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ABSTRACT: The electronic properties of tetrathiafulvalene
(TTF) can be tuned by attaching electron-donating or
electron-withdrawing substituents. An electron-rich macro-
cyclic polyether containing two TTF units of different
constitutions, namely 4,4’-bis(hydroxymethyl)-
tetrathiafulvalene (OTTFO) and 4,4'-bisthiotetrathiafulvalene

30 70

(STTES), has been synthesized. On two-electron oxidation, a hetero radical dimer is formed between OTTFO** and STTFS®*.
The redox behavior of the macrocyclic polyether has been investigated by electrochemical techniques and UV—vis and electron
paramagnetic resonance (EPR) spectroscopies. The [2]catenane in which the macrocyclic polyether is mechanically interlocked
with the cyclobis(paraquat-p-phenylene) (CBPQT*") ring has also been prepared using template-directed protocols. In the case
of the [2]catenane, the formation of the TTF hetero radical dimer is prevented sterically by the CBPQT** ring. After a one-
electron oxidation, a 70:30 ratio of OTTFO*" to STTFES®" is present at equilibrium, and, as a result, two translational isomers of
the [2]catenane associated with these electronically different isomeric states transpire. EPR titration spectroscopy and
simulations reveal that the radical states of the two constitutionally different TTF units in the [2]catenane still experience long-

range electronic intramolecular coupling interactions, despite the presence of the CBPQT*

ring, when one or both of them are

oxidized to the radical cationic state. These findings in the case of both the free macrocyclic polyether and the [2]catenane have
led to a deeper fundamental understanding of the mechanism of radical cation dimer formation between constitutionally different

TTF units.

B INTRODUCTION

The use' of conducting polymers in organic electronics devices,
such as organic light-emitting diodes (OLEDs)?* and organic
photovoltaic cells (OPVCs),> has been making remarkable
inroads into the commercial world in recent times. The
interactions® of radical cations within these conducting
polymers are vital to the mechanisms of their operation in
these devices. Numerous studies have been conducted® on
radical cation dimerization in 7-conjugated oligomers during
the past few decades with the specific aim of unraveling the
nature of the charge-transport phenomena that occur in doped
conducting polymers. For example, the 7-stacking interactions
of oligothiophene radical cations have been used® as a model
for positively doped polythiophenes. Investigations into the
mechanism of the interaction between radical cations not only
deepen the understanding of the chemistry of this particular
organic building block but also provide fundamental
information necessary for the construction of organic electronic
devices.
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Derivatives of tetrathiafulvalene (T'TF), well known for their
m-electron-donating abilities, have received”® a tremendous
amount of attention over the past 40 years, partly because of
their two reversible oxidation processes. This property has led
to broad applications in host—guest chemistry,” mechanoster-
molecular electronics,'' and materials science.'>
As a consequence of their stability, radical cation dimers have
also attracted'® a lot of interest. A one-electron oxidation of
TTF generates the radical cation monomer (TTF**), which can
associate spontaneously under appropriate conditions to form
the radical cation dimer (TTF®*), as a consequence of
favorable radical-radical'®® interactions, typically at high
concentrations and low temperatures in solution."**™* These
favorable interactions between TTF** radical cations lead to the
in the solid state. It is
very difficult, however, to form (TTE®*), dimers in relatively
dilute solutions at room temperature as a consequence of their
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Scheme 1. Synthesis of Macrocyclic Polyether 1, Obtained from 4 and $ in High Dilution in the Presence of CsOH, Together
with the Structures of OTTFO-TEG (2) and STTFS-TEG (3)
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low stability. Several strategies have been ernployed to stabilize
(TTE®"), dimers, namely, (i) covalent attachment'® of the TTF
units in a preorganized geometry to facilitate the formatlon of
the dimers, (i) using appropriate host molecules'® such as
molecular cages or rigid macrocyclic receptors, i.e., cucurbit[8]-
uril or cyclodextrin, and (iii) stabilization by means'” of
mechanical bonds. Although TTF radical cation dimers that
form between identical derivatives of TTF are widely known,
TTF radical cation heterodimers, i.e., those composed of two
structurally and electronically different TTF units, have not
been investigated to the same extent.

