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ABSTRACT: The synthesis and X-ray crystal structure of the first member of the carbon nanobelt family is reported. [12]carbon nanobelt 
([12]CNB) was originally obtained from a nickel-mediated reductive coupling reaction of a dodecabrominated macrocyclic precursor, albeit 
only in 1% yield. The present article reports on the development of this synthetic strategy and its extension to the preparation of the [16] and 
[24]CNB analogues. In particular, our extensive investigations on the final belt-forming, nickel-mediated reaction led to the development of a 
new ligand system that provides [12]CNB in up to 7% yield, contributing to the commercialization of [12]CNB. The belt structures of [12], 
[16], and [24]CNB were characterized by NMR, UV-vis, and Raman spectroscopy as well as mass spectrometry and X-ray crystallography. 
The fluorescence of the CNBs in solution displayed a remarkable dependence on the ring size, ranging from a broad red emission ([12]CNB) 
to a narrow-band blue emission ([24]CNB), while both features are observed for [16]CNB. 

Introduction 
The size- and structure-selective synthesis of carbon nanotubes 

(CNTs; Figure 1a) remains a long-standing target in nanocarbon 
science. Since the first observation and structural analysis of CNTs 
in 1991 by Iijima,1 the synthesis of CNTs has been of much interest 
owing to their outstanding physical and electronic properties, 
which depend on their size and structures.2 Although a wide range 
of methods such as arc evaporation, laser ablation, and chemical 
vapor deposition have been reported for the synthesis of CNTs,3a 
synthetic methods that offer perfect control over the structure of 
CNTs3b remain a fundamental bottleneck to the progress of CNT-
based material sciences. 

The bottom-up organic synthesis of CNT structures could 
potentially be used to solve this problem. As the first step toward 
the ultimate goal, cylindrical polyaromatic molecules that represent 
the side-wall segment of CNTs have received substantial attention.4 
These carbon nanorings and carbon nanobelts (CNBs)5 had been 
targeted by synthetic chemists even before the discovery of CNTs. 
Carbon nanorings, i.e., linked arene systems that are represented by 
[n]cycloparaphenylenes ([n]CPPs; Figure 1a) have been targeted 
by synthetic chemists since the 1930s,6 and meanwhile, a variety of 
such carbon nanorings have been synthesized using “strain-
releasing” strategies originally reported by the groups of Jasti, Itami, 
and Yamago.4,7 Since the development of a size-selective method to 
synthesize [n]CPPs (n = 5-18), their size-dependent features such 
as unusual photophysical properties,8 reactivity,9 host-guest 
interactions,10 and the potential utility for CNT growth11 have been 
revealed. 

In contrast, the synthesis of CNBs had not been accomplished 
until very recently. The first mentioning of [12]cyclacene as a 

cylindrical strip of fused benzene rings (CNBs) dates back to the 
1950s (Figure 1a).12 In a visionary postface published in 1983, 
Vögtle proposed the structure of an armchair-type CNB that would 
later be named Vögtle belt (Figure 1a).13 The following years 
witnessed several studies aimed at the synthesis of CNBs.14 Over 
the years, several belt-shaped structures consisting of sp2-carbon 
atoms were prepared either by incorporating bent 
cyclooctatetraene units to accommodate the strain,15 or by 
derivatization of fullerenes to reproduce the π-system of 
[10]cyclophenacene.16 In parallel, Scott and co-workers 
demonstrated the possibility to generate related structures in a 
controlled fashion using pyrolytic technics, culminating in the 
assembly of an endcap structure of (5,5)CNT.17 Yet, despite 
numerous attempts toward the synthesis of cyclacene and its 
derivatives18 as well as armchair-type structures,19 the synthesis of a 
genuine CNB has remained elusive. 

With the advent of CPP chemistry over the past decade, the 
synthesis of CNBs seemed closer than ever. However, most efforts 
toward the π-extension of the aromatic system were met with 
strain-relieving rearrangements that disrupted the cylindrical 
shape.19c,20 Jasti and co-workers have prepared a partially fused 
structure from alkenyl-substituted CPPs using olefin metathesis 
(Figure 1b),19g but the difficulty associated with accessing the 
required fully functionalized CPPs has so far prevented the 
formation of CNBs via this strategy.21 Facing similar issues, we 
decided to use a flexible cyclophane based on Z-alkene bridges 
instead. In light of Iyoda’s attempt at generating 
[10]cyclophenacene by the oxidative photocyclization of a non-
substituted benzannulene (Figure 1c),19f we investigated the 
possibility to carry out a similar transformation under reductive 
conditions using a suitably functionalized starting material. 



