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ABSTRACT: Alternating current (AC) electrolysis offers a promising strategy for
modulating redox states in metal-catalyzed reactions, yet its mechanistic basis remains
poorly understood. Here, we uncover how AC frequency synchronizes with key steps in a
Ni-catalyzed cross-coupling cycle to control product selectivity between C−N and C−C
coupling. We show that optimal C−N selectivity arises from minimizing the exposure of
a key intermediate, NiII(Ar)Br, to reducing conditions that otherwise promote off-cycle
NiI species and undesired C−C homocoupling. By developing a simple cyclic
voltammetry-based method, we accurately predict the optimal AC frequency across
diverse aryl bromides and amines, eliminating the need for time-consuming trial-and-
error reaction optimization. The predicted values align well with experimentally
determined frequencies, validating the approach. This work establishes a mechanistic
foundation for integrating AC waveform control into metal catalysis and highlights its
potential for advancing selective electrochemical transformations in synthetic and
medicinal chemistry.

■ INTRODUCTION
Metal-catalyzed cross-coupling reactions are powerful tools for
constructing complex organic molecules and play a pivotal role
in modern drug discovery.1−4 Figure 1a(i) illustrates a general
schematic of a classical metal-catalyzed cross-coupling reaction,
which typically begins with themetal catalyst in its oxidized form
(Mox). Upon reduction (+ne−), the active reduced species
(Mred) is generated. This species undergoes oxidative addition
with an electrophile, such as an aryl or alkyl halide, to form a
metal−aryl/alkyl−halide complex. This is followed by trans-
metalation, in which the halide is replaced by a nucleophile or
another functional group. Finally, reductive elimination releases
the cross-coupled product and regenerates the catalyst for the
next catalytic cycle.5−10

Each step in such a catalytic cycle proceeds at its own
characteristic rate, requiring a specific amount of time (t1, t2,
etc.) to complete before the next step can occur. The overall
efficiency of the cycle is governed by rate matching among these
steps�mismatches can lead to the formation of inactive off-
cycle species or undesired side products.11−14 For instance, in a
Pd-catalyzed cross-coupling cycle, if the reduced form of
palladium (Pd0) is not promptly engaged in the subsequent
catalytic step, it may aggregate to form Pd nanoparticles instead
of progressing through the intended reaction sequence.15−17

Traditional strategies to address this challenge include ligand
design and the use of chemical additives.18

Alternating current (AC) electrolysis, which applies an
oscillating voltage to drive redox events, offers an alternative
to traditional chemical-based strategies for controlling rate
matching within catalytic cycles. As illustrated in Figure 1a(ii),

the key concept involves superimposing a dynamic redox
environment provided by AC electrolysis onto the metal
catalytic cycle to modulate the speciation of metal complexes
in real time. This enables the rate tuning of individual steps
within the cycle. This concept of synchronizing AC electrolysis
with metal catalysis has recently garnered considerable
attention. For example, Lei and co-workers have developed
various C−H functionalization methods while addressing
challenges such as metal catalyst deposition.19 Semenov’s
group demonstrated that AC can improve both the yield and
scalability of Ni-catalyzed cross-coupling transformations.20 De
Bon et al. reported that AC electrolysis improved the efficiency
and controllability in Cu-catalyzed electrochemically mediated
atom transfer radical polymerization.21 Their work highlights
how the dynamic redox environment of AC electrolysis can
overcome key limitations of conventional methods.

Despite recent advances, a comprehensive and quantitative
mechanistic understanding of metal-catalyzed reactions under
AC electrolysis conditions remains limited. Critical insight into
how the dynamic redox environment influences the catalytic
process is still lacking, which is essential for the informed
development of future AC-enabled catalytic transformations.
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Several key questions remain unanswered: How does a metal-
based catalytic cycle interact with the AC redox cycle? In what
ways does this interaction affect the reaction outcome? And how
can the optimal AC frequency be rationally designed to favor
formation of the desired product?

