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ABSTRACT: We report a carbon nanoring, [2.2]cyclo(9,10)anthrylene-paraphenylene ([2.2]CAPP), featuring alternating
anthracene and phenylene units within a [4]cycloparaphenylene (CPP) framework. The molecule was synthesized via a six-step
metal-free route and structurally characterized by single-crystal X-ray diffraction. The high ring strain induces significant distortion in
the anthracene units, resulting in a quinoidal electronic structure with a suppressed aromaticity. Despite possessing a 167-electron
conjugation pathway, no global antiaromaticity was observed. This work demonstrates that strain engineering in carbon nanorings

enables control over the aromaticity and open-shell character through rational molecular design.

B INTRODUCTION

Ring- and belt-shaped aromatic hydrocarbons, such as carbon
nanorings and nanobelts, have long attracted attention due to
their unique s-conjugated frameworks and the resultin%
electronic properties predicted by computational studies.'”

Numerous synthetic challenges have been overcome to access
these structures, significantly advancing the chemistry of
carbon nanorings and nanobelts (Figure 12).57* In the case
of cycloparaphenylenes (CPPs), the relationship between the
ring size and electronic properties, such as the highest
occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO—LUMO) gap, is particularly intriguing.
Larger [n]CPPs (where n represents the number of phenylene
rings) show properties similar to those of linear [n]-
paraphenylenes (PPs), while smaller [n]CPPs exhibit narrower
HOMO-LUMO gaps than their linear analogues.*” This effect
arises because the ring strain in smaller CPPs destabilizes the
aromatic character of the phenylene units, leading to quinoidal
contributions in the CPP framework. Computational studies
indicate that larger CPPs exhibit a benzenoid character,
whereas smaller ones like [3]CPP show a fully quinoidal
character, reflecting strain-induced aromatic destabilization
and the emergence of 1,4-biradical character localized on the
phenylene units (Figure 1b).** This size-dependent aroma-
ticity in CPPs provides a unique opportunity to control their
electronic structures via strain engineering. Experimentally,
[SJCPP has been synthesized and confirmed to adopt a
benzenoid structure,””" yet it exhibits interesting optical
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properties due to its relatively small HOMO—LUMO gap.
Further reductions in ring size, such as in [4]CPP, are
desirable to deepen the understanding of these size effects.”’>>
However, the synthesis of pristine [4]CPP remains elusive due
to significant synthetic challenges. Notably, in 1996, Herges
and co-workers synthesized "picotube”, an octabenzoannu-
lated [4]CPP derivative incorporating anthrylene units, which
adopts a fully quinoidal structure with severely bent anthracene
units due to steric repulsion.s‘?’_55

To explore the relationship between ring strain and
aromaticity while mitigating steric congestion, we focused on
a hybrid [4]CPP-type structure, [2.2]cyclo(9,10)anthrylene-
paraphenylene ([2.2]CAPP), in which two anthrylene and two
phenylene rings are alternately arranged to form a [4]CPP
framework (Figure 1c). This design is expected to reduce the
steric hindrance observed in a picotube while retaining
significant ring strain to modulate aromaticity. Therefore,
[2.2]CAPP serves as an ideal candidate for elucidating whether
a benzenoid or quinoidal structure is favored.”® Despite this
potential, only several reports have described CPP derivatives
incorporating 9,10-anthrylene units, likely due to synthetic
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Cycloparaphenylene(CPP) Cycloparaphenyleneacetylene Carbon nanobelts
(b)
[3]CPP
[N]ICPPs (n>4)
Stable form
\ / Ring strain
O g — DL
Benzenoid Benzenoid Quinoid
(0.00 kcal mol™) (~37.6 kcal mol™)

(c) This work

Combination of
two characteristics

[41CcPP Picotube [2.2]CAPP
Benzenoid Quinoid Benzenoid or quinoid?

Figure 1. (a) Typical examples of carbon nanorings and nanobelt. (b) Structure of [n]CPPs (n > 4, left) and [3]CPP (right) with calculated
relative energies of benzenoid and quinoidal forms. (c) Structures of [4]CPP, picotube, and both benzenoid and quinoidal structures of
[2.2]CAPP.

