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ABSTRACT: Octaaryl-substituted bisquinodimethanes (BQDs) with a zigzag structure were designed as redox switchable 
molecules that undergo four-electron oxidation to produce tetracationic pentacenes with a doubly twisted structure. In con-
trast to one-stage four-electron oxidation of BQDs, stepwise two-electron reduction of tetracationic pentacenes occurs to 
give dicationic anthracenes and then the original BQDs, step-by-step. Since both tetra-/dications exhibit near-infrared (NIR) 
absorptions (-1,400 nm) based on an intramolecular charge-transfer interaction, changes in not only their structures but 
also UV−vis−NIR spectra can be controlled by redox stimuli. In this paper, we present an unprecedented one-step -
extension to pentacene from non-fused benzene rings by oxidation, and subsequent two-stage deannulation to benzene 
rings via anthracene upon reduction; all structures were determined by single-crystal X-ray analyses and their properties 
were characterized by spectroscopic and theoretical studies.  

[n]Acenes are a class of aromatic hydrocarbons com-
posed of linearly fused benzene rings (e.g., anthracene, 
tetracene, pentacene, etc.; n: number of annulated benzene 
rings). [n]Acenes are highly attractive molecules because 
their HOMO/LUMO levels and small band gap can be easily 
modulated by -extension and the introduction of various 
substituents or steric strain to the acene core.1–11 Thus, 
their optical and electrochemical properties can be fine-
tuned. As a result, [n]acenes are widely used as functional 
organic materials such as semiconductors,12–15 fluorescent 
probes,16–18 and optoelectronic devices.19–25 There are two 
main approaches to their synthesis26 (Scheme 1a): elimina-
tion of small molecule(s) such as carbon monoxide (CO) 
from precursors27–30 and nucleophilic addition to quinones 
followed by reductive aromatization.31,32 However, several 
problems may arise regarding the solubility and stability of 
the reaction intermediate with an increase in n. 

In addition, [n]acenes have been reported to show 
switching behavior based on dynamic interconversion 
through photo- and thermal dimerization/dissociation and 
reversible endoperoxidation reaction.33–39 For example, 
pentacene derivatives are interconvertible with their di-
mers, where the anthracene skeleton and/or naphthalene 
skeleton are unselectively formed by partial dearomatiza-
tion. While these switching behaviors are fascinating from 
the viewpoint of control of HOMO/LUMO levels arising 
from the change in acene units, it is still challenging to at-
tain reversible and selective switching of [n]acene units 
that can be observed in a unimolecular fashion rather than 
as an intermolecular reaction of two molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, we recently reported that 
11,11,12,12-tetraaryl-9,10-anthraquinodimethanes 
(AQDs) 1 with a folded form undergo one-stage two-
electron oxidation to produce twisted dications with a pla-
nar anthracene skeleton (Scheme 1b).40–42 These results 

Scheme 1.  Synthetic procedures for acene derivatives. (a) 
Previous examples and (b) and (c) our strategies. 



 

indicate that a [3]acene unit can be reversibly constructed 
by a redox reaction, accompanied by changes in both the 
structure and color of the molecule. Thus, we envisaged 
that extended [n]acenes could be formed in oligocationic 
states by one-stage oxidation of an accumulated structure 
composed of multiple AQD units, for instance, pentacene 
derivative would be obtained by four-electron oxidation of 
bisquinodimethane (BQD) 2 with eight aryl groups 
(Scheme 1c). In general, many extended [n]acenes are un-
stable due to the reactivity at the edges such as dimeriza-
tion. However, this molecule 24+ is expected to be suffi-
ciently stable because its highly reactive edges are protect-
ed by almost orthogonally twisted diarylmethylium units. 

