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ABSTRACT: Macrocyclization between tetrathiafulvalene
(TTF) dithiolates and bis-bromomethylazobenzenes/bis-bro-
momethylstilbenes is investigated under high dilution
conditions. We show that macrocycles of different size can
be formed depending on whether the (Z)- or (E)-isomers of
azobenzene (AB) or stilbene are used. This represents the first
example of a light-controllable cyclization reaction. The
oxidation potential of the small, structurally rigid TTF−AB
macrocycle is found to depend on the conformation of the AB
moiety, opening the way for the modulation of redox
properties by an optical stimulus. DFT calculations show
that the out-of-plane distortion of the TTF moiety in this
macrocycle is responsible for the variation of its oxidation
potential upon photoisomerization of the neighboring AB bridge.

■ INTRODUCTION

Reversible light-induced Z−E isomerization of double bonds
plays a central role in visual perception. Upon absorption of a
photon by a photoreceptor cell in the eye retina, one of the
double bonds of the chromophore 11-(Z) retinal isomerizes into
the (E) configuration.1,2 This isomerization triggers the visual
phototransduction cascades, in which photon energy is trans-
formed into electric signal, which in turn is transmitted by
neurons to the brain visual cortex, while all-trans retinal is
converted in amultistep process back to 11-(Z) retinal. Thus, our
visual perception is based on the transformation of a photon into
an electrical signal via reversible isomerization of a photochromic
molecule. To replicate this process in an artificial laboratory
system remains a big challenge, which, if solved, could pave the
way for a number of exciting technological applications.
As a possible design for a simple molecular system capable of

altering its electronic properties when exposed to light, we have
considered molecular architectures containing tightly connected
photochromic and redox active units. We have selected
azobenzenes3 (AB), which represent versatile and easily tunable
photoswitches,4 as optical modulators for our systems. ABs can
exist in two selectively accessible configurations, (E) and (Z),
with pronounced geometrical and photophysical properties and,
therefore, can significantly alter the conformation of molecular
moieties tightly appended to them. Azobenzenes have been
extensively employed for photomodulation of various properties,
such as control of conformational changes and molecular

motion5 and of self-assembly processes6 on molecular and
supramolecular levels and in biological systems.7

To induce the modulation of electronic properties, the AB
moiety needs to be connected to a redox-active moiety that
changes its electrochemical behavior upon its mechanical
distortion. Therefore, we turned our attention to tetrathiafulva-
lenes8 (TTF), redox-active heterocyclic compounds displaying
two consecutive reversible oxidation potentials, as possible
electroresponsive units for our systems. TTFs are widely used in
the field of organic electronics9 as well as redox-switching units10

in different types of molecular architectures,11 such as
interlocked supramolecular devices12 or molecular receptors.13,14

It has been shown previously that the out-of-plane distortion of
the tetrathiafulvalene backbone by linking its opposite ends using
short molecular bridges leads to strong changes in its redox
properties15 due to the lack of conjugation in the nonplanar TTF
skeleton. Surprisingly, only few examples of tetrathiafulvalene−
azobenzene (TTF−AB) conjugates have been reported to
date.16 Two recent studies16c,17 report on photochromic TTF
derivatives, both displaying a rather subtle influence of
chromophore isomerization on the redox properties of the
TTF unit.
In our approach, we bind TTF and ABmoieties employing two

short bridges (Figure 1) obtaining the rigid macrocycle 1, in
which optical as well as electrochemical switching of both groups
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are expected to display a significant influence on each other due
to their tight mutual connection. Molecular modeling18 showed
that tetrathio-substituted TTF and AB groups display a suitable
size match with each other.

■ RESULTS AND DISCUSSION
For the macrocyclization reaction, trans- and cis-bis-cyanoethyl
TTF derivatives19 trans-/cis-220 were taken and deprotected
with the formation of dithiolates21 trans-/cis-3, which were
allowed to react with the m-AB derivative22 (E)-4 or the p-AB
derivative (E)-6 under high dilution conditions (Scheme 1). The

macrocyclization reaction afforded 1 + 1 cyclization products
trans-/cis-5 with m-AB (E)-4 and 2 + 2 cyclization products
trans-/cis-7 with p-AB (E)-6 with reasonably good yields.
Although it was reported that large flexible TTF-containing
macrocycles usually represent slowly interconverting inseparable
trans/cis-TTF isomer mixtures,23,19a the smaller trans-/cis-5
macrocycles could be isolated and kept for prolonged time
periods without significant isomerization of the TTFmoiety. The
larger macrocycles trans-/cis-7 could be separated initially in
almost pure form but tend to isomerize much faster than trans-/

cis-5. No higher molecular weight macrocycles or oligomers
could be detected in the reaction mixture.24

The results of the macrocyclization using the “longer” AB (E)-
6 imply that the size mismatch between dithiolates trans-/cis-3
and (E)-6was the plausible cause for the inability to form smaller
macrocycles. Upon isomerization from (E)-6 to (Z)-6 the
distance between two terminal −CH2−groups shortens from ca.
12.1 Å to ca. 8.6 Å, making it comparable with the one in (E)-4,
which is about 9.2−10.8 Å depending on its conformation and
thus close to the distance between the S atoms of dithiolate,
which is 9.3 Å for cis- and 9.9 Å for trans-dithiolate.18 In a
macrocyclization reaction using 6 in a photostationary state with
ca. 85:15 (Z)-6/(E)-6 ratio (prepared by irradiation of (E)-6 in
DMF solution at 0 °C at 360 nm before the reaction),
predominant formation of the 1 + 1 cyclization product 8 was
obtained, whereas the 2 + 2 products were also detected in fairly
small amounts (5−10%) using ESI-MS.25 To our knowledge, this
is the first example of macrocyclization control, which is achieved
by selective photochemical isomerization of one of the building
blocks immediately before the reaction.26

Because of the configurational lability of the azobenzene
bridge, it was impossible to establish if 2 + 2 cyclization products
form due to the presence of residual (E)-6 in the starting mixture
or in the direct cyclization between dithiolates 3 and (Z)-6.
Similar macrocyclizations using configurationally stable stilbene
derivative27 (E)-9 afforded the formation of 2 + 2 products
trans-/cis-10, whereas (Z)-9 gave exclusively 1 + 1 products
trans-/cis-11 (Scheme 2), proving that the close AB−dithiolate

size match is a prerequisite for a successful 1 + 1 macro-
cyclization. Both trans-/cis-10 and trans-/cis-11 could be
separated and characterized as almost pure trans- or cis-isomers.

