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Abstract 

Fullerenes are compelling molecular materials owing to their exceptional robustness toward 

multi-electron reduction. Although scientists have attempted to address this feature by 

synthesizing various fragment molecules, the origin of this electron affinity remains unclear. 

Several structural factors have been suggested, including high symmetry, curved structures, and 

five-membered ring substructures. To elucidate the role of the five-membered ring 

substructures without the influence of high symmetry and curved structure, we herein report 

the synthesis and electron-accepting properties of oligo(biindenylidene)s, a one-dimensional 

fragment of fullerene C60. Electrochemical studies corroborated that oligo(biindenylidene)s 

accept electrons equal to the number of five-membered rings in their main chains. Moreover, 

ultraviolet/visible/near-infrared absorption spectroscopy revealed that oligo(biindenylidene)s 

exhibit significantly enhanced absorption covering the entire visible region in relation to C60. 

These results highlight the significance of the pentagonal substructure for attaining stability 

toward multi-electron reduction and provide a new strategy for the molecular design of 

electron-accepting p-conjugated hydrocarbons. 

 

 

Fullerenes have fascinated scientists in broad research fields since the discovery of 

buckminsterfullerene C60.1 In addition to the attractive spherical structure with high symmetry, 

their electron-accepting characteristic is notable among p-conjugated materials. Fullerenes 

have exceptional stability toward multi-electron reduction, unlike other electron-accepting p-

conjugated systems.2,3 For example, C60 reportedly undergoes 6-electron and 12-electron 
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reductions in solution2 and the solid states, respectively.3 This robustness toward multi-electron 

reduction enables access to various alkaline metal salts, among which Cs3C60 exhibits 

superconductivity with the transition temperature (Tc) of 38 K, which is the highest value 

among all the molecular materials.4–6 Moreover, their moderately low-lying lowest unoccupied 

molecular orbital (LUMO)7–9 and high electron mobility10,11 have rendered them a central role 

as electron-transporting materials.12 It is remarkable that this high electron affinity is realized 

based on the carbon-only framework. This is unlike the molecular design of most electron-

accepting organic materials, which relies on introducing electron-withdrawing atoms or groups, 

such as fluorine,13–15 chlorine,14 cyano,16–18 carbonyl,17–19 and imine moieties,17,19 into p-

conjugated systems. 

Hence, the minimum structural basis for the high electron affinity and exceptional stability 

toward the multi-electron reduction of fullerenes are of interest. Several structural factors have 

been proposed, including the degeneracy of LUMO and LUMO+1 due to the highly 

symmetrical structure, the mitigation of bond angle strain around the carbon atoms upon 

reduction due to the inherently curved structure, and the presence of five-membered ring 

substructures (Fig. 1a).8,20–21 Although p-conjugated hydrocarbons with fragment structures of 

fullerenes can be promising for understanding the effect of each factor, most fullerene fragment 

molecules reported to date, such as corannulene22,23 and sumanene,24 as well as larger 

molecules25–30 have bowl-shaped structures (Supplementary Fig. 1). This fact indicates that the 

curved structure of the fullerenes is of significant interest. Although Brunetti and coworkers 

reported p-extended 9,9'-bifluorenylidene derivatives composed of a C60 substructure without 

curvature,31 their highly twisted structures impede the effective extension of the p-conjugation, 

limiting the contribution of five-membered rings. A fragment molecule with effective p-

conjugation between the five-membered ring substructures similar to that of C60 without a 

curved structure is necessary to clarify the role of five-membered rings on the high electron 

affinity and robustness toward multi-electron reduction of fullerenes.  
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Fig. 1. Origin of prominent electron-accepting character of fullerenes. a. Three proposed structural factors for the 
electron-accepting character of fullerenes. b. Our molecular design of p-conjugated polymer 2 based on the hoop-
shaped substructure 1 of C60. c. End-capped oligo(biindenylidene)s 3 and 4 examined in this study. 