 

Following this approach, we have reported the preparation of the 
polybrominated macrocycle 4 and its transformation into the 
[12]CNB (1) upon reaction with a Ni(cod)2/2,2'-bipyridyl 
complex, albeit that 1 was obtained in merely 1% yield.22 Herein, 
we report on the reexamination of some key aspects of this 
synthetic route and its extension to the preparation of the larger 
nanobelt analogues [16]CNB (2) and [24]CNB (3) (Figure 1d). 
The photophysical properties of this series of compounds were 
analyzed in detail and rationalized based on the results of DFT 
calculations. 

 
Figure 1. a) Structures of CNTs, CPPs, and representative CNBs. b) 
The π-extension of CPPs using olefin metathesis. c) Detection of 
[10]cyclophenacene by LD-TOF MS. d) Synthesis of [12], [16], and 
[24]CNBs (this work). 

Results and Discussion 

Synthesis 
The synthetic route to CNBs 2 and 3 is summarized in Scheme 1. 

The synthesis of the macrocyclic belt precursors is based on Wittig 
reactions between unsymmetrical 2,5-dibromo-p-xylene derivatives, 
taking advantage of the high Z-selectivity induced by the ortho-
halogen substituents.23 A key feature for this synthetic route was the 
serendipitous discovery of an efficient desymmetrization reaction 
of readily accessible hexabromo-p-xylene 7.24 Treating 7 with 
sodium methanolate in a biphasic toluene/methanol solution 
unexpectedly furnished monoacetal 9 in high yield instead of the 
corresponding diacetal (for details, see SI). Starting from 9, an 
iterative deprotection/Wittig reaction provided trimer 1622 and 
tetramer 17 in high yield, albeit that further homologation was 
hampered by the prohibitively low solubility of the pentamer. 

Instead, we resorted to a one-shot oligomerization-
macrocyclization. The required bifunctional units were readily 
prepared upon reaction with PPh3, followed by deprotection of the 
aldehyde under acidic conditions, and crystallization as the 
hexafluorophosphate (18) in 46% yield from 14. 

As originally reported,22 the cyclic hexamer 4 was the main 
product of the reaction between the bifunctional trimer with t-
BuOK, while the cyclic trimer was not detected. In contrast, 
tetramer 18 underwent smooth cyclization to afford cyclic tetramer 
19 in 20–40% yield as a mixture of Z,Z,Z,Z- and Z,Z,Z,E-isomers 
under similar conditions, i.e., upon reaction with t-BuOK under 
moderately diluted conditions (10–40 mM). Reverse addition 
conditions afforded very poor results with t-BuOK, but the use of 
DBU in trichloroethylene increased the yield of 19 to 60%. Under 
these conditions, 11% of the cyclic octamer 5 could also be isolated, 
albeit in a 2:1 ratio with the Z,Z,Z,Z,Z,Z,Z,E-isomer. To favor the 
formation of larger macrocycles, we attempted the oligomerization 
of 18 in concentrated CH2Cl2 solutions using t-BuOK. Despite 
their very low solubility, the resulting higher-order oligomers could 
be dissolved in boiling 1,1,2,2-tetrachloroethane, before they were 
slowly added to the mixture to carry out the macrocyclization step 
at low concentrations. Under these conditions, cyclic octamer 5 
and dodecamer 6 were obtained in ~15% and 3% yield, respectively, 
including their E-isomers. Both 5 and 6 were thus preferentially 
used without complete isolation in the final belt-forming, nickel-
mediated coupling reaction, and accurate yields were calculated 
over two steps from 18. 
Table 1. Ligand effects on the Ni(0)-mediated formation of 1.a 

 

Entry Ligand yield (%)b 

X Y 
1 c H H 1.5 
2 H H 0.5 
3 Me H 0.5 
4 H Me 0.5 
5 OMe H 0.1 
6 CF3 H 2.0 
7 CO2Me H 1.0 
8 H CF3 4.0 
9 H CO2Me 7.0 (5.0)d 

a 10 μmol of 4, 12 equiv of Ni(cod)2/ligand, DMA/toluene, 75 °C, 2 h 
unless otherwise noted. b 1H NMR yield using i-PrOH as the internal 
standard. c Reaction stopped after 15 min. d Isolated yield. 

