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a b s t r a c t

This review deals with the synthesis, properties and applications of metal complexes of tetrathiafulvalene-
based group XV (N, P, As, Sb) ligands. The different synthetic methods for the preparations of
tetrathiafulvalenes (TTFs) incorporating coordination functions such as N atoms (essentially sp2 N atoms
in pyridines, pyrazines, bipyridines, imines, etc.) and P atoms (essentially in tertiary phosphines) are
reviewed, together with the redox properties of these free ligands, showing in most cases that the elec-
tron donating ability of the TTF core is only scarcely affected upon association with the coordinating
group. Metal complexes of such ligands have been reported with a large variety of metal centers, from
group 6 (Cr, Mo, W) to group 12 (Zn, Cd, Hg). Their structural and electronic and magnetic properties are
described, with an emphasis on the evolution of the properties of the ligand (redox potentials, 31P NMR
chemical shifts) upon coordination. Two applications of these complexes are further discussed, elabora-
tion of multi-functional conducting materials upon TTF oxidation, redox modulation of the reactivity of
the metal complex used as catalyst.

© 2008 Elsevier B.V. All rights reserved.

. Introduction

The synthesis and coordination chemistry of electro-active
olecules functionalized by various mono or polydentate ligands

ave developed steadily during the past two decades. A prominent
edox-active class of compounds is represented by tetrathiafulva-
ene (TTF) derivatives, which have been extensively studied in the
earch for molecular conductors and superconductors [1,2]. In this
espect, the association of the redox active TTF unit with coordi-
ating heteroatom-based groups is particularly promising in the
erspective of preparing electroactive transition metal complexes
ith original structural and electronic properties. First, the metal
ay serve as a template in order to assemble two or more TTF units,

y means of metal-ligand interactions, in a rigid predefined man-
er ruled by the stereochemical preferences of the metal ion and
he number of free coordination sites. Interplay between the elec-
ron donating properties of the electroactive ligand and the electron
ensity on the metallic center could possibly occur, especially when
he ligand is directly bound to TTF. In addition, the functional redox
igands may be further activated and assembled into electroactive
upramolecular edifices by chemical or electrochemical oxidation.
uch radical cation salts would provide unique models to probe
he structural and electronic consequences of mixing the metal d
nd ligand � electrons and spins. In addition, when the coordinated
etal is paramagnetic, the coexistence of magnetic and conducting

roperties hold much promise for the development of bifunctional
olecular materials, a field of much current activity [3–6]. Elec-

roactive complexes could provide new interesting applications in
he field of luminescent compounds and also in that of homogenous
atalysis.

Among the numerous TTF ligand systems investigated in these
ast 20 years, those containing pyridine or bipyridine ligands in the
ne hand, those containing phosphines in the other hand are the
ost extensively studied so far, particularly for the elaboration of
etal complexes. In this review article, we therefore concentrate

n group XV ligands containing N, P or Sb atoms, readily available

devoted to a thorough description of the different metal complexes
reported so far with these ligands, from group 6 (Cr, Mo, W) to
group 12 (Zn, Cd, Hg) metal triad, as no N or P complexes have been
described so far, neither with the early transition metals, nor with
lanthanide or actinides. In Section 4, we describe in detail the few
reported examples of cation radical salts derived from these TTF-
containing complexes, while in Section 5, we report on the catalytic
applications of several Pd and Ir complexes.

2. Syntheses of tetrathiafulvalenyl ligands

For almost four decades, the imagination of the chemists
involved in the field of molecular materials based on TTF gave rise
to numerous TTF derivatives which have been thoroughly reviewed
along the years by Schukat and Fanghänel [7]. The various strate-
gies used to prepare these numerous functionalized TTF derivatives
have also been recently reviewed [8]. However, until now, no com-
pendium of TTFs as electroactive ligands has been reported, this
is the object of the present part of this section. The synthetic
approaches used towards these electroactive ligands are essentially
based on two strategies (Scheme 1): (i) functionalization of the
dithiole core by the coordination function, followed by its homo-
or heterocoupling to the symmetrically or unsymmetrically sub-
stituted TTFs and (ii) functionalization of the preformed donor
core with a reactive group which will then serve as an anchorage
for introducing the coordinating part on the TTFs. In this section,
we will first focus on the synthesis of N electroactive ligands, fol-
lowed by the P-ligands and Sb-ligands as no TTF functionalized with
arsenic-containing moieties has been described so far.

2.1. Tetrathiafulvalenes with N-ligands

The use of TTF organic donors containing a sp2 nitrogen atom as
potential coordinating site has been intensively developed within
the last decade. Among the various heterocycles grafted on the TTF
core, we will focus on the pyridine, bipyridine, pyrazine, thiopi-
or further metal coordination. We will first describe in Section
the different synthetic methods developed for the syntheses of

hese original electroactive ligands together with a strong empha-
is on the evolution of their electrochemical properties depending
n the nature and location of the coordinating group. Section 3 is

c
O
s
t
t

oline, etc. Since the synthesis of the first TTF-pyridine in 1984 by
kamoto et al., a large variety of N sp2 TTF ligands has been synthe-

ized. It was however only at the beginning of the 21st century that
ransition metal complexes have been reported, and since then,
he development of this field became clearly oriented towards
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(Scheme 5).
Scheme 1. Two main synthetic approac

he coordination chemistry of these electroactive ligands. As a
onsequence, many potentially interesting TTF-N ligands described
efore 2000 have never been engaged in metal complexes.

.1.1. Pyridine directly linked to the TTF core
The first pyridine-substituted TTF 1 has been prepared

y Okamoto et al. in 1984 through the reaction of bis-(2-
yridyl)acetylene with CS2 at 100 ◦C under high pressure for 12 h
Scheme 2). The goal of this work was to couple the electron-
ich TTF �-system with a metal complex into a single conjugated
nd repeating framework [9]. This visionary and pioneering work
as followed by the synthesis of the mono-substituted TTF 2 by

yoda et al. in 1992 through the palladium-catalyzed coupling of
rialkylstannyl-TTF with 2-bromopyridine (Scheme 3) [10].

The same synthetic procedure involving TTF–SnR3 has been
sed with 2,6-dibromopyridine [11] or 4-bromopyridine as reac-
ants [12]. N-methylation afforded for example the corresponding
-methyl-4-pyridinium-TTF, a TTF-A diad molecule (A = electron
cceptor moiety) exhibiting intramolecular charge transfer (ICT).
his Stille coupling reaction is particularly attractive as the stan-

ylated TTF derivatives are readily available in very good yields
rom lithiation of the preformed TTF core and reaction with trialkyl-
tannylchloride. Reactivity of the different halogenated pyridines in
his Stille palladium-catalyzed condensation is, as expected, in the

Scheme 2. Synthesis of tetrakis(2-pyridyl)TTF.

Scheme 3. Synthesis of 2-pyridyl-TTF by Stille coupling.
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r the synthesis of N and P TTF ligands.

rder Py–I > Py–Br � Py–Cl. This chemical approach has been suc-
essfully developed for the synthesis of mono and bis-pyridyl-TTFs
Scheme 4) [13–15] and was also extended to the synthesis of 3-
uinolyl and 3,5-pyrimidyl [13] derivatives 10 and 11. The mono
nd bis-pyridyl-TTFs can also be prepared from the unsymmetri-
al or symmetrical coupling using the 4-pyridyl-1,3-dithiole-2-one
n the presence of neat triethylphosphite but in rather low yields
16–18]. The pyridine substituent directly linked to the donor core
as no significant electron withdrawing effect on the redox proper-
ies of the donor core as the oxidation potentials remain very close
o those of the non-substituted TTFs [10–17] (Table 1).

.1.2. Ethylenic and acetylenic spacer groups
The pyridine unit has also been grafted on the TTF core through

arious conjugated linkers. For instance, the first example in
his series, TTF–CH CH–4-pyridine 14a, was described by Cas-
oux et al. [19] in 1999. It was obtained by a Wittig reaction
etween formyl-TTF and the ylide generated in basic medium
rom the 4-picolyltriphenylphosphonium chloride, hydrochloride
According to the same Wittig approach, the mono and the
is-pyridylethenyl-TTF derivatives 14b, 15 and 16 were prepared
Scheme 5) [20–22]. These pyridyl-TTF derivatives were first
nvestigated as precursors of donor–acceptor diads, in TTF-(�-

able 1
xidation potential of TTF-pyridines 2–13 (in V, scanning rate 100 mV/s, using
BAPF6 as supporting electrolyte and Pt working electrode).

ompound E1 E2 Solvent, ref. electrode Reference

0.39 0.85 PhCN vs. Ag/AgCla [10]
0.54 1.09 CH2Cl2 vs. SCE [13]
0.51 1.07 CH2Cl2 vs. SCE [13]
0.58 1.08 CH2Cl2 vs. SCE [13]

a 0.47 0.70 DMF vs. Ag/AgCla [14]
b 0.31 0.70 CH3CN vs. Ag/AgCl [12]

0.43 0.82 CH3CN vs. Ag/AgClb [15]
0.43c 0.82 CH3CN vs. Ag/AgClb [15]
0.49 0.76 CH3CN vs. Ag/AgCl [17]
0.55 1.02 CH2Cl2 vs. SCE [13]

0 0.65 1.08 CH2Cl2 vs. SCE [13]
1 0.55 1.02 CH2Cl2 vs. SCE [13]
3a 0.29 0.87 PhCN vs. SCEa [11]
3b 0.54 0.82 PhCN vs. SCEa [11]

a TBAClO4 as supporting electrolyte.
b Glassy carbon as the working electrode.
c Ep/ox = 0.76 V corresponding to the formation of verdazyl radical.



D. Lorcy et al. / Coordination Chemistry Reviews 253 (2009) 1398–1438 1401

s
i
i
i
d
M
e
c
p
t
a

u
a
t
1
[
e
T
f
a
i
E

B
t
t
t
e
p
t
p
Pb as those observed for their analogues bearing an ethylenic or
Scheme 4. Structure of TTF-pyridine ligands.

pacer)-acceptor systems where the N-methylpyridinium moiety
s the acceptor group. These salts were simply obtained by react-
ng TTF–CH CH–pyridine molecules with a large excess of methyl
odide [19]. Langmuir–Blodgett monolayers of the amphiphilic TTF
erivative 15 show second-order non-linear optical properties [20].
ono- and bis(pyridylethenyl) TTF derivatives 14a and 16 also

xhibit remarkable sensing and coordinating properties of the Pb2+

ation. Upon coordination, the electron accepting ability of the

yridyl group is enhanced, which in turn causes a decrease in elec-
ron density in the TTF core, with a modification of the UV–vis
bsorption bands and the NMR proton resonances [21].

Scheme 5. Synthesis of the pyridylethenyl-TTF.
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Scheme 6. Synthesis of the pyridylimino-TTF.

An imine bridge, rather than the ethylenic one, has also been
sed as a conjugated linker between TTF and pyridine. One further
dvantage of this imine bridge is the possibility for its nitrogen atom
o also participate to metal coordination, affording for example in
7 (Scheme 6) a bidentate chelating ligand with the pyridyl group
23]. Two synthetic approaches have been described towards these
lectroactive ligands, either a Schiff base condensation of formyl-
TF with 2-aminopyridine [23], or an aza-Wittig reaction between
ormyl-TTF and an iminophosphorane [24]. The latter reaction was
lso carried out on 4,4′-diformyl-TTF, producing the disubstituted
mine-pyridine derivative 19 as a mixture of two isomers (Z and
).

A comparison of the imino or ethenyl junctions, based on
3LYP/6-31G calculations performed on 14a (R = H) and 18, showed
hat they both exhibit the same efficiency in the conjugation of
he delocalized system and that the electron accepting ability of
he imine nitrogen atom lowers only slightly the HOMO and LUMO
nergies of 18 [24]. This was confirmed by the analysis of the redox
otentials as the Eox of the imino derivatives are slightly higher
han those of their ethenyl analogues (Table 2) [23,24]. These imino
yridyl TTFs exhibit the same binding affinity and selectivity for

2+
cetylenic (vide infra) spacer.
Indeed, a series of acetylenic TTF derivatives have been recently

esigned and synthesized by Wu et al. in order to investigate
he electronic communication between the TTF and the pyridine

able 2
xidation potential of TTF-�-spacer-pyridines 14–23 (in V, scanning rate 100 mV/s,
sing TBAPF6 as supporting electrolyte and Pt working electrode).

ompound E1 E2 Solvent Reference

4a 0.44 0.80 CH3CN vs. SCE [19]
4b 0.40 – PhCl vs. SCE [22]
6 0.58 0.94 CH3CN vs. SCE [21]
7 0.49 0.88 CH3CN vs. Ag/AgCla [23]
8 0.47 0.86 DCM/ACN vs. Ag/AgClb [24]
9 0.58 0.98 DCM/ACN vs. Ag/AgClb [24]
0 0.48 0.83 CH3CN vs. SCE [25]
1 0.46 0.82 CH3CN vs. SCE [25]
2 0.48 0.84 CH3CN vs. SCE [25]
3 0.15 0.43 CH2Cl2 vs. Fc/Fc+ [26]

a Glassy carbon as the working electrode.
b TBABF4 as supporting electrolyte.
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Scheme 7. Synthesis of pyridylethynyl-TTFs.

oiety upon Pb2+ coordination [25]. These pyridyl–C C–TTFs
ere synthesized according to a Sonogoshira coupling reaction
etween iodo-TTFs with ethynylpyridines to afford the 2-, 3- and
-pyridylethynyl-TTF derivatives 20–22 (Scheme 7). Varying the
pacer unit between the TTF and pyridine unit from a double
ond to a triple bond leads to positive shifts for the first and
econd oxidation potentials of the TTF moieties. Also, the extent
f intramolecular charge-transfer interactions through the triple
ond is smaller than through the double bond [25].

Bis(2-pyridylethynyl)TTF 23 was prepared from the bis-iodo
TF following the same strategy, Sonogoshira coupling reaction of
he dihalogenated TTF with an excess of ethynylpyridine in the
resence of CuI, Pd(PPh3)4 and triethylamine (Scheme 7) [26]. Inter-
stingly, the X-ray structure of 23 shows that the two pyridylethynyl
nits are almost coplanar with the C C double bond of the TTF core

Fig. 1) while the two nitrogen atoms do not point toward each
ther, at variance with the structures observed in its copper salts
see Section 3.6.1).

ig. 1. Molecular structure of TTF 23 (a) showing the disposition of the pyridine
ubstituents and (b) side view of the TTF [26].
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Scheme 8. Cross-coupling reaction of dithioles affording pyridyl-EDT-TTF.

.1.3. Spacer groups involving ethylenedithio junctions
The pyridine substituent has also been covalently linked to

he TTF core via non-conjugated spacer groups, as for exam-
le on the ethylenic bridge of EDT-TTF derivatives such as 24.
he chemical route used for these TTF derivatives is based on
he cross coupling of 4,5-di(thioalkyl)-1,3-dithiole-2-thione and
,5-(4-pyridyl)ethylenedithio-1,3-dithiole-2-one in the presence of
rimethylphosphite (Scheme 8) [27].

An interesting aspect of this non-amphiphilic derivative 24,
esides its potential ligand behavior, lies in its ability to form sta-
le Langmuir–Blodgett films with only 25% molar ratio of fatty
cid. These films become semiconducting after iodine doping [28].
ccording to the same cross coupling reaction, either BEDT-TTF or
DO-EDT-TTF derivatives substituted by a pyridine have been pre-
ared [29–31]. All these donor molecules 25–31 (Scheme 9), apart
rom achiral 27 and 28, are obtained as racemic mixtures which
ere not separated. As expected, the TTF and the pyridine moieties

n 29 are not coplanar, but exhibit a dihedral angle of 80.1(1)◦ [31].

.1.4. Spacer groups incorporating amide and ester functionalities
A series of amido pyridines have been prepared by reacting

arious TTF-acyl chlorides with ortho- [32], meta- and para-
minopyridine [33], in order to introduce an additional hydrogen
onding functionality on the molecule (Scheme 10).

For example, the setting of hydrogen bonds between 32 and
omplementary guests such as butanoic acid has been evidenced
s well as the possibility of modulating the host–guest hydrogen
onding interactions in solution, in function of the redox state of
he TTF [32]. Due to the hydrogen-bond donor/acceptor character
f the amide and pyridine groups, specific hydrogen-bonded

otifs are observed in the solid state, such as ribbons for the meta

somer EDT-TTF-CONH-m-py 33, or infinite chains for the para
somer 34 (Fig. 2) [33]. The ortho derivative 36 exhibits a high
electivity for H2PO4

− over a wide range of anions [34] through

Scheme 9. Pyridyl-EDT-TTF.
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Scheme 10. Amide as anchoring group between TTF and pyridine.

ydrogen bonding interactions. A bis(amidomethylpyridyl)-TTF
37) incorporating also the amide and pyridyl coordinating units,
ut non-conjugated together, has recently been reported as a
ighly effective redox responsive receptor towards M2+ transition
etal cations (Cd2+, Ni2+ and Co2+) (Scheme 10) [35].
Flexible links based on the ester functionality were also intro-

uced in TTF pyridine derivatives upon reaction of various pyridine

cyl chlorides with TTFs functionalized with an alcohol group,
ffording 38–43 in good yields (Scheme 11) [30,36]. The redox
roperties of these pyridine ligands incorporating amide or ester
unctionalities within the spacer group are summarized Table 3.

ig. 2. View of the hydrogen-bonded motifs formed by (a) the meta isomer EDT-
TF-CONH-m-py 33 and (b) the para isomer 34 [33].
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Scheme 11. Ester as anchoring group between TTF and pyridine.

.1.5. Thiopicoline derivatives: S,N ligands
Alkylation of a thiolate or a dithiolate with a halomethylpyridine

erivative is a very convenient and easy route for functionalizing
he dithiole or the TTF core. This route was first used by Kilburn et
l. in 1989 for the synthesis of a macrocycle containing one TTF and
wo pyridine units [37]. Addition of 2,6-bis(bromomethyl)pyridine
o the disodium salt of the 1,3-dithiole-2-thione-4,5-dithiolate
eads to the corresponding macrocycle in excellent yield which
y intramolecular coupling in the presence of triethylphosphite
fforded the macrocycle 44 (Scheme 12). As expected for this type
f constrained macrocycle, the TTF core in 44 is highly distorted.

