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Cyclic voltammetry and chronoamperometry:
mechanistic tools for organic electrosynthesis
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Mohammad Rafiee,
Antonio Romero-Arenas

Electrochemical methods offer unique advantages for chemical synthesis, as the reaction selectivity may
be controlled by tuning the applied potential or current. Similarly, measuring the current or potential
during the reaction can provide valuable mechanistic insights into these reactions. The aim of this tutorial
review is to explain the use of cyclic voltammetry and chronoamperometry to interrogate reaction
mechanisms, optimize electrochemical reactions, or design new reactions. Fundamental principles of cyclic
voltammetry and chronoamperometry experiments are presented together with the application of these
techniques to probe (electro)chemical reactions. Several diagnostic criteria are noted for the use of cyclic
voltammetry and chronoamperometry to analyze coupled electrochemical-chemical (EC) reactions, and a
series of individual mechanistic studies are presented. Steady state voltammetric and amperometric
measurements, using microelectrodes (ME) or rotating disk electrodes (RDE) provide a means to analyze
concentrations of redox active species in bulk solution and offer a versatile strategy to conduct kinetic ana-
lysis or determine the species present during (electro)synthetic chemical reactions.

(3) Molecular electrochemistry and reaction mechanisms.
(4) Coupled chemical-electrochemical reactions.
)

(5) Electrosynthesis.

Introduction

The fields of organic and organometallic electrochemistry consist  istry”.

the mechanisms of redox reactions, probe redox active species®*
and, more broadly, to gain insights into “molecular electrochem-
»>% Few organic chemists are trained in electroanalytical

of two major domains: (1) preparative electrosynthesis and (2)
electroanalytical and mechanistic studies. From a synthetic per-
spective, electrochemistry offers one of the most controlled and
environmentally benign approaches to conduct electron-transfer
reactions. From a mechanistic perspective, the electrochemical
potential and current are controlled and/or monitored precisely,
thereby enabling exquisite insights to be gained into (electro)-
chemical reactions. Several electroanalytical techniques have
been developed,> and many of them have been used to study
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chemistry, and many may be unfamiliar with these tools and the
information they can provide. The goal of this tutorial is to
present some of the fundamental principles underlying electro-
analytical techniques, with an orientation toward synthetic
organic chemistry. Cyclic voltammetry and chronoamperometry
are two widely used electrochemical techniques.””® These techni-
ques will be introduced below, after which specific case studies
will be presented to show how these techniques have been used
to gain mechanistic insights into organic and organometallic
redox reactions and/or to optimize (electro)synthetic reactions.

Cyclic voltammetry

A cyclic voltammetry experiment is performed by scanning the
potential of a working electrode linearly, relative to a reference
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electrode, in both forward and backward directions (Fig. 1a)
while measuring the current. If the solution contains the
reduced form (Red) of a redox couple (eqn (1)), the working
electrode potential is scanned from an initial potential, E;, past
the formal redox potential of the molecule, E°/,'* resulting in

s OxE' =05V 1)
+e~

Red

oxidation of Red to Ox.'* At the switching potential, E, the
positive or anodic potential scan is reversed and scanned back
from E; to the final potential, E¢, which is typically set to the
same value as Ej. This negative or cathodic potential scan
results in reduction of Ox back to Red. The potential waveforms
for two cyclic voltammetry experiments, conducted at different
scan rates, are shown in Fig. 1a. The current resulting from the
electrode potential scans is then plotted as a function of
potential, and the resulting trace is called a cyclic voltammo-
gram (Fig. 1b). As the axes show, each cyclic voltammogram
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(CV; note: “CV” is often used as an abbreviation for both cyclic
voltammetry and cyclic voltammogram) has two major para-
meters: potential and current. Two characteristic CV potentials
are the anodic and cathodic peak potentials, and they typically
have different values. The average or midpoint of the two peak
potentials, often termed Ey, or Ep,p, coincides with the formal
potential E* for well-behaved redox couples.”*™

The other characteristic of a CV is the current, especially the
peak current. The cyclic voltammetry experiment is carried out
in an unstirred, quiescent solution that eliminates convection,
and diffusion is the primary contributor to mass transfer. The
area near the electrode surface that is altered by electron
transfer and diffusion is called the diffusion layer. The current
depends on the dimensions of the diffusion layer, and it
changes with the time scale or scan rate of the cyclic voltam-
metry experiment. In addition, the current decays after reach-
ing a peak value to a steady-state value, resulting in the
characteristic “duck” shape. This current response arises
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Fig. 1 (a) Wave form showing the time-dependent applied potentials during a cyclic voltammetry (CV) experiment with an electroactive compound that
has an £° value of 0.5 V. (b) The cyclic voltammograms obtained from the experiment defined in (a). (c) The normalized cyclic voltammograms that
account for scan-rate dependence of the current response in a CV experiment. The CV data recorded at 25 (blue) and 100 (red) mV s~* directly overlay in

these plots.

because redox active species are depleted from the diffusion
layer, and the steady-state current is defined by diffusion from
the bulk solution into the diffusion layer."® A comparison of the
current response obtained at two different scan rates is shown
in Fig. 1b. The CV peak current (I,,) is a function of the number
of electrons transferred to/from the electrode (n), the electrode
surface area (4 in cm?), and the concentration (C in mol mL ™)
and diffusion coefficient (D in em” s™') of the redox-active
species. It also depends on the scan rate of the voltammetric
experiment (v is V s'), as described by the Randles-Sev¢ik
equation (at 25 °C).>"”

3 1 1
I, = 2.69 x 10°n24D2Cv2 (2)

For a set of CV experiments in which all the parameters except v
remain constant, the CV current will be directly proportional to
the square root of the scan rate. It can be useful to normalize
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CVs by dividing the CV current by the square root of the scan
rate. Normalized CVs, obtained at different scan rates, can be
overlaid to enable comparison. The normalized CV in Fig. 1c
directly overlay, but some of the case studies presented below
will show how this normalized CV comparison can provide
valuable mechanistic information.

Chronoamperometry

To perform a chronoamperometry experiment, the potential of
a working electrode is stepped from a potential (E;),'® at which
no electron-transfer reaction occurs, to a potential (E,) beyond
the E° of the redox species, at which the rate of electron
transfer is not the limiting factor for the electrode reaction."®
Fig. 2a shows the potential step applied to a solution containing
Red (¢f. redox couple in eqn (1)). The potential step results in an
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oxidation reaction, and since E, is significantly more positive
than E° the concentration of Red goes nearly to zero at the
electrode surface. Thus, the current is controlled (limited) by
diffusion and gradually decreases over time. The resulting
chronoamperogram (CA) is shown in Fig. 2b and is described
by the Cottrell equation:

1 1
I, =3.03 x 10°n4D2CR2 (3)

In this expression, I, is the current, n is the number of electrons
transferred, A is the area of the electrode, D and C are the
diffusion coefficient and the initial concentration of Red,
respectively, and ¢ is time.'® At a sufficiently high overpotential
(i.e., =120 mV beyond E*’ for a 1e™ reaction), where the potential
is not a limiting factor, the current is limited by the flux or
concentration of the redox-active species. Under these limiting
conditions, deriving the concentration profiles and quantitative
information about the reaction and reactivity of the redox-active
species is straightforward.* Charge integration of the chronoam-
perometry current trace, called a chronocoulogram (Fig. 2c), gives
the number of molecules that undergo electrode reaction within
the diffusion layer. Both charge and current can be used for these
quantitative reaction analyses. Similar to the cyclic voltammetry
experiment, the first potential step (forward step) may be
followed immediately by a backward step to perform the opposite
electrode reaction. Fig. 2d shows a double potential step experi-
ment and its resulting CA currents. The backward potential step
(E5) needs to be beyond the E° on the opposite side relative to E,
to drive the back electron-transfer step. For example, if the
solution includes Red, E, needs to be at least 120 mV above E°/
and Ej; at least 120 mV below E*/, corresponding to a >240 mV
potential step from E, to E;.>°
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Fig. 2 (a) Time-dependent applied potential of a chronoamperometry
experiment, (b) resulted chronoamperograms, and (c) chronocoulogram
for oxidation of a redox-active compound with standard potential (E°’) of
0.5 V. (d) Time-dependent applied potential for a double step chronoam-
perometry and (e) resulted chronoamperograms for oxidation and
reduction of a redox-active compound with standard potential (E°’) of
0.5V.
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Cyclic voltammetry study of
correlation between thermodynamic
parameters and redox potential

Redox potentials acquired by cyclic voltammetry are readily
accessible and represent valuable thermodynamic parameters
that provide insights into the properties of organic molecules,
organometallic complexes, or electrochemical mediators and
electrocatalysts. These values provide useful insights relevant to
understanding reaction mechanisms, optimizing electrochemi-
cal reactions, or designing new reactions. The correlation
between redox potential and thermodynamic parameters is
summarized in Box 1.

