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Naphtho[1,2-b:5,6-b']dithiophene Building Blocks and Their 

Complexation with Cyclobis(paraquat-p-phenylene) 

Morten Jensen,[a][ǂ] Gunnar Olsen,[a][ǂ] Rikke Kristensen,[a] Kazuo Takimiya,[b] and Jan O. Jeppesen*[a] 

 

Abstract: The synthesis and characterization of 2,7-

bis(hydroxymethyl)naphtho[1,2-b:5,6-b']dithiophene 1 is described. 

Electrochemical investigations revealed that 1 and its precursor 

naphtho[1,2-b:5,6-b']dithiophene (NDT) are moderate π-electron 

donors. It was found that both compounds can form 1:1 complexes 

with the π-electron accepting cyclophane cyclobis(paraquat-p-

phenylene) (CBPQT
4+

). UV/Vis spectroscopy was used to determine 

the binding constants (Ka) associated with the complexation process 

leading to the formation of the [2]pseudorotaxanes and the 

superstructures were characterized using 
1
H NMR spectroscopy and 

molecular modelling. The results show that the Ka value for 

1⊂CBPQT
4+

 is approximately seven times larger as compared to 

NDT⊂CBPQT
4+

, which can be ascribed to the fact that 1 is a better 

π-electron donor compared to the parent NDT and therefore is 

capable of forming stronger charge transfer (CT) interactions with 

CBPQT
4+

. The strong π-electron donor tetrathiafulvalene (TTF) was 

used to carry out switching studies between the [2]pseudorotaxanes 

NDTCBPQT
4+

 and TTFCBPQT
4+

 and the results suggest that 

NDT derivatives in combination with TTF appear as promising 

building blocks for the development of new electroactive molecular 

machines based on CBPQT
4+

. 

Introduction 

The emergence of supramolecular chemistry[1] has led to the 

development of several molecular and supramolecular systems 

based on the π-electron accepting cyclophane cyclobis-

(paraquat-p-phenylene) (CBPQT4+, Figure 1).[2] CBPQT4+ has 

been used extensively as the ring component for the preparation 

of switchable bistable catenanes[2a, 3] and rotaxanes.[2b, 4] These 

mechanically interlocked compounds as well as their 

corresponding pseudorotaxanes[5] have found a wide range of 

applications in many fields within materials science and they 

have been used to construct molecular sensors,[6] electrically 

conducting materials,[7] molecular switches, and molecular 

machines to mention just a few examples.[3d, 4b, 8] 

One of the most studied set of molecular switching gear is 

based on the interaction between redox-active tetrathiafulvalene 

(TTF, Figure 1) derivatives[4e, 4f, 9] and CBPQT4+. Considering 

bistable rotaxanes for example, where a TTF derivative and 

another weaker secondary recognition site, such as a 

hydroquinone (HQ) or a dioxynaphthalene (DNP) moiety, are 

integrated into the dumbbell component, the resulting 

[2]rotaxane can exist as two different translational isomers. 

Upon oxidation of the TTF unit (primary recognition site) to the 

TTF radical cation (TTF•+), sufficient electrostatic repulsion 

between the tetracationic CBPQT4+ ring and the oxidized 

primary recognition site is produced to force the CBPQT4+ ring to 

move to the secondary recognition site.  

As interest in mechanically interlocked compounds and 

supramolecular systems based on the CBPQT4+ ring has 

increased, so has the interest in expanding the library of 

potential guests (recognition sites) for the CBPQT4+ host.[10] So 

far, the number of different molecules used as guests for the 

 

 

Figure 1. Molecular formulas of CBPQT
4+

, TTF, NDT, and the NDT-diol 1, 

together with their corresponding cartoon representations. Note that all studies 

reported in this paper are for the tetrakis(hexafluorophosphate) (4PF6
‒
) salt of 

CBPQT
4+

. 
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CBPQT4+ host is rather limited and to the best of our knowledge 

benzene,[4c] naphthalene,[3d, 4b, 4c] or anthracene[3c, 4c] derivatives 

functionalized with donor atoms (e.g., oxygen and nitrogen)[3a, 3c, 

[10a, 11], and TTF[3d, 4b, 4e, 4f, 9b, 12] or thiophene[4d] derivatives are 

limited examples. The inclusion of guests inside the cavity of the 

CBPQT4+ host leads to formation of pseudorotaxanes (host–

guest complexes) under thermodynamic control. As an example, 

the interaction between TTF[4e, 9, 13] and CBPQT4+ forming the 

[2]pseudorotaxane TTFCBPQT4+ is a highly favorable 

exergonic process (Ka = 10000 M–1, ΔG° = –5.5 kcal mol–1 for 

CBPQT•4PF6) in MeCN at 300 K.[12a] TTF is known to be a 

strong π-electron donor that can form favorable π-π and charge-

transfer (CT) interactions with the π-electron accepting CBPQT4+ 

ring. In addition, TTF can be oxidized stepwise and reversibly to 

a radical cation (TTF•+) and dication (TTF2+), respectively,[9a] 

allowing the movement of the CBPQT4+ ring on and off the TTF 

unit to be controlled by electrochemical stimuli. 

