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Making non-emissive [6]cycloparaphenylene
fluorescent by simple multiple methyl substitution

*bcd

We report the unexpected discovery that non-emissive [6]cycloparaphenylene ([6]CPP) can be made

fluorescent by multiple additions of simple methyl groups. Dodecamethyl[6]CPP (Me;,[6]CPP) was
synthesized using a gold-based macrocyclization method and isolated as a pair of isomers (rotamers),
both of which fluoresce at 510-540 nm. Experimental and theoretical investigations revealed that
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multiple methyl substitutions suppress rotation around the phenylene units, enabling the individual

rotamers to be isolated and their interconversion to be studied. This simple yet significant “methyl effect”
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Since their first syntheses in the late 2000s,"* cyclo-
paraphenylenes (CPPs), simple carbon nanorings composed
solely of para-connected benzene rings, have attracted signifi-
cant interest in various fields such as materials science,®’
chemical biology,® and beyond.” CPPs have become iconic
molecules in the emerging fields of molecular nanocarbon
science.'® CPPs promise unique physical properties due to their
highly distorted structure and m-conjugated system. With the
establishment of CPP synthesis methods,"” many derivatiza-
tions and application-oriented functionalizations have been
developed, leading to the synthesis of an extensive array of CPP
derivatives.® Recently, CPP derivatives, in which substituents
are introduced to all the phenylene units, have received
particular interest because such multiple substitutions can
change the properties significantly (Fig. 1A). CPPs substituted
with phenyl,"'* methoxy,">** silyl,'* and halogen groups'® have
been reported. As demonstrated by SyAr reactions of fluori-
nated CPPs (Fig. 1B), such all-phenylene-substituted CPPs are
promising precursors for the synthesis of new carbon nanorings
and carbon nanobelts via the transformation of reactive
substituents (Fig. 1B).**"”

Although various CPP derivatives have been synthesized to
date, CPPs with a simple methyl group have not been studied.
This is understandable because the methyl group has a minimal
stereoelectronic effect compared to other functional groups,
and is not expected to be effective in functionalizing CPP.
Consequently, the properties and functions of methyl-
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in CPPs not only enhances our basic understanding of stereoelectronic effects in CPPs, but should also
facilitate the design and application of CPP-based materials in various fields.

substituted CPPs have not been considered in CPP chemistry.
Even with such a simple methyl group, we envisioned that
multiple substitutions on CPP may endow it with unique
properties. In addition, the unique reactivity at the benzyl
position allows further conversion and may be a key interme-
diate in the synthesis of new CPP derivatives and nanobelts.
Herein, we report the synthesis and properties of dodeca-
methyl[6]CPP (Me;,[6]CPP, 1), composed of o-xylene units. The
phenylene moieties of Me;,[6]CPP cannot rotate at room
temperature because of the steric hindrance of the methyl
groups, resulting in the isolation of two isomers (rotamers): 1-
out (D34 symmetry), with all methyl groups facing outward, and
1-in (Cs symmetry), with two methyl groups on one o-xylene unit
facing inward. Interestingly, fluorescence was observed for both
isomers, even though pristine [6]CPP does not fluoresce.*®
Experimental and theoretical investigations revealed that the
internal conversion that prevents fluorescence of [6]CPP is
suppressed in 1 due to its high rotational barrier, leading to
enhanced fluorescence. This simple yet pronounced “methyl
effect” in CPPs should contribute not only to the basic under-
standing of stereoelectronic effects in CPPs, but also to the
design and application of CPP-based materials in various fields.
The synthesis of 1 was achieved using the gold-based
method reported by Tsuchido, Osakada, et al in 2020
(Fig. 2A).* Thus, (2,2/,3,3'-tetramethyl-[1,1-biphenyl]-4,4’-diyl)
diboronic acid bispinacol ester (2) and [Au,Cl,(dcpm)] were
reacted in the presence of Cs,COj at 50 °C in toluene/EtOH/H,0
to afford the corresponding macrocyclic gold complex. Then,
PhICI, was applied to the macrocyclic gold complex at —60 °C in
DMF and the resulting mixture was stirred at room temperature
for 24 h to induce the aryl-aryl reductive elimination of the gold
complex. After purification by column chromatography in
chloroform, suspension in dichloromethane, and filtration, the
target product 1-out was isolated in 43% yield. The filtrate was
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Fig.1 (A) Examples of all-phenylene substituted CPPs. (B) Examples of
the conversion of CPP into nanorings or nanobelts. (C) The structures
of Mey,[6]CPP (1) and isomers (this work).

then subjected to gel permeation chromatography (GPC) to
obtain the unexpected isomer 1-in in 10% yield.

