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1. Introduction

Rotaxanes are a family of interlocked molecules with one or
more rings encircling a dumbbell-shaped component. As prime
candidates for the construction of artificial molecular ma-
chines, rotaxanes have become the subject of intense investiga-
tions.[1] In many cases, [2]rotaxanes contain two recognition
sites (D1 and D2) and one cyclic moiety (A) (Scheme 1). Moie-
ty A can encircle D1 or D2 and it can be switched between the
two stations upon external stimuli such as redox reactions and
light irradiations. In other words, moiety A can shuttle be-
tween the D1 and D2 stations in response to external stimuli. A

number of rotaxanes, in which D1 and D2 are electron donors
or acceptors and correspondingly the cyclic moiety A is an
electron acceptor or donor, have been described.[2] Recently,
Leigh and coworkers have successfully developed a new type
of rotaxanes, in which D1 and D2 are associated non-covalently
with A through H-bonds.[3] Rotaxanes featuring cyclodextrins
and molecular logic gates based on them have been report-
ed.[4,5]

The [2]rotaxanes, which contain tetrathiafulvalene (TTF)
and 1,5-dioxynaphthalene (DNP) as the two recognition sta-
tions and cyclobis(paraquat-p-phenylene) (CBPQT4+) as the
cyclic moiety, have been comprehensively investigated by
Stoddart and coworkers.[6] The following mechanism is pro-
posed to explain the shuttling of CBPQT4+ between TTF and
DNP stations: 1) The TTF moiety can be oxidized into the cor-
responding TTF�+ chemically or electrochemically and the
resulting electronic repulsion between TTF�+ and CBPQT4+

will drive the latter to the DNP station. 2) Transformation of
TTF�+ back to the neutral TTF state by either chemical or elec-
trochemical reduction would bring CBPQT4+ from the DNP
station to the initial TTF station.[6,7] Apart from studies in solu-
tion, the electrical bistability behavior of these [2]rotaxanes
has been also examined in the solid state (e.g., in two-terminal
junctions with LB films).[8] Solid-state switchable tunnel junc-
tion devices have been successfully fabricated using these
[2]rotaxanes.[8]

The TTF moieties employed in the construction of switch-
able [2]rotaxanes are D11, D12, D13, and D14 (Scheme 1). The
spacers that link TTF and DNP moieties are usually oligoethy-
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The synthesis and characterization of two new (TTF-DNP-CBPQT4+) [2]rotaxanes 1 and 2 is reported, based on tetrathiafulva-
lene (TTF), 1,5-dioxynaphthalene (DNP), and cyclobis(paraquat-p-phenylene) (CBPQT4+) with cyclohexyl and alkyl chains as
the spacers. Multilayer Langmuir–Blodgett (LB) films of [2]rotaxanes 1 and 2 are prepared. Conducting atomic force microsco-
py, scanning tunneling microscopy, and two-terminal junction device studies indicate that the LB films of [2]rotaxanes 1 and 2
show electrical bistability behavior. By comparing with the TTF-DNP-CBPQT4+ [2]rotaxanes reported by Stoddart et al.
previously, the present results imply that proper modification of the chemical structures of the TTF unit and the spacer have
negligible effect on the electrical bistability behavior of these TTF-DNP-CBPQT4+ [2]rotaxanes. These findings will allow for
the design and preparation of new multifunctional TTF-DNP-CBPQT4+ [2]rotaxanes in the future.
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lene glycol chains for most switchable [2]rotaxanes, in which
the hydrogen bonds are formed between a-bipyridinium pro-
tons and polyether oxygen atoms.[9] It is anticipated that struc-
tural modification of the TTF moiety would change its elec-
tron-donating ability and accordingly the interaction between
TTF and CBPQT4+ would be affected. Thus, it would be inter-
esting to prepare switchable [2]rotaxanes with new TTF deriva-
tives. In this paper we report two new TTF-DNP-CBPQT4+