Although TTF in its parent form binds strongly to CBPQT4+, 

attachment of different substituents to the TTF unit, which is a 

prerequisite for its incorporation into for example molecular 

machines, has a significant impact on the stability of the 

[2]pseudorotaxanes formed between TTF derivatives and 

CBPQT4+. It has been concluded[9a, 12b, 14] that the most electron 

rich (i.e., the stronger π-electron donors) form more stable host–

guest complexes with the CBPQT4+ ring. Most recently, it has 

been demonstrated that ethylene glycols can also assist the 

complexation process[12b, 15] between TTF derivatives and 

CBPQT4+ by forming tertiary (3°) superstructures.[16] 

Consequently, several catenanes and rotaxanes incorporating 

TTF derivatives and CBPQT4+ have been reported in the last two 

decades. However, almost no attention has been paid to 

develop new recognition sites for CBPQT4+. The development of 

new redox-active recognition sites (guests) for CBPQT4+ is 

particularly relevant for the future design of more sophisticated 

catenanes and rotaxanes containing multiple states, especially 

those where efficient switching between different states is 

essential. 

Naphtho[1,2-b:5,6-b']dithiophene (NDT, Figure 1) 

represents an important class of fused thiophene compounds. 

NDT and its derivatives have been widely used in the field of 

optoelectronic materials[17] and have attracted much interest as 

promising systems for organic conductors,[18] organic light-

emitting diodes,[19] photovoltaic cells,[20] and field-effect 

transistors.[21] NDT is also known to be a π-electron donor (Eox = 

1.07 V, vs. Fc/Fc+, MeCN).[21a, 22] However, NDT is a weaker 

donor compared to TTF (Eox
1 = ‒0.03 V vs. Fc/Fc+, MeCN).[9a, 23] 

Despite the fact that NDT is a reasonable π-electron donating 

moiety and therefore is an obvious candidate as a recognition 

site for CBPQT4+, no studies have to the best of our knowledge 

been dedicated to elucidate this potential. 

In this paper, we present (1) the synthesis and 

characterization of a new NDT-diol 1 (Figure 1) that is 

functionalized in the two thiophene α-positions with 

hydroxymethyl substituents. Subsequently, (2) we compare the 

electrochemical and photophysical properties of NDT, the 

NDT diol 1, and their corresponding CBPQT4+ complexes, i.e., 

NDTCBPQT4+ and 1CBPQT4+. Thereafter, (3) we compare 

the 1H NMR spectroscopic properties of NDT, CBPQT4+, and 

NDTCBPQT4+, followed by (4) molecular modeling of 

NDTCBPQT4+. Finally, (5) quantitative binding studies between 

CBPQT4+ and NDT and between CBPQT4+ and the NDT-diol 1, 

together with (6) switching studies between the complexes 

NDTCBPQT4+ and TTFCBPQT4+ are described. 

Results and Discussion 

Synthesis. To incorporate the NDT moiety into more elaborate 

systems, it is necessary to functionalize it with appropriate linker 

groups. Functionalization at the thiophene α-carbons is 

preferred, as the linker groups are expected to interfere 

negatively with the complexation event, when NDT is bound 

inside the cavity of CBPQT4+, if the linker groups are located on 

the naphthalene moiety. NDT was synthesized as reported in 

the literature.[24] Addition of n-BuLi in hexane to a solution of 

NDT in THF at –78 °C produced (Scheme 1) the α,α’-dilithiated 

compound, which subsequently was treated with DMF to afford 

the dialdehyde 2 in 60% yield after aqueous work-up. Reduction 

of the two carbonyl groups in 2 with LiAlH4 gave the diol 1 in 

66% yield. 

 

Scheme 1. Synthesis of the NDT-diol 1. 

Electrochemical Investigations. The donor strength of TTF, 

NDT, and the NDT-diol 1 was determined using cyclic 

voltammetry (CV). The cyclic voltammograms (CVs) for all three 

compounds were recorded (Figure 2) in nitrogen-purged MeCN 

solutions at 298 K and the obtained oxidation (Eox), reduction 

(Ered), and half-wave (E1/2) potentials are listed in Table 1. The 

CV recorded of TTF shows (Figure 2a) as expected a pair of 

reversible redox processes at E1/2
1 = −0.07 V and E1/2

2 = +0.32 V 

vs. Fc/Fc+, that can be associated with the first (TTF → TTF•+) 

and second (TTF•+ → TTF2+) oxidation process of TTF. The 

reversible electrochemical behavior of TTF is in stark contrast to 

that of the parent NDT. The CV recorded (Figure 2b) of NDT 

only shows an irreversible oxidation peak at Eox = +1.17 V vs. 

