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Azuperylene: The Nonalternant Isomer of Perylene
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Abstract: The isoelectronic isomer of perylene, hereafter
called as azuperylene, has been prepared. Electronic
structure analysis reveals that the new isomer can be
described as a union of two antiparallel azulenes in which
the azulene-type aromatic character of the starting azu-
lene is partially retained. Four 2,8-dialkoxy (i.e., ethoxy,
n-butoxy, n-hexyloxy, and n-octyloxy) functionalized
derivatives of the new isomer core have been prepared.
The solid-state structures of the new compounds have
been resolved showing exceptional herringbone π–π

stacking ideal for charge transport. Organic field-effect
transistors on sublimated substrates display an excellent
hole transport mobility up to 1.03 cm2 V−1 s−1 that largely
surpasses that of perylene and reveals the great potential
for charge transport of this new class of nonbenzenoid
compounds.

Introduction

Organic semiconductors[1–3] have garnered considerable
attention due to their potential applications in organic
field-effect transistors (OFETs),[4–6] organic light-emitting
diodes (OLEDs),[7,8] and organic photovoltaics (OPVs).[9]

Some examples are diketopyrrolopyrrole (DPP),[10,11]

benzothieno[3,2-b] benzothiophene (BTBT),[12–14] and
perylene diimide (PDI).[15–17] Given the advantages of
structural diversity of organic molecules and their relative
ease of modification, rational development of novel organic
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π -conjugated building blocks to expand and improve the
library of organic semiconducting materials is mandatory.
π -Conjugated polycyclic fused aromatic hydrocarbons
(PAHs) are the prototypical molecules for organic
optoelectronics.[18–20] In this regard, π -conjugated systems
can be classified into alternant and nonalternant molecules;
whereas alternant molecules have been extensively used in
the field, nowadays, nonalternant molecules are receiving
increasing attention.[21–24] The textbook examples of
parent alternant and nonalternant molecular isomers are
naphthalene (benzenoid) and azulene (nonbenzenoid). As
an isomer of naphthalene, azulene is formed by fusing an
electron-deficient seven-membered ring and an electron-rich
five-membered ring, exhibiting nonmirror-symmetric frontier
molecular orbitals, which endows azulene with a smaller
bandgap and a large dipole moment (i.e., 1.08 D).[25–27]

Compared to the highly reactive five-membered ring
of azulene, its seven-membered ring is chemically inert in
most of its positions, resulting in a limitation in the way to
design azulene derivatives. Hence, azulene functionalization
is carried out at the 1,2,3-positions of the five-membered
ring and at the sole 6-position on the seven-membered ring
(Scheme 1a). The current interest in the development of new
azulene derivatives runs in parallel with the growing interest
in nonbenzenoid ring-containing PAHs.

For instance, 1,8-azulene-containing derivatives in
Scheme 1b have been reported as embedded moieties in
higher order planar PAHs through peripheral expansion of
a five-membered ring or seven-membered ring via alkyne
cyclization or Scholl reactions, respectively.[28–31] However,
rather than beginning from one already functionalized
azulene precursor, it is challenging to directly functionalize
azulene for the preparation of new azulene-based PAHs.
In this regard, following the argument of azulene as an
electronic isomer of naphthalene, we now present the
unprecedented formation of the azulene-based isomer of
perylene, dicyclohepta[cd,ij]-s-indacene (that we will refer to
as azuperylene by its relationship to perylene and will denote
as AP, i.e., azuperylene). AP results from the antiparallel
union of two azulenes with a centrosymmetric symmetry.
Along these lines, the parallel azulene-dimer parent (i.e.,
non-centrosymmetric isomer of AP) has been recently
prepared, though its properties are completely different
compared to those of AP.[32,33] Other azulene dimers have
been reported in the form of PAHs containing AP where the
role of the AP moiety is minorized by the massive fusion with
other rings in these larger PAHs.