1H NMR spectra of trans-/cis-11 afforded invaluable
information for the assignment of 1H NMR spectra of the four
slowly interconverting (Figure 2) isomers of 8, which could be
separated from each other using flash chromatography and were
sufficiently stable for NMR characterization. Thus, 1H NMR
spectra of trans-/cis-11 display very good correlation with the
spectra of trans-/cis-(Z)-8, respectively, allowing the assignment
of two (Z)-isomers in the 1H NMR spectra of 8 (Figure 3). Two
trans-/cis-(E)-8 isomers were assigned on the basis of the
multiplicity of the −CH2−signals adjacent to the AB bridges28 as

Figure 1. Concept of a multistate molecular device with orthogonal
switching inputs.

Scheme 1. Synthesis of Tetrathiafulvalene−Azobenzene
Macrocycles

Scheme 2. Synthesis of Tetrathiafulvalene−Stilbene
Macrocycles
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well as the multiplicity of the AB resonances in the aromatic
region.29

Due to impaired rotation of the TTF moiety in two trans-
isomers of 8, as well as in trans-5 and trans-11, it imposes planar
chirality to these macrocycle systems,30 whereas 4,4′-substituted
AB moiety can, in principle, serve as the second element of the
planar chirality. Still, no formation of diastereomeric pairs for
trans-(E)-8 could be detected, which can be explained by the
observation that the azo NN moiety in ABs is rotating very
rapidly in macrocycles31 and even in some crystal structures.32

Fixed asymmetric disposition of aromatic rings in trans-(E)-8
manifests itself in the 1HNMR spectrum (Figure 3): it is the only
isomer of 8 displaying four multiplets in the aromatic region.
TTF−AB and TTF−stilbene macrocycles were obtained as

bright yellow or yellow-orange stable crystalline powders. The
smaller macrocycles 5, 8, and 11 display very good solubility in
nonpolar organic solvents, such as CH2Cl2, toluene, or even
alkenes. The larger macrocycles 7 and 10 are much less soluble
and slowly precipitate even from CH2Cl2 or CHCl3 solutions
upon standing. Such poor solubility, which is more pronounced
for the cis-isomers, can be explained by π-stacking interactions,

which should be much more favorable for the larger macrocycles
capable of adopting almost planar conformations.
Heating of NMR samples in CDCl3 of each of the four isomers

of trans-/cis-(Z)-8 to 40 °C in the dark led to the formation of
similar isomer mixtures in ca. 3 weeks (Figure 2), indicating that
the isomer cis-(Z)-8 is the most thermodynamically stable one.
To our knowledge, there are only very few examples of
macrocyclic azobenzene derivatives, which favor the (Z)-isomer
over the corresponding (E)-isomer.33−35 Relative energies of the
different isomers obtained from DFT calculations (Table 1)

correspond well with experimentally observed abundances
(Figure 2). Z−E interconversion of the AB moiety is relatively
fast with a half-life of ca. 20 h at room temperature.36 On the
other hand, cis−trans isomerization of TTF is much slower with a
half-life of several days at 40 °C in chloroform solution in the
dark and most likely is induced by the trace amounts of acid
present in the solution.37 Similar isomerization studies using
trans-(E)-8 isomer as a starting material were performed in
DMSO-d6 and cyclohexane-d12. The equilibrium ratio between
cis-(E)-8 and cis-(Z)-8 isomers was 11:89 in DMSO-d6 and
51:49 in cyclohexane-d12, respectively, giving evidence for better
stabilization of the more polar (Z)-isomer by polar media. No
trans → cis isomerization of the TTF moiety was observed in
DMSO-d6 and in cyclohexane-d12.
Optimized molecular structures of (Z)-isomers of 8 exhibit a

distorted boat-shaped TTF, whereas in (E)-isomers the TTF
moiety is fully planar being stretched by an oversized (E)-AB
bridge (Figure 4). Two (Z)-isomers accommodate the AB unit in

a geometry close to that of the isolated molecule, while in the
(E)-isomers it is bent with the C−NN−C fragment displaying
a deviation from planarity of about 20°. The molecular geometry
of the isomers of 8 prohibits strong orbital interactions between
the π-systems of the TTF and the AB moieties as the HOMOs
are localized almost exclusively on the TTF units, whereas the
LUMOs reside on the AB groups.

Figure 2. Conformer interconversion of four different isomers of 8.
Relative content of each isomer after the mixture was kept at 40 °C in
CDCl3 solution for a prolonged period of time are shown as mol %
values below each isomer.

Figure 3. Cutouts of 1H NMR spectra of the trans-/cis-(E/Z)-8 isomer
mixture containing 26% of trans-(E)-8 (a, green), 37% of cis-(E)-8 (b,
blue), 28% of trans-(Z)-8 (c, red), and 9% of cis-(Z)-8 (d, violet)
isomers. Spectra of individual isomers in pure form are presented in the
Supporting Information.

