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ABSTRACT: Molecules that contain bonds whose length significantly deviates from the average are of interest in the context of 
understanding the nature and limits of chemical bonds. However, it is difficult to disentangle the individual contributions of the 
multiple factors that give rise to such bond-length deviations, as reports on such molecules remain scarce. In the present study, we 
have succeeded in synthesizing hexafluorodihalocubanes of the type C8F6X2 (2) (X = Cl (2Cl), Br (2Br), I (2I)), which represent a new 
series of molecules with unusual C(sp3)–halogen bonds. The C(sp3)–halogen bonds of 2Cl, 2Br, and 2I, determined via single-crystal 
X-ray diffraction analysis, are by approximately 0.07–0.09 Å shorter than typical C(sp3)–halogen bonds. In particular, the carbon–
iodine bonds of 2I are the shortest C(sp3)–I bonds reported to date. The solution-state structures and electronic states of the C(sp3)–
halogen bonds in these hexafluorodihalocubanes were analyzed by X-ray absorption spectroscopy, which revealed detailed infor-
mation on the length of these C(sp3)–halogen bonds in solution and the solid state as well as on the electron-accepting nature of 2. 
Detailed theoretical calculations and a comparison with halotrinitromethanes (1), which represent another series of molecules with 
shortened C(sp3)–halogen bonds, revealed that the factors responsible for the shortening of the C(sp3)–halogen bond vary among the 
different C(sp3)–halogen bonds, i.e., for C(sp3)–Cl and C(sp3)–Br, the s-character and hyperconjugation effects predominate, whereas 
for C(sp3)–I, the interatomic Coulombic interaction effect prevails. 

Introduction 

Chemical bonds link atoms to form molecules. The limits of 
bond lengths have long been studied in order to understand the 
nature of chemical bonds.1,2 Although the length of a chemical 
bond rarely diverges significantly from the average for that 
bond type,1,3–5 the synthesis of molecules with significantly 
shortened6,7 or elongated bonds4,8–17 has been achieved. The pre-
sent study focuses on C(sp3)–halogen bonds (C(sp3)–Cl, 
C(sp3)–Br, C(sp3)–I), a fundamental class of bonds in organic 
compounds, that are exceptionally short. It should be noted here 
that a C–halogen bond on a tetracoordinated carbon atom may 
not comprise a pure sp3-hybridized carbon orbital, but instead 
an orbital with relatively high s-character, especially when the 
bond is short. However, in the interest of simplicity, the tetra-
coordinated carbon atoms are denoted as C(sp3) in this paper.  
Historically, halotrinitromethanes (1; X = Cl (1Cl), Br (1Br), and 
I (1I)) have been studied as molecular frameworks for shortened 
C(sp3)–halogen bonds.18,19 Their C(sp3)–halogen bonds were 
found to be much shorter than the average based on single-

crystal X-ray and gas-electron diffraction analyses (Figure 1A, 
B). In general, the following factors have been proposed to 
cause the shortening of atom–atom bonds: 1) higher s-character 
for each atom,20 2) hyperconjugation and multiple-bond charac-
ter,21 and 3) interatomic Coulombic interactions.22 However, it 
is difficult to comprehensively disentangle the contributions of 
each of these factors to the overall bond shortening. A compar-
ison of the halotrinitromethane (1) series with another series of 
compounds with shortened C(sp3)–halogen bonds can be ex-
pected to provide greater detail, albeit that reports of examples 
other than 1 remain scarce23–27 (Figure 1C). A common feature 
of these sporadic examples is that they contain a strained back-
bone and/or electron-deficient groups.  

In this context, we focused on the polyfluorocubane skeleton, 
which has recently been synthesized in our group.28 
Polyfluorocubanes are strained and electron-deficient, and ac-
cordingly, we anticipated that introducing halogen atoms into 
these molecules would lead to shortened C(sp3)–halogen bonds. 



 

In the present study, we succeeded in synthesizing a series of 
hexafluorodihalocubanes of the type C8F6X2 (2) (X = Cl (2Cl), 
Br (2Br), I (2I)) and investigated their bond lengths using single-
crystal X-ray diffraction (scXRD) analysis and X-ray absorp-
tion spectroscopy (XAS) (Figure 1D). As predicted, the 
C(sp3)–halogen bonds of 2 are shorter than average, and in par-
ticular, 2I exhibits the shortest C(sp3)–I bond reported to date. 
A comparison of the bond lengths of 2 with those of the hitherto 
reported series of halotrinitromethanes (1) revealed that the Cl 
and Br analogues of 1 exhibit shorter C(sp3)–halogen bonds, 
while in the case of the iodine analogues, 2I exhibits a shorter 
bond. DFT calculations were used as the basis of a comprehen-
sive discussion of each of the contributing factors to the overall 
bond shortening. 

