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ABSTRACT: Challenges in the selective manipulation of functional groups (chemoselectivity) in organic synthesis have historically
been overcome using either reagents/catalysts that tunably interact with a substrate or through modification to shield undesired sites
of reactivity (protecting groups). Although electrochemistry offers precise redox control to achieve unique chemoselectivity, this
approach often becomes challenging in the presence of multiple redox-active functionalities. Historically, electrosynthesis has been
performed almost solely by using direct current (DC). In contrast, applying alternating current (AC) has been known to change
reaction outcomes considerably on an analytical scale but has rarely been strategically exploited for use in complex preparative
organic synthesis. Here we show how a square waveform employed to deliver electric current — rapid alternating polarity (rAP) —
enables control over reaction outcomes in the chemoselective reduction of carbonyl compounds, one of the most widely used reaction
manifolds. The reactivity observed cannot be recapitulated using DC electrolysis or chemical reagents. The synthetic value brought
by this new method for controlling chemoselectivity is vividly demonstrated in the context of classical reactivity problems such as

chiral auxiliary removal and cutting-edge medicinal chemistry topics such as the synthesis of PROTACs.

Introduction

Controlling chemoselectivity in organic synthesis is widely re-
garded as one of the paramount challenges of the field.! Indeed,
tuning reactions in complex settings to obtain precise position-
selective outcomes is often the key bottleneck in executing syn-
thetic pathways.> Although computational chemistry techniques
can be applied in certain contexts, identifying the right reagent
or conditions to achieve such selectivity is, in most cases, an
empirical endeavor. For this reason, the toolbox of organic
chemistry is replete with multiple ways to achieve the same out-
come, and protecting groups are still widely employed to block
undesired reactivity.** Amongst various ways to control a reac-
tion outcome, precise redox control based on electron transfer
is an emerging trend addressed by employing photoinduced
electron transfer or direct electrochemical techniques. Although
organic electrosynthesis is gaining popularity due to its ability
to enable specific redox reactions to take place by adjusting the
potential applied to a reaction,’ the presence of both oxidation
and reduction can complicate reaction outcomes when using a
simple undivided cell. Thus far, especially in the synthetic com-
munity, little attention has been paid to the effect of electron
flow on the selectivity of electrochemical transformations on
organic molecules. To date, nearly all synthetically useful elec-
trochemical reactions proceed via direct current (DC)° — where
the polarity of electrodes remains unchanged such that the flow
of electrons is uni-directional (Figure 1A, left). This current will
drive the oxidation and reduction of molecules on anodes and
cathodes respectively, with the reaction outcome being ration-
alized based on redox potential: a thermodynamic parameter

used to describe the tendency of a molecule to accept or give
electrons.® Another mode of electric current delivery is alternat-
ing current and its varied manifestations (AC, see Supporting
Information for the detailed classification)’ — wherein electrons
flow back and forth between two electrodes in a reaction, most
often associated with a sinusoidal waveform. In contrast to DC,
reaction control using AC has been far less explored in synthetic
electrochemistry (Figure 1A, right).® This is somewhat surpris-
ing since AC electrolysis has found wide applications in elec-
troanalysis to measure variables that cannot be easily deter-
mined by DC-based methods as well as to study reaction kinet-
ics for electrochemical reactions.” Besides these analytical ap-
plications, it is well-recognized that AC electrolysis has ad-
vantages outside organic synthesis such as electroplating'® and
CO; reduction.! In fact, the potential value of AC electrolysis
for organic electrosynthesis has been studied since the early 20"
century,'? and different product distributions have been reported
in anodic decarboxylation processes'*, the reduction of nitro-
benzene,** and propylene oxide formation."** Thus far, the ap-
plication of AC into mainstream organic synthesis has remained
scarce, although recent elegant work has made inroads on the
exploration of this uncharted territory.'*'® Regardless, what is
undeniably missing in this arena is the discovery of unique re-
action outcomes through AC as well as strategic exploitation of
such an effect into complex molecule synthesis. An additional
layer of difficulty stems from the lack of readily available in-
strumentation to generate a suitable and standardized AC
method for evaluation by synthetic organic chemists."” Herein
we disclose a practical implementation of a square wave form
of AC electrolysis, rapid alternating polarity (rAP), which



enables precise control of specific reaction pathways and re-
markable chemoselectivity in synthetically relevant reduction
processes for which no known direct chemical alternative cur-
rently exists.

