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Two  bis(2-oxy-1,3-propylenedithio)tetrathiafulvalene-con-
taining acyclic polyethers and two macrocyclic polyethers,
each incorporating one bis(2-oxy-1,3-propylenedithio)tetra-
thiafulvalene unit and one p-phenylene ring, have been
synthesized. The two acyclic polyethers are bound by
cyclobis(paraquat-p-phenylene) with pseudorotaxane
geometries in solution. The two macrocyclic polyethers have
been mechanically interlocked with this tetracationic
cyclophane to form [2]catenanes in a kinetically controlled
self-assembly process. The X-ray crystallographic analysis of
one of the two [2]catenanes and 'H-NMR-spectroscopic
studies of both compounds showed that the p-phenylene ring
of the macrocyclic polyether is located inside the cavity of
the tetracationic cyclophane, while the bis(2-oxy-1,3-
propylenedithio)tetrathiafulvalene unit resides alongside.
The [2]pseudorotaxanes and [2]catenanes show broad bands
around 780 nm, arising from the charge-transfer (CT)
interaction between the electron-donor tetrathiafulvalene-
(TTF-)type unit and the electron-acceptor units of the
tetracationic cyclophane. 'H-NMR-spectroscopic studies
have shown that the [2]pseudorotaxanes dissociate into their

separate components upon oxidation of the TTF-type unit, as
a result of disruption of the CT interaction and electrostatic
repulsion between the tetracationic host and the newly
formed monocationic guest. The subsequent reduction of the
guest to its neutral state affords back the pseudorotaxane-
type complex restoring the original equilibrium. The results
obtained from electrochemical experiments are consistent
with the reversible, redox-driven dethreading/rethreading
process observed by 'H-NMR spectroscopy. Variable-
temperature 'H-NMR-spectroscopic investigations have
revealed two dynamic processes, both involving the relative
movements of the mechanically interlocked components in
the [2]catenanes. The two consecutive oxidation processes
involving the TTF-type unit, observed electrochemically, are
displaced toward more positive potentials compared with the
free cyclic polyethers. The two reversible two-electron
reduction processes, characteristic of free cyclobis(paraquat-
p-phenylene), separate into four reversible one-electron
processes because of the topological difference between the
“inside” and "alongside" electron-acceptor units in the
[2]catenane.

Introduction

The reversible oxidation of tetrathiafulvalene (TTF) to
its radical monocation can be realized!"! both chemically
and electrochemically. As a result, TTF is an ideal building
block!?! for the construction of redox-active molecular and
supramolecular systems[3! which can be controlled by exter-
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nal stimuli. The observation that TTF — in its neutral state
— is bound™ by the tetracationic cyclophane, cyclobis(pa-
raquat-p-phenylene), with a pseudorotaxane geometry
prompted! us and others to design and construct TTF-
containing mechanically interlocked molecules[® and their
supramolecular analogs. The tetracationic nature of cyclo-
bis(paraquat-p-phenylene), in conjunction with the possibil-
ity of converting the neutral TTF unit to its monocation
and back again, offers the opportunity for controlling the
relative positions of the components in catenanes, rotax-
anes, and pseudorotaxanes.[’l Thus, we have designed and
constructed two TTF-containing [2]catenanes and two re-
lated [2]pseudorotaxanes. Here, we report (i) the syntheses
of two acyclic and two macrocyclic bis(2-oxy-1,3-propylene-
dithio)TTF-containing polyethers, (ii) the template-directed
syntheses of two [2]catenanes, each incorporating one of
these macrocycles and cyclobis(paraquat-p-phenylene), (iii)
the X-ray-crystallographic analysis of one of the [2]ca-
tenanes, (iv) the 'H-NMR-spectroscopic investigations of
both [2]catenanes, (v) the absorption spectra, and the elec-
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trochemical oxidation and reduction behavior of the acyclic
and macrocyclic bis(2-oxy-1,3-propylenedithio) TTF-con-
taining polyethers, and of their pseudorotaxanes and of two
[2]catenanes, respectively, incorporating cyclobis(paraquat-
p-phenylene), and (vi) the oxidation/reduction controllable
decomplexation/recomplexation of the acyclic TTF-con-
taining polyethers by cyclobis(paraquat-p-phenylene).

Results and Discussion

Synthesis

A mixture of the cis and the trans isomers® of 1 was
treated (Scheme 1) with either 2 or 3 to afford 4 or 5,
respectively. After deprotection of 4 and 5, the resulting
compounds 6 and 7 were allowed to react with 1,4-bis(bro-
momethyl)benzene under high-dilution conditions to give
the macrocyclic polyethers 8 and 9, respectively. Reaction
of 10-2PFg¢ with 1,4-bis(bromomethyl)benzene, in the
presence of either 8 or 9, afforded the [2]catenanes
11 -4 PF¢ or 12 -4 PF,, respectively, after counterion ex-
change.

