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A simple and environmentally friendly electrochemical synthesis method is presented for the selenylation
of tetrahydroquinolines with diselenides. By adjusting the reaction conditions, different products can be
synthesized. Using Nal as the electrolyte and 2,2,6,6-tetramethylpiperidinooxy (TEMPO) as a redox
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mediator, C-3 selenylated quinolines were successfully synthesized, achieving the challenging C-3 substi-
tution of quinolines. In the absence of TEMPO, C-6 selenylated tetrahydroquinolines were obtained. This
green method offers excellent selectivity and a broad substrate scope, with reaction conditions that can

rsc.li/greenchem be easily tuned to achieve different outcomes.

Green foundation

1. For the first time, 3-(phenylselanyl)quinoline was directly produced from tetrahydroquinolines via electrochemical sele-
nization/oxidation. By simply adjusting the reaction conditions, the selectivity can be tuned to produce 6-(phenylselanyl)-
tetrahydroquinoline.

2. Using the electrochemical green method, hydrogen is the only by-product. This green method offers excellent selectivity
and a broad substrate scope, tunable selectivity for different products, oxidant-free and metal-free processes and insensitiv-
ity to air and moisture.

3. Continuous-flow electrochemistry can be used to improve the reaction efficiency. With this technique, the electrolysis
can be performed at low concentrations (or absence) of the electrolyte or mediator, and the yield of the gram-scale experi-
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ment can also be improved.

Introduction

The quinoline skeleton is prevalent in numerous natural pro-
ducts and pharmaceuticals, recognized for its broad spectrum
of biological activities, including antimalarial,” antibacterial,
antitumor,> and antituberculosis® effects. For example,
quinine and chloroquine® are the most famous antimalarial
drugs containing a quinoline scaffold (Fig. 1).
Organoselenium compounds also exhibit unique chemical,
physical and drug-related biological properties.*” Among the
various organoselenium compounds, it is worth noting that
molecules containing both nitrogen and selenium are widely
prevalent (Fig. 1). Their applications in medicine and
materials science make them particularly appealing for chemi-
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cal synthesis and biology research.®’ Given the significant pro-
perties of selenium compounds, incorporating selenium into
the privileged quinoline framework holds substantial promise
for advancing drug discovery and materials chemistry.

Due to the influence of the sp” hybridized nitrogen atom,
electrophilic substitution reactions of quinoline primarily
occur at the benzene ring. In contrast, nucleophilic substi-
tution reactions take place on the pyridine ring, predominantly
at the C-2 and C-4 positions. Moreover, various C-2 functionali-
zation of quinolines has been accomplished through the
addition of nucleophilic radicals to N-heteroarenes, such as in
the Minisci reaction. Consequently, substitution at the C-3
position of quinoline remains a challenging task. While some
progress has been made in the research of quinoline C-3
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Fig. 1 Representative compounds containing quinoline or Se.
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substitution,'®'" reports on seleno substitution at this posi-
tion are still limited, with only a few sporadic examples. For
instance, the synthesis of 3-(phenylselanyl)quinoline was
accomplished through the cross-coupling reaction of quinolin-
3-ylboronic acid, 3-iodoquinoline, or 3-bromoquinoline with
1,2-diphenyldiselane. These reactions employed catalysts such
as CuFe,0,4,'? CuSeO;,"* or CuMo0O, ** and were carried out at
elevated temperatures ranging from 70 to 100 °C (Fig. 2a). A
nickel-catalyzed method for C-3 selective selenization of unac-
tivated quinoline with 1,2-diphenyldiselane was developed, uti-
lizing Ni(dppp)Cl,, a Grignard reagent, and DDQ under an
argon atmosphere. In this process, quinoline first underwent a
1,4-addition with a nickel hydride species generated through
B-H elimination of alkyl nickel intermediate, forming 1,4-dihy-
droquinoline. This intermediate subsequently reacted with
1,2-diphenyldiselane via nucleophilic attack, followed by oxi-
dative aromatization, to produce 3-(phenylselanyl)quinoline
(Fig. 2b)."* Alternatively, 3-(phenylselanyl)quinoline could be
synthesized through visible light-mediated reactions. These
methods involved either the reaction of a quinoline-derived
diazonium salt'® or a quinoline-derived azo sulfone'” with 1,2-
diphenyldiselane (Fig. 2c). Furthermore, a separate approach
using phenylseleninic anhydride and tetrahydroquinoline was
reported, yielding 3-(phenylselanyl)quinoline (14%) and 6-
(phenylselanyl)-tetrahydroquinoline (36%).'®* These elegant
works have made significant contributions to quinoline C-3
seleno substitution. However, there are still some limitations,
such as the need for pre-functionalization, the use of tran-
sition metals, high temperatures, moisture-sensitive reagents
or oxidants.

