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A water soluble [6]catenane consists of two interlocking [3]catenane was synthesised in 91% yield using readily accessible

precursors. The new strategy features the simultaneous use of orthogonal Cu’-phenanhroline and CB[6]-ammonium
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interactions for preorganising the precursors and the efficient CB[6]-catalysed azide-alkyne cycloaddition as the bond

forming reactions for ring closing, such that high structural complexity and fidelity of the products is resulted without

compromising interlocking efficiency. A related [4]catenane with three different types of macrocycles was also obtained in

good yield.

Introduction

Catenanes have long been attracting research interest because
of their unique stereochemistry, structural complexity and
mechanical properties that are associated with their non-trivial
topology. Despite the rapid development of different assembly
strategies towards various interlocked molecular topologies,
only the simplest Hopf link (two interlocked macrocycles with
one crossing) is recently considered to be straightforwardly
accessible.”> While some examples of entwined catenanes
with more molecular crossings (e.g. Solomon Links® and Star of
David [2]catenane4) are recently reported, [n]catenanes with
multiple number of interlocked macrocycles still remains a
synthetic challenge. The low number of interlocked
macrocycles also limits the available type of topoisomers of
different ring connectivity (e.g. linear, branch, radial, circular...
etc., Scheme 1) of the [n]catenanes, with the radial
[n]catenanes that have n-1 rings interlocked on one large
central macrocycle being the most common. The largest
discrete [n]catenanes that have been isolated and
characterised to date is a [7]catenane, and only a handful of
[n]catenanes (n>5) have been reported.l"r"14 The synthesis of
these [n]catenanes usually requires special reaction conditions
and/or specific precursors and templates, and the yields are
often modest. For example, the first [7]catenane reported by
Stoddart and co-workers was assembled by m donor-acceptor
templation under an ultrahigh pressure of 12 kbar in 27%
yield, along with a series of related [4]-, [5]- and [6]catenanes.5
More recently, Nitschke and Sanders have reported an
equilibrating system of tetrahedral metallocages with the six
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n-deficient edges interlocked with different numbers of
complementary m-rich macrocycles, in which the formation of
the [7]catenaned cage is favoured by shifting the equilibrium
with a large excess of the m-rich macrocycle.®
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Scheme 1. Some topoisomers of a [6]catenane with different
ring connectivity: branch (A-C), linear (D), radial (E) and
circular (F) [6]catenanes. In this work, only isomer A was
obtained.

Efficient strategies that are facile, general, controllable and
applicable to [n]catenanes that contain more interlocked
macrocycles, different interlocking topology and ring
connectivity are yet to be developed and will be necessary if
the distinct properties of catenane are to be developed into
new molecular machines or incorporated into functional
materials."™® We anticipated that using more than one type of
orthogonal supramolecular interaction as template,15 in
conjunction with highly efficient bond forming reactions, could
independently and simultaneously interlock multiple
macrocycles without compromising interlocking efficiency and
simplicity in the precursor design. More importantly, products
with fewer number of interlocking rings and other topological
isomers can be minimised and therefore could give the desired
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[n]catenanes in good yields. Here we describe a new strategy
that combines Cu'-phenanthroline coordination®® and the ion-
dipole and hydrophobic interactions between ammonium and
cucurbit[6]uril (CB[6])17 with the CB[6]-catalysed azide-alkyne
cycloaddition18 as a ring-closing reaction to obtain a rare
[6]catenane and a related [4]catenane with three different
types of macrocycles in 91% and 84% yield, respectively.

