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We synthesized a new [2]catenane composed of a
pillar[5]arene ring and pyridinium derivative using ring-
closing metathesis.

Mechanically interlocked molecules (MIMs) are architectures of

10 two or more connected, but not directly bonded components.
These molecules have attracted much attention in recent years for
potential applications in nanotechnology and as molecular
machines.'” Various types of MIMs such as rotaxanes,
polyrotaxanes, ™ catenanes, '? and polycatenanes'® have been

is reported. Among them, the synthesis of catenanes, which
comprise two or more macrocycles, is difficult because the
cyclization step must be performed under high-dilution
conditions to favour cyclization and suppress linear chain
extension. However, formation of pseudorotaxane structure is

20 also disfavoured under high-dilution conditions and strong
interactions must be used to construct catenanes such as donor-
acceptor interactions,® hydrogen bonding,'” metal-ligand
coordination'' and hydrophobic effects.'?
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Fig. 1 Synthesis of (c) [2]catenane 3 from (a) pillar[5]arene 2 and (b) a
25 pyridinium salt 1.

Pillar[5]arenes (Fig. 1a), were first reported by our group in
2008," and are cyclic pentamers composed of electron-donating
dialkoxybenzene units connected by methylene bridges at the
para-positions.®'*"'7 Pillar[5]arenes form very stable complexes
30 with electron poor molecules such as pyridinium salts.>*%1417
The association constants of such complexes are generally greater
than 10°> M™". In this study, we synthesized a pillar[5]arene-based
[2]catenane (Fig. 1c) making use of the strong host-guest
complex formation between a pyridinium salt and pillar[5]arene.
35 A pyridinium salt 1 bearing alkene groups at opposite ends of the
molecule was prepared (Fig. 1b, synthetic procedure is shown in

ESI). The 'H NMR spectra of 1 and a mixture of 1 and per-
ethylated pillar[S]arene 2 were measured (ESI, Fig. S5). Upon
addition of pillar[5]arene 2 to 1, the proton signals of 1 including
40 the pyridinium (peaks a and b) and methylene (peak e) signals
shifted upfield. This indicates the formation of a stable
[2]pseudorotaxanebetween 1 and 2 [association constant: K =
(1.76 £ 0.19) x 10* M™'], and the presence of the pyridinium and
methylene groups of 1 in the cavity of 2. Ring-closing metathesis
45 reaction was carried out to synthesize the [2]catenane 3. Grubbs
first generation catalyst was added to the mixture of 2 and 1 in
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Fig. 2 "H NMR spectra of (a) 2, (b) 3 and (c) 1 in CDCl; at 25 °C.
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50 Fig. 3 2D ROESY analysis of 3 in CDCI; at 25 °C .
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chloroform, and the reaction mixture was stirred at 25°C for 24 h
(Fig. 1). As the first attempt, 3 equiv. of 2 was added to a 5 M
solution of 1. However, the isolated products by silica gel column
chromatography was not [2]catenane 3. This was due to the
polymerization reaction between axles 1. To avoid the
polymerization reaction, the high dilution condition for the
catenation was performed. In the dilute concentration of 1 (0.5
mM) with excess 2 (100 equiv. of 1), the pillar[5]arene-based
[2]catenane 3 was isolated by silica gel column chromatography
in moderate yield (24%). The structure of 3 was confirmed by 'H,
13C, 2D NMR and high resolution mass spectrometry (HRMS).
The HRMS of 3 featured a peak at m/z = 1459.0432,
corresponding to the molecular ion with loss of a Br™ anion. Fig.
2b shows the '"H NMR spectrum of 3. Signals from the alkene
protons (peaks ¢ and d) of 1 disappeared, and the appearance of a
new signal (peak J), indicated completion of the ring-closing
metathesis reaction. Compared with 1 (Fig. 2c), the proton
signals from 3 were shifted upfield including the pyridinium
(peaks A and B) and methylene (peaks E and H) signals. This
indicates that 2 interacted with the pyridinium and methylene
groups of 1. These signals were shifted further upfield than those
of the [2]pseudorotaxane because 2 is mechanically interlocked
into the pyridinium wheel of 3. Fig. 3 shows a 2D ROESY NMR
spectrum of 3. Correlation between the proton signals from the
phenyl proton (peak o) of 2 and pyridinium proton (peak A) of 1
(Fig. 3) indicates that 2 was located near the pyridinium moiety
of 1. These results confirmed the successful synthesis of
[2]catenane 3.

