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CONSPECTUS: Electrochemical reactions are inherently pro- Chemical reagents Chemical reagents
grammable through the applied potential. However, conventional :I—_

direct current (DC) electrolysis provides only limited control over
reaction selectivity because it generates a static redox environment
in which substrates and intermediates remain continuously exposed 'T' ‘.%QDQD\
to either oxidizing or reducing conditions. As a result, reactive tim

intermediates often undergo undesired overoxidation, overreduc-
tion, or competing side reactions. Alternating current (AC)
electrolysis overcomes these limitations by periodically reversing
electrode potential polarity, creating a dynamic redox environment
in which oxidation and reduction can be regulated in the time
domain. In addition to potential, AC electrolysis introduces frequency as a new experimental parameter for controlling reaction
pathways. In this Account, we highlight our group’s recent efforts to understand how AC frequency controls reaction selectivity. We
show that AC frequency serves as a kinetic synchronization parameter, matching electrochemical time scales to the rates of key
chemical steps. By controlling the duration that reactive intermediates experience oxidizing or reducing environments, AC
electrolysis enables selective access to reaction pathways that are difficult or impossible to achieve under conventional DC
conditions. Using representative examples, we illustrate several mechanistic modes through which AC frequency governs reaction
outcomes. First, we demonstrate that frequency-controlled modulation of the redox environment can distinguish between one- and
two-electron oxidation pathways of amines, enabling the selective generation of a-amino radicals while suppressing the formation of
iminium ions. This principle was further extended to electrochemical hydrogen isotope exchange, in which AC frequency
synchronizes proton transfer and hydrogen atom transfer to achieve efficient, site-selective isotope incorporation. Second, we show
that AC frequency can synchronize with homogeneous catalytic cycles. In a Ni-catalyzed C—N cross-coupling reaction, the optimal
frequency arises from matching the AC waveform to the formation rate of a key Ni(II) catalytic resting state. Third, we demonstrate
that AC electrolysis can dynamically maintain catalytically active electrode structures and alter chemical speciation in heterogeneous
electrocatalysis. In an industrial Ag-catalyzed dehalogenation process, AC electrolysis continuously regenerates a defect-rich Ag
catalyst while suppressing chlorine-mediated decomposition pathways, leading to dramatically improved long term selectivity and
catalyst stability. We further describe our efforts to establish finite-element modeling approaches for AC electrolysis. Using the AC-
enabled partial reduction of (hetero)arenes as a model system, we show how electrochemical kinetics extracted from cyclic
voltammetry can be integrated with finite-element simulations to reproduce experimental selectivity trends and identify the kinetic
criteria required for selective partial reduction. These studies demonstrate that quantitative modeling can provide mechanistic insight
and guide reaction design. Collectively, these examples reveal a unifying principle: AC electrolysis enables control of chemical
reactivity by synchronizing electrochemical inputs with the intrinsic time scales of key selectivity determining chemical/
electrochemical processes. Although significant challenges remain in developing predictive models for complex reactions, we
envision that continued advances in electroanalytical methods, mechanistic studies, and computational modeling will transform AC

electrolysis from an empirical optimization tool into a general strategy for programming reaction selectivity through temporal control
continued...
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The additional temporal variable enables unique
control over reaction kinetics and selectivity.
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of the electrochemical environment.
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1. INTRODUCTION

Controlling reaction selectivity is a long-standing challenge in
organic synthesis because multiple competing reaction path-
ways, intermediates, and products often coexist under similar
reaction conditions.”” Achieving high selectivity requires
precise control over the reactivity of these chemical species to
favor the desired transformation while suppressing undesired
ones. This challenge becomes even more significant in complex
molecular systems containing multiple reactive functional

groups or chemically similar reaction sites.”~'" Therefore, the
development of strategies that enable predictable and tunable
control over chemo-, regio-, and stereoselectivity remains a
central goal in modern synthetic chemistry.

The conventional approach to controlling reaction selectivity
has primarily focused on the development and utilization of new
chemical reagents, including the design of specialized chem-
icals," " catalysts,l‘%’14 ligands,ls’16 solvents,'”'® and addi-
tives'””” that can selectively favor one reaction pathway over
another. In transition-metal catalysis, for example, carefully
engineered ligands are often employed to tune the steric and
electronic environment around the metal center, thereby
modulating the reactivity and selectivity of key catalytic
intermediates.””** Similarly, the use of directing groups,
protecting groups, or tailored oxidants and reductants has
enabled chemists to achieve improved chemo-, regio-, and
stereoselectivity in a wide range of transformations.””** These
approaches have significantly advanced the field of synthetic
chemistry and enabled many previously inaccessible reactions.
However, they often require extensive optimization and the
synthesis of specialized chemicals, thereby increasing the
complexity and cost of reaction development.

Recently, electroorganic synthesis has been experiencing a
strong renaissance in modern synthetic chemistry.”>*° The
driving force behind this resurgence is not only that electro-
chemistry represents a more sustainable synthetic approach, in
which electrons are used directly as redox reagents to drive
chemical transformations, but also its unique ability to control
reaction pathways and selectivity through electrochemical
parameters.””””® Unlike conventional synthetic methods that
primarily rely on modifying the chemical composition of the
reaction system, electroorganic synthesis introduces additional
dimensions of control, including applied potential/current
density, electrolyte composition, and electrode materials.”’
Among these parameters, the applied potential or current can
selectively access specific redox-active intermediates by
controlling the thermodynamics and kinetics of electron-transfer
processes.”’ At the same time, the choice of electrolyte and
electrode materials can strongly influence interfacial interactions
and, thus, the stability of reactive intermediates.>"** As a result,
electrochemical methods can enable selective activation of
substrates and provide access to reaction pathways that are
difficult or inaccessible using conventional chemical reagents.

