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Dynamics of Mechanically Bonded β-Cyclodextrin in Isomeric
Hetero[4]Catenanes
Antony Wing Hung Ng,a Yu Hin Leunga and Ho Yu Au-Yeung *a,b

Radial [4]catenane isomers of which the dynamics of the interlocked macrocycles are encoded by the covalent structure of
the central macrocyclic backbone are described. Shuttling motion of the interlocked β-cyclodextrin was found to be
dependent on both the position and interaction strength of the interlocked cucurbit[6]urils to the central macorcycle. This
work demonstrates that dynamics of different mechanically bonded macrocycles in a hetero[n]catenane can be
coordinated complementarily, suggesting the possible exploitation of high-order [n]catenanes as next level molecular
machines in which more complex works can be performed with sophisticated intramolecular motions.

Introduction
Mechanically interlocked molecules (MIMs) are promising
candidates for the construction of synthetic molecular
machines such as molecular switches and molecular shuttles.1-

5 Underlying the unique potential of MIMs is the ability of the
mechanically bonded components to undergo stimuli-
triggered, large-amplitude intramolecular motions that is a
result of the strong and flexible physical interlocking. While the
incorporation of different binding motifs and the use of
various kind of stimuli have been investigated in the design of
various molecular shuttles and molecular switches,2,3 most of
these studies focus primarily on the thermodynamic aspect of
the co-conformational switching and relatively less attention
has been paid to the dynamics of the intramolecular motions
of the interlocked components in MIMs.4,5 In particular,
application of a stimulus to a responsive MIM not only will
change the thermodynamics and co-conformation equilibrium
of a MIM, but also could change the kinetics of the
intramolecular motions of the interlocked components. It is
therefore fundamentally important to understand how the
dynamics of the interlocked components are dependent on
the structure and topology of a MIM, if the unique properties
of mechanical bond are to be fully exploited in the
development of MIM-based molecular machines.

On the other hand, to further advance MIM-based molecular
machines to the next level of sophistication, structurally

complex MIMs that are made up of interlocked macrocycles of
diverse types and properties for different tasks and functions
will be necessary. Although being a representative class of
MIMs, catenanes reported to date are relatively simple, and
[n]catenanes are highly underdeveloped when compare to
[n]rotaxanes.6 The scarcity of [n]catenane is partly because of
the necessary formation of new macrocycle that adds extra
challenges in the catenane synthesis.7 Hetero[n]catenanes
with multiple types of interlocked macrocycles are even rarer,
as it will become much more difficult to coordinate a greater
number of chemically different but compatible precursors in
the simultaneous formation of both new covalent and
mechanical bonds.6d,6e,8

Scheme 1. Radial [4]catenanes with different sequence of
recognition units on the central macrocycle. Positions of the
CB[6] “roadblocks” (blue) define the shuttling path (purple
arrow) for β-CD “vehicle” (red). Dynamics of the β-CD is further
influenced by the protonation state of the [4]catenanes. The
CB[6] are more strongly bound in the protonated form (a) than
in the neutral form (b), and thus the β-CD shuttling is more
accommodated in the latter.
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In this work, the synthesis and dynamics of two isomeric
[4]catenanes that contains on their periphery two
cucurbit[6]urils (CB[6]) and one β-cyclodextrin (β-CD)
interlocked on a central macrocycle in different sequences are
described. In particular, both the [4]catenanes have on their
central macrocycles two each of biphenylene and
diamine/diammonium that can respectively recognise the β-
CD and CB[6]. Due to the different covalent sequences of the
recognition units encoded in the central macrocycles,
arrangement of the mechanically bonded peripheral
macrocycles are also different in the isomeric catenanes, and
the shuttling dynamic of the interlocked β-CD was found to be
characteristic to the respective isomers (Scheme 1).
Furthermore, despite the presence of a hydrophobic cavity in
both the interlocked CB[6] and β-CD in the neutral forms of
the [4]catenanes, only the β-CD in one of the isomers was
found to be able to shuttle between the two biphenylenes.
While the interlocked CB[6]s change their position on the
central macrocycle only minimally when a pH stimulation is
applied, shuttling dynamics of the pH-insensitive β-CD can be
modulated through the interactions of the two different
interlocked macrocycles.