Alkylation of the thiolate group of preformed TTF cores in the

resence of bis-electrophilic reagents allowed the formation of
onors incorporating two TTF units. For instance, Zhu and cowork-
rs, reacting EDT-TTF-thiolate with 2,6-bis(chloromethyl)pyridine
solated the dimeric TTF 45 (Scheme 13) [38]. Under the same

able 3
xidation potential of TTF ligands 24–43 (in V, scanning rate 100 mV/s, using 0.1 M
BAPF6 as supporting electrolyte and Pt as working electrode).

ompound E1 E2 Solvent Reference

4 0.45 0.80 CH2Cl2 vs. Ag/AgCla [28]
5 0.45 0.87 CH2Cl2 vs. SCEb [29]
6 0.45 0.82 CH2Cl2 vs. SCEb [29]
7 0.48 0.89 CH2Cl2 vs. SCEb [29]
8 0.50 0.89 CH2Cl2 vs. SCEb [29]
9 0.52 0.83 PhCN vs. SCEc,d [31]
0 0.48 0.89 CH2Cl2 vs. Ag/AgCl [30]
1 0.50 0.89 CH2Cl2 vs. Ag/AgCl [30]
2 0.57 0.99 irr. CH2Cl2 vs. Me5Fc/Me5Fc+ [32]
3 0.66 0.90 THF vs. SCEe [33]
4 0.67 0.92 THF vs. SCEe [33]
5 0.74 0.94 THF vs. SCEe [33]
7 0.59 0.87 DCM/ACN vs. Ag/AgCl [35]
8 0.49 0.90 CH2Cl2 vs. Ag/AgCl [30]
9 0.50 0.90 CH2Cl2 vs. Ag/AgCl [30]
0 0.50 0.90 CH2Cl2 vs. Ag/AgCl [30]
3 0.43 0.50f CH2Cl2 vs. Ag/AgCl [30]

a 0.2 M TBAPF6 as supporting electrolyte.
b Scanning rate 50 mV/s.
c TBABF4 as supporting electrolyte.
d Scanning rate 10 mV/s.
e 0.05 M TBAPF6 as supporting electrolyte.
f E3

ox = 0.82 V, irreversible process.
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Table 4
Oxidation potentials of thiopicoline derivatives 44–47 (in V, using 0.1 M TBAPF6 as
supporting electrolyte, platinum electrode, scan rate 100 mV/s).

Compound E1 E2 E3 Solvent Reference

44 0.27 0.57 1,1,2-TCE vs. Ag/AgCla [37]
45 0.40 0.54 0.86 CH2Cl2 vs. SCE [38]
46a 0.504 0.580 0.952 CH2Cl2 vs. SCE [39]
46b 0.616 0.668 0.962 CH2Cl2 vs. SCE [39]
4
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Scheme 12. Macrocycle containing one TTF unit and two pyridines.

onditions, Fabre et al. prepared a series of dimeric TTFs where the
TFs are either connected through one single spacer group 46a–c,
r with two pyridine units as spacer groups as in 47 (Scheme 13)
39].

All these dimeric TTFs (45–47) exhibit similar redox behavior

pon cyclic voltammetry investigations (Table 4). Three distinct
eversible oxidation waves were observed and the relative intensity
f each wave suggests two successive one-electron redox processes
ollowed by a two-electron reversible oxidation step [38,39]. The

Scheme 13. Dimeric TTF linked by a pyridine.
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6c 0.604 0.696 0.995 CH2Cl2 vs. SCE [39]
7 0.506 0.672 0.934 CH2Cl2 vs. SCE [39]

a 0.1 M TBAClO4 as supporting electrolyte and scan rate 200 mV/s.

plitting of the first system into two monoelectronic waves was
ttributed, thanks to the flexibility of the space group, to the for-
ation of a �-dimer stabilizing the formation of the radical cation

pecies. Removal of the second electron to the bis-radical cation
nduces the opening out of the sandwich structure. Then, the two
on-interacting cation radical species oxidize concomitantly into
he bis dication [40].

Several mono-, bis- and tetrakis(pyridylmethylthio)-TTF have
een described recently. Decurtins et al. reported a straight-
orward synthesis of tetrakis(2-pyridylmethylthio)TTF 48 based
n the reactivity of the tetrathiolate TTF, generated from
he 2,2′-bis(1,3,4,6-tetrathiapentalen-5-one) with KOH, in the
resence of 2-bromomethylpyridine hydrobromide (Scheme 14)
41]. The analogous tetrakis(3-pyridylmethylthio) and tetrakis(4-
yridylmethylthio)-TTF 49 and 50 have also been synthesized
sing a different approach which is based on the coupling of
he already functionalized 1,3-dithiole-2-one, the corresponding
,5-bis(pyridylmethylthio)-1,3-dithiole-2-one, in the presence of
ri-isopropylphosphite (Scheme 14) [42].

An extensive series of bis(pyridylmethylthio)-TTF derivatives
1–59 was prepared by two different routes (Scheme 15):
i) unsymmetrical phosphite coupling involving a pyridyl-
unctionalized 1,3-dithiole-2-one molecule or (ii) alkylation of a
TF dithiolate with the appropriate halomethylpyridine derivative
42–46]. It is worth noting that according to the second strategy
nd starting from bis(cyanoethylseleno)TTF derivatives, the corre-
ponding TTFs 57 and 58 bearing two 3-or 4-pyridyl groups linked
o the selenium atom have been synthesized [43]. It can be observed
hat, for all these derivatives, the substitution of the pyridine ring
n either the ortho, meta or para position has no effect on the redox
otential values (Table 5).
.1.6. N,N chelating ligand: bipyridine
Compared to pyridine, bipyridine TTF derivatives have been

carcely studied although 2,2′-bipyridine is an interesting biden-
ate ligand widely used for chelating various metals. Bipyridine-TTF

Scheme 14. Syntheses of tetrakis(pyridylmethylthio)-TTF.
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TTF ligands 60–67 are collected in Table 6, except for compound 61
due to its poor solubility. All of them show two reversible oxidation
waves, even in the case of the bis-TTF 64.
Scheme 15. Pyridylmethylthio-TTFs.

erivatives have been synthesized using the same synthetic
pproaches as the ones used for the pyridine-TTF derivatives.
epending on the type of reaction used, bipyridine can be linked,
ither directly to the donor core or through a conjugated or
on-conjugated spacer group. For instance, Decurtins et al. chose
he Sonogashira coupling reaction for connecting the bipyri-
ine through an ethynyl spacer: the reaction of 2-ethynyl-TTF
ith 5-bromo and the 5,5′-dibromobipyridine catalyzed by CuI

nd Pd(PPh3)4 afforded the ethynylbipyridine-linked mono (60)

Scheme 16) and bis-TTF (61) (Scheme 17) [47].

Pilkington et al. prepared, thanks to a Stille coupling reaction, the
erivative 62 where the bipyridine is directly linked to the TTF unit
Scheme 17) [15]. The reaction of different TTF acyl chlorides with

able 5
xidation potentials of thiopicoline derivatives 49–58 (in V, using 0.1 M TBAPF6 as

upporting electrolyte, platinum as working electrode, scan rate 100 mV/s).

ompound E1 E2 Solvent Reference

9 0.49 0.86 CH2Cl2 vs. SCE [42]
0 0.50 0.88 CH2Cl2 vs. SCE [42]
1 0.58 0.97 CH2Cl2 vs. Ag/AgCl [44]
2 0.54 0.90 CH2Cl2 vs. SCE [42]
3 0.53 0.87 CH2Cl2 vs. SCE [42]
4a 0.68 1.07 CH2Cl2 vs. Ag/AgCl [45]
4b 0.60 0.91 CH2Cl2 vs. Ag/AgCl [45]
4c 0.58 0.97 CH2Cl2 vs. Ag/AgCl [45]
5a 0.54 0.89 CH2Cl2 vs. SCE [42]
5b 0.61 0.98 CH2Cl2 vs. SCE [43]
6a 0.52 0.88 CH2Cl2 vs. SCE [42]
6b 0.61 0.98 CH2Cl2 vs. SCE [43]
6c 0.80 1.05 CH2Cl2 vs. SCE [43]
6d 0.80 1.05 CH2Cl2 vs. SCE [43]
6e 0.64 1.00 CH2Cl2 vs. SCE [43]
7 0.44 0.87 CH2Cl2 vs. SCE [43]
8 0.44 0.87 CH2Cl2 vs. SCE [43]
Scheme 16. Sonogashira coupling reaction of ethynyl-TTF.

-amino-2,2′-bipyridine and 5,5′-diamino-2,2′-bipyridine allowed
varvari and Batail to prepare the 5-amido-2,2′-bipyridine TTF
erivatives 63a and 63b and the 5,5′-diamido-2,2′-bipyridine bis-
TF 64 [33]. 6-Vinyl-2,2′-bipyridine has also been used as precursor
48] of the ethylenedithio derivatized molecule 65. Tetrathiaful-
alene cyclophanes 67a and 67b incorporating bipyridine have
een synthesized following the efficient deprotection/alkylation
f TTF-bis(thiolate), starting from bis(cyanoethylthio)TTF deriva-
ives and using 4,4′-bis(bromomethyl)-2,2′-bipyridine as alkylating
gent [49]. The cyclophanes were obtained as a mixture of two cis-
nd trans-isomers of the TTF moiety. The electrochemical data of
Scheme 17. TTF-bipyridine ligands.
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Table 6
Oxidation potentials of TTF-bipyridine compounds 60–69 (in V, using 0.1 M TBAPF6

as supporting electrolyte, platinum as working electrode, scan rate 100 mV/s).

Compound E1 E2 Solvent Reference

60 0.32 0.67 DCM/ACN vs. SCEa,b [47]
62 0.43 0.82 CH3CN vs. Ag/AgClc [15]
63a 0.66 0.89 THF vs. SCEd [33]
63b 0.73 0.93 THF vs. SCEd [33]
64 0.75 0.95 DMF vs. SCE [33]
65 0.55 0.95 CH2Cl2 vs. SCE [48]
66 0.49 0.90 CH2Cl2 vs. Ag/AgCl [30]
67a 0.64 1.03 CH3CN vs. SCE [49]
67b 0.63 1.01 CH3CN vs. SCE [49]

a Ered = −1.15 V.
b Scanning rate 1 mV/s.
c Glassy carbon as working electrode.
d 0.05 M TBAPF6 as supporting electrolyte.
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sensor unit [54]. Oxidation potentials of these donor molecules are
reported in Table 7.

Finally, the only terpyridine TTF derivative 74 described so far,
is prepared as outlined below (Scheme 22) [36].
Scheme 18.

.1.7. Other N,N chelating ligands
TTFs 68 and 69 (Scheme 18) linked to a 1,3-thiazol-2-yl-pyridine

nd prepared via the Stille coupling reaction, could be considered
s potential ligands, even if they were essentially investigated for
heir fluorescent properties [50].

The diazafluorene moiety has shown a powerful chelating abil-
ty with various transition metals and has been also incorporated
n a TTF backbone. Indeed, the synthesis of TTFs 70a–d was car-
ied out using a trimethylphosphite cross-coupling reaction of
,5-diazafluoren-9-one with a 1,3-dithiole-2-thione fused to a TTF
ore (Scheme 19) [51].

Another synthetic approach was used to prepare the TTF-fused
ipyridophenazine 71a (Scheme 20), obtained through the direct
ondensation of 1,10-phenanthroline-5,6-dione with a TTF diamine
recursor in 65% yield. One can notice the electron withdrawing
ffect of the dipyridophenazine moiety as the oxidation poten-
ials of 71a amount to E1

1/2 = 0.73 V and E2
1/2 = 1.08 V (vs. Ag/AgCl)

52a]. It should be mentioned also the formation of a redox active

ri-star molecule 71b as a potential ligand merging TTF and hexa-
zatriphenylene (HAT) chemistry by simply using the same TTF
iamine percursor in the presence of hexaketocyclohexane octahy-
rate [52b].

Scheme 19. Synthesis of diazafluorene-functionalized TTFs. S
cheme 20. Synthesis of TTF-fused dipyridophenazine 71a and the tri-star molecule
1b.

Tetrathiafulvalene-phenanthroline macrocycles (Scheme 21)
ave been reported as precursors of catenates. These macrocycles
ere prepared from the reaction of a bis(tosylated)TTF with 2,9-
iphenol-1,10-phenanthroline (dpp) in high dilution conditions
sing Cs2CO3 as a base, affording 72 in 13% yield [53]. In a similar

ashion, TTF-phenanthroline macrocycles 73a and 73b were pre-
ared starting from the appropriate functionalized TTF and used as
cheme 21. Electroactive macrocycles containing a TTF core and a dpp unit.
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Table 7
Oxidation potentials of the N,N-chelating TTF ligands 68–73 (in V, using 0.1 M TBAPF6

and platinum electrode, scan rate 100 mV/s).

Compound E1 E2 E3 Solvent Reference

68 0.31 0.89 CH2Cl2 vs. Ag/AgCl [50]
69 0.39 0.89 CH2Cl2 vs. Ag/AgCl [50]
70a 0.07 0.42 1.32 irr. PhCN vs. Fc/Fc+a [51]
70b 0.05 0.37 1.27 irr. PhCN vs. Fc/Fc+a [51]
70c 0.17 0.38 1.32 irr. PhCN vs. Fc/Fc+a [51]
70d 0.08 0.36 1.31 irr. PhCN vs. Fc/Fc+a [51]
71a 0.73 1.08 irr.b CH2Cl2 vs. Ag/AgCl [52]
73a 0.49 0.75 CH2Cl2 vs. Ag/AgCl [54]
73b 0.53 0.78 CH2Cl2 vs. Ag/AgCl [54]

a 0.1 M TBAClO4 as supporting electrolyte.
b E1/2

red
= −1.17 V.
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through the nucleophilic substitution of tetrachloropyrazine by
the dilithium salts of (4,5-dialkyl-1,3-dithiole-2-ylidene)methane
dithiolate (Scheme 25) [66]. Interestingly, these fused pyrazino bis-
TTF derivatives, when soluble, exhibit four reversible sequential
Scheme 22.

.1.8. Pyrazines
The first pyrazino-fused TTF 75 was prepared by Papavassiliou et

l. in 1985, thanks to the triethylphosphite self-coupling reaction of
pyrazinotrithiocarbonate, itself prepared from dichloropyrazine

Scheme 23) [55]. At that time, the goal of this work was to increase
imensionality within charge transfer salts, thanks to the presence
f the lone pair on the nitrogen atoms, by analogy with those of the
uter sulfur atoms in BEDT-TTF [1a].

Following this work, several symmetrical (76–79), or unsym-
etrical (80–85) TTFs bearing one or two fused pyrazine rings have

een prepared by trialkyl phosphite cross-coupling reactions of the
ppropriate pyrazino-1,3-dithiole-2-one or 2-thione (Scheme 24)
56–61]. Selenium analogues have also been prepared according to
his strategy [62].

In the solid state (Fig. 3), the simplest derivative 80a was shown
o crystallize into inversion-centered head-to-tail dyads with short
nter-heteroatom contacts (N1. . .S2: 3.10(1) Å) [63], illustrating the
riginal ideas developed by Papavassiliou et al. [55], albeit the
ipyrazino-TTF derivative 75 does not exhibit such short inter-
olecular distances [64]. It is worth mentioning here an extensive

eries of such TTFs incorporating halogenated quinoxaline rings,

hich were investigated as semiconductors in field effect transistor

FET) devices, since these derivatives show excellent n- or p-type
erformances with high carrier mobility due to the presence of the
alogen groups [65].

Scheme 23. Bis-pyrazino-fused TTF.
F
h

Scheme 24. Pyrazino-fused TTFs.

Pyrazino-fused TTF dimers 86a and 86b have been prepared
ig. 3. Projection view of the unit cell of 80a showing the short S· · ·N inter-
eteroatom contact (dotted line) [63].
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Scheme 25.

Table 8
Oxidation potentials of TTF-pyrazine ligands 75–88 (in V, using 0.1 M TBAPF6 and
platinum electrode, scan rate 100 mV/s).

Compound E1 E2 Solvent Reference

75 0.89 1.17 CH3CN vs. SCEa [62a]
76 0.99 1.28 CH3CN vs. SCEa [62a]
77 1.30 irr. – PhCN vs. SCE [61]
78 1.09 irr. – CH2Cl2 vs. SCE [61]
79a 1.15 – PhCN vs. SCE [64]
80a 0.68 – – [71]
82a 0.74 1.05 PhCN vs. SCE [62b]
82b 0.72 1.03 PhCN vs. SCE [62b]
83 0.45 0.73 irr. PhCN vs. Fc/Fc+b [60]
84a 0.75 1.13 CH2Cl2 vs. SCE [61]
84b 0.72 1.17 irr. CH2Cl2 vs. SCE [61]
84c 0.79 1.14c CH2Cl2 vs. SCE [61]
84d 0.79 1.08d CH2Cl2 vs. SCE [61]
86b 0.49 0.71e CH2Cl2 vs. SCE [69]
88a 0.56 0.90 CH2Cl2 vs. Ag/AgCl [44]
88b 0.69 0.97 CH2Cl2 vs. Ag/AgCl [70]

a 0.1 M TEAClO4, 50 mV/s.
b Glassy carbon working electrode, 0.1 M TBABF4.
c E3 = 1.23 V.
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Table 9
Oxidation potentials of TTF oxazolines and imidazoles (in V, using 0.1 M TBAPF6 and
platinum electrode, scan rate 100 mV/s).

Compound E1 E2 Solvent Reference

89a 0.52 0.91 CH3CN vs. Fc/Fc+a [73]
90a 0.65 1.13 CH2Cl2 vs. Ag/AgCl [74]
91a 0.63 1.09 CH2Cl2 vs. Ag/AgCl [74]
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Section 5).

According to a similar synthetic pathway, Fourmigué and Avar-
vari have described the preparation of racemic and enantiopure
EDT-TTF derivatives 90a and 90b (Scheme 27) [74,75]. Cyclization of
ox
d E3

ox = 1.28 V.
e E3

1/2
= 1.24 V and E4

1/2
= 1.50 V.

xidation steps (Table 8), as also observed in analogous benzo-
67] and diphosphino-fused [68] TTF dimers, indicating a strong
nteraction between the two redox centers through the planar, con-
ugated link. The cation radical species generated electrochemically
xhibits an intense and broad band in the near-IR region which
as assigned, thanks to theoretical calculations, to an intervalence

ransition [69].
More flexible structures involving one or several pyrazine

roups as additional functionalities in 87 and 88 have been also
rafted on the TTF core. For instance, Decurtins et al. prepared the
etrakis(pyrazylmethylthio)TTF 87 by alkylating TTF tetrathiolate
ith 2-chloropyrazine (Scheme 26) [41].
The corresponding unsymmetrical TTFs 88a and 88b have been
lso prepared by analogy with the corresponding pyridine deriva-
ives (see Section 2.1.5) either by the coupling of the appropriate
,3-dithiole-2-thiones and 1,3-dithiole-2-ones in the presence of

Scheme 26. Tetrakis and bis(pyrazylmethylthio)TTF.
4 −0.06 0.20 DMF vs. Fc/Fc+ [79]
5 −0.11 0.15 DMF vs. Fc/Fc+ [79]

a 0.2 M TBAPF6 as supporting electrolyte.

riethylphosphite [44] or through the functionalization of the pre-
ormed dithiolate TTF core [70].

The influence of the pyrazine group on the electron-donating
bility of the TTF core has been analyzed electrochemically. Intro-
uction of the fused pyrazine rings increases significantly the
xidation potentials. For instance, a potential difference of 670 mV
s observed between the first oxidation potential of TTF (E1 = 0.35 V
s. SCE in C6H5CN) with the one of bis-pyrazino-fused TTF 75
E1 = 1.02 V vs. SCE in C6H5CN) [64]. This strong anodic shift of
he oxidation potential of the bis(pyrazino) and the pyrazino-fused
TFs allowed for the coordination of these derivatives with Cu2+

ons, as charge transfer could not occur [72]. On the other hand,
yrazine groups linked to the TTF core through a non-conjugated
pacer group such as thiomethyl one, only weakly modify the elec-
ron donating ability of the donor core (Table 8).

