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ABSTRACT

Two ammonium ion/crown ether-based [2]rotaxane monomersseach incorporating (i) a dumbbell-shaped component, possessing an exchangeable
benzylic triphenylphosphonium stopper, and (ii) a ring component, bearing an aldehyde functionsundergo a sequence of Wittig reactions in
which the surrogate triphenylphosphonium stopper is exchanged for a ring component either (i) in the same rotaxane molecule to give cyclic
daisy chains by an intramolecular, chain-terminating reaction or (ii) in another rotaxane molecule to give acyclic daisy chains by an intermolecular
chain-propagating reaction.

The appeal of interlocked molecules1sthe so-called cat-
enanes and rotaxanesslies not only in their undoubted
aesthetically pleasing forms but also in their potentially
unique functions. No longer consigned to the ranks of
esoteric chemical curiosities, new generations of these
compounds are emerging as prototypical molecular devices.2

Indeed, their considerable impact in the molecular arena has
prompted researchers to extend the concept of the mechanical
bond3 into a macromolecular4 setting. The most extensively

studied examples to date are the polycatenanes5 and poly-
rotaxanes.6 However, within each of these general families,
it is possible to formulate many structural variations resulting
in a diverse range of polymeric architectures.7 “Daisy chains”
(Figure 1) represent one particular subclass of polyrotaxanes,
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Figure 1. Schematic representations of cyclic and acyclic daisy
chain architectures.A andB represent two conceptually different
retrosynthetic disconnections that apply tobothcyclic and acyclic
forms.8
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distinct from their siblings insofar as they do not possess a
continuous covalently bonded backbone.

Retrosynthetic analysis of a daisy chain polyrotaxane
reveals two plausible disconnections (A andB in Figure 1)
which correspond conceptually to two different synthetic
strategies (Figure 2).

RouteA relies initially upon the self-assembly9 of a self-
complementary monomersdesigned in such a way that its
recognition sites are compelled to interact in aninter- rather
than intramolecular fashionsfollowed by a “stoppering”
reaction to generate the mechanically interlocked daisy chain.
Although reports10 of “uncapped” daisy chains, i.e., pseudo-
polyrotaxanes,11 utilizing this noncovalent polymerization

protocol are already numerous, there are no instances
reported yet in which the post-assembly covalent modifica-
tion (i.e., stoppering) of these supramolecular edifices has
been described. In contrast, routeB requires the synthesiss
via supramolecular assistance3sof a [2]rotaxane bearing (i)
a reactive surrogate stopper at one end of the dumbbell-
shaped component and (ii) an appropriate functional group
appended to the ring component.12 This [2]rotaxane monomer
can then be polymerized in a more traditional covalent
fashion, affording daisy chain structures. We have recently
reported13 that a [2]rotaxane (I)scontaining14 a benzylic
triphenylphosphonium group as one of its stoppersscan
undergostopper exchange(Figure 3) via a Wittig reaction

with a suitably proportioned aldehyde (in this casep-tert-
butylbenzaldehyde) to afford a new [2]rotaxane (III).

Here, we report (i) the syntheses (Scheme 1) of two [2]-
rotaxane monomersseach possessing (a) an exchangeable
benzylic triphenylphosphonium stopper and (b) a formyl
group appended to one of the aromatic residues of the crown
ether componentsand (ii) their subsequent uses in daisy
chain-forming macrocyclizations.

The [2]rotaxanes7-H‚2PF6 and8-H‚2PF6 were prepared14

by the addition of triphenylphosphine to a CH2Cl2 solution
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Figure 2. Schematic representations of the two synthetic strategies
corresponding to theA andB disconnections (Figure 1) of daisy
chain structures.

Figure 3. A “reactive” [2]rotaxaneIsincorporating an exchange-
able stopper (*)sis converted, viaII, into the “inert” [2]rotaxane
III . The integrity of the mechanical bond is maintained throughout
the transformation, i.e., at no point can the ring component escape
from the dumbbell-shaped component around which it is trapped.
Reagents: (ii) HCl/H2O; (iii) NH4PF6/H2O; (iv) H2/PtO2/THF.

Scheme 1. Syntheses of the Two [2]Rotaxane Monomers (a)
7-H‚2PF6 and (b)8-H‚2PF6, Employing Crown Ethers with
[24]Crown-8 and [25]Crown-8 Constitutions, Respectively
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containing one or the other of the formyl-substituted crown
ethers (510d or 6) and the corresponding threadlike benzylic
bromide,3-H‚PF6 or 4-H‚PF6, respectively. The lower yields
of the [2]rotaxanes (52% for7-H‚2PF6 and 10% for8-H‚
2PF6), compared with those observed for the analogous
reactions performed with the unsubstituted “parent” crown
ethers (80% for DB24C814 and 32% for BMP25C815), can
be rationalized by the presence of the formyl moiety on the
crown ether component. Presumably, this electron-withdraw-
ing group reduces the basicity of the oxygen atoms in the
macrorings, thus lowering their affinities for the dibenzyl-
ammonium ion-containing threads.16 In both cases, the lower
yields obtained for the crown ethers possessing a BMP25C8
constitution reflect its poorer binding ability17 for secondary
dibenzylammonium ions than that of DB24C8.

