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The construction of 1,2-position-connected azulene oligomers
was achieved. In the crystal packing structure of the terazulene,
two molecules of (Ra)- and (Sa)-configurations formed a pair.
Variable temperature NMR measurements and theoretical
calculations of the quaterazulene suggest that the helical and
syn-type structure with terminal azulene overlap is more stable.
Two kinds of fused terazulenes (1,2’’-closed and 1,8’’-closed)
were also synthesized by intramolecular Pd-catalyzed C� H/C� Br

arylation of the terazulene moieties. X-ray structure analysis of
1,2’’-closed terazulene revealed a planar structure, while an
analysis of 1,8’’-closed terazulene performed on a C60 co-crystal
revealed a curved structure forming a 1 :1 complex covering
the co-crystal. Nucleus-independent chemical shift (NICS) calcu-
lations carried out for the central seven-membered ring of 1,8’’-
closed terazulene showed a positive value, suggesting anti-
aromatic properties.

Introduction

Organic semiconductor materials have recently attracted the
attention of the scientific community as next-generation
electronic materials to replace inorganic materials owing to
their superior light weight properties and flexibility.[1] Numerous
studies have been conducted on such systems linked with
acenes, having relatively small HOMO-LUMO gaps, for applica-
tion in fields like organic electronics and photonics.[2] For
example, studies on naphthalene,[3] the simplest of the acenes,
highlight the potential of its helical chiroptical properties[3b] and
charge transfer layers in organic electroluminescent (EL)
devices.[3d]

Azulene[4] is a structural isomer of naphthalene, and is
known to have a relatively high HOMO and low LUMO,[4f] and it
exhibits a bright blue color due to its low symmetry and the
contribution of its specific polarized structure. Despite there
being fewer studies on azulene-linked systems than on
naphthalene, some reports on the former have attracted
significant attention. Theoretical calculations predict that
azulene oligomers bonded at the 1,3- and 2,6-positions would
show conductivity via the polaron mechanism.[4j–l] Recent
papers report that species in which azulene is connected at the
2,6-position of a trimer exhibit n-type or ambipolar semi-
conductor properties.[4h] Polycyclic hydrocarbons incorporating

an azulene skeleton have also recently been the subject of
studies because of their antiaromaticity and/or biradical
character.[5] To date, we have synthesized a dimer in which an
azulene with an aryl group at the 2-position is connected at the
1-position[6] and elucidated its crystal structures and rotational
behavior and electronic properties of the azulene-linked site,
along with its complexation behavior with metals.[4b,6] On the
other hand, reports on 1,2-connected systems have mainly
focused on the synthesis of 1,2’-biazulene, and their electronic
properties and geometric structures are yet to be defined.[7]

In light of this, in this paper, a trimer 1 with an azulene
connected at the 1- and 2-positions was synthesized, the same
procedure was extended to the tetramer 2, and azulene fused
polycyclic hydrocarbon compounds 3 and 4 were synthesized
by means of ring closing reactions of 1. Their geometric
structures and electronic properties were then elucidated.

Results and Discussion

Homologation of the azulene moiety was carried out by
utilizing the Suzuki–Miyaura cross-coupling reaction of 1-
position brominated azulene with 2-azulenylboronate 5[8]

(Scheme 1). After reacting 1 equiv. of N-bromosuccinimide
(NBS) with 1,2’-biazulene, the resulting compound was then
coupled with 5 using a palladium catalyst, producing terazulene
1 in 61% yield. Subsequently, bromination with 1 equiv. of NBS
was performed again on 1, followed by a reaction with 5,
resulting in the formation of quaterazulene 2 (8%). Interest-
ingly, this reaction also produced the ring-closed trimer 3
(36%). The fused terazulene 3 was thought to be generated by
the progression of intramolecular C� H/C� Br arylation favored
by the Pd catalyst of 1.[9] A more detailed study of the Pd-
catalyzed arylation of 1 showed that the product yield
depended on the phosphine ligand used (Table S1). The 1,2’’-
position ring-closed 3 was obtained in 69% yield by using 2-
dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (SPhos) as a
phosphine ligand for Pd. On the other hand, by using PPh3 or