Herein, we describe (i) the synthesis of a macrocyclic
polyether incorporating two different TTF units, (ii) the
formation of TTF radical cation heterodimers in this
macrocyclic polyether and the elucidation of its redox
mechanism, as characterized by electrochemistry, UV—vis,
and electron paramagnetic resonance (EPR) spectroscopies,
(iii) the template-directed synthesis, characterization, and X-ray
crystal structure of a donor—acceptor [2]catenane composed of
this macrocyclic polyether, mechanically interlocked with the
cyclobis(paraquat-p-phenylene) (CBPQT*") ring, and (iv) the
mechanistic role these two TTF radical cations play within a
mechanically interlocked molecule.

B RESULTS AND DISCUSSION

Macrocycle 1. As a result of recent advances”"® in synthetic
methodologies, a myriad of new TTF derivatives is available.
Scheme 1 shows two structurally different TTF derivatives:
4,4’ -bis((2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethoxy-
methylene)tetrathiafulvalene'® (OTTEO-TEG, 2) and 4,4'(5)-
bis(2-(2'-(2”-(2”-hydroxyethoxy)ethoxy)ethoxy)ethylthio)-
tetrathiafulvalene'® (STTFS-TEG, 3). Starting from com-
pounds 4 and 5,%° the macrocyclic polyether 1 bearing both
OTTFO and STTES units can be synthesized in the presence
of CsOH under high dilution conditions in 31% yield.

The oxidation potentials of TTF can be finely tuned by the
covalent attachment of electron-donating or electron-with-
drawing substituents to the 3 and 4 carbon atoms of the five-
membered rings. Cyclic voltammetry (CV), performed in
MeCN at room temperature, was used to investigate (Figure 1)
the electrochemical behavior of 2 and 3, along with that of the
macrocyclic polyether 1. The CV of 2 shows two redox
processes at +400 and +750 mV, corresponding to two
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reversible one-electron oxidations, 2—2°* and 2°*—2?%,
respectively. In the case of STTES-TEG, because of the
electron-withdrawing alkylthio groups,®® both oxidation pro-
cesses are observed at more positive potentials, +470 and +840
mV. When incorporated into the macrocyclic polyether 1,
however, the oxidation processes of the OTTFO and STTEFS
units appear at the same potentials. The CV of 1 reveals two
two-electron redox processes, one at +370 mV and the other at
+850 mV. The first oxidation potential of 1 is shifted negatively
while the second oxidation is shifted positively with reference to
both 2 and 3, suggesting that a stable species—namely, a radical
cation heterodimer [OTTFO**---STTFS**]—is formed after
the first two-electron oxidation process.

UV—vis spectroscopic experiments were carried out in
support of the supposition that the hetero radical dimer
[OTTFO**-STTFS**] is formed when 1 is oxidized. As a
control, UV—vis spectroscopic titrations of the one-electron
oxidizing agent Fe(ClO,); into solutions of both 2 and 3 in
MeCN at room temperature were carried out. In the case of 2,
after the addition of 1 equiv of Fe(ClO,);, characteristic
absorption bands'” for the OTTFO®" radical cation unit with
Amax = 450 and 600 nm were detected (Figure 2a). After further
addition of Fe(ClO,); up to 2 equiv, the peaks at 450 and 600

+850

—— OTTFO-TEG ™,
——STTFS-TEG I 5 pA
Macrocycle 1
0 300 600 900

E vs Ag/AgCIl (mV)

Figure 1. Cyclic voltammetry traces of OTTFO-TEG (2), STTFS-
TEG (3), and the macrocycle 1. All experiments were conducted in
argon-purged MeCN (0.5 mM, 0.1 M TBAPFg, 200 mV-s™") at 298 K.
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Figure 2. Absorption spectra (MeCN, 298 K) of a 1.0 x 107* M
solution of (a) OTTFO-TEG (2), (b) STTFS-TEG (3), and (c) the
macrocyclic polyether 1, after the addition of different equivalents of
Fe(ClO,);.