.1.9. Oxazolines and imidazoles
Tetrathiafulvalene-substituted oxazolines 89a–c were first

eported by Chesney and Bryce [73]. These chiral ligands were
asily obtained in their enantiopure forms from the commercially
vailable homochiral amino-alcohols upon reaction with tetrathi-
fulvalene carbonyl chloride (Scheme 27). The resulting �-hydroxy
mide was cyclized and dehydrated under Appel conditions (PPh3,
Cl4 and NEt3). These ligands were investigated as catalysts for
symmetric palladium-catalyzed allylic substitution reactions (see
Scheme 27. TTF oxazoline derivatives.
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Scheme 28.

he intermediate �-hydroxy amide was performed in the presence
f methanesulfonyl chloride. EDT-TTF phosphino-oxazoline 91a
nd 91b have been synthesized by lithiation of EDT-TTF oxazoline
0a and 90b, followed by reaction with chlorodiphenylphosphine
74,75]. While the methyl-oxazoline TTF derivatives 90a were
nvestigated as chiral conducting cation radical salts [76], the
iphenylphosphino isopropyloxazoline TTFs 91b was used as cat-
lyst precursor in asymmetric allylic substitution and asymmetric
mine hydrogenation reactions (see Section 5). For the EDT-TTF oxa-
oline 92 bearing a thiomethyl rather than a –PPh2 substituent

to the oxazoline ring, single crystal X-ray diffraction analyses
evealed the setting of intramolecular O· · ·S non-bonded interac-
ions characterized by short S· · ·O distances and linear O· · ·SMe

otifs [77].
A �-extended tetrathiafulvenyl oxazoline 93 with a rigid conju-

ated spacer unit between the TTF and the chiral oxazoline was also
escribed by Bryce in his first paper, from the reaction of formyl-TTF
ith an in-situ generated Wittig–Horner reagent (Scheme 28) [73].

his compound showed no ability to catalyze the allylic substitution
eaction.

TTF derivatives having imidazole moities have been investigated
y Saito and Morita as interesting building blocks for H-bonded
harge transfer complexes and assembled metal complexes [78].
TFs 94 and 95 were prepared according to the Stille coupling reac-
ion of TTF–SnBu3 with N-protected 2- and 4-iodoimidazole using
d(0) and Cu(I) catalysts followed by deprotection reaction of the
midazole core (Scheme 29, Table 9) [79]. EDT-TTF 96 was prepared
ccording to a similar strategy [80].

.1.10. Miscellaneous
Tetradentate tetrathiafulvalene-fused salphen complexes might

enerate simple models for biologically metalloproteins and met-
lloenzymes. Accordingly, a TTF-salphen ligand 97 was synthesized
ia the condensation reaction of salicylaldehyde with a TTF diamine
recursor (Scheme 30). Deprotonation of the phenol functions of

TF 97 provides a tetradentate N2O2 coordination sphere for metal
ons [81]. TTF-salphen ligand 97 undergoes two well-separated
uasi reversible one-electron oxidation processes at E1

1/2 = 0.60 V
nd in CH2Cl2 vs. Ag/AgCl.

Scheme 29. TTF imidazole derivatives.
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Scheme 30. Synthesis of TTF-fused Schiff-base ligand.

.2. Tetrathiafulvalenyl phosphines

The synthetic strategy toward TTF derivatives bearing a phos-
hino substituent is exclusively based on the functionalization of
reformed TTF derivatives, given the high reactivity of the phospho-
us group in the presence of oxidizing or electrophilic reagents. Two
ain approaches have been used: either the lithiation of the TTF

ore followed by reaction with phosphorus halides, or the depro-
ection of (cyanoethylthio)TTF derivatives, followed by alkylation of
he generated thiolate groups with haloalkylchains bearing a phos-
hino substituent. Depending on the synthetic approach used, the
hosphine group can be either directly linked to the donor core or

inked through a non-conjugated flexible chain.

.2.1. Phosphine directly linked to the donor core
The first example of a tetrathiafulvalenyl phosphine was

eported in 1991 by Fourmigué via the monolithiation of the unsub-
tituted TTF core followed by the reaction with PBr3 (Scheme 31)
82], affording the tris(tetrathiafulvalenyl)phosphine 98a.

Following this first report, a series of TTFs containing aryl- and
lkylphosphines were prepared according to this chemical path-
ay, by varying the nature of the phosphorus halide, PPh2Cl [83],

Et2Cl [84], PPhCl2 [85,86], PEtCl2 [84] or PBr3 [86] (Scheme 32),
ffording a variety of TTF-phosphines, bis(TTF)phosphines and
ris(TTF)phosphines. Depending on the amount of base used in the
ithiation step, it is possible to form the mono, the bis-(4,4′) and the
etrakis lithiated species [87]. Upon reaction with ClPPh2, only the

onosubstituted 100a, and the tetrakisphosphino-TTF 103 were
ormed [88,89].

In that respect, the ortho chelating diphosphine 104 would be
articularly appealing but cannot be prepared from TTF itself as
he dilithiation affects the two dithiole rings. In order to prepare
electively an ortho-dilithiated TTF species through bimetallation,
he unsymmetrically substituted 4,5-dimethyl-TTF has been used
s starting material [83] to afford the chelating derivative 104
Scheme 33). The dilithiated o-dimethyltetrathiafulvalene can also
ead to 106, a 1,4-dihydro-1,4-diphosphinine fused with two TTF
ores, by using one equivalent of phenyl dichlorophospine (PhPCl2)
s electrophile [68]. This TTF dimer is obtained as a cis–trans mix-
ure in which the cis isomer is largely predominant.
.2.2. Phosphine linked through a non-conjugated spacer group
The second approach towards phosphino-TTFs developed by

orcy et al. is based on the deprotection of cyanoethylthio-
TF followed by the alkylation of the thiolate group with

(haloalkyl)(diphenyl)phosphine-borane reagent (Scheme 34).

Scheme 31.
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dimer, upon electrocrystallization experiment in the presence of
Linquist anion Mo6O19

2− leads to a salt where one TTF core is oxi-
dized into cation radical but also the phosphine into the phosphine
oxide [68].
Scheme 32. TTF phosphines.

hosphine borane complexes can be considered as excellent pro-
ecting groups of phosphines as these complexes are very stable
n the presence of electrophiles or oxidizing agents. Moreover, the
emoval of the borane can be easily performed using soft condi-

ions compatible with the TTF core. Mono- and bis-functionalized
hosphino TTFs have been synthesized according to this strat-
gy (Scheme 34) [90,91]. It consists first in the preparation of the
aloalkyl(diphenyl)phosphine-borane reagent starting from a �-�-

Scheme 33. ortho-Chelating diphosphino TTF.
Scheme 34.

ihalopropane or butane chain with one equivalent of the lithium
alt of diphenylphosphine-borane Ph2P(Li)BH3. According to this
pproach, it is possible to insert between the coordinating function
nd the TTF core an aliphatic bridging chain of variable length [92].
oreover, the presence in the same chain of sulfur and phospho-

us atoms transforms these P-ligands 107–109 into potential (P,S)
igands.

.2.3. Redox properties
All these phosphino-TTFs are electroactive ligands and exhibit,

hen analyzed by cyclic voltammetry, two reversible oxidation
aves typical for TTF derivatives (Table 10). The presence of the
hosphorus atom directly linked to the donor core induces an
nodic shift of both redox processes, a shift more or less pro-
ounced depending on the number of diphenylphosphino groups
resent on the TTF moiety (Table 10). Among all these TTFs, only
ne is reported to exhibit an irreversible reduction, presumably
ttributed to the reduction of the oxidized ethylphosphine sub-
tituent. Concerning the phosphines containing at least two TTF
ores, sequential oxidation to the mono-, di-, tri-, and tetracations
an be observed due to interactions between the redox moieties.
imilarly, the cis-1,4-dihydro-1,4-diphosphinine-fused TTF 106 oxi-
izes in a four-electron process such as TTF dimers with fully
onjugated bridges such as benzo- [67] or pyrazine rings [66]. This
Scheme 35.
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Table 10
Oxidation potentials of TTF-phosphines 98–109 (in V, scan rate 100 mV/s, using TBAPF6) and 31P NMR chemical shifts.

Compound E1 E2 Solvent ı (ppm) Reference

98a 0.28 0.52 DMF vs. SCE −33.6 [82]
98a 0.47 0.86 CH3CN vs. SCE −33.6 [83]
98a 0.35/0.47/0.54 0.86 CH2Cl2 vs. SCE −33.6 [86]
98b 0.27/0.38/0.47 0.78 CH2Cl2 vs. SCE −33.06 [86]
99a 0.37/0.47 0.84 CH2Cl2 vs. SCE −22.9 [83]
99b 0.28/0.38 0.88 CH2Cl2 vs. SCE −23.2 [85]
99c 0.23/0.36 0.76/0.87 CH2Cl2 vs. SCE −40.2 [85]
100a 0.38 0.74 CH3CN vs. SCE −13.1 [83]
100b 0.32 0.70 CH2Cl2 vs. SCE −13.4 [86]
100c 0.23 0.74 CH2Cl2 vs. SCE −22.1 [88]
101a 0.50 0.93 C6H5CN vs. Ag/AgCl – [84]
103 0.33 0.73 CH2Cl2 vs. SCE −18.2 [89]
104 0.34 0.71 CH3CN vs. SCE −18.8 [83]
104 0.27 0.81 CH2Cl2 vs. SCE −18.8 [89]
105Z 0.31 0.76 CH2Cl2 vs. SCE −18.3 [89]
105E 0.31 0.76 CH2Cl2 vs. SCE −18.3 [89]
cis-106 0.43/0.55 0.93/1.05 CH2Cl2 vs. Ag/AgCl −21.5b [68]
107a 0.32 0.76 CH2Cl2 vs. SCE −16.4 [91]
107b 0.44 0.84c CH2Cl2 vs. SCE −16.4 [90]
108 0.46 0.83 CH2Cl2 vs. SCE −16.4 [92]
109 0.39 0.82c CH2Cl2 vs. SCE −16.7 [92]
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allacycle, which is folded along the P· · ·P axis by about 25◦ (Fig. 4).

As a general feature, in the TTF-phosphines metal-carbonyl com-
plexes, the M–C bonds trans to the P-ligands are shorter by about
0.03–0.04 Å than the two remaining ones, as a consequence of the
a Ered = −0.3 V.
b trans-106 ı (ppm) = −25.6.
c Quasi irreversible process.

.3. Tetrathiafulvalenyl stibines

Tetrathiafulvalenyl stibines (Scheme 35) have been first inves-
igated by Fourmigué et al. [93] in order to generate stable
ation radical salts. Indeed, it is know that Sb(III) derivatives are
arder to oxidize to the Sb(V) stibine oxides than the correspond-

ng phosphines derivatives. Mono 110a and 110b, bis-111 and
etrastibine-TTF 112 were prepared by lithiation of the correspond-
ng TTF core followed by the addition of the appropriate amount
f ClSbPh2. Due to the electron rich character of the diphenyl-
tibino substituent, these derivatives are excellent candidates for
lectrocrystallization experiments as the first redox potential of the
etrastibine TTF 112 is 0.28 V (Table 11).

Dimeric TTF and tetraselenafulvalenes (TSFs) linked by a single
r a double methylantimony bridge have been described recently
y Ashikawa et al. [94]. Compound 113 was obtained from the reac-
ion of the lithium derivative of TTF with 0.5 equivalent of MeSbI2.
imilarly, the treatment of bis(lithiated) TSF with one equivalent of
eSbI2 afforded compound 115 as a cis–trans mixture together with

ompound 114. Singly bridged 113 and 114 show three reversible
xidation waves (Table 11).

. Complexes: synthesis and structure
.1. The Cr, Mo, W triad (group 6)

While no chromium complexes containing TTF-pyridine or
TF-phosphine ligands have been reported so far, all the

able 11
xidation potentials of tetrathiafulvalenyl stibines 110–115 in V, using 0.1 M TBAPF6

nd platinum electrode, scan rate 100 mV/s).

ompound E1 E2 E3 Solvent Reference

10a 0.35 0.90 CH2Cl2 vs. Ag/AgCl [93]
10b 0.34 0.87 CH2Cl2 vs. Ag/AgCl [93]
11 0.30 0.83 CH2Cl2 vs. Ag/AgCl [93]
12 0.28 0.76 CH2Cl2 vs. Ag/AgCl [93]
13 −0.11 0.01 0.40 PhCN vs. Ag/AgNO3

a [94]
14 0.05 0.17 0.49 PhCN vs. Ag/AgNO3

a [94]

a Glassy carbon as working electrode.
olybdenum-based complexes known to date contain TTF-
hosphines and the fragment Mo(CO)4, with the metallic center in
he 0 oxidation state. The common synthetic procedure involves the
hermal displacement of both piperidine ligands from the precur-
or cis-Mo(CO)4(piperidine)2 upon moderate heating (50 or 80 ◦C)
n toluene in the presence of the TTF-phosphine. The first complexes

ere described with the chelating bis(phosphine) o-DMTTF-
PPh2)2 (104) and the bis-chelating tetraphosphine TTF-(PPh2)4
103), which provided the monometallic (104)[Mo(CO)4] (Mo1) and
imetallic (103)[Mo(CO)4]2 (Mo2) derivatives (Scheme 36) [95].

The formation of the chelated complexes has been unambigu-
usly proved by the massive downfield shift of �ı = +71 ppm
bserved in 31P NMR with respect to the free ligands, a likely signa-
ure of the five member metallacycle. Later on [96], a single crystal
-ray analysis allowed the determination of the solid state structure
f the complex Mo1, as well as that of the corresponding radical
ation salt (see Section 4.2). As expected, the coordination envi-
onment around the metallic center is octahedral, with the two
hosphorus atoms disposed in a cis conformation within the met-
Scheme 36. TTF-phosphines molybdenum complexes.
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Fig. 4. X-ray structure of Mo1 (left) with a side view (right, Ph groups omitted) of the molecule. H atoms have been omitted [96].
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Fig. 5. X-ray structures of Mo3 (left) [91] and of trans

tronger M to CO �-back retrodonation. Very likely, because of the
teric hindrance provided by the Mo(CO)4 fragment and the phenyl
ings, preventing the stacking of the TTF units, only formation of
iscrete centrosymmetric dyads, with the shortest intermolecular
· · ·S distance of 3.62 Å, is observed. Cyclic voltammetry measure-
ents show rather large anodic shifts for the first oxidation waves
hen compared to the free ligands, amounting to 200 mV for Mo1

nd 380 mV for Mo2.
The complex Mo3 (Scheme 36) containing the long chain
ridged TTF monophosphine Me3TTF-S(CH2)3PPh2 (107a) was syn-
hesized through a similar synthetic procedure [91]. As in the
revious cases, the formation of the expected complex was moni-
ored by 31P NMR spectroscopy, yet the downfield shift with respect
o the ligand is now much weaker (�ı = +43 ppm). Its single crystal

n
M
(
P
o

Scheme 37. TTF-phosphine
s P-M-P Mo4 (right) [92]. H atoms have been omitted.

-ray structure proved the cis coordination of two phosphines on a
o(CO)4 fragment (Fig. 5). Intermolecular S· · ·S contacts slightly

bove 3.6 Å are observed between neighboring molecules form-
ng centrosymmetric dimers, in which the TTF units are disposed
erpendicularly each other.

Finally, the use of cis/trans mixtures of the bis(phosphines) 108
nd 109 in reaction with the cis-Mo(CO)4(piperidine)2 precursor
t higher temperature (80 ◦C) than precedently afforded the ansa
ype complexes Mo4 and Mo5 as mixtures of six stereoisomers,

amely cis TTF/trans P-M-P, cis TTF/cis P-M-P, trans (R)TTF/cis P-
-P, trans (S)TTF/cis P-M-P, trans (R)TTF/trans P-M-P and trans

S)TTF/trans P-M-P, with an estimated ratio trans P-M-P/cis P-M-
of 5:2 from 31P NMR spectra [92]. The rationale for the formation
f trans P-M-P complexes, unlike the previous example, relies on

s W(CO)4 complexes.
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Fig. 6. X-ray structures of W2 (left) [95] an

n isomerisation process favored by the higher temperature of the
eaction. The structure of the racemic mixture trans (R/S)TTF/cis
-M-P Mo4 could be determined by single crystal X-ray analysis
Fig. 5). Obviously, the formation of the 17-membered metallacycle
s accompanied by a pronounced folding of both dithiole rings with
ngles about the S· · ·S hinges of 19◦ and 36◦. Within the series of
omplexes Mo3–Mo5 the coordination of the electroactive phos-
hine(s) to the metallic fragment has no sizeable effect on the
lectrodonating properties of the TTF core, as ascertained by the
ame potential values for the ligands and the corresponding com-
lexes, very likely because of the large separation between the
TF unit and the coordinating groups, unlike the case of Mo1 and
o2.
As in the case of molybdenum, all the TTF-containing tungsten

omplexes are based on TTF-phosphines. However, even though
ost of them involve coordination on a W(CO)4 fragment, a couple

f examples are known with the W6S8 cluster [84]. The complexes
ontaining the W(CO)4 unit (Scheme 37) have been synthesized by
aralleling the preparation of the molybdenum analogues, upon
hermal displacement of the piperidine ligands from the precursor
is-W(CO)4(piperidine)2.

Note however that the complex W3 involved first the substitu-
ion of only one piperidine ligand, and then, upon chromatographic
ork up, the second piperidine was displaced by the sulfur atom of

he bridge, thus providing a cis chelated (P,S) six-member metalla-
ycle [91]. In the reaction conditions, formation of a bis(phosphino)
omplex, analogue of Mo3, was not observed. Once again, the moni-
oring of the complexation reactions by 31P NMR spectroscopy was

ery useful, with the mention that the downfield shifts are less
mportant (�ı = +54 ppm for W1 and W2) than in the case of molyb-
enum. The structure of the bimetallic complex W2, determined
y X-ray analysis on single crystals, shows the expected octahedral
oordination of the two W(CO)4 fragments, with the metallic cen-

T
o
t

h

Fig. 7. X-ray structures of cis TTF/trans P-W-P W4 (le
3 (right) [91]. H atoms have been omitted.

ers involved in the formation of five member metallacycles which
re folded by about 17◦ along the P· · ·P vectors (Fig. 6, left) [95].
bviously, because of the huge steric hindrance around the TTF unit,
o short S· · ·S intermolecular interaction is observed.

Once again, as discussed in the case of their Mo counterparts,
uite large anodic shifts of +220 mV are measured for the first oxi-
ation processes to generate the radical cation species of W1 and
2. This shift is only of +40 mV in the complex W3, despite the

lose vicinity between the organometallic fragment and the TTF
nit. X-ray investigations on this complex revealed the cis chelat-

ng conformation of the (P,S) bridge (Fig. 6, right) [91]. Moreover,
ince the steric hindrance is much less pronounced than in W2,
ntermolecular S· · ·S contacts as short as 3.75–3.88 Å are observed

ithin TTF stacks.
The ansa type complexes W4 and W5 have been isolated as mix-

ures of the six possible stereoisomers (trans P-M-P/cis P-M-P 5:2,
ide supra), yet, only the cis TTF/trans P-W-P one crystallized in both
ases (Fig. 7) [92].

It is worth noting that the folding of the dithiole rings along
he S· · ·S hinges is larger in the a priori more strained 17-member

etallacycle W4 (17◦ and 28◦) than in the 19-member met-
llacycle W5 (9◦ and 11◦). Cyclic voltammetry measurements
ndicate that the cyclization, upon formation of the metallacy-
les, does not induce any change in the electrodonating properties
f the TTF core. Interestingly, both isomers afforded 2:1 neutral
onor/acceptor crystalline complexes with the acceptor molecule
etracyanoquinodimethane (TCNQ), as deduced from structural
arameters analyses, as well as from the absence of any EPR signal.

his behavior is very likely due to the large difference between the
xidation potential of the complexes (0.41–0.45 V) and the reduc-
ion potential of TCNQ (0.18 V).