Scheme 1. Synthetic Route to [2.2]CAPP (left) and X-ray Structure of Compound 1 from Two Viewpoints (right)”

a8 |—®—u O (1) n-BuLi
o . o - Y VY (2) anthraquinone X-ray structure of compound 1
THF,-78°Ctort. RO OR  THF, 78 °C to 50 °C
O 75% 49%
JRoH TMSCI, DBU
:R=TMS 87%
Zn
—_—
THF
TBAF, THF =
3:R"=0OH, R?=0TMS % [2.2]CAPP
pl=p2 =
4R =R =OH ] PBr;, DMF
5:R'=R“ =Br 80%

“Gray = carbon, blue = hydrogen, red = oxygen, and purple = iodine.

challenges and stability issues.”’~*” In this study, we report the

synthesis and properties of [2.2]CAPP. The structural and nature and optical behavior, are discussed in detail. We also
electronic characteristics of [2.2]CAPP, including its quinoidal examined the impact of ring strain on the aromaticity and spin
37489 https://doi.org/10.1021/jacs.5¢11812
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e=1.491, e'= 1.492
f=1.405, f = 1.409
g=1.492, g'=1.492

Thiele’s hydrocarbon

Figure 2. (a) X-ray structure of the [2.2]CAPP. (b) Top view. Ellipsoid model (left) and spacefill model (right). (c) Side view from the phenyl
unit. (d) Side view from anthryl unit. Hydrogen atoms are omitted for clarity. (e) Molecular structure of Thiele’s hydrocarbon, which is the

component of [2.2]CAPP, highlighted by blue.

state of the anthrylene units through X-ray crystallography,
NMR spectroscopy, and quantum chemical calculations.

B RESULT AND DISCUSSION

Synthesis and Structural Evaluation of [2.2]CAPP.
The synthetic route to [2.2]CAPP is outlined in Scheme 1.
Starting from anthraquinone, two 4-iodophenyl groups were
introduced to afford compound 1.°° Notably, single-crystal X-
ray analysis of compound 1 revealed that the appended phenyl
rings adopt a nearly parallel orientation (Scheme 1 right and
Figure S1). This geometry led us to anticipate that the
synthesis of [2.2]CAPP would be possible without the use of
transition-metal catalysts. Protection of diol 1 with silyl groups
gave compound 2,°" which underwent dilithiation followed by
nucleophilic addition to another equivalent of anthraquinone,
affording compound 3 in moderate yield (49%). This
compound serves as a key intermediate for the construction
of [2.2]CAPP. Subsequent desilylation furnished tetraol 4 in
an almost quantitative yield (97%). Attempts to aromatize 4
under typical reductive conditions, such as lithium naphthalide
or stannous dichloride, were unsuccessful, resulting instead in
partial hydrogenation of the hydroxyl groups. Therefore,
compound 4 was converted to the tetrabromo precursor $§
using phosphorus tribromide in a good yield (80%). Final
reduction with zinc powder in THF afforded the desired
product, [2.2]JCAPP. Owing to its high ring strain energy
(+88.3 kcal mol™!, estimated by a homodesmotic reaction;
Figure S3), [2.2]CAPP was found to be unstable under
ambient air and decomposed in solution. Consequently,
purification by silica gel column chromatography proved to
be difficult. Nevertheless, recrystallization from the reaction
mixture under an inert atmosphere successfully yielded single
crystals of [2.2]CAPP suitable for X-ray diffraction analysis.

The molecular structure of [2.2]CAPP revealed a distinctly
ellipsoidal ring shape, with the anthrylene units bent by 43.1°

