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ABSTRACT: Highly strained hydrocarbons with two di-/tri-benzocycloheptatriene units were designed as electrochromic 
overcrowded ethylenes that undergo reversible interconversion with stable dicationic dyes. Due to severe steric repulsion, 
two configurational isomers (anti,anti-folded and syn,anti-folded forms) were isolated as stable entities. Photo- and thermal 
interconversion of these isomers proceeded cleanly: one-way photoisomerization occurred from anti,anti- to syn,anti-form 
and one-way thermal isomerization was observed from syn,anti- to anti,anti-form. Even though both isomers undergo two-
electron oxidation into the same twisted dications, quite different oxidation potentials enable completely selective oxidation 
of syn,anti-isomers. Thus, the present multi-configurational strained hydrocarbons are capable of switching of activation/de-
activation of their electrochromic properties by light/heat. 

■   INTRODUCTION 

Extended -conjugated molecules have been widely in-
vestigated for their unique physical properties that can be 
modified by proper molecular design. In particular, much 
attention has been focused on sterically congested and/or 
curved polycyclic aromatic hydrocarbons (PAHs)1–14 as well 
as cyclic -conjugated molecules like cyclopara-
phenylenes15–21 and carbon nanobelts.22–24 These highly 
strained molecules are potential candidates with special 
characteristic features that are not found in normal com-
pounds. Within such compounds, curved structures for 
PAHs are efficiently induced by incorporating medium-
sized rings, such as seven-membered rings, which impart 
molecular strain and distortion.3,4,7,8,10,11,13 

For example, we recently reported that highly strained 
hydrocarbons could be generated by connecting two diben-
zocycloheptatriene units with a C-C bond, in which a seven-
membered ring is a key structure to induce severe strain to 
give a hyper covalent bond with a C-C single bond length be-
yond 1.8 Å.25 Such an elongated bond can be cleaved upon 
two-electron oxidation to give the corresponding stable di-
cation [dynamic redox (dyrex) behavior] to exhibit electro-
chromic behavior.26 In other types of cycloheptatriene de-
rivatives, multi conformations can be observed and a mech-
anism of their interconversion has been investigated.27–29 

When the dibenzocycloheptatriene moieties are con-
nected by a double bond, the C=C unit cannot adopt a planar 
geometry. Deviation from standard planarity happens with 
an energy loss of -conjugation to give strained molecules 
as in other overcrowded ethylenes (OCEs),30–35 in which the 
C=C double bond is surrounded by bulky substituents. Since 
OCEs can often adopt multiple forms such as folded and/or 

twisted conformer(s), many OCEs exhibit photo- and ther-
mochromic behavior upon exposure to external stimuli 
such as light and heat. We envisaged that advanced electro-
chromic OCEs could be realized, which could be acti-
vated/deactivated by light/heat by incorporating charac-
teristic photo/thermal interconversion as a switching 
mechanism. 

Several dibenzocycloheptatriene-based OCEs that in-
clude tetrabenzoheptafulvalene (TBHF)36 have been re-
ported. The parent TBHF exhibits photo- and thermal isom-
erization between their anti- and syn-folded isomers be-
cause flipping of a seven-membered ring is hampered by 
steric hindrance in the overcrowded fjord region around 
the central C=C double bond (Scheme 1).37–40. This observa-
tion can also be found in other types of TBHFs, as reported 
by Miao and co-workers.41 The formation of a dication was 

Scheme 1.  Molecular design for 1 and 2. 



 

observed for the parent TBHF, however, it was only de-
tected by NMR and UV-vis spectroscopy,42,43 and thus elec-
trochromic behavior was not realized in those molecules. 
The spatial intimacy of two positive charges results in insta-
bility of the dicationic species, and thus insertion of a proper 
spacer (e.g., anthracene-9,10-diyl) can solve the problem as 
exemplified by our recent studies on the dication of 
tetraarylanthraquinodimethanes (Ar4AQDs).44,45  

Herein, we designed hydrocarbon-based OCE 1, in which 
an AQD skeleton is incorporated into two dibenzocyclohep-
tatriene units (Scheme 1). This molecule would exhibit two 
or more patterns of structural changes upon photoirradia-
tion and heating. The resulting configurational isomer 
would have different electron-donating properties due to 
the difference in deformation of the conjugation, and thus, 
the applied electric potential needed to give the corre-
sponding cationic species would be different. To observe 
the enhanced switching properties, 2 with two tribenzocy-
cloheptatriene units, and greater steric hindrance, was also 
designed. We expect that these OCEs 1 and 2 show quanti-
tative photo- and thermal interconversion among the isola-
ble configurational isomers with different oxidation poten-
tials, which can selectively undergo redox interconversion 
with 12+ and 22+.  