Table 1. Experimental Abundances and Theoretical Relative
Energies (PBE0/6-31G*/PCM) of the Four Isomers of 8

isomer exp abundance (%) theor rel energy (eV)

trans-(Z)-8 55 0.00
cis-(E)-8 26 0.10
trans-(E)-8 12 0.16
cis-(Z)-8 7 0.20

Figure 4. Optimized molecular structures of the four isomers of 8: (a)
trans-(E)-8, (b) cis-(E)-8, (c) trans-(Z)-8, (d) cis-(Z)-8.
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TheUV/vis spectra (CH2Cl2, 293 K) of the larger macrocycles
show almost linear combinations of the absorption patterns of
thioalkyl-substituted TTF derivatives with the absorption
patterns of azobenzene, whereas smaller macrocycles 5 and 11
display more complex absorption patterns. UV/vis spectra of the
four isomers of 8 can be separated into two groups with similar
spectral properties, one comprising two (E)-isomers of trans-/
cis-(E)-8 and the other two (Z)-isomers trans-/cis-(Z)-8 (Figure
5). Both (E)-isomers show absorption bands at ca. 350−370 nm,
typical for (E)-AB, in experimental and modeled spectra.

The larger nonstrained bis-TTF macrocycles 7 and 10 display
the classical electrochemical behavior of TTF derivatives,9c

showing two reversible electrochemical processes on the
cathodic scan, the first one leading to the double TTF•+ radical
cation and the second affording the double dication TTF2+

(Figure 5 and Table 2) at the potentials common to
tetrathiasubstituted TTFs.9 Much more interesting were the

redox properties of the smaller TTF−AB macrocycles 5, 8, and
11. Macrocycles trans-/cis-5 displayed the expected “normal”
CVs with both oxidation potentials lying slightly higher than the
corresponding potentials of the 2 + 2 macrocycles. Both (E)-AB
macrocycles trans-/cis-(E)-8 also showed CVs common to TTF
derivatives, although in their case the first oxidation potentials
were significantly lower than those of the other macrocycles
discussed above. On the other hand, the smaller macrocycles
containing (Z)-AB or (Z)-stilbene showed a strong positive shift
of the cathodic wave affording characteristic CVs very different
from those of other TTF-containing macrocycles (Figure 6).

Thus, electrochemical properties of a TTF moiety are strongly
dependent on the macrocycle size as well as on the configuration
of an AB or stilbenemoiety,38 whereas its own configuration does
not display any significant influence.39 We also need to note that
azobenzenes and stilbenes do not display any redox activity in the
scan range used for the macrocycle characterization and all redox
processes are centered on the TTF moieties.
DFT calculations for the different isomers of 8 in their neutral

and cationic states18 displayed good agreement with the
experiment: the first oxidation potentials of (Z)-AB-isomers
are higher than those of (E)-AB-isomers, while cis−trans
isomerization of TTF has a negligible effect. The theoretical
differences of 0.25 and 0.23 eV for trans-E/Z and cis-E/Z,
respectively, are only slightly larger than the corresponding
experimental difference of 0.13 eV. The absolute theoretical first
oxidation potentials are consistently smaller than the exper-
imental ones by 0.2 eV on average, since they are estimated using
an empirical correction coefficient.41 Theory also correctly
predicts the opposite trend for the second oxidation potential:
averaged over cis- and trans-isomers, it is 0.07 eV lower for the E
species than for the Z species, thus matching well the
experimental E/Z difference of 0.09 eV. Additionally, the
difference of the second oxidation potential between the E and
Z isomers is less pronounced than for the first oxidation
potential.
Preliminary UV/vis irradiation experiments of one of the

isomers of 8 using different wavelengths and followed by UV/vis
spectroscopy have shown that the conformational states of 8 can
be successfully controlled by external light irradiation.18 The
influence of chemical modification, mechanical constraints, and
the molecular environment on the mechanism and efficiency of
AB photoisomerization has been the subject of numerous recent
investigations.33a,42,43 It is now accepted knowledge that
photoisomerization of AB in the S1 excited state proceeds by a
space-conserving pedal-like twisting motion of the NN double

Figure 5. Experimental (above) and theoretical PBE0/6-31G*/PCM
(below) UV/vis spectra of four isomers of 8 in CH2Cl2: trans-(E)-8
(green), cis-(E)-8 (blue), trans-(Z)-8 (red), and cis-(Z)-8 (violet).

Table 2. Electrochemical Data of the TTF−AB and TTF−
Stilbene Macrocyclesa (Values in Parentheses Have Been
Obtained from PBE0/6-31G*/PCM Calculations)b

compound E1/2
ox1 (V) E1/2

ox2 (V)

large macrocycles:
trans-7 0.55 0.82
cis-7 0.56 0.83
trans-10 0.53 0.77
cis-10 0.53 0.77
small macrocycles:
trans-5 0.62 0.91
cis-5 0.62 0.91
trans-(E)-8 0.46 (0.17) 0.90 (1.30)
cis-(E)-8 0.46 (0.19) 0.90 (1.40)
trans-(Z)-8 0.59 (0.42) 0.81 (1.33)
cis-(Z)-8 0.59 (0.42) 0.80 (1.22)
trans-11 0.58 0.79
cis-11 0.58 0.78

aData were obtained using a one-compartment cell in CH2Cl2/0.1 M
Bu4NClO4, Pt as the working and counter electrodes and a
nonaqueous Ag/Ag+ reference electrode; scan rate 100 mV/s. Values
given at room temperature vs SCE; the Fc/Fc+ couple (0.480 V vs
SCE) was used as a potential reference.40 bDetermined as described in
ref 41, see the Supporting Information for details.

