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Switching of Pseudorotaxanes and Catenanes Incorporating a
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An acyclic polyether 1a, incorporating a central tetrathiafulvalene (TTF) electron donor unit and
two 4-tert-butylphenoxy groups at its termini, has been synthesized. Two macrocyclic polyethers
containing two different electron donors, namely a TTF unit with, in one case, a 1,4-dioxybenzene
ring (2a), and, in the other case (2b), a 1,5-dioxynaphthalene ring system, have also been
synthesized. These two macrocyclic polyethers have been mechanically interlocked in Kkinetically
controlled template-directed syntheses with cyclobis(paraquat-p-phenylene) cyclophane (3*") to
afford the [2]catenanes 2a/3*" and 2b/3*, respectively. X-ray crystallography reveals that the [2]-
catenane 2b/3*" has the TTF unit of 2b located inside the cavity of 3**. The spectroscopic (UV/vis
and 'H NMR) and electrochemical properties of compounds 1a, 2a, 2b, 2a/3*", and 2b/3*" and of
the [2]pseudorotaxane 1a-3*" were investigated. The absorption and emission properties of the
mono- and dioxidized forms of the TTF unit in these various species have also been studied. The
results obtained in acetonitrile solution can be summarized as follows. (a) While TTF?* exhibits a
strong fluorescence, no emission can be observed for the TTF?" units contained in the polyethers
and in their pseudorotaxanes and catenanes. (b) A donor—acceptor absorption band is observed
upon two-electron oxidation of the TTF unit in the macrocyclic polyethers 2a and 2b. (c) The
spontaneous self-assembly of 1a and 3*" to give the [2]pseudorotaxane 1a-3** is strongly favored
(Kass. = 5 x 10° L mol=?) but slow (at 296 K, k = 11.3 L mol~* s7* and AG* = 15.9 kcal mol?)
because of the steric hindrance associated with the bulky end groups of 1a. (d) In the pseudorotaxane
la-3**, the reversible displacement of the cyclophane from the TTF unit in the threadlike substrate
occurs on oxidation/reduction of its electroactive components. (e) Switching between the two
translational isomers of the catenanes 2a/3*t and 2b/3**" occurs by cyclic oxidation and reduction
of the TTF unit contained in 2a and in 2b, respectively. (f) Addition of o-chloroanil to the
pseudorotaxane 1a-3*" and to the catenanes 2a/3*" and 2b/3*" causes the displacement of the TTF
unit from the cavity of the cyclophane 3** because of the formation of an adduct between the TTF
unit and o-chloroanil.

Introduction

It is well-known? that tetrathiafulvalene (TTF) can be
oxidized reversibly to TTF" and TTF?*. Furthermore, it
has been shown? that TTF can behave in charge-transfer
complexes as a donor in its neutral form and as an
acceptor in its 2+ oxidation state. For these reasons, TTF
is an ideal building block with which to construct
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supramolecular and molecular systems that can be
controlled by external stimuli.®* In furtherance of our
investigations®%® on pseudorotaxanes, rotaxanes, and
catenanes containing TTF units, we have synthesized
three new compounds, namely the acyclic polyether 1a,
bearing a TTF central unit and two 4-tert-butylphenoxy
terminal groups, the macrocyclic polyethers 2a and 2b
containing a TTF and either a 1,4-dioxybenzene ring or
a 1,5-dioxynaphthalene ring system, respectively. By
threading and interlocking these species with the cyclo-
phane cyclobis(paraquat-p-phenylene) (3*"), we have
generated’ (Figure 1) the [2]pseudorataxane 1a-3** and
the [2]catenanes 2a/3*" and 2b/3**. In this paper, we
describe our investigations of the spectroscopic (UV/vis
and 'H NMR) and electrochemical properties of these
systems and compare them with those obtained pre-
viously® for 1b and 1b-3**. We also discuss the absorp-
tion and emission properties of the mono- and di-oxidized
forms of the TTF unit in these various complexes and
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compounds and demonstrate chemical and electrochemi-
cal switching between different forms of the pseudoro-
taxane and catenane species that correspond to changes
in the relative positions of their component parts.
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Results and Discussion

Synthesis. The macrocyclic polyethers 2a and 2b were
obtained®® (Scheme 1) as mixtures of their cis- and trans-
isomers by reacting a mixture® of the cis- and trans-
isomers of 4 with 5a and 5b, respectively, under high
dilution conditions. Reaction of 6[PFg], with 7, in the
presence of either 2a or 2b, afforded®® the corresponding
[2]catenanes 2a/3[PF¢]4 or 2b/3[PF¢]4, after counterion
exchange. The acyclic polyether 1a was obtained (Scheme
2) as a mixture of its cis- and trans-isomers by reacting
a mixture® of the cis- and trans-isomers of 4 with 8,
following a procedure already used for the synthesis of
1b.5d

X-ray Crystallography. Only the trans-isomer of the
[2]catenane 2b/3[PF], is observed®® (Figure 2a) in the
solid state. The TTF unit is inserted through the cavity
of the tetracationic cyclophane, while the 1,5-dioxynaph-
thalene ring system resides alongside. The central
[C=C] bond of the TTF unit and the [O---O] axis of the
1,5-dioxynaphthalene ring system subtend angles of 74°
and 18°, respectively, to the mean plane of the tetraca-
tionic cyclophane (defined by the four methylene carbon
atoms). The mean interplanar separations between the
TTF unit and the “inside” and “alongside” bipyridinium
units and between the 1,5-dioxynaphthalene ring system
and the “inside” bipyridinium unit are 3.43, 3.37, and
3.31 A, respectively. Two of the diametrically opposite
a-bipyridinium hydrogen atoms on the “inside” bipyri-
dinium unit sustain [C—H---O] hydrogen bonds with, in
one instance, the first and, in the other, the second poly-
ether oxygen atoms (counting from the TTF unit); the
[C:++O] distances are 3.39 and 3.12 A and the correspond-
ing [H---O] distances and [C—H---O] angles are 2.43, 2.40
A and 174° 132°, respectively. The [2]catenane molecules
pack to form m-donor/m-acceptor stacks (Figure 2b) with
an interplanar separation of 3.29 A between the “along-
side” 1,5-dioxynaphthalene ring system of one molecule
and the “alongside” bipyridinium unit of another.

