel(III)
complexes relevant to cross-coupling and carbon–
heteroatom bond formation reactions. J. Am.
Chem. Soc. 136, 6499–6504

7. Camasso, N.M. and Sanford, M.S. (2015) Design,
synthesis, and carbon–heteroatom coupling
reactions of organometallic nickel(IV) complexes.
Science 347, 1218–1220

8. Roy, L.E. et al. (2009) Calculation of one-electron
redox potentials revisited. is it possible to calculate
accurate potentials with density functional
methods? J. Phys. Chem. A 113, 6745–6750

9. Poli, R. and Cacelli, I. (2005) Orbital splitting and
pairing energy in open-shell organometallics: a
study of two families of 16-electron complexes
[Cp2M] (M = Cr, Mo, W) and [CpM(PH3)] (M = Co,
Rh, Ir). Eur. J. Inorg. Chem. 2005, 2324–2331

10. Diccianni, J.B. et al. (2019) Mechanistic
characterization of (Xantphos)Ni(I)-mediated alkyl
bromide activation: oxidative addition, electron
transfer, or halogen-atom abstraction. J. Am.
Chem. Soc. 141, 1788–1796

11. Wongnate, T. et al. (2016) The radical mechanism of
biological methane synthesis by methyl-coenzyme
M reductase. Science 352, 953–958

12. Shafaat, H.S. et al. (2013) [NiFe] hydrogenases: a
common active site for hydrogenmetabolism under
diverse conditions. Biochim. Biophys. Acta 1827,
986–1002

13. D.R. Lide, ed. (2006). CRC Handbook of Chemistry
and Physics, 87th edn (CRC Press)

14. Mann, J.B. et al. (2000) Configuration energies of
the d-block elements. J. Am. Chem. Soc. 122, 5132–
5137

15. Batsanov, S.S. (2001) Van der Waals radii of
elements. Inorg. Mater. 37, 871–885

16. Leatherman, M.D. et al. (2003) Mechanistic studies
of nickel(II) alkyl agostic cations and alkyl ethylene
complexes: investigations of chain propagation and
isomerization in (a-diimine)Ni(II)-catalyzed ethylene
polymerization. J. Am. Chem. Soc. 125, 3068–3081

17. Xu, H.W. et al. (2017) Structure and isotope effects
of the b-H agostic (a-diimine)nickel cation as a
polymerization intermediate. Angew. Chem. Int.
Ed. 56, 1535–1538

18. Xu, H.W. et al. (2017) Structural characterization of
b-agostic bonds in Pd-catalyzed polymerization.
Organometallics 36, 4099–4102

19. Jin, L. et al. (2009) What is the rate of the Csp2!Csp2

reductive elimination step? Revealing an unusually
fast Ni-catalyzed Negishi-type oxidative coupling
reaction. J. Am. Chem. Soc. 131, 9892–9893

20. Tsou, T.T. and Kochi, J.K. (1979)Mechanismof biaryl
synthesis with nickel complexes. J. Am. Chem. Soc.
101, 7547–7560

21. Schwarzer, M.C. et al. (2017) Combined theoretical
and experimental studies of nickel-catalyzed cross-

coupling of methoxyarenes with arylboronic esters
via C–O bond cleavage. J. Am. Chem. Soc. 139,
10347–10358

22. Somerville, R.J. et al. (2018) Intermediacy of Ni–Ni
species in sp2 C–O bond cleavage of aryl esters:
relevance in catalytic C–Si bond formation. J. Am.
Chem. Soc. 140, 8771–8780

23. Payard, P.-A. et al. (2018) Taming nickel-catalyzed
Suzuki–Miyaura Coupling: a mechanistic focus on
boron-to-nickel transmetalation. ACS Catal. 8,
4812–4823

24. Jin, L. et al. (2010) Transmetalation is the rate-
limiting step: quantitative kinetic investigation of
nickel-catalyzed oxidative coupling of arylzinc
reagents. J. Am. Chem. Soc. 132, 9607–9609

25. Malapit, C.A. et al. (2018) Base-free nickel-catalysed
decarbonylative Suzuki–Miyaura coupling of acid
fluorides. Nature 563, 100–104

26. Schaub, T. et al. (2008) C!F activation of fluorinated
arenes using NHC-stabilized nickel(0) complexes:
selectivity and mechanistic investigations. J. Am.
Chem. Soc. 130, 9304–9317

