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Reductive coupling of aryl (pseudo)halides towards symmetrical 
biaryls via a dual Ni/photoredox catalysis 
Sadiq Strey†a, Kristin Olbricht†a, Daniel Sommera, Dino Berthold*a

We demonstrate that dual Ni/photoredox catalysis enables a general reductive approach to symmetrical biaryls using simple 
amines as mild reducing agents. Guided by mechanistic considerations and DFT studies, NEt₃ was identified as an inexpensive 
and effective reductant for the homocoupling of readily accessible aryl (pseudo)halides. This strategy provides access to a 
wide range of highly functionalized biaryls in generally high yields under mild conditions. The synthetic utility of the method 
is demonstrated by the preparation of structurally diverse compounds, including the hepatitis C drug daclatasvir.

Introduction

In the recent past, reductive C–C coupling reactions have 
emerged as a powerful alternative to traditional, predominantly 
Pd-catalyzed cross-coupling reactions employing an 
organometallic nucleophile R–M (M = B, Zn, Mg, Sn, etc.) and an 
electrophile R–X (e. g. (pseudo)halides). Utilizing stable and 
widely available (pseudo)halide electrophiles and earth-
abundant, non-precious metal-based catalysts three modes of 
reduction for these reductive coupling reactions have been 
developed to date: 1. reduction via the stoichiometric 
application of strong reducing agents, such as Zn, Mn or TDAE; 
2. reduction employing electrochemical set-ups, which often 
allow for the avoidance of reducing reagents; 3. photoredox 
catalysis providing the necessary redox potentials for the 
application of weak and abundant reducing agents, such as 
amines, alcohols, etc.[1-7]

The latter methodology has been extensively investigated in the 
past 10 years for the formation of C–C bonds utilizing 
predominantly earth-abundant, non-precious metal-based 
catalysts. Specifically, Ni-catalyzed variants of this approach 
have been predominantly employed for the formation of 
C(sp2/sp3)–C(sp3) bonds.[1-7][8-15][16-19] However, apart from 
some initial reports and observations during other studies it has 
not been employed for the broad formation of biaryls via 
C(sp2)–C(sp2) coupling.[20-26]

Since the privileged biaryl moiety is prevalent in a wide range of 
organic compounds including biologically active natural 
products, pharmaceuticals, agrochemicals and functional 
materials, among many others,[27-31] reductive coupling 
reactions according to modes 1. and 2. have been realized 

employing aryl (pseudo)halides and different Ni-catalysts.[1-7][31-

36][37-40] In general, it is assumed that these Ni-catalyzed 
reductive coupling reactions proceed via a Ni(III)-intermediate 
as the key species bearing two biaryl fragments, beside a 
(pseudo)halide as ligands (Scheme 1).[41-43]

Scheme 1. Combination of previously reported reductive Ni-catalyzed coupling of 
aryl halides and dual Ni/photoredox-catalyzed C(sp2)–C(sp3) coupling enabling our 
approach of dual Ni/photoredox catalyzed homocoupling towards biaryls.

On this basis we hypothesized that dual Ni/photoredox catalysis 
could enable a broadly applicable reductive biaryl coupling 
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reaction under mild conditions using simple amine reducing 
agents, since these are easily and inexpensively available, but 
also energetically favourable, e.g. in comparison to metal-based 
reducing agents. In order to investigate our hypothesis on a 
simple level in this initial work, we focused on the reductive 
homo-coupling reaction, often referred to as Ullmann(-type) 
coupling, towards highly functionalized biaryls.

Results and Discussion

Mechanistic considerations

However, before performing experimental studies regarding 
our hypothesis we set-up a potential working mechanism 
including all plausible routes to our initially recognized Ni(III) 
intermediate D. Here, it became apparent that two possible 
routes might lead to the latter D: 1. the interception of Ni(II) aryl 
halide complex C by a previously formed aryl radical; 2. the 1-
e–-reduction of C by a reducing agent generating a Ni(I) aryl 
complex E. The latter might then undergo a second oxidative 
addition (OA2) with the second aryl halide. Reductive 
elimination (RE) of complex D will then furnish our desired 
product and generate a Ni(I) halide complex F. Two possible 
options for the formation of Ni(II) aryl halide complex C are 
feasible: 1. Ni(I) halide complex F is further reduced to a Ni(0) 
species, which subsequently undergoes OA1 to form Ni(II) aryl 
halide complex C; 2. Ni(I) halide complex F directly undergoes 
OA3 forming a Ni(III) aryl dihalide complex, which might then be 
reduced to the necessary Ni(II) aryl halide complex C (Scheme 
2). 

Scheme 2. Working mechanism 1 and 2 of our dual Ni/photoredox catalyzed 
homo-coupling reaction. RE: reductive elimination, OA: oxidative addition.

Besides these two potential pathways involving the 
interception of Ni(II) aryl halide complex C by a previously 
formed aryl radical or sequential oxidative additions, a possible 
third mechanistic option for the preparation of biaryls featuring 
a Ni(I)/Ni(II) transmetalation has been recently reported by 
Paton and Stahl.[44] in their work, they show that biaryl 
formation can also occur from a Ni(II) diaryl complex H via 
reductive elimination. The latter is formed via 1-e– reduction of 
Ni(II) aryl halide C to Ni(I) aryl complex E and its subsequent 
transmetalation to another Ni(II) aryl halide C. Besides a fully 
different pathway regarding the formation of the desired biaryl 
product, this tentative mechanism exhibits the same crucial 
reduction steps a), b) and d) concerning the Ni-catalyst as 
working mechanisms 1 and 2 (Scheme 3).

Scheme 3. Working mechanism 3 of our dual Ni/photoredox catalyzed homo-
coupling reaction. RE: reductive elimination, TM: transmetalation, OA: oxidative 
addition.