Box 1. Correlation between E° and thermodynamic
parameters

e E° correlates with: ionization
potentials, Hammett parameters (o),
reaction equilibria (K), and provide
information on structural
parameters.

e E,,, of reversible CVs is a measure
of E

e E, or onset potential of
quasi-reversible or irreversible

E,,=E”

CV approximates the E°'. Il (HA)
010 035 060 085
E (V) vs. Ref

In 2000, Matyjaszewski and Amatore studied the relationship
between the redox potential of Cu" complexes and their behavior as
co-initiators in atom transfer radical addition (ATRA) and poly-
merization (ATRP) reactions.”’ Because initiation of these reac-
tions involves the abstraction of a halide from the initiator (R-X) by
the metal complex, they sought to understand the correlation
between the reaction kinetics, which are influenced by the abstrac-
tion equilibrium, and the redox potential of the complex (Fig. 3a).
Eight ligands with two copper salts (CuCl and CuBr) were studied.
Many complexes exhibited sluggish outer-sphere electron transfer
rates, evident from the non-Nernstian”** separation between the
anodic and cathodic peaks (Fig. 3b). Nonetheless, approximated
redox potentials (E; ;) were correlated with the apparent rate of the
polymerization reaction (Fig. 3c). Five of the copper bromide
complexes showed good correlation between the KZiP and the
approximated redox potential, suggesting a correlation between
more reducing Cu' complexes (or less oxidizing Cu" complexes)
and more rapid reaction.

In 2002, Yoshida and Yamago demonstrated electrochemical
glycosylation using chalcogenoglycosides as the glycosyl-trans-
fer agent (Fig. 4a).>® Linear sweep voltammetry (LSV) was used
to measure the peak potential of the irreversible, one-electron
oxidation of various pyranose sugars bearing aryl sulfur,
selenium, or tellurium acetals at the anomeric carbon and
different protecting groups and aryl substituents. The oxidation
(decomposition) potential of these molecules showed a clear
trend with the ionization potential (IP) of the chalcogen atoms
in the order of Te < Se < S (Fig. 4b), indicating that the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) General scheme of atom transfer radical polymerization
reactions. (b) Cyclic voltammograms of four ligands with copper chloride
(1:1 except in the case of bipyridine*) at 10 mM in acetonitrile (100 mM
NBuU4PFg). (c) Correlation between the halide abstraction equilibrium
constant (derived from ATRP kinetic data) and the redox potential of the
associated copper bromide/ligand catalyst complex. Reproduced from ref.
21 with permission from John Wiley and Sons, copyright 2000.

molecular orbital contributing to the one-electron oxidation was
localized on the chalcogen atom. These clearly distinguishable
oxidation potentials were used to demonstrate selective activa-
tion of one chalcogenoglycoside (2) toward oxidation-induced
glycosyl transfer over another (1). Under constant-potential
electrolysis in divided or undivided cells, selective activation
and glycosyl-transfer occurred from the most easily oxidized
telluro- or selenoglycoside.

In 2013, Little and coworkers studied a suite of triaryl-
imidazoles (3a-e, Fig. 5), to assess the relationship between
substituent effects and the potential of the electrochemical
mediator.>* Little had previously shown that these compounds,
which have CVs that feature one quasi-reversible oxidation and
two irreversible oxidations, function as efficient oxidative med-
iators and are able to affect the mediated electrochemical
oxidation of alcohols or ethers. The first oxidation potentials

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Reaction scheme and mechanism of electrochemical glycosy-

lation. (b) Correlation between observed irreversible oxidation potential of
various chalcogenoglycosides and the ionization potential of the asso-
ciated chalcogen atom. Reproduced from ref. 23 with permission from
American Chemical Society, copyright 2002.

of these mediators spanned more than 700 mV, and the values
correlated with either the sum of the two Hammett (o+) para-
meters of the substituents (Fig. 5) or the calculated ionization
potential.

In 2018, Muniz and coworkers demonstrated the electro-
chemical oxidative C-H amination of acyclic amines (4) to form
saturated nitrogen heterocycles (Fig. 6).> Cyclic voltammetry
was used to probe the onset potential for oxidation of a model
substrate (5) and two other compounds, one lacking the amine
functionality (6), and one with a saturated carbocycle in place of

14
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Fig. 5 Correlation between the first oxidation potential of triarylimidazoles
and the sum of the Hammett parameters of the para-substituents.
Reproduced from ref. 24 with permission from American Chemical Society,
copyright 2013.
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the aromatic ring (7). The data showed that the current onset of
the substrate aligns well with the simple aromatic compound,
while oxidation of the saturated amine occurs at >200 mV
more positive potentials (Fig. 6a). This analysis indicated that
the mechanism of the reaction is initiated by oxidation of the
aromatic ring, followed by proton loss to give a benzylic radical,
which could undergo further oxidation to a benzylic cation
(Fig. 6b). Trapping of this cation forms the products. This
mechanism aligns with observation of modest diastereoinduction
by proximal stereocenters.

In 2015, Sigman and Minteer used DFT calculations and
multiparameter kinetic analysis to study the reactivity of oxo-
ammonium electrocatalysts.”® They used glycerol oxidation as a
model reaction and measured the redox potentials of nitroxyl
electrocatalysts (Fig. 7, Ea1, E.») and the peak anodic and
cathodic CV currents at the nitroxyl/oxoammonium potential
in the presence and absence of glycerol (I, Ipc). The ratio Ip,/I.
correlates with the catalytic turnover rate of the dlfferent
oxoammonium species. Both redox potentials, the oxidation of

graphite||platinum RO,SN
NHSO,R undivided cell )n
n _—
constant current (2.5 mA)
4 0.1M NBu,BF,

(CF,),CHOH, 25°C

j (mAlcm?)

E (V) vs. AglAgNO;

NHTs anodic NHTs NHTs
oxldallon

Second
oxldatlon

53% 81%
2.5:1d.r.

Fig. 6 (a) Cyclic voltammetry showing that direct oxidation of the aryl
tosylamide substrate correlates with oxidation of an aromatic analogue and
not an analogous tosylamide. (b) The mechanism of cyclization, relying on
2e”, 1H" oxidation of the benzylic C—H bond. Reproduced from ref. 25 with
permission from the Royal Society of Chemistry, copyright 2018.
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the nitroxyl to the oxoammonium (E,;) and the pH-dependent
reoxidation of the fully reduced hydroxylamine (E,,), contribu-
ted to the best multiparameter fit.

DFT calculations were used to calculate the redox potentials
of diverse nitroxyl species, and these values were correlated
with other computed features, such as the N—0O and N-O°
bond stretching frequencies. Structural features that stabilize one
or the other of these functional groups, such as stereoelectronic
effects, contribute to the stretching frequencies (which could be
measured and/or computed) and were then correlated with the
thermodynamic redox potential. Finally, these data were used to
classify different types of nitroxyl compounds into their potential
applications: electrochemical or synthetic catalysts, spectroscopic
standards, and antioxidants (Fig. 7).

In 2018, Stahl and coworkers described a mediated Shono-
type oxidation using bicyclic nitroxyl mediators.>” The Shono
oxidation, which traditionally proceeds through direct oxidation
of amines at the nitrogen atom (via an ECE mechanism, see below)
to imines and ultimately amides, demonstrated poor site selectiv-
ity on a substrate bearing a pendant electron-rich arene. They used
cyclic voltammetry to show that a variety of functional groups
exhibited direct oxidation at potentials lower than the amine
oxidation, indicating that such functional groups would undergo
reactions competitive with amine oxidation. Alternatively, bicyclic
nitroxyls, upon oxidation, promote hydride abstraction to provide
the Shono-type products. Because the redox potentials of nitroxyls
are far below the oxidation potentials of amines, this reaction
showed higher functional group tolerance. In the direct oxidation
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Fig. 7 Correlation between redox potential and structural features in
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from ref. 26 with permission from American Chemical Society, copyright
2015.
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Fig. 8 Cyclic voltammograms of electrocatalyst, substrate, and two of the
additives used for the study of the robustness and functional group
tolerance. Reproduced from ref. 27 with permission from John Wiley
and Sons, copyright 2018.

each amine bearing a reactive functional group provided poor
yields of amide, but under mediated conditions, such substrates
provided high yields. The breadth of tolerated functional groups
was demonstrated using cyclic voltammetry of a variety of additives
in a robustness screen (Fig. 8);*® each additive showed an onset
potential at or below that of the model substrate, indicating
competitive reactivity, but much higher than the mediator
potential, indicating selective mediated reactivity. These additives
were both recoverable after the mediated reaction and left the yield
of amide product largely unchanged. In this way cyclic voltam-
metry, via the elucidation of redox potentials, provided informa-
tion on the relative chemoselectivity of two separate reaction
pathways and about potentially problematic functional groups.

