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The rapid synthesis of hydrogen bond templated handcuff rotaxanes is described. The isolated rotaxanes were

characterized by NMR and IR spectroscopies and high resolution mass spectrometry. This report represents a

rare demonstration of preparing (2)handcuff [2]rotaxanes by covalently linking separate axles threaded through

the rings of a bis-macrocycle by use of the copper catalyzed azide–alkyne cycloaddition (CuAAC) reaction.

Introduction

Demand for synthetic routes that rapidly lead to [2]rotaxanes
(a macrocyclic ring trapped on a stoppered axle) and [2]cate-
nanes (two interlocked macrocyclic rings) – the archetypal
classes of mechanically interlocked molecule (MIM)1 – is driven
by their deployment in a range of arena including host–guest
recognition,2 catalysis3 and biological systems4 exploiting their
unusual three-dimensional molecular structures and (on
occasion) controlled motion of their interlocked components.
However, by incorporating more interlocked components and/or
installing covalent linkages, an exotic range of MIM architectures
exists. Amongst these are mechanically interlocked molecular
“handcuffs”.5 (2)Handcuff [2]rotaxanes consist of an axle threaded
through two covalently linked macrocycles. They are typically pre-
pared by stoppering a single axle component passing through
both rings of a bis-macrocycle6 but have also been synthesized by
linking the rings of a [3]rotaxane7 and the linking of separate
axles passing through each ring of a bis-macrocycle.8,9 Hinting at
potential nanotechnological applications, the relative motion of
the interlocked components of a few (2)handcuff [2]rotaxanes has
been studied.6a,d,e

Our group has reported on the rapid synthesis of [2]rotax-
anes by copper catalyzed azide–alkyne cycloaddition (CuAAC)
stoppering of a hydrogen bond templated pseudorotaxane con-
sisting of a simple aromatic amide azide threading through an
isophthalamide macrocycle.10,11 We envisioned that adapting
such a methodology by use of an analogous bis-macrocycle
and a bis-alkyne rather than an alkyne stopper could afford

(2)handcuff [2]rotaxanes in a short synthetic pathway (Fig. 1).
This approach would represent an example of one of the rarely
used strategies to prepare (2)handcuff [2]rotaxanes, namely co-
valently linking separate axles passing through each ring of a
bis-macrocycle.8 Here we report on the successful preparation
and characterization of such handcuff rotaxanes.

Fig. 1 Schematic representation of the synthesis of a hydrogen bond
templated (2)handcuff [2]rotaxane by covalently linking separate amide
axles passing through each ring of a bis-isophthalamide bis-macrocycle.

†Electronic supplementary information (ESI) available: Further detail of syn-
thetic investigations; copies of characterization spectra; crystallographic data for
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other electronic format see DOI: https://doi.org/10.1039/d4ob00672k
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Results and discussion

The design of a suitable bis-macrocycle BM1, consisting of two
linked isophthalamide macrocycles, is presented in Fig. 2.
Initial experiments had indicated that the analogous glycol
bis-macrocycle BM0 was highly insoluble.12 However, the
recent report13 of the synthesis of 4-(1,1-dimethylethyl)-2,6-pyr-
idinedimethanol 1, inspired us to prepare BM1, in the hope
that the t-butyl substituted pyridyl rings would enhance solubi-
lity of the bis-macrocycle.

We initially targeted preparation of BM1 by a “one-pot”
double cyclization strategy using a 2 : 1 ratio of novel bis-
amine precursor 3 to tetra-acid chloride unit 414 (Scheme 1).
A solution containing equimolar equivalents of bis-amine 2
and methyl pyridinium template 5.Cl15 and excess Et3N in
CH2Cl2 was prepared. To this solution was added dropwise a
solution with 0.5 equivalents of tetra-acid chloride 4 in
CH2Cl2. Upon aqueous work-up and chromatographic purifi-
cation, the target bis-macrocycle BM1 was isolated in a very
low 2% yield. A variety of reaction conditions were screened
(see ESI, p. S2†), but without any improvement in the yield
of BM1.