 
Figure 1. Examples of compounds with short C(sp3)–halogen 

bonds and their experimentally determined bond length. (A) Aver-
age lengths of C(sp3)–halogen bonds. (B) Halotrinitromethanes. 
(C) Examples of other compounds than halotrinitromethanes with 
short C(sp3)–halogen bonds. The CSD reference code is noted be-
low each structure. (D) Hexafluorodihalocubanes (this work). 

Results and Discussion 

Synthesis of hexafluorodihalocubanes (2). The synthetic 
route to hexafluorodihalocubanes (2) is shown in Scheme 1. 
Hexafluorocubane (3)28 was deprotonated in THF using lithium 
bis(trimethylsilyl)amide (LiHMDS) and subsequently treated 
with the corresponding aryl sulfonyl halides to generate hex-
afluorodihalocubanes 2Cl, 2Br, and 2I.29,30 After the reactions, the 
solvent was removed by distillation and compounds 2 were iso-
lated via sublimation. All compounds are solids and stable un-
der an ambient atmosphere and temperature. The structures of 
2 in the solid state and in solution were unambiguously deter-
mined using 19F NMR and 13C{19F} NMR spectroscopy as well 
as scXRD analysis. The 19F NMR spectra of 2 feature one sin-
glet each, whose chemical shift moves to lower field with in-
creasing atomic number of the substituted halogen atom (2Cl: 
−187.99 ppm, 2Br: −182.50 ppm, 2I: −173.08 ppm). 

 
Scheme 1. Synthesis of hexafluorodihalocubanes 2Cl, 2Br, 
and 2I. 

Crystal-structure analysis of hexafluorodihalocubanes 
(2). The solid-state structures and metric parameters for 2Cl, 2Br, 
and 2I, obtained from the scXRD analyses are shown in Figure 
2. Each hexafluorodihalocubane exhibits slightly distorted D3d 
symmetry, and the variances in the C–C and C–F bond lengths 
are within 0.01 Å. In addition, the C(sp3)–halogen bonds of 2Cl, 
2Br, and 2I are by approximately 0.07–0.09 Å shorter than the 
corresponding typical C(sp3)–halogen bonds.3 

To investigate how significant the shortening of these bonds 
is, we analyzed the Cambridge Crystal Structure Database 
(CCSD) (Figure 3); for detailed search criteria, see the Support-
ing Information. The obtained results show that 2 exhibit ex-
tremely short C(sp3)–X bonds, ranking within the top 1% of the 
CCSD. In particular, the carbon–iodine bonds of 2I are the 
shortest C(sp3)–I bonds among hitherto reported examples sat-
isfying the defined criteria. Interestingly, a comparison of the 
bond lengths of 1 and 2 revealed that the C(sp3)–Cl and the 
C(sp3)–Br bonds are shorter in 1, while the C(sp3)–I bonds are 
shorter in 2 (Table 1). This result suggests that the magnitude 
of the contributions of the different factors associated with bond 
shortening vary even among homologous halogen–carbon 
bonds. It should be noted here that perfluorocubane can be re-
garded as the corresponding fluorine-substituted hexafluorodi-
halocubane.28 However, a fair comparison is difficult due to the 
different symmetry of this molecule (Oh). Therefore, a compar-
ison of the C–F bond lengths in perfluorocubane and fluorotri-
nitromethane (1F) has been excluded from this study. Regard-
less, the C–F bond lengths of perfluorocubane are 1.3406(17) 
and 1.338(3) Å in the solid state, which are shorter than the av-
erage C–F bond (1.40 Å), but longer than that of 1F (1.297(3) 
Å).19 

 Short C(sp3)–X bonds
 Solid-state structures of all homologues 

(X = F, Cl, Br, I) have been reported.
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Figure 2. Thermal-ellipsoid plots of 2Cl, 2Br, and 2I (ellipsoid probability: 50%) and selected bond lengths [Å]. 

