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Tetrathiafulvalene—Imine—Pyridine Assemblies for Pb?* Recognition
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A series of donor-n—acceptor systems incorporating a tetra-
thiafulvalene moiety as the donating unit have been de-
signed and synthesized. The efficiency of the imine (-C=N-)
bond as a conjugated m-linker in promoting intramolecular
charge transfer is demonstrated and supported by calcula-
tions at the B3LYP/6-31G(d,p) level of theory. This property
has been explored in the case of pyridyl-substituted systems

which exhibit in particular a high binding affinity and selec-
tivity for Pb?* (logK = 3.5 in CH,Cl,/CH3CN), as shown by
UV/Vis and 'H NMR titrations as well as by remarkable col-
orimetric and electrochemical signaling.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Tetrathiafulvalene (TTF) and its derivatives are well-
established organic m donors (D) which have been exten-
sively studied for various applications, in particular, in the
field of conducting organic materials involving intermo-
lecular charge-transfer interactions with various m-ac-
cepting molecules (A).I" In the last decade, a strong interest
has also emerged in D-A systems that are covalently
grafted through a m- or 6-bonded molecular bridge, in par-
ticular because of their potential application in fields such
as molecular electronics, nonlinear optics, and photovol-
taics. Such systems potentially present low HOMO-LUMO
gaps which is of prime importance for the good perform-
ance of organic electronic devices.’l The tuning of the
HOMO-LUMO gap by applying external stimuli remains
a challenge and therefore the development of responsive D—
A systems is very appealing. In this context, TTF deriva-
tives have been widely used as the donor D counterpart.l'e-3!
Such responsive systems with valuable optical and elec-
tronic properties are also highly desirable in redox sensor
materials. On the other hand, the introduction of a pyridine
unit as the electron-acceptor part in a D—A system appears
promising as its well-known coordination properties with
metal cations should modify the electron effect promoted
by the A unit. A number of TTF-pyridine systems have
already been described for different purposes; in particu-
lar the coordination properties of the pyridyl unit in the
solid state have been explored. However, very few of these
systems have been investigated as potential responsive li-
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gands in solution.[*4d-4¢l We have been involved for some
years in the construction of TTF-based redox-responsive
ligands whose redox properties are altered upon cation or
anion binding.’! The working mode of such systems is
based on through-space electrostatic interactions between
the redox-active TTF core and the bound charged guest.
Alternatively, perturbation of the electronic properties of
such systems may also be observed if the redox-active and
the binding subunits are connected though a conjugated ©
system through a so-called through-bond interaction.[®l Of
course, in this case the nature of the conjugated junction is
of critical importance. Comparison between double bond
and triple bond linkers has already been made on various
occasions. In the case of TTF derivatives, we have com-
pared the behavior of acetylenic-conjugated derivatives with
that of their ethylenic analogues.”! Recent reports in the
literature by Wu and Tung and their co-workers describe
and compare the efficiency of intramolecular charge trans-
fer in TTF—-CH=CH-pyridine (A)**#*1 and TTF-C=C-
pyridine (B) ligands.™8) These reports prompted us to de-
scribe our findings concerning the use of the imine junction
which can be introduced as an alternative m-linker. Imine
derivatives are generally very easy to prepare compared
with other multiple-bond linkers such as azine, ethylenic, or
acetylenic derivatives. They have already been investigated
and advantageously used as conjugated linkers in different
delocalized systems involving, for example, metallocenes,!®!
conjugated polymers,® or porphyrinic systems.'”] There-
fore we propose here to complete the study on TTF-n—pyr-
idine systems that have been reported in the literaturel#®4]
by studying the efficiency of the imine junction as a conju-
gated linker in intramolecular charge transfer.

The synthesis of TTF-imine derivatives by the aza-Wittig
methodology is described herein for the first time. The ge-
ometry optimization and orbital energies of the prototype
system, imine 3a, have been calculated by DFT. The role
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of the imine bond as a conjugated linker is illustrated by
absorption spectroscopy studies. In particular, the strength
of the electron-acceptor subunit can be tuned either by
changing substituents or by the binding of a metal cation
to the pyridyl unit. The colorimetric response in the case of
lead(IT) proved remarkable. The binding event is also dem-
onstrated by '"H NMR titration studies and the redox-re-
sponsive behavior by cyclic voltammetry experiments. In
short, such electroactive systems allow the extent of © con-
jugation as a function of the binding state to be probed.

Results and Discussion
Frontier Orbitals

In order to check the effect of an imine connecting bond
on the geometry and the delocalization state of the conju-
gated system, we calculated the optimized geometry and the
orbital energies of compound 3a, that is, the simplest sys-
tem containing the basic elements of a TTF-m—pyridine
structure. The analysis was performed by ab initio density
functional calculations using the Gaussian03 software
package.''l Becke’s three-parameter gradient-corrected
functional (B3LYP) with a polarized 6-31G(d,p) basis set
was used for full geometry optimization. Frontier orbitals
are given in Figure 1 and demonstrate that most of the elec-
tron density of the HOMO is located on the TTF fragment,
while the LUMO is essentially distributed over the pyr-
idine-imine—dithiole ensemble. This qualitative result is
very similar to observations made with the ethylenic or
acetylenic analogues A and B. The dihedral angle between
the pyridine unit and the 1,3-dithiole moiety appearsl'?]
slightly higher in 3a than in the ethylenic analogue A (39
vs. 33°, respectively), accounting for a more important dis-
tortion around the imine junction. This tendency has al-
ready been observed, for example, with (E)-benzalanilines
and (E)-stilbenes.['3] This difference does not seem to alter
significantly the HOMO and LUMO energies of 3a, which
appear only slightly lower than those of A (A: Exomo =
-4.708 eV; Eyumo = —2.014 eV), as expected from the con-
tribution of the electron-accepting imine nitrogen atom.
Note, the difference in the HOMO-LUMO energies is ex-
actly the same (= 2.694 ¢V) whether the junction is imine
or ethenyl, which illustrates a similar efficiency in the conju-
gation of the delocalized system.

f "‘o“’a 3 :4 6‘

HOMO : -4.871 eV LUMO : -2177 eV

Figure 1. Frontier orbitals of 3a calculated by DFT at the B3LYP/
6-31G(d,p) level of theory.

