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Abstract  

Elongating carbon–carbon (C–C) single bonds is challenging in terms of molecular design 

and synthesis, and in understanding the nature of the long bonds. Herein, we demonstrate that 

a C–C bond longer than 2.0 Å can be realised by face-to-face interactions between fluorenyl 

rings. A small orbital overlap between the distantly positioned carbon atoms is observed as a 

small concentration of electrons on the X-ray electron density maps. The highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the 

compound originate from the in-phase and out-of-phase interactions of the overlapping 

orbitals, respectively, with a gap of 2.39 eV. Solid-state 13C NMR spectroscopy shows a 

sharp peak at 82.9 ppm for the long-bonded carbons, while a CASSCF(6,6) calculation 

indicates a small diradical character. The experimental and theoretical analyses reveal a 

sufficient covalent bonding character in the long C–C bond.  



2 
 

Introduction 

The covalent bond is one of the most fundamental concepts in organic chemistry, wherein the 

strength of a covalent bond depends on the extent of the overlap integral between the orbitals 

of the atoms sharing the pair of electrons. The deviation from standard structures caused by 

the stretching, twisting, or bending of bonds leads to a reduction in the overlap of orbitals 

between atoms, and so the question of whether atoms in a special state are bonded or not is an 

important issue when defining covalent bonds. More specifically, bond elongation has played 

an important role in learning the limits of covalent bonds1–7, and recent studies on compounds 

possessing long C–C single bonds8–15 have provided more a detailed understanding of 

covalent bonds. In particular, electron density analysis suggests that a C–C bond with a 

distance of ~1.9 Å is in the boundary region of covalent bonding14. Herein we report the 

synthesis and characterisation of a fluorenyl-based hydrocarbon compound 1, in which a 

sufficiently large covalent bonding interaction is present between carbon atoms, even with an 

interatomic distance of 2.04 Å. 

 

Results and discussion 

Compound 1 (Fig. 1), which contains a long C–C bond, was prepared over four steps from 

commercially available 9-fluorenone, as outlined in Scheme S1. More specifically, 

deprotonation of the dihydro-precursor (2) led to a dianionic species (3), which adopted a C3-

symmetric propeller-like structure, as confirmed by 1H NMR spectroscopy and X-ray crystal 

structural analysis (Figs. S1 and S2, respectively). The two-electron oxidation of 3 with p-

chloranil afforded neutral compound 1 as dark purple crystals, which were sparingly soluble 

in common organic solvents. Crystals stored under air at room temperature for two years 

showed no appreciable decomposition. X-ray crystal structure analysis revealed that the two 

fluorenyl rings in 1 adopt a face-to-face alignment, instead of a propeller-like structure (Fig. 



3 
 

1b), and a distant C–C interatomic contact was found between the carbon atoms (C2 and C3 

in Fig. 1b) at the 9-positions of the face-to-face fluorenyl rings. Based on single crystal X-ray 

analysis, the C–C distance was determined to be 2.0415(5) Å at 90 K, and this distance was 

well reproduced (2.0478 Å) by density functional theory (DFT) calculations at the B3LYP-

D3/6-311+G** level of theory (see Table S1 for a DFT benchmark study). This level of 

calculation using the optimised geometry also successfully reproduced the Raman spectrum 

measured at 100 K (Fig. S3). Furthermore, the Hirshfeld’s rigid bond test16 and difference 

Fourier analysis on the structure of 1 (90 K) derived from refinement of the high-order 

diffraction data indicated that the observed C–C distance of >2.0 Å is an intrinsic feature, and 

is not a result of structural disorder (see the SI for the high-order refinements and analyses). 

The geometries around C2 and C3 are planar and the sum of the bond angles surrounding C2 

and C3 are 359.92 and 359.87°, respectively, thereby suggesting their sp2 hybridisation. 

Considering that the parent fluorenyl radical possesses a large spin density of >0.5 at the 9-

position17, an appreciable electron–electron interaction appears to be present between C2 and 

C3. 
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Fig. 1. Structure of 1. a, Chemical structure of 1. b, An ORTEP drawing of 1 at 90 K. 

Thermal ellipsoids are drawn at the 50% probability level. c, Static model deformation 

density maps on the C1-C2-C3 plane, and d, cross-sectional view of the C1-C2-C3 plane 

along the line connecting C1 and the midpoint between the C2 and C3 atoms. The 

concentration of electron density between C2 and C3 is marked by a green circle. The blue 

lines represent positive contours from 0.01 to 0.05 e Å−3 in steps of 0.01 e Å−3 and from 0.10 

to 0.50 e Å−3 in steps of 0.05 e Å−3. The red lines represent negative contours from −0.05 to 

−0.50 in steps of −0.05 e Å−3. 

