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Catenanes and rotaxanes attract much attention, particularly
because of their dynamic properties.[1–3] Many molecular
machines and motors have been proposed over the last
15 years which incorporate such interlocking or threaded
molecular systems[4] as well as non-interlocking species.[5] The
combination of molecular machines[1–5] and liquid crystals,[6–8]

which are mobile and ordered condensed states, is a new
promising approach towards practical devices, although the
study of such compounds in solutions is interesting in itself.
The liquid-crystalline (LC) molecular order will provide the
molecular machinery part with an organized dynamic envi-
ronment. Moreover, molecular machines can control the self-
assembled behavior of LC molecules. However, as far as we
know, very few examples of LC catenanes or rotaxanes have
been described to date.[9] In a recent review article[9] Godt
suggested that [2]catenanes consisting of two interlocking 87-
membered rings, as well as the constitutive rings themselves,
lead to the formation of thermotropic liquid crystals. The
introduction of [2]catenanes into nanosegregated LC struc-
tures is particularly promising in relation to LC molecular
machines.

Here we report on a LC free [2]catenane (1) and its
copper(I) complex (2) which form organized structures in
their bulk states over a wide range of temperatures. The

design and synthesis of the target compounds 1 and 2 are
outlined in Scheme 1. Our design focuses on the attachment
of mesogenic forklike dendrons to functionalized [2]cate-
nanes. The mesogenic core of the dendron is a fluoro-
substituted cyclohexylbiphenyl unit which tends to show
relatively wide smectic LC phases with lower melting points
than a normal three-ring mesogenic core.[10] The cross-sec-
tional area of the central [2]catenane part is larger than those
of normal mesogenic molecules. We expected that the
incorporation of the forklike dendrons into the [2]catenanes
would induce layered self-assembled structures with smectic
LC phases.

Free [2]catenane 1 was obtained in 75% yield by double
esterification of 3 with 4 mediated by EDC (Scheme 1).
Subsequent reaction of 1 with a stoichiometric amount of
[Cu(CH3CN)4]PF6 in CH3CN/CH2Cl2 at room temperature
led quantitatively to 2 as its PF6 salt. The compounds were
characterized by mass spectrometry (MALDI-TOF) as well
as one- and two-dimensional NMR spectroscopy. Their
spectroscopic properties are in accordance with previous
results on related molecules.[10,11]

The visible region in the absorption spectrum of 1 in
CHCl3 is mostly free of absorption bands, while 2 exhibits the
usual broad band attributed to the metal-to-ligand charge-
transfer (MLCT) transitions of the copper(I) complex (see
the Supporting Information). The complexation can be
further evidenced by comparing the chemical shifts of the
aromatic protons of 1 and 2 in the 1H NMR spectra (Figure 1).
In particular, the ortho andmeta protons of the phenyl groups
(Ho and Hm) of the 1,10-phenanthroline nucleus are used to
probe the environment of the 1,10-phenanthroline fragments.
In free [2]catenane 1, the signals corresponding to the phenyl
groups attached at the 2- and 9-positions of the 1,10-
phenanthroline moiety are observed in the expected range
(d= 8.3 and 7.1 ppm, respectively). On the other hand, once
coordinated to a metal center as in 2, the signals for Ho and
Hm undergo a strong upfield shift (to d= 7.2 and 6.0 ppm,
respectively) characteristic of “entwined” compounds. These
NMR data, as well as the visible absorption spectrum, clearly
demonstrate the possibility of modifying the relative position
of the two macrocycles constituting the [2]catenane by the
presence or absence of copper(I) ions.[11] The results also
demonstrate that the introduction of the mesogenic forklike
dendrons does not noticeably alter the physical properties of
the [2]catenane in solution.

The mesomorphic and thermal properties of 1, 2, 4, and 5
were examined by polarized optical microscopy (POM),
differential scanning calorimetry (DSC), and small-angle X-
ray scattering (SAXS) measurements (Table 1). All these
compounds show smectic LC phases. It is of interest that free
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[2]catenane 1 exhibits almost the same glass transition
temperature as that of its copper(I) complex 2. In contrast,
the isotropization temperature of 2 is higher by 30 8C than
that of 1. This finding shows that the formation of the
copper(I) complex leads to thermal stabilization of the LC
phase. The complexation increases the rigidity of the central
part of the molecule and stabilizes the assembled structure
through interionic interactions. In contrast, the ethylene oxide
chains and the mesogenic moieties can maintain the low glass
transition temperature despite the change in the central part
of the molecule.