The structural feature of 1-out, where all methyl groups face
outside of the ring, was confirmed by X-ray crystallography,
whereas the quality of crystals is not sufficient to be discussed
(Fig. S3 and Table S2). In contrast, the crystal structure of the
unexpected product 1-in was successfully determined by X-ray
crystallography, which revealed an inward-facing methyl
group in one o-xylene unit, as shown in Fig. 2B. In the crystal
structure, almost no solvent was identified in the internal cavity
of CPP, which is considered to have voids. Noncovalent inter-
action (NCI) plots showed that the inward-facing methyl group
is repulsed by a steric hindrance and stabilized by C-H:--7
interactions with the neighboring aromatic ring, and it also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interacts with the hydrogen atom of the second neighboring
aromatic ring (Fig. S9). The methyl effect was also identified in
the packing structure. 1-in adopts y-type packing, whereas the
pristine CPP series reported to date all show herringbone or
tubular packing. The CPP ring voids are aligned in one
dimension because of the obliquely aligned tubular structure of
the CPP rings. Strong C-H---w interactions and dispersion
forces in many directions were observed from the NCI plots
(Fig. S10 and S11), indicating that the methyl groups have
a significant effect on the molecular arrangement.

The "H NMR spectra of the 1-out and 1-in isomers differed
significantly due to the different symmetries and the shielding
effect from the neighboring aromatic ring. Due to the highly
symmetric D3q structure of 1-out, two singlet signals at
6.22 ppm and 2.54 ppm were observed in the "H NMR spectrum
corresponding to the aromatic and methyl groups, respectively.
Notably, the aromatic signal was observed at a much higher
magnetic field than that of pristine [6]CPP (7.64 ppm). This is
because the hydrogen atoms of the aromatic rings in 1-out
experience an increased shielding effect from the neighboring
aromatic rings due to the large dihedral angle (1-out: 45.1°, [6]
CPP: 29.4°) caused by the methyl group places them inside the
CPP ring. Significantly, this means that the rotation of the o-
xylene unit is suppressed at room temperature. For comparison,
the '"H NMR spectrum of 1-in is shown in Fig. 2C. This
compound has Cs symmetry with a single symmetry plane. The
o-xylene unit with the methyl groups facing inward experiences
a very different shielding effect from the neighboring aromatic
ring; consequently, the aromatic hydrogen atoms on the outside
of the CPP ring (orange) are significantly shifted toward the
lower-field side. Conversely, the benzylic hydrogen atoms (sky-
blue) inside the CPP ring are shifted upfield. The 'H signals
assigned to the hydrogen atoms on the o-xylene unit on the
opposite side of the CPP ring (green) are also observed as
a singlet.

With this unexpected isomer pair in hand, we became
interested in the isomerization process between 1-in and 1-out.
First, the thermal stabilities of 1-in and 1-out were calculated
using density functional theory (DFT) at the B3LYP-D3/6-31G(d)
level of theory (Fig. 3A and B). The structural optimization
results show that 1-in is a semi-stable structure with 9.2 kcal-
mol ' higher energy than 1-out. Temperature-variable NMR
(VT-NMR) measurements of 1-in in 1,1,2,2-tetrachloroethane-d,
(Fig. S4) revealed that isomerization of 1-in to 1-out occurred as
the temperature increased. We then investigated the rotational
barrier to this 1-in to 1-out isomerization by both DFT calcula-
tions and experiments. Although the rotation of the o-xylene
unit can occur in two directions, the pathway in which the
methyl groups are brought into close proximity was not
considered because the steric hindrance would be too large.
Calculations at the B3LYP-D3/6-31G(d) level revealed a transi-
tion state (TS) with a rotational barrier of 33.4 kcal mol "

Based on the results obtained for the 1-in-to-1-out isomeri-
zation, we determined the rotational barrier under mild heating
conditions (Fig. 3C and D).* Thus, we monitored the rate of
decrease in the 1-in integral in the "H NMR spectra recorded in
1,1,2,2-tetrachloroethane-d, at several temperatures, with
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(A) Synthesis of 1. Reaction conditions: (i) 2 (1.0 equiv.), Au,Cly(dcpm) (1.0 equiv.), Cs,COs3 (6.0 equiv.), toluene/EtOH/H,O =4:1:1,50 °C,

24 h. (i) Mixture product of (i), PhICl, (3.0 equiv.), DMF, —60 °C, 2 h, then, rt.,, 24 h. dcpm = bis(dicyclohexylphosphino)methane (B) ORTEP and
packing structures of 1-in with thermal ellipsoids at 50% probability. (C) *H NMR spectra of [6]CPP, 1-out, and 1-in (top to bottom, 600 MHz,
CDClz). Green dash circle on 1-in shows the CPP ring. Highlighted H and Me correspond to signals on the NMR spectrum.

coronene as an internal standard. The first-order rate constant
for the isomerization at each temperature was determined.
From an Eyring plot based on the obtained rate constants, the
activation parameters were estimated to be AHY =
29.5 keal mol™, AS* = 4.1 cal mol™* K, and AGhy x =
28.3 kecal mol .

