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Abstract: [n]Helicenes with helically twisted structures have attracted increasing interest owing
to their unique properties. Therefore, it has been an important issue to develop facile synthetic
methodologies which allow access to a variety of [n]helicenes. Here we report the synthesis of
[7]helicenes and [7]helicene-like compounds from the thia[7]helicene as a common starting material.
Desulfurative dilithiation of the thia[7]helicene and the subsequent reaction with silicon and phospho-
rus electrophiles afforded the silole- and phosphole-fused [7]helicene-like compounds, respectively.
The cyclopentadiene-fused [7]helicene-like compound and the pyrrole-fused aza[7]helicenes were
also successfully synthesized via twofold SNAr reactions of the thia[7]helicene S,S-dioxide with the
carbon and nitrogen nucleophiles, respectively. The thia[7]helicene S,S-dioxide showed a slightly
red-shifted absorption spectrum than the parent thia[7]helicene, which was well demonstrated by
the theoretical calculations. The substituents on the silicon atom of silole-fused [7]helicene-like com-
pounds have little impact on the longest absorption maximum. Such little effect of the substituents
on absorption properties was also observed for cyclopentadiene-fused [7]helicene-like compounds
and aza[7]helicenes and was well demonstrated by the theoretical calculations. The thia[7]helicene
S,S-dioxide and the silole-fused [7]helicene-like compound exhibited bright blue emission, and the
cyclopentadiene-fused [7]helicene-like compound and the aza[7]helicenes showed strong violet
emission. Each single enantiomer of the aza[7]helicenes showed circularly-polarized luminescence
with the dissymmetry factors of 4.2~4.4 × 10−3.

Keywords: [n]helicenes; aromatic metamorphosis; desulfurative lithiation; nucleophilic aromatic sub-
stitution; thiophene; silole; phosphole; pyrrole; circular dichroism; circularly polarized luminescence

1. Introduction

[n]Helicenes are ortho-fused polycyclic aromatic compounds in which all rings are
angularly arranged to form screw-shaped helical structures [1–3]. Those composed of six
or more benzene rings exhibit stable helical chirality owing to an intramolecular steric
repulsion. The π-extended, nonplanar, and chiral structures of [n]helicenes endow them
with unique properties and offer promising applications in various fields such as nonlinear
optics [4], organic semiconductors [5,6], organic light-emitting materials [7], catalysts [8,9],
and circularly polarized luminescent materials [10]. The prototypical [n]helicene is carbo-
helicenes whose aromatic rings consist of only carbon atoms. Another class of [n]helicenes
is heterohelicenes with one or more heteroaromatic rings, such as pyrrole, furan, thio-
phene, and pyridine, in the helical skeletons. Besides these [n]helicenes composed of
only aromatic rings, helicene-like compounds with non-aromatic rings, such as silole and
phosphole, in the helical skeletons have also been developed. Heterohelicenes and helicene-
like compounds have received growing interest because the introduction of heteroatom(s)
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into the π-conjugated framework is effective for controlling the electronic structure of the
π-conjugated molecules and providing unique functions.

A variety of synthetic methodologies for helicenes have been developed. Photocycliza-
tion of the stilbene skeleton has been a conventional and common one [11]. Diels–Alder
reaction [12], Friedel–Crafts-type reaction [5,13], transition metal-catalyzed [2 + 2 + 2]
cycloaddition [14–18], cross-coupling reaction [19], and olefin metathesis [20,21] have been
found to be effective for helicene synthesis during the last decades. These synthetic method-
ologies have undoubtedly contributed to a great progress in helicene chemistry. However,
they often require lengthy multistep synthesis, which would be disadvantageous for struc-
tural diversity of helicenes. Therefore, there is still a tremendous need for developing more
diversity-oriented synthetic methodologies.

Recently, it has been reported that dibenzothiophenes can be converted into a variety of
ring systems, such as dibenzosiloles, dibenzophospholes, fluorenes, and carbazoles [22–26].
Transformation to dibenzosiloles and dibenzophospholes involves (1) the generation of
1,1′-dianions via desulfurative dilithiation with lithium metal and (2) the subsequent reac-
tion of the resulting 1,1′-dianions with silicon and phosphorus electrophiles, respectively.
On the other hand, dibenzothiophenes are converted into fluorenes and carbazoles via
(1) oxidation to S,S-dioxides and (2) the consecutive inter- and intramolecular SNAr re-
actions with carbon and nitrogen nucleophiles. This methodology named as “aromatic
metamorphosis” would be a powerful tool for synthesizing π-extended compounds since
a wide range of compounds containing the dibenzothiophene unit have been reported.
Indeed, [8]circulenes [27,28] and spiro π-conjugated compounds [29] have been prepared by
using this methodology. Yorimitsu and co-workers have also reported the transformation
of dithia[8]helicene to its carbazole and fluorene analogs [30].

