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ABSTRACT: Herein, we investigate the origin of selectivity in the alternating
current (AC)-enabled partial reduction of (hetero)arenes to cyclic alkenes.
Reduction of (hetero)arenes can be considered as a reaction involving two
consecutive irreversible electrochemical steps: the first generates the desired cyclic
alkene, while the second leads to its undesired overreduction. Conventional
constant current or voltage (DC) electrolysis results in poor selectivity toward the
partial reduction products, originating from overreduction and base-induced
decomposition of the desired product. Fast-scan cyclic voltammetry shows that the
rate constant for the first reduction (k1) exceeds that of the second one (k2). Finite
element simulations based on this experimental finding semiquantitatively capture
the frequency-dependent selectivity observed in AC electrolysis experiments (i.e.,
increasing the AC frequency enhances selectivity). The results further reveal that
AC electrolysis mitigates the low selectivity by only collecting the products at the initial stage of the reduction reaction, which is
mostly under a kinetically controlled regime. We then extend the finite element model and introduce ΔEFOW, the foot-of-the-wave
potential difference between cyclic voltammograms of substrate and partial reduction product, as an accessible proxy for k2/k1. A
ΔEFOW > 80 mV predicts synthetically useful selectivity (>30%) toward the partial reduction product below 100 Hz.

■ INTRODUCTION
Alternating current (AC) electrolysis is emerging as a powerful
electrosynthesis strategy for achieving unique reactivities by
introducing a temporal dimension through the periodic
modulation of voltage or current. Recent advances have
shown that AC electrolysis can overcome key limitations of
DC electrolysis across a range of organic reactions. For
example, Hilt’s group used AC to prevent overoxidation or
over-reduction in sulfur−sulfur bond metathesis and to enable
the acyl nitroso Diels−Alder reaction.1,2 Luo’s group leveraged
AC frequency optimization for selective amine functionaliza-
tion,3 improving redox-labile group tolerance,4 and selective
deuterium labeling.5 Semenov’s group improved the yield and
scalability of Ni-catalyzed reactions using AC,6,7 while Lei’s
group addressed metal catalyst deposition issues and
developed various C−H functionalization methods.8−12

Baran’s group introduced AC-enabled chemoselective reduc-
tions,13,14 Kolbe reactions,15 and decarboxylative couplings.16

Meanwhile, Hibino’s group demonstrated AC-enabled meth-
ane-to-methanol conversion,17 and He’s group applied pulse
electrolysis for cascade reactions.18 Other applications include
AC-promoted denitrative cyclizations,19 selective hydrocarbox-
ylations of olefins,20 and enhanced control in electrochemically
mediated polymerizations.21

Despite these successes in AC-enabled reaction discovery,
the mechanistic understanding of these reactivities remains

limited due to the inherent complexity of AC-driven processes.
Thus, developing a comprehensive and quantitative under-
standing of how AC electrolysis enhances reaction outcomes is
crucial. Such insights would enable the rational design of new
AC reactions and the prediction of optimal reaction
conditions, moving beyond conventional trial-and-error
approaches.

Efforts are being made to address this gap. For example, the
Luo group has investigated how AC electrolysis influences
reaction outcomes following an Electrochemical−Chemical−
Electrochemical (ECE) sequence, using alkyl amine oxidation
as a model system and cyclic voltammetry (CV) as a key
analytical tool.3 By analyzing scan-rate-dependent CV features,
an accurate prediction of the optimal AC frequency for
selective amine arylation was achieved. In parallel, Yuen-Zhou
and co-workers developed a theoretical framework to predict
the outcomes of two competing reversible electrochemical
reactions under AC electrolysis, both with and without stirring
effects.22,23 This theoretical model was successfully applied to
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describe experimentally obtained yields and branching ratios
during the reduction of acetophenone.