[a] Prof. Dr. T. Tsuchiya, M. Higashibeppu, Prof. Dr. Y. Mazaki
Department of Chemistry
Kitasato University
1-15-1 Kitasato, Minami-ku
Sagamihara, Kanagawa 252-0373 (Japan)
E-mail: ttsuchi@kitasato-u.ac.jp

mazaki@kitasato-u.ac.jp
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/open.202100298
© 2023 The Authors. Published by Wiley-VCH GmbH. This is an open access
article under the terms of the Creative Commons Attribution Non-Com-
mercial NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-commercial
and no modifications or adaptations are made.

ChemistryOpen

www.chemistryopen.org

Research Article
doi.org/10.1002/open.202100298

ChemistryOpen 2023, 12, e202100298 (1 of 7) © 2023 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Montag, 20.11.2023

2311 / 296718 [S. 14/20] 1

http://orcid.org/0000-0003-3749-959X
https://doi.org/10.1002/open.202100298


1,1’-bis(diphenylphosphino)ferrocene (DPPF), the 1,8’’-position
ring-closed 4 was generated in 12% and 18% yields, respec-
tively.
All NMR signals of 1–4 were assigned using HSQC, HMBC,

1H-1H COSY, and NOESY experiments (Figures S1–S6, Supporting
Information). A comparison of the 1H NMR spectra of azulene,
1,2’-biazulene, 1, and 2 is shown in Figure 1. The proton signals
corresponding to H2, H8, and H3’ in 1,2’-biazulene (protons
neighboring the azulene-linked positions) tended to shift to a
lower magnetic field after dimerization. These protons were de-
shielded by the linked azulene unit. The signals of H8’ in 1 and
H3’’ and H8’’ in 2 also showed downfield shifts. On the other
hand, the signals of H2 in 1 and H2 and H6–H8 in 2 show a
strong upfield shift compared to those observed before the

azulene units were subjected to homologation. The signals of
H3’’’–H5’’’ in 2 also appeared in a lower magnetic field
compared to those of H3–H5 in azulene. Furthermore, these
protons were derived from terminal azulene moieties and
should be shielded by overlapping azulene units. Variable-
temperature (VT)-1H NMR measurements of 2 also showed
upfield shifts, particularly for H2, H6–H8, and H3’’’ (Figure S7),
suggesting that these protons predominantly existed within the
shielded region at lower temperatures.
Theoretical calculations suggest that the syn-type conformer

of 2 [(Ra,Ra)� /(Sa,Sa)� 2] with terminal azulene overlap is
2.8 kcalmol� 1 more stable than the anti-forms [(Ra,Ra)� /(Sa,Sa)� -
2] (Figures 2a and S8). Thus, the Boltzmann distribution of 2
corresponds to a 99% syn-type conformer at 300 K. The azulene
terminals of the optimized structure are stacked at the closest
C···C distance (3.08 Å), which is similar to the most stable
azulene dimer arrangement of #6 in a stacked parallel type
structure studied by Grimme et al.[10] It is considered that there
is an attractive interaction between the terminal azulene
moieties. Conversely, among the four sets of conformer forms
in quaternaphthalene 6 (anti1-: [(Ra,Ra,Ra)� /(Sa,Sa,Sa)� ], anti2-:
[(Ra,Ra,Sa)� /(Sa,Sa,Ra)� ], syn1-: [(Ra,Sa,Sa)� /(Sa,Ra,Ra)� ], and syn2-:
[(Ra,Sa,Ra)� /(Sa,Ra,Sa)� ]), it was predicted by theoretical calcu-
lations that the syn2-form was the most stable (Figures 2b and
S9). The overlapping area of terminal groups of the syn2-form
was smaller and the distance between proximal carbon atoms
(3.22 Å) was greater compared to those of syn-2 (3.08 Å). Sparr
et al. reported an exceptionally high rotational barrier of
ΔG�

