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Electrochemistry is now a powerful tool in organic chemistry
not only for analyzing the electron transfer behavior of organic
molecules and macromolecules, but also for driving organic
reactions to produce value-added products. Electrochemical
synthesis (or simply electrosynthesis) is increasingly recog-
nized for the high academic and industrial importance, in line
with the concept of green chemistry proposed in 1998 and the
Sustainable Development Goals (SDGs) adopted by the United
Nations in 2015. This is evidenced by the recent publication of
special issues on organic electrosynthesis in various academic

journals [1-5].

In addition to the conventional two- or three-electrode batch-
type electrolytic cells, recent developments include microflow
electrolytic reactors, polymer electrolyte membrane electrolysis
technology, and new methods coupled with photoredox cata-
lysts or transition metal catalysis, resulting in remarkable
progress in organic electrosynthetic processes. Theoretical
calculations have also led to a better understanding of the

electron transfer behavior of organic molecules and the
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estimation of subsequent reactions, resulting in a much
better understanding of the reaction mechanism. Furthermore,
because organic electrosynthesis requires the setting of
many complex parameters, such as applied potential, current
density, electrolyte, temperature, and so on, it has a high affinity
to informatics approaches, e.g., machine learning, which
is expected to become an increasingly important tool in the
future.

Progress in the design of organic molecules and polymers and
the understanding of the redox behavior of these compounds
has led to the development of organic electrochemistry for
energy material applications. Organic semiconductor design for
electron or hole transport is important for transistor and solar
cell applications, and redox-active (but stable) organic and
polymeric materials are promising for secondary batteries and
redox flow batteries. By understanding organic electron transfer
reactions, we can face the challenge of how to design materials
with better cycle properties by suppressing undesired side reac-
tions.
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To showcase this area of research, the present thematic issue
focuses on the recent advances in molecular and macromolecu-
lar electrochemistry. The scope of this interdisciplinary issue
ranges from synthetic aspects (such as electrosynthesis and
reaction mechanisms) to materials science (including redox

properties and devices).
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We have successfully synthesized piperidine and pyrrolidine derivatives by electroreductive cyclization using readily available

imine and terminal dihaloalkanes in a flow microreactor. Reduction of the substrate imine on the cathode proceeded efficiently due

to the large specific surface area of the microreactor. This method provided target compounds in good yields compared to a conven-

tional batch-type reaction. Furthermore, piperidine and pyrrolidine derivatives could be obtained on preparative scale by continu-

ous electrolysis for approximately 1 hour.

Introduction

Heterocycles are a very important class of compounds and
make up more than half of all known organic chemicals [1].
Among them, heterocyclic amines, particularly pyrrolidine and
piperidine derivatives, have attracted considerable attention
because these are important structural motifs in a wide variety
of applications including pharmaceuticals, natural products, and
biologically active compounds such as pergolide, scopolamine,
morphine, nicotine, hygrine, and procyclidine (Figure 1) [2-4].
Therefore, a considerable number of synthetic approaches to
pyrrolidines and piperidines have been investigated [5-13].

Conventional synthetic methods for piperidine derivatives

include nucleophilic substitution (route (1) in Scheme 1), reduc-

tive amination (route (2)), intramolecular cyclization of amines
and alkenes (route (3)), the Diels—Alder reaction and subse-
quent reduction (route (4)), and the radical cyclization reaction
(route (5)). However, these methods involve the use of toxic
acids, bases, or transition metal catalysts, and typically require
elevated temperatures [14-20]. In addition, very recently,
Molander and co-workers have developed a photoredox-medi-
ated radical/polar crossover process which realizes for the con-
struction of medium-sized saturated nitrogen heterocycles [21].
Although the process enables the rapid construction of satu-
rated nitrogen heterocycles from acyclic precursors, it requires
homogeneous precious transition metal complexes as photocata-

lysts.
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Figure 1: Piperidine and pyrrolidine rings in biologically active compounds.

(1) nucleophilic

R
N
H substitution
R2 \ R1

J
(2) reductive X
amiW
N
N
O (3) intramolecular

cyclization of
amine and alkenes

H
rM

Scheme 1: Conventional synthetic routes for piperidine derivatives.

On the other hand, organic electrosynthetic reactions, which are
driven by direct electron transfer to and from the electrodes, can
produce highly reactive species under ambient conditions with-
out the use of harmful and precious chemicals. Therefore, elec-
trosynthesis has been actively researched in recent years as a
green and sustainable synthetic method in the face of increas-

ingly stringent environmental and economic constraints. In this
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context, several groups have demonstrated the electrochemical
synthesis of piperidine and pyrrolidine derivatives by anodic
oxidation [22-26]. In contrast, there has been only one report on
the electroreductive synthesis of piperidine derivatives: namely
Degrand and co-workers demonstrated electroreductive cycliza-
tion using imines and terminal dihaloalkanes to provide piperi-
dine derivatives (Scheme 2) [27].

Ph

* Ph Ph Ph
N
cyclization
N 3a
4

Scheme 2: Synthesis of 1,2-diphenylpiperidine (3a) by the electroreductive cyclization mechanism.
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In this reaction, a stable radical anion is produced from the
starting imine 1 in the first reduction step. The nucleophilic
attack of the radical anion on the terminal dihaloalkane 2a is the
second step, which forms a radical. These sequential steps are
followed by a further one-electron reduction at the cathode to
provide an anion intermediate. The last step is cyclization of the
mono-substituted anion to provide the cyclization product 3a. In
addition, the hydromonomeric product 4 was also formed as a
byproduct. Although Degrand et al. [27] could successfully
obtain the piperidine derivatives by this reductive cyclization; a
toxic mercury pool cathode was used in their demonstration.
Therefore, it is desirable to conduct the reductive cyclizations
without the use of a mercury cathode, and the development of a
simple, green, and efficient method for the electrochemical syn-

thesis of heterocyclic amines is an important research target.

The electrochemical flow microreactor has recently attracted
attention as an excellent alternative tool to conventional batch-
type electrochemical reactors [28-32]. The potential advantages
of electrochemical flow microreactors over conventional batch-
type reactors are a large surface-to-volume ratio, precise resi-
dence time, extremely fast molecular diffusion, and expelling
the reaction product to avoid over-oxidation or over-reduction.
We have previously reported the electrochemical carboxylation
of several imines in a flow microreactor to afford the corre-
sponding a-amino acids in good to moderate yields [33-35].
The key features of this method are the effective cathodic
reduction of imines and their rapid use for the subsequent reac-
tions in a microflow system. Successful preliminary results
prompted us to perform the electroreductive cyclization of an
imine with terminal dihaloalkanes to afford heterocyclic amines
in a flow microreactor because the reaction involves cathodic
reduction of the imine and its rapid use for the subsequent reac-

tion with the terminal dihaloalkanes.

Beilstein J. Org. Chem. 2022, 18, 350-359.

In this work, we demonstrate the electroreductive cyclization of
an imine with terminal dihaloalkanes in a flow microreactor to
establish a facile, green, and efficient method for the synthesis
of heterocyclic amines such as pyrrolidine and piperidine deriv-
atives.

Results and Discussion

As a model reaction, the electroreductive cyclization of benzyli-
deneaniline with 1,4-dibromobutane to provide 1,2-diphenylpi-
peridine was selected. The microreactor fabricated for the
model reaction had a simple geometry with the cathode and
anode directly facing each other at a distance of several tens of
micrometers (Figure 2). The electrolyte containing benzylide-
neaniline (1) and 1,4-dibromobutane (2a) was pumped into the
gap between the two electrodes and subjected to the electrolytic
reaction. Tetrahydrofuran (THF), which is easily oxidized, was
employed as the electrolytic solvent, so the reaction at the
anode (counter electrode) is thought to be preferentially caused
by the oxidative decomposition of THF, and the re-oxidation of
the cathodic reaction products at the anode would be

suppressed.

On the other hand, the cathode material is an important factor in
selecting the course of the cathodic reaction and to control the
efficiency of the reaction. To select a suitable cathode material
for this model reaction, we first investigated the effect of the
cathode material on the yield of 3a using three different cathode
materials: platinum (Pt), glassy carbon (GC), and silver (Ag).
As shown in Table 1, the yield of 3a was higher using GC than
that of the other cathode materials. The yield of the
hydromonomeric product 4 was also highest when GC was
used. Both 3a and 4 are products obtained through the reduc-
tion of imine 1, which suggests that the GC cathode is effective

for the reduction of imine 1. In sharp contrast, the yields of both

Galvanostat

+|-
|
| T

Anode (Pt) Cathode(GC)
Ph\ Ph
N
PN v 4
| Br\/\/\Br -
Ph™ 4 2a u -
BuyNCIO4/THF

Electrochemical flow microreactor

Figure 2: Schematic diagram of the electroreductive cyclization for the synthesis of 1,2-diphenylpiperidine (3a) in an electrochemical flow microreac-
tor. Adapted with permission from ref. [33]. Copyright 2021 American Chemical Society. This content is not subject to CC BY 4.0.
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3a and 4 were very low when a Ag cathode was used. A Ag
cathode has electrocatalytic activity for the reduction of organic
halides [35,36]; therefore, 1,4-dibromobutane (2a) was more
easily reduced than 1 at the Ag cathode, which resulted in the
recovery of a large amount of unreacted 1. Linear sweep vol-
tammetry (LSV) experiments revealed that the reduction of 2a
occurred at a lower potential than the reduction of 1 when the
Ag cathode was used (Supporting Information File 1, Figure
S7). Furthermore, LSV experiments with various cathodes
showed that the reduction of 2a was significantly dependent on
the cathode material, and their overpotentials were larger in the
order of Ag < Pt < GC (Supporting Information File 1, Figures
S5-S7). Therefore, GC prioritized the reduction of 1, even in
the presence of 2a, to produce 3a and 4 efficiently. In the
following experiments, GC was used as the cathode material for

this reaction.

Table 1: Effect of the cathode material on the reduction products, 3a
and 42

Entry  Cathode material Yield of 3a Yield of 4
(%)° (%)°
1 Pt 21 27
2 GC 36 53
3 Ag 2 2

a8Experimental conditions: anode, Pt plate; electricity, 2.15 F mol-1;
current density, 12.7 mA cm2; electrode distance, 40 um; solvent,
THF; substrate, 0.06 M benzylideneaniline (1) and 0.06 M 1,4-dibro-
mobutane (2a); supporting electrolyte, 0.14 M n-BugN-ClOy; flow rate,
11 mL h=" (residence time, 3.9 s). PDetermined by HPLC.

The effect of the amount of 2a addition on the yield of 3a was
then investigated. Table 2 shows that the yield of 3a increased
as the amount of 2a was increased, and reached a maximum at
2 equiv. The yield of 3a began to decrease with the addition of
more 2a. This decrease in the yield of 3a can be attributed to the
competition of the cathodic reduction of 2a caused by the
increase in the amount of 2a addition. On the other hand, as
shown in Scheme 2, the desired product 3a is produced by the
reaction of 2a with the radical anion species of the substrate
imine 1, while the hydromonomeric product 4 is produced by
the reaction of protons with the radical anion species of 1.
Therefore, the yield of 4 consistently decreased with the
increase in the amount of 2a addition.

In the model process in an electrochemical flow microreactor,
the desired reaction (the reaction of radical anion of imine 1
with 2a to afford 3a) at the cathode may be interfered with by
the protons generated by the oxidation of the THF solvent at
anode, leading to increased formation of 4 because the distance

between the electrodes of the reactor is much shorter than that

Beilstein J. Org. Chem. 2022, 18, 350-359.

Table 2: Effect of the amount of 1,4-dibromobutane (2a) addition on
the yield of the reduction products 3a and 42.

Entry 1,4-Dibromobutane Yield of 3a  Yield of 4
(equiv) (%)° (%)°
1 1.0 36 53
2 1.5 45 40
3 2.0 47 33
4 3.0 28 29
5 5.0 26 24

a8Experimental conditions: cathode, GC plate; anode, Pt plate; elec-
tricity, 2.15 F mol=1; current density, 12.7 mA cm~2; electrode distance,
40 pm; solvent, THF; substrate, 0.06 M benzylideneaniline (1) and 1,4-
dibromobutane (2a); supporting electrolyte, 0.14 M n-BugN-ClOy; flow
rate, 11 mL h=" (residence time, 3.9 s). PDetermined by HPLC.

of conventional batch-type reactors. Therefore, the electrode
distance is also an important factor that must be investigated to
obtain the desired product 3a in a high yield. Table 3 shows the
effect of the electrode distance on the yield of the reduction
products 3a and 4. From these results, the optimal electrode dis-
tance was determined to be 40 um (Table 3, entry 2). When the
electrode distance was increased to 80 um, the yield of 3a de-
creased (Table 3, entry 1). This may be ascribed to the decrease
in the surface-to-volume ratio, which makes it difficult for
imine 1 to reach the cathode during the residence time. On the
other hand, when the electrode distance was decreased to
20 pm, not only the yield of 3a, but also the selectivity toward
3a/4 decreased (Table 3, entry 3). As mentioned above, this is
probably because the protons generated by the oxidation of the
THF solvent at anode could easily meet the radical anions of
imine 1 generated at cathode due to the very short interelec-

trode distance.

Table 3: Effect of the electrode distance on the yield of the reduction
products 3a and 42.

Entry Electrode Yield of  Yield of  Selectivity
distance/pm 3a 4 3a/4
(residence (%)P (%)P
time/s)
1 80 (7.9) 35 26 1.35
2 40 (3.9) 47 33 1.42
3 20 (2.0) 21 27 0.78

a8Experimental conditions: cathode, GC plate; anode, Pt plate; solvent,
electricity, 2.15 F mol="; current density, 12.7 mA cm=2; solvent, THF;
substrate, 0.06 M benzylideneaniline (1) and 0.12 M 1,4-dibromobu-
tane (2a); supporting electrolyte, 0.14 M n-BuyN-CIQy; flow rate,

11 mL h=". bDetermined by HPLC.

In the electrochemical reaction, the electrons themselves act as

reagents, so electricity affects the degree of reaction progress.
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In addition, excessive electricity may also cause undesired elec-
trochemical reactions, and it is thus extremely important to esti-
mate the optimal electricity for the desired reaction. For con-
stant-current electrolysis in a flow microreactor with fixed
channel dimensions, the electricity can be controlled by
changing the current density or flow rate. As shown in entries 1
and 2 of Table 4, the yield of 3a increased with the electricity
(caused by an increase in the current density) and reached a
maximum value at 2.15 F mol~!. The theoretical electricity re-
quired for the generation of 3a is 2 F mol~!; however,
2 F mol™! of electricity was probably insufficient to fully
convert the substrate imine 1 introduced into the reactor. On the
other hand, as shown in Table 4, entries 3-5, the yield of 3a de-
creased slightly when the electricity was increased from
2.15 F mol~! and above, and in contrast, there was an increas-
ing trend in the yield of 4. This may be ascribed to an increase
in the proton supply resulting from THF oxidation at the anode
due to an increase in the electricity, which promoted the forma-
tion of 4 by the reaction between protons and the radical anions
of 1. As shown in Table 4, entry 6, the yield of 3a decreased
when the electricity was fixed at 2 F mol~! by increasing the
flow rate over the conditions in Table 4, entry 2. On the other
hand, as shown in Table 4, entry 7, the yield of 3a was also de-
creased compared to entry 2 when the electricity was increased
to 3 F mol™! by decreasing the flow rate.

The rate of the nucleophilic reaction between the radical anion
intermediate generated reductively from 1 and 2a would be
influenced by the cation size of the supporting electrolyte used
because this leads to different ion-pair interactions with the
radical anion intermediate. To confirm this conjecture, we
carried out the model reaction using perchlorate salts consisting
of cations of different sizes. As shown in entry 2 of Table 5,
when EtyN-ClO4 was used as the supporting electrolyte, the
electrolysis reaction could not be carried out because Et4yN-ClO4

Table 4: Effect of electricity on the reduction products 3a and 42.

Entry Electricity Current density
/F mol-" /mA cm—2
1 2.0 11.8
2 2.15 12.7
3 2.3 13.6
4 25 14.0
5 3.0 17.7
6 2.0 12.7
7 3.0 12.7

Beilstein J. Org. Chem. 2022, 18, 350-359.

did not dissolve in the THF solution. On the other hand,
n-HexyN-ClOy4 dissolved easily in THF solution and the elec-
trolysis reaction proceeded smoothly. However, the yield of the
desired product 3a was slightly lower than that using
n-BuyN-ClOy. Therefore, n-BuyN-ClOy is the most suitable sup-
porting electrolyte for the model reaction among the tested elec-
trolytes.

Table 5: Effect of the supporting electrolyte on the yield of the reduc-
tion products 3a and 42.

Entry  Supporting electrolyte  Yield of 3a Yield of 4
(%)° (%)°
1 n-Bu4N-CIO4 47 33
2 Et4N-ClO4° - -
3 n-Hex4N-ClOg4 39 18

aExperimental conditions: cathode, GC plate; anode, Pt plate; elec-
tricity, 2.15 F mol-1; current density, 12.7 mA cm~2; electrode distance,
40 pum; solvent, THF; substrate, 0.06 M benzylideneaniline (1) and 1,4-
dibromobutane (2a); concentration of supporting electrolyte, 0.14 M;
flow rate, 11 mL h=" (residence time, 3.9 s). ®Determined by HPLC.
CEt4N-ClO4 did not dissolve in THF solution.

In these investigations, the yield of the desired product 3a was
improved to 47% (entry 1 of Table 5); however, this was still
not sufficient. To further improve the yield, it would be effec-
tive to suppress the competing formation of 4. To meet this
challenge, we attempted to add various bases to the electrolyte
to capture the protons in the reaction system. Table 6 shows that
the yields of 3a and 4 were strongly influenced by the type of
base added. When 1,8-diazabicyclo[5,4,0]-7-undecene (DBU),
which has the strongest basicity among these bases, was used,
the yield of 3a increased significantly, while the formation of 4
was suppressed. In particular, when more than 1.0 equiv of
DBU was added, the yield of 3a reached almost 80%.

Flow rate Yield of Yield of
/mL h~1 3a (%)P 4 (%)P
(residence time/s)

11 (3.9) 33 21
11 (3.9) 47 33
11 (3.9) 37 37
11 (3.9) 34 29
11 (3.9) 35 46
12 (3.6) 23 13

8 (5.4) 31 26

a8Experimental conditions: cathode, GC plate; anode, Pt plate; solvent, THF; electrode distance, 40 pm; substrate, 0.06 M benzylideneaniline (1) and
0.12 M 1,4-dibromobutane (2a); supporting electrolyte, 0.14 M n-BusN-CIO4. PDetermined by HPLC.
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Table 6: Effect of the type of added base on the yield of the reduction products 3a and 42.

Entry Base Yield of 3a Yield of 4
(%)° (%)°
Type equiv
(pK, of conjugated acid
of baseP)
1 pyridine (5.33) 0.5 33 19
2 2,6-lutidine (6.7) 0.5 38 30
3 piperidine (11.1) 0.5 31 28
4 DBU (12.0) 0.5 61 25
5 DBU (12.0) 1.0 78 11
6 DBU (12.0) 1.5 77 17

agxperimental conditions: cathode, GC plate; anode, Pt plate; electricity, 2.15 F mol~"; current density, 12.7 mA cm~2; electrode distance, 40 um; sol-
vent, THF; substrate, 0.06 M benzylideneaniline (1) and 0.12 M 1,4-dibromobutane (2a); base added, 0.06 M DBU; supporting electrolyte, 0.14 M
n-BugN-ClOy; flow rate, 11 mL h=" (residence time, 3.9 s). PLiterature data according to ref. [37-41]. °Determined by HPLC.

The reactivity of the radical anions of imine 1 with the terminal
dihaloalkane is also considered to be an important factor in the
formation of the desired product 3a. Therefore, a model reac-
tion was conducted using dihaloalkanes with different types of
terminal halogens (Cl, Br, and I) (Table 7). When the terminal
halogen of the dihaloalkane was changed from Br to CI, the
yield of 3a decreased significantly (Table 7, entry 2). This is
probably due to the poor leaving ability of CI and its low reac-
tivity with the radical anion species generated from imine 1.
This is supported by the increase in the formation of the
competing 4. On the other hand, the yield of 3a decreased even
when the terminal halogen of the dihaloalkane was changed to
iodine (Table 7, entry 3). LSV measurements showed that the
reduction potential of 1,4-diiodobutane (2¢) was almost the

same as that of the substrate imine 1 (Supporting Information
File 1, Figure S12); therefore, the competition between the
reduction of 2¢ and that of the imine 1 may have caused the low
yield of 3a. A large amount (50%) of unreacted 1 was recov-
ered in this case. Therefore, it can be stated that Br is appro-
priate as the terminal halogen of the dihaloalkane in this cycli-
zation reaction.

A model electroreductive cyclization was subsequently con-
ducted in a conventional batch-type reactor and a flow microre-
actor with the same electrolytic parameters (Table 8). The yield
of 3a was much higher in the electrochemical flow microreac-
tor than in the batch-type reactor. In the batch system, the con-
centration of substrate imine 1 in the electrolyte decreases as the

Table 7: Yields of 3a and 4 in the model reductive cyclization using dihaloalkanes with different types of terminal halogens?.

_/P
N,Ph - N
J J.
Ph THF/BU4NC|O4 Ph
1

Entry Type of X

1 Br (2a)

2 Cl (2b)

3 I (2c)

h

X\/\/\
27 X Ph Ph
o N
THF / BuyNCIO,
3
2H* e~ HN'Ph
THF/BusNCIO,4 g
Ph
4
3aP (%) 4P (%)
78 11
6 72
14 13

agxperimental conditions: cathode, GC plate; anode, Pt plate; electricity, 2.15 F mol~"; current density, 12.7 mA cm=2; electrode distance, 40 um; sol-
vent, THF; substrate, 0.06 M benzylideneaniline (1) and 0.12 M 1,4-dihaloalkane (2a, 2b, or 2c); base added, 0.06 M DBU; supporting electrolyte,
0.14 M n-BugN-ClOy; flow rate, 11 mL h=' (residence time, 3.9 s). PDetermined by HPLC.
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electrolysis progresses, which makes it difficult for the reaction
to proceed. Therefore, even after passing more than the theoreti-
cal amount of electricity, a considerable amount (28%) of imine
1 remained. In contrast, in the flow system, the electrolyte con-
taining a predetermined amount of imine 1 is always supplied
from the reactor inlet, and the relatively fast flow in the reactor
provides a good supply of imine 1 to the working electrode
(cathode), so the steady state may be maintained in the flow
microreactor. Such an ideal environment for the reduction of

imine 1 is considered to result in the high yield of 3a.

Table 8: Effect of reactor type on the yield of the reduction products 3a
and 42

Entry  Reactor Electrode Yield of 3a Yield of 4
type distance/um (%)P (%)P
1 batch 2cm 45 25
2 flow 40 um 77 20

aExperimental conditions: cathode, GC plate; anode, Pt plate; elec-
tricity, 2.15 F mol~1; current density, 12.7 mA cm~2; solvent, THF

(10 mL each were used for batch and flow experiments.); substrate,
0.06 M benzylideneaniline (1) and 0.12 M 1,4-dibromobutane (2a);
base added, 0.06 M DBU; supporting electrolyte, 0.14 M n-BugN-ClOy;
flow rate, 11 mL h=" (residence time, 3.9 s). °Determined by HPLC.

To confirm that the reaction environment of the flow system
was in the steady state, the electrolyzed solution was collected
from the reactor outlet at regular intervals and the yield of 3a
for each fraction was determined (Figure 3). Continuous flow
electrolysis could be performed without any problem at least
until the fifth fraction collection. The yields of the fractions
were almost the same, and the average yield of the five frac-
tions was 77%. In addition, no precipitates were observed on
the electrodes after the electrolysis, which suggests that a stable
yield could be maintained. Therefore, it can be stated that the
reaction environment of the flow system was in the steady state.

Experimental conditions for the collection of each fraction sam-
ple: cathode, GC plate; anode, Pt plate; electricity,
2.15 F mol™!; current density, 12.7 mA cm™~2; solvent, THF;
substrate, 0.06 M benzylideneaniline (1) and 0.12 M 1,4-dibro-
mobutane (2a); base added, 0.06M DBU; supporting elec-
trolyte, 0.14 M n-BuyN-ClOy; flow rate, 11 mL h! (residence
time, 3.9 s); collection volume and time for each fraction, 2 mL,
10 min 55 s. The yield of 3a was determined by HPLC.

After mixing the five fraction samples, we attempted to isolate
3a from the mixture, and obtained 78.4 mg (55% isolated yield)
of 3a (entry 1 of Table 9). The desired piperidine derivative
could be obtained on a scale of several tens of milligrams in

approximately 1 hour of continuous electrolysis; therefore, we
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Figure 3: Yield of 3a for each fraction sample in the continuous flow
reductive cyclization.

then attempted to synthesize pyrrolidine and azetidine deriva-
tives (3b and 3c¢) using the same procedure (entries 2 and 3 of
Table 8). 3b was obtained from imine 1 and dihaloalkane 2d
with a good isolated yield (57%, 75.8 mg). However, the azeti-
dine derivative 3¢ was not obtained at all by the reductive cycli-
zation of 1 and 2e. LSV experiments revealed that the reduc-
tion of 2e occurred at a slightly lower potential than the reduc-
tion of 1 (Supporting Information File 1, Figure S14). There-
fore, in this case, the competitive reduction of 2e would inhibit

the desired cyclization reaction via the reduction of 1.

Conclusion

We have demonstrated a facile, green, and efficient method for
the synthesis of heterocyclic amines by electroreductive cycliza-
tion using a flow microreactor. This method not only allows the
synthesis of pyrrolidine and piperidine derivatives from readily
available compounds in a single step, but also has the advan-
tage of eliminating the use of expensive or toxic reagents. In ad-
dition to optimization of the general parameters for the elec-
trolytic reaction, the effect of base addition was also investigat-
ed, and was determined to suppress the formation of the
hydromonomeric product, which is a main byproduct. Among
the various bases, DBU suppressed the formation of byproducts
and the desired cyclization products such as piperidine and
pyrrolidine derivatives were obtained in good yields. Moreover,
in the electrochemical flow microreactor, the yield of the
desired product was much higher than in the batch reactor.
These findings provide new insights into the synthetic chem-

istry of heterocyclic amines.

Experimental

General considerations
All chemicals were used without further purification. 1, 2a—e,
and 4 were purchased from commercial sources. 3a, 3b, and 3c

were synthesized according to reported procedures (see Sup-
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Table 9: Isolated yield of heterocyclic amines (3a—c) obtained by the reductive cyclization of imine 1 with various dihaloalkanes (2a, 2d, and 2e)2.

N/Ph Ph Ph
Br 2e” N
+
Ph)' M "Br THEIDBU, BU;NGIO, D ),
1 2 3
n=3(2a) n=3(3a)
n=2(2d) n=2(3b)
n=1(2e) n=1(3c)
Entry Terminal dihaloalkane 2 Isolated yield of 3 (%)
Ph  Ph
Bra_~_"~ N
1 Br
2a
3a 55%
Ph Ph
5 Bro_~_-Br N
2d
3b 57%
5 Ph  Ph
3 ™~"gr N~
2e
3cnd.

aExperimental conditions: cathode, GC plate; anode, Pt plate; electricity, 2.15 F mol=1; current density, 12.7 mA cm~2; electrode distance, 40 pm; sol-
vent, THF; substrate, 0.06 M benzylideneaniline (1) and 0.12 M terminal dihaloalkane (2a, 2d, or 2e); base added, 0.06 M DBU; supporting elec-
trolyte, 0.14 M n-BugN-ClQy; flow rate, 11 mL h-1 (residence time, 3.9 s); collection volume and time for the reaction solution, 10 mL, 54 min 35 s.

porting Information File 1). A silicon oil bath was used as a
heat source for the synthesis of 3a. Flow electrolysis was con-
ducted with an in-house-built electrochemical flow microreac-
tor. The substrate solution was introduced to the microreactor
by a syringe pump (KDS100, KdScientific Muromachi Kikai)
during the electrosynthesis. Electroreductive cyclization was
conducted using a potentiogalvanostat (HABF-501A, Hokuto
Denko). High-performance liquid chromatography (HPLC)
analysis for 3a and 4 was performed with a column (Mightysil
RP-18 GP II 250-4.6 (5 pm), Cica) using a mixture of H,O/
MeCN/H3POy4 (60/40/0.1%) as a mobile phase. All chro-
matograms were recorded using an LC workstation (LabSolu-
tions DB, Shimadzu). Helium gas was used as a carrier gas for
the gas chromatography/mass spectrometry (GC-MS) analyses.
'H nuclear magnetic resonance (NMR) spectra were recorded
on a spectrometer (DRX-500, Bruker; 500 MHz) using tetra-
methylsilane (TMS) as an internal standard with the solvent
resonance (CDCl3: 8 7.26). The chemical shifts for 'TH NMR
spectra are given in d (ppm) relative to the TMS internal stan-
dard. Multiplicities are abbreviated as singlet (s), doublet (d),
triplet (t), doublet of triplet (dt), and multiplet (m). Linear
sweep voltammetry (LSV) was performed using an electro-
chemical analyzer (630c, ALS/H CH Instruments).

Fabrication of the electrochemical flow microreactor
The electrochemical flow microreactor was constructed with a
platinum plate (3 X 3 cm) and cathode plate (3 X 3 cm) (Sup-
porting Information File 1, Figure S1). A spacer (double faced
adhesive type with thicknesses of 20, 40, or 80 um) was used to
leave a rectangular channel exposed (1 X 3 cm), and the two
electrodes were simply sandwiched together. After connecting
Teflon tubings to the inlets and outlet, the reactor was sealed
with epoxy resin (Supporting Information File 1, Figure S2).
Thus, the dimensions of the flow channel in the reactor are 1 cm
width and 3 cm length, and the channel height corresponds to
the thickness of the spacer (20, 40, or 80 pm).

Procedure for the electroreductive cyclization using
an electrochemical flow microreactor

The flow microreactor system for the model synthetic reaction
was fabricated as illustrated in Supporting Information File 1,
Figure S1. The electroreductive cyclization reaction was con-
ducted by introduction of a solution (n-BuyN-ClO4 or
n-HexyN-ClO4 in THF) containing imine 1, terminal
dihaloalkane 2, and a base into the electrochemical flow micro-
reactor from a syringe pump. Imine 1 is reduced at the cathode

in the flow microreactor and then the generated radical anions
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of 1 react with the terminal dihaloalkane to produce the corre-
sponding heterocyclic compounds. The THF solvent is oxidized
at the anode to generate protons. After electrolysis, 1 mL of the
reaction solution was collected from the outlet of the reactor,
diluted 5 times with THF, and analyzed using HPLC.

Procedure for the electroreductive cyclization using
a batch-type reactor

10 mL of a solution (n-BuyN-ClO4 in THF) containing 0.06 M
benzylideneaniline (1), 0.12 M 1,4-dibromobutane (2a), and
0.06 M DBU was prepared. This solution was then added to an
undivided cell equipped with a working electrode (GC plate,
1 x 3 cm) and a counter electrode (Pt plate, 1 x 3 cm). The dis-
tance between the two electrodes was set to ca. 2 cm. Constant
current (12.7 mA cm™2) was subsequently applied for the elec-
trolysis reaction. After passage of the electricity (2.15 F mol™1),
the electrolyzed solution was diluted 5 times with THF and
analyzed using HPLC.

Supporting Information

Supporting Information File 1

Detailed experimental procedures, analytical data, and
supplementary figures, and photographs.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-39-S1.pdf]
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The cathodic reduction of bromodifluoromethyl phenyl sulfide (1) using o-phthalonitrile as a mediator generated the

(phenylthio)difluoromethyl radical, which reacted with a-methylstyrene and 1,1-diphenylethylene to provide the corresponding

adducts in moderate and high yields, respectively. In contrast, chemical reduction of 1 with Sml, resulted in much lower product

yields. The detailed reaction mechanism was clarified based on the cathodic reduction of 1 in the presence of deuterated aceto-

nitrile, CD3CN.

Introduction

Organofluorine compounds containing a difluoromethylene
group have been of much interest from biological aspects since
the difluoromethylene group is isopolar and isosteric with an
ether oxygen [1,2]. Particularly, organic molecules bearing a
(arylthio)difluoromethyl group (ArSCF,) have potential biolog-
ical applications such as anti-HIV-1 reverse transcriptase
inhibitors and agrochemical applications [3,4]. Reurakul and
Pohmakotr et al. carried out the reaction of PhSCF,Br with
Sml, in THF/iPrOH to generate PhSCF; radicals followed by

trapping with various olefins in moderate yields [5]. Prakash
et al. also achieved fluoride-induced nucleophilic (phenyl-
thio)difluoromethylation of carbonyl compounds using
PhSCF,SiMej; [6]. Quite recently, Shen et al., developed
various nucleophilic, electrophilic, and radical difluo-
romethylthiolating reagents [1]. However, these methods
require various metal and organometallic reagents. On the other
hand, electrochemical organic synthesis is a metal-free process

and does not require any hazardous reagents and it produces
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less waste than conventional chemical syntheses. Therefore,
electrochemical synthesis is desirable from an aspect of green
chemistry [7-10]. In this context, we have developed various
electrochemical methodologies for efficient selective fluori-
nation [11,12] and molecular conversion of organofluorine
compounds to date [13-18]. We have also achieved the gem-
difluorination of sulfides bearing various electron-withdrawing
groups at the a-position (Scheme 1) [19-21]. Furthermore, we
also succeeded in the electrochemical gem-difluorodesulfuriza-
tion of dithioacetals and dithiocarbonate (Scheme 2 and
Scheme 3) [22,23].

_4e, - 2H*
2F-

RSCH,—EWG RSCF,—EWG
30-53%

R = Ar, alkyl

EWG = COOEt, PO(OEt),, CN, C=CH

Scheme 1: Electrochemical gem-difluorination of sulfides bearing
a-electron-withdrawing groups.

_4e, -PhS*, —H*
ArCH(SPh), ArCF,SPh
2F-
Ar = p-NO,CgH (57%),
Ph (20%)

Scheme 2: Electrochemical gem-difluorodesulfurization of dithio-
acetals.

_de, 2F-
p-BrCgH,0C(=S)SMe

p-BrCGH4OCFZSMe

ArsN mediator
37%

Scheme 3: Electrochemical gem-difluorodesulfurization of dithiocar-
bonate.

In this work, we have studied the electrochemical generation of
(phenylthio)difluoromethyl reactive species from bromodifluo-
romethyl phenyl sulfide and their synthetic application as well
as mechanistic aspects.

Results and Discussion

Cathodic reduction of bromodifluoromethyl
phenyl sulfide (1)

At first, the reduction potential (Epred) of bromodifluoromethyl
phenyl sulfide (1) was measured by cyclic voltammetry in an
anhydrous acetonitrile (MeCN) solution containing BuyNClOy4
(0.1 M) using a platinum electrode. One irreversible reduction
peak was observed at —2.4 V vs SSCE at a scan rate of
100 mV/s. Even at a much higher scan rate of 500 mV/s, the

Beilstein J. Org. Chem. 2022, 18, 872-880.

reduction peak was irreversible. Since the reduction potentials
(Ep“’d) of CF3Br and PhCF,Cl are —1.55 V (Pt cathode) and
—2.11 V vs SCE (hanging Hg drop cathode), respectively
[24,25], the reduction potential of 1 was found to be similar to
that of PhCF,Cl.

Next, we carried out the constant potential cathodic reduction of
1 at a platinum cathode in BuyNCI1O4/MeCN. Notably, when
1.3 F/mol were passed, starting compound 1 was consumed
completely. As shown in Scheme 4, difluoromethyl phenyl
sulfide (2) was mainly formed as well as bis(phenylthio)difluo-
romethane (3) as a minor product. From these results, one-elec-
tron and two-electron reductions of 1 seem to take place simul-

taneously to generate radical and anionic intermediates.

ne, -Br-
PhSCF,Br PhSCF,H + PhSCF,SPh
1 BuyNCIO4/MeCN 2 3
2.2V vs. SSCE 67% 3%
1.3 F/imol

Scheme 4: Cathodic reduction of 1.

In order to trap the radical intermediate, the constant potential
cathodic reduction of 1 was performed in the presence of
various olefins such as a-methylstyrene, cyclohexene, and

dihydrofuran. The results are summarized in Table 1.

Regardless of trapping reagents, 1.3—1.4 F/mol of electricity
was required to consume the starting material 1. The required
electricity was similar to the electrolysis in the absence of the
trapping reagent. Only when a-methylstyrene was used as the
radical trapping reagent, the expected radical adduct 4 was
formed in reasonable yield of ca. 30% (Table 1, run 1). A plati-
num cathode is more suitable for the formation of adduct 4
compared to a glassy carbon cathode (Table 1, run 2). Dolbier
et al. reported that electron-poor perfluoroalkyl radicals such as
n-perfluoropropyl radical have high reactivity to electron-rich
olefins such as a-methylstyrene and styrene [26]. In fact, our
cathodically generated reactive species also reacted with
ao-methylstyrene. However, electron-rich dihydrofuran did not
provide any radical adduct at all (Table 1, run 4). The reason is
not clear at present. Thus the obtained results indicate that
the cathodically generated reactive species would be the
(phenylthio)difluoromethyl radical. In order to increase the
yield of adduct 4, the cathodic reduction of 1 was performed in
other solvents such as DMF and CH,Cl, using 20 equiv of
a-methylstyrene. However, the yield of 4 did not increase.

The cathodic reduction of perfluoroalkyl halide generates

radical and/or anionic species in general [24]. In order to
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Table 1: Cathodic reduction of bromodifluoromethyl phenyl sulfide (1) in the presence of various olefins as a trapping reagent.

ne, -Br-
PhSCF,Br PhSCF,H + PhSCF,SPh + PhSCF,Y
BusNCIO,/MeCN 2 3 4: Y = CH,CH(Me)Ph
olefin (10 equiv) 4" Y = cyclohexyl
Pt cathode 4" Y = 2-tetrahydrofuryl
-2.2V vs. SSCE
Run Olefin Charge Yield (%)2
passed
(F/mol) 2 3 4-4”
Me
1 1.4 65 (60)P trace 4 29 (23)b
Ph
Me
2¢ 1.4 64 trace 4 12
Ph
3 <i> 1.3 55 trace 4 0
4 L0 1.4 65 trace 4” 0

aDetermined by 19F NMR; Pisolated yield is shown in parentheses; °glassy carbon cathode was used.

generate radical species selectively, indirect cathodic reduction
using various mediators has been often employed. Médebielle
et al. successfully carried out the cathodic reduction of ArCF,X
and RCOCF,X with nitrobenzene as a mediator to generate the
corresponding difluoromethyl radicals selectively, and they
applied this electrocatalytic system to the synthesis of various
heterocyclic compounds bearing a perfluoroalkyl or perfluo-
roacyl group [27-30]. Furthermore, they extended this method-
ology to tandem cyclization to provide fused difluoro-

methylene-containing heterocycles [31]. In consideration of

<

e

these facts, we studied the cathodic reduction of 1 using a medi-

ator.

Indirect cathodic reduction of 1 using
o-phthalonitrile as mediator

At first, cyclic voltammetry was carried out to investigate the
electrocatalytic reduction of bromodifluoromethyl phenyl
sulfide (1) with o-phthalonitrile as a mediator. The cyclic
voltammograms of o-phthalonitrile in the absence and presence

of compound 1 are shown in Figure 1.

(a) PhSCF,Br (8 mM)

CN
(b) ©i (4 mM)
CN N
(c) PhSCF,Br (8 mM) + ©:
CN

(4 mM)

T20pA

-1.5 -1.0 -0.5

V/vs SSCE

-2.5 -2.0

Figure 1: Cyclic voltammograms of (a) PhSCF2Br (1, 8 mM) in 0.1 M n-BusNCIO4/MeCN; (b) o-phthalonitrile (4 mM), and (c) o-phthalonitrile (4 mM) +

1 (8 mM). Scan rate: 100 mV/s.
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As shown in Figure 1b, a typical reversible redox couple
(E1/4 = —1.69 V vs. SSCE) of o-phthalonitrile was clearly ob-

served. A significantly enhanced cathodic peak current was ob-

served after addition of compound 1 to the solution containing
o-phthalonitrile while the anodic peak current disappeared com-
pletely as shown in Figure 1c. The reduction peak potential of 1
is —2.4 V vs. SSCE, which excludes the reduction of 1 at this
potential. Therefore, the enhanced cathodic current of
o-phthalonitrile clearly suggests that a typical electrocatalytic
reduction reaction takes place. Thus, it was found that
o-phthalonitrile should work as an electron transfer catalyst, i.e.,
a redox mediator.

On the bases of the cyclic voltammetric measurements, the
cathodic reduction of 1 was carried out at a constant potential
using o-phthalonitrile as mediator. As shown in Scheme 5, the
total yield of products 2 and 3 increased appreciably to ca. 80%
compared to the direct cathodic reduction of 1 (70% yield in
Scheme 4).
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Next, the indirect cathodic reduction of compound 1 was carried
out similarly in the presence of a-methylstyrene and the results
are summarized in Table 2.

When 0.2 equiv of the mediator were used, the yields of both
products 2 and 4 were decreased compared to the direct
cathodic reduction (Table 2, run 1). Increasing the amount of
the mediator to 0.5 equiv resulted in an increase of the yield of
4 to 35% (Table 2, run 3) while the yield of 2 was decreased
significantly. In this case, the required electricity was increased
to 1.8 F/mol.

From these results, we anticipate that a one-electron reduction
of compound 1 takes place to generate the PhSCF, radical,
which is further reduced affording the PhSCF, anion when a
trapping reagent is absent. The resulting anion seems to undergo
elimination of difluorocarbene to generate a phenylthiolate
anion which reacts with compound 1 to form product 3 as
shown in Scheme 6.

Table 2: Indirect cathodic reduction of compound 1 using o-phthalonitrile as mediator in the presence of a-methylstyrene.

ne, -Br-
o-phthalonitrile mediator

PhSCF,Br PhSCF,;H + PhSCF,SPh + PhSCF,CH,CH(Me)Ph
1 BuyNCIO,/solvent 2 3 4
a-methylstyrene
-1.7 V vs. SSCE
Run Solvent Mediator Charge passed Yield (%)3
(F/mol)
2 3 4
1 MeCN - 1.4 65 trace 29
2 MeCN 0.2 equiv 1.5 44 trace 15
3 MeCN 0.5 equiv 1.8 26 trace 35
4 DMF - 1.6 67 trace 16
5 DMF 0.5 equiv 1.9 31 trace 28
3Determined by '9F NMR.
ne, -Br-
PhSCF,Br PhSCF,H + PhSCF,SPh
1 o-phthalonitrile (0.5 equiv)/MeCN 2 3
Pt cathode 69% 10%
-1.7 V vs. SSCE
1.4 F/mol

Scheme 5: Indirect cathodic reduction of 1 using o-phthalonitrile as mediator.
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PhSCF,Br —— =  PhSCF,- PhSCF,~
-Br-
1
.. PhSCF,Br
_CF s 1 PhSCF,SPh
-Br-

3

Scheme 6: Mechanism for the formation of product 3.

