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Abstract: The concept of a domino-type reaction has been applied in 

a wide range of fields such as synthetic organic chemistry, material 

engineering, and life science. To extend the domino concept to redox 

chemistry, we designed and synthesized a dimeric quinodimethane 

(QD) with a nonplanar dithiin spacer. The domino-redox properties 

can be activated by raising the temperature, based on a thermally 

equilibrated twisted conformation of QD, which has a higher highest 

occupied molecular orbital (HOMO) level that is more readily oxidized. 

After one QD unit is oxidized (trigger), steric repulsion and electronic 

interaction between electrophores make the neighboring QD unit 

adopt a twisted conformation (domino process), which facilitates the 

following oxidation. Thus, a domino-redox reaction was achieved for 

the first time by a change in the HOMO level due to a drastic change 

in the molecular conformation.  

Introduction 

Domino reactions are intramolecular reactions in which a single 

event triggers the conversion of a starting material to a product, 

which then provides a substrate for the next reaction until a stable 

final product is obtained (Figure 1a).[1–8] They have contributed 

greatly to green chemistry such as by improving the reaction 

efficiency (atom economy) and simplifying the workup process, 

thanks to the generation of multiple bonds in a single step. 

However, it can be difficult to apply the concept of domino 

reactions to redox reactions due to electrostatic reasons (Figure 

1b),[9–13] since in general, an electron transfer (ET) reaction 

produces a positively or negatively charged species. As a result, 

the oxidation/reduction reaction proceeds in a stepwise manner 

with an anodic/cathodic shift of the electric potential for the 

subsequent process.[14]  

One of the exceptions is the “dyrex (dynamic redox)” system,[15] 

such as tetraarylanthraquinodimethane (AQD, A), in which the 

first oxidation of A with a folded geometry generates A+• that 

undergoes a rapid structural change into (A')+• with a twisted 

geometry (Figure 2 and Scheme S1). Since (A')+• (twisted) is more 

easily oxidized than A+• (folded) or even than A (folded), the 

second oxidation occurs nearly at the same potential to generate 

(A')2+ (twisted). This process is akin to the domino process, 

however, A could undergo only two-electron (2e) oxidation, and 

thus the first ET only facilitates the second ET but could not 

continue the process, so that it is not a domino process. In 

addition, organic systems constructed by the assembly of multiple 

redox-active units (electrophores) are attracting much attention 

since it could exhibit superior charge transport properties based 

on their potential to interconvert with multivalent ionic species.[16–

28]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. (a) The concept of domino reactions. (b) General scheme for multi-
redox reaction without a change in structure of electrophore. (c) This work for 
realizing domino-redox reaction by a large change in structure of electrophore 
after oxidation of the neighboring unit. 

To realize domino-redox reactions in multi-redox systems 

consisting of the same kinds of electrophores, some novel 

mechanism is necessary, so that the initial redox reaction in one 

electrophore facilitates the subsequent redox reaction of the 

neighboring unit (Figure 1c and Schemes S3 and S4). As the 

simplest model of the multi-chromophoric systems, we recently 

studied octaarylbisquinodimethane (BQD) derivatives B, which 

have two units of the folded-shaped AQD connected by a rigid π-

linker (Figure 2 and Scheme S2).[29] If they exhibit the domino 

process, the same idea could be applied for the much larger multi-

redox systems to facilely generate oligo/poly-cations. In fact, B 

underwent one-wave four-electron (4e) oxidation to give 

tetracation B4+, however, this did not lead to the domino-redox 

reaction, because the oxidation potential of B is similar to that of 

monomeric AQD A with the same aryl groups,[15,30–32] which 
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undergoes one-wave 2e-oxidation. Thus, the oxidation behavior 

of multi-redox system B could instead be explained by the 

independent ET process of two quinodimethane (QD) units. To 

achieve a domino-type redox reaction, mutual steric repulsion 

and/or electronic interaction between the electrophores is 

important, while it is prevented due to rigidity of the spacer in B. 

 

 

 

 

 

 
Figure 2. Related compounds A/A', B, and C. 

