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We report here the templated synthesis and solid-state structure
of an unusual [2]catenane (5) containing three hexadiyne linkers,
all of which may be formed in a single reaction. The molecule
may also be prepared by traditional catenation of a preformed
dinaphtho macrocycle. Remarkably, the one-pot reaction, utilizing
the corresponding acyclic precursors to close the two different
interlocking rings in tandem, proceeds withequal efficiency.
Crowns containing two or more electron-rich aromatic com-

ponents have formed the basis of the series of polycationic
catenanes prepared by the Stoddart group.1 In the solid-state
structures of these systems, where 4,4′-bipyridinium units are used
as the electron-deficient components, hydrogen-bonding interac-
tions between “acidic” bipyridinium protons and oxygen atoms
in the crown polyether chains augment donor-acceptor stacking
interactions in organizing their crystal structures.2 We have
recently demonstrated that neutralπ-associated [2]catenanes may
be assembled from the oxidative coupling of electron-deficient,
acetylenic aromatic diimides (e.g.,4) in the presence of a
dinaphtho crown macrocycle.3 Since hydrogen-bonding interac-
tions do not appear to be dominant structural features of these
molecules,4 we sought to examine their importance to the
assembly process by replacing one of the crown polyether chains
with a spacer of comparable length. An obvious choice was the
hexadiyne linker which is both geometrically and chemically
compatible with catenane assembly.
At 5 mM concentration in CH2Cl2, acyclic precursor15 can be

cyclized6 to macrocycle2 in 36-41% yield (Scheme 1);7 a small
amount (1-2%) of the dimeric analogue of2 can also be isolated.

Under identical cyclization conditions, the presence of a 5-fold
excess of the diimide template3 raises the isolated yield of2 to
68-74%.8 This 2-fold increase in efficiency is ascribed to the
wrapping of the acyclic precursor around the template, raising
the probability of the reactive terminal acetylene functions finding
themselves in close proximity.
Catenation of hybrid macrocycle2was achieved by treatment

of a 1:2 molar ratio of2 and4 in dry DMF with anhydrous CuCl
and CuCl2: the [2]catenane5 was obtained as a yellow-orange
solid in 13-16% yield (Scheme 2). Additionally, a small amount
(<1%) of the corresponding [3]catenane could also be isolated;9

this is the product ofintermolecularrather thanintramolecular
ring closure of the catenane precursor (Scheme 3). This observa-
tion and the rather low yield of [2]catenane suggest that the
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Scheme 1a

a Key: (i) CuCl, TMEDA, DCM, Air, rt.

Scheme 2a

a Key: (i) CuCl, CuCl2, DMF, Air, rt.

Scheme 3
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macrocyclic cavity of2 is rather constrained and does not provide
a particularly efficient template for catenation.
The significant increase in the macrocyclization efficiency of

1 provided by the presence of the dihexyl template molecule3
prompted speculation that the bisacetylene diimide4might also
act as a positive template10 for this cyclization. Inevitably, since
1 bears the same reactive functionality as4, material will be
consumed in an unprofitable fashion through any direct coupling
of 1 to 4. However, a proportion of the mixture should self-
assemble, via the establishment of favorable donor-acceptor
interactions, to afford precyclization arrays favoring the formation
of the [2]catenane5 (Figure 1). Indeed, when exposed to the
standard coupling conditions, a 1:2 molar ratio of1 to 4 in DMF
affords isolated yields of5 in the range of 12-15%. It is clear
that this tandem ring closure process is of comparable efficiency
to that which begins with one of the rings preformed. This is a
remarkable result, given the expectation of losing material in
unproductive couplings.
An explanation of the similarity in yield for the one-pot process

versus the traditional sequential approach is to assign a significant
templating role to diimide4. This view is supported by order of
magnitude association constant (Ka) estimates for the binding of
template3 by the naphthalene diether derivatives in CH2Cl2.11

For the interaction of3 with a single 1,5-naphthalene diether,
fluorescence measurements yield an upper limit forKa of around
20 M-1. This value increases to 80 M-1 for the complex of
acyclic bisnaphthalene compound1 with 3 and to around 400
M-1 for the association of the correspondingmacrocycle2 with
template3. If the bulk of acyclic1 is converted to macrocycle
2, by the templating action of4, then it is logical to expect the
yield of [2]catenane5 to be similar to that obtained from the
sequential reaction.12 Additionally, we would expect to observe
a substantial amount of free macrocycle2 in this reaction since
we know catenation ofpreformed2 to be rather inefficient.
Significantly, 2 is the major product isolated from the tandem
ring closure reactions.
The solid-state structure of5, obtained from a single micro-

crystal by synchrotron X-ray diffraction, reveals an unusually
asymmetric arrangement of donor and acceptor subunits (Figure
2).13 The unique orthogonality of the two electron-rich naph-
thalene residues comprising the recognition elements of macro-
cycle2 is somewhat surprising since parallel naphthalene residues

have been found in all previous catenanes incorporating dinaphtho
crown rings.1 Closing one side of macrocycle2 with a geo-
metrically restrictive hexadiyne linker will inevitably reduce
overall conformational flexibility, but “open” conformations where
the long axes of the two naphthalene units are disposed in both
parallel and perpendicular arrangements appear perfectly possible.
The solid-state packing of5 is also surprising; individual catenanes
do not stack one upon another to form the extended donor-
acceptor arrays that characterize systems involving these building
blocks.14 Rather, slipped stacks of interlocked molecules are
revealed in the packing of5, an unusual observation in the solid-
state structure of a donor-acceptor catenane.15

The closure of two identical rings, tandem homo-catenation,
is pivotal to the syntheses of [2]catenanes involving amide-
hydrogen bonding or cation chelation templating mechanisms.16

The assembly of5 from acyclic precursors represents a unique
use of donor-acceptor templating interactions and theonly
catenane synthesis to date where two different rings are formed
in a single reaction. The effect of introducing a reversible
coupling step, to allow the proof reading of unprofitable couplings,
is currently under investigation.
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Figure 1. Self-assembled array of acyclic components leading to [2]-
catenane5.

Figure 2. Solid-state structure of5 (displayed using Cerius Molecular
Simulations software).
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