453 K=36.8 kcalmol
� 1 for tri-ortho-substituted oligo-1,2-

naphthylenes and concluded that the rotation of their aryl-aryl
bonds was sufficiently restricted to form discrete
stereoisomers.[3c] Therefore, the conformers of quaternaphtha-
lene 6 are also considered to exist as discrete stereoisomers,
which is in contrast to those of quaterazulene 2. The 1H NMR
spectra of the ring-closed terazulenes 3 and 4 (Figures S4–S6)

Scheme 1. Synthesis of 1–4. Reagents and conditions: (i) 1) NBS, CH2Cl2,
� 78 °C, 3 h, 2) 2-(azulen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5)*,
[Pd(OAc)2], SPhos, K3PO4, DME/H2O (10 :1), reflux; (ii) 1) NBS, CH2Cl2, � 78 °C,
3 h, 2) [Pd(dba)2], ligand, Cs2CO3, toluene, reflux.

Figure 1. Comparison of 1H NMR spectra of (a) azulene, (b) 1,2’-biazulene, (c)
1, and (d) 2.

Figure 2. Relative energies (E/kcalmol� 1) for the conceivable conformers of
(a) quaterazulene 2 and (b) quaternaphthalene 6 calculated at M06-2X/6-
31G* level.
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showed that the signals corresponding to the protons neigh-
boring the azulene-linked positions (H3 and H8 in 3 and H2, H7,
H3’’, and H8’’ in 4) tended to shift to a lower magnetic field
compared to those of 1 (Figure S10).
Compounds 1, 3, and 4 were successfully characterized

using single crystal X-ray structure analysis (Table S2). The
dihedral angles formed by the connected azulene planes of 1
were approximately 40° and 46° (Figure 3), and the carbon-
carbon bonds around the bonded carbon were slightly
elongated (in blue). The area around the two azulene-connect-
ing axes in the molecule presented the same axial chirality. In
the packing structure, two molecules of (Ra)- and (Sa)-config-
urations formed a pair along the direction of the a-axis
(Figure S20). The closest C···H distance between the molecules
was measured to be 2.72 Å, suggesting a C� H/π interaction.
This pair also formed a two-dimensional sheet in the directions
of the b and c axes, with a network thought to originate from
the C� H/π interaction. Concentration dependence of the

1H NMR signal chemical shift of 1 also suggests stepwise self-
association (Figure S13).
The fused terazulene 3 features an almost planar structure,

which is in contrast with the naphthalene based structural
isomer, benzo[c]naphtho[2,1-p]-chrysene (Figure S14).[11] In Fig-
ure 4, the bond lengths (in green) are shown to be smaller than
the average C� C distance (1.41 Å) in the regions where a bond
alternation was observed. The bond lengths of the central six-
membered ring showed relatively close values although
relatively long. These bond lengths suggest that 3 behaves as if
three heptafulvenes and a weakly π-bonded benzene had
formed a condensed ring. The packing structure of 3 shows a
dihedral angle (near-neighbor interplanar angle) with a molec-
ular plane intersection of 79° (Figure S15), and the shortest
lattice axis length of 11.0 Å. These results suggest a π-stacked
(γ)-type structure close to the herringbone type.[12] Furthermore,
the γ-/herringbone hybrid type layer of this b-c plane was
laminated in the a-axis direction.
Compound 3 is characterized by a slightly lower solubility in

solvents such as benzonitrile, chlorobenzene, chloroform,
tetrahydrofuran, and toluene, while featuring a very high
crystallinity. On the other hand, 4 showed a high solubility in
those solvents, but a low crystallinity. Therefore, X-ray structural
analysis of 4 was performed on a C60 co-crystal, which showed
that the curved compound 4 formed a 1 :1 complex covering
the C60 co-crystal (Figure 5). Subsequently, the co-crystal was
analyzed with five types of disorder for C60, each with an
occupancy of 20% (Figure S16a), and was thought to be

Figure 3. (a) ORTEP drawings of top and side view of 1 (thermal ellipsoids
shown at 50% probability) with bond distances (Å). (b) Crystal packing of 1.

