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Nanobelts are cyclic arenes that only consist of annulated structures. Recently, various types of nanobelts
have been synthesized and their unique properties have been unveiled. However, cationic nanobelts
without heteroatoms have been rarely synthesized, and their properties are of significant interest from
both fundamental and application perspectives. Herein, we report the synthesis of radical cationic and
dicationic hydrocarbon nanobelts by chemical oxidation of methylene-bridged [6]cycloparaphenylene
([BIMCPP). These cationic species are remarkably stable in air, which made it possible to measure and

uncover their structural and electronic properties. Notably, the [6]MCPP dicationic salt has sharp
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Accepted 4th April 2025 absorption and fluorescence bands at longer wavelengths than those of neutral [6]MCPP, close to the
near-infrared region. From both experimental and theoretical investigation, the existence of a strong

DOI: 10.1035/d55c01305d diatropic belt current in [6]MCPP dication was indicated. In addition, a longer lifetime was observed for
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Cationic molecules have long been studied as reaction inter-
mediates in a range of cation-triggered organic transformations
and also have been utilized in numerous materials such as dyes,
liquid crystals, conducting polymers, and photocatalysts.*
Among them, cationic arenes, in which 7-electrons have been
removed from aromatic rings, have been recognized as impor-
tant cationic molecules because they can act as intermediates of
charge carriers in p-type organic semiconductors.” To utilize
intrinsically moisture-sensitive cationic arenes as stable
species, electron-donating heteroatoms such as nitrogen and
oxygen atoms are often introduced into arene scaffolds. In
contrast, cationic arenes without heteroatoms, namely cationic
aromatic hydrocarbons, are relatively rare.®> While the intro-
duction of multiple bulky substituents such as mesityl groups to
gain air-stability has been a common strategy in the field, this
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the hexamethyl[6]MCPP dicationic salt than for the [6]JMCPP dicationic salt in solution.

sometimes is not enough to stabilize cations of m-conjugated
arenes. Delocalization of positive charge is another powerful
strategy for stabilizing cationic species of -extended arenes. In
the past decade, the groups of Jasti and Yamago have exten-
sively studied the cationic species of cycloparaphenylenes
(CPPs) and other charged CPP derivatives, revealing their
unique size-dependent properties.* Considering the recent
progress of the chemistry of m-extended arenes,’ their cationic
species are also worth investigating.

Nanobelts and aromatic belts are a class of synthetically
challenging and recently emerging cyclic w-extended arenes
(Fig. 1a).*” Since the first synthesis of (6,6)carbon nanobelts
((6,6)CNB) in 2017,° different types of nanobelts have been
synthesized, and their properties have been investigated.
Despite the recent advances in nanobelts, cationic nanobelts
are limited to certain dicationic/tetracationic species of non-
alternant nanobelts doped with nitrogen atoms and bowl-
shaped nanobelts.? There are no reports on the synthesis of
stable cationic species of nanobelts, probably because of their
assumed instability; thus, their synthesis is in strong demand.

Herein, we report the synthesis of stable cationic hydro-
carbon nanobelts. Methylene-bridged [6]cycloparaphenylene
([6]MCPP) was selected as our target nanobelt for obtaining
a cationic nanobelt.’ [6]MCPP is a nanobelt synthesized by our
group in 2020, in which all the benzene rings of [6]CPP are
bridged by methylene units. The synthesis of [6]MCPP requires
only two steps from pillar[6]arene,’ which has enabled the
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(a) Selected structures for nanobelts

(6,6)carbon methylene-bridged
nanobelt [B]cycloparaphenylene )
((6,6)CNB) ([BIMCPP) zigzag CNB

(b) This work: Cationic hydrocarbon nanobelts

[6IMCPP radical cation 1

[BIMCPP dication 2

- high stability - sharp fluorescence band - X-ray structure - diatropic belt current

Fig. 1 (a) The structures of neutral aromatic hydrocarbon nanobelts.
Ar = p-'BuCgHas. (b) The structures of [6]JMCPP radical cation SbClg™
salt 1 and [6]MCPP dication (SbFg™), salt 2.

