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Introduction

Supramolecular chemistry has alerted many chemists to the
importance of weak noncovalent interactions[1] and has led
to the design and synthesis of mechanically interlocked com-

pounds, such as rotaxanes and catenanes, using a template-
directed protocol.[2] Mechanically interlocked compounds[3]

that consist of a dumbbell-shaped component and a ring
component are known as [2]rotaxanes, whereas those com-
posed of a pair of mutually interlocked ring components are
called [2]catenanes. Although the first generation[4] of [2]ro-
taxanes and [2]catenanes with multiple recognition sites
were nondegenerate with respect to the relative positioning
of their components, subsequent designs[5] incorporated bi-
ACHTUNGTRENNUNGstability, which was eventually expressed synthetically as
two equilibrating states with very different free energies,
that is, one state of the molecule is populated to a much
greater extent than the other one. The next step in the con-
ceptual development of the field was the realization of
switchable, bistable [2]rotaxanes and [2]catenanes, in which
the relative positioning of the components can be elevated
from the ground state to a metastable one as a result of
chemical,[6] electrochemical,[7] optical,[8] or a collection of
some of these stimuli,[9] thus creating the fundamental basis
for the construction of simple two-state switches. This reali-
zation and subsequent research activity—focused on bistable
rotaxanes and catenanes—has moved the challenge, at least
temporarily, away from synthesis to the creation of molecu-
lar devices.[10]
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The mechanically interlocked donor–acceptor compounds
we have been developing in recent years[11] in the shape of
two-station [2]rotaxanes[12] and [2]catenanes[13] are usually
composed of a tetracationic cyclophane, cyclobis(paraquat-
p-phenylene)[14] (CBPQT4+), and a dumbbell or another
ring component, respectively, encompassing two stations or
recognition sites for CBPQT4+ , principally tetrathiafulva-
lene[15] (TTF) and 1,5-dioxynaphthalene[16] (DNP) units. In
this donor–acceptor system, the p-electron-poor CBPQT4+

ring interacts with the p-electron-rich recognition sites TTF
(more so) and DNP (less so) by means of charge-transfer
(CT) interactions in part.[11–17] Although other weak interac-
tions, such as p····p stacking and C�H····p, C�H····O, and van
der Waals interactions play a crucial role in stabilizing the
CBPQT4+ ring around the recognition sites,[13,16, 17] the CT
interactions confer useful electrochemical and electrooptical
properties on these systems.[12,13,18] A series of incremental
advances, made over almost two decades now to unleash the
potential of these bistable [2]rotaxanes and [2]catenanes,
has positioned these compounds as leading candidates[18] for
the fabrication of molecular electronic devices and nano-
ACHTUNGTRENNUNGelectromechanical systems (NEMS).

So far, our extensive research and development work[15]

has been limited to bistable, two-station [2]rotaxanes[12] and
[2]catenanes.[13] The time is now ripe, however, to extend
our research effort to encompass tristable, three-station
[2]catenanes. Employing a different recognition motif, Leigh
et al.[19] reported examples of tristable, three-station [2]- and
[3]catenanes in which one of the rings can be made to un-
dergo unidirectional circumrotation in a stepwise manner. If
we can realize tristable, donor–acceptor, three-station [2]cat-
enanes using the p-electron-accepting CBPQT4+ rings with
p-electron-donating recognition sites (stations) in the other
ring, we stand a good chance of uncovering electrochemical,
electrooptical, and electromechanical properties that are not
attainable in bistable two-station [2]rotaxanes and [2]cate-
nanes.

Recently, we suggested[20] that an electrochemically con-
trollable red–green–blue (RGB) [2]catenane could be the
basis for constructing a different kind of electrochromic
device (Figure 1).[21] In such a system, we might expect that
a change in location of the CBPQT4+ ring between three p-
electron-donating stations might generate three different
colors (RGB) based on the different CT interactions be-
tween the CBPQT4+ ring and these three distinct, carefully
chosen stations. To achieve tristability, a three-station [2]cat-
enane must satisfy the following two requirements. 1) As
the partitioning of the occupation on three different stations
by the CBPQT4+ ring reflects the relative free energies of
the three states, the association constants (Ka) for the
CBPQT4+ ring and the three stations must differ by at least
one order of magnitude.[22] 2) The order of magnitude of
these Ka values must be coupled judiciously to the oxidation
potentials of the three different stations, that is, the station
with the largest Ka value must have the smallest oxidation
potential for it to address the tristable [2]catenane electro-
chemically. In an attempt to satisfy these two requirements

and develop the concept of an RGB [2]catenane, we em-
ployed DFT calculations at the outset.[20]

In the proposed design (Figure 2a), TTF, DNP, and di-
fluorinated benzidine (DFBZ) units were identified as the

Figure 1. The proposed design for electronic paper displays based on the
electrochromism of electrochemically controllable three-station [2]cate-
nanes. The control voltage is applied between the transparent electrode
and the soft active matrix to manipulate the color switch in the pixel
layer, which is impregnated with three-station [2]catenanes capable of ex-
hibiting RGB colors in response to the applied voltage. The RGB colors
originate from the CT absorption bands between the tetracationic cyclo-
phane and the three stations on the macrocyclic polyethers.

Figure 2. Structural formulae of a) the RGB [2]catenane 26·4PF6 and
b) the three-station [2]catenanes 1·4PF6 and 2·4PF6. The abbreviation for
each station and the labeling scheme for the NMR spectral assignments
are also depicted.
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different stations to be incorporated into the p-electron-rich
macrocyclic polyether. Furthermore, we gave ourselves the
liberty to replace the two closest ether oxygen atoms around
the DNP unit to exchange the relative magnitudes of the Ka

values.[23] Towards this theoretically optimized design, we
identified two three-station [2]catenanes 1·4PF6 and 2·4PF6

as prototypes in which the benzidine (BZ) unit is employed
as a station instead of the DFBZ unit. In the [2]catenane
1·4PF6, the three stations are linked by tetraethyleneglycol
chains. The binding constants of the CBPQT4+ ring with oli-
goethyleneglycol-tethered TTF, DNP, and BZ units were al-
ready reported as 380000, 36400, and 1100m�1 (MeCN,
298 K), respectively.[24, 25] Although the relative binding affin-
ities satisfy the first requirement mentioned above, the oxi-
dation potential of the BZ unit is substantially smaller than
that of DNP. Thus, we did not expect 1·4PF6 to exhibit tri-
ACHTUNGTRENNUNGstability. The synthesis of 1·4PF6, however, was viewed as a
practice run for the synthesis of 2·4PF6. Furthermore, it was
anticipated that 1·4PF6 would provided a reference point
from which to assess 2·4PF6. In 2·4PF6, the two oxygen
atoms closest to the DNP unit were exchanged for methyl-
ene groups to adjust the Ka values of the DNP unit.[23] As
this structural modification should lead to the desired con-
sistency between ordering of the Ka values and ordering of
the oxidation potentials, 2·4PF6 was considered to be a
promising candidate to exhibit tristability. Herein, we report
some thermodynamic data for 1:1 complexes formed be-
tween CBPQT4+ and model compounds for the recognition
units in 1·4PF6 and 2·4PF6. Armed with background infor-
mation, we describe the synthesis and characterization by
UV/Vis and 1H NMR spectroscopy. The electrochemical and
electromechanical behavior of 1·4PF6 and 2·PF6 are com-
pared and contrasted based on the results obtained from
cyclic voltammetry, differential pulse voltammetry, and spec-
troelectrochemistry.

Results and Discussion

Thermodynamic Binding Data for Model Compounds

In this investigation, we employed TTF,[15] BZ,[25] and
DNP[16] units as binding sites for the CBPQT4+ ring.[14] We
identified two three-station [2]catenanes in which a crown
ether incorporating TTF, BZ, and DNP stations is inter-
locked with a CBPQT4+ ring (Figure 2b). To determine the
relative preferences for encirclement of these three stations
by the ring in 1·4PF6 and 2·4PF6, the binding strengths of
some model guests with CBPQT·4PF6 as the host were ob-
tained from measurements carried out in MeCN with iso-
thermal titration calorimetry (ITC). This method is conven-
ient for obtaining the thermodynamic parameters (DH, DS,
and DG) associated with complex formation at a given tem-
perature.[1c,26] The structural formulae of the model guests
and CBPQT4+ are illustrated in Figure 3. The thermody-
namic binding data for the tetraethyleneglycol-disubstituted
TTF and DNP fragments in MeCN (TTF-TEG: Ka=

416000m�1; DNP-TEG: Ka=43900m�1) are comparable

with those obtained for the diethyleneglycol-disubstituted
TTF and DNP fragments (TTF-DEG: Ka=380000m�1;
DNP-DEG: Ka=36400m�1) in a previous investigation.[24]

The binding constant for tetraethyleneglycol-disubstituted
BZ (BZ-TEG) with CBPQT·4PF6 is 1910m

�1. This Ka value
is comparable with that obtained previously with a UV/Vis
titration method and a closely related model guest, namely,
triethyl ACHTUNGTRENNUNGeneglycol-disubstituted BZ (Ka=1100m�1).[25] These
ITC results indicate that the smaller enthalpy gain when
CBPQT4+ binds BZ-TEG (�42.3 kJmol�1) compared to
when it binds either TTF-TEG (�60.9 kJmol�1) or DNP-
TEG (�65.4 kJmol�1) means that the CBPQT4+ ring in
both [2]catenanes will encircle preferentially the TTF and
DNP units rather than BZ. It was reported that the intro-
duction of ethyleneglycol chains improves the binding abili-
ty of TTF and DNP derivatives[23,24] on account of stabilizing
C�H···O interactions[17] present in their 1:1 complexes with
CBPQT4+ . In the case of BZ, the binding constant for un-
substituted BZ (Ka=1044m�1) and triethyleneglycol-disub-
stituted BZ (Ka=1100m�1) are the same[25] within experi-
mental error, suggesting that the ethyleneglycol chains do
not lead to an increase in binding energy in the case of BZ
derivatives.[23] Thus, the smaller enthalpy gain of BZ-TEG
relative to TTF-TEG and DNP-TEG during 1:1 complexa-
tion with CBPQT·4PF6 arises from much weaker interac-
tions between the BZ-TEG ethyleneglycol chains and the
CBPQT4+ ring.

The disubstituted DNP-C5-DEG (Ka=122m�1) (Figure 3)
has a much smaller binding constant with CBPQT·4PF6

Figure 3. a) Structural formulae of the series of model guests TTF-TEG,
BZ-TEG, DNP-TEG, and DNP-C5-DEG. b)Structural formula of the
host, cyclobis(paraquat-p-phenylene) (CBPQT4+).
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than does DNP-TEG (Ka=43900m�1). The Ka value for
DNP-C5-DEG is comparable with that[24] for unsubstituted
DNP (Ka=440m�1). The ether oxygen atoms of DNP-TEG
contribute to the stabilization of the 1:1 complex with
CBPQT4+ by means of C�H···O interactions.[17] X-ray crys-
tallographic data for the 1:1 complex formed between DNP-
TEG and CBPQT·4PF6 indicate that the second and third
oxygen atoms distant from the 1,5-dioxynaphthalene ring
system are involved in C�H···O interactions with the
CBPQT4+ ring.[16] The small Ka value for DNP-C5-DEG and
CBPQT·4PF6 reveals that exchanging the second-closest
oxygen atom for a methylene group is highly effective in re-
ducing the binding to the CBPQT4+ ring. Although both
three-station [2]catenanes contain the same three stations—
namely, TTF, BZ, and DNP—the attraction of the
CBPQT4+ ring for the DNP stations in 1·4PF6 and 2·4PF6 is
different as a result of the different constitutions in the im-
mediate vicinities of the DNP stations.

