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Pressure effects in the synthesis of isomeric rotaxanes†

Anne Sørensen,a Sissel S. Andersen,a Amar H. Floodb and Jan O. Jeppesen*a

Pressure not only influences the yield in the synthesis of a two-station

[2]rotaxane, it also determines the distribution of the co-conformational

isomers. At high pressure cyclobis(paraquat-p-phenylene) is preferentially

assembled around a monopyrrolotetrathiafulvalene unit, while at low

pressure it is preferentially assembled around a hydroquinone unit.

Incorporating complexity into molecules in the form of stereo, regio,
constitutional, configurational and conformational isomers has long
motivated the development of new synthetic methods. Mechano-
stereochemistry1 is one of the newest branches of chemistry that is
contending with a unique form of isomerism emerging from the
interlocked character of its molecular components: co-conformational
isomerism. Consider [2]rotaxanes (Scheme 1) as an example in which a
ring component is interlocked around a dumbbell.2 When the [2]rotax-
ane has two different recognition sites along its dumbbell, as is typical
for molecular switches,3 it can exist as one of two co-conformational (or
translational4) isomers; the ring can be situated at one of the two
stations. The isomeric relationship of co-conformations is akin to the
E/Z isomerism of two functional groups substituted around an olefin.5

With that likeness in mind, being able to dictate the ring’s localisation
on one of two stations in a non-degenerate [2]rotaxane upon command
provides an opportunity to isolate one or both of the two possible co-
conformational isomers. Ultimately, such control will allow for the
creation of artificial molecular machines with enhanced complexity.6

One such outcome was demonstrated using thermodynamic control
over the relative stabilities of the two stations in a rotary molecular
motor.7 An alternative approach, which we discovered during a typical
pressure-induced reaction,8,9 was the use of pressure as a physical
parameter to access kinetic control over the ratio of co-conformational
isomers produced in the formation of a [2]rotaxane.

Here, we describe how pressure not only influences the yield in the
synthesis of a two-station [2]rotaxane but that it also determines the product distribution between the two possible co-conformational iso-

mers. The [2]rotaxane 1�4PF6 (Scheme 1) is based on a dumbbell
containing monopyrrolotetrathiafulvalene (MPTTF) and hydroquinone
(HQ) stations for encirclement by cyclobis(paraquat-p-phenylene)
tetrakis(hexafluorophosphate) (CBPQT�4PF6). An S-Et group situated
between the two stations acts as an effective barrier10 to enable
measurement of the relative amount of each isomer. The synthesis
(Scheme 1) of the [2]rotaxane isomers 1�4PF6�HQ and 1�4PF6�MPTTF

Scheme 1 Synthesis of the two co-conformational isomeric [2]rotaxanes
1�4PF6�HQ and 1�4PF6�MPTTF together with their cartoon representations.
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was carried out using the dumbbell compound 2 as the template for
the formation of CBPQT�4PF6 from 3�2PF6

11 and 4. The clipping
reaction was carried out in DMF at 25 1C for three days with the effect
of pressure examined from 1 bar to 15 kbar. Following counter ion
exchange, the two isomeric [2]rotaxanes were isolated in overall yields of
10–32% in two steps. By analysing the purified product, it was observed
that 1�4PF6 exists as a mixture of the two possible co-conformational
isomers, 1�4PF6�HQ and 1�4PF6�MPTTF. The solutions of these two
isomers are red and green in colour which is due to characteristic
charge-transfer (CT) UV-Vis-NIR absorption bands centred at 490 and
820 nm, respectively (ESI,† Fig. S1).

The population ratios (Table 1, ESI,† Fig. S4) were determined from
the 1H NMR spectra (25 1C, CD3CN). Several protons in both the
dumbbell component and CBPQT�4PF6 give rise to two sets of signals,
one for each of the two isomers. Overall, the yield increases when the
pressure is increased,12 and furthermore, the amount of 1�4PF6�MPTTF
increases as a function of pressure faster than the amount of 1�4PF6�
HQ resulting in an inversion of the ratio between the two isomeric
[2]rotaxanes. By plotting (Fig. 1) the ratio of 1�4PF6�HQ:1�4PF6�MPTTF
against the pressure a linear relationship between pressure and the
distribution of the co-conformational isomers is obtained. Based on
these results, it is evident that 1�4PF6�HQ is favoured at ambient
pressure whereas 1�4PF6�MPTTF is favoured at high pressure.