Synthesis

Imine-TTF derivatives 3b,c were prepared by treatment
of the corresponding TTF aldehyde 2 with an aromatic
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amine in the presence of molecular sieves (4 A) (see
Scheme 2). Unlike observations made recently upon the
synthesis of the 2-pyridyl isomer of 3al*"! or with a calixar-
ene—imine-TTF derivative,['¥ yields appeared to be low.
Also the reactions proved to be time-consuming when syn-
thesizing the pyridine derivatives 3a and 5a under these ex-
perimental conditions. We therefore developed an alterna-
tive strategy using the aza-Wittig reaction. The scope and
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Scheme 1. Synthesis of the iminophosphorane 1.
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Scheme 2. Synthesis of the conjugated TTF-imine systems.

Eur. J. Org. Chem. 2008, 269-276



Assemblies for Pb?>* Recognition

Eur

efficiency of this reaction have been reviewed recently.[!”]

Iminophosphorane 1 was synthesized from 4-aminopyr-
idine and dibromotriphenylphosphorane (Ph;PBr,) accord-
ing to a literature procedure.['® The yield of 1 obtained by
this route was moderate and nonreproducible in our hands
(35-50%) and we therefore developed an alternative
method starting from p-chloropyridine hydrochloride
(Scheme 1). The 4-azidopyridine!!” intermediate was not
isolated and was directly engaged in a Staudinger reaction
with triphenylphosphane to afford iminophosphorane 1 in
high yield. This methodology provides a new and expedient
access to 1, which is a very useful synthetic intermediate.

The aza-Wittig reaction was then carried out on formyl-
TTF 2! or diformyl-TTF 4,['1 producing the target TTF-
imine—pyridine derivatives 3a and 5a (Z + E isomers) in
good yields (Scheme 2).

Absorption Spectroscopy

The TTF derivatives 3 and 5 exhibit absorption spectra
with similar shapes, that is, a strong absorption band (ex-
tinction coefficients ¢ = 2X 10* dm*mol'cm™!) at a high
energy (4 <350 nm) and a moderate absorption band in
the region 380-650 nm (Table 1 and Figure 2). Note, the lat-
ter is not present in the parent unsubstituted TTF system
studied under the same conditions and is also absent in a
solution containing a mixture of TTF and pyridine which
underlines the intramolecular connecting role of the conju-
gated linker. The higher energy band was therefore assigned
to a local transition within the TTF moiety whereas the
lower energy absorption corresponds to intramolecular
charge transfer (ICT) from the HOMO in TTF to the
LUMO in the electron-accepting unit.

Table 1. Maximum absorption wavelength™ (/,,,,) and oxidation
potentials® (Ei,,) of compounds 3 and 5.

3a 3b 3c S5a A
Amax [NM] 484 453 512 510 444
E'oy [V] vs. Ag/lAgCl 0.47 0.43 0.47 0.58 0.37
E?o, [V] vs. Ag/AgCl 0.86 0.86 0.88 0.98 0.78

[a] ¢ = 5x105w in CH,CL/ICH:CN (11, viv). [b] ¢ =
1X10%molL! in CH,CL/CH;CN (I:1. v/v), 100mVs,
NBU.4BF4 (C = 10" mol Lil).

As expected from the electron effect induced by the sub-
stituents, a significant variation in A, is observed between
the tolyl derivative 3b (453 nm) and the electron-accepting
nitrophenyl derivative 3¢ (512 nm). In agreement with the
moderate electron-accepting character of the N-heteroaro-
matic ring, the pyridyl-substituted derivatives 3a and 5a ex-
hibit intermediate values. Note, the A, values of the imine
derivatives 3a,c are significantly higher (a systematic red-
shift of around 50 nm) than those of the corresponding eth-
ylenic or acetylenic analogues, that is, A,,,, = 512 nm for 3¢
compared with 465 nm for its acetylenic analogue (recorded
in acetonitrile)l*¥ and /,,,x = 484 nm for the pyridyl deriva-
tive 3a compared with 444 nm for A or 432 nm for B (re-
corded in acetonitrile).[* In short, these observations ac-
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Figure 2. Absorption spectra of TTF derivatives 3a—¢ in CH,Cl,/
CH;CN (¢ = 5X 10> molL ).

count for 1) an efficient electronic communication allowed
by the imine junction between the TTF electron-donating
part and the electron-accepting counter unit, similar to that
of ethylenic or acetylenic linkages, and 2) the electron-
accepting contribution of the nitrogen atom of the imine
junction.

The absorption spectra of 3¢, taken as an illustrative ex-
ample, were also recorded in solvents of various polarities
(see Table S1 in the electronic supporting information). This
study shows a negative solvatochromism (4., = 499 and
522 nm in acetonitrile and toluene, respectively), that is, a
blueshift when the polarity is increased, in accordance with
intramolecular charge transfer.