Herein, we propose a new approach for preparing ex-
tended [n]acenes by electrochemical oxidation, and 
demonstrate unprecedented hysteretic three-state redox 
interconversion among neutral BQDs 2, tetracationic pen-
tacenes 24+, and dicationic anthracenes 22+, in which both 
cations exhibit significantly red-shifted absorptions in the 
near-infrared (NIR) region based on an intramolecular 
charge-transfer (CT) interaction. Furthermore, all com-
pounds in the neutral and cationic states were successfully 
isolated and demonstrated by single-crystal X-ray analyses, 
not only for electron-donating 2a with methoxy groups, 
but also for pure hydrocarbon 2b with t-butyl groups. The 
unimolecular redox switching behavior was characterized 
by spectroscopic and theoretical studies.  

As shown in Figure 1a, the target molecules 2a and 2b 
were prepared from 5,7,12,14-pentacenetetrone over 4 
steps, where stepwise introduction of aryl groups was 
conducted by Suzuki-Miyaura cross-coupling reaction fol-
lowing dibromoolefination. According to X-ray analyses, 
these BQDs with three non-fused benzene rings 2a and 2b 
adopt a zigzag conformation as shown in Figure 1b,c. By 
treatment with four equivalents of (4-BrC6H4)3N+•SbCl6

– 
(Magic Blue), tetracationic salts 2a4+(SbCl6

–)4 and 
2b4+(SbCl6

–)4 were isolated in 100% and 96% yields, re-
spectively. X-ray analyses revealed that the tetracations 
have a fully conjugated planar pentacene core, which is 
almost orthogonal to the diarylmethylium moieties (Figure 
1d,e); there are only a few examples of the determination 
of the structure of oligocations in organic molecules,43–45 
especially pure hydrocarbons.46 The original BQDs  2a and 
2b were completely recovered when tetracations were 
treated with an excess amount of Zn powder, which 
demonstrates that reversible redox interconversion be-
tween 2/24+ can proceed. Both solid-state structures of 
BQDs 2 and tetracations 24+ were very similar to the ge-
ometries obtained by density functional theory (DFT) cal-
culations at the CAM-B3LYP/6-31G* level (Figures S14-
S17 and Tables S1-S3).  

When the absorption spectra were measured in CH2Cl2 
(Figure 2), tetracations 24+ exhibited strong absorptions in 
the visible region characteristic to diarylmethylium units 
[max/nm (log ): 517 (5.30) for 2a4+ and  498 (5.08) for 
2b4+] as well as intramolecular CT absorptions in the NIR 
region [max/nm (log ): 922 (4.06) for 2a4+ and 1094 
(4.11) for 2b4+], whereas BQDs 2 have absorption maxima 
only in the UV region [max/nm (log ): 328 (4.60) for 2a 
and 317 (4.59) for 2b]. A large red shift and vivid color 
change were observed upon four-electron oxidation of 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  (a) Preparation of newly designed BQDs 2 and 
redox interconversion between 2 and 24+. i) CBr4 and 
PPh3 in toluene, ii) ArB(OH)2 or (ArBO)3, K2CO3, and 
Pd(PPh3)4 in toluene:EtOH:H2O (10:1:1), iii) (4-
BrC6H4)3N+·SbCl6– (4.0 eq) in CH2Cl2, and iv) Zn (excess) in 
CH3CN. ORTEP drawings of (b) 2a, (c) 2b, (d) 2a4+(SbCl6–

)4, and (e) 2b4+(SbCl6–)4. The counterions and solvent 
molecules are omitted for clarity. Thermal ellipsoids are 
shown at the 50% and 30% [only for 2b4+(SbCl6–)4] prob-
ability levels. 

Figure 2.  UV−vis−NIR spectra of 2a (blue), 2b (black), 
2a4+(SbCl6–)4 (orange), and 2b4+(SbCl6–)4 (red) in CH2Cl2.  

 

 



 

Each absorption band was assigned by time-dependent 
(TD)-DFT calculations (Figure S24a,b). Note that the pure 
hydrocarbon 2b4+ shows significantly red-shifted CT ab-
sorptions, which can be accounted for by a low-lying LUMO 
level due to the lower donating ability of t-butyl groups for 
2b4+ than methoxy groups for 2a4+, while the coefficients 
in HOMO are located on the same pentacene core. The low-
er-energy CT bands for tetracationic pentacenes 24+ com-
pared to dicationic anthracenes 12+ [max/nm (log ): 709 
(3.94) for 1a2+ and 836 (3.95) for 1b2+] can be explained 
by the higher donating ability of pentacene compared to 
the anthracene core (Figures S22-S24).  