As mentioned earlier, the neutral electroactive cluster W6S8
as been also used to assemble 6 or 12 TTF units around it,

ft) and of cis TTF/trans P-W-P W5 (right) [92].
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Scheme 38. W6S8 clusters with TTF-phosphines.

n a nearly isotropic fashion, with the aim to deliver electron
ctive three-dimensional systems. The synthesis of W6S8(101)6
W6) and W6S8(102)6 (W7) clusters has been performed by
he thermal displacement of the 4-t-butylpyridine (4-tbp) lig-
nds from the precursor W6S8(4-tbp)6 by the TTF phosphines
Et2TTF (101) and PEtTTF2 (102), respectively (Scheme 38)
84].

The structures of both clusters have been proved by single
rystal X-ray analyses. Three polymorphs could be crystallized
or the cluster W6, one of them belonging to the hexagonal
ystem (Fig. 8). In this one, the cluster is located on 3-fold inver-
ion axes, leading to equivalent environments for each of the six
TFs.

However, the shortest intermolecular TTF· · ·TTF contacts of
.37 Å have been noticed in the case of another polymorph of
6, crystallized in the triclinic system. Cyclic voltammetry mea-

urements demonstrate undoubtedly the concomitant reversible
xidation of the TTF units in radical cations, and then dications,
t practically the same potential as in the free ligand. The oxida-
ion of the cluster core seems to occur together with that of the
TFs in the corresponding radical cations, while the one electron
eduction process, typical for this type of cluster, could be evi-
enced. Unfortunately, only polycrystalline powders were obtained
pon chemical oxidation of W6, for which conductivity measure-
ents show semiconducting behavior. The number of TTF units

round the W6S8 cluster core is 12 in the compound W7, as it
as demonstrated by a structural analysis (Fig. 8, right). They

orm an almost isotropic electroactive building block. Moreover,
hort TTF· · ·TTF separations of 3.50 Å are observed in two per-
endicular planes. It appears though that the lack of solubility
f W7 hampered so far its engagement into oxidized conducting

aterials. However, it is clear that the use of molecular forms

f metallic clusters as templates for the assembling of several
TF units holds much promise for the straightforward access
owards multidimensional precursors (see also the rhenium sec-
ion).

M
f
m
c
p

Fig. 8. X-ray structures of the electroactive c
Scheme 39. TTF-pyridines involved in Mn complexes.

.2. The Mn, Tc, Re triad (group 7)

The very few manganese complexes described to date are based
n TTF-pyridines and they were obviously synthesized within the
eneral frame of the multifunctional materials in order to associate
n the same material, localized d electrons on the Mn(II) centers
spin S = 5/2) with delocalized � electrons in the radical cation salts.
he first couple of examples, described by Ouahab et al., involved
he bis-coordination of the Mn(hfac)2 fragment with the ligands
rans-1,2-TTF-(4′-Py)-ethene (14a) and EDO-EDT-TTF-(4′-Py) (29)
Scheme 39) in cis and trans, respectively.

The complexes cis-Mn(hfac)2(14a)2 (Mn1) and trans-
n(hfac)2(29)2 (Mn2) have been conventionally synthesized

pon reaction of the precursor Mn(hfac)2·3H2O with roughly stoi-
hiometric amounts of the ligands. In the case of Mn1 the quality of
he crystals was sufficient to determine solely the cis arrangement
f the TTF ligands by X-ray analysis. The magnetic susceptibility
f the complex as a function of temperature follows a Curie law,
n agreement with the existence of isolated paramagnetic centers
f spin S = 5/2 [97]. In the complex Mn2, for which the solid state
tructure was determined accurately, the two ligands 29, disposed
n trans around the Mn(hfac)2 fragment, are crystallographically
quivalent as they correspond each other through the inversion
enter located on the metal (Fig. 9).

A set of short intermolecular S· · ·S contacts, within TTF layers
ossessing a �-type packing, has been identified, yet, the compari-
on of the bond lengths of the free and coordinated ligands proves
hat TTFs are at neutral state. Although this type of arrangement
s encouraging for the preparation of radical cation salts, conduc-
ivity measurements demonstrate an insulator character for Mn2.
oreover, temperature dependence of the magnetic susceptibility
ollows a Curie–Weiss law, with � = −1.8 K. The weak antiferro-

agnetic interactions occurring at low temperatures are a likely
onsequence of the long-range separation of 7.1 Å between the
aramagnetic metallic centers.

lusters W6 (left) and W7 (right) [84].
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Fig. 9. Solid state structure of the complex trans-Mn(hfac)2(29)2 (Mn2) [97].
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the adjacent dithiole ring are folded by 23–24 . In the case of Re2,
the presence of two signals in the 31P NMR spectrum indicate the
formation of two isomers in roughly equimolar ratio, very likely
corresponding to cis and trans orientations of the two Cl ligands
with respect to the TTF mean plane.
Fig. 10. Formation of polymeric chains in the s

A different strategy was adopted by Liu and Decurtins for the
oordination of the ligand EDT-TTF-SCH2(4′-Py) (59) on Mn(II)
enters [46]. Slow diffusion of solutions of the ligand and of
he precursor MnCl2·4H2O afforded crystals of the complex
Mn(�-Cl)Cl(59)2(MeOH)]n (Mn3), for which the structural anal-
sis revealed the polymeric nature (Fig. 10). Very interestingly,
ridging �2 chloride ligands interconnect axially Mn(II) centers,
hus leading to the formation of linear chains along the a direc-
ion. The metal centers present a distorted octahedral geometry,
ith two 59 ligands in trans each other, one MeOH and one termi-
al Cl− ligands also in trans, completing the coordination sphere,
esides the bridging chlorides. This peculiar arrangement is cer-
ainly encouraging in the perspective of oxidizing the donors, in
rder to have electron delocalization along the chains, since rel-
tively short S· · ·S intermolecular contacts of 3.89 Å are observed
etween consecutive TTF molecules. Moreover, even closer con-
acts between TTFs are established along the b direction, where
olymeric chains alternate. A comparison between the structural
arameters of the uncoordinated 59 ligand and the coordinated one
emonstrates that the ligand is essentially at the neutral state in
he complex Mn3. Mn· · ·Mn distances within the chains, across the
ridging chlorides, amount to 4.61 Å. It is thus not surprising that
he magnetic measurements are consistent with an uniform anti-
erromagnetic chain behavior at low temperatures, with a coupling

onstant J = −1.1 cm−1.

Unlike the manganese complexes, all the rhenium complexes
escribed so far contain only TTF-phosphines with the phosphino
roup directly attached to the TTF core. Those complexes based
n the chelating ligands 104 and 103 (see above) are depicted in
re of [Mn(�-Cl)Cl(59)2(MeOH)]n (Mn3) [46].

cheme 40. Re1 and Re2, containing diamagnetic Re(I) centers,
ere synthesized upon thermal displacement of two CO ligands

rom the precursor Re(CO)5Cl in the presence of the chelating
hosphines 104 and 103 [95]. Although the complexation was
scertained through 31P NMR measurements, the fac stereochem-
stry was definitely determined by single crystal X-ray analysis.
ndeed, the phosphines are trans to CO ligands in the equatorial
lane, while the axial positions are occupied by the third CO and
he chloride (Fig. 11). The 5-member metallacycle together with

◦

Scheme 40. TTF-phosphines Re complexes.
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Fig. 11. X-ray structure of Re1 (left) with a side view of the molecule (right) [95].
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equatorial region defined by the phenyl rings (Fig. 13).

Structural parameters either for the cluster core or for the TTF
moieties are in the usual range, the latter having crystallized in a
folded boat type conformation, often encountered within neutral
Fig. 12. Crystalline structure of the cation (le

As for the Mo and W complexes with 104 and 103 (see Sec-
ion 3.1), large anodic shifts, when compared to the uncoordinated
igands, are observed in cyclic voltammetry of both Re1 and Re2,
specially for the first oxidation processes, i.e. 0.25 V (Re1) and
.49 V (Re2).

A peculiar Re-based complex (Re3) has been serendipitously
btained in the reaction between the ligand 104 and the Re(III) salt
(n-Bu)4N]2[Re2Cl8]. As demonstrated by X-ray analysis (Fig. 12),
he cation of this complex salt consists of a bis(chelated)
Re(III)Cl2]+ fragment, while the anion contains a mixed valence
e(II)–Re(III) species formulated as [(104)ReCl2ReCl4]− [98].

Within the cation [(104)2ReCl2]+, the redox active phosphines
rrange in trans each other, while the chloride ligands occupy the
xial positions (Fig. 12). Out-of-plane bends of the dithiole rings
s well as bond lengths are consistent with neutral TTF species.
nexpectedly, the anion arises from the substitution of two Cl−

y one 104 ligand in the starting [Re2Cl8]2− unit, accompanied
y the one electron reduction of the bimetallic [Re2] core from
6 to +5. The bond length between the two Re atoms amounts
o 2.2402(9) Å, an intermediate value between a Re–Re quadru-
le bond and a triple bond [99]. This feature indicates a bond
rder of 3.5, in agreement with the mixed valence character of the
imetallic unit. The structural type encountered here, which can be
onsidered as an intermediate towards the more common neutral
omplexes Re2Cl4(P–P)2, is totally unusual and it is probably due to
he “special” nature of the ligand 104 (see also the chapter on Pd and
t complexes). Several redox processes can be observed in the cyclic
oltammogram of the complex salt Re3, which were assigned either
o the oxidation of the TTF units or reduction of the Re centers in
he cation or the anion, by comparison with the electrochemistry of

he cation [(104)2ReCl2]+ associated to the redox inert anion [BF4]−.
ccordingly, a strong anodic shift of +0.26 V has been deduced for

he first oxidation process of the TTFs in the cation with respect to
he free 104. Magnetic and EPR measurements revealed the para-

agnetic nature of the coordinated metallic centers.
d anion (right) of the complex salt Re3 [98].

More recently, electroactive Re(III) clusters based on the
Re6Se8]2+ core, and containing 6 (Re4) or 12 (Re5) o-DMTTF units,
ave been synthesized upon substitution of the labile acetoni-
rile molecules from the precursor [Re6Se8(MeCN)6](SbF6)2 by the
hosphines 100b or 99b, respectively (Scheme 41) [100].

The main objective was obviously the access to three-
imensional multiple electron donors containing an electroactive
exametallic cluster core, for which luminescence properties have
een evidenced for several derivatives [101]. Ligand substitution
n all the six apical sites has been definitely proved, beside 31P
MR spectroscopy, by single crystal X-ray analysis in the case of

he cluster Re4. Interestingly, the donors organize around the octa-
edral cluster core in two groups of three TTF units, very likely
hanks to relatively short S· · ·S contacts, separated by an “aromatic”
Scheme 41. TTF-phosphines containing W6S8 clusters.



D. Lorcy et al. / Coordination Chemistry Reviews 253 (2009) 1398–1438 1417

T
f
a
w
p
m
o
b
i
o
(
l
c
t
m

p

3

3

h
b
e
b
c

F
o

p
a
m
a
o
s
T
a
M
a

o
t
T
A
c
p
i
f

[
s
i

Fig. 13. Molecular structure of Re4 [100].

TF derivatives. Although no crystal structure could be determined
or Re5, containing twelve electroactive units, its formulation was
ssessed by NMR and also by electrospray mass spectrometry,
hich proved to be particularly valuable to investigate the gas
hase reactivity of this family of clusters [102]. Cyclic voltammetry
easurements demonstrated that all the donors oxidize simultane-

usly in two reversible processes, at potentials anodically shifted
y +0.25 V, when compared to the free ligands, for the oxidation
nto radical cations. The same behavior was observed in the case
f hexanuclear tungsten clusters substituted by TTF-phosphines
vide supra). It should be remarked once again that, despite the
ack of communication between the TTF units across the cluster
ore, the family of M6Q8[PRn(TTF)3−n]6 (M = W, Re; Q = S, Se) clus-
ers presents a large interest as possible precursors for isotropic

olecular conductors.
No technetium complexes containing TTF-pyridine or TTF-

hosphine ligands have been reported so far.

.3. The Fe, Ru, Os triad (group 8)

.3.1. The Fe, Ru, Os triad with N-ligands
Only two examples of iron complexes containing N-TTF ligands
ave been described to date (Scheme 42), in both the TTF units
eing at the neutral state. The first one (Fe1), reported by Ouahab
t al. [48], is based on a [FeII(NCS)2] fragment and two BEDT-TTF-
ipyridine ligands 65, probably trans disposed around the metallic
enter to insure an octahedral coordination environment.

Scheme 42. Iron complexes based on TTF-N ligands.
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ig. 14. Molecular structure of Fe2. Solvent molecules (DMF) and H atoms have been
mitted [81].

UV–vis spectroscopy measurements are indicative of the
resence of a metal-to-ligand charge transfer (MLCT) band, char-
cteristic for Fe–bipyridine complexes [103], while magnetic
easurements reveal a room temperature �MT value intermedi-

te between high-spin FeII and low-spin FeII species. The decrease
f the �MT product upon cooling was attributed to the zero-field
plitting of FeII or to intermolecular antiferromagnetic interactions.
he existence of both spin states as a mixture of HS and LS FeII in
n approximated ratio of 40/60 was further substantiated through
össbauer measurements, which show the presence of the char-

cteristic doublets for the corresponding spin states.
The complex Fe2, reported by Liu and co-workers [81], consists

f two TTF-salphen (97) FeIII units interconnected in axial posi-
ions by a �-oxo bridge. Its synthesis involved the reaction of the
TF-bis(imine) with FeCl3·6H2O in the presence of triethylamine.
ccording to the X-ray structure analysis (Fig. 14), each Fe center is
oordinated in the equatorial plane to two imino N atoms and two
henoxo O atoms of the salphen unit, with Fe–N and Fe–O distances

n the normal range and slight out of plane (N2O2) displacements
or the iron atoms, amounting to 0.55–0.57 Å.

Also usual Fe–(�-O) distances of 1.784 Å in average are measured
104], although the Fe–(�-O)–Fe angle of 139.9(5)◦ is relatively
mall. Bond lengths of both TTF units are consistent with donors
n neutral state, which establish a couple of intermolecular S· · ·S
hort contacts of 3.52 and 3.64 Å. The oxidation and high spin state
S = 5/2) of the iron centers have been unambiguously established
y Mössbauer measurements which show typical isomer shifts and
uadrupole splitting values. The analysis of the magnetic suscep-
ibility variation with the temperature suggests the existence of
ntiferromagnetic exchange interactions within the �-oxo bridged
imer. The fit of the �MT curve with a S = 5/2 dimer model afforded
and 2J values of 1.98(5) and −84(1) cm−1, in agreement with the

ypical values for this kind of dimers. The oxidation potentials do
ot vary upon coordination, as indicated by the similar values for
he free ligands and their complexes, amounting to +0.55 V for 65
nd its complex Fe1 and +0.60/0.61 V (vs. SCE), for the TTF-salphen
7 and its complex Fe2. This occurs very likely in the case of Fe1
ecause of the long-range separation between the redox active core
nd the coordinating groups, and in the case of Fe2 because of
he concomitant deprotonation of the phenolic oxygen atoms and
oordination of the metallic center, which insures an overall equili-
ration of the charges. None of the complexes Fe1 and Fe2 has been
xidized so far into radical cation salts.

Ruthenium (II) complexes (Scheme 43), exclusively based on
TF-2,2′-bipyridine type ligands, have been prepared with the

urpose of accessing antenna and charge separation systems
y taking advantage of the well known photophysical proper-
ies of the [Ru(bipy)3]2+ unit and its related derivatives [105].
irst examples have been described by Campagna et al. [49],
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Scheme 43. Ru(II) complexes based on TTF-bipy ligands.

nd consisted in cis-bipy-TTF ligands 67a and 67b coordinated
ither on [Ru(bipy)2]2+ (Ru1 and Ru2) or on the trinuclear
nit [{(bipy)2Ru(�-2,3-dpp)}2Ru]6+ (Ru3 and Ru4) (2,3-dpp = 2,3-
is(2′-pyridyl)-pyrazine). The counter ion is in each case PF−

6 .
Anodic shifts of 0.13–0.15 V are observed for the first oxida-

ion process, corresponding to the generation of the TTF radical
ation, when compared to the free ligands. In the same time very
eak cathodic shifts, of 0.01–0.03 V are noticed for the reduction
rocesses centered on the substituted bipy ligand. Both features
hus demonstrate a certain degree of electronic communication
etween the redox active sites. Undoubtedly, the most interesting
spect of these complexes concerns their luminescence properties.
ccordingly, Ru1 and Ru2 exhibit emissions which have lifetimes of

ess than 1 ns, massively reduced when compared to the reference
omplex [Ru(bipy)2(4,4′-Me-bipy)]2+ (900 ns). However, the emis-
ion arises in all the cases from a 3MLCT state, with bipy acting as
cceptor. On the contrary, the luminescence is totally quenched in
u3 and Ru4, very likely because of a thermodynamically favored
lectron transfer from TTF to one of the peripheral RuII subunit,
espite the long-range separation between the donor and the
cceptor. Also an electron transfer, providing a charge-separated
tate TTF+-bipy− competing with the luminescent Ru→bipy charge
ransfer state, was invoked for the decrease of the emission in Ru1
nd Ru2. These results evidenced for the very first time the role
hich the redox active TTF unit might play in modulating the pho-

ophysical properties of the luminescent compounds.
More recently, Liu and Decurtins described Ru(II) com-

lexes containing either TTF-dppz (dppz = dipyrido-[3,2-a:2′,3′-
]phenazine) ligand 71, such as Ru5, Ru6 and Ru7 [106], or a
TF-ethynyl-bipyridine ligand 60 (Ru8) [47] (Scheme 44).

Interestingly, the synthetic procedure involved for the first series
f compounds the condensation reaction between the Ru complex
ontaining the phenanthroline-dione precursor and the appro-
riate diamino-TTF derivative to afford the pyrazino cycle. Cyclic
oltammetry measurements on these complexes show that the
TF units in the complexes oxidize into radical cations at the same
otentials, of about +0.3 V vs. Fc/Fc+, as in the uncoordinated lig-
nds. Moreover, only in the case of Ru7, some intramolecular
lectronic interactions are likely to occur, as indicated by the broad-
ess of the redox wave, also accompanied by a weak splitting.

hotophysical investigations indicate for all the three complexes
weak emission observed around � = 920 nm, very likely due to

n intraligand charge-transfer (ILCT) fluorescence, previously evi-
enced in the free ligand TTF-dppz [52]. Furthermore, an intense
MLCT emission band, characterized by a lifetime of 1040 ns and

u

d
c
t

Scheme 44. Ru(II) complexes based on N-TTF ligands.

uantum efficiency of 0.014(2), appears at � = 618 nm only in the
pectrum of Ru5, while this emission is quenched in the case of
u6 and Ru7. An energetic diagram taking into account all the
ossible excited states clearly evidences that the luminescence
uenching in the latter is very likely due to the population of a
igand-to-ligand charge-separated (LLCS) state with a rate constant

hich is larger than the intersystem crossing rate constant (kISC)
haracterizing the transition from the initially generated 1MLCT
tate to the emissive 3MLCT state. The formation of the LLCS state,
hich relaxes to the ground state through a non-radiative charge

ecombination process, involves an electron transfer from a TTF,
ot belonging to the reduced dppz, to the formally Ru3+ ion. This
rocess is favored for Ru6 and Ru7, while the formation of the phos-
horescent 3MLCT state dominates in the case of Ru5. Thus, this
lear evidence for the generation of a long-lived charge-separated
tate in Ru(II) complexes containing appropriate TTF-based ligands
ncourages further efforts towards the development of such sys-
ems.

