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Exogenous Ligand-Free Nickel-Catalyzed Carboxylate O-
Arylation: Insight into NiI/NiIII Cycles**
Lukas A. Wolzak,[a, b] Felix J. de Zwart,[b] Jean-Pierre H. Oudsen,[c] Stuart A. Bartlett,[d]

Bas de Bruin,[b] Joost N. H. Reek,*[b] Moniek Tromp,*[a, e] and Ties J. Korstanje*[a]

Nickel-catalyzed cross-coupling reactions have become a
powerful methodology to construct C-heteroatom bonds.
However, many protocols suffer from competitive off-cycle
reaction pathways and require non-equimolar amounts of
coupling partners to suppress them. Here, we report on
mechanistic examination of carboxylate O-arylation under
thermal conditions, in both the presence and absence of an
exogeneous bipyridine-ligand. Furthermore, spectroscopic stud-
ies of the novel ligand-free carboxylate O-arylation reaction

unveiled the resting state of the nickel catalyst, the crucial role
of the alkylamine base and the formation of an off-cycle NiI� NiII

dimer upon reduction. This study provides insights into the
competition between productive catalysis and deleterious path-
ways (comproportionation and protodehalogenation) in the
commonly proposed self-sustained NiI/NiIII catalytic cycle. There-
by we show that for productive nickel-catalyzed carboxylate O-
arylation a choice must be made between either mild
conditions or equimolar ratios of substrates.

Introduction

In recent years, nickel catalysis has enabled the formation of
challenging C� heteroatom bonds, resulting in previously
elusive cross-coupling reactions that can now be performed
under mild conditions.[1–3]

An example hereof is the coupling of carboxylic acids and
aryl halides to form O-aryl esters enabled by (dtbbpy)NiX2 under
photochemical,[4–8] electrochemical[9] or thermal reaction
conditions[10] (Figure 1A). This cross-coupling reaction is notably
demanding due to the low nucleophilicity of the carboxylate
group. Although analogous O-aryl ester bond formation
reactions catalyzed by palladium have been reported, these
protocols are far from mild and efficient, and are relying on
stoichiometric amounts of silver salts.[11,12] Mechanistically,
nickel-catalyzed C� heteroatom bond formations under thermal
conditions were proposed to proceed via a self-sustained NiI/
NiIII catalytic cycle.[10] In addition, the relevance of this catalytic
mechanism was also demonstrated under photochemical[13–17]

and electrochemical[14] reaction conditions.
From these catalytic studies it became apparent that in

order to successfully engage a self-sustained NiI/NiIII catalytic
cycle the continuous reduction of NiII to NiI is required, as NiI is
prone to deactivation via an exergonic comproportionation
reaction with NiIII forming inactive NiII. Besides catalytic studies,
another important approach to elucidate catalytic pathways has
been provided by the synthesis, characterization and in situ
generation of NiI complexes and the study of their reactivity.
Investigations have unveiled that specific NiI-complexes bearing
a bipyridine (bpy) based ligand[14,18–20] are indeed able to
activate aryl halides[14,19] and that the required NiIII state can be
accessed via oxidative addition of a NiI complex.[21,22] So far
mechanistic insights through catalytic studies and stoichiomet-
ric reactions have demonstrated the validity of the elementary
steps proposed in the self-sustained NiI/NiIII catalytic cycle.
However, these catalytic and stoichiometric studies do not
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account for the non-equimolar ratios of substrates often
required for productive C� heteroatom bond formations. There-
fore, to further develop the field of nickel cross-coupling and
enable more efficient reactions, a better understanding of the
competition between fundamental elementary steps and off-
cycle reaction pathways is required.