Before investigating the general viability of our hypothetic 
approach and the underlying reduction pathways, we 
thoroughly studied the literature regarding possible 
thermodynamic properties of the different necessary reduction 
steps a-e), e.g. energetics and redox potentials. Furthermore, 
DFT calculations regarding the reduction steps of Ni-
intermediates and precursors were carried out to supplement 
the published experimental redox potentials Ered 
(SCE).[45,46][47,48] For the necessary reduction of the Ni(II)X2-
precursor A, literature precedent for both SET reductions Ered 
(exp., Ni(II)/Ni(I), MeCN, SCE) = –0.88 V[49,50] and Ered (exp., 
Ni(I)/Ni(0), MeCN, SCE) = –1.2 V[49,50] is consistent with our 
calculated redox potential Ered (calc., Ni(II)/Ni(I), MeCN, SCE) = –
1.1 V[51,52], besides the fact that only moderately strong 
reducing agents would be required (Scheme 4, a) & b)). Next, 
the redox potentials for the reduction of aryl (pseudo) halides, 
which were reported in the literature, were evaluated, 
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providing a clear trend (X = I > Br > Cl) regarding the feasibility 
of radical formation.[53-55][56] It became clear that especially 
chlorides and electron-rich bromides would require strong 
reducing agents (Ered (MeCN, SCE) > 2.5 V) (Scheme 4, c)).[56]

Finally, we were interested in the feasibility of the various 
possible reduction steps leading to key intermediates D and H. 
Since only limited literature precedencies were found for the 
required reduction steps d) and e), we again performed DFT 
calculations. These indicate that the reductions of Ni(II) aryl 
halide intermediates C to open-shell Ni(I) aryl complex E (Ered 
(calc., MeCN, SCE) = –1.8 V)[57,58], as well as the reduction of 
Ni(III) aryl X2 G to C (Ered (calc., MeCN, SCE) = –0.54 V) are 
possible.[59,60] Furthermore, our calculations indicate that the 
selectivity of the reduction of Ni(II) aryl halide complex C is 
favoured towards the formation of Ni(I) aryl complex E, which is 
in accordance to experimental observations.[61-65] However, the 
feasibility of the generation of G exhibiting an aryl substituent 
and bipy ligands via OA3 is still debated.[61-65][66] At this point, 
the potential pathway towards key intermediate D via E 
(working mechanisms 2 and 3) appears to be as plausible as that 
involving Ni-complex C and an aryl radical (working mechanism 
1) (Scheme 4, d & e).

Scheme 4. Overview of significant reductions and their experimental and 
calculated redox potentials. DFT calculations: level of theory: PBE0/def2-
TZVPP//D4/SMD(MeCN).

Next, potential reducing agents for the above-mentioned 
reduction processes were investigated via evaluation of 
experimental and calculated redox potentials.[67] As previously 

reported a reductive quenching cycle in combination with 
readily available amines, such as NEt3 and DIPEA, provide in the 
reduced photocatalyst PC and the α-amino radical two strongly 
reducing species. However, therefore the activated 
photocatalyst has to be sufficient for the oxidation of the 
employed amines (E (MeCN, SCE) ≥  0.7 V).[68,69] Photocatalysts 
that meet this condition, are then exhibiting a wide variety of 
redox potentials for their oxidation E (exp., MeCN, SCE) = –0.27 
- 1.5 V) (Scheme 4).[70,71][72-76] Noteworthy, the reduce species 
[PC]– of many of these should not be able to catalyse our 
envisaged biaryl coupling via the above-mentioned reduction 
steps a)-e). On this basis and precedent literature reports we 
became interested in the possibility of generating an α-amino 
radical by deprotonation of the formed amino radical cation. 
The α-amino radical should then be a strong reducing agent 
with E (calc., MeCN, SCE) = –1.9 V (NEt3) & –1.8 V (DIPEA) 
according to our DFT calculations via different modes of 
reduction (Scheme 5).

Scheme 5. Potential reducing agents and their experimental and calculated redox 
potential. DFT calculations: level of theory: M06/def2-
TZVPP//D3Zero/SMD(MeCN).

With the feasibility of thermodynamics, more specifically the 
redox potentials, in mind, we focused on the kinetics of the 
reaction pathway via aryl radicals (working mechanism 1), as 
these should be present in higher concentrations than the 
alternative Ni(I) complex E and should therefore have a greater 
influence on the successful outcome. Only considering 
reduction pathways involving α-amino radicals, e.g. for weak 
photocatalysts, the in situ formation of aryl radicals is plausible 
via two possible modes: either a mechanism recently 
established by Leonori involving halogen atom transfer 
(XAT)[77,78], which is plausible especially for alkyl iodides; or a 
single electron transfer (SET) from the α-amino radical (or the 
reduced photocatalyst) into the aryl halide. To get an insight, 
which of the two modes are more likely, we conducted DFT 
calculations regarding the relative energies of the substrates, 
products, intermediates and transition states focusing on the 
influence of Cl, Br and I as leaving groups (Scheme 6).[79] 
Therefore, in addition to the XAT mechanism (blue)[77,78,80], we 
also considered a SET mechanisms. In this context, two options 
for the determination of the energies of transitions states are 
feasible: 1. a discrete transition state for the transfer of the 
single electron into the π-system (red); 2. a transition state for 
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the SET into the π-system and simultaneous C–X bond cleavage 
according to Marcus theory was also considered (green) 
(Scheme 6). In addition to the theoretical studies by Funes-
Ardoiz[80], our thus performed DFT calculations show that the 
possible mode of activation (XAT vs. SET) of aryl radicals is highly 
dependent on the halide substrate. This is not surprising since 
the formation of phenyl radicals is more challenging form 
chlorides and bromides than iodides regardless of the 
underlying mode of activation, respectively the corresponding 
transition state, due to the increasing tendency of bond 
dissociation energies (BDE).[81-84] However, the possible 
generation of aryl radicals is more feasible via SET mechanisms, 
for bromides (ΔΔG≠(SET/XAT) = 5.0 kJ/mol) and especially for 
chlorides (ΔΔG≠(SET/XAT) = 19.2 kJ/mol).[85] Considering the 
energy barriers of the different transition states, the formation 
of phenyl radicals at rt seems to be feasible. It should be noted 
that a XAT mechanism cannot be ruled for the activation of aryl 
bromides and must be considered as the predominant mode of 
activation for iodides. The formation of phenyl radicals is only 
exergonic for phenyl iodide according to our calculations, which 
suggests that the aryl radical generated from aryl bromides and 
chlorides must be converted rapidly. Furthermore, our 
calculations show that the formation of dissociated iminium 
salts from α-amino halides is not exergonic for chlorides and 
bromides, but iodides, ruling it out as a substantial 
thermodynamic driving force for the former. In conclusion, our 
DFT calculations in addition to the results of Funez-Ardoiz and 
Leonori suggest that the envisaged photoredox-catalyzed 
formation of aryl radicals and subsequent trapping by a Ni(II) 
aryl halide complex C should be feasible for a broad variety of 
potential substrates.[77,78,80] Considering transition states for 
SET in addition to XAT, it becomes clear that the formation of 
aryl radicals might not only be depending on the choice of 
(pseudo)halides, but possibly also on the substitution on and in 
the aryl moiety as well as the size of the π-system. Noteworthy, 
these factors should not significantly affect the XAT transition 
state energies of aryl (pseudo)halides (Scheme 6).

