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Electrochemical synthesis of heterodehydro[7]
helicenes
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Shinobu Takizawa 1✉

Dehydrohelicenes are some of the most attractive chiroptical materials with unique helical

chirality. However, to our knowledge, there are no prior reports on their direct construction

by asymmetric methods. In this work, sequential synthesis of aza-oxa-dehydro[7]helicenes

via the electrochemical oxidative hetero-coupling of 3-hydoxycarbazoles and 2-naphthols

followed by dehydrative cyclization and intramolecular C–C bond formation has been rea-

lized. In addition, an efficient enantioselective synthesis through chiral vanadium-catalyzed

hetero-coupling and electrochemical oxidative transformations afforded heterodehydro[7]

helicene without any racemization. The obtained dehydro[7]helicenes showed intense blue-

colored circularly polarized luminescence (|glum|≈ 2.5 × 10−3 at 433 nm). Thermodynamic

and kinetic studies of the racemization barrier of heterodehydro[7]helicenes indicated sig-

nificant chiral stability with ΔG‡> 140 kJ mol−1.
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Heterodehydrohelicenes, also known as quasi-
heterocirculenes with helical chirality, can be classified
as polycyclic heteroaromatics (PHAs)1 in which the two

helical termini of a helicene are connected by a sigma bond2–10.
Their unique helical chirality has led to extraordinary chir-
optical responses11 which can be implemented in various
material-based applications, such as organic light-emitting
diodes (OLEDs) and field-effect transistors (FETs). Moreover,
the superior chiroptical properties of heterodehydrohelicenes
such as circular dichroism (CD) and circularly polarized
luminescence (CPL) open the gate for various applications in
optical information storage and transfer, in such cases the level
of CPL can promote a further dimension to the information
content transported through light12. In 1969, Zander and
Franke first reported a aza-dehydro[6]helicene synthesized from
the corresponding aza[6]helicene as a precursor through
metal(Al)-mediated terminal ring closure2. Similar protocols
have been subsequently applied to synthesize thiophene-based
dehydro[5]3, [6] (using Al)4, and [7]helicenes (using Pd and
Sn)5. Tanaka and Osuka have synthesized aza-dehydro[7]heli-
cene derivatives with three pyrrole rings using bis(tri-
fluoroacetoxy)iodobenzene (PIFA); these molecules exhibit
interesting photophysical properties6. However, these hetero-
dehydrohelicenes were difficult to isolate as optically pure forms
due to their low racemization barriers2–6.

In 2017, Itami and Segawa first reported thia-dehydro[6]
helicenes as saddle-helix molecules with tert-butyl substitutions
at the terminal aromatic rings that prevent racemization; HPLC
with a chiral stationary phase could be used for enantiomeric
separation7. Tanaka, Osuka8, and Pittelkow9 have also reported
heterodehydro[7]helicene modifications that lead to sig-
nificantly high racemization barriers. In 2021, Maeda and Ema
reported an aza-dehydro[7]helicene with intense CPL and
Cotton effects10. Despite the immense potential exhibited by
heterodehydrohelicenes, to our knowledge, there are no reports
on their straightforward construction including asymmetric
synthesis. This could be due to the limitations associated with
the synthetic steps: low total yields, harsh reaction conditions
(such as high temperature), easy racemization, and/or overuse
of oxidants (narrow functional group tolerance). In 2016, we
reported an efficient vanadium-catalyzed synthesis of oxa[9]
helicenes13 via the oxidative coupling of arenol compounds14

followed by intramolecular dehydrative cyclization. Recently

we also developed the catalytic enantioselective oxidative
hetero-coupling of arenols using a chiral vanadium(V)
complex15. Based on these radical-anion coupling mechanism,
we envisioned applying an organic electrochemical method to
develop more environmentally benign syntheses of hetero-
dehydrohelicenes. Electrochemical syntheses have many
advantages, since no oxidant is required and oxidative trans-
formation can be conducted under mild reaction conditions16.
Indeed, many metal- and oxidant-free electrochemical oxidative
coupling reactions of arenols have been reported17. Also, some
reports describing a cascade electrochemical approach for
synthesizing PHAs.18 However, to our knowledge, there have
been no reports on heterodehydrohelicene syntheses using
arenol as a starting material under electrochemical conditions.
Herein, we describe two efficient methods for synthesizing aza-
oxa-dehydro[7]helicenes 3 possessing multiple heteroaromatic
rings; the electrochemical sequential synthesis of 3 through the
oxidative hetero-coupling of readily available arenols 1 and 2
followed by dehydrative cyclization and intramolecular C-C
bond formation, and the enantioselective approach through
chiral vanadium-catalyzed hetero-coupling and electrochemical
oxidative transformations (Fig. 1).