X-ray Crystallography

The X-ray crystallographic analysis of the [2]catenane
11 - 4 PF¢ shows (Figure 1) the p-phenylene ring of the
macrocyclic polyether to be threaded through the center of
the tetracationic cyclophane. The CH,—CgH,4—CH, axis is
inclined steeply (70°) to the mean plane of the tetracationic

NaH / THF

Figure 1. Ball-and-stick representation of the solid-state structure
of the [2]catenane 114+

cyclophane (defined by the four methylene carbon atoms),
while the long axis of the TTF unit is aligned almost paral-
lel (18°) to the N—N axis of the proximal bipyridinium
unit. An important feature of the macrocyclic polyether is
the presence of 50:50 disorder in one of the polyether chains
(depicted by broken bonds in Figure 1). This disorder re-
flects the presence of cis/trans isomerism as a consequence
of a formal configurational inversion at one of the bridge-
head carbon atoms within the bis(2-oxy-1,3-propylenedi-
thio)TTF unit. The [2]catenane is stabilized by n--*m stack-
ing interactions, between the p-phenylene ring and the two
bipyridinium units, and, by edge-to-face interactions, be-
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Scheme 1. The syntheses of the of the compounds 4—12 - 4 PF,
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tween the p-xylene ring of the macrocyclic polyether and
the p-phenylene rings of the tetracationic cyclophane.™
There is evidence for two short C—H--O contacts, one be-
tween one of the a-bipyridinium hydrogen atoms and one
of the polyether oxygen atoms and the other between one
of the proximal methylene hydrogen atoms and another
oxygen atom in the same polyether chain.['” The near par-
allel alignments of the long axes of the TTF unit and of
the “inside” bipyridinium ring system could be a result of
S(sp®)—N(p) interactions.!!' These sulfur atoms are in a
pseudotrigonal-bipyramidal relationship with respect to the
bipyridinium nitrogen atoms and their substituents. The
S—N distances are 3.54 and 3.37 A, respectively. There are
no extended m-donor/m-acceptor stacks formed within the
crystal of 11 - 4 PF4. The molecules pack (Figure 2) to form
discrete face-to-face “dimer pairs” with the TTF units
aligned parallel but offset longitudinally. Their C=C bonds
have a perpendicular separation!! of 3.52 A and an associ-
ated centroid—centroid distance of 3.71 A. There are no
bipyridinium—bipyridinium stacking interactions of the

Figure 2. One of the “dimer pairs” formed by the [2]catenane 114"

in the crystal
(O{SISF(SI }ov
io N@_@N—‘ O
Y o—

type seen, for example, in the solid-state structure of cyclo-
bis(paraquate-1,4-biphenylene).[!3!

TH-NMR Spectroscopy

Comparison of the '"H-NMR spectra [(CD;),CO, 298 K]
of the macrocyclic polyethers 8 and 9 with those of the cor-
responding [2]catenanes 11 - 4 PF4 and 12 - 4 PF; revealed
(Table 1) dramatic shifts of the resonances associated with
the aromatic protons of the p-phenylene ring incorporated
within the neutral macrocyclic components. By contrast, no
significant chemical shift changes were observed for the sig-
nals associated with the protons of the bis(2-oxy-1,3-propy-
lenedithio)TTF unit."' These observations suggest that in
solution the tetracationic cyclophane also encircles prefer-
entially the p-phenylene ring in both [2]catenanes.

Table 1. '"H-NMR-spectroscopic data (8 values) for 8, 9, and
11 -4 PF, to 13-4 PF, in (CH;),CO at 298 K

1 §-0, : p—%
_N@_@% H,

Compound H, Hg H, H; H,
8 - - - - 7.30
9 - - - - 7.30
11 -4 PF4 9.39 8.33 8.19 6.23 4.17
12 - 4 PF; 9.38 8.32 8.16 6.19 4.17
13-4 PF, 9.38 8.58 7.76 6.15 -

In both [2]catenanes, two dynamic processes (Figure 3)
can be identified by variable-temperature '"H-NMR spec-
troscopy. Process I involves the circumrotation of the tetra-
cationic cyclophane through the cavity of the macrocyclic
polyether. Process II involves the rocking of the
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Figure 3. The dynamic processes associated with the [2]catenanes 11 - 4 PF4 and 12 - 4 PF¢ in solution
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CH,—-C¢H,;—CH, axis of the encircled p-phenylene ring
relative to the mean plane of the tetracationic cyclophane
as defined by the four methylene carbon atoms. At 193 K,
Processes I and II are slow on the 'H-NMR timescale and
four sets of resonances can be distinguished!!! (Figure 4e)
for the a-bipyridinium protons. In addition, two sets of sig-
nals centered on & ~ 5.3 and 2.9 for the aromatic protons
of the encircled p-phenylene ring pointing away and toward,
respectively, the n-faces of the p-phenylene spacers of the
tetracationic cyclophane are observed. Upon warming the
solution up, Process II becomes faster and the two sets of
signals associated with the encircled p-phenylene ring pro-
tons coalesce to give only one signal. Similarly, the two
pairs of resonances for the a-bipyridinium protons also co-
alesce (Figures 4c and 4d) to give one pair only. Upon
further warming the solution up, Process I becomes faster
and only one set of signals can be observed (Figures 4a and
4b) for the a-bipyridinium protons. ¢

1000  9.50 2.00
& (ppm)