27. Tamao, K. et al. (1972) Selective carbon–carbon
bond formation by cross-coupling of Grignard
reagents with organic halides. Catalysis by nickel-
phosphine complexes. J. Am. Chem. Soc. 94, 4374–
4376

28. Tobisu, M. et al. (2016) Nickel-catalyzed alkylative
cross-coupling of anisoles with Grignard reagents
via C–O bond activation. J. Am. Chem. Soc. 138,
6711–6714

29. Quasdorf, K.W. et al. (2011) Suzuki–Miyaura cross-
coupling of aryl carbamates and sulfamates:
experimental and computational studies. J. Am.
Chem. Soc. 133, 6352–6363

30. Schaub, T. et al. (2006) Catalytic C!C bond
formation accomplished by selective C!F
activation of perfluorinated arenes. J. Am. Chem.
Soc. 128, 15964–15965

31. Nielsen, D.K. and Doyle, A.G. (2011) Nickel-
catalyzed cross-coupling of styrenyl epoxides with
boronic acids. Angew. Chem. Int. Ed. 50, 6056–6059

32. Huang, C.-Y. and Doyle, A.G. (2012) Nickel-
catalyzed Negishi alkylations of styrenyl aziridines.
J. Am. Chem. Soc. 134, 9541–9544

33. Hie, L. et al. (2015) Conversion of amides to esters
by the nickel-catalysed activation of amide C–N
bonds. Nature 524, 79–83

34. Ueda, Y. et al. (2019) Nickel-catalyzed cyanation of
aryl halides and triflates using acetonitrile via C–CN
bond cleavage assisted by 1,4-bis(trimethylsilyl)-
2,3,5,6-tetramethyl-1,4-dihydropyrazine. Chem. Sci.
10, 994–999

35. Muto, K. et al. (2015) Decarbonylative organoboron
cross-coupling of esters by nickel catalysis. Nat.
Commun. 6, 7508

36. Quasdorf, K.W. et al. (2008) Cross-coupling
reactions of aryl pivalates with boronic acids. J. Am.
Chem. Soc. 130, 14422–14423

37. Beromi, M.M. et al. (2017) Mechanistic study of an
improved Ni precatalyst for Suzuki–Miyaura
reactions of aryl sulfamates: understanding the role
of Ni(I) species. J. Am. Chem. Soc. 139, 922–936

38. Muto, K. et al. (2013) Isolation, structure, and
reactivity of an arylnickel(II) pivalate complex in
catalytic C–H/C–O biaryl coupling. J. Am. Chem.
Soc. 135, 16384–16387

39. Saito, B. and Fu, G.C. (2007) Alkyl-alkyl Suzuki cross-
couplings of unactivated secondary alkyl halides at
room temperature. J. Am. Chem. Soc. 129, 9602–
9603

40. Tollefson, E.J. et al. (2015) Stereospecific nickel-
catalyzed cross-coupling reactions of benzylic
ethers and esters. Acc. Chem. Res. 48, 2344–2353

Trends in Chemistry, Month 2019, Vol. xx, No. xx 13

Trends in Chemistry



41. Zhou, Q. et al. (2016) Stereospecific cross couplings
to set benzylic, all-carbon quaternary stereocenters
in high enantiopurity. J. Am. Chem. Soc. 138,
12057–12060

42. Yonova, I.M. et al. (2014) Stereospecific nickel-
catalyzed cross-coupling reactions of alkyl Grignard
reagents and identification of selective anti-breast-
cancer agents. Angew. Chem. Int. Ed. 53, 2422–
2427

43. Chen, P.-P. et al. (2019) A unified explanation for
chemoselectivity and stereospecificity of Ni-
catalyzed Kumada and cross-electrophile coupling
reactions of benzylic ethers: a combined
computational and experimental study. J. Am.
Chem. Soc. 141, 5835–5855

44. Zhang, S.-Q. et al. (2017) Mechanism and origins of
ligand-controlled stereoselectivity of Ni-catalyzed
Suzuki–Miyaura coupling with benzylic esters: a
computational study. J. Am. Chem. Soc. 139,
12994–13005

45. Ackerman, L.K.G. et al. (2015) Multimetallic
catalysed cross-coupling of aryl bromides with aryl
triflates. Nature 524, 454–457

46. Zhing, K.N. et al. (2011) N-Heterocyclic carbene
bound nickel(I) complexes and their roles in
catalysis. Organometallics 30, 2546–2552