Results and discussion
Screening of reaction conditions and evaluation of substrate
scope. After examining various conditions and performing sedu-
lous optimization (see Tables S1–S4 in Supplementary Method 3), a
sequential protocol generating aza-oxa-dehydro[7]helicenes 3aa in
84% yield (81% isolated yield, current efficiency = 30%) was
developed; hydroxybenzo[c]carbazole 1a and 7-methoxy-2-
naphthol 2a were utilized as model substrates based on CV stu-
dies (see Fig. S18 in Supplementary Note 6), with fluorine-doped
tin oxide (FTO)19 electrodes and Bu4NPF6 as the electrolyte
(0.1M) at 25 °C, in the presence of BF3·OEt2 (as an additive) in
CH2Cl2 and no homocoupling products were observed (Table 1,
entry 1)20. The structure of 3aa was confirmed by X-ray crystal-
lography (see Supplementary Note 7). Other solvents [THF,
MeCN, and MeOH (5mL)] formed diol 4aa as the major side
product in 9 to 22% yields (entries 2–4). The FTO electrodes
showed high conversion of substrates (entry 1), while changing any
one of the electrodes resulted in reduced conversion yields (entries
5–6). Doubling the current density reduced the yield of 3aa to 65%

Fig. 1 Sequential electrochemical synthesis of aza-oxa-dehydro[7]helicenes (this work). Two methods for synthesizing dehydro[7]helicenes 3: (A)
electrochemical sequential synthesis through the oxidative hetero-coupling of 1 and 2 followed by dehydrative cyclization and intramolecular C-C
bond formation; (B) stepwise enantioselective synthesis through chiral vanadium-catalyzed hetero-coupling and electrochemical oxidative
transformations.
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(entry 7); its reduction to 0.8 mA/cm2 did not significantly affect
the yield but prolonged the reaction time (entry 8). High con-
centrations of the electrolyte, and other electrolytes such as LiClO4

(0.1M) formed diol 4aa as the major side product (entries 9–10).
Decreasing the amount of BF3·OEt2 or replacing it with other
Brønsted acids (as acidic additives) produced low yields of aza-oxa-
dehydro[7]helicene 3aa (4aawas isolated as the major side product
in 5 to 20% yields) (entries 11–13). BF3·OEt2 transformed diol 4aa
to helicene intermediate 5aa, which underwent facile anodic oxi-
dation to form 3aa (see Scheme S1 in Supplementary Note 3). No
reaction occurred in the absence of electricity (entry 14). Finally, to
generalize this protocol, 3aa was synthesized using ElectraSyn® 2.0
(designed by IKA)21; it exhibited comparable results (entry 15).

Subsequently, the substrate scope of various hydroxycarba-
zoles 1 and 2-naphthols 2 were investigated under the optimal
reaction conditions (Fig. 2). N-Aryl- and N-alkyl-substituted
derivatives 1a–1f underwent facile conversion to aza-oxa-
dehydro[7]helicenes 3aa–3fa in 78–86% yields. Different
combinations of 2 with 7-benzyloxy or allyloxy groups 2b–2c
were used to synthesize aza-oxa-dehydro[7]helicenes 3ab–3fc in
71–84% yields. A series of compounds 1 substituted by Me, Ph,

and OMe groups at various positions on the aromatic ring
formed products 3ga–3la in 76–84% yields. π-Expanded
substrate 1i also reacted with 2a to form 3ia in 80% yield.
Hydroxycarbazole 1m with an electron-withdrawing cyano
group afforded 3ma in 67% yield.

Two-pot synthesis and transformation of product. To establish
the applicability of this method for concise synthesis, a two-pot
protocol using commercially available substrates p-benzoqui-
none (6) and N-phenyl-2-naphthylamine (7) was tested; it
produced aza-oxa-dehydro[7]helicene 3ba in 55% overall yield
(Fig. 3A).

Transformations of aza-oxa-dehydro[7]helicenes 3 were also
investigated (see Supplementary Method 6). The benzyl group on
the nitrogen of 3fa was removed using AlCl3 to give 3na, which
underwent Pd-catalyzed N-arylation to form 3ba (Fig. 3B). The
carboxylic acid derivative 3oa was formed after the hydrolysis of
3ma under basic conditions (Fig. 3C). Furthermore, a treatment
of 3pa with BBr3 at 25 °C afforded the corresponding aza-
dioxa[8]circulene 8 in 92% yield (Fig. 3D).