This work aims to uncover the origin of AC-enabled
selectivity for reactions involving two consecutive irreversible
electrochemical steps. We used AC-enabled partial reduction
of (hetero)arenes to cyclic alkenes as our model reaction.
Partial hydrogenation of (hetero)arenes offers a direct route to
unsaturated cyclic compounds and is widely employed in the
synthesis of pharmaceuticals, polymer intermediates, and food
products.12,14,24,25 However, conventional hydrogenation
methods typically require harsh conditions to disrupt
aromaticity, often compromising selectivity. The AC-enabled
partial reduction of (hetero)arenes under mild reaction
conditions was originally discovered by Baran and co-
workers.14 During reaction development, they observed that
DC electrolysis of (hetero)arene starting materials resulted in
nearly complete decomposition or partial recovery. In contrast,
AC electrolysis at 10 Hz gave moderate to good yields of the

desired cyclic alkene products (Figure 1a). Based on empirical
observations that hydrogen gas formation is suppressed under
AC compared to DC, they proposed that the change in
selectivity might arise from competition between the hydrogen
evolution reaction and (hetero)arene reduction. Additionally,
the base generated during hydrogen evolution was believed to
promote further undesired side reactions, compounding the
selectivity differences between AC and DC electrolysis.
However, an in-depth and quantitative understanding of this
AC-enabled selectivity remains lacking. Key questions�such
as how selectivity depends on AC frequency and how this
relationship can be generalized to other reactions with similar
mechanistic features�remain unanswered. Addressing these
questions is critical for the rational design of future AC-
enabled reactions.

Figure 1. (a) Summary of the previous work by Baran and co-workers on AC-enabled selective partial reduction of (hetero)arenes. (b) Product
comparison for 1 reduction between AC electrolysis using a 10 Hz square waveform (amplitude: 3.6 V) and DC electrolysis performed in both
divided and undivided cells at 3.6 V, consisting of two glassy carbon plate electrodes. (c) Cyclic voltammograms (CVs) of compounds 1, 2, iPr2NH,
and MeOH at 0.1 V/s. Arrows indicate the initial scan direction. The working electrode is a 3 mm diameter glassy carbon disk electrode, the
reference electrode is a freshly prepared Ag/10 mM Ag+ reference electrode, the counter electrode is a Pt wire electrode, and the electrolyte is 0.066
M TEA·BF4 in MeOH. (d) MeO− concentration measurements using bromothymol blue as an indicator. The photographs show the solution
colors in the presence of the indicator without applying a voltage bias, under AC and DC, as well as a series of standard solutions with different
concentrations of MeO−. The bar graphs in the box show the recovery of 1 and 2 during the stability test in the presence of 1.6 mM MeO−. (e)
Schematic illustration of the decomposition pathways of 1 during DC electrolysis.
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■ RESULTS AND DISCUSSION
Understanding the Poor Performance under DC

Electrolysis. Figure 1b shows the reaction outcomes for the
reduction of methyl thiophene-2-carboxylate, 1, under AC
electrolysis using a 10 Hz square waveform (amplitude: 3.6 V)
and DC electrolysis in both divided and undivided cells at 3.6
V. Consistent with Baran’s findings, DC electrolysis in an
undivided cell produces no detectable partial reduction
product, 2, and recovers only ∼ 14% of unreacted 1. In
contrast, AC electrolysis affords a 60% yield of 2. The results
from the divided cell indicate that the decomposition of 1
predominantly occurs at the cathode rather than the anode.
The experimental setups are shown in Figures S1 and S2. Gas
chromatography−mass spectrometric (GC-MS) analysis of the
reaction mixture in the cathodic compartment shows the
formation of tetrahydrothiophene-2-carboxylate, a hydro-
genation product of 2 (Figure S2d).

These synthetic results align with the CV data presented in
Figure 1c, which show that both 1 and 2 can be reduced at a
cell voltage of 3.6 V (cathode potential ∼ −2.74 V vs Ag/Ag+,
Figure S2), and the anodic current is primarily due to the
oxidation of iPr2NH (anode potential ∼ +0.85 V vs Ag/Ag+).

Additionally, the CV in Figure 1c suggests that MeOH
reduction should occur at the cathode under DC electrolysis
conditions. To quantify the extent of MeOH reduction, we
estimated the concentration of MeO− generated under both
AC and DC conditions using bromothymol blue (HBTB) as a
colorimetric indicator.