Results and discussion
Synthesis and Characterisation of Two Isomeric Radial
[4]Catenanes. Two radial hetero[4]catenanes that both
contain two interlocked CB[6] and one β-CD were designed

and studied. With two CB[6] and one β-CD interlocked on the
central ring, the cyclic sequence of the peripheral macrocycles
are the same in the [4]catenane isomers. Yet, due to the
different covalent backbone of the central macrocycle, the
relative positions of the CB[6] and β-CD are different and the
isomers are expected to display different dynamic behaviour.
The two [4]catenanes, 4C-1 and 4C-2, were synthesised by
CB[6]-mediated azide-alkyne cycloaddition (CBAAC) as shown
in Figure 1 using the corresponding building blocks.9

Stoichiometry of the β-CD (i.e. 1 eq.) has to be optimised in
order to interlock only one β-CD in the presence of 2 eq. of
biphenylene units in the building blocks to maximise the
[4]catenane yields.10 Having too much or too little β-CD in the
reaction mixture will favour the formation of the respective
[5]- and [3]catenanes. HPLC analysis of the crude product
mixtures showed that both [4]catenanes were obtained in
over 70% yields, with around 20% of the corresponding
[3]catenanes with no interlocked β-CD as the major side-
product. The two catenanes were isolated in 65% (4C-1) and
75% (4C-2) by preparative HPLC in their tetra-protonated
forms as the formate salts.

High-resolution ESI-MS spectrum of the tetra-protonated
forms of 4C-1 and 4C-2 showed a molecular ion peak at m/z =
1118.9616 and 1118.9427, respectively, which correspond to
the [4]catenanes in their +4 charge state, and the isotopic
patterns are also consistent with that of C184H252N58O75

4+

([M+4H]4+). In the 1H NMR (500 MHz, D2O, 298 K) spectrum of

Figure 1. Synthesis of radial [4]catenanes 4C-1 and 4C-2. For 4C-1, due to the strong binding of CB[6] on the central macrocycle, the
peripheral macrocycles are not exchangeable and the [4]catenane was obtained as two isomers. The biphenylene derived from the
diazide building block is marked with *.
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 the charged form of 4C-1 (Figure 2a), four signals were
observed for the biphenylene protons, in which two of them
are spin-coupled and the other two are non-coupled as shown
in the corresponding 2D COSY spectrum (Figure 2c). The two
coupled signals are assigned as the free biphenylene which has
a centrosymmetric local symmetry, while the two non-coupled
signals are assigned as the biphenylene that is bound inside
the interlocked β-CD. The four protons of the biphenylene
included inside the β-CD are all inequivalent due to the
symmetry of the β-CD, and therefore four doublets are
expected for the biphenylene protons if the β-CD is completely
static with one co-conformation or the β-CD shuttling is fast
enough that the different co-conformations are fast
exchanging. The two broad signals observed at 298 K for the
included biphenylene are therefore suggesting that the β-CD is
shuttling around the biphenylene at a rate similar to the NMR
timescale, such that the biphenylene signals from the
exchanging co-conformations broaden and overlap to result in
the observed peaks. Because of the strong CB[6] binding at the
diammonium sites (log K ~ 5-6) in the protonated form of 4C-
1,11 the two biphenylenes are not exchangeable despite the β-
CD is free to shuttle. The triazole signal (Ht) at 6.477 ppm in
the relatively upfield region when compared with those free
triazoles in non-interlocked compounds is consistent with it
being included inside the CB[6] cavity. The NOE cross peaks

