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ABSTRACT

Modulating the redox potential of organic substrates is a powerful strategy for steering electrochemical reaction pathways, par-
ticularly for systems capable of undergoing both oxidation and reduction. Herein, we report the first electrochemical cyclization of
areneazo-2-(2-nitro)propanes to benzo[c|cinnolines enabled by solvent-mediated redox pathway control. Careful selection of the
reaction medium, especially mixed solvent systems containing hexafluoroisopropanol (HFIP) and alcohol additives, not only
widens the redox potential gap between oxidation and reduction events but also stabilizes key intermediates through hydro-
gen-bonding interactions, thereby favoring oxidative intramolecular cyclization over competing denitrogenative reduction path-
ways. Cyclic voltammetry reveals a clear correlation between solvent-dependent redox windows and reaction outcomes,
underscoring the decisive role of solvent effects in governing electrochemical selectivity. Under optimized constant current con-
ditions using graphite electrodes, a broad range of areneazo-2-(2-nitro)propanes undergo efficient cyclization to afford benzo[c]
cinnolines in good yields. Mechanistic studies support a pathway involving MeOH-stabilized diazonium intermediates and con-
trolled redox fragmentation, demonstrating how strategic solvent engineering can unlock new electrochemical transformations of
redox-active organic substrates.

1 | Introduction redox potentials and enabling or suppressing specific mechanistic
pathways [9, 10]. While this concept of redox modulation applies
broadly to various redox-active organic systems, azo compounds
can offer a clear and illustrative case study, engaging in both oxi-

dative and reductive electrochemical reactions [11], each with

The ability to modulate the redox potential of organic substrates is
a powerful strategy for steering the outcome of electrochemical
transformations [1-3]. This is especially important for compounds
capable of undergoing both oxidative and reductive processes,

where closely spaced redox potential windows allow access to mul-
tiple competing pathways. A critical yet often underappreciated
factor in this control is the choice of reaction solvent [4], which
influences not only solubility and nucleophilicity but also the ther-
modynamics and kinetics of electron transfer. Among these, the
distinction between protic and aprotic solvents has emerged as
a key parameter in governing reaction selectivity for substrates
with multiple redox-active sites or accessible oxidation states [5-8].
In particular, fluorinated protic solvents can stabilize charged inter-
mediates via hydrogen bonding and solvation, effectively shifting

multiple possible outcomes (Scheme 1a). Upon reduction, the
azo group may undergo sequential one- or two-electron transfer
to yield hydrazines or cleaved amine products, while oxidation can
produce radical cations, leading to diazonium ion or N-centered
radical coupling. Building on the premise that the dominant elec-
trochemical pathway is fundamentally governed by the redox
potential of the substrate [12, 13], the choice of solvent emerged
as a strategic lever for modulating the electrochemical redox behav-
ior of azo compounds and, ultimately, for optimizing the preferen-
tial reductive or oxidative pathway. Areneazo-2-(2-nitro)propanes
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(a) Electrochemical Reductive and Oxidative Reaction Pathways of Azo Compounds

R2. _N.

b ) . N~ "R!

N R 2 2

1 N7 .N\\ ,R R\ ,N\
R ’\Il R1 N N “R! — e
_______ R -e +e RZ\N N‘R1
‘R! 9.R® <— N: .R® RZ N
R NN R "N~ “NF R

+

(b) Photochemical and Thermal Fragmentation Pathways of Areneazo-2-(2-nitro)propanes
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(c) Proposed Electrochemical Cyclization via Solvent-Mediated Oxidative Pathway
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SCHEME 1 | Reductive and oxidative pathway of azo compounds and proposed solvent-mediated oxidative pathway of areneazo-2-(2-nitro)propanes.

serve as safer and more stable alternatives to diazonium salts  cyclization of areneazo-2-(2-nitro)propanes to yield benzo|c|cin-
without impact sensitivity or explosive propagation behavior [14], noline derivatives, emerging redox catalysts [18, 19] and promoters
readily undergoing radical fragmentation under photochemical [20-22]. While previous synthetic approaches to benzo[c]cinno-
[15, 16] and thermal [17] conditions (Scheme 1b). Given the lines relied on the reductive coupling of 2,2’-dinitro-1,1’-biaryls
proximity of their redox potentials, we envisioned that solvent- [23-25], the oxidative cyclization of biphenylhydrazine-1,
mediated redox pathways could enable the electrochemical 2-dicarboxylates using PhI(OTf), [26, 27], the oxidative
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dehydrogenative coupling of 1,1’-biphenyl-2,2’-diamines [28,
29], the Cu-catalyzed tandem dual C—N coupling between hydra-
zines and cyclic diphenyliodonium salts [30-32], Rh-catalyzed
C—H activation strategies toward cinnoline frameworks [33-35],
no electrochemical strategy has yet been reported [36]. Herein,
we report the first electrochemical cyclization of areneazo-2-(2-
nitro)propanes to benzo[c|cinnolines, where careful modulation
of redox windows under different reaction media directed the
oxidative intramolecular cyclization pathway (Scheme 1c). The
relevance and significance of electrochemical solvent systems in
modulating the redox pathways of areneazo-2-(2-nitro)propanes
were supported by cyclic voltammetric analysis [37, 38], mecha-
nistic studies, and correlations between solvent environment
and product outcomes. These findings highlighted how solvent
engineering could be strategically employed to control the redox
pathways and direct complex organic transformations.