rAP is a type of AC featuring a square waveform (Figure 1B),
achieved by alternating the polarity of an electrode in the milli-
second timescale while maintaining either the current or poten-
tial constant. Such a waveform is known to be useful for im-
proving the yield'® of electrochemical trifluromethylation® and
as a tool for mechanistic analysis.?! The underlying software to
access such a waveform was recently implemented in Electra-
Syn2.0, a widely employed commercial potentiostat, to facili-
tate widespread use of this method without any engineering bar-
rier. rAP was developed based on the following hypothesis: if
the rate of polarity switching is faster than the rate of certain
processes on an electrode, a slower subset of electrochemical
processes might be suppressed. This hypothesis is supported by
early theoretical studies®* as well as recent experimental re-
sults* suggesting that altered waveforms might influence the
course of an electrochemical reaction (Figure 1C). In other
words, TAP would enable differentiation of redox reactions
based on their relative reaction rate. Such a method could bring
a new dimension to reaction control where differentiation of
multiple redox reactions and redox-active functionality are in-
herently challenging based only on redox potentials. An aspira-
tional goal would therefore be to employ rAP in a functional-
group-rich setting such as tetrapeptide 1, containing as many as
8 redox-active sites. Whereas fine-tuning site-specificity in a
redox reaction by modulating the waveform of electric current
applied may be considered possible on theoretical grounds by
electrochemists, it is a tool unused and unheard of by practition-
ers of mainstream synthetic organic chemists. Thus, this com-
munity has yet to witness the possibility and the value brought
by such a strategy.

Results and Discussion

To obtain proof-of-concept for the hypothesis, piperidine deriv-
ative 2 (Figure 2A) was selected as a simple model substrate
containing both oxidizable and reducible functional groups.
Specifically, this structure contains both imide carbonyl groups
and activated C—H bonds, potentially susceptible to both reduc-
tive and oxidative functionalization, respectively. Figure 2 pre-
sents a detailed comparison of rAP with DC, as well as the in-
fluence of pulse duration (frequency) and waveform on the elec-
trolysis of 2. Reaction conditions were chosen such that they
could potentially lead to either reductive or oxidative outcomes
(non-sacrificial electrodes, slightly acidic conditions). Each re-
action was performed under identical conditions using pivalic
acid as a proton source with waveform (type/frequency/ampli-
tude) being the only variable screened (See SI for effects of
other reaction parameters). Crude "H NMR analysis of the prod-
uct distribution under standard DC electrolysis of phthalimide
2 revealed methoxy group incorporation into a large number of
species resulting in a complex mixture (entry 1). Presumably,
C—H oxidation (Shono oxidation) occurred along with varying
degrees of imide reduction leading to this unselective and syn-
thetically unworkable outcome.” To exclude the possibility that
this unselective reaction profile was attributed to harsh electrol-
ysis conditions, the current and amount of electrons were re-
duced (entries 2 and 3) to no avail. In addition, the common
tactic for maintaining clean electrode surface by switching po-
larity made no improvement on the outcome (entry 4).
Throughout these experiments (entries 1-4), no product was iso-
lated in synthetically meaningful yield. In stark contrast, rAP
led to highly selective and efficient formation of either 3a or 3b,
depending on the pulse duration applied (constant current rAP,
entries 5-9). Remarkably, methoxy group incorporation indica-
tive of Shono oxidation was barely observable in these entries
(except entry 5, slow rAP at 200 ms). The crude 'H NMR de-
pictions of entries 1 and 6 vividly illustrate the stark difference
in product distribution. The effect is clearly beyond the reaction
improvement that could be expected from common electrode
cleaning by switching polarity (cf. entry 4). At shorter pulse
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duration (25-33 ms, 15-20 Hz), the major product was hemi-
aminal 3a, whereas fully reduced lactam 3b was formed at
longer pulse duration (50-200 ms, 2.5-10 Hz). This product dis-
tribution suggested that current efficiency is a function of pulse
duration: the longer the pulse is, the more redox reactions pro-
ceed (with an infinite pulse duration being equal to DC). The
reduced current efficiency with a short pulse can be augmented
by increasing the current, leading to a complete switch of prod-
uct distribution from 3a to 3b [same 25 ms pulse but with 20 or
40 mA, respectively (entry 9 vs entry 10)]. The same principle