In this context, we envisaged that a series of silole-, phosphole-, and cyclopentadiene-
fused [7]helicene-like compounds 2–4 and pyrrole-fused aza[7]helicenes 5 can be synthe-
sized from a single thia[7]helicene, diphenanthro[3,4-b:4′,3′-d]thiophene (1a) [31,32] as a
common starting material (Figure 1a). We have previously reported the synthesis of 2a, 3,
4a, and 5a (Figure 1b) [33–36]. Each heteroatom and the bridging carbon was introduced
at the early stage in the synthetic sequence. In addition, all the synthetic routes require
costly transition metal catalysts. In contrast, the synthetic routes in this work are transition
metal-free and can provide a series of [7]helicene-like compounds and aza[7]helicenes via
late-stage diversification of thia[7]helicene 1a, therefore achieving more diversity-oriented
synthesis. Aromatic metamorphosis of the dibenzothiophene unit to carbazole and flu-
orene units has been applied to the helicene synthesis as described above [30], but its
application to silole- and phosphole-fused helicene-like compounds has never been demon-
strated. Herein we report the synthesis of a series of [7]helicene-like compounds and
aza[7]helicenes through aromatic metamorphosis. Their photophysical properties are also
discussed through comparison with the previously reported analogs.
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Figure 1. Synthetic routes to [7]helicenes and [7]helicene-like compounds.

2. Results and Discussion

Aromatic metamorphosis of thia[7]helicene 1a to its silole and phosphole oxide analogs
2 and 3, respectively, was first investigated (Scheme 1). The desulfurative dilithiation
of 1a with lithium metal followed by the trapping with MeI has been examined previ-
ously [31]. In the literature, the desired methylated compound was not obtained, and the
main product was found to be the reduced compound, 4,4′-biphenanthrene. On the other
hand, we have recently reported that the dianion formed by the reaction of 3,3′-dibromo-
4,4′-biphenanthrene with BuLi can react with SiCl4 to give the double [7]helicene-like
compound with a silicon spiro center [37]. Encouraged by the recent progress in aromatic
metamorphosis of dibenzothiophenes [26] and our recent result, we conducted the reaction
of thia[7]helicene 1a with 5 equivalents of lithium metal in the presence of 2 equivalents
of TMEDA in THF at room temperature, which is the optimized conditions in the recent
report on aromatic metamorphosis (Scheme 1). To our delight, the subsequent reaction
with commercially available Cl2SiMe2 successfully afforded the silole-fused [7]helicene-like
compound 2a in 48% yield. In addition, the reaction with Cl2SiPh2 proceeded to give the
new silole-fused [7]helicene-like compound 2b in 41% yield. Phosphorous electrophile was
also found to be applicable, and the phosphole oxide-fused [7]helicene-like compound 3
was obtained through the reaction of the dianion with Cl2PPh and the following oxidation.
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Scheme 1. Synthesis of silole- and phosphole oxide-fused [7]helicene-like compounds.

Transformation of thia[7]helicene S,S-dioxide 1b, which can be easily prepared from
1a by oxidation, was also examined (Scheme 2). According to the literature in which
dibenzothiophene S,S-dioxides are converted into fluorenes [24], the reaction of 1b with
xanthene, a commercially available carbon nucleophile, was conducted in the presence
of KN(SiMe3)2 as a base. Although the yield is unexpectedly low, the desired spirocyclic
carbo[7]helicene-like compound 4b was obtained (23% yield). Next, the transformation
of 1b to aza[7]helicenes 5 was investigated. Arylamines with electron-donating groups,
such as p-toluidine and p-anisidine, reacted with 1b smoothly, affording the correspond-
ing aza[7]helicenes 5b and 5c, respectively, in high yields (80% for 5b and 88% for 5c).
The reaction with electron-deficient arylamines, such as p-(trifluoromethyl)aniline and
4-aminobenzonitrile, resulted in no production of the aza[7]helicenes, which would be due
to low nucleophilicity of these arylamines [22].

