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Some time ago it was recognized that certain chemically
achiral molecules1 possess the curious property of being
composedentirely of asymmetric conformations and that
conformational enantiomerization must therefore take place
exclusiVely by chiral pathways.2a The following year saw the
actualization of the first molecule of this type, with the synthesis
of (1R)-menthyl (1S)-menthyl 2,2′,6,6′-tetranitro-4,4′-diphenate
(1).2b Since that time, other examples of this type have been
reported, including asymmetric molecular propellers, whose
enantiomerization by the two-ring flip mechanism involves an
exclusively chiral pathway,3 and certain bis(9-triptycyl)methane
derivatives, in which the two triptycyl groups behave as highly
mobile and tightly meshed bevel gears.4 We now report the
first example of a molecule, the [2]catenane2 depicted in Figure
1, that not only shares the stereochemical characteristics of1
but whose molecular graph, unlike that of1 and other molecules
of this type, is rigidly (geometrically) chiral in every possible
presentation.5 The ring containing thep-tolyl-substituted 1,-
10-phenanthroline is oriented, thanks to the asymmetric posi-
tioning of the substituent. The ring containing the 1,5-
dioxynaphthalene, however, is not oriented because it can attain
a conformation withC2 symmetry. Catenation of the oriented
with the nonoriented ring destroys theC2 axis in the latter. All

achiral presentations available to each of the component rings
in isolation haveCs symmetry, but theσ planes of the two
components cannot become coplanar in the catenated state. It
follows that every conceivable presentation of the [2]catenaneis
asymmetric. As shown in Figure 1, the mirror image of an
asymmetric conformation is obtained by rotation of the 1,5-
dioxynaphthalene plane by 180°. All chemically accessible
conformations encountered along this or any other enantiomer-
ization pathway, as well as all topologically accessible presenta-
tions, are asymmetric. The time-averaged symmetry of2 is
Cs, which expresses the chemical achirality of the molecule,
even though no individual conformation or presentation of the
molecule can possibly belong to this point group.6

The [2]catenane is properly characterized as a molecular
“topological rubber glove”.7 Seeman’s figure-eight knot made
from single-stranded DNA,8 which has been similarly character-
ized,9 is incapable of attaining chemical achirality.10 Therefore,
from a stereochemical perspective,2 has no precedent and is
in a class of its own. Furthermore, while it has long been
recognized that certain knots and graphs are topologically achiral
but not rigidly achiral,11 2 represents the first example of a link
in this class.
The synthesis of2 is summarized in the scheme of Figure 2.

Reaction of macrocycle312 with [Cu(MeCN)4]PF6, followed
by threading of diiodide413 at room temperature under
argon, afforded precatenate [(3,4)Cu]PF6 in quantitative yield.
This complex was mixed with 1,5-dihydroxynaphthalene (5),
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Figure 1. Enantiomorphous conformations of [2]catenane2. Unmarked
vertices represent C, CH, or CH2 groups. The enantiomorphs are related
by the mirror plane (m) and are interconverted by rotation of the 1,5-
dioxynaphthalene moiety about the C-O bonds (arrows).
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and the resulting solution was added slowly to a suspension of
cesium carbonate in DMF at 60 ˚C under argon.14 After
counterion exchange and chromatography, catenate [2Cu]PF6
was obtained in 35% yield. Demetallation to the catenand2
was achieved by treatment of an acetonitrile solution of [2Cu]-

PF6 with an aqueous KCN solution. After workup and
chromatography,2was obtained in 84% yield. All compound-
swere characterized by proton NMR spectroscopy and by fast
atom bombardment (FAB) and electrospray (ES-MS) mass
spectrometries.
The ES-MS mass spectrum of [2Cu]PF6 shows a major peak

at 1385.1 for the molecular ion and a peak corresponding to a
dicharged species at 692.5. The FAB mass spectrum of2 shows
the molecular ion peak at 1321.5 and two peaks corresponding
to the constitutive macrocycles. Remarkably, no fragmentation
occurs until the molecular peaks of these macrocycles. As first
reported by Schill and co-workers,15 such a pattern is charac-
teristic of a catenane structure.
The proton NMR spectra of2 and [2Cu]PF6 were fully

assigned by 2D ROESY experiments.16 Despite the fact that
the naphthalene-containing ring has lost its 2-fold symmetry
when interlocked with macrocycle3, only one set of signals
was observed for the former. Lowering the temperature to-90
°C produced only peak broadening. This clearly indicates that
the naphthalene group is rotating rapidly on the NMR time scale,
with concomitant interconversion of the conformational enan-
tiomers of2.
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Figure 2. Reaction scheme for the synthesis of [2]catenane2. The
black dot symbolizes Cu+ ion. (i) Threading of diiodide4 into oriented
macrocycle3. (ii) Closing of the interlocked, nonoriented macrocycle
by reaction with5. (iii) Removal of the metal template.

Communications to the Editor J. Am. Chem. Soc., Vol. 119, No. 40, 19979559