Figure 6. (a) Representative cyclic voltammograms of TTF−AB
macrocycles trans-(E)-8 (green), trans-(Z)-8 (red), and trans-7 (black)
and (b) the corresponding TTF-stilbene macrocycles trans-11 (red)
and trans-10 (black). CH2Cl2/0.1 M Bu4NClO4, scan rate 100 mV/s,
potentials plotted vs SCE.
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bond and, thus, can be efficiently invoked even in mechanically
constrained systems such as the one proposed here. Orbital
analysis18 gives evidence that transitions, localized on AB
moieties, can be excited separately by irradiation at a specific
wavelength. Chemical modifications of the AB moiety, such as
fluorination, should allow shifting of n → π* transitions of the
(E)- and (Z)-isomers in a visible region,44 affording better
separation from the absorption bands of the TTF group.
Moreover, 5,6-dihydrodibenzo[c,g][1,2]diazocine33 can be
suggested as an optional photochemical switching unit with
distinguished geometrical differences between the two accessible
configurations.

■ CONCLUSIONS
To conclude, we have shown the first example of photochemi-
cally controlled macrocyclization, in which the formation of
smaller 1 + 1 and larger 2 + 2 cyclization products can be
modulated by photoisomerization of one of the components
before the reaction. Its product, azobenzene-containing macro-
cycle 8, is one of the rare azobenzene derivatives with a
thermodynamically more stable (Z)-isomer. We have achieved
separation of four isomers of 8 and have shown that the
electrochemical properties of the tetrathiafulvalene unit are
strongly influenced by the configuration of the azobenzene
moiety. DFT calculations were employed to rationalize the
observed behavior of macrocycle 8. Detailed photophysical and
spectroelectrochemical studies of the new TTF−AB derivatives
should be reported in the due course.

■ EXPERIMENTAL SECTION
Materials and Methods. Tetrathiafulvalene derivatives trans-/cis-

2,19 azobenzene derivatives (E)-4 and (E)-6,22 and stilbene derivatives
(E/Z)-927 were prepared as described previously. Reagent-grade
chemicals and solvents were used without further purification unless
otherwise stated. All reactions were carried out under an atmosphere of
dry N2. NMR chemical shifts (δ) are reported in parts per million (ppm)
downfield from tetramethylsilane, and residual solvent signals (7.26
ppm for 1H, 77.0 ppm for 13C in CDCl3, 5.32 ppm for 1H, 53.8 ppm for
13C in CD2Cl2) were used as references.

1HNMR coupling constants (J)
are reported in hertz (Hz), and multiplicity is indicated as follows: s
(singlet), d (doublet), t (triplet), quint (quintet). High-resolution ESI-
MS spectra (HRMS) were measured on an LTQOrbitrap spectrometer.
Observed isotopic patterns of the [M]+ and [M]2+ ions of all new
compounds were fully consistent with the calculated ones. UV/vis
measurements were performed in a 1 cm path length quartz optical cell.
Melting points were determined using a capillary melting point
apparatus and are uncorrected. Rf values were determined using 0.2
mm silica gel F-254 TLC cards. Flash chromatography (FC) was carried
out using 230−440 mesh (particle size 36−70 μm) silica gel.
Photoizomerization of azobenzene was carried out in a custom-built
photoreactor with two 25 W “blacklight” low pressure mercury lamps.
Cyclic voltammetry (CV) measurements were performed in a three-
electrode single-compartment cell.18

Macrocyclization Reaction, General Procedure. Bis-cyanoethyl
TTF derivative 2 was dissolved in dry DMF, degassed by two freeze−
pump−thaw cycles and cooled to 0 °C, and then CsOH (1.46 M
solution in MeOH) was added within 10 min. The mixture was allowed
to warm to rt being stirred for 1 h, changing its color from orange to dark
brown-red upon buildup of TTF-dithiolate 3. Then a solution of
dibromoazobenzene derivative 4/6 or dibromostilbene derivative 9 in
dry degassed DMFwas added in one portion to the dithiolate solution at
0 °C, and the reaction mixture was stirred overnight. Reactions with
azobenzene (Z)-6 were performed in flasks wrapped with aluminum foil
to maintain the light isolation. The color of the reaction gradually turned
orange-yellow, and an orange or yellow precipitate could form for some
derivatives. Then DMF was removed under vacuum at 30−40 °C using

Kugelrohr distillation, and the crude product was purified using flash
chromatography (FC) on SiO2.

E → Z Isomerization of (1E)-1,2-Bis[3-(bromomethyl)phenyl]-
diazene (E)-9. Isomerization time was first optimized by irradiation of
1.6 mg azobenzene (E)-9 in 0.65 mL of DMF-d7 upon stirring at 0 °C
and controlling the reaction using 1H NMR at 30 min intervals.

(E)-9: 1H NMR (200 MHz, DMF-d7) 4.56 (s, 4H), 7.53−7.57 (m,
4H), 7.88−7.92 (m, 4H).

(Z)-9: 1H NMR (200 MHz, DMF-d7) 4.42 (s, 4H), 6.81−6.85 (m,
4H), 7.27−7.31 (m, 4H).

NMR experiments have shown that the photostationary state with ca.
85% of (Z)-9 is reached within 1−1.5 h. Additionally, an (E/Z)-9
mixture can be analyzed using UV−vis and TLC, but only qualitative
assessment is possible using these methods.

For the preparative isomerization, azobenzene (E)-9 was dissolved in
dry DMF, degassed by two freeze−pump−thaw cycles, cooled to 0 °C,
and irradiated with two 25 W “blacklight” low-pressure mercury lamps
for 2 h upon stirring. Then it was taken into a heat- and light-isolated
syringe and added to the dithiolate solution.

Macrocycle trans-5. Prepared from trans-2 (0.056 g, 0.092 mmol)
and CsOH (1.46 M, 0.125 mL, 0.183 mmol) in 15 mL of DMF upon
addition of azobenzene (E)-4 (0.033 g, 0.89 mmol) in 15 mL of DMF.
The product was purified by FC (CH2Cl2/cyclohexane, 1:1) to afford an
orange crystalline powder. Yield: 0.059 g (0.084 mmol, 94%). Mp: 79−
82 °C. Rf = 0.65 (CH2Cl2/cyclohexane, 1:1).