Conventional electroorganic synthesis typically relies on
applying a constant current or constant potential (i.e., DC
electrolysis) to drive electrochemical transformations. Under
these static operating conditions, substrates and intermediates
are continuously exposed to either oxidizing or reducing
environments throughout the reaction.”” As a consequence,
reactions conducted under DC electrolysis often favor the
formation of thermodynamically stable products rather than
kinetically controlled ones. Reactive intermediates or products
generated at the electrode surface may undergo additional
electron-transfer steps before diffusing away from the interface,
leadin% to undesired overoxidation or overreduction pro-
cesses.”” In such systems, maintaining selective access to
transient intermediates while preventing subsequent undesired
electrochemical reactions is often difficult under DC electrol-
ysis.”* Therefore, developing strategies that dynamically
modulate the electrochemical environment, such as alternating
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Figure 1. (a) One- and two-electron oxidation pathways in electrochemical a-amino C—H functionalization leading to arylation product 1a and
cyanation product 1b. (b) Proposed mechanism behind the AC frequency-controlled one- vs two-electron oxidation of amines. (c) Effect of cell
voltage on the yields of arylation and cyanation products under DC electrolysis. (d) CV of 1 with (black) and without (red) NaOAc. (e) Isolated yields
of arylation and cyanation products at varying AC frequencies from 1 to 30 Hz. (f) and (g) CVs of 1 in the presence and absence of NaOAc base at (f)
0.02 V/s and (g) 5.0 V/s. (h) Plot of experimentally determined optimal frequencies ( fexp) vs CV-predicted optimal frequencies ( fpred) for various
tertiary amines and cyanoaromatics. Reproduced with permission from ref 1. Copyright 2022 American Chemical Society.

current (AC) electrolysis, has emerged as an attractive approach
for improving reaction selectivity and accessing nonequilibrium
reaction pathways.***

Over the past decade, multiple research groups, including
those led by Hilt, Semenov, Lei, Baran, Malapit, Hibino, He, De
Bon, Zhu, and our own, have demonstrated the power of AC
electrolysis to control reaction pathways and improve synthetic
outcomes. Early studies from Hilt’s group showed that AC
electrolysis could prevent overoxidation and overreduction in
sulfur—sulfur bond metathesis reactions and enable acyl nitroso
Diels—Alder cycloadditions.””*® Semenov and co-workers
subsequently demonstrated that AC electrolysis could enhance
both the efficiency and scalability of Ni-catalyzed trans-
formations.””*’ Lei’s group employed AC electrolysis to
mitigate catalyst deposition issues and developed a range of
C—H functionalization reactions.””~** Baran and co-workers
expanded the synthetic scope of AC electrolysis by developing
chemoselective reductions of (hetero)arenes and phthali-
mides,*®*’ as well as Kolbe reactions*' and decarboxylative
coupling processes.”’ Malapit and co-workers further applied
AC electrolysis to aryl C—P bond formation®® and olefin
hydrocarboxylation.”” Beyond electroorganic synthesis, He and
co-workers utilized pulsed electrolysis to promote cascade

reaction sequences for C—N bond formation.”” De Bon and co-
workers demonstrated enhanced control over atom transfer
radical polymerization of acrylates using AC electrolysis,”*
whereas Zhu and co-workers integrated AC electrolysis with
paired photoelectrocatalysis to achieve asymmetric alcohol
cross-coupling.>” Alongside these efforts, our group has explored
AC electrolysis across a broad range of transformations,
including trifluoromethylation of (hetero)arenes,”” selective
amine functionalization," hydrogen isotope exchange of
amines,” functional-group-tolerant alkene difunctionalization,
selective Ni-catalyzed C—N coupling,* heterogeneous Ag-
catalyzed dehalogenation,” and stereoselective electroenzymatic
H/D exchange reactions.*®

In addition to the rapid expansion of AC-enabled synthetic
methodologies, significant efforts have also been devoted to
understanding the origins of AC-controlled selectivity. To this
end, Yuen-Zhou and co-workers,”” >’ Malapit and co-work-
ers,”” Chen and co-workers,”* and our group® have developed
theoretical, computational, and analytical (including voltamme-
try and mass spectrometry) frameworks that provide mecha-
nistic insights into AC-driven reaction pathways and guide the
rational design of future AC electrochemical transformations.
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Figure 2. (a) Electrochemical HIE of pyrrolidine (1) and tetrahydroisoquinoline (7) under AC and DC conditions. (b) Proposed mechanism of
electrochemical HIE. Frequency-dependent (c) product analysis and (d) D-incorporation of 7. (e) Schematic representation of frequency-controlled
pathways for the formation of the D-labeled amine, dimer, and overoxidized products. (f) Estimated time scale for deprotonation (tpr) and HAT
(tar) for 1 and 7. Reproduced with permission from ref 2. Copyright 2023 Royal Society of Chemistry.

In this Account, we highlight our group’s contributions in the
development of AC electrolysis for organic synthesis through
several representative examples. These studies span a broad
range of reaction classes, from controlling the reactivity of
radical intermediates to synchronizing AC electrolysis with
homogeneous catalysis and heterogeneous catalysis. We also
discuss how identifying the key elementary steps that interact
with the alternating redox environment has enabled frequency-
dependent control over reaction selectivity and efficiency.
Finally, we provide our perspective on the future opportunities

and challenges for this rapidly evolving field.