Scheme 6. Potential mechanistic pathways for the formation of aryl radicals. DFT 
calculations: level of theory: M06/def2-TZVPP///D3Zero/SMD(MeCN).

In conclusion, our preliminary theoretical considerations for a 
successful potential biaryl synthesis via dual Ni/photoredox-
catalyzed reductive coupling have led to the following terms: 1. 
the redox potential of the irradiated PC* must be strong enough 
for the oxidation of the employed amine; 2. a high redox 
potential of the reduced [PC]– could be unnecessary, since the 
generated α-amino radical is a strong reducing agent itself; 3. 
the reduced [PC]– and/or the α-amino radical should be strong 
enough to reduce a potential Ni(II) precatalyst and Ni(I) 
intermediate; 4. according to the corresponding reaction 
pathway the aryl radical formation should be possible via either 
a XAT or SET mechanism depending on the chosen aryl and 
(pseudo)halide moiety; 5. not-considering an aryl radical 
pathway (working mechanism 1) the desired key intermediates 
Ni(aryl)2X (D) or Ni(aryl)2 (H) must be formed via intermediate 
Ni(aryl) (E) via 1-e–-reduction of Ni(aryl)X (C) and subsequent 
Ni(II)–aryl or Ni(II)–X homolysis. Ni-complex E might then 
undergo either a second oxidative addition OA2 towards D 
(working mechanism 2, Scheme 2) or a transmetalation to Ni(II) 
aryl halide-complex C (working mechanism 3, Scheme 3). 
Noteworthy, none of the aforementioned pathways for working 
mechanisms 1, 2 and 3 towards the key intermediates 
Ni(III)(aryl)2X (D) and Ni(II)(aryl)2 can be ruled out at this stage. 
However, given the energetically favourable formation of aryl 
radicals under the proposed photoredox conditions, an 
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intersection of the Ni(II) aryl halide C by a separately formed aryl 
radical seems most plausible to us.

Experimental work

With these general considerations regarding underlying 
theoretical details of a potential biaryl synthesis via dual 
Ni/photoredox-catalyzed reductive coupling in mind, we 
commenced with our initial investigations (Table 1) starting 
with the homo-coupling reaction of tert-butyl 4-
bromobenzoate (1) employing the organo photo-catalyst 9,10-
dicyanoanthracene, which is only capable of a reductive 
quenching cycle (E ([PC]*) = +1.99 V, E ([PC]–) = –0.91)[68,69][74], 
and NEt3 (2.0 equiv.) as a reductant. Regarding the light source, 
a reaction setup of blue LEDs (EvoluChemTM 450 PF, 450 nm, 18 
W) was used. To our delight we obtained the desired homo-
coupled biaryl 2 in a promising yield of 24% (entry 1). With this 
result in hand, we screened a series of photoredox-catalysts 
exhibiting stronger potentials for the reduced species (E ([PC]– 
< –1.0 V). Among these, [Ir(ppy)dtbbpy]PF6 (E ([PC]*) = +0.66 V, 
E ([PC]– = –1.55)[72] showed outstanding reactivity providing 2 in 
66% yield (entry 2). Continuing with [Ir(ppy)2dtbbpy]PF6, we 
screened different bipy ligands and identified 4,4’-(CF3)2-bipy as 
the superior ligand resulting in 92% yield of our desired biaryl 
product 2 (entry 4). We were then curious if the reducing 
combination of our photocatalyst and NEt3 is capable of 
reducing Ni(II)-salts, which are a convenient alternative to Ni(0) 
precatalysts, since they are less prone to oxidation and 
therefore typically do not have to be stored under inert 
conditions. Besides other successful Ni(II) precursors 
Ni(DME)Br2 could furnish our desired biaryl product in a lower, 
yet satisfying yield (84%) compared to Ni(cod)2. We also 
screened other amines as reducing agents, as well as their 
stoichiometry, and light sources of different wavelengths, but 
none of the alternatives proved to be superior. However, 
employing a single weak blue LED (Osram LD CQ7P-1U3U-W5-
1-K, 455 nm, 450 mW) we obtained our desired biaryl in 91% 
yield applying our optimized conditions for the Ni(cod)2-based 
catalytic system (entry 5).[86] Notably, all catalysts and reagents, 
as well as the irradiation were necessary indicated by control 
reactions.[867] Finally, we were already interested at this stage, 
if our catalytic conditions are adaptable to a larger scale 
employing the same instrumental setup. To our delight we 
obtained our desired biaryl 2 in 89% yield on a 25 mmol scale 
(entry 6).

Table 1. Selected results of our optimization studies regarding the dual 
Ni/photoredox-catalyzed reductive aryl coupling.[b][86]

entry changes from initial conditions Yield[a]

1 – 24%

2 [Ir(ppy)2dtbbpy]PF6 (1.0 mol.-%) was used 66%

3 [Ir(ppy)2dtbbpy]PF6 & 4,4’-(CF3)2-bipy were used 92%

4
[Ir(ppy)2dtbbpy]PF6 & 4,4’-(CF3)2-bipy & Ni(DME)Br2 

were used
84%

5 as entry 3, but one blue LED (455 nm, 450 mW) 91%

6 as entry 3, but 25 mmol scale & 1.0 M 89%

[a] Isolated yield. [b] Reactions were performed on a 1.0 mmol scale.

With these two catalytic conditions for a photoredox mediated 
homo-coupling reaction towards biaryls in hand, we next 
studied the scope of different potential leaving groups. Besides 
traditional (pseudo)halide leaving groups 3-9, we also employed 
potential substrates with redox-active leaving groups 10-16, of 
which only the first group 3-8 were suitable substrates. The 
observed reactivities reflect in general the expected tendencies 
towards oxidative addition employing a Ni(0) precatalyst since 
comparable yields are obtained from iodide 3, bromide 4 and 
triflate 6. Less reactive (pseudo)halides, such as tosylate 7, 
chloride 5 and mesylate 8, were also suitable, however 
providing our desired product 17 in decreased yields, due to 
lower conversions (Scheme 7).

Scheme 7. Screening of different (pseudo)halide and redox-active leaving groups 
in the dual Ni/photoredox-catalyzed reductive aryl coupling. Reactions were 
performed on a 1.0 mmol scale.

Next, we investigated the substrate scope of our newly 
developed homo-coupling reaction regarding different 
substituents on the aryl moiety. Therefore, differently mono 
and para-substituted aryl bromides and iodides 18-48 were 
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applied to our two general conditions. We were pleased to 
observe that the two conditions were applicable to a wide range 
of differently functionalized aryl halides including electron-
withdrawing and electron-donating groups. However, for some 
of the obtained biaryl products 51 and 70 the corresponding 
iodide as the leaving group was required to achieve sufficient 
conversions (Scheme 8). 

