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The synthesis of a series of crown ether substituted vinylogous tetrathiafulvalenes (TTFVs) has been
carried out through oxidative coupling of bisdithiafulvenes. These new receptors have been fully
characterized using electrochemical, spectroelectrochemical, and molecular modeling experiments. These
studies show that, upon oxidation, either a clip movement (TT8a/s) or a stretch movement (TTFV

30) occurs, depending on the length of the crown ether chains. Preliminary electrochemical studies,
undertaken on TTF\Bc in dichloromethane, show a little shift of the first standard oxidation potential
toward more positive values upon addition of the'Pion, but a considerable variation of the electron-
transfer kinetics. This result introduces an interesting concept for the preparation of sensors not based on
thermodynamic variations but on kinetic modifications of the electron transfer.

3c2+

Introduction information and an easily controllable mobile unit for encoding
the information. An interesting electrochemically driven motion
has already been observed in the redox-active vinyloguous
tetrathiafulvalene (TTFV) framework. Indeed, all the neutral

systems capable of realizing this transformation would involve TTFVs substituted (R) on the central conjugation exhibit

a transducer such as a redox-active species for transferrin théw_nplanar strgctures, due to steric hindraheehile for. the
P 9 oxidized species, the TTFV cores become planar with the R

The concept of induced molecular movement has been
proposed as a convenient tool for transforming chemical
information to electrical informatiof.2 The design of molecular

*To whom correspondence should be addressed. Fax33)-2-23-23- substituents located in planes perpendicular to that formed by
67-38.
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FIGURE 1. Schematic representation of the stretch movement observed with TTFVs upon oxidation.
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FIGURE 2. Schematic representation of the clip movement observed

with some cyclic TTFVs upon oxidation.

the TTFV core (Figure 1j.These large and fast reversible

structural changes associated with the electron transfer at easily
attainable oxidation potentials can be compared to stretch

movemeng
According to the molecular structure of the TTFVs, a second

chemistry’8 To test our hypothesis, we investigated the
synthesis of a series of crown ether vinylogous TTFs where a
poly(oxyethyl) ligand of variable length is linked via the two
phenyl groups to the central conjugation of these cyclic
vinylogous TTFs3. First, electrochemical and spectroelectro-
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2a A= (CHp)3 3an=2
2b A= (CHp), 3bn=3
2¢c A= (CHp)12 3cn=4

chemical investigations were performed to analyze the influence

type of movement can be triggered by electron transfer. Indeed,of the crown ether ligand length on the nature of the molecular
the presence of a short bisthioalkyl link between the two dithiole movements induced by electron transfer. Molecular geometry
rings such as in cyclic TTFVs prevents any stretch motion, and optimizations were realized to rationalize the observed experi-
upon oxidation, the two dithiolium rings become closer and a ments. Preliminary experiments on the ligating ability of these
clip movement occurs (Figure 2)it is worth noting that with crown ether vinylogous TTF8 are also reported. Even if the
a longer bisthioalkyl link (e.g., (Chli2), the motion is similar ligating part of the molecule is far from the redox-active center,
to that observed in the noncyclic derivative. complexation alters the structural changes and therefore the
Interestingly, the presence of the bisthioalkyl link modifies redox properties.
marginally the donor ability of these molecules compared to
the noncyclic one but has an influence on the oxidation
processes. For instance, when=Rp-MeOGH,, two close,
reversible, monoelectronic transfers occur foand 2c (A =

Results and Discussion

The main approach to the synthesis of substituted vinylogous
(CHy)12) while for 2ab (A = (CHy)s, (CHy)s) a bielectronic TTFs consists first of the preparation of the 1,4-dithiafulvene
transfer leads directly to the dication spedieBhe different derivative and then the formation of the vmqugqusl'gTF core
exchange processes are tightly bound to the different types ofPby oxidative coupling of two dithiafulvenyl moietiés’® The
molecular movement, so if an external element impedes or
gela;]ys tlhe strert]ch mo'luon, the mforrr?atlon shoyld b?] translgted W.: Leevy, W. M.: Weber. M. EChem. Re. 2004 104, 2723.

_yt e electrochemica process. In this connection, t e introduc- (8) Cram, D. J.; Cram, J. M. I€ontainer molecules and their guests
tion of a crown ether moiety attached to each mobile part of Stoddart, J. F., Ed.; RSC, University of Birmingham: Birmingham, U.K.,
the redox-active framework instead of the bisthioalkyl link 1994

. . (9) (a) Kirmse, W.; Horner, LLiebigs Ann. Chem1958 614, 4. (b)
should not modify the redox answer of the molecule, provided Mayer, K.. Kreber, H.J. Prakt. Chem1974 316 907. (c) Cava, M. P.:

no cation is present. Indeed, crown ethers are well-known as Lakshmikantham, M. VJ. Heterocycl. Chem980 17, S39. (d) Scfiberl,
efficient ligands toward various cations depending on the size U.; Salbeck, J.; Daub, Adv. Mater. 1992 4, 41. (e) Benahmed-Gasmi,

; ; hagt A.; Frere, P.; Roncali, J.; Elandaloussi, E.; Orduna, J.; Garin, J.; Jubault,
of the cavity and therefore as the basis for est M.; Gorgues, A Tetrahedron Lett1995 36, 2983. (f) Bellec, N.; Lorcy,

D.; Robert, A.; Carlier, R.; Tallec, AJ. Electroanal. Chem1999 462
137.

