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C–heteroatom coupling with electron-rich 
aryls enabled by nickel catalysis and light

Shengyang Ni    1, Riya Halder1,2, Dilgam Ahmadli    1,2, Edward J. Reijerse    3, 
Josep Cornella    1  & Tobias Ritter    1 

Nickel photoredox catalysis has resulted in a rich development of 
transition-metal-catalysed transformations for carbon–heteroatom bond 
formation. By harnessing light energy, the transition metal can attain 
oxidation states that are difficult to achieve through thermal chemistry in 
a catalytic manifold. For example, nickel photoredox reactions have been 
reported for both the synthesis of anilines and aryl ethers from aryl(pseudo)
halides. However, oxidative addition to simple nickel systems is often 
sluggish in the absence of special, electron-rich ligands, leading to catalyst 
decomposition. Electron-rich aryl electrophiles therefore currently fall 
outside the scope of many transformations in the field. Here we provide a 
conceptual solution to this problem and demonstrate nickel-catalysed  
C–heteroatom bond-forming reactions of arylthianthrenium salts, 
including amination, oxygenation, sulfuration and halogenation. Because 
the redox properties of arylthianthrenium salts are primarily dictated by the 
thianthrenium, oxidative addition of highly electron-rich aryl donors can be 
unlocked using simple NiCl2 under light irradiation to form the desired  
C‒heteroatom bonds.

The canonical transition-metal-catalysed C–N and C–O cross-coupling 
reactions proceed through well-established M(0)/M(II) redox cycles 
(Fig. 1a), largely dominated by palladium catalysts1–3. Building on these 
often well-understood transformations, and seminal work with nickel4,5 
and copper catalysis6,7, recent efforts to improve the reactivity with 
more sustainable elements have appeared8–11. An increasing number 
of reports in this area have targeted mimicking the low-valent two-
electron redox cycle12–14. To this end, a variety of elegant ligand classes 
based on phosphorous13,15,16 or N-heterocyclic carbenes17,18 have been 
designed to successfully achieve productive catalysis. This general 
low-valent redox paradigm was challenged by a report from MacMillan 
and Buchwald, who reported a nickel-catalysed C–N bond formation 
without ancillary ligands between aryl halides and amines, using a 
photocatalyst and light irradiation19. The protocol is characterized by 
facile access to high-valent Ni(III) species, which are responsible for a 
fast and energetically downhill C–N reductive elimination (Fig. 1a)20,21. 
A related nickel/photochemical approach has also been reported by 
the MacMillan group for C–O bond formation with aryl halides and 

alcohols22; in this case, a N-based ligand was necessary to form the 
C–O bond. The absence of complex exogenous ligands for a histori-
cally challenging C–N bond formation rapidly attracted the inter-
est of the community, leading to many reports contributing to the 
expansion of the scope and understanding of its mechanistic intrica-
cies22–24. Based on this redox manifold25, C–N and C–O bond-forming 
reactions have also been achieved using nickel in combination with 
electrochemistry26,27 or energy transfer to an excited Ni(II) complex28. 
More recently, thermally sustained Ni(I)/Ni(III) coupling processes 
have been postulated29. Regardless of the subtle mechanistic differ-
ences between them, the use of electron-rich aryl (pseudo)halides as 
coupling partners remains a challenge (Fig. 1b). It is speculated that 
the slower rate of oxidative addition of low-valent nickel complexes 
to electron-rich aryl halides when no supporting ligands are present 
results in accumulation and aggregation of nickel species, resulting 
in their deactivation. Only specific, isolated examples of electron-rich 
aryl halides have been shown to be suitable for C–N bond formation 
with current approaches, and these require up to a week of reaction 

Received: 28 September 2023

Accepted: 9 April 2024

Published online: xx xx xxxx

 Check for updates

1Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Germany. 2Institute of Organic Chemistry, RWTH Aachen University, Aachen, Germany. 
3Max Planck Institut for Chemical Energy Conversion, Mülheim an der Ruhr, Germany.  e-mail: cornella@kofo.mpg.de; ritter@kofo.mpg.de

http://www.nature.com/natcatal
https://doi.org/10.1038/s41929-024-01160-1
http://orcid.org/0000-0002-6866-8440
http://orcid.org/0000-0002-7720-8171
http://orcid.org/0000-0001-9605-4510
http://orcid.org/0000-0003-4152-7098
http://orcid.org/0000-0002-6957-450X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41929-024-01160-1&domain=pdf
mailto:cornella@kofo.mpg.de
mailto:ritter@kofo.mpg.de


