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been achieved in 32% yield. Successful rotaxane formation is dependent upon the structure of the iso-

Introduction
Rotaxanes,1 interlocked molecules consisting of macrocyclic
ring(s) trapped on a stoppered axle, are increasingly being used
in a range of functional applications.2,3 Underpinning this
work has been the development of template methodologies to
overcome the otherwise entropically unfavourable association
of molecular components required for the preparation of a
rotaxane. Popular choices of templates and templating interactions that have been used to prepare rotaxanes include: metal
cations,4 anions,5 π–π stacking6 and hydrogen bonding.7 While
a significant number of template methodologies for the production of rotaxanes have now been reported, the establishment of further versatile synthetic pathways has the potential to
aid the supramolecular chemistry community in the preparation of new, functionally useful rotaxanes.
The hydrogen bond templated threading of simple 3,5-bisamides of pyridine-N-oxides through isophthalamide macrocycles to form pseudo-rotaxanes has been reported by Jiang
and co-workers (Fig. 1).8 Considering the synthetic ease in the
generation of 3,5-bisamides of pyridine-N-oxides (including
the possibility of installing diﬀerent substituents on each
amide) and isophthalamide macrocycles, such a selfassembled array looks attractive to be incorporated into the
synthesis of a fully interlocked rotaxane. However, to date
there is a lack of rotaxane syntheses using the system as
described by Jiang et al. Beer and co-workers have reported on
a number of rotaxanes containing 3,5-bisamide pyridine-N-
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Fig. 1 Formation of a hydrogen bond templated pseudo-rotaxane consisting of an isophthalamide macrocycle and unstoppered pyridine-Noxide axle, as reported by Jiang and co-workers, ref. 8.

oxide motifs, but appreciable yields of formation are only
observed in the presence of an additional cationic9–11 or
anionic12 template. To the best of our knowledge, only one
synthesis of a fully interlocked rotaxane using the simple selfassembly motif as described by Jiang et al. without recourse to
further ionic templation has been disclosed, but the rotaxane
was only isolated in the somewhat modest yield of 15%.13
Herein we report the synthesis of a fully interlocked rotaxane in a 32% yield, by use of the CuAAC click reaction to
stopper a 3,5-bisamide pyridine-N-oxide axle threaded through
a polyether containing isophthalamide macrocycle, without
the use of additional templation from either a cation or anion
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Fig. 2
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Structures of macrocycles 1 and 2.

to support the self-assembly of the pseudo-rotaxane intermediate. An attempted synthesis with a second isophthalamide macrocycle, containing a benzene ring in place of the
polyether chain, yielded no rotaxane. Solution NMR spectroscopy, solid state crystallography and computational modelling have been used to explain the diﬀerent synthetic
outcomes in these two systems.

Results and discussion

Scheme 1

Synthesis of macrocycle 2.

Macrocycle synthesis
The two macrocycles, 1 and 2, investigated in this study are
depicted in Fig. 1. Each contains an isophthalamide motif that
may hydrogen bond to a suitable hydrogen bond acceptor,
such as the oxygen atom of a pyridine-N-oxide. With a view to
preparing more sophisticated rotaxanes in the future, there is
the possibility of incorporating functionality on the isophthalamide ring of both macrocycles by use of 5-substituted isophthalamides. In addition, the inclusion of an additional
aromatic ring in the structure of 2 allows for similar opportunities at the other end of this macrocycle.
The synthesis of macrocycle 1 has been reported previously.14
Macrocycle 2 was prepared by an analogous synthetic route
(Scheme 1). Alkylation of (benzene-1,3-diyl)dimethanol with 2.1
equivalents of 4-(bromomethyl)benzonitrile aﬀorded compound
3 in 73% yield. Bis-nitrile 3 was then reduced to bis-amine 4
using borane–THF in an isolated 40% yield. Bis-amine 4 was
then reacted, under high dilution conditions, with one equivalent of isophthaloyl chloride in the presence of excess triethylamine, in dichloromethane. After aqueous work-up and silica
gel chromatography, macrocycle 2 was isolated in 38% yield. In
addition to characterisation by NMR and IR spectroscopy and
mass spectrometry, crystals of 2 suitable for single crystal X-ray
diﬀraction were grown by slow evaporation of a chloroform
sample confirming the macrocyclic nature of 2 (see ESI†).