Considering the extremely low yield of the final step of the
previous synthesis, attention towards an alternative synthesis
of bis-macrocycle BM1. To begin, equimolar equivalents of bis-
amine 3, methyl pyridinium template 5.Cl, with excess Et3N
were dissolved in CH2Cl2. To this solution was added dropwise
a solution of TBDMS-protected 5-hydroxyisophthaloyl chloride
616 in CH2Cl2. Upon aqueous work-up and chromatographic
purification the TBDMS-protected macrocycle 7 was afforded
in a moderate 15% yield. Deprotection of the TBDMS group
was performed by reacting macrocycle 7 with excess TBAF, Scheme 1 Synthesis of bis-macrocycle BM1.

Fig. 2 Structures of bis-macrocycles BM0 and BM1 and precursor 1.
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affording the deprotected phenol macrocycle 8 in almost quan-
titative – 96% – yield (Scheme 2).

With macrocycle 8 in hand, attempts at the synthesis of the
bis-macrocycle BM1 were undertaken. Phenol macrocycle 8,
1,3-dibromopropane and K2CO3 were added to DMF, the
mixture then being heated to 80 °C for 16 hours. Following
aqueous work-up and purification by column chromatography
it was found the reaction did not afford the desired bis-macro-
cycle, but a mixture of mono-alkylated 9 and mono-alkylated
elimination product 10 (Scheme 3).17

In response to this setback a new bis-macrocycle BM2 was tar-
geted (Scheme 4). Phenol macrocycle 8, diethylene glycol di(p-
toluenesulfonate) 918 and K2CO3 were added to DMF. After
heating the reaction to 80 °C for 16 hours, aqueous work-up and
chromatographic purification, target BM2 was isolated in a pleas-
ing 67% yield. A single crystal suitable for X-ray crystallography
was grown from a chloroform solution, the solved structure con-
firming the anticipated bond connectivity (see inset in Scheme 4).

The synthesis of (2)handcuff [2]rotaxanes was then attempted
(Scheme 5). This involved dissolving each bis-macrocycle with 2.4
equivalents of azide 1010a in CH2Cl2 and allowing to stir for
10 minutes, so the pseudorotaxane complex could form. Then,
1.2 equivalents of bis-alkyne 1119 Cu(CH3CN)4BF4, TBTA and
DIPEA were added to facilitate the CuAAC reaction, and after stir-
ring overnight, aqueous work-up and chromatographic separation
by preparative TLC handcuff rotaxanes HR1 and HR2 were iso-
lated in ∼30%20 and 15% yields respectively.

Scheme 2 Synthesis of macrocycle 8.

Scheme 3 Products 9 and 10 of attempted synthesis of bis-macrocycle
BM1 from macrocycle 8.

Scheme 4 Synthesis of bis-macrocycle BM2. Inset: X-ray structure of BM2.
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The novel handcuff rotaxanes were characterized by 1H and
13C NMR spectroscopy, IR spectroscopy and electrospray high
resolution mass spectrometry. The 1H NMR spectra of
handcuff rotaxane HR2, along with those of bis-macrocycle
BM2 and non-threaded axle Ax21 for comparison are shown in
Fig. 3. Upon studying the stacked spectra, evidence for the for-
mation of handcuff rotaxane is observed. The upfield shift and
splitting of aromatic protons 9 and 10 in the interlocked mole-
cule compared to non-interlocked bis-macrocycle BM2 is con-
sistent with the axle passing between the aromatic rings of
each macrocyclic ring. The downfield shift of proton 15 and
the amide protons α of the bis-macrocycle in the handcuff
rotaxane are indicative of interactions with a hydrogen bond
acceptor on the threaded axle. In addition, the splitting of
protons 7 and 12 arises from the desymmetrization caused by
the axle component threaded through the two macrocyclic cav-
ities. The interlocked architecture of the handcuff rotaxane
HR2 was further supported by multiple through-space corre-
lations between signals arising from protons in the two com-
ponents as observed in the 1H–1H ROESY NMR spectrum (see
ESI, p. S20†). In addition, the molecular ion peak for the
target rotaxane is also observed in the electrospray HRMS (see
ESI, p. S19†). Similar observations and conclusions regarding
the formation of handcuff rotaxane HR1 can also be seen by,
e.g., comparing its spectra with its analogous bis-macrocycle
BM1 and axle Ax (see ESI, pp. S15–S17 and S23†).

