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za-nanographene with multiple
odd-membered rings†

Maciej Krzeszewski,a Łukasz Dobrzycki, b Andrzej L. Sobolewski, *c

Michał K. Cyrański *b and Daniel T. Gryko *a

A saddle-shaped aza-nanographene containing a central 1,4-dihydropyrrolo[3,2-b]pyrrole (DHPP) has been

prepared via a rationally designed four-step synthetic pathway encompassing intramolecular direct

arylation, the Scholl reaction, and finally photo-induced radical cyclization. The target non-alternant,

nitrogen-embedded polycyclic aromatic hydrocarbon (PAH) incorporates two abutting pentagons

between four adjacent heptagons forming unique 7−7−5−5−7−7 topology. Such a combination of odd-

membered-ring defects entails a negative Gaussian curvature within its surface with a significant

distortion from planarity (saddle height z 4.3 Å). Its absorption and fluorescence maxima are located in

the orange-red region, with weak emission originating from the intramolecular charge-transfer character

of a low-energy absorption band. Cyclic voltammetry measurements revealed that this stable under

ambient conditions aza-nanographene underwent three fully reversible oxidation steps (two one-

electron followed by one two-electron) with an exceptionally low first oxidation potential of Eox1 =

−0.38 V (vs. Fc/Fc+).
Introduction

The discovery of curved carbon allotropes, i.e. fullerenes1 and
cylindrical carbon nanotubes2 has resulted in a paradigm shi
in the chemistry of polyarenes and has given rise to modern
materials science. Aromatic compounds, which in the early days
of organic chemistry were considered to have a tendency to be
planar, can actually adopt various nonplanar molecular
shapes.3,4 The development of contemporary synthetic methods
in combination with researchers' imagination and creativity has
enabled the preparation of elusive, three-dimensional struc-
tures including circulenes,5–9 cycloparaphenylenes (CPPs),10–13

carbon nanobelts (CNBs),14–18 large phenine frameworks19,20 and
impressive, all-benzene interlocked catenanes and trefoil
knots.21 Moreover, embedding non-hexagonal rings in a gra-
phenic lattice causes warping of the p-system, due to geometric
mismatch of adjacent rings. The presence of a ve-membered
ring introduces a positive Gaussian curvature as in the case of
the smallest curved cutouts of C60, i.e. corannulene,22–26 and
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sumanene27,28 and their p-extended analogs,29–32 while the
incorporation of rings larger than hexagons e.g. heptagons33 or
octagons34 leads to a negative curvature and a saddle-shaped
geometry (Fig. 1a).30,35–39 The chemistry of distorted molecular
nanocarbons continues to evolve, not only as a consequence of
curiosity or aesthetic appeal, but also due to their concrete
contribution to understanding the inherent nature of
aromaticity,40–44 by delivering experimental verication for the
distribution of electrons in their p-extended scaffolds.45,46
Fig. 1 Representative examples of negatively curved polyarenes
containing multiple odd-membered rings.
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Furthermore, history has shown that the emergence of various
carbon allotropes has indeed led to the discovery of previously
unforeseen and unpredicted functions and applications.47,48

Doping heteroatoms into a carbonaceous backbone of the p-
systems is an elegant and efficient method of tuning their basic
physicochemical and electronic characteristics.49,50 In partic-
ular, interest in nitrogen-embedded, nonplanar polyarenes has
gained signicant momentum recently, resulting in the
construction of some intriguing, mainly positively curved
molecules.51–56 Examples of negatively curved aza-
nanographenes, however, remain rather scarce (Fig. 1b).57–60

Here, we present the synthesis and properties of a saddle-
shaped polyarene containing the most electron-rich small
aromatic molecule, 1,4-dihydropyrrolo[3,2-b]pyrrole.61 This 16-
ring nitrogen-containing molecular nanocarbon comprises two
central pentagons conned between four adjacent heptagons,
a lattice defect, which to the best of our knowledge, has not yet
been identied in graphene.62–64
Results and discussion
Design and synthesis