thread through the macrocycles. Equimolar amounts of macrocycle (1 or 2) and unstoppered pyridine-N-oxide thread 5 15
were dissolved in CDCl3, a relatively uncompetitive solvent
with respect to hydrogen bonding, and 1H NMR spectra
recorded (Scheme 2).
Upon the addition of 5 to macrocycle 1, the aromatic resonances f and g split and moved upfield in the 1H NMR spectrum
(Fig. 3). This is consistent with intercalation of the pyridine-Noxide ring of 5 between the aromatic rings of macrocycle 1,
confirming that pseudo-rotaxane 1·5 has formed.16 In contrast,
only a very modest movement of the equivalent aromatic

Experimental pseudo-rotaxane investigations
With 1 and 2 in hand, 1H NMR spectroscopy was used to investigate the ability of a 3,5-bisamide pyridine-N-oxide motif to
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Scheme 2

Attempted formation of pseudo-rotaxanes 1·5 and 2·5.
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atom in macrocycle 2 to form an equivalent hydrogen bond
with the amide N–H of the pyridine-N-oxide bis-amide thread 5.

Computational study of pseudo-rotaxanes

Fig. 3 Partial 1H NMR spectra of macrocycle 1 and pseudo-rotaxane
1·5 (CDCl3, 5 mM, 400 MHz, 298 K). For atom labels see Fig. 2.

Fig. 4 X-ray structure of pseudo-rotaxane 1·5. Hydrogen atoms (except
N–Hs) and disorder in one of the hexyl chains are omitted for clarity.

resonances of macrocycle 2 were observed in the 1H NMR spectrum upon addition of 5 (see ESI†), indicating that little (if
any) pseudo-rotaxane formation occurred between 2 and 5.
Single crystals suitable for single crystal X-ray diﬀraction
were grown by the slow diﬀusion of isopropyl ether into the
deuterated chloroform solution containing 1 and 5. The solved
structure revealed the interpenetrated structure of pseudorotaxane 1·5 (Fig. 4).
As expected there are hydrogen bonds between the isophthalamide N–Hs to the oxygen atom of the pyridine-N-oxide
(N–H⋯O distances: 2.151 Å and 2.221 Å). In addition, there is
a hydrogen bond interaction between the syn pyridine-N-oxide
amide N–H to the central polyether oxygen (N–H⋯O distance:
2.129 Å). Based on this crystal structure, we tentatively attributed the failure of macrocycle 2 and thread 5 to form a pseudorotaxane in solution to the lack of an appropriately positioned
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To provide further insight into the experimental results of the
pseudo-rotaxane studies, density-functional theory (DFT) calculations were undertaken on macrocycles 1 and 2, thread 5
and the possible pseudo-rotaxanes 1·5 and 2·5.17 The calculations were performed using the Gaussian 09 program,18
using the B3LYP functional19 together with the 6-31G* basis
set for all atoms. Solvent eﬀects (CHCl3) were modelled using
the standard polarizable continuum model, with the default
Gaussian 09 parameters for the solvent and cavity. Dispersion
interactions were also approximated via Grimme’s D3 dispersion correction.20 In each case, an optimised structure was
obtained; vibrational frequencies were computed to ensure
each structure was in fact a minimum on the potential energy
surface, and to quantify the zero-point energy corrections.
The isolated macrocycles were modelled first. In the case of
macrocycle 1, the minimum energy structure in solution (see
Fig. 5) was found to closely resemble that of the previously
reported crystal structure,14 and the obtained structure would
seem to favour the possibility of threading due to the potential
for intermolecular hydrogen bonding and π–π stacking interactions. However, in the case of macrocycle 2, there were two
distinct structures found; the first, based on the crystal structure, is the more stable, but the resultant structure (see Fig. 5)
would not favour appropriate hydrogen bonding or π–π stacking interactions when threaded. The second, higher energy
conformation (see ESI†), more closely resembles the minimized structure of macrocycle 1.
A number of conformations of thread 5 were then considered. These included syn–syn, syn–anti and anti–anti conformations, additionally allowing for possible rearrangement in
the terminal alkyl chains. The lowest energy conformation was
found to be the syn–anti conformation, and the highest energy
the anti–anti conformation, with the diﬀerence in energies
between the most and least stable being less than 10 kJ mol−1.

