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ABSTRACT: Azulene-fused molecular carbons have sparked intense
research interest in recent years. Herein, we report a facile three-step
synthesis of azuleno[1,2,3-cd]phenalene (AzPn), a fused system
combining azulene and phenalene units, achieving an overall yield of
39.7%. Furthermore, π-extended buckybowl derivatives (7 and 8) were
synthesized through efficient intramolecular C−H arylation. X-ray
analysis confirmed the structures of all three molecular carbons,
revealing that the buckybowl derivative adopts a bowl-shaped geometry
with a depth of 0.63 Å. Femtosecond transient absorption spectroscopy
confirms the formation of triplet species via intersystem crossing in all three molecules following photoexcitation. These molecular
carbons exhibit intriguing electronic properties with narrow energy gaps, positioning them as potential building blocks for functional
molecular carbons.

Non-alternant topological distortion in molecular carbons
significantly modifies their optical and electronic proper-

ties,1 thus graphene nanostructures incorporating pentagons
and heptagons2−7 have received considerable attention in
recent years owing to their unique photophysical character-
istics8−10 and supramolecular assembly behaviors.11−15 Azu-
lene, a prominent non-alternant unit featuring a pentagon−
heptagon pair, possesses a substantial dipole moment (1.08 D)
and distinctive anti-Kasha properties, making it widely
employed in molecular carbon engineering.16−21 Incorporating
an azulene unit imparts significant promise to these molecular
carbons for applications including single-molecular devices,22

energy application,23 organic field-effect transistor (OFETs),
spin electronic devices,24 etc.

Azuleno[1,2,3-cd]phenalene (AzPn), a fusion of azulene and
phenalene units, is one of the most interesting polycyclic
aromatic compounds studied in the early stage. Theoretical
studies established its intriguing electronic structure, aroma-
ticity, and magnetic properties.25−27 In 1975, Hara and
Murata28 first synthesized AzPn (Scheme 1a) to make the
theoretical results more reliable; however, the synthetic routine
toward AzPn was tedious even with toxic reagents, such as zinc
amalgam. Four years later, the synthetic route was further
optimized by Murata (Scheme 1b),29 allowing for a stream-
lined process with only four steps from azulene. Despite the
continued synthetic efforts toward AzPn, its π-extended
derivatives have remained unexplored for decades due to
difficulties in achieving additional functionalization.

Buckybowl-shaped molecular carbons30,31 have been exten-
sively studied over the past two decades. However, their

synthesis primarily relies on the incorporation of pentagons,
which invariably induces positive curvature. In contrast, the
integration of a heptagon or azulene unit into bowl-shaped
molecular carbons remains elusive. In this work, we achieved
the synthesis of AzPn in satisfactory yields through facile and
efficient methodologies (Scheme 1c). The introduction of
substituted aryl groups at the terminus of triple bonds enables
expansion of the AzPn skeleton, affording the π-extended
buckybowl derivatives via metal-catalyzed intramolecular
arylation. All three compounds are confirmed using single-
crystal analysis, revealing configurations ranging from planar to
bowl shapes. Furthermore, the energy gaps decreased
dramatically with the extension of π conjugation. In addition,
a longer structural relaxation time was observed in bowl-
shaped 8 due to slow intersystem crossing. These properties
suggest potential applications in organic electronics.

The facile synthesis of AzPn in this work is shown as Scheme
1c, and the synthesis of 2 and 3 was in line with our previous
work.32 A selective Sonagashira reaction of 1 with ethynyl-
trimethylsilane gave 2 in a high yield of 86%. Then, the key
azulene units were introduced by the Suzuki reaction of 2 with
azuleneboronic acid pinacol ester, affording 3 in an isolated
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yield of 66%. Finally, compound 4 (tBu-substituted AzPn) was
achieved effectively by platinum (Pt)-catalyzed intramolecular
cyclization at the pentagonal ring of azulene.33−36 Notably,
compared to previously reported synthetic approaches
(Scheme 1a and b), the synthesis is efficient with only three
steps to construct the AzPn skeleton with an overall yield as
high as 39.7%. More importantly, the presence of a
trimethylsilyl group facilitates further functionalization toward
the constructions of π-extended derivatives of AzPn. As shown
in Scheme 2, the deprotection of compound 3 went smoothly,
followed by a selective Sonagashira reaction with 1-bromo-2-
iodobenzene, giving compound 5 in a yield of 87%. Afterward,
precursor 6 was obtained by Pt-mediated cyclization in a

moderate yield of 53%. Finally, the intramolecular C−H
arylation with nickel catalysts yielded both one-side fused
compound 7 and two-side fused compound 8 (Scheme 2) in
49 and 24% yields, respectively.