The polarized optical microscopy images (Figure 2) and
the SAXS patterns (Figure 3) for 1 and 2 suggest that these
compounds exhibit smectic A (SA) phases. Figure 2a,c indi-

cate that, for compounds 1 and 2, the molecules align
perpendicularly (homeotropic alignment) to a glass substrate
on slow cooling (1 8Cmin�1) from the isotropic phases.
Figure 2b shows one of the representative textures of the SA
phase observed for 2 on faster cooling (10 8Cmin�1). Peaks at
78.7, 39.3, and 26.3 B corresponding to the (100), (200), and
(300) reflections are observed in the SAXS pattern of 1 at
85 8C (Figure 3). The interlayer spacing of 78.7 B can be
ascribed to an extended form of the molecule, and a possible
organized structure of 1 in the LC phase, is represented
schematically in Figure 4. It is noteworthy that the interlayer
spacing of 1 is also the same as that of 2 (see the Supporting
Information). The interlayer spacings of these compounds are
independent of temperature. These results show that both
compounds, 1 and 2, present a similar linearly extended
conformation in the layered LC states. Therefore, the possible
organization of 1 in the LC phase presented in Figure 4 may
also be applied to 2. This organization leads to alternate layers
of mesogenic cores, closely packed parallel to one another,
and of [2]catenane linkages, embedded into the flexible
ethylene oxide chains.

Molecules related to 3 have been studied in solution and
in the solid state.[11] The geometry of copper(I) [2]catenanes is
known relatively well both in solution and in the solid

Scheme 1. Synthesis and structures of LC free [2]catenane 1 and its copper(I) complex 2. Reagents and conditions: a) NaOH, THF/MeOH/H2O,
reflux; b) EDC, DMAP, CH2Cl2, RT; c) [Cu(CH3CN)4]PF6, CH3CN/CH2Cl2, RT. EDC=3-(3-dimethylaminopropyl)-1-ethylcarbodiimide hydrochloride,
DMAP=4-dimethylaminopyridine.

Figure 1. Partial 1H NMR spectra (400 MHz) of free [2]catenane 1
(top) and the corresponding copper(I) [2]catenane 2 (bottom) in
CDCl3. The inserted structure shows the assignment of the aromatic
protons of the macrocycle constituent of 1 and 2.

Table 1: Thermal properties of 1, 2, 4, and 5.

Compound Phase transition behavior[a]

1 G 69 SX 83 SA 117 Iso
2 G 68 SA 147 Iso
4 G 2 SA2 176 Iso
5 G �5 SC 40 SA2 129 SAd 136 N 141 Iso

[a] Transition temperatures (8C) determined by DSC (second cooling;
5 8Cmin�1). G: glassy, SA2 : bilayered smectic A, SAd: interdigitated
smectic A, SC: smectic C, SX: unidentified smectic phase, N: nematic,
Iso: isotropic.
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state,[2d,11] while the conformation of the corresponding free
[2]catenane in the solid state is different from that of the
copper(I) [2]catenane. In the solution state, the rings of the
free [2]catenane can rotate rapidly on the 1H NMR timescale,
and the compounds show a broad distribution of conformers
with very different geometrical situations. Therefore, for the
free [2]catenane whose rings are totally disconnected, we
have generally very poor control over the geometry of the
system and, in particular, over the mutual arrangement of
both rings in solution. In contrast, acceptor–donor[2a,3n] and
hydrogen-bonding interactions[2g,3o,p] are still present after the
catenane-forming reaction has been performed.

The arrangement of free [2]catenane 1 in the LC phase
exerts a significant effect on the conformation of the two
macrocycles. The layered LC structures of 1 and 2 revealed in
the present study suggest that the large difference in the
conformational preference of the free [2]catenane and its
copper(I) complex in solution has no influence on the
organization of the molecules in the layered LC structures.
It is of interest that the smectic LC organization induced by
the forklike dendrons stabilized the conformation of free
[2]catenane 1, which is not stable in dilute solution. In other
words, the packing in the LC phase forces the two macro-
cycles to be in similar mutual positions, regardless of the
presence of a copper(I) ion.

The copper(I) ion can be seen as a chemical stimulus to
control the relative conformation of the two 1,10-phenanthro-
line fragments in solution.[2d,4c] The LC phase provides a new
mechanical stimulus to achieve control over the relative
conformation of the two 1,10-phenanthroline fragments in the
free [2]catenane. In addition, as the two 1,10-phenanthroline
fragments are entwined without using any charge-transfer,
hydrogen-bonding, or other related interactions, the confor-
mation obtained is usually unfavorable, which is likely to give
new properties and unforeseen possibilities to this family of
catenanes.

In conclusion, we have succeeded in the organization of
topological compounds on the nanometer scale by using the
organizing properties of liquid crystals. The mesogenic coreFigure 3. Small-angle X-ray scattering pattern of 1 at 85 8C on cooling.

Figure 2. Polarized optical photomicrographs of 1 and 2 at 100 8C on
cooling: a) homeotropic alignment of 1 after slow cooling; b) fan-
shaped texture of non-aligned 2 ; c) homeotropic alignment of 2 after
slow cooling. Insets: conoscopic images.

Figure 4. Possible organization of 1 in the LC phase.
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chosen in this study induces an LC smectic A organization,
with alternating layers of free [2]catenane or the copper(I)
complex and of the mesogenic moieties. Self-assembled
structures of such topological molecules in ordered con-
densed states can be used to control their geometrical
conformation. We are now working on expanding the specific
properties of the catenanes in solution to those in the LC
states. This approach may lead to the positional ordering of
molecular machines as well as using molecular machines to
control the LC behavior.
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