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ABSTRACT: Twisted nanographenes (NGs) are currently attracting a lot of attention
owing to their geometrical and electronic structures that differ substantively from
conventional planar and nonplanar NGs, while the strategic synthesis of twisted NGs is
still a topic of interest because the products are often interconvertible among
unidirectionally, alternatively, or randomly twisted geometries and otherwise obtained
as a mixture of them. Herein, we report the conformationally specific synthesis of
twisted NGs where the geometry was reinforced by introducing 1,4-dioxane rings at a
K-region of a central pyrene core that bears a large contortion. The 1,4-dioxane rings
were generated by semi-deprotection, of tetraoxa[4.4.4]propellanes in precursor
molecules, which were confirmed to be engaged in forming C−C bonds via a Friedel−
Crafts type mechanism. The large contortion within the pyrene core causes a narrowed
HOMO−LUMO gap on account of unusual pz-lobe overlap between +z and −z sides,
giving rise to red emission with a high quantum yield of 94% as well as stable redox processes of 2e− uptake/release.
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■ INTRODUCTION
The twist operation is often employed to enhance the chemical
stability of polyacenes against their dimerization and/or
spontaneous air oxidation,1−5 where the twist geometry does
not significantly change electronic structures compared to those
of pristine polyacenes,6 although there are a few exceptions. For
instance, 1,8-diadamantylnaphthalene bearing a twist angle of
17.0° showed a clear red shift in its absorption band relative to
parent naphthalene (323 from 264 nm), as reported by
Yamaguchi and co-workers in 2013. This is primarily due to
elevated HOMO level caused by σ-conjugation with sub-
stituents after twisting.7,8 In 2018, the group led by Gidron also
reported a bathochromic shift (427 from 407 nm, twist angle of
30.0°) in twisted anthracenes diagonally tethered by an n-alkyl
bridge.9 This is caused by a lowered LUMO level from twisting,
which also contributes to a slight increase in the absorption
coefficient owing to decreased symmetry rendering the
transition vibronically allowed.
Alongside twisted polyacenes, the synthesis of simple twisted

PAHs (polycyclic aromatic hydrocarbons) has received growing
attention10,11 for developing CPL (circularly polarized light)
emitters.12,13 The twist-induction is usually performed by
introducing bully substituents at the bay area14−18 or by
propagation of chiral strain from the ends.19,20 However, once
the π-core changes to nanographenes (NGs), the study of the
twisting effect becomes particularly difficult due to their
interconvertible conformations among unidirectionally, alter-
natively, or randomly twisted conformations and even wavy

structure (Figure 1).21−23 Therefore, the synthesis of conforma-
tionally pure twisted NGs is still a formidable challenge,24−27

and rational logic for geometrical reinforcement is highly
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Figure 1. An alternatively twisted nanographene.
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demanded. Very recently, we reported a twisted NG wherein 2-
fold unidirectionally twisted skeletons are orthogonally arranged
around a contorted pyrene core, which behaves as an origin of
both chirality and high emissivity.28 At the nearly same time,
Pun and co-workers also reported the related structures.29 In this
Article, we report the synthesis of alternatively twisted NGs with
a pyrene core used as a fluorophore (Figure 1), wherein the
introduction of fused 1,4-dioxane rings at the K-region on the
pyrene core allows the NGs to adopt an alternatively twisted
geometry as the sole conformation. This geometrical reinforce-

ment was unprecedentedly achieved by semi-deprotection of

tetraoxa[4.4.4]propellane placed on the pyrene core, impor-

tantly, the semi-deprotection was disclosed to be engaged in

NG-generation (C−C bond formation) through Friedel−

Crafts-type processes.

Figure 2. (a) Synthesis of alternatively twisted NGs (DDQ, 2,3-dichloro-5,6-dicyano-p-benzoquinone; Tf, CF3SO2), (b) crystal structures showing
thermal ellipsoids at 50% probability (solvent molecules and t-Bu groups are omitted in side views for clarity), and (c) ACID (anisotropy of current-
induced density) plots with NICS(0) (nucleus-independent chemical shifts, units in ppm) values in rings A−E (HF/6−31+G(d,p)//B3LYP-D3/6−
31G(d)).

