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derivatives offer new possi-
bilities at the molecular to

the supramolecular levels,
as well as in macromolecu-
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/Tetrathiafulvalene (TTF) and its de-
rivatives were originally prepared as
strong electron-donor molecules for
the development of electrically con-
ducting materials. This Review empha-
sizes how TTF and its derivatives offer
new and in some cases little-exploited
possibilities at the molecular to the
supramolecular levels, as well as in
macromolecular aspects. TTF is a well-
established molecule whose interest
goes beyond the field of materials
chemistry to be considered an impor-
tant building block in supramolecular
chemistry, crystal engineering, and in
systems able to operate as machines.
At the molecular level, TTF is a readily
available molecule which displays a
strong electron-donor ability. Howev-
er, its use as a catalyst for radical -
polar crossover reactions, thus mim-
icking samarium iodide chemistry, has
only recently been addressed. Impor-
tant goals have been achieved in the

use of TTF at the macromolecular level
where TTF-containing oligomers, pol-
ymers, and dendrimers have allowed
the preparation of new materials that
integrate the unique properties of TTF
with the processability and stability
that macromolecules display. The TTF
molecule has also been successfully
used in the construction of redox-
active supramolecular systems. Thus,
chemical sensors and redox-switchable
ligands have been prepared from TTF
while molecular shuttles and molecular
switches have been prepared from
TTF-containing rotaxanes and cate-
nanes. A large synthetic effort has
been devoted to the preparation of
the so-called organic ferromagnets,
many of which are derived from TTF.
The main task in these systems is the
introduction of ferromagnetic coupling
between the conduction electrons and
localized electrons. TTF has also
played a prominent role in molecular

electronics where TTF-containing
D-0-A molecules have allowed the
preparation of the first confirmed uni-
molecular rectifier. Recently, it has
been confirmed that TTF can display
efficient nonlinear optic (NLO) re-
sponses in the second and third har-
monic generation as well as a good
thermal stability. These findings can be
combined with the redox ability of
TTF as an external stimuli to provide a
promising strategy for the molecular
engineering of switchable NLO mate-
rials. Fullerenes endowed with TTF
exhibit outstanding photophysical
properties leading to charge-separated
(CS) states that show remarkable life-
times.

Keywords: donor-—acceptor systems -«
electron transfer - materials science -
supramolecular chemistry - tetrathia-
fulvalene
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1. Introduction

Shortly after Wudl reported the synthesis of tetrathiafulva-
lene (TTFE, 1) in 1970, the first “organic metal” tetrathia-
fulvalene —tetracyano-p-quinodimethane (TTF-TCNQ) was
discovered.>3 In 1979, the first molecule-based super-
conductor based on the Bechgaard salts [TMTSF[,X
(X=PF,~, AsF; ) was prepared by using a selenium-
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containing TTF analogue, namely tetramethyltetraselenaful-
valene (TMTSF). Since then, and during almost two decades,
a huge amount of work has been carried out to enhance the
electron-donating power of TTF analogues in order to
improve the conductivities of salts and charge-transfer (CT)
complexes derived from them. However, during the last few
years, the utility of TTF derivatives as building blocks in
macromolecular and supramolecular structures, as molecule-
based ferromagnetic compounds, as synthetic intermediates in
organic chemistry, as a donor moiety in intramolecular
donor —acceptor (D-A) systems in nonlinear optic (NLO)
materials and in association with the fullerene core, as well as
in the preparation of liquid crystalline materials and Lang-
muir - Blodgett (LB) films has made TTF one of the most
extensively studied molecules. Thus, during the last few years,
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partial aspects of the synthesis and properties of tetrathiaful- The purpose of this account is not to duplicate those aspects
valenes have been reviewed (Table 1).[624, previously reviewed in the different fields but to give an

overview of recently synthesized TTF-containing systems and
Table 1. Recent reviews on specific aspects of TTE. to summarize their new applications which are different from
Main author Title the extensively studied electrical conductivity. Thus, we will

briefly mention the most recent developments on the

i f6] : e . .
M. R, Bryce Recent progress on conducting CT salts chemical modifications of TTF-containing materials and
V. Khodorkovsky ~ Molecular design of organic conductors!”! h licati f thi . lecul
M. R. Bryce Increasing dimensionality in the solid state!®! concentrate on the new applications of this unique molecule.
G. Schukat TTF chemistry!”)
J. Garin Reactivity of TTF and TSeF!")
K. B. Simonsen Functionalization of TTFI!!] 2. Current Trends in the Development of
T. Otsubo TTF dimers!'! . e .
M. Adam TTF oligomers!" New TTF-Containing Materials
J. Becher TTF oligomers!'l
M. R. Bryce Macromolecular TTF chemistry!'s! Tetrathiafulvalene is a nonaromatic 14-m-electron system in
T Jorgensen Supramolecular TTF chemistry!" . which oxidation to the cation radical and dication occurs
K.B. Simonsen Macrocyclic and Supramolecular TTF chemistry sequentially and reversibly at relatively low potentials (E},, =
M. B. Nielsen Two- and three-dimensional TTF macrocycles!'s! ) . chl
E. Coronado Hybrid polyoxometalates-TTF materials!®® 037V and E3,=0.67V in dichloromethane versus the
J. Roncali Linearly m-extended TTF derivatives?” saturated calomel electrode). In contrast to the neutral TTF
P. Day Molecular magnetic semiconductors, metals and molecule, both the cation radical and dication are aromatic in
M.R.B frqu;rcond;Ctors[z.l ] . lecular CT (a2 the Hiickel sense as a result of the 6m-electron heteroaroma-
.R. - t “mat .. o 1 . .
ryee as T-donors 1 ntramolecutar & t-materials ticity of the 1,3-dithiolium cation, and, therefore, while TTF**
M. B. Nielsen Tetrathiafulvalenes as building blocks in supramo-
lecular chemistry!®! and TTF?* have a planar D2h symmetry, neutral TTF has a
M. R. Bryce Functionalised tetrathiafulvalenes: new applications boatlike equilibrium structure with C2v symmetry.>! How-
as ?’e]rsatﬂe m-electron systems in materials chemis- ever, because of the small difference between planar and
tryl?*

boatlike conformations, TTF (1) is very flexible and can
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appear in various conformations depending on the donor—
donor and donor —acceptor interactions in the crystals.

In the following sections we will outline the main research
lines towards the development of new TTF-containing
systems at the molecular, macromolecular, and supramolec-
ular level.

2.1. Molecular Level

As Bryce has pointed out,?? recent progess in the syntheses
of TTF-containing systems can be divided into the four
following points:

e The possibility of synthesizing TTF in multigram quanti-
ties.120]

e The availability of a great amount of monosubstituted TTF
derivatives by electrophilic substitutuion of lithiated TTE.'%

o The new selective protection/deprotection chemistry of the
thiolate groups of the 1,3-dithiole-2-thione-4,5-dithiolate

(DMIT) system which provides a number of versatile TTF

building blocks.?”

e The discovery of the cyanomethyl protecting group.['!

The reading of the comprehensive review articles by
Schukat et al.®l and Garin['! is highly recomended to get
insight into the rich chemistry of tetrathiafulvalene.

Although in recent years different chemical modifications
have been carried out on the TTF unit to prepare building
blocks for macro- and supramolecular chemistry at the
molecular level, the “classical” chemical modifications carried
out on the TTF skeleton are aimed at increasing the electrical
conductivityl®) and are related to the above outlined proper-
ties: on the one hand by the fine tuning of the donor ability by
changing the substitution pattern and, on the other hand, by
changing sulfur to other chalcogens or by introducing
chalcogens in a peripheral position on the TTF moiety. These
modifications increase the overlap between the chalcogen
atoms and result in the formation of dimers, highly ordered
stacks, or two-dimensional sheets.

The increase in the dimensionality of the charge-transfer
materials has been identified as a priority provided that low-
dimensional conductors are unstable and a suppression of the
metallic state is produced as the temperature decreases. Thus,
during the last few years, the large development in the
chemistry of TTFP-'2] has been taken advantage of to
develop different alternative routes for the replacement of
sulfur by other chalcogen atoms so as to increase the
dimensionality in tetrathiafulvalene chemistry. In 1995, Bryce
reviewed some of these strategies®! including hydrogen
bonding in functionalized TTF derivatives (2, 3) and the
syntheses of TTF analogues with extended x conjugation (4-
8).”1 The syntheses and properties of TTF analogues with
polyalkenic (4), heterocyclic (5), m-conjugated heterocycles
such as oligoheteroarylenevinylene (6), and other rigid z-
conjugated spacers (7) have been reviewed in more detail by
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Roncali.?l More recently, conjugated carbocyclic spacers (8)
have also been used. Roncali points out that by precise control
of the spacer length it should be possible to tune the
conduction mechanism between the “vertical” mixed-valence
conduction of TTF charge-transfer salts to the “horizontal”
polaron/bipolaron conduction of linear systems.?"!

Otsubo et al.,l”] and more recently Becher et al.,l' re-
viewed the different TTF dimers.’ As a result of the
intramolecular through-bond or through-space interactions
between the TTF units, these kinds of TTF derivatives display
multi-stage redox behavior which might provide the possibil-
ity of controlling the stoichiometry, band filling, and molec-
ular assembly in desired conductive complexes.['” The intra-
molecular interaction between the two redox moieties, and
hence between the stacks or slabs, can be modified in a
controlled way by changing the nature of the bridging group
between the TTF units. Figure 1 shows the different types of
bis-TTF derivatives.

nonconjugated linkers conjugated linkers

TTF TTF
(e}
TTF TTF
one linker
0'\ TT.
[TTE | [TTF ) | TTFl/ [ TTF )
(o) T[/
two linkers
TTF ITF
o o Tt Tt
TTE ITF
cyclic

Figure 1. Different types of bis-TTF derivatives.!'%]
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This approach has been developed by Adam and Miillen.[3]
They proposed the syntheses of monodisperse TTF oligomers
by linking TTF subunits through two bridges at positions two
and three of the tetrathiafulvalene molecule using either 7 or
o bonds (9 and 10, respectively). The possibility of introducing

=M -C)

C-CIer eI ~C

10

functional groups on the oligotetrathiafulvalenes allows soluble
materials to be obtained and also makes polycondensation
and polyaddition reactions accessible.!"3I Thus, the compounds
can be used as electroactive conducting rods.?! Other kinds of
TTF oligomers and polymers will be discussed in Section 2.2.5.

A further approach towards the increase of dimensionality
involves the syntheses of nonplanar TTF derivatives.[’
Although for many years there has been a general trend to
design planar TTF analogues for conducting CT complexes in
order to attain efficient intermolecular interaction, it should
be noted that CT complexes of nonplanar molecules still show
conductivities comparable to CT complexes derived from
related planar molecules.??l Some representative examples of
nonplanar TTF derivatives are 11-17. The use of spiroconju-
gation has been claimed as a way of adding dimensionality in
the design of organic molecular materials.”® Thus, TTF
spirodimers such as 11534 and 120 have been synthesized in
which two TTF units are annelated on spirocyclic systems and
hence are rigidly fixed in orthogonal directions.

We have recently reported the first optically active TTF
dimers.* These chiral TTF dimers (13a,b) were prepared by
Wittig or Wittig—Horner reactions from the bis(triphenyl-
phosphonium) salt of a binaphthyl system and the respective
formyl-TTF unit. Although no X-ray data are available to
confirm their ability to form materials with enhanced
dimensionality, they are able to form CT complexes.

Contrary to the unsubstituted vinylogues 14 (R =H),
derivatives containing bulky substituents, such as phenyl
(Ph) or thienyl (Th) groups, exhibit a highly twisted struc-
ture.’’] These types of compounds can be synthesized electro-
chemically by using 1,4-dithiafulvenes as starting materials.
As a result of this lack of planarity, neither the formation of
radical cationP%l and dication saltsP*®! of these compounds nor
their use as components for organic conductors had been
reported until recently. Yamashita et al. reported in 1998 the
first examples of cation radical salts of TTF vinylogues
containing substituents at the vinyl positions (14, R =Ph, R’ =
(CH=CH),).*® Interestingly, although the X-ray data ob-
served for this phenyl-substituted vinylogue show a highly
distorted structure, the molecular structure is drastically
changed upon oxidation. Thus, the cation radical salt 14 - PF
has a planar TTF vinylogue skeleton with the aryl groups
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twisted and amost orthogonal to the framework of the TTF
vinylogue. The donor molecules form an interesting two-
dimensional columnar structure.

The incorporation of cyclic “spacer” groups between two
1,3-dithiafulvenyl rings has also been used to extend & conju-
gation in TTF-based systems. Similarly to the previously
studied TTF vinylogues 14, derivatives 15 exhibit highly
distorted geometries with the central quinoid ring bent into a
boat conformation. This distorsion allows the relief of the
steric congestion between the peri-hydrogens and the sulfur
atoms.” Upon oxidation, donors 15 adopt an almost planar
conformation with the two dithiolium cation rings nearly
orthogonal to the anthracene moiety, thereby preventing
conjugation between the two heterocyclic rings.®l We have
recently reported the preparation and redox properties of
more n-extended TTF analogues of 151 as well as of related
dimeric compounds.®! These compounds exhibit a first
oxidation wave involving two electrons, and lead directly to
the formation of the dication as a result of the corresponding
radical cation having a high instability because of the above-
mentioned steric interactions. Hudhomme, Gorgues, et al.

Angew. Chem. Int. Ed. 2001, 40, 1372-1409
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have reported the synthesis of 16, which contains a TTF unit
fused to a m-extended TTF system.[” Cyclic voltammetry
(CV) investigations on 16 showed three reversible oxidation
peaks, the first one corresponding to a 2e~ process arising
from the m-extended p-quinodimethane analogue of TTF,
while the following two correspond to 1e~ oxidation peaks
related to the TTF moiety. These are of interest for studying
the possible formation of radical cation salts.