Results and Discussion

Approach. Exogenous Ligand-free protocols have been re-
ported for nickel-catalyzed C� N cross-coupling reactions,[23,24]

and therefore a similar approach to carboxylate O-arylation
could be feasible. After initial optimization (Table S1–S4) we
arrived at optimal reaction conditions furnishing O-aryl ester, 4’-
benzoyloxyacetophenone (2) in 81% yield without use of an
exogeneous ligand (Table 1, entry 1). First, the nature of this
reaction and the nickel complexes relevant to it were explored
through catalytic studies as described in the following section
(Figure 2), thereafter important intermediates were investigated

Figure 1. Nickel Catalyzed Cross-Coupling between aryl halides and carbox-
ylic acids using A) (dtbbpy)NiX2 system or B) Ligand-Free system.
(dtbbpy=4,4’-di-tert-butyl-2,2’-bipyridine, AP=alternating polarity).

Table 1. Nickel-catalyzed carboxylate O-arylation.

Entry[a] Deviation Conv. 1 Yield 2 Yield 3
[%] [%] [%]

1 – 100 81 9
2 In dark 100 76 13
3 2 eq BzOH and 2 eq tBuNHiPr 100 89 6
4 5 mol% dtbbpy 100 61 38
5 40 °C 15 12 2
6 Ni(OBz)2 100 83 15
7 DMF as solvent 21 19 2
8 Bu4N(OBz) as substrate 21 7 5
9 2 eq tBuNHiPr 100 90 10

[a] Conditions: Bromoacetophenone (200 mM) Benzoic Acid (200 mM),
tBuNHiPr (200 mM) Nickel(II) bromide (5 mol%), Zinc (50 mol%), DMAc
(6 mL), 20 hours, 70 °C. [a] Determined by GC analysis.

Figure 2. Kinetic investigations on the nickel system. [A] Rate dependency on the stirring speed of the NiBr2-catalyzed reaction of 4-‘bromoacetophenone and
benzoic acid. [B] Hammet plot for NiBr2-catalyzed esterification of bromobenzene derivatives with benzoic acid.
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through spectroscopic studies (Figure 3 and 4) in the last
section.

Catalytic studies. To establish that exogenous ligand-free
carboxylate O-arylation indeed operates via a self-sustained NiI/
NiIII catalytic cycle, dependency on photons was excluded
(Table 1, entry 2). In addition, the rate of product formation was
found to be dependent on the stirring speed, indicative for a
reduction step by zinc as heterogeneous reducing agent
(Figure 2A).[25] This is further supported by the tendency for this
system to form nanoparticles due to over reduction of nickel at
low concentrations of aryl halide (Figure S1).[24] Similar to
(dtbbpy)NiBr2-catalyzed reactions a strong rate dependency on

the electronic parameter of the aryl bromides (Hammett Plot,
Figure 2B) was observed.[17] Interestingly, increasing the equiv-
alents of BzOH and tBuNHiPr only gave a slight increase in the
yield for 2 to 89% (Table 1, entry 3), in fair contrast to
(dtbbpy)NiBr2-catalyzed reactions which require non-equimolar
ratios of carboxylic acid, base and aryl halide.[4,5,7,8,10,26–28]

Addition of dtbbpy-ligand under optimized conditions showed
a declined yield of ester 2 and an increased yield in
acetophenone (3) as byproduct (Table 1, entry 4). Therefore,
based on the presented catalytic study it is proposed that the
addition of dtbbpy- ligand keeps the complex in a high valent
Ni(III) state for longer, promoting formation of protodehalo-

Figure 3. Spectroscopic investigations on the nickel system. [A] UV-Vis spectra in DMAc, catalytic reaction after 2 h (at 9% yield of 2). [B] UV-Vis titration of a
DMAc solution containing NiBr2 with Bu4NOBz. [C]

13C NMR spectra in DMAc.
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genated side product 3. Nickel catalyzed carboxylate O-arylation
using dtbbpy as ligand operates at mild temperatures (25–
40 °C), but for the exogenous ligand-free reaction lowering the
temperature to 40 °C had a detrimental effect on the formation
of ester 2 (Table 1, entry 5), due to the slower oxidative addition
at a less electron-rich nickel center. Further attempts to enable
equimolar substrate ratios using the (dtbbpy)NiBr2 system by
changing the ligand (Table S5) or conditions (Table S8) were
unproductive and lead us to pursue investigation of the
exogenous ligand-free system. To gain structural insight into
the complexes relevant to catalysis, the precursor was changed