47. Inatomi, T. et al. (2019) Ni(I)–Ni(III) cycle in
Buchwald–Hartwig amination of aryl bromide
mediated by NHC-ligated Ni(I) complexes. Catal.
Sci. Technol. 9, 1784–1793

48. Lipschutz, M.I. et al. (2013) A structurally rigid
bis(amido) ligand framework in low-coordinateNi(I),
Ni(II), and Ni(III) analogues provides access to a
Ni(III) methyl complex via oxidative addition. J. Am.
Chem. Soc. 135, 15298–15301

49. Diccianni, J.B. et al. (2017) Binuclear, high-valent
nickel complexes: Ni!Ni bonds in aryl–halogen
bond formation. Angew. Chem. Int. Ed. 56, 3635–
3639

50. Kuang, Y.L. et al. (2017) Ni(I)-catalyzed reductive
cyclization of 1,6-dienes: mechanism-controlled
trans selectivity. Chem 3, 268–280

51. Yamamoto, Y. (2012) Transition-metal-catalyzed
cycloisomerizations of a,u-dienes. Chem. Rev. 112,
4736–4769

52. Terao, J. et al. (2002) Nickel-catalyzed cross-
coupling reaction of Grignard reagents with alkyl
halides and tosylates: remarkable effect of 1,3-
butadienes. J. Am. Chem. Soc. 124, 4222–4223

53. Chen, T.-G. et al. (2019) Quaternary centers by
nickel-catalyzed cross-coupling of tertiary
carboxylic acids and (hetero)aryl zinc reagents.
Angew. Chem. Int. Ed. 58, 2454–2458

54. Qin, T. et al. (2016) A general alkyl-alkyl cross-
coupling enabled by redox-active esters and
alkylzinc reagents. Science 352, 801–805

55. Merchant, R.R. et al. (2018) Modular radical
cross-coupling with sulfones enables access to
sp3-rich (fluoro)alkylated scaffolds. Science 360,
75–80

56. Jones, G.D. et al. (2006) Ligand redox effects in the
synthesis, electronic structure, and reactivity of an
alkyl!alkyl cross-coupling catalyst. J. Am. Chem.
Soc. 128, 13175–13183

57. Lin, X. and Phillips, D.L. (2008) Density functional
theory studies of Negishi alkyl–alkyl cross-coupling
reactions catalyzed by a methylterpyridyl-Ni(I)
complex. J. Org. Chem. 73, 3680–3688

58. Breitenfeld, J. et al. (2013) Bimetallic oxidative
addition involving radical intermediates in nickel-
catalyzed alkyl-alkyl Kumada coupling reactions.
J. Am. Chem. Soc. 135, 12004–12012

59. Schwarzwalder, G.M. et al. (2019)
Enantioconvergent cross-couplings of alkyl
electrophiles: the catalytic asymmetric synthesis of

organosilanes. Angew. Chem. Int. Ed. 58, 3571–
3574

60. Schley, N.D. and Fu, G.C. (2014) Nickel-catalyzed
Negishi arylations of propargylic bromides: a
mechanistic investigation. J. Am. Chem. Soc. 136,
16588–16593

61. Everson, D.A. et al. (2010) Nickel-catalyzed
reductive cross-coupling of aryl halides with alkyl
halides. J. Am. Chem. Soc. 132, 920–921

62. Garcı́a-Domı́nguez, A. et al. (2017) Nickel-catalyzed
reductive dicarbofunctionalization of alkenes.
J. Am. Chem. Soc. 139, 6835–6838

63. Li, H. et al. (2018) Ni-catalyzed electrochemical
decarboxylative C–C couplings in batch and
continuous flow. Org. Lett. 20, 1338–1341

64. Everson, D.A. and Weix, D.J. (2014) Cross-
electrophile coupling: principles of reactivity and
selectivity. J. Org. Chem. 79, 4793–4798

65. Ni, S. et al. (2019) A radical approach to anionic
chemistry: synthesis of ketones, alcohols, and
amines. J. Am. Chem. Soc. 141, 6726–6739

66. Zhao, Y. and Weix, D.J. (2015) Enantioselective
cross-coupling of meso-epoxides with aryl halides.
J. Am. Chem. Soc. 137, 3237–3240

67. Woods, B.P. et al. (2017) Nickel-catalyzed
enantioselective reductive cross-coupling of
styrenyl aziridines. J. Am. Chem. Soc. 139, 5688–
5691