New hybrid TTF dimers (17) formed by the parent TTF
molecule in conjugation with the m-extended TTF 15 have
recently been reported. Electrochemical studies show that
these compounds mainly retain the electrochemical proper-
ties of both the TTF and the m-extended TTF components.
Interestingly, the CV studies reveal an intramolecular elec-
tronic interaction between the two moieties. These strong
electron donors were able to form CT complexes with
dichlorodicyano-p-benzoquinone (DDQ), with a donor:ac-
ceptor stoichiometry of 1:3.1*1

Yamashita et al. have reported heterocyclic analogues of 15
in which heterocyclic rings are fused to the central quinonic
core.[*l Substitution of the fused benzene rings by the less
sterically demanding thiadiazole rings results in planar m-
extended TTF derivatives. Yamashita et al. have also pre-
pared derivatives containing a fused benzene ring and a
thiadiazole ring; these molecules have a nonplanar structure
and form metallic radical cation salts.*”] The cyclic voltam-
metric measurements on these compounds show one rever-
sible oxidation wave involving two electrons, which indicates
that the cation radical states are thermodynamically unstable.
However, their radical cation salts were isolated as single
crystals when they were electrochemically oxidized in the
presence of Bu,NPF; in tetrahydrofuran. These radical cation
salts show electrical conductivity, and the solvent molecules
seem to play an important role in the construction of the
crystal structure. ]

To finish with this short resume of the lastest trends in the
development of new TTF derivatives as electrically conduct-
ing materials, it is worth mentioning that in spite of the fact
that studies of conducting charge-transfer complexes have
concentrated almost exclusively on single crystals, other
alternatives have appeared during the last few years. The
Langmuir-Blodgett (LB) technique offers the possibility of
assembling organic molecules with a greater level of structural
control than in the corresponding crystalline material, and
makes it possible to incorporate conducting CT salts into
practical devices.[*”] With this aim, amphiphilic TTF deriva-
tives have been prepared by attaching hydrophobic tails (18—
29) or charged aromatic substituents (30) to the TTF core and
used to make LB films of CT complexes and CT salts.*®!

Organic chemical vapour deposition has been used to grow
TTF-TCNQ layers.[*! The stoichiometry of the deposits can
be controlled by varying the evaporation temperature of the
precursors. While the use of amorphous substrates does not
induce in-plane textures and the microcrystals are randomly
distributed, the use of substrates such as KCl or KBr induce
in-plane orientations. Therefore, the influence of the substrate
on the in-plane texture of the film is very important in
providing a way to control the growth of films of charge-
transfer complexes.P”

Angew. Chem. Int. Ed. 2001, 40, 1372-1409
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An alternative to the above methods for obtaining an
assembly of ordered arrays of TTF-containing molecules is
based on the preparation of mesogenic derivatives by either
attaching a TTF unit to a mesogenic liquid crystalline center
or by incorporating substituents which show mesomorphic
behavior with the TTF moiety."'>) Some of the early
citations®!! presented poorly characterized liquid crystal
behavior. In contrast, 31-35 are representative recent
examples of TTF derivatives exhibiting “proper” liquid
crystal behavior.

Cook et al. attached the TTF unit to a discotic phthalocya-
nine liquid crystalline center to obtain the first discotic liquid
crystalline tetrathiafulvalenylphthalocyanine derivative (31).
They observed by UV/Vis spectroscopy of spin-coated films
that the molecular architecture of this material can be
changed by oxidation with iodine vapor and heating to within
the mesophase region.* In 1995 Miillen et al. reported the
synthesis of the TTF derivative 32. Although the available
data could not distinguish between a nematic or smectic
phase, the mesogenic behavior of 32 was used by incorporat-
ing it as a side chain into a polymer, thus enabling the
electron-donating properties of TTF systems to be combined
with the general characteristics of high molecular weight
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polymers, such as film forming and processability.’3) Unfortu-
nately, polymer 33 exhibited no liquid crystalline phase after
polymerization, which indicated that the TTF moieties act as
separate and independent molecules.

In 1998 Bushby et al. reported on the enantiotropic liquid
crystalline behaviour of TTF derivative 34.5° However, upon
p-doping with 2 mol% of antimony pentachloride to give a
radical cation concentration of about 10?° cm=3 (EPR), the
conductivity of the alternating current was lower than is
normally found in doped discotic liquid crystals. This result
probably indicates that the radical cations formed are highly
localized and/or fixed by the counterions.

Compound 35 is a thermotropic liquid crystal which
displays monotropic behavior and gives the complex 35-1;,
on mixing solutions of 35 and I, in CH,Cl,.’? The results of
microscopy observations and X-ray data unambiguosly in-
dicate a nematic phase for the iodine-doped compound. The
fact that this compound shows mesomorphic behavior after
doping with iodine is a very promising result for the use of
liquid crystalline TTF derivatives in forming highly ordered
supramolecules and new multiproperty materials.

This section should not conclude without mentioning the
great amount of work devoted to the obtention of tetrathia-
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fulvalenes as m-electron donors for intramolecular donor-—
acceptor materials. However, this topic was thoroughly
reviewed by Bryce in 1999, 24 and the reader is referred to
these excelent review articles for complete coverage of the
field. Some of the most interesting aplications of this type of
material will be presented in Section 3.2.

2.2. Macromolecular Systems

In this section we will consider dendrimers, polymers, as
well as macrocyclic systems containing one or more TTF units.

2.2.1. TTF-Containing Macrocycles

Tetrathiafulvalenophanes (cyclophanes containing one or
more TTF units) have been extensively studied. These types
of compounds could have been included in the previous
section devoted to the nonplanar TTF derivatives. However,
the interest in these compounds arises not only for the
increased dimensionality of their charge-transfer salts but
mainly because of their implications in macro- and supra-
molecular chemistry where they might act as receptors for
electron-defficient compounds and, therefore, might be used
for electroactive recognition.

In 1997 Nielsen and Becher reviewed!'® the two- and three-
dimensional TTF macrocycles and classified them into seven
classes:

1. Monomacrocycles, such as 36, which include macrocycles
containing one or two TTF units with different spacers.

2. Oligomeric monomacrocycles including tris-, tetra- (37),
and pentameric TTF monomacrocycles.

3. Bismacrocycles where the central TTF unit can be cyclized
either in the peripheral or the lateral positions and which
include TTF crowns, such as 38 and 39, which contain two
crown ether moieties annelated to the central TTF unit,
and oligomeric bismacrocycles, such as 40, which are
similar to the previous ones but contain more than one
TTF unit.

4. Ribbon compounds, such as 41, in which the tetravalency of
the TTF unit is used to prepare ribbon-type systems.

5. Quadruple-bridged tetrathiafulvalenophanes in which the
TTF units can be either stacked in a face-to-face arrange-
ment (42) or crisscross overlapped (43).

6. Cage molecules, such as 44, which are macrobicyclic
tetrathiafulvalenophanes with three bridges.

7. Donor - acceptor cyclophanes, such as 45, in which the TTF
moiety and an acceptor unit are incorporated into the same
cyclophane.!

Recent research into these types of compounds includes the
syntheses of new bis(tetrathiafulvalene)cyclophanest and
crisscross-overlapped tetrathiafulvalenophanes,5” %! the syn-
thesis and characterization of the first double-bridged tetra-
selenofulvalenophanes synthesized by Otsubo et al.,” the
convergent synthesis of rigid macrocycles containing one or
two TTF units,[®] and the synthesis and characterization of
geometrically constrained tetrathiafulvalenophanes®! by
Becher et al. For a comprehensive treatment of this specific

Angew. Chem. Int. Ed. 2001, 40, 1372-1409
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topic the reading of the review article by Nielsen and
Becher!'® is highly recommended.

2.2.2. TTF Trimers

In Section 2.1 we explained how TTF dimers and oligomers
are of interest because they display multi-stage redox
behavior which might provide the possibility of controlling
the stoichiometry, band filling, and molecular assembly in
desired conductive complexes.l'? Thus, other researchers have
concentrated their efforts on the syntheses of systems
containing three or more TTF units. The oligomeric bismacro-
cycle 40,[! the ribbon compound 41[%* and the cage molecule
441 are examples of systems containing three nonconjugated
TTF units. Other examples of systems containing three
nonconjugated TTF moieties are 46,1 471 and 48,17 while
49,181 50,1001 511701 52711 53[7 and 547 contain three
conjugated TTF units.

Different degrees of interactions between the TTF units are
observed depending upon the geometry of the molecule and
the spacer connecting the TTF units. As these donor
molecules contain three redox-active moieties and each TTF
unit can release two electrons, they should be oxidizable up to
the hexacation. However, in general, the electrochemical
redox properties of the nonconjugated TTF derivatives
correspond to the formation of trications and hexacations,
with no intermediate oxidation states detected. These findings
suggest that there are no Coulombic repulsion effects between
the charged TTF moieties, and that the individual TTF units
are electronically isolated by the spacer groups and do not
interact to any significant extent. Thus, for derivatives 40, 44,
46, and 47 only two oxidation waves were observed, which
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correspond to the oxidation to the trications and hexacations.
However, it is worth mentioning the impact that the
molecular geometry has on the electrochemical behavior.
The cyclic voltammogram of the triple-layered TTF-phane 40
in which the central TTF unit is perpendicular to the
peripheral ones shows two redox waves: the first process

involves a two-electron process and the second one involves a
four-electron process. It is reasonable to assign the first two-
electron process to the oxidation of the two outer TTF units
while the second wave remains unresolved and appears as a
coalescence of the remaining oxidations.®” On the other
hand, the cyclic voltammetric measurements of an isomeric
compound of 40 in which the three TTF units are not
perpendicular but parallel show three waves: the first two-
electron wave corresponds to the oxidation of the outer TTF
units, the second one-electron wave to the oxidation of the
inner TTF unit, and the third three-electron wave to the
simultaneous oxidation of all the TTF units.”l The different
electrochemical behavior of these two isomeric compounds
indicates that the columbic repulsion between the TTF units is
less important in the perpendicularly oriented TTF-phane and
gives an idea of the importance of the molecular structure on
the electrochemical behavior.

Another example showing the influence that the molecular
geometry has on its redox properties can be seen with the cage
molecule 44. It is a rigid molecule in which the TTF moieties
are linked to the spacer through the 2,3 positions, with the
three TTF groups pointing out of the cavity. Only one broad
first redox wave is visible, which indicates there are weak
interactions between the redox centers.*! An isomeric cage
compound in which the TTF groups are linked through the 2,7
or 6 positions exhibits three redox waves for the generation of
the radical cation state. This result indicates that there are
strong through-space Coulombic interactions as a result of the
close proximity of the three redox moieties.[*]

In the case of some conjugated systems containing three
TTF moieties, six possible electrochemical processes have
been observed which indicate the strong interaction between
the conjugated TTF units. This is the case for trimer 51, for
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which six oxidation waves can be observed in the cyclic
voltammogram. This compound represents the first example
of a fully reversible stepwise oxidation of a donor containing
three redox-active TTF subunits up to a hexacation.["]

Single-bonded TTF trimers 49 show five reversible waves in
their cyclic voltammograms, while in the double-bonded
analogue 50, the redox process is composed of three stages of
two-electron transfer to form the hexacation. In this last case,
it is worth mentioning how the electron-donating ability of
this type of fused-TTF system decreases as the number of
fused TTF moieties increases. Thus, under the same con-
ditions, the first oxidation wave was observed at +0.62 V for
the tetrahexylthio-substituted TTF, at +0.67 V for 50, and at
+0.65V for the analogue containing only two fused TTF
units. Moreover, while one-electron processes were observed
for the first oxidation wave in the case of the substituted TTF
molecule and the analogue containing two fused TTF units, a
two-electron process was observed for 50. This result occurs
because of the small orbital energy difference between
HOMO and HOMO-1 in 50 which may cause HOMO -
HOMO-1 mixing in the dicationic state. As a result, on-site
coulombic repulsion in 50?* should considerably decrease
because they are mainly located on the outer TTF moieties as
a consequence of the participation of HOMO-1 (which is
mainly localized in the outer TTF units, Figure2). As a
consequence, the dicationic state of 48 is largely stabilized,
which justifies the double-electron transfer observed for the
first redox stage in the cyclic voltammogram.[®’]

HOMO
(-6.894 eV)

HOMO-1
(-7.149 V)

Figure 2. HOMO and HOMO-1 (HF/6-31G* level) of 50. The radii of the
circles are approximately proportional to the LCAO coefficients. (Re-
printed with permission from ref. [69].)

Rubin etal. have recently reported the synthesis of
tetraethynyltetrathiafulvalenes as precursors to the highly
unsaturated tetrathiafulvalene trimer 52. This compound will
have the potential to form CT salts with enhanced dimen-
sionality provided that the overall mt-rich surface can enhance
the lateral and m-stacking interactions between the individual
units.”'! However, to the best of our knowledge, the synthesis
of 52 has not yet been reported.

TTF trimers in which the TTF units are located at the 1,3,5-
positions of a benzene ring have also been synthesized to
examine the interactions of the TTF radical cations in the
triradical trication states. If a ferromagnetic interaction
between TTF units could occur in the CT complex or
radical —cation salts of molecules such as 53, a quartet ground
state would be expected and a ferromagnetic CT complex
might be generated.”? Compound 53 possess oxidation
potentials similar to that of TTF: it is oxidized by two three-
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electron steps, which indicate that small interactions occur
between the TTF units as a consequence of the lack of
conjugation through the meta positions of the benzene ring.
This compound forms a conducting CT complex with TCNQ
(0rr=30 Scm™!, compressed pellet, 4 samples). To the best
of our knowledge, no report about the interactions of TTF
units in the radical cation species have yet been published.

Syntheses of the trimeric system 54 (R =H, n=1) have also
been attempted. However, the product obtained was highly
insoluble, which prevented its characterization.® We have
recently synthesized soluble derivatives of 54 and its magnetic
and liquid crystalline properties are currently under inves-
tigation.[?]

2.2.3. Donor Systems With a High Number of TTF Units

The trends outlined above for systems containing three
TTF units are also followed by systems containing more TTF
moieties. Thus, in pentakis(TTF) compounds 55, in which the
TTF units are linked through nonconjugated spacers, no
interaction between the TTF units is observed by cyclic
voltammetry and hence 55a (R=CO,Me) exhibits four
reversible redox couples.™ The first one corresponds to the
formation of the radical cation of the central TTF unit. The
second redox wave can be assigned to the formation of the
penta radical cation by the loss of one electron from each of
the four peripheral TTF units. The third redox couple
corresponds to the formation of the dication of the central
TTF unit, and the fourth redox couple arises from the second
oxidation of the peripheral TTF units. Only two reversible
redox couples are observed in the case of 55b (R =SMe),
probably because the central and the peripheral TTF units are
almost equivalent in regard to their redox behavior.