Recently, we reported the on-surface,65 followed by an in-solu-
tion66 syntheses of an aza-buckybowl composed of a 1,4-dihy-
dropyrrolo[3,2-b]pyrrole (DHPP) core encircled by six benzene
rings bonded with each other, possessing the inverse Stone–
Thrower–Wales (7–5–5–7) defect. In the latter endeavor, the
implemented synthetic pathway encompassed DHPP forma-
tion, the Scholl reaction,67–70 and subsequent sequential intra-
molecular direct arylation.71 The success of the applied
synthetic strategy leading to a series of consecutive couplings of
peripheral rings around the central DHPP core prompted us to
design and prepare a saddle-shaped DHPP-based nano-
graphene. We envisaged that a seemingly small modication in
the structure, i.e., replacing two hexagons with two heptagons
next to the central unit (Fig. 2) realized by an imaginary
Fig. 2 Left-hand side: crystal structure (CCDC 2064960†)66 of bowl-
shaped DHPP-based nanographene. Right-hand side: the computed
model of its p-extended counterpart adopting a saddle-shaped
geometry.

2354 | Chem. Sci., 2023, 14, 2353–2360
‘insertion’ of additional benzene rings (naphthalene vs.
benzene) would entail a drastic change in the molecular
geometry and thus in the overall physicochemical features.

We began with designing a suitable DHPP which would be
a platform for further intramolecular transformations. Our
analysis resulted in a tetra-aryl pyrrolo[3,2-b]pyrrole (TAPP)
substituted with two 2-(naphthalen-2-yl)phenyl groups on the
pyrrolic nitrogen atoms and two phenyl residues at positions 2
and 5 of the pyrrolo[3,2-b]pyrrole unit, both carrying a bromine
and a chlorine atom at their ortho positions. Finally, to ensure
sufficient solubility of the nal compound and its parent
precursors in common organic solvents, we decided to intro-
duce two tert-butyl groups and two n-octyl chains on the
periphery.

Consequently, suitable starting materials were prepared,
that is, 2-bromo-4-(tert-butyl)-6-chlorobenzaldehyde (1) and 2-
(naphthalen-2-yl)-4-octylaniline (2) (see the ESI† for details).
The one-pot multicomponent condensation, catalyzed by
iron(III) perchlorate,72 between 1, 2 and butane-2,3-dione (3)
gave TAPP 4 in 49% yield (Scheme 1). Compound 4 was then
subjected to selective intramolecular direct arylation through
exclusive double C–Br activation, while the two C–Cl bonds
remained intact. The reaction was carried out with Pd(OAc)2,
Cs2CO3 and PPh3 in toluene at 120 °C for 4 h, giving compound
5 in excellent yield (91%). Then, this product was subjected to
the double Scholl reaction mediated by iron(III) triate. Impor-
tantly, as we have already demonstrated, the specic order of
consecutive steps is crucial to avoid the unwanted 1,2-aryl shi
triggered by the oxidative aromatic coupling.73,74 Also, as previ-
ously reported, FeCl3 proved to be the most efficient oxidizing
agent with respect to interactions with DHPPs; however, in this
particular case, side products were formed. As shown before,
the excessive amount of FeCl3 could lead to undesired chlori-
nation of the PP core.66 Therefore, we used iron(III) triate
instead to exclude the possibility of any uncontrolled chlori-
nation processes.75 The reaction was carried out in a dichloro-
ethane/nitromethane mixture at 80 °C for 6 h. The desired
compound 6 containing two newly formed seven-membered
rings was isolated with a yield of 24%, which is only slightly
lower (24% vs. 29%) than the yield of the analogous Scholl
reaction carried out on the synthesis of the aza-buckybowl re-
ported earlier.66 It is worth mentioning that this reaction is
highly regioselective, and double oxidation takes place
predominantly at the a-positions of both naphthalene subunits,
which was unequivocally conrmed by X-ray diffraction
(Scheme 1, inset). Then, the rationally designed compound 6
was subjected to the nal double C–Cl bond activation. The
reaction was carried out with Pd(OAc)2 and HPt-Bu2MeBF4 in
a mixture of DBU/DMA in a pressure tube at 180 °C for 24 h.
However, it turned out that the desired coupling took place only
on one side of the molecule, whereas dehalogenation occurred
on the other side, giving a saddle–helicene hybrid 7 isolated in
52% yield. Therefore, we resorted to a different strategy, namely
photo-induced radical cyclization.60 To our delight, subjecting 6
to a reaction with potassium tert-butoxide in DMSO irradiated
with 455 nm blue LEDs at ambient temperature for 20 h gave
the desired saddle-shaped nanographene 8 with a yield of 75%.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route to molecular saddle 8. Reagents and
conditions: (a) Fe(ClO4)3$xH2O (6 mol%), AcOH/toluene, 50 °C, 16 h,
49%; (b) Pd(OAc)2 (20 mol%), Cs2CO3 (2.4 equiv.), PPh3 (48 mol%),
toluene, 120 °C, 4 h, 91%; (c) Fe(OTf)3 (6.0 equiv.), DCE/MeNO2, 80 °C,
6 h, 24%; (d) Pd(OAc)2 (2.0 equiv.), HPt-Bu2MeBF4 (6.0 equiv.), DBU/
DMA, 180 °C, 24 h, 52%; (e) t-BuOK (10.0 equiv.), DMSO, blue LEDs, rt,
20 h, 75%. DMA – dimethylacetamide, DCE – 1,2-dichloroethane;
inset: X-ray crystal structure of 6. R1 = t-Bu, R2 = n-C8H17.