In this study, we investigated a Ni-catalyzed model reaction as
illustrated in Figure 1b, which exhibits AC frequency-dependent
selectivity between C−N cross-coupling and C−C homocou-
pling, to address the above questions. Our results show that
enhanced selectivity toward the C−N cross-coupling product at
an optimal AC frequency arises fromminimizing the exposure of
a key intermediate, NiII(Ar)Br (3), to reducing conditions.
Prolonged reduction promotes the formation of an off-cycle NiI

species that triggers the undesired reductive C−C homocou-

pling pathway. The formation rate of intermediate 3 is governed
by the oxidative addition of ArBr to the NiIBr species (2) to form
a short-lived NiIII species, followed by reaction with 2,22 which
itself originates from cathodic reduction of NiIIBr2 (1).
Therefore, the timing of 3 formation is highly dependent on
the identity of the ArBr electrophile but largely independent of
the amine coupling partner (NHR1R2), as supported by our
experimental data. Furthermore, we developed a convenient
electroanalytical method based on cyclic voltammetry (CV) to
predict the ideal AC frequency for various ArBr substrates,
thereby circumventing the need for time-consuming trial-and-
error reaction condition screening. This advancement provides a
mechanistic foundation for synchronizing AC frequency with a

Figure 1. (a) Schematic illustration of synchronizing a metal-catalyzed cross-coupling cycle with an alternating current (AC) redox cycle. (i) The
cross-coupling catalytic cycle involves periodic transitions between oxidized (Mox) and reduced (Mred)metal states, enabling bond formation (R1−R2).
(ii) The AC redox cycle modulates these oxidation states temporally, introducing synchronized redox control through applied AC waveforms (sine
wave). (b) AC frequency-dependent product selectivity in AC-enhanced Ni-catalyzed C−N cross-coupling reactions. (iii) The proposed mechanism
for the electrochemical Ni-catalyzed C−N cross-coupling reaction. (iv) The AC frequency modulates the selectivity between C−N and C−C coupling
products. The pie chart matrix displays product distribution (C−N in blue, C−C in red) at varying sine waveform frequencies and amplitudes, with the
highest C−N selectivity at 0.2 Hz and 3.0 V.
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metal catalytic cycle, enabling rational design of selective
electrochemical transformations.

■ RESULTS AND DISCUSSION
AC Frequency-Controlled C−N vs C−C Coupling.

Electrochemical Ni-catalyzed C−N coupling reactions were
first developed by the Baran group, who employed
NiII(bipyridine) catalysts under direct current (DC) electrolysis
conditions.23 They later expanded this methodology to enable
the amination of amino acids, oligopeptides, and nucleoside
nucleophiles.24 The proposed reaction mechanism, illustrated in
Figure 1b(iii), involves cathodic reduction of NiIIBr2 (1) to
generate NiIBr species (2), which undergoes oxidative addition

with ArBr to form NiII(Ar)Br (3). This intermediate then
engages in ligand exchange with an amine (NHR1R2) to yield
NiII(Ar)(NR1R2) (4). Oxidation of 4 at the anode generates a
high-valent NiIII species (5), which undergoes reductive
elimination to furnish the C−N coupling product (Ar−
NR1R2) and regenerate the active NiIBr catalyst (2). In
follow-up work, Semenov and co-workers demonstrated that
applying AC electrolysis improved selectivity toward the C−N
coupling product.20 However, the mechanistic basis for this
enhancement remained unclear. Notably, both the Baran and
Semenov protocols used LiBr as the electrolyte, which was later
shown by the Liu group to participate directly in the catalytic
cycle.25 Specifically, the oxidation of intermediate 4 to 5 does

Figure 2. (a) CVs of compound 1 recorded in the presence and absence of A1 in DMA with 0.1 M LiNTf2 at a scan rate of 0.1 V/s, illustrating the
cathodic reduction potentials across different amplitudes. A CV of synthesized compound 3 under identical conditions is also shown. (b) 19F NMR
spectrum of the synthesized compound 3 after 25 min in CD2Cl2, showing residual 3 along with the C−C coupling product as the major species. (c)
Proposed mechanism for C−C coupling under cathodic reduction conditions, highlighting that intermediates 3, 6, and 7 lead to the C−C
homocoupling product formation (for details, see Figure S25).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c13155
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/jacs.5c13155?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c13155?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c13155?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c13155/suppl_file/ja5c13155_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c13155?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c13155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


not proceed via direct anodic oxidation, but instead occurs via
chemical oxidation by molecular bromine (Br2), generated in
situ from the anodic oxidation of bromide ions (Br−).

