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ABSTRACT: Nucleophilic substitution of 9,10-dichlorooctafluoroanthracene
with 3,4-diethylpyrrole and subsequent Scholl reaction give the annularly fused
decapyrrollyl anthracene. Single crystal X-ray analysis revealed a highly
contorted geometry induced by a combination of adjacent heptagons, forming
a unique 7−7−6−7−7 topology. The end-to-end twist angle along the acene
moiety is 90°. Cyclic voltammetry studies reveal 6-electron oxidation waves.
Density functional theory calculations provided further insights into the
aromaticity and electronic properties of this highly twisted, nitrogen-rich
nanographene. The structural rigidity and high racemization energy barrier
have been studied theoretically and experimentally by VT-NMR.

The incorporation of seven-membered rings in flat
nanographenes (NGs) induces contortion of the plane.1

Contorted NGs possess chirality that generates a new set of
optical, conductive, and magnetic properties, leading to
potential applications in modern molecular electronics.2

Numerous NGs containing isolated heptagonal rings have
been synthesized.3 The majority of them exhibit mild
curvatures and low interconversion energy barriers, hindering
their resolution into pure enantiomers�an essential feature for
some applications.4 NGs containing two or more adjacent
seven-membered rings demonstrate higher inversion energy
barriers.5 However, only a limited number of structures with
multiple adjacent 7-membered rings have been reported.
Yamamoto’s seminal work on [7.7]circulene6 paved the way
for the development of carbon-based NGs with three adjacent
heptagons by Miao’s group in 2023.7 Additionally, Gryko and
colleagues have recently achieved the synthesis of nitrogen-
doped NGs with multiple odd-membered rings.8 Despite their
potential, NGs with multiple heptagonal rings often suffer from
lengthy synthetic routes. Configurationally stable NGs with
heptagons remain scarce.

In this work, we report an azacoronene-based NG with a
highly contorted conformation induced by multiple adjacent
heptagons, demonstrating exceptional thermal configurational
stability.

Azacoronene, or hexapyrrolohexaazacoronene (HPHAC), is
a polyaromatic compound accessible through a two-step
synthesis involving hexafluorobenzene and pyrrole (Scheme
1).9 HPHAC, a robust 2-electron donor,10 has been studied in
the context of materials11 and radical chemistry.12 An extended
naphthalene analog-fused octapyrrollyl naphthalene (OPN)
was reported by Takase and Uno in 2018 (Scheme 1).13 OPN
contains two seven-membered rings inducing mild curvature
with low interconversion energy barrier. Uno’s group later

synthesized an OPN derivative with bulky acenaphtho[1,2-
c]pyrroles, but the configurational stability of this OPN variant
remained low.14

Inspired by the studies of Müllen, Takase, and Uno, we set
out to synthesize a novel π-extended azacoronene analog-fused
decapyrrollyl anthracene (DPA) (Scheme 1).15 Our objective
was to further expand the family of these intriguing
compounds with enhanced properties. We first prepared
decapyrrole-substituted anthracene 1, employing nucleophilic
aromatic substitution reaction between 9,10-dichlorooctafluor-
oanthracene16 and 3,4-diethylpyrrole sodium salt (Scheme 2).
Surprisingly, full substitution has been achieved after 24 h in
DMF at room temperature. The resulting decapyrrollyl
anthracene 1 was isolated in 90% yield as a red crystalline
solid. The product was characterized by 1H, 13C NMR, and

Received: February 14, 2024
Revised: March 15, 2024
Accepted: March 25, 2024
Published: March 27, 2024

