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Carbon and hydrogen are fundamental components of organic molecules and a 

fascinating plethora of functions can be generated using these two elements. Yet, realizing 

attractive electronic structures only by using carbon and hydrogen remains challenging. 

Herein, we report the synthesis and properties of the C70 fragment as-

indaceno[3,2,1,8,7,6-ghijklm]terrylene, which exhibits near-infrared (NIR) absorption 

(up to ca. 1300 nm), even though this molecule consists of only 34 carbon and 14 hydrogen 

atoms. A remarkably small HOMO–LUMO gap was confirmed by electrochemical 

measurement and theoretical calculations. Nevertheless, as-indacenoterrylene is 

surprisingly stable despite the absence of peripheral substituents, which contrasts with 

the cases of other NIR-absorbing hydrocarbons such as biradicaloids and antiaromatic 

molecules. The low-energy absorption was attributed to the intramolecular charge-

transfer from the electron-rich terrylene segment to the electron-deficient as-

indacenopyrene segment. The results of this study thus offer fundamental insights into 

the design of hydrocarbons with a small band gap. 

 

Introduction 

Bowl-shaped aromatic hydrocarbons have been actively explored in modern organic 

chemistry1–7. Owing to their structural nonplanarity, these molecules exhibit intriguing 

characteristics such as high solubility, structural flexibility8–10, unique host–guest recognition11–
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13 and high electronic conductivity14,15. Hence, endowing bowl-shaped aromatic hydrocarbons 

with unique electronic structures can be considered a promising approach to realize novel 

functions. Recently, Cao and co-workers have reported indene-fused corannulene derivative 1, 

which exhibits a narrow HOMO–LUMO gap due to its diradical nature (Figure 1a)16. Such a 

nonplanar hydrocarbon with a small HOMO–LUMO gap is attractive with regard to potential 

applications including near-infrared (NIR)-absorbing dyes ambipolar organic 

semiconductors17–19. 

During the past three decades, studies on bowl-shaped aromatic hydrocarbons have been 

related to C60-fullerene fragments and their π-extended derivatives20–25. C60 adopts a sphere-

like structure with high symmetry (Ih), while C70-fullerene shows lower symmetry (D5h). 

Consequently, C70 fragments are inherently diverse, albeit that the hitherto reported C70 

fragments remain limited26–36. Among these, especially dicyclopenta[4,3,2,1-ghi:4’,3’,2’,1’-

pqr]perylene (2), synthesized by Wu and co-workers, is worth mentioning36, as 2 exhibits 

distinct antiaromaticity and a narrow HOMO–LUMO gap (Figure 1b). Considering that 

antiaromatic compounds are relatively rare37–40, this result highlights that the construction of 

novel C70-fragments may offer a good opportunity to access unique bowl-shaped hydrocarbons 

with unprecedented electronic structures. 

Herein, we disclose the synthesis and properties of C70 fragment as-indaceno[3,2,1,8,7,6-

ghijklm]terrylene (3) (Figure 1c). Surprisingly, 3 exhibits NIR absorption tailing to ca. 1300 

nm although it contains only 34 carbons and 14 hydrogen atoms. The low-energy absorption 

was attributed to the intramolecular charge-transfer from the electron-rich terrylene segment to 

the electron-deficient as-indacenopyrene segment. 



 

 
 

3 

 
Figure 1 NIR-absorbing bowl-shaped (anti)aromatic hydrocarbons 1-3. a, Indene-fused 

corannulene derivative 1. b, Dicyclopenta[4,3,2,1-ghi:4’,3’,2’,1’-pqr]perylene (2). c, as-

Indaceno[3,2,1,8,7,6-ghijklm]terrylene (3). 
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Results 

Synthesis of as-indacenoterrylene 3 

The synthesis of as-indacenoterrylene 3 is shown in Figure 2a. The synthetic approach is 

based on the incorporation of sp3-hybridized carbon atoms into the fused π-system to generate 

the curved structure. The bromine–lithium exchange reaction between 1-bromonaphthalene and 

butyllithium, followed by the addition of 1,4,5,8-tetrachloroanthraquinone (4) afforded the 

corresponding dinaphthylated diols. The crude mixture was methylated with iodomethane in 

the presence of sodium hydride, which provided a mixture of cis-adduct 5 and trans-adduct 6 

in 22% and 64% yield (over two steps), respectively. These isomers exhibit different solubility 

in CH2Cl2 and were separated by filtration. The cis-isomer 5 engaged in a Pd-catalyzed 

intramolecular C–H/C–Cl coupling41 to provide methoxy-substituted as-indacenoterrylene 7 in 