X-ray quality single crystals of7-H‚2PF6 were obtained
upon slow evaporation of a CH2Cl2 solution that had initially
been layered with MeOH. The solid-state structure18 of the
[2]rotaxane7-H2+ (Figure 4) formed between the formyl-

substituted DB24C8 analogue5 and the dicationic dumbbell
is very similar to that of its unsubstituted counterpart.19 The
only major difference is in the torsional relationships between
the two phenylene rings and the plane of the CPhCH2NH2

+-
CH2CPh backbone in the dicationic dumbbell component.

Here, thetert-butylphenyl ring plane lies much closer (28°)
to the plane of the backbone than that in the unsubstituted
compound where the equivalent inclination is 54°. Stabiliza-
tion of the [2]rotaxane7-H2+ is via the usual combination
of [N+-H‚‚‚O] and [C-H‚‚‚O] hydrogen bonding (a-d in
Figure 4) andπ-π stacking between one of the phenylene
rings in the dication and one of the “catechol” rings of the
crown ether (centroid-centroid and mean interplanar separa-
tions of 3.78 and 3.47 Å; the rings being inclined by 5°).

The presence of the formyl groups is accompanied by
disorder in the crown ether component, with two slightly
sheared orientations of the uppermost “catechol” ring being
observed. There is also a small contraction, to 48°, of the
cleft angle between the two “catechol” rings. The position
of the formyl group is indeterminate; the crystals are
racemic20 and there is evidence for electron density in the
regions adjacent to both of the carbon atomspara to the
OCH2 substituents on both “catechol” rings. The highest
electron density (major occupancy site) is associated with
the “full-bonded” position illustrated in Figure 4. The only
inter[2]rotaxane interaction of note is aπ-π stacking of the
substituted “catechol” ring with itsCi symmetrically related
counterpart in another. The centroid-centroid and mean
interplanar separations are 3.77 and 3.60 Å, respectively.

Initial experiments designed to investigate the oligomer-
ization of the DB24C8-based [2]rotaxane7-H‚2PF6 were
performed in dilute solution in order to afford smaller
oligomers and hence facilitate product identification. Con-
sequently, a 5 mM CH2Cl2 solution of this monomer was
stirred for 3 d (Scheme 2) in the presence of NaH. Following

an acidic workup, characteristic signals arising from the CHO
and CH2P+Ph3 protons were observed in the1H NMR
spectrum, indicating that the reaction was not complete.
However, after subjecting this mixture to the same conditions
for a further 3 d,1H NMR spectroscopic analysis revealed
no signals for the resonances of either of these two sets of
diagnostic protons. This observationsi.e., the lack of any
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Figure 4. Solid-state structure of the [2]rotaxane7-H2+. The
hydrogen bond geometries are [X‚‚‚O], [H‚‚‚O] (Å), [X -H‚‚‚O]
(deg) (a) 3.05, 2.19, 161; (b) 2.95, 2.07, 166; (c) 3.29, 2.36, 162;
(d) 3.22, 2.27, 167.

Scheme 2. Cyclization of the 24C8-Based Monomer7-H‚2PF6
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end groupsssuggested the formation of cyclic rather than
linear daisy chains and was corroborated when the FAB-
MS analysis revealed only the presence of cyclic monomers
(n ) 1) and dimers (n ) 2), [c1]- and [c2]daisy chains,
respectively.

Interestingly, the cyclic dimeric daisy chain can exist in
numerous isomeric forms as a consequence of (i) the
possibility of generatingcis or trans olefins in the Wittig
reaction in addition to (ii) the racemic nature of the starting
material.21 Unfortunately, however, these subtle stereochem-
ical differences result in a mixture of inseparable compounds.
To simplify the situation, further studies have been conducted
with the achiral BMP25C8-based [2]rotaxane8-H‚2PF6.
Once again, the Wittig macrocyclization of this monomer
(Scheme 3) was conducted at 5 mM, following exactly the

same protocol as that described previously for7-H‚2PF6.
Following protonation (1 N HCl) and anion exchange (NH4-
PF6/H2O), the crude reaction products were precipitated from
CH2Cl2 solution with Et2O. The white solid was collected
(ca. 50% mass recovery) and shown by FAB-MS analysis
to contain mainly cyclic dimers and some cyclic trimers
i.e., [c2]- and [c3]daisy chainssrespectively. However, the

Et2O-containing fraction was also found to contain daisy
chain compounds which were separated by column chroma-
tography into two products.1H NMR spectroscopic and FAB-
MS analyses proved these isolated products to be (i) the
isomerically pure [c2]daisy chain in which both olefinic
bonds arecis and (ii) the acyclic22 [a1]daisy chain.

By fashioning [2]rotaxane monomerssin which comple-
mentary reactive sites are positioned judiciously in both the
dumbbell and ring componentsswe have demonstrated that
the concept of stopper exchange13 can be exploited for the
construction of oligomeric daisy chain compounds. Initially,
the Wittig macrocyclizations have been conducted at rela-
tively low concentrations (5 mM) in order to facilitate
product characterizations and therefore provide proof of
principle. However, now that the paradigm has been estab-
lised, investigations of the oligo/polymerization of these [2]-
rotaxane monomers at much higher concentrations are being
pursued in an effort to generate larger daisy chain polyro-
taxanes.
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Scheme 3. Cyclization of the 25C8-Based Monomer8-H‚2PF6
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