Electrochemical synthesis, which uses electricity as a cost-
effective, renewable, and eco-friendly alternative to stoichio-
metric oxidants or reducing agents, has emerged as a vital
method in organic synthesis.’® Recently, significant advance-
ments have been achieved in the electrochemical synthesis of
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Fig. 2 Synthesis of C-3 selenylated quinolines.
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chalcogen-containing compounds.”’®*' In this context, we
developed a novel method for synthesizing C-3 selenylated qui-
nolines. For the first time, these compounds were directly pro-
duced from tetrahydroquinolines via electrochemical seleniza-
tion/oxidation. Tetrahydroquinolines exhibit structural versati-
lity and high reactivity, allowing interactions with various func-
tional groups, making them widely applicable in synthesis.
Additionally, by simply adjusting the reaction conditions, the
selectivity can be tuned to produce C-6 selenylated tetrahydro-
quinolines. Herein, we report this straightforward and tunable
electrochemical selenization of tetrahydroquinolines with dise-
lenides, achieving the selective synthesis of C-3 selenylated
quinolines and C-6 selenylated tetrahydroquinolines. The reac-
tion features mild reaction conditions, high atom efficiency,
excellent selectivity, good functional group tolerance, and a
broad substrate scope.

Results and discussion

Initially, tetrahydroquinoline (1a) and 1,2-diphenyldiselane
(2a) were selected as model substrates for the reaction, which
was performed in an undivided electrolytic cell. A systematic
screening of various parameters led to the identification of
optimal reaction conditions: 1a (0.3 mmol, 1 equiv.), 2a (3
equiv.), MeCN (6 mL) and H,O (0.2 mL) as the solvent, Nal (2
equiv.) as the electrolyte, 2,2,6,6-tetramethylpiperidinooxy
(TEMPO, 1 equiv.) as the mediator, and a constant current of
15 mA applied at room temperature (RT), using platinum elec-
trodes for both the anode and cathode (see ESI, 3.1 Tables S1-
S9t). To further validate the reaction, several control experi-
ments were conducted (Table 1). Under standard conditions,
the desired product 3a was obtained in 85% isolated yield
(Table 1, entry 1). In contrast, no reaction occurred without the
application of electricity (Table 1, entry 2). When no water was
added to the reaction system, the voltage rose rapidly after
applying electricity and exceeded 30 V in just 4 minutes
(Table 1, entry 3). Excessively high voltage is unfavourable for
the reaction, as it may lead to over-electrolysis of the substrates
and products. After adding 0.10-0.25 mL of water, the system
voltage remained between 2.4 and 3.7 V throughout the elec-
trolysis, allowing the reaction to proceed smoothly. When the
amount of water added increased from 0.1 mL to 2.0 mL, the
yield of product 3a improved from 61% to 85%. However,
further increasing the water amount to 2.5 mL reduced the
yield to 70% (as shown in the ESI, Table S9t). Therefore, we
hypothesize that the addition of water enhances the conduc-
tivity of the reaction system, and an appropriate amount of
water improves the product yield. In the absence of TEMPO, 3a
formation was barely detectable. However, 6-(phenylselanyl)-
tetrahydroquinoline (4a) (structure shown in Fig. 4) was
obtained in 40% yield, accompanied by the formation of
various complex byproducts (Table 1, entry 4). When Nal was
omitted as the electrolyte, the reaction voltage overloaded
(Table 1, entry 5). Replacing Nal with NH,I resulted in a 49%
yield (Table 1, entry 6). Switching Nal to NaClO, led to almost
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Table 1 Control experiments?