Fig. 5 Minimum energy structures of macrocycles 1 (left) and 2 (right);
each closely resembles the observed crystal structure of the respective
macrocycle.
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After these initial calculations, the structural and energetic
properties of the pseudo-rotaxanes 1·5 and 2·5 were considered. Three conformations (syn–syn, syn–anti and anti–anti)
of thread 5 were examined, to determine which conformation
was associated with the most stable pseudo-rotaxane; i.e.,
which of the three possible conformations of the thread is
able to most strongly interact with the macrocycle unit.
For the geometry optimisations of pseudo-rotaxane 1·5, two
sets of starting points were considered, to minimise bias and
to maximise the chance of finding the global minimum on the
potential energy surface. Firstly, structures based around the
observed crystal structure of the pseudo-rotaxane, and secondly ‘free-hand’ structures drawn to maximise intermolecular
interactions were considered. The structures based on the freehand starting geometries were in each case found to give a
final structure lower in energy (i.e., more stable) than the
corresponding crystal-structure based starting points.
However, the structures are qualitatively similar in all cases.
Indeed, irrespective of the starting geometries, the stability of
pseudo-rotaxane 1·5 was found to be greatest for the syn–syn
thread conformation (depicted in Fig. 6), and least for the
anti–anti conformation. A relatively small diﬀerence in stability
between the syn–syn and syn–anti conformation was observed.
Examination of the crystal structure data suggests that for
pseudo-rotaxane 1·5, the syn–anti conformation is preferred;
we attribute this preference to crystal packing eﬀects in the
solid state.

Fig. 6 Optimised structures of pseudo-rotaxane 1·5 (top) and 2·5
(bottom) from DFT calculations. Two views of each pseudo-rotaxane are
shown to highlight similarities of macrocycle-thread conﬁgurations and
interactions in the two modelled pseudo-rotaxanes.
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Table 1 Inter-component hydrogen bond distances between Hc of
macrocycles 1 and 2 and pyridine-N-oxide O of thread 5 in simulated
pseudo-rotaxanes 1·5 and 2·5a

syn–syn
syn–anti
anti–anti
a

1

2

2.036
2.065
2.337

2.046
2.068
2.311

Distances in Å.

