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magnetooptical effect is the effect that a magnetic material has on
electromagnetic radiation. See: C. J. O�Connor in Molecular Magnet-
ism: From Molecular Assemblies to the Devices (Eds.: E. Coronado, P.
DelhaeÁs, D. Gatteschi, J. S. Miller), Kluwer, Dordrecht, 1996, p. 521.

[4] Magnetochiral dichroism and other magnetooptical effects have been
predicted for molecules containing both magnetic and optically active
centers. For theoretical background, see a) N. B. Baranova, Y. V.
Bogdanov, B. Y. Zeldovich, Opt. Commun. 1977, 22, 243; b) L. D.
Barron, J. Vrbancich, Mol. Phys. 1982, 93, 78. For recent experimental
research, see c) R. Graziotti, D. K. Maude, G. Rikken, Annual Report
of the Grenoble High Magnetic Field Laboratory 1996, 85.

[5] a) O. Armet, J. Veciana, C. Rovira, J. Riera, J. CastanÄ er, E. Molins, J.
Rius, C. Miravitlles, S. Olivella, J. Brichfeus, J. Phys. Chem. 1987, 91,
5608; b) J. Veciana, C. Rovira, M. I. Crespo, O. Armet, V. M.
Domingo, F. Palacio, J. Am. Chem. Soc. 1991, 113, 2552; c) J. Veciana,
C. Rovira, L. Ventosa, M. I. Crespo, F. Palacio, ibid. 1993, 115, 57.

[6] K. Mislow, Acc. Chem. Res. 1976, 9, 26.
[7] For both structures, reflection intensities were measured at T�

293(2) K with MoKa radiation (0.70926 �) and a w/2q scan mode; a
Lorentz polarization correction and an empirical psi-scan absorption
correction were applied (C. K. Fair, MolEN package). The structures
were solved by direct methods (G. M. Sheldrick, SHELXS 86, 1990)
and refined by full matrix least squares on jF2 j (G. M. Sheldrick,
SHELXS 93, 1993). H atoms were introduced in calculated positions
and were refined isotropically with two global temperature factors,
one for the H atoms of the molecule and the other for those of the
included solvent. a) Crystal structure of 1-D3 : C45H12Cl21 ´ 1/2 C5H12,
orthorhombic, space group Pbca, a� 12.104(2), b� 21.903(6), c�
44.26(1) �, V� 11733.9(5) �3, 1calc� 1.509 g cmÿ3, Z� 8, m�
1.007 mmÿ1 (max. transmission: 99.96 %, min. transmission:
95.29 %), crystal dimensions: 0.29� 0.17� 0.10 mm3. 8666 Independ-
ent reflections were collected (2qmax� 46.888) and used for the
refinement of 622 parameters. Final statistics were R� 0.0890 for
2442 observed reflections (I> 2s(I)). Maximum and minimum
residual electron densities 1.777 and ÿ 0.498 e�ÿ3. b) Crystal
structure of 1-C2 : C45H12Cl21 ´ 1/2 C7H16, triclinic, space group P1Å,
a� 14.929(1), b� 15.226(2), c� 16.802(2) �, a� 63.69(1), b�
65.13(1), g� 64.20(1)8, V� 2957.2(6) �3, 1calc� 1.511 gcmÿ3, Z� 2,
m� 1.002 mmÿ1 (max. transmission: 99.89 %, min. transmission:
94.09 %), crystal dimensions: 0.35� 0.20� 0.12 mm3. 10 776 Inde-
pendent reflections were collected (2qmax� 49.948) from which 10385
independent (Rinf� 0.0294) reflections were used for the refinement of
625 parameters. Final statistics were R� 0.0626 for 5731 reflections
(I> 2s(I)). Maximum and minimum residual electron densities 1.079
and ÿ 0.603 e �ÿ3. Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion no. CCDC-100 586. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK. Fax: Int. code � (49)1223336-033; e-mail : depos-
it@ccdc.cam.ac.uk.

