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ABSTRACT: The Baeyer—Villiger oxidation of ketones is a
crucial oxygen atom transfer (OAT) process used for ester
production. Traditionally, Baeyer—Villiger oxidation is accom-
plished by thermally oxidizing the OAT from stoichiometric
peroxides, which are often difficult to handle. Electrochemical
methods hold promise for breaking the limitation of using water as
the oxygen atom source. Nevertheless, existing demonstrations of
electrochemical Baeyer—Villiger oxidation face the challenges of
low selectivity. We report in this study a strategy to overcome this
challenge. By employing a well-known water oxidation catalyst,
Fe,0;, we achieved nearly perfect selectivity for the electro-
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chemical Baeyer—Villiger oxidation of cyclohexanone. Mechanistic studies suggest that it is essential to produce surface hydroperoxo
intermediates (M-OOH, where M represents a metal center) that promote the nucleophilic attack on ketone substrates. By confining
the reactions to the catalyst surfaces, competing reactions (e.g, dehydrogenation, carboxylic acid cation rearrangements, and
hydroxylation) are greatly limited, thereby offering high selectivity. The surface-initiated nature of the reaction is confirmed by
kinetic studies and spectroelectrochemical characterizations. This discovery adds nucleophilic oxidation to the toolbox of

electrochemical organic synthesis.

B INTRODUCTION

In the pursuit of developing sustainable alternatives for
catalysis,' ® oxygen atom transfer (OAT) reactions are of
great importance for chemical synthesis.” Traditionally, this
class of reactions relies on strong oxidants such as peroxyacids,
peroxides, or molecular oxygen (O,), which are often difficult
to handle.”” As a result, it presents a challenge for large-scale
implementations, such as the preparation of monomers for
polymeric materials.'”"" Recent advances have inspired
researchers to address these challenges by exploiting in situ
generated oxidants.'”~"> Promising results have been obtained
by electrochemically (or photoelectrochemically) oxidizing
H,0 to produce intermediates, including oxo species,'®"’
peroxo species,"® hydroperoxo species,'”* hydroxyl radicals,”*
and reactive atomic surface oxygen species,”” which can be
directly utilized for OAT. For instance, it was recently reported
that manganese oxo species generated through an electro-
chemical approach can efficiently oxidize thioethers to
sulfoxides.'” Similarly, iron oxo intermediates formed by
photoelectrochemical water oxidation were reported to enable
OAT reactions through electrophilic attacks.'®

One class of OAT reaction notably missing in these efforts is
the Baeyer—Villiger oxidation, an essential process for
converting ketones to esters.” >° A recent attempt to enable
this reaction by electrochemistry involved the intermediates of
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H,0, and resulted in poor selectivity (<50%) and low Faradaic
efficiencies (<10%).”” The key competing factor of this process
was understood as the production of hydroxyl radicals (*OH)
that would lead to hydroxylation. At the heart of the issue were
the relatively poor controls over the oxidation processes, and
the overall reaction relied on electrochemically induced
chemical reactions away from the surface catalytic site.

We hypothesized that Baeyer—Villiger selectivity could be
improved by avoiding high concentrations of reactive oxygen
species (ROS) and metastable carboxylic acid cation in
solution and instead utilizing the reaction primarily through
surface-anchored species. Indeed, surface-adsorbed peroxo
(IM™-00"]) intermediates generated from water on the
PdPtO,/C catalyst were recently shown to facilitate propylene
epoxidation with excellent selectivity.'® To achieve Baeyer—
Villiger oxidation, we targeted water oxidation catalysts that