21% yield, wherein the two five-membered rings are located on the same side. Another isomer, 

in which the two five-membered rings are located on the opposite side, was not detected. The 

methoxy group in 7 was transformed to hydrogen using triethylsilane (HSiEt3) and 

trifluoromethanesulfonic acid (TfOH)42, which afforded 8 in 90% yield. The 1H NMR signal of 

the internal hydrogens was observed at 5.91 ppm, which is comparable to that of hydrofullerene 

C60H2 (5.93 ppm)43. Finally, abstraction of hydrogen from 8 using 1,4-dichloro-2,6-dicyano-p-

benzoquinone (DDQ) furnished as-indacenoterrylene 3 in 73% yield. Although 3 exhibits very 

low solubility in most common organic solvents, it slightly dissolved in CH2Cl2/CS2, o-

dichlorobenzene and N-methylpyrrolidone. 

The structures of methoxy-substituted as-indacenoterrylene 7 and hydrogenated as-

indacenoterrylene 8 were unequivocally determined by single-crystal X-ray diffraction analysis 

(Figure 2b). Both 7 and 8 adopt a bowl-shaped structure with two sp3-hybridized carbon atoms 

in the central six-membered ring. Notably, 7 and 8 can be regarded as internally functionalized 

bowl-shaped aromatics, which have been rarely explored44–46. The methoxy groups of 7 are 

aligned perpendicular to the π-surface, which shows a bowl-depth of 2.10 Å. Unfortunately, the 

crystal data of 8 is insufficient for a detailed structural analysis due to severe disorder. 
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Figure 2 Syntheses and X-ray crystal structures. a, Synthesis of as-indacenoterrylene 3. b, 

X-ray crystal structures of internally methoxy-substituted as-indacenoterrylene 7 (top) and 

internally hydrogenated as-indacenoterrylene 8 (bottom). Thermal ellipsoids are drawn at 50% 

probability and all hydrogen atoms except for the internal hydrogen atoms of 8 are omitted for 

clarity. c, Synthesis of 2-mesityl-as-indacenoterrylene 9. 

 

The 1H NMR spectrum of as-indacenoterrylene 3 in CDCl3/CS2 exhibited seven signals 

in the range of 7.21–6.78 ppm, supporting a Cs-symmetric structure. These signals are upfield-

shifted by ca. 1 ppm compared to those of other C70 fragments, except for antiaromatic 
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dicyclopentaperylene 226–36. The upfield-shifted 1H NMR signals are characteristic for π-

conjugated systems with narrow HOMO–LUMO gaps47,48. The high-resolution atmospheric 

pressure chemical ionization time-of-flight (APCI-TOF) mass spectrum of 3 showed a parent 

ion peak at m/z = 423.1184 (calcd for C34H14, m/z = 423.1168 [M+H]+), which is in accordance 

with the expected molecular composition. 

As the low solubility of as-indacenoterrylene 3 hampered a detailed investigation of the 

physical properties, we synthesized 2-mesityl-as-indacenoterrylene 9 (Figure 2c). The iridium-

catalyzed C–H borylation49 of 7 with bis(pinacolato)diboron furnished 2-borylated 10. A 

subsequent Suzuki–Miyaura cross-coupling reaction with 2-bromomesitylene and 1-bromo-

3,5-di-tert-butylbenzene afforded the arylated products 11 and 12, respectively. The structure 

of 12 was determined by a single-crystal X-ray diffraction analysis (Figure S21). Mesityl-

substituted derivative 11 was further transformed to 2-mesityl-as-indacenoterrylene 9, which 

exhibits high solubility in common organic solvents including CH2Cl2, toluene and 

tetrahydrofuran. 

