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A practical and environmentally benign electrochemical oxidation of thioethers and thiols in a commer-
cially-available continuous-flow microreactor is presented. Water is used as the source of oxygen to
enable the oxidation process. The oxidation reaction utilizes the same reagents in all scenarios and the
selectivity is solely governed by the applied potential. The procedure exhibits a broad scope and good
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functional group compatibility providing access to various sulfoxides (15 examples), sulfones (15 examples)
and disulfides (6 examples). The use of continuous flow allows the optimal reaction parameters (e.g. resi-
dence time, applied voltage) to be rapidly assessed, to avoid mass- and heat-transfer limitations and to

rsc.li/greenchem scale the electrochemistry.

Introduction
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Sulfoxide and sulfone moieties are widespread in a broad Hs N/ e @/ \©\
variety of functional organic molecules." These moieties have HoN NH

been incorporated in numerous pharmaceutical compounds Me OMe
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(e.g. Esomeprazole, Dapsone, Sulmazole, Methionine sulfone Esomeprazole Dapsone

and Ponazuril)’ and even in polymeric materials® (Fig. 1). Gastroesophageal reflux treatment Antibiotic
Moreover, chiral sulfoxides have been employed as chiral

auxiliaries (e.g. Ellman’s sulfinamide, Oppoltzer camphorsul- o

tam)* and as chiral ligands in asymmetric transition-metal MeO SS & B

catalyzed transformations (e.g. Skarzewzki’s and Hiroi’s Ny Ve ,“sl\/YcozH
ligands, Fig. 1). N -

Typically, sulfoxides and sulfones can be accessed through
oxidation of the corresponding thioether.® Hereto, a wide
variety of oxidizing agents have been used, such as H,0O, in
combination with metal catalysts,” m-CPBA,* NalO,,” CrO;,’
KMnO,'® and dioxiranes."" Unfortunately, these strategies
typically suffer from selectivity issues, e.g. overoxidation of the
sulfoxide to the sulfone or oxidation of other functional
groups within the molecule. And, while hydrogen peroxide is
considered to be a green oxidant, its industrial synthesis via
the so-called anthraquinone autooxidation process is not
sustainable.'
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Fig. 1 Examples of interesting sulfoxides and sulfones, ranging from
pharmaceuticals to chiral ligands.
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Oxidation chemistry can also be achieved using alternative
and sustainable technologies, such as photochemistry or
electrochemistry, which allow to carry out the desired trans-
formation in the absence of strong oxidants.'* Here, the
desired transformation is induced by so-called traceless
reagents such as photons or electrons, providing sustainable
alternatives for the often hazardous and toxic oxidants.'*"

In addition, these methods are relatively mild and provide
good functional group tolerance and high chemoselectivity.
Furthermore, sustainable electricity, derived from solar and
wind energy, is becoming more abundantly available. Due to
the transient nature of these energy sources, small scale electro-
chemical plants are ideally suited to directly harness this sus-
tainable energy source. Despite the advantages provided by
electrochemistry, many organic synthetic practitioners have
been discouraged to adopt this technology into their labora-
tories.'® This is in part due to the apparent complexity of
electrochemical transformations which originates from numer-
ous problems, such as the use of specialized equipment and
large amounts of tailor-made electrolytes, mass- and heat-trans-
fer limitations, electrodeposition of organic material on the
surface of the electrode and limited scalability. However, many
of these challenges can be overcome by combining electro-
chemistry and continuous-flow microreactor technology.'” Due
to the small dimensions (100 pm-1 mm), micro-flow technology
allows to intensify the contact between the reaction mixture and
the electrodes, to eliminate mass-transfer limitations and to
avoid hot-spot formation.'*”%'”:*® Furthermore, organic depo-
sition on the electrodes can be minimized due to the continu-
ous-flow operation of the reactor.”

Using a combination of electrochemistry and continuous-
flow microreactors, we questioned whether we could selectively
access either the sulfoxide or the sulfone starting from their
corresponding thioethers."®'®?° Specifically, we hoped to
develop a set of generally applicable conditions which would
allow us to access both compounds simply by tuning the
applied potential in the electrochemical flow cell, whilst
keeping the reaction mixture the same. This would be a
great advance compared to traditional synthetic approaches
where each product class requires its own set of conditions
with often toxic oxidants, metal catalysts and/or elevated
temperatures.