Accordingly, single-crystal X-ray diffraction (SC-XRD)
analysis reveals the structural skeletons of those three
molecular carbons (Figure 1 and Figures S16−S18). It is

noted that compound AzPn was first characterized with the
crystal structure, which displays a fully planar skeleton
containing one azulene unit in the center. By virtue of
sufficient π surfaces, antiparallel dimeric packing with a π···π
distance of 3.39 Å can be observed in the crystal (Figure 1a).
Furthermore, all dimers interact through weak C−H···π
interactions with the distances of 2.75 and 2.84 Å (Figure
1b). When only one additional hexagon was formed during
intramolecular annulation, compound 7 remains a planar
geometry, as observed in the AzPn skeleton (Figure 1c). The
planar conformation tended to stack closely in the solid state,
and the intramolecular distance was measured to be as short as
3.44 Å. However, the free rotation of the additional unfused
benzene ring resulted in oblique packing with intramolecular
π−π overlap instead of perfect lamellar stacking (Figure 1d).
With the incorporation of one more hexagon, the fully fused
molecule 8 displayed bowl-shaped conformation with a bowl
depth of 0.63 Å (Figure 1e), which was shallower than
corannulene.37 Similar to molecule 7, the oblique packing was
formed by intramolecular π−π interactions with 3.31 Å, and
the π···π overlap could also be observed in the crystalline
lattice (Figure 1f).

The well-resolved UV−vis absorption spectra of three
molecules were measured in a dichloromethane (DCM)
solution, as shown in Figure 2a. Due to the relatively
topological molecular skeleton, all three molecules displayed
comparable absorption spectra. For molecule 4, the absorption
band was located lower than 500 nm, indicating the optical
energy gap of 2.48 eV. Moreover, with the increasing π
conjugation, the absorption edge of molecule 7 extended to

Scheme 1. (a and b) Synthesis of AzPn in the Early Stage
and (c) Synthetic Route of AzPn in This Work

Scheme 2. π-Extension of AzPn-Based Buckybowl
Derivatives

Figure 1. Single-crystal analysis. (a) Front and side views of 4. (b)
Crystal packing of 4. (c) Front view and side view of 7. (d) Crystal
packing of 7. (e) Front view and side view (the tert-butyl group was
omitted) of 8. (f) Crystal packing of 8.
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550 nm and the onset absorption of molecule 8 was measured
as 585 nm by fusing more aromatic rings. In addition, a low-
intensity absorption tail was observed for 8 between 600 and
800 nm. Theoretical calculations (Figure S20) assign these
low-energy absorptions to HOMO → LUMO + 1 transitions
with a low oscillator strength. Accordingly, the optical energy
gaps of 7 and 8 were calculated to be 2.25 and 2.12 eV,
respectively. To understand the electrochemical behaviors of
this series of molecules, cyclic voltammetry was conducted in
anhydrous DCM (Figure 2b), and electrochemical data are
provided in Table 1. Compound 4 displayed one reversible
oxidation with half-wave potential at 0.65 eV, indicating the
low highest occupied molecular orbital (HOMO) level of
−5.05 eV. However, both compounds 7 and 8 exhibited the
reversible oxidation and reduction with half-wave potentials at
0.52 and 0.23 V and −1.05 and −1.13 V, respectively. In
addition, compound 7 exhibited another two oxidation waves,

at 0.75 and 0.95. Thus, the corresponding energy gaps of 7 and
8 were determined as 1.57 and 1.36 eV (Table 1), which are
significantly smaller than those typically observed in all-carbon
buckybowls.6,38,39

The geometries of all three molecules were optimized by
utilizing density functional theory (DFT) calculations at the
B3LYP level with the 6-31G(d) basis set (Figure 3a).

According to the calculation results,40 the HOMO energy
levels increased with the conjugation expansion and the
LUMO energy levels of molecules 7 and 8 were slightly higher
than that of 4. All three molecules displayed a similar HOMO
electron distribution on the central AzPn core, and the LUMO
electron was mainly located at heptagons; however, for 8, the
LUMO tended to delocalize on the AzPn core. To further
explore the aromaticity of the series of AzPn derivatives,
nuclear-independent chemical shift (NICS) calculation (Figure
3b) was conducted and the fused rings of these three
compounds exhibited negative values, suggesting their global
aromatic properties. For the newly formed hexagonal rings, the
NICS values for 7 and 8 were −4.5, −1.1, and −1.9,
respectively, indicating their weak aromatic or non-aromatic
characteristics. Additionally, the calculated ACID plots (Figure
S19) also indicated their global aromaticity, which is in
accordance with NICS calculations.