Previously, redox-active OCEs with several conformers 
have been developed based on bistricyclic aromatic enes 
(BAEs) such as bianthrones30,31 and bisthiaxanthyli-
denes33,34 by Evans and Feringa. These BAEs have syn/anti-
folded and twisted isomers, where conformers have differ-
ent redox potentials. Although the redox potential can be 
switched by heat or light, higher-energy conformers are ki-
netically unstable and easily converted to the most stable 
isomer under ambient conditions, so that activation/deacti-
vation by light/heat could not be applied for switching.  

As shown above, few examples in which redox-active 
OCEs adopt two or more configurations in the neutral state 
have been reported, and this paper reports the first descrip-
tion of what oxidative properties among isomers were com-
pletely switched upon photoirradiation and heating, thus 
demonstrating light/heat-induced activation/deactivation 
of redox reactions based on isolable conformers.  

 

 

■   RESULTS AND DISCUSSION 

DFT Calculations and Preparation 

Based on the above molecular design, a theoretical study 
was conducted for hydrocarbon 1. There are five possible 
structures [relative energy Erel/kcal mol–1: 0 for anti,anti-1 
(AA-1), +4.75 for syn,anti-1 (SA-1), +13.4 for syn,syn-1 (SS-
1), +40.9 for twisted 1 (T-1), and +22.9 for triplet diradical 
1·· (TD-1··)] in the neutral state optimized by density func-
tional theory (DFT) calculations46 at the (U)B3LYP/6-31G* 
level (Figures 1a-e). Similar results were obtained for 2 
[Erel/kcal mol–1: 0 for AA-2, +4.63 for SA-2, +23.4 for SS-2, 
+56.7 for T-2, and +36.7 for TD-2··], and the data are sum-
marized in Figures 1f-j. By considering the relative energies, 
we could find two or more isomers, and started synthetic 
studies. 

As shown in Scheme 2, diol 3 was prepared by lithiation 
of 9,10-dibromoanthracene followed by the addition of 
dibenzosuberenone. Upon treatment of 3 with acidic condi-
tions, dication salt 12+(BF4

–)2 was isolated in 96% yield as a 
red powder, the structure of which was identified by X-ray 
analysis (Figure 2a). The dication 12+ adopts an almost 

Figure 1.  Optimized structures of (a) AA-1,  (b) SA-1, (c) 
SS-1, (d) T-1, (e) TD-1··, (f) AA-2,  (g) SA-2, (h) SS-2, (i) T-2, 
and (j) TD-2·· based on DFT calculations at the (U)B3LYP/6-
31G* level. 

Scheme 2.  Preparation scheme for 1 and 2. 

Figure 2.  ORTEP drawings of (a) 12+(BF4–)2, (b) AA-1, (c) 
SA-1, (d) 12+(SbCl6–)2, (e) AA-2, and (f) SA-2. The counteri-
ons and solvent molecules are omitted for clarity. Thermal 
ellipsoids are shown at the 50% probability level. 

 



 

orthogonally twisted structure and the dihedral angle be-
tween dibenzotropylium and anthracene units was deter-
mined to be 84.7°, which is in good agreement with the simu-

lated value of 90.0° (Figure S12). The dication salt 12+(BF4
–)2 

exhibits strong absorption in the visible region (max = 567 
nm, log  = 3.96 in CH3CN), and the color persists for a long 
time in solution (Figure S13a). When dication 12+ was re-
duced with Zn powder, target compound 1 was quantita-
tively obtained as a mixture of two isomers assignable to 
AA-1 and SA-1 (1:1 ratio). 