2 | Results and Discussion

The electrochemical cyclization of areneazo-2-(2-nitro)propanes
to benzo[c]cinnolines was investigated under a constant current
of 10 mA, using n-Bu,;NBF, as the electrolyte and graphite car-
bon electrodes as both the anode and cathode (Table 1). Initially,
5-chloro-1,1’-diphenyldiazene 1a was selected as a model sub-
strate, exhibiting a half-peak oxidation potential (E°,,) of
1.63V versus Ag/AgNO; and a half-peak reduction potential
(E™%,/,) of ~1.81V versus Ag/AgNOs, as determined by cyclic
voltammetry. The solvent window of 1a was evaluated using var-
ious solvents with high oxidation potentials (entries 1-4) and a
strong reduction potential (entry 5) [39]. Electrochemical cycli-
zation of 1a to the desired benzo[c]cinnoline 2a proceeded in
CH,CI, and MeOH, yielding 2a in 3% and 10%, respectively.
However, across all tested solvents (entries 1-5), the reaction

TABLE 1 | Optimization of electrochemical cyclization of areneazo-2-(2-nitro)propane.

undivided cell

)I\/I<eN02 C(+ C(-)
7 Il\ll Me 10 mA . l’\ll .
2 N - N H
solvent, n-Bu,;NBF,
CI5 23°C,3h cl cl

1a 2a 3a
Entry” Solvent system Variations Yield, %" 2a/3a
1 CH,CL, — 3/33
2 CH,CN 2h 0/6
3 MeOH 4h 10/26
4 HFIP 1h 0/10
5 DMSO 2h 0/26
6 CH,CL,/HFIP (3:3) 2h 20/18
7 CH,CN/HFIP (3:3) — 62/0
8 DMSO/HFIP (3:3) — 0/20
9 CH,CN/HFIP (5:1) — 54/0
10 CH,Cl,/HFIP (4:1) — 50/13
11 CH,CL,/HFIP (5:1) — 73/0
12 CH,Cl,/MeOH (5:1) 6h 26/11
13 CH,CI,/HFIP (5:1) 5mA, 5h 64/trace
14 CH,CL/HFIP (5:1) Ni(-) 66/0
15 CH,CL,/HFIP (5:1) Zn(-) 47/10
16 CH,CL,/HFIP (5:1) 0.1 mL MeOH 73/12
17 CH,Cl,/HFIP (5:1) 0.1 mL EtOH 69/trace
18 CH,CL,/HFIP (5:1) 0.1 mL i-PrOH 50/30
19 CH,Cl,/HFIP (5:1) 0.1 mL +-BuOH 56/trace
20 CH,CL,/HFIP (5:1) 0.2 mL MeOH 54/20

*Reaction conditions: 1a (0.3 mmol) and n-BuyNBF, (0.3 mmol) in solvent (0.05 M) using graphite carbons at 23°C for 3 h.

®Yields based on 'H NMR using internal standard, CH,Br,.

Advanced Synthesis & Catalysis, 2026

30f9

85USD17 SUOWILLD BAIERID B|qedl|dde 2y} Ag peunob 818 SR VO 88N JO S3NJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PUE-SLLBHLIOD" A3 |1 ARRIq1BUIIUO//SURY) SUORIPUOD PUB SWB L 83 85 *[9202/70/82] U0 ARigiauliuo Aiim * Aiseaun Buy-Bunyd - Ariqi Buy-Bunyd Aq TOY0L 9SPR/Z00T OT/10p/W0d B 1M Ae.q 1 ou U0 PedURADe//SARY WO1) papeoiumod ‘6 ‘9202 ‘69TYSTIT



preferentially afforded the denitrogenative reduction product 3a.
This prompted the exploration of mixed solvent systems, which
led to the identification of CH;CN/HFIP and CH,Cl,/HFIP mix-
tures (entries 6-8). Notably, the CH;CN/HFIP system improved
the yield of 2a to 62% without the formation of 3a (entry 7).
Further tuning of solvent ratios identified a 5:1 mixture of
CH,Cl, and HFIP as optimal (entries 9-11), giving 2a in 73%
yield. A control experiment using MeOH instead of HFIP con-
firmed the crucial role of HFIP in the electrochemical pathway
(entry 12). Reducing the applied current to 5mA led to a slight
decrease in product yield (entry 13), whereas replacing the graph-
ite cathode with metallic alternatives such as Ni(-) or Zn(-)
resulted in decreased yields of 47%-66% (entries 14-15). The opti-
mized electrochemical conditions were further evaluated by
incorporating alcohol additives (entries 16-19). The addition
of 1-2 vol% MeOH was found to be broadly beneficial; however,
increasing the MeOH content beyond 2 vol% promoted the for-
mation of the reduced product 3a and resulted in a decreased
yield of 2a to 54% (entry 20).