Fig. 3 Variable temperature 1H-NMR spectrum of the molecular N-
doped saddle 8 in the aromatic region (from 6.0 to 9.0 ppm) recorded
in cyclohexane-d12 (600 MHz, 10–60 °C).
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Its structure was conrmed through nuclear magnetic reso-
nance (NMR) spectroscopy, and high-resolution mass spec-
trometry (HRMS). Its superb solubility allowed for NMR
measurements in cyclohexane-d12. The variable temperature 1H
NMR spectrum of nanographene 8measured in cyclohexane-d12
at 10–60 °C (Fig. 3) reveals the dynamic behavior of themolecule
in solution and rapid equilibration of naphthalene protons on
the perimeter (Fig. 3). Further 2D-NMR studies allowed each
signal to be assigned to the respective proton (see the ESI† for
details).
Fig. 4 Top and side views of the overlay of two differently colored
molecules form the crystal structure of 6 (CCDC 2210403†). The cyan
sphere represents the center of symmetry; smaller and bigger globes
denote the N and Cl atoms, respectively. Overlay was performed for all
eight atoms of two adjacent five-membered rings. The THF molecule
and all H atoms have been omitted for clarity.
X-ray crystallography analysis

In spite of many attempts it was not possible to crystallize the
nal product 8, only an amorphous solid was obtained instead.
However, during slow evaporation of THF/MeOH/acetone
solution X-ray quality crystals of the intermediate compound
© 2023 The Author(s). Published by the Royal Society of Chemistry
6 were obtained conrming its anticipated structure. All the
details concerning the crystal data and the structure renement
are located in Table S1 of the ESI.† The crystal lattice contains
two centrosymmetric conformers of 6 with slightly different
geometry. Hence, the symmetry of the molecule from the X-ray
studies fully agrees with the NMR data. The structure is severely
disordered especially in the n-octyl chains. The overlay of the
two molecules with adjacent ve-membered rings atoms tted
is presented in Fig. 4. As it can be seen the core of the molecules
ts almost ideally, even seven-membered rings are distorted to
the same extent. Whereas the biggest geometry difference
Chem. Sci., 2023, 14, 2353–2360 | 2355
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occurs in the alkyl chains, the naphthalene moieties deviate as
well.
Table 1 Spectroscopic and electrochemical properties of compounds
4–8 a

Cmpd.
labs
[nm]

3 × 103

[M−1 cm−1]
lem
[nm] F

b
Eox1

1/2c

[V]
EHOMO

[eV]

4 346 14 — — 0.35 −5.15
5 410 20 534 0.14 0.05 −4.85
6 432 22 601 0.023 0.18 −4.98
7 461 16 622 0.034 −0.12 −4.68
8 468 17 623 0.038 −0.38 −4.42

a Measured in CH2Cl2.
b Determined with coumarin 153 in EtOH as

a standard. c Cyclic voltammograms were measured in a deoxygenated
solution of 0.1 M tetrabutylammonium perchlorate in anhydrous
CH2Cl2, with a glassy-carbon working electrode, a Ag/AgCl/NaClsat
reference electrode, and a platinum-foil auxiliary electrode (scan rate v
= 100 mV s−1, Ar, rt). Oxidation potentials are given relative to Fc/Fc+.
Theoretical investigation of conformational exibility

