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The pyridineethenyl-substituted tetrathiafulvalene (TTF) compounds, 4-(4-pyridineethenyl)tetra-
thiafulvalene (1a) and 4,4′(5′)-[bis-(4-pyridineethenyl)]tetrathiafulvalene (2a) together with the
styryl-substituted TTF compounds, 4-styryltetrathiafulvalene (1b) and 4,4′(5′)-bis-styryltetrathia-
fulvalene (2b), have been designed and synthesized. All these compounds exhibit strong absorption
bands in the range of 370 to 550 nm, which are assigned to the intramolecular charge-transfer
transition from the HOMO in TTF to the LUMO in the pyridyl or phenyl group. Compared to
compounds 1b and 2b, the pyridineethenyl-substituted TTF compounds 1a and 2a show remarkable
sensing and coordinating properties to Pb2+. With the addition of micromolar concentrations of
Pb2+ to the solution, 1a or 2a displays dramatic changes in the UV-vis absorption spectrum, 1H
NMR spectrum, and redox property.

Introduction
Among heavy metals, lead is the most commonly

encountered toxic pollutant in the environment as a
result of its current and previous use in batteries,
gasoline, and paints.1,2 Lead is known to cause health
problems, such as digestive, neurological, cardiac, and
mental troubles. In particular, it is dangerous for chil-
dren, causing mental retardation. Therefore, the develop-
ment of methods for measuring the level of this detri-
mental ion in the environment with high sensitivity and
selectivity is highly desirable. Currently, amounts of lead
are mainly determined using atomic absorption or emis-
sion spectroscopes.1,2 Herein, we report two tetrathiaful-
valene (TTF) based compounds specific for detection of
Pb2+ with high sensitivity by monitoring the changes both
in color and in electrochemistry.

Supramolecular systems containing both redox active
TTF functionality3-15 and a host unit capable of cation
binding have attracted considerable attention during past
decades because the complexation of the host with an
ionic guest may induce large changes in the redox
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properties in the systems.5-15 The TTF moiety can
undergo two successive reversible 1e oxidations to TTF+‚

and TTF2+ at E1
ox and E2

ox, respectively.8a,8b,12 Upon
complexation of the host unit with metal cations in a
TTF-receptor system, the proximity between the ion and
the TTF moiety will alter the oxidability of the TTF
framework and make its E1

ox positive shift. However, the
E2

ox value generally remains unchanged upon addition
of metal ions since when reaching E2

ox the increased
repulsive electrostatic interactions between TTF2+ and
the guest cation would result in the expulsion of the
metal ion from the host. The E1

ox shift upon metal
complexation has been extensively used for sensing
purposes. For example, incorporation of the TTF unit into
a macrocyclic recognition motif has allowed the electro-
chemical recognition of various metal cations.3,5,8,9,12

Becher and co-workers investigated the TTF-crown
ether and TTF-thiocrown ether derivatives as well as a
TTF-cryptand derivative for their potential use as
electroactive cation sensors.8b-8d A shift in the value of
E1

ox to a more anodic potential was observed upon
addition of metal ions (Li+, Na+, K+, Ag+, Ba2+) to a
solution of a variety of TTF-crown molecules. Several
TTF-crown derivatives exhibited good selectivity for Ag+

ions:8b,8e,8f,12a the addition of a controlled amount of silver
triflate to the solution of such TTF-crowns resulted in
a positive shift of E1

ox, and no shift of E1
ox was observed

upon addition of a wide variety of Group 1 and 2 or other
transition metal ions. Later, Sallé and Becher reported

that the macrocyclic systems containing a bis(pyrrolo)-
tetrathiafulvalene moiety and polyether subunits dis-
played high binding affinities for Pb2+ and Ba2+ cations.9a

1H NMR and UV-vis spectroscopy showed that metallic
cations were complexed within the macrocyclic receptor.
Binding constants in the range of 105 to 106 M-1 in a 1:1
mixture solvent of CH3CN and CH2Cl2 were obtained
from titration studies, which correspond to the highest
binding strength reported so far for a TTF-based cation
receptor. Echegoyen and co-workers13 synthesized bis-
thioctic ester derivatives of TTF unit annelated with
crown ethers and assembled them into monolayers on
gold electrodes. The prepared electrochemically active
SAMs show promise as potential thin-film sensors for
metal ions. Bryce and co-workers14 reported crown-
annelated TTF derivatives containing a single alkyl chain
terminated with a thiol group. The monolayers on gold
or platinum surfaces could electrochemically recognize
metal cations such as Na+, Ba2+, and Ag+. Very recently,
Sallé and co-workers15 reported the preparation of a
modified surface with a TTF based redox-switchable
ligand, which exhibits good specificity for Pb2+ over other
cations and is able to bind (TTF0 state) or expel the metal
cation upon oxidation (TTF2+ state).