With the optimized conditions for the electrochemical cycliza-
tion of areneazo-2-(2-nitro)propanes to benzo[c|cinnolines in
hand, the substrate scope of areneazo-2-(2-nitro)propanes was
investigated (Scheme 2). Under standard conditions in CH;CN,
the half-peak oxidation potentials (E°*,/») and half-peak reduc-
tion potentials (Ere‘jp/z) of areneazo-2-(2-nitro)propanes were
found to be closely aligned with only different signs. However,
the optimized electrochemical conditions with MeOH as an
additive revealed more pronounced potential gaps between
E™,, and E™,/,, which significantly influenced cyclization effi-
ciency. For example, 5-methyl-1,1’-diphenyldiazene 1b under-
went smooth cyclization to give benzo[c]cinnoline 2b in 53%
yield under MeOH-free conditions, while the presence of 1 vol%
MeOH improved the yield to 66%. Similarly, unsubstituted 1,1'-
diphenyldiazene 1c gave 2c in 70% yield with MeOH additive,
compared to 50% without MeOH additive. Thus, the MeOH addi-
tive markedly improved the yields of 2 across the substrate scope;
for example, 3’,5-dichloro-1,1’-diphenyldiazene 1d afforded 2d
in 75% yield, underscoring the importance of achieving sufficient
redox potential separation (See the Supporting Information for
detail). This correlation between redox potential gaps and reac-
tion efficiency guided the further exploration of substrates.
Substrates bearing fluorine 1e-1f, chlorine 1g, strong electron-
withdrawing groups such as nitrile 1h and trifluoromethyl 1i,
and ester groups 1j-11 were well tolerated, delivering the
corresponding benzo[c]cinnolines 2e-2j in moderate to good
yields. Methoxy-substituted substrates showed minor reduction
peaks, yet still afforded products 2m-2p in 76%-81% yields.
The method proved effective for a wide range of areneazo-2-
(2-nitro)propanes, including those with electronically different
substitution patterns 1q-1s. More complex aromatic frameworks
such as naphthyl 1t, phenanthrenyl 1u, dibenzothiophenyl 1v—
1w, and benzothiophenyl 1x-1y were also successfully incorpo-
rated, furnishing the corresponding benzo[c]cinnoline products
2t-2y in 43%—67% yields. Once again, the presence of MeOH
additive played a critical role in promoting efficient electrochem-
ical cyclization across this broad substrate scope.

As shown in our optimization studies, a larger difference between
the absolute redox potentials preferentially leads to the formation
of 2a. In CH;CN, product 2a was not formed, and significant
decomposition of 1a was observed. Considering that 2a remained

86% intact over 30 min under the CH;CN reaction conditions (see
the Supporting Information), this decomposition was most likely
due to reduction of 1a at the cathode rather than decomposition
of 2a formed by oxidation at the anode. When the solvent was
changed to CH,Cl,, which has a lower oxidation potential, sub-
strate oxidation was confirmed, resulting in the formation of over
30% of 2a and 3a. However, because CH,Cl, exhibits a reduction
potential similar to CH;CN, cathodic decomposition of 1a still
occurred. These observations indicate that improving the product
yield requires lowering the oxidation potential of the substrate
(approaching 0 V) while shifting the reduction potential to more
negative values to prevent cathodic decomposition. In other words,
a strategy that increases the redox potential gap, the difference
between the anodic and cathodic processes, is essential. The influ-
ence of redox potential gaps was examined further using 5-chloro-
1,1’-diphenyldiazene 1a in various solvents (Scheme 3A). Smaller
redox gaps were observed in CH3CN (~0.12V) and MeOH
(~0.41V), where the substrate decomposition predominated.
In CH;CN, only a small amount of the reduction product 3a (6%)
was obtained, while in MeOH, 2a and 3a were formed in 10% and
26% yields, respectively. Although CH,Cl, offered a slightly wider
redox gap (~0.52 V), 2a was formed in only 3% yield, while 3a was
obtained in 33% yield. The measured redox gap in HFIP was about
0.68V, the E™ ,, peak showed another broad peak at around
—0.71V, thus the redox gap in HFIP may be less than 0.68 V, thus
leading to a mere reduction product 3a in 10% yield. A more
pronounced gap (0.88 V) was observed in a CH,CL/HFIP (5:1)
mixture, delivering 2a exclusively in 73% yield. When 1.7 vol%
of MeOH was added to this mixture, the redox gap narrowed
to 0.58V, yet 2a was still formed in 73% yield, along with 12%
of 3a. These results suggested that while large redox gaps pro-
moted the benzo[c]cinnoline formation, the additive, MeOH,
might play an additional role in stabilizing reactive intermediates
[40, 41]. Notably, increasing the amount of MeOH additive in the
CH,CIL,/HFIP (5:1) solvent mixture significantly shifted the redox
potentials of 1a, with the E®/, increasing from 1.09 to 1.36 V and
the E™,, shifting from ~1.97 to ~1.70 V. While the electrochemi-
cal cyclization behaviors of areneazo-2-(2-nitro)propanes are con-
sistent with our potential gap theory, several substrates (1e, 1r, 1x)
under CH,CL,/HFIP with a MeOH additive exhibited higher reac-
tion efficiencies compared to those in CH;CN, despite similar or
even smaller potential gaps. This discrepancy likely indicates that
both redox potential modulation and intermediate stabilization
cooperatively contribute to productive electrocyclization, highlight-
ing the dual role of MeOH. While MeOH may slightly lower both
oxidation and reduction potentials, it simultaneously stabilizes the
diazonium intermediate and/or mitigates solvent-derived proton
reduction at the cathode, thereby facilitating a more efficient
overall redox process. In contrast, under CH,Cl,/HFIP without
MeOH, all substrates showed higher efficiencies only when larger
potential gaps were observed compared to the CH;CN condition.
It should be noted that areneazo-2-(2-nitro)propanes are capable
of undergoing both oxidation and reduction, which can lead to the
misassignment of a reduction peak when the scan is initiated in
the positive direction. This peak does not correspond to the intact
substrate, but rather to a species formed through substrate oxida-
tion followed by fragmentation. Notably, this peak is absent
when the scan begins in the negative direction, allowing for
accurate determination of the true reduction potential of the intact
substrate. Based on these data, a plausible electrochemical cycli-
zation mechanism is proposed (Scheme 3B). A hydrogen-bonding

