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Abstract:  
The synthesis of a carbon nanobelt, comprising a closed loop of fully fused edge-sharing 
benzene rings, has been an elusive goal in organic chemistry for over 60 years. Here we report 
the synthesis of one such compound through iterative Wittig reactions followed by a nickel-
mediated aryl-aryl coupling reaction. The cylindrical shape of its belt structure was confirmed by 
x-ray crystallography, and its fundamental optoelectronic properties were elucidated by 
ultraviolet-visible absorption, fluorescence, and Raman spectroscopic studies, as well as 
theoretical calculations. This molecule could potentially serve as a seed for the preparation of 
structurally well-defined carbon nanotubes.  

 
One Sentence Summary:  

Here we report the first chemical synthesis of a carbon nanobelt, a belt-shaped compound 
consisting solely of fused benzene rings.  

 
Main Text:  

Belt-shaped compounds consisting solely of fused benzene rings, or carbon nanobelts, 
were proposed as potentially game-changing molecules in chemistry (Fig. 1A) (1,2) even before 
the discovery of carbon nanotubes (CNTs) in 1991 (3). For example, cyclacene, the shortest belt 
segment of zigzag CNTs, appeared in the literature in 1954 as a hypothetical molecule for 
theoretical study (4). Although Stoddart (5), Schlüter (6), Cory (7), our group (8) and others have 
targeted cyclacene and its derivatives, synthetic attempts toward such zigzag nanobelts have 
failed (1,2). In parallel to these campaigns, Vögtle proposed an armchair nanobelt (also known as 
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a Vögtle belt), representing a segment of armchair CNTs, and initiated studies into the synthesis 
of this structure in the 1980s (9). Inspired by this goal set by Vögtle, many groups including 
Herges (10), Iyoda (11), Bodwell (12) and Scott (13) have described extensive efforts to access 
various armchair nanobelts, but none have succeeded. Unlike these fully fused, edge-sharing 
carbon nanobelts, the chemistry of carbon nanorings (arenes linked by single bonds) has 
bloomed in recent years (Fig. 1B) (14). Cycloparaphenylenes (CPPs) were first synthesized in 
2008, and since then, a number of CPP-related carbon nanorings, including potential precursors 
to carbon nanobelts, have been synthesized by Jasti, Yamago, Isobe, Müllen, our group and 
many others (14). However, attempts to convert those precursors into carbon nanobelts have 
been thwarted, mainly by strain-relieving rearrangement reactions (15). Iyoda’s group came 
closest to isolating a carbon nanobelt in their observation of the mass peak of 
[10]cyclophenacene upon laser irradiation of a Z-ethenylene-bridged macrocycle (Fig. 1C) (11). 
Using a distinct strategy, Scott has succeeded in the synthesis of a CNT end-cap (16), and 
Nakamura (17) and Gan (18) extracted the substructures of nanobelts by multiaddition reactions 
to C60 or C70, respectively (Fig. 1D). 

Building upon the knowledge, strategies, and methods accumulated during the above-
mentioned extensive efforts, we herein report the bottom-up synthesis and isolation of carbon 
nanobelt 1 (Fig. 2). This compound represents a belt segment of (6,6)CNT and is an isomer of 
[12]cyclophenacene. The strain energy of 1 (119.5 kcal·mol–1) estimated by DFT calculation (see 
Supplementary Materials (SM) for details) is almost the same as that of [12]cyclophenacene 
(115.1 kcal·mol–1) (19). The synthetic route to 1 (Fig. 2) consisted of sequential Wittig reactions 
for the construction of the key macrocycle 2 and a subsequent nickel(0)-mediated aryl-aryl 
coupling reaction. This route was inspired by Iyoda’s extensive studies of the all-Z-
benzannulenes (11) and Stępień’s synthesis of strained π-systems (20). 

The synthesis started with benzylic bromide 3 and aldehyde 4, both of which were easily 
prepared in four steps from p-xylene (see SM). A Wittig reaction then provided stilbene 5 with 
high Z-selectivity (Z/E 20:1) owing to the ortho-bromo effect (21). Without isolation, 5 was 
subjected to a subsequent monodebromination (22) in the same pot to afford 6 in 80% yield from 
3 after recrystallization. Repeating the same reaction sequence with 6 and 4 worked efficiently to 
furnish the trimer 7 with similar yields. Phosphonium formation followed by deprotection of 
dimethyl acetal with HCl produced the bifunctional unit 8, which, after counterion exchange, 
could be recrystallized in excellent yields as a PF6 salt. Treatment of a CH2Cl2 solution of 8 with 
t-BuOK triggered a sequential cyclodimerization. The resulting macrocycle 2 could be isolated 
in multigram quantities after recrystallization from toluene, and the all-Z macrocyclic structure 
was unambiguously established by x-ray crystallography.  