Results and Discussion

The [6]catenane C6, consists of two interlocking [3]catenanes,
was synthesised by dropwise addition of 45 ml of a 1 mM
solution of the diazide-CB[6] complex [2cCB[6],] in 0.2 M ag.
HCl to an equal volume of a 0.5 mM solution of the alkyne-
functionalised Cu'-phenanthroline complex [Cu(1),][PF¢] in
DMF at 60°C over two hours, followed by stirring of the
reaction mixture at the same temperature for two days
(Scheme 2). LCMS analysis of the crude product mixture in
solution revealed the formation of C6 in 91% yield along with
7% of the [3]catenane C3 as determined by the corresponding
peak areas in the chromatogram.19 The latter can also be
obtained in 85% from a similar reaction of 1 and 2 in the
absence of Cu® (see ESI for details). Both €6 and €3 (and C4,
vide infra) are water soluble in the form of chlorides, and their
water solubility offers good opportunities for studying the
unique mechanical motions of catenanes conferred by the
aqueous environment which have not yet been extensively
studied.”® Also, the branch structure of C6 represents a rare
form of ring connectivity for high order [n]catenanes when
compared to the more common radial [n]catenanes.7'13’21
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ESI-MS analysis of C6 shows a series of peak clusters that are
consistent with the molecular formulae of C6 in charge states
of +5 to +8 (Fig. 1a). In addition, it is found that the peak at
m/z = 915.5, which corresponds to the 7+ ion, has the
strongest intensity, suggesting that the most abundant and
stable form of the Cu'-coordinated [6]catenane under the ESI
condition is the one with six of the eight secondary amines
being protonated. Nevertheless, under the acidic condition
used in the synthesis of C6, it is likely that all the secondary
are protonated and the ion-dipole interactions
between the ammonium and CB[6] are maximised for the
CB[6]-catalysed click reactions. HRMS analysis of the peak at
m/z = 915.5 (the 7+ ion) showed an isotopic pattern that is
consistent with the expected molecular formula of the
catenane (Fig. 1b). The interlocked structure of C6 was
confirmed by Ms? and MS? experiments. Fragmentation of the
peak at m/z = 801.3 resulted in fragments correspond to C3
(m/z = 793.1) and its smaller fragments. Further fragmentation
of the peak at m/z = 793.1 produced a ms? spectrum that is
consistent with the MS® spectrum of C3, supporting that C6 is
composed of two interlocked €3 (Fig. 1c and 1d). It is noted
from both the MS® and MS? spectra of C6 (and MS> of €3, Fig.
S397) that the binding of CB[6] to the ammonium is so strong

that the pseudorotaxane fragments are stable enough to be
22

amines

observed under the MS" conditions.

A sample of C6 purified by preparative HPLC was further
characterised by NMR spectroscopies (1H, 13C{IH}, COsy,
NOESY and DOSY). The H spectrum (400 MHz, D,0, 298 K) of
C6 shows one set of resonances, indicating a highly
symmetrical structure of C6 in aqueous solution. While the 'y

C6,91%

C3,85%

Scheme 2. Assembly of €3 and C6. Structures of C6 and €3 are shown as the +7 and +3 ions which are the most abundant and stable forms

of the catenanes as observed in the ESI-MS studies. Other protonation states of the catenanes are also observed in the MS studies.

