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Abstract—A new crownophane containing both 2,7-dioxyfluorenone and 1,5-dioxynaphthalene moieties bridged by triethylene gly-
col units has been synthesized and used as a highly efficient template for the preparation of the first fluorenone-containing [2]caten-
ane incorporating a cyclobis(paraquat-p-phenylene) tetracation as a second macrocyclic component.
� 2005 Elsevier Ltd. All rights reserved.
The potential opportunity of using noncovalently inter-
locked molecules such as catenanes and rotaxanes for
the design of molecule-level machines and electronic de-
vices1–4 has attracted significant attention toward the
synthesis and chemistry of these supramolecules.5–7

One of the most fruitful approaches to catenanes is tem-
plate-directed synthesis based on template assistance of
one macrocycle for the formation of the second macro-
cycle.8–11 As a powerful recognition tool for the efficient
template-directed syntheses of catenanes incorporating
bipyridinium-based components mechanically inter-
locked with dioxyarene-based polyether components, a
combination of the stabilizing effects of [C–H� � �O]
hydrogen bonds, [p–p] stacking, and [C–H� � �p] interac-
tions have been successfully employed.5–7 The electro-
static component plays a dominant role in these
interactions, and in the case of polar subsystems in-
cluded in the macrocyclic host framework, it is possible
to identify recognition efficiency and determine the com-
plexes stabilization energy within the limits of the elec-
trostatic energy term.12 This immediately suggests that
the introduction of aromatic units containing electron-
rich polar groups in the framework of one macrocyclic
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component can reinforce ion–dipole interactions with
the positively charged second component and hence
enhance the efficiency of the catenation process. Being
interested in this simple opportunity of optimizing the
template effect of the donor component, we have synthe-
sized fluorenonocrownophane 3 for the first time as a
template for the formation of the cyclobis(paraquat-p-
phenylene) tetracation (CBPQT4+) as the second macro-
cyclic component of the [2]catenane.

Macrocyclization of bistosylate 113 with bisphenol 2,
under high dilution conditions, gave after work-up and
chromatographic purification over silica gel, the
crownophane 3.14 Employing the strategy developed
by Raymo and Stoddart7 the catenation of 3 was carried
out with a 2-fold excess of the bis(bipyridinium) deriva-
tive 4Æ2PF6 and 1,4-bis(bromomethyl)benzene 5 under
atmospheric pressure to afford the [2]catenane 6Æ4PF6

in a yield of 91%, after counterion exchange15 (Scheme
1). The yield of 6Æ4PF6, one of the highest ever obtained
for the catenanes, reflects a very efficient preorganiza-
tion of the reactants, evidently augmented by electro-
static interaction between the fluorenonocrownophane
3 carbonyl group and the bipyridinium dication
4Æ2PF6, or its monoalkylated intermediate, in addition
to conventional noncovalent interactions. Thus, the
fluorenone unit is superior to other dioxyarene deriv-
atives in this self-assembly process.
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Scheme 1. Synthesis of crownophane 3 and [2]catenane 6Æ4PF6.
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The X-ray crystal structure of the [2]catenane 6Æ4PF6

shows that the 1,5-dioxynaphthalene ring of 3 is located
inside the cavity of the tetracationic cyclophane, while
the fluorenone unit is positioned outside (Fig. 1).16

The fluorenone carbonyl group is almost centered with
respect to the plane of the internal bipyridinium unit
at a distance of 3.74 Å from its centroid. This immedi-
ately indicates a considerable dipole–charge interaction
between them that undoubtedly is an important stabil-
ization component of the catenane 6Æ4PF6 structure.
The mean interplanar separation distances between the
1,5-dioxynaphthalene ring and the internal and external
bipyridinium units are 3.29 and 3.31 Å, respectively. The
separation between the fluorenone fragment and the
Figure 1. Polytube representation of the solid-state structure of [2]-

