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Electrochemistry provides a green and atom-efficient route to synthesize pharmaceutical
and useful functional molecules, as it eliminates the need for the harsh chemical oxidants
and reductants commonly used in traditional chemical reactions. To promote the
implementation of electrochemical processes in the industry, there is a strong demand
for the development of technologies that would allow for scale-up and a shortened reaction
process time. Herein, we report that electrolysis was successfully accomplished using a
flow-divided-electrochemical reactor within a few seconds, enabling the desired chemical
conversion in a short period of time. Moreover, the narrow electrode gap of the flow
reactor, which offers greener conditions than the conventional batch reactor, resulted in
the continuous flash synthesis of C-arylglycosides.
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INTRODUCTION

Electrochemistry has received considerable attention in recent years from the academic and the
industrial communities because it offers an efficient and benign route to synthesize useful
compounds (Frontana-Uribe et al., 2010; Horn et al., 2016; Wiebe et al., 2018; Pollok and
Waldvogel, 2020). Various electrochemical transformations have been developed to produce
valuable compounds, including pharmaceuticals and agrochemicals (Yoshida et al., 2008; Yan
et al., 2017; Yuan and Lei, 2019; Röckl et al., 2020; Shi et al., 2021). The remarkable advantage of this
methodology is that electrons can work as traceless redox reagents, reducing hazardous chemicals
and enabling a green synthetic process. This development of scalable electrochemical technologies
has been necessitated in recent years in order to promote the implementation of this environmentally
friendly process in the industrial field (Wills et al., 2021). However, traditional batch electrochemical
processes encounter many challenges in increasing productivity from the laboratory scale to the
industrial scale. As the electrochemical reactions proceed under heterogeneous conditions, the
simple strategy involving an enlargement of the cell volume is not appropriate, because the cell
voltage drastically increases when the electrode gap increases. Furthermore, the drawbacks of batch
reactors such as insufficient heat transfer, mixing and, long electrolysis duration due to the low
electrode surface-to-volume ratio make scaling-up difficult. To address these issues, the
incorporation of electrochemistry into flow chemistry is believed to constitute a promising
solution (Atobe et al., 2018; Pletcher et al., 2018; Nöel at al., 2019; Tanbouza et al., 2020). Flow
technology not only enhances the reproducibility and selectivity of electrochemical reactions due to
its excellent temperature and mass transfer abilities, but also improves the productivity through
continuous operation. In recent years, Baran et al. developed numerous elegant electrochemical
transformations and extended them to flow conditions (Peter at al., 2019; Hu et al., 2020; Gnaim
et al., 2021). In their reports, the developed batch conditions were smoothly applied to a flow reactor
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in which electrodes were stacked in parallel, achieving 100 g-scale
production. Similarly, many researchers have developed unique
flow reactors, and new reactors continue to be developed (Horii
et al., 2007; Green et al., 2015; Folgueiras-Amador et al., 2017;
Gütz at al., 2017; Laudadio et al., 2019a; Laudadio et al., 2019b;
Cao and Nöel, 2019; Wang et al., 2019; Mo et al., 2020; Jud et al.,
2021; Ošeka et al., 2021; Sato et al., 2021; Zhong et al., 2021). We,
on the other hand, recently developed a novel divided-type flow
electrochemical reactor that allows shortening of the electrolysis

process, and reported its application in short-lived carbocations
(Takumi et al., 2022). A general feature of electrochemistry is that
forced electron transfer between the electrode and substrate can
irreversibly generate highly reactive intermediates, such as
cations, anions, and radicals, leading to unique and rapid
reactions (Yoshida, 2005; Yoshida et al., 2018). However, the
long electrolysis duration due to the low surface-to-volume ratio
of the electrode in the conventional batch reactor causes
decomposition of the reactive intermediates, and its usefulness
cannot be fully exploited. To address this long-standing issue, a
flow electrochemical reactor newly developed in our laboratory
has provided a solution. The proposed flow reactor can
accomplish electrolysis within a few seconds, enabling the
flash generation of short-lived carbocations and subsequent
reactions with nucleophiles before the cations decompose.
Notably, this reactor allows for significant shortening of the
electrolysis process and rapid subsequent chemical
transformation by utilizing highly reactive carbocations which
contribute to a significant increase in the productivity.

To demonstrate further synthetic utility, we report a simple
and rapid electrochemical production method for
C-arylglycosides using the developed flow reactor.

TABLE 1 | Screening of supporting electrolyte for electrochemical C-glycoside synthesis in the batch reactor.

Entry Supporting Electrolyte Product Yield [%]a

Bu4NX 3 4

1 Bu4NOTf 0 91
2 Bu4NB (C6F5)4 46 0
3 Bu4NBF4 69 0
4b Bu4NBF4 30c 0

Reaction conditions: 1 (0.12 mmol), current = 8 mA, electrolysis time = 30 min, 2 (0.60 mmol).
aYields of the isolated compounds.
bElectrolysis was carried out in the presence of the nucleophile.
cDetermined by 1H NMR.

TABLE 2 | Optimization of electrolysis temperature in the batch reactor.