Although a very large proportion of molecular systems
containing the redox-active TTF functionality together
with macrocyclic(s) has been investigated, few cation
complexation studies have been carried out on the TTF
derivatives with noncyclic binding units. On the other
hand, the association of a TTF core with pyridine ligands
has been investigated to offer a novel perspective on the
modulation of architecture and multifunctional molecular
materials.10,11 It should be pointed out that the TTF
derivatives functionalized with pyridine together with
their transition metal complexes have been synthesized,
aimed to improve the π-d interaction between the
conducting and the localization spin systems.11 However,
there are few examples taking advantage of TTF as a
donor in intramolecular charge-transfer molecules for
cation recognition. In the present work, we link pyridyl
group(s) with a TTF moiety through double bond bridge(s),
as shown in Scheme 1. The pyridyl group(s) acts as the
monodentate ligand(s) for metal ions. The π-conjugated
double bond was designed as the linkage to optimize the
communication between the receptor and the TTF core.
As expected, both 1a and 2a exhibit dramatic color and
electrochemical changes upon exposure to micromolar
concentrations of Pb2+.

Results and Discussion

Synthesis. Compound 1 (or 2) was modified by intro-
ducing simple pyridyl or phenyl group(s) to a TTF unit
linked by π-conjugated double bond(s). As presented in
Scheme 1, 1 and 2 were synthesized according to the
procedures described in the literature.16-18 Treatment of
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2004, 10, 6497-6509.

(16) Andreu, R.; Malfant, I.; Lacroix, P. G.; Cassoux, P. Eur. J. Org.
Chem. 2000, 737-741.

(17) (a) Melby, L. R.; Hartzler, H. D.; Sheppard, W. A. J. Org. Chem.
1974, 39, 2456-2458. (b) Wudl, F.; Kaplan, M. L.; Hufnagel, E. J.;
Southwick, E. W. J. Org. Chem. 1974, 39, 3608-3609. (c) Garin, J.;
Orduna, J.; Unel, S.; Moore, A. J.; Bryce, M. R.; Wegener, S.; Yufit, O.
S.; Howard, J. A. K. Synthesis 1994, 489-491.

Xue et al.

9728 J. Org. Chem., Vol. 70, No. 24, 2005



4-monoformyl-tetrathiafulvalene (3) or 4,4′(5′)-bisformyl-
tetrathiafulvalene (4) with phosphonium salts 5 and 6
at room temperature afforded corresponding compound
1a (60%), 1b (46%), 2a (29%), and 2b (40%), respectively.
The mild reaction condition by employing CH3ONa as a
base to carry out the Wittig reaction simplified the
operations when LDA was used. 4-Monoformyl-tetrathia-
fulvalene 3 was obtained with a yield of 60% by using
N-methyl-N-phenylformamide as the formylating re-
agent, as described by Garin and Bryce.17c Preparation
of 4,4′(5′)-bisformyl-tetrathiafulvalene 4 was achieved by
several routes starting from 1,3-dioxolan-2-yl-1,3-dithiole-
2-thione followed by a coupling reaction with P(OEt)3 and
hydrolysis.18 The corresponding phosphonium salts were
prepared according to the literature procedure.19 The
yield of compound 1 was much higher than that of 2 may
be due to the solubility of 4-monoformyl-tetrathia-
fulvalene 3 was much better than that of 4,4′(5′)-
bisformyl-tetrathiafulvalene 4 in THF. The identities of

the compounds were confirmed by 1H NMR spectroscopy,
13C NMR spectroscopy, MS spectrometry, and satisfactory
elemental analyses.

