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Active-template CuAAC enables high-yield
synthesis of (2)handcuff [2]rotaxanes

Arjun Veliyil Prakash, Helal Metawi and Abed Saady *

An active-template CuAAC strategy enables the efficient synthesis

of (2)handcuff [2]rotaxanes in high isolated yields. A bis-2,20-

bipyridine macrocycle acts as a CuI ligand that templates dual

CuAAC reactions and enforces the dual-threaded handcuff archi-

tecture. This approach provides a concise and practical route to

higher-order mechanically interlocked architectures.

Mechanically interlocked molecules (MIMs),1 including cate-
nanes, rotaxanes, and their higher-order analogues, provide
synthetically accessible entry points for controlled molecular
motion,2–4 topological chirality,5–7 and programmable supra-
molecular behaviour.8–11 The continuing expansion of this field
has enabled sophisticated molecular machines,12 redox-active
assemblies,13 and switchable host–guest systems,14 whose proper-
ties arise directly from the constraints imposed by the mechanical
bond. As highlighted by Beer, Sauvage, Stoddart, and others, the
fundamental challenge remains the efficient, predictable syn-
thesis of increasingly complex interlocked architectures.15–19

Among these, handcuff architectures, in which two covalently
linked macrocycles cooperatively bind and mechanically interlock
one or more threads, occupy a special position due to their
structural rigidity and emergent functional behaviour.20–23

Early examples of handcuff assemblies were accessed using
cation or anion templation and p-donor/acceptor interactions,
demonstrating how cooperative noncovalent interactions can
stabilise higher-order interlocked architectures and enable
functional behaviour.24–30 More recently, bis-macrocyclic hosts
have been used to engineer rigid molecular handcuffs capable
of positioning redox-active chromophores to enable excimer
emission, radical-ion p-dimers, or controlled electron transfer
between co-facially arranged dyes.31 These systems underscore
the extraordinary potential of the handcuff motif for organising
functional units while still permitting dynamic response.

Despite these advances, synthetic access to handcuff rotaxanes
remains limited. Most strategies employ either passive templation

and stoppering of a single axle threading both rings, often with
demanding macrocycle syntheses, or covalent linking of axles that
pass individually through each macrocycle, a strategy that has only
rarely been demonstrated. Recently, Evans and co-workers
showed that copper-catalysed azide–alkyne cycloaddition (CuAAC)
can link two independently threaded axles inside a bis-
macrocycle, but yields remain modest, highlighting the need for
further optimisation of the methodology.32 Likewise, the broader
review by Champness and co-workers emphasises that handcuff
rotaxanes constitute one of the least explored classes of MIMs, in
part due to the lack of efficient synthetic tools capable of reliably
constructing them.21

In parallel, active-template (AT) reactions, pioneered by
Leigh and further developed by Goldup and others, have
transformed the synthesis of MIMs by allowing the metal
catalyst not only to mediate covalent bond formation but also
to template the assembly of the mechanical bond. Among
these, the AT-CuAAC reaction is particularly powerful due to
its mild conditions, functional group tolerance, and ability to
operate in sterically demanding environments that arise during
mechanical bond formation.33–40

Here, we merge the structural advantages of 2,20-bipyridine-
based bis-macrocycles with the synthetic power of AT-CuAAC to
develop a practical, concise, and high-yielding route to (2)hand-
cuff [2]rotaxanes. In our design, the bis-2,2 0-bipyridine acts as a
ligand for CuI, providing two potential metal-binding sites and
serving as a template for mechanical bond formation. This
strategy overcomes key limitations of earlier approaches,
namely low yields and long synthetic sequences, providing a
modular, programmable platform for constructing (2)handcuff
[2]rotaxanes under mild conditions.

The resulting interlocked molecules expand the accessible
chemical space of higher-order MIM architectures and provide
a foundation for future studies on motion, redox activity, and
potential nanotechnology applications in multicomponent
mechanically interlocked systems.