Cyclic Voltammetry

Compounds 3a—c and Sa exhibit the usual two-step re-
versible one-electron oxidations of TTF derivatives, corre-
sponding to the successive formation of a cation radical and
a dication (Table 1). Small differences are observed in the
oxidation potentials (E’,) of 3a—¢, in good agreement with
the electron effect of the substituent on the aromatic part.
The tolyl-substituted system 3b appears easier to oxidize
than the electron-accepting nitrophenyl and pyridyl deriva-
tives 3¢ and 3a, confirming a conjugation through the imine
junction. In addition, as already shown by the calculations
of Eyomo in the gas phase, the solution electrochemistry
demonstrates 1) that compound 3a is a very good © donor
(low E',, potential) and 2) that this n-donating ability is
slightly less than that of the ethenyl analogue A, as expected
from the electron-accepting character of the imine nitrogen
atom in 3a.

Binding Properties: UV/Vis Titrations

The pyridyl moiety is well known for its coordination to
various metal cations through the donating nitrogen atom.
Binding studies carried out on TTF-imine—pyridine com-
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pounds therefore could help to probe the efficiency of the
imine junction as a conjugated linker. In particular, coordi-
nation of a cation by the pyridyl part should, if ICT be-
tween TTF and the acceptor moiety occurs, be ac-
companied by exploitable optical or electrochemical out-
puts. We therefore investigated the metal binding of a wide
range of cationic solutions (Na*, Cs*, Ba?*, Ag*, Cd>*,
Hg?*, Zn?*, and Pb?*) to TTF derivatives 3a. Remarkably,
we observed a spectacular color change in the solution of
3a, from orange to deep blue, when a Pb>* solution was
introduced, whereas the introduction of alkali or alkaline-
earth cations did not provoke any color change (see Fig-
ure S1 in the electronic supporting information). In ad-
dition, only a moderate color change was observed with
other transition metals. The affinity of pyridyl coordinating
groups towards lead(Il) is well established. An immediate
consequence of such a binding affinity lies in the possibility
of using 3a for the colorimetric detection of Pb>*.
Absorption spectroscopy titration experiments were car-
ried out by the progressive introduction of a lead perchlo-
rate solution into a solution of the 4-pyridyl derivative 3a in
CH,CIl,/CH;CN (Figure 3). The resulting electronic spectra

1.0 q
—— 3a
..... “0.25 equiv. Pb2+
o84 4w —mm——= 0.5 equiv. v
——ts 075 equiv. Pb2Y
_—— ; 2+
4 0.6 1 1.0 equiv. Pb7
§ A 1.5 equiv. Pb="
é 2.0 equiv. pb2t
Kl
< 0.4
0.2 A
0.0 : : ; : i
300 400 500 600 700 800
A/ nm
2.0 q

Sa

© 0.5 equiv. Pb="
1.0 equiv. Pb2"
1.5 equiv. Pb2"
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Absorbance
5
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0.0 ; : ‘ : s
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Figure 3. UV/Vis titration study of 3a (top) and 5a (bottom) [¢ =
5% 10 molL! in CH,CL/CH;CN (1:1, v/v)] in the presence of
Pb(ClOy)-.
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clearly show the appearance of a new low-energy band cen-
tered on 568 nm, detrimental to the initial ICT band at
484 nm, and the color of the solution was observed to
change from orange to blue. This progressive change in the
spectra revealed isosbestic points at 305, 389, and 516 nm,
correlated to the presence of only two species in equilibrium
in solution, namely the free ligand 3a and the 3a-Pb>* com-
plex. Note, no more absorption changes were observed on
addition of in excess of 1 equiv. of Pb(ClO,), suggesting a
1:1 stoichiometry of the complex. Control experiments were
carried out by adding aliquots of lead(IT) solutions to 3c.
No change in the absorption spectrum was observed (Fig-
ure S2) indicating that coordination takes place exclusively
at the pyridyl nitrogen atom in 3a and that no metal binding
contribution exists from the imine nitrogen atom.” The
binding constant was evaluated using the Benesi—Hilde-
brand method?!! (Figure S3) and gave a log K value of 3.5
in a CH,Cl,/CH;CN mixture. Binding of the lead cation by
the pyridyl unit is therefore accompanied by a spectacular
redshift of the ICT band of 84 nm, illustrating the fact that
the electron-accepting ability of the pyridyl moiety is in-
creased once coordinated to a cation leading to a lowering
of the energy of the ICT band. Very similar behavior was
observed with the dipyridyl derivative 5a for which a new
band developed at +67 nm. The same log K value (= 3.5) as
for 3a was observed with, in this case, a 2:1 stoichiometry
between the metal cation and the ligand (Figure 3 and Fig-
ure S4). Such experimental findings confirm the favorable
conjugation promoted by the imine group across the whole
molecule.