4 of 9

Advanced Synthesis & Catalysis, 2026

85USD17 SUOWILLD BAIERID B|qedl|dde 2y} Ag peunob 818 SR VO 88N JO S3NJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PUE-SLLBHLIOD" A3 |1 ARRIq1BUIIUO//SURY) SUORIPUOD PUB SWB L 83 85 *[9202/70/82] U0 ARigiauliuo Aiim * Aiseaun Buy-Bunyd - Ariqi Buy-Bunyd Aq TOY0L 9SPR/Z00T OT/10p/W0d B 1M Ae.q 1 ou U0 PedURADe//SARY WO1) papeoiumod ‘6 ‘9202 ‘69TYSTIT



undivided cell

R2—i— D
10 mA = N

N
CH,CIy:HFIP (5:1) + MeOH (0.1 mL) R =
n- BU4NBF4 _ |
23°C,2h
1 2
Me
® CL. CL C S
N N N N N O
I Il Il Il i\ N
N N N N N Il
g SANe J @ '
ClI75 Me™ 5 Cl”5 F7s O
F~s
2a, 73% 2b, 66% 2c, 70% 2d, 75% 2e, 74% 2f, 67%
Me

T O, C CL :
: : ®
h : w \ : m A N
O O N I
§ O N
NC” 5 F,C”5 MeO,C" 5 MeO,C” 5 O
Me”'5 3 2 e%2 MeO,C”5

29, 64% 2h, 31% 2i, 54%

2j, 47% (53% )12

2k, 60% 21, 56% (62%)!

MeO 3 MeO 3 MeO 3 MeO 3 O o/; 2 o/: Q
vy L, O
|| || H O N hj ‘ITI
N N
Me 5 Br 5 N O O
OMe Cl”s

2m, 80% 2n, 81% 20, 76%
o O & )
N N S N

2t, 54% 2u, 45% 2v, 67%!"]

1 T
N N
4 C
4

2p, 80% 2q, 76% 2r, 53% 2s, 49%
O S S
S ,'T‘ Z N =N

CI5l

2w, 54%!P! 43% (51%)@ 2y, 40% (44%)E

SCHEME 2 | Substrates scope of electrochemical cyclization of areneazo-2-(2-nitro)propanes ([a] without MeOH. [b] 5 mA for 5h).

interaction between HFIP and the nitro group of the areneazo-2-(2-
nitro)propane facilitates the formation of radical cation A, which
fragments into the 2-nitropropyl radical B and the diazonium spe-
cies C [17]. As previously reported [14-17], the 2-nitropropyl radi-
cal B undergoes nitro-to-nitrite rearrangement, ultimately forming
acetone and nitric oxide via fragmentation of the isopropyl nitrite
radical B’. The diazonium species C can be stabilized by MeOH to
form D [42, 43], but MeOH can also promote reduction to 3a [44].
The stabilizing effect of MeOH has proven essential for some sub-
strates; for instance, no product was obtained from 1r and 1s in its

absence. The combination of a widened redox potential gap and
MeOH-mediated stabilization of C enables intramolecular cycliza-
tion to benzo[c]cinnolines via intermediate E, with H" reduction to
H, completing the redox cycle. The hydrogen-bonding interaction
between HFIP and the nitro group of 1a is supported by 'H and '°F
NMR spectroscopic analyses performed at varying ratios of 1a and
HFIP (see the Supporting Information for details). Additional
mechanistic support was provided by NMR detection of acetone
and radical inhibition/capture experiments using TEMPO, where
the proposed intermediate D (in the presence of MeOH), azo
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SCHEME 3 |

radical species 4a, dediazotized aryl radical 4b, transient NO radical
4c, and nitroalkyl radical 4d were detected by HRMS analysis
(Scheme 3C). In addition, the presence of NO was also confirmed
by the formation of N-nitrosomorpholine 5 from morpholine
under electrochemical reaction conditions. While the stoichiomet-
ric generation of NO gas could raise safety concerns, its rapid oxi-
dation in air (to NO,) and subsequent reaction with moisture (to

zZ=

|\©Ph
_N O:N N
N* \6,Me So

I

H

D
[M+H]" = 247.0633

4c
[M+Na]* = 209.1263

CI\@Ph
O,N
N * 2}\

[M+H]" = 344.1775 [M+H]" = 245.1863

Cyclic voltammetry studies and proposed mechanism for electrochemical cyclization of areneazo-2-(2-nitro)propanes.