Precision Chemistry pubs.acs.org/PrecisionChem Article

https://doi.org/10.1021/prechem.5c00001
Precis. Chem. 2025, 3, 289−294

290

https://pubs.acs.org/doi/10.1021/prechem.5c00001?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00001?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00001?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00001?fig=fig2&ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.5c00001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION

Synthesis

The Scholl cyclization of arylated pyrenes 1−3, which were
prepared from the corresponding aryl bromides and borylated
pyrene backbones via Suzuki−Miyaura coupling, was carried out
to obtainNG1−NG3 in 65−80% yields (Figure 2a). During the
reaction, the tetraoxa[4.4.4]propellane moieties in 2 and 3 were
semi-deprotected to regenerate the pyrene skeleton with fused
1,4-dioxane ring(s) at the K-region. The structures of NG1−
NG3 were determined crystallographically, revealing that all
three NGs adopt an alternatively twisted geometry in the solid
state (Figure 2b). The repeating twist angles (θtw) were
measured as NG1′ (20.1°) ≈ NG2 (19.8°) < NG3 (23.0°),
while end-to-end angles (θterminal) are almost close to 0°.
According to theoretical calculations, the introduction of the
1,4-dioxane ring(s) toNG1 does not cause significant alteration
of the aromaticity with the retention of the original benzenoid
characters (Figure 2c).
Mechanism

During the course of this study, we were aware of a curious fact
that NG2 and NG3 could be produced as usual even under the
poor stoichiometry of DDQ (Figures 3b, c) while NG1 does
offer DDQ (Figure 3a). Importantly, even in the absence of
DDQ, 2 underwent a ring-fusion to furnish 4 and 5, both in 33%
yields, where one of the four requested bonds was generated

simultaneously with the semi-deprotection of the
tetraoxa[4.4.4]propellane moiety (Figure 3c). This indicates
that semi-deprotection compensates a stoichiometric C−C
bond formation. This would be a cause of the efficient
generation of NG2 and NG3 with the poor stoichiometry of
DDQ (Figures 3b, c). If this is the case, the synthesis of NGs
would be probable with a designed precursor containing
tetraoxa[4.4.4]propellane moieties, even without offering any
oxidant such as DDQ and air. To confirm this hypothesis, 6 was
subjected to acidic media in the absence of oxidant under inert
conditions (Figure 3d). As the results, the corresponding twisted
NG (7) was obtained in 47% yield via cyclization induced by 2-
fold semi-deprotection. It should be noted that 8 could also
undergo semi-deprotection to give 9 via a different pathway
where it needs to borrow two electrons, presumably from
released ethylene glycol30−33 or via release of glycolglycolalde-
hyde (Figure S58).
Based on the aforementioned observation, we illustrated the

plausible mechanism in Figure 3f. The reaction commences with
protonation at the tetraoxa[4.4.4]propellane moiety (A), which
induces a C−O cleavage to generates B. Then, intramolecular
Friedel−Crafts-type cyclization takes place to give C. The
release of the first ethylene glycol furnishes D, which further
undergoes the second cyclization (E to F) and loss of ethylene
glycol to yield 7.

Figure 3. (a−e) Control experiments using 1′, 2, 3, 6, and 8 in the absence of DDQ or with reduced stoichiometry of DDQ. (f) Plausible mechanism.
(g) Cyclic voltammograms of NG1, NG2, and NG3 (1 mM in CH2Cl2, 0.1 M n-Bu4N·PF6, 100 mV/s).
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Electrochemistry

Cyclic voltammograms revealed high redox stability upon 2e−

release/uptake for all NGs examined (Figure 3g). Though the
reduction potentials are almost comparable to each other, the
first oxidation waves showed a gradual cathodic shift upon
increasing a count of electron-donating 1,4-dioxane ring(s) in
the order of NG1 (Eox1 + 0.21 V) > NG2 (+0.13 V) > NG3
(+0.05 V).
Photophysical Properties

NG1 exhibited two major absorption bands at 504 and 534 nm,
both of which were identical to fluorescence spectra centered at
524 and 559 nm, respectively (Figure 4a). The excitation spectra
with an λex of 559 nm clearly suggested the presence of two
components for NG1 (Figure S57). This is supported by
theoretical calculations telling that the wavy conformation (w-
NG1) is the most thermodynamically stable form in the gas
phase, while the second is alternatively twisted geometry (at-
NG1) (Figure 4b). Since the unidirectionally twisted geometry
(ut-NG1) is less stable compared with the other two, NG1 is
considered to fluctuate between the two distinctive conforma-
tions in solution within the measured time range, though we
could not discriminate the two conformations by NMR study,
probably because of the conformational change occurring at the
NMR time scale even at 238 K (Figure S19). From transition
energies computed, the absorption/emission bands at the longer
wavelength were characterized to be at-NG1 with another being
w-NG1.

