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The Electrochemical Shono Oxidation of
N-Formylpyrrolidine: Mechanistic Insights from
the Computational Ferrocene Electrode Model
and Cyclic Voltammetry
Liana Savintseva, Paul Neugebauer, Dmitry I. Sharapa, Philipp Röse, Ulrike Krewer,
and Felix Studt*

Electrochemical processes are of particular interest in modern
chemical technologies as they have numerous advantages over
classical approaches. While computational support for investigat-
ing thermochemical reactionmechanisms is well established, there
is still no consistent methodology for modeling electrochemical
processes beyond the computational hydrogen electrode. This
work addresses this gap through the study of the Shono-type

oxidation of N-formylpyrrolidine. Combining density functional
theory calculations, the concept of computational Fcþ/Fc elec-
trode, Marcus–Hush approach, and Butler–Volmer model, the
reaction mechanism is elucidated, including the identification of
the role and position of proton-coupled electron transfer process.
Additionally, simulated cyclic voltammograms are in excellent
agreement with experimental studies performed in parallel.

1. Introduction

Organic synthesis often requires harsh experimental conditions,
the use of specific and often toxic catalysts, and over-stoichiometric
amounts of oxidizing and reducing agents. An alternative
approach can be represented by electroorganic synthesis, which
has a number of advantages: 1) reduction of chemical waste,
since redox agents are replaced by electricity; 2) mild reaction
conditions, since strong acid or alkaline conditions are avoided,
as well as high temperature or pressure; 3) inherently safe, since

turning off the electricity stops the reaction and thus no thermal
runaway can occur.[1] Despite the recent growing interest in
electrifying chemical processes,[2,3] its wide dissemination is
often hindered by a lack of detailed mechanistic understanding,
which would enable a knowledge-driven approach toward
process design and engineering. Although quantum chemical
simulations have become a standard tool for the investigation
of many chemical reactions, they are quite scarce in technical
electroorganic synthesis[4,5] owing to the fact that electrochemical
reactions appear to be inherently more complex. Nevertheless,
modeling at the atomic and microkinetic levels has been
shown to provide diverse mechanistic insights into electrode
processes.[6,7] The development of theoretical approaches (also
in combination with experimental investigations) would greatly
advance our understanding of the underlying electrochemical
reaction mechanisms and thus aid the implementation of electro-
chemical synthesis in the laboratory and industry.

A typical example is given by Shono oxidation (Scheme 1),
which is used for the electrochemical functionalization of pro-
tected amines.[8–11] Although originally discovered in 1975, stud-
ies of the mechanisms of Shono-type oxidations are still scarce
and controversial, such that the mechanism is still not understood
in detail.[12–14] The most commonly accepted reaction pathway
consists of a sequence of four reaction steps, which are an initial
1e� oxidation (or electron transfer, ET) to form a radical cation
(Step 1 - electrochemical), its deprotonation to a radical (Step
2 - chemical), a second 1e� oxidation to form an iminium ion
(Step 3 - electrochemical), and a final alcohol addition and proton
elimination step (Step 4 - chemical).[8,15,16] Importantly, alternative
routes involving steps of proton-coupled electron transfer (PCET)
have also recently been proposed,1 based on investigations
employing density functional theory (DFT) calculations of the
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1It is important to note that this term can mean either a concerted transfer of
an electron and a proton without any particular stable intermediate, or a
sequential transfer with the presence of a stable intermediate between the
electron and proton transfer.[17] In this work, PCET should always be under-
stood as a concerted transfer.
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entire reaction sequence and experimental observations,[10]

highlighting the role that theoretical simulations can play in

uncovering mechanistic details in electrochemical synthesis.
The complexity of the theoretical study of electrochemical

reactions lies in the need to refer to a reference electrode for
which it is necessary to know its values of absolute potential.
To solve this problem, we recently suggested the use of a
computational ferrocene electrode (CFE) in order to investigate
electrochemical reaction steps involving the transfer of
electrons to or from the substrate,[18] which we think of being
in close analogy to the computational hydrogen electrode
(CHE) that has been used for nearly two decades[19] and highly
transformative for the field of computational electro-catalysis,
enabling unprecedented insights into electro-catalytic reactions
such as e.g. the hydrogen evolution reaction,[20] the oxygen
reduction[19] and CO2 electroreduction[21] through simulations
of PCET steps.

