
 
 
 

  REPORTS 
 

Cite as: E. B. Corcoran et al., Science 
10.1126/science.aag0209 (2016).  

Transition metal-catalyzed cross-coupling reactions are fun-
damental methods for constructing complex molecular ar-
chitectures. Key among these reactions has been the 
formation of carbon–nitrogen bonds to access anilines, a 
common structure found in medicinal agents and other 
complex molecules, through the coupling of amines with 
aryl halides or pseudohalides (1–6). Over the past two dec-
ades, multiple generations of ligands have been designed 
that have elevated palladium-catalyzed aryl amination to an 
essential transformation with both predictable reactivity 
and practical significance. The ligand frameworks that have 
been developed for palladium catalysis often employ a few 
key design elements (i.e., sterically encumbered architec-
ture, hemilabile coordinating groups, electronically-tuned 
substituents) to enact high catalytic efficiency (7). One es-
sential feature in ligand design is the capacity for destabili-
zation of the palladium(II) amido complex, which induces 
reductive elimination resulting in C–N bond formation (8–
10). 

The broad success of ligated-palladium catalysis has 
hinged on the ability to selectively design, synthesize, and 
implement ligand classes to enable specific coupling reac-
tions in high levels of efficiency and selectivity. Inspired by 
the effectiveness of structurally diverse ligand systems on 
palladium reductive elimination, we recognized that a gen-
eral and complementary approach for productive C–N bond 
formation could be developed through an alternative mech-
anistic approach. In particular, we envisioned that the de-
stabilization of a metal amido species could occur through 

an electron transfer pathway via photoredox catalysis, thus 
inducing facile carbon−nitrogen bond formation analogous 
to the role of ligand in traditional palladium couplings (Fig. 
1). 

We proposed that nickel could be an ideal transition 
metal for this catalytic platform due to its known proclivity 
to participate in one-electron processes (11–13). Further-
more, this ligand-free mechanism could potentially broaden 
the applicability of nickel catalysis in aryl amination,  (14–
18) a system that is often plagued with the use of harsh re-
ductants and air-sensitive nickel(0) complexes. Nickel(II) 
amido complexes, as detailed by Hillhouse and others, tend 
not to undergo reductive elimination at ambient tempera-
ture (19–21). Computations suggest that C–N reductive elim-
ination from nickel(II) alkyl amido complexes is 
thermodynamically disfavored, in contrast to the exothermic 
reductive elimination from analogous palladium(II) alkyl 
amido complexes (22). Exposure of nickel(II) amido com-
plexes to various oxidants results in facile reductive elimina-
tion, presumably through single-electron oxidation of the 
nickel(II) amido complex to the respective nickel(III) com-
plex, lending support to our design strategy (19, 20). 

In recent years, the merging of photoredox catalysis with 
nickel catalysis has enabled both C–O (23) and C–S (24, 25) 
bond formation through the generation of reactive radical 
intermediates and/or the single-electron modulation of 
nickel oxidation states (26, 27). The feasibility of these reac-
tions arises from the capacity of photocatalysts to act as 
both strong single-electron oxidants and reductants upon 
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irradiation with visible light (28). Critical to the success of 
our design plan, the photoredox catalyst would be involved 
in two key aspects of our postulated mechanism: i) reduc-
tion of a nickel(II) salt to the active Ni(0) catalyst through 
the use of a mild sacrificial reductant and ii) electron trans-
fer to destabilize the nickel(II) amido complex toward re-
ductive elimination in the absence of an exogenous ligand. 