 

Bowl-to-bowl inversion 

Variable-temperature 1H NMR spectra of 9 were recorded in CDCl3 (Figure S22). At 0 °C, 

the signals that arise from the ortho-methyl groups of the mesityl substituent were observed as 

a pair of singlets with an exchange constant Dn of 11.2 Hz. At 35 °C, these singlets coalesced 

to a single singlet at 2.08 ppm. The observed temperature-dependence can be interpreted in 

terms of an inversion of the bowl-shaped structure. Based on these results, an inversion barrier 

of 16.1 kcal mol–1 at 35 °C was determined50. Density functional theory (DFT) calculations at 

the CAM-B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level of theory suggest that this inversion passes 

through a planar transition state (Figure S23). The calculated activation barrier (15.1 kcal mol–

1) is comparable to the experimental value. 

 

Electronic structures 
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The UV/vis/NIR absorption spectra of 3, 7 and fullerene C70 are shown in Figure 3a. 

Methoxy-substituted 7 exhibits weak absorption bands in the range of 400–520 nm, and the 

presence of vibrational bands implies structural rigidity. The absorption of 7 is blue-shifted 

compared to that of fullerene C70 due to the disrupted conjugation on account of the central sp3-

hybridized carbon atoms. In sharp contrast, as-indacenoterrylene 3 displays a significantly red-

shifted absorption with a peak top at 952 nm and a tail to ca. 1300 nm. The optical HOMO–

LUMO gap is 1.30 eV. The extinction coefficient of the broad absorption band (4.1 × 103 cm–

1 M–1) is considerable in comparison to those of the forbidden absorption of indene-fused 

corannulene derivative 116 and dicyclopentaperylene 236. As the forbidden S0–S1 transition is a 

diagnostic feature of antiaromatic molecules37–40, the allowed nature of the low-energy 

absorption of 3 cannot be explained in terms of a potential contribution of antiaromaticity. 

Interestingly, the absorption tail of 3 is even comparable to that of quarteranthene51, which is a 

zigzag-edge nanocarbon that consists of 56 carbon atoms, and more red-shifted than those of 

other donor-acceptor systems that consist exclusively of carbon and hydrogen atoms52–56. The 

NIR absorption band of 3 obeys the Lambert–Beer’s law and was matched with that of mesityl-

substituted derivative 9 (Figure S24). These results clearly suggest a negligible effect of 

aggregation on the NIR absorption. 

The electrochemical properties of 2-mesityl-as-indacenoterrylene 9 were studied by 

cyclic voltammetry (Figure 3b), using the ferrocene/ferrocenium couple as an external 

reference, which revealed one reversible oxidation wave at 0.17 V as well as two reversible 

reduction waves at –1.16 and –1.45 V. The electrochemical HOMO–LUMO gap (ΔE = 1.33 

eV) was in good agreement with the optical HOMO–LUMO gap. Indene-fused corannulene 

derivative 1 exhibited redox potentials Eox1 and Ered1 at 0.33 and –0.81 V, respectively16. 

Dicyclopentaperylene 2 displayed redox potentials Eox1 and Ered1 at 0.33 and –0.96 V, 

respectively36. The ΔE value of 9 is slightly wider than that of 1 and comparable to that of 2. 

The redox potentials of 9 are by ca. 0.2–0.3 V positively shifted relative to those of 1 and 2, 

which is indicative of a higher electron-donating ability. 
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Figure 3 Narrow HOMO–LUMO gap of as-indacenoterrylenes. a, UV/vis/NIR absorption 

spectra of 3, 7 and fullerene C70 in o-dichlorobenzene (λ: wavelength; ε: extinction coefficient). 

Noise was generated at 900 nm by switching detectors. b, Cyclic voltammogram of 2-mesityl-

as-indacenoterrylene 9 (solvent: CH2Cl2; supporting electrolyte: 0.1 M [Bu4N][PF6]; reference 

electrode: Ag/AgNO3). The second oxidation potential was determined by differential pulse 

voltammetry. 

 

To evaluate the electronic structure of 3, DFT calculations were conducted at the CAM-

B3LYP/6-311+G(d,p) level of theory. TD-DFT calculations predicted the presence of the 

HOMO–LUMO transition at 820 nm with an oscillator strength of 0.1226, which is in good 

agreement with the experimental absorption spectrum (Figure S26). The calculated HOMO and 

LUMO of 3 are shown in Figure 4a. The HOMO of 3 is delocalized along the longitudinal axis, 

whose distribution and energy level are almost identical to those of the HOMO of terrylene. In 

contrast, the LUMO of 3 is mainly located at the centre of the molecule, which resembles the 

LUMO of as-indacenopyrene. The high electron-deficiency of as-indacenopyrene can be 



 

 
 

9 

attributed to the incorporated non-alternant hydrocarbon segments57. These results suggest that 

the low-energy absorption of as-indacenoterrylene 3 is due to the intramolecular charge-

transfer character of its HOMO–LUMO transition. This notion is corroborated by the 

electrostatic potential map of 3, in which the central as-indacenopyrene segment is positively 

charged relative to the surrounding fused naphthalene units (Figure 4b). 