(10) (a) FourmigeM.; Johannsen, I.; Boubekeur, K.; Nelson C.; Batall,
P.J. Am. Chem. S0d4.993 115 3752. (b) Ftee, P.; Benahmed-Gasmi, A.
S.; Roncali, J.; Jubault, M.; Gorgues, A.Chim. Phys. Phys.-Chim. Biol.
1995 92, 863. (c) Gonzalez, S.; Martin, N.; Sanchez, L.; Segura, J. L.;
Seoane, C.; Fonseca, |.; Cano, F. H.; Sedo, J.; Vidal-Gancedo, J.; Rovira,
C.J. Org. Chem1999 64, 3498. (d) Roncali, JJ. Mater. Chem1997, 7,
2307. (e) Lorcy, D.; Guerin, D.; Boubekeur, K.; Carlier, R.; Hascoat, P.;
Tallec, A.; Robert, A.J. Chem. Soc., Perkin Trans. 2000 2719. (f)
Hascoat, P.; Lorcy, D.; Robert, A.; Carlier, R.; Tallec, A.; Boubekeur, K.;
Batail, P.J. Org. Chem1997 62, 6086.

(7) (a) Pedersen, C. J. Am. Chem. S0d.967, 89, 7017. (b) Gokel, G.

(4) (a) Lorcy, D.; Le Maguers P.; Rimbaud, C.; Ouahab, L.; Delhaes,
P.; Carlier, R.; Tallec, A.; Robert, ASynth. Met.1997 86, 1831. (b)
Rimbaud, C.; Le Maguess P.; Ouahab, L.; Lorcy, D.; Robert, Acta
Crystallogr. 1998 C54, 679. (c) Yamashita, Y.; Tomura, M.; Tanaka, S.
Imaeda, K.Synth. Met1999 102 1730. (d) Yamashita, Y.; Tomura, M.;
Imaeda, K.Tetrahedron Lett2001, 42, 4191. (e) Yamashita, Y.; Tomura,
M. J. Solid State Chen2002 168 427.

(5) Bellec, N.; Boubekeur, K.; Carlier, R.; Hapiot, P.; Lorcy, D.; Tallec,
A. J. Phys. Chem. £00Q 104, 9750.

(6) Guerro, M.; Carlier, R. Boubekeur, K.; Lorcy, D.; Hapiot,J? Am.
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4656 J. Org. Chem.Vol. 72, No. 13, 2007



Crown Ether Vinylogous Tetrathiaftdlene Receptors

JOC Article

TABLE 1. Redox Potentials of Bisdithiafulvenes 8ac and TTFV
3a—c?

SCHEME 1

o _ Epa(V), Es, E2 (V), E(V),
CH.Cl, CHClI, CHsCN

H PSeSL T T N Towe
e I(OI)_(IOEt) H 8a 0.46 3a 0.33 0.28
2CCels s 2 H 8b 0.47 3b 0.31 0.30
4 0,CCeHs OH 8c 0.49 3c 0.19,0.34 0.25
6 7
aE in volts vs SCEn-BusNPFs, Pt, 0.1 M, scanning rate 0.1 V/s.

SCHEME 2

Me Me >=<
Me_  Me = d % a reversible oxidation system at a less positive potential than

- s_$ e . CE
S>_<S NaH / THF I@\ the starting dithiafulvenes. The electrochemical behavior is quite
H H
HIL@ 150 O ots o o
OH

similar for both the monodithiafulveneé and 7 and the
8an=2(69%)

bisdithiafulvenesa—c. It can be noticed that thg,, values of
bisdithiafulvenesBa—c are not influenced by the chain length
and are close to that observed for the dithiafulv@ni,, =

’ il 0.46 \V vs SCE), while fol6 (Epa = 0.65 V vs SCE) theEps
value is positively shifted due to the presence of the electron-
SCHEME 3 withdrawing effect of the substituentBsCO,. These electro-
Me Me chemical investigations carried out on the bisdithiafulvenes
Me>:<Me Me>:<M€ Me\(ks I Me 8a—c show that upon oxidation two dithiafulvene cores couple
S_S S S l2 S\ /% into a redox-active vinylogous TTF. However, since elec-
.y NayS,04 trodeposition occurs at the electrode, forming an insoluble*ftim,

we could not perform electrochemical synthesis of the vinylo-

gous TTF, as realized previously for other TTFV derivatives.
To avoid the electrodeposition, we favor the chemical

coupling instead of the electrochemical one for the preparation

O Q
O\—é/o \%/O

Yo, O

N

8an=2 3an=2 (54 %)
onzs 3bn =3 (48 %) of the vinylogous TTF8a—c (Scheme 3). The bisdithiafulvenes
cn=4 3cn=4(52%)

8a—c were oxidized in the presence of iodine, and the solution
was then treated with a large excess of,$6,.2915 The
vinylogous TTFs 3a—c resulting from the intramolecular
coupling are isolated as viscous oils. The redox behavior of
these derivatives has been analyzed by cyclic voltammetry in
acetonitrile and dichloromethane, and their redox potentials are
collected in Table 1.

