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ABSTRACT: The synthesis, structure, and properties of methylene-bridged [6]cycloparaphenylene ([6]CPP), a non-alternant 
aromatic belt, are described. This belt-shaped methylene-bridged [6]CPP, in which each phenylene unit is tethered to its 
neighbors by methylene bridges, was constructed through six-fold intramolecular nickel-mediated aryl–aryl coupling of 
triflate-functionalized pillar[6]arene in 15% isolated yield. Compared with the analogous [6]CPP, the methylene bridges co-
planarize neighboring paraphenylene units and enhance the degree of -conjugation, resulting in a significant decrease in 
energy gap. Moreover, the incorporation of small molecules in the defined pocket of methylene-bridged [6]CPP makes it an 
attractive supramolecular architecture. Methylene-bridged [6]CPP is characterized by high internal strain energy reaching 
110.2 kcal·mol–1, attributed to its restricted structure. This work not only exhibits an efficient strategy to construct a new 
family of aromatic belt, but also showcases their properties, which combine the merits of CPPs and pillararenes.  

Introduction 

The development of novel curved -conjugated 
nanocarbon structures is of particular interest and is 
critical in discovering new organic materials.1 Belt-shaped 
aromatic compounds are one of the most important classes 
of radial -conjugated nanocarbon molecules,2 and have 
been the subject of extensive research ranging from 
synthetic methodologies to materials science.3 Compared to 
single-stranded paraphenylenes, ladder-type 
paraphenylenes (LPPs) (Figure 1A)4 have a ribbon-like 
geometry and favorable properties such as enhanced -
conjugation, high photoluminescent efficiency, and 
remarkable hole mobility.5 These characteristics make LPPs 
attractive materials for potential use in organic electronic 
devices. This encouraged us to pursue the synthesis of 
methylene-bridged cycloparaphenylene (CPP) as a new 
type of non-alternant aromatic belt (Figure 1B), in which 
the cyclic paraphenylene chain is ladderized by methylene 
bridges. Due to the intrinsic flexibility of CPPs, particularly 
their free rotation of phenylene units around the 
phenylene-phenylene linkage,6 CPPs possess torsion angles 
of ca. 27–35° between phenylene units.7 Therefore, the 
structure of methylene-bridged CPPs possessing enhanced 
-conjugation and well-defined conformations would be of 
great interest, in addition to presenting a fascinating 
synthetic challenge.  

 

Figure 1. (A) Structures of paraphenylenes and ladder-
type paraphenylenes. (B) Aromatic belts having [6]CPP 
skeleton. (C) The segment of nanotube and fullerenes. 
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The bottom-up synthesis of an aromatic belt with a CPP 
skeleton has rarely been explored to date. In 2017, our 
group used ethenylene bridges to connect phenylene units 
to create a fully fused and conjugated carbon nanobelt 
([6,6]CNB, Figure 1B).8 Subsequently, Chi, Miao, and 
coworkers achieved the synthesis of phenylene-bridged 
carbon nanobelt (see Figure S28).9 Very recently, Tanaka's 
group prepared the CH2O-bridged [8]CPP (see Figure 
S28).10 Although partially fused CPPs by methylene bridges, 
i.e. cyclofluorene, have been reported,11 the belt-shaped 
fully methylene-bridged CPPs still represent a synthetic 
challenge. The construction of the backbone is the key to 
achieving the synthesis of methylene-bridged CPPs. 
Inspired by Vögtle and co-workers’ pioneering concept to 
access CPPs from pre-existing macrocycles,12 we herein 
report the synthesis of methylene-bridged [6]CPP using 
triflate-functionalized pillar[6]arene as a macrocyclic 
precursor,13 through six-fold nickel-mediated Yamamoto 
coupling. The enforced coplanarity of methylene-bridged 
[6]CPP and shrinking diameter caused by the bridges 
results in relatively high strain energy (110.2 kcal·mol–1). 
Furthermore, methylene-bridged [6]CPP represents a belt 
segment of a Haeckelite nanotube possessing pentagon-
hexagon-heptagon ring systems, as well as a segment of 
fullerenes such as Ih-C80 (Figure 1C).14 

 