Originally, [12]CNB (1) was obtained from macrocycle 4 using 
a standard combination of Ni(cod)2 and 2,2'-bipyridyl.22,25 
However, the very low yield, which further decreased with 
prolonging the reaction time (Table 1, entry 2), led us to conclude 
that 1 may be unstable under these conditions. Indeed, after 
treating a pure sample of 1 with an excess of the Ni(cod)2/2,2'-
bypiridyl in DMA at 75 °C, we recovered only 20% of 1 and other 
products were not detected after the usual workup.  
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Speculating that a lower electron density at the nickel center 
might both decrease its ability to decompose 1 and favor the strain-
inducing reductive elimination to produce 1, we investigated the 
ligand effects. After screening the 2,2'-bipyridyl derivatives bearing 
electron-donating groups (Me, OMe; entries 3–5) or -withdrawing 
groups (CF3, CO2Me; entries 6–9), we discovered that 5,5'-
bis(methoxycarbonyl)-2,2'-bipyridyl afforded an NMR yield of 7% 
and an isolated yield of 5% after recrystallization from THF. 
Submitting cyclic octamer 5 and dodecamer 6 to these reaction 
conditions furnished the corresponding [16]CNB (2) and 
[24]CNB (3) in 1% and 0.06% yield from 18, respectively. 
Reaction of the cyclic tetramer (Z,Z,Z,Z)-19 was also attempted. 
Although a product could not be identified after applying the 
homocoupling conditions, further treatment of the reaction 
mixture with trifluoroacetic acid (TFA) furnished 
tetradebrominated product 20, which was confirmed by X-ray 
crystallography, and phenanthrenophanediene 21. The [8]CNB 22 
was not observed probably due to its extremely high strain energy 
(179 kcal·mol–1).5 

X-ray crystal structures 
Crystals of 1·2THF were obtained as red chamfered cubes upon 

evaporation of a CH2Cl2/THF solution of 1. An X-ray diffraction 
analysis revealed that the CNBs are arranged in a cubic system, in 
which one molecule of THF sits above each CNB cavity and one 
below. Similar to the previously described 1·3CHCl3,22 1 displays a 
virtually flawless circular shape with a diameter of ca. 8.3 Å (Figure 
2a). Crystals of 2 suitable for X-ray crystallography were obtained 
from the slow diffusion of n-hexane into a solution of 2 in benzene 

and 1,1,2-trichlorethylene, whereby the solvents were incorporated 
in the crystal structure in a highly disordered fashion. Although two 
crystallographically distinct CNBs are contained within the unit cell, 
both display similar structural features with a disordered benzene 
molecule located in the cavity and an elliptic deformation of the 
cylindrical shape (Figure 2b). A low-resolution X-ray structure of 
crystals of 3 grown upon diffusion of cyclohexane into a 
CHCl3/CS2 solution of 3 was also determined. In these crystals, the 
CNBs assemble in a hexagonal lattice, creating an additional pore 
in the structure. [24]CNB (3) also exhibits an elliptic deformation 
in the crystal structure, with a difference of more than 2 Å between 
the long and short axis of the ellipse (Figure 2c). The deformation 
of the cylindrical shape in the crystal structures of [16]CNB and 
[24]CNB indicates that these compounds remain flexible. 

Scheme 1. Synthesis of CNBs 2 and 3. 

 
Reaction conditions: a) PPh3 (1.04 equiv), THF/MeOH, reflux, 3 h; then 12 (1.02 equiv), t-BuOK (1 M in THF, 1.00 equiv), rt, 30 min; b) 
(MeO)2POH (1.30 equiv), i-Pr2NEt (1.40 equiv), rt, 3–6 h; c) PPh3 (1.04 equiv), THF/ MeOH, reflux, 5 h; 4 M aq. HCl, acetone, rt, 9 h, then 
KPF6, CH2Cl2, rt, 3 min; d) t-BuOK (0.3 equiv), CH2Cl2, rt, 10 min, repeated five times; e) Cl2CHCHCl2, 140 °C, then KOH (100 equiv), 
CH2Cl2/EtOH, 0 °C, 3 h; f) Ni(cod)2/5,5'-bis(methoxycarbonyl)-2,2'-bipyridyl (5: 16 equiv; 6: 25 equiv; 19: 8.5 equiv), DMA/toluene, 75 °C, 
30 min. g) TFA (50 equiv), 75 °C, 30 min. 
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Figure 2. X-ray crystal structures of (a) 1·2THF (packing structure 
viewed perpendicular to the (111) plane); (b) 2 (packing structure 
viewed along the a axis); (c) 3 (packing structure viewed along the c 
axis); all ORTEPs are shown at 50% probability with hydrogen atoms 
and solvent molecules omitted for clarity. The shortest and longest 
distances (in Å) between opposite carbon atoms of the central part of 

the rings are shown. 