Spectroscopic Properties. Components. The acy-
clic and macrocyclic polyethers 1a and 1b,% and 2a and
2b, respectively, show the absorption bands of their
chromophoric units which are TTF, for all the com-
pounds, and phenoxy, 1,4-dioxybenzene,® and 1,5-dioxy-
naphthalene'® for la, 2a, and 2b, respectively. The
fluorescence of the phenoxy,® 1,4-dioxybenzene,® and 1,5-
dioxynaphthalene'® units cannot be observed, presumably
because it is quenched via energy or electron transfer by
the nonemitting? TTF unit. Upon addition of Fe(ClO,)s,
spectral changes are observed as expected for the
successive one-electron oxidation of the TTF unit to TTF"
and TTF?". In the case of crown 2b (Figure 3), it is also
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obtained as mixtures of their cis- and trans-isomers. All attempts to
separate the two isomers of these compounds were unsuccessful. For
the synthesis of 4, see: Andreu, R.; Garin, J.; Orduna, J.; Saviron, M.;
Cousseau, J.; Gorgues, A.; Morrisson, V.; Nozdryn, T.; Becher, J,;
Clausen, R. P.; Bryce, M. R.; Skabara, P. J.; Dehaen, W. Tetrahedron
Lett. 1994, 35, 9243—-9246.
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Shimizu, T.; Stoddart, J. F.; Venturi, M.; Yase, K. New J. Chem. 1998,
22, 959—972.
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Figure 1. Structural formulas of the examined compounds.
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possible to observe the presence of a broad band at low
energy (Amax = 805 nm) which can be assigned to the
intramolecular charge-transfer (CT) interaction of the
1,5-dioxynaphthalene donor unit with the TTF?* acceptor
unit.? In the case of crown 2a, the CT band is displaced,
as expected, toward higher energy because of the higher
oxidation potential of 1,4-dioxybenzene compared with
that of 1,5-dioxynaphthalene,’* and partially overlaps
with the tail of the more intense TTF?* band with a
maximum at 390 nm. No evidence of a CT band is present
in the acyclic polyethers. It is worth noting that while
TTF?* exhibits a strong fluorescence, no emission can be
observed for the TTF?* units contained in the polyethers.
This observation is not surprising since the fluorescent
excited state of TTF?" is a strong oxidant (reduction
potential about +3.6 V vs SCE)? and can therefore be
quenched, as we have verified'? in independent experi-
ments, even by aliphatic ethers.

Catenanes 2a/3*" and 2b/34". Since TTF is a better
electron donor than 1,4-dioxybenzene and 1,5-dioxynaph-
thalene, it is to be expected that the most stable trans-

OW
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040
+ +

R

1be3* —(CH,),OH

1c3™ —©—CPh3

|+

2a/3** —@—

2b/3%*

lational isomer for catenanes 2a/3*" and 2b/3* is that
in which the TTF unit occupies the cavity of the electron-
accepting tetracationic cyclophane. This expectation was
confirmed (vide supra) by the X-ray crystal structure®
of 2b/3[PFs]s, as well as by the 'H NMR spectra of both
compounds. The absorption spectra are also consistent
with such a coconformation.’® For both catenanes (see
Figure 4 for the spectrum of 2a/3*"), a broad and
relatively weak band is found at low energy (Amax = 835
nm), besides the strong bands below 400 nm related to
the TTF, 1,4-dioxybenzene or 1,5-dioxynaphthalene, and
4,4'-bipyridinium chromophoric groups. Such a low en-
ergy band is expected for the CT interaction that origi-

(11) Asakawa, M.; Ashton, P. R.; Ballardini, R.; Balzani, V.; Belo-
hradsky, M.; Gandolfi, M. T.; Kocian, O.; Prodi, L.; Raymo, F. M,
Stoddart, J. F.; Venturi, M. J. Am. Chem. Soc. 1997, 119, 302—310.

(12) The presence of 8 x 1072 mol L~ dicyclohexano-24-crown-8
causes 50% quenching in the emission of a1 x 1074 mol L=t TTF2* in
MeCN solution (lex = 350 nm).

(13) For a definition of the term “coconformation”, see: Fyfe, M. C.
T.; Glink, P. T.; Menzer, S.; Stoddart, J. F.; White, A. J. P.; Williams,
D. J. Angew. Chem., Int. Ed. Engl. 1997, 36, 2068—2070.
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nates when the electron donor TTF unit is located inside
the electron-accepting tetracationic cyclophane.>¢ For 2a/
34t no CT band around 470 nm, which would result from
the 1,4-dioxybenzene ring being located inside the cyclo-
phane,** can be detected; analogously, the CT band char-
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acteristic of the encirclement of the 1,5-dioxynaphthalene
unit by 3*" (Amax = 515 Nnm)**1° does not appear in the
spectrum of 2b/34*. Upon oxidation of 2a/3*t and 2b/34*
with Fe(ClOy)3, the CT band with A, = 835 nm disap-
pears and the absorption features of the TTF" and TTF?*
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Figure 2. (a) Ball-and-stick representation of the solid-state
structure of the [2]catenane 2b/3**. (b) Part of one of the
continuous polar stacks present in the crystals of 2b/3*".

units reveal themselves in the visible region. At the end
of the two-electron oxidation of 2b/3**—achieved after
addition of 2 equiv of Fe(ClO,4);—the band characteristic
of the inclusion of the 1,5-dioxynaphthalene moiety into

Balzani et al.
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Figure 3. Absorption spectrum (MeCN solution, room tem-
perature) of the macrocyclic polyether 2b (—), and of the same
solution after addition of 1 (— —) and 2 (- - -) equiv of Fe(ClOy)s.
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Figure 4. Absorption spectrum (MeCN solution, room tem-
perature) of the [2]catenane 2a/3*" (—), and of the same
solution after addition of 1 (— —) and 2 (- - -) equiv of Fe(ClO4)s.

the cyclophane®1° can be seen. Under the same condi-
tions, it is possible to observe for 2a/3*" a broad band
with a maximum around 500 nm (Figure 4), partially
covered by the tail of the more intense TTF?" band, that
can be assigned to the presence of the 1,4-dioxybenzene
ring inside the cyclophane.'* Since the electrochemical
results show that the TTF unit is expelled from the cavity
of 34t after its first oxidation, the CT band characteristic
of the inclusion of the 1,4-dioxybenzene or 1,5-dioxynaph-
thalene units into 3** should be present already after
addition of 1 equiv of Fe(ClO,)s. At this stage, however,
such a band cannot be detected since it falls in a spectral
region dominated by the strong absorption of the TTF"
monocation (Figure 4). Regardless of the oxidation state,
as expected, no emission is observed from the TTF or
from the 1,4-dioxybenzene or 1,5-dioxynaphthalene moi-
eties because of the presence of low energy CT excited
states.10.44

Pseudorotaxane la-3*t. Pseudorotaxanes are ob-
tained under thermodynamic control upon mixing their
acyclic and cyclic components in solution, and the occur-
rence of the threading process can be evidenced by their
IH NMR, absorption, and emission spectra.**54%14 The
threading rate is related to the structures of the molec-
ular components of the pseudorotaxane, and in particular
by the sizes of the end groups of the thread compared to
the dimension of the ring’s cavity.’>1® Slipping of mac-
rocycles over the bulky end groups of the dumbbell-
shaped component has already been used to self-assemble
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M.; Gandolfi, M. T.; Goodnow, T. T.; Kaifer, A. E.; Philp, D.; Pietrasz-
kiewicz, M.; Prodi, L.; Reddington, M. V.; Slawin, A. M. Z.; Spencer,
N.; Stoddart, J. F.; Vicent, C.; Williams, D. J. J. Am. Chem. Soc. 1992,
114, 193-218.

(15) Ashton, P. R.; Baxter, I.; Fyfe, M. C. T.; Raymo, F. M.; Spencer,
N.; Stoddart, J. F.; White, A. J. P.; Williams, D. J. 3. Am. Chem. Soc.
1998, 120, 2297—-2307.
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Figure 5. Temperature dependence (Eyring plot) of the rate
constant for the threading process (ki) between 1a and 34"
(MeCN solution) in the temperature range 9.5—50 °C.

rotaxanes.'>1¢ In this regard, it has been concluded?!® that
a definite cutoff between rotaxanes and pseudorotaxanes
does not exist.