Scheme 1. Azacoronene and its Extended Analogs

Letterpubs.acs.org/OrgLett

© 2024 American Chemical Society
5227

https://doi.org/10.1021/acs.orglett.4c00588
Org. Lett. 2024, 26, 5227−5231

D
ow

nl
oa

de
d 

vi
a 

M
A

SS
A

C
H

U
SE

T
T

S 
IN

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
Se

pt
em

be
r 

5,
 2

02
4 

at
 1

4:
12

:3
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdusalom+A.+Suleymanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qilin+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Mu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timothy+M.+Swager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.4c00588&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c00588?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c00588?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c00588?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c00588?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c00588?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/orlef7/26/25?ref=pdf
https://pubs.acs.org/toc/orlef7/26/25?ref=pdf
https://pubs.acs.org/toc/orlef7/26/25?ref=pdf
https://pubs.acs.org/toc/orlef7/26/25?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c00588?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c00588?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.orglett.4c00588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


high-resolution mass spectrometry (HRMS). Variable temper-
ature (VT) NMR studies disclosed restricted rotation of the
nearly perpendicularly arranged pyrrole rings around C−N
bonds. The molecular structure of 1 was established through
single-crystal X-ray diffraction (SCXRD) analysis. The end-to-
end twist angle of the anthracene core in 1 (58°) is comparable
to analogous decaphenyl anthracene (63°) synthesized by
Pascal and co-workers.17

Subsequently, the Scholl reaction of 1 with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and triflic acid (TfOH) in
DCM at 0 °C was performed (Scheme 3). The resulting

product was isolated in 60% yield as an air-stable dark-brown
solid. Remarkably, compound 2 is highly soluble in most
apolar organic solvents including hexanes. A comparison of the
1H NMR spectra of 1 and 2 revealed the absence of pyrrolic
C−H signals in 2, confirming the successful fusion of all ten
pyrrole rings. The elemental composition of C94H100N10 was
confirmed by HRMS MALDI-TOF.

Further recrystallization of 2 from benzene/methanol
yielded crystals suitable for SCXRD which revealed the twisted
saddle structure of 2 (Figure 1). Both M and P enantiomers of
2 were identified in the crystal lattice “buffered” with
cocrystallized C6H6 solvent molecules (Figure S26).

The nanometer dimensions of the DPA core of 2 without
ethyl groups correspond to the definition of nanographene (1.4
nm × 1.0 nm, Figure 1A). Along the long axis, the end-to-end

dihedral angle along the tetraazapentacene core (90°) is higher
than that in the OPN (63°) (Figure 1B). Along the shorter
axis, a figure-eight-shaped cyclo[10]pyrrole18 embedded into
anthracene can be viewed with 67° torsion angle induced by
contiguous nonplanar seven-membered rings (Figure 1C). The
average edge-to-edge distance between the carbon atoms of the
saddle is 0.9 nm (Figure 1D).

To better understand the configurational dynamics of 2, we
analyzed it by VT 1H NMR from 8 to 80 °C in C6D6 (Figure
S14). Essentially no difference in chemical shifts and shapes of
ethyl group signals was observed. It indicates that the rotation
of densely arranged ethyl substituents is restricted, and the
curved configuration of 2 is retained in this temperature range.
We believe that dense ethylation enhances the configurational
stability of the DPA core.

We also modeled the racemization dynamics of fused
decapyrrollyl anthracene (DPA) by density functional theory
(DFT) through the nudged elastic band method. The
calculation was carried out using ORCA 5.0 at the B3LYP/
def2-TZVP(-f) level of theory (Figure S28).19 The calculated
energy barrier of nonethylated DPA (19.4 kcal/mol) going
through a saddle-shaped transition state is more than three
times higher than that of OPN (5.9 kcal/mol). Notably,
[7]circulene and [7.7]circulene fully surrounded with
hexagons have lower inversion energy barriers (9 and 11
kcal/mol respectively) because of continuous wave-like
pseudorotation.1c Such pseudorotation is not available to
DPA because the seven-membered rings are only surrounded
by six rings, making it more rigid.

Given the high configurational stability of 2, we attempted
the separation of M and P enantiomers using analytical chiral
HPLC. We observed two peaks that were not fully resolvable
due to the high solubility of 2 in hexanes (Figure S24).