Scheme 2. Synthesis of the cyclopentadiene-fused [7]helicene-like compound and pyrrole-fused
aza[7]helicenes.

The UV–vis absorption and photoluminescence (PL) spectra of new silole- and
cyclopentadiene-fused [7]helicene-like compounds 2b and 4b and pyrrole-fused aza[7]helicenes
5b and 5c were measured to evaluate their photophysical properties (Figure 2). Thiophene-
fused thia[7]helicene 1a and its S,S-dioxide 1b are known compounds, but only the ab-
sorption property of 1a in cyclohexane has been reported. Therefore, their absorption
and fluorescence spectra in CH2Cl2 were also measured. The photophysical data are
summarized in Table 1, together with those of the previously reported 2a, 4a, and 5a
for comparison. We also performed theoretical calculations by density functional theory
(DFT) and time-dependent (TD) DFT methods at the B3LYP/6-31G(d) level of theory to
understand the experimental photophysical properties.
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Figure 2. UV−vis absorption (solid line) and PL (broken line) spectra of (a) 1a and 1b in CH2Cl2
(1.0 × 10−5 M) and (b) 2b, 4b, and 5b in CH2Cl2 (1.0 × 10−5 M). The spectra of 5c are omitted since
they are almost the same as those of 5b.

Table 1. Photophysical properties of [7]helicene-like compounds and aza[7]helicenes.

λabs (nm) a λem (nm) b φ c

1a 401 417, 435 (sh) (265) <1
1b 395, 415 (sh) 458 (300) 4
2b 389, 411 (sh) 434 (sh), 454 (325) 11
4b 406 422, 441 (sh) (294) 31
5b 401 421, 444 (335) 17
5c 401 422, 445 (335) 16

2ad 412 450 (320) 23
4ae 408 421, 441 (sh) (340) 40
5af 400 418, 442 (330) 17

a The longest absorption maximum in CH2Cl2. sh: shoulder. b Emission maximum in CH2Cl2. Excitation wave-
length in parenthesis. c Absolute quantum yield in CH2Cl2. d Reference [35]. e Reference [36]. f Reference [33].

Thia[7]helicene 1a showed the longest absorption maximum (λabs) at 401 nm and an
emission maximum (λem) at 417 nm with a shoulder at 435 nm (Figure 2a). Its fluorescence
intensity is weak, and the absolute quantum yield (φ) was estimated to be <1%. The
S,S-dioxide compound 1b gave a slightly red-shifted absorption band with a shoulder
at 415 nm. The emission maximum (458 nm) is significantly red-shifted with a higher
absolute quantum yield (4%), compared to those of 1a, exhibiting a bright blue emission.
The TD–DFT calculations demonstrated a slightly red-shifted absorption characteristic
of 1b (Table S11 in the supplementary material). The longest absorption wavelengths of
1a and 1b were estimated to be 387 nm and 406 nm, respectively. The energy levels of
the HOMO and HOMO–1 of 1a are almost identical (−5.42 eV and −5.45 eV), and the
HOMO–1→ LUMO transition mainly contributes to the longest-wavelength absorption
band of 1a. On the other hand, the HOMO→ LUMO transition is the main contribution
to the longest-wavelength absorption band of 1b. The HOMOs of both compounds are
delocalized over the entire skeleton, but without any contribution from the sulfur atoms
(Figure 3). The HOMO energy level of 1b is 0.40 eV lower than that of 1a owing to the
electron-withdrawing effect of the S,S-dioxide moiety. The LUMOs are delocalized over
the entire skeleton including the sulfur atoms. It is notable that the difference between LUMO
energy levels (0.62 eV) is larger than that between the HOMO energy levels. It may be due to the
effective σ*–π* conjugation between the exocyclic S–O σ* orbitals and the endocyclic butadiene
π* orbital of the thiophene unit [38], effectively lowering the LUMO energy level of 1b.
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Figure 3. Frontier molecular orbitals of 1a, 1b, 2b, 4b, and 5b calculated by DFT method at the
B3LYP/6-31G(d) level of theory.