Figure 1d shows photographs of the reaction solutions after
10 min of electrolysis with a 3.6 V 10 Hz AC bias and with a
3.6 V DC bias, as well as in the absence of a voltage bias,
alongside a series of standard solutions containing 0 to 6.25
mM MeO− (see details in the SI). The color transition from
yellow to green to blue is due to increasing MeO−

concentration, which shifts HBTB to its deprotonated form,
BTB−. UV−vis absorption measurements reveal a linear
relationship between peak absorbance intensity at ∼ 420 nm
and [MeO−] up to 1.6 mM (Figure S9). Based on UV−vis
absorbance, [MeO−] was estimated to be >1.6 mM for the DC
electrolysis solution and ∼ 0.5 mM for the AC electrolysis
solution. To assess the stability of compounds 1 and 2 under
basic conditions, both were exposed to 1.6 mM MeO− for 1 to
3 h. After 3 h, ∼ 80% of 1 remained, whereas 2 completely
decomposed within 1 h (Figure S10). Taken together, these
results suggest that the lack of 1-to-2 conversion under DC
conditions can be attributed to both the direct electrochemical
overreduction of 2 and the base-catalyzed chemical decom-
position of 2 (Figure 1e).

Fast-Scan Voltammetric Study. Next, we employed fast-
scan voltammetry to investigate the electrochemical behavior
of 1 and 2 at a time scale comparable to an AC electrolysis
pulse (10 Hz, or ∼100 ms), to understand the improved
selectivity toward 2 under AC conditions. The equivalent scan
rate for 10 Hz was calculated to be ∼ 72 V/s (Figure S8). At
such high scan rates, background charging currents distort the
voltammetric features of 1 and 2 when using a conventional
millimeter-sized glassy carbon electrode (Figure S6).

To address this issue, we fabricated a ∼105 μm diameter
carbon microdisk electrode from carbon fibers (Figure 2a).
The microelectrode substantially reduced contributions to the
current from electrical double-layer capacitance and iR drop,
thereby enabling unobscured measurement of faradaic currents
at scan rates of several hundred volts per second.26,27 Details
on microelectrode fabrication and electrochemical character-
ization are provided in Figure S11.

Figure 2b,c show CVs of 5 mM 1 and 5 mM 2 in a MeOH
solution containing 0.066 M TEA·BF4 recorded at scan rates
ranging from 20 to 100 V/s. Gray curves represent background

Figure 2. Fast-scan cyclic voltammetry study. (a) Scanning electron micrograph of a carbon microfiber disk electrode used for the fast-scan
voltammetric measurements. (b, c) CVs of (b) 5 mM 1 and (c) 5 mM 2 in a MeOH solution containing 0.066 M TEA·BF4, recorded at scan rates
ranging from 20 to 100 V/s. Gray curves represent background CVs without 1 or 2 at 20 V/s. (d) Plot of peak currents in panel b (ipeak,1) vs the
square root of scan rate (v0.5). Experimental values are denoted by open red circles, and the black line is a linear fit of the experimental data with an
R2 value of 0.999. (e) Plot of the current ratio for 1 and 2 reduction (i1/i2) at −2.8 V in panels b and c as a function of scan rate (v) and its
equivalent AC frequency ( f). The v-to-f conversion is detailed in the SI. (f) Schematic illustration of the reaction steps.
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CVs recorded without 1 or 2 at 20 V/s (i.e., only the
supporting electrolyte solution of 0.066 M TEA·BF4 in
MeOH). The reduction current for 1 begins to increase near
−2.5 V vs Ag/Ag+ and reaches a peak between −2.7 and −2.8
V. The peak current values (ipeak,1) scale linearly with the
square root of the scan rate (v0.5, Figure 2d), a characteristic
feature of a diffusion-limited process, suggesting that the
reduction of 1 is mass transfer-limited. In contrast, the
reduction current for 2 shows no noticeable scan rate

dependence and lacks a distinct voltammetric peak, indicating
that its reduction is limited by electron-transfer kinetics rather
than by mass transfer. Comparison of both sets of voltammo-
grams shows that the electron-transfer kinetics of 1 are faster
than for 2 (i.e., k1 > k2, Figure 2f). During AC electrolysis, the
potential switches back and forth between +0.8 and −2.8 V,
which is analogous to scanning in the same potential window
in a CV experiment. Thus, the current ratio for the reduction
of 1 and 2 (i1/i2) at −2.8 V can be used as a descriptor of