Nucleus-independent chemical shift (NICS)58,59 calculations and anisotropy of the 

induced current density (ACID)60 calculations were conducted for as-indacenoterrylene 3 

(Figure 4c,d). The NICS(0) values, except for that at the five-membered ring, fall in the range  

–4.0 to 7.3 ppm. The ACID plot indicates a negligible contribution of the macrocyclic ring 

current. Furthermore, DFT calculations of 3 at the CASSCF(2,2)/6-31G level of theory 

furnished a diradical index (y = 0.05) that is comparable to that of bisanthene (y = 0.07) and 

much smaller than that of teranthene (y = 0.54)51. These results suggest that the electronic 

structure of 3 cannot be rationalized satisfactorily in terms of antiaromaticity and diradical 

character. Indeed, heating an o-dichlorobenzene solution of 3 at 100 °C for 12 h under ambient 

conditions resulted in no distinct spectral change of the absorption, indicating that 3 is 

remarkably stable despite the absence of peripheral substituents (Figure S28). 
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Figure 4 Computational results supporting the charge-transfer character of as-

indacenoterrylene 3. a, HOMO and LUMO of 3. Inset: HOMO of terrylene and LUMO of as-

indacenopyrene. b, Electrostatic potential map of 3. c, NICS(0) values of 3. d, ACID plot of 3. 

 

Discussion 

We have synthesized the C70 fragment as-indaceno[3,2,1,8,7,6-ghijklm]terrylene 3. The 

synthetic concept is based on the generation of curvature by incorporation of sp3-hybridized 

carbon atoms in the fused π-system. The structure was assigned based on NMR spectroscopy 

and mass spectrometry. The physical properties were probed by UV/vis/NIR absorption 

spectroscopy, cyclic voltammetry, temperature-dependent NMR analysis and theoretical 

calculations. Even though 3 contains only 34 carbon and 14 hydrogen atoms, it absorbs in the 

NIR region up to ca. 1300 nm. This low-energy absorption was attributed to the intramolecular 

charge-transfer character of the HOMO–LUMO transition, which is due to the coexistence of 

an electron-rich terrylene segment and an electron-deficient as-indacenopyrene segment. The 

absorption tail of 3 is not only comparable to organic diradicaloid 1 and antiaromatic 

hydrocarbon 2, but also more red-shifted than those of other donor–acceptor systems that 
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consist exclusively of carbon and hydrogen atoms. Nevertheless, as-indacenoterrylene 3 

exhibits outstanding stability despite the absence of peripheral substituents, which stands in 

sharp contrast to the behaviour of other NIR-absorbing hydrocarbons such as biradicaloids and 

antiaromatic molecules. The current study thus offers new design guidelines for curved 

aromatic hydrocarbons with narrow HOMO–LUMO gaps and all-carbon donor–acceptor 

systems. 

 

References 

(1) Scott, L. T. Methods for the Chemical Synthesis of Fullerenes. Angew. Chem., Int. Ed. 43, 

4994–5007 (2004). 

(2) Kawase, T. & Kurata, H. Ball-, Bowl-, and Belt-Shaped Conjugated Systems and Their 

Complexing Abilities: Exploration of the Concave−Convex π−π Interaction. Chem. Rev. 

106, 5250–5273 (2006). 

(3) Tsefrikas, V. M. & Scott, L. T. Geodesic Polyarenes by Flash Vacuum Pyrolysis. Chem. 

Rev. 106, 4868–4884 (2006). 

(4) Wu, Y.-T. & Siegel, J. S. Aromatic Molecular-Bowl Hydrocarbons: Synthetic Derivatives, 

Their Structures, and Physical Properties. Chem. Rev. 106, 4843–4867 (2006). 

(5) Segawa, Y., Yagi, A., Matsui, K. & Itami, K. Design and Synthesis of Carbon Nanotube 

Segments. Angew. Chem., Int. Ed. 55, 5136–5158 (2016). 