Herein, we employ the CFE in combination with the CHE to
investigate the electrochemical oxidation of N-formylpyrrolidine
(NFP-H) via the Shono-type reaction in methanol and in other
solvents. We will show that the CFE model enables the simulation
of cyclic voltammograms (CVs), thus leading to insights into its
mechanistic details. Furthermore, the outcome of our theoretical
simulations is compared to the experiment in order to validate
the computational model and gain deeper insight into the under-
lying electrochemical processes.

2. Computational Methodology

DFT calculations were performed using the M06/def2-TZVP
method with Grimme D3 correction and the implicit solvation
model SMD[22] as implemented in the ORCA package.[23–25] This
combination proved to be a good fit for geometric and energetic
parameters of organic and metal-organic molecules (Figure S1,
Supporting Information).[26–28] The Fcþ/Fc absolute potential in dif-
ferent solvents was determined using the thermodynamic cycle
described in detail by Namazian et al.[29] The obtained values
for acetonitrile (ACN), dichloroethane, and N,N-dimethylformamide
are in good agreement with experimental and theoretical
results (Table S1, Supporting Information).[29–35] In methanol,
E0
Fcþ=Fc;meth: ¼ 4.81 V. For all calculations, the eclipsed (D5h) config-

uration of Fc was used as the most stable, which is in agreement
with other theoretical studies.[29]

The DFT calculated Gibbs free energies are used as our input
parameters for the use of the CFE in combination with Marcus–

Hush[36] (MH) theory for nonadiabatic electron transfer, as well as
for the simulation of CVs through the Butler–Volmer model. The
CFE gives reference to the 1e� oxidation through the reaction
Fcþ þ e� ! Fc0 (Scheme S1, Supporting Information).[18] For
ACN, the experimentally determined potential of this reaction
is 0.624 V relative to the standard hydrogen electrode (SHE),[32]

which can be used as a conversion constant from CFE to SHE
and vice versa.

Importantly, using the CFE in connection with Marcus–Hush
theory gives us both the free energy difference as well as the free
energy barrier for any given electron transfer process. Invoking
the CHE, on the other hand, gives us the reaction free energy
of the PCET step, whereas the reaction free energy barrier cannot
be obtained. For a sequence of an electron transfer, followed by a
proton transfer, the free energy difference of the latter step, how-
ever, can be easily calculated by using the CHE by subtracting the
electron transfer step through CFE (Scheme 2). At the same time,
the activation energy of PT can be obtained by searching for a
transition state using DFT.

In order to obtain reaction free energy barriers of PCET steps,
we have included the explicit solvent molecules in the calcula-
tion. In this case, the proton moves to the solvent molecule rather
than being referenced to the gas phase as commonly applied in
the CHE model. Utilization of this approach allows us to use the
CFE as a universal reference for ET and PCET reactions (Scheme 3),
and using the homogeneous PCET theory[17,37,38] allows us to
obtain kinetic parameters. Here we apply both vibronically
and electronically nonadiabatic, PCET theory (Scheme S2,
Supporting Information, and the section nonadiabaticity in elec-
tron transfer theory of the Supporting Information).

Scheme 1. Shono-type oxidation.

Scheme 2. Approaches for obtaining free energies (ΔG) for noncoupled
electron and proton transfer steps through references to the CFE and the
CHE or a combination thereof.

Scheme 3. Application of CFE to PCET reactions in explicit solvent media (S).
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According to the Marcus–Hush theory, the reaction barri-
ers for a 1e� oxidation can be calculated as outlined in

Equation (1), where ΔG‡ is the free energy barrier, λ is the reor-

ganization energy, F is the Faraday constant, E and E0 are the
applied and formal potentials, respectively.

ΔG‡ ¼ λ

4
1� FðE � E0Þ

λ

� �
2

(1)

The reorganization energy consists of two contributions the
inner- (λi) and outer-sphere (λo) reorganization energy. λi is calcu-
lated through Equation (2). This equation can be understood as
follows: after the fast electron transfer from the donor molecule
(D) to the acceptor (A), a slow internal reorganization of the mol-
ecules from the charged states of the initial (neutral) geometries
with the inner energies Uneu

Dþ and Uneu
A� to the equilibrium charged

states with energies Ucat
Dþ and Uan

A� .