. . . 19,28-30
can produce critical M-OOH intermediates,

capable of
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Figure 1. (a) Conventional oxygen-atom-transfer (OAT) reactions. (b) Previous work on electrochemically (or photoelectrochemically) oxidizing
H,O to produce oxidants, e.g.,, metal oxo (M = O) intermediates, which can be directly utilized for OAT reactions facilitated through electrophilic
attacks, e.g., sulfoxidation. (c) Electrochemically catalyzed Baeyer—Villiger oxidation of cyclohexanone through the OAT from water by employing

catalysts that can produce M-OOH (this work).
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Figure 2. (a) Cyclic voltammogram at a scan rate of S0 mV/s. When present, 60 mM cyclohexanone (C¢H,,0) and 33.3 vol % water (H,0) were
introduced in acetonitrile (MeCN) containing 0.1 M LiClO,. (b) Direct electrochemical Baeyer—Villiger oxidation performance and selectivity to
e-caprolactone production by passing different quantities of charges at a constant potential of 1.56 V vs Fc/Fc*. (c) Current density collected with
potentiostatic electrolysis by passing 200 C charges at 1.56 V vs Fc/Fc', including 60 mM C4H,,O, 33.3 vol % H,0, and 0.1 M LiClO, in MeCN.

nucleophilic attacks on the organic ketone substrate, as shown
in Figure 1.

We report in this work the application of a known water
oxidation catalyst, iron oxide (Fe,0,),”' ~** for the synthesis of
g-caprolactone with ca. 99% selectivity as a benchmark
example of Baeyer—Villiger oxidation through electrochemical
OAT with H,O as the oxygen donor. Fe,O; was chosen as a
prototypical catalyst to take advantage of its water oxidation
activities; other benefits offered by this material include
excellent stability, abundance, and low cost.>>* For electrode
fabrication, a binder-free Fe,O; thin film was deposited onto
fluorinated tin oxide (FTO) conductive glass through a
solution synthesis method following a previously published
procedure (see the Supporting Information, SI, for more
details).”” Then, the electrode was used as a working electrode
in a one-compartment, three-electrode cell (Figure S2). A
typical electrolyte contained acetonitrile (MeCN) as the
solvent and 0.1 M lithium perchlorate (LiClO,) as the support
salt, with H,O (33% by volume) as the oxygen source and
cyclohexanone (60 mM) as the substrate. The typical
geometric area of the working electrode was ca. 0.6 cm’.
Carbon paper (ca. 1 cm?) served as the counter electrode. A
leakless miniature Ag/AgCl (eDAQ) electrode was used as the
reference electrode, calibrated to the ferrocene/ferrocenium
(Fc/Fc*) redox potentials (Figure S3).

B RESULTS AND DISCUSSION

The first set of experiments carried out was to assess the
electrochemical behavior by cyclic voltammetry (CV) without
stirring under all combinations of the presence of cyclo-
hexanone and water at a scan rate of 50 mV/s. Strong anodic
currents were apparent only in the presence of H,0, suggesting
that H,O oxidation is preferred under the testing conditions
(Figure 2a). The introduction of cyclohexanone marginally
reduced the anodic current, presumably by intercepting the
water oxidation catalytic cycle throu%h reactions with the Fe-
OOH intermediate (vide infra)."’ To characterize the
oxidation products, we performed potentiostatic electrolysis
at anodic potentials >1.3 V (vs Fc/Fc*; unless noted, all
potentials henceforth are relative to this reference). The
identity of the products was confirmed by gas chromatog-
raphy—mass spectrometry (GC-MS, Shimadzu GCMS-
QP2010 Ultra) and proton nuclear magnetic resonance ('"H
NMR, Varian VNMRS 600) spectroscopy, and the production
was quantified by GC-MS. For a typical experiment with 10 C
of charge passed (which took ca. 1 h) at 1.56 V, &-caprolactone
was identified as the main product, with few measurable
byproducts (e.g., 2-cyclohexen-1-one, 7-oxabicyclo[4.1.0]-
heptan-2-one, &-hexanolactone) detected (Figure S4 and
Table S1). The byproducts became more detectable after
longer reactions (Figure S8 and Table S2), for instance, after
ca. 10 h, which corresponded to 100 C of charge passed, they
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Figure 3. (a) Surface-initiated cyclohexanone oxygenation through *OOH species of which surface-coverage level is varied by applying high (1.71
V vs Fc/Fc*, dark cyan) and low (1.42 V vs Fc/Fc*, orange) overpotentials. (b) The e-caprolactone production rate dependence on cyclohexanone
concentrations, collected with 33.3 vol % water content. (c) The e-caprolactone production rate dependence on water concentrations, collected
with 60 mM cyclohexanone. (d) Reaction order analysis relative to cyclohexanone concentrations.