Thus, we anticipated that, instead of fusing the QD units with a 

rigid π-skeleton, bridging two electrophores with a more flexible 

nonplanar linker would be promising. We chose the dithiin 

skeleton, which was used to construct several nanohoops and 

nanobelts.[33–35] Herein, we newly designed SS-BQD 1, which 

consists of two QD units fused with a dithiin skeleton. The 

backbone of SS-BQD 1 is expected to exhibit higher flexibility, 

allowing close proximity of two QD units for mutual 

communication, thus affecting the structural preference of a QD 

unit while adopting one of multiple conformations, such as folded 

(F) and twisted (T) forms, with different electronic structures. In 

many cases, the AQD electrophore prefers the folded form with a 

low highest occupied molecular orbital (HOMO) level whereas the 

high-energy twisted form has a much higher HOMO.[15] 

A detailed investigation of the effects of changes in the 

conformation of QD units on the redox behavior indicated that, 

after the initial oxidation of SS-BQD, subsequent oxidation of the 

second unit is facilitated by raising the HOMO level, which is 

caused by a dynamic change in conformation of the intermediary 

dicationic state. In addition, this domino process could be clearly 

demonstrated since the initial oxidation process of the neutral 

species is activated by raising the temperature through the 

thermal equilibrium among the conformers in SS-BQD, thanks to 

the redox properties of a QD unit being drastically modified by 

adopting the less stable twisted form. In this paper, we report the 

first example of a domino-redox reaction induced by a drastic 

change in conformation that is accompanied by a domino-type 

change in the HOMO level. 

Results and Discussion 

To construct SS-BQD-based redox systems, we selected a 4-

methoxyphenyl group as the aryl group, since it has enough 

electron-donating ability to stabilize the cationic states. By an 

eight-fold Suzuki-Miyaura cross-coupling reaction, SS-BQD 1a 

with 4-methoxyphenyl groups was prepared in 92% yield in a one-

step manner from tetrakis(dibromomethylene) precursor 3, which 

was prepared from tetraone 2[36] (Figure 3a). In addition, to 

investigate the effect of a restricted change in the structure of the 

QD unit,[32] we prepared the reference compound 1b with a 

chlorine atom at the 2-position of the 4-methoxyphenyl group in a 

similar manner (56%).  

X-ray analysis of SS-BQD 1a using a benzene-solvated single 

crystal obtained by recrystallization from benzene/hexane 

showed that SS-BQD 1a contains two units of folded QD, which 

are connected by a boat-shaped dithiin spacer (Figure 3b). Thus, 

1a adopts a U-shaped conformation (F-Fsyn) in which the concave 

faces of the QD units are directed to the same sides. On the other 

hand, X-ray analysis of a CHCl3-solvated single crystal obtained 

from CHCl3/hexane revealed that SS-BQD 1a adopts a Z-shaped 

conformation (F-Fanti) with the two folded QD units (Figure 3c), 

while their concave faces are directed to the opposite side. These 

results clearly show that two conformers with QD units in different 

orientations can exist as stable species in the crystals. The 

observation of both conformers by X-ray analysis indicated that 

1a exists in a state of rapid equilibrium of the F-Fsyn and F-Fanti 

conformations in solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. (a) Preparation of newly designed SS-BQDs 1. X-ray crystal 
structures (ORTEP drawings) of (b) 1a (F-Fsyn) # and (c) 1a (F-Fanti) determined 
at 150 K. The solvent molecules and disordered atoms are omitted for clarity. 
Thermal ellipsoids are shown at the 50% probability level. #One of the two 
crystallographically independent molecules. 

Thanks to the electron-donating nature of the 4-methoxyphenyl 

and 2-chloro-4-methoxyphenyl groups, upon treatment of 1a and 

1b with four equivalents of (4-BrC6H4)3N+•SbCl6−, the tetracation 

salts 1a4+(SbCl6−)4 and 1b4+(SbCl6−)4 were obtained quantitatively 

(Figure 4). When the tetracations 1a4+ and 1b4+ were reduced with 

Zn powder, the neutral species 1a and 1b were recovered 

quantitatively. X-ray analysis of tetracation salt 1a4+(SbCl6−)4 

showed that tetracation adopts almost orthogonally twisted 

structures, with large dihedral angles between the central 

pentacyclic skeleton and each diarylmethylium unit [64.7(8)° - 

82.3(8)°] (Table S4). These results indicate that the tetracation 

adopts a perpendicular geometry, whereas the QD units in the 

neutral state prefer a folded geometry. 
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Figure 4. Redox interconversion between neutral donors and tetracations. Four 
equivalents of (4-BrC6H4)3N+•SbCl6− were used for the oxidation of 1a and 1b, 
respectively. X-ray crystal structures (ORTEP drawings) of 1a4+(SbCl6–)4 
determined at 100 K. The counterions, solvent molecules, and disordered atoms 
are omitted for clarity. Thermal ellipsoids are shown at the 50% probability level. 

