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Redox-Active Monopyrrolotetrathiafulvalene-Based Rotaxane 

Incorporating the Dihydroazulene/Vinylheptafulvene 

Photo/Thermoswitch  

Martin Drøhse Kilde,[a],† Rikke Kristensen,[b],† Gunnar Olsen,[b] Jan O. Jeppesen,*[b] and Mogens 

Brøndsted Nielsen*[a] 

Abstract: A dumbbell-shaped molecule with a central monopyrrolo-

tetrathiafulvalene (MPTTF) unit and a 1,1-dicyano-dihydroazulene 

(DHA) photoswitch as one of the two end-groups was prepared and 

subsequently converted into a [2]rotaxane with cyclobis(paraquat-p-

phenylene) (CBPQT
4+

) as the ring component. Investigations 

revealed that both the DHA and its vinylheptafulvene (VHF) 

photoisomer prevent deslipping of CBPQT
4+

. It was found that the 

presence of the CBPQT
4+

 ring on the MPTTF-DHA dumbbell 

changes the rate of the thermal back-conversion of VHF into DHA, 

i.e., this conversion was found to be accelerated by the presence of 

the positively charged CBPQT
4+

 ring. Studies also showed that DHA 

forms a weak complex with CBPQT
4+

, which seems to originate from 

weak interactions between the cyano group located on DHA and the 

bipyridinium -protons on CBPQT
4+

. The rotaxane was subjected to 

various oxidation experiments, but these were, unfortunately, 

accompanied by some decomposition of the molecule; yet, 

movement of the CBPQT
4+

 ring from the MPTTF unit towards the 

DHA moiety seems to occur upon oxidation of the MPTTF unit, 

promoted by the weak interaction between the DHA moiety and 

CBPQT
4+

. 

Introduction 

Mechanically interlocked molecules like catenanes and 

rotaxanes have found a prominent position in the development 

of molecular machines and devices.[1] An important and 

significant property of a molecular machine is the possibility to 

control the movement of the components relative to each other 

via external stimuli. For this reason, various functional entities 

have been introduced in molecular machines, such as redox- or 

photo-active units, pH or heat responsive units, as well as bulky 

units that can block movements in certain directions. 

Significant focus has been on interlocked donor-acceptor 

(D‒A) molecules comprised of derivatives of the strong electron 

donor tetrathiafulvalene (TTF; Scheme 1) and the tetracationic 

electron acceptor cyclobis(paraquat-p-phenylene),[2] (CBPQT4+, 

Figure 1), as these components are known to form strong D‒A 

complexes in which the TTF unit is located inside the cavity of 

CBPQT4+ ring producing TTFCBPQT4+.[3] TTF can exist in 

three stable redox states (charge 0, +1, and +2) of which only 

the neutral form of TTF (i.e., TTF0) can form a 

thermodynamically stable complex with CBPQT4+ as the 

positively charged CBPQT4+ ring is expelled by the oxidized 

forms of TTF (i.e., TTF•+ or TTF2+),[4] thereby stimulating 

movement of the oxidized forms of TTF away from the interior of 

the tetracationic  CBPQT4+ ring. 

  

 

Scheme 1. Top: tetrathiafulvalene (TTF) and its two oxidized redox states. 

Bottom: dihydroazulene/vinylheptafulvene (DHA/VHF) photo-/thermoswitch.  

 

Another useful structural motif is the azobenzene 

photoswitch that can be used to control movement of the 

encircled components in rotaxanes and catenanes on account of 

the different steric constraints of the photoactive cis and trans 

configurations.[5] The dihydroazulene/vinylheptafulvene 

(DHA/VHF; Scheme 1) photo/thermoswitch presents another 

system that could possibly be implemented in rotaxanes and 

catenanes to control movement of their different components. 

The DHA/VHF system is only photoactive in one direction, 

namely from DHA to VHF, while the back-reaction (from the 

meta-stable VHF to DHA) solely occurs thermally.[6] DHA thus 

acts as a photoswitch and VHF as a thermoswitch. Both 

isomerization steps are strongly dependent on the electronic 

character of substituents,[7] and by covalently linking together 

DHA and various redox-active units, redox-controlled switching 

was explored by Daub and co-workers[8] on DHA derivatives 

containing ferrocene, anthraquionone, and heteroaryl groups. 

Moreover, it has been reported that photoisomerization of the 

DHA-TTF conjugate (Figure 1)[9] occurred twice as efficiently for 

the neutral TTF species as for the corresponding radical cation 

species, while the thermal VHF-to-DHA back-reaction was not 

influenced by the redox state of the TTF unit.  