Study of coupled electrochemical—
chemical reactions

Electrochemistry may be used to generate new species by adding
electrons to, or removing them from, a molecule. The reduced
or oxidized species formed in this manner often undergoes
rapid chemical reaction in solution. Electroanalytical methods
provide a versatile means to study coupled redox processes of
this type.

Various factors contribute to the utility of electrochemical
techniques for kinetic and mechanistic studies. The recorded
current is proportional to concentration of the redox active
species. This feature not only makes it possible to probe the
concentration of redox-active species, but also redox-inactive
species that interact or react with the redox-active species. The
ability to perform double-step or double-scan experiments
enables reactive species to be generated by stepping or scanning
the potential in one direction and probing its concentration by
stepping or scanning the potential in the reverse direction. The
flexible time window of electroanalytical techniques allows them
to be used to study reactions with a wide range of rates. Multiple
simple-to-advanced electroanalytical techniques are available to
study coupled electrochemical-chemical reactions; however,
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cyclic voltammetry and chronoamperometry are among the most
frequently used. These two techniques, which are typically inte-
grated within the software for commercial instruments, provide
information about electrode reactions ranging from simple direct
electron transfer to more complex coupled electrochemical-
chemical reactions. Cyclic voltammetry is unique in its ability
to vary the time scale by changing the potential scan rate, and
chronoamperometry is very easy to perform experimentally.
Terminology has been developed to describe redox reactions
that feature chemical reactions coupled to electron transfer at
an electrode. “E” denotes an electron-transfer reaction, “C”
denotes a chemical reaction, and these terms are ordered to
reflect the sequence of reactions. For example, an EC reaction
reflects a process initiated by electron transfer at the electrode,
followed by a chemical reaction of the reduced or oxidized
species. A related mechanism, termed EC’, is used for reactions
in which an electron transferred in the E step involves a species
that promotes catalytic turnover (ie., a series of chemical
steps). In such reactions, the catalyst can be regenerated at
the electrode surface and undergo another electron-transfer
step on the time scale of the electrochemical experiment. EC
and EC’ are common mechanisms in organic electrosynthesis
and will be a major focus of the discussion and analysis below.

EC mechanisms

An EC mechanism consists of an electron-transfer reaction
followed by a chemical reaction that consumes the product of
electron transfer, commonly in an irreversible step (e.g., eqn (4)
and (5)).

Red % Ox (E step) (4)
Ox Lo p (C step) (5)

CV analysis of a reaction with an EC mechanism reveals a peak
associated with electron transfer in the forward scan, resem-
bling that observed in an electron-transfer-only (E) mechanism.
The chemical reaction (C) step consumes the Ox species
generated by the electrode reaction, and the backward peak
current therefore has decreased current. The magnitude of this
decrease depends on the rate of the C step and the time scale of
cyclic voltammetry experiment (i.e., the scan rate). The ratio of
the backward and forward peak current, I,./I,,, will be less than
unity and will decrease as the rate of the C step increases
(Fig. 9a). The dimensionless parameter kt, where k is the rate
constant of the C step and 7 is the time to scan the potential
between the switching potential (E;) and E ,, was introduced by
Shain as an indicator of the extent of the reaction.?®

The time scale of the cyclic voltammetry experiment, t
(defined by the scan rate and potential window of the experi-
ment), is inversely proportional to the scan rate (v). The Ip/Ipa
ratio increases with increasing v (Fig. 9b), and plotting the
I,o/I, versus log(kt) (Fig. 9c) may be used to determine the value
of k from the slope in the linear region of the plot.*® A related
plot based on the k/v ratio, rather than kt, has also been used to
determine the k value for an EC mechanism.>*?" Because the
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Fig. 9 (a) Simulated cyclic voltammograms for the oxidation of 1 mM Red
with E1» = 0.5V, in the absence (dotted line) and presence of a chemical
reaction with k value = 0.2 M~! s7% scan rate 100 mV s™% (b) Cyclic
voltammograms of EC mechanism with k = 0.2 M~! s72 at different scan
rates, (c) plot showing how the cathodic-to-anodic peak-current ratio
varies as a function of k, the rate constant of the C step in the EC
mechanism, and 1, the time to scan the potential between the switching
potential and E4,,, and (d) plot of the normalized cyclic voltammograms in
panel (b).

anodic and cathodic CV currents depend on the scan rate, it is
useful to plot CVs with normalized current to show the effect of
the chemical reaction more clearly (Fig. 9d). A slight potential
shift in the forward peak potential may be observed. This
feature reflects consumption of Ox by the chemical reaction
in the C step, which promotes the Red to Ox reaction according
to Le Chatelier’s principle and shifts the oxidative peak to less
positive potentials (¢f. Fig. 9d).

Double-step chronoamperometry experiments complement
CV studies and can be used similarly to perform kinetic studies
of EC reactions. In these experiments, the potential is switched
(“stepped”) between two different potential values, rather than
scanned continuously, as in CV experiments. For an oxidative
EC reaction such as that shown in eqn (4) and (5), the first step
is used to oxidize Red to Ox at a potential more positive than
the E;, for Red. The current is recorded at this potential before
stepping back to a more negative potential, suitable to reduce
Ox to Red. The ratio of the current or charge passed in the
second step relative to the first step will vary, depending on the
rate of the C step in the EC sequence and the time delay
between the first and second potential steps. The step 1/step
2 ratio of currents, or charge passed, may be analyzed in a
manner similar to the CV data in Fig. 9 to derive the k value for
the C step.33?

Reactions with more than one E or C steps

Redox reactions initiated by an E step may be followed by
another E step, and also may include more than one subsequent
step. Other common reactions, in addition to EC reactions,
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include EE, ECE, and ECEC mechanisms. An EE mechanism
consists of two successive electron-transfer steps. ECE mechanisms
arise when the second E step, which follows a chemical step, is
thermodynamically more favourable than the first E step. In other
words, the product of the C step undergoes rapid electron transfer
because the electrode potential is set at the potential needed to
initiate the first E step. When the C step in an ECE mechanism
is very fast (i.e.,, when k/v is high), the forward CV scan or
forward chronoamperometry step will have the appearance of
an EE mechanism. This behavior is common for the electro-
chemical oxidation of many organic molecules,>® for exam-
ple, when the first electron-transfer reaction (ET) is followed by
a fast proton-transfer (PT) step. Such ET-PT steps often generate
radicals that are more readily oxidized than the original starting
material, and another ET step forms a cationic species. The
carbocation generated in this ECE (i.e., ET-PT-ET) mechanism
often reacts readily in another chemical step (e.g., reaction with
a nucleophile), leading to a net ECEC pathway.

The PT step of many of these reactions is very fast, resulting
in the CV exhibiting an irreversible wave with a current that
reflects the transfer of two electrons. An example this type of
ECEC mechanism is shown in Fig. 6b for oxidation of the
alkylarene substrate 5. The reaction is initiated by anodic oxida-
tion of 5 to generate an arene radical-cation (E), followed by
proton transfer (C) from the benzylic position to form a carbon-
centred radical. Rapid oxidation of the radical (E) forms a
carbocation that undergoes reaction with the appended sulfona-
mide nucleophile (C) to form the final product. Complementary
reductive ECEC reactions are known. An example is the electro-
chemical Birch reduction of aromatic compounds.®’

EC’ mechanism

Many emerging electrosynthetic reactions employ mediators or
electrocatalysts that undergo electron transfer at the electrode and
then undergo chemical reaction with the substrate. (Note:
although distinctions could be made, the terms “mediator” and
“electrocatalyst” are often used interchangeably in the literature.)
If the C step is sufficiently fast, the mediator or electrocatalyst will
be regenerated on the timescale of the electrochemical scan,
allowing for one or more additional sequences of electrochemi-
cal/chemical reactions. Such reactions, designated EC’, represent a
variation of the conventional EC sequence (eqn (6) and (7)), in
which regeneration of Red in the C step, which differs from the
irreversible reaction shown in eqn (5).

