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Abstract: Since carbon–carbon (C–C) covalent bonds are rigid and 

robust, the bond length is, in general, nearly constant and depends 

only on the bond order and hybrid orbitals. We report here direct 

visualization of the reversible expansion and contraction of a Csp3–

Csp3 single bond by light and heat. This flexibility of a C–C bond was 

demonstrated by X-ray analyses and Raman spectroscopy of 

hexaphenylethane (HPE)-type hydrocarbons with two spiro-

dibenzocycloheptatriene units, where intramolecular [2+2] 

photocyclization and thermal cleavage of the resulting cyclobutane 

ring both occur in a single-crystalline phase. The force constant of 

the contracted C–C bond is 1.6 times greater than that of the 

expanded bond. Since formation of the cyclobutane ring and 

contraction of the C–C bond lower the HOMO level by ca. 1 eV, the 

oxidative properties of these HPEs having a flexible C–C bond can 

be deactivated/activated by light/heat. 

Introduction 

Carbon–carbon (C–C) covalent bonds represent the most 

fundamental concept in organic chemistry. Elucidation of their 

nature is of great importance for further understanding of 

chemical phenomena; for instance, to understand what happens 

at the limits of a bond. Since deviation from the standard causes 

a large loss of bonding energy, structural parameters such as 

bond length and bond angle are nearly constant among carbon 

atoms. However, strained molecules such as sterically-

congested polycyclic aromatic hydrocarbons[1–8] as well as cyclic 

-conjugated compounds[9–15] exhibit unusual parameters, and 

thus have attracted much attention due to their potential 

applications. With regard to the C–C single bond, which has a 

standard length of 1.54 Å, three approaches have been taken to 

increase the bond length in neutral organic compounds to 

beyond 1.7 Å: (i) diamondoid dimers,[16] (ii) fused or clamped 

hexaphenylethanes (HPEs),[17–19] and (iii) diaminocarboranes 

(Figure 1).[20] Among these, we focused on the second approach 

(ii) while adopting the core-shell strategy, which enables the 

isolation of stable dispiro[dibenzocycloheptatriene (DBCHT)]-

type HPEs 1 with an extremely elongated Csp3–Csp3 bond 

[1.806(2) Å for 1c at 400 K]. We envisaged that such a "hyper 

covalent bond" should be weak enough to exhibit reversible 

expansion, contraction, formation, and scission, which could be 

visualized by X-ray analyses. 

The key point is the DBCHT unit, which has been used to 

construct photoresponsive molecules based on overcrowded 

ethylenes through syn/anti isomerization.[21,22] Another aspect is 

a structurally fixed cis-stilbene moiety in the DBCHT unit, and 

thus the intramolecular [2+2] cycloaddition reaction could 

proceed as in DBCHT-dimer to produce a caged molecule.[23] 

The latter reactivity is more interesting from a topochemical point 

of view, since the solid-state reaction would be applicable for 

stimuli-responsive systems toward potential applications such as 

photoswitching, optical recording, and sensing materials.[24–32] By 

controlling the crystal packing structure, intermolecular [2+2] 

cyclization could proceed in a single-crystal-to-single-crystal 

(SCSC) manner upon photoirradiation, which has been realized 

by the aid of soft matter/lattices such as ionic crystals, metal-

organic frameworks, and coordination polymers.[33–38] 

Furthermore, only a few examples exhibit reversible SCSC 

photocycloaddition and thermal cleavage of a cyclobutane 

ring,[34–36] and none of them are pure neutral organic molecules. 

 

Figure 1. Previously reported molecules. Three approaches have been used 

to make compounds with an elongated C–C bond, which is surrounded only by 

(i) sp3-hybridized carbons, (ii) sp2-hybridized carbons, or (iii) heteroatoms. 

Since cis-stilbene moieties connected by an elongated C–C 

bond face each other in the outer 'shell'-structure of 
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dispiro(DBCHT)-type HPEs 1a-1c, we expect that a reversible 

SCSC [2+2] photocycloaddition and thermal cycloreversion 

could proceed in the pure hydrocarbon crystal. Once a [2+2] 

photocycloaddition reaction occurs for the spiro-DBCHT 1a-1c, 

changes not only in physical properties but also in the bond 

length of the 'core' C–C bond should be observed. This paper 

describes how the reversible formation and scission of C–C 

bonds in a single crystal can be induced by external stimulation 

of light and heat, accompanied by reversible expansion and 

contraction of the elongated Csp3–Csp3 bond and by a change 

of the HOMO level by ca. 1 eV. 