Perylene is the centrosymmetric nonfused dimer of naph-
thalene and its derivatives have been largely studied and

Angew. Chem. Int. Ed. 2025, 64, e202505897 (1 of 7) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

mailto:jsyou@scu.edu.cn
mailto:cheng.zhang@scu.edu.cn
mailto:casado@uma.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202505897&domain=pdf&date_stamp=2025-05-22


Research Article

Scheme 1. Centrosymmetric reported molecules containing
nonbenzenoid rings and our molecular design strategy based on
azulene. The numbers within the rings are NICS values (see below).
μh,max, maximum hole mobility; HOMO, highest occupied molecular
orbital; LUMO, lowest unoccupied molecular orbital.

implemented in organic optoelectronic applications.[8,19,34] As
a further attempt to find new π -conjugated systems, to the
best of our knowledge, the centrosymmetric π -electronic
isomer of perylene, AP in Scheme 1c, has not been prepared.
AP might have a threefold interest: i) from a conceptual
perspective, it is highly valuable to gain further insights
into the understanding of the evolution of the electronic
structure upon isomerization from alternant/benzenoid to
nonalternant/nonbenzenoid structures; ii) it poses a synthetic
challenge; and iii) its potential incorporation as a new organic
semiconductor in organic devices.

In particular, herein, we developed a palladium-catalyzed
annulative C−H/C−I coupling reaction at the 1- and 8-
positions of azulene to form APs. Furthermore, we inspect
the electronic structure of AP in comparison with azulene
and perylene and will discuss the modulation of its electronic
structure with substitution. The solid-state crystal packings
of AP and its derivatives together with the charge transport
behavior are also addressed. Indeed, the new compounds
were incorporated as semiconducting substrates in OFET
devices and a maximum hole mobility of 1.03 cm2 V−1 s−1 was

Figure 1. Synthesis routes of AP and its derivatives. i) Piperidine,
pyridine, 120 °C. ii) HBr, AcOH, 96 h. iii) (1) Oxalyl chloride, benzene,
65 °C, 18 h; (2) TMSCHN2, MeCN, 0–4 °C, 24 h. iv) (1) Rh2(OCOt-Bu)4,
r.t.; (2) AcO2/pivaloyl chloride, 4-dimethylaminopyridine, r.t. v) PdCl2,
PPh3, CsOAc, CPME, 120 °C, 16 h. vi) Alkyl bromide, Cs2CO3, MeOH,
DMF. vii) Ni(cod)2, dcype, HCOONa, toluene.

achieved, which is 10 times higher than that of its isoelectronic
perylene isomer (Scheme 1c).

Results and Discussion

Synthesis of APs

In the past two decades, transition metal catalyzed direct
C−H arylation has emerged as a powerful tool to rapidly
assemble diverse PAHs from simple synthetic blocks. This
revolutionary synthetic strategy may provide a completely
different retrosynthetic opportunity for the construction of
complex structures.[35–37] Indeed, the retrosynthetic analysis
of the targeted AP suggested that the central benzene ring
could be produced by an annulative C−H/C−X coupling
between two halo azulene units.

As shown in Figure 1, starting from the simple substituted
benzaldehyde, the Knoevenagel condensation reaction with
malonic acid was performed to quantitatively generate (E)-3-
(2-iodophenyl) propenoic acid 3, which was then added to the
HBr/AcOH solution to obtain 3-(2-iodophenyl)propanoic
acid 4 with a yield of 98%. Subsequently, consecutive reac-
tions with oxaloyl chloride and trimethylsilyldiazomethane
provided 4-bromo-4-(2-iodophenyl)-1-diazo-2-butanone 5
in a 60% yield. Next, ring expansion-annulation[38] in the
presence of rhodium delivered iodoazulene 6a and 6b in
85% and 75% yields, respectively. However, the following
annulative C−H/C−X coupling between iodoazulenes
proved to be challenging. No desired product was detected
in the catalysis of Pd(OAc)2 and quaternary ammonium salts
in N,N-dimethylformamide (DMF), which were common
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Figure 2. Hückel frontier molecular orbital energies and atomic
compositions of perylene and AP as generated by a combination of
naphthalene and azulene, respectively. H, HOMO; L, LUMO.