Entry Electrolysis Temperature [°C] Yield of 3 [%]a

1 −75 49
2 −50 64
3 −25 82 (82b)
4 0 80
5 20 34

Reaction conditions: 1 (0.50 mmol), current = 32 mA, electrolysis time = 32 min, 2
(1.5 mmol).
aDetermined by 1H NMR.
bYield of the isolated compound.

TABLE 3 | Effect of applied current and concentration of supporting electrolyte.

Entry Concentration of
Bu4NBF4 [M]

Electrolysis Temperature
[°C]

Applied Current
[mA]

Electrolysis Time
[min]

Cell Voltage
[V]

Yield of
3 [%]a

1 0.3 −25 32 32 20 82 (82b)
2 0.3 −25 200 5 88 69
3 0.3 0 32 32 15 80
4 0.3 0 200 5 74 50
5 0.1 −25 32 32 42 67
6 0.1 −25 200 5 230 64
7 0.1 0 32 32 33 70
8 0.1 0 200 5 160 60

Reaction conditions: 1 (0.50 mmol), 2 (1.5 mmol).
aDetermined by 1H NMR.
bYield of the isolated compound.
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RESULTS AND DISCUSSION

To validate the performance of our flow reactor, we focused on
the electrochemical synthesis of C-arylglycosides as a model
reaction. C-Arylglycosides represent key structural motifs
found in various biologically active natural compounds that
are relevant for medicinal chemistry (Bililign et al., 2005).
They exhibit higher stability to hydrolytic enzymes in vivo
than O-glycosides due to the strong C-C bond formed
between sugar and aromatic moieties, and are therefore
considered to be promising therapeutic agents. This has
attracted the attention of many researchers, and accordingly,
various chemical synthetic methodologies have been developed
(Yang and Yu, 2017; Kitamura et al., 2018; Liao et al., 2018; Xu
et al., 2020). Moreover, studies on the bioactivity of compounds
that mimic and/or simplify natural scaffolds have been reported
(Matos et al., 2020). Generally, these synthetic methodologies are
carried out by adding external chemical reagents, such as Lewis
acids and organometallic reagents; however, there are few reports
on the use of electrochemical methods (Xu and Moeller, 2010;
Smith and Moeller, 2013; Okamoto et al., 2021). We commenced
our investigation of the electrochemical reaction of thioglycoside
1 with 2-naphthol 2 using a divided-type batch electrochemical
reactor (Table 1). A solution of 1 containing a supporting
electrolyte in CH2Cl2 was anodically oxidized at −75°C under

a constant current until 1.25 F/mol of electricity was consumed.
After electrolysis, a solution of 2 in CH2Cl2 was added, following
which the mixture was stirred at 0°C for 30 min and then treated
with Et3N to obtain the corresponding products. Target
compound 3 is a structurally simplified analogue of 8-β-D-
glucosylgenistein, and its therapeutic potential has been
studied (Matos et al., 2020). In the initial trial with Bu4NOTf,
the corresponding O-glycoside was obtained in 91% yield (α/β =
80/20) instead of the desired C-glycoside 3 (Table 1, entry 1). In
contrast, replacing the supporting electrolyte with Bu4NB(C6F5)4
produced a moderate yield of the desired C-arylglycoside
(Table 1, entry 2). Finally, we found that employing the
Bu4NBF4/CH2Cl2 system provided the target product with an
even better yield (Table 1, entry 3); therefore, we selected this
supporting electrolyte, which is widely used in electrochemistry
for further studies. In addition, electrolysis in the presence of
nucleophile 2 gave a lower conversion and yield, presumably
because of the undesired oxidation of 2 (Table 1, entry 4).

Having developed a simple electrochemical method, we next
optimized the electrolysis temperature on a larger reaction scale
(Table 2). Initially, the reaction on a larger scale at −75°C resulted
in a slight decrease in the yield (Table 2, entry 1). This led us to
increase the electrolysis temperature (Table 2, entries 1–4). By
applying a higher temperature, the product yields increased, and
as shown in entries 1–4, we found that temperatures of

FIGURE 1 | Schematic of C-glycoside synthesis using a flow electrochemical reactor system.

TABLE 4 | Productivity and cell voltage using a flow electrochemical reactor system.

Entry Flow Rate
[mL/min]

Applied Current [mA] Electrolysis Time [s]a Cell Voltage [V] Conversion of 1 [%]b Yield of 3 [%]b Productivity [g/h]c

1 1.0 40 25 7 >99 67 0.3
2 2.0 80 13 9 >99 71 0.6
3 3.0 120 8 12 >99 71 0.9
4 4.0 160 6 15 >99 73 1.3
5 5.0 200 5 16 >99 73 1.6

aCalculated from the volume of the anodic flow channel and the flow rate.
bDetermined by 1H NMR.
cCalculated from the results of 5 min operation.
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approximately 0°C to −25°C are suitable for this transformation,
furnishing the desired C-arylglycoside in 82% yield at −25°C.
However, electrolysis at 20°C resulted in low yields, presumably
because the intermediate decomposed during electrolysis.