λi ¼
�
Uneu

Dþ � Ucat
Dþ

�þ �
Uneu

A� � Uan
A�
�

(2)

The electron acceptor in the electrochemical oxidation is the
working electrode, whose contribution to the reorganization is
assumed to be zero Uneu

A� � Uan
A� ¼ 0.[39] This four-point scheme

has been extended to compute the inner-sphere reorganization
energies for PCET:[17] the electron and proton are defined to be on
their donors for the reactant and on their acceptors for the prod-
uct (Scheme S3, Supporting Information). This can be achieved by
constrained geometry optimization.

The outer-sphere reorganization energy reflects the energy
expended on the reorientation and polarization of the surround-
ing solvent as a result of the electron transfer process
(Equation (3))

λo ¼
e2

8πϵ0

1
a
� 1
d

� �
1
ϵop

� 1
ϵs

� �
(3)

Here, e is the electron charge, ϵ0 - dielectric constant of vac-
uum, a - molecule radii calculated from the SMD volume of the
oxidized molecule, d - distance to the electrode surface, ϵop and

ϵs - optical and static dielectric constants of the solvent (ϵop ¼ n2,

n - refractive index). For methanol, ϵop ¼ 1.76 based on

n ¼ 1.3270[40,41] and ϵs = 32.70. λo is calculated at d ¼ ∞, since
we are assuming the process takes place in the bulk (Figure
S2, Supporting Information).

According to Equation (1), the free energy barrier of an elec-
trochemical process is a function of overpotential η ¼ E � E0.

Knowing ΔG‡, it is possible to obtain the electron transfer con-
stant, which is obviously also a function of η. Most interesting
for electrochemistry is the so-called standard electron transfer
constant k0, which is the ET constant at η ¼ 0. In the case of
the outer-sphere electron transfer, one can refer to the
Arrhenius equation (Equation (4)). As a first assumption for the
pre-exponential factor A, values of A ¼ 104– 105 cm s�1 are used,
which were observed in the early Marcus theory based on the
collision theory.[42]

k0 ¼ A exp
�ΔG‡jE¼E0

RT
(4)

However, in practice, even for the simplest ET systems, such
as iron or rhodium complexes, this factor may differ by orders of
magnitude from the theoretically determined one.[42] In those
cases, k0 can be calculated directly from the MH model[43–46]

(Equation (5)), where the pre-exponential factor in the nonadia-
batic limit depends on the unitless reorganization energy Λ, the
electrode’s density of states ρ, and the electronic coupling H0

DA

between the adsorbate and electrode.

k0 ¼
kmaxffiffiffiffiffiffiffiffi
4πΛ

p exp �Λ

4

� � Z
∞

�∞

exp
� ϵ2

4Λ

h i
2 cosh ϵ

2

� � dϵ (5)

Here kmax is the maximal possible rate of the ET process
(Equation (6)). For a more detailed explanation, see Supporting
Information.

kmax ¼
ð2πÞ2ρH0

DA
2

βh
(6)

Theoretical simulations of CVs are performed analogous to
previous work.[47] Briefly, a numerical approach based on Fick’s
second law of linear diffusion and the Butler–Volmer formalism
for the forward (kf ) and backward (kb) reaction rates has been
employed, see Equation (7) and (8).

kf ¼ k0e
ð1�αÞnFðE�E0Þ=RT (7)

kb ¼ k0e
�αnFðE�E0Þ=RT (8)

Here, α - the symmetry factor for elemental steps, and n - num-
ber of transferred electrons (n ¼ 1 for a single ET step). The diffu-
sion coefficient of the NFP-H in methanol solution was calculated
using the Wilke–Chang equation[48] D ¼ 2.07 ⋅ 10�5 cm2s�1. α was
assumed to be 0.5, since this is a standard assumption when
the symmetry factor is unknown.[49] k0 comes from the MH
model as it was described above. For the diffusion process, a
simple approach called the finite-difference method based on
a diffusion grid (n�m, where n ¼ i, j, : : : denotes distance to
the electrode, and m ¼ 1, 2, : : : ,N denotes time steps) was
used.[50] Then Fick’s second law of diffusion was approximated
in discrete form and then solved for the concentration of inter-
est (Equation (9)).