and the phenylene units bent by 18.6° (Figure 2a,b). The face-
to-face distance between the two anthrylene units was 6.02 A,
whereas that between the phenylene units was 4.25 A,
indicating distortion induced by ring strain. The C=C bond
lengths between the phenylene and anthrylene units ranged
from 1.365 to 1.368 A, consistent with a quinoidal character.
This structural motif differs entirely from the calculated
optimized structure of [4]CPP, but closely resembles a cyclic
dimer of Thiele’s hydrocarbon (Figures 2e and S5).
Pronounced bond length alternation (BLA) was observed in
the phenylene (0.112—0.11S5 A) and anthrylene units (0.083—
0.087 A). In addition, both aromatic units exhibited outwardly
curved geometries with bending angles of 130.1° for
anthrylene and 157.5° for phenylene. Density functional
theory (DFT) calculations well reproduced these structural
parameters (Figure S4), and the anthrylene bend angle was
comparable to that of the computationally optimized picotube
(131.1°) (Figure SS). These results indicate that the high ring
strain energy induces a loss of aromatic character in the
anthrylene units, promoting the development of open-shell
biradical character (Figure 3a).°> Although higher acenes, such
as heptacene and beyond, are known to exhibit open-shell
biradical character to gain aromatic stabilization through the
formation of additional Clar’s aromatic sextets, planar
anthracene does not exhibit such biradical character. This is
because smaller acenes cannot sufficiently offset the energetic
cost of biradical formation with the stabilization provided by
an additional Clar’s sextet.”>”* DFT calculations based on the
X-ray structure of the bent anthracene core gave a high
biradical index (y, = 0.89) estimated from the natural orbital
occupation number (NOON). Nucleus-independent chemical
shift (NICS) calculations for the bent anthracene structure
showed that the NICS(1),, values of the central six-membered
ring a and a4’ were —0.51 and +6.05 ppm, respectively,
indicating a nonaromatic character. This represents a

https://doi.org/10.1021/jacs.5c11812
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(a) r\ ‘1‘11— 2
Q bent e
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through phenylene ring

(b)  Bentanthracene

a. b .a .b
T s

NICS(1),, at a: —0.51 ppm
NICS(1),, at a" +6.05 ppm
NICS(1),, at b: —26.0 ppm
NICS(1),, at b —24.8 ppm

NICS(1),, at a: —=35.2 ppm
NICS(1),, at b: —=25.2 ppm

Figure 3. (a) Concept of development of the open-shell nature of the
anthrylene unit by strain energy and spin—spin interactions through a
phenylene ring to form a quinoidal structure in [2.2]CAPP. (b) NICS
(1),, values of bent and planar anthracenes calculated by the
(U)CAM-B3LYP/6—31G**//(U)wB97X-D/6—31G** level of
theory.

significant loss of aromaticity compared to the corresponding
value for planar anthracene (—35.2 ppm). In contrast, the
terminal six-membered ring b and b’ retained moderate
aromatic character, with NICS(1),, values of —26.0 and
—24.8 ppm, respectively (Figure 3b). The calculated singlet—
triplet energy gap (AEs_r) of the bent anthracene was —0.75
kcal mol™, which is much smaller than that of planar
anthracene (—41.3 kcal mol™). However, in [2.2]CAPP, the
two unpaired electrons on the anthrylene units are stabilized
through spin—spin interaction via the phenylene linkers,
resulting in an overall closed-shell quinoidal structure. To
further evaluate the energetic accessibility of open-shell states,
DEFT calculations were performed to compare the energies of
the closed-shell form with those of open-shell multiradical

states, including the triplet and quintet (Figure S4). The
calculated energy differences (AEs_r and AEg_q) were —38.5
and —44.7 kcal mol™’, respectively, indicating that thermal
excitation to these higher spin states is energetically
unfavorable. In fact, the ESR measurement of [2.2]CAPP
showed no signals from thermally excited species that are
characteristic of singlet open-shell compounds (Figure S9),
thereby indicating that [2.2]CAPP possesses a closed-shell
ground state.

Evaluation of Aromatic Character, Optical Properties,
and Reactivity of [2.2] CAPP. To investigate the global
aromatic character of the [4]CPP core in [2.2]CAPP, we
generated the compound in situ in an NMR tube by reacting
precursor S with zinc powder in THF-dg. Although several
weak peaks attributed to impurities were observed, the signals
corresponding to [2.2]CAPP were dominant, indicating that
the zinc-mediated reduction of 5 effectively generates
[2.2]CAPP (Figure 4a). The '"H NMR spectrum exhibited
two AA’XX’ doublet patterns at 7.40 and 7.13 ppm, assigned
to the anthrylene protons, and a singlet at 6.54 ppm, attributed
to the phenylene unit. The upfield shift of the phenylene
resonance, relative to typical aromatic protons as well as those
of [S]CPP (7.85 ppm in CDCl;) and [6]CPP (7.63 ppm in
CDCly), is consistent with quinoidal character. Although
[2.2]CAPP nominally contains 167-electrons in the macro-
cyclic conjugation pathway, suggesting potential antiaroma-
ticity, no evidence for global antiaromatic ring currents was
found. The observed chemical shifts are comparable to those of
Thiele’s hydrocarbon,’*®” and nucleus-independent chemical
shift (NICS) calculations also supported the absence of global
antiaromaticity (Figures 4b and S6).