for nickel(II) benzoate (Ni(OBz)2), resulting in a comparable yield
for ester 2 (Table 1, entry 6), indicating that at least for the
initial reduction and oxidative addition a bromide ligand is not
essential. Interestingly, when DMAc (N,N-dimethylacetamide) as
solvent is exchanged for DMF (N,N-dimethylformamide), greatly
diminished yields are obtained (Table 1, entry 7). This can be
attributed to the greatly enhanced rate of ligand exchange on
DMAc complexes, the rate of ligand exchange on [Ni(DMAc)6]

2+

is 103 faster than on [Ni(DMF)6]
2+.[29] Furthermore, whilst NiX2

salts in DMF selectively form [Ni(DMF)6]
2+, in DMAc five-

coordinate complexes [NiX(DMAc)4]
+ and [NiX2(DMAc)3] exist in

Figure 4. Spectroscopic investigations on the reduction of the nickel system. [A] UV-Vis spectra in DMAc. [B] X-Band EPR spectra at 10 K. [C] Ni K-edge XANES
spectra of frozen DMAc solutions [D] Ni K-edge k2-weighted Fourier transform EXAFS spectra of frozen DMAc solutions.
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solution.[30,31] We believe this to be important reasons why
exogenous ligand-free nickel cross-coupling reactions are
generally performed in DMAc[10][24],[23] whilst dtbbpy systems
perform well in both solvents. Furthermore, as ketones are
known to act as supporting ligand in similar nickel cross
couplings, the reaction was performed with addition of 5
equivalents of acetophenone (Table S7, entry 11).[32,33] This had
a negligible effect with ester product 2 obtained in 78% yield.
Therefore, the substrate (ketone functionality) itself is not
considered an essential ligand for productive catalysis.

The pivotal role of an aliphatic alkylamine base, tBuNHiPr or
NEt3, in catalysis was demonstrated by the use of other
nitrogen-containing bases, which all provide inferior results
with yields under 10% (Table S2, entries 5–7). Likewise, the use
of tetrabutylammonium benzoate (Bu4NOBz), rather than t-
BuNHiPr and benzoic acid, gave only 7% yield for ester 2
(Table 1, entry 8). This result varies from (dtbbpy)NiBr2-catalyzed
reaction, with zinc as reducing agent, which does tolerate this
substrate.[10] Yet, performing catalysis with tBuNH2

iPrOBz gave
ester product 2 with a yield of 78% (Table S2, entry 3). These
findings clearly indicate a more elaborate role for tBuNHiPr,
even when protonated, than solely functioning as a Brønsted
base. Summarizing the catalytic experiments, we propose that
in absence of the dtbbpy-ligand, protodehalogenation and
deleterious comproportionation reactions are prevented. This
enables the formation of O-aryl esters from equimolar amounts
of coupling partners. In contrast, for the (dtbbpy)NiBr2-catalyzed
reaction an excess of carboxylate substrate is required to
prevent unproductive comproportionation of NiI and NiIII.[10]

However, for this reaction the electron-donating effect of the
dtbbpy-ligand could have a positive effect on the rate of
oxidative addition, and hence catalysis can be performed at a
lower reaction temperature (Table S8). Therefore, the exoge-
nous ligand-free system shows diminished activity at 40 °C
(Table 1, entry 2) whereas the (dtbbpy)NiBr2-catalyzed reaction
is less effective at elevated temperatures.