In acetonitrile, it can be noticed that they all present only
one reversible bielectronic oxidation wave and that the size of
the poly(oxyethyl) chain does not influence significantly the
electron-donating properties of the TTF8a—c. Interestingly,
in dichloromethane the redox behavior depends on the size of
the poly(oxyethyl) chain. For the shorter chains, such as those
in 3aand3b, one reversible oxidation wave was observed, while
for 3c two close reversible monoelectronic processes were

bisdithiafulvenyl derivatives were synthesized according to the
chemical pathway described in Scheme 1. Our key material is
the dithiafulvener substituted with g-phenol group which is
smoothly prepared, starting fropshydroxybenzaldehyde. First,
we protected the phenol group with a benzoate moiety to prepare
the aldehydet,!* and the reaction of with the 4,5-dimethyl-
1,3-dithiolylphosphonate anio®, generated from the 4,5-
dimethyl-1,3-dithiolylphosphonate in the presence of Buli,
afforded dithiafulvenes in 65% yield. Treatment ob with
cesium carbonate in refluxing dimethoxyethane (DME}-
duces the deprotection of the phenol group and the formation
of dithiafulvene7 in excellent yield (90%).
Bis(p-toluenesulfonates) of polyethylene glycol with a chain
of various lengths, tri-, tetra-, and pentaethylene glycol, were
used in the following step. The dithiafulvenylphefolas first observed.
treated with sodium hydride in dry THF, and 1/2 equiv of the ~ 1his behavior can be compared to what was observed on
polyethylene glycol bis(p-toluenesulfonates) was added in dilute CYclic vinylogous TTFs2, where the two dithiole rings are
conditions (Scheme 2). The corresponding bisdithiafulvenes linked through the outer sulfur atoms with an alkyl chain of
8a—c were isolated in good yields after column chromatography. Various lengths (A= (CHa)s, (CHps, (CH)1a). All these
All the dithiafulvenes8a—c have been analyzed by cyclic derivatives exhibited only one reversible bielectronic oxidation

voltammetry in dichloromethane, and their oxidation potentials Wave in acetonitrile, while in dichloromethane the signature of
are listed in Table 1. These derivatives exhibit on the first anodic the électroactive species was dependent on the size of the alkyl
scan an irreversible oxidation wave, and upon successive scan&hain. For the shorter bridging chains ¢A(CH)3 or (CH,)4)

a reversible system appears at a lower potential than the firstonly one reversible wave was observed; thus, in this case the
oxidation peak. This is classical behavior for dithiafulvenes as, Neutral TTFVs2ab are directly oxidized to their dicationic form.
upon oxidation, the radical cation which forms dimerizes to a Contrariwise, when the bisthioalkyl chain was longer £A
protonated species, leading, after deprotonation, to the vinylo- (CH2)12), the redox behavior a2c was found to be similar to

gous TTF3 The vinylogous TTFs formed in the medium exhibit  that of the noncyclic vinylogous TT&, which is two close
monoelectronic wave®.The poly(oxyethyl) chain i3 and the

(11) (a) Staedler, P. AHelv. Chim. Acta 1978 61, 1675-1680. (b)

Greene, T. W.; Wuts, P. G. WProtective groups in organic synthesisrd
ed.; Wiley: New York, 1999; see also references cited therein.

(12) Zaugg, H. EJ. Org. Chem1976 41, 3419.

(13) Hapiot, P.; Lorcy, D.; Tallec, A.; Carlier, R.; Robert, A. Phys.
Chem 1996 100, 14823.

(14) Massue, J.; Ghilane, J.; Bellec, N.; Lorcy, D.; HapiotERctro-
chem. Commur2007, 9, 677.

(15) (a) Mler, H.; Salhi, F.; Divisia-Blohorn, BTetrahedron Lett1997,
38, 3215. (b) Lorcy, D.; Rault-Berthelot, J.; Poriel, Electrochem.
Commun 200Q 2/6, 382.
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TABLE 2. Amax (nm) Associated with the Different Species
Produced upon Oxidation

radical
TTFV neutral cation dication
1 335 597, 700 585
3b 344 380
3c 340 585, 704 450

p-MeO substituents il and 2 induce close electronic effects
on the aromatic ring, and therefore, the different redox behavior

observed here is unambiguously attributable to steric hindrance

induced by the size of the poly(oxyethyl) links and can be
correlated to molecular movements of opposite nature associate
with the electron transfer. Indeed, for the cyclic vinylogous TTFs
2 with short bisthioalkyl links, a fast molecular clip was
activated upon electron transfer, while for the longest chain or
the noncyclic vinylogous TTFL, a stretch movement was
induced upon oxidatiof Therefore, the redox behavior of the
cyclic TTFVs 3a—c appears to be similarly dependent on the
size of the bridging poly(oxyethyl) chain. If this link is long
enough 8c), it will allow a stretch movement upon electron
transfer, while if it is shorter, a clip movement occugs,b).