Scheme 8. Scope of the reductive homo-coupling reaction of mono-functionalized 
aryl bromides. Reactions were performed on a 1.0 mmol scale.

Next, we were interested in the broader tolerance regarding 
aliphatic functional groups and protecting groups. Therefore, a 
variety of esters exhibiting functionalities via a C4-linker were 
tested. Again, different functional groups including alcohol 
protecting groups were well tolerated under our reducing 

reaction conditions. However, we observed diminished yields 
for mesylate 86 and tosylate 92, since for these substrates 
major defunctionalization side-reactions occurred (Scheme 9). 

Scheme 9. Scope of the reductive homo-coupling reaction of mono-functionalized 
aryl bromides exhibiting different tolerated aliphatic functional and protecting 
groups. Reactions were performed on a 1.0 mmol scale.

To summarize our elaborated scope of different functional 
groups (Scheme 8 & 9), a plethora of different aliphatic 
functional groups based on carbon 2, 17, 49-68 and 95-109, 
boron 69, oxygen 70 and 71, sulfur 72-75 and phosphorous 78 
and 79, besides halides 76 and 77, were tolerated well 
highlighting the mild reaction conditions of our reductive homo-
coupling approach. (Scheme 8 & 9). However, some functional 
groups were not tolerated under our reducing reaction 
conditions. These include in general Brønsted acids, such as 
alcohols and carboxylic acids, nitro groups and amines.[88]

With these results of applicable functional groups in hand, we 
investigated different poly-substituted aryl bromides by 
submitting them to our two reaction conditions for 
Ni/photoredox-catalyzed homo-coupling. Again, a broad 
tolerance of different functional groups providing poly-
substituted biaryls 127-143 was observed. Most noteworthy in 
our eyes is the formation of complex, eightfold substituted 
biaryl 141 in this context. However, we noticed a preliminary 
major limitation of our novel method as sterically demanding 
ortho-substituents were not well tolerated resulting in 
diminished yields due to low conversions, e.g. 133, 138 and 143 
(Scheme 10).
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Scheme 10. Scope of the reductive homo-coupling reaction of poly-functionalized 
aryl bromides. Reactions were performed on a 1.0 mmol scale.

In order to highlight the synthetic value of our novel method we 
applied it to the synthesis of potentially useful and more 
complex biaryls. Different potentially bioactive products 
containing a carbofuran 149, a D-glucose 150 and a sulfonamide 
151 were obtained in good yields. Furthermore, the dimer of a 
fluorescent probe 152[89] and the biarylic tetra-aldehyde 153 – 
relevant as a COF substrate[90] – were also isolated in good 
yields (Scheme 11).

Scheme 11. Synthesis of potentially useful biaryls via our reductive homo-coupling 
approach. Reactions were performed on a 1.0 mmol scale.

Finally, we aimed for the application of our novel method in the 
synthesis of symmetrical biaryl-containing hepatitis C drug 
daclatasvir (154).[91-93] Therefore, commercially available p-Br-
phenacyl bromide (155) was esterified with Boc-protected L-
proline (156) in 94% yield. Subsequently, the imidazole moiety 
was formed by treating the corresponding ester with NH4OAc at 
elevated temperatures and the resulting NH-function was also 
Boc-protected providing 157 as a substrate for Ni/photoredox-
catalyzed biaryl formation. The latter reaction then provided 
our desired biaryl 158 in 70% yield. In two further steps the Boc-
groups were cleaved and the required proline-based amide 
function was introduced utilizing protected L-valine 159 and 
HATU. In summary, daclatasvir (154) was obtained in 26% yield 
over 6 steps (Scheme 11).
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Scheme 12. Application of our Ni/photoredox catalyzed homo-coupling approach 
in the synthesis of hepatitis C drug daclatasvir (155). Reaction conditions: a) 156 
(1.5 equiv.), NEt3 (2.0 equiv.), MeCN (0.25 M), 0 °C - rt, 5 h, 94%; b) NH4OAc (10 
equiv.), toluene (0.1 M), 130 °C, 24 h, 70%; c) Boc2O (1.5 equiv.), NEt3 (3.0 equiv.), 
DMAP (10 mol.-%), CH2Cl2 (0.5 M), 0 °C - rt, 18 h, 67%; d) Ni(cod)2 (10 mol.-%), 4,4’-
(CF3)2-bipy (15 mol.-%), [Ir(ppy)2dtbbpy]PF6 (1.0 mol.-%), NEt3 (2.0 equiv.), MeCN 
(0.2 M), rt, 18 h, 70%; e) HCl (6.0 M)/MeOH (1:10, 0.05 M), rt, 18 h, 96%; f) 159 
(3.0 equiv.), HATU (2.5 equiv.), DIPEA (5.5 equiv.), DMF (0.1 M), rt, 18 h, 87%.

Conclusions
On the basis of our aforementioned mechanistic considerations 
this work establishes a general platform for amine-driven 
reductive biaryl formation under dual Ni/photoredox catalysis. 
Expanding the latter approach from previously explored 
C(sp2/sp3)–C(sp3) coupling towards biaryls, 72 examples of 
symmetrical biaryls were prepared. In contrast to existing cross-
electrophile coupling reaction towards biaryls relying on metal-
based reducing agents we herein employ inexpensive and 
abundant amines. Furthermore, the synthetic value of our novel 
method was demonstrated by synthesizing various (potentially) 
useful products, e.g. 149-153 and the hepatitis C drug 
daclatasvir (154). 
In the future, we will investigate the underlying reaction 
mechanism beyond the aforementioned general considerations 
(working mechanisms 1-3, Scheme 2 and 3). The simplicity of 
our novel method may provide deeper insights into the 
reactivity and mode of activation of aryl halides under reductive 
coupling conditions. This might also prove valuable for related 
fields beyond Ni and photoredox catalysis.
Besides our preliminary mechanistic studies, we have not 
reported herein on our investigations regarding the homo-
coupling reaction of heteroaryl (pseudo)halides. Preliminary 
results conducted with electron-rich benzothiophene and 2-
chloro quinoline already indicated the general applicability of 
our novel homo-coupling approach. 

Scheme 13. Initial results for the dual Ni/photoredox-catalyzed reductive homo-
coupling of heteroaryl chlorides. 

After further optimization of the generality of the reaction 
conditions for the dual Ni/photoredox-catalyzed coupling, we 
will report on the extension of our herein described method 
towards the synthesis of heterobiaryls in due course. 
In this context, we are also currently exploring the application 
of our novel Ni/photoredox-catalyzed reductive coupling 
method towards the synthesis of unsymmetrical biaryls via 
different cross-coupling approaches. Having the 
aforementioned mechanistic considerations in mind, several 
possible options for cross-selectivity are viable, allowing for the 
resource-efficient and broadly applicable synthesis of valuable 
functionalized biaryls via cross-electrophile coupling reactions.