Nature Catalysis

Article https://doi.org/10.1038/s41929-024-01160-1

Results
C–N bond formation
The reaction between ArTT salt 1 and piperidine 2 under irradiation with 
blue light-emitting-diode (LED) light, catalysed by 2 mol% NiCl2·6H2O, 
results in near-quantitative yield of 3 in N,N-dimethylacetamide (DMA) 
as solvent at 25 °C within 16 h (Table 1a, entry 1). Control experiments 
confirmed the necessity for light (entry 2). NiBr2·diglyme is also a 
competent catalyst, although NiCl2·6H2O provides a cheaper alter-
native (entry 3). Previously, we reported a conceptually different 
nickel-catalysed halogenation in the absence of light38, in which zinc 
was used as a reducing reagent. However, these conditions, even with 
1.0 equiv. zinc, only resulted in less than 10% of product 3 (entry 4). The 
reaction system reported here is distinct from the previous approach. 
It proceeds through nickel photocatalysis, unlike our previous work, 
allowing for various C–heteroatom bond-formation reactions via 
the same approach, whereas the previous approach failed beyond 
halogenation. Initially, 2 equiv. amine was required to achieve a high 
product yield, consistent with its role as the substrate, the reductant 
for light-induced Ni(II) reduction and the base to neutralize the HBF4 
formed during the reaction (vide infra). Although acceptable for sim-
ple, inexpensive amines, the two equivalents are not favourable for 
late-stage functionalization of complex small-molecule amines. We 
thus investigated the use of exogenous tertiary amines (for example, 
3.0 equiv. DABCO), with the reagent amine as the limiting reagent, 
which afforded 3 in 84% yield (entry 5). The use of UV-A light (390 nm) 
did not lead to product formation, but resulted in decomposition of 
the starting material (entry 6). Adding 5.0 equiv. water to the reaction 
resulted in only slightly lower yield (85%, entry 7). An inert atmosphere 
is particularly important for this reaction; only trace amounts of prod-
uct were generated when the reaction was executed in air (Supplemen-
tary Table 3 provides details).

Electron-rich and electron-neutral ArTT salts can be converted to 
products in 50–93% yields, as shown in Table 1b. Complementary to 
other Ni-catalysed amination protocols19,22,28,39,40, electron-deficient 
substrates react less efficiently (for example, 18). Oxidative addition 

time for primary alkyl amines30, and no general solution to the problem 
has been reported.

Intrigued by this persistent fundamental challenge in catalysis, 
we focused our attention on providing a general solution to include 
electron-rich aryl pseudohalides. Several pathways have been invoked 
for the oxidative addition of L–Ni(I) complexes into the C–X bond31, 
namely nucleophilic aromatic substitution (SNAr)32, single-electron 
transfer (SET)33, concerted oxidative addition34 and halogen atom 
abstraction35. Regardless of the mechanism, the success of the oxida-
tive addition is largely dependent on the electronic structure of the 
aryl group (Fig. 1b). Although the redox properties of aryl halides are 
solely a function of the substituents on the arene, the redox properties 
of arylthianthrenium (ArTT) salts are predominantly determined by the 
thianthrenium unit itself, which acts as a redox antenna for SET events36. 
Upon single-electron reduction by a low-valent catalyst such as a Ni(I) 
salt, rapid mesolytic cleavage of the C–S bond can provide a syntheti-
cally useful aryl radical. This process depends on the stereo-electronic 
alignment of the σ* orbital of the exocyclic C–S bond with the π-system 
of the thianthrenium scaffold37, and hence is favourable even for arenes 
with electron-releasing substituents. Based on the demonstrated reduc-
ing ability of Ni(I) under light irradiation, we intended to utilize such 
species for the initial single-electron reduction of ArTT salts, followed 
by oxidative ligation of the aryl radical to form the required Ni(III) com-
plex for C–N reductive elimination (Fig. 1c). Based on this approach, we 
show, here, a straightforward nickel-catalysed C–heteroatom bond 
cross-coupling with electron-neutral and electron-rich ArTT salts, thus 
providing a solution to the long-standing challenge in nickel photo-
chemistry19,22,25,30. The protocol operates at room temperature, does not 
require the addition of ancillary ligands, and is suitable for the coupling 
of large and densely functionalized nucleophiles and thianthrenium 
salt fragments, thus rapidly generating complexity in late-stage con-
texts. The combination of selective C−H functionalization with a prac-
tical and broadly applicable cross-coupling protocol for electron-rich 
and electron-neutral arenes renders this approach complementary to 
known nickel-catalysed C–heteroatom bond-forming reactions.
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of electron-poor arenes proceeds faster (vide infra), but the yields 
are lower due to the observed competing side reaction of hydrode-
functionalization. The detailed reasons for this side reaction were 
not established, in large part because analysis of the arylnickel spe-
cies in the absence of ancillary ligands is challenging, but it may be 