To investigate the redox properties in detail, we con-
ducted cyclic voltammetry in CH2Cl2 (Figure 3a). For 2a, 
the voltammogram showed a one-wave four-electron oxi-
dation peak at +1.12 V (vs. SCE), which is close to that of 
1a (+1.03 V) (Figure S25).40 The one-stage four-electron 
process for oxidation was verified by using ferrocene as an 
external standard and confirmed by differential pulse volt-
ammetry (Figure S28). As a result of the change in struc-
tures, return peaks, where two-stage two-electron reduc-
tion occurs via intermediate dication 2a2+, appeared in the 
far cathodic region (Ered/V: +0.55 for 2a4+ and +0.27 for 
2a2+). Such a cathodic peak shift is a characteristic feature 
of dynamic redox (dyrex) systems,47 in which the steady-
state concentration of intermediate radical species (2a+• or 
2a3+•) is negligible. The smaller current of the return peaks 
is due to the effects of diffusion. Similar redox behavior 
was observed for 2b (Eox/V: +1.26 for 2b; Ered/V: +0.89 for 
2b4+ and +0.76 for 2b2+).  

According to these observations, three structures can be 
considered as the intermediary dication 22+: (A) dication 
diradical with a pentacene skeleton as in 24+, (B) diagonal-
ly conjugated quinoidal dication, and (C) localized dication 
with an anthracene skeleton fused with an AQD unit. They 
all have some advantages: there would be highly delocal-
ized cations and radicals in A, less Coulombic repulsion in 
B, and intramolecular CT interaction in C. We first investi-
gated if these dications 22+ are diradical species having a 
pentacene core via voltammetric analyses by immediately 
reoxidizing the as-prepared dicationic species that were 
generated at the first two-electron reduction peak (Figure 
S26). There was no corresponding oxidation peak in either 
2a2+ or 2b2+, meaning that a significant structural change 
rapidly occurs in 22+ to lose the pentacene structure when 
the tetracations are reduced, so that the possibility of 
diradical species (A) could be excluded. 

To obtain further information regarding the structure of 
the intermediary dications 22+ as expected by the voltam-
metric analyses of BQDs 2, we performed a titration exper-
iment on the chemical reduction of 24+, which was moni-
tored by UV−vis−NIR spectroscopy. Upon the addition of 
aliquots of Bu4NI (TBAI) in CH2Cl2, the UV−vis−NIR spec-
trum of 2b4+ changed to that of 2b via the intermediate 
dication 2b2+ in a stepwise fashion, where several isosbes-
tic points were observed in both stages. Especially in the 
first stage, the absorption maxima at 498 and 1094 nm for 
2b4+ in the visible and NIR region shifted to 509 and 1005 
nm for 2b2+ (Figure 3b). Similar results were obtained by 
using 2a4+ with decamethylferrocene [(CH3)10Fc] (Figure 
S30). The NIR absorption of dications 22+ suggested that 

the C form with intramolecular CT interaction would be 
likely, and this idea is supported by the fact that the DFT 
method gave no energy-minimized structure for the 
quinoidal B form. At the same time, titration experiments 
indicated that the intermediary dications 22+ have a long 
lifetime as observed by spectroscopic measurements and 
do not disproportionate into neutral BQDs 2 and tetraca-
tions 24+.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After many trials, dications 22+ could be isolated in pure 
form. Upon two-electron reduction of tetracationic salts 
2a4+(SbCl6