Selectively Colorimetric Detection of Pb2+. The
absorption spectra of 1a, 2a and their model compounds
1b, 2b as well as the parent TTF in acetonitrile solution
were investigated and are shown in Figure 1. All these
compounds exhibit intense absorption bands at λ < 370
nm with extinction coefficients on the order of 104 dm3

mol-1 cm-1. In addition, 1a, 2a, 1b, and 2b show a
moderately intense absorption band in the region of 370
to 550 nm, while such a band is absent for the parent
TTF. The absorption properties were found to follow
Beer’s law below concentrations of 1 × 10-4 mol dm-3,
suggesting the absence of significant complex aggrega-
tion. It has been established that for electron acceptor-
TTF compounds, the HOMO is located on the TTF
moiety, whereas the LUMO is located on the electron
acceptor fragment.16 Thus, the band in 370 to 550 nm is
ascribed to the intramolecular charge-transfer transition
(CT) from the HOMO in TTF to the LUMO in the pyridyl
(for 1a and 2a) or phenyl group (for 1a and 2b), while
the bands at λ < 370 nm are assigned to the local
transition in the TTF moiety. Compared with 1b and 2b,
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SCHEME 1. Synthesis of Compounds 1 and 2

Pb2+ Detection Based on TTF-π-Pyridine Derivatives
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the CT bands for 1a and 2a are red-shifted ca. 25 nm.
This observation evidently arises from the stronger
electron-accepting ability of the pyridyl group than the
phenyl group.

The pyridyl group(s) in 1a and 2a can serve as
monodentate ligands, and the interaction between the
pyridyl and the metal cations, particularly Pb2+, leads
to dramatic changes in the absorption spectra of 1a and
2a. Figure 2 presents changes in the UV-vis spectra of
1a and 2a upon addition of Pb2+, available as the
perchlorate salt, to the solutions of 1a and 2a in aceto-
nitrile (in the presence of 0.1 mol dm-3 nBu4NPF6). Both
the CT bands and the local transition bands are red-
shifted. The local absorption band with λmax at 301 nm
and the CT transition band with λmax at 440 nm of 1a
decreased monotonically throughout the addition, and the
new bands with λmax at 330 and 555 nm appeared and
concomitantly grew in with increasing Pb2+ concentra-
tion. Well-defined isosbestic points at 485, 388, 323, and
248 nm are clearly observed, indicating the presence of
only two absorption species in the solution: the free 1a
and the complex 1a‚Pb2+. At the end of the titration, the
solution color changes from yellow to deep purple. The
CT band is red-shifted ca. 115 nm, which is, to the best
of our knowledge, the largest bathochromic shift for TTF
derivatives so far reported upon exposing to external
cation stimulus. Similar results were observed upon
addition of Pb2+ to the solution of 2a in acetonitrile. The
red-shifts in the CT band arise from the complexation of
the cation with the pyridyl group(s) in 1a and 2a, which
increases the electron-accepting ability of the pyridyl,
hence decreasing the LUMO of the molecules. The red-
shifts in the local transition bands suggest that the
complexation between pyridyl ligand and Pb2+ also
influences the orbital energy level of the TTF moiety.
Indeed, control experiments with 1b and 2b showed that
no such changes in the absorption spectrum could be
observed upon addition of the cation under identical
conditions. The inserts in Figure 2 show the plots of A
versus [Pb2+], where A refers to the absorbance at 555
nm for 1a and that at 540 nm for 2a in the presence of
Pb2+. Analysis of the plots by using the Hildebr and

Benesi equation (see eq 1)20 reveals that the complexation
of the ion to the pyridyl is in a ratio of 1:2 (Pb2+/pyridyl).
Thus, the stoichiometry for the 1a complex is 2:1 (1a/
Pb2+), while that for the 2a complex is 1:1 (2a/Pb2+). The
binding constants (log Ks) determined from such plots are
5.42 and 5.57 for 1a and 2a, respectively, which are
comparable with the largest binding constants reported
so far for TTF based ligands.

The pyridyl group in 1a and 2a can also complex with
Zn2+, Cd2+, and Ag+, available as the perchlorate salts,
as reflected in the absorption spectral changes of the 1a
and 2a solutions. Figure 3 shows the changes in the
absorption spectrum of 1a in acetonitrile upon addition
of Zn(ClO4)2 and Cd(ClO4)2, respectively. It is apparent
that the spectral changes are much less significant as
compared with that of Pb2+. The Zn2+- and Cd2+-induced
red-shifts of the CT bands in the absorption spectra of
1a (ca. 14 and 8 nm, respectively) are evidently smaller
than the case of Pb2+ (ca. 115 nm). At the same time,
the intensity of the CT band for 1a‚Zn2+ or 1a‚Cd2+

complexes is considerably weaker than that of 1a‚Pb2+.
Obviously, complexation between the pyridyl in 1a with
Zn2+ and Cd2+ also leads to the increase in the electron-
accepting ability of the pyridyl, but the increase extents
are much smaller than that of Pb2+.