Figure 4. Partial 'H-NMR spectra of the [2]catenane 11-4PF, in
(CD»),CO at (a) 293, (b) 233, (¢) 215, (d) 203, and (e) 193 K, illu-
strating the resonances associated with the a-bipyridinium protons

Upon mixing (Figure 5) equimolar amounts of the tetra-
cationic cyclophane of 13 - 4 PF4 and either 6 or 7 in solu-
tion, a green color develops, indicating the formation of a
complex having, presumably, a [2]pseudorotaxane ge-
ometry.l'’l The 'H-NMR spectra of equimolar CD;CN/
D,0 (95:5) solutions of 13 - 4 PF4 and either 6 or 7 exhibit
(Figure 6a) the signals of the complexed and uncomplexed
species. In addition, since mixtures of the cis and the trans
isomers of the guest were employed in the case of 6 and 7,
two distinct sets of resonances for the bipyridinium protons
of the complexed tetracationic cyclophane can be dis-
tinguished. Upon addition of three molar equivalents of I,
the TTF unit is oxidized to the radical monocation and
dissociation of the complex occurs as a result of the disrup-
tion of the CT interaction and the presence of electrostatic
repulsion between the tetracationic host and the monoc-
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ationic guest. In keeping with this observation, no com-
plexed species can be detected (Figure 6b) in the 'H-NMR
spectra. Upon addition of an excess of Na,S,Os/NH4PFg,

Hor[_\oﬁ-;o—(z][z)#z][z}o’-[_\orhw
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Figure 5. Complexation of 6 and 7 by the tetracationic cyclo-
phane 13- 4 PF
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Figure 6. Partial '"H-NMR spectra of (a) an equimolar CD;CN/
D,0 (95:5) solution of 6 and 13 - 4 PF, (b) the same solution after
the addition of I, (3 mol-equiv.) and then (¢) of Na,S,O5 (8 mol-
equiv.) and NH4PF¢ (22 mol-equiv.); note that co = complexed
and un = uncomplexed
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the radical monocation is reduced back to its neutral state,
thus resulting in the original equilibrium between com-
plexed and uncomplexed species being restored as illus-
trated by the partial "H-NMR spectrum depicted in Figure
6¢ for [6:13] - 4 PF¢. More details on the redox-driven dis-
sociation/reassociation process of the [6:13]** adduct will
be given when discussing the electrochemical behavior of
this [2]pseudorotaxane later on this paper.

Absorption Spectra

As previously reported,’8l the absorption spectrum of
cyclobis(paraquat-p-phenylene) shows very intense bands in
the UV region and no absorption in the visible region. The
absorption band of the bis(2-oxy-1,3-propylenedithio) TTF-
containing acyclic polyether 6 is shown in Figure 7, where
the spectrum of the pseudorotaxane [6:13]*" is also dis-
played. The broad band in the visible/near-IR spectral re-
gion of the pseudorotaxane (A, = 780 nm, €., = 1300
M~ ! ecm™") results from the charge-transfer interaction be-
tween the electron-donor TTF-type unit of 6 and the elec-
tron-acceptor units of 13*'. The stability constant of
[6:13]*", as measured from spectrophotometric titrations, is
ca. 1-10* M~ L,

50
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Figure 7. Absorption spectra of 1.0-107* M MeCN solutions of 6
(full line) and a 1:1 mixture of 6 and 13** (dashed line); under
these conditions, about 45% of the species are associated to give
the pseudorotaxane [6:13]**

The spectrum of the macrocyclic bis(2-oxy-1,3-propy-
lenedithio)TTF-containing polyether 8 (Figure 8) differs
from that of the acyclic polyether 6 (Figure 7) only in the
region below 300 nm, where the phenylene unit present in
8 contributes to the absorption. This behavior shows that,
as expected, there is no apparent electronic interaction be-
tween the TTF- and phenylene-type units in 8. The spec-
trum of catenane 114" (Figure 8) shows a CT band (A =
768 nm, €,,,x = 500 M~ ! cm ™) similar to, but not identical
to, that of pseudorotaxane [6:13]**. The observed differ-
ences, and particularly the much smaller ¢ value, suggest
that, in the catenane structure, contrary to what happens in
the pseudorotaxane [6:13]*", the electron-acceptor cyclo-
phane 13** does not surround the TTF-type unit of the
macrocyclic polyether 8. This conclusion is in full agree-
ment with the results obtained by X-ray crystallography

Eur. J. Org. Chem. 1999, 985—994

and '"H-NMR spectra (vide supra), and also by electro-
chemistry (vide infra).
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Figure 8. Absorption spectra in MeCN of 8 (full line) and the [2]ca-
tenane 114* (dashed line)