catenane 6Æ4PF6. For clarity carbon atoms of the crownophane are

shown in pink and the carbon atoms of the tetracationic cyclophane in

blue; oxygen atoms are depicted in red, nitrogen atoms in dark blue,

and selected hydrogen atoms in gray. Water molecules and counterions

are not shown. Dots and green bars show hydrogen and p–p stacking

interactions, respectively.
internal bipyridinium unit is 3.39 Å. Such distances in
the donor–acceptor array, coupled with the near parallel
alignments and considerable degree of overlap of all the
aromatic moieties of the catenane, indicate their involve-
ment in strong face-to-face p–p stacking interactions.
The dioxynaphthalene unit is oriented orthogonally to
the planes of the paraxylyl rings and its hydrogen atoms
in positions 4 and 8 are located at distances of 2.54 and
2.58 Å, respectively, from the aromatic centre which
clearly specifies the presence of [C–H� � �p] interactions.
There are the two bifurcated [C–H� � �O] hydrogen bonds
between diametrically opposite a-CH groups of the
internal bipyridinium unit and the central oxygen atoms
of the polyether linkages.

Inspection of the packing of the [2]catenane 6Æ4PF6 (Fig.
2) reveals that molecules form centrosymmetric p-
stacked dimer pairs involving the partial overlap of flu-
orenone units. These dimers contain molecules of differ-
ent planar chirality, (pR) and (pS), associated with the
local C2h symmetry of the 1,5-dioxynaphthalene unit.
Figure 2. One of the �enantiomeric pairs� formed by the [2]catenane

6Æ4PF6 in the crystal state.
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Figure 3. 1H NMR spectra (300 MHz, CD3CN, 293 K) of (a) 3, (b) 6Æ4PF6, and (c) CBPQT
4+. The designated protons are depicted on the structural

formula in Scheme 1.
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Thus, the crystals contain equal numbers of molecules of
opposite chirality.

Comparison of the 1H NMR spectrum (CD3CN, 293 K)
of the crownophane 3 with that of [2]catenane 6Æ4PF6

(Fig. 3) shows upfield shifts for the 2,7-dioxyfluorenone
protons (Dd = �0.38, �0.24, and �0.18 ppm for the Ha,
Hb and Hc protons, respectively). The most significant
upfield shifts were due to the 1,5-dioxynaphthalene pro-
tons (Dd = �0.52, �1.19, and �5.30 ppm for the sym-
metry-related pairs of protons H-2/6, H-3/7, and H-4/
8, respectively).

The very high upfield shift for the H-4/8 protons of the
naphthalene unit, together with the downfield shift of
the p-phenylene protons of the tetracationic component
(Dd = +0.39 ppm), indicates the edge-to-face [C–H� � �p]
interaction between the H-4/8 hydrogen atoms of the
naphthalene and p-phenylene rings, as observed in the
solid state, and unambiguously confirms the location
of the dioxynaphthalene ring inside the cavity of
CBPQT4+ in solution. There are no signals in the spec-
trum of 6Æ4PF6 arising from an occupied fluorenone
unit, suggesting that the catenane exists exclusively as
one �frozen� translational isomer. The sharp, well-re-
solved signals of the dioxynaphthalene protons suggest
slow circumrotation of the neutral macrocycle through
the cavity of the tetracationic cyclophane on the
1H NMR timescale. As a result of imposing the local
C2h symmetry of the 1,5-dioxynaphthalene unit upon both
the �inside� and �outside� bipyridinium units, their a/a 0

and b/b 0 protons give rise to eight sets of signals. This,
coupled with two, partially overlapped, AB quartets of
the �inside� and �outside� CH2N

+ protons and two sing-
lets of the p-phenylene moiety protons, indicates slow
circumrotation of the tetracationic cyclophane through
the cavity of the neutral macrocycle on the 1H NMR
timescale. Integrally, analysis of the 1H NMR spectrum
reveals that in solution the [2]catenane 6Æ4PF6 is a highly
ordered system in which all the major motions of its sep-
arate macrocyclic components are slow or non-existent
on the 1H NMR timescale even at a room temperature.

In conclusion, a new binding motif based on the simple
concept of reinforcement of the host–guest electrostatic
interaction demonstrates for the first time that fluoren-
onophanes, and very likely, similar crownophanes con-
taining aromatic units with electron-rich polar groups,
can be used as efficient templates for the synthesis of
catenanes with high yields. We hope that this template
motif extends opportunities for supramolecular synthe-
sis and will be useful for construction of interlocked
molecules of different types.
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