Unlike TTF-crown ether systems,3,5,8,9,12 alkali and
alkaline earth metal cations do not affect the absorption
spectra of 1a and 2a. Thus, 1a and 2a can specifically
signal Pb2+ even in the presence of such metal cations
with high concentrations. Figure 4 presents the absor-
bance at wavelength of 555 nm (the λmax for 1a‚Pb2+

complex) for 1a in the presence of various metal cations
in an acetonitrile solution. Evidently, 1a can specifically
respond to Pb2+, and other cations do not interfere with
the detection.

1H NMR Changes of 1a and 2a upon Addition of
Pb2+. The specific sensing properties of 1a and 2a toward
Pb2+ were further confirmed by 1H NMR titration experi-
ments. Figure 5 shows the 1H NMR spectra of 1a in CD3-
COCD3 in the presence of various amounts of Pb2+.
Comparison of the 1H NMR spectra of 1a in the presence
and absence of Pb2+ reveals that the chemical shifts of
the resonances associated with the pyridyl protons and
the ethenyl protons show significant changes upon com-
plexation with Pb2+. The signals of the protons in the TTF
moiety are also shifted downfield, but the changes are
smaller as compared with those for pyridyl protons. These
observations suggest that Pb2+ is complexed with pyridyl
and that the whole molecule of 1a is a conjugation
system. Similar 1H NMR spectral changes were observed
for 2a upon addition of Pb2+. In contrast, addition of Pb2+

to the solution of 1b or 2b under identical conditions did
not cause any changes in their 1H NMR spectra. It is
important to note that the response of the 1H NMR
spectra of 1a and 2a for Pb2+ is specific. Alkali and
alkaline earth metal cations such as Li+, Na+, K+, Mg2+,
Sr2+, and Ba2+ do not interfere with the detection of Pb2+.

Pb2+-Induced Redox Potential Changes of 1a and
2a. As mentioned previously, the electrochemical prop-
erty of TTF is unique. This moiety can be oxidized to its
radical cation (TTF+•) and dication (TTF2+) sequentially

(20) Connors, K. A. Binding Constant: the Measurement of Molecular
Complex Stability; John Wiley & Sons: New York, 1987.

FIGURE 1. Absorption spectra of 1a (---), 2a (‚‚‚‚‚‚‚), 1b
(-‚-‚-), 2b (--‚--‚), and the parent TTF (s) in CH3CN solution
(10-5 mol dm-3) at room temperature.
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and reversibly at low potentials. Table 1 shows the
oxidative potentials of 1a and 2a, their models 1b and
2b, and the parent TTF as well. All these compounds
exhibit two reversible one-electron oxidation waves,
derived from the oxidation of TTF to TTF+• and TTF2+,
respectively. Both E1

ox and E2
ox of 1a occur at more

positive potentials than those of 1b. Similar results were
observed for 2a and 2b. The more electron-withdrawing
ability of pyridyl group in 1a and 2a relative to the
phenyl group in 1b and 2b makes the oxidation of the
TTF core more difficult. The bis-pyridyl and bis-phenyl
compounds 2a and 2b show much higher oxidation
potentials as compared with those of their corresponding
monosubstituted compounds 1a and 1b, sug-
gesting that introduction of an additional electron-
withdrawing group to the molecules leads to more dif-
ficulty in oxidation of the TTF moiety.