Fc/Fc+, which is significantly higher compared to the first 

oxidation peak of TTF (Eox
1 = −0.03 V, vs. Fc/Fc+).[25] These 

results clearly indicate that the parent NDT is a much weaker 

electron donor compared to TTF. 
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Figure 2. Cyclic voltammograms of (a) TTF, (b) NDT, and (c) the NDT-diol 1 vs. Fc/Fc
+
 recorded in MeCN (1.0 mM) at 298 K using n-Bu4NPF6 (0.1 M) as the 

electrolyte and at a scan rate of 0.1 V s
−1

. 

Table 1. Electrochemical data for TTF, NDT, and the NDT-diol 1 obtained by cyclic voltammetry
[a]

 (CV) at 298 K in MeCN (vs. Fc/Fc
+
). 

Compound Eox
1
 [V]

[b]
 Eox

2 
[V]

[b]
 Ered

1
 [V]

[c]
 Ered

2
 [V]

[c] 
 E1/2

1
 [V]

[d]
 E1/2

2
 [V]

[d]
 

TTF –0.03 +0.35 –0.10 +0.28 –0.07 +0.32 

NDT +1.07 ― ― ― ―[e]
 ―[e]

 

1 +0.93 +1.17 ― ― ―[e] ―[e] 

[a] CV measurements of TTF, NDT, and 1 (1.0 mM in nitrogen-purged MeCN) were conducted with 0.1 M n-Bu4NPF6 as the electrolyte, a glassy carbon 

electrode as the working electrode, a Pt counter electrode and with a scan rate of 0.1 V s
‒1

; Eox, Ered, and E1/2 values vs. Fc/Fc
+
 and the estimated errors on the 

E values are ± 0.01 V. [b] Anodic oxidation peak. [c] Cathodic reduction peak. [d] Half-wave potential, E1/2 = (Eox – Ered)/2. [e] Irreversible process. 

 

 

The NDT-diol 1 shows (Figure 2c) a two-wave pattern in 

the outward sweep of the CV with oxidation peaks at 

Eox
1 = +0.93 V and Eox

2 = +1.17 V, while no clear reduction 

peaks can be observed in the backward sweep indicating that 

the two redox processes associated with the NDT-diol 1 are both 

irreversible.[26] The first redox process at Eox
1 = +0.93 V can be 

assigned to oxidation of NDT, while the second redox process at 

Eox
1 = +1.17 V most likely can be assigned to oxidation of the 

hydroxymethyl groups in the NDT-diol 1. The fact that the first 

oxidation peak of the NDT-diol 1 is 0.14 V less positive than the 

oxidation peak of the parent NDT indicates that the NDT-diol 1 is 

a slightly better electron donor compared to the parent NDT. 

 

Photophysical Investigations. The photophysical properties of 

CBPQT4+, the parent NDT, and the NDT-diol 1 have been 

studied in MeCN at 298 K. The UV/Vis absorption spectra of 

CBPQT4+, NDT, and the NDT-diol 1 are shown in Figure 3. None 

of these compounds displays absorption bands in the visible 

spectral region and the solutions all appear colorless. 

Initial complexation studies were carried out using 

absorption spectroscopy to elucidate whether complexation of 

NDT or 1 with CBPQT4+ can take place. Mixing equimolar 

amounts of either NDT or 1 together with CBPQT4+ in MeCN at 

298 K resulted in an immediate color change from colorless to 

amber orange, a change that can be ascribed to the formation 

(Scheme 2) of the [2]pseudorotaxanes NDTCBPQT4+ and 

1CBPQT4+, respectively. The UV/Vis absorption spectra 

recorded of these two solutions showed broad absorption bands 

centered at 458 nm (Figure 3a) and 456 nm (Figure 3b), 

respectively, corresponding to the CT interactions expected to 

occur between the electron donating NDT moiety and the 

electron accepting bipyridinium units in CBPQT4+.[27] 

 

 

Figure 3. Absorption spectra recorded in MeCN at 298 K of (a) NDT (1.0 mM), 

CBPQT
4+

 (1.0 mM), and a 1:1 mixture of NDT and CBPQT
4+

 (2.5 mM) and 

(b) of 1 (1.0 mM), CBPQT
4+

 (1.0 mM), and a 1:1 mixture of 1 and CBPQT
4+ 

(2.5 mM). 
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Scheme 2. Complexation of NDT and the NDT-diol 1 by CBPQT
4+

. 

1H NMR Spectroscopic Investigations. While UV/Vis 

absorption spectroscopy indicate that the parent NDT and the 

NDT-diol 1 can form CT complexes with CBPQT4+, 1H NMR 

spectroscopy can provide more structural information about the 

noncovalent interactions taking place between the host and the 

guest in the [2]pseudorotaxanes NDTCBPQT4+ and 

1CBPQT4+. 

Further support for the formation of the [2]pseudorotaxane 

NDTCBPQT4+ came from a comparison (Figure 4) of the 
1H NMR spectra (400 MHz, 298 K) recorded in CD3CN of NDT, 

CBPQT4+, and a 1:1 mixture of NDT and CBPQT4+.  