The UV/Vis spectra of the 1:1 complexes (Figure 4a)
formed between CBPQT·4PF6 and DNP-TEG, BZ-TEG,

and TTF-TEG in MeCN (concentrations of complexes=1,
1, and 0.1 mm, respectively) are shown in Figure 4b. The ab-
sorption maxima are at about 540, 620, and 820 nm, respec-
tively. The colors of the three different stations are shown in
Figure 4c. The results augur well for the design of a three-
station [2]catenane that is tristable and electrochemically
controllable.

Synthesis of the First Three-Station [2]Catenane

The [2]catenane 1·4PF6 was prepared according to the
routes outlined in Schemes 1 and 2. The synthesis of the
crown ethers 5 and 16 are described in Scheme 1. The secon-

dary amine groups of tetraethyleneglycol-disubstituted ben-
zidine 10[25a] were Boc-protected. Di-tert-butyl dicarbonate
reacted selectively with the secondary amine groups and not
at all with the terminal hydroxy groups of 10, which were
subsequently tosylated to afford the monotosylate 12. Alky-
lation of the tetraethyleneglycol-monosubstituted 1,5-dioxy-
naphthalene 13[27] with 12 gave the diol 14, which was con-
verted into ditosylate 15. The Boc-protected macrocycle 5
was obtained by reaction of the 15 with TTF diol (TTF-
OH)[28] in the presence of Cs2CO3 and NaH and heating
under reflux in THF for two days.[13,29] The Boc-protected
[2]catenane 3·4PF6 was self-assembled (Scheme 2) under
high-pressure conditions (12 kbar) in DMF at room temper-
ature by using 5 as the template for the formation of the
CBPQT4+ ring from 7·2PF6 and 1,4-bis(bromomethyl)ben-
zene (8), followed by counterion exchange (NH4PF6). Final-
ly, the three-station [2]catenane 1·4PF6 was obtained by
Boc-deprotection of 3·4PF6 with TsOH under reflux in
Me2CO, followed by counterion exchange (NH4PF6). The
overall yield of 1·4PF6 following these two steps amounts to

only 46% because of the de-
composition of TTF and BZ
under the acidic conditions of
the deprotection step.

Synthesis of the Second Three-
Station [2]Catenane

The [2]catenane 2·4PF6 was
synthesized according to the
routes outlined in Schemes 3
and 2. DNP was alkylated with
5-bromopentanol in MeCN in
the presence of K2CO3 to
afford the diol 17. Further alky-
lation of 17 with 2-[2-(2-
chloroethACHTUNGTRENNUNGoxy)ethoxy]-tetrahy-
dropyran[13a] (18) in THF in the
presence of NaH and NaI and
subsequent deprotection of the
THP group with PPTS gave the
diol 20.[30] The monotosylated
21, prepared from 20, was cou-
pled with the tetra-

ACHTUNGTRENNUNGethyleneglycol-monosubstituted derivative 22 in PhMe to
afford the diol 23. Following Boc-protection of the secon-
dary amine groups in 23, the terminal hydroxy groups of 24
were tosylated. The Boc-protected macrocycle 6 was pre-
pared from the ditosylate 25 and TTF-OH[28] in the presence
of Cs2CO3 and NaH by heating under reflux in THF for two
days.[13,29] The Boc-protected [2]catenane 4·4PF6 was self-as-
sembled (Scheme 2) under high-pressure conditions
(12 kbar) in DMF at room temperature by using 6 as the
template for the formation of the CBPQT4+ ring from
7·2PF6 and 8, followed by counterion exchange (NH4PF6).
Finally, the three-station [2]catenane 2·4PF6 was obtained in
50% yield after Boc-deprotection of 4·4PF6 with TsOH

Figure 4. a) Structural formulae, b) UV/Vis spectra, and c) colors of solutions in MeCN of the complexes
formed between p-electron-rich DNP-TEG (red), BZ-TEG (blue), and TTF-TEG (green) polyether chains
and the p-electron-deficient CBPQT·4PF6.
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Scheme 1. Synthetic route to the Boc-crown ether 5 employed in the template-directed synthesis of the three-station [2]catenane 1·4PF6. Boc=
tert-butoxycarbonyl, DMAP=4-dimethylaminopyridine, Ts=p-toluenesulfonyl; d=days.

Scheme 2. The template-directed syntheses of the three-station [2]catenanes 1·4PF6 and 2·4PF6. DMF=N,N-dimethylformamide, THP=
2-tetrahydropyranyl.
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under reflux in Me2CO, followed by counterion exchange
(NH4PF6).

UV/Vis Absorption Spectra of the Three-Station
[2]Catenanes

The absorption spectra recorded for 1·4PF6 and 2·4PF6 are
superimposed in Figure 5. Although these three-station
[2]catenanes have the same chromophores (TTF, BZ, DNP,
and CBPQT4+), the absorption spectra are not identical.
The color difference is significant enough to be recognized

by the eye (Figure 5, inset). The [2]catenane 1·4PF6 is a
darker green than its analogue 2·4PF6. The absorption
bands in the visible region arise from the CT bands between
the p-electron-donor stations and the p-electron-accepting
CBPQT4+ ring.[12,17,21,25] It was reported that the CT bands
for DNP!CBPQT4+ and TTF!CBPQT4+ appear as broad
absorptions centered at 530 and 840 nm, respectively.[21] The
differences in the absorption of the CT bands in 1·4PF6 and
2·4PF6 are significant in the region of these two well-sepa-
rated bands (Figure 5). The absorption intensities of the
DNP!CBPQT4+ and TTF!CBPQT4+ CT bands for
1·4PF6 are more and less, respectively, than those for
2·4PF6. These differences indicate that the proportion of the
CBPQT4+ ring residing on the DNP unit in 1·4PF6 is more
than that in 2·4PF6. When the binding affinities of all three
stations towards the CBPQT4+ ring are taken into account,
this behavior is entirely reasonable. Assuming that the parti-
tioning of the CBPQT4+ ring between the three stations re-
flects the thermodynamic properties of the guest compounds
listed in Table 1, we can estimate the population of the
CBPQT4+ ring on each station in the two [2]catenanes. In
the case of 1·4PF6, the populations of the CBPQT4+ ring on
the TTF, BZ, and DNP stations are 90.1, 0.4, and 9.5%, re-
spectively. In the case of 2·4PF6, the populations are 99.5,
0.5, and 0.0%, respectively. Hence, a significant amount of
the CBPQT4+ ring is present on the DNP station in 1·4PF6,
but absent, to all intents and purposes, in 2·4PF6, in which

Scheme 3. Synthetic route to the Boc-crown ether 6 employed in the template-directed synthesis of the three-station [2]catenane 2·4PF6. PPTS=
pyridinium p-toluenesulfonate.

Figure 5. UV/Vis spectra of a) 1·4PF6 and b) 2·4PF6 in MeCN. Inset: A
photograph of these solutions. The concentrations of the solutions for the
absorption measurement and the photograph were 4.0O10�5 and 1.0O
10�3

m, respectively.
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almost all of the CBPQT4+ rings reside on only the TTF sta-
tion. The relative populations are wholly consistent with the
absorption spectra of 1·4PF6 and 2·4PF6 (Figure 5).

1H NMR Spectroscopic Analysis of the Three-Station
[2]Catenanes

The 1H NMR spectra of 1·4PF6 and 2·4PF6 are shown in
Figure 6. Interestingly, the spectra of these two three-station
[2]catenanes are completely different from each other, de-
spite the fact that their molecular structures are so similar.
In both cases, a 1:1 correspondence is found between the in-
tegrated intensities of the signals arising from the crown
ether macrocycles and the CBPQT4+ rings, confirming that
only one CBPQT4+ ring is interlocked with the crown ether
macrocycles. The [2]catenane 2·4PF6 gives rise to two peaks

corresponding to the methylene protons adjacent to the BZ
unit (d=2.97 and 3.22 ppm; Figure 6b) because of the con-
stitutionally unsymmetrical nature of the crown ether. On
the other hand, 1·4PF6 affords four peaks for the same
CH2BZ protons (d=3.00, 3.08, 3.24, and 3.33 ppm; Fig-
ure 6a). All the aromatic protons in the TTF, BZ, and DNP
units were assigned by using 2D COSY and NOESY experi-
ments (see Figures S1 and S2 in the Supporting Informa-
tion). Partial 1H NMR spectra, highlighting the assignment
of the protons associated with TTF, BZ, and DNP units in
1·4PF6 and 2·4PF6, are shown in Figure 7. The number of
peaks corresponding to these protons in 1·4PF6 (Figure 7a)

is twice that observed for 2·4PF6 (Figure 7b). The CBPQT4+

ring protons in 1·4PF6 also give rise to many more peaks
than is observed for the CBPQT4+ ring in 2·4PF6 (Figure 6).
The 2D NOESY spectrum of 1·4PF6 reveals that there are
two sets of four peaks belonging to its CBPQT4+ ring. This

result indicates that this three-
station [2]catenane is comprised
of two isomers.

From the relative intensities
of the peaks, the molar ratio of
the two isomers of 1·4PF6 is
almost 1:1. The two possible
isomers that can be proposed
are 1) translational isomers[12a]

associated with the partitioning
of the CBPQT4+ ring between
the stations and 2) cis and trans
isomers[12c,d] associated with the
TTF unit. Most of the
CBPQT4+ ring resides on the
TTF unit. Thus, we can rule out
the former possibility. The

Table 1. Thermodynamic binding data corresponding to the complexa-
tion between CBPQT4+ and the individual components of the three-sta-
tion catenanes in MeCN determined by ITC at 298 K.

Guest DH[a]

ACHTUNGTRENNUNG[kJmol�1]
TDS[b]

ACHTUNGTRENNUNG[kJmol�1]
DG[c]

ACHTUNGTRENNUNG[kJmol�1]
Ka

[d]

ACHTUNGTRENNUNG[O103m�1]

TTF-TEG[e] �60.9�0.2 �28.7 �32.1 416.0�23.0[i]

BZ-TEG[f] �42.3�1.0 �23.6 �18.7 1.91�0.09[j]

DNP-TEG[g] �65.4�0.2 �38.8 �26.5 43.9�0.76[k]

DNP-C5-DEG[h] �57.3�0.3 �45.3 �11.9 0.122�0.001

[a] Enthalpy change of the reaction. [b] Calculated from the DH and DG
values by using the equation DG=DH�TDS. [c] Calculated from the
fitted value of Ka by using the equation DG=�RTlnKa. [d] Obtained
from curve-fitting to the binding isotherm. Fits were performed with the
software provided by Microcal LLC, and the stoichiometry of all com-
plexes was between 0.97 and 1.03, indicating that a 1:1 complex was
formed. [e] Concentrations: TTF-TEG 3.2 mm, CBPQT4+ 0.4 mm.

