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A Double-chained Polyrotaxane: Cucurbituril ‘Beads’ Threaded onto
a Double-chained One-dimensional Coordination Polymer†
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The synthesis of interlocked molecules1 such as rotaxanes
and catenanes has attracted considerable interests in recent
years because of their potential applications as well as their
aesthetic appeal. Some years ago, we developed a new
synthetic methodology to construct polyrotaxanes using the
principles of self-assembly and coordination chemistry, and
successfully synthesized one-, two- and three-dimensional
(1D, 2D and 3D) polyrotaxanes with high structural
regularities in the solid state.2,3 Extending this approach we
also synthesized molecular necklaces (MN) in which a
number of small rings are threaded on a large ring.4 Four and
five-membered molecular necklaces ([4]MN and [5]MN,

respectively) have been synthesized in a near quantitative
yield without laborious purification.5 Using a “2+2”
approach,5b we also synthesized a five-membered molecular
necklace ([5]MN) from the reaction of a preorganized L-
shaped pseudorotaxane and transition metal ions. However,
the reaction of the L-shaped pseudorotaxane and metal ions
also produced other novel supramolecular species such as
“square-wave-shaped” 1D polyrotaxanes.2f Herein we report
another new type of supramolecular species, a double-
chained one-dimensional (1D) polyrotaxane synthesized
from the reaction of the L-shaped pseudorotaxane and metal
ions (Scheme 1).
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Scheme 1. Schematic illustration for synthesis of a double-chained one-dimensional polyrotaxane 3.

Scheme 2. Synthesis of the double-chained one-dimensional polyrotaxane 3 and the zigzag-shaped one-dimensional polyrotaxane 4.
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The synthesis involves initial formation of the pseudo-
rotaxane 2 by threading two cucurbituril (CB[6]),6 ‘beads’
onto the ‘L-shaped string’ 1 containing two pyridyl groups at
the terminals for metal coordination. Formation of the
double-chained polyrotaxane 3 is achieved in the form of
colorless crystals when Cd(NO3)2·6H2O is allowed to react
with 2 in water at room temperature for two weeks
(Scheme 2). The X-ray crystal structure of 3 reveals a
double-chained 1D polyrotaxane in which CB[6] beads are
threaded onto a 1D double-chained coordination polymer
network (Figure 1a). The asymmetric unit of 3 consists of
two different cadmium ions, Cd(1) and Cd(2), one
pseudorotaxane (2) moiety, and five coordinated water
molecules. Cd(1) is coordinated by two nitrogen atoms of
the phenanthroline unit and four water molecules in a
distorted octahedral geometry. Cd(1) is displaced by
approximately 0.87 Å from the mean plane of the
phenanthroline unit to avoid repulsion from the side arms of
threaded CB[6]s leading to a distorted octahedral geometry.
Hydrogen bonding interactions exist between the water
molecules bound to the cadmium ion and the oxygen atoms

of CB[6] with a distance ranging from 2.76 Å to 2.96 Å.
Cd(2) is situated at an inversion center with coordination
from two nitrogen atoms of two pyridyl units of 2 and one
water molecule in the asymmetric unit. Thus, the metal ion is
bonded to four pyridine nitrogen atoms occupying the
equatorial positions, and to two water oxygen atoms
occupying the axial positions.

A close examination of the structure reveals that a tetra-
gonal, five-membered molecular necklace [5]MN composed
of four cadmium ions and two pseudorotaxanes constitutes a
basic building block of the 1D polyrotaxane (Figure 1b). The
corners of the supramolecular tetragon are occupied by two
types of cadmium ions, viz., Cd(1) and Cd(2) both of which
show octahedral coordination. The basic building block,
[5]MN, is better described as a rectangular unit with
dimensions of about 17.61 × 17.57 Å corresponding to the
distances from the center ring of the phenanthroline to the
cadmium ions. The double-chained 1D polyrotaxane (3) is
formed by the connection of [5]MN through the cadmium
ions and runs along the [1 0 1] direction. The double-chained
1D polyrotaxane also forms π-π stacking with each other
with a mean separation of 3.37 Å between one phenan-
throline unit and adjacent phenanthroline unit.