Binding Properties: 'H NMR Titrations

'H NMR titration experiments were carried out by intro-
ducing aliquots of Pb(ClQy), into deuteriated (CD;CN/
CD,Cl,) solutions of 3a. The evolution of the NMR spectra
is presented in Figure 4. Significant changes are observed
upon the introduction of the lead(II) solution, in particular
for pyridyl signals Hy, which are shifted downfield, and
TTF protons (H;,3), which gradually disappear. At this
stage, the location of the metal binding on ligand 3a needs
to be confirmed since in principle two nitrogen binding sites
coexist and because, considering the molecular geometry of
the ligand, the two =N- atoms cannot both contribute to
the binding in a cooperative way.??! As for the UV/Vis stud-
ies described above, it appears that the '"H NMR spectrum
does not vary when more than 1 equiv. of cation is added
during the titration, confirming a 1:1 stoichiometry of the
complex between 3a and Pb?*. This point, together with
the fact that the '"H NMR shifts observed upon the binding
of Pb?* by 3a are very similar to those observed under the
same conditions with compound A (Figure S5), devoid of
an imine nitrogen atom, confirm that the binding process
takes place on the pyridyl nitrogen atom. This finding there-
fore is markedly different to a very recent observation made
with the 2-pyridyl isomer of 3a, for which a cooperative
Cu'" binding mode involving both nitrogen atoms was re-
ported by the authors.**?? Again, very similar behavior
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Figure 4. "H NMR spectra of 3a (¢ = 9.5X 103 molL ') in CD3;CN/CD,Cl, (1:1, v/v) in the presence of increasing amounts of Pb(ClO,),.

was observed for the dipyridyl analogue 5a (Figure S6) with
no additional variation in the chemical shifts on addition
of more than 2 equiv. of lead(II) cations.

Binding Properties: Cyclic Voltammetry

Treatment of an electrolytic solution of 3a with lead per-
chlorate in a CH,Cl,/CH3;CN mixture causes significant
changes in the TTF oxidation potentials (Figure 5) which
are significantly shifted to higher potentials with an excess
of lead(Il) (3a: AE',, = +48 mV; AE?,, = +28 mV). These
values do not evolve further on addition of more than
1 equiv. of metal cation. Similar qualitative behavior was
observed with compound 5a (Figure S7). Therefore the re-
dox-active TTF moiety appears more difficult to oxidize
once Pb”* is bound to the pyridyl unit. Such variation can
be explained by the increase in the electron-accepting char-
acter of the pyridyl unit once it is bonded to a metal cation

which therefore alters the donating ability of the TTF unit.
It has to be noted that this redox behavior is different to
that observed with TTF-based redox-switchable ligands,
which classically correspond to a spatially close association
of a TTF moiety and a binding unit [e.g., poly(ethylene
glycol)]. In these cases the second redox potential, corre-
sponding to TTF?* formation (E”.,), remains constant,
which corresponds to the expulsion of the initially bound
metal cation outside of the binding site because of through-
space electrostatic interactions between TTF?* and the
metal cation.[8 The situation is of course different with 3a
for which there is no possible electrostatic through-space
interaction between the bound cation and the oxidized TTF
framework and therefore the electrochemical potential
changes are in this case assigned to a through-bond inter-
action.[! As expected, compounds 3¢,d, devoid of pyridyl-
coordinating units, did not undergo any change to their CV
upon addition of lead perchlorate (Figure S8).

6c-6
4e-6
2e-6
< 3a

Z 0.2 equiv. Pb>"

0 A 0.4 equiv. pb!

0.6 cquiv. Pb2T
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20 1.0 equiv. pb2t

1.2 equiv. P2’

-4¢-6 T . . . . . " l.6equiv. Pb2"

0.2 03 0.4 0.3 0.6 0.7 0.8 0.9 1.0

Figure 5. CV titration of compound 3a (¢ = 7.5X 10*molL") in CH,CL/CH;CN (1:1, v/v) in the presence of increasing amounts of
lead perchlorate [70 mVs™!, NBugBF, (¢ = 10! molL1), vs. Ag/AgClI].
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Conclusion

A family of TTF-C=N-A derivatives (A = acceptor unit)
have been synthesized by a straightforward aza-Wittig
coupling reaction. Spectroscopic and electrochemical mea-
surements demonstrate the efficiency of the conjugated im-
ine bond in intramolecular charge transfer between TTF
and the acceptor unit. This behavior is similar to that ob-
served with related compounds bearing an ethylenic or acet-
ylenic linker. This ICT ability was further explored in the
case of pyridyl-substituted systems for which it is possible
to tune the ICT upon lead(II) coordination and which is
accompanied by remarkable color changes (orange to deep
blue) as well as by positive shifts of the two redox potentials
of the TTF unit as a result of a through-bond interaction.

Experimental Section

Materials and Reagents: Where necessary, solvents were purified
prior to use and stored under nitrogen. Unless stated otherwise,
commercial grade chemicals were used without further purification.
NMR spectra were recorded with a Bruker Avance DRX 500 in-
strument. The mass spectra were recorded with a Bruker Biflex-
IIITM (MALDI-TOF), a JEOL JMS 700 (HRMS-EI), or a Ther-
moelectron Trace DSQ spectrometer (EI). IR spectra were recorded
with a FTIR BIORAD FTS 155 spectrometer. The cyclic voltam-
metry (CV) studies were carried out by using an EGG PAR 273 or
273A potentiostat.

Iminophosphorane 1: Compound 1 was initially prepared from 4-
aminopyridine and dibromotriphenylphosphorane (Ph;PBr,) ac-
cording to a literature procedure.'®’ However, the yield of 1 was
moderate and nonreproducible in our hands (35-50%) and we
therefore developed an alternative method to reach 1 starting from
p-chloropyridinium chloride.