In the same trend, the complex Ru8 was synthesized upon
onogashira coupling between the ethynyl-TTF and the Ru(II) com-
lex containing two bipy ligands and one 5-bromo substituted
ipy ligand [47]. The more classical synthetic procedure involv-

ng the reaction between the TTF-acetylene-bipy ligand 60 and the
Ru(bipy)2Cl2] precursor did not afford the expected compound.
his time, when compared with the previous series, the donating
roperties of the TTF unit are much more influenced by the coor-
ination on the metal center, as ascertained by the relatively large
nodic shifts of +0.21 and +0.22 V observed for the first and sec-
nd oxidation processes of Ru8 with respect to the free ligand.
n addition, the first reduction, which is very likely based on the
ubstituted bipyridine, occurs at a slight more positive potential
−1.04 V vs. SCE) than in the uncoordinated ligand 60 (−1.15 V vs.
CE). The absorption spectrum shows a characteristic MLCT band
entered at � = 460 nm. When the complex is excited at this wave-
ength, a relatively intense 3MLCT phosphorescence emission can
e detected with a maximum at � = 646 nm and lifetime � = 1048 ns,
nd this despite the possibility that an electron transfer from TTF to
he Ru3+ ion quenches the luminescence. The lower quantum effi-
iency with respect to the analogous complex, not containing a TTF
nit, is very likely due to this feature.
Throughout these different examples, it appears that in the
evelopment of Ru complexes based on TTF-pyridine ligands the
ombination of the photophysical properties with the electroac-
ivity of TTF plays a paramount role. An interesting achievement
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Scheme 45. Fe and Ru complexes based on TTF-phosphines.
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Table 12
Evolution of 31P NMR chemical shift (�ı, in ppm) in the Fe [95] and Ru [112] com-
plexes with 104 or 103 ligands.
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ig. 15. Molecular structure of [Fe(104)2(MeCN)2](BF4)2 (Fe3). H atoms and BF4
−

nions have been omitted [108].

ould certainly be the synthesis of an optical redox commutable
ensor for which the emission would be modulated by changing
he TTF oxidation state.

.3.2. The Fe, Ru, Os triad with P-ligands
The first iron complex containing TTF-phosphines has been

entioned by Dunbar et al. and involved the coordination of
wo chelating ligands 104 on the [FeII(MeCN)2]2+ fragment to
rovide the compound formulated as [FeII(104)2(MeCN)2](BF4)2
Scheme 45) [107]. In this first report, the complex was mainly
haracterized by fast atom bombardment (FAB) mass spectrometry.

Later on [108], a single crystal X-ray study confirmed that the
ompound Fe3 contains two bis(phosphines) trans coordinated in
he equatorial plane to the metallic center located on an inversion
enter, while the axial positions are occupied by two acetonitrile
olecules (Fig. 15). This provides an octahedral coordination geom-

try, with Fe–P (2.296 and 2.358 Å) and Fe–N (1.924 Å) distances in
he normal range.
The metallacycle is folded by 28.2◦ about the P· · ·P axis, while
he TTF units are only slightly bended by 16.1◦ about the S· · ·S hinge
f the inner dithiole halves. The values for the central C C and C S
onds are indicative for the neutral state of the donor. The complex

a
o
t
a

able 13
yclic voltammetry data for Fe and Ru complexes with 104 or 103 ligands (potentials expre

n CH2Cl2) [95,112].

ompound E1
ox (M0/M1+) �E2

ox (TTF•+/TTF)

e3 +280 (vs. 104)
e4 0.28 +410 (vs. 104)
e5 0.31 +710 (irr.) (vs. 103)
u9 0.39 (irr.) +440 (irr.) (vs. 104)
(ı, ppm) [(L)2Fe] (L)[Fe(CO)3]n (L)[Ru(CO)3]

04 (−18.8) +74.9 (Fe3) +105.5 (Fe4); n = 1 +75.8 (Ru9)
03 (−18.2) – +105.4 (Fe5); n = 2 –

s diamagnetic (FeII low spin, S = 0), therefore its 31P NMR could be
easured. Accordingly, the chemical shift of the four equivalent
nuclei appears at ı = +56.1 ppm, which represents a large down-
eld shift with respect to the uncoordinated 104 (ı = −18.8 ppm)
see also Table 12). In addition, monitoring a solution of Fe3 by 31P
MR evidenced the transformation of the initial complex in a new
ne, exhibiting an even stronger downfield shift (ı = +76.2 ppm), for
hich mass spectrometry and 19F NMR results suggest the pres-

nce of a coordinated F− or BF4
− anion [109]. Cyclic voltammetry

easurements show an anodic shift when compared to 104 of
E = +0.28 V for the first oxidation wave, which thus corresponds to

he generation of a bis-radical cation species, indicating that there
s no sizeable electronic communication between the TTF units.

oreover, reversible one electron reduction processes, attributed
o the sequential reduction of FeII into FeI at −0.62 V, and then Fe0

t −1.06 V, are observed (Table 13).
The two other examples of iron complexes based on TTF-

hosphines known to date have been synthesized upon reaction
f either the diphosphine 104 (Fe4) or the tetraphosphine 103
Fe5) with the precursor Fe2(CO)9 [95]. Downfield shifts of about

ı = +106 ppm when compared to the respective free ligands are
bserved in 31P NMR spectra of the complexes (Table 12). The struc-
ure of the complexes has been ascertained by single crystal X-ray
tudy. In both cases the phosphino groups are cis chelated on iron
hich further contains three CO ligands within a distorted trigonal

ipyramid (tbp) (Fig. 16), a stereochemistry often encountered in
imilar Fe(CO)3 complexes with unsaturated diphosphines [110].

The equatorial plane is formed by one phosphino and two CO lig-
nds, while the other phosphine and CO occupy the axial positions.
olding angles of 21.1(1)◦ and 10.2(1)◦ in Fe4 (two independent
olecules in the asymmetric unit) and 2.0(1)◦ in Fe5 are observed

long the P· · ·P hinges, thus suggesting, together with the value
easured in the previous example (see above), a relatively large

exibility for this type of metallamacrocycle. The most interesting
spect of these complexes is undoubtedly related to their electro-
hemical behavior, since the first oxidation process occurring at
ow potentials (Table 13) is attributed to the formation of param-
gnetic FeI species. In the case of Fe5, the metallic centers Fe0 are
imultaneously oxidized into FeI. This feature is in agreement with
eports in the literature mentioning the reversible one-electron oxi-
ation of P2Fe0(CO)3 complexes in non-coordinating solvents [111].
lso in our case, full reversibility of this process was observed in
H2Cl2, while in MeCN ligand substitution probably takes places.
nd then dication is observed in Fe4, whereas in Fe5 the oxidation
f the TTF core seems to be much more difficult to achieve and
he process is not reversible. However, upon repetitive cycling of
solution of Fe4 in CH2Cl2 in a potential range encompassing the

ssed in V referenced vs. SCE, �E with respect to the free ligand in mV, 0.1 M TBAPF6

�E3
ox (TTF2+/TTF+) E1

red
(M2+/M1+) E1

red
(M1+/M0)

+120 (vs. 104) −0.62 −1.06
+370 (vs. 104)
not obs.
+410 (irr.) (vs. 104)



1420 D. Lorcy et al. / Coordination Chemistry Reviews 253 (2009) 1398–1438

(Fe4)

o
s
o
c
[
o
p
W
t
a
m
l
e
p
t
t
a
o
A
l
t
t
i
t
u
c
c
o
b
t
3

S

r
R
(
s
m
w

m
R
t
i
t

3

3

c
o
C
T
t
p
5
and has been conventionally synthesized upon reaction of the lig-
ands with the CoBr2·H2O precursor in MeCN. Alternatively, the
Fig. 16. Molecular structures of (104)Fe(CO)3

xidation of TTF, either to TTF•+ or TTF2+, a decrease of the inten-
ity of the oxidation wave Fe0/FeI simultaneous to the appearance
f the redox couples for the free ligand is observed [112]. This indi-
ates that in those experimental conditions the oxidized species
Fe4]2+, containing in principle one organic radical as TTF•+ and
ne paramagnetic metal as FeI d7 center, is not stable and decom-
oses gradually into 104 and unidentified iron-based fragments.
hen the potential reaches only values slightly above the forma-

ion of FeI species, the redox process Fe0/FeI appears to be stable
t the timescale of the experiment, even at low scan rates. EPR
easurements corroborated with theoretical calculations at DFT

evel were performed in order to characterize the chemically or
lectrochemically oxidized species from an electronic distribution
oint of view and also to determine their stability. Accordingly, the
riplet observed after the first oxidation is clearly metal-centered,
he unpaired electron on iron being coupled with the two equiv-
lent 31P atoms, with experimental hyperfine coupling constants
f 22.5 G in agreement with the calculated ones of 21.53 G [112].
s soon as the oxidation is conducted with more than one equiva-

ent of chemical oxidant, e.g. AgClO4, or at a potential higher than
he one required for the second oxidation of the compound, the
ypical heptuplet signal for the free [104]•+ ligand is observed,
ndicating the total decoordination at this stage. Moreover, a solu-
ion of singly oxidized compound [(104)FeI(CO)3]+ slowly evolves
pon standing at room temperature towards a single coordinated
omplex, suggesting that even this first metal-centered oxidized
ompound exhibits moderate kinetic stability. When the oxidation

f Fe4 takes place in the presence of a second equivalent of 104, a
is-coordinated [(104)2FeI]+ complex is likely formed, according to
he quintet EPR signal arising from the isotropic coupling with four
1P nuclei (Scheme 46).

cheme 46. Species issued from the oxidation of Fe4 detected by EPR spectroscopy.

2
s
i

(left) and (103)[Fe(CO)3]2 (Fe5) (right) [95].

The unique TTF-phosphine-based ruthenium complex (Ru9)
eported so far contains the diphosphine 104 coordinated to the
u(CO)3 fragment and was prepared from the precursor Ru3(CO)12
Scheme 45) [112]. Its structure, ascertained by single crystal X-ray
tudy, shows a metal center in a slightly distorted trigonal bipyra-
id environment, with a planar 5-member ring metallacycle, as
ell as essentially planar dithiole halves (Fig. 17).

Unlike the iron counterpart Fe4, cyclic voltammetry measure-
ents show an irreversible oxidation of Ru0 into the paramagnetic

uI d7 species. This instability did not allow further investigations of
he diverse oxidized intermediates. More electron donating or ster-
cally hindered phosphines are probably needed in order to stabilize
hese species.

.4. The Co, Rh, Ir triad (group 9)

.4.1. The Co, Rh, Ir triad with N-ligands
In general, the utilization of the CoII center in coordination

hemistry relies mainly on its strong anisotropy as a consequence
f the large spin-orbit coupling [113]. Two different families of
oII complexes containing TTF-pyridines have been reported so far.
he first one, described by Liu and Decurtins [114,45], is based on
he coordination of the CoBr2 fragment by tetradentate 4,5-bis(2-
yridyl-methylsulfanyl)-4′,5′-ethylenedithio-TTF ligands such as
1, 54a and 54b to give Co1, Co2 and Co3, respectively (Scheme 47),
-pyridyl units have been replaced on the EDT-TTF-bis(thiomethyl)
caffold by 2-quinolinyl fragments in 54c to afford the correspond-
ng CoII complex Co4 [45].

Fig. 17. Molecular structures of (104)Ru(CO)3 (Ru9) [112].
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Scheme 47. Monometallic CoII complexes with TTF-pyridines.

The solid state structures have been determined in the case of
he complexes Co1 (Fig. 18) [114] and Co2 [45], showing in each
ase a distorted octahedral coordination pattern around the CoII

enter, as well as a segregation of the inorganic and donor moi-
ties in the packing diagrams, thus favoring the establishment of
ome short intermolecular S· · ·S contacts. The equatorial coordi-
ation plane is formed by the two bromide anions, with Co–Br
istances of 2.49–2.52 Å, and the two sulfanyl sulfur atoms, with
o–S distances of 2.51–2.54 Å, while the axial positions are occu-
ied by the pyridyl N atoms, with Co–N distances of 2.17 Å. The
ond angle N–C–N of 158.7◦ exhibits the greatest deviation from
he octahedral geometry. Similar characteristics are observed for
he complex Co2.

Electrochemistry investigations on this series of complexes
evealed small anodic shifts when compared to the free ligands, for
he first oxidation processes generating TTF radical cations, ranging
etween 30 mV (Co3) and 110 mV (Co4). This is very likely due to the
elative short distance between the redox active unit and the coor-
inated metal. Magnetic susceptibility measurements performed
n the complex Co1 indicated a typical paramagnetic behavior for
solated CoII ions S = 3/2.

The second series of CoII complexes (Co5–Co7, Scheme 48)
as reported by Ouahab et al. and consists in the combination of

CoII
2] dimers [22] or [CoII

2MII] (MII = CoII, MnII) trimers [115] sta-
ilized by bridging benzoate PhCOO− ligands, with monodentate
TF-ethenyl-pyridines 14a and 14b.

The key step in the preparation of the complexes involves the

n situ generation of the benzoate upon oxidation of benzaldehyde
y nitrate salts of the transition metal, followed by the addition
f the ligand and crystallization by slow diffusion [116]. The fine-
uning of the experimental conditions affords either bimetallic

Fig. 18. Molecular structure of Co1 [114].

a
b
i

b
c
a
�
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Scheme 48. Bi- and trimetallic CoII complexes with TTF-pyridines.

Co5) or trimetallic (Co6–Co7) complexes. Co5 crystallized as cen-
rosymmetric dimer, with the metal located in a distorted square
yramidal environment if neglecting the Co–Co contact (Fig. 19).

The base of the pyramid is formed by four oxygen benzoate
igands which bridge the metals, thus affording the classical pad-
lewheel morphology for this motif, with Co–O distances ranging
etween 2.019(3) and 2.075(4) Å, while the apical position is occu-
ied by the nitrogen pyridyl atom. Interestingly, the comparison of
he crystallographic parameters measured at 293 and 100 K reveals
hat the Co–Co distance strongly decreases from 2.772(2) Å (293 K)
o 2.694(2) Å (100 K). This variation, nicely explained in terms of
rbital interaction, is likely due to the decrease of the thermal pop-
lation of the first excited state, characterized by the promotion of
n electron from the bonding HOMO � orbital to the low lying �*
UMO orbital of the [Co2] fragment. The population of this excited
tate, besides the weakening effect on the Co–Co interaction, con-
ers a paramagnetic character to the [Co2] entity. Indeed, magnetic
usceptibility measurements show a steady decrease to zero of the
MT curve when lowering the temperature, clearly indicating that

he ground state is non-magnetic. The magnetic data, fitted by a
inglet–triplet model with the Bleaney–Bowers equation, yielded
n exchange coupling constant J = −420 cm−1, thus proving the
xistence of metal–metal interactions. A nice expansion of this first
eport consisted in the synthesis of the two trinuclear heterometal-
ic Co6 and homometallic Co7 complexes based on the same type of
uilding blocks [115]. The trimetallic unit [CoII

2MII(PhCOO)6], gen-
rated through the same experimental procedure, contains now
n the apical positions of the lateral CoII ions the non-methylated
TF-ethenyl-pyridine ligand 14a. As shown by single crystal X-ray
nalysis, there are four �2(�1,�1) and two �2(�1,�2) bridging car-
oxylates, the two complexes being isostructural with the central

on located on an inversion center (Co7 in Fig. 20).
The central ion (CoII or MnII) is hexacoordinated by six oxygen

enzoate atoms within octahedral geometry, while the outer CoII
enters are linked to four oxygen and one nitrogen pyridyl atoms in
distorted trigonal bipyramid. The Co–O distance with the bridging
2 oxygen amounts to 2.370(4) Å, while the other three Co–O bonds
re shorter by 0.4 Å in average. These parameters impose a Co· · ·Co

Fig. 19. Molecular structure of Co5 [22].
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Fig. 21. Molecular structure of Ir2 [18].
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Fig. 20. Molecular structure of Co7 [115].

istance of 3.56 Å, much longer than in the previous case (vide
upra). Accordingly, the magnetic interactions within the trinuclear
rick can be explained through a superexchange mechanism. How-
ver, the interactions are rather weak, as demonstrated by magnetic
easurements. The ground state of the complex Co6 can be clearly

escribed as a S = 1/2 with antiferromagnetically coupled isotropic
Mn to two SCo, such as it was deduced from the drop of the �MT
urve below 100 K. The situation is more complex in the case of Co7,
owever the decrease of the �MT curve suggests once again antifer-
omagnetic interactions between the neighboring metal ions, with
robably a ferrimagnetic ground state.

The preparation of a CoII complex with the ligand TTF-salphen 97
as been mentioned by Liu and Decurtins in the report describing
he complex Fe2 (vide supra, Scheme 42) [81], yet with no X-ray
tructural studies, nor magnetic measurements. Further studies
ill certainly be devoted to the chemical or electrochemical oxi-
ation of all these CoII complexes in order to ally in the solid state
onducting and magnetic properties.

Besides the cobalt complexes, only one example involving a
eavier metal of this group 9 and a TTF-N ligand has been reported.
he somewhat “exotic” bimetallic compound Ir2 consists in two
Cp*)IrIII[S2C2(B10H10)] (Cp* = pentamethyl-cyclopentadienyl,
S2C2(B10H10)] = 1,2-dicarba-closo-dodecaborane(12)-1,2-
ithiolate) bridged by the bis(4′-pyridyl)-TTF ligand 12 (Scheme 49)
18]. Its synthesis was achieved upon chloride replacement from
he precursor Ir1, itself prepared from the bis(pyridine)-TTF ligand
nd the dimer [Cp*IrCl2]2, by treatment with the dilithio salt of

he carborane-dithiolate. An unexpected E–Z isomerisation was
oticed during the substitution reaction.

The structure of Ir2 has been proved by single crystal X-ray
nalysis. It appears that the carborane clusters point in opposite
irections and the IrIII centers lie in a distorted octahedral coordi-

Scheme 49. Ir-TTF-pyridine complexes.
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Scheme 50. Group 9 TTF-phosphines complexes.

ation geometry formed by the Cp* ligand, one nitrogen pyridine
nd two sulfur atoms (Fig. 21).

The Ir–N bond amounts to 2.135(7) Å, while a twist of 16.7◦ is
bserved between the pyridine ligands and the TTF mean plane.
lternatively, the diselena, instead of dithio, compounds have been
lso prepared. No electrochemical data have been reported for these
omplexes.

.4.2. The Co, Rh, Ir triad with P-ligands
Although the CoII complex Co8 (Scheme 50) containing two TTF-

hosphines 104 was mentioned already in 1998 [107], its solid state
tructure and full characterization were only recently reported
108].

The X-ray study revealed that the CoII center is pentacoordi-
ated within a square pyramid environment, as already observed

n CoII phosphine complexes [117] by two chelating bis(phosphines)
n equatorial plane and one acetonitrile molecule in apical position
Fig. 22).
Folding angles of 30.16◦ and 17.76◦ along the P· · ·P axes can be
easured for the two 5-member rings metallacycles. The dithiole

ings are bended as well, a classical feature for neutral donors. The
aramagnetism of the complex prevented its characterization by

ig. 22. Molecular structure of Co8. H atoms, BF4
− anions and crystallization MeCN

olecules have been omitted [108].
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Table 14
Cyclic voltammetry data for Co and Rh complexes with 104 (potentials expressed in V referenced vs. Ag/AgCl, �E with respect to the free ligand 104 in mV, 0.1 M TBAPF6 in
CH2Cl2).