[8] This result is in contrast with other reports that show that large
deviations from planarity change the spin preferences against the
classical topology rule. See: a) S. Fang, M. S. Lee, D. A. Hrovat, W. T.
Borden, J. Am. Chem. Soc. 1995, 117, 6727; b) Z. Jingping, M.
Baumgarten, Chem. Phys. Lett. 1997, 269, 187.
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Highly efficient constructions of mechanically interlocked
molecules,[1] such as catenanes and rotaxanes, have followed
rapidly in the wake of the development of self-assembly[2] in
synthetic supramolecular chemistry.[3] The opportunity now
exists to control the relative dispositions of one component
with respect to the other(s) in such molecules by either
chemical[4] or electrochemical[4a, 5] means. In this context, the
tetrathiafulvalene[6] (TTF) unit represents a particularly
attractive building block, since it can be oxidized sequentially
and reversibly to the monocation (E1/2��0.32 V) and the
dication (E1/2��0.72 V). Its redox properties, together with
its ability to form[7, 8] a strong green 1:1 complex in both the
solution and solid states with cyclobis(paraquat-p-phenylene)
tetrakis(hexafluorophosphate),[9] have been largely respon-
sible for its incorporation into the thread-like components
of pseudorotaxanes,[10] as well as into catenanes[11] and ro-
taxanes.[8, 12] Here, we describe 1) the self-assembly of a
[2]catenane comprising a macrocyclic polyether ring with two
p-electron-rich ªstationsºÐnamely a 1,5-dioxynaphthalene
moiety and a TTF unitÐand the p-electron-deficient cyclo-
bis(paraquat-p-phenylene),[9] 2) its solid-state structure and
superstructure, 3) its spectroscopic characterization in sol-
ution, and 4) its ability to be switched both chemically and
electrochemically, at the molecular level, between two differ-
ent ªstatesº.
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The [2]catenane 5 ´ 4 PF6 was self-assembled in 23 % yield,
as a pure compound, by employing a ªcis ± transº isomeric
mixture of the crown ether incorporating TTF (3) as a
template for the formation of catenated cyclobis(paraquat-p-
phenylene) from 4 ´ 2 PF6 and paraxylylene dibromide
(Scheme 1). A 55 % yield of 3 was obtained by treatment of

Scheme 1. The self-assembly of the [2]catenane 5 ´ 4 PF6 in which the TTF
crown ether 3 obtained from diol 1 and dibromide 2 in the presence of a
base serves as template for the formation of the cyclobis(paraquat-p-
phenylene) tetracation.

the TTF-diol 1[13] with NaH in THF containing the dibromide
2.[14] Slow diffusion of iPr2O into a MeCN solution of 5 ´ 4 PF6

produced deep bluish-green crystals suitable for X-ray
structural analysis.[15] In the solid state the TTF portion of
the crown ether is positioned on the ªinsideº of the
tetracationic cyclophane and the 1,5-dioxynaphthalene ring
system ªalongsideº it[16] (Figure 1). The TTF is steeply
inclined to the plane of the cyclophane, its central C ± C bond
subtending an angle of 748 to this planeÐa value that is
noticeably larger than the 668 observed in the 1:1 complex
formed[7,8] between TTF and the cyclobis(paraquat-p-phen-
ylene) tetracation.[9] It is important to note that, of the two

Figure 1. A ball-and-stick representation of the solid-state structure of the
[2]catenane 54�.

possible constitutional isomers of the disubstituted TTF, only
the ªtransº isomer is observed in the solid state; the
[2]catenane structure thus displays a chiral plane.[17] The
complex is stabilized by the normal combination of p ± p

stacking interactions[18] and [CÿH ´´´ O] hydrogen bonds[19]

from a-bipyridinium hydrogen atoms (the latter, in one
instance, to the second oxygen atom from the TTF in one
polyether chain and, in the other, to the first oxygen atom
from the TTF in the other polyether chain).[20] The catenane
molecules pack to form ªconventionalº polar stacks with a
3.29 � separation between the 1,5-dioxynaphthalene and
bipyridinium ring systems of C-face centrally translated
molecules.