The thermal conversion is usually enhanced if an electron-

withdrawing group is positioned at the C2-position (Scheme 1) of 
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the DHA moiety.[7a] Having in mind that CBPQT4+ can form a 

strong D‒A complex with TTF, we hypothesized that the 

complexation event of the neutral TTF unit could be used to alter 

the kinetics of the VHF-to-DHA conversion. DHA and VHF differ 

significantly in their optical and redox properties, and 

conversions between the two states, in turn, can be used to 

control other events, for example, as recently shown,[10] the 

on/off fluorescence of a subphthalocyanine fluorophore. The 

consequences of one complexation event could then potentially 

propagate to tuning the properties of more remote units. 

 

 
Figure 1. Molecular structures of a previously reported conjugate between 

DHA and TTF (DHA-TTF), monopyrrolo-TTF (MPTTF), CBPQT•4PF6, and the 

[2]rotaxane 1•4PF6. 

 

To investigate how the VHF-to-DHA conversion is 

influenced when appended with a TTF unit that is encircled by a 

CBPQT4+ ring, we have designed and synthesized a DHA D‒A 

[2]rotaxane 1•4PF6 incorporating a monopyrrolo-TTF (MPTTF)[11] 

unit as the donor and CBPQT4+ as the acceptor. The MPTTF 

unit (Figure 1) was chosen as the donor unit to avoid cis/trans 

isomerism, and the DHA moiety was expected to act as a 

stopper group for the CBPQT4+ ring component at the pyrrole-

end. At the other end, a combination of an SEt and a 

S(CH2CH2(OCH2CH2)2OMe) substituent was chosen; these have 

previously been shown to act as a stopper group and thereby 

preventing deslipping of CBPQT4+.[12] Here, we present the 

synthesis and characterization of the [2]rotaxane 1•4PF6 

(Figure 1) and its corresponding dumbbell precursor 2. 

Results and Discussion 

Synthesis. The syntheses of the [2]rotaxane 1•4PF6 and its 

corresponding dumbbell 2 are shown in Scheme 2. The MPTTF 

building block[13] 3 was N-arylated with the p-iodophenyl-DHA[14] 

4 using (±)-trans-1,2-diaminocyclohexane, CuI, and K3PO4 in 

THF yielding the dumbbell 2 in 73% yield. Subsequently, the 

[2]rotaxane 1•4PF6 was synthesized by a high pressure reaction 

between 1,1’-[1,4-phenylenebis(methylene)]-bis(4,4’-

bipyridinium) bis(hexafluorophosphate)[15] (5•2PF6) and 

1,4-bis(bromomethyl)benzene (6) using the dumbbell 2 as the 

template for the formation of interlocked CBPQT4+. After 

purification by column chromatography and following counterion 

exchange with NH4PF6, the [2]rotaxane 1•4PF6 was isolated as a 

green solid in 17% yield. 

 

 

Scheme 2. Synthesis of the DHA-MPTTF dumbbell 2 and the [2]rotaxane 1•4PF6. 
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UV-Vis Absorption and Switching Studies. The light-induced 

switching of 1•4PF6 and 2 were followed by UV-Vis-NIR 

absorption spectroscopy in MeCN at 298 K. All spectroscopic 

data, absorption maxima (λmax), molar absorptivities (ε), and 

VHF-to-DHA half-lives (t1/2) are listed in Table 1. 

Firstly, a comparison of the UV-Vis-NIR absorption spectra 

of the DHAs of 1•4PF6 and 2 reveals, as expected,[3] a broad 

and relative intense charge transfer (CT) band between MPTTF 

and CBPQT4+ at 810 nm for 1•4PF6 (Figure 2), thus providing the 

characteristic green color of 1•4PF6.  

 

 
Figure 2. Comparison of the UV-Vis-NIR absorption spectra of 1•4PF6 

(green/red) and 2 (black/blue) in their respective DHA states (green/black) and 

VHF-states (red/blue) recorded in MeCN at 298 K. Inset: Zoom of the CT band 

of the DHA and VHF states of 1•4PF6. 

 

Upon light irradiation (365 nm), the DHA forms of 1•4PF6 

and 2 underwent photochemically induced ring-opening of the 

DHA moiety to their respective isomeric VHF forms as 

evidenced by a characteristic decrease in the DHA absorption 

band at approximately 395 nm and the appearance of the VHF 

absorption band at approximately 470 nm (an example for 

1•4PF6 is shown in Figure 3, top). In turn, thermal ring-closure 

from the VHF form back to DHA was achieved (an example for 

1•4PF6 is shown in Figure 3, bottom). Both the ring-opening and 

ring-closure events appeared with isosbestic points, suggesting 

that only one reaction is occurring each way (however, small 

amounts of decomposition of the systems cannot be excluded). 