The ultraviolet—visible (UV—vis) absorption and emission
spectra of [2.2]CAPP in THF are shown in Figure Sa. Two
absorption maxima were observed at 403 and 347 nm. Time-
dependent DFT (TD-DFT) calculations revealed that the
HOMO — LUMO excitation, corresponding to the S5 — S,
transition, is symmetry-forbidden and appears at 451 nm (f =
0.0000) (Table S3). Compared with the UV—vis absorption
spectrum of [S]- and [6]CPPs, that of [2.2]CAPP is entirely
different: there is no weak forbidden band at longer
wavelength, and the HOMO-LUMO gap is larger, most
likely due to the quinoidal character. According to our
calculations, the frontier molecular orbitals (FMOs) of
[2.2]CAPP more closely resemble those of Thiele’s hydro-

(a)
a1 6.54 ppm

o

(b)

)

6.72 ppm

.

76 74 72 70 68 66 64 62

8/ ppm

7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2

éi/ppm

Figure 4. "H NMR spectrum of (a) [2.2]CAPP and (b) Thiele’s hydrocarbon in THF-dj.
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Figure 5. UV—vis and emission spectra of (a) [2.2]CAPP (4., = 350 nm) and (b) Thiele’s hydrocarbon (4., = 400 nm) in THF. (c) Frontier
molecular orbitals of Thiele’s hydrocarbon (left) and [2.2]CAPP (right) and the results of TD-DFT calculations (CAM-B3LYP/6—311+G**//

®wB97X-D/6—31G**),

carbon than those of CPPs (Figure Sc). Interestingly, due to
the short face-to-face distance between the para-quinodi-
methane moieties in [2.2]CAPP, it was expected that the
HOMO and LUMO orbitals of Thiele’s hydrocarbon would
split into antibonding (HOMO) and bonding (HOMO-1),
and bonding (LUMO) and antibonding (LUMO + 1) orbitals,
respectively. However, the FMOs of [2.2]CAPP displayed the
opposite trend: bonding orbitals in the HOMO and LUMO+1,
and antibonding orbitals in the HOMO-1 and LUMO.
Moreover, the HOMO and LUMO energy levels of
[2.2]CAPP are quite similar to those of Thiele’s hydrocarbon.
Further computational investigations revealed that the wave
function patterns of these FMOs are essentially identical to
those of all-cis-[16]annulene (Figure S7), which derives from
the cyclic 167-conjugation in [2.2]CAPP. This indicates that
[2.2]CAPP embodies dual electronic features, those of Thiele’s

37492

hydrocarbon and those of cyclic 7-conjugation reminiscent of
[16]annulene. As a result, the HOMO — LUMO excitation in
[2.2]CAPP corresponds to a transition from a bonding to an
antibonding orbital, rendering it symmetry-forbidden. In
contrast, the HOMO—1 — LUMO and HOMO — LUMO
+ 1 excitations corresponding to both S5 — S, and Sy — S,
transitions are allowed, appearing at 391 nm (f = 0.0422) and
338 nm (f = 1.4471), respectively. This is because the
HOMO-1 and LUMO+1 orbitals exhibit antibonding and
bonding character, respectively, between the para-quinodi-
methane units, leading to allowed transition pairs. The
observed absorption spectrum is similar to, but slightly blue-
shifted from, that of Thiele’s hydrocarbon (1., = 425 nm;
Figure Sb).