Figure 4. (a) ORTEP drawings of top and side view of 3 (thermal ellipsoids
shown at 50% probability) with bond distances (Å). (b) Crystal packing of 3.

Figure 5. (a) ORTEP drawings of top and side view of 4 ·C60 (thermal ellipsoids
shown at 50% probability) with atomic distances (Å). Chlorobenzene and
disorder component of C60 are omitted for clarity. (b) Crystal packing of
4 ·C60 · PhCl.
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rotating at high speed even at a temperature of 120 K.[13] This
suggested the possibility of multiple π� π interactions existing
mainly between 4 and fullerene. Crystal packing shows that 4
and C60 have a segregated-stack structure (Figure S16b), with
the C60 co-crystal arranged along the a-axis, resulting in the
shortest intermolecular carbon-carbon distance of 2.95 Å. This
value is smaller than the one measured in co-crystals with
porphyrin and various cyclic compounds,[14] and is comparable
to that of the C60 single crystal.

[15]

To evaluate the aromaticities of 1, 3, and 4, the harmonic
oscillator model of aromaticity (HOMA) value was calculated
(Figure S17).[14j,16] The results suggested that performing ring
closure from 1 to 3 reduced the HOMA value of the five-
membered ring and reduced aromaticity. Meanwhile, when ring
closure was performed from 1 to 4, the newly formed seven-
membered ring featured smaller bond alternation than the five-
membered one.
Nucleus-independent chemical shift (NICS)[17] calculations

(Figure S18) showed that the aromaticity of the five-membered
ring was shown to decrease with ring closure from 1 to 3, with
a six-membered ring formation in the center. Interestingly, the
central seven-membered ring of 4 showed a positive value
[NICS(0): 8.42, NICS(+1): 3.17, NICS(� 1): 3.89], suggesting anti-
aromatic properties, albeit not very strong. A seven-membered
ring surrounded by one naphthalene and two five-membered
rings derived from azulenes has been previously reported to
also present a small but nonzero paratropic ring current
[NICS(0): 7.22, NICS(+1)/NICS(� 1): 2.43],[5f,18] and the system
under investigation featured a slightly larger value. The para-
tropic ring current in 4 can be explained by the polarization of
the two seven-membered rings condensed in the heptalene
skeleton, along with the central seven-membered ring contribu-
ting to the negative 8π antiaromatic resonance structure
(Figure S19).
Ultraviolet-visible absorption spectra were recorded in THF

(Figure S20a). When azulene was connected at the 1,2-position,
a relatively strong absorption was observed near 450 nm, which
is not observed for azulene alone. This result showed relatively
good agreement with the spectral shape predicted by TD-DFT
calculations (Figures S20b and S21). The onsets of the absorp-
tions of 1, 3, and 4 were all approximately 850 nm, while that of
4 extended to as far as 950 nm.
The redox properties of 1–4 were examined together with

azulene and 1,2’-biazulene via square wave voltammetry (SWV)
measurements, which were carried out using ferrocene as an
internal standard at the same concentration (Table 1, Fig-

ure S22). As the number of azulene linkages increased,
especially from dimer to tetramer, the first oxidation potential
and the first reduction potential of successive homologs
remained essentially constant. These behaviors, also for 3 and 4,
were relatively consistent with the HOMO-LUMO levels ob-
tained from theoretical calculations (Figure S23), indicating the
smaller HOMO-LUMO gaps compared to those of the ring-
closed compounds of 1,2-position connected ternaphthalene,
benzo[c]naphtho[2,1-p]chrysene, and benzene-based truxene.
Truxene with C3h symmetry is expected to find applications in
various fields,[19] such as photoluminescence and organic
electronics.[19a–b] Benzo[c]naphtho[2,1-p]chrysene, exhibit a C3
symmetry and have attracted attention as potential precursors
for the synthesis of bowl-shaped fullerene substructures.[11] In
addition, based on the peak areas, all the peaks are believed to
be derived from one-electron redox reactions, suggesting the
presence of electronic interactions between the units. Com-
pound 1 was found to be susceptible to oxidation and
reduction via ring closure, and 4 had the smallest redox
potential difference. This was consistent with the absorption
spectra trends.
Reacting azulene with an acid is known to protonate an