between Ht and Hy of the CB[6] observed in the 2D NOESY
spectrum (Figure S6) also support the close proximity of the
CB[6] and the triazole. Other NOE cross peaks involving the β-
CD protons, however, cannot be unambiguously assigned due
to the overlapping with the resonances from the
tetra(ethylene glycol). A close inspection of Ht revealed that
there are more than one chemical environment for the
triazoles, which could be explained by the symmetry of the
interlocked β-CD that renders the two triazoles chemically
different and/or the presence of two 4C-1 isomers in which the
β-CD stations at the two chemically different biphenylenes.
Indeed, at least three signals were observed for Hz of the CB[6]
at 5.44 ppm, 5.43 ppm and 5.42 ppm, confirming the presence
of the 4C-1 isomers with the β-CD being interlocked at the two
different biphenylenes. These two isomers are considered as
co-conformational isomers in which the interlocked β-CD
cannot exchange between the two biphenylenes due to the
strongly bound CB[6], and their interconversion would be
possible if all the three peripheral macrocycles are allowed to
fully circumrotate along the central macrocycle. Due to the
severe overlapping of the peaks from β-CD and ethylene glycol
at 3–4 ppm, these resonances cannot be unambiguously
assigned and therefore further analysis of the stereochemistry
of 4C-1 is not trivial.

Figure 2. Partial 1H NMR spectra (500 MHz, D2O, 298 K) of (a) 4C-1 and (b) 4C-2 and the corresponding 2D COSY spectrum (c and d) of the
aromatic region (7.3–7.9 ppm) showing the resonances of the biphenylene aromatic signals.  The peaks labelled in the same colour in (d)
represent protons in the same aromatic ring of the biphenylene and no further assignment is made because of the complexity in
chemical shift change  due to the shuttling β-CD.
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The 1H NMR (500 MHz, D2O, 298 K) spectrum of the
protonated form of 4C-2 (Figure 2b) is quite different to that of
4C-1. First, four sets of coupled signals were observed for the
biphenylene protons, showing that the local symmetry of both
biphenylenes are affected by the interlocked β-CD. Shuttling of
the β-CD between the two biphenylene stations at 298 K is
slow relative to the NMR timescale, as the two sharp singlets
observed for Hz (5.48 ppm and 5.44 ppm) and Ht (6.51 ppm
and 6.48 ppm) were found to coalesce at a higher temperature
(see below). There could also be two stereoisomers for 4C-2
with a different β-CD orientation if the β-CD shuttling is slow,
and that the chemical environment of the CB[6] and triazole
could be different for these two isomers. Although it seems
that the different β-CD orientations can be reflected by the
slightly different chemical shift of Hz as in 4C-1, the peak for Hz

in 4C-2 are sharp and therefore stereochemical analysis of the
β-CD orientation in 4C-2 is not conclusive.12 Nevertheless, all
the observed spectral features are consistent with a
[4]catenane structure. The chemical shift of the triazole Ht at
6.51 ppm and the NOE cross peaks between Ht and Hy of CB[6]
are all consistent with the CB[6] being interlocked at the
triazole station similar to 4C-1 (Figure S7).

Sequence-Dependent Dynamics of the Protonated
[4]Catenanes. Dynamics of the two radial [4]catenanes was
first studied in their tetra-protonated forms by variable
temperature (VT) 1H NMR in D2O. Upon increasing the
temperature from 298 K to 348 K, the biphenylene signal HBPh’

of 4C-1 resolved into two clear doublets, suggesting a faster
chemical exchange of the co-conformations due to a faster β-
CD shuttling at an elevated temperature (Figure 3a). A minor
change in the appearance of HBPh was also observed, and is
consistent with the faster co-conformational exchange that
results in the sharpening of the overlapped peaks although
these signals are not yet resolved. For the biphenylene
resonances that are not included in the β-CD, only a change in
the shape of HBPh1 was observed. Peaks for the Hz and Hx of
CB[6] were also found to have only slight changes upon
increasing the temperature, suggesting that the β-CD dynamics
has a small influence on the overall structure and symmetry of
the [4]catenane, and that the shuttling motions of the β-CD is
only confined in the region between the two tightly bound
CB[6]s (Figure S11).