Spectroscopic investigation. To elucidate the nature of the
NiII precatalyst and catalytic intermediates under exogenous
ligand-free conditions we performed spectroscopic studies. UV-
Vis spectra of the catalytic reaction mixture (Figure 3A, orange
trace) and a DMAc solution containing NiBr2,

tBuNHiPr and
BzOH (Figure 3A, green trace) proved to be identical, disclosing
a NiII resting state. Additionally, DMAc solutions containing
Ni(OBz)2,

tBuNHiPr and BzOH (Figure 3A, pink trace) or NiBr2 and
tetrabutylammonium benzoate (Bu4NOBz) (Figure 3A, purple
trace) gave fairly similar UV-Vis spectra. Indicating that bromide
and the amine base do not coordinate to the bulk of nickel. The
exchange of the bromide ligand for benzoate anions was
further demonstrated in a UV-Vis titration of a DMAc solution
containing NiBr2 with up to 20 eq. of Bu4NOBz (Figure 3B and
Figure S9). The addition of 0.1 to 1 eq. Bu4NOBz provides an
isobestic point at 436 nm and a decrease in the bands at
470 nm, 630, 660 nm and the shoulder at 700 nm. These bands
were assigned by Ishiguro and co-workers to be [NiBr(DMAc)4]

+

(460 nm), NiBr2(DMAc)2 (600 nm) and [NiBr3(DMAc)]� (660 nm
with a shoulder 700 nm).[31] That the amine base primarily exists
in the protonated, and the benzoic acid in the deprotonated

form was further demonstrated via 1H and 13C NMR studies
using 13C-labeled benzoic acid (Figure S12, S13 and Fig-
ure 3C).[34] Comparison of the chemical shifts of BzOH-α-13C
(167 ppm), BzO� -α-13C (169 ppm) and mixtures of NiBr2 or
Ni(OBz)2 with tBuNHiPr and BzOH in DMAc reveal that during
catalysis the nucleophile is present as benzoate (Figure 3C; I, III,
IV and VI). The line broadening and downfield shift of the
benzoate signals can be explained by exchange between free
and coordinated benzoate (Figure 3C; IV and VI). While coordi-
nation of DMAc was observed for NiBr2 (~171 ppm) and BzOH-
α-13C in DMAc (Figure 3C; II). For mixtures of NiBr2 or Ni(OBz)2
including tBuNHiPr and BzOH (Figure 3C; IV and VI) no or
minimal exchange of DMAc (on NMR timescale) is present. For
further structural characterization we turned to X-ray absorption
spectroscopy (XAS), since Ni K-edge XAS has shown to be a
valuable spectroscopic tool for the elucidation of the local
structure including geometry of molecular coordination com-
plexes as well as their electronic structures.[35–37] For a DMAc
solution containing NiBr2,

tBuNHiPr and BzOH the X-ray
absorption near edge structure spectrum (XANES) (Figure 4C,
green trace) reveals a distinct pre-edge peak at 8333 eV which
can be assigned to a 1s!3d electronic transition, while the
1s!4pz electronic transition (expected at 8337 eV) is absent
thereby excluding the formation of complexes lacking one or
more axial ligands (square planar and square pyramidal
geometries).[38]

More structural parameters were determined by Extended
X-ray absorption fine structure (EXAFS) analysis, with figure 4D
providing the Fourier Transform (FT) EXAFS function. The
absence of any remote nickel shell, as observed for a DMAc
solution containing only NiBr2 and tBuNHiPr (Figure S19), is
indicative for monomeric nickel complexes present in solution
with 2.65(18) Ni� O/Ni� N at 2.068(1) Å (Figure 4D, green trace,
for details see S.I.). However, solely based on nickel K-edge
EXAFS data an exact coordination number of the bromide shell
cannot be determined reliably due to the almost complete anti-
phase behavior of different Ni–Br contributions, when present
at slightly different distances (Figure S20–S22).[39] This means
that these EXAFS data suggest that either no Ni� Br contribu-
tions are present, or that an even number of Ni� Br contribu-
tions (at different distances) are present. In order to provide
more detail hereon, follow-up studies could include additional
bromine K-edge XAS measurements, which would also possibly
give information on whether zinc is acting as a bromide sponge
during catalysis.[37,40] To summarize, tBuNHiPr was found to be
essential in catalytic experiments, while our spectroscopic
investigations indicate that the Brønsted base primarily exists in
the protonated form (tBuNH2

iPr+). Moreover, because of the
identical catalytic activity of NiBr2 and Ni(OBz)2 as well as the
spectroscopic similarity (UV-Vis and 13C NMR) we propose that
the bulk of the nickel that forms the precatalyst is present as a
mixture of monomeric complexes of the type [LnNi(OBz)x].