In order to confirm the proposed reaction pathway to product 3,
the reaction of bromodifluoromethyl phenyl sulfide (1) with
phenylthiolate anion was performed at room temperature. As
expected, product 3 was formed in moderate yield of 67% as

shown in Scheme 7.

1) NaH/DMF
Ph PhSCF,SPh
2) PhSCF,Br (1) 3
rt 67%

Scheme 7: Reaction of compound 1 with PhS anions.
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It is known that difluorocarbene has generally low reactivity
towards olefins; however, it can be trapped with electron-rich
olefins [32]. In order to trap difluorocarbene with an olefin, we
tried to increase the amount of generated difluorocarbene by in-
creasing the current density for the cathodic reduction of com-
pound 1. Thus, the cathodic reduction of 1 was carried out com-
pletely at a high current density of 16 mA/cm? in the presence
of a-methylstyrene. As shown in Scheme 8, the expected difluo-
rocarbene adduct 5 was detected by high resolution mass spec-

trometry in addition to products 2, 3, and 4.

As already mentioned, Sml; is a well-known one-electron
reducing reagent, and has been used to generate PhSCF, radi-
cals and perfluoroalkyl radicals from PhSCF,Br and perfluoro-
alkyl halides, respectively. The generated radicals undergo ad-
dition to olefins and acetylenes [5,33]. Pohmakotr et al. and
Yoshida et al. reported that the reaction of PhSCF,Br and
PhCF,Cl with Sml, generated PhSCF, and PhCF, radicals,
which were trapped with styrene [5,34,35]. Therefore, we
carried out the reaction of compound 1 with Sml, in the
absence and presence of a-methylstyrene, which is more elec-
tron-rich compared to styrene. The results are summarized in
Table 3.

F. F
ne, -Br~ M
PhSCF,Br Bu.NCIO/solvent PhSCF,H + PhSCF,SPh + PhSCF,CH,CH(Me)Ph + e
1 aNIBaisolvent 2 3 4 5 Ph
a-methylstyrene (10 equiv) 339 trace 12% trace
16 mA/cm?
1.8 F/mol
Scheme 8: Cathodic reduction of compound 1 in the presence of a-methylstyrene at a high current density.
Table 3: Reaction of compound 1 with Sml, in the presence and absence of a-methylstyrene.
Sml, (2 equiv)
PhSCF,Br PhSCF,H + PhSCF,SPh  +  PhSCF,CH,CH(Me)Ph
1 1'\"9 2 3 4
Ph
Run Solvent Me Conversion (%) Yield (%)3
Ph 2 3 4
(equiv)
1 THF 0 34 12 trace -
HMPA (7.5
2 equiv)/ THF 0 66 5 32 -
HMPA (7.5
3 equiv)/THF 10 76 5 32 0
MeCOH (10
4 equiv)/THF 10 45 5 0 14

aDetermined by '9F NMR.
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As shown in Table 3, even when two equivalents of Sml, were
used in the absence of a-methylstyrene, the conversion of com-
pound 1 was low and a large amount of starting material 1 was
recovered (Table 3, run 1). In this case, simple reduction prod-
uct 2 was formed together with trace amounts of product 3.
Since HMPA is known to enhance the reducing ability of SmlI,
[36], we performed the reaction of compound 1 in THF contain-
ing 7.5 equiv HMPA. As expected, the conversion of 1 in-
creased from 34% to 66%, and product 3 was formed in 32%
yield (Table 3, run 2). However, the yield of product 2 de-
creased from 12% to 5%. Then, the reaction of 1 with Sml, was
carried out similarly in the presence of a-methylstyrene
(Table 3, run 3). However, the result was almost the same as
that in the absence of a-methylstyrene: the yields of products 2
and 3 remained unchanged and the expected adduct 4 was not
formed at all although the conversion of compound 1 increased.
In both cases (Table 3, runs 2 and 3), unidentified products
were formed. Thus, it was found that the chemical reduction of
compound 1 with Sml, was quite different from the electro-
chemical reduction. However, notably, when THF containing
MeOH (10 equiv with regard to compound 1) was used, adduct
4 was formed in 14% yield (Table 3, run 4). In this case, prod-
uct 3 was not formed.

In order to determine the hydrogen source of the products 2 and
4, indirect cathodic reduction of 1 was carried out in deuterated
acetonitrile, CD3CN (Scheme 9).

As shown in Scheme 9, deuterated products 2 and 4 were
formed. In the case of product 2, almost complete deuteration
was observed, which clearly indicates that product 2 should be
formed via a PhSCF; radical intermediate. Thus, the main
hydrogen source for the formation of product 2 was determined
to be MeCN. On the other hand, in the case of adduct 4, deuter-
ated and protonated 4 were formed in a similar yield, which
suggests that 4 would be formed via both radical and anionic
intermediates.

In order to further clarify the reaction mechanism, the indirect

cathodic reduction of compound 1 was performed in the pres-

ne, -Br-
o-phthalonitrile
mediator (0.5 equiv)
BU4NC|O4/CD3CN
a-methylstyrene (10 equiv)
-1.7 V vs. SSCE
1.8 F/mol

PhSCF,Br

2/2D (2%/28%)

Scheme 9: Indirect cathodic reduction of compound 1 in CD3CN.
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ence of a-methylstyrene in MeCN containing cumene (iPrCgHs)
and isopropyl alcohol (iPrOH). The former works as a hydro-
gen radical source while the latter works as both a hydrogen
radical and proton source. The results are summarized in
Table 4.

Although it was expected that the yield of product 4 would be
increased in the presence of cumene as a hydrogen radical
source, the yield was decreased (Table 4, run 2) compared to
the electrolysis in the absence of cumene (Table 4, run 1). On
the other hand, the yield of product 4 increased in the presence
of iPrOH (Table 4, run 3), and the yield further increased to
60% at a higher content of iPrOH of 50% (Table 4, run 4). In
the latter case, the required electricity was increased to
2.7 F/mol. Reutrakul and Pomakotr et al. also reported that
iPrOH is an effective additive for the addition of PhSCF,
radical to olefins [5]. Since the presence of a large amount of a
proton source such as iPrOH increased the yield of adduct 4 sig-
nificantly, the electrolysis of compound 1 in the presence of
1,1-diphenylethylene as a more electron-rich olefin compared to
a-methylstyrene was carried out similarly. As expected, the
adduct 6 was formed in a high yield of 90% as shown in
Scheme 10.

Isopropanol can serve as both a proton and a hydrogen radical
source while cumene serves only as a hydrogen radical source.
The indirect cathodic reduction of compound 1 in the presence
of cumene decreased the yield of adduct 4 while the use of
iPrOH instead of cumene increased the yield markedly. As
already mentioned, in the chemical reduction of compound 1
with Smly, only 10 equiv of MeOH to 1 also enhanced the for-
mation of adduct 4 to some extent (from 0% to 14% yield) as
shown in Table 3. Therefore, iPrOH seems to promote the
radcal addition rather than reduction although the reason has not
been clarified yet.

Reaction mechanism
Although the cathodic reduction of perfluoroalkyl halides
usually involves one- and two-electron transfer, their indirect

cathodic reduction using mediators undergoes one-electron

PhSCF,H/PhSCF,D + PhSCF,SPh + PhSCF,CH,CH(Me)Ph/PhSCF,CH,CD(Me)Ph

3 (trace) 4/4D (9%/7%)
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Table 4: Indirect cathodic reduction of compound 1 with o-phthalonitrile in the presence of a-methylstyrene in MeCN containing cumene or isopropyl

alcohol.

ne, -Br-

o-phthalonitrile mediator
PhSCF,Br

1 BusNCIO4/solvent 2
a-methylstyrene (10 equiv)
-1.7 V vs. SSCE

Run Solvent (hydrogen

source)

Charge passed
(F/mol)

1 MeCN 1.8
MeCN/iPrCgHs (10
equiv)

3 MeCN/iPrOH (10:1) 1.7
4 MeCN/iPrOH (1:1) 2.7

aDetermined by 19F NMR; Pisolated yield is shown in parentheses.

2 1.7

ne, -Br-
o-phthalonitrile
mediator (0.5 equiv)

PhSCF,Br
BuyNCIO4/solvent

1,1-Diphenylethylene (10 equiv)
-1.7 V vs. SSCE

in MeCN (2.8 F/mol)
in iPrOH/MeCN 1:1 (3.2 F/mol)

PhSCF,H  +
2 3 6

27%
7% 0%

PhSCF,H + PhSCF,SPh + PhSCF,CH,CH(Me)Ph

3 4

Yield (%)2

26 trace 35
27 trace 23

15 0 44
20 0 60 (53)P

PhSCF,SPh  + PhSCF,CH,CHPh,

43%
90%

trace

Scheme 10: Indirect cathodic reduction of compound 1 in the presence of 1,1-diphenylethylene.

reduction selectively as reported by Saveant et al. [24]. In this
study, we also confirmed that the o-phthalonitrile-mediated
reduction of PhSCF;,Br (1) in the absence of radical trapping
reagents consumed much less than 2 F/mol of electricity.
Furthermore, the indirect cathodic reduction of compound 1 in
CD3CN formed the deuterated product, PhSCF,D (2D) as a
major product. On the other hand, the indirect cathodic reduc-
tion of compound 1 in CD3CN containing a radical trapping
reagent such as a-methylstyrene consumed less than 2 F/mol of
electricity to provide protonated and deuterated adducts 4/4D in
almost same yields. Similar indirect electrolysis of compound 1
in iPrOH/MeCN in the presence of 1,1-diphenylethylene con-
sumed much more than 2 F/mol of electricity to afford adduct 6
in high yield.

Moreover, the indirect cathodic reduction of compound 1 at

high current density in the presence of a-methylstyrene formed

a trace amount of 1,1-difluorocycopropane derivative 5,
which is an evidence of the generation of difluorocarbene from
1.

In consideration to these facts, we propose the following reac-

tion mechanism as shown in Scheme 11.

The one-electron reduction of 1 generates the PhSCF, radical
A, which abstracts a hydrogen radical from MeCN to give prod-
uct 2 (path b). The radical A undergoes further reduction to
generate anion B (path a). Elimination of difluorocarbene from
anion B forms a phenylthiolate anion, which reacts with the
starting material 1 to form product 3. In the presence of radical
trapping reagents such as styrene derivatives, radical A reacts
with styrenes to form radical intermediate adduct C. The radical
C abstracts a hydrogen radical to form products 4 and 6. Alter-

natively, the radical intermediate C is further reduced to
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PhS™ — '~ PhSCF,SPh
_Br 3
o
path a [PhSCFg']
e B H+
e H-
PhSCF,Br —— > PhSCF2~] PhSCF,H
1 -Br A path b 2
R (path b >> path a)
Ph
[ PhSCF,CH,CRPh ] u.
. PhSCF,CH,CHRPh
4:R=Me
6:R = Ph

Scheme 11: Reaction mechanism.

generate anion D followed by protonation to give products 4
and 6.

Conclusion

We have successfully carried out catalytic electrochemical
reduction of bromodifluoromethyl phenyl sulfide using
o-phthalonitrile as mediator to generate (phenythio)difluoro-
methyl radicals selectively. The generated radicals were effi-
ciently trapped with electron-rich olefins such as a-methyl-
styrene and 1,1-diphenylstyrene. The reaction mechanism was
also disclosed by using the deuterated solvent CD3CN.
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The electroreductive coupling of 2-acylbenzoates with acrylonitrile in the presence of TMSCI and successive treatment with 1 M

HCI gave 2-cyanonaphthalen-1-ols or 3-(3-cyanoethyl)phthalides. On the other hand, the reaction of 2-acylbenzoates with methyl

vinyl ketone under the same conditions produced 3-(3-oxobutyl)phthalides as the sole products. What determines the product selec-

tivity was studied using DFT calculations.

Introduction

The electroreductive coupling between carbon-heteroatom and
carbon—carbon double bonds is one of the promising methods
for carbon—carbon bond formation [1-4]. Recently, we reported
the electroreductive coupling of phthalic anhydrides with o,f3-
unsaturated carbonyl compounds in the presence of chlorotri-
methylsilane (TMSCI) and subsequent treatment with 1 M HCl
to give 1,4-dihydroxynaphthalenes and 2-methyl-2,3-dihydro-
naphthalene-1,4-diones (Scheme 1) [5]. In addition, we
disclosed that the electroreduction of phthalimides with a,f-
unsaturated carbonyl compounds under the same conditions and

subsequent treatment with trifluoroacetic acid (TFA) produced

3- and 2-substituted 4-aminonaphthalen-1-ols (Scheme 2) [6].
In this context, we report here that the electroreduction of
o-acylbenzoates 1 with acrylonitrile (2a) in the presence of
TMSCI and subsequent treatment with 1 M HCI gives
2-cyanonaphthalen-1-ols 3 or 3-(3-cyanoethyl)phthalides 4
(Scheme 3). The product selectivity depends on the position of
the methoxy substituents on the aromatic ring in substrate 1. On
the other hand, 3-(3-oxobutyl)phthalides 5 are obtained by the
reaction of compound 1 with methyl vinyl ketone (2b) as the
sole products (Scheme 3). The synthesis of naththalene-1-ols
[7-9] and 3-substituted phthalides [10-16] is attracting much
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Scheme 1: Electroreductive coupling of phthalic anhydrides with o,B-
unsaturated carbonyl compounds and subsequent treatment with 1 M
HCI (previous work).
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Scheme 2: Electroreductive coupling of phthalimides with o,B-unsatu-

rated carbonyl compounds and subsequent treatment with TFA
(previous work).
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Scheme 3: Electroreductive coupling of 2-acylbenzoates with
o,B-unsaturated carbonyl compounds and subsequent treatment with
1 M HCI (this work).
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attention, since bioactive compounds possessing these struc-
tures are known. This method has the potential to be applied
to synthesize bioactive 2-cyanonaphthalen-1-ols [8,9] and
3-substituted phthalides [12-16]. The reaction mechanisms of
the electroreductive coupling of 1 with 2 and subsequent rear-
rangement to 3 are also discussed. In particular, the latter mech-
anism was studied using density functional theory (DFT) calcu-
lations and it was suggested that the AG for the cyclization step
of an intermediate enolate anion determines the product selec-

tivity.

Results and Discussion

The electroreduction of methyl 2-formylbenzoate (1a) with
acrylonitrile (2a) was carried out in 0.3 M BuyNCIO4/THF in
the presence of TMSCI at 0.1 A (2.5 F/mol). From the crude
product, cyclized product 6a was obtained by column chroma-
tography as a complex mixture of stereoisomers. Since com-
pound 6a could not be purified, it was treated with 1 M
HCl/dioxane 1:1 at 25 °C for 1 h to give desilylated alcohol 7a
in 78% yield (2 steps) as a mixture of two diastereomers
(78:22 dr). Dehydration of compound 7a in refluxing toluene in
the presence of cat. PPTS produced 2-cyanonaphthalene-1-ol
(3a) in 72% yield (Scheme 4).

OTMS
CHO *2e
TMSCI N
+ /\CN | P
CO,Me CN
1a 2a MeO OTMS
6a
1 M HCI cat. PPTS
toluene ”\CN
reflux
Ta 78% (2 steps, 78:22 dr) 3a 72%

Scheme 4: Electroreductive coupling of 1a with 2a and subsequent
transformation to 2-cyanonaphthalene-1-ol (3a).

Next, the crude products of the electroreduction of methyl
2-acylbenzoates 1la—h with 2a were successively treated with
1 M HCl/dioxane 1:1 at 25 °C for 1 h and the results are sum-
marized in Table 1. Dehydrated 2-cyanonaphthalene-1-ols
3b-d,g were obtained only by treatment with 1 M HC1 without
dehydration in refluxing cat. PPTS/toluene (Table 1, entries 2—4
and 7). From 5,6-dimethoxy substrate 1d, phthalide 4d was also
formed together with naphthol 3d (Table 1, entry 4). In contrast,
phthalides 4e and 4f were the sole products in the reactions of
6-methoxy and 4,5,6-trimethoxy substrates 1e and 1f (Table 1,

entries 5 and 6). In the reaction of methyl 2-benzoylbenzoate
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Table 1: Electroreductive coupling of 1a—h with 2a and subsequent treatment with 1 M HCI.

O

R

o 1)+ 2e 1 X1 R CN o
3 R TMSCI
5 + /\CN 6] O
X2 % CO,Me 2) 1 M HCI X2 CN  x2
3 3 (0]
X 2a X3 OH x3 O
1a-h 3 4 i
X1-3=H, MeO
R =H, Me, Ph
Entry 1 R X! X2 x3 % Yield?
1 1a H H H H 3a, 56°
2 1b H H MeO H 3b, 71
3 1c H MeO MeO H 3c, 62
3d, 36
4 1d H H MeO MeO 4d. 26
5 1e H H H MeO 4e, 48
6 1f H MeO MeO MeO af, 41
7 1g Me H H H 3g, 73¢
8 1h Ph H H H 4h, 244

alsolated yields. PAfter dehydration of 7a by refluxing in cat. PPTS/toluene for 1h. €The reaction time for treatment with 1 M HCI was extended to 10 h.

d3-Phenylphthalide (i) was obtained as main product (42% yield).

(1h), the reduced product, 3-phenylphthalide (i), was formed
mainly in 42% yield accompanied by phthalide 4h in 24% yield
(Table 1, entry 8).

On the other hand, the electroreduction of 1a—h with methyl
vinyl ketone (2b) and subsequent treatment with 1 M HCI

afforded phthalides Sa—h in moderate to good yields and naph-
thalene-1-ols 3’ corresponding to cyclized products 3 were not
formed at all (Table 2).

The E, values of substrates 1la—h were observed to be in the
range from —1.74 to —1.96 V versus SCE by cyclic voltammet-

Table 2: Electroreductive coupling of 1a—h with methyl vinyl ketone (2b) and subsequent treatment with 1 M HCI.

i 1)+ 2e R i R
X R AN TMSCI X! X! OO
+ O
X2 CO,Me o) 2) 1 M HCI X2 X?
x3 2b X3 (0] X3 OH O
1a-h 5 3
Entry 1 R X1 X2 x3 % Yield?

1 1a H H H H 5a, 85
2 1b H H MeO H 5b, 77
3 1c H MeO MeO H 5c, 88
4 1d H H MeO MeO 5d, 67
5 1e H H H MeO 5e, 66
6 1f H MeO MeO MeO 5f, 73
7 19 Me H H H 59, 74
8 1h Ph H H H 5h, 74

8lsolated yields.
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ry (Table 3) and acceptors 2 revealed no reduction peaks from 0
to —=2.00 V vs SCE [5,6]. Therefore, this electroreductive cou-
pling is initiated by the reduction of compounds 1. There are
two possible reaction mechanisms for the reductive coupling of
1 with 2a as illustrated in Scheme 5. The first one is a radical
addition of O-trimethylsilyl radical A, which is formed by a
one-electron reduction of 1 and subsequent O-trimethylsilyla-
tion, to 2a and a following one-electron reduction of the resul-
tant radical B to give enolate anion D (path a). The second one
is an anionic addition of an O-trimethylsilyl anion C, which is
formed by a two-electron reduction of substrate 1 and
O-trimethylsillylation, to 2a (path b). Unlike the two reactions
previously reported by us that are presumed to proceed with the
addition of an anion species (Scheme 1 and Scheme 2) [5,6],
methyl acrylate (2¢) is much less reactive as an acceptor in this
reaction as shown in Scheme 6. The main product in this case
was the same dimeric phthalide 9 as the product without the
acceptor. These results suggest that this reaction proceeds with
the radical addition of A to form anion D (path a). Next, the

Beilstein J. Org. Chem. 2022, 18, 956-962.

intramolecular addition of the anion D and subsequent
O-trimethylsilylation of the resultant E produces intermediate 6
(path c). Desilylation of 6 with 1 M HCl and following dehydra-
tion of 7 affords product 3. On the other hand, O-trimethylsily-
lation of anion D forms N-(trimethylsilyl)ethenimine F and
subsequent treatment with 1 M HCI produces phthalide 4
through desilylation and following lactonization of F (path d).

Table 3: £, values of 1a—h derived from CV.

1 Ep? 1 Ep?
1a -1.74 1e -1.90
1b -1.86 1f -1.86
1c -1.74 1g -1.96
1d -1.92 1h -1.92

@First reduction peak (volts vs SCE) in CV of a 3 mM solution in 0.03 M
TBAP/DMF at a Pt cathode at 0.1 V/s and 25 °C.

(0]
path a R OTMS
= | . | N \C\\ .
S +e _ N
CO,Me pZe
X 2 +TMSCI X CO,Me 2a X CO,Me
1 A B
+2e +e
pathb |, tysci
R OTMS
OTMS R _OTMS path d N ~c. g TMHCI
A N4 SN
g Pz OMe + TMSCI X CO,Me
X CoMe| 5, SR
C D F
path ¢
4
TMSO_, R TMSO_ R HO R
= | + TMSCI 2 | 1 M HCI = | -H,O
S CN x/\ CN x% N
X Med 0© MeG OTMS 3
E 6 7 R
=
x% CN
OH
3

Scheme 5: Presumed reaction mechanism of electroreductive coupling of 1 with 2a and subsequent transformation to products 3 and 4.
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1)+ 2e
CHO TMSCI
@ 7 oo 2)1 M HCI
COMe 26 3) cat. PPTS
1a toluene

8 4%

9 62%
(70% without 2c)

Scheme 6: Electroreductive coupling of 1a with 2c and subsequent
treatment with 1 M HCI.

As can be seen from Scheme 5, the cyclization of D to E is the
key step for the formation of compound 6. Therefore, we calcu-
lated the intermediates (D and E) and transition states (D-E TS)
for this step using the DFT method at the B3LYP/6-311+(2d,p)/
IEFPCM(THF) level of theory (Supporting Information File 1).
From the calculation results for the reactions of 1la—h with 2a
summarized in Table 4, it was found that the ratio of D:E calcu-
lated from the free energy difference between D and E (AG)
and the product ratio of 4:3 from the experimental results
(Table 1, entries 1-6) were in good agreement. Therefore, it is
presumed that whether the cyclization from D to E proceeds is
thermodynamically controlled. Namely, when AG is large and
negative, product 3 is selectively formed (Table 4, entries 1-3),
and conversely, when AG is large and positive, product 4 is
selectively produced (Table 4, entries 5 and 6). On the other

Beilstein J. Org. Chem. 2022, 18, 956-962.

hand, when AG is close to zero, both products 3 and 4 are
generated simultaneously (Table 4, entry 4). These results
suggest that the substitution of the methoxy group at the 6-posi-
tion tends to suppress the cyclization of D to E (Table 4, entries
4-6), since its electron-donating property reduces the electro-
philicity of the ester carbonyl group. In contrast, the substitu-
tion of the methoxy group at the 5-position tends to promote the
cyclization of D, owing to its electron-withdrawing property
(Table 4, entries 2 and 3).

From the calculation results for the reaction of 1a with 2b

(Table 5), it is understood that the cyclization from D'a to E'a
hardly occurs because it shows a relatively large positive AG.

Table 5: Calculations of AG from D’a to F’a.

OTMS OTMS
o®
OMe OMe > “COMe
o O OMe
D'a E'a
AG D’a:E’a 5:3’
D’a (kcal/mol)@ (calcd)b (exp)®
E-form 6.90 100:0 >99:1
Z-form 8.13 100:0 >99:1

aCalculated at the B3LYP/6-311+G(2d,p)/ICFPCM(THF) level of theory
at 25 °C. PCalculated from AG on the basis of the Maxwell-Boltz-
mann distribution law at 25 °C. °Data from entry 1 in Table 2.

Table 4: Calculations of activation energies (AG¥) and energy differences (AG) from Dx to Ex.

OTMS OTMS * OTMS
N N C \A @ —_— —
D —
Pz OMe
X 63 "CN
(O O OMe
Dx Ex
AG* AG D:E 4:3
Entry Dx (kcal/mol)2 (calcd)P (exp)©
1 Da 6.73 1.22 11:89 <1:99
2 Db 5.86 _2.38 2:98 <1:99
3 Dc 4.94 217 3:97 <1:99
4 Dd 7.82 0.33 36:64 42:58
5 De 9.16 1.37 91:9 >99:1
6 Df 9.13 2.55 99:1 >99:1

aCalculated at the B3LYP/6-311+G(2d,p)/ICFPCM(THF) level of theory at 25 °C. ®Calculated from AG on the basis of the Maxwell-Boltzmann distri-

bution law at 25 °C. ®Data from entries 1-6 in Table 1.
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Conclusion

The electroreduction of o-acylbenzoates 1 with acrylonitrile
(2a) in the presence of TMSCI and subsequent treatment with
1 M HCI gave 2-cyanonaphthalen-1-ols 3 and 3-(3-cyano-
ethyl)phthalides 4. Which product was preferentially produced
is determined by the position of the methoxy group on the aro-
matic ring of the substrate 1. Using the same method, 3-(3-
oxobutyl)phthalides 5§ were produced as the sole products by the
reaction of 1 with methyl vinyl ketone (2b). It was found by
DFT calculations for the cyclization step of the intermediate
enolate anions that the product selectivity was in good agree-
ment with the free energy differences (AG) in the cyclization
step.

Experimental

General information. The 'H NMR (500 MHz) and 13C NMR
(125 MHz) spectra were measured on a JEOL GMX-500 spec-
trometer with tetramethylsilane (TMS) or the residual signals of
protonated solvents as an internal standard: CDCl3 ( = 77.0 in
13C NMR). IR spectra were recorded on a Shimadzu IRAf-
finity-1 infrared spectrometer. HRMS were measured on a
Thermo Scientic Exactive FTMS spectrometer. Melting points
were uncorrected. Column chromatography was performed on
silica gel 60. THF was distilled from sodium benzophenone
ketyl radical. TMSCI, TEA, and DMF were distilled from
CaHz.

Starting materials. Methyl 2-formylbenzoate (1a) and methyl
2-benzoylbenzoate (1h) were purchased from Tokyo Chemical
Industry Corporation. Methyl 2-acetylbenzoate (1g) [17] was
prepared from commercially available 2-acetylbenzoic acids
(Tokyo Chemical Industry Corporation) by usual esterification
using Mel, K,COs/acetone at 25 °C for 12 h. Methoxy-substi-
tuted 2-formylbenzoates 1b [18], 1¢ [19], 1d [20], 1e [21], and
1f [22] were prepared according to the reported methods.

Typical procedures for electroreduction in the presence of
TMSCI (Table 1, entry 1). A 0.3 M solution of BuyNClOy in
THF (15 mL) was placed in the cathodic chamber of a divided
cell (40 mL beaker, 3 cm diameter, 6 cm height) equipped with
a platinum cathode (5 x 5 cm?), a platinum anode (2 x 1 cm?),
and a ceramic cylindrical diaphragm (1.5 cm diameter). A
0.3 M solution of BuyNCIO,4 in DMF (4 mL) was placed in the
anodic chamber (inside the diaphragm). Methyl 2-formylben-
zoate (la, 161 mg, 1.0 mmol), acrylonitrile (2a, 258 mg,
2.5 mmol), TMSCI (0.64 mL, 5 mmol), and TEA (0.14 mL,
1 mmol) were added to the cathodic chamber. After 250 C of
electricity (2.5 F/mol) have passed at a constant current of
100 mA at room temperature under a nitrogen atmosphere
(42 min), the catholyte was evaporated in vacuo. The residue

was dissolved in diethyl ether (20 mL) and insoluble solid was

Beilstein J. Org. Chem. 2022, 18, 956-962.

filtered off. After removal of the solvent in vacuo, the residue
was dissolved in 1 M HCI (5 mL)/1,4-dioxane (5 mL) and the
solution was stirred at 30 °C for 1 h. The mixture was diluted
with sat. aqueous NaCl solution (20 mL) and water (20 mL),
and then extracted with ethyl acetate (3 X 20 mL). The organic
layer was washed with sat. aqueous NaCl solution, dried over
MgSOy, and filtered. After removal of the solvent in vacuo, the
residue was purified by column chromatography on silica gel
(hexanes/EtOAc) to give 146 mg of 7a [23] (78% yield) as a
mixture of two diastereomers (78:22 dr). A solution of 7a
(146 mg) and PPTS (10 mg) in toluene (10 mL) was refluxed
using the Dean—Stark apparatus under nitrogen atmosphere for
1 h. After removal of the solvent in vacuo, the residue was puri-
fied by column chromatography on silica gel (hexanes/EtOAc)
to give 95 mg of 3a [8,23] (56% yield in two steps).

Supporting Information

Supporting Information File 1

Characterization data for compounds, copies of 'H and

13C NMR spectra, X-ray crystallographic data (ORTEP) of
3b, CV data of compounds 1a-h, and DFT calculation data
for cyclization of enolate anions.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-95-S1.pdf]

Supporting Information File 2

Cif for 3b.
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Abstract

Dibenzo[g,p]chrysene (DBC), which consists of a twisted naphthalene core with four fused benzene rings, is a promising frame-
work for organic electronic materials. Therefore, the research for structure—property relationships is important for the design of
DBC-based materials. Here, the electrochemical and spectroscopic properties of DBC derivatives were investigated, and the effects
of substituents and torsion of the naphthalene moiety were examined based on density functional theory (DFT) calculations. All the
substituted DBC derivatives showed higher oxidation potentials than that for DBC-H, even for compounds that contained an elec-
tron-donating group such as DBC-Me and DBC-SMe. DFT calculations clearly indicate that these higher oxidation potentials are
due to the ineffective conjugation of the MeO group, which is oriented perpendicular to the benzene ring because of the steric repul-
sion of substituents on both sides. More specifically, the inductive effect of the MeO group is dominant rather than the mesomeric
effect when the substituent is located at both sides of the MeO group. Concerning the torsion of the naphthalene moiety, the
twisting results in a slight increase in the HOMO and a slight lowering of the LUMO. The twisting effect is much smaller than the
conjugation effect of the MeO group. Absorption spectra of all the substituted DBC derivatives also showed a red-shift as com-

pared to that for DBC-H. Concerning the luminescence, a strong photoluminescence was observed for DBC-H and DBC-Si.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) have attracted from the viewpoint of their synthetic challenge and/or for
interest as potential electronic and optoelectronic materials the development of functional organic materials [13-22].

[1-12]. Non-planar PAHs have been extensively investigated ~Among such PAHs, twisted acenes are an interesting class

963


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:amaya@nsc.nagoya-cu.ac.jp
mailto:iwasawa@rins.ryukoku.ac.jp
https://doi.org/10.3762/bjoc.18.96

of compounds due to their characteristic structures and
conjugation systems [23-25]. Dibenzo[g,p]chrysene (DBC),
which consists of a twisted naphthalene core with four
fused benzene rings (Figure 1a) [26], is a promising framework
for serving as organic semiconductors, dyes, liquid crystals,
and light-emitting materials. A number of substituted
DBCs have been reported in this context [27-46]. To develop
charge-transport materials, Rathore et al. reported on

the stability of radical cations of DBCs with MeO groups

Beilstein J. Org. Chem. 2022, 18, 963-971.

(Eox1) of MeO-DBC-1 was reported to be 0.40 V (based
on Fc/Fc*), which is 0.48 V lower than that of DBC. In
contrast, when a MeO group is introduced at the X position
(MeO-DBC-2), the E,y is lower by only 0.15 V than that of
DBC. It has also been reported that the oxidation potential of
MeO-DBC-3, in which the MeO groups are attached at both X
and Y, is 0.06 V higher than that for MeO-DBC-1. These
remarkable substituent effects are an interesting and important
finding for molecular design, but the effects of X and Z substit-

located at X and/or Y (MeO-DBC-1, MeO-DBC-2, and uents and the twisting of the naphthalene moiety have not been
MeO-DBC-3, Figure 1b) [43]. The first oxidation potential reported.
a) b) dependence of E,y4 on the position of MeO group [43]

0}

Eox =0.88V

c) previous work [52]

alkylation
MeO-DBC-1

torsion angle = |!F"
£C01c02¢03c04
M

DBC-SMe 57.4°
OMe

MeO MeO-DBC-1 OMe
Eox1 =040V

lowest Ex4 among the above MeO-
substituted derivatives

Me(0),S S(O),Me
DBC-S(0),Me 57.4°

« effect of torsion
with the aid of DFT calculation.

OMe

COO 000
&6, (| O

MeO OMe MeO COO OMe
MeO OMe MeO QQ OMe

MeO-DBC-2 MeO MeO-DBC-3 OMe
Eox1 =0.73V Eox1 =046V
OMe
iPr
derivatization

OMe
DBC-Br 56.1°

Me(0),S S(O),Me

DBC-Si

31.8°

electrochemical and spectroscopic properties
« effect of substituents at Z

Figure 1: a) DBC. b) Dependence of Eq1 on the position of the MeO groups [43]. ¢) Previous work [52]. d) This work.
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We previously studied the synthesis of solution-processable
DBC derivatives with various substituents attached [47-51]. We
also recently reported on a synthetic strategy for preparing DBC
derivatives using DBC-H with four isopropyl groups at X as a
key template for the derivatization (Figure 1c). Based on this
strategy, various substituents were introduced at Z to produce
DBC-Br, DBC-Me, DBC-SMe, DBC-S(0);Me, and DBC-Si
(Figure 1c) [52]. The structures of all these derivatives were de-
termined by X-ray crystallographic analysis, in which torsion
angles were varied in a range from 31.8° (DBC-Si) to 57.4°
(DBC-S(0);Me) [52]. These DBC derivatives have four me-
thoxy moieties at the Y position, which aroused our interest
concerning the stability of those oxidation states.

Herein, we report on the electrochemical and spectroscopic

properties of the DBC derivatives, where the effects of substitu-

Beilstein J. Org. Chem. 2022, 18, 963-971.

ents and torsion were examined with the aid of DFT calcula-
tions. Consequently, the findings revealed that the substitution
at the Z position induces a change in the conformation of the
MeO groups, making the conjugation of the MeO groups inef-
fective, thus resulting in the lowering of both HOMO and
LUMO energy levels. Concerning the twisting, the effect to the
HOMO and LUMO energy levels was found to be small. We
anticipate that the impact of diverse substituents and torsion
angles on the chemical properties would be beneficial in terms

of creating DBC-based materials.

Results and Discussion
Electrochemical properties

Cyclic voltammograms (CVs) and square-wave voltammo-
grams (SWVs) were measured for DBC-H, DBC-Me,
DBC-SMe, DBC-Br, DBC-S(0);Me, and DBC-Si (Figure 2)

a) DBC-H b) DBC-Me c) DBC-SMe
~ef—
IG nA
e—
Iz ) /\/\f\ W
1.2 0.8 0.4 0.0 1.2 0.8 0.4 0.0 1.2 0.8 0.4 0.0

Potential/ V (vs Fc/Fc*)

d) DBC-Br

IGLLA
IZJJA

Potential/ V (vs Fo/Fc™)

e) DBC-S(0),Me

W

Potential/ V (vs Fc/Fc™)

f) DBC-Si

1.2 0.8 04 00 12 0.8
Potential/ V (vs Fc/Fc*)

Potential/ V (vs Fc/Fc*)

=
il

PotentlaI/ V (vs Fc/Fc )

0.4

Figure 2: CVs and SWVs of DBC derivatives in CHoCl, (=1.0 x 10~3 M, see Supporting Information File 1 for details) including 5.0 x 102 M NBu,4BF4
as a supporting electrolyte under Ar at 298 K (working electrode: Pt, scan rate: 100 mV/s and 40 mV/s for CV and SWV measurements, respectively).
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[53]. Table 1 summarizes the first and second oxidation poten-
tials based on Fc/Fct (Eyx; and Eyyp) determined from the
SWVs, together with the torsion angles determined from the
X-ray crystal structures [52], the HOMO and LUMO levels de-
termined from DFT calculations [52,54] and estimated based on
Eox1. The voltammogram of DBC-H exhibited a reversible,
two-step, two-electron redox process, with Eqx; and Ey, values
of 0.34 V and 0.72 V, respectively (Figure 2a). The value of
Ex1 is 0.06 V lower than that of MeO-DBC-1 which does not
contain isopropyl groups. This is in contrast to MeO-DBC-3, in
which four MeO groups are introduced in place of the iso-
propyl groups, which has a 0.06 V higher oxidation potential
than that of MeO-DBC-1. This indicates that alkyl substituents
in the X position are effective in stabilizing the radical cation,
thus making it more susceptible to oxidation. Unlike DBC-H,
an irreversible voltammogram was observed in case of
DBC-Me (Figure 2b). The first oxidation potential obtained
from the SWV was 0.51 V, which is 0.17 V higher than that
of DBC-H. This higher oxidation potential is somewhat
surprising, which is discussed in the next paragraph based on
DFT calculations. The CV of DBC-SMe showed a reversible
two-electron redox process, with Eyx1 and Eyx, values of 0.41 V
and 0.88 V, respectively (Figure 2¢) [53]. It is interesting to
note that DBC-SMe exhibited a higher oxidation potential than
DBC-H despite the electron-donating nature due to mesomeric
effects based on lone pairs of sulfur atoms. In the CV of DBC-
Br, a one-electron redox was observed as a reversible process,
but a second redox process was not observed (Figure 2d). On
the other hand, both the first and second oxidation processes
were observed in the SWV of DBC-Br (Eyx; and Ex, are
0.79 V and 1.15 V, respectively). DBC-S(0);Me with the elec-
tron-withdrawing substituents resulted in a reversible oxidation
wave, but only a one-electron redox process could be observed
due to the limitations of the solvent (Figure 2e). The potential of
0.98 V is the highest among the compounds measured in this
study. To investigate the reduction behaviour, DBC-S(0),Me

Beilstein J. Org. Chem. 2022, 18, 963-971.

was measured in the low potential region. A peak, which
appeared to be the one-electron reduction peak, was observed at
—2.25 V (see Figure S1 in Supporting Information File 1).
Finally, the CV of the silole-fused DBC-Si was investigated and
the results indicated a reversible two-electron redox process
(Eox1 and Eqxp are 0.43 V and 0.82 V, respectively, Figure 2f).
These values for Ey| and E,x, for DBC-Si are slightly higher
than those of DBC-H. The obtained electrochemical data were
nearly consistent with the trend of the values for HOMO ob-
tained based on DFT calculations.

Theoretical calculations

DFT calculations were performed to clarify the reasons for the
oxidation potentials [52,54,56]. To investigate the effects of the
torsion of the naphthalene moiety and the conformation of the
MeO group on the oxidation potential of these materials, hypo-
thetical compounds DBC-H(56°)-1 and DBC-H(56°)-2 were
created, respectively. In DBC-H(56°)-1, the atoms are fixed
except for the Me group of DBC-Me (torsion angle = 56.5°),
and the Me group is changed to H. DBC-H(56°)-2 is the same
structure as DBC-H(56°)-1 except for the MeO group confor-
mation. Optimizations of DBC-H(56°)-1 and DBC-H(56°)-2
based on DFT calculations were performed by fixing the atoms,
as described above [56]. The conformations of the MeO group
in DBC-H(56°)-1 and DBC-H(56°)-2 are nearly perpendicular
(98.3°) to and parallel (179.8°) to the benzene ring, respective-
ly (Figure 3 and Table 2). The results were compared to those
for DBC-H and DBC-Me (Figure 3). To examine the torsional
effect, DBC-H (torsion angle = 39.0°) and DBC-H(56°)-2
(torsion angle = 56.5°) were compared. The HOMO level of the
highly twisted DBC-H(56°)-2 was 0.09 eV higher than that of
the less twisted DBC-H. Conversely, the LUMO level of the
highly twisted DBC-H(56°)-2 was 0.05 eV lower than the less
twisted DBC-H. As a result, the HOMO-LUMO gap of
DBC-H(56°)-2 becomes smaller than that of DBC-H. This is
consistent with the trend reported for twisted acenes [57]. The

Table 1: Electrochemical data, torsion angles determined from the X-ray crystal structures, and HOMO and LUMO levels for DBC derivatives2.

compounds Eoxi [VIP  Eoxo [VIP  torsion angle [°]°
DBC-H 0.34 0.72 36.9
DBC-Me 0.51 0.96 55.4
DBC-SMe 0.41 0.88 57.4
DBC-Br 0.79 1.15 56.1
DBC-S(O),Me 0.98 - 57.4
DBC-Si 0.43 0.82 31.8

HOMO [eV] (the estimated values based ~ LUMO [eV]
on experimental data in parentheses)®

-4.64 (-5.4) -0.87

-4.81 (-5.6) -1.22

-5.00 (-5.5) -1.42

-5.24 (-5.9) -1.71

-5.56 (-6.1) -2.00

-4.80 (-5.5) -1.09

aConcentration: Around 1.0 x 10-3 M in CH,Cl, (for detailed values, see Supporting Information File 1) containing 5.0 x 10-2 M NBu,4BF4 as a sup-
porting electrolyte. SWVs were recorded at a platinum electrode at 298 K under Ar. PBased on Fc/Fc*. °The values obtained from X-ray crystallo-
graphic analyses [52]. 9The values obtained from DFT calculations at B3LYP6-31G(d,p) [52,54]. €The energy values of HOMO were estimated based

on the following equation Eqomo = —(Eox1 vs Fe+/Fc + 5.1) [55].
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Figure 3: DFT-optimized structures, orbital drawings of HOMO, schematic drawings of orbital interaction, and energy diagrams for DBC-H, DBC-

H(56°)-1, DBC-H(56°)-2, and DBC-Me.

Table 2: Dihedral angles for the DFT-optimized structures of DBC derivatives [B3LYP6-31G(d,p)].

compounds substituent Z dihedral angle of ABCD [°]
DBC-H H 179.6

DBC-H(56°)-1 H 98.3

DBC-H(56°)-2 H 179.8

DBC-Me Me 98.3

DBC-SMe SMe 105.7

DBC-Br Br 111.1

DBC-S(0)2Me S(O)oMe 97.8

DBC-Si -SiMeo- 156.6

conformational effect of the MeO group was investigated by
comparison of DBC-H(56°)-1 (perpendicular to the benzene
ring, 98.3°) with DBC-H(56°)-2 (parallel to the benzene ring,

dihedral angle

iPr H
A

179.8°). Consequently, both the HOMO and LUMO levels of
DBC-H(56°)-2 are higher than those of DBC-H(56°)-1 by
—0.40 eV and —0.37 eV, respectively. This is likely attributed by
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the effect of conjugation for the orbital of an oxygen atom as
shown in the schematic drawing in Figure 3. When the confor-
mation of the MeO group is almost parallel to the benzene ring,
the strong orbital interaction between the orbitals on the oxygen
and adjacent carbon atoms is possible in HOMO (the orbital
drawings are also shown in Figure S2 in Supporting Informa-
tion File 1). In this case, the mesomeric effect of an oxygen
atom is dominant. On the other hand, when the conformation of
the MeO group is almost perpendicular to the benzene ring, the
interaction between orbitals on the oxygen and adjacent carbon
atoms becomes weak in the case of HOMO. In this case, the
inductive effect of an oxygen atom can be dominant. Thus, the
substituents at the Z position allow the MeO group to be
oriented perpendicular to the benzene ring, which results in the
lowering of both the HOMO and LUMO (Figure 3). In
DBC-Me, the lowering of the HOMO based on the inductive
effect offsets the increase in HOMO due to the electron-donat-
ing nature of the Me group. This can account for the observed
higher E,y| for DBC-Me than that for DBC-H.