Red ji Ox (E step) (6)
=
Ox + Sub “ Red + Prod (C step) (7)

Regeneration of the catalyst upon reaction with substrate (for-
mation of Red in eqn (7)) can lead to a significant increase in
current during the forward CV scan. The same reactivity elim-
inates the current in the reverse scan because Ox is consumed by
the substrate, and thus is not available to undergo electron
transfer at the electrode. This behavior is depicted in Fig. 10a,
where the catalyst in the absence of substrate shows a typical
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Fig. 10 (a) Simulated cyclic voltammograms for electrode reaction of
1 mM Red with Ey;, = 0.5V, in the absence (dashed black trace) and
presence (solid red trace) of a catalytic reaction with k = 20 M~%s7%, scan
rate 100 mV s~ (b) Chronoamperometry of the same electrode reaction
(dashed black trace) and electrocatalytic reaction (solid red trace), with an
applied potential for chronoamperometry of 0.62 V vs. ref electrode.

reversible CV feature (black dashed trace), but in the presence of
substrate shows a sigmoidal curve associated with electrocataly-
sis (red solid trace). Under conditions in which the concentration
of substrate does not limit the catalytic rate, the forward scan
exhibits a plateau at a current that correlates with the rate of
catalytic turnover and is independent of the scan rate. The height
of this kinetically controlled plateau can be used to derive the
turnover number (TON) or turnover frequency (TOF) of the
catalytic reactions.

No kinetic information can be obtained from the backward
scan since all the Ox is consumed. In ideal cases, the forward and
reverse scans are identical (i.e., they directly overlap). Electro-
catalytic reactions are readily studied by single-step chronoam-
perometry (CA). Fig. 10b shows CA traces associated with the
same electrocatalytic reaction analyzed by CV in Fig. 10a. When
the electrode is stepped to 0.62 V (120 mV higher than the catalyst
E,j, value) in the absence of substrate, a decaying current trace is
observed associated with electrochemical oxidation of the catalyst
at the electrode surface (black dashed trace in Fig. 10b); ¢f E step
in eqn (6). In contrast, a significantly higher steady current is
observed in the presence of substrate (red solid trace in Fig. 9b),
arising from catalytic turnover according to the EC’ mechanism
in eqn (6) and (7). The chronoamperometric current may be used
to derive the TOF of the catalyst, as described below.

Examples of the EC mechanism

Cyclic voltammetry is characterized by rapid collection of data,
easy experimental set up, and a wide range of time scales to
analyze reactivity. These features make this technique very
powerful to obtain mechanistic information, including rate
constants. Many reactions can be analyzed in very short time
periods by using CV. Consequently, CV is ideally suited to
analyze broad sets of data, for example, in the development
of Hammett plots or the use of Multivariate Linear Regression
(MLR) methods. The diagnostic criteria for CVs of an EC
mechanism with an irreversible subsequent chemical reaction
are presented in Box 2.
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Box 2. Diagnostic criteria of an EC mechanism

o I/Ia < 1 and decreases upon

decreasing the scan rate. 6
e Normalized I, decreases with a

decrease in scan rate. 34
e E,, shifts to lower values as the
scan rate decreases.

(Note: Analysis here applies to
initially oxidative scans.) -3 1

1 (uA)

[/
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IAIock

0.1 04 0.7 1
E (V) vs Ref.

The groups of Sigman and Minteer have used CV methods to
interrogate mechanistic aspects of different reactions, particu-
larly in the context of Co and Ni catalysis.***! For example, they
have investigated the oxidative addition of allyl acetates to
Co and Ni complexes. Well-defined cyclic voltammetry traces
were observed for the M™" reduction when sterically hindered
bipyridines and phenanthrolines were used as the ligands
(Fig. 11).*° The proposed mechanism for the reaction of allyl
acetate with Ni/M°bpy (Mbpy = 6,6’-dimethyl-2,2"-bipyridine)
upon reduction of the metal to Ni' is in agreement with an EC
mechanism (Fig. 11a) and is consistent with CV observations.
CV analysis was therefore used to probe cathodic and anodic
peak currents observed for the metal complex in the presence
of substrate. Ni' is generated during the cathodic scan and the
reverse scan will lead to an anodic peak that varies in magni-
tude depending on the scan rate and the rate of the oxidative
addition step, which consumes Ni' (Fig. 11b). The elapsed time
between the cathodic and anodic peaks and the ratio of anodic
and cathodic peak currents (Fig. 11c) may be used to obtain rate
constants for the oxidative addition step (Fig. 11d). Analogous
data can be obtained with different ligands and substrate and
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Fig. 11 (a) Proposed mechanism for reaction of allyl acetate with a
NiBr,/Mbpy complex. (b) Cyclic voltammetry traces at two scan rates
using a solution of 1.0 mM NiBr,-DME, 1.0 mM Meppy ligand, 5.0 mM allyl
acetate in a solution of acetonitrile containing 100 mM NBu4PFe at 25 °C.
(c) Equations used in the study to obtain kinetic data from cyclic voltam-
metry data in (b). (d) A second order kinetic plot using CV data to obtain
rate constants for oxidative addition. Reproduced from ref. 40 with
permission from American Chemical Society, copyright 2022.
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used to build Hammett plots and MLR models to probe factors
that influence the oxidative addition step. Based on the same
approach, Minteer and Sigman investigated the oxidative
addition of benzylic halides to Co' complexes.*® Rate constants
for the oxidative addition step were obtained by cyclic voltam-
metry, but the data also implicated a more complex mechanism.

The effect of the substrate concentration 8 on the CV peak
current ratios analyzed by CV was consistent with consumption
of Co' on the timescale of the CV (lower I,,/I,. at increased [8]);
however, the data also revealed a shift in the cathodic peak to
lower potentials with increasing substrate concentration (Fig. 12b).
The shift is opposite to the direction expected for an EC mechanism
(see further discussion below), and CV simulations provided
support for a more complex multistep mechanism, shown in
Fig. 12a. As noted above, EC mechanisms can lead to a shift in
the peak during the forward CV scan.

Dempsey et al. observed such behavior in the reaction of
different acids with cobalt complexes that form cobalt hydrides
relevant to the hydrogen evolution reaction (HER).** CV analy-
sis of [(dppe)(CH;CN)Co(Cp)]** in the absence of added acid
reveals two reversible redox features, E; and E,, in CH;CN
solvent corresponding to Co™/Co™ and Co"/Co' redox reactions
(blue traces in Fig. 13b and c). Upon changing the solvent to
CH,Cl,, E; becomes irreversible, rationalized by an EC mecha-
nism in which the C step involves dissociation of CH;CN from
the Co" complex. This behavior is accompanied by a potential
shift to more positive potentials (Fig. 13b), which is character-
istic of a reversible E step followed by a C step. Adding CH;CN
to CH,Cl, recovers Co™/Co" reversibility, and the E, shifts
toward the more negative values observed in the CH;CN solvent
(not shown).

If acid is present, reduction of Co™ to Co' results in the
reaction of the Co' complex with a proton, generating the
corresponding Co™ hydride. In this case, the features expected
for an EC mechanism are reflected in the CV: the reverse peak
disappears (Epa,, and consequently, Ep,,;) and the reduction
peak (Epc,) is shifted positive at high concentration of acid
(Fig. 13b, grey and red traces). These data are consistent with
an ET-PT (electron transfer followed by proton transfer) mecha-
nism for formation of Co™ hydride. Additional CV experiments
performed at different concentrations of acid and scan rates
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Fig. 12 (a) Proposed mechanism for activation of benzyl bromide by Co/
pyrox system. (b) Cathodic shift of peak cathodic potential for the Co'"/Co'
couple ligated by 5CN-pyrox ((S)-6-(4-(tert-butyl)-4,5-dihydrooxazol-2-
ylnicotinonitrile) with successive increases in benzyl bromide 8 concen-
tration. Reproduced from ref. 39 with permission from American Chemical
Society, copyright 2019.
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Fig. 13 (a) Proposed mechanism for the formation of Co—H complex. (b)
Cyclic voltammograms of [(dppe)(CH3zCN)Co(Cp)l(PFg), 0.5 mM in CHsCN
(blue trace) and CH,Cl, (red trace). (c) Cyclic voltammograms of the same
complex in the absence of a proton source (blue) and as 4-cyano-
anilinium (pK, = 7) is titrated into an CHsCN solution (traces grey to red).
Cyclic voltammograms were recorded in 0.25 M NBu4PFg at 100 mV s~
(d) Rate constants for protonation of Co' (kpr) on a logarithmic scale as a
function of acid pK, in CH3zCN and selected examples of acids included in
the study. Reproduced from ref. 42 with permission from American
Chemical Society, copyright 2017.

allowed determination of the PT rate constant (kops = kpr)
(eqn (8)).

RT RT RT
E, = E% (k"bs > (8)

F078+ﬁ0781 F

In this equation R, T, and F are the gas constant, temperature,
and Faraday constant, respectively. E,, is the reduction peak
potential in the presence of acid, where E;,, is obtained from
CV analysis in the absence of acid. A plot of kpr versus the pK, of
different acids revealed three different groups of proton donors
(Fig. 13c): weaker acids with rate constants that increase as the
pK, is lowered (Fig. 13d, red); strong acids that have identical
rate constants (Fig. 13d, green), and acids that do not fit either
of these two trends, due to steric interactions (Fig. 13d, blue).
The mechanistic origin of the break in the pK, trend was not
identified, but the results highlight the ability of CV to analyze
kinetic behavior of this type.