amounted to ca. 1% of the total products, with no apparent
increase for up to 200 C of charge passed (ca. 20 h) (Figure
2b). Up to ca. 20 h, no obvious changes to the electrode were
observed, as confirmed by X-ray measurements (Figure S12).
The electrochemical behavior of the electrode also remained
stable throughout the reaction with a current density of 4.92
mA/cm? at the beginning, slightly decreasing to 4.40 mA/cm*
at the end (Figure 2c). The average current density was 4.60
mA/cm’, with ca. 30% Faradaic efficiency in é-caprolactone
production (FEE_caPrOlacmne) and a normalized production rate
of e-caprolactone of 26 umol cm_zgeo h™ (where “geo”
represents geometric area), and a total conversion of the
starting material, cyclohexanone, close to 20% (Figure S13).
Furthermore, to test the utility of achieving even greater
conversion of the reactant, we fabricated a larger working
electrode (ca. 3 cm*) and performed bulk electrolysis for 15 h
at 1.56 V. The current passing through the electrolytic cell
remained steady at ca. 15 mA throughout the process (Figure
S15a). The conversion of cyclohexanone reached ca. 50%, and
the yield of e-caprolactone was determined to be 98.7%
(Figure S1Sb). These results set the stage for future
optimizations for even greater conversion.

The high selectivity (close to 99%) for e-caprolactone is
notable and among the best in the literature for electrochemi-
cally driven organic synthesis.”®’” The result speaks of the
exclusivity of substrate activation and its subsequent trans-
formation. In the canonical Baeyer—Villiger oxidation mech-
anisms, as shown in Figure S16, the substrate is typically
activated by the nucleophilic attack of an organic peroxide.”
The presence of other oxidative species could compete with
this mechanism to result in undesired byproducts, as has been

reported in recent Baeyer—Villiger attempts that involved H,O
oxidation.””** We are therefore inspired to propose that the
activation of the ketone substrate takes place exclusively on the
surface of the electrode.

To test this hypothesis, the next set of experiments were
designed to prove that the reaction is indeed surface initiated.
With the premise that *OOH is a key intermediate for the
activation of cyclohexanone, we sought to vary its surface
coverage and observe how the Baeyer—Villiger oxidation
kinetics change (Figure 3a).” For this purpose, we chose two
electrochemical potentials that correspond to different
oxidation kinetics: at 1.42 V, the nominal current density as
measured in Figure 2a was 4.45 mA/ cm?, while at 1.71 V, the
value was 13.17 mA/cm® At each applied potential, the
concentrations of two key reactants, cyclohexanone and H,O,
were systematically varied and the rates of Baeyer—Villiger
oxidation were observed for the first 10 C of charge passed.
The initial increase of the cyclohexanone concentration
resulted in a monotonic increase in Baeyer—Villiger oxidation,
until the concentration of cyclohexanone reached 60 mM
(Figure 3b). Beyond this point, a decrease in Baeyer—Villiger
oxidation was apparent and the overall electrochemical current
density exhibited a slight decrease with increasing cyclo-
hexanone concentrations (Figure S18a,c). The net result was
an increased formation of byproducts (Figure S19). The results
are presumably due to an increased competition by direct
electrochemical oxidation of cyclohexanone with electrochemi-
cally induced chemical oxidation, which in turn was caused by
the increased availability of cyclohexanone. Importantly, the
rate of Baeyer—Villiger oxidation was consistently higher at
1.71 V than at 1.42 V for all cyclohexanone concentrations.
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Figure 4. (a) Proposed catalytic cycle for the electrochemical Baeyer—Villiger oxidation of cyclohexanone. The Criegee adduct ([Fe—O—O-R])
intermediate displays two representative stretching modes from O—O and O—C—O, respectively. Operando ATR-SEIRAS measurements of the
detections of (b) O—O and (c) O—C—O stretching modes within [Fe—O—O-R]. They are ascribed to two potential-dependent vibrational bands

centered at 1042 and 1396 cm™.