[f] Concentrations: BZ-TEG 9.0 mm, CBPQT4+ 1.0 mm. [g] Concentra-
tions: DNP-TEG 4.0 mm, CBPQT4+ 0.40 mm. [h] Concentrations: DNP-
C5-DEG 18.0 mm, CBPQT4+ 2.0 mm. [i] The binding constant for the in-
clusion complex between diethyleneglycol-disubstituted TTF and
CBPQT4+ was determined to be 380.0O103m�1 in MeCN by ITC.[24]

[j] The binding constant for the inclusion complex between triethylene-
glycol-disubstituted BZ and CBPQT4+ was determined to be 1100m�1 in
MeCN by UV/Vis titration.[25] [k] The binding constant for the inclusion
complex between diethyleneglycol-disubstituted DNP and CBPQT4+ was
determined to be 36.4O103m�1 in MeCN by ITC.[24]

Figure 6. Partial 1H NMR spectra (500 MHz, CD3CN, room temperature) of a) 1·4PF6 and b) 2·4PF6. The
ACHTUNGTRENNUNGassignment of the CBPQT4+ protons and the methylene protons adjacent to the benzidine unit are shown. The
proton descriptions are defined in Figure 2b.

Figure 7. Partial 1H NMR spectra (500 MHz, CD3CN, room temperature)
of a) 1·4PF6, b) freshly prepared 2·4PF6, and c) 2·4PF6 after storing for
5 months. The assignment of the aromatic protons in the TTF, BZ, and
DNP stations are shown. The proton descriptions are defined in
ACHTUNGTRENNUNGFigure 2b.
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latter, though, is plausible. In the spectrum of 2·4PF6, small
peaks were detected, for example, at d=8.38 and 8.98 ppm
(Figure 6b), that can be associated with the minor isomer.
In this case, however, one isomer is predominant. Interest-
ingly, the ratio of the minor to major isomers changes with
time in the solution state (Figure 7c). When the sample so-
lution was stored in the dark for five months, the ratio of
the two isomers became almost 1:1. A similar phenomenon
was observed in our previous studies on two-station TTF-
DNP [2]rotaxanes[12c,d] and [2]catenanes,[5e,f] as well as a
TTF-containing self-complexing compound. In the TTF-
DNP [2]rotaxane, two sets of TTF peaks, associated with
the cis and trans isomers, were reported.[12c,d] On the other
hand, it was confirmed that the trans isomer of the TTF unit
is the predominant one in the TTF-DNP [2]catenane on the
basis of 1H NMR spectroscopy and X-ray crystallographic
analysis.[5e,f] In the case of the TTF-containing self-complex-
ing compound, one isomer, probably trans, becomes pre-
dominant[7e] when the sample is stored in the dark for two
months. These results imply that the trans isomer of TTF be-
comes predominant when the TTF unit is situated exclusive-
ly inside the CBPQT4+ ring. Presumably, the trans TTF
isomer can reside within the CBPQT4+ ring more comforta-
bly than the cis. The CBPQT4+ ring resides exclusively on
the TTF unit in the TTF-DNP two-station [2]catenane[5e,f]

because the CT interaction between the CBPQT4+ and the
DNP unit alongside helps to stabilize the complex between
the TTF unit and the CBPQT4+ ring. In the case of TTF-
containing self-complexing compounds, the TTF unit is
strongly trapped by the CBPQT4+ ring, because no guest
comes anywhere near being competitive. The TTF unit in
2·4PF6 is also trapped by the CBPQT4+ ring almost exclu-
sively (99.5%; see above), but not perfectly. The imperfect
nature of the CBPQT4+ ring encapsulation of the TTF unit
can lead to a slow change in the equilibrium between the cis
and trans TTF isomers in solution. When the sample was
stored in the solid state, no change in the 1H NMR spectrum
was observed, even after five months. The situations govern-
ing the two-station TTF-DNP [2]rotaxanes[12c,d] and the
three-station [2]catenane 1·4PF6 are similar. In both cases,
the CBPQT4+ ring shuttles between the TTF and DNP units
frequently: about 10% of the CBPQT4+ rings reside on the
DNP unit (see above).[12c,d] In the case of the three-station
[2]catenane, the CT interaction between the CBPQT4+ ring
and the stations alongside is not strong enough for the
CBPQT4+ ring to reside on the TTF unit exclusively (see
below). In this case, we observed a mixture of the cis and
trans TTF isomers. No change in the 1H NMR spectrum was
observed when 1·4PF6 was stored in the dark in either solu-
tion or the solid state for five months.

Electrochemical Behavior of the Model Compounds

The electrochemical properties of the model guests (TTF-
TEG, BZ-TEG, and DNP-TEG), the crown ether 16, and
CBPQT·4PF6 were analyzed by cyclic voltammetry (CV)
(Figure 8a–d). The results are summarized in Table 2. TTF-

TEG shows two typical reversible and monoelectronic oxi-
dation processes (Figure 8a).[5f, 10f, 13b,15b,31] The observed half-
wave potentials for the first and second oxidations (+0.36
and +0.71 V vs. SCE, respectively; a saturated calomel elec-
trode (SCE) was used as the reference electrode in all cases
unless otherwise stated) were consistent with previous re-
ports.[5f, 10f, 13b,15b] BZ-TEG also shows two reversible and
monoelectronic processes (Figure 8b).[5d,25] The observed
half-wave potentials of the first and second oxidations
(+0.46 and +0.65 V, respectively) of BZ-TEG were 0.07 V
less than the previously reported values (+0.53 and
+0.71 V vs. Ag/AgCl). These differences in potential may
arise from the use of different reference electrodes. Herein,
we used an SCE electrode as the reference whereas pre-

Figure 8. Cyclic voltammograms of a) the TTF model compound TTF-
TEG, b) the BZ model compound BZ-TEG, c) the cyclophane
CBPQT·4PF6, d) the crown ether 16, and the three-station [2]catenanes
e) 1·4PF6 and f) 2·4PF6. All data were recorded at 200 mVs�1 in argon-
purged MeCN at room temperature. The 5.0O10�4 molL�1 sample solu-
tions were prepared by using a 0.1 molL�1 solution of TBA·PF6 (TBA=

tetra-n-butylammonium). The working electrode was a glassy carbon
electrode (0.0178 cm2).

Table 2. Electrochemical data for the model compounds.[a]

Compound Half-wave potentials versus SCE [V]
Oxidation[b] Reduction[b]

TTF-TEG +0.36, +0.71 –
BZ-TEG +0.46, +0.65 –
DNP-TEG +1.16[c] –
16 +0.31[d] , +0.44[d] , +0.65[d] , +0.71[d] ,

+1.37[c,d]
–

CBPQT4+·4PF6 – �0.29[e] ,
�0.72[e]

[a] Argon-purged MeCN, room temperature, 0.1m TBA·PF6 as supporting
electrolyte, glassy carbon as working electrode. The sample concentration
was 0.5 mm. [b] Reversible and monoelectronic processes, unless other-
wise indicated. [c] Quasireversible process. [d] Overlapping CV peaks;
half-wave potentials were determined by DPV peaks. [e] Two-electron
reversible process.
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viously[5d,25] an Ag/AgCl electrode was employed. The first-
oxidation potential (+1.16 V) of DNP-TEG is much
larger[5f,13b] than those of TTF-TEG and BZ-TEG. Although
the redox behavior of the macrocycle 16 is almost the sum
of that of TTF-TEG and BZ-TEG, the first-oxidation poten-
tials of the TTF and BZ units in 16 (Figure 8d) are less posi-
tive than those of TTF-TEG and BZ-TEG. Notably, the
first-oxidation potential of the TTF unit in the crown ether
is 50 mV less positive than that of TTF-TEG. This result can
be accounted for by the p–p stacking interaction between
the TTF and DNP units, as was previously observed for
other crown ether derivatives.[5f, 32] The oxidation potential
of the DNP unit in 16 is displaced 210 mV toward a more-
positive value relative to that of DNP-TEG (Table 2). This
large displacement points to a CT interaction between the
p-electron-rich DNP unit and the p-electron-deficient
doubly oxidized TTF and BZ units.[5f] When we set the po-
tential scan range from 0.0 to +1.0 V, the CV traces for the
second, third, and fourth successive scans for the crown
ether were identical. However, the cathodic peaks of the BZ
unit disappeared when we scanned up to +1.5 V; only the
redox peaks of the TTF and DNP units were observable in
the successive scans. This result indicates that the BZ unit
suffers an irreversible transformation at the higher applied
potentials (+1.0 to +1.5 V) and loses its electroactive prop-
erties. The tetracationic cyclophane salt CBPQT·4PF6 shows
the two typical reversible and two-electron reduction pro-
cesses (Figure 8c),[5f, 12d,ACHTUNGTRENNUNG15b,32a,33] the half-wave potentials of
which are consistent with the previously reported values of
�0.29 and �0.72 V.[5f,12d,15b,32a,33]

Electrochemical Behavior of the Three-Station
[2]Catenanes

The CV traces of 1·4PF6 and 2·4PF6 are shown in Figure 8e
and f, respectively, and their dependence on scan rate is re-
corded in Figure 9. In the case of these [2]catenanes, some
of the redox potentials are different when comparing anodic
and cathodic scans. The half-wave potentials of the redox
processes were determined by DPV analysis (Figure 10) and
are summarized in Table 3. In the reduction part of the CV,
the well-known splitting[5a,32,33] of the first two-electron re-
duction peaks and the displacement of all the processes to
more-negative potentials were observed. These processes
(1·4PF6: �0.31, �0.43, �0.82 V; 2·4PF6: �0.30, �0.41,
�0.80 V) are completely reversible for both [2]catenanes.
The splitting of the first two-electron reduction peaks was
ascribed[5f,32,33] to the presence of “inside” and “alongside”
bipyridinium units. The second one-electron reduction peak
was assigned to the “inside” bipyridinium unit of the
CBPQT4+ring because the “inside” bipyridinium unit is sta-
bilized by CT interactions[5f,33] with the TTF unit and the
other stations. The second one-electron reduction potentials
of the TTF-BZ-DNP three-station [2]catenanes 1·4PF6 and
2·4PF6 (�0.43 and �0.41 V, respectively) are much less neg-
ative than those for the previously reported TTF-DNP two-
station [2]catenane (�0.49 V).[5f] A comparison of this ex-

perimental data indicates that the CT interactions between
the “inside” bipyridinium unit and the “alongside” stations
(BZ and DNP) are small in the three-station [2]catenanes.
The larger and unsymmetrical construction of the crown
ether in the three-station [2]catenanes presumably militates
against the formation of a stable stacked structure similar to
that found in the TTF-DNP two-station [2]catenane.[5f] On
the other hand, the first one-electron reduction peaks for

Figure 9. Scan-rate dependence of the cyclic voltammagrams of a) 1·4PF6

and b) 2·4PF6. Scan rates: 50 mVs�1 (black), 100 mVs�1 (red), 200 mVs�1

(green), 400 mVs�1 (blue), 800 mVs�1 (purple). All data presented were
recorded at 200 mVs�1 in argon-purged MeCN at room temperature.

Figure 10. Differential pulse voltammetry (DPV) peaks of a) 1·4PF6 and
b) 2·4PF6. Both data were recorded in argon-purged MeCN at room tem-
perature. The 5.0O10�4 molL�1 sample solutions were prepared by using
a 0.1 molL�1 solution of TBA·PF6. The working electrode was a glassy
carbon electrode (0.0178 cm2). The red and blue traces represent the data
recorded in the anodic and cathodic scans, respectively.
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1·4PF6 and 2·PF6 (�0.31 and �0.30 V, respectively) are
slightly more positive than for the TTF-DNP two-station
[2]catenane (�0.33 V).[5f] A comparison of this experimental
data indicates that the electrochemical environments of the
“alongside” bipyridinium units in the two- and three-station
[2]catenanes are very similar. The two-electron reduction
potentials of 1·4PF6 and 2·PF6 (�0.82 and �0.80 V, respec-
tively) are much less negative than that for the TTF-DNP
two-station [2]catenane (�0.87 V).[5f] The larger crown ether
in the three-station [2]catenane relative to that in the two-
station catenane probably results in a smaller CT interaction
between the crown ether and the CBPQT4+ ring.