In our proposed mechanism (Fig. 2), irradiation of het-
eroleptic iridium(III) photocatalyst Ir[dF(CF)3ppy]2 
(dtbbpy)PF6 [dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-
(trifluoromethyl)pyridine; dtbbpy = 4,4′-di-tert-butyl-2,2′-
bipyridine] (1) with visible light would produce long-lived 
triplet photoexcited state *IrIII 2 (τ = 2.3 μs) (29). Concomi-
tantly, nickel(0) complex 3 would oxidatively insert into 
bromoarene 4 to yield the corresponding nickel(II) aryl 
bromide complex 5. The nickel(II) complex would then un-
dergo ligand exchange and subsequent deprotonation to 
arrive at Ni(II)-aryl amido complex 6. This nickel(II) com-
plex could then participate in a single-electron transfer 
(SET) event with the photoexcited *IrIII catalyst (E1/2

red 
[*IrIII/IrII] = + 1.21 V versus saturated calomel electrode 
(SCE) in CH3CN) to afford Ni(III) complex 7 and the re-
duced iridium(II) photocatalyst (8) (29). Reductive elimina-
tion of the resultant nickel(III) complex would yield 
nickel(I) bromide species 9 and desired aniline product 10. 
Both the photoredox and nickel catalytic cycles are closed 
upon a SET event between Ni(I)Br species 9 and Ir(II) 
(E1/2

red [IrIII/IrII] = −1.37 V versus SCE in CH3CN) in which 
nickel(0) catalyst 3 and ground state iridium(III) catalyst 1 
are regenerated simultaneously (29). The homogeneous 
nickel species is presumably coordinated to solvent, base, 
and/or amine throughout the process (denoted as Ln in Fig. 
2), but would not require a designed ligand for efficient re-
activity. 

With this mechanistic hypothesis in hand, we first exam-
ined the proposed cross-coupling reaction with 4-
bromobenzotrifluoride, pyrrolidine, nickel(II) bromide 
glyme, and a variety of ligands, bases, and solvents (see 
Supplementary Materials for details). The employment of 
photocatalyst 1, 1,4-diazobicyclo[2.2.2] nonane (DABCO) as 
a base, and di-tert-butyl-2,2′-bipyridine as a supporting lig-
and provided the respective aniline product 10 in 72% yield 
in the presence of blue light. Control experiments estab-
lished the importance of both nickel and photocatalyst, as 
no formation of the desired cross-coupled product was ob-
served in the absence of either nickel, photocatalyst, or 
light. We sought to investigate the effectiveness of this pro-
tocol in the absence of ligand to confirm our initial mecha-
nistic hypothesis. The cross-coupling reaction proceeded 
with enhanced reactivity in the absence of di-tert-butyl-2,2′-
bipyridine, delivering the desired aniline product in 96% 
yield. This result supports our proposed mechanistic path-

way in Fig. 2 and the capacity of visible light and a photo-
catalyst to initiate reductive elimination in the absence of 
ligand. 

With the optimal conditions in hand, we sought to 
demonstrate the generality of this ligand-free amination. As 
highlighted in Fig. 3, a wide variety of functional groups 
were tolerated on the amine coupling partner, including 
protected nitrogen atoms, trifluoromethyl groups, alcohols, 
alkenes, and sulfonamides (11–15, 72–77% yield). The high 
efficiency of the photoredox catalytic cycle is evidenced by 
the low photocatalyst loadings (≤ 0.02 mol%) required to 
effect the desired cross-coupling reactions. Monofluorinated 
amines (16) coupled cleanly under these conditions in 81% 
yield. Coupling of amine hydrogen chloride salts was ac-
complished in good yield by utilizing MTBD (7-methyl-1,5,7-
diazabicyclo-[4.4.0]deca-5-ene) as the base (16 and 17, 81% 
and 70% yield); although the expense of MTBD often limits 
its practicality, synthetically useful yields were also obtained 
with DABCO in most cases (see Supplementary Materials for 
details). Chemoselective N-arylation in the presence of alco-
hols was also achieved, as no C–O coupling was observed 
(13, 76% yield, single regioisomer). 