The UV/Vis spectrum of the [2]catenane 5 ´ 4 PF6 (Figure 2,
curve a) reveals a charge transfer (CT) absorption band
centered on 835 nm (e� 3500mÿ1 cmÿ1) characteristic of
structures containing a TTF unit ªinsideº the tetracationic

Figure 2. Absorption spectra (MeCN, 298 K) of a 9� 10ÿ5m solution of
[2]catenane 54� (curve a) and of the same solution after addition of 0.4, 1.0,
and 2.0 equiv of Fe(ClO4)3 (curves b ± d). Addition of 2 equiv of ascorbic
acid gives back the original spectrum (curve e).

cyclophane.[10] Furthermore, no absorption band is observed
in the 500 ± 560 nm region for the CT interaction that would
result from the 1,5-dioxynaphthalene moiety�s being located
ªinsideº the cyclophane.[5e] Not only does the 1H NMR
spectrum (Figure 3 a) recorded in CD3CN support this
conclusion, it also indicates[21] that only one of the two
constitutional isomers possible for the arrangement with the
TTF unit ªinsideº the tetracationic cyclophaneÐalmost
certainly the ªtransº isomer, which is the only isomer
observed in the solid state (Figure 1)Ðis present.

We hypothesized that it should be possible to trigger total
and completely reversible redox switching between the two
translational ªisomersº of the [2]catenane 54� by either
chemical or electrochemical means (Scheme 2). We now
demonstrate the truth of this hypothesis in a series of
experiments where the redox switching of the [2]catenane
between two different ªisomericº states [54� and 55� and/or
56�] is monitored by 1H NMR and UV/Vis spectroscopy
(when the switching is driven chemically) and by cyclic
voltammetry (when the switching is driven electrochemi-
cally).

The chemical switching of 54� was performed by redox
reactions. In the 1H NMR experiments, oxidation of the TTF
unit of 54� (concentration: 3.6� 10ÿ3m) was carried out in
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Figure 3. Partial 1H NMR spectra (300 MHz) recorded in CD3CN of a
3.6� 10ÿ3m solution of the [2]catenane 54� (a), after addition if 2 equiv of
o-chloranil (b), and after reduction of 54� with 2.2 equiv of Na2S2O5 and
isolation of the [2]catenane 54� as its PFÿ6 salt (c).

Scheme 2. The chemically and electrochemically triggered redox switching
of [2]catenane.

CD3CN with two equivalents of o-chloranil. After oxidation,
the resonance (Figure 3b) for the protons attached to the 4-
and 8-positions of the 1,5-dioxynaphthalene moiety is shifted
significantly to higher fields and is centered on d� 2.45: the
proton resonances for H-2/6 and H-3/7 appear at d� 6.27 and
d� 5.99, respectively. The difference between the d values for
H-4/8, H-2/6, and H-3/7 upon oxidation of the TTF unit of the
[2]catenane with o-chloranil and those of the free, unoxidized
macrocycle are ÿ5.33, ÿ0.64, and ÿ1.37, respectively. They
are of a similar magnitude to those previously reported[5e, 14, 21]

and so support the conclusion that the 1,5-dioxynaphthalene
moiety of the macrocycle is encircled by the tetracationic
cyclophane after oxidation of the TTF group. Moreover, the
integrals for these particular resonances indicate that this
mechanical state is the one that is populated exclusively. The
1H NMR spectrum exhibits very little paramagnetic peak
broadening, indicating[22] the preferential formation of the
oxidized species 56�. Reduction of 56� with 2.2 equivalents of
Na2S2O5 in CD3CN in the presence of a few drops of H2O and
subsequent counterion exchange with NH4PF6, followed by
evaporation of the solvent, washing of the dark green residue
with H2O, drying, and redissolving it in CD3CN, yielded an 1H

NMR spectrum (Figure 3 c) that was virtually identical with
the original one (Figure 3 a), confirming that the TTF unit is
once again residing inside the cavity of the tetracationic
cyclophane as shown in 54� in Scheme 2.