The [2]rotaxane 1�4PF6 contains both a HQ and a MPTTF binding
site and to get a better understanding of how these units influence the
isomeric distribution, two model [2]rotaxanes 5�4PF6 and 6�4PF6 (Fig. 2)
were synthesised (ESI†). The respective dumbbell compounds were
mixed together with 3�2PF6 and the dibromide 4 to investigate the
product distribution 5�4PF6 :6�4PF6 as a function of pressure. The
clipping reaction was carried out in DMF at 25 1C for three days with
a pressure of 1 bar or 10 kbar. Following counter ion exchange,
combined yields of 7% or 24%12 for the two steps were obtained.

After purification, a mixture of the two possible products, 5�4PF6 and
6�4PF6, was observed. These two products give rise to characteristic CT
absorption bands centred at 460 and 820 nm, respectively (ESI,†
Fig. S5). The population ratio between the two products (Table 2) was
determined from the 1H NMR spectrum (ESI,† Fig. S9). As in the case of
the [2]rotaxane 1�4PF6, the results reveal that pressure has a strong
impact on the product distribution. The amount of 6�4PF6 increases
relative to the amount of 5�4PF6 showing that the HQ rotaxane is
favoured as the product at ambient pressure whereas the MPTTF
rotaxane can be selectively accessed at high pressure.

It is clear that the rotaxanes with the HQ station located inside the
cavity of CBPQT�4PF6 are favoured at ambient pressure while those
with the MPTTF station inside the cavity of CBPQT�4PF6 are favoured at
high pressure. To help support this observation further, the binding
affinities of two model host–guest systems (Scheme 2) were investi-
gated. Mixing the dumbbell compounds 7 or 8 (syntheses; ESI†) with
equimolar amounts of CBPQT�4PF6

11 at 25 1C in DMF leads to the
formation of [2]pseudorotaxanes 7CCBPQT�4PF6 and 8CCBPQT�4PF6,
respectively. 7CCBPQT�4PF6 is formed immediately as evident by the
formation of a red solution and the concomitant appearance of a CT
band at 464 nm.13 Both observations are characteristic of superstruc-
tures in which HQ derivatives are being complexed inside the cavity of
CBPQT�4PF6.11 The formation of 8CCBPQT�4PF6 can be followed
visually over time by the slow evolution of a green solution after mixing
the components.14 A concomitant appearance of a CT absorption band
centered at 783 nm is characteristic of superstructures in which MPTTF
derivatives are complexed inside the cavity of CBPQT�4PF6.15 By
employing the UV/Vis dilution method (ESI†),15 the binding affinities
(Ka, DG1) at 25 1C in DMF were determined (Table 3).

The binding of 7 with CBPQT�4PF6 is stronger than with 8.
This result is not expected on account of the fact that MPTTF is
a stronger p-electron donor than HQ.11,15 Previous NMR studies
carried out in CD3CN on a similar MPTTF system without the

Table 1 Distribution of the co-conformational isomers 1�4PF6�HQ and
1�4PF6�MPTTF after synthesis at different pressuresa

Pressure Yield 1�4PF6�HQ : 1�4PF6�MPTTFb Colourc

1 bar 10% 73 : 27 Light brown
5 kbar 31% 53 : 47
10 kbar 32% 42 : 58

k

15 kbar 31% 26 : 74 Green

a Syntheses were carried out with 1 equiv. dumbbell 2 (30 mM), 3 equiv.
3�2PF6 and 3 equiv. dibromide 4 in anhydrous DMF at 25 1C. b The
ratios were found using 1H NMR spectroscopy (ESI). c The colour of the
mixtures of 1�4PF6�HQ and 1�4PF6�MPTTF in MeCN at 25 1C.