Complexation of pyridyl group(s) in 1a and 2a with
Pb2+ causes significant changes in the TTF oxidation
potentials. Figure 6 presents the cyclic voltammetry (CV)

of 1a and 2a as a function of added Pb2+ concentrations.
Progressive addition of Pb2+ (as Pb(ClO4)2) to the solution
of 2a in acetonitrile results in the positive shifts of its
E1

ox and E2
ox (Figure 6B). In the presence of excess of

Pb2+, the first anodic peak potential E1
ox shifts from 578

to 695 mV and the second E2
ox from 945 to 980 mV. Thus,

∆E1
ox and ∆E2

ox are ca. 117 and 35 mV, respectively.
Similar shifts of E1

ox and E2
ox for 1a were observed upon

addition of Pb2+ (Figure 6A). Evidently, complexation of
Pb2+ enhances the electron-accepting ability of the pyridyl
group(s), which in turn causes the decrease in electron
density in the TTF core. This proposal was further
supported by the observation that the addition of Pb2+

to the solution of 1b and 2b did not cause any change in
the oxidation potentials of their TTF moiety. It is
noteworthy that the second oxidation potential of the TTF
moiety in 1a and 2a is also altered upon addition Pb2+.
This observation is in contrast to the case for TTF-
macrocyclic systems reported in the literature,9,15 in
which the second oxidation potential of the TTF moiety

FIGURE 2. (A) Absorption spectra of 1a (5.2 × 10-5 mol dm-3) in CH3CN with 0.1 mol dm-3 nBu4NPF6 as a function of Pb(ClO4)2

concentration; [Pb2+]: a f i, 0 f 6.6 × 10-5 mol dm-3. (B) Absorption spectra of 2a (6.0 × 10-5 mol dm-3) in CH3CN with 0.1 mol
dm-3 nBu4NPF6 as a function of Pb(ClO4)2 concentration; [Pb2+]: a f m, 0 f 6.1 × 10-5 mol dm-3. The inserts show the plots of
absorbance at 555 nm for 1a and that at 540 nm for 2a against [Pb2+].

FIGURE 3. Absorption spectra of 1a (4.9 × 10-5 mol dm-3) in CH3CN with 0.1 mol dm-3 nBu4NPF6 as a function of concentration
of (A) Zn(ClO4)2 ([Zn2+]: a f i, 0 f 6.2 × 10-5 mol dm-3) and (B) Cd(ClO4)2 ([Cd2+]: a f i, 0 f 5.3 × 10-5 mol dm-3).

Pb2+ Detection Based on TTF-π-Pyridine Derivatives
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generally remains unchanged because the metal cation
has been released when the TTF unit is oxidized to its
dication state. The Pb2+-induced alteration of E2

ox in 1a
and 2a provides indirect evidence for the binding site on
the pyridyl group rather than on the TTF moiety. The
metal cation and the TTF dication are far separated.

As a result, the repulsive electrostatic interaction be-
tween them is not predominant. It should be emphasized
that alkali and alkaline earth metal cations do not cause
any change in the oxidative potentials of the TTF moiety
in 1a and 2a. Compounds 1a and 2a specifically respond
to Pb2+.

FIGURE 4. Selective response of Pb2+ over other metal cations based on the absorbance at 555 nm for 1a (3.1 × 10-5 mol dm-3)
in acetonitrile solution. (A) Absorbance at 555 nm in the presence of 5.2 × 10-5 mol dm-3 various cations and (B) comparison of
the absorbance at 555 nm in the presence of Pb2+ only with those in the presence of Pb2+ and other cations. The concentrations
of the cations are kept to be 5.2 × 10-5 mol dm-3.

FIGURE 5. 1H NMR spectra of 1a (2.1 × 10-3 mol dm-3) in CD3COCD3 as a function of Pb2+ concentration. [Pb2+]: (a) 0; (b) 3.2
× 10-4 mol dm-3; (c) 7.4 × 10-4 mol dm-3; (d) 12.7 × 10-4 mol dm-3; (e) 15.8 × 10-4 mol dm-3; and (f) 21.0 × 10-4 mol dm-3.
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Conclusion

Two TTF-pyridyl derivatives 1a and 2a along with
the TTF-phenyl compounds 1b and 2b have been
synthesized. In these compounds, the TTF moiety and
pyridyl group or phenyl group are bridged via a double
band, which was designed to optimize the communication
between the TTF unit and the pyridyl or phenyl group.
The interaction between pyridyl group and Pb2+ enhances
the electron-accepting ability of the pyridyl group. Ad-
dition of Pb2+ to the solution of 1a and 2a results in the
color change of the solution from yellow to deep purple,
the downfield shift of the chemical shifts of the reso-
nances associated with the protons in 1H NMR, and the
shift of the oxidation potentials E1

ox and E2
ox to more

positive potentials. These dramatic changes are specific
for Pb2+. Therefore, 1a and 2a can be utilized as
chemosensors for the detection of Pb2+ in the presence
of other metal ions.