Other derivatives were also examined. The dihedral angles are
summarized in Table 2. The MeS group is an electron-donating
group and may increase the HOMO, but the HOMO level of
DBC-SMe is lower than that of DBC-H, as shown in the elec-
trochemical study and by DFT calculations (Table 1). This is
considered to be due to the contribution of the inductive effect
of the MeO group by ineffective conjugation. In DBC-Br and
DBC-S(0);Me, both the HOMO and LUMO are lower, which
can be attributed to the combined effects of their electron-with-
drawing by Br and S(O),Me groups and ineffective conjuga-
tion of the MeO group. In the case of DBC-Si, where the dihe-
dral angle of the MeO group is 156.6°, both the HOMO and

Beilstein J. Org. Chem. 2022, 18, 963-971.

LUMO are lower than those for DBC-H. Although it is not per-
pendicular, the lower energy levels for HOMO and LUMO can
be accounted for by the ineffective conjugation of the MeO

group.

Spectroscopic properties

Absorption and photoluminescence spectra and the simulations
of absorption based on TD-DFT calculations [58] are shown in
Figure 4 (see Figure S3 in Supporting Information File 1 for
excited spectra). The spectral data are summarized in Table 3.
The TD-DFT calculations reproduce the absorption spectra
quite well. The longest absorption peak is attributed to the tran-
sition from HOMO to LUMO and HOMO-1 to LUMO+1 (see
Tables S1-S6 in Supporting Information File 1). The trend for
the order of optical band gap is roughly consistent with that of
the HOMO-LUMO gap obtained from DFT calculation [52].

In the photoluminescence spectra, the luminescence of DBC-Br
was very weak. On the other hand, DBC-H, DBC-Me, and
DBC-Si showed relatively strong photoluminescences with
quantum yields of 28%, 21%, and 11%, respectively (Table 3).
The photoluminescence wavelengths were shifted toward longer
wavelengths in the order of DBC-Si, DBC-H, DBC-Me,
DBC-SMe, and DBC-S(0);Me. Of these, the Stokes shift for
DBC-S(0);Me was the largest, which is due to the electron-
withdrawing nature of the S(O),Me group.

Conclusion

The electrochemical and spectroscopic properties of DBC de-
rivatives were investigated, and the effects of substituents and
torsion of the naphthalene moiety were discussed based on DFT

calculations. It was also found that introducing a substituent at

Table 3: Absorption and photoluminescence spectral data of DBC derivatives in CHxClo.

compounds absorption Apax [NM] optical band gap? photoluminescence Amax ~ quantum yield
molar absorption coefficient € [eV] [nm] [%]°
[M~T-cm~1] in parentheses

DBC-H 363 2.95 416 28
(16200)

DBC-Me 381 2.91 427 21
(20300)

DBC-SMe 384 2.88 433 3
(16500)

DBC-Br 386 2.86 - -
(16100)

DBC-S(0)2Me 380 2.82 455 6
(12900)

DBC-Si 368 2,97 413 11
(9500)

aEstimated from the absorption edge. PMeasured based on the absolute quantum yield method using an integrating sphere. °Too weak photolumines-

cence to measure.
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Figure 4: Absorption (solid line) and photoluminescence (dotted red line) spectra (upper graphs) in CH2Cl> and simulations of absorption based on
TD-DFT calculations [lower graphs, TD-B3LYP-D3/6-31G(d,p)//B3LYP/6-31G(d,p)] for DBC derivatives.

Z position resulted in a higher oxidation potential than that for
DBC-H, even for compounds that contained electron-donating
groups, such as DBC-Me and DBC-SMe. DFT calculations
clearly indicate that this is due to the ineffective conjugation of

the MeO group which is oriented perpendicular to the aromatic

ring because of the steric repulsion of substituents on both
sides. More specifically, the inductive effect of the MeO group
is dominant rather than the mesomeric effect when the substitu-
ent is present at the Z position. Concerning the torsion of the

naphthalene moiety, the twisting caused a slight increase in the
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HOMO and a slight lowering of the LUMO. The twisting effect
is much smaller than the conjugation effect of the MeO group.
Absorption spectra of all the substituted DBC derivatives also
showed a red-shift as compared to that for DBC-H. Concerning
photoluminescence, a strong photoluminescence was observed
for DBC-H and DBC-Si. The findings reported in this study
will be useful for the molecular design of such materials, and

could lead to electronic material applications in the future.

Supporting Information

Supporting Information File 1

Figures S1-S3, Tables S1-S6, general, experimental
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In this paper we present the first electrochemical generation of NHC carried out in a divided flow cell. The flow cell operated in the

recycle mode. The need for a divided cell derived from the anodic electroactivity of the electrogenerated carbene. In order to have

NHC accumulation in the catholyte, the Nafion membrane (cell separator) was pretreated with an alkaline solution. The formation

of NHC was quantified as its reaction product with elemental sulfur. The NHC was successfully used as organocatalyst in two clas-

sical umpolung reactions of cinnamaldehyde: its cyclodimerization and its oxidative esterification.

Introduction

Ionic liquids (ILs) are well known salts, at present used in a
wide variety of chemical fields. The first definition of ionic
liquids was given by Paul Walden in 1914: “they are materials
composed of cations and anions, that melt around 100 °C or
below as an arbitrary temperature limit” [1]. ILs are salts

formed by non or weakly coordinated cations and anions,

usually bulky organic cations and inorganic or organic anions
such as "BF4, "PFg, "N(CF3S0,),, etc. [2,3].

The physicochemical properties of RTILs (room temperature

ionic liquids) are reported in the literature and include very low

vapor pressure, and thus the possibility to recycle them, good
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stability, low flammability, good solubility ability for many
molecules, salts and gases, the possibility to use them as
reagents and/or solvents, large electrochemical window, good
electrical conductivity, their ionic nature sometimes increases
the reactivity and the selectivity of reactions and usually the
product separation is easy [4,5]. Among ILs, imidazolium de-
rivatives are the most studied, in part due to their ease of syn-
thesis, low cost and diverse applications from solvents and
reagents in synthesis, to supporting electrolytes in electrochem-
istry [6].

The imidazolium cation can be modified by the presence of a
base or by a single electron cathodic reduction of the C—H be-
tween nitrogen atoms of the imidazolium ring (Scheme 1), in-
ducing the formation of a N-heterocyclic carbene (NHC) [7,8].
In recent years, NHCs have achieved great success: they have
been frequently used as ligands in organometallic catalysts [9]
and as versatile organocatalysts [10] in a very wide range of
organic reactions such as classical benzoin condensation, trans-
esterification, acylation, Knoevenagel reaction, Claisen conden-

sation etc.

R

N +

N _te [
[N> —05H2 >

R

Scheme 1: Electrochemical generation of NHC.

The electrochemical generation of carbenes from ILs avoids the
use of strong bases and the formation of byproducts (dimers of
carbenes and nitrogen dealkylation products), where the IL acts
as NHC precursor, solvent, and supporting electrolyte, needing
no additional chemicals in the electrolytic cell [11]. An added
attraction of this approach is that unstable NHCs are generated
in situ, where they may be used as basic or nucleophilic species.
Due to the difficulty isolating highly reactive NHCs, the con-
centration of the obtained NHC solution can be determined

indirectly by addition of elemental sulfur after the electrolysis,

electrophilic
R R
N (e} [N 0O
: -« | D H
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which realizes quantitative conversion to the corresponding
thione (Scheme 2) [12].

1)+e
)+Ss

—05H,

/_
\?%77

n-Z

[fs

-

Scheme 2: Transformation of electrochemically generated NHC into
the corresponding thione by its reaction with elemental sulfur.

NHCs are used as organocatalysts in many reactions of alde-
hydes (mainly aromatic) [13,14]. In fact, the reaction of NHCs
with aldehydes can lead to the formation of the “Breslow inter-
mediate” [15], in which the reactive character of the carbonyl
carbon atom is reversed (umpolung) from electrophilic to
nucleophilic (Scheme 3).

This approach can be exploited in many organic reactions, such
as: the benzoin condensation [16,17], esterification and amida-
tion of benzaldehydes and cinnamaldehydes [18,19], synthesis
of y-butyrolactones [20], synthesis of 1,3-diketones [21], etc.

Electrosynthesis is considered as a more sustainable approach to
perform chemical reactions, and an interesting alternative to
conventional synthetic methods both in laboratory and industry
processes. In fact, the electron may be considered to be a clean
reagent, which replaces toxic chemical redox reagents and
dangerous procedures [22-25]. At present, electrosynthesis in
batch is more widely used and reported in literature, but some
disadvantages can be encountered: the need for high concentra-
tions of supporting electrolyte, poor performance for synthesis
such as slow rates of conversion, low selectivity and repro-
ducibility [26]. As a matter of fact, these problems can be
addressed by using flow electrochemistry, usually achieving
higher rates of conversion of reagents to products [27]. More-
over, electrochemical flow cells can have a very small gap
between the electrodes so that lower concentrations of support-

ing electrolytes are needed to provide sufficient conductivity

nucleophilic

OH

— [>—<2
R R’

Breslow intermediate

Scheme 3: Umpolung of the aldehyde carbonyl carbon atom. Formation of the Breslow intermediate using NHCs.
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[28]. Applications of flow electrochemistry reported in the
literature are mainly devoted to anodic oxidations, carried out
in undivided cells, in which the counter electrode reaction at
the cathode is usually H; evolution [29]. The use of divided
cells is less common in organic electrosynthesis, mainly due to
complications inherent with membranes. Useful cathodic pro-
cesses are less exploited in organic electrochemistry. In the
context of NHC organocatalysis in flow electrochemistry, NHC
instability (and anodic electroactivity) prevented its cathodic
generation and subsequent use as catalyst or reagent. Instead,
the NHC was generated by chemical deprotonation using a
strong base (DBU) and then applied in anodic esterification [30-
32], and amidation of aromatic aldehydes [33]. Flow electro-
chemistry was applied to oxidize the Breslow intermediate to
the corresponding electrophilic acylthiazolium intermediate,
which then functioned as an acyl-transfer reagent, reacting with
alcohols or amines. To the best of our knowledge, only one
research group reported the cathodic reduction of an imida-
zolium cation to NHC, in an undivided cell under flow condi-
tions, coupled with the anodic generation of Cu(I) from a
sacrificial anode to yield the corresponding N-heterocyclic
carbene complex [34,35]. In this case, irreversible capture of the
NHC by the metallic cation prevented NHC oxidation/degrada-
tion.

In this paper we describe the cathodic generation and accumula-
tion of NHC in a divided flow cell and its subsequent use as
organocatalyst in the self-annulation of cinnamaldehyde and in
the esterification of cinnamaldehyde.

Results and Discussion
Cathodic NHC generation and accumulation
using a divided flow electrochemical cell.

Quantification of NHC in IL solution

The flow cell used in this work was previously described [36].
It is based on two electrode plates separated by a spacer/gasket
fabricated from an PTFE sheet with its center cut away to form
the electrolyte flow chamber (Figure 1). The requirement for a
divided cell (a more complicated device than the undivided con-
figuration) arises from the need to protect electrogenerated
NHC from its anodic oxidation in the absence of a consumable
anode.

To ensure good sealing of the electrolysis cell, the sandwich-
type arrangement of cell components was compressed between
two end plates using a series of bolts. This design incorporated
a solution inlet and a solution outlet for the chamber to allow
uniform flow over the surface of the electrodes. In the present
work, where a divided cell configuration was required, a

proton-permeable membrane (Nafion® 438) was inserted to

Beilstein J. Org. Chem. 2022, 18, 979-990.

0.00V
[ I J

- O+

OUTLET 1 OUTLET 2

PUMP

INLET 2
—

INLET 1
—

—

Figure 1: Schematic representation of a plane-parallel plate flow elec-
trochemical reactor.

separate the cathode and anode chambers, and a spacer was
used on each compartment [36].

The initial goal of this work was to demonstrate the possibility
to achieve NHC formation starting from 1-butyl-3-methylimida-
zolium tetrafluoroborate (BMImBF,), by cathodic reduction in
a divided cell using flow electrochemistry technique, and to
compare the results with the corresponding batch process. Once
established, the flow electrochemistry NHC synthesis would be
combined with applications as an organocatalyst in some

organic transformations of cinnamaldehyde.

Firstly, the conditions for electrogeneration of the carbene in
flow were optimized, quantifying the amount of NHC by means
of its reaction with elemental sulfur. All the experiments were
carried out using a 0.1 M solution of BMImBF, in acetonitrile
as catholyte in a divided cell using Nafion® 438 membrane,
under N, atmosphere, at room temperature, under galvanostatic
conditions (I = 134 mA) with continuous flow rate of
36 mL/min, studying the effect of cathode material, anode solu-
tion and number of Faradays per mole of IL supplied (Table 1).
At the end of the electrolysis, excess elemental sulfur was
added to the catholyte and the mixture was left under ultra-
sound irradiation for 30 minutes. The solvent was removed
under reduced pressure and the residue was purified by column
chromatography on silica gel.

The first experiment (Table 1, entry 1) was carried out using

stainless steel as cathode and a carbon-filled polyvinylidene
fluoride (C/PVDF) plate as anode. BMImBF, 0.1 M in aceto-
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nitrile was the catholyte, while the anolyte was a solution of
tetraethylammonium tetrafluoroborate (Et4NBF,) in aceto-
nitrile; after only 12 minutes of electrolysis the current flow
stopped. Moreover, a consumption of anode was observed
(Figure 2). It is possible that, in the absence of a suitable
counter electrode process, the tetrafluoroborate anion was itself
oxidized [7] leading to erosion of the anode with the formation
of fluorocarbons.

In order to avoid anode consumption/passivation, an alternative
to oxidation of BF4~ was required as the counter electrode reac-
tion, and 10% of methanol was added to the anolyte solution. In
this case (Table 1, entry 2) 13% of thione was obtained and the
electrode did not show any signs of consumption. The same
yield (13%) was obtained using nickel as cathode material
(Table 1, entry 4). However, using a silver electrode the corre-
sponding thione was not observed (Table 1, entry 3) [37]. In
view of the acidic character of the perfluorosulfonic acid
Nafion® membrane, and possible NHC protonation to form the
imidazolium cation, the Nafion® membrane was pretreated with
an alkaline solution for 24 hours. Using stainless steel as
cathode and a lower amount of methanol at the anode the quan-
tity of thione increased to 21% (Table 1, entry 5). Under the
same conditions, but using dry acetonitrile, the best yield was
obtained (32%, Table 1, entry 6); in this case a small amount of
imidazolone 1b (<5%), probably due to the reaction with adven-
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A B

Figure 2: C/PVDF anode before (A) and after (B) the first experiment
(Table 1, entry 1).

titious oxygen, was observed from the NMR spectrum. It should
be underlined that in these electrolyzes BMImBF, acts as both
electroactive species and supporting electrolyte, and although
the cathodic reduction of the imidazolium cation is a monoelec-

Table 1: Electrochemical reduction of BMImBF4,2 followed by the addition of elemental sulfurP. Flow cell, in recycling mode.

Me Me

Me Me

1 I 1 1
N+, o N s N N

[\>—:):H [>:+8 [)s+[)o
N —05H, N N

A \ A
Bu Bu Bu Bu
BMIm* NHC 1a 1b
Entry  Cathode material Anolyte Q (F) Time (min) Yield 1a® Notes
1 ssd MeCN/Et4NBF4 0.05 M, 0.5 12 <5% anode erosion
25 mL
2 ssd MeCN-MeOH (9:1)/Et4NBF4 1.0 24 13% -
0.05 M, 25 mL
3 Ag MeCN-MeOH (9:1)/Et4NBF4 1.0 24 - -
0.05 M, 25 mL
4 Ni MeCN-MeOH (9:1)/Et4NBF4 1.0 24 13% -
0.05 M, 25 mL
5 ssd MeCN-MeOH (9.5:0.5)/Et4NBF4 1.0 24 21% Nafion® alkaline
0.1 M, 20 mL pretreatment
6 ssd Dry MeCN-MeOH 1.0 24 32% Nafion® alkaline
(9.5:0.5)/Et4NBF4 0.1 M, 20 mL (1b <5%) pretreatment

aDivided cell, carbon-filled polyvinylidene fluoride (C/PVDF) anode material, Nafion® 438 membrane separator, room temperature, N atmosphere,
galvanostatic conditions (134 mA), catholyte: BMImMBF4/MeCN 0.1 M, 20 mL (2 mmol BMImBF,); flow rate: 36 mL/min. PExcess Sg (2 mmol) added at
the end of the electrolysis to the catholyte. Then energy was supplied to the catholyte (ultrasound irradiation, 35 W) for 30 minutes. Clsolated yields,

based on starting IL (BMImBF). 9Stainless steel.

982



tronic process, in a similar process carried out in batch the cur-
rent yield usually does not exceed 50%, thus rendering neces-
sary an excess of current [38]. The yields reported in Table 1
(entries 2 to 6) are obtained using a stoichiometric amount of
electricity (1 electron per imidazolium cation). Therefore, the
32% chemical yield (with respect to starting IL) is comparable
with the yield of the batch process.

Electrogenerated NHC organocatalysis.
Dimerization of trans-cinnamaldehyde:
synthesis of 4-phenyl-5-styryldihydrofuran-
2(3H)-one

Having demonstrated that NHCs could be generated and accu-
mulated in a continuous flow electrochemical process, the flow
methodology was applied to the self-annulation of cinnamalde-
hyde, a classical NHC-catalyzed reaction (Scheme 4).

All the experiments were carried out using a solution of 0.1 M
BMImBF; in acetonitrile (20 mL) as catholyte, stainless steel as
cathode, C/PVDF as anode, in a divided cell, under N, atmo-
sphere, at room temperature, under galvanostatic conditions
(I = 134 mA) with a flow rate of 36 mL/min, changing anode
solution and number of Faradays per mole supplied (Table 2).
Following the experimental results previously obtained, the
Nafion® membrane was always pretreated with an alkaline
solution. At the end of the electrolysis, 1 mmol of cinnamalde-

hyde was added to the catholyte and the mixture was left under
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stirring for two hours at room temperature. Workup and column
chromatography yielded a diastereomeric mixture of y-butyro-

lactones 2a and 2b.

Table 2 reports the results obtained by changing the anolyte
composition and the amount of applied electricity. In all cases,
with regards to the trans/cis diastereomeric ratio, we observed
that the cis isomer 2a was predominantly formed. The dia-
stereoselectivity was not high; however, trans and cis y-butyro-
lactones were easily separated by column chromatography. In-
creasing the applied charge from 0.5 F (Table 2, entry 1) to
1.0 F (Table 2, entry 2) improved the yield of both cis (2a) and
trans (2b) lactones by approximately three fold. Instead, with a
charge of 2.0 F the yield of 2a improved by 10%, but the yield
of 2b increased only 2% (Table 2, entry 3). However, in these
experiments methyl ester 3a was isolated (24% yield) as by-
product derived from methanol, which passed through the mem-
brane, reacting with the Breslow intermediate through a redox
neutral process (Scheme 5) [19].

We decided to use 1 F/mol and a lower amount of methanol at
the anode, in order to minimize the formation of byproduct 3a;
the same amount of 2a was obtained, but the yield of the trans
diastereoisomer increased from 24% to 32% (Table 2, entry 2
vs entry 4). Finally, changing methanol with DMSO in the
anolyte, a lower amount of both diastereoisomers was observed
(Table 2, entries 5 and 6). Thus the best yield (79%, 67:33
cis/trans ratio) was obtained using a charge of 2.0 F and a solu-

Me
[\> 05H [>
Bu
o Me Me
[> . Ph/\)I\H . [N\+ o—H [N_OH
u N‘Bu Ph NBU - Ph
O
Ph/\)J\H
[e) (0]
o o
Ph p Ph {
Ph Ph
(£)-2a (£)-2b

Scheme 4: Electrogenerated NHC-catalyzed self-annulation of cinnamaldehyde.
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Table 2: Electrochemical synthesis of y-butyrolactones 2a and 2b by conjugate umpolung reaction.?

BMIm* _* & NHC
-0.5H,
0 O
0
0
PH ) Ph {
Ph Ph
()-2a ()-2b
Entry Anolyte Q (F)P Time (min) Yield®
2a 2b
1 MeCN-MeOH (95:5)/Et4NBF4 (0.1 M), 20 mL 0.50 6 15% 8%
2 MeCN-MeOH (95:5)/Et4NBF4 (0.1 M), 20 mL 1.00 12 43% 24%
3 MeCN-MeOH (95:5)/Et4NBF4 (0.1 M), 20 mL 2.00 24 53% 26%
4 MeCN-MeOH (98:2)/Et4NBF4 (0.1 M), 20 mL 1.00 12 42% 32%
5 MeCN-DMSO (95:5)/Et4NBF4 (0.1 M), 20 mL 0.50 6 7% <5%
6 MeCN-DMSO (95:5)/Et4NBF4 (0.1 M), 20 mL 1.00 12 20% 12%

aDivided cell, carbon-filled polyvinylidene fluoride (C/PVDF) anode, stainless steel cathode, alkaline pretreated Nafion® 438 membrane as compart-
ments separator, room temperature, Np atmosphere, galvanostatic conditions (134 mA), catholyte: BMImBF4/MeCN 0.1 M, 20 mL (2 mmol BMImBFy);
flow rate: 36 mL/min; 1 mmol of cinnamaldehyde added at the end of the electrolysis to the catholyte. ®With respect to the starting BMImBF . ClIsolated

yields, based on starting cinnamaldehyde.

0 Me o
Ph/\)kH NHC [N>:<Di + MeOH R
N — —NHC Ph OMe
: Ph 3a

Scheme 5: Byproduct obtained from the reaction between methanol and the Breslow intermediate.

tion of MeCN-MeOH (9.5:0.5)/Et4NBF, (0.1 M) as anolyte
(Table 2, entry 3).

Electrogenerated NHC organocatalysis.

Esterification of trans cinnamaldehyde

Once the possibility of obtaining the Breslow intermediate was
demonstrated, another typical reaction of N-heterocyclic
carbenes was tested: the oxidative esterification of cinnamalde-
hyde in the presence of alcohols. To carry out these experi-
ments three different alcohols (methyl, isopropyl and benzyl
alcohols) were used and the results are shown in Table 3.

All the experiments were carried out using a solution of 0.1 M
of BMImBF, in acetonitrile (20 mL) as catholyte, stainless steel
as cathode, C/PVDF as anode, in a divided cell, under N, atmo-

sphere, at room temperature, under galvanostatic conditions
(I = 134 mA, felectrolysis = 12 min) with a flow rate of
36 mL/min, anode solution as in Table 3, and with 1.0 Faraday
per mole of aldehyde. At the end of the electrolysis, 1 mmol of
cinnamaldehyde was added to the catholyte and the mixture was
left under stirring for five minutes and then the corresponding
alcohol was added and the reaction was stirred for two hours at
room temperature. Workup and column chromatography

yielded esters 3a—c and unsaturated esters 4a,b as byproducts.

Good yields were obtained using benzyl and methyl alcohols
(73% and 68%, respectively), while with the isopropyl alcohol
the formation of the ester was only 37%, probably due to steric
hindrance. In two cases (Table 3, entries 1 and 2) oxidation by-

products (esters 4a and 4b) were obtained, where the olefinic
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Table 3: Electrochemical synthesis of esters 3a—c from cinnamaldehyde and an alcohol.2

BMIm* & NHC
—0.5H,
1 R30H i 2
+
NHC + Ph/\)J\H s Ph/\)J\OR3 + ph” \)kom
3a, R®=Me 4a, R®=Me
3b, R®=Bn 4b, R3=Bn
3c, R3=iPr 4c, R3= iPr
Entry ROH Anolyte Q (F)P Yield®
1 R3 = Me MeCN-MeOH (98:2)/Et;NBF4 0.1 M, 20 mL 05 3a 4a
68% 1%
2 R3=Bn MeCN—:BnOH (98:2)/Et4NBF, 0.1 M, 20 mL 05 3b 4ab
73% 13%
3 R3=iPr MeCN—iPrOH (98:2)/Et4NBF 0.1 M, 20 mL 05 3c 4c
37% -

aDivided cell, carbon-filled polyvinylidene fluoride (C/PVDF) anode, stainless steel cathode, alkaline pretreated Nafion® 438 membrane separator,
room temperature, No atmosphere, galvanostatic conditions (134 mA), catholyte: BMImBF4/MeCN 0.1 M, 20 mL (2 mmol BMImBF,); flow rate:

36 mL/min; 1 mmol of cinnamaldehyde added at the end of the electrolysis to the catholyte and, after 5 minutes 2 mmol of the corresponding alcohol
were added. PWith respect to the starting BMImBF, telectrolysis = 12 min. Clsolated yields, based on starting cinnamaldehyde.

double bond is preserved. In contrast to the internal redox reac-
tions of cinnamaldehyde giving esters 3a—c, formation of enoate
byproducts 4a and 4b invoke the involvement of an external
chemical oxidant species as cinnamaldehyde is added to the
cathode chamber after the electrolysis has been stopped. The
presence of byproducts 4a and 4b is most likely accounted for
by the presence of molecular oxygen, or electrochemically
generated superoxide (cathodic reduction of O;), which oxidize
the Breslow intermediate [30,39]. In fact, the presence of some
reactive oxygen species in the reaction environment was previ-
ously demonstrated by the formation of compound 1b (see
Table 1).

IL Recycling

To investigate the possibility to recycle BMImBF,, the experi-
ment reported in Table 3, entry 1, was replicated, using the
same reagents and conditions. Exploiting the low vapor pres-
sure of BMImBF,, (and of ILs in general), the organic solvent
was removed under reduced pressure, and after the extractive
workup, the recycled BMImBF, was resubjected to cathodic
reduction (thus reused in different reactions). Although this pro-
cedure led to decreased yields of esterification products 3a, 4a
(10% and 12%, respectively) and diastereoisomeric 4-phenyl-5-
styryldihydrofuran-2(3H)-ones 2a,b (35%, 45:55 cis/trans mix-
ture), the potential of the recycled BMImBEF, to function as a
N-heterocyclic carbene precursor was demonstrated. Interest-
ingly, the reaction selectivity is completely lost using the recov-
ered IL, and experiments are undergoing in order to understand

the cause of this selectivity loss.

Batch vs flow electrolysis

At this point, the preliminary results from flow electrochem-
istry may be compared with those reported in the literature for
NHC formation using batch electrolysis. The comparison be-
tween these two techniques is not straightforward. In fact, in
batch electrosynthesis, the ionic liquid is normally used as sol-
vent, but in this work the IL was present as a 0.1 M solution in
MeCN.

In regard to the results obtained in the synthesis of thione 1a
(the only reaction for which a reasonable comparison is
possible), we compared the current efficiencies, the current
being the limiting factor (Table 4). Although the current yield
(49%) for the batch electrolysis in pure IL is higher than
in flow, the yields for 0.1 M solutions are comparable between
batch (29%) and flow (32%). In this case, the rate of
production of the NHC in the electrolysis step was higher in the
flow reactor (1.60 mmol/h) than in batch using pure IL
(0.37 mmol/h). However, other factors should also be high-
lighted, including the 8x larger electrode area in the flow
reactor, which enables a higher current to be passed while main-

taining the same current density (15 mA/cm?).

In the case of the NHC organocatalysis, we compared chemical
yields of products (Table 4), although in different solvents. As
far as the literature allows comparison of the two methodolo-
gies, the data in Table 4 show that, although further optimiza-
tion of the flow electrochemistry conditions is required, it

provides a valid alternative to batch technique. Again, produc-
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Table 4: Comparison between electrosynthesis in batch and flow electrochemistry.

Product Solvent
N',\"e BMImBF4
[=s
N
\ solvent/BMImBF4
Bu
1a
(0]
(0]
PH / MeCN/BMImBF4
Ph
2a,b

BMImBF4

MeCN/BMImBF4

(0]
Ph/\)J\O/\Ph
3a

Batch electrochemistry yield
(current density)

Flow electrochemistry yield
(current density)

49%a
(15 mA/cm2)

29%b
(15 mA/cm2)

32%c
(15 mA/cm2)

_ 79%d
(15 mA/cm2)
91%e _
(20 mA/cm2)
_ 73%f
(15 mA/cm2)

aCurrent yield. Q = 193 C. Theoretical current for a mono-electron process: 96.5 C for 1.0 mmol substrate/product. Current yield: (experimental yield/
theoretical yield) x 100. [38]. °Current yield (see note a). DMF as solvent. [12]. °Current yield (see note a). MeCN as solvent; flow rate: 36 mL/min.
dChemical yield, with respect to starting cinnamaldehyde. 2.0 F/mol cinnamaldehyde; flow rate: 36 mL/min. ©Chemical yield, with respect to starting
cinnamaldehyde. 0.7 F/mol cinnamaldehyde. 0.97 mmol/h [40]. f{Chemical yield, with respect to starting cinnamaldehyde. 3.65 mmol/h. 1.0 F/mol

cinnamaldehyde; flow rate: 36 mL/min.

tivity for the esterification is four-fold higher (3.65 mmol/h,
0.1 M solution) in flow than in batch (0.97 mmol/h, pure IL),
and in flow the reaction volume could simply be increased to
allow scale-up, obviously in a longer time.

Conclusion

The results reported in this work demonstrate for the first time
the possibility to synthesize and accumulate N-heterocyclic
carbene starting from BMImBF, in a divided electrochemical
flow cell. Although not fully optimized, the production of NHC
was confirmed indirectly by isolation of its reaction product
with elemental sulfur. A solution of the electrogenerated
carbene was used to promote dimerization and oxidative esteri-
fication reactions of cinnamaldehyde. Under the flow condi-
tions investigated, a higher rate of NHC production was
achieved, compared to previously reported batch reactions,
which is an important consideration for scale up. In the case of
the flow procedure, a 0.1 M solution of the IL is employed,
which may be more convenient than using pure ILs. Further in-
vestigations of electrogeneration of NHCs and applications in
organic synthesis are underway.

Experimental
Materials and methods

Chemicals were purchased from Sigma-Aldrich and Alfa Aesar

and used as received. All air/moisture sensitive reactions were

carried out under an inert atmosphere, in oven-dried or flame-
dried glassware. TLC was performed on aluminium plates
precoated with silica gel 60 with an F»s4 indicator; visualized
under UV light (254 nm) and/or by staining with potassium
permanganate. Flash column chromatography was performed
using high purity silica gel, pore size 60 A, 230—400 mesh parti-
cle size, purchased from Merck. 'H NMR and !13C NMR spec-
tra were recorded in CDClj3 (purchased from Cambridge Isotope
Laboratories) at 298 K using a Bruker DPX400 (400 and
101 MHz, respectively) spectrometer. Chemical shifts are re-
ported on the d scale in ppm and were referenced to residual
solvent (CDCls: 7.27 ppm for 'H NMR spectra and 77.0 ppm
for 13C NMR spectra). Coupling constants (J) were given in Hz
and matched where possible. The following abbreviations for
the multiplicity of the peaks are used: s (singlet), d (doublet), t
(triplet), q (quartet) and m (multiplet).

Parallel plate divided flow cell
See Figure 3 for an expanded view of the electrochemical cell
components. The details about the dimensions of each cell com-

ponent are reported elsewhere [36].

General procedure for the synthesis of
1-butyl-3-methyl-1H-imidazole-2(3H)-thione
Constant current electrolyzes (I = 134 mA) were carried out

using a parallel plate divided cell. Anolyte (25 mL) and
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h) b)I
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9)

Figure 3: Expanded view of the electrochemical cell components: (a) Aluminium end plates; (b) insulating PTFE foil, (c) copper plate for electrical
contact; (d) carbon electrode; (e) PTFE gasket (reaction channel and sealing); (f) Nafion® membrane; (g) stainless steel electrode; (h) stainless-steel
plate/electrode for electrical contact. Figure 3 was adapted from [36] with permission from The Royal Society of Chemistry. This content is not subject

to CC BY 4.0.

catholyte (20 mL) were separated through a Nafion® 438 mem-
brane. The anode material was carbon-filled polyvinylidene
fluoride (C/PVDF) and the cathode material is described in
Table 1. Electrolyzes were carried out at room temperature,
under nitrogen atmosphere, using a solution of 0.1 M of
BMImBF, in acetonitrile as catholyte. Anolyte solution is given
in Table 1. Electrolyte solutions were continuously passed
(recycling method) through their respective compartments at a
flow rate of 36 mL/min. After consumption of the requisite
amount of charge (Faradays per mol of BMImBF, reported in
Table 1), the current was switched off, the flow stopped, and
elemental sulfur (2.0 mmol) was added to the catholyte. The
mixture was left under ultrasound irradiation for 30 minutes.
The solvent was removed under reduced pressure and the
residue was purified by column chromatography on silica gel
(petroleum ether/ethyl acetate 7:3), affording the corresponding
pure 1a as an off-white solid.

1-Butyl-3-methyl-1H-imidazole-2(3H)-thione (1a): Spectral
data are consistent with those reported in the literature [38].
'H NMR (CDCl3) 8 6.64 (s, 2H), 3.99 (t, J = 7.4 Hz, 2H), 3.57
(s, 3H), 1.79-1.64 (m, 2H), 1.39-1.28 (m, 2H), 0.92 (t, J =
7.3 Hz, 3H) ppm; '3C NMR (CDCl3) & 162.3, 117.5, 116.4,
417.8, 35.0, 30.9, 19.7, 13.6 ppm.

1-Butyl-3-methyl-1H-imidazol-2(3H)-one (1b): Spectral data
are consistent with those reported in the literature [40].
I'H NMR (CDCl3) § 6.19 (d, AB, Av/J =2.5, Av="7.1Hz,J =

2.8 Hz, 1H), 6.17 (d, AB, Av/J =2.5, Av=7.1 Hz, J = 2.8 Hz,
1H), 3.59 (t, J = 7.2 Hz, 2H), 3.24 (s, 3H), 1.70-1.59 (m, 2H),
1.42-1.24 (m, 2H), 0.92 (t, J = 7.2 Hz, 3H) ppm; !3C NMR
(CDCl3) 5 153.1, 111.3, 110.2, 43.5, 31.1, 30.5, 19.9, 13.6 ppm.

General procedure for dimerization of trans

cinnamaldehyde

Constant current electrolyzes (I = 134 mA) were carried out
using a parallel plate divided cell. Anolyte (20 mL) and
catholyte (20 mL) were separated through a Nafion® 438 mem-
brane. The anode material was carbon-filled polyvinylidene
fluoride C/PVDF and stainless steel for the cathode material.
Electrolyzes were carried out at room temperature, under
nitrogen atmosphere, using a solution 0.1 M of BMImBF, in
acetonitrile as catholyte and for anolyte solution see Table 2,
which were passed (recycling method) in their compartments
with a flow rate of 36 mL/min. After the consumption of the
number of Faradays per mol of BMImBF, reported in Table 2,
the current was switched off, the flow stopped and cinnamalde-
hyde (1.0 mmol) was added to the catholyte. The mixture was
stirred for 2 h. The solvent was removed under reduced pres-
sure and the residue was extracted with of Et;O (15 mL x 3)
and then purified by column chromatography on silica gel
(petroleum ether/ethyl acetate 9:1), affording the corresponding
pure products 2a and 2b.

(£) cis-4-Phenyl-5-((E)-styryl)dihydrofuran-2(3H)-one (2a):
Spectral data are consistent with those reported in the literature
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[41]. "H NMR (CDCl3)  7.38-7.25 (m, 3H), 7.29-7.24 (m,
3H), 7.23-7.15 (m, 4H), 6.63 (d, J = 15.9 Hz, 1H), 5.65 (dd, J =
15.9 Hz, 6.5 Hz, 1H), 5.42-5.38 (m, 1H), 3.99-3.93 (m, 1H),
2.98 (dd, J = 17.4 Hz, 8.1 Hz, 1H), 2.91 (dd, J = 17.4 Hz,
7.4 Hz, 1H) ppm; 13C NMR (CDCl3) 8 176.3, 136.9, 135.8,
133.4, 128.9, 128.6, 128.2, 127.9, 127.8, 126.6, 123.8, 83.5,
45.6, 34.3 ppm.

(%) trans-4-Phenyl-5-((E)-styryl)dihydrofuran-2(3H)-one
(2b): Spectral data are consistent with those reported in the lit-
erature [41]. 'H NMR (CDCl3) & 7.39-7.27 (m, 10H), 6.60 (d,
J =159 Hz, 1H), 6.23 (dd, J = 15.9 Hz, 6.7 Hz, 1H), 5.06-5.02
(m, 1H), 3.57-3.50 (m, 1H), 3.04 (dd, J = 17.5 Hz, 8.6 Hz, 1H),
2.87 (dd, J = 17.5 Hz, 10.5 Hz, 1H) ppm; 13Cc NMR (CDCl3) &
175.2, 138.0, 135.6, 133.8, 129.2, 128.7, 128.4, 127.9, 127.3,
126.8, 124.7, 86.7, 48.4, 36.7 ppm.

General procedure for the esterification of
trans-cinnamaldehyde

Constant current electrolyzes (I = 134 mA) were carried out
using a parallel plates divided cell. Anolyte (20 mL) and
catholyte (20 mL) were separated through a Nafion® 438 mem-
brane. The anode material was C/PVDF and stainless steel for
the cathode material. Electrolyzes were carried out at room tem-
perature, under nitrogen atmosphere, using a solution 0.1 M of
BMImBF, in acetonitrile as catholyte. Anolyte solution is given
in Table 3. Electrolyte solutions were continuously passed
(recycling method) through their respective compartments at a
flow rate of 36 mL/min. After the consumption of 0.5 F/mol of
BMImBF4 (12 min, 96 C), the current was switched off, the
flow stopped and cinnamaldehyde (1.0 mmol) was added to the
catholyte. The mixture was left under stirring for 5 minutes and
then the corresponding alcohol (2.0 mmol) was added and the
reaction was stirred for 2 hours at room temperature. The sol-
vent was removed under reduced pressure and the residue was
extracted with of Et;O (15 mL x 3) and purified by column
chromatography on silica gel (petroleum ether/ethyl acetate
9.5:0.5), affording the corresponding pure esters 3a—c and 4a,b.

BMImBF4 Recycling procedure

After extraction of product 3a from the solution, the catholyte
was placed under vacuum at room temperature for 30 min to
remove diethyl ether residues, then it was used as catholyte
for a new electrolysis (see the general procedure for the
esterification of trans-cinnamaldehyde to repeat the same pro-

cedure).

Methyl 3-phenylpropanoate (3a): Spectral data are consistent
with those reported in the literature [42]. IH NMR (CDCl3) 6
7.32-7.23 (m, 2H), 7.22-7.14 (m, 3H), 3.65 (s, 3H), 2.94 (t, J =
7.9 Hz, 2H), 2.62 (dd, J = 8.4 Hz, 7.3 Hz, 2H) ppm; 13C NMR
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(CDCl3) 8 173.3, 140.5, 128.5, 128.5, 128.3, 126.3, 51.6, 35.7,
30.9 ppm.

Benzyl 3-phenylpropanoate (3b): Spectral data are consistent
with those reported in the literature [43]. IH NMR (CDCl3) &
7.19-7.39 (m, 10H), 5.13 (s, 2H), 2.99 (t, J = 7.0 Hz, 2H), 2.70
(t, J = 7.0 Hz, 2H) ppm; 13C NMR (CDCls) & 172.7, 140.4,
136.0, 128.6, 128.5, 128.3, 128.2, 126.3, 66.3, 35.9, 31.0 ppm.

Isopropyl 3-phenylpropanoate (3c): Spectral data are consis-
tent with those reported in the literature [44]. '"H NMR (CDCls)
d 7.28-7.36 (m, 2H), 7.19-7.27 (m, 3H), 4.99-5.11 (m, 1H),
2.99 (t, J = 7.5 Hz, 2H), 1.24 (d, J = 6.3 Hz, 6H) ppm;
13C NMR (75 MHz, CDCl3) & 172.5, 140.6, 128.5, 128.4,
126.2, 67.8, 36.3, 31.1, 21.8 ppm.

Methyl cinnamate (4a): Spectral data are consistent with those
reported in the literature [45]. IH NMR (CDCl3) 5 7.69 (d,J =
16.0 Hz, 1H), 7.58-7.45 (m, 2H), 7.41-7.32 (m, 3H), 6.43 (d,
J =16.0 Hz, 1H), 3.78 (s, 3H) ppm; 13 NMR (CDCl3) 8 1674,
144.8, 134.4, 130.3, 128.9, 128.1, 117.8, 51.7 ppm.

Benzyl cinnamate (4b): Spectral data are consistent with those
reported in the literature [46]. IH NMR (CDCl13) 5 7.73 (d,J =
16.0 Hz, 1H), 7.56-7.49 (m, 2H), 7.45-7.31 (m, 8H), 6.49 (d,
J =16.0 Hz, 1H), 5.26 (s, 2H) ppm; 13C NMR (CDCl3) 5 166.8,
145.2, 136.1, 136.0, 134.3, 130.4, 128.9, 128.6, 128.29, 128.26,
128.1, 117.9, 66.4 ppm.
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a-Azidoketones are valuable and versatile building blocks in the synthesis of various bioactive small molecules. Herein, we

describe an environmentally friendly and efficient electrochemical vicinal oxyazidation protocol of a-arylvinyl acetates to afford

diverse a-azidoketones in good yields without the use of a stoichiometric amount of chemical oxidant. A range of functionality is

shown to be compatible with this transformation, and further applications are demonstrated.

Introduction

Organoazides play important roles in pharmaceutical, bio-
orthogonal chemistry, and many other interdisciplinary research
areas [1-3]. Among them, azidoketones are also very versatile
building blocks in organic synthesis, pharmaceutical, and mate-
rials science [4-6]. Therefore, the development of a green, effi-
cient, and sustainable protocol for the synthesis of azidoketones

is of great significance [7-9].

Retrosynthetically, the nucleophilic substitution of a-bromo-
ketones by sodium azide [10] and oxidation of the azido alco-
hols [11] are among the most straightforward methods to
generate azidoketones. Remarkably, photoredox [12] and elec-

trochemical [13] oxyazidation of vinylarenes are also becoming

competent synthetic approaches. Besides vinylarenes, vinyl
acetates are potentially versatile precursors for the anticipated

vicinal oxyazidation.

