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Enantioselective C–H annulations enabled 
by either nickel- or cobalt-electrocatalysed 
C–H activation for catalyst-controlled 
chemodivergence
 

Tristan von Münchow    1,2, Neeraj Kumar Pandit    1,2, Suman Dana1, 
Philipp Boos    1, Sven Erik Peters    1, Josselin Boucat    1, Yi-Ru Liu    1, 
Alexej Scheremetjew1 & Lutz Ackermann    1 

Enantioselective electrocatalysis shows unique potential for the sustainable 
assembly of enantiomerically enriched molecules. This approach allows 
electro-oxidative C–H activation to be performed paired to the hydrogen 
evolution reaction. Recent progress has featured scarce transition metals 
with limited availability. Here we reveal that the earth-abundant 3d 
transition metals nickel and cobalt exhibit distinctive performance for 
enantioselective electrocatalysis with chemodivergent reactivity patterns. 
Enantioselective desymmetrizations of strained bicyclic alkenes were 
achieved through C–H annulations. A data-driven optimization of chiral 
N,O-bidentate salicyloxazoline-type ligands was crucial for enhancing 
enantioselectivity in nickel electrocatalysis. Notably, in the transition 
state of the enantio-determining step, secondary weak attractive π–π and 
CH–π interactions were identified, reflecting the informed adaptations in 
the ligand design. Detailed mechanistic investigations by experimental 
and computational studies revealed for the nickel electrocatalysis a C–N 
bond-forming reductive elimination from nickel(III) and for the cobalt 
electrocatalysis a C–C bond-forming nucleophilic addition from cobalt(III) 
as the product-determining steps.

In recent years, enantioselective electrochemical transition-metal 
catalysis has been recognized as a resource-economic tool for the 
synthesis of chiral organic architectures1–7. In this innovative strat-
egy, catalytic transformations are enabled by the electrochemi-
cal redox manipulation of transition-metal catalysts, avoiding the 
use of sacrificial redox agents. In particular, in electro-oxidative 
catalysis, the redox equivalents are provided by the formation of 
molecular hydrogen through the paired cathodic hydrogen evo-
lution reaction (HER)6–9, offering a transformative platform to 

address the growing global demand for efficient and clean energy  
solutions10–13.

Despite these beneficial features, so far, enantioselective 
electro-oxidative C–H activation reactions have been severely limited 
to transition metals with high risk of future supply shortages14,15, such 
as the precious 4d transition metals palladium16–18 and rhodium19–21, 
whereas narrow diversity in terms of reaction pathways has been devel-
oped for cobalt22–28. Hence, the further exploration of transition met-
als with high natural abundance29 is of major interest in this domain. 
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Furthermore, enantioselective electrochemical C–H activation 
enabled by cobalt catalysis, beyond the generally observed C–H/N–H 
annulation22–25,27,28, would represent a major advancement to expand 
the diversity of molecular motifs accessible through electro-oxidative 
3d transition-metal catalysis (Fig. 1c).

Nickel and cobalt can exhibit similar chemical behaviour53,54, 
having comparable atomic radii55. However, the electronegativities56 
and electronic configurations for a specific oxidation state in their 
coordination complexes differ, resulting in distinct properties and 
reactivities57–59. Yet, the implication of these differentiating features 
in enantioselective electrochemical C–H activation has not been 
elucidated.

Here, we report on enantioselective electrocatalytic desym-
metrizations of strained bicyclic alkenes through nickel- and 
cobalt-catalysed C–H activation giving access to substituted chiral 
sp3-rich ring systems—skeletons encountered in various biologically 
active compounds and of medicinal relevance (Fig. 1d,e)60–64. Intrigu-
ingly, the devised enantioselective C–H activations reveal a chemo-
divergence (Fig. 1f). While the nickel electrocatalysis is selective for 

Besides cobalt, the cost-effective30 and less toxic31,32 base metal nickel 
is particularly attractive as a catalyst, which, owing to its flexibility in 
adopting various oxidation states, displays unique reactivity patterns 
for homogeneous catalysis33–35 (Fig. 1a).