For comparison, the rotational barrier for the phenylene unit
of [6]CPP was estimated by DFT calculations under similar
conditions. Two transition states and one intermediate were
found in the rotational path of [6]CPP. The largest TS (TS2) is
16.9 kcal mol " with a dihedral angle close to 90°. Noting that
the TS1 of 1 has the structure with dihedral angle close to 0°,
this corresponds to the structure of TS3 in [6]CPP. The steric
hindrance of the methyl group possibly enhances the energy of
this transition state, and as a result, the isomer of 1-in could be
isolated.

The high rotational barrier of 1 is the key to obtaining
isolable isomers. Following this surprising discovery, we
wondered how many methyl groups are required to generate
a rotational barrier that is sufficient to allow isomers to be
isolated. To address this question, we performed DFT calcula-
tions to estimate the rotational barrier for the isomerization of
the in- to the out-isomer with different numbers of methyl
groups (Fig. 4 and S13). In the case of Me,[6]CPP (3),

18954 | Chem. Sci,, 2025, 16, 18952-18958

isomerization occurs via a simple pathway. The rotational
barrier is 4.4 kcal mol™", which is comparable to that of TS3 of
[6]CPP, suggesting that isomerization occurs easily at room
temperature. We then considered systems with two methyl
groups (Me,[6]CPP, 4 and 5). In the case of 4, with two methyl
groups on a single phenylene unit, the rotational barrier is
2.6 keal mol ', despite the increased steric hindrance, which is
attributed to the higher energy of the in-isomer compared to
that of the out-isomer. In the case of 5, which has two adjacent
phenylene units bearing one methyl group each, two TSs and
one intermediate were found when the methyl groups were
rotated to avoid collisions between them. The energy difference
between the in- and out-isomers is approximately the same as
that of 3, and the energy difference when one methyl group
faces inward is approximately the same. The two TSs have
similar energies and are comparable to the TS (out to in) of 4;
therefore, a rotational barrier of 13-14 kcal mol ™" is expected
when two Ar-H/CHj; groups are involved.

For Me,[6]CPP (6), two TSs and one intermediate were
identified. The maximum rotational barrier for isomerization
from the in- to out-isomer is 13.0 kcal mol " and the four Ar-H/
CHj; groups look sterically hindered; therefore the isomeriza-
tion is expected to occur easily at room temperature. However,
for the first time, the energy of the TS associated with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inversion from the out-isomer exceeded the rotational barrier of
[6]CPP. Upon further increasing the number of methyl groups,
in Meg[6]CPP (7), only one TS was found, with a very high
rotational barrier of 37.2 kcal mol™". Because this rotational
barrier prevents rotation at room temperature, it was concluded
that eight or more adjacent methyl groups are required to
obtain isolable isomers.

We found that the pronounced “methyl effect” in CPP is also
manifested in the molecular orbitals and photophysical prop-

erties (Fig. 5). For example, the maximum absorption
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wavelengths of 1-out and 1-in (as solutions in toluene) were
observed at 304 and 291 nm, respectively (Fig. 5A). The
absorption corresponding to the HOMO-LUMO transition was
observed as a shoulder peak. The shorter maximum absorption
wavelength of 1-in stems from its larger dihedral angle. DFT
and TD-DFT calculations revealed that the HOMO-LUMO
energy gap of 1-in is larger than that of 1-out (Fig. 5B). These
absorption wavelengths are shorter than those of [6]CPP (339
nm), and the HOMO-LUMO energy gap is larger than that of [6]
CPP. This is because the quinoidal LUMO is greatly destabilized
by the larger dihedral angle owing to the steric hindrance
imposed by the methyl group.

In contrast, the HOMO energy of 1-out is slightly higher than
that of [6]CPP, and 1-in has a slightly lower HOMO energy than
[6]CPP. Because methyl groups tend to be electron-donating,
their introduction is expected to increase the HOMO and
LUMO energies. DFT calculations revealed a change in the
orbital energy depending on the number of methyl groups
(Fig. 5C). The LUMO energy increased as the number of methyl
groups increased. In contrast, the HOMO energy increased up
to the 12th methyl group, and the introduction of additional
methyl groups resulted in a decrease in the HOMO energy.
Me;,[6]CPP was calculated to have the highest HOMO energy
among the methylated CPP family. The shift in HOMO energy
can be discussed in terms of the dihedral angles between the
phenylene groups. The average dihedral angles of compounds
with 1-6, 6-12, and 12-18 methyl groups show different shifts;
in particular, the introduction of 12-18 methyl groups changes