Experimental Procedures

Materials and Reagents. 4-Monoformyl-TTF and 4,4′(5′)-
bisformyl-TTF (Scheme 1), as well as 4-picolyltriphenylphos-
phonium chloride hydrochloride and benzyltriphenylphospho-
nium chloride, were prepared according to literature
methods.17-19 Acetonitrile and tetrahydrofuran (THF) were
distilled after refluxing for 3 h in the presence of P2O5 or
sodium. Other reagents were of analytical grade and were used
as received.

4-(4-Pyridineethenyl)tetrathiafulvalene (1a). CH3ONa
(242 mg, 2.2 equiv) was added to a stirred suspension of
4-picolyltriphenylphosphonium chloride hydrochloride (470
mg, 1.1 equiv) in fresh distilled anhydrous THF (20 mL) at 30
°C under an argon atmosphere. After stirring for 1 h, a solution
of 4-monoformyl-tetrathiafulvalene (3) (232 mg, 1 mmol) in
fresh distilled anhydrous THF (10 mL) was added dropwise.

After the solution was stirred for 24 h, the solid was isolated
by filtration. Evaporation of the solvent from the filtrate, then
chromatography on silica gel by using diethyl ether as eluent,
afforded the crude product. Further recrystallization of the
crude product from diethyl ether/ethyl acetate (5:1, v/v)
produced 1a as a red solid with a 60% yield; mp 133-134 °C;
IR (KBr, cm-1): 2922, 2853, 2046, 1632 (s); MS (EI): m/z )
307 (M+); 1H NMR (CD3COCD3, δ ppm): 6.57 (d, J ) 16 Hz,
1 H), 6.81 (s, 2 H), 7.12 (s, 1 H), 7.59 ∼ 7.62 (m, 3 H), 8.67 (d,
J ) 8 Hz, 2 H); 13C NMR (CDCl3, δ ppm): 119.0, 120.7, 122.4,
124.5, 128.4, 128.6, 131.9, 132.0, 132.1, 149.9; Anal. Calcd for
C13H9NS4‚0.25C2H5OC2H5: C 51.61, H 3.53, N 4.30; found: C
51.44, H 3.28, N 4.14.

4-Styryltetrathiafulvalene (1b). Compound 1b was syn-
thesized by the procedure similar to that for 1a, except that
benzyltriphenylphosphonium chloride (427 mg, 1.1 equiv) was
used in place of 4-picolyltriphenylphosphonium chloride hy-
drochloride. This product was obtained as a red solid after
separation by chromatography on silica gel (dichloromethane
as eluent) followed by recrystallization from petroleum ether.
Yield: 46%. mp 135-137 °C. IR (KBr, cm-1): 2961, 2923, 2062,
1633 (s); MS (EI): m/z ) 306 (M+); 1H NMR (CD3CN, δ ppm):
6.57 (d, J ) 16 Hz, 1 H), 6.64 (s, 2 H), 6.77 (s, 1 H), 7.23 (d, J
) 16 Hz, 1 H), 7.42 (t, J ) 8 Hz, 1 H), 7.50 (t, J ) 8 Hz, 2 H),
7.62 (d, J ) 7.2 Hz, 2 H); 13C NMR (CDCl3, δ ppm): 118.4,
119.0, 120.3, 126.5, 128.1, 128.8, 132.0, 136.0, 136.4; Anal.
Calcd for C14H10S4‚0.25H2O: C 54.11, H 3.38; found: C 54.00,
H 3.43.

4,4′(5′)-[Bis-(4-pyridineethenyl)]tetrathiafulvalene (2a).
CH3ONa (484 mg, 4.4 equiv) was added to a stirred suspension
of 4-picolyltriphenylphosphonium chloride hydrochloride (940
mg, 2.2 equiv) in fresh distilled anhydrous THF (50 mL) at 30
°C under argon. Stirring was continued for 1 h. Then, a
solution of 4,4′(5′)-bisformyl-tetrathiafulvalene (4) (262 mg, 1
mmol) in fresh distilled anhydrous THF (20 mL) was added.
After a further 24 h stirring, the solid was isolated by filtration.
Evaporation of the solvent from the filtrate, then chromatog-
raphy on silica gel by using acetone as an eluent, gave 2a as
its two isomers: 4,4′ -[bis-(4-pyridineethenyl)]tetrathiaful-