By following the decay of VHF absorbance at 470 nm for 1•4PF6 

(474 nm for 2) (298 K, first-order kinetics), the rate of the back-

reaction was obtained by curve fitting the data with a single-

exponential fit (an example is shown in Figure 3, bottom inset). 

From the obtained rate constants, half-lives (t1/2) of 137 min for 2 

and 79 min for 1•4PF6 were obtained. It is noted that attachment 

of the MPTTF unit through the pyrrole-nitrogen atom to the 

phenylene moiety provides a faster ring-closure of the VHF form 

in 2 compared to the parent (2-phenyl substituted) DHA/VHF 7 

(R = Ph in Scheme 1), 137 min vs 218 min. This result reflects 

the electron-withdrawing character of a pyrrole linked at the 

nitrogen (Hammett substituent parameter p = 0.37[16]). 

Surrounding the electron donating MPTTF unit with the electron 

accepting CBPQT4+ ring gave an even faster ring-closure, with a 

half-life of 79 min for 1•4PF6. The difference in half-lives 

indicates that the CBPQT4+ ring remains on the molecule after 

DHA-to-VHF conversion. Thus, VHF functions as a stopper and 

prevents deslipping of CBPQT4+. 

 

 
Figure 3. UV-Vis-NIR absorption spectra of 1•4PF6 showing the 

photochemical ring-opening of DHA to VHF and the thermal ring-closure from 

VHF to DHA. Top: UV-Vis-NIR absorption spectra of the DHA-form of 1•4PF6 

upon light-induced ring-opening to the VHF-form of 1•4PF6 in MeCN at 298 K. 

Bottom: UV-Vis-NIR absorption spectra of the VHF-form of 1•4PF6 upon 

thermal ring-closure back to the DHA-form of 1•4PF6 in MeCN at 298 K. 

Bottom inset: Decay of VHF-absorbance at 470 nm, the data were fitted by an 

exponential function providing the rate constant of back-reaction in MeCN at 

298 K. 

 

Table 1. Photophysical and kinetics data (VHF half-lives) obtained from UV-

Vis-NIR absorption spectroscopy for the dumbbell 2, the [2]rotaxane 1•4PF6, 

and the parent (2-phenyl substituted) DHA 7 in MeCN at 298 K. 

 DHA VHF 

 
λmax [nm]  

(ε [10
3
 M

‒1
 cm

‒1
]) 

λmax [nm]  
(ε [10

3
 M

‒1
 cm

‒1
]) 

t1/2 [min]  

2 395 (31.7) 474 (26.5) 137 

1•4PF6
 394 (36.7)

[b]
 468 (21.3) 79 

DHA 7
[a]

 353 (17.9) 470 (34.4) 218 

[a] Ref. [17]. [b] CT band at 600–1000 nm. 

 

Electrochemistry. The redox properties of the [2]rotaxane 

1•4PF6  and the dumbbell 2 were studied by cyclic voltammetry 

in MeCN (0.1 M n-Bu4NPF6) at 298 K. The cyclic 

voltammograms (CVs) are shown in Figure 4, while Table 2 

summarizes the obtained electrochemical data. 
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Figure 4. Cyclic voltammograms of the [2]rotaxane 1•4PF6,  (green) and the 

dumbbell 2 (black) referenced to ferrocene as the external reference recorded 

at 298 K in MeCN containing 0.1 M n-Bu4NPF6 as the supporting electrolyte 

and with a scan rate of 100 mV s
‒1

. Working electrode: Glassy Carbon; 

reference electrode: Ag/AgNO3; counter electrode: Pt. 