(6) Saito, M., Shinokubo, H. & Sakurai, H. Figuration of Bowl-Shaped π-Conjugated 

Molecules: Properties and Functions. Mater. Chem. Front. 2, 635–661 (2018). 

(7) Majewski, M. A. & Stępień, M. Bowls, Hoops, and Saddles: Synthetic Approaches to 

Curved Aromatic Molecules. Angew. Chem., Int. Ed. 58, 86–116 (2019). 

(8) Scott, L. T., Hashemi, M. M. & Bratcher, M. S. Corannulene Bowl-to-Bowl Inversion Is 

Rapid at Room Temperature. J. Am. Chem. Soc. 114, 1920–1921 (1992). 

(9) Seiders, T. J., Baldridge, K. K., Grube, G. H. & Siegel, J. S. Structure/Energy Correlation 

of Bowl Depth and Inversion Barrier in Corannulene Derivatives: Combined 



 

 
 

12 

Experimental and Quantum Mechanical Analysis. J. Am. Chem. Soc. 123, 517–525 

(2001). 

(10) Amaya, T., Sakane, H., Muneishi, T. & Hirao, T. Bowl-to-Bowl Inversion of Sumanene 

Derivatives. Chem. Commun. 765–767 (2008). 

(11) Mizyed, S., Georghiou, P. E., Bancu, M., Cuadra, B., Rai, A. K., Cheng, P. & Scott, L. T. 

Embracing C60 with Multiarmed Geodesic Partners. J. Am. Chem. Soc. 123, 12770–12774 

(2001). 

(12) Sygula, A., Fronczek, F. R., Sygula, R., Rabideau, P. W. & Olmstead, M. M. A Double 

Concave Hydrocarbon Buckycatcher. J. Am. Chem. Soc. 129, 3842–3843 (2007). 

(13) Takeda, M., Hiroto, S., Yokoi, H., Lee, S., Kim, D. & Shinokubo, H. Azabuckybowl-

Based Molecular Tweezers as C60 and C70 Receptors. J. Am. Chem. Soc. 140, 6336–6342 

(2018). 

(14) Amaya, T., Seki, S., Moriuchi, T., Nakamoto, K., Nakata, T., Sakane, H., Saeki, A., 

Tagawa, S. & Hirao, T. Anisotropic Electron Transport Properties in Sumanene Crystal. 

J. Am. Chem. Soc. 131, 408–409 (2009). 

(15) Schmidt, B. M., Seki, S., Topolinski, B., Ohkubo, K., Fukuzumi, S., Sakurai, H. & Lentz, 

D. Electronic Properties of Trifluoromethylated Corannulenes. Angew. Chem., Int. Ed. 51, 

11385–11388 (2012). 

(16) Lu, R.-Q., Wu, S., Yang, L.-L., Gao, W.-B., Qu, H., Wang, X.-Y., Chen, J.-B., Tang, C., 

Shi, H.-Y. & Cao, X.-Y. Stable Diindeno-Fused Corannulene Regioisomers with Open-

Shell Singlet Ground States and Large Diradical Characters. Angew. Chem., Int. Ed. 58, 

7600–7605 (2019). 

(17) Ma, J., Liu, J., Baumgarten, M., Fu, Y., Tan, Y.-Z., Schellhammer, K. S., Ortmann, F., 

Cuniberti, G., Komber, H., Berger, R., Müllen, K. & Feng, X. A Stable Saddle-Shaped 

Polycyclic Hydrocarbon with an Open-Shell Singlet Ground State. Angew. Chem., Int. 

Ed. 56, 3280–3284 (2017). 

(18) Hsieh, Y.-C., Wu, C.-F., Chen, Y.-T., Fang, C.-T., Wang, C.-S., Li, C.-H., Chen, L.-Y., 

Cheng, M.-J., Chueh, C.-C., Chou, P.-T. & Wu, Y.-T. 5,14-Diaryldiindeno[2,1-f :1′,2′-



 

 
 

13 

j]Picene: A New Stable [7]Helicene with a Partial Biradical Character. J. Am. Chem. Soc. 

140, 14357–14366 (2018). 

(19) Ma, J., Zhang, K., Schellhammer, K. S., Fu, Y., Komber, H., Xu, C., Popov, A. A., 

Hennersdorf, F., Weigand, J. J., Zhou, S., Pisula, W., Ortmann, F., Berger, R., Liu, J. & 

Feng, X. Wave-Shaped Polycyclic Hydrocarbons with Controlled Aromaticity. Chem. Sci. 