With the obtained benchmark conditions, we attempted to
reduce the reaction process time in a batch reactor. As
electrolysis was carried out under constant-current
conditions, increasing the current should decrease the
electrolysis time and improve the productivity (Table 3).
The increase in the current resulted in a significant increase
in the cell voltage and a decrease in the yield (Table 3, entries
1–4), suggesting that the heat generated at the anode by the

electrical resistance was not sufficiently removed, causing
decomposition of the intermediate. To conduct the
transformation in a greener manner, a lower concentration
of the supporting electrolyte was applied (Table 3, entries 5–8).
This, however, caused a significant increase in the cell voltage
and a further decrease in the yield. These experiments suggest
that there are limitations of batch reactors in terms of
increasing the productivity.

To address these issues observed in the batch reactor, the
reaction was applied to our flow electrochemical reactor
system (Figure 1). The flow electrochemical reactor was
equipped with a carbon felt anode and platinum-plated
cathode divided by a diaphragm composed of glass filters
and PTFE membranes, resulting in an interelectrode gap of
1 mm (see Supplementary Material for more details). The
electrolysis temperature was controlled using a Peltier cooling
system. For the flow system, a solution of the substrate
(0.02 M) containing a supporting electrolyte (Bu4NBF4,
0.1 M) in CH2Cl2 was introduced by syringe pumping into
the anodic chamber with a carbon felt anode. A
trifluoromethanesulfonic acid (TfOH) solution (0.05 M)
containing the supporting electrolyte (Bu4NBF4, 0.1 M) in
CH2Cl2 was also introduced into a cathodic chamber
equipped with platinum-plated cathodes to promote
electrolysis. Current was applied to consume 1.25 F/mol,
and constant-current electrolysis was performed at 0°C. The
intermediate generated in the anodic chamber was quickly
transferred to a microtube reactor (R1), mixed at speed with
nucleophile 2 in a micromixer (M1), and reacted in R2 and R3
to yield C-arylglycoside 3.

To evaluate the performance of the flow system, the reaction was
performed by varying the flow rate, and the results are summarized in
Table 4. In the first trial, with a flow rate of 1.0 ml/min, the desired
product 3was afforded inmoderate yield (Table 4, entry 1). Next, we
carried out the reactions under higher-flow-rate conditions. When
the flow rate was gradually increased to 5.0ml/min with the same

FIGURE 2 | Schematic of 5-membered ring C-arylglycoside synthesis using a flow electrochemical reactor system.

FIGURE 3 | Improving productivity by increasing substrate
concentration. Bars and plots represent the productivity and cell voltage,
respectively.
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electrochemical setup, the yield also increased (Table 4, entries 2–5).
Notably, the quantitative electrochemical conversion of 1 was
maintained even at 5.0 ml/min, implying that electrolysis could be
accomplished in 5 s. Furthermore, the increase in the flow rate not
only reduced the electrolysis time but also enabled the quick transfer
of the intermediate generated in the anodic chamber and the
immediate reaction with the nucleophile, which contributed to the
improved yields and productivity. In addition, the high-temperature
controllability of this flow system allowed for steady production
under high-current conditions, e.g., 200mA,where a drop in the yield
was observed in the batch reactor. Moreover, the cell voltage could be
suppressed to a much lower level even at a reduced supporting
electrolyte concentration owing to the narrow interelectrode gap. In
addition, electrochemical access to a 5-membered ring
C-arylglycoside 5 was successfully accomplished, suggesting the
high generality of the present methodology (Figure 2).

Following these successes, we proceeded to further improve the
productivity. To achieve this, we tested the flow reaction at a higher
concentration of 1. To our delight, the increase in concentration and
applied current resulted in a further increase in the yield and
productivitywithout a decrease in the electrolysis efficiency (Figure 3).

During this series of investigations, general strategies for improving
the productivity, i.e., increasing the flow rate and concentration, were
confirmed to be applicable. Furthermore, the narrow electrode gap
and precise temperature controllability enabled mild and green
reactions to be carried out in a more practical manner compared
to the batch. Finally, continuous production of the target compound
was demonstrated (Figure 4). Plunger pumps were used instead of
syringe pumps for long-term operation. After 60min of operation
in a single passage, 2.5 g of the desired product was obtained (77%
yield). During the operation, the electrolysis temperature was
precisely controlled at 0°C (Supplementary Figure S8),
suggesting the robustness of the system. The total reaction time,
including electrolysis and reaction with the nucleophile, was within
75 s, enabling on-demand access to the product.

A simple and highly productive electrochemical
C-arylglycosylation reaction was performed under flow. The
highly efficient electrolysis ability of the flow reactor, which

can accomplish electrolysis within a few seconds in a single
passage through the reactor, drastically shortened the
electrolysis time, enabling rapid production. Furthermore,
owing to the narrow interelectrode gap and the high-
temperature controllability of the reactor, continuous
manufacturing for 60 min was steadily achieved,
demonstrating the practicality of the flow system. The research
presented herein will facilitate the introduction of
electrochemistry into the manufacturing process.
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