The reversible redox chemistry of the Br−/Br2 couple
complicates the mechanistic analysis of the impact of AC
electrolysis on the Ni-catalyzed coupling reaction. To minimize
this confounding factor, we replaced the LiBr electrolyte with
the redox-inert lithium bis(trifluoromethane-sulfonyl) imide
(LiNTf2). Additionally, we employed 6,6′-dimethyl-2,2′-bipyr-
idine (di-Mebpy) as the ligand, whose corresponding NiII
complex exhibits highly reversible redox behavior under
electrochemical conditions.26 This substitution helps minimize
side reactions associated with the decomposition of Ni
complexes during redox cycling, allowing for a more controlled
and interpretable investigation of AC frequency effects.

Using the modified reaction conditions, we systematically
evaluated product selectivity as a function of AC frequency and
amplitude ( f = 0−5 Hz; V = 2.8−3.6 V, Figures S1 and S2). As
shown in Figure 1b(iv), the selectivity between C−N (blue) and

C−C (red) coupling products is strongly dependent on both f
and V. Optimal C−N selectivity is observed at a specific
frequency of 0.2 Hz across most voltage values. However, the
highest yield of the C−N coupling product is achieved at an
amplitude of 3.0 V; deviations from this value, either above or
below, lead to a marked decrease in C−N product formation.
These trends are consistent with previous observations by
Semenov,20 supporting the conclusion that AC-controlled
selectivity arises from intrinsic features of the Ni-catalytic
cycle rather than from Br−/Br2 redox chemistry. The near-zero
yield observed under ourDC conditions, significantly lower than
that reported under Semenov’s DC conditions, is because the
intermediate 4 could not be electrochemically oxidized to 5
efficiently in the absence of Br−/Br2 redox chemistry. We also
confirmed the importance of anodic oxidation of 4 to 5 in the
C−N coupling reaction by running a divided cell experiment, in
which only the C−C homocoupling product was found (Figure
S3).

Figure 3. (a) Left: Reaction pathways governing C−N versus C−C selectivity. Complex 3 serves as a key branching point in the mechanistic network.
Right: Temporal alignment between the optimal AC waveform (sine wave) and the key reaction steps. At the optimal frequency for selective C−N
coupling, the cathodic half-wave duration (tcathode) should become less than or equal to the oxidative addition time (tArBr). (b) CVs of 1 in the absence
(black trace) and presence (red trace) of ArBr at various scan rates ranging from 0.01 to 1 V/s with their corresponding equivalent AC frequency.
Eonset,1 and Eonset,3 are the onset potentials for the 1 → 2 reduction and the 3 → 6 reduction. tArBr is estimated from the time that it takes to scan from
Eonset,1 to Eonset,3 at the critical scan rate of 0.2 V/s when the two CVs completely overlap.
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Identifying the C−C Homocoupling Pathways. To
quantitatively understand the effect of AC electrolysis on the C−
Nvs C−C coupling selectivity, we began by identifying the C−C
coupling pathways in this Ni-catalyzed system using CV analysis.
The top panel of Figure 2a shows the CV of the Ni catalyst,
NiII(di-Mebpy)Br2 (1), with and without the model ArBr, 4-
bromo-1-(trifluoromethyl) benzene (A1). The CV of 1 alone
(blue trace) displays a pair of reversible redox peaks in Zone 1
(−0.6 V > E > −1.3 V), corresponding to the NiII/NiI redox
couple (i.e., 1/2), and a pair of quasireversible peaks in Zone 3
(E < −1.7 V), attributed to the further reduction of NiI species,
2, to a Ni0 species, 7.26 Note that the electrode potentials
reported herein are referenced to Ag/10 mM Ag+ unless
otherwise noted. Also, the reduction of NiII to NiI in Zone 1
could proceed via a first reduction to a Ni0 species with
subsequent generation of NiI by rapid comproportionation with
NiII.22,27