Although the electroactive units (TTF, BZ, and DNP) in
the macrocycle 16 and the [2]catenanes 1·4PF6 and 2·PF6

are the same, the CV traces (Figure 8d–f, respectively) in
the oxidation region are very different from each other. Two
distinct CV peaks (+0.54 and +0.78 V) were detected in
the anodic scan of 1·4PF6; from the peak intensities, each
peak corresponds to a two-electron process. DPV measure-
ments clarified that the first anodic CV peak (+0.54 V) in
1·4PF6 consists of two overlapping peaks (Figure 10a, red
trace). The DPV peak potentials in the anodic scan were
found to be +0.39, +0.49, and +0.71 V. The DPV peak at
+0.39 V is distinctively small; indeed, it is a shoulder on the
peak at +0.49 V. In the cathodic scan of 1·4PF6, three dis-
tinct peaks (+0.36, +0.47, and +0.69 V) can be seen in the
CV trace. DPV measurements also show three distinct
peaks (Figure 10a, blue trace). The DPV peak potentials in
the cathodic scan were found to be +0.38, +0.49, and
+0.71 V. The DPV peak intensities at +0.38 and +0.49 V
are almost the same. By taking both the CV and DPV peak
intensities into account, the DPV peaks at +0.38, +0.49,
and +0.71 V are considered to be one-, one-, and two-elec-
tron processes, respectively. Figure 8a shows the scan-rate
dependency of the CV traces for 1·4PF6. On increasing the
scan rate, the anodic CV peak at around +0.54 V moves
toward more-positive potentials, and the cathodic CV peak
at around +0.36 V toward less-positive potentials. The other
redox peaks are almost independent of the scan rate. The
scan-rate dependency of the CV peaks implies that these
redox reactions are accompanied by movement of the me-
chanically interlocked CBPQT4+ ring.[5f] The details of the

CV and DPV peak assignments are discussed later along
with the spectroelectrochemical results.

In the case of 2·4PF6, three distinct CV peaks (+0.54,
+0.64, and +0.75 V) were detected in the anodic scan. The
DPV analysis also showed three distinct peaks at +0.48,
+0.58, and +0.70 V. The CV and DPV peak intensities sug-
gest that the first of the two peaks correspond to one-elec-
tron processes, whereas the last peak corresponds to a two-
electron process. In the cathodic scan of 2·4PF6, two distinct
peaks (+0.47 and +0.67 V) were detected. Even in the
DPV analysis, only two peaks were observed (Figure 10b,
blue trace) at +0.53 and +0.70 V. Each of these two peaks
is considered to be a two-electron process. It was confirmed
that the anodic CV peak at +0.64 V and cathodic peak at
+0.47 V showed scan-rate dependency (Figure 9b). These
redox reactions are believed to take place along with the re-
arrangement of the interlocked CBPQT4+ ring.

We recorded four successive CV scans (scan range:
�1.0!+1.0 V) for 1·4PF6 and 2·4PF6. In both cases, the
second, third, and fourth CV scans were identical. Further-
more, we confirmed that the CV peak intensity, determined
from the second two-electron oxidation peaks, obeys the
square-root power of the scan rate in the range 50–
800 mVs�1. These results indicate that the three-station
[2]catenanes suffered no damage under these experimental
conditions. If the potential was scanned up to +1.5 V, how-
ever, the peaks corresponding to the BZ redox reactions dis-
appeared in subsequent scans.

Spectroelectrochemistry of the [2]Catenanes

Figure 11 illustrates the results of UV/Vis spectroelectro-
chemistry (SEC) for the three-station [2]catenanes 1·4PF6

and 2·4PF6. In these experiments, UV/Vis spectra were re-
corded while scanning the applied voltage on the sample
electrolyte solution. The change in the spectra in response
to the applied voltage is useful for elucidating the electro-
chemical processes with many electroactive species.[10f] To
assign the absorption bands, the electrochemical measure-
ments were performed for the model compounds TTF-TEG
and BZ-TEG. The results are summarized in Table 4.

At the ground state (E=0 mV), the UV/Vis spectra of
1·4PF6 display a characteristic band at 835 nm assigned to
the TTF!CBPQT4+ electronic transition.[5e,f, 10f, 12c,15b] The
characteristic absorption bands (lmax=445 and 595 nm) as-
signed to the TTF·+ radical cation[5e,f, 10f, 12c,15b,31] emerged in
the potential range 320–600 mV. At the same time, the in-
tensity of the CT band (lmax=835 nm) decreased (E=

600 mV in Figure 11). This result indicates that the first oxi-
dation of 1·4PF6 occurs at the TTF unit and that the
CBPQT4+ ring circumrotates away from the TTF to the
other stations.[5,10f, 12] As shown by the association constants
of CBPQT·4PF6 and the model compounds BZ-TEG and
DNP-TEG, the CBPQT4+ ring resides preferentially on the
DNP unit after the oxidation of the TTF unit. In the poten-
tial range 600–840 mV, the characteristic absorption bands
(lmax=460 and 835 nm) assigned to the BZ·+ radical cation

Table 3. DPV peak potentials versus SCE (V) for 1·4PF6 and 2·4PF6.
[a]

Compound Scan direc-
tion

Oxidation[b] Reduction[b]

1·4PF6 Anodic +0.39, +0.49, +0.71[c] �0.32, �0.44, �0.83[d]

Cathodic +0.38, +0.49, +0.71[c] �0.32, �0.44, �0.84[d]

2·4PF6 Anodic +0.48, +0.58, +0.70[c] �0.31, �0.42, �0.81[d]

Cathodic +0.53,[c] +0.70[c] �0.32, �0.42, �0.81[d]

[a] Argon-purged MeCN, room temperature, 0.1 molL�1 TBA·PF6 as sup-
porting electrolyte, glassy carbon as working electrode. Sample concen-
tration: 5.0O10�4

m. [b] Peak potential values determined by using the
curve-fitting operation of the IGOR Pro software (Version 5.04B, Wave-
Metrix, Inc.). The relation between the peak potential in the DPV mea-
surement (Emax), half-wave potential (E1=2

), and pulse height (DE) is E1=2
=

Emax+DE/2.[35] In this study, DE was set to 25 mV. [c] Two inseparable
one-electron processes. [d] Two-electron process.
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were detected (E=840 mV in Figure 11a). In the potential
range 840–1020 mV, the spectra displayed a partial bleaching
of the TTF·+ (lmax=445 and 595 nm) as well as the BZ·+

radical-cation bands (lmax=835 nm), with the formation of
new peaks assigned to the TTF2+ (lmax=515 nm) and BZ2+

(lmax=460 nm) dications. Notably, the changes in the UV/
Vis spectra do not correlate directly with the expected re-
sults from the oxidation potentials determined by DPV anal-
ysis. In this SEC analysis, we scanned the applied potential

slowly and continuously without checking whether the
system could reach electrochemical equilibrium. As it takes
some time to oxidize enough molecules to effect a change in
the UV/Vis spectrum, the effect of one applied potential ap-
pears as spectral changes at a higher potential. This time lag
between cause and effect results in the displacement be-
tween the half-wave potential and the applied voltage in the
SEC. We attempted to hold the potential at a constant value
until electrochemical equilibrium was reached. However,
the irreversible reaction of the BZ·+ radical cation took
place and precipitation of a black product occurred, reflect-
ing the polymerization of the benzidine.[34] Although the re-
lationship between the applied potential and the UV/Vis
spectrum is ambiguous in this SEC experiment, the se-
quence of the oxidation processes is reliable enough for the
assignment of the CV and DPV peaks. The first and second
oxidation peaks in DPV (E=++0.39 and +0.49 V) were as-
signed to the first oxidations of the TTF and BZ units, re-
spectively, and the third DPV peak at +0.71 V corresponds
to the oxidations of the TTF·+ and BZ·+ radical cations.
The details of the electromechanical properties will be dis-
cussed in the following section.

Let us now consider the SEC of 2·4PF6. In the ground
state (E=0 mV), 2·4PF6 also shows the TTF!CBPQT4+

CT band at 840 nm.[5e,f, 10f, 12c,15b] In the potential range 480–
600 mV, we confirmed the emergence of the characteristic
absorption bands (lmax=460 and 835 nm) for the BZ·+ radi-
cal cation. Thus, in the case of this [2]catenane, the first oxi-
dation takes place at the BZ unit. The absorption intensity
around 800 nm is the sum of the TTF!CBPQT4+ CT band
and the absorption of the BZ·+ radical cation, indicating
that the formation of BZ·+ should not affect the location of
the CBPQT4+ ring. In the potential range 600–840 mV, ab-
sorption bands assigned[5e,f, 10f, 12c,15b,31] to the TTF·+ radical
cation (lmax=445 and 595 nm) were detected. This change in
the spectrum was accompanied by bleaching of the TTF!
CBPQT4+ CT band, indicating that the first oxidation of
TTF and the rearrangement of the CBPQT4+ ring takes
place in this potential range. As the BZ unit is already oxi-
dized, the CBPQT4+ ring should move to the DNP unit
after the oxidation of the TTF unit. In the potential range
840–1020 mV, the spectra displayed a partial bleaching of
the TTF·+ (lmax=445 and 595 nm) and BZ·+ radical-cation
bands (lmax=835 nm), with the formation of new peaks as-
signed to the TTF2+ (lmax=515 nm) and BZ2+ (lmax=

460 nm) dications. The intensity of the BZ2+ absorption in
2·4PF6 at +1020 V is smaller than that observed in the case
of 1·4PF6. As the BZ unit in 2·4PF6 is oxidized at an earlier
stage than that in 1·4PF6, the BZ·+ radical cation in 2·4PF6

suffers more-serious damage when oxidized to BZ2+ than it
does in 1·4PF6. The propensity of BZ·+ to polymerize ac-
counts for the lower intensity of the BZ2+ absorption band
in the case of 2·4PF6.

SEC measurements revealed clearly that in 1·4PF6 and
2·4PF6, the first oxidation occurs at the TTF and BZ units,
respectively. The DPV peaks associated with the first oxida-
tions of BZ occur at almost the same potentials in 1·4PF6

Figure 11. UV/Vis spectroelectrochemistry of a) 1·4PF6 and b) 2·4PF6.
The UV/Vis spectra were recorded while scanning the potential applied
to the electrolyte solution (scan rate: 0.25 mVs�1). Both data were re-
corded in argon-purged MeCN at room temperature. The 5.0O
10�4 molL�1 sample solutions were prepared by using a 0.1 molL�1 solu-
tion of TBA·PF6. The working, counter, and reference electrodes were
the Pt grid, Pt coil, and Ag wire, respectively. E=0 (c), 600 (c), 840
(c), 1020 mV (c).