We found that α-substitution on the amine partner was 
tolerated in moderate yields (20 and 22, 60% and 78% 
yield, respectively), but hindered amines, e.g., tert-
butylamine, did not productively couple. Although nucleo-
philic amines, such as pyrrolidine and morpholine, coupled 
in good efficiencies (10 and 22, 96% and 91% yield, respec-
tively) at ambient temperature after only a few hours, less 
nucleophilic substrates, such as trifluoroethylamine (12, 77% 
yield), allylamine (14, 76% yield), and furfurylamine (23, 
90% yield), required longer reaction times (>24 hours). 
Amines lacking α-hydrogens failed to react under these re-
action conditions. We hypothesized that an initial β-hydride 
elimination event is prerequisite for accessing the active Ni 
(0) catalyst in this reaction. Indeed, the addition of a sub-
stoichiometric amount of amine possessing α-hydrogens, 
such as pyrrolidine, to the reaction resulted in good yields 
(72% and 84% yield) of cross-coupled products 15 and 24, 
respectively, with less than 10% of the pyrrolidine-coupled 
product being observed. For a number of substrates, prod-
uct formation was observed in high yield utilizing 
Ru(bpy)3(PF6)2 as the photocatalyst (see fig. S8). In cases 
where the yield is lower, protodehalogenation, along with 
trace phenol, aryl ether, or aryl chloride formation, can ac-
count for the mass balance of the reaction. 

A variety of aryl bromides containing diverse functional 
groups, such as nitriles, amides, trifluoromethyl groups, hal-
ides, esters, and sulfonamides, performed well under the 
reaction conditions (25–31, 70–93% yield), with substitution 
at the ortho position being tolerated (26 and 32, 83% and 
73% yield, respectively) (Fig. 3). Six-membered heteroaro-
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matic substrates were effectively coupled in good yields (27 
and 33–35, 71–91% yield). Unfortunately, a series of aryl 
bromides, e.g. select heterocycles and a 2,6-disubstituted 
arene, failed to couple under the current reaction conditions 
(see fig. S8). For electron-rich arenes (32 and 36), lowering 
the photocatalyst loading (0.002 mol%) increased reaction 
efficiency and inhibited competitive protodehalogenation, 
as did the utilization of MTBD as base. Additionally, the 
initial evaluation of this C–N cross-coupling platform in 
flow chemistry has shown high efficiency in decreased reac-
tion times (see Supplementary Materials). 

To investigate the role of the photocatalyst in switching 
on nickel-catalyzed aryl amination, Ni(cod)2 was employed. 
In the absence of light, the formation of aniline 10 was se-
verely diminished (10% yield), while standard reaction con-
ditions yielded 10 in 91% yield. This result supports our 
hypothesis that the cross-coupling is light-mediated and the 
effect of the photoredox catalyst is not limited to the reduc-
tion of a Ni(II) salt to the active Ni(0) species. 

Lastly, this C–N cross-coupling platform was evaluated 
in a high throughput fashion using a microscale informer 
plate as developed by Merck laboratories. A chemistry in-
former library of eighteen complex, drug-like aryl halides 
was subjected to Ni-photoredox based amination conditions 
with piperidine. Remarkably, 78% of substrates underwent 
successful cross-coupling and provided “reaction hits” that 
were suitable for optimization (Fig. 4) (30). Benchmarked 
against other protocols that have been evaluated with this 
informer series, this study represents one of the most suc-
cessful (31), generic catalysis platforms for aryl amination 
that has been evaluated within Merck. Based on these re-
sults, we are confident that this complementary method will 
find broad applicability in the synthesis of structurally di-
verse, drug-like compounds. 

Through the merger of photoredox and nickel catalysis, 
challenging C–N reductive elimination can be switched on 
through the use of visible light and a photocatalyst via the 
intermediacy of a Ni(III) oxidation state (32–34). This strat-
egy represents a complementary approach to traditional 
ligated-palladium catalysis through the use of a distinct 
mechanistic pathway for reductive elimination, which will 
likely be broadly applicable across a range of substrate clas-
ses. 
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