Such a change in structures between the neutral and cationic 

states are common with AQD derivatives A and C,[15,32]  which is 

reflected in the redox behavior with large separation of the 

oxidation and reduction peaks (Figure S36). This would also be 

the case for SS-BQD. Indeed, a cyclic voltammogram of 1b in 

CH2Cl2 exhibited one-wave 4e-redox peaks at quite different 

potentials, each of which corresponds to the oxidation of 1b and 

the reduction of 1b4+, respectively (Figure 5). The redox behaviors 

of A and 1b do not change when measured at other scan rates or 

at other temperatures (Figures S37-S40). However, quite different 

and rather reversible redox waves were observed for 1a at 298 K. 

A cathodic shift of the oxidation wave compared to that of AQD A 

with 4-methoxyphenyl groups suggests that 1a has a much higher 

HOMO than AQD A (Figure S36).  

The nearly reversible redox waves imply that there is almost no 

change in structure between before and after the oxidation of 

neutral species 1a in solution. Considering that tetracation 1a4+ 

only adopts a perpendicularly twisted structure as suggested by 

an X-ray analysis, NMR (Figure S4) and UV-Vis spectra (Figure 

S29b), and theoretical calculations (vide infra), the oxidation of 

neutral species 1a should occur from the conformations other 

than those observed in crystal by X-ray, so that one or both of the 

two QD units adopt a twisted-form. 

We considered that a more stable folded form and a metastable 

twisted form in the QD units of 1a would be in thermal equilibrium 

at 298 K. To validate this hypothesis, the cyclic voltammogram 

was measured at 195 K in CH2Cl2. As expected from the general 

view that the metastable form makes less of a contribution at a 

lower temperature, the voltammogram showed a large separation 

of redox peaks, indicating that the QD units with a folded form are 

dominant in solution at 195 K, and thus a large change in structure 

between the neutral donor and the tetracation was indicated 

(Figure 5). A continuous change was observed by measuring the 

voltammogram of 1a at different temperatures between 195 K and 

298 K (Figures 6a and S41). Similarly, when the scan rate was 

increased during the measurements at 298 K, the similar 

continuous change was observed showing large separation of 

redox peaks at higher scan speeds (Figures 6b and S42). The 

above results show that the less populated but easily-oxidized 

form is supplied from the most stable forms at higher temperature 

and/or at slower scan rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Cyclic voltammograms of SS-BQDs 1a and 1b in CH2Cl2 containing 
0.1 M Bu4NBF4 as a supporting electrolyte (scan rate 100 mV s−1, Pt electrodes). 
[1a: Ar = 4-MeOC6H4; 1b: Ar = 2-Cl-4-MeOC6H3]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Cyclic voltammograms of SS-BQD 1a in CH2Cl2 containing 0.1 M 
Bu4NBF4 as a supporting electrolyte (Pt electrodes). (a) Measured at various 
temperatures varied continuously from 195 K (blue) to 298 K (red). (b) Measured 
at various scan rates varied from 10 mV s−1 (red) to 5 V s−1 (blue).  

Based on the thermally activatable redox behavior observed in 

SS-BQD 1a, we can propose a mechanism for the redox process 

shown in Scheme 1. The two conformers F-Fsyn and F-Fanti, in 
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which both QD units adopt the folded form, are in equilibrium in 

solution via the rapid flipping motion of QD units. At 195K, the 

voltammogram of 1a is similar to that of 1b, in the latter of which 

the twisted QD unit does not need to be considered due to the 

substituents at the 2-position of aryl groups even at 298 K. These 

results indicate that the contribution of the metastable 

conformation with a twisted QD unit of 1a is negligibly small at 

lower temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 1. A plausible mechanism for domino-redox reaction induced by an 
electrochemically triggered conformational change. 