Results and Discussion 

According to the structures of 1a-1c,[19] two DBCHT units are 

well-overlapped due to - interaction with a C--C distance of 

3.163(3)-3.357(4) Å between the vinylic carbons. Thus, we first 

photoirradiated CHCl3 solutions of 1a-1c at around 365 nm, 

which is assigned to an absorption band of DBCHT units by 

time-dependent density functional theory (TD-DFT) calculations 

(Figure S11). As a result, [2+2] photocyclization proceeded 

quantitatively in all spiro-DBCHT 1a-1c to produce caged 

molecules 2a-2c (Scheme 1), which was monitored by UV/Vis  

 

Scheme 1. Isolated yields of 2a-2c upon photoirradiation with a 375 nm light-

emitting diode, and ORTEP drawings at 200 K of 1a-1c and 2a-2c. 

 

Figure 2. (a) Change in UV/Vis spectrum of 1b (green) to 2b (blue) in CHCl3 

(every 5 min) and (b) change in 1H NMR spectrum of 1b (green) to 2b (blue) in 

CDCl3 upon photoirradiation at 365 nm (Spectrofluorometer: 150 W, Xe lamp, 

slit width: 10 nm). The residual proton signal of the solvent (CHCl3,  = 7.26 

ppm) is marked with an asterisk. 

and NMR spectroscopies (Figures 2, S14, and S15). Cleavage 

of the cyclobutane ring in 2a-2c did not occur upon 

photoirradiation at any wavelength. Disappearance of cis- 

stilbene moieties results not only in a blue-shift and hypochromic 

shift of the absorption band, but also in switching of the major 

chromophores to the acenaphthene ring which is located far 

from the cyclobutane ring. X-ray analyses revealed that 2a-2c 

adopt caged structures with a four-membered ring (Scheme 1). 

A remarkable point is that contraction of the central C–C single 

bond by as much as ~5%, from 1.720(2)-1.742(2), 1.773(3), and 

1.7980(18) Å for spiro-DBCHT 1a, 1b, and 1c to 1.676(6)-

1.678(6), 1.7133(16), and 1.7129(19) Å for caged molecules 2a, 

2b, and 2c, respectively, was observed at 200 K (Table 1). To 

verify the bonding nature of the contracted C–C single bond, we 

investigated the stretching vibration of caged molecules 2a-2c 

by Raman spectroscopy with single crystals at 298 K to attain 

direct information of the bond strength. Observed Raman shifts 

corresponding to the central C–C bond were 653, 646, and 648 

cm–1 for 2a, 2b, and 2c, respectively, which are consistent with 

the simulated values (663, 653, and 658 cm–1) and ~11% 

greater than those for 1a-1c (Table 1 and Figures S16-S18). 

The estimated force constant (173.9 N m–1) obtained as a 

second derivative of the energy to the bond length by DFT 

  1a 2a 1b 2b 1c 2c 

C–C bond length (Å) Expt. 1.720(2)-1.742(2) 1.676(6)-1.678(6) 1.773(3) 1.7133(16) 1.7980(18) 1.7129(19) 

Raman shift (cm–1) Expt. 650 653 582 646 587 648 

Energy level (eV) 

LUMO –1.36 –1.06 –1.30 –0.88 –1.94 –1.94 

HOMO –5.29 –5.58 –5.24 –5.35 –5.33 –5.77 

Table 1. Central C–C bond lengths and Raman shifts for 1 and 2 determined by X-ray analyses (at 200 K) and Raman spectroscopy (at 298 K) with single 

crystals. Theoretically obtained HOMO and LUMO energy levels based on DFT calculations at the B3LYP/6-31G* level. 
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calculations (M06-2X/6-31G*) for 2c is 1.6 times as large as that 

for 1c (108.3 N m–1) (Figure S12). 

Since HPEs with an elongated C–C single bond can undergo 

two-electron oxidation to give bond-dissociated dicationic 

species, as found in dynamic redox (dyrex) systems,[39] the 

redox potentials of spiro-DBCHT 1a-1c and caged molecules 

2a-2c were measured by cyclic voltammetry in CH2Cl2 at 

ambient temperature (Figure 3a). While two-electron oxidation 

occurs at lower potentials for the former with an expanded bond 

(Eox/V vs SCE: +0.93 for 1a, +0.65 for 1b, and +0.57 and +0.69 

for 1c), one-wave two-electron oxidation peaks appeared at 

much higher potentials for the latter with a contracted bond 

(Eox/V: +1.59 for 2a, +1.36 for 2b, and +1.66 for 2c) (Figures 

3a,d). Especially in 1c/2c, we found the largest difference in 

potential of about 1.1 eV before and after photocyclization. This 

change can be explained as follows: (i) the through-bond 

interaction that causes an increasing in the HOMO level would 

be maximized by expansion of the C–C single bond[40,41] and (ii) 