HNO,/HNO3) make the accumulation of toxic gaseous species dur-
ing the reaction unlikely. Under our electrochemical conditions,
NOx species are further expected to undergo facile redox processes,
forming HNO at the anode and N,O at the cathode; thus, direct
release of hazardous levels of NO is not anticipated. If the forma-
tion of other potentially toxic species, such as NO, under O, and
electrochemical conditions, remains a concern, the reaction can
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readily be conducted under an argon atmosphere in comparable
yields. Notably, comparable yields are obtained under both argon
and air conditions. The calculated Faraday efficiency of the current
electrochemical reaction remained around 20%, likely due to mul-
tiple redox side reactions involving aryl radicals and NO species, as
well as electrochemical decomposition pathways of the benzo[c]
cinnoline derivatives (see Supporting Information for details).
It should be noted that these mechanistic findings highlight the
critical roles of solvent composition, redox potential modulation,
and MeOH additives in governing the electrochemical reactivity
of areneazo-2-(2-nitro)propanes. Thus, the MeOH additive modu-
lates the redox gap of the system and can also function as a proton
(or hydrogen) donor under the electrochemical conditions (Table 1,
entry 16). Consistent with this interpretation, the use of other alco-
hol additives, particularly i-PrOH, more strongly promoted the
reductive pathway leading to byproduct 3a (entry 18), supporting
the involvement of proton/hydrogen transfer processes. In addition
to possible protonation effects, HRMS analysis of the reaction mix-
ture provided evidence that MeOH participates in stabilizing reac-
tive intermediates through nucleophilic trapping of the diazonium
species C. These observations suggest that the promotional effect
of MeOH likely arises from a combination of roles, including mod-
ulation of redox properties, proton donation, and intermediate
stabilization, rather than from protonation-facilitated cyclization
alone. While solvent effects are central to tuning reactivity, they
alone cannot fully account for the observed solvent-dependent
outcomes, as certain media lead predominantly to substrate
decomposition rather than productive cyclization. Given that these
substrates can undergo both oxidation and reduction, enforcing
pathway selectivity requires strategies that widen the redox
potential gap while stabilizing key intermediates, likely through
hydrogen-bonding interactions.

3 | Conclusion

In summary, we have developed an electrochemical cyclization
of areneazo-2-(2-nitro)propanes to benzo[c]cinnolines through a
solvent-controlled oxidative pathway. Using graphite electrodes
and n-BuyNBF, as the electrolyte under constant current, we
demonstrated the critical role of redox potential gaps between
oxidation and reduction half-peaks (E®*,/, and E™,,), which
are effectively modulated by solvent systems and MeOH addi-
tives. Given the growing interest in redox-guided electrochemical
construction of heterocycles, our approach, guided by cyclic vol-
tammetry, offers a systematic framework for tuning oxidative
and reductive electrochemical pathways. Ongoing studies are
focused on applying this solvent-mediated redox pathway control
to other redox-active organic scaffolds, and the results will be
reported in due course.

4 | Experimental Section

4.1 | General Procedure for Electrochemical
Cyclization of Areneazo-2-(2-nitro)propanes to
Benzo|[c]cinnolines

Electrochemical reactions were carried out using an IKA
ElectraSyn 2.0. Compound 1 (0.30 mmol), tetrabutylammonium
tetrafluoroborate (0.30 mmol), and 6 mL of a DCM/HFIP mixture

(5:1,0.05 M) were added to a 10 mL undivided IKA vial. The elec-
trochemical cell was equipped with a graphite working electrode
(WE) and a graphite counter electrode (CE), and a constant cur-
rent of 10 mA was applied for 2-4 h. Upon the reaction comple-
tion, the mixture was concentrated invacuo and purified by
column chromatography on silica gel using EtOAc in hexanes
to give the desired product 2a-2y. The same procedure was per-
formed in a separate setup except for the addition of MeOH
(0.1 mL). The reaction without MeOH was designated as condi-
tion A, and the reaction with MeOH (0.1 mL) as condition B.

4.2 | 2-Chlorobenzo[c]cinnoline (2a)

The compound was synthesized by using 1a with a reaction time
of 3h. The product was isolated by silica gel flash column chro-
matography using ethyl acetate/hexanes (1:4) eluent. Yellow
solid; m.p.: 214-215°C; (A): 47.0 mg (73%), (B): 47.2 mg (73%).
'H NMR and *C NMR spectra for this compound were consis-
tent with previously reported literature data [28] 'H NMR
(600 MHz, CDCL): § 8.73-8.71 (m, 1H), 8.65 (d, J=8.4Hz,
1H), 8.48 (d, J=1.8 Hz, 1H), 8.45-8.44 (m, 1H), 7.93-7.89 (m,
2H), 7.81 (dd, J=9.0, 1.8 Hz, 1H); '*C NMR (150 MHz, CDCl,):
6 145.3,143.6,138.0, 133.0, 131.9, 131.4, 130.1, 130.0, 122.1, 121.4,
121.1, 119.8.