1H NMR (200 MHz,
CDCl3): δ 0.72 (t,

3J = 6.7 Hz, 6H), 0.91−1.20 (m, 16H), 2.16−2.48 (m,
4H), 3.76 (d, 2J = 13.5 Hz, 2H), 4.33 (d, 2J = 13.5 Hz, 2H), 7.43−7.53
(m, 6H), 7.67−7.72 (m, 2H). 13C NMR (50MHz, CDCl3): δ 13.9, 22.4,
27.9, 29.0, 30.9, 36.2, 39.7, 114.2, 121.1, 123.4, 124.9, 129.4, 130.8,
134.5, 138.8, 152.6. UV/vis (CH2Cl2): λmax (ε) 304 nm (24500 L·mol−1·
cm−1), 327 (26000). MS (ESI+): m/z 706 [M]+•, 729 [M + Na]+, 745
[M + K]+. MS (ESI−): m/z 705 [M − H]−. HRMS (ESI+): m/z [M]+•

calcd for C32H38N2S8
+• 706.07952, found 706.08026. CV (vs SCE,

CH2Cl2): E1/2
ox1 = 0.62 V, E1/2

ox2 = 0.91 V.
Macrocycle cis-5. Prepared from cis-2 (0.097 g, 0.159 mmol) and

CsOH (1.46 M, 0.22 mL, 0.321 mmol) in 30 mL of DMF upon addition
of azobenzene (Z)-4 (0.059 g, 0.159 mmol) in 30 mL of DMF. The
product was purified by FC (CH2Cl2/cyclohexane, 1:1) to afford red-
brown crystalline powder. Yield: 0.101 g (0.143 mmol, 90%). Mp: 155−
156 °C. Rf = 0.58 (CH2Cl2/cyclohexane, 1:1).

1H NMR (200 MHz,
CDCl3): δ 0.88 (t,

3J = 6.5 Hz, 6H), 1.19−1.36 (m, 16H), 2.39 (t, 3J = 6.9
Hz, 4H), 4.05 (s, 4H), 7.38−7.48 (m, 4H), 7.73−7.83 (m, 2H), 8.03−
8.05 (m, 2H). 13CNMR (50MHz, CDCl3): δ 14.0, 22.4, 28.1, 29.1, 31.1,
36.2, 39.2, 109.9, 120.5, 122.1, 126.3, 129.2, 131.2, 135.9, 137.3, 151.5.
UV/vis (CH2Cl2): λmax (ε) 309 nm (28000 L·mol−1·cm−1), 327
(27300). MS (ESI+):m/z 706 [M]+•, 729 [M+Na]+, 745 [M+K]+;MS
(ESI−): m/z 705 [M − H]−. HRMS (ESI+): m/z [M]+• calcd for
C32H38N2S8

+• 706.07952, found 706.08000. CV (vs SCE, CH2Cl2):
E1/2

ox1 = 0.62 V, E1/2
ox2 = 0.91 V.

Macrocycle trans-7. Prepared from trans-2 (0.040 g, 0.066 mmol)
and CsOH (1.46 M, 0.091 mL, 0.133 mmol) in 15 mL of DMF upon
addition of azobenzene (E)-6 (0.024 g, 0.066 mmol) in 10 mL of DMF.
The product was purified by FC (CH2Cl2/cyclohexane, 1:1) to afford an
orange crystalline powder. The fresh product showed only one spot on
TLC plates, and two minor spots with lower Rf values slowly appeared
after keeping the substance at rt in a solution. Yield: 0.031 g (0.022
mmol, 66%). Mp: 175−180 °C dec. Rf = 0.57 (CH2Cl2/cyclohexane,
1:1). 1H NMR (200 MHz, CDCl3): δ 0.74−0.81 (m, 12H), 1.16−1.38
(m, 32H), 2.50 (t, 3J = 7.3 Hz, 8H), 3.97 (s, 8H), 7.38−7.42 (m, 8H),
7.87−7.91 (m, 8H). 13C NMR (50 MHz, CDCl3): δ 13.9, 22.4, 28.1,
29.4, 31.1, 36.3, 40.0, 110.5, 122.9, 124.3, 129.7, 133.1, 140.7, 151.8.
UV/vis (CH2Cl2): λmax (ε) 332 nm (78500 L·mol−1·cm−1). MS (ESI+):
m/z 1412 [M]+•, 1435 [M + Na]+, 1451 [M + K]+, 706 [M]2+. MS
(ESI−): m/z 1411 [M − H]−. HRMS (ESI+): m/z [M]+• calcd for
C64H76N4S16

+• 1412.15958, found 1412.16056. CV (vs SCE, CH2Cl2):
E1/2

ox1 = 0.55 V, E1/2
ox2 = 0.82 V.

Macrocycle cis-7. Prepared from cis-2 (0.100 g, 0.165 mmol) and
CsOH (1.46 M, 0.23 mL, 0.336 mmol) in 30 mL of DMF upon addition
of azobenzene (E)-6 (0.064 g, 0.173 mmol) in 30 mL of DMF. The
product was purified by FC (CH2Cl2/cyclohexane, 1:1) to afford orange
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crystalline powder. The fresh product showed only one spot on TLC
plates, and two minor spots with higher Rf values slowly appeared after
the substance was kept at rt in solution. Yield: 0.079 g (0.056 mmol,
68%). Mp: 200−210 °C dec. Rf = 0.45 (CH2Cl2/cyclohexane, 1:1).