Chem. Sci., 2025, 16, 18952-18958 | 18955
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out, and [6]CPP were calculated at the B3LYP/6-31+G(d,p) level of theory. Orbital energies were obtained at the B3LYP-D3/6-31G(d) level of
theory. (C) Dependence of the orbital energies on the number of methyl groups calculated at B3LYP-D3/6-31G(d) level of theory. (D) Frontier
molecular orbitals (isovalue: 0.02) were obtained at the B3LYP-D3/6-31G(d) level of theory. (E) Fluorescence quantum yield (@), lifetime (z),
radiative (k,) and nonradiative (k) rate constant of 1-in, 1-out, and [6]CPP.

the dihedral angles significantly. It is likely that, in these cases,
the dihedral angle and the electron-donating nature of the
methyl group are no longer balanced, which results in
a decrease in the HOMO energy. These orbital energies are also
discussed in terms of the bent angle. However, in this series,
even when the number of methyl groups increases, there is no
significant change in the bent angle, and the contribution of the
bent angle on orbital energy is very small. Therefore, the dihe-
dral angle and the electron-donating character of the methyl
group dominate the change in orbital energy. The calculations
for the structure with methyl group substituted at the para-
position also showed that the dihedral angle is larger (51.7°)
than that of the ortho-substituted structure, resulting in a lower
HOMO energy (Fig. S15). The lower HOMO energy of 1-in can
also be attributed to its larger dihedral angle.

The fluorescence spectra were measured at an excitation
wavelength of 300 nm. Surprisingly, Me;,[6]CPP showed

18956 | Chem. Sci., 2025, 16, 18952-18958

fluorescence emission at approximately 510 nm for 1-in and
540 nm for 1-out. This is in sharp contrast to pristine [6]CPP,
which is nonfluorescent; thus, a simple methyl substitution
induces fluorescence from a nonfluorescent w-system. To
confirm that these emissions were derived from Me;,[6]CPP,
the fluorescence wavelength was set to 540 nm and the excita-
tion spectrum was measured (Fig. S8). Under these conditions,
the obtained excitation spectra were similar to the absorption
spectra, indicating the fluorescence was derived from 1-in and
1-out. The fluorescence quantum yields were calculated to be
0.07 for 1-in and 0.04 for 1-out; the higher fluorescence
quantum yield for 1-in is likely due to the reduced symmetry
(Fig. 5D). [6]CPP is nonfluorescent, which has been attributed to
rapid deactivation through internal conversion.*® On/off fluo-
rescence was revealed by determining the rate constant of the
nonradiative deactivation process (k) (Fig. 5E). Based on the
reported lifetime of the S; state of [6]CPP measured in THF,*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the k,, value of [6]CPP was determined to be 4.35 x 10%s™ . On
the other hand, the k,, value of Me;,[6]CPP was determined to
be 2.1 x 10° s™' based on the fluorescence lifetime and
quantum yield. The k,, value of Me;,[6]CPP was approximately
two times lower than that of [6]CPP. Thus, it is likely that the
high rotational barrier of Me;,[6]CPP suppresses the non-
radiative deactivation process through internal conversion,
which may explain its fluorescence.

Another report concluded that the dihedral angle affects the
excited state and that the electron-hole distribution becomes
more localized as the dihedral angle increases.”* Therefore, the
structure optimization and TD-DFT calculations for the S; state
were performed. The calculations at the CAM-B3LYP-D3/6-
31G(d,p) level indicate that even the highly symmetric out-
isomer has a small but non-zero oscillator strength and may
contribute to the emission process (Fig. S15, S16 and Table S7).
However, structural flattening in the S; state has not been
confirmed in Me;,[6]CPP, as observed in the fluorescence
mechanism of CPP with a large dihedral angle. This suggests that,
in Me;,[6]CPP, the suppression of vibrational deactivation due to
steric hindrance is a key factor influencing its fluorescence.

Conclusions

In summary, we have synthesized dodecamethyl[6]CPP, a [6]
CPP composed of o-xylene units, and investigated its physical
properties. The introduction of a large number of methyl groups
into the backbone has unique effects on the CPPs due to the
steric bulk of the methyl groups. Dodecamethyl[6]CPP adopted
two isomers, 1-in and 1-out, owing to the suppression of
aromatic ring rotation at room temperature. The structure of 1-
in was determined by X-ray crystallography and showed an
unusual packing structure due to multidirectional interactions.
Its high rotational barrier enables fluorescence by preventing
the internal conversion that suppresses the fluorescence of [6]
CPP. This simple yet significant “methyl effect” in CPPs helps
clarify the fundamental stereoelectronic effects that act on
CPPs, and should facilitate the design and application of CPP-
based materials in various fields.
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