Ci,t ¼ Ci,t�1 þ ωðCi�1,t�1 � 2Ci,t�1 þ Ciþ1,t�1Þ (9)

ω ¼ DΔt=Δx2 is the simulation parameter and Δt is the time
and Δx - the distance increments. Ci,t is the concentration of a
diffusing species at time t at distance i from the electrode surface.
If the diffusing species are also involved in a first-order chemical
reaction with the rate constant k1c (the superscript indicates
the reaction order), then (Equation (9)) can be rewritten as
Equation (10).

Ci,t ¼ Ci,t�1 þ ωðCi�1,t�1 � 2Ci,t�1 þ Ciþ1,t�1Þ � k1cΔtCi,t�1 (10)
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All chemical stages of the Shono-type oxidation, including
pure proton transfer, are bimolecular, where a solvent molecule
(methanol) is involved in the reaction. Since methanol is both the
solvent and the reactant, its concentration can be taken as a con-
stant, making it possible to move to a pseudo-first-order reaction
by multiplying the rate constant by the concentration of metha-
nol k1eff ½s�1� ¼ k2c ½l ⋅mol�1 ⋅ s�1� ⋅ CCH3OH ½mol ⋅ l�1�.

The rate of mass transfer to the electrode surface of the
oxidized species (JOx) is then described in the simulator using
the flux equations (Equation (11)) based on the concentrations
COx,1 and CRed,1 of the oxidized and reduced forms one Δx distance
increment away from the electrode surface, respectively (refer to
the original source for the details[47]).

�JOx ¼
kf COx,1 � kbCRed,1

1þ kfΔx
D þ kbΔx

D

(11)

And finally, the total faradaic current density that corresponds
to each time increment is calculated as i ¼ �nFJOx.

3. Results and Discussion

3.1. Oxidation mechanism

The reaction mechanism of the Shono-type oxidation is given in
Scheme 4. Obviously, there are five possible pathways: the classic
four-step ECEC (1), three-step E-PCET-C (2), PCET-E-C (3), and
E-C-PCET (4), and finally a two-step PCET-PCET (5).

The product of the 2e� oxidation N-formyl-2-methoxy-
pyrrolidine, denoted here as NFP-OMe can be further electrooxi-
dized via an analogous Shono-type oxidation at the other
α-carbon since there is still one accessible N-neighboring α-carbon
available. The result of this oxidation is the α, α 0-dimethoxy deriv-
ative, N-formyl-2,5-dimethoxypyrrolidine, denoted as NFP-(OMe)2
(Figure S4, Supporting Information). The complete transformation
chain should also include elimination products, pyrrolines
(Scheme S4, Supporting Information),[16,51] the yield of which
depends on the acid–base properties of the electrolyte rather
than on electrochemical transformations. In this paper, we focus
on the methoxy derivatives of NFP-H due to their relevance in
electrochemical transformations. Furthermore, previous studies
on N-formylpyridine in methanol/TBABF4 have demonstrated that
the formation of elimination products is minimal, typically rang-
ing from 1–3%.[51]

Utilizing the CHE as the reference, we can plot the free energy
diagram of the conversion NFP-H to NFP-(OMe)2 through four
PCET steps (mechanism 5, Figure S5, Supporting Information).
As mentioned in the introduction, this particular approach does
not allow us to consider all the different mechanisms under dis-
cussion. However, according to CHE calculations, the electrode
surface does not play a direct role in the oxidation process.
This conclusion is supported by the fact that all neutral intermedi-
ates are physisorbed (Table 1, see Supporting Information), and
considering the molecular size, their penetration through the
electric double layer is highly improbable. This indicates the
outer-sphere electron transfer is taking place and allows us to
focus on the bulk calculations.

Considering the oxidation pathway further, we can exclude
the possibility of the PCET conversion of NFP-H to NFP· based on
the analysis of the proton potential energy curves from the
homogeneous PCET theory (Figure S7 and S8, Supporting
Information): in the neutral state, the average smallest dis-
tance between the proton donor (α-carbon in NFP-H) and accep-
tor (oxygen in methanol molecule) is 3.34 Å (Figure S6,
Supporting Information), which makes the vibronic overlap
term Sμν ¼ 0 and the proton tunneling barrier above 1 eV

(Figure S7, Supporting Information). This means that the first
step of Shono-type oxidation is an electron transfer, although
thermodynamically, PCET is more favorable. Further analy-
sis of the mechanism using homogeneous PCET theory is diffi-
cult due to the need to determine the characteristic time of
solvent reorganization τs, the proton tunneling τP and the
mutual location of the diabatic curves of the mono- and dioxi-
dized states.