1H
NMR (200MHz, CDCl3): δ 0.75−0.81 (m, 12H), 1.14−1.38 (m, 32H),
2.47 (t, 3J = 7.3 Hz, 8H), 4.01 (s, 8H), 7.37−7.41 (m, 8H), 7.83−7.87
(m, 8H). 13C NMR (50 MHz, CDCl3): δ 14.0, 22.5, 28.2, 29.5, 31.2,
36.3, 40.0, 123.0, 123.1, 129.6, 129.7, 140.3, 140.7, 151.9. UV/vis
(CH2Cl2): λmax (ε) 332 nm (77500 L·mol−1·cm−1). MS (ESI+): m/z
1412 [M]+•, 1435 [M + Na]+, 706 [M]2+. MS (ESI−): m/z 1411 [M −
H]−. HRMS (ESI+): m/z [M]+• calcd for C64H76N4S16

+• 1412.15958,
found 1412.16034. CV (vs SCE, CH2Cl2): E1/2

ox1 = 0.56 V, E1/2
ox2 = 0.83

V.
Macrocycles trans-/cis-(E/Z)-8. Prepared from trans-2 (0.050 g,

0.082 mmol) and CsOH (1.46 M,, 0.115 mL 0.168 mmol) in 10 mL of
DMF upon addition of azobenzene (Z)-6 (0.030 g, 0.082 mmol) in 10
mL of DMF. After removal of DMF performed under oil pump vacuum
at 20 °C, the residue was dissolved in ca. 2 mL of CH2Cl2/cyclohexane,
(1:2), and poorly soluble [2 + 2]-cyclization byproducts were filtered
off. The remaining isomer mixture was separated by FC (CH2Cl2/
cyclohexane, gradient 1:2→ 2:1), and any extensive illumination of the
column and collected fractions was avoided. First, nonpolar (E)-
azobenzene derivatives trans-(E)-8 and cis-(E)-8 were eluted, quickly
followed by traces of [2 + 2] macrocyclization products and other minor
byproducts of unknown nature, whereas (Z)-azobenzene derivatives
trans-(Z)-8 and cis-(Z)-8 were eluted at the end. Collected fractions
were concentrated and dried in full darkness. All isomers were obtained
as orange or dark orange crystalline powders. Melting points were not
measured due to conformational lability of the products. Yields: trans-
(E)-8 0.009 g (0.013 mmol, 15%); cis-(E)-8 0.0025 g (0.0035 mmol,
4%); trans-(Z)-8 0.025 g (0.035 mmol, 43%); cis-(Z)-8 0.006 g (0.0085
mmol, 10%). Total yield of trans-/cis-(E/Z)-8: 0.0425 g (0.060 mmol,
73%).
Alternatively, trans-/cis-(E/Z)-8 was prepared from cis-2 (0.050 g,

0.082 mmol) and CsOH (1.46 M, 0.115 mL 0.168 mmol) in 10 mL of
DMF upon addition of azobenzene (Z)-6 (0.031 g, 0.084 mmol) in 10
mL of DMF. Workup and purification as above. Yields: trans-(E)-8
traces; cis-(E)-8 0.0055 g (0.0078 mmol, 9%); trans-(Z)-8 0.005 g
(0.0071 mmol, 9%); cis-(Z)-8 0.0305 g (0.043 mmol, 52%). Total yield
of trans-/cis-(E/Z)-8: 0.041 g (0.058 mmol, 71%).
To obtain high-purity products, after the first chromatographic

separation all isomers were mixed together and allowed to stay at room
temperature in CH2Cl2 solution for several days. It allowed all
byproducts containing (Z)-azobenzene moiety to isomerize into (E)-
isomers with higher Rf values and not to interfere with the separation of
the polar (Z)-8 macrocyles. Rf values were also used as an additional
proof for the assignment of the (E)- and (Z)-isomer pairs of four:
trans-/cis-(E)-8 display much higher Rf values in comparison with
trans-/cis-(Z)-8, which is in agreement with Rf values and relative
polarities of parent (E-)/(Z)-azobenzenes.
trans-(E)-8. Rf = 0.65 (CH2Cl2/cyclohexane, 1:1). Rf = 0.48

(CH2Cl2/cyclohexane, 1:2).
1H NMR (360 MHz, CD2Cl2): δ 0.88 (t,

3J = 7.0 Hz, 6H), 1.21−1.43 (m, 16H), 1.59 (qint, 3J = 7.6 Hz, 4H),
2.71−2.87 (m, 4H), 4.00 (d,, 2H), 4.30 (d, 2J = 10.8 Hz, 2H), 7.05 (dd,
3J1 = 8.4 Hz, 4J2 = 2.05 Hz, 2H), 7.61 (dd, 3J1 = 8.2 Hz, 4J2 = 2.05 Hz,
2H), 7.78 (dd, 3J1 = 8.4 Hz,

4J2 = 2.05 Hz, 2H), 7.92 (dd,
3J1 = 8.2 Hz,

4J2
= 2.05 Hz, 2H). 13C NMR (90 MHz, CD2Cl2): δ 14.1, 22.9, 28.5, 30.1,
31.6, 36.0, 40.4, 116.7, 122.7, 131.2, 131.5, 131.7, 136.7, 137.5, 153.9.
UV/vis (CH2Cl2): λmax 311 nm, 366, 380 sh, 438. CV (vs SCE, CH2Cl2):
E1/2

ox1 = 0.46 V, E1/2
ox2 = 0.90 V.

cis-(E)-8. Rf = 0.60 (CH2Cl2/cyclohexane, 1:1). Rf = 0.40 (CH2Cl2/
cyclohexane, 1:2). 1H NMR (360 MHz, CD2Cl2): δ 0.89 (t,

3J = 7.0 Hz,
6H), 1.26−1.45 (m, 16H), 1.64 (qint, 3J = 7.4 Hz, 4H), 2.86 (t, 3J = 7.4
Hz, 4H), 4.0 (s, 4H), 7.23−7.26 (m, 4H), 7.83−7.86 (m, 2H). 13CNMR
(90MHz, CD2Cl2): δ 14.1, 22.9, 28.5, 30.2, 31.6, 36.1, 40.7, 104.6, 122.6,
124.3, 130.8, 136.3, 139.3, 154.8. UV/vis (CH2Cl2): λmax 311 nm, 366,
382 sh, 435. CV (vs SCE, CH2Cl2): E1/2

ox1 = 0.46 V, E1/2
ox2 = 0.90 V.

trans-(Z)-8. Rf = 0.23 (CH2Cl2/cyclohexane, 1:1). Rf = 0.12
(CH2Cl2/cyclohexane, 1:2).