could be applied to achieve a selectivity switch in the opposite
direction — from 3b to 3a [same 100 ms pulse but with 20 or 10
mA, respectively (entry 6 vs entry 11)]. This dependency of cur-
rent efficiency is reasonable since more energy is consumed for
charging and discharging electric double layer at higher fre-
quency. (See Supporting Information for details.) The highest
yield of 3b was observed by adjusting the number of electrons
(16 F/mol) at 20 mA and 50 ms pulse duration (entry 12), re-
sulting in 76% isolated yield after 1.5 h of electrolysis. The
aforementioned rAP experiments were all run using constant
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Figure 2. Difference between rAP and DC electrolysis in general carbonyl reduction. (A) A striking difference in reaction outcome by employing rAP with
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current, but the technique could also be applied in a constant
potential mode. Thus, potential-controlled rAP at a similar cell
voltage to entry 12 (alternating +8 V) with the same pulse du-
ration also led to efficient formation of 3b (entry 13). On the
other hand, the use of a sinusoidal waveform (conventional AC)
at the same terminal potential and frequency gave 3a instead of
3b, indicating a much lower current efficiency with this wave-
form (entry 14)."

Having established rAP as a unique mode of electrolysis dis-
tinctly different from conventional DC electrolysis, one ques-
tion remained: is the observed reduction unachievable by DC
with further reaction engineering? In principle, Shono oxidation
products could be suppressed simply using a divided cell or em-
ploying a sacrificial anode to avoid such an oxidative side reac-
tion. Towards that end, the reaction with DC was carried out in
a divided cell, furnishing 3a in low yield (entry 15). This inef-
ficient reduction was partly accounted for the high resistance
present in a divided cell setup. The reaction with a Zn sacrificial
anode (entry 16) also resulted in a similar outcome (lactam 3b
was not observed). Finally, employing a sacrificial electron do-
nor (e™-donor = {Pr,NH) instead of a sacrificial anode, under the
conditions reported by Xiang et al., indeed afforded a 2:1 mix-
ture of 3a and 3b (entry 17).7 As presented below, further com-
parison with these conditions unveiled that rAP-based reduction
exhibits a dramatically expanded scope and generality in both
simple and demanding settings.

To further gauge the synthetic utility of reductive rAP over con-
ventional DC electrolysis, it was field-tested in synthetically
relevant contexts (Figure 2B). Isoindolinone derivatives are an
important class of molecules in both medicinal and agricultural
chemistry, and routes to such molecules usually employ step-
wise ring construction rather than late-stage reduction of a
phthalimide.*® Reductively labile alkene (4), alkyne (5), epox-
ide (6), alkyl bromide (7), and ketone (8) motifs were all toler-
ated in addition to the oxidatively labile C-B bond (9). Efficient
reduction of N-unsubstituted phthalimide ($0.1/g) afforded a
valuable building block 10 ($576/g in Sigma-Aldrich).
MeCN/BuOH mixture was used instead to improve the solubil-
ity of a substrate. In the case of heteroaromatic imides, hemi-
aminal was obtained as a sole product (11-13). This could be
explained by that dissociation of OH group is not favorable due
to the presence of intramolecular hydrogen bonding (11 and 13)
or causing considerable ring strain (12). N-Ethoxycarbonyl
phthalimide was found to be reduced cleanly to the hemiaminal
14 by employing MeCN as solvent. This reaction was also ef-
fective for a peptidic substrate bearing an unprotected alcohol,
affording 15 in high yield. The synthetic utility was further
demonstrated in the successful reduction of unprotected thalid-
omide on gram-scale, affording deoxythalidomide 16* in one
step after simple recrystallization from the crude mixture. In ad-
dition, negligible epimerization (~3%) of the base-sensitive ste-
reocenter was confirmed, when enantioenriched thalidomide
was used (See Supporting Information). Amongst the various
substrates studied, one of the most surprising selectivities was
observed with phthalimide 17: selective deoxygenation of
phthalimide without reducing the alkyl aldehyde (Figure 2C).
The remaining mass balance was largely accounted for the pres-
ence of hemiaminal intermediate. This striking chemoselectiv-
ity was indeed unique to rAP as conventional direct electrolysis,
both under the same reaction conditions as well as with e™-do-
nor, led to extensive decomposition of 17. Well-established

