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UV/Vis Measurements of Binding

The association constants, K,, between the macrocycle 2 and the two guests, 6 and 7, were
determined (Figures S1 and S2) from UV/Vis spectroscopic measurements using the program
SpecFit and assuming one-to-one binding interactions between the macrocycle and each of the
guests. The macrocycle 2 and the guest 6 form a yellow charge-transfer complex in CH,Cl, with
Amax = 442 nm. The association constant, K,, between 2 and 6 was calculated to be 5.8 x 10°M™!
at 298 K. The macrocycle 2 and the guest 7 form a dark green charge-transfer (CT) complex in
CH,Cl, with Apax = 608 nm and K, = 6.3 x 10> M~! at 298 K. In each titration experiment, the

concentration of the macrocycle 2 was 2 mM.
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Figure S1. UV/Vis spectra resulting from a titration experiment in CH,CI, with macrocycle 2 and guest 6.
The increase in absorption centered on 442 nm reflects the charge-transfer interaction between 2 and 6
and results in a yellow-colored solution.
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Figure S2. UV/Vis spectra resulting from a titration experiment with macrocycle 2 and guest 7. The
increase in absorption centered at 608 nm reflects the charge-transfer interaction between 2 and 7
and results in a green-colored solution.

"H NMR Spectroscopy
The 'H NMR spectroscopic data of 1 recorded in CD,Cl, at 298 K (Figure S3) were consistent

with the structure of the expected interlocked nature of 1. An "H-"H COSY spectrum (Figure

S4) of 1, recorded in CD,Cl, at 298 K, aided in the assignment of key resonances annotated in
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Fig. S3. "H NMR spectra (600 MHz, CD,Cl,, room temperature) of (a) macrocycle 2, (b) neutral,

bistable [2]rotaxane 1, and (c) the dumbbell component 5. Gray dashed lines indicate key chemical
shift changes observed in the rotaxane in relation to the macrocycle and dumbbell.
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Figure S3. Although the cis-trans isomers of the TTF unit, which occur in a roughly 1:1 ratio
adds an extra degree of complexity to the spectrum, assignments of resonances arising from the
protons of the triazole units, the DNP unit, the TTF unit, as well as the macrocycle could be

made.
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Fig. S4. Partial '"H-'"H COSY of the rotaxane 1, illustrating correlations between resonances
hypothesised to arise from protons of the DNP unit.
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Electrochemistry
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Figure S5. Cyiclic voltammograms of the rotaxane 1 and the

dumbbell 5 in CH,CI, with 0.1 M TBAPFg supporting electrolyte
at 298 K. Scan rate = 200 mV s‘1; concentrations = 1 mM.

CV experiments were performed
initially in CH)Cl,, on the
rotaxane 1, but slow electron
transfer kinetics in this relatively
nonpolar solvent caused shifts in
the oxidation peak potentials
arising from the TTF unit, which
rendered analysis of the switching
mechanism more difficult. In
particular, the shifts in the
oxidation peaks for the case of the
rotaxane 1 compared to the
dumbbell 5 (Figure S5), were,
most likely caused by slow
electron transfer kinetics,

obscuring the effect of the Pml

macrocycle on the redox processes of the TTF station. In order to confirm the hypothesis of

slow-electron transfer kinetics, we performed variable scan rate experiments on the rotaxane 1,

which showed clearly shifting and broadening® of the peaks as the scan rate was increased.

Peak position and shape were better maintained in Me,CO. Figure S6 shows CV traces in both

CH,Cl, (top) and Me,CO (bottom).
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Cyclic voltammetry of

the rotaxane 1 as well as that of

1mM1

01 M TBAPF,

the free macrocycle 2 were

performed (Figure S7) under

Increasing

reducing conditions in order to Scan Rate

probe the redox properties of

the Pml subunits. The free

1mM1
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Me,CO

macrocycle 2 was observed to
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and -1.67 V, respectively. T ' T v T " T T 1
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Figure S6. CV Traces of 1 in CH,CI, (top traces, 25-1000 mV
s ', second scans) and Me,CO (traces, 50-1000 mV s~', second
scans). In the relatively nonpolar solvent CH,Cl,, the broadening
. . . and flattening of the voltammograms at higher scan rates is
radical anion PmI" and then to  jngicative of slow electron transfer kinetics.