1H NMR (360 MHz, CD2Cl2): δ 0.86 (t,
3J = 7.0 Hz, 6H), 1.21−1.45 (m, 16H), 2.46−2.59 (m, 4H), 3.78 (d, 2J =

14.0 Hz, 2H), 4.16 (d, 2J = 14.0 Hz, 2H), 6.78−6.82 (m, 4H), 7.32−7.36
(m, 4H). 13C NMR (90 MHz, CD2Cl2): δ 14.1, 22.9, 28.5, 29.5, 31.4,
37.6, 40.2, 117.2, 120.7, 125.7, 130.4, 131.4, 137.6, 150.8. UV/vis
(CH2Cl2): λmax 255 nm, 333, 445 sh. CV (vs SCE, CH2Cl2): E1/2

ox1 =
0.59 V, E1/2

ox2 = 0.81 V.
cis-(Z)-8. Rf = 0.14 (CH2Cl2/cyclohexane, 1:1). Rf = 0.07 (CH2Cl2/

cyclohexane, 1:2). 1H NMR (360 MHz, CD2Cl2): δ 0.89 (t,
3J = 7.0 Hz,

6H), 1.26−1.45 (m, 16H), 1.62 (qint, 3J = 7.4 Hz, 4H), 2.82 (t, 3J = 7.4
Hz, 4H), 3.91 (s, 4H), 6.88−6.92 (m, 4H), 7.31−7.35 (m, 4H). 13C
NMR (90MHz, CD2Cl2): δ 14.1, 22.8, 28.4, 30.0, 31.5, 36.4, 39.5, 120.6,
130.3 (the list is incomplete since the chemical shifts were obtained from
a DEPT-135 spectrum, direct 13C NMR measurement was not possible
due to fast isomerization of the product). UV/vis (CH2Cl2): λmax 254
nm, 332. CV (vs SCE, CH2Cl2): E1/2

ox1 = 0.59 V, E1/2
ox2 = 0.80 V.

MS (ESI+), isomer mixture: m/z 706 [M]+•, 729 [M + Na]+, 745 [M
+ K]+. MS (ESI−): m/z 705 [M − H]−. HRMS (ESI+), isomer mixture:
m/z [M]+• calcd for C32H38N2S8

+• 706.07952, found 706.08020.
Macrocycle trans-10. Prepared from trans-2 (0.176 g, 0.291 mmol)

and CsOH (1.46 M, 0.584 mmol, 0.400 mL) in 40 mL of DMF upon
addition of stilbene (E)-9 (0.107 g, 0.291 mmol) in 40 mL of DMF. The
product was purified by FC (CH2Cl2/cyclohexane, 1:1) to afford orange
crystalline powder. Yield: 0.148 g (0.105mmol, 72%).Mp: 169−170 °C.
Rf = 0.65 (CH2Cl2/cyclohexane, 1:1).

1H NMR (200 MHz, CDCl3): δ
0.80−0.86 (m, 12H), 1.17−1.46 (m, 32H), 2.56 (t, 3J = 7.2 Hz, 8H),
3.95 (s, 8H), 7.07 (s, 4H), 7.25−7.29 (m, 8H), 7.41−7.46 (m, 8H). 13C
NMR (50 MHz, CDCl3): δ 14.0, 22.5, 28.2, 29.5, 31.2, 36.2, 40.0, 110.0,
125.2, 126.5, 128.2, 129.2, 131.9, 136.3, 137.0. UV/vis (CH2Cl2): λmax
(ε) 322 nm (89000 L·mol−1·cm−1). MS (ESI+): m/z 1408 [M]+•, 1431
[M + Na]+, 1447 [M + K]+, 705 [M]2+. MS (ESI−): m/z 1407 [M −
H]−. HRMS (ESI+): m/z [M]+• calcd for C68H80S16

+• 1408.17859,
found 1408.17987. CV (vs SCE, CH2Cl2): E1/2

ox1 = 0.53 V, E1/2
ox2 = 0.77

V.
Macrocycle cis-10. Prepared from cis-2 (0.107 g, 0.177 mmol) and

CsOH (1.46 M, 0.358 mmol, 0.245 mL) in 30 mL of DMF upon
addition of stilbene (E)-9 (0.60 mg, 0.178 mmol) in 30 mL of DMF.
The product was purified by FC (CH2Cl2/cyclohexane, 1:1) to afford
orange crystalline powder. Yield: 0.095 g (67 mmol, 76%). Mp: 190−
195 °C dec. Rf = 0.65 (CH2Cl2/cyclohexane, 1:1).

1H NMR (200 MHz,
CDCl3): δ 0.79−0.86 (m, 12H), 1.21−1.45 (m, 32H), 2.54 (t, 3J = 7.2
Hz, 8H), 3.97 (s, 8H), 6.99 (s, 4H), 7.22−7.26 (m, 8H), 7.35−7.39 (m,
8H). 13C NMR (50 MHz, CDCl3): δ 14.0, 22.5, 28.2, 29.4, 31.2, 36.3,
40.3, 111.0, 125.7, 126.5, 128.1, 129.2, 131.4, 136.3, 136.8. UV/vis
(CH2Cl2): λmax (ε) 322 nm (88000 L·mol−1·cm−1). MS (ESI+): m/z
1408 [M]+•, 1431 [M + Na]+, 1447 [M + K]+, 705 [M]2+. MS (ESI−):
m/z 1407 [M−H]−. HRMS (ESI+): m/z [M]+• calcd for C68H80S16

+•

1408.17859, found 1408.17930. CV (vs SCE, CH2Cl2): E1/2
ox1 = 0.53 V,

E1/2
ox2 = 0.77 V.
Macrocycle trans-11. Prepared from trans-2 (0.151 g, 0.249 mmol)

and CsOH (1.46 M, 0.350 mL, 0.511 mmol) in 40 mL of DMF upon
addition of stilbene (Z)-9 (0.091 g, 0.250 mmol) in 30 mL of DMF. The
product was purified by FC (CH2Cl2/cyclohexane, 1:1) to afford bright
yellow crystalline powder. Yield: 0.146 g (0.207 mmol, 83%). Mp: 106−
108 °C. Rf = 0.73 (CH2Cl2/cyclohexane, 1:1).