 

When the temperature was raised to 298 K, some contribution 

from the conformer containing a twisted QD unit (e.g., T-F) is 

expected with a change in redox behavior. While its proportion 

should be small, the high HOMO of the T-F conformer allows 

facile oxidation of 1a since F-Fsyn and F-Fanti are in rapid 

equilibrium with T-F. After the T-F conformer undergoes an 

apparent 2e-oxidation, the as-generated dication 1a2+ adopts the 

T2+-F conformation, which has a twisted bis(diarylmethylium) 

moiety and the neutral QD unit of the folded form. Importantly, due 

to the steric repulsion between electrophores, the folded QD unit 

in the dication 1a2+ could further undergo a rapid change in 

conformation into the twisted QD, with the formation of a doubly 

twisted conformer T2+-T with a higher HOMO level than T2+-F 

(Figures 7b, S13, and S24). Moreover, in the T2+-T conformers, 

the HOMO and lowest unoccupied molecular orbital (LUMO) are 

delocalized in the orthogonally attached 

diarylmethylene/methylium units, suggesting the presence of 

interelectrophore interactions. In this way, the change in 

conformation can facilitate subsequent 2e-oxidation so that it 

happens at nearly the same potential as for T-F, resulting in the 

formation of tetracation 1a4+ with the T2+-T2+ conformation.  

This scenario for the domino-redox reaction is most likely to 

account for the one-wave 4e-oxidation process of 1a at the 

cathodically shifted potential compared to AQD A. The change in 

conformation of the as-generated 1a2+ is the key for the success 

of the domino process. The T2+-F conformer of 1a2+ generated by 

the initial oxidation exhibits steric repulsion between two 

electrophores as in the case of neutral T-F. However, the 

repulsion in the dicationic state cannot be released as in the 

neutral state, since the T2+ part cannot convert to the folded form. 

The only way to relieve the repulsion in T2+-F is by a change in 

the conformation of the QD unit to the twisted form, which 

warrants the downstream change in conformation from T2+-F to 

T2+-T. When a spectral change was followed by UV-Vis 

spectroscopy upon electrochemical oxidation in CH2Cl2, a clean 

conversion of 1a to tetracation 1a4+ (Figure S31) were observed 

with isosbestic points at 314 and 347 nm. At the early-stage of 

oxidation, a slightly red-shifted absorption maximum (529 nm) 

was observed, which merged into the absorption of 1a4+ at 507 

nm, suggesting that the dicationic intermediate could be 

transiently detected under the constant-current electrolytic 

condition. Then, to observe transient dication 1a2+ more clearly, 

we conducted electrochemical oxidation of 1a in MeCN, which 

can stabilize the intermediary cationic species by an effective 

solvation. Indeed, stepwise oxidation processes were observed 

via the intermediary dication (Figure S32) with several isosbestic 

points in each oxidation process, indicating that the transient T2+-

F form can be long-lived in MeCN, which was supported by DFT 

calculations (Table S1). 

  To validate the domino-redox scenario by evaluating the relative 

energies (Erel) of the conformers, DFT calculations were 

performed at the B3LYP-D3/6-31G* level. Since the VT-NMR 

measurements (vide infra) did not show any biradical character, 

open-shell species would be energetically overestimated and can 

be excluded. The results showed that not only the F-Fsyn and F-

Fanti conformations with folded QD units but also the T-F 

conformation with a twisted QD unit were obtained as energy-

minimized structures for 1a (Figures 7a and S12). The energy 

difference between F-Fsyn and F-Fanti (3.19 kcal/mol) suggests 

that there is some steric repulsion/dispersion attraction between 

electrophores over the dithiin skeleton. The T-F conformer with a 

higher HOMO level has an Erel value of 5.90 kcal/mol, which is 

small enough to consider the contribution from this conformer with 

an increase in temperature. On the other hand, the T-T conformer 

is much less stable (Erel: 20.2 kcal/mol), so the contribution of the 

T-T conformer is negligible (Figure S12 and Table S1). In the case 

of dication 1a2+, the T2+-T form is more stable than T2+-F (Erel: 6.76 

kcal/mol), as discussed above based on the interelectrophore 

interaction (Figures 7b and S13). Again, the T2+-T form has a 

higher HOMO than T2+-F (Figure S24), indicating that subsequent 

oxidation of 1a2+ to 1a4+ would readily occur to accomplish the 

domino-redox reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Optimized structures of possible isomers of (a) 1a and (b) 1a2+ 
obtained by DFT calculations at the B3LYP-D3/6-31G* level. Hydrogen atoms 
are omitted for clarity. 
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On the other hand, the calculation for 1b with a 2-chloro 

substituent on the aryl group showed a considerable change in 

the relative stability of conformers. In the neutral state, we tried to 

find other conformations with a twisted QD unit, but both the T-T 

and T-F conformations were not obtained as energy-minimized 

structures (Figure S15). Furthermore, in the dicationic state, T2+-

F conformer should be dominant because of the very large Erel 

value (17.5 kcal/mol) for the T2+-T conformer of 1b2+ (Figure S16). 