[2]rotaxanes 1 and 2 (Scheme 2). In these two [2]rotaxanes, the
TTF moiety is the 4,4′(5′)-dialkylthiotetrathiafulvalene (D15 in
Scheme 1) that is rather easily accessible based on the syn-

thetic procedure developed by us previously,[10] and two differ-
ent spacers are used: cyclohexyl and alkyl chains. The two stop-
per units are G2-dendritic moieties. The results show that
1) the CBPQT4+ can be switched between the TTF and DNP
stations of [2]rotaxanes 1 and 2 upon oxidation and reduction;
2) stable monolayers of 1 and 2 can be formed at the air–water
interface and the corresponding multilayer LB films can be
fabricated with the normal LB technique; 3) the LB films show
electrical bistability behavior. A preliminary report about the
application of [2]rotaxanes 2 in nanorecording has been de-
scribed by us recently.[11]
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Scheme 1. Schematic illustration of a typical [2]rotaxane containing two recognition sites (D1 and D2) and one cyclic moiety (A), and the chemical struc-
tures of tetrathiafulvalene (TTF) derivatives employed in [2]rotaxanes.

S

S

S

S

S(CH2)5OCH2S

CH2O

CH2O

CH2O

CH2O

CH2O

CH2O

N

N

N

N

OCH2

OCH2

OCH2

OCH2

OCH2

OCH2

OCH2

4PF6
-

S

S

S

S

SCH2

CH2OCH2S

CH2O

CH2O

CH2O

CH2O

CH2O

CH2O

N

N

N

N

OCH2

OCH2

OCH2

OCH2

OCH2

OCH2

OCH2

4PF6
-

[2]Rotaxane 1 

[2]Rotaxane 2 

Scheme 2. The chemical structures of [2]rotaxane 1 and [2]rotaxane 2; the corresponding TTF units are enriched by the CBPQT4+ ring.
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2. Results and Discussion

2.1. Synthesis and Characterization

For the preparation of [2]rotaxanes 1 and 2, the correspond-
ing dumbbell-shaped compounds 3 and 4 were synthesized first
as shown in Scheme 3. The TTF moiety with the dendritic stop-
per 5 was obtained by the reaction of compound 6, which was
accessible based on the procedure developed by our group,[10]

and the dendritic compound 7 in the presence of CsOH·H2O.

The DNP derivatives 8 and 9 were synthesized by stepwise re-
action with compound 7 and the 1,4-dibromomethylcyclohex-
ane/1,5-dibromopentane in good yields. Further reaction of
compound 5 with compounds 8 and 9, respectively, afforded
the dumbbell-shaped compounds 3 and 4 after purification in
relatively high yields.

By using the dumbbell-shaped compounds 3 and 4 as
the templates, reaction of the dicationic precursor 10 and
1,4-bis(bromomethyl) benzene (11) led to the formation of
CBPQT4+ which encircled the compounds 3 and 4, and as a re-

sult, [2]rotaxanes 1 and 2 were constructed.
After purification with column chromatog-
raphy using a mixture solution of NH4PF6

in CH3NO2/CH2Cl2 as the eluent, analyti-
cally pure green powders of [2]rotaxanes 1
and 2 were obtained in 1–3 % yield. The
yields of [2]rotaxanes 1 and 2 were rather
low, which may be due to the fact that
the spacers of [2]rotaxanes 1 and 2 are cy-
clohexyl and alkyl chains, rather than the
glycol chains such as in the TTF-DNP-
CBPQT4+ [2]rotaxanes reported by Stod-
dart et al., and thus the TTF-CBPQT4+

complex in [2]rotaxanes 1 and 2 would not
be stabilized by the hydrogen bonds with
a-bipyridinium protons and polyether oxy-
gen atoms.[9] These two new [2]rotaxanes
were characterized by 1H-NMR, matrix-as-
sisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry
and elemental analysis. As an example, Fig-
ure 1 shows the part of the mass spectrum
of [2]rotaxane 2, in which the peaks corre-
spond to the [M – PF6