We have previously reported®® that, on mixing equimo-
lar amounts (5 x 1074 mol L) of 1b and 3**, the [2]-
pseudorataxane 1b-3*" is immediately formed as shown
by the color change related to the CT interaction (Amax =
830 nm). We have found, however, that in the case of
1a, the color (Amax = 850 nm) develops much more slowly.
The rate constant for the threading process is 11.3 L
mol~! s7t at 296 K. The stoichiometry (1:1), association
constant (5 x 10° L mol™?), and molar absorption coef-
ficient (3300 L mol~t cm~* at 850 nm) were obtained from
titrations. Experiments, carried out in the temperature
range 9.5—50 °C (Figure 5), yielded the following activa-
tion parameters: AH* = 10.7 kcal mol=1; AS* = —17.7
cal mol~* K=, Clearly, the 4-tert-butylphenoxy terminal
groups of la impose some steric hindrance upon the
threading process. At room temperature, the la-3*"
species has some rotaxane as well as some pseudorotax-
ane character.®

It should be noted that la contains three electron-
donor units, namely a TTF unit in the center and two
phenoxy groups bearing tert-butyl substituents at its
ends. The TTF unit is a much better electron donor than
the phenoxy units. Therefore, in 1a-3*", as observed in
1b-3**, the cyclophane 3t is located around the TTF unit,
as shown by the presence of a CT band at Amax = 850
nm. From the association constants of the cyclophane 34*
with 1a or 1b (5 x 10° L mol~%)%17 and an analogous
dumbbell-shaped compound containing a 1,4-dioxyben-
zene ring (2 x 10% L mol~1)* in place of the TTF unit, we
can estimate that the difference in the stabilization
energy between the two types of “stations” for 3**
‘shuttling’ back and forth along 1a has to be larger than
3.2 kcal mol~1.8 The energy profile associated with 1a-
3%t as a function of the ring’s position is illustrated in
Figure 6.

Upon addition of 1 equiv of Fe(ClOy); to a la-3*"
solution, the green color disappears immediately and the
absorption features of the TTF" radical cation can be

(16) (a) Ashton, P. R.; Ballardini, R.; Balzani, V.; Belohradsky, M.;
Gandolfi, M. T.; Philp, D.; Prodi, L.; Raymo, F. M.; Reddington, M. V_;
Spencer, N.; Stoddart, J. F.; Venturi, M.; Williams, D. J. 3. Am. Chem.
Soc., 1996, 118, 4931—-4951. (b) Raymo, F. M.; Houk, K. N.; Stoddart,
J. F. J. Am. Chem. Soc. 1998, 120, 9318—9322.

(17) On account of a typographical error, the value (5 x 10* L mol~?)
of the association constant reported in ref 5d for the complex 1b-34* is
smaller by 1 order of magnitude than the correct value which is, in
fact, 5 x 105 L mol—1.
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Figure 6. Schematic illustration of the free energy change
(MeCN, 296 K) upon varying the relative position of the two
components of the [2]pseudorotaxane 1a-3*". The dotted curve
has no quantitative meaning. Upon oxidation of the TTF unit
of the acyclic component 1a, the free energy of the co-con-
formation 1V is expected to increase strongly because the
stabilizing charge-transfer interaction is destroyed and elec-
trostatic repulsion arises between the TTF* cation and the
tetracationic cyclophane.

observed. To understand whether the one-electron oxida-
tion of the TTF unit causes dethreading, the experiment
has been carried out in the presence of an acyclic
polyether containing a 1,5-dioxynaphthalene unit, namely
1,5-bis{ 2-[2-(2-hydroxyethoxy)ethoxy]ethoxy} naphtha-

lene, whose fluorescence is quenched upon insertion>1°
into the cavity of the cyclophane 3%*. Indeed, such a
fluorescence quenching is observed but does not follow
immediately upon addition of Fe(ClO,)s, thus allowing
us to study the dethreading kinetics of 3*" from the
radical cation of 1a. Despite the large errors involved in
these measurements,? the fluorescence decrease can be
reasonably fitted with a first-order kinetic equation,
giving a value for the dethreading rate constant of (0.2
+ 0.1) st at 296 K.

Electrochemical Behavior. Components. The elec-
trochemical properties of 1a, 2a, 2b, and 3*t are sum-
marized in Table 1, where the data for 1b% are also
reported for comparison purposes. The TTF unit shows
its two typical reversible and monoelectronic oxidation
processes in both the acyclic 1a (curve f, Figure 7) and

(18) Since the phenoxy ring is much poorer electron donor than the
1,4-dioxybenzene one, as indicated by the potential values at which
these units are oxidized (see ref 9), it is expected to give a weaker
interaction with 34*.

(19) Since the association constant between 34" and 1,5-bis{2-[2-
(2-hydroxyethoxy)ethoxy]ethoxy} naphthalene is much smaller than
that between 34t and 1a, addition of 4 x 107> mol L1 of the
1,5-dioxynaphthalene-based thread to a MeCN solution containing 4
x 1075 mol L1 34" and 4 x 107> mol L~! 1a does not substantially
perturb the formation of pseudorotaxane 1a-3**. Stopped-flow absorp-
tion experiments have shown that the threading of the 1,5-dioxy-
naphthalene-based thread through the cavity of 34t is very fast and
can be considered instantaneous on the time scale of the present
experiment (Hammarstrém, L.; Balzani, V.; Stoddart, J. F. Work in
progress).

(20) Credi, A.; Prodi, L. Spectrochim. Acta A 1998, 54, 159—170.
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Table 1. Electrochemical Data? for the Molecular

Components.
compound oxidation® reduction®
la +0.35; +0.71; +1.57¢ —
1b +0.35; +0.70 —
2a +0.32; +0.71; +1.34¢ —
2b +0.28; +0.70; +1.17;¢ +1.29¢ —
34+ — —0.28;4 —0.72d

a Argon-purged MeCN, room temperature, EtyNPFg as support-
ing electrolyte, glassy carbon as working electrode. P Halfwave
potential values in V vs SCE; reversible and monoelectronic
processes, unless otherwise indicated. ¢ Not fully reversible pro-
cess; potential value estimated from DPV peaks. 9 Two-electron
reversible process.

5 }J.A 51/2 V*hZ ]

. ) —
+1.5 +0.5 -02 -06 -10
V vs SCE

Figure 7. Normalized cyclic voltammetric patterns of the
components la, 2a, and 3*" (=), of the [2]catenane 2a/3*"
(= —), and of the [2]pseudorotaxane 1a-3** (- - -). Argon purged
MeCN solution, 5 x 107 mol L~! sample, 0.05 mol L™! Ety-
NPFe, room temperature, glassy carbon working electrode
(0.08 cm?). Ordinate scale: i/v¥? vs potential, where i = current
intensity; v = scan rate; differences in the diffusion coefficient
of the various species have been taken into account. Curves
a, b, and c: 50 mV s7%; curve d: 20 mV s7%; curve e: 500 mV
s~% curves f, g, and h: 200 mV s

cyclic 2a (curve a, Figure 7) and 2b polyethers. The other
oxidation processes are associated with the tert-butylphe-
noxy groups of the stoppers in la and with the 1,4-
dioxybenzene and 1,5-dioxynaphthalene ring systems in
2a and 2b, respectively. As far as crown ether 2a is
concerned, the first oxidation of the TTF unit takes place
at a potential which is slightly (30 mV) less positive than
that of the TTF unit in either 1a or 1b. This observation
can be accounted for by the presence of stacking interac-
tions between the two s-electron donor units of 2a, as
previously observed for similar crown ethers.22! The
potential at which the oxidation of the 1,4-dioxybenzene
ring occurs in 2a is displaced 70 mV toward more positive
values compared with that of the model compound, 1,4-
dimethoxybenzene.?! This result is consistent with a CT
interaction between such s-electron rich systems and the
bis-oxidized TTF moiety as evidenced (vide supra) by