There is good correlation between the O–Hc distance and
the stability of the conformation (the shorter the hydrogen
bond distance, the more stable the conformation) for pseudorotaxane 1·5 (Table 1). There are a range of average ring-ring
distances in the range of 3.65 to 3.93 Å (the thread does not sit
in the middle of the macrocycle), but these vary only slightly
between the conformations, suggesting that the π–π interactions are similar irrespective of the conformation.
For the free-hand based starting geometries, the stability of
pseudo-rotaxane 1·5 relative to individual 1 and 5 were then
considered. To evaluate these quantities, the energy of the
most stable found structures of the macrocycle and thread
(irrespective of conformation) were subtracted from the energy
of the pseudo-rotaxane with the thread in each of the three
conformations. Here, the syn–syn conformation has the lowest
energy. Relative to that lowest energy conformation, the syn–
anti and anti–anti conformation was found to be 11 kJ mol−1
and 32 kJ mol−1 higher in energy respectively. Regardless of
the choice of conformation of the thread, the pseudo-rotaxane
was found to be stable relative to the individual macrocycle
and thread. This suggests that although the strongest intermolecular interactions seem to occur in the syn–syn case
(closely followed by the syn–anti case), there appears to be
suﬃcient intermolecular interactions in each of the three
cases to form a stable pseudo-rotaxane. A zero-point energy
correction was also considered, and was found to have no significant impact on the size of the binding energies (slightly
reducing the values, by less ten percent in each case). The
zero-point corrected binding energy for the most stable conformation (syn–syn) was found to be around 224 kJ mol−1.
In the absence of a crystal structure, only ‘free-hand’ structures for pseudo-rotaxane 2·5, drawn to maximise intermolecular interactions as starting points for the geometry
optimisations, were considered. The structures used were
qualitatively similar to those obtained for pseudo-rotaxane 1·5.
The results of the geometry optimisations were consistent with
those of the other pseudo-rotaxane, with the syn–syn conformation being the most stable, closely followed by syn–anti,
with the anti–anti conformation being the least stable. As for
1·5, there is correlation between the O–Hc distance and the
stability of the conformation (see Table 1). The average ring–
ring distances fall in the range 3.63–3.83 Å, which once again
are similar to those observed for 1·5.
A similar examination of the relative stability of the pseudorotaxane 2·5 (with the three distinct thread conformations)
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was undertaken, quantifying the stability of the pseudo-rotaxane relative to the individual thread and macrocycle, and
attempting to quantify the intermolecular interactions in the
pseudo-rotaxane. Once again, the syn–syn conformation
(depicted in Fig. 6) was the most stable relative to the individual thread and macrocycle, and the least stable was the anti–
anti conformation. The relative behaviour of these two conformations was essentially the same as observed for pseudo-rotaxane 1·5, with the latter being 32 kJ mol−1 higher in energy.
However, unlike for pseudo-rotaxane 1·5, the syn–anti conformation was similar in energy to the anti–anti conformation,
rather than the syn–syn conformation, being 30 kJ mol−1
higher in energy than the syn–syn. Importantly, and perhaps
counter-intuitively given that pseudo-rotaxane 2·5 is not experimentally observed, a similar binding energy for 2·5 to that of
1·5 was calculated. For 2·5, the zero-point corrected binding
energy for the most stable conformation (syn–syn) was found
to be around 213 kJ mol−1, only 10 kJ mol−1 smaller than in
the case of 1·5.
To explain why pseudo-rotaxane 1·5 forms but 2·5 does not,
requires a consideration of the minimized structures of macrocycles 1 and 2 derived from the crystal structures of these two

Scheme 3

species (which were found to be of lower energy than the minimized structures of 1 and 2 taken from the simulations of
pseudo-rotaxanes 1·5 and 2·5). While the minimized structure
of isolated macrocycle 1 is similar to that of the macrocycle in
pseudo-rotaxane 1·5, isolated macrocycle 2 has a remarkably
broad cavity – and clearly would require significant rearrangement to achieve the correct geometry to form the hydrogen
bonds and π–π stacking of pseudo-rotaxane 2·5. We therefore
propose that a high energy barrier exists that disfavours reorganization of macrocycle 2, to account for lack of pseudorotaxane formation in this case.
Rotaxane synthesis
Following the pseudo-rotaxane studies, attention turned to preparing fully interlocked rotaxanes by use of CuAAC conditions
to stopper a bis-azide pyridine-N-oxide in the presence of an
isophthalamide macrocycle (Scheme 3). The reactions
attempted involved dissolving either macrocycle 1 or 2 in dichloromethane under an inert atmosphere, adding 1 equivalent of pyridine-N-oxide bis-azide 6 11 followed by 2
equivalents of alkyne stopper 7.21 Then 0.2 equivalents of
Cu(CH3CN)4BF4 and TBTA were added, followed by 2.2 equi-