catalytic systems in the C−H/C−I coupling between
arenes.[39] This result indicated the different reactivity
of azulenes from that of benzenoid analogues in direct
C−H arylation. Thus, the reaction conditions for the direct
annulative coupling were explored (Table S1). Solvent was
demonstrated to have a pivotal effect on the yields. Toluene
and cyclopentyl methyl ether (CPME) proved to be the
most suitable solvents in our tests (Table S1, Entries 13 and
34). After further screening of various reaction parameters,
such as palladium sources, bases, ligands and solvents, the
reaction conducted with PdCl2 as the catalyst, PPh3 as the
ligand, CsOAc as the base, and CPME as the solvent at
120 °C could afford the AP derivatives 7 and 8 in 60% and
54% yields, respectively (Figure 1 and Table S1, Entry 14).
Notably, the reaction of 6b on a gram-scale delivered 8 in a
42% yield, suggesting the synthetic scalability of this reaction
(see Supporting Information). More importantly, the acetoxy
(OAc-) and pivalate (OPiv-) substituents on 9 and 10 could be
substituted by alkoxy-chain and hydrogen to afford AP-OCn
(9a-d) and AP (10). The decomposition temperature of 9a
and 10 were determined to be 210 and 189 °C, respectively
(Figure S5). The facile transformation of these functionalities
facilitates the arbitrary modification of the stacking modes of
azuperylenes, which is highly crucial in the development of
high performance OFET materials.

Electronic Structure: Energy Level and Aromaticity of APs

Figure 2 displays the evolution of the π -electronic structure
from the perturbative Hückel molecular orbital method
considering of AP as the union of two azulenes. Overall,
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of AP are formed
from the combinations of the HOMOs and LUMOs of two
azulenes, respectively. Given that the formation of the two
new bonds in AP connecting the azulenes involves carbon
atoms with small atomic π -coefficients, the interazulene
coupling produces a limited alteration of the energies of the
frontier molecular orbitals of AP compared to azulene. This is

Figure 3. a) Calculated molecular orbital distributions and orbital energy
levels of naphthalene, azulene, perylene, AP, and AP-OC2. b) and d)
NICS(1)zz values and e)–g) ACID-derived induced ring current maps of
(b and e) azulene, (c and f) perylene, and (d and g) AP.

relevant as AP can be considered as the sum of two azulenes.
The same Hückel type calculations have been carried out for
perylene in Figure 2 where it is observed that the formation
of the two CC bonds from naphthalene occurs between
atoms with larger π -coefficients. This discussion reveals that
the mutual perturbation of two naphthalenes (i.e., to form
perylene) is larger than that of two azulenes (i.e., to form
AP), in such a way that although the HOMO–LUMO gap
in azulene is smaller than that of naphthalene, in perylene
and in AP this becomes equal (at the Hückel level). Upon
inclusion of electron correlation at the density functional
theory (DFT) level, the situation changes (Figure 3a) and the
HOMO–LUMO energy gap in AP is 0.51 eV smaller than in
perylene.

Either for the Hückel and DFT models, medium-size
atomic coefficients are predicted for the carbon atoms of
the five-membered rings (i.e., where functionalization takes
place from AP to AP-OCn) in the HOMO, whereas these
coefficients are vanishing in the LUMO of AP. This indicates
that functionalization with donor groups in these positions
would destabilize the HOMO orbitals owing to the conjuga-
tive effect of the lone electron pair of the oxygen toward the
π -core, as can be seen in Figure 3a with HOMO energy values
of −4.77 eV in AP and −4.45 eV in AP-OC2; whereas the
effect on the energies of the LUMO is much smaller: −2.22 eV
in AP and −2.12 eV in AP-OC2. This conjugative effect on
AP → AP-OC2 narrows the HOMO–LUMO gap that will
affect the optical properties.

Angew. Chem. Int. Ed. 2025, 64, e202505897 (3 of 7) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2025, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202505897 by U

niversity of M
álaga, W

iley O
nline L

ibrary on [15/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Research Article

Figure 4. a) Absorption spectra of azulene, perylene, AP, and AP-OC2 in
CH2Cl2 (1.0 × 10−5 M). b) Cyclic voltammetry (solid lines) and
differential pulse voltammetry (dashed lines) of azulene, perylene, AP,
and AP-OC2 in dry CH2Cl2 (1.0 × 10−3 M) containing 0.1 M Bu4NPF6.

Considering AP and perylene as a pair of centrosymmet-
ric isoelectronic species, the nucleus-independent chemical
shift (NICS) by DFT calculations and anisotropy of the
current-induced density (ACID) analysis were conducted.
As shown in Figure 3b–g, the negative NICS(1)zz value and
the clockwise ring currents (red circle) on the five- and
seven-membered rings in AP indicate aromatic characters,
consistent with the molecular orbital interpretation of AP
as two joint azulenes. Besides, due to the antiparallel or
centrosymmetric connection of the two azulenes, the dipole
moment of AP is nullified (0.004 D).