Our study began with the design of a synthetically accessi-
ble, symmetrically substituted 2,20-bipyridine macro-cycle that
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could be readily diversified and dimerized to form a bis-2,20-
bipyridine macrocycle scaffold specifically tailored for AT-CuAAC
assembly of handcuff rotaxanes while avoiding the formation of
mechanically chiral isomers.41–43 A key feature of this design is
the incorporation of an ester linkage that provides a convenient
and high-yielding route to the bis-2,20-bipyridine macrocycles
used in the AT-CuAAC assembly.

Bis-2,20-bipyridine macrocycles 7a–c were prepared via a con-
cise multi-step sequence involving Ni-mediated macrocyclisation44

and subsequent functionalisation (Scheme 1; see the SI for full
details).45

To access the targeted (2)handcuff [2]rotaxanes 10a–c, we
first prepared 1-azido-3,5-di-tert-butylbenzene (8) and N1,N3-
di(prop-2-yn-1-yl)isophthalamide (9) according to previously
reported procedures.44,46 Azide 8 was selected as a commonly
used bulky stopper suitable for macrocycles of this size,
whereas bis-alkyne 9 served as a stable axle bearing two alkyne
units that enabled dual AT-CuAAC bond formation within the
bis-macrocyclic scaffold.

Scheme 2 illustrates the AT-CuAAC assembly of (2)handcuff
[2]rotaxanes 10a–c from bis-macrocycles 7a–c, bis-alkyne 9, and
azide 8. The bis-macrocyclic bipyridine framework defines two
CuI-binding cavities that enable sequential active-template
CuAAC bond-forming events leading to the dual-threaded
handcuff architecture. The AT-CuAAC reactions were con-
ducted using equimolar amounts of bis-macrocycle and bis-
alkyne, together with two equivalents of azide 8 and

[Cu(CH3CN)]PF6, matching the two required CuAAC bond-
forming events.

Under these conditions, treatment of bis-macrocycles 7a–c
with bis-alkyne 9, azide 8, and the Cu(I) catalyst afforded the
corresponding (2)handcuff [2]rotaxanes 10a–c in high isolated
yields. The reaction is consistent with a pathway in which
sequential AT-CuAAC bond formation within the bis-
macrocyclic scaffold leads to selective handcuff assembly.

Pleasingly, our first active-template experiment employing
bis-macrocycle 7a delivered the desired (2)handcuff [2]rotaxane
in 61% isolated yield, demonstrating the efficiency of the AT-
CuAAC strategy for assembling this higher-order interlocked
structure. Evidence for successful rotaxane formation was pro-
vided by high-resolution mass spectrometry (HRMS; observed
m/z for [C119H126N12O10]+ = 1884.9816, calculated 1884.9811;
Fig. S61) and by comprehensive NMR analysis. 1D and key
2D NMR experiments (COSY, HMQC, and HMBC) were acquired
for all compounds, enabling further signal assignments and
supporting the proposed interlocked architectures (see the SI).

The 1H NMR spectra of (2)handcuff [2]rotaxane 10a, along
with those of bis-macrocycle 7a and non-interlocked axle S1 for
comparison, are shown in Fig. 1.47 Comparison of the 1H NMR
spectra of (2)handcuff [2]rotaxane 10a with those of the parent
bis-macrocycle 7a and the independently synthesized axle S1
reveals pronounced and diagnostic changes that unequivocally
confirm mechanical bond formation. In contrast to many AT-
CuAAC rotaxanes, where the most dramatic perturbations are
typically observed for the triazole C–H proton,34 the major
chemical shift changes in our system occur on the axle protons
rather than at the triazole C–H site.

Scheme 1 Synthesis of bis-2,20-bipyridine macrocycles 7a–c. Reagents
and conditions: (a) K2CO3, MeCN, reflux, 12 h, 92% yield. (b) Ni(PPh3)2Br2,
NEt4I, PPh3, Mn, DMF, 50 1C, 4 h, 67% yield. (c) NaOH, THF : H2O, r.t., 100%
yield. (d) 1,3-Diiodopropane for 6a, 1,4-dibromobutane for 6b and 1,5-
dibromopentane for 6c, K2CO3, MeCN, 50 1C, 12 h, 93–99% yield. (e) 5,
K2CO3, MeCN, 50 1C, 12 h, 65–76% yield.