10, 4025–4031 (2019). 

(20) Barth, W. E. & Lawton, R. G. Dibenzo[ghi,mno]fluoranthene. J. Am. Chem. Soc. 88, 380–

381 (1966). 

(21) Rabideau, P. W., Abdourazak, A. H., Folsom, H. E., Marcinow, Z., Sygula, A. & Sygula, 

R. Buckybowls: Synthesis and Ab Initio Calculated Structure of the First 

Semibuckminsterfullerene. J. Am. Chem. Soc. 116, 7891–7892 (1994). 

(22) Sakurai, H., Daiko, T. & Hirao, T. A Synthesis of Sumanene, a Fullerene Fragment. 

Science 301, 1878–1878 (2003). 

(23) Petrukhina, M. A., Andreini, K. W., Peng, L. & Scott, L. T. Hemibuckminsterfullerene 

C30H12: X-Ray Crystal Structures of the Parent Hydrocarbon and of the Two-Dimensional 

Organometallic Network {[Rh2(O2CCF3)4]3·(C30H12)}. Angew. Chem., Int. Ed. 43, 5477–

5481 (2004). 

(24) Steinberg, B. D., Jackson, E. A., Filatov, A. S., Wakamiya, A., Petrukhina, M. A. & Scott, 

L. T. Aromatic π-Systems More Curved Than C60. The Complete Family of All 

Indenocorannulenes Synthesized by Iterative Microwave-Assisted Intramolecular 

Arylations. J. Am. Chem. Soc. 131, 10537–10545 (2009). 

(25) Scott, L. T., Jackson, E. A., Zhang, Q., Steinberg, B. D., Bancu, M. & Li, B. A Short, 

Rigid, Structurally Pure Carbon Nanotube by Stepwise Chemical Synthesis. J. Am. Chem. 

Soc. 134, 107–110 (2012). 

(26) Wegner, H. A., Reisch, H., Rauch, K., Demeter, A., Zachariasse, K. A., de Meijere, A. & 

Scott, L. T. Oligoindenopyrenes: A New Class of Polycyclic Aromatics. J. Org. Chem. 71, 

9080–9087 (2006). 



 

 
 

14 

(27) Wu, T.-C., Hsin, H.-J., Kuo, M.-Y., Li, C.-H. & Wu, Y.-T. Synthesis and Structural 

Analysis of a Highly Curved Buckybowl Containing Corannulene and Sumanene 

Fragments. J. Am. Chem. Soc. 133, 16319–16321 (2011). 

(28) Wu, T.-C., Chen, M.-K., Lee, Y.-W., Kuo, M.-Y. & Wu, Y.-T. Bowl-Shaped Fragments of 

C70 or Higher Fullerenes: Synthesis, Structural Analysis, and Inversion Dynamics. Angew. 

Chem., Int. Ed. 52, 1289–1293 (2013). 

(29) Chen, M.-K., Hsin, H.-J., Wu, T.-C., Kang, B.-Y., Lee, Y.-W., Kuo, M.-Y. & Wu, Y.-T. 

Highly Curved Bowl-Shaped Fragments of Fullerenes: Synthesis, Structural Analysis, 

and Physical Properties. Chem.-Eur. J. 20, 598–608 (2014). 

(30) Stöckl, Q. S., Hsieh, Y.-C., Mairena, A., Wu, Y.-T. & Ernst, K.-H. Aggregation of C70-

Fragment Buckybowls on Surfaces: π–H and π–π Bonding in Bowl Up-Side-Down 

Ensembles. J. Am. Chem. Soc. 138, 6111–6114 (2016). 

(31) Liu, J., Osella, S., Ma, J., Berger, R., Beljonne, D., Schollmeyer, D., Feng, X. & Müllen, 

K. Fused Dibenzo[a,m]Rubicene: A New Bowl-Shaped Subunit of C70 Containing Two 

Pentagons. J. Am. Chem. Soc. 138, 8364–8367 (2016). 

(32) Papaianina, O., Akhmetov, V. A., Goryunkov, A. A., Hampel, F., Heinemann, F. W. & 

Amsharov, K. Y. Synthesis of Rationally Halogenated Buckybowls by Chemoselective 

Aromatic C−F Bond Activation. Angew. Chem., Int. Ed. 56, 4834–4838 (2017). 