The versatility of nickel catalysis for enantioselective synthesis has 
been explored and studied in systems that operate via mechanisms such 
as ligand-to-ligand hydrogen transfer36,37 and radical processes38–40, as 
well as in reductive homo- and cross-coupling reactions41–45. How-
ever, the direct activation of inert C–H bonds under nickel catalysis 
typically requires harsh reaction conditions, rendering the develop-
ment of enantioselective methodologies very challenging46,47. The 
enantioselective catalytic C–H activations described are limited 
to highly sensitive, low-valent nickel(0) precatalysts using chiral 
N-heterocyclic carbene (NHC)48 or heteroatom-substituted second-
ary phosphine oxide (HASPO)49,50 (pre)ligands and commonly rely 
on pyrophoric organoaluminium reagents51,52. Thus, enabling oxida-
tive nickel-catalysed C–H activation with chiral ligands for effective 
enantio-induction within an electro-oxidative high-valent nickel regime 
is a formidable challenge (Fig. 1b).
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Fig. 1 | Enantioselective electrochemical C–H activation for full selectivity 
control. a, Sustainability aspects of selected transition metals in comparison. 
b, Motivation for the development of enantioselective electrochemical C–H 
activation by 3d transition-metal catalysis. c, Divergent reaction pathways in 
alkene C–H annulations. d, Bicyclic bridged ring systems as bioisosteres for 

benzene derivatives. e, Selected chiral biologically active compounds containing 
bicyclo[2.2.1]heptane skeletons. f, Chemodivergent desymmetrizations enabled 
by electrocatalytic C–H activation (this work). e.r., enantiomeric ratio; d.r., 
diastereomeric ratio.
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carboamination via reductive elimination, the cobalt electrocatalysis 
furnishes the carboacylation product through a nucleophilic addition/
elimination pathway.

Results
Development of the enantioselective nickel electrocatalysis
We initiated our studies by evaluating nickel(II) acetate as the catalyst 
for the electro-oxidative C–H activation of benzamide 1 with the bicyclic 
alkene 2 (refs. 65–67). To our delight, by exploiting chiral salicyloxazo-
line ligands68, the carboamination product 3 was formed under galva-
nostatic conditions with promising enantiocontrol (Fig. 2a). However, 
by pure empirical reaction optimization, it was challenging to identify 
a ligand that would enhance the catalysis selectivity and performance. 
Thus, a data-driven approach69,70 was pursued to assist in the ligand 
development. Following the workflow described in Fig. 2b with ligand 
screening data, we commenced by optimizing the free ligand structures 
at the TPSS-D3(BJ)/def2-SVP level of theory, followed by single-point 
calculations at the PW6B95-D3(BJ)/def2-TZVPP+SMD(1,4-dioxane) 
level of theory to acquire density functional theory (DFT)-derived 
descriptors (for further details, see ‘Development of nickel catalysis’ 
in the Supplementary Methods). A wide range of descriptors71 were 
explored to describe the variations in the ligand structures as well as 
their properties. For electronic features, frontier molecular orbital 
energies, natural bond orbital (NBO) charges and net dipole moments 
(µnet) were derived from single-point DFT calculations. To assess the 
steric and geometric properties, sterimol parameters72 Bmin, Bmax and 
L were considered, where Bmin and Bmax represent the minimum and 
maximum perpendicular widths of the substituent, respectively, while L 
corresponds to its axial length along the measured bond axis, together 
with dihedral angles. In light of recent studies73,74 demonstrating the 
use of vibrational features for integrated effects of steric behaviour 
and charge layout, vibrational modes of the ligand were also used.