Table 1 Optimization of reaction conditions for the electrochemical synthesis of heterodehydrohelicene 3aaa.

Entry Solvent (X M) Variation % Yield

1 CH2Cl2 (0.02 M) None 84 (81)[d]

2 THF (0.02M) Solvent 21
3 MeCN (0.02M) Solvent 36
4 MeOH (0.02M) Solvent 45
5 CH2Cl2 (0.02 M) With C(+ ) / FTO(-) 42
6 CH2Cl2 (0.02 M) With FTO(+ ) / Pt(-) 55
7 CH2Cl2 (0.02 M) J= 2.4 mA/cm2 65
8 CH2Cl2 (0.02 M) J= 0.8mA/cm2 77[b]

9 CH2Cl2 (0.02 M) 0.2 M of Bu4NPF6 65
10 CH2Cl2 (0.02 M) LiClO4 instead of Bu4NPF6 47
11 CH2Cl2 (0.02 M) Without BF3·OEt2 37
12 CH2Cl2 (0.02 M) Using 0.1 M of BF3·OEt2 68
13 CH2Cl2 (0.02 M) Using TFA instead of BF3·OEt2 67
14 CH2Cl2 (0.02 M) No electricity No reaction[c]

15 CH2Cl2 (0.02 M) ElectraSyn® 2.0 with Pt(+) / Pt(-) 75

[a] Electrolysis conditions: FTO anode, FTO cathode, constant current = 3mA (J= 1.2 mA/cm2), 1a and 2a (0.1 mmol), Bu4NPF6 (0.1 M), BF3·OEt2 (0.2M), CH2Cl2 (5 mL), 25 °C, 10 h. [b] 12.5 h. [c] No
conversion. [d] Isolated yield.
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Circular dichroism (CD) and circularly polarized luminescence
(CPL) analysis of aza-oxa- dehydro[7]helicenes. HPLC using a
chiral stationary phase (CHIRALPAK IC, hexane/i-PrOH=
30:1), was used for the optical resolution of 3aa, 3ca and 3fa to
analyze the racemization barriers of the obtained aza- oxa-dehydro[7]
helicenes, (see Supplementary Note 2). The optical rotation values of
optically pure 3aa first peak (M)-3aa: [α]D24= –1464 (c= 0.0175 g/

mL), second peak (P)-3aa: [α]D24=+1462 (c= 0.0173 g/mL). The
absolute configuration of (−)-3aa was determined as M through
X-ray crystallographic analysis after recrystallization of the first peak
of enantiomer 3aa. Eyring plots indicated the significant chiral sta-
bility of aza-oxa-dehydro[7]helicenes 3 (racemization barrier
>140 kJmol−1) (see Fig. S2–S10 in Supplementary Note 2); the t1/2 of
compound 3aa was estimated to be greater than 9.5 × 103 years at

Fig. 2 Substrate-scope studies. Electrolysis conditions: FTO anode, FTO cathode, constant current = 3mA (J= 1.2 mA/cm2), 1 and 2 (0.1 mmol), Bu4NPF6
(0.1 M), BF3·OEt2 (0.2M), CH2Cl2 (5 mL), 25 °C, 10 h.
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25 °C. Aza-oxa-dehydro[7]helicene 3aa showed higher chiral stability
than that of corresponding aza-oxa[7]helicene 5aa (110 kJmol−1).
Subsequently, the chiroptical properties of the optically pure aza-oxa-
dehydro[7]helicenes were investigated. All the helical dyes 3 showed
absorption in the wavelength range of 340–404 nm and fluorescence
maximum at 450 nm (see Figs. S11-S13 in Supplementary Note 4);
CD and CPL11 signals were observed in these regions (see Figs. S14-
S17 in Supplementary Note 5). Among synthesized aza-oxa-

dehydro[7]helicenes, 3aa showed moderate quantum yield Φ= 0.25,
and significant CPL activity with glum= 2.5 × 10−3 at 433 nm (Fig. 4).