With precursor 2 in hand, we investigated the key aryl-aryl coupling reaction. Among the 
various conditions tested, the combination of Ni(cod)2 and 2,2’-bipyridyl with a short reaction 
time furnished 1. Under the optimal conditions, which required 12 equivalents of Ni(cod)2 and 
2,2’-bipyridyl at 70 °C for 15 minutes, pure 1 could be isolated as red crystals in 1% yield. 
Although this low yield leaves room for considerable improvement, the ability to prepare 
precursor 2 on large scale permitted sufficient quantities of this long-sought carbon nanobelt 1 to 
be purified, isolated and fully characterized. NMR analysis revealed two and four sets of non-
equivalent protons and carbons, respectively, in accord with the D3d symmetry of the molecule. 
The signals were attributed based on 2D-NMR experiments and were in good agreement with 
calculated values (see SM for details). 
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The structure of 1 was confirmed by x-ray crystallography (Fig. 3). Suitable crystals 
generated from a N,N’-dimethylpropyleneurea/CHCl3/cyclohexane solution at room temperature 
gave a reliable x-ray crystal structure of 1 [R1 = 0.0399 (I>2σ(I)] as 1·3CHCl3. As shown in Fig. 
3A and 3B, 1 has a belt-shaped structure (C2h symmetry in crystal) with a diameter of 8.324 Å in 
which all benzene rings are fused. This is a distinct structural feature from previously reported 
carbon nanorings such as CPPs (23). 

In the packing structure, individual molecules of 1 are separated from one another by 
chloroform molecules localized above, below and outside 1 (Fig. 3C,D). All crystallographically 
independent C–C bond lengths are shown in Fig. 3E. Judging from the short lengths of the C1–
C1* and C5–C9 bonds, it appears that the resonance structure assigning them double bond 
character (C=C is typically 1.337 Å) is the main contributor (Fig. 3F, upper structure). However, 
the C3–C3* and C7–C11 bonds are shorter than the bonds in [6]CPP linking the benzene rings 
(1.490(2) Å) (23), implying that ring a may also have weak aromatic character (Fig. 3F, lower 
structure) as a minor resonance structure. Ring b appears to be more strongly aromatic in accord 
with the small bond alternation around its circumference. These observations are in good 
agreement with the optimized structure of 1 predicted by DFT calculations. The nucleus-
independent chemical shift (NICS) (24) values (ring a: –2.01, ring b: –7.45) also indicate 
substantial aromaticity of ring b. 

For insight into the electronic structure of 1, we investigated its photophysical properties 
(Fig. 4A). The optical absorption spectrum of 1 in CH2Cl2 solution presents two major bands at 
284 and 313 nm. A smaller peak at 412 nm and a weakly absorbing region extending up to 500 
nm are also observed. The absorption in the 450–500 nm region could be attributed to a 
symmetry-forbidden HOMO→LUMO transition (528 nm) with an oscillator strength (f) of 0.00 
predicted by time dependent (TD)-DFT calculations at the B3LYP/6-31G(d) level of theory (Fig. 
4D and also see SM). The weak absorption of the forbidden transition of 1 may be caused by 
structural rigidity, which prevents deformation away from high symmetry. The 412 nm 
absorption could be assigned to a combination of HOMO–1→LUMO and HOMO→LUMO+1 
transitions, which were calculated to absorb at 413 nm with weak oscillator strength (f = 0.08). 
Carbon nanobelt 1 exhibits a deep red fluorescence, easily visible in solution and in the solid 
state (Fig. 4B,C, and also see SM). The fluorescence spectrum recorded upon excitation at 500 
nm shows a broad emission band extending to the near infrared region with a maximum emission 
at 630 nm (Fig. 4A). Time resolved measurements revealed a particularly long-lived excited state, 
both in CH2Cl2 solution (τ = 20.6 ns) and in the crystalline form (τ = 26.8 ns). The quantum yield 
(Φ = 3% in CH2Cl2 solution), with the classical relations Φ = kr × τ and τ = 1/(kr + knr), gives the 
rates of non-radiative and radiative decay in solution (knr = 4.8 × 107 s–1 and kr = 1.5 × 106 s–1), 
and the latter accords with a forbidden transition 