In the UV/Vis experiments (54� concentration: 9� 10ÿ5m),
Fe(ClO4)3 was used as an oxidant in MeCN solution. As
shown in Figure 2, addition of the oxidant (up to 1 equiv)
caused a continuous decrease in the intensity of the CT band
at 835 nm, characteristic of the encircling of the TTF unit by
the tetracationic cyclophane. Accompanying this decrease, an
increase in the intensity of the absorption bands with lmax�
450 and 600 nm, characteristic of the mono-oxidized form of
the TTF unit,[23] was observed (Figure 2, curve c). As a
consequence of these spectral variations, the color of the
solution changes from dark green to maroon. The CT band
(lmax� 515 nm) due to the encirclement of the naphthalene
moiety by the tetracationic cyclophane,[5b,e] expected on the
basis of the 1H NMR results, cannot be seen because it is
hidden by the more intense bands of the oxidized TTF unit.
Further addition of the oxidant (up to 2 equiv) caused the
disappearance of the absorption bands of mono-oxidized TTF
and formation of a new band (lmax� 375 nm), which may be
attributed to the bis-oxidized TTF unit.[24] An important
observation is that the band due to the encirclement of the
naphthalene moiety by the tetracationic cyclophane can now
be seen (Figure 2, curve d). On addition of 1 equiv of ascorbic
acid (as reductant), the bands of the TTF radical cation were
completely restored. Further addition of 1 equiv of ascorbic
acid yielded the original absorption spectrum with the
characteristic CT band due to the encirclement of the TTF
unit by the tetracationic cyclophane (Figure 2, curve e).
Identical spectral changes have been obtained with Ag
powder as reductant in place of ascorbic acid.

In conclusion, the 1H NMR and UV/Vis experiments show
clearly that the oxidation/reduction cycle of the TTF unit
causes switching between the two translational ªisomersº of
54� (Scheme 2).

Switching can also be induced electrochemically. On
electrochemical oxidation,[25] the two processes involving the
TTF unit (�0.28 and �0.70 V vs SCE in crown ether 3) and,
at more positive potentials, the oxidation of the 1,5-dioxy-
naphthalene moiety (�1.17 V vs SCE in 3) are expected.[26]

Furthermore, since the 1H NMR spectroscopic data show that
the only observed ªisomerº of 54� has the TTF unit residing in
the ªinsideº position, in the catenane the first oxidation of the
TTF unit should be displaced toward more positive potentials
relative to those of the free crown ether 3. This prediction is
confirmed by the experimental results. However, contrary to
what happens in the crown ether, the first oxidation process of
the TTF unit is characterized by a very large separation
between the anodic and cathodic peaks. On increasing the
scan rate, the former moves toward more positive potentials,
the latter toward less positive potentials. At a scan rate of
50 mV sÿ1, there is only one anodic peak at �0.80 V vs SCE,
whose current intensity indicates the occurrence of a bielec-
tronic process. Therefore, at this potential, the second
oxidation of TTF also takes place; this process is reversible
(halfwave potential �0.76 V vs SCE) as indicated by the
cathodic part of the scan. The oxidation of the 1,5-dioxy-
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naphthalene moiety is strongly displaced toward positive
potentials (�1.60 V vs SCE) relative to those of the free
crown ether.

The scan-rate dependence of the separation between the
anodic and cathodic peaks of the first oxidation process of the
TTF unit of 54� indicates that oxidation is followed by a
reaction taking place on the time scale of the electrochemical
experiment.[27] The nature of such a reaction is elucidated by
the following observations: 1) the second oxidation of the
TTF unit is reversible, which shows that the system does not
undergo any further reaction after one-electron oxidation; 2)
the strongly positive potential value for oxidation of the 1,5-
dioxynaphthalene moiety indicates that it is trapped within
the tetracationic cyclophane.[28] These features strongly sug-
gest that the action taking place as a consequence of the first
oxidation of the TTF unit is the circumrotation of the
macrocyclic polyether with respect to the tetracationic cyclo-
phane to yield the translational ªisomerº with the 1,5-
dioxynaphthalene moiety positioned ªinsideº the cyclophane
(Scheme 2). This observation is consistent with the dethread-
ing observed[10 b] upon one-electron oxidation of a pseudor-
otaxane in which a TTF-containing thread is located ªinsideº
the tetracationic cyclophane. We have also found by fluo-
rescence measurements that a 1,5-dioxynaphthalene-containing
thread like 2 replaces the TTF unit ªinsideº the tetracationic
cyclophane when the TTF moiety is mono-oxidized.

We have shown that total and completely reversible
switching between the two translational ªisomersº of cate-
nane 54� can be performed by either chemical or electro-
chemical oxidation/reduction cycles.[29] The process, which is
accompanied by a clearly detectable color change, can be
followed by 1H NMR spectroscopy, UV/Vis spectroscopy, and
cyclic voltammetry. This result represents a further step
toward the design of chemical systems whose structures and
properties can be controlled by use of external stimuli.