Results and Discussion 

Synthesis 

Pillararene is a pillar-shaped macrocyclic host 
synthesized in 2008 by Ogoshi and coworkers.15 Due to its 
methylene-bridged macrocyclic arene skeleton, we 
envisioned that pillar[6]arene16 could serve as a suitable 
macrocyclic precursor for the synthesis of methylene-
bridged [6]CPP. The synthetic route to the target product is 
summarized in Scheme 1. Pillar[6]arene was prepared in 
one step from commercially available 1,4-
diethoxybenzene.17 Taking advantage of the ethoxy groups 
of pillar[6]arene, the intramolecular aryl-aryl coupling of 
aryl triflates to provide the CPP backbone could be easily 
imagined based on our previous results.8a,b With this in 
mind, pillar[6]arene triflate 3 was readily prepared through 
ether cleavage followed by triflation in 39% isolated yield 
over two steps.18 With 3 in hand, we investigated the key 
step of the aryl-aryl coupling of aryl triflate. Based on 
previous reports using an ArBr/Ni(cod)2/2,2'-bipyridyl 
system,8b,19 we investigated the effect of ligands and other 
reaction parameters in the aryl–aryl coupling reaction 
using 3 as the pseudohalide component (see Table S1 for 
further details). We found that pillar[6]arene triflate 3 
reacted successfully with 12 equivalents of Ni(cod)2 and 
2,2'-bipyridyl (bpy) at 80 °C for 2 hours to produce the fully 
fused target belt 4 in 15% isolated yield as a red solid. 
Compound 4 is soluble in dichloromethane (up to 20 
mg/mL) and CS2, and shows sufficient stability in solution 
to enable full characterization. This synthetic strategy offers 
a new and rapid approach to access a new type of aromatic 
belt.  

Scheme 1. Synthetic Route of Methylene-bridged [6]CPPa 

 

aReaction conditions: (i) 1 (1.0 equiv, 12.5 mM), BBr3 (40 
equiv), CHCl3, room temperature (rt), 24 h. (ii) Tf2O (16 
equiv), pyridine (18 equiv), CH2Cl2, rt, 24 h. (iii) 3 (1.0 equiv, 
3.0 mM), Ni(cod)2 (12 equiv), 2,2'-bipyridyl (12 equiv), N-
methyl-2-pyrrolidone (NMP), 80 C, 2 h. 

 

Nuclear Magnetic Resonance Analysis 

In the 1H NMR spectrum in CDCl3 at 25 °C, compound 4 
showed one singlet of aromatic hydrogen atoms at 7.86 
ppm and two doublets of geminal hydrogen atoms at 4.09 
and 4.29 ppm, corresponding with the D3d symmetry of the 
belt structure (Figure 2). According to the calculated 
chemical shifts by using GIAO B3LYP/6-
311+G(2d,p)//B3LYP/6-31G(d) level of theory (see Table 
S5), the signals appearing at 4.09 and 4.29 ppm can be 
assigned to the inner and the outer hydrogen atoms 
respectively. The 13C NMR analysis disclosed four sets of 
nonequivalent carbon atoms, again associated with the D3d 
symmetry of 4.  

 

Figure 2. 1H NMR spectrum of 4 (600 MHz, CDCl3, 25 C). 
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X-ray Crystal Structures 

The belt-shaped structure of 4 was confirmed by single 
crystal X-ray diffraction analysis (Figure 3) and was further 
explored using gas-phase DFT calculations. Slow diffusion 
of n-hexane into a CH2Cl2 solution of 4 at room temperature 
resulted in the formation of red single crystals with both 
solvent molecules (n-hexane and CH2Cl2) as a ternary co-
crystal (Figure 3A and 3C). Compound 4 exhibits a small 
elliptic deformation of the cylindrical shape in the crystal 
structure (Figure 3B). Interestingly, the phenylene units of 
[6]CPP linked with methylene bridges form a condensed 
belt structure because of the shorter length (Figure S2), 
resulting in a shrinking diameter (7.758 Å), considerably 
less than that of [6]CPP (8.072 Å)20 and [6,6]CNB (8.053 Å) 
(Table 1). On the other hand, the dihedral angles between 
the adjacent phenylene units are almost zero (Figure 3B, cf. 
[6]CPP, 27.4°).7 The symmetrically independent C–C bond 
lengths of the six-membered rings are 1.408, 1.395, and 
1.384 Å (Table S3). These approximately equivalent bond 
lengths imply that a benzenoid structure is still preserved 
in methylene-bridged [6]CPP. Moreover, the C–C single 
bond connecting the phenylene units in 4 (average 1.478 Å) 

is shorter than that of [6]CPP (1.489 Å)21 and longer than 
the analogous bond in [6,6]CNB (1.464 Å). Furthermore, 
compound 4 contains phenylene units that are less bent 
(Table S3, averaged bent angle, 8.4°) than that of 
corresponding [6]CPP (12.5°). These results are in good 
agreement with the structure optimized by DFT 
calculations (see Table S3). This new belt-shaped 
nanocarbon structure would be of great interest as an 
element of supramolecular architecture.  