To confirm the influence of the poly(oxyethyl) chain on the

molecular movements, we performed spectroelectrochemical

experiments or3b and3c, where the species produced during
exhaustive oxidation are followed by spectral changes and
compared with noncyclic TTFW. The absorption values of

the neutral, radical cation, and dication species are summarized

in Table 2. All the neutral species exhibit similar YVis
spectra with amax ~ 340 nm, indicating that, with or without
the bridging chain, the vinylogous TTF skeletons present the
same conformations with no significant influence of the bridge.
Actually, the X-ray molecular structure df was previously
reported showing nonplanar geometry; thus, a similar spatial
arrangement of the electroactive core3ican be envisagew.
Analyses of the UV-vis spectra upon oxidation show two
different cases (Figure 3). On one hand, with the longest
bridging chain such as witBc the formation of the radical cation

Massue et al.

functional theory) gives good agreement between the X-ray data
and calculated conformations for cyclic and noncyclic TTFVs.
Therefore, calculations could provide useful information on the
molecular geometries &a—c since we did not obtain crystals

of these derivatives. As can be seen in Figure 4, the chain link
does not considerably affect the geometry of the molecules at
the neutral state. However, when the TTR¥s-c are viewed
along the central €C axis (Figure 4, bottom), the molecular
geometry seems slightly more constrained with the shortest link,
TTFV 3a The acute dihedral angle based on this centraCC
bond for the two dithiole rings iBa, 3b, and3cincreases with

the length of the crown ether chain and amounts to%566.7,

(fnd 68.2, respectively. The comparison of these angle values

o that observed in the neutral structurelpfvhich amounts to
74(1y, evidences the strain release fr@ato 3b, while the
further addition of one oxyethyl spacer iBc moderately
influences the value of this angle.

As far as the dicationic forms are concerned, two isomers
were obtained depending on the length of the poly(oxyethyl)
chain. For3a?* and3b?* the calculations evidence t@asomer
on the central €&C double bond with the two dithiolium rings
on the same side resulting from a clip movement, whereas for
3¢, theE isomer is obtained with the two dithiolium rings on
each side of the central double bond resulting from a stretch
movement. The evolution of the acute dihedral angles based

Me Me

Me ANg

oo,

Z for 3a 3b

E for 3c

on this central &C bond for the two dithiole rings i3a"
and3b?t amounts to 46.9and 51.2, respectively, evidencing

(large peak around 585 nm and absorbance in the 704 nm rangey, gecrease of the value of this angle in the dicationic species

was initially visible before the formation of the dication (only
one peak around 450 nm). On the other hand3kothe dication

is produced directly with a broad absorption bandiaix ~

380 nm, evidencing a completely different dicationic backbone
for the vinylogous TTF core. The spectroelectrochemical
experiments confirm that the nature of the molecular movement,
and therefore the redox behavior, is influenced by the size of
the bridge and that only the poly(oxyethyl) chaindais long

enough to enable a stretch movement as observed in the

nonrestrained molecule or 2c (A = (CHy)12).
By contrast with the noncyclic analogude the signature of

compared to those observed in the neutral specieSc,lthe
poly(oxyethyl) chain is long enough to allow an opening out
of the molecule evidenced by the fact tBat* exhibits an acute
dihedral angle of 154%8(Figure 5C). Moreover, compared to
the 180 expected for a planar geometry of the TTFV core and
observed ir2* 4 the slightly folded structure obtained fa¢2*
is in agreement with the hypsochromic shift &f.x noticed
during the spectroelectrochemical experiments above.

All these experiments, electrochemical and spectroelectro-
chemical, and calculations support the fact that the presence of
at least a hexakis(oxyethyl) chain connecting the two aromatic

the dicationic SpeCieS is observed at different Wave|engthS (450r|ngs on thq)ara pos|t|0n ofthe TTFV is necessary to allow a

nm for 3cand 585 nm fol). As already mentioned above, the
dicationic species of TTF\?" has been characterized by X-ray
diffraction analysis and the vinylogous TTF skeleton was proved
to be planar. Therefore, the hypsochromic shiftqfx observed

for the absorption band of the dicationic specBz3t might
indicate a slightly distorted dicationic conformation.

To get additional information on the neutral and the dicationic
states of the TTFVs3a—c, we used molecular modeling
calculations to determine their geometries. As previously
reported for cyclic and noncyclic TTFVs, when the X-ray

stretch movement upon oxidation in the case3.of
Poly(oxyethyl) chains are well-known for complexing a large
variety of cations depending on the sizes of the cation and the
poly(oxyethyl) chain'® Several redox-active moieties such as
ferrocené’ or tetrathiafulvalent have been functionalized with

(16) Boulas, P. L.; Gomes-Kaifer, M.; Echegoyen,Angew. Chem.,
Int. Ed. 1998 37, 216.