 

Upon oxidation of the dumbbell 2, a well-defined one-

electron process takes place leading to the reversible formation 

of the MPTTF radical cation at +0.09 V vs Fc/Fc+. Upon further 

oxidation, the MPTTF dication is formed at +0.40 V, which is 

stable within the experimental timeframe. The [2]rotaxane 

1•4PF6  exhibits a first oxidation potential at +0.37 V, which is 

significantly anodically shifted compared to the same process in 

2. This finding can be accounted for by the fact that CBPQT4+ 

encircles the MPTTF unit and is in complete agreement with 

previous studies on D‒A [2]rotaxanes based on TTF derivatives 

and CBPQT4+.[18] After oxidation of 14+ to the radical cation 1•/5+, 

CBPQT4+ moves from the MPTTF unit towards the phenylene 

moiety (vide infra) attached to DHA. The second oxidation from 

1•/5+ to 16+ is anodically shifted by +0.10 V compared to the 

second oxidation process in the dumbbell 2 indicating that 

CBPQT4+ is still in close proximity to the MPTTF unit, consistent 

with previous studies,[18] i.e., the DHA functions as an effective 

stopper preventing deslipping. The oxidation potentials of 14+ 

and 2 are significantly lower than those of 2-phenyl substituted 

DHA (7; R = Ph) undergoing an irreversible oxidation at 

+1.09 V,[19] and therefore the observed redox events in both 

systems can be assigned to the oxidation processes associated 

with the MPTTF unit. 

 

Table 2. Electrochemical data for the dumbbell 2, the [2]rotaxane 1•4PF6, and 

the parent (2-phenyl substituted) DHA 7 obtained by cyclic voltammetry in 

MeCN (0.1 M n-Bu4NPF6) at 298 K using a glassy carbon working electrode 

and Fc/Fc
+
 as the external reference. 

 
E1

o
’[V] E

p
 [V] Peak height for  

E1
o
’ [A mM

‒1
] 

E2
o
’ [V] Peak height for 

E1
o
’ [A mM

‒1
] 

2 +0.09  18.5 +0.38 18.7 

1
 +0.40  17.5 +0.50 16.7 

DHA 

7 
 +1.09

[a]
    

E
o
’ = oxidation potential (half-wave potential); E

p
 = peak potential of 

irreversible oxidation. [a] Ref. [19]. 

 

Switching Studies – UV-Vis-NIR Absorption Spectroscopy. 

The redox-induced oxidation of 1•4PF6 and 2 were followed by 

UV-Vis-NIR absorption spectroscopy in MeCN. Absorption 

spectra of the various oxidation states of 14+ and 2 are shown in 

Figure 5. 

 Firstly, chemical oxidation of 2 and 14+ was carried out with 

Fe(ClO4)3 producing 22+ and 16+, respectively, which was easily 

visualized using UV-Vis-NIR absorption spectroscopy (SI, Figure 

S10 and S11). Thus, addition of 1.0 equiv. of Fe(ClO4)3 to a 

yellow solution of 2 in MeCN gave mono-oxidation of the MPTTF 

unit affording 2•+ as evidenced by the production of a green-

colored solution and the disappearance (Figure 5) of the 

absorption band of MPTTF at 396 nm and formation of two new 

bands at 453 and 820 nm, respectively, that can be assigned to 

the radical cation of MPTTF. Continuing the titration of the 

green-colored solution of 2•+ by addition of an additional 1 equiv. 

of Fe(ClO4)3 gave a blue-colored solution. The color change was 

accompanied by the disappearance of the absorption bands at 

453 and 820 nm and the appearance of an intense absorption 

band at 660 nm that can be assigned to the dioxidized MPTTF 

unit (i.e., MPTTF2+) present in 22+. Addition of 1.0 equiv. of 

Fe(ClO4)3 to the green-colored solution of 14+ resulted in 

formation of 1•/5+ as seen by a decrease of the absorption band 

at 395 nm and formation of a broad absorption band starting 

from 450 and continuing to above 1100 nm (Figure 5). Further 

oxidation to 16+ produced the characteristic MPTTF2+ absorption 

band associated with the dioxidized MPTTF unit at 670 nm. 

 

 
Figure 5. UV-Vis-NIR absorption spectra of the oxidized states of 2 (black) 

and 1•4PF6 (green) in their respective: neutral-states (solid), radical cation-

states (dotted), and dication states (dashed) recorded in MeCN at 298 K. 

Oxidant: Fe(ClO4)3. 
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Switching Studies – 1H NMR Spectroscopy.  