nm disappeared, and a new absorption band emerged around
386 nm, which is assigned'’ (Figure 2a) to the OTTFO?*
dication. When 1 equiv of Fe(ClO,); was added to 3 to
generate 3%, the absorption bands of the STTFS*' radical
cation appeared'® at A, = 450 and 680 nm, while the
STTFES** dication absorption band was centered'*® (Figure 2b)
around 534 nm. In the case of 1, after the addition of 2 equiv of
Fe(ClO,),, a peak centered on 780 nm appeared in addition to
peaks around 400 and 560 nm (Figure 2c). The addition of
oxidant until the fully oxidized state 1** was reached resulted in
sharp absorption bands corresponding to the OTTFO** and
STTFS*" dications at 386 and 540 nm, respectively.
According to previous studies,'>™'® the peak at 780 nm is
indicative of intramolecular radical—radical interactions occur-
ring within 12**), The fact that the absorption bands at 400 and
560 nm are blue-shifted compared to OTTFO®*" and STTFS**
is also consistent with this hypothesis. These three bands
appear after the addition of 1 equiv of Fe(ClO,);, and their
intensities reach a maximum after 2 equiv of Fe(ClO,); has
been added. After the addition of 3 equiv of Fe(ClO,);, two
(400 and 780 nm) of these bands experience a decrease in
intensity, and, after the addition of another 1 equiv of
Fe(ClO,);, which oxidizes 1 fully to generate the OTTFO*
and STTFS* dications, all three bands disappear. The fact that
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the absorption bands that result after addition of 4 equiv of
Fe(ClO,); are at the same wavelength as those of OTTFO?*'
and STTFS* in 2 and 3, respectively, indicates that these
dicationic units are no longer dimerized—in all likelihood they
are repelling each other as a result of Coulombic forces.

EPR experiments (Figure 3) were also performed in order to
investigate the formation of the radical cation heterodimer in
12(**), The EPR samples were prepared in a glovebox, ensuring
the absence of O, and allowing us to resolve the hyperfine
splittings of the OTTFO®" and STTFS®* radical cations. First
of all, the EPR spectrum of 2, after addition of 1 equiv of
Fe(ClO,);, possesses (Figure 3a) numerous hyperfine splittings
superimposed on the spectral envelope, while in the case of the
spectrum of 3, after addition of 1 equiv of Fe(ClO,); the
STTFS** radical cation displays (Figure 3b) only three
hyperfine lines with 1.5 G spacing. The difference in the
number of hyperfine lines in OTTFO®, in comparison with
those in STTFS®™, is a result of the methylene group which
connects the oxygen atom to the TTF core in 2. To be more
specific, fewer protons interact with the STTFS®* radical cation,
since the sulfur atoms are connected directly to the TTF core.
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Figure 3. EPR spectra (MeCN, 298 K) of a 3.0 X 10™* M solution of
(a) OTTFO-TEG, (b) STTFS-TEG, and (c) macrocyclic polyether 1
after the addition of different equivalents (right) of Fe(ClO,);.

dx.doi.org/10.1021/ja307577t | J. Am. Chem. Soc. 2012, 134, 19136—19145



Journal of the American Chemical Society

O

1 126+) 14+

Figure 4. Simplified stepwise oxidative dimerization mechanism of the macrocyclic polyether 1.

Scheme 2. Template-Directed Synthesis of the [2]Catenane 6-4PF, in Which the Macrocyclic Polyether 1 Acts as Template for

Formation of the Mechanically Interlocked CBPQT*" Ring
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This difference allows us to distinguish signals arising from
specifically either the OTTFO®* or STTFS®*" units in the EPR
spectra during the titration (Figure 3c) of 1 with Fe(ClO,),.
After 0.5 equiv of Fe(ClO,); has been added to the solution of
1, the spectrum shows a hyperfine splitting pattern which
matches the OTTFO®* radical cation and reaches a maximum
at 1 equiv of Fe(ClO,);. The OTTFO*" hyperfine splittings
observed in 1 are slightly less well resolved, an observation
which can be explained by the slower rotational correlation
time of 1 compared to that of the smaller control compound 2.
Since the hyperfine splittings displayed in the spectrum of 1
after a one-electron oxidation match those of 2°*, the radical
electron is localized primarily on the OTTFO unit, and there is
no strong evidence for the formation of a thermodynamically
stable mixed-valence state. After 2 equiv of Fe(ClO,); has been
added, the EPR signal tends to zero, suggesting that a strongly
coupled (singlet) [OTTFO®*---STTFS®**] heterodimer has
been formed in solution. Addition up to 4 equiv of Fe(ClO,),
results in the formation of the completely oxidized species—
containing OTTFO** and STTFS**—which bears no radical
character and is also EPR silent.