2. CONTROLLING THE REACTIVITY OF AMINO
RADICAL SPECIES

As mentioned earlier, when multiple reaction intermediates
could coexist in a reaction mixture, DC electrolysis often favors
the thermodynamically stable ones. One example is amine
functionalization. Amines can undergo one-electron oxidation
to form amine cation radicals or amino radicals, or two-electron
oxidation to iminium.*’~®® Under DC electrolysis, the amine
substrate is prone to being oxidized to an iminium cation, which
can then be trapped by nucleophiles. This reaction is the classical
Shono oxidation, one of the most influential transformations in
organic electrochemistry. Limiting amine oxidation to a one-
electron process is more challenging because the resulting amino
radical is more readily oxidized than the parent amine.
Consequently, it is rapidly converted to the corresponding
iminium ion under conventional electrochemical conditions,
making selective access to amino radical pathways difficult.
Figure la shows a model electrochemical amine functional-
ization reaction demonstrating the competition between these
two amine oxidation pathways. The pyrrolidine substrate, 1,
undergoes electrochemical oxidation, and the 1,4-dicyanoben-

zene 2 undergoes one-electron reduction to radical anion 6. The
one-electron oxidation of amine 1 leads to the amine radical
cation 3, followed by deprotonation to deliver the a-amino
radical 4. Further oxidation of amine radical 4 leads to iminium
cation S. The radical—radical reaction between radical 4 and the
radical anion 6 yields the arylated product la after the
elimination of CN~. While the two-electron oxidation
intermediate, the iminium cation, S, undergoes nucleophilic
addition with CN~, leading to the cyanation byproduct 1b.

Under DC conditions, varying the applied voltage did not
improve the selectivity for the arylated product relative to the
cyanation product, suggesting that two-electron oxidation of the
amine is unavoidable (Figure 1c). Cyclic voltammograms (CV)
of amine 1 in the presence and absence of NaOAc further
supports this conclusion (Figure 1d). In the absence of NaOAc,
the voltammogram shows two distinct anodic peaks. The first
peak at E; & 0.3 V vs Ag/Ag" corresponds to the reversible
single-electron oxidation of amine 1 to radical cation 3, whereas
the second peak at E, = 0.9 V is assigned to further oxidation to
iminium cation S. In the presence of NaOAc, however, the
second peak shifts to a lower potential and merges with the first
peak, accompanied by an increase in current. This behavior
indicates that one- and two-electron oxidation of 1 occurs
concurrently at lower potentials. As a result, the arylation
product is consistently formed together with the cyanation
product under DC conditions.

Interestingly, we found that the selectivity between the
arylation and cyanation pathways could be readily controlled by
adjusting the AC frequency. As shown in Figure le, increasing
the frequency from 1 to 30 Hz shifted the product distribution
towards the arylated product. The highest selectivity was
achieved at 10 Hz, affording the arylated and cyanation products
in yields of 68% and 16%, respectively. This frequency-
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dependent selectivity effectively overcomes the selectivity
limitation observed in DC electrolysis.

To gain mechanistic insight into the frequency-dependent
product selectivity, we performed CV experiments at varying
scan rates and analyzed the relationship between peak current
and scan rate. The rationale is that the scan rate serves as a proxy
for the reaction time scale, analogous to the frequency in AC
electrolysis, while the peak current reflects the extent of amine
oxidation. In general, the greater the number of electrons
removed from the amine, the larger the oxidation current.
Therefore, by examining how the peak current changes with scan
rate, it is possible to probe the relative contributions of
competing amino radical and iminium pathways occurring on
different time scales.

The red curves in Figures 1f and 1g show the CVs of amine 1
in the absence of NaOAc at scan rates of 0.02 and 5 V/s,
respectively. Under these conditions, the voltammograms
represent a reversible one-electron redox process, and the
corresponding anodic peak currents (iy) were therefore used as
references for single-electron oxidation. At a slow scan rate of
0.02 V/s, the addition of NaOAc significantly increases the
anodic peak current (i;) relative to i, indicating that NaOAc
promotes further oxidation of 1 through deprotonation of
radical cation 3 and subsequent formation of the iminium
species. In contrast, at a scan rate of 5 V/s, i; becomes nearly
identical to iy, suggesting that only one-electron oxidation occurs
on this time scale, even in the presence of NaOAc.

The time required to scan from the oxidation onset potential
to the anodic peak potential at 5 V/s is approximately 45 ms (£,
~ 45 ms). This time scale represents the maximum duration
during which radical cation 3 can persist without undergoing
significant deprotonation and further oxidation. Converting this
oxidation duration to an equivalent AC frequency using our
formula f = 1/(2t,,) yields approximately 11 Hz, which is in
excellent agreement with the experimentally observed optimum
frequency of 10 Hz. This correlation suggests that the enhanced
selectivity arises from synchronization of the redox environment
with the kinetics of amine cation radical deprotonation through
frequency tuning (Figure 1b). At the optimal frequency, the
electrode potential reverses before radical cation 3 can undergo
deprotonation and subsequent overoxidation. Instead, 3 is
deprotonated to generate @-amino radical 4 during the following
negative pulse, which allows effective radical—radical coupling to
afford the desired arylation product la rather than being
converted to the iminium intermediate that leads to cyanation.
Using the CV method, we examined a series of amines and found
that the CV-predicted optimal frequencies (fy.q) closely
matched the experimentally determined ones (f,.,; Figure 1h).