Pt(+) | Pt(-), 15 mA

Nal (2 eq.), TEMPO (1 eq.
@(j + PhSeseph 2l (269) {{o3)
N MeCN, H,0

H

sone

1a 2a open to air, RT 3a
Entry Variation from standard conditions Yield” (%)
1 — 85
2 Without current N.R.C
3 Without H,O High voltage
4 Without TEMPO Trace?
5 Without Nal Voltage overload
6 NH,I instead of Nal 49
7 NaClO, instead of Nal Trace
8 9-Azabicyclo[3.3.1]nonane N-oxyl 45

instead of TEMPO

9 DMF instead of MeCN 33
10 12 mA instead of 15 mA 46
11 18 mA instead of 15 mA 51
12 C(+) | Pt(-) instead of Pt(+) | Pt(-) 64
13 C(+) | C(-) instead of Pt(+) | Pt(-) 67
14 Pt(+) | C(-) instead of Pt(+) | Pt(-) 46

“Standard conditions: a mixture of la (0.3 mmol, 1 equiv.), 2a
(0.9 mmol, 3 equiv.), NaI (0.6 mmol, 2 equiv.), TEMPO (0.3 mmol, 1
equiv.) and H,O (0.2 mL) in MeCN (6 mL) under a constant current of
15 mA (Pt anode: 1 cm x 1 cm x 0.2 mm; Pt cathode: 1 cm x 1 cm X
0.2 mm) in an undivided cell at RT for 6 h. ?Isolated yield. No reac-
tion. ¢ 4a was obtained in 40% yield.

no formation of 3a, with many side reactions observed
(Table 1, entry 7). Using 9-azabicyclo[3.3.1Jnonane N-oxyl
instead of TEMPO yielded a 45% yield (Table 1, entry 8). When
DMF was used as the solvent instead of MeCN, the yield
dropped to 33% (Table 1, entry 9). Adjusting the current either
higher or lower also reduced the yield (Table 1, entries 10 &
11). Furthermore, using electrodes other than platinum for
both the anode and cathode resulted in a lower yield of 3a
(Table 1, entries 12-14).

Under the optimized reaction conditions, the substrate
scope for the synthesis of C-3 selenylated quinolines was
explored (Fig. 3). The investigation began with tetrahydroqui-
noline (1a) as the coupling partner to evaluate various disele-
nide substrates. When the phenyl ring of 1,2-diphenyldiselane
was substituted with methyl or tert-butyl groups, the products
were obtained in good yields of 66-75% (3b-3d). Dimethyl or
trimethyl substitutions on the phenyl ring led to low yields
(3e, 3f), likely due to steric hindrance. Halogen-substituted (F,
Cl, Br) 1,2-diphenyldiselane provided satisfactory yields of
55-81% (3g-3i). Similarly, ester-substituted diselenide deli-
vered the desired product in a moderate yield of 52% (3j).
However, when 1,2-bis (4-(trifluoromethyl)phenyl)diselane was
used, the corresponding product was obtained in only 18%
yield (3k), accompanied by the formation of a substantial
amount of quinoline as a byproduct. Furthermore, 1,2-di
(naphthalen-1-yl)diselane proved compatible with the reaction,
providing the corresponding product in 49% yield (31). In
addition to aromatic diselenides, aliphatic diselenides such as
dimethyl diselenide and benzyl diselenide also performed

2506 | Green Chem., 2025, 27, 2504-2510
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exceptionally well, giving the desired products in excellent
yields of 90-91% (3m, 3n). The substrate scope of tetrahydro-
quinolines was then explored using 1,2-diphenyldiselane (2a)
as the coupling partner. Tetrahydroquinolines substituted with
methyl or methoxy groups at the C-6 or C-8 positions provided
the corresponding products in moderate to good yields,
ranging from 51% to 82% (30-3r). Cl or Br-substituted tetrahy-
droquinolines achieved yields of 38-59% (3s-3v). Interestingly,
6-Cl-tetrahydroquinoline gave a lower yield compared to 7-Cl-
tetrahydroquinoline, while 5-Br-tetrahydroquinoline produced
a lower yield than 7-Br-tetrahydroquinoline, indicating that the
position of the substituent affects the reactivity of tetrahydro-
quinolines. However, the introduction of a cyano group at the
C-6 position of tetrahydroquinoline significantly diminished
reactivity, resulting in a notably low yield of only 12% (3w),
likely due to the strong electron-withdrawing nature of the
cyano group.