Table 4. UV/Vis spectroscopic properties of the TTF and BZ radical
cation and dication.[a]

Compound Absorption band [nm] lmax [nm]

TTF·+ [b] 380–680 445, 595
TTF2+ [b] 440–580 515
BZ·+ [c] 350–480

580–>900
380, 460
660, 835

BZ2+ [c] 380–500 460

[a] All the data were obtained by SEC measurements. UV/Vis spectra
were recorded by scanning the potential applied to the electrolyte solu-
tion (scan rate: 0.5 mVs�1) at room temperature. Concentration of the
sample: 5.0O10�4 molL�1, concentration of the supporting electrolyte
TBA·PF6: 0.1 molL�1, solvent: argon-purged MeCN, working electrode:
Pt grid, counter electrode: Pt coil, reference electrode: Ag wire. [b] Data
for the TTF radical cation and dication were obtained by using TTF-
TEG as a model compound. [c] Data for BZ radical cation and dication
were obtained by using BZ-TEG as a model compound.
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and 2·4PF6 (+0.49 and +0.48 V, respectively). The oxida-
tion sequence of the TTF, BZ, and DNP units depends on
whether the first-oxidation potential of the TTF unit is
higher or lower than that of the BZ unit. As the complexa-
tion between the CBPQT4+ ring and the p-electron-rich
competitive recognition sites is an equilibrium process,
1·4PF6 contains a small amount (<10%) of “free” TTF
even in the initial state. This phenomenon rationalizes the
different oxidation sequences in the two three-station [2]cat-
enanes.

In the case of 1·4PF6, about 10% of the CBPQT4+ ring
reside on the DNP stations (see above). The small shoulder
DPV peak at +0.39 V for this [2]catenane (Figure 10a, red
trace) most likely corresponds to the oxidation of the un-
complexed TTF unit. The low intensity of this DPV peak
arises from the fact that the “free” TTF units are a minor
species at equilibrium. In the cathodic scan of the DPV, by
comparison with the half-wave potential of the model com-
pound TTF-TEG, the peak at +0.38 V is assigned to the re-
duction of the TTF·+ radical cation. The reduction potential
of TTF·+ in the [2]rotaxane is not affected by the CBPQT4+

ring[5,10,12] because this ring is on the other station when TTF
is in its oxidized form. This result also supports the fact that
the DPV peak at +0.39 V in the anodic scan corresponds to
the oxidation of the “free” TTF unit. The DPV peak for the
first oxidation of the occupied TTF unit probably overlaps
with the peak for the first BZ oxidation at +0.49 V. On the
other hand, the first oxidation of TTF in 2·4PF6 occurs at
+0.58 V. In the case of this [2]catenane, 99.5% of the
CBPQT4+ rings reside on the TTF unit (see above). The
CBPQT4+ ring in 2·4PF6 shuttles between the stations much
less frequently than it does in 1·4PF6. As a result, the first
oxidation of the TTF unit in 2·4PF6 is displaced to a much
more positive potential than that in 1·4PF6. In our previous

investigations on TTF-DNP two-station [2]catenanes,[5e,f] the
first-oxidation potential of the TTF unit was found to over-
lap with the second oxidation peak at +0.76 V. In relation
to this previous finding,[5f] the TTF unit in the three-station
[2]catenane is oxidized more easily. In the case of the TTF-
DNP two-station [2]catenane,[5e,f] the p–p stacking between
the CBPQT4+ ring and the “alongside” DNP unit enhances
the stability of the translational isomer in which the
CBPQT4+ ring encircles the TTF unit, ensuring that the oxi-
dation of the TTF unit is strongly inhibited. On the other
hand, the p–p stacking between the CBPQT4+ ring and the
“alongside” BZ and DNP units is less stabilizing in the
three-station [2]catenane 2·4PF6. This same line of reason-
ing has already been used (see above) in the discussion of
the reduction potentials of the CBPQT4+ ring.

Electromechanical Behavior of [2]Catenanes

In this section, we discuss the electromechanical behavior of
1·4PF6 and 2·4PF6 based on the results of the ITC, CV,
DPV, and SEC measurements. Scheme 4 shows the pro-
posed electromechanical behavior of 1·4PF6. In its ground
state, the CT band in the UV/Vis spectrum indicates that
the CBPQT4+ ring is located on the TTF unit
ACHTUNGTRENNUNG[state (i)].[5e,f, 10f, 12c,15b,21] ITC results, however, suggest that an
equilibrium exists between state (i) and (i’). We estimated
that about 10% of the CBPQT4+ ring encircles the DNP
unit, based on thermodynamic comparisons with model
compounds. The TTF unit in state (i’) is easily oxidized to
the TTF·+ radical cation. The small shoulder DPV peak at
+0.39 V most likely corresponds to this process [(i’)!(ii),
red arrows]. The oxidation of the occupied TTF and BZ
units takes place at almost the same potential, that is,
around +0.50 V [(i)!(ii)! ACHTUNGTRENNUNG(iii), red arrows]. The oxidative

Scheme 4. Proposed electromechanical behavior of 1·4PF6. In the ground state, 1·4PF6 is in equilibrium between states (i) and (i’). The red and blue
arrows represent the oxidation and reduction processes, respectively. The half-wave potentials determined from the DPV analysis are depicted by the
arrows.
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process involving the TTF unit is accompanied by the cir-
cumrotation of the CBPQT4+ ring because of the electro-
static repulsive force between CBPQT4+ and TTF·+ .[5,10,12, 21]

As shown by the relatively large Ka value of the DNP unit
relative to the BZ unit towards CBPQT·4PF6, the CBPQT4+

ring remains preferentially on the DNP unit in state (ii). The
further oxidation of the TTF·+ and BZ·+ radical cations
takes place at almost the same potential, that is, around
+0.72 V [(iii)!(iv), red arrows]. This process is reversible.
The TTF2+ and BZ2+ dications are reduced to their corre-
sponding radical cations at around +0.72 V [(iv)! ACHTUNGTRENNUNG(iii), blue
arrow]. The reduction of BZ·+ occurs at +0.50 V [(iii)!(ii),
blue arrows]. The reduction of TTF·+ then takes place at
+0.39 V [(ii)!(i), blue arrows]. As the CBPQT4+ ring encir-
cles the DNP unit in the reduction process, the reduction
potential of TTF·+ is not affected to any extent by the CT
interaction with the CBPQT4+ ring.[5,10, 12,21] As a result, the
reduction potential of TTF·+ is close to the oxidation poten-
tial of “free” TTF [(i’)!(ii)]. Overall, we cannot determine
a state in which the CBPQT4+ ring resides preferentially on
the BZ unit. As a consequence, we conclude that the three-
station catenane 1·4PF6 is actually a bistable entity.

Scheme 5 illustrates the proposed electromechanical be-
havior of the three-station [2]catenane 2·4PF6. The CT band
(TTF!CBPQT4+) in the UV/Vis spectrum and the thermo-
dynamic data suggest that the CBPQT4+ ring resides on the
TTF unit almost exclusively in 2·4PF6 [state (i)]. The first
oxidation takes place at the BZ unit at +0.49 V [(i)!(ii),
red arrow]. In the SEC experiment, the CT band (TTF!
CBPQT4+) was not bleached in this process, indicating that
this first oxidation of the BZ unit does not affect the loca-

tion of CBPQT4+ . The first oxidation of the TTF unit then
occurs at +0.59 V accompanied by the circumrotation of the
CBPQT4+ ring [(ii)! ACHTUNGTRENNUNG(iii), red arrow].[5,10,12, 21] As the BZ
unit has already been oxidized to the radical cation at this
potential, the CBPQT4+ ring is obliged to move to the DNP
station. Further oxidation of the TTF·+ and BZ·+ radical
cations takes place at almost the same potential of around
+0.71 V [(iii)!(iv), red arrow]. These redox processes are
reversible. The TTF2+ and BZ2+ dications return to the cor-
responding radical cations at around +0.71 V [(iv)! ACHTUNGTRENNUNG(iii),
blue arrow]. The broad inseparable DPV peak at +0.53 V
indicates that the reductions of TTF·+ and BZ·+ take place
at similar potentials. In some molecules, the reduction of the
BZ·+ occurs before TTF·+ . In such cases, the CBPQT4+

ring resides preferentially on the neutral BZ unit, that is,
the reduction process goes from state (iii) to state (i) via
state (ii’). Other molecules undergo another route through
state (ii). By means of this route, the reduction of TTF·+

and the circumrotation of CBPQT4+ to the TTF unit occur
before the reduction of BZ·+ . We have no experimental evi-
dence to indicate which route is the major. Some molecules,
however, presumably go through state (ii’). We are, there-
fore, led to the conclusion that three-station [2]catenane
2·4PF6 is a quasi-tristable [2]catenane.

Conclusions

There is no doubt that the substitution of the ether oxygen
atoms around the DNP unit with methylene groups is very
effective in decreasing the binding ability of the DNP unit

Scheme 5. Proposed electromechanical behavior of 2·4PF6. The red and blue arrows represent the oxidation and reduction processes, respectively. The
half-wave potentials determined from the DPV analysis are depicted with the arrows. As the reduction potentials of the TTF·+ and BZ·+ radical cations
are almost the same, two reduction processes can be proposed: (iii)!(ii)!(i) and (iii)! ACHTUNGTRENNUNG(ii’)!(i). In the latter case, the CBPQT4+ ring goes through all of
the three stations.
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for the CBPQT4+ ring. Using this modification of chemical
structure, we obtained consistency in the orders of magni-
tude of the binding constants [KaACHTUNGTRENNUNG(TTF-TEG)>Ka ACHTUNGTRENNUNG(BZ-
TEG)>Ka(DNP-C5-TEG)] and those of the half-wave po-
tentials [E1=2

ACHTUNGTRENNUNG(TTF-TEG)<E1=2
ACHTUNGTRENNUNG(BZ-TEG)<E1=2

ACHTUNGTRENNUNG(DNP-TEG)]
in the model compounds. In the three-station [2]catenane
2·4PF6, however, the first oxidation took place at a BZ unit
as a result of the influence of the CBPQT4+ ring upon the
oxidation potential of TTF. Although we could not demon-
strate the tristability in the oxidation of 2·4PF6, some of the
CBPQT4+ rings reside on the BZ station during the reduc-
tion process involving the TTF·+ and BZ·+ radical cations.
Thus, we can describe 2·4PF6 as a quasi-tristable system.
The findings reported herein are undoubtedly important in
demonstrating electrochemically controllable tristable
[2]catenanes. Indeed, we can derive some assistance from
the results to date for future designs of three-station [2]cate-
nanes. For instance, we should employ the station with the
higher oxidation potential (not BZ) to induce the first oxi-
dation at the TTF station. To decrease the oxidation poten-
tial of the TTF station encircled by the CBPQT4+ ring, we
should use a station with a higher binding affinity than BZ.
Furthermore, the absorption bands of the oxidized TTF and
BZ units may screen weaker CT bands that arise from the
interactions between the CBPQT4+ ring and each of the
three stations. This problem is one that we believe can be
solved in the fullness of time. In both TTF-DNP two-station
[2]catenanes and [2]rotaxanes, we ascertained previously
that the metastable state, in which the CBPQT4+ ring encir-
cles the DNP unit when the TTF unit is neutral, displays a
red color arising from the DNP!CBPQT4+ CT interac-
tion.[21] In a device environment, we found that the relaxa-
tion of the metastable state back to the ground state is
much slower (�2000 times) than that in the solution
phase,[24] a phenomenon that allows us, in principle, to
detect the weaker CT bands clearly. In practice, it would
mean introducing impediments to the circumrotation of the
macrocyclic polyether ring through the middle of the
CBPQT4+ ring. We are just starting a journey of exploration
of the design features of electrochemically controllable tri-
stable [2]catenanes. Such a journey will ultimately lead to
developments that will herald the application of mechanical-
ly interlocked molecules to the field of nanoelectromechani-
cal systems.