In order to compare 1 with extended CNTs, we measured the Raman spectrum of a single 
crystal of 1·3CHCl3 with laser excitation at 785 nm. The observed peaks were assigned to the 
corresponding vibration modes calculated at the B3LYP/6-31G(d) level of theory (see SM for 
details). Among these peaks, the frequency corresponding to the radial breathing mode was 
found at 261 cm–1, which is closer than that of [6]CPP (231 cm–1) to the 287 cm–1 band (25) seen 
in (6,6)CNT (26). These observations support the structural rigidity of nanobelt 1 and its 
prospective interest as a model of (6,6)CNT. 

The fully fused, fully conjugated, and rigid belt structure of 1 and its unusual 
optoelectronic properties bode well for a range of future applications for nanoelectronics and 
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photonics. Just as the birth of bowl-shaped corannulene (27) led to a rational, controlled 
synthesis of C60 (28) and opened the field of geodesic polyarenes (29), we believe that the 
present synthesis of carbon nanobelt 1 could ultimately lead to the programmable synthesis of 
single-chirality, uniform-diameter CNTs (30–32) and open a field of nanobelt science and 
technology. 
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Fig. 1. Carbon nanotubes (CNTs) and carbon nanobelts. (A) Structures of CNTs and carbon 
nanobelts where the square brackets show a repeating unit. (B) Difference between carbon nanobelts 
and carbon nanorings. (C) Mass detection of [12]cyclophenacene by Iyoda. (D) Multiaddition to C60 and 
C70 leading to the extraction of carbon nanobelt substructures.  
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Fig. 2. Synthetic scheme to produce 1.  Reaction conditions: (i) 3 or 6 (1.00 equiv), PPh3 (1.04 equiv), 
THF/MeOH, reflux, 3 or 3.5 h; 4 (1.02 equiv), t-BuOK (1 M in THF, 1.00 equiv), room temperature (rt), 25 
or 60 min. (ii) (MeO)2POH (1.30 equiv), i-Pr2NEt (1.40 equiv), rt, 1 or 3 h. (iii) PPh3 (1.04 equiv), 
THF/MeOH, reflux, 5 h; 4 M aq. HCl, acetone, rt, 2 h; KPF6, CH2Cl2, rt, 3 min. (iv) t-BuOK (1 M in THF, 
1.20 equiv), CH2Cl2, 0 °C to rt, 80 min. (v) 2 (1.00 equiv), Ni(cod)2 (12.0 equiv), 2,2’-bipyridyl (12.0 equiv), 
DMF, 70 °C, 15 min. Abbreviations: THF = tetrahydrofuran, cod = 1,5-cyclooctadiene, DMF = N,N-
dimethylformamide. Oak Ridge thermal-ellipsoid plot (ORTEP) of 2·2toluene is shown at 50% probability, 
with hydrogen atoms and toluene molecules omitted for clarity. 
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Fig. 3. Structural features of carbon nanobelt 1. (A,B) ORTEP diagram of 1·3CHCl3 at 50% probability 
with hydrogen atoms and solvent molecules omitted for clarity. A quarter of the entire structure constitutes 
an asymmetric unit; the numbers with one and two asterisks are in the second and the third asymmetric 
units, respectively. (C,D) Packing structures of 1 along c and a axes. One of the disordered CHCl3 
molecules is shown for each position. (E) Bond lengths of 1. Optimization for the calculated values was 
performed at the B3LYP/6-31G(d) level of theory. (F) Resonance structures of 1 with NICS(0) values 
calculated at the GIAO B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level of theory. Clar aromatic sextets are 
shown with circles. 
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Fig. 4. Photophysical properties of carbon nanobelt 1. (A) UV-vis absorption (solid line) and 
fluorescence (broken line, normalized) spectra of the CH2Cl2 solution of 1. Absorption coefficients were 
obtained at 5 × 10–6 M. Weakly absorbing region (inset) was measured at 7 × 10–5 M. Fluorescence 
spectrum was acquired following excitation at 500 nm. (B) Photograph of 1·3CHCl3 crystals. (C) 
Photograph of a CH2Cl2 solution of 1 irradiated at 365 nm. (D) Frontier molecular orbitals of 1 calculated 
at the B3LYP/6-31G(d) level of theory (isovalue = 0.003). HOMO: highest occupied molecular orbital, 
LUMO: lowest unoccupied molecular orbital. 