Results and discussion

In order to find the optimal conditions for the direct electro-
chemical oxidation of thioethers, the potentiostatic oxidation
of thioanisole (1) was taken as a benchmark (Table 1). The
Asia Flux reactor was used as a commercially available electro-
chemical flow module and was equipped with cheap stainless
steel electrodes. At the outset of our investigations, it was
found that the use of an electrolyte was crucial to maintain a
stable current. Optimal results were obtained using tetrabutyl-
ammonium perchlorate (TBACIO,). We also observed that the
use of an aqueous acidic solvent was mandatory to lower the
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Table 1 Optimization of reaction condition for the electrochemical
oxidation of sulfides in continuous flow

microflow electrocell o o o
s _ (Fe nde) é+ \\Si
©/ “Me ©/ “Me ©/ “Me
+
1 1-A 1-B
2.5V, 2.1 mAlcm?
TBACIO, (10 mol%)
MeCN, H,O/HCI (0.1 M)
Conv.*
Entry Deviation from above (%) % 1-A* % 1-B*
1 None 63 62 0
2 Residence time of 10 min 75 72 2
3 No H,O/HCI (0.1 M) n.r. — —
4 No electrolyte n.r. — —
5 0.2 M H,0/HCl 37 34 —
6 No H,0O/HCIl, ACN saturated with O, 39 39 0
7 Potential at 3.0 V 92 65 27
8 Potential at 3.5 V 98 59 39
9 Potential at 4.0 V 99 7 92

Reaction conditions and variations on the electrochemical oxidation of
thioanisole. Reagents and conditions: Thioanisole (1 mmol, 0.1 M),
TBACIO, (0.1 mmol), MeCN/HCI (10 mL, 3:1 v/v, with 0.1 M HCI in
H,0), applied potential: 2.5 V (2.1 mA cm™>, Fe anode/cathode, Vi,
300 pL), residence time: 5 min (at a flowrate of 0.06 mL min™").
“Conversion and selectivity determined by GC-MS with an internal
standard.

pH which allowed to increase the redox potential of the Fe
electrodes, as explained by Pourbaix’s diagrams (Table 1,
entries 3 and 4).>' Consequently, the combination of tetra-
butylammonium perchlorate in MeCN with aqueous HCI (3:1
v/v, 0.1 M HCI in H,0) with an applied potential of 2.5 V
(corresponding to a current of approximately 2.1 mA cm™?>),
resulted in the oxidation of 1 toward sulfoxide 1-A (63% yield;
Table 1, entry 1). Increasing the residence time while keeping
the flow rate constant resulted in an increase in yield (entry 2,
Table 1). Interestingly, an increase in the applied potential
clearly shifted the selectivity towards the double oxidized
product 1-B (Table 1, entries 7-9). Finally, a control experiment
was carried out using an oxygen-enriched acetonitrile solution
without additional water (Table 1, entry 6). Oxidation of the
thioether was still observed, indicating that O, likely serves as
the [O]-source. Furthermore, in the presence of water, gas for-
mation can be noticed due to water splitting (see ESI).

With these preliminary results in hand, the effect of the
applied potential on the observed selectivity was investigated
in greater detail. Hereto, a single sweep voltammetry experi-
ment was performed at a constant residence time of 5 min
(Fig. 2A). The polarogram shows a clear plateau at 2.0-2.5 V,*>
which corresponds to the first oxidation step of thioanisole
toward 1-A (Fig. 2B). When the applied potential reaches
approximately 3.5-4.0 V, another plateau is observed, which
corresponds to the second oxidation step (via 1-A - 1-Bor 1 —
1-B). Further increase in the potential results into a critical oxi-
dation of the stainless steel electrodes and should be avoided.
It is clear that such polarograms represent a very useful tool to

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (A) Polarogram of thioanisole at a residence time of 5 min. (B)

product distribution of 1-A and 1-B with respect to applied potential.
Data recorded by GC-MS with an internal standard.

establish the optimal reaction conditions to obtain either the
sulfoxide or the sulfone from a specific thioether (see Fig. 2B
and ESI{).

Next, the effect of flow rate and residence time was investi-
gated (Fig. 3). These investigations were carried out to define
the optimal flowrate/residence time ratio in order to avoid
mass-transfer limitations. At lower flow rates, mixing is not
intense enough to facilitate diffusion of the reactants from the
bulk to the electrodes. At higher flow rates, the reaction time is
too short to allow for complete conversion. From our data, it is
clear that a residence time of 7.5 minutes effects the highest
conversion. A further increase in residence time results in a
drop in yield (Fig. 3, red zone). Hence, an optimum flowrate
regime was found to be situated between 0.04 to 0.06
mL min~", which corresponds to residence times of 7.5 to
5 minutes, respectively. A residence time of 7.5 minutes gave a
slightly higher yield in 1-A, but was accompanied with a low
amount of the corresponding sulfone 1-B (<5%). Therefore, a

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of residence time and flow rate on the yield of 1-A. Data
recorded via GC-MS with an internal standard. Internal reactor volume:
300 pm.

standard residence time of 5 minutes per run was considered
optimal and, when full conversion was not achieved within a
single run, the reaction mixture was reinjected to increase the
overall residence time (see ESIY).