electron-rich five-membered ring to produce a relatively stable
tropylium cation (Figure 6b).[20] The absorption spectrum of 3
was thus measured while adding 0–15 equiv. of methanesul-
fonic acid (Figure 6a), resulting in a decrease in the absorption
near 397 nm and 457 nm, and the appearance of a new
absorption peak between 500–800 nm. In this system, proto-

Table 1. Redox Potentials of 1–4.[a]

Compd oxE1
redE1

redE2
redE3

azulene 0.56 � 2.13 – –
1 0.32 � 1.95 � 2.25 � 2.34
2 0.29 � 1.97 � 2.09 � 2.37
3 0.08 � 1.83 � 2.28 � 2.40
4 0.07 � 1.77 � 2.21 � 2.30

[a] All potentials in V vs. Cp2Fe
0/+, measured in PhCN, nBu4NPF6 as

supporting electrolyte.

Figure 6. UV-vis spectra of (a) 3 and (b) azulene in the presence of
methanesulfonic acid (0–15 eq.) in CH2Cl2. [substance]0: 1.6×10

� 5 m. Inset:
titration plots of 3 and azulene with methanesulfonic acid. (c) Simulated
absorption spectra of 3 and 3 ·H+.
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nation was thought to occur at the 3-position of the five-
membered ring with a large HOMO coefficient, and there was
relatively good agreement with the spectral shape predicted by
TD-DFT calculations (Figure 6c). The azulene titration plot shows
that absorption continued to increase with the addition of acid,
with an inflection point observed close to 3–5 equiv. of acid for
3 (Figure 6a, inset), after which the change in absorption
tended to saturate. This demonstrated that 3 is more reactive to
acids than azulene.

Conclusion

In this study, 1,2-position connected terazulene and quaterazu-
lene, and ring-closed compounds of terazulene were success-
fully synthesized, and their structures and electronic properties
were investigated. Quaterazulene 2 was revealed to exist as a
helical structure, and the syn-type structure with terminal
azulene overlap was observed to be more stable. A method to
determine the optical resolution of 2 is currently underway in
our laboratory. Compound 3 was characterized by a smaller
HOMO-LUMO gap compared to benzo[c]naphtho[2,1-
p]chrysene and truxene, while exhibiting the same threefold
rotation axis; therefore, its application in device materials is
anticipated. Interestingly, compound 4 showed high solubility
due to its curved structure and a smaller HOMO-LUMO gap
compared to 3. Such systems could provide a novel design
concept for functional electronic and optical devices or
catalysts, which can find application in technologies such as
supramolecular architectures, hole transport materials, and
chiral recognition agents.

Experimental Section
General: 1H and 13C NMR spectra were recorded on Bruker AVANCE-
III-400 (400 MHz for 1H, 100 MHz for 13C) or Bruker AVANCE-III-600
(600 MHz for 1H, 150 MHz for 13C). Spectra are reported (in δ)
referenced to internal Me4Si. Mass spectra were recorded on
Thermo Scientific, Exactive Plus Orbitrap Mass Spectrometer for
electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI), or ITQ 700 GC/MS for electronic impact ionization
(EI). IR spectra were recorded on JASCO FT/IR-610 Spectrometer.
Melting points were determined with Yanaco melting point
apparatus. Absorption spectra were recorded on Shimadzu UV-
3600 spectrometer. Elemental analyses were performed on Perkin
Elmer PE 2400-II CHNS/O analyzer and Yanaco MT-6 analyzer. Cyclic
voltammetry (CV) measurements were performed on BAS Electro-
chemical Analyzer (Model 630E). Column chromatography was
carried out using Kanto chemical silica gel 60 N, 60–210 μm
meshes. Preparative gel permeation chromatography was carried
out using HPLC LC-918 system (Japan Analytical Industry, Co. Ltd)
equipped with polystyrene gel column JAIGEL-1H.