 

To gain deeper insight into the electronic interaction between C2 and C3, we 

performed electron density distribution (EDD) analysis to visualise the distribution of valence 

electrons in the crystalline state18. The single-crystal X-ray diffraction data of 1 were 

obtained up to [sinθ / λ]max = 1.11 Å−1 using Mo Kα radiation at 90 K. Figures 1c and 1d 

show the static model deformation density maps19,20 of 1 (90 K) on the C1-C2-C3 plane and 

the cross section of the C1-C2-C3 plane through the skeletal carbons. A concentration of 

electron density (peak height ≈ +0.03 e Å−3, green circle in Figs. 1c and 1d) is apparently 

recognised between C2 and C3, indicating orbital overlap that allows the sharing of electrons 

in the C2–C3 region. The deformation electron density lies outside the line connecting C2 

and C3, like the bent bond of cyclopropane. This observation strongly supports the existence 

of a sufficient covalent bonding interaction between C2 and C3. Indeed, the height of the 

electron density corresponds to the Bader’s bond order21 of 0.26. The Wiberg bond index 

(WBI) of 0.485, as derived from natural bond orbital (NBO) analysis based on the DFT 

calculations of 1 (90 K) at the B3LYP-D3/6-311+G** level of theory, also supports the 

presence of a large bonding interaction. The strength of the covalent bonding interaction, 

which was estimated from the singlet–triplet vertical excitation energy (ΔES–T) by a B3LYP-
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D3/6-311+G** calculation of 1 (90 K), reached up to 138 kJ mol−1. Within the Heitler–

London approximation, the covalent term K can be described as half the ΔES–T. Therefore, the 

covalent bonding interaction of 1 (90 K) remains sufficiently large in comparison to that of 

multicentre long bonds (pancake bonds) in π-dimers of radical species22,23. On the other hand, 

the atoms-in-molecules (AIM) analysis24 based on the experimental EDD indicated the lack 

of a bond critical point (BCP) between C2 and C3 despite the presence of a positive 

deformation electron density. AIM analysis based on the theoretical electron density, which 

was determined by a B3LYP-D3/6-311+G** calculation25 based on the X-ray structure at 90 

K, also showed no BCP between C2 and C3. In a three-membered ring with one elongated C–

C bond, the BCP and ring critical point (RCP) of the elongated bond approached one another 

in position and in value, resulting in the disappearance of the critical points due to the 

coalescence of the negative (of BCP) and positive (of RCP) curvatures of the charge 

density21.  

To further understand the bonding nature between C2 and C3, the optical conductivity 

(σ) was determined by the Kramers-Kronig transformation of the polarised reflectivity 

spectra obtained at 100 K. The value of σ is related to the absorption coefficient (α) of a 

material according to the equation σ = αnc, where n is the refractive index and c represents 

the speed of light. The polarisation of light along the line connecting C2 and C3 (i.e., the a-

axis direction, see Fig. S4 for the unit cell) on the (001) face of a single crystal resulted in an 

intense peak at 518 nm (Fig. 2a). DFT calculations for 1 (90 K) at the B3LYP-D3/6-

311+G** level of theory indicated that the HOMO and LUMO of 1 (90 K) originate from in-

phase and out-of-phase interactions of the singly occupied molecular orbitals (SOMOs) of the 

parent fluorenyl radical, respectively, and are mainly distributed on C2 and C3 (Fig. 2b). 

Time-dependent (TD) B3LYP-D3/6-311+G** calculations for 1 (optimized at the B3LYP-

D3/6-311+G** level) revealed that the intense peak at 518 nm is assignable to the optically 
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allowed HOMO→LUMO transition (Fig. S5). Thus, the electronic interaction between C2 

and C3 causes a large orbital splitting of 2.39 eV (= 518 nm).  

 

Fig. 2. Evaluation of the electron–electron interaction between C2 and C3. a, Optical 

conductivity (σ) spectra of 1 at 100 K obtained with light polarised along (red solid line) and 

perpendicular to (black solid line) the a-axis on the single crystal (001) face. b, HOMO and 

LUMO of 1 (90 K) calculated using the B3LYP-D3/6-311+G** method. Purple and light red 

surfaces represent the relative signs of the orbital coefficients drawn at the 0.4 e Å−3 (= 0.06 e 

au−3) level.  