The packing mode of 4 in the crystal is also interesting. 
Unlike the tubular packing structure of [6]CPP obtained at 
room temperature,21 the crystal packing of 4 results in a 
herringbone pattern in the [0 1̅ 1] plane with CH–π 
interactions between adjacent molecules (Figure 3C upper 
left, and Figure S1). The different complexes of compound 4 
are packed in an alternating fashion between layers in the 
[001] (ab) plane (Figure 3C, bottom-left). Intriguingly, the 
methylene hydrogen atoms prevent efficient π–π stacking. 
Therefore, no clear intermolecular π–π interaction was 
observed. Instead, close CH–π interactions (2.821−2.862 Å) 
were observed (Figure 3C, right). 

 

Figure 3. (A) X-ray structures of crystallographically independent molecules of 4 incorporating n-hexane (left) and dichloromethane 
(right). The solvent molecules are disordered on stereocenters (carbon: blue, hydrogen: light blue, chlorine: green). (B) ORTEP 
drawing of 4·n-hexane with 50% thermal probability (hydrogen atoms and n-hexane are omitted for clarity.). The diameter was 
measured as the distance between the two central phenylene units located at opposite sides. The internal and external dihedral 
angles are 0.15° and −1.42°, respectively. (C) The packing structure of 4. Hydrogen atoms are omitted for clarity. Inset: Distances 
between the hydrogen and the nearest aromatic carbon.  

Strain Energy 

Based on homodesmotic reaction schemes,6 the ring 
strain energies of compound 4 corresponding to the 
distortion caused by the formation of methylene-bridged 
[6]CPP were calculated to be 110.2 kcal·mol–1 at the 
B3LYP/6-31G(d) level (Scheme 2). This value is higher than 
the analogous energy calculated for [6]CPP (96.9 kcal·mol–

1),6 and lower than that of [6,6]CNB (119.5 kcal·mol–1).8a The 
higher strain energy of compound 4 compared to [6]CPP is 
attributed largely to the condensed structure with a smaller 
diameter. The strain energy of even-numbered methylene-
bridged [n]CPPs was also estimated (see Scheme S3 and 
Figure S26).  

Scheme 2. Homodesmotic Reactions to Calculate Strain 
Energy of Methylene-bridged [n]CPP. 
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Photophysical Properties and Frontier Molecular Orbitals 

To gain insight into the effect of the methylene bridges on 
4, the photophysical properties of compound 4 were 
measured (Figure 4A and Figure S27). In comparison to 
[6]CPP, which exhibits a major absorption band at 339 nm 
and much weaker peaks at 400−500 nm, compound 4 
shows one major absorption band at 347 nm with one 
weaker band at 370 nm in the CH2Cl2 solution. A much 
weaker absorption extending up to 600 nm is also observed, 
and detectable fluorescence was not observed from 4 in 
CH2Cl2 solution. This behavior is similar to that of small 
CPPs, such as [6]CPP, which has no detectable fluorescence.  

For further understanding of the absorption spectrum, 
TD-DFT calculation of compound 4 was carried out at the 
B3LYP/6-31G(d) level of theory. Compound 4 has 
degenerate HOMO–1/HOMO–2 and degenerate 
LUMO+2/LUMO+3 (HOMO = highest occupied molecular 
orbital, LUMO = lowest unoccupied molecular orbital, 
Figure 4B). The major absorption band can be assigned to a 
combination of the HOMO–1 and HOMO–2 to LUMO, and the 
HOMO to LUMO+2 and LUMO+3 transitions (Figure 4B). 
This transition is different from the assignments for 
[6]CPP21a and [6,6]CNB (see Table S6 for comparison). The 
weak absorption at 450–600 nm, associated with the 
symmetry-forbidden HOMO−LUMO transition, was also 
observed in [6,6]CNB reflecting their structural rigidity, 
whereas the corresponding band of [6]CPP is relatively high 
owing to its conformational flexibility. The non-emission 
property of 4 can also be attributed to the symmetrically 

forbidden S1→ S0 transition.22 The energy levels of the 

calculated frontier molecular orbitals of 4 are shown in 
Figure 4B. The HOMO and LUMO of 4 are delocalized over 
the phenylene units.  

Comparing 4 to [6]CPP, the LUMO and HOMO energies 
are raised by 0.04 eV and 0.52 eV, respectively, leading to 
an energy gap of 2.66 eV, 0.48 eV narrower than that of 
[6]CPP and 0.29 eV narrower than that of [6,6]CNB (Table 
1). This is consistent with the bathochromic shift in the 
absorption spectra of 4. This calculated narrow 
HOMO−LUMO gap of 4 is comparable to that of C60 (2.77 
eV),23 which suggests that 4 would be a prominent organic 
material for optoelectronic devices. Furthermore, the 
energy gap between the S2 and S1 of 4 (1.1 eV) is 
significantly larger than that of [6,6]CNB (0.24 eV) (see 
Table S6 for comparison between 4 and [6,6]CNB). 