Data of 1 and 3 were collected using a Bruker APEX II CCD
diffractometer with Mo Kα radiation (λ=0.71073 Å). Data of 4 · C60
were collected using a Rigaku HyPix-600 diffractometer with Cu Kα
radiation (λ=1.54187 Å). Single crystals were mounted on MiTeGen
Dual-Thickness MicroMounts using a trace of mineral oil. Frames
were collected, reflections were indexed and processed, and the
files were scaled and corrected for absorption using Bruker APEX3

program for 1 and 3 and Rigaku CrysAlisPro program for 4 · C60. The
space groups were assigned, and the structures were solved by
direct methods using XPREP within the SHELXTL suite of programs
and refined by full-matrix least-squares against F2 with all
reflections using SHELXL-2014 (1 and 2) or SHELXL-2018 (4 · C60) with
the graphical interface SHELXLE.

Deposition Numbers 1993531 (for 1), 1993535 (for 3), and 1993536
(for 4 · C60) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

1,2’ : 1’,2’’-terazulene (1). To a dichloromethane (10 mL) solution of
1,2’-biazulene (100 mg, 0.39 mmol) was slowly dropped a dichloro-
methane (30 mL) solution of N-bromosuccinimide (70 mg,
0.39 mmol) at � 78 °C under argon. After completion of the
dropwise addition, the mixture was stirred for 3 h. Thereafter, a
saturated aqueous solution of sodium hydrogen carbonate (20 mL)
was added, and the dichloromethane layer was washed with brine.
After the dichloromethane solution was dried over sodium sulfate,
80 mL of hexane was added, and the mixture was filtered through
aluminium oxide. The solvent of the filtrate was replaced with a
mixed solvent of 1,2-dimethoxyethane/water (10 :1, 44 mL) using a
rotary evaporator. To this solution were added 2-(azulen-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5) (100 mg, 0.39 mmol),
palladium(II) acetate (2 mg, 0.01 mmol), 2-dicyclohexylphosphino-
2’,6’-dimethoxybiphenyl (SPhos, 8 mg, 0.02 mmol) and tripotassium
phosphate (170 mg, 0.79 mmol). The mixture was refluxed for 5 h
under argon. Then, the reaction mixture was filtered through celite,
extracted with hexane, and washed with brine. The hexane layer
was dried over sodium sulfate, and the solution was concentrated
using a rotary evaporator. The obtained crude product was purified
by silica gel column chromatography using a mixed solvent of
hexane/dichloromethane (4 :1) as an eluent to obtain a green solid
of 1. (91 mg, 0.24 mmol 61%); green solid; m.p. 104–108 °C; 1H NMR
(600 MHz, CDCl3): δ 8.74 (d, J=10.2 Hz, 1H), 8.72 (d, J=9.6 Hz, 1H),
8.28 (d, J=9.6 Hz, 1H), 8.26 (d, J=9.0 Hz, 1H), 8.11 (d, J=9.0 Hz,
2H), 7.69 (s, 1H), 7.60 (d, J=3.6 Hz, 1H), 7.53 (t, J=10.2 Hz, 1H), 7.49
(t, J=10.2 Hz, 1H), 7.42 (t, J=9.0 Hz, 1H), 7.30 (s, 2H), 7.26 (d, J=

4.2 Hz, 1H), 7.18 (t, J=9.0 Hz, 1H), 7.16 (t, J=9.0 Hz, 1H), 7.13 (t, J=

9.6 Hz, 1H), 7.10 (t, J=9.6 Hz, 1H), 7.08 (t, J=9.6 Hz, 2H); 13C NMR
(150 MHz, CDCl3): δ 147.0, 146.3, 142.7, 141.8, 140.6, 140.2, 138.8,
138.2, 137.0, 136.9, 136.9, 136.4, 135.4, 135.4, 134.9, 134.8, 127.2,
125.7, 124.98, 124.54, 124.1, 123.9, 123.2, 119.6, 119.4, 118.3; IR
(KBr): νmax 1567, 1509, 1380, 897, 781, 732 cm

� 1; MS (ESI) m/z:
381.16 [M+H]+; UV-vis (THF) λmax (ɛ): 234 (41500), 262 (51500), 289
(56000), 316 (49700), 432 (29600), 580 (1170) nm; Anal. Calcd for
C30H20: C, 94.70; H, 5.30. Found: C, 94.80; H,5.49.