 

Therefore, to elucidate the role of the five-membered ring substructures in the exceptional 

electron affinity of fullerenes without the influence of high symmetry and curved structure, we 

conceived a molecular design of p-conjugated oligomers 3 and 4 composed of a one-

dimensional fragment of C60 in their main chains (Fig. 1c) based on the following idea. First, 

we focused on the hoop-shaped substructure of C60 wherein 6 five-membered rings were 

linearly connected, that is, cyclic ter(1,1'-biindenylidene) 1 (Fig. 1b). Next, based on the 

similarity of the p-conjugated hoops and corresponding linear π-conjugated polymers, 

excluding their symmetry and structural distortion,32,33 we designed linear π-conjugated 

polymer 2 with an identical repeating unit to eliminate the curvature effect. We also anticipated 

that it could be an excellent platform for demonstrating the effect of five-membered rings on 

the stability toward the multi-electron reduction as the number of five-membered rings per 
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molecule can be increased by elongating the chain length. Poly(pentafulvalene)s, including 2, 

have previously been studied as candidate structures for narrow- or zero-bandgap polymers by 

quantum chemical calculations34–37 although their electron-accepting characteristics have not 

yet been discussed. Moreover, the synthesis of p-conjugated oligomers or polymers of 

pentafulvalenes has not yet been reported. In this study, to clarify the molecular structures and 

chain-length dependence of the properties, we designed 3 and 4, wherein both ends of the one-

dimensional C60 fragment (2) were end-capped with phenyl and 4-silylphenyl groups, 

respectively (Fig. 1c). Herein, we report the syntheses and properties of 3 and 4 up to n = 3. X-

ray crystallographic analyses showed that the C60 fragment structures in 3 and 4 were unaffected 

by the pyramidalization of carbon atoms. Electrochemical and photophysical studies revealed 

the role of five-membered rings in the exceptional electron-accepting characteristic of C60 

without electron-withdrawing groups. Moreover, comparison of the electronic structures of 3 

and 4 with those of C60 revealed the characteristics of oligo(biindenylidene)s, reflecting one-

dimensional p-conjugation between the five-membered rings. 

 

Results and discussion 

Synthesis and characterization. Oligo(1,1'-biindenylidene)s 3 and 4 were synthesized by 

iterative cross-coupling reactions using 3,3'-dibromo-1,1'-biindenylidene (5)38,39 as a precursor. 

Initially, we attempted synthesizing monoarylated 1,1'-biindenylidenes (6a and 7a) as end-

capping building blocks by Pd-catalyzed Negishi coupling of dibromide 5 with arylzinc 

chloride (Fig. 2, top). However, careful separation of the products provided the expected cross-

coupling products, such as monophenylated biindenylidene 6a (15% yield) and diphenylated 

biindenylidene 3a (4% yield), and the monophenylated biindenylidene dimer (6b, 1% yield), 

diphenylated biindenylidene dimer (3b, 1% yield), and trimer (3c, 0.9% yield). The reaction 

using trialkylsilyl-substituted phenylzinc chloride gave results identical to those described 

above, and the corresponding oligo(biindenylidene)s with silyl groups at both terminals (4a–c) 

were obtained (Fig. 2, top). Conversely, trimers 3c and 4c were obtained in improved yields of 

59% and 45%, respectively, by the Suzuki–Miyaura coupling of organoboronate 8, which was 

prepared by Pd-catalyzed borylation of 5 (Fig. 2, bottom) with 6a and 7a.  

The molecular structures of oligo(biindenylidene)s 3a–c and 4a–c obtained were verified by 

nuclear magnetic resonance (NMR) and mass spectroscopy, and those of the monomers (3a and 

4a) and dimers (3b and 4b) were confirmed by single-crystal X-ray diffraction analyses (Fig. 3 

and Supplementary Fig. 2, vide infra). Notably, 3a–c and 4a–c were stable under ambient 
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conditions and could be handled without any precautions. Furthermore, a series of 

oligo(biindenylidene)s exhibited moderate solubility in common organic solvents. For example, 

the solubilities of 3b and 3c in CH2Cl2 were 5 and 2 g L–1, respectively, which are one order of 

magnitude higher than that of C60 (0.26 g L–1).40 

 

 
Fig. 2. Synthesis of biindenylidene oligomers. 