Amatore and Jutand investigated the mechanism of reduc-
tive biaryl coupling of aryl halides catalyzed by (dppe)NiCl,
using cyclic voltammetry.*® To study the catalytic reaction, they
first studied the redox behavior of (dppe)NiCl, that undergoes a
two-step reduction. The CV of (dppe)NiCl, shows two reduction
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Fig. 14 (a) Cyclic voltammogram of (dppe)NiCl, (2 mM) in HMPA/THF
(1/2) mixture (0.1 M NBu4BF,4) at 20 °C. Voltammogram at a stationary gold
microelectrode (d = 125 pm, v = 500 V s7%). (b) Variations of current peak
ratio /5(R2)/15(Rq) with the scan rate and the (dppe)NiCl, concentration, Co:
(O) 1.0, (@) 1.5, and (@) 2.0 mM. Solid line: theoretical variations for a
Ni' dimerization mechanism. (v in V s, Co in M, AEP in V; k in Mt s7%
Z = 0.034(FAE/RT); 20 °C). Reproduced from ref. 43 with permission from
American Chemical Society, copyright 1988.

peaks, C; and C,, corresponding to Ni"""/dppe to Ni"/dppe,
respectively (Fig. 14). The oxidative peaks in the backward scans
are ill-defined and this prevents the use of anodic/cathodic
peak ratios to study the stability of the electrochemically
generated Ni complexes. Normalized current CVs showed that
the first reduction peak (C,) is diffusion-controlled, and its
normalized current is independent of the scan rate. The
normalized current of the second reduction peak (C,), however,
decays by decreasing the scan rate. It also decays by increasing
the concentration of (dppe)NiCl,. This behavior implicates
a chemical reaction of Ni'/dppe upon its electrochemical
generation, and the concentration dependence of the decay is
consistent with a dimerization process.

This reactivity was further probed by monitoring the ratio of
the C, peak current (Ip,.,) relative to the C; peak current (I,¢;) at
different scan rates and concentrations of (dppe)NiCl,. As
shown in Fig. 14b, the I/l ratio is low at low scan rates
and approaches unity at higher scan rates, showing that the
kinetics of Ni' dimerization can be competitive with the CV
scan rate.

In addition to this qualitative analysis, plotting these ratios
at different scan rates and concentration allows the construc-
tion of a working curve for an EC mechanism, from which the
rate constant for the dimerization of Ni' can be determined.
With a similar approach and diffusion reaction equations, the
authors obtained rate constants for the chemical steps involved
in the mechanism for this Ni-catalyzed reductive coupling.

The above examples show that cyclic voltammetry is a
powerful tool to obtain information about reactions described
by the EC mechanism. This is the simplest mechanism to find
where a chemical reaction occurs after a redox event. However,
more complex mechanisms can arise if other follow-up electro-
chemical and chemical steps are involved. One of these complex
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Fig. 15 (a) General reaction scheme. (b) Cyclic voltammogram at a glassy
carbon electrode (A = 2.5 mm?) of 2 mM catechol 9 alone (red) in the
presence of 2 mM acetylacetone 11 (blue) and 2 mM 11 alone (green). (c)
Cyclic voltammogram as in (b) but at pH = 9 in buffered solutions with
same ionic strength. v = 100 mV s%, T = 25 °C. (d) Curve |: variation of peak
current ratio /,c/lp, in the absence of acetylacetone; curve II: variation of
peak current ratio /c/lps in the presence of acetyl acetone; curve Il
difference between peak current ratio /,c//p, in the presence and absence
of acetylacetone. Reproduced from ref. 44 with permission from Elsevier
B.V., copyright 2003.

mechanisms, the ECEC mechanism, is illustrated by the work of
Nematollahi and Rafiee involving electrochemical synthesis of
benzofurans and CV studies to determine the reaction mecha-
nism (Fig. 15).**

The reaction takes place via oxidation of catechol (9) into the
quinone (10) followed by Michael addition of acetylacetonate
(11). Further oxidation of the intermediate (12) enables a
second nucleophilic attack by the enolate oxygen atom to form
the furan ring (14) (Fig. 15a). Oxidation of 9 to 10 follows a
quasi-reversible two-electron process, with an I,./I,, of approxi-
mately 1 (Fig. 15b). At high pH, however, this reversibility is lost
due to polymerization reactions of the quinone with anionic
species (Fig. 15c, red trace) that can compete with the reaction
of interest. At lower pH, this decomposition pathway is negli-
gible and the disappearance of the cathodic peak in the
presence of 11 (Fig. 15b, blue trace) reflects reaction of 10 with
this nucleophile. By plotting the I,./I,, at different pH in the
absence and presence of the nucleophile, an optimal pH value
(pH = 7) was found to maximise the productive pathway in
electrosynthesis (Fig. 15d).

Examples of the EC’ reactions analyzed by cyclic voltammetry

The diagnostic criteria for CVs of an EC’ electrocatalytic
mechanism are presented in Box 3.
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Box 3. Diagnostic criteria of an EC’ mechanism
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A straightforward example of an EC’ mechanism can be seen in
the work by Cass et al., where ferrocenecarboxylic acid (15) was used
as a mediator for the oxidation of glucose by the enzyme glucose
oxidase (GO). Inspiration for this reaction came from detection of
blood glucose levels, which normally uses O, as the oxidant.*®
Mediator 15 undergoes oxidation at the electrode surface forming
15" then reacts with GOy.q, generating GO, and regenerating the
original form of 15, which can then again undergo oxidation at the
electrode surface. GO reacts with glucose to produce gluconolac-
tone and regenerate GO,eq, completing the catalytic cycle (Fig. 16).
Comparing the CV of the ferrocene mediator in the absence and
presence of glucose oxidase (all with glucose present) shows a
significant increase in the anodic peak current on the forward scan
and loss of the reduction peak on the backward scan (Fig. 16b). The
features are characteristic of an EC' mechanism (Box 3). Performing
cyclic voltammetry at different concentrations of GO allowed deter-
mination of the 2nd-order homogenous rate constant between
ferrocenium and glucose oxidase. By plotting the Iea/Ip, versus v '
from pseudo-first-order conditions, the rate constant of catalytic
reaction (k) can be derived, according to eqn (9).*>
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Fig. 16 (a) Cyclic voltammogram of 15 and glucose in the absence and
presence of GO. (b) Reaction scheme for electrocatalytic reaction (c)
plotting kinetic parameter k¢/(nFvR~*T~%) as a function of »~* for various
glucose concentrations. Reproduced from ref. 45 with permission from
American Chemical Society, copyright 1984.
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The slope of the line for each glucose concentration gives a pseudo-
first-order rate constant k;, which is then used to determine the
second-order homogeneous rate constant from k¢#[GO]. The
presence of v in this equation reflects the scan-rate dependence of
I,; however, as mentioned above (EC' mechanism section), I, is
independent of scan rate and controlled by turnover rate of the
catalytic reaction. Generally, measurement of I../I,, is a useful
method for the study of catalytic reactions, either by cyclic voltam-
metry or chronoamperometry studies.

An alternative to derive k¢ involves plotting I.,. versus the
square root of substrate concentration as shown in eqn (10).%*°

Ieat = NFAC cae(DK' Coup)*® (10)

Here, C.,: and Cgyp, denote the bulk concentrations of catalyst
and substrate, respectively, and n, F, and A represent the
number of electrons, the Faraday constant, and the electrode
surface area, respectively.