(21) Ballardini, R.; Balzani, V.; Credi, A.; Brown, C. L.; Gillard, R.
E.; Montalti, M.; Philp, D.; Stoddart, J. F.; Venturi, M.; White, A. J.
P.; Williams, B. J.; Williams, D. J. J. Am. Chem. Soc. 1997, 119,
12503—12513.
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absorption spectroscopy. However, a corresponding ca-
thodic shift of the reduction potential value of the TTF?>"
unit, compared to 1a, is not observed. This is consistent
with the observation that the reduction potential of
TTF2* is only very slightly affected, even when TTF?* is
sandwiched between two strong electron-donating 1,5-
dioxynaphthalene ring systems.? The behavior of 2b%¢ is
similar to that of 2a. The larger shift toward less positive
potential values (70 mV) of the oxidation of the TTF unit
with respect to 1a can be explained on the basis of the
more-extended s-system of the 1,5-dioxynaphthalene unit
compared to that of the 1,4-dioxybenzene ring. As ob-
served for 2a, the second oxidation of the TTF unit of 2b
occurs at the same potential as that of 1a. On going to
more positive potentials, two not fully reversible pro-
cesses are encountered (Table 1), both of which can be
assigned to the oxidation of the 1,5-dioxynaphthalene
ring system and both of which are displaced toward more
positive potential values compared with the model com-
pound, 1,5-dimethoxynaphthalene (E, = +1.11 V). The
differential pulse voltammetric peak corresponding to the
first process has an area approximately seven times
smaller than that of the second process.?? This behavior
can once again be explained by considering that a CT
interaction exists between the TTF2* unit and the 1,5-
dioxynaphthalene ring system, as evidenced by absorp-
tion spectroscopy (vide supra); the presence of two
distinct oxidation processes involving the 1,5-dioxynaph-
thalene unit may be attributed to the different behavior
of the cis- and trans-isomers of 2b. The tetracationic
cyclophane 34" shows (curve b in Figure 7) the two well-
known reversible two-electron processes assigned to the
simultaneous first and second reductions of the two
bipyridinium units.1%4

Catenanes 2a/3*"and 2b/3*". Upon oxidation of the
catenanes 2a/3*" and 2b/3**, the electroactive compo-
nents are the cyclic polyethers 2a and 2b, respectively.
Since the 'H NMR spectroscopic data show that the only
observed isomer of this catenane has the TTF unit
residing in the “inside” position, the first oxidation of the
TTF unit should be displaced toward more positive
potentials relative to those of 2a. This prediction is
confirmed by the experimental results. However, contrary
to what happens in 2a, the first oxidation process of the
TTF unit is characterized by a very large separation
between the anodic and the cathodic cyclic voltammetric
peaks (Figure 7, curves d and €). On increasing the scan
rate, the former moves toward more positive potentials
and the latter toward less positive potentials. At a scan
rate of 500 mV s, there is only one anodic peak at +0.79
V vs SCE (Figure 7, curve e) whose current intensity
indicates the occurrence of a bielectronic process. There-
fore, at this potential, the second oxidation of TTF also
takes place; this process is reversible (half-wave potential
+0.76 V vs SCE) as indicated by the cathodic part of the
scan. The oxidation of the 1,4-dioxybenzene ring is
strongly displaced toward positive potentials (+1.65 V
vs SCE; Figure 7, curves d and e) relative to those of 2a
(Figure 7, curve a). The scan-rate dependence of the
separation between the anodic and cathodic peaks of the
first oxidation process of the TTF unit of 2a/3*" indicates

(22) None of these process can be attributed to 1,5-dioxynaphtha-
lene-type impurities since (i) the potential values are different
from that of the model compound, and (ii) the presence of such
impurities would have been clearly evidenced by luminescence mea-
surements.
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Figure 8. Schematic representation of the movements taking place in the [2]catenane 2a/3** upon oxidation/reduction of the
TTF unit of its polyether component 2a. Note that both redox-induced circumrotation movements can occur clockwise or

anticlockwise with the same probability.

that oxidation is followed by a rearrangement taking
place on the time scale of the electrochemical experi-
ment.2> The nature of this rearrangement has been
elucidated by the following observations: (i) the second
oxidation of the TTF unit is reversible, which shows that
the system does not undergo any further rearrangement
after one-electron oxidation, and (ii) the strongly positive
potential value for the oxidation of the 1,4-dioxybenzene
ring indicates that, when this process occurs, the 1,4-
dioxybenzene ring is trapped within the tetracationic
cyclophane.'*2! A very similar behavior is shown by the
catenane 2b/3%t.5%¢ These features show that, after the
first oxidation of the TTF unit, the macrocyclic polyether
circumrotates (Figure 8) with respect to the tetracationic
cyclophane delivering the 1,4-dioxybenzene ring (cat-
enane 2a/3*") or the 1,5-dioxynaphthalene ring system
(catenane 2b/3%%) into its cavity. Upon reduction of the
cyclophane component of 2a/3*t and 2b/3**, the well-
known4 splitting of the first two-electron wave and the
displacement of all the processes to more negative
potentials are observed (2a/3*": —0.32 V, —0.45 V, —0.86
V vs SCE, curve c in Figure 7; 2b/3%": —0.33V, —0.49 V,
—0.87 V vs SCE). It is interesting to note that the second
monoelectronic reduction process, which involves the

“inside” bipyridinium unit, occurs in 2b/3** at a potential
value 40 mV more negative than in 2a/3*". This differ-
ence can be explained by considering that the “inside”
bipyridinium unit interacts with both donor groups of the
crown ether, and that the dioxyaromatic unit contained
in 2b, namely the 1,5-dioxynaphthalene ring system, is
a better donor than the 1,4-dioxybenzene ring incorpo-
rated in 2a.

Pseudorotaxane la-3**. Upon oxidation, the electro-
active component of the pseudorotaxane 1a-3** is the
acyclic polyether 1a. In analogy with what was observed
previously®® for 1b-34*, the first anodic wave depends on
the scan rate: at 200 mV s, it merges (curve g in Figure
7) into the second oxidation wave, whose potential value
is not scan-rate dependent and is also identical to that
of free la. These results are consistent with (i) the
inclusion of the TTF unit inside the tetracationic cyclo-
phane 3**, (ii) the displacement of 3** away from the
TTF* radical cation and (iii) the lack of any interaction

(23) The alternative explanation, based on lack of reversibility of
the electrode process on account of restricted access to the “inside” TTF
unit, can be ruled out on the basis of the behavior observed for all
other catenanes and rotaxanes previously investigated. See, for
example, refs 10 and 16a.
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Figure 9. Schematic representation of the processes involving
the [2]pseudorotaxane 1a-3*" and its components in MeCN at
room temperature upon oxidation/reduction of the TTF unit
contained in dumbbell-shaped compound 1a. The molecular
components (a) self-assemble very efficiently, but slowly, to
give the [2]pseudorotaxane 1a-3** (b). When the TTF unit
contained in la is oxidized (c), the 3*" ring moves far from it
(d). At this point, the ring slowly slips over one the bulky end
groups, leading to dissociation of the [2]pseudorotaxane (e).
Reduction of the TTF* radical cation back to the neutral state
affords the initial situation (a).

between 3*" and the oxidized forms of the TTF unit of
the acyclic polyether.