1,2’ : 1’,2’’ : 1’’,2’’’-quaterazulene (2) and azuleno[1,2-
e]dicyclohepta[a,h]-as-indacene (3). To a dichloromethane (15 mL)
solution of 1 (175 mg, 0.46 mmol) was slowly dropped a dichloro-
methane (45 mL) solution of N-bromosuccinimide (80 mg,
0.46 mmol) at � 78 °C under argon. After completion of the
dropwise addition, the mixture was stirred for 3 h. Thereafter, a
saturated aqueous solution of sodium hydrogen carbonate (30 mL)
was added, and the dichloromethane layer was washed with brine.
After the dichloromethane solution was dried over sodium sulfate,
80 mL of hexane was added, and the mixture was filtered through
aluminium oxide. The solvent of the filtrate was replaced with a
mixed solvent of 1,2-dimethoxyethane/water (10 :1, 11 mL) using a
rotary evaporator. To this solution were added 2-(azulen-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5) (115 mg, 0.45 mmol),
palladium(II) acetate (3 mg, 0.01 mmol), 2-dicyclohexylphosphino-
2’,6’-dimethoxybiphenyl (SPhos, 9 mg, 0.023 mmol) and tripotassi-
um phosphate (190 mg, 0.9 mmol). The mixture was refluxed for
15 h under argon. Then, the reaction mixture was filtered through
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celite, extracted with hexane, and washed with brine. The hexane
layer was dried over sodium sulfate, and the solution was
concentrated using a rotary evaporator. The obtained crude
product was purified by preparative gel permeation chromatog-
raphy with chloroform to obtain a green solid of 2 (18 mg,
0.036 mmol 8%) and a black solid of 3 (63 mg, 0.16 mmol, 36%).

2: brown solid; m.p. 178–181 °C; 1H NMR (400 MHz, CDCl3): δ 8.62 (d,
J=9.7 Hz, 1H), 8.46 (d, J=9.8 Hz, 1H), 8.36-8.29 (m, 2H), 8.03 (d, J=

9.4 Hz, 1H), 7.84 (d, J=9.8 Hz, 1H), 7.75 (s, 1H), 7.57 (d, J=9.2 Hz,
2H), 7.50-7.48 (m, 3H), 7.24–7.15 (m, 4H), 7.10–7.03 (m, 3H), 7.02–
6.89 (m, 2H), 6.75 (t, J=9.8 Hz, 2H), 6.39 (s, 2H), 6.29 (t, J=9.8 Hz,
1H); 13C NMR (100 MHz, CDCl3): δ 147.5, 147.0, 146.6, 142.1, 141.7,
141.6, 139.8, 138.8, 138.4, 137.8, 137.4, 136.8, 136.1, 135.7, 135.6,
135.2, 135.1, 134.7, 134.4, 134.3, 133.8, 127.8, 126.9, 126.0, 124.33,
124.29, 124.0, 123.9, 123.1, 122.7, 122.3, 120.2, 118.5, 118.2, 117.5; IR
(KBr): νmax 1722, 1568, 1512, 1511, 1460, 1384, 1261, 1096, 1028,
799, 726 cm� 1; MS (EI) m/z: 507.26 [M+H]+; UV-vis (THF) λmax (ɛ):
258 (53600), 290 (57300), 430 (30300), 580 (1230) nm; Anal. Calcd
for C40H26: C, 94.83; H, 5.17. Found: C, 94.71; H, 5.09.