Author contributions
D. B. conceptualized the project. S. S., K. O., D. S. and D. B. 
performed the experiments and analysed the results. D. B. 
supervised and directed the project. K. O. and D. B. wrote the 
manuscript. 

Conflicts of interest
There are no conflicts to declare.

Data availability
The data supporting this article have been included as part of
the supplementary information (SI). Supplementary 
information contains further details of the experimental 
procedures, 1H and 13C NMR spectra, HRMS data, and X-ray 
crystallographic data. CCDC 2483168, 2483169, 2483171 and 
2483172 contain the supplementary crystallographic data for 
this paper.

Acknowledgements
DB thanks Oliver Trapp wholeheartedly for his highly generous 
and helpful support during the start of his independent research 
career. The authors acknowledge the analytical department of 
LMU and especially Dr. Peter Mayer for conducting the relevant 

Page 8 of 11Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 6
:2

5:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6QO00661B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qo00661b


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

analytics. Damian Groß, Michael Raab, Paul Hawemann and 
Tamara Rauch are acknowledged for their contribution during 
preliminary studies. The LMU Munich is acknowledged for their 
financial support by two LMUexcellence starting grants and the 
LMU PostDoc support fund. The research presented in this 
publication was supported by LMUexcellent, funded by the 
Federal Ministry of Education and Research (BMBF) and the 
Free State of Bavaria under the Excellence Strategy of the 
Federal Government and the Länder.

Notes and references
[1] For recent reviews on reductive coupling reactions, see: C. E. I. Knappke, S. 
Grupe, D. Gärtner, M. Corpet, C. Gosmini, A. J. von Wangelin Reductive Cross-
Coupling Reactions between Two Electrophiles Chem Eur. J. 2014, 20, 6828-6842. 
And subsequent references [2-7]
[2] D. A. Everson, D. J. Weix Cross-Electrophile Coupling: Principles of Reactivity and 
Selectivity J. Org. Chem. 2014, 79, 4793-4798.
[3] L. Yi, T. Ji, K.-Q. Chen, X.-Y. Chen, M. Rueping Nickel-Catalyzed Reductive Cross-
Couplings: New Opportunities for Carbon–Carbon Bond Formations through 
Photochemistry and Electrochemistry CCS Chem. 2022, 4, 9-30.
[4] Y. Wei, L. Q. H. Lin, B. C. Lee, M. J. Koh Recent Advances in First-Row Transition 
Metal-Catalyzed Reductive Coupling Reactions for π-Bond Functionalization and C-
Glycosylation Acc. Chem. Res. 2023, 56, 3292-3312.
[5] S. Geng, C. Shi, B. Guo, H. Hou, Z. Liu, Z. Feng Recent Progress in Transition-
Metal-Catalyzed Reductive Cross-Coupling Reactions Using Diboron Reagents as 
Reductants ACS Catal. 2023, 13, 15469-15480. 
[6] L. E. Ehehalt, O. M. Beleh, I. C. Priest, J. M. Mouat, A. K. Olszewski, B. N. Ahern, 
A. R. Cruz, B. K. Chi, A. J. Castro, K. Kang, J. Wang, D. J. Weix Cross-Electrophile 
Coupling: Principles, Methods, and Applications in Synthesis Chem. Rev. 2024, 124, 
13397-13569.
[7] S. Perveen, G. Zhang, P. Li Recent advancements in the Ullmann homocoupling 
reaction for the synthesis of biaryl compounds Org. Biomol. Chem. 2025, 23, 4006-
4023.
[8] For reviews on photoredox and transition metal dual catalysis, see: K. L. Skubi, 
T. R. Blum, T. P. Yoon Dual Catalysis Strategies in Photochemical Synthesis Chem. 
Rev. 2016, 116, 10035-10074. And subsequent references [9-15].
[9] D. C. Fabry, M. Rueping Merging Visible Light Photoredox Catalysis with Metal 
Catalyzed C–H Activations: On the Role of Oxygen and Superoxide Ions as Oxidants 
Acc. Chem. Res. 2016, 49, 1969-1979.
[10] M. N. Hopkinson, B. Sahoo, J. L. Li, F. Glorius Dual Catalysis Sees the Light: 
Combining Photoredox with Organo-, Acid, and Transition-Metal Catalysis Chem. 
Eur. J. 2014, 20, 3874-3886.
[11] M. N. Hopkinson, A. Tlahuext-Aca, F. Glorius Merging Visible Light Photoredox 
and Gold Catalysis Acc. Chem. Res. 2016, 49, 2261-2272.
[12] J. Twilton, C. Le, P. Zhang, M. H. Shaw, R. W. Evans, D. W. MacMillan The merger 
of transition metal and photocatalysis Nat. Rev. Chem. 2017, 1, 0052.
[13] M. Parasram, W. Gevorgyan Visible light-induced transition metal-catalyzed 
transformations: beyond conventional photosensitizers Chem. Soc. Rev. 2017, 46, 
6227-6240.
[14] L. Marzo, S. K. Pagire, O. Reiser, B. König Visible-Light Photocatalysis: Does It 
Make a Difference in Organic Synthesis? Angew. Chem. Int. Ed. 2018, 57, 10034-
10072. 
[15] C. Michelin, N. Hoffmann Photosensitization and Photocatalysis—Perspectives 
in Organic Synthesis ACS Catal. 2018, 8, 12046-12055.
[16] For reviews particularly focusing on photo-redox and Nickel dual catalysis, see: 
J. A. Milligan, J. P. Phelan, S. O. Badir, G. A. Molander Angew. Chem. Int. Ed. 2019, 
58, 6152-6163. And subsequent publications [17-19] 
[17] J. K. Matsui, S. B. Lang, D. R. Heitz, G. A. Molander Alkyl Carbon–Carbon Bond 
Formation by Nickel/Photoredox Cross-Coupling ACS Catal. 2017, 7, 2563-2575.
[18] J. C. Tellis, C. B. Kelly, D. N. Primer, M. Jouffroy, N. R. Patel, G. A. Molander , 
Single-Electron Transmetalation via Photoredox/Nickel Dual Catalysis: Unlocking a 
New Paradigm for sp3–sp2 Cross-Coupling Acc. Chem. Res. 2016, 49, 1429-1439.
[19] L. N. Cavalcanti, G. A. Molander Photoredox Catalysis in Nickel-Catalyzed Cross-
Coupling Top. Curr. Chem. 2016, 374, 1-23.
[20] P. Zhang, C. Le, D. W. C. MacMillan Silyl Radical Activation of Alkyl Halides in 
Metallaphotoredox Catalysis: A Unique Pathway for Cross-Electrophile Coupling J. 
Am. Chem. Soc. 2016, 138, 8084-8087.
[21] Y. Masuda, N. Ishida, M. Murakami, Aryl Ketones as Single-Electron-Transfer 
Photoredox Catalysts in the Nickel-Catalyzed Homocoupling of Aryl Halides Eur. J. 
Org. Chem. 2016, 5822-5825.
[22] A. Paul, M. D. Smith, A. K. Vannucci Photoredox-Assisted Reductive Cross-
Coupling: Mechanistic Insight into Catalytic Aryl–Alkyl Cross-Couplings J. Org. Chem. 
2017, 82, 1996-2003.