being reduced first to the

the dianion PmI*. In a similar

fashion, the CV of the rotaxane 1 in the reductive region shows once again two, two-electron
processes, assignable to the first and second reduction of the Pml units of the macrocycle
component. In the case of both the free macrocycle 2 and rotaxane 1, the two redox processes
appear to be quasi-reversible, most likely on account of slow electron transfer kinetics that

occurs in CH,Cl, solutions.
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Figure S7. CV traces of the rotaxane 1 and
the free macrocycle 2 in CH,Cl; (1 mM, 200

mV s ', first and second scans) at 298 K with

0.1 M TBAPF; supporting electrolyte.
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Figure S8. Square-wave differential pulse
voltammetry (DPV) of the rotaxane 1 and the
dumbbell 5 in Me,CO (1 mM) at 298 K with 0.1

M TBAPF; supporting electrolyte.

Square-wave differential pulse
voltammetry (DPV) was performed on the
rotaxane 1 and the dumbbell 5 under oxidative
conditions in Me,CO in order to confirm the
results from the CV experiments which reveal a
shift in the redox potential of the first oxidation
of the TTF unit in the rotaxane 1 compared to
the free dumbbell 5. The square-wave DPV
traces of 1 and S are shown in Figure S8. The
first redox potential of the TTF unit in 1 was
observed to be shifted more positive by 60 mV

compared to the dumbbell 5, while the second

redox potential of the TTF unit in the rotaxane
was shifted slightly more negative by 20 mV.
These results are consistent with the proposed
mechanism of switching wherein the macrocycle
encircles the TTF unit predominantly in the
ground state and undergoes translational
movement after the first oxidation of the TTF
unit resulting in encirclement of the DNP unit,
most likely on account of a loss of affinity

between PmlI and TTF™ radical cation units.

S7



Electronic Supplementary Material (ESI) for Organic and Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2011

Spectroelectrochemistry

In order to gain insight into the spectroelectrochemical behaviour of the rotaxane 1, experiments
were performed (Figure S9) on the dumbbell 5 as a control. As expected, after application of a
+550 mV potential to a solution of 5 in CH,Cl,, absorption bands characteristic> of the TTF™
radical cation were observed, while application of a 1000 mV potential resulted in absorption
bands consistent™ with the presence of the TTF*" dication. In the case of the rotaxane 1, the
resulting UV/Vis spectra, after generating either the TTF* radical cation or TTF*" dication, show
broader and more intense absorption bands in the 400—700 nm region compared to those of the
dumbbell. This difference can be explained as a result of the relatively intense CT band between
the PmlI units of the macrocycle component and the DNP unit of the dumbbell that results (see

Figure S1) from the DNP station encircled by the ring after the first oxidation of TTF.
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Fig. S9. SEC Experiments of a 1.0 mM solution of dumbbell 5 in argon-purged CH,CI, containing 0.1
M TBAPFg taken at different applied oxidation potentials. (a) Resulting spectra of 5 after applying a
potential of +550 mV. (b) Resulting spectra of 5 after applying a voltage +1000 mV immediately
following the initial +550 mV potential.
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"H NMR Monitoring of Switching

In order to gain insight about the "H NMR spectroscopic behaviour of the rotaxane 1 after
oxidation of its TTF unit to its TTF*" dication, an '"H NMR spectrum of the complex formed
between the guest 6 and the ring 2 (Figure S10) was recorded in CD,Cl, at room temperature.
The results show marked upfield shifts of the resonances arising from the aromatic protons of
both the ring 2 and the guest 6. From this data, we might expect that, after oxidation of the TTF
unit in the rotaxane 1, the resonances arising from the protons of the DNP unit should also

undergo upfield shifts, which they do (Fig. S12).
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Fig. $10. 'H NMR spectra of (top) the free macrocycle 2, (bottom) the 1,5-dioxynaphthalene
derivative 6, and (middle) a 1:1 mixture of 2 and 6, leading to the formation of a [2]pseudorotaxane.
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Fig. S11. Partial 'H-"H COSY spectrum of the free dumbbell 5, illustrating assignments of resonances
hypothesized to arise from protons of the DNP unit.