large-scale synthesis and commercialization of [6]MCPP."
Unique properties of [6]MCPP, such as a small energy gap (2.66
eV) and paratropic belt current, have led the progress of MCPP
chemistry, as demonstrated by the syntheses of larger MCPPs
([8]MCPP and [10]MCPP),** a naphthalene-based MCPP,** and
functionalized MCPPs.** Owing to the high highest occupied
molecular orbital (HOMO) energy (—4.40 eV), electron-donating
methylene units, and rigid cyclic m-conjugated system of [6]
MCPP, we anticipated that cationic species of [6]MCPP can be
easily and stably produced under air. The [6]MCPP radical
cation SbClg~ salt 1 and [6]MCPP dication (SbFs ), salt 2 were
synthesized and found to be very stable as solutions in CH,Cl,
and even as solids in air. Nuclear magnetic resonance (NMR)
analysis, ultraviolet (UV)-visible (vis)-near-infrared region (NIR)
absorption/fluorescence measurements, X-ray crystal structure
analysis, and electron spin resonance (ESR) measurement of 1
and 2 revealed several unique properties of the cationic
nanobelts.

Chemical oxidation of [6]MCPP with 3 equivalents of NOSbF
in CH,CI, solution, at 23 °C under an argon atmosphere,
changed the red color of the reaction solution, derived from [6]
MCPP, to a yellow green color. From 'H NMR, *C NMR, and
electrospray ionization (ESI) mass spectrometric analyses, as
well as UV-vis-NIR absorption measurements, the full conver-
sion of [6]MCPP was observed and 2 was obtained in 92% iso-
lated yield (Scheme 1, bottom). When using 1 equivalent of
NOSbFg, the formation of 1 was indicated by the ESR and
absorption spectra of the reaction mixture. Eventually, under
these conditions, 1 was isolated in 73% yield (see the Section 2.1
in ESIf for details). By treating [6]MCPP with Et;OSbClg,
a slightly weaker oxidant than NOSbF (E,; 0.87 V and 0.91 V
(vs. Fe/Fc'), respectively), 1 was also selectively formed as judged
by ESR analysis and absorption measurements and isolated in
99% yield (Scheme 1, top). In the ESR spectrum of the CH,Cl,
solution of 1 measured under argon, the g value of 1 is 2.0037
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EtsOSbCls
—_—
CH2Clz, 24 °C
[6IMCPP 1
99%
Half-life time : ca. 143 hours
(ii)
NOSbFs
CHzClz, 24 °C

92%
Half-life time : ca. 26 hours

Scheme 1 Synthesis of 1 and 2. Reaction conditions: (i) [6BIMCPP (9.6
umol, 5.1 mg, 1.0 equiv.), EtzOSbClg (14 pmol, 6.2 mg, 1.5 equiv.),
CH,Cl, (2.0 mL), 30 min. (ii) [6]JMCPP (7.6 umol, 4.0 mg, 1.0 equiv.),
NOSbFg (23 pmol, 6.0 mg, 2.2 equiv.), CH,Cl, (3.0 mL), 2 hours. Half-
life time was determined in CH,Cl, solution at 23 °C under air.

(329.059 mT) and the hyperfine structure was observed, which
are reasonable based on the results reported for [#]CPP radical
cations (see Fig. S14 in ESIT). The half-life time of 1 and 2 are
determined as about 143 hours and 26 hours, respectively, from
the decay of the maximum absorption peak intensities in
CH,Cl, solution under air (see Fig. S1 and S2 in ESIf). The
determined values of half-life time should be longer than those
of CPP cations, which have been characterized as air-sensitive;
however, no lifetime data have been reported.* The compro-
portionation reaction by mixing 2 and neutral [6]MCPP was
conducted in CH,Cl, at room temperature. This oxidant-free
method of generating the radical cation was previously re-
ported in the case of CPP by the Yamago group.*? As a result, 1
was obtained quantitatively, also supporting high stability of 1
(see the Section 2.4 in ESIY).