Conclusions

We have successfully synthesized novel hydrogen bond tem-
plated (2)handcuff [2]rotaxanes by a rare application of the
strategy to covalently link axles threaded through each ring of
a bis-macrocycle. Indeed, careful comparison to the only pre-
viously reported example of this synthetic strategy to prepare
(2)handcuff [2]rotaxanes,8 reveals a unique feature of our
design – namely the use of a separate molecule to link the two
axle components. Successful preparation of the rotaxanes was
confirmed by NMR spectroscopy and electrospray HRMS.
Investigations into deploying our hydrogen bond templation
methodologies to prepare – and functionally deploy – exotic
interlocked structures are continuing in our laboratories.

Experimental
General information

All reagents and solvents were used as obtained from com-
mercial suppliers, unless otherwise stated. Dry solvents,
Et3N and DIPEA were purchased dry and stored under an

Scheme 5 Synthesis of handcuff rotaxanes HR1 and HR2.
Fig. 3 1H NMR spectra of (a) axle Ax, (b) handcuff rotaxane HR2 and (c)
bis-macrocycle BM2 (CDCl3, 400 MHz, 298 K). For atom labels see
Schemes 4 and 5.
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inert atmosphere. Cu(CH3CN)4BF4 was stored in a desiccator
over P4O10. Petrol refers to the fractions of petroleum that
boil between 40 °C and 60 °C. Deionized water was used in
all cases. All aqueous solutions are saturated unless other-
wise stated.

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 chromato-
graphy, with analytical TLC plates examined under short
wavelength (254 nm) UV light or staining with potassium
permanganate and/or phosphomolybdic acid solutions.
Preparatory TLC was carried out on silica gel possessing a
fluorescent indicator to allow for examination with short
wavelength UV light.

IR spectra were recorded on an Agilent Technologies Cary
640 FTIR spectrometer. NMR spectra were recorded on a
Bruker AVANCE III 400 at 298 K (unless otherwise stated). Mass
spectra were recorded on a Shimadzu LCMS IT ToF instrument
at Lancaster University and Bruker Compact ToF coupled to an
Agilent 1260 Infinity LC at the University of York. Melting
points were recorded on a Gallenkamp capillary melting point
apparatus and are uncorrected.

4-(1,1-Dimethylethyl)-2,6-pyridinedimethanol 1,13 tetra-acid
chloride 4,14 methyl pyridinium chloride template 5.Cl,15 acid
chloride 6,16 diethylene glycol di(p-toluenesulfonate) 9,18 azide
10,10a bis-alkyne 1119 and axle Ax21 were synthesized by adap-
tation of previously reported procedures.

Experimental procedures
Bis-nitrile 2

4-(1,1-Dimethylethyl)-2,6-pyridinedimethanol 1 (7.17 g,
36.7 mmol) was dissolved in dry THF (100 mL) under argon
and cooled to 0 °C. NaH (5.15 g, 128.7 mmol, 60% dispersion
in mineral oil) was added portion wise and left to stir until
foaming subsided. 4-(Bromomethyl)benzonitrile (18.0 g,
91.9 mmol) was then added and the reaction warmed to room
temperature and stirred under argon for 18 hours. The reac-
tion was then quenched with water and extracted with CH2Cl2
(2 × 100 mL). The combined organic layers were dried (MgSO4)
and concentrated in vacuo. The crude material was purified by
silica gel column chromatography (EtOAc/Petrol 1 : 1) to afford
the title product as a yellow solid (10.7 g, 69%).

Rf: 0.22 [EtOAc/Petrol 1 : 1]. m.p. 85–87 °C. νmax/cm
−1

(neat): 2961 (C–H), 2230 (CuN), 1604 (C–O), 1347 (C–O), 1123
(C–H). δH (400 MHz, CDCl3): 7.67 (4H, d, J = 8.2 Hz, H10),

7.51 (4H, d, J = 8.2 Hz, H9), 7.39 (2H, s, H4), 4.72 (4H, s,
H7), 4.69 (4H, s, H6), 1.34 (9H, s, H1). δC (100 MHz, CDCl3):
161.8 (C3), 157.1 (C5), 143.6 (C8), 132.2 (C10), 127.8 (C9),
118.7 (C12), 117.4 (C4), 111.4 (C11), 73.8 (C6), 71.9 (C7), 34.9
(C2), 30.6 (C1). m/z (ESI): 448.1982 [M + Na]+, C27H27N3O2

requires 448.1995.