The 1H NMR spectrum (Figure 4a) of NDT showed an AB 

system (J = 8.5 Hz) at δ = 8.03 and 8.09 ppm, which can be 

assigned to the two nonequivalent NDT-Ha and NDT-Hb protons, 

respectively, while the NDT-Hc and NDT-Hd protons are 

observed as two doublets (J = 5.3 Hz) at δ = 7.58 and 7.68 ppm, 

respectively. 

In the case of the 1:1 host–guest complex formed between 

NDT and CBPQT4+, the exchange between the complexed and 

uncomplexed species in a 1:1 mixture of NDT and CBPQT4+ 

occurs rapidly on the 1H NMR time scale (CD3CN, 400 MHz) at 

298 K. Thus, the chemical shift values of the observed 

resonances (Figure 4c) are the average values between those 

for the uncomplexed (i.e., NDT and CBPQT4+) and those for the 

complexed (i.e., NDTCBPQT4+) species. The 1H NMR 

spectrum (Figure 4c) recorded of a 1:1 mixture of NDT and 

CBPQT4+ shows significant chemical shift differences for all 

resonances associated with the protons in both the CBPQT4+ 

host and the NDT guest, an observation which provide additional 

support for the notion that NDT is complexed to CBPQT4+. For 

example, the β-bipyridinium protons (Hβ) that resonates as a 

doublet (J = 6.6 Hz) at δ = 8.17 ppm in the uncomplexed 

CBPQT4+ host (Figure 4b) were found to be upfield shifted to 

δ = 8.06 ppm in the 1:1 complex (Figure 4c). This chemical shift 

change (Δδ = −0.1  ppm) is similar to those reported previously 

when CBPQT4+ encircles other electron donors, such as 

DNP,[10c] and strongly suggest that CBPQT4+ encircles the NDT 

moiety in the [2]pseudorotaxane NDTCBPQT4+. 

 

 

Figure 4. Partial 
1
H NMR spectra (400 MHz, CD3CN, 298 K, 1.0 mM) of 

(a) NDT, (b) CBPQT
4+

, and (c) a 1:1 mixture of NDT and CBPQT
4+

. Signals 

from NDT are annotated with orange labels, whereas signals from CBPQT
4+

 

are annotated with blue labels. 

The resonances for the protons attached to the NDT 

moiety in the 1:1 mixture of NDT and CBPQT4+ are shifted 

(Figure 4c) to a higher field relative to the resonances for the 

same protons in NDT (Figure 4a). In particular, the NDT-Ha and 

NDT-Hb protons are significantly upfield shifted by Δδ = −0.23 

and –0.16 ppm, respectively, while the NDT-Hc and NDT-Hd 

protons only experience very small upfield shifts (Δδ = −0.03 

and –0.01 ppm, respectively) upon complexation with CBPQT4+. 

The observation that the NDT-Ha and NDT-Hb protons 

experience large upfield shift upon complexation with CBPQT4+ 

can only be explained by the anisotropic shielding effect that 

takes place when the CBPQT4+ host encircles the NDT moiety 

as illustrated in Scheme 2. Additionally, the larger upfield shift of 

the NDT-Ha protons compared to the NDT-Hb protons can be 

accounted for by the fact that the NDT-Ha protons can 

participate in edge-to-face [C‒H•••π] interactions with the 

CBPQT4+ host by pointing toward the π-faces of the two 

p-xylene moieties present in CBPQT4+.  

These findings undoubtedly prove that the NDT moiety is 

located inside the cavity of CBPQT4+ in the [2]pseudorotaxane 

NDTCBPQT4+, a conclusion that was further validated by 

density functional theory (DFT) studies (vide infra). 

Similar results were obtained for the [2]pseudorotaxane 

1CBPQT4+ (see Figures S1 and S11). 

 

Molecular Modelling. 1H NMR and UV/Vis absorption 

spectroscopy clearly suggest that CBPQT4+ encircles the NDT 

moiety in the [2]pseudorotaxanes NDTCBPQT4+ and 

1CBPQT4+. To obtain a better understanding of the binding 

interactions present in the [2]pseudorotaxanes NDTCBPQT4+ 

and 1CBPQT4+, we have studied their superstructures using 

density functional theory (DFT) by employing the exchange-

correlation functional M06-L[28] and the 6-31G** basis set. To 

account for solvation an implicit Poisson-Boltzmann solvation 

model[29] was used to simulate a solution of MeCN (R0 = 2.2 Å; 

ε = 37.5). This combination of functional, basis set, and solvent 
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Figure 5. The DFT geometry optimized superstructure of the 

[2]pseudorotaxane NDTCBPQT
4+

 (M06-L/6-31G** in continuum of MeCN) 

shown at two different angles (a) and (b). Some of the hydrogen atoms have 

been removed for clarity. 

model has previously been used to describe the structural and 

energetic properties of related superstructures and mechanically 

interlocked molecules.[15, 16, 30]  