Figure 3. Finite element simulation. (a) One-dimensional geometry, boundary conditions (BC), and domain properties of the model. The
electroreduction of 1 is simplified as two consecutive two-electron electrochemical reduction steps: 1 + 2e → 2 and 2 + 2e → 3. Note that 3 is a
hypothetical overreduction product analogous to experimentally observed overreduction and degradation products. In the experiment, 2 can
undergo multiple reduction steps involving multiple electrons. Jmt is the mass transfer flux of 1 from the bulk solution to the electrode surface, J1 is
the electrochemical reaction flux of 1 at the electrode surface, and J3 is the flux of 3 generated at the electrode surface which is also equal to the flux
of 2 consumed at the electrode surface. (b, c) Simulated CVs for (b) 5 mM 1 and (c) 5 mM 2 at scan rates between 10 and 100 V/s. The
electrochemical reaction kinetics for 1 and 2 are described by the Tafel equation with parameters provided in the inset.J2 is the flux of 2 at the
electrode surface, which is equal to the difference between the influx from 1 reduction and outflux from 2 reduction. (d, e) Simulated total current
for 1 → 2 → 3 and specific current for 2 → 3 at (d) 10 Hz and (e) 0.1 Hz with an upper and lower amplitude of +0.8 and −2.8 V vs Ag/Ag+,
respectively. (f−h) Simulated concentration profiles for 1, 2, and 3 at the end of the simulation at (f) 0.1 Hz, (g) 1 Hz, and (h) 10 Hz. The insets
show the ratio of the total amounts of 2 and 3 produced for each AC frequency.
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reaction selectivity toward 2: a higher i1/i2 ratio indicates
greater selectivity for 2 over the undesired overreduction and
decomposition products. As shown in Figure 2e, selectivity
gradually improves with increasing equivalent frequency from
3 to 14 Hz, consistent with synthetic results discussed later
(see Figure 4c).

Finite Element Simulations. Based on the fast-scan
voltammetry results, we developed a finite element simulation
model to reproduce the experimentally observed AC
frequency-dependent selectivity toward 2 during the reduction
of 1. In this model, the electroreduction of 1 is simplified as
two consecutive, two-electron, irreversible electrochemical
steps: 1 + 2e → 2 and 2 + 2e → 3 (Figure 3a). Here, 3 is a
hypothetical overreduction product. In reality, 2 may undergo
multiple reduction steps involving several electrons. For
simplicity, we approximate all subsequent reductions of 2
and its intermediates as a single, hypothetical two-electron
reduction step. The starting material, 1, diffuses from the bulk
solution (at x = 5 mm) to the electrode surface (x = 0 mm).
The fluxes for the electrochemical reduction of 1 and 2 (J1 and
J3, respectively) are described using the following Tafel
equations

= ·J k c
F E t E

RT
( exp

( ( ) )
1 1

0
1

1
0i

k
jjjjj

y
{
zzzzz

y
{
zzzzzz (1)

= ·J k c
F E t E

RT
( exp

( ( ) )
3 2

0
2

2
0i

k
jjjjj

y
{
zzzzz

y
{
zzzzzz (2)

where k1
0 and k2

0 are the standard heterogeneous electron
transfer rate constants, c1and c2 are the concentrations of 1 and
2 at the electrode surface, α is the charge transfer coefficient, F
is the Faraday’s constant (96,480 C/mol), R is the ideal gas
constant (8.314 J/mol·K), T is 298 K, and E1

0 and E2
0 are the

standard reduction potentials for 1 and 2.
Guided by the reported parameter ranges, we adjusted the

values of k1
0, k2

0, E1
0, and E2

0 to reproduce the key features of
the experimental CVs described earlier (see SI for the details
regarding the value selection). A representative parameter set
of k1

0 = 0.2 cm/s, k2
0 = 0.1 cm/s, E1

0 = −2.82 V, and E2
0 =

−3.15 V yields simulated CVs in reasonable agreement with
the experimental data (Figure 3b,3c). These parameters are
phenomenological due to a lack of thermodynamic, kinetic,
and mechanistic data. However, as evidenced by the fact that
minor inaccuracies in k0 can be offset by corresponding shifts
in E0 and the simulated CVs capture the key electrochemical
features of the system (see Section 8 in the SI for detailed
discussion) such that the overall conclusions of the simulation
are unchanged. These parameters were used as inputs for the
finite element model in COMSOL Multiphysics (modeling
details are presented in the SI). A square-wave voltage profile
ranging from +0.8 V to −2.8 V vs Ag/Ag+ was applied across
experimentally relevant frequencies. Notably, in the experi-
ment, the sacrificial reagent iPr2NH is oxidized during the
anodic phase but does not participate in the reduction of either
1 or 2; thus, no anodic reaction was considered in this model
during the positive phase of the AC waveform.