One of the features of pillar[5]arenes that differs from traditional
macrocycles is their various conformations in solution, caused by
the rotation of alkoxybenzene units.*'”*'® The units rotate around
the methylene bridges as the axis; thus pillar[5]arene has eight
conformers, as shown in Fig. 4: four diastereomers X two
enantiomers: (pS, pS, pS, pS, pS), (PR, PR, PR, pR, pR), (PR, pS,
PS, pS, pS), (PS, PR, PR, PR, PR), (PR, PR, pS, pS, pS), (pS, pS, pR,
PR, pR), (PR, PR, pS, pR, pS), and (pS, pS, pR, pS, pR). These
conformers are interconverted by rotation of the units at 25°C in
solution.'”'®

Two singlet peaks (peaks a’) from the aromatic protons of 2 were
observed in the 'H NMR spectrum of 3 (Fig. 2b). However, the
aromatic proton signals of pristine pillar[S]arene 2 appeared as
one singlet (peak o, Fig. 2a) because of its symmetrical structure.
This behaviour is the same as that observed in the pillar[5]arene-
based [2]rotaxane 3 featuring a nonsymmetrical axle. The
aromatic proton signals of the upper and lower rims of 2 become
distinct. The aromatic protons signals of the pillar[S]arene 2 ring
in 3 features two singlet peaks with equal area. This suggests that
the structure of 2in 3 is highly symmetric and stereoregular.
Considering the eight possible conformers of [2]catenane 3, the
product was obtained as a racemic mixture of [2]catenane 3
consisting of (pS, pS, pS, pS, pS) and (PR, pR, PR, pR, pR) forms
of 2. Other possible conformers of [2]catenane 3 were not formed
(Fig. 4). These results indicate that catenation between 1 and 2 is
diastereoselective, which may be attributed to the fact that (pS, pS,
pS, pS, pS)-2 and (pR, pR, PR, pR, pR)-2 conformers have lower
energy and possess a larger cavity than the other conformers.
These two conformers likely possess cavities large enough to
thread onto 1, whereas the other conformers may not.
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Fig. 4 Diastereoselective catenation.
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60 Fig. 5 Chiral HPLC trace of [2]catenane 3. Column, Daicel CHIRALPAK
1A (2.1 x 150 mm); eluent, hexane/ ethyl acetate / trifluoroacetic acid =
94.9/5/0.1 (v/v/v) at 1 ml/min.

To further investigate the planar chirality of [2]catenane 3, chiral
HPLC measurements were performed (Fig. 5). Upon injection of
3 onto an appropriate chiral HPLC column, two peaks of equal
area were observed, indicating that [2]catenane 3 was racemic, i.e.
a 1:1 mixture of [2]catenanes with one of the pyridinium cycles
threaded through one (pS, pS, pS, pS, pS)-pillar[S]arene and the
other one through the (pR, pR, pR, pR, pR)-pillar[5]arene wheel.
70 These results are the same as those of a pillar[5]arene-based
rotaxane,” indicating immobilized conformation of pillar[5]arene
units in [2]catenane 3. From the computationally generated
energy-minimized molecular model of [2]catenane 3 (Fig. S6),
the alkyl chain of the pyridinium wheel in 3 is tightly included in
cavity of 2. This also support immobilization of the conformation
of the pillar[5]arene units in 3.
In summary, we report the first synthesis of a pillar[5]arene-based
[2]catenane 3. So far, synthesis of [2]catenanes composed of
typical macrocycles including cyclodextrins"!? and calixarenes’
so have been reported. However, to the best of our knowledge, this
is the first example of a synthesis of a pillar[n]arene-based
[2]catenane, although other pillar[n]arene-based MIMs such as
rotaxanes™ and polyrotaxane® have been reported. The synthesis
of pillar[5]arene-based [2]catenane 3 is a starting point for
ss achieving planar chiral high-order catenanes consisting of
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pillar[n]arene wheels.
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