(33) Hishikawa, S., Okabe, Y., Tsuruoka, R., Higashibayashi, S., Ohtsu, H., Kawano, M., 

Yakiyama, Y. & Sakurai, H. Synthesis of a C70 Fragment Buckybowl C28H14 from a C60 

Fragment Sumanene. Chem. Lett. 46, 1556–1559 (2017). 

(34) Huang, J.-L., Rao, B., Kumar, M. P., Lu, H.-F., Chao, I. & Lin, C.-H. 

Dicyclopenta[ghi,pqr]Perylene as a Structural Motif for Bowl-Shaped Hydrocarbons: 

Synthetic and Conformational Studies. Org. Lett. 21, 2504–2508 (2019). 

 (35) Gao, G., Chen, M., Roberts, J., Feng, M., Xiao, C., Zhang, G., Parkin, S., Risko, C. & 

Zhang, L. Rational Functionalization of a C70 Buckybowl To Enable a C70: Buckybowl 

Cocrystal for Organic Semiconductor Applications. J. Am. Chem. Soc. 142, 2460–2470 

(2020). 



 

 
 

15 

(36) Zou, Y., Zeng, W., Gopalakrishna, T. Y., Han, Y., Jiang, Q. & Wu, J. Dicyclopenta[4,3,2,1-

ghi :4′,3′,2′,1′-pqr]Perylene: A Bowl-Shaped Fragment of Fullerene C70 with Global 

Antiaromaticity. J. Am. Chem. Soc. 141, 7266–7270 (2019). 

(37) Nishinaga, T., Ohmae, T. & Iyoda, M. Recent Studies on the Aromaticity and 

Antiaromaticity of Planar Cyclooctatetraene. Symmetry 2, 76–97 (2010). 

(38) Braunschweig, H. & Kupfer, T. Recent Developments in the Chemistry of Antiaromatic 

Boroles. Chem. Commun. 47, 10903 (2011). 

(39) Sung, Y. M., Oh, J., Cha, W.-Y., Kim, W., Lim, J. M., Yoon, M.-C. & Kim, D. Control 

and Switching of Aromaticity in Various All-Aza-Expanded Porphyrins: Spectroscopic 

and Theoretical Analyses. Chem. Rev. 117, 2257–2312 (2017). 

(40) Frederickson, C. K., Rose, B. D. & Haley, M. M. Explorations of the Indenofluorenes and 

Expanded Quinoidal Analogues. Acc. Chem. Res. 50, 977–987 (2017). 

(41) Yokoi, H., Hiraoka, Y., Hiroto, S., Sakamaki, D., Seki, S. & Shinokubo, H. Nitrogen-

Embedded Buckybowl and Its Assembly with C60. Nat. Commun. 6, 8215 (2015). 

(42) Miyamoto, N., Nakazawa, Y., Nakamura, T., Okano, K., Sato, S., Sun, Z., Isobe, H. & 

Tokuyama, H. Synthesis of 9,10-Diarylanthracenes via Mg(TMP)2·2LiCl-Mediated 

Benzyne Generation/[4+2] Cycloaddition and Deoxygenation of 9,10-Epoxyanthracene 

Intermediates. Synlett 29, 513–518 (2018). 

(43) Henderson, C. C. & Cahill, P. A. C60H2: Synthesis of the Simplest C60 Hydrocarbon 

Derivative. Science 259, 1885–1887 (1993). 

(44) Bronstein, H. E. & Scott, L. T. Fullerene-like Chemistry at the Interior Carbon Atoms of 

an Alkene-Centered C26H12 Geodesic Polyarene. J. Org. Chem. 73, 88–93 (2008). 

(45) Preda, D. V. & Scott, L. T. Addition of Dihalocarbenes to Corannulene. A Fullerene-type 

Reaction. Tetrahedron Lett. 41, 9633–9637 (2000). 

(46) Zabula, A. V., Spisak, S. N., Filatov, A. S., Rogachev, A. Y. & Petrukhina, M. A. A Strain-

Releasing Trap for Highly Reactive Electrophiles: Structural Characterization of Bowl-

Shaped Arenium Carbocations. Angew. Chem., Int. Ed. 50, 2971–2974 (2011). 