Figure S11 shows a 'H-"H COSY spectrum of the free dumbbell 5 recorded in (CD3),CO
at 298 K. These correlations allowed us to make assignments of the resonances associated with
the protons on the DNP unit, which serve as a control for making similar assignments in the case

of the rotaxane 1, in its ground state.
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Fig. S12. Partial 'H-"H cosy spectra of the rotaxane 1 before (left) and after oxidation (right) of the
TTF unit to its TTF* dication using tris-(4-bromophenyl)-imminium hexchloroantimonate as the
chemical oxidising agent.

In order to probe the bistable nature of the [2]rotaxane 1, switching was performed in
CD3;COCD; wusing tris-(4-bromophenyl)-imminium hexachloroantimonate as the chemical
oxidant.>* An 'H-'H COSY spectrum of 1 in its neutral state, recorded in CD;COCD; at 293 K,
shows correlations (Figure S12, left) resulting from an ABC system. Using assignments of 'H
NMR resonances performed on the dumbbell 5 as a control, we have made assignments for the
location of the resonances hypothesised to be arising from the protons of the DNP unit. Upon
addition of 3.0 equiv of the oxidant, the dark green solution of 1 became a translucent yellow, an
observation which indicates formation of the TTF*" dication. An 'H-'H COSY spectrum

recorded on this yellow-colored solution shows sets of correlations belonging to ABC systems,
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the resonances of one we hypothesise are arising from the protons of the DNP unit encircled by
the Pml macrocycle component. Based on these assignments of the resonances of the protons
arising from the DNP units before and after oxidation of the TTF to its TTF*" dication, it is clear

that all the DNP resonances undergo upfield shifts, an observation which is consistent with
encirclement of the PmI macrocycle around the DNP unit.
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Figure S13.

Heg Hea
Partial variable temperature '"H NMR spectra (600 MHz, CD,Cl,) of [2]rotaxane 1
recorded at temperatures ranging from 228 K-308 K. The resonances associated with the aromatic

to be 293 K. The rate constant and activation energy for the rotation of the Pml moieties at 293 K
13.5 kcal mol™, respectively.

Pml protons (Hp) are highlighted in blue with the coalescence temperature and spectrum highlighted in
were calculated from the chemical shift difference of 222 Hz at 228 K to be k, = 491 s™' and AG" =

red. The coalescence temperature for the two signals that correspond to the Pml protons was found
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Variable temperature '"H NMR spectroscopic analysis of 1 in CD,Cl, revealed a dynamic
process associated with the PmI protons of the ring component. Figure S12 shows 'H NMR
spectra recorded in CD,Cl, at temperatures ranging from 228 K to 308 K. While the free ring
exhibits a single aryl resonance corresponding to the Pml protons, signal separation occurs in the
spectrum of the rotaxane at lower temperatures because of desymmetrisation. At 228 K the Pml
protons reside in the slow exchange regime and give rise to two sharp singlets at 7.40 and 7.77
ppm. The presence of two signals for the Pml protons is also consistent with molecular
modeling of 1, an activity which suggests that rotation of the Pml units are hindered when the
ring encircles either of the two station, at least at low temperatures. At increasing temperatures,
the Pml signals begin to converge, ultimately coalescing to form one broad signal at 7.61 ppm
which narrows up to 308 K. This behaviour most likely reflects the following process — (i)
movement of the ring off of the TTF station, (ii) rotation of the Pml subunits about their long
axis, and (iii) return of the ring to the TTF unit. Such a motion would allow the PmlI protons to
exchange between two heterotopic positions, one closer to the stopper next to the TTF unit and
the other closer to the stopper next to the DNP unit. The kinetics of this dynamic process were
determined by identifying the temperature of signal coalescence (7. = 293 K) and calculating®
the rate constant of the proton exchange (k. = 491 s™'), from whence an energetic barrier of AG”
= 13.5 kecal mol ™" was found.
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