The cathodic part of the scan of 1a-3*" is complicated,
in comparison with that of 1b-34*, by the presence of the
bulky tert-butylphenoxy end groups, which slow the
dethreading and rethreading processes (vide supra). In
the cyclic voltammetric pattern (curve g in Figure 7), the
cathodic waves at +0.67 and +0.31 V correspond to the
one-electron reduction of the TTF?* dication and the
TTF* radical cation, respectively, in the dethreaded
acyclic polyether. The strongly scan-rate-dependent wave
at +0.45 V is assigned to the reduction of the TTF*
radical cation in the fraction of acyclic polyether still
threaded through, but located far from, 3*t. The scan-
rate dependence of such a wave can be explained by
considering that the repositioning of 3** on the restored
TTF unit occurs on the time scale of the electrochemical
experiment. This rather complex electrochemical behav-
ior, along with the kinetic characterization of the thread-
ing and dethreading processes, is summarized graphi-
cally in Figure 9.

The reduction behavior of tetracationic cyclophane 34*
in the pseudorotaxane l1a-3*" is characterized by two
important features (curve h in Figure 7): (i) the bipyri-
dinium units undergo the first one-electron reduction at
two different potential values, both negatively shifted in
comparison to the free cyclophane, whereas they are
reoxidized simultaneously at a potential which ap-
proaches that of the free cyclophane by increasing scan
rate, and (ii) the simultaneous second one-electron reduc-
tion of the two units occurs reversibly at the same
potential of the free cyclophane. These results indicate
clearly that the one-electron reduction of the two bipy-
ridinium units of 1a-3*" causes the displacement of the
reduced cyclophane far from the TTF unit of 1la. The
result described in point (i) is, at first sight, surprising
since the first reduction process of the two bipyridinium
units of 1a-3** is expected to occur at the same potential
for a pseudorotaxane superstructure like that illustrated
Figure 1. In fact, this is the case for several other

Balzani et al.

pseudorotaxanes and rotaxanes based on the 3** cyclo-
phane.#*54911 A gsplitting originating from electronic
interactions between the two units®* can be excluded
because it is not observed for 1b-3*". The assignment of
the splitting to the dethreading/rethreading Kinetics does
not seem plausible, because the morphology of the
cathodic part of the wave does not change on changing
scan rate. Other possible explanations can be related to
the presence of (i) two distinct pseudo-cis-rotaxane spe-
cies, deriving from the cis- and trans-isomers associated
with the TTF unit, (ii) two different coconformations, in
very slow equilibrium, resulting from the way in which
the polyether chains interact with the tetracationic
cyclophane, or (iii) only one coconformation, where the
two bipyridinium units of the cyclophane are not equiva-
lent, as in the case of a “pseudocatenane” superstructure.
The nearly 1:1 intensity ratio (curve h in Figure 7) of
the two voltammetric waves can be explained straight-
forwardly by the third hypothesis, whereas hypotheses
(i) and (ii) can hold only if the two species are present in
equal amounts. It should also be noted that in the case
of 1a-3**, the presence of electron-donor units at the ends
of the dumbbell-shaped component can account for
formation of a “pseudocatenane” superstructure [hypoth-
esis (iii)], and that the lack of splitting in 1b-3*" disfavors
hypotheses (i) and (ii).

The slowness of the (re)threading process is clearly
evidenced by the following observations: (a) when the
cathodic part of an oxidation scan is extended to negative
potentials, the reduction behavior tends to that of free
34" (b) when the anodic part of a reduction scan is
extended to positive potentials, the oxidation behavior
tends to that of free 1a; (c) after repeated oxidation
(reduction) scans without renewing the diffusion layer,
the voltammetric pattern of free 1a (free 3*") is observed.

From the above discussion, it is evident that the redox
behavior of pseudorotaxane 1a-3*" is very complicated.
This situation is a consequence of the rotaxane-like
character of this system.'5 In this regard, comparison of
the electrochemical properties of the pseudorotaxanes 1a-
34t and 1b-3*" with those of a “true” rotaxane, like, for
example, 1c-3*" (Figure 1), would be very interesting.
Such an investigation is underway in our laboratories.

1H NMR Spectroscopy. The *H NMR spectrum of a
yellow CD3;CN solution of TTF shows a singlet centered
on ¢ 6.43. After the addition of 2 equiv of o-chloroanil,
the solution becomes brown and the singlet resonates at
0 6.32, suggesting the formation of an adduct.?>2¢ Upon
addition of Na,S,0s and D,0, the singlet resonance
returns to § 6.43 as the o-chloroanil is reduced and the
adduct dissociates. When the same experiment is carried
out in the presence of 34", i.e., a tetracationic cyclophane
which binds® TTF inside its cavity, the singlet, observed
at 6 6.17 for the protons of the TTF unit encircled by the
cyclophane, shifts to 6 6.32 after the addition of o-
chloroanil. Commensurate with this change in the spec-
trum, the resonance at 6 7.88 for the g-bipyridinium
protons of the complexed 3** disappears and that associ-

(24) Kaifer and co-workers have found that the first reduction
process of the two bipyridinium units of a rotaxane composed of 34*
and a phenylenediamine-based dumbbell takes place at different
potentials. They rationalized this result to “communication” of the two
units through the interposed electron donor moiety, see: Cordova, E.;
Bissell, R. A.; Kaifer, A. E. J. Org. Chem. 1995, 60, 1033—1038.

(25) For a report on an adduct formed between TTF and p-chloroanil,
see: Mayerle, J. J.; Crowley, J. I. Acta Crystallogr. 1979, B35, 2988—
2995.
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Figure 10. Partial *H NMR spectra (CDsCN, 25 °C) (a) of
the acyclic polyether 1a and of an equimolar mixture of 1a
and 3** (b) before and (c) after the addition of o-chloroanil, as
well as (d) of the mixture of 1a, 3**, and o-chloroanil after the
addition of Na,S,0s and H,0, followed by couterion exchange.
The proton labels illustrated in (a), (b), and (d) are defined in
Scheme 2. The phenylene and TTF protons of the adduct
formed bewteen 1a and o-chloroanil are labeled Hy", Hy", and
H".

ated with the uncomplexed 3*" appears at 6 8.16. After
the addition of Na,S,0s and H,0, followed by counterion
exchange,?” the o-chloaroanil is reduced and the original
resonances of the complex between TTF and 3** are again
observed.

In the 'H NMR spectrum of a CD3;CN solution of a
mixture of the cis- and the trans-isomers of la, the
phenylene protons H, and Hy give rise (Figure 10a) to
an AA'BB' system. The TTF protons H, appear as two
equally intense singlets, indicating (i) that equimolar
amounts of the cis- and trans-isomers are present in
solution and (ii) that the isomerization is slow on the 'H

(26) In a preliminary communication (see ref 5e) we reported that
the TTF-containing [2]catenane 2b/3** undergoes a coconformational
change upon addition of o-chloroanil. It was believed that the TTF unit,
originally located inside the cavity of the tetracationic cyclophane
component, was oxidized to its dicationic form upon addition of
o-chloroanil. Electrostatic repulsion between the newly formed TTF2*
dication and the tetracationic cyclophane component was invoked as
being responsible for the observed coconformational change. However,
subsequent and more rigorous 'H NMR spectroscopic experiments have
shown that TTF is not oxidized by o-chloroanil. In particular, the H
NMR spectrum of a CD3CN solution of TTF and o-chloroanil does not
show paramagnetic peak broadening suggesting that the radical cation
TTF* is not formed. Also, the characteristic resonance associated with
the protons of the TTF2* dication (ca. 0 9.5) are not observed. Instead,
the 'H NMR spectrum exhibits a sharp singlet (6 = 6.32) in the region
where the protons of neutral TTF are expected to resonate. Most likely,
the coconformational change associated with the [2]catenane 2b/3**
results from an adduct formation between the TTF unit and o-
chloroanil.