An efficient enantioselective synthesis of heterodehydro[7]
helicenes via chiral vanadium complex catalyzed hetero-
coupling and electrochemical oxidative transformations.
Although many reports are found on the enantioselective synthesis of
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Fig. 3 Two-pot synthesis and derivatization of aza-oxa-dehydro[7]helicenes. A Synthesis of dehydrohelicene 3ba from commercially available
substrates. B AlCl3- medicated deprotection of Bn- group followed by Pd-catalyzed N-arylation. C Basic hydrolysis of cyano group to afford the
corresponding carboxylic acid. D Demethylation of dehydrohelicene 3pa to give the corresponding circulene 8.
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helicenes22–26, to our knowledge, there are no such reports for het-
erodehydrohelicenes. An efficient chemo- and enantioselective pro-
tocol for the oxidative hetero-coupling of hydroxycarbazoles and
naphthols using a chiral vanadium(v) complex, producing axially
chiral biaryl derivatives, has been previously reported15; based on this
study, a stepwise enantioselective synthesis of diol 4 was examined,
which was followed by their electrochemical transformation to the
corresponding heterodehydrohelicenes (see Supplementary
Method 7). Diol (R)-4ba was synthesized with a good optical purity
using mononuclear vanadium complex (Ra,S)-9. Under electro-
oxidation conditions, (R)-4ba underwent a sequential dehydrative
furan ring formation followed by the coupling of the two helical

termini to afford the corresponding aza-oxa-dehydro[7]helicene,
(M)-3ba (see Supplementary Note 1), in 87% yield without any loss
in optical purity (Fig. 5A). Notably, the protocol was scaled up, as
depicted in Fig. 5B, to form 0.62 g of (M)-3ba (current efficiency =
48%).

In conclusion, an efficient synthetic method utilizing an
electrochemical reaction under mild conditions was developed
for aza-oxa-dehydro[7]helicenes 3. The racemization barriers of
the heterodehydrohelicenes synthesized in this study were
significantly higher than those of the corresponding helicenes
with sustained racemization half-lives. Furthermore, this paper
reports the enantioselective synthesis of heterodehydrohelicenes
for the first time, with a scaled-up reaction (to the gram-scale).
Applications of the chiroptical properties are currently under
investigation.

Methods
General methods. For synthetic details and analytical data of all reaction starting
materials 1, see Supplementary Methods 1 and 2. For synthetic and analytical
details of all dehydro[7]helicenes 3, see Supplementary method 4. For the general
procedure of two-pot synthesis and derivatization of dehydro[7]helicene, see
Supplementary Methods 5 and 6. Enantioselective synthesis and scaling-up details
are highlighted in Supplementary Method 7. For NMR spectra seeSupplementary
Data 1.

General procedure for the sequential preparation of heterodehydrohelicenes 3.
A solution of benzo[c]carbazol-10-ol derivatives 1 (0.1 mmol), 2-naphthols 2
(0.1 mmol), tetrabutylammonium hexafluorophosphate(V) (193.7mg, 0.5mmol)
and BF3・EtO2 (0.2M) in CH2Cl2 (5.0 mL) was transferred into an undivided
electrolysis cell. This cell is equipped with two FTO electrodes (1.0 × 2.5 cm2), which
are connected to DC power supply (see Fig. S1 in Supplementary Method 2). At rt, a
constant current electrolysis with a current density of 1.20 mA/cm2 was applied. After
stirring for 10 h, the electrolysis was stopped and purification of the crude products by
column chromatography (SiO2, EtOAc/hexane) provided the desired hetero-
dehydro[7]helicene 3.

0.0005

0.0015

0.0025

-160

-120

-80

-40

0

40

80

120

160

230 280 330 380 430 480 530

CD                              CPL

C
D

 
(
m

d
e
g

)

Wavelength (nm)

3aa (+)

3aa (-)

3ab (+)

3ab (-)

Fig. 4 CD and CPL spectra of aza-oxa-dehydro[7]helicenes (3aa and
3ab). Chiroptical properties of 3aa and 3ab (CD and CPL) were studied in
CHCl3 (2 × 10−5 M). 3aa showed high CPL activity with glum = 2.5 × 10−3 at
433 nm and 3ab showed glum = 2.4 × 10−3 at 418 nm.

Fig. 5 Stepwise enantioselective synthesis of aza-oxa-dehydro[7]helicene 3ba, and verification of the reaction scalability. A Stepwise enantioselective
synthesis of dehydrohelicene (M)-3ba using hybrid vanadium and electrochemistry. B Scaling up the enantioselective synthesis to semi-gram scale.
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Data availability
Additional data supporting the findings described in this manuscript are available
in Supplementary Information and Supplementary Data 1. All CIFs are available in
Supplementary Data 2-6. The X-ray crystallographic coordinate for structures reported in
this study have been deposited at the Cambridge Crystallographic Data Center (CCDC)
under deposition numbers CCDC-2091483 (3aa), CCDC-2128351 (5aa), CCDC-158892
(3ma), CCDC-2183557 (8), and CCDC 2057234 (10aa). These data can be obtained free
of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif. The authors declare that all other data supporting the findings of this
study are available within the article and Supplementary Information files, and also are
available from the corresponding author upon reasonable request.
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