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Linked symmetrical [3] and [5]rotaxanes consisting of an oligomeric phenylene ethynylene (OPE) frame-
work as a p-conjugated guest moiety and lipophilic permethylated a-cyclodextrins (PM a-CDs), as mac-
rocyclic hosts have been prepared by double intramolecular self-inclusion of an OPE guest unit carrying
two PM a-CDs followed by capping with bulky stopper groups using click azide–alkyne Huisgen cycload-
dition or Sonogashira coupling. The structures of these linked rotaxanes were determined by MALDI-TOF
mass spectrum and two-dimensional NMR spectroscopy.

� 2008 Elsevier Ltd. All rights reserved.
Oligomeric phenylene ethynylenes (OPEs) are among the most
extensively studied families of molecular electronics materials
due to their interesting photophysical properties including nonlin-
ear optical (NLO) response,1 luminescence,2,3 and electrolumines-
cence.3 We are interested in developing new methods for
encapsulation4 of p-conjugated compounds in order to realize
higher solubility, fluorescence quantum yields, electrolumines-
cence efficiencies, and chemical stabilities of the p-conjugated sys-
tems. Recently we have reported two new synthetic routes to
linked rotaxanes bearing a p-conjugated system as a guest and per-
methylated a-cyclodextrin (PM a-CD) as a host (Scheme 1).5,6 Our
strategies employed for the syntheses of these linked rotaxanes
were based on intramolecular self-inclusion of a p-conjugated lin-
ear guest unit through lipophilic PM a-CD linking to the guest moi-
ety to form a pseudo [1]rotaxane which then gave rise to a
[1]rotaxane5 also called linked [2]rotaxane by end-capping (Meth-
od 1) or a linked [3]rotaxane6 by dimerization (Method 2). Herein,
we report the synthesis of OPE-based linked [3] and [5]rotaxanes
via double intramolecular self-inclusion and capping with two
end-groups (Scheme 1, Method 3).

Scheme 2 shows the synthetic route of our OPE-based linked
[3]rotaxane. According to this process, modified PM a-CD diiodide
1 was prepared by the reaction of 6-O-monotosyl PM a-CD with
2,5-diiodo-1,4-benzenediol in 93% yield.7 Sonogashira coupling
reaction of 1 with 1-ethynyl-4-[2-(trimethylsilyl)ethynyl]-ben-
zene, followed by deprotection of the trimethylsilyl group gave
modified OPE having two PM a-CDs 3 in 75% yield over two
steps.8,9
ll rights reserved.
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The double intramolecular self-inclusion phenomenon of 3 has
been confirmed by 1H NMR employing different solvents and con-
centrations. The NMR spectrum of aromatic protons of 3 in CD2Cl2

reveals the exclusion of the OPE moiety from the cavity of the PM
a-CDs (Fig. 1a). A spectrum in CD3OD at room temperature showed
an equilibrium mixture of two species, 3 and its supramolecular
complex (pseudo linked [3]rotaxane) 30 (Fig. 1b). The intensity of
30 decreased and peaks of 3 increased by warming up to 55 �C
(Fig. 1c). When a more hydrophilic medium (CD3OD–D2O = 3:1)
has been used, 3 was completely converted to the supramolecular
complex 30 at room temperature (Fig. 1d). The evidence that the
NMR spectra of 30 at different concentrations in CD3OD showed
no new peaks ascribable to oligomeric and/or polymeric supramo-
lecular complexes may support double intramolecular self-inclu-
Scheme 1. Our synthetic routes to linked rotaxanes.
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Figure 1. The aromatic region of 400 MHz 1H NMR spectra of a two PM a-CD-linked
OPE 3 in several solvents. (a) CD2Cl2 at rt; (b) CD3OD at rt; (c) CD3OD at 55 �C; (d)
CD3OD–D2O = 3: 1 at rt; (e) CD3OD–D2O = 3: 1 at 55 �C.

Figure 2. ROESY NMR spectrum of linked [3]rotaxane 4a in CD2Cl2 at 25 �C.
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sion complex 30. In addition, 30 was stable even at 55 �C in the same
hydrophilic medium (Fig. 1e).

In order to fix pseudo linked [3]rotaxane structure by end-cap-
ping the OPE moiety by click reaction, 30 was treated with 4-azido-
benzoic acid having a bulky group in the presence of CuSO4�5H2O
and sodium ascorbate at room temperature. After purification by
silica gel column chromatography, the desired linked symmetrical
[3]rotaxane having two phenylene ethynylene units 4a was ob-
tained in 89% yield.10 This evidence suggests that pseudo [1]rotax-
ane 30 was formed efficiently in CH3OH–H2O = 1:1. The structure of
this linked [3]rotaxane 4a was confirmed by MALDI-TOF mass
spectrum, GPC analysis, and by 2D TOCSY, COSY, and ROESY
NMR spectra. The NOEs between protons on the OPE moiety and
the internal protons of the PM a-CDs were observed. The NOE be-
tween HA of the OPE moiety and H6 located on the narrow rim of
the PM a-CD indicates that two PM a-CDs were located in tail-
to-tail arrangement (Fig. 2).