Oxidation of polyether 6 with Fe(ClO,4); in MeCN solu-
tion causes strong spectral changes (Figure 9). Up to 1
equiv. of oxidant, the disappearance of the TTF-type band
in the near-UV spectral region is accompanied by the ap-
pearance of intense bands in the visible region, character-
istic of monooxidized TTF"-type species.>®!® Therefore, 6
is oxidized to 6", with maintenance of an isosbestic point
at 353 nm (Figure 9a). Further addition of oxidant causes
the disappearance of the bands of the monooxidized TTF*-
type species and the appearance of a new band around
580 nm, with isosbestic points at 355, 496, and 664 nm (Fig-
ure 9b). Such spectral changes can be assigned to the for-
mation of 6>*. Upon addition of a reductant (aqueous asc-
orbic acid) to the oxidized solution, the spectral changes
are fully reversed. Interestingly, while the spectrum of 6™ is
somewhat similar to that of TTF" [P>18l the spectrum of
6> differs from that of TTF?*[3»18] because of the presence

1.2

0.9

0.6

0.3 4

0.0

0.9

0.6

0.3

0.0 T T T
300 500 700 900

A (nm)
Figure 9. Spectral changes observed upon one-electron (a) and two-
electron (b) oxidation of 6 [5-107> M, MeCN solution, Fe(ClOy4); as

an oxidant]; the changes can be reversed by addition of a reductant
(aqueous ascorbic acid)
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of a broad band which extends from the visible to the near-
IR. This behavior can be accounted for by the presence of
the four alkylthio substituents attached to the TTF>"-type
aromatic moiety in 6>*. The sulfur atoms associated with
these substituents carry nonbonding electron pairs and can
therefore give rise to nm* transitions (and absorption bands)
at relatively low energy. The presence of such low-energy
levels in 6 precludes, of course, the occurence of emission
from the upper-lying nn* level, which is observed for
TTF2+.[19]

The spectroscopic characteristics of the acyclic polyether
7, the pseudorotaxane [7:13]**, the macrocyclic polyether
9, and the catenane 12** are practically identical to those
of the corresponding compounds discussed in this section.

Electrochemical Behavior

Both acyclic polyethers 6 and 7 show two reversible and
monoelectronic oxidation processes at +0.54V and
+0.85 V (vs. SCE), which can be easily assigned to first and
second oxidation of their TTF-type units, and no reduction
processes. As a consequence of the identical electrochemical
behavior of these two parent species, the corresponding
pseudorotaxanes, macrocycles, and catenanes also behave in
a very similar manner. Therefore, we report only the results
obtained for the compounds derived from the polyether 6
— namely the pseudorotaxane [6:13]*", the macrocyclic po-
lyether 8, and the catenane 114",

Pseudorotaxane [6:13]**

The electrochemical behavior of [6:13]*" on oxidation
and reduction was studied in the presence of an excess of
the cyclophane 13*" and the polyether 6, respectively, in
order to obtain more than 95% of the electroactive species
under investigation in the complexed form. The pseudorot-
axane [6:13]*" shows two monoelectronic oxidation pro-
cesses that can be attributed to the TTF-type unit of 6 (Fig-
ure 10). The anodic peak of the first process is displaced
toward more positive potentials compared with the uncom-
plexed polyether because of the CT interaction that arises
when the electron-donor TTF-type unit of 6 is threaded
through the electron-accepting tetracationic cyclophane
13**; the second oxidation process, however, is not dis-
placed. The first oxidation process is almost reversible for
scan rates < 200 mV s~ ! and takes place (Figure 10a) at
a potential 60 mV more positive compared with that for
uncomplexed 6; on increasing the scan rate, however, the
anodic peak moves to more positive potentials, while the
corresponding cathodic peak moves to less positive poten-
tials. For a scan rate of 1000 mV s~ ! (Figure 10c), the latter
peak is at a potential very close to that of the free acyclic
polyether (Figure 10b). The second oxidation process of
[6:13]*" is fully reversible (Figure 10). As previously obser-
ved ! for an adduct of 13** with a polyether containing a
TTF unit, these results indicate that one-electron oxidation
of the TTF-type unit of polyether 6 in [6:13]*" is followed
by a dethreading process which occurs on the time scale of
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the electrochemical experiment with the consequence that
the second oxidation of the TTF-type unit occurs when
dethreading has already taken place. Comparison with the
behavior of the previously studied compoundP®! shows
that, for the [6:13]*" pseudorotaxane, the dethreading
movement is faster, since the positive shift of the first an-
odic peak is evident only for relatively high scan rates
(> 200 mV s~ ). On the other hand, the rethreading process
seems to be slower, since for [6:13]*", the reduction peak of
the monooxidized wire occurs at a potential almost ident-
ical to that of free 6 for a scan rate of 1000 mV s~!. This
observation means that, on this timescale, the monooxid-
ized 6 species, once reduced, has not enough time to enter
back into the cavity of the tetracationic cyclophane. The
lower limit for the anodic peak of 6, when “locked” inside
the 13** cyclophane, is given by the anodic peak (+0.70 V
vs. SCE) obtained at the highest scan rate (1000 mV s~ 1).