3: black solid; m.p. 245–250 °C; 1H NMR (600 MHz, CDCl3): δ 9.37 (d,
J=9.5 Hz, 3H), 8.55 (d, J=9.5 Hz, 3H), 8.49 (s, 3H), 7.67 (t, 3H, J=

9.5 Hz), 7.61 (t, J=9.5 Hz, 3H), 7.41 (t, J=9.5 Hz, 3H); 13C NMR
(150 MHz, CDCl3): δ 143.9, 142.3, 139.1, 134.6, 134.0, 131.3, 125.8,
125.1, 120.0, 114.7; IR (KBr): νmax 1574, 1531, 1414, 804, 757, 710,
687 cm� 1; MS (ESI) m/z: 379.16 [M+H]+; UV-vis (THF) λmax (ɛ): 257
(24400), 304 (26000), 397 (46500), 456 (61700), 743 (250, sh) nm;
Anal. Calcd for C30H18: C, 95.21; H, 4.79. Found: C, 95.12; H, 4.70.

azuleno[1,2-e]dicyclohepta[a,h]-as-indacene (3) and
diazuleno[1,2-a : 1’,2’-c]-cyclopenta[ef]heptalene (4). To a dichloro-
methane (15 mL) solution of 1 (175 mg, 0.46 mmol) was slowly
dropped a dichloromethane (45 mL) solution of N-bromosuccini-
mide (80 mg, 0.46 mmol) at � 78 °C under argon. After completion
of the dropwise addition, the mixture was stirred for 3 h. Thereafter,
a saturated aqueous solution of sodium hydrogen carbonate
(30 mL) was added, and the dichloromethane layer was washed
with brine. After the dichloromethane solution was dried over
sodium sulfate, 80 mL of hexane was added, and the mixture was
filtered through aluminium oxide. The solvent of the filtrate was
replaced with toluene (60 mL) using a rotary evaporator. To this
solution were added tris(dibenzylideneacetone)dipalladium(0)
(18 mg, 0.02 mmol), ligand (0.024 mmol) and caesium carbonate
(290 mg, 0.9 mmol). The mixture was refluxed for 20 h under argon.
Then, the reaction mixture was filtered through celite and washed
with brine. The hexane layer was dried over sodium sulfate, and the
solution was concentrated using a rotary evaporator. The obtained
crude product was purified by preparative gel permeation
chromatography with chloroform to obtain black solids of 3 (16–
69%) and 4 (12–18%); black solid; m.p. 134–138 °C; 1H NMR
(600 MHz, CDCl3): δ 8.84 (d, J=9.6 Hz, 1H), 8.74 (d, J=9.6 Hz, 1H),
8.22 (d, J=4.2 Hz, 1H), 8.01 (d, J=9.6 Hz, 1H), 7.89 (d, J=9.6 Hz,
1H), 7.87 (d, J=9.6 Hz, 1H), 7.74 (s, 1H), 7.61 (d, J=10.8 Hz, 1H), 7.36
(t, J=9.6 Hz, 1H), 7.31 (s, 1H), 7.24-7.16 (m, 3H), 7.10 (t, J=9.6 Hz,
1H), 7.04 (t, J=9.6 Hz, 1H), 6.98-6.94 (m. 2H), 6.66 (t, J=9.6 Hz, 1H);
13C NMR (150 MHz, CDCl3): δ 150.0, 149.9, 147.8, 145.4, 143.8, 143.0,
141.64, 141.60, 141.2, 138.1, 137.0, 136.6, 135.4, 134.5, 134.2, 133.0,
132.9, 131.5, 127.8, 127.6, 126.9, 126.2, 126.1, 125.9, 125.8, 123.0,
120.8, 119.1, 117.9, 117.5, 114.7; IR (KBr): νmax 1562, 1508, 1407,
1026, 800, 713 cm� 1; MS (ESI) m/z: 379.16 [M+H]+ .; UV-vis (THF)
λmax (ɛ): 240 (24900), 350 (16000), 461 (30200), 870 (80, sh) nm;
Anal. Calcd for C30H18: C, 95.21; H, 4.79. Found: C, 95.25; H, 4.66.
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