The redox-induced oxidation of 1•4PF6 and 2 were also 

investigated using 1H NMR spectroscopy in CD3CN at 298 K. To 

determine the position of the CBPQT4+ ring on the dumbbell 

component after oxidation of the MPTTF unit, the [2]rotaxane 

1•4PF6 was oxidized with an excess of the chemical oxidant 

tris(4-bromophenyl) ammoniumyl hexachloroantimonate 

(TBPASbCl6), which based on its oxidation potential should be 

able to oxidize the neutral MPTTF unit to its corresponding 

dicationic state (SI, Figure S8). To assist the analysis of the 

oxidized solution of 1•4PF6, a 1:1 mixture of the dumbbell 2 and 

CBPQT4+ was also oxidized in CD3CN with an identical amount 

(excess) of TBPASbCl6 (SI, Figure S7, A). The 1H NMR 

spectrum (400 MHz, 298 K) recorded of this solution reveals that 

oxidization of the dumbbell 2 produces a tricationic species (2‒

H)3+, where the MPTTF unit is oxidized to the dicationic state 

(MPTTF2+) and the seven-membered ring in the DHA moiety 

seems to be oxidized to a cationic tropylium ion (oxidation by net 

loss of hydride) as evidenced by disappearance of the 

characteristic 8a-H and downfield shift of the 7-membered ring 

protons to the aromatic region (from δ = 6.57‒5.81 ppm of 2 to δ 

= 9.03‒9.52 ppm of (2‒H)3+; characteristic  for tropylium species 

derived from DHA[20]). In the case of the oxidized solution of 

1•4PF6, the recorded 1H NMR spectrum (SI, Figure S7, B and C) 

is more complex, suggesting that multiple species exist. A 

comparison of the 1H NMR spectrum recorded of the oxidized 

solution of 1•4PF6 with the 1H NMR spectrum of (2‒H)3+ reveals 

that free CBPQT4+ exists in the oxidized solution of 1•4PF6. This 

finding could suggest that the CPBQT4+ ring upon oxidation can 

deslip from the dumbbell component. However, the 1H NMR 

spectrum did not show any sign of the presence of the 

trisoxidized dumbbell (i.e. (2‒H)3+) suggesting that the free 

CPBQT4+ is formed on account of decomposition of 1•4PF6 

instead of deslipping. By looking at the signals associated with 

the DHA 7-membered ring protons of the oxidized species, it 

seems again that a tropylium species has formed, (1‒H)7+ 

(oxidation by net loss of hydride, together with formation of 

MPTTF2+), together with the oxidized 16+ (formation of MPTTF2+), 

corroborated by the appearance of aromatic tropylium protons at 

around 9.5 ppm and the 8a-H at 4.12 ppm.  

It transpires from the 1H NMR spectra that the signals 

associated with the tropylium protons of (1‒H)7+ (δ = 9.28-9.71 

ppm) are deshielded as compared to the tropylium protons in 

(2‒H)3+ (δ = 9.03-9.52 ppm). This observation suggests that the 

CBPQT4+ ring in (1‒H)7+ encircles the phenylene part of the 

oxidized DHA moiety, allowing the CBPQT4+ ring to deshield the 

tropylium protons. This is further evidenced by the shielding of 

the pyrrole protons (δ     7.21 ppm) in (1‒H)7+, as compared to 

the pyrrole protons in (2‒H)3+  (δ = 8.46 ppm) which can be 

explained by the pyrrole protons being located partly within the 

CBPQT4+ cavity, as would probably be the case if CBPQT4+ is 

surrounding the phenylene part of the oxidized DHA moiety. 

Lastly, the phenylene protons resonating at δ = 8.11 and 8.40 

ppm in (2‒H)3+  cannot be observed in this region in (1‒H)7+ 

because of the anisotropic shielding effect caused by CBPQT4+ 

surrounding the phenylene of the oxidized DHA moiety.  

 

Binding Studies Between DHA and CBPQT4+. The switching 

studies indicate that some interactions take place between the 

DHA moiety and the CBPQT4+ ring after oxidation of the 

[2]rotaxane 1•4PF6. To provide further evidence for the 

interactions between CBPQT4+ and DHA, 1H NMR spectroscopic 

binding studies were carried out. 

The 1H NMR spectrum (Figure 6) recorded (400 MHz, 

298 K) of a 1:5 mixture of the DHA 7 and CBPQT4+ shows 

significant upfield shifts (Δδ = ‒0.093 to ‒0.141 ppm) for the 

signals associated with the phenylene protons in 7. However, 

 

 
Figure 6. 

1
H NMR spectra (CD3CN, 400 MHz, 298 K) recorded of 

CBPQT•4PF6, a mixture of 7 and CBPQT
4+

 (1:5, c(7) = 1.5 mM, 
c(CBPQT•4PF6) = 7.4 mM), and of 7 (c = 1.5 mM). 

 

the signals associated with the DHA protons in 7 are only shifted 

slightly (upfield in the case of H3, Δδ = ‒0.008 ppm, and 

downfield for H4-H8a, Δδ = 0.003 to 0.012 ppm). These findings 

suggest that the DHA 7 can form a complex with CBPQT4+ 

(Scheme 3) in which the CBPQT4+ ring encircles the phenylene 

moiety present in the DHA 7.  