Further multi-TTF systems reported in the literature are
5671 and 57.°1 In 1996 Bryce et al. reported on the synthesis
of 57a, which was the first phthalocyanine bearing TTF
substituents to be prepared in the search for novel optoelec-
tronic materials. Although this compound was extremelly
insoluble in most organic solvents, a combination of UV/Vis
and CV studies allowed the conclusion to be drawn that the
molecular design of this system does not prevent the strong
tendency of phtahlocyanine units to assemble in solution and
does not inhibit the redox behavior of the appended TTF
units. Thus, this work paved the way for the study of other
systems with phthalocyanine and TTF units”® which combine
the versatile electrochemical, optical, and coordination prop-
erties of phthalocyanines with the redox properties of many
TTF units.'”] Bryce et al. have reviewed some of the most
interesting results in an article concentrating on multi-TTF
systems!™”l in which different phthalocyanine-TTF systems are
studied and the results compared with that for a pyrazino-
porphyrazine system endowed with eight appended TTF
groups.”’]

Two recent and outstanding examples of multiple TTF
containing molecules are the hexakis(TTF) derivative 58 and
the TTF tetramer 59. Compound 58 was prepared by the
groups of Bryce and Becher in an efficient one-pot synthesis
in which a sixfold reaction occurs to open the way to the
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convergent construction of higher TTF oligomers and den-
drimers.”® Compound 59 is the first example of a helical
tetrathiafulvalene tetramer and was prepared by Iyoda
et al.”l Both compounds were synthesized by using cross-
and homocoupling reactions of tetrathiafulvalenylzinc deriv-
atives, and in their neutral state have a tight helical
conformation with closely situated terminal TTF rings.
Interestingly, the cationic charges in the dication are mainly
localized on the inside TTF rings and are stabilized by the
face-to-face intramolecular stacking of the two terminal TTF
rings. The same situation is observed for the tetracation. On
the contrary, the third and fourth oxidations are restrained by
the repulsion of positive charges on the terminal TTF units,
which makes it more difficult to form the hexa- and
octacations.

1382

RSpeN

Ja

57a: R=H
57b: R = CGH13

2.2.4. TTF-Containing Dendrimers

The macrocyclic systems with peripheral TTF
units described in Section 2.2.3 can be considered a
special case of dendrimeric materials in which the
central macrocyclic system acts as the nucleus.
Ideally, dendrimers are perfect monodisperse
macromolecules with a regular and highly
branched three-dimensional architecture.® In
recent years, they have developed from curiosities
into new technologies.®) During the last few years,
the research group of Bryce has been very active in
the syntheses and study of different soluble
dendrimeric materials containing TTF units such
as 60 and 61. Dendrimeric materials offer the
possibility of controlling the number and place-
ment of TTF groups with well-behaved solubility
features that facilitate characterization, as well as
to integrate the unique properties of the TTF molecules with
the characteristic properties of polymers, such as film
formation and processability.

Compound 60 is a dendrimer containing a benzene 1,3,5-
triester core and a surface functionalized with twelve TTF
units. It is an oil which is readily soluble in polar organic
solvents and stable when stored below 0°C. Dendrimer 60 was
synthesized by using a convergent strategy based on a
repetitive coupling/deprotection sequence with 4-(hydroxy-
methyl)-TTF as the starting monomer.? The stability of this
type of macromolecule decreases with increasing molecular
weight as a result, at least in part, of the steric crowding
imposed by the trifunctionalized core. Thus, more “open”
bifunctional cores (terephthaloyl chloride, biphenyl-4,4'-di-
carbonyl dichloride, 4,4'-oxydibenzoyl dichloride) have been

Angew. Chem. Int. Ed. 2001, 40, 1372-1409
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used to synthesize hyper-branched multi-TTF derivatives that
have good shelf stability, display reversible redox activity in
solution, and form semiconducting CT complexes with
TCNQ.®! More recently, a (TTF),, dendrimer has been
synthesized which contains TTF units not only at peripheral
sites but also within the branches of the structure.®! Glycol
chains were incorporated into the branches to impart
solubility in organic solvents, to give air stability, and to
provide a flexible structure to facilitate interactions between
the TTF units.® TTF itself has been used as the nucleus in a
different approach towards TTF-containing dendrimers in
which the TTF units are placed at all layers of the structural
hierarchy.®® More recently, the convergent synthesis of
(TTF),(AQ), (AQ=anthraquinone), polyester dendrimer
61, has been reported.l*] This molecule undergoes amphoteric
redox behavior as a consequence of the presence of the
electron-donating TTF moiety and the electron-accepting
anthraquinone system. These types of donor-—acceptor sys-
tems are specially attractive since the incorporation of
stronger m-acceptor groups!®! will enable the study of intra-
molecular charge-transfer interactions within a dendritic
microenvironment.®! A more in-depth study of dendrimers
containing TTF units can be found in the recent feature
articles of Bryce et al.['>24]

Cyclodextrins (CDs) have been also used as platforms to
carry TTF units.® Cyclodextrins are cyclic oligosaccharides
consisting of six, seven, or eight (a-CD, p-CD, y-CD,
respectively) a-1,4-linked D-glucopyranose units forming a
truncated cone. They were used as platforms to carry TTF
units, and were shown to form LB films when various
amphiphilic 8- and y-cyclodextrins functionalized with alkyl
chains at the primary hydroxy positions or modified on the
secondary face were used. Thus, Sallé and co-workers carried
out the synthesis and electrochemical characterization of

Angew. Chem. Int. Ed. 2001, 40, 1372-1409

molecular blocks, Langmuir monolayers, and LB films built
from the association of CD and TTF moieties.®® The target
compounds 64 were achieved according to a convergent
synthesis involving nucleophilic persubstitution of the 6-de-
oxy-6-iodocyclomaltooligosaccharides 62 with the free thio-
late derivative 63 (Scheme 1). These systems are interesting

g-62n=7
y-62n=8

RS_ g g SMe
=1
RS S SThg~_CN
63a: R = Me

b:R= CsH11
c:R= CgH17

CsOH
DMF, 70 °C

f-64a-c and y-64a

Scheme 1. Convergent synthesis of 64 by a complete nucleophilic sub-
stitution of 62 with the TTF derivative 63.

since they are designed to combine the complexing ability of
the CD cavity with the redox properties of the TTF core.
Furthermore, the ability of the CD fragment to promote film
transfer has been successfully transposed to produce good
quality LB films incorporating electroactive TTF units. Thus,
the covalent grafting of appropriate electroactive units onto
the CD entity can be envisaged as a good way to produce LB
films with physical properties that require a high degree of
molecular organization in the material, such as electrocon-
ductivity or second-order nonlinear optics.!%

2.2.5. TTF-Containing Polymers

In the last part of this section dedicated to the macro-
molecular chemistry of tetrathiafulvalene we will focus on the
most recent developments of polymers containing TTF units
both as side chains or as a part of the main chain (Figure 3).

The incorporation of TTF into polymeric matrices for
improving the processability of TTF-based conductors was
investigated several years ago, and different research groups
developed the synthesis of polymers 65 with spacers such
as polyamide, polyurethane, polyphenylene, polystyrene or
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Figure 3. Different types of TTF-containing polymers (redrawn from
ref. [53]).
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polyesters.) However, it was generally accepted that al-
though such linkages do provide spatial proximity of the
redox centers, they cannot ensure a well-defined orientation
of the TTF groups relative to one another because the torsion
around the bridging bonds allows a great number of different
conformations. Thus, these polymers are deficient both in the
order of the TTF subunits and in the dimensionality of the
conduction process in the doped state.! Polymers 65 were
poorly characterized and, as a consequence of the above
drawbacks, they have attracted little attention for further
studies.

One way to reduce the conformational freedom would be to
bridge the TTF units on each side with two ¢ bonds. Rohrig
and Miillen have used dithiones such as 66 as precursors to o-
bonded tetrathiafulvalene oligomers and polymers. When
dithione 66 was subjected to a phosphite-induced® coupling
reaction, polymer 67 was obtained in yields of less than 15 %;
instead, the formation of a macrocycle by the self-coupling of
both thione groups took place.”"l However, the synthesis of 67
can be achieved starting from dithione 66 by using a four-step
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reaction sequence. By changing the concentrations in the four-
step sequence, the formation of the macrocycle can be
inhibited and the polymer is obtained as the main reaction
product.?!

Elsenbaumer and co-workers have developed a different
and recommended strategy for producing ladder-type poly-
mers based on TTF that circumvents the generation of the
TTF system in the last step.” They used a tetraanion of
tetrathia-TTF derived from tetrakis(cyanoethylthio)tetrathia-
fulvalene and the two different building blocks tetrakis(bro-
momethyl)benzene and 2,3-bis(bromomethyl)-1,4-dibromo-
2-butene to generate polymers 68—70. The overall yield of
these new organic metals is very high (>90 %), which means
that this kind of coupling is applicable to the synthesis of high
molecular weight bulk materials. Polymers 68 and 70 can be
doped with FeCl; to give blue/black CT materials with pressed
pellet conductivities of 6 x 10~* and 2 x 10~* Scm™!, respec-
tively.

A different way of inducing some order into TTF-contain-
ing polymeric materials would be to induce a regular
arrangement of the TTF subunits in an eventual liquid
crystalline phase of the polymers in order to achieve -
stacking interactions in the polymer matrix. Thus, Miillen and
co-workers have reported on the syntheses of a variety of
polymeric materials, such as 33, with TTF units either taking
part of the main chain or as side chains.P® TTF was
incorporated quantitatively into the polymer chain by reac-
tion of the precursor TTF-containing molecule 32 with
poly(p-hydroxystyrene). Unfortunately, they have not been
able to induce a liquid crystalline phase in this type of
polymer. However, it may not be necessary to achieve a liquid
crystalline phase with the undoped TTF-containing polymer
and the possibility has to be considered that smectic phases
can be induced by introducing complex formation between
donor and acceptor pairs in separate mesogenic units. Thus,
undoped TTF-containing polymers should be potentially
liquid crystalline and may exhibit mesogenic behavior when
doped with an acceptor.’!

In recent years the major interest has focused on the
association of TTF-based conductors with linear st-conjugated
structures.' 2% There are different reasons for this inter-
est:2%

1. The possibility of combining the outstanding electron-
donating properties of TTF systems with the general
characteristics of high molecular weight polymers, such as

o~ [e~]
K

68 69
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film formation and processability, to obtain polymers that

could be doped with strong acceptors.[>!

2. The propensity of TTF to form ordered stacks can
represent an interesting tool for controlling the long-range
order of a conjugated backbone.

3. The combination of TTF with a conjugated polymer chain
can contribute to an increase in the dimensionality
of the conduction process and might eventually lead to
materials presenting hybrid conduction. In this regard,
two parallel charge-transport mechanisms might be possi-
ble: the intrastack transfer of aromaticity associated
with the mixed-valence interactions in TTF stacks® and
the polaron/bipolaron conduction in the m-conjugated
chain .l
72 is a fully conjugated ribbon-structure polymer in which

conductivity along the polymer chain through m-conjugation
as well as along the stacking direction through m-orbital
overlap might be expected. Compound 72 can be obtained
starting from dithione 71 using a four-step synthetic route
similar to that used for the synthesis of 67.5% Polymer 72 is an
orange TTF material that can be doped with iodine to give a
black material. However, characterization methods are very
limited because of its poor solubility. A new route involving
the film-forming precursor polymer 73 has been proposed as
an alternative route for casting a thin self-supporting film that
could generate a thin film of the conjugated polymer 72 after
thermal extrusion.? This type of conjugated polymer can be
used as an electroactive conducting rod in which the TTF
group permits the rods to bend easily in the direction
perpendicular to the ring plane.!

Other attempts have been made to incorporate TTF
moieties on a conjugated polymer backbone. One approach
in this direction involves the grafting of a TTF moiety onto an
electropolymerizable monomer to yield conjugated polymers
with pendant TTF groups. This strategy was originally
developed by Bryce etal. as a possible way to indirectly
control the long-range order of electrogenerated poly(thio-
phene) (PT) by using the strong propensity of TTF to self-
assemble into regular x stacks.’®! After the seminal work of
Bryce et al. reported in 1991, other thiophenic precursors 74—
79 have been synthesized.l"” % %)

Unequivocal evidence for electropolymerization was re-
ported in one casel’”! although the large potential difference
between the first TTF oxidation (ca. 0.40 V/SCE) and the
potential needed to polymerize the substituted thiophene
(1.80 V) has been identified as a serious problem.”” The cyclic
voltammogram of the resulting polymer exhibits a splitting of
the first TTF reduction wave typical of the occurrence of the
mixed-valence dimer (TTF)*,[1 which indicates that self-
assembly of the oxidized TTF moieties already takes place in
the material.’”’l Roncali and co-workers have recently shown
that as a consequence of a much lower electropolymerization
potential,['®l TTF-substituted bithiophenic precursors are
readily converted into extensively m-conjugated TTF-deriv-
atized poly(thiophenes) 80 and 81 with interesting electro-
chemical properties.['*

The cyclic voltammogram of these polymers have revealed
a hitherto unknown additional oxidation wave at a potential
intermediate between those corresponding to the generation
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of the TTF radical cation and the dication.'™ This electro-
chemical behavior has been studied in more depth on
equilibrated films and in dynamic conditions by Roncali and
co-workers using classical and time-resolved spectroelectro-
chemical techniques.”® The results obtained provide evidence
for the occurrence of large amounts of mixed-valence dimers
and & dimers in these polymers. At the potential needed to
electropolymerize the attached bithiophene precursor, ini-
tially formed mixed-valence dimers are successively convert-
ed into s dimers and dications. Therefore, mixed valence
interactions must be reconstructed by subsequent undoping
and controlled reoxidation of the polymer. This process will
probably result in a partial loss of the initial order.I’] Thus,
different strategies have been proposed by Roncali and co-
workers!®! to design more appropriate precursors:
e a further increase of the electropolymerization potential,
@ an increase in the first oxidation potential of the attached
TTF by electron-withdrawing substituents, and
e anincrease in the TTF concentration within the polymer by
grafting more than one TTF unit onto the precursor
structure.