A particularly exciting finding from Figure 1h is that different
amines exhibit dramatically different optimal frequencies for a-
amino radical formation, spanning more than 3 orders of
magnitude. This observation suggested that AC frequency could
potentially serve as a unique kinetic parameter for selectively
activating specific amine functionalities in a complex molecule
based on their intrinsic oxidation and deprotonation kinetics.

To test our idea, we selected hydrogen isotope exchange
(HIE) of amines as a model reaction because it proceeds via the
same a-amino radical intermediates as the arylation reaction.”
As illustrated in Figure 2b, the electrochemical HIE process
involves three key steps: (i) oxidation of the amine to generate
an amine radical cation, (ii) proton transfer (PT) to form the
corresponding a-amino radical, and (jii) hydrogen atom transfer
(HAT) from a deuterated thiol to the @-amino radical, affording

the D-labeled amine and a thiyl radical. The resulting thiyl
radical is subsequently reduced electrochemically to regenerate
the thiol catalyst, thereby completing the catalytic cycle.

To evaluate the effect of AC frequency on HIE reactivity, we
selected two model amine substrates, pyrrolidine (1) and
tetrahydroisoquinoline (7), because they exhibit markedly
different optimal frequencies for @-amino radical formation
according to Figure 1h.

Consistent with our hypothesis, the two substrates indeed
displayed dramatically different frequency-dependent HIE
behavior (Figure 2a). 1 achieved its highest D-incorporation
at 0.5 Hz, whereas 7 performed best under DC electrolysis
conditions. We analyzed the product distributions of 1 and 7 for
electrochemical HIE at different frequencies. Figure 2c shows
that the dimer product is dominant in the higher-frequency
range of 0.1 to 10 Hz for 7, and the starting material is mostly
recovered at frequencies above 10 Hz. Unlike 7, 1 undergoes
overoxidation at f < 0.1 Hz, leading to a complex mixture, and
shows similar D-incorporation from 0.1 to 300 Hz. This product
analysis reveals that a-amino radical can undergo three possible
competing pathways: HAT with deuterated thiol, homodime-
rization, and overoxidation, which collectively determine the
efficiency of D-incorporation (Figure 2e).

Successful D-incorporation requires that the amine radical
cation undergo PT and subsequent HAT before being
consumed by competing pathways. The time scale of the PT
step (tpr) can be estimated from the frequency at which
significant recovery of the unlabeled starting amine is observed.
For 7, this transition occurs at approximately 20 Hz (Figures 2¢
and 2d), corresponding to a characteristic PT time scale of ~50
ms. Applying the same analysis to 1 yields a tp value of
approximately 2 s.

The time scale of the HAT step (#yar) can be inferred from
the highest frequency at which substantial D incorporation
starts. For 1, high D-incorporation was maintained even at 300
Hz, the highest frequency examined in this study, indicating that
HAT occurs within less than 3 ms. In contrast, efficient labeling
of 7 was observed only under DC electrolysis conditions. Given
that the diffusion time between the anode and cathode is on the
order of 10 s under our reaction conditions, the HAT process for
7 is expected to occur on a comparable time scale. The relative
PT and HAT time scales for 1 and 7 are consistent with the
trends predicted from CV and bond dissociation energy
analyses, respectively (Figure 2f). These results demonstrate
that AC electrolysis can serve as a kinetic probe for dissecting the
elementary steps of electrochemical HIE reactions and provide a
mechanistic basis for the distinct optimal frequencies observed
for different amine substrates.

Encouraged by the initial success of electrochemical HIE on
simple amines, we next explored the feasibility of applying this
method to the site-selective labeling of pharmaceutical
compounds. This goal proved challenging because the majority
of amine functionalities in drug molecules are alkyl amines,
whose corresponding @-amino radicals are significantly less
stabilized than those derived from aryl amines. As a result,
efficient HAT and D-incorporation are considerably more
difficult to achieve.

Most recently, we addressed this challenge by discovering a
new HAT catalyst, 1,3-propanedithiol.”* Using this catalyst,
electrochemical HIE was successfully extended to alkyl amine-
containing pharmaceuticals under AC electrolysis conditions.
The exceptional performance of 1,3-propanedithiol stems from
its ability to generate a highly reactive mercaptothiyl radical with
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Figure 3. (a) Schematic illustration of the similar periodicity of a metal-catalyzed cross-coupling catalytic cycle with an AC-driven redox cycle. (b)
Representative reaction scheme for the coupling of an aryl bromide (ArBr) with an amine, yielding C—N and C—C coupled products, denoted by blue
and pink, respectively. (c) Product selectivity as a function of AC amplitude and frequency, highlighting that selective C—N coupling is favored at 3 V
and 0.2 Hz. (d) Proposed overall mechanism outlining the electrochemical and chemical steps leading to both C—N and C—C bond formation. The
dashed arrow from 9 to 10 represents multiple chemical steps. (e) Schematic depiction of temporal alignment between the applied AC sine waveform
and key steps in the simplified reaction mechanism. At the optimal frequency for selective C—N coupling, the cathodic half-cycle duration (f.yp0q.) is
comparable to or shorter than the oxidative addition time scale (t4,g,). (f) CVs of the Ni(II)-di-Mebpy catalyst recorded in the absence (black trace)
and presence (red trace) of ArBr at a scan rate of 0.01 V/s, showing the 8 — 9 and 10 — 13 reduction processes. The oxidative addition time scale
(tap:) was estimated from the onset potentials of these reductions and the scan rate. (g) CVs obtained at a critical scan rate of 0.2 V/s, where the 10 —
13 reduction is suppressed, and the two voltammograms overlap. Reproduced with permission from ref 4. Copyright 2025 American Chemical Society.

