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ABSTRACT

An application of the Horner-Wadsworth-Emmons reaction carried out on a ruthenium compound as the electrophilic precursor is described
for the synthesis of fused donor-acceptor system 1 based on an extended tetrathiafulvalene and a ruthenium complex of dipyridoquinoxaline
units.

Ruthenium(II) complexes containing aromatic heterocyclic
sp2 nitrogen-donor chelating ligands have been widely
studied in the past decades mainly because of their special
photophysical, photochemical, and electrochemical proper-
ties.1 Ruthenium polypyridyl complexes are involved in the
development of photonic devices2 and have proven to be
the most efficient sensitizers for Grätzel dye-sensitized solar
cells to date.3 Such complexes are also of particular interest
for the study of photoinduced energy and electron transfer
processes occurring in donor-acceptor systems4 that mimic

structures involved in natural photosynthesis.5 Another recent
promising area of applications concerns biological develop-
ments, since ruthenium(II) complexes containing a dipy-
rido[3,2-a:2′,3′-c]phenazine (dppz) moiety present high
affinity for DNA6 and can inhibit gene transcription, offering
promising properties for the design of DNA markers and
agents in photochemotherapy.7 The association of a ruthe-
nium(II) polypyridyl complex acting as electron acceptor
with an electron donor has been less investigated. For
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example, ruthenium(II) complexes of dipyrroloylquinoxaline
phenanthroline8 and ferrocene-imidazophenanthroline9 have
been developed as efficient anions chemosensors.

Owing to their unique π-donor properties, tetrathiaful-
valene (TTF) and its derivatives have been associated with
a large range of electron acceptor units in the search for
specific intramolecular electronic interactions.10 The use of
a TTF molecule associating an aromatic heterocyclic sp2

nitrogen-donor chelating ligand (pyridine, bipyridine, phenan-
throline, etc.) has been extensively developed, but corre-
sponding transition metal complexes are still rare.11 With
the aim of developing new systems showing long-lived
charge-separated state and photoredox switches, ruthe-
nium(II) complexes of TTF-dppz dyad 2 were synthesized
by Liu and co-workers. One of the synthetic approaches
involved the condensation of a diamino-functionalized TTF
ligand with the phendione ruthenium bipyridyl complex to
reach dyad 2 (Scheme 1).12 Very recently, fused TTF-1,10-

phenanthroline and related ruthenium(II) bipyridyl complex
3 were also reported.13 Tetrathiafulvalenes with extended
π-conjugation (exTTF) constitute a well-known class of
electron donors.14 It is well-established that the insertion of
a quinodimethane structure into the TTF skeleton enhances
the donor ability, since an aromatic ring is formed upon
oxidation, thus stabilizing the cationic species. Consequently,

p-quinodimethane analogues of TTF usually exhibit high
π-donating ability, characterized by a one-stage two-electron
oxidation process.15 To our knowledge, an exTTF has never
been associated to a heterocyclic sp2 nitrogen-donor chelating
ligand. On this ground, we report here the synthesis and
characterizationsoftheruthenium(II)complex[Ru(bpy)2(exTTF-
dpq)](PF6)2 (1) based on the redox-active exTTF and
dipyrido[3,2-f:2′,3′-h]-quinoxaline (dpq) ligand.16 Compound
4, described by Yamashita et al. to reach organic field-effect
transistors, can be considered as a unique example to date
combining an exTTF and a quinoxaline moiety.17

First we developed an efficient synthesis of the ligand
Nqphen 7.18 This key building block was previously prepared
in five steps and in an overall 30% yield from 2,3-
dichloronaphthoquinone.19 We performed the synthesis of
this ligand in three steps in an overall 79% yield (Scheme
2). Compound 5 was prepared in 85% yield according to a

two-step procedure from commercially available 2,3-dichlo-
ronaphtoquinone.20 On the other hand, Phendione 6 was
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Scheme 1. Structures of Complex 1 and Some Related
Complexes

Scheme 2. Synthesis of the Complex
[Ru(bpy)2(exTTF-dpq)](PF6)2 1
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synthesized according to reported procedure.21 Nqphen ligand
7 was isolated in 93% yield as a pale greenish powder from
condensation of compounds 5 and 6 in glacial acetic acid. It
should be noted that complexes (Nqphen)Re(CO)3Cl and
(Nqphen)Re(CO)3(OTf) were previously reported in the
literature.19 The ruthenium(II) complex 8 was prepared by
reaction of Nqphen 7 with Ru(bpy)2Cl2

22 in refluxing ethanol.
Treatment with an aqueous solution of NH4PF6 was followed
by purification by flash chromatography on deactivated
alumina using acetonitrile as the eluent. [Ru(bpy)2Nqphen]-
(PF6)2 8 was isolated as an ochre powder in 53% yield. The
key point of this synthesis corresponds to the Horner-
Wadsworth-Emmons (HWE) reaction, which was remark-
ably carried out on ruthenium compound 8 as the electro-
philic precursor. Complex 8 was soluble in acetonitrile, but
this solvent was incompatible with HWE reaction conditions
using butyllithium. Consequently complex 8 was added as
a solid to a large excess of the phosphonate anion generated
at -78 °C in tetrahydrofuran from compound 9.23 The
reaction mixture was allowed to warm to room temperature,
and the color of the solution changed from pale yellow to
bordeaux around -15 °C. The purification was achieved by
chromatography on deactivated alumina. After elution using
dichloromethane to remove tetrakis-pentylsulfanylTTF issued
from decomposition of phosphonate anion,24 complex 1 was

eluted using dichloromethane/methanol (95/5). Complex 1
was isolated after precipitation as a bordeaux powder in 43%
yield.