In order to rationalize the oxidation events in 1, we propose
the partial mechanism shown in Figure 4. Since the first
oxidation potential of OTTFO is lower than that of STTES, a
small amount of OTTFO® is present at equilibrium, a fact
which is confirmed by EPR spectroscopy. The appearance of
the bands—corresponding to the [OTTFO**---STTFS**]
radical heterodimer after the addition of 1 equiv of Fe(ClO,),
in the UV—vis spectrum—suggests that there is a fast
equilibrium taking place between 1, 1**, and 12**), a suggestion
supported by the fact that the first oxidation wave in the CV
appears as a single two-electron process. Addition of up to 2
equiv of Fe(ClO,), results in the nearly quantitative formation
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of a [OTTFO**---STTFS**] radical heterodimer, as indicated
by the loss of any EPR signal. In order for the OTTFO* and
STTES®" radical cations to interact and form the
[OTTFO**---STTFS**] radical heterodimer, a van der Waals
distance of about 3 A between the two radical cations is
required. Indeed, the flexibility of the glycol linkers, in
combination with the preorganized geometry of the macro-
cyclic polyether 1, facilitates the formation of the
[OTTFO®"---STTFS**] radical heterodimer.”* The addition
of up to 4 equiv of Fe(ClO,); results in the OTTFO*" and
STTFES?** dications. We hypothesize™ that on account of strong
Coulombic repulsion, the OTTFO** and STTES** distance
themselves from each other.

Catenane 6-4PF;. Tetracationic cyclophanes such as
CBPQT* are an important class of z-electron-deficient
receptors which exhibit** excellent binding affinities for 7-
electron-rich guests. By using donor—acceptor template-
directed protocols, CBPQT* has been incorporated into
mechanically interlocked molecules® (MIMs), which have
attracted considerable attention and impacted areas in nano-
technology ranging from molecular electronic devices'" to
stimuli-responsive therapeutic materials.”®

The macrocyclic polyether 1 has been used to template the
formation of the CBPQT* ring component, producing the
[2]catenane 6-4PF4 whereby a clipping strategy was used to
form the mechanical bond. The template-directed synthesis of
the [2]catenane 6-4PF in 35% yield starting from 1 is shown in
Scheme 2. There are two co-conformations of the [2]catenane
6-4PF,—one in which the CBPQT*" ring encircles the
OTTFO unit and the other one in which the CBPQT*" ring
encircles the STTES unit. Since OTTFO-TEG binds more
strongly with CBPQT*" than does STTFS-TEG in a host—
guest context—K, = 416000 and 8580 M~.'* respec-
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tively—we hypothesize that in 6* the CBPQT* ring encircles
the OTTFO unit primarily, an assertion which has been
corroborated by UV—vis spectroscopy.

Slow vapor diffusion of Pr,O into an MeCN solution of
6-4PF at room temperature afforded”” green crystals suitable
for X-ray crystallography. The solid-state structure of 6-4PFg is
illustrated in Figure S. The OTTFO unit is encircled exclusively

Figure S. Solid-state structure of 6-4PF obtained by single-crystal X-
ray crystallography: (a) Wire-fame representation of 6*. (b) Side-on
perspective of 6*. (c) Space-filling representation of the long-range
packing of the catenanes. The counterions, hydrogen atoms, and
disordered solvent molecules are omitted for the sake of clarity. The
CBPQT* ring is shown in blue, the TTF units in green, the sulfur in
green, the oxygens in red, and the carbons of the macrocyclic
polyether in gray.

by the CBPQT*" ring in preference to the STTFS unit. The
interplanar separations between the OTTFO unit with the
outside and inside bipyridinium (BIPY**) units of the
CBPQT*" ring are 3.25 and 3.37 A, respectively, while the
plane-to-plane distance between the STTFS unit and the inside
BIPY*" is 3.42 A. The solid-state superstructure of 6-4PF is
mediated by noncovalent donor—acceptor [7---7] interactions
between the STTES unit and the CBPQT*" rings, resulting in
an infinite donor—acceptor stack: the distance between the
STTFS unit and the BIPY*" units of an adjacent catenane is
3.57 A. Both the OTTFO and STTES units adopt trans
configurations in the solid state, presumably in order to
maintain geometries favorable for [C—H:-O] interactions—
between the glycol oxygens and the hydro§ens a to the
pyridinium nitrogens—which are known>*® to stabilize
CBPQT*"-based host—guest complexes.

The CV of the catenane 6*" reveals (Figure 6) two reversible
redox processes occurring at potentials of +0.51 and +0.80 V.
In order to determine quantitatively the number of electrons
corresponding to each process, we appealed to chronocoulom-
etry (CC) and the Anson equation,

Q = 2nFACD' 77" /'/2 (1)

where Q is the amount of charge transferred, n is the number of
electrons transferred per molecule, F is Faraday’s constant, A is

the electrode area, D is the diffusion coefficient, and C is
concentration. A linear relationship exists between Q and t'/?,
allowing us to determine the value of n. We made the
assumption that the diffusion coeflicient of the catenane
undergoes only minor changes as a function of oxidation state.
The number of electrons transferred per molecule can then be
determined by the ratio of the slopes of the Anson plot. First,
the potential was set from 0 to +0.63 V, and the amount of
charge passed was monitored as a function of time. An Anson
plot revealed a slope of 19.4 uQ s™"/% Next, the potential was
set from 0 to +1.0 V—enough to access both redox
processes—and the corresponding Anson plot revealed a
slope of 77.8 uQ s~/ By applying the Anson equation, the
ratio of the number of electrons transferred in the second
process with respect to the first one is 4.01. It follows that the
first redox event is a one-electron process, while the second one
is a three-electron process.