(27) After the addition of Na,S,0s5 and H;0, an excess of NH4PFg
was added. The solvent was removed under reduced pressure, and the
residue was washed with H,O. The resulting green solid was dissolved
in CD3CN and analyzed by 'H NMR spectroscopy.
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Figure 11. Diagrammatic representation of the chemically
controlled switching of the [2]pseudorotaxane 1a-34".

NMR time scale at 25 °C. Upon mixing equimolar
amounts of la and 3[PFg]4 in CD3CN, a green color
develops, indicating the formation (Scheme 2) of the 1:1
complex 1a-3**. In the *H NMR spectrum of this solution,
distinct signals for both the complexed and uncomplexed
species are observed, demonstrating that the complex-
ation/decomplexation process is slow on the *H NMR time
scale at 25 °C. Two AA'BB' systems are observed (Figure
10b) for the phenylene protons of the complexed (H,' and
Hy') and uncomplexed (H, and Hy) species. After the
addition of o-chloroanil, extrusion of the TTF unit from
the cavity of 3% occurs presumably as a result of the
formation of an adduct between la and o-chloroanil.
Consequently, the signals associated with 1a-3** are not
present?® (Figure 10c) in the corresponding *H NMR
spectrum. Upon addition of Na,S,0s and H,0O, followed
by counterion exchange,?” o-chloroanil is reduced and the
complex 1a-3*" reforms (compare Figures 10b and 10d).
The overall process involving the chemically controlled?®
switching of the [2]pseudorotaxane 1a-3*" is summarized
in Figure 11. An equilibrium between the complexed and
uncomplexed species exists in solution, favoring the
former. However, the addition of o-chloroanil is ac-
companied by the formation of an adduct with the guest,
thus perturbing the equilibrium as a result of the
[2]pseudorotaxane dissociating. After the reduction of
o-chloroanil, the guest is released and the original
equilibrium between the [2]pseudorotaxane and its sepa-
rate components is restored.

The 'H NMR spectra of CD3;CN solutions of the
macrocyclic polyethers 2a and 2b show (Figures 12a and
13a) one set of signals for the 1,4-dioxybenzene protons
Ha, and for the 1,5-dioxynaphthalene protons H-2/6,
respectively. In both instances, two equally intense
singlets are observed for the TTF protons Hy; as a result
of the presence of cis- and trans-isomers in solution. In
the [2]catenanes 2a/3*t and 2b/3*", one of the two
isomers is stabilzed (probably the trans-isomer, Figure
2) relative to the other and the TTF protons give rise

(28) Only the signals of the free tetracationic cyclophane 34" and
those of the adduct formed between 1a and o-chloroanil are observed.
Interestingly, the resonances associated with the protons H,"", Hy", and
H." of the adduct resonate (Figures 10a and 10c) at fields higher than
those associated with the protons H,, Hp, and H, of free 1a. In addition,
while the protons H, and Hy, give rise to an AA'BB’ system, a complex
pattern is observed for the protons H," and Hy'".

(29) For examples of the reversible chemically controlled switching
of [2]pseudorotaxanes as a result of the competitive formation of
adducts, see: (a) Ballardini, R.; Balzani, V.; Credi, A.; Gandolfi, M.
T.; Langford, S. J.; Menzer, S.; Prodi, L.; Stoddart, J. F.; Venturi, M.;
Williams, D. J. Angew. Chem., Int. Ed. Engl. 1996, 35, 978—-981. (b)
Credi, A.; Balzani, V.; Langford, S. J.; Stoddart, J. F. 3. Am. Chem.
Soc. 1997, 119, 2679—2681.
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Figure 12. Partial *H NMR spectra (CDsCN, 25 °C) (a) of
the macrocyclic polyether 5a and of the [2]catenane 2a/3*" (b)
before and (c) after the addiction of o-chloroanil, as well as (c)
of the mixture of 2a/3*" and o-chloroanil after the addition of
Na,S,0s and HO, followed by couterion exchange. The proton
labels are defined in Scheme 1.

(Figures 12b and 13b) to two singlets of different intensi-
ties. Similarly, the 1,4-dioxybenzene protons in 2a/3*"
and the 1,5-dioxynaphthalene protons in 2b/3*" resonate
as two sets of signals of different intensities. However,
the characteristic upfield resonances, which are normally
observed3®3! for the protons of dioxyarene rings sand-
wiched between two bipyridinium units, are not detected
in either case. These observations suggest that the
dioxyarene rings are located alongside the cavity of
tetracationic cyclophane component and that the TTF
units are positioned inside®? in both these [2]catenanes.
Addition of o-chloroanil to the CD3;CN solutions of 2a/
3*" and 2b/3*" exchanges the “inside” and “alongside”
units, presumably, as a result of the formation of adducts
between their TTF units and o-chloroanil. The corre-
sponding *H NMR spectra show (Figures 12c and 13c) a

(30) The protons Hq, of a 1,4-dioxybenzene ring located inside the
cavity of 3** resonate (see ref 14) in the region of 6 = 3.0—-3.5.

(31) The protons H-4/8 of a 1,5-dioxynaphthalene ring system located
inside the cavity of 34" resonate in the region of 6 = 2.1-2.6. For
examples, see: Asakawa, M.; Ashton, P. R.; Boyd, S. E.; Brown, C. L.;
Gillard, R. E.; Kocian, O.; Raymo, F. M.; Stoddart, J. F.; Tolley, M. S;
White, A. J. P.; Williams, D. J. J. Org. Chem. 1997, 62, 26—37.

(32) The location of the TTF unit inside the cavity of the tetracationic
cyclophane was confirmed by the cross-peaks between the protons of
the methylene groups attached to this unit and both the o-bipyridinium
and the p-phenylene protons observed in a 2D ROESY spectrum.
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Figure 13. Partial *H NMR spectra (CD3;CN, 25 °C) (a) of
the macrocyclic polyether 5 and of the [2]catenane 2b/3*" (b)
before and (c) after the addition of o-chloroanil, as well as (c)
of the mixture of 2b/3*" and o-chloroanil after the addition of
Na,S,0s and H,0O, followed by couterion exchange. The proton
labels are defined in Scheme 2.
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Figure 14. Diagrammatic representation of the chemically
controlled switching of the [2]catenanes 2a/3*" and 2b/3**. DB
and NP stand for the 1,4-dioxybenzene and 1,5-dioxynaph-
thalene unit, respectively.

change in the chemical shift and relative intensities of
the two singlets associated with the TTF protons. In
addition, dramatic upfield shifts of the resonances as-
sociated with the 1,4-dioxybenzene protons Hg, (A0 ca.
—3 ppm) and with the 1,5-dioxynaphthalene protons (Ad
ca. —5 ppm) demonstrate that these units are now
encirlced by the cyclophane component. Reduction of
o-chloroanil destroys its ability to form adducts with the
TTF units of the [2]catenanes which reinsert themselves
back into the cavities. After the addition of Na,S,0s and
H,O to both solutions and counterion exchange,?” the
original resonances for the dioxyarene and TTF protons
are observed (compare Figures 12b and 12d as well as
Figures 13b and 13d). The overall process, involving the
chemically controlled? switching of the [2]catenanes 2a/
3*t and 2b/3**, is summarized in Figure 14.