a consequence of hydrogen atom transfer (HAT) from the α-C−H 
position of the amine or the solvent41. Functional-group compat-
ibility is high, accommodating sulfonamides, amides, cyclopropyls, 
ethers, biaryls, halides, nitriles, esters, heterocycles, carbamates 
and amines. Complex, functionalized small molecules such as 

Table 1 |  Reaction development and the amination scope of ArTT salts: a, discovery and optimization; b, scope of the 
amination of ArTT salts
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flurbiprofen (10), nefiracetam (14), benzyloxazolidinone (15), bos-
calid (19), strychnine (20), fenbufen (24) and pyriproxyfen (25) can 
be converted into the corresponding aminated products, providing 

a useful protocol for late-stage modification. Substrates with para- 
and meta-substitution can participate in the reaction as well. The 
ortho-substituted ArTT salts fall beyond the scope of the protocol, 

Table 2 | Scope of the amination of nitrogen nucleophiles
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and result in hydrodefunctionalized by-products as well as unreacted 
starting materials.

A variety of N-nucleophiles, including primary alkyl amines, sec-
ondary alkyl amines, anilines, sulfonamides and amides, performed 
well under the reaction conditions, as demonstrated in Table 2. Cyclic 
secondary amines with different ring sizes, α-methyl substituted 
pyrrolidine, N-Boc protected piperazine, morpholine, and fused or 
spirocyclic-, pyrimidine- and benzoisothiazole-amines are all compat-
ible in the reaction. Dimethylamine could efficiently yield the target 
product 37 with 80% yield. However, when using a linear secondary 
amine with larger steric hindrance compared to dimethylamine, the 
yield decreased, as shown for product 51. The lower yield may be due 
to steric hindrance slowing the reaction and causing β-H elimination 
upon coordination with the nickel catalyst19. However, with the addi-
tion of 3 equiv. 2-tert-butyl-1,1,3,3-tetramethylguanidine (BTMG), 
switching the nickel source to NiCl2·glyme with a loading of 10 mol%, 
and irradiation of the reaction mixture, primary amines could also 
engage in the reaction to furnish the desired products. Although blue 
LEDs were also effective, white LEDs provided slightly higher yields in 
the case of primary amines (Supplementary Fig. 11). Cyclopropylamine, 
propargylamine, α-CF3-substituted and primary alkyl amines contain-
ing furan rings can all participate in the reaction to furnish the desired 

products in 40–89% yields. Substrates with functional groups that 
are susceptible to side reactions in Pd-catalysed amination reactions, 
such as olefins (Heck) and boronic esters (Suzuki), are tolerated under 
the reaction conditions reported here. In addition, acidic functional 
groups are also compatible (for example, 38), and are problematic in 
our previously reported Pd-catalysed amination protocol42.

Extension to other C−X bond formation
The developed catalyst system was extended to medicinally relevant 
methoxylation using MeOH as nucleophile. Both simple and highly 
functionalized ArTT salts bearing alkyls, halogens, amides, hetero-
cycles and esters can be engaged in this process, as shown in Table 3. 
Other primary and secondary alcohols, as well as phenols, can also 
participate in the reaction, with hydrodefunctionalized compounds 
as the main by-products. Although the construction of C−O bonds 
with ArTT salts has been reported previously43, those transforma-
tions were not catalytic, and stoichiometric amounts of copper were 
required. Additionally, for halogenation, the use of heterogeneous 
zinc powder was required for the formation of the Ni(I) catalyst, which 
could pose challenges on a larger scale. Furthermore, the formation of 
C−S bonds was limited to aromatic thiols, leaving alkyl thiols beyond 
the scope44,45. In this context, our current protocol overcomes these 