A single crystal of 2 was successfully obtained by slow
evaporation of a CH,Cl, solution at —30 °C under an argon
atmosphere for 6 days. X-ray single-crystal structural analysis
revealed the crystal structure of 2 (Fig. 2a) and its packing
structure, where the [6]MCPP>" scaffold is aligned in columns
with two sandwiched SbFs~ anions and CH,Cl, molecules

Fig.2 X-ray crystal structure of 2. (a) Oak Ridge Thermal Ellipsoid Plot
(ORTEP) drawing of 2 with 50% thermal probability. (b) Packing
structure viewed along the a-axis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structure index of 2 and comparison with [6]MCPP

-~ in [B]MCPP2+
= shorter
== longer in contrast to [E(]MCPP

[6]MCPP [6]MCPP** A([6]MCPP**-[6]MCPP)
Diameter [A] 7.758 7.675 —0.083
Cc1-C2 [A] 1.518 1.514 —0.004
C2-C3 [A] 1.384 1.368 —0.016
C2-C4 [A] 1.408 1.436 0.028
C3-C4 [A] 1.395 1.415 0.020
C4-C4 [A] 1.478 1.428 —0.050

(Fig. 2b).** The diameter of the [6]MCPP** scaffold is estimated
as 7.675 A, which is 0.083 A shorter than that of neutral [6]MCPP
(Table 1). Considering the carbon-carbon bonds, the difference
between 2 and [6]MCPP strongly indicates that the [6]MCPP>*
scaffold has a quinoidal character. The harmonic oscillator
model of aromaticity (HOMA) values for the 6-membered rings
are estimated using the crystal structures of [6]MCPP and 2, and
density functional theory (DFT) calculations at the B3LYP/6-
31G(d) level of theory (see the Section 5 in ESIt for details).
The average HOMA value is 0.702 for [6]MCPP*" scaffold in
contrast to 0.955 for [6]MCPP, supporting the decreased
benzenoid character of 2. This difference was also observed in
the case of cationic CPPs, which explains the effective delocal-
ization of the positive charge across the entire [6]MCPP>*
scaffold.

The UV-vis-NIR absorption and fluorescence spectra of 1
and 2, in CH,Cl, solutions, are recorded and compared with
those of [6]MCPP (Fig. 3a). For 1, four absorption peaks are
observed at 415, 890, 1037, and 1054 nm. The absorption band
in the NIR region clearly indicates the radical cationic character
of 1, which undergoes transitions with a singly occupied
molecular orbital (SOMO). Using DFT calculations, the frontier
molecular orbitals of 1 and 2 were depicted and the features
similar to those seen in most of radical cations and cations were
found. The SOMO of 1 is distributed exactly the same way as the
HOMO of [6]MCPP, and the other frontier molecular orbitals of
1 are shifted by one (see Fig. 3b and S10 in ESIt). Similarly, the
LUMO of 2 has the same orbital distribution as that of the
HOMO of [6]MCPP, whereas the other orbitals are shifted by
one. As estimated by time-dependent DFT (TDDFT) calculation
at the UB3LYP/6-31G(d) level of theory, the absorption bands of
1, with peaks at approximately 415 nm, 890 nm, 1037 nm and
1054 nm can be attributed to HOMO/HOMO-—1 to LUMO, and
SOMO — LUMO, HOMO/HOMO-1 — SOMO transitions,
respectively, though the absorption at 890 nm is very weak,
presumably because SOMO — LUMO transition is forbidden (f
= 0). Fluorescence of the CH,Cl, solution of 1 was measured but
not observed.