68. Ackerman, L.K.G. et al. (2015) Cobalt co-catalysis for
cross-electrophile coupling: diarylmethanes from
benzyl mesylates and aryl halides. Chem. Sci. 6,
1115–1119

69. Huihui, K.M.M. et al. (2016) Decarboxylative cross-
electrophile coupling of N-hydroxyphthalimide
esters with aryl iodides. J. Am. Chem. Soc. 138,
5016–5019

70. Gao, M. et al. (2019) Ni-catalyzed reductive C–O
bond arylation of oxalates derived from
a-hydroxy esters with aryl halides. Org. Lett. 21,
1645–1648

71. Biswas, S. and Weix, D.J. (2013) Mechanism and
selectivity in nickel-catalyzed cross-electrophile
coupling of aryl halides with alkyl halides. J. Am.
Chem. Soc. 135, 16192–16197

72. Cherney, A.H. et al. (2013) Catalytic asymmetric
reductive acyl cross-coupling: synthesis of
enantioenriched acyclic a,a-disubstituted ketones.
J. Am. Chem. Soc. 135, 7442–7445

73. Wang, K. et al. (2018) Ni-catalyzed enantioselective
reductive diarylation of activated alkenes by
domino cyclization/cross-coupling. J. Am. Chem.
Soc. 140, 12364–12368

74. Guisán-Ceinos, M. et al. (2013) Ni-catalyzed
cascade cyclization–Kumada alkyl–alkyl cross-
coupling. Chem. Eur. J. 19, 8405–8410

75. Cong, H. and Fu, G.C. (2014) Catalytic
enantioselective cyclization/cross-coupling with
alkyl electrophiles. J. Am. Chem. Soc. 136, 3788–
3791

76. Shekhar, K.C. et al. (2018) Ni-catalyzed
regioselective alkylarylation of vinylarenes via
C(sp3)–C(sp3)/C(sp3)–C(sp2) bond formation and
mechanistic studies. J. Am. Chem. Soc. 140, 9801–
9805

77. Derosa, J. et al. (2018) Nickel-catalyzed 1,2-
diarylation of simple alkenyl amides. J. Am. Chem.
Soc. 140, 17878–17883

78. Jin, Y. et al. (2019) Nickel-catalyzed asymmetric
reductive arylalkylation of unactivated alkenes.
Angew. Chem. Int. Ed. 58, 6722

79. Anthony, D. et al. (2019) Nickel-catalyzed
asymmetric reductive diarylation of vinylarenes.
Angew. Chem. Int. Ed. 58, 3198–3202

80. Lin, Q. and Diao, T. (2019) Mechanism of Ni-
catalyzed reductive 1,2-dicarbofunctionalization of

14 Trends in Chemistry, Month 2019, Vol. xx, No. xx

Trends in Chemistry



alkenes. ChemRxiv. Published online July 30, 2019.
https://pubs.acs.org/doi/10.1021/jacs.9b10026

81. Shrestha, R. et al. (2013) Nickel-catalyzed reductive
conjugate addition to enones via allylnickel
intermediates. J. Am. Chem. Soc. 135, 751–762

82. Xiao, L.-J. et al. (2018) Nickel(0)-catalyzed
hydroarylation of styrenes and 1,3-dienes with
organoboron compounds. Angew. Chem. Int. Ed.
57, 461–464

83. He, Y. et al. (2017) Mild and regioselective benzylic
C–H functionalization: Ni-catalyzed reductive
arylation of remote and proximal olefins. J. Am.
Chem. Soc. 139, 1061–1064

84. Qin, X. et al. (2017) Nickel-catalyzed asymmetric
reductive Heck cyclization of aryl halides to afford
indolines. Angew. Chem. Int. Ed. 56, 12723–12726

85. Chen, Y.-G. et al. (2019) Nickel-catalyzed
enantioselective hydroarylation and
hydroalkenylation of styrenes. J. Am. Chem. Soc.
141, 3395–3399

86. Cheng, L. et al. (2018) Nickel(0)-catalyzed
hydroalkylation of 1,3-dienes with simple ketones.
J. Am. Chem. Soc. 140, 11627–11630

87. Green, S.A. et al. (2016) Branch-selective
hydroarylation: iodoarene–olefin cross-coupling.
J. Am. Chem. Soc. 138, 12779–12782