To verify the practicality of the reaction, a gram-scale experi-
ment was conducted (Scheme 1). Using 1a (6 mmol) and 2a
(12 mmol) as substrates, the reaction yielded product 3a in
68% isolated yield (1.17 ). This result confirms the feasibility
of performing the reaction on a larger scale (see ESI, 2.31).

During the optimization of reaction conditions for synthe-
sizing 3-(phenylselanyl)quinoline (3a) from the model sub-
strates tetrahydroquinoline (1a) and 1,2-diphenyldiselane (2a),
we observed that omitting TEMPO led to the formation of an
alternative  product, 6-(phenylselanyl)-tetrahydroquinoline
(4a). Therefore, we further optimized the reaction conditions
specifically for the synthesis of 4a. After systematically screen-
ing various parameters, the optimal reaction conditions were
identified: 1a (0.3 mmol, 1 equiv.), 2a (3 equiv.), MeOH (6 mL)
as the solvent, Nal (2 equiv.) as the electrolyte, with a constant
current of 15 mA at room temperature, using platinum electro-
des for both the anode and cathode (see ESI, 3.2 Tables S10-
S15t). Under these optimized conditions, 4a was obtained in
74% isolated yield.

The substrate scope for the synthesis of C-6 selenylated tet-
rahydroquinolines was explored under the optimized reaction
conditions (Fig. 4). First, the reactions between tetrahydroqui-
noline and various substituted 1,2-diphenyldiselenides were
investigated. When the phenyl rings of 1,2-diphenyldiselenide
were substituted with methyl groups at the ortho, meta, or para
positions, the corresponding products were obtained in good
yields of 74-88% (4b-4d). The reaction with para-tert-butyl-
substituted 1,2-diphenyldiselenide afforded the product in a
high yield of 86% (4e). However, the reaction with trimethyl-
substituted 1,2-diphenyldiselenide gave a lower yield of 63%
(4f), likely due to steric hindrance. Reactions with 1,2-diphe-
nyldiselenides bearing various halogens (F, Cl, Br) at different
positions afforded the corresponding products in satisfactory
yields of 65-78% (4g-4k). When 5-bromotetrahydroquinoline
was used as the substrate, its reaction with 1,2-diphenyldise-
lane yielded the corresponding product 41 in only 5% yield.
Even after extending the reaction time to 12 hours, a signifi-
cant amount of unreacted starting material remained. When
the C-7 position of tetrahydroquinoline was substituted with

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Substrate scope for synthesizing products 3. Standard reaction conditions for synthesizing 3: a mixture of 1 (0.3 mmol, 1 equiv.), 2

(0.9 mmol, 2 equiv.), Nal (0.6 mmol, 2 equiv.), TEMPO (0.3 mmol, 1 equiv.),

and H,0 (0.2 mL) in MeCN (6 mL) under a constant current of 15 mA (Pt

anode: 1 cm X 1 cm x 0.2 mm; Pt cathode: 1 cm X 1 cm X 0.2 mm) in an undivided cell at RT for 6 h.

Pt(+) | Pt(-), 50 mA
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A
| _TEMPO (1eq) _
PN + PhSeSePh —MM
N MeCN, H,O
1a H 2a open to air, RT
6 mmol 12 mmol 30 h 1.17 g, 68% isolated yield

Scheme 1 Gram-scale experiment for the synthesis of 3a.

Cl or Br, the target products could be obtained in moderate
yields (4m, 4n, 4r). 8-Methyltetrahydroquinoline also partici-
pated in the reaction, but the target product 40 was obtained
in a low yield of only 26%, with a substantial quantity of
unreacted starting material remaining. In addition to diaryl
diselenides, dialkyl diselenides were also compatible with the
reaction. 1,2-Dimethyldiselane and 1,2-dibenzyldiselane pro-
vided products 4p and 4q with satisfactory yields of 57% and
81%, respectively. Interestingly, under these reaction con-
ditions, C-6-substituted tetrahydroquinoline, 6-methyl-tetrahy-
droquinoline, also participated in the reaction, leading to the
formation of C-8 selenylated tetrahydroquinoline (4a’),
although only a 27% yield was obtained, with a large amount
of starting material remaining. A possible reaction mechanism
for the formation of 4a’ is illustrated in Section 4.3 of the ESL{