[23] W. Xu, P. Zheng, T. XU Dual Nickel- and Photoredox-Catalyzed Reductive Cross-
Coupling of Aryl Halides with Dichloromethane via a Radical Process Org. Lett. 2020, 
22, 8643-8647.
[24] A. Dewanji, R. F. Bülow, M. Rueping Photoredox/Nickel Dual-Catalyzed 
Reductive Cross Coupling of Aryl Halides Using an Organic Reducing Agent Org. Lett. 
2020, 4, 1611-1617.
[25] X. Tian, J. Kaur, S. Yakubov, J. P. Barham α-Amino Radical Halogen Atom Transfer 
Agents for Metallaphotoredox-Catalyzed Cross-Electrophile Couplings of Distinct 
Organic Halides ChemSusChem 2022, 15, e202200906.
[26] I. Ghosh, N. Shlapakov, T. A. Karl, J. Düker, M. Nikitin, J. V. Burykina, V. P. 
Ananikov, B. König General cross-coupling reactions with adaptive dynamic 
homogeneous catalysis Nature 2023, 87-93.
[27] For exemplary reviews regarding the importance of biaryls, see: G. Bringmann, 
T. Gulder, T. A. M. Gulder, M. Breuning Atroposelective synthesis of axially chiral 
biaryl compounds Chem. Rev. 2011, 111, 563-639. And subsequent references [28-
31]. 
[28] P. Devendar, R.-Y. Qu, W.-M. Kang, B. He, G.-F. Yang Palladium-Catalyzed Cross-
Coupling Reactions: A Powerful Tool for the Synthesis of Agrochemicals J. Agric. Food 
Chem. 2018, 66, 8914-8934. 
[29] L. Yet Biaryls In Privileged Structures in Drug Discovery: Medicinal Chemistry 
and Synthesis; John Wiley & Sons: 2018, pp 83-154.
[30] B. Champin, P. Mobian, J.-P. Sauvage Transition metal complexes as molecular 
machine prototypes Chem. Soc. Rev. 2007, 36, 358-366. 
[31] D. J. Cram The design of molecular hosts, guests, and their complexes J. Incl. 
Phenom. Macrocycl. Chem. 1988, 6, 397-413.
[31] For examples of reductive C(sp2)–C(sp2) homo-coupling reactions employing 
stoichiometric reducing agents, see: M. F. Semmelhack, P. M. Helquist, L. D. Jones 
Synthesis with zerovalent nickel. Coupling of aryl halides with bis(1,5-
cyclooctadiene)nickel(0) J. Am. Chem. Soc. 1971, 93, 5908-5910. And subsequent 
references [32-36]
[32] A. S. Kende, L. S. Liebeskind, D. M. Braitsch Generation of a solvated zerovalent 
nickel reagent. Biaryl formation Tetrahedron Lett. 1975, 16, 3375-3378.
[33] M. Zembayashi, K. Tamao, J.-i. Yoshida, M. Kumada Nickel-phosphine complex-
catalyzed homo coupling of aryl halides in the presence of zinc powder Tetrahedron 
Lett. 1977, 18, 4089-4091.
[34] T. D. Nelson, R. D. Crouch Cu, Ni, and Pd Mediated Homocoupling Reactions in 
Biaryl Syntheses: The Ullmann Reaction Org. React. 2004, 63, 265-555.
[35] S. N. S. Vasconcelos, J. S. Reis, I. M. de Oliveira, M. N. Balfour, H. A. Stefani 
Synthesis of symmetrical biaryl compounds by homocoupling reaction Tetrahedron 
2019, 75, 1865-1959.
[36] Z. Zuo, R. S. Kim, D. A. Watson Synthesis of Axially Chiral 2,2′-
Bisphosphobiarenes via a Nickel-Catalyzed Asymmetric Ullmann Coupling: General 
Access to Privileged Chiral Ligands without Optical Resolution J. Am. Chem. Soc. 
2021, 143, 1328-1333.
[37] For recent examples of reductive C(sp2)–C(sp2) homo-coupling reactions 
employing reducing electrochemistry setups, see: K. W. R. de França, M. Navarro, É. 
Léonel, M. Durandetti, J.-Y. Nédélec Electrochemical Homocoupling of 2-
Bromomethylpyridines Catalyzed by Nickel Complexes J. Org. Chem. 2002, 67, 1838-
1842. And subsequent references [38-40]
[38] J. L. Oliveira, M. J. Silva, T. Florêncio, K. Urgin, S. Sengmany, E. Léonel, J.-Y. 
Nédélec, M. Navarro Electrochemical coupling of mono and dihalopyridines 
catalyzed by nickel complex in undivided cell Tetrahedron 2012, 68, 2383-2390.
[39] W.-W. Chen, Q. Zhao, M.-H. Xu, G.-Q. Lin Nickel-Catalyzed Asymmetric Ullmann 
Coupling for the Synthesis of Axially Chiral Tetra-ortho-Substituted Biaryl Dials Org. 
Lett. 2010, 12, 1072-1075.
[40] H. Qiu, B. Shuai, Y.-Z. Wang, D. Liu, Y.-G. Chen, P.-S. Gao, H.-X. Ma, S. Chen, T.-
S. Mei, Enantioselective Ni-Catalyzed Electrochemical Synthesis of Biaryl 
Atropisomers J. Am. Chem. Soc. 2020, 142, 9872-9878.
[41] For further general reviews focusing on Ni-catalyzed coupling reactions, see: V. 
P. Ananikov Nickel: The “Spirited Horse” of Transition Metal Catalysis ACS Catal. 
2015, 5, 1964-1971. And subsequent reference [41].
[42] J. Diccianni, Q. Lin, T. Diao Mechanisms of Nickel-Catalyzed Coupling Reactions 
and Applications in Alkene Functionalization Acc. Chem. Res. 2020, 53, 906-919. 
[43]
[44] A. Romero-Arenas, M. V. Popescu, M. K. Goetz, R. Bhatnagar, H. Goljani, B. T. 
Punchihewa, K. M. Sanders, I. A. Guzi, M. Rafiee, D. J. Weix, R. S. Paton, S. S. Stahl 
Reductively Induced Aryl Transmetalation: An Alternative Catalytically Relevant Ni-
Catalyzed Biaryl Coupling Mechanism J. Am. Chem. Soc. 2025, 147, 21697-21707. 
[45] In general, we focused on the evaluation and calculation of Ni-complexes 
consisting of the unsubstituted bipy ligand, bromide and phenyl substituents in 
MeCN, as these represent a good compromise and are the most common precedents 
found in the literature.
[46] All experimental and calculated redox-potentials provided in this work are in 
direction of reduction for each reagent. Thereby, positive values indicate exergonic 
behavior of the corresponding reduction and negative values indicate exergonic 
behavior of the corresponding oxidation.
[47] All DFT calculations were performed utilizing ORCA 6.1.0 or ORCA 6.0.1, which 
is a free software for academic use: F. Neese The ORCA program system Wiley 
Interdiscip. Rev.: Comput. Mol. Sci. 2012, 2, 73-78. For a further reference for ORCA 
5.0 see [47].