Acknowledgments

This research was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korean government (MSICT) (NRF-
202400340550 and RS-2025-23323179). S.T. thanks SANKEN for the
2025 Foreign Researcher Support Program.

Funding

The National Research Foundation of Korea (NRF-202400340550 and RS-
2025-23323179). SANKEN (2025 Foreign Researcher Support Program).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data underlying this study are available in the published article and
its online supplementary material.

References

1. J. Liu, L. Lu, D. Wood, and S. Lin, “New Redox Strategies in Organic
Synthesis by Means of Electrochemistry and Photochemistry,” ACS
Central Science 6 (2020): 1317-1340.

2. T. Ali, H. Wang, W. Igbal, T. Bashir, R. Shah, and Y. Hu, “Electro-
Synthesis of Organic Compounds with Heterogeneous Catalysis,”
Advanced Science 10 (2023): 2205077.

3. F. Dorchies and A. Grimaud, “Fine Tuning of Electrosynthesis
Pathways by Modulation of the Electrolyte Solvation Structure,”
Chemical Science 14 (2023): 7103-7113.

4. J. Grimshaw, Electrochemical Reactions and Mechanisms in Organic
Chemistry. Elsevier: Amsterdam, 2000.

5. 0. Hammerich and B. Speiser, Organic Electrochemistry (CRC Press)
Boca Raton, 2015, 5th.

Advanced Synthesis & Catalysis, 2026

7 of 9

85USD17 SUOWILLD BAIERID B|qedl|dde 2y} Ag peunob 818 SR VO 88N JO S3NJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PUE-SLLBHLIOD" A3 |1 ARRIq1BUIIUO//SURY) SUORIPUOD PUB SWB L 83 85 *[9202/70/82] U0 ARigiauliuo Aiim * Aiseaun Buy-Bunyd - Ariqi Buy-Bunyd Aq TOY0L 9SPR/Z00T OT/10p/W0d B 1M Ae.q 1 ou U0 PedURADe//SARY WO1) papeoiumod ‘6 ‘9202 ‘69TYSTIT



6. T. Fuchigami and S. Inagi, “Selective Electrochemical Fluorination of
Organic Molecules and Macromolecules in Ionic Liquids,” Chemical
Communications 47 (2011): 10211-10223.

7. M. Kathiresan and D. Velayutham, “Ionic Liquids as an Electrolyte for
the Electrosynthesis of Organic Compounds,” Chemical Communications
51 (2015): 17499-17516.

8. J. Dupont, B. C. Leal, P. Lozano, A. Monteiro, P. Migowski, and
J. D. Scholten, “Ionic Liquids in Metal, Photo-, Electro-, and (Bio)
Catalysis,” Chemical Reviews 124 (2024): 5227-5420.

9. L. Schulz and S. R. Waldvogel, “Solvent Control in Electro-Organic
Synthesis,” Synlett 30 (2019): 275-286.

10. X. Marset, S. Montilla-Verdu, E. Rico, and N. Guijarro, “Beyond
Conventional Organic Electrosynthesis: The Roles of Fluorinated
Solvents,” ACS Electrochem 1 (2025): 3-19.

11. Q. Zhou, X. Gong, and G. Yan, “Recent Advances in Radical Reactions of
Azo Compounds,” Advanced Synthesis & Catalysis 365 (2023): 1565-1579.

12. W. Kim, H. Y. Kim, and K. Oh, “Electrochemical Radical-Radical
Cross-Coupling between Sodium Sulfinates and 2H-Indazoles to
3-Sulfonylated 2H-Indazoles,” Organic Letters 22 (2020): 6319-6323.

13. W. Kim, H. Y. Kim, and K. Oh, “Oxidation Potential-Guided
Electrochemical Radical-Radical Cross-Coupling Approaches to 3-
Sulfonylated Imidazopyridines and Indolizines,” The Journal of
Organic Chemistry 86 (2021): 15973-15991.

14. K. Ramesh, H. Y. Kim, and K. Oh, “Catalytic Aerobic N-Nitrosation by
Secondary Nitroalkanes in Water: Tandem Diazotization of Aryl Amines
and Azo Coupling,” Organic Letters 25 (2023): 449-453.

15. D. Patil, K. Ramesh, H. Y. Kim, and K. Oh, “Visible-Light-Promoted
Aryl Cation Formation: Aromatic Sx1 Reactions of Areneazo-2-(2-nitro)
propanes,” Organic Letters 25 (2023): 7204-7208.

16. D. Patil, R. Patel, S. Takizawa, H. Y. Kim, and K. Oh, “Tandem
Photocatalyst-Free Visible-Light Aryl Azidation-Intramolecular C-H
Amination: One-Pot Access to Carbazoles and Indoles from Areneazo-
2-(2-nitro)propanes,” Advanced Synthesis & Catalysis 367 (2025):
€202401333.