C +) E1
red

(M2+/M1+) E1
red

(M1+/M0) Reference

C −0.91irr −1.19irr [108]
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omplex E1
ox (�E1

ox) (TTF+/TTF) E2
ox (�E2

ox) (TTF2+/TTF

o8 +0.63 (+170) +1.03 (+160)
h1 +0.62 (+160) +1.01 (+100)

1P NMR. Magnetic susceptibility measurements as a function of
emperature are consistent with a spin state S = 3/2 at high temper-
tures, with an important spin-orbit coupling, while an effective
′ = 1/2 state is indicated for the low temperatures regime. How-
ver, EPR measurements in solution shows an anisotropy due to
he interaction with the 59Co (I = 7/2) nucleus, which suggests a
= 1/2 ground state, typical for an octahedrally coordinated CoII

enter. Coordination by a second molecule of solvent in solution
s very likely to occur. Cyclic voltammetry measurements demon-
trate concomitant oxidation of both TTF units into radical cations,
nd then dications, at potentials anodically shifted by +170 and
160 mV, respectively, when compared to the free ligand (Table 14).
n addition, irreversible reduction of the metal center into CoI, and
hen Co0, is also observed.

Attempts to prepare a RhII complex upon reaction of the
imetallic [Rh2(MeCN)10](BF4)4 with the same diphosphine 104
esulted in the one electron reduction of the metal accompanied
y the formation of the mononuclear [RhI(104)2](BF4) complex
h1 (Scheme 50) [89]. As expected for a RhI d8 ion, a square pla-
ar coordination geometry is observed (Fig. 23), with the metal
ccupying an inversion center. The dithiole rings bearing the phos-
hines are rather strongly folded by 24.2(2)◦ along the S· · ·S axis,
hile the metallacycles are bended only by 8.26(66)◦ along the
· · ·P hinges. A strong downfield shift of �ı = +69.8 ppm for the
1P NMR resonance with respect to the free phosphine, together
ith the splitting of the signal because of the 1JRh–P coupling con-

tant of 133.8 Hz are observed. As for the CoII complex previously
escribed, similar anodic shifts for the oxidation potentials have
een measured (Table 14).

.4.3. The Co, Rh, Ir triad with N,S or P,N-ligands
So far, only a couple of complexes containing mixed chelating

igands have been described, and they concern EDT-TTF-oxazolines
unctionalized in ortho position with SMe (92a) or PPh2 (91b)
roups, thus insuring a second coordination site beside the oxa-
oline nitrogen (Scheme 51). Moreover, these examples are among
he very few known chiral metal complexes based on the TTF unit.
The neutral cobalt complex Co9 was synthesized in racemic
orm upon reaction of the racemic ligand TTF-SMe-Me-oxazoline
2a with the precursor CoII(hfac)2 in non-coordinating solvents
uch as CH2Cl2 [118]. The metallic center lies in a distorted octahe-

ig. 23. Molecular structure of Rh1. H atoms, BF4
− anion and crystallization H2O

olecules have been omitted [89].

b
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Scheme 51. Group 9 TTF-oxazolines complexes.

ral coordination environment, with three oxygen and the nitrogen
toms in the equatorial plane and the fourth oxygen and the sulfur
tom in the apical positions (Fig. 24).

The Co–S distance of 2.524(1) Å is much longer than the usual
o–S (thioether) bond lengths ranging from 2.17 to 2.35 Å. Both
nantiomers are equally disordered on the same crystallographic
ite, therefore all the four possible diastereomers (�,R), (�,S), (�,S)
nd (�,R) are present in the crystal. Within the crystal, the short-
st Co· · ·Co distance amounts to 8.71 Å, thus suggesting that the
etallic centers are very likely isolated.
The phosphino-oxazolines (Ir2) and thiomethyl-oxazolines

Ir3) iridium (I) complexes have been synthesized in order to be
sed as catalysts in the enantioselective hydrogenation reaction of

mines (see Section 5) [119].

.5. The Ni, Pd, Pt triad (group 10)

.5.1. The Ni, Pd, Pt triad with N-ligands
Surprisingly, only a few metal complexes with the nickel triad

ave been described so far with N or P TTF-containing ligands
Scheme 52).

For example, tetrathiafulvalene itself with a single 4-pyridyl
roup was engaged with Ni(acac)2 to form the neutral trans com-
lex [(5a)2Ni(acac)2] Ni1 (Fig. 25), which exhibits the expected S = 1
pin configuration for a Ni2+ ion in an octahedral environment [14].

Several Ni complexes were investigated by Liu and Decurtins,

ased on the bis-pyridyl chelate TTFs 51. The NiCl2 complex
i2 (Fig. 26) shows an octahedral coordination with the Ni ion

is coordinated to two chloride ions bound to two trans pyridyl
itrogen atoms and two sulfanyl sulfur atoms [114]. The TTF
nit is coplanar with the NiCl2 moiety. Magnetic measurements

Fig. 24. Molecular structure of (rac)-Co9 [118].
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Scheme 52. Nickel complexes with TTF N-ligands.
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Fig. 25. A view of the trans coordination of Ni(acac)2 in Ni1 [14].

SQUID) confirmed the S = 1 configuration expected for this octa-
edral geometry. Since the electrochemical studies showed that
he reversibility of the TTF oxidation waves was not modified
pon complexation, this complex Ni2 was oxidized chemically
ith I2 by layer diffusion technique [120] to afford an origi-
al dinuclear �-chloro-bridged Ni(II) complex Ni3 formulated as
Ni2(�-Cl)2(51•+)2]4+(I3−)4(I2)3·(H2O)2·(THF)3 [121]. The distorted
ctahedral Ni(II) coordination moiety and its bond lengths are at
rst sight very similar to those of the neutral mononuclear com-
ound Ni2, only two chlorides change from terminal to bridging
igands. The solid state and electronic properties of this salt will be
escribed in more detail in Section 4.3.

The same authors very recently described the Ni complex Ni4
f an original tetrathiafulvalene-fused Schiff-base ligand 97 [81].

ig. 26. (a) Molecular geometry of the Ni2 complex in its neutral form and [114] (b)
ts oxidation product Ni3, in its polyiodide salt [120].
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Fig. 27. A view of the Ni4 complex [81].

he coordination geometry around the Ni atom (Fig. 27) is square-
lanar, with geometrical features which compare well with those
f known substituted [Ni(salen)] complexes [122]. The electro-
hemical properties associated with the TTF redox core in 97 are
ssentially not modified in the Ni4 complex.

Pd and Pt complexes were also described with the meta-pyridyl
arbamoyl TTF ligand 33 (Scheme 53), engaged with [Pd(dppp)]2+

nd [Pt(dppp)]2+ moieties [33]. Indeed, this kind of precursors has
een widely used in the construction of molecular or supramolecu-

ar assemblies, by coordinating the two remaining free cis positions
ith various pyridine- or bipyridine-based ligands [123]. The reac-

ion of [M(dppp)](OTf)2, M = Pd, Pt with the meta-pyridyl carbamoyl
TF derivative 33 afforded the desired complexes Pd1, Pt1 formu-
ated as [(33)2M(dppp)](OTf)2.

The reaction was easily followed by 31P NMR spectroscopy, char-
cterized by an upfield shift (relative to the free [(dppp)Pd](OTf)2
omplex) of �ı = −16.6 ppm for Pd1, by a downfield shift
�ı = 21.0 ppm) for Pt1. Interestingly, in the case of the latter, a
iastereoisomeric pair (meso and anti-dl racemic) was formed at
oom temperature in a ratio 5:8, indicating that the rotation bar-
ier is much higher than for the Pd analog. As a consequence, only
rystal of the more fluxional salt Pd1 could be obtained (Fig. 28).
he Pd atom is in a square-planar environment, cis coordinated
y two TTF-amido-pyridines, whose conformations are highly dis-
orted, mainly around the NH-Py bond. The conformation of the
omplex is of anti type, the centrosymmetric dimers observed in
he structure correspond to the dl racemic pairs of enantiomers.
ote also the strong distortions from planarity of one of the two
TF cores in the complex.

.5.2. The Ni, Pd, Pt triad with P-ligands

The very first metal complexes of a TTF P-ligand were reported in

992 by Fourmigué, based on the chelating o-Me2TTF diphosphine
04 (Scheme 54) [83].

Scheme 53.
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Fig. 28. A view of the face-to-face association of the Pd1 complexes in the solid state
[33].
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Table 15
Evolution of 31P NMR coordination chemical shift (�ı, in ppm) in Ni5, Pd2 and Pt2
and the analogous dppe complexes.
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Scheme 54. Group 10 metal complexes of the chelating diphosphine 104.

Its square-planar, diamagnetic NiCl2 and NiBr2 complexes noted
i5 and Ni6 are characterized by a strong 31P NMR coordination
hemical shift, �ı = ı (complex) − ı (ligand), around 60–70 ppm.
ndeed, the P atoms in Ni5 and Ni6 complexes are observed at 41.3
nd 48.8 ppm, respectively while the free diphosphine 104 exhibits
resonance at −18.8 ppm. The diamagnetic character of the two

alts, inferred from the NMR results, is attributable to a square-
lanar configuration, as confirmed by the X-ray crystal structure
etermination of Ni6, as CHCl3 solvate. The analogous PdCl2 and
tCl2 complexes Pd2 and Pt2 were described later on and behave
imilarly. Their CHCl3 solvates are isomorphous with Ni6 [124]

Fig. 29) and they are all three characterized by hydrogen bonding
nteraction between the chloride anion and the acidic hydrogen
tom of the chloroform molecules. 31P NMR data show similar
trong downfield shifts upon complexation, �ıPd2 = 66.3 ppm and
ıPt2 = 46.3 ppm. Based on these 31P NMR data, an interesting com-

ig. 29. A view of Pd2 showing the square-planar geometry and the C–H· · ·Cl hydro-
en bonds [124].
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ppe 72.1 81.5 58.5 (1JP–Pt = 3618 Hz) [125]
04 60.1 66.3 46.3 (1JP–Pt = 3640 Hz) [83,124]

arison can be performed between the prototypical dppe chelating
iphosphine and 104 (Table 15).

We observe a systematic decrease of the �ı values, whatever
he nature of the metal, indicating an enhancement of the M-to-

� retrodonation due to the unsaturated character of the 104
igand when compared with dppe. Similar effects were already
ncountered for example in the conjugated dppen analog [126].
he slight increase of the 1JP–Pt coupling constant when going from
ppe to 104 also demonstrates the stronger �-bonding character
f the 104 ligand. Electrochemical investigations of the three chlo-
ide complexes Ni5, Pd2 and Pt2 show a strong anodic shift of the
TF oxidation waves upon coordination, from 0.34 V for the first
xidation wave of the free ligand to 0.57 V for Ni5 in the same con-
itions. The reactivity of the PdCl2 and PtCl2 complexes Pd2 and
t2 was investigated toward chlorine abstraction with Tl(OTf), in
he hope to free some coordination sites for further formation of
xtended networks of supramolecular assemblies upon coordina-
ion with various bipyridines. However, it appeared that a Tl(OTf)
dduct was systematically obtained without any chloride abstrac-
ion, an adduct formulated as[(104)MCl2·Tl(OTf)] and structurally
haracterized [124].

Homoleptic complexes Ni7, Pd3, Pt3 (Scheme 54) incorporating
nly the 104 ligand were also obtained by Dunbar starting from
he “naked” metal cations [M(CH3CN)x][BF4]2 (M = Ni, x = 6 [127];

= Pd, x = 4 [128], M = Pt, x = 4 [129]) under the general formula:
(104)2M](BF4)2 (M = Ni, Pd, Pt) [108]. The three Ni7, Pd3 and Pt3
omplexes, isolated as toluene solvate, are isomorphous (Fig. 30).
hey exhibit a square-planar geometry with averaged Ni–P, Pd–P
nd Pt–P distances of 2.255, 2.343 and 2.340 Å, respectively. The TTF
nits are now strongly distorted from planarity, with a folding of the
hosphine-functionalized dithiole ring by 31–32◦, by contrast with
he [(104)MCl2] Ni5, Pd2 and Pt2 complexes where the TTF was
ssentially planar. The molecular packing is characterized by a face-
o-face organization of the TTF moieties, most probably stabilized
y an extended set of S· · ·S van der Waals interactions (Fig. 30).

A large downfield shift of the 31P NMR resonance (Table 16) was
bserved for all three complexes, measured at 42.3 and 43.9 ppm
or the Ni and Pd complexes Ni7 and Pd3 while the Pt com-
lex Pt3 showed a singlet at 35.8 ppm with platinum satellites

1JPt–P = 2357 Hz). Electrochemical investigations showed no sign
f interaction between the two TTF moieties through the chelated
etal atom. The first two-electron reversible oxidation wave was

bserved at 0.68, 0.64 and 0.70 V vs. Ag/AgCl for the Ni7, Pd3 and
t3 complexes respectively, to be compared with the first oxidation
otential of 104 reported at 0.46 V in the same conditions.
The tetraphosphine ligand 103 (Scheme 32) contains trans bind-
ng sites that can be used to join metals in oligomeric arrays and
ts reaction was accordingly investigated with the labile starting

aterials mentioned above [M(CH3CN)4][BF4]2. Soluble products

able 16
volution of 31P NMR coordination chemical shift (�ı, in ppm) in the homoleptic
omplexes with ligands 104 or 103.

[(L)2Ni]2+ [(L)2Pd]2+ [(L)2Pt]2+ Reference

04 61.1 (Ni7) 62.7 (Pd3) 54.6 (Pt3, 1JP–Pt = 2357 Hz) [108]
03 – 60.4 (Pd4) 51.4 (Pt4, 1JP–Pt = 2401 Hz) [131]
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Fig. 30. A view of the solid state arrangement i
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(
also phenanthrolines, phthalocyanines) and its separation from the
TTF core. These complexes are a priori particularly attractive in
the context of this review article because the redox potential of
the Cu(II)/Cu(I) system coordinated with pyridine, bipyridine or
ig. 31. A side view of the Pd4 complexes in their (a) CH2Cl2 solvate and (b)
H2Cl2/toluene solvate [131].

hich exhibit a single 31P resonance – indicative of a structure with-
ut phosphorus end groups [130] – were isolated and formulated
s {[(103)M][BF4]2}n, but could not be crystallized. The simplest
ntity of these oligomers, that is the homoleptic mononuclear
omplexes were thus described [131]. By using the same metal-
ic precursors with an excess of 103, the dicationic complexes Pd4
nd Pt4 [(103)2M]2+ (M = Pd, Pt) were isolated as BF4

− salts and
tructurally characterized, either as CH2Cl2 or as CH2Cl2/toluene
olvates. They adopt the same square planar geometry around
he metal cation in the four crystal structures but, as shown in
ig. 31, different folding angles for the dithiole rings of the TTF
ore and different orientations of the outer, non-coordinated PPh2
roups. Because of the presence of these free PPh2 groups on the
uter ends of the complexes, the 31P{1H} NMR spectra exhibit
ow two resonance lines, one at −18 ppm attributed to the free
Ph2 moieties, one at +41.6 ppm (for Pd4) or +32.6 ppm (for Pt4,
ith 1JP–Pt = 2401 Hz) for the coordinated phosphines. As shown in

able 16, the coordination chemical shifts �ı are slightly smaller
hile the 1JP–Pt coupling constants are comparable.

.5.3. The Ni, Pd, Pt triad with P,N-ligands
Complexes of the P,N ligands are limited to those based on the
etrathiafulvalene phosphino-oxazolines 91a and 91b (Scheme 55).
d salts have been investigated for their possible use in asymmetric
atalytic reactions, by analogy with the phosphinooxazolines ini-
ially developed by Pfaltz [132], Helmchen et al. [133] and Williams

Scheme 55. Palladium phosphino-oxazoline complexes.
F
t

n Ni7, [(104)2Ni](BF4)2·3(toluene) [108].

134]. Indeed, the incorporation of TTF – rather than ferrocene – as
ackbone for phosphinooxazoline ligands opens the way to a new
lass of redox active chiral ligands which would eventually allow
n electrochemical modulation of the catalytic processes thanks to
he electroactive TTF core [135].

The PdCl2 complex Pd5a of the racemic methyloxazoline deriva-
ive was first described and structurally characterized (Fig. 32) [74].
he metal adopts a square-planar geometry while the TTF core
xhibits strong distortions from planarity. An anodic shift of 0.24 V
or the two TTF redox waves is observed upon complexation, in the
ame range that observed with the chelating diphosphine 104 (See
ection 5). In order to increase the steric hindrance of the oxazo-
ine substituent of these chiral auxiliaries, the isopropyl-oxazoline
erivatives were investigated in palladium catalyzed asymmetric
llylic alkylation [75]. The Pd precatalysts were generated from the
eaction of the free optically pure (R) or (S) ligand with [Pd(�3-
3H5)Cl] to give, after TlPF6 addition the series of cationic Pd
omplexes [Pd(�3-C3H5)(91b)][PF6] Pd5c. These complexes exhibit
sizeable, albeit smaller than the PdCl2 complex, anodic shift of the
TF first redox potential (0.18 V), yet showing a full reversibility.
salt of the oxidized TTF species was even obtained upon oxida-

ion with NOSbF6, formulated as [Pd(�3-C3H5)(91b)][PF6][SbF6],
ts optical activity has been confirmed through circular dichroism

easurements.

.6. The Cu, Ag, Au triad (group 11)

.6.1. The Cu, Ag, Au triad with N-ligands
A large number of different Cu(I) and Cu(II) complexes has been

escribed with N-based TTF ligands and they are detailed below
Scheme 56). They differ by the nature of the ligand (pyridine but
ig. 32. A view of Pd5a, the PdCl2 complex of the racemic methyl-oxazoline deriva-
ive 91a. Only one of the two enantiomers is shown [74].
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Fig. 34. A view of one of the two crystallographically independent molecules of the
penta-coordinated cis complex Cu4 [31].
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Scheme 56.

henantroline ligands can be close to that of the TTF+/TTF redox
ystem, opening possibilities for mixed-valence systems.

Perhaps the first and best example of copper complex, Cu1, was
eported by Ouahab in 2001 [136]. It is based on the trans coordina-
ion of a Cu(hfac)2 complex with the TTF–CH=CH–4-Py ligand 14a
Fig. 33). The paramagnetic nature of the complex is attributed to
he S = 1/2 configuration of the Cu(II) center.