These theoretical results can account for the absence of a 

domino-redox reaction in the reference compound 1b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. VT-1H NMR spectra of (a) 1a in CD2Cl2 (193–258 K) and (b) 1b in 
DMSO-d6 (293–393 K). 

Finally, VT-1H NMR analyses were conducted to evaluate the 

energy barrier for the interconversion among the conformers in 1a 

and 1b. Although the less-populated conformer (T-F) with a 

twisted QD unit was not detected in the spectrum, the energy 

barrier for the conversion of F-F and T-F should be smaller than 

that for exomethylene rotation. Indeed, the 1H NMR spectrum of 

1a at 298 K in CD2Cl2 showed a single broad signal of the methoxy 

protons (δ=3.8 ppm) (Figure 8a). Upon cooling to 258 K, the 

corresponding methoxy signal splits into two sharp signals and 

their resonances are assigned to a closed-shell species with C2v-

symmetry; this observation indicates that rotation of the 

exomethylene bond of SS-BQD 1a can be suppressed at lower 

temperatures. Based on the coalescence temperature Tc (293 K) 

for the methoxy protons on the aryl groups, the ΔG≠ value was 

estimated to be 14.6 kcal mol−1, which is sufficiently small for free 

rotation of the exomethylene bond under ambient conditions. At 

even lower temperatures, the dynamic motion of major F-Fanti 

conformer can be suppressed in solution at 193 K due to the slow 

ring-flip of the dithiin unit for SS-BQD 1a (Figure S33). Based on 

the coalescence of aromatic proton signals, the energy barrier 

ΔG≠ of the ring-flip was estimated to be 10.1 kcal/mol, suggesting 

that the ring-flip motion proceeds more easily than rotation of the 

exomethylene bond for SS-BQD 1a. In addition, even at higher 

temperatures in DMSO-d6 (Figure S34), very sharp signals were 

observed, which suggests that the open-shell character is 

negligible in SS-BQD 1a.  

In contrast to 1a, no coalescence of the methoxy proton signals 

was observed even at 393 K in DMSO-d6 for reference compound 

1b (Figures 8b and S35), suggesting that the introduction of a 

sterically hindered chlorine atom at the 2-position increases the 

energy barrier, which prevents free rotation of the exomethylene 

bond. The difference in the rotational dynamics of the 

exomethylene bonds between 1a and 1b revealed by the above 

VT-1H NMR analyses should be closely related to the results of 

electrochemical measurements, in which 1a exhibited a dynamic 

change in redox properties, unlike 1b. Thus, based on the easy 

rotation of the exomethylene bond of 1a, the interconversion from 

F-Fsyn and/or F-Fanti to the F-T conformation would be fully 

feasible in solution, resulting in the first observation of a domino-

redox reaction.  

 

Conclusion 

In conclusion, we designed and synthesized a SS-BQD 

derivative, in which the redox-active QD units are connected by a 

nonplanar dithiin skeleton, which allows steric repulsion and/or 

electronic interaction between electrophores for specific 

conformers. VT-electrochemical measurements showed that 1a 

with a flexible structure exhibits temperature-dependent redox 

properties, unlike ortho-substituted 1b, which is less flexible. VT-
1H NMR measurements revealed that 1a undergoes a smooth 

change in conformation, and thus the metastable T-F conformer 

can be partially generated with an increase in temperature 

(activation), and undergoes facile apparent 2e-transfer (trigger). 

In the resulting dication 1a2+, the steric repulsion and 

interelectrophore interaction cause a facile change in structure 

from the as-generated T2+-F conformer to the T2+-T conformer 

(domino), which facilitates the subsequent oxidation (domino) to 

1a4+ of the T2+-T2+ conformer. This is the first successful 

demonstration of the domino-redox reaction of multi-redox 

systems consisting of the same kind of electrophores (Schemes 

1 and S3). This work presents a new molecular design concept 

for organic systems containing multiple redox-active units 

(Scheme S4), so that they can exhibit superior charge transport 

properties based on facile and nearly simultaneous multiple 

electron transfer to generate multivalent ionic species. 
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