The silole-fused [7]helicene-like compound 2b exhibited a relatively broad absorption
spectrum with a shoulder at 411 nm and an absorption edge at 434 nm, which are almost
the same as those of the dimethyl analog 2a (λabs: 412 nm; absorption edge: 431 nm) [35].
The absorption wavelengths estimated by TD–DFT calculation (392 nm for 2a; 396 nm for
2b) agree with these experimental absorption characteristics (Table S11 in supplementary
material). The features of a silole are well reflected in the LUMO of 2b, as observed for 2a.
The LUMO is distributed over the silicon atom owing to the σ*–π* conjugation between
Si–C(phenyl) σ* orbitals and the butadiene π* orbital of the silole unit (Figure 3). Except
for this effect, the phenyl substituents of 2b have no obvious contribution in the frontier
orbitals. Therefore, the molecular orbital distributions in the HOMOs and LUMOs of 2a
and 2b are almost the same as each other, giving almost the same λabs. A bright blue
emission was observed for 2b (λem: 454 nm), while the absolute quantum yield of 2b (11%)
is much lower than that of 2a (23%).

Photophysical properties of the cyclopentadiene-fused [7]helicene-like compound 4b
and the pyrrole-fused aza[7]helicenes 5b and 5c were also found to be similar to those
of their analogs 4a and 5a, respectively. All compounds exhibit strong violet emission at
421–422 nm. As indicated by theoretical calculations (Table S11 in supplementary material),
the bridging of the two phenyl groups in 4a by an oxygen atom and the introduction of
the electron-donating groups at para-position of N-phenyl group in 5a have little impact
on their electronic structure. The compound 4b contains a spirocyclic structure, but a
through-space orbital interaction known as spiroconjugation [39–41] between the 4,4′-
biphenanthrene and diphenyl ether units is not observed.

Fortunately, we found the optical resolution conditions for aza[7]helicenes 5b and
5c by using chiral HPLC. In addition, the absolute configuration of the obtained single
enantiomer of 5c was unambiguously identified by single-crystal X-ray analysis (Figure 4).
The chiroptical properties of 5b and 5c were evaluated by CD and CPL spectroscopies
(Figure 5). Both 5b and 5c showed mirror-image CD spectra with a Cotton effect in the
longest absorption region of their absorption spectra. The (P)-isomer of 5c showed a
negative Cotton effect at its longest absorption band along with two positive Cotton effects
at around 340 nm and 280 nm. Such a characteristic of the CD spectrum of (P)-5c is identical
to that of (P)-5a we have previously reported [33]. Based on these facts, we assigned the
absolute configuration of the single enantiomer of 5b, which showed a negative Cotton
effect at around 340 nm, to be P. The dissymmetry factors in absorption (gabs) of (P)-5b and
(P)-5c were estimated to be −3.8 × 10−3 and −4.0 × 10−3, respectively, at the maximum of
the first Cotton effects. Enantiomers of 5b and 5c exhibited clear CPL signals. The CPL sign
from (P)-enantiomers of them is negative. The dissymmetry factors in emission (glum) of
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(P)-5b and (P)-5c were−4.2× 10−3 (429 nm) and−4.4× 10−3 (432 nm), respectively, which
are comparable to those of the previously reported chiral small organic molecules [42].

Figure 4. ORTEP drawing of (M)-5c with thermal ellipsoids at 50% probability. All hydrogen atoms
and the crystal solvent molecule (CHCl3) are omitted for clarity.

Figure 5. CD (in CH2Cl2) and CPL (in 2-Me-THF) spectra of (a) 5b and (b) 5c. The gabs and glum

values were calculated at the longest CD maximum and the CPL maximum, respectively. Wavelength
for the calculated values in parentheses.

3. Materials and Methods
3.1. General Procedures

All manipulations involving air- and/or moisture-sensitive compounds were carried
out with the standard Schlenk technique under argon. Analytical thin-layer chromatogra-
phy was performed on a glass plate coated with 0.25-mm 230–400-mesh silica gel containing
a fluorescent indicator. Column chromatography was performed by using silica gel (spher-
ical neutral, particle size: 63–210 µm). The recycling preparative HPLC was performed
with YMC-GPC T-2000 and T-4000 columns (chloroform as an eluent) (YMC Co., Ltd.,
Kyoto, Japan). Most of the reagents were purchased from commercial suppliers, such
as Sigma-Aldrich Co. LLC (St. Louis, MO, USA), Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan), and Kanto Chemical Co., Inc. (Tokyo, Japan), and used without further
purification unless otherwise specified. Commercially available anhydrous solvents were
used for air- and/or moisture sensitive reactions. Diphenanthro[3,4-b:4′,3′-d]thiophene (1a)
and diphenanthro[3,4-b:4′,3′-d]thiophene S,S-dioxide (1b) were prepared according to the
literature [31].