The observed product ratio of anti,anti- and syn,anti-iso-
mers could be accounted for by the Hammond postulate: in 
exergonic reactions, a transition-state structure should be 
similar to that of the starting material with a potential en-
ergy that is close to that in the transition state. Because the 
potential energy of twisted diradical 1·· would be much 
higher than those of AA-1 and SA-1, the difference between 
the energy levels for the transition states toward both 
folded isomers would be negligibly small, so that the two 
isomers were produced in almost the same ratio. 

These two isomers can be partially separated by column 
chromatography on silica gel. The first and second eluted 
samples exhibit resonances corresponding to C2v-symmet-
ric and Cs-symmetric species, respectively, characterized by 
1H NMR spectroscopy. X-ray analyses revealed that the for-
mer compound is AA-1 and the latter is SA-1 (Figures 2b,c). 
When tribenzosuberenone41 was used as the electrophile 
instead of dibenzosuberenone, AA-2 and SA-2 were ob-
tained as a mixture. Their X-ray structures are shown in Fig-
ures 2e,f. In addition, the details of bond lengths for both 
isomers of 1 and 2 are summarized in Tables S1 and S2, 
showing that these molecules obviously adopt quinoidal 
forms not diradical species.  

 

Selective Thermal Isomerization from syn,anti- to 
anti,anti-isomers 

To investigate thermal interconversion, the mixture of 
isomers 1 was heated to reflux in dimethylsulfoxide (DMSO) 
for 1.5 h, and pure AA-1 was obtained. This result indicates 
that AA-1 can be selectively obtained upon heating (one-
way thermal isomerization to AA-1). To gain further insight 

into the thermal isomerization process for 1, isomerization 
from pure SA-1 to AA-1 was monitored by 1H NMR spectros-
copy. Upon heating at 170 °C in DMSO-d6, thermal isomeri-
zation proceeded cleanly to give AA-1 (Figure 3), and the 
rate constant k was determined to be 1.55 x 10–4 s–1. In a 
similar manner, the rate constants of isomerization at 150, 
160, 180 and 185 °C were determined and are summarized 
in Table S3. According to an Arrhenius plot using these val-
ues, the energy barrier for the thermal isomerization of SA-
1 was estimated to be 30.5 kcal mol–1, which is in accord 
with the fact that such isomerization does not occur at am-
bient temperature.  

For SA-2, one-way thermal isomerization that was quan-
titatively, similar to that for AA-2 occurred when hexa-
methylphosphoramide (HMPA) was used as a higher-boil-
ing solvent (Figure S14 and Table S3). The energy barrier 
for SA-2 was calculated to be 40.9 kcal mol–1, which is 
greater than that for SA-1 because increasing rigidity and 
steric hindrance around the cycloheptatriene ring makes 
ring-flipping more difficult. 

 

Selective Photoisomerization from anti,anti- to 
syn,anti-isomers 

Under photoirradiation conditions, anti,anti- and 
syn,anti-isomers of 1 were found to be interconvertible. To 
gain insight into the photostationary state, we photoirradi-
ated a solution of pure SA-1 at 279 nm, which is an isosbes-
tic point. As a result, the isomer ratio converged to 19:81 of 
AA-1 and SA-1 in the photostationary state (Figure S15). 
Although the absolute quantum yield () was not deter-
mined, AA-1 → SA-1 is about 4 times as large as SA-1 → AA-1. 

Furthermore, UV-vis spectra for AA-1 and SA-1 measured 
in CH2Cl2 (Figure 4a) show that the absorption edge wave-
lengths are 380 and 360 nm, respectively. This means that 
selective photo-excitation of AA-1 would induce one-way 
photoisomerization into SA-1 when the solution of 1 is irra-
diated with UV light at a wavelength longer than 360 nm. 
Actually, the behavior of photoisomerization for 1 was con-
firmed by UV-vis spectroscopy, in which the UV-vis spec-
trum exhibits a continuous change with several isosbestic 
points from AA-1 to SA-1 (Figure 4b).  

Figure 3.  A change in 1H NMR spectrum of SA-1 in DMSO-d6 at 170 °C. 