Photophysical properties 
To probe the effect of the ring size on the electronic structure of 

the CNBs, their photophysical properties in solution were 
investigated. The UV-vis absorption spectra of 2 and 3 in CH2Cl2 
show patterns similar to that previously reported for 1: 1) a 
strongly absorbing region below 400 nm, whereby 2 shows clear 
maxima; 2) a weaker absorption extending up to 450–500 nm 
including clearly resolved bands (Figures 3a-c). The maximum 
absorption wavelength of the spectra undergoes a bathochromic 
shift with increasing ring size from 313 nm (1) to 333 nm (2), and 
further splitting of the two resolved bands at 351 and 356 nm for 3. 
In contrast, the weakly absorbing region experiences a 
hypsochromic shift with increasing ring size: 496 nm (1), 478 nm 
(2), and 466 nm (3). The resolved bands of all CNBs in the longer 
wavelength-absorbing region should be attributed to the symmetry 
allowed transitions with weak oscillator strength (1: f0–0 = 0.0053; 
2: f0–0 = 0.0076; 3: f0–0 = 0.0136) that can be predicted based on 
time-dependent density functional theory (TD-DFT). The 
resolved band of 3 corresponds to the S0®S1 transition 
(HOMO®LUMO), while those of 1 and 2 are the S0®S2 
transition (HOMO–1®LUMO/HOMO®LUMO+1). The 
S0®S1 transitions of 1 and 2 are symmetry forbidden and may 
possibly be located around the resolved bands as small broadened 
bands. 

The fluorescence spectra show a more singular size dependence. 
Upon excitation at 350 nm, 2 displays a broad green emission band 
centered at 524 nm with a shoulder at 563 nm that further extends 
up to 650 nm. Although the general shape of the latter feature 

 
Figure 3. UV-visible absorption (black line) and fluorescence (grey line) spectra of CH2Cl2 solutions of 1 (a), 2 (b), and 3 (c). The insets show 
magnifications of the weakly absorbing region (using an abscissa scale that is identical to that of the main plot). Fluorescence spectra were 
recorded upon excitation at 500 nm (1), 360 nm (2) and 367 nm (3). Experimental fluorescence spectra (grey lines) compared to the results of 
Frank-Condon Hertzberg-Teller calculations for the S0¬S1 (plain black line) transition of 1 (d), the S0¬S1 (plain black line) and S0¬S2 
(dotted black line) transitions of 2 (e), and the S0¬S1 (plain black line) transition of 3 (f). (g) Energetic diagram of the frontier molecular 
orbitals of 1, 2, and 3 in the ground state calculated at the B3LYP/6-31G(d) level of theory. Dotted lines link orbitals with identical symmetry. 
The orbital distributions are illustrated using one repeat unit of 1 (isovalue = 0.03). 



 

closely resembles the red emission of 1 (550–850 nm, λmax = 635 
nm), 2 also exhibits an additional sharp band at 478 nm. The sharp 
fluorescence band is the characteristic component of the spectrum 
for 3 (λmax = 466 nm), with only minor vibrationally-resolved 
signals up to 550 nm. The wavelengths of the sharp fluorescence 
bands of 2 and 3 agree with those of the observed peaks in the 
absorption. Thus, it is reasonable to consider that the sharp 
fluorescence bands represent the zero-Stokes shift emissions of the 
corresponding symmetry allowed transitions; S0¬S2 of 2 and 
S0¬S1 of 3. For 2, the broad emission centered at 524 nm should 
be assigned to the S0¬S1 transition. The origin of these 
fluorescence properties of 2 can be explained in terms of the 
thermal population of the S2 energy level; when the energy 
difference between the S1 and S2 levels is smaller than or 
comparable to the thermal energy at room temperature, radiative 
decay processes can occur simultaneously from the S1 and S2 
levels.26,27 The validity of this hypothesis was confirmed by the 
fluorescence spectrum of 2 in a polymer matrix recorded at 10 K 
(see SI). The sharp fluorescence of 2 was virtually absent, 
suggesting that only the broad S0¬S1 transition occurs given that 
the S2 energy level cannot be populated thermally. 