More insight into the reduction of the formed NiII species
was obtained by stirring a NiII-precursor solution (a DMAc
solution containing NiBr2,

tBuNHiPr and BzOH) in the presence
of excess zinc.[41] The in situ reduced NiII-precursor solution was
studied by UV-Vis, EPR and XAS spectroscopy. In the UV-Vis
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spectrum a new band at 541 nm is observed, as well as a
shoulder at ~415 nm originating from non-reduced NiII (Fig-
ure 4A, pink trace). EPR spectroscopy on this solution provided
a spectrum with a characteristic S=3=2 signal (Figure 4B, pink
trace, for simulation details see Figure S14). Based on Ni K-edge
XANES data the formation of complexes deprived of axial
ligands (square pyramidal or square planar geometries) can be
excluded (Figure 4C, pink trace). EXAFS analysis indicates an
increase in the Ni� O/Ni� N shell (3.1(3)) at a bond distance of
2.04(1) Å and, more importantly, the emergence of a Ni� Ni shell
at 3.10(3) Å with a coordination number of 0.6(5) (Figure 4D,
pink trace, for details see SI). Overall, it can be rationalized that
NiII is reduced by zinc to NiI which subsequently forms a
bimetallic nickel intermediate in the absence of aryl halide. The
trapping of formed NiI by excess NiII in solution leading to an
off-cycle NiI� NiII dimer was also reported by Nocera and co-
workers in the nickel-catalyzed aryl etherification by
(dtbbpy)NiCl2 in the presence of quinuclidine and a photo-
catalyst or zinc.[14] Dimeric nickel complexes have been
identified before as important intermediates in nickel-catalyzed
cross-coupling, but this represents the first observation of a
NiI� NiII dimer under exogenous ligand-free conditions.[14,20,21]

Next, the reactivity of the in situ formed NiI� NiII dimer was
examined. Therefore we treated the pink-colored nickel
solution, obtained after reduction, with 5 equiv. of 4’-bromoace-
tophenone and heated to 70 °C which resulted in a yellow-
colored reaction mixture after 30 min (no color change was
observed at R.T.). UV-Vis and EPR spectroscopy revealed the
complete disappearance of the UV-Vis band at 541 nm (Fig-
ure 4A, red trace) and the S=3/2 signal in the EPR spectrum
(Figure 4B, red trace). The relevance of the NiI� NiII dimer as an
off-cycle species was further evaluated in an experiment, where
NiBr2 in the presence of tBuNHiPr and BzOH, was first reduced
with zinc for 3 hours (see Figure S11 for UV-Vis spectrum). Next,
this solution was filtered, to remove zinc, and 20 equiv. of
bromoacetophenone were supplied and the mixture was stirred
at 70 °C for 30 min. Subsequent GC analysis revealed minor
formation of O-aryl ester 2 (yield <2%). Diminishing the
reduction time to 30 min. (see Figure S11 for UV-Vis spectrum),
resulted in no ester product 2 formation. These results are
notable since it contrasts with other studies into nickel-
catalyzed C-heteroatom bond formations, where: 1) dimeric
nickel complexes proved to be unreactive towards aryl
halides[19,20] or 2) high concentrations of low-valent nickel had a
detrimental effect due to the facile formation of inactive states
such as nickel black, NiII or NiI� NiI dimers.[14,24]

To demonstrate the applicability of the developed protocol
for exogenous ligand-free nickel-catalyzed ester bond formation
with equimolar amounts of aryl halide, carboxylic acid and base
we examined the scope of this reaction (Figure 5). Changing
the aryl bromide from 1 (81%) to 4’-iodoacetophenone 5 gave
the corresponding ester product 2 in a good yield (87%). Even
when using aryl chloride 6, catalytic product formation was
observed albeit with lowered yields (21%). Aryl halides lacking
sufficient electron-withdrawing groups show low reactivity (8,
9, 10) presumably because of a slow rate for oxidative addition.
A variety of electron-poor aryl bromides were found to be

effective coupling partners (11–15). For the carboxylic acid
coupling partner, sterically hindered pivalic acid and cyclo-
hexanecarboxylic acid (16, 17) furnished the corresponding
ester efficiently, as well as various aromatic carboxylic acids
(19–21). Only acetic acid hampered catalysis and afforded the
ester product (18) in poor yield (<10%).