88. Green, S.A. et al. (2019) Hydroalkylation of olefins to
form quaternary carbons. J. Am. Chem. Soc. 141,
7709–7714

89. Shevick, S.L. et al. (2018) Mechanistic interrogation
of Co/Ni-dual catalyzed hydroarylation. J. Am.
Chem. Soc. 140, 12056–12068

90. Wang, Z. et al. (2018) Catalytic enantioconvergent
coupling of secondary and tertiary electrophiles
with olefins. Nature 563, 379–383

91. Milligan, J.A. et al. (2019) Alkyl carbon–carbon bond
formation by nickel/photoredox cross-coupling.
Angew. Chem. Int. Ed. 58, 6152–6163

92. Perkins, R.J. et al. (2017) Electrochemical nickel
catalysis for sp2-sp3 cross-electrophile coupling
reactions of unactivated alkyl halides. Org. Lett. 19,
3755–3758

93. Guo, L. et al. (2018) syn-Selective alkylarylation of
terminal alkynes via the combination of photoredox
and nickel catalysis. Nat. Commun. 9, 4543

94. Paul, A. et al. (2017) Photoredox-assisted reductive
cross-coupling: mechanistic insight into catalytic
aryl–alkyl cross-couplings. J. Org. Chem. 82, 1996–
2003

95. Zhang, P. et al. (2016) Silyl radical activation of alkyl
halides in metallaphotoredox catalysis: a unique
pathway for cross-electrophile coupling. J. Am.
Chem. Soc. 138, 8084–8087

96. Shields, B.J. et al. (2018) Long-lived charge-transfer
states of nickel(II) aryl halide complexes facilitate
bimolecular photoinduced electron transfer. J. Am.
Chem. Soc. 140, 3035–3039

97. Beromi, M. et al. (2019) Synthesis and reactivity of
paramagnetic nickel polypyridyl complexes
relevant to C(sp2)–C(sp3) coupling reactions.
Angew. Chem. Int. Ed. 58, 6094–6098

98. Arias-Rotondo, D.M. and McCusker, J.K. (2016)
The photophysics of photoredox catalysis: a
roadmap for catalyst design. Chem. Soc. Rev. 45,
5803–5820

99. Gutierrez, O. et al. (2015) Nickel-catalyzed cross-
coupling of photoredox-generated radicals:
uncovering a general manifold for
stereoconvergence in nickel-catalyzed cross-
couplings. J. Am. Chem. Soc. 137, 4896–4899

100. Heitz, D.R. et al. (2016) Photochemical nickel-
catalyzed C–H arylation: synthetic scope and
mechanistic investigations. J. Am. Chem. Soc. 138,
12715–12718

101. Shields, B.J. and Doyle, A.G. (2016) Direct C(sp3)–H
cross coupling enabled by catalytic generation of
chlorine radicals. J. Am. Chem. Soc. 138, 12719–
12722

102. Ackerman, L.K.G. et al. (2018) Direct C–C
bond formation from alkanes using Ni-
photoredox catalysis. J. Am. Chem. Soc. 140,
14059–14063

103. Marzouk, H. et al. (1989) Electrochemical synthesis
of ketones from acid chlorides and alkyl and aryl
halides catalysed by nickel complexes.
J. Organomet. Chem. 369, C47–C50

104. Durandetti, M. et al. (1997) Asymmetric induction
in the electrochemical cross-coupling of aryl
halides with a-chloropropionic acid derivatives
catalyzed by nickel complexes. J. Org. Chem. 62,
7914–7915

105. DeLano, T.J. and Reisman, S.E. (2019)
Enantioselective electroreductive coupling of
alkenyl and benzyl halides via nickel catalysis. ACS
Catal. 9, 6751–6754

106. Amatore, C. et al. (2000) Mechanism of the nickel-
catalyzed electrosynthesis of ketones by
heterocoupling of acyl and benzyl halides.Monatsh.
Chem. 131, 1293–1303

107. Xu, H. et al. (2016) Bimetallic C–C bond-forming
reductive elimination from nickel. J. Am. Chem. Soc.
138, 4779–4786

108. Phelan, J.P. et al. (2019) Open-air alkylation
reactions in photoredox-catalyzed DNA-
encoded library synthesis. J. Am. Chem. Soc. 141,
3723–3732

Trends in Chemistry, Month 2019, Vol. xx, No. xx 15

Trends in Chemistry