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




==iChemical Science =1+

Journal Name

resonances from the CB[6] in C6 may be obscured by the
resonances of other aliphatic protons in the molecule and that
the four inequivalent chemical environments of the CB[6]
methylene protons can only be vaguely observed in the 'y
spectrum, the *C{’H} spectrum of C6 clearly shows the two
different chemical environments of the carbonyl (at 156.3 and
156.5 ppm) and methylene (at 51.4 and 51.7 ppm) carbons,
which are the result of the interlocking of the CB[6] on the
unsymmetrical triazole (Fig. $34t). In addition, all the ‘*C
resonances of the CB[6] carbons (156.5, 156.3, 70.4, 51.7 and
51.4 ppm) in €6 are upfield shifted by ca. 4 ppm when
compared to that of the guest-free CB[6] (160.0, 74.2 and 55.3
ppm),”* further confirming the interlocking of the macrocycle
on the [6]catenane. Comparing the 'H spectra of €6 and C3,
the phenylene protons of €6 are upfield shifted by 0.59 and
1.14 ppm, while the phenanthroline protons are downfield
shifted by 0.26, 0.24 and 0.29 ppm, suggesting close proximity
of the phenylene and phenanthroline units with an edge to
face orientation (Fig. 2). These chemical shift changes are
comparable to those observed between the phenanthroline
ligand 1 and the cu' complex [Cu(1),][(PFs)] (Fig. S37t),
showing the presence of the same Cu'-phenanthroline
coordination motif in C6. On the other hand, the triazole
protons of €6 and €3 at 6.31 and 6.23 ppm, respectively, are
significantly upfield shifted when compared to that of the
reference compound which lacks the CB[6] binding at 7.72
ppm (Fig. S20t), consistent with the inclusion of the triazole in
the cavity of CB[6] in both €6 and €3."® The close proximity
between the phenylene and phenanthroline units in C6, and
that between the triazole and CB[6] is also supported by the
corresponding NOE cross peaks in the 2D NOESY spectrum (Fig.
3). Careful analysis of the 'H spectrum of C6 revealed the
presence of a minor species. Further LCMS analysis of the
isolated €6 sample from preparative HPLC showed a minor
portion of the Cu® in €6 was decomplexed from the
[6]catenane, suggesting that the set of minor resonances is
due to the copper-free €6 (Fig. S5at). Diffusion ordered
spectroscopy (DOSY) experiment showed both sets of
resonances have the same diffusion coefficient (log D = —9.93),
further supporting the assignment of the minor component to
the metal free form of the [6]catenane, as both the Cu'-
complexed and Cu’-free forms of €6 are expected to have
similar size and hydrodynamic volume (Fig. 2c). Attempts to
obtain a pure sample of the copper-free C6 by treating the
Cu'-containing €6 with common demetalating reagents (e.g.
CN’) were unsuccessful. The required alkaline medium is
incompatible with the solubility of €6 so that the latter
precipitated from the aqueous solution and the demetallation
reaction could not be performed.”

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a) ESI-MS spectrum of C6; (b) HRMS of the peak at m/z =

915.5 (left: experimental; right: simulation); (c) the Ms? and (d)
MS? spectra of C6.

(a) €3 FA

(b) C6
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Fig. 2 Partial "H NMR (400 MHz, D,0, 298 K) of (a) €3 and (b)
C6. 'H from the phenanthroline, naphthalene, phenylene and
triazole units are labelled with Hphen, Hon, Har and Hyg
respectively. Resonances from the copper-free €6 are labelled
with *. Signals at ca. 8.3 ppm are assigned as the residual
formate (FA) from preparative HPLC (see Sl for details); (c)
Partial 2D DOSY (500 MHz, D,0, 298 K) of C6.
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Scheme 3. Assembly of C4. Its structure is shown as the +5 ion which is the most abundant and stable form as observed in the ESI-MS

study.

Formation of topological isomers, including those with
different number of interlocking macrocycles or different
interlocking pattern, connectivity or topology, other than the
target [n]catenane that leads to low yield and difficult
purification process is one main reason for the low efficiency
of [n]catenane assembly. Notably, the use of the CB[6]-
catalysed azide—alkyne cycloaddition to ring-close the
precursors in our strategy not only resulted in a good yield of
C6 due to its high efficiency in bond formation and ring-
closing, but the prerequisite CB[6] binding for ring-closing also
simultaneously ensures that the macrocycle will be interlocked
and therefore minimise the formation of other catenanes with
less interlocked macrocycles. While CB[6]-catalysed reaction
has been employed to obtain rotaxanes, its application to
cyclise and synthesise catenanes has not yet been
demonstrated as far as we are concerned.’® In addition, the
use of different orthogonal interactions as templates also
directs the macrocycles to their designated interlocking site
with good fidelity. Formation of [6]catenanes other than C6
with different topology or connectivity pattern is minimised.
Only the branch structure with one cross-point for each
interlocking pair of the macrocycles was identified. Moreover,
the flexibility of the diazide 2, in conjunction with the dilute
condition used for the macrocyclisation reaction, also favours
only the [1+1] cyclisation that leads to €6 but not other higher
order [n]catenanes with larger macrocycles derived from other
cyclic oligomers (Fig. S3F). Taken together, all these effects
help suppress the formation of undesired topological isomers
other than €6 and mark the effectiveness of our strategy in its
synthesis.