Similarly, a monotonic increase of the Baeyer—Villiger
oxidation rate with increasing H,O concentration was observed
up to ca. 25%, beyond which a decrease was apparent (Figure
3c). The results may be attributed to increased O, evolution at
higher H,O concentrations, which competes with Baeyer—
Villiger oxidation.

This set of data allowed us to extract the apparent reaction
orders as a function of the cyclohexanone concentrations. As
shown in Figure 3d, two different behaviors were observed. At
1.71 V, an apparent reaction order of 1.33 was determined,
whereas at 1.42 V, it substantially decreased to <1. These
results provided additional support for the surface-initiated
reaction mechanism.'® At high applied potentials, the water
oxidation kinetics is fast and the surface is expected to be
saturated with *OOH species. Consequently, the overall
Baeyer—Villiger oxidation rate is limited by the availability of
cyclohexanone molecules. A pseudo-first-order characteristic
was thus observed relative to the cyclohexanone concentration.
By comparison, at low applied potentials, a relatively slow H,O
oxidation is expected, implying a relatively low coverage of
surface *OOH species.”” In this case, the overall reaction rate
would be largely determined by the availability of surface
*>00H species (Figure 3c).'® As such, the availability of
cyclohexanone molecules is not the only limiting factor to the
overall reaction rates. Under the likely assumption that the
steady-state concentration of surface *OOH species might be
influenced by the presence of cyclohexanone, the apparent
reaction order would be less than one relative to cyclo-
hexanone, which is consistent with our observation. Taken
together, these data provide evidence to support that the
Baeyer—Villiger oxidation is surface initiated.

Next, we performed H,'®O labeling experiments to show
that the O in the Baeyer—Villiger oxidation products is indeed
transferred from H,0.'° For this purpose, H,'0 (97%,
Medical Isotopes) was used and potentiostatic electrolysis was
performed under electrochemical conditions identical to those

described above. We found that the prominent molecular ion
peak of e-caprolactone featured a mass-to-charge ratio (m/z)
of 116 when H,"®0 was used, compared to 114 when H,'°O
was employed (Figure S21), providing direct evidence that the
Baeyer—Villiger oxidation was enabled by H,O oxidation.
Moreover, the dominant ion peaks of the C;HgO fragment
(m/z = 84) and C;H;O fragment (m/z = 55) were also shifted
by 2 m/z units, clearly supporting the substitution of '°O with
80 in these fragments. Considering that C;HgO and CyH,0
fragments report on the oxygen from the carbonyl group in &-
caprolactone,”” we understand the Baeyer—Villiger oxidation
to proceed through an electron-transfer-based O—O bond
dissociation mechanism (Figure 4a and Figure S$28c). A
competing possibility is that the surface-anchored intermediate
can go through proton migration to produce e-caprolactone
that would lead to the OAT to the second oxygen atom rather
than the oxygen atom within the carbonyl group (Figure S22).
Such a possibility is contradictory to the MS observations and
is therefore unlikely.