The reactivity of [2.2]JCAPP under air was evaluated by
monitoring the decay of its UV—vis spectra. Upon opening the

https://doi.org/10.1021/jacs.5c11812
J. Am. Chem. Soc. 2025, 147, 37488—37496
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Figure 6. UV—vis absorption decay of [2.2]CAPP after the sealed UV cell. (a) Absorption decay from 0 to 10 min (measured every 1 min). (b)
Absorption decay from 10 to 100 min (measured every S min). (c) Plausible stepwise decomposition pathway of [2.2]CAPP.

sealed UV cell and exposing the solution to air, the intense
peak at 347 nm, corresponding S, — S, transition, rapidly
disappeared within 10 min (Figure 6a). Remarkably, this high
reactivity was observed, despite [2.2]CAPP being a closed-
shell molecule. In addition, another intense absorption peak at
403 nm gradually decreased following disappearance of the S,
— S, transition (Figure 6b). These results indicate that
[2.2]CAPP undergoes a two-step decomposition: a rapid initial
process with a half-life of ca. 2.1 min followed by a slower
process with a half-life of ca. 43 min (Figure S10), which we
attribute to the stepwise degradation of the Thiele subunits,
most likely affording [2.2]CAPP’ and [2.2]CAPP’, respec-
tively (Figure 6¢). TD-DFT calculations of [2.2]CAPP’ (R =
H) show no transition around 350 nm but instead an intense
transition at 410 nm (Figure S8 and Table S3), supporting the
hypothesis of stepwise decomposition. The second decom-
position is significantly faster than that of the pristine Thiele’s
hydrocarbon (¢, = 37.3 h, Figure S10), most likely due to the
residual ring strain in [2.2]CAPP’.

Notably, [2.2]CAPP exhibits intense emission at 465 nm
with a high quantum yield (¢.,, = 82%), even though [S]- and
[6]CPPs show no emission owing to very fast nonradiative
internal conversion after the excitation caused by their small
HOMO-LUMO gaps.”® In addition, this high quantum
emission yield is in stark contrast to the weak emission of
Thiele’s hydrocarbon (4., = 635 nm, ¢, = 0.3%). Thus, this
enhanced emission in [2.2]CAPP is likely attributable to the
conformational rigidity imposed by the macrocyclic ring, which
suppresses nonradiative decay pathways.

Finally, we explored the redox properties of [2.2]CAPP.
Given that dicationic forms of [n]CPPs often exhibit global
aromaticity,””’® and computational studies by NICS calcu-
lations indicated that the center in macrocycle of [2.2]CAPP
with dicationic state shows aromatic character at —17.0 ppm
(Figure S6). Although we attempted chemical oxidation using

37493

nitrosonium hexafluoroantimonate (NOSbFy), treatment
resulted in the formation of insoluble, uncharacterizable
material, probably due to the high reactivity arising from the
inherent ring strain even under the oxidation state with global
aromatic character.

B CONCLUSIONS

In summary, we have successfully synthesized [2.2]cyclo-
(9,10)anthrylene-paraphenylene ([2.2]CAPP), a [4]CPP-type
macrocycle composed of alternating anthrylene and phenylene
units. This compound was prepared in six steps from
commercially available anthraquinone without the use of
transition-metal-catalyzed coupling reactions. Single-crystal X-
ray diffraction analysis confirmed the formation of a quinoidal
structure with bent anthrylene units, indicative of aromatic
destabilization caused by high ring strain. "H NMR spectros-
copy revealed that the phenylene protons appeared at a
relatively high field, consistent with a quinoidal electronic
structure and the absence of global antiaromaticity. Optical
characterization demonstrated intense emission with a high
quantum yield, which was attributed to conformational rigidity
within the macrocycle. These findings indicate that a high ring
strain can effectively suppress aromaticity in anthrylene units
and promote open-shell character. The interaction of unpaired
electrons through phenylene linkers facilitates the formation of
a closed-shell quinoidal structure, but the high reactivity
toward air is retained. Thus, [2.2]CAPP can be viewed as a
cyclic dimer of Thiele’s hydrocarbon. This strategy highlights a
new approach to constructing open-shell carbon nanorings
composed entirely of six-membered rings. Future work will
focus on tuning the electronic properties by modifying the
spacer units and expanding the family of strained open-shell
carbon nanorings.
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