To provide an opening for future studies into photo-
catalyzed nickel carboxylate O-arylation, we investigated the
herein developed exogenous ligand-free system under photo-
catalytic conditions. Zinc was replaced by the competent
photocatalyst (Ir(ppy)3) which only furnished ester product 2 in
moderate yields, also for a reaction with excess BzOH and
tBuNHiPr (Table S6, entries 1 and 2) which is in contrast to the
(dtbbpy)NiBr2-catalyzed reaction (Table S6, entry 3).[4] Previous
studies showed that in ligand-based systems, (dtbbpy)NiBr2
directly quenches the excited photocatalyst and that tBuNHiPr

Figure 5. Substrate scope of NiBr2-catalyzed esterification of carboxylic acids
and aryl bromides. [a] Yield determined by GC with mesitylene as internal
standard after 20 hours reaction time. [b] Isolated yield. [c] Yield determined
by 1H NMR with 1,3,5-Tri-tert-butylbenzene as internal standard after
24 hours reaction time.
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has no function in the photocatalysis.[42,43] Moreover, in ligand-
free C� N cross-coupling 1,4-diazabicyclo[2.2.2]octane (DABCO)
is employed as a base and serves also as a quenching agent for
the excited IrIII* photocatalyst, being oxidized to generate IrII

which consecutively reduces NiII.[17] However, for ligand-free
carboxylate O-arylation the addition of DABCO diminished the
formation of ester 2 (Table S6, entry 4).

The incompatibility of DABCO with ligand-free conditions
was also displayed in a reaction with zinc as reducing agent,
which resulted in no formation of ester 2 (Table S6, entry 5).
This is presumably caused by coordination of DABCO inhibiting
catalysis, similar to inhibition we observed by addition of COD
as poison (Table S7, entry 6). Furthermore, photoinitiation with
visible light (405 nm) afforded ester 2 only in moderate yields
(Table S6, entries 6 and 7). These results show that it could be
possible to enable equimolar photocatalytic exogenous ligand-
free nickel-catalyzed carboxylate O-arylation, if a compatible
quencher which preferably also serves as the base is found.

Summary and Conclusion

In summary, the here presented mechanistic studies of nickel-
catalyzed carboxylate O-arylation have uncovered the competi-
tion between productive catalysis and off-cycle pathways
(comproportionation and protodehalogenation) that exists for
all fundamental elementary steps. In the absence of an
exogenous dtbbpy-ligand these deleterious reactions were
significantly suppressed allowing equimolar amounts of cou-
pling partners. The spectroscopic investigation of this novel
catalytic system revealed that during catalysis the bulk of NiII is
present in the form of [LnNi(OBz)x], yet for catalysis an alkyl-
amine base was essential. Studies into the reduction of the NiII-
precursor identified a bimetallic pathway resulting in an off-
cycle NiI� NiII dimer. The presented insights into the reaction
pathways of the commonly proposed self-sustained NiI/NiIII

catalytic cycle reveal that for carboxylate O-arylation a choice
must be made between either mild conditions or equimolar
ratios of substrates. Thereby, we believe this knowledge will be
relevant for the design of novel efficient nickel-catalyzed C-
heteroatom bond formations under mild conditions.