On the other hand, the β-CD is able to shuttle between the
two biphenylenes in 4C-2. When the temperature increased,
merging of some of the biphenylene signals was first observed
up to 318 K, and the peaks were found to split again when the
temperature further increased to 348 K (Figure 4a). These
observations show that the rate of β-CD shuttling was slow
that only one biphenylene is included inside the β-CD at 298 K.
Increasing the temperature would therefore first allow the β-
CD to shuttle between the two biphenylenes, and a faster
exchange at an even higher temperature would help resolve
the chemically inequivalent biphenylene protons to be better
resolved. Consistent with the faster β-CD shuttling, merging of
the two triazole signals into one single peak was observed at

328 K, and the two singlets of Hz of CB[6] were also found to
merge to two closely spaced signals with a Δδ of only 0.005
ppm at 348 K. Resonances of Hx of CB[6] also changed from
being a multiplet to two doublets (at 5.73 ppm and 5.70 ppm)
as the CB[6] chemical environment became more similar.
These observations are suggesting that the overall chemical
environment of the two CB[6]s and triazoles are becoming
more similar when the β-CD is shuttling faster at a higher
temperature, and that the asymmetry of the β-CD has only a
small influence on the chemical environment of the CB[6]s and
triazoles. By monitoring the triazole signals, a ∆G‡ of 17.2
kcal/mol was calculated for the β-CD shuttling between the
two biphenylenes, which is comparable to those observed in
other (β-CD)-containing molecular shuttles that also feature a
tetra(ethylene glycol) linker between the two degenerated
stations.13 Overall, the two [4]catenane isomers display very
different dynamic behaviour. The mechanically bonded CB[6]s
could be considered as “roadblocks” with a high kinetic barrier
that define the shuttling path of the β-CD “vehicle” in the
hetero[4]catenanes. More importantly, positions of the CB[6]
are encoded by the covalent structure of the central
macrocyclic backbone, thus the dynamics of the interlocked
components of the MIMs can be easily engineered by an
appropriate building block design.

Figure 3. Partial 1H NMR (500 MHz, D2O) spectra showing the
biphenylene aromatic resonances of (a) tetra-protonated and
(b) neutral form of 4C-1 at increasing temperature. Note that
HBPh and HBPh’ are overlapped signals from the same aromatic
ring in the biphenylene and the latter is resolved to two
doublets at elevated temperatures.
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Transducing the Effects of a Basic Trigger on the Interlocked
CB[6] to the β-CD Dynamics. Since the strong CB[6] binding in
the protonated form of the [4]catenanes has a large
contribution from the ion-dipole interactions between the
ammonium ions and the carbonyl groups on the CB[6],
deprotonating the ammoniums will switch off these ionic
interactions and leave hydrophobic binding as the major
interactions between the interlocked CB[6]s and the central
macrocycle.14 The CB[6] and β-CD could therefore compete for
the hydrophobic biphenylenes in the neutral form of the
hetero[4]catenanes, and different structures and dynamics
could be observed for the two isomers. In fact, a few
(pseudo)rotaxanes that contain diammonium-bound CB[6]
have been shown to display pH-triggered co-conformational
switching with the CB[6] translocated to a hydrophobic region
of the rotaxane as a result of disrupting the carbonyl-
ammonium interactions.3,5,15

Deprotonation of the ammoniums in 4C-1 was followed by 1H
NMR. The 1H NMR spectrum (500 MHz, D2O, 298 K) showed

that two broad alkyl signals were upfield shifted to ca. 3.34
ppm with 2 eq. of NaOH and then to 3.17 ppm and 3.00 ppm
with 4 eq. of NaOH (Figure S13). No further change in the
chemical shift of these two peaks was observed with an extra
amount of the base, indicating that 4C-1 has been fully
converted to its neutral form. Similar observations have been
reported in related CB[6] rotaxanes and are ascribed to an
enhanced shielding of nearby methylene groups as the CB[6]
translocates to a different position upon the deprotonation.3,5

However, only a slight change in the chemical shift of the
triazole signal with a Δδ of 0.07 ppm and no significant spectral
change for the biphenylene protons were observed, showing
that the triazole is still included in the CB[6] cavity, and that
the CB[6]s did not translocate to the biphenylene although the
hydrophobic inclusion could be favourable. These observations
therefore suggest that the CB[6] may only slightly adjust its
position with no large-amplitude translocation on the central
macrocycle. Yet, the overall chemical environment of the CB[6]
in the neutral form of 4C-1 seems to be different than that of
the tetra-protonated form, with at least four distinct signals

Figure 4. Partial 1H NMR (500 MHz, D2O) spectra showing the biphenylene, triazole and CB[6] resonances of (a) tetra-protonated and (b)
neutral form of 4C-2 at increasing temperature. Energy barrier for the shuttling was calculated from the coalescence temperature of the
triazole signal.
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observed for Hz at ca. 5.39 ppm and a very different and more
complicated multiplet pattern was observed for Hx, these
spectral features are therefore suggestive of a different overall
conformation for the neutral form when compared to that of
the tetra-protonated form of 4C-1 (Figure S13).