1385



REVIEWS

N. Martin and J. L. Segura

Yamamoto et al. have reported on the syntheses of four
kinds of poly(arylene) and poly(aryleneethynylene) polymers
containing TTF units in the wt-conjugated main chain by using
organometallic polycondensation.'® The Ni-l'* and Pd-
promoted!!% 1051 polymerizations and copolymerizations of
monomers 82 and 83 with substituted diiodothiophene give -
conjugated polymers 84-87 in high yields. Among these

A, }{

H13Cs
Ph o ! S\
_ IS IS n
| >_< | | = I|1m
n
84 85
H13Ce
1\
7z S
Ph_s s_7 Ph. s s 7 n
| = | I =C ]
S ST pp S STy
n 74
86 87

polymers, the poly(aryleneethynylene) polymers 86 and 87
have well-expanded m-conjugation systems as a result of the
acetylenic spacer groups, and because of the presence of the
TTF moieties they are active for both chemical and electro-
chemical oxidation even when containing strongly electron-
withdrawing acetylenic groups. They are the first examples of
poly(aryleneethynylene) polymers which are active for elec-
trochemical oxidation.

To conclude with the study of TTF-containing polymers, it
is worth mentioning the recent work by Kilburn and co-
workers. This work is at the frontier between macro- and
supramolecular chemistry and deals with the possibility of
incorporating TTF-bearing amino acids into a polypeptide,
where the role of the peptide backbone would be to control
the spatial arrangement of the TTF units.'%! They propose
that the incorporation of TTF-bearing amino acids into an a-
helical structure might allow the alignment of the TTF units
into a conducting stack on one face of the helix or even a
helical arrangement of conducting TTF units to give rise to a
molecular solenoid. The packing of the individual helical units
in the solid state, and hence the degree of interaction between
TTF units on adjacent helices, would be influenced by the
substitution pattern of the TTF units on the peptide back-
bone.' With this aim, Kilburn and co-workers have pre-
pared unnatural TTF-bearing amino acid derivatives and have
incorporated them into small peptide structures (88, Fmoc =
fluoren-9-ylmethoxycarbonyl). Although they have not been
able to prepare characterizable CT salts of these peptides, the
electrochemical studies indicate that they may well undergo
conformational reorganization upon oxidation of the TTF
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moieties, presumably in response to interactions between the
oxidized TTF units.

2.3. Supramolecular Systems

As Fitzmaurice and co-workers pointed out “supramolec-
ular chemistry is distinguished from large-molecule chemistry
by the fact that the intrinsic properties of the molecular
components are only slightly perturbed within the super-
molecule, and the properties of the supermolecule are not a
simple superimposition of the properties of the molecular
components (that is, there exists a supramolecular func-
tion)”.l'] Tn the words of Lehn, “supermolecules are to
molecules and the intermolecular bond what molecules are to
atoms and the covalent bond”.l'%! During the last few years,
the influence of supramolecular chemistry in the realm of
materials science has been enormous.['”! The supramolecular
approach in regard to the TTF moiety has been considered in
two different ways:

o The construction of supramolecular assemblies in the solid
state as a pathway to new and desired materials by using
different types of intermolecular interactions.

@ The construction of redox-active supramolecular systems
with applications in different areas such as electroactive
sensors, molecular shuttles, or molecular switches.

One of the great challenges for materials science is the
creation of supramolecular materials in which the constituent
units are highly regular molecular nanostructures. Learning
how to create large supramolecular units, and the elucidation
of rules that mediate their macroscopic organization into
functional materials, offers a fascinating prospect for tech-
nology.['"%l The ability to control the supramolecular assembly
over the molecular arrangement is especially effective in the
solid state because of its rigidity and infinity. Thus, the concept
of “crystal engineering” proposed by Sharma and Desiraju in
1989111 has been applied in the field of molecular conductors
to construct supramolecular assemblies by using several types
of intermolecular interactions.'?! Classical methods towards
the obtention of different donor packing motifs in the CT
complexes and/or salts are:[®l
e Introducing heavy heteroatoms as chalcogenidesP!s: 113-116]

and halogenides!!'” at peripheral positions of the TTF

moieties.
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e Functionalizing the TTF ring with OH!'¥! and/or NRH!'"!
groups that would enable intermolecular hydrogen bond-
ing to occur.

Together with these strategies, other less conventional
methods such as supramolecular arrangements have been
attempted. Thus, incorporation of TTF species in calix[4]ar-
enes, which are well known in supramolecular chemistry for
acting as organizing platforms for various kinds of substitu-
ents, has also been carried out.'”) A more recent approach
which is also related to “crystal engineering” has been
developed by Yamamoto et al. which utilizes Lewis acid/base
interactions between anions and iodine-containing neutral
molecules to accomplish multicomponent molecular conduc-
tors with supramolecular assemblies.'?!l By using this strategy
they obtained radical —cation salts with new types of donor
arrangements. The authors claim that examination of many
cases of different arrangements will allow the design of
“tailor-made” anion networks to accomplish desired donor
arrangements.

The use of the old, but elegant, Langmuir—Blodgett
technique is another way of arranging molecules into organ-
ized assemblies. For example, the possibility offered by the LB
technique to build noncentrosymmetric architectures has
been widely used to achieve nonlinear optical properties in
these materials.[* 122

It is also worth mentioning how the preparation of
mesogenic derivatives by either attaching a TTF unit to a
mesogenic liquid crystalline center or by incorporating
substituents which show mesomorphic behavior onto the
TTF moiety have been used as an alternative to the above
procedures to obtain an assembly of ordered arrays of TTF-
containing molecules -5

In 1994 Jgrgensen et al. utilized self-assembly principles
and gel-formation techniques to manufacture a prototype
“molecular” wire.l'””l Gel formation can usually be best
understood as resulting from a competition between the
tendencies of the gelator to dissolve in the solvent or to self-
assemble and crystallize.l'?!l Thus, by taking advantage of the
work of Newkome et al., who prepared the so-called bis-
arborols that readily form gels consisting of stringlike
assemblies in water,['’! Jgrgensen et al. synthesized the bis-
arborol-tetrathiafulvalene 89, which forms a gel, which
consists of string- or bandlike structures with a length of tens
of micrometers and diameters in the 300-1000 A range.
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UV/Vis-NIR spectroscopy on the oxidized gel revealed a CT
band typical of stacked TTF molecules.

One of the most challenging projects in the field of
molecular optoelectronics involves the self-assembly of mon-
olayers of electroactive molecular systems on solid sup-
ports.'?l The monolayer represents a two-dimensional array
on the solid support. TTF compounds containing four thiol
groups have been reported to form very robust self-assembled
monolayers (SAM) on gold which were stable after repeated
voltammetric cycling.'?”) Echegoyen and co-workers took
advantage of the good results obtained by anchoring SAMs on
metal surfaces by using thioctic acid derivatives!'? to
synthesize bis-thioctic ester derivatives of TTF units anne-
lated with crown ethers (90-93) that form stable self-
assembled monolayers on gold electrodes (Figure 4).12°1 Thus,
they have prepared electrochemically active SAMs which are
almost indefinitely stable and that show promise as potential
thin-film sensors for electrochemically inactive metal ions.['?’]

Prior to this work, Bryce and co-workers reported crown-
annelated TTF derivatives 94 which also contained single
alkyl chains terminated in thiol groups.'*”) Monolayers of

5o :
Jo=T
Lo

94a: R = C(O)O(CH,),SH; n=6, 12
94b: R = CH,SH

MO S
H3C/Ojﬂ;[z>:<zj[sj

93
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Figure 4. Probable disposition of the SAM of 94a on a gold surface.

compounds 94 were assembled onto gold or platinum surfaces
from saturated acetonitrile or acetonitrile/benzene solutions.
Figure 4 shows the probable orientation of a SAM of
compound 94a (n=12). Similar CV responses to metal
cations were obtained for SAMs and acetonitrile solutions
(electrochemical recognition of Na*, Ba?*, and Ag*, with the
largest response for Ag"), which represents an important step
forward in the design of thin-layer molecular devices that
function as electrochemically responsive detectors for metal
cations.'*! Bryce has recently reviewed these SAMs within
the context of materials chemistry.[?¥

The construction of redox-active supramolecular systems
with applications in different areas and the construction of
supramolecular assemblies in the solid state has been another
important overlap-zone between TTF and supramolecular
chemistry. Becher and co-workers have reviewed most of the
work in this area. They focused on cation-sensitive TTF
systems including TTF-crown ether derivatives, TTF-thia-
crown ether derivatives, macrocyclic and bis-macrocyclic TTF
units, all of which are molecular systems containing the redox-
active TTF functionality together with a host unit capable of
cation binding. These types of TTF derivatives as well as those
that incorporate the TTF moiety in supramolecular systems,
such as rotaxanes or catenanes, have been the origin of some
of the most interesting recent applications found for TTF-
containing molecules.”?! With the purpose of taking a system-
atic approach, we will study this type of TTF derivatives
within the next section dedicated to the nonconventional
application of TTF derivatives.

3. Nonconventional Applications of TTF
Derivatives

Although thirty years have passed since the synthesis of
TTF was firstly reported by Wudl et al.,l an explosive growth
of activity in the area of tetrathiafulvalene chemistry has
arised during the last decade. Interest has arisen in a variety of
new fields by taking advantage of its unique solid-state as well
as its solution properties.

The main emphasis of the investigation during almost
twenty years was on the solid-state properties of the TTF
charge-transfer (CT) complexes and CT salts. It is still a very
active field of research and new TTF salts with improved
solid-state properties are being reported week by week.
However, since there is a great deal of excellent litera-
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turell31 1321 dedicated to the study of CT salts, their study will
not be included in the present review article, which instead
will be more concerned with the less-well known but very
promising “nonconventional” applications of TTF derivatives.

3.1. TTF as an Electroactive Unit in Chemical Sensors and
Redox-Switchable Ligands

As discussed previously, the construction of macrocycles
containing TTF units has received considerable attention
since such molecules may act as a host in host—guest
chemistry.'*] Figure 5 shows schematically a) a redox-detect-
ed sensor molecule and b) a redox-controlled ligand system.

.
°
2 o > f®

v (e===(_ e

Figure 5. a) Redox-detected sensor molecule and b) redox-controlled
ligand system (redrawn from ref. [16]).

In the first case, a “transducer” built into the molecule
responds to complexation in the host by a change in physical
properties. In the redox controlled/switchable ligand system
the roles of the two parts are reversed so that a physical
change of the transducer units is imposed by an external
stimulus. A positive charge is created after oxidation of
systems containing a TTF unit which inductively decreases the
binding ability of the attached host unit towards cations.!"]
Although the voltammetric response upon metal binding in
this system is quite small (<100 mV), an advantage of the
TTF moiety is that only the first oxidation potential is
affected, and the second (unchanged) oxidation potential
serves as an internal reference.'**! In addition, both TTF
redox steps occur in a convenient potential window.

Since Jgrgensen et al. reviewed!'®] the literature related to
cation-sensitive TTFs prior to 1994 thoroughly, we will only
give a brief account of recent examples in order to update the
improvements reported in recent years. By using the same
classification method used by Jgrgensen et al.l'l in their
review, cation-sensitive TTFs can be divided into planar TTF
derivatives with annelated macrocyclic moieties and distorted
macrocyclic TTF systems. Planar derivatives include TTF-
crown ether (95) and TTF thiacrown ether (97) derivatives as
well as a TTF-cryptand (96). These compounds have been
investigated for their potential use as electroactive cation
sensors.'® 231 The ring size of the macrocycle and the extension
of the m system of the TTF unit (98)['! have also been the
subject of study.

Changes in the 'HNMR spectrum of the macrocyclic
ligand, and the changes in the redox properties of the TTF
system as determined by cyclic voltammetry, have been used
to monitor metal binding within the crown rings. A shift in the
value of the first oxidation potential to more anodic (positive)
potentials was observed upon addition of metal salts (M =Li,

Angew. Chem. Int. Ed. 2001, 40, 1372-1409
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Na, K, Ba, Ag) to a solution of the TTF-crown molecules. This
observation indicates that metal complexation has occurred.
The scope of this application for TTF-containing systems has
been explored by using synthetic
approaches previously used in TTF Cs s

chemistry!1); I =S
1. cross-coupling reactions to pro- O©s” 7S

duce functionalized TTF-crown 111 (DMIT)

systems, such as the amphiphilic *

TTF-crown 103 and the diester (—

104, N 1Y
2. electrophilic  substitution of 112

TTF-crown compounds, via a
lithiated intermediate, to pro-
vide derivative 106, and
3. functional group removal and
interconversion to give 107-
109 as well as 106 again, these
derivatives are suitably func-
tionalized for further chemical
transformations.!'® 2
However, a very large propor-
tion of these types of TTF deriva-
tives have been synthesized from S
macrocycle-fused  1,3-dithiole-2-
thione-4,5-dithiolate (DMIT, 111,
Scheme 2).2% The readily available
compound 111 can be treated with
a variety of chain-containing elec-
trophiles 112 to generate a variety
of monomeric (114) or dimeric
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104: R = COCHs 108: R = CH,OH
100: R = CO>H

110: R = CH,OC(O)C17Hzs

(113) thiones. The coupling of monomeric thiones with
themselves or with other thiones by using the standard
coupling reaction with trialkyl phosphites yields the
corresponding symmetric (95-97, 117) and unsymmetric
(103-110) TTF derivatives with annelated macrocyclic
moieties.

DMIT (111) derivatives have also been directly involved in
the second type of TTF-containing systems capable of binding
cations; these are the distorted macrocyclic derivatives.? By
using high-dilution techniques it is possible to maximize the
yield of dimeric thione derivative 113 in the reaction of DMIT
with chain-containing electrophiles. Subsequent phosphite

=

>

Scheme 2. Synthesis of the macrocyclic TTF derivatives from DMIT 111.
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coupling normally proceeds in an
intramolecular fashion, to give rise
to monomeric cage molecules 1185.
Occasionally, intermolecular cou-
pling which produces low yields of
larger “belt-type” macrocycles has
also been observed.l'] Whether
these reactions give inter- or intra-
molecular cyclization seems to be
controlled solely by the length of
the linker between the two dithiol
units. Very short linkers, namely
two,[3] three,['*] four,[%%] or fivel'¥]
atoms gives intermolecular cou-
pling, whereas longer spacers tend
to result in intramolecular reac-
tions.