Having established insight in the governing parameters in
the electrochemical oxidation of sulfides, we set out to probe
the generality of our electrochemical flow protocol. Various
thioethers bearing different functional groups were subjected
to both Methods A and B, yielding the corresponding sulfoxide
A or sulfone B, respectively (Fig. 4). For every compound, a fast
potential screening was carried out to obtain the polarogram,
which allows us to find the optimal condition for each com-
pound (see ESIT). Notably, the productivity of our electro-
chemical flow protocol is excellent (i.e. 7.8 mmol h™" for 1-A
and 5.5 mmol h™" for 1-B) providing means to scale this chem-
istry to quantities which are sufficient for Medicinal Chemistry
applications. Further scale-up can be achieved using larger
electrochemical flow reactors or via numbering-up of electro-
chemical microreators.>

As shown in Fig. 4, a wide variety of aryl, heteroaryl and
alkyl thioethers were efficiently converted into their corres-
ponding sulfoxides and sulfones in moderate to excellent
yield. Functional groups, such as halides (6, 7, 11), ketones (8),
esters (10, 15) and amides (9, 15), were well tolerated under
our reaction conditions. Notably, nitrogen-containing hetero-
aromatic compounds, e.g. pyridine (12) and benzimidazole
(13), can be selectively oxidized to produce the corresponding
sulfoxides and sulfones without N-oxide formation. However,
in the case of benzoxazole (14), nitrogen oxidation was
observed at higher potentials prior to the formation of the
sulfone. Interestingly, biologically relevant compounds such as
the amino acid Methionine (15) and a precursor of the antipro-
tozoal agent Toltrazuril>* (11) were efficiently oxidized in good
yield. However, it is important to note that for some substrates
it was not possible to access both the sulfoxide and sulfone. As
an example, dibenzothiophene (5) is directly oxidized to the

Green Chem., 2017, 19, 4061-4066 | 4063
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Fig. 4 Substrate scope for the formation of sulfoxides (A) and sulfones
(B). Reaction conditions: The reaction was performed with 0.15 M sub-
strate dissolved in an oxygen saturated 3:1 (v/v) mixture of acetonitrile
(DMF for 5) and a 0.1 M HCl solution in water, with 10 mol% tetrabutyl-
ammonium perchlorate as supporting electrolyte. The electrodes used
are identical (Fe). Data recorded is isolated yield. * The yield of 16-A is
calculated by *H-NMR. n.r. = no reaction.

sulfone. It is however plausible that a double oxidation is
immediately occurring, since it is known that aromatic sulfox-
ides are relatively reactive.*® The Toltrazuril precursor (11) is
oxidized only to the sulfoxide form, which can be explained by
the strong electron-withdrawing character of the CF; group,
making it less prone to oxidation. Despite the broad substrate
scope, some limitations do exist to our methodology (see
ESIT). Free amines, alcohols and carboxylic acids do not yield
any product. In addition, thioethers bearing nitriles, aldehydes
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Fig. 5 Substrate scope for electrochemical oxidation of thiols to dis-
ulfides. Reaction conditions: The reaction was performed with 0.15 M
(0.075 M for 22) substrate dissolved in an oxygen saturated 3:1 (v/v)
mixture of acetonitrile (DMF for 22) and a 0.1 M HCl solution in water,
with 10 mol% tetrabutylammonium perchlorate as supporting electro-
lyte. The electrodes used are identical (Fe). Data recorded is isolated
yield.

and hydroxyls at the y-position underwent retro-Michael
reactions.

Finally, the oxidation of thiols to symmetric disulfides was
performed applying an analogous approach as for the oxi-
dation of thioethers. Also here, a potential screening was
carried out after which the proper voltage value was set to
perform the reaction (Fig. 5). As a result, simple thiols such as
thiophenol (18), benzylthiol (19) and octanethiol (20), were all
converted to the corresponding disulfide in good to excellent
yield. Notably, 2-mercaptopyrimidine (21) and 2-furanylmetha-
nethiol (23) could also be converted to their disulfide deriva-
tive and were obtained in good yield. It should be noted that
disulfide 23-C is prone to overoxidation under photochemical
oxidation reactions, however, this was not observed using our
electrochemical method.?® This highlights the efficiency of
electrochemistry and its complementarity compared to photo-
redox catalysis.”” Furthermore, poorly soluble starting
materials like 4-mercaptobenzoic acid (22) could also be con-
verted using this protocol.

Conclusion

A straightforward, green and broadly applicable electro-
chemical continuous-flow procedure to oxidize thioethers and
thiols has been developed. Using a commercially available
electrochemical flow setup (Asia Flux), a wide variety of func-
tionalized sulfoxides (15 examples) and sulfones (15 examples)
could be accessed selectively, simply by changing the applied
voltage. Similarly, aryl and alkyl thiols could be efficiently oxi-
dized to their corresponding disulfides (6 examples). Because
of the sustainable nature of our developed protocol, we believe
that our method is highly attractive for technical applications.

This journal is © The Royal Society of Chemistry 2017
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