The calculated free energies of all the intermediates of the
NFP-H oxidation in methanol are shown in Figure 1. In order
to use a single reference (CFE) for all electrochemical steps, as
explained above, we do not consider pure intermediates, but
their complexes with methanol (so-called hybrid solvation). In this
way, each intermediate is associated with two methanol mole-
cules, as this proved to be extremely important for stabilizing
the positive charge associated with the proton (see Supporting
Information for details).

A PCET step in this case occurs as follows: in a dication of the
type [NFP-H·2CH3OH]2þ, the proton from the α-carbon of the NFP-
H molecule transfers without barrier to the methanol dimer,
where it is delocalized between two solvent molecules, forming
a structure similar to a Zundel cation (Figure 2).

Table 1. Free energies of adsorption of NFP-H oxidation intermediates on
the graphite electrode (BEEF-vdW[52,53] in VASP,[54–56] refer to Supporting
Information) at a temperature of 300 K.

Intermediate ΔGads: [eV]

NFP-H 0.22

NFP• �0.03

NFP-OMe 0.22

NFP-OMe• 0.13

NFP-(OMe)2 0.27
Scheme 4. Possible pathways of the NFP-H oxidation.
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The barriers for the electrochemical steps were calculated
using Equation (1), λi and λo are given in Table 2. ET steps repre-
sent the classical Marcus–Hush case, where λi < λo i.e., the non-
adiabatic case, for which Equation (5) for k0 can be applied. PCET
steps cannot be adequately described by the Marcus–Hush the-
ory, which assumes a nonadiabatic, single-electron transfer with
relatively small inner-sphere reorganization. In our case, however,
the inner-sphere reorganization energy for PCET steps dominates
over the outer-sphere contribution (Table 2). As discussed above,
the homogeneous PCET theory should be applied.[52–56]

The free energy diagram with the barriers is given in
Figure 3A. We consider the conversion at E ¼ 1.55 V vs. Fcþ/Fc,
a potential at which the free energy of all intermediates is below
or at the same level as the initial state (the potential that is
assumed to be the potential-determining within the CHE model).
It becomes obvious that the most kinetically preferable path is
E-PCET-C with the following barriers 0.23, 0.01, and 0.08 eV.
The path E-C-PCET has comparable barriers of 0.23, 0.03, and
0.10 eV, respectively. In any case, we found that the first electron
transfer is the most difficult, which is consistent with the experi-
ment (Supporting Information).

To calculate the values of the standard ET constant, refer to
Equation (5) and (6), where H0

DA for the outer-sphere case is
0.6 kJmol,[46] β - the attenuation constant in cm�1, is equal to�108

for saturated organic liquids,[45] and Λ ¼ λ
kBT

. The electron density of

the electrode near the Fermi level ρ was assumed to be 0.5 eV�1,
since this value for fcc carbon is 0.5 eV�1[57] and for graphite is
approximately 0.5–1.0 eV�1.[58] Changes in λ have a significant
impact on k0; for example, a change in λ of just 0.1 eV can alter
k0 by a factor of 3. The obtained values of k0 are listed in Table 2.

As discussed above, our model assumes an outer-sphere elec-
tron transfer mechanism, as no strong adsorption on the elec-
trode surface is observed. However, future extensions of the
model will also have to focus on the interaction between the mol-
ecule and the electrode surface, which in turn necessitates
modeling of an explicit Helmholtz layer.

3.2. Cyclic Voltammetry Simulation

Now we turn toward simulating cyclic voltammograms using
the calculated ET rate constants k0 for each elementary step
and Equation (7)–(11) and the calculated diffusion constants
(D is assumed to be the same for all intermediates as for the
reagent molecule NFP-H). Figure 4 shows the voltammogram
and the energy diagrams of the reaction at different applied
potentials: the beginning of the first half-reaction (NFP-H oxida-
tion), the peak potential of the first half-reaction, the beginning of
the second half-reaction (NFP-OMe oxidation), and finally the
peak potential of the second half-reaction. It can be seen that
the oxidation peaks of the first and second oxidations are sepa-
rated by 0.18 V.