Experimental Section

General Methods

All chemicals except for 5-bromo-1-pentanol, which was obtained from
TCI, were purchased from Aldrich and used as received, unless otherwise
indicated. Compounds 7·2PF6,

[33] 9,[27] 13,[27] 18[13a] , and TTF-OH[28] were
all prepared according to literature procedures. High-pressure experi-
ments were carried out in a teflon tube on a Psika high-pressure appara-
tus. Thin-layer chromatography (TLC) was performed by using aluminum
sheets precoated with silica gel 60F (Merck 5554). The plates were in-
spected under UV light. Column chromatography was carried out with
silica gel 60F (Merck 9385, 0.040–0.063 mm). 1H NMR spectra were re-

corded at room temperature on a Bruker ARX500 (500 MHz) or a
Bruker ARX400 spectrometer (400 MHz) with residual solvent as the in-
ternal standard. 13C NMR spectra were recorded at room temperature on
a Bruker ARX500 (125 MHz) or a Bruker ARX400 spectrometer
(100 MHz) with residual solvent as the internal standard. All chemical
shifts are quoted on a d scale, and all coupling constants (J) are ex-
pressed in Hertz (Hz). The following abbreviations are used in listing the
NMR spectra: s= singlet, d=doublet, t= triplet, q=quartet, br=broad,
and m=multiplet. Samples were prepared in CDCl3 or CD3CN pur-
chased from Cambridge Isotope Labs. Electrospray mass spectra (ESI
MS) were recorded on a VG ProSpec triple-focusing mass spectrometer.
UV/Vis spectra were recorded at room temperature on a Varian
Cary 100 Bio UV/Vis spectrophotometer. Electrochemical and spectro-
ACHTUNGTRENNUNGelectrochemical experiments were carried out at room temperature in
argon-purged MeCN, with a Princeton Applied Research 263A Multipur-
pose instrument interfaced to a PC. CV experiments were performed by
using a glassy carbon working electrode (0.018 cm2, Cypress Systems); its
surface was polished routinely with a 0.05-mm alumina/water slurry on a
felt surface immediately before use. The counter electrode was a Pt wire
and the reference electrode was an SCE. TBAPF6 (0.1m) was added as
supporting electrolyte. For reversible processes, half-wave potentials
(E1=2) were calculated from an average of the cathodic and anodic CV
peaks.[35] To establish the reversibility of a process,[35] the criteria of
1) 60 mV between cathodic and anodic peaks and 2) close-to-unity ratio
of the intensities of the cathodic and anodic currents were employed. As
for the irreversible process, E1=2 was calculated

[35] from the DPV peak top
(Emax) and pulse height (DE) by using the equation of E1=2

=Emax+DE/2.
DE was set to 25 mV. The Emax values for the overlapping peaks were de-
termined by using the curve-fitting operation of the IGOR Pro software
(Version 5.04B, Wavemetrix, Inc.). Spectroelectrochemical experiments
were made in a custom-built optically transparent thin-layer electrochem-
ical (OTTLE) cell with an optical path of 1 mm, using a Pt grid as work-
ing electrode, a Pt wire as counter electrode and a Ag wire pseudorefer-
ence electrode. Experimental errors: potential values, �10 mV; absorp-
tion maxima, �2 nm.

10 : Monotosylate 9 (18.0 g, 51.7 mmol), BZ (4.0 g, 21.7 mmol), and Et3N
(20 mL) were dissolved in PhMe (100 mL). The reaction mixture was
heated under reflux in the dark for 24 h. After cooling to room tempera-
ture, the solvent was removed by evaporation. The residue was dissolved
in CH2Cl2 (200 mL), washed with saturated aqueous NaHCO3 (200 mL),
and dried (MgSO4). After filtration and evaporation, the residue was sub-
jected to column chromatography (SiO2). The benzidine and monosubsti-
tuted benzidine derivative were removed (CH2Cl2/Me2CO=2:1). Then,
the disubstituted benzidine derivative was recovered (CH2Cl2/Me2CO=

1:2), and the solvent was evaporated to give 10 (5.7 g, 49%) as a dark-
orange oil. 1H NMR (400 MHz, CDCl3): d=3.09 (br, 2H), 3.31 (t, 4H),
3.57–3.73 (m, 28H), 4.43 (br, 2H), 6.66 (d, J=8.6 Hz, 4H), 7.33 ppm (d,
J=8.6 Hz, 4H); 13C NMR (100 MHz, CDCl3): d=43.7, 61.7, 69.6, 70.2,
70.3, 70.5, 70.7, 72.7, 113.5, 127.0, 130.8, 146.9 ppm; MS (ESI): m/z=
559.3 [M+Na]+ .

11: Compound 10 (5.5 g, 10.2 mmol) and di-tert-butyl dicarbonate (5.0 g,
22.9 mmol) were dissolved in MeCN (30 mL). The reaction mixture was
stirred at room temperature in the dark for 2 days. After the evaporation,
the residue was dissolved in CH2Cl2 (200 mL), washed with saturated
aqueous NaHCO3 (200 mL), dried (MgSO4), filtered, and concentrated
to dryness. The residue was purified by column chromatography (SiO2,
EtOAc/Me2CO=1:1) to give 11 (6.5 g, 86%) as an orange oil. 1H NMR
(400 MHz, CDCl3): d=1.43 (s, 18H), 2.66 (t, 2H), 3.52–3.70 (m, 28H),
3.82 (m, 4H), 7.29 (d, J=8.2 Hz, 4H), 7.50 ppm (d, J=8.2 Hz, 4H);
13C NMR (100 MHz, CDCl3): d=28.3, 49.4, 61.6, 68.7, 70.2, 70.3, 70.4,
70.6, 72.4, 80.4, 127.0, 127.2, 138.0, 141.9, 154.6, 206.0 ppm; MS (ESI):
m/z=759.4 [M+Na]+ .

12 : TsCl (1.6 g, 8.4 mmol) dissolved in CH2Cl2 (70 mL), was added drop-
wise over 20–30 min to a solution of 11 (6.0 g, 8.1 mmol), DMAP (55 mg,
0.45 mmol), and Et3N (1.5 mL, 10 mmol) in CH2Cl2 (30 mL). The reac-
tion mixture was stirred for 2 h at room temperature before being diluted
with CH2Cl2 (150 mL), washed with aqueous HCl (0.1n, 100 mL), dried
(MgSO4), filtered, and concentrated to dryness. The residue was purified
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by column chromatography (SiO2), eluting first of all with the mixed sol-
vent CH2Cl2/Me2CO (4:1) to remove the ditosylate and then with the
mixed solvent EtOAc/Me2CO (1:1) to afford 12 (3.2 g, 44%) as an
orange oil. 1H NMR (400 MHz, CDCl3): d=1.44 (s, 18H), 2.41 (s, 3H),
2.53 (br, 1H), 3.50–3.70 (m, 26H), 3.82 (m, 4H), 4.11 (m, 2H), 7.25–7.35
(m, 6H), 7.50 (d, J=8.2 Hz, 4H), 7.77 ppm (d, J=8.2 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d=21.6, 28.3, 49.4, 61.6, 68.7, 69.1, 70.2, 70.3, 70.5,
70.6, 72.4, 80.4, 127.0, 127.2, 127.9, 129.7, 132.9, 138.0, 141.9, 144.7, 154.6,
206.3 ppm.

14 : Compound 12 (2.5 g, 2.8 mmol), 13 (1.0 g, 3.0 mmol), and K2CO3

(0.4 g, 2.9 mmol) were dissolved in MeCN (60 mL). The reaction mixture
was heated under reflux for 16 h. After cooling to room temperature, the
insoluble material was removed by filtration, and the solvent was evapo-
rated. The residue was dissolved in CH2Cl2 (100 mL), washed with aque-
ous NaHCO3 (100 mL), dried (MgSO4), filtered, and concentrated to dry-
ness. The residue was purified by column chromatography (SiO2, EtOAc/
Me2CO=1:1) to afford 14 (2.3 g, 77%) as an orange oil. 1H NMR
(400 MHz, CDCl3): d=1.44 (s, 18H), 2.53 (br, 2H), 3.52–3.72 (m, 32H),
3.73–3.87 (m, 8H), 3.98 (m, 4H), 4.28 (m, 4H), 6.82 (m, 2H), 7.25–7.35
(m, 6H), 7.50 (d, J=8.2 Hz, 4H), 7.82 ppm (d, J=7.5 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d=28.3, 49.5, 61.7, 67.9, 68.8, 69.8, 70.3, 70.4, 70.5,
70.7, 71.0, 72.5, 80.4, 105.7, 114.6, 125.1, 126.8, 127.1, 127.3, 138.0, 141.9,
154.3, 154.6, 206.4 ppm; MS (ESI): m/z=1077.6 [M+Na]+ .

15 : TsCl (0.9 g, 4.5 mmol) dissolved in CH2Cl2 (20 mL) was added drop-
wise over 20–30 min to a solution of 14 (2.0 g, 1.9 mmol), DMAP (12 mg,
9.8O10�5 mol), and Et3N (0.5 mL) in CH2Cl2 (20 mL). The reaction mix-
ture was stirred for 4 h at room temperature. The reaction mixture was
diluted with CH2Cl2 (100 mL), washed with aqueous HCl (0.1N, 100 mL),
dried (MgSO4), filtered, and concentrated to dryness. The residue was
subjected to column chromatography (SiO2, EtOAc) to yield 15 (2.3 g,
90%) as a light-yellow oil. 1H NMR (400 MHz, CDCl3): d=1.45 (s,
18H), 2.41 (s, 6H), 3.53–3.72 (m, 28H), 3.75–3.88 (m, 8H), 3.98 (m, 4H),
4.12 (m, 4H), 4.28 (m, 4H), 6.82 (d, J=7.5 Hz, 2H), 7.22–7.32 (m, 10H),
7.50 (d, J=8.2 Hz, 4H), 7.77 (d, J=8.0 Hz, 4H), 7.82 ppm (d, J=7.5 Hz,
2H); 13C NMR (100 MHz, CDCl3): d=21.6, 28.3, 49.6, 61.7, 67.9–71.0,
80.4, 105.6, 114.6, 125.1, 126.7, 127.1, 127.3, 128.0, 129.8, 133.0, 138.0,
142.0, 144.8, 154.3, 154.6, 206.4 ppm.

5 : TTF-OH (0.26 g, 1.0 mmol) and 15 (1.36 g, 1.0 mmol) dissolved in dry
THF (200 mL) were added to a solution of NaH (0.1 g) and Cs2CO3

(0.70 g) in dry THF (100 mL) under an atmosphere of dry argon. The re-
action mixture was heated under reflux in the dark for 2 days. After cool-
ing to room temperature, the NaH was quenched by a mixed aqueous so-
lution of Me2CO/H2O (9:1, 1 mL), and the solid residue was removed by
filtration. The solvent was removed by evaporation. The residue was pu-
rified by column chromatography (SiO2, EtOAc) to give 5 (0.37 g, 30%)
as a yellow oil. 1H NMR (400 MHz, CDCl3): d =1.43 (s, 18H), 3.45–3.71
(m, 32H), 3.72–3.83 (m, 8H), 3.94 (m, 4H), 4.20 (br, 4H), 4.23 (m, 4H),
6.12 (br, 2H), 6.80 (m, 2H), 7.21–7.32 (m, 6H), 7.49 (m, 4H), 7.82 (d, J=
7.5 Hz, 2H); 13C NMR (100 MHz, CDCl3): d =28.4, 49.7, 61.7, 68.0–71.0,
80.4, 105.7, 114.6, 116.3, 116.4, 125.1, 126.8, 127.1, 127.4, 128.0, 129.9,
134.4, 134.6, 138.0, 142.0, 154.3, 154.6, 206.2 ppm; MS (ESI): m/z=1282.5
[M]+ .