NMR spectra were recorded in CDCl3 on a JEOL−ECX400 spectrometer (1H 400 MHz;
13C 101 MHz) or JEOL−ECA500 spectrometer (1H 500 MHz; 13C 126 MHz) (JEOL Ltd.,
Tokyo, Japan). Chemical shifts are reported in ppm relative to the internal standard sig-
nal (0 ppm for Me4Si in CDCl3) for 1H and the deuterated solvent signal (77.16 ppm for
CDCl3) for 13C. Data are presented as follows: chemical shift, multiplicity (s = singlet,
d = doublet, t = triplet, m = multiplet and/or multiple resonances), coupling constant in
hertz (Hz), and signal area integration in natural numbers. High resolution mass spectra
are taken with a Bruker Daltonics micrOTOF-QII mass spectrometer (Bremen, Germany) by
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atmospheric pressure chemical ionization-time-of-flight (APCI–TOF) method. UV–Vis ab-
sorption spectra were recorded on a JASCO V–650 spectrophotometer (JASCO Corporation,
Tokyo, Japan). Photoluminescence spectra were recorded on a JASCO FP−6500 spectroflu-
orometer (JASCO Corporation, Tokyo, Japan). Absolute quantum yields were determined
by absolute quantum yield measurement system with a JASCO ILF–533 integrating sphere
(JASCO Corporation, Tokyo, Japan). HPLC analyses and optical resolution were car-
ried out using a DAICEL CHIRALPAK® IA-3 column (Daicel Corporation, Tokyo, Japan)
(4.6 mm × 250 mm) and a DAICEL CHIRALPAK® IA column (Daicel Corporation, Tokyo,
Japan) (20 mm × 250 mm), respectively. Circular dichroism (CD) spectra were recorded
on a JASCO J–725 spectrometer (JASCO Corporation, Tokyo, Japan). CPL spectra were
measured by using a JASCO CPL–300 spectrometer (JASCO Corporation, Tokyo, Japan).

3.2. Synthesis
3.2.1. 9,9-Dimethyl-9H-diphenanthro[3,4-b:4′,3′-d]silole (2a)

A 20-mL Schlenk tube was charged with lithium (7 mg, 1.0 mmol), THF (1.0 mL),
N,N,N′,N′-tetramethylethylenediamine (TMEDA) (60 µL, 0.40 mmol) under argon atmo-
sphere. After the mixture was stirred at room temperature for 10 min, diphenanthro[3,4-
b:4′,3′-d]thiophene (1a) (77 mg, 0.20 mmol) was added. The resulting mixture was stirred
vigorously at room temperature for 4 h, and then cooled to −78 ◦C. After adding Cl2SiMe2
(48 µL, 0.40 mmol) under argon atmosphere, the resulting mixture was stirred at −78 ◦C
for 15 min and at room temperature for an additional 1 h. The reaction was quenched
with water at 0 ◦C, and the resulting mixture was extracted with AcOEt (10 mL × 3).
The combined organic layers were washed with brine, dried over Na2SO4, filtered, and
concentrated under reduced pressure. The crude residue was purified by silica-gel column
chromatography (hexane as an eluent) and then by recycling preparative HPLC to give the
title compound 2a as a yellow solid (39 mg, 48% yield). The 1H NMR data were identical to
that reported in the literature [35].

3.2.2. 9,9-Diphenyl-9H-diphenanthro[3,4-b:4′,3′-d]silole (2b)