Different from those ofNG1, the spectral feature ofNG2 and
NG3 is readily understandable. The introduction of the 1,4-
dioxane ring(s) caused a bathochromic shift in the lowest-
energy transition in the order ofNG1 (λabs 534 nm, λem 559 nm)
< NG2 (558, 588 nm) < NG3 (573, 603 nm) (Figure 4c),
reflecting the narrower HOMO−LUMO gap triggered by the
elevated HOMO level (Figure 4d). Thus, the emission color
changes from greenish yellow (NG1) to orange (NG2) and then
red (NG3) while maintaining high quantum efficiency ΦF of
78−94%. The absence of multiple absorption/emission bands
for NG2 and NG3 simply suggests the sole conformation as is
also supported by computations suggesting that the alternatively
twisted geometry is the most stable form and the second stable
geometry, that is, a wavy or unidirectionally twisted form, is
more labile by ΔG > +4 kcal/mol. This geometrical reinforce-
ment is also evident from the smaller Stokes shifts of 41 eV for
NG2 and NG3 compared with 62 eV for w-NG1 and 50 eV for
at-NG1. The primary contributor to enhance the structural
rigidity and/or stabilization of the alternatively twisted geometry
is the 1,4-dioxane ring(s) fused at the K-region.
To verify the effect of contortion occurring at the central

pyrene core, we examined the electronic structures of NG2 and
NG3. The optimized geometries have repeating twist angles of
21.3° (NG2) and 24.5° (NG3), where the pyrene cores are
twisted by 12.0° and 12.9°, respectively (Figure 4d). These
values are comparable to those obtained experimentally (Figure
2b). By twisting pristine pyrene, the lobes in the same phase at
+z and −z sides are partly overlapped (if the z-axis is defined

Figure 4. (a, c) Absorption (5.0 μM) and fluorescence (1.2 μM) spectra of NG1−3. (b, d) MO energy levels and optical transitions of NG1 with
possible conformations as well as NG2 and NG3 with their segmental pyrene structures. The relative Gibbs energies were computed at 298 K, and
transition energies were scaled by 0.88 (TD-CAM-B3LYP-D3/6−31G(d)//B3LYP-D3/6−31G(d)).
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perpendicular to pyrene plane), which accordingly gives rise to
greater effective conjugation length (Figures S59−S61). Thus, a
larger twist operation leads to a narrower HOMO−LUMO gap:
3.84 eV (0°) > 3.35 eV (12.0°) > 3.26 eV (12.9°). The π-
extension from the contorted pyrene core further contributes to
the narrowed HOMO−LUMO gap (2.37 eV for NG2 and 2.33
eV for NG3), reflecting the significant elevation of the HOMO
level. Overall, the absorption/emission bands were effectively
pushed to red region by both contortion of the pyrene core and
the extended π-skeleton.

■ CONCLUSION
In summary, we achieved geometrical reinforcement of NG2
and NG3 as an alternatively twisted form by introducing 1,4-
dioxane rings fused at the K-region of the contorted pyrene core,
as is evident by smaller Stokes shifts relative to NG1, which
fluctuates between wavy and alternatively twisted forms. It
should be noted that twisting of the pyrene core with a larger
degree of contortion contributes to a smaller HOMO−LUMO
gap owing to unusual lobe overlapping between the +z and −z
sides perpendicular to the pyrene plane. Even in NG1−NG3,
the electronic character of the twisted pyrene is substantially
maintained, and it becomes the cause of high quantum efficiency
as well as significant bathochromic shifts of absorption/emission
bands. Alongside these findings, we also elucidated cyclization
induced by semi-deprotection of tetraoxa[4.4.4]propellane. As a
demonstrative trial, we succeeded in obtaining a model NG (7)
from the designed precursor 6 without the use of any oxidant.
Different from conventional Scholl cyclization, where the
HOMO levels of the formed NGs far higher than those of the
precursors sometimes require extreme care for their isolation
and/or handling, there is no concern about overoxidation of
NGs obtained by the method demonstrate herein.
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