4-Chloropyridinium hydrochloride (34.8 g, 231.98 mmol) was dis-
solved in water (115 mL) and a solution of sodium hydroxide (6 M)
was added until neutral pH. Ethanol (115 mL) was then added as
well as NaN; (30 g, 461 mmol). The solution was heated at reflux
for one night and then successively concentrated in vacuo and ex-
tracted with diethyl ether (3350 mL). The organic phase are
dried with MgSO, and the solvent evaporated to afford an orange
volatile liquid corresponding to 4-azidopyridine. This liquid was
dissolved without purification in petroleum ether (100 mL) and
added dropwise to a solution of triphenylphosphane (61 g,
232.57 mmol) in petroleum ether (800 mL). The formation of the
iminophosphorane 1 was manifested by evolution of nitrogen gas
and precipitation of a white solid. The reaction mixture was stirred
for an additional 4 h and filtered through a glass frit. The solid
was washed with warm petroleum ether (500 mL) and dried in a
desiccator. Compound 1 was obtained as a white solid (71.55 g,
202.12 mmol, 87% yield). M.p. 154-155°C. '"H NMR (CDCl,): ¢
=8.04 (d, J=5.16 Hz, 2 H, Hpy,), 7.74-7.69 (m, 6 H, H o), 7.58—
7.54 (m, 3 H, Haom), 7.49-7.45 (m, 6 H, Hyom), 6.57 (d, J =
5.16 Hz, 2 H, Hpy,) ppm. *'P NMR (CDCly): 6 = 7.55 ppm. IR
(KBr): ¥ = 1588, 1494, 1361, 1110, 719, 692 cm™!. MS (MALDI
TOF): caled. for Co3H oN,P [M]* 354.1; found [MH]* 355.2.

TTF-Imine—4-Pyridyl (3a): Monoformyltetrathiafulvalene (2)
(67 mg, 0.29 mmol) was dissolved in distilled toluene (30 mL). Imi-
nophosphorane 1 (141.6 mg, 0.40 mmol) was added in one portion
and the reaction mixture was heated at reflux for 24 h. Evaporation
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of the solvent in vacuo produced a brown oil which was purified
by chromatography through a silica gel column [AcOEt + triethyl-
amine (1%, v/v)]. Evaporation of the solvent afforded a red solid
(63 mg, 0.20 mmol, 69% yield). M.p. 155-156 °C. "H NMR ([Dg]-
acetone): 0 = 8.51 (dd, J = 1.59, J = 437 Hz, 2 H, H,,,), 8.43 (s,
1 H, Himine), 7.63 (s, 1 H, S-CH-C), 7.07 (dd, J = 1.59, J = 4.76 Hz,
2 H, Hpy,), 6.63 (dd, J = 6.34, J = 10.33 Hz, 2 H, S-CH=CH-
S)ppm. '3C NMR ([Dglacetone): 6 = 158.14 (Cipine). 155.06,
151.71 (Cpyy), 138.78, 134.63, 120.58, 120.25 (Cyaierar, TTF), 116.51
(Cpyr)s 114.60, 107.21 (Ceepgrar, TTF) ppm. IR (KBr): ¥v = 1605,
1584, 1536, 1479 cm™'. HRMS: caled. for C;,HgN,S, [M]*
307.95704; found 307.9564.

TTF-Imine—4-Tolyl (3b): Monoformyltetrathiafulvalene  (2)
(110.3 mg, 0.47 mmol) was dissolved in CH,Cl, (100 mL) and p-
toluidine (185.1 mg, 1.72 mmol) was added. The reaction mixture
was stirred for 7 h in the presence of molecular sieves (4 A, 3 g).
The latter was separated by filtration and rinsed with CH,Cl,
(50 mL). The filtrate was then concentrated in vacuo and the resi-
due obtained was purified by chromatography through a silica gel
column [petroleum ether/CH,Cl, (1:1, v/v) + triethylamine (1%,
v/v)]. A violet solid was obtained after evaporation (110 mg,
0.34 mmol, 80%). M.p. 134 °C. '"H NMR (CD,Cl,/CD;CN, 1:1,
VIv): 6 =827 (s, 1 H, Hipine), 7.17 (d, J = 7.94 Hz, 2 H, H,,,), 7.13
(s, I H, S-CH-C), 7.06 (d, J = 7.94 Hz, 2 H, H,,), 6.43 (d, J =
2.38 Hz, 2 H, S-CH=CH-S), 2.32 (s, 3 H, CH3) ppm. MS (DSQ):
caled. for C4H NS4 [M]* 320.9; found 320.8.

TTF-Imine—4-Nitrophenyl (3c): Monoformyltetrathiafulvalene (2)
(98 mg, 0.42 mmol) was dissolved in CH,Cl, (100 mL) and 4-nitro-
aniline (138.1 mg, 0.84 mmol) was added. The reaction mixture was
stirred for 6 h in the presence of molecular sieves (4 A, 3 g). The
latter was separated by filtration and rinsed with CH,Cl, (60 mL).
The filtrate was then concentrated in vacuo and the residue ob-
tained was purified by chromatography through a silica gel column
[petroleum ether/CH,Cl, (8:2, v/v) + triethylamine (4%, v/v)]. A
blue-violet solid was obtained after evaporation (86 mg, 0.24 mmol,
58%). M.p. 189 °C. '"H NMR ([Dglacetone): 6 = 8.52 (s, 1 H,
Himine), 8.27 (d, J = 9.14 Hz, 2 H, H,y,), 7.70 (s, 1 H, S-CH-C),
740 (d, J = 9.14Hz, 2 H, H,,), 6.67 (d, J = 437Hz, 2 H,
S-CH=CH-S) ppm. IR (KBr): v = 2924, 2853, 1595, 1564, 1530,
1510, 1330 cm™!. MS (DSQ): caled. for C;3HgN,0,S, [M]* 351.9;
found 351.8 [M]*, 305.8 [M — NO,|*"".