–)4 and 2b4+(SbCl6
–)4 in CH3CN with two equiva-

lents of (CH3)10Fc and TBAI, respectively, dicationic salts 
2a2+(SbCl6

–)2 and 2b2+(SbCl6
–)2 were isolated in 99% and 

95% yields, respectively (Figure 4a). These structures of 
dications 22+ are C forms, consisting of 
bis(diarylmethylium)-substituted anthracene and a 
tetraarylquinodimethane unit, as characterized by 1H NMR 
spectra and finally determined by single-crystal X-ray 
analyses, as shown in Figure 4b,c. Since their NIR absorp-
tion bands are assigned to the intramolecular CT interac-
tion between electron-accepting cationic moieties and 
electron-donating diarylmethylene units by TD-DFT calcu-
lations at the CAM-B3LYP/6-31G* level (Figure S24c,d), 
the structures in solution are considered to be the same as 
those in crystals. We also confirmed that the CT absorption 
bands (794 nm for 2a2+ and 1000 nm for 2b2+) were ob-

Figure 3.  (a) Cyclic voltammograms of 2a and 2b at 297 
K in CH2Cl2 containing 0.1 M Bu4NBF4 as a supporting 
electrolyte (scan rate 0.1 V s−1, Pt electrodes). The second 
cycles are shown by a dashed line. (b) Change in 
UV−vis−NIR spectrum of 2b4+(SbCl6–)4 (6.00 µM) upon the 
addition of several aliquots of TBAI in CH2Cl2.  



 

served at a longer-wavelength region than those for 12+ 
(709 nm for 1a2+ and 836 nm for 1b2+), which exhibits CT 
interaction between cationic moieties as an acceptor and 
anthracene skeleton as a donor (Figure S29).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable-temperature 1H NMR measurement revealed 
that there is very slow intramolecular electron-transfer 
because we cannot observe any broadening or coalescence 
of NMR signals of 2a2+(SbCl6

–)2 in CD3CN (Figure S31). 
Thus, each redox part behaves independently, and volt-
ammetric analyses of 22+ show that one-stage two-electron 
oxidation of the AQD unit occurred at +0.95 V for 2a2+ and 
+1.26 V for 2b2+, and one-stage two-electron reduction 
peaks of dicationic anthracene were observed at +0.20 V 
for 2a2+ and +0.73 V for 2b2+ (Figure S27). Actually, when 
dications 22+ were treated with two equivalents of Magic 
Blue and with an excess amount of Zn powder, tetracations 
24+ and BQDs 2 were isolated quantitatively for both reac-
tions. Therefore, unprecedented hysteretic three-state 
redox interconversion among tetracationic pentacenes 24+, 
dicationic anthracenes 22+, and neutral BQDs 2, as shown 
by cyclic voltammetry, was demonstrated on a preparative 
scale.  

With the exact structure and detailed redox properties 
of dications 22+ in hand, we can now explain why BQDs 2 
undergo one-stage four-electron oxidation. The HOMOs of 
2 have coefficients on the atoms in both AQD units, and 
thus two-electron oxidation of 2 does not occur to form 
dications 22+ of C form (Figures S18-S19). Furthermore, 
based on the similar oxidation potentials of 22+ and 2, we 
can rule out the possibility that orthogonally attached cati-
onic units cause on-site Coulombic repulsion to retard 
multiple-electron transfer. 

In conclusion, we designed and synthesized zigzag-
structured BQD derivatives 2 with non-fused benzene 
rings, which undergo one-stage four-electron oxidation to 
produce tetracationic pentacene derivatives 24+ with a 
doubly twisted conformation. When tetracationic penta-
cenes 24+ were reduced, two-stage two-electron reduction 
occurs via dicationic anthracenes 22+ to the original BQDs 
2. Such hysteretic three-state redox interconversion 
among them demonstrates perfect control of the number 
of fused benzene rings ([1] -> [5] -> [3] -> [1]) in the 
[n]acene structure by redox conversion. It is noteworthy 
that cationic species can be isolated even for pure hydro-
carbons. Furthermore, since these cations exhibit signifi-
cantly red-shifted NIR absorptions (-1,400 nm) based on 
intramolecular CT interaction, changes in structure as well 
as UV−vis−NIR absorptions can be controlled by redox 
switching. These results provide a new tactic for creating 
[n]acene-based redox switches with fully controlled multi-
ple-electron transfer, and for dynamically interconverting 
their structures and properties in a unimolecular fashion. 
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