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In this study, we introduce an efficient, metal-free electrocatalytic
desulfurative protocol for forming C—N bonds by selectively activating
inert C(sp®)—S bonds of alkyl thioethers. This method offers a straight-
forward and environmentally friendly approach for modification of
heterocyclic compounds from readily accessible thioethers. Preliminary
mechanistic investigations suggest that the reaction proceeds via a
carbocation intermediate. Furthermore, successful synthesis on a 10-
gram scale was achieved in a continuous flow electrochemical reactor.

Organosulfur compounds are not only commonly found in
natural products, pharmaceuticals, and functional materials
but also serve as vital intermediates and precursors in the field
of organic chemistry." The activation of inert C-S bonds to form
C-C and C-heteroatom bonds has garnered significant atten-
tion in organic chemistry. Over the past few decades, transition
metal-catalyzed coupling reactions have established themselves
as a robust platform for the transformation of C-S bonds.> This
approach typically involves metal insertion into the carbon-
sulfur bond to facilitate its cleavage, followed by the desired
transformation.> However, despite the effectiveness of transi-
tion metals, certain limitations persist. For instance, sulfur
atoms can strongly coordinate with metals, leading to catalyst
deactivation, and sometimes additional sacrificial reagents are
required to achieve catalyst turnover.’ Additionally, higher
reaction temperatures are often necessary to facilitate oxidative
addition to transition metals.* Furthermore, the sulfur-
containing compounds frequently employed in these reactions
are typically C(sp?)-S bonds or reactive high-valence sulfur
species such as sulfones/sulfonium salts.>**”?? In contrast,
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the study of widely available C(sp®)-S bonds has been notably
scarce and remains relatively underexplored, particularly in the
context of metal-free catalysis.*>®

Over the past decade, organic electrochemistry has garnered
significant attention due to its precise electron-transfer processes
and its unique utilization of electrons as redox reagents that leave
no trace.” Electrochemistry offers a potent tool for activating
compounds containing sulfide groups.® Consequently, the selective
oxidation of thioethers proceeds seamlessly in electrocatalysis, as it
does not rely on sulfur atom coordination to the catalyst.” Early in
2004, Yoshida’s research group introduced the “cation pool”
method for generating carbocations (Scheme 1a). In this method,
the electrochemical oxidation of glycosylated phenylthioethers at
temperatures as low as —78 °C yields a reservoir of discrete alkoxy
carbocation intermediates, which can subsequently react with
nucleophilic reagents.”*®" Lei and colleagues recently reported
electrooxidatively induced C-S bond cleavage for the synthesis of
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Scheme 1 C-S bond activation strategy.
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disulfides from thioethers. This process initiates with the
formation of a radical cation intermediate, which subsequently
decomposes into a carbocation and a thiyl radical, enabling S-S
bond formation (Scheme 1b, left).'® Malins, Connal, and
co-workers developed an electroauxiliary-assisted oxidation of
glutamine residues for the modification of peptide substrate
via C(sp*)-S cleavage of thioethers.”® Most recently, Lundberg’s
group has also contributed to the field by reporting electro-
reductive desulfurative transformations utilizing thioethers
as alkyl radical precursors.'’ These transformations include
hydrodesulfurization, carboxylation, and Giese-type cross-
coupling. However, it is worth noting that the achievement of
high conversion of the starting feedstock and high yields in
these processes requires the use of various sacrificial anode
materials (Scheme 1b, right).

In this study, we present an innovative example of electro-
catalytic C(sp®)-S bond activation for the construction of C-N
bonds (Scheme 1c). The process leverages the carbocation
resulting from the decomposition of the radical cation inter-
mediate as an electrophilic reagent. This electrochemical
method demonstrates a broad substrate scope, encompassing
over 40 examples of thioethers, heterocycles (pyrazole, triazole,
and tetrazole), and alcohols. Moreover, the reaction can be
readily scaled up to a 10-gram level using a continuous-flow
system operating under mild conditions. This electrooxidation
strategy do not need for sacrificial anodes, costly transition
metal catalysts, or external chemical oxidants.

We conducted an investigation into the electrochemical
desulfurative N-alkylation using alkyl thioether 1 and benzo-
triazole 2 as model substrates in an undivided cell (Table 1).
After a series of experiments, we successfully obtained the
desired N-alkylation product 3 in 80% yield under a constant
current of 5 mA and in a N, (Table 1, entry 1, more details see

Table 1 Optimization of the reaction conditions?