The complex oxidizes in two successive reversible redox waves
t +0.42 and +0.83 V, each of them involving 2e−, indicating that
he TTF center are simultaneously oxidized. Its electrocrystalliza-
ion in the presence of nBu4NPF6 afforded a mixed-valence salt,
Cu1)+, formulated as [Cu(hfac)2(14a)2](PF6)·2CH2Cl2 [137]. This
epresents the very first example of a complex based on a TTF lig-
nd, where the TTF itself is oxidized to the cation radical state, and
ore interestingly, into an appealing mixed-valence state. Its mag-

etic behavior will be described in more detail in Section 4. The
lectrocrystallization of the neutral Cu1 complex in the presence
f the smaller BF4

− anion allowed for the isolation of a novel salt
here now each TTF is oxidized to the radical cation [138], that is

Cu1)2+, formulated as [Cu(hfac)2(14a)2](BF4)2·2CH2Cl2.
Other Cu(hfac)2 or Cu(acac) complexes such as Cu2–4 have been

escribed (Scheme 56) [31,139]. While trans octahedral complexes
Cu2 and Cu3) are obtained when using two equivalents of donor
igands 8 and 29, penta-coordinated cis complex Cu4 was also iso-
ated with 29, as shown in Fig. 34. In most complexes, as already
bserved above with Cu1, the redox potential of the TTF core is not
ffected at all by coordination. Only in the case of Cu2 where the
yridine is directly conjugated with the TTF core, a cathodic shift
pon coordination was observed since the free ligand 8 oxidizes at
.494 and 0.797 V vs. SCE while the trans complex [Cu(acac)2(8)2]

xidizes at 0.475 and 0.777 V vs. SCE.

A bidentate imine TTF derivative 17 was also engaged in a
u(hfac) complex Cu5 [23]. As shown in Fig. 35, the CuII adopts a dis-
orted octahedral geometry, with bonding in the equatorial plane

Fig. 33. A view of the neutral complex [Cu(hfac)2(14a)2] Cu1 [136].

(
p
n
o
a
i
r
T

Fig. 35. A view of Cu5 with the TTF imine ligand 17 [23].

f three O atom of the hfac ligands and the N atom of the pyridine.
he imine N2 atom and one hfac O atom (O3) complete the coor-
ination sphere, with a Cu–O3 distance (2.1999(19) Å) longer than
he three equatorial Cu–O distances that range between 1.9474(17)
nd 1.9737(18) Å.

Comparable cis complexes of [Cu(hfac)2] were also isolated with
he racemic, R- and S-TTF-methyloxazolines derivatives 90a and
2a, providing the first complete series of metal complexes with
hiral tetrathiafulvalenes (Scheme 57) [118].

Indeed, they all form with [Cu(hfac)2] a 1:1 adduct formulated as
u6: [(90a)Cu(hfac)2] and Cu7: [(92a)Cu(hfac)2]. Both complexes
xidize at the same potential as the starting TTF ligand. The Cu(II)
dopts a distorted square pyramidal coordination geometry with
weaker interaction with a sulfur atom of the TTF dithiole ring

Fig. 36), with Cu· · ·STTF distances in a 2.91–3.04 Å range. The basal
lane is formed by three oxygen atoms (Cu–O: 1.90–1.96 Å) and the
itrogen atom of the oxazoline (Cu–N: 1.96–1.98 Å), while the last
xygen atom of the hfac ligands is located in the apical position, at

longer Cu–O distance (2.19–2.22 Å). Surprisingly, the introduction

n Cu7 of a complementary-SMe group located � to the oxazoline
ing in 92a does not modify this coordination scheme (Fig. 36c).
he racemic complex [(rac)-90a][Cu(hfac)2] rac-Cu6 crystallizes in

Scheme 57.
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In Cu12, ESR and SQUID measurements demonstrated that
the oxidation states are TTF0 and Cu2+ while the CuII species
form uniform magnetic chains (Fig. 38a), which can find their
origin, either in a direct interaction (CuII· · ·CuII distance at
ig. 36. Detail of the coordination sphere of the Cu(II) species in: (a) rac-Cu6, (b) (S)
f the hfac ligands have been omitted for clarity [118].

he triclinic P-1 space group with the methyl group of the oxazoline
isordered on two positions (C12A, C12B in Fig. 36a). On the other
and, the enantiopure complexes obtained with (R)-90a and (S)-
0a crystallize in the chiral P1 space group with almost identical cell
arameters. This implies the presence of two crystallographically

ndependent molecules in the enantiopure complexes, described
s (�,S) and (�,S) diastereoisomers (Fig. 36b and c) if one consid-
rs the distorted octahedral coordination configuration around the
u(II) atoms. Investigation of the magnetic properties of Cu6 and
u7 showed a Curie-type behavior attributed to the presence of
on-interacting Cu(II) species with g = 2.12–2.16.

A beautiful series of copper complexes (Scheme 58) has been
escribed by Iyoda starting from the 4′,5′-bis(methylthio)-4,5-
is(2-pyridylethynyl)tetrathiafulvalene 23 [26]. Its rigid, chelating
eometry allowed for the isolation of several CuI and CuII salts, with
ossibilities for charge-transfer interactions between the TTF and

he copper center (Fig. 37).

Indeed, while the reaction of the free ligand 23 with
Cu(CH3CN)4]PF6 afforded the CuI complex Cu8, the reaction with
uII(OTf)2 led to the TTF oxidation with concomitent CuII reduc-
ion and complexation. As a consequence, the triflate salt Cu9 is

cheme 58. Copper (I) and (II) of the bis(2-pyridylethynyl)tetrathiafulvalene 23. F
(the two diastereoisomers �,S and �,S are shown), (c) rac-Cu7. The fluorine atoms

est described as a TTF cation radical, associated with a CuI com-
lex. On the other hand and based on EPR results, the CuIICl2 and
uII(hfac)2 complexes Cu10 and Cu11 are essentially seen as real
uII complex with no TTF oxidation.

Other investigations of possible charge-transfer reactions
etween a TTF core and a CuII species were based on pyrazino-fused
TF 75 or 80a (Scheme 59). Copper complexes were obtained by co-
rystallization with CuCl2 to afford respectively Cu12 (75·CuCl2)
72], Cu13 (80a·CuCl ) [71], or Cu14 (80a ·80a·Cu Cl ) [71].
ig. 37. Molecular structures of (a) the CuI Cu8 and (b) the CuII Cu11 complexes [26].
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cheme 59. Supramolecular complexes Cu12 (75·CuCl2) left and Cu13 (80a• CuCl2)
ight.
.87 Å), a super-exchange interaction through Cl− atom (Cl−· · ·Cu
istance at 2.99 Å) or through the coordinated bis(pyrazino)-
etrathiafulvalene molecule. Since the bis-pyrazino-TTF 75 oxidize
t rather high potentials, the monopyrazino derivative 80a was

C
a
t
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w

ig. 38. (a) The solid-state organization in Cu12, showing the square-planar geometry aro
tructure of Cu13 [71]. (c) A projection view of the unit cell of Cu14 showing the layered s
Reviews 253 (2009) 1398–1438 1429

lso investigated with the hope that reaction with CuCl2 will
ead to oxidized TTFs salts, as indeed observed in Cu13 and
u14. In the former, the two nitrogen atoms of the pyrazine
ing are engaged in the coordination, leading to the formation of
–CuCl2–80a–]∞ chains (Fig. 38b). Cu13 exhibits antiferromagnetic
nteractions (2J/k = −20 K), attributed to the CuII species interact-
ng into layers and behaves as a semiconductor (	RT = 10−4 S cm−1

nd Ea = 0.33 eV), due to partial doping with the CuCl2. On the
ther hand, a commensurate charge transfer takes places in Cu14
Fig. 38c), which is characterized by non-coordinated mixed-
alence (80a)2

•− species organized into layers with a so-called
′′ motif, separated from each other by anionic layers formed by
nother 80a molecule, coordinated to a copper (I) Cu3Cl4 one-
imensional motif with two kinds of CuI: one has a tetragonal

uCl3N geometry with a full Cu occupancy while the other has
bent CuCl2 geometry with half the occupancy. Due to this par-

ial charge transfer and two-dimensional segregation, this salt
xhibits a sizeable conductivity (	RT = 10−1 S cm−1 and Ea = 0.15 eV)
ith a magnetic behavior (uniform spin chain with 2J/k = −42 K)

und the CuII cation and the columns of CuCl2 moieties running along c [72]. (b) The
tructure [71].
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nates and macrocycles.
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Table 17
Differential pulse voltammetry data (vs. Ag/AgCl) in CH2Cl2 containing 0.1 M
NBu4PF6.

Compound E1
ox/V (TTF•+/TTF) E2

ox/V (Cu2+/Cu+) E3
ox/V (TTF2+/TTF•+)
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Scheme 60. Cate

ttributed, on the basis of calculated overlap integrals, to a one-
imensional interaction between magnetic (80a)2

•− species along
.

Among the different 2,2′-bipyridine molecules incorporating
he tetrathiafulvalenyl core (see Section 2.1.6), the amide derivative
4 has been engaged in Cu(I)/Cu(II) complexes, upon reaction with
ither CuPF6 or Cu(OTf)2, affording the bis(bipyridine) complexes
u15: [(64)2Cu]PF6 and Cu16: [(64)2Cu](OTF)2 or the mono-
ipyridine complex Cu17: [(64)Cu(DMF)3](OTf)2 [140]. Redox
ehavior of the Cu(I) complex shows three successive oxidation
aves, with the first one attributed to the Cu(I)/Cu(II) oxidation
rocess, the two others to the TTF core. The reduction scan shows
hat the generated Cu(II) species reduces at much lower potential,
consequence of solvent coordination of the Cu(II) species which
ost probably stabilizes with solvent coordination into a square

lanar pyramidal or distorted octahedral geometry. X-ray crystal
tructure of Cu17 (Fig. 39) shows a square planar pyramidal coordi-
ation sphere around the Cu(II) ion, with the basal plane formed by
he two nitrogen atoms of the bipyridine and two oxygen atoms of
oordinated DMF molecules, while a third DMF molecule occupies
he apical position.

Phenanthroline CuI complexes incorporating a tetrathiafulva-
ene core in macrocyclic systems (72, 73a and 73b) have been also
eported (Scheme 60), either as catenanes [53] in Cu18 or in open
acrocycles [54] such as Cu19 or Cu20. Catenate Cu18 was only

haracterized by its mass spectrum and its 1H NMR spectrum which
hows the presence of two diastereoisomeric species in a 77:23
atio. Macrocycles Cu19 and Cu20 were essentially characterized
y cyclic voltammetry and differential pulse voltammetry. Inter-
stingly, large anodic shifts of both the first and second oxidation
ave of the TTF are observed relative to the free macrocycle, as a
esult of the electrostatic influence exerted by the Cu+ metal ion.
he Cu+ is oxidized into Cu2+ species in between the two TTF redox
rocesses (Table 17). It should be stressed also that the generated
u2+ species is not expelled but maintained in the complex since

ig. 39. View of Cu17, showing the complementary hydrogen-bonding of the amidic
–H and TTF C–H toward the carbonyl oxygen atom of DMF molecules [140].

d
i
l
d
p

u19 0.56 0.70 0.82
u20 0.54 0.69 0.82

he second TTF oxidation is also affected by the presence of the Cu2+

pecies.
As already mentioned for its Ni complex (Ni4), the tetraden-

ate tetrathiafulvalene-based salphen molecule 97 has also been
ngaged in Cu(II) coordination to afford Cu21 (Scheme 61) [81],
ith a structure very close to that of Ni4 (Fig. 27). Electrochemi-

al properties of Cu21 are essentially those of the free ligand 97,
ogether with an added reversible reduction wave at −1.16 V (vs.
g/AgCl, in CH2Cl2) attributed to the Cu2+/Cu+ redox couple.

.6.2. The Cu, Ag, Au triad with P-ligands
Cu(I) and Ag(I) complexes with the chelating diphosphine

04 have been reported as homoleptic bis(diphosphine) com-
lexes [(104)2Cu]+ and [(104)2Ag]+ [108]. As shown in Fig. 40 for
(104)2Ag]+, the d10 metal cation in both complexes occupies the
enter of a distorted tetrahedron with P-M-P angles within each
etallacycle of ≈84◦ for Ag and ≈90◦ for Cu. Within the complex,

ne TTF moiety exhibits an almost planar conformation while the
ther is strongly bent along the S· · ·S axis of the dithiole ring bearing
he PPh2 groups. Both complexes exhibit a 120–140 mV anodic shift
f the TTF oxidation potentials, to be compared with the 220 (Ni),
80 (Pd) or 240 (Pt) mV anodic shifts observed in the square-planar
8
 complexes mentioned above in Section 3.5.2. This reduced shift

s probably attributable to the reduced cationic charge of the metal-
ic center in the Cu+ and Ag+ complexes, when compared with the
icationic Ni2+, Pd2+ or Pt2+ centers. The corresponding Au3+ com-
lex has not been described yet to check this assumption but several

Scheme 61.
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Fig. 40. A view of the tetrahedral Ag+ complex with 104 [108].
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Scheme 62. Gold (I) complexes of the tetraphosphine 103.

u(I) complexes were reported by Laguna (Scheme 62), based on
he tetradentate 103 ligand [141].

Indeed, reaction of 103 with [AuX(tht)] (X = Cl, C6F5;
ht = tetrahydrothiophene) or [Au(Mes)(AsPh3)] (Mes = 2,4,6-

e3-C6H2) afforded the tetranuclear complexes [(103)(AuX)4],
u1 (X = Cl), Au2 (X = C6F5) and Au3 (X = Mes) while the use of

he more sterically demanding [Au(Trip)(AsPh3)] (Trip = 2,4,6-
r3

iC6H2) provided the dinuclear derivative Au4, [103(AuTrip)2]
141]. The chelating coordination of 103 in Au4 was inferred from
he observation of one singlet in the 31P{1H} in its NMR spectrum.
yclic voltammetry experiments for the four complexes reveals
strong anodic shift of the oxidation potentials of the TTF core,
ith the first oxidation wave shifted by 500, 430, 380 and 240 mV,

elative to the free ligand. The anodic shift in Au1 (500 mV)
epresents the largest value reported so far, a consequence of

i) the four metallic center coordinated to the TTF and (ii) the
lectronegativity of the Cl− counter ion, by comparison with
6F5

− or Mes−. Au1 was also the only complex structurally char-
cterized. As shown in Fig. 41, the coordination around the gold
toms deviates slightly from linearity, which is typical for Au(I)

ig. 41. A view of Au1, showing the aurophilic Au· · ·Au interaction (dotted line)
141].
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Scheme 63. Zn porphyrins complexes incorporating a TTF moiety.

omplexes, with P–Au–Cl angles of 174.41(10) and 172.10(10)◦. A
hort intramolecular Au· · ·Au interaction at 3.0081(8) Å denotes
he presence of aurophilic interactions.

.7. The Zn, Cd, Hg triad (group 12)

Zn complexes incorporating a TTF ligand essentially involve Zn
orphyrins and phthalocyanines, with the TTF covalently linked to
he macrocyclic motif, as shown below for Zn1 or Zn2 (Scheme 63).
hey were developed as molecular fluorescence switches tak-
ng advantage of the TTF redox couple as triggers to eventually
djust the luminescence of light-emitting fragments such as
nTPP.

The cyclic voltammogram of Zn1 exhibit four reversible oxida-
ion waves [142]. The two first ones at 0.52 and 0.93 V (vs. Ag/AgCl)
re attributed to the TTF core while the two others at 1.07 and 1.27 V
re due to the ZnTPP system. Compared with the non-metalled
orphyrin, a coordination anodic shift of 50 mV affects the first oxi-
ation wave. The oxidation of the Zn tetraphenylporphyrin, usually
bserved at 0.84 and 1.15 V under the same conditions, is shifted
ere to more anodic potentials, due to the Coulombic influence
f the initially oxidized dicationic TTF2+ moiety. These effects are
urely electrostatic as the UV–vis. spectrum of Zn1 is interpreted

n terms of simple superposition of the electronic transitions of the
wo constituents, supporting non-conjugation through the orthog-
nal meso linkage. A 75–80% quenching of the fluorescence of the
imple ZnTPP is observed in Zn1. No such electrochemical shifts are
bserved in Zn2 [143], where the three redox centers (TTF, ZnTPP
nd C60), are almost independent. On the other hand, photochemi-
al investigations of Zn2 showed that a transient charge-separated
tate TTF-ZnTPP•+-C60

•− is formed by ultrafast electron transfer
ith a time constant of 1.5 ps. The final TTF•+-ZnTPP-C60

•− state
s generated with a quantum yield of 16% and has also a lifetime of

60 ns.

Another approach toward such molecular switches consists in
sing a TTF derivatized with a pyridine ring, such as 28, to directly
oordinate a Zn porphyrin to give Zn3 [144]. Red shift of the
oret and Q bands of the ZnTPP confirmed the axial coordination.
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than above, but also shorter inter-dyad contacts, at 3.67 and 4.0 Å.
However, due to the strong association within these (TTF)2

2+ dyads,
the EPR spectra are dominated by the contribution of the Cu2+

species (g = 2.11). An intense signal centered at 2.008 is recovered

Table 18
Evolution of the bond distances within the [Cu(hfac)2(14a)2] complexes upon TTF
oxidation. � is the averaged oxidation state of each TTF.
ig. 42. View of the cadmium complex Cd1, based on the bipyridyl molecule 37 [35].

he fluorescence quenching reached 50% when one equiv. ligand
olecule 28 was added.
Several Zn phthalocyanines have been also reported [145,146],

owever without any sizeable interaction between the four TTF
edox centers. Other porphyrines, phthalocyanines and analogs
uch as pyrazino-porphyrazines appended with four or eight TTF
oieties have been also described as free ligands [147,148] or as

n2+, Ni2+, or Cu2+ complexes [149,150] and will not be described
n more detail here.

Finally, one single cadmium complex has been recently reported
nd structurally characterized [35]. It is based on the bis(pyridyl)
erivative 37 (See Scheme 10). Its binding ability in the presence of
d2+ was first evidenced by 1H NMR, affording a constant forma-
ion for a 1:1 complex of 104.9±0.1 L mol−1, also confirmed by UV–vis
pectroscopy. A small anodic shift (+60 mV) was also observed upon
omplexation on the first oxidation wave, while the second oxida-
ion wave was displaced by 110 mV, indicating that the metal is not
xpelled upon TTF oxidation, at variance with many other com-
lexes. In the solid state, the complex Cd1 adopts an octahedral
oordination (Fig. 42), with two nitrogen atoms of the two pyridyl
oieties, two oxygen atoms of the amidic functions, one acetoni-

rile nitrogen atom and one perchlorate oxygen atom while the
econd perchlorate anion does not participate in metal binding.

. Cation radical salts of TTF metal complexes

A large number of metal complexes associating the redox active
etrathiafulvalenyl core have been described above in Section 3. In
lmost all of them, the first oxidation wave is fully reversible and
ssociated with the TTF redox moiety. We have seen that complexes
ith pyridine ligands and analogs exhibit a limited anodic shift of

he TTF first oxidation potential of the free ligand while complexes
f TTF phosphines with the PPh2 groups directly linked to the TTF
ore exhibit a 200–250 mV anodic shift, whatever the nature of the
etallic group. In most cases, no mention was made of a possible

e-coordination of the metal upon TTF oxidation. In those favorable
onditions, it is therefore expected that most of these complexes
an potentially be oxidized to the cation radical state, and organized
n the solid state to afford interesting conducting and/or magnetic
roperties, which would eventually combine the delocalized S = 1/2
adical species of the TTF radical with the S ≥ 1/2 spin of the metal
ragment. As a matter of fact, only a tiny handful of such systems

ave been reported so far (Scheme 64). Three of them, based on the
opper complex Cu1, the molybdenum complex Mo1 and the nickel
omplex Ni2 will be described in more detail in this paragraph in
hronological order, with a special emphasis on their structural and

C
(
(

Scheme 64. The three complexes isolated as TTF cation radicals.

lectronic properties associated with the radical nature of the TTF
ore.

