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A simple, one-step, high-yield synthesis of a rotaxane and
pseudorotaxane based on cucurbituril and spermine is presented.
Various spectroscopic techniques and X-ray diffraction methods
were used to characterize the supramolecular species.

Rotaxanes are supramolecular species in which a cyclic
molecular 'bead’ is threaded by a linear chain having bulky end
groups (stoppers), which prevent dethreading of the 'bead'.!
Elegant studies on the synthesis of rotaxanes by Stoddart and
coworkers demonstrated how to construct such complex supra-
molecular species by self-assembly process.2-3 Cyclodextrins
have been used as 'beads' in the synthesis of rotaxanes in recent
years.43 None of the rotaxanes based on cyclodextrins,
however, has been characterized by X-ray diffraction methods
presumably due to difficulty in obtaining X-ray quality crystals.
Similar to cyclodextrins, cucurbituril 1 has a rigid structure with
a hollow core of ~5.5 A diameter, which is accessible from the
exterior by two carbonyl-fringed portals.6 As a cavitand it forms
host-guest complexes with aliphatic and aromatic mono- and
diammonium ions.” Its easy synthesis, rigid structure and
capability of holding guest molecules make cucurbituril a useful
candidate for a 'bead' in rotaxane synthesis; nevertheless, no
rotaxane based on cucurbituril has been reported yet. Taking
advantage of its high affinity for alkyl diammonium ions we were
able to synthesize a rotaxane in one step in a high yield. Thanks
to the power of a new CCD-based X-ray diffractometer we were
also able to characterize the rotaxane by X-ray crystallography.
Here we report the syntheses and X-ray structures of a rotaxane
and pseudorotaxane based on cucurbituril and spermine.

The construction of the rotaxane 3 was achieved in one step in
a high yield by threading 1 by spermine 2 and then attaching
dinitrophenyl groups to the both ends of the spermine molecule to
prevent dethreading (Scheme 1).8
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The rotaxane 3 was characterized by NMR, IR and mass
spectroscopy, and elemental analysis.” IH NMR spectroscopy
‘was particularly useful in characterization of 3. Each peak of the
NMR spectrum of 3 was assigned unequivocally by coupling
connectivity in 2D-COSY spectrum. The proton signals of the
internal methylene units of the spermine chain, which are placed
inside the cucurbituril cavity in 3, are shifted upfield upon
formation of -the rotaxane due to the strong shielding effect of
cucurbituril.

Figure 1. Structure of the rotaxane 3 (dication). Selective interatomic
distances (A): N(14)--0(1) = 4.208(11), N(14)--O(2) = 3.604(11),
N(14)---0(3) = 2.987(11), N(14)---O(4A) = 2.822(11), N(14)---0O(5A) =
2.977(11), N(14)---O(6A) = 3.895(11).

After numerous unsuccessful attempts the structure of 3 was
finally confirmed by X-ray crystallography with help of a CCD-
based X-ray diffractometer. An ORTEP drawing of 3, which
has a center of symmetry, is displayed in Figure 1. The rotaxane
dication has an expected connectivity. The cavitand deforms
moderately to accommodate the spermine thread. Diameter of the
cavitand decreases in the direction perpendicular to the mean
plane of the guest chain and increases in the direction of the plane
upon formation of the rotaxane: the longest and shortest cross-
cage diameters of the cavitand in 3 are 10.33(2) and 10.02(2) A,
whereas the average diameter of the 'empty’ cavitand is 10.06(1)
A.6¢) The deformation of the portals is also reflected in the
distances between two facing oxygen atoms across the portal in
the same manner. The two inside amine nitrogen atoms (N14
and N14A) are protonated to form hydrogen bonds with the
oxygen atoms at the cucurbituril portals. Distances between N14
and the oxygen atoms, however, indicate that the nitrogen atom
forms hydrogen bonds with three of them (03, O4A, and O5A),
but not with the rest (O1, O2 and O6A). The nitrogen atom is
located 0.06(2) A outside the mean plane of the six oxygen
atoms. The middle portion of the thread is fully extended;
however, the chain changes its direction almost 90° at C21. The
nitrogen atom N13 (and N13A) forms a strong hydrogen bond
with the ortho nitro group on the phenyl ring (N13---08 =
2.641(11) &) and a weak one with an oxygen atom (03) at the
portal of the cavitand (N13---03 = 3.110(11) A).

Crystals of the pseudorotaxane 4, in which the both ends of
spermine thread are converted to carbamates groups, were
formed when diethyl ether was layered over the solution
containing the inclu'sion complex of cucurbituril and spermine,
pH of which was adjusted to 8-9 by adding saturated sodium
bicarbonate solution.!0 The pseudorotaxane appeared to be
produced by the reaction of the terminal amines of spermine
moiety of the inclusion complex with bicarbonate. The structure
of 4 was determined by X-ray crystallography. 11

Figure 2 shows the structure of 4, which also has a center of
symmetry. Although the size of the terminal carbamate group
may not be large enough as a stopper, but its negative charge
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Figure 2. Structure of the pseudorotaxane 4. Selective interatomic
distances (A): N(14)--O(1) = 2.869(6), N(14)--0(2) = 2.878(6), N(14)--O(3)
= 3.180(7), N(14)---0(4A) = 3.961(7), N(14)---O(5A) = 4.257(6),
N(14)--0O(6A) = 3.347(7).

seems to prevent dethreading effectively. The core structure of 4
is very similar to that of 3. The cucurbituril cavitand deforms to
accommodate the spermine thread in the same manner as in 3.
Strong hydrogen bonding between the internal amine
(ammonium) nitrogen atoms and the oxygen atoms at the portals
are also evident in 4 . The packing diagram of 4 is shown in
Figure 3. One interesting thing to note is that the carbamate
groups of a pseudorotaxane molecule forms strong hydrogen
bonds with those of adjacent pseudorotaxane molecules
(N13--07A' = O7--N13A' = 2.905(7) A). The strong
intermolecular hydrogen bonds between the terminal groups of
the sperminedicarbamate threads link them head-to-tail to form an
1-D 'polymer’ in the solid state. This solid structure may be,
therefore, viewed as a 'polyrotaxane’ in which cucurbituril beads
are threaded by 'poly(sperminedicarbamate)’.

In conclusion, we present here a simple, one-step, high-yield
synthesis of a rotaxane based on cucurbituril and spermine by
taking advantage of the strong tendency of cucurbituril to form
host-guest complexes. with alkyl diammonium salts. Recent
advances in X-ray diffraction technology allowed us to determine
the crystal structure of the supramolecular species. This work
also demonstrates that cucurbituril may be used as a useful
alternative to cyclodextrins in supramolecular chemistry because
of its easy synthesis, rigid structure and capability of holding
guest molecules. Synthesis and structural studies of
polyrotaxanes and other supramolecular species based on
cucurbituril are currently in progress in our laboratory. '
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Figure 3. Packing diagram of the pseudorotaxane 4.
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