(+)GR FHﬁ (-) Pt

N=N

©><S/Bn - "BusN-BF, (0.1 M), (4-BrPh)sN (10 mol %) @XN,N\\N
X t} HFIP (2.5 equiv), MeCN (4 mL) @
50mA, Ny, t, 4 h
1(0.2 mmol) 2(15 equiv) Standard conditions 3
Entry Deviation from standard conditions Yields? (%)
1 None 80
2 DCA instead of (4-BrPh);N 70
3 TEMPO instead of (4-BrPh);N N.R.
4 Without (4-BrPh);N 60
5 DCM instead of MeCN 30
6 DMF instead of MeCN N.R.
7 Acetone instead of MeCN N.R.
8 ‘BuOH instead of HFIP 60
9 Without HFIP 58
10 6 h 34
11 Air 55
12 Without current N.R.

“ Standard conditions: carbon rod (¢ 6 mm) anode, Pt plate (15 mm x
10 mm x 0.1 mm) cathode, constant current (5 mA), thioether
1 (0.2 mmol), benzotriazole 2 (0.3 mmol), "Bu,NBF, (0.1 M),
(4-BrPh);N (10 mol%), HFIP (2.5 equiv.), CH;CN (4.0 mL), room
temperature, N,, undivided cell, 4 h. b 1solated yield.
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ESIt). When alternative organic redox mediators such as 9,
10-Dicyanoanthracen (DCA) or TEMPO were used, lower yields
were observed (Table 1, entries 2 and 3). In the absence of an
electron transfer mediator, the desired product was obtained in
60% yield (Table 1, entry 4). The choice of solvent was critical,
with CH;CN providing the best results, while no product was
obtained in DMF or acetone (Table 1, entries 5-7). Lower yields
were achieved without the addition of HFIP or by replacing
HFIP with ‘BuOH (Table 1, entries 8 and 9). Explorations into
other solvents, additives, and electrode materials did not yield
improved results (more details see ESIT). Prolonged electrolysis
to 6 hours led to a significant decrease in yield (Table 1, entry
10). The current density played a crucial role in the reaction,
with an increase or decrease in electric current resulting in
lower yields (see ESIt). The reaction could occur in an air
atmosphere, albeit with a decreased yield of 55% (Table 1,
entry 11). Control experiments confirmed the essential nature
of electricity for this reaction, as no reaction occurred in the
absence of an electric current (Table 1, entry 12).

With optimized reaction conditions in hand, we proceeded
to explore the scope of this electrochemical method. As illu-
strated in Scheme 2, various tertiary thioethers proved to be
compatible with the reaction, providing the N-alkylation products
3-18 in good yields. Substrates featuring phenyl rings with
electron-donating groups generally exhibited better results, yield-
ing 78-85% compared to those with electron-withdrawing groups
(4-5, 10 vs. 6-8). Furthermore, the thioethers with condensed ring
or multiple aryl groups were also well-tolerated, resulting in the
N-alkylation products 11-15 in 60-78% yields. Thioethers bearing
large steric hindrance in their alkyl substituents were efficiently
converted to the corresponding N-alkylation products 16-18 in
64-91% yield. Several secondary alkyl thioethers were also
smoothly converted to the corresponding products 19-21 in
52-80% yields. Diphenyl substituted thioether delivered N-
alkylation product 19 in 80% good yield. Thiophene-substituted
thioether was well-tolerated in this method, yielding the N-alkyla-
tion product 21 in 73% yield. Moreover, the success of gram scale
synthesis through a flow electrochemical reactor (5, 1.0 g, 75%
yield) demonstrates promising outcomes for potential industrial
applications. Encouraged by the results presented above, we
proceeded to investigate the applicability of various heterocycles
in our electrochemical protocol. As depicted in Scheme 2, benzo-
triazoles featuring Me, F, Cl, Br, CF;, and CN substituents on the
benzene ring exhibited the capacity to trap the carbocation,
affording the corresponding N-alkylation products in moderate
to high yields (22-28, 31-71%). Notably, diversely substituted
benzotriazoles yielded N1/N3 mixtures, with the exception of the
4-Me-substituted benzotriazole, which exclusively delivered the
N1i-selective product. Furthermore, various azoles, such as pyra-
zole, triazole, and tetrazole, were found to be suitable substrates
for this electrochemical protocol, providing the products with 20-
84% yields (29-36). In addition to these heterocyclic substrates, a
range of common alcohols, including methanol, isopropanol, tert-
butanol, and ethylene glycol, were found to be compatible with
the reaction, acting as nucleophilic reagents in the reaction to
capture the carbocation. This resulted in the formation of the

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Scope of desulfurization N-alkylation. Unless otherwise men-
tioned, reactions were performed with standard conditions. @ determined
by *H NMR. ®MeCN/MeOH = 3/1 (v/v) mL. *MeCN/PrOH = 3/1 (v/v) mL.
IMeCN/BUOH = 3/1 (v/v) mL. ©MeCN/Ethylene glycol = 3/1 (v/v) mL
*MeCN/D,O = 4/0.18 (v/v) mL. Isolated yield.