The crude product was obtained by using lithium (14 mg, 2.0 mmol), THF (4 mL),
TMEDA (0.12 mL, 0.80 mmol), diphenanthro[3,4-b:4′,3′-d]thiophene (1a) (154 mg, 0.40 mmol),
and Cl2SiPh2 (0.17 mL, 0.80 mmol) at room temperature for 19 h. Purification by silica-
gel column chromatography (CH2Cl2/hexane = 7/3 as an eluent; Rf = 0.82) and then by
recycling preparative HPLC gave the title compound 2b as a yellow solid (88 mg, 41% yield):
1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 7.3 Hz, 2H), 7.79 (d, J = 7.3, 2H), 7.77–7.75 (m, 4H),
7.65 (d, J = 8.7 Hz, 2H), 7.52 (d, J = 8.7 Hz, 2H), 7.43–7.35 (m, 8H), 7.32 (d, J = 7.8 Hz, 2H),
6.94 (t, J = 7.8 Hz, 2H), 6.37 (t, J = 8.2 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 149.0, 136.6,
135.8, 134.6, 132.8, 132.1, 130.4, 130.3, 130.0, 129.1, 128.4, 128.1, 127.6, 126.7, 126.5, 126.2,
125.1, 123.1; HRMS–APCI+ (m/z) calcd for C40H27Si+ ([M+H]+) 535.1877, found 535.1876.

3.2.3. 9-Phenylnaphtho[1,2-e]phenanthro[3,4-b]phosphindole 9-oxide (3)

A 20-mL Schlenk tube was charged with lithium (7 mg, 1.0 mmol), THF (2 mL),
N,N,N′,N′-tetramethylethylenediamine (TMEDA) (60 µL, 0.40 mmol) under argon atmo-
sphere. After the mixture was stirred at room temperature for 10 min, diphenanthro[3,4-
b:4′,3′-d]thiophene (1a) (77 mg, 0.20 mmol) was added. The resulting mixture was stirred
vigorously at room temperature for 4 h, and then cooled to −78 ◦C. After adding Cl2PPh
(54 µL, 0.40 mmol) under argon atmosphere, the resulting mixture was stirred at−78 ◦C for
10 min and at room temperature for an additional 30 min. The reaction mixture was concen-
trated under reduced pressure. The resulting residue was dissolved with CH2Cl2 (10 mL)
and passed through a short pad of neutral alumina under argon atmosphere. The alumina
pad was washed with CH2Cl2 (5 mL), and the combined filtrates were concentrated un-
der reduced pressure. The resulting residue was dissolved in CH2Cl2 (5 mL), and H2O2
(0.40 mL, 35% aqueous solution) was added in one portion. After the resulting mixture
was stirred at room temperature for 30 min, saturated aqueous Na2S2O3 (5 mL) was added
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slowly to the reaction mixture. The organic layer was separated, and the aqueous layer was
extracted with AcOEt (10 mL × 2). The combined organic layers were dried over Na2SO4,
filtered, and concentrated under reduced pressure. The resulting residue was purified by
silica-gel column chromatography (CH2Cl2/AcOEt = 4/1 as an eluent, Rf = 0.25) and then
by recycling preparative HPLC to give the title compound 3 as a yellow solid (32 mg, 34%
yield). The 1H NMR data were identical to that reported in the literature [34].

3.2.4. Spiro[cyclopenta[1,2-c:4,3-c′]diphenanthrene-9,9′-xanthene] (4b)

A 20-mL Schlenk tube was charged with diphenanthro[3,4-b:4′,3′-d]thiophene S,S-
dioxide (1b) (50 mg, 0.12 mmol), xanthene (27 mg, 0.18 mmol), and 1,4-dioxane (2.5 mL)
under argon atmosphere. A solution of KN(SiMe3)2 (0.5 M in toluene, 0.60 mL, 0.30 mmol)
was added to the mixture at an ambient temperature. The resulting solution was stirred at
80 ◦C for 16 h. After the reaction was quenched with saturated aqueous NH4Cl (3 mL), the
resulting mixture was extracted with CH2Cl2 (10 mL × 3). The combined organic layers
were dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude
residue was dissolved in CH2Cl2 and passed through a short pad of silica gel. The filtrate
was concentrated, and the resulting crude residue was purified by recycling preparative
HPLC to give the title compound 4b as a pale-yellow solid (15 mg, 23% yield): 1H NMR
(500 MHz, CDCl3) δ 7.81 (d, J = 7.5 Hz, 2H), 7.76–7.71 (m, 6H) 7.65 (d, J = 8.0 Hz, 2H),
7.47 (d, J = 8.0 Hz, 2H), 7.30 (dd, J = 8.0, 1.2 Hz, 2H), 7.23–7.20 (m, 2H), 7.14 (t, J = 7.5 Hz,
2H), 6.73–6.70 (m, 2H), 6.52 (dd, J = 7.7, 1.2 Hz, 2H), 6.36–6.33 (m, 2H); 13C NMR (101 MHz,
CDCl3) 156.3, 152.0, 136.7, 132.6, 131.8, 131.0, 129.6, 128.5, 128.27, 127.7, 127.6, 127.0,
126.9, 126.8, 126.6, 123.7, 123.5, 123.4, 117.2, 54.49; HRMS–APCI+ (m/z) calcd for C41H25O+

([M+H]+) 533.1900, found 533.1900.