chemical reductants such as DIBAL and LiBH, gave reduction
of aldehyde preferentially, and reported chemical conditions
specifically invented for phthalimide reduction gave a complex
mixture.***! Finally, Figure 2D illustrates the generality of the
rAP reduction across various types of carbonyl compounds. In
general, electron-deficient carbonyl compounds are susceptible
to this reduction, whereas simple esters, ketones, and amides
are not affected. Hemiaminals were cleanly formed in the re-
duction of various alkyl imides, including 22 from bicyclic suc-
cinimide derivative conveniently accessible by Yu’s Pd-cata-
lyzed C—H functionalization.” The reduction of N-alkylhydan-
toins led to the formation of imidazolone instead of hemiaminal
due to facile dehydration of the product hemiaminal. Although
chemical reduction of fully protected hydantoins is known, re-
duction of mono-protected systems (to yield compounds such
as 24) is challenging due to the free N-H.** While the alkyl al-
dehyde was tolerated during the reduction of 17, hydrocinnamyl
aldehyde 25 could be reduced under slightly modified rAP con-
ditions by employing a longer pulse duration (see Supporting
Materials for detail). Exposure of the simple N-acylsulfonamide
(27) to rAP led to a mixture of desulfonylated amide 28a and
sulfonamide 28b (along with benzyl alcohol in 21%). o,f3-
Unsaturated ester 29 and thioester 31 could also be reduced to
the corresponding saturated ester (30) and alcohol (32), respec-
tively. Reduction of trifluoroacetamide-containing piperidine
(33) delivered unexpected mono- and bis-defluorinated prod-
ucts (34a/b) — such an outcome had no known chemical coun-
terpart until the very recent discovery of radical-based defluor-
inative transformation, indicating that rAP could exhibit such
interesting reactivity under simple conditions.* Through the en-
tirety of Figure 2, conventional DC electrolysis with a sacrifi-
cial e-donor was run in parallel with rAP-based reduction; in
nearly all cases rAP was found to be superior with more com-
plex cases failing completely under DC (7, 12, 13, 14, 16, 17,
24,27, 31).

The synthetic utility of the unique reactivity enabled by rAP
was demonstrated in two popular contexts: chiral auxiliary re-
moval and an emerging area of medicinal chemistry known as
proteolysis targeting chimeras (PROTACS). In the first instance
(Figure 3A), it is well-recognized that reductive removal of Ev-
ans auxiliary to provide an aldehyde is challenging especially
in the presence of other reducible carbonyl groups. A recently
reported synthesis of chiral aldehyde 37 is an emblematic ex-
ample of this lingering issue.** In order to prepare this simple
aldehyde, a nine-step route involving three protecting group
manipulations and five redox manipulations was required. Only
one step forged a key C—C bond (allylation) that needed several
corrective concession steps to install the requisite #-butyl ester
group. In contrast, commencing with the same starting material
(35), direct alkylation with #-butyl acrylate followed by subject-
ing 36 to reductive rAP cleanly delivered the hemiaminal that
could be easily cleaved during workup to reveal aldehyde 37. It
was confirmed that other representative chemical reductants
such as DIBAL and LiBH. led to either reduction of the ester or
overreduction of the desired aldehyde (see Supporting Infor-
mation). Comparable DC electrolysis with or without an e -do-
nor led to a complex mixture of products (37 not detected). It is
worth pointing out that the alkylation of acrylates with Evans
auxiliary® is a rarely employed tactic in synthesis, perhaps due
to the heretofore intractable challenge of chemoselective reduc-
tion.



In the second major application of reductive rAP, molecules rel-
evant to the burgeoning field of PROTACSs were investigated.
Pomalidomide- (bearing a phthalimide) and lenalidomide-type
(bearing an isoindolinone) scaffolds are cereblon E3 ligase
binders used as standalone treatments in oncology (Pomalyst®
or Revlimid®) or are incorporated into PROTAC design to
elicit protein degradation. The bioactivity of PROTAC struc-
tures can vary based on the presence or absence of a single car-
bonyl group.*® Historically such entities are prepared through a
de novo synthesis, whereas late-stage single-step reductive de-
oxygenations are, to our knowledge, without precedent. As
shown in Figure 3B, reductive rAP deoxygenation of PROTAC
building block 38 smoothly proceeded in the presence of azide
functionality with no protection on the glutarimide subunit. ¥
The complete PROTAC molecule, pomalidomide-JQ1 conju-
gate 40° was subjected to several reduction conditions, with
rAP as the only method capable of reducing 40 in synthetically

meaningful yield. Due to the sensitivity of the JQ1-heterocycle,
a two-step tandem reduction was performed in this case.