The redox-activated switching processes of the catenane
6-4PF4 were studied more extensively by UV—vis spectroscopy.
Initially, a CT band corresponding to encirclement of the
OTTFO unit by the CBPQT* ring (4, = 850 nm) can be
observed. The symmetric nature of the band suggests that the
ground-state distribution of translational isomers is a >10:1
ratio in favor of encirclement of the OTTFO units by
CBPQT™*" rings. If the ground-state distribution of translational
isomers were to lie more in favor of encirclement of the STTES
unit, a band would be observed'® at 800 nm. After addition of
1 equiv of Fe(ClO,); to 6*, the intensity of the CT band at
850 nm decreased (Figure 7). Meanwhile, two new bands
centered on 450 and 610 nm, as well as a broad peak centered
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Figure 6. (a) CV of 6-4PF recorded at a scan rate of 500 mV s™". (b)
Anson plot of the CC experiments performed on the catenane under
identical conditions. The ratio of the slopes of the best-fit lines
indicates that the first redox process is a one-electron and the second a
three-electron one.
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Figure 7. UV—vis absorption spectra (MeCN, 298 K) of a 1.0 X 107
M solution of 6-4PF, and of the same solution after addition of 1.0,
2.0, 3.0, and 4.0 equiv of Fe(ClO,);.

around 775 nm, appeared. In the knowledge that TTF
derivatives encircled by the CBPQT*" ring are significantly
more difficult to oxidize, initially we expected that the outside
STTES unit would be the thermodynamically oxidized product.
The band appearing at 610 nm in the UV—vis spectrum,
however, supports the views that an appreciable amount of
OTTFO®" is generated, despite the fact that it is encircled
preferentially by the CBPQT*" ring in the ground state, an
observation which indicates that a more complicated
mechanism of oxidation is at play. Further addition of up to
2 equiv of Fe(ClO,); does not result in a sharp band centered
around 780 nm, an observation which suggests no radical dimer
is formed, most likely because of the steric hindrance provided
by the CBPQT* ring. There is still, however, a broad band
observed between 700 and 1050 nm, which may be attributed
to the electronic interaction between OTTFO®* and STTFS™".
After the addition of 4 equiv of Fe(ClO,); to the solution of
6-4PF,, sharp absorption bands at 380 and 540 nm—
corresponding to the fully oxidized OTTFO*" and STTES**
units, respectively—are observed, most likely indicating that the
dications are repelled Coulombically from each other as well as
from the CBPQT* ring.

Next, we appealed to EPR spectroscopy in order to gain
further insight into the mechanism of switching in 6-4PF,. All
the EPR spectra of the [2]catenane were recorded (Figure 8) in
MeCN (0.2 mM) at room temperature. After addition of 1
equiv of Fe(ClO,); to generate the singly oxidized state, the
spectrum shows EPR signals arising from both OTTFO®* and
STTFS*". This spectrum can be reconstructed from the EPR
spectra of 2°* and 3°* (Figures S2—S4). In particular, the EPR
spectrum fits well with a linear combination of the separate 2°*
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Figure 8. EPR spectra (MeCN, 298 K) of a 2.0 X 10™* M solution of
6-4PF, after addition of different amounts of Fe(ClO,);. The spectra
for 2—4 equiv of oxidant are magnified by a factor of 2 for the sake of
clarity.

and 3°" spectra, indicating that the OTTFO®* and STTFS®* do
not interact when the macrocyclic polyether is catenated by a
CBPQT*" ring. From the curve fitting, we have calculated that
the ratio of OTTFO®" and STTFS®" in the solution approaches
approximately 70:30 after a total of 1 equiv of the oxidant is
reached (Table 1). Despite the fact that the oxidation potential

Table 1. Summary of the Ratios of OTTFO®* and STTFS®*
and the Rate of Interaction between the OTTFO®" and
STTES®*" As Obtained from Simulations of the Titration-
Dependent Spectra Shown in Figure 8