Upon addition of ArBr (A1), two notable changes were
observed in the CV (red vs blue curve in Figure 2a): ① the
appearance of a small peak at approximately −1.4 V and ② a
pronounced increase in current in Zone 3, accompanied by the
disappearance of the anodic return wave.

For observation ①, we hypothesized that the new peak at
∼−1.4 V arises from the reduction of NiII complex 3, which
forms via oxidative addition of ArBr to the NiI species 2. To test
this hypothesis, we synthesized complex 3 using a reported
procedure (Figure S4).28 The photograph of 3 is shown in the
inset of Figure 2b. The CV of 3, shown in the lower panel of
Figure 2a, displays two distinct peaks: the first corresponds to
the 1/2 redox couple, consistent with the upper CV trace, while
the second is assigned to the reduction of complex 3 itself. Note
that the presence of the 1/2 redox feature in the CV of 3 is
attributed to the spontaneous decomposition of 3, which
generates complex 1 and forms the C−C homocoupling
product.28 This decomposition is supported by the 19F NMR
spectrum of 3 in Figure 2b, recorded 25 min after dissolving the
solid in CD2Cl2.

For observation ②, the transition from a peak shape to a
sigmoidal-shape-like wave is characteristic of a catalytic electron-
transfer process, in which electrochemical reduction or
oxidation generates a species that undergoes a subsequent
chemical transformation, regenerating the original redox-active
species�commonly referred to as an EC′ mechanism.29 This
CV feature indicates that the Ni0 species 7, formed by the
reduction of 2, reacts with ArBr to regenerate 2, thereby
catalyzing the electrochemical reduction of ArBr.

To further interpret these CV results, we correlated themwith
the synthetic outcomes observed at different AC amplitudes. At
V = 3.6 V, the cathodic potential (Ecathode) was measured to be
−1.74 V vs Ag/Ag+ (Figure S9), corresponding to Zone 3 in
Figure 2a. Under these conditions, the C−C homocoupling
product was the predominant product, indicating that the EC′
reaction between 2 and ArBr primarily leads to homocoupling
rather than the C−N cross-coupling. When V decreased to the
optimal value of 3.0 V, Ecathode was found to be −1.58 V,
corresponding to Zone 2, insufficient to generate Ni0 but enough
to reduce 3 to generate a NiI species, 6. Compound 6 has
previously been proposed to form the C−C homocoupling
product via two possible mechanisms: (i) a second oxidative
addition with ArBr, forming a NiIII(Ar)2Br intermediate that
subsequently undergoes reductive elimination,30 or (ii) trans-
metalation with NiII(Ar)Br species to form NiII(Ar)2 inter-
mediates.31

Taken together, we have identified three distinct C−C
homocoupling pathways under AC electrolysis conditions, as
summarized in Figure 2c: (i)the chemical decomposition of the
NiII complex 3. (ii) the reactions of the NiI complex 6with ArBr,
and (iii) the EC′ reaction between species 2 and ArBr. Under
optimal AC electrolysis conditions for selective C−N coupling
(i.e., 3.0 V and 0.2 Hz), only the first two pathways could occur.
Origin of AC Frequency-Dependent Product Selectiv-

ity. By integrating the identified C−C and C−N coupling
pathways, we identified the NiII complex, 3, as a key branching
node in the mechanistic network shown in Figure 3a.
Specifically, the selectivity between C−C and C−N products
is governed by three possible fates of 3: ⓐ chemical
decomposition, ⓑ further reduction to 6, and ⓒ transmetalation
with the amine.