3.2.5. 9-(4-Methylphenyl)-9H-dinaphtho[2,1-c:1′,2′-g]carbazole (5b)

A 20-mL Schlenk tube was charged with diphenanthro[3,4-b:4′,3′-d]thiophene S,S-
dioxide (1b) (63 mg, 0.15 mmol), p-toluidine (32 mg, 0.30 mmol), and 1,4-dioxane (2.5 mL)
under argon atmosphere. A solution of KN(SiMe3)2 (0.5 M in toluene, 0.90 mL, 0.45 mmol)
was added to the mixture at an ambient temperature. The resulting solution was stirred
at 80 ◦C for 15 h. After the reaction was quenched with saturated aqueous NH4Cl so-
lution (2 mL), the resulting mixture was extracted with ethyl acetate (10 mL × 3). The
combined organic layers were washed with brine (10 mL), dried over Na2SO4, filtered, and
concentrated under reduced pressure. The crude residue was purified by silica-gel column
chromatography (hexane/AcOEt = 10/1 as an eluent; Rf = 0.40) to give the title compound
5b as a pale-yellow solid (55 mg, 80% yield). The compound 5b can be separated into
enantiomerically-pure (P)-5b and (M)-5b by HPLC equipped with a DAICEL CHIRALPAK®

IA-3 column (Daicel Corporation, Tokyo, Japan) (4.6 mm × 250 mm) [tR = 4.24 min for
(P)-5b and 5.23 min for (M)-5b (flow rate: 1.0 mL; eluent: Hex/CHCl3 = 7/3)]: 1H NMR
(500 MHz, CDCl3) δ 8.03 (d, J = 8.6 Hz, 2H), 8.01 (d, J = 8.6, 2H), 7.844 (d, J = 8.6 Hz, 2H),
7.835 (d, J = 7.5 Hz, 2H), 7.78 (d, J = 8.6 Hz, 2H), 7.63–7.61 (m, 2H), 7.53 (d, J = 8.0 Hz, 2H),
7.50 (d, J = 8.6 Hz, 2H), 7.22–7.18 (m, 2H), 6.28–6.25 (m, 2H); 13C NMR (126 MHz, CDCl3)
δ 140.4, 138.7, 134.6, 131.5, 130.9, 130.5, 128.5, 128.3, 127.4, 127.1, 126.9, 126.8, 126.4, 126.1,
124.6, 122.8, 117.2, 110.9, 21.5; HRMS–APCI+ (m/z) calcd for C35H24N+ ([M+H]+) 458.1903,
found 458.1904.

3.2.6. 9-(4-Methoxyphenyl)-9H-dinaphtho[2,1-c:1′,2′-g]carbazole (5c)

The crude product was obtained by using diphenanthro[3,4-b:4′,3′-d]thiophene S,S-
dioxide (1b) (42 mg, 0.10 mmol), p-anisidine (25 mg, 0.20 mmol), 1,4-dioxane (1.5 mL),
KN(SiMe3)2 (0.5 M in toluene, 0.60 mL, 0.30 mmol) at 80 ◦C for 19 h according to the proce-
dure for 5b. Purification by silica-gel column chromatography with (hexane/AcOEt = 5/1
as an eluent; Rf = 0.48) gave the title compound 5b as a pale-yellow solid (42 mg, 88% yield).
The compound 5c can be separated into enantiomerically-pure (P)-5c and (M)-5c by HPLC
equipped with a DAICEL CHIRALPAK® IA-3 column (Daicel Corporation, Tokyo, Japan)
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(4.6 mm × 250 mm) [tR = 5.02 min for (P)-5c and 6.18 min for (M)-5c (flow rate: 1.0 mL;
eluent: Hex/CHCl3 = 7/3)]: 1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.2 Hz, 2H), 8.01 (d,
J = 8.7, 2H), 7.84 (d, J = 8.7 Hz, 2H), 7.83 (d, J = 7.6 Hz, 2H), 7.73 (d, J = 8.2 Hz, 2H), 7.63–7.59
(m, 2H), 7.50 (d, J = 8.2 Hz, 2H), 7.23–7.18 (m, 4H), 6.29–6.25 (m, 2H); 13C NMR (101 MHz,
CDCl3) δ 159.8, 140.7, 131.5, 130.5, 129.9, 129.8, 128.4, 127.4, 127.1, 126.94, 126.86, 126.4, 126.1,
124.6, 122.8, 117.1, 115.4, 110.9, 55.9; HRMS–APCI+ (m/z) calcd for C35H24NO+ ([M+H]+)
474.1852, found 474.1861.