The presence of the 1 rich dioxynaphthalene units in C6 (and
C3) offers an opportunity to further interlock a m deficient
macrocycle to give a higher order [n]catenane. Introduction of
the m-deficient cyclobisparaquat(p-phenylene) (CBPQT‘H)
macrocycle to the CB[6]-catalysed click reaction between 1
and 2, however, did not result any higher order [n]catenane
but only C3 and the free cspQT" macrocycle (Fig. S47). The
failure to incorporate cBPQT" into any cyclised product is

4| J. Name., 2012, 00, 1-3

probably due to the repulsive Columbic interaction between
CBPQT™ and 2 under the acidic reaction condition which
prohibits the formation of the charge transfer complex (see ESI
for details). On the other hand, the compatibility of cu-
phenanthroline coordination and CB[6]-ammonium binding as
demonstrated by the successful synthesis of C6 prompted us
to study and diversify the use of other phenanthroline building
blocks to synthesise other interlocked structures. Following a
similar procedure, CB[6]-catalysed click reaction between 2
and the heteroleptic complex [Cu(1)(3)][(PFe¢)] afforded the
[4]catenane C4 in 84% yield as demonstrated by LCMS analysis
of the crude product mixture (Scheme 3). Data from MS, MS"
and NMR studies (Fig. 3, S28-32, S40F) on C4 are all consistent
with the expected [4]catenane structure with three different
types of macrocycles interlocked in a radial fashion. The two
inequivalent chemical environments for the phenanthroline
and phenylene units due to the unsymmetrical coordination
environment can be clearly observed and identified from the
2D COSY spectrum (Fig. 3). [n]Catenanes with three or more
types of macrocycle are not common.® Correctly positioning
the different macrocycles by using orthogonal templates is one
of the keys to the successful synthesis of the [4]catenane, or
otherwise other topological and/or positional isomers will
result. Incorporation of different types of macrocycle into a
single [n]catenane will facilitate further functionalisation with
good selectivity and/or integration of the interlocked
compound into different materials. The successful syntheses of
C4 and C6 demonstrate that the present strategy is effective
and modular. By proper design of the precursor building blocks
and control of the reaction conditions, two different high
order [n]catenanes (C4 and C6) can be facilely and selectively
obtained. The strategy is controllable and could be easily
extended to other interlocked structures with different
number of interlocking macrocycles and connectivity.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Partial COSY (500 MHz, D,0, 298 K) of C4. Correlations
within the two inequivalent phenanthrolines and phenylenes
are highlighted by dash lines.

Conclusions

In summary, a new strategy that employs orthogonal
supramolecular interactions (metal-ligand coordination, ion-
dipole and hydrophobic interactions) and efficient bond
forming reaction (CB[6]-catalysed click) to preorganise and
construct multi-macrocyclic [n]catenanes has been successfully
demonstrated by the efficient syntheses of the [3]-, [4]- and
[6]catenane, €3, C4 and C6. Their syntheses are highly facile
and the yields are good (>80%). This modular approach to
[n]catenane will serve not only as a starting point to a general
synthetic method that can be extended to higher order
[n]catenanes with more interlocked macrocycles and different
topological patterns of the interlocking macrocycles, but also
the new interlocked molecules could be novel candidates for
development of new functional molecular materials that are
based on the unique mechanical properties and structural
complexity of the [n]catenanes. Further studies to extend our
strategy to other high order [n]catenanes with more
interlocked rings and/or different interlocking topologies and
connectivity pattern in a predictable and controllable way, and
subsequent studies on their molecular motions are currently
underway.
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