In 2021, Diao and Liu combined cyclic voltammetry studies
with DFT calculations to elucidate the mechanism of alkyl radical
formation by reaction of (bpy)Ni'(Ar) complexes with C(sp’)
electrophiles.”” This step is proposed to play a role in reductive
cross-electrophile coupling reactions. Ni complexes with bipyridyl
ligands are commonly used; however, the high reactivity and
instability of monoligated (bpy)Ni'(Ar) complexes hampered their
study. CV analysis of (bpy)Ni"(Mes)Br (16) at —60 °C and at room
temperature showed a cathodic peak assigned to one-electron
reduction of 16 to 16’ and a corresponding anodic peak for
reoxidation from 16’ to 16. (Fig. 17b). The I,,,/I;, ratio is ~1 over
a wide range of scan rates, indicating that 16’ is stable on the CV
time scale under these conditions (i.e. 0.67-20 sec at —60 °C;
Fig. 17c). The CV at room temperature exhibits a smaller I,,/I,c
ratio. This observation was proposed to arise from dissociation of
Br~ from 16’ to form (bpy)Ni'(Mes). A second oxidation peak is
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E (V) vs Fc*IFc
Fig. 17 (a) Scheme of single electron reduction of 16. (b) Cyclic voltam-
mograms of 16 at —60 °C (blue trace) and room temperature (green trace),
both with v = 500 mV s~. The enhancement in current seen at room
temperature is due to the increase in diffusion; this effect is accounted for
in the Randles—Sev¢ik equation. The second peak, at more positive
potentials, was assigned to the oxidation of (bpy)Ni'(Mes), formed via Br™
dissociation from 16’. (c) Plot of /,.//,, ratio against scan rate conducted at
—60 °C, showing the peak to peak ratio remains approximately unity at
different scan rates. Reproduced from ref. 47 with permission from
American Chemical Society, copyright 2021.
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evident at a more positive potential and was assigned to the
oxidation of (bpy)Ni'(Mes). The I,,/I, ratio varies with the CV scan
rate, reflecting an EC mechanism, and the rate of this dissociation
was determined to be 2.5 s~ . CV analysis was then performed with
16 in the presence of 1-bromopropane.

A reaction between 16’ and 1-bromopropane was evident
from a reduction in I, and decrease in I/l (Fig. 18a). The
enhancement of I, in the presence of 1-bromopropane could
arise from an EC’ (electrocatalytic) mechanism or an ECE
process in which the product of Ni' reaction with bromopro-
pane is reduced at this potential. Conducting cyclic voltamme-
try with slower scan rates allows for more time for reaction of
electrogenerated 16’ with 1-bromopropane, which enhances I,
and decreases the I,,/I,.. These effects are evident in Fig. 18b
with normalized CVs at different scan rates. The authors used
Ina/Ie at different scan rates and a fitting process to derive the
rate constant (5.9 x 107" M~ ' s~ '). The same procedure was
repeated for different electrophiles, allowing the determination of
various rate constants. No reactivity was observed with aryl electro-
philes. While this is indeed a catalytic reaction, the scan rate
independent plateau current is not observed which can be attrib-
uted to the slow rate of the catalytic reaction at —60 °C. The scan
rate dependence of the catalytic peak and the diffusive decay after
the peak potential are indicators of a reaction that is controlled by
both diffusion (of the substrate) and catalytic turnover.

Foot-of-the-wave analysis (FOWA) has been pioneered by Savéant
and co-workers as a method of expediently extracting kinetic data
from cyclic voltammograms for catalytic reactions in which side-
phenomena cause deviation from the typical EC’ mechanism
voltammogram.*® In their seminal papers, they used digitally
simulated voltammograms to show catalysts are not characterized
by their TOF and overpotential () separately, but rather that these
parameters are linked together by a defined relationship. Over-
potential is defined as the difference between the formal redox
potential, £/, and the applied potential, E, such that:

n=E—E’ (11)

The log(TOF)/n relation can often be linearized, and the equa-
tion of this line can be used to determine the TOF at zero
overpotential (TOF,). FOWA grants access to the TOF, log(TOF-)
relation, and TOF,, regardless of side-phenomena that interfere at
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Fig. 18 (a) Cyclic voltammograms of 16 in the absence and presence of
1-Br propane substrate. (b) Normalized voltammograms of 16 in the
presence of substrate at 5 mV st and 15 mV s7! scan rates. All CVs
performed at —60 °C. Reproduced from ref. 47 with permission from
American Chemical Society, copyright 2021.
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Fig. 19 (a) Cyclic voltammograms corresponding to an EC’ mechanism,
with increasing degrees of substrate consumption. The blue trace is the ideal
case with no consumption (/ = current and lg = peak current in the absence
of substrate). (b) Corresponding foot-of-the-wave analysis plots. (Note: left
plot is shown in the US convention, with negative potentials on the right,
while the rest of our paper is in IUPAC convention). Reproduced from ref. 48
with permission from American Chemical Society, copyright 2012.

high current densities e.g. decay of current due to expansion of
diffusion layer. The validity of their methodology is established
theoretically and checked with examples taken from the catalytic
reduction of CO, by Fe° porphyrins. They first demonstrate the ideal
and familiar case of a catalytic current without interfering phenom-
ena (Fig. 19 blue trace). Here the whole of the scan can be linearized
(Fig. 19b), while more complex voltammograms deviate slightly
from this linearity. Fig. 19a shows CVs where consumption of the
substrate is on the timescale of the cyclic voltammetry experiment,
with different colours indicating different concentrations of sub-
strate, e. different scales of substrate consumption. The key to note
is that all the plots, including the non-ideal cases, are linear at the
“foot of the wave” region (Fig. 19b). The less ideal cases deviate from
linearity more dramatically as the scan proceeds, but kinetic para-
meters derived from the linear region remain valid overall.

In the second part of the work by Diao and co-workers,
FOWA was employed to obtain the ks for the reaction between
the electrochemically generated Ni' (16’) and BnBr at room
temperature. The CV at room temperature of the Ni”" complex
(16) in presence of 100 eq. of BnBr substrate shows several folds
enhancement in the observed current and a loss of reversibility
(Fig. 20, violet trace), indicating catalytic reduction of BnBr by
the Ni' complex 16’ (EC’ process). At the foot of the wave there is
a linear relationship between I/Ig and the ks within a given
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Fig. 20 Cyclic voltammograms of 1.0 mM 16 in a 100 mM solution of
NBu4BF,4 in DMF at 22 °C in the absence (green trace) and presence (violet
trace) of 100 equiv. of BnBr, with the region used for foot-of-the-wave
analysis highlighted (red trace). Reproduced from ref. 47 with permission
from American Chemical Society, copyright 2021.
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potential range (Fig. 19b). From their FOW analysis they obtained a
pseudo-first order ks of 4 x 10* M ' s for the reaction between
16’ and BnBr to generate Bn® (benzyl radical). The use of FOWA
further allowed them to study the steric and electronic effects on
reaction kinetics. The rate constants derived from cyclic voltamme-
try experiments, together with DFT calculations, identified the
concerted halogen atom abstraction as the most probable mecha-
nism for the C(sp®) electrophile activation by (bpy)Ni' complexes.

Inspired by the hydrogen evolution reaction (HER) catalyzed
by cobalt complexes, research by several groups demonstrated
the versatility and robustness of cobalt hydrides in the electro-
chemical derivatization of double and triple bonds.*’

In addition to the development of different electrosynthetic
reactions, CV studies were used to gain insights into the reaction
mechanism and the identity of catalytic metal species involved in
the isomerization of alkenes and reduction of alkynes. Alkene
isomerization was carried out using a salen-ligated Co catalyst 17.
This complex exhibits reversible reduction of Co" to Co', and this
redox behavior is not affected by the presence of an alkene
(Fig. 21a). An increase in cathodic current was observed, however,
when HFIP is included as a proton source in the reaction. This was
attributed to catalytic generation of a Co™-hydride species that can
catalyze alkene isomerization (Fig. 21b, cycle A), in addition to
promoting hydrogen evolution (Fig. 21b, cycle B).

Examples of EC’ reactions analyzed by chronoamperometry

Chronoamperometry, which records current over time at a constant
applied voltage, is a mechanistic technique that can provide valuable
information about solution reactions of electroactive species
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Fig. 21 (a) Cyclic voltammograms of Co/salen complex 17 in the
presence and absence of HFIP and alkene 18. (b) Proposed mechanism for
the electrochemical isomerization of alkenes catalyzed by Co. Note: only one of
the possible mechanisms for H, generation is shown in cycle B. Reproduced
from ref. 49 with permission from Springer Nature, copyright 2022.
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whenever electrode kinetics are not a limitation. Stahl and Rafiee
have provided a detailed procedure for the use of chronoampero-
metry to calculate the turnover frequency (TOF) in electrochemical
oxoammonium-catalyzed oxidation of alcohols.'® In this reaction,
the observed current arises from three sources: non-faradaic char-
ging of the electrode surface, oxidation of 2,2,6,6-tetramethyl-
piperidine-N-oxyl (TEMPO, the catalytically active oxoammonium
species), and electrochemical regeneration of the oxoammonium
species after each reaction with substrate. Chronoamperograms
(CAs) are recorded under three sets of conditions (Fig. 22a and b):
(1) a “blank” in the absence of the electrocatalyst (Qg), (2) the
solution containing the catalyst in the absence of organic substrate
(Qa), and (3) a fully constituted reaction solution containing the
electrocatalyst and substrate (Qr). The measured charge under each
of these conditions, together with the elapsed reaction time (f) and
the number of electrons associated with the redox reaction (1), may
be used to determine the catalytic turnover frequency (eqn (12)).