For instance, Singh and co-workers have reported a manganese
dioxide-catalyzed radical azidation of enol acetates to afford the
corresponding azidoketones using dioxygen as the oxidant
(Scheme 1A) [14]. The adoption of electrosynthesis in green
and sustainable redox transformations has been experiencing a
dynamic renaissance [15-22] not only because it employs the
passage of charge instead of chemical oxidants or reductants but
also offers opportunities for the precise control of reactivity by

"dialing-in" the specific potential on demand [23-25].
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(A) MnO,-catalyzed azidation of enol acetates (previous work)
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Scheme 1: From vinyl acetates to a-azidoketones.

Specifically, the electrochemical oxyfunctionalization of vinyl
acetates has been developed to afford the corresponding a-fluo-
rinated [26], -arylated [27], and -sulfenylated [28] ketones
(Scheme 1B). In addition, electrochemical azidation [29-33] has
also become a robust and reliable synthetic tool to incorporate
azido functionality [34,35] into diverse organic frameworks.
Herein, we report that the electrochemical oxyfunctionalization
strategy could be well applied to the synthesis of a-azidoketone
using readily available a-arylvinyl acetates, and azidotrimethyl-
silane (Scheme 1C).

Table 1: Optimization of reaction conditions.2

Beilstein J. Org. Chem. 2022, 18, 1026—-1031.

Results and Discussion

The constant cell potential electrolysis (E¢cep = 2.3 V, carbon
cloth anode, and Pt cathode) of 1-phenylvinyl acetate (1) with
azidotrimethylsilane was performed and the desired a-azido-
ketone (2) was obtained in 68% yield (Table 1, entry 1, for
details of the reaction optimization see Supporting Information
File 1). The cyclic voltammetry studies showed while there was
no obvious oxidation peak for TMSNj3, 1-phenylvinyl acetate
(1) exhibits two oxidation peaks. The first peak (Ep = 1.51 V
vs Fc*/0) was assigned to be the oxidation of the vinyl acetate
moiety. The control experiment demonstrated that there was no
conversion without an electric current (Table 1, entry 2). In ad-
dition, in the absence of the electrolyte only a low yield of the
desired product was obtained (Table 1, entry 3). The use of
n-BuyNPFg was crucial because lower yields were generally ob-
tained with other electrolytes, such as n-Buy,NOAc or
n-BuyyNBF, (Table 1, entries 4 and 5). Note that the yield de-
creased without the addition of water suggesting water may
facilitate the formation of the azidoketone (Table 1, entry 6).
Interestingly, the H,'80 labeling experiment confirmed that
there was no '30 incorporation in the obtained a-azidoketone
(2, for details see Supporting Information File 1). Therefore, the
oxygen source of the newly formed carbonyl moiety may origi-
nate directly from the vinyl acetate. This conclusion is also
consistent with the fact that even in the absence of water, the

desired a-azidoketone was still obtained.

Under the optimal conditions, the substrate scope of this elec-
trochemical oxyazidation reaction was investigated (Scheme 2).
Enol acetates derived from various alkyl-substituted phenylace-

C(+)| Pt(-
OAc Eua23V i
+ TMSN; Ns
TMSN3 (2.0 equiv), H,0 (5.0 equiv)
1 n-BuyNPFg (0.1 M), MeCN 2
rt, N, 6 h

Entry Variation from the standard reaction conditions Yield (%)
1 none 65 (68)°
2 no current n.d.
3 without electrolyte 9
4 n-BuyNOACc instead of n-BusNPFg 12
5 n-BuyNBF, instead of n-BuyNPFg 35
6 without Ho,O 34

@Reaction conditions: 1 (0.5 mmol), TMSN3 (1.0 mmol), n-BugNPFg (0.5 mmol), H2O (2.5 mmol), MeCN (5 mL), carbon cloth anode, platinum
cathode, undivided cell, Ege = 2.3 V, room temperature, 6 h, yields were determined using 'H NMR with dibromomethane as the internal standard.

bisolated yield.
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CH)|Pt(-) o
OAc Eeon=2.3V .
ANORZ + TMSNg R 3
R TMSNs; (2.0 equiv), H20 (5.0 equiv) R2
n-BugNPFg (0.1 M), MeCN
it, Np, 6 h
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Me O N o 0 N
3 3
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18, 46% 19, 39% 20, 51% 21, 74% 22, 58%
o y 0 0 N;
0 0 Me ©
/ N Me N3
N3 3
23, 52% 24, 87% 25, 60% 26, 22%*? 27, 49%

Scheme 2: Substrate scope. Reaction conditions: a-arylvinyl acetate (0.5 mmol), TMSN3z (1.0 mmol), n-BugNPFg (0.5 mmol), H2O (2.5 mmol), MeCN
(5 mL), carbon cloth anode, platinum cathode, undivided cell, E¢g) = 2.3 V, room temperature, 6 h. 22 h.

tones were generally well tolerated (3-9, 40-76% yields). The
relatively low yield of the isopropyl-substituted one (7) was at-
tributed to the competing oxidation of the isopropylbenzene
moiety [31,36], which was consistent with its relative low oxi-
dation potential (Eqpge = 1.68 V vs Fc*/0). Other electron-
donating substituents, such as the OMe (10-12), OPh (13), and
OAc (14) were also well tolerated.

However, halogenated substrates, including fluoro (15), chloro
(16), and bromo (17), proceeded with the anticipated reactivity
less efficiently (30—48% yields). The presence of other electron-
withdrawing groups, such as CO,Me (18) and OCF3 (19),
exhibited similar negative effects on the reaction yields. Naph-
thalene (20), thiophene (21), benzothiophene (22), and benzo-

furan (23) were all amenable in this transformation. In addition,
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various linear- (24, 25) and cyclic enol acetates (26, 27) also
readily underwent the anticipated oxyazidation. Unfortunately,
the current protocol was not applicable to the oxyazidation of
enol acetate deriving from aliphatic ketones, such as cyclo-
hexanone (see Supporting Information File 1 for details). As
illustrated in Scheme 3, the synthetic utility of a-azidoketone
was further evaluated [37,38]. Click reaction between 2-azido-
1-phenylethan-1-one (2) and ethisterone (28) [39-41] readily
afforded the target triazole product (29) in 84% yield. Upon
treatment with piperidinium acetate and ethyl 3-(2-formyl-
phenyl)acrylate (30), a-azidoketone (2) was transformed into
isoquinoline product (31) in 58% yield [42].

Based on our reaction results and the known literature [13,14], a

possible mechanism is proposed (Scheme 4). The enol acetate A

%

Beilstein J. Org. Chem. 2022, 18, 1026—-1031.

first undergoes anodic oxidation to form a radical cation inter-
mediate B, which is then intercepted by azidotrimethylsilane to
afford the benzyl radical C. Subsequently, this radical is further
anodically oxidized to its oxocarbenium ion intermediate D,
which finally reacts with water to form the desired product E.
According to our 180 labeling experiment, the oxygen source of
the newly installed carbonyl group probably originates from the

vinyl acetate, not from H,O.

Conclusion

In summary, we have developed an environmentally friendly
and efficient electrochemical oxyazidation of a-arylvinyl
acetates to access diverse vicinal a-azidoketones. The protocol
employs the experimentally simple undivided electrochemical

cell and tolerates a broad substrate scope. The obtained

A}
o

28

t-BUOH/H,0 (1:1)

Na-L-ascorbate
CUSO4'5H20
rt, overnight

piperidinium acetate
MeOH, rt to 80 °C

=
31, 58%
~CHO Ne °
E;(/H %
CO,Et
Scheme 3: Derivatization of a-azidoketone 2.
N
| |
OAc
R'IJ\/R2
_ A Q H,
—e N
OAc R1U\( ’
+
S R?
R1 B E +2 e_
t TMSN, H20|/> HOAC
2H"
OAc _ +0OAc
N RO
R anode R
c Ns D

Scheme 4: Proposed mechanism.
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a-azidoketones have been shown to be versatile building blocks

for the preparation of biologically relevant heterocycles.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data, copies of
'H and '3C NMR spectra.
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supplementary/1860-5397-18-103-S1.pdf]
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Electrochemical Friedel-Crafts-type amidomethylation was successfully carried out by a novel electrochemical oxidation system

using a quasi-divided cell and trialkylammonium tetrafluoroborates, such as iPr,NHEtBF,. Constant current electrolysis of 1,3,5-

trimethoxybenzene or indoles in DMA containing 0.1 M iPr,NHEtBF, using an undivided cell equipped with a Pt plate cathode and

a Pt wire anode (a quasi-divided cell) resulted in selective formation of N-acyliminium ions of DMA at the anode, which reacted

with arenes to give the corresponding amidomethylated products in good to high yields.

Introduction

Oxidation of amides generates useful intermediates, N-acyl-
iminium ions, which have been widely used in organic synthe-
sis [1-4]. For example, Friedel-Crafts-type amidomethylation
[5-15] proceeds efficiently by the reaction of N-acyliminium
ions with electron-rich arenes to give the corresponding
amidomethylated products in good yields. Since amides are im-
portant intermediates in organic synthesis and sometimes
appear in biologically active compounds, pharmaceuticals,
agrochemicals and functional molecules, amidomethylation in-

duced by N-acyliminium ions is a helpful and valuable protocol

for direct introduction of an amide function into organic mole-
cules. Generation of N-acyliminium ions in chemical methods
has been generally accomplished by the reaction of amides with
chemical oxidants, such as peroxides and persulfates at high
temperature (path a in Scheme 1) [10-13]. A metal catalyst or a
photocatalyst consisting of metals, such as ruthenium or
iridium, is also necessary in some cases (path b in Scheme 1)
[14,15]. On the other hand, N-acyliminium ions can easily be
generated by electrochemical oxidation without those reagents.

Electrochemical oxidation of amides/carbamates yielding

1040


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:senboku@eng.hokudai.ac.jp
https://doi.org/10.3762/bjoc.18.105

path ¢

~2e, —H®, MeOH

"Shono oxidation"

path d
"cation pool method"

m

path a

R'I
L N R? "chemical oxidation”

A

peroxide or persulfate
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Scheme 1: Generation of N-acyliminium ion: previous and present works.

N-acyliminium ions is well known as Shono oxidation (path ¢ in
Scheme 1) [16] and has also been applied to organic synthesis
[17-20]. However, when electrochemical oxidation of amides/
carbamates in the presence of nucleophiles, such as electron-
rich arenes or silyl enol ethers, is carried out for Friedel-Crafts-
type amidomethylation, electrochemical oxidation of electron-
rich arenes or silyl enol ethers preferentially takes place at
the anode due to their, in general, more positive oxidation
potentials than those of amides/carbamates. Therefore,
Friedel-Crafts-type amidomethylation by using Shono oxida-
tion is successfully carried out as a two-step process: electro-
chemical oxidation of amides/carbamates yielding a-methoxy-
lated amides/carbamates (Shono oxidation, path ¢ in Scheme 1)
followed by the reaction of the isolated a-methoxylated amides/
carbamates with arenes in the presence of a Lewis acid catalyst
(path e in Scheme 1) [16]. Although the use of CH;Cl, as a sol-
vent and a divided cell with a low temperature (=78 °C) and a
relatively high concentration of the supporting electrolyte are
necessary, the cation pool method [21] developed by Yoshida
and Suga was effective for electrochemical oxidation-induced
Friedel-Crafts-type amidomethylation (path d in Scheme 1)
[22,23]. We also succeeded in generating N-acyliminium ions
from N,N-dimethylformamide (DMF) used as a solvent in the
electrochemical carboxylation of benzyl bromides. Electrolysis
of benzyl bromides in DMF containing 0.1 M BuyNBF, and

Beilstein J. Org. Chem. 2022, 18, 1040—-1046.

R3

path e ‘ Lewis acid

R1
O R? Ar—H R2
kN Ar)\N/
&l\ R3 Friedel-Crafts-type Oéj\ R3
amidoalkylation

N-acyliminium ion

_Me
Ar” N

Me

iProNEt (1 equiv) using an undivided cell equipped with a Pt
plate cathode and a Pt wire anode (a quasi-divided cell) [24-28]
in the presence of carbon dioxide resulted in reductive carboxy-
lation at the cathode and selective formation of N-acyliminium
ions of DMF at the anode to produce coupling products,
N-phenylacetoxymethyl-N-methylformamides, in good yields
[29]. In this reaction system, the use of a quasi-divided cell
enabled DMF to be oxidized with high selectivity at the anode
even in the presence of carboxylate and bromide ions, which
would generally be oxidized more easily than DMF. According-
ly, we tried this electrolysis system using a quasi-divided cell to
apply electrochemical Friedel-Crafts-type amidomethylation of
arenes, and we found that the use of iPro,NHEtBF, in electroly-
sis using a quasi-divided cell was highly effective for electro-
chemical Friedel-Crafts-type amidomethylation of electron-rich
arenes, such as 1,3,5-trimethoxybenzene and indoles (this work
in Scheme 1). To the best of our knowledge, this is the first
example of the use of trialkylammonium salts, such as
iProNHEtBF,, in electroorganic synthesis, especially with the
electrochemical oxidation system as a supporting electrolyte as
well as a proton source for the cathodic reduction producing
hydrogen gas. We report electrochemical Friedel-Crafts-type
amidomethylation of electron-rich arenes by a novel electro-
chemical oxidation system using a quasi-divided cell and
iPryNHEtBF,.
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Results and Discussion

We chose 1,3,5-trimethoxybenzene (1) as a model substrate for
electrochemical Friedel-Crafts-type amidomethylation. For
electrolysis, a test tube-like undivided cell equipped with a Pt
plate cathode (2 X 2 cm?) and a Pt wire anode (2 cm X 1 mm @)
was used. Electrolysis of an N,N-dimethylacetamide (DMA)
solution of 1 containing 0.1 M BuyNBF, as a supporting elec-
trolyte, trifluoroacetic acid (TFA, 1 equiv) as a proton source
for the cathodic reduction, and iPr,NEt (1 equiv) as a base for
the formation of N-acyliminium ions of DMA at the anode was
carried out under constant current conditions (20 mA/cm?) with
3 F/mol of electricity at 0 °C. It was found that 66% of 1
remained unchanged and mono-amidomethylation product 2
was formed in 16% yield along with 6% of di-substituted prod-
uct 3 by analysis of the "H NMR spectrum of the crude product
mixture using 1,4-dinitrobenzene as an internal standard
(Table 1, entry 1). These results indicate that anodic oxidation
of not the substrate 1 but DMA successfully proceeded at the
anode. In other words, N-acyliminium ions of DMA would
expectedly be formed. We speculated that the reason for the
lower product yields of 2 and 3 was a side reaction of the pro-
duced N-acyliminium ions with other nucleophiles in the reac-
tion medium. The most likely nucleophile in this reaction medi-
um was the trifluoroacetate ion, which was produced by electro-
chemical reduction of TFA at the cathode, although we could
not detect the coupling product of trifluoroacetate and the corre-
sponding N-acyliminium ion due to the high solubility in water.
In addition to TFA, iPr,NEt was also included in this reaction
medium, and they probably formed the corresponding ammoni-
um trifluoroacetate in the reaction medium. The thus-generated
trifluoroacetate ion could also react with N-acyliminium ions of
DMA. Therefore, to avoid the reaction of the cathodic product
with N-acyliminium ions, a proton source for which the conju-
gate base has no nucleophilicity would be necessary in the
cathodic reduction. After several attempts, we finally reached

Table 1: Effect of the proton source in electrochemical amidomethylation.

OMe (S] €]
(plate) Pt Pt (wire)

0.1 M BuyNBF4, DMA
20 mA/cm?, 3 F/mol, 0 °C
proton sourse (1 equiv)
iProNEt (1 equiv)

MeO OMe

Entry Proton source

1 CF3COoH
2 HBF4-OEt»

aDetermined by "H NMR using 1,4-dinitrobenzene as an internal standard.

MeO

Conversion of 1 [%]?

Beilstein J. Org. Chem. 2022, 18, 1040—-1046.

HBF4-OEt; as a proton source for cathodic reduction and the
result is shown in entry 2 of Table 1. Strong increases of
conversion of 1 and yield of 2 were observed. These results in-
dicate that DMA was selectively oxidized at the anode to
generate the corresponding N-acyliminium ions, which were
trapped by trifluoroacetate ions preventing the desired
amidomethylation in the presence of TFA. The exchange of the
proton source from TFA to HBF,4-OEt, for which the conjugate
base has no nucleophilicity, improved the yield of 2 and the

conversion of 1.

Incidentally, this reaction medium includes a base, iProNEt, that
would accelerate the deprotonation step in the formation of
N-acyliminium ions from DMA at the anode. TFA and
HBF,4-OEt, will react with iPr,NEt in the reaction medium to
form the corresponding ammonium salt. We thought that if
trialkylammonium tetrafluoroborate, R3NHBF,, would be
usable not only as a proton source for cathodic reduction but
also as a supporting electrolyte, a novel and innovative electro-
chemical oxidation system could be developed. The use of
R3NHBF, in the electrochemical reaction as a supporting elec-
trolyte and a proton source was investigated and the results are
summarized in Table 2.

When electrolysis of 1 in DMA was carried out in the presence
of 0.1 M BusNHBF, without any other supporting electrolyte
using a quasi-divided cell, the desired amidomethylation took
place efficiently to give 2 in 62% 'H NMR yield along with 3
(Table 2, entry 1). The use of Et3NHBF, instead of BusNHBF,
gave a similar result (Table 2, entry 2). A slight increase in the
yield of 2 was observed when electrolysis of 1 was carried out
using Et3NHBF, at —10 °C (Table 2, entry 3). Instead of
Et;NHBF,, sterically more hindered iProNHEtBF, was effec-
tive for the electrochemical synthesis to give the desired com-
pound 2 in the highest yield, 72% by 'H NMR (Table 2, entry

OMe j\ O OMe (0]
N Me Me)kN N)J\Me
Me + Me Me
OMe MeO OMe
2 3

Yield of 2 [%]2 Yield of 3 [%]2

34 16 6
80 63 12
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Table 2: Effect of trialkylammonium salt in electrochemical amidomethylation.

OMe S} ®
(plate) Pt Pt (wire)
MeO OMe 0.1 M R3NHBF,4, DMA MeO
20 mA/cm?2, 3 F/mol
1
Entry R3NHBF4 Temperature [°C]
1 BU3NHBF4 0
2 EtsNHBF4 0
3 EtsNHBF4 -10
4 iProNHEtBF4 -10

aDetermined by "H NMR using 1,4-dinitrobenzene as an internal standard.

4). These results strongly indicate that trialkylammonium salts,
R3NHBF,, can play roles not only as a proton source but also as
supporting electrolyte in the electrochemical oxidation system
using a quasi-divided cell. With these results in hand, we moved
to screening of electrolysis conditions and the results are sum-
marized in Table 3.

Electrochemical Friedel-Crafts-type amidoalkylation also took
place efficiently with a lower concentration (0.05 M) of the sup-
porting electrolyte iPro,NHEtBF,, to give 2 in good yields under
various electrolysis conditions (Table 3, entries 1-6). After
several attempts in screening of current density (Table 3, entries

OMe O (0] OMe O
N)LMe Me)J\N/ N)LMe
Me + Me Me
OMe MeO OMe
2 3

Conversion of 1 [%]2 Yield of 2 [%]2 Yield of 3 [%]2

83 62 12
83 61 17
79 65 14
82 72 6

1-3), electricity (Table 3, entries 2 and 4-6), and the effect of
concentration of the supporting electrolyte, the best result was
obtained by a constant current electrolysis of 1 in DMA con-
taining 0.05 or 0.1 M iPr,NHEtBF, with 4 F/mol of electricity
at =10 °C to yield amidomethylation product 2 in 79% 'H NMR
yield (Table 3, entries 4 and 8) and 71% isolated yield (Table 3,
entry 8). The use of a Pt plate (2 X 2 cm?) instead of a Pt wire as
the anode resulted in a drastic decrease in the yield of 2
(Table 3, entry 9). These results indicate that a Pt wire anode
plays an important role and that the use of a Pt wire as an anode
is critical and essential in the present electrochemical amido-
methylation.

Table 3: Screening of reaction conditions in electrochemical amidomethylation.

OMe S} ® OMe (6] (0] OMe (e}
late) Pt Pt (wire
(plate) (wire) e e SN e
Me + Me Me

MeO OMe  IProNHEtBF,, DMA, -10°C  MeO OMe MeO OMe

1 2 3

Entry Concentration of Current density Electricity [F/mol]  Conversion of 1 [%]2  Yield of 2 [%]2  Yield of 3 [%]?

iProNHEtBF4 [M] [mA/cm?]
1 0.05 10 3 77 70 6
2 0.05 20 3 81 73 8
3 0.05 30 3 77 68 9
4 0.05 20 4 89 79 10
5 0.05 20 2 58 53 4
6 0.05 20 5 93 74 15
7 0.10 20 3 82 72 6
8 0.10 20 4 95 79 (71)P 15
9¢ 0.10 20 4 76 38 trace

aDetermined by '"H NMR using 1,4-dinitrobenzene as an internal standard; Plsolated yield; A Pt plate (2 x 2 cm?) was used as an anode.
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When other substituted benzenes such as anisole, 1,2- and 1,4-
dimethoxybenzenes, 1,2,3-trimethoxybenzene, and 1,3,5-
trimethylbenzene were used as substrates in the electrochemi-
cal Friedel-Crafts-type amidoalkylation, the desired products
were not obtained/detected by '"H NMR. In contrast, it was re-
ported that anisole [9,11,23] and 1,3,5-trimethylbenzene [23]
could react with acyliminium ions generated by the chemical
[9,11] or cation pool method [23] to produce amidomethylated
products. These results indicate that the present electrochemical
amidomethylation seems to be relatively less reactive than other
chemical methods and the cation pool method. On the other
hand, similar electrolysis of 1,3-dimethoxybenzene gave a mix-
ture of products including regioisomeric mono-amidomethyla-
tion products together with diamidomethylation products, and it
was difficult to analyze them exactly. Although N-acetylindole
was also ineffective, several indoles were found to be applic-
able to the present amidomethylation reaction and the results
are summarized in Scheme 2. When N-methylindole (4a) was
electrolyzed using a quasi-divided cell under the conditions
shown in Scheme 1, electrochemical amidomethylation took
place efficiently at the C3 position of 4a to yield 5a in 78% iso-
lated yield. Similar electrolysis of N-benzylindole (4b) also in-
duced amidomethylation at its C3 position to give Sb in 72%
isolated yield. To our surprise, we found that electrolysis of
N-benzylindole (4b) at —10 °C under the conditions of
20 mA/cm? of current density and a lower concentration
(0.05 M) of iPryNHEtBF, in DMA with 3-6 F/mol of elec-
tricity resulted in removal of the benzyl group followed by
amidomethylation at the nitrogen atom of 4b to yield N,3-
diamidomethylated indole 6 in 4-34% (‘H NMR yield), al-

€] ®
@ (plate) Pt Pt (wire)
N 0.1 M iPr,NHEtBF,, DMA
R 20 mA/cm?, —10 °C
4a: R = Me
4b: R=Bn
4c:R=H

Scheme 2: Electrochemical amidomethylation of indoles 4 in DMA.

e
(plate) Pt

(©]
Pt (wire)

Beilstein J. Org. Chem. 2022, 18, 1040—-1046.

though similar electrolysis with 2 F/mol of electricity gave only
5b in 66% yield with 68% conversion. It is thought that
supplying an excess amount of electricity under the conditions
of a lower concentration of the proton source (supporting elec-
trolyte), iProNHEtBF,, caused competitive electrochemical
reduction of a proton and the N-benzyl group of 5b at the
cathode. We also carried out electrochemical amidomethylation
of indole (4¢) and found that a mixture of 3-amidomethylated
indole 5c¢ and N,3-diamidomethylated indole 6 was produced.
However, N-amidomethylated indole was not observed in the
'H NMR spectra of the crude products. These results indicate
that amidomethylation firstly occurs at the C3 position of 4c
and then the second amidomethylation takes place on the indole
nitrogen atom of 5c. Despite our efforts, selective formation of
5c could not be achieved under various electrolysis conditions.
Electrolysis of 4¢ supplying 4 F/mol of electricity at 0 °C
afforded 3-amidomethylated 5c¢ and N,3-diamidomethylated 6
in 27% and 55% isolated yields, respectively. Fortunately, elec-
trolysis with 6 F/mol of electricity could predominantly produce
diamidomethylated 6 in 89% isolated yield. Similar amido-
methylation of indole (4¢) using chemical methods has already
been reported by Shirakawa [12] and Doan [11]. However,
mono-amidomethylation at the C3 position of indole 4¢ only
took place to yield Sc¢ predominantly and no N-amidomethy-
lated product was obtained. We investigated electrochemical
amidomethylation of 3-methylindole (7) and found that
amidomethylation similarly proceeded at the nitrogen atom of 7
to yield N-amidomethylated 8 in 67% isolated yield (Scheme 3).
These results indicate that the present electrochemical
amidomethylation has quite different reactivity from that of the

>\~Me >—Me
N N
Me Me
\ . \
N N ©
R \\N)J\Me
5a: 78% (4 F/mol) \
Me

5b: 72% (3 F/mol)
5¢: 27% (4 F/mol, 0 °C)  6: 55% from 4c (4 F/mol, 0 °C)

89% from 4c (6 F/mol, 0 °C)

20 mA/cm?Z, 4 F/

~
IZ/z
)

0.1 M iPr,NHEtBF,4, DMA

mol, 0 °C

Scheme 3: Electrochemical amidomethylation of 3-methyl-1H-indole (7) in DMA.
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reported chemical ones, although the exact reason is not clear at

the present.

It was found that DMF instead of DMA was also applicable to
the present electrochemical amidomethylation. Similar electrol-
ysis of 4a in DMF containing 0.1 M iPr,NHEtBF, using a
quasi-divided cell gave 3-amidomethylated N-methylindole 9 in
47% "H NMR yield and 44% isolated yield at full conversion
(Scheme 4). The moderate yield of 9 is thought to be due to its
high solubility in water.

H
NN N>\_
(plate) Pt Pt (wire) Me
x \
N 0.1 M iPr,NHEtBF 4, DMF N
Me 20 ma/em2, 4 Fimol, —10 °C Me
4a 9: 44%

Scheme 4: Electrochemical amidomethylation of N-methyl-1H-indole
(4a) in DMF.

A probable reaction pathway is shown in Scheme 5. The present
amidomethylation is induced by electrolysis using a quasi-
divided cell equipped with a Pt plate cathode (2 x 2 cm?) and a
Pt wire anode (2 cm x 1 mm @) in DMA containing 0.1 M
iPro,NHEtBF,. At the cathode, electrochemical reduction of a
proton in iPr,NHE(t" takes place to generate hydrogen gas and
iPrpNEt. Evolution of a gas at the cathode can be observed visu-
ally. It is well known that electrochemical reduction can
generate the intermediates/products which play as bases. Thus-
generated bases are called electrogenerated bases (EGBs) and

have widely been used in electroorganic synthesis [30-35]. At

anode cathode
OY
AN
€]
2 iPr,NHEt
—2e \
I-@ + 2e
2 iPr,NEt
Hy
0 o
Y Ar—H @ Y
N H™ + Ar N
N AN

“®

Scheme 5: Probable reaction pathway of the electrochemical
amidomethylation.

Beilstein J. Org. Chem. 2022, 18, 1040—-1046.

the anode, electrochemical one-electron oxidation of the sol-
vent, DMA, takes place selectively. Deprotonation, probably
supported by iProNEt generated at the cathode, followed by
further one-electron oxidation generates the corresponding
N-acyliminium ion of DMA. Deprotonation supported by
iProNEt produces iProNHEt", which is used again as a proton
source and a supporting electrolyte. In a quasi-divided cell, two
electrodes have largely different surface areas. Current density,
20 mA/cm?, is realized at a Pt plate cathode. On the other hand,
the anode is a Pt wire, which has a significantly smaller surface
area, and a much higher current density is realized. At the anode
with a much higher current density, the concentrations of the
starting material, iProNEt, and the products, which seem to be
more easily oxidized, are relatively low and there is insufficient
mass transfer at the anode that results in selective oxidation of
the solvent, DMA, which is the substance with the largest
amount at the anode [28,29].

Conclusion

We have developed a novel electrochemical oxidation system
using a quasi-divided cell and trialkylammonium tetrafluoro-
borates, especially iPrpNHEtBF,, both as a supporting elec-
trolyte and as a proton source for the cathodic reduction. The
system was successfully applied to Friedel-Crafts-type electro-
chemical amidoalkylation of arenes, such as 1,3,5-trimethoxy-
benzene and indoles, to yield the corresponding amidomethy-
lated products in good to high yields. The novel electrochemi-
cal oxidation system will be promising as a powerful tool for
electroorganic synthesis using anodic oxidation. In addition,
trialkylammonium salts have high potential both as novel sup-
porting electrolytes and proton sources for cathodic reduction in

the anodic oxidation process.

Supporting Information

Supporting Information File 1

General experimental information, preparation of
trialkylammonium salts, general procedure for electrolysis,
spectral data information including 'H and '3C NMR
spectra of new compounds.
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supplementary/1860-5397-18-105-S1.pdf]
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Abstract

The (D-m);-type fluorescent dye OTT-2 with two (diphenylamino)carbazole-thiophene units as D (electron-donating group)—m
(m-conjugated bridge) moiety and the (D—),Ph-type fluorescent dye OTK-2 with the two D—m moieties connected through a phenyl
ring were derived by oxidative homocoupling of a stannyl D—m unit and Stille coupling of a stannyl D—r unit with 1,3-diiodoben-
zene, respectively. Their optical and electrochemical properties were investigated by photoabsorption and fluorescence spectrosco-
py, time-resolved fluorescence spectroscopy, cyclic voltammetry (CV) and molecular orbital (MO) calculations. In toluene the
photoabsorption and fluorescence maximum wavelengths (Apax abs and Amax f1) of OTT-2 appear in a longer wavelength region
than those of OTK-2. The fluorescence quantum yield (@) of OTT-2 is 0.41, which is higher than that (& = 0.36) of OTK-2. In
the solid state OTT-2 shows relatively intense fluorescence properties (®¢_go1i¢ = 0.24 nm), compared with OTK-2
(Df1_s01ig = 0.15 nm). CV results demonstrated that OTT-2 and OTK-2 exhibit a reversible oxidation wave. Based on photoabsorp-
tion, fluorescence spectroscopy and CV for the two dyes, it was found that the lowest unoccupied molecular orbital (LUMO)
energy level of OTT-2 is lower than that of OTK-2, but OTT-2 and OTK-2 have comparable highest occupied molecular orbital
(HOMO) energy levels. Consequently, this work reveals that compared to the (D—m),Ph-type structure, the (D—),-type structure
exhibits not only a bathochromic shift of the photoabsorption band, but also intense fluorescence emission both in solution and the
solid state.

Introduction
The design and development of a new type of organic fluores- [1-13] in synthetic chemistry, electrochemistry and photochem-
cent dyes have been of considerable scientific and practical istry, but also their potential applications to emitters for

concern with the objective of not only fundamental studies optoelectronic devices, such as organic light-emitting diodes
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(OLEDs) [14-22], as well as fluorescent probes [23-28] for
bioimaging and fluorescent sensors for specific target species
[29-32]. Among many kinds of organic fluorescent dyes,
much efforts have been made on the development of
donor—m—acceptor (D—m—A)-type fluorescent dyes constructed
of an electron-donating moiety (D) and an electron-with-
drawing moiety (A), linked by a m-conjugated unit thanks to
their intense photoabsorption and fluorescence emission charac-
teristics originating from the intramolecular charge transfer
(ICT) excitation from the D to the A moiety [4-9,18-20,25,26].
Furthermore, the (D——),A-type fluorescent dyes with two D—r
moieties have recently been stimulating intensive research
efforts because of their high molar extinction coefficients and
fluorescence quantum yields, compared to those of D-m—A-type
fluorescent dyes [10-13,21,22,27,28,32].

In our previous work [33], we have reported the synthesis,
optical and electrochemical properties of the (D—m),Ph-type
fluorescent dye OTK-2 with two (diphenylamino)carbazole-
thiophene units as D—r moiety connected through a phenyl ring
(Scheme 1). The ICT-based photoabsorption and fluorescence
bands of OTK-2 appear in a shorter wavelength region than
those of the corresponding (D-m),A-type fluorescent dye
having an azine ring (pyridine, pyrazine or triazine ring) as a
substitute for the phenyl ring. However, the molar extinction
coefficient (€;,x) and fluorescence quantum yield (®y) of
OTK-2 are comparable to those of the (D—m),A-type fluores-
cent dyes. More recently, we found that the (D—),-type fluo-

N _—
Pd(PPhs),
toluene
1

Scheme 1: Synthesis of OTK-2 and OTT-2.

Beilstein J. Org. Chem. 2022, 18, 1047-1054.

rescent dye OTT-2 consisting of two D— moieties is derived
by oxidative homocoupling of a stannyl D— unit. There is an
obvious structural difference between the two dyes: OTK-2 has
a cross-conjugated system due to the involvement of the 1,3-
phenylene unit as an additional linker, but OTT-2 has a conju-
gated system. Therefore, it is interesting to reveal the optical
and electrochemical properties of (D—m),-type fluorescent dyes,
making a comparison with (D—-m),Ph-type fluorescent dyes.
Herein, we report the syntheses of (D—m),-type and (D—m),Ph-
type fluorescent dyes and their optical and electrochemical
properties based on photoabsorption and fluorescence spectros-
copy, time-resolved fluorescence spectroscopy, cyclic voltam-
metry (CV) and molecular orbital (MO) calculations.

Results and Discussion

Using a toluene solution containing 1,3-diiodobenzene and
(diphenylamino)carbazole-thiophenestannane derivative 1 [33]
in the presence of Pd(PPhj3)4, the (D—m),-type and (D—m),Ph-
type fluorescent dyes OTK-2 [33] and OTT-2 were obtained by
Stille coupling of 1 with 1,3-diiodobenzene and oxidative

homocoupling of 1, respectively (Scheme 1).

The photoabsorption and fluorescence spectra of OTK-2 and
OTT-2 in toluene are shown in Figure 1a,b, and their optical
data are summarized in Table 1. As shown in insets of
Figure 1a,b, the toluene solutions of OTK-2 and OTT-2 are
nearly-colorless and greenish-yellow, and show blue and green

fluorescent colors, respectively. The photoabsorption spectra
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Figure 1: (a) Photoabsorption and (b) fluorescence (Aex = Amax,abs) spectra of OTK-2 [33] and OTT-2 in toluene. (c) Solid-state UV-vis diffuse reflec-
tion—absorption and (b) and (d) fluorescence spectra (Aex = 484 nm for OTK-2 [33] and 512 nm for OTT-2) of OTK-2 and OTT-2 in the solid state.
Insets in (a) and (b): color and fluorescence images of OTK-2 (left) and OTT-2 (right) in toluene. Insets in (c) and (d): color and fluorescence images
of OTK-2 (left) and OTT-2 (right) in the solid state. The photos depicted as insets in Figure 1a—d were reproduced from [33] (“Mechanofluo-
rochromism of (D—11—)>A-type azine-based fluorescent dyes, © 2022 K. Takemura et al., published by the Royal Society of Chemistry, distributed
under the terms of the Creative Commons Attribution 3.0 Unported License, https://creativecommons.org/licenses/by/3.0/).

Table 1: Optical data of OTK-2 [33] and OTT-2 in toluene.

Dye )\max,a?s [nm] Amax,fi [nm] SS [cm-1P
(€ M-Tem)) ()2

OTK-2 395 (98 000) 447 (0.36) 2945

OTT-2 424 (89 200) 490 (0.41) 3177

Tq [ns]® Ky [5_1]d Knr [5—1]e Knr/ky
0.62 5.8 x 108 1.0 x 10° 1.7
0.66 6.2 x 108 8.9 x 108 1.4

@Fluorescence quantum yields (®) were determined by using a calibrated integrating sphere system (Aex = Amax,abs); bStokes shift; Cfluorescence life-
time; Yradiative rate constant (kr = ®g/Ty); ®nonradiative rate constant (knr = (1 - ®g)/Tg).
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demonstrate that the photoabsorption maximum wavelength
(Amax, abs = 424 nm) of OTT-2 occurs at a by 29 nm longer
wavelength than that (Apax, abs = 395 nm) of OTK-2. The g«
value for the Ayay, abs of OTT-2 is 89 200 M~ cm™!, which is
comparable to that (g,x = 98 000 M~! cm™) of OTK-2. In the
corresponding fluorescence spectra, as in the case of OTK-2,
OTT-2 exhibited a vibronically-structured fluorescence band.
The fluorescence maximum (Ap,x 1) of OTT-2 appeared at
490 nm, which is a by 43 nm longer wavelength than that
(Amax,f1 = 447 nm) of OTK-2. The Stokes shift (SS) value of
OTT-2 is estimated to be 3177 cm™!, which is higher than that
(2945 cm™!) of OTK-2. In addition, the ®g of OTT-2 is 0.41,
which is higher than that (®g = 0.36) of OTK-2. Time-resolved
fluorescence spectroscopy of the two dyes revealed that the
fluorescence lifetimes (ty) are 0.62 ns for OTK-2 and 0.66 ns
for OTT-2, indicating that there is a little difference in
the 14 values of the two dyes. The radiative rate constant
(ky = 6.2 x 108 s~1) for OTT-2 is slightly larger than that
(5.8 x 108 s71) for OTK-2. However, the nonradiative rate con-
stant (kp, = 8.9 x 108 s71) of OTT-2 is smaller than that
(1.0 x 10° s71) for OTK-2. As the result, the ratio of nonradia-
tive constant to radiative constant (k,/k, = 1.4) for OTT-2 is
smaller than that (1.7) for OTK-2, suggesting that the higher
@ value of OTT-2 is mainly attributed to the smaller &, value
compared with that of OTK-2.

The solid-state optical properties of OTK-2 and OTT-2 were
investigated by solid-state UV—vis diffuse reflection—photoab-
sorption and fluorescence spectral measurements, and time-
resolved fluorescence spectroscopy for the solids (Figure 1c,d).
As shown in insets of Figure 1c.d, in the solid state, the colors
are yellowish orange for OTK-2 and orange for OTT-2, and the
fluorescent colors are greenish yellow for OTK-2 and yellow
for OTT-2. The photoabsorption bands of OTK-2 and OTT-2
in the solid state are broadened in a longer wavelength region
with an onset of ca. 520-550 nm, and the Apyax abs-solid Of
OTK-2 and OTT-2 appeared at around 480 nm, which showed
bathochromic shifts by 85 nm and 56 nm, respectively, com-
pared with those in toluene (Table 2). The corresponding solid-

state fluorescence spectra demonstrated that as in the case of

Table 2: Optical data of OTK-2 [33] and OTT-2 in the solid-state.

Beilstein J. Org. Chem. 2022, 18, 1047-1054.

toluene solutions, OTK-2 and OTT-2 in the solid state exhib-
ited a vibronically-structured fluorescence band. The Apyax fI-solid
of OTK-2 and OTT-2 occur at 543 nm and 552 nm, which
exhibited significant bathochromic shifts of 96 nm and 62 nm,
respectively, compared with those in toluene. The ®y_go1ig
(0.24) of OTT-2 is higher than that (®g_g019 = 0.15) of OTK-2,
while the ®g_g1iq of OTK-2 and OTT-2 are lower than those in
toluene. Although single crystals of OTK-2 and OTT-2 with
sufficient size for X-ray structural analysis were not obtained,
the intermolecular m— interactions between the fluorophores
leading to delocalization of excitons or excimers in the solid
state would be responsible for the bathochromic shifts of
Amax,abs and Apay 1 and lowering of ®g with change of state
from solution to solid [34-36]. The Tf_go1ig values of OTK-2
and OTT-2 are longer than those in toluene, however, the
Tfl-solid vValue (1.03 ns) of OTT-2 is comparable to that
(Tf1-solid = 0.93 ns) of OTK-2. Whereas the k,_so1iqg Value
(2.3 x 108 s71) for OTT-2 is larger than that (1.6 x 108 s71) for
OTK-2, the kpr.solig value (7.4 x 108 s71) for OTT-2 is slightly
smaller than that (9.4 x 108 s71) for OTK-2. Consequently, the
knr-solid’kr-solig values for OTK-2 and OTT-2 in the solid state
are 5.7 and 3.2, respectively, which are larger than those (1.7
and 1.4, respectively) in toluene, indicating that the non-radia-
tive decay in the solid state is accelerated. However, the
knr-solid’kr-solid Value (3.2) of OTT-2 is smaller than that (5.7) of
OTK-2, suggesting that the higher ®y_goiq value of OTT-2 is
due to the larger k, value compared with that of OTK-2. There-
fore, it was found that the (D—m);,-type structure exhibits not
only the bathochromic shift of photoabsorption band but also
intense fluorescence emission both in solution and the solid
state, compared to the (D—m),Ph-type structure.

The electrochemical properties of OTK-2 and OTT-2 (0.1 mM)
were evaluated using CV in DMF containing 0.1 M tetrabutyl-
ammonium perchlorate (BuyNClOy), in which the potentials
were internally referenced to ferrocene/ferrocenium (Fc/Fc™).
The electrochemical data are summarized in Table 3. The cyclic
voltammograms of the two dyes show a reversible oxidation
wave with the anodic peak potential (Ep,°*) at 0.32 V for
OTK-2 and 0.40 V for OTT-2 (Figure 2), while any obvious

Dye Amax,abs-solid [NM] Amax,fi-solid [NM] Ttl-solid [ns]b Kr-solid [5_1]C Knr-solid [5_1]d Knr-solid Kr-solid
(Phi-solia)®

OTK-2 4g0shoulder 543 (0.15) 0.93 1.6 x 108 9.1 x 108 5.7

OTT-2 4g0shoulder 552 (0.24) 1.03 2.3 x 108 7.4 x 108 3.2

@Fluorescence quantum yields (®y.s01iq) Were determined by using a calibrated integrating sphere system (484 nm for OTK-2 and Agy = 512 nm for
OTT-2, respectively); Pfluorescence lifetime; Cradiative rate constant (Kr-solig = Pii-solid/Tri-solid); nonradiative rate constant

(Knr-solid = (1 = Pfi-soliat)/Ttl-solid)-
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Table 3: Electrochemical data, and HOMO and LUMO energy levels of OTK-2 and OTT-2.

Dye Epa® [VI2 Epc® [V]2 E12% V]2 HOMO [eV]P LUMO [eV]° Eo—o [eV]®
OTK-2 0.32 0.24 0.28 -5.08 —2.29 2.79 eV
oTT-2 0.40 0.30 0.35 -5.15 —2.54 2,61 eV

aThe anodic peak (Epa%), the cathodic peak (Epc®) and the half-wave (E12%%) potentials for oxidation vs Fc/Fc* were recorded in DMF/BugNCIO4
(0.1 M) solution; P=[E%%;/5 + 4.8] eV; [HOMO + Eq_o] eV; 9444 nm for OTK-2 and 475 nm for OTT-2.