Table 3 | Extension to other C−X bond formation: a, scope of C−O bond formation; b, extension to C−X bond formation with 
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previous limitations and provides a unified approach across nitrogen, 
oxygen and sulfur nucleophiles. Moreover, sodium iodide, sodium 
bromide and tetrabutylammonium chloride (TBACl) can be used as 
nucleophiles in the same catalytic manifold, which provides a straight-
forward and easy method for the halogenation of drug-like molecules 
in a late-stage functionalization, although the transformation has thus 
far not been extendable to fluorination (Table 3).

To validate the scalability of our protocol, we performed a 
gram-scale fragment coupling of two drug molecules, as highlighted 
in Fig. 2a. Compound 79 was previously46 synthesized in a seven-step 
sequence, starting from aryl bromide 80. With our protocol, we can 
begin with thianthrenation of 78, followed by amination and a nucleo-
philic substitution (SN2) reaction, and are able to streamline the syn-
thesis to three steps starting from a cheaper starting material (Fig. 2b).
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A working hypothesis for the Ni-catalysed C–X bond formation 
is depicted in Fig. 3a. Based on previous examples of photoredox 
nickel-catalysed reactions23,40, it is speculated that Ni(I) species may be 
generated from the simple Ni(II) salt through a ligand-to-metal charge 
transfer (LMCT) process through the ligated amine under light irradia-
tion40. When mixing NiBr2·diglyme with amine 2 for 5 min under blue 
LED irradiation, signals consistent with a paramagnetic Ni(I) species 
were observed by electron paramagnetic resonance (EPR) spectros-
copy (Supplementary Fig. 4 provides details). Additional evidence for 
the involvement of Ni(I) was provided by experiments performed in the 
absence of light. When a mixture of 1 and 2 was combined with Ni(COD)2 
(100 mol%) and one-electron oxidant FeCp2BArF (100 mol%) in the 
dark, a 90% yield of C–N bond product 3 was obtained (Fig. 3b, entry 1). 
However, the sole presence of Ni(0) [Ni(COD)2] or Ni(II) (NiBr2·diglyme) 
in the absence of irradiation did not produce any target product, and 
1 remained unreacted (Fig. 3b, entries 2 and 3). Oxidative addition 
could proceed by initial SET to the ArTT cation. A measured positive 
but relatively small Hammett rho value of ρ = 1.1 is consistent with the 
hypothesis that the substituents on the arene play less of a role for the 
rate of oxidative addition, and the process is primarily governed by the 
electronic structure of the thianthrenium substituent itself. Although 
different ρ values have been observed previously depending on the 
mechanism of the nickel-based oxidative addition reactions, a larger 
ρ value of 4 was observed for the oxidative addition of nickel by SET 
to aryl iodides31,47–49. We also confirmed the requirement for continu-
ous visible-light irradiation by performing light on/off experiments, 
excluding the possibility of a self-sustained Ni(I)/Ni(III) cycle; both the 
amination reaction and the oxygenation reaction proceeded only in 
the presence of light (Supplementary Figs. 5 and 6). The requirement 
of light for reactivation to a catalytically active Ni(I) complex after 
reductive elimination is in agreement with previous research regarding 
related nickel photoredox C–N bond formation23,24,40. Although specific 
information about the mechanism could be obtained here—such as the 
relevance and importance of the involvement of Ni(I) species—details 
on the structure of the nickel complex after reductive elimination 
remain elusive due to the simple catalytic system deprived of any 
ancillary ligands, which could otherwise support isolation and char-
acterization of the intermediate metal complexes. Similarly, different 
pathways prior to reductive elimination are conceivable, with the subtle 
differences not being discernible with our current set of data. For exam-
ple, reductive elimination could be preceded by oxidative addition via 
oxidative ligation to a Ni(III) intermediate as suggested, but an energy 
transfer from a Ni(II) aryl intermediate cannot be excluded at this stage.