Figure 3d shows the simulated total current density for the
sequential reductions of 1 → 2 and 2 → 3 (itotal, red curve),
along with the specific current associated with the over-

Figure 4. (a, b) Contour plots of (a) the simulated selectivity toward product 2 and (b) the 1 conversion rate as a function of f at the log scale and
cathodic potential during AC electrolysis. (c) Comparison between experimental and simulated yield for 2 as a function of f at −2.8 V vs Ag/Ag+.
(d) Mechanism behind the AC-enabled selective partial reduction of 1 to 2.
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reduction of 2 to 3 at 10 Hz (ioverred, blue curve). The ratio
itotal/ioverred indicates selectivity toward 2 where a larger ratio
corresponds to higher selectivity. During each cathodic pulse,
itotal exhibits a rapid decay due to depletion of 1 near the
electrode surface over time (Figure S13a,c). Meanwhile, a
small portion of 2 is converted to 3 at a relatively slow but
stable rate (Figure S13b). During the following anodic pulse,
the concentration of 1 near the electrode partially recovers
through diffusion from bulk solution (Figure S13d). In the
next cycle, itotal decreases further due to the lower local
concentration of 1. This decline continues for 6−7 AC cycles
(Figure 3d), until the consumption rate of 1 during the
cathodic pulse becomes comparable to its replenishment rate
during the anodic pulse. At this point, the system reaches a
dynamic steady state with preferential generation of 2 over 3,
as evidenced by the magnitude of J1 being more than three
times greater than that of J3 at the end of the cathodic pulse
(6.4 × 10−4 vs 2.0 × 10−4 mol/m2·s).

The same calculation was performed for 1.0 and 0.1 Hz,
using the same AC amplitude of 3.6 V. Figure 3e displays the
current vs time plot for 0.1 Hz. Similarly, itotal first declines and
then reaches a dynamic steady state. However, itotal is
significantly lower than its counterpart at 10 Hz due to the
expanded diffusion layer for 1 (∼ 1 mm when f = 0.1 Hz
compared to ∼ 0.2 mm when f = 10 Hz, Figure 3e), which
limits the mass transfer rate of 1 to the electrode surface. The
itotal/ioverred ratio is ∼ 2:1, meaning a majority of 2 undergoes
overreduction to 3. This finding is further supported by the
similar values of J1 and J3 at the end of the cathodic pulse (2.5
× 10−6 vs 2.8 × 10−6 mol/m2·s).

The simulated concentration profiles of 1, 2, and 3 at the
end of each simulation (Figures 3f−h) clearly show that
increasing f corresponds to a decrease in diffusion layer
thickness and improved selectivity toward 2. Integration of the
concentration profiles provides an estimate of the theoretical
selectivity toward 2 and 3: 33%/67% at 0.1 Hz, 63%/37% at 1
Hz, and 85%/15% at 10 Hz. The selectivity result remains
unchanged with different initial concentrations of 1 (Figure
S14) and is relatively unchanged throughout the reaction
(Figure S15).

We further evaluated the theoretical selectivity toward 2
across a two-dimensional parameter space defined by f and
cathode potential (Ecathode) (Figure 4a). The analysis reveals
that increasing f or decreasing Ecathode enhances selectivity
toward 2, as both adjustments shift the reduction steps into a
kinetically controlled regime for the reduction of 1 such that
the 1 → 2 transformation is favored over the overreduction of
2 → 3. However, a key limitation of tuning the selectivity by
decreasing Ecathode is the concomitant slowdown in 1
conversion, leading to extended reaction times (Figure 4b).
For example, at −2.65 V and f = 0.5 Hz, ∼ 90% selectivity for 2
is achieved, a value comparable to that obtained at −2.8 V with
f = 20 Hz. However, the conversion rate of 1 when Ecathode =
−2.65 V is approximately 10-fold lower than that at −2.8 V
(1.7 × 10−5 vs 1.4 × 10−4 mol·m−2·s−1). These results
underscore the importance of balancing product selectivity
with reaction efficiency in optimizing AC electrolysis
conditions.