Bis-amine 3

Bis-nitrile 2 (1.00 g, 2.35 mmol) was dissolved in dry THF
(20 mL) under nitrogen and cooled to 0 °C. BH3·THF (1 M
in THF, 13 mL, 11.7 mmol) was added dropwise, then the
reaction was allowed to stir for 1 hour. The reaction was
then warmed to 70 °C and stirred for a further 18 hours.
Upon cooling to room temperature, the reaction was
quenched with conc. HCl (4 mL). All volatiles were then
removed under reduced pressure to afford a white solid.
The crude material was re-dissolved in water (50 mL) and
washed with CH2Cl2 (50 mL). The aqueous layer was basi-
fied to pH 12 with 10% NaOH (aq.) and extracted with
CH2Cl2 (3 × 50 mL). The combined organic layers were
dried (MgSO4) and concentrated in vacuo to afford the title
product (925 mg, apparent yield 91%) as a light green oil.
NMR spectral analysis reveals some impurities, but material
taken on without further purification.

νmax/cm
−1 (neat): 2957 (C–H), 2857 (C–H), 2372 (N–H), 1604

(C–O), 1347 (C–O), 1097 (C–O). δH (400 MHz, CDCl3): 7.41–7.36
(6H, m, H4 & H9), 7.32 (4H, d, J = 8.2 Hz, H10), 4.66 (4H, s, H6),
4.65 (4H, s, H7), 3.88 (4H, s, H12), 1.34 (9H, s, H1). δC
(100 MHz, CDCl3): 161.4 (C3), 157.6 (C5), 142.9 (C11), 136.5
(C8), 128.2 (C9), 127.1 (C10), 117.1 (C4), 73.2 (C6), 72.7 (C7), 46.3
(C12), 34.9 (C2), 30.6 (C1). m/z (ESI): 456.2619 [M + Na]+,
C27H35N3O2 requires 456.2621.

Bis-macrocycle BM1

To a solution of bis-amine 3 (750 mg, 1.73 mmol) and
methyl-pyridinium template 5.Cl (662 mg, 1.73 mmol) in
dry CH2Cl2 (50 mL) under argon was added Et3N (1.20 mL,
8.65 mmol), followed immediately by a dropwise solution of
tetra-acid chloride 4 (350 mg, 0.86 mmol) in dry CH2Cl2
(20 mL). The reaction was stirred for 1.5 hours at room
temperature, then washed with 10% citric acid (2 × 50 mL)
and brine (1 × 50 mL). The reaction mixture was then dried
(MgSO4) and concentrated in vacuo. The crude material was
purified by silica gel column chromatography (CH2Cl2/
CH3OH 98 : 2), followed by preparative TLC (CH2Cl2/CH3OH
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98 : 2–96 : 4) to afford the title product as a colourless film
(18 mg, 2%).

Rf: 0.32 [CH2Cl2/CH3OH 98 : 2]. νmax/cm
−1 (neat): 3330 (N–

H), 2922 (C–H), 2860 (C–H), 1645 (CvO), 1515 (C–O), 1066 (C–
O). δH (400 MHz, CDCl3): 7.57 (4H, s, H16), 7.42 (2H, s, H15),
7.36 (4H, s, H4), 7.29 (16H, s, H9 & H10), 6.93 (4H, bs, Hα), 4.64
(8H, s, H7), 4.55 (8H, d, J = 5.4 Hz, H12), 4.40 (8H, s, H6), 4.22
(4H, t, J = 5.5 Hz, H18), 2.26 (2H, bs, H19), 1.36 (18H, s, H1). δC
(100 MHz, CDCl3): 166.7 (C13), 161.5 (C3), 159.2 (C17), 157.1
(C5), 137.5 (C11), 137.0 (C8), 136.2 (C14), 128.9 (C9), 128.6 (C10),
117.3 (C4), 116.8 (C16), 116.5 (C15), 72.2 (C7), 71.7 (C6), 64.4
(C18), 44.2 (C12), 34.9 (C2), 30.6 (C1), 29.0 (C19). m/z (ESI):
1199.5873 [M + H]+, C73H79N6O10 requires 1199.5852.