Attempted syntheses of rotaxanes 8 and 9 and non-interlocked axle 10.
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valents of N,N-diisopropylamine. The reactions were stirred
overnight at room temperature, and then submitted to an
aqueous work-up and purification by silica gel chromatography. Non-interlocked axle 10 was first prepared (by not
using either 1 or 2) to verify these conditions would successfully react the components 6 and 7.22
Using macrocycle 1, rotaxane 8 was isolated in a 32% yield.
In contrast, using macrocycle 2, unsurprisingly no rotaxane 9
was observed in the crude 1H NMR spectrum, with only macrocycle 2 and non-interlocked axle 10 being isolated after
column chromatography. These results were consistent with
the pseudo-rotaxane studies using macrocycles 1 and 2 with
pyridine-N-oxide thread 5.
The 1H NMR spectrum of rotaxane 8, along with that of
non-interlocked macrocycle 1 and axle 10 for comparison, is
shown in Fig. 7.23 The downfield shifts of protons c and d in

Paper

the rotaxane compared to the non-interlocked macrocycle are
indicative of hydrogen bonding to the oxygen atom of the pyridine-N-oxide of the axle component. The upfield shift and
splitting of protons f and g are, as for pseudo-rotaxane 1·5,
consistent with intercalation of the pyridine-N-oxide ring of
the axle between the aromatic rings of the macrocycle.
The interlocked nature of rotaxane 8 was further supported
by the appearance of multiple through-space correlations
being observed in the 1H–1H ROESY NMR spectrum between
signals arising from protons in the macrocyclic and axle components (Fig. 8). Most clearly, the ortho-pyridinium proton k of
the axle interacts with protons c, f and g (and possibly d) of the
macrocyclic component. In addition, molecular ion peaks for
the rotaxane are readily identifiable at m/z 1294.60 and
1316.59 corresponding to the H+ and Na+ adducts in the positive-ion electrospray MS (see ESI†).24

Conclusions
The production in reasonable yield of a fully interlocked rotaxane comprising a 3,5-bisamide pyridine-N-oxide axle threaded
through an isophthalamide macrocycle relying solely on hydrogen bond templation interactions is possible, without recourse
to an additional ionic template. However, successful pseudorotaxane (and hence rotaxane) formation is dependent on the
structure of the macrocycle, as rationalised in this study by a
combination of NMR spectroscopy, X-ray crystallography and,
importantly, computational modelling.
The general architecture of rotaxane 8 presents numerous
opportunities for incorporating functionality by use of appropriate precursors, for example on the axle and/or through the 5
position of the isophthalamide ring. The exploitation of this
synthetic methodology, including the development of rotaxanes that can act as receptors for ionic and small molecular
guests, is ongoing in our laboratories.

Experimental
General information

Fig. 7 1H NMR spectra of (a) macrocycle 1 (b) rotaxane 8 and (c) axle 10
(CDCl3, 400 MHz, 298 K). For atom labels see Fig. 2 and Scheme 3. Trace
solvent peaks are coloured grey.

This journal is © The Royal Society of Chemistry 2016

Commercially available solvents and chemicals were used
without further purification unless stated. Dry solvents, NEt3
and DIPEA were purchased dry and stored under an inert
atmosphere. Cu(CH3CN)4BF4 was stored in a desiccator over
P4O10. Deionised water was used in all cases. Compounds 1 14
and 6 11 were prepared as previously reported. Details regarding the preparation of compounds 5 and 7 may be found in
the ESI.†
Silica gel with a 60 Å particle size was used as the stationary
phase for column chromatography. Analytical TLC was used to
monitor the progress of column chromatography and analytical TLC plates were typically examined under short wavelength
(λ = 254 nm) UV light. If required, ceric ammonium molybdate
or potassium permanganate stains were used to develop the
analytical TLC plates.
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Fig. 8 1H–1H ROESY NMR spectrum of rotaxane 8 (CDCl3, 400 MHz, 298 K). Inter-component through-space cross-peaks are circled. Cross-peaks
that appear on only one side of the diagonal are enclosed by a dashed circle.