 

To elucidate the details of photoisomerization, we inves-
tigated the isomerization of AA-1 in CD2Cl2 by using NMR. 
Thus, SA-1 was obtained quantitatively, which was demon-
strated by 1H NMR spectroscopy as shown in Figure 4c. To 
confirm the absence of another isomer SS-1 in the photore-
actions, the solution of SA-1 was irradiated with UV light at 
around 350 nm, which is the absorption edge of SA-1. The 
UV-vis spectrum showed an increase only for the signals of 
AA-1, suggesting that incorporation of a higher-energy iso-
mer was not involved.  

Such photoisomerization can also be found in 2 because 
of the similarity of UV absorption properties (Figure S16). 
Based on these experimental results in combination with 
thermal reactivity, photo- and thermal isomerization pro-
ceed reversibly and quantitatively, which enables one-way 
isomerization between anti,anti- and syn,anti-isomers for 
both 1 and 2.  

 

Redox Behavior 

The redox potentials of two isomers were measured by 
cyclic voltammetry in CH2Cl2 (Figure 5). As a result of the 
different configurations for 1, anti,anti- and syn,anti-iso-
mers undergo electrochemical oxidation at different poten-
tials (Eox/V vs. SCE: +1.66 for AA-1, +1.54 for SA-1) to pro-
duce the same twisted dication 12+. The two-electron 

process for oxidation was confirmed by using ferrocene as 
an external standard. Upon the electrochemical oxidation of 
SA-1 in CH2Cl2/(CF3)2CHOH (9:1), clean conversion to 12+ 
(electrochromism) was observed with an isosbestic point 
(Figure 6), thus confirming the presence of a one-wave two-
electron oxidation process. 

On the other hand, reduction of the dication 12+ occurred 
via a two-step one-electron process. Conversion of the 

Figure 4. (a) UV-vis spectra of AA-1 (green) and SA-1 (blue) in CH2Cl2. (b) A change in UV-vis spectrum of AA-1 (green) to SA-1 
(blue) in CH2Cl2 (0-20 min, every 2 min; 20-40 min, every 4 min) and (c) a change in 1H NMR spectrum of AA-1 in CD2Cl2 upon 
photoirradiation at 365 nm [spectrofluorometer: 150 W Xe lamp, slit width (b) 5 nm and (c) 10 nm]. 

Figure 5. Cyclic voltammograms of AA-1 (green) and SA-1 
(blue) in CH2Cl2 containing 0.1 M Bu4NBF4 as a supporting 
electrolyte (scan rate 0.5 V s–1, Pt electrode). The second 
cycles are shown by dotted line. The redox potentials for 
these hydrocarbons are summarized in the table (scan rate 
0.1 V s–1). The irreversible half-wave potentials were esti-
mated from the anodic peak potentials (Epa)as Eox = Epa–
0.03 or the cathodic peak potentials (Epc) as Ered = Epc+0.03. 



 

diradical into AA-1 and SA-1 proceeds rather slowly. In fact, 
two-step one-electron oxidation of the corresponding radi-
cal species was observed in the second cycle, indicating that 
the lifetime of twisted diradical 1·· is longer than several sec-
onds because of the large structural change between 
twisted diradical 1·· and butterfly-shaped folded isomers 1.  

Similar redox behavior was observed for SA-2 (Figure 
S17), and the oxidation peak appeared in the more anodic 
region (Eox = +1.73 V) due to the lower aromatization en-
ergy of tribenzotropylium in 22+ compared to that of diben-
zotropylium in 12+, which is accounted for by considering 
the addition of -extended benzene rings to 1. Notably, AA-
2 could not be oxidized even when the potential was 
scanned up to +2.30 V, which is a limit of CH2Cl2, and thus 
enhanced switching properties were observed in 2 when 
the potential difference was more than 0.5 V. 