Next, we measured UV−vis absorption spectra of 1 and 2 in
hexane (Figure 2A). Compound 1 has absorption maxima at
344 nm (ε = 39300 M−1 cm−1), 372 nm (ε = 41600 M−1

cm−1), and 465 nm (ε = 12065 M−1 cm−1). Due to the
addition of 10 pyrrole substituents, the E2 absorption band of
the anthracene core is red-shifted by about 110 nm compared
to the parent anthracene. The characteristic vibrational

Scheme 2. Synthesis (A) and Crystal Structure (B) of 1a

aHydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at 50% probability.

Scheme 3. Synthesis of Fused Decapyrrollyl Anthracene 2

Figure 1. X-ray diffraction crystal structure of 2. (A) Top view. (B)
Viewed along the anthracene long axis. (C) Viewed along the
anthracene short axis. (D) Saddle view. Hydrogen atoms and ethyl
groups are omitted for clarity. Thermal ellipsoids are shown at 50%
probability.
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anthracene fine structure is still visible at 465 nm with an
unresolved shoulder. Fused compound 2 has an absorption tail
out to 800 nm with maxima at 358 nm (ε = 66200 M−1 cm−1),
414 nm (ε = 25300 M−1 cm−1), and 545 nm (ε = 5900 M−1

cm−1). Compounds 1 and 2 are nonemissive under UV.
We calculated the frontier molecular orbitals of DPA using

DFT. The HOMO is located on the outer double bonds of
pyrrole rings, and LUMO is on the inner anthracene core
(Figure 2B). The calculated energy band gap of DPA is 1.78
eV (Table S7).

We performed voltammetric studies to investigate the
electrochemical properties of compound 2 (Figure 3). Cyclic

voltammetry (CV) and differential pulse voltammetry (DPV)
measurements of 2 in DCM revealed six one-electron
oxidation steps with the half-wave potentials of Eox1 = −0.40
V, Eox2 = −0.20 V, Eox3 = 0.07 V, Eox4 = 0.16 V, Eox5 = 0.72 V,
and Eox6 = 0.94 V. Similar to HPHAC and OPN
derivatives,9b,13 the difference between Eox3 and Eox2 (0.27 V)
is larger than one between Eox2 − Eox1 (0.20 V) and Eox4 − Eox3
(0.09 V), which implies that dication 22+ is electronically

stabilized. Repetitive CV measurements at different scan rates
revealed that the first two oxidation steps are reversible, and
the next four oxidation waves are pseudoreversible.

Chemical oxidation/titration of 2 into 22+ with SbCl5 in
DCM was followed by UV−vis and NMR. The UV−vis
spectrum of the dication has a red-shifted absorption band
maximum (from 348 to 402 nm). On 1H NMR, methylene
(CH2) peaks have shifted downfield from 3.08−2.63 ppm (2)
to 3.37−2.83 ppm (22+) and upfield from 2.27 ppm (2) to 2.00
ppm (22+); methyl (CH3) peaks have downfield shift from
1.34−1.09 ppm (2) to 1.75−1.23 ppm (22+) and upfield from
0.82 ppm (2) to 0.63 ppm (22+) (Figure S15). Similar
observations have been made for dication HPHAC and OPN
derivatives.9b,13 Our attempts to detect higher oxidation states
of 2 (4+, 6+) by NMR were not successful, likely due to their
lower stability.

Nucleus-independent chemical shift (NICS) and anisotropy
of the induced current density (ACID) calculations were
carried out to determine the aromaticity of DPA in neutral and
dication states (Figure 4).20 NICS values together with the

ACID plot calculated for neutral DPA show aromaticity only
in anthracene rings and isolated pyrrole rings. The dicationic
state of DPA has higher aromaticity according to negative
NICS values of all rings. The ACID plot of the dication shows
conjugation between pyrrole rings with a 38-electron π-system
which corresponds to the Hückel aromaticity rule (4n+2)
(Figure 4B).