 

 
Scheme 3. Complexation between DHA 7 and CBPQT•4PF6. 

 

Since the signals associated with phenylene protons of DHA 7 

shift upon mixing with CBPQT4+, it is possible to determine the 

binding constant (Ka) for the complexation between 7 and 

CBPQT4+ using the 1H NMR titration method. Figure 7 shows the 
1H NMR spectra (400 MHz, 298 K) recorded upon titration of a 

CD3CN solution of 7 (1.5 mM) with CBPQT4+ (0 to 19 mM). 
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Fitting the data to Connors 1:1 binding model[18a],[21] gave a Ka 

value of 17 ± 1 M‒1 corresponding to a free energy of 

complexation (‒ΔG°) of 1.68 ± 0.04 kcal mol‒1 in CD3CN at 

298 K. The obtained binding constant is quite low, suggesting a 

very weak interaction between 7 and CBPQT4+.  

 

Figure 7. 1
H NMR spectra (400 MHz, 298 K, CD3CN) recorded of 7 (c = 

1.5 mM) and CBPQT
4+

 (c = 25 mM in 7 (1.5 mM)) with different equivalents of 
CBPQT

4+
.  

 

Molecular Modelling. To provide more information about the 

complexation of 7 with CBPQT4+, geometry optimization of the 

complex 7CBPQT4+ was carried out by Hartree-Fock quantum 

mechanical calculations using 6-31+G* as the basis set and a 

PCM MeCN solvent model. Two distinct optimized 

superstructures of CBPQT4+ and DHA 7 were found. One 

optimized superstructure A exhibits (Figure 8) partial inclusion of 

7 inside the cavity of CBPQT4+. In addition, weak hydrogen 

bonding interactions [CN•••H] between the cyano groups of the 

DHA and the α-H protons of CBPQT4+ are observed in A. The 

other optimized superstructure B shows (SI, Figure S15) no 

inclusion of 7 and the only interaction is a single hydrogen bond 

interaction [CN•••H] between one of the cyano groups of the 

DHA 7 with the α-H protons of CBPQT4+. On account of the 

similarity in energy, it is not possible to state which of the two 

optimized superstructures that are most plausible. However, 

based on the 1H NMR spectroscopic investigations carried out 

on the complex 7CBPQT4+, which showed that shielding of the 

DHA-phenylene protons take place upon complexation with 

CBPQT4+, the first binding motif A seem more likely. From the 

two optimized superstructures, it is evident that the two 

interactions (i.e., [CN•••H] and [π-π] cannot both be optimized at 

the same time, because of the rigidity of 7. To allow for the 

optimal geometry of the [CN•••H] hydrogen bonds, the 

phenylene moiety of the DHA is pulled out of the cavity of 

CBPQT4+, which then impairs the π-π interactions involved in 

the complexation event.  

 
Figure 8. Side-view (left) and top-view (right) of the optimized superstructure 

A, showing that the cyano groups of 7 can interact with the α-H bipyridinium 

protons of CBPQT
4+

. 

 

Conclusions 
 

In summary, we have prepared a donor-acceptor [2]rotaxane 

based on a MPTTF dumbbell containing a photoactive DHA end-

group and with the tetracationic CBPQT4+ as the ring component. 

Various studies have shown: a) that DHA/VHF system acts as a 

convenient stopper preventing deslipping of CBPQT4+, b) that 

the presence of CBPQT4+ in proximity indeed can be used to 

change the VHF-to-DHA kinetics, with the read-out being a 

faster rate of ring-closure, and c) that the DHA unit acts as a 

weak binding site for CBPQT4+; a computational study indicates 

that this complexation originates from hydrogen bond 

interactions between the cyano groups on DHA and the -

bipyridinium protons on CBPQT4+, rather than π-π stacking 

interactions between the phenylene and bipyridinium moieties.   

  

Experimental Section 

General Methods. The MPTTF 3,[13] the DHA 4,[14] 5•2PF6,
[15] and the 

DHA 7[17] were prepared according to literature procedures. All 

photochromic compounds were handled in the dark during synthesis; 

glassware containing photochromic compounds was wrapped in tin foil. 