(17) (a) Beer, P. D.; Gale, P. A.; Zheng, ChengG®ord. Chem. Re
1999 185-186, 3. (b) Miyaji, H.; Collinson, R. S.; Prokes, Chem.
Commun2003 1, 64. (c) Oton, F. O.; Tarraga, A.; Velasco, D. M.; Molina,

structure is obtained, molecular modeling based on DFT (density P. Dalton Trans.2005 7, 1159.
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FIGURE 3. UV—vis spectroelectrochemistry 8b (5 x 1074 M) (top) and3c (5 x 1074 M) (bottom) in CHCl, (0.2 M BwNPFR;). Oxidation on
a platinum grid (N= neutral, RC= radical cation, DC= dication).

either crown ether or acyclic receptors to make receptors capableas Lit, Na", K*, C#*, P#", and B&". If the studies are
of electrochemically monitoring the complexation of the cations. performed in acetonitrile, no significant modification of the
In the case of TTF-derived receptors, the recognition, monitored voltammograms oBa—c is observed, regardless of the tested
by cyclic voltammetry, usually results in a positive shift of the cations. Similarly, using a dichloromethane solution3afb,
first redox potential due to the binding of the positively charged no modifications of the cyclic voltammograms are observed.
ion in close vicinity of the TTF core. However, as soon as the Actually, only the cyclic voltammograms of the TTR¢ exhibit
ether ligand is not directly linked to the donor core, via for some modifications in the presence of?PlfFigure 6A). As
instance a phenyl ring, only a very weak positive shXE(< shown above, in the absence of cation, TT8%exhibits the
10 mV) of the first oxidation process associated with the classical two-reversible-wave behavior. After progressive aliquot
complexation can be detected by cyclic voltammetry, due to a addition of PB*, the first oxidation wave becomes broader and
lack of communication between the receptor and the electro- the anodic peak potenti&,, is shifted to more positive values
active unit!® Basically, a similar situation can be envisioned whereas the corresponding cathodic peak poterfgl is
with TTFV 3, where the poly(oxyethyl) chain could also behave negatively shifted. In fact, the modification mainly affects the
as a ligand toward guest cations, but the fact that the binding peak to peak separatioAE, = Epa — Epc) which passes from
site is located far away from the redox-active core should render 65 to 185 mV between curves a and d and not the midpoint
the electrostatic repulsion usually observed in simple TTF value that is characteristic of the redox potential of the couple
receptors negligible. (E° = (Epa + Epd/2), which changes by around 10 mV. It is
Complexation studies have been performed on TTB&sc noticeable that these modifications are observed for a low ratio
using cyclic voltammetry by adding aliquots of test guest cations of Pl?* to 3c. When the PB' ratio is higher than 0.2 equiv, the
solubilized in CHCN. Several cations have been tested such complex formed in situ becomes insoluble in dichloromethane
and a precipitate in the medium is observed. This suggests that
N (18)A(a%?I__ehDerf, F.;PMaBzar}i{ |\/|J Mgrci_er,Jl\l.;S_e(zjvillainj E.(;;'I'Irli[ipél.:;l one PB" is presumably ligated to more than one redox-active
R arsies it WS 0L T 40 (5 Ly, TTEV, inducing the precipitation of the aggregéteThis
Le Derf, F.: Levillain, E.: Mazari, M.: Salle, M.: Dubois, L. Viel. p..  unexpected feature unfortunately impedes the in-depth inves-
Bureau, C.; Palacin, S. Am. Chem. So@004 126, 12194. (c) Lyskawa, tigations of the process through either electrochemical or

J.; LeDerf, F.; Levillain, E.; Mazari, M.; Salle, Meur. J. Org. Chen2006 solutionH NMR studies®

10, 2322. (d) Delogu, G.; Fabbri, D.; Dettori, M. A.; Salle, M.; LeDerf, F.; s . .

Blesa, M. J.; Allain, M.J. Org. Chem2006 71, 9096. In other words, the effect of the addition is consistent with a
(19) Beer, P. D.; Danks, J. F.; Hesek, Polyhedron1995 14, 1327. decrease of the electron-transfer rate condtarnwhich varies

J. Org. ChemVol. 72, No. 13, 2007 4659
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FIGURE 5. Optimized geometries calculated at the BSLYP/6-31G* level of the dicationic cyclic TTFV derivaage¢A), 3b°+ (B), and3c* (C).

by at least 1.5 orders of magnitude and has very little effect on that a possible passivation of the electrode surface is likely not
the thermodynamics (variation &). It is also noticeable that  responsible for the kinetics decrease. Also directed to this end,
the second wave remains almost unmodified, which indicates the peak to peak separation of the first transfer increases with