–]+, [M – 2PF6
– + e]+,

[M – 3PF6
– + 2e]+, and [M – 4PF6

– + 3e]+, re-
spectively. A comparison of the 1H-NMR
spectra (CD3COCD3, 298 K) of com-
pound 4 and the [2]rotaxane 2 revealed sig-
nificant changes in the chemical shift of the
signals associated with the protons located
closely to the TTF unit: the proton signals
of the two SCH2 groups downshift from
2.76 and 3.91 ppm in compound 4 to 3.15
and 4.25 ppm in the [2]rotaxane 2, respec-
tively.

2.2. Absorption Spectral Studies in
Solution

Absorption spectral studies showed that
the CBPQT4+ moiety could switch be-
tween the TTF and DNP stations of [2]ro-
taxanes 1 and 2 as observed for other
switchable [2]rotaxanes.[6] As an example,
Figure 2 shows the absorption spectrum
of [2]rotaxane 2 before and after oxida-
tion with Fe(ClO4)3 and further reduction
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Scheme 3. Synthetic route of the dumbbell-shaped compounds 3 and 4 and template synthesis of
[2]rotaxane 1 and [2]rotaxane 2. Reagents and conditions: a) K2CO3, DMF, r.t., 2 days; b) 1,4-cyclo-
hexanedibromomethane, K2CO3, DMF, r.t., 2 days; c) 1,5-dibromopentane, K2CO3, DMF, r.t.,
2 days; d) CsOH·H2O, THF/CH3OH, r.t., overnight; e) DMF, r.t., 10 days, NH4PF6.

FU
LL

P
A
P
ER

X. Guo et al./Synthesis, LB Films, and Electrical Bistability of [2]Rotaxanes



with ascorbic acid. A broad absorption band (curve a in Fig. 2)
with kmax = 840 nm, which is due to the charge-transfer (CT)
absorption of the TTF-CBPQT4+complex, was observed, while
the CT absorption band in the 500–600 nm region, which is as-
sociated with the DNP-CBPQT4+ complex, was not detected
for [2]rotaxane 2. Similar absorption spectral features were ob-
served for [2]rotaxane 1. These absorption spectral results re-
vealed that CBPQT4+ moiety of [2]rotaxanes 1 and 2 preferen-
tially resided by the TTF station.

Curve b corresponds to the absorption spectrum of the solu-
tion of [2]rotaxane 2 after addition of 1.0 equiv. of Fe(ClO4)3.
Characteristic absorption bands of TTF�+ with kmax = 435 nm
and 660 nm were detected. Concomitantly, the intensity of the
CT band of the TTF-CBPQT4+complex at 840 nm decreased
and a new absorption shoulder band at 530 nm appeared. Ac-
cording to previous studies this new absorption band at 530 nm
is generally associated with the DNP-CBPQT4+complex.[6]

Such spectral variation of [2]rotaxane 2 after addition of Fe3+

indicated the transformation of TTF into TTF�+ and the shut-

tling of CBPQT4+ from the TTF station to the DNP
station. Further addition of 1.0 equiv. of the ascorbic
acid to the solution of [2]rotaxane 2 that had been
treated with 1.0 equiv. of Fe(ClO4)3 led to nearly the
original spectrum as shown in Figure 2 (curve c).
Similar absorption spectral changes were observed
for [2]rotaxane 1 after sequential reaction with
Fe(ClO4)3 and ascorbic acid. These absorption spec-
tral changes revealed that the switching of CBPQT4+

between the TTF and DNP stations could be revers-
ibly controlled by oxidation and reduction for [2]ro-
taxanes 1 and 2.