Scheme 2 Synthesis of (2)handcuff [2]rotaxanes 10a–c. Reagents and
conditions: [Cu(CH3CN)]PF6 (2 equiv.), iPr2NEt (4 equiv.), CH2Cl2, 16 h, 61–
73% yield. *The yields are calculated based on the average of two reac-
tions. Reactions were conducted at 0.005 M with respect to the bis-
macrocycle; the effect of concentration on product formation was exam-
ined and is discussed in the SI.
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The amide-adjacent resonances Hh (Dd E 0.64 ppm) and Hg

(Dd E 0.1 ppm) exhibit substantial downfield shifts relative to
S1, indicating a markedly different chemical environment for
the threaded axle in the interlocked structure. Proton Hd

(triazole C–H), which often serves as a key diagnostic resonance
in CuAAC-derived rotaxanes, displays only a modest change in
chemical shift relative to S1. Together, these data suggest that
the bis-macrocycle resides preferentially over the amide-
containing region of the axle rather than over the triazole unit.

In addition to these axle-centered perturbations, several
macrocycle protons undergo characteristic mechanical bond
induced changes. Protons HL, HI, HH, and HK convert from
singlets in the free bis-macrocycle to well-resolved geminal
doublets in the (2)handcuff [2]rotaxane, reflecting facial desym-
metrisation of the bipyridine scaffold when the axle is threaded
through the dual cavities. These observations are consistent with
similar behaviour reported recently for related pyridine-based
interlocked systems.32 Notably, the axle proton He is shifted
upfield (Dd E 0.6 ppm). This pronounced shielding effect arises
because, in the (2)handcuff [2]rotaxane architecture, the proton
sits in a more crowded and enclosed environment than in the
free axle. When protons are positioned close to aromatic rings,
they often experience a local magnetic environment that reduces
their chemical shift. In this case, the proximity of proton He to
the bipyridine rings and to the folded conformation enforced by
the mechanical bond places it in a region where the aromatic
system partially shields it from the external magnetic field. As a
result, an upfield shift is observed. Such through-space shielding
effects are familiar features of interlocked molecules and other
systems in which aromatic rings and nearby protons adopt well-
defined spatial relationships.

Taken together, these observations provide a clear spectro-
scopic fingerprint for the dual-threaded architecture. Importantly,
the same qualitative NMR features were observed for (2)handcuff
[2]rotaxanes 10b and 10c, demonstrating that the mechanical
environment is preserved across the bis-macrocycles. Notably,

varying the length of the alkyl linker in bis-macrocycles 7a–c had
little influence on the efficiency of the AT-CuAAC process, with all
three scaffolds delivering the corresponding (2)handcuff [2]rotax-
anes in similarly high yields.48 The small variations in isolated
yield across 10a–c fall within the expected experimental range and
did not correlate with linker length. To the best of our knowledge,
these are among the highest isolated yields reported for (2)hand-
cuff [2]rotaxane synthesis.

Notably, the reaction of bis-macrocycle 7b, bis-alkyne 9, and
azide 8 under otherwise analogous conditions in CH2Cl2/MeOH
(1 : 1) gave a markedly different outcome, with only a low
isolated yield of the target (2)handcuff [2]rotaxane and a more
complex crude reaction profile (see the SI for details). This
result highlights the strong sensitivity of the assembly process
to solvent environment; however, the origin of this effect
cannot be assigned unambiguously based on the present data.

In summary, we have developed an active-template CuAAC
strategy for the efficient construction of (2)handcuff [2]rotaxanes
using bis-2,20-bipyridine macrocycles. Sequential active-template
CuAAC bond formation within the bis-macrocyclic scaffold deli-
vers the interlocked products in high isolated yields, among the
highest reported for (2)handcuff [2]rotaxane synthesis. The
robustness of this approach across a small macrocycle series
highlights its utility as a practical route to higher-order mechani-
cally interlocked architectures. This platform is now being
extended to handcuff catenanes and additional functional archi-
tectures, and these results will be reported in due course.
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