Next, to gain deeper insights into the reaction mechanism,
a series of experiments were conducted. To confirm whether
the reaction involves a radical process, radical trapping experi-
ments were performed (Scheme 2a & b). Under the standard
conditions for synthesizing products 3, adding 4 equivalents
of the radical scavengers butylated hydroxytoluene (BHT) and

This journal is © The Royal Society of Chemistry 2025

1,1-diphenyl-ethylene (DPE) separately to the model reaction
completely inhibited the formation of product 3a. Meanwhile,
high-resolution mass spectrometry (HRMS) detected the
adducts 5, 6, and 7 formed between the radicals and the sca-
vengers. These findings indicate that the reaction proceeds
through a radical pathway, with radicals II, III and IV likely
serving as intermediates. However, under the standard con-
ditions for synthesizing products 4, only adduct 7 was
detected. (see ESI, 4.2 for detailst).

Furthermore, to determine whether the formation of 3a
involves the initial oxidation of tetrahydroquinoline to quino-
line, followed by its reaction with diselenide, a control experi-
ment was conducted (Scheme 2c). Under the standard con-
ditions for synthesizing 3a, replacing tetrahydroquinoline with
quinoline (8) did not result in the formation of 3a. This
suggests that the formation of 3a is initiated by the reaction of
tetrahydroquinoline with 1,2-diphenyldiselane, followed by oxi-
dation to produce the target compound.

Circular voltammetry (CV) experiments were performed
using nBuyNCIlO, as the supporting electrolyte (see ESI, 4.17).
The results showed that the oxidation potentials of Nal (+0.75
V vs. SCE in MeCN) and TEMPO (+0.85 V vs. SCE in MeCN)
were lower than those of 1a (+1.10 V vs. SCE in MeCN) and 2a
(+1.55 V vs. SCE in MeCN) (Fig. 5). Thus, it can be inferred that
in the reaction, Nal and TEMPO are preferentially oxidized at
the anode. Meanwhile, the reduction potentials of 1a and 2a
were measured, revealing values of —2.2 V (vs. SCE in MeCN)
for 1a and —1.75 V (vs. SCE in MeCN) for 2a (Fig. 6). These
results indicate that although both 1a and 2a are reducible,
they exhibit relatively high reduction potentials.

Green Chem., 2025, 27, 2504-2510 | 2507
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Fig. 4 Substrate scope for synthesizing products 4. Standard reaction conditions for synthesizing 4: a mixture of 1 (0.3 mmol, 1 equiv.), 2
(0.9 mmol, 2 equiv.), and Nal (0.6 mmol, 2 equiv.) in MeOH (6 mL) under a constant current of 15 mA (Pt anode: 1 cm X 1 cm x 0.2 mm; Pt cathode:
1cm x 1 cm x 0.2 mm) in an undivided cell at RT for 5 h. ?12 h.

3a T

—
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4 equiv. BHT ‘ BHT 0. 0008 /‘\\//'\. 2a
Heolioe: =
N”BHT N E=+110v / / TEMPO
. s H 6 0.00064 E=10.75v ,
: - 3 ‘ [/
N N HRMS m/z HRMS m/z g \E=4085v f
H + - = : /
I m [M+H]*, cal, 352.2635 [M+H]", cal, 350.2479 g \ /
Found: 352.2633 Found: 350.2477 E 0. 0004 \ ey /
Ph ¢
standard conditions for 3 synthesis Se\)\ 0. 0002 -
b) 1a + 2a 3 + ©/ Ph
4 equiv. 1,1-diphenyl- ethylene
trace
Se 7 0. 0000 A
HRMS m/z [M+H]", cal, 337.0490
Found: 337.0491
v -0. 0002 T T T T T T T

0.0 0.5 1.0 L5 2.0 2.5 3.0

A standard conditions for 3 synthesis . : i - )
0 B + 2a N.R. Potential/ V vs SCE
N

8 Fig. 5 Cyclic voltammogram of Nal, TEMPO, 1a, and 2a in an electro-
Scheme 2 Mechanistic investigation. lyte of nBU4NClO4 (005 M) in MeCN from 0 to +3.0 V.