an unusually low effective S—H bond dissociation energy of
approximately 34 kcal mol ™!, compared with ~80 kcal mol™" for
conventional monothiols. This dramatic reduction originates
from the favorable formation of a S-membered disulfide ring
upon the loss of a hydrogen atom via HAT, which provides a
strong thermodynamic driving force for the HAT process.
Combined mechanistic, electrochemical, and computational
studies further revealed that 1,3-propanedithiol possesses an
optimal molecular architecture that balances rapid HAT with
efficient catalyst regeneration, making it uniquely suited for

electrochemical isotope-labeling applications.

3. SYNCHRONIZATION OF HOMOGENEOUS Ni
CATALYSIS WITH AC ELECTROLYSIS

In parallel with our efforts to control amine-radical reactivity
using AC electrolysis, we began exploring a second research
direction focused on synchronizing homogeneous catalytic
cycles with the applied AC wave. Both AC electrolysis and
homogeneous catalytic cycles are inherently periodic processes:
the electrode potential oscillates with time, while catalytic
intermediates are generated and consumed in a cyclic manner
(Figure 3a). This similarity led us to ask how these two periodic
processes interact when operating on comparable time scales. A
similar concept of resonant catalysis was also proposed by
Dauenhauer and co-workers for heterogeneous catalytic
systems.“’66
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Figure 4. (a) Comparison of the industrial method and the proposed AC method for Ag-catalyzed dehalogenation of picloram (14). The AC method
achieves an 85% yield of the desired product, aminopyralid (15), compared to 26% with the industrial method. (b) Product distribution for the
industrial method and our AC method; in the industrial method, several deaminated byproducts (16, 17, and 18) are identified (listed on the right).
(c) and (d) Evolution of Ag catalyst structure using (c) the industrial method and (d) our AC method. (e) Optimization of frequency and reaction
time for the AC method. (f) Proposed reaction pathways under AC conditions, with suppressed pathways indicated in gray. (g) Flow-cell setup for
large-scale synthesis. (h) Conversion of picloram and yield of aminopyralid in a continuous flow cell over 50 days. Reproduced with permission from

ref 5. Copyright 2025 American Chemical Society.

We chose a Ni-catalyzed C—N cross-coupling reaction as our
model system, inspired by the pioneering work of Semenov and
co-workers on AC-enhanced Ni-catalyzed cross-coupling trans-
formations.” Their studies demonstrated that AC electrolysis
can significantly improve yields of desired cross-coupling
products, compared with conventional DC electrolysis. In our
study, we slightly modified the reported reaction conditions by
replacing LiBr with LiNTf, and employing 6,6'-dimethyl-2,2'-
bipyridine (di-Mebpy) instead of 4,4'-di-tert-butyl-2,2’-bipyr-
idine (di-tBubpy) as the ligand. The removal of high

concentrations of Br~ from the electrolyte minimizes the
formation of Br, during electrolysis,67 thereby eliminating a
redox-active species that further complicates the reaction
mechanism and analysis. In addition, the use of di-Mebpy
affords a more stable Ni complex with well-defined and readily
interpretable CV behavior,”® making it better suited for
mechanistic investigations.

Figures 3b—c show that the selectivity between the desired
C—N cross-coupling product and undesired C—C homocou-
pling product is highly sensitive to AC frequency and amplitude,
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with optimal C—N coupling observed at 0.2 Hz and 3 V. To
understand the AC-controlled selectivity, we first identified the
major pathways leading to these two products. Specifically, the
reaction proceeds through the reduction of Ni(II) (8) to Ni(I)
(9), followed by oxidative addition of the aryl bromide and
comproportionation to form the Ni(II)(Ar)Br intermediate
(10). This intermediate represents a key branching point in the
reaction network. From this state, three competing pathways
emerge: (i) chemical decomposition to C—C product, (ii)
further reduction to lower-valent Ni species (13) thatlead to C—
C homocoupling, and (iii) productive transmetalation with the
amine to form 11, ultimately yielding the desired C—N product
(Figure 3d). Both (ii) and (iii) pathways are strongly dependent
on electrochemical conditions, making them sensitive to AC
frequency.

The central role of AC frequency becomes evident when
considering the temporal evolution of intermediate 10.
Formation of this species occurs following oxidative addition,
which requires a finite time (fg,). If the cathodic half-cycle is
too long, 10 would remain under reducing conditions and
undergo further reduction to Ni(I) species that promote C—C
coupling (pathway (ii)). In contrast, when the AC frequency is
increased such that the cathodic duration (f_,.4.) is shorter
than or comparable to t,gp,, the system switches polarity before
10 can be reduced. Therefore, when f_ .4 < apy it prevents
further reduction of 10 and, instead, channels it toward
transmetalation and subsequent C—N bond formation (pathway
(ili) in Figure 3e). Thus, AC frequency effectively controls
selectivity by limiting the exposure of the key intermediate 10 to
reductive environments.