Special credit has to be given to
the effective protection/deprotec-
tion methodology for the prepara-
tion of tetrathiafulvalene thiolates
(TTFTT) developed by Becher and
co-workers that use the cyanoethyl
group as a versatile protecting
group for TTF thiolate groups and
which allows the incorporation of
preformed TTF derivatives in mac-
rocyclic compounds.tt 1718231 Qe
lective monodeprotection makes
it possible to carry out stepwise
deprotecion of TTF with several
cyanoethylthio groups by using
caesium hydroxide in the cleavage
step. Thus, from only three differ-
ent TTF units (118, 122, 125) it is
possible to prepare a variety of
TTF thiolates bearing one to four
thiolate moieties (Scheme 3).l'7l By
taking advantage of the above re-
actions, a variety of TTF-contain-
ing macrocyclic systems with spe-
cific physical and chemical proper-
ties have been prepared.

Becher and co-workers have re-
cently revisited the triethyl phos-
phite coupling of some bis-trithio-
carbonates in order to study the
influence of the linkers on the
course of the reaction.’! By using
triethyl phosphite mediated cou-
pling of the corresponding bis-
1,3-dithiole-2-thiones 128b,¢, the
m- and p-cyclotetrathiafulvaleno-
phanes 129b and 129c¢ could be
isolated (Scheme 4). Treatment of
128a with triethyl phosphite gave
an intractable solid. The 4,,, value
for 129b is 414 nm whereas that for
129¢ is 424 nm, which indicates
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Scheme 3. Preparation of different TTF thiolates with one, two, or four thiolate groups.
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Scheme 4. Synthesis of macrocycles with TTF units.
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that the m-cyclophane has a more distorted TTF group that
allows for less m delocalization. The protection/deprotection
methodology using the cyanoethyl group was used to generate
a TTF bis-thiolate starting from 125 which upon reaction with
the bis-bromo reagent 130 yielded the tetrathiafulvaleno-
phane 131 as an orange powder. No trace of dimeric product
133 was detected by plasma desorption mass spectrometry
(PD-MS).

The addition of 1,4-dichlorobut-2-yne (134) to deprotected
125 under high-dilution conditions gave only the [2+2] addi-
tion product 138a. This occurs because in this case the length
of the spacer group is considerably shorter than the thiolate —
thiolate distance in the TTF unit.'] When the length of the
spacer group, for example, 4.4'-bis(bromomethyl)biphenyl
(136) and hexa-2,4-diyne-1,6-diol ditosylate (135), is compa-
rable to the thiolate —thiolate distance in the TTF system, the
two reaction products 137b,c and 138b,c could be isolated
after chromatography.[”! Therefore, it can be concluded that
1) the length of the linker as well as its geometry have a
profound influence on the course of the coupling reaction of
bis-1,3-dithiole-2-thione and 2) that a general method for
preparing tetrathiafulvalenophanes with more than one TTF
moiety requires strategies involving a preformed TTF build-
ing block.[*!]

Macrocycles 139 and 140 are cage compounds (Ts=tol-
uene-4-sulfonyl) that have been designed to have the crown
complexing part in close proximity to the TTF core and to
have a sufficiently large cavity so as to minimize the structural

\
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distortions of the TTF moiety previously observed in cage
compounds with small crown systems.['*! In comparison with
the shorter crown-annelated TTF derivatives for which the
first oxidation step is either irreversible or is found at much
more anodic E,, values, because of distortion of the central
TTF core, derivatives 139 and 140 exhibit two reversible

Angew. Chem. Int. Ed. 2001, 40, 1372-1409

oxidation processes similar to that observed for planar
substituted TTF derivatives. The addition of a solution of
Ag? ions to 139 results in the formation of a 1:1 complex,
which can be observed in the FAB mass spectrum. Interest-
ingly, only 70% of 139 is complexed. This observation,
together with the fact that a 70:30 Z:E ratio was determined
from NMR experiments performed on 139, indicate that Ag*
is only complexed by the Z isomer.['*]

Other crown-TTF derivatives with increased chain length
relative to the previouly described thiacrown TTF derivatives
are compounds 141 and 142.°! Two reversible one-electron
redox processes were observed upon oxidation which is
consistent with the quasi-planar character of the TTF skeleton
in these systems. No change was observed in the cyclic
voltammograms of compound 142 upon addition of Ag*. In
contrast, the addition of controlled amounts of silver triflate
to 141 results in a positive shift of E. . No shift of E., was
observed upon addition of a wide variety of Group 1 and 2 or
transition metal ions (Na!, K!, Cs!, Mg!!, Ba!l, Cr'!l, Nill, Zn!|,
Cd"), which illustrates the good selectivity of ligand 141 for
Ag" ions.

As discussed in previous sections, bistetrathiafulvaleno-
phanes (TTF-phanes) such as 42 and 43 have been studied
because the two TTF units can adopt a sandwich structure,
which enables intermolecular interactions between the two
redox units to occur and increases the likelihood of strong
noncovalent inter- and intramolecular interactions occur-
ing.['> 13 14 Most of the TTF belts reported by the research
group of Otsubol!? 3 137 are based on the coupling of bis-2,3-
dithiole precursors to give the TTF core in the final step of the
synthesis, while the above studied deprotection/realkylation
protocol involving tetrathiafulvalene thiolates developed by
the research group of Becher have also been recently applied
to the synthesis of belt compounds. Thus, in 1999, the stepwise
synthesis of the new TTF belts 143 with well-defined large
cavities have been reported.l'*”] The spacers used were chosen
to confer rigidity as well as solubility to the belt molecules.
They are stable and isolable compounds which show some
promise as host molecules: the solid-state structure of 143¢
shows that it crystallizes with two molecules of chloroform
inside its spacious cavity (Figure 6). However, no complex-
ation studies have been reported for these interesting systems
so far.

Figure 6. View of the molecular structure of 143c¢ including solvent
molecules. (Reprinted with permission from ref. [140].)
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3.2. Molecular Shuttles and Molecular Switches
Containing TTF Units

TTF is an ideal building block for the construction of
supramolecular systems which can be controlled by external
stimuli because its reversible oxidation to its radical cation
that can be realized chemically and electrochemically.'*!l This
type of compound can be used as molecular devices which can
operate as machines upon external energy transfer since they
may be able to store and process information at the molecular
level.l'. 1421 Rotaxanes, catenanes, and other intertwined
structures and superstructures (Figure 7)! 141 are ideally
suited for building integrated, multicomponent modular
systems.[1#’]

[2]Catenane

Pseudo[2]rotaxane

2]Rotaxan
or “Pre-catenane” [2]Rotaxane

Figure 7. Schematic representation of a [2]catenane, a pseudo[2]rotaxane,
and a rotaxane.

Some of these supramolecular systems have been prepared
by taking advantage of the experience gained in the syntheses
of macrocyclic systems containing TTF units as well as of the
self-assembly strategy developed by Stoddart and co-workers
which uses the ability of the bis(benzyl)-4,4"-bipyridinium
dication to self-assemble with a variety of electron-rich
systems.'] This field has been excellently reviewed by
Becher and co-workers in a very recent paper devoted to
the use of TTF as a building block in supramolecular
chemistry.® Different TTF derivatives have been prepared
in which the TTF unit is covalently attached to pyridinium and
bipyridinium acceptors. The literature related to these sys-
tems containing TTF and o acceptors of pyridinium and
bipyridinium cations are studied in detail in the 1999 review
by Bryce on the use of TTF derivatives as donors in
intramolecular charge-transfer materials.[*!

In 1991, Stoddart and co-workers reported that the receptor
cyclobis(paraquat-p-phenylene) (144) forms a complex['*]
with TTF which crystallizes with a pseudorotaxane-like
geometry (145, Scheme 5). Further studies on this complex
carried out by Bryce and co-workers show that the electro-
chemical oxidation of TTF to the radical cation results in
decomplexation, which is accompanied by a visible change in
the color of the solution.['*”! Moreover, this process is highly
reversible over many redox cycles. It therefore seemed that
the combination of the TTF residue and the cyclobis(par-
aquat-p-phenylene) moiety is an ideal choice for incorporat-
ing into “molecular shuttles” with potential application as
electrochemically controlled molecular switches.[143
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Scheme 5. Formation of a pseudorotaxane-like structure through com-
plexation of TTF with cyclobis(paraquat-p-phenylene) (144).

When two different m-electron-rich residues (“stations”)
are connected in a dumbbell-shaped chain structure and
encircled by an electron-defficient ring (shuttle) to form a
[2]rotaxane, a chemical, electrochemical, or photochemical
stimulus can disturb the equilibrium position of translational
isomers and the [2]rotaxane can behave as a molecular shuttle
(Figure 8). Although other rotaxane-based switches!'*®l and
gates!'"*l have been previously demonstrated in solution, the
TTF moiety is especially interesting for constructing new
types of catenanes provided that it is, in principle, tetravalent.
Most building blocks hitherto used to construct catenane
systems, for example, hydroquinone, phenylene-1,4-diamine,
benzidine, and bipyridine, are divalent species.

el Kikon

a0
™
QO -

Q=9

Figure 8. Molecular shuttle obtained from a [2]rotaxane comprised of two
different electron-rich units (stations) connected in a dumbbell-shaped
chain and encircled by an electron-deficient ring (shuttle).

9

With the aim of preparing a molecular shuttle, Stoddart and
co-workers carried out the self-assembly of the [2]rotaxane
147 with two degenerate stations located on either side of a
TTF residue.l'] The two hydroquinone rings are positioned
on each side of the TTF residue to ensure that it is the most
thermodynamically favorable position for occupation by the
n-electron-defficient cyclophane. Two 4-tritylphenyl ether
units were used as “stoppers”. The TTF residue is the site
which is occupied predominantly by the cyclophane. Upon
selective oxidation of the TTF unit, the positive charge on
TTF* (147b) repels the tetracationic acceptor macrocycle by
coulombic forces, forcing the “shuttle” away from the TTF
unit to one of the hydroquinol units (147a; Scheme 6).

Angew. Chem. Int. Ed. 2001, 40, 1372-1409
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1l47a

146

Scheme 6. A molecular shuttle bearing a central TTF unit and two hydroquinone rings as electron-rich

residues.

Other interlocking molecular systems containing the TTF
unit and the m-electron-accepting cyclophane cyclobis(para-
quat-p-phenylene) have been synthesized by using the self-
assembly strategy developed by Stoddart and co-work-
ers.?> -1 Some recent examples of these types of materials
(148-151) are depicted in Scheme 7. Since these systems have
been very recently reviewed by Becher and co-workers, we
refer the reader to this timely and outstanding paper.?’]

We will briefly discuss pseudorotaxane 151. Thus, a complex
having a [2]pseudorotaxane geometry (151) was formed by

Angew. Chem. Int. Ed. 2001, 40, 1372-1409

mixing a polyether containing a
(2-oxy-1,3-propylenedithio) TTF
unit with the cyclobis(paraquat-p-
phenylene) m acceptor.l'l  The
TTF unit is oxidized to the radical
monocation upon addition of
three molar equivalents of I, and
dissociation of the complex occurs
as a result of the disruption of the
CT interaction and the presence of
electrostatic repulsion between
the tetracationic host and the
monocationic guest. Reduction of
o) the monocationic species to their
neutral states is accompanied by
o the insertion of the regenerated
] 3 neutral guests into the cavity of the
Q host. Therefore, this is a new exam-
™ ple of prototypical molecular-sized

SHS machines which can be controlled
4 by external redox stimuli.l'*!]
NC\}]I@,\T Ashton et al. also reported in
=75 4 1999 a supramolecular system that

can be switched between three
distinct states through electro-

7 \\/_ ) 4PFe chemical manipulation of a guest’s
—/ 0 7+ redox properties in the presence
o] of two hosts with different -

ﬂ 3 donor/m-acceptor capabilities.!'>]
o Together with the m acceptor
cyclobis(paraquat-p-phenylene)

(CBPQT)acting as the guest, the
m-electron-donating macrocyclic

o polyether 1,5-dinaphtho[38]-
} crown-10 (1/SDN38C10) and TTF

03 were used as the hosts in this new
2 .
o supramolecular system (Figure 9).

A new concept was introduced
in this study: the reverse role of
the TTF moiety. The TTF?** ion
generated upon oxidation could
play the role of an electron-ac-
ceptor (EA) guest in complexes
with electron-donor (ED) hosts.
Then it should be possible to use
TTF as a switchable ED/EA guest,
so that its association with EA/ED
hosts can be controlled electro-
chemically. In this supramolecular
system, depending on the potential range, TTF can 1) be free
when present as the radical cation TTF*, 2) form a complex
with CBPQT** in its TTF(0) state, or 3) be complexed by
1/5DN38C10 when it exists as TTF?*. The authors claim that
second-generation three-pole systems can be conceived
wherein the occurence of, in addition to the choice of the
partner in, energy- or electron-transfer processes can be
coordinated by electrochemically driven molecular motions.
Such a system may lead to its application as molecular-level
signal processors.[*%
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memory and certain kinds
of logic circuits.'*? Consid-

N N

| /\ | /\ ering the particular redox
behavior of the TTF moiety
and the extensive knowl-

P P edge obtained in recent

< o | years on its supramolecular

N N7

chemistry, TTF-based ro-
taxanes might be good can-

o~O didates to be investigated in
149b this type of device in the
hope of finding a system
that may switch back and
forth and create a novel
version of computer memo-
ry that could be written and
erased many times over.['?

]@HMH

151a: n=2
151b: n=3
Scheme 7. 148: a catenane with a cis/cis-configured tetrathiafulvalenophane; 149: a macrocycle bearing a pendant

TTF unit that exhibits “anchimeric complexation”; 150: a [2]catenane with a TTF unit; 151: a [2]pseudorotaxane as a
prototype for molecular-sized machines.

150a: n=1
150b: n=2
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Figure 9. a) Structural formulas and schematic representations of the components of the three-pole supramolecular
switch described in ref. [150]. b) Schematic representation of the electrochemically reversible three-pole supra-
molecular switch based on the three-component mixture CBPQT**-1/5SDN38C10-TTF (redrawn from ref. [150a]).