15
- —— OTK-2
10 | - OTT'2
<
S5 L
c 5
o
= —
o
0L
-5 | . L
0.4 0 0.4 0.8

E/V vs Fc/Fct

Figure 2: Cyclic voltammograms of OTK-2 and OTT-2 (0.1 mM) in
DMF containing 0.1 M BusNCIOy at a scan rate of 100 mV s~'. The
arrow denotes the direction of the potential scan.

reduction waves and another oxidation waves did not appear
within the potential window (Figure 3a and Figure S2a, Sup-
porting Information File 1). The corresponding cathodic peak
potential (E,.°*) appeared at 0.24 V for OTK-2 and 0.30 V for
OTT-2, and thus the peak separations between the £,,°* and
E,° waves are ca. 80~100 mV. This result may indicate that
the two dyes undergo an electrochemically stable one-electron
oxidation-reduction process, but further studies are necessary
to exactly determine the number of electrons in the
oxidation-reduction process. The half-wave potential (E;/,°%)
was evaluated to be 0.28 V for OTK-2 and 0.35 V for OTT-2.
Therefore, the E1,°* for OTK-2 with the (D-m),Ph-type struc-
ture is cathodically shifted by 0.07 V, compared with that for
OTT-2 with the (D-m),-type structure. Furthermore, we investi-
gated the diffusion-controlled process form CV at different scan
rates (50, 100, 200, 400, 600 and 1000 mV s~!) and reversibili-
ty of the oxidation process by repeated potential cycling
(20 cycles). For both OTK-2 and OTT-2, the Ep,°* remained
steady at different scan rates while the anodic peak current (1,)
increased with the increase in scan rate. The I, showed a negli-

gible change during 20 cycles at a scan rate of 100 mV s™!, in-

dicating diffusion control and good reversibility of the oxida-
tion process (Figures S2b,c and S3b,c, Supporting Information
File 1). The highest occupied molecular orbital (HOMO) energy
level versus vacuum level was estimated from the E;,,°%, that is,
—[E)p°% + 4.8] eV. On the other hand, the lowest unoccupied
molecular orbital (LUMO) energy level versus the vacuum level
was estimated by using [HOMO + E(_g] eV from the E;,,°* and
intersections (optical energy gap: Ey o = 2.79 eV for OTK-2
and 2.61 eV for OTT-2) of the photoabsorption and fluores-
cence spectra in toluene. It was found that the HOMO energy
level (=5.15 eV) of OTT-2 is slightly lower than that
(-5.08 eV) of OTK-2, indicating that the two dyes have compa-
rable HOMO energy levels. On the other hand, the LUMO
energy level (-2.54 eV) of OTT-2 is significantly lower than
that (—2.29 eV) of OTK-2. Semi-empirical MO calculations
(PM5, INDO/S method) revealed that for OTK-2 both the
HOMO and LUMO were mostly localized on the two
(diphenylamino)carbazole-thiophene moieties. On the other
hand, for OTT-2 both the HOMO and LUMO are delocalized
over the whole molecule through the thiophene units (Figure 3).
Consequently, the fact reveals that compared to the (D—m),Ph-
type structure, the (D—),-type structure can cause not only the
stabilization of the LUMO energy level but also the delocaliza-
tion of the HOMO and LUMO over the whole molecule,
leading to a narrower HOMO-LUMO band gap of OTT-2 than
OTK-2, that is, the bathochromic shift of the photoabsorption
band from OTT-2 to OTK-2.

Conclusion

We have developed the (D—),-type fluorescent dye OTT-2 and
the (D—m),Ph-type fluorescent dye OTK-2 and evaluated their
optical and electrochemical properties. Both in solution and the
solid state, the photoabsorption and fluorescence maximum
wavelengths of OTT-2 appear in a longer wavelength region
than those of OTK-2, and the fluorescence quantum yields of
OTT-2 are higher than those of OTK-2. The cyclic voltammo-
grams demonstrated that OTT-2 and OTK-2 exhibit a revers-
ible oxidation wave, indicating that the two dyes undergo an
electrochemically stable oxidation-reduction process. It was
found that the LUMO energy level of OTT-2 is lower than that
of OTK-2, while OTT-2 and OTK-2 have comparable HOMO

energy levels. Semi-empirical MO calculations showed that for
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Figure 3: (a) HOMO and (b) LUMO of OTK-2 [33] and OTT-2 derived from MO calculations (PM5, INDO/S method). The red and blue lobes denote
the positive and negative signs of the coefficients of the molecular orbitals. The size of each lobe is proportional to the MO coefficient.

OTK-2 both the HOMO and LUMO were mostly localized on
the two D—r moieties, whereas for OTK-2 both the HOMO and
LUMO are delocalized over the whole molecule through the
thiophene units. Consequently, this work reveals that compared
to the (D-m),Ph-type structure, the (D—m),-type structure not
only has intense fluorescence emission properties both in solu-
tion and the solid state, but also can cause delocalization of the
HOMO and the LUMO over the whole molecule as well as the
stabilization of the LUMO energy level, leading to a narrower
HOMO-LUMO band gap of OTT-2 than OTK-2, that is, the
bathochromic shift of photoabsorption band from OTT-2 to
OTK-2.

Experimental

General methods

Melting points were measured with an AS ONE ATM-02 appa-
ratus. IR spectra were recorded on a SHIMADZU IRTracer-100
spectrometer by ATR method. 'H NMR and !3C NMR spectra
were recorded on a Varian-500 FT NMR spectrometer. High-
resolution mass spectral data by APCI were acquired on a
Thermo Fisher Scientific LTQ Orbitrap XL apparatus. Photoab-
sorption spectra of solutions were observed with a Shimadzu
UV-3600 plus spectrophotometer. Photoabsorption spectra of
solids were recorded by a Shimadzu UV-3600 plus spectropho-
tometer with a calibrated integrating sphere system. Fluores-
cence spectra of solutions and solids were measured with a

HORIBA FluoroMax-4 spectrofluorometer. Fluorescence quan-

tum yields in solution and in the solid state were determined
using a HORIBA FluoroMax-4 spectrofluorometer with a cali-
brated integrating sphere system. Fluorescence decay measure-
ments were performed on a HORIBA DeltaFlex modular fluo-
rescence lifetime system using a Nano LED pulsed diode exci-
tation source (451 nm). Cyclic voltammetry (CV) curves were
recorded in DMF/BuyNClOy4 (0.1 M) solution with a three-elec-
trode system consisting of Ag/Ag* as the reference electrode, a
Pt plate as the working electrode and a Pt wire as the counter
electrode using an Electrochemical Measurement System
HZ-7000 (HOKUTO DENKO). Semi-empirical molecular
orbital calculations were carried out with the WinMOPAC Ver.
3.9 package (Fujitsu, Chiba, Japan), where geometry calcula-
tions of the compounds in the ground state were made using the
PMS5 method. Dipole moments and HOMO and LUMO energy
levels of the compounds were also evaluated from INDO/S
calculations.

Synthesis

7,7'-(1,3-Phenylenebis(thiophene-5,2-diyl))bis(9-butyl-NV,N-
diphenyl-9H-carbazol-2-amine) (OTK-2) and 7,7'-([2,2'-
bithiophene]-5,5'-diyl)bis(9-butyl-N,N-diphenyl-9H -
carbazol-2-amine) (OTT-2): A solution of 1 (87 mg,
0.137 mmol), 1,3-diiodobenzene (14 mg, 0.041 mmol), and
Pd(PPh3)4 (2 mg, 0.001 mmol) in toluene (1 mL) was stirred for
29 h at 110 °C under an argon atmosphere. The reaction mix-

ture was diluted with water, and then, the solution was extracted
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with dichloromethane. The dichloromethane extract was dried
over anhydrous MgSQy, filtrated, and concentrated. The residue
was chromatographed on silica gel (ethyl acetate/hexane 1:4 ) to
give OTK-2 (19 mg, yield 27%) and OTT-2 (9 mg, yield 14%)
as a light yellow solid and an orange solid, respectively; the
characterization data for OTK-2 are in agreement with those re-
ported in the literature [33]; OTT-2: mp >300 °C; FTIR (ATR)
v: 1591, 1491, 1460 cm™1; TH NMR (500 MHz, CD,Cl,) &
0.76-1.02 (m, 6H), 1.23-1.38 (m, 4H), 1.71-1.81 (m, 4H),
4.12-4.21 (m, 4H), 6.95 (dd, J = 1.8 and 8.4 Hz, 2H), 7.01-7.05
(m, 4H), 7.10-7.16 (m, 10H), 7.24-7.31 (m, 10H), 7.39 (d, J =
3.8 Hz, 2H), 7.50 (dd, J = 1.4 and 8.0 Hz, 2H), 7.59 (d, J =
1.2 Hz, 2H), 7.93 (d, J = 8.3 Hz, 2H), 7.99 (d, J = 8.0 Hz, 2H)
ppm; 13C NMR (125 MHz, CD,Cl,) 8 14.04, 20.85, 31.44,
43.04, 105.37, 105.84, 117.54, 117.56, 118.73, 120.46, 121.16,
122.94, 122.96, 124.02, 124.36, 124.84, 129.55, 131.14, 136.68,
141.67, 142.73, 144.74, 146.92, 148.61 ppm; HRMS (APCI)
m/z (%): [M + H*] caled. for Cg4Hs55N4S5, 943.38627; found,
943.38635.

Supporting Information

Supporting Information File 1

'H and '3C NMR spectra of OTT-2.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-106-S1.pdf]
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Electrochemical hydrogenation of enones using a proton-exchange membrane reactor is described. The reduction of enones

proceeded smoothly under mild conditions to afford ketones or alcohols. The reaction occurred chemoselectively with the use of

different cathode catalysts (Pd/C or Ir/C).

Introduction

Catalytic hydrogenation of a,f-enones is a significant transfor-
mation in organic synthesis [1]. Hydrogenation of enones can
give ketones, allyl alcohols, and saturated alcohols, and the
control of the chemoselectivity is important. Therefore, there
have been numerous studies on the hydrogenation of enones
using homogeneous and heterogeneous catalysts.

Meanwhile, electrochemical systems using a proton-exchange
membrane (PEM) reactor have been shown to be powerful tools
for electrochemical hydrogenation [2-21]. A PEM reactor
consists of a membrane called a membrane electrode assembly
(MEA), which can act as supporting electrolyte, electrode, and
heterogeneous catalyst. Therefore, the further addition of a sup-
porting electrolyte is not necessary for the electrochemical reac-

tions using a PEM reactor, which offers clean and environmen-

tally benign organic transformations. Despite these advantages,
the utility of PEM reactors in precise organic synthesis has long
been unclear. Recently, however, Atobe and co-workers showed
that PEM reactors can be used as a powerful and novel tool for
precise organic synthesis [22-26]. For instance, they recently re-
ported a stereoselective reduction of alkynes to Z-alkenes using
a PEM reactor. The use of a Pd/C cathode catalyst and the
appropriate cathode potential realize the selective synthesis of
Z-alkenes [22-24]. They also reported the stereoselective hydro-
genation of a,B-unsaturated acids [25] and the reduction of
benzoic acids [26].

We have been interested in electrochemical transformations for

a long time [27-31] and are paying the most attention to the

utility of PEM reactors for organic syntheses, especially chemo-
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selective transformations. In our research, we examined the
hydrogenation of enones using a PEM reactor. The designed
process is illustrated in Scheme 1. Humidified hydrogen gas is
passed through the anodic chamber and substrate is passed
through the cathodic chamber. The hydrogen molecules are
anodically oxidized to two protons. Then, they move to the
cathodic chamber and are reduced by the catalyst of the MEA to
monoatomic hydrogen species (adsorbed hydrogen, H,q) [22].
Thus generated H,4 reduces enones 1 to give the corresponding
hydrogenated products (ketones 2 and alcohols 3). The ex-
pected advantage of PEM reactors is that the reactivity of Hyg
should be controllable by the cathode catalyst and electrochemi-
cal parameters. Fortunately, we found that chemoselective
reduction of enones 1 can be carried out using different cathode
catalysts (Pd/C or Ir/C).

anode
Hy ———— 2H"*
-2e
cathode ﬂ
2 H*

0]

e
OH
2 Hag 0r 4 Haq R1H\ + R1H\
R? "R3 R? "R3
2 3

Scheme 1: Designed electrochemical hydrogenation of enones 1 with
a PEM reactor.

R3
1

Results and Discussion

Electroreduction of enones to ketones

First, we chose cyclohex-2-en-1-one (1a) as a model compound,
and the electroreduction of 1a was carried out using a PEM
reactor (Figure la, a single path). Pd/C was used as a cathode
catalyst. Without electricity, trace amounts of cyclohexanone

Beilstein J. Org. Chem. 2022, 18, 1055-1061.

(2a) and cyclohexanol (3a) were obtained (Table 1, entry 1).
With a current of 2.5 mA-cm™!, 2a and 3a were obtained in a
yield of 3% (current efficiency 66%) and 0.57% (current effi-
ciency 5.7%), respectively (Table 1, entry 2). While 2a was ob-
tained with moderate current efficiency, the yield was far from
satisfactory. Therefore, electroreduction with a higher current
density was examined (Table 1, entries 3—7). The yield of 2a in-
creased with an increase in the current density (22% yield,
50 mA-cm™!).

To improve the conversion, we designed a circulating system
for the PEM reactor (Figure 1b) and used it for the electroreduc-
tion of 1a (Table 2). First, we carried out the electroreduction of
1a with a current of 12.5 mA-cm™!. As expected, 1a was almost
entirely consumed after the passage of 2.0 F-mol~!, and 2a was
obtained in 67% yield as a major product (Table 2, entry 1). The
yield of 2a and 3a was almost the same with a current of
25 mA-cm™! (Table 2, entry 2). Further, the conversion of 1a
decreased to 82% with a current of 50 mA-cm™!, but 2a was ob-
tained in 64% yield with a similar current efficiency (64%).
When the reaction was performed in cyclopentyl methyl ether
(CPME) as a solvent, the yield of 2a decreased to 54%, and 3a
was obtained in 11% yield (Table 2, entry 4).

Next, the effect of cathode catalysts was investigated (Table 3).
With Ru catalyst, further reduction of the carbonyl group
proceeded, and both 2a (32% yield) and 3a (14% yield) were
obtained (Table 3, entry 2). With Rh catalyst, the conversion
was up to 81%, while the yield of 2a was similar to that with Ru
catalyst (Table 3, entry 3). Similarly, both 2a and 3a were ob-
tained with Ir and Pt catalyst (Table 3, entries 4 and 5). In par-
ticular, 3a was obtained preferentially with the Ir catalyst.
These results revealed that the cathode catalysts strongly
affected the selectivity between 2a and 3a. Pd was the best cata-
lyst for the selective synthesis of 2a, and Ir catalyst should be
suitable for the formation of 3a, regarding the current effi-
ciency and selectivity (Table 3, entry 4).

b)

Figure 1: Electrochemical setup of the PEM reactor: a) Electrochemical reduction system with the PEM reactor. b) Circulating electrochemical reduc-

tion system with the PEM reactor.
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Table 1: Effect of the current density on the electrochemical hydrogenation of 1a with a PEM reactor (a single path).2

0 PEM reactor
(PYC)—(PdIC)
"
1a 2a 3a
entry current density (mA-cm=2) conversion (%) yield (efficiency, %)P
2a 3a
1 0 8 2 0.43
2 25 <5 3 (66) 0.57 (5.7)
3 5 <5 4 (43) 0.52 (2.6)
4 10 10 6 (29) 0.52 (1.3)
5 125 15 7(27) 0.50 (1.0)
6 25 19 12 (23) 0.46 (0.5)
7 50 28 22 (23) 0.50 (0.3)

selectivity of 2a (%)

84
85
89
92
93
96
98

2Reaction conditions: anode catalyst Pt/C, cathode catalyst Pd/C, concentration of 1a 1.0 M, solvent dichloromethane, flow rate of the solution of 1a
0.25 mL-min~", flow rate of H, gas 500 mL-min", reaction temperature room temperature. °Determined by GC analysis using n-dodecane as an

internal standard. Values in parentheses are the current efficiency.

Table 2: Effect of the current density and solvent on the electrochemical hydrogenation of 1a with a circulating PEM reactor.2

0 PEM reactor
(Pt/C)—(Pd/C)
+
1 circulated " 3
a 2.0 F mol! a a
entry current density (mA-cm~2) conversion (%) yield (efficiency, %) selectivity of 2a
(%)
2a 3a

12.5 99 67 (67) 5(11) 93
2 25 96 63 (63) 3(5) 95
3 50 82 64 (64) 2 (4) 97
4¢ 50 82 54 (54) 11 (22) 83

aReaction conditions: anode catalyst Pt/C, concentration of 1a 1.0 M, solvent dichloromethane, flow rate of the solution of 1a 0.25 mL:min~", flow rate
of Hy gas,100 mL-min~", reaction temperature room temperature, current density 50 mA-cm=2. The solution was circulated until the passage of
2.0 F-mol~". PDetermined by GC analysis using n-dodecane as an internal standard. Values in parentheses show the current efficiency. Performed in

CPME instead of dichloromethane.

We also observed reaction profiles of the hydrogenation of 1a
with the use of a Pd/C and Ir/C cathode catalyst, respectively
(Figure 2). When a Pd/C catalyst was used, 1a was hydro-
genated to 2a selectively, and further reduction to 3a was
almost completely suppressed (Figure 2a). In contrast, the use
of an Ir/C catalyst afforded both 2a and 3a, and generated 2a
was smoothly reduced to 3a by further electrolysis (Figure 2b).

As mentioned above, ketone 2a was obtained selectively with
the use of a Pd/C catalyst for the cathode (Table 3, entry 1). To
clarify the scope of the reaction, we carried out the electrochem-
ical reduction of several enones 1 using Pd/C cathode catalyst
(Scheme 2). After current was passed to the circulating system
until 1a was consumed, the ketone 2a, obtained by the exclu-

sive reduction of the C=C moiety, was obtained in 8§1% yield
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Table 3: Effect of catalysts on the electrochemical hydrogenation of 1a with a circulating PEM reactor.2

0 (0] OH
PEM reactor
Ty +
circulated
2a 3a
1a 2.0 F mol™’!
entry cathode catalyst conversion (%) yield (efficiency, %) selectivity of 2a (%)
2a 3a
1 Pd/C 82 64 (64) 2(4) 97
2 Ru/C 59 32 (32) 14 (28) 70
3 Rh/C 81 37 (37) 19 (39) 66
4 Ir/C 65 24 (24) 26 (52) 48
5 Pt/C 52 11 (12) 27 (56) 29

aReaction conditions: anode catalyst Pt/C, concentration of 1a 1.0 M, solvent dichloromethane, flow rate of the solution of 1a 0.25 mL-min~", flow rate
of Hy gas 100 mL-min=1, reaction temperature room temperature, current density 50 mA-cm~2. The solution was circulated until the passage of
2.0 F-mol~". PDetermined by GC analysis using n-dodecane as an internal standard. Values in parentheses show the current efficiency.

a)
100 ®—1a ®2a 3a

Oh 1h 2h 3h 4h 5h
time (h)

b) ®—1a ® - 2a 3a
100

90
80
70
60
50

yield (%)
o

40
30

20

Oh 1h 2h 3h 4h 5h 6h 6.5h

time (h)

Figure 2: Reaction profile of the electrochemical hydrogenation of 1a with a PEM reactor using a) Pd/C and b) Ir/C cathode catalyst. The yield of 2a
and 3a and the recovery of 1a are shown in red, brown, and blue, respectively.
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with a chemoselectivity of 92%. Similarly, cyclopentanone 2b
was obtained from the corresponding enone 1b in 74% yield
(88% selectivity). Substituted cyclohexanone such as 3-methyl-
cyclohex-2-en-1-one (1c¢) gave the desired product 2c¢ selec-
tively in 89% yield (100% selectivity). A benzene-conjugated
ketone 1d and an ester 1e could also be subjected to electrore-
duction to afford the corresponding ketones 2d and 2e in 63%
and quantitative yield, respectively. Linear enone 1f gave the
desired ketone 2f in high yield (88%, 97% selectivity). Reduc-
tion with the PEM reactor also proceeded smoothly with enone
1g, which has a cyclohexene moiety, to give the corresponding
ketone 2g in 87% yield (91% selectivity). As shown so far,
several kinds of enones 1 could be subjected to electroreduc-
tion using the PEM reactor to afford ketones in high yield and

selectivity.

o PEM reactor
R1“]\ (Pt/C)-(Pd/C) H\ H\

2 3
R® R cwculated until

1 full conversion
0 o (0] (0]
é 9
=
c
81% 74% 89% 63%
(92%) (88%) (100%) (70%)
0 o
2e g
quant 88% 87%
(99%) (97%) (91%)

Scheme 2: Electrochemical hydrogenation of several enones 1 with a
circulating PEM reactor using a Pd/C cathode catalyst. Reaction condi-
tions: anode catalyst Pt/C, cathode catalyst Pd/C, concentration of 1
1.0 M, solvent dichloromethane, flow rate of the solution of 1

0.25 mL-min~", flow rate of Hy gas 100 mL-min~', reaction tempera-
ture room temperature, current density 50 mA-cm=2. Charge was
passed to the circulated solution until 1 was consumed. The yield was
determined by GC analysis using n-dodecane as an internal standard.
Values in parentheses show the chemoselectivity of 3, which was
calculated as yield of 2/ yield of (2 + 3).

Electroreduction of enones to saturated

alcohols

We next examined the electrochemical reduction of several
enones 1 to saturated alcohols 3 using an Ir/C catalyst for the
cathode (Scheme 3). Full conversion of 1a under the indicated
conditions gave 3a in 79% yield with 98% selectivity. In

contrast, electroreduction of cyclopent-2-en-1-one (1b) gave

Beilstein J. Org. Chem. 2022, 18, 1055-1061.

cyclopentanol 3b in 29% yield (46% selectivity), but the reason
has not been elaborated yet. With 3-methyl-2-cyclohexen-1-one
(1c), alcohol 3¢ was obtained 72% yield with good selectivity
(89%). Both 1f and 1g could be used in this reactions, and the
corresponding alcohols 3f and 3g were obtained as major prod-

ucts.
% PEM reactor OH
2 3 2 3
R® R cwculated until R® R
1 full conversion
OH OH OH
a 3c
79% 29% 72%
(98%) (46%) (89%)
OH
\/\/\/\ﬁ
3f 39
70% 60%
(77%) (61%)

Scheme 3: Electrochemical hydrogenation of several enones 1 with a
circulating PEM reactor using an Ir/C cathode catalyst. Reaction condi-
tions: anode catalyst Pt/C, cathode catalyst Ir/C, concentration of 1

1.0 M, solvent dichloromethane, flow rate of the solution of 1

0.25 mL-min~", flow rate of Hy gas 100 mL-min~", reaction tempera-
ture room temperature, current density 50 mA-cm-2. Charge was
passed to the circulated solution until 1 was consumed. The yield was
determined by GC analysis using n-dodecane as an internal standard.
Values in parentheses show the chemoselectivity of 3, which was
calculated as yield of 3/ yield of (2 + 3).

Mechanistic studies

To gain further insight into the reaction mechanism of the
chemoselectivity of a Pd/C cathode system, some additional
reactions were carried out (Scheme 4). Electroreduction of 4a as
a starting material was carried out using the circulating PEM
reactor equipped with a Pd/C cathode. Compound 4a has not
been observed under the standard reaction conditions per-
formed so far. The reduction of 4a did not proceed efficiently.
Compound 3a was obtained as a major product (26% yield) and
2a was obtained in 6% yield (Scheme 4a). Hydrogenation of the
alkene moiety of 4a would proceed selectively, and 2a would
be generated via a transfer hydrogenation reaction from 3a as a
hydrogen donor [32-35]. These results suggest that electrore-
duction of 1a would afford 2a directly and not via 4a. Electrore-
duction of acetophenone did not proceed efficiently, and 42.5%
(GC ratio) of acetophenone was recovered with ethylbenzene as
a major reduced product (Scheme 4b). We assumed that the
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reduction would proceed via an enol or enolate intermediate.
The reduction of benzophenone also did not proceed smoothly,
and only 13% of benzophenone was converted. These results
suggest that a Pd/C cathode significantly targets an alkene
moiety over a carbonyl group, predominantly leading to the
reduction of the C=C moiety.

a) electroreduction of 4a with the circulated PEM reactor

PEM reactor

OEE GO0

cwculated
1
2.0F mol” 6% 6% 4%

b) electroreduction acetophene and benzophenone

@*OA

PEM reactor

¢} GC ratio: 15.5
(PYC)~(Pd/C) ratio:
+
(0]
circulated
2.0 F mol™
42.5
&

o) PEM reactor

(Pt/C)—(Pd/C) GC ratio: 13
(J 10— 0o~ '
; (0]

circulated
2.0 F mol! O O
87

Scheme 4: Mechanistic studies.

Finally, the electroreduction of 1a was carried out with the use
of H,O as a proton source by the PEM reactor with a Pd/C
cathode catalyst (Scheme 5). Similar to the reaction with Hj, the
electroreduction proceeded with high chemoselectivity, and the
desired ketone 2a was obtained in 70% yield, whereas alcohol
3a was not observed. Interestingly, the generation of phenol
was observed (7% yield), probably because 1a could serve as a

hydrogen donor due to the low concentration of hydrogen [32].

Conclusion

In conclusion, we have developed a system for the electroreduc-
tion of enones using a PEM reactor. The reactions proceeded
under mild conditions, and highly chemoselective reductions

were achieved with the use of appropriate cathode catalysts.

Beilstein J. Org. Chem. 2022, 18, 1055-1061.

o PEM reactor 9 oH OH

(Pt/C)~(PdIC)

Tv + +

circulated until 2a 3a

1a
full conversion 70% n.d. 7%

H,O as proton source

Scheme 5: Electroreduction of 1a with the circulating PEM reactor
using H20O as a proton source.

The use of a Pd/C cathode gave carbonyl compounds selec-
tively. In contrast, saturated alcohols were obtained selectively
with an Ir/C cathode. The reaction with H>O as a proton source
was also achieved. With this reaction system, chemoselective
reduction can be performed using only electricity and water,
and the product can be easily obtained by simply concentrating
the solution coming out of the outlet of the flow system. We are
currently trying to reduce various functional groups using this
system and shall report the results at a later time.
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Electrochemical pinacol coupling of carbonyl compounds in an undivided cell with a sacrificial anode would be a promising ap-

proach toward synthetically valuable vic-1,2-diol scaffolds without using low-valent metal reductants. However, sacrificial anodes

produce an equimolar amount of metal waste, which may be a major issue in terms of sustainable chemistry. Herein, we report a

sacrificial anode-free electrochemical protocol for the synthesis of pinacol-type vic-1,2-diols from sec-alcohols, namely benzyl

alcohol derivatives and ethyl lactate. The corresponding vic-1,2-diols are obtained in moderate to good yields, and good to high

levels of stereoselectivity are observed for sec-benzyl alcohol derivatives. The present transformations smoothly proceed in a

simple undivided cell under constant current conditions without the use of external chemical oxidants/reductants, and transition-

metal catalysts.

Introduction

Carbon—carbon bond formation is one of the most fundamental
and important reactions in synthetic organic chemistry. Reduc-
tive coupling of carbonyl compounds known as pinacol cou-
pling would be a powerful method to construct vic-1,2-diol
scaffolds through C—C bond formation [1,2]. Such scaffolds are
widely utilized as versatile building blocks in the synthesis of

biologically active compounds [3-7], chiral auxiliaries [8,9],

and chiral ligands [10-13]. Traditional pinacol coupling reac-
tions are performed with a stoichiometric or even excess
amount of low-valent metal reductants, such as Al, Ti, V, Zn,
and Sm (Scheme 1a). Although these protocols have proven to
be a reliable strategy to access vic-1,2-diols, producing a large
amount of metal waste may be a major drawback especially in a

large-scale synthesis. Thus, the improved procedures using a
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catalytic amount of transition-metal reductants have been de-
veloped, but stoichiometric silicon electrophiles and co-reduc-
tants such as Zn were commonly required to complete the cata-
lytic cycle [14]. More recently, visible light-mediated pinacol
coupling reactions have been disclosed by several groups [15-
18]. In addition to the reductive coupling of carbonyl com-
pounds, oxidative homocoupling reactions of benzyl alcohols
under transition metal- or semiconductor-based photoredox ca-
talysis have been demonstrated as attractive approaches to
access vic-1,2-diols [19-23].

(a) classical pinacol coupling

stoichiometric reductant

0 (Al, Ti, V, Zn, Sm) R20OH
'S R13$<R1
1 p2
"R HO R?
(b) electrochemical pinacol coupling
i’ |
i divided cell R®OH "
T °R2 divided cell with
R" 'R or undivided cell wi hd g2

sacrificial anode

(c) this work: electrochemical formal homocoupling
of sec-alcohols
R20H
1
R? R
HO R2

OH Pt(ﬂﬁ] Pt-)
R" "R?

undivided cell

Scheme 1: Strategies for the synthesis of vic-1,2-diols.

Electroorganic chemistry has been recognized as an environ-
mentally benign and powerful strategy to promote redox reac-
tions using electricity as a traceless oxidant or reductant [24-
28]. Electrochemical pinacol coupling would be a promising al-
ternative to avoid the use of low-valent metal reductants. The
reported methods commonly carried out in a divided cell [29-
34] or an undivided cell with sacrificial anodes [35], such as Al,
Mg, and Sn, to prevent undesired oxidative reactions
(Scheme 1b) [36-39]. While sacrificial anodes enable the reac-
tions to be performed with a simple and user-friendly undi-
vided cell set-up, consuming the anode material with gener-
ating stoichiometric metal waste may be a serious issue in terms
of green and sustainable chemistry. Thus, the development of a
sacrificial anode-free process such as paired electrolysis would
be highly desirable [40-44]. The group of Wang recently re-
ported the sacrificial anode-free electroreduction of benzo-
phenone derivatives to afford vic-1,2-diols using over-stoichio-

metric NaN3 under acidic conditions, but appropriate precau-

Beilstein J. Org. Chem. 2022, 18, 1062—1069.

tions should be taken for in situ-generated explosive and toxic
HN3 [45]. Kim et al. reported the formation of vic-1,2-diols in
the sacrificial anode-free electrocarboxylation of 1-phenyl-
ethanol and benzyl alcohol which involves tetramethylpiperi-
dine-1-oxyl-mediated alcohol oxidation as an anodic event [46].
However, vic-1,2-diols were obtained only as minor products
and formal homocoupling of benzhydrol did not occur under
Kim’s reaction conditions. Thus, the development of an envi-
ronmentally benign and efficient electrochemical protocol to
access vic-1,2-diols would be still highly desirable. Herein, we
report the sacrificial anode-free electrochemical synthesis of
vic-1,2-diols through the formal homocoupling of sec-alcohols
using platinum electrodes in an undivided cell (Scheme 1c).

Results and Discussion

We commenced the optimization study for the electrochemical
formal homocoupling of sec-alcohols by using 1-phenylethanol
(1a) as a model substrate. The results are summarized in
Table 1. The electrolysis was carried out using an undivided
cell in the presence of Et4NBr as an electrolyte with a mixed
solvent of MeCN and H,O under air atmosphere. When 4 F/mol
of electricity was passed through the reaction mixture using two
platinum electrodes at 0 °C, the corresponding pinacol-type
product 2a was obtained in 58% yield with an 89:11 ratio of dl/
and meso isomers (Table 1, entry 1). Acetophenone (3a) was
also formed in 32% yield under the reaction conditions de-
scribed in entry 1. Using different electrode materials such as
Ni, Zn, and graphite as cathode did not improve the yield of 2a
(Table 1, entries 2—4). The present reaction proceeded in the
presence of quaternary ammonium salts with different counter
anions including the BF, anion, and Et;NBr was found to be the
preferable electrolyte among them (Table 1, entry 1 vs entries
5-7). Next, we examined the effect of acidic and basic addi-
tives on the reaction outcome. While the use of Mg(OTf),,
HCO;H, or 2,6-lutidine resulted in reduced reaction efficiency,
imidazole exhibited the positive effect on the product yield, pro-
viding 2a in 72% yield (Table 1, entries 8-11). Addition of H,O
was crucial to obtain 2a in a high yield, and we chose 125 uL of
H,O as the optimal volume for the present transformation
(Table 1, entries 11-13). The reaction under inert atmosphere
did not improve the yield of 2a (Table 1, entry 14).

With the optimized conditions in hand, the substrate scope of
the present transformation was investigated as shown in
Scheme 2. Various 1-arylethanol derivatives were firstly exam-
ined. Substrates bearing p-methyl (1b) or p-fert-butyl (1c)
groups afforded the desired products 2b and 2¢ in moderate
yields. Halogen substituents such as fluorine (1d) and chlorine
(1e) atoms were tolerated under the present reaction conditions
providing 2d and 2e in 70% and 57% yields, respectively, with

high diastereoselectivities. Substrates having electron-with-
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Table 1: Optimization of reaction conditions.?

(+)i+|j -)

electrolyte (0.1 equiv)

Beilstein J. Org. Chem. 2022, 18, 1062—1069.

OH additive (0.05 equiv) Me OH o
~x Me X + Me
(/ MeCN (5 mL), H,O (250 plL) | ) HO Me
50 mA cc, 4 F/mol, 0 °C

1a 2a 3a

entry (+)-(=) electrolyte additive yield (%)P al:meso for 2a°®
2a 3a

1 Pt-Pt Et4NBr - 58 32 89:11
2 Pt-Ni Et4NBr - 5 49 90:10
3 Pt-Zn Et4NBr - 24 20 89:11
4 Pt-C Et4NBr - 28 40 89:11
5 Pt-Pt Et4NCI - 39 30 90:10
6 Pt-Pt Et4NI - 10 5 90:10
7 Pt-Pt Et4NBF,4 - 46 32 90:10
8 Pt-Pt Et4NBr Mg(OTf)2 26 64 90:10
9 Pt-Pt Et4NBr HCO.H 39 33 89:11
10 Pt-Pt Et4NBr 2,6-lutidine 24 41 89:11
11 Pt-Pt Et4NBr imidazole 72 24 90:10
12d Pt-Pt Et;NBr imidazole 78 (78) 8 90:10
13¢ Pt-Pt Et4NBr imidazole 39 11 77:23
149f Pt-Pt Et4NBr imidazole 77 12 90:10

aReaction conditions: 1a (1.0 mmol), electrolyte (0.1 equiv), additive (0.05 equiv), MeCN (5 mL), HoO (250 pL), 50 mA constant current (cc), 4 F/mol,
0 °C, under air. °Determined by H NMR using 1,3,5-trimethoxybenzene as an internal standard. The number in parentheses refers to the isolated
yield. °Determined by TH NMR analysis. 9H,0 (125 pL). ®Without HoO. fUnder Ar.

drawing groups such as ester (1f) and trifluoromethyl (1g) on
the para-position of the aryl moiety afforded the desired prod-
ucts in good yields (2f and 2g). On the other hand, the reaction
of 1-(4-cyanophenyl)ethanol (1h) resulted in a decrease in both
the yield and the d/:meso ratio. While steric hindrance of sub-
stituents on the meta-position of the aryl moiety did not impede
the present transformation (2i and 2j), the ortho-substituted sub-
strate 1k gave 2K in a less satisfactory yield but with good dia-
stereoselectivity. 1-Phenyl-1-propanol (11) was successfully
transformed into the desired product 21 in a moderate yield. In
addition, ethyl lactate (1m) provided the corresponding vic-1,2-
diol 2m in 60% yield but with low diastereoselectivity [47].
Benzhydrol derivatives (1n—p) were found to be good sub-
strates for the present reaction, affording the corresponding
benzopinacols (2n—p) in good yields after the passage of
8 F/mol in a mixed solvent of MeCN/MeOH.

Next, we examined the possibility to extend the present process
to the cross-coupling reaction of two different benzyl alcohols

(Scheme 3). Pleasingly, the reaction using a 1:1 mixture of 1a

and 1f under the standard reaction conditions provided the
cross-coupling product 2af (dr = 94:6) together with the homo-
coupling products 2a and 2f.

To demonstrate the scalability of the present electrochemical
transformation, a large-scale experiment was performed as
shown in Scheme 4. The formal homocoupling of 1a smoothly
proceeded on a 10 mmol scale to provide the desired product in

72% yield under slightly modified reaction conditions.

In order to gain insight into the present reaction, several control
experiments were conducted as shown in Scheme 5. When
acetophenone (3a) was used as a starting material under the
standard reaction conditions, vic-1,2-diol 2a and 3a were ob-
tained in 39% and 52% yields, respectively, and 1-phenyl-
ethanol (1a) was not observed in this reaction (Scheme 5a). The
dl:meso ratio of 2a was identical compared with that observed
in the reaction using 1a as the starting material. This observa-
tion indicated that ketone 3a would be the intermediate in the

present transformation. The reaction in the absence of imida-
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Pt(+) ﬁj Pt(-)

Et4NBr (0.1 equiv)

?\H imidazole (0.05 equiv)
R' "R2 MeCN (5 mL), HyO (125 L)
] 50 mA cc, 4 F/mol, 0 °C
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R20H

R1
HO R?

N

benzyl alcohol-type

Me t-Bu
Me OH ‘ Me OH
) ®
HO Me HO Me
Me t-Bu Z
2b 2c

57% (dl:meso = 91:9)2

ci CO,Me
Me OH O Me OH
X
HO Me | ) hd e
cl MeO,C
2e 2f

57% (dl:meso = 89:11)

45% (dl:meso = 87:13)°

71% (dl:-meso = 89:11)°¢

Me
CN
Me OH O Me OH
() ®
HO Me HO Me
NC 7
2h Me 2i

66% (dl:meso = 91:9)

Et OH O
O HO Et
2k 21

35% (dI:meso = 87:13) 53% (dl:meso = 87:13)°

benzhydrol-type

Me
W, W, e
OH O OH O
® 9
HO HO
O w0
2n 20 Me

63%° 50%°

- aliphatic alcohol

HO Me

2d
70% (dI:meso = 90:10)

HO Me

CF3
Me OH

2g

72% (dI:meso = 85:15)

F3C

Cl

HO Me

Me OH

2j
75% (dI:meso = 88:12)

Scheme 2: Substrate scope. Reaction conditions: 1 (1.0 mmol), Et4NBr (0.1 equiv), imidazole (0.05 equiv), MeCN (5 mL), H>O (125 pL), 50 mA cc,
4 F/mol, 0 °C, under air. 2100 mA cc. 6 F/mol, imidazole (0.075 equiv). 6 F/mol. 98 F/mol, imidazole (0.1 equiv) ®8 F/mol, MeCN/MeOH (4:1, 5 mL)

without HO.
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Me OH

Me OH

R R
+ OO O

HO Me HO Me HO Me
OH 50 mA cc, 4 F/mol (386 C)
0°C 2af (R = CO,Me) 2a 2f (R = CO,Me)
Me 0.165 mmol 0.114 mmol 0.105 mmol
MeO,C (dr = 94:6) (dl:meso = 90:10) (dl:meso = 85:15)
1f
(0.5 mmol)

Scheme 3: Investigation of cross-coupling reaction.

Pt(+) ﬁ Pt(-)
Et4NBr (0.1 equiv)

oH imidazole (0.075 equiv) Me OH O
- J
MeCN (50 mL), H,O (1.25 L) HO Me
500 mA cc, 4 F/mol, 0 °C
1a 2a
(10 mmol) 72%, dl:meso = 90:10

Scheme 4: Large-scale experiment.

zole also proceeded to afford 2a in a somewhat lower yield with
a high diastereoselectivity. In both cases, the reaction proceeded
with the good mass balance of 2a and 3a. On the other hand, the
reaction without adding water resulted in a decrease in the
dl:meso ratio of 2a, and ketone 3a was transformed into uniden-
tified byproducts. When dl-2a was subjected to the present reac-
tion conditions, oxidative C—C bond cleavage of d/-2a
proceeded to give the corresponding ketone 3a (Scheme 5b)
[48]. Recovered 2a was found to be a mixture of d/ and meso
isomers, indicating that homocoupling of in situ-generated ke-
tone 3a occurred under the reaction conditions. While ketone 3a
was obtained in a higher yield when the reaction was per-
formed in the absence of imidazole, a lower yield of 3a and a
poor mass balance were observed in the reaction without adding
water. These results indicate that imidazole may suppress the
formation of the ketone from the corresponding vic-1,2-diol.
Water may play a role as a proton source to facilitate the forma-
tion of the protonated ketyl radical through a concerted proton-
electron transfer toward the ketone or smooth protonation of the
radical anion species, which readily dimerize to vic-1,2-diol 2a
[46,49]. The addition of water may be also important to achieve

high diastereoselectivity in the present reaction.

On the basis of the results of the control experiments, a plau-
sible reaction mechanism is depicted in Scheme 6. Initially, sec-
alcohol 1 is oxidized by an anodically generated Br* species to
provide the corresponding ketone 3. Then, ketone 3 undergoes
electrochemical pinacol coupling to form vic-1,2-diol 2.
Overoxidation of compound 2 could proceed under the reaction
conditions to reproduce ketone 3, which could be transformed
again into 2. Initial screening of electrolytes indicated that
direct oxidation of sec-alcohol 1 to ketone 3 could also proceed

under the present reaction conditions.

Conclusion

In conclusion, we have developed the sacrificial anode-free
electrochemical protocol for the synthesis of vic-1,2-diols from
sec-alcohols without external chemical oxidants or reductants.
The present reaction smoothly proceeded in a simple undivided
cell with platinum electrodes under constant current conditions,
affording pinacol-type products in moderate to good yields with
good to high diastereoselectivities. The successful large-scale
experiment showed the potential synthetic utility of this trans-
formation. Further investigations of the reaction mechanism are

currently underway in our laboratory.
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(a) control experiments using 3a

Pi(+) iﬁj Pt(-)

o Et4NBr (0.1 equiv)
imidazole (0.05 equiv) Me_ OH O
Me +  3a
MeCN (5 mL), H,O (125 pL) HO Me
50 mA cc, 4 F/mol, 0 °C
3a "standard conditions" 2a
(1 mmol)
iation fi the "standard ditions” yield (%)
variation from ndard condition
ariation fro e "standard conditions 2a (dimeso)®  3a
none 39 (90:10) 52%
without imidazole 27 (92:8) 58%
without H,O 44 (79:21) 7%
(b) control experiments using di-2a
Pt(+>ﬁ Pt(-)
Et4NBr (0.2 equiv)
Me_ OH O imidazole (0.1 equiv) 0
Me +  2a
HO Me MeCN (5 mL), H,O (125 pL)
50 mA cc, 4 F/mol, 0 °C
di-2a "standard conditions" 3a
(0.5 mmol)
iation fi the "standard ditions” yield (%)
variation from ndard condition
ariation fro e "standard conditions 3a 2a (dimeso)’
none 27% 63 (94:6)
without imidazole 43% 43 (92:8)
without H,O 5% 65 (93:7)

Scheme 5: Control experiments. 2Determined by 'H NMR using 1,3,5-trimethoxybenzene as an internal standard. PDetermined by 'H NMR analysis.