Based on the feature importance analysis using a tree-based 
regression model (random forest regressor) on the obtained ligand 
screening data, steric parameter of C11 substituent (R1_L), asymmet-
ric stretching mode 1 from phenyl ring (asym1_v) and NBO charge 
at C10 carbon (NBO_C10) emerged as the top three crucial ligand 
features, notably affecting the enantioselectivity. In model screen-
ing, the gradient boosting regression (GBR) model proved to be the 
best model with the least test and validation mean absolute error  
(MAEtest 0.32 kcal mol−1 and MAEvalidation 0.19 kcal mol−1) on the training 
and validation dataset. Later, the permutation analysis on the trained 
GBR model likewise showed similar feature importance with NBO_C10 
as the most crucial feature after the R1_L. Based on the most relevant 
features, five ligands with variable substitution patterns were thereby 
newly designed, which were expected to be more prominent. The 
constructed model was used to predict the enantioselectivity (ΔΔGpred) 
for the five devised ligands, followed by prediction evaluation with 
experimentally obtained ΔΔGexp. In agreement with the GBR model, 
ligand L7 was identified as the best-performing ligand within the group 
of newly designed ligands and overall dataset. Thus, with the help of 
feature analysis, the considered substitutional modifications to the 
ligand backbone resulted in a newly designed ligand variant L7 exhibit-
ing effective enantio-induction for the challenging stereo-control in 
electro-oxidative nickel-catalysed C–H activation (Fig. 2b; for further 
details, see ‘Development of nickel catalysis’ in the Supplementary 
Methods). Finally, all the studied ligands (initially screened and newly 
designed) were projected in the top three feature space. The feature 
space was clearly able to separate the new ligands from the initially 
screened ones, indicating the contrasting feature values.

To rationalize the high efficiency of the devised ligand L7 in 
controlling the stereoselectivity in the nickel electrocatalysis, a 
non-covalent interaction (NCI)75,76 analysis of the transition state (TS12) 
involved in the migratory insertion was carried out (Fig. 2c; for the 
energy profile, see ‘Computational studies for nickel catalysis’ in the 

Supplementary Methods). Here, a substantial secondary attractive π–π 
interaction between the arene at the oxazoline (C11) from the ligand L7 
and the 8-quinolinyl of the benzamide was identified, along with a weak 
attractive CH–π interaction between the methyl at oxazoline (C10) and 
benzene plane of the benzamide. Furthermore, the role of the NCIs in 
stabilizing the TS1 was thoroughly evaluated with three additional 
ligands (L3, L5 and L6). The substitution patterns later presented were 
differentiated with the L7, allowing to single out the relevant NCIs. The 
comparison of energy barriers for the enantio-determining step (TS1) 
for both enantiomers revealed that L7 requires a lower energy barrier 
(ΔG‡ = 22.8 kcal mol−1) than the other considered ligands. We observed 
that the dispersive π–π interactions present a more prominent sta-
bilizing effect than the CH–π interactions, as the absence of solely 
CH–π interactions led to an increase of energy barrier for the TS1 by 
0.6 kcal mol−1 (L6), whereas the absence of both increased the energy 
barrier to 2.9 kcal mol−1 (L5). Moreover, the removal of tert-butyl groups 
(L3) led to a considerable decrease in enantioselectivity (Gibbs free 
energy difference between the transition states, ΔΔG‡ = −2.4 kcal mol−1). 
These findings highlight the ligand effect in the catalyst stabilization, 
facilitating the migratory insertion of the alkene. Interestingly, these 
two ligand site feature roles (R1_L, and NBO_C10) were also indicated by 
the early feature analysis and post-model development. In addition, the 
NCI plot unveiled a strong attractive polar interaction between oxygen 
of the 7-oxabenzonorbornadiene and carbonyl carbon centre from the 
benzamide, aligning with the experimentally observed excellent dias-
tereoselectivity. With a suitable ligand for superior enantio-induction 
being identified by data science, we next improved the efficacy of the 
catalysis further (Fig. 3a). Hence, we monitored the reaction progress 
during electrocatalysis and found that, already in the initial stage, the 
formation of product 3 proceeded only gradually, pointing at an inef-
ficient anodic electron transfer. For this purpose, we probed ferrocene 
(Cp2Fe) as a redox mediator, which led to a considerable increase in the 
efficiency while maintaining the excellent control of enantioselectiv-
ity (Fig. 3a, entries 1 and 2, and Fig. 3b). Under the improved reaction 
conditions, we reevaluated ligand L6. Here, we could experimentally 
support the importance of the methyl groups on the oxazoline (C10) 
for an effective enantiocontrol as L6 exhibited reduced enantioselec-
tivity compared with L7. The achiral ligands L8 and L9 led to racemic 
product 3 with high levels of diastereoselectivity of >20:1 (Fig. 3a, 
entries 3–6, and Fig. 3c).