 

The π-orbital axis vector (POAV1) analysis method, which involves a structural 

deformation analysis of a sp2 carbon atom from planarity26, was employed for the 

examination of 1 (90 K), and yielded pure sp2 hybridisation for both C2 (sp2.003) and C3 

(sp2.002). This hybridisation state is fully consistent with the NBO analysis, thereby indicating 
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that the orbitals involved in the bonding interaction between C2 and C3 possess almost pure 

2p character (p% = 98% for C2 and C3). However, the hybridisation state estimated from 

these analyses was not in line with the 13C NMR chemical shifts of C2 and C3. More 

specifically, the cross polarisation/magic angle spinning (CP/MAS) 13C NMR spectrum of 

powdered 1 at 100 K gave a peak at 82.9 ppm (Fig. 3a). This peak was assigned to C2 and 

C3 based on the fact that the empirically scaled27 gauge-independent atomic orbital 

(GIAO)28,29 B3LYP-D3/6-311+G** calculation for 1 (optimized at the B3LYP-D3/-311+G** 

level) gave a value of 88.2 ppm for C2 and C3 (Fig. S6). The upfield position of the signals 

of C2 and C3, relative to those of other sp2 carbon atoms, implies that these carbon atoms are 

not purely sp2-hybridised, but bear more p character, as determined by the fact that the 13C 

chemical shifts of C2 and C3 are comparable to those of sp3 carbon atoms in other long C–C 

σ-bonds5,7,13,30,31 (Fig. 3b). It is notable that no signal broadening of the peak at 82.9 ppm was 

observed, thereby suggesting the small diradical character of 1. Indeed, the CASSCF(6,6)/6-

311G* calculation of 1 (90 K) gave a natural orbital occupancy number (NOON)32 of 0.128 

(i.e., a diradical index, y0, of 12.8%) for the lowest-unoccupied natural orbital (LUNO).  

A through-bond interaction may be involved in the electronic interaction between C2 

and C3, as indicated by the distribution pattern of the HONO and LUNO for 1 (90K, Fig. 

S7). This is similar to the distribution pattern of the two-configuration (TC) SCF orbitals for 

m-benzyne33,34, in which a through-bond interaction stabilises the symmetric bonding 

molecular orbital. In the case of 1, the 2p orbitals on C2 and C3 have a dominant through-

space interaction, with a small contribution from the through-bond interaction between the 2p 

orbitals and the σ-orbitals of the C1–C2/C1–C3 bonds. 
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Fig. 3. 13C NMR chemical shifts. a, Solid-state CP/MAS 13C NMR spectrum of powdered 1 

measured at 100 K. b, Bond distances and 13C chemical shifts at the sp3 benzylic carbons 

(shown in red) of selected aromatic hydrocarbon compounds. 

 

We then investigated the temperature dependence of the C2–C3 interatomic distance 

(dC2-C3) by variable-temperature X-ray diffraction measurements. As shown in Fig. 4a, dC2-C3 

decreased with increasing temperature, and levelled off at temperatures >300 K. Generally, 

upon heating, the majority of molecular crystals exhibit positive thermal expansion along 

with molecular bond elongation. Indeed, the unit cell volume of 1 gradually increased upon 
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heating between 90 and 400 K, and a significant change in the c-axis direction was observed 

(Fig. S8). However, as indicated above, dC2-C3 was found to decrease upon heating. The 

unusual thermal change in dC2-C3 likely arose from the interlocked dimeric structure shown in 

Figs. 4c and S4. At lower temperatures, the crystal of 1 shrinks like a normal material, 

bringing the two molecules in the dimeric pair closer together. As a result, the two fluorenyl 

rings of a single molecule are spread out upon the approach of a fluorenyl ring from the other 

molecule (see Fig. S9 for a schematic representation), resulting in negative thermal effect on 

dC2-C3. It is notable that the temperature dependence of dC2-C3 is small at temperatures >300 K, 

whereas the interatomic distance (dC1-C1) between the C1 atoms in the dimeric pair steadily 

increases upon heating, even beyond 300 K (Figs. 4b and 4c). This result suggests that the 

intrinsic distance between C2 and C3 is ~1.98 Å and that the elongation of dC2-C3 at low 

temperatures originates from the crystal packing effect. 

Due to the long interatomic distance between C2 and C3, progressive changes were 

observed in the HOMO→LUMO transition (Figs. 4d and S10), 13C NMR chemical shift 

(Figs. 4e and S11), Wiberg bond index (Fig. 4f), singlet–triplet energy gap (Fig. 4g), and 

diradical character (Fig. 4h). These results indicate a weaker covalent bonding interaction 

between C2 and C3 upon elongation of the interatomic distance. We also investigated the 

theoretical electron density distribution (EDD) in the space between C2 and C3. Figure S12 

shows the static model deformation density maps, which were obtained by a B3LYP-D3/6-

311+G** calculation, based on the X-ray structures determined at 90, 100, 200, 300, and 400 

K. As indicated, the deformation electron density between C2 and C3 decreased with 

increasing interatomic distance, and almost disappeared at a distance of 2.04 Å (at 90 K). 