+2e”

/ on cathode
Me OH

OH —2e” (0] Ar
L+ 112 Ar& + 12 H,
Ar” "Me Br*oronanode Ar” Me HO Me
1 3 —2e” 2

Br* or on anode

Scheme 6: Proposed mechanism.
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TiO, photoelectrochemical and electrochemical radical cation Diels—Alder reactions of arylidene cycloalkanes are described,

leading to the construction of spiro ring systems. Although the mechanism remains an open question, arylidene cyclobutanes are

found to be much more effective in the reaction than other cycloalkanes. Since the reaction is completed with a substoichiometric

amount of electricity, a radical cation chain pathway is likely to be involved.

Introduction

Single-electron transfer is one of the simplest modes for small
molecule activation, employing a polarity inversion to generate
radical ions which have proven to be unique reactive intermedi-
ates in the field of synthetic organic chemistry. A radical cation
Diels—Alder reaction is a typical example of this activation
mode since both the original diene and dienophile are electron-
rich and thus not an effective combination of reactants [1-11].
Single-electron transfer makes the construction of six-mem-
bered ring systems possible. In general, single-electron oxida-
tion of an electron-rich dienophile generates its radical cation
which is then trapped by the diene (Figure 1). Since the forming
cyclohexene remains in the radical cation state as well, one
electron reduction is required to complete the net redox neutral
transformation. Therefore, a chain pathway can be involved,

where an electron acts as a catalyst rather than a reagent [12-

18]. In this reaction format, trans-anethole is an electron-rich
dienophile and has widely been studied as a benchmark for
single-electron transfer using photochemical and electrochemi-
cal methods [19-32]. A one electron oxidant can also be an initi-
ator for this transformation [33-35]. Overall, the scope of the
reaction has been expanding. Starting from frans-anethole,
several functionalities at the B-position are found to be compati-
ble with the reaction, while those at the aryl ring are somewhat
limited (Figure 2). It should be noted that a second substituent
at the B-position of trans-anethole has a significant impact on
the reaction and surprisingly, even an additional methyl group is
not acceptable.

We have developed radical cation cycloadditions using

(photo)electrochemical single-electron transfer in lithium per-
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Figure 1: Plausible mechanism of the radical cation Diels—Alder reac-
tion (EDG: electron-donating group).

chlorate (LiClOy4)/nitromethane (CH3NO,) solution [36-44].
During the course of our studies, we found that the TiO, photo-
electrochemical approach was more beneficial than simple elec-
trochemistry in most cases, probably because both single-elec-
tron oxidation and reduction are made possible at the same sur-
face [45]. This is especially true for the radical cation
Diels—Alder reaction, since non-substituted B-methylstyrene,

which was previously reported as an unsuccessful dienophile,

acceptable
—
(RG]

A

e*-- Q\
\ \
(R)

trans-anethole
acceptable

Figure 2: Landscape of the radical cation Diels—Alder reaction.
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was found to participate under TiO, photoelectrochemical
conditions (Scheme 1) [46,47]. We questioned whether the
scope of the radical cation Diels—Alder reaction could be further
expanded, with particular interest on the installation of a second
substituent at the B-position. Described herein is our unex-
pected finding that various spiro ring systems can be con-
structed by a radical cation Diels—Alder reaction of arylidene

cycloalkanes.

X S

B-methylstyrene photoelectrochemical: 61%

electrochemical: 0%

Scheme 1: Radical cation Diels—Alder reaction of B-methylstyrene.

Results and Discussion

The present work began with the reaction of -methylanethole
(1) with 2,3-dimethyl-1,3-butadiene (2) under TiO, photoelec-
trochemical and electrochemical conditions (Scheme 2). The
initial attempts using both conditions provided us two small in-
dications that the reaction was not totally inaccessible. The
simple electrochemical approach gave a better result than TiO,

photoelectrochemistry. Furthermore, we confirmed that the ad-

—

(RA)

current scope

expanded scope
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MeO
AorB

B

1 2 (5 equiv)

LiCIO4/CH3NO,

P
’

A: 20 h, 9% (trace)
B: 1.0 F, 43% (0%)

A: TiO,, 15 W UV lamp (365 nm); B: carbon felt electrodes, 1.3 V vs Ag/AgCI

Scheme 2: Radical cation Diels—Alder reaction of B-methylanethole (1). Recovered starting material is reported in parentheses.

ditional methyl group at the B-position had a significant impact
on the reaction. In general, tertiary radicals (or cations) are
more stable than secondary ones and therefore, the additional
methyl group seems to have a strong steric effect (Figure 3).
If so, tying up the two methyl groups as a cyclopropane
ring may decrease the steric hindrance at the f-position and

improve the reaction. Unfortunately, the arylidene cyclo-
propane 4 was found to be totally unreactive under both condi-
tions (Scheme 3). However, to our surprise, the arylidene cyclo-
butane 5 was found to be productive and the corresponding
spiro ring compound 9 was obtained in good yield. The aryli-
dene cyclopentane 6 and cyclohexane 7 were found to be less

tertiary and hindered radical

eO MeO MeO

secondary and less hindered radical

Figure 3: Formal expression of radical cations.

MeO

o L

LIC|O4/CH3NOQ

4-7 ) 2 (5 equiv)
n

tertiary and less hindered radical?

MeO
AorB

8-11 (

4,8(n=0);59(n=1)6,10(n=2);7,11 (n=3)

MeO MeO

A: 6 h, 0% (0%)
B: 0.5 F, 0% (0%)

A: 10 h, 61% (0%)
B: 0.5 F, 66% (0%)

MeO MeO

10 1
A: 20 h, 0% (trace) A: 20 h, 31% (12%)
B: 0.5 F, 5% (16%) B: 1.0 F, 56% (0%)

A: TiO,, 15 W UV lamp (365 nm); B: carbon felt electrodes, 1.3 V vs Ag/AgCl

Scheme 3: Radical cation Diels—Alder reactions of the arylidene cycloalkanes (4-7). Recovered starting material is reported in parentheses.
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effective for the reaction and in particular, the former (6) was
almost totally unsuccessful. Although the mechanism remains
unclear, Knowles and Romanov-Michailidis recently reported
that a similar trend is observed in photosensitized [2 + 2] cyclo-
additions [48]. Since their report was not a [4 + 2] but a [2 + 2]
reaction and they proposed an energy transfer mechanism as
opposed to an electron transfer pathway, it cannot be directly
compared to our results. Even so, it would be fair to say that
there is some correlation between these arylidene cycloalkane

cycloadditions.

Control studies are summarized in Table 1. LiClOy4, TiO,, and
light were crucial for the reaction (Table 1, entries 1-4) and the
equivalents of the diene 2 was also key (entries 5 and 6 in
Table 1). The reaction was sensitive toward atmosphere; both
oxygen and argon had a negative impact (Table 1, entries 7 and
8). In the electrochemical approach, potentiostatic conditions
gave better results than galvanostatic conditions and more im-
portantly, it was found that the reaction was completed within
0.5 F/mol (Table 1, entries 9-11). This result clearly suggests

that a chain pathway is involved in the reaction.

The scope of the reaction was studied using dimethyl and non-
substituted aryl rings in combination with several cycloalkanes
(Scheme 4). The TiO, photoelectrochemical approach was more
beneficial than simple electrochemistry in many cases for these
dienophiles, which accords well with our previous reports. The
ring size effect of cycloalkanes was also clearly observed and
cyclobutane was much more effective than the others. A simi-

Beilstein J. Org. Chem. 2022, 18, 1100-1106.

lar trend was observed using some heterocycles, which also
accorded well with the previous report by Knowles and

Romanov-Michailidis.

Conclusion

In conclusion, we have demonstrated that radical cation
Diels—Alder reactions of arylidene cycloalkanes are enabled
under TiO, photoelectrochemical and electrochemical condi-
tions to construct various spiro ring systems. Although further
detailed experimental and/or theoretical studies are required to
elucidate the complete mechanistic picture, arylidene cyclobu-
tanes were found to be much more effective than others. A simi-
lar ring size effect was observed by Knowles and Romanov-
Michailidis in photosensitized [2 + 2] cycloadditions of benzyl-
idene cycloalkanes and therefore, the results described herein
may support a detailed mechanistic understanding. Further ex-
perimental and theoretical studies of radical cation cycloaddi-
tions of arylidene cycloalkanes are under investigation in our
laboratory.

Experimental

Photoelectrochemical: The appropriate arylidene cycloalkane
(0.20 mmol), 2,3-dimethyl-1,3-butadiene (2, 113 uL,
1.0 mmol), and TiO, (100 mg) were added to a solution of
LiClO4/CH3NO; (1.0 M, 4.0 mL) while stirring at room tem-
perature. The resulting reaction mixture was stirred at room
temperature in front of a 15 W UV lamp (365 nm). Then, the
solution was diluted with water and extracted with EtOAc. The
combined organic layers were dried over Na;SQOy, filtered, and

Table 1: Control studies for the radical cation Diels—Alder reaction of the arylidene cyclobutane 5.

MeO MeO
N TiO5, 15 W UV lamp (365 nm)
Pt -
LiClO4/CH3NO,
5 2 (5 equiv) 10 h, rt, under air
entry deviation from the standard conditions yield (%)2
1 61 (0)
2 no LiCIOy4 0 (40)
3 no light 0 (83)
4 no TiOz 15 (32)
5 2 equiv of diene 22 (0)
6 10 equiv of diene 58 (0)
7 under Oy 19 (16)
8 under Ar 21 (0)
9 1.3 V vs. Ag/AgCl, 0.1 F/mol 22 (52)
10 1.3 V vs. Ag/AgCl, 0.5 F/mol 66 (0)
11 1.0 mA, 0.5 F/mol 46 (trace)

3recovered starting material is reported in parentheses.
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LiCIO4/CH3NO,
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12 13
A: 12 h, 16% (51%) A: 6 h, 0% (0%)
B: 0.5 F, 10% (44%) B: 0.5 F, 0% (0%)

14 15 16
A: 6 h, 63% (0%)
B: 0.5 F, 37% (19%)

A:4h, 10% (27%)
B: 0.5F, 17% (21%)

A: 36 h, 15% (36%)
B: 1.0 F, 13% (22%)

17 18 19 20 21
A: 20 h, 31% (14%) A: 6 h, 0% (0%) A: 6 h, 55% (0%) A: 4 h, 46% (7%) A: 20 h, 26% (4%)
B: 0.5 F, 8% (23%) B: 0.5 F, 0% (0%) B: 1.0 F, 7% (5%) B: 0.5F, trace (22%)  B: 0.5 F, trave (53%)

MeO MeO MeO

22 23
A: 6 h, 51% (0%) A: 6 h, trace (55%)
B: 1.0 F, 72% (10%) B:1.5F, 48% (0%)

MeO

BocN

24 25
A: 6 h, 54% (trace)
B: 0.5 F, 52% (10%)

A: 20 h, trace (42%)
B:1.5F, 18% (7%)

A: TiO,, 15 W UV lamp (365 nm); B: carbon felt electrodes, 1.3-1.5 V vs Ag/AgCl

Scheme 4: Scope of the radical cation Diels—Alder reaction of arylidene cycloalkanes (recovered starting material is reported in parentheses).

concentrated in vacuo. Yields were determined by 'H NMR
analysis using dibromomethane as an internal standard. Silica
gel column chromatography (hexane/ethyl acetate) gave the

corresponding spiro ring compound.

Electrochemical: The appropriate arylidene cycloalkane
(0.20 mmol) and 2,3-dimethyl-1,3-butadiene (2, 113 pL,
1.0 mmol) were added to a solution of LiCl04/CH3NO; (1.0 M,
4.0 mL) while stirring at room temperature. The resulting reac-
tion mixture was electrolyzed at 1.3-1.5 V vs Ag/AgCl using
carbon felt electrodes (10 mm X 10 mm) in an undivided cell
with stirring. Then, the solution was diluted with water and
extracted with EtOAc. The combined organic layers were dried
over NapSQy, filtered, and concentrated in vacuo. Yields were

determined by 'H NMR analysis using dibromomethane

as an internal standard. Silica gel column chromatography
(hexane/ethyl acetate) gave the corresponding spiro ring com-

pound.
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General remarks, photocatalyst analyzation data, synthesis
procedure, additional control studies, electrochemical
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The electrochemical reduction conditions of the reaction of alkyl 2-chloroacetates in BuyNBr/DMF using a divided cell equipped

with Pt electrodes to produce the corresponding cyclopropane derivatives in moderate yields were discovered. The reaction condi-

tions were optimized, the scope and limitations, as well as scale-up reactions were investigated. The presented method for the elec-

trochemical production of cyclopropane derivatives is an environmentally friendly and easy to perform synthetic procedure.

Introduction

In organic chemistry, cyclopropanes and their related com-
pounds have been recognized as important molecules. For ex-
ample, cyclopropane derivatives are found in both natural prod-
ucts and pharmaceutical products. The cyclopropane skeleton is
also found in agrochemicals, especially pyrethroid, as an insec-
ticide, is one important compound. Cyclopropanes also play a
significant role in organic synthesis as versatile building blocks
[1-5]. In general, some synthetic procedures for cyclopropane
derivatives have been discovered, e.g., the Simmons—Smith
reaction and the use of metal carbenoids being two of the more

prominent and reliable methods [6-9].

Aggarwal and colleagues reported in 2000 that the reaction be-
tween a Michael acceptor such as diethyl fumarate and a sulfur-
ylide, prepared from ethyl 2-diazoacetate and tetrahydro-2H-
thiopyran in the presence of Cu(acac),, yielded triethyl cyclo-
propane-1,2,3-tricarboxylate in 68% yield (Scheme 1, reaction
1) [10]. The same chemical yield was obtained by using a cata-
lytic amount of tetrahydro-2H-thiopyran (0.2 equiv) in the
process [10]. Furthermore, de Meijere and colleagues in 2003
demonstrated that the reaction of diethyl fumarate and ethyl
2-chloroacetate in DMF at 40 °C with K,CO3 and TEBACI

(benzyltriethylammonium chloride) produced triethyl cyclo-
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Scheme 1: Formations of 1,2,3-trialkyl cyclopropanetricarboxylates. Previous reports (reactions 1-3) and this work (reaction 4).

propane-1,2,3-tricarboxylate in 62% yield (Scheme 1, reaction
2) [11]. Both procedures are two-component coupling reactions.
In contrast, a method involving a one-component reaction using
alkyl 2-haloacetate has been developed by Abushanab in 1967,
in which a stoichiometric amount of metal lithium was utilized
to reduce ethyl 2-bromoacetate to form the corresponding 1,2,3-
trisubstituted cyclopropane derivatives (Scheme 1, reaction 3)
[12]. The generation of an anionic intermediate was indicated.
During our study, we discovered that 1,2,3-trisubstituted cyclo-
propane derivatives could be formed in moderate yields through
the electrochemical reduction [13-21] of alkyl 2-chloroacetates
in a divided cell (Scheme 1, reaction 4). The in Abushanab’s
study utilized metal lithium is one of the rarest and most expen-
sive metals. In addition, the treatment of metal lithium is diffi-
cult and occasionally dangerous, and the reaction also produces
the corresponding Li salt as waste [22,23]. In contrast, in this
work, we use basic electricity to make the corresponding cyclo-
propane derivatives. Herein, we would like to report the details

of our investigation.

Results and Discussion

First, we investigated the reaction conditions for the electro-
chemical reduction to optimize the reaction outcome. The typi-
cal procedure is as follows: the electrochemical reduction was
carried out in an H-type divided cell. Both electrodes were

made from Pt plates. In the cathodic chamber, 1 (0.5 mmol) was

dissolved in 0.3 M BuyNBr in DMF (4.0 mL) and 0.3 M
BuyNBr in DMF (4.0 mL) was introduced to the anodic
chamber. Constant current electrolysis at 12 mA until 1.0 F/mol
was consumed in the cathode yielded the corresponding com-
pound 2 in a 46% yield (Table 1, entry 1). Various parameters
were varied to increase the chemical yield, as shown in Table 1.
For example, the use of carbon felt as the cathode produced 2 in
«25% yield (Table 1, entry 2). The small influence of the
anodic electrode material was confirmed in the reaction using
carbon felt as the anode. In this reaction compound 2 was ob-
tained in 40% yield (Table 1, entry 3). The use of DMSO
instead of DMF resulted in <22% yield of 2 (Table 1, entry 4).
However, when MeOH was used 2 could not be obtained at all
(Table 1, entry 5). Reactions with BuyNCIl, BuyNI, and
BuyNBF;, instead of BuyNBr produced the corresponding com-
pound 2 in 35%, <21%, and 44% yields, respectively (Table 1,
entries 6—8). The amount of the supporting electrolyte BuyNBr,
such as 0.8 equiv and 4.0 equiv instead of 2.4 equiv, appeared
to have no influence, and 2 was produced at 40% and 43%
yields, respectively (Table 1, entries 9 and 10). In terms of tem-
perature and current (Table 1, entries 11-14), 6 mA at room
temperature yielded the best result of 46% yield (Table 1, entry
14). The reaction did not take place in the absence of electricity
(Table 1, entry 15). Based on the above optimizations, we chose
the conditions given in entry 1 of Table 1 as the optimized pa-

rameters [24].
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Table 1: Reaction optimization.

*e OsO.
o Pt (+) | Pt (=), n-Bu
ci A -n-Bu BusNBr, DMF, rt o o
1 12 mA, 1.0 F/mol n-Bu " "n-Bu
0.5 mmol divided cell o} 2 0o
Entry Variation from standard conditions? % Yield®

1 none 46
2 Pt (+) | C (-) instead of Pt (+) | Pt (=) «25¢

3 C (+) | Pt (-) instead of Pt (+) | Pt (-) 40
4  DMSO as solventd <22
5  MeOH as solventd n.d.e

6  BuyNClinstead of BuyNBrd 35
7  BugNlinstead of BuyNBrd <21

8 BuyNBF4 instead of BU4NBrd 44

9 0.8 equiv BusNBr instead of 2.4 equiv 40

BuyNBrd
10 4.0 equiv BusyNBr instead of 2.4 equiv 43
BusNBrd

11 0 °C instead of rt 45
12 60 °Cinstead of rt <44
13 20 mA instead of 12 mA, 1.0 F/mol <33

14 6 mAinstead of 12 mA, 1.0 F/mol 46
15 no electric current n.d.c®

aStandard conditions: 1 (0.5 mmol), 0.3 M BugNBr in DMF

(4.0 mL x 2), divided cell, 12 mA, rt, 1.0 F/mol of electricity against
0.5 mmol of substrate 1. Plsolated yields using preparative GPC sepa-
ration of the crude materials. °Observed from gas chromatography
(GC) analysis. 9In both anodic and cathodic chambers. en.d. = no
detection.

Next, we investigated the effect of electricity around 1 F/mol on
the yield, as shown in Table 2, using the optimized conditions
[25]. The yield of 2 was 46% in the case of 1.0 F/mol (Table 2,

Table 3: Scope and limitations.

+e

Pt(+) Pt (),
BusNBr, DMF, rt

12 mA, 1.0 F/mol R

0

c A R
(o)

0.5 mmol divided cell

Entry Ester

1 CI\)J\O/MG 3

Beilstein J. Org. Chem. 2022, 18, 1116-1122.

Table 2: Effect of electricity around 1 F/mol and type of electrochemi-
cal cell.

+e

ON
o Pt (+) | Pt (), n-Bu
CI\)I\O/H—BU Bu4NBr, DMF o o
1 12 mA, rt n-Bu” ﬂ/ ~n-Bu
0.5 mmol divided cell (0] 2 (0]
Entry F/mol % Yield?
1 1.0 46°
2 0.90 44
3 1.1 <35
4¢ 1.0 <5

8lsolated yields using preparative GPC separation of the crude materi-
als. Compound 2 of entry 3 contained a small amount of impurity.
PThis yield is from entry 1 of Table 1. °An undivided cell was used
instead of a divided cell.

entry 1), as shown in entry 1 of Table 1. The chemical output of
2 was 44% in the case of 0.90 F/mol (Table 2, entry 2). Howev-
er, using 1.1 F/mol resulted as well in a lower yield of 2 (<35%,
Table 2, entry 3). Thus, 0.90 F/mol or 1.0 F/mol of electricity
for the current reaction was found to be sufficient to obtain the
product in high yield, and we choose 1.0 F/mol of electricity for
the next investigations (Table 3). Finally, the electrolysis using
the undivided cell shown in entry 4 of Table 2 yielded 2 in
«5% yield, indicating that the divided cell is essential for the
current reaction. In the undivided cell, the anionic species from
the cathode might be consumed on the surface of the anode.

To examine the scope and limitations, we carried out electro-
chemical reductions of various alkyl 2-haloacetates under the
optimized conditions. Table 3 summarizes the results. The reac-

o O\R
.0 O
R
(6] (6]
Product % Yield?
© O\Me
4 28
Me’o "":H/O‘Me
(6]
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Table 3: Scope and limitations. (continued)

O

2 CI\)ko/Et 5
0]

3 Br\)J\O/Et 7
0]

o

7 CI\)J\O/\ 13
o)

8 C'\)J\O/\/ 15

0
° CI\)J\O/\© 17

o
Qe A0
o o

Beilstein J. Org. Chem. 2022, 18, 1116-1122.

6 <23 (21)
O O\Et
6 <24 (19)
.0 .y, O
e YI e
O (0]
6 <26 (20)
© O\n-Pr
10 <22 (20)
n-pr© “ir O~ ppr
(6] o
© O\t—Bu
12 <31 (28)
/OT\/I"", SN
t-Bu H/ t-Bu
(0] O
0O~
14 n.d.b
\/O "",(o\/
|
O O
Oy Oy
16 34
/\/o "'o”/o\/\
(0] O

31¢

3lsolated yields using preparative GPC separation of the crude materials. Compound 6 in entries 3 and 4 contained an impurity of non-negligible
amount, despite of repeated purification by GPC. Compound 6 in entry 2, 10 in entry 5 and 12 in entry 6 contained a small amount of impurities (see
13C NMR spectra of compounds 6, 10 and 12 in Supporting Information File 1). Values in parentheses in entries 2—6 are estimated yields, calculated
from the ratio of isolated compounds and impurities given in the TH NMR spectra, because the impurities seem to be the corresponding trialkyl
propane-1,2,3-carboxylates (vide infra). n.d. = no detection. CIsolated yield after silica-gel column chromatography.

tion of methyl 2-chloroacetate (3) afforded the corresponding
compound 4 in 28% yield (Table 3, entry 1). The reaction of
ethyl 2-chloroacetate (5) produced the corresponding com-
pound 6 in a similar <23% yield (Table 3, entry 2). Ethyl
2-bromoacetate (7) and ethyl 2-iodoacetate (8), in which the
leaving groups were changed from CI to Br and I, showed simi-
lar reactivities to produce compound 6 in <24% and <26%
yields, respectively (Table 3, entries 3 and 4). n-Propyl
2-chloroacetate (9), with the longer alkyl chain, and ters-butyl
2-chloroacetate (11), with the bulky alkyl group, produced 10
and 12 in <22% and <31% yields, respectively (Table 3, entries

5 and 6). The reaction of 13 with the vinyl group did not occur
(Table 3, entry 7), but the reaction of compound 15 with the
allyl group formed 16 in 34% yield (Table 3, entry 8). Finally,
benzyl 2-chloroacetate (17) produced the corresponding com-
pound 18 in 31% yield (Table 3, entry 9).

The current electrolysis reaction can be easily scaled-up with
obtaining similar yields of the products. The reaction of 1
(1.2 g, 8.0 mmol) in BuyNBr/DMF at room temperature
with 12 mA and 1.0 F/mol yielded the corresponding com-
pound 2 in <45% yield (Table 4, entry 1). In addition, the reac-
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Table 4: Scale-up experiments.

e 0O
o Pt(+) | Pt(-), R
BuyNBr, DMF, rt
CI\)I\O/R 0 o.
12mA, 1.0 F/mol R 1 R
divided cell o) le}
1, R=n-Bu (1.2 g, 8.0 mmol)
3, R=Me (1.3 g, 12.0 mmol)
Entry Ester R Product % Yield?
1 1 n-Bu 2 <45 (38)
2 3 Me 4 32

8lsolated yields using preparative GPC separation of the crude materi-
als. Compound 2 in entry 1 contained a small amount of impurity. The
value in parenthesis in entry 1 is an estimated yield, calculated from
the ratio of isolated compound and impurity given in the "TH NMR spec-
trum, because the impurity seems to be tri-n-butyl propane-1,2,3-
carboxylate (vide infra).

CI\)J\ _n-Bu
CI\)J\ _n-Bu

CI\)k ~n-Bu  +2e

—_— EGB /n -Bu

%

Beilstein J. Org. Chem. 2022, 18, 1116-1122.

tion of 3 (1.3 g, 12.0 mmol) yielded 4 in 32% yield (Table 4,
entry 2).

Scheme 2 depicts a plausible reaction mechanism. We assume
that the current reaction follows a similar mechanism as de-
scribed in Abushanab’s report [12]. In addition, the current
reaction indicated the generation of an EGB (electrogenerated
base) [26-29]. The electrochemical reduction conditions of the
solution containing 1 may generate an EGB, which reacts with
1 to produce anionic A. At the stage of the generation of the
EGB, the reduction of 1 may generate an enolate ion such as E
or F, which might serve as EGB, although other sources of
EGBs cannot be denied [30,31]. Intermediate A may combine
with 1 to produce B, which may react with the EGB or another
molecule A to produce C, releasing HCI. In Abushanab’s report
[12], C can be coupled with A in a similar manner to yield D
[12]. Finally, intramolecular cyclization of D may yield 2. In
order to obtain a deeper insight in the reaction, we made an
analysis of the crude material, which was prepared by passing

B was detected by HRMS.
C42H21CINaOy4 (M + Na]")
exact mass: 287.1021

nBquC H  found: 287.1018

COzn-Bu

ﬁfr A as base

n- BuOZC C was detected by HRMS.

in BU4NBF/DMF A C12H20Na04 ([M + Na] )
COzn Bu exact mass: 251.1254
?E\r A/z\ found: 251.1252
/n—Bu
A
n-BuO,C l
)> "CO,n-Bu
n-BuO,C 2
SUMER Joran] = oo
Cl _n-Bu —— _n-Bu —= _n-Bu -
o —cr |7 © 0
1 E F

Scheme 2: Plausible reaction mechanism. EGB = electrogenerated base.
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0.5 F/mol using the standard conditions and the usual work up
procedure. Compounds B and C were confirmed by HRMS
analysis shown in Scheme 2, which supported the current mech-

anism.

In addition, one of the impurities seems to be the trialkyl
propane-1,2,3-carboxylates [32], because the HRMS analyses
of the isolated compounds, such as 6 (Table 3, entry 2), 10
(Table 3, entry 5), and 12 (Table 3, entry 6), which were not of
high purity, showed the existence of the corresponding trialkyl
propane-1,2,3-carboxylates, together with the signal of the
desired products 6, 10, and 12. The formation of trialkyl
propane-1,2,3-carboxylate might be through the Michael addi-
tion of the electrogenerated base (E in Scheme 2) to C or the

electrochemical reduction of 2.

Conclusion

A new electrochemical transformation of alkyl 2-chloroacetates
to cyclopropane derivatives has been developed. The reaction
has been optimized, the scope and limitations have been investi-
gated. Scale-up reactions were performed and satisfactory
yields obtained. The generation of an EGB of the enolate ion
from alkyl 2-chloroacetates is indicated. The current method is
one of the most environmentally benign and accessible methods
for the preparation of 1,2,3-trisubstituted cyclopropane deriva-
tives, notwithstanding the low reaction yields. In our laboratory,

further synthetic investigations are in progress.

Supporting Information
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Experimental details, characterization data of new
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The synthesis of protected precursors of chitin oligosaccharides by electrochemical polyglycosylation of thioglycosides as mono-

mer is described. Oligosaccharides up to the hexasaccharide were synthesized under optimized reaction conditions. Further, a modi-

fied method enabled the synthesis of oligosaccharides up to the octasaccharide by repeating electrolysis with additional monomers.

The mechanism of the electrochemical polyglycosylation is also discussed, based on the oxidation potential of the monomer and

oligosaccharides.

Introduction

Chitin oligosaccharides are partial structures of chitin, which is
an abundant B-1,4-linked polysaccharide composed of N-acetyl-
glucosamine as repeating unit (Figure 1) [1]. Biological activi-
ties of longer oligosaccharides, such as octasaccharide, have
been paid much attention for many years. However, it is diffi-
cult to obtain pure oligosaccharides by isolation from natural
sources or by synthesis via chemical glycosylation [2]. Total

syntheses of chitin and chitosan oligosaccharides based on

conventional chemical glycosylation of protected monosaccha-
rides as building blocks have already been reported. Conver-
gent synthesis using oligosaccharide building blocks can reduce
the number of steps in the total synthesis. However, it requires
manipulation of the anomeric leaving groups and deprotection
of the protected hydroxy group at the 4-position prior to glyco-
sylation. Although automated electrochemical assembly, which

is a one-pot iterative synthesis of oligosaccharides based on
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Figure 1: Structures of chitin and chitosan oligosaccharides.

electrochemical preactivation of building blocks, is an alterna-
tive method for the synthesis of chitin oligosaccharides [3,4], it
is also time-consuming and too sophisticated to prepare oligo-
saccharides composed of a single repeating structure. Thus, we
assume that the electrochemical polyglycosylation via the elec-
trochemical activation of thioglycosides is a practical approach
for the preparation of chitin oligosaccharides. Hashimoto and
co-workers have already reported the synthesis of protected pre-
cursors of chitin oligosaccharides by polyglycosylation of thio-
glycosides [5]. However, this is one of a few examples of chem-
ical synthesis of chitin oligosaccharides through polyglycosyla-
tion of a glucosamine monosaccharide [6]. Recently, we have

reported electrochemical polyglycosylation using a glucos-

anodic oxidation

Beilstein J. Org. Chem. 2022, 18, 1133-1139.

amine derivative as a monomer [7]. This is another example of
polyglycosylation of a glucosamine monosaccharide. However,
N-acetylglucosamines are linked by a-1,4-glycosidic bonds.
Here, we report electrochemical polyglycosylation of thioglyco-
sides to produce protected precursors of chitin oligosaccharides.

Results and Discussion

Optimization of electrochemical
polyglycosylation

We initiated our study with the optimization of the arylthio
group of thioglycoside 1, carrying an unprotected 4-OH group,
an acetyl-protected 3-OH unit, a benzyl-protected 6-OH group,
and a phthaloyl-protected 2-NH, unit (Figure 2) [3]. Electro-
chemical polyglycosylation was performed by a sequential two-
step process, which involved anodic oxidation at —80 °C and
glycosylation at =50 °C. The crude product of the reaction was
purified by gel permeation chromatography (GPC), and the
monosaccharides 1a—d and oligosaccharides 2a—d (n = 2)-7a—d
(n = 7) were isolated. Only thioglycoside 1a (Ar = 4-FCgHy,
E,x = 1.70 V vs SCE) gave oligosaccharides up to hexasaccha-
ride 6a, although the yield of pentasaccharide 5a (3%) and
hexasaccharide 6a (1%) was very low. For thioglycoside 1b
(Ar = 4-CICcHy, Eox = 1.68 V vs SCE), the highest conversion
(79%) and the highest yield of tetrasaccharide 4b (14%) were
observed. Contrary, thioglycoside 1c¢ (Ar = 4-MeCgHy,
E,x = 1.47 V vs SCE), which had the lowest oxidation potential,
showed the lowest conversion (51%) and the lowest yield of

BnO (0525 F/mol, 8 mA) glycosy|ation BnO
O o A2 Lo
PhthN ta gsz_ljo C  s0°C1h PhAN |
1a-d 2a-d(n=2)-7Ta-d(n=7)
0
50 1.C (49 /O)] T T T T T
40 - - Ar
£ 30 i | —e 1a-6a (4-FCH.)
° \ o 1b-4b (4-CIC:H.)
[} \ D -
10k (21%) ~ 5d (6%) —e— 1d-5d (2,4-F,CsH:)
-— b
| K\:  6a(1%)
0 1 1 1 h 4 1 — 1

1 2 3 4 5

6 7

length of oligosaccharide (n)

Figure 2: Effect of the anomeric leaving group on the yield of oligosaccharides.
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tetrasaccharide 4¢ (2%) [8]. This being the case, lower conver-
sion of the building block 1c¢ and lower yield of oligosaccha-
rides 2c—4c indicated that thus-generated oligosaccharides
2c—4c, with a lower oxidation potential, also consumed elec-
tricity and converted to the corresponding hydroxy-substituted
sugars, as observed by MS analysis. Thioglycoside 1d
(Ar = 2,4-F>,CgH3, Eox = 1.73 V vs SCE), which had the highest
oxidation potential, also showed low conversion (63%). How-
ever, it gave pentasaccharide 5d in the highest yield (6%)
among these four thioglycosides. Based on these results, we op-
timized the reaction using thioglycoside 1a, which afforded
oligosaccharides 2a—6a and recovered monosaccharide 1a in
the highest total yield (88%).

Reaction parameters of the electrochemical polyglycosylation,
such as amount of electricity and electrolyte, were also opti-
mized using thioglycoside 1a (see Supporting Information
File 1 for details). The complete conversion of monosaccharide
1a was observed with 0.6 F/mol. However, 0.525 F/mol was
chosen as the optimal amount of electricity to prevent forma-
tion of byproducts, such as hydroxy-substituted sugars that
carry an anomeric hydroxy group instead of the ArS group. Al-
though we tested other ammonium triflates, such as tetraethyl-
ammonium triflate and 1-butyl-1-methylpyrrolidinium triflate
as electrolytes, both electrolytes gave oligosaccharides in lower
yield.

Next, we investigated the influence of the glycosylation temper-
ature (72), and it was revealed that glycosylation proceeded
even at —80 °C (Figure 3, in pink). Although higher conversion

anodic oxidation
(0.525 F/mol, 8 mA)

Beilstein J. Org. Chem. 2022, 18, 1133-1139.

of thioglycoside 1a was observed at higher temperature, we did
not test a glycosylation temperature above —30 °C because of
the low stability of the glycosylation intermediate at an elevated
temperature [9]. It is important to note that heptasaccharide 7a,
which was never obtained at =50 °C, was produced at —40 °C
(in blue) and —30 °C (in black), although the yield of 7a was
very low (1%). These results indicated that the glycosylation
temperature was an important parameter for obtaining longer
oligosaccharides, and glycosylation might proceed during the

anodic oxidation at —80 °C.

The temperature of anodic oxidation (7'1) was also investigated
together with the glycosylation temperature (72) because glyco-
sylation must occur during the anodic oxidation at elevated tem-
perature (Figure 4). Indeed, formation of oligosaccharides
longer than tetrasaccharide 4a was increased at elevated temper-
ature. The highest total yield of oligosaccharides 2a—7a was ob-
tained at 71 = —60 °C and 72 = -30 °C, although heptasaccha-
ride 7a was not produced. MALDI-TOF MS spectra indicated
the formation of byproducts derived from longer oligosaccha-
rides at T1 = =30 °C and T2 = -30 °C (Figure 5). The relative
intensity of the molecular ion peaks of hydroxy-substituted
sugars of oligosaccharides and/or trehalose pseudo-oligosaccha-
rides, which were major byproducts at the elevated temperature,
became stronger in the corresponding peaks of longer oligosac-
charides, such as hexasaccharide 6a and heptasaccharide 7a.
Proposed structures of byproducts of trisaccharide 3a, includ-
ing hydroxy-substituted sugar 9 and trehalose product 10, are
shown in Figure 6. These byproducts were obtained as insepa-
rable mixture because of the same molecular weight and simi-

glycosylation

BnO
o)
'lgc&g/sm

BnO
(0]
H AOCO SAr
PhthN
n
2a(n=2)-8a( )

Bu,NOTf T2,1h
PhthN CH,Cl,, 80 °C
1a a(n=2)-8a(n=8
Ar = 4-FC6H4
50 | I | T I I I
40 + - x
| —e-30°C
L 30+ - M
E-. 20 -' L
| e —60°C
10 - ‘:Ih“i————t ——

1 2 3 4

5 6 7

length of oligosaccharide (n)

Figure 3: Influence of the glycosylation temperature (T2) on the yield of oligosaccharides.
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anodic oxidation
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Figure 4: Influence of temperatures of anodic oxidation (71) and glycosylation (72).
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Figure 5: MALDI-TOF MS spectra of oligosaccharides.
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Figure 6: Proposed structures of byproducts of electrochemical polyglycosylation.

lar polarity. Moreover, the trehalose product of longer oligosac-
charides has more than two possible structures. For example,
there are two pseudo-tetrasaccharide structures 11a and 11b,
which would be hard to separate by preparative-scale purifica-
tion techniques.

Reaction mechanism
There are two possible pathways for chain elongation in electro-
chemical polyglycosylation (Figure 7). In path a, monosaccha-
ride 1a is converted to the corresponding glycosyl triflate 12,
and 4-OH of oligosaccharides 2a—6a reacts with 12 [9]. In path
b, oligosaccharides 2a—6a are converted to the corresponding
glycosyl triflates 13—-17, and 4-OH of monosaccharide 1a reacts
with 13-17. It is difficult to exclude the possibility of reactions
between oligosaccharides. However, polyglycosylation has
been carried out with a slightly excessive amount of electricity
(0.525 F/mol), and monosaccharide 1a has always been recov-
ered in more than 15% [10]. Moreover, longer oligosaccharides
might be less reactive on grounds of mass transfer because elec-
trochemical activation occurs at the surface of the anode and the
substrates must move to the surface of the electrode.

BnO BnO

T2 o

path a HO

(0]
AcO
PhthN

To confirm the reactivity of oligosaccharides, we measured oxi-
dation potentials of monosaccharide 1a, disaccharide 2a, and
trisaccharide 3a using a rotating disk electrode (RDE) made of
glassy carbon (Figure 8). The oxidation potential of oligosac-
charides 2a and 3a (E,x = 1.76 and 1.74 V vs SCE) was higher
than that of monosaccharide 1a (Eyx = 1.70 V vs SCE). We also
examined electrochemical activation of tetrasaccharide 4a to
obtain octasaccharide 8a through the dimerization of 4a. How-
ever, a trace amount of 8a was formed together with byprod-
ucts, and the recovered amount of tetrasaccharide 4a was 64%
(Scheme 1). These results strongly suggested that path a in
Figure 7 is the most probable mechanism of the reaction.

Modification of electrochemical
polyglycosylation protocol

The optimized conditions of the electrochemical polyglycosyla-
tion can afford oligosaccharides up to the hexasaccharide 6a.
However, we were also interested in longer oligosaccharides,
such as the heptasaccharide 7a and the octasaccharide 8a
because of the biological activities [11]. Accordingly, the higher

reactivity of monosaccharide 1a compared to the oligosaccha-

BnO o BnO
HO [o)
+ RO PhthN Aco SAr
PhthN ;
no

PhthN __— -
1a 12
2a-6a
+
BnO T |Bno B
0 nO BnO
0 0
HTAcO SAr Pathb  pyr7aco ooy HO&&/SN
PhthN PhthN | ACO + AcO
n no1 PhINL PhthN
2a 6a 13 (n=2)-17 (= 6) 1a
Ar = 4-FCGH4

Figure 7: Proposed mechanisms of electrochemical polyglycosylation.
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Figure 8: Oxidative potential of monosaccharide 1a, disaccharide 2a,
and trisaccharide 3a.

rides encouraged us to modify the electrochemical polyglycosy-
lation protocol (Figure 9). We developed a modified electro-
chemical polyglycosylation method by repeating the addition of
monosaccharide 1a and anodic oxidation as a single cycle. To
prove our concept, we ran the electrochemical polyglycosyla-
tion under the optimized conditions, and one equivalent of
monosaccharide 1a was added before the second anodic oxida-
tion. After the second cycle, we could isolate heptasaccharide
7a (3%, 1.5 ymol, 4.7 mg) together with an increased amount of
hexasaccharide 6a (5%, 3.1 umol, 8.2 mg). We ran the process
up to the third cycle and isolated octasaccharide 8a (3%,
2.3 umol, 7.6 mg), which was never isolated after the first cycle
and the second cycle. These results also supported the proposed
reaction mechanism path a in Figure 7.

BnO
Ao AcO o2 |

Beilstein J. Org. Chem. 2022, 18, 1133-1139.

BnO

o MR -

BnO anodic  AcO SAr  anodic
HO‘&&/ oxidation PhthN oxidation
AcO PhihN SAr glycosylation glycosylation
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Figure 9: Influence of cycle number on the yield of longer oligosaccha-
rides 5a (n = 5)-8a (n = 8). Conditions of anodic oxidation: constant
current (8.0 mA, 0.52 F/mol), temperature —-60 °C for anodic oxidation
and -30 °C for glycosylation, building block 1a (0.20 mmol, 109 mg)
per cycle as 0.2 M solution in dry CHxCl».

Conclusion

In conclusion, we have developed a practical method to synthe-
size longer-chain oligosaccharides within a short period of time
through electrochemical polyglycosylation. A rational reaction
mechanism was proposed based on oxidation potentials of the
oligosaccharides, and further modification of the protocol was

examined. By repeating cycles in one pot, the modified method

anodic oxidation

BnO (0.525 F/mol, 8 mA)  glycosylation
0
PhthN PrinN AP0 SAr BusNOTS 30°C, 1h
4a PhthN CH,Cl,, -60 °C
Ar = 4-FCgHy4
BnO
BnO
HO 0 o BnO BnO
AcO O o) BnO
AcO O 0 BnO
PhthN AcO ] 0 BnO
PhthN AcO 0 BnO
PhthN AcO O 0
PhthN PhinN  ACO 25 0 o]
PhthN /€ pnthn ACO SAr
8a (trace) PhthN
recovery of 4a (64%)

Scheme 1: Electrochemical dimerization of tetrasaccharide 4a.
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enabled us to prepare longer oligosaccharides up to the octasac-
charide. Further optimizations of reaction parameters, such as
concentration, size and shape of electrodes for large-scale pro-
duction of oligosaccharides, and deprotection of oligosaccha-
rides thus obtained are in progress in our laboratory.