Versatility of the enantioselective nickel electrocatalysis
With the optimized conditions, the versatility of the nickel electroca-
talysis was examined (Fig. 3d). The strategy enabled the synthesis of 
a broad range of chiral bridged dihydroisoquinolinones in high enan-
tiomeric excess (3 and 5–38) thereby tolerating various functional 
groups. The strategy showed high tolerance to oxidation-sensitive 
thioether groups (7 and 18) and electrophilic carbonyl motifs (8–10, 
20 and 26). Besides fluoro- (16), bromo- (6) and iodo- (15) substituents, 
benzamides bearing an acetamido motif (21) as well as benzamides 
featuring sterically demanding 3,5-disubstitution (23–26) were found 
to be compatible. In addition, the electrocatalytic C–H activation on 
thiophene enabled the enantioselective synthesis of the desired car-
boamination products (22 and 36). Moreover, the devised electro-
catalysis was not only limited to 7-oxabenzonorbornadienes; with 
norbornadiene (29), norbornene (30) and 7-azabenzonorbornadienes  
(31 and 32) the desired product formation with satisfying enantiocon-
trol was also achieved.

Mechanistic elucidation of the nickel manifold
We were then interested in investigating the mechanism of enanti-
oselective high-valent nickel-catalysed C–H activation in more detail 
(Figs. 4 and 5). First, a kinetic isotope effect (KIE) study of the devised 
nickel electrocatalysis was conducted, which yielded kH/kD = 1.1 (where 
kH and kD are the rate constants for the electrocatalysis involving 1 or 
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catalytic; n.d., not detected. b, The general workflow for data-driven ligand 
optimization with the final top three feature space. ML, machine learning; Exp, 

experimental. c, Respective visualizations of the NCIs (π–π and CH–π) in TS1 
with L7 are made with the NCIPLOT program. Selected distances and angles 
are shown for TS1 and TS1′. Red represents strong repulsive interactions in the 
plotted surfaces, whereas green and blue represent weak and strong attractive 
interactions, respectively. Energies are with reference to the Int0L7 in the ligand 
comparison plot. ΔΔG, Gibbs free energy difference between the major and 
minor product isomers; ΔG‡, Gibbs free energy difference between reactant 
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[D5]-1, respectively), indicating a facile C–H cleavage under the catalytic 
conditions (for details, see ‘KIE study for nickel catalysis’ in the Sup-
plementary Methods). Then, a hydrogen-deuterium (H/D) scrambling 
experiment was performed with substrate [D5]-1 and nickel(II) acetate 
in the absence of electricity (Fig. 4a). Here, it was discovered that C–H 
activation is mediated by nickel(II), as substantial H/D exchange was 
observed in the ortho positions of the recovered substrate [D4.78H0.22]-1. 
However, when the cyclometallated nickel(II) complex NiII-DMAP was 
used with alkene 2 in the presence of the chiral ligand L7 in a stoichio-
metric reaction, no product formation was observed, suggesting that 
nickel(II) is not mediating the carboamination process (Fig. 4b). Inter-
estingly, when this reaction was conducted with the addition of one 
equivalent of [Cp2Fe]PF6, the desired product 3 was obtained in high 
yield and very good enantioselectivity (Fig. 4c). This finding under-
scores the role of Cp2Fe as a redox mediator in the electrocatalysis and 
suggests that the carboamination is enabled by an additional oxidation 
event. Therefore, the synthesis of a cyclometallated nickel(III) complex 
was next attempted by reacting substrate 1 with nickel(II) acetate and 
ligand L7, followed by electrolysis (Fig. 4d). This approach successfully 
furnished the complex NiIII-L7, albeit in low yield.