With all of the information available so far, we propose the
overall catalytic cycle for the electrochemical Baeyer—Villiger
oxidation as follows. The reaction initiates with the formation
of metal oxo (M=O) species on the surface of the electrode,
which can be readily transformed to hydroperoxo (M-OOH)
through oxidation in the presence of H,0.*"** Similar to how
peroxyacids activate ketones in canonical Baeyer—Villiger
oxidation, M-OOH engages with the ketone substrate via
nucleophilic attack. Subsequently, a hydrogen-bonding rear-
rangement takes place.43 After deprotonation, the surface-
anchored intermediate known as the Criegee adduct ([Fe—O—
O-R], where R represents the organic functional group) is
formed. In the final oxidation step, the O—O bond dissociation
occurs, resulting in a transformation into a surface-adsorbed
carboxylic acid cation. A subsequent rearrangement promptly
releases the product and recovers M==0 for the next catalytic
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cycle. To further support the proposed catalytic cycle, we next
performed attenuated total reflectance surface-enhanced infra-
red absorption spectroscopy (ATR-SEIRAS, see the SI for
experimental details) in operando.’”***> The IR spectra in
Figure 4b clearly show two vibrational bands centered at
around 1042 and 1396 cm™ (see Figure S26 for the full
spectra). They are ascribed to the O—O and O-C-0O
stretching modes within [Fe—O—O—R], respectively (see the
SI for detailed discussions).””****” The reversibility of these
signals with changing potentials was further confirmed by
filtering out static back%round absorbance with phase sensitive
detection (Figure $27).”” The successful detection of the [Fe—
O—O-R] intermediate lends additional strong support to the
proposed mechanisms. It is important to note that the
nucleophilic attack by the M-OOH species on the substrate
is the key enabling factor for the Baeyer—Villiger oxidation.
While electrophilic M==O species could also active organic
substrates and enable OAT), as has been reported recently by
several groups,'®'”*** these mechanisms would not enable
the Baeyer—Villiger transformation. As such, our results
represent an important advancement in electrochemically
based chemical synthesis. It is last noted that the Baeyer—
Villiger oxidation could, in principle, be enabled by M-OO*
(superoxo radicals), as well. If so, it would imply that the OAT
takes place at a later stage of the H,O oxidation
reactions.””*** The difference notwithstanding, all discus-
sions presented here would still be valid should this
mechanism be the preferred one. However, we consider such
a mechanism less likely for Fe,O;-based catalysts. This is
because H,O oxidation by Fe,O; is known to be kinetically
limited by early steps.’” To fully resolve the potential
differences, additional research will likely be needed, which is
beyond the scope of this work.

We also note that the mechanisms proposed here are
expected to be applicable to other substrates, as demonstrated
by the highly selective production observed through the
Baeyer—Villiger oxidation of cyclopentanone and 2-methyl-
cyclohexanone in our preliminary trials (Figure S29). More-
over, this mechanism may be extended to other H,O oxidation
catalysts, such as iridium oxide (IrO,) and cobalt oxyhydroxide
(CoOx(OH)y),‘w’39 which feature the generation of M-OOH
intermediates, which have shown ca. 90% selectivity in
Baeyer—Villiger oxidation under the conditions optimized for
Fe,0, (Figure S30 and Table S2; see the SI for detailed
discussions). Together, they speak to the general applicability
of the reported strategy in enabling the use of OAT by
electrochemical water oxidation.

B CONCLUSIONS

In summary, we achieved highly selective electrochemical
Baeyer—Villiger oxidation through OAT from water. It was
hypothesized that M-OOH serves as a crucial intermediate,
which facilitates a surface-initiated catalytic pathway through
nucleophilic attack to activate the ketone substrates. With
cyclohexanone as a prototypical substrate, and Fe,O; as an
OAT catalyst, we obtained ca. 99% selectivity for e-
caprolactone production. The overall Faradaic efficiency was
ca. 30%, with O, evolution as the main competing reaction,
and no other significant organic byproducts were detected.
Our preliminary results showed that the proposed mechanisms
are broadly applicable to the Baeyer—Villiger oxidation of
other cyclic ketones (e.g,, cyclopentanone and 2-methylcyclo-
hexanone). The mechanism is also extendable to other H,O

oxidation catalysts, such as iridium oxide (IrO,) and cobalt
oxyhydroxide (CoOx(OH)y), which feature effective gener-
ation of M-OOH intermediates. The results reported here are
expected to contribute to the efforts for electrochemical OAT
and/or other types of oxidation reactions. Future research
should be directed toward understanding how to further
minimize O, evolution so as to improve the efficiency of
charge utilizations.
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