The optimized superstructure of NDTCBPQT4+ shows 

(Figure 5) that the NDT moiety is located inside the cavity of 

CBPQT4+ and indicates that the complexation between NDT and 

CBPQT4+ is an energetically favorable process. Consistently, 

with the results (vide supra) obtained from the 1H NMR 

spectroscopic investigations on the [2]pseudorotaxane 

NDTCBPQT4+, the energy-optimized superstructure of 

NDTCBPQT4+ clearly provide support for the existence of  

[C‒H•••π] interactions, taking place between the NDT-Ha protons 

and the π-cloud of the aromatic p-xylene moieties present in 

CBPQT4+. Inspection of the superstructure NDTCBPQT4+ 

reveal a [NDT-Ha•••p-xylene] distance of 2.37/2.39 Å and a 

[C–Ha•••p-xylene] angle of 153°. Finally, the NDTCBPQT4+ 

superstructure was subjected to a natural bond order (NBO) 

analysis, which showed that a net charge of 0.06 e– is 

transferred from the NDT moiety to CBPQT4+. In comparison, a 

similar NBO analysis carried out on the superstructure 

TTFCBPQT4+ showed a transfer of 0.38 e–. These findings 

clearly indicate that the CT interaction with CBPQT4+ is 

significantly stronger for TTF than for NDT and is consistent with 

the fact that TTF is a considerably stronger electron donor 

compared with NDT (vide supra).[31] 

Taken all together, the energy-minimized superstructure 

and the NBO analysis seem to suggest that the 

[2]pseudorotaxane NDTCBPQT4+ primarily is stabilized by 

[C‒H•••π] and [π•••π] interactions, while CT interactions only 

play a secondary role. 

 

Binding Studies. The parent NDT and the NDT-diol 1 were 

characterized in terms of their binding toward CBPQT4+ 

(Table 2). Mixing either NDT or 1 with equimolar proportions of 

CBPQT4+ in MeCN at 298 K immediately resulted (vide supra) in 

the formation of the [2]pseudorotaxanes NDTCBPQT4+ and 

1CBPQT4+, respectively, as evidenced by the spontaneous 

production of amber orange solutions and the concomitant 

appearance of CT absorption bands at 458 nm and 456 nm, 

respectively. The UV/Vis dilution method[12b] was used to 

determine the binding constants (Ka) and molar extinction 

coefficients (ε) for the formation of the 1:1 complexes 

NDTCBPQT4+ and 1CBPQT4+, respectively, using the 

NDT/CBPQT4+ CT band at the absorption maximum (λmax) as 

probes (see Supporting Information). 

A comparison (Table 2) of the binding constants obtained 

for the complexation of NDT with CBPQT4+ and the NDT-diol 1 

with CBPQT4+ reveals that the Ka value for 1⊂CBPQT4+ is 

approximately seven times larger as compared to 

NDT⊂CBPQT4+. This finding can most likely be accounted for by 

the fact that the NDT-diol 1 is a better electron donor compared 

to the parent NDT (vide supra) and therefore is capable of 

forming stronger CT interactions with CBPQT4+. 

 

Switching Studies. From the binding studies it transpire that 

NDT and the NDT-diol 1 are promising building blocks to be 

used as recognition sites for CBPQT4+ in molecular machines. 

To investigate this potential further, switching studies 

(Scheme 3) between the [2]pseudorotaxanes NDTCBPQT4+ 

and TTFCBPQT4+ were carried out. Based on the Ka values for 

the complexation of NDT (105 M–1, 298 K) and TTF (10000 M–1, 

300 K)[12a] with CBPQT4+ in MeCN, it is clear that TTF has a 

much higher affinity to CBPQT4+ compared to NDT. 

Upon addition of TTF to a solution of the 

[2]pseudorotaxane NDTCBPQT4+ in MeCN at 298 K, the 

initially amber orange solution immediately turned green which is 

fully consistent with the formation of a superstructure 

containing a TTF unit inside the cavity of CBPQT4+ (i.e., 

TTFCBPQT4+).[13, 32] 

 

 

Table 2. Binding constants (Ka) and free energies of complexation (ΔG°) for complexation of CBPQT
4+

 with the parent NDT and the NDT-diol 1 determined by 

UV/Vis absorption spectroscopy in MeCN at 298 K.
[a]

 

 λmax [nm] Data points Correlation coefficient Ka [M
–1

]
[a,b]

 ε [M
–1

cm
–1

] ΔG° [kcal mol
–1

] 

NDT⊂CBPQT
4+

 458 22 0.998 105 ± 5 1650 ± 550 –2.76 ± 0.03 

1⊂CBPQT
4+

 456 26 0.998 750 ± 30   830 ± 120 –3.93 ± 0.03 

[a] The Ka values reported are for for the tetrakis(hexafluorophosphate) (4PF6
−
) salt of CBPQT

4+
 and were obtained by the UV/Vis dilution method

[12b]
 using the 

NDT/CBPQT
4+

 CT band at λmax as probes. [b] The errors on Ka and ΔG° were obtained using the method described by Nygaard et al.
[12b]

 with ΔT = 1 K, Δc = 1%, 

and ΔA = 0.5%. 
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Scheme 3. A cartoon representation illustrating the switching between the [2]pseudorotaxanes NDTCBPQT
4+

 and TTFCBPQT
4+

 upon addition of TTF to 

NDTCBPQT
4+

 followed by reformation of NDTCBPQT
4+

 upon oxidation of the TTF unit. 