 

Figure 3. Distribution of the lengths of tetra-coordinated carbon–halogen bonds extracted from the CCSD. The bond lengths of 1 and 2 are 
indicated by arrows on the histogram. It is worth noting here that 1Br and 1I do not satisfy the criteria of these histograms due to their 
relatively poor data quality. These bond lengths are highlighted by white arrows with a blue outline; number of reported structures: (A) 1433 
hits, (B) 321 hits, and (C) 124 hits. 



 

Table 1. C(sp3)–halogen bond lengths [Å] in halotrinitromethanes (1)18,19 and hexafluorodihalocubanes (2) as determined using sin-
gle-crystal X-ray diffraction (scXRD) analysis, X-ray absorption spectroscopy (XAS) in THF, gas-electron diffraction (GED) analysis, 
and density functional theory (DFT) calculations at the M06-2X/aug-cc-pVTZ (for C, N, O, F, and Cl) and aug-cc-pVTZ-PP (for Br 
and I) levels. 

 

 

 

  r (X–C) 

  scXRD XAS GED DFT 

1
Cl

 1.6944(14) - 1.712(4) 1.701 

2
Cl

 1.717(2) 1.722(17) - 1.719 

1
Br

 1.853(5) - 1.869(6) 1.873 

2
Br

 1.878(3) 1.876(4) - 1.877 

1
I
 2.097(4) - - 2.100 

2
I
 2.079(3) 2.101(8) - 2.079 

 

In addition to the geometric parameters of a single molecule 
of 2, the intermolecular interactions in the crystalline state were 
examined. Due to the electron-withdrawing nature of the hex-
afluorocubane skeleton, halogen atoms other than fluorine at-
oms in 2 are expected to be electron-deficient. These kinds of 
electron-deficient halogen atoms likely create Lewis-acidic σ-
holes, which are known to participate in interactions with Lewis 
bases. The resulting interactions are known as halogen-bond 
and might significantly affect the bond lengths of C–X bonds, 
once a certain amount of electron density is donated to their σ* 
orbital.31 Therefore, it is necessary to clarify whether halogen-
bond interactions exist in the crystalline state, and if so, how the 
C–X bond length is influenced by the halogen-bond interaction 
in the crystal packing.  

The representative intermolecular atomic distances and the re-
sults of Hirshfeld surface analyses32 of 2 in the crystalline state 
are shown in Figure 4A–F. In the packing structure, short con-
tacts between fluorine and either chlorine, bromine, or iodine 
below the sum of their van der Waals radii were observed, even 
though each of these interatomic distances was by only 0.03–

0.12 Å shorter than the sum of the van der Waals radii. The C–

X–F (θ1) angles in each of these compounds are 150~160°, in-
dicating that these contacts are induced by the halogen-centered 
σ-holes of the heavier halogen atoms. Moreover, the presence 
of bond paths and bond critical points (BCPs) with a positive 
value of the Laplacian of the electron density (∇2ρBCP) between 
F and X in the atoms-in-molecules (AIM) analyses33 are con-
sistent with weak interactions at the heavier halogen atoms 
(Figures S2–4). The results of the Hirshfeld surface analysis 
suggest that there are interactions between the center of the cy-
clobutane ring and the fluorine atoms. These interactions could 
be categorized as non-covalent carbon-bonding interactions, 
which represent interactions between a Lewis acidic σ-hole 
centered on a carbon atom and a Lewis base; these have been 
described in previous studies as a characteristic type of 

interaction in highly fluorinated cubanes.28,34,35 The halogen-
bond and the carbon-bonding donor capabilities of 2 were ex-
amined by means of the surface-electrostatic-potentials. Geom-
etry optimization and electron-density analyses of 2 were con-
ducted at the M06-2X/aug-cc-pVTZ (aug-cc-pVTZ-PP for Br 
and I) levels, and the electrostatic potential maps and the elec-
trostatic potentials at the σ-holes obtained from DFT calcula-
tions are shown in Figure 4G–I. In the electrostatic potential 
maps, VS,max represents the extremal electrostatic potential value 
on an electron density isosurface which is 0.001 a.u. away from 
the atomic centers. The σ-hole on the carbon center is denoted 
as VS,max(C), and those on the halogen centers as VS,max(X = Cl, 
Br, or I). The values of VS,max are also presented in Figure 4. 
Comparing VS,max(C) values of 2, the positive charge on the car-
bon decreases with increasing atomic number of the substituted 
halogen atom. This suggests that the positive charge on the car-
bon atom decreases with decreasing electronegativity of the 
substituent. On the other hand, focusing on the σ-holes on the 
halogen atoms, σ-holes are present in all cases of 2 and the 
value of VS,max(X) increases with increasing atomic number of 
the halogen atom, which can be rationalized in terms of the in-
creased polarizability of the heavier halogen atoms. Based on 
the above observations, chlorine, bromine, and iodine in 2 can 
participate in the halogen-bond interactions with the fluorine at-
oms in the solid state.  