Fig. 1 A graphical representation illustrating the pressure dependency of the
isomeric distribution within [2]rotaxane 1�4PF6.

Fig. 2 Structural formulae of the [2]rotaxanes 5�4PF6 and 6�4PF6.

Table 2 Distribution of 5�4PF6 and 6�4PF6 after synthesis at different pressuresa

Pressure Yield 5�4PF6 : 6�4PF6
b Colourc

1 bar 7% 85 : 15 Brown
10 kbar 24% 39 : 61 Green

a Syntheses were carried out with 1 equiv. dumbbell S10 (30 mM), 1 equiv.
dumbbell S13 (30 mM), 3 equiv. 3�2PF6, and 3 equiv. dibromide 4 in anhydrous
DMF at 25 1C. b The ratios were found using 1H NMR spectroscopy (ESI). c The
colour of the mixtures of 5�4PF6 and 6�4PF6 in MeCN at 25 1C.
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stopper group reveal that CBPQT�4PF6 is shifted a little towards the
pyrrole ring. In the present molecule, the 3,5-di-t-butyl-benzene stopper
is attached directly to the pyrrole ring making it difficult to obtain the
optimal geometry of the superstructure. We believe that this change in
geometry weakens the binding between the two components to such
a degree that the poorer HQ p-electron donor binds stronger to
CBPQT�4PF6. Furthermore, 7 contains two ethylene glycol chains while
8 bears only one. It has been reported previously16 that ethylene glycol
chains have a significant influence on the binding to CBPQT�4PF6 in
(Me)2CO, and a greater number of ethylene glycol chains enhances the
binding affinity. All these factors make the non-covalent interactions in
7CCBPQT�4PF6 stronger than those in 8CCBPQT�4PF6.

Based on prior work,9 it is reasonable to assume that the difference
between the binding affinities obtained in the two [2]pseudorotaxanes
7CCBPQT�4PF6 and 8CCBPQT�4PF6 represents the energy differences
in [2]rotaxane 1�4PF6. It is therefore possible to determine the theore-
tical thermodynamic ratio between the co-conformational isomers
1�4PF6�HQ and 1�4PF6�MPTTF.17 At 25 1C, a KHQ/MPTTF value of 3.9 is
obtained corresponding to a ratio of 80:20 between 1�4PF6�HQ and
1�4PF6�MPTTF, which is comparable to the ratio of 73:27 (Table 1)
obtained from the experiments conducted at ambient pressure. In
addition, the theoretical ratio of 80:20 is close to the results obtained
for the two [2]rotaxanes 5�4PF6 and 6�4PF6, where 1H NMR spectro-
scopy provided a 85:15 ratio between 5�4PF6 and 6�4PF6 at 1 bar. These
findings indicate that 1�4PF6�HQ is the thermodynamically most stable
product and that the clipping reaction is under kinetic control. In
addition, the experiments indicate that the rate constant for the
formation of 1�4PF6�MPTTF increases faster than the rate constant
for the formation of 1�4PF6�HQ when the pressure is increased, i.e., the
activation volume for the formation of 1�4PF6�MPTTF is more negative
as compared to 1�4PF6�HQ.

In conclusion, we have synthesised and characterised the two
different co-conformational isomers of the [2]rotaxane 1�4PF6. By
adjusting the pressure during the synthesis, it is possible to direct
the location of the CBPQT�4PF6 ring to either the HQ or the MPTTF
recognition site. At high pressure, CBPQT�4PF6 is preferentially
assembled around the MPTTF unit, whereas at low pressure the
preference rests with the assembly around the HQ station. The findings
reported in this communication are, to the best of our knowledge, the
first example where pressure is used as a physical parameter to access
kinetic control over the ratio of co-conformational isomers produced in
the formation of a [2]rotaxane by the clipping of a macrocycle around a
two-station dumbbell.

This work has been supported by the Villum Foundation and
The Danish Natural Science Research Council (FNU, project no.
11-106744). We thank Marcel Schmidt and Gitte Sørensen for
the synthesis of some of the starting materials.
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