 

 

 

Figure 6. Partial 
1
H NMR spectrum (400 MHz, CD3CN, 298 K, 1.0 mM) of (a) TTF, (b) a 1:1 mixture of TTF and CBPQT

4+
, (c) a 1:1:1 mixture of TTF, NDT, and 

CBPQT
4+

, (d) a 1:1:1:10 mixture of TTF, NDT, CBPQT
4+

, and TBPASbCl6, and (e) a 1:1 mixture of NDT and CBPQT
4+

. Signals from TTF are annotated with green 

labels, signals from NDT with orange labels, and signals from CBPQT
4+

 with blue labels. The part of the spectrum containing the signal from CD3CN has been 

omitted for clarity. The peak at 7.58 ppm originates from CHCl3 present in the CD3CN used for the experiments. 

 
 

To provide more information about the switching process, 

a series of 1H NMR spectra (Figure 6) was recorded of TTF, 

NDT, and CBPQT4+ and various mixtures hereof in CD3CN at 

298 K.[33] A comparison of the 1H NMR spectra (400 MHz) 

recorded of TTF (Figure 6a) and a 1:1 mixture of TTF and 

CBPQT4+ (Figure 6b), reveal that the four TTF-H protons 

become upfield shifted (Δδ = −0.28 ppm) upon complexation 

with CBPQT4+ and resonate as a singlet at δ = 6.17 ppm in the 

[2]pseudorotaxane TTFCBPQT4+. Using the singlet at 

δ = 6.17 ppm as a signature for the presence of TTFCBPQT4+, 

it is evident from Figure 6c that addition of one equivalent of TTF 

to a 1:1 mixture of NDT and CBPQT4+ leads to disassembly of 

NDTCBPQT4+ and formation of TTFCBPQT4+ together with 

uncomplexed NDT. This is further supported by the fact that the 

NDT-Ha proton, that resonate as a singlet[34] at δ = 8.00 ppm in 

the 1:1:1 mixture of TTF, NDT, and CBPQT4+, only experience a 

very small upfield shift (Δδ = −0.03 ppm) relative to the position 

at which it was found to resonate (δ = 8.03 ppm) in a solution of 
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neat NDT (Figure 4a). This observation clearly indicates that 

NDT essentially is not surrounded by CBPQT4+ in the 1:1:1 

mixture of TTF, NDT, and CBPQT4+ and is fully consistent with 

the finding (vide supra) that NDT is a much weaker recognition 

site for CBPQT4+ relative to TTF. 

Addition of ten equivalents of the chemical oxidant tris(p-

bromophenyl)ammoniumyl hexachloroantimonate (TBPASbCl6) 

to the 1:1:1 mixture of TTF, NDT, and CBPQT4+ leads to 

oxidation of TTF[35] producing TTF2+ and overall create major 

changes in the 1H NMR spectrum (Figure 6d). Evidence for the 

formation of TTF2+ is apparent from the very large downfield shift 

(Δδ = +3.39 ppm) of the peak corresponding to the TTF protons. 

The TTF2+-H protons resonate as a singlet at δ = 9.52 ppm and 

previous investigations have shown that this behavior is fully 

consistent with the formation of the TTF2+ dication.[36] As a result 

of the oxidation of TTF, disassembly (Scheme 3) of the 

[2]pseudorotaxane TTFCBPQT4+ takes place because the CT 

interactions between the TTF radical cation (TTF•+) and 

CBPQT4+ are eradicated and an electrostatic repulsion between 

TTF•+ and CBPQT4+ is introduced.[37] Once TTF•+ has left the 

cavity of CBPQT4+, it will be further oxidized to the TTF dication 

(TTF2+) and the uncomplexed CBPQT4+ will be able to complex 

NDT allowing NDTCBPQT4+ to reform (Scheme 3). A 

comparison of the 1H NMR spectra of the oxidized mixture 

(Figure 6d) and a 1:1 mixture of NDT and CBPQT4+ (Figure 6e) 

reveal that the upfield shift of the NDT-Ha proton is smaller (Δδ = 

−0.13 ppm) in the oxidized mixture compared to the 1:1 mixture 

of NDT and CBPQT4+ (Δδ = −0.23 ppm) suggesting that the 

relative amount NDTCBPQT4+ is smaller in the oxidized 1:1:1 

mixture of TTF, NDT, and CBPQT4+. In addition, it is also noted 

that the Hβ protons of CBPQT4+ resonate as a broad singlet at 

δ = 8.19 ppm in the oxidized 1:1:1 mixture of TTF, NDT, and 

CBPQT4+ (Figure 6d) whereas the same protons resonates as a 

doublet (J = 6.6 Hz) at δ = 8.06 ppm in the 1:1 mixture of NDT 

and CBPQT4+ (Figure 6e). This chemical shift change (Δδ = 

−0.13 ppm) can most likely be accounted for by the fact that 

addition of excess TBPASbCl6 to the 1:1:1 mixture of TTF, NDT, 

and CBPQT4+ creates a much more polar environment in the 

oxidized mixture, which especially will affect the chemical 

environment around the bipyridinium moieties in CBPQT4+. 