2.3. LB Films

Figure 3 shows the surface pressure (p)–area (A)
isotherms of [2]rotaxanes 1 and 2 on a pure water
surface, which were obtained by spreading
40–100 lL CHCl3 solutions of [2]rotaxanes 1

(0.1954 M) and 2 (0.4848 M) onto the surface of a Langmuir
trough. The two p–A curves indicate that stable monolayers of
[2]rotaxanes 1 and 2 can be formed at the air–water interface.
[2]Rotaxanes 1 and 2 contain hydrophobic dendritic stoppers,

TTF with CBPQT4+ and DNP. They are not typical amphiphilic
molecules for the formation of LB films. However, it has been
reported previously that these atypical amphiphilic molecules
could form stable monolayers at the air–water interface and
corresponding LB films could be prepared.[12] The extrapolated
molecular areas from the linear part of the isotherms were
134 Å2 and 212 Å2 for 1 and 2, respectively. The molecular
area of the complex of CBPQT4+ and TTF moiety was esti-
mated to be ca. 170 Å2,[13] thus it may be concluded that the hy-
drophilic part of 2, CBPQT4+ with TTF, was almost lying on
the surface, while that of 1 was titled relative to the surface.

The formed monolayers of [2]rotaxanes 1 and 2 at the air–
water interface can be transferred onto the substrates by using
the normal LB technique. As to be discussed below, multilayer
LB films of [2]rotaxanes 1 and 2 can also be fabricated. The LB
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Figure 1. MALDI-TOF spectrum of [2]rotaxane 2.
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films of [2]rotaxanes 1 were prepared at a surface pressure of
21 mN m–1 and a lifting speed of 1–3 mm min–1, and the trans-
fer ratio was in the range of 0.9–1.0. The LB films of [2]rotax-
anes 2 was prepared similarly at a surface pressure of
20 mN m–1 and a lifting speed of 1–2 mm min–1, and the trans-
fer ratio was in the range of 0.8–1.0. The LB films of [2]rotax-
anes 1 and 2 were characterized by atomic force microscopy
(AFM) and scanning tunneling microscopy (STM). The AFM
(tapping mode) and STM images of the 7-layer LB films of
[2]rotaxanes 1 and 2 deposited on highly oriented pyrolithic
graphite (HOPG) are provided in the Supporting information.
Aggregation of [2]rotaxanes 1 and 2 to form domains was ob-
served.

2.4. Electrical Bistability Behavior

Seven-layer LB films of [2]rotaxane 1 were deposited onto
the surface of HOPG. The conducting behavior of the LB films
was studied with conducting AFM. The measurements were
conducted over 50 times on different sample positions, and typ-
ical I–V curves are shown in Figure 4. When the applied volt-
age was lower than 1.4 V, the conductivity of the LB films was
rather small. Interestingly, a sudden conductivity enhancement
was observed when the voltage was higher than 1.4 V. The con-

ducting behavior of the LB films was also studied by STM, and
it was found that the conductivity increased largely after apply-
ing an electric field pulse (ca. 2.0 V and 5 ms) to the LB films.
These results indicated that LB films showed electrical bistabil-
ity behavior, and the low-conductivity state could be trans-
formed into the high-conductivity state by applying an electri-
cal voltage. Seven-layer LB films of [2]rotaxane 2 were also
studied with conducting AFM and STM, and a similar conduc-
tance transition was observed after applying an electrical volt-
age to the LB films.

The conducting behavior of the LB films of [2]rotaxanes 1
was also studied with a two-terminal junction device. For this
purpose, the 50-layer LB films (with a thickness of ca. 70 nm)
of [2]rotaxanes 1 were transferred onto the surface of indium
tin oxide (ITO) and the top of the LB films made contact with

a freshly cleaved HOPG surface. The macroscopic I–V proper-
ties of the LB films were measured with a standard I–V charac-
terization system (Keithley Model 4200SCS). The measure-
ment started from 0 voltage and increase in steps of 0.025 V;
the data were collected 5 s after setting the voltage. As shown
in Figure 5, the conductivity of the LB films of [2]rotaxane 1
was rather small when the applied voltage was lower than
1.4 V. The conductivity of the LB films increased largely when
the applying voltage was over 1.4 V, again implying the transi-