4660 J. Org. Chem.Vol. 72, No. 13, 2007
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FIGURE 6. Voltammograms of TTF\3c (1.4 x 107 M) in CH.Cl,
with 0.1 M n-BusNPFs (A) at a 0.5 V/s scan rate in the presence of
increasing amounts of PH{Pb(CIQy),) [(a) without Pb(CIQ),, (b) 0.05
equiv of Pb(CIQ), (c) 0.1 equiv of Pb(CIg), (d) 0.15 equiv of Pb-
(ClO4)2] and (B) with 0.15 equiv of Pb(CIg), at different scan rates.

the scan rate from 0.2 to 2 V/s in the presence of 0.15 equiv of
Pb(CIQy), (Figure 6B). This behavior is clearly different from

those previously reported when complexation occurs. Generally, 1

the addition of a cation in a solution containing the electroactive
molecules bearing a crown ether moiety results in a modification
of the apparent oxidation potential, i.e., of the electron-transfer
thermodynamics due to the existence of fast equilibrium. To

explain our observations, we should recall some previous results

concerning the factors controlling the activation energy of the
electron transfer. For similarly hindered TTFVs, we found that
the molecular movement is concerted with the electron transfer,
which implies that the “extra” reorganization energy due to the
conformational changes is part of the total activation energy of
the electron transfer, and we have shown that most of the
molecular movement occurs during the first electron trarfsfer.
Experimentally, for3c the presence of the molecular modifica-
tion is visible from the lower rate constant measured for the
first electron transfer than the value for the second énes
0.035 cms™! andks = 0.12 cms™1, respectively, for the first
and the second electron-transfer procedsdadeed, in the

(20) At this lead concentration, a voltammogram with two distinct waves
similar to the first voltammogram obtained without lead but with this time
a lower current is observed. As the complex formed between T3¢ahd
PB?* precipitates in the medium, the only electroactive species in solution
is some uncomplexed TTFSc.
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framework of the MarcusHush modefP?23the reorganization
free energy of the electron transfircis composed of a solvent
reorganization termip elec @nd an intramolecular reorganization
term, Lieleo Aelec= Aoelect Zielec The electrochemical standard
rate constantks, which characterizes the electron-transfer
kinetics, is then derived from the reorganization terms:

_ e exp[_ Floerect Aicied
ks ART
with Z¢' = (RT/2zM)¥2 (M = molar mass) andg eec= 3/a (a
= radius of the equivalent sphere, A} ¢ec characterizes the
solvent reorganization and should not be considerably modified
by the complexation. On the contrary, we can postulate that
when the lead cation is complexed by the crown ether ring in
the neutral TTFV3c, this complexation brings some more
rigidity to the molecule that will mainly affect the molecular
movement and thugeec The origin of the effects is thus
different from that of the “classical cases reported in the
litterature”. Here the complexation is not visible because of some
electrostatic interactions between the TTFV and the cation which
affect the stability of the reduced and oxidized species and thus
the apparenk?®, but we can propose that complexation induces
an increase of the rigidity and thus a higher activation energy
of the concerted electron transfer with the conformational
changes. Considering the estimation of thevariation, the
change of the activation energy, due to the higher rigidity of
the molecular framework, can be estimated to be on the order
of 0.3 eV.

Conclusion

A series of vinylogous TTFs bearing a crown ether binding
site of variable length have been synthesized. Both spectro-
electrochemistry and molecular modeling based on DFT support
the fact that a crown ether chain comprised of six oxygens is
necessary to obtain a stretch movement of the TTFV core upon
oxidation. Complexation studies have been undertaken on these
derivatives, and preliminary results suggest that the recognition
process involves both selectivity and sensitivity. Indeed, the
TFV bearing the longest crown ether chain (composed of six
oxygens) is the only one in the series synthesized to provide an
optimal coordination environment for Pbcations. Besides, the
low concentrations of P involved in the complexation process
suggest a high sensitivity of these receptors for cations, which
might be due to the rigidification of the crown ether ring after
complexation. This rigidification appears as a decrease of the
apparent electron-transfer kinetics and has little effect on the
thermodynamics as the crown ether is far from the redox center.
Unfortunately, the lack of solubility of the metallic salts in
dichloromethane limits deeper investigations, as the complex
formed in situ precipitates out in the medium after addition of
0.2 equiv of PB". Current investigations are in progress to
synthesize new crown ether based receptors which would exhibit

(21) (a) Assuming the ButtlerVolmer law, a transfer coefficient af
= 0.5, and a value for the diffusion coefficie®t = 10°°> cm-s™%. (b)
Savant, J.-M.Elements of molecular and biomolecular electrochemistry:
an electrochemical approach to electron transfer chemisiiley-
Interscience: Hoboken, NJ, 2006.

(22) (a) Marcus, R. A. XChem. Phys1956 24, 966. (b) Marcus, R. A.
J. Chem. Phys1956 24, 979. (c) Hush, N. SJ. Chem. Phys1958 28,
962. (d) Hush, N. STrans. Faraday Sacl961, 57, 557. (e) Marcus, R. A.
J. Chem. Phys1965 43, 679.