IR spectra were recorded on an Agilent Technologies Cary
630 FTIR spectrometer. NMR spectra were recorded on a
Bruker Ultrashield 400 Plus spectrometer at 298 K, with the
NMR data for 8 and 10 reported below assigned according to
the atom labels to be found in Fig. 2 and Scheme 3. Mass
spectra were recorded on a Thermofisher LTQ Orbitrap XL at
the EPSRC UK National Mass Spectrometry Facility at Swansea
University, UK, or a Shimadzu LCMS IT ToF instrument at
Lancaster University, UK. Melting points were recorded on a
Gallenkamp capillary melting point apparatus and are
uncorrected.
Experimental procedures
Macrocycle 2. Isophthaloyl chloride (162 mg, 0.797 mmol)
dissolved in CH2Cl2 (150 mL) and bis-amine 4 (300 mg,
0.797 mmol) dissolved in CH2Cl2 (150 mL) containing 0.6 mL
NEt3 (to aid dissolution of 4) was added dropwise to a solution
of NEt3 (0.4 mL) in CH2Cl2 (200 mL). The reaction was stirred
under an Ar (g) atmosphere for 16 h. The reaction mixture was
concentrated to 100 mL, then washed with 1 M HCl (aq) (1 ×
100 mL) and 1 M KOH (aq) (1 × 100 mL). The organic layer was
separated, dried (MgSO4), filtered and concentrated to give a
white solid. The crude material was purified by silica gel
column chromatography (99 : 1 CH2Cl2/CH3OH) to yield the
title compound, with (as identified by 1H NMR spectroscopy)
one equivalent of CH2Cl2, as a white solid (177 mg, 38%). Rf =
0.27, 98 : 2 CH2Cl2/CH3OH. Mp multiple phase transitions
between 208–220 °C. νmax/cm−1 (neat) 3330 (N–H), 2940 (C–H),
2860 (C–H), 2830 (C–H), 1640 (CvO), 1530 (N–H), 1070 (C–O).
δH(400 MHz; CDCl3) 7.94 (2H, d, 3J = 7.7 Hz, isophthalamide
H4 & H6), 7.81 (1H, s, isophthalamide H2), 7.48 (1H, t, 3J = 7.7
Hz, isophthalamide H5), 7.29–7.38 (12H, m, aromatic H), 6.74
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(2H, br s, NH), 4.50–4.55 (12H, m, 3 × CH2). δC(100 MHz;
CDCl3) 166.9 (CvO), 138.4, 137.7, 137.2, 134.6, 130.9, 129.5,
128.5, 128.4, 128.2, 126.9, 126.6, 123.8 (12 Ar C environments),
71.9, 71.7 (2 × OCH2), 44.0 (NHCH2). m/z (ES) 541.1900 ([M +
Cl]−, C32ClH30N2O4 requires 541.1900).
Bis-nitrile 3. NaH (60% dispersion in mineral oil, 300 mg,
7.51 mmol) was added to a solution of (benzene-1,3-diyl)
dimethanol (400 mg, 2.90 mmol) in dry THF (25 mL) under an
Ar (g) atmosphere. Then 4-(bromomethyl)benzonitrile (1.19 g,
6.08 mmol) was added and the reaction heated under reflux
for 16 h under an Ar (g) atmosphere. After careful quenching
with H2O, the reaction mixture was extracted with EtOAc (3 × 20
mL). The combined organic layers were dried (MgSO4),
filtered and concentrated to give a viscous yellow oil. This
material was taken up EtOAc and petrol 40–60 added causing
precipitation of the title compound. This was isolated by
vacuum filtration as an oﬀ-white solid (798 mg, 73%). Mp
78–80 °C. νmax/cm−1 (neat) 3080 (C–H), 2930 (C–H), 2850
(C–H), 2220 (nitrile C–N), 1610 (ring CvC), 1110 (C–O).
δH(400 MHz; CDCl3) 7.64 (4H, d, 3J = 8.2 Hz, aromatic H), 7.47