tion of a low-conductivity state into a high-conductivity state
(curve 1). The conductance between the two states differs by
two orders of magnitude. Curve 2 was recorded for LB films
that had been left for 12 h in a container at room temperature
after application of 1.4 V. This result clearly showed that the
high-conductivity state of the LB films of [2]rotaxane 1 was
stable. Curves 3, 4, and 5 corresponded to the I–V curves of the
LB films measured after applying a negative voltage. As a re-
verse voltage was applied, the LB films of [2]rotaxane 1 went
back to the original low-conductivity state (curves 4 and 5 of
Fig. 5). These results indicate that for the LB films of [2]rotax-
ane 1 the conductance transition can be reversibly controlled
by the external voltage. This conclusion is in agreement with
that deduced from conducting AFM and STM studies as dis-
cussed above.

The conducting behavior of the LB films of [2]rotaxane 2
was also studied with conducting AFM, STM, and the two-ter-
minal junction device. A similar electrical bistability behavior
was observed, and stable/reproducible nanorecording with LB
films of [2]rotaxane 2 has successfully been realized.[11] Plenty
of experimental results have provided support for the following
mechanism explaining the switchable electrical bistability be-
havior observed for TTF-DNP-CBPQT4+ [2]rotaxanes:[6,14]

1) By applying a positive pulse voltage the TTF unit is oxidized
into the TTF�+ state, and as a result CBPQT4+ moves to the
DNP station owing to the electronic repulsion. Theoretical-cal-
culation results indicate that the complex DNP–CBPQT4+ ex-
hibits a higher conductivity than the TTF-CBPQT4+ complex.[7]

Therefore, it is understandable that the conductivity of the LB
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films of TTF-DNP-CBPQT4+ [2]rotaxanes is enhanced when
CBPQT4+ is shifted to the DNP station. 2) Then, by applying a
negative pulse voltage TTF�+ is reduced to the neutral TTF unit
and CBPQT4+ moves back to the TTF station, and accordingly
the low-conductivity state is restored. Therefore, it is reason-
able to assume that the same mechanism can also account for
the electrical bistability exhibited by the LB films of [2]rotax-
anes 1 and 2. It should be mentioned that no significant differ-
ence was observed in the electrical bistability properties be-
tween [2]rotaxanes 1 and 2 LB films, although they had
different spacers (cyclohexyl and alkyl chains) exhibiting differ-
ent conformational flexibility. This is likely because molecules
of [2]rotaxanes 1 and 2 would become more rigid in the LB
films and thus the conformational flexibility would largely be
reduced and no longer play a role in the electrical bistability.

3. Conclusions

The synthesis and characterization of two new TTF-DNP-
CBPQT4+[2]rotaxanes 1 and 2 with cyclohexyl and alkyl chains
as the spacers were described. Stable monolayers of [2]rotax-
anes 1 and 2 can be formed at the air–water interface and,
moreover, multilayer LB films can be prepared. Conducting
AFM, STM, and two-terminal junction device studies indicate
that the LB films of [2]rotaxanes 1 and 2 show electrical bista-
bility behavior. It is also assumed that the movement of the
CBPQT4+ ring upon oxidation/reduction of TTF moiety is re-
sponsible for the electrical bistability behavior as has been
reported previously for other TTF-DNP-CBPQT4+ [2]rotax-
anes.[8] Although the TTF moiety (D15, Scheme 1) employed
in [2]rotaxanes 1 and 2 is different from the TTF moieties
(D11–D14, Scheme 1) in other TTF-DNP-CBPQT4+ [2]rotax-
anes,[8] similar switching behavior of CBPQT4+ between the
TTF and DNP stations is realized. The present results hint that
proper modification of the chemical structures of the TTF unit
and the spacer has a negligible effect on the electrical bistabili-
ty behavior of TTF-DNP-CBPQT4+ [2]rotaxanes. This finding
will enable us to design and prepare new multifunctional TTF-
DNP-CBPQT4+ [2]rotaxanes in the future.