3.3. TTF Derivatives
Exhibiting Magnetic
Properties

One of current trends in
molecular science deals
with the investigation of
compounds that exhibit, if
possible in a synergistic way,
multiple physical properties
such as electrical conductiv-
ity and magnetic interac-

tions, spin crossover and
magnetism, optical and
magnetic properties.['%3]

Thus, a contemporary chal-
lenge in this field is that of
designing, by the wise
choice of constituent mole-
cules, new materials that
combine properties not nor-
mally associated with a sin-
gle material.'> 151 Tt has
long been thought that con-
ductivity and magnetism
were inimical to one an-
other.'*®) However, several
attempts have been made to
couple interesting conduct-

A research group led by Heath at the University of
California and Williams at the Hewlett—Packard Laborato-
ries in Palo Alto have described new electronically config-
urable molecular-based logic gates consisting of a monolayer
of redox-active rotaxanes sandwiched between metal electro-
des.®!I The switches were read by monitoring the current flow
at reducing voltages. The demonstration circuit is not very
flexible, because the rotaxanes cannot be restored to their
original state once oxidized. Hence turning off any given
switch is irreversible. This facility is sufficient for read-only
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ing and magnetic behaviors
in molecule-based compounds.””] With this aim, different
approaches have been followed to design and synthesize new
TTF-containing organic conductors exhibiting localized mag-
netic moments. Since Day et al. reported the first observation
of the coexistence of localized and conducting electrons in a
metallic charge-transfer salt in 1992, different types of
TTF-containing metallic radical cation salts with paramag-
netic anions have been prepared to study the possibility of
new physical phenomena resulting from the mutual interac-
tion between delocalized conduction electrons and localized

Angew. Chem. Int. Ed. 2001, 40, 1372-1409
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magnetic moments.!'>% 1% Comprehensive review articles have
recently been published that focus on the different magnetic
molecular materials based on CT complexes and CT salts of
tetrathiafulvalene in which magnetism arises from the pres-
ence of magnetic ions. In 1997 Day and Kurmoo reviewed the
different molecular magnetic semiconductors, metals, and
superconductors based on bis(ethylenedithio)(BEDT)-TTF
salts with magnetic anions.?l In a comprehensive review
article Coronado and G6émez-Garcia collected recent results
of organic/inorganic hybrid salts in which the electron donors
are organic molecules of the TTF type and the electron
acceptors are polyoxometalates that can also act as ligands
that incorporate one or more magnetically active transition
metal ion.'”] Quahab has also recently reviewed the use of
organic/inorganic molecular materials in which the inorganic
components are coordination complexes (tetracyanometa-
lates, hexacyanometalates, metal bis(dithiolates), metal bis-
(dithiolenes), metallocenium complexes, and polyoxometa-
lates) and the organic part is concerned with TTF and BEDT-
TTF derivatives.I'3] In these kinds of materials it is possible to
couple ferromagnetically isolated and localized spins on
transition metals in the inorganic network, as a consequence
of the m electrons of the organic network. Rovira has recently
reviewed the structural and magnetic characteristics of the
recently discovered quantum —spin ladders.!'") In this regard,
molecular spin ladders involving some TTF derivatives have
been prepared from dithiophenetetrathiafulvalene (DT-TTF)
and BEDT-TTF salts. The reading of the above mentioned
review articles!!% 2:153.1901 js highly recommended for a com-
prehensive coverage of the field.

The second type of TTF derivatives that exhibit magnetic
behavior are those which include only organic species, the so-
called organic ferromagnets.'*:1% Enormous efforts have
been devoted in recent years towards the obtention of organic
magnetic materials composed of molecular species or poly-
mers. This research has been stimulated by the promise of
applications in future generations of electronic, magnetic,
and/or photonic/photronic devices ranging from information
storage and magnetic imaging to static and low-frequency
magnetic shielding.['®> 1] The target of this research is the
obtention of organic compounds that combine the inherent
properties of organic compounds with a usable magnetic
property. Some of the foreseeable advantages of the organic
and polymeric over the traditional materials have been
recently pointed out by Veciana:[']

1. Their transparency in many spectral regions and the
possibility of being obtained in optically active chiral forms
might enable them to be used as magneto-optical switches
and for the manipulation of polarized light in optical
devices.

2. The flexibility and solubility of organic/polymeric com-
pounds makes them easily processable, and they are
therefore good candidates for obtaining magnetically
active thin films and colloidal dispersions with ferrofluid
properties.

3. The possible biocompatibility of organic magnetic com-
pounds allows applications such as selective contrasting
agents in nuclear magnetic resonance imaging to be
envisaged.
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4. The enormous versatility of organic chemistry allows small
structural modifications to be performed to obtain desired
materials properties which are not usual in most traditional
inorganic materials.

Although a number of organic ferromagnets have been
reported,l'*] the transition temperatures of genuine organic
ferromagnets are still extremely low. One promising approach
to raise transition temperatures is the above-mentioned
strategy of using conduction electrons which itinerate along
a stack of organic donor radicals.'®”] The main point in this
methodology is the introduction of ferromagnetic coupling
between the conduction electrons and localized spins. Thus, in
order to introduce a ferromagnetic exchange interaction
between a localized spin on the radical unit and a 7 spin
generated on the donor unit, Sugawara and co-workers
proposed an open-shell donor, where the m-donor and m-
radical units are connected through cross-conjugation.!'®]
They prepared nitronyl nitroxide (NN) derivative 152 bearing
a TTF unit at the nodal carbon atom of NN (Figure 10). When
152 was oxidized by excess I, in 2-methyltetrahydrofuran
(MTHF), the ESR spectrum of the oxidized species in a
frozen matrix of MTHF at 100 K showed a set of fine structure
signals corresponding to the triplet species along with a signal
(g=4.030) of Am,=2 in a half-field region (Figure 10). The
temperature dependence of the signal intensity in the THF
glass was measured in the temperature range 50-150 K.

The results show that the ground-state spin multiplicity of
the cation radical of 152 is a singlet and the observed triplet
signal is derived from a thermally populated species and that
two spins interact antiferromagnetically.l'*!l Tn 1999, the
research groups of Sugawara and Fujiwara reported on the
synthesis of new TTF-based donor radicals 153 and 154
(Figure 10).01 These radicals were also oxidized with excess
iodine in THF solution and the ESR spectra showed a set of
fine structured signals corresponding to a triplet species. The
results obtained suggest that the triplet is the ground state of
these cation diradicals. This result is in sharp contrast with
that obtained for 152. This difference is probably because
although the TTF and NN groups in 152 are connected
through cross-conjugation, they are considered to be severely
twisted as a result of steric repulsion. The delocalization of the
HOMO or SOMO' to the radical site is therefore suppressed,
which leads to a breakdown of the electronic feature of a spin-
polarized donor. This unfavorable steric hindrance is released
by inserting a p-phenylene or p-thiophenylene group (153) as
seen from the ESR measurements. If a columnar stacking of
these TTF-based donor radicals that afford the ground-state
triplet cation radicals upon one-electron oxidation can be
realized, an organic conducting ferromagnet is expected to
form.[16%]

The cross-conjugated dimeric TTF units 155['7"] and 156!'7!]
also provide the possibility of a stable triplet ground state, and
they can be regarded as simple model compounds for the
high-spin system 157. Mizouchi et al. predicted theoretically
that the radical cations of 157 should show a high-spin ground
state.'”?l The dication radical of 155a possesses a singlet
ground state, which is not in agreement with the prediction of
a triplet state from theoretical calculations, presumably
because it is fairly well stabilized. The calculations do predict
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etal. have carried out the
synthesis  of  derivatives
156a—e in order to examine
the spin—spin interaction in
their oxidized state.l'’l The
redox processes of these di-
meric TTF compounds dis-
play no separation in either of
the two-electron transfers in
their cyclic voltammograms,
presumably as a consequence
of the weak interaction be-
tween the two TTF moieties
in these molecules. This weak
interaction reflects the twist-
ed structure, which could be
elucidated by the X-ray anal-
ysis of 156a. Treatment of
156a with iodine yielded the
corresponding radical cation
salt which shows interesting
magnetic and electrical be-
havior. The ESR spectrum of
the powdered sample of the
radical cation salt of 156a
consists of a broad signal at
the center and a fine structure
(g=2.0074, D=108G at
163 K) together with signals
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Figure 10. a) TTF-based donor radicals (152-154); b) ESR spectra of iodine-doped 152" (reprinted with
permission from ref. [168a]) and c) ESR spectrum of iodine-doped 153¢ (reprinted with permission from

ref. [169a]).
(=]
S R
=~ J*L -3 el
155a: R=H s

}ggb: g = gglz\lcgﬁ 156a: R =Ph; 156b: R = Me;
c:R=
(CHal2 1e6e: R, =

156d: Ry= ¢ 1§ ¢

156e: Rp= ()

x 1o« j X j X
)K[sﬂsﬁsﬂsfk[sﬂsfk
s s S s s

157X =CHy, O, S

the observed smaller singlet—triplet difference in 155a%*
compared with those in other bis(tetrathiafulvalenyl)vinylene
and Dbis(tetrathiafulvalenyl)thioketone dications. Further-
more, the polarization of a carbonyl group might contribute
to the stabilization of the singlet species.'’”] Therefore, Iyoda

1396

H/mT —»

with Amg=2 corresponding
to a triplet species. The dis-
tance between the two spins,
as estimated from the D val-
ue by the point—dipole ap-
proximation (6.36 A), seems
to be comparable to the distance between the two TTF units
in the CT salt. This interesting result paves the way towards
the synthesis of polymeric analogues exhibiting the more
preferential triplet ground state.

A third type of TTF-containing magnetic materials lies at
the frontier between the two previous types. They consist of
TTF derivatives that incorporate magnetic ions in their
structure.

In 1994, McCullough et al. reported on the first synthesis
and characterization of metal coordination complexes of TTF
as new building blocks (158-161, Figure 11a) for new
electronic, optical, and magnetic materials.'”?! They consist
of early and late transition metal homobimetallic coordina-
tion complexes of tetrathiafulvalene tetrathiolate (TTFS,);
the TTFS, framework allows spin interaction between the two
metal centers by superexchange (Figure 11b).['4 In addition,
a one-electron oxidation should produce a spin ordering of
the molecule through an intramolecular antiferromagnetic
coupling of the spins (Figure 11c). The electrochemical
characterization of 158 shows two reversible oxidations
corresponding to the TTF moiety together with a reduction
process at —0.85 V corresponding to the Ti'V/Ti" couple.
Compound 158 forms charge-transfer complexes with tetra-
cyano-p-quinodimethane (TCNQ) which is important for
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Figure 11. a) New metal coordination complex of tetrathiafulvalene thiolates 158 -160. b) Spin interaction in
bimetallic TTFS, complexes. The complexes shown are based on the metal M having a S=1/2 ground state.
c) Proposal for molecular ferrimagnets based on mixed-stack, charge-transfer complexes. (Redrawn from

ref. [173a].) dppp = bis(diphenylphosphanyl)propane.

achieving the mixed-stack complexes required for magnetic
materials.'’””) However, although the main target in the
syntheses of these compounds was the preparation of
ferrimagnetic materials based on the use of mixed-stack
charge-transfer complexes of the bimetallic TTSF, complexes,
to the best of our knowledge, no report on their magnetic
properties have so far been reported.

A similar approach has been more recently followed by
Sugimoto and co-workers.'’¢! They synthesized a new type of
TTF-containing organic complex (162) with magnetic metal
ions incorporated through covalent bonds into the two- or
three-dimensional m-conducting network provided by the
TTF moiety.

RS- S S~-S S-S S-SR
RSISMSIS’M‘SISHSISR

162: M = Cu, Zn, Ni___
R =Me, Etor R R = CH,CH,

It was expected that unique solid organic systems involving
both conducting = electrons and localized d electrons in
interaction with each other would be formed. In contrast to
this expectation, a large degree of intramolecular electron
transfer from the Cu" ion to the TTF radical cation ligands
occurs to give rise to almost no spin on the resultant Cu'!
atom. Interestingly, as the one electron transferred from the
Cu" atom can be equally accepted by the two TTF radical
cation ligands, a 50% radical cation resides on each TTF
ligands; hence a mixed-valence state can be achieved. In fact,
the present neutral copper complexes exhibited compara-
tively high electrical conductivities (single crystal ogr=10"4—
10~ Scm™!) without any doping. The authors suggest that
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Spin alignment for molecular stacking

magnetic metal ions other
than Cu!, for example, Cr'!
(§=3/2), Mn" (§=5/2 or
1/2), Co' (§=1/2), and Fe!
(§=5/2 or 1/2) could also be
used in the preparation of
similar neutral complexes. Dif-
ferent electrical conducting
and magnetic properties might
be observed with these new
complexes.

b)] i
Fens et
.
TS

3.4. Molecular Rectification
in TTF-o-Acceptor
Materials

net spin
direction

In 1974 Aviram and Ratner
proposed rectification of elec-
trical current through a single
D-0-A molecule, in which a
strong donor moiety is cova-
lently attached to a strong
acceptor moiety through a co-
valent, saturated o bridge.['"]
Molecule 163 was chosen as a
prototype material because of the excellent donor and
acceptor properties of TTF and TCNQ, repectively. In order
to achieve molecular rectification the molecule should exhibit
anisotropic electrical properties. Thus, these materials should
be aligned uniformly between two electrodes (M; and M,) so
that they would allow electron flow from the cathode M, to
the acceptor end, from there to the donor by electron
tunneling through the o bridge, and then from the donor
terminus to the anode M,. Figure 12b shows how such a
device is asymmetric because the HOMO of D is relatively
low while the LUMO of A is relatively high. The device will
work if the inelastic through-bond tuneling is more likely than
the elastic through-space tunneling, which is unaffected by
molecular orbitals.!'7*]

Although the research groups of Panetta and Metzger have
performed a great deal of work during the last two decades to
bring this theoretical project into reality,!”>8! to the best of
our knowledge, the D-0-A structure 163 has not yet been
synthesized. However, they have developed a systematic
synthetic plan aimed at the obtention of a series of model
compounds in which different donor and acceptor moieties as
well as o bridges are incorporated.l'” ' This effort has
allowed different D-0-A molecules and several ground-state
zwitterions D*-rt-A~ to be obtained, one of which became the
first confirmed unimolecular rectifier.'s?) 164170 are select-
ed examples of TTF-containing D-0-A molecules proposed as
molecular rectifiers.