To conclude, we have synthesized fused decapyrrollyl
anthracene (DPA) 2 by a simple two-step procedure using
commercially available starting materials in good yield. The
single crystal X-ray structure of 2 revealed highly contorted
geometry induced by a combination of two pairs of adjacent
seven-membered rings linked through a benzene ring forming a
unique 7−7−6−7−7 topology.21 VT-NMR and DFT model-
ing studies show 2 as configurationally stable up to 80 °C in
solution. Rigid chirality in combination with the multielectron
redox behavior of fused DPA is interesting for applications in
chiral-induced spin selectivity (CISS).22 Related studies are
currently underway in our laboratories. We hope our work will
inspire the development of the next generation of extended
azacoronene analogs based on tetracene and pentacene
systems.23

Figure 2. (A) Absorption spectra of 1 (red line) and 2 (black line) in
hexane. (B) Frontier molecular orbitals of DPA calculated at the
B3LYP/def2-TZVP(-f) level.

Figure 3. Cyclic voltammogram (black line) and differential pulse
voltammogram (red line) of 2 in DCM/0.1 M [nBu4N][PF6]
referenced to ferrocene/ferrocenium redox couple.

Figure 4. (A) NICS values of DPA in the neutral (black) and dication
(red) states calculated at the B3LYP/def2-TZVP(-f)) level of theory.
(B) ACID plots (B3LYP/6-31g(d)) of the neutral (left) and dication
(right) of DPA.
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Molecular Carbon Nanostructures. Acc. Chem. Res. 2019, 52, 1565−
1574.

(3) Selected examples of heptagon-containing NGs: (a) Kawasumi,
K.; Zhang, Q.; Segawa, Y.; Scott, L. T.; Itami, K. A Grossly Warped
Nanographene and the Consequences of Multiple Odd-Membered-
Ring Defects. Nat. Chem. 2013, 5, 739. (b) Fukui, N.; Kim, T.; Kim,
D.; Osuka, A. Porphyrin Arch-Tapes: Synthesis, Contorted Structures,
and Full Conjugation. J. Am. Chem. Soc. 2017, 139, 9075−9088.
(c) Pun, S. H.; Chan, C. K.; Luo, J.; Liu, Z.; Miao, Q. A Dipleiadiene-
Embedded Aromatic Saddle Consisting of 86 Carbon Atoms. Angew.
Chem., Int. Ed. 2018, 57, 1581−1586. (d) Yang, X.; Rominger, F.;
Mastalerz, M. Contorted Polycyclic Aromatic Hydrocarbons with
Two Embedded Azulene Units. Angew. Chem., Int. Ed. 2019, 58,
17577−17582.

(4) Brandt, J. R.; Salerno, F.; Fuchter, M. J. The Added Value of
Small-Molecule Chirality in Technological Applications. Nat. Rev.
Chem. 2017, 1, 0045.

(5) Liu, B.; Chen, M.; Liu, X.; Fu, R.; Zhao, Y.; Duan, Y.; Zhang, L.
Bespoke Tailoring of Graphenoid Sheets: A Rippled Molecular
Carbon Comprising Cyclically Fused Nonbenzenoid Rings. J. Am.
Chem. Soc. 2023, 145, 28137−28145.

(6) Yamamoto, K.; Saitho, Y.; Iwaki, D.; Ooka, T. [7.7]Circulene, a
Molecule Shaped Like a Figure of Eight. Angew. Chem., Int. Ed. 1991,
30, 1173−1174.

(7) Cheung, K. M.; Xiong, Y.; Pun, S. H.; Zhuo, X.; Gong, Q.; Zeng,
X.; Su, S.; Miao, Q. Negatively curved molecular nanocarbons
containing multiple heptagons are enabled by the Scholl reactions of
macrocyclic precursors. Chem. 2023, 9 (10), 2855−2868.

(8) Krzeszewski, M.; Dobrzycki, Ł.; Sobolewski, A. L.; Cyranśki, M.
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