Page 9 of 11 Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 6
:2

5:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6QO00661B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qo00661b


ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

[48] F. Neese Software update: the ORCA program system, Version 5.0 Wiley 
Interdiscip. Rev.: Comput. Mol. Sci., 2022, 12, e1606.
[49] C. Nopper, N. Müller, B. Goycheva, F. Himmelsbach, F. Bauer, B. Breit 
Photocatalytic synthesis of homoallylic amines via nucleophilic addition of nickel allyl 
complexes to imines Chem. Sci. 2025, 16, 21047-21055 .
[50] B. Sahoo, P. Bellotti, F. Juliá-Hernández, Q.-Y. Meng, S. Crespi, B. König, R. Martin 
Site-Selective, Remote sp3 C−H Carboxylation Enabled by the Merger of Photoredox 
and Nickel Catalysis Chem. Eur. J. 2019, 25, 9001-9005.
[51] The DFT calculations of Ni-complexes were conducted on the following level of 
theory: PBE0/def2-TZVPP//D4/SMD(MeCN). For further information see the 
supporting information. 
[52] Our DFT calculations regarding the Ni(I)/Ni(0)-reduction systematically 
overestimated the corresponding redox-potential. 
[53] K. Grudzień, A. Zlobin, J. Zadworny, K. Rybicka-Jasińska, B. Sadowski Modern 
photo- and electrochemical approaches to aryl radical generation Org. Chem. Front. 
2024, 11, 5232-5277.
[54] J. Lan, R. Chen, F. Duo, M. Hu, X. Lu Visible-Light Photocatalytic Reduction of 
Aryl Halides as a Source of Aryl Radicals Molecules 2022, 27, 5364-5381.
[55] R. J. Enemærke, T. B. Christensen, H. Jensen, K. Daasbjerg Application of a new 
kinetic method in the investigation of cleavage reactions of haloaromatic radical 
anions J. Chem. Soc., Perkin Trans. 2 2001, 1620-1630. 
[56] Unfortunately, no experimental data was found for sulfonate pseudo halides.
[57] This is consistent with the general observation that Ni(I)aryl-complexes are 
potential intermediates in Ni-catalyzed reductive coupling reactions due to their low 
redox-potentials, as indicated in [57] and [58]. 
[58] D. A. Cagan D. Bím, N. P. Kazmierczak, R. G. Hadt Mechanisms of Photoredox 
Catalysis Featuring Nickel–Bipyridine Complexes ACS Catal. 2024, 14, 9055-9076.
[59] G. A. Dawson, M. C. Seith, M. C. Neary, T. Diao Redox Activity and Potentials of 
Bidentate N-Ligands Commonly Applied in Nickel-Catalyzed Cross-Coupling 
Reactions Angew. Chem. Int. Ed. 2024, 63, e202411110.

[60] B. J. Shields, A. G. Doyle Direct C(sp3)–H Cross Coupling Enabled by Catalytic 
Generation of Chlorine Radicals J. Am. Chem. Soc. 2016, 138, 12719-12722.
[61] S. I. Ting, W. L. Williams, A. G. Doyle Oxidative Addition of Aryl Halides to a Ni(I)-
Bipyridine Complex J. Am. Chem. Soc. 2022, 144, 5575-5582.

[62] C. S. Day, Á. Renteriá-Gómez, S. J. Ton, A. R. Gogoi, O. Gutierrez, R. Martin 
Elucidating electron-transfer events in polypyridine nickel complexes for reductive 
coupling reactions Nat. Catal. 2023, 6, 244-253.
[63] K. Jaouadi, M. Abdellaoui, E. Levernier, P.-A. Payard, E. Derat, T. Le Saux, C. 
Ollivier, S. Torelli, L. Jullien, R. Plasson, L. Fensterbank, L. Grimaud Regime Switch in 
the Dual-Catalyzed Coupling of Alkyl Silicates with Aryl Bromides Chem. Eur. J. 2023, 
29, e202301780.
[64] R. D. Bradley, B. D. MacManus, J. G. Yam, V. Carta, A. Bahamonde Mechanistic 
Evidence of a Ni(0/II/III) Cycle for Nickel Photoredox Amide Arylation Angew. Chem. 
Int. Ed. 2023, 62, e202310753.
[65] T. J. Raab, A. G. Doyle Reactivity Studies of Bipyridine-Ligated Nickel(I) and 
Nickel(0) Complexes Inform the Mechanism in Modern Cross-Coupling Reactions J. 
Am. Chem. Soc. 2025, 147, 33991-34000.
[66] Besides these redox-processes, a photo-induced Ni–aryl homolysis of Ni(II) aryl 
halide complex C towards an aryl radical and Ni(I)X-complex F is also feasible, as 
shown by Doyle: S. I. Ting, S. Garakyaraghi, C. M. Taliaferro, B. J. Shields, G. D. 
Scholes, F. N. Castellano, A. G. Doyle 3d-d Excited States of Ni(II) Complexes Relevant 
to Photoredox Catalysis: Spectroscopic Identification and Mechanistic ImplicationsJ. 
Am. Chem. Soc. 2020, 142, 5800-5810.
[67] At this stage, we already focused on a reductive quenching cycle, since 
preliminary work employing [Ir(ppy)2dtbbpy]PF6 and amines showed that this 
pathway seems more likely with regards to the involved redox potentials. However, 
an oxidative quenching cycle cannot be ruled out at this stage.
[68] A. M. Jazani, G. Yilmaz, M. Baumer, J. Sobieski, S. Bernhard, K. Matyjaszewski 
Unraveling the Roles of Amines in Atom Transfer Radical Polymerization in the Dark 
J. Am. Chem. Soc. 2025, 147, 12562-12573.
[69] M. A. Bryden, F. Millward, O. S. Lee, L. Cork, M. C. Gather, A. Steffen, E. Zysman-
Colman Lessons learnt in photocatalysis – the influence of solvent polarity and the 
photostability of the photocatalyst Chem. Sci. 2024, 15, 3741-3757.
[70] K Teegardin, J. I. Day, J. Chan, J. Weaver Advances in Photocatalysis: A 
Microreview of Visible Light Mediated Ruthenium and Iridium Catalyzed Organic 
Transformations Org. Process Res. Dev. 2016, 20, 1156-1163.
[71] N. A. Romero, D. A. Nicewicz Organic Photoredox Catalysis Chem. Rev. 2016, 
116, 10075-10166.