(23) Kojima, H.; Bard, A. JJ. Am. Chem. Sod 975 97, 6317.
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a better solubility in dichloromethane, especially when a cation
is inserted inside the complexing cavity, and would allow the
in-depth investigation of the process.

Experimental Section

Dithiafulvene 6. To a solution of dithiole phosphonafe(1 g,
3.73 mmol) in 80 mL of freshly distilled anhydrous THF was added
dropwisen-BuLi (2.57 mL, 4.1 mmol, of a 1.6 M solution in
hexane) at-78 °C under an inert atmosphere. After the resulting
solution was stirred for 20 min at-78 °C, a solution of
4-formylphenyl benzoated( 928 mg, 4.1 mmol) in 5 mL of THF

Massue et al.

Data for compound 8l yield 74%;R; = 0.38;'H NMR (CDCls,
300 MHz)0 1.94 (s, 6H, Ch), 1.95 (s, 6H, Ch), 3.72 (m, 8H, CH)),
3.85 (M, 4H, CH), 4.13 (m, 4H, CH), 6.38 (s, 2H, CH), 6.91 (d,
4H, CH Ar) 7.18 (d, 4H, CH Ar)23C NMR (CDCk, 75 MHz) ¢
13.3,14.1,67.9,70.2,71.1,71.2,121.0,121.1,111.8, 115.1, 128.1,
130.7, 131.5, 156.8; HRM3r(/2) calcd for G,Hz50s54 [M + NaJ*
653.1500, found 653.1492. Anal. Calcd fo5,B835055,-0.75CH-
Cly: C, 56.64; H, 5.69. Found: C, 56.70; H, 5.77.

Data for compound 8c yield 77%;R: = 0.30;'H NMR (CDCls,
300 MHz) 6 1.93 (s, 6H, CH), 1.94 (s, 6H, CH), 3.70 (m, 12H,
CHy), 3.84 (m, 4H, CH), 4.12 (m, 4H, CH), 6.36 (s, 2H, CH),
6.89 (d, 4H, CH Ar), 7.16 (d, 4H, CH Ar}3C NMR (CDCk, 75

was added. The reaction mixture was then allowed to reach roomMHz) ¢ 11.9, 12.6, 66.4, 68.7, 69.6, 69.7, 110.3, 113.6, 119.6,
temperature and stirred for an additional 12 h. The solvent was 119.7, 126.7, 129.2, 130.1, 155.3; HRM&3) calcd for G4H406S,

then removed under vacuo, and 60 mL of £y was added to

[M + H] 675.1943, found [M+ H]** 675.1934. Anal. Calcd for

the residue. The organic phase was washed with water and driedCy,H,,0sS,-0.33CHCl,: C, 58.84; H, 5.81. Found: C, 58.56; H,
over MgSQ, and the solvent was evaporated. After chromatography 5.68.

on silica gel using dichloromethamepentane (1:1) as eluent, the
dithiafulvene6 was obtained as a yellow powder (824 mg, 65%):
mp 164°C; *H NMR (CDCl;, 300 MHz) 2.01 (s, 6H, CH), 6.48
(s, 1H, CH), 7.2%7.26 (m, 4H, CHAr), 7.517.68 (m, 3H, CHAr),
8.23-8.27 (m, 2H, CH Ar);13C NMR (CDCk, 75 MHz) 11.8,

12.6 109.5, 119.9, 120.0, 120.6, 126.3, 127.4, 128.5, 129.1, 132.5

133.4,133.9, 146.9, 164.1 IR (KBr; cm1) 1732 (CG=0); HRMS
(El, m/2 calcd for GoH160,S, 340.0591, found 340.0581. Anal.
Calced for GgH1602S,: C, 67.03; H, 4.74; S, 18.84. Found: C,
67.11; H, 4.74; S, 18.08.

Dithiafulvene 7. Cs,CO; (1.24 g, 3,82 mmol) was added to a
stirred solution of dithiafulven® (1 g, 2.94 mmol) in 40 mL of
dimethoxyethane. The reaction mixture was refluxed for 24 h, and

the solvent was removed under vacuum. The residue was dissolve

in 60 mL of CH,Cl,, washed with water (3 50 mL), and dried
over MgSQ. After removal of the solvents, column chromatography
of the crude product on silica gel with dichloromethampéntane
(1:1) as the eluent affordetlas a beige powder (694 mg, 90%):
mp 139°C; 'H NMR (CDCls, 200 MHz)6 1.98 (s, 6H, CH), 5.24
(s, 1H, OH), 6.40 (s, 1H, CH) 6.86 (d, 2H, CHAr) 7.18 (d, 2H, CH
Ar); 13C NMR (CDCk, 50 MHz) 6 14.08, 13.4, 111.8, 115.8, 128.4,
121.1,130.0, 130.7, 131.6, 153.4; HRMS (i&l2 calcd for GoHi
0S, 236.0329, found 236.0321. Anal. Calcd foi:B:,0S: C,
61.02; H, 5.08; S, 27.12. Found: C, 60.93; H, 5.17; S, 26.78.
General Procedure for the Synthesis of Bisdithiafulvenes 8a
c. NaH (186 mg, 4.66 mmol) was added to a solution of
dithiafulvene? (1 g, 4.23 mmol) in 40 mL of distilled THF. The

reaction mixture was refluxed for 1 h, and the appropriate tosylate

was then added (1.9 mmol, 870 mg @&, 955 mg for8b, and
1.04 g for8c) in 5 mL of THF. The solution was refluxed for an
additional 24 h. After removal of the solvent, 60 mL of dichlo-