o _ (01— 0n) x 3600

(On —0) < %1 (12)

In 2015, Stahl and Rafiee used this technique to study the effect of

nitroxyl and alcohol structures on the TOF in nitroxyl-catalyzed

electrochemical alcohol oxidation.>® Several nitroxyl electrocatalysts
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Fig. 22 (a) Visualization of the effect of increasing alcohol concentration
on the chronoamperogram of (b) mediated alcohol oxidation and (c) the
trends of initial turnover frequency for various alcohols with different
nitroxyl electrocatalysts. Reproduced from ref. 16 with permission from
American Chemical Society, copyright 2021.
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(TEMPO, ACT, ABNO and AZADO; see structures in Fig. 22¢) and
multiple structurally distinct alcohols were examined at three differ-
ent alkaline pH values. Representative data obtained at pH 10 show
that 4-acetamido-TEMPO (ACT) is almost always the most active
nitroxyl (Fig. 22¢, red bars). The relative activity was attributed to the
higher redox potential of ACT (650 mV vs. Ag/AgCl) relative to the less
sterically hindered nitroxyls, ABNO and AZADO (480 and 450 mV vs.
Ag/AgCl respectively), which creates a stronger driving force for
alcohol oxidation. The TOFs observed for different substrates show
that structural trends reflect both electronic and steric effects:
benzylic alcohols are more reactive than sterically similar aliphatic
alcohols, and less sterically hindered alcohols are more reactive
(Fig. 22¢; e.g., TOFs are higher for 1°, rather than 2° alcohols).

In 2018, Stahl, Rafiee and coworkers disclosed an electro-
synthetic method for oxidation of 1° aliphatic and benzylic alcohols
or aldehydes to carboxylic acids using electrochemistry and a
nitroxyl electrocatalyst (Fig. 23a), representing an electrochemical
alternative to the Anelli or Pinnick reactions.”® Resembling the
results of the mechanistic study outlined above, ACT was the most
effective electrocatalyst and led to good synthetic results under
basic aqueous conditions with constant potential electrolysis (700
mvV vs. Ag/AgCl). Aldehydes bearing electron-deficient substituents
(e.g:, pyridyl or heteroatom-containing substituents) undergo faster
oxidation than their associated alcohol. This observation was
leveraged in the oxidation of a stereoenriched alcohol (19), which
is a precursor to the generic drug levetiracetam (Fig. 23b). Under
the basic reaction conditions, the stereocenter in the aldehyde
intermediate could undergo racemization; however, rapid oxidation
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Fig. 23 (a) Mechanistic cycle of mediated electrochemical oxidation of
alcohols or aldehyde hydrates to aldehydes and acids. (b) Mediated
oxidation of a stereoenriched alcohol (19), demonstrating that the rela-
tively fast oxidation of the aldehyde outcompetes base-induced epimer-
ization, providing stereoenriched product. (c) Relative turnover frequency
of mediated alcohol or aldehyde oxidation with ACT, showing a clear
structure reactivity dependence.
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of the aldehyde into the carboxylate protects the stereocenter and
limits racemization. The difference in reaction rate between a series
of different alcohols and the corresponding aldehyde was qualita-
tively analyzed by comparing the current enhancement observed by
CV upon adding the substrate to ACT, and a structural dependence
was observed for the relative reactivity of the alcohol and aldehyde.
These trends were quantified by using chronoamperometry to
determine the TOFs (Fig. 23c).

Electroanalytical methods to analyze bulk concentrations:
rotating disk voltammetry and microelectrodes

Cyclic voltammetry and chronoamperometry are performed under
quiescent conditions in which only diffusion contributes to mass
transport. Related electroanalytic methods, called hydrodynamic
voltammetry and amperometry, are performed under conditions
with convective mass transport. These experimental variations of
cyclic voltammetry and chronoamperometry experiments com-
monly use a rotating disc electrode (RDE). The centrifugal force
resulting from the electrode rotation creates a well-defined convec-
tive pattern to and from the electrode surface. This convective mass
transfer replenishes the solution area near the electrode surface,
providing a steady stream of reactants that prevents expansion of
the diffusion layer. Similar behavior can be achieved without fast
electrode rotation by using a microelectrode (ME).>>** In this case,
the rate of hemispherical diffusion to and from the microscale
electrode can be similar to or faster than the rate of reactions at the
electrode surface, again preventing the expansion of the diffusion
layer. CVs recorded with a RDE or ME exhibit a sigmoidal shape,
owing to the lack of diffusion limitations that lead to the “duck”
shape of a typical CV. The current observed in CA experiments
performed with RDEs and MEs is proportional to the bulk concen-
tration of electroactive species and can be used to probe their
concentration during conventional chemical reactions. An advan-
tage of MEs for probing the concentration profiles is that they don’t
need the equipment required for electrode rotation; however,
environmental noise can complicate recording of the nanoamp-
scale current observed with MEs. Five examples from the literature
are documented below, in which RDE or ME techniques have been
used to probe reaction mechanisms and/or perform kinetic analysis
of chemical reactions. Box 4 demonstrates the application of ME
and RDE for probing the bulk concentration of redox active reaction
components.

Box 4. RDE and ME for monitoring the bulk concentration

Rotating disc Microelectrode (ME)
electrode (RDE m
(RDE) u <100 pm
Rotation n{ —
<
2
0.15 035 055 0.75 / \
Convection E (V) vs. Ref Radial diffusion

o The steady state currents measured with a RDE or ME provide
access to the bulk concentration of redox active species.

e The obtained concentration profiles can be used for kinetic
analysis or determining the resting states in a chemical reaction.
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Amatore and co-workers elucidated the crucial role of a base,
such as NaOH, NaOAc, or Na,COj3, in the Pd-catalyzed Suzuki-
Miyaura cross-coupling of aryl halides with arylboronic acids.>*
The rate determining step in biaryl formation is often trans-
metalation from an arylboronic acid to a Pd"(Ar)Br complex.
Transmetalation in the presence of a base can become so fast
that it is difficult to monitor this reaction using standard
techniques, such as 'H or *'P NMR spectroscopy. To determine
the effect of the base on the rate of transmetalation, the
reaction between trans-(PPh;),Pd"(Ar)Br (20) (Ar = pCNC¢H,)
and phenylboronic acid (21) was studied in the presence and
absence of excess hydroxide (10 equiv., introduced as NBu,OH)
in DMF (Fig. 24a). Transmetalation and reductive elimination
steps generate the Ph-Ar biaryl product (22) and (PPh;);Pd® (23)
complex over ~400 seconds. Both products are electroactive
and have distinct redox features as shown by the CV in Fig. 24b,
which was recorded at the end of the reaction. 22 shows a
reversible reduction peak at —2.01 V vs. SCE while 23 shows an
irreversible oxidation peak at +0.03 V vs. SCE. The kinetics of
transmetalation between 20 and 21 were monitored electro-
chemically using a gold RDE at a constant potential of +0.05 V
[the oxidation potential of 23]. The current recorded at this
potential is proportional to the concentration of 23 generated
during the reaction. The chronoamperometry experiment
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Fig. 24 (a) General reaction equation. (b) Cyclic voltammetry trace per-
formed with a gold disk electrode (d = 1 mm) in DMF containing 0.3 M
NBu4BF, at a scan rate of 0.5 V s~ at r.t. on a solution containing
(PPhz),Pd(pCNCgH4)Br, PhB(OH),, 10 eq. OH- and 2 eq. of PPhs after
400 s from the addition of the base. (c left) Evolution of the oxidation
current of [(PPh3)sPd®] vs. time. The current was determined by chron-
oamperometry performed at a RDE (d = 2 mm) polarized at +0.05 V (c
right) plot of In(x) vs. time where x = (lim — I)/lim: lim defined as the final
oxidation current of [(PPhs)sPd®] and /; as the oxidation current of
[(PPhs)sPd®] at a given time t. Reproduced from ref. 54 with permission
from John Wiley and Sons, copyright 2011.
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revealed a first-order current (or concentration) versus time
plot, as shown in Fig. 24c. The current recorded at the end of
the reaction (10 pA) corresponds to the current expected for
complete conversion of 20 into 23. Kinetic data of this type,
recorded at different base loadings, revealed the role of hydro-
xide in accelerating transmetalation, and a (PPh;),Pd(Ar)OH
intermediate was proposed.