L
b L "*\/ 2m [
~_
1008 |
[+
I T I I
+1.0 +0.6 +0.2

V vs SCE

Figure 10. Cyclic voltammetric scan of a 3.3:10~* m MeCN solu-
tion of 6 (i) alone (dashed line) and (i) in the presence of an excess
of 13** (full lines); the scan rate is 50 mV s~ ! for (a) and (b), and
1000 mV s~! for (¢)

The two reversible, two-electron reduction processes
characteristic®®7Xl of cyclobis(paraquat-p-phenylene) cyclo-
phane (13*") are maintained in [6:13]*". The first process
occurs almost at the same potential as that observed for the
free tetracationic cyclophane, while the second process is
slightly shifted (ca. 20 mV) to more negative potentials. In
the case of the above-mentioned adduct of 13** with a po-
lyether containing a TTF unit,®"! the first process was dis-
placed to more negative potentials, as expected, because of
the CT interaction. The apparently anomalous behavior ob-
served for [6:13]*" can be accounted for by considering that
the bulkiness of 6 could somewhat force coplanarity of the
two pyiridinium rings of each electron-acceptor unit of
13**, thereby favoring the formation of the planar monore-
duced form.? The negative shift of the second reduction
process of the 13** cyclophane in the [6:13]** pseudorot-
axane indicates that some residual charge-transfer interac-
tion is still present after one-electron reduction of the cyclo-
phane electron-acceptor units. This observation suggests
that complete dethreading does not take place after one-
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electron reduction of the cyclophane -electron-acceptor
units.

Catenane 114+

The cyclic polyether 8 shows two reversible and mono-
electronic oxidation processes occurring at potentials
(+0.53 Vand +0.84 V vs. SCE) very similar to those of the
corresponding acyclic parent compound 6. The p-xylene
unit is not electroactive in the potential window examined
(=2/+2V).

The [2]catenane 11" shows two reversible and monoelec-
tronic oxidation processes (+0.68 V and +0.90 V) that can
be attributed to the TTF-type unit present in the macro-
cyclic polyether component (Figure 11). Both processes are
shifted to more positive potentials with respect to the par-
ent macrocyclic polyether, which is consistent with the CT
interaction between the TTF-type unit and a nearby ac-
ceptor unit of the tetracationic cyclophane component. It
should be noted, however, that a contribution to the poten-
tial shift can also come from an electrostatic repulsion be-
tween the positively charged unit of the cyclophane and the
oxidized TTF-type unit of the polyether. The fact that the
oxidation processes remain reversible in the catenanes is
consistent with a structure where the TTF-type unit occu-
pies an alongside position with respect to the tetracationic
cyclophane. In the case of a structure in which the TTF-
type unit is inside the tetracationic cyclophane component,
the oxidation process would be expected to be affected by
structural rearrangements,>l as observed for the corre-
sponding [6:13]** pseudorotaxane.

As far as reduction is concerned, in catenane 114" the
two reversible two-electron processes characteristic of the
free tetracationic cyclophane 13** split (Figure 11) into
four reversible one-electron processes (—0.26 V, —0.33 'V,
—0.82V, —0.89 V, vs. SCE). The splitting of the first bielec-
tronic wave is a result of the topological difference between
inside and alongside electron-acceptor units of the tetracat-
ionic cyclophane in the catenane structure, as observed for
all the other catenanes of this kind studied so far.’%2!l The
splitting observed for the second bielectronic wave indicates
that the alongside/inside distinction for the two electron-
acceptor units maintains some meaning, even after the first

® . J’u:l:

™~

+1.0 +0.8 +0.6

V vs SCE

+0.4 qQ o/

reduction process.[’M It should be noted that the first re-
duction process of the catenane occurs at a slightly less
negative potential than the first reduction of the free 13**.
This result suggests that the catenane structure favors co-
planarity of the two pyiridinium rings of an electron-ac-
ceptor unit. >l However, it is difficult to understand which
unit (alongside or inside) is involved in the first reduction
process. The following reduction processes are shifted to-
ward more negative potentials compared with the free 134",
showing the presence of some kind of electronic interac-
tions and/or structural constraints.

Conclusions

We have investigated two [2]pseudorotaxanes composed
of acyclic polyethers containing a TTF-type unit threaded
through the cavity of cyclobis(paraquat-p-phenylene) as
well as two [2]catenanes composed of one of two macro-
cyclic polyethers, each containing a TTF-type unit, inter-
locked with this tetracationic cyclophane. The absorption
spectra and the electrochemical properties of these com-
plexes and compounds show that a CT interaction is pre-
sent between the electron-donor TTF-type unit of the poly-
ethers and the electron-acceptor units of the cyclophane.
Oxidation of the TTF-containing guests from their neutral
to their monocationic states dismembers the [2]pseudorot-
axanes as a result of the disruption of the CT interaction
and electrostatic repulsion between the tetracationic host
and the monocationic guests. Reduction of the mono-
cationic species to their neutral states is accompanied by the
insertion of the regenerated neutral guests into the cavity of
the host. These supramolecular systems can be regarded as
prototypical molecular-sized machines which can be con-
trolled by external redox stimuli. In the two [2]catenanes,
the bis(2-oxy-1,3-propylenedithio)TTF unit resides prefer-
entially alongside the cavity of the tetracationic cyclophane
component whose interior is occupied by a p-xylene ring.
The mechanically interlocked macrocyclic components of
both [2]catenanes move relative to each other in solution
while their mean planes undergo a mutual rocking motion
— 1i.e., one ring precesses with respect to the other.