corresponding ether products with good outcomes (37-40,
65-79%). The use of deuterium oxide (D,O) led to the formation
of the corresponding deuterium-substituted products 41 and 42
in yields of 78% and 77%, respectively. Additionally, this
electrochemical desulfurative N-alkylation reaction proved
effective in the late-stage functionalization of complex mole-
cules, including natural products such as Celestolide, Podo-
phyllotoxin, and GeMfibrozil-derived thioethers, with 65-92%
yields for products 43-45. Remarkably, Valsartan with a car-
boxyl acid group was also well-tolerated in this electrocatalytic
system (46, 67%). To further underscore the utility of our
electrocatalytic protocol, we conducted a scaled-up reaction in
a continuous flow electrochemical reactor. Encouragingly,
under slightly modified conditions (more details see ESIf),
the reaction proceeded smoothly at a 10.0 g scale (60 mmol),

This journal is © The Royal Society of Chemistry 2024
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affording the product 10 in 65% isolated yield (11.15 g,
Scheme 2, bottom right).

To shine light on the mechanism of this electrochemical
desulfurative N-alkylation reaction, a series of several control
experiments were conducted (more details see ESIt). As
depicted in Fig. 1a, the reaction of thioether 1r with diphenyl-
phosphine oxide under standard conditions yielded the radical
coupling product 48 in 40% yield and the sulfur radical
dimerization product 49 in 25% yield, respectively (Fig. 1a,
top). This outcome strongly suggested the generation of sulfur
radicals within the system, which subsequently engaged in
cross-coupling with phosphine radicals.'? Furthermore, when
the corresponding thioether 1p was used as the substrate, the
N-alkylation product 17 was obtained in 91% yield, and
no discernible radical ring-opening product was observed
(Fig. 1a, middle). These results collectively indicated a sulfur
radical cation was produced at the anode, leading to the
decomposition into a carbocation and a thiyl radical. The
capture of the carbocation by the nucleophilic reagent benzo-
triazole 2, resulting in the formation of addition product 17.
Moreover, to gain insights into the role of HFIP in the reaction,
the corresponding ether 1x was subjected to electrolysis with
benzotriazole 2 under standard conditions, with no detection of
N-alkylation product 19 (Fig. 1a, bottom). This observation

a) Control experiments

! o]
N i wer 1 Jom QP e e
+ AP - + S ’
Ph PhTHPh Standard conditions Ph” \SABn s Bn
1r, 0.2 mmol 47, (1.5 equiv.) 48, 40% 49,25 %
Isolated yield
2 +) GR F ’_h () Pt
2
Bn o+ N (i)
Ph s u Standard conditions
1p, 0.2 mmol 2, (1.5 equiv.) 17,91 %

CFy N
1
o)\ca N j@ *+)GR FT] (Pt NS Q

Py N

Ph Ph H Standard conditions

Ph

19, Not detected

1x, 0.2 mmol 2, (1.5 equiv.)

b) Proposed mechanism
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Fig. 1 (a) Control experiments, (b) proposed mechanism.
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suggested that the ether 1x does not serve as an intermediate in
the transformation.

Based on the above mechanistic results and the previous
report,'® two plausible mechanisms are proposed in Fig. 1b. In
the primary pathway (Path I), thioether 1b undergoes direct
oxidation at the anode, yielding a sulfur radical cation inter-
mediate I. This intermediate subsequently undergoes cleavage
to form a carbocation II, along with a sulfur radical. The
resulting carbocation II is then engaged by nucleophilic
reagents, yielding the desired product IIL. On the cathode side,
HFIP functions as a hydrogen donor, facilitating the reduction
of hydrogen ions to form H,, thus maintaining charge balance
within the overall cell. Alternatively, an indirect pathway (Path
II) can also give rise to the sulfur radical cation intermediate I.
In this case, the catalyst triarylamine undergoes one-electron
oxidation at the anode, generating a triarylamine radical cation
intermediate with inherent oxidizing properties. This radical
cation subsequently oxidizes the corresponding thioether 1b,
leading to the formation of the pivotal intermediate I.

In summary, we introduce an innovative electrochemical
protocol for activating and transforming C(sp*)-S bonds with
excellent efficiency, enabling the construction of C-N bonds from
thioethers under transition-metal free conditions. Furthermore,
we have developed a flow electrochemical method that allows
synthesis on a 10-gram scale, demonstrating its potential for
practical and large-scale applications. Preliminary mechanistic
experiments suggest that the reaction proceeds through a carbo-
cation intermediate pathway. This electrocatalytic protocol offers
an efficient method for activating thioethers in desulfurative
transformations under mild conditions, expanding the methodo-
logical toolkit in this field.
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