TBDMS-protected macrocycle 7

To a solution of bis-amine 3 (860 mg, 1.98 mmol) and methyl-
pyridinium template 5.Cl (758 mg, 1.98 mmol) in dry CH2Cl2
(60 mL) under argon was added Et3N (0.68 mL, 4.95 mmol),
followed immediately by a dropwise solution of TBDMS-pro-
tected acid chloride 6 (589 mg, 1.99 mmol) in dry CH2Cl2
(20 mL). The reaction was stirred for 1.5 hours at room temp-
erature, then washed with 0.5 M HCl (2 × 40 mL) and brine (1
× 40 mL). The reaction mixture was then dried (MgSO4) and
concentrated in vacuo. The crude material was purified by
silica gel column chromatography (CH2Cl2/CH3OH 98 : 2) to
afford the title product as a colourless solid (240 mg, 17%).

Rf: 0.41 [CH2Cl2/CH3OH 98 : 2]. m.p. 145–147 °C. νmax/cm
−1

(neat): 3300 (N–H), 2952 (C–H), 2857 (C–H), 1649 (C–O), 1101
(C–O), 836 (Si–C). δH (400 MHz, CDCl3): 7.52 (2H, d, J = 1.3 Hz,
H16), 7.41 (3H, app s, H4 & H15), 7.32 (8H, s, H9 & H10), 6.41
(2H, bs, Hα), 4.67 (4H, s, H7), 4.58 (4H, d, J = 5.6 Hz, H12), 4.45
(4H, s, H6), 1.37 (9H, s, H1), 1.02 (9H, s, H20), 0.27 (6H, s, H18).
δC (100 MHz, CDCl3): 166.3 (C13), 162.1 (C3), 156.5 (C17), 137.5
(C11), 137.1 (C8), 136.3 (C14), 129.0 (C9), 128.7 (C10), 122.4 (C16),
117.5 (C4), 116.4 (C15), 72.2 (C7), 71.5 (C6), 44.2 (C12), 35.0 (C2),
30.6 (C1), 25.6 (C20), 18.1 (C19), −4.3 (C18). m/z (ESI): 716.3511
[M + Na]+, C41H51N3NaO5Si requires 716.3490.

Phenol macrocycle 8

To a solution of TBDMS-protected macrocycle 7 (260 mg,
0.353 mmol) in dry THF (10 mL) was added TBAF (185 mg,
0.706 mmol). The reaction was stirred at room temperature for
2 hours then quenched with the addition of NH4Cl (aq.). The
aqueous layer was extracted with CH2Cl2 (3 × 10 mL). The com-
bined organic layers were dried (MgSO4) and concentrated in
vacuo. The crude material was purified by silica gel column
chromatography (CH2Cl2/CH3OH 98 : 2–95 : 5) to afford the
title product as a colourless solid (196 mg, 96%).

Rf: 0.28 [CH2Cl2/CH3OH 98 : 2]. m.p. 178–180 °C. νmax/cm
−1

(neat): 3552 (N–H), 3281 (O–H), 2927 (C–H), 2338 (C–H), 1651
(CvO), 1101 (C–O). δH (400 MHz, 1 : 1 CDCl3/CD3OD): 7.52
(1H, t, J = 1.5 Hz, H15), 7.48 (2H, d, J = 1.5 Hz, H16), 7.42 (2H, s,
H4), 7.31 (8H, s, H9 & H10), 4.65 (4H, s, H7), 4.55 (4H, s, H12),
4.41 (4H, s, H6), 1.36 (9H, s, H1). δC (100 MHz, 1 : 1 CDCl3/
CD3OD): 167.7 (C13), 162.3 (C3), 157.8 (C17), 156.8 (C5), 137.7
(C11), 136.6 (C8), 135.7 (C14), 128.6 (C9), 128.1 (C10), 118.0 (C4),
117.8 (C16), 115.4 (C15), 72.1 (C7), 71.2 (C6), 43.6 (C12), 34.8
(C2), 30.1 (C1). m/z (ESI): 602.2638 [M + Na]+, C35H37N3NaO5

requires 602.2625.

Bis-macrocycle BM2

To a solution of phenol macrocycle 8 (50 mg, 0.086 mmol) in
dry DMF (5 mL) was added K2CO3. The solution was stirred for
5 minutes then diethylene glycol di(p-toluenesulfonate) 9
(18 mg, 0.043 mmol) was added. The reaction was heated at
80 °C under argon for 16 hours. The reaction was then cooled
to room temperature and excess DMF removed in vacuo. The
crude residue was dissolved in CH2Cl2 (15 mL) and washed
with water (2 × 10 mL) and brine (1 × 10 mL). The organic
layer was dried (MgSO4) and concentrated in vacuo. The crude
material was purified by silica gel column chromatography
(CH2Cl2/CH3OH 98 : 2–96 : 4) to afford the title product as a col-
ourless solid (35 mg, 67%).