Experimental Section

3 : NaH (288 mg, 12.0 mmol) was suspended in dry, degassed THF (280 mL)
and a mixture of the diol 1[13] (925 mg, 3.50 mmol), and the dibromide 2[14]

(2.24 g, 3.50 mmol) in dry, degassed THF (250 mL containing 50 mg of both
LiBr and CsOTs) was added with stirring during 20 h while refluxing under
Ar. After refluxing and stirring had been continued for a further 72 h, the
reaction mixture was cooled down to 108C, and wet THF (20 mL) was
added with care. The solvents were removed under vacuum, and the
residue extracted into CH2Cl2 (2� 250 mL). The combined organic layers
were washed with saturated aqueous NaCl solution (50 mL) and H2O (4�
30 mL), before being dried (MgSO4) and concentrated under reduced
pressure to afford a residue which was subjected to column chromatog-
raphy (SiO2:CH2Cl2/MeOH 30:1). The macrocycle 3 was isolated as a
yellow wax (1.61 g, 55%). MS (LSI): m/z� 740 [M�]; 1H NMR (CD3CN,
300 MHz, 258C): d� 3.40 ± 3.72 (m, 26H), 3.84 ± 3.94 (m, 6 H), 4.18 ± 4.28
(m, 6 H), 6.85 ± 6.95 (m, 2H), 7.31 ± 7.41 (m, 2H), 7.47 ± 7.84 (m, 2H); 13C
NMR (CD3CN, 75.1 MHz, 258C): d� 51.9, 62.0, 69.1, 70.2, 70.4, 71.2, 71.6,
72.1, 73.4, 106.9, 115.1, 118.6, 126.5, 127.6, 155.3. Elemental analyses calcd
for C34H44O10S4: C 55.11, H 5.99, S 17.31; found C 54.99, H 5.98, S 17.4.

5 ´ 4PF6: A solution of 3 (1.39 g, 1.88 mmol), 4 ´ 2PF6 (1.33 g, 1.88 mmol)
and p-xylylene dibromide (496 mg, 1.88 mmol) in dry, degassed DMF
(125 mL) was stirred under Ar for 5 days, and then the solvent was
removed under vacuum. After the residue had been extracted with CH2Cl2,
MeCN was added. Undissolved polymeric material was filtered off, and the
MeCN solution concentrated to a residue, which was subjected to column
chromatography (SiO2, MeOH:2n NH4Cl:MeNO2 4:1.5:1.5). The darkish

green fraction was collected, the solvent evaporated off, the residue
dissolved in H2O (100 mL), and a saturated aqueous solution of NH4PF6

was added until no further precipitation occurred. The precipitate was
filtered off, washed with H2O (2� 10 mL), and dried under vacuum. The
pure [2]catenane 5 ´ 4PF6 was obtained as a bluish-green solid (808 mg,
23%). M.p. 3008C; MS (LSI): m/z� 1840 [M�], 1695 [MÿPF6]� , 1551
[M�Hÿ 2 PF6]� , 1406 [M�Hÿ 3PF6]� ; 1H NMR (CD3CN, 300 MHz,
258C): d� 3.50 ± 4.00 (m, 32H), 4.08 (br s, 4H), 5.55 ± 5.78 (m, 8 H), 6.08
(br s, 2 H), 6.68 ± 6.73 (m, 2 H), 7.24-7.31 (m, 2H), 7.32 ± 7.37 (m, 4H), 7.40 ±
7.60 (m, 4 H), 7.60 ± 7.70 (m, 10 H), 8.65 ± 8.75 (m, 4H), 8.85 ± 9.00 (m, 4H);
13C NMR (CD3CN, 75.1 MHz, 258C): d� 65.2, 68.5, 68.6, 70.4, 70.5, 70.7,
71.1, 71.3, 71.6, 72.0, 106.6, 114.6, 119.8, 125.0, 125.3, 126.9, 133.5, 136.7,
143.9, 144.3, 145.5, 146.4, 154.6. Elemental analysis calcd for
C70H76F24N4O10S4P4: C 45.66, H 4.16, N 3.04, S 6.96; found C 45.55, H
4.28, N 3.18, S 7.1.
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