The absorption bands of the CH,Cl, solution of 2 are
observed with peaks at 453 and 745 nm. The positions of the
peaks correspond well with the HOMO/HOMO—1 — LUMO+1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(415 nm) and HOMO/HOMO—1 — LUMO (701 nm) transitions
calculated using TDDFT. Notably, the absorption band with
a peak around 745 nm is very sharp with a full width at half
maximum (FWHM) of 14.5 nm. The fluorescence spectrum of 2
was observed, whereas neutral [6]MCPP exhibited negligible
fluorescence due to forbidden transitions. The FWHM of the
fluorescence band of 2 is also small (20 nm), comparable to that
of quantum dots or dyes with heteroatoms.*® No vibronic
structure was observed in the fluorescence band, probably
because the structure of 2 is too rigid to see obvious vibronic
structures. The fluorescence quantum yield (®r) of 2 is deter-
mined to be 0.23. Considering that the Stokes shift is only 5 nm
and self-absorption is not negligible, the value of @y is signifi-
cant. Compared to [6]CPP>" (SbF, ), CH,Cl, solution, 2 has over
10 times larger @ (0.23 vs. 0.018).% The oscillator strengths (f)
for fluorescence of 2 and [6]CPP>* (SbF, ), were estimated to be
0.22 and 0.21, respectively, from TDDFT calculation based on
the optimized structures of S, states for [6]MCPP*>* and [6]CPP**
(see the Section 5 in ESIt for details). Because @ is defined as k/
(ke + knr *+ kisc), where kg is fluorescence rate, k;,, is nonradiative
deactivation rate, kisc is intersystem crossing rate, and kysc is
negligible for [6]MCPP** and [6]CPP*, the difference in @ may
be due to k,,. Nonradiative deactivation, particularly thermal
deactivation, is expected to be small in the [6]MCPP>* scaffold
compared to [6]CPP*" by virtue of the rigid structure resulting
from the methylene bridges. These results clearly show that
methylene-bridging modulates the spectroscopic properties of
the parent [6]CPP dication structure, enabling fluorescence,
which is a remarkable structural effect of methylene-bridging
firstly revealed by this work.

In our previous work, the paratropic belt current of MCPP,
which changes depending on the ring size, was first unveiled.*
The chemical shifts of the methylene hydrogen atoms in 'H
NMR spectra indicate the existence of a paratropic belt current
that decreases with increasing ring size of [n]MCPP (n = 6, 8,
and 10), which is also supported by a theoretical study of the
magnetically induced current density. To investigate the belt-
current effect in the [6]MCPP*" scaffold, the "H NMR spec-
trum of 2 in CD,Cl, was recorded (Fig. 4). As observed for
neutral [6]MCPP, 2 also exhibited three types of signals:
a singlet signal at 4.18 ppm, two doublet signals at 3.61 ppm
and —0.34 ppm. This suggests a D3q symmetry for 2 in CH,Cl,
solution, indicating a delocalized positive charge on the entire
[6]MCPP>" scaffold. The observed chemical shifts of the signals
were further supported by simulations using gauge-including
atomic orbitals (GIAO) calculations at the B3LYP/6-
311+G(2d,p) level (see Section 5 in ESI{ for details). The singlet
signal of 4.18 ppm is assigned to the hydrogen atoms on
benzene rings (highlighted as green color in Fig. 4). The doublet
signal of 3.61 ppm is assigned to the methylene hydrogen atoms
facing outside of nanobelt (H,,, highlighted as red color) and
the doublet signal of —0.34 ppm is from those facing inside of
nanobelt (H;,, highlighted as blue color).

A paratropic/diatropic belt current refers to a delocalized
electronic current induced in cyclic m-conjugated molecules,
such as nanobelts, when exposed to a magnetic field aligned
with their symmetry axis. This current flows in a direction that

Chem. Sci., 2025, 16, 9195-9202 | 9197
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(a) UV-vis—NIR absorption (solid line) and fluorescence (dashed line) spectra of CH,Cl, solutions of [6]MCPP, 1, and 2. Fluorescence

spectrum of 2 was recorded upon excitation at 450 nm. (b) Frontier molecular orbitals of [6]JMCPP and transitions estimated by TDDFT

calculation.
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Fig. 4 'H NMR spectra of (a) [6JIMCPP and (b) 2 at 600 MHz. TMS:
tetramethylsilane.
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generates a paramagnetic/diamagnetic (paratropic/diatropic)
response, often associated with antiaromaticity/aroma-
ticity.""” As described in our previous reports concerning the
neutral MCPP, '"H NMR chemical shifts of hydrogen atoms,
especially ones directed to inner side of the belt, provide
evidence for the existence of the paratropic belt current in
neutral MCPPs, further supported by a theoretical study of the
magnetically induced current density. The extraordinary upfield
shift of the "H NMR signals of 2 can only be attributed to
a drastic change in the current regime induced by the magnetic
field of the spectrometer. As we will show in the following, the
paratropic belt current that characterizes the magnetic
response of [6]MCPP disappears in the dication, giving way to
an intense diatropic belt current that causes a large anisotropic
effect on the "H NMR signals. The deshielding effect is partic-
ularly pronounced for H;,,, whose 6 moves up-field by 4.41 ppm.
The aromatic hydrogen atoms undergo a similar shift equal to
3.67 ppm, while H,,, moves only 0.62 ppm for their external
disposition.