The synthetic feasibility of this methodology was further ex-
plored by enlisting a small library of thalidomide-type analogs
(Figure 3C). Under standard conditions, facile reduction was
achieved to give the corresponding isoindolinone products in
synthetically useful yield. Electron-donating groups were well
tolerated to give products 42, 49, 50, and 52 as well as the ex-
tended aromatic 44. As suggested by products 43, 45, 46, and
51, electron-withdrawing groups were also able to withstand the
reduction with dehalogenation being largely suppressed by the
addition of TFA (for details, please see Supporting Infor-
mation). The exquisite chemoselectivity of this transformation
is highlighted by the incorporation of acyl and urea-protected
amines (products 47 and 48). In both cases, no overreduction
was observed with the desired products isolated in 23% and
48% yield, respectively.
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Figure 3. Synthetic applications of rAP. (A) Reductive removal of Evans auxiliary with high chemoselectivity among multiple carbonyl groups. (B) Highly
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With newly synthesized analogs in hand, they were analyzed in alkyl aldehyde (ca. —1.8 V), alkyl ketone (ca. —2.4 V), and am-

an HTRF-Tb (Homogeneous Time-Resolved Fluorescence — ide/ester functionalities (both <—2.5 V).%% Thus, these reduc-
Terbium-based)*® cereblon-binding assay (Figure 3C, binding tion potentials clearly explain the observed selectivity on sub-
assay table). From this study, 9 out of 12 newly synthesized le- strates with multiple carbonyl groups such as 17 and 53. The
nalidomide-type analogs showed greater binding affinity to difficulty in harnessing this difference using conventional
cereblon than their thalidomide-type starting materials. Of note, chemical reductants could partly stem from the fundamental
43 now shows sub-micromolar binding affinity, a drastic im- mechanistic difference in the reduction: with chemical reagents,
provement to its parent compound having no measurable bind- amides and esters are generally reduced through the interaction
ing. Only in the cases of 48, 50, and 52a was a slight loss in between a carbonyl oxygen and a Lewis-acidic metal in a rea-
affinity for cereblon observed. This exciting result underscores gent.*! Even aldehyde, one of the most trivial functional groups
the benefit this new methodology may bring to the cereblon bi- to reduce by chemical reagents, was tolerated in the rAP-based
ochemistry field and, by extension, the protein degradation reduction of 17, representing the most pronounced difference
realm. between rAP and chemical reductants. Simply stated, such se-
lectivity is counter to textbook chemical intuition. Since the re-
The unconventional outcomes observed on complex structures duction potential corresponds to the LUMO (lowest unoccupied
when employing rAP can be explained by interplay of two in- molecular orbital) based on Koopmans’ theorem, the aforemen-
dependent factors: chemoselectivity dictated by themodynam- tioned selectivity can be rationalized based on the calculated
ics (redox potential or LUMO) and reaction selection dictated LUMO coefficient, which provides convenient prediction even
by kinetics on an electrode. The former, chemoselectivity, can without relying on experimental electrochemical techniques
be rationalized by redox potentials of organic functional groups such as cyclic voltammetry. As illustrated in Figure 4A, car-
as well as frontier molecular orbital theory (Figure 4A). From bonyl carbons with the largest LUMO coefficient are in good
the standpoint of reduction potential, the phthalimide carbonyl agreement with experimental reactive sites (17 and 53). When
has the highest reduction potential (ca. —1.4 V), followed by
A. Rati of chi lectivity by E.q and LUMO coefficients B. SET is involved in the mechanism
Reduction potential (o] (o] PivOH (3 eq.)
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Figure 4. Experimental and computational rationale for unique reactivity of rAP. (A) Chemoselectivity follows reduction potential and can be predicted by
FMO analysis. (B) Experimental evidence to support SET mechanism. (C) Deuterium labeling study to identify the source of proton and the fate of carboxylic
acid. (D) Frequency-dependent reaction profile for carbonyl reduction, oxidative decarboxylation, and Shono oxidation. (E) Proposed mechanism based on
Figure 4A-4D. (F) Demonstration of precise redox reaction based on the understanding of rAP chemoselectivity.