 

 
 

16 

(47) McWeeny, R. Ring Currents and Proton Magnetic Resonance in Aromatic Molecules. 

Mol. Phys. 1, 311–321 (1958). 

(48) Aihara, J.-i. General Formulas for Evaluating Ring Currents Induced in a Polycyclic 

Conjugated System. Bull. Chem. Soc. Jpn. 58, 1045–1046 (1985). 

(49) Preshlock, S. M., Ghaffari, B., Maligres, P. E., Krska, S. W., Maleczka, Jr., R. E. & Smith, 

III, M. R. High-Throughput Optimization of Ir-Catalyzed C–H Borylation: A Tutorial for 

Practical Applications. J. Am. Chem. Soc. 135, 7572–7582 (2013). 

(50) Gasparro, F. P. & Kolodny, N. H. NMR Determination of the Rotational Barrier in N,N-

Dimethylacetamide. A Physical Chemistry Experiment. J. Chem. Educ. 54, 258 (1977). 

(51) Konishi, A., Hirao, Y., Matsumoto, K., Kurata, H., Kishi, R., Shigeta, Y., Nakano, M., 

Tokunaga, K., Kamada, K. & Kubo, T. Synthesis and Characterization of Quarteranthene: 

Elucidating the Characteristics of the Edge State of Graphene Nanoribbons at the 

Molecular Level. J. Am. Chem. Soc. 135, 1430–1437 (2013). 

(52) Lemal, D. M. & Goldman, G. D. Synthesis of Azulene, a Blue Hydrocarbon. J. Chem. 

Educ. 65, 923–925 (1988). 

(53) Okamoto, K., Kitagawa, T., Takeuchi, K., Komatsu, K., Kinoshita, T., Aonuma, S., Nagai, 

M. & Miyabo, A. Isolation and Properties of Hydrocarbon Salts. J. Org. Chem. 55, 996–

1002 (1990). 

(54) Komatsu, K. & Kitagawa, T. Cyclopropenylium Cations, Cyclopropenones, and 

Heteroanalogues Recent Advances. Chem. Rev. 103, 1371–1428 (2003). 

(55) Wood, J. D., Jellison, J. L., Finke, A. D., Wang, L. & Plunkett, K. N. Electron Acceptors 

Based on Functionalizable Cyclopenta[hi]Aceanthrylenes and 

Dicyclopenta[de,mn]Tetracenes. J. Am. Chem. Soc. 134, 15783–15789 (2012). 

(56) Jellison, J. L., Lee, C.-H., Zhu, X., Wood, J. D. & Plunkett, K. N. Electron Acceptors 

Based on an All-Carbon Donor-Acceptor Copolymer. Angew. Chem., Int. Ed. 51, 12321–

12324 (2012). 



 

 
 

17 

(57) Koper, C., Sarobe, M. & Jenneskens, L. W. Redox Properties of Non-alternant 

Cyclopenta-Fused Polycyclic Aromatic Hydrocarbons: The Effect of Peripheral Pentagon 

Annelation. Phys. Chem. Chem. Phys. 6, 319–327 (2004). 
 

(58) Chen, Z., Wannere, C. S., Corminboeuf, C., Puchta, R. & Schleyer, P. v. R. Nucleus-

Independent Chemical Shifts (NICS) as an Aromaticity Criterion. Chem. Rev. 105, 3842–

3888 (2005). 

(59) Schleyer, P. v. R., Maerker, C., Dransfeld, A., Jiao, H. & van Eikema Hommes, N. J. R. 

Nucleus-Independent Chemical Shifts: A Simple and Efficient Aromaticity Probe. J. Am. 

Chem. Soc. 118, 6317–6318 (1996). 

(60) Geuenich, D., Hess, K., Köhler, F. & Herges, R. Anisotropy of the Induced Current 

Density (ACID), a General Method To Quantify and Visualize Electronic Delocalization. 

Chem. Rev. 105, 3758–3772 (2005). 

 

Acknowledgments This work was supported by JSPS KAKENHI grants JP26102003, 

JP15K21721 and JP17H01190.  

 

Author contributions H.S. and N.F. designed and conducted the project and prepared the 

manuscript. Y.T. carried out the synthesis and characterization.  

 

Competing interests The authors declare no competing interests. 

 

Additional Information 

Supplementary information is available. 