Magnetically-induced electron current density and aryl-aryl
bond current strength of 2 have been calculated assuming the
combination B97-2/6-311+G(2d,p) of density functional and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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basis set, using the SYSMOIC program package as in previous
studies, adopting the GSGT method for having origin-
independent results.””” The wave functions for the calculation
have been obtained using the G16 program package,'””
including, in this case of a charged molecule, the solvent
(CH,Cl,) effect by means of the CPCM method.”*

We find that the dominant contribution to the delocalized
electron current density is given by the HOMO. This contribu-
tion is shown in Fig. 5, in which intensities lower than 0.04 a.u.
were cut to clearly show the shape of the current and how its
flow bifurcates and comes together around the six-membered
rings of the nanobelts. To facilitate the comparison with [6]
MCPP, we placed side by side in the bottom of Fig. 6 the current
density calculated for the neutral (left) and charged (right)
species adopting the same filter, this time equal to 0.015 a.u., to
cut the low magnitude current. The inset on the left is therefore
identical to that used for depiction of the paratropic belt current
in [6]MCPP.

In comparison with [6]MCPP studied in ref. 12, first, we
observe the opposite direction of circulation of the current, i.e.,
diatropic instead of paratropic; second, the magnitude of the
current is much larger. To obtain a quantitative estimate, bond
current strengths” have been calculated, integrating the
current crossing a 5 x 5 a.u. square perpendicular to one aryl-
aryl bond in its middle (shown in red in both Fig. 5 and 6) for
the three instances: only HOMO, all-but-HOMO, all-MOs.
Values are reported in Table 2 as a percentage of the benzene
ring current strength (Izgy) calculated using the same method,
i.e., I/[Igen| X 100, with Iggy = 12 nA T~ . Customarily, the sign
of the Izgy is taken as negative, so that paratropic/diatropic
current strengths are identified by a positive/negative sign.'”®

As it can be seen, the delocalized diatropic belt current of 2 is
almost entirely due to the HOMO. Two contributions were
instead found for [6]MCPP, one dominant paratropic and
another less intense diatropic. All that can be very easily

Fig. 5 HOMO contribution to the electron current density induced in
2 by a magnetic field parallel to the main symmetry axis (blue arrow).
The current lower than 0.04 a.u. are not shown. Maximum current is
0.34 a.u. Red square delimits the integration region for the calculation
of aryl—aryl bond current strength.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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De-shieldina

paratropic belt current

diatropic belt current
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- calculated belt current strength —

Fig. 6 The summary of belt current in neutral [6]JMCPP (left) and [6]
MCPP dication 2 (right). The belt current strength is calculated at B97-
2/6-311+G(2d,p) level of theory adopting the CSGT method.

understood by considering the symmetries of the frontier
molecular orbitals shown in Fig. 3.

According to the few electrons model by Steiner and Fowl-
er,"¢ an occupied-to-unoccupied virtual transition gives a par-
atropic contribution if the product of symmetries contains
a match to a rotation, and a diatropic contribution if it contains
a match to a translation. For [6(]MCPP the HOMO — LUMO
transition (a,g X @1z = ayg) gives the already well-known para-
tropic belt current whose strength is 138% of |Iggn|, while the
HOMO-1 — LUMO transition (e, X a;; = e,) makes a contri-
bution that accounts almost entirely for the diatropic contri-
bution of —63% of |Izey|- The smaller HOMO-LUMO gap is
consistent with the bigger paratropic contribution. Now, as
already observed above, the HOMO of [6]MCPP becomes the
LUMO of 2. Thus, two transitions originate from the HOMO of
the dication (e, x a,; = e, and e, x a;4 = e,) which give the
large diatropic belt current shown in Fig. 5, whose strength is
estimated to be —242% of |Igy]-

The summary of the belt current of neutral [6]MCPP and 2 is
shown in Fig. 6. Two-electron oxidation turns a paratropic belt
current of MCPP skeleton into a diatropic belt current, which is
significantly increased to reflect experimentally observed huge