Finally, we compared our theoretical predictions with
experimental results at 3.6 V as a function of f. As shown in
Figure 4c, the predicted yield of 2 exhibits an approximately
25% per decade increase with log( f), closely matching the
experimental trend observed from 1 to 10 Hz. However, two

notable discrepancies are observed. First, the predicted yields
are slightly higher than the experimental values. This difference
may arise from the simulation’s assumption of a semi-infinite
boundary condition�that is, the bulk concentration of 1 is
held constant. In practice, as the reaction proceeds, the bulk
concentration of 1 decreases while 2 accumulates, increasing
the likelihood of overreduction of 2 to 3. This accumulation
effect decreases the overall selectivity toward 2 at full
conversion, thereby accounting for the lower experimental
yields. Second, at frequencies >10 Hz, the simulation predicts
further increases in the yield of 2, while the experimental yield
of 2 decreases. This decline may be attributed to the voltage
losses caused by charging and discharging of the electric
double layer at f > 20 Hz (Figure S5). Consistent with this
interpretation, a noticeable amount of unreacted 1 was
recovered under these conditions.

Generalization of Theoretical Findings. The results and
discussion presented above clearly demonstrate that the AC-
enabled selective partial reduction of 1 is governed by two key
factors: (i) the suppression of MeO− accumulation that leads
to the strong base (like MeO−)-induced chemical decom-
position of 2, observed under DC electrolysis conditions
(Figure 1d), and (ii) the modulation of mass transfer of 1,
which shifts the system into a kinetically controlled regime,
thereby enhancing selectivity toward 2.

The first factor is specific to the protic solvent employed in
this reaction. In contrast, the second factor is anticipated to be
generalizable to chemical systems involving two consecutive
irreversible electrochemical steps, where the first step is
kinetically facile relative to the second (i.e., k1 > k2). Figure
4d schematically illustrates this second effect by showing the
time-dependent evolution of the total current (itotal) and the
specific currents for 1 to 2 and 2 to 3 conversions (i1→2 and
i2→3). Upon applying the cathodic pulse, species 1 is rapidly
converted to 2. Since k1 > k2, the subsequent conversion of 2
to 3 initially lags behind, and itotal is dominated by i1→2.
However, as the pulse duration increases, the conversion of 2
to 3 catches up, i1→2 becomes comparable to i2→3, leading to
complete overreduction to 3.

At different f, we are effectively binning the products over
different time intervals, thereby controlling the product
distribution.

The difference between k1 and k2 arises from the disparities
in the standard reduction potentials (E0), the standard electron
transfer rate constants (k0), or both, as described by the
following expressions derived from eqs 1 and 2
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To generalize our findings and provide guidance for future
reaction design, we modified the finite element simulation
model to evaluate the dependence of selectivity toward 2 on
the k2/k1 ratio and f. As previously discussed, selectivity is
influenced by the applied potential. Since the peak potential is
most readily identified experimentally, we chose −2.8 V as the
working potential in the simulations. We also fixed α at 0.5 for
both electrochemical steps, as this is the most common value.
Subsequently, k1

0 and k2
0 were varied to generate different k2/

k1 ratios for analysis.
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Figure 5a shows the simulated selectivity toward 2 as a
function of f and the k2/k1 ratio for an electrochemical system
involving two consecutive irreversible electrochemical steps.
The contour plot reveals that decreasing the k2/k1 ratio or
increasing f favors the formation of product 2. Moreover, the
effect of both parameters on selectivity appears nearly
proportional, as indicated by the linearity of the contour
curves.