The rates of pathways ⓐ and ⓒ are determined by the intrinsic
chemical properties of 3 and the amine, and are largely
independent of the electrochemical conditions. In contrast, the
electrochemical step ⓑ can be modulated by the applied AC
frequency. By avoiding a reducing environment that promotes
the formation of 6, AC electrolysis can suppress the C−C
homocoupling pathway ⓑ and enhance selectivity for the C−N
product. Therefore, the optimal AC frequency is one that
minimizes the exposure of 3 to reductive potentials, as illustrated
in the right panel of Figure 3a. The duration of the cathodic half-
wave (tcathode) should be shorter than the time scale of the
oxidative addition of ArBr to the NiI species 2 (tArBr). In this way,
compound 3 will only form in the anodic half-wave and thus will
not be reduced to 6 and trigger the C−Chomocoupling pathway
ⓑ.

To estimate tArBr, we performed CV analysis of the NiII/NiI
redox couple in the absence (black trace) and presence (red
trace) of ArBr at various scan rates (v) ranging from 0.01 to 1 V/
s (Figure 3b). At the slowest v = 0.01 V/s, we clearly observed
the initial reduction of 1 to 2, as well as an increase in current
corresponding to the conversion of 3 to 6 upon addition of ArBr
(red trace). Additionally, there is a decrease in current for the 2
to 1 transition in the reverse scan. As we increased the scan rates,
thereby reducing the time available for oxidative addition, the
CV traces with and without ArBr (black and red) began to
overlap. At v = 0.2 V/s, we observed no evidence of oxidative
addition�this represents the critical threshold, from which tArBr
can be extracted as follows.

First, we identified the onset potentials for the 1 → 2
reduction (Eonset,1 ≈ −0.95 V) and the 3 → 6 reduction (Eonset,3
≈ −1.3 V) from the CV. Scanning the electrode potential from
Eonset,1 to Eonset,3 can be considered a generation-and-collection
experiment: species 2 is first generated from 1 at Eonset,1, and the
product 3, formed via oxidative addition between 2 and ArBr, is
collected at Eonset,3. At different scan rates, the reaction between
2 and ArBr is allowed to proceed for varying durations. At a
critical scan rate of 0.2 V/s, no product 3 was collected,
indicating that the reaction time with ArBr (tArBr) becomes
longer than the time it takes to scan from Eonset,1 to Eonset,3 (|
Eonset,1 − Eonset,3|/v = 1.75 s). In other words, using an AC
waveform with a cathodic half-wave duration (tcathode) of 1.75 s
(equivalent to f = 0.3 Hz, see Figure S7) would minimize the
exposure of 3 to the reducing environment, thereby yielding the
highest selectivity for C−N cross-coupling. The optimal
frequency predicted from CV analysis ( f pred = 0.3 Hz) is in
good agreement with the experimentally determined optimal
frequency ( fexp = 0.2 Hz; Figure 1b(iv)). Note that applying
frequencies higher than f pred does not necessarily maintain high
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C−N coupling product selectivity, possibly due to a “carryover
effect.” At very high frequencies, 1 is first reduced to 2 during the
cathodic half-wave. Upon switching to the anodic half-wave, a

portion of 2 undergoes oxidative addition with Ar−Br to form 3.
However, if 3 cannot efficiently convert to 4 within the
shortened anodic time window and is instead carried over into

Figure 4. (a) Heatmaps depicting product distributions from the reaction between A1 and various amine coupling partners B2, B3, and B4 under AC
electrolysis reveal a consistent optimal frequency range of 0.2−0.5 Hz (amplitude was fixed at 3.0 V) with optimal amplitudes between 2.8 and 3.4 V
(frequency was kept at 0.2 Hz). (b) CVs of Ni catalyst 1 with (red) and without (black) three representative aryl bromides�A2, A3, and A7�
measured at their corresponding critical scan rates (0.7, 4, and 0.03Hz, respectively). Predicted optimal frequencies (highlighted in red) align well with
experimentally determined values (indicated by dashed red boxes). (c) Critical scan rate of 0.3 Hz was identified for NiII catalyst 1′ bearing a
neocuproine ligand, showing strong agreement between the predicted optimal frequency and the experimental one.
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the subsequent cathodic pulse, where it is reduced to 6. This
pathway ultimately favors Ar−Ar homocoupling as the
predominant reaction outcome.