Switching of Pseudorotaxanes and Catenanes

Conclusions

We have synthesized the TTF-containing polyether 1la
which associates (Kass, = 5 x 10° L mol™! at 296 K in
MeCN) under thermodynamic control with the tetraca-
tionic cyclophane 3** in solution to form the [2]pseudoro-
taxane la-3*". We have prepared the TTF-containing
macrocyclic polyethers 2a and 2b in yields of 49 and 55%,
respectively. These macrocyclic polyethers have been
used as templates in the kinetically controlled self-
assembly of [2]catenanes 2a/3[PFs]4 and 2b/3[PFs], which
were isolated in yields of 43 and 23%, respectively. The
spectroscopic investigations of these compounds have
shown that, while TTF?* exhibits a strong fluorescence,
no emission can be observed for the TTF?* units con-
tained in the polyethers and in the corresponding pseu-
dorotaxanes and catenanes. The results obtained in the
electrochemical experiments and upon addition of Fe-
(ClO4)3 or o-chloranil show clearly that oxidation or
adduct formation of the TTF unit of the polyethers in la-
3*" and in 2a/3*" and 2b/3*" and reduction of the
cyclophane in 1a-3** cause extensive mechanical move-
ments. More specifically, such rearrangements involve
the circumrotation of one ring with respect to the other
in 2a/3*" and in 2b/3*" (Figure 9), and the displacement
of the ring along the thread, ultimately leading to
dethreading, in 1a-3*" (Figure 10). In all cases, the
movements can be fully reversed by electrochemical or
chemical inputs.

Experimental Section

General Methods. Solvents were purified according to
literature procedures.® The compounds 1b,> 4,8 53,4 6[PFg],
5b,3* and 3[PFg]s® were synthesized according to literature
procedures. Thin-layer chromatography (TLC) was carried out
using aluminum sheets, precoated with silica gel 60F or
aluminum oxide 60F s, neutral. The plates were inspected by
UV-light prior to development with iodine vapor or by treat-
ment with ceric ammonium molybdate reagent and subsequent
heating. Melting points are uncorrected. '"H NMR and 3C
NMR spectra were recorded on a 300 and a 75 MHz spectrom-
eter, respectively. The equipment and procedures used for
absorption, luminescence, and electrochemical measurements
have been previously reported.’® For the electrochemical
experiments it is worth noting that the concentration of the
electroactive species was of the order of 107 mol L~* and that
0.05 mol L™ tetraethylammonium hexafluorophosphate was
added as supporting electrolyte. Ru(bpy):®" [E12(Rust/Ru?) =
+1.290 V and Ey»(Ru?/Ru*) = —1.330 V vs SCE]*® was present
in the solution as an internal reference. Cyclic voltammograms
(CV) were obtained at sweep rates of 10, 20, 50, 100, 200, 500,
and 1000 mV s™%; differential pulse voltammograms (DPV)
were performed with a scan rate of 20 mV s%, a pulse height
of 75 mV, and a duration of 40 ms. For reversible processes
the same halfwave potential values were obtained from the
DPV peaks and from an average of the cathodic and anodic
cyclic voltammetric peaks. The potential values for not fully
reversible processes were estimated from the DPV peaks. The
experimental error on the potential values for reversible and
not fully reversible processes was estimated to be +£5 and +10
mV, respectively.

(33) Perrin, D. D.; Armarego, W. L. Purification of Laboratory
Chemicals, 3rd ed.; Pergamon Press: New York, 1988.

(34) Ashton, P. R.; Huff, J.; Parsons, I. W.; Preece, J. A.; Stoddart,
J. F.; Williams, D. J.; White, A. J. P.; Tolley, M. S. Chem. Eur. J. 1996,
2, 123-136.

(35) Asakawa, M.; Dehaen, W.; L'abbé, G.; Menzer, S.; Nouwen, J.;
Raymo, F. M.; Stoddart, J. F.; Williams, D. J. J. Org. Chem. 1996, 61,
9591-9595.

(36) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser,
P.; von Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85—277.
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4,4'(5")-Bis[2-[2-[2-(4-tert-butylphenoxy)ethoxy]ethoxy]-
ethoxymethylene]tetrathiafulvalene (1a). The diol 4 (110
mg, 0.4 mmol) was added to a suspension of NaH (48 mg, 2.0
mmol) in dry and degassed THF (30 mL), and the mixture was
heated under reflux and an atmosphere of Ar for 1 h. A
solution of the bistosylate 8 (436 mg, 1.0 mmol) in dry and
degassed THF (20 mL) was added dropwise over 45 min. The
mixture was heated under reflux for a further 24 h. After
cooling to room temperature, wet THF was added and the
solvent was removed under reduced pressure. The residue was
suspended in CH.Cl, and washed with a saturated agueous
solution of K,CO3z and H;0, and dried (MgSO,). The solvent
was removed under reduced pressure, and the residue was
purified by column chromatography (SiO,, CH,Cl,/MeOH, 99:
1) to afford la (264 mg, 80%) as a yellow-orange oil. LSIMS:
m/z =792 [M]"; *H NMR (CD3sCN): 6 = 7.32 (d, 4H), 6.83 (d,
4H), 6.34 (s, 1H), 6.32 (s, 1H), 4.23 (s, 4H), 4.08—4.00 (m, 4H),
3.78—3.70 (m, 4H), 3.63—3.47 (m, 16H), 1.27 (s, 18H); 3C NMR
(CD3CN): 6 = 157.4, 144.1, 135.5, 127.1, 118.7, 117.6, 117.2,
114.7,71.6, 71.2, 71.1, 70.9, 70.8, 70.2, 70.0, 68.4, 68.2, 34.5,
32.3, 31.6. Anal. Calcd for C4Hss0sSs: C = 60.57, H = 7.12,
S =16.17. Found: C = 60.40, H = 6.96, S = 16.3.

[2]Pseudorotaxane 1a-3[PFg]s. Equimolar amounts (25
mM) of 1a and 3[PFg]4 were mixed in CD3;CN. The solvent was
distilled off under reduced pressure to afford 1la-3[PFs]s as a
green solid. *H NMR (CDsCN): ¢ = 9.10—8.82 (m, 8H), 7.85—
7.55 (m, 16H), 7.15 (d, 4H), 6.54 (d, 4H), 6.17 (s, 1H), 6.00 (s,
1H), 5.67 (s, 4H), 5.66 (s, 4H), 4.16 (s, 2H), 4.12 (s, 2H), 4.08—
4.00 (m, 4H), 3.90—3.67 (m, 12H), 3.65—3.52 (m, 8H), 1.21 (s,
9H), 1.20 (S, 9H) Anal. Calcd for C75H83F24N408P4S4: C =
48.20, H = 4.68, N = 2.96, S = 6.77, found: C = 48.20, H =
472, N=272,S =6.90.