Amatore and co-workers independently used chronoam-
perometry to study the rates and mechanism of oxidative
addition of an aryl halide to Pd° complexes.’® The specific
reaction featured p-iodotoluene (24) and (PPh;), Pd° (25), which
react to give trans-(PPh;),d"(tol)Br (26) complex and free ligand
(Fig. 25a). As in the previous example, the concentration of 25
in the bulk was monitored during the reaction. In this case a
ME was used rather than a RDE to accommodate the low
dielectric constant of the reaction solvent (toluene). MEs gen-
erate/consume very low currents (e.g., <10 nA), allowing them
to be used without electrolytes when using solvents with a high
dielectric constant or with only small amounts of electrolytes in
low conducting solvents. Linear sweep voltammograms (LSVs;
note: LSVs represent the first step of a two-step CV experiment)
were recorded at different concentrations of 25 with a ME to
confirm that the current is proportional to the concentration
(Fig. 25b). Then, the reaction was monitored over a period of
600 seconds with a gold ME. The ME was scanned between
+0.2 Vand —2.7 V vs. Ag/AgBF,. The reductive scan was used to
overcome passivation of the microelectrode surface while the
oxidative scan (at +0.2 V) was used to monitor the amount of 25
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Fig. 25 (a) General reaction scheme. (b) Linear sweep voltammograms
recorded in the oxidative direction for a solution containing increasing
concentration of (PPhs)4Pd in toluene, n-hex4NBF,4 (0.06 M) using a gold
microelectrode (10 pm), 200 mV s * scan rate (C; is the highest concen-
tration = 1.5 mM). (c) Concentration profile of (PPhs),Pd® vs. time in
presence of excess p-iodotoluene obtained from cyclic step chronoam-
perometry (CSCA) at a ME (10 um) scanned between +0.2 V and —2.7 V vs.
Ag/AgBF,4 over 600 s, the reductive step at —2.7 V was used to regenerate
the ME surface after each oxidation step but is not considered for the
concentration determination. Reproduced from ref. 55 with permission
from American Chemical Society, copyright 1990.
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in solution. The current decay in the presence of tolyl iodide 24
was measured and plotted vs. time (Fig. 25c). Repeating the
same experiment at different concentrations of 24 allowed
determination of the rate constant for oxidative addition in
toluene.

Stahl and co-workers used an RDE to monitor TEMPO
species in solution during TEMPO-catalyzed oxidation of alcohols
with bleach (NaOCI).>° TEMPO undergoes reversible one-electron
oxidation to TEMPO" at E;;, = +0.53 V vs. Ag/AgCl (see LSV in
Fig. 26a). Both TEMPO and TEMPO' species could be monitored
under reaction conditions by using cyclic step chronoamperometry
(CSCA) at a RDE. The RDE was stepped between +0.71 V and
+0.35 V vs. Ag/AgCl. The current measured at +0.71 V is pro-
portional to [TEMPO)], reflecting oxidation of TEMPO to TEMPO",
while the current at +0.35 V is proportional to [TEMPO'], reflecting
reduction of TEMPO' to TEMPO. The result of the CSCA experi-
ment is shown in Fig. 26b and ¢, with an expansion of an
individual step sequence in Fig. 26b and a full-time course of
the reaction in Fig. 26c. Plotting the oxidative currents obtained
at +0.71 V and the reductive currents at +0.35 V reflects the
concentration profiles of TEMPO and TEMPO' vs. time
(Fig. 26d). Repeating this protocol in the presence of the
alcohol substrate and/or with other various nitroxyl derivatives
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Fig. 26 (a) Linear sweep voltammograms of TEMPO in the oxidative (blue)
and reductive (red) directions at a RDE. (b) Representative cyclic chron-
oamperometric data for the oxidation of TEMPO by bleach. (c) Expansion
of the oxidation and reduction currents from a single cycle in plot b,
obtained from potential steps at 0.71 and 0.35 V vs. Ag/AgCL (d) Plots of
the faradaic anodic (positive) and cathodic (negative) currents at each step
in plot b. Pulse width = 3 s, RDE rotation rate = 2000 rpm. Initial
concentrations: 5.0 mM TEMPO, 0.2 M NaOCl|, 0.12 M NaHCOs. Repro-
duced from ref. 50 with permission from American Chemical Society,
copyright 2015.
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Fig. 27 [TEMPOI (blue trace) and [TEMPO™] (red trace) obtained using
cyclic step chronoamperometry at a rotating disk electrode upon mixing
CH=CN solutions of 3 mM TEMPO and 3 mM Fe(NO=)3-9H,0O in 0.1 M
NBu4PFg in CH3CN at 1000 rpm. Reproduced from ref. 56 with permission
from American Chemical Society, copyright 2021.

allowed determination of the rates of alcohol oxidation with
different nitroxyls and different alcohols.

Stahl and coworkers later used CSCA to study the mecha-
nism of aerobic alcohol oxidation using a cocatalyst system
composed of Fe(NO3); and TEMPO.>® The CSCA studies again
used a rotating disk electrode that was stepped between +0.71 V
and +0.35 V vs. Ag/AgCl in order to monitor the TEMPO and
TEMPO" concentrations. The reactivity of Fe(NO;); with TEMPO
was among the issues probed in this study, and it was possible to
monitor the TEMPO/TEMPO" species in the presence of Fe(NOs);
without alcohol present under an air atmosphere (Fig. 27). An
induction period was observed, followed by fast conversion of
TEMPO into TEMPO" (Fig. 26, red trace).

These results showed that Fe(NO3); can oxidize TEMPO to
TEMPO', the latter species can serve as an oxidant for the
alcohol substrate. This outcome contrasts complementary
studies of (bpy)Cu/TEMPO catalysts for aerobic alcohol oxidation,
which features a mechanism for alcohol oxidation involving Cu™
and TEMPO, rather than a TEMPO" species.””"®

Electroanalytical techniques also may be used to study bulk
electrolysis reactions. Nematollahi et al. used cyclic voltammetry
to monitor solution species during the electrochemical oxidation
of 2,5-dihydroxybenzoic acid (27) in the presence of acetylacetone
to furnish the substituted benzofuran (30) (Fig. 28a).>° The
experimental set-up consisted of four electrodes: a graphite rod
working electrode for bulk electrolysis, a Pt mesh counter elec-
trode, a SCE reference electrode, and a small glassy carbon
electrode used to acquire CVs during electrolysis reactions. The
working electrode was periodically switched between the
graphite-rod macroelectrode, used to support bulk electrolysis,
and the glassy carbon, used to obtain CVs. Bulk electrolysis was
performed by applying a constant potential of +0.27 V vs. SCE,
which is capable of oxidizing 27 to quinone (28) (Fig. 28). After
passing 0, 12, 24, 36 and 48 C of charge, the applied potential at
the graphite rod and the stirring of the reaction mixture were
stopped to record CVs using the analytical glassy carbon elec-
trode with a quiescent solution (Fig. 28b). As shown in Fig. 28b,
A, (assigned to the oxidation of 27) disappears over time due to
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Fig. 28 (a) General reaction scheme. (b) Cyclic voltammograms of
0.25 mmol 2,5-dihydroxybenzoic acid in the presence of 0.25 mmol
acetylacetone in 0.2 M NaOAc solution at a glassy carbon electrode during
controlled potential coulometry at 0.27 V versus SCE; after consumption
of: 0 (black), 12 (red), 24 (blue), 36 (green), and 48 C (purple). Compared
with the cyclic voltammogram of a saturated solution of final product 30
after separation and purification (black). (c) Variation of peak current /; o1
versus charge consumed. Scan rate 100 mV s *. Reproduced from ref. 59
with permission from the Royal Society of Chemistry, copyright 2005.

consumption of 27 while two new peaks, A, (assigned to the
oxidation of 29) and A; (assigned to the oxidation of 30), increase
in intensity. After 48 C were passed (end point of the bulk
electrolysis) the reaction was quenched with acid and 30 was
isolated. A new CV of isolated 30 was recorded, which confirmed
A; as the oxidation of the final product.

Conclusions

This tutorial review has summarized the fundamental princi-
ples of cyclic voltammetry and chronoamperometry and the
application of these techniques to the study of chemical and
electrochemical reactions. The methods have been showcased in
a series of representative organic and organometallic reactions,
highlighting their broad utility as mechanistic tools. Voltam-
metric techniques, for example, may be used to measure redox
potentials that often correlate with structural features of sub-
strate molecules and/or catalysts. The measured potentials can be
used to understand or predict reaction selectivity and catalyst
efficiency. Voltammetric and amperometric methods may be
used to probe reactions that feature coupled electrochemical
and chemical reactions and often provide insights into the
sequence of these steps. The use of rotating disk electrodes and
microelectrodes in voltammetric and amperometric experiments

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

provides a means to measure bulk concentrations of electroactive
species present during chemical or electrochemical reactions. It
is hoped that the presentation of the techniques and applications
outlined herein will provide a foundation for their broader
adoption by organic and organometallic chemists to understand
and support the development of useful new chemical and
electrochemical synthetic reactions.
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