Experimental Section

General Experimental Details

Chemicals were obtained from Fluorochem or Merck and used
without further purification, unless noted otherwise. Anhydrous
N,N-Dimethylacetamide 99% (abbreviated DMAc) was degassed by
bubbling argon through for >60 min, and dried over 4 Å molecular
sieves. All air-sensitive materials were manipulated using standard
Schlenk techniques (under argon) or by the use of a nitrogen-filled
glovebox (MBraun Unilab). Ni(OBz)2 · 3H2O and Ni(OBz-α-13C)2 · 3H2O
(abbreviated NiOBz2) were synthesized and zinc was activated
following literature procedures.[44,45] NiBr2 · 2-methoxyethylether (ab-
breviated NiBr2), tetrabutylammoniumbenzoate (Bu4NOBz) and
activated zinc were stored and weighed in a nitrogen-filled glove-
box. The NMR solvent C6D6 was dried over molecular sieves and

degassed via three freeze-pump-thaw cycles. 1H (500 or 400 MHz),
13C (125 or 100 MHz) and 19F NMR (376 MHz) spectra were recorded
on a Bruker DRX 500 MHz or a Bruker AVANCE 400 MHz
spectrometer and referenced against residual solvent signal. The
NMR yields were determined by integrating the signals of the
product against the tert-butyl protons of 1,3,5-Tri-tert-butylbenzene
(internal standard), as shown in the crude NMR spectra. UV-Vis
spectra were collected on a double beam Shimadzu UV-2600
spectrometer in a 1.0 cm quartz cuvette with DMAc as reference.
GC analysis was performed on a Thermo Scientific Trace GC Ultra
equipped with a Rxi-5 ms fused silica column (30.0 m×0.25 mm×
0.25 μm). Temperature program: initial temperature 50 °C, heat to
200 °C with 8.0 °Cmin� 1, heat to 250 °C with 50 °Cmin� 1, hold for 6
minutes. Inlet temperature 250 °C, split ratio of 30, 1.0 mLmin� 1

helium flow, FID temperature 250 °C. For GC measurements
mesitylene was used as internal standard and GC calibration curves
were composed for 4-‘bromoacetophenone (1), acetophenone (3),
4’-benzoyloxyacetophenone (2) and 4’-hydroxyacetophenone (4)
(Figure S32). GC-HRMS (HRMS) measurements were performed on a
Jeol AccuTOF GC v 4 g, JMS� T100GCV Mass spectrometer equipped
with a field desorption (FD) / field ionization (FI) probe, fitted with a
10 μm tungsten FI emitter. Samples were diluted with acetone and
mesitylene was used as an internal calibrant. Here, GC analysis was
conducted on a Thermo Scientific Trace GC Ultra equipped with an
Agilent 19091S-433 column (30.0 m×0.25 mm×0.25 μm). Temper-
ature program: initial temperature 50 °C, heat to 315 °C with
15 °Cmin� 1, hold for 5 min. Inlet temperature 230 °C, split ratio of
15 :1, 1.0 mLmin� 1 helium flow and GC interface at 250 °C. For the
field ionization (FI) a flashing current of 40 mA on every spectrum
of 30 ms was applied. EPR measurements were performed in air-
tight J.Young quartz tubes in an atmosphere of purified argon.
Frozen solution EPR spectra were recorded on a Bruker EMX-plus
CW X-band spectrometer equipped with a Bruker ER 4112HV-CF100
helium cryostat. The spectra were obtained on freshly prepared
solutions of nickel compounds and simulated using EasySpin[46] via
the cwEPR GUI.[47]

General experiment for catalysis

In a nitrogen-filled glovebox, NiBr2 (21.2 mg, 0.06 mmol) and zinc
(39.2 mg, 0.6 mmol) were weighed and transferred to a Schlenk
flask (20 mL). The flask was removed from the glovebox, the
atmosphere changed to argon, and the solids 4-bromoacetophe-
none (239 mg, 1.2 mmol) and benzoic acid (147 mg, 1.2 mmol)
were added. Directly thereafter, DMAc (6 mL) and tBuNHiPr (190 μL,
1.2 mmol) were supplied via a syringe and the temperature was
increased to 70 °C with stirring at 1400 rpm. After 20 h reaction
time, 60 μL mesitylene (internal standard) was added and approx-
imately 10 μL of the reaction mixture was diluted with 2 mL
acetone, filtered over a 45 μm syringe filter and analyzed with GC.
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