Subsequently, we carried out a non-covalent interaction (NCI) 
plot analysis36 and a natural bond orbital (NBO) analysis37 to 
clarify the strength of these intermolecular interactions (Figure 
5; for details, see the SI). The wavefunctions used for these 
analyses were obtained from single-point calculations of the di-
mer structures of 2 whose geometries were extracted from their 
crystal structures; the calculations were conducted at the M06-
2X/aug-cc-pVDZ (aug-cc-pVTZ for Cl, and aug-cc-pVTZ-PP 
for Br and I) levels. The NCI surface corresponding to a reduced 
gradient (RDG(s)) = 0.5 a.u. indicated halogen-bond 

(1Cl) X = Cl
(1Br) X = Br
(1I) X = I

(2Cl) X = Cl
(2Br) X = Br
(2I) X = I



 

interactions, albeit that the sign(λ2)ρ on the NCI surface was ~0, 
which indicated that these non-covalent interactions were only 
weakly attractive (Figures 5A, S6A, S8A, and S10A). Moreo-
ver, the scatter plot of RDG(s) as a function of sign(λ2)ρ, which 
showed no significantly negative points in the region RDG < 
0.5, clearly supports the absence of strongly attractive interac-
tions (Figures S6C, S8C, and S10C). The NBO analysis of 2 
was thus in accord with the NCI plots, given that the interaction 
energies associated with the electron donation to σ* orbitals of 
the C–X bonds were less than 0.4 kcal/mol (Figures 5B, and 

S11–13). Consequently, although short contacts between fluo-
rine and the heavier halogen atoms exist, intermolecular elec-
tron donation from external fluorine atoms to the heavier halo-
gen atoms are not significant. It can therefore be concluded that 
the influence of intermolecular interactions on the bond lengths 
are negligible in the case of 2. In fact, the C–X bond lengths 
obtained from the optimized dimer structures that form halo-
gen-bond show < 0.003 Å elongation compared to those ob-
tained from the optimized monomeric structures of 2 in the gas 
phase (Figures S5, S7, and S9). Our discussion based on XAS 
results also supports this conclusion (vide infra). 

 

Figure 4. Packing structures of hexafluorodihalocubanes (2). Intermolecular F···X distance and related angles for 2Cl (A), 2Br (B), and 2I (C) 
in the crystal structure. Hirshfeld surfaces for dimers of 2Cl (D), 2Br (E), and 2I (F) in the crystal structure mapped using dnorm. Electrostatic-
potential-surface maps and the electrostatic potentials for 2Cl (G), 2Br (H), and 2I (I). The molecular electrostatic potentials were projected on 
the electron-density isosurface, which is 0.001 a.u. away from the atomic centers. The colors form a continuum from the most positive value 
in its potential (blue) to the most negative value in its potential (red). 

 

 

 

 



 

 
Figure 5. Quantitative evaluations of the non-covalent intermolecular interaction in 2I. (A) Non-covalent interaction (NCI) plots of (2I)2 
obtained from the crystal structure where cutoffs were set at RDG(s) = 0.5 a.u., and −0.05 < sign(λ2)ρ < 0.05 a.u. The color scale ranges 
from −0.035 a.u. (blue) to 0.020 a.u. (red). RDG, reduced gradient; λ2, a second eigenvalue of the electron-density Hessian matrix; ρ, electron 
density; XB, halogen-bond. (B) Second-order perturbation theory analysis of (2I)2. Each natural bond orbital (NBO) is depicted using filled 
surface for a donor NBO and meshed surface for an acceptor NBO. For the second-order perturbation theory analysis, only the energies and 
donor/acceptor NBOs corresponding to the largest interactions of (2I)2 are shown. The results for the other compounds and a further analysis 
of (2I)2 are provided in the SI. 