Quantum chemical calculations were performed for the aza-
nanographene 8 structure with the tert-butyl groups and octyl-
chains replaced by hydrogen atoms (8H). The equilibrium
geometries of the possible conformers of 8H and the saddle-
points between them in the closed-shell ground state (S0) were
determined with the MP2 method. Local minima and saddle-
points were veried by computation of the Hessian of the
DFT-optimized structures (see the ESI† for details). The dense
accumulation of non-hexagonal rings around the central point
of 8H leads to its double-concave molecular structure (Fig. 5).
The central DHPP core is nearly planar, while the peripheral
phenanthridine and naphthalene components are heavily
twisted out of plane to give a saddle height of 4.3 Å (Fig. 5b).
These moieties arrange themselves in such a way that both
naphthalene subunits are facing downwards and simulta-
neously both phenanthridine subunits are facing upwards (or
conversely, in the case of its enantiomer) (Fig. 5a). The race-
mization mechanism of (M,P,M,P)-8H to (P,M,P,M)-8H follows
a complex quintuple-well potential model through two transi-
tion states TS1 and TS2 and the meso form (M,M,P,P)-8H. The
calculated energy barrier of 19.6 kcal mol−1 is very similar to
that of Itami's grossly warped nanographene (theoretical value:
18.9 kcal mol−1).30 Although the racemization energy barrier is
markedly higher than that of the DHPP-based buckybowl
(theoretical value: 5.4 kcal mol−1),66 it is still not high enough to
Fig. 5 Images showing the warped structure of the truncated molecular
the a axis. (c) Side view along the b axis. (d) The potential energy landsca
theory (zero-point energy corrected).

2356 | Chem. Sci., 2023, 14, 2353–2360
ensure conformational stability at ambient temperature, which
is supported by the variable temperature 1H NMR experiments
(vide supra). The overall potential-energy (PE) landscape of the
racemization process of 8H is shown in Fig. 5d.
Photophysical and electrochemical properties

In order to unravel the impact of the molecular geometry and
the consecutive extensions of the p-system on the overall pho-
tophysical characteristics, we measured the UV-vis absorption
and uorescence spectra of compounds 4–8. The results are
shown in Table 1 and Fig. 6. The tetraaryl-substituted DHPP 4
shows a main absorption band comprising two peaks located in
saddle 8H. (a) Top view of the 8H enantiomer pair. (b) Side view along
pe of 8H. All geometries were optimized at the MP2/cc-pVDZ level of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-vis absorption spectra (solid lines) and fluorescence spectra
(dashed lines) of dyes 4–8 measured in dichloromethane.
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the ultraviolet region of the spectrum at labs = 285 and 334 nm
with molar extinction coefficients (3) reaching 33 000 M−1 cm−1

and 16 000 M−1 cm−1, respectively. Dye 5 obtained from 4
through intramolecular direct arylation possesses a higher
degree of conjugation, which is clearly manifested in its optical
features. A large bathochromic shi in absorption is observed,
accompanied by a hyperchromic shi. Moreover, unlike 4,
compound 5 exhibits an emission. In its absorption spectrum,
there are two broad bands, the rst located between 320 and
400 nm and the second between 400 and 450 nm with
a shoulder extending to ca. 480 nm. Higher-energy transitions
show a peak located at labs = 362 nm with 3= 39 000 M−1 cm−1.
Lower-energy transitions exhibit faint maxima at ca. labs = 410
with shoulders at 430 and 460 nm (3 = 18 000, 16 000 and 10
000 M−1 cm−1). Dye 5 is a weak green light emitter (lem = 534
nm) with a uorescence quantum yield (F) of 0.14. The uo-
rescence maximum of 6, possessing two seven-membered rings,
is strongly bathochromically shied (67 nm) with respect to 5
(lem = 601 vs. 534 nm) with an accompanying evident decrease
in emission intensity to F = 0.023. The unusually high Stokes'
shi value determined for 6, namely 6500 cm−1 (169 nm), stems
from the profound differences in its S1 excited state and S0
ground state geometries.