Experimental

Electrochemical polyglycosylation (see Figure 4, T1 = —60 °C
and 72 = -30 °C) was performed using our second-generation
automated electrochemical synthesizer equipped with the
H-type electrolysis cell. Thioglycoside 1a (0.20 mmol, 109 mg),
BuyNOT( (1.0 mmol, 393 mg), and dry CH,Cl, (10 mL) were
added to the anodic chamber. Triflic acid (0.2 mmol, 17.6 uL)
and CH,Cl, (10 mL) were added to the cathodic chamber. Elec-
trolysis was performed at —60 °C under constant current condi-
tions until 0.52 F/mol of electricity had been consumed. Then,
the reaction temperature was elevated to —30 °C, and the tem-
perature was kept for 1 h. The reaction was quenched with EtzN
(0.30 mL), and the reaction mixture was diluted with Et,O and
EtOAc and washed with water to remove the electrolyte. The
combined organic layer was dried with Na;SOy, and the sol-
vent was removed under reduced pressure. The thus-obtained
crude product (110 mg) was purified by preparative GPC using
CHClj; as eluent.

Supporting Information

Supporting Information File 1

Additional experimental details and compound
characterization data.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-117-S1.pdf]
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A straightforward electro-conversion of cumene into acetophenone has been reported using boron-doped diamond (BDD) elec-

trodes. This particular conversion is driven by the addition reaction of a cathodically generated hydroperoxide anion to an anodi-

cally generated cumyl cation, where the BDD’s wide potential window enables the direct anodic oxidation of cumene into the

cumyl cation. Since electricity is directly employed as the oxidizing and reducing reagents, the present protocol is easy to use, suit-

able for scale-up, and inherently safe.

Introduction

Selective oxidation of aromatic alkyl side chains is an impor-
tant molecular transformation process to obtain various rubbers,
resins, fine chemicals, and other industrial products [1,2]:
terephthalic acid from p-xylene, cumene hydroperoxide/
dicumyl peroxide/phenol from cumene, acetophenone from
ethylbenzene, and others. Generally, molecular oxygen has been
utilized in the straightforward oxidation of aromatic alkyls.
However, since molecular oxygen is highly stable, activation of
the molecular oxygen itself is necessary, which requires a spe-

cific catalyst and/or harsh conditions such as high temperature

and pressure. Recent environmental and sustainable concerns
lead to a growing demand for the development of greener oxi-
dation processes. For example, even for the cumene process that
involves the oxidation reaction of cumene, first reported in 1944
[3], a wide variety of catalytic systems are still being reported
[4-12].

Electro-organic synthesis refers to an organic synthetic method

combined with electrochemistry [13,14]. A striking feature in

electro-organic synthesis is the use of electricity as a reagent,
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which allows to reduce the reagent waste to a minimum. Obvi-
ously, as this characteristic matches well with the increasing
demands to realize a sustainable society. In electro-organic syn-
thesis, electrode materials are one of the most significant pa-
rameters because reactions occur at the anode and/or cathode.
Boron-doped diamond (BDD) is a relatively new electrode ma-
terial [15,16] and shows a wide potential window, which can be
applied to the transformation of compounds with high redox
potentials. Therefore, BDD electrodes would enable a straight-
forward oxidation reaction of aromatic alkyls, which is difficult
to achieve with other conventional electrode materials.

Herein, we report the straightforward electro-conversion of
cumene, one of the most important and extensively investigated
aromatic alkyls, by BDD electrodes. Acetophenone was ob-
tained as the main product when BDD was used as the anode.
The role of electrode materials was investigated with electro-
chemical measurements. Only the BDD anode with a wide
potential window can oxidize cumene directly to afford a cumyl
cation as the reaction intermediate. Furthermore, acetophenone
is produced via cumene hydroperoxide, and this molecular

conversion is found to proceed electrochemically.

Results and Discussion
First, we carried out the electrolysis of cumene (1) in 0.1 M

BuyNBF4/MeCN under constant current conditions in an undi-

Table 1: Electro-conversion of 1.

‘?

1 2

Entry2 Anode Cathode Supporting
electrolyte
1 BDD BDD BuyNBF4
2 BDD BDD BuyNCIO4

3 BDD BDD LiClO4
4 BDD BDD Et4NCIO4
5 BDD BDD Et4NCIO4
6 BDD BDD Et4NCIO4
7 BDD BDD Et4NCIO4
8 graphite graphite Et4NCIO4
9 Ni Ni Et4NCIO4
10 BDD graphite Et4NCIO4
11 graphite BDD Et4NCIO4

Beilstein J. Org. Chem. 2022, 18, 1154—-1158.

vided beaker-type cell (Table 1, entry 1). The main product was
acetophenone (3) and a-cumyl alcohol (4) was also obtained.
When the anion of the supporting electrolyte was changed to the
perchlorate ion (Table 1, entries 2—4), isolated yields of 3 were
increased, in which using EtyNCIO4 gave the best result. Next,
the current density (j) and the amount of charge (Q; referring to
mole of 1) were investigated (Table 1, entries 5-7). As the iso-
lated yield of 3 was not particularly improved by changing j and
Q, we set the optimum conditions as j of 2.1 mA/cm? and Q of
5 F. On the other hand, when the combination of anode and
cathode was graphite/graphite or Ni/Ni (Table 1, entries 8 and
9), almost no acetophenone was obtained. Therefore, it is sug-
gested that the BDD anode is essential in the electro-conver-
sion of 1 into 3, and the cathode material has no significant
effect. Here, the low total yields would be due to the formation
of highly polar compounds. We were not able to obtain them as
isolated compounds. In addition, 'H NMR and FTIR spectra for
the crude compound did not show characteristic peaks derived
from carboxylic acid and amide.

In order to clarify the role of the anode material, we carried out
electrochemical measurements (Figure 1). Cyclic voltammetry
was performed using BDD as a working electrode. A clear oxi-
dation peak of 1 was observed at around 2.40 V (vs Ag/Ag")
(Figure 1a), which is comparable to a previous report using a Pt
disk electrode [17]. On the other hand, no clear oxidation peak

OOH Q OH

X
=

3 4

P Q° Isolated yields (%)

1 2 3 4
21 5 n.d. n.d. 18 14
21 5 n.d. 1 27 9
21 5 n.d. n.d. 19 13
2.1 5 trace 1 34 11
21 3 3 4 17 28
21 7.5 n.d. n.d. 32 n.d.
1.05 5 5 2 23 26
21 5 4 n.d. 1 4
21 5 4 n.d. n.d. n.d.
2.1 5 trace trace 33 5
21 5 5 n.d. trace 20

aReaction conditions: 1 mmol cumene (1), 5 mL MeCN, 0.1 M supporting electrolyte, undivided beaker-type cell, rt; °current density (mA/cm?);

Camount of charge (F) referring to mole of 1. n.d. = not detected.
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Figure 1: (a) Cyclic voltammograms of a BDD electrode in MeCN solution containing cumene (1; 5 mM) and Et4NCIO4 (0.1 M). The gray dashed line
shows the voltammogram in the solution without cumene. (b) Linear sweep voltammograms of BDD (red), graphite (blue), and Ni (green) electrodes in

MeCN solution containing Et4NCIO4 (0.1 M). Scan rate: 100 mV/s.

was observed when using graphite or Ni as a working electrode.
This is because potential windows of graphite and Ni are too
narrow to oxidize 1 directly, as can be seen in Figure 1b.
Overall, the electrochemical measurements indicate the BDD’s
wide potential window enables direct oxidation of 1 to produce
a key reaction intermediate to afford 3.

A series of electrolysis experiments was performed to propose a
reaction mechanism (Table 2). First, we carried out the electrol-
ysis of 1 in MeCN-MeOH to confirm whether the reaction
intermediate is a radical or cationic species (Table 2, entry 1).
As a result, methyl cumyl ether, a methoxy adduct to the benzyl

position of 1, was obtained as the main product in 21% yield.

Table 2: Control electrolysis experiments of 12.

ot X e

Entry Solvent
1
1 MeCN-MeOH 9:1 trace
2 MeCN (dehydrated) trace
3 MeCN-H-0 9:1 n.d.
4 MeCN-H-0 1:1 n.d.

Therefore, it is indicated that the reaction intermediate is the
cumyl cation. Second, we carried out the electrolysis of 1 in
MeCN-H;O0 to confirm whether the oxygen source is dissolved
oxygen or residual water. When dehydrated MeCN was used, 3
was obtained as the main product (Table 2, entry 2). On the
other hand, the isolated yield of 3 was decreased by the addi-
tion of HyO (Table 2, entries 3 and 4). This is probably because
the addition of H,O promoted the generation of hydroxyl radi-
cals, and a decomposition reaction became dominant. These
results indicated that the oxygen source is not residual water in
MeCN, but dissolved oxygen. The role of dissolved oxygen was
further investigated. As the reaction did not proceed without

electricity, it is suggested that the superoxide generated on the

Q OH OMe
X
+ | +
=
3 4 5
Isolated yields (%)
2 3 4 5
4 trace 12 21
1 29 15 n.a.
6 9 20 n.a.
trace trace 15 n.a.

aReaction conditions: BDD anode and cathode, 1 mmol cumene (1), 5 mL solvent, 0.1 M Et4NCIOy4, 2.1 mA/cm?2 and Q of 5 F (referring to mole of 1),

undivided beaker-type cell, rt. n.d. = not detected, n.a. = not applicable.
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cathode is involved in the reaction, rather than dissolved molec-
ular oxygen itself. Therefore, we treated 1 with KO, and
18-crown-6 to examine whether the reaction proceeds only with
the superoxide. As a result, only the starting material, 1, was
recovered, which indicates that 3 is produced by a concerted
reaction of the direct oxidation of 1 on the anode and the reduc-
tion of dissolved oxygen on the cathode.

Figure 2 shows a proposed mechanism. Anodic oxidation of
cumene on the BDD electrode with a wide potential window
preferentially affords the cumyl cation as the reaction interme-
diate. On the other hand, cathodic reduction of dissolved
oxygen produces the superoxide and even the hydroperoxide
anion. Addition of the hydroperoxide anion to the cumyl cation
yields cumene hydroperoxide, which is further converted into
acetophenone. This reaction pathway is supported by the
following two facts. One is that cumene hydroperoxide was ob-
tained as a byproduct, and the other is that electrolysis of
cumene hydroperoxide as a starting material afforded aceto-
phenone [18]. It should be noted that the tertiary carbon at the
benzyl position is a key for the present molecular transformat-
ion, since acetophenone was yielded in 19% as the main prod-
uct by the electrolysis of sec-butylbenzene as a starting materi-
al, while propylbenzene was not. Moreover, the electrolysis
under a flow of oxygen did not improve the yields, which indi-
cates that the BDD cathode can utilize the electrogenerated

oxygen species efficiently, as we have reported previously [19].

Conclusion

We have demonstrated a straightforward electro-conversion of
cumene into acetophenone using boron-doped diamond (BDD)
electrodes. The BDD’s wide potential window enabled the
direct anodic oxidation of cumene to afford a key reaction inter-

mediate, which cannot be realized by other electrodes such as

BDD Anode

1 B, S N

HO,

+e,+H*

BDD Cathode

Beilstein J. Org. Chem. 2022, 18, 1154—-1158.

graphite and Ni. Electrosynthesis is a sustainable, scalable, and
cost-efficient protocol; a specific catalyst is not required, and
reagent waste can be avoided. In addition, the present work
offers new perspectives for an electrosynthetic strategy toward
oxidation reactions of aromatic alkyls.

Experimental
General protocol for electro-conversion of

cumene

Electrolysis was carried out by using an IKA screening system
(IKA, Germany). A solution of cumene (1, 0.12 g, 1.00 mmol)
and supporting electrolyte (0.1 M) in 5 mL solvent was trans-
ferred into the electrolysis cell equipped with electrodes (pur-
chased from IKA, Germany; 0.3 x 1.0 x 7.0 cm; immersed
1.8 cm into solution). A constant current electrolysis was per-
formed at room temperature. After application of the desired
amount of charge, the electrolysis was stopped, and the solvent
was removed in vacuo. The residue was purified by silica gel
column chromatography (CH,Cl,).

Supporting Information

Supporting Information File 1

Characterization data and "H NMR spectra of isolated
compounds 2, 3, 4, and 5.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-119-S1.pdf]
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Figure 2: Proposed reaction mechanism of electro-conversion of cumene (1) into acetophenone (3).
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The involvement of an a,a-cyclopropanated amino acid in the chiral Ni(II) coordination environment in the form of a Schiff base is

considered as a route to electrochemical broadening of the donor—acceptor cyclopropane concept in combination with chirality

induction in the targeted products. A tendency to the reductive ring-opening and the follow-up reaction paths of thus formed radical

anions influenced by substituents in the cyclopropane ring are discussed. Optimization of the reaction conditions opens a route to

the non-proteinogenic amino acid derivatives containing an o—f or f—y double C=C bond in the side chain; the regioselectivity can

be tuned by the addition of Lewis acids. One-pot combination of the reductive ring opening and subsequent addition of thiols

allows obtaining the cysteine derivatives in practical yields and with high stereoselectivity at the removed f-stereocenter.

Introduction

Electrochemistry provides a direct access to highly reactive
species by means of harnessing electrons or electron holes as
reagents [1,2]. This capacity can be efficiently exploited in
organic synthesis for rational construction of complex multi-

functional molecules [3-8].

Recently, we elaborated a versatile electrochemical approach
for the stereoselective functionalization of a side chain of amino

acids involved in the Ni(II) chiral coordination environment

[9-15]. A combination of redox-activity and chirality provided
by the Ni—Schiff base template, supported with the protection
from redox-destruction of the amino acid skeleton, makes the
suggested approach a convenient route to various types of non-
proteinogenic amino acids [9,10,12,13]. Recently, several
practical approaches to a,a-cyclopropanated amino acids
in the form of Ni(II)-Schiff base complexes were suggested
[16-19], including electrochemical ones [15]. Cyclopropane-

containing amino acids are important components of various
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pharmaceuticals [20,21] and bio-additives [22]. Meanwhile, the
cyclopropane fragment not only provides targeted pharmaco-
phoric properties of the bio-active molecule [23] but also opens
a route to its further functionalization, being a building block
with wide variety of reactivity. A donor—acceptor cyclopropane
concept suggested in the 1980s [24] became extremely popular
in the recent decade [25,26]. Donor—acceptor cyclopropanes
constitute an easily available equivalent of all-carbon 1,3-
zwitter-ions used in targeted synthesis of various alicyclic as
well as carbo- or heterocyclic compounds [27-30]. The
reactive synergy of the three-membered ring and the C—C bond
polarization due to donor—acceptor substituents contribute to the
rich chemistry of these compounds. However, strict require-
ments for the nature of substituents somewhat narrow the

applicability of the method.

The electrochemical one-electron opening of a cyclopropane
ring results in the formation of an ion-radical species instead of
zwitter-ions, thus creating preconditions for a different type of

reactivity. Such processes are much less investigated.

The very first example of anodic cyclopropane ring opening
was reported by Shono [31]. This publication sparked interest in
this topic; a number of publications appeared but the reaction
scope was mainly limited to rather simple compounds
containing methyl and phenyl substituents [32-37].

When discussing examples of reductive cyclopropane ring
opening, one should refer to early publications concerning the
carbonyl- and nitro-substituted compounds [38-42]. The prin-
cipal possibility of the process was demonstrated but the syn-

thetic potential of the method was not sufficiently implemented.

Great success of the donor—acceptor cyclopropane concept in
organic synthesis stimulated a renaissance of interest to electro-
chemical ring opening. Quite recently, two publications from
the Werz group appeared concerning anodic activation of
donor—acceptor cyclopropanes followed by their functionaliza-
tion with arenes [43] or yielding oxy-ketones or 1,2-dioxanes
[44]; the latter process was inspired by a previous report of
Buriez [45]. The anodic fluorination of arylcyclopropane deriv-
atives was reported recently [46,47], difluorinated or oxyfluori-
nated products were obtained [47]. Notably, anodic fluorination
of cyclopropane derivatives bearing arylthio groups gives rise to
a variety of possible reaction paths yielding monofluorinated

sulfoxides as well as ring-opened fluorinated products [46].

Thus, recent publications on the topic concern only anodic
opening of a cyclopropane ring followed by further functionali-
zation of the carbon skeleton, demonstrating great synthetic

potential of the process.
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Electrochemical cyclopropane opening followed by stereoselec-
tive functionalization has not been probed as yet. Herein, reduc-
tive three-membered ring opening in the chiral a,a-cyclo-
propanated amino acids involved in the Ni(II)-Schiff base
coordination environment is reported. Follow-up transformat-
ions of thus formed radical anions will be discussed, including
reactions with electrophiles, intramolecular cyclization
and disproportionation process. The synthetic viability
of the approach will be considered. A one-pot multistep
synthetic protocol is suggested, based on addition of thiols
to the mixture of isomeric alkenes formed in an electroreduc-
tive opening of a cyclopropane ring in a,a-cyclopropanated
amino acids yielding the cysteine derivatives in practical yields
and with high stereoselectivity at the removed B-stereocenter.
Thus, the present paper is a further development of the
extended research on electrochemically induced stereoselective
transformations in the Ni(II) coordination environment yielding
structurally and functionally novel types of tailor-made amino
acids.

Results and Discussion

Voltammetry study

As models, a series of Ni(II)-Schiff base complexes containing
a,a-cyclopropanated amino acids was synthesized (see
Figure 1). Complexes 1-3 containing an unsubstituted cyclo-
propane ring (1) or bearing Me (2) and COOMe (3) groups
were obtained using previously reported protocols [15,19].

Complex 4 is new.

Compound 4 was obtained by the reaction of an electrophilic
dehydroalanine complex with a bromomalonate anion
(Scheme 1). The reaction proceeds smoothly at room tempera-
ture giving rise to cyclopropane 4 in excellent diastereoselectiv-
ity (de = 92%) and high yield.

The optical purity of the starting compounds was confirmed by
comparison of the optical rotation data with previously
published values (see Supporting Information File 1). Complex
4 was easily separated from the minor diastereomer by column
chromatography. The structure and purity of (S)-4 was con-
firmed by NMR data, including HMBC, HSQC and COSY 2D
techniques. The assignment of the a-stereocenter as (S) was
based on the NOESY data (see Supporting Information File 1
and Figure 2). The protons of the ester group linked to the
cyclopropane moiety exhibit correlation with the methylene
protons of proline in the NOESY spectrum. Thus, the ester
groups are at the same side of the Ni coordination plane as the
proline methylene groups indicating the (S) configuration of the
a-stereocenter. The large positive value of the specific rotation
([a]p +1770) additionally supports a-(S) configuration since

positive [a]p values are characteristic for the Ni—Schiff base
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Figure 1: Cyclic voltammograms obtained for complexes 1 (black),
2 (blue), 3 (green), 4 (red) (MeCN, 0.05 M BusNBF,4, 100 mV/s, Pt).

complexes of (S)-N-(N-benzylprolyl)aminobenzophenone and
L-amino acids [48].

To choose the most promising candidates for electrochemical
three-membered ring opening, a voltammetric study was per-

formed.

/—;_.,—Ph
‘o, N\ /O (0] H COQMG
/I/i Ni + ><
/X
O0”N N Br co,Me

Scheme 1: Synthesis of complex 4.
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H-12 H-13

Figure 2: Key correlations in the NOESY spectrum of complex (S)-4
and the corresponding characteristic fragment of the spectrum (full
spectrum is given in Supporting Information File 1).

As it has been shown in our previous publications [49-51], the
electrochemical behavior and the orbitals location sites are de-
pendent on the type of the amino acid involved in the Schiff
base complex. The LUMOs of the glycine, alanine, serine and
cysteine derivatives are formed as an antibonding combination
of the Ni d,2.y2 orbital with the group orbitals of the ligands; the
1% orbital of the imine and the 7 orbital of the phenylene frag-
ments are also partially involved. Reduction occurs at similar
potential values and is almost independent on the substituent at
the a-carbon atom in the amino acid fragment. Electrochemical
reduction of complexes containing an unsubstituted cyclo-
propane ring (1) or bearing Me (2) substituents is similar to that
for a-alkyl derivatives: they exhibit reversible one-electron
reduction (the radical anions formed are relatively stable,
at least in the CV time scale) at close potential values
(Eijp=-142V (1), -1.42 V (2) ; for comparison: E|, for
AlaNi = -1.53 V [52] vs Ag/AgCl, KClsy ).

The complexes containing one (3) or two (4) electron-deficient

COOMe groups in the cyclopropane moiety may be expected to

,—Ph

:,,'

_ NaH, PhMe_ /j\ N,
/4\\002Me

cone

4
82%, de = 92%
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be more prone to the ring opening, and the irreversibility of the
cathodic redox process observed in the voltammograms
(Epec = —1.60 V vs Ag/AgCl, KCl(gy for 3 and Ep = -1.50 V
for 4; Figure 1) supported the suggestion. In the reverse anodic
scan, a new oxidation peak (A in Figure 1; EpA =-0.06 V (3),
0.16 V (4) vs Ag/AgCl, KCl(sy,)) can be observed for both com-
plexes 3 and 4 (though in the latter case it is more intensive);
more likely, the peak corresponds to reoxidation of the anionic
species formed after the ring opening. The reduction patterns
for compounds 3 and 4 differ significantly. In the voltammo-
gram corresponding to complex 4 containing two COOMe
groups, two consecutive reduction peaks can be observed. The
more cathodic peak is reversible (E/, = —1.87 V vs Ag/AgCl,
KClsat.)). Analysis of semi-differential curves (see Supporting
Information File 1) indicates that the consumption of electrons
at the first reduction peak is independent on the potential scan
rate. In contrast, the more cathodic peak in semi-differential
voltammogram gradually decreases with the scan rate increase.
Thus, the second peak should be assigned to reduction of the
product of the chemical step following the first reduction

process.

Preparative electrolysis

Based on the voltammetry results, complexes 3 and 4 were
chosen as the models for the preparative study. The electrolysis
was performed in a two-compartment electrochemical cell in
DMEF using a glassy carbon plate as a working electrode and an
iron rod as an auxiliary electrode. The process was carried out
in the potentiostatic mode at a potential of 100 mV more
cathodic than the peak potential value observed in the voltam-
mogram; a charge corresponding to 1 mol equivalent of the
starting complex was passed through the solution. The color of
the solution was gradually changed from deep red to dark
violet, typically for the anionic complexes. The solutions ob-
tained were ESR-silent, indicating formation of the closed-shell
species. The UV—-vis study showed an intensive absorption at
546 nm for 3 and at 519 nm for 4. The significant bathochromic
shift as compared to the deprotonated glycine complex
(Amax = 458 nm [9]) indicates an elongation of the conjugation
chain and formation of the anionic complex which can be
considered as a vinylog of the parent glycine derivative
(Scheme 2)

The anionic species formed in the electrolysis of complex 3 can
be protonated using acetic acid (pK, in DMSO = 12.3 [53]), in
contrast to their counterparts formed from complex 4. In the
latter case, a stronger protonating agent is required, e.g.,
PhNEt,-HCI (pK, in DMSO = 2.45 for PAN*HMe, [53]). The
pK, value of 6 determined in DMSO solution using the UV-vis
method (see Supporting Information File 1 for the details) is

5.1, indicating high stability of the anion.

Beilstein J. Org. Chem. 2022, 18, 1166-1176.

Synthesis of dehydroalanine derivatives 6

The reaction products were isolated by column chromatogra-
phy and analyzed using spectral methods. Both alkene and
hydrogenated complexes are formed in the equimolar ratio, in-
dicating disproportionation of the radical anions formed. The
hydrogenated complexes 7 are of less synthetic value since they
are more easily available than the corresponding substituted
dehydroalanine derivatives. Additionally, the latter are of
interest due to bioactivity [54,55]. To increase the yield of the
alkene complexes, the addition of an external “H-abstractor”
may be helpful, to suppress disproportionation. A possible
candidate may be a reduced radical form of azobenzene. Indeed,
the preparative electrolysis performed in the presence of the
equimolar PhyN, additive changed the relative ratio of alkene to
hydrogenated derivatives in favor of the former one (see
Table 1).

As follows from Table 1, the azobenzene additive allows
increasing the yield of the alkene complexes up to 85%
suppressing formation of the hydrogenated complexes. Spectral
NMR analysis of the reaction mixture showed that two isomeric
alkenes (containing the a-f or B-y double bond) are formed. In
the isomers, two protons of the amino acid side chain create an
AB system; in the o-f isomer, both protons show correlations in
the HMBC spectrum with the C atoms of the COOMe groups,
whereas in the B-y isomer, only one H correlates with the
COOMe and the other H atom correlates with the Schiff and
carboxylic carbons (see Figure 3 and Supporting Information
File 1).

The experimental ratio of the isomeric alkenes (1.5:1) is close
to the calculated value predicted from their relative thermo-
dynamic stability (1.3:1, see Supporting Information File 1).
Notably, the coordination to the Lewis acid increases the regio-
selectivity of protonation in the allylic anions formed in the
electrolysis. Thus, using LiCl as a supporting electrolyte in-
creases the ratio to 5:1. An even more pronounced effect can be
achieved if the electrolysis is performed in the undivided cell
equipped with a Zn or Mg anode. In this case, the anodically
generated ZnZt or MgZ* worked as Lewis acid and the isomeric
o-f and B-y alkene complexes are formed in 54:1 ratio (though
the total yield is decreased to 50%).

In case of complex 3, the isolated yield of the alkene complex
was low (20%); the PhyN, additive gives only insignificant
increase (27%). Analysis of the values of spin coupling con-
stants (see Supporting Information File 1 for the details) testi-
fies in favor of the B-y isomer selective formation. The domi-
nant reaction product formed in the reductive opening of the
cyclopropane ring in complex 3 was new derivative 5 contain-

ing a five-membered ring (see below and Scheme 2).
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no additives (method A)

or
/ Wz’ as H-abstractor (method B)

6 (R,R'=CO,Me; E = H) 40%, method A
R 85%, method B
8 (R=COyMe; R'=H; E=H) 20%, method A
9 (R=COy;Me; R'=H; E=Me) 42%, method A

7 (R,R' = CO,Me)
40%, method A
10%, method B

R,R' = CO,Me; E = H

Nu = TolS, 10 (64%)
PhS, 11 (88%)
BnS, 12 (63%)

Scheme 2: Reductive three-membered ring-opening and follow-up chemical steps.

Table 1: Yields of the alkene complexes 6 and the hydrogenated derivative are dependent on the electrolysis conditions used for the ring opening in
complex 4 (8 mM) (GC, DMF, 0.09 M BugNBF4 or 0.8 M LiCl).

conditions alkene complexes 6 hydrogenated
derivative 7 yield, %

supporting electrolyte, additives WE potential charge / cell type yield, %  o-B/B-y

1 mol of 4 isomers

ratio

BusNBF4 -1.7V 1F divided 40 1.5:1 40
BugNBF4, PhoNo (1 equiv) -15V 2F divided 85 1.5:1 10
BusNBF4, PhoNo (1.5 equiv) -15V 25F divided 85 1.5:1 10
LiCl -1.4V 1F divided 40 5:1 40
BusNBF4 electrogenerated (galvanostatic 8F undivided 50 54:1 12
Zn?* or Mg2* regime)
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Figure 3: Correlations in the HMBC spectra of 6a and 6b and spin coupling constants in the 'TH NMR spectrum of 8.

Intramolecular cyclization

The anionic species formed in the ring opening in complex 3
undergo fast intramolecular cyclization via the nucleophilic
attack at the imine fragment yielding new complex §
(Scheme 3), which was isolated in the form of two diastereo-
mers in a total yield of 37%, indicating that this reaction route
dominates. The compounds were characterized with NMR (2D
technique, see Supporting Information File 1). Notably, inser-
tion of the second COOR group in the starting cyclopropane
complex 4 completely suppresses this reaction channel: intra-
molecular cyclization of the anions formed in the reductive
cleavage of the three-membered ring was not observed. This
may be attributed to the decreased nucleophilicity as well as to
steric reasons.

Reaction with electrophiles

Anions formed in the reductive ring opening in complex 4 are
stable enough: they survive even in the presence of acetic acid
and do not react with electrophiles (CH3l, benzaldehyde). In
contrast, addition of external electrophiles in the reaction mix-
ture obtained in the electrolysis of 3 launches an additional
reaction path, along with intramolecular cyclization described
above. Thus, addition of CH3l results in the formation of
y-methylated alkene complex 9 in the form of two diastereo-
mers (5:1) in 42% yield.

The results obtained clearly indicate that follow-up functionali-

zation of the anions formed after the ring opening with electro-

. ,-Ph . ~Ph
N 0.0 RN 00
Ni te Ni S
VAR wH — VAR
0“ >N N 0“>N NT* CO,Me
CO,Me
Ph Ph

philes (except H") has low synthetic value due to multiple
competing reaction channels observed in case of 3 and de-
creased nucleophilicity of 4. Consequently, it seems reasonable
to focus on the one-pot nucleophilic functionalization of the
double bond of the dehydroalanine derivatives formed after the
reductive ring opening and subsequent protonation. Such an ap-
proach opens a route to double functionalization of the amino
acids side chain. Insertion of the sulfur-containing fragments is
of special interest due to the bioactivity of such compounds
[56,57]; thus, elaboration of new synthetic protocols to these
multifunctional molecules is a topical problem.

Complex 4 was subjected to reductive ring opening at a poten-
tial of —1.5 V (Ag/AgCl, KCl4,,)) in the presence of an
equimolar amount of azobenzene as described above (two-com-
partment cell, DMF, BuyNBF,, a glassy carbon WE, an iron
wire as a CE). After 2 F/mol amount of electricity passed and
subsequent protonation with PhNEt,-HCI, aryl- or benzylthiol
was added. The reaction mixture was kept overnight and then
the products were isolated using column chromatography and
analyzed using spectral methods. The results obtained are given
in Table 2 and Scheme 4.

The synthetic procedure was tested on three thiols, of both aro-
matic and aliphatic types. The first experiment with p-tolylthiol
gave the targeted cysteine derivative in practical 64% isolated
yield, along with some amount of the alkene complex (see

Scheme 4). In an attempt to increase the yield of the cysteine

Ph Ph
v v
w, N 0.0 “, N 0.0
.. N B v, N/
LT e L
j— / —_— /N, o
O O” N N
Ph CO,Me Ph CO,Me

Scheme 3: Electrochemically induced ring-opening followed by intramolecular cyclization.
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F
0
\Ni/ I/CQ)OMe
/
N7 X8 CcooMe

Ph PhNEt,-HCI (2 equiv)

— PhNEt,
+ — Ph-NH-NH-Ph

© coome
COOMe R =Tol, 10 (54%)
Bn, 12 (63%)

(RR)

kinetically controlled product

0.__0

\ /¢ COOMe

Ni o § R = Tol, 10 (64%)
N Ph, 11 (88%)
Bn, 12 (63%)

N~ > cooMe

éR (R,S)

thermodinamically controlled product

Table 2: Yield and diastereomeric ratio of the cysteine derivatives obtained in a one-pot electrochemical reduction (method B: -1.5 V (Ag/AgCl,
KCl(sat,)), 4 (8 mM), PhoN2 (8 mM), 2F/mol, DMF) of complex 4 with subsequent thiol addition (PhNEt2-HCI (2 equiv); RSH (1 or 2 equiv), 24 h, rt).

RSH RSH (equiv) (R,S):(R,R) dr yield, % additive complex
1 TolSH 1 10:1 64 - 10
2 TolSH 2 1:5 54 - 10
3 TolSH 2 10:1 64 + 1 equiv EtzN 10
4 PhSH 2 12:1 88 + 1 equiv EtzN 1
5 BnSH 2 1:2.6 64 - 12
6 BnSH 2 pure (R,S)-isomer 428 + 1 equiv EtgN 12
a72 h, 40 °C.

derivatives, the amount of the thiol was doubled. Unexpectedly,
this resulted in the inversion of the diastereomeric ratio (entry 2
in Table 2). To find a reason, the experiment was repeated
in the presence of an additional base (1 mol equivalent of
Et3N); the result was identical to that previously obtained
for the equimolar 4:p-tolylthiol mixture (compare entries
1 and 3 in Table 2). Thus, it seems reasonable to suggest

that a base may induce epimerization of the product yielding the

most thermodynamically stable cysteine derivative [58]. The
suggestion was proven by the control experiment. An equimolar
mixture of the diastereomeric cysteine complexes 10 were dis-
solved in DMF containing Et3N and TolSH (1:1) and left
overnight at room temperature under argon. As a result, the
(R,S):(R,R) diastereomeric ratio was changed from 1:1 to 13:1
in favor of the thermodynamically more stable (R,S) diastereo-
mer.
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The experiment with thiophenol performed under the same
reaction conditions (a two-fold excess of thiol and the Et3N ad-
ditive) gave the cysteine derivatives in 88% yield and with 12:1
diastereoselectivity; again, the (R,S) diastereomer was the domi-
nant (entry 4, Table 2), in line with the previous results with
tolylthiol.

In case of an aliphatic thiol (benzylthiol), the results were quali-
tatively similar. The diastereomeric ratio is inverted in favor of
the kinetically controlled product when no Et3N is added into
the solution (entry 5, Table 2). In contrast, pure (R,S) diastereo-
mer was obtained when the solution containing 1 mol equiv of
Et;N was kept for 72 h under slight heating (40 °C, entry 6);
though in the expense of the yields decrease (a significant
amount of the alkene (48% instead of 20% detected in entry 5)

was also isolated from the reaction mixture).

Thus, the experiments indicated that the one-pot multistep
experimentally simple procedure allows achieving high stereo-
selectivity at the removed f-stereocenter, what is not an
easy task. In all cases, the targeted cysteine derivatives
were isolated in practical yields. It should be noted that there is
no need to separate the isomeric alkene complexes formed after
the cyclopropane ring opening, they can be involved in the
follow-up reaction with nucleophiles in the form of a mixture.
This simplifies the synthetic procedure; the multistep process
can be performed in an electrochemical cell, with the potential
switching off prior to the addition of nucleophiles (thiols in our
case).

Complexes 10—12 were obtained as pure diastereomers (a set of
signals corresponding to the individual compound is present in
the 'H NMR spectrum in each case). Assigning of the relative
configurations of newly formed a- and B-stereocenters in
cysteine derivatives discussed above was performed using the
NOESY spectra. It is illustrated in Figure 4 taking complex 10
as an example. A correlation between protons of the tolyl sub-
stituent in the side chain of the amino acid moiety and H-12 and
H-13 protons of the proline methylene group is observed in the
NOESY spectrum (Figure 4). Hence, the amino acid side chain
and the proline methylenes are at the same side of the Ni coor-
dination plane allowing to assign the configuration to the
a-stereocenter as (R) in both thermodynamically and kinetically
controlled isomers of 10. The configurations of the B-stereo-
center in the obtained diastereomers of 10 are different, as
follows from the different correlations of the ortho-phenyl
protons of the benzophenone moiety observed in the NOESY
spectra of the diastereomers. The ortho-phenyl proton exhibits
correlation with the B-H in case of the thermodynamically con-
trolled isomer, whereas correlation with the ester methyl group

is observed in the spectrum of the kinetically controlled isomer.
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This allows to unambiguously assign the relative configura-

tions for these compounds (Figure 4).

Large positive values of specific rotation for both diastereo-
mers of complexes 10-12 (see Supporting Information File 1)
additionally support the a-(R) configuration. It was shown that
positive values of [a]p are inherent to the Ni—Schiff base
complexes of (S)-N-(N-benzylprolyl)aminobenzophenone and

L-amino acids (i.e., (R)-cysteine derivatives) [48].

Conclusion

Electroreductive opening of a cyclopropane ring in a,a-cyclo-
propanated amino acids in the form of Ni(II)-Schiff base com-
plexes was studied. Preliminary voltammetry testing allowed to
choose the most promising candidates for the preparative syn-
thesis. The bulk electrolysis showed that substituents in the
cyclopropane ring not only affect its tendency to the ring-
opening, but also determine the follow-up reaction paths of thus
formed radical anions. Possible reaction paths include dispro-
portionation reaction yielding a mixture of alkenes and the cor-
responding hydrogenated derivatives, intramolecular cycliza-
tion and reaction with external electrophiles. Optimization of
the reaction conditions opens a route to amino acid derivatives
containing the a-f or -y double C=C bond in the side chain;
the regioselectivity can be tuned by the addition of Lewis acids.
This type of non-proteinogenic amino acid derivatives is not

easily available but strongly required due to their bioactivity.

One-pot nucleophilic in situ functionalization of the double
bond of dehydroalanine derivatives formed after the reductive
ring opening and subsequent protonation opens a route to
double functionalization of the amino acids side chain. Thus,
addition of thiols to the mixture of alkenes formed in reductive
opening of a cyclopropane ring in a,a-cyclopropanated amino
acids allows obtaining the cysteine derivatives in practical
yields and with high stereoselectivity at the removed f-stereo-
center. The developed one-pot multistep procedure highlights
new perspectives provided by combination of electrochemical-
ly broaden DA-cyclopropane concept and chirality induction

within a metal coordination sphere.

Notably, the Ni template is an important component of the reac-
tion. It is responsible for chirality induction and facilitates the
cyclopropane ring opening, significantly decreasing the reduc-
tion potential value. It stabilizes the anion formed and serves as
a directing group. Thus, the Ni-Schiff base platform creates an
optimal balance between the covalent binding with the sub-
strate (which does not “kill” its reactivity but precludes its
redox destruction) with non-covalent interactions in the metal
chiral coordination environment governing the reaction’s

stereocontrol.
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Figure 4: Characteristic correlations in the NOESY spectra of diastereomeric complexes 10 and the corresponding characteristic fragments of the
spectra (full spectra are given in Supporting Information File 1); (R,S)-isomer (left) and (R,R)-isomer (right).
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The electrochemical preparation of 2-aminothiazoles has been achieved by the reaction of active methylene ketones with thioureas

assisted by prL-alanine using NHyI as a redox mediator. The electrochemical protocol proceeds in an undivided cell equipped with

graphite plate electrodes under constant current conditions. Various active methylene ketones, including B-keto ester, f-keto amide,

B-keto nitrile, f-keto sulfone and 1,3-diketones, can be converted to the corresponding 2-aminothiazoles. Mechanistically, the in

situ generated a-iodoketone was proposed to be the key active species.

Introduction

Thiazoles are prevalent structural motifs in a wide range of
natural products [1] and synthetic molecules possessing various
pharmaceutical activities such as antimicrobial [2,3], antiviral
[4], antitumor [5,6], anti-inflammatory [7,8] and so on. More-
over, as a type of important intermediates, thiazole is of prime
importance in organic synthesis [9,10] which is used extensive-
ly in the preparation of flavors [11], polymers [12], dyes [13],
etc. These important features of thiazoles have driven intense
interests in their facile synthesis [14-17]. Among various syn-

thetic routes to the thiazole unit, the Hantzsch condensation of

a-halo ketones (dielectrophiles) with various thioureas (di-
nucleophiles) should be the most well-known method
(Scheme 1a) [18]. Since active methylene ketones are able to be
in situ a-halogenated, the modified Hantzsch condensation of
active methylene ketones with thioureas has attracted increas-
ing attention in thiazoles’ synthesis, thereby saving costs and
time needed to prepare the required a-halogenated dielec-
trophiles. Along this line, in situ a-halogenation strategies have
been developed, using various halogenating reagents including
Br;, [19,20], I [21,22], NBS [23-25], tribromoisocyanuric acid
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[26], 1,3-dichloro-5,5-dimethylhydantoin [27], HBr or HI,
DMSO [28] etc. (Scheme 1b). Alternatively, the oxidation of
a-C-H of active methylene ketones generate a-carbon-centered
radicals, thus providing another way to obtain thiazoles.
Recently, Sun et al. reported a fert-butyl hydroperoxide/azodi-
isobutyronitrile-mediated synthesis of 2-aminothiazoles from
active methylene ketones and thiourea via an oxidative cycliza-
tion initiated by a radical process and a following condensation
reaction (Scheme 1c) [29]. Although these methods are prac-
tical, most of these strategies require stoichiometric or excess
amounts of halogenating reagents or oxidants, which are toxic,
hazardous and would lead to a large quantity of waste. Consid-
ering the importance of thiazoles in synthetic and medicinal
chemistry, the development of greener and more atom
economic processes for the thiazole synthesis has become
increasingly necessary with growing awareness of environ-

mental constraints.

Organic electrosynthesis has been recognized as a green,
modern, and safe technique, since electrons can be used as an
alternative for oxidants or reductants [30-38]. During our con-
tinuous interests in halide-mediated indirect electrolysis [39-
42], we have achieved the in situ generation of a-iodocarbonyl
ketones from constant current electrolysis (CCE) of ketones in
the presence of iodide ions. It is worth noting that we have also
reported an electrochemical method for the synthesis of
2-aminothiazoles via the one-pot direct a-C—H functionaliza-
tion of ketones with thioureas [42]. However, the reported
method only tolerates aromatic and aliphatic ketones; the active
methylene ketones were not suitable. Given that amino acids

Beilstein J. Org. Chem. 2022, 18, 1249-1255.

have been reported to work as green organocatalysts for the
synthesis of 2-aminothiazole heterocycles [43,44]. We herein
report a bL-alanine-assisted one-pot electrochemical synthesis
of 2-aminothiazoles from active methylene ketones and
thioureas mediated by NHyI (Scheme 1d). This electrochemical
method features external-oxidant-free conditions and avoids the
prefunctionalization of the substrates.

Results and Discussion

To demonstrate the feasibility of our idea, ethyl acetoacetate
(1a) and thiourea (2a) were chosen as model substrates for the
optimization of reaction conditions. Based on our previous
studies on the halide-mediated a-C—H functionalization of car-
bonyl compounds [32-35], graphite was chosen as the working
electrode rather than exploring other options. As shown in
Table 1, when the electrolysis of 1a with 2a was performed in
aqueous DMSO at a constant current of 5 mA/cm? using NHyI
as the mediator, LiClOy4 as electrolyte and asparagine as addi-
tive in an undivided cell, the desired product 3a was isolated in
51% after passing 6 F/mol of charge (Table 1, entry 1). The
yield of 3a decreased obviously when the ratio of 1a to 2a
changed from 2:1 to 1:1 or 1:2 (Table 1, entries 2 and 3). Subse-
quent solvent screening disclosed that aqueous DMSO was the
optimal solvent and lower yields were obtained in other sol-
vents, such as aqueous DMF, aqueous MeCN or aqueous EtOH
(Table 1, entries 4—-6). Owing to the tedious workup process in
using a large amount of DMSO as solvent, we decided to
increase the proportion of HyO and disclosed that the yield of
3a improved from 52% to 61% when the ratio of DMSO to
H,O changed from 2:1 to 1:14 (Table 1, entry 7). When the

— c¢) previous works: in situ radical generation

— a) traditional method: LG in substrate b) previous works: in situ LG generation —
O Hantzsch
thiazoles <— R1“\(EWG reaction thioureas modified Hantzsch reaction thiazoles
LG +
r-——=-"=-"==-=-=-= h
0 I
0 I
! EWG !
1
R1K/EWG \ R ‘\( :
I LG !
Fmmmm—————— N | _____ !
| |
| O | +
. ] ! : S, .
thiazoles = ~———— thioureas thiazoles
'az ! R#K./EWG | TBHP/AIBN x e
[ ! 2
e e e e e I

d) this work: in situ LG generation

Scheme 1: Methods for the synthesis of thiazoles using active methylene ketones as starting materials.
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Table 1: Optimization of the reaction conditions@.