Furthermore, as shown in Fig. S13A, the pyramidalisation angles (θp) of C2 and C3, which 

were determined by POAV analysis, gradually reduced from ~2° upon cooling, and the 

planarity of C2 and C3 became more pronounced below 200 K. This behaviour is in line with 
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the temperature dependence of the bond distance (dC2-C3) between C2 and C3 (Fig. S13B), 

and it was found that C2 and C3 adopt a purer sp2 hybridisation upon elongating dC2-C3. Thus, 

the elongation of the C2–C3 bond to 2.04 Å can be regarded as coming close to the critical 

point of bond cleavage in terms of the electron density and molecular structure. However, 

considering that none of the properties shown in Fig. 4 undergo an appreciable jump to 

indicate drastic changes in the bonding situation, a covalent bonding interaction still remains 

between C2 and C3, even with an interatomic distance of 2.04 Å. 
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Fig. 4. Temperature dependence of the experimental and theoretical data of 1. a, 

Interatomic distance (dC2–C3, Å) between C2 and C3. b, Interatomic distance (dC1–C1, Å) 

between C1 and C1 in the dimeric pair. c, Definition of dC1–C1 in the dimeric pair. d, 

Wavelength (λH–L, nm) of the HOMO→LUMO transition determined by polarised reflection 

measurements. e, 13C NMR chemical shifts (δ13C, ppm) of C2 and C3 determined by solid-

state CP/MAS 13C NMR measurements. f, Wiberg bond index (WBI) of C2–C3 estimated by 

a B3LYP-D3/6-311+G** calculation. g, Singlet–triplet energy gap (ΔES–T, kJ mol–1) 

determined by a B3LYP-D3/6-311+G** calculation. h, Diradical character (y0, %) 

determined by a CASSCF(6,6)/6-311G* calculation. 

  

In conclusion, to investigate the electronic structure between two distantly positioned 

carbon atoms in terms of a covalent bonding interaction, various experimental and theoretical 

analyses were employed since the existence (or not) of covalent bonding can depend on what 

is measured, and also on the criteria employed to identify a bond35. With the exception of the 

AIM model, all measurements and analyses carried out supported the presence of a sufficient 

covalent bonding interaction between C2 and C3, even with an interatomic distance beyond 

2.0 Å. Importantly, in compound 1, no diradical behaviour was detected for a long bond of 

2.04 Å, but the structure and electron density of the molecule indicated possible bond 

cleavage. Exploring novel chemical behaviours associated with bond cleavage by 

investigating molecules with longer bonds will be of great significance in discovering new 

functionality and reactions of compounds. 
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Figures

Figure 1

Structure of 1. a, Chemical structure of 1. b, An ORTEP drawing of 1 at 90 K. Thermal ellipsoids are drawn
at the 50% probability level. c, Static model deformation density maps on the C1-C2-C3 plane, and d,
cross-sectional view of the C1-C2-C3 plane along the line connecting C1 and the midpoint between the C2
and C3 atoms. The concentration of electron density between C2 and C3 is marked by a green circle. The
blue lines represent positive contours from 0.01 to 0.05 e Å−3 in steps of 0.01 e Å−3 and from 0.10 to
0.50 e Å−3 in steps of 0.05 e Å−3 . The red lines represent negative contours from −0.05 to −0.50 in steps
of −0.05 e Å−3.



Figure 2

Evaluation of the electron–electron interaction between C2 and C3. a, Optical conductivity (σ) spectra of 1
at 100 K obtained with light polarised along (red solid line) and perpendicular to (black solid line) the a-
axis on the single crystal (001) face. b, HOMO and LUMO of 1 (90 K) calculated using the B3LYP-D3/6-
311+G** method. Purple and light red surfaces represent the relative signs of the orbital coe�cients
drawn at the 0.4 e Å−3 (= 0.06 e au−3 ) level.



Figure 3

13C NMR chemical shifts. a, Solid-state CP/MAS 13C NMR spectrum of powdered 1 measured at 100 K.
b, Bond distances and 13C chemical shifts at the sp3 benzylic carbons (shown in red) of selected
aromatic hydrocarbon compounds.



Figure 4

Temperature dependence of the experimental and theoretical data of 1. a, Interatomic distance (dC2–C3,
Å) between C2 and C3. b, Interatomic distance (dC1–C1, Å) between C1 and C1 in the dimeric pair. c,
De�nition of dC1–C1 in the dimeric pair. d, Wavelength (λH–L, nm) of the HOMOLUMO transition
determined by polarised re�ection measurements. e, 13C NMR chemical shifts (δ13C, ppm) of C2 and C3
determined by solidstate CP/MAS 13C NMR measurements. f, Wiberg bond index (WBI) of C2–C3
estimated by a B3LYP-D3/6-311+G** calculation. g, Singlet–triplet energy gap (ΔES–T, kJ mol–1)
determined by a B3LYP-D3/6-311+G** calculation. h, Diradical character (y0, %) determined by a
CASSCF(6,6)/6-311G* calculation.
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