% %
molar contribution  contribution additional line

equiv of from from width® in

Fe?ClO4)3 OTTFO** STTES** spectrum (G) k (st M)
0.25 60 40 <0.01 <23 % 10°
0.50 67 33 <0.01 <12 % 10°
0.75 71 29 0.01 8.6 x 10°
1.00 71 29 0.03 1.6 X 10°
1.25 70 30 0.13 6.0 X 10°
1.50 77 23 0.20 7.8 X 10°
1.75 69 31 0.26 8.6 x 10°
2.00 64 36 0.28 8.1 x 10°
225 68 32 0.32 9.3 x 10°
2.50 71 29 0.26 7.6 X 10°
275 71 29 023 6.9 x 10°
3 71 29 0.24 7.0 X 10°

““Additional line width” is the broadening in the spectrum caused by
the exchange interaction.

of the encircled OTTFO unit is much greater than that of the
free STTFS unit, after a one-electron oxidation, the
thermodynamic equilibrium involves an interplay between
translational and electronic isomers, and the OTTFO units are
oxidized more readily than the STTFES units.

After addition of more than 1 equiv of Fe(ClO,)s, as well as
noting the presence of both OTTFO®* and STTFS®*, there is a
broadening of the spectra. Since the EPR spectra of OTTFO®*
and STTES®" do not exhibit broadening at this concentration
(0.2 mM), the EPR spectra of 6-4PF, after addition of more
than of 1 equiv of Fe(ClO,);, could not be simulated by a
simple linear combination of OTTFO*" and STTFS®" spectra.
Electron spin exchange between two radicals in solution is
known to give rise to an additional Lorentzian line width®® in
the EPR spectra. This feature is consistent qualitatively with
both the broadened EPR spectra and the appearance of the
broad band between 700 and 1050 nm in the UV-—vis
spectrum. We assume that the spin exchange is most likely
occurring between OTTFO®" and STTFS®*, which means the
OTTFO®* and STTFS®" units experience long-range inter-
actions with each other, even in the presence of the CBPQT*
ring. In order to simulate the effect of spin exchange, the
OTTFO®* and STTFS®" spectra were convoluted with the
Lorentzian function and matched with the experimental spectra
by using the relative proportions of OTTFO** and STTFS®*
and the line width of the Lorentzian as fitting parameters. It is
clear that from 1.5 to 3 equiv of oxidant added, the ratio of
OTTFO** to STTES®** remains 70:30 (Table 1), and the
exchange interaction rate is on the order of (7—9) x 10° s™!
M. Since the exchange interaction is intramolecular and not
intermolecular, we hypothesize that this spin exchange rate can
be explained by the rate of translational motion of the
CBPQT*" ring around the macrocyclic polyether. When the
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CBPQT™*" ring is displaced from a neutral TTF unit by thermal
energy, an intramolecular spin exchange may occur between the
singly oxidized and unoxidized TTF units. This equilibrium
process occurs upon the addition of even 0.25 equiv of oxidant
and results in a rate of motion which is independent of the
amount of further oxidant added: this situation is reflected in
the relatively constant motional rates calculated.

From the EPR and electrochemistry experiments, we can
deduce a switching mechanism (Figure 9) which governs the
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Figure 9. Proposed stepwise oxidation mechanism of 6-4PFy. After the
first one-electron process, a thermodynamic equilibrium is established
in which the ratio of OTTFO®* to STTFS®**, and thus the ratio of
translational isomers, is 70:30. Further oxidation occurs as a three-
electron process, resulting in the fully oxidized species.

redox behavior of the [2]catenane 6-4PF. In the initial state of
the catenane, OTTFO is encircled by the CBPQT*" ring. After
the first one-electron wave at +0.55 V, the approximate 70:30
ratio of electronic translational isomers is established. As a
consequence of fast equilibration of the redox-stimulated
translational motion of the CBPQT*" ring, only a single one-
electron redox process is observed. This one-electron redox
process is assigned to the oxidation of both the OTTFO and
STTES units, in the 70:30 ratio measured from EPR. The next
oxidation process—a three-electron one—directly converts the

+1 oxidation state to the +4 state, an observation which
indicates that the +2 and +3 states are not thermodynamically
stable intermediates. The CBPQT** ring acts to stabilize the +1
oxidation state of the macrocyclic polyether component while
disrupting the stability of the +2 oxidation state, presumably by
interfering with the favorable intramolecular radical—radical
interactions between the two TTF units that are observed in
the case of the free macrocyclic polyether 1.