 

X-ray absorption spectroscopy. Almost all studies on car-
bon–halogen bonds have been discussed based on the molecular 
structure obtained from scXRD and gas-electron diffraction 
(GED) measurements. Although solid-state structures derived 
from scXRD analysis are well established, this approach suffers 
from the potential flaw that the molecular structure may be af-
fected by intermolecular interactions from adjacent molecules 
due to crystal packing, which complicates the understanding of 
intrinsic bond properties. While the GED method allows a more 
precise structural analysis of molecules, it is limited to simple 
gaseous molecules and requires a special electron diffractome-
ter equipped with a jet nozzle and cold-trap accessories.38,39 
Here, we extended the scope of our research to solution systems 
by adopting XAS. XAS is arguably one of the most powerful 
techniques to unveil not only the local structure but also elec-
tronic state of the target atoms without being restricted by the 
state of the sample; XAS can thus provide a variety of chemical 
and physical information on a compound. Hence, we speculated 
that it should be possible to use XAS to elicit information on 
the C(sp3)–X bonds of 2, such as the bond length in solution and 
the electronic state of halogen, which has not been investigated 
so far. 

Cl K-edge XAS experiments of 2Cl were performed in THF 
using an originally designed solution cell for tender-energy 
XAS measurement (Figure S14). An intense and sharp peak 
corresponding to the electric dipole transition from Cl 1s to an-
tibonding σ* orbitals was observed at 2822 eV, which is a typ-
ical feature of the X-ray absorption near edge structure 
(XANES) of organochlorides (Figure 6B).40,41 Time-dependent 
density functional theory (TDDFT) calculations on 2Cl were 
performed at the ZORA-B3LYP/ZORA-def2-TZVP(-f) level 
using the ORCA 6.0.0 program package.42–45 The results of the 
TDDFT calculations showed that the main components of the 
first peak are associated with the Cl 1s → LUMO and LUMO+1 
transitions, which possess a large Cl p contribution of 13.6% 
and 27.4%, respectively (Figure S24). Although we attempted 
XAS experiments in the solid state for comparison, the shape of 
the XANES spectra were not identical to each other in all scans 
due to the susceptibility of 2Cl toward sublimation (Figure S17). 
The extracted k3-weighted extended X-ray absorption fine 
structure (EXAFS) oscillation was Fourier transformed 

between the k-range from 3.5 Å−1 and 9.0 Å−1. A peak derived 
from Cl–C1 scattering was observed at 1.4 Å, and those of Cl–
C2 and Cl–F scatterings were found between 2.0–3.5 Å in the 
radial structure function (Figure 6A). The thus-obtained FT-
EXAFS was fitted in the r-space (r: 0.8–3.5 Å) using three scat-
tering paths calculated based on the geometric structures ob-
tained from scXRD. The bond length between Cl and C1 in 
THF was determined to be 1.722(17) Å with a coefficient of 
multiple correlation factor (R factor) of 1.8% (Tables 1 and S2). 
Although the static error was somewhat high due to the narrow 
k-range, the C(sp3)–Cl bond length of 2Cl in solution was almost 
identical to that in the solid state determined by scXRD. This 
result suggests that the C(sp3)–Cl bond length of 2Cl is not sig-
nificantly affected by crystal packing. To evaluate the signifi-
cance of solvent effects on the C(sp3)–Cl stretching, theoretical 
calculations were carried out. The geometry optimization of the 
[2X· · ·THF] adduct was performed at the aug-cc-pVDZ level ex-
cept for the halogen atoms (aug-cc-pVTZ for Cl, aug-cc-pVTZ-
PP for Br, I). The thus obtained C(sp3)–Cl bond lengths of the 
THF-coordinated and non-coordinated sites were identical 
(1.722 Å) (Figure 6C). This result indicates a negligible effect 
of the solvent on the length of the C(sp3)–Cl bond, which is con-
sistent with the results of the Cl K-edge XAS experiments. The 
calculated length of the Cl·· ·O bond in the [2Cl· · ·THF] adduct 
(2.865 Å) was shorter than the length of the intermolecular 
Cl· · ·F interaction in the crystal (3.194(1) Å). Accordingly, the 
influence of crystal packing on the length of the C(sp3)–Cl bond 
is most likely negligible. 