In order to elongate the OPE units, we treated 30 with 2,3,5,6-
tetramethyliodobenzene in CH3OH–H2O = 1:1 in the presence of
Pd(OAc)2, CuI, Na2CO3, and tris(3-sulfonatophenyl)phosphine hy-
drate sodium salt and obtained the desired linked [3]rotaxane hav-
ing four phenylene ethynylene units 4b in pure form but in only a
21% yield, probably because of the insolubility of 2,3,5,6-tetram-
ethyliodobenzene in the mixed solvent of H2O and CH3OH.11 This
problem was solved by using [1]rotaxane 8 as a soluble stopper
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unit in the solvent system. As shown in Scheme 3, 8 was prepared
via self-inclusion of tolan moiety bearing a PM a-CD following our
method reported previously (Method 1).5,12 The reaction of 30 with
the [1]rotaxane as a stopper unit under Sonogashira coupling reac-
tion conditions gave the desired linked symmetrical [5]rotaxane
having six phenylene ethynylene units 4c in 72% yield after purifi-
cation with silica gel column chromatography.13 High solubility of
these PM a-CD derivatives 1–8 in various organic solvents is
advantageous for their isolation compared with water soluble CD
derivatives. The structure of 4c was also confirmed by MALDI-
TOF mass, 2D NMR. As shown in Figure 4, OPE guest was highly
insulated with four PM a-CDs according to the space-filling model.



Figure 4. A space-filling model of the linked symmetrical [5]rotaxane.

Table 1
Wavelengths of the absorption and emission maxima and photoluminescence
quantum yieldsa

Sample kmax, abs (nm) [loge] kmax, em (nm) Usolution Usolid

4a 356 [3.82] 390, 411 0.82 0.14
4b 364 [3.75] 402, 423 0.92 0.14
4c 372 [4.08] 413, 436 0.87 0.37
5a 384 [4.70]b 423b 0.82b 0.003
5b 392 [4.28] 444 0.84 0.01
5c 392 [4.66] 438, 466 0.91 0.19

a Spectra were recorded in CHCl3. Absolute quantum yields were determined by a
calibrated integrating sphere system.

b In CHCl3–DMSO = 1:1.
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The absorption and emission spectra and photoluminescence
quantum yields of linked rotaxanes 4a–c are summarized in Table
1. The elongation of phenylene ethynylene units from two to six re-
sulted in bathochromic shift by about 16 nm. In order to examine
the shielding effect of PM a-CD, we compared the fluorescence
quantum yields of 4 with that of the corresponding uninsulated
compounds 5a–c (Fig. 3). The uninsulated compounds 5b–c as ref-
erences were intentionally synthesized by the reaction of 3 with
the corresponding iodobenzene derivatives in i-Pr2NH instead of
1:1 solution of H2O and CH3OH. As expected, there are significant
fluorescence enhancements in 4 especially in solid state suggesting
that encapsulation of OPEs by PM a-CD is essential to attain
efficient fluorescence properties.

In conclusion, a highly organic-soluble linked [3] and [5]rotax-
anes were prepared via double intramolecular self-inclusion of
an OPE moiety bearing two PM a-CDs and subsequent end-capping
by click reaction or Sonogashira coupling reaction. These linked
rotaxanes are highly soluble in various organic solvents such as
methanol, ethyl acetate, chloroform, toluene, and DMF. The
remarkable fluorescence enhancement was observed in these
linked rotaxanes both in solution and in solid state. This is the first
successful example of rotaxane synthesis via selective double self-
inclusion process.
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ArH), 8.07 (d, J = 8.3 Hz, 4H, ArH), 7.69 (d, J = 8.3 Hz, 4H, ArH), 7.66 (d,
J = 8.6 Hz, 4H, ArH), 7.46 (d, J = 7.8 Hz, 2H, ArH), 7.42 (s, 2H, ArH), 7.37 (d,
J = 8.7 Hz, 4H, ArH), 7.25 (d, J = 8.7 Hz, 4H, ArH), 7.21–7.18 (m, 4H, ArH), 5.05–
4.82 (m, 24H, CD-H1), 4.76–2.70 (m, 348H, CD-H, OCH3), 2.48 (s, 6H, SCH3);
Anal. Calcd for C280H410O120S2�4H2O: C, 57.66; H, 7.22. Found: C, 57.45; H, 6.84.