the coefficients in HOMO are located on the DBCHT unit and the 

elongated -bond in 1, whereas the coefficients are located on 

the acenaphthene, pyracene, or dihydropyracylene skeleton in 2 

based on DFT calculations (Figures S10 and S13). On the other 

hand, two-electron reduction peaks were found in the far 

cathodic region due to cleavage of the elongated C–C bond to 

give 32+ or 42+ (dyrex behavior). It should be noted that reduction 

peaks in the voltammograms of 1 and 2 appear at almost the 

same potentials, indicating that the two-electron oxidation of 

caged molecules 2 could induce not only scission of the central 

C–C bond but also cleavage of cyclobutane ring. 

To gain further insight into the mechanism of three-bond 

scission in the oxidation of 2, we conducted cyclic voltammetry 

at 195 K in CH2Cl2 using 2b. As shown in Figures 3b-d, another 

reduction peak appeared at a less cathodic region (Ered/V: 

+0.99), which is far different from that in the reduction of 3b2+ 

(Ered/V: +0.46), and thus caged dication 4b2+ was generated by 

the oxidation of 2b through scission of the central C–C bond 

even at low temperatures, whereas thermal cleavage of the 

cyclobutane ring of 4b2+ produces bond-dissociated dication 

3b2+ at room temperature. Based on the voltammetric analysis, 

deeply colored dications 3a2+-3c2+ were successfully isolated as 

stable (SbCl6–)2 salts by treatment of spiro-DBCHT 1a-1c with 

two equivalents of (4-BrC6H4)3N+•SbCl6− in CH2Cl2, due to 

stabilization of the dibenzotropylium units (Scheme 2 and S19). 

Although formation of the same dication from caged molecules 2 

was demonstrated by the electrochemical oxidation of 1b/2b and 

1c/2c (Figures S20-S23), 2a-2c with lower HOMO levels need a 

stronger oxidant (2,4-Br2C6H3)3N+•SbCl6− in CH2Cl2 to give the 

same dications 3a2+-3c2+. Thus, completely selective oxidation of 

1b in a 1:1 mixture of 1b and 2b was achieved by using (4-

BrC6H4)3N+•SbCl6−. This means that spiro-DBCHT 1 can be 

protected against oxidation by conversion into caged molecules 

2 with a lower HOMO level. 

 

 

Scheme 2. Redox interconversion among 1, 2, and 32+(SbCl6–)2. (i) (4-

BrC6H4)3N+·SbCl6– (2.0 eq)/CH2Cl2. (ii) Zn (excess)/CH3CN or THF. (iii) (2,4-

Br2C6H3)3N+·SbCl6– (2.0 eq)/ CH2Cl2. [a (R = H); b (R,R = CH2-CH2); c (R,R = 

CH=CH)] 

Figure 3. Cyclic voltammograms of (a) 1 and 2 at 297 K and (b) 1b, 2b (at 297 K), and 2b (at 195 K) in CH2Cl2 containing 0.1 M Bu4NBF4 as a supporting 

electrolyte (scan rate 0.1 V s−1, Pt electrode). The second cycles are shown by a dotted line. (c) Mechanism of redox interconversion. (d) Redox potentials 

are summarized and peak potentials are shown as Eox and Ered. [a (R = H); b (R,R = CH2-CH2); c (R,R = CH=CH)] 
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By considering the similarity of the crystal packing and lattice 

parameters of 1b and 2b, we envisaged that both the 

photocyclization of 1b and the thermal cycloreversion of 2b 

would proceed in a single-crystalline state. When a single crystal 

of 1b was photoirradiated at its absorption end so that the light 

can be penetrated into the deep inside of the crystal ( > 390 

nm) for 10 h, caged molecule 2b was generated with 

maintaining single-crystallinity, and the proportion of 2b was as 

high as 45% as determined by a single-crystal X-ray analysis at 

200 K. This transformation is accompanied by contraction of the 

central C–C bond from 1.773(3) Å to 1.738(3) Å (Figures 4a,c). 