17. D. Kim, H. Y. Kim, and K. Oh, “HFIP-Assisted Denitrogenative
Radical Fragmentation of Areneazo-2-(2-nitro)propanes: Cross-
Coupling of Aryl Radicals with Alkynes and Coupling Agents,”
Organic Letters 27 (2025): 8563-8567.

18. I. B. Stone, J. Jermaks, S. N. MacMillan, and T. H. Lambert, “The
Hydrazine-O, Redox Couple as a Platform for Organocatalytic Oxidation:
Benzo[c]cinnoline-Catalyzed Oxidation of Alkyl Halides to Aldehydes,”
Angewandte Chemie International Edition 57 (2018): 12494-12498.

19.7J. S. Kellner-Rogers, R. Wang, and T. H. Lambert, “Diazene-Catalyzed
Oxidative Alkyl Halide-Olefin Metathesis,” Organic Letters 26 (2024):
1078-1082.

20. D. Du, Y. Chen, H. Zhang, et al., “High-Performance Azo Cathodes
Enabled by N-Heteroatomic Substitution for Zinc Batteries with a Self-
Charging Capability,” Angewandte Chemie International Edition 63
(2024): €202408292.

21. J. Zhao, W. Zhang, D. Du, et al., “Skeletal Rearrangement of Azo
Compounds Enables Low-Potential, High-Capacity Organic Anodes for
Rechargeable Alkaline Batteries,” Angewandte Chemie International
Edition 64 (2025): €202419887.

22. C. Walter, J. Park, E. U. Lopez-Torres, M. Yaseen, and S. Zhang,
“Benzo[c|cinnoline Organic Anode Enables 1.3V-Class Alkaline
Aqueous Batteries,” ACS Energy Letters 10 (2025): 629-634.

23. V. Benin, P. Kaszynski, M. Pink, and V. G. Young, “Formation of
1,10-Disubstituted Benzo[c|cinnolines. Synthesis and Molecular
Structure of 1-Amino-10-propylthiobenzo[c]cinnoline and Cyclization
to 4-Propylcinnolino[5,4,3][c,d.e][1,2]benzothiazine,” The Journal of
Organic Chemistry 65 (2000): 6388-6397.

24. H. Bjersvik, R. R. Gonzalez, and L. Liguori, “Investigations of a Novel
Process to the Framework of Benzo|[c]cinnoline,” The Journal of Organic
Chemistry69 (2004): 7720-7727.

25. 0. V. Vinogradova and 1. A. Balova, “Methods for the Synthesis of
Cinnolines (Review),” Chemistry of Heterocyclic Compounds 44 (2008):
501-522.

26. B. V. S. Reddy, C. R. Reddy, M. R. Reddy, S. Yarlagadda, and
B. Sridhar, “Substrate-Directed C-H Activation for the Synthesis
of Benzo[c|cinnolines through Sequential C-C and C-N Bond
Formation,” Organic Letters 17 (2015): 3730-3733.

27. S. R. Kandimalla and G. Sabitha, “Metal-free C-N Bond Formations:
One-Pot  Synthesis of  Pyrido[2/,17:2,3]imidazo[4,5-c|cinnolines,
Benzo[4',5'|thiazo- and Thiazolo[2’,3":2,3]imidazo[4,5-c]cinnolines,”
RSC Advances 6 (2016): 67086-67095.

28. D. S. Lee, T. Chatterjee, J. Ban, H. Rhee, and E. J. Cho, “Simple
Synthetic Method for Functionalized Benzo[c]cinnolines,” ChemistrySelect
3 (2018): 2092-2095.

29. S. Li, Y. An, W. Zhao, J. Huang, B. Wen, and X. Chen, “Copper-
Catalyzed Aerobic Oxidative Dehydrogenative Coupling to Access
Benzo[c|cinnolines,” Organic Letters 26 (2024): 6988-6992.

30. C. J. Ball, J. Gilmore, and M. C. Willis, “Copper-Catalyzed Tandem
C-N Bond Formation: An Efficient Annulative Synthesis of
Functionalized Cinnolines,” Angewandte Chemie International Edition
51 (2012): 5718-5722.

31. R. Xie, Y. Xiao, Y. Wang, et al., “Hydrazine-Halogen Exchange
Strategy toward N=N-Containing Compounds and Process Tracking
for Mechanistic Insight,” Organic Letters 25 (2023): 2415-2419.

32. Y. Yang, R. Xie, Y. Wang, P. Zhu, J. Wang, and S. Li, “Efficient
Synthesis of Benzo[c|cinnolines and Azoarenes via Dual C-N Coupling
of Phthalhydrazide and Trivalent Reagents,” Organic Chemistry
Frontiers10 (2023): 2701-2707.

33.S. Mayakrishnan, Y. Arun, C. Balachandran, N. Emi, D. Muralidharan,
and P. T. Perumal, “Synthesis of Cinnolines via Rh(III)-Catalyzed
Dehydrogenative C—H/N—H Functionalization: Aggregation Induced
Emission and Cell Imaging,” Organic & Biomolecular Chemistry 14
(2016): 1958-1968.