Table 2 Belt signed current strength (aryl-aryl) in percentage of the
benzene ring current strength calculated using the same method

Molecule HOMO All-but-HOMO All-MOs
2 —241 —1 —242
[6]MCPP +138 —63 +75

Chem. Sci., 2025, 16, 9195-9202 | 9199
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12+

(SbFe)2

hexamethyl[6]MCPP 3
Half-life time : ca. 2640 hours (110 days)

Scheme 2 Chemical oxidation of hexamethyl[6]MCPP. Reaction
conditions: hexamethyl[6]MCPP (7.6 pmol, 4.6 mg, 1.0 equiv.), NOSbFg
(23 umol, 6.0 mg, 3.0 equiv.), CH,Cl, (3.0 mL). Half-life time was
elucidated in CH,Cl, solution at 23 °C under air.

upfield 'H NMR chemical shift of inner methylene hydrogen
atoms of 2. Owing to the large strength of the diatropic belt
current in the dication, the current predicted based on the “in-
plane aromaticity” concept* appears to be qualitatively correct.
The belt current has a sizable effect also on the carbon NMR
signals (see Tables S5-S9 in ESIf for a brief account). In addi-
tion, nucleus-independent chemical shift (NICS) was also
calculated, which also indicates the increased aromaticity of 2
(see Table S4 in ESIt).

The interesting properties of 1 and 2 described above are
unveiled owing to their high stability under air as both solution
and solid. In order to discuss the extraordinarily high stability
of 2, the chemical oxidation of hexamethyl[6]MCPP, which is
a known molecule reported in 2021, has been tried in a same
manner as the synthesis of 2 (Scheme 2). The dicationic species
of hexamethyl[6]MCPP 3 has been obtained successfully to
investigate its half-life time in CH,Cl, solution under air. As
a result, it was found that 3 has a much longer half-life time
than 2, which is estimated to be about 2640 hours (110 days).
Although discussion for high stability was difficult because
neither >C NMR analysis nor X-ray diffraction analysis was
successful, kinetic protection, electron-donating effect and
hyperconjugation effect of methyl groups likely improve the
stability of [6]MCPP dication.

Conclusions

In conclusion, we have synthesized [6]MCPP radical cationic
salt 1 and [6]MCPP dicationic salt 2 from [6]MCPP. The appro-
priate choice of chemical oxidants has led the successful
synthesis of the [6]MCPP cationic species. The half-life times of
the cationic species are longer than those of CPP cationic
species, possibly owing to the methylene-bridged structures
which fix the quinoidal CPP structure to a belt form. As
important properties of [6]MCPP cations, we found that the
crystal structure of 2 has an obvious quinoidal character and
a smaller diameter in contrast to neutral [6]MCPP. The UV-vis-
NIR absorption and fluorescence spectra of 2 have small FWHM
in long wavelength close to NIR, which indicates the possibility
of 2 to be used as a unique photo material. The drastic change
in the fluorescence quantum yields of 2 (@ = 0.23) and neutral
[6]MCPP (@ ~0) means that turning the fluorescence on and off
is possible by using oxidation of [6]MCPP. Notably, experi-
mental and theoretical "H NMR studies of 2 uncovered its
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interesting magnetic property: a diatropic belt current. The belt
current of 2 is much stronger than that of [6]MCPP, which is
reasonable from allowed transition in frontier molecular
orbitals of 2. The diatropic belt current should be present in
already reported [n]CPP dications; however, evidence for it is
difficult to obtain without the characteristic methylene
hydrogen atoms in 2, the "H NMR chemical shifts of which are
strongly affected by the diatropic belt current. In order to create
highly stable MCPP dications, hexamethyl[6]MCPP has been
oxidized similarly. The thus-obtained dication 3 was extraordi-
narily stable to strongly indicate the hyperconjugation effect,
electron-donating effect and kinetic protection by the methyl
groups in 3. The compounds synthesized in this study are
remarkably stable radical and cationic nanobelts. Their striking
properties would give new insights into the chemistry of -
conjugated molecules and materials science.
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the ESIt of this article.
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