Conclusion
The Ni(I)-catalysed C–heteroatom bond formation presented here 
represents a general approach to include electron-rich aryl electro-
philes in nickel photoredox catalysis based on simple nickel salts. 
Through a fundamentally distinct SET oxidative addition process, 
thianthrenium salts provide a solution to the long-standing challenge 
of coupling electron-rich aryl (pseudo)halides. The combination of a 
Ni(I)/Ni(III) redox cycle appears well suited to the electronic structure 
of ArTT salts and provides a fundamental advance over previous reac-
tion developments. We demonstrate that, together with site-selective 
C−H thianthrenation, our contribution offers a distinct approach for 
late-stage diversification.

Methods
General procedure for amination of ArTT salts (secondary 
alkyl amines)
A culture tube with a Teflon screw-cap equipped with a Teflon-coated 
stir bar was used. ArTT salt (0.20 mmol, 1.0 equiv.) and amine (if solid, 
0.40 mmol, 2.0 equiv.) were introduced into the culture tube, then, inside 
a glovebox, a stock solution of NiCl2·6H2O in dry DMA (2 ml, 2–10 mol%) 
was added into the tube via syringe at 25 °C. The reaction tube was taken 

out of the glovebox, and amine (if liquid, 0.40 mmol, 2.0 equiv.) was 
added via a microsyringe at 25 °C. The reaction mixture was stirred at 
25 °C with irradiation by blue LEDs (456 nm, 34 W × 2; the culture tube 
containing the reaction mixture was put in the centre of the two light 
sources, and the distance to each light source was ~5 cm). After 24 h, the 
mixture was diluted with ethyl acetate (~4 ml), washed with brine (~3 ml) 
and dried over Na2SO4. On filtration, the organic layer was concentrated 
and purified by flash column chromatography on silica gel or prepara-
tive thin layer chromatography (pTLC) to afford the desired product.

General procedure for amination of ArTT salts (primary alkyl 
amines, anilines, amides and sulfonamides)
A culture tube with a Teflon screw-cap equipped with a Teflon-coated 
stir bar was used. ArTT salt (0.20 mmol, 1.0 equiv.) and nitrogen nucleo-
phile (0.60 mmol, 3.0 equiv., if solid) were introduced into the culture 
tube. The culture tube was introduced into a glovebox. Inside the 
glovebox, NiCl2·glyme (4.4 mg, 20 µmol, 10 mol%) was introduced into 
the tube, and dry DMA (2.0 ml, c = 0.10 M) was added using a syringe. 
The reaction tube was taken out of the glovebox, and nitrogen nucleo-
phile (0.60 mmol, 3.0 equiv., if liquid) and BTMG (122 µl, 0.600 mmol, 
3.00 equiv.) were added using microsyringes. The mixture was stirred 
at 25 °C with white LED irradiation (light source ~5 cm away). After 
24 h, the mixture was diluted with ethyl acetate (~4 ml), washed with 
brine (~3 ml) and dried over Na2SO4. On filtration, the organic layer was 
concentrated and purified by flash column chromatography on silica 
gel or pTLC to afford the desired product.

General procedure for catalytic C−heteroatom bond 
formation of ArTT salts (alcohols, thiols, phenols and 
halogens)
A culture tube with a Teflon screw-cap equipped with a Teflon-coated 
stir bar was used. ArTT salt (0.10 mmol, 1.0 equiv.), quinuclidine 
(33.4 mg, 300 µmol, 3.00 equiv.) and nucleophile (if solid, 0.20–
1.0 mmol, 2.0–10 equiv.) were introduced into the culture tube. The 
culture tube was introduced into a glovebox. Inside the glovebox, 
NiCl2·glyme (2.2 mg, 10 µmol, 10 mol%) was introduced into the tube, 
and dry DMA (1.0 ml, 0.10 M) was added using a syringe. The reaction 
tube was taken out of the glovebox, then nucleophile (if liquid, 0.20–
1.0 mmol, 2.0–10 equiv.) was added using a microsyringe. The reaction 
mixture was stirred at 25 °C with irradiation by 465-nm blue LEDs (the 
culture tube containing the reaction mixture was put in the centre of 
the light source, and the distance to the light source was ~5 cm). After 
24 h, the mixture was diluted with ethyl acetate (~4 ml), washed with 
brine (~3 ml), and dried over Na2SO4. On filtration, the organic layer 
was concentrated and purified by flash column chromatography on 
silica gel or pTLC to afford the desired product.

Data availability
All data relating to the materials and methods, experimental proce-
dures, mechanistic studies and NMR spectra are available in the Sup-
plementary Information or from the authors upon reasonable request.
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