In this approach, however, the metal ion plays an
important role in forming the ultimate structure at least in the
solid state. Under similar conditions, nitrate salts of other
transition metal ions such as Co2+, Ni2+, Zn2+ and Ag+ do not
yield a double-chained 1D polyrotaxane. Instead, they afford
simple 1D polyrotaxanes. For example, the reaction of 2 and
Co2+ in aqueous phase yields a zigzag-typed 1D-poly-
rotaxane (4) as confirmed by X-ray crystallography (Figure
2). As shown in Scheme 2, the cis coordination of two
pyridyl units of 2 to the metal center makes the polymer
chain a zigzag shape. In the crystal, the coordination
polymer chain runs along the a axis and forms π-π stacking
between adjacent phenanthroline units, but the efficiency of
π-π stacking looks weaker than that of the double-chained
1D polyrotaxane (3).

In summary, we present an efficient synthesis of a double-
chained 1D polyrotaxane built with a molecular necklace
[5]MN as a basic building block using a preorganized L-
shaped pseudorotaxane and a metal ion. Here, as well as in
our earlier work, we demonstrate that such topologically
intriguing supramolecular species can be readily assembled
from carefully designed organic building blocks and
properly chosen metal ions or complexes.

Figure 1. (a) A crystal structure of 3 showing a double-chained 1D
polyrotaxane. (b) A five-membered molecular necklace ([5]MN)
behaves as a basic building block of 3.

Figure 2. A crystal structure of the zigzag-shaped one-dimensional polyrotaxane 4.
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Experimental Section

3. A 0.003 M solution of pseudorotaxane 2 in H2O was
layered over a 0.3 M solution of Cd(NO3)2 in H2O in a
diffusion tube to produce colorless, plate-shape, X-ray
quality crystals (3) in 2 weeks (27 mg, 14%). Elemental
analysis calcd for C212H236N126O90Cd3·47H2O: C 35.49, H
4.63, N 24.60; found: C 35.46, H 4.68, N 24.52.

4. Pale purple, plate-shape, X-ray quality crystals of 4
were prepared by the same procedure as that for 3 except
that Co(NO3)2 instead of Cd(NO3)2 was used (36 mg, 37%).
Elemental analysis calcd for C106H118N64O48Co2·25H2O: C
35.12, H 4.67, N 24.73; found: C 35.03, H 4.56, N 24.78.

Crystal data for 3: C106H206N63O89Cd1.5, Mr = 3955.94,
triclinic, space group P(-1) (No. 2), a = 14.3457(3) Å, b =
23.8120(7) Å, c = 24.5626(4) Å, α = 82.3422(4)°, β =
77.1756(10)°, γ = 83.1308(9)°, U = 8073.0(6) Å3, T = 188 K,
Z = 2, µ (Mo-Kα) = 0.328 mm−1; 2302 unique reflections
measured; R1 (I > 2σ(I)) = 0.0995, wR2 (all data) = 0.2664,
GOF = 1.156. For 4: C106H184N64O86Co2, Mr = 3849.03,
monoclinic, space group P21/c (No. 14), a = 23.4338(2) Å, b
= 14.7211(3) Å, c = 44.7781(8) Å, β = 90.8740(10)°, U =
15445.4(4) Å 3, T = 188 K, Z = 4, µ (Mo-Kα) = 0.347 mm−1;
2415 unique reflections measured; R1 (I > 2σ(I)) = 0.0973,
wR2 (all data) = 0.2777, GOF = 1.061. The intensity data
were collected with a Siemens SMART CCD diffractometer
using monochromated Mo Kα radiation (λ(Kα) = 0.71073
Å). The structures were solved by the Patterson method
(SHELXS-86) and refined by full-matrix least-squares
method (SHELXL-93). All nonhydrogen atoms were refined
anisotropically. Crystallographic Data for the structures
reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publications no. CCDC-167554 (3) and CCDC-168282 (4).
Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.
ac.uk).
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