The emission properties of the CNBs were further investigated 
by time-resolved fluorescence. For [16]CNB 2, monitoring the 
decay of the emission either at the narrow 478 nm or at the broad 
526 nm band resulted in almost identical single exponential decay 
curves (τ478 = 9.7 ns, τ526 = 10.4 ns), whereas τ526 was lengthened to 
20.5 ns at 10 K (see SI). Together with the quantum yield at rt (ΦF 
= 0.13 in CH2Cl2), the intrinsic radiative decay rate can be 
determined as kr = 1.3 × 107 s–1 (for the kinetic model, see SI). 
[24]CNB 3 exhibits similar recombination properties (τ  = 10.6 ns; 
ΦF = 0.10; kr = 1.0 × 107 s–1), and these rates are approximately one 
order of magnitude higher than that of 1 (kr = 1.5 × 106 s–1). 

To clarify the size-dependency of the photophysical properties of 
these CNBs, (TD-)DFT calculation were carried out at the 
B3LYP/6-31G(d) level of theory. The energy levels of the frontier 
molecular orbitals of 1–3 are shown in Figure 3g. The HOMO and 
LUMO of 1 are delocalized over the central hexagonal rings, while 
HOMO–1 and LUMO+1 reside predominantly on the ethenylene 
bridges. Similar to CPPs, the HOMO-LUMO gap of CNBs 
increases with increasing size of the CNBs, which is consistent with 
the hypsochromic shifts of the absorption and fluorescence spectra 
of CNBs. The HOMO is stabilized while the HOMO–1 is 
destabilized with decreasing “bending effect”8a so that the HOMO 
and HOMO–1 of 2 become close. Furthermore, due to the 
stabilization and destabilization effects, the orbital corresponding 
to the HOMO of 1 and 2 becomes the HOMO–1 in the case of 3, 
whereby the HOMO of 3 exhibits the same symmetry of the 
HOMO–1 of 1 and 2. Accordingly, the S0®S1 (HOMO®LUMO) 
transitions of 1 and 2 are symmetry forbidden, while that of 3 is 
symmetry allowed. In the case of 2, two energetically close 
transitions exist, i.e., the forbidden S0¬S1 and the allowed S0¬S2, 
which possibly causes the two-component emission. We then 
optimized the excited states of 1–3 to simulate the emission spectra 
(see SI for detail).28 As shown in Figure 3f, the broad emission 
bands of 1 and 2 fit the symmetry forbidden S0¬S1 transitions, and 
the sharp peaks of 2 and 3 are also well reproduced by the 
corresponding symmetry allowed ones (S0¬S2 of 2 and S0¬S1 of 
3); the energy of the 0–0 transitions were rescaled empirically and 
suitable line widths (700 cm–1 and 300 cm–1 for the symmetry 

forbidden and allowed bands, respectively) were used to match the 
experimental spectra. Thus, we concluded that the significant size-
dependency of the photophysical properties of CNBs, i.e., the 
broad emission of 1, the two-component emission of 2, and the 
sharp blue fluorescence of 3, is due to the size-dependent energy 
shift of the HOMO and HOMO–1 orbitals. 

Finally, the Raman spectra of the larger CNBs 2 and 3 were 
recorded. For 1, the vibrational modes could be allocated by 
comparison with the calculated spectrum (see SI), allowing the 
determination of the fully symmetrical radical breathing mode 
(RBM) at 217 cm–1 (2) and 193 cm–1 (3). The RBM mode of 2 
displays almost the same RBM frequency as that of (8,8)CNTs 
(219 cm–1).29 

Conclusions 
[12]CNB 1 can now be synthesized in 0.8% overall yield from p-

xylene, and this route has recently been used on a pilot scale.30 
Extending the synthetic strategy to the preparation of the larger 
[16]CNB 2 and [24]CNB 3 has allowed studying some size-
dependent properties and establishing key differences between 
such CNBs. In particular, the symmetry allowed transition of 3 
leads to an exceptionally narrow emission with a full width at half 
maximum of 270 cm–1 (6 nm), which demonstrates that such 
compounds may represent emitters with very high color purity, a 
feature that is particularly desirable for optoelectronic materials.31 
Understanding the effect of the ring-fusion pattern of the CNBs 
should thus lead to exciting discoveries in this area. Even though 
this might still be a long-term goal, the synthesis of analogues that 
exhibit a length/diameter ratio above unity should be the next 
milestone on the way to unify nanocarbon molecules and allotropes. 
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