 

Single-crystal X-ray diffraction analyses of 3b and 4b revealed one-dimensional p-

conjugated frameworks wherein the biindenylidene units were directly bonded with the same 

connectivity as those in C60 (Fig. 3a and b). Each biindenylidene unit had an E configuration, 

and all the adjacent units adopted s-trans conformation. The C–C bond lengths in the 

biindenylidene units of 3b and 4b were comparable to those of the corresponding 3a and 4a 

without any noticeable dimerization effect (Supplementary Table 1). Although their p-

conjugated frameworks deviated from coplanarity, the conformation differed depending on the 

terminal substituents. In particular, the biindenylidene skeletons in phenyl-capped 3b and 

trialkylsilylphenyl-capped 4b were slightly twisted to comparable extents, with intra-unit 

torsion angles (C2–C1–C10–C11) of 160.6° and –166.4°, respectively, because of the steric 

repulsion between peripheral C and H bonds. Conversely, the inter-unit torsion angles (C11–

C12–C12*–C11*) were 180° and 152.8° for 3b and 4b, respectively, reflecting conformational 

flexibility around the freely rotatable C–C bonds (Fig. 3c and d). Consequently, the p-

conjugated chains of 3b and 4b exhibited substantially different S-shaped conformations with 
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a Ci symmetry center and an arch-like shape with a C2 symmetry axis, respectively, resulting 

in different packing motifs of the offset π-stacked arrays (Fig. 3c) and one-dimensional p-

stacked columns (Fig. 3d), respectively. Nevertheless, the torsional angles in 3b and 4b were 

sufficiently small for extending p-conjugation over the main chains. Despite these 

conformational differences, all sp2 carbon atoms in the biindenylidene skeletons of 3b and 4b 

maintained a planar geometry without pyramidalization. These results demonstrate that 

oligo(biindenylidene)s are suitable for studying the effect of five-membered rings on the 

electron affinity of p-conjugated hydrocarbons without the influence of the curved structure. 

 

  
Fig. 3. X-ray crystal structures of biindenylidene dimers 3b (a, c) and 4b (b, d) drawn by thermal ellipsoid plots 
(50% probability for thermal ellipsoids): gray, carbon; white, hydrogen; yellow, silicon; green, chlorine. a, b. Top 
view of 3b and 4b. CH2Cl2 molecules in the crystal lattices of 4b are omitted for clarity. c, d. Crystal-packing 
structure of 3b and 4b.  

 

Electrochemical properties. To corroborate the dependence of the redox properties on the 

number of five-membered rings, the electrochemical properties of oligo(biindenylidene)s were 

examined using cyclic voltammetry. Trialkylsilylphenyl-capped biindenylidene oligomers 4a–

c were employed for the measurements owing to the low solubility of the phenyl-capped 3c in 

tetrahydrofuran (THF). The cyclic voltammograms of 4a, 4b, and 4c in THF showed two-, 

four-, and five-step reversible redox processes in the reductive region, respectively (Fig. 4a), 

and irreversible redox processes in the oxidative region (Supplementary Fig. 4). Considering 

that the first redox wave of 4c was characterized by two-electron redox processes based on peak 
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current analyses (Supplementary Discussion 1), 4a, 4b, and 4c underwent two-, four-, and six-

electron reductions, respectively, within the electrochemical window of THF. These results 

demonstrate that oligo(biindenylidene)s can accept electrons equal to the number of five-

membered rings in their main chains. Accordingly, the five-membered ring substructure 

ensures the prominent stability of the π-conjugated hydrocarbons toward multi-electron 

reduction, even without a curved structure or electron-withdrawing substituents. 

 

 
Fig. 4. Electrochemical properties of oligo(biindenylidene)s compared to those of C60. a. Cyclic voltammograms 
of 4a–c and C60 measured at a scan rate of 0.1 V s–1 in tetrahydrofuran using [n-Bu4N][PF6] (0.1 M) as the 
supporting electrolyte. All potentials are referenced against the ferrocene/ferrocenium (Fc/Fc+) couple. b. Plot of 
selected bond lengths in the optimized geometries of 4b' in the charge-neutral (black) and dianionic states (red) 
calculated at the PBE0/6-31+G(d) level of theory. c. Electrostatic potential map calculated at the MP2/6-31+G(d) 
level of theory and the proposed structure of [4b']2–. 

