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The fast [2]rotaxane IV•4PF6 was isolated as a pure brown solid.

Characterization by fast atom bombardment (FAB) mass spectrometry 

gave signals corresponding to single positively charged [M - PF6]+, [M -

2PF6]+, and [M - 3PF6]+ ions, as well as the double positively charged [M -

2PF6]2+, [M - 3PF6]2+, and [M - 4PF6]+ ions. 

3.   Synthesis of a Slow Bistable [2]Rotaxane[4]

4.   Slow Shuttling in an Amphiphilic Bistable [2]Rotaxane

6.   Synthesis of a Fast Bistable [2]Rotaxane

7.   Fast Shuttling in an Amphiphilic Bistable [2]Rotaxane
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a) The 1H NMR spectum (a selected section is shown) 

of IV•4PF6 recorded in CD3CN at 300 K showed two 

triplets ( = 5.79 and 5.91 ppm) and two doublets ( = 

6.12 and 6.24 ppm), which can be assigned to the DNP-

H-3/7 and the DNP-H-2/6 protons in IV•4PF6•RED, and 

a AB system ( = 6.30 and 6.32 ppm) which can be 

assigned to the pyrrolo protons in IV•4PF6•GREEN. 

Furthermore, four singlets are observed in the region 

4.6-5.0 ppm, which results from the two different sets of 

ArCH2O protons in the hydrophilic stopper in 

IV•4PF6•RED ( = 4.71 and 4.86 ppm) and 

IV•4PF6•GREEN ( = 4.79 and 4.89 ppm). From 

integration it was estimated that the two stable 

translational isomers were present in a ratio of 1:1.

b) A variable temperature 1H NMR spectroscopy 

investigation of IV•4PF6 in CD3CN revealed that at low  

temperatur (240 K) the major translational isomer is 

IV•4PF6•RED, whereas IV•4PF6•GREEN is the major 

isomer at high temperatur (345 K).

c) From integration of the signals in the area between 

4.5-5.0 and 6.0-6.4 ppm, the temperature controlled 

variation of the population of the two translational 

isomers was obtained.
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a) The 1H NMR spectrum recorded at 298 K in (CD3)2CO showed two siglets at  = 2.64 and 2.47, which can be assigned to the SMe 

resonances attached to the TTF unit in I•4PF6•GREEN and I•4PF6•RED, respectively. The ratio of the two translational isomers was 

estimated to be approximately 1:1.

b) The 1H NMR spectrum of I•4PF6•RED was recorded at 230 K in (CD3)2CO and shows, only one signal for the SMe protons as a 

singlet resonating at  = 2.49. The sample was heated subsequently to 300 K and the shuttling of CBPQT4+ from the DNP recognition 

site in I•4PF6•RED to the TTF recognition site in I•4PF6•GREEN was followed using the SMe resonances as the probe. After 21 h at 

300 K, the system had equilibrated and a 1:1 mixture of I•4PF6•RED  and  I•4PF6•GREEN was re-established. By employing a first-

order kinetic treatment a rate constant of k = 2  10-5 s-1 was obtained for the slippage of CBPQT4+ over the SMe group, in the 

direction from I•4PF6•RED to I•4PF6•GREEN. The corresponding free energy of activation (G‡) for this isomerization is 24 kcal mol-1. 

For the slippage of CBPQT4+ in the direction from I•4PF6•GREEN to I•4PF6•RED k = 3  10-4 s-1 andG‡ = 22 kcal mol-1 was obtained. 

c) The UV/Vis spectrum (curve a) recorded in Me2CO show a broad charge-transfer (CT) absorption band centered on 805 nm ( = 

810 M-1 cm-1)–which is characteristic of co-conformations[5,6] containing a TTF unit located  “inside” CBPQT4+–and a CT absorption 

band observed as a shoulder at 540 nm ( = 810 M-1 cm-1) –which results from the DNP moiety being located “inside” the 

cyclophane.[7,8] The brown curve represent an equilibrium mixture of I•4PF6•GREEN and I•4PF6•RED. The red curve (curve b) 

represent the pure isomer I•4PF6•RED. The green curve (curve c) represent the pure isomer I•4PF6•GREEN. Allowing the red solution 

of I•4PF6•RED (curve b) to stand for 24 h at room temperature regenerates the “original” spectrum (curve d). 
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A [2]rotaxane is a molecule composed of a macrocyclic and a dumbbell-shaped component.[1] The macrocycle encircles the linear rodlike portion of the dumbbell-shaped component and is trapped mechanically around it by two bulky stoppers. 