In both cases of p-extension, leading to compounds 7 and 8,
a red-shi of the absorption and emission spectra can be
observed. The nal saddle-shaped aza-nanographene 8 exhibits
three prominent bands in the absorption spectrum. The rst
band is located between 280 and 330 nm with a distinctive
shoulder at 300 nm with 3= 52 000 M−1 cm−1. The second band
corresponding to lower-energy transitions, found between 330
and 420 nm, shows a peak at labs = 367 nm (3 = 29
000 M−1 cm−1) with a shoulder at 390 nm (3 = 25
000 M−1 cm−1). Finally the third band corresponds to the
longest wavelength absorption at 468 nm, 3 = 17 000 M−1 cm−1

tailing up to 580 nm. Themaximum absorption is red-shied by
7 nm compared to 7. Interestingly, both compounds 7 and 8
have nearly identical emission maxima in the orange/red region
of the spectrum with lem = 622 and 623 nm, and exhibit similar
uorescence quantum yields of F = 0.034 and 0.038, respec-
tively. Unlike the DHPP-buckybowl,66 molecular saddle 8 does
© 2023 The Author(s). Published by the Royal Society of Chemistry
not show any dependence of the emission features on solvent
polarity (see the ESI† for details).

A direct comparison of the photophysics of dye 8 with the
previously reported aza-buckybowl66 reveals that they behave in
analogous manner. In both cases absorption peaks at approx.
470 nm with long tail reaching beyond 550 nm. Both the aza-
buckybowl and 8 possess a broad, weak red emission. A more
pronounced deformation of the molecule 8 is reected by
a small bathochromic shi of the emission maximum by ca.
8 nm compared to the respective buckybowl.

To further elucidate the nature of electronic transitions, the
absorption spectrum of the lowest-energy conformer (M,P,M,P)-
8H was computed with the aid of two different theoretical
methods: TD-DFT and ADC(2). The resulting spectrum is shown
in Fig. S13 of the ESI.† Apart from the expected energy shi,
both computed spectra are consistent with each other and are
in good agreement with the low-energy part of the observed
absorption spectrum of 8.

The photophysical parameters of the lowest excited states of
8H computed with the aid of the ADC(2)/cc-pVDZ ab initio
method are summarized in Table S3 of the ESI.† On inspection
of the results it can be noticed that the series of excited singlet
states that comprise the low-energy part of the absorption
spectrum involve electronic excitations from the two highest
occupied molecular orbitals (HOMO−2 and HOMO) in the C2

symmetry point group of the (M,P,M,P)-8H conformer. Both
HOMOs are localized largely on the DHPP core. Optical excita-
tion of the system expels an electron from the central core into
the (naphthalene and benzene) molecular edges (Fig. 7).

Geometry optimization of the two lowest excited singlet
states (1A(S1) and

1B(S2)) with the aid of the ADC(2) method
resulted in the determination of their adiabatic energy and
energy of the vertical uorescence expected from these states
(Fig. 8). Additionally, the natural transition orbitals (NTOs)76 of
the hole and the electron created by electronic excitation of
these states were determined. These data are shown in Fig. S14
of the ESI.† From this it can be seen that both states are
stabilized by a similar energy loss due to geometry optimization,
and the state of the A symmetry is by about 0.22 eV
(5.1 kcal mol−1) more stable than the state of the B symmetry,
both ‘vertically’ (Table S3†) and adiabatically (Fig. S14†). The
singlet state of the B symmetry lies above the 1A even at the
optimized geometry of the former state. We therefore conclude
that the latter state represents the lowest (emitting) singlet state
(S1) of the 8H (and 8) compound, although its oscillator strength
for emission is one order of magnitude smaller than for emis-
sion from the 1B state (Fig. S14†). The NTOs inspection of the
two excited states indicates that the uorescence from these
states is approximately perpendicularly polarized to each other.

Finally, the well-known, electron-rich nature of 1,4-dihy-
dropyrrolo[3,2-b]pyrroles renders them potent candidates for
application in the eld of organic optoelectronics. Therefore,
voltammetric experiments were performed to investigate the
electrochemical properties of all synthesized DHPP-based
compounds 4–8. Cyclic voltammetry measurements revealed
that all obtained DHPPs are easily oxidizable with the obvious
trend that as the degree of conjugation is increased, the lower
Chem. Sci., 2023, 14, 2353–2360 | 2357
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Fig. 7 Selected Kohn–Sham molecular orbitals of the truncated
molecular saddle 8H and their energy levels calculated with the aid of
DFT at the B3LYP/cc-pVDZ level of theory. An isovalue of 0.02 was
used for the depiction of each MO, the view corresponds to the top
face of the molecule.