there were several carbonyl carbons with similar LUMO coef-
ficients, mixtures of products were obtained (54, vide infra).
Thus, the selectivity observed invokes a single-electron transfer
(SET)-based reduction to the radical anion, followed by proto-
nation. Experimental support for this notion was obtained using
substrate 54, wherein substantial dechlorination was observed
under standard conditions, indicating the intermediacy of a rad-
ical anion (Figure 4B).** Suppression of the dechlorination by
the addition of strong acid such as TFA also indicates that the
intermediate is sensitive to reaction pH, supporting the exist-
ence of an anionic intermediate. The source of hydrogen could
also be elucidated using substrate 56 under rAP in MeOH-d,
solvent wherein deuterium incorporation was observed on the
methylene of lactam 58-d (Figure 4C). Such an inexpensive
way of installing a stable-labeled isotope may find use in the
synthesis of isotopically labeled materials. The fate of the car-
boxylic acid could also be followed in this reaction, delivering
ether 59, derived from decarboxylative carbocation formation.*3

The most striking feature of rAP is that it enables reaction se-
lection simply by virtue of its differing waveform, a phenome-
non that has yet to be appreciated in synthetic chemistry. The
unique parameter associated with rAP, namely frequency (pulse
duration), was therefore studied in more depth to confirm the
unconventional reaction selection under rAP. The frequency de-
pendence of each elementary reaction — imide reduction, decar-
boxylation, and Shono oxidation — was interrogated individu-
ally (Figure 4D). Since the Shono oxidation is a competing re-
action in phthalimide reduction to generate multiple products,
simplified substrate 60 was used to obtain the frequency-de-
pendent profile.* Frequency had a major impact on the progress
of the Shono oxidation; the yield of 61 was significantly re-
duced even at a frequency as low as 1 Hz (500 ms pulse). The
slow kinetics of the Shono oxidation are presumably related to
intrinsically high overpotential associated with amide oxida-
tion.*> Substrate 2 could be studied in a similar fashion with the
converse observation that the yield of lactam 3b increased as
frequency increased. The frequency had a relatively minor im-
pact on the progress of oxidative decarboxylation of 57, alt-
hough the yield of 59 decreases moderately as frequency in-
creases. Taken together, a proposed mechanism consistent with
these observations is depicted in Figure 4E. During the cathodic
phase, reduction of the imide proceeds via SET followed by
protonation. Chemoselectivity among multiple reducible func-
tional groups during this reduction step can be predicted by re-
dox potentials or LUMO coefficient. During the anodic phase
of the pulse, the carboxylic acid is oxidatively decarboxylated,
generating carbocation that is eventually trapped by solvent.
Progress of the competitive Shono oxidation is considerably ab-
rogated above a certain frequency, which accounts for reaction
differentiation between rAP and conventional DC. In other
words, a functional group affected by rAP is the one that is most
redox-active among functional groups that have reasonably fast
electrode kinetics. This rule is most emphasized in the reduction
of the peptidic substrate 1 mentioned at the outset of this work
(Figure 1); exposure to rAP-based reduction resulted in 52%
NMR yield of lactam 62 without disrupting the numerous re-
dox-active and epimerizable stereocenters (Figure 4F).

Conclusion

This work describes unique chemoselectivity of rAP that is un-
precedented and unachievable by DC electrolysis, and provides

the rational for its origin. Such control of chemoselectivity rep-
resents a unique direction for synthetic organic electrochemis-
try and a practical technique that is currently outside the reach
of conventional chemical reagent space. As such, it warrants
further study from both mechanistic and reaction discovery
standpoints.
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Notes

There is an article concerning the asymmetric current distribution
during an alternating polarity experiment using ElectraSyn2.0.
(Wills, A. G.; Poole, D. L.; Alder, C. M.; Reid, M. A Mechanistic
and Cautionary Case Study on the Use of Alternating Potential in
Electrochemical Reactions. ChemElectroChem 2020, 7, 2771—
2776.). This problem was observed only when a reference elec-
trode was used in an alternating polarity experiment. Although
this issue was already resolved by IKA, the authors declare that a
reference electrode was not used in any of the experiments in this
study. Accordingly, experimental results displayed in this article
are not affected by such an issue.
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