To improve the outcome, we investigated the synthesis of NiIII-L7 
starting from the cyclometallated nickel(II) complex NiII-DMAP 
(Fig. 5a). To this end, NiII-DMAP was subjected to a reaction with one 
equivalent of [Cp2Fe]PF6 and the chiral ligand L7. To our delight, after 
15 min of reaction time, a colour change from orange to dark red was 
observed and the cyclometallated complex NiIII-L7 could be isolated 

in good yield, thereby recovering the stoichiometrically generated 
Cp2Fe. To determine the relevant oxidation state of the nickel catalyst 
involved in the carboamination process and to confirm the impor-
tance of complex NiIII-L7 as an intermediate in the electrocatalysis, the 
reactivity of NiIII-L7 was investigated in a stoichiometric reaction with 
alkene 2 (Fig. 5b). Here, product 3 was formed in high yield and excel-
lent enantiomeric purity, pointing to a feasible reductive elimination 
from nickel(III).

As the present experimental studies reveal that the nickel(II/III)  
redox event is crucial for the devised electrocatalysis, we further 
investigated the synthesized nickel complexes by cyclic voltamme-
try (Fig. 5c). Whereas the oxidation potential of Cp2Fe is below the 
oxidation potential of NiII-DMAP in combination with ligand L7 with a 
potential difference of less than 200 mV, the cyclometallated complex 
NiIII-L7 shows no oxidation event in the relevant potential range. Fur-
thermore, a catalytic current in the cyclic voltammogram of Cp2Fe was 
observed when NiII-DMAP together with L7 was added, indicated by a 
disappearance of the reduction wave and an enhancement of the oxida-
tion wave (for further details, see ‘Electroanalytical investigations for 
nickel catalysis’ in the Supplementary Methods). These findings further 
support the hypothesis of Cp2Fe as a redox mediator via outer-sphere 
electron transfer77 in the nickel(II/III) redox event. Subsequently, the 
nickel(II/III) interconversion was investigated by ultraviolet–visible 
absorption spectroelectrochemistry (UV–vis SEC) (Fig. 5d,e). To this 
end, the UV–vis spectra of the components were recorded, whereby a 
marked change was not visible in the spectrum when NiII-DMAP and L7 
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were combined, which could point to an immediate ligand exchange 
(Fig. 5d). In the analysis by UV–vis SEC, the change in absorbance in 
direct proximity to the working electrode was recorded as a function 
of time while applying defined potentials. Here, when +1.5 V (versus 

Ag/Ag+) was applied in a solution of NiII-DMAP with L7, a pattern in 
the absorbance change was revealed, being the mirror image to the 
pattern observed for NiIII-L7 at −0.5 V (versus Ag/Ag+) (Fig. 5e). This 
finding reflects the feasibility of the conversion of cyclometallated 
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nickel(II) to nickel(III) species induced by electron transfer (for further 
details, see ‘Electroanalytical investigations for nickel catalysis’ in the 
Supplementary Methods). To gain further insights into the C–H/N–H 

activation pathway, the electrocatalytic reaction was monitored by 
high-resolution electrospray ionization–mass spectrometry under 
the standard conditions using a bromo-substituted benzamide for 
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clearly identifiable isotopic patterns. Here, a species corresponding 
to the nickel(III)-intermediate resulting from migratory insertion 
was detected by in-operando spectrometry (for details, see ‘Monitor-
ing the nickel catalysis by mass spectrometry’ in the Supplementary 
Methods). Based on the insights gained from the mechanistic studies, a 
reaction pathway is proposed, as depicted in Fig. 5f. As for the cathodic 
half reaction, the headspace of the electrochemical cell after catalysis 
was analysed by gas chromatography and molecular hydrogen was 
detected, supporting HER as the cathodic process (see ‘Detection of 
hydrogen gas for nickel catalysis’ in the Supplementary Methods).