(4H, d, 3J = 8.2 Hz, aromatic H), 7.31–7.40 (4H, m, aromatic H),
4.62 (4H, s, CH2), 4.60 (4H, s, CH2). δC(100 MHz; CDCl3) 143.7,
138.0, 132.2, 128.7, 127.7, 127.3, 127.0, 118.8, 111.3 (6 Ar C &
the nitrile CN environments), 72.6, 71.2 (2 × CH2). m/z (ES)
386.1865 ([M + NH4]+, C24H24N3O2 requires 386.1863).
Bis-amine 4. 1 M BH3·THF (6 mL) was carefully added to a
solution of bis-nitrile 3 (300 mg, 0.814 mmol) in dry THF
(6 mL) under an Ar (g) atmosphere. The reaction was heated
under reflux for 8 h and then stirred at RT for 16 h, under an
Ar (g) atmosphere. CH3OH was added carefully to quench the
reaction, then 2 mL of conc. HCl (aq) added, producing a
white precipitate. After stirring for 10 minutes, the reaction
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mixture was co-evaporated with CH3OH. The resulting material
was suspended in CH2Cl2 (25 mL) and stirred with 10% NaOH
(aq) (25 mL) for 30 min. The organic layer was separated,
washed with H2O (1 × 25 mL), dried (MgSO4), filtered and
solvent removed in vacuo to give the title compound as a white
solid (149 mg, 40%). Mp 100–104 °C. νmax/cm−1 (neat)
2840–3350 (broad N–H & multiple C–H). δH(400 MHz; CDCl3)
7.29–7.37 (12H, m, aromatic H), 4.55 (8H, s, 2 × OCH2), 3.87
(4H, s, NCH2). δC(100 MHz; CDCl3) 142.8, 138.5, 136.7, 128.5,
128.1, 127.1, 127.1 (sic), 127.0 (8 Ar C environments), 71.9
(2 OCH2 – coincident), 46.3 (NH2CH2). m/z (ES) 377.2225
([M + H]+, C24H29N2O2 requires 377.2224).
Rotaxane 8. Macrocycle 1 (25 mg, 0.053 mmol) and pyridineN-oxide bis-azide 6 (18 mg, 0.053 mmol) were dissolved in dry
CH2Cl2 (5 mL) under an Ar (g) atmosphere. Then alkyne
stopper 7 (25 mg, 0.11 mmol), Cu(CH3CN)4BF4 (3.3 mg,
0.011 mmol), TBTA (5.6 mg, 0.011 mmol) and DIPEA (20 μL,
15 mg, 0.12 mmol) were added. The reaction was stirred at RT
for 18 h under an Ar (g) atmosphere. Then, the reaction was
dilute to 20 mL, washed with 0.02 M EDTA in 1 M NH3 (aq)
solution (2 × 10 mL) and (1 × 10 mL) brine. The organic layer
was dried (MgSO4), filtered and solvent removed in vacuo. The
crude material was purified by silica gel column chromatography (98 : 2 to 92 : 8 CH2Cl2/CH3OH) to give the title compound as a foaming white solid (22 mg, 32%). Rf = 0.14, 98 : 2
CH2Cl2/CH3OH. Mp 150 °C (dec). νmax/cm−1 (neat) 3350 (N–H),
3060 (C–H), 2860 (C–H), 1650 (CvO), 1540 (N–O).
δH(400 MHz; CDCl3) 8.68 (1H, s, Hc), 8.29 (2H, s, Hk),
8.04–8.05 (5H, m, Hb & Hd), 7.96 (1H, s, Hl ), 7.76 (2H, s, Hm),
7.44 (1H, t, 3J = 7.8 Hz, Ha), 7.10–7.25 (22H, m, aromatic H &
Hq), 6.89 (4H, d, 3J = 7.8 Hz, Hf ), 6.62 (4H, d, 3J = 7.8 Hz, Hg),
4.54 (4H, s, Hr), 4.37 (4H, s, He), 4.20–4.24 (6H, m, Hp & Ht),
4.10 (4H, s, Hh), 4.00 (4H, d, 3J = 7.2 Hz, Hs), 3.63–3.68 (8H, m,
Hi & Hj ), 3.18–3.20 (4H, m, Hn), 2.04–2.07 (4H, m, Ho).
δC(100 MHz; CDCl3) 166.8, 162.5 (2 × CvO), 145.0, 141.9,
140.0, 138.3, 135.4, 134.0, 132.3, 131.3, 129.1, 128.5, 128.4,
128.2, 126.5, 126.0, 124.9, 123.1 (17 pyridyl, aromatic & triazole
C environments – including a coincident pair), 73.8, 70.9, 69.9,