Macrocyclic Polyether 2a. A solution of the diol 4 (264
mg, 1.0 mmol), the bistosylate 5a (770 mg, 1.0 mmol), LiBr
(40 mg, 0.5 mmol), and CsOTs (40 mg, 0.1 mmol) in dry and
degassed THF (260 mL) was added dropwise over 20 h to a
suspension of NaH (120 mg, 5.0 mmol) in dry and degassed
THF (300 mL) heated under reflux and an atmosphere of Ar.
The mixture was heated under reflux for a further 4 d. After
being cooled to room temperature, the solvent was removed
under reduced pressure. The residue was partitioned between
CH,Cl; and H,0, and the aqueous layer was washed with CH-
Cl,. The combined organic layers were washed with 10%
aqueous NaOH (50 mL), 5% aqueous HCI, and 5% aqueous
K2CO3, H,O and dried (MgSO,). The solvent was removed
under reduced pressure, and the residue was purified by
column chromatography (SiO,, CH,Cl,/MeOH, 98:2) to afford
2a (338 mg, 49%) as a yellow-orange oil. LSIMS: m/z = 690
[M]*; *H NMR (CDsCN): 6 = 6.82 (s, 4H), 6.39 (s, 1H), 6.32
(s, 1H), 4.24 (s, 4H), 4.05—3.95 (m, 4H), 3.77—3.70 (m, 4H),
3.65—3.50 (m, 24H); °C NMR (CDsCN): ¢ = 153.8, 135.4,
117.6,116.2,71.2,71.1,70.3,70.1, 69.9, 68.8, 68.4, 68.3. Anal.
Calcd for CzoH42010Ss: C = 52.18, H = 6.13, S = 18.57.
Found: C =52.19, H =6.32, S = 18.2.

Macrocyclic Polyether 2b. A solution of the diol 4 (925
mg, 3.5 mmol), the dibromide 5b (2240 mg, 3.5 mmol), LiBr
(40 mg, 0.5 mmol), and CsOTs (40 mg, 0.1 mmol) in dry and
degassed THF (260 mL) was added dropwise over 20 h to a
suspension of NaH (288 mg, 12.0 mmol) in dry and degassed
THF (280 mL) heated under reflux and an atmosphere of Ar.
The mixture was heated under reflux for a further 4 d. After
being cooled to room temperature, the solvent was removed
under reduced pressure. The residue was partitioned between
CH,Cl; and H,0, and the aqueous layer was washed with CH-
Cl,. The combined organic layers were washed with a satu-
rated aqueous solution of NaCl and then with H,O and and
finally dried (MgSO,). The solvent was removed under reduced
pressure, and the residue was subjected to column chroma-
tography (SiO,, CH,CIl,/MeOH, 30:1) to afford 2b (1.61 g, 55%)
as a yellow wax. LSIMS: m/z = 740 [M]*; *H NMR (CD3CN):
0 =7.84—7.77 (m, 2H), 7.41—7.31 (m, 2H), 6.95—6.85 (m, 2H),
6.52 (s, 1H), 6.42 (s, 1H), 4.28—4.18 (m, 4H), 3.94—-3.84 (m,
6H), 3.72—3.40 (m, 26H); *C NMR (CD3CN): 6 = 155.3, 127.6,
126.5,118.6, 115.1, 106.9, 73.4,72.1,71.6, 71.2,70.4, 70.2, 69.1,
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62.0, 51.9. Anal. Calcd for C34H44010Ss: C =55.11, H = 5.99,
S =17.31. Found: C =54.99, H=5.98, S =17.4.

[2]Catenane 2a/3[PFs]s. A solution of 2a (200 mg, 0.3
mmol), 6[PFs]. (353 mg, 0.5 mmol), and 7 (132 mg, 0.5 mmol)
in dry and degassed DMF (15 mL) was stirred for 6 d at
ambient temperature. The solvent was removed under reduced
pressure, and the residue was purified by column chromatog-
raphy (SiO,, MeOH/2 M NH4Cl.(/MeNO;, 7:2:1.7). The result-
ing green solid was dissolved in H,O. After the addition of a
saturated aqueous solution of NH4PFs, 2a/3[PFs]4 precipitated
out of solution and was isolated (223 mg, 43%) as a green solid.
Mp > 250 °C; LSIMS: m/z = 1790 [M]*, 1645 [M — PFg]",
1500 [M — 2PFg]*, 1355 [M — 3PFg]*; *H NMR (CD3CN): 6 =
9.07—-8.80 (m, 8H), 7.90—7.60 (m, 16H), 6.72—6.37 (s, 4H),
6.15—6.03 (s, 2H), 5.60—5.80 (m, 8H), 4.30—4.13 (m, 4H),
3.95—3.45 (m, 32H); 133C NMR (CD:CN): 6 = 153.4, 145.7,
145.2, 144.6, 136.8, 134.0, 131.7, 128.4, 126.4, 126.1, 119.6,
116.1, 108.6, 71.9, 71.6, 71.3, 70.8, 70.6, 70.5, 70.1, 68.7, 68.5,
65.4. Anal. Calcd for C65H74F24N4010P4S4: C= 4425, H= 416,
N =3.13, S =7.16. Found: C =43.95,H =4.18, N=3.03, S
= 7.30.

[2]Catenane 2b/3[PFs]s. A solution of 2b (1390 mg, 1.9
mmol), 6[PFs]2 (1330 mg, 1.9 mmol), and 7 (496 mg, 1.9 mmol)
in dry and degassed DMF (125 mL) was stirred for 6 d at
ambient temperature. The solvent was removed under reduced
pressure and the residue was purifierd by column chromatog-
raphy (SiO;, MeOH/2 M NH4Cl,/MeNO,, 4:1.5:1.5). The
resulting green solid was dissolved in H,O. After the addition
of a saturated aqueous solution of NH4PFs, 2b/3[PF¢]s pre-
cipitated out of solution and was isolated (808 mg, 23%) as a
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green solid. Mp > 300 °C; LSIMS: m/z = 1840 [M] *, 1695 [M
— PFg]*, 1551 [M — 2PF¢]*, 1406 [M — 3PFs]"; 'H NMR (CDs-
CN): 6 = 9.00—-8.85 (m, 4H), 8.75—8.65 (m, 4H), 7.70—7.60
(m, 10H), 7.60—7.40 (m, 4H), 7.37—7.32 (m, 4H), 7.31—-7.24
(m, 2H), 6.73—6.68 (m, 2H), 6.08 (br s, 2H), 5.78—5.55 (m, 8H),
4.08 (br s, 4H), 4.00—3.50 (m, 32H); 3C NMR (CD3sCN): 6 =
154.6, 146.4, 145.5, 144.3, 143.9, 136.7, 133.5, 126.9, 125.3,
125.0, 119.8, 114.6, 106.6, 72.0, 71.6, 71.3, 71.1, 70.7, 70.5, 70.4,
686, 685, 65.2. Anal. Calcd for C70H75F24N401054P4: C =
45.66, H = 4.16, N = 3.04, S = 6.96. Found: C = 4555, H =
428, N = 3.18, S = 7.1. Details of the X-ray structural
determination have been already reported® and deposited with
the Cambridge Crystallographic Data Centre as supplemen-
tary publication no. CDCC-100460. Copies of the data can be
obtained free of charge on application to the Director, CCDC,
12 Union Road, Cambridge CB2 1EZ (Fax: Int. code + (1223)
336 033; e-mail: deposit@chemcrys.cam.ac.uk).
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