A comparison with the experiment (Figure 5A) shows that we
have correctly identified the oxidation mechanism, since the posi-
tions of the peaks match. We note that the simulated current in
the presence of methanol does not match the experimental value
and is, in fact, underestimated, which we attribute to complex
processes of methanol oxidation near the electrode rather than
inaccuracies in the diffusion coefficient estimation. In addition,
our simulation model is very simple and does not include
such complex components of the electrochemical interface as
the electrical double layer, the surface imperfections, or the
salt effect.

Interestingly, although the further oxidation of NFP-OMe
makes a significant contribution to the current during the CV
scanning (Figure 4A and S14, Supporting Information), this

Figure 1. Free energy diagram (excluding activation barriers) of the NFP-H
oxidation in bulk at 0 (solid line) and 1.55 V (dashed line) vs. CFE. Each
intermediate is associated with two methanol molecules.

Figure 2. Illustration of PCET NFP-Hþ·! NFP· (methanol dimer is
transparent).

Table 2. Inner-sphere (λi ), outer-sphere (λo) and total (λ) reorganization
energies in eV for NFP-H oxidation in methanol solution, as well as free
energy barriers at 300 K (ΔG‡ , eV) at 0 (1.55) V vs. Fcþ/Fc and standard
electron transfer constants (k0, cm s�1).

Stage λi λo λ ΔG‡ k0

NFP-H!NFP-Hþ• 0.24 0.69 0.93 1.73 (0.23) 2.8� 10�2

NFP-Hþ•! NFPþ (PCET) 1.71 0.63 2.34 0.16 (0.02) 2.0� 10�8

NFP! NFPþ 0.44 0.70 1.14 0.01 (0.43) 3.3� 10�3

NFP! NFP-OMe (PCET) 1.32 0.55 1.87 0.07 (0.10) 2.2� 10�6

NFP-OMe! NFP-OMeþ• 0.29 0.65 0.94 1.91 (0.34) 2.5� 10�2
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Figure 3. Energy diagram illustrating the transformation of A) NFP-H to NFP-OMe, and B) NFP-OMe to NFP-(OMe)2 via the mechanisms discussed.

Figure 4. Simulated CV between 1 and 1.95 V (v ¼ 0.25 mV·s�1) of the NFP-H oxidation in methanol and the energetic profiles of the reaction at different
applied potentials A–D) according to mechanism 2.
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process is practically reversible and results in only a small amount
of the overoxidized product NFP-(OMe)2 (Figure S15, Supporting
Information).

Note that the oxidation process takes place in methanol,
which is easily oxidized under these conditions.[59,60] The oxida-
tion potential of the first oxidation step of methanol (a PCET step)
was determined to be 1.64 V vs. CFE (Figure S9B, Supporting
Information) and all subsequent steps have lower potentials.
This suggests that methanol oxidation overlaps with the oxida-
tion peaks of NFP-H, in agreement with experimental observa-
tions (Figure S12A, Supporting Information). Although the
oxidation curve of NFP-H can be obtained by subtracting the
background curve, we cannot exclude the possibility that more
complex processes involving methanol oxidation of intermedi-
ates occur near the electrode surface, potentially influencing
the oxidation kinetics of the molecule. Furthermore, calculations
using the CHEmodel indicate the potential electrocatalytic nature
of methanol oxidation (Figure S10, Supporting Information). In this
case, the model would also need to account for the adsorption and
desorption of intermediates on the electrode surface. However,
since this has not yet been implemented, we do not consider this
process in this paper.

In order to gauge the influence of the solvent, we performed
a simulation of NFP-H electrooxidation in trifluoroethanol (TFE).
TFE meets the requirements for electro-induced reactions, having
a relatively low viscosity (1.75 mPa·s at 25°) and being electro-
chemically stable in a wide range of potentials.[60] To confirm
the stability of TFE, its oxidation potentials were calculated.
The bulk oxidation mechanism was found to be similar to that
of methanol, i.e., each step represents a concerted PCET transfer.
The potential of TFE oxidation is 2.23 V (Figure S11, Supporting
Information), which is much higher than the corresponding val-
ues for methanol (1.64 V). Thus, it is obvious that TFE does not
oxidize at the operating potential required to oxidize NFP-H.
The resulting CV is presented in Figure 5B, clearly illustrating
the identification of the oxidation peaks. Since the solvent is

electrochemically inert under these conditions, we can be confi-
dent that only the substrate is contributing to the CV.