1H NMR (200 MHz,
CDCl3): δ 0.81−0.87 (m, 6H), 1.19−1.32 (m, 16H), 2.41−2.49 (m,
4H), 3.70 (d, 2J = 13.6 Hz, 2H), 4.20 (d, 2J = 13.6 Hz, 2H), 6.50 (s, 2H),
6.98−7.04 (m, 4H), 7.18−7.24 (m, 4H). 13CNMR (50MHz, CDCl3): δ
14.0, 22.6, 28.2, 29.0, 31.0, 37.3, 40.0, 117.2, 126.6, 128.6, 129.2, 129.7,
131.0, 135.9, 136.1. UV/vis (CH2Cl2): λmax (ε) 264 nm (22900 L·mol−1·
cm−1), 332 (17000). MS (ESI+): m/z 704 [M]+•, 727 [M + Na]+, 743
[M + K]+. MS (ESI−): m/z 703 [M − H]−. HRMS (ESI+): m/z [M]+•

calcd for C34H40S8
+• 704.08902, found 704.08968. CV (vs SCE,

CH2Cl2): E1/2
ox1 = 0.58 V, E1/2

ox2 = 0.79 V.
Macrocycle cis-11. Prepared from cis-2 (0.153 g, 0.253 mmol) and

CsOH (1.46 M, 0.350 mL, 0.511 mmol) in 40 mL of DMF upon
addition of stilbene (Z)-9 (0.091 g, 0.250 mmol) in 30 mL of DMF. The
product was purified by FC (CH2Cl2/cyclohexane, 1:1) to afford
orange-yellow crystalline powder. Yield: 0.155 g (0.220 mmol, 88%).
Mp: 75−77 °C. Rf = 0.73 (CH2Cl2/cyclohexane, 1:1).

1H NMR (200
MHz, CDCl3): δ 0.87−0.93 (m, 6H), 1.22−1.47 (m, 12H), 1.53−1.63
(m, 4H), 2.82 (t, 3J = 7.2 Hz, 4H), 3.09 (s, 4H), 6.66 (s, 2H), 7.09−7.14
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(m, 4H), 7.20−7.26 (m, 4H). 13C NMR (50MHz, CDCl3): δ 14.1, 22.5,
28.2, 29.7, 31.3, 36.06, 39.6, 111.3, 127.0, 127.1, 129.0, 129.4, 130.7,
136.3, 136.8. UV/vis (CH2Cl2): λmax (ε) 265 nm (22500 L·mol−1·cm−1),
333 (12000), 390 sh (3000). MS (ESI+): m/z 704 [M]+•, 727 [M +
Na]+, 743 [M+K]+. MS (ESI−):m/z 703 [M−H]−. HRMS (ESI+):m/
z [M]+• calcd for C34H40S8

+• 704.08902, found 704.08980. CV (vs SCE,
CH2Cl2): E1/2

ox1 = 0.58 V, E1/2
ox2 = 0.78 V.

Computational Methods. Initial size and geometry estimations of
tetrathiafulvalene and azobenzene building blocks were performed with
HyperChem45 using the PM3 and HF/3-21G methods. All electronic
structure analyses of the isomers of 8 were performed with Gaussian 09
Rev. D.01.46 Geometries were optimized with the B3LYP functional and
the 6-31G* basis set in the gas phase; the effect of CH2Cl2 as solvent was
modeled using the polarized continuum model (PCM) employing
UAKS radii. UV/vis spectra were obtained from TDDFT calculations
with the PBE0 functional and 6-31G* basis set allowing for 40 excited
singlet states. In order to locate potential minima the configuration
space was sampled at 300 K using Car-Parrinello molecular dynamics
(CPMD47 program package) with a time step of 4 au and a fictitious
orbital mass of 400 au employing the PBE exchange-correlation
functional in conjunction with Troullier−Martins normconserving
pseudopotentials and a 70 Ry plane wave cutoff.
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H.-F. Tetrahedron 1987, 43, 3787−3795.
(36) The rate of cis-(Z)-8 to cis-(E)-8 interconversion is about 2−3
times faster than that of trans-(Z)-8 to trans-(E)-8, making the
characterization of cis-(Z)-8 particulary difficult.
(37) Chloroform was deactivated before the NMR measurements
using Al2O3. Still, according to our previous experience, intrinsic
chloroform acidity can lead to cis−trans isomerization of TTF groups
upon prolonged keeping at elevated temperatures.
(38) For an example of photochemical actuation of the electronic
properties of π-conjugated systems, see ref 22.
(39) Thus, although cis−trans isomerization of TTF can be also
induced photochemically, we do not designate it as a photochemical
switch on Figure 1 since its isomerization does not influence
electrochemical properties of the macrocycles.
(40) (a) Gritzner, G.; Kuta, J. Pure Appl. Chem. 1984, 56, 461−466.
(b) Connely, N. G.; Geiger, W. E. Chem. Rev. 1996, 96, 877−910.
(41) Cardona, C. M.; Li, W.; Kaifer, A. E.; Stockdale, D.; Bazan, G. C.
Adv. Mater. 2011, 23, 2367−2371.
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