In addition to the qualitative understanding discussed above,
we measured f,p using CV analysis and derived the
theoretically optimal frequency for the C—N coupling reaction
from the resulting data. We varied the scan rate to adjust the time
available for oxidative addition and monitored the formation
and subsequent reduction of 10 from the peak current values.
Figures 3f—g show that at a critical scan rate of 0.2 V/s, the CV
traces with and without aryl bromide overlap, indicating that
oxidative addition cannot proceed within that time window.
This critical time scale can be directly translated into an optimal
AC frequency (~0.3 Hz), in close agreement with the
experimentally observed optimum (~0.2 Hz). Similar analyses
were performed for a series of aryl bromide substrates, and a
strong correlation was observed between the optimal
frequencies predicted from CVs and those determined
experimentally for the C—N cross-coupling reactions. Interest-
ingly, varying the amine coupling partner had little effect on the
optimal AC frequency. This observation is consistent with the
proposed mechanism, in which the frequency-determining step
is the oxidative addition of the aryl bromide to the Ni(I)
intermediate 9, and the amine substrate does not participate in
this elementary step.

4. SYNCHRONIZING HETEROGENEOUS
ELECTROCATALYSIS WITH AC ELECTROLYSIS

In the previous section, we demonstrated how AC electrolysis
can interact with key intermediates in a homogeneous catalytic
cycle to modulate reaction selectivity. Similar principles can also
be applied to heterogeneous electrocatalysis. However,
heterogeneous catalytic systems are often considerably more
complex than their homogeneous counterparts because they
involve many surface-adsorbed intermediates, and the nature of
the catalytic sites is highly heterogeneous and sometimes

dynamically evolves under reaction conditions. As a result,
understanding and controlling the interaction between AC
electrolysis and heterogeneous catalytic processes present both
unique challenges and opportunities for controlling reaction
selectivity.

Through a collaboration with Corteva Agriscience, we
identified a heterogeneous electrocatalytic reaction whose
performance could be significantly enhanced by applying AC
electrolysis. This reaction is the Ag-catalyzed dehalogenation of
picloram (14) to yield the commercial herbicide aminopyralid
(15), a transformation currently employed in an industrial
process at Corteva (Figure 4a).” In the conventional process, Ag
serves as the cathode and is “activated” prior to electrolysis by
applying a positive voltage bias. However, a major limitation of
this process is that reaction selectivity deteriorates over time,
necessitating periodic interruptions to the electrolysis to
reactivate the Ag catalyst.

We first reproduced this dehalogenation reaction using the
industrial protocol described in the patent literature® and
compared its performance with that obtained using a pristine Ag
electrode. Consistent with industrial observations, the activated
Ag electrode exhibited substantially higher catalytic activity than
the untreated Ag electrode. However, the selectivity toward the
desired product could not be maintained over extended reaction
times. After 12 h of electrolysis, the yield of aminopyralid
decreased to approximately 2%, while more than 50% of the
substrate underwent decomposition. Concurrently, several side
products arising from undesired dechlorination and deami-
nation pathways, including 16, 17, and 18, accumulated in the
reaction mixture (Figure 4b).

We next investigated the structural evolution of the Ag
catalyst during activation. We found that the “activation”
procedure involves first oxidizing Ag to Ag,O and subsequently
reducing Ag,O back to metallic Ag by applying a negative bias.
This oxidation—reduction sequence produces a porous Ag
surface enriched with defect sites, including grain boundaries,
dislocations, and atomic gliding defects. However, the defect-
rich Ag surface is not stable under the dehalogenation reaction
conditions. During electrolysis, the activated Ag gradually
reconstructs, evolving toward a more ordered structure
resembling that of the pristine Ag electrode (Figure 4c). This
structural relaxation is accompanied by an increase in crystallite
size, as revealed by four-dimensional scanning transmission
electron microscopy.

Inspired by the dynamic structural evolution of the Ag catalyst
during activation and dehalogenation, we proposed using AC
redox cycles to maintain its active structure and prevent
irreversible degradation (Figure 4d). We optimized the reaction
time, frequency, and other reaction parameters and observed a
drastic improvement in the selectivity and yield of the desired
product under AC conditions (Figure 4e).

In addition to maintaining the catalytic activity of the Ag
catalyst, we discovered that AC electrolysis dramatically alters
the chemical speciation in the reaction medium. The AC
electrolysis cell employs a symmetric electrode configuration in
which both electrodes are composed of Ag. As a result, the
anodic reaction is dominated by the Ag’/Ag,O redox process
rather than the oxidation of CI™ to Cl,. Suppressing Cl™
oxidation is particularly important because Cl, readily hydro-
lyzes to form hypochlorite, a strong oxidant that promotes the
decomposition of both the starting material and the desired
product. These degradation pathways generate ammonia and,
upon further oxidation, nitrite species. In turn, these reactive

https://doi.org/10.1021/acs.accounts.6c00439
Acc. Chem. Res. XXXX, XXX, XXX—XXX


pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.6c00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(a) i , ®) 6 © 6
ProNH (3 equiv), EtsN'BF4 (0.066 M) 20 Vis 40 60 20 Vis 40——60
ES)_/<O MeOH (4 mL), r:t ES)_{O 5(——80 ——100 5(——80 ——100
Y4 OMe C#)IC(), 36V, 3h ~ oMe 4| ——wlo19at20Vis 4l W0 202t 20 Vis
20 = —_ S, (0}
. e T
undivided cell divided cell =~ 5 I, OMe
20
AC (10 Hz) DC cathode anode 1L 1
recovered 19 0% 14% 0% 63% 0 - 0
. 60% 0% 0% 0% -2.0 -22 -24 -26 -2.8 -3.0 -3.2 N N N . N -
yield of 20 E (V) vs Ag/Ag* -20 -22 -24 -26 —2.8* -3.0 -32
E (V) vs Ag/Ag
@ oo [ ‘ ‘ ‘ ‘ ‘ K | K ]
| —— 19—20and 20 — 21 10 Hz, 3.6 V (-2.8 to +0.8 V vs Ag/Ag") ! 2 |
90 - 20-2 |J4] = 6.4 x 107 mol/(m?-s)  |J5| =2.0 x 10~* mol/(m?-s) 5 s : : ; E -1
€ 20 - 19— 19 22T N0 ne Ty 7
§ overreduction
IS 1st reduction 2nd reduction ]