-0.4 -06 -08 -1.0

V vs SCE

Figure 11. Correlation diagram for the halfwave potential values of 8, 13**, and the [2]catenane 114"
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Experimental Section

General Methods: Solvents were purchased from Aldrich and puri-
fied according to literature procedures.?”) Reagents were purchased
from Aldrich except for 1,181 10 - 2 PF¢,[23 and 13 - 4 PF4?* which
were synthesized according to literature procedures. — Thin layer
chromatography (TLC) was carried out using aluminium sheets,
precoated with silica gel 60F (Merck 5554) or aluminium oxide
60F s, neutral (Merck 5550). The plates were inspected by UV light
prior to development with iodine vapor or by treatment with ceric
ammonium molybdate reagent and subsequent heating. — Melting
points were determined with an Electrothermal 9200 apparatus and
are uncorrected. — Electron impact mass spectra (EIMS) were re-
corded with a Kratos Profile spectrometer. Liquid secondary ion
mass spectra (LSIMS) were recorded with a VG Zabspec triple-
focussing mass spectrometer. — '"H-NMR and '*C-NMR spectra
were recorded with a Bruker AC300 (300 and 75 MHz, respec-
tively) spectrometer. All chemical shifts are quoted in ppm on the
d scale using TMS or the solvent as an the internal standard. — The
absorption spectra were recorded with a Perkin—Elmer Lambda 40
spectrophotometer. Electrochemical experiments were carried out
at room temperature in argon-purged MeCN solution, with a Prin-
ceton Applied Research 273 Multipurpose instrument interfaced to
a PC. Both cyclic and differential pulse voltammetry techniques
were used. Ru(bpy);>" [E;n(Ru**/Ru*t) = +1290V and
Ep(Ru*/Ru*) = —1.330 V vs. SCE]>) was present in the solution
as an internal reference. The exact configuration and procedures
for these experiments have been previously reported.* The exper-
imental error on the potential values is £10 mV. — Elemental
analyses were performed by the University of North London
Microanalytical Laboratories.

1-Tosyl-10-(tetrahydropyran-2-yl)-1,4,7,10-tetraoxadecane (2) and 1-
Tosyl-13-(tetrahydropyran-2-yl)-1,4,7,10,13-pentaoxatridecane  (3):
A solution of 3,4-dihydro-2H-pyran (4.2 g, 50 mmol), either tri-
ethyleneglycol monotosylate (10.0, 32.9 mmol) or tetraethylenegly-
col monotosylate (11.4 g, 32.8 mmol), and catalytic amounts of py-
ridinium p-toluenesulfonate in dry CH,Cl, (300 mL) was heated
for 3 h under reflux and N,. After cooling down to ambient tem-
perature, the mixture was poured into an aqueous solution of NHj3
(0.33%, 150 mL). The aqueous layer was extracted with CH,Cl, (4
X 100 mL). The combined organic layers were washed with H,O
(4 X 100 mL), dried (MgSO,), and concentrated under reduced
pressure to afford the product as a yellow oil. — 2 (16.2 g, 99%):
LSIMS; m/z: 388 [M]*. — '"H NMR (CDCl): 6 = 7.72 (2 H, d,
J = 85Hz), 728 (2 H, d, J = 8.5Hz), 4.60—4.54 (1 H, m),
4.15-4.08 (2 H, m), 3.82—3.74 (2 H, m), 3.65—-3.38 (10 H, m),
2.37(3H,s), 1.85—1.40 (6 H, m). — 3C NMR (CDCly): § = 144.8,
133.0, 129.8, 127.9, 98.9, 70.7, 70.5, 70.5, 69.3, 68.6, 66.6, 62.2,
30.6, 25.4, 21.6, 19.5. — 3 (13.2 g, 90%). — LSIMS; m/z: 455 [M +
Na]*. — 'H NMR (CDCls): 6 = 7.75 (2 H, d, J = 8.5 Hz), 7.32 (2
H, d, J = 8.5Hz), 4.60—4.54 (1 H, m), 4.15-4.08 (2 H, m),
3.85—-3.75 (2 H, m), 3.65—3.40 (14 H, m), 2.40 (3 H, s), 1.82—1.42
(6 H, m). — BCNMR (CDCls): § = 144.8, 133.0, 129.8, 128.0,
99.0, 72.5, 70.7, 70.5, 70.3, 69.3, 68.7, 66.7, 62.3, 61.7, 30.6, 25.4,
21.6, 19.5.

Bis(2-{2-|2-(tetrahydropyran-2-yl)oxyethoxy]ethoxy}ethoxy-1,3-pro-
pylenedithio)tetrathiafulvalene (4) and Bis[2-(2-{2-]2-(tetrahydropy-
ran-2-yl)oxyethoxy|ethoxy}ethoxy)ethoxy-1,3-propylenedithio]tetra-
thiafulvalene (5): A suspension of bis(2-hydroxy-1,3-propylenedi-
thio)tetrathiafulvalene (1) (0.88 g, 2 mmol) and NaH (60% in min-
eral oil, 400 mg, 10 mmol) in dry and degassed THF (100 mL) was
heated for 45 min under reflux and N,. A solution of either 2