Cobalt electrocatalysis reveals chemoselectivity switch
To our delight, in contrast to the devised oxidative nickel electrocataly-
sis, which exclusively furnished carboamination product 3, we could 
identify reaction conditions to favour a carboacylation pathway to 
furnish product 4 under cobalt electrocatalysis (Fig. 6). Conspicuously, 
the electrocatalytic enantioselective transformation of benzamide 
1 and alkene 2 proceeded with high efficacy in the presence of the 
chiral ligand L10, giving 4 in high levels of enantio- and diastereose-
lectivity (Fig. 6a, entry 1, and Fig. 6b). When the achiral ligands L8 or 
L9 were used in lieu of the chiral ligand L10, the racemic product was 
formed with a diastereoselectivity of >20:1 (Fig. 6a, entries 4 and 5). 
Interestingly, and in contrast to the described nickel electrocatalysis, 
Cp2Fe was ineffective as a redox mediator in the cobalt electrocatalysis 
(Fig. 6a, entry 7), which could further be confirmed by detailed cyclic 
voltammetry studies (see ‘Electroanalytical investigations for cobalt 
catalysis’ in the Supplementary Methods). Electricity was crucial for 
product formation (entry 9), whereas the electrochemically synthe-
sized cyclometallated complex CoIII-L10 could furnish the desired 
product with high selectivity in a stoichiometric fashion (entry 10). 
The enantioselective desymmetrization strategy encompassed a 
broad scope (Fig. 6c), yielding the desired carboacylation products  
(4 and 39–60) in high yields and excellent enantiomeric control, 
including substrates bearing thioether (41), cyano (42) or carbox-
ylic ester (43, 44, 47 and 54) groups, among others. Interestingly, the 
chemoselectivity switch was also observed for norbornadiene (57) 
and 7-azabenzonorbornadienes (58 and 59).

Origin of chemodivergence
Subsequently, DFT calculations were performed to rationalize the 
observed chemoselectivity in electrocatalysis (Fig. 7a) (for complete 
reaction profiles, see the Supplementary Methods and Supplementary 
Figs. 34 and 47). For the nickel catalysis, in line with the experimen-
tal findings, the calculations pointed to the reductive elimination as 
product-determining step as the most favourable pathway with an 
energy barrier of 25.6 kcal mol−1 (TS2A2), while for the cobalt catalysis, 
the nucleophilic addition resulting in carboacylation was kinetically 
more favourable with an energy barrier of 18.8 kcal mol−1 (TS2B5). Fur-
ther investigation of an elimination pathway from the carboacylation 
intermediate Int3B to the final product Int4B also found to be unfa-
vourable in nickel catalysis with an energy barrier of 28.2 kcal mol−1. 
Moreover, for acetic acid (AcOH) as a solvent in cobalt catalysis, the 
elimination pathway with AcOH participation was considered as an 
alternative pathway. Inclusion of AcOH in the cobalt catalysis was cru-
cial for the formation of the thermodynamically favoured final product 
Int5B. To gain insights into the origin of the chemoselectivity for both 
considered reactions, we took a closer look at the changes in the NBO 
charges (ΔNBO) at the key atoms α, β, γ, δ(Ni) and δ(Co) throughout the 
respective elementary step (Fig. 7b). Interestingly, a clear change in the 
charge densities magnitude could be observed for the two metals’ vary-
ing behaviour. Furthermore, the local nucleophilicity78, Nγ (see ‘NBO 
charge analysis’ in the Supplementary Methods), at γ for Int2 in nickel 
and cobalt catalysis was considered, and it could be observed that the 
γ in cobalt catalysis is more likely (~4.8 times) to undergo nucleophilic 
attack than in nickel catalysis.