 

 

Figure 4. (A) UV/vis absorption spectra (4: red line; [6]CPP: 
blue line; [6,6]CNB: green line) in CH2Cl2. A weakly absorbing 
region (inset) was measured at high concentration. (B) Energy 
diagrams and frontier molecular orbitals of 4 calculated at the 
B3LYP/6-31G(d) level of theory (unit: eV). 

Next, the energies of frontier orbitals of even-numbered 
[n]LPPs, [n]CPPs, and methylene-bridged [n]CPPs are 
plotted in Figure 5 (also see Figures S5–S25). Methylene-
bridged [n]CPPs have increasing HOMO energies and 
decreasing LUMO energies (narrowing HOMO–LUMO gaps) 
with a decreased number of benzene rings (n). This size 
dependency of the HOMO/LUMO energies of methylene-
bridged [n]CPPs is similar to those of [n]CPP and in direct 
contrast to [n]LPPs.24 The size dependency of the LUMO 
level of methylene-bridged [n]CPPs is smaller than that of 
[n]CPPs, which is similar to the previous report on the 
[n]CPPs in which phenylene–phenylene torsion angles are 
restricted.7 Importantly, owing to the bending effect,7 
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methylene-bridged CPPs have narrower HOMO–LUMO gaps 
than very long [n]LPPs, which possess high HOMO level 
compared with [n]CPPs. The readily available high HOMO 
level and narrow HOMO–LUMO gap of methylene-bridged 
[n]CPPs highlight their potential utility as organic 
semiconducting materials.  

 

Figure 5. HOMO and LUMO energies of even-numbered 
[n]LPPs (green dotted line), [n]CPPs (purple dotted line), and 
methylene-bridged [n]CPPs (orange dotted line) calculated at 
the B3LYP/6-31G(d) level of theory. 

 

Comparison among 4, [6]CPP, and [6,6]CNB 

Methylene-bridged [6]CPP (4) represents an exciting 
new addition to the family of carbon nanoring and nanobelt. 
Moreover, the present study allows us to better understand 
the structure-property relationship around these molecular 
entities. Representative parameters of 4, [6]CPP, and 
[6,6]CNB are summarized in Table 1 (see Table S8 for the 
detailed comparison). Compared with [6]CPP and [6,6]CNB, 
methylene-bridged [6]CPP containing alternating five- and 
six-membered rings gives rise to the smallest diameter, 
highest HOMO energy, and narrowest HOMO–LUMO gap. 
These unique geometric features and physical properties 
make methylene-bridged [n]CPPs a brand-new aromatic 
belt.  

Table 1. Comparison among 4, [6]CPP, and [6,6]CNB. 

compounda 4 [6]CPP [6,6]CNB 

diameter (Å)b 7.758 8.072 8.053 

C−C (Å)c 1.478 1.489 1.464 

HOMO (eV)d −4.40 −4.92 −4.92 

LUMO (eV)d −1.74 −1.78 −1.97 

HOMO–LUMO 

gap (eV) 
2.66 3.14 2.95 

strain energy 

(kcal·mol–1)e 
110.2 96.9 119.5 

aThe crystal data of [6]CPP20 and [6,6]CNB8a were taken 
from references. bThe averaged diameter was measured as 
the distance between the two central phenylene units 
located at opposite sides. cThe averaged length of C–C single 

bond connecting the neighboring phenylene units. dFrontier 
molecular orbitals calculated at the B3LYP/6-31G(d) level of 
theory. eThe strain energy data of [6]CPP6 and [6,6]CNB8a 
were taken from references.  

 

Conclusions 

In summary, we have established an efficient synthetic 
strategy to synthesize the first methylene-bridged [6]CPP 
through the use of pillar[6]arene as an easily accessible 
macrocyclic precursor. The product is synthesized through 
an efficient six-fold intramolecular nickel-mediated 
Yamamoto coupling. The belt-shaped structure was 
determined by single-crystal X-ray structure analysis. A 
particular advantage of this methylene-bridged CPPs over 
pristine CPPs is its enhancement of -conjugation along the 
backbone by reducing the torsion angle between 
neighboring phenylene units, which has been proven as an 
efficient strategy to reduce the energy gap. Moreover, the 
incorporation of small molecules in the defined pocket of 
methylene-bridged [6]CPP also paves the way for its 
application in supramolecular chemistry. This work not 
only exhibits an efficient strategy to construct a new family 
of aromatic belt, but also showcases their properties, which 
combine the merits of CPPs and pillararenes. In a broader 
perspective, further oxidation of methylene-bridged [6]CPP 
to form the fully conjugated and lower energy gap belt is 
also attractive for potential future applications in 
nanoelectronics and photonics.25 Further exploration in this 
area is ongoing in our laboratory. 
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