Thin layer chromatography (TLC) was performed in the dark and carried 

out on commercially available pre-coated aluminum plates (silica 60) with 

fluorescence indicator. A color change from yellow to red or orange upon 

irradiation by UV light (365 nm) indicates the presence of DHA. All 

reagents and solvents were obtained from commercial suppliers and 

used as received unless otherwise stated. THF was collected from an IT 

(Innovative Technology) installation of the model PS-MD-05. DMF was 

stored above molecular sieves. Air sensitive reactions were carried out 

under an argon atmosphere. 1H and 13C NMR spectra were recorded on 

a Bruker 500 MHz instrument equipped with a cryoprobe or on a Bruker 

AVANCE III 400 MHz instrument. Chemical shift values are quoted in 

ppm and coupling constants (J) in Hz. 1H and 13C NMR spectra are 

referenced against residual solvent peaks (CDCl3: δH = 7.26 ppm and δC 

= 77.16 ppm, CD3CN: δH = 1.94 ppm). UV-Vis-NIR absorption spectra 

were recorded on a Varian Cary 50 Bio, performed in a 1 cm path-length 

cuvette, and the neat solvent was used as baseline. Cyclic voltammetry 

was conducted using an Autolab PGSTAT30 potentiostat. Measurements 

used a 0.5 mM analyte solution in MeCN with 0.1 M tetrabutylammonium 

hexafluorophosphate (n-Bu4NPF6) as the supporting electrolyte, which 

was degassed (N2) for 5 min prior to measurements. The setup utilised a 
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glassy carbon working electrode, platinum wire counter electrode and an 

Ag/AgNO3 (in MeCN with 0.1 M n-Bu4NPF6) reference electrode with a 

scan rate of 100 mV s–1 at room temperature. All measurements were 

carried out in a Faraday-cage.  

Preliminary structures for geometry optimization have been generated by 

merging CBPQT4+ from previous work[22] and a DHA crystal structure 

[CCDC 792112] followed by dynamics calculations in  aestro    release 

2    2  chr din er[23] using MMFFS[24] as the force field, as structure 

search method to find 1000 superstructures. From these minimized 

superstructures, 10 were chosen for optimization at higher level of theory 

which was done stepwise HF/STO-3G, HF/6-31G, HF/6-31G* and finally 

in HF/6-31+G* using and MeCN PCM[25] solvent model using 

quadratically convergent SCF procedure.[26] At the end of the stepwise 

optimization two distinct superstructures were found with different binding 

motifs with a tradeoff between inclusion of the DHA-phenylene inside 

CBPQT4+ and optimization of hydrogen bonding interaction between the 

cyano group of the DHA and α-H protons of CBPQT4+. On account of the 

low binding affinity and tradeoff between different binding motifs, the 

optimization at higher level of theory gets complicated.  

[2]Rotaxane 1•4PF6. A solution of 2 (182 mg, 0.247 mmol) in anhydrous 
DMF (4 mL) was added to a teflon-tube containin   , ′′-[1,4- 
phenylenebis(methylene)]bis(4,4′-bipyridin-1-ium) bis(hexafluoro-
phosphate) (5•2PF6) (702 mg, 0.995 mmol), and 1,4-
bis(bromomethyl)benzene (6) (263 mg, 0.996 mmol). The reaction was 
subjected to 12 kbar pressure, which over 2 d dropped to 6 kbar. The 
green solution was directly subjected to column chromatography (SiO2, 
0.40– . 3 μm) and unreacted dumbbell 2 was eluted with acetone, 
whereupon the eluent was changed to acetone/NH4PF6 (100 mg 
NH4PF6 in 100 mL acetone to 300 mg NH4PF6 in 100 mL acetone) and 
the green band was collected. The solvent was removed in vacuo to 
approximately 5 mL, followed by addition of H2O (30 mL). The resulting 
green precipitate was collected on filter paper by filtration, washed with 
H2O (20 mL), Et2O (50 mL), and dried. The resulting green solid was then 
purified by flash column chromatography (SiO2, 0.40–0.63 
μm, acetone/NH4PF6 (1.0 g NH4PF6 in 100 mL acetone) and the green 
band was collected. The solvent was removed in vacuo to approximately 
5 mL, followed by addition of H2O (30 mL). The resulting green 
precipitate was collected on filter paper by filtration, washed with H2O (20 
mL), Et2O (50 mL), and dried, which gave 1•4PF6 (77 mg, 17%) as a 
green solid.  1H NMR (500 MHz, CD3CN) δ 9.12 (br s, 2H) 9.04 (br s, 2H), 
8.90 (br s, 4H), 8.10–7.98 (m, 4H), 8.04 (d, J = 8.9 Hz, 2H), 7.86, (br s, 
4H), 7.84 (d, J = 8.9 Hz, 2H), 7.84 (br s, 8H), 7.27 (s, 1H), 6.91 (d, J = 
2.1 Hz, 1H), 6.88 (d, J = 2.1 Hz, 1H), 6.65 (dd, J = 11.3, 6.3 Hz, 1H), 6.55 
(dd, J = 11.3, 6.3 Hz, 1H), 6.54–6.50 (m, 1H), 6.39 (ddd, J = 10.2, 6.3, 
2.1 Hz, 1H), 5.84 (dd, J = 10.2, 3.8 Hz, 1H), 5.76 (br s, 6H), 3.94 (ddd, J 
= 3.8, 2.1, 1.9 Hz, 1H), 3.91 (t, J = 6.5 Hz, 2H), 3.83–3.80 (m, 2H), 3.74–
3.70 (m, 2H), 3.61–3.57 (m, 2H), 3.43–3.39 (m, 2H), 3.27 (t, J = 6.5 Hz, 
2H), 3.12 (s, 3H), 3.12 (q,  J = 7.4 Hz, 2H), 1.54 (t, J = 7.4 Hz, 3H) ppm. 
HRMS (ESI+ FT-ICR) m/z 466.7704 [M–3PF6]