H CONCLUSION

In summary, the stabilization of TTF radical cation dimers
between TTF units of different constitutions has been
demonstrated. Although individually the radical cation states
of OTTFO and STTES units exhibit different electrochemical
and spectroscopic properties, when preorganized covalently
within a macrocyclic polyether, the OTTFO*" and STTFS®*
units still form stabilized radical cation dimers. In a [2]catenane
in which the macrocyclic polyether is interlocked mechanically
with a CBPQT*" ring, the existence of the ring prevents
sterically, if not also electrostatically, the formation of radical
cation dimers, yet the OTTFO®* and STTFES®" radical cations
still experience long-range spin exchange interactions with each
other. These findings provide a fundamental understanding of
the mechanism of radical cation dimer formation, not just
between identical TTF units but also between TTF units of
different constitutions, and could also contribute in time to the
development of TTF-based molecular electronic devices in
which specific redox tuning can be achieved by utilizing a
mixture of constitutionally different TTF derivatives.

B EXPERIMENTAL SECTION

General Methods. All reagents and starting materials were
purchased from Aldrich or VWR and used without further purification.
All reactions were performed under an argon atmosphere and in dry
solvents unless otherwise noted. UV—vis spectra were recorded with a
Shimadzu TU-1800pc UV—vis spectrophotometer at 298 K. NMR
spectra were recorded on Bruker Avance-500 at 500 MHz
spectrometers at ambient temperature. Deuterated solvents (Cam-
bridge Isotope Laboratories) for NMR spectroscopic analyses were
used as received. All chemical shifts are quoted in ppm relative to the
signals corresponding to the residual non-deuterated solvents (CDCl,,
7.26 ppm; CD;CN, 1.94 ppm). High-resolution electrospray
ionization (HR ESI) mass spectra were measured on Agilent 6210
LC-TOF with Agilent 1200 HPLC introduction. High-resolution
matrix-assisted laser desorption/ionization (MALDI) mass spectra
were measured on a Bruker Autoflex III mass spectrometer.
Electrochemical experiments were carried out at 298 K in argon-
purged MeCN solutions, with a Gamry Reference 600 potentiostat
interfaced to a PC. The working electrode was a glassy carbon (0.071
cm?) and its surface was polished routinely with 0.05 ym alumina-
water slurry on a felt pad immediately before use. The counter
electrode was a Pt coil and the reference electrode was a standard Ag/
AgCl electrode. The concentration of the sample and supporting
electrolyte (NBu,PF¢) were 0.5 X 107> mol L™ and 0.1 mol L7,
respectively. EPR measurements at X-band (9.5 GHz) were carried out
at room temperature using a Bruker Elexsys ES80-X EPR spectrometer
outfitted with a variable Q dielectric resonator (ER-4118X-MDS-W1).
All the samples were dissolved in degassed MeCN and prepared in a
N,-filled glovebox to ensure the absence of oxygen. All measurements
were made on a Bruker APEX-II CCD with graphite-monochromated
Cu Ka radiation. Intensities were corrected for Lorentz polarization
and for absorption. The structures were solved by direct methods.
Hydrogen atoms bound to carbon were idealized. Structural
refinements were obtained with full-matrix least-squares based on F*
by using the program SHELXTL.
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Synthesis. Compound 2 (OTTFO-TEG),"”” compound 3
(STTES-TEG),'°**° 4,4',(5’)-bis(2-cyanoethylthio)tetrathia-
fulvalene® §, and 1,1'-[1,4-phenylenebis(methylene)]-bis(4,4’-bipyr-
idinium) bis(hexafluorophospate)*® were prepared following literature
procedures.

1. A solution of 4 (0.92 g, 1.0 mmol) and 5 (0.37 g, 1.0 mmol) in
anhydrous degassed THF (50 mL) was added very slowly to a solution
of CsOH-H,O (0.67 g 4 mmol) in anhydrous degassed THF (140
mL) and MeOH (20 mL) during 20 h at room temperature. After
finishing the addition, the reaction was stirred for 4 h, after which the
solvents were evaporated under reduced pressure, and the resulting
residue was subjected to column chromatography [SiO,:EtOAc/
CH,Cl, (1:2)]. The product 1 was isolated as yellow oil (0.26 g, yield,
31%). "H NMR (CDCl,, 500 MHz, 298 K): § (ppm) = 6.43—6.41 (m,
2H), 6.23—6.21 (m, 2H), 4.28 (m, 4H), 3.68—3.60 (m, 28H), 2.94—
2.90 (m, 4H). *C NMR (CDCl,, 125 MHz, 298 K, ppm): § = 134.7,
134.6, 134.5, 126.6, 1265, 1264, 1233, 123.1, 123.0, 116.5, 116.4,
112.5, 112.3, 112.3, 112.2, 110.7, 110.7, 70.8, 70.7, 70.7, 70.7, 70.6,
70.6, 69.8, 69.7, 69.6, 69.6, 69.3, 69.3, 69.3, 69.2, 68.3, 35.3, 35.2, 35.1.
HR MS (ESI): caled for CyHuOgSyo m/z = 847.9925 [M]*,
423.9960 [M]*, found m/z = 847.9925 [M]**, 423.9958 [M]**.