34.Y. Wang, Y. Zeng, J. Wang, and S. Li, “Rh- or Ru(II)-Catalyzed C—H
Annulation with Vinyl Carbonate and an Unexpected Aerobic Oxidation/
Deprotection Cascade to Yield Cinnolin-4(1H)-Ones,” The Journal of
Organic Chemistry 89 (2024): 14233-14241.

35. Y. Wang, Y. Zeng, Y.-N. Tian, et al., “Mechanistic Insights into
Rhodium-Catalyzed C—H Activation and Annulation Using Vinyl
Acetate to Access Cinnolines and Cinnolin-4(1H)-Ones,” Organic
Chemistry Frontiers 12 (2025): 553-560.

36. H.-C. Hisao, M.-C. Li, G. Vedarethinam, P.-L. Chen, and
S.-C. Chuang, “Synthesis of Benzo[c]cinnolinium Salts from 2-
Azobiaryls by Copper(Il) or Electrochemical Oxidation,” Organic
Letters 26 (2024): 1694-1698.

37. N. Elgrishi, K. J. Rountree, B. D. McCarthy, E. S. Rountree,
T. T. Eisenhart, and J. L. Dempsey, “A Practical Beginner’s Guide to
Cyclic Voltammetry,” Journal of Chemical Education 95 (2018): 197-206.

38. H. G. Roth, N. A. Romero, and D. A. Nicewicz, “Experimental and
Calculated Electrochemical Potentials of Common Organic Molecules
for Applications to Single-Electron Redox Chemistry,” Synlett 27
(2016): 714-723.

39. C. Schotten, T. P. Nicholls, R. A. Bourne, N. Kapur, B. N. Nguyen, and
C. E. Willans, “Making Electrochemistry Easily Accessible to the
Synthetic Chemist,” Green Chemistry 22 (2020): 3358-3375.

40. B. D. Grishchuk, P. M. Gorbovoi, N. I. Ganushchak, and
A. V. Dombrovskii, “Reactions of Aromatic Diazonium Salts with
Unsaturated Compounds in the Presence of Nucleophiles,” Russian
Chemical Reviews 63 (1994). 257-267.

8 of 9

Advanced Synthesis & Catalysis, 2026

85USD17 SUOWILLD BAIERID B|qedl|dde 2y} Ag peunob 818 SR VO 88N JO S3NJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PUE-SLLBHLIOD" A3 |1 ARRIq1BUIIUO//SURY) SUORIPUOD PUB SWB L 83 85 *[9202/70/82] U0 ARigiauliuo Aiim * Aiseaun Buy-Bunyd - Ariqi Buy-Bunyd Aq TOY0L 9SPR/Z00T OT/10p/W0d B 1M Ae.q 1 ou U0 PedURADe//SARY WO1) papeoiumod ‘6 ‘9202 ‘69TYSTIT



41.J. Durka, B. Zielinska, and D. Gryko, “Aliphatic Amines Unlocked for
Selective Transformations through Diazotization,” Angewandte Chemie
International Edition 64 (2025): €202419450.

42.D. F. DeTar and M. N. Turetzky, “The Mechanisms of Diazonium Salt
Reactions. I. The Products of the Reactions of Benzenediazonium Salts
with Methanol,” Journal of the American Chemical Society 77 (1954):
1745-1750.

43. J. Zhang, M. Jiang, C.-S. Wang, et al., “Transition-Metal-Free C-N
Bond Formation from Alkyl Iodides and Diazonium Salts via Halogen-
Atom Transfer,” Nature Communications 13 (2022): 7961.

44. D. F. DeTar and T. Kosuge, “Mechanisms of Diazonium Salt
Reactions. VI. The Reactions of Diazonium Salts with Alcohols under
Acidic Conditions: Evidence of Hydride Transfer,” Journal of the
American Chemical Society 80 (1958): 6072-6077.

Supporting Information

Additional supporting information can be found on online in the Supporting
Information section.

Advanced Synthesis & Catalysis, 2026

9 of 9

85USD17 SUOWILLD BAIERID B|qedl|dde 2y} Ag peunob 818 SR VO 88N JO S3NJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PUE-SLLBHLIOD" A3 |1 ARRIq1BUIIUO//SURY) SUORIPUOD PUB SWB L 83 85 *[9202/70/82] U0 ARigiauliuo Aiim * Aiseaun Buy-Bunyd - Ariqi Buy-Bunyd Aq TOY0L 9SPR/Z00T OT/10p/W0d B 1M Ae.q 1 ou U0 PedURADe//SARY WO1) papeoiumod ‘6 ‘9202 ‘69TYSTIT



	Solvent-Controlled Electrochemical Cyclization of Areneazo-2-(2-nitro)propanes to Benzo[c]cinnolines
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	4. Experimental Section
	4.1. General Procedure for Electrochemical Cyclization of Areneazo-2-(2-nitro)propanes to Benzo[c]cinnolines
	4.2. 2-Chlorobenzo[c]cinnoline (2a)