992

(3.90 g, 10 mmol) or 3 (4.48 g, 10 mmol) in dry and degassed THF
(70 mL) was added over 2 h and the mixture was heated under
reflux for further 24 h. After cooling down to ambient temperature,
H,O was added and the solvent was removed under reduced press-
ure. The residue was partioned between CH,Cl, (200 mL) and H,O
(200 mL) and the aqueous layer was washed with CH,Cl, (2 X 50
mL). The combined organic layers were washed with H,O (3 X 100
mL) and dried (MgSO,). The solvent was removed under reduced
pressure to afford a residue which was purified by column chroma-
tography (SiO,, CH,Cl,/MeOH, 95:5) to yield the product either
as a yellow solid (4) or as a yellow oil (5). — 4 (1.40 g, 80%): M.p.
88—90 °C. — LSIMS; m/z: 876 [M]*. — '"H NMR (CDCl;): § =
4.66—4.60 (2 H, m), 3.90—3.80 (4 H, m), 3.73—-3.47 (26 H, m),
3.03—2.90 (4 H, m), 2.60—2.35 (4 H, m), 1.88—1.48 (12 H, m). —
I3C NMR (CDCly): & = 130.2, 112.4, 99.0, 83.4, 70.9, 70.8, 70.6,
69.1, 69.0, 66.7, 62.3, 36.7, 36.6, 30.6, 25.5, 19.6. — C34Hs,0Sg
(877.308): caled. C 46.58, H 5.94; found C 4645, H 5.73. — 5
(1.54 g, 80%): LSIMS; m/z: 964 [M]". — '"H NMR (CDCls): 6 =
4.66—4.60 (2 H, m), 3.90—3.80 (4 H, m), 3.70—3.45 (34 H, m),
2.98—2.88 (4 H, m), 2.58—2.32 (4 H, m), 1.90—1.45 (12 H, m). —
I3CNMR (CDCly): § = 130.2, 99.0, 70.9, 70.8, 70.7, 70.6, 69.0,
66.7, 62.3, 36.7, 36.6, 30.6, 25.5, 19.5. — C;33H4001,Sg (965.420):
caled. C 47.30, H 6.22; found C 47.26, H 6.17.

Bis{2-|2-(2-hydroxyethoxy)ethoxy]ethoxy-1,3-propylenedithio}-
tetrathiafulvalene (6) and Bis(2-{2-]2-(2-hydroxyethoxy)ethoxy]-
ethoxy}ethoxy-1,3-propylenedithio)tetrathiafulvalene (7): A suspen-
sion of either 4 (1.60 g, 1.8 mmol) or 5 (1.74 g, 1.8 mmol) and p-
toluenesulfonic acid monohydrate (0.10 g, 0.5 mmol) in EtOH
(95%, 150 mL) was heated for 24 h under reflux and N,. After
cooling down to room temperature, the solvent was removed under
reduced pressure and the residue was suspended in H,O (100 mL).
After filtration, the solid was washed twice with MeCN (5 mL)
to afford the product as a yellow solid. — 6 (1.23 g, 95%): M.p.
140—142 °C. — LSIMS; m/z: 708 [M]*. — '"H NMR (CDCls): § =
3.75-3.58 (26 H, m), 3.00—2.90 (4 H, m), 2.65—2.35 (6 H, m). —
I3C NMR (CDCly): § = 130.3, 112.6, 83.5, 72.6, 70.9, 70.5, 69.0,
61.9, 36.7, 36.6. — CyH3405Ss (709.072): caled. C 40.68, H 5.08;
found C 40.64, H 4.88. — 7 (1.36 g, 95%): M.p. 96—100 °C. —
LSIMS; m/z: 796 [M]*. — 'TH NMR (CDCls): § = 3.90—3.55 (34
H, m), 3.03—2.93 (4 H, m), 2.65-2.35 (6 H, m). — *CNMR
(CDClz): 6 = 130.2, 112.0, 83.5, 72.5, 70.9, 70.7, 70.7, 70.6, 70.4,
69.0, 61.8, 36.7, 36.6. — Cy5H44010Sg (797.178): caled. C 42.21, H
5.53; found C 42.29, H 5.61.