Next, we conducted a Br K-edge XAS analysis of 2Br using 
THF and toluene as solvents. Although the quality of the 
EXAFS oscillation in toluene was slightly worse than that in 
THF due to the lower solubility of 2Br in toluene, all EXAFS 
oscillations of 2Br, including that of a solid sample, were clearly 
observed up into the high k region (~15 Å−1) without damping. 
Moreover, these EXAFS oscillations and the corresponding FT-
EXAFS were almost identical. Subsequently, the fitting analy-
sis was conducted in a manner similar to that of 2Cl, and the 
length of the C(sp3)–Br bond in 2Br in THF was determined to 
be 1.876(4) Å, which is in good agreement with the results ob-
tained from the scXRD analysis (Tables 1 and S3, Figure 6D). 
The lengths of the C(sp3)–Br bond of 2Br in toluene (1.868(6) 



 

Å) and in the solid state (1.870(5) Å) were also identical within 
error margins, corroborating negligible effects arising from sol-
vent and packing effects on the length of the C(sp3)–Br bond of 
2Br. The XANES spectra of 2Br and tert-BuBr are shown in Fig-
ure 6E. A first peak, corresponding to the Br 1s → σ* transi-
tions, was observed at 13473 eV in all spectra.46 TDDFT calcu-
lation of 2Br confirmed that the destinations of the transitions 
were the LUMO (Br p: 19.8%) and the LUMO+1 (Br p: 36.0%), 
respectively (Figure S25). Notably, the peak intensity of 2Br 
was substantially higher than that of tert-BuBr in THF, reflect-
ing the structural and electronic characteristics of the hex-
afluorocubane scaffold, i.e., a reduced degree of hyperconjuga-
tion to the σ*(C–Br) antibonding orbitals due to the absence of 
σ-bonds at the antiperiplanar positions relative to the C–Br 
bond [ω(Br–C–C–C) = 135°]. The strong electron-withdrawing 
ability of the fluorine atoms in 2Br can be expected to further 
contribute to the high peak intensity. The solvent effect was ob-
served in XANES spectra of 2Br in contrast to the small differ-
ences in EXAFS. The peak intensity increased with decreasing 
coordination ability of the solvent, suggesting interactions be-
tween the σ-holes at the bromine atoms and the solvent mole-
cules, which can be expected to increase the electron density on 
the bromine atoms. The length of the C(sp3)–Br bonds of the 
THF-coordinated and non-coordinated sites were calculated to 
be 1.883 Å and 1.879 Å, respectively (Figure 6F). This result 
further corroborates the negligible effect of the solvent on the 
length of the C(sp3)–Br bond, which is consistent with the re-
sults of the Br K-edge XAS experiments. The calculated length 
of the Br·· ·O interaction in the [2Br· · ·THF] adduct (2.832 Å) 
was shorter than the length of the intermolecular Br·· ·F bond in 
the crystal (3.202(1) Å), suggesting negligible C–X···F–C in-
teractions in the crystal. 

Meanwhile, a pronounced elongation of the C(sp3)–I bond in 
solution was observed for 2I. The k3-weighted I K-edge EXAFS 
oscillation of 2I was Fourier-transformed between the k-range 
from 3.5 Å−1 and 12.0 Å−1. The features of the thus obtained FT-
EXAFS of 2I resembled those of 2Cl and 2Br (Figure 6G). The 
length of the C(sp3)–I bond obtained from the fitting analysis 
(2.101(8) Å) extended that of the crystal structure by 0.022 Å 
(Tables 1 and S4). This bond extension was ascribed to the 
strong halogen bond between 2I and THF to afford the 
[2I· · ·THF] adduct in solution. The calculated length of the 
C(sp3)–I bond in the [2I· · ·THF] adduct (2.091 Å) extended that 
of the non-coordinated C(sp3)–I bond by 0.01 Å (Figure 6I), 
and the experimental and calculated lengths of the C(sp3)–I 
bond were in good agreement. Due to the poor S/N ratio of the 
EXAFS oscillation of 2I in the solid state (k: ~9 Å–1), it was not 
possible to analyze the C(sp3)–I bond length in the solid state 
with high accuracy at this point (Figure S22A). In response to 
the change in EXAFS, the absorption edge of 2I in THF in the 
XANES spectrum was by 1.5 eV shifted to the lower-energy 
region compared to that in the solid state, suggesting the for-
mation of an electron-rich organoiodide through the electron 
donation from the lone pair of oxygen to the σ-hole of the iodine 
(Figure 6H). Ab initio theoretical calculations were carried out 
using the FDMNES code47 to simulate XANES spectra of 2I in 
the solid state and the [2I· · ·THF] adduct. A similar peak shift 
was observed in the simulated spectra, indicating that the exper-
imentally observed peak shift can be ascribed to solvation (Fig-
ure S23). Although it is not on direct evidence, the observed 
solvent effect would imply negligible intermolecular interac-
tions in the crystal. In addition, the absorption edge of tert-BuI, 
a weaker halogen bond acceptor than 2I, in THF appeared at the 

same position as that of 2I in the solid state, rendering the argu-
ment more certain. 