Thus, the two components cannot dissociate from one another. 

If the dumbbell components contains two different recognition sites (green and red) for the macrocycle (blue), it’s assumed that the macrocycle resides preferentially around the stronger recognition site (green) until a stimulus (oxidation) is applied 

that switches off the stronger of the two recognition sites, thus inducing the macrocycle to move to the second weaker recognition site (red). By applying a new stimulus (reduction) the stronger recognition site (green) can again be switched on 

and the macrocycle moves back to the stronger recognition site.

Here, we report the synthesis of four amphiphilic bistable [2]rotaxanes (I, II, III and IV) in which the ring component is cyclobis(paraquat-p-phenylene) (CBPQT4+) and the dumbbell-shaped componentcontaining a monopyrrolo-tetrathiafulvalene[2]

(TTF) unit and a 1,5-dioxynaphthalene (DNP) ring system within its rodlike portionis terminated by a hydrophilic dendritic stopper at one end and a hydrophobic tetraarylmethane stopper at the other end. 

Furthermore, we demonstrate (1) the separation of two possible translational isomers (red and green) for the [2]rotaxane I, (2) the slow interconversion of the two isomers (red and green) for the [2]rotaxane I, (3) the structure of [2]rotaxanes II

and III, and (4) the fast interconversion of the two isomers (red and green) for the [2]rotaxane IV.

c)

b)a)

A [2]Rotaxane as a Molecular Machine

The two isomers I•4PF6•GREEN  and  I•4PF6•RED were separated 

by preparative thinlayer chromatography.
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2.   Synthesis of an Amphiphilic Single-Station [2]Rotaxane[3]

1.  Synthesis of the Hydrophilic and Hydrophobic Stoppers[3]
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8.   Conclusions
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The two [2]rotaxanes II•4PF6 and III•4PF6 were isolated as brown solids. 

1H NMR spectroscopy of II•4PF6 revealed that the two isomers  II•4PF6•RED 

and II•4PF6•GREEN were present in a ratio of 95:5, respectively.

By employing PTLC, it was possible to isolate the isomer II•4PF6•RED. 

1H NMR spectroscopy of II•4PF6•RED in CD3CN and CD3SOCD3 revealed, 

that it was not possible to change the ratio of the two isomers because the 

combination of the SEt group and the glycol chain is working as a stopper for 

the macrocyclic ring CBPQT4+.

The same investigations were carried out for III•4PF6 with identical results.

5.   Prevention of Shuttling in an Amphiphilic Bistable [2]Rotaxanes

1) We have devised and completed the syntheses of one amphiphilic [2]rotaxane and four amphiphilic bistable [2]rotaxanes, comprising two different recognition sites – a monopyrrolo-TTF 
unit and a DNP ring system – for CBPQT4+. 

2) The steric hindrance exhibited from the SMe group situated between the two recognition sites in the slow molecular shuttle I•4PF6 has made it possible to isolate the translational isomers 
I•4PF6•RED and I•4PF6•GREEN and to study the kinetics of the shuttling of the tetracationic cyclophane between the two recognition sites.

3) The steric hindrance exhibited from the SEt and SPr groups situated between the the two recognition sites in the [2]rotaxanes II•4PF6 and III•4PF6 prevented shuttling of the tetracationic 
cyclophane between the two recognition sites.

4) In the fast molecular shuttle IV•4PF6 the steric hindrance between the two recoginition sites has been decreased by insertion of a planar pyrrole moiety, instead of a bulky SMe (or SEt, 
SPr) as in I•4PF6 between the DNP and TTF recognition sites. This interchange results in a considerable faster shuttling of CBPQT4+ between the two recognition sited, making the separation 
of the two isomers impossible. The shuttling of CBPQT4+ can be induced by heat stimuli and followed using 1H NMR spectroscopy. At low temperature (235 K) the major isomer is 
IV•4PF6•RED, whereas at higher temperature (330 K) the major isomer is IV•4PF6•GREEN.

5) The switching of the new  amphiphilic [2]rotaxanes by electrochemical stimuli (i.e. oxidation of the TTF unit) is currently being assessed, together with their ability to self-organize into 
monolayers as a prelude to their introduction into devices.

Making Linear Molecular Machines
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