Step 2 Step 3 roducts

Lk

C [ L ]
S 0 ‘ e
w2 , l | | x -
0.0 0.5 1.0 t(s) 1.5 2.0 25
e _ e _rr
( ) T T (f) 1. Mass transfer 2. 19 reduction 3. 20 reduction (g) 19 +ne” — 20 +ne” — 21
5 I Jy=k 19k Js =k [200, Moo
4 —19] 19 > 19 > > ik c....- 28V Ueo @
20 ki >k, H7o0 S
— —21 long t, low f N
% 3 1 N ______ 98 Heo B
£ N Hs0 3
G2 20:21=285% :15% - N ——fr——lp el e <o H 40 ;»
1 ] 30 §
10 Hz 203
0 & L . 10
; L : ; ~ J bin products by time duration 0.01 > 0
0 1 2 3 4 5 0102 051 2 5 1020 50100
x (mm) t - f(Hz, log scale)

Figure 5. (a) Comparison of products from 19 reduction using AC electrolysis (3.6 V, 10 Hz, square wave) and DC electrolysis (3.6 V) in both divided
and undivided cells. CVs of (b) S mM 19 and (c) S mM 20 in MeOH with 0.066 M TEA-BF,, recorded at scan rates from 20 to 100 V/s using a carbon
microdisk electrode. (d) Simulated total current for 19 — 20 — 21 and specific current for 20 — 21 at 10 Hz. (e) Simulated concentration profiles for
19, 20, and 21 at the end of the simulation at 10 Hz. (f) Schematic illustration showing the time-dependent evolution of the total current i, and the
individual currents for the 19 — 20 and 20 — 21 conversions. (g) Contour plot for the yield of partial reduction product, 20, as a function of the k,/k,
ratio and AC frequency. Reproduced with permission from ref 3. Copyright 2025 American Chemical Society.

nitrogen species can react with amino groups in the substrate
and product, leading to undesired deamination. Under AC
electrolysis, continuous Ag’/Ag,O redox cycling (green path-
way) effectively outcompetes Cl~ oxidation, thereby shutting
down Cl, formation and suppressing the subsequent decom-
position and deamination pathways (grayed-out pathways in
Figure 4f). As a result, the desired dehalogenation reaction
proceeds with significantly improved selectivity. The AC
strategy was further evaluated under long-term operating
conditions to assess its robustness and practical utility.
Remarkably, the reaction could be operated continuously for
50 days without any catalyst reactivation or process interruption.
Throughout this period, the AC electrolysis system consistently
delivered approximately 80% yield of the desired product in each
batch (Figures 4g—h).

This work emphasizes an important conceptual trans-
formation: selectivity under AC conditions results not only
from the timing of intermediates (in this case, defect-rich Ag)
but also from the evolution of the catalyst structure and chemical
speciation during redox cycling.

5. INSIGHTS FROM NUMERICAL SIMULATIONS

The examples discussed thus far clearly demonstrate the power
and versatility of AC electrolysis for controlling reaction
selectivity. However, elucidating the origins of the observed

frequency dependent behavior has required developing
“customized” mechanistic analyses for each reaction system.
These approaches are often highly reaction-specific and cannot
be readily generalized, underscoring the need for more broadly
applicable theoretical and analytical frameworks to understand,
predict, and ultimately design AC-enabled reaction selectivity

As Richard Feynman famously noted, “What I cannot create, I
do not understand.” In the context of AC electrolysis,
reproducing experimental observations through theory and
simulation is therefore more than a validation exercise; it is a
critical step toward uncovering the mechanistic origins of
frequency-dependent selectivity and, eventually, rational design
of AC-controlled reaction selectivity. This challenge motivated
us to establish a finite-element modeling framework to
understand frequency-dependent selectivity in AC electrolysis,
as finite-element simulation can capture the complex interplay
among electrochemical kinetics, mass transport, homogeneous
reactions, and the dynamic redox environment characteristic of
AC electrolysis.

We chose the AC-enabled selective partial reduction of
(hetero)arenes, originally discovered by the Baran group,” as
our model reaction. As shown in Figure Sa, the (hetero)arene
starting material 19 mostly undergoes decomposition with 14%
recovery of the starting material and no partially reduced
product under DC electrolysis. In contrast, the AC electrolysis of
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19 yields a partially reduced product, 20, in 60% yield. Control
experiment in the divided-cell results show that complete
decomposition occurs at the cathode, while the starting material
remains intact on the anode side. This indicates that
overreduction of 20 occurs in the static reducing environment
of DC electrolysis, but not in the dynamic AC environment.