The two CB[6]s are relative static with respective to the central
macrocycle despite the weakening of the CB[6]-triazole
interactions upon deprotonation. No noticeable change in the
chemical shift of the triazole resonance was observed and the
singlet remains at 6.40 ppm when the temperature was
increased up to 348 K (Figure S13). Considering the larger
hydrophobic surface of a biphenylene than that of a triazole,
CB[6] interactions with the biphenylene are likely to be
stronger than that with the triazole in the neutral form of 4C-1.
The low mobility of the CB[6] could therefore be kinetic in
origin,12b especially with the curved structure of [4]catenane,
the relatively narrow opening (3.9 Å) of the CB[6] than that of
β-CD (6.0 Å for the primary face and 6.5 Å for the secondary
face),16,17 and the presence of the hydrophilic tetra(ethylene
glycol) linkers between the two aromatic stations. With the
two CB[6] roadblocks remain on the central macrocycle,
shuttling of the β-CD over the two biphenylenes is also
prohibited with two sets of biphenylene signals observed up to
348 K. Similar to the tetra-protonated 4C-1, the faster β-CD
shuttling at a higher temperature has led to the resolution of
one of the uncoupled biphenylene signals, but the broad signal
was found to be completely resolved at a lower temperature
of 328 K (Figure 3b). The lower energy requires for the
exchange of the biphenylene in the neutral form than that in
the tetra-protonated form hence indicates the β-CD shuttling
is facilitated by the deprotonation which regulates the position
and tightness of the CB[6] roadblocks.

Similar modulation of the β-CD shuttling dynamics upon
deprotonation was also observed in 4C-2. Addition of 4 eq. of
NaOH resulted in an upfield shift of two alkyl signals to 3.17
ppm and 3.05 ppm (Figure S14), and no significant spectral
changes were observed for other resonances upon
deprotonation, except for the slightly better resolved multiplet
of Hx and a slight upfield shift of the triazoles by ca. 0.03 ppm.
These features are consistent with a slight adjustment of the
CB[6] positions in the neutral form of 4C-2 as in the case of 4C-
1. The triazole signals remain at ca. 6.42 ppm when the
temperature was increased to 348 K, indicating that the two
CB[6]s are still bound around the triazoles on the central
macrocycle (Figure 4b). The fast shuttling of β-CD resulted in
an averaging of the triazole chemical environment, and
coalescence of the triazole signals was observed at 318 K,
corresponding to a ∆G‡ of 16.7 kcal/mol that is lower than that
of the tetra-protonated form, and again is suggestive of a
facilitated β-CD shuttling upon deprotonation. Other spectral
changes due to a faster β-CD shuttling at an elevated
temperature are similar to those observed in the tetra-
protonated form of 4C-2.

Conclusions
In summary, dynamics of a pair of [4]catenane isomers that
contain both mechanically bonded CB[6] and β-CD in both the
protonated and neutral forms is described. The tightly bound
CB[6]s were found to define the path in which the β-CD can
shuttle on the central macrocycle, and therefore by
strategically positioning the biphenylene and diammonium
stations on the central macrocycle using appropriate building
blocks, [4]catenane isomers of different dynamic properties
are realized. In addition, it is shown that dynamics of the pH-
insensitive β-CD can be regulated through controlling the ion-
dipole interactions between the CB[6] and the central
macrocycle. This work thus demonstrates the potentials and
advantages of having different types of interlocked
macrocycles in which their different properties can be
deployed with a different role in a coordinated fashion (e.g.
CB[6] as the “roadblock” for regulation and β-CD as the
“vehicle” for shuttling), and that the interplay and
communication between the different macrocycles could allow
a higher level of control over the motions of the different
interlocked components. These findings will therefore be
implicated in the design and strategy of exploiting multi-
component, hetero[n]catenanes as structural elements of
molecular machines for more complex and complicated works.
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