 



 

 

 

Figure 6. X-ray absorption spectroscopy of hexafluorodihalocubanes (2) in solution and in the solid state. (A) Cl K-edge Fourier transform-
extended X-ray absorption fine structure (FT-EXAFS) of 2Cl in THF. (B) Cl K-edge X-ray absorption near edge structure (XANES) of 2Cl 
in THF. (C) Optimized geometry of the [2Cl· · ·THF] adduct. (D) Br K-edge FT-EXAFS of 2Br in THF. (E) Br K-edge XANES of tert-BuBr 
and 2Br in solution and in the solid state. (F) Optimized geometry of the [2Br· · ·THF] adduct. (G) I K-edge FT-EXAFS of 2I in THF. (H) I K-
edge XANES of tert-BuI and 2I in the solid state and in THF. (I) Optimized geometry of the [2I· · ·THF] adduct; mag: magnitude; im: 
imaginary part. 

Theoretical calculations. To obtain further insights into the 
bond shortening, DFT calculations of 1 and 2 were carried out.  

It should be noted here that the following discussion focuses 
solely on intramolecular effects since intermolecular effects 
have only negligible influences on the bond lengths, as dis-
cussed in earlier sections (vide supra). The optimized structures 
of 1 and 2 were calculated at the M06-2X/aug-cc-pVTZ (aug-
cc-pVTZ-PP for Br, I) level in the gas phase, and were found to 
be in good agreement with the experimental structures in the 
solid state (Table 1). The wavefunctions obtained from the DFT 
calculations were further analyzed using NBO37 and quantum 
theory of atoms-in-molecules (QTAIM)48 calculations.  

First, the s-character and double-bond character (natural bond 
index; NBI)37 were investigated using the NBO program (Fig-
ures 7A and 7B). For both 1 and 2, the s-character of the carbon 
atom in each C(sp3)–halogen bond is higher than that associated 
with pure sp3 hybridization (s-character of 1 and 2 > 25% (pure 
sp3)). The high s-character is caused by the introduction of elec-
tron-withdrawing groups on the carbon atoms.49,50 The strained 
cyclic skeletons of 2 may also contribute to increase in s-char-
acter.37 Interestingly, in spite of the additional strain, the s-char-
acter of 2 is always lower than that of 1 for analogous molecules 
with the same halogen. 

The NBI values for the C–X bonds suggest higher double-
bond character for 1 than for 2 (Figure 7B). The double-bond 



 

character of 1Cl corresponds to the hyperconjugation from the 
lone pair (LP) of the halogen to the σ* orbital of the C–N bond 
(Figure 7C; for details, see the SI), which was revealed by a 
second-order perturbation theory analysis.19 Although similar 
hyperconjugation from the LP of the halogen to the σ*(C–C) 
orbital was observed for 2, the degree of hyperconjugation was 
lower than that of 1. Additionally, the higher electron occu-
pancy of the σ*(C–N) in 1 compared to that of the σ*(C–C) in 
2 is consistent with the higher double-bond character in 1. These 
results indicate that the hyperconjugation and s-character of 1 

both favor reduction of the C–X bond length. It is furthermore 
worth noting that for both 1 and 2, the double-bond character 
decreases with increasing atomic number of the halogen. A sec-
ond-order-perturbation-theory analysis further confirmed the 
reduced degree of hyperconjugation involving the σ*(C–X) or-
bitals in 1 and 2, which could be another factor contributing to 
these exceptionally short C–X bonds (for details, see the SI). 
The reduced degree of hyperconjugation is consistent with the 
result of the Br K-edge XANES measurements of tert-BuBr and 
2Br in solution (vide supra). 

 

Figure 7. NBO analysis for the hexafluorodihalocubanes (2) and halotrinitrocubanes (1). (A) s-Character [%] of the carbon atoms that are 
directly bound to the (non-F) halogen atoms. (B) NBI of the C(sp3)–halogen (non-F) bonds. (C) Second-order perturbation theory analysis 
of 1Cl (top left) and 2Cl (top right) together with the occupancy of the antibonding σ* orbitals (bottom). Each NBO is depicted using filled 
surfaces for the donor NBO and meshed surfaces for the acceptor NBO. For the second-order perturbation theory analysis, only the energies 
and donor/acceptor NBOs corresponding to the largest interactions of 1Cl and 2Cl are shown. The results for the other compounds and a 
further analysis of 1Cl and 2Cl are provided in the SI. 