4. Conclusions

In summary, this study uses a combination of the CFE with
Marcus–Hush theory to investigate the Shono-type oxidation
of N-formylpyrrolidine in methanol and TFE. While the CFE model
has so far been shown to be able to model the kinetics and ther-
modynamics of electron transfer steps, we show here how proton
transfer and PCET steps can be included in this computational
model. By doing so, we have been able to obtain the kinetics
of all steps of the Shono-type oxidation, for both the first and
second methoxylation steps. Importantly, our methodology
allows us to calculate the kinetic barriers of all steps as a function
of the electrochemical potential and thus enables us to simulate
CVs with additional input of diffusion constants, also estimated
from theoretical considerations. Our simulated CVs match those
from our experimental efforts quite well, highlighting the high
applicability of the CFE. Our simulations reveal that the Shono
oxidation of NFP is occurring via the E-PCET-C mechanism for
both methoxylation steps. We furthermore identified that the
use of methanol complicates the investigation of the reaction
kinetics, as the oxidation of methanol occurs at a very similar
potential as the second Shono oxidation step, as also confirmed
by experiments. The use of TFE alleviates this, allowing NFP-H to
be oxidized without oxidizing the solvent. This study hence high-
lights that our method can be very useful to obtain kinetic data as
a function of applied potential to the extent that the mechanistic
details of underlying reaction mechanisms can be revealed.

Extensions of the current model may include tackling factors
such as electrolyte salts, the electrode surface, and a better
description of the Helmholtz layer to more rigorously reflect
the complexity of the actual electrochemical interface. We note,
however, that even though our model is quite simplistic, it pro-
vides a practical workflow for rapid mechanistic, thermodynamic,

Figure 5. Simulated and experimental CVs (between 0.5 and 1.85 V vs. Fcþ/Fc) for NFP-H oxidation to NFP-(OMe)2 A) in methanol and B) in TFE (steady
state cycles were taken: 7th for the simulations and 10th and 7th for the experiment in methanol and TFE, respectively), C(NFP-H)= 5mM, v= 25mV s�1.
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and kinetic analyses of electrochemical oxidation or reduction
reactions, as exemplified here for the Shono-type oxidation.

Future work will aim at extending our model to include
effects from the Helmholtz layer, e.g., by including screening from
electrolytes present at this interface.

5. Experimental Section

Materials and chemicals sections can be found in the Supporting
Information. An undivided glass cell was filled with methanol/TBABF4
or Trifluorethanol/TBABF4 (0.2 mol·L�1, 100 mL). The electrolyte was
purged with argon before each experiment, and a 0.2 L·min�1 Ar flow
was purged constantly above the electrolyte during the measure-
ments. Glassy carbon (A= 0.1963 cm2) was assembled as the working
electrode, a Pt-sheet (2 cm2) as counter electrode, and an Ag/AgCl
(KClsat in H2O) as the reference electrode. The constant conversion
potential from Ag/AgCl to Fcþ/Fc is �0.49 V (c.f. Figure S3,
Supporting Information). Potentials were iR corrected by the bulk
resistance Ru determined by potentiostatic electrochemical imped-
ance spectroscopy at OCP before each experiment in the high fre-
quency region from 1MHz to 100 kHz at a phase angle of ϕ= 0°;
the amplitude was set to ΔEAC = 10mVrms. All measurements were
conducted at 25 °C and 1 bar. CV measurements of the electrolyte
were conducted in the potential range from 1.0 to 2.4 V vs.
Ag/AgCl with scan rates of 200, 100, 50, and 25mV·s�1 for 30, 30,
20, and 10 cycles, respectively. After the sequence was finished,
NFP-H (48.6 μL, 5 mmol·L�1) was added, and it was stirred vigorously
for 1 min. Then the sequence was repeated. At the end of each exper-
iment, a small amount of ferrocene was added and cyclic voltammo-
grams were conducted for 5 cycles at 100mV·s �1 in a potential range
from 0 to 1.0 V vs. Ag/AgCl.
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