3.3. Computational Studies

The DFT and TD-DFT calculations were performed by using the Gaussian 16 pro-
gram [43] at the B3LYP/6-31G(d) level of theory in the gas phase. The starting molecular
models for DFT geometry optimizations were built and optimized with MMFF molecular
mechanics by using the Spartan ’08 package (Wavefunction, Inc., Irvine, CA, USA). Twelve
singlet states were calculated in TD-DFT calculations. The visualization of the molecular
orbitals has been performed using GaussView 5 (Gaussian, Inc., Wallingford, CT, USA).

3.4. X-ray Crystallography

For X-ray crystallographic analysis, a suitable single crystal was selected under am-
bient conditions, mounted using a nylon loop filled with paraffin oil, and transferred
to the goniometer of a RIGAKU R–AXIS RAPID diffractometer (Rigaku Corporation,
Tokyo, Japan) with a graphite-monochromated Cu–Kα irradiation (λ = 1.54187 Å). The
structure was solved by a direct method (SIR 2008 [44]) and refined by full-matrix least-
squares techniques against F2 (SHELXL-2014 [45,46]). The intensities were corrected for
Lorentz and polarization effects. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed using AFIX instructions.

Crystal Data for (M)-5c·(CHCl3): Formula: C35H23NO·CHCl3 (M = 592.91 g/mol):
monoclinic, space group P21 (No. 4), a = 8.25287(15) Å, b = 18.2292(3) Å, c = 10.12564(18)
Å, β = 110.7590(8)◦, V = 1424.44(5) Å3, Z = 2, T = 193(2) K, µ(CuKα) = 3.152 mm−1,
Dcalc = 1.382 g/cm3, 22,925 reflections measured (4.670◦ ≤ θ ≤ 68.238◦), 4954 unique
(Rint = 0.0676; Rsigma = 0.0575), which were used in all calculations. The final R1 was 0.0536
(I > 2σ(I)) and wR2 was 0.1458 (all data). CCDC 2,131,542 contains the supplementary
crystallographic data for this paper. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

4. Conclusions

In summary, we have demonstrated that the thiophene-fused thia[7]helicene can be
converted into a series of aza[7]helicenes and [7]helicene-like compounds via aromatic
metamorphosis without a transition metal catalyst. Especially, the 3,3′-dianion of 4,4′-
biphenanthrene formed by desulfurative dilithiation were found to react with heteroatom
electrophiles to give the corresponding ring-closing product. The dianion can also be
prepared from 3,3′-dibromo-4,4′-biphenanthrene [37]. However, the yield of the dibro-
mide from 4,4′-biphenanthrene-3,3′-diol is relatively low (16% for two steps). Therefore,
the present approach would be a convenient alternative for the preparation of the 3,3′-
dianion. Further efforts are focused on applying this methodology to other classes of
thiophene-fused thiahelicenes, electrophiles, and nucleophiles to develop novel helicenes
with unique properties.

Supplementary Materials: The following supporting information can be downloaded. Figures
S1–S8: 1H and 13C NMR spectra for 2b, 4b, 5b, and 5c; Table S1: Crystallographic data for (M)-5c;
Tables S2–S10: Coordinates and absolute energy of the optimized structures for (P)-1a–1b, (P)-2a–2b,
(P)-4a–4b, and (P)-5a–5c; Figures S9–S13: Molecular orbitals for (P)-1a–1b, (P)-2a–2b, (P)-4a–4b, and
(P)-5a–5c; Table S11: The selected absorption of 1, 2, 4 and 5 calculated by TD–DFT method; File S1:
CIF file for (M)-5c.

www.ccdc.cam.ac.uk/structures
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