Next, a natural population analysis (NPA)51 was performed 
in order to investigate the electrostatic effects between the 
bonded atoms (Figure 8A). In the halotrinitromethanes (1), 
both the carbon and halogen atoms were determined to be pos-
itively charged. In the hexafluorodihalocubanes (2), the carbon 
atom is negatively charged, while the halogen atom remains 
positively charged. Theoretically obtained electronic states of 1 
and 2 were consistent with their 13C NMR shifts, which is an 
indicator of shielding and deshielding degree around its carbon 
atom (Figure 8B). These results suggest that the Coulombic in-
teraction between the carbon and the halogen atoms is higher 

for 2 than for 1. This effect is expected to be more pronounced 
for heavier halogens, given that orbital interactions are signifi-
cantly reduced for heavier atoms. Subsequently, we performed 
an interacting quantum atoms (IQA)52 analysis. IQA is a method 
to analyze many-electron systems by dividing the total energy 
into interatomic or intraatomic terms, which clarifies the degree 
of attractive interaction between atoms. The interatomic-inter-
action energies for the carbon–halogen bonds (Eint(C–X)) are 
summarized in Figure 8C. The values of 1Cl and 2Cl are similar, 
but with increasing atomic number of the halogen, the interac-
tion becomes more attractive for the hexafluorodihalocubanes 



 

(2Br and 2I) than for the halotrinitromethanes (1Br and 1I) when 
the same halogens are compared. In addition to the C–X bonds, 
other possible electrostatic interactions may occur between the 
positively charged halogens and the surrounding positively or 
negatively charged elements; however, these effects are less 
significant compared to those associated with the C–X bonds 
(for details, see the SI). These results indicate that the excep-
tionally short C–I bond in 2I is largely the result of the intera-
tomic Coulombic interactions between the negatively charged 
carbon and the positively charged iodine. 

Conclusion 

In conclusion, we have synthesized hexafluorodihalocubanes 
2Cl, 2Br, and 2I, i.e., a new series of molecules with exception-
ally short C(sp3)–halogen bonds. The structures of 2Cl, 2Br, and 
2I in the solid-state and in solution were exhaustively examined 
using single-crystal X-ray diffraction (scXRD) analysis and X-
ray absorption spectroscopy (XAS). The results of these anal-
yses also suggested that the short C(sp3)–halogen bonds of 2 can 
be ascribed to intramolecular effects. Subsequently, based on a 
comparison using theoretical calculations with the correspond-
ing halotrinitromethanes (1Cl, 1Br, and 1I), a representative 

family of compounds with short C(sp3)–halogen bonds, we have 
comprehensively discussed the contribution of each of the in-
tramolecular factors relevant to the bond shortening. The short-
ening of the C(sp3)–halogen bonds can be explained as follows: 
The increased s-character of the carbon atom and the hypercon-
jugation from the halogen atom shorten the C(sp3)–halogen 
bond. These two factors are more significant for 1 than for 2. 
Interatomic Coulombic interactions between the carbon atom 
and the halogen atom also contribute to the bond shortening and 
are more significant for 2. In the case of the compounds with 
smaller halogens (Cl and Br), the contributions of the s-charac-
ter of the carbon atom and the hyperconjugation are dominant; 
therefore, the C(sp3)–halogen bonds of 1 are shorter than those 
of 2. On the other hand, for the iodine analogues, the contribu-
tion of the interatomic Coulombic interactions is dominant, and 
2I has shorter C–I bonds than 1I (Figure 9). These results sug-
gest that even for bonds between homologous elements (e.g., 
C–Cl, C–Br, and C–I), one skeleton is not always the best to 
form exceptionally shortened bonds. These findings can thus be 
expected to contribute to the challenge of reaching the “limit” 
of chemical bonds. 

 

Figure 8. (A) Natural atomic charge of the carbon and halogen (Cl, Br, I) atoms. (B) Summary of the 13C NMR chemical shifts of 1Cl in 
C6D6, 1Br and 1I in CDCl3, and 2 in acetone-d6. The values for 1 were obtained from refs. 18 and 19. (C) Interatomic interaction energy 
between carbon and halogen (Cl, Br, and I) atoms (Eint(C–X)). Charge values and energies are shown in atomic units. 
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Figure 9. Schematic illustration of the dominant factors in the bond shortening for each molecule. 
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