Effects of Amines and Aryl Bromides on the Optimal f .
The close agreement between f pred and fexp for the Ni-catalyzed
C−N cross-coupling reaction between A1 and B2 motivated us

Figure 5. Substrate scope and product selectivity comparison between AC and DC electrolysis for C−N and C−C coupling from (a) various amines
and (b) aryl bromides. Product yields for C−N and C−C coupling were determined by 19F NMR using hexafluorobenzene as an internal standard,
except A5, A7, A9, and A10, whose product yields were determined by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. *The
ditBubpy ligand was used to improve the C−N coupling yields (for details, see Figure S11). The AC results for A6−A11 were obtained from 0.2 Hz,
and their corresponding DC results were collected using the home-built electrochemical cell.
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to test this CV-based prediction on different amines and aryl
bromides. Based on the mechanistic analysis of C−N vs C−C
selectivity shown in Figure 3a, the optimal AC frequency is
expected to be determined solely by the aryl bromide and
independent of the amine component.

To validate our analysis, we first conducted experiments using
different amines, B2, B3, and B4, while keeping A1 constant. In
all cases, the fexp for C−N cross-coupling was similar, around 0.2
to 0.5 Hz, which aligns well with f pred of 0.3 Hz (Figure 4a).
However, the optimal AC amplitude significantly varied
between 2.8 and 3.4 V. This variation is likely due to differences
in the oxidation potential of the NiII(Ar)(NR1R2) complex (4)
to the corresponding NiIII(Ar)(NR1R2)Br species (5), rather
than direct oxidation of the amines themselves. Supporting this
interpretation, amine B4, despite having a higher oxidation
potential (Epeak ≈ +1.16 V, Figure S6) than B2 and B3 (Epeak ≈
+0.95 V), exhibited a lower optimal AC amplitude (2.8 V vs
3.0−3.4 V). However, attempts to synthesize complex 4 for
direct measurement of its redox potential were unsuccessful due
to the instability of the precursor complex 3.

On a side note, we would like to point out that 1 can
coordinate with an amine substrate to form a NiII−amine
complex.25 However, we found that the oxidative addition of its
reduced NiI form by A1 did not show any evidence of undesired
reductive pathways (Figure S24) that were found in the behavior
of 1 without amine coordination (3 → 6 in Figure 3a). This
suggests that if amine-coordinated 1 were the primary catalytic
species, DC electrolysis would have been the most effective
condition, and the optimal electrochemical conditions should be
strongly amine-dependent�both of which contradict our
experimental observations. Moreover, considering that (1) 1
can be regenerated in situ during the catalytic cycle and (2) the
amine is electrochemically consumed at the anode near the
electrode surface, we think that the pristine 1 is still most likely
the primary active catalyst and the reaction proceeds following
the reaction scheme in Figure 3a.

Next, we tested three representative aryl bromides while
keeping B1 constant. We collected CVs for A2, A3, and A7 to
determine critical scan rate and their fpred values (Figures 4b and
S12, S13, S17). In parallel, fexp was determined experimentally
through conventional reaction optimization, where reactions
were performed at various AC frequencies and product
selectivity was assessed via crude NMR analysis (Figures 4b
and S8).

For substrate A2, which contains two −CF3 groups on the
phenyl ring and is thereforemore electron-withdrawing thanA1,
a faster oxidative addition was observed. The f pred value for A2 is
0.7Hz, in excellent agreement with fexp of 0.7−1Hz that afforded
the highest C−N coupling product yield. Similarly, for substrate
A3, the presence of the highly electronegative pyridyl ring
facilitates a significantly faster oxidative addition compared to
A1 or A2. The f pred value for A3 is 4 Hz, which also aligns well
with the fexp value of 5 Hz. Interestingly, even though the
dominant side product was from debromination rather than C−
C homocoupling, the optimal frequency for C−N coupling is
still accurately predicted by the CV analysis. This is possibly
because the further reduction of the key NiII(Ar)Br intermediate
contributes to the formation of the debromination side product
pathway.