 To gain further insight into the different donating abili-
ties of anti,anti- and syn,anti-isomers, theoretical calcula-
tions were conducted by the DFT method. The HOMO levels 
of anti,anti- and syn,anti-isomers are calculated to be –5.36 
eV and –5.40 eV for 1 and –5.46 eV and –5.46 eV for 2, re-
spectively, at the B3LYP/6-31G* level. When the M06-2X 

method with the 6-31G* or cc-pVTZ basis set was used for 
calculations, no significant change was observed (Table S4). 
The nearly identical HOMO levels for the anti,anti- and 
syn,anti-isomers in both 1 and 2 seem incompatible with the 
experimental results regarding the different redox poten-
tials. It is most probable that the discrepancy between the 
redox potentials and HOMO levels can be accounted for by 
the drastic structural change during two-electron transfer. 
Thus, syn,anti-isomers can be more easily oxidized than 
anti,anti-isomers due to large steric strain release after one-
electron oxidation, which may facilitate the subsequent 
electrochemical event in syn,anti-isomers. 

 

Redox Interconversion and Selective Oxidation 

As suggested by the voltammetric analyses, two configu-
rational isomers AA-1 and SA-1 exhibited quite different be-
haviors upon redox interconversion with 12+. By consider-
ing the lower oxidation potential between two isomers, SA-
1 could be selectively oxidized by (4-BrC6H4)3N+·SbCl6– 
(Magic Blue), a representative one-electron oxidant. Upon 
treatment of SA-1 with two equivalents of Magic Blue, the 
dication 12+(SbCl6–)2 (the structure of which is shown in Fig-
ure 2d) was obtained quantitatively while AA-1 did not re-
act under the same conditions and was completely recov-
ered (Scheme 3a). It is noteworthy that such selective oxi-
dation of SA-1 was achieved when a 1:1 mixture of anti,anti- 
and syn,anti-isomers was oxidized with two equivalents of 
Magic Blue (for details, see the Experimental section in the 
Supporting Information). This is a quite rare example of 
well-controlled redox switchable OCE because SA-1 ob-
tained by photoirradiation can be selectively oxidized 
whereas AA-1 obtained by heat treatment remains intact. In 
the case of 2 with lower HOMO levels, Magic Blue is too 
weak, and thus a similar selective oxidation of SA-2 in the 
1:1 mixture of two isomers was achieved by using (2,4-
Br2C6H3)3N+·SbCl6– as a stronger oxidant.47 

 

■   CONCLUSION 

We have designed and prepared redox-active OCEs 1 and 
2, for which both anti,anti- and syn,anti-folded isomers exist 

Scheme 3. (a) Selective oxidation between anti,anti- and syn,anti-isomers. i) (4-BrC6H4)3N+·SbCl6– (2.0 eq) in CH2Cl2 and ii) (2,4-
Br2C6H3)3N+·SbCl6– (2.0 eq) in CH2Cl2. (b) The activation/deactivation process by light/heat and redox cycle for the hydrocarbons 
1 (R = H) and 2 (R,R = benzo).  

Figure 6. A change in the UV-vis spectrum of SA-1 (blue) to 
12+ (violet) upon constant current electrochemical oxida-
tion (80 A, every 2 min) in CH2Cl2/(CF3)2CHOH (9:1) con-
taining 0.05 M Bu4NBF4 as a supporting electrolyte.  



 

as stable entities due to rigid seven-membered rings as the 
key framework. These isomers do not interconvert at ambi-
ent temperature due to energy barriers greater than 30 kcal 
mol–1. One-way thermal isomerization from syn,anti- to 
anti,anti-isomers and one-way photoisomerization from 
anti,anti- to syn,anti-isomers proceed quantitatively for 
both 1 and 2. Furthermore, these hydrocarbons undergo 
two-electron oxidation to give twisted dications and dyrex 
behavior with a large separation of redox potentials, which 
gives favorable conditions for constructing electrochromic 
materials. 

Furthermore, the much easier oxidation of SA-1 (E = ca. 
0.1 V) than of AA-1 enables, in principle, activation/deacti-
vation of the electrochromic properties of 1 by light/heat 
(Scheme 3b). Since photo- and thermal interconversion sel-
dom changes the color, light and heat could be used only for 
the switching of electrochromism. As demonstrated by the 
larger difference in redox potentials (E > 0.5 V) and the 
higher thermal activation energy in tribenzo derivative 2, 
the activation/deactivation process by light/heat can be 
tuned by molecular design. Thus, the completely selective 
oxidation between anti,anti- and syn,anti-folded isomers, 
which can be switched by photo- and thermal isomerization, 
represents a new molecular concept for the design of smart 
functional devices.  
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