Finally, on the basis of the mechanistic exploration experi- form an iodine radical,”® which subsequently undergoes a

ments and related literature,®>*>* we proposed a possible reac- single electron transfer (SET) with TEMPO to generate
tion mechanism for the synthesis of 3a. During the optimiz- TEMPO'. Alternatively, TEMPO may also be directly oxidized to
ation of reaction conditions, it was found that in the absence TEMPO' at the anode. The TEMPO' then participates in
of TEMPO, 3a was barely formed, and significant side reac- another SET with tetrahydroquinoline (1a), yielding radical
tions occurred. Thus, we hypothesized that both TEMPO and intermediate 1.'%**> Radical intermediate I loses a proton to
Nal might function as redox mediators, ensuring high selecti- form radical intermediate II, which is further oxidized to
vity in the reaction.®>*
as follows (Fig. 7). First, I loses an electron at the anode to self-coupling at the anode after losing an electron, producing

The proposed mechanism is outlined produce radical intermediate III. Simultaneously, I” undergoes

2508 | Green Chem., 2025, 27, 2504-2510 This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Proposed mechanism for the synthesis of 3a.

I,. I, reacts with 1,2-diphenyldiselane (2a), forming phenylsele-
nyl radical IV and phenylselanyl iodide V.°® Subsequently,
radical intermediates III and IV undergo radical cross-coupling
to form intermediate VI, which undergoes electrooxidative aro-
matization to yield the desired product 3a. At the cathode, V is
reduced to release I and regenerate diselenide, while protons
are reduced to form hydrogen gas. Intermediates II, III, and IV
were captured individually by radical scavengers and identified
using HRMS.

Based on the relevant literature and the experimental
results, a possible mechanism for the generation of 4a is pro-
posed (Fig. 8). Initially, I" is oxidized at the anode to produce
I,, which reacts with 2a to generate the phenylselenyl radical
IV and phenylselanyl iodide V.° In tetrahydroquinoline (1a),
the sp®N atom enhances the nucleophilicity at the C-6 position,
enabling 1a to resonate into VIL The intermediate V, acting as an
electrophile, attacks the C-6 position of VII, leading to the for-
mation of intermediate VIII, which subsequently eliminates one
molecule of HI and undergoes aromatization to yield the target
product 4a. Additionally, the phenylselenyl radical IV undergoes
oxidation at the anode to form the selenium cation IX, which

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Proposed mechanism for the synthesis of 4a.

then attacks VII to produce intermediate X. This intermediate
undergoes deprotonation and aromatization to form the target
product 4a. Simultaneously, H" is reduced at the cathode to form
hydrogen gas.

By comparing the two reactions mentioned above, we
observe an intriguing phenomenon. In the presence of
TEMPO, the reaction yields product 3a; however, in its
absence, product 4a is formed. We speculate that this difference
arises as follows: TEMPO, with its relatively low oxidation poten-
tial, is readily oxidized to TEMPO', which can undergo SET with
tetrahydroquinoline (1a). This process allows 1a to be oxidized at
a lower potential, generating the radical intermediate I, which
ultimately leads to the formation of product 3a. In contrast,
without TEMPO, 1a is less susceptible to oxidation, favoring an
electrophilic substitution pathway that produces product 4a. In
both cases, the indirect electrolysis facilitated by TEMPO or I
operates at a lower potential than direct electrolysis, thereby
enhancing the reaction efficiency and selectivity.***

Conclusion

In summary, we have developed a simple and environmentally
friendly electrochemical synthesis method for the selenylation
of tetrahydroquinolines with diselenides. By adjusting the
reaction conditions, various products can be selectively syn-
thesized. Utilizing TEMPO as a redox mediator successfully
achieves the challenging C-3 selenylation of quinolines, while
in the absence of TEMPO, C-6 selenylated tetrahydroquino-
lines are obtained. This green approach not only exhibits excel-
lent selectivity and broad functional group tolerance but also
provides flexibility in adjusting reaction conditions to produce
diverse outcomes. Given the valuable properties of selenium
compounds and the privileged structures of quinolines and
tetrahydroquinolines, we believe this method holds significant
promise for advancing drug discovery and synthetic chemistry.
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