3+, calcd. for 
(C71H65F6N7O3PS6)

3+466.7700. 
 

Dumbbell 2. To a stirred solution of 3 (340 mg, 0.706 mmol) and 4 

(310 mg, 0.811 mmol) in argon degassed THF (80 mL) were added CuI 

(292 mg, 1.53 mmol) and K3PO4 (169 mg, 0.796 mmol) followed by 

addition of (±)-trans-1,2-diaminocyclohexane (0.34 mL, 2.8 mmol). The 

reaction mixture was heated at 65 °C for 3 h, after which it was diluted 

with Et2O (100 mL) and quenched with H2O (150 mL). The aqueous layer 

was extracted with Et2O (3 x 50 mL) and the combined organic extracts 

were dried (Na2SO4), and the solvents removed in vacuo. The residue 

was subjected to flash column chromatography (SiO2 40– 3 μm,  % 

EtOAc/CH2Cl2, loading on column: CH2Cl2) which gave 2 (378 mg, 73%) 

as an orange/red solid. TLC (2% EtOAc/CH2Cl2): Rf = 0.35. 1H NMR (500 

MHz, CDCl3) δ 7.78 (d, J = 8.6 Hz, 2H), 7.39 (d, J = 8.6 Hz, 2H), 6.94 (s, 

2H), 6.87 (s, 1H), 6.58 (dd, J = 11.2, 6.4 Hz, 1H), 6.48 (dd, J = 11.2, 6.1 

Hz, 1H), 6.35 (d, J = 6.4 Hz, 1H), 6.32 (ddd, J = 10.2, 6.1, 2.0 Hz, 1H), 

5.82 (dd, J = 10.2, 3.8 Hz, 1H), 3.80 (dt, J = 3.8, 2.0 Hz, 1H), 3.69 (t, J = 

6.8 Hz, 2H), 3.67–3.64 (m, 6H), 3.57–3.53 (m, 2H), 3.38 (s, 3H), 3.02 (t, 

J = 6.8 Hz, 2H), 2.87 (q, J = 14.6, 7.3 Hz, 2H), 1.33 (t, J = 7.3 Hz, 3H) 

ppm. 13C NMR (126 MHz, CDCl3) δ 140.9, 139.0, 138.7, 132.3, 131.2, 

131.0, 128.7, 127.9 (two signals overlapping), 126.8, 123.7, 123.7, 121.3, 

119.9, 119.5, 119.0, 115.2, 112.8, 112.4, 110.4, 110.4, 100.1, 72.1, 70.8, 

70.73, 70.7, 70.2, 59.2, 51.2, 45.3, 35.5, 30.6, 15.2 ppm. HRMS (MALDI+ 

FT-ICR, ditranol) m/z 735.0845 [M]•+, calcd. for (C35H33N3O3S6
•+) 

735.0841. 
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A [2]rotaxane incorporating a 

monopyrrolo-tetrathiafulvalene (green) 

unit that is encircled by a 

cyclobis(paraquat-p-phenylene) ring 

(blue) and containing a photoactive 

dihydroazulene (DHA) as  the stopper 

group (yellow) was prepared. The 

DHA and its vinylheptafulvene (VHF) 

photoisomer both act as stopper 

groups, preventing dethreading of the 

ring. The kinetics of the thermal VHF-

to-DHA conversion was influenced 

strongly by the positively charged ring.   
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