4. Experimental

Chemical Reagents: Tetrahydrofuran (THF) was distilled from so-
dium/benzophenone immediately prior to use. Dimethylformamide
(DMF) was pre-dried over molecular sieves (4 Å) for at least 3 days
before use. 1,5-dibromopentane, 1,5-dihydroxylnaphthalene, and 1,4-cy-
clohexanedimethanol were purchased from Acros Chemicals. 1,4-Cy-
clohexanedibromomethane was prepared from 1,4-cyclohexanedi-
methanol. All other reagents and solvents (standard grade) were used
as received unless otherwise stated. All reactions involving compounds
containing TTF units were carried out under an atmosphere of dry N2.

Characterization Techniques: Melting points were measured with an
XT4-100X apparatus and used uncorrected. 1H-NMR spectra were re-
corded with a Bruker 300 MHz spectrometer. All chemical shifts were
quoted in ppm relative to tetramethylsilane (TMS). Mass spectra were de-
termined by MALDI-TOF-MS (BEF LEX III). Elemental analysis was
performed on a Carlo-Erba-1106 instrument. Absorption spectra were
measured with a Hitachi (model U-3010) UV-vis spectrophotometer.

LB films were prepared with a KSV 5000 instrument. All STM im-
ages were obtained with a Solver P47 scanning probe microscope. All
AFM images were recorded with either a Solver P47 or a Nanoscope 3
Multimodes scanning probe microscope. The STM tip was a self-pro-
duced tungsten tip. The conductive AFM tips were commercially avail-
able Si tips coated with a W2C layer (NT-MDT, NSC11, and CSG11).
All the STM and AFM experiments were conducted at room tempera-
ture under ambient conditions.

Synthesis of Compound 13: To a solution of 1,5-dihydroxylnaphtha-
lene (12, 0.99 g, 6.19 mmol) in DMF (50 mL) was added G2-dendri-
mer 7 (1.00 g, 1.24 mmol) and anhydrous K2CO3 (0.81 g, 5.90 mmol).
Then the mixture was stirred at room temperature for 2 days under a
N2 atmosphere before 200 mL of H2O was added. The aqueous solu-
tion was extracted with dichloromethane (3 × 70 mL), and the com-
bined extracts were washed with H2O (2 × 40 mL) and saturated aque-
ous NaCl (20 mL), dried (MgSO4), and concentrated in vacuum. After
column chromatography on silica gel with dichloromethane/petroleum
ether (60–90 °C) (2:1, v/v) as eluent, compound 13 was obtained as a
white solid (0.93 g) in 85 % yield: m.p. 85–86 °C. 1H-NMR (300 MHz,
CDCl3) d [ppm]: 9.75 (1H, br, OH), 7.75 (2H, m, Ar-H), 7.38 (22H, m,
Ar-H), 6.74–6.56 (11H, m, Ar-H), 5.15 (2H, s, CH2), 5.00 (8H, s, 4CH2),
4.96 (4H, s, 2CH2); MS (MALDI-TOF) m/z 909.6 (M + Na+). Anal.
calcd. for C59H50O8: C, 77.86; H, 5.54. Found: C, 77.66; H, 5.57.

Synthesis of Compound 8: It was prepared from compounds 13
and 1,4-cyclohexanedibromomethane as a white semisolid in 83 %
yield: 1H-NMR (300 MHz, CDCl3) d [ppm]: 7.75 (2H, m, Ar-H), 7.37
(22H, m, Ar-H), 6.80–6.56 (11H, m, Ar-H), 5.19 (2H, s, CH2), 5.00
(8H, s, 4CH2), 4.96 (4H, s, 2CH2), 4.13 (2H, d, J = 6.5 Hz, CH2), 3.30
(2H, d, J = 6.4 Hz, CH2), 1.96–1.92 (4H, m, alkyl-H), 1.61–1.58 (2H, m,
alkyl-H), 1.11–1.01 (4H, m, alkyl-H); MS (MALDI-TOF) m/z 1074.5
(M+). Anal. calcd. for C67H63BrO8: C, 74.83; H, 5.91. Found: 74.81; H,
5.95.