Assignments of proton signals in the aromatic region were
determined for complex 8 by examining 1H-1H COSY
experiments in CD3CN (Figure 1). The spectrum shows eight
signals identifiable with four protons for each bipyridyl ligand
defined as Ha, Hb, Hc, and Hd (Ha′, Hb′, Hc′ and Hd′,
respectively) for the two pyridine moieties. These protons
show characteristic chemical shifts with Hd, Hd′ > Hc, Hc′ >
Ha, Ha′ > Hb, Hb′ in agreement with previous observations
on ruthenium(II) bipyridyl complex of phenanthroline de-
rivative.25 By comparison with the spectrum of compound
8, the 1H NMR spectrum of complex 1 shows an important
shielding of protons Ha and Ha′ (from 7.70 and 7.85 to
7.01 and 7.38 ppm, respectively) associated with the
presence of larger and less defined signals, which could
result from the interaction between the exTTF donor and
the Ru(bpy)2-dpq acceptor. The chemical shift of proton
H4 of the dpq moiety is also significantly upfield-shifted
(from 9.66 to 9.39 ppm for complexes 8 and 1, respec-
tively) as a result of the establishment of intramolecular
1,5-sulfur-nitrogen interactions between the 1,3-dithiole
and the pyrazine ring, as already described in the case of
compound 4.26 The 19F spectrum of complex 1 exhibits

(17) (a) Yamashita, Y.; Suzuki, T.; Miyashi, T. Chem. Lett. 1989, 1607–
1610. (b) Morioka, Y.; Nishida, J.; Fujiwara, E.; Tada, H.; Yamashita, Y.
Chem. Lett. 2004, 33, 1632–1633.

(18) Ligand Nqphen ) dipyrido[3,2-a:2′,3′-c]-benzo[3,4]-phenazine-
11,16-quinone.

(19) Dı́az, R.; Reyes, O.; Francois, A.; Leiva, A. M.; Loeb, B.
Tetrahedron Lett. 2001, 42, 6463–6467.

(20) Anzenbacher, Jr., P.; Palacios, M. A.; Jursı́ková, K.; Marquez, M.
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Figure 1. Aromatic region of the 1H NMR spectra in CD3CN of ruthenium(II) bipyridyl complexes 1 and 8.
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characteristic peaks at -72.7 and -74.2 ppm for both PF6
-

anions. MALDI-TOF results are in agreement with the
structure of complex 1 with a molecular ion peak at m/z
) 1648 presenting an isotopic distribution in agreement
with the calculated pattern.

The redox potentials of donor-acceptor system 1 were
determined by cyclic voltammetry measurements (Figure 2).

Complex 1 showed the presence of two oxidation waves.
The first one (E1/2

ox1 ) +0.16 V vs Fc+/Fc) corresponds to
the reversible two-electron process associated with the
formation of the dication exTTF2+. This value is in full
agreement with that previously observed for compound 417

and p-quinodimethane analogues of TTF.15

Moreover, this oxidation potential can be compared with
the two reversible oxidation peaks of compound 2 (E1/2

ox1

)+0.29 V and E1/2
ox2 )+0.61 V vs Fc+/Fc, CH2Cl2/CH3CN

5:1) characteristic of the cation radical TTF+• and dication
TTF2+ species, respectively, thus confirming the higher
π-donating ability of exTTF over TTF analogues.

The following reversible one-electron process observed
in the cyclic voltammogram of compound 1 corresponds to
the RuII/III redox couple at E1/2

ox2 ) +0.94 V. At negative
potentials, two irreversible reduction waves are observed at
Epc

red1 ) -1.76 V and Epc
red2 ) -1.94 V, which are assigned

to the reduction of the dpq and bpy units, respectively.12

The absorption spectra of complexes 1 and 8 were
recorded in dichloromethane (Figure 3). Both complexes

present an absorption band in the region around 450 nm that
can be assigned to a metal to ligand charge transfer (MLCT)
transition.27 By comparison with the spectrum of complex
8, the broad band centered around 600 nm could be attributed
to the intraligand charge-transfer (ILCT) transition with the
exTTF acting as the donor and the dpq subunit as the
acceptor, in good agreement with a similar band observed
for dyad 2.12 A detailed investigation of the photophysical
properties is in progress.

In conclusion, we report a straightforward and versatile
method to prepare a new donor-acceptor dyad incorporating
a π-extended TTF and ruthenium(II) bipyridyl complex of
dipyridoquinoxaline ligand. This approach appears very
promising for the synthesis of different dyads as function-
alities can be introduced on the exTTF unit in the last
synthetic step.
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Figure 2. Cyclic voltammogram of complex 1 recorded in a CH2Cl2/
CH3CN (9:1) solution (5 × 10-4 M) using Bu4NPF6 0.1 M as
supporting electrolyte, Pt wires as counter and working electrodes,
Ag/AgNO3 as reference electrode, 100 mV/s.

Figure 3. UV-vis spectra of complexes 1 and 8 in CH2Cl2

(10-5 M).
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