TABLE 1. Oxidative Potentials of 1a, 2a, 1b, 2b, and Parent TTF in the Presence and Absence of Pb2+a

TTF (mV) 1a (mV) 1b (mV) 2a (mV) 2b (mV) 1a.Pb2+ 2a.Pb2+

E1
ox 382b 440b 412b 578b 465b 510c 695d

E2
ox 768b 805b 796b 945b 822b 885c 980d

a The data are given in mV vs a saturated calomel electrode in acetonitrile and nBu4NPF6 (0.1 mol dm-3) as the supporting electrolyte.
b In the absence of Pb2+. c In the presence of 2 equiv of Pb2+. d In the presence of 3 equiv of Pb2+.

FIGURE 6. Cyclic voltammograms of 1a (2.9 × 10-3 mol dm-3) (A) and 2a (1.8 × 10-4 mol dm-3) (B) as a function of Pb2+

concentration, recorded in a mixture of CH3CN with nBu4NPF6 (0.1 mol dm-3) as the supporting electrolyte.
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valene and 4,5′-[bis-(4-pyridineethenyl)]tetrathiafulvalene. Fur-
ther recrystallization from acetone produced 2a as a dark red
solid with yield 29%; mp > 230 °C decomposition. IR (KBr,
cm-1): 2961, 2922, 2853, 2046, 1632 (s); MS (FAB): m/z ) 410
(M+); 1H NMR (DMSO-d6, δ ppm): 6.38 (d, J ) 16 Hz, 2 H),
7.10 (s, 2 H), 7.46 (d, 2 H), 7.48 (d, 4 H), 8.48 (d, J ) 8 Hz, 4
H); 13C NMR (CDCl3, δ ppm): 120.7, 121.8, 124.2, 129.1, 135.1,
143.7,149.9, 150.2; Anal. Calcd For C20H14N2S4: C 58.50, H
3.44, N 6.82; found: C 58.23, H 3.51, N 6.60.

4,4′(5′)-Bis-styryltetrathiafulvalene (2b). The procedure
for the synthesis of 2b was similar to that for 2a, except that
benzyltriphenylphosphonium chloride (855 mg, 2.2 equiv) was
used in place of 4-picolyltriphenylphosphonium chloride hy-
drochloride. Compound 2b in two isomers (4,4′-bis-styryltetrathi-
afulvalene and 4,5′-bis-styryltetrathiafulvalene) was obtained
as a red solid after separation by chromatography on silica
gel (dichloromethane as eluent) followed by recrystallization
from dichloromethane/petroleum ether (2:5 v/v). Yield: 40%.
mp > 192 °C decomposition. IR (KBr, cm-1): 2961, 2923, 2062,
1633 (s); MS (EI): m/z ) 408 (M+); 1H NMR(CD3COCD3, δ
ppm): 6.46 (d, J ) 8 Hz, 1 H), 6.50 (d, J ) 8 Hz, 1 H), 6.86 (s,
2 H), 7.23 (d, J ) 16 Hz, 2 H), 7.28-7.32 (m, 4 H), 7.36-7.40
(m, 4 H), 7.58 (d, J ) 8 Hz, 4 H); 13C NMR (CDCl3, δ ppm):
118.2, 118.3, 120.3, 126.5, 128.2, 128.8, 132.2, 135.9,136.3.
Anal. Cacld for C22H14S4: C 64.70, H 3.92; found: C 64.50, H
3.93.

Binding Constant Determination. The absorption spec-
tral titration for the determination of binding constants was
performed at 298 K. The supporting electrolyte (0.1 mol dm-3

tetrabutylammonium hexafluorophosphate) was added to main-
tain a constant ionic strength of the sample solution. The ion-

binding constants (Ks) were calculated from the following
equation:20

where A and A0 are the absorbance for 1a (at 555 nm) or 2a
(at 540 nm) in the presence and absence of metal ion,
respectively; C0 is half of the concentration of 1a or the
concentration of 2a; [M] is the concentration of the metal ion;
and Alim is the limiting value of the absorbance in the presence
of excess metal ion.
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A ) A0 + ((Alim - A0)/2C0)(C0 + [M] +

1/Ks - ((C0 + [M] + 1/Ks)
2 - 4C0[M])0.5) (1)
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