Synthesis of Compound 9: It was prepared from 13 and 1,5-dibromo-
pentane as a white semisolid in 85 % yield: 1H-NMR (300 MHz,
CDCl3) d [ppm]: 7.78 (2H, m, Ar-H), 7.35 (22H, m, Ar-H), 6.78–6.60
(11H, m, Ar-H), 5.19 (2H, s, CH2), 5.00 (8H, s, 4CH2), 4.96 (4H, s,
2CH2), 4.10 (2H, m, CH2), 3.40 (2H, m, CH2), 1.60–1.80 (6H, m, 3
CH2); MS (MALDI-TOF) m/z 1034.5 (M+). Anal. calcd. for
C64H59BrO8: C, 74.25; H, 5.75. Found: C, 74.15; H, 5.63.

Synthesis of Compound 5: It was synthesized according to the pre-
vious procedure [10c] as an orange oil in 72 % yield: 1H-NMR
(300 MHz, CDCl3) d [ppm]: 7.57 (20H, m, Ar-H), 6.66–6.49 (9H, m,
Ar-H), 6.40 (1H, d, J = 7.3 Hz, olefinic), 6.08 (1H, s, olefinic), 5.03 (8H,
s, 4CH2), 4.90 (4H, s, 2CH2), 3.83 (2H, s, CH2), 2.83 (2H, t, J = 7.3 Hz,
CH2CN), 2.56 (2H, t, J = 6.9 Hz, SCH2); MS (MALDI-TOF) m/z
1048.6 (MH+). Anal. calcd. for C58H49NO6S6: C, 66.45; H, 4.71; N, 1.34.
Found: C, 66.14; H, 4.64; N, 1.11.

Synthesis of Dumbbell Compound 4: To a solution of 5 (0.20 g,
0.19 mmol) in anhydrous degassed THF (20 mL) was added a solution
of CsOH·H2O (0.05 g, 0.30 mmol) in anhydrous degassed MeOH
(10 mL) over a period of 30 min. The mixture was stirred for an addi-
tional 30 min whereupon a solution of compound 9 (0.20 g, 0.20 mmol)
in anhydrous degassed THF (20 mL) was added. The solution was
stirred overnight. After separation by column chromatography com-
pound 4 was obtained as a yellow semisolid (0.26 g) in 70 % yield: 1H-
NMR (300 MHz, CD3COCD3) d [ppm]: 7.83 (2H, m, Ar-H), 7.35 (42H,
m, Ar-H), 6.80–6.56 (20H, m, Ar-H), 6.20–6.15 (2H, m, olefinic), 5.19
(2H, s, CH2), 5.00 (16H, m, 8 CH2), 4.96 (8H, m, 4 CH2), 4.13 (2H, m,
CH2), 3.91 (2H, s, CH2), 2.76 (2H, m, CH2), 1.58–1.85 (6H, m, 3 CH2);
MS (MALDI-TOF) m/z 1948.0 (M+). Anal. calcd. for C119H104O14S6:
C, 73.28; H, 5.38. Found: C, 73.20; H, 5.29.