Although we have found that the DC conditions promote the
formation of MeO~ via methanol reduction, thereby promoting
the base-catalyzed decomposition of 20, the primary factor
driving the AC-enabled partial reduction of 19 to 20 is still the
difference in the reduction kinetics of the two species. The CVs
of 19 (Figure Sb) show that its reduction is diffusion-limited, as
evidenced by the linear relationship between the peak current
and the square root of the scan rate. In contrast, the CVs of 20
(Figure Sc) exhibit no distinct reduction peak, indicating that its
reduction is kinetically controlled, despite having a reduction
onset potential similar to that of 19.

Using the CV data, we extracted the kinetic parameters (k,
and k,) for the reduction of 19 and 20 and incorporated them
into a finite-element model. Although the model is intentionally
simplified, it captures the essential features of the reaction
network, which consists of two sequential irreversible electro-
chemical reduction steps (19 — 20 and 20 — 21). Note that 21
represents all the overreduction products, rather than a
particular one. Figure 5d shows the simulated total reduction
current (red) together with the current specifically associated
with the undesired overreduction of 20 to 21 (blue) under a 10
Hz square-wave. The relative ratio of these two currents
provides a measure of the selectivity toward the desired partial
reduction product, 20; the smaller the fraction of current
directed toward the second reduction step, the higher the
selectivity for 20.

Product selectivity can also be quantified directly by
integrating the simulated concentration profiles of 20 and 21
over the reaction domain. Using this approach, the model
predicts a product distribution of 85% 20 and 15% 21 at 10 Hz
(Figure Se). In sharp contrast, lowering the frequency to 0.1 Hz
shifts the product distribution to 33% 20 and 67% 21, indicating
substantial overreduction. These simulated trends are in good
agreement with the experimentally observed selectivity,
demonstrating that the model successfully captures the AC-
enabled partial reduction.

The finite-element model enables a convenient, quantitative
analysis of the time-resolved current contributions from each
reduction step for elucidating the simulated frequency-depend-
ent selectivity. As shown in Figure 5f, upon application of a
cathodic pulse, the reduction of 19 to 20 proceeds rapidly,
whereas the subsequent reduction of 20 to 21 proceeds much
more slowly due to its less favorable kinetics (k; > k).
Consequently, the current associated with the first reduction
step (ijgy) initially dominates over that of the second
reduction step iyy_,,;, leading to the selective formation of the
partial reduction product 20. As electrolysis continues, however,
19 near the electrode surface becomes depleted while 20
accumulates. This change gradually decreases ijg,,, and
increases iyy_,,;, allowing the second reduction step to catch
up. Eventually, the two currents become comparable, at which
point overreduction becomes significant, and the selectivity
shifts toward the fully reduced product 21.

This model can also be readily generalized to evaluate the
selectivity of any reactions involving two sequential irreversible
reduction or oxidation steps under AC electrolysis conditions.
Figure Sg presents a contour plot of the simulated yield of the

partial reduction product 20 as a function of the kinetic ratio
(ky/k,) and the AC frequency. A key insight from this analysis is
that achieving synthetically useful yields of 20 (>30%) within a
practical frequency range (<100 Hz) requires k,/k; < 0.2. In
other words, the second electron-transfer step must be
significantly slower than the first for AC electrolysis to effectively
suppress overeduction. Because direct experimental determi-
nation of (k,/k;) is often challenging, we sought a more
accessible electrochemical descriptor. We found that the foot-of-
wave (FOW) potential difference (AEggy) between the
voltammograms of 19 and 20 serves as an effective proxy. In
the FOW region, both reductions are under kinetic control and
at sufficiently low overpotentials. Under these conditions, a
kinetic ratio of k,/k; < 0.2 corresponds to |AEpqyl > 80 mV.
Consequently, |AEgqgyl > 80 mV can be used as a simple
experimental descriptor for assessing the feasibility of AC-
enabled partial reduction.

6. SUMMARY AND FUTURE OUTLOOK

In summary, we have highlighted our group’s recent
contributions to the emerging field of AC electrolysis for
organic synthesis. Using representative examples, we have
shown how AC frequency can control the reactivity of amino
radicals, synchronize catalytic processes in homogeneous
systems, and maintain catalytically active electrode structures
while altering chemical speciation in heterogeneous electro-
catalysis. We have also described our initial efforts to establish
finite-element modeling frameworks that provide quantitative
insight into the origins of AC-enabled selectivity.

Over the past several years, AC electrolysis has gradually
evolved from a seemingly “magic” black box that occasionally
produces unexpected reaction outcomes into a tool whose
behavior can be increasingly understood and rationalized.
Nevertheless, significant challenges remain before the field’s
ultimate goal can be realized: the rational design of AC-enabled
reaction selectivity and the quantitative prediction of reaction
outcomes as a function of frequency.

From our studies thus far, AC electrolysis rarely influences
only a single aspect of a reaction. Instead, it often simultaneously
affects multiple interconnected processes, including electron-
transfer kinetics, homogeneous reaction pathways, catalyst
speciation, electrode structure, and mass transport. The complex
interplay among these factors makes mechanistic interpretation
challenging and predictive modeling even more difficult.

Despite these challenges, we believe that continued advances
in mechanistic studies, electroanalytical methods, theoretical
modeling, and data-driven approaches will accelerate the
transition of AC electrolysis from an empirical optimization
strategy to a predictive platform for reaction design. As our
understanding deepens, AC electrolysis will become a general
and powerful tool for controlling chemical reactivity through
temporal modulation of the electrochemical processes.
Ultimately, we envision a future in which AC-enabled reaction
selectivity can be quantitatively predicted from a proposed
reaction mechanism, and frequency-dependent reaction out-
comes serve as mechanistic fingerprints to elucidate underlying
reaction pathways.
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