Absorption Spectra and Electrochemical Properties

Figure 4a illustrates the comparison of the absorption
spectra of azulene, perylene, AP, and AP-OC2 in diluted
dichloromethane solutions. Upon expansion of π -conjugated
core on azulene→AP / AP-OC2, the absorption bands of
the latter exhibit the typical redshift compared with azulene.
The strongest absorption bands of the compounds appear
at 437 nm in perylene (assigned by TD-DFT to the S0→S1

excitation and predicted at 428 nm with oscillator strength of
0.36, Figure S9), at 474 nm in AP, and at 538 nm in AP-OC2
(in both cases assigned to the S0→S4 excitations and predicted

at 443 and 479 nm with oscillator strengths of 0.24 and 0.33 in
AP and AP-OC2, respectively, Figure S9).

For AP, there are three medium–weak bands at 570, 610,
and 680 nm (assigned to the S0→S3, S0→S2 and S0→S1

excitations, respectively, and calculated by TD-DFT at 547,
569, and 639 nm all with small oscillator strengths, Figure S9).
In AP-OC2, these three low energy bands have the same
assignment as in AP and appear at 610, 640, and 700 nm.
These three weak bands of AP and AP-OC2 can be correlated
with that of azulene at 580 nm corresponding to a very
broad and weak band due to the S0→S1 excitation. The
overall redshift from AP to AP-OC2 can be related with the
destabilization of the HOMO by including donor groups due
to conjugation of the lone electron pair of the oxygens and
the subsequent narrowing of the HOMO–LUMO gap such
as explained above. As a result, the resulting colors of the
solutions of azulene, perylene, AP, and AP-OCn vary from
blue, yellow, green, and pink, respectively.

Electrochemical properties were investigated by cyclic
voltammetry and the redox potentials were calibrated against
a ferrocene/ferrocenium (Fc/Fc+) couple as the internal
standard (Figure 4b). The HOMO energy levels of azulene,
perylene,[40] AP, and AP-OC2 are determined to be −5.43,
−5.60, −5.20, and −5.00 eV, whereas the LUMO energy levels
are −3.03, −3.36, −3.59 and −3.51 eV, respectively. The vari-
ation of the values of the LUMO from calculations in the four
compounds follows well the tendency found experimentally
for the LUMO values from cyclic voltammetry.

Single-Crystals Structures

We have obtained the single-crystals of AP and of AP-
OC2 and other derivatives[41] for X-ray single-crystal analysis
(Figures 5 and S1), which were prepared through the
volatilization method in chloroform solution and by the diffu-
sion method in which with methanol diffuses into chloroform
or toluene (detailed crystallographic data are summarized in
Tables S2–S5).

These crystal structures all demonstrate a planar geometry
of the AP core. As shown in Figure S3, the bond lengths
of azulene unit of AP are almost identical to that of
azulene. Accordingly, the harmonic oscillator measure of
aromaticity (HOMA) values for the azulene moiety of AP
are similar to those of pristine azulene. It is observed
herringbone packings in AP and AP-OC2 with typical π–π

stacking distances (i.e., other AP derivatives such as AP-
OC6 and AP-OC8 present layered structures without π−π

stacking and hence potentially inferior for charge transport).
By comparing the herringbone packing modes of AP and
AP-OC2, it can be observed that AP stacks in a dimer
fashion, similar to the α-phase of perylene,[42–44] with a π–π

distance of 3.47 Å and a titled angle to the adjacent dimer
of 87°. Furthermore, AP shows a face-to-face disposition
of the seven- and five-membered rings in the intermolec-
ular dimer. Meanwhile, AP-OC2 presents a monomer-type
herringbone arrangement with a shorter π−π distance of
3.36 Å. The closer π–π distance of AP-OC2 can be ascribed
to the reinforced electrostatic interactions between the

Angew. Chem. Int. Ed. 2025, 64, e202505897 (4 of 7) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. X-ray single-crystal packings of a) AP and b) AP-OC2. The inserted figures and tn values (meV) in (a) and (b) represent the packing modes
of dimers and the calculated transfer integrals for holes, respectively.