Synthesis of Dumbbell Compound 3: It was prepared from com-
pounds 8 and 5 as a yellow semisolid in 67 % yield: 1H-NMR
(300 MHz, CD3COCD3) d [ppm]: 7.99 (2H, m, Ar-H), 7.40 (42H, m,
Ar-H), 6.89–6.56 (20H, m, Ar-H), 6.15–6.10 (2H, m, olefinic), 5.17 (2H,
s, CH2), 5.00 (16H, m, 8 CH2), 4.95 (8H, m, 4 CH2), 3.91 (2H, d,
J = 6.0 MHz, CH2), 3.85 (2H, s, CH2), 2.65 (2H, m, CH2), 1.99–1.92
(4H, m, alkyl-H), 1.56–1.50 (2H, m, alkyl-H), 1.09–1.01 (4H, m,
alkyl-H); MS (MALDI-TOF) m/z 1988.1 (M+). Anal. calcd. for
C122H108O14S6: C, 73.62; H, 5.47. Found: C, 73.56; H, 5.48.
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Synthesis of [2]Rotaxane 2: A solution of 4 (0.31 g, 0.16 mmol), 10
(0.45 g, 0.63 mmol), and p-xylylene dibromide (11, 0.17 g, 0.63 mmol)
in dry, degassed DMF (45 mL) was stirred under N2 for 10 days. Then
the solvent was removed in vacuum to afford a residue, which was sub-
jected to column chromatography on silica gel using a mixture solution
of CH3NO2 and CH2Cl2 (1:3, v/v) containing NH4PF6 (1 %) as eluent.
After the solvent was evaporated off, the [2]rotaxane 2 was collected
as a green solid (20 mg) in 3 % yield: m.p. 156–157 °C. 1H-NMR
(300 MHz, CD3COCD3) d [ppm]: 9.43 (8H, br, Ar-H), 8.29 (8H, br, Ar-
H), 7.94 (8H, s, Ar-H), 7.92 (2H, m, Ar-H), 7.45 (44H, m, Ar-H + olefi-
nic), 6.89–6.65 (20H, m, Ar-H), 6.03 (8H, s, 4CH2), 5.25 (2H, s, CH2),
5.15 (8H, m, 4CH2), 5.00 (16H, m, 8CH2), 4.25 (4H, m, 2CH2), 3.15
(2H, s, CH2), 1.58–2.01 (6H, m, 3CH2); MS (MALDI-TOF) m/z 2903.6
([M – PF6

–]+), 2758.7 ([M – 2PF6
– + e]+), 2613.6 ([M – 3PF6

– + 2e]+)
1948.7 ([M – 4PF6

– + 3e]+). Anal. calcd. for C155H136N4O14S6
.4PF6: C,

61.01; H, 4.50; N, 1.84. Found: C, 60.89; H, 4.45; N, 1.67.
Synthesis of [2]Rotaxane 1: It was prepared in a similar manner as

[2]rotaxane 2 from compound 3 and was obtained as a green solid in
1 % yield: m.p. 161–162 °C. 1H-NMR (300 MHz, CD3COCD3) d [ppm]:
9.55 (8H, br, Ar-H), 8.52 (8H, br, Ar-H), 7.94 (8H, s, Ar-H), 7.74 (2H,
m, Ar-H), 7.41 (44H, m, Ar-H + olefinic), 6.61–6.83 (20H, m, Ar-H),
6.09 (8H, s, 4 CH2), 5.24 (2H, s, CH2), 5.13 (8H, m, 4CH2), 5.09 (16H,
m, 8CH2), 4.20 (2H, m, CH2), 4.00 (2H, m, CH2), 3.05 (2H, s, CH2),
1.95–1.90 (4H, m, alkyl-H), 1.57–1.54 (2H, m, alkyl-H), 1.26–1.11 (4H,
m, alkyl-H); MS (MALDI-TOF) m/z 2943.3 ([M – PF6

–]+), 2798.9
([M – 2PF6

– + e]+), 2653.6 ([M – 3PF6
– + 2e]+), 1988.9 ([M – 4PF6

– + 3e]+).
Anal. calcd. for C158H140N4O14S6

.4PF6: C, 61.38; H, 4.57; N, 1.81.
Found: C, 61.25; H, 4.51; N, 1.66.
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