After photoirradiation of 1b for 60 h, conversion to 2b was 

completed while maintaining single-crystallinity, where the 

contracted bond length [1.7118(15) Å] is essentially the same as 

that [1.7133(16) Å] in the recrystallized sample of 2b. In addition, 

upon heating of a single crystal of 2b at 493 K for 10 min, 

thermal cleavage of the cyclobutane ring proceeded in 18% yield, 

and thermal isomerization proceeded completely after heating 

for 60 min, which was followed by single-crystal X-ray diffraction 

at 300 K (Figures 4b,d). As a result of the ring-opening of 

cyclobutane, the central C–C bond was certainly expanded to 

the original value [1.777(3) Å], which is in good agreement with 

that [1.772(3) Å] in the recrystallized sample of 1b, thanks to the 

outstanding stability of the long-bonded compound 1b at high 

temperature. These results show that reversible SCSC 

transformation occurred between 1b and 2b, accompanied by 

unprecedented expansion and contraction of the elongated C–C 

bond. Although single-crystallinity was not maintained for the 

pairs 1a/2a and 1c/2c, quantitative [2+2] photocyclization and 

thermal cleavage of the cyclobutane ring were also achieved in 

the solid state (Figure S24). 

We then could demonstrate that both spiro-DBCHT 1 and 

caged molecules 2 react with an oxidant to produce dication 32+ 

in a solid state. When 1b was subjected to grinding with two 

equivalents of blue-colored (4-BrC6H4)3N+•SbCl6−, the color 

changed to deep purple with the formation of dicationic dye 3b2+, 

which was confirmed by the appearance of characteristic IR 

absorptions assigned to 3b2+(SbCl6–)2 (e.g. 1601 and 1385 cm−1) 

and the resulting amine (e.g. 1486 and 1311 cm−1) (Figures 

5a,d). Moreover, grinding of 2b with two equivalents of green-

colored (2,4-Br2C6H3)3N+•SbCl6− smoothly led to the formation of 

a deep purple powder of dication salt 3b2+(SbCl6–)2, where three-

bond scission proceeded in a solid state (Figures 5b,e). 

Additionally, upon grinding of 3b2+(SbCl6–)2 with an excess 

amount of Zn powder, 3b2+ underwent two-electron reduction to 

give long-bonded 1b (Figures 5c,f). This is the first example of 

flexible C–C bond exhibiting the reversible expansion, 

contraction, formation, and scission of a Csp3–Csp3 single bond 

in a simple organic compound, especially in a pure hydrocarbon. 

Conclusion 

We have demonstrated that photo- and thermal isomerization 

between spiro-DBCHT 1 and caged molecules 2 proceeded 

quantitatively in a solid state, where the reversible formation and 

Figure 4. (a) Upon photoirradiation of a single crystal of 1b with  > 390 nm for 10 h and 60 h, the SCSC photocycloaddition reaction proceeded in respective 

yields of 45% and 100%, which were determined by a single-crystal X-ray analysis at 200 K.  (b) When a single crystal of 2b was heated at 493 K for 10 min 

and 60 min, SCSC thermal cycloreversion proceeded in respective yields of 18% and 100%, which were determined by a single-crystal X-ray analysis at 300 

K. Thermal ellipsoids are shown at the 30% probability level for intermediates and the 50% probability level for completely converted samples. (c,d) The 

crystallographic data for 1b and 2b are summarized in the table. 
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scission of two C–C bonds were accompanied by expansion and 

contraction of the central C–C bond. Since formation of the 

cyclobutane ring and contraction of the C–C bond induce 

lowering of the HOMO level, oxidative properties can be 

deactivated/activated by light/heat. Caged molecules 2 

generated by the photoirradiation of spiro-DBCHT 1 undergo 

two-electron oxidation to transiently produce bond-dissociated 

dications 42+ followed by thermal cleavage of the cyclobutane 

ring to give stable dications 32+. An elongated C–C bond was 

reformed by two-electron reduction of dications 32+, resulting in 

the formation of original spiro-DBCHT 1. Notably, all of these 

processes can proceed in a solid state. This paper provides a 

new perspective on C–C bonds that exhibit reversible expansion, 

contraction, formation, and scission. Thus hydrocarbons that 

contain a 'flexible' C–C bond could be promising candidates for 

the development of functional materials, whose crystals, films, or 

polymers can respond to the external stimuli such as light and 

heat with anisotropic expansion and contraction of the matter as 

well as reversible switching of oxidative properties. 
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Flexible C–C bond! Reversible expansion and contraction of a Csp3–Csp3 single bond triggered by light/heat were certainly visualized 

by single crystal X-ray analyses. In combination with redox chemistry, reversible interconversion was demonstrated between long 

bonded neutral species and stable dication, accompanied by C–C bond formation and scission. All processes can proceed in a solid 

state. 
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