16 : TsOH·H2O (0.20 g, 1.0 mmol) and 5 (0.15 g, 0.1 mmol) were dissolved
in Me2CO (10 mL). The reaction mixture was heated under reflux in the
dark for 2.5 h. After cooling to room temperature, pyridine (0.2 mL) was
added. The reaction mixture was subjected to column chromatography
(SiO2, EtOAc) to afford 16 (60 mg, 45%) as a yellow oil. 1H NMR
(400 MHz, CD3CN): d=3.18 (t, 2H), 3.28 (t, 2H), 3.50–3.75 (m, 36H),
3.92 (m, 4H), 4.18–4.28 (m, 8H), 4.45 (br, 2H), 6.33–6.34 (m, 2H), 6.56
(m, 2H), 6.64 (m, 2H), 6.92 (m, 2H), 7.21–7.31 (m, 4H), 7.35 (m, 2H),
7.82 ppm (m, 2H); 13C NMR (100 MHz, CD3CN): d=44.7, 68.9, 69.4,
70.4–70.8, 71.3–71.7, 72.0, 107.3, 114.4, 115.5, 118.1, 118.2, 121.3, 126.8,
127.8, 127.9, 131.0, 136.0, 136.1, 148.6, 155.7 ppm; MS (ESI): m/z=1283.4
[M+H]+ .

17: DNP (4.8 g, 30 mmol), 5-bromopentanol (15.0 g, 90 mmol), and
K2CO3 (12.5 g) were mixed in MeCN (100 mL). The reaction mixture
was heated under reflux for 16 h. After cooling to room temperature, the
solvent was removed by evaporation. The residue was dissolved in hot

CHCl3, and the insoluble material was removed by filtration. After evap-
oration of the CHCl3, the product was purified by column chromatogra-
phy (SiO2, CHCl3/Me2CO=4:1). Concentration in vacuo gave 17 (8.0 g,
80%) as a white solid. 1H NMR (400 MHz, CDCl3): d=1.41 (br, 2H),
1.60–1.75 (m, 8H), 1.95 (m, 4H), 3.70 (t, 4H), 4.14 (t, 4H), 6.82 (d, J=
7.6 Hz, 2H), 7.35 (t, 2H), 7.84 ppm (d, J=8.6 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d=22.9, 29.4, 32.8, 63.2, 68.3, 105.6, 114.4, 125.4,
127.1, 154.9 ppm.

19 : Compound 17 (4.0 g, 12.0 mmol), 18 (40.0 g, 0.19 mol), NaI (3.0 g),
and NaH (3.5 g) were mixed in dry THF (50 mL). The reaction mixture
was heated under reflux for 24 h. After cooling to room temperature, the
reaction was quenched with aqueous mixed solvent (Me2CO/H2O=9:1,
10 mL). Then, the solid material and solvent were removed by filtration
and evaporation, respectively. The residue was dissolved in CHCl3, fil-
tered, and concentrated to dryness again. The residue was subjected to
column chromatography (SiO2), eluting first with CH2Cl2 to remove 18
and then with mixed solvent (CHCl3/Me2CO=8:2) to give the product.
After evaporation of the solvent, 19 (6.8 g, 83%) was obtained as a color-
less oil. 1H NMR (400 MHz, CDCl3): d=1.45–1.99 (m, 24H), 3.51 (m,
6H), 3.60 (m, 6H), 3.67 (m, 8H), 3.86 (m, 4H), 4.13 (t, 4H), 4.61 (t, 2H),
6.81 (d, J=7.6 Hz, 2H), 7.33 (t, 2H), 7.82 ppm (d, J=8.6 Hz, 2H);
13C NMR (100 MHz, CDCl3): d=19.5, 22.9, 25.4, 29.2, 29.5, 30.6, 62.2,
66.7, 68.0, 70.2, 70.5, 70.6 71.3, 98.9, 105.2, 114.1, 125.1, 126.8, 154.6 ppm.

20 : Compound 19 (3.4 g, 5.0 mmol) and PPTS (120 mg) were dissolved in
a mixed solvent (CHCl3/MeOH=1:1, 50 mL). The reaction mixture was
heated under reflux for 3 h. After cooling to room temperature, the sol-
vent was removed by evaporation. The residue was dissolved in CHCl3
(200 mL), washed with saturated aqueous NaHCO3 (200 mL), dried
(MgSO4), and concentrated to dryness. The residue was purified by
column chromatography (SiO2, CHCl3/Me2CO=1:1). Concentration in
vacuo gave 20 (2.0 g, 80%) as a white solid. 1H NMR (400 MHz, CDCl3):
d=1.63 (m, 4H), 1.71 (m, 4H), 1.94 (m, 4H), 2.64 (t, 2H), 3.52 (m, 4H),
3.55–3.71 ACHTUNGTRENNUNG(m, 16H), 4.12 (t, 4H), 6.82 (d, J=7.6 Hz, 2H), 7.33 (t, 2H),
7.82 ppm (d, J=8.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=23.1, 29.3,
29.5, 62.0, 68.1, 70.4, 70.6, 71.5, 72.7, 105.5, 114.3, 125.2, 126.9, 154.8 ppm.

21: TsCl (2.8 g, 14.7 mmol) dissolved in CHCl3 (30 mL) was added drop-
wise over 20–30 min to a solution of 20 (7.0 g, 13.8 mmol), DMAP
(90 mg, 0.74 mmol), and Et3N (2.5 mL) in CH2Cl2 (50 mL). The mixture
was stirred for 4 h at room temperature. The reaction mixture was
washed with aqueous HCl (0.1 N, 2O100 mL), dried (MgSO4), filtered,
and concentrated to dryness. The residue was purified by column chro-
matography (SiO2), eluting first with a mixed solvent (CHCl3/Me2CO=

4:1) to remove the ditosylate and then with another mixed solvent
(CHCl3/Me2CO=3:2) to recover the product. Concentration in vacuo
gave 21 (3.9 g, 43%) as a light-yellow oil. 1H NMR (400 MHz, CDCl3):
d=1.55–1.75 (m, 8H), 1.93 (m, 4H), 3.42–3.62 (m, 12H), 3.62–3.72 (m,
6H), 4.13 (m, 6H), 6.81 (d, J=7.6 Hz, 2H), 7.28–7.35 (m, 4H), 7.78 (d,
J=8.3 Hz, 2H), 7.82 ppm (d, J=8.6 Hz, 2H); 13C NMR (100 MHz,
CDCl3): d=21.8, 23.1, 29.3, 29.6, 62.1, 68.1, 68.9, 69.5, 70.3, 70.5, 70.7,
71.0, 71.5, 71.6, 72.7, 105.5, 114.3, 125.3, 127.0, 128.2, 130.0, 133.2, 145.0,
154.8 ppm.

22 : BZ (4.0 g, 21.7 mmol), 9 (9.0 g, 25.8 mmol), and Et3N (10 mL) were
mixed in PhMe (100 mL). The reaction mixture was heated under reflux
for 16 h. After the removal of the solvent by evaporation, the residue
was dissolved in CH2Cl2 (200 mL), washed with saturated aqueous
NaHCO3 (200 mL), dried (MgSO4), filtered, and concentrated to dryness.
The residue was purified by column chromatography (SiO2, CH2Cl2/
Me2CO=1:1). Concentration in vacuo afforded 22 (3.5 g, 45%) as an
orange oil. 1H NMR (400 MHz, CDCl3): d=3.33 (m, 2H), 3.58–3.78 (m,
14H), 6.68 (m, 4H), 7.35 ppm (m, 4H); 13C NMR (100 MHz, CDCl3): d=
43.9, 61.9, 69.8, 70.4, 70.5, 70.7, 70.9, 72.9, 113.7, 115.7, 127.4, 129.3, 130.8,
132.2, 145.0, 147.2 ppm.

23 : Compound 22 (4.0 g, 11.0 mmol) dissolved in hot PhMe (5 mL) was
added to a solution of 21 and Et3N (2 mL) in hot PhMe (5 mL). The re-
action mixture was heated under reflux for 16 h. The solvent was re-
moved by evaporation. The residue was dissolved in CH2Cl2 (200 mL),
washed with saturated aqueous NaHCO3 (200 mL), dried (MgSO4), fil-
tered, and concentrated to dryness. The residue was purified by column
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chromatography (SiO2), eluting first with EtOAc to remove unreacted 22
and then with a mixed solvent (CH2Cl2/Me2CO=2:1) to recover the
product. Concentration in vacuo afforded 23 (3.3 g, 43%) as an orange
oil. 1H NMR (400 MHz, CDCl3): d=1.63 (m, 4H), 1.72 (m, 4H), 1.93 (m,
4H), 2.52 (br, 2H), 3.32 (m, 4H), 3.53 (m, 4H), 3.55–3.72 (m, 28H), 4.12
(t, 4H), 6.66 (m, 4H), 6.80 (d, J=7.6 Hz, 2H), 7.28–7.39 (m, 6H),
7.82 ppm (d, J=8.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=23.1, 29.4,
29.6, 43.9, 62.0, 68.1, 69.9, 70.4, 70.5, 70.7, 70.9, 71.6, 72.7, 72.9, 105.5,
113.6, 113.7, 114.3, 125.3, 127.0, 127.3, 129.3, 130.9, 146.9, 154.8 ppm.

24 : Compound 23 (3.0 g, 3.5 mmol) and di-tert-butyl dicarbonate (3.0 g,
13.7 mmol) were dissolved in Me2CO (10 mL). The reaction mixture was
stirred at room temperature for 3 days. After dilution with EtOAc
(100 mL), the reaction mixture was washed with saturated aqueous
NaHCO3 (2O100 mL), dried (MgSO4), filtered, and concentrated to dry-
ness. The residue was subjected to column chromatography (SiO2,
CH2Cl2/Me2CO=2:1). Concentration in vacuo gave 24 (2.6 g, 70%) as an
orange oil. 1H NMR (400 MHz, CDCl3): d=1.45 (s, 18H), 1.63 (m, 4H),
1.72 (m, 4H), 1.93 (m, 4H), 2.55 (br, 2H), 3.53–3.72 (m, 32H), 3.82 (t,
4H), 4.12 (t, 4H), 6.80 (d, J=7.6 Hz, 2H), 7.27–7.34 (m, 6H), 7.51 (d, J=
8.3 Hz, 4H), 7.82 ppm (d, J=8.2 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=22.9, 28.4, 29.1, 29.4, 31.0, 49.5, 61.7, 61.9, 67.9, 70.3, 70.5, 70.6, 70.7,
71.4, 72.5, 72.9, 80.4, 105.3, 114.3, 125.1, 126.8, 127.2, 127.3, 129.1, 138.0,
141.9, 154.3, 154.7, 206.4 ppm.