Furthermore, the presence of excess SbCl6
– anions will shift the 

ion-pair equilibrium toward greater association of anions with 

CBPQT4+. The formation of a tighter ion-pair is known[9b] to 

reduce the electron accepting properties of CBPQT4+ and can be 

used to explain the reduced binding between NDT and CBPQT4+ 

in the oxidized 1:1:1 mixture of TTF, NDT, and CBPQT4+. 

Conclusions 

In this study, we have shown that naphtho[1,2-b:5,6-b']-

dithiophene (NDT) and its corresponding bis(hydroxymethyl) 

derivative (NDT-diol 1) can be used as a recognition site for the 

tetracationic cyclophane cyclobis(paraquat-p-phenylene) 

(CBPQT4+). UV/Vis absorption and 1H NMR spectroscopic 

investigations together with molecular modelling confirmed that 

both compounds form [2]pseudorotaxanes (i.e., NDT⊂CBPQT4+ 

and 1⊂CBPQT4+) upon mixing them with CBPQT4+. In these 

[2]pseudorotaxanes, the CBPQT4+ ring encircles the NDT moiety 

and binding studies revealed that the complexation ability of 

CBPQT4+ with the NDT-diol 1 is approximately seven times 

stronger relative to NDT, an observation which was ascribed to 

the fact that the NDT-diol 1 is a better π-electron donor 

compared to NDT. Using the strong π-electron donor 

tetrathiafulvalene (TTF), switching studies between the 

[2]pseudorotaxanes NDTCBPQT4+ and TTFCBPQT4+ were 

carried out. It was found that efficient switching between 

NDTCBPQT4+ and TTFCBPQT4+ could be achieved by 

addition of TTF to NDTCBPQT4+, since TTF has a much higher 

affinity to CBPQT4+ compared to NDT. Following selective 

oxidation of the TTF unit, it was observed that disassembly of 

TTFCBPQT4+ took place allowing NDTCBPQT4+ to reform. 

Overall, these results suggest that NDT derivatives in 

combination with TTF appear as attractive building blocks for the 

development of new electroactive catenanes and rotaxanes 

based on CBPQT4+. 

Experimental Section 

General Methods: All used reagents and solvents were 

standard grade and used as received from Sigma-Aldrich and 

Wako Chemicals. All reactions were carried out under an 

atmosphere of anhydrous N2. Anhydrous THF and 

chlorobenzene were obtained using a solvent purification 

system. Anhydrous DMF was used in its super dehydrated form 

as received from Wako Chemicals. NDT was synthesized as 

reported in the literature.[24] Melting points were determined 

using a Büchi M-565 melting point apparatus and are 

uncorrected. 1H NMR spectra were recorded on a Bruker 

AVANCE III or a JEOL JNM-ECS400 spectrometer at 400 MHz 

at 298 K. 13C NMR spectra were recorded on a JEOL JNM-

ECS400 spectrometer at 100 MHz at 298 K. All chemical shifts 

are given in ppm. Direct insertion electron ionization (DI-EI) 

mass spectra were recorded on a Shimadzu GCMS-QP2010 SE 

mass spectrometer. UV/Vis absorption spectra were recorded 

on a Varian Cary 5000 or Shimadzu UV-3600 

spectrophotometer. Cyclic voltammetry (CV) was carried out at 

1.0 mM concentrations using MeCN as the solvent with 

n-Bu4NPF6 (0.1 M) as the electrolyte, and at a 0.1 V s‒1 scan 

rate at 298 K. A glassy carbon working electrode was used, with 

a Pt wire as the counter electrode and an Ag/AgNO3 reference 

electrode. A CV of ferrocene was recorded both prior to and 

after the measurements, and used as an external reference. 

Elemental analysis was carried out by Atlantic Microlabs, Inc., 

Atlanta, Georgia, USA. 

 

Naphtho[1,2-b:5,6-b']dithiophene-2,7-dicarbaldehyde (2): 
NDT (475 mg, 1.97 mmol) was dissolved in anhydrous THF 
(30 mL). A solution of n-BuLi in hexane (1.60 M, 3.70 mL, 

5.97 mmol) was added dropwise over a period of 5 min at  

–78 °C. After 45 min anhydrous DMF (1.74 mL, 22.5 mmol) was 
added at –78 °C. The brown reaction mixture was allowed to stir 

for 15 h at RT before an aqueous solution of HCl (2 M, 7 mL) 
was added, whereafter THF was removed in vacuo. The 
resulting yellow precipitate was filtered and washed with toluene 

before being recrystallized from chlorobenzene (500 mL) 
affording compound 2 as orange needle shaped crystals 
(350 mg, 60%). M.p. 305 °C (decomposed). 1H NMR (400 MHz, 

CD3SOCD3): δ = 10.21 (s, 2H), 8.61 (s, 2H), 8.28 (d, J = 1.1 Hz, 
4H) ppm; MS (DI-EI): m/z 296 [M]+, 267 [M – CHO]+; Anal. 
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Calcd. for C16H8O2S2 + 1/12 C6H5Cl: C, 64.82; H, 2.77; S 20.97. 