TTF-Diimine—4,4'-Dipyridyl (5): Diformyltetrathiafulvalene diace-
tal (4) (Z/E mixture) (133 mg, 0.29 mmol) was dissolved in distilled
toluene (45 mL). Iminophosphorane 1 (203 mg, 0.57 mmol) was
added in one portion and the reaction mixture was heated at reflux
for 48 h. Evaporation of the solvent in vacuo produced a solid ma-
terial which was purified by chromatography through a silica gel
column [AcOEt + triethylamine (1%, v/v)]. Evaporation of the sol-
vent afforded Sa as a mixture of Z/E geometric isomers as a violet
solid (130 mg, 0.21 mmol, 72% yield). '"H NMR ([DgJacetone): 6 =
8.68 (s, 2 H, Hipine), 8.55 (m, 4 H, H,), 7.09 (m, 4 H, H,,), 5.99,
5.98 [s, 2 H, Hycetal (12)]- 3.72 (m, 8 H, OCH,), 1.22 (t, J = 6.75 Hz,
6 H, CH;)ppm. *C NMR ([DgJacetone): 6 = 157.12 (Cimine),
152.68, 152.64 (Cphy-Nimine)s 151.03, 150.09 (C,y-Npy,), 148.27,
148.09 (=C-Cimine), 13291, 132.74 (=C-Cyeerar), 115.64 (Cpyp),
108.42 (C=Clentrar)> 96.73, 96.71 (C,cerar), 61.77, 61.73 (CH,), 14.47
(CH3) ppm. IR (KBr): ¥ = 1633, 1586, 1526, 1496, 1483, 1437,
1350 cm™!. HRMS: caled. for CogH3nN4 048, [M]T 616.13064;
found 616.1316.

Supporting Information (see also the footnote on the first page of
this article): UV/Vis and '"H NMR spectra and CV titration curves.

Eur. J. Org. Chem. 2008, 269-276



Assemblies for Pb?>* Recognition

Eur

Acknowledgments

The Ministére de I’Enseignement supérieur et de la Recherche
(MESR) is gratefully acknowledged for a Ph.D. grant to J.-Y. B.
M. S. thanks the Institut Universitaire de France (IUF) for finan-
cial support.

(]

(2]

(3]

(4]

Eur. J. Org. Chem. 2008, 269-276

For reviews, see: a) Chem. Rev. 2004, 104, issue 11, Molecular
Conductors (thematic issue) (Ed.: P. Batail); b) T. Otsubo, K.
Takimiya, Bull. Chem. Soc. Jpn. 2004, 43; ¢) J. L. Segura, N.
Martin, Angew. Chem. Int. Ed. Engl. 2001, 40, 1372; d) M.
Brondsted Nielsen, C. Lombholt, J. Becher, Chem. Soc. Rev.
2000, 29, 153; ¢) M. R. Bryce, Adv. Mater. 1999, 11, 11.

a) J. Baffreau, F. Dumur, P. Hudhomme, Org Lett. 2006, 8,
1307; b) G. Ho, J. R. Heath, M. Kondratenko, D. F. Perep-
ichka, K. Arseneault, M. Pézolet, M. R. Bryce, Chem. Eur. J.
2005, 71, 2914; ¢) E. Tsiperman, J. Y. Becker, V. Khodorkovsky,
A. Shames, L. Shapiro, Angew. Chem. Int. Ed. 2005, 44, 4015;
d) M. Bendikov, F. Wudl, D. F. Perepichka, Chem. Rev. 2004,
104, 4891; e) D. F. Perepichka, M. R. Bryce, C. Pearson, M. C.
Petty, E. J. L. Mclnnes, J. P. Zhao, Angew. Chem. Int. Ed. 2003,
42, 4635; f) D. F. Perepichka, M. R. Bryce, A.S. Batsanov,
E.J. L. Mclnnes, J. P. Zhao, R. D. Farley, Chem. Eur. J. 2002,
8, 4656; g) D. F. Perepichka, M. R. Bryce, E.J. L. Mclnnes,
J. P. Zhao, Org. Lert. 2001, 3, 1431.

a) C.Y. Jia, S.-X. Liu, C. Tanner, C. Leiggener, A. Neels, L.
Sanguinet, E. Levillain, S. Leutwyler, A. Hauser, S. Decurtins,
Chem. Eur. J. 2007, 13, 3804; b) E. Tsiperman, J. Y. Becker, V.
Khodorkovsky, Tetrahedron Lett. 2007, 48, 4161; c) J. Wu, S.-
X. Liu, A. Neels, F. Le Derf, M. Sallé, S. Decurtins, Tetrahe-
dron 2007, 63, 11282; d) A. Gouloumis, D. Gonzalez-Rodrig-
uez, P. Vazquez, T. Torres, S. G. Liu, L. Echegoyen, J. Ramey,
G. L. Hug, D. M. Guldi, J. Am. Chem. Soc. 2006, 128, 12674;
e) C. Y. Jia, S.-X. Liu, C. Tanner, C. Leiggener, L. Sanguinet,
E. Levillain, S. Leutwyler, A. Hauser, S. Decurtins, Chem.
Commun. 2006, 1878; f) M. C. Diaz, B. M. Illescas, N. Martin,
I. F. Perepichka, M. R. Bryce, E. Levillain, R. Viruela, E. Orti,
Chem. Eur. J. 2006, 12, 2709; g) C. Loosli, C. Y. Jia, S.-X. Liu,
M. Haas, M. Dias, E. Levillain, A. Neels, G. Labat, A. Hauser,
S. Decurtins, J. Org. Chem. 2005, 70, 4988; h) 1. Fuks-Jancza-
rek, J. Luc, B. Sahraoui, F. Dumur, P. Hudhomme, J. Berdow-
ski, I. V. Kityk, J Phys. Chem. B 2005, 109, 10179; i) E. Aqad,
M. V. Lakshmikantham, M. P. Cava, R. M. Metzger, V. Kho-
dorkhovsky, J Org. Chem. 2005, 70, 768; j) E. Tsiperman, J. Y.
Becker, V. Khodorkovsky, A. Shames, L. Shapiro, Angew.
Chem. Int. Ed. 2005, 44, 4015; k) N. Gautier, F. Dumur, V.
Lloveras, J. Vidal-Gancedo, J. Veciana, C. Rovira, P. Hud-
homme, Angew. Chem. Int. Ed. 2003, 42, 2765; 1) M. A. Her-
ranz, S. Gonzalez, 1. Pérez, N. Martin, Tetrahedron 2001, 57,
725; m) N. Martin, L. Sanchez, D. M. Guldi, Chem. Commun.
2000, 113; n) P. de Miguel, M. R. Bryce, L. M. Goldenberg, A.
Beeby, V. Khodorkovsky, L. Shapiro, A. Niemz, A. O. Cuelloc,
V. Rotello, J Mater. Chem. 1998, 8, 71.