 

The number of five-membered rings also gave the significant impact on the electron affinity 

of oligo(biindenylidene)s. Similar to those of various π-conjugated oligomers, the E1/2,red1 

values of 4a–c shifted in the positive direction as the chain length increased (4a: –1.48 V, 4b: 

–1.19 V, and 4c: –1.09 V versus ferrocene/ferrocenium (Fc/Fc+)), reflecting the decrease in the 

LUMO energy levels via the effective interaction between the π* orbitals of the biindenylidene 

moiety. Accordingly, the E1/2,red1 value of 4c was close to that of C60 (–0.89 V versus Fc/Fc+), 



 

 8 

albeit slightly more negative. This result suggests that the oligo(biindenylidene) substructure 

of C60 also plays a crucial role in its high electron affinity. 

Oligo(biindenylidenes)s exhibit high electron affinity and stability toward multi-electron 

reduction close to fullerenes. However, electrochemical studies have also highlighted a feature 

of oligo(biindenylidene)s based on one-dimensional p-conjugated chains. Unlike C60 that 

undergoes multi-electron reduction in a stepwise manner with almost constant peak separations, 

oligo(biindenylidene)s 4 showed distinct behavior depending on the chain length. In particular, 

the separation of the first and second reductive waves decreased from 0.31 V (4a) to 0.15 V 

(4b) as the chain length increased, and these two waves merged into a single two-electron peak 

at 4c. This peak separation decrease was in contrast with those of the subsequent reductive 

waves in 4b and 4c. The quantum chemical calculations of 4b', a model compound of 4b 

wherein t-BuMe2Si groups were simplified to Me3Si groups to reduce the computational costs, 

demonstrated the localization of charge densities in the dianionic dimer ([4b']2–) on the 

indenylidene skeletons at both terminals (Fig. 4c). This localization should be ascribed to the 

minimization of the electronic repulsion and the stabilization caused by the 10p aromaticity of 

the two indenyl anion moieties (Fig. 4b and c, and Supplementary Fig. 9). This charge 

separation in the dianion may be responsible for decreasing the peak separation of the first and 

second reduction waves as the chain length increases and reflects the structural feature of one-

dimensional p-conjugated chains. 

 

Electronic absorption. The ultraviolet/visible/near-infrared absorption spectra of 3 and 4 in 

CH2Cl2 were compared with that of C60, highlighting the characteristics of 

oligo(biindenylidene)s (Fig. 5a and Supplementary Fig. 5). Similar to conventional p-

conjugated oligomers, the increase in chain lengths of oligo(biindenylidene)s from 3a to 3c and 

from 4a to 4c resulted in a substantial redshift and an increase in the molar extinction 

coefficients (e) of the longest wavelength absorption bands. In particular, the longest 

wavelength absorption band of phenyl-capped 3c with an absorption maximum wavelength 

(lmax) of 653 nm was substantially red-shifted by 171 nm (5400 cm–1) compared to that of the 

corresponding 3a (lmax = 482 nm), and its e value of 5.34 × 104 M–1 cm–1 also increased (3a: 

1.32 × 104 M–1 cm–1). Notably, all oligo(biindenylidene)s showed intense absorption bands with 

e values larger than 104 M–1 cm–1 in the visible region, which was in contrast to the weak 

absorption of C60 (e < 103 M–1 cm–1) because of symmetry-forbidden transitions. In particular, 

the absorption spectra of 3c and 4c cover the entire visible region and reach the NIR region. 
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This pronounced light absorption of oligo(biindenylidene)s might represent a characteristic 

property owing to their topological difference from C60. Conversely, 3a–c and 4a–c were 

virtually nonfluorescent despite the allowed nature of the S0→S1 transitions. Although the 

reason for this remains unclear, nonradiative decay processes via intersystem crossing or 

conical intersection may be responsible for the lack of fluorescence. 