64.4, 51.0, 47.8, 43.9, 37.2, 30.0 (10 × sp3 C – including a
coincident pair). m/z (ES) 1294.6091 ([M + H]+, C75H80N11O10
requires 1294.6084); 1316.5940 ([M + Na]+, C75H79N11NaO10
requires 1316.5904).
Rotaxane 9. An analogous reaction to that for rotaxane 8 was
carried out, substituting macrocycle 2 for macrocycle 1 in the
reaction mixture. After the aqueous workup, no rotaxane 9 was
identifiable in the 1H NMR spectrum of the crude reaction
mixture, and after column chromatography only macrocycle 2
and axle 10 were recovered.
Axle 10. An analogous reaction to that for rotaxane 8 was
carried out, omitting macrocycle 1 from the reaction mixture.
After the aqueous workup, the crude material was purified by
silica gel chromatography (96 : 4 to 92 : 8 CH2Cl2/CH3OH) to
give the title compound as a transparent colourless glass
(22 mg, 47%). Rf = 0.17, 96 : 4 CH2Cl2/CH3OH. νmax/cm−1 (neat)
3270 (N–H), 3060 (C–H), 2860 (C–H), 1670 (CvO), 1540 (N–O).
δH(400 MHz; CDCl3) 8.94 (2H, s, Hk), 8.54 (2H, br s, Hm), 8.42
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(1H, s, Hl ), 7.26 (2H, s, Hq), 7.07–7.18 (20H, m, aromatic H),
4.50 (4H, s, Hr), 4.28 (4H, t, 3J = 6.4 Hz, Hp), 4.18 (4H, t, 3J =
7.3 Hz, Ht), 3.94 (4H, d, 3J = 7.3 Hz, Hs), 3.35–3.37 (4H, m, Hn),
2.10–2.13 (4H, m, Ho). δC(100 MHz; CDCl3) 162.2 (CvO),
145.1, 141.9, 140.3, 133.7, 128.4, 128.2, 126.5, 123.2 (9 pyridyl,
aromatic & triazole C environments – including a coincident
pair), 73.8, 64.3, 50.9, 48.2, 37.5, 29.3 (6 × sp3 C). m/z (ES)
820.3939 ([M + H]+, C47H50N9O5 requires 820.3939).
Computational methodology
All calculations were performed using Gaussian 09 version
E01;18 structures were visualised with Gaussview 5.09. Densityfunctional theory was employed to study the electronic and
molecular structure of all of the systems, using the conventional Kohn–Sham approach. The B3LYP19 exchange–correlation
functional was used (as defined in Gaussian 09, with VWN3 in
the correlation functional definition, rather than the conventional VWN5 definition25), alongside the 6-31G* all-electron
basis set on all atoms. The general use of larger basis sets was
prohibitively expensive due to the size of the molecules (at
least for the optimisations), and where tested did not change
any of the conclusions. The default integration grid was
employed for all calculations.
For all calculations, solvent eﬀects were modelled using the
polarisable continuum model (PCM); the default Gaussian 09
cavity parameters were used based on the UFF radii, with
chloroform as the continuum solvent.
Dispersion eﬀects were approximated using the D3
approach of Grimme,20 with the parameters as recommended
for the B3LYP functional.
Frequency calculations were undertaken to ensure that the
stationary points found were in fact minima on the potential
energy surfaces, and also to allow for zero-point energy corrections to the energetic data.
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