.1. Cation radical salts of the copper complex Cu1

As described in Section 3.6.1, the electrocrystallization of the
opper complex Cu1 in the presence of nBu4NPF6 affords a mixed-
alence salt, (Cu1)+, formulated as [Cu(hfac)2(14a)2](PF6)·2CH2Cl2
137] while its electrocrystallization in the presence of the smaller
F4

− anion allows for the isolation of a (Cu1)2+ salt formulated as
Cu(hfac)2(14a)2](BF4)2·2CH2Cl2 [138]. As shown in Table 18, the
rogressive oxidation of the TTF core in 14a, from an oxidation
tate of 0 to 0.5 and 1 leads to a marked lengthening of the cen-
ral C C double bond with concomitant shortening of the internal
–S bonds. This general effect in TTF salts is due to the nature of the
TF HOMO, which is C C bonding and C–S antibonding. The coor-
ination of the pyridine group does not appear to be affected by
he oxidation state of the TTF. In other words, coordination through
yridine is strong and the complexes tolerate very well the oxida-
ion, without any de-coordination.

The organization of the radical molecules in the solid state dif-
ers in the two salts. Indeed in the mixed valence PF6

− salt (Fig. 43),
he TTF cores organize into dyads with a bond-over-ring overlap
Fig. 44) and short S· · ·S intra-dyad distances (3.59 and 3.65 Å), to
e compared with the larger inter-dyad interaction with the short-
st S· · ·S contacts amounting to 4.30 Å. Therefore, the salt can be
escribed as mixed-valence (TTF)2

•+ species, essentially isolated
rom each other, hence the insulating character of the salt. How-
ver, the magnetic susceptibility, well fitted by a Curie–Weiss law
ith � = −3.8K, was attributed to the sole contribution of Cu2+

pecies, on the basis of the room-temperature effective moment
eff of 1.84(3) 
B, compatible with a S = 1/2 system with g ≈ 2.1. The

bsence of the contribution of the mixed-valence (TTF)2
•+ species

as tentatively attributed to a possible charge disproportionation,
ith randomly alternating, magnetically silent, neutral (TTF)2 and
icationic (TTF)2

2+ dyads.
In the fully oxidized BF4

− salt (Fig. 45) [138], the TTF dyads
xhibit much shorter intra-dyad S· · ·S contacts (at 3.50 and 3.29 Å)
� C C (Å) Aver (C–S) (Å) N–Cu (Å) Reference

u1 0 1.317 (11) 1.763 2.030 (8) [136]
Cu1)+ 0.5 1.370 (9) 1.734 2.016 (2) [137]
Cu1)2+ 1 1.398 (4) 1.722 2.013 (2) [138]
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Bonner–Fisher model affords J/k = −17 K, demonstrating the pres-
ence of weak but sizeable intermolecular interactions attributed to
the S3· · ·S4 contact.
ig. 43. Organization of the TTF dyads in the mixed-valence salt [Cu1](PF6)·2CH2Cl2
137].

pon dissolution of the salt in DMF where the organic dyads are
estroyed, a signature of the TTF cation radical.

.2. Cation radical salts of the molybdenum complex Mo1

The electrocrystallization of complex Mo1 in the presence of
he Linquist anion Mo6O19

2− afforded a 2:1 salt, formulated as
Mo1)2(Mo6O19) where each TTF is oxidized to the cation radi-
al state (� = 1) [96]. From a structural point of view (Fig. 46), only
he TTF moiety of the complex is affected by the oxidation, with a
engthening of the central C C bond (1.388(5) Å vs. 1.345(5) Å in the
eutral complex) and shortening of the central C–S bonds, particu-

arly within the dithiole ring bearing the two methyl groups (1.705 Å
s. 1.744 Å in the neutral complex) while the shortening is much less
ronounced in the dithiole ring bearing the organometallic com-
lex (1.726 Å vs. 1.758 Å in the neutral complex). A very interesting

eature is also the variation of the IR absorption frequencies of the
arbonyl ligands upon TTF oxidation. Shifts towards larger wave

umbers are observed upon oxidation for the four carbonyl absorp-
ion bands, a trend which can be rationalized in terms of a lower
egree of �-back retrodonation from metal-d to CO-�* orbitals, as
consequence of a weaker electron density on the metal in the

xidized complex.

ig. 44. A projection view perpendicular to the molecular planes of the TTF dyads
n: (a) the mixed-valence [Cu1](PF6)·2CH2Cl2 salt [137] and (b) the fully oxidized
Cu1](BF4)2·2CH2Cl2 salt [138].
ig. 45. Organization of the TTF dyads in the 1:1 salt [Cu1](BF4)2·2CH2Cl2 [138].

At variance with the previous examples based on Cu1, the steric
emand of the bulky diphenylphosphino groups most probably
inders here the face-to-face arrangement of the TTF cores. As
hown in Fig. 47, the sole interactions between the TTF•+ radical
pecies develop along b, giving rise to the formation of a uni-
orm spin chain system. The temperature dependence of the molar

agnetic susceptibility confirms this structural description with
he molar magnetic susceptibility which exhibits a rounded max-
mum at around 11 K. A fit of this Heisenberg spin chain, with the
Fig. 46. Projection view along b of the unit cell of (Mo1)2(Mo6O19) [96].
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Fig. 47. A view of the uniform spin chain formed by the
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with TTF ligands involving the series of TTF-oxazolines 89a–c and
93 (Scheme 66) [73].

Assuming that the vicinal sulfur atom of the TTF core would
Scheme 65. Structure of the oxidized complex Ni3.

.3. Cation radical salts of the nickel complex Ni2

As already mentioned above in Section 3.5.1, oxida-
ion of the mononuclear complex Ni2 with iodine afforded

binuclear complex (Scheme 65) formulated as [Ni2(�-
l)2(51•+)2]4+(I3−)4(I2)3·(H2O)2·(THF)3. The analysis of the
tructural properties of the complex anionic polyiodide net-
ork observed here gives a total I18

4− formula, that is a 4+ charge
or the Ni3 complex [121].

This implies then that each TTF moiety is oxidized to the cation
adical state. One observes indeed the classical C C bond lengthen-
ng and C–S bond shortening usually observed upon TTF oxidation,
ut also and more interestingly, a modification of the Ni atom coor-

ination sphere, with a noticeable shortening of the Ni–S bond
istances (Table 19) while the Ni–N and Ni–Cl distances remain
ssentially the same. This tends to indicate that the oxidation
trengthens the Ni–S interaction. Theoretical calculations will be
eeded to ascertain this overlooked point.

able 19
volution of the bond distances in the Ni coordination sphere of Ni2 and Ni3,
epending on the degree of oxidation of the TTF core.

ompound � Ni–S (Å) Ni–N (Å) Ni–Cl (Å) Reference

i2
mol A 0 2.427 (2) 2.116 (4) 2.344 (2) [114]

2.442 (1) 2.127 (5) 2.375 (1)

mol B 2.421 (1) 2.098 (5) 2.364 (1)
2.425 (1) 2.099 (4) 2.373 (1)

i3 1 2.369 (5) 2.070 (17) 2.365 (5) [121]
2.402 (5) 2.098 (19) 2.391 (5)

a

S

oxidized (Mo1)•+ species in (Mo1)2(Mo6O19) [96].

In the solid state, TTF moieties are far apart from each other,
he salt is insulating and its magnetic behavior, characterized by
he simultaneous presence of S = 1/2 TTF•+ and S = 1 Ni2+ species,
as been interpreted by a ferromagnetic Ni2+/Ni2+ interaction
JNi = 5 cm−1), weak antiferromagnetic interactions, attributed to
ntramolecular Ni2+/TTF•+ interactions (Jrad = −1 cm−1) together

ith the effect of the zero-field splitting (ZFS) of the Ni(II)
imer, approximated with a model showing an axial geometry
D = −10 cm−1).

. Catalytic applications of complexes based on TTF ligands

Besides the obvious interest in multifunctional molecular
aterials, another attractive field of investigation related to the

TF-containing ligands concerns homogenous catalysis based on
ransition metal complexes. The peculiarity of these catalysts with
espect to the vast majority of transition metal complexes utilized
n various catalytic processes relies on their electroactive behavior.
his feature could possibly induce a modulation of the reactivity
f the metal complex used as catalyst upon changing the oxidation
tate of the electroactive ligand [135]. Nevertheless, little atten-
ion has been paid up to date to the use of TTF ligands in catalytic
eactions. In this respect, Bryce et al. first reported catalytic studies
ct as second coordination site beside the oxazoline nitrogen atom,

cheme 66. TTF-oxazoline derivatives investigated in catalytic reactions.
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Table 20
Asymmetric allylic substitution reactions with chiral TTF-oxazoline ligands.

Ligand Time (h) Conv (%) ee (%) Reference

89a (S) 48 29 21a [73]
89b (S) 48 28 17a [73]
89c (S) 48 trace – [73]
93 (S) 72 trace – [73]
92b (R) 18 12 26b [75]
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hydrogenation of imines are certainly promising in view of devel-
oping electroactive ligands which could induce a redox control on
1b (R) 18 (70) 10 (21) 85 (80) [75]

a Determined by 1H NMR in the presence of Pr(hfc)3.
b Determined by HPLC on a Daicel® Chiralpack® AD column.

hese TTF-mono-oxazolines have been applied in the asymmetric
llylic alkylation (AAA) reaction [73], which constitutes one of the
ost straightforward strategies for the formation of stereoselective

arbon–carbon bonds [151]. However, the activities and selectivi-
ies demonstrated by the ligands 89a–c and 93 were rather modest,
ince only the ligands 89a and 89b shown measurable activity
nd selectivity, with about 29% (89a) and 28% (89b) yield and 21%
89a) and 17% (89b) ee (Table 20), in the reaction of the stan-
ard substrate (rac)-(E)-1,3-diphenyl-3-acetoxy-prop-1-ene with
he sodium salt of dimethyl malonate in the presence of allyl-
alladium chloride dimeric precursor (Scheme 67). According to
he authors, the modest activity might be due to a tightly bound
d–ligand complex, with slow turnover, while the low selectiv-
ty was attributed to the fact that the nucleophilic attack occurs
rans to the nitrogen atom, which would be in this case the best
-acceptor.

Among the numerous ligands tested in this already “classi-
al” reaction, phosphino-oxazoline auxiliaries have largely proved
heir efficiency [152]. Taking into account this evidence, the
ynthesis of a series of EDT-TTF-phosphino-oxazolines (91b in
cheme 66) was reported together with their application in the
ame AAA reaction catalyzed by palladium [75]. In parallel, EDT-
TF-thiomethyl-oxazolines (92b) have been also prepared and
ested. The test reaction was the same as in the previous study,
ith the difference that the nucleophile was generated in situ from
eutral dimethylmalonate, N,O-bis(trimethylsilyl)acetamide (BSA)
nd potassium acetate (KOAc). The Pd precatalysts were gener-
ted from the reaction of the free optically pure (R) or (S) ligand
ith [Pd(�3-C3H5)Cl]2 to give, after TlPF6 addition the series of

ationic Pd complexes [Pd(�3-C3H5)91b][PF6] Pd5c. These com-
lexes exhibit a sizeable, albeit smaller than the PdCl2 complex (see
ection 3.5.3), anodic shift of the TTF first redox potential (0.18 V),
et showing a full reversibility. Albeit the observed conversions are
odest (up to 20%), the enantioselectivities are rather high, up to

5% with the iPr-oxazoline derivatives (see Table 20). As expected,
he use of the racemic ligands provided the racemic mixture of the
llyl-malonate, with the same activity as the optically pure coun-
erparts. Interestingly, an enhancement of �ee% = 55% resulted
rom the use of the iPr- rather than the Me-oxazoline deriva-

ives. The results were modest when EDT-TTF-mono-oxazolines or
hiomethyl-oxazolines 92b have been used. The Tsuji-Trost reac-
ion was also carried out with the oxidized TTT-Pd complexes such
s [Pd5c][SbF6], in order to evaluate a possible electromodulation

cheme 67. Asymmetric allylic alkylation with the ligands 89a–c and 93.
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Scheme 68. Asymmetric hydrogenation of imines.

f the catalytic center upon changing the electronic density around
he metal. However, when engaged in the asymmetric allylic alkyla-
ion reaction, this oxidized salt afforded a conversion and selectivity
uite similar to those found with the non-oxidized complexes.
his behavior was tentatively explained by the in situ reduction
f TTF•+ in TTF, either by Pd(0) species or by the basic reaction
edium.
One of the most applied strategies for the synthesis of enan-

iopure amines consists of the catalytic asymmetric hydrogenation
f imines. Iridium complexes, involving the IrI/IrIII couple, with
hosphino-oxazoline ligands are particularly efficient for this type
f catalytic reaction [153]. The different cationic enantiopure or
acemic Ir2 and Ir3 complexes (see Scheme 51) [119] which contain
n isopropyl group on the oxazoline ring, have been conven-
ionally prepared upon reaction between the ligands 92b or 91b
nd the precursor [Ir(COD)Cl]2 (COD = cycloocta-1,5-diene), fol-
owed by the chloride abstraction in the presence of PF6

− or
ArF24

− (BArF24 = tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate)
alts. The latter is a non-coordinating anion which usually leads to
n enhancement of the enantiomeric excess. The coordination of
he ligands TTF-phosphino-oxazolines (TTF-PHOX) to the IrI center
nduces a downfield shift of +22.7 ppm in 31P NMR with respect to
he free ligand. The best results in terms of selectivity and catalytic
ctivity for the hydrogenation reaction of the standard substrate N-
enzylmethyl-phenylimine (Scheme 68) have been obtained with
he complexes Ir2.

Indeed, total conversions were observed within several hours,
ith enantiomeric excesses reaching up to 68% ee at room temper-

ture in chiral amine, with the BArF24
− anion (Table 21).

Variation of the temperature did not lead to any improvement of
he selectivity; on the contrary, lower temperatures induce a mas-
ive decrease of the conversions, very likely because of solubility
roblems. When the hydrogenation reaction was carried out with
he oxidized Ir2 complex, thus containing the radical cation salt
f TTF, a drastic loss in selectivity (23% ee) and activity (20% yield)
as observed after 15 h, although the conversion reached up to 70%

fter 70 h. Nevertheless, it is difficult to assign this difference with
espect to the neutral ligand to either an electronic modulation on
he metallic center provided by the change in the oxidation state
f the ligand, or to other catalytic species generated in the reaction
ixture under the reductive conditions.
However, these first results in asymmetric allylic alkylation and
he catalytic processes.

able 21
symmetric hydrogenation of imines [119].

igand Anion T (◦C) Conv (%)a ee (%)b

2b (R) PF6
− 20 7 not determined

1b (R) PF6
− 20 100 57 (R)

1b (R) PF6
− 5 20 56 (R)

1b (R) PF6
− 50 100 58 (R)

1b (R) BArF− 20 100 68 (R)
1b (R) BArF− −10 22 69 (R)

a Determined by GPC.
b Determined by HPLC on a Chiralpack OJ column.
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. Conclusions and perspectives

In this review paper, which is unprecedented with respect
o the topic addressed, we presented in an exhaustive manner
he electroactive ligands based on the TTF unit and phosphorous
nd nitrogen coordinating groups, together with their coordina-
ion metallic complexes. It turns out that all the phosphorous
igands described so far are phosphines. However, as superior
nictogen homologues, we reported also a couple of examples con-
erning TTF-stibines. While the nitrogen ligands containing TTF
nits are much more various, e.g. pyridines, pyrazines, bipyridines,

mines, etc., yet the common feature of most of them is the sp2

ybridization of the nitrogen atom. Accordingly, we have focused
ur attention mainly on TTF-phosphines and on different families
f TTF-N sp2 ligands, also because metallic complexes have been
escribed only with these precursors. The synthetic methodologies
mployed for the preparation of TTF-N ligands are very diverse, and
hey include carbon–carbon bond formation reactions, condensa-
ion reactions between reactive precursors of TTF’s and nitrogen
eterocycles, alkylation reactions of TTF thiolates with halogenated
yridines, or Wittig type condensation reactions. On the contrary,
he synthesis of TTF-phosphines or stibines is limited to a couple of

ethods, i.e. reaction of lithiated TTF’s with halogeno-phosphines
r -stibines in the case of direct linkage between TTF and coordi-
ating group, and nucleophilic substitution of TTF-thiolates with
alogeno-alkyl-phosphines, protected as boranes, in the case of

ong chain TTF-phosphines. It is clear then that, at the present
ay, one has access to a huge library of electroactive phosphines
r pyridines and derivatives containing the electrodonating TTF
nit, available for further metal coordination. One particular aspect
hich should be emphasized at this point throughout all the exam-
les concerns the electron donating ability of the TTF core, which

s only scarcely affected upon association with the coordinating
roup. Indeed, when the phosphino group is directly attached to
he TTF unit, the similar electronegativities of phosphorous and car-
on atoms do not favor a large variation in electron density on TTF.
n the other hand, in TTF-N ligands, the electronegative nitrogen
tom is rather remote from TTF across the linker. Undoubtedly, the
argest variation is observed when the TTF unit is fused with the
itrogen heterocycle, like in TTF-pyrazines. Despite the large num-
er of ligands itemized to date, only a restricted collection of metal
omplexes, with a maximum of about 15 examples in the case of
opper (I or II), has been described so far, but also with no exam-
le for metals such as chromium or osmium, thus suggesting that
here is still a lot of room for further developing this field. All the
eported complexes for each triad of transition metals have been
eviewed, with a special focus on their solid-state structures and
roperties. One interesting aspect is related to the variation of the
xidation potential of TTF ligand upon metal complexation. As a
eneral trend, within the complexes based on TTF-N ligands, there
s little change on the oxidation potential, very likely because of
he large separation between the TTF and the metallic fragment.
n the contrary, anodic shifts of �E = 200–250 mV are observed in

he case of TTF-phosphines complexes with the phosphino groups
irectly attached to the TTF core, indicating undoubtedly that the
oordinated metal influences the electron donating properties. In
he series of metal carbonyl complexes, the modulation of the elec-
ronic density on the metal with the oxidation state of TTF can
e also evaluated from the shift of the IR absorption frequencies
f CO ligands. Another interesting possibility which can occur is

he mixed valence state, when the oxidation potentials of TTF and

etal are very close. Since in many of the reported complexes, the
etal is paramagnetic, their magnetic properties have been deter-
ined and they are characteristic either for Curie or Curie–Weiss

ype behaviors, or, in one case, for antiferromagnetic uniform spin
Reviews 253 (2009) 1398–1438

hains. Clearly, the presence of magnetic interactions in such com-
lexes is interesting in view of their combination with conducting
roperties due to the activation of donors upon partial oxidation.
he coexistence or interplay of itinerant � type electrons with local-
zed d (or even f) electrons arising from the same molecule will be a
ighly valuable achievement within the multifunctional materials
eld. However, in the few examples described so far containing oxi-
ized TTF units, strong dimerization or lack of interaction caused
y the steric hindrance did not allow extensive electron delocaliza-
ion in the solid. Another peculiar aspect is related to the properties
f the RuII complexes, in which the presence of an electroactive
igand is likely to control their luminescence upon changing the
xidation state of TTF. Finally, an interesting development, which
or the moment is only at its infancy, appears to be the utilization of
ppropriately designed redox active ligands in catalytic processes.
n this case, a tuning of the reactivity and electron density on the

etallic center is likely to be achieved by switching between the
xidation states of TTF. Some first results on TTF-oxazoline deriva-
ives demonstrated already the efficiency of such ligands in a couple
f catalytic reactions.
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