Found: C, 64.43; H, 2.86; S, 20.92.  

2,7-Bis(hydroxymethyl)naphtho[1,2-b:5,6-b']dithiophene (1): 
Compound 2 (254 mg, 0.860 mmol) was suspended in 

anhydrous THF (25 mL) and cooled to 0 °C before LiAlH4 
(95.0 mg, 2.50 mmol) was added slowly in small portions at 
0 °C. The orange reaction mixture was allowed to stir for 20 h, 

whereafter it was allowed to reach RT, before being quenched 
with ice water (20 mL) at 0 °C. The resulting precipitate was 
filtered and washed with THF. The THF was removed from the 

filtrate in vacuo and the resulting yellow precipitate was filtered 
to provide the title compound 1 (170 mg, 66%) as a white solid. 
M.p. 225–229 °C (decomposed). 1H NMR (400 MHz, CD3CN): 

δ = 8.01 and 7.91 (AB, J = 8.5 Hz, 4H), 7.40 (s, 2H), 4.89 (d, 
J = 5.9 Hz, 4H), 3.64 (t, J = 5.9 Hz, 2H, OH) ppm; 13C NMR 
(100 MHz, CD3SOCD3): δ = 146.9, 137.1, 137.0, 125.0, 123.0, 

121.6, 120.6, 58.9 ppm; MS (DI-EI): m/z 300 [M]+, 283 
[M – OH]+; Anal. Calcd. for C16H12O2S2 + 1/3H2O: C, 62.72; 

H, 4.17; S 20.93. Found: C, 62.91; H, 4.25; S, 20.68. 

Determination of Binding Constants: The binding constant 
(Ka), the molar extinction coefficient (ε), and the free energy of 
complexation (ΔG°) for the complexation between NDT and 1 

with CBPQT4+ were determined using the UV/Vis dilution 
method described by Nygaard et al.[12b] When CBPQT•4PF6 
(white) was dissolved in MeCN together with NDT or 1 (white) in 

equimolar amounts (2.5 mM), the solutions turned amber orange 
because of the formation of the CT complexes and an 
absorption band at 458 nm or 456 nm, respectively, was 

observed in the UV/Vis absorption spectrum. The sample was 
diluted to 5/6 of its initial concentration and was allowed to 
equilibrate in the thermostatted cell compartment at 298 K, 

before the absorbance A was recorded. Subsequently, the 
dilution procedure was repeated several times (Tables S1 and 
S2). 

Molecular Modelling: The computational stud  was carried out 
using the  aestro    release     −   chr dinger.[38] The PF6

– 
anions were excluded from the calculations as these significantly 

complicate the calculations. Previous study by Benitez et al.[30] 
have shown that reliable DFT studies of CBPQT4+ systems can 
be conducted in the absence of the counterions. Molecular 

mechanics were used to sample for possible superstructures 
using MacroModel.[39] Dynamic simulations in the Merck 
molecular force field (MMFFs),[40] a total four dynamic 

simulations were carried out each sampling 1000 
superstructures. Two were performed as molecular mechanics 
and two as stochastic mechanics, one of each with and one of 

each without a constrain between the NDT unit and the 
bip ridinium moieties ( −   Å). These constrains were used to 
avoid decomplexation of the [2]pseudorotaxane. The simulations 

were run for 1 ns, at 300 K, with a 1 fs time step and using 
CHCl3 as solvent. After sampling of these 4000 superstructures, 
Polak-Ribier conjugate gradient (PRCG) energy minimizations 

were run with MMFFs[40] in CHCl3 and redundant superstructures 

were removed (maximum atom deviation cutoff 0.5 Å; root-
mean-square deviation (RMSD) cutoff 0.5 Å, only 100  lowest 

energy superstructures saved). From these energy minimized 
superstructures, the ten lowest energy superstructures were 
further subjected to DFT studies using Jaguar 9.3[41] and the 

exchange functional M06-L.[28] This exchange functional has 
been shown to give superior result in modulation of medium 
range interactions such as [π•••π] interactions between different 

electron donors and CBPQT4+.[15, 16, 30] The selected 
superstructures were geometry optimized and subsequently 
subjected to an NBO-analysis[42] at the M06-L/6-31G** level of 

theory in MeCN using the Poisson-Boltzmann solvation model[29] 

for MeCN (R0 = 2.2 Å; ε = 37.5). 
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