4. Et;N (1.09 g, 1.50 mL, 10.7 mmol) and N,N’-dimethylaminopyr-
idine (DMAP) (50 mg) were added to a solution of 2 (985 mg, 1.60
mmol) in dry CH,Cl, (50 mL) at 0 °C under a N, atmosphere. A
solution of p-toluene-sulfonyl chloride (0.92 g, 4.8 mmol) in dry
CH,Cl, (20 mL) was added directly to the reaction over 1 h. The
reaction mixture was allowed to warm up to room temperature before
being stirred for an additional 11 h. After removal of the solvents
under reduced pressure, the resulting mixture was purified by column
chromatography [SiO,:CH,Cl,/MeOH (100:1)]. The product
ditosylate 4 was isolated as a yellow oil (1.08 g, yield, 72%). 'H
NMR (CDCly, 500 MHz, 298 K): & (ppm) = 7.78 (d, ] = 8.5 Hz, 4H),
7.33 (d, ] = 8.5 Hz, 4H), 6.21 (s, 2H), 4.27 (s, 4H), 4.14 (t, ] = 4.5 Hz,
4H), 3.68—3.58 (m, 28H), 2.44 (s, 6H). *C NMR (CDCl;, 125 MHz,
298K, ppm): & = 144.9, 134.5, 134.5, 132.9, 129.9, 128.0, 116.5, 116.3,
110.6, 110.5, 70.8, 70.6, 70.6, 70.6, 70.5, 69.3, 69.2, 68.7, 68.2, 68.2,
21.7. MALDI-TOF MS: calcd for C4gHs,0,,Ss m/z = 924.168 [M]",
found m/z = 924.164 [M]".

6-4PF;. A mixture of 1,4-bis(bromomethyl)benzene (105 mg, 0.40
mmol), 1,1'-[1,4-phenylenebis(methylene)]-bis(4,4’-bipyridinium)
bis(hexafluorophospate) (285 mg, 0.40 mmol) and the macrocyclic
polyether 1 (85 mg, 0.10 mmol) was dissolved in MeCN (20 mL).
The reaction mixture was stirred at room temperature for 3 days, and
the resulting green solution was subjected to column chromatography
[Si0,:Me,CO/NH,PF, (100:1, v/w)]. The green band was collected.
Most of the solvent was removed under reduced pressure, followed by
addition of H,O (30 mL). The precipitate was collected by filtration
and washed with H,0 (3 X 20 mL) to give the pure product 6-4PF as
a green solid (68 mg, 35%). Mp: ~110 °C dec. '"H NMR (CD,CN,
500 MHz, 298 K): 6 (ppm) = 9.11 (s, 4H), 9.00 (s, 4H), 7.89 (s, 4H),
7.79 (s, 4H), 7.70 (s, 8H), 6.51—6.42 (m, 2H), 6.24 (s, 2H), 5.78—
5.70 (m, 8H), 4.18 (s, 4H), 3.96—3.40 (m, 28H), 2.94—2.84 (m, 4H).
BC NMR (CD;CN, 125 MHz, 298 K, ppm): § = 146.2, 145.8, 145.6,
145.4, 144.8, 136.8, 133.7, 133.6, 131.8, 127.8, 127.7, 127.5, 126.6,
126.4, 1262, 126.1, 122.4, 121.8, 120.3, 120.3, 108.9, 71.8, 71.7, 715,
71.4,71.3,70.9, 70.8, 70.8, 70.8, 70.7, 70.7, 70.5, 70.3, 70.1, 68.6, 6S5.5,
36.5, 36.3, 35.9. HR MS (ESI): caled for CgH,,F** m/z = 504.4061
[M — PE]*, found m/z = 829.0923 [M — 2PF,]**, 504.4066 [M —
PF4]*.
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