Rf: 0.35 [CH2Cl2/CH3OH 98 : 2]. m.p. 156–158 °C. νmax/cm
−1

(neat): 3296 (N–H), 2968 (C–H), 2853 (C–H), 1647 (CvO), 1535
(C–O), 1101 (C–O). δH (400 MHz, CDCl3): 7.45 (4H, s, H16), 7.41
(2H, s, H15), 7.36 (4H, s, H4), 7.30–7.23 (16H, m, H9 & H10),
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7.03 (4H, bt, J = 5.3 Hz, Hα), 4.62 (8H, s, H7), 4.48 (8H, d, J =
5.3 Hz, H12), 4.41 (8H, s, H6), 4.17 (4H, s, H18), 3.88 (4H, s,
H19), 1.38 (18H, s, H1). δC (100 MHz, CDCl3): 166.9 (C13), 161.6
(C3), 159.2 (C17), 157.1 (C5), 137.5 (C11), 137.0 (C8), 136.1 (C14),
128.9 (C9), 128.4 (C10), 117.5 (C4), 117.0 (C16), 116.6 (C15), 72.1
(C7), 71.8 (C6), 69.6 (C19), 67.9 (C18), 44.0 (C12), 34.9 (C2), 30.6
(C1). m/z (ESI): 1251.5850 [M + Na]+, C74H80N6NaO11 requires
1251.5777.

Handcuff rotaxane HR1

Bis-macrocycle BM1 (9 mg, 0.007 mmol) and azide 10
(6 mg, 0.016 mmol) were dissolved in dry CH2Cl2 (1 mL)
under an argon atmosphere. Then alkyne 11 (1.5 mg,
0.008 mmol), [Cu(CH3CN)4BF4] (1 mg, 0.0007 mmol), TBTA
(∼1.5 mg, 0.0007 mmol) and dry DIPEA (1 μL, 0.007 mmol)
were added. The reaction was stirred at RT for 18 hours
maintaining the argon atmosphere. Then, the reaction was
diluted to 10 mL, washed with 0.02 M EDTA in aq. 1 M
NH3 solution (2 × 10 mL) and brine (1 × 10 mL). The
organic layer was dried (MgSO4), filtered and solvent
removed in vacuo. The crude material was purified by pre-
parative TLC (CH2Cl2/CH3OH 98 : 2–97.5 : 2.5) to afford the
title product (∼5 mg, ∼30%) as a colourless film.

Rf: 0.42 [CH2Cl2/CH3OH 97 : 3]. νmax/cm
−1 (neat): 3295 (N–

H), 2950 (C–H), 2920 (C–H), 2851 (C–H), 1645 (CvO), 1274 (C–
N), 1131 (C–O). δH (400 MHz, CDCl3): 8.39 (4H, s, Hk), 8.22
(2H, t, J = 5.2 Hz, Hβ), 8.15 (2H, s, H15), 8.03 (2H, s, Hm), 7.86
(4H, s, H16), 7.57–7.53 (4H, m, Hα), 7.36 (2H, s, He), 7.34 (4H,
s, H4), 6.90 (8H, d, J = 8.1 Hz, H10), 6.87 (4H, s, Ha), 6.84 (8H,
d, J = 8.1 Hz, H9), 5.02 (4H, s, Hc), 4.88 (4H, dd, J = 14.3 Hz, 6.8
Hz, H12), 4.55 (4H, d, J = 11.1 Hz, H7), 4.39 (4H, d, J = 11.1 Hz,
H7′), 4.34–4.25 (12H, m, H6 & H18), 4.16 (4H, dd, J = 14.3 Hz,
6.8 Hz, H12′), 3.68 (4H, t, J = 7.1 Hz, Hf), 2.39–2.30 (6H, m, H19

& Hh), 1.37 (18H, s, H1), 1.33–1.28 (4H, m, Hg). δC (100 MHz,
CDCl3): 165.9 (C13), 164.2 (Ci), 162.5 (C3), 159.6 (C17), 156.6
(C5), 152.6 (Cb), 144.1 (Cd), 138.0 (C11), 135.8 (C8), 135.5 (C14),
135.2 (Cj), 129.3 (C9), 128.5 (Ck), 128.3 (C10), 124.6 (Cm), 123.1
(Ce), 118.3 (C4), 117.9 (C16), 116.0 (C15), 115.8 (Ca), 73.4 (C7),
71.9 (C6), 65.0 (C18), 62.3 (Cc), 47.5 (Cf), 44.1 (C12), 37.2 (Ch),
35.0 (C2), 30.5 (C1), 28.8 (Cg). δF (377 MHz, CDCl3): −62.7. m/z
(ESI): 2087.7909 [M + Na]+, C109H108F12N14NaO14 requires
2087.7870.