For A7, its f pred value is 0.03 Hz; however, we observed an
optimal C−N coupling yield under DC conditions using our
home-built cell. This is likely because the redox environment
transition that an AC waveform with low frequencies, such as

0.03 Hz, can be achieved by moving the key reaction
intermediates between two electrodes under DC conditions. It
is important to note that the result differed between the IKA DC
setup (3 mm interelectrode gap) and our DC setup (1 mm gap),
as a larger interelectrode gap increases mass transfer time
between electrodes and can promote side reactions. Overall, our
results show a good agreement between f pred and fexp across these
three aryl bromides with varying positions and natures of
substituents on the aromatic ring, confirming the predictive
power of this simple electrochemical descriptor for identifying
the optimal AC frequency for selective C−N coupling.

The rate of oxidative addition is influenced not only by the
nature of the aryl bromide but also by the ligand on the Ni
catalyst. To test this, we synthesized the NiIIBr2 complex with a
neocuproine ligand (1′, Figure 4c). CV experiments conducted
both in the absence (black trace) and presence (red trace) of aryl
bromide A1 determine f pred = 0.3 Hz (Figures 4c and S22).
Consistent with this prediction, fexp for achieving the highest
yield of the C−Ncross-coupling product was also 0.3Hz, further
validating the accuracy of our frequency prediction method-
ology. Being able to predict fexp from CV data is particularly
valuable, as identifying the optimal frequency empirically is both
time-consuming and labor-intensive. Each reaction requires a
dedicated power supply and takes nearly 15 h to complete. In
contrast, the entire CV analysis would take less than 1 h.
Substrate Scope. Finally, we applied this optimal frequency

prediction method to the broader substrate scope and compared
the selectivity of C−N vs C−C coupling products between AC
and DC electrolysis (Figure 5).

As previously discussed, the optimal AC frequency should be
determined solely by the aryl bromide and independent of the
amine coupling partner. Therefore, when reacting aryl bromide
A1 with a range of amine coupling partners (B1−B20), AC
electrolysis was performed at a fixed fexp = 0.2 Hz with varying
amplitude to maximize the C−N coupling product yields
(Figure S11). In contrast, DC electrolysis was conducted using
an IKA setup at the same voltage amplitude as the optimal AC
condition.

Among the cyclic secondary amines, pyrrolidine (B1)
afforded the highest C−N coupling product yield (70%),
outperforming morpholine (B2, 64%) and piperidine (B3,
49%). This trend may be attributed to the reduced steric
hindrance of the five-membered ring in B1. In contrast, DC
electrolysis consistently resulted in diminished yields for the C−
N coupling product (0−20%) across all cases. Aliphatic primary
amines, such as B4, B5, andB8, also exhibited good yields under
AC conditions, with the less sterically hindered B4 yielding a
higher percentage (76%) compared to B5 (52%) and B8 (57%).
N-Boc piperazine (B6) and tetrahydroisoquinoline (B7)
furnished moderate yields under AC conditions (34 and 40%,
respectively), likely due to their electron-withdrawing character,
which may impede efficient coordination to the Ni center.
Notably, neither substrate yielded a detectable product under
DC conditions. The presence of an electron-donating group on
the piperidine ring (B9) enhanced reactivity, resulting in an
excellent yield (84%), whereas electron-withdrawing substitu-
ents (B10−B15) led to more moderate yields (42−66%). The
fused five-membered N-heterocycle B16 provided a 54% yield
under AC conditions, in contrast to only 5% under DC
conditions. Spirocyclic amines B17 and B18 also demonstrated
good to excellent yields, with the less sterically hindered four-
membered ring in B17 affording a notably high yield (90%),
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compared to B18 (42%), which features a six-membered ring on
the reactive side.