[72] L. J. Rono, H. G. Yayla, D. Y. Wang, M. F. Armstrong, R. R. Knowles 
Enantioselective Photoredox Catalysis Enabled by Proton-Coupled Electron Transfer: 
Development of an Asymmetric Aza-Pinacol Cyclization J. Am. Chem. Soc. 2013, 135, 
17735-17738.
[73] D. A. Nicewicz, D. W. C. MacMillan Merging Photoredox Catalysis with 
Organocatalysis: The Direct Asymmetric Alkylation of Aldehydes Science 2008, 322, 
77-80.
[74] C. Yang, J.-D. Yang, Y.-H. Li, X. Li, J.-P. Cheng 9,10-Dicyanoanthracene Catalyzed 
Decarboxylative Alkynylation of Carboxylic Acids under Visible-Light Irradiation J. 
Org. Chem. 2016, 81, 12357-12363.
[75] M. Martiny, E. Steckhan, T. Esch Cycloaddition Reactions Initiated by 
Photochemically Excited Pyrylium Salts Chem. Ber. 1993, 126, 1671-1682.
[76] J. Luo, J. Zhang Donor–Acceptor Fluorophores for Visible-Light-Promoted 
Organic Synthesis: Photoredox/Ni Dual Catalytic C(sp3)–C(sp2) Cross-Coupling ACS 
Catal. 2016, 6, 873-877.
[77] T. Constantin, M. Zanini, A. Regni, N. S. Sheikh, F. Julia, D. Leonori Aminoalkyl 
radicals as halogen-atom transfer agents for activation of alkyl and aryl halides 
Science 2020, 367, 1021-1026.
[78] F. Juliá, T. Constantin, D. Leonori Applications of Halogen-Atom Transfer (XAT) 
for the Generation of Carbon Radicals in Synthetic Photochemistry and 
Photocatalysis Chem. Rev. 2022, 122, 2292-2352.
[79] The DFT calculations for the formation of aryl radicals were conducted on the 
following level of theory: M06/def2-TZVPP//D4/SMD(MeCN). For further 
information see the supporting information.
[80] N. Sanosa, B. Peñin, D. Sampedro, I. Funes-Ardoiz On the Mechanism of Halogen 
Atom Transfer from C−X Bonds to α-Aminoalkyl Radicals: A Computational Study Eur. 
J. Org. Chem. 2022, 34, e202200420.
[81] M. Schmittel, T. Linker Radikale und Radikalanionen in der Organischen 
Synthese. Wiley-VCH: Weinheim, 1999.
[82] S. Z. Zard Radical Reactions in Organic Synthesis. Oxford University Press: 
Oxford, 2003.
[83] H. Togo Advanced Free Radical Reactions for Organic Synthesis Elsevier: 
Amsterdam, 2004.
[84] M. D. E. Forbes (Ed.) Carbon-Centered Free Radicals and Radical Cations: 
Structure Reactivity, and Dynamics Wiley & Sons: Hoboken, NJ, 2010.
[85] The corresponding calculated energies derived from Marcus theory were not 
further considered in this context, since this approach systemically underestimated 
the transition energies due to the low reorganization energies for the amine.
[86] Although our dual Ni/photoredox-catalyzed homo-coupling reaction also works 
under irradiation with low intensity, we utilized the Evoluchem LEDs in general, since 
the requirement for longer reaction times was observed in subsequent experiments 
involving less reactive substrates.
[87] For further details regarding the optimization and the control reactions, please 
see the supporting information.
[88] For a summary of all unsuccessful substrates, please see the corresponding 
table in the supporting information.
[89] S. Chen, X. Li, L. Song A fluorescent photochromic diarylethene based on 
naphthalic anhydride with strong solvatochromism RSC Advances 2017, 7, 29854-
29859.
[90] V. Abet, F. T. Szcypiński, M. A. Little, V. Santolini, C. D. Jones, R. Evans, C. Wilson, 
X. Wu, M. F. Thorne, M. J. Bennison, P. Cui, A. I. Cooper, K. E. Jelfs, A. G. Slater 
Inducing Social Self-Sorting in Organic Cages To Tune The Shape of The Internal 
Cavity Angew. Chem. Int. Ed. 2020, 59, 16755-16763.
[91] D. L. Hughes Patent Highlights: Recently Approved HCV NS5a Drugs Org. Process 
Res. Dev. 2016, 20, 1404-1415.
[92] T. O. Moore, M. Paradowski, S. E. Ward An atom-efficient and convergent 
approach to the preparation of NS5A inhibitors by C–H activation Org. Biomol. Chem. 
2016, 14, 3307-3313.
[93] S. K. Pack, P. Geng, M. J. Smith, J. Hamm, U.S. Patent 7,728,027 B2, June 1, 2010.
[94] Deposition numbers 2483168 (for 2), 2483169 (for 69), 2483170 (for 104), 
2483171 (for 141) and 2483172 (for (S)-160) contain the supplementary 
crystallographic data for this paper. These data are provided free of charge by the 
joint Cambridge Crystallographic Data Centre and Fachinformationszentrum 
Karlsruhe Access Structures service.

Page 10 of 11Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 6
:2

5:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6QO00661B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qo00661b


The data supporting this article have been included as part of
the supplementary information (SI). Supplementary information contains further details of the 
experimental procedures, 1H and 13C NMR spectra, HRMS data, and X-ray crystallographic data. CCDC 
2483168, 2483169, 2483171 and 2483172 contain the supplementary crystallographic data for this 
paper.
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