Conclusions
Enantioselective electro-oxidative high-valent nickel-catalysed C–H 
activation was achieved by data-science-guided ligand optimization. 
Intriguingly, by using enantioselective cobalt in lieu of nickel electro-
catalysis, a switch in chemoselectivity from carboamination to car-
boacylation was revealed. Both devised electrocatalyses proceeded 
with high enantio- and diastereoselectivity providing direct access 
to versatile chiral building blocks with multiple stereocentres and 
ample scope enabled by the formation of molecular hydrogen through 
HER. Detailed mechanistic investigations provided valuable insights 
into the differences of the nickel and cobalt regime. Studies with iso-
lated cyclometallated intermediates involving electroanalytical tech-
niques shed light on the nickel(II/III/I) manifold. The study presented 
here showcases the potential of electrochemical C–H activation by 
3d transition-metal catalysis as an innovative and powerful tool for 
sustainable synthesis.

Methods
General procedure for nickel catalysis
The electrolysis was carried out in an undivided cell setup. A graph-
ite felt anode (20 mm × 10 mm × 4 mm) and a nickel foam cathode 
(10 mm × 15 mm × 1.4 mm) with electrode holders made of stainless steel 
were used. The cell was charged with the amide (0.20 mmol, 1.0 equiv), 
alkene (0.30 mmol, 1.5 equiv), Ni(OAc)2∙4H2O (10 mg, 0.04 mmol), 
ligand L7 (15.2 mg, 0.04 mmol), Cp2Fe (11.2 mg, 0.06 mmol), BmimPF6 
(73.9 mg, 0.05 M) and a teflon-coated magnetic stirring bar (15 × 6 mm). 
Then, 1,4-dioxane (4.5 ml) and N,N-dimethylacetamide (DMA) (0.5 ml) 
were added. The reaction mixture was stirred at 100 °C for 10 min to 
obtain a homogeneous solution. Subsequently, the electrolysis was 
performed at 100 °C with a constant current of 1.5 mA maintained for 
15 h with a stirring rate of 600 rpm. After completion of the reaction, 
the reaction mixture was diluted with 2 ml ethyl acetate and transferred 
to a round-bottom flask. The electrodes (nickel foam and graphite 
felt) were washed in the reaction flask with ethyl acetate (3 × 5 ml) in 
an ultrasonic cleaner (3 × 3 min), and the washes were combined in 
the round-bottom flask. The solvent was then removed under vacuum, 
and the residue was purified by column chromatography to afford the 
title compound.

General procedure for cobalt catalysis
The electrolysis was carried out in an undivided cell setup. A graphite 
felt anode (20 mm × 10 mm × 4 mm) and a platinum plate cathode 
(20 mm × 10 mm × 0.125 mm) with electrode holders made of stainless 
steel were used. The cell was charged with the benzamide (0.20 mmol, 
1.0 equiv), alkene (0.30 mmol, 1.5 equiv), Co(OAc)2∙4H2O (10 mg, 
0.04 mmol), ligand L10 (25.7 mg, 0.06 mmol), NaOPiv (0.6 mmol) and 
a teflon-coated magnetic stirring bar (15 × 6 mm). Then, AcOH (5.0 ml) 
was added. The reaction mixture was stirred at 100 °C for 10 min to 
obtain a homogeneous solution. Subsequently, the electrolysis was 
performed at 100 °C with a constant current of 1.0 mA maintained for 
24 h with a stirring rate of 600 rpm. After completion of the reaction, 
the reaction mixture was diluted with 2 ml ethyl acetate and transferred 
to a round-bottom flask. The electrodes (platinum plate and graphite 
felt) were washed in the reaction flask with ethyl acetate (3 × 5 ml) in 
an ultrasonic cleaner (3 × 3 min), and the washes were combined in 
the round-bottom flask. The solvent was then removed under vacuum, 
and the residue was purified by column chromatography to afford the 
title compound.

Data availability
The data supporting the findings of this study are available within the 
Article and its Supplementary Information. The generated datasets, 
optimized ligand coordinates and Python code for data analysis and 
regression model optimization are provided as part of the Supplemen-
tary Information. Crystallographic data are available free of charge 
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under Cambridge Crystallographic Data Centre (CCDC) reference 
numbers 2278177 (4), 2278175 (9), 2278176 (11), 2278179 (43), 2278178 
(46) and 2278180 (NiIII-L11). All other requests for materials and infor-
mation should be addressed to the corresponding author.
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