25 : TsCl (1.0 g, 5.2 mmol) dissolved in CH2Cl2 (15 mL) was added drop-
wise to a solution of 24 (2.4 g, 2.3 mmol), DMAP (40 mg, 0.33 mmol),
and triethylamine (1.0 mL) in CH2Cl2 (15 mL). The solution was stirred
at room temperature for 16 h then subjected directly to column chroma-
tography (SiO2, EtOAc/CH2Cl2=1:4). Concentration in vacuo gave 25
(2.5 g, 80%) as a light-yellow oil. 1H NMR (400 MHz, CDCl3): d=1.45
(s, 18H), 1.63 (m, 4H), 1.72 (m, 4H), 1.93 (m, 4H), 2.42 (s, 6H), 3.43–
3.72 (m, 28H), 3.82 (m, 4H), 4.10–4.18 (m, 8H), 6.80 (d, J=7.6 Hz, 2H),
7.27–7.34 (m, 10H), 7.51 (d, J=8.3 Hz, 4H), 7.78 (d, J=8.4 Hz, 4H),
7.82 ppm (d, J=8.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=21.8, 23.1,
28.6, 29.1, 29.4, 31.0, 49.5, 61.7, 61.9, 67.9, 70.3, 70.5, 70.6, 70.7, 71.4, 72.5,
72.9, 80.4, 105.5, 114.5, 125.3, 127.0, 127.4, 127.5, 128.1, 129.3, 130.0,
133.1, 138.2, 142.1, 145.0, 154.5, 154.9, 206.4 ppm.

6 : TTF-OH (0.15 g, 0.57 mmol) and 25 (0.80 g, 0.59 mmol) dissolved in
dry THF (70 mL) were added to a solution of NaH (0.1 g) and Cs2CO3

(0.5 g) in dry THF (50 mL) under an atmosphere of dry argon. The reac-
tion mixture was heated under reflux for 2 days. After cooling to room
temperature, NaH was quenched by addition of an aqueous mixed sol-
vent (Me2CO/H2O=9:1, 1 mL). The solution was dried (MgSO4), fil-
tered, and concentrated to dryness. The residue was purified by column
chromatography (SiO2), eluting first with a mixed solvent (CH2Cl2/
EtOAc=1:1) to remove unreacted starting material and then with
EtOAc to recover the product. Concentration in vacuo gave 6 (0.23 g,
30%) as a yellow oil. 1H NMR (400 MHz, CD3CN): d=1.38 (s, 18H),
1.48–1.63 (m, 8H), 1.82 (m, 4H), 3.32–3.58 (m, 32H), 3.70 (m, 4H), 4.00–
4.15 (m, 8H), 6.18–6.25 (m, 2H), 6.81 (m, 2H), 7.22–7.34 (m, 6H), 7.52
(m, 4H), 7.73 ppm (m, 2H); 13C NMR (100 MHz, CD3CN): d=22.8, 27.6,
28.8, 29.3, 49.6, 60.1, 63.5, 67.5, 68.0, 68.2, 68.4, 69.1, 69.2, 69.7, 69.9, 70.0,
70.1, 70.2, 70.3, 70.6, 70.7, 79.8, 72.5, 72.9, 80.4, 105.5, 109.9, 113.7, 116.6,
116.7, 125.5, 126.6, 126.7, 127.6, 127.8, 130.0, 132.9, 134.6, 137.4, 142.4,
154.2, 154.5, 206.4 ppm; MS (ESI): m/z=1301.2 [M+Na]+ .

3·4PF6: Boc-protected crown ether 5 (0.35 g, 0.27 mmol), 7·2PF6 (0.19 g,
0.27 mmol), and 8 (0.07 g, 0.27 mmol) were dissolved in DMF (10 mL).
The reaction mixture was transferred to a high-pressure teflon reaction
tube, which was then compressed (12 kbar) at room temperature for
3 days. After decompression of the reaction vessel, the reaction mixture
was subjected directly to column chromatography (SiO2), eluting first
with EtOAc and Me2CO to remove the impurities and then with a mixed
solvent (MeOH/NH4Cl (2m)/MeNO2=5:4:1) to recover the product.
After the organic solvent was removed by evaporation, 3·4PF6 was pre-
cipitated by the addition of NH4PF6 to the aqueous solution. Filtration
and drying under vacuum gave 3·4PF6 (0.36 g, 55%) as a green solid.
1H NMR (400 MHz, CD3CN): d=1.30–1.60 (d, 18H), 3.32–4.30 (m,
48H), 5.45–5.70 (m, 8H), 5.82–6.09 (s, 2H), 6.65–6.82 (m, 2H), 7.15–7.70
(m, 18H), 7.80–8.00 (br, 2H), 8.40–9.00 ppm (m, 8H).

1·4PF6: Boc-protected [2]catenane 3·4PF6 (0.10 g, 4.2O10�5 mol) and p-
toluenesulfonic acid monohydrate (80 mg, 4.2O10�4 mol) were dissolved
in Me2CO (10 mL). The reaction mixture was heated under reflux for
2.5 h in the dark. After cooling to room temperature, the solvent was re-
moved by evaporation. The residue was dissolved in MeNO2 (50 mL) and
washed with an aqueous solution (100 mL) of NaHCO3 (saturated) and
NH4PF6 (1.0 g). The organic layer was recovered and dried (MgSO4), fil-
tered, and concentrated to dryness. The residue was purified by column
chromatography (SiO2), eluting first with Me2CO and then with a mixed
solvent (MeOH/NH4Cl (1m)/MeNO2=5:4:1). The green band was col-
lected, and the organic solvent was removed by evaporation. NH4PF6 was
added to the aqueous solution to effect counterion exchange. The green
compound precipitated was recovered by filtration. The green solid was
dissolved in Me2CO, dried (MgSO4), filtered, and concentrated to give
1·4PF6 (42 mg, 46%) as a green solid. 1H NMR (400 MHz, CD3CN): d=
2.97–3.20 (br, 2H), 3.30–4.00 (m, 42H), 4.00–4.10 (m, 4H), 4.15–4.25 (br,
4H), 5.40–5.75 (m, 8H), 5.98–6.15 (m, 2H), 6.45–6.65 (br, 2H), 6.72 (m,
1H), 6.77–6.88 (br, 3H), 7.20–7.65 (m, 24H), 7.80–9.05 ppm (m, 8H);
13C NMR (100 MHz, CD3CN): d=65.8, 65.9, 68.8–69.4, 70.4–70.7, 70.8–
72.3, 107.4, 107.5, 109.0, 114.8–114.8, 126.0–126.4, 126.5, 127.0, 127.3,
127.5–127.8, 131.6–132.4, 136.7–137.5, 144.8–145.2, 145.3–145.9, 146.2–
146.7, 155.3–155.6 ppm; MS (ESI): m/z=946.3 [M�2PF6]

2+ .

4·4PF6: Boc-protected crown ether 6 (0.20 g, 0.16 mmol), 7·2PF6 (0.13 g,
0.18 mmol), and 8 (49 mg, 0.19 mmol) were dissolved in dry DMF
(10 mL). The reaction mixture was transferred to a high-pressure teflon
reaction tube, which was then compressed (12 kbar) at room temperature
for 3 days. After decompression of the reaction vessel, the reaction mix-
ture was subjected directly to column chromatography (SiO2), eluting
first with EtOAc and Me2CO to remove the impurities and then with a
mixed solvent (MeOH/NH4Cl (2m)/MeNO2=5:4:1) to recover the prod-
uct. The green band was collected, and the organic solvent was removed
by evaporation. NH4PF6 was added to the aqueous solution to effect
counterion exchange. The green compound precipitated was recovered
by filtration. The compound was dissolved in Me2CO, dried (MgSO4),
and filtered. Concentration in vacuo gave 4·4PF6 (0.13 g, 35%) as a
green solid. 1H NMR (500 MHz, CD3CN): d=1.20–1.70 (m, 30H), 3.30–
3.95 (m, 48H), 4.03–4.15 (m, 8H), 5.48–5.67 (m, 8H), 5.95–6.18 (m, 2H),
6.67–6.86 (m, 6H), 7.10–7.90 (m, 24H), 8.50–9.05 ppm (m, 8H);
13C NMR (125 MHz, CD3CN): d=22.6, 22.7, 27.4, 27.5, 28.5–28.7, 28.9,
29.2, 29.7, 64.0–64.2, 64.3, 67.3–67.4, 67.6–68.5, 69.0, 69.6–70.1, 70.2–70.6,
70.8, 80.0, 105.4, 105.6, 105.8, 107.5, 107.6, 113.5, 113.6, 115.0, 116.5–
116.8, 119.4, 119.5, 124.4–125.6, 126.0–126.8, 127.4, 127.7, 127.8, 129.4,
130.4–130.7, 131.1, 132.2, 132.4, 135.6, 137.0, 142.6, 143.3, 143.6–145.0,
145.5, 154.2–154.5, 206.4 ppm.

2·4PF6: Boc-protected [2]catenane 4·4PF6 (0.10 g, 4.2O10�5 mol) and p-
toluenesulfonic acid monohydrate (80 mg, 4.2O10�4 mol) were dissolved
in Me2CO (5 mL). The reaction mixture was heated under reflux for
2.5 h. After cooling to room temperature, the solvent was removed by
evaporation. The residue was dissolved in MeNO2 (50 mL) and washed
with an aqueous solution (100 mL) of NaHCO3 (saturated) and NH4PF6

(1.0 g). The organic layer was recovered and dried (MgSO4), filtered, and
concentrated to dryness. The residue was purified by column chromatog-
raphy (SiO2), eluting first with Me2CO and then with a mixed solvent
(MeOH/NH4Cl (1m)/MeNO2=5:4:1). The green band was collected.
After the organic solvent was removed by evaporation, the insoluble
green compound was recovered by filtration. The green solid was dis-
solved in MeOH, added to water (100 mL), and then NH4PF6 was added
to effect counterion exchange. The green precipitate was recovered by fil-
tration. The product was dissolved in Me2CO, dried (MgSO4), and fil-
tered. Concentration in vacuo gave 2·4PF6 (48 mg, 50%) as a green solid.
1H NMR (500 MHz, CD3CN): d=1.35 (s, 4H), 1.62–1.72 (m, 6H), 1.92
(overlapping with solvent), 2.98 (s, 2H), 3.23 (s, 2H), 3.38–3.92 (m, 32H),
4.02 (s, 2H), 4.07 (s, 2H), 4.16 (t, 4H), 5.41 (br, 4H), 5.56 (br, 4H), 6.09
(s, 1H), 6.12 (s, 1H), 6.38 (d, J=7.8 Hz, 2H), 6.60 (d, J=7.8 Hz, 2H),
6.74 (d, J=8.2 Hz, 1H), 6.89 (d, J=8.2 Hz, 1H), 7.12 (d, J=7.8 Hz, 2H),
7.17 (d, J=7.8 Hz, 2H), 7.33 (m, 2H), 7.38–7.63 (m, 17H), 7.72 (d, J=
7.4 Hz, 1H), 7.70 (br, 4H), 8.86 ppm (br, 4H); 13C NMR (125 MHz,
CD3CN): d=22.6, 22.8, 28.4, 28.5, 28.7, 29.0, 43.0, 43.2, 64.1, 64.3, 67.3,
67.4, 67.6, 67.9, 68.9, 69.0, 69.4, 69.6, 69.7, 69.9, 70.2, 70.3, 70.4, 70.7,
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105.6, 105.8, 107.5, 107.7, 112.8, 113.0, 113.5, 113.6, 116.6, 119.2, 119.4,
124.6, 124.8, 125.0, 125.5, 125.9, 126.0, 126.2, 128.5, 128.7, 130.5, 132.2,
132.4, 135.5, 135.6, 143.3, 143.4, 143.9, 144.1, 144.8, 145.0, 147.0, 147.3,
154.2, 154.3 ppm; MS (ESI): m/z=944.0 [M�2PF6]

2+ .
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