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ABSTRACT

The application of a template effect to the classical Michael addition of heteronucleophiles to various Michael acceptor systems leads in good
yields to a new trapping synthesis of [2]rotaxanes with conjugated functional groups in their axles.

Rotaxanes and catenanes are molecules that consist of
noncovalently interlocked building blocks. They are of
current interest as model systems for molecular recognition
and as precursors for molecular devices.1 Efficient rotaxane
syntheses make use of template assistance based on a
molecular recognition process of the reacting components.2

Template effects support the preorganization of the reactants
by hydrogen bonding, hydrophobic and donor-acceptor
interactions, or metal coordination.3 A recent improvement
in rotaxane syntheses was the development of an anion

template process which led to generally high yields of [2]-
and [3]rotaxanes with ether, ester, and other axles via
nucleophilic substitution reactions.4 This encouraged us to
extend this template effect to other essential reactions in
organic chemistry. Here we report on the successful applica-
tion of anion template synthesis to the Michael addition of
heteronucleophiles to various Michael acceptors. This allows
creation of rotaxanes with conjugated functional groups in
their axles.5

First we synthesized semiaxles based on acrylic (2) and
propiolic acid motifs (3) (Figure 1). These Michael acceptors

were then to be reacted with tritylphenolate (1a) or tritylthio-
phenolate (1b) anions in the presence of the tetralactam wheel
4 under basic conditions as shown in Scheme 1.6 For the
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formation of the crucial supramolecular nucleophiles7 [1‚
4], nonpolar solvents such as dichloromethane or chloroform,
high concentrations, and room temperature are favorable.
According to NMR experiments, molecular recognition
through hydrogen bonds is almost quantitative under these
conditions.4a

For comparison we first performed the addition of the
stoppers to the semiaxles in the absence of the wheel4.
Neither of the stoppers1 yielded the corresponding free axle
with the acrylic acid derivatives2. However, the phenolate
1a formed7a with the more electrophilic propiolate3a in
41% yield. Phenolate1a did not react with the less reactive
propiolamide3b. p-Thiophenolate1b, which is the stronger
nucleophile, was added to both propiolic acid derivatives to
give 24% and 53% yields, respectively (Table 1). The same

chemical selectivities were observed in the presence of the
wheel 4 leading to the rotaxanes6, but with somewhat
reduced yields (13-35%). Again, no reaction was observed
with the acrylic acid derivatives2 nor did1a react with3b.

The higher yield of rotaxane6c as compared to those of
6a and 6b might in part result from hydrogen bonding
between the amide group of the semiaxle3b and the amide
groups of the wheel4 in addition to the host/guest interac-
tions of the wheel4 and the thiolate1b.8

In analogy to the base-catalyzed hetero-Michael addition
described in the literature,9 the addition of the oxygen
nucleophile1a to propiolate3a resulted mainly in (E)-7a
while with the sulfur nucleophile1b (Z)-adducts were
preferably formed (Table 1). The isomers could be easily
distinguished by the1H NMR coupling constants of the
olefinic protons. Integration of the signals of the free axle
7a revealed an (E/Z) ratio of 63:37 (3J(E) ) 12.1-12.2 Hz,
3J(Z) ) 8.5-8.6 Hz) whereas7b was isolated with an (E/Z)
ratio of 29:71 (3J(E) ) 15.1-15.2 Hz,3J(Z) ) 9.8-10.2 Hz
71-78%).7c was formed exclusively as the (Z) adduct in
the reaction of1b with 3b.10 In all cases the ratios of the
corresponding rotaxanes were very similar to those of the
free axles. This means that despite the steric hindrance of
the supramolecular nucleophiles [1‚4], there seems to be no
significant control of the (E/Z) selectivity by the wheel4.
This is particularly remarkable in the case of the (Z)-only
addition of [1b‚4] to 3a.

Using dichloromethane instead of chloroform as the
solvent, we isolated the corresponding acetal[2]rotaxanes8
bearing a methylene unit in their axles as byproducts with
yields of 81% (8a) and 23% (8b)(Scheme 2).11

The attempted catalytic hydrogenation of6a with Pd/C
did not lead to the desired [2]rotaxane with an aliphatic axle
5a. Instead the axle was cleaved intop-tritylphenol1a and

(4) (a) Hübner, G. M.; Gläser, J.; Seel, C.; Vögtle, F.Angew. Chem.,
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Lett. 1999, 223-224.
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of the wheel4, whose hydrogens are pointing toward the cycle’s center, as
shown by X-ray structure analyses: (a) Fischer, C.; Nieger, M.; Mogck,
O.; Böhmer, V.; Ungaro, R.; Vögtle, F.Eur. J. Org. Chem.1998, 155-
161. (b) See also: Adams, H.; Carver, F. J.; Hunter, C. A.; Osborne, N. J.
A. Chem. Commun.1998, 2449-2450. (c) Clegg, W.; Gimenez-Saiz, C.;
Leigh, D. A.; Murphy, A.; Slawin, A. M. Z.; Teat, S. J.J. Am. Chem. Soc.
1999,121, 4124-4129.

(8) For the binding of amides by hosts such as4, see ref 7b and Seel,
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Scheme 1. Synthesis of [2]Rotaxanes via Michael Addition

Table 1. (E/Z) Isomer Ratio in Percent of the Free Axles7
and the [2]Rotaxanes6

Michael adduct yield [%] (E/Z) ratio [%]

7a 41 63:37
7b 24 29:71
7c 53 0:100
6a 13 66:34
6b 19 22:78
6c 35 0:100

Scheme 2. Synthesis of the Acetal[2]rotaxanes8
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p-tritylphenyl propionate under the more vigorous reaction
conditions (60 °C, 3.5 bar) required. Also, as already
observed with other rotaxane systems, the double bond of
the rotaxane reacts more slowly as compared to the double
bond in the corresponding free axle.12

In conclusion, it is possible to use hetero-Michael addition

for the trapping syntheses of [2]rotaxanes and to improve
and extend the scope of a new synthetic approach to
supramolecular systems. In addition to the previously
reported substitution reactions of benzyl bromides or car-
bonyl chlorides with anionic heteronucleophiles, this new
template synthesis opens new possibilities for rotaxane
syntheses and provides the basis for further developments
of hitherto unknown template-controlled formations of ro-
taxanes, catenanes, and knots.
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