a) Y. P. Zhao, L. Z. Wu, G. Si, Y. Liu, H. Xue, L. P. Zhang,
C. H. Tung, J Org. Chem. 2007, 72, 3632; b) M. Chahma, N.
Hassan, A. Alberola, H. Stoeckli-Evans, M. Pilkington, Inorg.
Chem. 2007, 46, 3807; ¢) N. Benbellat, Y. Le Gal, S. Golhen,
A. Gouasmia, L. Ouahab, J.-M. Fabre, Eur. J. Org. Chem. 2006,
18, 4237; d) H. Xue, X. J. Tang, L. Z. Wu, L. P. Zhang, C. H.
Tung, J Org. Chem. 2005, 70, 9727; e) X. Xiao, W. Xu, D.
Zhang, H. Xu, H. Lu, D. Zhu, J. Mater. Chem. 2005, 15, 2557;
f) A. Ota, L. Ouahab, S. Golhen, O. Cador, Y. Yoshida, G.
Saito, New J. Chem. 2005, 29, 1135; g) T. Devic, P. Batail, N.
Avarvari, Chem. Commun. 2004, 13, 1538; h) T. Devic, N. Avar-
vari, P. Batail, Chem. Eur. J. 2004, 10, 3697; 1) S. Bouguessa,
A. K. Gouasmia, S. Golhen, L. Ouahab, J. M. Fabre, Tetrahe-
dron Lett. 2003, 44, 9275; j) S.-X. Liu, S. Dolder, E. Rusanov,
H. Stoeckli-Evans, S. Decurtins, Compt. Rend. Chim. 2003, 6,
657; k) C. Jia, D. Zhang, Y. Xu, W. Xu, D. Zhu, Synth. Met.

(5]

(6]
(7]
(8]

B

European Journal
of Organic Chemistry

2003, 137, 979; 1) 1. P. Griffiths, R. J. Brown, P. Day, C. J. Mat-
thews, B. Vital, J. D. Wallis, Tetrahedron Lett. 2003, 44, 3127;
m) S.-X. Liu, S. Dolder, P. Franz, A. Neels, H. Stoeckli-Evans,
S. Decurtins, Inorg. Chem. 2003, 42, 4801; n) C. Jia, D. Zhang,
X. Guo, S. Wan, W. Xu, D. Zhu, Synthesis 2002, 15, 2177; o)
R. Andreu, J. Garin, J. Orduna, G. J. Ashwell, M. A. Amiri,
R. Hamilton, Thin Sol. Films 2002, 408, 236; p) S.-X. Liu, S.
Dolder, M. Pilkington, S. Decurtins, J Org. Chem. 2002, 67,
3160; q) A.J. Moore, A.S. Batsanov, M. R. Bryce, J. A. K.
Howard, V. Khodorkovsky, L. Shapiro, A. Shames, Eur. J. Org.
Chem. 2001, 6, 73; r) R. Andreu, 1. Malfant, P. G. Lacroix, P.
Cassoux, Eur. J. Org. Chem. 2000, 5, 737; s) J. Becher, A. Haz-
ell, C.J. McKenzie, C. Vestergaard, Polyhedron 2000, 19, 665;
t) W. Xu, D. Zhang, H. Li, D. Zhu, J Mater. Chem. 1999, 9,
1245.

a) B.-T. Zhao, M.-J. Blesa, F. Le Derf, D. Canevet, C.
Benhaoua, M. Mazari, M. Allain, M. Sallé, Tetrahedron 2007,
63, 10768; b) S. Dolder, S.-X. Liu, F. Le Derf, M. Sall¢, A.
Neels, S. Decurtins, Org. Lett. 2007, 9, 3753; ¢) J. Lyskawa, M.
Sallé, J. Y. Balandier, F. Le Derf, E. Levillain, M. Allain, P.
Viel, S. Palacin, Chem. Commun. 2006, 2233; d) M. J. Blesa,
B. T. Zhao, M. Allain, F. Le Derf, M. Sallé, Chem. Eur. J. 2006,
12,1906; e) B. T. Zhao, M. J. Blesa, N. Mercier, F. Le Derf, M.
Sall¢, J Org. Chem. 2005, 70, 6254; f) B. T. Zhao, M. J. Blesa,
N. Mercier, F. Le Derf, M. Sallé, New J. Chem. 2005, 29, 1164;
g) J. Lyskawa, F. Le Derf, E. Levillain, M. Mazari, M. Sallé,
L. Dubois, P. Viel, C. Bureau, S. Palacin, J Am. Chem. Soc.
2004, 126, 12194; h) G. Trippé, F. Le Derf, J. Lyskawa, M.
Mazari, J. Roncali, A. Gorgues, E. Levillain, M. Sallé, Chem.
Eur. J 2004, 10, 6497.