Fig. 8 Schematic potential energy profiles of the lowest excited states
of 8H constructed on the basis of theoretical results. Vertical arrows
illustrate vertical absorption from the ground state (black) and fluo-
rescence (blue and red) from the lowest excited singlet states with
values of transition energy (E) and oscillator strength (f) computed at
the ADC(2)/cc-pVDZ theoretical level.

Fig. 9 Cyclic voltammogram of the N-doped molecular saddle 8.
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the rst oxidation potential (Tables 1 and S2†). The parent TAPP
4, underwent two one-electron oxidation steps, the rst being
reversible, followed by an irreversible process. Concurrently
compounds 5–7 underwent two one-electron reversible oxida-
tion steps (see the ESI†). Intriguingly, target molecular saddle 8
underwent as many as three fully reversible oxidation steps. The
rst two were one-electron processes, whereas the third was
two-electron process. The half-wave potentials measured for 8
referenced to the ferrocene/ferrocenium ion couple were Eox1 =
−0.38 V, Eox2 = −0.10 V, and Eox3 = +0.35 V (Fig. 9). HOMO
energy levels (EHOMO) were estimated from the rst oxidation
potentials (Table 1). The calculated energy of the HOMO level of
8H (EHOMO = −4.44 eV, Fig. 7) was in excellent agreement with
the experimental data for 8 i.e., EHOMO = −4.42 eV. Thus,
HOMO of dye 8 is located ca. 0.3 eV above HOMO of previously
described buckybowl (EHOMO = −4.71 eV).66 The exceptionally
low value of the rst oxidation potential of 8, nearly as low as the
2358 | Chem. Sci., 2023, 14, 2353–2360
potential measured for the core-expanded azacoronene that has
up to eight nitrogen atoms (Eox1 = −0.52 V)57 indicates its
remarkable tendency to oxidize. To date, this is a record-
breaking oxidation potential value in the chemistry of
dihydropyrrolopyrroles.77

Conclusions

By employing a rationally designed synthetic strategy, we have
demonstrated the successful solution phase synthesis of
a saddle-shaped aza-nanographene containing a pyrrolopyrrole
core. This 16-ring nitrogen-doped, highly twisted framework
was easily and efficiently formed in four steps with an overall
yield of 8%. Our approach undoubtedly shows that the constant
growth of the synthetic toolbox allows scientists to ne-tune the
structure and properties of previously unimaginable organic
materials. This heavily distorted p-system provides valuable
information regarding the impact of closely concentrated odd-
membered-ring defects on the overall physicochemical proper-
ties of the otherwise planar graphenic sheet. To the best of our
knowledge this is the rst nanographene displaying a unique 7–
7–5–5–7–7 topology. Furthermore, it is the rst example of a p-
extended 1,4-dihydropyrrolo[3,2-b]pyrrole that exhibits three
© 2023 The Author(s). Published by the Royal Society of Chemistry
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fully reversible oxidation steps, with a record low for its rst
oxidation potential value. We have proven that replacing the
previously described 7–5–5–7 ring system with 7–7–5–5–7–7 one
leads to three dramatic changes: (1) the new aza-nanographene
is markedly (0.3 eV) easier to oxidize; (2) distortion from
planarity doubles (4.3 Å vs. 2.1 Å) and (3) negative curvature
replaces positive curvature. The warped double-concave struc-
ture holds potential for supramolecular research and its use in
the construction of future outstanding nitrogen-enriched
nanocarbon materials is envisioned.
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Ł. Dobrzycki, S. M. Spain, P. Rempała, M. R. Chin and
B. T. King, Angew. Chem., Int. Ed., 2010, 49, 399–402.

44 Y. Tanaka, N. Fukui and H. Shinokubo, Nat. Commun., 2020,
11, 3873.

45 C. Liu, Y. Ni, X. Lu, G. Li and J. Wu, Acc. Chem. Res., 2019, 52,
2309–2321.

46 J. C. Buttrick and B. T. King, Chem. Soc. Rev., 2017, 46, 7–20.
47 M. F. L. De Volder, S. H. Tawck, R. H. Baughman and

A. J. Hart, Science, 2013, 339, 535–539.
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