General Procedure for the Synthesis of Cyclic Vinylogous
TTFs 3a—c. To a solution of the bisdithiafulver@ (1 mmol, 586
mg for 8a, 630 mg for8b, and 674 mg for8c) in 40 mL of
dichloromethane under an inert atmosphere was add@&0 mg,

3 mmol), and the medium was heated to reflux for 8 h. To the

'solution was added a large excess 0b8@, (2 g) to reduce the

dicationic TTFV formed in the medium. The reaction mixture was
refluxed overnight and allowed to reach room temperature. After
filtration of the suspension, the filtrate was washed with water (2
x 50 mL) and dried over MgS§) and the solvent was removed
under vacuum. The TTFVsSa—c were purified by column
chromatography on silica gel using ethyl acetate as the eluent and

dobtained as waxy compounds.

Data for compound 3a:yield 54%;*H NMR (CDCls, 300 MHz)
0 1.94 (s, 12H, CH), 3.60 (s, 4H, CH), 3.75-3.79 (m, 4H, CH)),
4.11-4.19 (m, 4H, CH), 6.71 (d, 4H, CH Ar), 7.14 (d, 4H, CH
Ar); 13C NMR (CDCk, 75 MHz) 6 12.9, 13.7, 67.3, 69.8, 70.8,
112.1,114.5, 115.9, 121.2, 122.0, 127.7, 130.4, 157.3; HRHIS (
2) calcd for GoHz204S, 584.1184, found 584.1163.

Data for compound 3b:yield 48%;*H NMR (CDCl;, 300 MHz)
0 1.86 (s, 12H, Ch) 3.25-3.42 (m, 4H, CH) 3.65-4.05 (m, 8H,
CH,) 4.20-4.22 (m, 4H, CH) 6.82 (d, 4H, CH Ar) 7.32 (d, 4H,
CH Ar); 13C NMR (CDCk, 75 MHz) 6 12.3, 13.1, 66.8, 67.7, 68.7,
69.6,113.5,114.5, 119.5, 126.9, 128.8, 130.5, 132.8, 155.8; HRMS
(ESI, m/2 calcd for G H360sS, 628.1446, found 628.1487, and
calcd for GoHzs0OsNaS; 651.1343, found 651.1345.

Data for compound 3c:yield 52%;H NMR (CDClz, 300 MHz)
0 1.97 (s, 12H, Ch), 3.41 (s, 4H, Ch), 3.48 (m, 4H, CH), 3.61
(m, 4H, CH), 3.78 (m, 4H, CH), 4.18 (m, 4H, CH), 6.85 (d, 4H,
CH Ar), 7.40 (d, 4H, CH Ar)13C NMR (CDClk, 75 MHz) 6 13.3,

romethane was added. The organic phase was washed with waten3.8, 67.8, 69.9, 70.4, 70.5, 70.8, 115.1, 120.9, 122.3, 123.2, 127.9,

(3 x 50 mL) and dried over MgS£After column chromatography
on silica gel using dichloromethamepentane (1:1) as the eluent,
the bisdithiafulvenes were obtained as a viscous oil.

Data for compound 8a:yield 69%;R = 0.42;'H NMR (CDCl,
300 MHz)6 1.84 (s, 12H, CH), 3.65 (s, 4H, CH), 3.74-3.77 (m,
4H, CH), 4.00-4.03(m, 4H, CH), 6.26 (s, 2H, CH), 6.79 (d, 4H,
CH Ar), 7.07 (d, 4H, CH Ar)13C NMR (CDCk, 75 MHz) 6 11.9,
12.6, 66.4, 68.8, 69.8, 110.5, 113.6, 119.5, 119.7, 126.7, 129.6
130.1, 155.3; HRMS (ESIm/2 calcd for GoH3404S; [M + H]
587.1418, found [M + H]** 587.1387. Anal. Calcd for
CsoH340,Ss: C, 61.40; H, 5.84. Found: C, 61.33; H, 6.08.
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131.0, 134.2, 156.9; HRMS (ESh/2 calcd for GaH400sS4
672.1707, found 672.1717.

Supporting Information Available: 'H andC NMR spectra
of 3a—c and 8a—c, HRMS spectrum of3b, drawings of the
optimized geometries at the B3LYP/6-31G* level, values of the
energies in hartrees, and the Cartesian coordinates for the neutrals

'and dications of the investigated TTF\3a—c. This material is

available free of charge via the Internet at http://pubs.acs.org.
JO0701841