To further elucidate how π extension influences the excited-
state behavior of these molecular carbons, the deactivation
pathways and photodynamics of molecules 4, 7, and 8 were
investigated using femtosecond transient absorption (fs-TA)
spectroscopy with 360 nm excitation. As shown in Figure 4,
these compounds showed similar wavy features within the
early 100 ps, which resulted from the overlap between the

Figure 2. (a) Normalized UV−vis absorption spectra of compounds
4, 7, and 8 in DCM (10−5 M) (Inset) Zoom in absorption of 8 in the
range of 600−800 nm. (b) Cyclic voltammograms (IUPAC
convention) of compounds 4, 7, and 8 measured on the silver
reference electrode, glassy carbon working electrode, and platinum
wire counter electrode in degassed DCM solution containing 0.1 M n-
Bu4NPF6 and 2 mM sample at room temperature. It was recorded
starting at 0.00 V vs ferrocene/ferrocenium (Fc/Fc+) and scanned in
the positive direction at a rate of 50 mV/s.

Table 1. Summary of the Electrochemical Properties of
Molecules 4, 7, and 8

name Eox.1
a (V) Ered.1

a (V) EHOMO (eV) ELUMO (eV) ΔEgap (eV)

4 0.65 −5.05
7 0.52 −1.05 −4.92 −3.35 1.57
8 0.23 −1.13 −4.63 −3.27 1.36

aRedox potentials were measured as half-wave potentials.

Figure 3. (a) Optimized frontier molecular orbitals of molecules 4
(left), 7 (middle), and 8 (right) calculated at the B3LYP/6-31G(d)
level (isovalue = 0.05). (b) Calculated NICS (1)zz‑avg values of
molecules 4 (left), 7 (middle), and 8 (right).
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excited-state absorption (ESA) and ground-state blenching
(GSB) signal. Subsequently, the signal will sharply decrease
and remain a broad band centered at around 560 nm. Global
analysis based on the sequential model was carried out, and
three evolution-associated difference spectra (EADS) species
were obtained from the fs-TA contour plot of these molecules.
As a result, the first species show an obvious feature at 600−
700 nm, which will disappear in the EADS of the second
species. Considering that the molecules were excited to a
higher excited state, this species could be assigned to Sn state
species, and it will decay to the lowest singlet S1 state (the
second EADS species) by internal conversion (IC). The third
species showed a much longer lifetime than the Sn and S1
states, which was proven to be the triplet species (Figure S22).
The fs-TA spectra of three compounds were measured under a
N2 atmosphere, and the lifetimes of the first two species exhibit
very close values compared to the molecules measured in air,
while the third lifetime was much longer in the N2 atmosphere
(Figure S21). Interestingly, compound 7 exhibited the highest
intersystem crossing (ISC) rate, followed by 4 and then 8. To
understand this trend, we investigated the singlet−triplet
energy gap and spin−orbit coupling matrix elements
(SOCME) using TD-DFT calculations (Figure S23). The
calculations show that the S1 state of all three molecules can
undergo transitions to the T1 and T2 states. Molecule 7
possesses the largest SOCME for these transitions (S1 → T1,
0.04 cm−1; S1 → T2, 0.01 cm−1). In contrast, molecule 4 has a
larger ΔEST and smaller SOCME than that of 7, resulting in a
lower ISC rate. Compound 8 exhibits the smallest SOCME
(<0.005 cm−1), explaining its slowest ISC process.

In summary, we reported an efficient synthesis of AzPn
featuring a streamlined three-step route with an impressive
overall yield of 39.7%. The structural skeleton of AzPn was
validated by X-ray single-crystal analysis. Furthermore, we
pioneered the exploration of π-extended AzPn derivatives
through intramolecular C−H arylation, affording novel
buckybowls containing one azulene unit. Electrochemical

studies revealed distinct reversible redox behaviors for
molecules 7 and 8, while only a reversible oxidation wave
was detected for 4. Fs-TA spectroscopy confirmed the
involvement of ISC in the excited-state deactivation pathway.
Theoretical calculations further identified the key factors
governing ISC rates across these three molecules. Moreover,
these AzPn-based derivatives possess narrow energy gaps,
highlighting their potential as novel building blocks for
constructing low-band gap molecular carbon materials.
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