Macrocyclic Polyethers 8 and 9: A solution of either 6 (320 mg,
0.45 mmol) or 7 (358 mg, 0.45 mmol) and 1,4-bis(bromomethyl)-
benzene (119 mg, 0.45 mmol) in dry and degassed THF (125 mL)
was added over 20 h to a suspension of NaH (60% in mineral oil,
200 mg, 5 mmol) in dry and degassed THF (100 mL) mantained at
reflux under N,. The mixture was heated for further 20 h. After
cooling down to room temperature, H,O was added and the THF
was removed under reduced pressure. The resulting aqueous sus-
pension was washed with CH,Cl, (5 X 100 mL) and the organic
layer was washed with H,O (2 X 50 mL) and dried (MgSQO,). The
solvent was removed under reduced pressure and the residue was
purified by column chromatography (SiO,, CH,Cl,/MeOH, 96:4)
to afford the product as a yellow solid. — 8 (41 mg, 10%): M.p.
145—147 °C. — LSIMS; m/z: 810 [M]*. — '"H NMR (CDCl;): § =
7.32 (4 H, s), 4.60 (4 H, m), 4.00—3.90 (2 H, m), 3.76—3.50 (24 H,
m), 3.12—2.87 (4 H, m), 2.62—2.35 (4 H, m). — 3C NMR (CDCl;):
8 = 137.6, 130.1, 128.0, 82.5, 73.3, 73.0, 71.6, 71.4, 70.9, 70.7, 69.5,
36.8. — C3,H4,04Sg (811.208): C 47.41, H 5.19: found C 47.05, H
4.89. — 9 (40 mg, 10%): M.p. 60—63 °C. — LSIMS; m/z: 898 [M]".
— 'HNMR (CDCls): § = 7.35-7.20 (4 H, m), 4.55 (2 H, br. s),
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4.00—3.35 (36 H, m), 3.10—2.80 (4 H, m), 2.60—2.30 (4 H, m). —
13C NMR (CDCly): § = 137.6, 130.1, 128.0, 73.1, 71.3, 70.7, 69.5,
36.7. — CagHsg010Ss (899.314): caled. C 48.11, H 5.57; found C
48.15, H 5.69.

[2]Catenanes 11 -4 PF4; and 12 -4 PFs: A solution of 10-2 PFg
(110 mg, 0.16 mmol), 1,4-bis(bromomethyl)benzene (41 mg,
0.16 mmol), and either 8 (54 mg, 0.07 mmol) or 9 (63 mg,
0.07 mmol) in dry and degassed DMF (25 mL) was stirred for 21
d at ambient temperature and under N,. The solvent was removed
under reduced pressure and the residue was purified by preparative
TLC (SiO,, MeOH/MeNO»/sat. NH4PFg4(aq.), 165:35:5) to afford
the product as a green solid. — 11+ 4 PF4 (5 mg, 4%). — M.p. >
250 °C. — LSIMS; m/z: 1910 [M]*, 1765 [M — PF¢]*, 1620 [M —
2PFy] *, 1475 [M — 3 PF¢]*. — 'H NMR [(CD3),COJ: § = 9.39
(8H,d,J=70Hz),833(8H,d,J=7.0Hz),8.19 (8 H, s), 6.23
(8 H, br. s), 4.27-4.38 (4 H, m), 4.17 (4 H, br. s5), 4.07-3.70 (28
H, m), 325-3.10 (4 H, m), 295-280 (4 H, m). —
CosH74F24N,OgP,Sg (1911.760): caled. C 42.72, H 3.90, N 2.93;
found C 43.05, H 3.82, N 3.08. — Single crystals suitable for X-ray
analysis were grown by vapor diffusion of MeCO,Et into
an  MeCN  solution of 11-4PF,.  Crystal data:
CogH74F24N,OgP,Sg - 3 MeCO,Et - H,O, M = 2194.0, triclinic,
a = 11.653(8), b = 16.397(3), ¢ = 27.884(7) A, a = 100.57(2), p =
95.90(3), v = 105.56(4)°,V = 4980(4) A3, space group P1, Z = 2,
D, =1.463 gcm 3, u(Cu-K,) = 3.202 mm !, F(000) = 2264. 11081
independent reflections (20 < 120°) were collected with a Siemens
P4 diffractometer, equipped with a rotating anode generator, at
203 K using o-scans and graphite-monochromated Cu-K, radi-
ation. 6611 Reflections had |F,| > 4 o(IF,l) and were considered to
be observed. The structure was solved by direct methods. Severe
disorder was observed in one of two polyether chains as a result of
a formal configurational inversion at one of the bridgehead carbon
atoms within the bis(2-oxy-1,3-propylenedithio) TTF unit. Disorder
was also observed in one of the PF4~ counterions. The disorder
was resolved into two different orientations of reduced site-occu-
pancy factors. While the macrocyclic polyether, the EtOAc solvent
molecules, and the PF¢~ counterions were refined anisotropically,
the tetracationic cyclophane and the H,O molecule were refined
isotropically. Full-matrix least-squares refinement on F? gave R, =
0.131 and wR, = 0.321. Computations were carried out with an
SGI-Indigo workstation using the SHELXTL package (version
5.03). Crystallographic data (excluding structure factors) for this
structure have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication number CCDC-103090.
Copies of the data can be otained free of charge on application to
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK [Fax: (in-
ternat.) + 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk]. —
12 -4 PF4 (16 mg, 5%). — M.p > 250 °C. — LSIMS; m/z: 1998
[M]*, 1853 [M — PF4]*, 1708 [M — 2 PF4]*, 1564 [M — 3 PF¢".
— '"H NMR [(CD3),COJ: 6 = 9.38 (8 H, d, J = 7.0 Hz), 8.32 (8 H,
d, J = 7.0Hz), 8.16 (8 H, br. s), 6.19 (8 H, br. s), 4.33—4.20 (2 H,
m), 4.17 (4 H, br. s), 4.10—3.45 (36 H, m), 3.10—2.40 (8 H, m). —
C7,Hgy F2uN4O10P4Ss (1999.866): caled. C 43.24, H 4.13, N 2.80;
found C 42.97, H 4.11, N 2.74.
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