Figure 6. Transport curves based on a) AP and b) AP-OC2 single-crystal
FET devices.

electron-deficient seven-membered rings facing the electron-
rich five-membered rings upon inclusion of alkoxy donor.
In contrast, this antiparallel intermolecular arrangement in
AP-OC2 leads to an apparent less effective π−π overlap
due to the asymmetrical intermolecular orbital couplings
(see Figure S8 for a detailed analysis of the intermolecular
interactions by means of a Hirshfeld surface analysis).

Organic Field-Effect Transistors

Bottom-gate top-contact (BGTC) single-crystal OFET
devices were fabricated to assess the semiconducting
properties of AP and AP-OC2. The single-crystals were
sublimated onto octadecyltrichlorosilane (OTS)-modified
SiO2 (300 nm)/Si substrates through physical vapor transfer
(PVT) methods, followed by the vacuum deposition of gold
to serve as source and drain electrodes. The mobility is
calculated in the saturation current regimes, such as shown
in Figures 6 and S11 and summarized in Table S10. Both
AP and AP-OC2 exhibit typical p-type charge transport
characteristics. Compared with AP-OC2 showing the hole
mobility up to 0.078 cm2 V−1 s−1, the devices based on AP
exhibit the highest hole mobility reaching 1.03 cm2 V−1 s−1,

with an Ion/Ioff of 109 and a threshold voltage (VT) of −9.4 V.
Compared to other azuperylene-embedded molecules
reported previously, AP with a smaller molecular weight
performs much better in hole transport regime than all its
parents. On the other hand, it displays a notable improvement
in hole transport compared to perylene (0.11 cm2 V−1 s−1).
Transfer integrals and reorganization energies (Table S9)
of AP and AP-OC2 were theoretically calculated based
on their crystal data. The largest transfer integrals (t1,
Figure 5) for holes of AP and AP-OC2 are all from the
dimers with π–π stacking with values of 106.4 and 24.4
meV, respectively. Compared to t1, t2 in AP is smaller
(22.6 meV), but is vanishing and residual in AP-OC2 (0.02
meV), revealing that AP-OC2 only possesses a 1D channel
for charge transport. Conversely, AP shows an additional
third channel, t3 = 14.9 meV, highlighting a situation of 3D
channel transport in AP crystals. Besides, β-phase perylene
with only C─H�π interactions results in limited transfer
integrals (Figure S2) and hole mobilities. Combined with
the lower hole reorganization energy of 121.22 meV in
AP, which is in the energy order of the best hole organic
semiconductors (i.e., pentacene), this study presents AP as
a promising nonbenzenoid class building block for achieving
high-performance semiconductors.

Conclusion

Here, we have prepared the odd-member ring based cen-
trosymmetric isomer of perylene (i.e., azuperylene). As a
novelty, we developed C−H/C−I coupling reactions based
on 1,8-azulene that ultimately result in the formation of azu-
perylene with the versatility to produce some functionalized
azuperylenes in the same reaction code. The electronic struc-
ture of azuperylene can be described as two joint azulenes
with weak perturbation in between and therefore retaining
the segmented azulene-like aromatic character in their five-
and seven-membered rings. The absorption properties of
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azuperylene remind those of azulene with a set of weak
low-energy absorption bands in the visible region close to
the NIR. The solid-state structure of the new derivatives
reveals a main herringbone π–π crystal packing that is
the optimal situation for transport behavior. Indeed, OFET
devices, using the unfunctionalized azuperylene (i.e., that with
maximal π -π overlap) as semiconducting substrate, display
exceptional semiconducting properties with a maximum hole
mobility of 1.03 cm2 V−1 s−1. Azuperylene represents one
of the first nonbenzenoid nonalternant PAH compounds
with notable semiconducting performance, even superior to
the well-established perylene isomer. This evolution of the
semiconducting performance on passing from benzenoid to
nonbenzenoid compounds is of great significance in the field
toward diversified molecules in organic electronics.

Supporting Information

Supporting Information is available from the Wiley Online
Library, including synthesis details; analytical data obtained
by mass spectrometry and NMR; results of single-crystal
X-ray analysis, spectroscopic characterization, theoretical
calculations, and OFET device fabrication.
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