P. D. Beer, P. A. Gale, G. Z. Chen, J Chem. Soc. Dalton Trans.
1999, 1897.

A. Gorgues, P. Hudhomme, M. Sallé, Chem. Rev. 2004, 104,
5151.

a) A. Caballero, R. Garcia, A. Espinosa, A. Tarraga, P. Mol-
ina, J. Org. Chem. 2007, 72, 1161; b) A. Caballero, V. Lloveras,
A. Tarraga, A. Espinosa, M. D. Velasco, J. Vidal-Gancedo, C.
Rovira, K. Wurst, P. Molina, J. Veciana, Angew. Chem. Int. Ed.
2005, 44, 1977; c) A. Caballero, A. Tarraga, M. D. Velasco, A.
Espinosa, P. Molina, Org. Lett. 2005, 7, 3171; d) A. Caballero,
R. Tormos, A. Espinosa, M. D. Velasco, A. Tarraga, M. A.
Miranda, P. Molina, Org. Lett. 2004, 6, 4599; e) 1. Ratera, D.
Ruiz-Molina, J. Vidal-Gancedo, J. J. Novoa, K. Wurst, J.-F. Le-
tard, C. Rovira, J. Veciana, Chem. Eur. J. 2004, 10, 603.

a) Y. Yao, Q.-T. Zhang, J. M. Tour, Macromolecules 1998, 31,
8600; b) Q.-T. Zhang, J. M. Tour, J. Am. Chem. Soc. 1997, 119,
9624.

[10] T. E. O. Screen, 1. M. Blake, L. H. Rees, W. Clegg, S.J. Bor-

wick, H. L. Anderson, J. Chem. Soc. Perkin Trans. 1 2002, 320.

[11]M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,

M. A. Robb, J. R. Cheeseman, J. A. Montgomery Jr, T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tom-
asi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. L1, J. E. Knox, H. P. Hratch-
ian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli,
J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Sal-
vador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck,
K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Ba-
boul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Lia-
shenko, P. Piskorz, I. Komaromi, R. L. Martin, D.J. Fox, T.
Keith, M. A. Al-Laham, C.Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, C. Gonzalez, J. A. Pople, Gaussian03, Revision B.04,
Gaussian, Pittsburgh, PA, 2003.

[12] We carried out the geometric optimization calculation on A by

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

using the same basis set as used for 3a.

275

WWW.Eurjoc.org



FULL PAPER

J.-Y. Balandier, A. Belyasmine, M. Sall¢

[13]a) R. Akaba, K. Tokumaru, T. Kobayashi, Bull. Chem. Soc.
Jpn. 1980, 53, 1993; b) M. Traetteberg, I. Hilmo, R.J. Abra-
ham, S. Ljunggren, J. Mol. Struct. 1978, 48, 395; ¢) H. B. Biirgi,
J. D. Dunitz, Helv. Chim. Acta 1970, 53, 1747.

[14]J.-B. Regnouf-de-Vains, M. Sall¢, R. Lamartine, J. Chem. Soc.
Perkin Trans. 2 1997, 2461.

[15]1F. Palacios, C. Alonso, D. Aparicio, G. Rubalies, J. M.
De los Santos, Tetrahedron 2007, 63, 523.

[16] Q. Zhang, C. Shi, H. R. Zhang, K. K. Wang, J Org Chem.
2000, 65, 7977.

[17] G. L'abbé, L. Beenaerts, Tetrahedron 1989, 45, 749.

[18]J. Garin, J. Orduna, S. Uriel, A. J. Moore, M. R. Bryce, S. Weg-
ener, D. S. Yufit, J. A. K. Howard, Synthesis 1994, 489.

[19] M. Sallé, A. Gorgues, M. Jubault, K. Boubekeur, P. Batail,
Tetrahedron 1992, 48, 3081.

[20] Control experiments were also carried out with 3b; addition of
lead perchlorate to this derivative, which is the highest n-donor

276 WWW.eurjoc.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the series, does not result in absorption changes but instead
in partial oxidation of the TTF moiety to the cation-radical.

[21] H. Tsukube, H. Furuta, A. Odani, Y. Takeda, Y. Kudo, Y. In-
oue, Y. Liu, H. Sakamoto, K. Kimura in Comprehensive Supra-
molecular Chemistry (Eds.: J. L. Atwood, J. E. Davies, J.-M.
Lehn, D. D. MacNicol, F. Vogtle), Pergamon Press, Oxford,
1996, vol. 8 pp. 425-482.

[22] From this point of view, the situation is clearly different from
the case of the 2-pyridyl isomer, see ref.[*?l. The contribution
of the two nitrogen atoms is nevertheless significantly different
in the case of ref.*?), since in the solid state, N+-Cu!! distances
are as different as 2.690 and 1.994 A for pyridyl and imine
nitrogen atoms, respectively.

Received: July 27, 2007
Published Online: October 19, 2007

Eur. J. Org. Chem. 2008, 269-276