 

Fig. 5. Photophysical properties of oligo(biindenylidene)s compared with that of C60. a. Ultraviolet/visible/near-
infrared electronic absorption spectra of 3a–c and C60 in CH2Cl2. Inset: magnified spectra in the wavelength range 
from 400–750 nm to clarify the absorption bands of C60. b. Energy diagrams and pictorial representations of the 
Kohn–Sham frontier molecular orbitals for the optimized geometries of 3a–c (C1 symmetry) and C60 (Ih symmetry) 
and the time-dependent DFT vertical excitations for the lowest-energy transitions calculated at the PBE0/6-
31+G(d) level of theory. 

 

Time-dependent (TD) DFT calculations at the PBE0/6-31+G(d) level indicated that the 

highest-occupied molecular orbitals (HOMOs) and LUMOs of 3a–c were characterized as 
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delocalized p and p* orbitals over the main chains with a negligible contribution from fused 

and terminal benzene rings, supporting the effective orbital interactions between the 

biindenylidene units (Fig. 5b and Supplementary Fig. 6). In contrast to the low-lying LUMO 

levels of 3a–c close to C60, the HOMO levels of 3a, 3b, and 3c (–5.76, –5.53, and –5.45 eV, 

respectively) were substantially higher than that of C60 (–6.63 eV). These high-lying HOMO 

levels of 3c are possibly responsible for the significantly narrower HOMO–LUMO gap than 

that of C60, resulting a smaller S0→S1 vertical excitation energy (3c: 1.72 eV, C60: 2.16 eV). 

Furthermore, the oscillator strength f of the S0→S1 transition in 3c (f = 1.767) was larger than 

that of C60 (f = 0.000) because of its lower symmetry (Fig. 5b and Supplementary Table 3). 

These relatively high-lying HOMO and the symmetry-allowed characteristic of the S0→S1 

transition in the oligo(biindenylidene)s can be attributed to polyene-like one-dimensional p-

conjugation. 

 

Conclusion 

To elucidate the origin of the high electron affinity and stability toward the multi-electron 

reduction of fullerenes with only a carbon skeleton, we designed and synthesized end-capped 

3 and 4, which are π-conjugated hydrocarbons composed of a one-dimensional fragment of 

buckminsterfullerene C60 with the same connectivity between the five-membered rings. 

Crystallographic analysis of 3 and 4 confirmed that all sp2 carbon atoms in their p-conjugated 

frameworks adopt trigonal planar geometries, unlike the pyramidalized carbon atoms in 

conventional fullerene fragment molecules. These oligo(biindenylidene)s have one-

dimensional π-conjugated chains wherein the five-membered rings are directly connected. 

Electrochemical studies of oligo(biindenylidene)s 4 revealed that these oligo(biindenylidene)s 

accept electrons equal to the number of five-membered rings in their main chains and 

experimentally corroborated that the five-membered ring substructures play a crucial role in 

attaining robustness toward multi-electron reduction. Notably, oligo(biindenylidene)s, which 

are small-molecule π-conjugated hydrocarbons that do not have a rigid structure or curvature 

like fullerenes, can accept up to six electrons without noticeable decomposition.  

In contrast to the similarity with fullerenes in terms of electron affinity, the one-dimensional 

π-conjugation in oligo(biindenylidene)s resulted in pronounced absorption covering the entire 

visible region, unlike the weak absorption of C60 attributable to the highly symmetrical structure. 

The current results highlight the significance of the pentagonal substructure for attaining 
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stability toward multi-electron reduction and provide a new strategy for the molecular design 

of electron-accepting π-conjugated hydrocarbons. 

 

Data availability 

The crystallographic data (CIF files) of 3a, 3b, 4a, 4b, 6a, 7a, and 8 have been deposited with 

the Cambridge Crystallographic Data Centre (CCDC) as supplementary publications; CCDC 

2184328–2184334 contain the supplementary crystallographic data. These data can be obtained 

free of charge from CCDC at [www.ccdc.cam.ac.uk/data_request/cif]. All other data generated 

or analyzed during the study are available in this article and its Supplementary Information files. 
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