The first two D-0-A products prepared (164, 165) contain-
ing the strong donor TTF and the strong acceptor TCNQ were
metastable materials; they were amorphous, difficult to
purify, and readily decomposed. The 'HNMR studies of
these products resulted in spectra in which many of the
resonances were extremely broad: perhaps indicative of
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Figure 12. a) Original D-0-A structure 163 proposed by Aviram and
Ratner for a molecular rectifier. b) The Aviram-Ratner mechanism,
showing the through-molecule electron flow from the excited zwitterion
state D*-0-A~ to the ground state D%-g-A°.[18
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paramagnetic species or charge-transfer complexes.'”1 A
ground-state biradical character for these compounds is also
suggested by the intense broad signal observed in the ESR
spectrum of a powdered sample of 165 recorded at 300 K. In
order to avoid these problems, other weaker donor moieties
(dialkylamine, pyrene, anthracene) were covalently attached
through different bridges (ester, carbamate) to the TCNQ
moiety to yield stable D-0-A systems, with some of them
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exhibiting rectification.'") On the other hand, TTF has been
incorporated in stable D-0-A systems by replacing the strong
TCNQ acceptor moiety by other moderate acceptors such as
the triptycenequinone system (166, 167).33] Further conver-
sion of the triptycenequinone derivatives 166 and 167 into the
triptycene-dicyanoquinonediimines  (stronger acceptors)
failed.[¥” 180 184 The presence of long alkyl chains in 166 and
167 allows these compounds to form Pockels —Langmuir (PL)
films at the air—water interface and can be mostly transferred
as LB films onto solid substrates. No charge-transfer band was
however observed in the LB films.

In 1998, Bryce and co-workers reported on the synthesis
and study of 168 and a related TTF-0-TCAQ-o-TTF triad in
which the strong donor TTF is covalently attached to the
moderate acceptor TCAQ moiety.'33 These are the first
readily available, analytically pure, stable TTF-spacer-TCNQ
derivatives. In contrast with compound 165, ESR (no signal)
and IR data on powdered samples of 168 suggested a neutral
ground state. Simultaneous electrochemistry and ESR experi-
ments provide evidence that the spin-density distribution in
the radical cation of 168 was modulated intramolecularly by
the adjacent TCAQ moiety. This behavior was significantly
different to that observed in a mixture of model TTF and
TCAQ derivatives which did not interact in solution when
mixed under the same experimental conditions. Derivatives of
168 would therefore be good candidates for preparing macro-
scopic films to study their potential behavior as bulk rectifiers
in suitable devices.

We have also reported on the synthesis of novel single-
component donor—acceptor compounds (169) containing p-
benzoquinone-TTF units.[86-187]
Since the substitution on the p-
benzoquinone ring has a strik-
ing influence on the acceptor
ability of this moiety, we have
introduced different substitu-
ents to tune the acceptor abil-
ity of the quinone moiety. The
presence of the long alkyl
chains attached to the TTF
moiety led to compounds that
were highly soluble in common
organic solvents, which is very
important for obtaining easily
characterizable and proccessa-
ble materials. The CV data
reveal the presence of both
donor and acceptor moieties
which behave independently
and preserve their own redox
character. Work is in progress
to improve the acceptor ability of the quinone moiety by
replacing the p-benzoquinone unit with the stronger acceptors
TCNQ and DCNQI. The preparation of LB films of 169 and
other bisdodecyl-substituted derivatives as well as their
possible rectifying behavior is also under study.

Khodorkovsky and co-workers have recently reported on a
similar TTF-p-benzoquinone system (170).['*1 The X-ray
structure of 170 shows the molecule has a bent configuration

5._SCeH13

ST SCeHs3

Angew. Chem. Int. Ed. 2001, 40, 1372-1409



Tetrathiafulvalene

REVIEWS

with the acceptor p-benzoquinone moiety spatially located
above the donor dimethylthio-TTF wunit. A low charge
transfer can be observed in the ground state of 170 because
of the short intramolecular face-to-face distances between the
planes of donor and acceptor molecules. A photoinduced
intramolecular electron transfer takes place after irradiation
with sunlight which results in the appearance of broad signals
in the EPR measurements. This is one of the first examples of
systems with inherent intramolecular through-space charge-
transfer properties.['*¥!

3.5. TTF Derivatives as New Organic Electrooptic
Materials

3.5.1. TTF Derivatives as NLO Materials

Recent advances in polymeric electrooptic materials and
fabrication techniques for devices have significantly increased
the potential incorporation of these materials and devices into
modern high-bandwidth (fiber and wireless) telecommunica-
tion, information processing, and radar systems.['®)] Push — pull
systems of general structure D-ni-A are being actively studied
as NLO chromophores,® since they can exhibit large
quadratic molecular hyperpolarizabilities (). These are
electrooptic materials whose refraction index can be changed
by the application of an electric field and are of interest as a
result of their potential use in areas such as optical modu-
lation, molecular switching, optical memory, and frequency
doubling.[

In this context, we reported in 1998 the first NLO materials
containing the TTF unit as the donor moiety in D-m-A
systems (171, 172, Table 2).'"”l We have studied the influence
of different acceptors and spacers in order to optimize the
nonlinear optical response of these materials.'*1%l Table 2
shows the uf values of selected TTF-containing NLO materi-

als (171-177). The up values were measured using the
electric-field-induced second harmonic generation (EFISH)
technique at 1907 nm.

An increase in the NLO properties of these materials has
been observed by using stronger electron acceptors attached
to the TTF moiety. Low uf values were obtained for
derivative 171 bearing the weak formyl electron acceptor.['™
An improvement in the uf values was observed when the
formyl group was replaced by stronger electron acceptors
such as dicyanomethylene (172),/'% 13 nitrobenzene (173)[4
and (thio)barbituric acid (175-177),["! with the best results
(up =1350.10"* esu) being observed when the strong accept-
or 3-(dicyanomethylidene)indan-1-one was used in combina-
tion with the TTF unit.[%]

As in other NLO materials, the uf values increase in the
series a<b <c¢, which shows the beneficial effects of the
extended conjugated chain on the molecular first hyper-
polarizability (Table 2).[1%]

The UV/Vis absorptions of the novel compounds were
measured in the same solvent used for the EFISH measure-
ments. In all of them, a low-intensity charge-transfer band is
observed in the visible region. A bathochromic shift is
observed when increasing the acceptor ability of the acceptor
moiety. A most interesting observation of these compounds is
that they present an increase in their ufS values with sub-
stitution on the TTF skeleton and, in spite of their larger
n extension, a hypsochromic shift is observed when going
from the a to the ¢ member of a series. Thus the well-known
trade-off in the efficiency of the NLO transparency is
overcome.

The charge-transfer nature of this band, which is a
prerequisite for the attainment of high f values,'? ¥ has
been studied by quantum-chemical methods. Figure 13 de-
picts the molecular orbital topologies calculated by using the
PM3 semiempirical method for the HOMO and LUMO
orbitals of compound 174 ¢. This topology is representative of

Table 2. UV/Vis absorption [nm] and uf values [10~* esu] of selected TTF-containing NLO materials.

RS S A
I = ]N Ama!™ uf! w4 Ref.
RS s
171 A =CHO n=1 486 80 35 [192]
172 _N arn=1 636 470 190 [192]
= oN b:n=2 628 630 320 [193]
173 NO, ain=1 512 135 135 [194]
A= /©/ b:n=2 500 270 180
cn=3 500 315 205
174 NC__eN a:n=0 798 - - [196]
A ] b:n=1 726 700 259
= cn=2 690 1350 570
o
175 0 R=H,X=0 a:n=0 641 80 39 [195]
Ao n-R b:n=1 597 190 104
176 PN R=CH,, X=0 an=0 650 142 67
o z X b:n=1 609 290 154
177 R =CH,-CH,, X=$ ain=0 716 480 180
b:n=1 661 760 347
cin=2 646 960 455

[a] Recorded in CH,Cl,. [b] Measured by the EFISH technique at 1907 nm; R =H, SCH3, or RR= S(CH,),S.
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Figure 13. Molecular orbitals (PM3) of 174¢.

that calculated for the other TTF-containing NLO materials.
It can be seen how the HOMO is mainly located on the TTF
unit while the LUMO extends along the acceptor moiety and
the ethylenic spacer. The different location of these orbitals
indicate the charge-transfer character of the HOMO -LUMO
transition and shows the HOMO - LUMO overlap necessary
for obtaining good NLO responses.!'?”)

With these promising results in hand, better £ values may
be expected for TTF-containing materials in which more
polarizable spacers and stronger acceptor units are included.
In addition, TTF-based NLO chromophores display good
thermal stabilities which make them potential candidates for
incorporation in poled polymers.

The NLO behavior of TTF derivatives seems not to be
limited to second-order effects. In 1999, Nakano et al.l*!
reported that the radical cation of TTF provides unique
third-order optical nonlinearity, that is, a large negative
y value (second hyperpolarizability) according to a struc-
ture — property correlation rule developed by their research
group.?®! The sign of y is important in quantum optics:°!l the
positive values cause the self-focusing effect of an incident
beam, while the negative one causes the self-defocusing
effects. Thus, since systems with negative values of y are in
general rare and are also expected to be candidates for
fundamental systems of “controllable NLO materials”, the
finding that the radical cation of TTF exhibits large negative
values of y paves the way for further studies on this specific
property. Furthermore, as the radical cation of TTF is present
in the segregated stacks of several electrically conducting
charge-transfer complexes in combination with acceptor
counterparts, this type of material may constitute a new
possibility for multiproperty systems combining high electri-
cal conductivity and unique third-order nonlinearity (y <0).

3.5.2. TTF Derivatives as Photochromic Materials

Organic photochromic compounds that allow reversible
modulation of a given electronic property, such as conjuga-
tion, by an external trigger, such as light, are attractive for
different applications?®? including optical information stor-
age systems.” One important class of these compounds are
those bearing the diarylethene moiety because of their fatigue
resistance and thermally irreversible reactivity.?™! Com-
pounds of this type undergo a reversible electrocyclic
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interconversion (Scheme 8) between a colorless, unconjugat-
ed open state (o) and a colored, conjugated state (c) on
irradiation.

Me s, Me s Me Me S }}Me So_Me
N/ "'Me \ N/ "Me N/
R — R R — R
S hv S__S

S

I (
s s ' s s
R — R R @ R
Me
BN I |
Me” ~S Me S "Me Me” "S MeS™ "Me
1780: R = CHg 178c: R = CHg
1790:R=H 179c:R=H

Scheme 8. Photochemical interconversion of compounds 178 and 179
between their open (o) and closed (c) forms.

Uchida etal. have recently synthesized 4,4',5,5-tetra-
kis(2,4,5-trimethyl-3-thienyl)tetrathiafulvalene (178) and
4,4' 5,5 -tetrakis-(2,5-dimethyl-3-thienyl)tetrathia-fulvalene
(179) bearing the dithienylethene units.’] Upon irradiation
with UV light, the colorless solution of 178 changed to yellow.
The yellow color was bleached by irradiation with visible light
(A>450 nm). In contrast to 178 which underwent reversible
photochromic reactions, the related analogue 179 did not
show any color change by irradiation with UV light. This
remarkably different behavior has been accounted for by the
lack of steric repulsion which takes place between the methyl
groups in 178 and results in an inactive photochromic
conformation.

Interestingly, light-triggered electrochemistry of 178 was
examined by cyclic voltammetry and revealed that this TTF
derivative undergoes a direct electron-transfer reaction with
the electrode on irradiation with UV light, whereas irradi-
ation with visible light decreased the Faradaic current.
Therefore, an electrochemical switching function was also
observed to accompany the photochromism. This first exam-
ple of photochromism in TTF derivatives paves the way for
the very appealing field of multiproperty materials and,
therefore, more effort should be paid to this type of TTF-
based photochromic system.

3.5.3. Photovoltaic Applications of TTF-Containing
Fullerenes

The design and synthesis of organic molecules with two
chromophores, namely an electroactive donor and an accept-
or fragment connected through a spacer, that display charge
separation is an important topic in chemistry since they can be
used as artificial photosynthetic systems to transform sunlight
into chemical energy.*!

During the last few years fullerenes, and particularly
[60]fullerene, have been shown to have unique photophysical
properties that are promising features for the preparation of
photovoltaic devices.?” Thus, one of the most outstanding
properties of [60]fullerene in electron-transfer processes is
that it accelerates the photoinduced charge separation and
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retards the charge recombination in the absence of light.%!
These findings suggest that C, and its derivatives are
promising candidates for the preparation of artificial photo-
synthetic systems and photovoltaic devices, which constitutes
one of the most realistic and outstanding applications of
fullerenes.

Since the preparation of Cy, on a multigram scale in 19902*
a huge amount of work has been devoted to the chemistry of
Cg and it is already well-established. Therefore, during the
last few years many Cg-donor systems have been prepared in
the search for electron-transfer properties. We have recently
reviewed this topic and a wide variety of Cq-based intermo-
lecular as well as intramolecular complexes have been
synthesized.']

It is worth mentioning that most of the donor molecules
used in the preparation of Cg-o-donor systems have an
aromatic character in the ground state which is partially or
totally lost upon oxidation to form the radical cation
species.?!! In contrast, TTF and its derivatives are non-
aromatic molecules which upon oxidation form the 1,3-
dithiolium cation which possesses aromatic character
(Scheme 1). This gain of aromaticity in forming the radical
cation and dication species of TTF in the oxidation process is
an important improvement for increasing the stabilization of
the charge-separated state (Figure 14).

Figure 14. Approach for the design of molecules showing remarkably
long-lived CS states: the TTF unit gains aromaticity upon oxidation.

The first C4-TTF dyad (180) was simultaneously and
independently reported by Prato et al.?'l] and Martin et al.?'?!
in 1996. Since then, other
Ce-TTF derivatives, such
as 181,213 182,241 183,215
184,261 1852171 and
186,781 have been pub-
lished in the search of
photoinduced  electron-
transfer processes.

The C¢-TTF dyad 183
was prepared by a Diels—
Alder cycloaddition of
the o-quinodimethane an-
alogue of TTF to Cg.P"!
These systems undergo a
rapid quenching of the
triplet excited states, as
observed by nanosecond-
resolved flash photolysis,
to generate transient
charge-separated open-
shell species with life-
times typically around
75 ps.2l These lifetimes

180: R = H, SCHj, (SCH,),

183: R=H, CHg,
SCHg, CO,CHg
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are, however, far away from those measured for dyads such as
180 and 185-187.