To achieve a synthetically useful yield (>30%) of 2 within a
practical frequency range (≤100 Hz), the k2/k1 ratio should
not exceed 0.2. However, direct experimental determination of
k2/k1 is often not trivial. To address this, we propose using the
potential difference at the foot of the wave (FOW) between
the CVs of 1 and 2 at equal concentrations, denoted as ΔEFOW,
as a proxy for the k2/k1 ratio. This rationale is based on the
following derivation. In the FOW region, the reductions of 1
and 2 are governed by slow electrochemical kinetics. The
faradaic current in the early stage of this region (i1 and i2) can
be approximated as
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where c10 and c20 are the bulk concentrations of 1 and 2,
respectively, and are equal. When i1 = i2, eqs 5 and (6) give,
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Rearranging gives,
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When k2/k1 < 0.2, |ΔEFOW| > 80 mV. Simulated CVs for 5 mM
1 and 2 (Figure 5b−e) illustrate the ΔEFOW values across
various k2/k1 ratios. This leads to a useful rule of thumb: Only
when |ΔEFOW| > 80 mV (equivalent to k2/k1 < 0.2) AC
electrolysis can achieve synthetically useful yield (>30%)
toward an intermediate product within a practical frequency
range (≤100 Hz).

To validate our rule, we tested another model reaction: the
AC-enabled partial reduction of phthalimide (1′) to 2′,
previously reported by Baran and co-workers.13 As shown in

Figure 5. Generalization of theoretical predictions. (a) Simulated selectivity toward 2 as a function of f and the ratio of the rate constants (k1 and
k2) for two consecutive irreversible electrochemical reactions. The electrochemical kinetics are described by the Tafel equation with α = 0.5. (b−e)
Simulated CVs for 5 mM 1 (red) and 5 mM 2 (blue) at k2/k1 ratios ranging from 0.01 to 1.0. ΔEFOW represents the potential difference at the foot
of the wave (FOW) between the CVs of 1 and 2. Only when ΔEFOW > 80 mV (equivalent to k2/k1 < 0.2) can AC electrolysis achieve synthetically
useful selectivity (>30%) toward 2 within a practical frequency range of ≤100 Hz. (f) Left: Electrochemical reduction of 1′ to 2′ under AC
electrolysis conditions (50 mA, 10 Hz, 3 h) and DC electrolysis conditions (20 mA, 3.5 h). Right: CVs of 1′ and 2′ in the reaction mixture at 0.1
V/s showing ΔEFOW ≈ 460 mV. The working electrode is a 3 mm diameter glassy carbon disk electrode, the reference electrode is a freshly
prepared Ag/10 mM Ag+ reference electrode, and the counter electrode is a Pt wire electrode. The mint green zone indicates the cathode potential
window during DC electrolysis.

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

https://doi.org/10.1021/jacs.5c08873
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/jacs.5c08873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08873?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c08873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5f, no desired product 2′ was detected under constant
current electrolysis at 20 mA for 3.5 h when 1′ was fully
converted (with the cathode potential gradually increasing
from −2.1 to −3.0 V during the reaction). This is consistent
with the CV data for 2′, which shows irreversible reduction
beginning at Ecathode < −1.9 V. In contrast, we obtained a 42%
yield of the desired product 2′ under AC electrolysis at a
frequency of 10 Hz and a current amplitude of 50 mA for 3 h,
even though Ecathode is sufficiently negative to drive the
reduction of 2′. This experimental observation aligns with our
rule of thumb, as there is a large |ΔEFOW| (∼460 mV) between
the CVs for the irreversible reduction of 1′ and 2′.

■ CONCLUSIONS
In conclusion, we investigated the origin of selectivity in the
AC-enabled partial reduction of (hetero)arenes to cyclic
alkenes. Under DC electrolysis, both thiophene and its
partially reduced cyclic alkene product undergo further
electrochemical reduction, leading to undesired overreduction.
Additionally, the accumulation of methoxide anions ([MeO−])
under DC conditions promotes chemical decomposition of the
alkene product.

Using fast-scan voltammetry, we found that the reduction of
thiophene is primarily mass transfer-controlled, whereas the
reduction of the cyclic alkene product is limited by slow
electron-transfer kinetics, at the time scale relevant to AC
electrolysis. By increasing AC frequency, the products in the
initial stage of the cathodic pulse are sampled, where the
product selectivity reflects the fast reaction kinetics for the first
reduction, enhancing selectivity toward the partially reduced
product. This mechanism is semiquantitatively validated
through finite element simulations.

Our findings can be generalized to guide the design of AC-
enabled selective transformations involving two consecutive
irreversible electrochemical steps. A practical rule of thumb
emerges: when |ΔEFOW| > 80 mV, AC electrolysis can achieve
synthetically useful selectivity (>30%) toward the intermediate
product within a practical frequency range (≤100 Hz).
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