This AC-driven C−N coupling method offers significant
potential for the derivatization of amine motifs in bioactive
molecules. To demonstrate its applicability, electrochemical N-
arylation was conducted on desloratadine (B19) and amoxapine
(B20), affording the desired C−N coupling products in 46 and
44% yield, respectively (Figure 5a). In contrast, under DC
conditions, the corresponding products were obtained in yields
of only 14 and 8%. In these reactions, the expensive amine was
used as the limiting reagent, with five equiv of aryl bromide. The
markedly lower yields under DC conditions were attributed to
poor selectivity, with most of the aryl bromide diverted to C−C
homocoupling byproducts.

The substrate scope was further extended to a series of aryl
bromides (A2−A10, Figure 5b). Like the previously discussed
A2 and A3 of Figure 4, substrate A4, which contains a pyridyl
ring, exhibited a rapid oxidative addition with f pred = 1 Hz as
determined by CV analysis (Figure S14). fexp that afforded the
highest yield of the C−N coupling product (81%) aligned at 1
Hz. Deviations from this frequency, either higher or lower
(including DC), resulted in diminished yields (Figure S14). Like
A3, debromination was observed as a competitive side reaction
for A4. Substrate A5, bearing a para electron-withdrawing
−CO2Me substituent, displayed an oxidative addition rate
comparable to A1, with f pred = 0.14 Hz, yielding the highest
amount of C−N coupled product (69%) at fexp = 0.2 Hz. Again,
frequencies above or below this value, including DC, led to
reduced yields (Figure S15).

Altering the position of the −CF3 group from para (A1) to
meta (A6) resulted in a much slower oxidative addition process,
with f pred = 0.07 Hz. Experimental results corroborated this, with
DC electrolysis providing the best yield for C−N coupling
(87%) vs 71% with AC electrolysis at 0.2 Hz. For this substrate,
no homocoupling product was detected, and only the starting
material was not fully consumed (Figure S16). SubstrateA8 also
demonstrated a slow oxidative addition rate, similar to A7, with
both f pred and fexp indicating DC conditions as optimal for C−N
coupling (46% yield, Figure S18). At 0.2 Hz, the C−N coupling
yield is only 17%, with a significant amount of A8 recovered
(53%) because most of the Ni(II) catalyst only undergoes
reversible and unproductive interconversion with its reduced
Ni(I) form. Similarly, for A9, A10, and A11, their fpred values fall
between 0.06 and 0.1 Hz, consistent with the experimental
observation that the DC conditions exhibit the highest yields
(Figures S19−S21). Based on our observations, when the
predicted optimal frequency was ≤0.1 Hz, the reaction showed
the highest C−N coupling product selectivity in our home-built
DC setup (interelectrode spacing ∼1 mm). Thus, a frequency of
∼0.1 Hz represents the critical value.

These results collectively underscore the robustness of the
optimal frequency prediction method across a diverse range of
aryl bromide substrates, highlighting the importance of
electronic and steric factors in determining optimal electro-
chemical conditions for selective C−N bond formation.

■ CONCLUSIONS
In conclusion, we have demystified the AC-frequency-depend-
ent C−N versus C−C selectivity in the Ni-catalyzed C−N cross-
coupling reaction. Our results demonstrate that enhanced
selectivity toward the C−N product at an optimal AC frequency
arises from minimizing the exposure of a key intermediate,
NiII(Ar)Br, which formed via oxidative addition between NiI

and ArBr, to reducing conditions. Prolonged reduction favors
the formation of an off-cycle NiI species that promotes undesired
C−C homocoupling. Furthermore, we developed a convenient
electroanalytical method based on cyclic voltammetry to
accurately predict the optimal AC frequency across a range of
substrates, eliminating the need for time-consuming trial-and-
error optimization. This work also highlights the broader
potential of AC waveforms to modulate the redox state of metal
catalysts within catalytic cycles, thereby enabling control over
reaction outcomes. Such strategies hold significant promise for
advancing both synthetic and medicinal chemistry, where rapid
and selective bond-forming transformations are critically
important.
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