The nature and length of the spacer linking the two
electroactive moieties have a profound impact on the rate and
efficiency of intramolecular electron-transfer processes.?’!
Thus, we have prepared dyads (180) in which the TTF donor
unit is attached to the Cg, core through a single o bond and
one (n=1) or two (n=2) vinyl spacers. We have recently
reported the photophysics of the TTF-containing dyads
18021 and 186.2'8! Absorption of light by these dyads leads
to the formation of the excited singlet state of fullerene, which
undergoes an intramolecular electron transfer to form the
charge-separated (CS) state (Figure 14). Evidence for the
electron transfer comes from steady-state and time-resolved
photolysis.?2: 2221 Tt is worth mentioning that an increase in the
stabilization of the CS state takes place by gaining aromaticity
upon oxidation of the TTF moiety.

Charge recombination proceeds mainly through formation
of the triplet excited state of fullerene as a result of the strong
second-order vibronic spin—orbit coupling induced by the
presence of the sulfur atoms of the TTF unit. This charge-
recombination behavior forming a fullerene triplet excited
state is different to most of the previously reported Cg-based
dyads that bear donor moieties other than TTF (Fig-
ure 15).1221

The lifetimes of the charge-separated states in all these Cg-
TTF dyads are in the range of 1-2 ns, which is similar to that
found in other Cg-based tetraphenylporphyrin dyads
(ca. 0.5 ns) endowed with similar spacers.??]

More recently, we have found that Cg-based dyads bearing
a m-extended TTF fragment (187) that forms very stable
cationic species upon oxidation exhibit a CS state with a
highly remarkable stability, being improved by about two
orders of magnitude relative to other Co-TTF dyads.?*!

Systems 188721 and 189! are other more complex
electroactive systems involving Cy and TTF moieties. These

182

187 [5,6] and [6,6]
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Figure 15. Deactivation process of the singlet excited state of fullerene in
Cg-TTF dyads.
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have been recently prepared in the search for a range of redox
centers which could stabilize the formed CS state. Work is
currently in progress to determine this behavior.

These findings suggest that Cy-TTF dyads are promising
candidates for the preparation of devices for the conversion of
solar energy. The search for novel photovoltaic devices and
artificial photosynthetic systems is currently a major task in
chemistry and the photophysical properties shown by dyads
involving TTF and m-extended TTFs are among the most
outstanding found for these purposes. In fact, we are currently
working on the preparation of photovoltaic cells using TTF
derivatives as donor moieties in Cg-based dyads.

1402

3.6. Tetrathiafulvalene as a Catalyst for Radical — Polar
Crossover Reactions

In spite of the extensive studies on the chemistry of TTF as
a precursor of new conductors and semiconductors, it has
been litle exploited in synthesis. Given that it is an excellent
donor, Murphy and co-workers anticipated that it could be
used as a single-electron-donating catalyst in new sequential
reactions.?”’] Tietze and Beifuss®®! reviewed the advantages
of using sequential reactions in organic synthesis in 1993 and,
more recently, Skrydstrup has studied new examples of these
types of reactions that rely on single-electron-donating agents
to provide an effective means to synthesize a series of
polycyclic compounds.”? In contrast to the traditional
radical/polar reactions induced by Sml,,>*! Murphy and co-
workers have shown that radical cyclizations promoted by
TTF may be terminated by Sy1-type nucleophilic substitution
at the new exocyclic center (Scheme 9). Single-electron

Sml, or TTF,

»reductit_)n, )
radical cyclization

2,

oxidation Ssml,
= reduction
NuH

GQR(SNHX? Qi)\r

+, S S
= °

|

@,

E

Scheme 9. Comparison of the Sml,-induced radical/polar reaction with the
radical route involving a TTF-mediated cyclization, which can proceed
through a Syl-type nucleopilic substitution to form an exocyclic center.

+

R E
my

reduction of a suitable substrate A by TTF and subsequent
radical cyclization in analogy to the Sml,-promoted reactions
yields a carbon radical which can be oxidized by combination
with the TTF radical cation. While the carbon radical is
further reduced by a second Sml, molecule in the Sml,-
mediated reactions, a sulfonium ion is formed in the TTF-
mediated reaction sequence. Substitution at the sulfonium ion
containing a carbon center by external nucleophiles (for
example, solvents such as H,O, MeOH, CH;CN) were found
to follow Sy1-type kinetics.

These reactions have so far been mostly applied to
aryldiazonium salts and therefore are restricted to cyclizations
of aryl radicals. In the original paper of Murphy and co-
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workers??74 they reported how aryldiazonium salts (190)
could be converted into aryl radicals (191) which then
underwent a further cyclization. The alkyl radicals produced
then underwent C—S bond formation with the tetrathiafulva-
lene radical cation. Such salts underwent a rapid unimolecular
substitution in moist acetone, methanol, or acetonitrile to
afford alcohols, ethers, and amides, respectively (Scheme 10,
193). Solvolysis was so retarded for TTF salts 192! (where
R =H) that it was not observed under the reaction conditions.

0 TTF 0 TTF*
OO0,
N2" R R
BF4~
190 191
/S
O\S/S/s 10
H s2 - @g\(x
R R
192 193

X = OH, OCHgz, NHAc

Scheme 10. Reaction of aryldiazonium salts 190 to form the radical
intermediate 191 and subsequent reaction with the TTF radical cation.

The 2-allyloxybenzenediazonium salts 190b,c react with
TTF in acetone at room temperature to furnish the alcohols
194b.c. The arenediazonium salt 190b reacts with TTF in
methanol to give the methyl ether 196, and in acetonitrile to
give the amide 197 The diazonium salt 190 a reacts with TTF
in acetone to give the sulfonium salt 195a as a mixture of two
diastereoisomers. It was not possible to effect conversion of
this compound into the alcohol 194a (Scheme 11).23

Although different mechanisms have been proposed for
these reactions,* the most likely mechanism is that proposed
by Murphy and co-workers?? which is outlined in Scheme 12.
The reaction starts with a single-electron transfer (SET)

(\s
OS85
O 8D =

195a
acetone, RT
30 min
O
O metanol, RT acetone, RT
- R fTF———(———————
OCH3 2d X 30 min
N;" R
196 BFA*
190a-c

acetonitrile, RT

(o) (o)
e

197 194b

Qope
300

Scheme 11. Reactions of the 2-allyloxybenzodiazonium salts 190a—c.
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B

0
' TTF
@ j\rR +
N, R R

BFs path a: 198

190 Electron transfer/

path b:
Radical-radical
cation coupling

194

addition of H,O or acetone

0]
[ )/—\L OH
R R
194a-c
Scheme 12. Reaction mechanism for the conversion of the 2-allyloxyben-

zodiazonium salts 190a by Murphy and co-workers.?*!

addition of H-O or acetone
followed by hydrolysis

0
%TTP, BFy

R R
195a-¢

followed by nitrogen expulsion and 5-exo-trig cyclization to
afford the intermediate alkyl radical 198 and the tetrathia-
fulvalenium radical cation. The reaction can follow two
alternative pathways: in path a, the oxidation occurs by SET
to another molecule of the diazonium salt or, less likely to the
TTF radical cation. The observed alcohols can then be formed
upon reaction of the so-formed carbocation 199 with residual
moisture in the acetone. In path b, the alkyl radical and the
TTF radical cation couples to give the intermediate salt 195,
which upon substitution would yield alcohols 194.

As the stereocontrolled construction of complex polycyclic
systems is a challenging goal in synthetic organic chemistry,
Murphy and co-workers explored whether these TTF-medi-
ated radical — polar crossover reactions could afford a direct,
novel, and stereoselective route to alkaloids®4 by using
intramolecular nucleophiles.>) Many members of the Aspi-

dosperma alkaloids (aspidospermidine and
strychnine) contain the ABCE tetracyclic sub-
structure 200 which features defined stereo-
chemistry at three contiguous centers. Murphy

and co-workers proposed that the diazonium salt

201 should afford 200 with complete stereo-
selectivity (Scheme 13). Thus, by using this
synthetic strategy, a family of tetracyclic syn-

thetic precursors of complex alkaloids have been

o synthesized?**< and, in 1999, a novel route to
oH  (%)-aspidospermidine was reported as the first

R R application of the TTF-mediated radical - polar
194b,c crossover reactions to total synthesis.?3

In a recent study by Bashir and Murphy on the
role of neighboring group participation in the
TTF-mediated radical—polar crossover reac-
tions, secondary alkyl radicals have been trapped
for the first time, thus confirming the proposed
mechanism. In addition, it has also been ob-
served that groups other than arenes can partic-
ipate in the solvolysis, thus extending the scope
of the radical —polar crossover reaction.?*l

1
I
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Scheme 13. Stereospecific synthesis of the tetracyclic ABCE substructure
200 from the diazonium salt 201.1234-l

4. Summary and Outlook

The first two decades after the first synthesis of tetrathia-
fulvalene (TTF) in 1970 have witnessed an impressive
development of TTF chemistry in the search for improved
electrically conducting materials. However, during the 1990s a
renewed interest was devoted to the use of the TTF molecule
as a new building block able to exhibit other different
nonconventional properties. In this review on the new
concepts in TTF chemistry, we have classified the latest
advances in this field in three structurally different levels,
namely at the molecular level, the macromolecular level, and
the supramolecular level.

Although the chemistry of TTF can be considered well-
established at the molecular level, important advances in the
synthesis of the parent TTF molecule in multigram quantities
and, particularly, on the discovery of the cyanomethyl
protecting group for the selective protection/deprotection
chemistry of thiolate groups have occurred.

In regard to the development of new TTF derivatives in the
search of electrically conducting materials, some alternatives
to the study of single crystals have been used to grow layers of
charge-transfer complexes, such as the formation of LB films
or chemical vapor (CV) deposition. Preparation of mesogenic
derivatives in which the TTF molecule is linked to a
mesogenic liquid crystalline center has also been used as an
alternative to form ordered arrays of TTF units. Although
these strategies are not comparable to the single crystals in
terms of conductivity, they present better opportunities for
incorporation into optoelectronic devices for practical appli-
cations.

At the macromolecular level, a systematic study of mole-
cules containing TTF units has been undertaken and mole-
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cules running from dimers, trimers, and oligomers to polymers
have been prepared. In addition, dendrimers comprised of
TTF or TTF and acceptors have been prepared, thus forming
giant molecules that show only electron-donor or amphoteric
redox behavior. These dendrimeric materials offer the
possibility of combining the control over the number and
localization of TTF units with well-behaved solubility fea-
tures, thus integrating the redox properties of TTF with the
film-formation and processability of polymers. In the same
way, cyclodextrins have also been used as platforms to carry
TTF units.

The incorporation of TTF into polymeric matrices is well
documented from several years ago. However, there is no
control over the orientation of the TTF groups relative to one
another as a consequence of the great number of different
conformations of the polymer. Therefore, during the last few
years, efforts have been directed towards the reduction of the
conformational freedom by using ladder-type polymers con-
taining TTF as part of the main chain. When doped, these
polymers showed reasonable electrical conductivity values.

In recent years, interest has mainly focused on the
association of TTF-based conductors with linear w-conjugated
structures since better processability and conductivity are
expected. In these materials two parallel charge-transport
mechanisms might be possible: through intrastack interac-
tions of the TTF units and the polaron/bipolaron conduction
in the m-conjugated chain.

Although multi-TTF macromolecules can not compete with
other typical conducting polymers, they can be envisaged as
promising electroactive systems for multiple applications
which deserve to be studied in more depth.

At the supramolecular level, different types of intermolec-
ular interactions have been used to build novel supramolec-
ular assemblies. Thus, incorporation of TTF units into
calix[4]arenes, the use of crystal engineering, and gel forma-
tion have been used successfully to achieve ordered arrays of
TTF-containing molecules. However, one of the most chal-
lenging projects in the field of molecular optoelectronics
involves the assembly of monolayers (SAM) of electroactive
molecular systems on solid supports. Some TTF-containing
SAMs have been reported which are almost indefinitely
stable and which can be used to prepare thin-film sensors.

During the last decade, the study of TTF derivatives has
undergone an explosive growth of activity in the search for
nonconventional applications. Thus, macrocycles and supra-
molecular systems endowed with TTF units have allowed the
preparation of chemical sensors, molecular shuttles, and new
molecular switches.

The intriguing concept of molecular switches has recently
attracted great interest from a variety of perspectives.?” In
this regard, TTF-based NLO chromophores can act as a
molecular-scale switch. The preparation of materials exhibit-
ing electronic/photonic properties that can be switched by
stimulating changes at the molecular and/or macroscopic
levels still represents a challenge in TTF chemistry.

To achieve a switching effect, the D-7i-A molecules must be
stable in two states that show very different NLO properties.
Complete reversibility and a high speed of response are also
important for practical applications.’® Tetrathiafulvalene
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fulfills the above requirements as a result of its unique redox
properties. Consequently, TTF-based D-m-A systems are
suited for redox-switching NLO responses since changes in
the f values will occur upon oxidation of the TTF moiety.

The switching of NLO responses which utilize redox
reactions as stimuli is currently a less-well studied strategy
for the molecular engineering of switchable NLO materials in
which TTF deserves to be explored in depth.

Although important advances have been carried out in the
search for magnetic properties and a number of organic
ferromagnets have been recently reported, the transition
temperatures exhibited are still extremely low. The versatility
of organic chemistry to tailor desired materials properties
represents an advantage over the traditional inorganic
materials. However, to raise the transition temperature for
applications in devices is far from reality at the moment.

Pico- and nanosecond-resolved transient absorption meas-
urements of dyads comprised of TTF and C4, have shown
rapid transformations of the initially formed singlet excited
fullerene states into the charge-separated (CS) radical pairs.
The lifetime (several hundreds of nanoseconds) of the CS
radical pair has been accounted for by the gain of aromaticity,
which occurs upon oxidation of the TTF moiety. This feature
is an important property of TTF which makes it a very
attractive candidate for the development of further devices
for electron/energy storage. In this regard, a large effort is
currently being devoted to the study of multichromophoric
redox systems which resemble the primary photosynthetic
process. The TTF molecule, and particularly the m-extended
derivatives, fulfill most of the requirements necessary to
improve some of the artificial photosynthetic systems pre-
pared so far.

In summary, tetrathiafulvalene (TTF) is a molecule with
unique electronic properties that challenges the creativity and
inventiveness of chemists in areas such as organic chemistry,
polymer and materials chemistry, and supramolecular chem-
istry. The knowledge obtained during its thirty years of
existence paves the way for the development of the out-
standing properties that TTF derivatives display. Thus, TTF
faces the new century as one of the target molecules to be
exploited in depth.
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