Handcuff rotaxane HR2

Bis-macrocycle BM2 (53 mg, 0.043 mmol) and azide 10 (35 mg,
0.103 mmol) were dissolved in dry CH2Cl2 (3 mL) under an
argon atmosphere. Then alkyne 11 (9.6 mg, 0.051 mmol),
[Cu(CH3CN)4BF4] (1.3 mg, 0.004 mmol), TBTA (2.2 mg,
0.004 mmol) and dry DIPEA (7 μL, 0.043 mmol) were added.
The reaction was stirred at RT for 18 hours maintaining the
argon atmosphere. Then, the reaction was diluted to 10 mL,
washed with 0.02 M EDTA in aq. 1 M NH3 solution (2 × 10 mL)
and brine (1 × 10 mL). The organic layer was dried (MgSO4), fil-
tered and solvent removed in vacuo. The crude material was
purified by silica gel column chromatography (CH2Cl2/CH3OH
97 : 3) to afford rotaxane with a small amount of axle com-
ponent. The material was further purified by preparative TLC
(CH2Cl2/acetone/CH3OH 88.5 : 10 : 1.5) to afford the title
product (14 mg, 15%) as a colourless film.

Rf: 0.49 [CH2Cl2/CH3OH 97 : 3]. νmax/cm
−1 (neat): 3322 (N–

H), 2924 (C–H), 2857 (C–H), 1647 (CvO), 1276 (C–N), 1129 (C–
O). δH (400 MHz, CDCl3): 8.40 (4H, s, Hk), 8.23 (2H, t, J = 5.5
Hz, Hβ), 8.16 (2H, s, H15), 8.02 (2H, s, Hm), 7.84 (4H, s, H16),
7.60–7.53 (4H, s, Hα), 7.34 (4H, s, H4), 7.25 (2H, s, He),
6.91–6.87 (12H, m, Ha & H10), 6.86 (8H, d, J = 8.1 Hz, H9), 5.03
(4H, s, Hc), 4.87 (4H, dd, J = 13.9 Hz, 7.0 Hz, H12), 4.54 (4H, d,
J = 11.0 Hz, H7), 4.39 (4H, d, J = 11.0 Hz, H7′), 4.34–4.24 (12H,
m, H6 & H18), 4.15 (4H, dd, J = 13.9 Hz, 7.0 Hz, H12′), 3.98 (4H,
t, J = 4.4 Hz, H19), 3.65 (4H, t, J = 6.9 Hz, Hf), 2.34 (4H, app
quart, Hh), 1.37 (18H, s, H1), 1.29 (4H, app quint, Hg). δC
(100 MHz, CDCl3): 165.9 (C13), 164.2 (Ci), 162.4 (C3), 159.5
(C17), 156.6 (C5), 152.6 (Cb), 144.0 (Cd), 138.0 (C11), 135.8 (C8),
135.6 (C14), 135.2 (Cj), 131.5 (Cl, q, J = 33 Hz), 129.3 (C9), 128.5
(Ck), 128.3 (C10), 124.6 (Cm), 123.1 (Ce), 123.0 (Cn, q, J = 273
Hz), 118.3 (C4), 117.9 (C16), 116.2 (C15), 115.8 (Ca), 73.4 (C7),
71.9 (C6), 69.8 (C19), 68.1 (C18), 62.2 (Cc), 47.5 (Cf), 44.0 (C12),
37.2 (Ch), 35.0 (C2), 30.5 (C1), 28.9 (Cg). δF (377 MHz, CDCl3):
−62.7. m/z (ESI): 2117.8048 [M + Na]+, C110H110F12N14NaO15

requires 2117.7976.
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Crystallographic data for BM2 has been deposited at CCDC
(https://ccdc.cam.ac.uk) under structure number 2343052.†
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