O O S
+

Ao A N,

1a 2a
Entry 1a:2a Mediator Solvent (15 mL)
1 2:1 NHy4l DMSO/H.0 (2:1)
2 1:1 NHy4l DMSO/H.0 (2:1)
3 1:2 NHy4l DMSO/H.0 (2:1)
4 2:1 NHy4l DMF/H50 (2:1)
5 2:1 NHy4l MeCN/H»0 (2:1)
6 2:1 NHy4l EtOH/H,0 (2:1)
7 2:1 NHy4l DMSO/H50 (1:14)

8 2:1 NHy4l H-0
9 2:1 NHy4l DMSO/H50 (1:14)
10 2:1 NHy4l DMSO/H50 (1:14)
11 2:1 NHy4l DMSO/H50 (1:14)
12 2:1 NHy4l DMSO/H50 (1:14)
13 2:1 NHy4l DMSO/H50 (1:14)
14 2:1 NHy4l DMSO/H50 (1:14)
15¢ 2:1 NHy4l DMSO/H50 (1:14)
16d 2:1 NHy4l DMSO/H50 (1:14)
17 2:1 NHy4l DMSO/H50 (1:14)
18 2:1 NHy4l DMSO/H50 (1:14)
19 2:1 NH4CI DMSO/H50 (1:14)
20 2:1 NH4Br DMSO/H,0 (1:14)
21 2:1 Et4NI DMSO/H50 (1:14)
22 2:1 BugNI DMSO/H50 (1:14)
23 2:1 Nal DMSO/H,0 (1:14)
248 2:1 NHy4l DMSO/H50 (1:14)
25 2:1 NHg4l DMSO/H20 (1:14)

Beilstein J. Org. Chem. 2022, 18, 1249-1255.

medlator
" undivided cell WI)\NHz
5 mA/cm?

Additive T[°C] F [mol] Yield [%]°
asparagine 70 6 51
asparagine 70 6 17
asparagine 70 6 15
asparagine 70 6 41
asparagine 70 6 33
asparagine 70 6 46
asparagine 70 6 61
asparagine 70 6 51

L-phenylalanine 70 6 60
L-aspartic acid 70 6 62

L-allysine 70 6 60
pL-alanine 70 6 65
pL-alanine 50 6 65
pL-alanine 30 6 75
pL-alanine 30 6 65
pL-alanine 30 6 73
pL-alanine 30 4 66
pL-alanine 30 8 75
pL-alanine 30 6 35
pL-alanine 30 6 55
pL-alanine 30 6 64
pL-alanine 30 6 59
pL-alanine 30 6 72
pL-alanine 30 6 73
pL-alanine 30 6 70

@Reaction conditions: ethyl acetoacetate (1a, 2 mmol), thiourea (2a, 1 mmol), NH4l (1 mmol), acid (1 mmol), LiCIO4 (0.5 mmol), DMSO/H20 (v/v),
undivided cell, graphite plate anode and cathode, 5 mA/cm2. Plsolated yield. °4 mA/cm?2. 96 mA/cm2. @NHyl (0.1 mmol). fWithout LiCIO,.

reaction was performed in H,O, 3a was obtained in 51% yield
(Table 1, entry 8). It was observed that the additive plays an im-

portant role, among which pr-alanine was proved to be the best,

although asparagine, L-phenylalanine, rL-aspartic acid and
L-allysine also gave comparable yields of 3a (Table 1, entries
9-12). It is interesting to note that 3a was achieved in higher
yields (75%) when the temperature decreased from 70 °C
to 30 °C (Table 1, entry 14). The effect of current density
was also examined. It was found that a slightly lower yield
of 3a was produced when 4 mA/cm? (Table 1, entry 15)
or 6 mA/cm? (Table 1,
optimal 5 mA/cm?2. In addition, 6 F/mol of charge was prefer-

entry 16) was used instead of the

able because less yield of 3a was obtained when 4 F/mol
(Table 1, entry 17) and 8 F/mol (Table 1, entry 18) charge were
consumed.

Next, the effect of halide-based mediators on the reaction was
examined. When NH4Cl or NH4Br was used as the mediator,
the yield of 3a decreased to 35% (Table 1, entry 19) and 55%
(Table 1, entry 20), respectively. Slightly lower yields of 3a
were obtained when the mediator NH4I was replaced by Et4NI,
BuyNI or Nal (Table 1, entries 21-23). Interestingly, almost
same yield of 3a was isolated when the amount of NHyl was
reduced to 0.1 mmol (Table 1, entry 24). In addition, without
conductive salt (LiClOy4) the electrochemical reaction also
proceeded smoothly with a comparable yield (Table 1, entry
25).

Based on the results mentioned above, the optimal reaction

conditions are as follows: constant current electrolysis was per-

formed in an undivided cell equipped with a graphite plate as
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working electrode and counter electrode, using 0.1 mmol of
NHyI as the mediator and DMSO/H,0O (1 mL + 14 mL) as the

solvent in the presence of pL-alanine (Table 1, entry 24).

Beilstein J. Org. Chem. 2022, 18, 1249-1255.

Under the optimized reaction conditions (entry 24, Table 1), the
scope of the electrochemical reaction was studied using a series

of active methylene ketones (Scheme 2). Various linear and

0 3 NH,], DL-alani R
41, DL-alanine N
+ J\ _R2 I 2
R1”\/EWG HoN H DMSO + H,0 EWG S»\N'R
CCE, undivided cell H
1 2 3a-3cc
N N N N
EO_ [ W MeO, [/ W _ ruO U N o 3N
s~ "NH, s~ "NH, s~ "NHy s~ "NH;
0 o] o)
3a, 75% 3b, 80% 3¢, 51% 3d, 30%
Et n-Pr.
=-0_ [ S\ o_ [ E\ Eo. J N eo. J \
Bn~
S NH2 S NH, S)\NHZ S)\NHZ
o) o}
3e, 78% 3, 52% 3g, 65% 3h, 61%
iPr. n-Bu t-Bu
Eto, // g\ Eto. // S\ Etow/z— E\ N
NH NH NH Eto_ [/
S 2 S 2 S 2 s/kNHz
3i, 58% 3j, 41% 3k, 24% O 31,33%:2
Ph 4-Me-Ph 4-MeO-Ph 3-MeO-Ph
Et0. [/ 'I‘ Et0. // ':' Et0.  // 'I' Et0. [/ '3
S)\NHQ S)\NHZ s)\NHz S)\NHQ
o o) o} o)
3m, 52%?2 3n, 41%?2 30, 18%?2 3p, 53%?2
2-MeO-Ph 4-F-Ph 4-CI-Ph 4-Br-Ph
Et0.  // ':l Et0,  // '(l Eto.  // '1‘ Et0.  // ’:‘
S)\NHQ S)\NHz S)\NHz S)\NHZ
o) o}
3q, 17%?2 3r, 30%2 3s, 40%2 3t, 19%2
4-NO,-Ph <
? ) N O £t NWIN e N
EtO N N 2 P /i
NH Eto_ /] NH; I\
S 2 . )\NH2 z S NC S)\NHZ
o}
3u, 53%?2 3v, 23%2 3w, 24%?2 3x, 48%2
Ph Ph
N N
2 I m L N
A\ \ \ \
PhS) &, &Nk, &~ NH,
o) o) o}
3y, 22%2 3z, 4%° 3aa, 25%?
N N N
Eo_ /N EtO W~ / N
S S ﬁ S
3bb, 77% 3cc, 44% 3dd, 0%

Scheme 2: Substrate scope. Reaction conditions: 1 (2 mmol), 2 (1 mmol), NHy4l (0.1 mmol), pL-alanine (1 mmol), LiClO4 (0.5 mmol) in DMSO 1 mL +
Ho0 14 mL, undivided cell, graphite plate anode and cathode, 30 °C, 5 mA/cm?, 6 F/mol; isolated yields are given. 28 F/mol.
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branched alkyl acetoacetates including methyl, ethyl, zerz-butyl,
and amyl reacted smoothly with thiourea 2a under the opti-
mized conditions, giving the corresponding products in 30-80%
yields (3a—d). In addition, allyl and benzyl acetoacetate were
also suitable substrates to give the desired 2-aminothiazoles 3e
and 3f in 78% and 52% yields, respectively. f-ketoesters con-
taining ethyl, n-propyl, isopropyl, n-butyl, tert-butyl and cyclo-
hexyl moieties were also compatible with the optimized condi-
tions, providing the corresponding 2-aminothiazoles in 24% to
65% yields (3g-1).

As shown in Scheme 2, when the R! group changed from alkyl
to aryl, the target products could also be obtained. For example,
ethyl 3-oxo-3-phenylpropanoate and ethyl 3-oxo0-3-(p-
tolyl)propanoate afforded the corresponding 2-aminothiazoles
3m and 3n in 52% and 41% isolated yields under the standard
conditions. When an electron-donating methoxy substituent was
introduced to the ortho-, meta-, or para-position of the phenyl
moiety, the corresponding 2-aminothiazoles, 30—q, were given
in 17-53% yields. With electron-withdrawing groups (F, Cl, Br,
NO,), the desired products 3r—u were obtained in moderate
yields. Other heteroaryl ketones, ethyl 3-(furan-2-yl)-3-
oxopropanoate (1v) reacted with thiourea to give 3v in 23%
yield. In addition to B-keto esters, other active methylene deriv-
atives, including B-ketoamide, -keto nitrile and B-keto sulfone
were also suitable coupling partners with relatively lower yields

(3w-y) and most of the starting materials were recovered. The

+
MOEt H2N NH2
1a 2a
28 mmol, 3.64 g 14 mmol, 1.05 g
Scheme 3: Up-scaling experiment.
) O O JSJ\
a +
Mo/\ HaN" “NH,
1a, 2 mmol 2a, 1 mmol
O O JSJ\
b)
A ‘\Hj\o/\ * H,NTONH,
|
4a, 1 mmol 2a, 1 mmol

Scheme 4: Control experiments.
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method could also be applied to 1,3-diones. For example, in the
cases of 1,3-diphenylpropane-1,3-dione and acetoacetone, the
corresponding products 3z and 3aa were given in 4% and 25%

yields, respectively.

Different N-substituted thioureas were also screened for the
electrochemical reactions. N-methylthiourea and N-(2-phenyl-
ethyl)thiourea reacted smoothly with ethyl acetoacetate 1a
under the optimized conditions, providing the corresponding
2-aminothiazoles, 3bb and 3cc, in 77% and 44% yields, respec-
tively. It is regretful that thioacetamide is not the best suitable
partner due to its low reactivity under the optimized conditions.

To demonstrate the practicability of the reaction, a scale-up
reaction of ethyl acetoacetate (1a, 28 mmol, 3.64 g) and thio-
urea (2a,14 mmol, 1.05 g) was carried out under the optimized
conditions to give 3a in 50% yield (Scheme 3).

In order to better understand the iodide-mediated reaction
mechanism and to determine the possible active intermediates
involved, several control experiments were carried out. As
shown in Scheme 4, when molecular iodine was employed as
oxidant, the desired product 3a was obtained in a 67% yield
under otherwise identical conditions (Scheme 4a), but without
passing electricity. Therefore, the in situ-generated I, was one
of the active species. Further investigation revealed that the

condensation of ethyl 2-iodo-3-oxobutanoate (4a) with thiourea

standard conditions Etow/z»&
s~ "NH;
O
3a

isolated yield: 50%

l5 (1 mmol)

DL-Ala (Tmmol) )y S\
DMSO + H,0 s” "NH;
30°C,8h ¢

3a,67%

DL-Ala (Tmmol) g 7 g\

DMSO + H,0 s~ "NH;
30°C,8h o)
3a, 70%
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2a could give the target product 3a in 70% yield (Scheme 4b).
Therefore, the in situ-generated ethyl 2-iodo-3-oxobutanoate

(4a) should be a key intermediate for this tandem reaction.

On the basis of the above mechanistic studies and the previous
works on iodide-mediated electrochemical transformation [37-
40], a possible mechanism for this electrochemical reaction was
proposed (Scheme 5). It is well known that amino acid can act
as a bi-functional organocatalyst due to the existence of both
Lewis base (NH,) and Brgnsted acidic (COOH) sites. In the
suggested mechanism, the carboxy group may polarize the car-
bonyl group of the active methylene ketone and the amino
group as a Lewis base serves the formation of enolate to
produce a-iodo ketone with the molecular I, produced by
anodic oxidation. Subsequently, the nucleophilic substitution
between intermediate 4 and thiourea tautomer gives a-sulfur
substituted ketone 5. Intermediate S5 undergoes intramolecular
nucleophilic addition to the carbonyl group and followed by
dehydration to give the heterocyclic product 3. At the cathode,

protons are reduced to release Hj.

Conclusion

In conclusion, we have developed a one-pot electrochemical
strategy for the synthesis of 2-amniothiazoles by the reaction of
active methylene ketones with thioureas. The electrochemical
synthesis was performed in an undivided cell with NHyI as the
mediator and cheap graphite plate as the working electrode.
Various active methylene ketones, including f-keto ester,
B-keto amide, B-keto nitrile, B-keto sulfone and 1,3-diones
proved to be compatible with the protocol. Since external
oxidants and prefunctionalization of substrates are avoided, the
present electrochemical protocol represents an appealing alter-

native for the synthesis of 2-aminothiazoles. Gram-scale synthe-

>:

0
I _ewe

anode

R1
N
/\ R2
EWGl;)\N
H 3
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sis also highlighted the synthetic practicability of this electro-
chemical strategy. Mechanistically, the in situ-generated
a-iodoketone was proposed to be a key active species. Further

application of this method is underway in our laboratory.
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Abstract

Microelectrode arrays are powerful tools for monitoring binding interactions between small molecules and biological targets. In
most cases, molecules to be studied using such devices are attached directly to the electrodes in the array. Strategies are in place for
calibrating signaling studies utilizing the modified electrodes so that they can be quantified relative to a positive control. In this
way, the relative binding constants for multiple ligands for a receptor can potentially be determined in the same experiment. How-
ever, there are applications of microelectrode arrays that require stable, tunable, and chemically inert surfaces on the electrodes. The
use of those surfaces dictate the use of indirect detection methods that are dependent on the nature of the stable surface used and the
amount of the binding partner that is placed on the surface. If one wants to do a quantitative study of binding events that involve
molecules on such a stable surface, then once again a method for calibrating the signal from a positive control is needed. Fortu-
nately, the electrodes in an array are excellent handles for conducting synthetic reactions on the surface of an array, and those reac-
tions can be used to tune the surface above the electrodes and calibrate the signal from a positive control. Here, we describe how
available Cu-based electrosynthetic reactions can be used to calibrate electrochemical signals on a polymer-coated electrode array

and delineate the factors to be considered when choosing a polymer surface for such a study.

Introduction
Microelectrode arrays composed of collections of electrodes  molecules [1-8]. In these efforts, molecules are either placed or
that can each be individually addressed are powerful platforms  synthesized by specific, selected electrodes in the array, and

for monitoring interactions between a protein target and small  then the associated electrodes are used to monitor any subse-
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quent binding events involving those molecules [8,9]. The
method frequently relies on the chemistry used to place or
synthesize the molecules by the surface of the electrodes in the
array because it is the nature of those molecules that defines the
biological interactions that can be studied [10,11]. As discussed
below, such efforts need to not only control the selectivity of
the reactions for specific, predetermined sites on the array, but
also control the surface concentration of the molecules placed at

those sites.

In the majority of such studies, the molecules to be added to the
electrodes in an array are attached directly to the array either
through the use of a self-assembled monolayer or direct functio-
nalization of a carbon electrode [12,13]. Following the synthe-
tic chemistry used to place molecules on a microelectrode array,
binding events on the surface of the array are typically moni-
tored by using the electrodes in the array to measure current
changes that are caused by that event. The method is ideal in
that it allows for the "real-time" detection of the binding event.
In many cases, these measurements are made using an elec-
troactive group that is incorporated into, or found naturally in,
either the molecule placed on the surface of the electrodes or in
the protein target. The binding event changes the distance be-
tween this electroactive group and the associated electrodes re-
sulting in a change in the ability of the electrode to either
oxidize or reduce the group. This causes a change in the current
measured for the redox reaction [14]. Alternatively, the binding
event can be detected with an indirect, impedance-based
method. This method works by inserting a functionalized elec-
trode into a solution containing a redox mediator. The mediator
is oxidized at the electrodes in the array and reduced at a remote
counter electrode. This results in a current that can be measured
at each electrode in the array. The protein target is then added to
the solution above the array, and when it binds one of the mole-
cules fixed to the surface of a set of electrodes in the array it
causes a change in the current to be measured at those elec-
trodes. This change in current can be recorded and the binding
event monitored. By varying the concentration of the protein in
solution and recording the corresponding change in current, a

binding curve for the interaction can be generated.

While this approach can be very effective, it has limitations. We
are interested in using microelectrode arrays to guide synthetic
efforts to build molecular probes for protein active sites. For ex-
ample, consider a pair of molecules (Figure 1) that selectively
inhibit the Gq-signaling pathway in cells [15,16]. The mole-
cules are complex cyclic peptides, and the construction of
analogs of the molecules to probe the basis of their activity is a
significant challenge. In an ideal situation, the design and syn-
thesis of those analogs would be informed by biological data

that was gathered iteratively with the synthetic efforts. That

Beilstein J. Org. Chem. 2022, 18, 1488-1498.

scenario requires each new analog synthesized to be rapidly and
accurately evaluated for activity. Microelectrode arrays that can
be used to quickly gather real-time data on binding events
appear ideal for such an iterative study. However, to use a
microelectrode array in this fashion requires that the molecules
being synthesized be added to the surface of an array as they
become available, and then the growing library analyzed in a
manner that allows the relative binding of the new analog to be

compared to previous analogs and the natural products.

YM: R'=R? = Me
FR:R'=Et, R2 = iPr

Figure 1: Natural products YM-254890 and FR-900359.

For the strategy to be viable, the surface coating on the elec-
trodes must be very stable over time, chemically inert to the
reactions used to place molecules on the array, and tunable so
that nonspecific interactions can be minimized for a variety of
biological targets. Self-assembled monolayers do not have this
stability, and strategies that chemically modify carbon elec-
trodes do not offer the chemical flexibility or surface tunability
needed. Hence, an alternative strategy is required. This led to
the development of polymer-coated arrays that capitalize on the
versatility of diblock copolymers as surface coatings (Figure 2)
[17-19]. In the polymer, one of the blocks is used to place
attachment sites for molecules above the electrodes (the aryl-
bromide or arylborate block in the polymer shown), and the
other block is used to provide a site for cross-linking the
polymer in order to render the surface more stable once it is
coated onto an array (the cinnamate block is used to make a
polymer network through photochemical cross-linking). The
use of the borate ester surface provides a tunable surface that
can be used to help prevent non-specific binding and minimize
biofouling possibilities [18]. While the use of a diblock
copolymer coating offers the desired stability advantage, it also
rules out the use of both direct methods for conducting synthe-
tic transformations on the array and the direct detection

methods in the subsequent binding studies. The polymer
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network is not permeable to molecules tethered to its surface or

proteins in solution.

(0]
Cl
o AN
o) ; site for crosslinking
X Ol
o
0
X=Br, B,
(]

Figure 2: Diblock copolymers used for coating microelectrode arrays.

The synthetic problem was solved by using the electrodes in an
array to generate chemical reagents and catalysts and then
confining those reagents and catalysts (and the reactions they
mediate) to the surface of the electrodes for their generation
[10,11]. For the subsequent signaling experiments, the imped-
ance-based approach outlined above has proven effective with
polymer-coated electrodes (Figure 3). As described, this method

works by inserting a functionalized electrode into a solution

Microelectrode Array

Au§iliary electrode (cathode)

Electrode surface (anode)

Figure 3: An indirect method for detecting binding events.
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containing a redox mediator and then monitoring the current as-
sociated with a redox mediator. The method is different rele-
vant to the traditional methods lacking the polymer surface in
that the current is dependent on changes to the polymer coating;
a situation that can lead to analogous drops in current to
methods involving molecules bound directly to an electrode sur-
face or increases in current if a binding event helps to swell a

polymer.

The utility of this approach for a polymer-coated electrode was
verified by looking at several small molecule—protein interac-
tions [5-7]. For example, a binding curve generated for the
interaction between an RGD-peptide (C-PEG6-GGRGDGP)
and its integrin (a5,B1) target is shown in Figure 4 below. A
PEG-linker was added to the RGD-peptide so that the peptide
would not be buried in the polymer coating the surface of the
array, a scenario that would make it unavailable for binding to
the integrin receptor in the subsequent analytical experiment.
The PEG-6-linker was selected because it was effective and
readily available from commercial sources. This linker was
functionalized with a cysteine on the end opposite the peptide
so that the thiol group in the sidechain could be used to place
the molecule the array with the use of an electrochemically
initiated Cu(I)-catalyzed cross-coupling reaction (Scheme 1)
[9]. To this end, the Cu(I) catalyst needed for the reaction was
generated at the electrodes by the reduction of Cu(II). Confine-

ment of the Cu(I) catalyst to the selected electrodes was accom-

Porous polymer coating
w/ functional group

Polymer

-

Potential ligands
for a bio-receptor

Bio-receptor
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Br

0]

S (ligand)

Scheme 1: A Cu(l)-catalyzed cross-coupling reaction on an array.

plished with the use of oxygen in solution. The oxygen oxidized
any Cu(I) before it could migrate to a non-selected electrode.
The electrodes selected for the reduction were cycled on an off
with each cycle turning the electrode on for 90 s and then off
for 180 s. This was done to tune the rate of Cu(I) generation to
match the rate of Cu(I) oxidation in solution and in so doing op-
timize confinement of the Cu(I) catalyst to the selected elec-
trodes. Longer "on-times" would lead to more reagent genera-
tion making it harder for the confinement strategy to keep up.
The result is a loss in confinement. It is important to point out
that the reaction shown in Scheme 1 is not a typical electrosyn-
thetic reaction. The cross-coupling reaction shown is a Cu(l)-
catalyzed transformation that requires no recycling of a reagent;
there is no net oxidation or reduction involved. Instead, on the
array the catalyst is purposely destroyed in the solution above
the electrodes and then regenerated electrochemically so that
the location of the reaction can be confined to only desired sites
on the array. Unlike the synthesis of a complex molecule, the
synthesis of a complex, two-dimensional addressable surface
requires a new type of selectivity — "site-selectivity". The use of

electrosynthesis is essential for obtaining this selectivity.

With the substrate on the surface of the array, a hydroquinone/
quinone redox couple was then used for the subsequent
signaling experiment [20]. The hydroquinone/quinone redox
couple has superior stability to the iron-based systems used pre-
viously [20], and its use leads to more reproducible binding
curves. To generate the binding curve shown in Figure 4, the
concentration of the integrin receptor was varied (and plotted on
the x-axis) and then the current measured for the redox couple
by CV (current = peak current for the oxidation — peak current
for the reduction) for each concentration of the receptor. Blocks
of 12 electrodes were used for recording the current with each

data point in Figure 4 representing the average current

-2.4V,90s (x4)
5 x 4 pattern

(0]

S/\peptide

Br

[ | ]

999

measured at three such blocks with the error bars indicating the
range in the data. The use of the method to probe interactions
between a v107-peptide and its targeted VEGF receptors proved
equally effective [7].

--a-- Unmodified surface
—e— RGD-PEG (4 cycles)

0.8

0.6 4

0.4 4

Relative current change

Concentration (log [integrin]), M

Figure 4: A model study using an RGD peptide (C-PEG6-GGRGDGP)
and integrin receptor (a5,p1).

The binding curve shown in Figure 4 did indicate a surface
interaction that was stronger than the solution-phase nanomolar
Kg4-value known for the RGD—integrin binding event. This was
not viewed as an issue since we could see the whole binding
curve, and the arrays are used to examine relative binding
events between molecules on the array and not determine
absolute binding constants in the absence of a positive control.
In this case, the positive control needed for any subsequent
study was cleary visible and quantifiable.

However, the amplification of signals on the array could not be

ignored as soon as we sought to use the arrays to guide the syn-
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thesis of YM- and FR-analogs as proposed in connection with
Figure 1. YM and FR bind the alpha-subunit of the G-protein.
So, we initially sought to show that the signaling approach
being taken could monitor this type of interaction. The initial
test was conducted with an R6A-peptide and its Ga;-target
(Figure 5) [21]. Gaj; was selected as a positive control for
subsequent studies because it can be expressed easily, has
roughly 55% homology with the much more difficult to express
Gayg [15], and chimeric proteins are available that have Gay;
modified with a Go(q binding site for YM and FR [22]. R6A was
chosen as the ligand for Go;; because it was known to bind the
target with a binding constant of K = 60 nM [21]. The binding
data shown in Figure 5 compared interactions between Ga;; and
two surface bound peptides; R6A (MSQTKRLDDQLY-
WWEYLC) and a scrambled R6A sequence (QLSEDTYLLM-
RWDYWQK). The two peptides were placed on the array along
with a fluorescent dye (LRSC, lissamine rhodamine) that was

a)
0.8
= Scrambled R6A-PEG
* LRSC s 8 0" g
® 064 4 RBA-PEG .5 B :
= [ ]
@ % !
e
o
E 0.4 4 %
g -
° 02 . P
2 o . 4
)
0} i
X 0.0 4 8 ® ® G o o 0o 0o o o
| -
- A
-0.2

s S, Mo hdhonn, Fichbsren ko Nvhiom Mivhiom Biddosn hbbon, Middoses S
1E-16 1E-15 1E-14 1E-13 1E-12 1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E5 1E-4

[GDP-Gay], M
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used to make sure the placement chemistry was working. The
array used was coated with the borate ester diblock copolymer
(Figure 2), and the peptides were attached to this polymer
through a PEG-6 linker in direct analogy to the RGD-peptide
experiment shown above. In this case, a Cu(Il)-mediated
Chan-Lam coupling reaction was used to place each molecule
on a arylborate ester coating the array (Scheme 2) [23]. The
Cu(Il) needed for the transformation was generated at the
selected electrodes by the oxidation of a Cu(I) precursor, and
then confined to the surface of those electrodes with the use of a
solution-phase Cu(II)-mediated disulfide bond-forming reac-
tion using excess substrate in solution. The molecules were
placed by individually addressable blocks of electrodes on the
array that were each comprised of 65 individual electrodes. This
was done to increase the amount of current measured for the
block of electrodes relative to many experiments that use blocks
of 12 electrodes.

b)
0.8
= Scrambled R6A-PEG
° e LRSC M M - .
S 064 4 R6A-PEG . # (]
C | |
(0] I
g o
c 0.4 L
e 1
5 :
o 0.2- . . oa s
2 . 5
«
[3) Iy
X 00- 28 ® ® & o o 0o o o o
'y
A
-0.24

o Jonn, Moo Fihunn, iboons Fiihboms hbion, Fiitor. Bidhdane Bdbiaon Bdhdaons By |
1E-16 1E-15 1E-14 1E-13 1E-12 1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4

[GDP-Gay], M

Figure 5: A failure in connection with the monitoring of binding events between a peptide and its G-protein target. a) Binding curve generated for Gajq
binding to scrambled R6A peptide (black), LRSC peptide (red), and R6A peptide (blue). b) Binding curve generated after subtraction of nonspecific
binding for Gaijy binding to scrambled R6A peptide (black) and R6A peptide (red).

BusNPFg, DMF

% 0 % 0
on = K<) ()
§ o /—peptide (0]
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On =) EO_ S peptide

Scheme 2: An array-based Chan—Lam coupling reaction.
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Once the molecules were in place, the array was placed in a
buffer solution (see Supporting Information File 1 for details)
containing ferrocene carboxylic acid as a redox mediator.
Initially, the array was placed in a solution containing the
smallest concentration of Gay; and then a current measured for
the mediator at the electrodes in the array. The solution was
then removed, replaced with a mediator/buffer solution contain-
ing the next highest concentration of Ga;y, and the current for
the mediator again measured. This procedure was repeated for
each concentration of Gaj;. From the data, it was clear that
there was little binding to the electrodes proximal to the LRSC
dye. At those electrodes, no change in current was evident as
the concentration of receptor was varied. However, significant
binding occurred for both the scrambled R6A and R6A itself.
For the specific plots shown, we had been looking for the
binding event to decrease the current. It did not. Instead, the
binding event swelled the polymer, made it easier for the redox
couple to reach the electrode, and thus caused an increase in the
current. This led to an increase in current being shown as nega-
tive because it was opposite of what was planned and what we

had seen in previous studies.

At this point, the non-specific binding of Ga;; to the functional-
ized surface was removed from the data by subtracting the
curve obtained for the scrambled peptide from both the scram-
bled peptide and R6A (Figure 5b). This revealed a clear, imme-
diate change in current for the binding of Gay; to R6A. A rapid
change in current of this nature can indicate either a binding
event that is already occurring at the start of the experiment or a
precipitation event (Figure 6). However, a precipitation event
would cause a drop in current since precipitation of the protein
onto a polymer-coated electrode prevents the mediator from
reaching the electrodes below the polymer. Hence, the increase
in current seen in the experiment shown in Figure 5b was asso-
ciated with a binding event that was already occurring at the
start of the experiment. The net result was that a full binding
curve for the positive control selected for subsequent compari-
sons could not be observed. Hence, any subsequent evaluation
of binding events using synthesized analogs of YM and FR
could not quantified. A method for calibrating the positive
control had to be found.

With the signal for the R6A/Ga,;; interaction amplified out of
the window for the experiment, the question became what
caused the amplification and how the problem could be reme-
died. Amplifications of surface-based signals are typically
caused by the presence of multiple ligands for the receptor
above any given electrode. If the protein dissociates from one
ligand and then rapidly binds another on the surface of the elec-
trode, then it never leaves the surface. The surface does not

recover its original conductivity and the experiment shows a

Beilstein J. Org. Chem. 2022, 18, 1488-1498.
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Figure 6: Potential for an immediate, rapid change in current. a) The
binding event being monitored has already started. b) Precipitation of
the protein target.

binding constant that is greater than either of the individual
interactions. Alternatively, the surface-bound substrate could
lead to avidity events where more than one of the ligands binds
to the protein at the same time by taking advantage of allosteric

binding sites.

Either way, the result is the same. The data shown in Figure 5
cannot be used to assess the binding strength of the interaction.
The experiment needed to be calibrated so that the signal could
be moved into the window where the full binding curve could

be observed.

Both of the possible causes for amplification of the signal result
from too high of a concentration of ligand on the surface of the
electrodes. Solving the problem requires a reduction in the
amount of peptide on the surface of the electrodes in the array.
This can be accomplished in two ways. First, the amount of ma-
terial placed on the array can be decreased by cutting the reac-
tion time used for the placement reaction. The amount of mate-
rial placed onto the surface of an array is linearly dependent on
the time used for the placement reaction up until the surface
becomes saturated [23]. Second, the peptide to be placed on the
surface of the array can be diluted with a substrate that does not
bind the receptor before placement on the array. For any given
reaction time, this would lower the density of the active peptide
ligand on the surface of the electrode where it was placed. Of
course, a combination of the two methods can be used.

In order to probe the effectiveness of these two methods with a
cheaper option than Gay, the effect of peptide surface concen-
tration on the location of the binding curve obtained was
initially studied with the more readily available RGD-peptide/
integrin pair. Initially, the amount of RGD-peptide placed on
the array was increased to see if we could mimic the experi-
ment with the R6A/ Goy; pair that amplified the binding curve
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out of the observable window. This effort is highlighted in
Figure 7.
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Figure 7: Four cycles vs. twelve cycles and the effect on binding curve
location.

For this experiment, the number of cycles used for placement of
the RGD-PEGgq substrate onto the array was varied from
4 cycles (the initial experiment shown in Figure 4) to 12 cycles.
As in the earlier experiments, each cycle involved turning the
electrode on for 90 s and then off for 180 s. The more cycles
used the longer the time employed for the placement reaction.
The "binding curves" generated at the electrodes with these two
placement times were compared with the background signal
derived from the unfunctionalized polymer. The more stable
(relative to iron-based mediator pairs) hydroquinone/quinone
redox pair was used, again in direct analogy to the experiment
shown in Figure 4. The current associated with this redox
couple at each of the electrode in the array was again moni-
tored by using the array as an anode and the remote Pt elec-
trode in the electrolysis cell as a cathode. The surface of the
array was the arylbromide-based diblock copolymer. Binding
between the integrin receptor and the RGD peptide on the
polymer increased the solubility of the polymer above the asso-
ciated electrodes and in so doing increased the current associat-
ed with the mediator. This change in current relative to the con-
centration of integrin in solution is what is recorded in Figure 7.
From here on in, all changes in current on the array will be
plotted as positive since the increase in current was observed for

every experiment conducted in this study.

The background signal measured using the unfunctionalized
electrodes showed no signal. This indicated the absence of any
significant non-specific binding event between the integrin re-

ceptor and the polymer coating on the array. When 4 cycles

Beilstein J. Org. Chem. 2022, 18, 1488-1498.

were used to place the RGD-peptide (with the C-PEGg linker)
on the surface of the electrodes, the subsequent analytical ex-
periment led to a clear binding curve. Once again, the binding
curve measured in this manner was amplified relative to the
known nanomolar binding constant for the interaction. When
three times the reaction time was used for the placement reac-
tion (12 cycles), the binding curve was amplified out of the
window. In this case, no signal could be observed. This was not
a surprise since the experiment measures a change in current
from the initial starting point. If the binding event is complete at
the initial concentration, then no current change will be
measured, and the experiment gives rise to an "curve" that
cannot be distinguished from background.

The observation highlights why it is essential that all array-
based studies contain a positive control that can be used to
demonstrate that a binding event can be measured using the
synthetic conditions employed. This is particularly important
since the amount of material on the surface of an electrode is
dependent not only on the length of time for the placement ex-
periment, but also on the surface itself. A thicker polymer
coating affords more attachment sites for the peptide placed on
the array, a thinner polymer fewer. Hence, the surface coverage
for a given placement reaction is dependent both on the time
used for the experiment and the thickness of the polymer
coating. While the thickness of the surface was initially charac-
terized for the coating of an array [17], that thickness is not
perfectly reproducible from one array to the next. Consider the
two different signaling experiments shown in Figure 8. Both
were performed in a manner identical to the experiment shown
in Figure 7. In the first experiment, a single array was used to
compare a placement reaction conducted for 4 cycles with one
conducted for 25 cycles. The two experiments were conducted
at different regions of the array. The binding curve for the ex-
periment using 4 cycles closely resembled the experiment
shown in Figure 7. However, there was a significant difference
with the experiment using a longer placement reaction. In this
case, part of the binding curve could be seen. The lower total
change in current observed was due to the fact that only the top
piece of the binding curve was observed with much of the
binding curve remaining out of the window of the experiment.
Hence the total change in current from the starting point of the
experiment was smaller. When compared to the earlier experi-
ment shown in Figure 7, the binding curve was still shifted out
of the window of the experiment with the longer placement
reaction but not as far as the earlier experiment. The difference
was due to the change in the coating on the array. A thinner
polymer coating on the portion of the array used for the
25-cycle placement reaction would mean less material on the
surface of the array, even relative to a different array using

12 cycles for the placement reaction. So, the overall conclusion
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of the two experiments was the same. The location of the
binding curve could be calibrated so that the entire binding
curve could be seen by controlling the amount of peptide on the
surface of the electrodes. But, the specific details of the experi-

ments were not identical.

The same conclusion was reached with the second experiment
shown in Figure 8. In this case, the difference between the
placement reactions was kept small in order to see how sensi-
tive the experiment was to the placement reaction. The elec-
trodes functionalized with a placement reaction using 4 cycles
and the electrodes functionalized with a placement reaction
using 3 cycles gave rise to almost identical binding curves that
could be seen in their entirety. However, those binding curves
were not in the same location as that observed for the experi-
ment in Figure 7. The polymer thickness on this array was again
thinner leading to peptide on the surface of the electrodes.

Clearly, the method is not compatible with providing an
absolute measure for a binding constant in the absence of a pos-
itive control. There is simply too much variance in the coating
of the surface from one array to the next. Fortunately, it was
also clear from the observations that once an experiment was
calibrated to place a positive control in the center of observable
window, variations in the surface from experiment to experi-

ment will not move the positive control out of that window.

Evidence for the variations on a single array being relatively
small is shown in Figure 9. In this experiment, a 12K array was
coated with the arylbromide-based diblock copolymer and then
blocks of 12 electrodes each functionalized with pyrene-buta-
nol at various places on the array. For the placement reaction,

the Cu(I)-catalyzed cross-coupling reaction used above
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(Scheme 1) was employed for 4 cycles (90 s on and 180 s off).
The chemistry placed enough of the alcohol by the electrodes
for the pyrene to form the exciplex dimer that fluoresces in the
red region of the spectrum and does not self-quench. A fluores-
cence microscope was then used to take an image of the array,
and the image used to quantify the fluorescence, and thereby the
amount of material present, at each region of the array. The
process was repeated three times on the same array in order
generate an average intensity for each region examined. Two
blocks of electrodes were examined from the top, center, and
bottom regions of the array. While the data did not vary to a
large extent, there were differences in the amount of material
placed at the top, center, and bottom regions of the array. Varia-
tions within the regions were smaller. Since all of the place-

ment reactions were run at the same time for the same duration,

100+
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N Top2
Center3
N Center4
Bottom5
Bottom6

%

aonan

Relative fluorescent intensity (%)

Figure 9: Quantitative fluorescent study on variance of the polymer
coating across the microelectrode surface. Purple represents blocks
from the top region. Blue represents blocks from the center region.
Orange represents blocks from the bottom region.
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Figure 8: Repeating the experiment on different arrays. (a) A comparison between a 4-cycle placement reaction and a 25-cycle placement reaction.

(b) 3 vs. 4 cycles.
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the only difference between the sites examined was a lack of
uniformity in the polymer coating on the array. From a prac-
tical standpoint, the variance in the nature of the surface on an
array translates into signaling studies with smaller error bars if a
single region of the array is used for any given analysis. With a
total of 12,544 electrodes on the array, this is not typically a
problem. There are more than enough electrodes in any one

region of the array for an extensive study.

With that information in place, attention was turned back to the
initial small molecule/G-protein interaction that lies at the heart
of guiding the synthetic study proposed in connection with
Figure 1. Initially, the same approach used for the RGD/inte-
grin model system was employed for this study. Namely, the
amount of the R6A-peptide placed on the array was controlled
by the number of cycles used for the placement reaction. The
R6A-peptide was first attached to a C-PEGg-linker, and then the
Cu(I)-catalyzed reaction used for its placement on an array
coated with the arylbromide-based diblock copolymer. The
reaction conditions for the placement reaction were identical to

those described above.

In this case, the effort to shift the curve into the window of the
experiment was not successful. No matter how few cycles were
used for the placement reaction, the full binding curve for the
interaction between R6A and its Gayj-target could not be ob-
served. A method was needed to further reduce the concentra-
tion of the R6A peptide on the surface of the electrodes. To this
end, cysteine methyl ester was selected as a molecule with
which to dilute the R6A peptide because cysteine methyl ester

Beilstein J. Org. Chem. 2022, 18, 1488-1498.

does not show any background binding to Gaj, and it can be
efficiently placed onto the arylbromide-based surface using the
same Cu(I)-catalyzed cross-coupling reaction used to place the
R6A-PEG-C substrate on the array (Scheme 3).

The first attempt at the dilution study compared a set of control
electrodes that had only the cysteine methyl ester placed on the
polymer coating their surfaces, a set of electrodes that were
functionalized with only the R6A-PEG-C substrate, and a set of
electrodes that were functionalized with a 1:1 mixture of R6A-
PEG-C to cysteine methyl ester (Figure 10). The placement

-m-- Cys
—e— 1:1 R6A: Cys
- 4 -R6A

1.0+ T

0.8

0.6

0.4

0.2 4

Relative current change

0.0 A

Concentration (log [integrin]), M

Figure 10: An initial study and the comparison of an R6A surface and
a 1:1 R6A/cysteine methyl ester surface.
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Scheme 3: A new method for decreasing the concentration of R6A on the surface of the electrodes.
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reactions were conducted for 4 cycles using the method de-
scribed above.

The analytical study used the hydroquinone/quinone redox
couple as the mediator and then added increasing amounts of
the Goy;-protein in solution as indicated in Figure 10. The elec-
trodes functionalized with only cysteine showed no interaction
with Goy;. Those electrodes were used as a baseline to subtract
any non-specific binding from the other curves. The signal from
the electrodes functionalized with only the R6A-PEG substrate
showed negligible binding over the background indicating that
the signal was amplified completely out of the window for the
experiment. A significant binding event was observed at the
electrodes functionalized with a 1:1 mixture of R6A-PEG
and cysteine, although it was still shifted out of the window so
that only the latter portion of the binding curve could be ob-
served.

With this initial experiment in place, the ratio of cysteine to the
RO6A-PEG substrate was varied (Figure 11). The experiments
shown in Figure 11a and b were run on different arrays by dif-
ferent individuals at different times. The two experiments used
very similar dilutions, and they afforded very similar results.
The full binding curve could be seen for each experiment al-
though both were close the edge of the window. It did appear
that for the R6A-Ga;; small variations in the surface of the

array were not a significant issue. Further dilution of the R6A
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peptide with cysteine methyl ester (Figure 11c and d) then illus-
trated how the location of the binding curve could be moved
within the window of the experiment, an observation that shows
how the array experiment can be calibrated in order to place the
positive control where it can best be used for comparison with
other interactions involving Ga;;. Further adjustments could be
made to place the signal in the middle of the window, but that
level of optimization was deemed unnecessary for a model
study.

Conclusion

Indirect measurements on microelectrode arrays have two
consistent issues. One is that the signals are amplified by either
avidity effects or multiple binding events happening on the sur-
face of an electrode. The second is that variations between
arrays and the coatings placed on the arrays can cause shifts in
the binding constants measured for any given interaction. These
two problems can both be addressed by controlling the concen-
tration of a ligand on the surface of the electrodes, something
that can be readily accomplished using an electrosynthetic reac-
tion. This allows for calibration of a signaling experiment and
the placement of a positive control in the center of the observ-
able window. The result is an opportunity to measure relative
binding constants for ligands for a given receptor. The results
presented set the stage for using microelectrode arrays to guide

synthetic efforts aimed at probing G-protein/peptide interac-

tions.
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Figure 11: Calibrating the array-based signaling experiment for monitoring small molecule G-protein interactions.
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